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1. Introduction

Plant-derived polysaccharides (PS) are a kind of macromolecu-

Influence of the ecological environment on the
structural characteristics and bioactivities of
polysaccharides from alfalfa (Medicago sativa L.)}
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Yunkyoung Lee*®< and Guiguo Zhang () *@

Polysaccharides from alfalfa (Medicago sativa L.) (APS) exhibit a variety of bioactivities; however, little
information is available on the effects of the ecological environment on the structural characteristics and
bioactivities of APS. This study aimed to investigate the structural characteristics and bioactivities of two
APS types isolated from alfalfa; these APSs were obtained from alfalfa cultured in normal soil (APS1) or
saline—alkali soil (APS2). Results indicated that the two kinds of APS had the same monomer compositions
in different molar proportions, where APS2 had greater content of arabinose and galacturonic acid than
APS1. Furthermore, APS1 exhibited a greater molar mass of 1.77 X 10° g mol™ as compared to
1.01 x 10° g mol™ for APS2. Likewise, APS1 and APS2 had highly branched molecules with crosslinking
nets composed of similar monomer residues but with different glycosidic linkages. Additionally, both APS
significantly inhibited both adipogenesis and lipid accumulation in 3T3-L1 cells by downregulating mRNA
expression of Ppar-y, C/ebp-a, and Fas; APS2 had superior antiadipogenic effects as compared to APS1.
Altogether, the ecological environment impacts the structural characteristics and biofunctions of APS,
making them potential candidates for antiadipogenic use through functional food. These findings provide
a novel perspective for the selection of phytogenic polysaccharides with specific bioactivities by consider-
ing growth environmental conditions.

acids."* The difference in the molecular composition of PS is
believed to be a critical contributor to their diverse
bioactivities.'»*®* The PS isolated from brown seaweed,

lar polymer synthesized in plants, which plays many vital roles
in maintaining the integrity of cells and in imparting resis-
tance against abiotic stress in plants."”? As a functional food/
feed for humans and animals, phytogenic PS exhibit a variety
of bioactivities,>* including antioxidative capacity,”® anti-
inflammation,”® immunomodulation,” and growth-pro-
motion.'® Homogeneous PS are composed of a single kind of
monomer by glycosidic bonding, whereas hetero-PS comprise
polymers of several kinds of monosaccharides or uronic
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Laminaria japonica, dominantly consist of fucose (Fuc) and
galactose (Gal) and exhibit high bile acid-binding capacity.**
Similarly, the PS from alfalfa (Medicago sativa L.) are mainly
composed of glucose (Glc), galacturonic acid (GalA), and glu-
curonic acid (GlcA), and they perform specific activation of B
cells.’ Soua et al. (2020) reported that the hydroxyl and car-
boxyl functionalities of uronic acid are tightly related to the
antioxidant capacity of the PS that they form. This is attribu-
table to their functioning as hydrogen donors capable of
scavenging the 2,2-diphenyl-1-picrylhydrazyl (DPPH) free
radical, which neutralizes oxidative stress.'® Altogether these
studies indicate that the structural characteristics of phyto-
genic PS confer their bioactivities.">*

Most plant-derived dietary PS are resistant to degradation
in the host due to the lack of relevant hydrolytic enzymes,'”
therefore, these carbohydrates serve as the main energy
sources for the gut microbial community and define their con-
figuration and diversity.'®° Patnode et al. (2019) documented
that the PS from pea are primarily made up of arabinose (Ara)
and promote colonization of thetaiotaomicron, whereas the PS
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in citrus pectin consist of GalA and selectively enhance the
abundance of Vulgatus.*® Similarly, Kanwal et al. (2018) found
the PS from Dictyophora indusiata are mainly composed of
mannose, glucose, and galactose and are capable of signifi-
cantly improving the abundance of Lactobacillaceae and
Ruminococaceae in gut flora.”’ Such reports assert that the
different diet-derived PS with varying molecular structures
can selectively shape the intestinal microbial community,
and thus, is closely related to host phenotypes and disease
occurrence, in general. It is, therefore, worthwhile to ascertain
the molecular structure of PS to help develop precise nutrition
for both animals and humans that can modulate
microbial communities to enhance health-promoting effects of
food.'>*2

Alfalfa is a widely cultured saline-resistant, double-purpose
crop that has been extensively employed as food/feed due to its
rich and high-quality PS."*** Being a primary metabolite of
plants, PS are involved in the formation of the cell wall. Their
monosaccharide compositions and content significantly vary
with the period of growth and the ecological environment. Our
previous studies have revealed that the PS derived from alfalfa
(APS) are primarily composed of GalA (57.11%), Glc (16.42%),
and Ara (6.19%), and exerted antioxidant and immunomodula-
tory bioactivities.”'® Contrarily, Rovkina et al. (2018) observed
the major monosaccharides in APS to be Ara (43.60-46.40%)
and GalA (28.20-33.40%).>* Furthermore, Ara was highlighted
as an ecologically-sensitive molecule, whose synthesis in the
plant was affected by ecological and environmental
conditions.>®?® In another study, Ara biosynthesis was demon-
strated to be a critical pathway in Arabidopsis for resistance
against salt stress.”” Soil salinity is the most common abiotic
stress signal that can enhance a plant’s stress-tolerant capacity
by triggering the biosynthesis of intracellular components.>®
However, the mechanisms by which saline-alkali soils affect
the composition and bioactivities of PS in alfalfa remain
unclear. Therefore, it is crucial to investigate the effects of
saline-alkali soils on the structural characteristics of APS for
the targeted isolation and application of functional PS with
required bioactivities.

We hypothesized that the saline-alkali condition of soil can
influence the structural characteristics and bioactivities of
APS. The present study thus aimed to investigate (1) the effects
of saline-alkali soil on the structural characteristics of APS,
and (2) the difference in bioactivities of two kinds of PS from
alfalfa grown in either normal soil or saline-alkali soil using
an in vitro model.

