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Abstract

Raphanus sativus (L.) var. caudatus Alef (Thai rat-tailed radish), Brassica
juncea (L.) Czern. (leaf mustard) and Brassica juncea (L.) Coss. var. sareptana
Sinskaja (mustard green) are cruciferous vegetable commonly consumed
in Thailand and Asian countries. The vegetables were extracted with
different solvents namely methanol, hexane and water prior to total phenolic
content (TPC), phenethyl isothiocyanate (PEITC) content and antioxidant
activity by ferric reducing antioxidant power (FRAP) and 2,2-diphenyl-1-
picrylhydrazyl (DPPH) assay were determined. Effects of gastrointestinal
digestion on stability of these characteristics were investigated. It was
found that the order of extraction efficiency for high bioactive compounds
and antioxidant activity was water> methanol> hexane. Among vegetables,
mustard green showed the highest TPC, PEITC, FRAP and DPPH values
being 19.78 + 0.01 g GAE, 9.65 + 1.08 pmol, 7.75 = 0.31 pM FeSO, and
8.18 £ 0.01 uM TE per 100g, respectively. Decreases in DPPH (30.6-53.5%),
FRAP (49.0-88.0%) and PEITC (27.2-56.7%) values were slightly higher than
TPC (27.9-41.6%) after in vitro digestion. It can be said that Thai cruciferous
vegetables contain substantial chemical property and this may promote
their health protection but the stability through digestive system should be
warranted.
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Introduction scientific research has focused on health benefit
Many vegetables are categorized within the family  effect of cruciferous vegetables due to their high
Cruciferae. The most common cruciferous vegetables  content of beneficial substances, glucosinolates and
are watercress, Brussels sprouts, broccoli, cabbage,  their metabolites such as isothiocyanates (ITCs)'.
kai choi, kale, horseradish, radish and turnip. Recent  About 120 naturally occurring glucosinolates have
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been identified so far but their type and content
varies among vegetables; the amount being highest
in Brussel sprouts > swede > savoy cabbage >
broccoli?. Isothiocyanates are a group of secondary
metabolites which are naturally formed prior to
hydrolysis of glucosinolates by the plant enzyme,
myrosinase. One such important ITC is phenethyl
isothiocyanate (PEITC), which has been shown
to be a dominant phytochemical in cruciferous
vegetables?. It is an extensive studied ITC because
of its high protective capability against a wide variety
of cancers such as lung*®, breast, oesophagus,
forestomach, pancreas, prostate and colon as well
as leukemia®®.

Bioavailability of bioactive compounds from food
following oral intake depends largely on their stability
in human digestive system'®. Most of substances
are changed due to enzymes and the acid-base
in human gastrointestinal digestion. Study of the
digestive fate of bioactive food compounds can help
to improve performance and, therefore, promote
health benefits. The in vitro digestion stimulates
gastrointestinal digestion in human body and can
be used to monitor any changes after oral intake.
The result from in vitro digestion can be used to
extrapolate in actual in vivo .

The consumption of cruciferous vegetables varies
among populations. In Thailand and some Asian
countries, Raphanus sativus (L.) var. caudatus Alef
(Thai rat-tailed radish), Brassica juncea (L.) Czern.
(leaf mustard) and Brassica juncea (L.) Coss. var.
sareptana Sinskaja (mustard green) are majorly
consumed. Being a member of cruciferous family,
only a report has been made so far for Thai rat-tailed
radish. The extract of which inhibited proliferation of
HCT116 colon cancer cell line where cytotoxicity
and cancer cell death induction via apoptosis are
believed to be the mechanisms of action''. However,
scientific supporting data for health benefits potential
of these vegetables especially after consumption
is still inadequate. Therefore, the current research
was aimed to determine bioactive compounds and
antioxidant capacity of cruciferous vegetables. The
effects of digestion system on these characteristics
were also evaluated employing in vitro study.

Materials and Methods

Chemicals and reagents

Methanol, hexane, sodium acetate, acetic acid,
hydrochloric acid, iron (lll) sulfate and 2,4,6

tripyridyl-s-triazine (TPTZ) were purchased from RCI
LABSCAN. Ferric chloride, sodium carbonate, pepsin,
dipotassium phosphate, butyrated hydroxytoluene,
sodium bicarbonate, benzene-1,2-dithiol, trolox,
sodium chloride, potassium chloride, phenethyl
isothiocyanate, 2,2-diphenyl-1-picrylhydrazyl and
pancreatin were obtained from Sigma-Aldrich.

