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Pomegranate juice consumption reduces oxidative stress,
atherogenic modifications to LDL, and platelet aggregation: studies
in humans and in atherosclerotic apolipoprotein E-deficient mice'?

Michael Aviram, Leslie Dornfeld, Mira Rosenblat, Nina Volkova, Marielle Kaplan, Raymond Coleman, Tony Hayek,
Dita Presser, and Bianca Fuhrman

ABSTRACT oxidation, and aggregation (1-5). Blood platelet activation also
Background: Dietary supplementation with nutrients rich in contributes to accelerated atherosclerosis (6—8). Oxidative mod-
antioxidants is associated with inhibition of atherogenic mod-fication of LDL is thought to play a key role during early athero-
ifications to LDL, macrophage foam cell formation, and ather-genesis. Oxidized LDL is taken up by macrophages at an
osclerosis. Pomegranates are a source of polyphenols aedhanced rate via their scavenger receptors (9), leading to the
other antioxidants. formation of lipid-laden foam cells, the hallmark of the early
Objective: We analyzed, in healthy male volunteers and in ath-atherosclerosis (10). Cells of the arterial wall, including
erosclerotic apolipoprotein E—deficient®{Emice, the effect of endothelial cells, smooth muscle cells, and macrophages, can
pomegranate juice consumption on lipoprotein oxidation, aggreexidize LDL in vitro in the presence of catalytic amounts of
gation, and retention; macrophage atherogenicity; platelet aggreéransition metal ions (11-13). Although increased resistance of
gation; and atherosclerosis. LDL to oxidation was observed after treatment with various syn-
Design: Potent antioxidative effects of pomegranate juice againsthetic pharmaceutical agents (14-17), an effort is being made to
lipid peroxidation in whole plasma and in isolated lipoproteinsidentify natural food products that can offer antioxidant protec-
(HDL and LDL) were assessed in humans and 9mi€e after  tion against LDL oxidation. We showed previously the beneficial
pomegranate juice consumption 2 and 14 wk, respectively.  effects against LDL oxidation of dietary supplementation with
Results: In humans, pomegranate juice consumption decreasefl-carotene (18, 19), lycopene (20), vitamin E (21), and flavonoids
LDL susceptibility to aggregation and retention and increasedrom red wine (22, 23), licorice (24), or olive oil (25).
the activity of serum paraoxonase (an HDL-associated esterase The pomegranate tree, which is said to have flourished in the
that can protect against lipid peroxidation) by 20%. tnrice, garden of Eden, has been used extensively in the folk medicine
oxidation of LDL by peritoneal macrophages was reduced by upf many cultures. In ancient Greek mythology, pomegranates
to 90% after pomegranate juice consumption and this effect wasere known as the “fruit of the dead” and in the ancient Hebrew
associated with reduced cellular lipid peroxidation and superoxtradition, pomegranates adorned the vestments of the high priest.
ide release. The uptake of oxidized LDL and native LDL byThe Babylonians regarded pomegranate seeds as an agent of res-
mouse peritoneal macrophages obtained after pomegranate juiceection, the Persians believed the seeds conferred invincibility
administration was reduced by 20%. Finally, pomegranate juicen the battlefield, and for the ancient Chinese the seeds symbol-
supplementation of Emice reduced the size of their atheroscle-ized longevity and immortality. Edible parts of pomegranate fruit
rotic lesions by 44% and also the number of foam cells compare@bout 50% of total fruit weight) comprise 80% juice and 20%
with control E mice supplemented with water. seeds. Fresh juice contains 85% water, 10% total sugars, and
Conclusion: Pomegranate juice had potent antiatherogenicl.5% pectin, ascorbic acid, and polyphenolic flavonoids. Pome-
effects in healthy humans and in atherosclerotic mice that magranate seeds are a rich source of crude fibers, pectin, and sug-
be attributable to its antioxidative properties. Am J Clin Nutr  ars. Dried pomegranate seeds contain the steroid estrogen
2000;71:1062-76. estrone (26, 27), the isoflavone phytoestrogens genistein and
daidzein, and the phytoestrogen coumestrol (28). In pomegranate
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juice (PJ), fructose and glucose are present in similar quantitiepectin and thus improves extraction and filtration and prevents
calcium is 50% of its ash content, and the principal amino acidthe formation of pectin gels. The juice was filtered, pasteurized,
are glutamic and aspartic acids (29, 30). The soluble polyphena@oncentrated, and stored-at8°C.
content in PJ varies within the limits of 0.2—1.0%, depending on For the aqueous extraction of the peels and seeds, 1 g peels
variety, and includes mainly anthocyanins (such as cyanidin-3and seeds was diluted in 5 mL water and then crushed, squeezed,
glucoside, cyanidin-3,5-diglucoside, and delphindin-3-glucoside)and extensively vortex mixed. The extract was then centrifuged
catechins, ellagic tannins, and gallic and ellagic acids (31). Ferat 3000 g for 20 min at 4C to remove any water-insoluble
mented PJ and cold-pressed pomegranate seeds possess antterials and the supernate was used in the analyses of LDL oxi-
oxidant activity and can reduce prostaglandin and leukotriendation. Because ingredients other than polyphenols may also act
formation by inhibition of cyclooxygenases and lipoxygenasesas potent antioxidants, we also studied the effect of the extracts
(32). The major purpose of the present study was to examinen the basis of weight. For this purpose, we lyophilized the
for the first time, the in vitro and ex vivo effects of PJ on LDL extracts and redissolved the pellet in water to a concentration of
atherogenic modifications including its retention, oxidation,1 g/L and used this solution in analyses of LDL oxidation.
and aggregation in humans and in atherosclerotic apolipopro- In addition to polyphenols, PJ contains several other antiox-
tein E—deficient (B mice. idants, including vitamin C, that may contribute to its antiox-
idative and antiatherogenic effects. Of the total polyphenols in
PJ, flavonoids constitutee40% (including anthocyanins, cate-

SUBJECTS AND METHODS chins, and phenolics). Complex polyphenols are also present in
) PJ (including condensed and hydrolyzable tannins). We frac-
Human studies tionated the PJ by HPLC (Sep-Pak; Waters Corp, Milford, MA)

The antioxidative effect of PJ was tested ex vivo in 2 humarand obtained active antioxidant fractions detected at 254 nm
studies. In the first study, 13 healthy, nonsmoking men age@data not shown). These fractions were found to be easily solu-
20-35 y who were taking no medication were supplementedilized in methanol or ethyl acetate but not in water. These
with 50 mL PJ/d (1.5 mmol total polyphenols) for 2 wk. In the observations suggest that the active antioxidant compounds in
second study, performed farl0 wk, 3 subjects were supple- PJ are not proteins, sugars, or lipids, but may be complex
mented with increasing doses of PJ (20—-80 mL/d, equivalent tpolyphenols that can be absorbed in humans.
0.54-2.16 mmol total polyphenols/d). Subjects were students
or laboratory staff from the Technion Faculty of Medicine. FolyPhenol measurement
Compliance with the PJ supplementation in all subjects was The total polyphenol concentration of the PJ was determined
satisfactory as assessed by daily contact with the subjects. Tlspectrophotometrically with phosphomolybdic phosphotungstic
subject’s meant(SD) body mass index (in kgAnwas 23.0+ 1.5 acid reagent (31) and quercetin as a standard.
and did not change significantly during the study. All subjects o o
continued their habitual diets during the study. Blood samplegIalsma lipid peroxidation
were drawn after a 12-h fast before study entry and after 1 and In the in vitro studies, human plasma obtained from a
2 wk of PJ consumption. The studies were approved by thbealthy volunteer was diluted X9 with phosphate-buffered
Helsinki Committee of the Rambam Medical Center, Israelsaline (PBS) and increasing concentrations of PJ polyphenols
Ministry of Health (no. 912). (0—1.5pumol/L) were added to the plasma. In the in vivo stud-
ies, plasma was obtained from studied subjects before and
after 2 wk of PJ consumption and froririce at 0, 9, and 14 wk

E® mice were generously provided by Jan Breslow of Rockeof PJ consumption.
feller University, New York. Gene targeting in mouse embryonic In both studies, plasma was incubated in the absence or pres-
stem cells was used to create mice that lack apolipoprotein &nce of 100 mmol/L of the free radical generator-22bbis-2-
(33). Thirty 6-wk-old E mice were divided into 3 groups of 10. amidinopropane hydrochloride (AAPH; Wako Chemical Indas
The 3 groups received 0, 6.25, or 12.b PJ (equivalent to 0, Ltd, Osaka, Japan) for 2 h at 37. AAPH is a water-soluble azo
0.175, and 0.35Q.mol total polyphenols) in their drinking water compound that thermally decomposes to produce peroxyl radi-
per mouse per day. Blood was taken at 6, 9, and 14 wk of age foals at a constant rate. Plasma lipid peroxidation was determined
plasma and LDL analyses. Peritoneal macrophages and aorthg measuring the amount generated of thiobarbituric acid—reactive
were obtained at the end of the study. substances (TBARS) (34) and lipid peroxides (35).

