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ABSTRACT: Many studies on broccoli have analyzed the functional components and their functionality in terms of anti-
oxidant and anticancer activities; however, these studies have focused on the florets of different varieties. Investigation of
the functionality of broccoli by-products such as leaves, stems, and leaf stems from different cultivars and harvest dates
might be valuable for utilizing waste materials as useful food components. Total phenolics and sulforaphane contents,
and antioxidant and anticancer activities were measured in the leaves, leaf stems, and stems of early-maturing
(Kyoyoshi), middle-maturing (Myeongil 96), and late-maturing broccoli (SK3-085) at different harvest dates. Total phe-
nolics in the leaves of Kyoyoshi were about 1.8-fold to 12.1-fold higher than those in all of the other cultivars and parts.
The sulforaphane content of Kyoyoshi was 2.8-fold higher in the stems than in the florets. Antioxidant activities using
2,2-diphenyl-1-picrylhydrazyl radical scavenging activity and oxygen radical absorbance capacity were highest in
Kyoyoshi, followed by Myeongil 96 and SK3-085, most notably in the leaves harvested at the immature stage. Inhibition
activity of cell growth against the NCI-H1299 cell lines was highest in the leaves of all cultivars in decreasing order of
florets, leaf stems, and stems. The leaves harvested in October (nonflowering stage) had the highest inhibition activity,
while those harvested in January (mature broccoli) showed the lowest. The results of this study demonstrate that brocco-
li leaves and stems contain high levels of total phenolics, and high antioxidant and anticancer activities and can provide
opportunities for early-maturing broccoli as functional fresh raw vegetables.
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INTRODUCTION

Broccoli (Brassica oleracea L. italica) has been marketed as
a health-promoting food because it naturally has high
content of bioactive phytochemicals such as glucosino-
lates, phenolic compounds, vitamin C, and mineral
nutrients. Thus, a diet rich in broccoli plays a role in the
prevention of chronic diseases, such as cardiovascular
and carcinogenic pathologies, and breast and prostate
cancers (1-4). Broccoli has also been found to exhibit
antioxidant activity that prevents oxidative stress related
to many diseases (5).

Broccoli parts being used for food are mostly florets,
which make up 30% of the whole broccoli. Currently,
the use of broccoli by-products such as leaves and stems
is restricted to flour and fiber (6), but the potential use
of these by-products as important sources of phyto-
chemicals is now gaining more attention in the scientific
community (7).

More than 72% of all broccoli produced in Korea is
grown in Jeju. Broccoli is not only produced in large
amounts, but it is also discarded in high amounts as
by-products such as leaves and stems. This has a neg-
ative impact on agricultural environments, and recycling
those by-products for physiologically active substances
could help reduce environmental problems and increase
farmers’ profits (8).

Many studies on broccoli have been performed on the
antioxidant and anticancer activities of broccoli compo-
nents, but most of the studies analyzed florets of differ-
ent varieties (3-5,9). Dominguez-Perles et al. (8) deter-
mined the antioxidant activity of broccoli leaves and
stalks of three different cultivars, but not at different
harvest times. Furthermore, the determination of the
anticancer activity has not been previously and simulta-
neously detailed for different broccoli parts at different
harvest times.

The biological activities may be significantly different
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at various growth stages of broccoli leaves and stems
from different cultivars. Thus, it might be valuable for
the food industry to investigate the functionality of broc-
coli by-products such as stems and leaves as useful in-
dustrial materials, rather than only using the florets.

The purpose of this study was to evaluate total phe-
nolics and sulforaphane contents, and antioxidant and
anticancer activities of broccoli by-products from differ-
ent cultivars and harvest dates of broccoli grown in Jeju,
Korea.

