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Abstract

Mangiferin as the major constituent in Mangifera indica has attracted many
interests due to its various physiological activities, such as antioxidant,
immunomodulatory, anti-inflammatory, anti-microbial, and antiviral
activities. However, its poor solubility in water limits its use and
development in food industry and as a medical agent. In this study,
enzymatic glycosylation using dextransucrase from Leuconostoc
mesenteroides B-512F/KM was conducted to increase the solubility of
mangiferin. Four novel mangiferin glucosides were synthesized and
confirmed by MALDI-TOF, ranging from one to four glucoses attached to
mangiferin. The optimized conditions of mangiferin glucoside (Mg-Gl)
synthesis were obtained through response surface methodology (RSM). The
predicted Mg-G1 formation was 10.90 mM at the optimum condition of 19
mM mangiferin, 49 mM sucrose, and 1.2 U/mL dextransucrase. The Mg-
G1 was purified by using HPLC and its structure was determined using
nuclear magnetic resonance (NMR) (1H, 13C, HMBC, HSQC, and COSY).
The structure was confirmed as mangiferin-(1->6)-a-D-glucopyranoside.
The water solubility, antioxidant activity (DPPH radical scavenging and
SOD-like scavenging activity), and a-glucosidase inhibitory activity were
further investigated. The water solubility of Mg-G1 was 824.7 mM, which

was 2,322 times higher than that of mangiferin. Mg-G1 also had DPPH
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radical scavenging activity than mangiferin, with SCso value 0of 0.022+0.001
mM. However, the SOD-like scavenging activity of Mg-G1 was lower than
mangiferin, with SCso value of 0.035+0.005 mM. Mg-G1 also showed
inhibitory activity against a-glucosidase and human intestinal maltase, with
the ICso value were 0.663+0.001 mM and 0.224+0.008 mM, respectively.
Because of the improvement in its water solubility, mangiferin glucoside
could be more preferable than mangiferin as an antioxidant and antidiabetic
ingredient in dietary supplement and other biomedical applications.

Keywords: mangiferin (Mg), mangiferin glucoside (Mg-G1), acceptor

reaction, solubility, antioxidant

Student number: 2017-23998
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Literature Review

1. Mangiferin

Mangiferin is the major polyphenol constituent in the leaves, fruits,
and stem barks of mango plant (Mangifera indica) [1], which also exists in
other mangifera genera including Mangifera persiciformis [2] and
Mangifera odorata [3]. Besides that, mangiferin can also be found in other
plants such as Bombax ceiba [4], Hypericum perforatum (5], Arrabidaea
samydoides [6] and the leaves of various coffee species [7,8,9,10].

Mangiferin structure contains two aromatic rings of 1,3,6,7-
tetrahydroxyxanthone with a B-D-glucosyl residue (Fig 1). In the previous
study, the in silico simulations of mangiferin had been conducted to validate

the physiochemical properties of mangiferin (Table 1) [11].

OH

HO 0} OH
HO ° O O
HO OH

OH
OH (6]

Figure 1. Structure of mangiferin

Mangiferin has attracted a lot of interest due to its various

physiological activities, such as antioxidant, immunomodulatory, anti-



inflammatory, and anti-microbial activities [12]. Mangiferin also showed
antiviral activity against HIV by inhibiting the HIV-1 replication [13]. The
role of mangiferin as antidiabetic showed its potential to prevent the
increase of blood sugar level in Type II diabetic model rats [14] and its
hypoglycemic effects in diabetic rats [15]. The presence of functional

groups contributes to the therapeutic potential of mangiferin [16].

Table 1. In silico simulations result of mangiferin [11]

Properties / Parameters Value
Molecular formula C19H18011
Molecular weight 422.35 g/mol
Solubility in water 1.44 mg/mL
Solubility fasted-state simulated

) ] 0.133 mg/mL
gastric fluid
Solubility fasted-state simulated
_ ) ) 1.51 mg/mL
intestinal fluid
Solubility fed-state simulated

) ) 4.67 mg/mL
Intestinal fluid
Melting point 274 °C
log P -0.59
log D (pH 7.4) -0.80
Pef 0.27 x 10 cm/s
P-gp substrate Yes




Despite of its great potential, application of mangiferin for orally
administered drug faces many challenges, especially due to its low
bioavailability [17] and poor solubility [18]. Mangiferin showed a low oral
absorption in rats with bioavailability only 1.2% and the plasma maximum
were 715.04 £ 600.14 ng/mL [19]. It means that only 715.04 + 600.14

ng/mL of mangiferin obtained after 0.72 h of its oral intake.



2. Dextransucrase from Leuconostoc mesenteroides

Dextransucrase is an extracellular enzyme that is produced by some
bacteria species, especially from Leuconostoc and Streptococcus genera
[20]. This enzyme is belong to glucosyltransferases class that hydrolyze
sucrose, transfer its glucosyl residue with the release of fructose [21].

There are various strains of Leuconostoc mesenteroides, including
B-512F, B-1355, and B-1299, which produce different type of dextran. The
dextransucrase from L. mesenteroides B-512F produces a dextran
containing 95% of a-(1,6)- linkages and 5% of a-(1,3)- branch linkages (Fig
2). The dextransucrase from L. mesenteroides B-1355 produces a similar
dextran structure with B-512F dextran, with alternating sequence of 50% of
a-(1,6)- and 50% of a-(1,3)- linkages. The dextransucrase from L.
mesenteroides B-1299 produces a soluble and a less soluble dextran with
the main chain in a-(1,6)- linkages and a single glucosyl residues in a-(1,2)-
linkage.

