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t, antioxidant and antiproliferative
activities of six varieties of white sesame seeds
(Sesamum indicum L.)†

Xiaohui Lin,a Lin Zhou,*a Tong Li,b Charles Brennan,c Xiong Fua and Rui Hai Liu*b

Little work has been conducted on the evaluation of antioxidant and antiproliferative activities of different

sesame seed varieties. This article compared the total phenolics, antioxidant contents, and the

antiproliferative activities of six varieties of white sesame seeds. Total contents of phenolics and

flavonoids ranged between 370.5–786.8 mg GAE/100 g, DW and 714.0–1354.7 mg CE/100 g, DW,

respectively. Antioxidant activity was determined by oxygen radical absorbance capacity (ORAC),

hydrogen peroxyl radical scavenging capacity (PSC) and cellular antioxidant activity (CAA) assays.

According to the ORAC and PSC assays, the white sesame seeds showed high antioxidant values of

33.94 mmol Trolox equiv./g, DW and 9.39 mmol Vit. C equiv./g, DW, respectively. The free CAA values

ranged from 55.66 to 224.45 mmol QE/100 g, DW in the no PBS wash protocol, and 21.88–57.36 mmol

QE/100 g, DW in the PBS wash protocol. The proliferation of HepG2 human liver cancer cells were

inhibited significantly after exposure to the white sesame seed extracts, with EC50 of antiproliferative

activities ranging from 102.54 to 43.92 mg mL�1. Free phenolics make a major contribution to total

phenolic content, antioxidant and antiproliferative activities. This study suggested that white sesame

seeds are potential sources of functional food to prevent chronic diseases.
1. Introduction

Antioxidants, possibly from dietary phytochemicals, which
scavenge reactive oxygen species to keep the balance between
oxidants and antioxidants, may play a signicant role in the
prevention of numerous chronic diseases.1,2 There is increas-
ingly convincing evidence indicating that the nutritional func-
tions of phytochemicals in fruits, vegetables, legumes, and
whole grains might be greater than is currently acknowledged
against oxidative stress which is concerned with the etiology of
various chronic diseases.2 Phenolics have been discovered to
have many health benets including antioxidant activity and
anticarcinogenic properties.3 Flavonoids/polyphenols found in
plants have received extensive attention among researchers as
important natural antioxidants. Epidemiological studies have
shown that a high dietary consumption of plant phenolics was
benecial to health and might provide protection against major
chronic diseases.4
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Sesame (Sesamum indicum L.) is grown widely as oilseed crop
in the world, and is cultivated mainly in subtropical, tropical,
and southern temperate regions of the world.5 The sesame seed
is not only an important material for edible oil production and
food, but is also used as an ingredient in Traditional Chinese
Medicine. Sesame seeds contain bioactive components
including phenolics, vitamins, phytosterols, and poly-
unsaturated fatty acids, which provides a benecial effect on
human health.6 Sesame seed lignans have been reported to have
high antioxidant activity both in vitro and in vivo experiments.7,8

However, current research focuses on the antioxidant of free
phenolics in sesame seeds, while there is a lack of information
regarding the antioxidant and antiproliferative activities of the
bound phenolics.9,10 Therefore, present study was aimed to
compare the antioxidant and antiproliferative activities among
different varieties of white sesame seeds, and associate the
contents of phenolics and avonoids with the antioxidant and
antiproliferative activities.
2. Material and method
2.1 Chemicals

Acetone, n-hexane, ethyl acetate, hydrochloric acid, ethanol, and
tetrahydrofuran were purchased from Guanghua Sci-Tech Co.,
Ltd. (Guangdong, China). NaOH, Na2CO3, aluminum chloride,
acetic acid, KH2PO4, K2HPO4, and KOH were purchased from
Sangon Biotech Co., Ltd. (Shanghai, China). Folin–Ciocalteu
RSC Adv., 2017, 7, 5751–5758 | 5751
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reagent, 2,20-azobis-amidinopropane (ABAP), gallic acid, chlor-
anil, catechin hydrate, dichlorouorescin diacetate (DCFH-DA),
uorescein disodium salt, and 6-hydroxy-2,5,7,8-
tetramethylchroman-2-carboxylic acid (Trolox) were purchased
from Sigma Chemical Co. (St. Louis, MO, USA). Sodium borohy-
dride and vanillin were purchased from Aladdin Co. (Shanghai,
China). Sesamol, sesamolin, and sesamin were obtained from
Chengdu Pufei De Biotech Co., Ltd. (Sichuan, China). Octade-
cylsilane (ODS) gel (50 mm) was purchased from YMC Co. (Kyoto,
Japan). Williams' medium E, Hank's balanced salt solution,
insulin, and other cell culture reagents were purchased from
Gibco Life Technologies Co. (Grand Island, NY, USA).