MATERIALS AND METHODS

Reagents and chemicals

Folin-Ciocalteu phenol reagent, gallic acid, 2,2-diphenyl-
1-picrylhydrazyl (DPPH), 2,2'-azobis(2-methyl-propan-
imidamide) dihydrochloride (AAPH), 6-hydroxy-2,5,7,8-
tetramethyl-2-carboxylic acid (trolox), and sulforaphane
were purchased from Sigma Chemical Co. (St. Louis,
MO, USA). RPMI-1640, fetal bovine serum (FBS), and
penicillin/streptomycin were obtained from Gibco-BRL
(Grand Island, NY, USA). Acetonitrile and dichloro-
methane (Sigma Chemical Co.) were of HPLC grade and
other chemicals were of analytical grade.

Plant materials

Three different cultivars of broccoli including early-ma-
turing (Kyoyoshi), middle-maturing (Myeongil 96), and
late-maturing (SK3-085) crops were purchased from a
private farm located in Jeju, Korea (Table 1). In partic-
ular, SK3-085 was harvested at four different growth
stages including October (nonflowering stage), Novem-
ber (beginning of floret formation), December (mini
broccoli), and January (fully developed broccoli). Broc-
coli was then divided into four parts including leaves,
leaf stems, stems, and florets.

Sample preparation

Broccoli leaves, leaf stems, stems, and florets were fro-
zen at —70°C for 24 h and then freeze-dried. The
freeze-dried powder was extracted twice with 80%
methanol at room temperature for 24 h. The extracts
were combined, filtered through a 0.45-um membrane
filter (Millipore Co., Bedford, MA, USA), concentrated

under vacuum on a rotary evaporator (Rotavapor R-124,
BUCHI Labortechnik AG, Flawil, Switzerland), and
freeze-dried.

Total phenolics assay

Total phenolic contents in 80% methanol extracts were
determined using the Folin-Denis method (10). Briefly,
100 pL of the extract (2 mg/mL) and 900 uL of distilled
water were mixed with 100 pL of Folin-Ciocalteu phenol
reagent. The mixture was allowed to stand at room tem-
perature for 5 min, and 300 pL of 20% Na,CO; was add-
ed and then filled up to 2 mL with distilled water. After
standing at room temperature for 2 h, the absorbance
was measured at 760 nm. Total phenolics were calcu-
lated as mg gallic acid equivalents (mg GAE) per 100 g
dry weight of the extract.

Sulforaphane content assay

The sulforaphane contents in freeze-dried leaves, leaf
stems, stems, and florets were measured by the method
of Bertelli et al. (11) with a slight modification. Each
conical tube containing 0.4 g of the freeze-dried sample
was added to 2 mL distilled water and extracted with 4
mL methylene chloride at room temperature for 30 min.
Each tube was centrifuged at 3,000 g for 10 min. The
methylene chloride layer was collected, and this proce-
dure was repeated three times. The combined methylene
chloride extract was vacuum-evaporated and filled up to
4 mL with methylene chloride. The extract was purified
using a Supelclean™ LC-Si SPE (Supelco Inc., Bellefonte,
PA, USA) as follows: The solid-phase extraction was ac-
tivated with 3 mL of methylene chloride and then loaded
with 3 mL of the extract. The mixture was then washed
with 3 mL of ethylacetate, which was discarded, and the
sulforaphane was eluted with 3 mL of methanol. The
methanol layer was evaporated and filled up to 3 mL
with methanol.

The sulforaphane content in the extract was quantita-
tively analyzed using high-pressure liquid chromatog-
raphy (1200 series, Agilent Technologies, Santa Clara,
CA, USA). Separation was performed on an Xterra®
RP18 column (4.6x250 mm, 5 pm film thickness;
Waters, Maidstone, Kent, UK) using a solvent system of
acetonitrile (A) and water (B): 0~15 min, 20~50% A
(v/v); 15~20 min, 50~20% A. The flow rate was 0.8

Table 1. Sowing, planting, and harvest dates of broccoli from different cultivars

Cultivars Sowing date Planting date Harvest date Growth stage
Kyoyoshi (Early season) May June October Mature broccoli
Myeongil 96 (Middle season) June July November Mature broccoli
SK3-085 (Late season) July August October Nonflowering stage
SK3-085 (Late season) July August November Beginning of floret formation
SK3-085 (Late season) July August December Mini broccoli
SK3-085 (Late season) July August January Mature broccoli
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mL/min, and the injection volume was 10 pL. The col-
umn temperature was 30°C, and the wavelength for de-
tecting the sulforaphane was 240 nm. Sulforaphane con-
tent was expressed as pg per g freeze-dried sample.

