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Abstract: Different methods of isolating arabinoxylans (AXs) from triticale were performed to
investigate the extraction methods’ effects on the physiological functions of the AXs. Structural,
antioxidant, and hypoglycemic activities were determined. The molecular weights (MWs) of enzyme-
or water-extracted AXs were lower than those of alkali-extracted AXs. Opposite trends were shown
by the arabinose—xylose ratio. Enzyme-extracted AXs exhibited higher glucose adsorption capacity
and hydroxyl radical-scavenging efficiency than alkali-extracted AXs. The a-amylase inhibition
ability, DPPH radical-scavenging capacity, and metal-chelating activity of alkali-extracted AXs were
higher than those of enzyme-extracted AXs. Water-extracted AXs had the highest glucose dialysis
retardation index. In conclusion, extraction methods can influence the physiological function of AXs
through their structural features. AXs with higher MWs and esterified ferulic acid (FA) levels had
higher antioxidant ability, whereas AXs with higher solubility and free FA level exhibited higher
hypoglycemic activity.

Keywords: arabinoxylans; extraction methods; structural features; antioxidant ability; hypoglycemic
activity

1. Introduction

Arabinoxylans (AXs), which are non-starch polysaccharides derived mostly from cereals,
demonstrate many physiological functions and health benefits. The primary structure of AXs is
a backbone comprising (3-1.4-p-xylopyranosyl with 1-arabinofuranosyl substituted at position 2 and/or
3 of the furan cycle [1]. Ferulic acid (FA), which is the main hydroxycinnamic acid derivative in AXs,
is linked to arabinofuranosyl residues through ester linkages with the 5-OH group [1].

AXs were reported to exhibit antioxidant ability. A lack of antioxidants in the human body results
in oxidative stress, which is an imbalance between oxidants and antioxidants. Sufficient intake of
dietary antioxidants is required to withstand oxidative stress, which leads to the prevention of type
2 diabetes, cardiovascular diseases, cancer, and Alzheimer’s disease [2]. Several research studies
suggest that AX structure is related to their antioxidant activity [3-5]. Low-branched hydroxycinnamic
acid-esterified AXs derived from kodo millet reportedly exhibit stronger antioxidant activity than
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AXs derived from four other kinds of India millets with relatively high degree of substitution (DS) [6].
Bijalwan et al. suggested that the abovementioned findings were due to the increase in antioxidant
capacity induced by low-branched AX moieties [6]. Malunga et al. also proposed that FA content was
the major factor that determines antioxidant capacity of arabinoxylooligosaccharides (AXOS) [4].

Aside from antioxidant ability, hypoglycemic activity is also a physiological function of AXs.
One of the mechanisms is to decrease the postprandial hyperglycemia, which is induced by delaying
glucose absorption owing to AX viscosity. The molecular structure effects of AX on viscosity have been
reported in several studies that involve molecular weight (MW), DS, and FA content of AXs [1,7,8].
Moreover, AXs inhibit x-amylase and x-glucosidase in the digestive tract through their FA content [9,10].
Inhibition of a-amylase and x-glucosidase leads to the delay of increase in postprandial blood sugar
levels. Additional studies have reported that antioxidant activity contributed to the ability of AXs
to regulate glucose metabolism. The x-glucosidase and glucose transporter inhibition of AXs was
possibly related to the antioxidant ability of FA in both free and esterified forms [10]. Zhang et al.
further believed that the antioxidant capacity of AXs can reduce postprandial oxidative stress that was
associated with lower risk of diabetes [11].

Hexapod triticale, which is a crossbreed between wheat and rye, serves as an important black
food resource and exhibits significant antioxidant, antihypertensive, and cancer prevention effects [12].
High amounts of non-starch polysaccharides, anthocyanin, and phenolic acid of triticale contribute
to such effects, which make triticale significant in AX extraction [13]. Water-, alkali-, and enzyme
extraction, physical treatment, and their combination are applied to extract AXs from the sources [14].
The use of alkaline solutions is efficient for AX extraction from cell wall materials. However, the violent
condition may break down ester linkages between arabinofuranosyl residues and hydroxycinnamic
acid, thereby decreasing hydroxycinnamic acid content such as FA [15]. Enzyme extraction is regarded
as a simple method to obtain AXs. This process can prevent some functional groups of AXs such as FA
from separating and lowering the MW of AXs [15]. AX structure can be influenced by the application
of different extraction methods. Likewise, structural changes can have an impact on physiological AX
functions, such as antioxidant activity and hypoglycemic activity. Therefore, in the present study, we
assumed that the extraction method plays a significant role in the change in AX physiological function
via exerting effects on their structural features.

