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Abstract

As the two most principal active substances in the corn silk, polysaccharides and flavonoids, the mechanism of inter-
action between them has been a topic of intense research. This study provides an in-depth investigation of the inter-
action mechanism between corn silk glycans and luteoloside (LUT) and the synergistic role that result from this
interaction. The interaction mechanism was evaluated by isothermal titration calorimetry (ITC) and circular dichroism
(CD), and the synergistic role was evaluated by the expression of glucose transporters (GLUT-1), insulin secretion

and surface plasmon resonance (SPR). CD and ITC results indicated that the interaction between CSGs and LUT mainly
driven by the Cotton effects, enthalpy and entropy-driven. This interaction precipitated the formation of complexes
(CSGs/LUT complexes) between corn silk glycans (CSGs) with four different molecular weights and luteoloside (LUT).
Furthermore, the CSGs and LUT play a synergistic role in glucose regulation through GLUT-1 expression and insulin
secretion experiments, compared to single luteoloside group.
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1 Introduction

Glycans in food systems could interact with co-existing
small molecules and proteins normally during their
absorption, digestion and biological process [1]. This
complex coacervation behavior can affect the texture,
structure, and stability of food [2, 3]. These coacervates
result from spontaneous mechanisms coming from
interactions [4]. Several types of forces can prompt the
formation of this complex structure such as electro-
static, hydrophobic, hydrophilicity, and van der Waals
[5, 6]. Glycans are building the cornerstone of complex
coacervation, at micro- and nano-scales [7-9]. Vari-
ous investigations have shown that conglomeration can
affect biological activities. Ginseng polysaccharides
can co-exist with small molecules and then play a syn-
ergistic role in the regulation of gut microbiota [10].
The complex coming from with moringa oleifera leaf

flavonoids and polysaccharides can possess a stronger
hypoglycemic/hypolipemic potential [11].

During centuries of empirical clinical use, traditional
Chinese medicines (TCM) are mostly prepared water
decoctions for prophylactic and therapeutic diseases.
Unlike Western medicines, polysaccharides, proteins
and small molecules are the three dominant chemi-
cals in TCM decoction [10]. However, the interactions
between small molecules and glycans, their synergis-
tic roles, and which parts contribute to therapeutic
effects in TCM decoctions remain unknown. Corn silk
is a common TCM that people usually take after boil-
ing to achieve the effect of hypoglycemic. Corn silk is
rich in flavonoids [12], polysaccharides [13], terpenoids
[14] and so on. Corn silk extract has been reported to
have hypoglycemia [15], antioxidation [16], antitu-
mor [17], antibacterial [18] and other pharmacological
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activities. Researchers mostly use the method of first
decolorization and then mellow precipitation when
extracting polysaccharides [19]. Guo et al. used ana-
lytical kinetic simulations to characterize the interac-
tion between polysaccharides and flavonoids, thereby
improving the activity of polysaccharides on a-amylase
and a-glucosidase [20].

In order to restore the actual decocting method of
corn silk, this study first directly extracted corn silk
with water and graded alcohol precipitation to obtain
four different total extracts of water decoction (CSGC),
and analyzed their main substance composition. Subse-
quently, CSGC underwent decolorization and prelimi-
nary purification to obtain four colorless and protein
free corn silk crude glycans (CSGs). Isothermal titra-
tion calorimetry (ITC) and circular dichroism (CD) be
employed to analyze the interaction principle between
CSGs and flavonoids (luteoloside, LUT), and inves-
tigate the synergistic role in the regulation of blood
sugar. Polysaccharides and flavones coexist in the food
system, and the mechanism of their deep interaction
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remains to be solved. Simultaneously, elucidation of
these issues would be significant for the modernization
of TCM and functional food.

2 Results and discussion

2.1 Structural characterization of CSGC and CSGs

High performance gel permeation chromatography
(HPGPC) was used to analyze the molecular weight and
purity of CSGC and CSGs (Additional file SI 1: Fig. S1,
$2).The content of total sugar, protein, flavonoid, uronic
acid and Mw composition of CSGC and CSGs were sum-
marized in Table 1. The total sugar content of CSGC was
lower than that of CSGs, the flavonoid and uronic acid
content of CSGC were higher than that of CSGs, and the
molecular weight was also different.

2.2 Assay for monosaccharide composition

The monosaccharide composition of CSGs was ana-
lyzed by PMP derivation method (Fig. 1a). The results
showed that CSG30, CSG70, and CSG90 were com-
posed of mannose, rhamnose, glucose, galactose, and

Table 1 Composition and molecular weight analysis of CSGC and CSGs

Sample Total sugar Protein (%, w/w) Total flavonoid (%, Uronic acid (%, Mw (Da)
composition (%, w/w) w/w) w/w)
CSGC30 69.88 19.14 8.1454 1171 581x107;852x10%322x10% 436
CSGC50 59.22 16.29 8.9599 6.62 8.87x10%503%10%436
CSGC70 5021 2452 7.2979 547 6.29%10%2.64x10% 436
CSGC90 4845 1821 84169 448 3.39x10% 436
CSG30 7277 19.08 1.1636 7.93 49x10°
CSG50 67.48 15.57 3.8739 6.41 291x10%928x10°
CSG70 73.15 14.19 1.9394 201 3.0%10%6.14%x10°
CSG90 72,64 16.02 15127 483 3.14x10% 558 x 10°
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Fig. 1 Primary structural features of CSGs. a Monosaccharide composition of CSGs. b UV spectrum of CSGs
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arabinose, but with different mole ratio, respectively:
0.21:0.21:0.13:0.19:0.25; 0.15, 0.28, 0.11, 0.15, 0.30; 0.17:
0.12: 0.14: 0.19: 0.37,0.37. CSG50 was deficient in the
mannose, with the molar ratio of 0.20: 0.17: 0.22: 0.39.
As displayed in the UV spectrum (Fig. 1b), CSGs had no
absorption peak from 190 to 400 nm, which confirmed
that CSGs did not contain proteins and nucleic acids.

