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Abstract

Mulberry leaves are used in traditional Chinese medicine and contain numerous active substances that are known

to be beneficial for human health. The aim of this study was to investigate the phenolic compositions and antioxi-
dant activities of the leaves from 23 mulberry cultivars. Qualitative LC-ESI-QTOF analysis revealed the presence of 11
phenolic compounds in the free phenolic extracts and 10 phenolic compounds in the bound fractions. Chlorogenic
acid and caffeic acid were the major components in the free and bound fractions, respectively. The results revealed
that the changguosang cultivar from Taiwan contained the greatest content of phenolic compounds as well as the
highest antioxidant activity among the 23 cultivars examined, as determined using three separate antioxidant assays.
The isoquercitrin, chlorogenic acid, and rutin contents of the free phenolic extracts displayed significant correlations
with the antioxidant activities, while syringic acid and rutin were the main contributors to the antioxidant activities of
the bound phenolic fractions. The obtained results demonstrate that mulberry leaves contain a variety of beneficial

phenolic substances and may be suitable for further development as a herbal medicine.
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Introduction

Phytonutrients play important roles in improving human
health and may protect against heart disease, cancer,
the effects of aging, and membrane damage. In par-
ticular, phytonutrients possessing antioxidant proper-
ties can inhibit the propagation of free-radical reactions
implicated in the development of aging-related diseases.
Consequently, numerous studies have been conducted
to elucidate the characteristics and roles of antioxidant
compounds from plants. Antioxidants can delay or sup-
press the oxidation of molecules by inhibiting the acti-
vation or propagation of oxidative chain reactions or
scavenging the free radicals generated during oxidative
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processes [37]. The antioxidant activity of plant tissues is
primarily attributable to phenolic, etc. and a high correla-
tion was observed between the antioxidant activity and
the total phenolic content of the extract. [1]. Hence, phe-
nolic compounds have attracted considerable attention as
potential protective factors against cancer and heart dis-
ease owing to their antioxidant activities [8].

Mulberry (Morus alba L.) is a moraceous plant that is
extensively cultivated throughout Asia to feed silkworms
during the commercial production of silk. It is distrib-
uted throughout temperate to subtropical and tropical
regions and can be grown under a wide range of climatic,
topographic, and soil conditions [11]. Mulberry leaves
are considered a nutritious, palatable, and safe food or
food additive containing carbohydrates, proteins, cal-
cium, iron, B-carotene, and vitamin Bl [6] and are also
a rich source of phenolic compounds such as caffeic
acid, rutin, quercetin, isoquercitrin, and astragalin [9,
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23]. Mulberry leaves are commonly used as antidiabetic,
hypolipidemic, antihypertensive, anti-atherosclerotic,
and anticonvulsant agents [4]. These pharmacologi-
cal effects of mulberry leaves are closely related to their
phenolic composition [14]. Plant phenolic compounds
have been reported to play a preventive role against vari-
ous diseases owing to their remarkable antioxidant, anti-
microbial, and other activities [7, 29]. For example, Wu
et al. [38] reported that mulberry leaf phenolic extract
decreases hepatic lipid accumulation via activation of the
AMP-activated protein kinase signaling pathway.

There is strong evidence for the variation of phenolic
content and antioxidant activity among different species
of plants belonging to the same genus [30, 35]. Thus, the
identification and quantification of phenolic compounds
can provide crucial information regarding the antioxi-
dant function, food quality, and potential health benefits
of a specific plant. G1, G6, G8, and GSW are from North
China; B-2-8, R2, 7403, and DS are from South China;
Z1, 72, and Z4 are from Southwest China; CGS is from
Taiwan; J4-1 and J5 are from Japan; T6, T7, BR60, S54,
and QM are from Thailand; Y2 and YXM2 are from
India; and Y1 and YD are from Vietnam. Therefore, the
aim of this study was to determine and compare the phe-
nolic compositions and antioxidant activities of these 23
samples of mulberry leaves.

Materials and methods

Mulberry leaf samples and preparation

All of the mulberry varieties examined in this study were
cultivated in an experimental field in Guangzhou, which
was managed by the South China branch of the National
Mulberry Germplasm Resource Garden. Mulberry leaves
are generally picked in the spring and late autumn frost
period, and it is better to pick them in the morning and
evening. Leaves from each mulberry variety were har-
vested, washed with distilled water, and air-dried at 55 °C
in a thermostatic hot air drying oven for 7-9 h. The dried
leaves were ground into powders using a high-speed pul-
verizer and stored in airtight containers at—20 °C prior
to analysis [35]. The different mulberry varieties exam-
ined are listed in Table 1.

Chemicals and reagents

Acetone, n-hexane, ethyl acetate, concentrated sulfuric
acid, sodium hydroxide, phosphoric acid, acetonitrile,
ascorbic acid, methanol, formic acid, sodium acetate,
acetic acid, hydrochloric acid, iron(III) chloride hexa-
hydrate solution, ammonium acetate, were purchased
from Guangzhou Chemical Reagent Factory (Guang-
zhou, China). phenolic compound standards [rutin (Rut),
quercetin (Que), quercitrin (Quer), isoquercitrin (Iso),
chlorogenic acid (ChA), syringic acid (SyA), ferulic acid
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Table 1 Names, species, and abbreviations of the mulberry
varieties examined in this study

Cultivar Species Abbreviation
Gu 1 M. alba L Gl
Gu6 M. alba L G6
Gus M. alba L G8
Gusangwang M. mongolica var. diabolica Koidz GSW
Bei-2-8 M. atropurpurea Roxb B-2-8
R2 M. atropurpurea Roxb R2
7403 M. atropurpurea Roxb 7403
Dashi M. atropurpurea Roxb DS
Zangjiangxin 1 M. mongolica CK.Schneid Z1
Zangjiangxin 2 M. mongolica CK.Schneid 72
Zangjiangxin 4 M. mongolica CK.Schneid 74
Changguosang M. rotundiloba Koidz CGS
JP4-1 M. multicaulis Koidz J4-1
JP5 M. multicaulis Koidz J5
TL6 M. rotundiloba Koidz T6
TL7 M. rotundiloba Koidz 7
BR60 M. rotundiloba Koidz BR60
S54 M. rotundiloba Koidz S54
Qingmai M. rotundiloba Koidz QM
Yin 2 M. serrata Rox Y2
Yinximeng 2 M. serrata Rox YXM2
Yue 1 M. rotundiloba Koidz Y1
Yueda M. rotundiloba Koidz YD

(FeA), caffeic acid (CaA), resveratrol (Res), epicatechin
(Epi), astragalin (Ast), scopoletin (Sco), galangal (Gal),
catechuic acid (CatA), vanillic acid (VaA), benzoic acid
(BeA), gallic acid (GaA), and protocatechuic acid (PrA)]
were purchased from the National Institutes for Food and
Drug Control (Beijing, China). 2,4,6-tris(2-pyridyl)-S-tri-
azine (TPTZ), 1,1-diphenyl-2-picrylhydrazyl (DPPH),
2,2’-Azino-bis(3-ethylbenzothiazoline-6-sulfonic  acid)
diammonium salt (ABTS), and 6-hydroxy-2,5,7,8-tetra-
methylchroman-2-carboxylic acid (trolox) were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA).