The mutans, L. mesenteroides B-512FMC and B-512FMCM had
been developed to overcome the low yield and impurity problems of the
original commercial strain B-512F. The L. mesenteroides B-512FMCM
produced more than 100 and 13 times enzyme than B-512F and B-512FMC,
respectively [22,20]. Furthermore, by using the optimized purification

methods, the purified B-512FMCM dextransucrase showed the highest



specific activity for dextransucrase [23].

A B
a-1,6

C
a-1.6 a-1,2
a-1,3 branch a-1,3 WA b

Figure 2. The structure of dextran that synthesized from various L.
mesenteroides (A: B-512F Dextransucrase, B: B-1355 Dextransucrase, C:

B-1299 Dextransucrase) [21]
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3. Glycosylation and acceptor reaction

The glycosylation of phenolic compounds has been widely used as
a method to improve their water solubility and stability [24, 25, 26, 27]. In
general, the glycosylation can be carried out chemically or enzymatically
[28]. In the synthesis of phenolic glycosides, these two methods are more
economical and efficient compared to the extraction from natural resources.
Recently, the enzymatic glycosylation has gained more attention due to its
sustainable and environment-friendly methods [28, 29].

Dextransucrase has several mechanism of actions according to its
characteristics. The B-512F dextransucrase produces a dextran through the
formation of glucosyl intermediate [21]. The glucosyl units are transferred
as the dextran chain at the reducing end. This elongation is terminated by
acceptor reaction. Generally, in the acceptor reaction, the sugar moieties
(glycosyl residue) from donor are broken and transferred to a specific
aglycon (acceptor) (Fig 3) [28]. Many compounds including sugar, lipid,
protein, flavonoids, and polyphenols that have hydroxyl or carboxyl group

can be the acceptor in this reaction.

A o A
2 Ho. B Enzyme ”Owo 8
HO S\ X+
E (od E &
D

Glycosyl Phenolic Phenolic
donor compound glycoside

Figure 3. Acceptor reaction with phenolic compound as the aglycon [28]
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4, Hypothesis and objectives

Mangiferin has been well known for its great benefits for health.
However, the poor water solubility and the oral administration of
mangiferin limits its use and development in food industry and as a medical
agent. Many several methods have been used to synthesize mangiferin
derivatives to overcome the hydrophobicity problem, such as the
encapsulation using natural polymers [30], phospholipid complexation [31],
B-cyclodextrin complexation [32], and enzymatic glycosylation using -
fructofuranosidase [33]. In this study, the enzymatic glycosylation using
dextransucrase was carried out to enhance the water solubility and oral

bioavailability of mangiferin, while still maintaining its bio-functionality.



Materials and Methods

1. Synthesis of mangiferin glucosides

The acceptor reaction was conducted according to a procedure
reported by Kim et al. [34] with slight modification. Briefly, the reaction
mixture containing 9.5 mM mangiferin in 20% DMSO, 325 mM sucrose, 2
U/mL B-512F/KM dextransucrase, and 20 mM sodium acetate buffer (pH
5.2) were incubated at 28 °C for 3 hours. The reaction was terminated by
boiling at 60 °C for 10 min. The reaction mixture was spotted onto a TLC
silica gel plate and developed using a solvent mixture of ethyl acetate :
acetic acid : formic acid : water (100:11:11:26, v/v/v/v). Mangiferin,
fructose, sucrose, and glucose were used as standard materials. Solvents
were evaporated and the spot was visualized by developing the TLC plate
in the staining solution, containing 0.5% (w/v) N-(1-napthyl)
ethylenediamine dihydrochloride in methanol and 5% (w/v) sulfuric acid,

followed by heating at 125 °C.



2. Optimization of acceptor reaction using response surface
methodology (RSM)

The acceptor reaction was optimized using Response Surface
Methodology (Design Expert 11.0.0, USA), with Central Composite Design
(CCD) as the experimental design. There were three independent variables:
mangiferin concentration, enzyme concentration, and sucrose concentration.
The experimental RSM data were fitted in the second-order polynomial

equation:

Y = Bo + Pix1 + Paxa + Paxs + Praxixz + Pisxixs + Pasxaxs + Prxi +

Baoxa® + Pasxs?

where Y represents the predicted response, o is the constant, Bi, B2, B3 are
the regression coefficients, and xi, X2, X3 are the independent variables.
Statistical analyses of the experimental design were performed to determine
the effects of each independent variable. The effects of those variables on
the response were presented in three dimensional surface plots. The
coefficient of determination (R?) or adjusted R? represented the relationship

between the dependent variable and the polynomial model equation.
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3. Purification of mangiferin glucosides
3.1.  Purification of mangiferin glucosides using Diaion HP-20

In order to purify the product, the reaction mixture was mixed with
EtOH (final concentration 60%) and centrifuged at 8000 rpm for 15 min to
remove the polymer. The solution was loaded into Diaion HP-20 resin in an
open column (300 x 3 mm). Distilled water (pH 7.0) was used at first for
elution to remove saccharides, followed by 60% ethanol (v/v) to elute the
target compound. The ethanol was evaporated at 45 °C under vacuum
pressure. The mangiferin glucosides mixture was lyophilized using freeze

dryer (EYELA, Tokyo) and stored at -20 °C for further studies.

