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Abstract

The antiatherogenic properties of pomegranate juice (PJ) were attributed to its antioxidant potency and to its capacity to decrease macrophage
oxidative stress, the hallmark of early atherogeneis. PJ polyphenols and sugar-containing polyphenolic anthocyanins were shown to confer
PJ its antioxidant capacity. In the present study, we questioned whether PJ simple or complex sugars contribute to the antioxidative properties
of PJ in comparison to white grape juice (WGJ) sugars.

Whole PJ decreased cellular peroxide levels in J774A.1 macrophage cell-line by 23% more than PJ polyphenol fraction alone. Thus, we
next determined the contribution of the PJ sugar fraction to the decrease in macrophage oxidative state. Increasing concentrations of the PJ
sugar fraction resulted in a dose-dependent decrement in macrophage peroxide levels, up to 72%, compared to control cells. On the contrary,
incubation of the cells with WGJ sugar fraction at the same concentrations resulted in a dose-dependent increment in peroxide levels by up
to 37%. The two sugar fractions from PJ and from WGJ showed opposite effects (antioxidant for PJ and pro-oxidant for WGJ) also in mouse
peritoneal macrophages (MPM) from control as well as from streptozotocin-induced diabetic Balb/C mice.

PJ sugar consumption by diabetic mice for 10 days resulted in a small but significant decrement in their peritoneal macrophage total peroxide
levels and an increment in cellular glutathione content, compared to MPM harvested from control diabetic mice administrated with water. In
contrast, WGJ sugar consumption by diabetic mice resulted in a 22% increment in macrophage total peroxide levels and a 45% decrement in
cellular glutathione content.

Paraoxonase 2 activity in macrophages increases under oxidative stress conditions. Indeed, macrophage paraoxonase 2 activity was decreased
after PJ sugars supplementation, but increased after WGJ sugars supplementation.

We conclude that PJ sugar fraction, unlike WGJ sugar fraction, decreases macrophage oxidative state under normal and under diabetic
conditions. These antioxidant/antiatherogenic effects could be due to the presence of unique complex sugars and/or phenolic sugars in PJ.
© 2005 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

The pomegranate tree, which is said to have flourished
in the Garden of Eden, has been extensively used as a folk
medicine in many cultures. However, this folk medicine
found its reinforcement in today’s scientific medicine.
Pomegranate juice (PJ) was found to inhibit low-density
lipoprotein (LDL) oxidation, macrophage foam cell forma-
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tion and atherosclerosis development in atherosclerotic mice
[1,2]. Moreover, PJ consumption for 3 years by patients with
carotid artery stenosis reduced common carotid intima-media
thickness, blood pressure and LDL oxidation [3]. Similarly,
PJ consumption by diabetic patients resulted in antioxida-
tive effects in their serum and their monocytes-macrophages
[4]. These beneficial effects of the PJ were attributed to the
antioxidative properties of pomegranate polyphenols [5] and
sugar-containing polyphenolic tannins and anthocyanins [6].

Oxidative stress is thought to play a key role in early
atherogenesis and in macrophage foam cell formation
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which is the hallmark of the early atherosclerotic lesion
[7.8].

Oxidative stress is associated with lipid peroxidation in
lipoproteins and in arterial cells, including macrophages
[9,10]. These “oxidized macrophages” are characterized by
increased peroxide levels, decreased glutathione content, and
increased capability to oxidize LDL [11,12]. These properties
of the cells increase their capability to accumulate cholesterol
and to form macrophage foam cells [13—15].

Type 2 diabetes is a major risk factor for the development
of coronary artery disease (CAD) and premature atheroscle-
rosis [16]. In diabetes, the postprandial phase is character-
ized by a rapid and large increase in blood glucose levels.
Postprandial hyperglycemic episodes in diabetic patients are
closely associated with increased oxidative and nitrosative
stress, and are a most important factor in the onset and
progress of vascular complications, both in Type 1 and 2
diabetes mellitus [17-19]. Fructose, however, was found to
increase plasma antioxidant capacity after apple consump-
tion, due to increment in plasma urate levels [20].