Extraction of free phenolic compounds

It was necessary to remove lipids from the mulberry
leaves prior to extraction of the free phenolic com-
pounds [12]. Considering that the lipid content of mul-
berry leaves is not high, the degreasing procedure in
this study was adjusted. Free phenolic compounds were
extracted according to a modified version of the meth-
ods reported by Li et al. [20] and Kim et al. [16]. Briefly,
samples of the dried leaves (10 g) were extracted with
n-hexane (250 mL) for 10 min under continuous stir-
ring (10,000 rpm) in an ice bath, followed by centrifuga-
tion (5000 rpm, 5 min) and removal of the supernatant.
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The residue was added to chilled acetone/water (8:2,
v/v, 250 mL) followed by homogenization (5000 rpm,
5 min) and centrifugation (5000 rpm, 5 min). The resi-
due was extracted again under the same conditions. The
two supernatants were combined and evaporated to dry-
ness at 50 °C on a rotary evaporator (RE-52AA, Shang-
hai Yarong Biochemical instrument Factory, Shanghai,
China). The dried samples were dissolved in methanol/
water (8:2, v/v), filtered through 0.22 pm membrane fil-
ters, and stored at — 80 °C prior to analysis. Each sample
was extracted in duplicate. The residue was used to meas-
ure the bound phenolic compounds, as described in the
following subsection.

Extraction of bound phenolic compounds

The bound phenolic compounds were extracted by alka-
line hydrolysis according to previously described pro-
cedures [5, 18, 21] with some modifications. Briefly,
the mulberry leaf residues obtained after extraction of
the free phenolic compounds were hydrolyzed in 2 M
NaOH (100 mL) at room temperature for 1.5 h with con-
tinuous stirring under nitrogen atmosphere. The result-
ing mixtures were acidified to pH 2 with 6 M HCl and
then extracted six times with ethyl acetate (120 mL each
time). The ethyl acetate fractions were combined and
evaporated to dryness at 45 °C on a rotary evaporator
(RE-52AA). The dried extracts were redissolved in 80%
methanol, filtered through 0.22 pm membrane filters,
and stored at — 80 °C prior to analysis.

LC-ESI-QTOF analysis

Samples were analyzed by LC-ESI-QTOF according to a
modified version of the method described by Tomas et al.
[36]. Each sample was vortexed for 30 s, filtered through
a 0.22 pm organic membrane, and transferred into an
injection vial. The temperature of the chromatographic
column was set to 35 °C, and the injection volume was
1 puL. The mobile phase consisted of 0.1% formic acid in
water (solvent A) and 0.1% formic acid in acetonitrile
(solvent B) in positive ion mode or 2 mM ammonium
acetate in water (solvent A) and acetonitrile (solvent B)
in negative ion mode. The flow rate was set to 400 pL/
min with a gradient from 5 to 95% solvent B over 22 min,
as shown in Table 2. The Agilent 6545A QTOF mass
spectrometer is controlled by the control software (LC/
MS Data Acquisition, Version B.08.00) based on the Auto
MS/MS mode for primary and secondary mass spec-
trometry data acquisition. The MS and MS2 acquisition
rates were 5 and 10 spectra per second, respectively. The
secondary collision energy is Ov and 10v respectively.
Eight ions were selected in the first-level spectrum for
the second-level scan. The m/z range of primary and sec-
ondary mass scanning are both 50-1100. Spectra were
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Table 2 [C-ESI-QTOF mobile phase gradient
Time (min) Flow rate (uL/min) A (%) B (%)
0 400 95 5
15 400 95 5
25 400 90 10
14 400 60 40
22 400 5 95
25 400 5 95
26 400 95 5
30 400 95 5

collected in both positive and negative modes, and the
acquired data were saved in centroid format. The ESI ion
source parameters were as follows: ion source gas tem-
perature, 320 °C; nitrogen flow rate, 8 L/min; sheath gas
flow rate, 12 L/min; sheath gas temperature, 350 °C; cap-
illary voltage, 4000 V (positive ion mode) or 3500 V (neg-
ative ion mode).

Determination of phenolic content using HPLC
The phenolic compounds present in the 23 mulberry
leaf samples were determined by HPLC analysis (Agilent
1200, Agilent Technologies Inc., Karlsruhe, Germany)
according to a modified version of the methods reported
by Eom et al. [10] and Subhashinee et al. [33]. Chroma-
tographic separation was performed using an Capcell
Pak ADME column (250 x 4.6 mm, 5 pm). The mobile
phase consisted of phosphoric acid/water (0.2:100, v/v,
solvent A) and acetonitrile (solvent B). The solvent gradi-
ent was as follows: 0-20 min 10% B, 20-30 min 16% B,
30—40 min 16% B, 40-60 min 20% B, 60—70 min 30% B,
70-71 min 35% B, 71-75 min 80% B, 75-76 min 80% B,
76—90 min 10% B. The solvent flow rate was 1.0 mL/min,
the column temperature was set to 25 °C, and chromato-
grams were recorded at 280 nm and 350 nm.

Dionex Acclaim 120 C-18 analytical column.

CAPCELL PAK ADM.

Determination of FRAP activity

The ferric reducing antioxidant power (FRAP) assay was
performed according to a modified version of a previ-
ously reported method [39, 40]. A working solution was
prepared by mixing 10 mL of 300 mM acetate buffer
(0.1870 g of sodium acetate and 1.6 mL of acetic acid),
1 mL of TPTZ solution (10 mM TPTZ in 40 mM HCl),
and 1 mL of 20 mM iron(III) chloride hexahydrate solu-
tion. This mixture was pre-warmed to 37 °C and should
always be prepared fresh. Samples of the mulberry leaf
extracts (100 pL) were incubated with 3.0 mL of the
FRAP reagent for 4 min at 25 °C. The absorbance at
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593 nm was then measured using a spectrophotometer
(UV-1700, Shimadzu Instruments Manufacturing, CO.,,
LTD, Suzhou, China). The FRAP values were expressed
as pmol Fe*™ equivalents per gram of dry weight (umol
Fe*"/g DW).

