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Recently, broccoli, a vegetable of the Brassica family, has been found to protect the myocardium from ischaemic reperfusion injury through

the redox signalling of sulphoraphane, which is being formed from glucosinolate present in this vegetable. Since cooked broccoli loses most

of its glucosinolate, we assumed that fresh broccoli could be a superior cardioprotective agent compared to cooked broccoli. To test this, two

groups of rats were fed with fresh (steamed) broccoli or cooked broccoli for 30 d, while a third group was given vehicle only for the same

period of time. After 30 d, all the rats were sacrificed, and the isolated working hearts were subjected to 30 min ischaemia followed by 2 h of

reperfusion. Both cooked and steamed broccolis displayed significantly improved post-ischaemic ventricular function and reduced myocardial

infarction and cardiomyocyte apoptosis compared to control, but steamed broccoli showed superior cardioprotective abilities compared with

the cooked broccoli. Corroborating with these results, both cooked and steamed broccolis demonstrated significantly enhanced induction of the

survival signalling proteins including Bcl2, Akt, extracellular signal-regulated kinase 1/2, haemoxygenase-1, NFE2 related factor 2, superoxide

dismutase (SOD1) and SOD2 and down-regulation of the proteins (e.g. Bax, c-Jun N-terminal kinase, p38 mitogen-activated protein kinase) of

the death signalling pathway, steamed broccoli displaying superior results over its cooked counterpart. The expressions of proteins of the thior-

edoxin (Trx) superfamily including Trx1 and its precursor sulphoraphane, Trx2 and Trx reductase, were enhanced only in the steamed broccoli

group. The results of the present study documented superior cardioprotective properties of the steamed broccoli over cooked broccoli because of

the ability of fresh broccoli to perform redox signalling of Trx.

Broccoli: Cardioprotection: Ischaemia/reperfusion: Sulphoraphane

Broccoli, a vegetable of cabbage family of genus Brassica, has
been used as a vegetable from time immemorial. It is
rich in vitamin C, vitamin K, vitamin A as well as dietary
fibre and certain minerals, but lesser amounts of fat and
energy. For these reasons, broccoli has become a vegetable
of choice in modern society. Existing studies suggest that it
can reduce the risk of cancer by blocking DNA damage(1)

and its juices (from leaves) can prevent skin disease(2). Avail-
able evidence indicates that the protective effects of broccoli
are indicated through the inhibition of cellular oxidative
stress(3) and reduction of cholesterol(4). Recent studies
have indicated that broccoli sprouts can induce carcinogen-
detoxifying enzymes(5) and broccoli can protect the mamma-
lian heart through the activation of the genes of thioredoxin
(Trx) superfamily(6,7).

Epidemiological studies suggest that broccoli contains cer-
tain phytochemicals that may confer protection against some
degenerative diseases like cancer(8,9) and CVD(6). Apart
from the above-mentioned beneficial components, broccoli
is a good source of dietary selenium and sulphoraphane(10),

