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173-Estradiol but not the phytoestrogen naringenin
attenuates aortic cholesterol accumulation
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Abstract The effects of 17f-estradiol (173-E,) or the phyto-
estrogen naringenin on spontaneous atherosclerosis were
studied in 36 ovariectomized homozygous Watanabe herita-
ble hyperlipidemic (WHHL) rabbits receiving a semisynthetic
control diet; this diet added 0.0040% 17B-E,, or 0.20%
naringenin, for 16 weeks. The uterine weight was increased
(P < 0.001) and the concentration of estrogen receptor o
was decreased (P < 0.001) in the 17B-E, group compared
with the controls. Total plasma cholesterol and triglycerides
were not different from those in the controls. In lipopro-
teins, HDL cholesterol was increased (P < 0.01), and LDL
triglyceride and IDL triglyceride were lowered (P < 0.05).
The oxidation (as concentration of malondialdehyde) was
increased in LDL (P < 0.05) but not in plasma. The choles-
terol accumulation was decreased (P < 0.05) in the ascend-
ing aorta and in the total aorta but the ratio of intima to
media and area of intima in ascending, thoracic, and ab-
dominal aorta were not significantly different. In the narin-
genin group the only differences, compared with the con-
trol group, were increased HDL cholesterol (P < 0.001) and
decreased activity of glutathione reductase (P < 0.05).H% In
conclusion, 17f-E,, but not naringenin, attenuated aortic
cholesterol accumulation independently of plasma and LDL
cholesterol. Further, these results support previously sug-
gested pro-oxidant ability of 173-E; toward LDL and a pos-
sible connection between the pro-oxidant nature of 17p-E,
and its antiatherogenic effect.—Mortensen, A., V. Brein-
holt, T. Dalsgaard, H. Frandsen, S. T. Lauridsen, J. Laigaard,
B. Ottesen, and J-J. Larsen. 173-Estradiol but not the phyto-
estrogen naringenin attenuates aortic cholesterol accumula-
tion in WHHL rabbits. J. Lipid Res. 2001. 42: 834-843.

Supplementary key words hormone ¢ lipids ¢ atherosclerosis

Atherosclerotic cardiovascular disease is the most com-
mon cause of death in both men and women in Western
societies. The fact that the risk of cardiovascular disease is
similar in men and postmenopausal women, and that car-
diovascular disease is less prevalent in premenopausal
women and women receiving estrogen replacement ther-
apy than in postmenopausal women, suggests a protective
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effect of estrogens. Indeed, antiatherogenic properties of
17B-estradiol (17B-Ey) have been demonstrated in several
animal models (1-6). Furthermore, some human data in-
dicate an antiatherogenic effect of 178-E, (7, 8).

Dietary flavonoids, present in a number of edible
plants, are currently attracting considerable attention be-
cause of their estrogenic and antioxidant properties. They
are members of a large flavonoid family that shares with
steroidal estrogens the ability to bind to the estrogen recep-
tor and to mediate transcription of estrogen-responsive
genes. Flavonoids are believed to be major contributors to
the beneficial effect of foods of plant origin on coronary
heart disease (CHD). Moreover, epidemiological studies
indicate that the intake of dietary flavonoids is signifi-
cantly inversely associated with mortality from CHD (9-
11). Thus, dietary flavonoids with estrogenic properties
(so-called phytoestrogens) could possibly be important
for postmenopausal women as a natural supplement, or as
an alternative to hormone replacement therapy, in pre-
vention of cardiovascular disease. Consequently, a study
was designed to evaluate the effect of 173-E9 and the phy-
toestrogen naringenin (Fig. 1) on development of sponta-
neous atherosclerosis in ovariectomized female Watanabe
heritable hyperlipidemic (WHHL) rabbits. The flavonone
naringenin, naturally occurring in citrus fruits, was cho-
sen because it has a relatively high in vitro estrogenic ac-
tivity compared with other flavonoids (12) and it counts
for about 10% of the total estimated human flavonoid in-
take in Denmark (13). Furthermore, the results from sev-
eral in vitro studies indicated its antiatherogenic activities
[reviewed in ref. (14)], but no information about the pos-

Abbreviations: CHD, coronary heart disease; 178-Ey, 17B-estradiol;
Era, estrogen receptor o; GPx, glutathione peroxidase; GR, glutathione
reductase; GST, glutathione transferase; MDA, malondialdehyde; SOD,
superoxide dismutase; UDPGT, UDP-glucuronosyltransferase; WHHL,
Watanabe heritable hyperlipidemic.
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Fig. 1. Chemical structures of the test compounds 17B-E¢ and
naringenin.

