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Abstract: The concept that bioactive components in functional foods are efficacious for the improvement of health, has
recently gained much importance. The cruciferous vegetables which include broccoli, cabbage and cauliflower are excel-
lent source of phytochemicals including glucosinolates and their byproducts, phenolics and antioxidant vitamins as well as
dietary minerals. Broccoli consumption mediates a variety of functions including providing antioxidants, regulating en-
zymes and controlling apoptosis and cell cycle. The organosulfur chemicals namely glucosinolates and the S-methyl cys-
teine sulphoxide found in broccoli in concert with other constituents such as vitamins E, C, K and the minerals such as
iron, zinc, selenium and the polyphenols namely kaempferol, quercetin glucosides and isorhamnetin are presumably re-
sponsible for various health benefits of broccoli.

There exists no comprehensive review on the health promoting effects of phytochemical compounds present in broccoli so
far. This review compiles the evidence for the beneficial role of glucosinolates in conjugation with the other phytocon-
stituents for human health. It also gives an overview on the chemical and biological characterization of potential bioactive
compounds of broccoli including the interaction of phytoconstituents on its bioactivity. Further, the molecular basis of the
biological activities of the chemicals present in broccoli potentially responsible for health promotion, from chemopreven-
tion to cardio protection, are outlined based on in vitro and in vivo studies with a note on the structure activity relationship

of sulforaphane and a few other isothiocyanates.
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1. INTRODUCTION

The commercial success of functional foods has led to
intense interest in the discovery and the characterization of
plant based bioactive compounds. In the post-genomic era, it
remains true that the goal of the pharmaceutical industry is
not simply to find novel drug targets, but to find small mole-
cule compounds that modulate their biological activity. A
corollary, of course, is that small molecules can also be ex-
ploited to discover novel targets. Hence, pharmaceutical and
nutraceutical potential of a plant based material is of great
value in the present days. Consumption of Brassica vegeta-
bles such as broccoli, cabbage, brussel sprouts and cauli-
flower, belonging to crucifers provide modest support for the
hypothesis that their high intakes reduce the risk of degen-
erative disorders such as cancer of all types [1-5] and cardio-
vascular diseases [6]. Broccoli is known as the “Crown
Jewel of Nutrition” since it posses all the nutrients namely
vitamins, minerals, secondary metabolites and fiber pro-
claiming its exceptional health benefits. The breakdown
products of the sulfur containing glucosinolates, isothiocy-
anates are the active principles in exhibiting the anticancer
property at every stage. The medicinal properties of broccoli
consumption are most likely mediated through these bioac-
tive compounds by inducing a variety of functions including
acting as antioxidants, regulating enzymes and controlling
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apoptosis and cell cycle. The purpose of this review is to
provide evidence how the phytoconstituents of broccoli are
helpful to use it as a preventive medicinal food for the main-
tenance of health and the mechanism behind the same.

2. HEALTH PROMOTING CONSTITUENTS OF
BROCCOLI

Broccoli as well as all the cruciferous vegetables are die-
tary sources of glucosinolates and their bioactive degradation
products (isothiocyanates). Crucifers also contain other bio-
active components including flavonoids (e.g. quercetin),
minerals (e.g. selenium) and vitamins (e.g. Vitamin C) [7, 8].

A. Organo Sulfur Compounds

Sulphur-containing phytochemicals of two different
kinds are present in all B. oleracea (Cruciferae) vegetables.
These are glucosinolates (GLSs, previously called thiogluco-
sides) and S-methyl cysteine sulphoxide (SMCSO). The two
types of organosulphur phytochemicals found in all B. o/-
eracea vegetables, GLS and SMCSO, or, more specifically,
many of their metabolites, show anticarcinogenic action that
could be useful as cancer chemopreventive agents in hu-
mans. There are more than 120 GLS characterized in edible
plants; although their function in the plant is unclear, their
potent odour and taste suggest a role in herbivore and micro-
bial defence [9, 10]. Glucosinolates are chemically defined
compounds; all characterized GLS share a similar basic
structure consisting of a -d-thioglucose group, a sulphonated
oxime group and a side chain derived from methionine,
phenylalanine, tryptophan or branched-chain amino acids.
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Fig. (1). Hydrolysis of Glucosinolates.