3.2.  Purification of Mangiferin Glucoside using high performance liquid
chromatography (HPLC)

The mangiferin glucoside mixture powder was dissolved in 5%
acetonitrile and purified using high performance liquid chromatography
(HPLC) system 2545 binary gradient module (pump), 2767 sample manager
(injector) (Waters, Milford, MA, USA). Compounds were detected at 258
nm with 2998 photodiode array detector (Waters, Milford, MA, USA). The
separation was performed in reverse-phase by using Luna® Prep Cig, 5 um,
150%21.2 mm column (Phenomenex, CA, USA). The mobile phase was 100%

acetonitrile (A) and 0.2% (v/v) formic acid in water (B) with a gradient as

11 1



follows: 6.5% A from 0 to 5 min, 8% A from 5 to 20 min, 10% A from 20
to 32 min, 12% A from 32 to 40 min, and 100% A from 40 to 45 min. The
mobile phase flow rate was 17 mL/min. The mangiferin glucosides were
lyophilized using freeze dryer (EYELA, Tokyo) and stored at -20 °C for

further studies.

12 1



4, Structure analysis of mangiferin glucoside
4.1. Matrix-assisted laser desorption ionization-time of flight mass
spectrometry (MALDI-TOF MS)

The MALDI-TOF analysis was conducted in the National Center for
Inter-University Research Faculties (NCIRF), Seoul National University.
Briefly, 1 mg/mL of each mangiferin glucoside sample was diluted with
distilled water prior to the analysis. The analysis was carried out by
obtaining the mass spectra using a Voyager DESTR MALDI-TOF mass
spectrometer (Applied Biosystem, USA). The mass spectra were obtained
in the positive reflector mode with delayed extraction (average of 75 laser

shots) with a 65 kV acceleration voltage.
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4.2. Nuclear Magnetic Resonance (NMR) analysis

The NMR analysis was conducted in the National Center for Inter-
University Research Faculties (NCIRF), Seoul National University. The
targeted mangiferin glucoside (Mg-G1) was chosen for the structure
elucidation. Briefly, 10 mg of sample was dissolved in 600 ul DMSO-ds and
placed into 5 mm NMR tubes. The NMR spectra was recorded using the
AVANCE 1II 850 system (Bruker, Germany), operating at 850 MHz for 'H
and at 213 MHz for !°C, at 25 °C. The linkage between mangiferin and
glucose was determined by 'H, 1*C, Homonuclear Correlation Spectroscopy
(COSY), Heteronuclear Single Quantum Coherence (HSQC), and

Heteronuclear Multiple Bond Correlation (HMBC).

14



5. Characteristics and bio-functionality of mangiferin glucoside
5.1.  Analysis of water solubility

The water solubility of mangiferin and Mg-G1 were determined
using a procedure by Kim et al. [26] with slight modification. Briefly, the
excess mangiferin and Mg-G1 were dissolved in 20 pL of distilled water at
25 °C for 1h, followed by centrifugation at 12,000 rpm (15 min). The
solubilized sample was filtered using a 0.45pum PTFE syringe filter (ANOW,
Hangzhou, China). The concentration of solubilized compound was
determined by using Waters HPLC-UV in Sunfire™ Cis, 5 um, 4.6 x 100
mm column (Milford, MA, USA) at 258 nm. Acetonitrile (100%) and

formic acid in water (0.2%) were used for the mobile phase.
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5.2. DPPH radical scavenging activity

DPPH radical scavenging activity was evaluated to analyze the
antioxidant activity of mangiferin and Mg-G1. The analysis was carried out
by measuring the 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical
scavenging according to a procedure by Kim et al [26] with slight
modification. Briefly, each sample in DMSO was mixed with 100 mM
DPPH in MeOH. The mixture was incubated at 28 °C for 30 min, in dark
condition. The absorbance of each mixture was recorded at 517 nm using
SpectraMax microplate reader (Molecular Devices, Sunnyvale, CA, USA).
EGCG (Amorepacific), L-ascorbic acid and a-tocopherol (Sigma-Aldrich
Chemical Co.) were used as positive controls. DMSO was used as negative
control. The relative radical scavenging activity was calculated as:

DPPH radical scavenging activity (%) = [1-(A1/Ao)] * 100
where Ao is the absorbance of negative control and A is the absorbance of

sample.

16



5.3.  Superoxide dismutase (SOD)-like scavenging activity

Superoxide dismutase-like scavenging activity was evaluated to
analyze the antioxidant activity of mangiferin and Mg-G1. This analysis
was carried out by measuring the radical-scavenging activity for
autoxidation of pyrogallol according to a procedure by Li [35] with
modification. Briefly, sample (12 pL) was mixed with 50 mM Tris-HCL
buffer (pH 8.2) containing 10 mM EDTA (180 pL) and 60 mM pyrogallol
(2 uL). The mixture was incubated at 37 °C for 5 min. The absorbance of
each mixture was recorded at 325 nm using SpectraMax microplate reader
(Molecular Devices, Sunnyvale, CA, USA). The pH of reaction was
checked before and after analysis. L-ascorbic acid (Sigma-Aldrich
Chemical Co.) prepared in DMSO was used as a positive control. DMSO
were used as a negative control. The SOD-like activity was calculated as:

SOD-like activity (%) = [1-(A1/Ao)] x 100

where Ao is the absorbance of negative control and A is the absorbance of

sample.