Samples and extract preparation

Mustard green, leaf mustard and Thai rat-tailed
radish were purchased from market in Chiang
Rai during August-September, 2016. The plants
were washed well and subjected to extraction
according to method described previously 2, with
slight modification. The edible parts of vegetables
were ground for 3 min, mastication time in normal
oral consumption, to allow natural conversion of
glucosinolates to isothiocyanates by myrosinase
activity. The ground samples were then soaked in
solvent (water, ethanol or hexane) at the ratio of
plants to solvent 1:20 (wt:vol) prior to leaving the
mixture in the dark at room temperature for 24 hrs.
The solvents were filtered by Whatman filter paper
No.1 under vacuum condition. The filtrates were
evaporated under vacuum at 50 °C to dryness and
freeze-dried to obtain sample powder. The samples
were stored at -20 °C prior to analysis.

Total phenolic content

Total phenolic content (TPC) was determined by
using Folin—Ciocalteu assay'®. Samples (30 pL)
were added into 96-well plate prior to 120 pL of
Folin—Ciocalteau’s reagent (10-time dilution) and
150 pyL ml of sodium carbonate (7.5% w/v) were
included. Samples were incubated for 30 min at
room temperature and then the absorbance at 765
nm was recorded. The results were expressed as g
Gallic acid equivalent (GAE)/ 100 g sample.

Phenethyl isothiocyanate content

Determination of phenethyl isothiocyanate
(PEITC) content was carried out using
UV-spectrophotometric method™. To a 96-well, 90
uL of K.HPO, (pH 8), 90 pL of methanol, 10 pL
of the sample and 10 pL of benzene-1,2-dithiol
(80 mM in methanol) were added and mixed well.
Samples were then incubated at 60 °C for 90 min and
cooled down to room temperature. Absorbance was
measured at 365 nm and quantification was achieved
by using a calibration curve of PEITC.
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DPPH radical-scavenging activity

The antioxidant activity was measured using a
2,2-diphenyl-1-picrylhydrazyl (DPPH) assay'.
To 195 pyL of 0.1 M DPPH solution, 5 pL of
dissolved samples were added. The absorbance
at 515 nm was read after 30 min of incubation
at room temperature in the dark. Trolox solutions
(in 95% ethanol) ranged from 0—1000 pM were used
to establish calibration curve. The antioxidant capacity
of the samples was calculated and expressed as uM
Trolox equivalent (TE)/100 g sample.

Ferric reducing antioxidant power (FRAP)
assay

Ferric reducing antioxidant power (FRAP) assay
uses antioxidants as reductants in a redox-linked
colorimetric method. The antioxidant activity was
measured by using the Ferric reducing ability
as described previously'®. Sample powder was
dissolved in water and then 10 pL of samples was
added into 190 pL of FRAP solution in the 96-well
microplate. The mixture was allowed to incubate at
room temperature for 30 min. The absorbance was
determined at 593 nm and ferric reducing ability
of plant extract was expressed as uM FeSO,/100
g sample.

In vitro gastrointestinal digestion

In vitro gastrointestinal digestion was slightly modified
according to the method reported before'. Briefly, 1
mL of each extract was mixed with saline (140 mM
NaCl and 5 mM KCI containing 150 mM BHT) to
create a final volume of 4.5 mL. The mixtures were
mixed well and acidified with 0.1 M/1 M HCI until it
reached pH 2. Then, gastric digestion was performed
with the addition of 125 mL of pepsin solution (40
mg/mL of 0.1 M HCI) and the mixtures were placed
in a shaker at 37 °C for 1 hr. Thereafter, the pH of
the solution was adjusted to 6.9 with the addition of
0.1 M/1 M NaHCO,. Further intestinal digestion was
performed with the addition of 625 mL of pancreatin
solution (2 mg/mL of 0.1 M NaHCO,) and incubated
in a shaker at 37 °C for 2 hrs. The digesta volume
was adjusted to 9 mL with saline and stored at -80
°C for further experiments.

Statistical analysis

Data were expressed as mean values + standard
deviation. The data were subjected to analysis
using SPSS 17.0 for Windows. Analysis of variance

(ANOVA) was conducted and Duncan’s multiple
range test was used to identify mean separation.

