
Abstract. – OBJECTIVE: Alternative medicine
or herbal therapies have been in use for blood
glucose control in patients with diabetes for
considerable time. Effect of garlic, more specifi-
cally its biologically active component s-allyl
cysteine, on amelioration of hyperglycemia has
also been reported. However, the cellular or mol-
ecular target of this compound is little known.
This study was designed to determine the action
of s-allyl cysteine sulfoxide (SACSO) at the cellu-
lar and molecular level in the widely reported
HUVEC model when activated with advanced
glycation end products (AGEs).

MATERIALS AND METHODS: AGE-HSA was
derived from non-enzymatic glycation of human
serum albumin in the presence of 20 mM glu-
cose. AGE-HSA induced expression of receptors
of AGEs, namely RAGE and galectin-3 has been
assayed. Activity of endothelial nitric oxide syn-
thase (NOS) denoting normal endothelial func-
tion and expression of AGE-RAGE triggered in-
flammatory marker sICAM-1 is also evaluated in
the presence or absence of SACSO.

RESULTS: In presence of SACSO, AGE-HSA
induced expression of RAGE was down-regulat-
ed, galectin-3 was significantly up-regulated,
NOS activity was enhanced and sICAM-1 ex-
pression was reduced.

CONCLUSIONS: The data suggest that SAC-
SO exerts an attenuating effect on 20 mM glu-
cose derived AGE-HSA induced inflammation,
by selectively inhibiting RAGE while stimulating
galectin-3 expression. The former triggers in-
flammatory pathways while the latter se-
questers AGE molecules and prevents AGE-
RAGE engagement. This may form the basis for
its therapeutic action.
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Introduction

The alarming rate at which diabetes, particu-
larly type 2 diabetes, is afflicting the human race
world-wide1 and the phenomenal cost involved,
has prompted researchers to explore complemen-
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tary and alternative medicine for its treatment
and control. Prominent side effects of currently
used drugs (hypoglycemic agents) is another
compelling reason for preferring compounds de-
rived from natural products. Effect of natural
herbs of Allium species, particularly garlic has
been examined on hypertension and hyperlipi-
demia2. A well designed randomized clinical tri-
al of garlic in humans was designed to examine
thrombocyte aggregation in non-diabetic indi-
viduals whereby a significant decrease in fast-
ing serum glucose was a parallel observation3.
The other clinical trial of garlic in patients with
type 2 diabetes did not report consistent glucose
or insulin responses after 1 month of supplemen-
tation4. Garlic extract and more specifically its
biologically active component, s-allyl cysteine
sulfoxide (SACSO) has been investigated in con-
siderable details by various researchers5. Its anti-
diabetic properties have been validated both in
experimental animal diabetic model as well as in
human subjects in clinical studies. Effect of dif-
ferent doses of s-allyl cysteine (SAC) on differ-
ent blood parameters, like blood glucose, gly-
cated hemoglobin, serum uric acid, serum crea-
tinine, and plasma insulin was studied in diabet-
ic rats6 and compared with gliclazide (standard
oral drug) administration. While reduction in all
parameters was observed with SAC, plasma in-
sulin levels were raised significantly. In another
study, the extract of raw garlic administered in-
tra-peritoneally in streptozotocin induced dia-
betic rats caused reversal of proteinuria in addi-
tion to reducing blood sugar, cholesterol and
triglycerides7. Mode of action of allium deriva-
tives include increased secretion and delayed
degradation of insulin, and increased glutathione
peroxidase activity8. The limited data available so
far does not provide conclusive evidence for gar-
lic in glycemic control. Further, the lacuna in
these studies lies in unraveling the interactions at
the cellular and molecular level, which bring
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midified CO2 incubator (MMM, Medcenter Ein-
richtungen, Planegg, Germany). After conflu-
ence, they were harvested with 0.1% trypsin ED-
TA (Sigma Aldrich, USA) for sub-culturing.
Cells from 3rd passage, at seeding density of 2 ×
105 cells were plated in 60 mm Petri plates coat-
ed with gelatin (0.2%) and fibronectin (2 µg/cm2)
and used for further experiments upon attaining
confluence.