DPPH radical scavenging activity assay

DPPH radical scavenging activity was determined using
the Blois method (12) with a slight modification. Briefly,
100 pL of 80% methanol extract at different concen-
trations was added to 900 uL of DPPH solution, and the
mixture was then allowed to stand in the absence of
light for 30 min. The absorption was measured at 517
nm.

Oxygen radical absorbance capacity (ORAC) assay

The ORAC assay was performed using the protocol pro-
posed by Ou et al. (13) with a slight modification.
Briefly, 25 uL of 80% methanol extract (25 pg/mL) or
trolox standard (200 uM) was mixed with 100 uL of flu-
orescein sodium salt (0.075 M K,HPO4:0.075 M
NaH,P04=61.5:38.5, v/v) and 25 uL of 75 mM phos-
phate buffer in black-walled 96-well plates (Fisher Sci-
entific, Hanover Park, IL, USA), and then 50 uL AAPH
(41.6 mM) was added. Immediately, the plate was
placed in a FLUOstar OPTIMA plate reader (BMG Lab-
technologies, Offenburg, Germany) and set to an excita-
tion filter at 485/25 nm and an emission filter at 538/35
nm; the absorbance was read every 3 min for 1 h at
37°C. The final fluorescence measurement was expressed
relative to the initial reading. The result was calculated
by comparing the net area under the fluorescein decay
curve between the blank and the sample. The ORAC val-
ue was expressed as uM trolox equivalents (TE) per mg
dry weight of the extract.

Anticancer activity assay

The human colon cancer HT-29 and the lung cancer
NCI-H1299 cell lines were purchased from the Korean
Cell Line Bank (Seoul, Korea). The cell lines were cul-
tured in RPMI-1640 medium containing 10% FBS and
maintained at 37°C in a 5% CO, atmosphere. The via-

bility of cells was assessed by the 3-(4,5-dimethylthia-
zol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay
(14) as follows: HT-29 and NCI-H1299 cells were cul-
tured in 96-well plates for 24 h at a concentration of
2x10* cells/well, and then 80% methanol extract (2
mg/mL) was added; the cells were cultured for 24 h and
the MTT solution (200 pug/mL) was added. After 4 h, the
supernatant was removed, the formazan crystals were
dissolved in dimethyl sulfoxide, and the absorbance was
measured at 540 nm. The percentage of cytotoxic cells
was determined and compared to the control group.

Statistical analysis

The data were expressed as mean=+SD of three replicates.
The statistical significance was tested by Duncan’s mul-
tiple range test (Version 18.0, SPSS Inc., Chicago, IL,
USA). P<0.05 was considered statistically significant.

RESULTS AND DISCUSSION

Total phenolic content
The total phenolic contents in 80% methanol extracts of
broccoli by-products from different cultivars and harvest
dates are shown in Table 2. Data showed significant
differences in total phenolics among the different culti-
vars and by-products. Among the three cultivars,
Kyoyoshi (early-maturing crop) was the highest in total
phenolics followed by Myeongil 96 (middle-maturing
crop) and SK3-085 (late-maturing crop) in most of the
by-products. The leaves of all the cultivars had the high-
est total phenolic contents in decreasing order of florets,
leaf stems, and stems. In particular, total phenolics in
the leaves of Kyoyoshi were about 1.8-fold to 12.1-fold
higher than those of all the other samples. Faller and
Fialho (15) also showed that broccoli had different poly-
phenol contents depending on the parts in decreasing
order of leaves, florets, and stems.