To evaluate the effect of PJ supplementation on the progres- .
sion of atherosclerotic lesions, 3-wk-old Bice were supple- Serum paraoxonase (arylesterase activity)
mented for 11 wk with 3L PJ (equivalent to 0.87pmol total Arylesterase activity was measured by using phenylacetate as
polyphenols) per mouse per day or given water alone (contrghe substrate. Initial rates of hydrolysis were determined spec-
mice). The entire aorta was dissected from each mouse at th®photometrically at 270 nm. The assay mixture includgd.5
end of the study. serum, 1.0 mmol phenylacetate/L, and 0.9 mmol G&Gh
20 mmol tris-HCI/L, pH 8.0. Nonenzymatic hydrolysis of pheny-
lacetate was subtracted from the total rate of hydrolysis. The

Pomegranates (‘Wonderful’ cultivar) were handpickedsied,  extinction coefficient at 270 nniy,y) for the reaction was 1310
chilled to #C, and stored in tanks. The fruit was then crushed(mol/L)~*-cm . One unit of arylesterase activity is equal tarhol
squeezed, and treated enzymatically with pectinase to yield thghenylacetate hydrolyzed-mih L™t (36). In the in vitro study,

PJ and byproducts, which included the inner and outer peels ancreasing concentrations of PJ were incubated with normal serum
the seeds. Pectinase hydrolyzed ,4-galacturonide bonds in for 10 min before the analysis of arylesterase activity.

Mouse study
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Total plasma antioxidant status tated with a commercial kit for an HDL-cholesterol reagent
n{_phosphotungstic acid-Mggl Sigma, St Louis) that precipi-

Total antioxidant status was measured in plasma with a co !
tated all the LDL present in the samples and was then cen-

mercially available kit (catalog no. NX 2332; Randox Laborato- )
ries Limited, Antrim, United Kingdom) applicable for COBAS trifuged for 10 min at 2006 gat 25C (42). . -

MIRA (Hoffmann-La Roche, Basel, Switzerland). Plasma was Afte_r the supt_arnate was discarded, the LDL in the prt_aC|p|tate
incubated with ABTS [2,2azino-di-(3-ethylbenzthiazoline sul- was dissolved in 0.1 mol NaOH/L and analyzed for its gly-

. . . cosaminoglycan content by using the 1,9-dimethylmethylene
fonate)], a peroxidase (metmyoglobin), and hydrogen peroxide t ; :
. . ; . lue spectrophotometric assay for sulfated glycosaminoglycans
produce a radical cation. The resulting product has a relativel

stable blue-green color, which was measured at 600 nm. Antiox;-/43)' Briefly, 2.5 mL ice-cold 1,9-dimethylmethylene blue

. : o working solution (46umol 1,9-dimethylmethylene blue/L,
dants in the added sample suppress this color production in Pr9% mmgol glycine/(L :nd 40 mmol NgCI/L iz 5% ethanol
portion to their concentration (37). ' '

adjusted to pH 3.0) was added to 500 of the dissolved pre-
cipitate. Absorbency at 525 nm was then measured immediately.
Chondroitin sulfate was used as a standard and was included

For the in vitro studies, LDL was isolated from plasma col-within each series of assays. Similar preparations of LDL with
lected from healthy, normolipidemic volunteers. For the ex vivono chondroitin sulfate added were used as a control. The gly-
studies, human plasma was collected before study entry (baseesaminoglycan content of the control was subtracted from the
line) and after 1 and 2 wk of PJ administration. In the mouseglycosaminoglycan content of the LDL preparations incubated
study, LDL was isolated from blood samples drawn before andavith chondroitin sulfate.
after 9 and 14 wk of PJ administration.

Plasma samples were stored aC4or 2 wk until all 3 sam-
ples had been collected. LDL and HDL were then isolated Mouse peritoneal macrophages (MPMs) were harvested from
from the plasma samples. No significant differences werehe peritoneal fluid of each mouse 4 d after intraperitoneal
found in the basal oxidative state (no oxidant added) of thénjection of 3 mL thioglycolate (24 g/L in saline solution) (44).
lipoproteins. The lipoproteins (LDL and HDL) were prepared The harvested cells (10-20 10° per mouse) were washed and
by discontinuous density gradient ultracentrifugation ascentrifuged 3 times with PBS at 10009 for 10 min at 25C.
described previously (38). The lipoproteins were washed at @he cells were then resuspended to a concentratiorkaf /L
density of 1.063 kg/L and dialyzed against 150 mmol NaCl/Lin DMEM (Biological Industries, Beit Ahemeq, Israel) contain-
and 1 mmol NsEDTA/L (pH 7.4) at 4C. The LDL and HDL ing 10% horse serum (heat-inactivated atG&or 30 min),
fractions were then sterilized by filtration (0.4%), kept under 100000 U penicillin/L, 100 mg streptomycin/L, and 2 mmol
nitrogen in the dark at°€, and used within 2 wk. The lipopro- glutamine/L.
tein protein concentration was measured with the Folin phenol The cell suspension was dispensed into 35-mm plastic petri
reagent (39). Before oxidation, LDL and HDL were dialyzeddishes and incubated in a humidified incubator (5%, 5%
against EDTA-free, PBS solution (pH 7.4) &C4 air) for 2 h. The dishes were washed once with 5 mL DMEM to
remove nonadherent cells and the monolayer was incubated fur-
ther under similar conditions for 18 h until various macrophage

LDL or HDL (100 mg protein/L) was incubated withusnol functions were analyzed.

CuSQ/L for 3 h at room temperature. The formation of conju-
gated dienes was monitored continuously by measuring th
increase in absorbance at 234 nm (40). Incubations were car- Cells (2 x 10°%L PBS) were sonicated twice, for 20 s each
ried out in the spectrophotometer cuvette (Ultraspec 3000ime, at 80 W. The cellular protein content was determined by
Pharmacia LKB, Biochrom Ltd, Cambridge, United King- using the Folin phenol reagent method (39). For total glu-
dom). The initial background optical density of the samplegathione analysis, 5% sulfosalicylic acid was added to the super-
ranged from 0.1 to 0.2 as recorded at 234 nm. After initiahate of the sonicated cells (1:2, by vol) and the samples were
absorbance was recorded, the spectrophotometer was settten centrifuged at 20008 g for 10 min at 4C. The glu-

zero against a blank and the increase in absorbance duringthione content of all samples was measured in the supernate
LDL or HDL oxidation was recorded every 10 min. The lag with the 5,5-dithiobis-2-nitrobenzoic acid—glutathione reduc-
time required for the initiation of lipoprotein oxidation was tase (NADPH) recycling assay (45).

calculated from the oxidation curve.

Lipoprotein isolation

Mouse peritoneal macrophages

Lipoprotein oxidation
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Macrophage glutathione content

Superoxide anion release

LDL aggregation and retention The production of superoxide anion by MPMs was measured