2. Materials and methods

2.1. Preparation of alfalfa polysaccharide

Alfalfa samples were collected from two different sites located
in the temperate monsoon zone with a continental climate
and diverse soil conditions. The first sampling site was located
at the Chinese National Huang-Huai-Hai Regional Corn
Technology Innovation Centre (N36°08'51.77" E116°59'49.25";
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134 m asl); it had a brown loam soil characterized as being
fine, mixed, super-active, and mesic. The average organic
matter content was 18.87 mg kg™, and the total N, Olsen P,
and K in the upper 20 cm of soil in the experimental field were
3.45 g kg™, 31.60 mg kg™, and 78.20 mg kg, respectively.
The second sampling site, located at Bohai Bay (N38°02'3.72"
E118°22'5.49"; 5 m asl), was the main saline-alkali soil area in
northern China with a moderate to severe saline-alkali soil
(average salt content was 0.30~0.45%, average pH value of soil
was 8.40). Organic matter content was 12.95 g kg™', and the
total N, Olsen P, and K in the upper 20 cm of soil in the experi-
mental field were 75.95 mg kg™', 18.42 mg kg ', and
118.81 mg kg™, respectively. All alfalfa samples collected at
the two sites belonged to the same species (WL363, US) and
were harvested at their early blooming stage (1/10 blooming).>®
Fresh grass samples were immediately taken back to the lab
and dried in an air-forced oven at 65 °C for further extraction
and purification.’®*® The PS were extracted from alfalfa hay
using hot water extraction, ethanol precipitation, and dialysis
methods described in our previous report.' Briefly, the dried
alfalfa hay was chopped into 2~3 cm long pieces and mixed
with double-distilled water in the ratio of 1:30 (v:v) in a big
glass beaker, boiled for 4 h and subsequently filtered through
two layers of nylon mesh (0.2 mm mesh). The filtrate was con-
tinuously heated and kept slightly boiling to concentrate the
filtrate to 1/4 volume from the initial volume. After cooling,
the remaining filtrate was mixed with trichloroacetic acid
(TCA) solution (5% concentrate) at a proportion of 1:2 (v:v,
filter liquid : TCA) and maintained for 2 h statically to remove
protein from the liquid. After the protein was precipitated
completely, the liquid fraction was centrifuged at 3000g for
10 min to collect the supernatant liquid; then, the supernatant
was transferred to another container and a 4-fold volume of
absolute ethyl alcohol (v:v) was added. The mixture was kept
at 4 °C for 12 h and then centrifuged at 3000g for 10 min to
separate the precipitated crude PS. The fractionated crude PS
was subsequently re-dissolved in d-H,O and dialyzed twice
using an ultrafiltration membrane (molar mass >3500 D M,,
degree of polymerization (DP) > 10, Beijing Solarbio Science
and Technology Co., Ltd, Beijing, China) against d-H,O (10
times the sample volume) at 4 °C for 48 h, changing the d-H,0O
every 12 h. The dialyzed liquid was collected and lyophilized to
a constant weight using a vacuum dryer (Biosafer-10A, Biosafer,
Nanjing, China), which was considered the crude PS from
alfalfa (APS). Further purification was performed using anion-
exchange column chromatography. Three grams of crude PSs
was dissolved in 100 mL of distilled water and then applied to
a DEAE-52 anion-exchange column (5.0 x 100.0 cm). A stepwise
gradient NaCl aqueous solution (0, 0.2, 0.4 mol L") was used
for elution at a flow rate of 0.5 mL min~". Three fractions were
collected separately and the concentration of polysaccharide in
elution was detected with the phenol-sulfuric acid method.'***
The absorbance peak of 0.4 mol L™" was much larger than the
others, therefore, the fraction eluted with 0.4 mol L™ NaCl was
further purified using gel-permeation chromatography with a
Sephacryl $-500, yielding one homogeneous fraction APS.**%?

This journal is © The Royal Society of Chemistry 2022
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The column was washed with distilled water at a rate of 0.2 mL
min~?, and eluted samples were freeze-dried.

The total concentration of PS in the eluent was determined
by the phenol-sulfuric acid method,"**! the protein content
was determined using the Bradford method with bovine
serum albumin as the reference,** and the total phenol con-
tents were determined using liquid chromatography electro-
spray ionization mass spectrometry (LC-ESI-MS).>®

2.2. Determination of the monomer type in APS

All PS are formed of a series of monosaccharides or uronic
acids polymerized by glycosidic linkages, which can be broken
down by acid treatment. The components of PS can then be
identified by ion chromatography (IC) as previously
described.'® Eight monosaccharides and two uronic acids stan-
dard substrates were used in this study. These included Fuc,
Ara, Gal, Glc, xylose (Xyl), mannose (Man), fructose (Fru),
ribose (Ria), GalA, and GIcA.

2.3.
APS

Molecular weight and polydispersity characteristics of

The molar mass was determined by the gel permeation chrom-
atography-refractive index-multiangle laser light scattering
(GPC-RI-MALS) method (DAWN HELEOS II, Wyatt Technology,
Santa Barbara, CA, USA).'>*® The molar mass of PS can be
described on the basis of the following parameters, namely,
number-average of molecular weight (M,,), which is expressed
as M, = Y.(mM;)/ Y n;; the weight-average of molecular weight
(M) defined as M,, = X (n;M;2)/Y(n;M;); and the Z-average of
molecular weight (M,), calculated as M, = Y (m:M;3)/(D miM;2),
where n; is the number of the molecules with a given molar
mass, and M; is the molar mass of the molecule under con-
sideration.>® The polydispersity coefficient denotes the range
of the molecular mass distribution and can be calculated by
dividing M,, by M,, or M, by M,. Another molecular character-
istic of PS considered in this study is the root mean square
radius (RMS), which has generally been expressed as the
number-average of radius (R,), weight-average of radius (Ry),
and Z-average of radius (R,) as was done for molar mass."°

2.4. Determination of the glycosidic linkages in APS

Methylation analysis of PS was performed according to a pre-
vious method'**>*” with minor modifications. In brief, 3 mg
>APS powder was accurately weighed and dissolved in 1 mL
d-H,O, and added into 200 pL 2-morpholine ethane sulfonic
acid (0.2 M) and 200 pL carbodiimide (500 mg mL™") solution,
reacting for 2 h. The reaction mixture was subsequently added
1 mL imidazole (4 mol L") and divided into two equal parts,
one of that then was mixed and reacted with 1 mL NaBH,
(30 mg mL™") and the other was mixed and reacted with 1 mL
NaBD, (30 mg mL™") for another 3 h until termination of the
reaction by adding 200 pL acetic acid. The two reacted solu-
tions were then dialyzed for 48 h followed by freeze-drying.
The dried samples were individually dissolved in 500 pL anhy-
drous dimethyl sulfoxide (DMSO) and reacted with 50 pL
DMSO/NaOH (120 mg mL™") solution for 30 min. Ten mL of

This journal is © The Royal Society of Chemistry 2022
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CH;I solution was added to the reaction and incubated
another 10 min followed by combining with 1 mL H,O and
500 pL of dichloromethane (DCM) solution to obtain DCM
phase. The dried samples were then dissolved in 100 pL tri-
fluoroacetic acid (2 M), reacted at 121 °C for 90 min followed
by evaporating to dryness at 30 °C. The sample was dissolved
in 50 pL of ammonia H,O (2 M), mixed and reacted with 50 pL
of 1 M NaBD, for 2.5 h. Twenty pL of acetic acid was added to
the mixture to end the reaction, followed with washing it twice
with 250 pL of methanol, and dried under nitrogen. The
obtained powder was mixed and reacted with 250 pL of acetic
anhydride at 100 °C for 2.5 h followed by mixed and incubated
with 1 mL of H,O for another 10 min. Finally, the sample was
mixed with 500 pL of DCM, and centrifuged to discard
aqueous phase, and the bottom DCM phase were tested on the
machine. A 6890A-5975C GC-MS system (Agilent Technologies
Inc. CA, USA) equipped with a BPX70 capillary column (30 mm
x 0.25 mm, 0.25 pm) was used to analyze the glycosidic
linkage. The gas chromatographic conditions were as follows:
BPX70 chromatographic column; high purity helium gas was
used as the carrier gas at a flow rate of 1.0 mL min™"; the injec-
tion volume was 1 pL, and the split ratio was 10 : 1; the initial
column temperature was 140 °C, retaining this for 2 min, and
procedurally increasing it to 230 °C at 3 °C min~ ', with sub-
sequent holding for 5 min; the injection temperature was
230 °C; the ion source of the mass spectrometer was set at
230 °C, and the four stage bar temperature was 150 °C. The
resulting peaks of alditol acetates were identified based on
their MS fragmentation patterns and the relative retention
time in the GC spectrum. The molar ratios of individual
linkage residues were estimated as the ratios of peak areas.