the latter being an isothiocyanate, which possess anti-carcino-
genic effects(11,12). It is also known as a natural inducer of
phase II enzymes like haemoxygenase-1 (HO-1) in both
human and animals(13,14). Sulphoraphane can induce redox-
regulated cardioprotective protein Trx through the antioxi-
dant-responsive element(15). A study has shown that broccoli
protects the mammalian heart via the activation of Trx
superfamily genes(7). Although a major part of the health
beneficiary effects of broccoli is due to the presence of sul-
phoraphane, broccoli does not contain sulphoraphane as
such, rather it contains high concentration of glucosinolate, a
b-thioglucoside N-hydroxysulphate. Broccoli also contains
myrosinase, a thioglucosidase but not in direct contact with
its substrate. Upon crushing, the cellular membranes get rup-
tured, and its cellular constituents come to contact with gluco-
sinolate. Glucosinolate is then hydrolysed via the enzymatic
activity of myrosinase to form an unstable intermediate thio-
hydroamate-O-sulphonate, which in turn is converted to a
number of metabolites like isothiocyanate, thiocyanate, nitriles
etc. (Fig. 1)(16,17). Sulphoraphane is the major isothiocyanate
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present in broccoli. Studies have shown that enzymatic
activity of myrosinase decreases with temperature
elevation(18); and its activity remains stable up to 408C, but
is reduced by 90 % when heated for 10 min at 608C(19).
The stability of sulphoraphane is also temperature sensitive.
A study demonstrated that sulphoraphane is degraded more
than 90 % after 20 min of heating at 908C(19). On the other
hand, some studies have shown that cooking has no effect
on the antioxidant properties of broccoli(20). Based on these
results, we hypothesised that fresh broccoli might possess
additional health benefits compared to cooked broccoli.
To test this hypothesis, we fed a group of rats steamed broc-
coli, while another group was given the cooked broccoli.
After 30 d, isolated hearts from the experimental and
control rats were subjected to 30 min ischaemia followed by
2 h of reperfusion. Cardiac functional parameters like heart
rate, left ventricular developed pressure (LVDP), LVdp/dt
(first derivative of LVDP), coronary flow and aortic
flow were measured. Also some proteins in the death/survival
signalling pathways (Bax, Bcl2, Bcl-xL Akt, extracellular
signal-regulated kinase (ERK) 1/2, c-Jun N-terminal kinase
(JNK), NFE2 related factor 2 (Nrf2), HO-1), superoxide
dismutase (SOD1), SOD2 etc.) were measured. The expres-
sion level of some Trx superfamily proteins such as Trx,
Trx2 and Trx reductase (TrxR) was measured. The results of
the present study clearly demonstrated superior cardioprotec-
tive effects of steamed broccoli compared to its cooked
counterpart.

Materials and methods

Preparation of broccoli slurry

Broccoli was purchased from local supermarket. Fresh broc-
coli was blanched by subjecting it to steaming, and then a
slurry was made with adding water in a ratio of 1:3·5 (w/w)
and mixing in a blender. Cooked broccoli preparation was
done in a similar way by mixing in a blender and slurry was
prepared with water (in the same ratio), and then the slurry
was heated in microwave at high temperature setting for
total 20 min.

Animals

All animals used in the present study received humane care in
compliance with the Animal Welfare Act and other federal
statutes and regulations relating to animals and experiments
involving animals and adheres to principles stated in the
Guide for the Care and Use of Laboratory Animals, NRC
Publication, 1996 edition. Sprague–Dawley male rats weigh-
ing between 250 and 300 g were used for the experiment.
The rats were randomly assigned to one of the three groups:
(1) control (2), steamed broccoli and (3) cooked broccoli
(Fig. 2). The rats were fed ad libitum regular rat chow with
free access to water. The broccoli (both steamed broccoli and
cooked broccoli)-treated rats were fed with 1 ml broccoli slurry
(1·5 g/kg body weight per d) for 30 d, while the control group
of rats were gavaged 1 ml water for the same period of time.

Fig. 1. Chemical reactions of formation of isothiocyanate from broccoli.
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Isolated working heart preparation

At the end of 30 d, the rats were anaesthetised with sodium
pentobarbital (80 mg/kg body weight, intraperitoneal; Abbott
Laboratories, North Chicago, IL, USA) and anticoagulated
with heparin sodium (5 mg (500 IU)/kg body weight, intrave-
nous; Elkins-Sinn Inc., Cherry Hill, NJ, USA) injection. After
ensuring sufficient depth of anaesthesia, thoracotomy was
performed; the hearts were perfused in the retrograde Langen-
dorff mode at 378C at a constant perfusion pressure of 100 cm
of water (10 kPa) for a 5 min washout period(7). The perfusion
buffer used in the present study consisted of a modified
Krebs–Henseleit bicarbonate buffer (in mM: NaCl 118, KCl
4·7, calcium chloride 1·7, sodium bicarbonate 25, potassium
biphosphate 0·36, magnesium sulphate 1·2 and glucose 10).
The Langendorff preparation was switched to the working
mode following the washout period. At the end of 10 min,
after the attainment of steady-state cardiac function, baseline
functional parameters were recorded. Then the hearts were
subjected to 30 min of global ischaemia followed by 2 h of
reperfusion. The first 10 min of reperfusion was in the
retrograde mode to allow for post-ischaemic stabilisation
and thereafter, in the antegrade working mode to allow for
assessment of functional parameters, which were recorded at
30, 60 and 120 min of reperfusion.