Serum paraoxonase 1 (PON1), an HDL-associated lac-
tonase was found to possess antioxidative properties, proba-
bly due to its ability to decrease macrophage oxidative stress
[21,22]. PON1 was shown to be decreased under oxidative
state, as shown in atherosclerotic as well as diabetic patients
[23-25]. In contrast, another member of the Paraoxonase
family, paraoxonase 2, is increased in macrophages under
oxidative stress [26].

As complex sugars (tannins and anthocyanins), as well as
simple sugars (fructose) were shown to possess antioxidative
properties, we hypothesized that the PJ sugar fraction could
contribute to the juice’s antioxidativity. The aim of the present
study was to characterize the effect of the sugar fraction that
was purified from PJ on macrophage oxidative status, in com-
parison to white grape juice sugar fraction. We questioned
whether this fraction would exhibit beneficial antioxidative
properties, like the PJ, or will exhibit negative hyperglycemic
effects under diabetic conditions.

2. Methods

2.1. Extraction of sugar and polyphenol fractions from
pomegranate juice (PJ) and from white grape juice
(WGJ)

For the extraction, C18 sorbent column was used (Varian
HF Bondesil C18 resin sorbent). Sugar fraction was eluted
with distilled water and total polyphenols were eluted from
the column with 1% acidified (food-grade acetic acid)
ethanol.

2.2. Mice and sugar supplementation

Twelve male Balb/C mice at the age of 3 months
were injected intraperitoneally with streptozotocin (STZ)
(200 mg/kg in 0.05 M sodium citrate, pH 4.5) within 5 min

of preparation as previously described [27]. Serum glucose
levels were determined within 1 week by using a glucometer
(Accu-Check Sensor, Roche Manheim, Germany) and mice
with serum glucose levels under 190 mg/dl were adminis-
trated with a second injection.

Diabetic mice were randomly divided into 3 groups of
4 mice each. One group designated “Control” drank tap
water, the two other groups were supplemented via their
drinking water with PJ sugar fraction or WGIJ sugar frac-
tion (containing 30 mg of glucose per day per mouse) for a
period of 10 days. At the end of this period, the mice were
sacrificed and blood sample were collected from the retroor-
bital plexus (under isoflurane anesthesia) and also peritoneal
macrophages were harvested after thioglycollate injection as
described below.

2.3. Cells

2.3.1. J-774A.1 murine macrophage-like cell line

This cell line was purchased from the American Type Cul-
ture Collection (ATCC, Rockville, MD). J-774A.1 cells were
plated at 5 x 10° cells/well in 12-well dish in Dulbecco’s
Modified Eagle’s Medium (DMEM) supplemented with 5%
fetal calf serum (FCS), 100 U penicillin/ml, 100 g strepto-
mycin/ml, and 2mM glutamine. At the next day, the cells
were washed and the media was replaced to low glucose
(1.0 g/l =5 mM) serum-free (SF) DMEM (control) or low glu-
cose SF DMEM with PJ sugar fraction or WG] sugar fraction
containing 2.8 mM glucose for 18 h at 37 °C.

2.3.2. Mouse peritoneal macrophages (MPM) isolation

MPM were harvested from mice peritoneum 4 days after
intraperitoneal injection of thioglycollate (3 ml, 40g/l), as
previously described [22]. Cells were plated at 1 x 106 cells/
well in 12-well dish and treated under the same conditions
as described for the J774A.1 macrophages. For the in vitro
experiments, the cells were washed at the next day and the
media was replaced to high glucose (4.5g/l) SF DMEM
(control) or high glucose SF DMEM with PJ sugar fraction
or WGIJ sugar fraction containing 2.8 mM glucose for 18h
at 37°C.

MPM from the mice that were administrated with sugars
were plated and washed similarly, with no further treatments.

2.4. Paraoxonase (PON) activities

2.4.1. Serum PONI activity towards phenylacetate
(arylesterase)

This activity was measured spectrophotometrically at
270 nm [28]. The E,7o for the reaction was 1310M~! cm~!.
One unit of paraoxonase activity is equal to 1 wmol of pheny-
lacetate hydrolyzed/ml/min.