2.5. Examination of microstructures in APS

To observe microstructures in APS, purified APS samples were
examined under a scanning electron microscope (SEM, SIGMA
500/VP, Zeiss Merlin Compact, Germany) and a transmission
electron microscope (TEM, Tecnai G2 Spirit BIOTWIN, FEI,
Hillsboro, OR, USA). In brief, APS1 and APS2 were examined
by SEM model JEOL (JSM-IT100, Tokyo, Japan). Each dried PS
type was mounted on a metal stub and was sputtered with
gold. The images were observed at different magnifications
(200x and 2500x). In the TEM investigation, a well-dispersed
PS solution was first prepared using sodium dodecyl sulfate
(SDS, 5 pg mL™") to a final concentration of 5 pg mL™". An
aqueous solution of SDS was applied to dissolve APS as SDS
reduces molecular aggregation. A droplet of APS solution
(5 pL) was deposited on a specimen of carbon film (200 mesh,
Beijing Zhongjingkeyi Technology, Beijing, China) and dried at
ambient temperature and humidity. The specimen was exam-
ined using TEM at an accelerating voltage of 120 kV to observe
the molecular assembly or the microstructures of APS.>’

2.6. Spectroscopic analysis

The infrared spectrum of APS was acquired on a Fourier trans-
form-infrared (FT-IR) spectrometer (FT-IR 650, Tianjin
Gangdong Sci. & Tech. Co. Ltd, China) in the wavenumber
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range of 4000~400 cm™'. The APS samples (2 mg) and KBr
(200 mg) were first pressed into a pellet. One- and two-dimen-
sional nuclear magnetic resonance (NMR) analyses of APS
were carried out on an Avance Bruker III HD 600 MHz NMR
spectrometer equipped with a 5 mm TCI CryoProbe at 25 °C
using D,O as the solvent. The final sample concentration was
40 mg mL™". The molecular structure of APS was determined
by analyzing one- and two-dimensional NMR spectra, includ-
ing the 'H-NMR, C-NMR, heteronuclear single quantum
coherence (C,H-HSQC), single-bond proton-proton correlation
spectroscopy (H,H-COSY), heteronuclear multiple bond coher-
ence (H,C-HMBC), and nuclear Overhauser effect spectroscopy
(H,H-NOESY).

2.7. Antiadipogenic effects of APS

2.7.1. 3T3-L1 cell culture and differentiation. A fibroblast
cell line that had been derived from a mouse embryo, 3T3-L1
(ATCC), was cultured in high-glucose Dulbecco’s modified
Eagle medium (DMEM, Gibco, MD, USA) containing 10% calf
bovine serum (CBS, Gibco) and 1% penicillin-streptomycin
(P/S, Gibco) at 37 °C in a humidified atmosphere with 5% CO,.
For differentiation into adipocytes, 3T3-L1 pre-adipocytes were
seeded in either a 6-well plate or a 96-well plate with 2.5 x 10°
or 0.5 x 10° cells per well, respectively. After 3T3-L1 cells
reached confluency, the cells were incubated in a differen-
tiation medium containing 0.25 pM dexamethasone (DEX,
Sigma-Aldrich, St Louis, MO, USA), 0.5 mM 3-isobutyl-1-
methylxanthin (IBMX, Sigma-Aldrich), and 100 nM insulin in
DMEM with 10% fetal bovine serum (FBS, Gibco) for 2 days.
Media was changed to a post-differentiation medium contain-
ing 100 nM insulin in DMEM with 10% FBS. The media was
then replaced every 2 days.

2.7.2. Cytotoxicity assay and oil red O staining. The cyto-
toxicity of APS on 3T3-L1 preadipocytes was analyzed using 3-
(4,5-dimethyl thiazol-2-yl)-2,5-diphenyl tetrazolium bromide
(MTT) assay as described above.**?® Briefly, 3T3-L1 preadipo-
cytes were seeded into a 96-well plate and treated with various
concentrations of APS (0~100 ug mL™") for 24 h. At the end of
the treatment, an MTT solution was added, and the cells were
incubated for another 3~4 h at 37 °C. Purple formazan crystals
were dissolved in 100 pL DMSO (Sigma-Aldrich) and checked
for complete solubilization. Absorbance was measured at
540 nm using a microplate reader (Molecular Devices,
Sunnyvale CA, USA).

To analyze the potential antiadipogenic effects of APS1 and
APS2, cells were treated with various concentrations of either
APS1 or APS2 during the differentiation of 3T3-L1. On day 8 of
complete adipocyte differentiation, the lipid droplet accumu-
lation was estimated by microscopy and oil red O (ORO) stain-
ing. Briefly, the cell culture medium was removed and fixed
with 10% formalin. It was finally stained with ORO. The
stained cells were washed with PBS thrice. After drying the
wells completely, isopropyl alcohol was added to elude ORO.
Absorbance was measured by a microplate reader at 500 nm.
Intracellular lipid accumulation was measured using the ORO
method as described elsewhere.*®
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2.7.3. Real-time PCR analysis. The cells were subjected to
total RNA extraction using Trizol reagent (Invitrogen Co.,
Carlsbad, CA, USA). cDNA was synthesized using ABI high-
capacity cDNA archive kits according to the manufacturer’s
instructions (ThermoFisher Scientific, CA, USA). Gene
expression was determined by real-time PCR (CFX96™ real-
time PCR detection system, Bio-Rad, USA), where values were
normalized to the reference genes, hypoxanthine-guanine
phosphoribosyltransferase (Hprt), and/or ribosomal protein
lateral stalk subunit PO (Rpip0, 36b4).

The sequences of used primers were as follows: Rpip0,
36b4: forward, 5-GGATCTGCTGCATCTGCTTG-3', reverse, 5'-
GGCGACCTGGAAGTCCAACT-3'; Hprt: forward, 5-TTGCT-
CGAGATGTCATGAAGGA-3', reverse, 5-AGCAGGTCAGCAAAG-
AACTTATAGC-3'; Ppary: forward, 5-GGCGATCTTGACAGGAAAG-
AC-3', reverse, 5-CCCTTGAAAAATTCGGATGG-3'; Clebpa:
forward, 5-GGTTTTGCTCTGATTCTTGCC-3’, reverse, 5'-CGAA-
AAAACCCAAACATCCC-3'; Fas: forward, 5-GGAGGTGGTGATA-
GCCGGTAT-3', reverse, 5-TGGGTAATCCATAGAGCCCAG-3;
aP2: forward, 5'-AGCATCATAACCCTAGATGGCG-3', reverse, 5'-
CATAACACATTCCACCACCAGC-3'.

2.8. Statistical analysis

The normality of observed data was verified using the Shapiro-
Wilk test, where all the data were normally distributed. Results
were expressed as the mean + standard deviation (SD) of three
replicates per sample. The significance of differences between
means was evaluated by one-way analysis of variance (ANOVA)
and Tukey’s multiple comparison test using SAS version 9.0
(SAS Inst. Inc., Cary, NC, USA). Statistical significance was
declared at P < 0.05.

3. Results

3.1.
APS

The micromorphology and monomer compositions of

In this study, both APS1 and APS2 exhibited outstanding fea-
tures of aggregation and precipitation, and the freeze-dried
APS powder had a uniform texture and flat surface. After
breaking down the outside surface, the crosslinking network
or honeycombed microstructure could be observed under SEM
(Fig. 1). The content of total sugar, protein, and total phenols
were 95.84%, 2.36%, 1.80% in APS1, and 96.15%, 2.31%, and
1.54% in APS2, respectively (Table 1). The IC analysis showed
that seven monosaccharides and two uronic acids were pre-
sented in both APS types, including Fuc, Ara, Gal, Glc, Xyl,
Man, Rib, GalA, and GlcA with molar ratios of
1.43:18.94:14.16:9.61:4.18:5.26:0.76 : 41.05:4.61 in APS1
and 0.86:23.88:13.57:7.84:2.13:1.60:2.40:44.99:2.72 in
APS2 (Fig. 2 and Table 1). Ara, GalA, and Rib had greater (P <
0.01) proportions in APS2 than in APS1. The rest of the
monomer components had higher (P < 0.01) content in APS1
than in APS2. Structural analysis revealed that either type of
APS contained the same monomers from the seven monosac-
charides and two uronic acids mentioned above but in

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 Scanning electron microscope (SEM) images of two kinds of APS. SEM images of APS1 are shown in figures no. 1-3, and SEM images of APS2
are shown in figures no. 4—6. No. 1 & 4. An overview of the uniform and flat surface of APS1 and APS2 powder, where the image is magnified 200
times; no. 2 & 3. Structure of the crosslinking network; no. 5 & 6. The porous or honeycombed inside microstructure of APS1 and APS2; the image is
magnified 250 000 times.