SK3-085 was further tested for the effect of different
harvest dates on total phenolic content (Table 2). The
highest total phenolics were found in the parts of

Table 2. Total phenolic contents in 80% methanol extracts of broccoli by-products from different cultivars and harvest dates

Total phenolic content (mg GAE/100 g dried extract)

Cultivars/harvest date

Leaves Stems Leaf stems Florets
Kyoyoshi 1,310.0+27.4%° 215.6+4.4% 418.619.7® 528.948.4°C
Myeongil 96 537.6+10.1*° 198.0+6.4% 275.4+6.0°® 335.345.6%
SK3-085/Jan 604.2+12.3° 143.740.4® 108.2+1.1 255.440.7°¢
SK3-085/Dec 545.345.6%° 173.14£3.3% 117.8+£1.2% 164.4+1.1%
SK3-085/Nov 739.2427.2% 144 4411 146.6+0.8* 326.4+0.7®
SK3-085/0ct 706.8+17.3¢ 177.7+0.4" 191.5+0.4% N/A

Values with different letters in the row (A-D) and in the column (a-f) are significantly different at A<0.05 according to Duncan’s

multiple range tests.
N/A: The florets were too small and thus not analyzed.
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SK3-085 harvested in October (nonflowering stage) and
November (beginning of floret formation).

The quantity of total phenolics in broccoli by-products
varies significantly in accordance with different intrinsic
and extrinsic factors such as plant cultivars and genetics,
soil composition and growing conditions, and post-
harvest conditions and maturity stage (1). The synthesis
of the phenolics in plants is stimulated under stress
such as ultraviolet (UV) exposure, air temperature, and
pathogen attacks (16). In this study, the early-maturing
crop Kyoyoshi was planted in June and harvested in
October. Thus, high air temperatures or strong UV rays
during the growing season could be the heavily stress-
inducing factors that increased total phenolics contents
in Kyoyoshi compared to Myeongil 96 and SK3-085.

Krumbein et al. (17) reported that quercetin and
kaempferol in broccoli florets increased from the devel-
opment stage to the maturity stage. However, in our
study, the highest total phenolics were found in all of
the parts of SK3-085 harvested at the development stage
(October and November).

Sulforaphane content

Sulforaphane, a hydrolysis product of glucoraphanin in
broccoli, is a physiologically active compound (6). The
contents of sulforaphane in freeze-dried by-products
from different cultivars and harvest dates were meas-
ured (data are not shown). With the exception of
Kyoyoshi, florets had the highest sulforaphane contents
in the other cultivars. SK3-085 harvested in January
(mature stage) contained the highest sulforaphane con-
tent (715.3 pg/g), most notably in florets. However, the
sulforaphane content of Kyoyoshi (early-maturing crop)
was 2.8-fold higher in the stem (76.8 pg/g) than in
the floret (26.8 pg/g). The sulforaphane contents of
the remaining samples were less than 20 pg/g. Campas-
Baypolia et al. (6) reported that the florets contained the
highest quantity of sulforaphane in decreasing order of
leaves and stems. In our study, the highest sulforaphane
content was in the florets, while the lowest content was
in the leaves.

DPPH radical scavenging activity and ORAC

Table 3 shows DPPH radical scavenging activities in
terms of the 50% inhibitory concentration (ICso) in 80%
methanol extracts of different broccoli by-products from
different cultivars. Kyoyoshi, the early-maturing crop,
had the highest DPPH radical scavenging activity. The
DPPH radical scavenging activities were significantly dif-
ferent among the broccoli by-products. In all cultivars,
the DPPH radical scavenging activity of the leaves was
the highest and that of the stems was the lowest.

The leaves of SK3-085 with high total phenolics were
further tested for DPPH radical scavenging activity at
different harvest dates (Fig. 1). Higher activities were
observed in the leaves harvested in October and Novem-
ber compared to the leaves harvested in December and
January.