Serum PONI activity towards paraoxon (paraoxonase)
is specific for PON1 and was assessed by measuring
p-nitrophenol liberation at 412 nm [28]. One unit of paraox-
onase activity produces 1 nmol of p-nitrophenol per minute.
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2.4.2. Macrophage PON2 Lactonase activity towards
dihydrocoumarin

This activity was determined in the cells following dihy-
drocoumarin addition in Tris buffer (25mM Tris—HCL,
pH 7.6, ImM CaCl,) to the washed cells for 10 min at
room temperature. Then the supernatant was collected and
measured spectrophotometrically at 270 nm. One unit of
lactonase activity is equal to 1 pmol of dihydrocoumarin
hydrolyzed/ml/min [29]. Cellular protein content was deter-
mined using the method of Lowry et al. [30].

2.5. Macrophage total peroxide levels (flow cytometric
assay of DCFH-DA oxidation)

Cells (1 x 10%) were incubated with 2.5 x 10~ mol/l
dichlorofluorescin-diacetate (DCFH-DA) for 30min at
37 °C. Under oxidative stress, DCFH is oxidized to DCEF,
which is a fluorescent compound. Cellular fluorescence was
determined with a flow cytometer (FACS-SCAN, Becton
Dickinson, San Jose, CA, USA). Measurements were done at
510-540 nm after excitation of cells at 488 nm with an argon
ion laser [22].

2.6. Macrophage glutathione content

Cells (1 x 106) were washed three times with PBS.
The cells were scraped from the dish into 670 pl of PBS
and sonicated (three times for 20s each time) at 80 watts.
Total glutathione was measured in the supernatant after
5% sulfosalicylic acid addition to the sonicated cells (1:2,
v/v), followed by centrifugation at 10,000 x g. Total and
oxidized glutathione (GSSG) were analyzed by using the
5,5-dithiobis-(2-nitrobenzoic acid) DTNB-GSSG reductase
recycling assay. Reduced glutathione (GSH) content was
calculated by substraction of the GSSG content from
the total glutathione content [11]. Cellular protein con-
tent was determined using the method of Lowry et al.
[30].

2.7. Free radical scavenging capacity

The free radical scavenging capacity of PJ and of puri-
fied complex sugars (delphinidin-3-o0-B-glucopyranoside,
cyanidin-3-0-B-glucopyranoside) was analyzed by the 1,1-
diphenyl-2-picryl-hydrazyl (DPPH) assay [31]. DPPH is a
radical generating substance. Aliqouts from the analyzed
sugars or PJ (10 pg/ml) were mixed with 1 ml of 0.1 mmol
DPPH/I in ethanol and the changes in optical density at
517 nm were continuously monitored after 5 min incubation.

2.8. Statistical analysis

Student’s #-test was performed for all statistical analyses.
ANOVA was used when more than two groups were com-
pared (in vivo study). Results are given as mean £ S.D.

3. Results

3.1. Pomegranate juice (PJ) polyphenols decrease
macrophage oxidative state to a lesser extent than PJ
does

The antiatherogenic properties of PJ were mainly
attributed to its antioxidant potency and its capacity to
decrease macrophage oxidative state. These antioxidant prop-
erties of PJ were shown to be attributed to pomegranate juice
polyphenols (PJ PPs).

Thus, we first examined the contribution of PJ PPs to the
inhibitory effect of PJ on macrophage oxidative state, using
J774A.1 macrophage-like cell-line. PJ decreased cellular
total peroxide levels (measured as fluorescence intensity with
dichlorofluorescin-acetate, DCFH) by 70-72%, on using PJ
containing 50-100 wM of total PPs, after an 18 hincubation at
37 °C, compared to cells that were similarly incubated with-
out PJ (Fig. 1A). Like PJ, the polyphenol fraction separated
from PJ also decreased macrophage total peroxide levels in
a dose-dependent manner, by 47%, 52%, and 57% on using
50 uM, 75 uM, and 100 uM of PPs, respectively, in com-
parison to cells that were incubated without PPs (Fig. 1A).
These results clearly demonstrate the increased capacity of PJ
over isolated PPs from PJ to decrease macrophage oxidative
state.