Currently, the impact of different extraction methods on AX physiological functions is still
unclear. In this article, various extraction methods were applied to obtain AXs with different structural
features. We combined enzyme extraction and ultrasonic-assisted extraction to obtained AXs from
triticale. The combination of xylanase and cellulose was chosen for enzyme extraction. Alkali- or
water-extraction methods were also applied to isolate AXs. Moreover, through alkali extraction, we
acquired AXs from the residue of water and enzyme extraction. Structural and physiological functions
of all AXs extracted through different methods were determined in this study. Based on these results,
we preliminarily obtained the relationship between AXs’ structural features and physiological functions.
This study also analyzed the influence of extraction methods on AXs’ physiological functions.

2. Materials and Methods

2.1. Materials

Triticale was obtained from the Hongbing ecological farm in Shandong, China. The triticale was
milled and passed through a 0.425 mm sieve. Sunzymes that contained endo-1,4-f3-xylanase and
cellulose were obtained from Ruiyong Biotechnology Co., Ltd. in Shanghai, China. Neutral protease,
glucoamylase, and «-amylase were also obtained from Ruiyong Biotechnology Co., Ltd. All solvents,
chemicals, and reagents were of analytical grade and purchased from the market.
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2.2. AX Extraction

The activities of endogenous cell wall-degrading enzymes (e.g., endogenous arabinoxylanase) of
triticale were destroyed using a drum wind dryer (HASUC, Shanghai, China) in 110 °C for 90 min.
Afterwards, triticale was destarched and deproteinized and subsequently incubated at 60 °C for
further extraction.

Enzyme extraction of AXs from destarched and deproteinized triticale was performed in a 250 mL
stoppered Erlenmeyer flask with 100 mL of 50 mmol/L sodium acetate buffer that contained the
required amount of complex enzyme (i.e., combination of xylanase and cellulose). A total of 5 g of
destarched and deproteinized triticale was added to the freshly prepared enzyme solution. The mixture
was directly sonicated in an ultrasonic bath (Kunshan Ultrasonic instruments, Kunshan, China) at
150 W for 60 min. After heat inactivation of the enzyme at 90 °C for 15 min, the mixture was centrifuged
to obtain the AX solution. The acquired supernatant was first concentrated to about one-fourth of the
initial volume, then precipitated by ethanol, and subsequently centrifuged. The deposit was dissolved
in distilled water and centrifuged. The solution was then purified. The solution was treated with
x-amylase and protease again and was concentrated and precipitated by ethanol. The sediments were
dissolved in water and centrifuged. The supernatant was precipitated by ethanol as mentioned above
and freeze dried in a freeze dryer system (Heto PowerDry PL3000, Thermo Fisher Scientific, Shanghai,
China). The obtained fraction was complex enzyme-extracted AXs (CEAXSs).

The residue of enzyme extraction was further treated by alkali extraction. Extraction was done
based on the procedure described by Zhou et al. in 2010 [15]. The residue was initially dried
for 12 h at 60 °C. Afterwards, 0.16 mol/L NaOH (including 0.5% H;O,, v/v) was blended with
the dried residue for 90 min at 80 °C. The mixture was subsequently cooled to room temperature
and centrifuged. The supernatant was acidified to about pH 4.5 and centrifuged. The acquired
supernatant was concentrated to about one-fourth of the initial volume, then precipitated using
ethanol, and subsequently centrifuged. The deposit was dissolved in distilled water and centrifuged.
The supernatant was purified and freeze dried. The obtained fraction was alkali-extracted AX from the
residue of complex enzyme extraction (CEAX-1).

Destarched and deproteinized triticale was also treated by alkali extraction. The extraction
procedure was similar to that used in residue extraction. The obtained fraction was alkali extractable
AXs (AEAXSs).

Water extraction was applied to obtain AX from triticale. About5 g of destarched and deproteinized
triticale were mixed with 100 mL distilled water and water bathed for 2 h at 60 °C followed by
being cooled to room temperature and centrifuged. The supernatant was dialyzed, concentrated,
and precipitated by ethanol. The sediments were dissolved in water and centrifuged. The supernatant
was purified and freeze dried. The obtained fraction was water extractable AXs (WEAXSs). The residue
of water extraction was further treated by alkaliextraction. The obtained fraction was alkali-extracted
AX from residue of water extraction (WEAX-1).