Table 1 The chemical components of PS fractionated from two alfalfa samples grown in different ecological environments

Chemical component Sample Total sugar, % Protein, % Total phenols, %
APS1 95.84 2.36 1.80
APS2 96.15 2.31 1.54
Peak height Peak area

Components RT?, min nc ne x min Molar ratio, %

Fuc APS1 3.63 £ 0.00 7.73 £0.23 1.09 £ 0.03 1.43 £0.02
APS2 3.62 £0.01 4.20 £ 0.19 0.58 £ 0.03 0.86 = 0.02
P-Value 0.374 <0.001 <0.001 <0.001

Ara APS1 7.98 £ 0.01 42.20 + 0.69 13.84 + 0.26 18.94 + 0.14
APS2 7.96 £ 0.01 47.73 +1.14 15.55 + 0.38 23.88 £ 0.36
P-Value 0.193 0.014 0.021 <0.001

Gal APS1 10.09 + 0.02 42.05 +0.95 15.73 £ 0.36 14.16 £ 0.19
APS2 10.08 + 0.01 36.76 + 1.04 13.44 + 0.44 13.57 £ 0.16
P-Value 0.386 0.02 0.015 0.074

Gle APS1 11.74 £ 0.03 28.87 £ 0.63 12.44 £ 0.24 9.61 £ 0.06
APS2 11.73 +£ 0.02 21.88 £0.75 9.05 + 0.36 7.84 £ 0.09
P-Value 0.682 0.002 0.001 <0.001

Xyl APS1 13.97 + 0.04 8.86 £ 0.12 3.54+£0.02 4.18 £ 0.03
APS2 13.95 +0.03 4.08 £0.16 1.61 £ 0.07 2.13 £ 0.02
P-Value 0.751 <0.001 <0.001 <0.001

Man APS1 14.83 + 0.05 6.61 +0.16 2.78 £ 0.06 5.26 £ 0.04
APS2 14.81 + 0.04 1.84 £ 0.09 0.76 + 0.04 1.60 + 0.04
P-Value 0.727 <0.001 <0.001 <0.001

Rib APS1 18.41 + 0.07 0.90 + 0.01 0.53 £ 0.01 0.76 £ 0.00
APS2 18.36 + 0.05 2.36 £ 0.09 1.50 £ 0.16 2.40 £ 0.21
P-Value 0.598 <0.001 0.003 0.001

GalA APS1 34.94 + 0.02 82.64 + 0.77 21.75 +£0.17 41.05 + 0.43
APS2 34.93 £ 0.01 81.00 * 2.69 21.26 £ 0.70 44.99 + 0.30
P-Value 0.536 0.59 0.53 0.002

GlcA APS1 37.73 £0.02 12.85 + 0.61 4.08 £0.20 4.61 +£0.17
APS2 37.71 £ 0.01 6.93 £ 0.63 2.15+£0.20 2.72+£0.21
P-Value 0.618 0.003 0.002 0.002

“RT: retention time; nc: nano coulomb (the unit of quantity of electric charge); nc x time: peak area calculated by integration.
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Fig. 2 lon chromatograms of APS1 and APS2. Each absorption peak was annotated in monosaccharide name and retention time.

different molar proportions. According to the molar pro-
portions, GlaA, Ara, Gal, and Glc were the dominant com-
ponents. Their cumulative proportions accounted for 83.75%
of all molar mass in APS1 and 90.27% of all molar mass in
APS2. Likewise, the analysis of glycosidic residues in APS1 and
APS2 revealed that the main monomer residues included GalA,
Ara, Gal, and Glc; cumulatively, they formed 95.70% of all
monomers in APS1 and 93.97% of all monomers in APS2.

3.2. Fourier transform-infrared (FT-IR) spectra of APS

The primary maxima of absorption bands in IR spectra of APS
are shown in Fig. 3. FT-IR spectroscopy is one of the important
analytical techniques used to study molecular structures and
conformations of macromolecules by identifying vibrations
between the different atoms in molecules.

APS1 and APS2 had similar transmittance spectrums with
only minor variations, and the wavenumbers were mainly dis-
tributed between 400 and 4000 cm ‘. As shown in Fig. 3,
absorption bands at 3600~3200 cm™' exhibited stretching
vibrations of the -OH group, while the peaks in this region
showed the characteristic absorptions of PS. The absorption
peak at 3395 cm ™' was attributed to the O-H stretching

7034 | Food Funct.,, 2022,13, 7029-7045

vibration (O-H group), which is a typical peak observed for PS.
In detail, for APS1, the absorption peak at 2917 cm™" was
attributed to C-H stretching vibration (C-H group). The
absorption peak at 1609 cm™* was C=O stretching vibration.
The absorption peak at 1516 cm™ ' was identified as C=0
asymmetric stretching vibration. The absorption peaks at
1424 cm™" and 1080 cm™* were assigned to C-O and O-H
stretching and variable angled vibrations, respectively. For
APS2, the absorption peak at 2917 cm™" was assigned to C-H
stretching vibration. The absorption peak at 1609 cm™" was
attributed to C=O stretching vibration. The absorption peak
at 1519 cm™" was identified to occur from C—=O asymmetric
stretching vibration. Additionally, the absorption peaks at
1425 cm™" and 1080 cm™" were attributed to C-O stretching
vibration and O-H variable angle vibration, respectively.

3.3.
APS

Molecular weight, polydispersity, and conformation of

Molar mass, variation tendency, and conformation character-
istics from GPC-RI-MALS data are shown in Table 2 and Fig. 4.
The average molecular weight denoted as M,, M, or M, of
APS1 were (3.15 + 0.05) x 10%, (1.77 + 0.01) x 10%, and (3.10 *

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Fourier transform-infrared (FT-IR) spectra of APS1 and APS2.
Table 2 The molecular weight, polydispersity, and root mean square of APS from the different ecological areas
Item APS1 APS2 P-Values
Molar mass (g mol™) M, (3.15 £ 0.05) x 10* (1.41 + 0.05) x 10* <0.001
M, (1.77 £ 0.01) x 10° (1.01 + 0.01) x 10° <0.001
M, (3.10 £ 0.01) x 10° (2.48 + 0.01) x 10° <0.001
Polydispersity M, /M, 5.61 = 0.05 7.18 £ 0.05 <0.001
M,/M,, 98.53 + 6.50 175.75 £ 7.84 <0.001
Root mean square radius, RMS (nm) R, 42.80 + 0.09 30.60 + 0.02 <0.001
Ry, 39.30 £ 0.07 26.20 + 0.02 <0.001
R 40.80 + 0.02 26.20 + 0.04 <0.001

0.01) x 10° g mol™", which were greater than those for
APS2, which has M,, M,,, and M, of (1.41 + 0.05) x 10*, (1.01 +
0.01) x 10°, and (2.48 = 0.01) x 10° g mol ™", respectively. This
demonstrated that APS1 had greater molar mass as compared
to APS2. However, the polydispersity coefficient of APS2 (7.18)
was greater than that of APS1 (5.61) (P < 0.05), which suggested
a wider variation range of molar mass for the former and
smaller molecules in APS2 as compared to APS1.