3.2. PJ sugar fraction decreases, whereas white grape
Juice sugar fraction increases oxidative state in J774A.1
macrophages

The greater capacity of PJ to decrease macrophage oxida-
tive state, over similar concentrations of purified PJ PPs
could account for the isolation procedure, but could also sug-
gest that PJ components, other than PPs contribute to the
antioxidant properties of PJ. Thus, we analyzed the PJ sugar
fraction which is known to contain glucose, fructose, and
other complex sugars, including phenolic sugars. We incu-
bated J774A.1 macrophages with two concentrations of PJ
sugar fraction (containing 0.28 mM or 2.8 mM glucose). This
incubation (for 18 h at 37 °C) resulted in a substantial decre-
ment in the macrophage peroxide levels, in a dose-dependent
manner, by up to 72% on using fraction concentration con-
taining 2.8 mM glucose, compared to control cells that were
incubated without the sugar fraction (Fig. 1B). On the other
hand, incubation of the cells with the same concentrations of
sugar fraction that was purified from white grape juice (WGJ)
resulted in a dose-dependent increment in peroxide levels, by
up to 37%, on using 2.8 mM glucose in the fraction, compared
to control cells (Fig. 1B).

3.3. Glucose increases, while fructose decreased
macrophage oxidative state

We next studied the effect of the simple sugars, glu-
cose and fructose, which are present in the sugar fractions.
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Fig. 1. The effect of pomegranate juice (PJ) and its polyphenol fraction
(PJ PPs) or its sugar fraction on macrophage oxidative state. J-774A.1
macrophages (1 x 10%/well) were incubated in serum-free low-glucose
(1.0g/1) DMEM for 18h at 37°C with increasing concentrations of PJ
(up to 100 uM of total polyphenol equivalents) or with PJ PP fraction
(up to 100 M) (A) or with two concentrations of sugar fractions (con-
taining 0.28 mM or 2.8 mM glucose) purified from PJ or from white
grape juice (WGJ) (B). Cellular fluorescence (indicating peroxide content)
was determined after the cells were incubated for 30 min at 37 °C with
2.5 x 107> mol/l dichlorofluorescin-diacetate (DCFH-DA) by flow cytom-
etry. Results represent mean+S.D. (n=5). “p<0.01 (PJ or PJ PPS vs.
control).

Incubation of J774A.1 macrophages for 18 h at 37 °C with
increasing concentrations of glucose (up to 30 mM) resulted
in an increment in macrophage peroxide levels by up to 2.2-
fold (Fig. 2A) and a decrement in macrophage glutathione
content by up to 41% (Fig. 2B), in comparison to cells
incubated with only 5mM of glucose. In contrast, incu-
bation of J774A.1 macrophages with fructose for 18h at
37 °C with a concentration as low as 7.8 mM (the same used
for the cells that were incubated with the PJ sugar frac-
tion), resulted in a decrement in macrophage peroxide lev-
els by 16% compared to 5 mM fructose (117.7 £2.7 versus
140.3 £ 1.1 fluorescence intensity, arbitrary units, respec-
tively). Incubation of the macrophages with fructose also
resulted in a paralleled increment in cellular glutathione con-
tent by 13% (9.6 = 1.0nmol/mg versus 11.1 £ 0.4 nmol/mg
cell protein, respectively). These findings indicate that the
inhibitory effect of PJ on macrophage oxidative state could

—~ 400 : L
F] o (A) J774A.1 Macrophage Peroxide Levels
@5 *
[T T
>
3 £ 3001 -
o0
23
e =
o =
o & 200 :
o
¢ 8 -
§§ 100+ i
g
(=]
3
L
0 T T T
5mM 7.8mM 30mM

Glucose Concentration

(B) J774A.1 Macrophage Glutathione Levels

12 T L
.

T
2
c
ST
o 2
£EP
iy :
38 9 [
5] T
o £
o o
2 E
a L 44 +
2
o
[}
=
0 ; . :
5mM 7.8mM 30mM

Glucose Concentration

Fig. 2. The effect of increasing medium glucose concentrations on
macrophage oxidative state. J-774A.1 macrophages (1 x 10%/well) were
incubated in serum-free DMEM for 18 h at 37 °C with increasing glucose
concentrations (5-30 mM). Then, cellular oxidative state was determined
as follows: (A) macrophage peroxide content was determined after cell
incubation for 30 min at 37 °C with 2.5 x 107> mol/l DCFH-DA. Cellular
fluorescence was determined by flow cytometry. (B) Glutathione (GSH)
content was measured in cell sonicate (1.5 x 10° cells/ml PBS) by the
DTNB-GSSG recycling assay. Cellular protein content was measured by
the Lowry assay. Results represent mean £ S.D. (n=5).

not be attributed to the PJ glucose, and could only minimally
be attributed to the PJ fructose.