17



5.4. a-Glucosidase inhibitory activity

a-Glucosidase inhibitory activity was evaluated according to a
procedure by Telagari and Hullatti [36] with a slight modification. Briefly,
a-glucosidase enzyme from baker’s yeast (type 1) (E.C. 3.2.1.20) solution
was prepared by dissolving 1 mg enzyme in 10 mL of 50 mM potassium
phosphate buffer (pH 6.8). Acarbose (TCI Chemicals, South Korea) as the
positive control, mangiferin, and Mg-G1 were prepared in 5% DMSO. The
negative control contained the same volume of 5% DMSO instead of
sample. The enzyme solution (0.27 U/mL), samples, and potassium
phosphate buffer (1 mM, pH 6.8) were pre-incubated at 37 °C for 10 min.
One mM of p-nitrophenyl a-D-glucopyranoside (PNP-G) was added as a
substrate and the mixture was incubated at 37 °C for 20 min. The absorbance
was recorded at 405 nm at initial time (0 min) and final time (20 min). The
amount of DMSO did not give any interference with the assay. The
inhibition (%) was calculated as:

Inhibitory activity (%) = [1-(Ainitial-final/ Aoinitial-final) | X 100

where Ao is the absorbance of negative control and A is the absorbance of

sample.

18



5.5. Human intestinal maltase (HMA) inhibitory activity
The HMA inhibitory activity was evaluated according to a procedure
by Nguyen et al. [37] with a slight modification. The HMA was expressed
in Pichia pastoris X-33 as described previously by Nguyen et al. [37].
Briefly, 20 uL of enzyme (0.49 U/mL), 5 uL of samples, and 135 uL of 50
mM potassium phosphate buffer (pH 6.0) were pre-incubated at 37 °C for
10 min. After that, 40 uL of 10 mM maltose was added and the mixture was
incubated at 37 °C for 15 min. The reaction was stopped by adding 0.4 mL
of 2 M Tris-HCI (pH 8.0) and 0.6 mL of glucose oxidase-peroxidase assay
reagent (Asanpharm, South Korea). Reactions were allowed to develop at
37 °C for 1 h and absorbance was measured at 500 nm to determine the
amount of glucose produced by HMA activity in the reaction. Acarbose
(TCI Chemicals, South Korea) as the positive control, mangiferin, and Mg-
G1 were prepared in DMSO. The negative control contained the same
volume of DMSO instead of sample. The inhibition (%) was calculated as
below:
Inhibitory activity (%) = [1-(A1/Ao)] % 100
where Ay is the absorbance of negative control and A1 is the absorbance of

sample

19



6. Statistical analysis

GraphPad Prism 8 (GraphPad Software, San Diego, USA) was used
for statistical analysis. The experimental data were evaluated by means of
descriptive statistics with the error values. The ANOVA analysis of the
optimization of reaction condition was performed by using Response
Surface Methodology (Design Expert 11.0.0, USA). P-values < 0.05 were

taken to indicate statistical significances.
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Results and Discussion

1. Synthesis and purification of mangiferin glucosides

After acceptor reaction was accomplished in the presence of
dextransucrase B-512F/KM, B-1299 and B-1355, the mangiferin glucosides
were detected by TLC (Fig 4). The HPLC chromatogram shows the
purification profile of mangiferin and mangiferin glucosides from the
dextransucrase B-512F/KM containing reaction (Fig 5). The purity of each

compound was confirmed by TLC (Fig 6).

— Mangiferin —— Mangiferin
. »
‘ . Mangiferin glucosides Mangifarit g.hICOSideS
[ and monosaschatides I after saccharides removal
- by HP20

e o o - i J

a b [ Mg-Gs
mixture

Figure 4. The TLC analysis (A: under UV detection, B: after staining) of
mangiferin acceptor reaction by using dextransucrase (a: B-512F/KM, b: B-
1299, c: B-1355); C: the synthesis of mangiferin glucosides (by using

dextransucrase B-512F/KM) after the saccharides removal
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Figure 5. HPLC chromatogram of mangiferin and mangiferin glucoside

(Mg-G1) after the saccharides removal using Diaion HP-20 resin column

' .
7‘ &Q :: L

Mg
X 5
g MeGs 1 4 5 6 7

Figure 6. Analysis of glycosylation products by TLC (Mg std: mangiferin
standard, Mg-Gs: the mixture of mangiferin glucosides, 1-7: a single
compound of mangiferin and its glucosides after purification by using
HPLC)
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2. Optimum condition for the synthesis of mangiferin glucosides
Response Surface Methodology (RSM) is a statistical method to

determine the optimum process condition of multiple variables. In this study,
RSM was used to find the optimum condition of mangiferin conversion into
the desired mangiferin glucoside (Mg-G1). Three independent factors:
mangiferin concentration (8-30 mM), enzyme concentration (0.5-1.9 U/mL)
and sucrose concentration (20-78 mM) were determined to investigate the
formation of mangiferin glucoside (mM). The experimental design and
corresponding RSM responses showed the actual and predicted amount of
Mg-G1 (Table 2). The amount of mangiferin converted into Mg-G1 was

expressed by the following equation:

Y =0.62303X; +8.91793X, + 0.24982X3 + 0.08684X X2+ 0.00026X X3 +

0.01256X>X3— 0.01495X,% — 4.27447X5*— 0.00234X5%— 9.67709

where Y is the amount of Mg-G1 (mM), X is mangiferin concentration
(mM), X; is enzyme concentration (U/mL), and X3 is sucrose concentration
(mM). According to the equation above, the actual Mg-G1 was 10.9 mM at
19 mM mangiferin, 49 mM sucrose, and 1.2 U/mL dextransucrase. The
correlation between independent variables were plotted in 2D contour plots

and 3D response surface (Fig 7).
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The analysis of variance (ANOVA) showed that the coefficient of
determination (R?) of the experimental data was 0.86 (Table 3). This
indicated that the calculated model was able to explain 86.13% of the results.
The adjusted coefficient of determination (R?q) to measure the goodness-
of-fit of the regression equation was 0.74. This indicated that 26% of the
total variation was not explained by the model. The model used to fit the

independent factors was found to be significant (p < 0.005).
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Table 2. Experimental design and central composite design response for

Mg-G1 sythesis

Run Independent variables Mg-G1 (mM)
no. X1 X2 X3 Actual Predicted
1 8.00 1.90 20.00 0.26 7.85
2 19.00 1.20 0.23 10.37 7.85
3 8.00 0.50 20.00 9.45 7.85
4 19.00 1.20 49.00 8.53 11.23
5 30.00 0.50 78.00 7.61 6.44
6 30.00 1.90 78.00 4.86 6.14
7 19.00 1.20 49.00 6.70 7.85
8 8.00 0.50 78.00 9.45 7.15
9 19.00 1.20 49.00 4.86 7.27
10 19.00 0.02 49.00 5.26 5.24
11 19.00 1.20 49.00 5.26 4.41
12 0.50 1.20 49.00 9.88 10.46
13 19.00 1.20 97.77 8.72 7.85
14 19.00 1.20 49.00 11.03 9.26
15 30.00 1.90 20.00 9.88 9.55
16 19.00 1.20 49.00 4.10 4.47
17 37.50 1.20 49.00 13.34 11.29
18 19.00 2.38 49.00 11.03 8.54
19 30.00 0.50 20.00 8.72 8.43
20 8.00 1.90 78.00 7.61 7.85

X1, mangiferin concentration (mM); X2, enzyme concentration (U/mL); X3,

sucrose concentration (mM).
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Table 3. ANOVA quadratic model of Mg-G1 synthesis

Source of Sum of Mean
df F-value p-value

variation square square
Model 216.56 9.00 24.06 6.90 0.0029
A-Mangiferin 48.91 1.00 48.91 14.03 0.0038
B-Enzyme 5.72 1.00 5.72 1.64 0.2292
C-Sucrose 19.03 1.00 19.03 5.46 0.0416
AB 3.58 1.00 3.58 1.03 0.3250
AC 0.06 1.00 0.06 0.02 0.9019
BC 0.52 1.00 0.52 0.15 0.7075
A2 47.14 1.00 47.14 13.52 0.0043
B2 63.22 1.00 63.22 18.13 0.0017
C? 55.73 1.00 55.73 15.98 0.0025
Residual 34.87 10.00 3.49
Lack of Fit 18.61 5.00 3.72 1.14 0.4432
Pure Error 16.27 5.00 3.25
Cor Total 251.43 19.00
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3. Structure elucidation of mangiferin glucoside (Mg-G1)

The molecular weight of mangiferin and each purified mangiferin
glucosides was analyzed by using MALDI-TOF MS (Fig 8 and 9). Based
on MALDI-TOF MS analysis, the mangiferin glucoside (Fig 5, peak 2) was
observed at m/z 1093.77 (M + Na"), indicating it has four glucosyl residues
attached. The mangiferin glucoside (Fig 5, peak 3) was observed at m/z
931.66 (M + Na"), indicating it has three glucosyl residues attached. The
mangiferin glucoside (Fig 5, peak 4) was observed at m/z 769.56 (M + Na"),
indicating it has two glucosyl residues attached. The mangiferin glucoside
(Fig 5, peak 5) was observed at m/z 607.40 (M + Na"), indicating it has one
glucosyl residue attached. Compound in the last peak (Fig 5) was observed
at m/z 445.33 (M + Na"), indicating it was mangiferin.