To determine LDL aggregation, LDL (100 mg protein/L) as the superoxide dismutase—inhibitable reduction of acetyl fer-
was mixed by vortex at a fixed strength and absorbance at 68@cytochromec (46). Cells (2x 10° per well) were suspended in
nm was monitored every 10 s against a blank solution (41). Fat mL Hanks’ balanced salts solution (Biological Industries) con-
the measurement of LDL retention in the ex vivo studiestaining acetyl ferricytochrome (150 wmol/L). Superoxide pro-
human LDL isolated before and after 1 or 2 wk of PJ suppleduction by the cells was stimulated by the addition of LDL (100 mg
mentation was used. In the in vitro studies, LDL was preincuprotein/L) and S.mol CuSQ/L for 1 h.
bated with increasing concentrations of PJ (up to |8n%ol To some control samples, 30 mg superoxide dismutase/L was
polyphenols/L) for 1 h at 3. LDL (200 mg lipoprotein pro- added. The amount of superoxide release was measured in the
tein/L) was then incubated with chondroitin sulfate (100 mg/L)medium and was expressed as nmol superoxides/mg cell protein
for 30 min at room temperature. The lipoprotein was precipi-by using an extinction coefficient &g,= 21 (mmol/L) - cnrt.
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LDL oxidation by macrophages were rapidly dissected out and immersion-fixed in 3% glu-
MPMs (2 X 1CF per 35-mm dish) were incubated with LDL taraldehyde in 0.1 mol sodium cacodylate buffer/L with _0.0l%
(100 mg protein/L) in RPMI medium (phenol-free; Biological CaCE'.pH 7.4, at room temperature. Aft.er 1h, th? aortic arch
Industries) in the presence ofitol CuSQ/L for 6 h. LDL was ~ Was dissected away from the surrounding fatty tissue under a
also incubated under similar conditions in the absence of cell®inocular stereomicroscope and the first 4 mm of the ascending
The extent of LDL oxidation was measured directly in theaorta (beginning with the aortic valves) was removed and cut
medium (after centrifugation at 1000 g for 10 min at 25C to transversely with razor blades into four 1-mm blocks. The sam-
spin down detached cells) by the TBARS assay (34). Macroples were stored in fixative at room temperature overnight. The
phage-mediated oxidation of LDL was calculated by subtractingamples were then rinsed and stored in 0.1 mol sodium cacody-
the oxidation rate in the absence of cells from that obtained itate buffer/L containing 7.5% sucrose (wt:vol) before being
the presence of macrophages (47). treated with an unbuffered 1% aqueous solution of osrétirax-
ide for 4 h. This treatment was followed by a cacodylate rinse
and successive dehydration in 70%, 95%, and then 100% ethanol
LDL was radioiodinated by the iodine monochloride method,solutions before treatment with propylene oxide as an interme-
as modified for lipoproteins (48). Radioiodinated oxidized LDL diate solvent and embedding in epoxy resin (Eponate 12; Pelco
(Ox-[*?9]LDL) was prepared from*PA]LDL that was dialyzed International, Redding, CA).
against PBS and then incubated witp.ol CuSQ/L at 37°C The blocks were orientated so that transverse section of the
for 24 h. F?9LDL or Ox-[*?¥]LDL (10 mg protein/L) was aorta could be cut. After heat polymerization (18 h &®0the
incubated with the cells at 3¢ for 5 h. Lipoprotein cellular blocks were trimmed and Lm sections were cut with glass or
degradation was measured in the collected medium as ttdiamond knives on an LKB Nova ultramicrotome (LKB,
trichloroacetic acid—soluble, nonlipid radioactivity that was notBromma, Sweden). When a sufficient number of semithin sec-
due to free iodide (49). Lipoprotein degradation in a cell-free systions were obtained from all blocks, the remainders of the blocks
tem measured under identical conditions was minimal (<10%jvere cut into much thicker sections (150-206n) for more
and was subtracted from the total degradation. The remainingiacroscopic observation. The lipid content of the lesions of
cells were washed 3 times with cold PBS and dissolved in 0.fhese thicker sections was stained an intense black from the pro-
mol NaOH/L for protein and cell-associated lipoprotein determi-longed osmium treatment, which permitted the lesion areas to be
nation. Cellular binding of Ox}9LDL was determined after easily determined histomorphometrically. Only the area of the
the cells were incubated with increasing concentrations of Oxaortic arch was examined because previous and ongoing studies
[**™]LDL or [*?¥]LDL at 4°C for 4 h. Then, the cells were by us and others showed that this area is especially prone to ath-
washed with cold PBS on ice and dissolved in 0.1 mol NaOH/Lerosclerosis in Emice and the areas are well defined with a clear
and samples were taken to measure radioactivity. starting point (aortic valves).
Histomorphometric determinations of lesion size were per-
formed by using an Olympus Cue-2 image analysis system with
For platelet studies, venous blood (10 mL) was collected wittappropriate morphometry software (Olympus Corporation, Lake
siliconized syringes into 3.8% sodium citrate at a ratio of 9:1 (bySuccess, NY). The system consists of a Universal R photomicro-
vol). Platelet-rich plasma was prepared by low-speed centrifugascope & 10 objective; Zeiss, Oberkochen, Germany) fitted with
tion (100X g for 10 min) at 28C, and the remaining sample was a WV-CD50 camera (Panasonic, Tokyo) with the video image
recentrifuged at 100 g for 10 min to obtain platelet-poor seen on a 14-inch color monitor (Sony, Tokyo) and an IBM-com-
plasma (50). Collagen (Nycomed Arzneimittel, Munich, Ger- patible PC. Measurements were made in standardized “win-
many) was used as the aggregating agent at a concentrationddws” (fields) with an area of 176 738m%
2 mg/L because this concentration caused an aggregation ampli- =
tude of up to 75%. Platelet aggregation was determined°& 37 Statistics
in a PAP-4 computerized aggregometer (Chrono-Log Corp, Student’s pairedt tests were performed for all statistical
Broomall, PA) using platelet-poor plasma as a reference systeanalyses. Results are given as mea®s. The degree of vari-
for platelet-rich plasma. In the in vitro studies, increasing con-ation between experiments ranged from 7% to 9%. The computer
centrations of PJ were incubated for 10 min with 1 mL platelet-
rich plasma and platelet aggregation was analyzed. Results &
expressed as the slope of the aggregation curve in cm/min.

Cellular uptake of lipoproteins by macrophages

Platelet aggregation

TABLE 1
Free radical scavenging capacity II_Effect of _pomegranate juice supplementation on plasma lipids and
DPPH (1,1-diphenyl-2-picryl-hydrazyl) is a radical-generat- lpoproteins - -

ing substance that is widely used to monitor the free radice Time after supplementation
scavenging abilities of various antioxidants (51). To analyze fre: 0 (Before) 1wk 2 wk
radical scavenging capacity, increasing concentrations of P mmol/L
(0-14pmol polyphenols/L) were mixed with 3 mL of 0.1 mmol 144 cholesterol 5804 52+ 0.4 53+0.3
DPPH/L in ethanol. The time course for the change in optica| p_ cholesterol 3.4+ 0.3 3.2+ 0.2 3.5+ 0.3
density at 517 nm was monitored kinetically (51). VLDL cholesterol 0.7+ 0.1 0.8+ 0.1 0.7+ 0.1

. . . . HDL cholesterol 1.x0.1 1.1+ 0.1 1.0£0.1
Histopathology of aortic atherosclerotic lesions Triacylglycerols 1.6:0.2 1.7+ 03 1.7+ 0.1

After E° mice were supplemented with PJ for 11 wk, they  1x+ SD;n = 13. There were no significant differences between time
were anesthetized with ethyl ether. The heart and entire aor points.
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available kit, and serum paraoxonase activity was determined by mea:
uring arylesterase activity = 3.~ Significantly different from before

* ek

Human study centrations were 10-15% higher after 1 wk of supplementation
with the highest PJ dose (80 mL/d) (data not shown). Similarly,
no significant effect of PJ consumption on plasma lipid concen-

” B trations was shown in%Emnice (data not shown).
é ~ Plasma lipid peroxidation
g 3 = Human plasma obtained after 2 wk of PJ consumption showed
_g- g a small but significant 6% decreased susceptibility to AAPH-
8 induced lipid peroxidation compared with plasma obtained
- before study entryHigure 1A). Additionally, a significant 9%
A increase in plasma total antioxidant status was observed after 2 wk
of PJ consumption (Figure 1B).
- B To determine the effects of increased or decreased doses of
s > PJ on AAPH-induced plasma lipid peroxidation and to analyze
'(‘3“ R 2.0 7 = i the ability of PJ to maintain its effect after juice consumption
= < ended, 3 subjects were studied further. Supplementation with 20
8 g mL PJ/d for 1 wk resulted in a significant 11% decrease in
'g& 15 B plasma lipid peroxide content. Supplementation with 50 mL
k= PJ/d for 1 more week resulted in a further 21% decrease in
<
0.5 {
0.0 Human study
-*E' ¢ * 100 + A -+
® 3 100 - . L
1’ =
E ~~ .E .
E = :
L °
i Bt e
< c v
S B ’
0 == A § - ‘ !
Pomegranate juice supplementation =
Before After ©
al 0 T T T
FIGURE 1. Mean ¢SD) effect of 2 wk of pomegranate juice sup- T 0 1 2
plementation on (A) the susceptibility of plasma to’&2obis-2- - Time of pomegranate juice supplementation
amidinopropane hydrochloride (AAPH)-induced lipid peroxidation, (B) 8 (wk)
plasma total antioxidant status, and (C) serum paraoxonase activity. Tt _8
extent of plasma lipid peroxidation was determined by the lipid perox- c
ides assay, plasma antioxidant status was measured with a commercia C')v 06+ B 4
n
S
o

supplementation:P < 0.01,” P < 0.05. Before

£
=
<
&
-oc—“' 0.4 T
. 3 1wk
software program STATEASE (version 1.00; Data Plus System =
Inc, New York) was used for computation. -g 02 4 £
1723
2 2 wk
RESULTS
0.0 T T T
Ex vivo studies in humans and mice 0 50 100 150

Time of oxidation (min)
Plasma lipid pattern
FIGURE 2. Effect of pomegranate juice (PJ) supplementation on the
susceptibility of HDL to oxidation ex vivo. (A) Meat D) lag time
before the initiation of oxidation of HDLs obtained from 12 healthy vol-