Cardiac function assessment

Aortic pressure was measured using a Gould P23XL pressure
transducer (Gould Instrument Systems Inc., Valley View, OH,
USA) connected to a side arm of the aortic cannula, and the
signal was amplified using a Gould 6600 series signal condi-
tioner and monitored on a CORDAT II real-time data acqui-
sition and analysis system (Triton Technologies, San Diego,
CA, USA)(7). Heart rate, LVDP (defined as the difference of
the maximum systolic and diastolic aortic pressures) and the
first derivative of developed pressure (dp/dt) were all derived
or calculated from the continuously obtained pressure signal.
aortic flow was measured using a calibrated flow meter
(Gilmont Instrument Inc., Barrington, IL, USA), and coronary
flow was measured by timed collection of the coronary effluent
dripping from the heart.

Infarct size estimation

At the end of reperfusion, a 1 % (w/v) solution of triphenyl
tetrazolium chloride in phosphate buffer was infused into

aortic cannula for 20 min at 378C(21). The hearts were
excised, and the sections (0·8 mm) of the heart were fixed
in 2 % paraformaldehyde, placed between two cover slips
and digitally imaged using a Microtek Scan Maker 600z.
To quantify the areas of interest in pixels, a NIH image
5.1 (a public-domain software package) was used. The
infarct size was quantified and expressed in pixels.

Terminal deoxynucleotidyl transferase dUTP nick end
labelling assay for assessment of apoptotic cell death

Immunohistochemical detection of apoptotic cells was car-
ried out using the terminal deoxynucleotidyl transferase
dUTP nick end labelling method(21) (Promega, Madison,
WI, USA). The heart tissues were immediately put in 10 %
formalin and fixed in an automatic tissue-fixing machine.
The tissues were carefully embedded in the molten paraffin
in metallic blocks, covered with flexible plastic moulds and
kept under freezing plates to allow the paraffin to solidify.
The metallic containers were removed and tissues became
embedded in paraffin on the plastic moulds. Before analysing
tissues for apoptosis, tissue sections were deparaffinised with
xylene and washed in succession with different concen-
trations of ethanol (absolute, 95, 85, 70 and 50 %). Then
the transferase-mediated dUTP nickend labeling staining
was performed according to the manufacturer’s instructions.
The fluorescence staining was viewed with a fluorescence
microscope (AXIOPLAN2 IMAGING; Carl Zeiss Microima-
ging Inc., Thornwood, NY, USA) at 520 nm for green fluor-
escence of fluorescein and at 620 nm for red fluorescence of
propidium iodide. The number of apoptotic cells was counted
throughout the slides and expressed as a percent of total
myocyte population.

Preparation of subcellular fractions

Tissues (frozen in liquid nitrogen and stored at 2808C) were
homogenised in 1 ml buffer A (25 mM Tris–HCl, pH 8,
25 mM NaCl, 1 mM sodium-orthovanadate, 10 mM NaF,
10 mM sodium-pyrophosphate, 10 nM okadaic acid, 0·5 mM

EDTA, 1 mM phenylmethylsulphonyl fluoride and 1 £ pro-
tease inhibitor cocktail) in a Polytron homogeniser. Hom-
ogenates were centrifuged at 2000 rpm at 48C for 10 min,
and the nuclear pellet was resuspended in 500ml buffer A
with 0·1 % Triton X-100 and 500 mM NaCl. Supernatant
from the above centrifugation was further centrifuged at
10 000 rpm at 48C for 20 min, and the resultant supernatant
was used as cytosolic extract. The mitochondrial pellet from
the above centrifugation was resuspended in 200–300ml
buffer A with 0·1 % Triton X-100. The nuclear and mitochon-
drial pellets were lysed by incubation for 1 h on ice with
intermittent tapping. Homogenates were then centrifuged at
14 000 rpm at 48C for 10 min, and the supernatant was used
as nuclear and mitochondrial lysate, respectively. Cytosolic,
nuclear and mitochondrial extracts were aliquoted, snap
frozen and stored at 2808C for subsequent use. Total protein
concentrations in cytosolic, nuclear and mitochondrial
extracts were determined using a BCA Protein Assay Kit
(Pierce, Rockford, IL, USA).