3.4. The PJ sugar fraction decreases, whereas the WGJ
sugar fraction increases oxidative state in mouse
peritoneal macrophages (MPM)

We next incubated the sugar fractions from PJ and from
WGJ with MPM harvested from control Balb/C mice. As
shown for the J774A.1 cell line, incubation of the control
Balb/C mice MPM for 18h at 37°C with the PJ sugar
fraction (containing 2.8 mM glucose) in low-glucose (5 mM)
serum-free DMEM decreased cellular peroxide levels by
40% (Fig. 3A) and increased macrophage glutathione
content by 20% (Fig. 3B), compared to control cells that
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Fig. 3. The effect of sugar fractions purified from PJ or from WGJ on the oxidative state of mouse peritoneal macrophages (MPM) harvested from control mice
or from STZ-induced diabetic Balb/C mice. MPM (1 x 10°/well) were harvested from control or diabetic Balb/C mice, plated and incubated in serum-free
low-glucose (5 mM) DMEM (controls) or in serum-free high-glucose (22.5 mM) DMEM (diabetics), for 18 h at 37 °C with the sugar fractions from PJ or
from WGJ (containing 2.8 mM glucose). Then, cellular oxidative state was determined as follows: (A) macrophage peroxide content was determined after cell
incubation for 30 min at 37 °C with 2.5 x 10~ mol/l DCFH-DA. Cellular fluorescence was determined by flow cytometry. (B) Glutathione (GSH) content was
measured in cell sonicate (1.5 x 10° cells/ml PBS) by the DTNB-GSSG recycling assay. Cellular protein content was measured by the Lowry assay. Results

represent mean + S.D. (n=3). “p <0.05 (PJ sugars or WGJ sugars vs. control).

were incubated without the sugar fraction. In contrast,
incubation of MPM with the WG] sugar fraction (containing
2.8 mM glucose) did not affect peroxide levels (Fig. 3A) and
decreased cellular glutathione content by 12% (Fig. 3B),
compared to control cells.

We next questioned whether the beneficial effect of the
PJ sugars is also evident under diabetic conditions. For this
purpose we used MPM harvested from streptozotocin (STZ)-
treated diabetic Balb/C mice. Incubation of MPM from the
diabetic mice for 18h at 37°C with PJ sugars (contain-
ing 2.8 mM glucose) in high-glucose (22.5 mM) serum-free
DMEM decreased macrophage total peroxide levels by 50%
(Fig. 3C) and increased cellular glutathione content by 18%
(Fig. 3D), compared to cells that were incubated without the
sugar fraction. Again, as shown for the MPM from non-
diabetic mice, incubation of the cells with the WGJ sugar
fraction (containing 2.8 mM glucose) increased peroxide lev-
els by 12% (Fig. 3C) and decreased cellular glutathione
content by 17% (Fig. 3D), compared to control cells. Alto-
gether, these findings indicate that the PJ sugar fraction, as
opposed to the WGJ sugar fraction, possesses antioxidative
properties against macrophage oxidation, even under diabetic
conditions.

3.5. The PJ sugar fraction decreases, whereas WGJ
sugar fraction increases macrophage oxidative stress
also in vivo in diabetic mice