2.3 FT-IR spectrum of CSGs

Comparing the four FT-IR spectra (Fig. 2), it could be
detected that the difference between CSG30, 50 and
CSG70, 90 was mainly due to the vibration absorption
peak at 2850 cm ™!, The divide between CSG 50 and the
other three spectrograms was the absorption peak near
599 cm™! in the fingerprint area. The vibration absorp-
tion peak at 2920-2850 cm™' owed to the stretching
vibration of -CH,, —CH,, and —CH [21]. The absorp-
tion peak from 1600 cm™ to 1900 cm ™! attributed to the
stretching.

Transmittance |%]|

b
=)
L

0.5

0.4
4000

T T T T T T
3500 3000 2500 2000 1500 1000 500

Wavenumber cm™!

Transmittance | %]
e e
[ o«
[ 1

e
'S
1

0.2

T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber cm™!

Page 4 of 12

vibration of —C=0 [22, 23]. The characteristic peaks
in the fingerprint area (400-1000 cm™) could be used
to distinguish the types of monosaccharides [24]. The
deletion of the absorption peak near 600 cm™! in CSG50
FT-IR spectra (Fig. 2b) indicated that CSG50 did not
contain mannose, which was consistent with the results
of CSGs monosaccharide composition analysis. CSG30,
CSG50, CSG70, and CSG90 had absorbed around
1625 cm™!, suggesting that all of the CSGs contain uronic
acid, which was consistent with the results of uronic acid
content.

2.4 Interactions between luteoloside and CSGs

2.4.1 CD spectra analysis of LUT and CSGs/LUT complexes
When the molecule contains several chromogenic
groups, the CD spectrum can effectively distinguish
the positive and negative Cotton effects (CEs) of each
absorption band. Carbonyl compounds can emanate two
main transitions due to the influence of other functional
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Fig. 2 Primary structural features of CSGs. a IR spectrum of CSG30. b IR spectrum of CSG50. ¢ IR spectrum of CSG70. d IR spectrum of CSG90
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groups (electronegativity of oxygen and conjugated dou-
ble bonds): strong absorption (200-260 nm) of m —
n and weak absorption of n — m around 300 nm [25].
The content of uronic acid in CSGs is about 5.00%. In
the structure of LUT has «, f-unsaturated cyclic ketone.
When these two chromophore groups are located closer
in space, the CEs occur. The typical absorption bands of
carboxylic acid derivatives and a, B-unsaturated cyclic
ketone appears at 200 and 240 nm of CSGs groups and
LUT group in CD spectra. However, after mixing the
LUT to CSGs, the complex groups signals resulted in
the CD spectra (Fig. 3). A positive CEs of the complex
groups can be seen from 200 to 220 nm regions indicat-
ing that this complex was ordered. In addition, nega-
tive CEs appeared at 240 nm, suggesting that LUT may
be wrapped by CSGs in water solution. The CD spec-
tra of CSGs, LUT, and the mixed group were different
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evidenced that the mixing of LUT and CSGs forms a new
hybrid embodiment [26].

2.4.2 ITC analysis of LUT and CSGs/LUT complexes

The interaction mechanism between CSGs and LUT was
determined by isothermal titration calorimetry (ITC).
Titration with a deionized aqueous solution was used as
a blank control (Additional file SI 1: Fig. S3). By titrating
the CSGs aqua into the LUT liquor completed, the criti-
cal thermodynamic parameters of the equilibrium disso-
ciation constant (KD), binding stoichiometry (N), Gibbs
free energy (AG), entropy change (-TAS), and enthalpy
change (AH) were detected by software analysis. Firstly,
the KD value reflected the affinity between LUT and
CSGs (Table 2). The result demonstrated that the inter-
actions between LUT and CSG30 are stronger than that
in LUT/CSG50, 70, and 90 complexes. Secondly, the
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Fig. 3 The interaction of CSGs/LUT complexes were identified by circular dichroism spectroscopy (CD). a CSG30 (5 mg/mL, 40 pL), LUT (3 mg/mL,
260 pl), and CSG30/LUT complexes. b CSG50 (5 mg/mL, 40 pb), LUT (2 mg/mL, 260 pL), and CSG50/LUT complexes. ¢ CSG70 (5 mg/mL, 40 pL), LUT
(2 mg/mL, 260 pL), and CSG70/LUT complexes. d CSG90 (2 mg/mL, 40 uL), LUT (3 mg/mL, 260 pL), and CSG90/LUT complexes
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Table 2 Thermodynamic parameters of interactions between CSGs and luteoloside (LUT) measured by isothermal titration

microcalorimetry (ITC)

LUT N KD (M) AH (kJ/mol) AG (kJ/mol) —TAS (kJ/mol) Enthalpy (%) Entropy (%)
CSG30 20e7 79e™° —-1.15 -6.22 —~5.06 1852 8148

CSG50 37e73 155e78 -1.20 -5.20 —4.00 23.08 76.92

CSG70 2667 361e® —-159 —470 154 3180 -3080
€SGO 0.139 5.74e78 -83 —442 —434 65.66 3434

Average of duplicates for each. n: stoichiometry, KD: affinity level, AH: enthalpy, AS: entropy, AG: free enthalpy, T: temperature. Enthalpy (%) = AH/(AH - TAS) x100%;

Entropy (%) =—TAS/(AH - TAS) x 100%. Pooled SD: pooled standard deviation

negative (AG <0) Gibbs energy measured that the forma-
tions of the LUT/CSGs were a spontaneous interaction.
Finally, according to the value of N, we calculated that
CSG30 (N=2.0x107°), CSG50 (N=3.7x107°), CSG70
(N=2.6x107°), and CSG90 (N=0.139), approximately
bind with 500, 270.3, 38461.5, and 7.2 molecules of LUT
in the solution (Fig. 4i).