2.2 Plant materials

Six varieties of white sesame seeds (A15-4, 143-3, 243-1, 253-2,
166-2, 188-1) were kindly donated by Shanxi Academy of Agri-
cultural Science of China in 2014 and kept at �20 �C until use.

2.3 Extraction of soluble free phenolics

Soluble free phenolics of the sesame seeds were extracted using
the method reported previously,11 and modied in the present
study. Briey, 1 gram of the sesame seeds was homogenized
with 10 mL of n-hexane for 3 min and centrifuged at 2850 g for
3 min, the solvent was decanted to recover a pellet. The defatted
residue was homogenized with 10 mL of 80% acetone at 4 �C for
3 min and centrifuged at 2850 g for 3 min. Finally, the super-
natant was collected and evaporated at 45 �C under vacuum
until 1 mL solvent remained. The extract was brought to 10 mL
with water and stored at �20 �C until use.

2.4 Extraction of soluble bound phenolics

Soluble bound phenolics were extracted using the method re-
ported previously,12 and modied in the present study. Briey,
the residue obtained from the extract of soluble free phyto-
chemicals was ushed with nitrogen gas, digested with 10mL of
4 M sodium hydroxide at room temperature and sealed for
90 min under shaking. The mixture was neutralized with
hydrochloric acid and then extracted with ethyl acetate. The
ethyl acetate fractions were evaporated at 45 �C under vacuum
to remove solvent. The extract was re-suspended in 10 mL water
and stored at �20 �C until analysis.

2.5 Determination of total phenolics

The phenolic contents were determined using the modied
Folin–Ciocalteu colorimetric method reported by previous
study.13 Briey, the sample extract or gallic acid was mixed with
Folin–Ciocalteu reagent for 6 min, aer which sodium carbonate
was added into the test tube and allowed to stand for 90min aer
thoroughly mixing. The absorbance was detected at 760 nm and
the result was expressed as micrograms of gallic acid equivalents
per 100 gram dry weight sample (mg GAE/100 g, DW).

2.6 Determination of total avonoids

The contents of avonoids were measured using the method
sodium borohydride/chloranil reported previously with
5752 | RSC Adv., 2017, 7, 5751–5758
modication.14 Briey, 1 mL of extracts was added into glass test
tubes and dried under nitrogen gas. The dry pellet was then
reconstituted in 1 mL of THF/EtOH (1 : 1, v/v). Catechin stan-
dards (0.1–10.0 mM) were prepared fresh in 1 mL of THF/EtOH
(1 : 1, v/v). 0.5 mL of 50.0 mM NaBH4 solution and 0.5 mL of
74.6 mM AlCl3 solutions were added to test tubes and the
mixtures were shaken at room temperature for 30 min. Another
0.5 mL of 50.0 mM NaBH4 solution was added into test tubes
with shaking for 30 min at room temperature. Then, 2.0 mL of
cold 0.8 M acetic acid solution was added to each test tube with
shaking for 15 min at room temperature in dark. 1 mL of
20.0 mM chloranil was added to each tube, which was kept at
95 �C for 60 min. Then, the volume was brought to 4.0 mL
volume with methanol aer the tubes were cooled using tap
water. 1 mL of 16% vanillin methanol solution was added to
each tube and mixed. Then, 2 mL of 12 M HCl was added to test
tubes, and the reaction solutions were kept in the dark for
15 min. Finally, the absorbance was measured at 490 nm aer
the mix solutions were centrifuged at 1450 g for 3 min. The
results were expressed as mg catechin equivalents per 100 g dry
weight sample (mg CE/100 g, DW).

2.7 Analysis of lignans by high-performance liquid
chromatography analysis (HPLC)

Analysis of sesamol, sesamolin, and sesamin was performed by
HPLC method reported previously,15 which was modied in
current study. Briey, the extracts and lignan standards were
detected by Waters HPLC system (Waters Corp., Milford, MA)
containing C18 phenomenex column (4.6 mm i.d. � 250 mm),
a binary pump, an intelligent sampler and a diode-array
detector. The mobile phase was a mixture of methanol-
deionized water (75/25, v/v) at a ow rate of 0.8 mL min�1.
Absorption at 290 nm was monitored. The contents of indi-
vidual phenolic content were expressed as milligrams per 100
gram of dry weight sample (mg/100 g, DW) according to the
standard curve. The calibration ranges of sesamol, sesamin,
and sesamolin were 2.0–200.0 mg.

