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S-allyl-mercapto-captopril (CPSSA) is a conjugate
of captopril with allicin, an active principle in
garlic with multiple beneficial actions on meta-
bolic syndrome abnormalities, including weight
preservation, observed by the authors in fructose-
induced hypertensive hyperinsulinemic rats and in
Koletsky rats. The aim of the study was to
examine blood pressure (BP) and glucose levels
in the Cohen-Rosenthal Diabetic Hypertensive
(CRDH) model as well as to follow their weight
preservation. CRDH rats (n=14) were fed the
sugar-rich copper-free diet essential for the
development of diabetes mellitus. Two months
later BP and blood glucose levels were measured.
CPSSA was diluted in drinking water and admin-
istered at a final dose of 53.5 mg ⁄ kg ⁄ d (n=8).
Control rats (n=6) received no drug (vehicle
group). In contrast to control group, CPSSA pre-
vented progressive weight gain, without a detect-
able effect on food and water intake. CPSSA was
effective in attenuating systolic and diastolic BP

(P<0.01) as well as significantly reducing glucose
levels (P<0.01). Control rats continued to gain
weight, whereas the groups fed CPSSA did not.
CPSSA was shown to have additional beneficial
effects on improving BP and glucose level, as well
as preserving weight gain. The authors conclude
that the combined molecule CPSSA integrates the
antihypertensive feature of both allicin and
captopril, making it a potential antidiabetic and
cardiovascular protective agent. J Clin Hypertens
(Greenwich). 2010;12:451–455. ª2010 Wiley

Periodicals, Inc.

The garlic plant (Allium sativum) has been used
for generations as a source of home remedies

for a variety of human ailments. Numerous stud-
ies documenting garlic’s cardioprotective prop-
erties1–5 and antimicrobial6-antiparasitic7 effects
have been reported. Allicin was first described over
65 years ago by Cavallito8 as one of the major bio-
logically active molecules of garlic. It is produced
following the mechanical injury of a clove by the
reaction of the enzyme alliinase (E.C.4.4.1.4),
which is present in micro compartments in the
cloves, and the inert, nonprotein amino acid, alliin
[(+)S-allyl-cysteine sulfoxide], which is stored in a
different microcompartment.9 Crushing a clove
breaks down the compartmentalization and brings
the enzyme and its substrate into contact, leading
to the production of allicin (diallyl-dithiosulfi-
nate).10 The allicin that is released contributes to
the defense of the garlic plant from soil microor-
ganisms.11 Using a novel method to produce pure
allicin,12 we have demonstrated in a number of
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animal models of human disease that allicin is the
molecule responsible for several of the medicinal
properties that were historically attributed to gar-
lic. In hyperlipidemic rabbits there was a beneficial
effect on serum lipid profile.13 Investigations with
pure allicin in the Reaven animal model of meta-
bolic syndrome showed that daily oral intake of
allicin reduced high blood pressure (BP), triglycer-
ide and insulin levels,14 and also prevented weight
gain in the animals.15 Daily oral administration of
allicin was also shown to reduce formation of fatty
streaks (atherosclerosis) in hyperlipidemic mice, a
phenomenon that appeared not to occur due to an
alteration in blood lipid profile.16,17 Allicin was
also found to upregulate cellular glutathione in
vascular endothelial cells.18 Allicin has been shown
by others to attenuate tissue injury and to inhibit
apoptosis.19,20 Some of the problems of using pure
allicin as a remedy are the following; (1) allicin is a
molecule that is difficult to mass produce in high
purity; (2) it is responsible for the typical pungent
odor of garlic; and (3) it has a rather short shelf life
and its activity decays at room temperature due to
its chemical reactivity. In our quest to stabilize the
allicin molecule, we found that it was possible to
prepare a chemical derivative by reacting it with
captopril, which was the first orally active angio-
tensin-converting enzyme inhibitor and is still
included in leading clinical trials.21 Captopril is
used not only as a hypotensive agent during emer-
gency but as an ordinary drug in newborns and
young infants having heart failure secondary to
left-to-right shunt22 and as a protector against
ischemic stress.23,24

The beneficial effects of captopril are due to its
sulphydryl group which has demonstrated antioxi-
dant properties improving endothelial dysfunc-
tion.25 The product of the reaction between these
two well known molecules yielded allyl-mercapto-
captopril (CPSSA), a nonsymmetric disulfide com-
pound that is chemically stable and relatively easy
to purify.26 The allylmercapto moiety of allicin and
the reaction products of allicin with cysteine or
glutathion (allyl-mercapto-cysteine and allyl-merca-
pto-glutathion) were shown to be biologically
active.27