Administration of PJ to 13 healthy men for 2 wk had no signi-
ficant effect on the plasma lipid profile, including total choles-
terol, .LDL-cholesteroI, VLDIT-cholesteroI, HDL-cholesterol, unteers before (0) or after 1 or 2 wk of PJ supplementation. HDL
and triacylglycerol concentration3gble 1). There was also N0 (100 mgprotein/L) was incubated with smol CuSQ/L for 3 h at room
significant effect of increasing PJ doses on blood chemistry antemperature. The formation of conjugated dienes was monitored kineti-
plasma lipid and lipoprotein patterns in 3 studied subjectscally at234 nm. (B) A representative oxidation curve before and after
except that plasma glucose, cholesterol, and triacylglycerol corl or 2 wk of PJ supplementation.
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Mouse study

Control

PJ (6.25 uL)

PJ(125uL) |-

Plasma lipid peroxides
(umol/L)

15
341 B -
@2
&
S PJ(125uL) [
33 PJ (6.25 L)
EE
S <
g C |
L ontrol
0 T T T
6 9 12 15

Age (wk)

FIGURE 3. Mean (& SD) effect of supplementation of atherosclerotic
apolipoprotein E—deficient @ mice with placebo (control) or 6.25 or
12.5pL pomegranate juice (PJ)/d (equivalent to 0, 0.175, or 0,380l
total polyphenols, respectively) on plasma oxidative stress during aginc
Blood samples were drawn at 6, 9, and 14 wk. (A) The plasma oxidative
state was determined by measuring the lipid peroxide concentrations i
plasma samples. (B) The antioxidant status of the plasma samples w
measured by using a commercial kit= 3.

plasma lipid peroxidation, whereas an additional increase in P
supplementation to 80 mL PJ/d for an additional week did no
inhibit plasma susceptibility to lipid peroxidation further. The
inhibitory effect of PJ consumption on plasma lipid peroxida-
tion was maintained for 2 wk after PJ supplementation ende
(data not shown).

Two weeks of PJ consumption also resulted in a significan
18% increase in serum paraoxonase (Figure 1C). Becaus
serum paraoxonase is bound to HDL, we questioned whethe¢
the increased serum paraoxonase activity after PJ consumptis
was associated with increased resistance of HDL to oxidatior
As shown inFigure 2, PJ consumption for 2 wk gradually and
significantly (® < 0.01) increased the resistance of HDL to
copper ion—induced oxidation. The lag time required for the
initiation of HDL oxidation increased from 372 min before
supplementation to 45 6 min after 2 wk. Also shown in Fig-
ure 2 is a representative kinetic analysis of copper ion—induce
oxidation of HDL before study entry and after 1 and 2 wk of
PJ consumption.

PJ also had antioxidative effects when administered®o E
mice. The basal oxidative state, measured as lipid peroxides

1067

plasma of control Emice, increased gradually as the magged
from 260pmol/L plasma at 6 wk of age to 309 and 53%ol/L
plasma at 9 and 14 wk of age, respectivéliggre 3A). In mice

fed PJ, plasma lipid peroxidation was markedly lower, and this
effect was dependent on concentration. Similarly, serum total
antioxidant status was higher i Bice that consumed PJ than
in control mice, and this effect was again concentration depen-

dent (Figure 3B). The decrease in serum paraoxonase activity

with age in the atheroscleroti® Bice, which are under excess
oxidative stress (23), was not prevented by PJ consumption
(data not shown).

LDL modifications

LDL oxidation. The susceptibility of LDL to copperon—
induced oxidation was gradually reduced with PJ consumption,
as shown by a prolongation of the lag time required for the initi-
ation of LDL oxidation of 29% and 43% after 1 and 2 wk of sup-
plementation, respectively (from 356 min before to 44 6

Human study
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FIGURE 4. The effect of pomegranate juice (PJ) supplementation on
the susceptibility of LDL to oxidation ex vivo. (A) Meaa$D) lag time
before the initiation of oxidation of LDLs obtained from 12 healthy vol-
unteers before (0) or after 1 or 2 wk of PJ supplementation. LDL (100
mg protein/L) was incubated withgmol CuSQ/L for 3 h at room tem-
perature. The formation of conjugated dienes was monitored kinetically
at 234 nm. (B) Representative oxidation curve before and after 1 or 2 wk
of PJ supplementation.
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FIGURE 5. Mean & SD) effect of supplementation of atheroscle-
rotic apolipoprotein E—deficient fE mice with placebo (control) or
6.25 or 12.5uL pomegranate juice (PJ)/d (equivalent to 0, 0.175, or
0.350 wmol total polyphenols, respectively) on LDL susceptibility to
copper ion—induced oxidation ex vivo. LDL (100 mg protein/L) was
isolated at 6, 9, and 14 wk and incubated withrBol CuSQ/L for
2 h at 37C. The extent of LDL oxidation was measured by the thiobar-
bituric acid—reactive substances (A) or lipid peroxides (B) assa)3.

and 50+ 6 min after 1 and 2 wk, respectivellfigure 4A). A
representative kinetic analysis of copper ion—induced LDL oxi-
dation from this study is shown in Figure 4B.

PJ consumption also reduced the susceptibility of LDL frém E
mice to copper ion—induced oxidation. IAr&ice that consumed
6.25 or 12.5uL PJ/d for 2 mo, LDL oxidation was delayed by
100 or 120 min, respectively, compared with the lag time before
PJ administration (data not shown). The progressive increase wi
age in the susceptibility of LDL to oxidation was significantly
attenuated by PJ consumption, in a dose-dependent manner,
shown for both TBARS and lipid peroxiddsigure 5).

LDL aggregationThe atherogenicity of LDL is attributed not
only to oxidative modification, but also to aggregation (4). It was
shown previously that oxidation of LDL leads to its subsequen
aggregation (21) and we reported that polyphenols from red win
can reduce LDL aggregation in vitro and in vivo (23). The addi-
tion of increasing concentrations of PJ to LDL lowered its

A/IRAM ET AL

LDL aggregation was observed in 7 of 13 subjects, although the
mean value did not change significantly (Figure 6B).

LDL retention. Extracellular matrix proteoglycans can bind
LDL through their glycosaminoglycan moieties. Such interac-
tion can lead to the entrapment of LDL in the arterial wall, a phe-
nomenon called LDL retention (5). Addition of increasing
amounts of PJ to LDL induced a substantial dose-dependent
reduction in the capacity of LDL to bind chondroitin sulfate.
LDL binding to chondroitin sulfate decreased by up to 75% after
incubation with 3.5umol PJ polyphenols/LFigure 7A).

The capacity of LDLs obtained from subjects supplemented
with PJ to bind chondroitin sulfate was also determined as an
indication of LDL retention. PJ supplementation for 1 and 2 wk
affected LDL retention in only some of the volunteers; there was
no significant effect on the mean value for all study participants
(Figure 7B). A decrease in the capacity of LDL to bind chon-
droitin sulfate was observed in 69% and 54% of subjects after 1
and 2 wk of PJ supplementation, respectively.

In vitro study
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FIGURE 6. Effect of pomegranate juice (PJ) on the susceptibility of
LDL to aggregation in vitro and ex vivo. (A) LDL (100 mg protein/L)
was incubated without (control) or with 7 or juol polyphenols/L for
10 min at room temperature. LDL aggregation (by vortex mixing) was

susceptibility to aggregation (by vortex mixing) in a dose- mqnjtored kinetically at 680 nm. A representative experiment from 3 sim-
dependent manneFigure 6A). When we analyzed the suscepti- jlar studies is given. (B) The extent of LDL aggregation measured in 13
bility to aggregation of LDL isolated from individual subjects healthy volunteers before (0) and after 1 or 2 wk of PJ supplementation.
who had consumed PJ for 1 and 2 wk, a pattern of reduction iResults are given for each individual as well as the ne@b.
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FIGURE 7. Effect of supplementation with pomegranate juice (PJ)
on LDL retention as analyzed by the capacity of LDL to bind chon-
droitin sulfate. Mean¥SD) LDL-associated glycosaminoglycan content
was analyzed by using the 1,9-dimethylmethylene blue assay describe
in Methods. For the in vitro studies (A), LDL (200 mg lipoprotein pro-
tein/L) was incubated with increasing concentrations of PJ (containing
0-3.5umol polyphenols/L). For the ex vivo studies (B), LDL (200 mg
lipoprotein protein/L) was isolated from the plasma of subjects before
and after 1 or 2 wk of PJ consumption. Shown in B are both the mea
values and the individual results.