Determination of DPPH radical scavenging activity

The DPPH radical scavenging activities of the mulberry
leaf samples were determined as described in previ-
ous reports [2, 3, 22]. Briefly, the mulberry leaf extracts
and DPPH solutions were diluted to appropriate con-
centrations, and a solution of ascorbic acid in metha-
nol was used to prepare a standard curve (R?>=0.993).
Next, 1 mL of the diluted sample was mixed with 5 mL
of 2 mM DPPH solution in methanol. The mixture was
stirred vigorously and incubated for 50 min in the dark at
room temperature. The absorbance at 520 nm was then
measured using a UV2300II spectrophotometer and the
results were expressed in pmol of ascorbic acid equiva-
lent antioxidant capacity (AEAC) per gram of dry weight
(umol AEAC/g DW).

Determination of ABTS radical scavenging activity

The ABTS radical scavenging activities of the mulberry
leaf samples were determined as described in previous
reports [27, 31, 34]. Briefly, an ABTS stock solution was
prepared by mixing 7 mM ABTS and 2.45 mM potassium
persulfate (1:1, v/v) followed by incubation for 16 h in the
dark at room temperature; the resulting ABTS radical
solution was used within 24 h. The ABTS stock solution
was diluted with methanol until its absorbance at 734 nm
reached 0.70£0.02. Next, 100 pL of the diluted sample
was mixed with 3.8 mL of the ABTS working solution and
the absorbance at 734 nm was measured after incubation
at room temperature for exactly 6 min. Trolox was used
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as a reference to generate a standard curve (R*>=0.995),
and the results were expressed as pmol of trolox equiva-
lent antioxidant capacity (TEAC) per gram of dry weight
(umol TEAC/g DW).

Results and discussion

Qualitative analysis of phenolic compounds in mulberry
leaves

To determine the presence of various biologically active
phenolic compounds in the mulberry leaf samples, the
obtained mass spectra of the samples were compared
with spectra of standard compounds with respect to
retention time (RT), molecular ion peak, and structural
fragments observed in the secondary mass spectra.

In LC-MS, a sample is first subjected to liquid chroma-
tography to separate the sample components, which are
subsequently ionized and separated according to their
mass-to-charge ratios to reveal information regarding the
molecular weight, structure, and component amount.

Mulberry leaves are rich in a variety of phenolic com-
pounds, the composition and content of which can
vary for mulberry leaves from different cultivars and
regions. LC-ESI-QTOF analysis revealed the presence of
11 highly matched phenolic substances in the free phe-
nolic extracts and 10 phenolic substances in the bound
phenolic extracts, as summarized in Tables 3 and 4,
respectively. The free phenolic compounds detected in
the mulberry leaf samples were BeA, PrA, GaA, CaA,
Sco, Epi, Que, ChA, Iso, Rut, and Ast, while the bound
phenolic compounds were SyA, GaA, BeA, PrA, CaA,
Iso, Rut, FeA, Ast, and Que. Among these compounds,
Sco, Epi, and ChA were only detected in the free phe-
nolic extracts, which indicates that these substances may
be either absent from the bound phenolic extracts. In
contrast, SyA and FeA were only detected in the bound

Table 3 Qualitative analysis of free phenolic compounds in mulberry leaves

Compound  Molecular formula  Expected m/z Observed m/z Mass error (ppm)

RT (min) Fragment ions (relative intensity, %)

BeA CHO, 1210295 121.0294 —083
PrA CHO, 1530193 1530194 065
GaA CHgOs 169.0142 169.0145 177
CaA CoHgO, 179.0350 1790351 056
Sco C,oHs0, 191.0350 191.0350 0
Epi CyoHy0g 289.0718 289.0678 —1384
Que CisHi 05 301.0354 301.0356 066
ChA CreHhOs 353.0878 3530865 -38
Iso CiHaOss 4630882 463.0903 453
Rut CyHyOs6 609.1461 609.1478 279
Ast CiHaOry 447.0933 447.0942 —201

7.3186  121.02985 (100%), 77.04045 (14.2%), 82.49994 (1.9%)

79276  153.01923 (100%), 153.04488 (3.3%), 109.02855 (2.6%)

34645 169.01408 (100%), 125.02387 (3.3%), 61.7975 (2.5%)

7.6609  179.03479 (100%), 135.04578 (5.3%)

9.9880  191.03455 (100%), 176.01178 (9.3%), 147.02908 (3.5%)

22628 243.0616 (100%), 289.06708 (41.6%), 244.06404 (12.5%)
13.8163  301.03537 (100%), 178.99699 (6.5%), 151.00305 (4.4%),

63.02433 (2.1%)

6.7420  191.05605 (100%), 192.05885 (8.7%)

86035 463.08832 (100%), 301.03555 (3%)

89101  609.14642 (100%), 609.18945 (9%), 300.02475 (2.2%)
10.6400  447.0932 (100%), 285.0388 (18.98%), 449.0994 (8.2%)

All spectra were recorded in negative ion mode with a collision energy of 10V
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Table 4 Qualitative analysis of bound phenolic compounds in mulberry leaves

Compound Molecular formula Expected m/z Observed m/z Mass error (ppm) RT (min) Fragment ions (relative intensity, %)

SyA CoH1¢0s 197.0455 197.0457 1.01 33027 135.04504 (100%), 153.05786 (31.6%), 162.83853 (26.5%),
61.98833 (25.3%)

GaA CHsO5 169.0142 169.0144 118 34643  169.01404 (100%), 168.88683 (15.4%), 125.02482 (8.8%),
122.89381 (2.7%)

BeA C,H0, 121.0295 21.0305 8.26 73001 121.02959 (100%), 77.04009 (10.4%), 77.05341 (0.8%)

PrA CHO, 153.0193 153.0193 0 7.7071 153.01918 (100%), 109.02876 (6.1%)

CaA CoHgO, 179.0350 179.0352 1.12 7.7366  179.03502 (100%), 135.04532 (12.9%)

Iso Cy1H50015 463.0882 463.0877 —1.08 8.5514  463.08813 (100%), 301.03839 (3.6%), 193.01373 (1.9%)

Rut Cy7H300:6 609.1461 609.1469 131 9.2957 609.14612 (100%), 300. 02649( .7%)

FeA CioH1004 193.0506 193.0508 1.04 10.0027  193.05028 (100%), 134.03656 (4.7%)

Ast CH004 447.0933 447.0937 0.89 10.9455 447.0921 (100%), 285.03876 (3.7%)

Que Ci5H,00; 301.0354 301.0353 —033 13.7901 301.03534 (100%), 300.99191 (5.2%)

All spectra were recorded in negative ion mode with a collision energy of 10V

phenolic extracts and not in the free phenolic extracts.
Zou et al. [40] reported certain differences in the phe-
nolic contents of different varieties of mulberry leaves,
which is useful for helping farmers to select which varie-
ties to cultivate for higher quality mulberry leaves. Qadir
et al. [26] applied gas chromatography—mass spectrom-
etry to identify and quantify the main phenolic com-
pounds present in M. alba leaf extracts, including Que,
GaA, and SyA. In the bound phenolic extracts, ChA was
not detected, indicating that ChA may only exist in the
free phenolic extracts. Most of the phenolic substances
present in high contents in the free and bound phenolic
extracts could be qualitatively analyzed by LC-MS.