The sulphate group of a GLS molecule is strongly acidic and
plants accumulate GSL by sequestering them as potassium
salts in plant vacuoles [11]. GLSs are not bioactive in the
animal that consumes them until they have been enzymati-
cally hydrolyzed to an associated isothiocyanate [12] by the
endogenous myrosinase enzyme that is released by disrup-
tion of the plant cell through harvesting, processing, or mas-
tication [9] (Fig. 1). The most characterized GLS compounds
in broccoli are sulphoraphane, phenethyl isothiocyanate,
allyl isothiocyanate and indole-3-carbinol (Fig. 2), but many
other isothiocyanates that are present in lower quantities may
also contribute to the anti-carcinogenic properties of cru-
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Fig. (2). Common Glucosinolates in Broccoli.
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cifers [13, 14]. Some researchers have concluded that the
evidence of health benefits from sulphoraphane is strong
enough to warrant product development [15, 16]. Indole-3-
carbinol, benzyl isothiocyanate and phenethyl isothiocy-
anate, natural bioactives in broccoli, and GLS breakdown
products, may be responsible for selective induction of apop-
tosis in cancer cells, supporting the potential preventive
and/or therapeutic benefit of the GLS hydrolysis products
against different type of cancers [17, 18].

The largest single group of glucosinolates contains a sul-
phur atom in various states of oxidation. Another small
group of benzyl glucosinolates has an additional sugar moi-
ety, rhamnose or arabinose, in glycosidic linkage to the aro-
matic ring [13, 14, 19]. The efficient isolation, identification
and quantification of glucosinolates in Brassicas and more
specifically in broccoli has been methodically developed
from preliminary chromatography to sophisticated analytical
techniques such as NMR, LC (MS) or supercritical fluid
chromatography with light scattering detection [20-23]. The
effect of cooking on glucosinolates has received a relatively
large amount of attention. Cooking reduces glucosinolates
levels by approximately 30—-60%, depending on the method
(e.g. conventional, microwave, high pressure), cooking in-
tensity (e.g. temperature, time), and on the type of compound
[24]. Also thermal degradation and washout occur, leading to
large losses of intact glucosinolates [25].

B. Polyphenols

Broccoli is a good source of health promoting com-
pounds since it also contains polyphenolics. The occurrence
of at least two main flavonol glycosides (quercetin 3-O-
sophoroside and kaempferol 3-O sophoroside) in broccoli
florets has been reported [26]. Later, the flavonoid composi-
tion of broccoli inflorescences has been studied by liquid
chromatography-UV diode-array detection-electron spray
ionization mass spectrometry, and a large number of hy-
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droxycinnamic acid esters of kaempferol and quercetin glu-
cosides were characterised and the structures of the flavon-
oid glycosides were analysed after alkaline hydrolysis, and
identified as 3-sophoroside/sophorotrioside-7-glucoside/
sophoroside of kaempferol, quercetin and traces of isorham-
netin [27] (Fig. 3). Vallejo and coworkers [28] analysed the
phenolic content of broccoli florets from 14 cultivars in
Spain using HPLC and found out that flavonoids (as rutin),
caffeic acid derivatives (as chlorogenic acid) and sinapic
acid derivatives (as sinapic acid) varied in concentration in
most cultivars. However, in all the analysed cultivars,
kaempferol 3-O-sophoroside represented up to 90% of the
total flavonoid content. The contribution of dietary flavonols
to health improvement has been shown to be related to their
high antioxidant activity [29]. The antioxidant activity and
total phenolic content of broccoli extracts have been evalu-
ated by using a model system consisting of B-carotene and
linoleic acid [30]. Broccoli is found to have a high antioxi-
dant activity correlated significantly and positively with total
phenolics. Recently, other authors [31] have employed the
phytochemical content of 22 broccoli genotypes to determine
correlations among chemical composition (carotenoids, to-
copherol and polyphenolics), chemical antioxidant activity
(ORAC) and measures of cellular antioxidation (prevention
of DNA oxidative damage and of oxidation of dichlorofluo-
rescein in HepG2 cells) using hydrophilic and lipophilic ex-
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tracts of broccoli. Moreover, broccoli flavonols are now
studied to indicate the type and magnitude of effects among
humans in vivo, on the basis of short-term changes in bio-
markers [32]. Quercetin was found to be the main represen-
tative of the flavonol class, found at high concentration in
broceoli influencing some carcinogenesis markers in vivo
[33].