2.8 Measurement of total antioxidant activity by PSC assay

The total antioxidant activities of extracts were analyzed by PSC
assay as reported previously.14 Briey, gallic acid was used as
a standard and dissolved in 75 mM phosphate buffer (pH ¼ 7.4).
100 mL of 13.26 mMDCFHwas hydrolyzed with KOH to remove the
diacetate moiety and was added into 100 mL of sample or stan-
dard. Finally, the 50 mL of 200 mM ABAP was added into the
mixtures and the uorescence was monitored dynamically at
485 nm excitation and 535 nm emission with a uorescent
spectrophotometer (Fluoroskan Ascent FL, Molecular Devices,
USA). The PSC values were presented as micromole of vitamin C
equivalents per gram dry weight sample (mmol Vit. C equiv./g,
DW).

2.9 Measurement of total antioxidant activity by ORAC assay

The total antioxidant activities of the sesame seed extracts were
measured by ORAC assay reported before.14,16 The ORAC assay
measured the extract ability to inhibit the uorescein disodium
This journal is © The Royal Society of Chemistry 2017
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salt from being oxidized by the radicals of ABAP compared to
the Trolox. Briey, 20 mL of test samples or Trolox were incu-
bated at 37 �C for 10 min. 200 mL of 0.96 mM uorescein was
added in to both samples and Trolox and themixtures were kept
at 37 �C for 20 min. Aerwards, 20 mL of 119.4 mM ABAP was
added to start the reaction and the uorescence was monitored
dynamically at 485 nm excitation and 535 nm emission with
a uorescent spectrophotometer (Fluoroskan Ascent FL,
Molecular Devices, USA). The results were reported as mmol
Trolox equivalents per gram dry weight sample (mmol Trolox
equiv./g, DW).

2.10 Measurement of total antioxidant activity by CAA assay

Human liver cancer cell line HepG2 (ATCC® HB-8065) were
purchased from ATCC company (Manassas, VA, USA) and were
grown in growth medium, supplemented with 0.05 mg mL�1

hydrocortisone, 50 units per mL penicillin, 50 mg mL�1 strepto-
mycin, 2 mM L-glutamine, 10 mMHepes, 5 mg mL�1 insulin, 100
mg mL�1 gentamicin, and 5% FBS and were incubated at 37 �C in
5% CO2. The CAA assay was conducted as described previously.17

HepG2 cells were seeded at a density of 6 � 104 cells per well on
a 96-well plate in 100 mL of growthmedium per well. Themedium
was removed and the plate wells were washed with 100 mL of PBS
aer seeding approximately 24 h. Wells were treated in triplicate
with different concentrations of extracts plus 50 M DCFH-DA for
1 h. Aerwards, the treatment medium was removed, and one
plate was managed with a PBS wash protocol while the other one
was managed with a no PBS wash protocol. Then, ABAP (600 mM)
in 100 mL of Hank's balanced salt solution was added into the
wells and the microplate was placed in Multi-Mode Microplate
Reader (Molecular Devices) at 485 nm excitation and 535 nm
emission. The uorescence intensity was monitored every 5 min
for 1 h. The quercetin was used as standard and CAA values were
expressed as mmol quercetin equivalents per 100 gram dry weight
sample (mmol QE/100 g, DW).

2.11 Determination of antiproliferative activity

The antiproliferative effects of sesame seed extracts were per-
formed by methylene blue method.18,19 Briey, HepG2 cells were
seeded at a density of 2.5 � 104 cells per well in the wells of the
96-well plate. Aer incubating at 37 �C for 4 h, the medium was
removed and various concentrations of sesame seed extracts
were added in wells. The wells treated with growth medium
minus extracts were used as controls. Aer 72 h of incubation,
the growth medium was removed, and cells were stained with
methylene blue for 1 h at 37 �C. The staining solution was
removed, and the plate was washed in deionized water. Absor-
bance was measured using a microplate reader at 570 nm
wavelength. The antiproliferative effects were calculated by the
EC50 values, and expressed as milligrams of sesame seed
extracts per milliliter (mg mL�1).

2.12 Separation of crude extracts by column
chromatography

The extraction of soluble free phenolics (1 g) was fractionated in
an open column (1.6 cm i.d. � 50 cm) packed with ODS gel. The
This journal is © The Royal Society of Chemistry 2017
column was eluted with 500 mL portion of 10, 20, 50, 75, and
100% methanol in series, and eight fractions (S1–S8) were
collected (ESI data 1†). The fractions were evaporated at 45 �C
under vacuum and brought to 5 mL with water and stored at
�20 �C until use. The phenolic contents and ORAC values of
eight fractions were determined.