Cell Viability Assay for S-Allyl
Cysteine Sulphoxide (SACSO)

A colorimetric MTT assay which measures the
reduction of MTT (3-(4, 5-dimethylthiazol-2-yl)-
2, 5-diphenyltetrazolium bromide) into an insolu-
ble formazan product by active mitochondria was
performed to determine whether SACSO was tox-
ic to HUVECs. Assay was performed as previous-
ly described14. Briefly, 5 g/L MTT (Millipore,
Billerica, MA, USA) was prepared in PBS and
filter sterilized with 0.22 µM filter. HUVECs
were seeded in 96-well plates with 20,000
cells/well and treated with different concentration
of SACSO (0-100 µmol/L) for 24 h in a CO2 in-
cubator. Subsequently media were discarded, 100
µL of fresh media containing 10 µL of MTT solu-
tion was added, cells incubated for further 4h. Fi-
nally, media were removed carefully and 100 µL
of DMSO was added and plates were read on a
microplate reader (Eon, BioTek, Vinooski, VT,
USA) using a test λ = 570 nm.

Exposure of HUVECS to AGE-HSA
and SACSO

AGE-HSA was prepared as described previous-
ly15. 20 mmol/L glucose derived AGE-HSA was
used at a concentration of 2 g/L. HUVECs were
cultured in 60 mm Petri plates to confluence (4-5
d) and starved overnight in media lacking both
growth supplements and serum. Cells were then
incubated with complete growth medium contain-
ing 40 µmol/L SACSO, (based on the results of
MTT assay) for 24 h at 37°C in a humidified CO2

incubator. Following the removal of medium, cells
were exposed to 2 g/L AGE-HSA for 4 h. The
control set comprised of HUVECs with either no
treatment or noAGE-HSA exposure.

Expression of RAGE, Galectin-3
and sICAM-1 in Response to SACSO

After the treatment of cells with AGE-HSA
and SACSO culture media was discarded; cells
were washed twice with ice cold phosphate
buffer saline (PBS) pH 7.4 and scrapped. Cells

about its therapeutic effect. Detailed mechanistic
studies of the effects produced by individual bio-
active metabolites of garlic on endothelial cell
function are of utmost importance.

Advanced glycated end products (AGEs) of
different proteins formed in the body in diabetes,
are known to initiate patho-biological events in
cells, which are mediated by its receptors9,10. The
adverse effects of AGEs on the vasculature of pa-
tients with diabetes are caused due to the forma-
tion of cross-links between molecules in the
basement membrane of the extracellular matrix.
Additionally, AGEs block nitric oxide activity in
the endothelium11. AGE induced inflammatory
response of the endothelial cells exhibits spatial
heterogeneity in the vasculature leading to focal
atherosclerotic lesions12.

In this study, we have investigated the effect of
s-allyl cysteine sulfoxide (SACSO) on HUVECs
exposed to metabolic stress. Cultured monolayers
of endothelial cells are exposed to glucose de-
rived glycated human serum albumin. Expression
of two receptors of AGEs namely RAGE and
galectin-3, activity of endothelial nitric oxide syn-
thase (NOS) and expression of an inflammatory
marker sICAM-1 has been measured in the pres-
ence or absence of SACSO. The unifying factor is
that all these markers are indicators of endothelial
function in inflammatory vascular disease. The
study reveals that SACSO exerts an ameliorating
effect on the stress caused by glycated proteins on
some endothelial functions.

Material and Methods

Cell Culture and Treatments

Isolation and Characterization of HUVECs
Human umbilical cord samples were collected

from CGHS Maternity and Gynecology Hospital
New Delhi, India and analyzed anonymously. In-
vestigation conforms with the principles outlined
in the Declaration of Helsinki. As per Indian
Council of Medical Research Guidelines, studies
involving unidentifiable specimens obtained
from the provider, that is prohibited from releas-
ing identifiers by established regulations, qualify
for exempt status. Isolation of endothelial cells
was carried out as described previously13 and
grown in EGM-2 growth medium (PromoCell,
Heidelberg, Germany) with added antibiotic/an-
timycotic supplement (Sigma Aldrich, Saint
Louis, MO, USA). Cells were incubated in a hu-
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Figure 1. Effect of SACSO at different concentrations (0-100 µM) on viability of HUVECs. Difference was not statistically
significant.

were pelleted down with gentle centrifugation
and lysed with 200 µL of cell lysis buffer (Sigma
Aldrich, Saint Louis, MO, USA). Cell lysate was
centrifuged at 15000 g at 4°C to pellet down the
cell debris, and supernatant was collected into
fresh tube. Expression of RAGE (ng/L), galectin-
3 (ng/L) and sICAM-1 (µg/L) in HUVEC was
quantified in the cell lysate, using human RAGE
ELISA kit (Raybiotech Inc., Norcross, GA,
USA), human galectin-3 ELISA kit (Cusabio
Biotech, Wuhan, China) and human sICAM-1
ELISA kit (Raybiotech Inc., Norcross, GA,
USA) respectively.