Total phenolic contents

The total phenolic contents in the 80% acetone extracts
of the 23 samples were measured by HPLC as presented
in Table 5 and Fig. 1, revealing clear differences between
the various cultivars. The total phenolic contents
(including both free and bound compounds) increased
in the following order: G1 (2.61 mg/g DW)<S54
(4.0 mg/g DW) <G8 (4.22 mg/g DW) <BR60 (4.55 mg/g
DW) <7403 (4.62 mg/g DW)<Z1 (4.97 mg/g DW)<Z2
(5.98 mg/g DW)<J5 (7.08 mg/g DW)<G6 (7.47 mg/g
DW) < Z4 (7.50 mg/g DW) <T7 (8.07 mg/g DW) < YXM2
(8.24 mg/g DW)<R2 (9.66 mg/g DW)<T6 (13.49 mg/g
DW)<B-2-8 (1627 mg/g DW)<QM (16.75 mg/g
DW)<GSW (17.3 mg/g DW)<J4-1 (1846 mg/g
DW) < Y2 (23.83 mg/g DW)<YD (25.72 mg/g DW)<DS
(2799 mg/g DW)<Y1l (39.12 mg/g DW)<CGS
(51.81 mg/g DW).

Table 5 also lists the free and bound phenolic con-
tents and their corresponding percentages for the 23
samples. The contribution of the free phenolic fraction
to the total phenolic content ranged from 85.39% (Z2)

to 98.97% (CGS). The free phenolic content in the 23
varieties of mulberry leaves varied from 2.26 mg/g DW
(G1) to 51.28 mg/g DW (CGS) and followed almost the
same order as the total phenolic content: G1 (2.26 mg/g
DW) <S54 (3.69 mg/g DW) <G8 (4.02 mg/g DW) < BR60
(4.3 mg/g DW) <7403 (4.35 mg/g DW)<Z1 (4.53 mg/g
DW)<Z2 (5.11 mg/g DW)<Z4 (6.75 mg/g DW)<J5
(6.80 mg/g DW)<G6 (7.15 mg/g DW)<T7 (7.83 mg/g
DW)<YXM2 (7.85 mg/g DW)<R2 (9.32 mg/g

W)<T6 (1295 mg/g DW)<B-2-8 (15.76 mg/g

W)<GSW (16.19 mg/g DW)<QM (16.24 mg/g

W)<J4-1 (1771 mg/g DW)<Y2 (23.13 mg/g
DW)<YD (25.35 mg/g DW)<DS (27.16 mg/g DW) <Y1
(38.48 mg/g DW) < CGS (51.28 mg/g DW).

In contrast, the bound phenolic content in the samples
followed a quite different order: G8 (0.20 mg/g DW)<T7
(0.24 mg/g DW)<BR60 (025 mg/g DW)<7403
(0.27 mg/g DW)<J5 (0.29 mg/g DW)<S54 (0.31 mg/g
DW)<G6 (0.33 mg/g DW)<R2 and G1 (0.34 mg/g
DW)<YD (0.37 mg/g DW) < YXM2 (0.39 mg/g DW) < Z1
(0.44 mg/g DW)<QM (051 mg/g DW)<B-2-8
(0.51 mg/g DW) <CGS (0.53 mg/g DW)<T6 (0.54 mg/g
DW)<Y1 (0.64 mg/g DW)<Y2 (0.71 mg/g DW)<J4-1
(0.75 mg/g DW)<Z4 (0.75 mg/g DW)<DS (0.83 mg/g
DW)<Z2 (0.87 mg/g DW)<GSW (1.11 mg/g DW).

Overall, the results revealed that CGS from Taiwan
possessed the highest total and free phenolic contents,
whereas G1 from North China displayed the lowest
values among the 23 cultivars studied. In contrast, the
bound phenolic contents of the mulberry cultivars fol-
lowed a different trend, with the highest and lowest val-
ues observed for GSW and GS8, respectively. The results
further demonstrate that the phenolic compounds
present in mulberry leaves predominantly exist in the
free state. Furthermore, the total phenolic contents of



Wang et al. BMC Chemistry

(2021) 15:21

Table 5 Total, free, and bound phenolic contents of the 23 mulberry leaf samples
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Cultivar

Total phenolic content
(ug/g DW)

Free phenolic content
(ug/g DW)

Bound phenolic content
(Mg/g DW)

Gl
G6
G8
GSW
DS
7403
R2
B-2-8
Z1
72
74
CGS
T6
7
BR60
S54
QM
J4-1
J5

Y2
YXM2
YD
Y1

2607.7+161.35¢
7472.27 +572.98"
422472 +£4184%
17,302.22 £ 1667.62¢
27,990.6942711.73°
462151436757
9660.23 4 831.38"
16,272.83+180831°f
4965.79 4 548.09%
5984.99 4 571.56hik
749851 +682.07"
51,811.86 4 5233.057
13,490.12+£1792.09
8068.84+973.34"
454599 + 45622
4000=397.67*
16,748.36 + 2401.89°f
18,463.88 £ 2285.15°
7082.78 +636.06"
23,833.07 4 2884.06°
823579+611.32"
25,720.37 +3059.38
39,120.86 4 3514.82°

2264.56 £ 161.35% (86.84%)
7147.13 4 572.98% (95.65%)
402323 +41847% (95.23%)
16,191.26 + 1667.62°' (93.58%)
27,156.6+2711.73 (97.02%)
4347.98 4367.577 (94.08%)
9322.52+831.38%" (96.5%)
15,757.86 4 1808.31¢ (96.84%)
4526.59 4 548.09% (91.16%)
5110.54£571.56' (85.39%)
6746.59 4 682.07' (89.97%)
51,279.3 +5233.05° (98.97%)
12,954.33 4 1792.099 (96.03%)
7828.84973.34" (97.03%)
4300.87 +456.22 (94.61%)
3693.5 £ 397.67 (92.34%)
16,240.99 = 2401.89° (96.97%)
17,712.43 £ 2285.15¢ (95.93%)
6796.07 4 636.06 (95.95%)
23,127.05 4 2884.06% (97.04%)
7849.57 +611.32" (95.31%)
25,347.54 +3059.38 % (98.55%)
38478.25 4 3514.82" (98.36%)