2.3. Monosaccharide Composition

A 10 mg sample of the AXs was mixed with 5 mL of 2 mol/L trifluoroacetic acid in a hydrolysis
tube, and the mixture was incubated at 95 °C for 10 h in a heating block (Thermo Fisher Scientific,
Shanghai, China). Trifluoroacetic acid was removed at 70 °C under a steady stream of nitrogen. The AX
sample and monosaccharide standard derivatization were prepared as follows: all the AX samples
(10 mg) or monosaccharide standards (2 mg) in each tube were mixed with 30 mg of hydroxylamine
hydrochloride and 1.5 mL of pyridine, respectively. The tubes were incubated at 90 °C in a water
bath shaker (Guowang, Changzhou, China) for 30 min and then cooled to room temperature. About
0.5 mL of acetic anhydride was added and mixed completely with the solution, and the tubes were
then incubated in a water bath shaker in 90 °C for 30 min. About 0.1 mL of clear supernatant was
added to autosampler vials after cooling with inserts for injection into a gas chromatograph. A Hewlett
Packard chromatograph (5890, Palo Alto, CA, USA) coupled to a mass spectrometer was used to
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analyze derivatized arabinoxylan samples and monosaccharides. The 1 pL sample was introduced in
the splitless injection mode onto an SP 2330 column (30 m X 0.25 mm, 0.25 pm film thickness, Supelco,
Beijing, China) using helium as carrier gas. The derivatives were separated using the following
temperature gradients, thatis, 185 °C at 5 °C/min, 200 °C at 4 °C/min, and 280 °C at 20 °C/min, and such
processes were conducted for 2 min. Samples were ionized by electron impact at 70 eV [16].

2.4. MW Determination

MW distribution of AXs extracted by different methods was determined by SE-HPLC at 38 °C.
The 0.1 mol/L LiNO;s filtered through 0.2 um (Whatman, (Qiaochen, Shanghai, China) was used to
isocratic elution at 0.6 mL/min. MWs were determined after universal calibration with pullulans as
standards (P50 to P800). About 20 uL of AX solution (0.5% w/v) filtered through 0.2 um (Whatman)
were injected and detected by a Waters 2414 refractive index detector (Agilent, Beijing, China) [17].

2.5. Infrared Spectroscopic Analysis

A Nicolet FT-IR spectrophotometer (Nicolet Instrument Corp., Madison, WI, USA) was applied
to record FT-IR spectra of AXs extracted by different methods. The samples were pressed into KBr
pellets (2 mg sample/200 mg KBr). A blank KBr disk was used as background. Spectra were recorded
between 400 and 4000 cm ™! [17].

2.6. Determination of Free or Esterified FA Content

A spectrophotometric method based on the study of Malunga and Beta in 2015 [3] was applied to
measure the level of free or esterified FA. Molar absorption coefficients M 1em™1) of 19,662 (7630)
and 23,064 (31,430) for free FA and esterified FA were used to estimate the absorbance at 345 (375)
nm, respectively. About 1 mL distilled water was added to dissolve 1 mg of AX sample. Then,
a 100 pL portion of solution was mixed with 900 uL of glycine-sodium hydroxide buffer (pH 10,
0.04 mol/L). After 5 min, the absorbance value of mixture was determined (Ultrospec 1100 Pro,
UV/Visible spectrophotometer, (Optima, SP-3000, Tokyo, Japan) at 345 and 375 nm.

2.7. Measurement of Hypoglycemic Activity of AXs

2.7.1. a-Amylase Inhibition Assay

A mixture of 500 pL. AXs or acarbose and 500 pL of 0.02 mol/L sodium phosphate buffer (pH 6.9
with 0.006 mol/L sodium chloride) containing «-amylase solution (13 U/mL) was incubated at 25 °C for
10 min. After preincubation, 500 uL 1% soluble starch solution in 0.02 mol/L sodium phosphate buffer
(pH 6.9 with 0.006 mol/L NaCl) were added to each tube at timed intervals. The reaction mixtures were
then incubated at 25 °C for 10 min, followed by addition of 1 mL dinitrosalicylic acid color reagent.
The test tubes were then placed in a boiling water bath (Zhongxing, Beijing, China) for 5 min to stop
the reaction and were cooled to room temperature. The reaction mixture was then diluted with 10 mL
distilled water, and absorbance was read at 540 nm [18].