We investigated the dominant intermolecular force
to drive the assembly between LUT and CSGs. The sig-
nature of LUT and CSG30, 50, and 90 (Fig. 4b, d, h)
showed that the AH values were negative (—1.15, —1.20,
and — 8.3 kcal/mol) and the values of — TAS were nega-
tive. This result indicated that the co-assembly between
LUT and CSG30, 50, and 90 were enthalpy and entropy
driven primarily by hydrogen bonds, hydrophobic effect,

van der Waals force, conformational, etc. However,
the entropically (—TAS) driven by conformational and
hydrophobic effect could be the hazardous factors in the
LUT and CSG70 co-assembly systems (Fig. 4f). The AH
value of the LUT and CSG70 co-assembly systems was
—159 kcal/mol suggested that the formation of CSG70/
LUT was only driven by enthalpy (Additional file SI 1).

2.4.3 FI-IR analysis of CSGs and CSGs/LUT complexes

The combination of CSGs and LUT was characterized
by infrared spectroscopy. The FI-IR spectra of CSGs and
CSGs/LUT complex are shown in Fig. 5. The FT-IR spec-
tra of CSGs/LUT after interaction are similar to those
of CSGs. The broad peak intensity at 3443.59 cm™ is
lower than that of CSGs, possibly due to a decrease in

0 0
a b ¢ d
0.0 -1 0.0 -1
2
2
Z.0a 33 g =
g = 201 £,
& Em = E
4
0.2 5
-6 0.2 4 5
0.3 T T T T T T T T T J -7 T T T T T T T T T 1 -6
0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50
‘Time (min) Time (min)
CSG30/LUT CSG50/LUT
e fio] M g
I 1 o0 h o]
100 I -8
0.0 R
2 g% Z-0.05 -
3 8 g g2
g g0 = 3
= 0.1 = a 2
2 -50 34
-0.10
G
N 100 -4 B
' _150 I -1as
-0.15 T T T T T T -5
0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50
) N i ( iy : o Time (min)
ime (min
CSG70/LUT CSG90/LUT

Fig. 4 The interaction mechanism of LUT and CSGs. a-h The schematic diagram for CSGs/LUT complexes. a Standard calorimetric titrations

of 5 mg/mL CSG30 into 3 mg/mL LUT solution at 25 “C. b The fitting data of ITC from LUT/CSG30 complexes AG, AH, —TAS represented Gibbs free
energy of binding (blue), enthalpy changes (green), and entropy changes (red). ¢ The final figure of 5 mg/mlL CSG50 into 2 mg/mL LUT solution
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Fig. 5 Infrared spectra of CSGs and CSGs/LUT

the number of hydroxyl groups. After the interaction, the
tensile vibration strength of methyl C—H (2927.38 cm™)
and the bending vibration strength outside the O-H
plane (764.76 cm 1) were weakened, which may be due to
the formation of hydrogen bonds between the hydroxyl
group of LUT and the hydroxyl group of CSGs.

2.4.4 The expression of GLUT-1 by LUT and CSGs/LUT
complexes

The changes in GLUT-1 expression can significantly alter
the basal glucose uptake. When GLUT-1 expression is
increased, it modulates glucose transport into cells and
lowers blood sugar [27]. After treatment with LUT and
CSGs/LUT complexes, the expression of GLUT-1 in
HCT-116 cells was detected. The result suggested that
compared with the control group, the CSGs/LUT com-
plexes treated group dramatically raised the expression
of GLUT-1 (Fig. 6a). Among them, the GLUT-1 expres-
sion level of the CSG30/LUT and CSG50/LUT treatment
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groups are superior to others (Fig. 6b). The investigate
of GLUT-1 expression also hinted that the synergistic
role between CSG30, CSG50 and LUT in hypoglycemic
activity.

2.5 Assay for direct interaction by surface plasmon
resonance (SPR)

To further study whether LUT and CSGs/LUT com-
plexes from corn silk directly bind to GLUT-1 protein, we
investigated the binding affinity using a SPR system. The
data of SPR experimentation showed (Additional file SI
1: Table S1) that the KD values of CSGs/LUT complexes
and GLUT-1 (Fig. 7b—e), were 1.70x10™* M,1.73x10™*
M, 2.02x10™* M, and 1.17x1072 M, respectively.
However, the affinity among LUT and GLUT-1 is only
2.2x 1072 M (Fig. 7a). The affinity of LUT/CSG30, CSG50
and CSG70 complexes on GLUT-1 protein was stronger
than that of LUT/CSG90 complex.

2.5.1 The expression of insulin by LUT and CSGs/LUT
complexes

The level of insulin directly determines the concentra-
tion of blood sugar. With CSGs, LUT and CSGs/LUT
complexes after processing, the detection of MIN6 cell
secretion of insulin. The results showed that the CSGs/
LUT complex treatment group significantly increased
the secretion of insulin compared with the control group
(Fig. 8). Among them, the insulin secretion of CSG70/
LUT and CSG90/LUT treatment groups was better than
that of other treatment groups. Studies on insulin secre-
tion revealed a synergistic effect between CSG70, CSG90
and LUT.
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Fig. 6 The expression of GLUT-1in HCT116 cells after 24 h of treatment with CSGs, LUT and CSGs/LUT complexes. a GLUT-1 expression of CSGs/
LUT complex (200 pg/mL) on HCT116 cells. b GLUT-1 expression of CSGs (200 pg/mL) and LUT (1.7 and 2.3 mg/mL) on HCT116 cells. Data represent
the means + standard errors of the means of at least three independent experiments; *p < 0.05, **p < 0.01, and ***p < 0.001
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3 Conclusions