Table 3 also shows the antioxidant activity in 80%
methanol extracts of different by-products from different
cultivars analyzed using the ORAC assay. The ORAC
value was highest in Kyoyoshi followed by Myeongil 96
and SK3-085. All cultivars had higher ORAC values in
the leaves than in the florets, leaf stems, and stems.

The ORAC assay was further measured in the leaves of
SK3-085 with high total phenolics and high DPPH free
radical scavenging activities (Fig. 1). The leaves of broc-
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Fig. 1. Antioxidant activities of 80% methanol extracts from the
leaves of broccoli SK3-085 cultivar from different harvest dates.
Results are expressed as DPPH radical scavenging activity (&)
on the Y; axis and ORAC (m) on the Y; axis. The values within
same property with different letters (a, b) are significantly dif-
ferent at A<0.05 by Duncan’s multiple range tests.

Table 3. Antioxidant activities of 80% methanol extracts from broccoli by-products from different cultivars

Cultivars Leaves Stems Leaf stems Florets
DPPH radical scavenging activity Kyoyoshi 408.1+21.1% >2,000%° 1,432.7+55.3%¢ 1,067.5+23.0%®
(ICso, pg/mL) Myeongil 96 1,414.6+20.6% >2,000% >2,000* 1,814.9455.6°

SK3-085 1,159.7+16.5* >2,000%® >2,000°® >2,000%®
ORAC Kyoyoshi 699.1+0.8% 175.540.9% 244.3+0.7® 4239426
(mM TE/g dried extract) Myeongil 96 492.5+2.9%° 137.7£1.2% 210.7£3.0"® 254.2+0.1%

SK3-085 494.6+0.1%° 97.3+1.7%® 87.5+3.6* 206.4+1.9%

Values with different letters in the row (A-D) and in the column (a-c) within same method are significantly different at 2<0.05

according to Duncan’s multiple range tests.
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coli harvested in October, November, and December had
higher ORAC values than those harvested in January.

Inhibitory activity of cancer cell growth

Anticancer activities of 80% methanol extracts from dif-
ferent by-products with different cultivars and harvest
dates were assessed against NCI-H1299 (human non-
small lung carcinoma) cell lines using the MTT assay
(Table 4). The extracts of florets, leaf stems, and stems
from Kyoyoshi showed higher inhibition activities than
those of Myeongil 96 and SK3-085 against NCI-H1299
cell lines. The extract of the leaves from Myeongil 96
showed the highest cell growth inhibition activity than
all of the other by-products against NCI-H1299 cell
lines. In particular, the leaves of all the cultivars had the
highest inhibition activities of cell growth in decreasing
order of florets, leaf stems, and stems.

Anticancer activities against NCI-H1299 cell lines
were further examined for the leaves of SK3-085 from
different harvest dates (Fig. 2). All the leaves harvested
at different dates were effective in reducing the viability
of NCI-H1299 cell lines in the range of 20~40%. The
leaves harvested in October had the greatest inhibitory
activity, while those in January showed the lowest activ-
ity against NCI-H1299 cell lines.

Anticancer activities of the extracts from different
by-products from different cultivars and harvest dates
were also measured against HT-29 (human colon ad-
enocarcinoma) cell lines using the MTT assay (Table 4).

All the leaves showed the potential for HT-29 growth in-
hibitory activity; however, significant differences be-
tween the leaves and florets were not observed. Overall,
the inhibitory activities of the extracts from different
by-products against HT-29 cell lines were less than
11.6%.

Correlation between active components, and antioxidant
and anticancer activities

In our study, the correlation coefficient between total
phenolic content and DPPH radical scavenging activity
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Fig. 2. Anticancer activity of 80% methanol extracts (2 mg/mL)
from the leaves of broccoli K3-085 cultivar from different har-
vest dates. Results are expressed as inhibitory activities of cell
growth against NCI-H1299 cell () and HT-29 (m) cell lines. The
values with different letters in the same cell line are sig-
nificantly different at £A<0.05 by Duncan’s multiple range tests.