AAbscom‘rol - AAbssample
AAbscontml

inhibition (%) = X 100% 1)

where AAbsontro) and AAbSgyp1, are the absorbance of sample and control respectively.
The inhibitory activity was expressed as the half maximal inhibitory concentration (ICsp), which
is a measure of the effectiveness of a compound in inhibiting biological or biochemical function.

2.7.2. Determination of Glucose Absorption Capacity

About 1 g of sample was added into 100 mL glucose solution (100 mmol/L, pH 7.0), and the
mixture was shaken at 37 °C for 6 h. After centrifugation at 3000 r/min for 20 min, the glucose content in
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the supernatant was measured to estimate the amount of glucose adsorbed by the sample. The system
without sample served as control test [19].

Acontrol — Asample

adsorption quantity(mg/g) = % 100% ()

Msample

where Aggppie and Acontror are the absorbance of sample and control respectively, M is the weight
of the sample.

2.7.3. Glucose Dialysis Retardation Index (GDRI)

About 0.50 g of sample was added into 15 mL of glucose solution (100 mmol/L), and the mixture
was shaken for 1 h. A 20 cm long dialysis bag (Nanjing SenBeiJia Biological Technology, Nanjing,
China) (7000 MWCO) was filled with the mixture. The control was made using a mixture of deionized
water and glucose solution. The bag was tied and suspended in 200 mL deionized water and placed in
a stirred bath at 37 °C for 90 min. At 30, 60, and 90 min, 2 mL were taken from the dialysate and were
analyzed for glucose content [19].

The GDRI is calculated as follows:

total glucose diffused from sample

GDRI(%) = (1 x 100 3)

~ total glucose diffused from control
2.8. Estimation of Antioxidant Activity of AXs

2.8.1. Hydroxyl Radical-Scavenging Assay

The abilities of AX samples in scavenging hydroxyl radicals were studied. Amounts of about
0.1mg/mL to 2.0 mg/mL of samples were dissolved in ultrapure water. A 1 mL of sample solution
was mixed with 2 mL of reaction buffer (0.02 mol/L phosphate buffer (PBS), pH 7.4), 1.5 mL of
1,10-phenanthroline (1 mmol/L), 1 mL of FeSO4 (1.5 mmol/L), 1 mL of H,O, (0.1%), and 3.5 mL of
ultrapure water to form the mixture, which was incubated at 37 °C for 60 min. The existence of
hydroxyl radical was determined by monitoring absorbance at 510 nm using a spectrophotometer,
and the Vc was used as the positive control [20].

The scavenging activity of hydroxyl radicals was calculated via the following formula:

scavenging activity (%) = A=Ay x 100 4)
Ag—Aq
where A; is the absorbance of ultrapure water instead of the sample, A; is the absorbance of the
polysaccharide sample, and A is the absorbance of the ultrapure water instead of the polysaccharide
sample and HyO;.

2.8.2. 2,2-Diphenyl-1-picrylhydrazyl (DPPH)-Scavenging Assay

Amounts of about 1.5 mL of AXs (0.1,0.2,0.4, 0.6, 0.8, 1.0, and 1.2 mg/mL) were mixed with 0.5 mL
absolute ethyl alcohol followed by 0.5 mL DPPH (0.2 mmol/L DPPH-aqueous methanol). The mixtures
were vortexed and remained in the dark for 35 min, and then the absorbance was measured at 515 nm.
Ethanol instead of DPPH was used for the control, whereas distilled water instead of the sample was
used for the blank [21]. The DPPH radical-scavenging activity of the sample was calculated by the
following equation:

Asample — Acontrol

DPPH radical scavenging activity (%) = (1 - % 100% 5)

Aplank

where Asgupie, Acontrol and Apjan are the absorbance of sample, control, and blank, respectively.
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2.8.3. Reductive Ability

Amounts of about 0.2 mL of samples (0.1, 0.2, 0.4, 0.6, 0.8, 1.0, and 1.2 mg/mL) in water were
mixed with phosphate buffer (1.0 mL, 0.2 mol/L, pH 6.6) and potassium ferricyanide (K3Fe(CN)g)
(1.0 mL, 1%). The mixture was incubated in a water bath at 50 °C for 20 min. A portion (1.0 mL) of
trichloroacetic acid (10%) was added to the mixture, which was then left standing at room temperature
for 10 min. The upper layer of solution (2.5 mL) was mixed with distilled water (1.0 mL) and FeCls
(0.2mlL, 0.1%), and the absorbance was measured at 700 nm after 10 min against the blank. Vc with the
same concentration served as the positive control [22].