In this work, the binding mechanism of glycans and
luteoloside from corn silk and the synergistic role of
CSGs and LUT in hypoglycemic activity. ITC and CD
spectra analysis showed that LUT binding to CSGs was
promptly, spontaneously, and successfully. Our results
suggested that in functional food systems, the interac-
tion between LUT and CSGs happens. Furthermore,
the CD data displays that the formation of LUT/CSGs
complex mainly depends on the Cotton effects of the
carbonyl functional groups in the LUT and CSGs struc-
tures. The ITC data calculated that enthalpy-driven and
entropy-driven (covering hydrogen bonds, coulomb
force, conformation, and hydrophobic effect, et al.)
played a critical role in the formation of LUT/CSGs
(CSG30, CSG50, and CSG90) complex. The interac-
tion between CSGs and LUT was analyzed by infrared
spectroscopy, and the main mechanism of the complex
was hydrogen bond. More interestingly, it was found
that the formation of LUT/ CSGs complex improved
the glucose-regulating activity of LUT through insulin
secretion stimulating and GLUT-1 expression stimu-
lating experiments. Altogether, these findings not only
contribute to the understanding of the interaction
mechanism between glycans and luteoloside, but also
pave the way to demonstrate the practical effectiveness
of functional substances in the field of functional foods.

4 Experimental section

4.1 Materials and chemicals

Corn silk was collected from the local market in Kun-
ming, Yunnan Province, China. Diethylaminoethanol
(DEAE) was from GE Healthcare (Sweden). Monosaccha-
ride standards (Rhamnose, Fructose, Arabinose, Xylose,
Mannose, Glucose, Galactose, Glucuronic acid and
Galacturonic acid standards), 1-phenyl-3-methyl-
5-pyrazolone (PMP) and trifluoroacetic acids (TFA)
were obtained from Innochem Co. Ltd (Beijing, China).
Aluminum nitrate, sodium nitrite and sodium hydrox-
ide were bought from Damao Co. Ltd (Tianjin, China).
The total protein testing kit was purchased from Nan-
jing Jiancheng Bioengineering Institute (Nanjing, China).
GLUT-1 proteins and ELISA kits were obtained from
Abcam Trading (Shanghai) Co., Ltd. (Shanghai, China).
Mouse insulin ELISA kit was purchased from Fine Test®
(Hubei) Co., Ltd (Hubei, China). All chemicals and rea-
gents were purchased locally and were of analytical grade.

4.2 Extraction and purification of CSGC and CSGs

Dried corn silk (440 g) was crushed and extracted with
1:10 (w/v) distilled water for 2 times at 95 °C for 2 h each
time. All extracts were concentrated under reduced pres-
sure at 60 ‘C, and absolute alcohol was continuously
added to final concentrations of 30%, 50%, 70%, and
90% at room temperature and precipitated overnight.
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Fig. 8 MING cells were treated with LUT and CSGs/LUT complexes (100, 200, and 400 ug/mL) for 24 h. We detected the protein secretion
of insulin. a The secretion of insulin protein was detected in MIN6 cells treated with LUT. b-e The secretion of insulin protein was detected
in MING6 cells treated with CSGs/LUT complexes. Data represent the means + standard errors of the means of at least three independent

experiments; *p < 0.05, **p < 0.01, and***p < 0.001

The protein in the extract was removed by the sevage
method. These protein-free extracts were freeze-dried to
obtain the corn silk glycan complex (CSGC). The stained
CSGC was dissolved in distilled water and decolorized
on a 2.5X60 cm DEAE glucose fast-flow column. The
column was eluted isobaric with an aqueous solution at
a flow rate of 0.5 mL/min. The eluate (20 mL/tube) was
collected by an automatic collector. The eluate was con-
centrated, dialyzed (Da <1000) and lyophilized to obtain
colorless corn silk glycans (CSGs). CSGs were concen-
trated, lyophilized and stored in dry containers for fur-
ther analysis.

4.3 Determination of chemical composition and molecular
weight of CSGC and CSGs

The total sugar content was determined by phenol-

sulfuric acid method with glucose as the standard sub-

stance [28]. Protein content was determined by the BCA

method based on the biuret principle [29]. The content of

flavonoids was determined by UV-VIS spectrophotome-
try with rutin as the standard [30]. The content of uronic
acid was determined by the M-hydroxy-biphenyl method
[31]. The molecular weight was determined by high per-
formance gel permeation chromatography (HPGPC), and
T-series glucan was used as the standard [32].

4.4 Determination of monosaccharide composition
and UV spectrum analysis of CSGs

The monosaccharide composition of CSGs was ana-
lyzed by the modified hydrolysis combined with PMP
pre-column derivatization method [33]. 1 mL TFA (4 M)
was added to the 2 mg sample, stirred magnetically at
100°C for 6 h, concentrated under reduced pressure, and
methanol was added several times to remove excess TFA.
Add 1 mL distilled water to the sample to dissolve, take
out 50 pL, add 50 pL NaOH (0.6 M) and 100 puL PMP-
methanol (0.5 M) in turn, reaction at 70°C for 100 min,
and then add 100pL HCI (0.3 M), 1mL double steaming
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water and 1mL chloroform solution in turn. Remove the
organic phase after mixing. Repeat three times, the water
intake layer through 0.22 um microporous filter mem-
brane. PMP-labeled oligosaccharide was analyzed using
Agilent technologies 1260 series (Agilent Co. USA) and
Agilent ZORBAX SB-C18 column (250 mm X 4.6 mm).
The mobile phase was NaH,PO,/Na,HPO, buffer (pH
6.8) and acetonitrile (v/v, 83:17-81:19).

The ultraviolet spectrum of CSGs (1 mg/mL) was
analyzed by Shimadzu UV-2700 UV-vis spectropho-
tometer (Shimadzu, Japan) in the wavelength range of
190-400 nm.