C. Vitamins

Cruciferae seeds and ready-to-eat sprouts are a good
source of Vitamin K, B; and B,, [34]. Vitamin K (phylloqui-
none) is a fat-soluble vitamin that functions as a coenzyme
and is involved in blood clotting and bone metabolism, and
broccoli contain >100 pg phylloquinone/100 g vegetable,
either raw or cooked [35]. Apart from these vitamins, broc-
coli also contains good quantities of antioxidant vitamins
namely tocopherols and ascorbic acid and carotenoids (luetin
and zeaxanthin) [36, 37] (Fig. 4). Vitamin C is abundant in
broccoli and is used as a biomarker to identify the nutritional
quality of organic, conventional, and seasonally grown broc-
coli. However, the variation in the levels of the different vi-
tamins varied in the 50 varieties of broccoli tested [38]. This
variation is probably due to various factors such as with
genotype [23, 39], environmental stress [40], growth condi-
tions [41-43] storage and food processing [7, 44-47].
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D. Minerals

Broccoli is a good vegetable source of major mineral
elements such as Na, K, Ca, Mg, CI, P and S and trace ele-
ments such as Fe, Zn, Cu, Mn, and Se for human nutrition
[48] (Fig. 5) and studies have shown that broccoli is an im-
portant alternative source of Ca in segments of the popula-
tion that consume limited amounts of dairy products [49].
Broccoli is known for its ability to accumulate high levels of
Se with the majority of the selenoamino acids in the form of
Se-methylselenocysteine [50]. The presence of the inorganic
elements is substantiated with the high ash content of 11.3
g/kg of the raw florets of broccoli. However, freezing the
samples exhibited reduced ash content [51]. It is interesting
to note that broccoli has high micronutrient content due to its
bioaccumulation capacity. In a study on the use of com-
posted sewage sludge as horticultural growth media, it was
identified that broccoli roots have good micronutrient extrac-
tion efficiency from composted sewage sludge rich in Fe,
Cu, Mn, and Zn. However, heavy metal accumulation such
as Cd and Pb were low in relation to micronutrients [52].
Chromium a micronutrient exhibiting lot of health benefits
[53] is present in broccoli to the level of 12 pg/100gm [54].
It is recently projected that chromium picolinate improves
glycemic control in overweight to obese individuals with
type 2 diabetes as an adjuvant to current antidiabetic medica-
tions [55]. Hence, presence of mineral micronutrients such as

HO

OH OH
Riboflavin

zinc, chromium and selenium, in broccoli is lucrative to be a
potential antidiabetic and antiobese functional food apart
from its chemoprotective and cardioprotective role.
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Fig. (5). Bioactive Organometallic Compounds in Broccoli.
E. Other Phytoconstituents

Apart from the compounds described above, the health
benefits of broccoli is also enhanced due to the presence of
proteins containing the essential amino acids isoleucine,
leucine, lysine phenylalanine, tryptophan, methionine, valine
and threonine and the beneficial fatty acids [56]. However,
the percentage of the aminoacid content varied in the raw
florets and the stem compared to the industrial processing of
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blanching and freezing. The total protein content varied from
29.5 to 32.5 g/kg and 47.2g/kg in frozen and raw broccoli
florets respectively. Similarly, the total lipid content varied
between 5.9 to 9.5 g/kg for raw, frozen and canned florets.
The fatty acids identified were: lauric acid (C,.), myristic
acid (Cy4.), palmitic acid (Ci¢,), hexadecanoic acid (Cyg.),
hexadecadienoic acid (Cy4.,), hexadecatrienoic acid (Cig33),
stearic acid (Cig.), oleic acid (Cys.1), linoleic acid (Cig.2) and
linolenic acid (Cig.3) [52]. The presence of the essential
aminoacids and the essential fatty acids is an added potential
for the nutritive value of broccoli.