The effects of the sugar fractions from PJ and from WGJ
on macrophage oxidative stress were further examined in
vivo. Diabetic Balb/C mice were supplemented for 10 days
with water (control) or with the sugar fractions (from PJ or
WGJ) containing 30 mg of glucose per day per mouse. PJ
sugar consumption by the diabetic mice resulted in a signifi-
cant (p <0.05) 10% decrement in macrophage total peroxide
levels (Fig. 4A) and in a significant (p<0.02) 7% incre-
ment in cellular glutathione content (Fig. 4B), compared
to MPM harvested from the control diabetic mice admin-
istrated with water only. Moreover, the WGJ sugar fraction
consumption by the diabetic mice resulted in a 22% incre-
ment in macrophage total peroxide levels (Fig. 4A) and in
a 45% decrement in cellular glutathione content (Fig. 4B),
compared to MPM harvested from control mice. Even more
significant results (p <0.01) were obtained upon comparing
the effect of the PJ sugars to that of WGJ sugars (26% decre-
ment in the lipid peroxide levels and 94% increment in the
glutathione content). These results demonstrate that PJ sugar
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Fig. 4. The in vivo effect of sugar fraction supplementation (purified from
PJ or from WGJ) to STZ-induced diabetic Balb/C mice on cellular oxida-
tive state. STZ-induced diabetic Balb/C Mice were supplemented with the
sugar fraction (containing 30 mg of glucose per day per mouse) for 10 days.
Then, the mice were sacrificed and their MPM (1 x 10%/well) were har-
vested, plated and incubated in serum-free high-glucose (22.5 mM) DMEM
for 18 h at 37 °C. (A) Macrophage peroxide content was determined after
cell incubation for 30 min at 37 °C with 2.5 x 10~> mol/l DCFH-DA. Cellu-
lar fluorescence was determined by flow cytometry. (B) Glutathione (GSH)
content was measured in cell sonicate (1.5 x 10° cells/ml PBS) by the
DTNB-GSSG recycling assay. Cellular protein content was measured by
the Lowry assay. Results represent mean = S.D. (n=3). “p <0.05 (PJ sugars
or WGJ sugars vs. control), p <0.01 (PJ sugars vs. WGJ sugars).

fraction decreases macrophages oxidative stress not only in
vitro but also in vivo, while WG]J sugar fraction increases
macrophages oxidative stress in vitro and in vivo.

3.6. The PJ sugar fraction decreases whereas WGJ
sugar fraction increases macrophage paraoxonase 2
activity

Paraoxonase 2 (PON2) activity in macrophages was
shown to be increased under oxidative stress. MPM from
the diabetic mice that were administrated with PJ sugar frac-
tion exhibited a significant (p < 0.05) 7% decrement in PON2
activity (Fig. 5SA), whereas MPM from diabetic mice that
were administrated with WG] sugar fraction exhibited a 12%
increment in PON2 activity (Fig. 5A), compared to mice that
were supplemented with water.

1604 (A) Diabetic mice MPM — in vivo study L
*

1401 —

120+ i L

100+ L

80
10

140+ (B) Diabetic mice MPM — in vitro study -

120+ T -

1001 T f

80 1 r

(mU/mg cell protein)

o} T T T
(C) J774.A1 = in vitro study

Macrophage PON2 Laconase Activity

100+ * 3

80 1 " i

. T

10 ’ ‘

0 T
Control  PJ Sugars WGJ Sugars

Fig. 5. The effect of sugar fractions, purified from PJ or from WGJ, on
macrophage paraoxonase 2 (PON2) lactonase activity. Macrophages were
plated in 12-well dishes. (A) MPM harvested from the sugar fraction-
supplemented diabetic mice. (B) MPM harvested from diabetic Balb/C mice.
(C) J-774A.1 macrophages. For (B) and (C) macrophages were incubated
in serum-free DMEM for 18 h at 37 °C with the sugar fractions from PJ or
from WGJ (containing 2.8 mM of glucose). Dihydrocoumarin was added to
the reaction buffer (Tris buffer, pH 8.0) and was incubated with the cells for
10 min. Lactonase activity was measured spectrophotometrically at 270 nm.
Cellular protein content was measured by the Lowry assay. Results represent
mean + S.D. (n=3). *p <0.05 (PJ sugars or WGIJ sugars vs. control).

In MPM harvested from diabetic mice, incubation for 18 h
at 37 °C with the PJ sugar fraction (containing 2.8 mM glu-
cose) did not significantly affect PON2 activity (Fig. 5B),
compared to MPM from control diabetic mice. In contrast,
cell incubation with the WGJ sugar fraction (containing
2.8 mM glucose) increased PON2 activity by 24% (Fig. 5B),
compared to control MPM.