Effect of SACSO on NOS Activity
Sample for the NOS activity was prepared in a

similar manner as described, and enzyme activity
was determined by Nitric Oxide Colorimetric As-
say Kit (Oxford Biomedical Research, Rochester
Hills, MI, USA). Protein was quantified by Brad-
ford assay method. Activity of NOS was ex-
pressed in terms of pmol/ (L. mg. min).

Statistical Analysis
Results were analyzed by Student’s t-test for

paired sample comparison through Vassarstats
software; p < 0.05 was considered statistically
significant. Experiments were repeated three
times; data are shown as mean ± standard devia-
tion (SD). Multiple comparisons were made with
ANOVA.

Results

In diabetic individuals body cells are ex-
posed to prolonged elevated glucose concen-
trations, leading to formation of non-enzymat-
ic glycated end products of proteins and lipids
(AGE and ALE). While blood glucose levels
in-vivo are variable, depending on the physio-
logical state, AGEs once formed, persist in the
circulation, thus interacting with the cells all
the time11. In this study, we present the effect
of anti-diabetic agent s-allyl cysteine sulfoxide
on AGE induced expression of marker mole-
cules in HUVECs.

We hypothesized that the anti-diabetic activity
of SACSO manifests through perturbation of
AGE-RAGE engagement which is the main
cause of the downstream inflammatory effects.
This was evaluated in terms of expression of two
specific receptors of AGEs, RAGE and galectin-
3. We also examined effect of SACSO on nitric
oxide synthase activity, which is compromised in
diabetes induced endothelial dysfunction. Ex-
pression of sICAM-1 was measured as an index
of altered inflammation. Viability test (MTT as-
say) of cells after exposure to SACSO at differ-
ent concentrations (10-100 µM) for up-to 24
hours indicates that cells were not significantly
affected (Figure 1). Based on this observation,
experimental groups were treated with a moder-
ate concentration of 40 µM SACSO. Previous
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Figure 2. Effect of SACSO on control and AGE-HSA (2 mg/ml) treated HUVEC on the expression of RAGE and galectin-3
protein. Expression of RAGE, (a) control (without any treatment), (b) AGE-HSA, (c) control exposed to SACSO (40 µM), (d)
AGE-HSA along with 40 µM SACSO. Expression of galectin-3 (e) Control (without any treatment), (f) AGE-HSA, (g) control
exposed to SACSO (40 µM), (h) AGE-HSA along with 40 µM SACSO. Data are expressed as means ± standard deviation, n=3;
(p < 0.05 was considered significant).
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The expression of galectin-3 another receptor
of AGEs, was also up-regulated by 20 mM glu-
cose derived AGE-HSA (2 mg/ml) in absence of
SACSO compared with control (p < 0.005, Fig-
ure 2e,f); increase was by 90%. Treatment with
SACSO further increased AGE induced galectin-
3 expression significantly by 134% (p < 0.001,
Figure 2e,h) with respect to control. An increase
by 23% was also observed in AGE induced ex-
pression when compared between absence and
presence of SACSO (p < 0.05, Figure 2f,h).
SACSO clearly acts differentially on the two re-
ceptors.

Nitric Oxide Synthase Activity
In HUVECs, reduction in the activity of nitric

oxide synthase was observed by 26% in presence
of 20 mM glucose derived AGE-HSA (2 mg/ml)
which was significant (Figure 3B a,b p < 0.01).
This reduction in NOS activity was ameliorated
in presence of SACSO (increase by 26%; Figure
3B b,d) although activity still remained lower
than control. It is not evident if a higher concen-
tration of SACSO may have lowered it to control
level. SACSO showed a stimulatory effect on

studies on the effect of various garlic derived
organo-sulfur compounds on DNA damage have
reported that it stabilizes around this concentra-
tion16,17.

Expression of RAGE and Galectin-3
In general the magnitude of expression of

galectin-3 in HUVECs was found to be much
higher than that of RAGE, both in presence and
absence of AGE-HSA.