3. INTERACTIONS OF HEALTH PROMOTING CON-
STITUENTS OF BROCCOLI: EFFECTS ON BIOAC-
TIVITY

Synergism between bioactive components of a plant may
result in unexpected metabolic outcomes within the plant and
within an animal that consumes it. As mentioned earlier,
broccoli contains sulforaphane, phenolics and selenium and a
wide range of vitamins. In a series of studies, it was identi-
fied that the enrichment of selenium in the florets of broccoli
greatly decreased the content of specific phenolic acids such
as caeffic, ferulic and sinapic acid. It was also confirmed that
selenium influenced a modest decrease in the indole, ali-
phatic and total glucosinates content in the broccoli extracts
[57]. A similar picture is seen with the synergisitic inhibitory
effects of polyphenols and antioxidant vitamins on lipid per-
oxidation and co-oxidation of dietary antioxidants. In simu-
lated stomach fluid, it was demonstrated that phytochemicals
can prevent the build-up of oxidized lipid products (lipid
hydroperoxides and malondialdehyde) and destruction of
vitamin E and B-carotene (and vitamin C to a lesser extent)
[58]. In the gastric fluid, vitamin C could enhance the activ-
ity of polyphenols through a synergistic antioxidant effect. In
another study, broccoli fed rats with sulforaphane exhibited
an elevated thioredoxin reductase activity an important sele-
noprotein that reduces thioredoxin and has antioxidant activ-
ity. A subsequent study demonstrated that the thioredoxin
reductase activity was synergetically increased by simulta-
neous addition of selenium and suforaphane [59]. However,
the mechanism of action of both these bioactive compounds
is different in mitigating cancer [60]. These results probably
suggest that functional foods could be developed considering
these interactions and synergestic activities.

Another interesting observation on the synergistic effect
of the phyto-constitutents is that they are dose dependant in
various experimental models. In human colon cancer cells,
combinations of sulforaphane and 3, 3’-diindolylmethane
showed antagonistic effects on cell proliferation, cell cycle
progression and apoptosis at physiologically low concentra-
tions (2.5 uM), an effect that gradually turned into a positive
synergistic interaction at the highest combined concentration
of 40 uM [61]. The combined effect of two other bioactive
compounds from broccoli, indolo-3-carbinol and crambene,
was studied in a rat model. The high dose experimental
groups were protected against aflatoxin B1 induced toxicity,
showing synergistic effects, whereas no effect was observed
in the low dose groups [62]. These findings underline the
need to elucidate mechanistic interactions in order to better
predict beneficial health effects of bioactive food ingredients.

Mini-Reviews in Medicinal Chemistry, 2009, Vol. 9, No. 6 753

4. MOLECULAR MECHANISM AND SAR OF
HEALTH PROMOTING CONSTITUENTS OF BROC-
COLI

The biological properties of broccoli consumption are
most likely mediated through the “bioactive compounds”
that induce a variety of physiological responses including
acting as direct or indirect antioxidants, regulating enzymes
and controlling apoptosis and the cell cycle. The probable
biological action is through the chemical structure of the
phenolics, vitamins, glucosinates and their metabolic prod-
ucts. Small changes to the side chain structures can have
significant effects.