343.14446.259" (13.16%)
32514443639 (4.35%)
20149 4 33.66/ (4.77%)
1110.96 4 105.93° (6.42%)
834.08 4 80.98b° (2.98%)
273.534+40.51" (5.92%)
337.71440.269" (3.5%)
514.97 +66.57" (3.16%)
43919456417 (8.84%)
874444 95.62° (14.61%)
751.92487.754 (10.03%)
532.56 +46.46% (1.03%)
535.78 +65.37% (3.97%)
240.04427.12Y (2.97%)
24512427417 (5.39%)
306.5+34.73" (7.66%)
507.38 45343 (3.03%)
751.45480.13 % (4.07%)
286.71427.65" (4.05%)
706.03 4 74.29% (2.96%)
386.21 £ 36.69" (4.69%)
372.83433.879" (1.45%)
642614 60.36% (1.64%)

Different letters indicate significant differences in total, free, and bound phenolic contents in 23 mulberry leaf samples (P <0.05)

Values with no letters in common in each column are significantly different (P <0.05), n=3

Values in parentheses indicate the percentage contributions of the free and bound fractions to the total phenolic content for each sample
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Yi
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Sample number
Fig. 1 Free and bound phenolic contents of the 23 mulberry leaf
samples

mulberry leaf cultivars from the same geographical area
varied considerably; for instance, GSW, DS, Z4, QM,
J4-1, Y2, and Y1 displayed the highest free phenolic con-
tents of the specimens from North China, South China,

Southwest China, Thailand, Japan, India, and Vietnam,
respectively.

Free and bound phenolic profiles

Chromatograms of phenolic compounds of the leaves of
the mulberry varieties from Z2 are shown in Figs. 2 and
3. Identify the main phenolic compounds by comparing
the retention time and other data of the standards. In
addition, phenolic compounds are quantified by using a
corresponding standard curve with a higher correlation
value. Tables 6 and 7 summarize the contents of each
phenolic substance in the mulberry leaf samples in the
free and bound states, respectively. As shown in Table 6,
HPLC analysis revealed the presence of 11 phenolic com-
pounds in the free state, of which ChA, Epi, CaA, Rut,
Iso, and Ast together accounted for over 50% of the free
phenolic content. This result is consistent with previous
reports by Zou et al. [40] and Onogi et al. [25]. The values
of ChA ranged from 1.396 to 44.627 mg/g DW and essen-
tially determined the free phenolic content of the mul-
berry leaves. The leaves of the mulberry varieties from
Vietnam (YD and Y1) and Taiwan (CGS) were found
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Fig. 3 HPLC Chromatograms at 350 nm of the leaves of the mulberry varieties from 72

to be especially rich in ChA. As mentioned in previous
reports [17, 28], ChA can serve as an antioxidant in vitro
and may hinder the formation of mutagenic and carcino-
genic N-nitroso compounds by inhibiting N-nitrosation
reactions. Furthermore, ChA was reported to inhibit the
oxidation of low-density lipoprotein in vitro and could
protect against cardiovascular disease [19]. Hence, ChA
could potentially be extracted from mulberry leaves and
refined for use as a medicine to treat human diseases.

As shown in Table 6, the leaves of the various mulberry
cultivars contained different amounts of individual phe-
nolic compounds. However, not all of the 11 phenolic
compounds were detected in all samples; for example,
BeA was only observed in G6 and G8, while Sco was only
found in G1, R2, Z2, QM, BR60, J4-1, J5, Y1. Although

none of the 23 cultivars contained all 11 components,
J4-1,R2, Z2 and J5 were the richest in free phenolic com-
pounds among the samples tested, with ten components
detected. In contrast, YD contained the smallest variety
of phenolic compounds, with only six of the components
detected.

As shown in Table 7, CaA, Iso, Ast, PrA, FeA, and SyA
accounted for the majority of the bound phenolic content
for most of the samples, although Iso and PrA were not
detected in G8 and SyA was not detected in Z4. Among
these six main bound phenolic compounds, CaA was the
major component. Previous studies have indicated that
CaA, as an a-tocopherol protectant in low-density lipo-
protein, is a superior antioxidant compared with FeA,
which can also serve as a potent antioxidant to eliminate
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Table 6 Free phenolic compounds detected in the 23 mulberry leaf samples by HPLC
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Compound ChA Epi CaA Rut Iso Ast

(mg/g DW)

G1 139640.128 03400399 0.126+0016 0073+£001¢ 0.17840.017* 0.123£0.008™
G6 42680659 0.7340.096" 0.124+0016 0.309 0043 0.854+0.089' 0.756£0.071
G8 2402402420 0.3880.052¢" 0.14540.03¢ 0.28540.055% 0.513 £0.063/"k 0.183 400420
GSW 12,6034 1.264 0467 +£0061¢ 0.047 £0,006%" 1.0680.085% 1494 40.194% 0472400589
R2 21.1274£193¢ 0.8140.088%® 0.23540,049% 1.136+£0.179¢ 2093+0216° 1.55340.228
7403 3.12240301M 0340025 0.037£0.003%" 0.181£0.019% 02940028 0.274 40,022
DS 749440614 033840036 0223400317 0409 40,033k 0447 40,041 9"k 0.27940.052MK
B-2-8 13.766 4 1.593¢ 0.35240.043¢n 0.045 +0,006%" 0.252+0.046% 0733400611 046400399
Z1 349404169 0.341 40,035 0.07140.009% 0.134+0.025* 0.341 40045k 0.067+0009™
72 342403339 037640071 0.11840013% 0.289 0044’ 06810071 0.1440.026K™
74 49404330 0.395+0.052%9 0277 £0053° 0.305+0.043% 0.631£0.056°" 0.16 0,032
CGS 44,627 +4.149° 0.295 +0.056%" 0.042 £0.005%" 2248+0417° 3.187+0476° 0.754+0.1¢