In vitro studies

As shown inFigure 8, PJ inhibited AAPH-induced plasma
lipid peroxidation in vitro in a dose-dependent manner. TBARS
formation was inhibited by 46% and lipid peroxide formation by
21% with 0.17 mL PJ/L, which was equivalent to ffbol total
polyphenols/L. The susceptibility of isolated LDL to oxidation
induced by copper ions was also substantially inhibited by PJ i
a dose-dependent manner, as shown by a reduction in TBAR
formation Eigure 9A) and a prolongation of the lag time
required for the initiation of LDL oxidation by 40 min with the
use of 0.24 mL PJ/L (equivalent to Owmol polyphenols/L)
(Figure 9B). With 3.5 mL PJ/L (equivalent toydmol polyphe-
nols/L), LDL oxidation was not initiated even after 180 min.

Similarly, PJ dose-dependently inhibited LDL oxidation induced absence of AAPH were subtracted from those obtained in the presence

by either AAPH or J-774 A.1 macrophages (Figure 9, C and D)

1069

To study the mechanism responsible for the antioxidative

capacity of PJ in vitro, we analyzed the potency of PJ when scav-

enging free radicals, chelating transition metal ions, or increas-
ing serum paraoxonase activity. The addition of 4.9 mL PJ/L
(14 pwmol polyphenols/L) to a DPPH solution induced a dose-

dependent decrease in absorbance at 517 nm, which reached a

plateau within 7 min of incubation in a pattern similar to that
obtained with 5Qumol vitamin E/L, which is a potent free radi-
cal scavengerHigure 10A). To examine whether PJ inhibited
LDL oxidation by chelation of metal ions, we incubated LDL
with 0.2 mL PJ/L (0.5.mol polyphenols/L) in the presence of
increasing concentrations of copper ions. Incubation of LDL with
25 pmol Ng,EDTA/L served as a positive control because EDTA
is a potent chelator of metal ions. As shown in Figure 10B,
25 pmol EDTA/L inhibited copper ion—induced LDL adation
with up to 40umol CuSQ/L. At higher copper ion carentrations,

In vitro study
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FIGURE 8. Mean &SD) effect of pomegranate juice (PJ) on’'2,2
azobis-2-amidinopropane hydrochloride (AAPH)-induced plasma lipid
peroxidation. Normal human plasma was incubated with increasing con-
centrations of PJ (containing O—Jufnol polyphenols/L), in the absence
or presence of 100 mmol AAPH/L for 2 h at°® The extent of plasma
lipid peroxidation was measured by the thiobarbituric acid—reactive sub-
stances (A) and lipid peroxides (B) assays. Values obtained in the

of AAPH. n= 3.
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FIGURE 9. Mean ¢ SD) effect of pomegranate juice (PJ) on LDL susceptibility to oxidation. LDL (100 mg protein/L) was incubated with increas-
ing concentrations of PJ (containing O—guMol polyphenols/L). LDL oxidation was induced by incubation witrbol CuSQ/L and was measured
as thiobarbituric acid—-reactive substances (TBARS) formation after 2 h of incubation (A) or as conjugated dienes formatoed kioetically at
234 nm (B). LDL oxidation was also induced by 5 mmol' 2obis-2-amidinopropane hydrochloride (AAPH)/L (C) or by J-774 A.1 macrophages in
the presence of gmol CuSQ/L (D) and measured as TBARS formatior= 3. MDA, malondialdehyde.

EDTA could no longer overcome the prooxidative effect of Because it is possible that substances other than polyphenols
CuSQ,. In contrast, 0.2 mL PJ/L inhibited Cug@duced LDL  contributed to the antioxidant activity of the pomegranate con-
oxidation even at a Cu§@oncentration as high as 0nol/L, stituents, we also analyzed the effect of increasing weight con-
suggesting that PJ does not chelate copper ions. centrations of the constituents (rather than increasing total
HDL-associated paraoxonase activity in serum is related tpolyphenol content as above) on copper ion—induced LDL oxi-
protection of LDL against oxidation. On incubation of humandation (Figure 11B). In this experiment, the inner and outer peels
serum with increasing concentrations of PJ for 10 min &€37 contained potent antioxidants whereas the crushed seeds and PJ
PJ dose-dependently increased serum paraoxonase activity by sipowed no inhibitory effects at the concentrations used. Per 1 mg,
to 33% (Figure 10C). These results suggest that PJ inhibithe inner and outer peels contain 20-30-fold more polyphenols
plasma LDL lipid peroxidation in vitro and that this effect is than do the aqueous fractions of the seeds and PJ (566 and
associated with its capacity to scavenge free radicals as well @89 nmol polyphenols/mg compared with 22 and 25 nmol
to increase serum paraoxonase activity. polyphenols/mg, respectively). The ineffectiveness of PJ at
To analyze the antioxidant properties of pomegranate coninhibiting LDL oxidation in this experiment (Figure 11B), in
stituents other than the juice, we prepared aqueous solutions obntrast with its potency in the previous experiment (Figure
the inner and outer peels and the crushed seeds. The aquedds\), may be related to the much lower total polyphenol con-
solutions of the concentrated PJ, the inner peel, the outer peaentration of the aqueous extract used (about 900-fold lower than
and the seeds contained 22830, 10320, 6314, and.®i®0total that used for the experiment shown in Figure 11A).
polyphenols/L, respectively. When we compared the inhibitory
effects of these pomegranate constituents, based on an eqL‘?ﬁ
polyphenol concentration, we found that the aqueous extracts of We showed previously that macrophages can undergo lipid
the inner and outer peels were more powerful antioxidants thaperoxidation under oxidative stress and that, subsequently,
the juice, suggesting that the inner and outer peels may contaihese cells can oxidize LDL (52, 53). LDL oxidation by
more potent antioxidant polyphenols. The concentrations ofmacrophages is considered to be a major event in early athero-
polyphenols required to inhibit LDL oxidation by 50% () genesis and is associated with cellular uptake of the modified
were 0.57 and 0.6@mol/L for the inner and outer peel, respec- lipoprotein, leading to macrophage cholesterol accumulation
tively, compared with 1.0Qumol/L for the juice Figure 11A). and foam cell formation (1). We thus studied the effect of PJ
The aqueous extract obtained from the crushed seeds was fouswpplementation of Emice on macrophage lipid peroxidation
to be a weak antioxidant against LDL oxidation. and, subsequently, on macrophage activities related to foam
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FIGURE 10. Mechanisms for pomegranate juice (PJ) protection
against LDL oxidation. (A) Free radical scavenging capacity of PJ. 1,1
Diphenyl- 2-picrylhydrazyl (DPPH) ethanolic solution at a final concen-
tration of 100pwmol/L was mixed with increasing concentrations of PJ
(containing 0—14.mol polyphenols/L) or with 5@umol vitamin (Vit) E/L.

The time course of the changes in absorbance was monitored continuous
at 517 nm. (B) Capacity of PJ to chelate copper ions. LDL (100 mg pro
tein/L) was incubated with increasing concentrations of Gu@®o100
pmol/L) in the absence (control) or presence ofuzBol NaEDTA/L
(EDTA) and 0.56umol polyphenols/L (PJ) for 2 h at 3Z. The extent of
LDL oxidation was measured by the thiobarbituric acid-reactive sub-
stances assay. (C) Effect of PJ on serum paraoxonase activity. Increasi
concentrations of PJ (containing 0—Qufnol of polyphenols/L) were

added to human serum (obtained from normolipidemic volunteers) and th(iuice, peels, and seeds) to inhibit copper ion-induced LDL oxidation.
(A) Aqueous extracts of PJ, crushed seeds, and inner and outer peels

were prepared and the polyphenol content was determined as described
in Methods. LDL (100 mg protein/L) was incubated with increasing

samples were incubated for 10 min at@7efore arylesterase activity
was measured. MDA, malondialdehyde.

cell formation, including cell-mediated oxidation of LDL and
cellular uptake of lipoproteins.

Macrophage-mediated oxidation of LDL

MPMs were isolated from the peritoneal cavity of contrbl E
mice and from Emice that consumed 128 PJ/d (equivalent

to 0.350umol total polyphenols/d) for 2 mo. Lipid peroxidation
of MPMs isolated from £mice after consumption of PJ was

53% less than lipid peroxidation of MPMs isolated from control

mice Figure 12A). Incubation of these cells with LDL for 18 h

under oxidative stress showed that PJ consumption resulted in an
82% inhibition of macrophage-mediated LDL oxidation, as

measured by the TBARS assay (Figure 12B).