A. Anticancer

The consumption of cruciferous vegetables has been as-
sociated to the prevention of lung, pancreas, bladder,
prostate, thyroid, skin, stomach and colon cancer [63]. A
study suggested that intake of cruciferous vegetables have an
inverse effect on bladder cancer [3]. Like other cruciferous
vegetables, broccoli also has anticancer properties due to the
presence of constituents like sulforaphane, indoles, polyphe-
nols, vitamins and minerals. Understanding the mechanisms
of the chemoprotective effects of isothiocyanates is of great
importance because isothiocyanates and their glucosinolate
precursors are widespread in plants consumed by humans.
Research on anticarcinogen functional foods has focused on
broccoli and its bioactive constituents [6, 10, 64]. A review
by Verhoeven and coworkers [63] on brassica consumption
and cancer risk found that 67% of all studies reported an
inverse association between consumption of total Brassica
vegetable intake and risk of cancer at various sites; cohort
studies found the greatest inverse associations between the
consumption of broccoli and risk of several cancers inclu-
ding lung and stomach cancer [65]. Sulforaphane has been
found to have protective effects against carcinogen-induced
tumorogenesis in rodents. Both broccoli extracts, and sul-
foraphane alone can reduce the incidence, multiplicity and
rate of development of mammary tumors in dimethylbenz
anthracene (DMBA)-treated rats [66,67] and also can block
forestomach tumors evoked by benzo [a] pyrene (BaP) in
case of ICR mice [68]. Sulforaphane can reduce the
formation of colonic aberrant crypt foci in azoxymethane
(AOM) treated rats [69] and suppressed the growth of
intestinal polyps in the APC™" mouse [70]. A small clinical
trial found that the consumption of 250 gm/day (9 oz/day) of
broccoli sprouts significantly increased the urinary excretion
of a potential carcinogen found in well-done meat, namely 2-
amino-1-methyl-6-phenylimidazo [4, 5-b] pyridine (PhIP)
[71]. Experiments on broccoli suggested that it can protect
against human breast cancer [5,6]. Examples of the pro-
tective effect of broccoli against certain other degenarative
disease have also been reported. It can reduce the risk of
cancer by blocking DNA damage [2]. Broccoli can also
regulate the growth and death of intestinal cell in colon
cancer [4]. Broccoli juices (from leaves) can also prevent
skin diseases [72]. Literature shows the protective effects of
isothiocyanate against cellular oxidative stress [73] and high
cholesterol [32]. In addition, recent studies have indicated
that broccoli sprouts can induce carcinogen-detoxifying
enzymes [74].
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Indol 3 carbinol, the hydrolytic rearrangement product of
glucobrassicin (indolylmethyl glucosinolate) in broccoli is
readily converted both in vitro and in vivo, under mildly acid
conditions to polymeric indoles that bind with very high af-
finity to the Ah receptor, and thereby enhance transcription
of cytochrome P450IA1 [75]. In contrast to the complex ef-
fects of isothiocyanates on phase I enzymes, the effect of
these agents on phase II enzymes of rodent tissues is quite
straightforward. Isothiocyanates are potent electrophiles like
most other inducers of phase II enzymes [76]. Hence, in
common with many chemically unrelated chemoprotective
compounds, the administration of isothiocyanates to rodents
evokes a generalized "electrophile counterattack” response,
characterized by the induction of phase II enzymes and in-
creases in tissue GSH levels [77, 78]. Therefore, the isothio-
cyantes present in broccoli may mediate its anticarcinogenic
potential by inducing the phase II enzymes.

In vitro and in vivo studies have demonstrated that
sulforaphane affects different steps of cancer development. It
can modulate early stages of carcinogenetic process (initia-
tion) or promotion and progression phases. It also can modu-
late events, such as apoptosis, cell proliferation, and angio-
genesis. Sulforaphane modulates initiation phase of carcino-
genetic process by blocking or by competition reactions with
xenobiotic metabolizing enzymes (phase I and phase II en-
zymes), trapping electrophiles and scavenging free radicals.
Several studies demonstrated that sulforaphane can reduce
the effect of carcinogens via inhibition of phase I enzymes or
via induction of phase IT enzymes. After entering into human
body all the dietary and environmental carcinogens are
subjected to metabolism through oxidation, reduction and
hydrolysis to form more hydrophilic molecule and bind to
macromolecules like DNA, RNA and protein and damage
them. This event is known as phase I metabolism, which is
primarily catalyzed by cytochrome P450 enzymes (CYPs). A
large body of data shows that sulforaphane can inhibit DNA-
adduct and chemical carcinogenesis through the alteration of
certain CYP isoform level in rodents [79, 80], it can inhibit
the activity of CYPs1A1, 2B1/2 isoforms in rat hepatocytes
[81] and can inhibit CYP2EI in microsomes from acetone
treated rat liver [82].

Induction of phase II enzymes leads to protection of
cells/tissues against carcinogenic intermediates by conver-
ting them into inactive metabolites, which are readily
excreted from the body and thus prevent them to react with
macromolecules. For several decades, sulforaphane has
drawn the attention as a natural inducer of phase II enzymes
inboth human and animals [83, 84]. Sulforaphane can induce
quinone reductase (NQO1), glutathione S-reductase (GST)
and UDP-glucuronosyltransferase (UGT) in in-vitro assays.
For example, sulforaphane can increase both UGT1A1 and
UGTA1 mRNA levels in hepG2 and HT29 cells [85].
Twenty- four hour sulforaphane exposure can increase the
NQOI1 level three fold over the control at 2.5 pM in
Hepalclc7 cells [86]. Sulforaphane has also been found to
be an inducer of phase II enzyme in vivo. It is shown that rat
and mice treated with high dose of sulforaphane can produce
higher levels of phase II enzyme in liver, lung, mammary
gland, pancreas, stomach [87,88]. Researchers have started
to understand the molecular mechanism of induction of
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phase II antioxidant detoxifying enzymes by sulforaphane
from broccoli. Two mechanisms, i.e., disruption of Nrf2-
Keap 1 interactions and mitogen-activated protein kinase
(MAPK) activation, acting synergistically or seperately, have
been proposed.