Fig. 2. Schematic representation of experimental perfusion protocol of

different groups of heart. KHB, Krebs–Henseleit bicarbonate buffer; I/R,

ischaemia/reperfusion.
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Western blot analysis

The proteins from cytosolic, nuclear or mitochondrial
fractions were separated in SDS-PAGE and transferred to
nitrocellulose filters. Filters were blocked in 5 % non-fat
dry milk, and probed with primary antibody for over-
night(21). Primary antibodies such as Trx, Trx2, TrxR,
Nrf2, SOD2 and glyceraldehyde-6-phosphate dehydrogenase
were obtained from Santa Cruz Biotechnology (Santa
Cruz, CA, USA), whereas Bax, Bcl2, Bcl-xL, cytochrome c,
HO-1, Akt, phospho-Akt, SOD1, p38, phospho-p38, ERK,
phospho-ERK, JNK, phospho-JNK, histone and Cox4 were
obtained from Cell Signaling Technology (Beverly, MA,
USA). All primary antibodies were used at the dilution
of 1:1000. Protein bands were identified with horseradish
peroxidase-conjugated secondary antibody (1:2000 dilution)
and Western blotting Luminol Reagent (Santa Cruz Bio-
technology). Glyceraldehyde-6-phosphate dehydrogenase,
histone and Cox4 were used as cytosolic, nuclear and
mitochondrial loading controls, respectively. The resulting
blots were digitised, subjected to densitometric scanning
using a standard NIH image program and normalised against
loading control.

Statistical analysis

The values for myocardial functional parameters, total and
infarct volumes and infarct sizes as well as cardiomyocyte
apoptosis are all expressed as the means with their standard
errors. ANOVA test followed by Bonferroni’s correction
was first carried out to test for any differences between the
mean values of all groups. If differences between groups
were established, the values of the treated groups were
compared to those of the control group by a modified t test.
The results were considered significant if P,0·05.

Results

Comparison of the effects of steamed broccoli and cooked
broccoli on left ventricular function

We compared the efficacy of steamed broccoli v. cooked
broccoli as a cardioprotectant. Although both the steamed
broccoli and cooked broccoli showed superior ventricular
performance compared to control rats during the reperfusion
phase (Fig. 3), the steamed broccoli displayed significantly
greater recovery of aortic flow, LVDP and the maximum

Fig. 3. Effect of steamed and cooked broccolis on post-ischaemic left ventricular function, heart rate, coronary flow, left ventricular developed pressure (LVDP),

maximum first derivative of developed pressure and aortic flow. Results are shown as means with their standard errors. * P,0·05 v. ischaemic control and

†P,0·05 v. steamed broccoli. n 6 in each group. BL, baseline; RE, reperfusion. B, Control; A, steamed broccoli; , cooked broccoli.
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first derivative of developed pressure (LVmax dp/dt) compared
to that achieved from cooked broccoli. The heart rate and
coronary flow did not vary between the groups.

Effects of steamed broccoli and cooked broccoli on
myocardial infarction

Myocardial infarct size determined by triphenyltetrazolium
chloride staining was about 40·96 (SD 1·29) % in case of
ischaemia/reperfusion control group (Fig. 4). No infarc-
tion was found when the hearts were perfused with the
Krebs–Henseleit bicarbonate buffer without subjecting to
ischaemia and reperfusion protocol (baseline control). Both
the steamed and cooked broccoli groups showed lower infarct
size compared to ischaemia/reperfusion control, but steamed
broccoli displayed smaller infarct size (18·82 (SD 1·24) %)
than that of the cooked broccoli treated group (23·44
(SD 1·00) %).

Effects of steamed broccoli and cooked broccoli on
cardiomyocyte apoptosis

Cardiomyocyte apoptosis was determined by transferase-
mediated dUTP nickend labeling method. As shown in
Fig. 5(a), it was about 36·59 (SD 2·38) % at the end of reperfu-
sion in case of ischaemia/reperfusion control group. There
were insignificant numbers of apoptotic cells (8·4 (SD 2) %)
in the hearts perfused with the Krebs–Henseleit bicarbonate
buffer without subjecting to ischaemia and reperfusion
(baseline control group). Both types of broccoli (steamed
and cooked) treatments demonstrated substantial reduction in
the number of apoptotic cells compared to non-treated control
group (17·74 (SD 1·13) % and 22·86 (SD 2·28) % for steamed
broccoli and cooked broccoli, respectively).

In order to further confirm that steamed broccoli is better
in prevention of cardiomyocyte apoptosis, we determined
the activity of cytochrome c. Fig. 5(b) shows the results.