Macrophage-mediated LDL oxidation was shown to involve
activation of NADPH oxidase and superoxide anion release (12)
and to depend on the balance between cellular oxidants and antiox-
idants, including the glutathione system (13, 47). Also shown in

CuSOy-induced LDL oxidation

(nmol MDA/mg LDL protein)

In vitro study
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FIGURE 11. Mean &SD) capacity of pomegranate constituents

concentrations of polyphenols (0—1u%nol/L) for 2 h at 37C in the

presence of fumol CuSQ/L. (B) The PJ and the aqueous extracts of
crushed seeds and inner and outer peels were lyophilized and their dry
weights measured. All samples were dissolved in water and diluted to
1 g wt/L. LDL (100 mg protein/L) was then incubated with increasing
concentrations of the pomegranate fractions (0-100 mg weight/L) for

2 h at 37C in the presence of pmol CuSQ/L. LDL oxidation was
analyzed by the thiobarbituric acid—reactive substances assag.
MDA, malondialdehyde.
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FIGURE 12. Mean ¢ SD) effect of pomegranate juice (PJ) consumption by atherosclerotic apolipoprotein E—defitjienicéEon peritoneal
macrophage lipid peroxidation (A), macrophage-mediated oxidation of LDL (B), macrophage superoxide anion release (C), andyentatedpha
glutathione content (D). Mouse peritoneal macrophages (MPMs) were isolated from the peritoneal fluid of €anicel onsumed no PJ) and
of E° mice that consumed 128 juice/d for 2 mo. In A, lipid peroxide content was assayed in cell sonicates of MPMs.MPIEs were incu-
bated for 6 h at 37TC with LDL (100 mg protein/L) in the presence ofxthol CuSQ/L. LDL oxidation was measured directly by the thiobarbituric
acid-reactive substances assay. In C, cells were stimulated by the addition of LDL (100 mg protein/L) an® @Go®0L) for 1 h at 37C. Super-
oxide anion release was measured as described in Methods. In D, the cell sonicate was used as described maVRtiida, malondialdehyde.
*Significantly different from controlP < 0.01.

Figure 12 is that superoxide anion release from macrophages adftatelet aggregation
vated by incubation with LDL in the presence of COpper ions Was  cjrqjjating human platelets play an important role in the devel-

5|gn|f|can_tly onver (by 49%) for supplemented mice than foropment of atherosclerosis, and increased platelet aggregation is
conFroI mice (Flgure_ 12C)_. In parallel, the cellular content of glu_'associated with enhanced atherogenicity (6—8). To study whether PJ
tathione was 25% higher in macrophages from supplemented mice |4 innibit platelet aggregation, we incubated platelet-rich plasma

than in macrophages from control mice (Figure 12D). with increasing concentrations of PJ and then induced aggregation
by adding collagen. PJ inhibited collagen-induced platelet aggrega-
tion, by up to 90%, in a dose-dependent manféyufe 15A).

We next questioned the effect of PJ consumption on macroAnalysis of platelet-rich plasma aggregation was also studied ex
phage uptake of oxidized LDL and native LDL. Cellular lipopro- vivo. After 2 wk of PJ consumption, collagen-induced platelet
tein binding, cell association, and degradation were 16%, 22%aggregation was significantly reduced by 14 (0.02) compared
and 15% lower, respectively, in MPMs collected frothrice  with platelet aggregation before PJ consumption (Figure 15B).
that consumed 12.pL PJ/d for 2 mo and incubated witfl-
labeled oxidized LDL (10 mg protein/L) than in MPMs from
control B mice Figure 13). Similarly, macrophage binding, cell DISCUSSION
association, and degradation of native LDL was 31%, 19%, and The present study showed for the first time the antiathero-
27% lower, respectively, in MPMs from supplemented mice thargenic properties of PJ as related to its inhibitory effect on lipid
in MPMs from control mice. peroxidation in plasma, in lipoproteins, and in macrophages.
Most importantly, PJ treatment significantly and substantially
inhibited the progression of atherosclerotic lesions. PJ inhibited

Shown inFigure 14 are photomicrographs of typical atheroscle- atherogenic modifications of LDL, including its retention, oxi-
rotic lesions in Emice that consumed water (control) or PJ. Thedation, and aggregation. Finally, the antiatherogenicity of PJ
lesions in control mice were larger than those in PJ-treated mice anaay be related to its ability to attenuate platelet activation, an
consisted of many more lipid-laden macrophage foam cells. Moreadditional important risk factor for atherosclerosis.
over, the lesion areas in PJ-treated mice were significantly smaller, The lipid peroxidation hypothesis of atherosclerosis (1-3) is
by 44%, than the lesion areas in aortas from control mice. supported by evidence of oxidized lipoproteins in atherosclerotic

Macrophage uptake of oxidized LDL and native LDL

Atherosclerotic lesion formation in E° mice
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FIGURE 13. Mean (SD) effect of pomegranate juice (PJ) consumption by atherosclerotic apolipoprotein E-defiienicéEon macrophage
uptake of native or oxidized LDL. Mouse peritoneal macrophages (MPMs) were isolated from the peritoneal fluid of tonit®laBd & mice that
consumed 12.5.L PJ for 2 mo. MPMs were incubated witi*Joxidized LDL (Ox-LDL) or [**3]LDL (10 mg protein/L) at 4C for 2 h for determi-
nation of lipoprotein binding (A, D) or at 3T for 5 h for determination of lipoprotein cell association (B, E) and lipoprotein degradation (Cs B).
“Significantly different from controlP < 0.01.

lesions (54), by the relatively greater oxidizability of LDL from (59-61). Paraoxonase is inactivated by lipid peroxides (62), and we
atherosclerotic patients (55), and by the antiatherogenicity o$howed that red wine flavonoids (23) and licorice-derived glabridin
some antioxidants against LDL oxidation (13, 56). The impressivg62) can preserve paraoxonase activity during lipoprotein oxida-
ability of PJ to inhibit in vitro and ex vivo lipid peroxidation in tion. However, we showed not only a preservation of activity, but
plasma, as well as in isolated LDL and HDL, was shown in sevalso an enhancement of activity of PJ. These results further

eral different oxidative systems including transition metal ionsstrengthen the inverse association between serum paraoxonase

free radical generators, and arterial cells. By more than one assagtivity and lipid peroxidation (59).
(TBARS, lipid peroxide, and conjugated diene formation) we PJ supplementation of°Emice, which are under oxidative
showed the substantial antioxidative capacity of PJ to scavengtress (63), resulted in substantially lower plasma lipid peroxi-
free radicals, a major mechanism of action of some potent nattation than in control mice, as well as a lower susceptibility of
ural antioxidants, including vitamin E and flavonoids (57, 58).LDL to copper ion—induced oxidation. These inhibitory effects
The inhibitory effect of PJ against LDL oxidation was alsowere greater in the atherosclerotic mice than in healthy human
shared by aqueous extracts of the outer and inner peel of pomeslunteers. This phenomenon may be related to the high initial
granates. When compared per total polyphenol content (or paxidative stress in the®Enice.
weight), the peels were more potent antioxidants than the juice. Atherosclerosis is a multifactorial disease and factors other than
These fractions may contain different flavonoids from thoseLDL oxidation can accelerate atherogenesis independently or in
present in PJ that are more potent antioxidants. association with lipid peroxidation. Such factors include LDL
Paraoxonase, an HDL-associated esterase, was shown to protestention (5) and LDL aggregation (3). LDL oxidation is thought
both HDL and LDL from oxidation. This protection is probably the to occur in the arterial wall after lipoprotein binding to extracellu-
result of the ability of paraoxonase to hydrolyze specific oxidizedar matrix proteoglycans. Although an impressive inhibitory effect
lipids in oxidized lipoproteins and human atherosclerotic lesion®f PJ on LDL retention was observed in vitro, in the ex vivo study
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Atherosclerotic lesion size

FIGURE 14. Effect of pomegranate juice (PJ) consumption by atherosclerotic apolipoprotein E-defi€j@nicéEon foam cell formation and on
the size of atherosclerotic lesions. Photomicrographs of typical foam cells froticé&that consumed water (A) or PJ (B) are presented. Lipids in
macrophages of the lesions are colored black by osmium tetraxide. All micrographs are at the same magnification. ¥&®jreaiof size of ath-
erosclerotic lesions in the aortic arches bfiice that consumed PJ or water (control) for 11 wk was analyzed histomorphometricallgig@ifi-
cantly different from controlP < 0.01.

