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In this study, we compared the cardioprotective effects of freshly crushed garlic vis-�a-vis that of

processed garlic. Two groups of rats were gavaged with respective garlic preparations while the

control group received vehicle only. After 30 days, all of the rats were sacrificed and isolated the

hearts were subjected to 30 min ischemia followed by 2 h of reperfusion. Both of the garlic

preparations provided cardioprotection, but superior cardiac performance was noticed for those

fed with freshly crushed garlic. Consistent with these results, the freshly crushed garlic group

displayed significantly greater phosphorylation of antiapoptotic ERK1/2 proteins, reduced Bax/Bcl-2

ratio, and reduced phosphorylation of proapoptotic p-38MAPK and JNK. Moreover, the survival

signaling network consisting of Akt-FoxO1 was increased in the freshly crushed garlic treated

hearts. Freshly crushed garlic, but not the processed garlic, showed enhanced redox signaling as

evident by increased level of p65 subunit of NFκB, Nrf2, and enhanced GLUT 4, PPARR, and

PPARδ. The results thus show that although both freshly crushed garlic and processed garlic

provide cardioprotection, the former has additional cardioprotective properties presumably due to

the presence of H2S.
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INTRODUCTION

Garlic has beenused for centuries for culinary purposes, and its
health benefits have been known since at least 1500 B.C. when
ancient Chinese and Indians used it as a blood-thinning agent (1).
Hippocrates, the father of modern medicine, used garlic to treat
cervical cancer (2). In China, garlic was shown to reduce the risk
of esophageal and stomach cancers by ∼70% (3). Garlic is also
effective against breast andprostate cancers due to the presence of
S-allyl mercaptocysteine (4). Documented scientific investiga-
tions on garlic were initiated by Louis Pasteur who first reported
its antibacterial and antifungal properties (5, 6). Albert Schweitzer
used this concept and treated dysentery in Africa with garlic (7).

Subsequent studies found efficacy of garlic as a cardioprotec-
tant. Numerous studies documented the hypoglycemic, anti-
atherogenic and antiatherosclerotic properties of garlic (8-10).
Garlic was also found to be beneficial against ischemic heart
disease (11). A significant number of clinical trials found garlic to
lower total as well as LDL cholesterol (12), although negative
findings also exist (13). A recent study showed garlic to be useful
for lowering high blood pressure (14).

Many of the physiological effects of garlic are attributed to
the volatile sulfur compounds like thiosulfinates, which are

also responsible for its pungent aroma.Many pharmacological
properties of garlic are also derived from the organo-sulfur
compounds like allicin and diallyl disulfide (9). Most recently,
the additional cardioprotective ability of garlic was attributed
to S-allylcysteine (15). Raw fresh garlic contains alk(en)yl
cysteine sulfoxides and γ-glutamyl alk(en)yl cysteine, which
upon activation is converted into S-allylcysteine (deoxyallin)
due to the deactivation of the enzyme allinase. Allicin is then
formed from S-allyl-L-cysteine, which is readily broken down
in volatile sulfur compounds including hydrogen sulfide (H2S)
(Figure 1). For that reason, when crushed, raw garlic generates
H2S (16). Processed and cooked garlic loses their abilities to
generate H2S, although they still retain their antioxidant
actions, thereby suggesting that raw garlic possesses more
health benefits than processed garlic. The purpose of the
present study was to compare the cardioprotective ability of
freshly crushed garlic vis-�a-vis processed garlic.We fed a group
of rats raw fresh garlic while another group was given the
processed one. After 30 days, isolated hearts were subjected to
30 min of ischemia followed by 2 h of reperfusion. Cardiac
functional parameters like heart rate, LVDP (left ventricular
develop pressure), LVdp/dt (first derivative of LVDP), cor-
onary flow and aortic flow were measured. To check the
cardioprotective ability of both types of garlic preparations,
some related protein (Bax, Bcl2, Akt, ERK1/2, JNK, PPAR,
Glut4 etc) levels were also measured. The results of this study
clearly demonstrated superior cardioprotective effects of raw
garlic compared to its processed counterpart.
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MATERIALS AND METHODS

Preparation of Garlic Slurry. Garlic was purchased from a local
supermarket. Fresh garlic was crushed and made a slurry-like preparation

withwater [60 g of garlic in 400mLofwater]. For preparation of processed

garlic, garlic was similarly crushed and then dried in air for two days to

allow all of the H2S to escape. Again, this crushed and air-dried garlic was

made into a slurry-like preparation with water [same concentration].