2.8.4. Metal-Chelating Activity

The samples (0.1 mg/mL to 2.0 mg/mL) were mixed with a 2 mmol/L FeCl, solution (0.02 mL).
The reaction started after the addition of 5 mmol/L ferrozine (0.02 mL). Subsequently, the mixture was
shaken vigorously and left standing at room temperature for 10 min. Absorbance of the solution was
then determined spectrophotometrically at 562 nm. EDTA disodium salt dihydrate (EDTA-Nay-2H,0)
was used for the positive control [23].

2.9. Statistical Analysis

The mean + standard deviation values of three replicates were applied to express the results.
All data were statistically analyzed using SPSS (version 22.0 for Windows, SPSS Inc., (Chicago, IL,
USA) with one-way analysis of variance (ANOVA) procedure, and then Tukey’s test was conducted.
A p-value of less than 0.05 was considered to be significant.

3. Results and Discussion

3.1. Isolation and Characterization of AXs

The yield of AXs extracted through different methods is shown in Table 1. The yield of
alkali-extracted AXs was higher than that of enzyme-extracted AXs and WEAX, which was consistent
with previous reports [15]. Therefore, efficiency of alkaline solution was higher than that of complex
enzyme in AX extraction. Moreover, the total yield of CEAX and CEAX-1 was higher than that of
AEAX, which indicated that alkali extraction can be more efficient after enzyme extraction, thereby
elevating total AX yield.

Table 1. Yield of arabinoxylans (AXs) extracted by different methods.

Samples Yield (%)
CEAX 527 £0.09
CEAX-1 14.95 +0.17
WEAX 1.19 £0.17
WEAX-1 17.41 £ 0.13
AEAX 19.83 £ 0.16

Yield (%) was calculated as weight percentage of obtained AXs based on destarched triticale. AXs, arabinoxylans;
CEAXs, complex enzyme-extracted AXs; CEAX-1, alkali-extracted AX from residue of complex enzyme extraction;
WEAXs, water extractable AXs; WEAX-1, alkali-extracted AX from residue of water extraction, AEAX alkali
extractable AXs.

Monosaccharide compositions of triticale-extracted AXs were measured by HPLC, and the results
are shown in Table 2. AXs extracted using different methods all contained nearly 90% of arabinose
and xylose. Likewise, alkali-extracted AXs were highly substituted with an arabinose—xylose ratio
of 1.14 to 1.52, which was higher than enzyme-extracted AXs with an arabinose—xylose ratio of 0.25.
A previous study determined the monosaccharide compositions of AXs derived from wheat bran by
enzyme, water, and alkali extraction [24]. The results also demonstrated that the arabinose—xylose ratio
of alkali-extracted AXs was higher than that of enzyme-extracted AXs. Other minor neutral sugars,
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such as galactose and mannose, were detected in AXs, which was consistent with previous research
studies [25,26].

Table 2. Monosaccharide components of AX extracted by different methods.

Arabinose  Xylose = Rhamnose Mannose  Glucose Galactose

Samples (%) %) (%) (%) (%) (%) Ara/Xyl
CEAX 18.19 73.57 n.d. 1.78 3.44 3.01 0.25
CEAX-1 55.90 36.83 n.d. 2.84 n.d. 4.43 1.52
WEAX 34.29 51.53 n.d. 2.30 7.29 4.59 0.67
WEAX-1 53.37 41.25 n.d. n.d. 2.17 3.21 1.29
AEAX 48.18 42.33 n.d. n.d. 5.90 3.58 1.14

All values were determined in duplicate. n.d., not detectable; Ara/Xyl, arabinose/xylose ratio; AXs, arabinoxylans;
CEAXs, complex enzyme-extracted AXs; CEAX-1, alkali-extracted AX from residue of complex enzyme extraction;
WEAXs, water extractable AXs; WEAX-1, alkali-extracted AX from residue of water extraction; AEAX, alkali
extractable AXs.

MW distribution was determined (see Table 3). The MWs of enzyme-extracted AXs were
lower than those of alkali-extracted AXs, consistent with a previous report [15]. The lower MW of
enzyme-extracted AXs may be due to the ability of endo-1,4-3-xylanases to randomly cleave the xylan
chain, which releases fractionated AXs and/or AXOS of various sizes [27].

Table 3. Molecular weight (MW) distribution of AX extracted by different methods.