LDL retention was inhibited in only 50-60% of the subjects. Evenincreased in glutathione-depleted cells and cellular lipid perox-
though the inhibitory response in LDL retention was not signifi-ides are formed under these conditions (13, 47). The present
cant when all volunteers were studied together, it seems that thestudy clearly showed that macrophage-mediated oxidation of
were responders and nonresponders in this respect. This may bBL was substantially lower for macrophages derived frdin E
related to additional factors that affect LDL retention in vivo, suchmice after PJ consumption than for control mice. This anti-
as LDL density, charge, and sialic acid content (64, 65). atherogenic effect was associated with higher cellular glutathione
LDL retention can predispose the lipoprotein to oxidation,content, lower macrophage superoxide anion release, and lower
and LDL oxidation can lead to an additional atherogenic modifi-macrophage lipid peroxidation. These observations further sup-
cation: lipoprotein aggregation (21). Aggregated LDL is takenport a key role for cellular lipid peroxidation in macrophage-
up by macrophages at an enhanced rate, leading to cellular chmediated oxidation of LDL (52, 53).
lesterol accumulation and foam cell formation (4). Macrophages Polyphenolic flavonoids not only affect cellular oxygenases
can also cause LDL aggregation, independently of its oxidatiorhut also cause conformational changes in plasma membrane con-
after the secretion of proteoglycans from the cells under certaistituents, such as cellular receptors for lipoproteins. We thus ana-
conditions (66, 67). The present study showed that LDL aggrelyzed the uptake of both oxidized LDL and native LDL by peri-
gation was also inhibited in vitro by PJ; this inhibition may betoneal macrophages from° Enice after PJ consumption. We
related to hydrophobic interactions between constituents of Pshowed that cellular degradation, cell association, and cellular
and the lipoprotein (68). Arterial wall macrophages play a majobinding of both lipoproteins were lower in cells from mice fed PJ
role in early atherogenesis. We showed that under oxidativeéhan in cells from control mice. Consumption of PJ by the ather-
stress, lipid peroxidation affects not only lipoproteins but alsoosclerotic B mice thus reduced oxidative stress in the cells
cellular lipids (52). Furthermore, cell-mediated oxidation of (which was associated with reduced cell-mediated oxidation of
LDL can be achieved after lipid-peroxidized macrophages aréDL) and also reduced the uptake of oxidized LDL. Both of
incubated with LDL, even in the absence of a transition metal iothese processes contribute to attenuation of macrophage choles-
(52, 53). Macrophage-mediated oxidation of LDL is associatederol accumulation and foam cell formation. Most importantly,
with activation of cellular NADPH oxidase, which produces our finding of reductions in the atherosclerotic lesions in PJ-
superoxide anions (12). Superoxide ions can be converted undegeated mice clearly strengthens the correlation between the
certain conditions into a more potent reactive oxygen specieantioxidative effect and the antiatherogenic properties of PJ.
(69), which can then convert native LDL to atherogenic oxidized Finally, platelet activation, an additional risk factor for athero-
LDL. Macrophage-mediated oxidation of LDL is substantially sclerosis (6) that is also associated with oxidative stress (7), was
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FIGURE 15. The effect of pomegranate juice (PJ) on human platelet 16.

aggregation in vitro and ex vivo. (A) Platelet-rich plasma (PRP) was
incubated with increasing concentrations of PJ (containing OpR24l

polyphenols/L) for 10 min at 3T before analysis of platelet aggregation 17.

in response to 2 mg collagenft+ SD. (B) PRP was also prepared from

11 healthy volunteers before (0) or after 2 wk of PJ supplementationg,

Results are given for each individual and also as the m&ih (n = 11).

19.

also inhibited by PJ consumption. This effect may be related to an
interaction of PJ constituents with the platelet surface binding site§
for collagen or by their ability to scavenge free radicals and hence
to attenuate platelet activation induced by oxidative stress (7).

In conclusion, we showed the antiatherogenic capabilities of

PJ in 3 related components of atherosclerosis: plasma lipoproz1.

teins, arterial macrophages, and blood platelets. The potent
antioxidative capacity of PJ against lipid peroxidation may be

the central link for the antiatherogenic effects of PJ on lipopro-22.

teins, macrophages, and platelets.

23.

REFERENCES

1. Aviram M. Beyond cholesterol: modifications of lipoproteins and
increased atherogenicity. In: Neri Serneri GG, Gensini GF, Abbate
R, Prisco D, eds. Atherosclerosis, inflammation and thrombosis.
Florence, Italy: Scientific Press, 1993:15-36.

2. Witztum JL, Steinberg D. Role of oxidized low density lipoprotein
in atherogenesis. J Clin Invest 1991;88:1785-92.

3. Aviram M. Modified forms of low density lipoprotein and athero-
sclerosis. Atherosclerosis 1993;98:1-9.

24.

1075

Suits AG, Chait A, Aviram M, Heinecke JW. Phagocytosis of aggre-
gated lipoprotein receptor-dependent foam-cell formation. Proc
Natl Acad Sci U S A 1989;86:2713-7.

. Williams KJ, Tabas I. The response-to-retention hypothesis of early

atherogenesis. Arterioscler Thromb Vasc Biol 1995;15:551-61.

. Aviram M. Platelets and arterial wall lesion In: Coetzee GA, van der

Westhuyzen DR, eds. Atherosclerosis: cell biology and lipoproteins.
Curr Opin Lipidol 1992;3:344-8.

. Aviram M. LDL-platelet interaction under oxidative stress induces

macrophage foam cell formation. Thromb Haemost 1995;74:560-4.

. Sinzinger H. Role of platelets in atherosclerosis. Semin Thromb

Hemost 1986;12:124-33.

Parthasarathy S, Printz DJ, Boyd D, et al. Macrophage oxidation of
low-density lipoprotein generates a modified form recognized by
the scavenger receptor. Arteriosclerosis 1986;6:505-10.

Berliner JA, Navab M, Fogelman AM, et al. Atherosclerosis: basic
mechanisms. Oxidation, inflammation, and genetics. Circulation
1995;91:2488-96.

Steinbrecher UP, Parthasarathy S, Leake DS, et al. Modification of
low density lipoprotein by endothelial cells involves lipid peroxida-
tion and degradation of low density lipoprotein phospholipids. Proc
Natl Acad Sci U S A 1984;81:3883-7.

Aviram M, Rosenblat M, Etzioni A, Levy R. Activation of NADPH
oxidase is required for macrophage-mediated oxidation of low-den-
sity lipoprotein. Metabolism 1996;45:1069-79.

Aviram M, Fuhrman B. LDL oxidation by arterial wall macrophages
depends on the oxidative status in the lipoprotein and in the cells:
role of prooxidants vs. antioxidants. Mol Cell Biochem 1998;188:
149-59.

Parthasarathy S, Yang SG, Witztum JL, et al. Probucol inhibits
oxidative modification of low density lipoprotein. J Clin Invest
1986;77:641-4.

Pentikainen MO, Lindstedt KA, Kovanen PT. Inhibition of the
oxidative modification of LDL by nitecapone. Arterioscler Thromb
Vasc Biol 1995;15:740-7.

Breugnot C, Lliou JP, Privat S, et al. In vitro and ex vivo inhibition
of the modification of low-density lipoprotein by indapamide. J Car-
diovasc Pharmacol 1992;20:340-7.

Parthasarathy S, Morales AJ, Murphy AA. Antioxidant: a new role
for RU-486 and related compounds. J Clin Invest 1994;94:1990-5.
Lavy A, Ben Amotz A, Aviram M. Preferential inhibition of LDL
oxidation by theall-transisomer off3-carotene in comparison to the
9-cis B-carotene. Eur J Clin Chem Clin Biochem 1993;31:83-90.
Levy Y, Ben-Amtotz A, Aviram M. Effect of dietary supplementa-
tion of differentB-carotene isomers on lipoprotein oxidative modi-
fication. J Nutr Environ Med 1995;5:13-22.

0. Fuhrman B, Ben-Yaish L, Attias J, et al. Tomato lycopenefand

carotene inhibit low density lipoprotein oxidation and this effect
depends on the lipoprotein vitamin E content. Nutr Metab Cardio-
vasc Dis 1997;7:433-43.

Maor |, Hayek T, Coleman R, Aviram M. Plasma LDL oxidation
leads to its aggregation in the atherosclerotic apolipoprotein E defi-
cient mice. Arterioscler Thromb Vasc Biol 1997;17:2995-3005.
Fuhrman B, Lavy A, Aviram M. Consumption of red wine with
meals reduces the susceptibility of human plasma and low-density
lipoprotein to lipid peroxidation. Am J Clin Nutr 1995;61:549-54.
Hayek T, Fuhrman B, Vaya J, et al. Reduced progression of athero-
sclerosis in the apolipoprotein E deficient mice following consump-
tion of red wine, or its polyphenols quercetin, or catechin, is asso-
ciated with reduced susceptibility of LDL to oxidation and to
aggregation. Arterioscler Thromb Vasc Biol 1997;17:2744-52.
Fuhrman B, Buch S, Vaya J, et al. Licorice extract and its major
polyphenol glabridin protect low-density lipoprotein against lipid
peroxidation: in vitro and ex vivo studies in humans and in athero-
sclerotic apolipoprotein E—deficient mice. Am J Clin Nutr 1997;
66:267-75.

9002 ‘TZ aunr uo Aq 610 usle'mmm woly papeojumoq


http://www.ajcn.org

@ The American Journal of Clinical Nutrition

1076

A/IRAM ET AL

25. Aviram M, Kassem E. Dietary olive oil reduces the susceptibility of 50. Hussein O, Rosenblat M, Schlezinger S, et al. Reduced platelet

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

low density lipoprotein to lipid peroxidation and inhibits lipoprotein
uptake by macrophages. Ann Nutr Metab 1993;37:75-84.
Heftaman E, Bennett ST. Identification of estrone in pomegranate

seeds. Phytochemistry 1966;5:1337-9. 51.