Cytochrome c was significantly increased after ischaemia/
reperfusion in case of non-treated ischaemic control group,
which correlates with the results of Fig. 5(a). Steamed broccoli
prevented the increase in cytochrome c due to ischaemia, but
cooked broccoli did not prevent the activation of cytochrome
c after ischaemia.

Effects of steamed and cooked broccolis in the generation
of survival signal

It is well known that ischaemia/reperfusion causes cellular
injury by generating a death signal or by preventing survival
signal(22). For example, it is known that ischaemia/reperfusion
injury increases pro-apoptotic protein Bax and reduces anti-
apoptotic protein Bcl2. We, therefore, determined these pro-
and anti-apoptotic parameters and survival signalling members
in the hearts with and without broccoli treatment. As shown in
Fig. 6(a), both steamed and cooked broccolis had the ability to
enhance the phosphorylation of Akt severalfold, but steamed
broccoli had higher potential than cooked broccoli.

Similarly, ischaemia/reperfusion increased pro-apoptotic
Bax and reduced anti-apoptotic Bcl2 and Bcl-xL as expected
(Fig. 6(a)). While broccoli groups increased the Bcl2 and
Bcl-xL levels, the greater degree of enhancement in Bcl2
expression was noticed in steamed broccoli group. Bax protein
level was also lower in steamed broccoli group. Taken
together, these results indicate that although broccoli generates
an overall survival signal, steamed broccoli has better efficacy
than cooked broccoli in suppressing pro-apoptotic proteins and
boosting the anti-apoptotic proteins.

Effects of steamed and cooked broccolis on mitogen-activated
protein kinase signalling

It is known that ischaemia/reperfusion-induced death signal is
produced from defective mitogen-activated protein kinase
(MAPK)/tyrosine kinase signalling(21). We, therefore, determi-
ned the effect of broccoli on MAPK signalling in the hearts.
As shown in Fig. 6(b), both steamed and cooked broccolis
had the ability to enhance the phosphorylation of ERK1/2
severalfold, but steamed broccoli possessed higher capacity
to enhance the phosphorylation of ERK1/2 than that of the
cooked broccoli. An opposite phosphorylation pattern was
observed for proapoptotic JNK and p38 MAPK with broccoli
treatment, wherein steamed broccoli showed superiority in
reduction of death signal over cooked broccoli.

Effects of steamed and cooked broccolis on the expression
of thioredoxin proteins

It is known that broccoli induced survival signal and reduced
death signal via the activation of Trx superfamily genes(7),
and sulphoraphane is a well-known inducer of TrxR(23).
We checked whether cooking broccoli has any effect on the
expression of some Trx superfamily protein such as Trx
(whole), TrxR (Fig. 7(a)) and Trx2 (Fig. 7(b)). As shown in
Fig. 7, both types of broccoli preparation can prevent the
reduction of Trx (whole), Trx2 and TrxR protein level due
to ischaemia/reperfusion injury, but steamed broccoli
showed superiority over cooked broccoli.

Fig. 4. Effect of steamed and cooked broccolis on myocardial infarct size.

Results are shown as means with their standard errors. * P,0·05 v. ischae-

mic control, n 3 in each group. B, Control; A, steamed broccoli; , cooked

broccoli. I/R, ischaemia/reperfusion.
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Effects of steamed and cooked broccolis on the expression
of NFE2 related factor 2 and haemoxygenase-1 proteins

Since antioxidants present in broccoli and the ability of indu-
cing phase II antioxidant detoxifying enzyme have been attrib-
uted to the cardioprotective effects of broccoli, we compared
the effects of fresh broccoli and cooked broccoli treatment
on Nrf2 and phase II detoxifying enzyme HO-1 expression,

two known mediators of redox signalling (Fig. 8(a)).
As expected, ischaemia/reperfusion reduced the expression
of both Nrf2 and HO-1 in case of non-treated control group.
Broccoli treatment (both steamed and cooked) prevented the
reduction of Nrf2 and HO-1 expression level due to ischae-
mia/reperfusion, but steamed broccoli could activate Nrf2
and HO-1 more effectively than that of the cooked broccoli.