Samples Mw Mn Mw/Mn
CEAX 2.8314 x 10* 3744 7.56
CEAX-1 1.76876 x 10° 9259 19.10
WEAX 3.0730 x 10* 3312 9.28

WEAX-1 1.61989 x 10° 9274 17.47
AEAX 2.10638 x 10° 10,498 20.06

Mw, weight-average molecular weight; Mn, number-average molecular weight; AXs, arabinoxylans; CEAXs,
complex enzyme-extracted AXs; CEAX-1, alkali-extracted AX from residue of complex enzyme extraction; WEAXs,
water extractable AXs; WEAX-1, alkali-extracted AX from residue of water extraction; AEAX, alkali extractable AXs.

The content of free and esterified FA in AXs was determined, and the results are shown in Figure 1.
Enzyme-extracted and water-extracted AXs had significantly higher esterified FA content than free FA
content (p < 0.05). Malunga and Beta also observed that the amount of esterified FA was higher than free
FA in enzyme-extracted AXs, which was in agreement with our result [3]. Likewise, alkali-extracted
AXs had significantly higher free FA content than esterified FA content (p < 0.05). Alkali solutions
are extremely violent and may break down ester linkage between FA and arabinofuranosyl residues;
thus, a large amount of free FA was contained in alkali-extracted AXs. Furthermore, among all AXs
extracted by different methods, CEAX-1 contained the highest amount of total FA and free FA, whereas
CEAX contained the highest amount of esterified FA.

Interestingly, our results demonstrated that the arabinose—xylose ratio and MW of CEAX-1 was
similar to AEAX, and the amount of total FA of CEAX-1 was even higher than of AEAX. These results
were obtained probably because the enzyme treatment increased the efficiency of subsequent alkali
extraction. Alkali treatment on residues after enzyme extraction allowed for the full use of raw materials.

The infrared absorption spectrum of AXs is shown in Figure 2. A wide polysaccharide absorption
peak in the range of 1200 cm~! to 800 cm ™!, a stretch vibration peak of the glycosidic bond at 857 cm™,
a stretch vibration peak of methyl C-H at 2928 cm~!, and a bending vibration peak of C-H at 1409 cm ™!
were observed. The wide peak at 3401 cm™~! was produced by the stretching vibration of the hydroxyl
group; the strong peak at 1653 cm™! resulted from the asymmetric stretching vibration of C-O in
the carbonyl group; and the peak at 1039 cm™! is attributed to the deformation vibration of alcohol
hydroxyl O-H. The infrared absorption spectrum confirmed that the structural characteristics of
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the products extracted from triticale were consistent with AXs. Moreover, all absorption peaks had
discrepancies in different AXs, which suggests that the structure of AXs extracted through different

methods is inconsistent.
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Figure 1. Amounts of esterified ferulic acid and free ferulic acid in arabinoxylans. “a—d” indicates a
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Figure 2. Fourier-transform infrared spectra of arabinoxylans.

Based on the AX structural characteristics, antioxidant and hypoglycemic activities of AXs were
estimated in further experiments, aiming to determine the relationship between AX structure and

physiological functions.

3.2. Antioxidant Activity of AXs

Our results showed that along with the increased AX concentration, the hydroxyl radical, DPPH
radical-scavenging ability, and metal-chelating activity of AXs increased; and these results confirmed
the antioxidant activity of AXs. AXs are capable of donating electrons or hydrogen atoms to free
radicals, which leads to the transformation from free radicals to stable products [28,29]. Therefore, free
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radicals are eliminated, and oxidation reactions are interrupted. It has been reported that AX structure
contributed to their antioxidant ability. Hydroxyl groups of AXs are the main structural features that
affect their antioxidant capacity [30]. The presence of electrophilic groups in AXs helps to release
hydrogen from O-H bonds. Our findings showed that the structural characteristic of the AX moiety
should not be ignored when evaluating the AX antioxidant. Figure 3 shows the results of the hydroxyl
radical-scavenging assay, which is based on the reduction of hydroxyl radicals in the existence of
an electron-donating substance [31]. Based on the comparison between CEAX-1 and CEAX, CEAX
exhibited higher hydroxyl radical-scavenging activity. Both CEAX and CEAX-1 contained similar
amounts of FA, but CEAX had lower DS. Thus, lower DS contributes to higher antioxidant ability of
CEAX. The unsubstituted xylose at O-2 and/or O-3 may have contributed to antioxidant capacity of
AXs via donation of electrons or hydrogen atoms [30]. Low DS increases the specific functional groups
of xylan to elevate hydroxyl radical-scavenging activity through donation of electrons or hydrogen
atoms [32]; thus, the antioxidant activity of AX with low DS increased.