We have demonstrated in a number of stud-
ies26,28,29 that CPSSA combines the properties of both
compounds: it acted as a thiol reactive reagent and
had positive effects on BP, serum triglycerides, and
insulin concentration in two well established animal
models of metabolic syndrome, the Reaven Sprague
Dawley fructose fed rats26,28 and the spontaneously
hypertensive, obese rat (SHROB) model.29

Since one of the more negative aspects of meta-
bolic syndrome is the diabetic state, we decided to
confirm the effects of CPSSA in the Cohen-Rosen-
thal Diabetic Hypertensive (CRDH) rat model.30,31

The rats in this model reach high levels of BP and
blood glucose. Our aim, therefore, was to see if
daily oral intake of CPSSA would ameliorate the
diabetic condition in these rats.

MATERIALS AND METHODS
Preparation of Alliin, Allicin, and CPSSA
Alliin (S-allyl-cysteine-sulfoxide) was synthesized
from l-cysteine and allyl-bromide after oxidation
with hydrogen peroxide by the procedure of Stoll
and Seebeck.32 Pure allicin was prepared by
applying synthetic alliin onto a column containing
immobilized garlic alliinase enzyme as previously
described.12

Captopril was purchased from Sigma (St. Louis,
MO). CPSSA was synthesized by reacting captopril
with pure allicin as described.26 The chemical struc-
ture of CPSSA was confirmed by nuclear magnetic
resonance and mass spectrometry.

Experimental Design
CRDH rats are the outcome of inbreeding the
offspring of spontaneous hypertensive rats’ (SHR)
and Cohen diabetic rats’ (CDR) siblings for many
generations. Male CRDH rats at the age of
6–8 weeks were fed a sugar-rich copper-free diet
containing 72% sucrose, 18% vitamin-free casein
(MP Biomedicals, LLC, Solon, OH), 5% salt mix-
ture USP No. II (MP Biomedicals, LLC), 5% but-
ter, 0.5% corn oil, and 0.23% water soluble
vitamins, which is essential for the development of
non–insulin dependent diabetes type II.30,31 At
4–5 months of age CRDH rats (n=14) weighing
300–330 g were tested for BP prior to treatment
and nearly every 2 weeks post treatment, using a
noninvasive tail-cuff instrument (BP-2000 series II;
Visitech Systems, Apex, NC). Blood glucose levels
were determined by a glucometer device (Bayer
Ltd., Leverkusen, Germany) every 10 days. The
drug CPSSA was dissolved in the aqueous solution
at a final dose of 53.5 mg ⁄kg ⁄d (equivalent to
40 mg ⁄kg ⁄d of captopril) and administered to 8 of
the 14 rats for 60 days. The control CRDH rats
received no drug (vehicle group). Procedures were
conducted in accordance with the guidelines for
animal studies and approved by the Institutional
Animal Care and Use Committee. Rats were main-
tained on a 14 hour light ⁄10 hour dark cycle in a
room with a constant temperature of 23�C and
humidity of approximately 50%.
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RESULTS
Both systolic and diastolic BP declined significantly
(P<0.01) following treatment with CPSSA from
starting levels 151 ⁄124�5 ⁄6 to 140 ⁄111�4 ⁄4 mm
Hg on day 15 and further 121 ⁄96�4 ⁄5 mm Hg on
day 30 of treatment (Figure 1). Control group sys-
tolic and diastolic BPs remained unchanged;
149 ⁄121�3 ⁄5 to 153 ⁄133�3 ⁄5 mm Hg, prior to
and on day 30 of treatment, respectively. In con-
trast to the control group, the daily oral administra-
tion of CPSSA induced a decrease in glucose from
an initial level of 317�37 to 225�17 mg ⁄dL on
day 30 post treatment. After nearly 2 months of
treatment, glucose levels were reduced to 183�9
on day 55 compared to baseline as well as to the
vehicle group (P<0.05, Figure 2). Treatment with
CPSSA also prevented progressive weight gain with
no detectable effect on food intake or other vital
signs (Figure 3). The CPSSA-treated group exhib-
ited a decline (not significant) in weight, whereas the
vehicle group showed a slight increase.