Effects of broccoli on superoxide dismutase activity

Since broccoli is known to possess antioxidant properties(20,24)

and can induce the activity of SOD(25,26), we examined the
effects of broccoli before and after cooking on the activity

Fig. 5. Effect of steamed and cooked broccolis on cardiomyocyte apoptosis (a) and Western blot analysis of cytochrome c from the cytosolic fraction of control

baseline (BL), ischaemic control, steamed and cooked broccoli-treated heart samples. Glyceraldehyde-6-phosphate dehydrogenase (GAPDH) was used as the

loading control (b). In Fig. 5(a), panel 1 is total number of apoptotic cells (green channels). Panel 2 is total number of cells (red channel). Values are means with

their standard errors. *P,0·05 v. ischaemic control. Representative photomicrographs are shown below the bar graphs. , Control baseline (BL); B, control

ischaemia/reperfusion (I/R); A, steamed broccoli; , cooked broccoli.

Fig. 6. Western blot analysis of p-Akt, Akt, Bax, Bcl2 and Bcl-xL from the

cytosolic fraction (a) and Western blot analysis of p-c-Jun N-terminal kinase

(JNK), JNK, p-extracellular signal-regulated kinase (ERK1/2), ERK1/2, p-p38

mitogen-activated protein kinase (MAPK) and p38 MAPK from cytosolic frac-

tion (b) of control baseline (baseline), ischaemic control, steamed and

cooked broccoli-treated heart samples. Glyceraldehyde-6-phosphate dehy-

drogenase (GAPDH) was used as the loading control. Figures are represen-

tative images of three different groups, and each experiment was repeated

at least thrice. I/R, ischaemia/reperfusion.

Fig. 7. Western blot analysis of Trx (whole), TrxR from the cytosolic fraction

(a) and Trx2 from the mitochondrial fraction (b) of control baseline (BL),

ischaemic control, steamed and cooked broccoli-treated heart samples.

Glyceraldehyde-6-phosphate dehydrogenase (GAPDH) and Cox4 were used

as loading control for cytosolic and mitochondrial fraction. Figures are repre-

sentative images of three different groups, and each experiment was

repeated at least thrice. I/R, ischaemia/reperfusion.
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of SOD1 and SOD2. As shown in Fig. 8(b), ischaemia/reper-
fusion reduced the SOD1 and SOD2 levels in case of non-trea-
ted control group, but broccoli treatment prevented the
reduction of SOD1 and SOD2 levels due to ischaemia/reperfu-
sion injury. In case of SOD1 expression, both types of broccoli
treatment prevented the loss of SOD1 protein due to ischae-
mia/reperfusion injury. But in case of SOD2 protein
expression similar to other results, steamed broccoli showed
superior effect over cooked broccoli.

Discussion

The results of the present study showed for the first time that
steamed broccoli is a superior cardioprotective agent com-
pared to well-cooked broccoli. The salient features of the
study include: the feeding of steamed broccoli for a month
(1) produces greater post-ischaemic ventricular recovery,
lower myocardial infarction and reduced cardiomyocyte apop-
tosis compared to feeding cooked broccoli; (2) generates
greater degree of survival signal by boosting anti-apoptotic
Bcl2 and Bcl-xL protein expression, increasing the phos-
phorylation of Akt and reducing the level of proapoptotic
Bax protein; (3) induces higher degree of activation of survi-
val protein ERK1/2 by phosphorylation and reduces death
signal proteins JNK and p38 MAPK by decreasing their phos-
phorylation than that of the cooked counterpart; (4) induces
Trx superfamily proteins like Trx, Trx2 and TrxR more than
that of the cooked broccoli; (5) generates greater degree of
redox signalling by activating Nrf2 and the phase II enzyme
HO-1; (6) induces higher level of SOD1 and SOD2 to make
the first line of redox defense stronger.