4.5 FI-IR spectral analysis of CSGs

CSGs (1.0 mg) were ground with dry KBr powder and
pressed into flakes [34]. The FI-IR spectrum was deter-
mined by Fourier transform infrared spectrophotometer
(FT-IR, Nicolet iS10, Thermo Fisher Scientific Inc.), and
the wave number range was 4000—400 cm ™,

4.6 Interaction study

4.6.1 CD analysis of LUT and CSGs/LUT complexes

The CD spectra of CSGs and CSGs/LUT complexes were
determined at 25 ‘C by CD-V100 spectrometer (Applied
Photophysics, England) [26]. Added the 40 pL of CSG30
(5 mg/mL)/CSG50 (5 mg/mL) CSG70 (5 mg/mL)/CSG90
(2 mg/mL) to 260 pL of LUT (3 mg/mL)/LUT (2 mg/
mL)/LUT (2 mg/mL)/LUT (3 mg/mL), and mixed to
given the CSG30, 50, 70, and 90/LUT complexes, succes-
sively. The concentration of CSGs/LUT complex sample
solution is based on ITC titration ratio.

4.6.2 ITC analysis of CSGs and CSGs/LUT complexes

The isothermal titration calorimeter (MicroCal PEAQ-
ITC, Malvern, UK) was used for thermodynamic meas-
urements at 298 K. CSGs (5/2 mg/mL) from a 40 pL
syringe were injected into a sample cell containing 260
puL LUT (2/3 mg/mL). The titration experiment was per-
formed 17 times with 2 pL per injection and 150 s inter-
val between injections. The experiments were conducted
at 25°C, and the sample cell solution was continuously
stirred at 750 rpm. A blank experiment was performed
by deionized water into water. Data were analyzed and
reported using MicroCal PEAQ-ITC Analysis soft-
ware, and the measured binding isotherms were fitted
with a “one set of sites” fitting model to obtain enthalpy
change (AH), free energy change (AG, AG=-RT
InKa=AH — TAS), and entropy change (AS).

4.6.3 FI-IR analysis of CSGs and CSGs/LUT complexes
1 mg of CSGs or CSGs/LUT complex was mixed with
100 mg potassium bromide (KBr) powder, respectively,
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compressed into disks and infrared spectra were col-
lected at 4000—400 cm ™! wave number [26]. Preparation
method of CSGs/LUT complex: 40 uL 5 mg/mL CSGs
aqueous solution was mixed with 260 pL 2 mg/mL LUT
aqueous solution, and freeze-dried for use.

4.6.4 The expression of GLUT-1 by LUT and CSGs/LUT
complexes

HCT-116 cells were used to perform stimulation GLUT-1
expression test, and GLUT-1 concentrations of CSGs/
LUT complex and LUT monomer were determined to
determine the influence of the sample on the expres-
sion. The cells were treated with CSGs (200 pug/mL) and
LUT (1.7 and 2.3 mg/mL) respectively, and the super-
natant was obtained by centrifugation after lysis. The
supernatant was processed with the GLUT-1 enzyme-
linked immunosorbent assay kit, and the absorbance
was measured with an enzyme-labeled instrument at
450 nm, and the standard curve was drawn to calculate
the concentration.

4.7 Assay for hypoglycemic activity by surface plasmon
resonance (SPR)

The affinity between GLUT-1 protein and CSGs was
measured using surface plasmon resonance [SPR, Biac-
ore S200 instrument (GE Healthcare, MA, US)]. The
GLUT-1 protein solution was fixed on the surface of the
Series S CM5 Sensor chip (GE Healthcare) with binding
and deionization times of 120 and 150 s, respectively,
and then the CSGs solution (25, 50, 100, 200, 400 pg/mL)
passed through the sensor surface at a speed of 30 pL/
min. The Kinetics and affinity analyses of CSCs at differ-
ent concentrations were calculated by Biacore S200 eval-
uation software (GE Healthcare) [35].

4.8 The secretion of insulin by LUT and CSGs/LUT
complexes

The concentration of insulin after addition with CSGs/
LUT complexes and LUT was determined by stimulat-
ing ins secretion with MING6 cells to determine the effect
of the sample on their secretion. The cells were treated
with samples of 100, 200 and 400 pg/mL respectively to
absorb the supernatant. The OD of insulin was measured
at 450 nm by using insulin ELISA kit.

4.9 Statistical analysis

The data were expressed as mean + SD (standard deviation)
of triplicate determination. Statistical significance was
analyzed by one-way analysis of variation (ANOVA) and
student’s test with GraphPad Prism software (GraphPad,
San Diego, CA, USA). P <0.05 was statistically significant.



Qin et al. Natural Products and Bioprospecting (2024) 14:10

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1007/513659-024-00428-0.

Additional file SI 1: Fig. S1. Polysaccharide (CSGC) purity by high-perfor-
mance gel permeation chromatography (HPGPC) profiles. The presence of
1 mg/mL CSGC monitored by HPLC-ELSD. Chromatographic conditions:
sample: 1 mg/mL; chromatographic column: Shodex OHpak-SB-804 HQ

8 mm*30 cm; mobile phase: 100% water isocratic elution; Elution time:

15 min; Injection volume: 20 pL. Fig. S2. Polysaccharide (CSGs) purity by
high-performance gel permeation chromatography (HPGPC) profiles. The
presence of 1 mg/mL CSGs monitored by HPLC-ELSD. Chromatographic
conditions: sample: 1 mg/mL; chromatographic column: Shodex OHpak-
SB-804 HQ 8 mm*30 cm; mobile phase: 100% water isocratic elution;
Elution time: 15 min; Injection volume: 20 pL. Fig. S3. The interactions

of aqueous solution. Fig. S4. Scanning electron micrographs of CSGC
and CSGs: (a-3) CSGC30; (b-3) CSGC50; (c-3) CSGC70; (d-3) CSGCO; (e-3)
CSG30; (f-3) CSG50; (g-3) CSG70; and (h-3) CSGI0; (3, 20000x%). Table S1.
SPR analysis showed that CSGS and GLUT-1 proteins had direct binding
KD values

Acknowledgements

This work was supported by the Chinese Academy of Sciences (KFJ-
BRP-007-019). We thank the analytical group of the State Key Laboratory of
Phytochemistry, Kunming Institute of Botany, and Chinese Academy of Sci-
ences for all spectroscopic analyses.