Results and discussion

Total phenolic content (TPC) values before and
after in vitro digestion

Total phenolic content (TPC) of vegetable extracts is
shown in Table 1. Among three types of vegetable,
mustard green showed the highest TPC values 19.78
+0.01 g GAE/100 g dry weight whereas leaf mustard
had the lowest TPC. Previous studies reported, in
a fresh weight basis, that TPC in different types of
plant was diverse. Kale contained 773 + 46.88 mg
GAE /100 g of fresh weight which is close to TPC in
mustard green in the current study (544.35 + 0.24
mg GAE /100 g of fresh weight, data not shown)
and significantly higher than broccoli and Brussels
sprouts at 289 + 6.12 and 331 + 33.22 mg GAE
/100 of fresh weight, respectively'®. In addition, the
ranges of total polyphenol in mustard green and
Thai rat-tailed radish were similar to that reported
in green tea and black tea which varied from 21.02
+ 1.54 to 14.32 + 0.45 and 17.62 + 0.42 to 8.42
+ 0.55 g GAE/100 g, respectively'®.
Phytochemicals in plant extracts are aimed to be
utilized as supplements or nutraceuticals. However,
extraction with water was employed in the current
study to represent a common cooking method
for vegetable consumption compared to solvent
extract. Since most phenolic compounds are
water soluble, it is not surprising that water was
the most suitable solvent for TPC extraction from
cruciferous vegetables. In plants, phenolics occur
in soluble forms as well as in combination with cell
wall components. To 100% total phenolics, only 20
and 32% bound phenols were accounted in broccoli
and cabbage, respectively®. It has been reported
that water solubility of polyphenol depends on
types of substances and their hydroxyl group. Those
that are soluble in water are susceptible to water
treatment. After boiling, phenolic compounds was
reduced for they were leached out to the water unlike
steaming where an increase in polyphenols and
glucosinolates were observed compared with fresh
broccoli?'. Moreover, plant leaf usually contain high
amount of flavonols, the most ubiquitous flavonoids
in foods which is water soluble polyphenol??. These
flavonols accumulate in the outer and aerial tissues
(skin and leaves) because their biosynthesis is
stimulated by light. This might explain the higher TPC
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content found in mustard green, a leafy vegetable,
compared with other vegetables when extracted with
water. Water extract of Thai rat-tailed radish also
contained significant higher TPC than methanol and
hexane extracts implying that the type of phenolic
compounds in Thai rat-tailed radish are likely to be
water soluble compounds. The lowest TPC content
was noted in leaf mustard.

In vitro gastrointestinal digestion method was
employed to simulate physiological conditions of the
stomach and small intestine i.e. pH, temperature,
and enzyme conditions®. It was observed that
TPC values decreased (27.9-41.6%) in all samples
after in vitro digestion as shown in Figure 1A.
Previous research showed that during gastric phase
most of phenolics were not affected but marked
reduction occurred during intestinal phase?*. Dietary
polyphenols has been reported for their sensitivity
to alkaline condition in intestine where structural
changes lead to chemical property alteration®®. There
are many types of phenolic compounds and each of
which has different stability in acid-base conditions.
With regards to phenolic acids, previous study
showed that it decreased after the gastric digestion
while flavonoids and non-anthocyanic polyphenols
showed greater stability?*26. As a strong antioxidant,
ascorbic acid inhibited phenolic acids degradation
during alkaline hydrolysis?’. This suggests that the
co-consupmtion of these vegetables with vitamin C
rich food can prevent TPC loss. Similar results were

demonstrated in pomegranate juice, marc and peel
extract where the decrease of TPC was observed
only after the duodenal phase of in vitro digestion
(p<0.05)%. In human gastrointestinal tract, the other
reason for reduction of TPC only in intestinal phase
is probably due to most of the glycosides in TPC
resist acid hydrolysis in the stomach whereas small
intestines are rich in the activity of glycosidases
which are responsible for hydrolysis of glycoside
bonds and formation of aglycones®. In addition to
enzymatic degradation, the phenolics can also be
hydrolyzed by the colonic microflora in intestinal®.

Recently, reduction of availability of total phenolic
compounds in strawberry, raspberry, blackberry,
and blueberry has been reported. Prior to in vitro
digestion, their availability was ranged 33-73%
and when antioxidant activity was concerned,
90% reduction was observed in all berries as
measured by ORAC method®'. Moreover, it was
reported that the effect of gastrointestinal digestion
on total phenolic content of solid and liquid food
was different. Phenolic contents and antioxidant
activities of cereals, legumes, vegetables, tuberous
vegetables, chocolates and fruits were greater than
those obtained from aqueous extraction such as red
wine, coffee and yerba mate after digestion. It was
suggested that the phenolics that bound with solid
and complex matrix are protected from digestion
system such as enzymes and pH®.