sible in vivo action of naringenin in animal models of ath-
erosclerosis is available. To mimic more closely human hy-
percholesterolemia, caused either by genetic or acquired
abnormalities in the synthesis or degradation of plasma
lipoproteins, which transport endogenous cholesterol be-
tween body tissues, the WHHL rabbit was chosen instead
of a cholesterol-fed animal model for atherosclerosis. In
cholesterol-fed animal models, hypercholesterolemia is
induced exogenously, when the normal mechanisms of
lipoprotein clearance are overwhelmed by large amounts
of dietary cholesterol. In contrast, the WHHL rabbit, fed a
standard diet, develops endogenous hypercholesterolemia
due to a genetic defect: a deficiency in LDL receptor anal-
ogous to the genetic defect in human FH and athero-
sclerosis with morphological resemblance to the human
disease (15, 16). Furthermore, the potential effects of estro-
gens on hepatic LDL receptors are avoided in this animal
model. The atherosclerotic end point in this study was
aortic atherosclerosis evaluated by biochemical and mi-
croscopy methods. Furthermore, blood lipids were moni-
tored and several biomarkers for redox status such as ma-
londialdehyde (MDA) in plasma and LDL along with
various antioxidant enzyme activities in erythrocytes and
phase 2 enzymes were included. In addition, estrogen re-
ceptors in the uterus were examined.

MATERIALS AND METHODS

Chemicals, test compounds, and diets

Naringenin was purchased from Apin Chemicals (Abington,
Oxon, UK). 17B-Ey was kindly donated by Novo Nordisk Far-
maka (Lyngby, Denmark). MDA was purchased from Aldrich
(Steinheim, Germany). Butylated hydroxytoluene (BHT), NADPH,
2-thiobarbituric acid (TBA) and EDTA were from Sigma (St.
Louis, MO). All other chemicals were from Merck (Darmstadt,
Germany). Triglyceride and protein kits were from Roche (Basel,
Switzerland). The cholesterol kit was from Boehringer Mann-
heim (Mannheim, Germany).

Three semisynthetic pelleted diets, C 2000 (g/kg: crude pro-
tein 171.10, crude fat 50.52, crude fiber 238.37, ash 84.33, mois-
ture 65.70, disaccharide 184.90, polysaccharide 195.80; metabo-
lizable energy 2,654 kcal/kg), C 2000 with 0.0040% 17 B-E added,
and C 2000 with 0.20% naringenin added, were obtained from
Altromin International (Lage, Germany). Before the study, the
semisynthetic diet C 2000 was tested in this laboratory for the
specific content of the major isoflavonoids commonly found in
soy and soy-based diets. This was done by extraction with water-

methanol-formic acid followed by analysis with HPLC, and liquid
chromatography-mass spectrometry (LC-MS), and comparing it
with a normal rabbit diet based on soybeans. No traces of soy
phytoestrogens were found in this diet.

Animals, housing, and clinical observation

Thirty-six homozygous female WHHL rabbits [mean plasma
cholesterol, 26.4 * 4.8 (mean * SD) mM at 4 weeks of age]| were
obtained from this breeding colony (derived from a parent gen-
eration obtained from F. Jansen, University of Nijmegen, The
Netherlands with permission from Y. Watanabe). The animals
were housed individually in stainless steel cages under con-
trolled environmental conditions (temperature 18 * 2°C, rela-
tive humidity 55 = 5%, 12/12-h light/dark cycle, air changed 10
times/h) and observed at least twice a day for any abnormalities
in clinical conditions.

Experimental design

At the beginning of the seventh week of life, the rabbits were
anesthetized with a 0.40-ml/kg body weight mixture of Hypnorm
[fentanyl citrate (0.315 mg/ml) plus fluanisone (10 mg/ml);
Janssen-Cilag, Sauderton, High Wycombe, Buckinghamshire, UK],
Dormicum (5 mg/ml; F. Hoffman-La Roche, Basel, Switzerland),
and sterile water (1 ml plus 1 ml plus 2 ml). A bilateral ovariec-
tomy was then performed. At the start of the eighth week of life
the rabbits were randomly distributed into the three experimen-
tal groups and each animal received 100 g of diet per day: group
I (control) consisted of 12 animals and received C 2000, group II
(13 animals) received C 2000 with 0.0040% 17B-E, added, and
group IIT (11 animals) received C 2000 with 0.20% of naringe-
nin added. The rabbits were given water ad libitum. The feed in-
take was recorded daily and body weight was recorded weekly.
Blood samples were collected from the marginal ear vein of
unanesthetized animals fasted overnight, into tubes containing
sodium heparin, before dosing and once monthly thereafter.
After 16 weeks of treatment, the rabbits were killed by intrave-
nous injection of pentobarbital (100 mg/kg body weight) into
an ear vein. A midline incision was made, the caval vein was
transected for exsanguination, and the central arterial system
was perfused with about 500 ml of 0.9% NaCl through a cannula
inserted into the left ventricle. The lungs, heart, and the entire
aorta to 1 cm distal to bifurcation of the iliac arteries, liver, and
uterus were removed. The aorta was cleared of adventitial fat.
Three cross-sections of the unopened aorta were taken from the
ascending aorta just above the aortic valves, from the thoracic
aorta at the level of the first intercostal arteries, and from the ab-
dominal aorta just proximal to the celiac artery. All aortic rings
were fixed in 4% buffered formalin and were later processed for
histological examination. Six to eight serial sections from each
sample were stained with elastic hematoxylin-eosin and elastic
van Gieson, respectively. The remaining parts of the aorta were
opened longitudinally and pinned on a cork board, and the area
was outlined on graph paper. These aortic tissues were then di-
vided into the intima-inner media and the outer media,
weighed, and stored at —20°C until biochemical analysis. The
liver was weighed after removal of the gallbladder and stored at
—20°C until biochemical analysis. The mesometrium and fat
were removed from the uterus and the uterine horns were de-
tached from the cervix. After removal of lumenal fluid, the en-
tire uterus was wet weighed to assess in vivo exposure to 173-Ey
and stored at —20°C until biochemical analysis.