Author contributions

SQ: Investigation, Writing—Original draft preparation. YL: Investigation,
Analysis. HS: Investigation of biological activity, Analysis. YY: Validation. YY:
Investigation of biological activity, Analysis. YZ: Formal analysis, Validation.

JH: Investigation of biological activity, Analysis. J-MH: Supervision, Funding
acquisition. LY: Conceptualization, Methodology, Investigation, Writing—Origi-
nal draft preparation.

Funding
The Chinese Academy of Sciences: KFJ-BRP-007-019, the authors declare no
competing interests.

Data availability

This article is licensed under a Creative Commons Attribution 4.0 International
License, which permits use, sharing, adaptation, distribution and reproduction
in any medium or format, as long as you give appropriate credit to the original
author(s) and the source, provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted

by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licence,
visit https://creativecommons.org/licenses/by/4.0/.

Declarations

Competing interests

The authors declare that they have no known competing financial interests
or personal relationships that could have appeared to influence the work
reported in this paper.

Author details

!College of Pharmacy, Anhui University of Chinese Medicine, Hefei, Anhui
230012, China. *State Key Laboratory of Quality Research in Chinese Medi-
cine, Macau Institute for Applied Research in Medicine and Health, Macau
University of Science and Technology, Taipa, Macau 999078, China. 3State Key
Laboratory of Phytochemistry and Plant Resources in West China, Yunnan
Key Laboratory of Natural Medicinal Chemistry, Kunming Institute of Botany,
Chinese Academy of Sciences, Kunming, Yunnan 650201, China.

Page 11 of 12

Received: 7 November 2023 Accepted: 30 December 2023
Published online: 16 January 2024

References

1.

12.

Renard CMGC, Watrelot AA, Le Bourvellec C. Interactions between
polyphenols and polysaccharides: mechanisms and consequences in
food processing and digestion. Trends Food Sci Technol. 2017,60:43-51.
https://doi.org/10.1016/jifs.2016.10.022.

Doublier JL, Garnier C, Renard D, Sanchez C. Protein—polysaccharide
interactions. Curr Opin Colloid Interface Sci. 2000;5(3):202-14. https://doi.
0rg/10.1016/51359-0294(00)00054-6.

Xiong WF, Ren C, Jin WP, Tian J, Wang YT, Shah BR, Li J, Li B. Ovalbumin-
chitosan complex coacervation: phase behavior, thermodynamic and
rheological properties. Food Hydrocolloids. 2016;61:895-902. https://doi.
org/10.1016/j.foodhyd.2016.07.018.

Kotz J, Kosmella S, Beitz T. Self-assembled polyelectrolyte systems. Prog
Polym Sci. 2001;26(8):1199-232. https://doi.org/10.1016/S0079-6700(01)
00016-8.

Sahoo JK, VandenBerg MA, Webber MJ. Injectable network biomateri-

als via molecular or colloidal self-assembly. Adv Drug Delivery Rev.
2018;127:185-207. https://doi.org/10.1016/j.addr.2017.11.005.

Vuillemin ME, Michaux F, Seiler A, Linder M, Muniglia L, Jasniewski J.
Polysaccharides enzymatic modification to control the coacervation or
the aggregation behavior: a thermodynamic study. Food Hydrocolloids.
2022;122:107092. https://doi.org/10.1016/j.foodhyd.2021.107092.

Hu QB, Gerhard H, Upadhyaya |, Venkitanarayanan KM, Luo YC. Antimi-
crobial eugenol nanoemulsion prepared by gum arabic and lecithin and
evaluation of drying technologies. Int J Biol Macromol. 2016;87:130-40.
https://doi.org/10.1016/j.ijbiomac.2016.02.051.

Luo YC, Wang Q. Recent development of Chitosan-based polyelectrolyte
complexes with natural polysaccharides for drug delivery. Int J Biol Mac-
romol. 2014;64:353-67. https://doi.org/10.1016/j.ijbiomac.2013.12.017.
Seidi F, Yazdi MK, Jouyandeh M, Habibzadeh S, Munir MT, Vahabi H, Bagh-
eri B, Rabiee N, Zarrintaj P, Saeb MR. Crystalline polysaccharides: a review.
Carbohydr Polym. 2022;275:118624. https://doi.org/10.1016/j.carbpol.
2021.118624.

Zhou SS, Xu J, Zhu H, Wu J, Xu JD, Yan R, Li XY, Liu HH, Duan SM, Wang Z,
et al. Gut microbiota-involved mechanisms in enhancing systemic expo-
sure of ginsenosides by coexisting polysaccharides in ginseng decoction.
Sci Rep. 2016;6(1):22474. https://doi.org/10.1038/srep22474.

. Yang YQ, Lin LZ, Zhao MM, Yang XY. The hypoglycemic and hypolipemic

potentials of Moringa oleifera leaf polysaccharide and polysaccharide-
flavonoid complex. Int J Bio Macromol. 2022;210:518-29. https://doi.org/
10.1016/j.ijbiomac.2022.04.206.

Zhang Y, Wu LY, Ma ZS, Cheng J, Liu JB, Anti-Diabetic. Anti-oxidant and
anti-hyperlipidemic activities of flavonoids from Corn Silk on STZ-Induced
Diabetic mice. Molecules. 2015;21(1):E7. https://doi.org/10.3390/molec
ules21010007.

Wang XZ, Yuan LY, Bao ZJ, Fu BS, Jiang PF, Ma TC, Lin SY. Screening of uric
acid-lowering active components of corn silk polysaccharide and its
targeted improvement on renal excretory dysfunction in hyperuricemia
mice. J Funct Foods. 2021,86:104698. https://doi.org/10.1016/}jff.2021.
104698.

Zhou WY, Niu JQ, Li Q, Du NN, Li JY, Lin B, Yao GD, Huang XX, Song SJ.
Utilization of the by-product of corn: guided identification of bioac-

tive terpenoids from Stigma Maydis (Corn Silk). J Agric Food Chem.
2023;71(7):3338-49. https://doi.org/10.1021/acs jafc.2c08452.