Table 1: Total phenolic (TPC) and phenethyl isothiocyante (PEITC) content before and after in
vitro digestion of vegetables extracts

Treatment Before digestion After digestion
TPC PEITC TPC PEITC

Vegetable Solvent g GAE/100g pmol/100g g GAE/100g pumol/100g
Mustard green Hexane 1412+ 0.24° 541 +0.62° 13.33+0.13° 3.41+0.16°

Methanol 17.73 +0.24*> 556 +0.50° 15.73+0.72> 3.22 +0.24°

Water 19.78 + 0.012 9.65+1.082 18.05+0.412 4.21 +0.102
Leaf mustard Hexane 3.85+0.219 3.00+0.41¢¢ 2.14+0.15  1.30+0.07°

Methanol 3.01 £0.07% 217 +0.16¢ 2.93+0.06" 1.26+0.17¢

Water 4.85+0.78" 3.06+0.29° 4.44+0.13% 1.60 +0.05¢
Thai rat-tailed radish Hexane 7.76 +0.26° 3.01 £0.16* 5.92+0.04" 2.19+0.09°

Methanol 11.02 +1.88¢ 3.27 +0.02° 8.17+0.08° 2.16+0.17°

Water 13.89 +0.09° 3.78 +0.15% 11.83+0.17¢ 1.82 +0.19¢

Values are expressed as mean + standard deviation of three replicate measurements.
abed \/alues in the same column with different superscripts were significantly different at the level of p <
0.05. Where TPC = total phenolic content and PEITC = phenethyl isothiocyanate
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Phenethyl isothiocyanate content before and
after in vitro digestion

Phenethyl isothiocyanate (PEITC) content was
evaluated since it is one of isothiocyanates that is
well defined for chemopreventive action®. PEITC
content in all vegetables was highest when water
was used as a solvent (Table 1). In addition,
mustard green that extracted by water containned
the highest PEITC concentration being 9.65 + 1.08
pmol/100 g. The higher PEITC in water extract than
other solvents even though PEITC is a low water
soluble compound® is probably due to myrosinase
enzyme activity that is crucial for conversion of
glucosinolate to PEITC was decreased in organic
solvents including ethanol, hexane or methanol®.
The solvents cause changes of enzyme conformation
and reduce the enzyme dynamics®. Moreover,
PEITC values in this study were considerably higher
than previous report studied in watercress where
the values were 0.233-0.688 pmol/100 g sample®.
Different type of plant and also the variations in ITCs
content within individual cruciferous vegetables might
be attributed to environmental and genetic factors,
which determined the content of glucosinolates and
the ratio of ITCs producing glucosinolates to the
other glucosinolates in cruciferous vegetables.

In vitro digestion showed substantial effects on the
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content of PEITC in the samples. The amount of
PEITC was reduced by half as shown in Figure 1D.
The highest reduction observed was 56.7% and it
is more likely that the effects were less pronounced
in hexane and methanol extracts compared with
water extract. Previous study showed that PEITC is
unstable in agueous media and rapidly degraded to
phenethylamine at low pH®*. At acidic condition of
stomach, PEITC in water extract can be degraded
to phenethylamine. It is the electrophilic character
of the carbon atom of isothiocyanate group that
makes ITCs very susceptible to chemical reactions.
In which case the isothiocyanate group (S=C=N)
is hydrolyzed by enzymes prior to phenethylamine
and S=C=0 are formed under acidic condition.
Moreover, this reactive moiety probably react with
other nucleophilic compounds in plant extract.
Furthermore, after they are absorbed across the
intestinal membrane, one of many factors that
limits bioavailbility of bioactive compounds is the
metabolism by biotransformation enzymes. Even
though PEITC is the potent anticancer agent that
could modulate phase | and phase Il detoxcification
enzymes at very low concentration®, only those that
pass the liver and reach the target site intact are
accounted for bioactivity in the body.

Table 2: Antioxidant activity of vegetables extracted by different solvents before and after in vitro

digestion
Treatment Before digestion After digestion
DPPH FRAP DPPH FRAP
Vegetable Solvent mMTE/100g mM FeSO,/100g mMTE/100g mM FeSO,/100g
Mustard green Hexane 6.86+ 0.18¢ 3.96 + 0.45° 3.19+0.31¢ 2.02+0.132
Methanol  7.70+ 0.10° 3.23 + 0.22¢ 4.66 +0.04°  0.87 +0.02¢
Water 8.18 +0.10¢° 7.75 +0.312 493 +0.042 2.15+0.08°
Leaf mustard Hexane 4.30 + 0.029 2.25 +0.05° 216 +0.04" 1.13+0.10>
Methanol  4.23 + 0.029 3.12+0.18° 240+0.13¢ 1.25+0.05°
Water 6.41 + 0.08° 3.09 +0.17¢ 4.45 +0.15>  0.37 + 0.04f
Thai rat-tailed radish Hexane 4.57 £ 0.19 3.06 + 0.27¢ 2.81 £ 0.14f 1.01 £ 0.07°
Methanol  6.47 + 0.20° 3.00 + 0.15¢ 3.48 +0.07¢  1.23 +0.09°
Water 7.44 +0.06° 438 +0.17° 439+0.17° 0.68 +0.08°