120

100

o+ [ o0
o o o
1 L] U

Hydroxy radical inhibition(%)
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1

0 02 04 06 08 10 12 14 16 18 20 22
AX concentration/(mgmL-1)

Figure 3. Hydroxyl radical-scavenging effects of arabinoxylans.

DPPH radical-scavenging activity was measured in Figure 4, whose reaction mechanism involves
the transfer of protons by the reducing agent to the DPPH radical [3,33]. In contrast, the DPPH
radical-scavenging ability of AXs elevated in line with the increase in DS. This finding was inconsistent
with the results of hydroxyl radical-scavenging assay. AXs with higher DS were found to be easier
to disperse into the reaction mixture because the steric hindrance caused by the presence of mono-
or disubstituted xylose prevented intermolecular cross-linking, which leads to better participation of
AXs in the redox reaction systems [4]. Compared to the results of hydroxyl radicals with the DPPH
radical-scavenging assay, we found that the structure of AXs would not only influence the amount of
special functional groups, but also affect the interaction between AX molecules as well as between AXs
and the solvent. In addition, both of these substances would exert an effect on antioxidant capacity.

The metal-chelating activity of AXs was determined in the present study (see Figure 5). It has
been reported that the specific functional groups such as -COOH and -OH of AXs demonstrated
the ability to bind metal ions when those functional groups were deprotonated and carried negative
charges [34]. The metal-chelating activity of AX samples was elevated when the MW of the AXs was
increased, despite the different FA content in the AXs extracted by different methods. Therefore, our
results showed that AXs with higher MW lead to higher metal-chelating activity. High MW may
elevate (1-4)-B-p-xylopyranose linkages to some extent, which leads to a higher amount of specific
functional groups (such as -COOH and -OH) of xylan with metal-binding activity [32].
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Figure 4. DPPH radical-scavenging effects of arabinoxylans.
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Figure 5. Metal-chelating activity of arabinoxylans.

Moreover, we determined whether the FA content of AXs influenced their antioxidant ability.
AEAX and CEAX-1 have similar MW and DS, but CEAX-1 performed higher hydroxyl radical- and
DPPH radical-scavenging activity compared with AEAX. These results occurred because CEAX-1
contained a higher amount of FA, which suggested that FA content was the major determining factor
for the antioxidant capacity of AXs [6]. Furthermore, among AEAX, CEAX-1, and CEAX, CEAX had
better hydroxyl radical-scavenging ability. Hydroxyl radical-scavenging assay was performed in
aqueous medium, and FA solubility in aqueous medium increased when FA was esterified to arabinose.
Thus, esterified FA had a higher antioxidant capacity when compared with a similar amount of free FA
in aqueous medium [2]. CEAX contained a higher amount of esterified FA than AEAX and CEAX-1,
which may also be one of the reasons for higher antioxidant ability.

On the contrary, the result of DPPH radical-scavenging ability of AXs demonstrated that the
antioxidant capacity of AEAX and CEAX-1 was higher than that of CEAX, although the latter contained
higher esterified FA. It has been reported that in the presence of DPPH reagent, AXs with high
esterified FA content may be oxidatively coupled in a phenomenon called oxidative gelation [4].
This phenomenon has been brought up previously [35]. Oxidative gelation decreases the potential of
AXs to scavenge free radicals [4]. Since CEAX contained the highest esterified FA content among all
samples, the FA residue of CEAX probably underwent oxidative gelation via cross-linking, which then
reduced the DPPH radical-scavenging ability of CEAX [36]. Therefore, the results demonstrated that
the reaction environment had significant impact on the antioxidant ability of esterified FA and free FA.
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Such findings indicated that the results of the experiment based on physiological condition can have
different results compared with the results in the in vitro experiment. Since physiological condition
was mostly aqueous medium, the condition of our study was close to physiological condition to some
extent. However, to acquire a complete understanding of FA antioxidant ability, further study can
focus on its antioxidant activity in vivo.

The reductive ability of AXs is important in the evaluation of their potential antioxidant capacity,
in which the mechanism is totally based on electron transfer. However, no positive correlation was
observed between the reductive ability of AXs and their concentration in our results (see Figure 6),
which is inconsistent with the results reported by Rivas et al. [32] and Veenashri and Muralikrishna [37].
It has been reported that not all antioxidants reduced Fe3* at a fast rate as anticipated; in addition,
the reductive ability of polyphenols such as FA, tannic acid, and caffeic acid was slowly increasing
even after several hours of reaction time [38]. Since FA is the major factor influencing the antioxidant
capacity of AXs, the slow reaction rate may be one of the factors that limits the observation of the
reductive ability of AXs.
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Figure 6. Reductive ability of arabinoxylans.