Both steamed broccoli and cooked broccoli showed the
protective effect against ischaemia/reperfusion-induced injury,
but steamed broccoli revealed superior cardioprotective ability
than that of cooked one. Thirty-minute ischaemia followed
by 2-h reperfusion reduced the ventricular function in case
of non-treated control group. Broccoli prevented the reduction

in ventricular function, but steamed broccoli improved the
ventricular function more significantly than its cooked counter-
part. For example, compared to control ischaemia/reperfusion,
steamed broccoli increased the ventricular function including
LVDP and aortic flow from 60 (SD 2·6) to 92·5 (SD 1·9) and
from 13·66 (SD 1·4) to 33 (SD 1·29), respectively, while the
cooked broccoli enhanced these functions from 60 (SD 2·6) to
83·16 (SD 0·87) and from 13·66 (SD 1·4) to 19·53 (SD 1·36),
respectively. Consistent with the results of functional recovery,
both steamed broccoli and cooked broccoli reduced the myocar-
dial infarction significantly compared to non-treated control
group. Again, steamed broccoli revealed smaller infarct size
(18·82 (SD 1·24) %) compared to cooked broccoli (23·44
(SD 1·00) %), whereas in case of control group this value was
40·96 (SD 1·29) %. The amount of cytochrome c was decreased
in the non-treated ischaemic reperfused myocardium, which
was completely reversed by both types of broccoli treatment
indicating its ability to generate anti-apoptotic signal. Again,
fresh broccoli showed better ability to generate anti-apoptotic
signal. Consistent with these findings, the numbers of apoptotic
cardiomyocytes were significantly reduced by both types of
broccoli treatment. In case of control I/R group, the amount of
apoptotic cardiomyocytes was 36·59 (SD 2·38) %, and, in case
of steamed and cooked broccolis, the amount of apoptotic
cells was 17·74 (SD 1·13) % and 22·86 (SD 2·28) %, respectively.

The present results demonstrated that both types of broccoli
preparations protected the heart from ischaemia/reperfusion
injury either by upregulating survival signal or by downregu-
lating death signal. For example, broccoli reduced pro-apopto-
tic Bax protein and induced the expression of anti-apoptotic
Bcl2 and Bcl-xL proteins. Broccoli also activated the survival
signal protein Akt via phosphorylation, and increased the acti-
vation of ERK1/2 and decreased the activation of p38 MAPK
and JNK compared to control. P38 MAPK and JNK are known
pro-apoptotic factors, while ERK1/2 is a well-known anti-
apoptotic factor. Thus, similar to the results of left ventricular
functional parameter, infarct size and cardiomyocyte apopto-
sis, steamed broccoli consistently showed better abilities to
activate anti-apoptotic Bcl2, Bcl-xL, Akt, ERK1/2 and/or
to down-regulate pro-apoptotic Bax, p38 MAPK and JNK.
It is known that broccoli can potentiate redox signalling by
overexpressing Nrf2 and HO-1(7). Result of the present study
also demonstrated that ischaemia/reperfusion injury disrupted
the redox homeostasis by reducing Nrf2 and HO-1 levels.
Both types of broccoli preparations prevented this reduction
of Nrf2 and HO-1 due to ischaemia/reperfusion injury.

SOD acts as an antioxidant and exerts anti-inflammatory
function in the body by dismutation of superoxide anions.
There are two types of SOD: Cu/Zn SOD (SOD1) and Mn
SOD (SOD2). Each type of SOD plays a different role in
protecting the body from oxidative damage. Ischaemia/reper-
fusion reduced the levels of SOD1 and SOD2 in rat myocar-
dium, but broccoli protected the loss of SOD1 and SOD2,
while steamed broccoli revealed superior ability to protect
SOD system compared to cooked broccoli.

Although broccoli has been used as a vegetable for a long
time, in modern society, it has become a vegetable of choice
because of its high nutritious value and diverse health benefits.
Along with other cruciferous vegetables, broccoli possesses
anticancer properties. Studies have shown that broccoli con-
sumption reduces the risk of several types of cancer including

Fig. 8. Western blot analysis of NFE2 related factor 2 (Nrf2) from the nuclear

fraction and haemoxygenase-1 (HO-1) from cytosolic fraction of control base-

line (BL), ischaemic control, steamed and cooked broccoli-treated heart

samples. Histone and glyceraldehyde-6-phosphate dehydrogenase (GAPDH)

were used as the loading control for nuclear and cytosolic fraction, respect-

ively (a). Western blot analysis of Superoxide dismutase (SOD1) and SOD2

from cytosolic and mitochondrial fraction, respectively, of control, steamed

and cooked broccoli-treated heart samples (b). GAPDH and Cox4 were used

as loading control for cytosolic and mitochondrial fraction, respectively.