DISCUSSION
Hypertension and type II diabetes frequently coex-
ist33,34 and this combination accelerates complica-
tions of each pathology which, by itself, is a major
independent risk factor for cardiovascular disease.
The CRDH rat model represents a unique model of
combined genetic diabetes and hypertension.30,31

This strain was developed after crossbreeding CDR-
sensitive substrain and SHR. Starting from the origi-
nal CDR and SHR, CRDH rats were selected, and
pairs displaying the highest spontaneous blood glu-
cose and systolic BP levels were mated. At the 28th
generation, noninsulin-dependent diabetes mellitus
and hypertension were evident. These rats have been
extensively used in our studies of diabetes and
hypertension.

Our present results in this animal model show
that the long-term administration of a daily oral
dose of CPSSA induced an impressive decrease in
glucose as well as in BP and prevented body weight
gain compared to the vehicle group. These results
are in agreement with our previous findings in the
fructose-induced hypertensive and hyperinsulinemic
rats (Reaven’s model),26,28 and in the Koletsky
SHROB rat model of obesity.29 In a comparative
study between CPSSA and captopril, performed by
Ernsberger and our group,29 BP in CPSSA-treated
rats was found to be lower than in those treated
with captopril. While glucose levels following an
oral load, and insulin secretion in response to oral
glucose resulted in low levels of glucose and insulin
during CPSSA treatment, the above mentioned

levels during captopril treatment were higher.
Captopril produced a significant increase in area
under the curve compared to both control and
CPSSA groups, while rats treated with CPSSA
showed a nearly two-fold drop in area under the
curve compared to control SHROB rats.29

In all the experiments the prevention of weight
gain was seen only in the CPSSA treated groups.
This is an important observation in view of the
health factors that go beyond esthetics. These

Figure 1. Blood pressure (BP) prior to and during
treatment in both control (Veh) and S-allyl-mercapto-
captopril (CPSSA) treated groups. Data presented as
mean � standard error of the mean. Syst indicates sys-
tolic BP; Diast, diastolic BP.

Figure 2. Blood glucose levels (Glu) prior to and dur-
ing treatment in both control (Vehicle) and S-allyl-mer-
capto-captopril (CPSSA) treated groups. Data
presented as mean � standard error of the mean.

Figure 3. Animals’ weight (Wt) prior to and during
treatment in both control (Vehicle) and S-allyl-merca-
pto-captopril (CPSSA) treated groups. Data presented
as mean � standard error of the mean.
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include the well established relationship between
excess body weight, hypertension, and type II
diabetes35 and the broad consensus that obesity is
one of the biggest risk factors of the cardiometa-
bolic syndrome.36

Obesity is a common and serious disorder that
requires appropriate management, with equal impor-
tance given to both weight reduction and weight
maintenance. It is well known that weight loss is
difficult to achieve, however, maintaining the weight
loss is an even greater challenge.37

Although there is a general perception that
almost no one succeeds in long-term maintenance
of weight loss, research has shown that approxi-
mately 20% of overweight individuals succeed in
maintaining the loss for at least 1 year.38 Our
results in experiments with 3 different models of
metabolic syndrome have clearly demonstrated that
the new molecule, CPSSA, integrates the antihyper-
tensive and diabetic reducing effects as well as the
induction of weight preservation. CPSSA in essence
combines the pharmacologically beneficial proper-
ties of both allicin and captopril, and our results
show that CPSSA was more potent than the equiva-
lent dose of captopril that can be dissolved in
water. The novel compound, CPSSA, thus combines
the beneficial properties of allicin—the lowering of
glucose and prevention of weight increase—with
those of captopril—one of the first converting
enzyme inhibitors that is still being used in patients
to this day.21–24 An additional advantage is that
both compounds have been administered to
humans for many years. Recently it was reported
that when captopril was given to rats, this angio-
tensin-converting enzyme inhibitor protected
against the development of diet-induced obesity
and glucose intolerance.39 The effects of CPSSA on
several indicators of metabolic syndrome should
encourage its testing in well controlled human clini-
cal trials, where it may turn out to be a useful
agent for reducing cardiovascular risk. CPSSA is a
promising option that merits a place high on the
list of antimetabolic drugs. The combination of
pharmacological and nonpharmacological approach
should be attractive to many patients, and increase
compliance.

CONCLUSIONS
Hypertension and insulin resistance continue to be
a fertile area of research that will undoubtedly lead
to further treatment options for these detrimental
comorbid conditions.40 Our results show that
administration of CPSSA improved BP and glucose
levels and prevented weight gain in the CRDH rat

model. CPSSA combines the beneficial properties of
the two molecules allicin and captopril, making it a
potential antidiabetic and cardiovascular protective
agent for the treatment of metabolic syndrome.
Preventing weight gain highlights another important
advantage of this compound.
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