T6 847 +1.062¢ 043240073 0.091£0011%f 1.2634£0.194¢ 188140355 067240073
7 5627407375 0.756£0.07* 0.03240.004%" 041140045k 0.582 40,049/ 0.354+0.056%"
QoM 2.69540.326" 0.313£0.0299" 0.041 £0.003%" 041640032M 0412400219k 0315400339k
BR60O 2217402420 0.30240.032%" 0.059 0005/ 0.37840.042"k 0.38240.0389"k 0.257 40.025MK!
S54 12413 41.943¢ 0.601 0,065 0.0940,009%" 0.93140.09%f 1.2314£0.15% 0.861+0.114%
141 129694 1612¢ 0.923+0.098° 0.2540.044% 0.77140.074%9 155540279 1.04440.143>
J5 4577 £0.5090N 0276+0041" 0.053£0.009%" 0.666+0.097%" 0.6190.084" 0.367 £0.056%"
Y2 18341 42.335¢ 0.666 40092 <4 0.1094 0014 1.16540.133¢ 1.73940.165>¢ 093440121
YXM2 6429404379 0.28240,033%" 0.1334£0024 0.507 £0,0479" 0.237+0.029* 0.136+£0022'm
YD 19.797 4+ 2.348° 0.15340.026' 0.01740.002" 357 40.468° 13324£0.135¢ 0.336+0.0629"
Y1 29.099+2.512° 0.367 40,037 0.035+0.005%" 439740352 3.0774£0363° 1.12840.184°
Compound PrA Que GaA Sco BeA

(mg/g DW)

G1 0.029+0.005%" ND 0.0180.002¢ 0.002+0¢ ND

G6 ND ND 0.02440.004° ND 0.0340.004°
G8 0.0322£0.005%f9" ND 001740002 ND 0.02140.004°
GSW ND 0.018+0.002° 0.007 £0.0019" ND ND

R2 0.033£0.003% 0.01640.002°> 0.0024 04 0.00440° ND

7403 0.036 40,0035l 0015400022 003740004 ND ND

DS 0.034 £ 0.004°%¢f0 001340003 001140002 ND ND

B-2-8 0.0340.004%" 001440003 0.004 0,001k ND ND

71 0.032 40,0059 0.01740.002%° 0.01840.002 ND ND

22 0.04440.007°<¢ 0.01540.002°> 0.005 4 0.001"k 0.00640.001¢ ND

74 0.0480.009%° 001340002 00140001 ND ND

CGS ND 001340003 ND ND ND

T6 00340007 0.01340.003% 0.003£0.001H ND ND

T7 0.031£0.007¢" ND 0.007 40.0019" ND ND

QoM 0.042 = 0.004°" 0.01240001¢ 0.005+0.001M 0.01440.002¢ ND

BR6O 0.056+0.007° ND 0.003 0 0.01540.002¢ ND

554 0.043 40,0095 ND 0.005 0001k ND ND

141 0.02540.0069" 0.01640.002°> 0.00540.001"k 0.00540.001¢ ND

Js 0.04540.005%¢ 0.01240.002¢ 0.00640.001" 0.0740.008° ND

Y2 0.02+40005" 0.015 40,0022 0.001+0' ND ND

YXM2 0.029+0.006%" ND 0.01440.002% ND ND

YD ND ND ND ND ND

Y1 ND 0.014 400032 ND 0.1340023° ND

ND not detected

Different letters indicate significant differences in free phenolic compounds detected in the 23 mulberry leaf samples by HPLC (P <0.05)

Values with no letters in common in each column are significantly different (P <0.05), n=3
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Compound CaA Iso Ast PrA FeA

(mg/g DW)

Gl 012540021 0.08640.008%9" 0.049 £ 0.006% 0.0240.003¢f 0.013+0.003%¢
G6 0.133£0022 0.0840.008" 0.068+0.008° 0.01640.002579" 0.005 £0.001Km
G8 0.141+0.024 ND 0.027 40.0039" ND 0.01140.002°%f
GSW 0.53140.04° 04124004 0.059 4-0.008% 0.046 +0.007° 0.01240,00320<
R2 0.317 £0.024%" 0.25+0.022° 0.185+0.023? 0.016 40.003%9" 0.01140.0025
7403 0.123+£0018 0.047 £0.005" 0.04+0.006 0.0180.003%f0 0.014+0.003%
DS 0.20140.021" 0.044 4 0.006 0.017 £0.003! 0.0134+0.0029" 0.01340.002°%
B-2-8 026340031 0.127+£0.02¢ 0.072 40.007¢ 000340 0.004 4 0Km

Z1 0.28440.035% 0.08140.011%" 0.017£0.003" 002340003 0.007 £0.001"K
72 0.36540.039< 0.357 40.035° 0.032 40.0059" 0.03240.004° 0.00940.001°M
74 0.3594-0.038°% 0.255 40034 0.036 400049 0.02840.003> 0.01 00019
CGS 0.383+0.034° 0.07540.006°" 0.022 40.002" 0.008 40/ 0.007 40.001 9"k
T6 0.198 £0.024" 0.198+0.028° 0.063 £ 0.005% 0.012£0.002" 0.009 = 0.001 defani
T7 00944001 0.057 40.0079M 0.033+0.0039" 0014400029 0.014+0.002%¢
oM 0.108+0.012 0.046 +0.005" 0.018+0.002" 0.01640.001%%" 0.007 4 0%Im
BR60 0.147 +£0.017 0.062 40.0079" 0.022 40.003" 0.018 40.0027¢9 0.00440™

S54 0.307 +0.03¢f 0.11640.013¢ 0.028 40.0049" 0.01640.0021" 0.008 4 0fo

141 0.314£0.026%" 0.20940.025¢ 0.13540.019° 0.022 40.003¢ 0.01540.002°

J5 01384001 0.05140.007" 002400017 0.01240.002" 0.007 40.0019"
Y2 0307 £0.031¢ 02240024 0.099+£0011° 0.021£0.002% 0.009 0,001
YXM2 027340022 0.03240.004 0.014+0.002 0011 £0.002" 0.01 40.001%feh
YD 0.2340.029" 0.0640.006%" 0.01640.002 0.003+0 0.008 40.0019"
Y1 0468 0.045° 0.0940.006%@ ND 0.006 +0.001) 000440
Compound SyA Quer Rut GaA BeA

(mg/g DW)

G1 0.00440.001" ND ND ND 0.00240?