Animals. All animals used in this 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 weighing between 250 and 300 g were used for the

experiment. The rats were randomly assigned to one of three groups:

(1) control, (2) fresh garlic, and (3) processed garlic (Figure 2). The rats

were fed ad libitum regular rat chow with free access to water. The

fresh garlic/processed garlic treated rats were gavaged with 1 mL of

garlic extract (150 mg/kg body wt/day) for 30 days while the control
group of rats were gavaged 1 mL of water for the same period of time.

The animals were gavaged with fresh garlic within 5 to 10 min of
preparation while the processed garlic was gavaged after two days of
preparation.

IsolatedWorking Heart Preparation.At the end of 30 days, the rats
were anesthetized with sodium pentobarbital (80 mg/kg, b.w., i.p.),
(Abbott Laboratories, North Chicago, IL) and anticoagulated with
heparin sodium (500 IU/kg b.w., i.v.) (Elkins-Sinn Inc., Cherry Hill, NJ)
injection. After ensuring sufficient depth of anesthesia, thoracotomy was
performed, and the hearts were perfused in the retrograde Langendorff
mode at 37 �Cat a constant perfusion pressure of 100 cmofwater (10 kPa)
for a 5 min washout period (17). The perfusion buffer used in this study
consisted of a modified Krebs-Henseleit bicarbonate buffer (KHB)
(in mM: sodium chloride 118, potassium chloride 4.7, calcium chloride
1.7, sodium bicarbonate 25, potassium biphosphate 0.36, magnesium
sulfate 1.2, and glucose 10). The Langendorff preparation was switched
to the working mode following the washout period with a left atrial filling

Figure 1. Chemical reactions of formation of allicin and H2S from raw garlic.

Figure 2. Schematic representation of experimental perfusion protocol of different group of heart. (I/R, ischemia/reperfusion.)
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pressure of 17 cm water. 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 ischemia
followed by 2 h of reperfusion. The first 10 min of reperfusion was in
the retrograde mode to allow for post-ischemic stabilization and
there after, 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 pressurewasmeasured using a
GouldP23XLpressure transducer (Gould InstrumentSystems Inc., Valley
View, OH) connected to a side arm of the aortic cannula, and the signal
was amplified using a Gould 6600 series signal conditioner and monitored
on a CORDAT II real-time data acquisition and analysis system (Triton
Technologies, San Diego, CA) (17). Heart rate (HR), left ventricular
developed pressure (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 (AF) was measured using a cali-
brated flow-meter (Gilmont Instrument Inc., Barrington, IL), and cor-
onary flow (CF)wasmeasured 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 37 �C (18). The hearts were excised, and
the sections (0.8 mm) of the heart were fixed in 2% paraformaldehyde,
placed between two coverslips and digitally imaged using a Microtek
ScanMaker 600z. To quantitate the areas of interest in pixels, NIH image
5.1 (a public-domain software package) was used. The infarct size was
quantified and expressed in pixels.

TUNEL Assay for Assessment of Apoptotic Cell Death. Immu-
nohistochemical detection of apoptotic cells was carried out using the
TUNEL method (18) (Promega, Madison, WI). 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 molds and kept under freezing
plates to allow the paraffin to solidify. Themetallic containers were removed,
and tissues became embedded in paraffin on the plastic molds. Prior to
analyzing tissues for apoptosis, tissue sectionswere deparaffinizedwith xylene
and washed in succession with different concentrations of ethanol (absolute,
95%, 85%, 70%, 50%). Then the TUNNEL staining was performed
according to the manufacturer’s instructions. The fluorescence staining was
viewed with a fluorescence microscope (AXIOPLAN2 IMAGING) (Carl
ZeissMicroimaging, Inc.NY) at 520 nm for green fluorescence 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-80 �C) were homogenized in 1 mL buffer A (25mM
Tris-HCl, pH 8, 25 mM NaCl, 1 mM Na-Orthovanadate, 10 mM NaF,
10 mM Na-Pyrophosphate, 10 nM Okadaic acid, 0.5 mM EDTA, 1 mM
PMSF, and 1�Protease inhibitor cocktail) in a Polytron-homogenizer.
Homogenates were centrifuged at 2000 rpm at 4 �C for 10 min, and the
nuclear pellet was resuspended in 500 μLofBufferAwith 0.1%TritonX-100
and 500 mM NaCl. Supernatant from the above centrifugation was further
centrifuged at 10000 rpm at 4 �C for 20 min, and the resultant supernatant
was used as cytosolic extract. The nuclear pellets were lysed by incubation for
1 h on ice with intermittent tapping. Homogenates were then centrifuged at
14000 rpmat 4 �C for 10min, and the supernatantwas used as nuclear lysate.
Cytosolic, nuclear extracts were aliquoted, snap frozen and stored at-80 �C
until use. Total protein concentration in cytosolic and nuclear extract was
determined using BCA Protein Assay Kit (Pierce, Rockford, IL).