Sulforaphane isolated from broccoli is chiral, possessing
the R configuration, but both R-SF and the synthetic (R, S)-
SF show identical inducer potency. Change of the oxidation
state of the sulfur atom in the methylthiol group from sulfox-
ide to sulfone reduced inducer activity 4-fold, and the sulfide
analog was more than 10-fold less active. Moreover, if the
sulfoxide group was replaced with the methylene group, the
inducer activity was reduced 75-fold. However, the sulfoxide
group could be replaced with a carbonyl group without los-
ing any inducer activity. A change in the number of methyl-
ene units from 4 to 5 or 3 did not significantly affect inducer
activity, nor did the rigidity of the methylene bridge have
much effect on inducer activity [89]. Structure—activity stud-
ies have examined the effects of altering the oxidation state
of the methylthio group (S, S=0, SO,) and the length of the
methylene chain (n=3, 4, or 5) separating the methylthio-
and the -N=C=S groups of sulforaphane on the inducer po-
tency for quinine reductase in murine hepatoma cells. [§9]. A
series of synthetic acetylnorbornyl isothiocyanates varied in
inducer potencies depending on positions and steric relations
of the acetyl and isothiocyanate groups. Some of these ana-
logues were potent inducers, but in this series, none was
more potent than sulforaphane [88]. Remarkably, replace-
ment of the S=O by C=0 produced an analogue that was
equally potent to sulforaphane [88].

Apart from the role of isothiocyanates like sulforaphane
in exhibiting the antocarcinogenic effect of broccoli, the
presence of selenium also adds to the bioactivity. Selenium
is now proved to posseses good chemoprotective effect [90].
Methylated amino acids such as Se-methylselenocysteine
(SeMSC) bio-accumulated in broccoli are metabolised pri-
marily in the excretory pathway, and limited data suggest
that methyl selenol generated in this pathway is the metabo-
lite, which is most responsible for preventing cancer [91,
92]. Moreover, the suggested mechanisms for cancer preven-
tion by selenium include its effects upon programmed cell
death, DNA repair, carcinogen metabolism, immune system
and its role in selenoenzymes. Selenium also acts as an anti-
angiogenic agent and its specific inhibition of tumour cell
growth by certain selenium metabolites.

B. Cardioprotection

Cardiovascular disease which includes, ischemic heart
disease, atherosclerosis, and hypertension is a serious prob-
lem all over the world. Dietary intervention with cardiopro-
tective agents is of immense necessity. A study on the intake
of broccoli sprouts high in glucoraphanin, whose metabolite
sulforaphane is a potent phase II protein inducer, decreased
oxidative stress and inflammation in kidneys and the cardio-
vascular system explaining the reduction of the risk of de-
veloping cardiovascular problems of hypertension and athe-
rosclerosis in spontaneously hypertensive stroke prone rats
[93]. The promotion of cardiovascular function was similar
to that seen with long-term consumption of pharmacological
antioxidants. A recent clinical study with twelve healthy
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subjects has suggested that consumption of fresh broccoli
sprouts [100 gm/day] for a week reduced LDL and total cho-
lesterol and increased HDL cholesterol [94]. Another related
prospective study of 34,492 postmenopausal women in lowa
showed that broccoli was strongly associated with reduced
risk of coronary heart disease [95].