The expression of RAGE was up-regulated by
20 mM glucose derived AGE-HSA (2 mg/ml) in
absence of SACSO compared with control (p <
0.001, Figure 2a,b); increase was by 118%.
Treatment with SACSO reduced AGE induced
RAGE expression significantly by 27% (p <
0.05, Figure 2b,d). No difference was observed
in expression in controls in the presence or ab-
sence of SACSO. Data analysis indicates that the
difference in RAGE expression was significant
between treatments in the absence and presence
of SACSO. This implies that the anti-diabetic ef-
fect of SACSO may be delivered through inhibi-
tion of RAGE expression and consequent lower-
ing of AGE-RAGE engagement.
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Figure 3. Effect of SACSO on control and AGE-HSA treated HUVEC on (A) NO synthase activity and (B). Expression of
sICAM-1 protein (a) Control (without any treatment), (b) AGE-HSA (2 mg/ml), (c) control exposed to SACSO (40 µM), (d)
AGE-HSA along with 40 µM SACSO. Data are expressed as means ± standard deviation, n=3; (p < 0.05 significant).
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to occur in specific cells like monocytes,
macrophages, endothelial cells, pericytes,
podocytes, astrocytes and microglia9. Cell activa-
tion in response to AGE-modified proteins is me-
diated by their interaction with one or more of
these receptors. Some of the cellular events in-
clude increased expression of extracellular matrix
proteins, vascular adhesion molecules, cytokines
and growth factors. The outcome varies according
to the cell type and the associated signaling.

Our focus in this study is on endothelial cells,
which have a primary role in transducing the sig-
nals in blood to components of the vessel wall.
Macrovascular complications of diabetes are at-
tributed to prevailing elevated blood sugar levels
in blood, which modify both proteins present in
blood and those in the vessel wall, mainly colla-
gen. The resulting stiffness of arteries and the pro-
inflammatory environment are among the main
causes of vascular disease. One of the non-con-
ventional therapies for reducing blood sugar levels
is the use of natural products. In this connection
garlic has received lot of attention particularly
with reference to its cholesterol lowering effects.
Some studies have also suggested that it is also ef-
fective in controlling hyperglycemia. In the pre-
sent study we have observed that SACSO, the
bioactive compound in garlic extract, affects two
of AGE receptors in different ways in HUVECs. It
down-regulates glycated serum albumin induced

NOS activity even in controls. Data analysis indi-
cates that the difference in enzyme activity was
significant between treatments in the absence and
presence of SACSO (p < 0.005).

Expression of sICAM-1
SACSO shows no effect on sICAM-1 expres-

sion in controls. In 20 mM glucose derived AGE-
HSA treated cells, an increase by 31% was ob-
served in its expression (Figure 3A a,b p < 0.05)
which was brought down by 14% in presence of
SACSO (Figure 3A b,d). It is possible that a
higher concentration of SACSO may have re-
duced it further. The unifying factor in the above
responses is that they denote endothelial dys-
function in the inflammatory milieu created by
AGEs and the ameliorating effect of SACSO as a
preventive measure.

Discussion

Several AGE-binding receptors have been de-
scribed so far which include the 35-kDa member
of the immunoglobulin superfamily called
RAGE18, the macrophage scavenger receptors
class A and B19,20, the 60-kDa and 90-kDa pro-
teins AGE-receptor 1 and 2 respectively (AGE-R1
and AGE-R2) and the 32-kDa protein galectin-3
or AGE-R321,22. AGE receptors have been found
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comitant increase in endothelial NO-synthase ac-
tivity in presence of SACSO, which indicates
partial restoration of endothelial function. It is al-
so interesting that galectin-3 expression is en-
hanced even in controls exposed to SACSO (Fig-
ure 2e,g; p < 0.005).

Conclusions

Even though the results are from in vitro set up
it has implication indicating that this compound
can act as a protective sequestering agent for any
circulating AGEs in vivo which are present at low
levels in the body, arising from de-novo non-enzy-
matic glycation and dietary sources. Selective
pharmacologic inhibition/stimulation of RAGE
and galectin-3 mediated cell activation observed
with SACSO in these experiments may form the
basis for therapeutic action in diabetes where AGE
accumulation is one of the many etiological factors
causing vascular complications of diabetes.
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