Western Blot Analysis. Either cytosolic or nuclear proteins were
separated in SDS-PAGE and transferred to nitrocellulose filters. Filters
were blocked in 5% nonfat dry milk and probed with primary antibody for
overnight (19). Primary antibodies such asNrf2,Akt, Phospho-Akt,Glut-4,
p-65, histone, and glyceraldehyde-6-phosphate dehydrogenase (GAPDH)
were obtained from Santa Cruz Biotechnology, Santa Cruz, CA, whereas
Bax, Bcl-2, FoxO1, Phospho-FoxO1, Jnk, Phospho-Jnk, ERK, Phospho-
ERKwere obtained fromCell SignalingTechnology, Beverly,MA.PPARR
and PPARδwere obtained fromAbcam Inc. Cambridge, MA. All primary

antibodies were used at the dilution of 1:1000. Protein bands were identified
with horseradish peroxidase conjugated secondary antibody (1:2000 dilu-
tion) and Western blotting Luminol Reagent (Santa Cruz Biotechnology,
Santa Cruz, CA). GAPDH and histone were used as cytosolic and nuclear
loading control, respectively. The resulting blots were digitized, subjected to
densitometric scanning using a standardNIH image program, and normal-
ized against loading control.

Statistical Analysis. The values for myocardial functional para-
meters, total and infarct volumes and infarct sizes and cardiomyocyte
apoptosis are all expressed as the mean( standard error of mean (SEM).
Analysis of variance 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 with those of the control group by a
modified t test. The results were considered significant if p<0.05.

RESULTS

Freshly Crushed Garlic has Better Cardioprotective Effects. We
compared the efficacy of freshly crushed garlic vs processed garlic
as a cardioprotectant. Although rats fed with either freshly
crushed garlic or processed garlic had superior ventricular per-
formance compared to control during the reperfusion phase
(Figure 3), the freshly crushed garlic group displayed significantly
greater recovery of aortic flow [AF], left ventricular deve-
loped pressure [LVDP] and the maximum first derivative of
developed pressure [LVmax dp/dt] compared to that achieved
from processed garlic. The heart rate and coronary flow did not
vary between the groups.

Myocardial infarct size determined by TTC staining was about
37(1.2% normalized to area of risk (Figure 4A). There was no
infarction when the hearts were perfused with the KHB buffer
without subjecting to ischemia and reperfusion protocol (con-
trol).While both of the experimental groups showed lower infarct
size compared to ischemia/reperfusion control, the freshly
crushed garlic group displayed smaller infarct size (20(1.7%)
as compared to that from processed garlic (23 ( 2.01%).

The hearts subjected to ischemia/reperfusion showed about
33% apoptotic cardio-myocytes compared to the control (5%)
(Figure 4B). Garlic treated hearts demonstrated substantial
reduction in the number of apoptotic cells and it was more
prevalent in freshly crushed garlic group (15 ( 1.75%) than that
in processed garlic group (21 ( 1.82%).

Garlic Treatment Generates Survival Signal. It is well-known
that ischemia/reperfusion causes cellular injury by generating a
death signal (20). Such death signal is produced from defective
MAP kinase/tyrosine kinase signaling and increased proapopto-
tic Bax/Bcl-2 ratio (21). We, therefore, determined these pro- and
anti-apoptotic parameters in the hearts with and without garlic
treatment.As shown inFigure 5A, both fresh and processed garlic
had the ability to enhance the phosphorylation of ERK1/2
several-fold, but freshly crushed garlic had a higher potential
than processed garlic. Opposite phosphorylation patterns for
proapoptotic JNK and p38MAPK were obtained with garlic
treatment,wherein fresh garlicwas superior over processed garlic.

Ischemia/reperfusion increases proapoptotic protein Bax and
reduces antiapoptotic protein Bcl-2, as expected (Figure 5B).
While garlic increased the Bcl-2/Bax ratio, a greater degree of
enhancement was noticed from the freshly crushed garlic group.
Taken together, these results indicate that although garlic gen-
erates an overall survival signal, freshly crushed garlic has better
efficacy than processed garlic in suppressing proapoptotic factors
and boosting the antiapoptotic ones.

Garlic Induced Survival Signal Includes Akt-FoxO Axis. Akt
promotes cell survival by phosphorylating its downstream target
FoxO, which then exit the nucleus, resulting in the suppression of
proapoptotic genes (22).We thus examined if garlic could activate



7140 J. Agric. Food Chem., Vol. 57, No. 15, 2009 Mukherjee et al.

the Akt-FoxO axis. As shown inFigure 6, garlic treatment caused
extensive phosphorylation ofAkt and FoxO1 even at the baseline
level. Further, while processed garlic only moderately enhanced
the phosphorylation of FoxO1, freshly crushed garlic was more
potent and ischemia/reperfusion (I/R) showed no effect. The
results thus indicate that while both garlic preparations activate
Akt, only the freshly crushed garlic has the ability to stimulate its
downstream target, that is, FoxO1.