2.13 UPLC-MS analysis of the separated fraction

The fraction containing the highest phenolic content and ORAC
value was analyzed by UPLC-MS. UPLC-TOF MS (Acquity UPLC-
Q/TOF micro; Waters, Milford, MA) was performed using a C18
column (2.1 mm i.d. � 50 mm; Waters). The eluents used were
water (A) and methanol (B); the elution conditions were 0–
1.6 min, 10% B; 1.6–3.6 min, 20% B; 3.6–4.6 min, 40% B; 4.6–
8.6 min, linear gradient to 60% B; 8.6–11.6 min, 75% B; 11.6–
12.6 min, 100% B. The ow rate was 0.208 mL min�1 and the
injection volume was 2 mL. The negative ionization model ([M�
H]�) was used to collect the mass data. The capillary voltage was
3.0 kV. Cone and desolvation gas ow rates were 60 and 500 L
h�1, respectively, and the source and desolvation temperature
was set at 100 and 300 �C, respectively.

2.14 Statistical analysis

Data were collected in triplicate and reported as mean � stan-
dard deviation. ANOVA and Duncan's comparison tests were
performed using SPSS version 19.0 (IBM, USA) to identify the
difference between values. Statistical signicance was dened
to be at a level of p < 0.05.

3. Results
3.1 The total phenolic and avonoid contents of sesame
seed extracts

3.1.1 Total contents of phenolics. The contents of free,
bound, and total phenolics and the percentage contribution of
free and bound fractions to the total of six varieties of white
sesame seeds are shown in Table 1. The contribution of free
phenolics to the total phenolics ranged from 65.76 to 80.13%
and was considerably higher than that of the bound phenolics,
which ranged from 19.87 to 34.24%. The total contents of
phenolics ranged from 370.5 � 60.1 to 786.8 � 126.6 mg GAE/
100 g, DW. The highest total phenolic content was found in
variety 253-2, followed by varieties of A15-4, 166-2, 143-3, 188-1,
and 243-1. The contents of free phenolics ranged from 278.6 �
53.0 to 517.4 � 91.6 mg GAE/100 g, DW, while the contents of
bound phenolics ranged from 91.9 � 12.7 to 269.4 � 41.1 mg
GAE/100 g, DW. The highest contents of free, bound, and total
phenolics were found in variety 253-2, whilst the lowest content
was found in the variety 243-1.

Phenolic compounds comprising two main groups of non-
avonoids and avonoids exert health benecial properties
and contribute to the prevention of various chronic diseases.2 In
previous studies the total contents of phenolics of sesame seeds
were found to range from 129.7 to 355.3 mg GAE/100 g.9,20 The
total contents of phenolic compounds observed in this study
were much higher than the previous studies. This difference
RSC Adv., 2017, 7, 5751–5758 | 5753
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Table 1 Contents of total phenolics and flavonoids in six varieties of white sesame seeds

Varieties

Total phenolics (mg GAE/100 g, DW) Total avonoids (mg CE/100 g, DW)

Free Bound Total Free Bound Total

243-1 278.6 � 53.0d,a (75.19)b 91.9 � 12.7d (24.81) 370.5 � 60.1c 502.4 � 129.8b (61.96) 308.4 � 17.7b,c (38.04) 810.9 � 128.7c,d

188-1 335.0 � 19.6c,d (67.61) 160.5 � 20.0c (32.39) 495.6 � 14.0b 501.6 � 113.6b (70.26) 212.4 � 23.0c (29.74) 714.0 � 90.7d

143-3 404.2 � 52.5b,c (78.48) 110.8 � 20.4d (21.52) 515.1 � 65.1b 744.1 � 84.3a (54.93) 610.5 � 77.4a (45.07) 1354.7 � 145.8a

166-2 408.7 � 16.5b,c (66.10) 209.6 � 20.1b (33.90) 618.3 � 34.9b 749.1 � 73.2a (70.54) 312.8 � 64.6b,c (29.46) 1061.9 � 132.6b

A15-4 459.5 � 33.8a,b (80.13) 113.9 � 15.8d (19.87) 573.4 � 22.5b 667.7 � 76.6a,b (61.47) 418.5 � 88.7b (38.53) 1086.2 � 22.3b

253-2 517.4 � 91.6a (65.76) 269.4 � 41.1a (34.24) 786.8 � 126.6a 609.9 � 31.1a,b (64.26) 339.2 � 70.5b (35.74) 949.1 � 98.9b,c

a Values with no letters in common are signicantly different (P < 0.05). b Values in parentheses indicate percentage contribution to the total.
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might due to the diversity of variety studied or the methodology
used for phenolic analysis, especially considering bond
phenolics in our study, which contributed 27.70% to the total
phenolics. These bound phenolics may be digested in the colon
by bacteria to provide health benets and to protect against
chronic diseases.4 Previous research has shown that the bound
phenolics are linked with cell wall structural components
through ester bonds and may form the major portion of
phenolics in rice, wheat, oat, and corn.21 Thus, the study of both
free and bound phenolics provides accurate information on the
effect of total phenolics in relation to total antioxidant activity
potential.