Ourrecent study has demonstrated that broccoli consump-
tion can prevent the reduction of mRNA level and protein
level of thioredoxin super family members due to ischemic
reperfusion injury [96]. This probably is due to the presence
of sulforaphane present in broccoli which can induce Trx, a
cardioprotective protein through the antioxidant-responsive
element [97]. Ischemia/reperfusion causes cardiomyocyte
death by activating death signaling pathway and/or inhibiting
survival signaling pathway [98]. But broccoli treatment can
induce the components of survival pathway [96]. Our recent
study also demonstrated that broccoli treatment can improve
cardiac function, reduce myocardial infraction and cardio-
myocyte appoptosis after ischemic reperfusion injury [96].
Taken together, broccoli can protect mammalian heart from
ischemic reperfusion injury by boosting thioredoxin level.
The cardioprotective effects of broccoli probably involves
multiple interlinked mechanisms, such as: (a) inhibition of
phase I enzymes and DNA adducts; (b) induction of phase II
antioxidant detoxifying enzyme; (c) antioxidant function; (d)
induction of cell cycle arrest; (¢) inhibition of angiogenesis;
and (f) anti-inflammatory properties. In order to study the
bioactive compound mediating cardioprotection in broccoli
two active principles namely sulphoraphane and oltipraz
treated rats are being subjected to ischemic reperfusion
injury and the study is underway. However, structure activity
relationship studies in this line are warranted.

Recently UK researchers reported that eating brocolli
could reverse the damage done to heart blood vessels by dia-
betes. They confirmed the reversal of the biochemical dys-
function of endothelial cells in hyperglycemia by sulforap-
hane by activation of Nrf2 and related ARE-linked gene ex-
pression and explain that it is a novel strategy to suppress
endothelial cell dysfunction and possibly also the develop-
ment of vascular disease in diabetes [99].

C. Antioxidant Activity

Broccoli has been a favorite test vegetable for several
researchers because of its potential antioxidant properties
[100-103]. As mentioned earlier broccoli comprises of a
mixture of antioxidants including ascorbic acid, carotenoids,
tocopherol and phenolics. However, among 50 different va-
rieties, the bioactive components varied in concentration
[36]. Broccoli stem have been found to exhibit strong anti-
oxidant properties than flowers and leaves [104]. A recent
study on the different broccoli cultivars in India explains that
the Aishwarya, Packman and Punjabi broccoli are potential
cultivars to be used in germplasm improvement programs,
since they exhibit good antioxidant activity due to the high-
est ascorbic acid and carotenoid content [37].

Broccoli is a significant source of flavonoids and phe-
nolics such as caffeic and sinapic acids [105]. A large num-
ber of hydroxycinnamic acid esters of kaempferol and quer-
cetin glucosides has been characterized in broccoli inflores-
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cence [26]. The antioxidant activity of phenolic compounds
is due to their ability to scavenge free radicals, donate hy-
drogen atoms or electron, or chelate metal cations [106,107].
The structure of phenolic compounds is a key determinant of
their radical scavenging and metal chelating activity, and this
is referred to as structure—activity relationships (SAR). In the
case of phenolic acids, the antioxidant activity depends on
the numbers and positions of the hydroxyl groups in relation
to the carboxyl functional group [108,109]

The SAR of flavonoids is generally more complicated
than that of hydroxybenzoic and hydroxycinnamic acids due
to the relative complexity of the flavonoid molecules. The
degree of hydroxylation and the positions of the —OH groups
in the B ring, in particular an ortho-dihydroxyl structure of
ring B (catechol group) in the flavonoid results in higher
activity as it confers higher stability to the aroxyl radical by
electron delocalisation [110], or acts as the preferred binding
site for trace metals [111]. The trace element selenium
probably interacts with the flavonoid structure in broccoli
and thus exhibits potent antioxidant activity. A double bond
between C-2 and C-3, combined with a 3-OH, in ring C, also
enhances the active radical scavenging capacity of flavon-
oids, as seen in the case of kaempferol [110], Substitution of
the 3-OH, results in increase in torsion angle and loss of co-
planarity, and subsequently reduced antioxidant activity
[112]. Another possible mechanism by which broccoli exhib-
its its health benefits might be through the above structure
activity mechanism.