This journal is © The Royal Society of Chemistry 2022

This was further confirmed by the molar mass trend curve
(Fig. 4A & C), where APS2 had a gradually decreasing multi-
angle laser scattering (red line) curve, which had a rapidly
ascending refractive index (RI, green line) as compared to
APS1, indicating a wider range of molecular weights in APS2.
In addition, the RMS values displayed by R,, Ry, and R, were
42.80, 39.30, and 40.80 for APS1 and 30.60, 26.20, and 26.20
for APS2, respectively. When the RMS value of a polymer is

Food Funct, 2022,13, 7029-7045 | 7035
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Fig. 4 Gel permeation chromatography-refractive index-multiangle laser light scattering (GPC-RI-MALS) chromatograph with molecular weight
distribution and molecular conformation. Panels A & C. The variation in molar mass (blue line) of APS1 (panel A) and APS2 (panel C) and polydisper-
sity characteristics represented by signals of multi-angle laser scattering (LS, red line) and refractive index (RI, green line). Panels B & D. The mole-
cular conformation plot of APS1 (panel B) and APS2 (panel D) was obtained by taking the log (molar mass) as a horizontal coordinate and log (RMS)

as a vertical coordinate.

more than 10 (upon considering log (M,,) as the horizontal
coordinate and log (RMS) as the vertical coordinate to fit the
conformation plot), the slope would indicate the molecular
configuration.”® As shown in Fig. 4, the slope was 0.10 in the
APS1 conformation plot and 0.17 in the APS2 conformation
plot, indicating that both APS1 and APS2 exhibited complex
crosslinking with highly branched PS macromolecules.

3.4. Glycosidic linkages between monosaccharides of APS

The findings of GC-MS analysis suggested that APS1 was
mainly composed of nine different glycosidic residues, includ-
ing three nonreducing terminals of t-Ara, t-Glc, and t-GalA

with the molar ratios of 7.79%, 4.18%, and 9.92%, as well as
other intrachain residues, involving 1,2-Rha; 1,5-Ara; 1,4-GlaA;
1,4-Glc; 1,3,4-GlaA, 1,3,6-Gla, in molar ratios of 4.30%, 7.28%,
36.46%, 18.12%, 4.23%, and 7.71%, respectively (Table 3).
Similarly, APS2 consisted of seven monomer residues, includ-
ing two non-reducing terminals of t-Ara and t-GalA, in molar
ratios of 9.49% and 12.57%. Other residues, 1,2-Rha; 1,5-Ara;
1,4-GalA; 1,4-Glc; and 1,3,6-Gal, were present in molar ratios of
6.03%, 11.42%, 39.52%, 15.00%, and 5.97%, respectively, and
were identified to be intrachain residues. The cumulative pro-
portions of major residues, including GalA, Ara, Gal, and Glc,
were 95.70% in APS1 and 93.97% in APS2.

Table 3 Glycosidic linkages among the saccharide residues and their molar proportions

Serial number RT, min nc nc x min Glycosidic linkages” Mol, %
APS1

1 6.61 4261 690.58 14 784 412.41 t-Ara(f) 7.79
2 9.57 2 000 582.51 9 391 561.58 1,2-Rha(p) 4.30
3 9.74 1720 293.14 9 185 892.06 t-Gle(p) 4.18
4 10.79 5491 190.89 21775 359.38 *t-Gal(p)A 9.92
5 11.45 3716 643.52 15 194 805.55 1,5-Ara(f) 7.28
6 14.72 18 530 303.05 86 978 621.68 *1,4-Gal(p)A 36.46
7 15.02 10 019 103.24 43216 516.88 1,4-Glc(p) 18.12
8 16.74 1923 428.48 10 888 505.28 *1,3,4-Gal(p)A 4.23
9 19.96 4 652 262.25 19 853 895.59 1,3,6-Gal(p) 7.71
APS2

1 6.59 5041 644.96 18 048 302.66 t-Ara(f) 9.49
2 9.56 3275 072.03 13 192 902.45 1,2-Rha(p) 6.03
3 10.77 6 937 374.61 27 839 272.69 *t-Gal(p)A 12.57
4 11.44 6 069 245.46 23902 732.31 1,5-Ara(f) 11.42
5 14.72 19 947 942.16 95 103 104.48 *1,4-Gal(p)A 39.52
6 15.00 8445 426.07 35900 958.33 1,4-Glc(p) 15.00
7 19.94 3195 852.97 15 417 443.64 1,3,6-Gal(p) 5.97

“The glycosidic residues marked with an asterisk (*) means the corresponding component was a uronic acid in the PS molecules.
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In addition, the Ara and GalA residues ratio was 20.91%
and 52.09% in APS2, which were significantly higher than
those in APS1 of 15.08% and 50.61%. This finding further veri-
fied that Ara and GalA were ecologically-sensitive components,
and their synthesis was strengthened when the alfalfa was sub-
jected to the saline-alkali stress. The main branching points
were at 1,3,4-GlcA and 1,3,6-Gla in APS1 molecule, as well at
1,3,6-Gla in APS2 molecule. The ratio between the terminal
units and the branching points was 1.83 in APS1 and 3.69 in
APS2, suggesting that the number of the terminal unit was
more than that of the branching points in the two kinds of PS
molecules. In addition, the degree of branching (DB) was
33.83% in APS1 and 28.03% in APS2, which was the proportion
of the number of terminal and branch residues accounting for
the total amount of saccharide residues.”

3.5. Nuclear magnetic resonance (NMR) spectrum of APS

Linkages between glycosyl residues in APS1 and APS2 were
further investigated by NMR analyses, including "H NMR, **C
NMR, and HSQC spectra (Fig. 5) with the assistance COSY,
HMBC, and NOESY (not shown). Based on the analysis of
APS1, the 'H NMR spectrum signals were mainly distributed
across 1.5~6.3 ppm; the chemical shift (§) from 3.5 to 4.5 ppm
was due to protons of the glycosidic ring, and the & of 4.09,
4.40, 4.81, 5.26, 5.83 were assigned to terminal protons, while
other peaks (chemical shift) ranged in § 1.5~2.0, 2.5~3.0, and
4.3~5.5 ppm. The >C NMR (500 MHz, D,0) spectrum revealed
that the carbon signals were primarily distributed at chemical
shift 6 of 50 to 110 ppm. The primary anomeric carbons were
at § of 101.30, 102.50, 103.84, 104.48, 104.50, 104.90, 104.69,
105.30, 110.62 ppm, ranging from 100 to 110 ppm. On the
other hand, the main signals peaks of including the 84.61,
81.96, 81.02, 80.59, 79.55, 79.01, 78.71, 77.54, 76.70, 73.31,
71.20, 67.69, 65.80, and 62.02 were distributed across § of 60 to
105 ppm. In addition, regarding the correlations of C/H in the
HMBC spectrum (Fig. 5C), eighteen cross signals with the "H
being from 4.5 to 7.0 ppm and *C in the range of 90 to
120 ppm further demonstrated the presence of A-J residues in
APS1 molecule that is represented in Fig. 5 and summarized
in Table 4.

In the HSQC spectrum, according to the one-dimensional
and two-dimensional NMR spectra, the glycosidic bond
signals of APS1 were assigned as follows: there was a correla-
tive signal peak between the anomeric hydrogen of glycosidic
bond —4)-a-p-GalpA-(1— and the C4, suggesting there was the
—4)-a-p-GalpA-(1 — 4)-a-p-GalpA-(1— intrachain linkage. There
was correlative signal peak between the anomeric hydrogen of
glycosidic bond, p-o-Galp-(1— and C3 of —3)-a-p-Galp-(1—,
indicating that there was p-o-Galp-(1 — 3)-a-p-Galp-(1— intra-
chain linkage. The anomeric hydrogen of glycosidic bond —3)-
a-p-Galp-(1— correlated to the C3 of -4)-a-p-GalpA-(1—, indicat-
ing the intrachain structure of —3)-a-p-Galp-(1-4)-a-p-GalpA-
(1~ existing. There was correlative signal peak between the
anomeric hydrogen of glycosidic bond —4)-a-p-GalpA-(1— and
C3 of —3,6)-p-p-Galp-(1—, suggesting that there was —4)-a-p-
GalpA-(1,3,6)-p-p-Galp-(1— intrachain structure. The signal

This journal is © The Royal Society of Chemistry 2022
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peaks of anomeric hydrogen of glycosidic bond —4)-o-p-
GalpA— correlated to that of C6 in the —3,6)-p-0-Galp-(1—,
indicating —4)-a-p-GalpA-(1-6,3)-f-p-Galp-(1— to exist. There
was the correlative signal peak between the anomeric hydrogen
of glycosidic bond —4)-a-p-GalpA-(1- and C4 of —3,4)-a-p-
GalpA-(1—, indicating —4)-a-0-GalpA-(1,4,3)-a-p-GalpA-(1—
existing. The anomeric hydrogen of glycosidic bond —4)-o-p-
GalpA-(1— correlate to the C3 of —3,4)-a-p-GalpA-(1—, indicat-
ing —4)-a-p-GalpA-(1,3,4)-a-p-GalpA- (1— existing.