Pan YX, Wang C, Chen ZQ, Li WW, Yuan GQ, Chen HX. Physicochemical
properties and antidiabetic effects of a polysaccharide from corn silk

in high-fat diet and streptozotocin-induced diabetic mice. Carbohydr
Polym. 2017;164:370-8. https://doi.org/10.1016/j.carbpol.2017.01.092.
Zhang L, Yang Y, Wang ZY. Extraction optimization of polysaccharides
from corn silk and their antioxidant activities in vitro and in vivo. Front
Pharmacol. 2021;12:738150. https://doi.org/10.3389/fphar.2021.738150.
Yang JY, Li X, Xue Y, Wang N, Liu WC. Anti-hepatoma activity and mecha-
nism of corn silk polysaccharides in H22 tumor-bearing mice. Int J Biol
Macromol. 2014;64:276-80. https://doi.org/10.1016/j.ijbiomac.2013.11.033.


https://doi.org/10.1007/s13659-024-00428-0
https://doi.org/10.1007/s13659-024-00428-0
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.tifs.2016.10.022
https://doi.org/10.1016/S1359-0294(00)00054-6
https://doi.org/10.1016/S1359-0294(00)00054-6
https://doi.org/10.1016/j.foodhyd.2016.07.018
https://doi.org/10.1016/j.foodhyd.2016.07.018
https://doi.org/10.1016/S0079-6700(01)00016-8
https://doi.org/10.1016/S0079-6700(01)00016-8
https://doi.org/10.1016/j.addr.2017.11.005
https://doi.org/10.1016/j.foodhyd.2021.107092
https://doi.org/10.1016/j.ijbiomac.2016.02.051
https://doi.org/10.1016/j.ijbiomac.2013.12.017
https://doi.org/10.1016/j.carbpol.2021.118624
https://doi.org/10.1016/j.carbpol.2021.118624
https://doi.org/10.1038/srep22474
https://doi.org/10.1016/j.ijbiomac.2022.04.206
https://doi.org/10.1016/j.ijbiomac.2022.04.206
https://doi.org/10.3390/molecules21010007
https://doi.org/10.3390/molecules21010007
https://doi.org/10.1016/j.jff.2021.104698
https://doi.org/10.1016/j.jff.2021.104698
https://doi.org/10.1021/acs.jafc.2c08452
https://doi.org/10.1016/j.carbpol.2017.01.092
https://doi.org/10.3389/fphar.2021.738150
https://doi.org/10.1016/j.ijbiomac.2013.11.033

Qin et al. Natural Products and Bioprospecting

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34

35.

(2024) 14:10

Makvandi P, Ali GW, Sala FD, Abdel-Fattah WI, Borzacchiello A. Biosynthe-
sis and characterization of antibacterial thermosensitive hydrogels based
on corn silk extract, hyaluronic acid and nanosilver for potential wound
healing. Carbohydr Polym. 2019;223:115023. https://doi.org/10.1016/j.
carbpol.2019.115023.

Jia YN, Xue ZH, Wang YJ, Lu YP, Li RL, Li NN, Wang QR, Zhang M, Chen

HX. Chemical structure and inhibition on a-glucosidase of polysac-
charides from corn silk by fractional precipitation. Carbohydr Polym.
2021:252:117185. https://doi.org/10.1016/j.carbpol.2020.117185.

Guo QW, Chen ZQ, Santhanam RK, Xu LL, Gao XD, Ma QQ, Xue ZH,

Chen HX. Hypoglycemic effects of polysaccharides from corn silk
(Maydis stigma) and their beneficial roles via regulating the PI3K/Akt
signaling pathway in L6 skeletal muscle myotubes. Int J Biol Macromol.
2019;121:981-8. https://doi.org/10.1016/j.ijbiomac.2018.10.100.

Sebek J, Knaanie R, Albee B, Potma EQ, Gerber RB. Spectroscopy of the
C-H stretching vibrational Band in selected Organic molecules. J Phys
Chem A.2013;117(32):7442-52. https://doi.org/10.1021/jp4014674.
Yang XL, Wang RF, Zhang SP, Zhu WJ, Tang J, Liu JF, Chen P, Zhang DM, Ye
WC, Zheng YL. Polysaccharides from Panax japonicus C.A. Meyer and their
antioxidant activities. Carbohydr Polym. 2014;101:386-91. https://doi.org/
10.1016/j.carbpol.2013.09.038.

Kuang MT, Li JY, Yang XB, Yang L, Xu JY,Yan S, Lv YF, Ren FC, Hu JM, Zhou
J. Structural characterization and hypoglycemic effect via stimulating
glucagon-like peptide-1 secretion of two polysaccharides from Dend-
robium officinale Carbohydr Polym. 2020,241:116326. https://doi.org/10.
1016/j.carbpol.2020.116326.

Xing XH, Cui SW, Nie SP, Phillips GO, Goff HD, Wang Q. Study on Dendro-
bium officinale O-acetyl-glucomannan (Dendronan®): Part I. extraction,
purification, and partial structural characterization. Bioact Carbohydr Diet
Fibre. 2014;4(1):74-83. https://doi.org/10.1016/j.bcdf.2014.06.004.
Gavilan L, Carrasco N, Hoffmann SV, Jones NC, Mason NJ. Organic aero-
sols in anoxic and oxic atmospheres of Earth-like exoplanets: VUV-MIR
Spectroscopy of CHON Tholins. Astrophys J. 2018;861:110. https://doi.
0rg/10.3847/1538-4357/aac8df.

Guo QW, Ma QQ, Xue ZH, Gao XD, Chen HX. Studies on the bind-

ing characteristics of three polysaccharides with different molecular
weight and flavonoids from corn silk (Maydis stigmay). Carbohydr Polym.
2018;198:581-8. https://doi.org/10.1016/j.carbpol.2018.06.120.