3.1.2 Total contents of avonoids. The contents of free,
bound, and total avonoids in six varieties of white sesame
seeds are presented in Table 1. Contents of free, bound, and
total avonoids showed signicant difference among the six
varieties of white sesame seeds. The contribution of free avo-
noids to the total avonoids was higher than the corresponding
bound avonoids. Variety 143-3 exhibited the highest content of
total avonoids (1354.7� 145.8 mg CE/100 g, DW), while variety
188-1 showed the lowest content of total avonoids (714.0 �
90.7 mg CE/100 g, DW). The contents of free avonoids in
varieties 166-2 (749.1 � 73.2 mg CE/100 g, DW) and 143-3 (744.1
� 84.3 mg CE/100 g, DW) were relatively higher than those of
other four varieties of white sesame seeds. The bound fractions
of avonoids ranged from 212.4� 23.0 to 610.5� 77.4 CE/100 g,
DW. Varieties of 143-3 and 188-1 exhibited the highest and
lowest content of bound avonoids, respectively.
Table 2 Contents of sesamol, sesamin, and sesamolin of six varieties of

Varieties

Free

Sesamol Sesamin

243-1 19.82 � 0.20b,a (83.51)b 2.36 � 0.22e (9.93)
188-1 24.96 � 0.78a (61.52) 10.89 � 0.38a (26.84)
143-3 7.12 � 0.03d (41.05) 6.64 � 0.26b (38.28)
166-2 13.41 � 0.43c (62.98) 5.55 � 0.34c (26.08)
A15-4 5.52 � 0.21e (31.82) 6.42 � 0.32b (37.01)
253-2 7.04 � 0.12d (56.94) 4.11 � 0.20d (33.27)

a Values with no letters in common are signicantly different (p < 0.05). b

means “not detected”.

5754 | RSC Adv., 2017, 7, 5751–5758
The avonoid contents of the white sesame seeds were
observed to be higher compared to other plant sources, such as
the adlay (41.5 mg CE/100 g, DW), edible nut seeds (234.42 mg
CE/100 g, DW), and highland barley (199.7 mg CE/100 g,
DW).3,22,23 As mentioned previously the dietary intakes of avo-
noids have been reported to have health benets including
antioxidant activity and anticancer properties.16,24 Our research
illustrates the potential benecial use of sesame seed extracts in
improving human nutrition.
3.2 Analysis of phenolic compounds

The contents of individual phenolic compound in six varieties
of white sesame seeds are illustrated in Table 2. Three kinds of
lignans of white sesame seeds, namely sesamol, sesamin, and
sesamolin, were analyzed by HPLC. Contents of sesamol in the
free fraction ranged from 7.04 � 0.12 to 24.96 � 0.78 mg/100 g,
DW, with the average value of 56.30% percentage contribution
to total lignans. The overall ranking of contents of free sesamol
was in the decreasing order of 188-1, 243-1, 166-2, 143-3, 253-2,
and A15-4. However, sesamol in the bound fractions were low
ranging from 0.16 � 0.02 to 3.10 � 0.01 mg/100 g, DW, with the
average value of 5.13% percentage contribution to total lignans.
Variety A15-4 exhibited the highest content of bound sesamol
among the six varieties of white sesame seeds, while the bound
sesamol was not found in variety 188-1. Sesamin and sesamolin
were only found in the free fraction by HPLC. The average
percentage contribution of sesamin and sesamolin to the total
lignans detected were 28.57 and 10.86%, respectively. Contents
white sesame seeds (mg/100 g, DW)

Bound

TotalSesamolin Sesamol

1.05 � 0.05d (4.40) 0.51 � 0.02c (2.16) 23.74 � 0.49b

4.72 � 0.31a (11.64) ND 40.57 � 1.46a

2.92 � 0.04b (16.81) 0.67 � 0.00b (3.86) 17.35 � 0.27d

2.23 � 0.12c (10.48) 0.10 � 0.00e (0.46) 21.3 � 0.89c

2.30 � 0.19c (13.28) 3.10 � 0.01a (17.89) 17.34 � 0.71d

1.05 � 0.02d (8.53) 0.16 � 0.02d (1.26) 12.36 � 0.33e

Values in parentheses indicate percentage contribution to the total; ND

This journal is © The Royal Society of Chemistry 2017
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Table 3 Phenolic contents and ORAC values of eight fractions

S1 S2 S3 S4 S5 S6 S7 S8

Phenolics
(mg GAE/100 g DW)