Fresh Garlic Boosts Redox Signaling. Since antioxidants pre-
sent in garlic have been attributed to its cardioprotective effects,
we compared the effects of freshly crushed and processed garlic

on induction Nrf2 and NFκB, two known mediators of redox
signaling (Figure 7). We presumed that both garlic preparations
would contain comparable amounts of antioxidants while H2S
would be absent from the processed garlic. However, to our
surprise, only freshly crushed garlic could activate Nrf2 and the
p65 subunit of NFκB. In fact, in processed garlic group p65
reduced after ischemia/ reperfusion.

Effects of Garlic on PPAR Activities. Since several reports link
garlic with diabetes and obesity, the two well-known cardiovas-
cular risk factors, we examined the effects of garlic on the
expression of Glut-4 and PPARs, markers for diabetes/obesity.

Figure 3. Effect of fresh and processed garlic on post-ischemic 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 mean( SEM *p < 0.05 vs control and #p < 0.05 vs fresh garlic, n = 6 in
each group. (BL, baseline; RE, reperfusion.)

Figure 4. Effect of fresh and processed garlic on myocardial infarct size (A), and cardiomyocytes apoptosis (B). Results are shown asmean(SEM. *p < 0.05
vs I/R, n = 3 in each group. (I/R, ischemia/reperfusion.)
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As shown in Figure 8, at the baseline level, the amount of
Glut-4 did not vary between the groups. However, upon ische-
mia/reperfusion, significant reduction in Glut-4 and PPAR were
observed. In contrast, at the baseline level, PPARR and PPAR δ
were higher for the garlic group. Further, in the ischemia/
reperfusion group, Glut-4 increased significantly in the case of
the freshly crushed garlic group while it was reduced for the
processed garlic group. PPARδ also followed a similar pattern. In
contrast, PPARR significantly increased for both the freshly
crushed garlic and the processed garlic group.

DISCUSSION

The results of the present study showed for the first time that
freshly crushed garlic possesses superior and diverse cardio-
protective abilities compared to processed garlic as evidenced

by its ability (i) to produce greater postischemic ventricular
recovery, lower myocardial infarction and reduced cardiomyo-
cyte apoptosis compared to processed garlic; (ii) to generate
greater degree of survival signal by boosting antiapoptotic
ERK1/2 and Bcl-2/Bax ratio and by suppressing the death
signal by decreasing the phosphorylation proapoptotic JNK
and p38MAPK; (iii) to stimulate Akt-FoxO survival net-
work signaling; (iv) to generate redox signaling by activating
Nrf2 and p65 subunit of NFκB; and (v) to reduce cardiovas-
cular risk factors associated with diabetes and obesity through
the upregulation of GLUT-4, PPARR and PPARδ. The super-
iority of freshly crushed garlic over processed garlic might be
due to H2S, which is absent in processed garlic.

The long-heldbelief thatmost of thehealth benefits of garlic are
derived from its antioxidant constituents has recently been
challenged byChuah et al., providing evidence thatS-allylcysteine
provides protection from myocardial infarction via a H2S-
dependent pathway (20). Almost simultaneously, Benavides et al.

Figure 5. Western blot analysis and densitometric bardiagram of p-ERK, ERK, p-JNK, JNK, p-p38MAPK, p38MAPK (A), and Bax/Bcl-2 (B) from the control,
fresh and processed garlic treated heart samples. GAPDH was used as the loading control. Figures are representative images of three different groups,
and each experiment was repeated at least thrice. Results are shown as mean ( SEM. *p < 0.05 vs control and #p < 0.05 vs fresh garlic. (BL, baseline;
I/R, ischemia/reperfusion.)

Figure 6. Western blot analysis of p-Akt and Akt from the cytosolic fraction
and p-FoxO1 and FoxO1 from the nuclear fraction of control, fresh and
processed garlic treated heart samples. Images are representative of three
different groups, and each experiment was repeated at least thrice. Results
are shown as mean ( SEM. *p < 0.05 vs control and #p < 0.05 vs fresh
garlic. (BL, baseline; I/R, ischemia/reperfusion.)