Moneam NMA, El Sharasky AS, Badreldin MM. Oestrogen content

of pomegranate seeds. J Chromatogr 1988;438:438—42. 52.

Sharaf A, Nigm SAR. The oestrogenic activity of pomegranate seed
oil. J Endocrinol 1964;29:91-2.
Cemeroglu B, Artik N, Erbas S. Extraction and composition of

pomegranate juice. Fluessiges Obst 1992;59:335-40. 53.

El-Nemr SE, Ismail 1A, Ragab M. Chemical composition of juice
and seeds of pomegranate fruit. Nahrung 1990;34:601-6.
Narr Ben C, Ayed N, Metche M. Quantitative determination of the

polyphenolic content of pomegranate peel. Z Lebensm Unters54.

Forsch 1996;203:374-8.
Shubert YS, Lansky EP, Neeman |. Antioxidant and eicosanoid
enzyme inhibition properties of pomegranate seed oil and fermented

juice flavonoids. J Ethnopharmacol 1999;66:11-7. 55.

Plump AS, Smith JD, Hayek T, et al. Severe hypercholesterolemia
and atherosclerosis in apolipoprotein E-deficient mice created by

homologous recombination in ES cells. Cell 1992;71:343-53. 56.

Buege JA, Aust SD. Microsomal lipid peroxidation. Methods Enzymol
1978;52:302-10.

El-Saadani, Esterbauer N, El-Sayed M, et al. A spectrophotometri&7.

assay for lipid peroxides in serum lipoproteins using a commer-
cially available reagent. J Lipid Res 1989;30:627-30.
Gan KN, Smolen A, Eckerson HW, La Du BN. Purification of

human serum paraoxonase/arylesterase. Evidence for one esterase.

catalyzing both activities. Drug Metab Dispos 1991;19:100-6.
Miller NJ, Rice-Evans C, Davies MJ, et al. A novel method for

measuring antioxidant capacity and its application to monitoring the59.

antioxidant status in premature neonates. Clin Sci 1993;84:407-12.
Aviram M. Plasma lipoprotein separation by discontinuous density
gradient ultracentrifugation in hyperlipoproteinemic patients.

Biochem Med 1983;30:111-8. 60.

Lowry OH, Rosebrough NJ, Farr L, Randall RJ. Protein measure-
ment with the Folin phenol reagent. J Biol Chem 1951;193:265-75.
Esterbauer H, Strigel G, Puhl H, Rothender M. Continuous moni-

toring of in vitro oxidation of human low density lipoprotein. Free 61.

Radic Res Commun 1989;6:67—-75.
Khoo JC, Miller E, McLoughlin P, Steinberg D. Enhanced macro-
phage uptake of low density lipoprotein after self-aggregation. Arte-

riosclerosis 1988;8:348-58. 62.

Assman G, Schriewer H, Schmitz G, Hagele EO. Quantification of
high-density-lipoprotein cholesterol by precipitation with phospho-

tungstic acid-MgCJ. Clin Chem 1983;29:2026-30. 63.

van de Lest CH, Versteeg EM, Veerkamp JH, van Kuppevelt THA.
Spectrophotometric method for the determination of heparin sulfate.

Biochim Biophys Acta 1994;1201:305-11. 64.

Aviram M, Willams KJ, Mcintosh RA, et al. Intralipid infusion
abolishes ability of human serum to cholesterol-loaded cultured
macrophages. Arteriosclerosis 1989;9:67-75.

Tietze F. Enzymatic method for quantitative determination of 65.

nanogram amounts of total and oxidized glutathione: application to
mammalian blood and other tissues. Anal Biochem 1969;27:502—-22.

Johnston RB, Keele BB Jr, Mirsa HP, et al. The role of superoxide66.

anion generation in phagocytic bactericidal activity. J Clin Invest

1975;55:1357-72. 67.

Rosenblat M, Aviram M. Macrophage glutathione content and glu-
tathione peroxidase activity are inversely related to cell-mediated

oxidation of LDL. Free Radic Biol Med 1998;24:305-17. 68.

Bilheimer DW, Eisenberg S, Levy RI. The metabolism of very low
density lipoprotein proteins. |. Preliminary in vitro and in vivo

observations. Biochim Biophys Acta 1972;260:212-21. 69.

Bierman EL, Stein O, Stein Y. Lipoprotein uptake and metabolism by rat
aortic smooth muscle cells in tissue culture. Circ Res 1974; 35:136-50.

aggregation after fluvastatin therapy is associated with altered
platelet lipid composition and drug binding to the platelets. Br J
Clin Pharmacol 1997;44:77-84.

Blois MS. Antioxidant determination by the use of a stable free rad-
ical. Nature 1958;181:1199-200.

Fuhrman B, Oiknine J, Aviram M. Iron induces lipid peroxidation in
cultured macrophages, increases their ability to oxidatively modify
LDL, and affects their secretory properties. Atherosclerosis 1994;
111:65-78.

Fuhrman B, Oiknine J, Keidar S, et al. Increased uptake of LDL by
oxidized macrophages is the result of an initial enhanced LDL
receptor activity and of a further progressive oxidation of LDL. Free
Radic Biol Med 1997;23:34—-46.

Aviram M, Maor |, Keidar S, et al. Lesioned low density lipoprotein
in atherosclerotic apolipoprotein E-deficient transgenic mice and in
humans is oxidized and aggregated. Biochem Biophys Res Commun
1995;216:501-13.

Lavy A, Brook JG, Dankner G, et al. Enhanced in vitro oxidation of
plasma lipoproteins derived from hypercholesterolemic patients.
Metabolism 1991;40:794-9.

Aviram M. Oxidized low density lipoprotein (Ox-LDL) interaction
with macrophages in atherosclerosis and the antiatherogenicity of
antioxidants. Eur J Clin Chem Clin Biochem 1996;34:599-608.
Schwenke DC, Behr SR. Vitamin E combined with selenium inhibits
atherosclerosis in hypercholesterolemic rabbits independently of
effects on plasma cholesterol concentrations. Circulation Res
1998;83:366—77.

Rice-Evans CA, Miller NJ, Paganga G. Structure-antioxidant activ-
ity relationships of flavonoids and phenolic acid. Free Radic Biol
Med 1996;20:933-56.

Aviram M, Rosenblat M, Bisgaier CL, et al. Paraoxonase inhibits
high density lipoprotein (HDL) oxidation and preserves its func-
tions: a possible peroxidative role for paraoxonase. J Clin Invest
1998;101:1581-90.

Navab M, Berliner JA, Watson AD, et al. The yin and yang of oxi-
dation in the development of the fatty streak: a review based on the
1994 George Lyman Duff Memorial Lecture. Arterioscler Thromb
Vasc Biol 1996;17:831-42.

Aviram M, Hardak E, Vaya J, et al. Human serum paraoxonases
(PON 1), Q and R selectively decrease lipid peroxides in coronary
and carotid atherosclerotic lesions: PON 1 esterase and peroxidase-
like activities. Circulation (in press).

Aviram M, Rosenblat M, Billecke S, et al. Human serum paraox-
onase (PON 1) is inactivated by oxidized low density lipoprotein and
preserved by antioxidants. Free Radic Biol Med 1999;26:892—-904.
Hayek T, Oiknine J, Brook JG, Aviram M. Increased plasma
lipoprotein lipid peroxidation in apo E-deficient mice. Biochem
Biophys Res Commun 1994;201:1567-74.

Camejo G, Waich S, Mateu L, et al. Differences in the structure of
plasma low density lipoproteins and their relationship to the extent
of interaction with arterial wall components. Ann N Y Acad Sci
1976;275:153-68.

Camejo G, Lopez A, Lopez F, Quinones J. Interaction of low den-
sity lipoproteins with arterial proteoglycans: the role of charge and
sialic acid content. Atherosclerosis 1985;55:93-105.

Maor I, Aviram M. Macrophage released proteoglycans are involved in
cell-mediated aggregation of LDL. Atherosclerosis 1998;142: 57—66.
Maor |, Hayek T, Hirsh M, et al. Macrophage released proteogly-
cans enhance LDL aggregation in the aorta of apolipoprotein E-
deficient mice. Atherosclerosis 2000;150:91-101.

Khoo JC, Miller E, McLoughlin P, Steinberg D. Prevention of low
density lipoprotein aggregation by high density lipoprotein or
apolipoprotein A-l. J Lipid Res 1990;31:645-52.

Bedwell S, Dean RT, Jessup W. The action of defined oxygen-cen-
tered free radicals on human low density lipoprotein. Biochem J
1989;262:707-12.

9002 ‘TZ aunr uo Aq 610 usle'mmm woly papeojumoq


http://www.ajcn.org