In APS2 analysis, the "H NMR spectrum signals are mainly
distributed in 1.5~6.3 ppm, the chemical shift between § 3.2
to 4.5 ppm were glycosidic ring protons, and the & of 4.09,
4.45, 4.65, 4.95, 5.42, 5.64, and 5.78 were assigned to terminal
protons, while other signals peaks (chemical shift) were dis-
tributed across § of 1.5~2.0, 2.5~3.0, and 4.3~5.5 ppm. An
analysis of the >C NMR spectrum revealed that the carbon
signals were primarily distributed across é of 50 to 100 ppm.
The anomeric carbons were at § of 101.30, 102.50, 103.84,
104.48, 104.90, 104.69, 105.30, and 110.62 ppm. The signals of
anomeric carbons were mainly found at é of 100 to 110 ppm.
Additionally, the main signals peaks of chemical shift distribu-
ted in the range of 60 to 105 ppm, including § of 84.61, 81.96,
81.02, 80.59, 79.55, 79.01, 78.71, 77.54, 76.70, 73.31, 71.20,
67.69, 65.80, and 62.02 ppm. In addition, regarding the corre-
lations of C/H in the HSQC spectrum (Fig. 5F), nine cross
signals with the 'H being from 4.6 to 6.5 ppm and “*C in the
range of 90 to 115 ppm further demonstrated the presence of
A-T residues as shown in Fig. 5 and summarized in Table 4.
There was a correlative signal peak between the anomeric
hydrogen of glycosidic bond, —4)-a-p-GalpA-(1— and its C4,
indicating the existence of—4)-a-p-Galp-(1 — 4)-a-p-GalpA-(1—
in the APS2 molecular chain. There was a correlative signal
peak between the anomeric hydrogen of glycosidic bond p-o-
Galp-(1— and C3 of -3)-a-p-Galp-(1—, indicating there is the
f-p-Galp-(1 — 3)-a-p-Galp-(1— in APS2 chain. The signal peak
of anomeric hydrogen in —3)-a-p-Galp-(1— correlated with C3
in -4)-o-p-GalpA-(1—, indicating there are —3)-a-p-Galp-(1-4)-
a-p-GalpA-(1— in APS2 molecule. There was correlative signal
peak between the anomeric hydrogen of glycosidic bond in
—4)-a-p-GalpA-(1— to that of C3 in -3,6)-p-p-Galp-(1—, indicat-
ing there are —4)-a-p-GalpA-(1,3,6)-f-0-Galp-(1- in the
APS2 molecule. There was correlative signal peak between the
anomeric hydrogen of the glycosidic bond in —4)-a-p-GalpA-
(1— and C6 in -3,6)-B-p-Galp-(1-, indicating there is —4)-a-p-
GalpA-(1-6,3)-p-0-Galp-(1— intrachain structure. Therefore,
based on the results of glycosidic linkage and NMR spectra
analysis, the possible repeating structural unit of APS1 and
APS2 could be shown in Table 4.

3.6. Three-dimensional structure and spatial conformation
of APS

The potential three-dimensional molecular structures of APS1
and APS2 were predicted by combining all the structural para-
meters, such as monosaccharide composition, molar mass,
glycosidic type, sequences, and linking position of the
branched chain. The repeating unit of APS1 was composed of
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Fig. 5 The nuclear magnetic resonance (NMR) spectrum of APS in D,O solution at 25 °C. Panels A & D show the H spectra of APS1 and APS2.
Panels B & E depict the **C spectra of APS1 and APS2. Panels C & F depict the heteronuclear multiple bond coherence (HMBC) spectrum of APS1
and APS2. A, B, C ... Jin Panels C & F depict the chemical shift of carbonl (C1) and hydrogenl (H1) in residue A. The order of residues, A, B, C ... J, are

consistent with Table 4.

Gal, GalA, Glc, and Ara in molar proportions of 4:9:9:1
(Fig. 6A) and molar mass of 4236 D, while the repeating units
of APS2 consisted of Gal, GalA, Glc, and Ara in molar pro-
portions of 6:13:4:1 (Fig. 6B) and a molar mass of 4472
D. At the same time, considering the molecular weight of APS1
and APS2, it can be deduced that the APS1 molecule contained
41 repeating units and APS2 molecule contained 22 repeating
units, suggesting both APS1 and APS2 to be long-chain macro-
molecules. Additionally, the three-dimensional spatial confor-

7038 | Food Funct., 2022,13, 7029-7045

mation showed the repeating units of both APS1 and APS2 to
be densely interconnected and highly branched (Fig. 6C & D,
ESI Videot of APS1 & APS2 3-D structure). The overall shape
profile and spatial conformation of APS1 and APS2 were
inspected by TEM and are presented in Fig. 6E & F. The
unfolded partial molecules of APS1 exhibited a crosslinking
net or grid pattern with branched structures, whereas APS2
appeared to be a random coil in SDS solution. This finding
reconciles well with the molecular configuration plot inferring

This journal is © The Royal Society of Chemistry 2022
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that a highly branched structure exists in APS1 and
APS2 molecules.

The structural characteristics and spatial conformation
confer bioactivities of PS.*' However, due to their complex
compositions, highly branched structure, high molecular
weight, viscosity, and aggregating properties in solution, it is a
difficult task to characterize the spatial conformation of PS
molecules.*” In this study, we made a preliminary exploration
and comparison of the spatial structure of APS1 and APS2
from the different ecological environments. However, the
relationship between this unique molecular conformation and
its biological activities must be studied further.

3.7.
APS2

Cellular toxicity and antiadipogenic effects of APS1 and

The potential cellular toxicity of APS in 3T3-L1 cells indicated
100 pg mL~" of APS1 or APS2 to have no significant toxic effect
as shown in Fig. 7A. Both APS1 and APS2 did not alter MTT

This journal is © The Royal Society of Chemistry 2022
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Table 4 H and C NMR chemical shifts of APS1 and APS2 recorded in D,O at 25 °C
Chemical shift (ppm), &

Number Glycosyl residues H1/C1 H2/C2 H3/C3 H4/C4 H5/C5 H6/C6 H6b

APS1

A a-1-Araf-(1— 5.17 4.13 3.87 4.06 3.76 3.64
110.62 82.62 77.97 85.22 62.64

B B-p-Glep-(1— 4.30 3.28 3.46 3.21 3.6 0 3.54 3.45
104.48 74.66 76.62 83.4 77.36 64.00

C p-p-Galp-(1— 4.67 3.70 3.90 3.75 3.63 3.74 3.62
102.50 71.50 70.05 71.71 76.40 62.45

D —5)-a-p-Araf-(1— 5.03 4.42 4.56 4.02 4.23 4.12
108.26 81.40 84.50 82.50 67.50

E —3)-a-p-Galp-(1— 4.63 3.70 3.80 3.86 3.57 3.63 3.74
105.30 71.42 83.10 69.96 74.14 62.45

F —4)-a-p-GalpA-(1— 4.66 3.96 3.75 3.73 3.49 3.85 3.64
101.30 71.78 72.34 77.69 75.88 62.14

G —4)-p-p-Glep-(1— 4.31 3.30 3.63 3.68 3.47 3.95 3.79
103.84 74.17 71.58 77.76 76.69 61.67