The mangiferin glucoside with one glucosyl residue attach was
chosen for the structure analysis by nuclear magnetic resonance (‘H, 13C,
COSY, HSQC, HMBC) (Fig 10). The double signal at 98.61 pp (J=3.68 Hz)
was assigned as the anomeric proton. This showed that the glucosyl residue
was connected to mangiferin by o-linkage (Table 4). The carbon signals of
Mg-G1 were almost identical to mangiferin, except the signals at C-6'.
These indicated the transferred glucosyl residue had attached to C-6' in the
mangiferin. According to HMBC data, the C-6" of the mangiferin was

observed at 66.96 ppm, and the coupling occurred between proton H-1" of
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the glucosyl residue and C-6' of the mangiferin. The structure of Mg-G1

was designated as mangiferin-(1->6)-a-D-glucopyranoside (Fig 11).
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Figure 9. Analysis of mangiferin glucosides using MALDI-TOF MS (A: Mg-G with four glucosyl residues at m/z 1093.77
(M + Na"), B: Mg-G with three glucosyl residues at m/z 931.66 (M + Na"), C: Mg-G with two glucosyl residues at m/z

769.56 (M + Na"), D: Mg-G with one glucosyl residue at m/z 607.40 (M + Na*))
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Table 4. '*C- and '"H-NMR spectral data for Mg-G1

Carbon

bosition 13C-NMR () 'H-NMR [, J(Hz)]

1 161.73 13.78, s

2 107.43

3 163.73

4 93.31 6.34, s

4a 156.2

5 102.46 6.83,s

6 154.66

143.91
107.73 7.35,s

8a 111.36

9 178.99

9a 101.28
10a 150.95

1 73.24 4.58,d,J=9.76
2! 70.16 4.02, s

3/ 78.95 3.21,t,J=6.83

4 70.26 3.35

5 79.68 333, m

6 66.96 3.7,dd, J=4.88, 11.62
1" 98.61 4.73,d,J=3.68
2 72.77 3.05,m

3 72.07 3.15, dd, J=3.71, 9.60
47 69.99 3.05,m

5 72.86 338, m

6" 60.63 3.52,d,J=10.88
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Figure 11. Structure of Mg-G1
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4, Characteristic and bio-functionality of mangiferin glucoside

(Mg-G1)
4.1  Analysis of water solubility

The water solubility of mangiferin and Mg-G1 was 0.4 mM and
824.7 mM, respectively. It indicated that the water solubility of mangiferin
was improved 2,322-fold due to the attachment of one glucosyl residue.
This result was consistent with the previous report that showed the increase
in mangiferin solubility after glycosylation as compared to mangiferin itself
[33]. In addition, our previous report also showed higher solubility of
quercetin [25], EGCG [26], and caffeic acid [27] after glycosylation. The
increased solubility was because the glycans have a higher affinity for the
aqueous solvent that can increase the hydration potential of less soluble
compounds. In this study, the type of glycosyl moiety also contributed to
the increase of solubility in glycosylated mangiferin. The attachment of one
glucosyl residue in a-linkage showed the improvement in mangiferin water
solubility 14% higher than the B-fructosylated mangiferin [33]. It indicated
that glucose has an important role to increase the water solubility of
mangiferin. Moreover, the a-linkage which has lower dissociation energy

than B-linkage also contributed to the higher water solubility.
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4.2  Analysis of antioxidant capacity

Reactive oxygen species and free radicals have an important role in
various types of disorders including diabetes [38, 39]. The antioxidant
capacity of a phenolic compound can be measured in vivo and in vitro.
There are many kinds of in vitro methods to analyze the antioxidant capacity,
which generally can be categorized as electron transfer (ET)-based assay
and hydrogen atom transfer (HAT)-based assay [40]. The example of the
assay based on HAT is ORAC assay, whereas the DPPH, SOD, ABTS, and

FRAP assays are classified as ET-based assay.
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4.2.1 DPPH radical scavenging activity

DPPH radical scavenging assay is the most widely used method to
analyzed the antioxidant activity of phenolic compounds based on their
hydrogen donor ability. The principle of this assay is the reduction of DPPH
free radical by accepting hydrogen from the antioxidant compound
(carrying —OH, —SH, and —NH groups), indicated by the change of DPPH
color from purple to yellow [41].

In this study, ascorbic acid, a-tocopherol and EGCG were used as
the positive controls. Ascorbic acid is a well-known vitamin C, a-tocopherol
is a well-known vitamin E, and EGCG has been recognized for its great
antioxidant activity. The SCso value of ascorbic acid, a-tocopherol and
EGCG were 0.261+0.006 mM, 0.105+0.028 mM, and 0.022 +0.007 mM,
respectively (Fig 12). The SCso value of mangiferin and Mg-G1 were
0.054+0.004 mM and 0.022+0.001 mM, respectively (Fig 12).

After glycosylation, the Mg-G1 showed 2.4-fold higher DPPH
radical scavenging activity compared to mangiferin. Moreover, the
antioxidant activity of Mg-G1 was almost as high as EGCG, which
possessed the highest antioxidant activity among all compounds tested in
the present study. This result was consistent with the previous report that
showed the higher antioxidant activity of fructosylated mangiferin [33].

Moreover, our previous study showed that a-glucosidic link could increase
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the antioxidant activity of hydroquinone glucosides than the B-glucosidic

linkages [42].
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Figure 12. DPPH radical scavenging activity of ascorbic acid, a-

tocopherol, EGCG, mangiferin and Mg-G1
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4.2.2 Superoxide dismutase (SOD)-like scavenging activity

Superoxide radical is a by-product of oxygen metabolism that can
damage other cells. Basically, superoxide dismutase (SOD) is an enzyme
that triggers a biochemical reaction. SOD does not work like most
antioxidants which give a spare electron to an unstable radical molecule. It
breaks down the highly damaging superoxide radical (Oz* ) into oxygen
(O2) and hydrogen peroxide (H202). However, the administration of SOD
is difficult because it cannot be absorbed into the gastrointestinal tract.
Furthermore, the injected SOD is generally unstable and rapidly cleared by
the kidneys. Therefore, it becomes necessary to find alternative safe
compounds that possess similar activity to SOD.