Figure 7. Western blot analysis of Nrf2 and p65 from the nuclear fraction
of control, fresh and processed garlic treated heart samples. Histone was
used as the loading control. Images are representative of three different
groups, and each experiment was repeated at least thrice. Results are
shown as mean( SEM. *p < 0.05 vs control and #p < 0.05 vs fresh garlic.
(BL, baseline; I/R, ischemia/reperfusion.)
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also demonstrated that the vasoactivity of garlic is derived from
H2S (21). Taken together, these two studies thus provided novel
evidence that the cardioprotective function of garlic is in part
through the generation of H2S.

To understand why freshly crushed garlic can produce H2S
while processed garlic is devoid of this key gaseous molecule, it
is necessary to know the chemistry of H2S generation by garlic.
Raw garlic contains alk(en)yl cysteine sulfoxides and γ-glutamyl
alk(en)yl cysteines, which upon crushing yields S-allylcysteine
(deoxyallin) due to the activation of the enzyme allinase. The final
product allicin is then formed from S-allyl-L-cysteine, which is
readily broken down into several volatile sulfur compounds
including H2S (Figure 1). H2S being volatile then escapes.
Processed garlic contains only the oxidized products of allicin,
presumably over 75 sulfur-containing compounds including
S-allyl-cysteine and ajoene methyl allyl sulfide, with cholesterol
lowering properties (22). In the heart, cystathione-γ-lyase appears
to be involved in the endogenous generation of H2S (23).

Asmentioned above, two classes of organosulfur compounds are
present in garlic: gamma glutamylcysteines and cysteine sulfoxide,
about 80% of this later compound being allylcysteine sulfoxide or
allin. The enzyme allinase catalyzes the formation of sulfenic
acids, which spontaneously react with each other to form thiosulfi-
nate including allicin, which possesses cardioprotective proper-
ties (24). Allicin and allicin-derived compounds are metabolized
to allyl methyl sulfide. Gamma gutamylcysteines, on the other
hand, are hydrolyzed to S-aylcysteine and S-1-propenylcysteine.
Most of these organosulfur compounds are present in the processed
garlic, and some of them might contribute to cardioprotection.

H2S has long been considered as a harmful chemical, respon-
sible for diverse health problems including neurotoxicity (25).
Only recently, H2S was shown to protect ischemic myocardium
through preconditioning effect (26). It has thus been proposed
that H2S is the “third” endogenous signaling gasotransmitter
(after NO and CO) capable of providing cardioprotection (27).
Several recent studies demonstrated the ability of H2S to preserve
myocardial contractility, activate ATP-dependent potassium

channel and exert vasodilation, all in tune with its potential
preconditioning function (28-30).

Except for H2S, most of the bioactive compounds including
antioxidants like tocopherols, vitamin A, vitamin C and ribo-
flavin are preserved in processed garlic (31). A recent study also
showed the presence of cycloalliin, a stable organosulfur com-
pound, in garlic (32). Thus, it is not surprising that garlic retains
many of its cardioprotective functions even after processing.
Nevertheless, in spite of the presence of numerous chemicals
including antioxidants, differences in the protective abilities
between raw and processed garlic have also been documented.
As an example, while raw garlic is highly effective in reducing
serum cholesterol and triglyceride, boiled garlic has minimal
effects (33). According to a recent study, oven-heating of garlic
at 200 �C or immersing it in boiling water for 3 min or less does
not affect its ability to inhibit platelet aggregation, whereas
heating crushed garlic for 6 min completely suppressed
IVAA (34). Increasing concentration of crushed garlic extract
has a dose dependent positive IVAA in the aggregation reaction
while uncrushed,microwaved garlic samples are ineffective. It has
also been shown that processed garlic loses its antiplatelet
activities due to the loss of allicin and thiosulfinates (35). Fresh
garlic also has higher antioxidant activities as compared to
processed garlic (36).

The present study was specifically designed to determine
cardioprotective abilities of freshly crushed garlic vs processed
garlic using ischemic/reperfused rat heart model. As mentioned
earlier, both the garlic preparations reduced ischemia reperfusion
injury, but freshly crushed garlic revealed superior cardioprotec-
tive ability. For example, compared to control ischemia/reperfu-
sion, freshly crushed garlic increased the ventricular function
including left ventricular developed pressure and aortic flow
from 66.5( 1.8 to 99.3( 2.6 and from 9.3( 1.1 to 26.8( 1.3,
respectively, while the processed garlic enhanced these functions
from 66.5( 1.8 to 88.7( 2.1 and from 9.3( 1.1 to 17( 1.5,
respectively. The differences in the improvement of ventricular
function with freshly crushed garlic and processed garlic were