H —6)-p-p-Galp-(1— 4.37 3.44 3.58 3.86 3.88 3.95 3.83
104.90 72.16 73.93 74.96 69.87 70.50

I —3,4)-a-D-GalpA-(1— 5.13 3.23 4.78 4.65 4.32 4.45 4.32
104.58 77.25 76.63 62.21 75.42 70.15

] —3,6)-p-0-Galp-(1— 4.45 3.57 3.63 4.16 3.84 3.96 3.86
104.69 71.31 81.50 69.82 74.81 70.76

APS2

A o--Araf-(1— 5.17 4.13 3.87 4.06 3.76 3.64
110.62 82.62 77.97 85.22 62.64

B B-p-Glep-(1— 4.30 3.28 3.46 3.21 3.60 3.54 3.45
104.48 74.66 76.62 83.40 77.36 64.00

C p-o-Galp-(1— 4.67 3.70 3.90 3.75 3.63 3.74 3.62
102.5 71.50 70.05 71.71 76.40 62.45

D —5)-a-p-Araf-(1— 5.03 4.42 4.56 4.02 4.23 4.12
108.26 81.40 84.50 82.50 67.50

E —3)-a-p-Galp-(1— 4.63 3.70 3.80 3.86 3.57 3.63 3.74
105.30 71.42 83.10 69.96 74.14 62.45

F —4)-a-p-GalpA-(1— 4.66 3.96 3.75 3.73 3.49 3.85 3.64
101.30 71.78 72.34 77.69 75.88 62.14

G —4)-p-0-Glep-(1—~ 4.31 3.30 3.63 3.68 3.47 3.95 3.79
103.84 74.17 71.58 77.76 76.69 61.67

H —6)-p-0-Galp-(1— 4.37 3.44 3.58 3.86 3.88 3.95 3.83
104.90 72.16 73.93 74.96 69.87 70.50

I —3,6)-p-0-Galp-(1— 4.45 3.57 3.63 4.16 3.84 3.96 3.86
104.69 71.31 81.50 69.82 74.81 70.76

production as compared to the control at concentrations from
0 to 100 pg mL™". Subsequently, to analyze potential antiadipo-
genic effects of APS, the preadipocyte 3T3-L1 cells were cul-
tured with a differentiation medium in the presence of either
APS1 or APS2. Lipid droplet accumulation in fully differen-
tiated adipocytes was stained with ORO and observed micro-
scopically (Fig. 7B & C). Both APS1 and APS2 treatment signifi-
cantly inhibited adipogenesis and lipid accumulation in 3T3-
L1 cells with superior effects by APS2 as compared to APS1.
Namely, the lipid droplet accumulation in 3T3-L1 adipocytes
treated with 100 pg mL™" APS1 and APS2 decreased to 34.21 +
7.18% and 44.37 + 5.60%, respectively, as compared to the
untreated cells.

Next, we evaluated the transcriptional regulation of adipo-
cyte marker genes upon APS treatment in 3T3-L1 cells. It is
well known that the process of adipocyte differentiation is
associated not only with intracellular lipid accumulation but
also with the regulation of various transcription factors. There

Food Funct., 2022,13, 7029-7045 | 7039
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Fig. 6 The proposed repeating units and molecular conformation of APS1 and APS2. Panels A & B. The structural formula, linkage between mono-
mers, and proposed repeating units of APS1 and APS2. Panels C & D. Images showing the fitted 3-D molecular structure of APS1 and APS2 repeating
units by the creators of GLYCAM-Web (https://glycam.org/). Panels E & F. Scanning electron microscopy images of APS1 and APS2 dissolved in
sodium dodecyl sulfate (SDS) and transmission electron microscopy image of its dispersion.

are several transcription factors, such as C/ebpa, Clebpp, and
Ppary, documented to be sequentially and cooperatively
expressed during the differentiation. Especially, Ppary and C/
ebpa are considered master regulators that are highly
expressed during differentiation.”® In addition, they have been
proposed to be expression regulators of various proteins, such
as adipocyte fatty acid-binding protein (4p2) and fatty acid
synthase (Fas), in adipocytes. As shown in Fig. 7D, APS2 effec-
tively decreased the mRNA expression level of Ppary (P<0.0001),
Clebpa (P < 0.05), and Fas (P < 0.001) as compared with the
non-treated group (control), whereas APS1 affected the mRNA

7040 | Food Funct, 2022,13, 7029-7045

expression levels of Ppary (P < 0.05), C/ebpa (P < 0.05), and Fas
(P <0.01).

4. Discussion

Polysaccharides are polymers comprising one or several types
of monosaccharides or uronic acids. They commonly occur in
the cell wall of plants.** Interestingly, PS and their monomer
compositions can act as bio-functional components, which
continuously change with environmental conditions to help

This journal is © The Royal Society of Chemistry 2022
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Fig. 7 Antiadipogenic effects of APS and its potential mechanisms in 3T3-L1 cells. Panel A. Effect of APS1 and APS2 on cell viability in 3T3-L1 cells,
panel B and C. Antiadipogenic effects of APS1 and APS2 by measuring Oil Red O (ORO) staining of intracellular lipid accumulation in 3T3-L1 cells.
Panel D. Regulation of adipogenic-specific genes expression by APS1 and APS2 (100 ug mL™) in 3T3-L1 cells. All values (mean + SEM) were obtained
from three independent experiments. Asterisks indicate significant differences from the control (one-way ANOVA, * P < 0.05, ** P < 0.01, *** P <

0.001, **** P < 0.0001).

the plant cope with increasing environmental stress.*> Alfalfa
is an extensively cultured double-purpose crop with excellent
nutrient qualities and rich PS content. PS isolated from alfalfa
have been reported to have multiple bioactivities, including
immunomodulation,’® anti-inflammation,> antioxidation,
anticancer,’® and growth-promotion.>® Our previous studies
have also demonstrated the immunomodulating effects of APS
by specific activation of B cells and its involvement in attenuat-
ing oxidative stress in mouse embryonic fibroblast (MEFs)
cells by modulating the MAPK/p38 and NF-kB pathways.”

In this study, two kinds of water-soluble PS were isolated
from alfalfa grown in two different soils (denoted as APS1) and
saline-alkali soil (denoted as APS2). As a result, APS1 and
APS2 exhibited similar physical features with good aggregation
and precipitation. The SEM inspection revealed that both APS1
and APS2 had a similar flat surface and honeycomb or porous
microstructure. This was consistent with the work of Soua
et al. (2020),"> who reported the PS extracted from Ephedra
alata stems appeared to be high-porosity particles. However,
Cheng and Feng (2013) reported a flat and smooth structure of
PS extracted from Epimedium acuminatum.®” The different find-
ings regarding the PS microstructure can be explained by the
difference in sources and the isolation methods.?* The porous
microstructures of APS1 and APS2 have been speculated to be
the basis for some of their specific properties, including water-
holding or oil holding capacities, adsorption capacity, and gel-
forming tendency.*®**° The IC analysis indicated the two kinds
of APS to contain the same monomers, including seven mono-

This journal is © The Royal Society of Chemistry 2022

saccharides and two uronic acids, arranged in different molar
fractions. According to the molar proportions, GlaA, Ara, Gal,
and Glc were the dominant components that formed 83.75%
of the total mass in APS1 and 90.27% in APS2. This is similar
to our previous study on APS isolated from alfalfa harvested in
the USA' that indicated APS to be composed of eight
monomer types, including Fuc, Ara, Gal, Glc, Xyl, Man, GlaA,
and GlcA in molar ratios of 2.6:8.0:4.7:21.3:3.2:
1.0:74.2:14.9. Similarly, Rovkina et al. (2018)** reported two
water-soluble PS, which were fractioned from alfalfa, to have
the same chemical components (Fuc, Ara, Gal, Glc, GalA, and
GlcA) arranged in a molar ratio of 3.0:43.6:6.1:11.6:2.6:
33.4 and 3.6:46.4:7.0:13.8:1.1:28.2. Overall, these findings
from our study and others suggest that PS from alfalfa cultured
in different environmental conditions contain similar com-
ponents; bulk of the PS contains GlaA, Ara, Gal, and Glc
making up more than 83% of the molar mass. Thus, these
four monomers may be the species-specific intrachain mono-
saccharide components of APS.