Table 4. Cell growth inhibitory activities of 80% methanol extracts (2 mg/mL) from broccoli by-products from different cultivars
against human non-small lung carcinoma (NCI-H1229) and human colon adenocarcinoma grade II (HT-29) cell lines

Cell growth inhibitory activity (%)

Cultivars
Leaves Stems Leaf stems Florets

Human non-small lung carcinoma cell Kyoyoshi 20.1+2.6* 8.6%1.6% 9.94+0.5% 15.6+0.2®
(NCI-H1229) Myeongil 96 325423 5.7+0.8" 8.3+0.6" 13.7£0.3*

SK3-085 21.141.9°¢ 3.0+15" 6.5+1,1% 7.3+0.2%®
Human colon adenocarcinoma grade II cell Kyoyoshi 11.6+2.4 3.1+2.1% 5.2+0.8% 7.140.1%®
(HT-29) Myeongil 96 9.240.7"® 55415 4.8+1.8" 9.3+0.3"®

SK3-085 6.6+0.5° 34+0.1%® 2.1+0.4* 6.440.4%

Values with different letters in the row (A-D) and in the column (a-c) for each cell line are significantly different at £<0.05 according

to Duncan’s multiple range tests.

Table 5. Correlations among total phenolic content (TP), sulforaphane content (SF), DPPH radical scavenging activity (DPPH), oxygen
radical absorbance capacity (ORAC), and cell growth inhibitory activities in NCI-H1299 and HT-29

P SF DPPH ORAC NCI-H1299 HT-29
TP 1.0 —0.087 0.880* 0.925* 0.717* 0.729*
SF 1.0 —0.068 —0.095 —0.156 —0.029
DPPH 0.926* 0.834* 0.738*
ORAC 1.0 0.862* 0.820*
NCI-H1299 1.0 0.718*
HT-29 1.0

*P<0.01.
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in broccoli by-products was high (r=0.880) as shown in
Table 5. In contrast, the sulforaphane content in broccoli
by-products showed no correlation with DPPH radical
scavenging activity (r=—0.068). The antioxidant ca-
pacity using the ORAC assay was correlated with the to-
tal phenolic content (r=0.925), but not with the sulfor-
aphane content (r=—0.095) as shown in Table 5.

Dominguez-Perles et al. (8) reported that total phe-
nolics in broccoli were strongly correlated with DPPH
radical scavenging activity. Im et al. (18) also showed
that the relationship between total phenolic contents
and DPPH radical scavenging activity in radish was a
high positive linear correlation. In contrast, Dominguez-
Perles et al. (8) reported that the correlation between
sulforaphane content and DPPH radical scavenging ac-
tivity in broccoli was low. Farag and Motaal (9) also
showed that the sulforaphane content did not contribute
to the antioxidant activity in terms of DPPH radical
scavenging activity of broccoli and other cruciferous
vegetables.

In this study, total phenolics showed positive correla-
tions with anticancer activities against NCI-H1299 and
HT-29 cell lines (r=0.717 and 0.729), respectively. In
contrast, the correlation coefficients of the sulforaphane
content with anticancer activities against NCI-H1299
and HT-29 cell lines were low (r=—0.156 and —0.029)
(Table 5). It is known that various phenolic compounds
have shown antiproliferative and cytotoxic effects, as
well as pro-apoptotic activity in animal tumor models
and several cancer cell lines (19). Numerous studies
have shown that sulforaphane in broccoli is the major
component with anticarcinogenic activity (20,21). How-
ever, in this study, the major factor that correlated with
anticarcinogenic activity against NCI-H1299 and HT-29
cell lines was total phenolics rather than the sulfor-
aphane content because the inherent sulforaphane con-
tent in broccoli by-products was low.

In conclusion, broccoli by-products such as leaves and
stems from different cultivars and harvest dates contain
high total phenolics and show high antioxidant and anti-
cancer activities. Thus, these by-products can be used as
functional food ingredients in the food industry.
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