8.32 � 0.14c,a 2.72 � 0.43d,e 14.03 � 0.40b 13.68 � 0.09b 50.66 � 1.83a 15.16 � 0.93b 4.13 � 0.03d 2.29 � 0.18e

ORAC values
(mmol Trolox
equiv./g DW)

1.68 � 0.19d 0.52 � 0.08e 2.99 � 0.93b,c 3.78 � 0.19b 12.90 � 0.65a 2.61 � 0.65c 0.39 � 0.09e 0.18 � 0.02e

a Values with no letters in common are signicantly different (p < 0.05).
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of sesamin and sesamolin in six varieties of white sesame seeds
ranged from 2.36 � 0.22 to 10.89� 0.38 and from 1.05 � 0.02 to
4.72� 0.31mg/100 g, DW, respectively. The six varieties of white
sesame seeds exhibited sesamin contents in the decreasing
order of 188-1, A15-4, 143-3, 166-2, 253-2, and 243-1. Similarly,
the decreasing order of sesamolin contents was 188-1, 143-3,
A15-4, 166-2, 243-1, and 253-2. Total contents of lignans ranged
from 12.36 � 0.33 to 40.57 � 1.46 mg/100 g, DW, with
decreasing order of 188-1, 243-1, 166-2, 143-3, A15-4, and 253-2.
The orders of total lignan contents and free sesamol contents
presented a similar pattern.

The ranges of sesamin and sesamolin contents in the previous
report were 324–553 and 295–372 mg/100 g, respectively.10 The
sesamin range of 74–723 mg/100 g and sesamolin range of 32–
225 mg/100 g were reported by the previous study.25 These rela-
tively less lignan contents may be due to the process of defatting
and the polar solvent used in present study. Sesamol, sesamin,
and sesamolin are fat-soluble lignans in sesame seeds and
therefore elute into the oil on extraction and extraction solvent
system may therefore have an inuence on lignan content.26
3.3 Separation and characterization of crude extracts

The phenolic contents and ORAC values of eight fractions of
white sesame seeds are presented in Table 3. The highest
phenolic content and highest ORAC value were found in frac-
tion S5, which contributed 49.35 and 55.20% to the total
Fig. 1 Mass spectra of sesaminol triglucoside.

This journal is © The Royal Society of Chemistry 2017
phenolic contents and total ORAC values, respectively. Thus,
the fraction S5 played a leading role in the antioxidant activities.

To better understand this fraction, we investigated it with
UPLC-MS analysis. The ESI-MS spectrum is presented in Fig. 1. A
main peak was eluted at 6.88 min corresponding to sesaminol
triglucoside. The fragment at m/z 855.21 was observed for ion [M
� H]�,27 and the fragment at m/z 901.28 and 915.30 were indi-
cated the ion presence of [M + HCOOH � H]� and [M + CH3-
COOH � H]�.
3.4 Total antioxidant activities measured by ORAC and PSC
assays

The free, bound, and total antioxidant activities as determined
by the ORAC assay are summarized in Fig. 2. The free ORAC
values ranged from 68.5 � 4.3 (243-1) to 126.6 � 9.4 (A15-3)
mmol Trolox equiv./g, DW, with the average value of 98.15
mmol Trolox equiv./g, DW. The bound ORAC values ranged from
21.1 � 1.3 (243-1) to 51.4 � 4.7 mmol (253-2) Trolox equiv./g,
DW, with the average value of 33.94 mmol Trolox equiv./g,
DW. The total ORAC values of the six varieties of white
sesame seeds ranged from 89.5 � 5.5 to 164.4 � 15.9 Trolox
equiv./g, DW, and the decreasing order of ORAC values was 253-
2, A15-4, 166-2, 188-1, 243-1, and 143-3, which was similar to the
pattern of the total phenolic contents.

As showed in Fig. 3, the values of free, bound, and total PSC
values in six varieties of white sesame seeds ranged from 3.22 �
0.08 to 8.69� 1.78, from 3.22� 0.22 to 5.91� 0.11, and from 6.44
Fig. 2 ORAC values of six varieties of white sesame seeds (mean� SD,
n ¼ 3). Bars with no letters in common are significantly different (P <
0.05).
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Fig. 3 PSC values of six varieties of white sesame seeds (mean� SD, n
¼ 3). Bars with no letters in common are significantly different (p <
0.05).

Fig. 4 CAA values of the free extracts from six varieties of white
sesame seeds (mean � SD, n ¼ 3). Bars with no letters in common are
significantly different at p < 0.05.
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� 0.30 to 14.60 � 1.67 mmol Vit. C equiv./g, DW, respectively, with
the average values of 5.61, 3.77, and 9.39 mmol Vit. C equiv./g, DW,
respectively. The variety A15-4 exhibited the highest free and total
PSC values among the white sesame seeds investigated, followed
by varieties of 253-2, 166-2, 143-3, 188-1, and 243-1. The orders of
free and total PSC values were similar to that of total contents of
phenolics.