Values are expressed as mean =+ standard deviation of three replicate measurements.

abed \/glues in the same column with different superscripts were significantly different at the level of p <
0.05. Where DPPH = 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay and FRAP = Ferric reducing antioxidant

power assay
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Fig. 1: Reduction of TPC (A), DPPH (B), FRAP (C) and PEITC (D) in different vegetables employing
different extraction solvents after in vitro digestion.
Values are mean * standard deviation of triplicate analysis.

Diagonal striped bars were significantly different between before and after in vitro digestion by the

LSD test at the level of p<0.05.

Note: MGH=mustard green extracted by hexane, MGM=mustard green extracted by methanol,
MGW=mustard green extracted by water, LMH=leaf mustard extracted by hexane, LMM=leaf

mustardextracted by methanol, LMW=leaf mustard extracted by water, TRH=Thai rat-tailed radish
extracted by hexane, TRM= Thai rat-tailed radish extracted by methanol and TRW= Thai rat-tailed

radish extracted by water.

DPPH and FRAP values before and after in vitro
digestion

DPPH and FRAP values are illustrated in Table
2. In agreement with TPC values, DPPH and
FRAP values were highest in mustard green
extracted by water being 8.18 =+ 0.01 uM
FeSO,/100 g and 7.75 = 0.31 pM TE/ 100 g,
respectively. However, afterunderwent invitro digestion,
DPPH and FRAP values in all samples significantly
decreased to 4.93 + 0.04 mM TE/100g (39.73%) and
2.15 = 0.08 mM FeSO,/100g (72.38%) and the %
reductions are shown in Figures 1B and 1C. The
most reduction was found in hexane extract of
mustard green and water extract of Thai rat-tailed
radish for DPPH (53.5%) and FRAP (88.0%),
respectively. Substantial reduction of antioxidant

capacity after digestion while only modest changes
of TPC content was observed suggesting that
phenolic compounds in these vegetables might not
be only compounds that provide antioxidant activity
in the vegetables and those that responsible for
reduction of antioxidant activities are susceptible
to digestion condition. It can be hypothesized that
the extract contains non-phenolic substances such
as vitamin C and B, amino acids and peptides, that
were not analyzed in this study and they are involved
in antioxidant activity®®. Manach and colleagues®
found that hydrophilic antioxidants such as vitamin
C and vitamin B in Brassica vegetables made up
89% of the total antioxidant capacity. However, it
is noteworthy that, study in orange juice, vitamin C
content was not accessible after in vitro digestion.
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Table 3: Antioxidant activity of PEITC at
different concentrations

PEITC DPPH FRAP

(Hg/mL) mM TE/100g mM FeSO,/100g
0 0.23 +0.03° 0.009 + 0.01"
100 0.24 + 0.01% 0.014 +0.01™
200 0.24 + 0.02% 0.010 £ 0.01™
300 0.25 + 0.01% 0.010 £ 0.01"
400 0.25 + 0.01% 0.011 £ 0.01"m
500 0.26 + 0.012 0.009 + 0.01"

Values are expressed as mean + standard deviation
of three replicate measurements.

ab Values in the same column with different
superscripts were significantly different at the level
of p <0.05.

s Values in the same column were not significantly
different.

Where DPPH = 2,2-diphenyl-1-picrylhydrazyl
(DPPH) assay and FRAP = Ferric reducing
antioxidant power assay

Furthermore, the antioxidant capacity of these
vegetables were rather not associated with PEITC
content. Table 3 shows that PEITC possessed very
low FRAP and DPPH values. This is in agreement
with Plumb and co-workers*' that glucosinolates and
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their derivatives had low antioxidant activity even
though isothiocyanates can protect against cancer
but the mechanism of action is likely not in relation
to direct scavenging with free radicals.

Conclusion

The results of this study revealed that cruciferous
vegetables that are consumed in Thailand and many
Asian countries can be good sources of human
health protection. Among various varieties, mustard
green had the highest TPC and antioxidant capacity.
Water extraction could liberate bioactive compounds
that afford extensive health benefit effects of
the vegetable. However, when chemopreventive
compound in term of PEITC was considered,
mustard green was the promising cancer prevention
source available in daily meal. In vitro digestion
demonstrated significant reduction of antioxidants
and their activities. Therefore, prevention of
degradation during human digestion should be
further studied.
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