Figure 8. Western blot analysis of PPARR and PPARδ from nuclear fraction (A) and Glut-4 from cytosolic fraction (B) of control, fresh and processed garlic
treated heart samples. Histone and GAPDH were used as the loading control for nuclear and cytosolic fraction, respectively. Images are representative of
three different groups, and each experiment was repeated at least thrice. Results are shown asmean(SEM. *p < 0.05 vs control and #p < 0.05 vs fresh garlic.
(BL, baseline; I/R, ischemia/reperfusion.)
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significant ( p<0.05). Consistent with the results of functional
recovery, freshly crushed garlic revealed smaller infract size (20(
1.7%) compared to processed garlic (23(2.01%) and both of
these values were significantly lower than control (37( 1.2%). In
concert, the number of apoptotic cardiomyocytes was signifi-
cantly lower in the freshly crushed garlic group and processed
garlic group. In the case of the control I/R group, the amount of
apoptotic cardiomyocytes was 33%; the fresh garlic reduced it to
15( 1.75%, whereas in the case of the processed garlic, the
amount were higher than fresh garlic but lower than the control
I/R group (21 ( 1.82%).

Our results demonstrated that both the garlic preparations
increased ERK1/2 phosphorylation and decreased p38MAPK
and JNK activations several-fold compared to control. Similar to
the results of cardiac function and infarct size, freshly crushed
garlic consistently showed superior abilities (vs processed garlic)
to activate ERK1/2 and/or to down-regulate p38MAPK and
JNK. P38MAPK and JNK are known pro-apoptotic kinases
while ERK1/2 is a well-known antiapoptotic factor, which
contributes to survival signals (37). Consistent with these results,
freshly crushed garlic reduced the Bax/Bcl-2 ratio more than
processed garlic while both the garlic preparations reduced the
Bax/Bcl-2 ratio significantly than control. Our results also
showed that both the garlic preparations could phosphorylate
Akt while only freshly crushed garlic, and not the processed garlic
could up-regulate FoxO1. PI-3-kinase-Akt signaling is known to
regulate the survival signal while FoxO1, a downstream target of
Akt also regulate cell survival (38). There are also reports
indicating that FoxO1 could trigger activation of Akt suggesting
a feedback regulation of Akt by FoxO1 (39). In concert, freshly
crushed garlic, and not the processed garlic, potentiated redox
signaling by activating NFκB and Nrf2. It is well-known that
PI3K-Akt pathway plays a crucial role in regulating Nrf2
mediated redox signaling, which in turn regulates the survival
signaling (40).

Finally, to our surprise, garlic could modulate the activities of
Glut-4 and PPARs, which are linked with diabetes and obesity-
related cardiac disorders. To the best of our knowledge, there are
only very limited observations on the role of garlic in obesity. One
such report showed that garlic could reduce body weight via
decrease in serum lipid and increase in UCP-1 andUCP-2 mRNA
expressions. Interestingly enough, while PPARR and PPARδwere
higher for both of the garlic preparations, PPARδ was reduced
after I/R only for the processed garlic group whereas it was
increased for freshly prepared garlic. PPARδ was increased for
bothof the garlic preparations.GLUT-4 followed the samepattern
as PPARδ. The reason for differential regulation of PPARs and
GLUT4 is not clear, and further study is necessary to unreveal the
mechanisms of PPARs and GLUT4 regulation with garlic.

In summary, the results of the present study clearly demon-
strated for the first time that fresh garlic can provide superior
cardioprotection as compared to processed garlic. Fresh garlic
appears to generate a potent survival signal leading to
the activation of antiapoptotic and anti-death proteins that is
presumably due to the presence of H2S. These results are
potentially important, as there is a growing interest among the
heart patients to use natural and complementary medicine.
Current evidence indicates that one in three American adults
use some form of alternative medicine. The results of the present
study strongly suggest that using fresh garlic would provide
maximal and added benefits to the cardiovascular patients.
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(5) Pasteur, L. Mémoire sur la fermentation appelée lactique. Ann.
Chim. Phys. 1858, 52, 404–418.

(6) Jenner, E.; Pasteur, L. from Jenner to Pasteur on the development of
ideas on vaccination. Bull. Acad. Natl. Med. 1985, 69, 771–778.

(7) Bergner, P. The Healing Power of Garlic: The Enlightened Person’s
Guide to Nature’s Most Versatile Plant; Prima Publishing: Rocklin,
CA, 1996; pp 1-304.

(8) Elkayam, A.; Mirelman, O.; Peleg, E.; Wilchek, M.; Miron, T.;
Rabinkov, A.; Oron-Herman,M.; Rosenthal, T. The effects of allicin
on weight in fructose-induced hyperinsulinemic, hyperlipidemic,
hypertensive rats. Am. J. Hypertens. 2003, 16, 1053–1056.

(9) Agarwal, K. C. Therapeutic actions of garlic constituents.Med. Res.
Rev. 1996, 16, 111–124.