The ORAC and PSC assays are considered to be effective
antioxidant activity assays as they utilize the biologically
relevant free radicals, peroxylradicals. Although sesame seed
extracts were found to possess good antioxidant activity by
using diphenyl picrylhydrazyl (DPPH) radical scavenging
activity assay in previous study,9 it is difficult to compare their
results to present study which employed the PSC and OARC
assays, which are widely used. The values of ORAC in current
study are higher than highland barley (35.54–44.93 mmol
Trolox equiv./g, DW) and yellow soybean (21.2–91.3 mmol
Trolox equiv./g).23,28 Also, the values of PSC in the present
study are higher than Brazilian tropical fruit juice (3.08 mmol
Vit. C equiv./g, DW).29 However, the values of ORAC of white
sesame seed extracts are lower than black rice bran (537.5–
1876 mmol Trolox equiv./g, DW) and Chinese hawthorn (398.3–
555.8 mmol Trolox equiv./g, DW).12,30 The values of PSC of the
white sesame seed extracts are lower than Chinese hawthorn
(299.1–370.9 mmol Vit. C equiv./g, DW) and corn (41.5–49.6
mmol Vit. C equiv./g, DW).12,31 Despite these variations the
white sesame seed extracts reported in this study present
a relatively high antioxidant activity among daily foods.

There were signicant correlations between ORAC values
and total phenolics (r ¼ 0.878, p < 0.05), whereas the PSC values
and total phenolics showed no signicant correlations (r ¼
0.562, p > 0.05). These observations indicate that white sesame
seeds had higher contents of phenolics and higher ORAC
values. The positive correlation between the ORAC values and
total phenolic contents was also observed in the dehulled
highland barley.23 However, no signicant correlations between
total PSC or total ORAC values with avonoid contents (p > 0.05)
were found. Thus, the antioxidant activity determined by ORAC
assay shows a positive correlation with the phenolic contents.
5756 | RSC Adv., 2017, 7, 5751–5758
3.5 Cellular antioxidant activity measured by CAA assay

The cellular antioxidant activities of the free fraction were
measured using the CAA assay with a no PBS wash protocol and
a PBS wash protocol. As shown in Fig. 4, the CAA values in a no
PBS wash protocol were almost 3 times higher than that
observed in a PBS wash protocol. The range of antioxidant
values in the no PBS wash protocol was from 55.66 � 2.98 to
224.45 � 33.48 mmol QE/100 g, DW. The variety 253-2 exhibited
the highest CAA value, whereas the variety 166-2 had the lowest
CAA value among the white sesame varieties tested. The CAA
values for the remaining four varieties of white sesame seeds
followed the order of A15-4, 243-1, 143-3, and 188-1. The CAA
values in the PBS wash protocol ranged from 21.88 � 2.39 (166-
2) to 57.36 � 2.04 (A15-4) mmol QE/100 g, DW. Variety A15-4
exhibited the highest activity followed by the varieties of 143-
3, 253-2, 243-1, and 188-1.

The CAA assay considers cellular uptake, distribution, and
metabolism of the antioxidants.17,32 Compared to the traditional
chemistry antioxidant assays, CAA is a more biologically rele-
vant model. Furthermore, CAA is more suitable for initial
antioxidant screening of foods and cheaper in contrast with
animal models and human studies.17 Interestingly, the CAA
values in the no PBS wash protocol were relatively higher than
in the PBS wash protocol. This is due to the fact that the PBS
wash protocol was designed to remove antioxidants in the
medium which are not associated or are weakly bonded to cells
membrane. The CAA results indicated that varieties of A15-4
and 253-2 had more effective antioxidant properties among
the six varieties of white sesame seeds. Sesame seed extracts
showed a better antioxidant activity values compared to some
antioxidant rich fruits, such as blueberry, cranberry, apple, red
grape, and green grape, whose CAA values in no PBS wash
protocol and PBS wash protocol have been shown to range from
9.39 to 171 and from 9.67 to 47 mmol of QE/100 g, respectively.17