Figures are representative images of three different groups, and each experi-

ment was repeated at least thrice. I/R, ischaemia/reperfusion.
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lung, stomach and breast cancers(27 – 29). Broccoli juices
(from leaves) can also prevent skin diseases(2). It has also
potential antioxidant properties(20,24). A recent clinical study
has suggested that consumption of fresh broccoli sprouts
(100 g/d) for a week reduced LDL and total cholesterol and
increased HDL cholesterol(4). Another related study showed
that broccoli was strongly associated with reduced risk of
CHD(30). A recent study has demonstrated that broccoli
consumption could prevent the reduction of mRNA levels
and protein level of Trx super family members due to ischae-
mic reperfusion injury(7). Sulphoraphane present in broccoli is
a well-known inducer of Trx reductase(23), which helps Trx to
maintain its reduced state which in turn maintains the redox
homeostasis of the mammalian system. The present study
demonstrated that ischaemia/reperfusion injury reduced the
level of Trx superfamily proteins, whereas broccoli prevented
the reduction of Trx proteins, steamed broccoli being superior
over its cooked counter part. In the present study, the authors
demonstrated that broccoli treatment could improve cardiac
function, reduce myocardial infraction and cardiomyocyte
apoptosis after ischaemic reperfusion injury. Recently, a
group of researchers from the United Kingdom reported that
eating broccoli could reverse diabetes-induced damage to
blood vessels in the heart(31).

The health benefits of broccoli consumption are most
likely mediated through the ‘bioactive compounds’ present
in broccoli, which induce a variety of physiological responses
including acting as antioxidants, regulating enzymes and con-
trolling apoptosis and the cell cycle proteins. Epidemiological
and experimental studies have shown that broccoli contains
good amount of bioactive components including flavonoids,
minerals, vitamins and also is a good source of glucosino-
late(32,33). Although all these bioactive compounds can play
an important role in providing health benefits, sulphoraphane
is likely to play a crucial role. Sulphoraphane has been found
to have protective effects against carcinogen-induced tumouro-
genesis(11,34). It is a natural inducer of phase II enzymes in both
human and animals(13,14). In in vitro assays, sulphoraphane was
found to induce quinone reductase, glutathione S-reductase and
UDP-glucuronosyltransferase(35). In these studies, sulphora-
phane could increase both UGT1A1 and UGTA1 mRNA
levels in hepG2 and HT29 cells(35). Although sulphoraphane
is not a direct-acting antioxidant or pro-oxidant, there is
substantial and growing evidence that sulphoraphane adminis-
tration acts indirectly to increase the antioxidant capacity
of animal cells(36). Sulphoraphane can attenuate oxidative
stress, hypertension and inflammation in the cardiovascular
system(37). A recent study has also suggested that broccoli
could protect mammalian heart from ischaemia/reperfusion
injury via the activation of Trx superfamily due to the presence
of sulphoraphane(7). Also, sulphoraphane can activate the
transcription factor Nrf2 and induces phase 2 and antioxidant
enzyme in human keratinocytes in culture(38,39). Interestingly
enough, broccoli does not contain sulphoraphane, but contains
glucosinolate, becomes hydrolysed into sulphoraphane due
to the enzymatic activity of myrosinase. Cooking reduces
glucosinolate levels by approximately 30–60 %, depending
on the cooking method, cooking intensity and on the type
of cooking(40). On the other hand, studies showed that both
myrosinase enzyme and sulphoraphane degraded at high
temperature(18,19). One study by Lopez-Berenguer demonstrated

that bioactive compounds in broccoli, such as vitamin C,
phenolic compounds and glucosinolate concentration reduced
after microwave cooking(41). Except for glucosinolate and
sulphoraphane, most of the bioactive compounds including
antioxidants and minerals are preserved in cooked broccoli(41).
A study also showed that cooking has no effect on the anti-
oxidant properties of broccoli(20). Thus, it is quite natural
that broccoli retains many of its cardioprotective functions
even after cooking.

In summary, the results of the present study clearly demon-
strated for the first time that steamed broccoli is a better
cardioprotectant than cooked broccoli as evidenced by better
cardiac function, reduced myocardial infarction and decreased
cardiomyocyte apoptosis. In concert, steamed broccoli docu-
mented significantly, improved survival signal and reduced
death signal compared to cooked broccoli. As discussed
above, it appears that cooked broccoli loses sulphoraphane
and thus loses its ability to generate Trx, which presumably
provides additional cardioprotection in steamed broccoli.
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