(10) Banerjee, S. K.; Maulik, S. K. Effect on garlic on cardiovascular
disorders: A review. Nutr. J. 2002, 1, 4.

(11) Tyrrell, H. Ischemic heat disease and wine or garlic. Lancet 1979,
1, 1294.

(12) Kwon,M. J.; Song, Y. S.; Choi,M. S.; Park, S. J.; Jeong, K. S.; Song,
Y. O. Cholesteryl ester transfer protein activity and atherogenic
parameters in rabbits supplemented with cholesterol and garlic
powder. Life Sci. 2003, 72, 2953–2964.

(13) Gardner, C. D.; Lawson, L. D.; Block, E.; Chatterjee, L. M.;
Kiazand, A.; Balise, R. R.; Kraemer, H. C. Effect of Raw Garlic
vs Commercial Garlic Supplements on Plasma Lipid Concentrations
in Adults With Moderate Hypercholesterolemia: A Randomized
Clinical Trial. Arch. Intern. Med. 2007, 167, 346–353.

(14) McMahon, F. G.; Vargas, R. Can garlic lower blood pressure?
A pilot study. Pharmacotherapy 1993, 13, 406–7.

(15) Perez-Severiano, F.; Rodriguez-Perez, M.; Pedraza-Chaverri, J.;
Maldonado, P. D.; Medina-Campos, O. N.; Ortı́z-Plata, A.;
S�anchez-Garcı́a, A.; Villeda-Hern�andez, J.; Galv�an-Arzate, S.;
Aguilera, P.; Santamarı́a, A. S-Allylcysteine, a garlic-derived anti-
oxidant, ameliorates quinolinic acid-induced neurotoxicity and
oxidative damage in rats. Neurochem. Int. 2004, 45, 1175–83.

(16) Das, D. K. Hydrogen sulfide preconditioning by garlic when it starts
to smell. Am. J. Physiol. 2007, 293, H2629–H2630.

(17) Mukherjee, S.; Gangopadhyay, H.; Das, D. K. Broccoli: a unique
vegetable that protects mammalian hearts through the redox
cycling of the thioredoxin superfamily. J. Agric. Food Chem. 2008,
56, 609–617.

(18) Mukherjee, S.; Lekli, I.; Das,M.; Azzi, A.; Das, D. K. Cardioprotec-
tion with alpha-tocopheryl phosphate: amelioration of myocardial
ischemia reperfusion injury is linked with its ability to generate a
survival signal through Akt activation. Biochim. Biophys. Acta 2008,
1782, 498–503.

(19) Dudley, J. I.; Lekli, I.; Mukherjee, S.; Das, M.; Bertelli, A. A.; Das,
D. K. Does white wine qualify for French paradox? Comparison of
the cardioprotective effects of red and white wines and their
constituents: resveratrol, tyrosol, and hydroxytyrosol. J. Agric.
Food. Chem. 2008, 56, 9362–73.

(20) Chuah, S. C.; Moore, P. K.; Zhu, Y. Z. S-allylcysteine mediates
cardioprotection in an acute myocardial infarction rat model via a



7144 J. Agric. Food Chem., Vol. 57, No. 15, 2009 Mukherjee et al.

hydrogen sulfide-mediated pathway. Am. J. Physiol. 2007, 293,
H2693–H2701.

(21) Benavides, G. A.; Squadrito, G. L.; Mills, R.W.; Patel, H. D.; Isbell,
T. S.; Patel, R. P.; Darley-Usmar, V.M.; Doeller, J. E.; Kraus, D.W.
Hydrogen sulfide mediates the vasoactivity of garlic. Proc. Natl.
Acad. Sci. U.S.A. 2007, 104, 17977–82.

(22) Yeh, Y. Y.; Liu, L. Cholesterol-Lowering Effect of Garlic Extracts
andOrganosulfur Compounds: Human andAnimal Studies. J. Nutr.
2001, 131, 989S–993S.

(23) Abe, K.; Kimura, H. The possible role of hydrogen sulphide as an
endogenous neuromodulator. J. Neurosci. 1996, 16, 1066–1071.

(24) Oron-Hermanabc, M.; Rosenthala, T.; Mirelmand, D.; Mirond, T.;
Rabinkovd, A.; Wilchekd, M.; Selaac, B. A. The effects of
S-allylmercaptocaptopril, the synthetic product of allicin and capto-
pril, on cardiovascular risk factors associated with the metabolic
syndrome. Atheosclerosis 2005, 183, 238–243.