In J774A.1 macrophages, cell incubation for 18 h at 37 °C
with the PJ sugar fraction (containing 2.8 mM glucose)
decreased PON2 activity by 16% (Fig. 5C), compared to
control cells that were not incubated with the sugar fraction,
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whereas cell incubation with the WGJ sugar fraction (con-
taining 2.8 mM glucose) minimally (5%), but significantly
(p <0.05) increased macrophage PON2 activity (Fig. 5C).

3.7. The antioxidative effect of the PJ sugar fraction was
not associated with significant changes in serum
paraoxonase 1 activity

As paraoxonase 1 (PON1) was previously shown to dec-
rease macrophage oxidative stress, we questioned whether
the administration of PJ sugars to the diabetic mice
could affect their serum PONT activity. PON1 arylesterase ac-
tivity (towards phenylacetate) was not significantly
changed after PJ or WGJ sugar fraction administration
(110.6 = 8.8 U/ml in control mice, 119.8 +9.7 U/ml in mice
that were administrated with PJ sugars, and 113.7 £ 0.1 U/ml
in mice that were administrated with WGJ sugars). Similarly,
PONI1 paraoxonase activity (towards paraoxon) was only
slightly, but not significantly increased after the sugar frac-
tions administration, with no differences detected between
PJ and WGJ (35.8 & 3.8 U/ml in control mice, 41.9 2.6 U/
ml in mice that were administrated with PJ sugars, and
42.8 +3.9 U/ml in mice that were administrated with WGJ
sugars).

3.8. PJ Complex sugars may be the active antioxidant
components in the PJ sugar fraction

Glucose and fructose are found in PJ and in WGJ at simi-
lar concentrations. We thus questioned whether other types of
complex sugars that are present in relatively high levels in PJ,
compared to WGJ, may be the active components in the PJ
sugar fraction. Indeed, we were able to show that delphinidin-
3-0-B-glucopyranoside and cyanidin-3-o-3-glucopyranoside
exhibit potent free radical scavenging capacity. The addition
of these complex phenolic sugars at a final concentration
of 10 wg/ml to a DPPH solution exhibited a remarkable
free radical scavenging capacity, as demonstrated by a 53%
reduction in the optical density at 517 nm with cyanidin-
3-0-B-glucopyranoside (from 1.03+0.09 to 0.48 £0.04
ODs17) and a 58% reduction obtained with delphinidin-3-o-
B-glucopyranoside (from 1.03 = 0.10 to 0.43 £ 0.04 OD5;7),
in comparison to a 78% reduction (from 1.03+0.11 to
0.23 +0.01 ODs;7) obtained by a similar concentration of PJ.

4. Discussion

Pomegranate juice (PJ) antiatherogenicity was shown
to be mainly related to its antioxidant properties. In this
study, we show that PJ sugars may be partly responsible for
these properties. PJ, which is one of the nutrients richest in
polyphenols, was shown to reduce macrophage lipid perox-
idation, cholesterol accumulation and foam cell formation,
resulting in attenuation of the development of atherosclerosis
in apolipoproteinE-deficient mice [32], and also in patients

with carotid artery stenosis [3] and diabetic patients [4].
Moreover, PJ reduced the activation of redox-sensitive
genes (ELK-1 and p-JUN) and increased eNOS expression
in cultured human coronary artery endothelial cells and in
atherosclerosis-prone areas of hypercholesterolemic mice
[33]. These antioxidative/antiatherogenic properties of the
PJ were mainly attributed to the high content, as well as
unique type of pomegranate polyphenols [5,34]. However,
as shown in the present study, the capacity of PJ to decrease
macrophages peroxide levels was greater than the effect of
the PJ purified polyphenols. This phenomenon could be a
result of the isolation procedure that may lead to properties
that are suboptimal and that are fully expressed only in the
whole juice. However, it led us to aim to find out whether the
PJ sugar fraction could also contribute to the PJ antioxidative
properties.