Apart from the vitamins and phenolics, the isothiocy-
anate (Sulforaphane) present in broccoli also enhances anti-
oxidant capacities. Sulforaphane is not a direct-acting anti-
oxidant or pro oxidant, since it is very unlikely that the iso-
thio-cyanate group can participate in oxidation or reduction
reactions under physiological conditions [113]. There is
however, substantial and growing evidence that sulforaphane
administration acts indirectly to increase the antioxidant ca-
pacity of animal cells, and their abilities to cope with oxida-
tive stress [114]. Many isothiocyanates, in common with
other inducers of phase II enzymes, raise tissue GSH levels
[115], by stimulating the antioxidant response elements
(ARE) in the 5'-upstream region of the gene for the heavy
sub- unit of g-glutamylcysteine synthetase [116]. This en-
zyme catalyses the rate-limiting step in GSH synthesis. As
GSH is already present in millimolar concentrations in virtu-
ally all cells, such increases in GSH presumably augment
cellular antioxidant defenses. Moreover, recent evidence
supports the view that enzymes induced by sulforaphane
such as glutathione transferases, NAD(P)H: quinone reduc-
tase (DT-diaphorase), and heme oxygenase can all function
as protectors against oxidative stress [117]. Thus, sulforap-
hane, a very potent inducer of Phase Il enzymes and cellular
glutathione levels present in broccoli, facilitates to combat
the diseases related to oxidative damage.

D. Antimicrobial Activity

Isothiocyanates and the glucosinolate / myrosinase sys-
tem that leads to their production in cruciferous vegetables
like broccoli plays a major role in plant defense against fun-
gal diseases and pest infestation [118]. The antimicrobial
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effects and mode of action of allyl isothiocyanate have been
examined against an array of bacteria and fungi including E.
coli [119, 120]. Over 40 years ago, the antibacterial effects
of 15 isothiocyanates were evaluated on 10 test organisms,
including both gram positive and gram negative organisms
and including E. coli [121]. Kim et al. utilized allyl isothio-
cyanate (from the glucosinolate sinigrin) as an antimicrobial
on cooked rice [122] . Sulforaphane an isothiocyanate from
broccoli appears to exhibit broad spectrum-like activity,
similar to certain classes of antibiotics, such as ceftriaxone (a
third generation cephalosporin used as a positive anti-
microbial control for these experiments), by virtue of its abil-
ity to inhibit the growth of both Gram-positive and Gram-
negative bacteria such as E. coli 0157:H7, Salmonella and
Shigella, S. aureus, Streptococcus pyogenes, P. aeruginosa,
and Cryptococcus neoformans [123]. Moreover, it has been
identified that 3,3'-Diindolylmethane found in broccoli is a
potent modulator of the innate immune response system with
anti-viral, anti-bacterial and anti-cancer activity potentiating
through synergetic effect of other phytoconstituents [124].
As a whole, broccoli consumption acts as a good antimicro-
bial healthy food.

Gastric infection with Helicobacter pylori is a cosmo-
politan problem, and is especially common in developing
regions where there is also a high prevalence of gastric
cancer. These infections are known to cause gastritis and
peptic ulcers, and dramatically enhance the risk of gastric
cancer. Eradication of this organism is an important medical
goal that is complicated by the development of resistance to
conventional antimicrobial agents and by the persistence of a
low level reservoir of H. pylori within gastric epithelial cells.
Sulforaphane [(—)-1-isothiocyanato-(4R)-(methylsulfinyl)
butane], an isothiocyanate abundant as its glucosinolate pre-
cursor in certain varieties of broccoli and broccoli sprouts, is
a potent bacteriostatic agent against 3 reference strains and
45 clinical isolates of H. pylori [minimal inhibitory con-
centration (MIC) for 90% of the strains is <4 pg/ml],
irrespective of their resistance to conventional antibiotics.
Further, brief exposure to sulforaphane was bactericidal, and
eliminated intracellular H. pylori from a human epithelial
cell line (Hep-2) [85].

5. SUMMARY AND CONCLUSION

Broccoli constituents mediate a variety of physiological
functions by acting as antioxidants, regulating enzymes, and
controlling apoptosis and cell cycle. This emphasizes the
consumption of this vegetable associated to the prevention of
disease condition such as cancer, cardiovascular disorders,
ulcers and diabetes. The organosulfur phytochemicals namely
glucosinolates and the S-methyl cysteine sulphoxide found in
broccoli in concert with other constituents such as vitamin E,
C, and K, and minerals such as iron, zinc, and selenium, and
the polyphenols namely kaempferol, quercetin, glycosides
and isorhamnetin are presumably responsible for the various
health benefits of broccoli. Hence, broccoli can be consid-
ered as a potential functional food. Further work is needed to
better define the molecular mechanism by which the con-
stituents of broccoli can act at the cellular level, modifying
various disease conditions and translating the information to
human beings.

Vasanthi et al.
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