Furthermore, the antioxidant capacity of FA has been reported to possibly inhibit the activity of
a-glucosidase and a-amylase [9,10]. Zhang et al. (2016) believed that the antioxidant capacity of AXs
can reduce postprandial oxidative stress that is associated with lower risks of diabetes [11]. Research
studies indicated that AX antioxidant may contribute to their hypoglycemic activity. Thus, the present
study further estimated the hypoglycemic activity of AXs.

3.3. Hypoglycemic Activity of AXs

a-Amylase has the ability to break down long-chain carbohydrates, which can divide amylose into
maltotriose and maltose as well as decompose amylopectin into maltose, glucose, and amylodextrin.
Thus, the inhibition of x-amylase activity will contribute to the delay of increase in postprandial blood
sugar levels [39]. The ability of AXs to inhibit x-amylase was determined, and the results are presented
in Figure 7. The inhibition of a-amylase activity increased along with the increase in AX concentration,
which confirmed the x-amylase inhibition ability of AXs. Moreover, the inhibition rate of x-amylase
activity of alkali-extracted AXs was higher than of water- and enzyme-extracted AXs. FA content in
AXs was reported to contribute to the c-amylase activity inhibition [9]. Malunga et al. also found that,
compared with esterified FA, free FA had higher inhibition potency in rat intestine enzyme activity [10].
Therefore, alkali-extracted AXs demonstrated better inhibition of x-amylase activity possibly because
of the higher amount of free FA contained in alkali-extracted AXs.
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Figure 7. Inhibitory effects of arabinoxylans on the activities of x-amylase.

The glucose absorption capacity of AXs was measured (see Figure 8A) to evaluate the hypoglycemic
activity of AXs because it can lower glucose concentration absorbed by the small intestine. Our results
showed that the glucose absorption capacity of water- and enzyme-extracted AXs was significantly
higher than that of alkali-extracted AXs. It has been reported that viscosity affected the glucose
absorption capacity of polysaccharides [40]. Esterified FA demonstrates a cross-linking effect that
improves the gel-forming ability of AXs [41]. The amount of esterified FA was higher in water- and
enzyme-extracted AXs; such a characteristic probably caused better glucose absorption capacity.
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Figure 8. (A) Effect of arabinoxylans on the adsorption capacity for glucose and (B) effect of
arabinoxylans on glucose dialysis retardation index. “a—d” indicates a significant in longitudinal,
and “A-D” represents a significant in lateral.
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The GDRI is an important in vitro index to infer the effect of AXs on the delay in glucose absorption
in the gastrointestinal tract [42]. The GDRI of AXs extracted through different methods is shown in
Figure 8B. The adsorption process could reach a dynamic equilibrium and the glucose adsorption
capacity of AXs could be close to saturation with the prolongation of dialysis time; therefore, the GDRI
of all AXs was decreased over time. Moreover, the GDRI of WEAX was notably higher than that of
CEAX (p < 0.05) because of the better solubility of WEAX [42]. Higher solubility possibly makes WEAX
easy to interact with glucose, which leads to a higher glucose absorption capacity.

The results demonstrated that FA content of AXs plays an important role in their hypoglycemic
activity. Esterified FA also exhibited a higher ability to elevate AX viscosity and inhibit a-amylase
activity compared with free FA. Moreover, the MW and DS of AXs were able to affect the viscosity of
AXs, thereby exerting effects on their hypoglycemic activity [7].

4. Conclusions

AXs extracted from triticale through different methods had inconsistent structural features that
affected the antioxidant and hypoglycemic activities of AXs in vitro. FA played a significant role in
antioxidant and hypoglycemic activities. Enzyme-extracted AXs contained higher levels of esterified
FA that led to higher radical-scavenging activity. In contrast, alkali-extracted AXs contained higher
levels of free FA content that led to a higher x-amylase inhibition ability. Both DS and MW were related
to the antioxidant ability of AXs. Alkali-extracted AXs exhibited significant metal-chelating activity
because of higher MW. Water-extracted AXs further demonstrated the highest glucose absorption
capacity because of their good dissolvability. Therefore, AXs with higher esterified FA content and MW
have higher antioxidant ability, whereas AXs with higher free FA level and solubility exhibit higher
hypoglycemic activity.
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