In order to compare the antioxidant quality of different foods,
CAA values can be presented as mmol of QE/100 mmol of
phenolics or mmol of QE/100 mmol of avonoids, namely CAA
This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Antiproliferative activity of free fractions of six varieties of
white sesame seeds against HepG2 human liver cancer cells (means �
SD, n ¼ 3).
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quality. A higher CAA quality indicates better cellular avail-
ability of the phenolics or avonoids. The ranges of CAA quality
relative to the phenolic contents in no PBS and PBS wash
protocols were 2.35–7.47 and 0.91–2.12 mmol of QE/100 mmol of
phenolics, respectively. The ranges of CAA quality relative to the
avonoid contents in no PBS and PBS wash protocols were 2.16–
10.68 and 0.85–3.33 mmol of QE/100 mmol of avonoids,
respectively. These results show that the CAA quality relative to
the avonoid contents tends to be higher than that relative to
the phenolic contents, an observation which agrees with the
previous nding.23 In contrast with fruits such as blueberry,
cranberry, apple, red grape, and green grape, the present study
suggests that white sesame seeds show high antioxidant quality.
In the protocol without a PBS wash, the CAA quality of blue-
berry, cranberry, apple, red grape, and green grape ranged from
1.04 to 8.70 mmol of QE/100 mmol of phenolics. When a PBS
wash was conducted, the quality ranged from 0.84 to 1.82 mmol
of QE/100 mmol of phenolics.17 This difference may due to the
diverse phenolic proles of foods which contribute to different
value to the antioxidant activity. However, in present study, CAA
values showed no signicant positive correlation with the total
phenolics, with correlation coefficients 0.748 (p > 0.05) and
0.722 (p > 0.05) in no wash and wash protocol, respectively.

Previous study has indicated that the sesaminol triglucoside
is the major component of lignan glucosides discovered in
sesame seeds, which was hydrophilic antioxidant.33 In vitro
studies reported that sesaminol triglucoside was an antioxidant
for scavenging several free radical species.34,35 The fat-soluble
lignans (sesamin, sesamol, sesamolin) presented in the
extracts of white sesame seeds have been suggested to have
antioxidant activities.36–38 In particular, water-soluble antioxi-
dants are predicted to have a signicant impact as they play an
important role in assisting water-insoluble antioxidants in
protection against ROS-induced oxidative damage.39 It is sug-
gested that the fat-soluble lignans (sesamin, sesamol, ses-
amolin) and glycosylated water soluble lignan (sesaminol
triglucoside) play a leading role in the antioxidant activities of
the white sesame seeds investigated in current study.
3.6 Inhibition of proliferation in HepG2 cells

The antiproliferative activities are illustrated in Fig. 5. The
inhibition of HepG2 cell proliferation by the free fraction
appeared to follow a dose-dependent manner. Since a lower
EC50 value indicates a higher antiproliferative activity, variety
143-3 exhibited the highest antiproliferative activity with the
lowest EC50 value (43.92 � 1.46 mg mL�1). On the contrary,
variety 243-1 had the lowest antiproliferative activity with the
highest EC50 value (102.54 � 0.01 mg mL�1). The anti-
proliferative activities of remaining varieties were in the
decreasing order of 253-2, 166-2, A15-4, and 188-1. Signicantly,
these concentrations of antiproliferative EC50 were not attrib-
uted to the cytotoxic effects (EC50 > 100 mg mL�1).

Endogenous oxidative DNA damage has been taken into
account to be a signicant factor in the initiation of human
cancer. The cancer-protective effect of foods is related to the
ability of the antioxidants to scavenge free radicals, preventing
This journal is © The Royal Society of Chemistry 2017
DNA damage and subsequent mutation.40 In consideration of
the premises, the white sesame seeds were evaluated for anti-
proliferative activity against HepG2 cells. The inhibition of cell
proliferation presented a dose-dependent manner aer expo-
sure to the free soluble extracts of white sesame seeds. No
signicant correlation was found between EC50 of anti-
proliferative activities and phenolics (r ¼ �0.667, p > 0.05). The
antiproliferative effects of sesamol, sesamin, and sesamolin
have been reported previously.41–43 The sesaminol triglucoside
was found to have antiproliferative activity against HepG2
cells.44 It has been suggested that phytochemicals such as
phenolics, avonoids, and anthocyanin in vegetables, fruits,
and grains could act as protective agents targeting tumor
initiation and promotion.45 In current study, antiproliferative
activity may be explained by the combination of the fat-soluble
lignans (sesamol, sesamin, and sesamolin) and water soluble
lignan (sesaminol triglucoside), which functioned additively or
synergistically for the total antiproliferative activity of sesame
seeds.

4. Conclusions

The present study indicates that white sesame seeds, with high
total contents of phenolics and avonoids, have signicant
antioxidant and antiproliferative activities. Interestingly,
signicant correlations between ORAC values and total pheno-
lics were observed in the current study. A signicant portion of
phenolic compounds, antioxidant and antiproliferative activi-
ties of sesame seed extracts were found in the free fractions. In
general, white sesame seeds have promising potential in the
development of natural antioxidants and functional foods.
Therefore, further studies on the mechanisms of action of
antioxidant and antiproliferative activities of white sesame seed
extracts are needed in the future.
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