Gnudi L, Raij L. The link between Glut-1 and Hypertension in diabetic
Nephropathy. Curr Hypertens Rep. 2006;8(1):79-83. https://doi.org/10.
1007/511906-006-0044-5.

Dubois M, Gilles K, Hamilton JK, Rebers PA, Smith F. A colorimetric
method for the determination of sugars. Nature. 1951;168(4265):167.
https://doi.org/10.1038/168167a0.

Smith PK, Krohn RI, Hermanson GT, Mallia AK, Gartner FH, Provenzano
MD, Fujimoto EK, Geoeke NM, Olson BJ, Klenk DC. Measurement of pro-
tein using bicinchoninic acid. Anal Biochem. 1985;150(1):76-85. https://
doi.org/10.1016/0003-2697(85)90442-7.

ChenYJ,Wang J, Wan DR. Determination of total flavonoids in three
Sedum crude Drugs by UV-Vis spectrophotometry. Pharmacogn Mag.
2010;6:259-63. https://doi.org/10.4103/0973-1296.71784.

Blumenkrantz N, Asboe-Hansen G. New method for quantitative determi-
nation of uronic acids. Anal Biochem. 1973;54(2):484-9. https://doi.org/
10.1016/0003-2697(73)90377-1.

LiWW, Wang C, Yuan GQ, Pan YX, Chen HX. Physicochemical characteri-
sation and a-amylase inhibitory activity of tea polysaccharides under
simulated salivary, gastric and intestinal conditions. Int J Food Sci Technol.
2018;53(2):423-9. https://doi.org/10.1111/ijfs.13600.

Dai J, WuY, Chen SW, Zhu S, Yin HP, Wang M, Tang J. Sugar compositional
determination of polysaccharides from Dunaliella salina by modified
RP-HPLC method of precolumn derivatization with 1-phenyl-3-methyl-
5-pyrazolone. Carbohydr Polym. 2010;82(3):629-35. https://doi.org/10.
1016/j.carbpol.2010.05.029.

Qiao YB, Ye 'Y, Cai TX, Li S, Liu XQ. Anti-fatigue activity of the polysac-
charides isolated from Ribes stenocarpum Maxim J Funct Foods.
2022;89:104947. https://doi.org/10.1016/}jff.2022.104947.

Chen DK, Shao HY, Yang L, Hu JM. The bibenzy! derivatives of Den-
drobium officinale prevent UV-B irradiation induced photoaging via
SIRT3. Nat Prod Bioprospect. 2022;12(1):1-11. https://doi.org/10.1007/
$13659-022-00323-6.

Page 12 of 12

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


https://doi.org/10.1016/j.carbpol.2019.115023
https://doi.org/10.1016/j.carbpol.2019.115023
https://doi.org/10.1016/j.carbpol.2020.117185
https://doi.org/10.1016/j.ijbiomac.2018.10.100
https://doi.org/10.1021/jp4014674
https://doi.org/10.1016/j.carbpol.2013.09.038
https://doi.org/10.1016/j.carbpol.2013.09.038
https://doi.org/10.1016/j.carbpol.2020.116326
https://doi.org/10.1016/j.carbpol.2020.116326
https://doi.org/10.1016/j.bcdf.2014.06.004
https://doi.org/10.3847/1538-4357/aac8df
https://doi.org/10.3847/1538-4357/aac8df
https://doi.org/10.1016/j.carbpol.2018.06.120
https://doi.org/10.1007/s11906-006-0044-5
https://doi.org/10.1007/s11906-006-0044-5
https://doi.org/10.1038/168167a0
https://doi.org/10.1016/0003-2697(85)90442-7
https://doi.org/10.1016/0003-2697(85)90442-7
https://doi.org/10.4103/0973-1296.71784
https://doi.org/10.1016/0003-2697(73)90377-1
https://doi.org/10.1016/0003-2697(73)90377-1
https://doi.org/10.1111/ijfs.13600
https://doi.org/10.1016/j.carbpol.2010.05.029
https://doi.org/10.1016/j.carbpol.2010.05.029
https://doi.org/10.1016/j.jff.2022.104947
https://doi.org/10.1007/s13659-022-00323-6
https://doi.org/10.1007/s13659-022-00323-6

	Interaction mechanism between luteoloside and corn silk glycans and the synergistic role in hypoglycemic activity
	Abstract 
	1 Introduction
	2 Results and discussion
	2.1 Structural characterization of CSGC and CSGs
	2.2 Assay for monosaccharide composition
	2.3 FT-IR spectrum of CSGs
	2.4 Interactions between luteoloside and CSGs
	2.4.1 CD spectra analysis of LUT and CSGsLUT complexes
	2.4.2 ITC analysis of LUT and CSGsLUT complexes
	2.4.3 FI-IR analysis of CSGs and CSGsLUT complexes
	2.4.4 The expression of GLUT-1 by LUT and CSGsLUT complexes

	2.5 Assay for direct interaction by surface plasmon resonance (SPR)
	2.5.1 The expression of insulin by LUT and CSGsLUT complexes


	3 Conclusions
	4 Experimental section
	4.1 Materials and chemicals
	4.2 Extraction and purification of CSGC and CSGs
	4.3 Determination of chemical composition and molecular weight of CSGC and CSGs
	4.4 Determination of monosaccharide composition and UV spectrum analysis of CSGs
	4.5 FI-IR spectral analysis of CSGs
	4.6 Interaction study
	4.6.1 CD analysis of LUT and CSGsLUT complexes
	4.6.2 ITC analysis of CSGs and CSGsLUT complexes
	4.6.3 FI-IR analysis of CSGs and CSGsLUT complexes
	4.6.4 The expression of GLUT-1 by LUT and CSGsLUT complexes

	4.7 Assay for hypoglycemic activity by surface plasmon resonance (SPR)
	4.8 The secretion of insulin by LUT and CSGsLUT complexes
	4.9 Statistical analysis

	Acknowledgements
	References