G6 0.006 4 0.001" ND 001400019 ND 0.001 40P

G8 0.005 00014 ND ND 0001 £0° 0.001 £0°

GSW 0.0140.0029" 0.008+0.0012 0.032 40.004% 000140 ND

R2 0.021 40.003° 0.007 +0.001%® ND ND ND

7403 0.00340' 0.007 +0.001%® 0.0140.0029 0001 +0° ND

DS 0.00940.001" 0.007 +0.001%° 0.01240.002°9 0001 £0° ND

B-2-8 0.01440.002f 0.006+0.001° ND ND ND

Z1 0.007 £0.0014 0.007 £0.001% 00110002 0.003+0? ND

72 0.0080.001% 0.007 £0.001% 0.0240.002° 0.001 +0c ND

74 ND 0.0074£0.001% 0017 £0.002° 0.001£0° ND

CGS 001940002 ND 0.017 40002 0001 +0¢ ND

T6 0.01440.002%f 0.007 +0°° 0.034 4 0.004® 0.001 0% ND

T7 0.00440.001" 0.006 +0.001° ND 0.001 0% ND

QM 0.005 40 0.007 +0.001%® 0.013 4000279 0.001 04 ND

BR60 0.007 £0.001% ND 0.016 = 0.002°<%€ 0001 £0° ND

S54 0.0134+0.002 ND ND 0.001 08 ND

J4-1 0.017+0.001% 0.007 +0.001%® 0.01840.002° 0.001 +0° ND

J5 0.008+0.0017 0.007 +0.001%® 0.01540.007°%" ND ND

Y2 0.027 +0.002° ND ND 0.001 4 0% ND

YXM2 0.012£0.001%" ND 0.016 40.002°<¢¢ 0.001 40 ND

YD 0.021 £0.002° ND 0.031£0.002% ND ND

Y1 0.035 4 0.004% 0.007 +0.001%® 0.033 0.004% ND ND
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ND not detected

Different letters indicate significant differences in bound phenolic compounds detected in the 23 mulberry leaf samples by HPLC(P < 0.05)

Values with no letters in common in each column are significantly different (P <0.05), n=3

Table 8 Antioxidant activities of the free phenolic fractions of
the 23 mulberry leaf samples

Table 9 Antioxidant activities of the bound phenolic fractions of
the 23 mulberry leaf samples

Cultivar  FRAP ABTS
(umol Fe?*/g DW)  (umol TEAC/g DW)

DPPH
(umol AEAC/g DW)

G1 351342470 23534 1.669" 23114191
G6 70.21£563° 32.98+2.649 55214 4.43%
G8 4733449519 2497 42579 33.87 +3.54%"
GSW 108.14411.13¢ 45524468 102.77 +10.57¢
R2 66.68 +5.95¢ 30.04 4 2.68%" 4081 £ 3640
7403 41 43469 19.81+£167" 263742.23¢
DS 166.134+16.59° 81.2348.11° 158.15+15.79
B-2-8 79.97 £9.18% 35744417 41234730
Z1 407244939 250843049 30.04 £ 3.64"
72 5317 +£5.950" 2866+3.219" 4201 £ 477N
74 55914 565N 32.27 43269 44+ 4 459N
CGS 2278423257 96.22+9.82° 256.63426.19°
T6 129.14417.87¢ 63.25+8.75¢ 100.27 +13.87¢
17 63.16 4 7.85°f0 287343579 430845369
QMm 412644445 25094 2.7 37.15 449N
BR60 105.83 £ 15.65¢ 4807 +7.11° 97.37 +144¢
S54 4576448519 24,064 255" 28943.07"
41 114.68 4 14.8° 50,614 7.69% 66.83+8.62°
J5 61984589 29484 2.769" 425943997
Y2 129.24+16.129 12042 +15.02° 61.05+7.61
YXM2 51.81 +4.04%" 274142139 48.73 4 3.8°fn
YD 196.81423.75° 82.42+£9.95° 182.94422.08°
Y1 221.99+20.28 9489+ 867° 247.82+£22.64°

Cultivar  FRAP ABTS DPPH

(umol Fe?*/g DW)  (umol TEAC/g DW)  (umol AEAC/g DW)
G1 165+ 2.16 9.344 120" 9.854 129/
G6 14794 198! 6.5240.88% 73540995
G8 14524237 6.5641.07% 7.2341.18%
GSW 322643.09< 13374128 14314137%
R2 22.7142.71%n 9.55 4 1.14°%f9n 8.77+1.05"
7403 13.524204 6.9341.05% 7.7841.18%
DS 3724361 16.01 41550 2089+2.03°
B-2-8  39.15+5.06" 15314198 17.36 4224
Z1 17.0342.19M 8944 1.159M 9.7341.25%"
72 232842550 11.81 4 1.29%f 11424 1.25¢fh
74 22.76 + 2,66/ 11154139 9.95+1.16/9"
CGS 294542579 12.38+1.08¢ 154131
T6 4189+5.11%b 18274224 22.524275%
T7 12744144 5544063" 5114058"
QM 1691 +1.92M 8944 1.019M 10.02 £ 1.14%N
BR60 2621 +2.76% 11.92+1.26% 14324151%
S54 13654153 6.9240.77% 5994 067"
J4-1 2847 +3.04%f 1331+£142 12.7241.36%f
J5 1772417190 7.7540.75"k 7.7440.75%
Y2 4593+483° 1499+ 1585 2048 +2.15°
YXM2 1964+ 1.869" 9.2440.889" 11.9341.13¢%f0
YD 26.98 + 2.45%f 10.83 £ 0.98% 1431+1.3%
Y1 37.8643.56° 1644154 24054 226°

free radicals and singlet oxygen [15, 24].GSW, 7403, DS,
71, 72, T6, QM and J4-1were the richest among the 23
cultivars in terms of bound phenolic compounds.

The data presented in Tables 6 and 7 show that the
total phenol contents of Rut (21.472 mg/g DW), Ast
(12.700 mg/g DW), ChA (245249 mg/g DW), and
BeA(0.055 mg/g DW) were generally consistent with
those determined by Zou et al. [40], who reported a Rut
content of 0.1-0.7 mg/g DW, an Ast content of 0.1—
0.5 mg/g DW, a ChA content of 0.9-2.1 mg/g DW, and a
BeA content of 0-0.2 mg/g DW.

Combined with Tables 6 and 7, only 10 phenolic
compounds could be found in the bound phenolic con-
tent, which was one phenolic kindless than free phenol.
Seven phenolic compounds were detected in both the
free and bound fractions, indicating that they occur in
mulberry leaves in both forms. Similar to the results for
the free phenolic compounds, BeA was detected in the

bound fraction for samples G6, G8, and G1. Although
the bound phenolic content was relatively low, it cannot
be neglected, especially in the case of CaA, because the
conjugated forms have been demonstrated to act as more
powerful antioxidants in various systems [13, 24].