Different from DPPH, the basic principle of SOD assay is based on
the competition between autoxidation of pyrogallol and dismutation of
radical by SOD [43]. In the alkaline solution, pyrogallol can be autoxidized
to produce anion radicals (O2* ) [35]. Some antioxidants with acidic groups
can contribute to the inhibition mechanism.

In this study, the 325 nm was selected to detect the radicals. This
wavelength was more sensitive to detect the generation of Oz>¢ [35]. The
ascorbic acid was used as the positive control, with the SCso value was
0.010+0.001 mM. The lactone group of ascorbic acid can be hydrolyzed to

generate —COOH in the alkaline solution [35]. In this study, the SCso value
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of mangiferin and Mg-G1 were 0.131£0.005 mM and 0.035+0.005 mM,
respectively (Fig 13). Mangiferin contains eight —OH groups, which four of
them attach to the norathyriol skeleton and contribute to antioxidant activity
[44]. In Mg-G1, the attachment of glucosyl moiety to the glucopyranosyl
system of mangiferin contributed to increase the SOD-like scavenging
activity of mangiferin. There was no pH difference in all samples, before

and after reaction.

150

SOD-like
scavenging activity (SCsy, mM)

— =

Mangiferin Mg-G1 Ascorbic acid

Figure 13. SOD-like scavenging activity of ascorbic acid, mangiferin, and
Mg-G1
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4.3  Analysis of antidiabetic properties

Diabetes is a chronic carbohydrate metabolic disorder caused by an
abnormal insulin regulation. Insulin is a hormone that is produced by
pancreas, which regulates the blood glucose level in the body. There are
three main types of diabetes [45]. Type I diabetes (insulin-dependent)
occurs when the body cannot produce insulin due to autoimmune system.
Type 1I diabetes is the most common case (80-90% of all diabetes cases),
which occurs when the body cannot use insulin properly. Gestational
diabetes occurs during the pregnancy.

Generally, there are six enzymes involve in the carbohydrate
digestion. Two a-amylases (salivary and pancreatic) and four ao-
glucosidases including maltase-glucoamylase (N-terminal subunit:
NtMGAM, C-terminal subunit: CtMGAM) and sucrase-isomaltase (N-
terminal subunit: NtSI, C-terminal subunit: CtSI) [45]. The inhibition of
both a-amylase and o-glucosidase can delay glucose absorption into the
blood and suppressing postprandial hyperglycemia [46]. Therefore,
inhibition of these enzymes has been being the target for the treatment of
Type II diabetes.

Currently, there are some widely used therapeutic agents to treat
diabetes, such as acarbose, voglibose, and miglitol. Among these, acarbose

i1s the most prescribed drug and showed the best result in the study of
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inhibitors. However, there are some side effects of consuming these drugs,
such as diarrhea and abdominal pain. Therefore, it becomes necessary to
discover a safe second generation agents from nature [47]. In general, the
inhibitors are classified as sugar-mimicking and non-sugar type inhibitors
[48]. Recently, non-sugar type inhibitors gained many interest due to the

limitation of sugar-mimicking inhibitors.
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4.3.1 o-Glucosidase inhibitory activity

a-Glucosidase is a carbohydrate hydrolyzing enzymes that catalyze
the breakdown of complex carbohydrates. In general, this enzyme is
categorized as Type I (yeast) and Type II (mammals). Acarbose is the most
widely used a-glucosidase inhibitor and classified as sugar-mimicking type
because of its oligosaccharide structure. It showed a competitive inhibition
mode against o-glucosidases [49, 48]. The N-glycosdic bond, the first
glucose and the second glucose of acarbose, had the same binding site as a-
maltose [49]. This action inhibited the cleavage of glyosidic bond in
carbohydrates into small sugars. Different from acarbose, polyphenolic
compounds are classified as non-sugar type inhibitor.

In this study, acarbose was used as the positive control with the ICso
value was 0.881+0.066 mM. Meanwhile, the ICso value of mangiferin and
Mg-G1 were 0.497+0.039 mM and 0.663+0.001 mM, respectively (Fig 14).
Both mangiferin and Mg-G1 showed more potent inhibitory activity than
the positive control. This result was agreed with the previous study that
mangiferin had higher inhibitory activity than acarbose, with a non-
competitive inhibition mode [48, 50]. Polyhydroxyl groups and aromatic
rings of mangiferin are the two key in the inhibitory action. A docking
simulation study has reported that the binding mode of 1,3,7-

trithydroxyxanthone exist in the non-competitive domain of a-glucosidase,
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in which H-bonding is the most important binding interaction [51].
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Figure 14. Inhibitory activity of mangiferin and Mg-G1 against a-
glucosidase