(25) Qu, K.; Chen, C. P. L. H.; Halliwell, B.; Moore, P. K.; Wong, P. T. H.
Hydrogen sulfide is the mediator of cysteine neurotoxicity in cerebral
ischemia. Bull. Jpn. Soc. Neurochem. 2005, 44, 185.

(26) Pan, T. T.; Feng, Z. N.; Lee, S. W.; Moore, P. K.; Bian, J. S.
Endogenous hydrogen sulfide contributes to the cardioprotection by
metabolic inhibition preconditioning in the rat ventricular myocytes.
J. Mol. Cell Cardiol. 2006, 40, 119–30.

(27) yowicka, E.; Beztowski, J. Hydrogen sulfide (H2S) - the third gas of
interest for pharmacologists. Pharmacol. Rep. 2007, 59, 4–24.

(28) Moeller, S.; Henriksen, J. H. Cardiovascular complications of
cirrhosis. Gut 2008, 57, 268–278.

(29) Bian, J. S.; Yong, Q. C.; Pan, T. T.; Feng, Z. N.; Ali,M. Y.; Zhou, S.;
Moore, P. K. Role of Hydrogen Sulfide in the Cardioprotection
Caused by Ischemic Preconditioning in the Rat Heart and Cardiac
Myocytes. JPET 2006, 316, 670–678.

(30) Dombkowski, R.A.; Russell,M. J.; Schulman,A.A.;Doellman,M.M.;
Olson, K. R. Vertebrate phylogeny of hydrogen sulfide vasoactivity.
Am. J. Physiol. Regul. Integr. Comp. Physiol. 2005, 288, 243–252.

(31) Gorinstein, S.; Drzewiecki, J.; Leontowicz, H.; Leontowicz, M.;
Najman, K.; Jastrzebski, Z.; Zachwieja, Z.; Barton, H.; Shtabsky, B.;
Katrich, E.; Trakhtenberg, S. Compaison of the bioactive compounds

and antioxidant potentials of fresh and cooked Polish, Ukrainian
and Israeli garlic. J. Agric. Food Chem. 2005, 53, 2726–2732.

(32) Ichikawa, M.; Mizuno, I.; Yoshida, J.; Ide, N.; Ushijima, M.;
Kodera, Y.; Hayama, M.; Ono, K. Pharmacokinetics of Cycloalliin,
an Organosulfur Compound Found in Garlic and Onion, in Rats. J.
Agric. Food Chem. 2006, 54, 9811–9819.

(33) Thomson, M.; Al-Qattan, K. K.; Bordia, T.; Ali, M. Including garlic
in the diet may help lower blood glucose, cholesterol, and triglycer-
ides. J. Nutr. 2006, 136, 800S–802S.

(34) Cavagnaro, P. F.; Camargo, A.; Galmarini, C. R.; Simon, P. W.
Effect of cooking on garlic antiplatelet activity and thiosulfinates
content. J. Agric. Food Chem. 2007, 55, 1280–1288.

(35) Gorinstein, S.; Jastrzebski, Z.; Namiesnik; Leontowicz, H.; Leontowicz,
M.; Trakhtenberg, S. The atherosclerotic heart disease and protecting
properties of garlic: contemporary data. Mol. Nutr. Food Res. 2007, 51,
1365–1381.

(36) Leelarungrayub, N.; Rattanapanone, V.; Chanarat, N.; Gebicki, J.
M. Quantitative evaluation of the antioxidant properties of garlic
and shallot preparations. Nutrition 2006, 22, 266–274.

(37) Xia, Z.; Dickens, M.; Raingeaud, J.; Davis, R. J.; Greenberg, M. E.
Opposing Effects of ERK and JNK-p38 MAP Kinases on Apopto-
sis. Science 1995, 270, 1326–1331.

(38) Liu, Y.; Lehmann, M. FOXO-independent suppression of program-
med cell death by the PI3K/Akt signaling pathway in Drosophila.
Dev. Genes. Evol. 2006, 216, 531–535.

(39) Ni, Y. G.; Wang, N.; Cao, D. J.; Sachan, N.; Morris, D. J.; Gerard,
R. D.; Kuro-o, M.; Rothermel, B. A.; Hill, J. A. FoxO transcription
factors activate Akt and attenuate insulin signaling in heart by
inhibiting protein phosphatases. Proc. Natl. Acad. Sci. U.S.A.
2007, 104, 20517–20522.

(40) Wang, L.; Chen, Y.; Sternberg, P.; Cai, J. Essential Roles of the PI3
Kinase/Akt Pathway inRegulatingNrf2-DependentAntioxidant Func-
tions in the RPE. Invest. Ophthalmol. Vision Sci. 2008, 49, 1671–1678.

Received April 20, 2009. Revised manuscript received May 27, 2009.

Accepted May 28, 2009.