Antioxidant activity and its correlation with phenolic
content

The antioxidant activities of the free phenolic fractions
of the 23 mulberry leaf samples were determined using
three separate assays (FRAP, ABTS, and DPPH). As
shown in Table 8, the FRAP, ABTS, and DPPH values
ranged from 35.13 pmol Fe>*/g DW (G1) to 227.8 pmol
Fe?*/g DW (CGS), from 19.81 pumol TEAC/g DW (7403)
to 120.42 pmol TEAC/g DW (Y2), and from 23.11 pmol
AEAC/g DW (G1) to 256.63 pumol AEAC/g DW (CGS),
respectively. The free phenolic content and antioxidant
activity exhibited a certain degree of positive correlation.
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Table 10 Correlation coefficients (R?) for the linear relationships between the total phenolic content, free phenolic content, bound

phenolic content and FRAP, DPPH, and ABTS activities

FRAP? ABTSP DPPHC FRAPY ABTS® DPPH' PCoonl PCieo” PCround

FRAP? 1 0.8898 096 06751 06437 07375 0.795 07973 0.1861
ABTS? - 1 07676 07876 06866 07878 0.7052 0.7059 02342
DPPH® - - 1 05208 05338 0.6443 07722 07755 0.1234
FRAPA - - - 1 09532 09389 04926 04873 04582
ABTS® - - - - 1 0.9495 04193 04131 04749
DPPH' - - - - - 1 04629 04606 02929
PCors? - - - - - 1 09998 03899
PCree” - - - - - - 1 03732
PCoound - - - - - - - 1

2 Ferric reducing antioxidant power of the free phenolic extract
b ABTS radical scavenging activity of the free phenolic extract

¢ DPPH radical scavenging activity of the free phenolic extract

4 Ferric reducing antioxidant power of the bound phenolic extract

€ ABTS radical scavenging activity of the bound phenolic extract

f DPPH radical scavenging activity of the bound phenolic extract
9 Total phenolic content
P Free phenolic content

i Bound phenolic content

As shown in Table 9, the FRAP values of the bound
phenolic fractions of the 23 mulberry leaf samples ranged
from 12.74 pumol Fe*"/g DW (T7) to 45.93 pmol Fe**/g
DW (Y2), which did not vary a lot probably. The ABTS
values varied from 5.54 umol TEAC/g DW (T7) to
18.27 pmol TEAC/g DW (T6), where T6 and T7 origi-
nated from the same country (Thailand). The DPPH
values ranged from 5.11 pmol AEAC/g DW (T7) to
24.05 pmol AEAC/g DW (Y1).

Overall, the results of the three assays revealed a posi-
tive correlation between the free and bound phenolic
contents and the antioxidant activities. Thus, the corre-
lations between the antioxidant activities and the con-
tents of individual phenolic compounds as determined by
HPLC were evaluated to further examine the differences
between the 23 cultivars.

Correlation between antioxidant activities and contents

of individual phenolic compounds

Correlation analysis was conducted to determine whether
any linear relationships existed between the antioxidant
activities, total phenolic content, free phenolic content,
bound phenolic content, and content of each phenolic
component, and the results are summarized in Tables 10,
11, and 12. Owing to the diversity of the tested cultivars
and differences in climate and other factors between dif-
ferent regions, the correlation of the different measured
data was also different.

As shown in Table 10, between the phenolic contents
and the antioxidant activities of the various extracts,
the strongest correlation was observed between the free
phenolic content and the FRAP values of the free phe-
nolic extracts (R*=0.7978), followed by the relationship
between the total phenolic content and the FRAP values
of the free phenolic extracts (R*=0.795). The weakest
correlation occurred between the bound phenolic con-
tent and the DPPH values of the free phenolic extracts
(R*=0.1234). Previous studies have indicated that phe-
nolic compounds greatly contribute to the antioxidant
activity of mulberry leaves, especially the free phenolic
content, which has the greatest influence. A strong cor-
relation was also observed between the bound phenolic
content about Rut and the ABTS values of the bound
phenolic extracts(R2=0.6797), indicating that certain
phenolic compounds in the bound phenolic fraction
may influence the removal of ABTS free radicals, such as
CaA, Iso, and Que (Table 12). However, the correlation
between total phenolic content and ABTS, free phenolic
content and ABTS were the weakest, indicating that there
may have been other substances present in the mulberry
leaves that also affected the removal of ABTS free radi-
cals, such as PrA (Table 11).

As shown in Tables 11 and 12, the contents of four
phenolic compounds, namely, Iso, Rut, Sco, and ChA,
exhibited positive correlations with the antioxidant
activities of the free phenolic extracts as determined
using all three assays, whereas the other seven phenolic
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compounds displayed no obvious correlation with the
antioxidant activities. The strength of these positive cor-
relations followed the order Rut>ChA >Sco>Iso for the
FRAP activity, Sco>Rut>ChA >Iso for the DPPH activ-
ity, and Sco>ChA >Iso>Rut for the ABTS activity. How-
ever, as Sco was not detected in most of the samples, the
free phenolic substances predominantly responsible for
the antioxidant activities of the mulberry leaf samples
appear to be Iso, ChA, and Rut. The correlation coeffi-
cient between the FRAP and DPPH assays was similar in
Table 11, which indicates that these two assays were more
suitable than the ABTS assay for measuring the anti-
oxidant activity of free phenolic compounds. This may
explain why the FRAP and DPPH assays have been more
frequently applied to determine the phenolic antioxidant
activity in previous studies [32, 39]. With respect to the
bound phenolic compounds, SyA and Rut (Rut>SyA)
displayed a significant positive correlation with the
antioxidant activities of the bound phenolic extracts as
determined using all three assays, whereas no obvious
correlation was observed for the other compounds.

Overall, the correlation between the phenolic contents
and antioxidant activities fluctuated greatly, reflecting
that phenolic compounds are the main antioxidants in
mulberry leaves.

Conclusions

The phenolic compositions and antioxidant activities
of leaves from 23 mulberry varieties cultivated in sev-
eral countries and regions were characterized using LC-
ESI-QTOF and three separate antioxidant assays (FRAP,
ABTS, and DPPH). The results revealed significant dif-
ferences in the phytochemical contents and antioxidant
activities between the samples. The phenolic compounds
in mulberry leaves predominantly existed in the free
form. CGS from Taiwan displayed the highest phenolic
content as well as superior antioxidant activity compared
with the other 22 cultivars, as determined by the FRAP,
ABTS, and DPPH assays. Furthermore, the obtained
results demonstrated that ChA and CaA were the main
phenolic compounds in the free and bound fractions,
respectively. Iso, ChA, and Rut accounted for the major-
ity of the antioxidant activity in the free phenolic frac-
tions, while SyA and Rut were positively correlated with
the antioxidant activity of the bound phenolic fractions.
Taken together, these results indicate that the antioxidant
activity of mulberry leaves is related to the content and
types of phenolic compounds present.
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