In this study, Mg-G1 showed lower inhibitory activity than
mangiferin. The attachment of one glucose into Mg-Gl1, weakens the
inhibitory potent of mangiferin. Previous study has reported that mangiferin
(the glucosylated form of norathyriol) showed lower inhibitory activity than
the norathyriol itself [48]. It could be concluded that the more attachment
of another group (i.e. glucosyl group) reduced the inhibitory activity of
phenolic compound. In addition, this case was also similar to the previous
study that showed an addition of a rutinose group in rutin at the 3-position
of C-ring, reduced its inhibitory activity [49, 52]. However, even though
Mg-G1 showed slightly weaker inhibitory activity, it could be a good
alternative for the development of antidiabetic drugs due to its high water

solubility.
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4.3.2 Human intestinal maltase inhibitory activity

Human intestinal maltase (HMA) is an N-terminal catalytic domain
of human intestinal maltase-glucoamylase (MGA) that is responsible to
hydrolyze the a-1,4-linkages of maltose [53]. The inhibition of HMA
becomes important to treat Type II diabetes due to its role in carbohydrate
digestion.

In this study, acarbose was used as the positive controls with ICso
value was 0.046+0.013 mM. Acarbose has been reported to inhibit HMA in
competitive mode [54, 55]. The analysis of structure showed that acarbose
binds to the HMA active site through numerous hydrogen bonds with the
acarvosine unit [56]. The inhibitory activity of mangiferin and Mg-G1 were
weaker than that of acarbose, with ICso value of 0.210+0.006 mM and
0.224+0.008 mM, respectively (Fig 15). This result was agreed with the
previous study that mangiferin showed a less potent inhibitory activity than
acarbose [57]. Mg-G1 had an inhibitory activity similar to that of
mangiferin, which indicates that the attachment of one glucosyl moiety did

not affect the HMA inhibitory activity of mangiferin.
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Figure 15. Inhibitory activity of mangiferin and Mg-G1 against human
intestinal maltase
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4.4  Relation between antioxidant and antidiabetic activity

Many previous studies have shown that the generation of reactive
oxygen species and oxidative stress are associated with diabetes. In general,
oxidative stress is a condition of excess highly reactive molecules such as
reactive oxygen species (ROS) and reactive nitrogen species (RNS). ROS
include free radicals such as superoxide (‘Oy"), hydroxyl ("OH), peroxyl
(‘'RO2), hydroperoxyl (‘(HRO7"), meanwhile RNS include free radicals such
as nitric oxide ('NO) and nitrogen dioxide ('NO:). Among these
radicals, ‘O2” and 'NO play important roles in the diabetic complications
[58]. In diabetes, the oxidative stress originates from the oxidative
biochemistry of glucose, which can undergo autoxidation and generate *OH
radicals [59]. In addition, the metabolism of glucose is enhanced through
the polyol pathway, which also results in the production of «O2- [58].

As discussed previously, the presence of SOD is important to fight
the exceed *O2- in the body, due to its ability to converts *O2- to H20:
immediately. The previous study showed that in the heart of experimental
models with diabetes, SOD and glutathione peroxidase activity are
decreased, meanwhile catalase is increased [60]. The heart is an important
target in diabetes and dispose to diabetic cardiomyopathy leading to chronic
heart failure. Therefore, the enough availability of SOD or SOD-like agents

are important.
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Conclusion

Mangiferin is the major polyphenol in Mangifera indica, which also
exist in the leaves of various coffee species. Mangiferin has attracted a lot
of interest due to its various physiological activities like antioxidant,
immunomodulatory, anti-inflammatory, and anti-microbial activities.
However, application of mangiferin for orally administered drug undergo
many challenges, especially due to its low bioavailability and poor
solubility in water. Many previous studies have been carried out to
synthesize mangiferin derivatives to overcome the hydrophobicity problem.

In this study, the enzymatic glycosylation using dextransucrase from
Leuconostoc mesenteroides B-512F/KM was chosen to enhance the water
solubility and oral bioavailability of mangiferin. The optimum condition to
synthesize mangiferin glucoside (Mg-G1) was 19 mM mangiferin, 49 mM
sucrose, and 1.2 U/mL dextransucrase, with the yield 10.899 mM. The
structure of Mg-Gl was confirmed as mangiferin-(1-2>6)-a-D-
glucopyranoside. The water solubility of mangiferin was improved 2,322-
fold after glycosylation, with the solubility value of Mg-G1 was 824.7 mM.
Moreover, Mg-G1 showed 2.4-fold higher DPPH radical scavenging
activity compared to mangiferin, with the SCso value were 0.022+0.001 mM.
Mg-G1 also showed higher SOD-like scavenging activity compared to

mangiferin and ascorbic acid, with SCso value was 0.035+0.005 mM. It
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indicates that Mg-G1 could be considered as a potent antioxidant. However,
further studies are needed to prove the antioxidant activity of Mg-G1 in
molecular level. Besides the antioxidant activities, Mg-G1 also showed the
inhibitory activity against a-glucosidase and human intestinal maltase, with
the ICso value were 0.663+0.001 mM and 0.224+0.008 mM, respectively.
According to these results, because of the improvement in its water
solubility, mangiferin glucoside could be more preferable than mangiferin
as an antioxidant and antidiabetic ingredient in dietary supplement and other

biomedical applications.
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Abstract in Korean
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