Type 2 diabetes, a major risk factor for the development of
premature atherosclerosis [16], is characterized by increased
oxidative stress. Mouse peritoneal macrophages harvested
from diabetic mice that exhibited increased atherosclerotic
lesion compared to controls, were recently characterized by
increased lipid peroxides content and increased capability
to take up oxidized LDL [35]. Moreover, glucose-enriched
macrophages exhibited a dose-dependent higher peroxide
content and increased Ox-LDL cellular uptake (associated
with up-regulation of the scavenger receptor CD36). The
present study also shows that glucose directly increases
macrophages oxidative stress. Thus, the finding that the
glucose-containing PJ sugar fraction decreased macrophage
oxidative stress was somewhat surprising. The PJ sugar frac-
tion exhibits impressive antioxidative effects not only on
the J774 macrophage cell-line, but also on mouse peritoneal
macrophages (which resemble arterial macrophages in their
cholesterol and lipoprotein metabolism characteristics) [36].
Moreover, the present study demonstrates that even under dia-
betic conditions characterized by increased oxidative stress
(using MPM from STZ-induced diabetic mice), the PJ sugar
fraction still exhibited its beneficial effects, in contrast to the
pro-oxidant effects of the WGJ sugar fraction.

Serum glutathione levels are decreased under oxidative
stress conditions, like in atherosclerosis [37] and in dia-
betes [38]. In atherosclerotic mice, peritoneal macrophage
glutathione content was shown to be decreased, and this phe-
nomenon was associated with increased macrophage oxida-
tive state. The present study shows that the PJ sugar fraction
increased glutathione levels in MPM from control mice, as
well as from diabetic mice. Moreover, glutathione levels
were also increased in vivo as studied in MPM from dia-
betic mice after PJ sugar fraction consumption. The in vivo
beneficial effect of the PJ sugars clearly demonstrates the
physio-pathological contribution of the PJ sugar fraction to
the antioxidative/antiatherogenic properties of PJ.

In contrast to glucose, fructose demonstrated beneficial
effects on oxidative stress as it reduced oxidative state in
macrophages. In accordance with these data, fructose was
also shown to increase plasma antioxidant capacity after
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apple consumption, due to increment in plasma urate levels
[20].

Glucose and fructose are found in PJ and in WGJ at
similar concentrations [39,40]. However, whereas PJ sugars
demonstrated antioxidative effects on macrophages, WGJ
sugars demonstrated pro-oxidative effects on the cells. The
beneficial effect of the PJ sugars may not be attributed
mainly to fructose, but to some PJ unique, not yet identified,
complex sugars and also to some sugar-containing polyphe-
nolic tannins and anthocyanins. Among PJ anthocyanins,
cyanidin-3-o-B-glucopyranoside and delphinidin-3-0-§3-
glucopyranoside are the main components [6] and they
were shown to possess antioxidant properties. These two
compounds inhibit a Fenton reagent *OH generating system,
possibly by chelation of a ferrous ion. These molecules
also scavenged O,°~ in a dose-dependent manner and
inhibited H»O5-induced lipid peroxidation in the rat brain
homogenates [41,42]. In the present study, we confirmed
their capacity to scavenge free radicals. These anthocyanins
are not found at all in white grape varieties [43].

HDL-associated PON1 was shown to possess antiathero-
genic and antioxidative properties [44], probably due to its
capacity to hydrolyze oxidized lipids in lipoproteins and
in macrophages [22,23]. PJ consumption was demonstrated
to increase serum PONI1 activity in atherosclerotic mice
and in humans with carotid artery stenosis [32,3], a phe-
nomenon that can be the underlined mechanism by which PJ
decreases atherosclerosis development. As serum PON1 was
not affected by the PJ sugar fraction, a different mechanism
is involved in the beneficial effects of the PJ sugars. Another
member of the PON family, PON2, is expressed in cells and
was shown to possess antioxidative properties [45]. Its activ-
ity was shown to be increased in macrophages under oxidative
stress [26,46]. Indeed, treatment of macrophages with WGJ
sugars increased PON2 activity, whilst PJ sugars decreased
PON2 activity in parallel to the increment or the decre-
ment in cellular oxidative state, respectively. These effects on
macrophage PON2 demonstrate again the opposite character-
istics of PJ versus WGJ sugars on macrophage oxidative state.

We conclude that PJ sugars possess an unexpected antiox-
idative effect on macrophage oxidative state under diabetic
conditions in vitro, as well as in vivo. Theses effects could
be related to some phenolic-sugar compounds in the PJ.
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