Another interesting result was that APS2 had a notably
increased Ara and GlaA ratio as compared to APS1. A recent
study revealed that Arabidopsis has greater Ara biosynthesis
capacity under salt stress, and the concentration of Ara in the
cell wall is enhanced when Arabidopsis is subjected to high
salinity conditions.”” Furthermore, when alfalfa is exposed in
Cd-rich soil, the abundance of xylogalacturonan cross-linked
with xylose and galacturonic acid substantially increases in the
cell wall preventing Cd from entering and binding to the cell

Food Funct., 2022,13, 7029-7045 | 7041
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wall.® Similarly, saline-alkali soil may have induced higher
Ara and GalA biosynthesis in alfalfa, which can explain the
higher content of Ara and GalA in APS2 as it was harvested
from alfalfa grown in saline-alkali soil as compared to APS1.
Similarly, the analysis of glycosidic residues in APS1 and APS2
revealed that the main monomer residues in APS included
GalA (50.61%, 52.09%%), Ara (15.08%, 20.91%), Gal (7.71%,
5.97%), and Glc (22.30%, 15.00%), with their cumulative pro-
portions being 95.70% in APS1 and 93.97% in APS2. Amongst
these four monosaccharide residues, increased proportions of
Ara and GalA residues were observed in APS2, which corre-
sponded well to the component and spatial conformation ana-
lysis. The repeating units and molecular structure obtained
from NMR and other structural analyses similarly indicated
the increased proportions of Ara and GalA. Therefore, Ara and
GalA might be two ecologically sensitive molecules that can be
effectively induced to be synthesized under the saline-alkali
conditions of the soil in alfalfa.

The average molar mass and polydispersity of PS are pivotal
molecular characteristics that influence their dynamic pro-
perties and bioactivities.*” In this study, we demonstrated that
APS1 has higher molar mass and RMS values as compared to
APS2, whereas polydispersity appeared to have a wider range
in APS2 as compared to in APS1, i.e., APS1 was a bigger mole-
cule as compared to APS2. The abundance of smaller mole-
cules in APS2 as compared to in APS1 reflects the stress resis-
tance of alfalfa to its growing environment.’"*> The greater
polydispersity coefficient of APS2 indicated smaller molecules
to exist in this PS homolog that might have a close relationship
with stress resistance in alfalfa.'*>

In the current study, both APS1 and APS2 exhibited no cel-
lular toxicity to 3T3-L1 cells, when applied in the range of 0 to
100 pg mL™'. While both APS1 and APS2 exhibited antiadipo-
genic effects in 3T3-L1 cells, APS2 had a superior antiadipo-
genic effect as compared to APS1. This finding is corroborated
well by the regulation of the lipid accumulation-related genes.
For example, APS1 significantly reduced the expression Fas,
while APS2 decreased the expression of Ppary, C/ebpa, and Fas
in 3T3-L1 cells. These data were also in agreement with the
ORO staining results from APS1 or APS2 during adipogenesis.
Clebpp and C/ebpé are expressed in the early stages of adipo-
cyte differentiation and regulate Ppary and Clebpa
expression.>® Srebp-1c is a transcription factor that regulates
the biosynthesis of fatty acids, cholesterol, and triglycerides.
Furthermore, Srebp-1c is activated during the induction of
Ppar-y and Clebpa gene expression in 3T3-L1 adipocyte
differentiation.’**> As shown in Fig. 7D, APS2 effectively
decreases mRNA expression levels of Ppary, Clebpa, and Fas as
compared to the non-treated group (control). APS1 and APS2
also attenuate the mRNA expression levels of Fas among adipo-
cyte-specific genes regulated by C/ebpa or Ppary during adipo-
cyte differentiation. These results suggest that APS2 prevents
adipocyte differentiation and lipid accumulation partially via
inhibition of adipogenesis-related marker genes, which is
more effective than APS1.>® Likewise, some previous studies
have documented the capacity of plant-derived PS to inhibit
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pre-adipocyte proliferation and reduce the accumulation of
lipids in cells or tissues.”® In a parallel study, Suraiya et al.
(2019) documented the polysaccharide of Saccharina japonica
at the dose of 100 to 500 pg mL " suppressed the adipogenesis
and decreased the expression of relative genes Ppary and C/
ebpa.”” Dietary supplement with 2% brown algae (Padina tetra-
stromatica) polysaccharides decreased the differentiation of
adipocytes and down-regulated the expression of p-Akt, p38
and Ppary in visceral adipose tissue of diet-induced obese
C57BL6 mice.”® A previous study reported that crude fucoidans
composed of fucose, glucuronic acid, galactose, xylose, and
sulfate exerted antiadipogenic activities, and thus, inhibited
the 3T3-L1 cell differentiation.>® Flaxseed PS fermented by
fecal bacteria also exhibited anti-adipogenic effects with a
decrease in lipid accumulation in 3T3-L1 cells by downregula-
tion of mRNA and protein expression of Ppary, C/ebpa, and C/
ebpp in differentiating adipocytes.®® Therefore, plant-derived
PS may be potential candidates for the use as antiadipogenic
agents in functional foods that target obesity.>

Lastly, it is worthwhile to note that there are not enough
data for us to draw a conclusion for a bioavailability of APS1
and APS2. Others have reported that the molecular size and
polarity of PS are the crucial elements to affect their absorp-
tion rate and/or bioavailability.®® Based on our findings, we
can predict that the relatively large molecular mass (APS1 =
1.77 x 10° g mol ™', APS2 = 1.01 x 10° ¢ mol™") and the strong
acidic property by containing high proportion of GalA and
GlcA of APS1 and APS2 play an important role in regulating
the biological availability in digestible tract of animals.®
However, further studies including a pharmacokinetic assay
and direct/indirect interaction with receptor(s) are necessary to
understand the bioavailability of APS.

Our findings support the hypothesis that saline-alkali soil
affects monomer components, structural characteristics, and
bioactivities of APS. The results also provide novel insights
into the possibility of targeted isolation of phytogenic PS of
selected compositions capable of performing specific bioactiv-
ities under different ecological environments.

5. Conclusions

In summary, nine monomer types of Fuc, Ara, Gal, Gle, Xyl,
Man, Rib, GlaA, and GlcA were identified in APS1 and
APS2 molecules in different proportions. GalA, Ara, Gal, and
Glc were predominant constituents of both APS, while
APS2 had a greater content of Ara and GalA than did APS1.
Additionally, APS1 exhibited a greater molar mass of 1.77 x 10°
g mol ~' (M,,) than APS2, which has a molar mass of 1.01 x 10°
g mol ~. Furthermore, APS2 had a wider range of molar mass
distribution than APS1, allowing for greater polydispersity
(98.54 vs. 175.75). Both APS1 and APS2 significantly inhibited
adipogenesis and lipid accumulation in 3T3-L1 cells by down-
regulating mRNA expression levels of Ppary, C/ebpa, and Fas.
Furthermore, APS2 exhibited stronger antiadipogenic effects as
compared to APS1. Altogether, the ecological environment

This journal is © The Royal Society of Chemistry 2022
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influences the structural characteristics and biofunctions of
APS. Therefore, APS may be a potential candidate for use as an
agent or functional food against obesity. These findings also
provide a scientific perspective on targeted isolation of phyto-
genic PS with specific bioactivities achieved by putting them
under specific growth and environmental conditions.
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