Plasma concentration of estradiol

Before euthanasia, a blood sample was collected from the mar-
ginal ear vein of seven unanesthetized rabbits fasted overnight
and randomly chosen from each group. Plasma was prepared
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after centrifugation. The measurement of plasma estradiol was
performed at Statens Serum Institut (Copenhagen, Denmark).

Plasma concentration of naringenin

Three untreated and intact WHHL female rabbits fasted
overnight and weighing 2.49 * 0.03 (SD) kg received orally by
gavage a single dose of naringenin at 70 mg/kg body weight, in
suspension, prepared with 100 ml of distilled water, 10 g of pul-
verized semisynthetic diet C 2000, and 1.4 g of naringenin.
Blood samples were collected before and 2, 6, 12, and 24 h af-
ter dosing. The concentration of naringenin in the respective
samples was determined by the HPLC method previously
described (17).

Automated assays of plasma and lipoproteins

The plasma cholesterol and triglyceride levels were measured
before dosing and once monthly thereafter, and their concentra-
tions in lipoproteins were measured at termination. Plasma was
isolated from blood samples by centrifugation at 2,000 g for 10
min at 4°C. Lipoproteins were separated by a single density gra-
dient ultracentrifugation for 18 h at 21°C (18), using 1 ml of
plasma. The density gradient solution contained 0.25 mM EDTA
and 0.1 mM BHT. Cholesterol, triglyceride, and protein levels
were determined in plasma and lipoproteins, using a Cobas Mira
S analyzer (Roche) and relevant kits. Cholesterol and triglycer-
ide concentrations in lipoproteins and plasma were expressed as
millimoles per liter (mM) and protein concentrations as grams

per liter (g/1).

Determination of MDA

Total MDA was determined in plasma and lipoproteins at ter-
mination by an MDA-HPLC method described previously (19).
Briefly, the antioxidant BHT was added to the sample to a final
concentration of 1.0 mM, and an alkaline hydrolysis was per-
formed by adding NaOH (final concentration, 0.50 M) and heat-
ing for 30 min at 60°C to release the protein-bound MDA (20).
Samples were reacted with TBA (21) and after a centrifugation
at 10,000 g for 5 min, the supernatants were analyzed by HPLC:
samples (40-pl aliquots) were chromatographed with a linear
gradient (0%—-50%, 17 min) of HyO-acetonitrile with 0.1% trifluo-
roacetic acid. The HPLC analysis was performed with a Hewlett-
Packard (Waldbromn, Germany) 1100 system with diode array de-
tector, using a Purospher RP-18 column (4 X 250 mm, 5 pm;
Hewlett-Packard) and detection at 532 nm. Four MDA standards
were included in each TBA reaction and HPLC run. Sample
peaks with retention times and UV spectra identical to the MDA-
TBA standards were identified and the concentration of MDA
was calculated from a standard curve and expressed as nano-
moles of MDA per gram of protein.

Red blood cell antioxidant enzymes

Antioxidant enzyme activities were determined in red blood
cell lysates at termination. Heparinized blood samples were
centrifuged at 1,500 g for 10 min at 4°C and the plasma was re-
moved. The red blood cells were washed three times with 1 vol-
ume of 0.9% NaCl, resuspended in 1 volume of deionized
water for lysis, and stored at —80°C. Automated assays were per-
formed with a Cobas Mira S analyzer to determine the activity
of the antioxidant enzymes superoxide dismutase (SOD), glu-
tathione peroxidase (GPx), glutathione reductase (GR), and
catalase. The activity of the enzymes was related to the amount
of hemoglobin in the erythrocyte hemolysates. The SOD and
GPx activities and the hemoglobin concentration were deter-
mined with commercially available kits. GR activity and cata-
lase activity were determined according to methods previously
described (22).
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Determination of phase 2 enzymes

The activities of UDP-glucuronosyltransferase (UDPGT) and
glutathione transferase (GST) from liver tissue were determined
with a Cobas Mira S analyzer according to the methods of Ernster
(23), Mulder and van Doorn (24), and Habig, Pabst, and Jacoby
(25), respectively. UDPGT and GST activities were measured
with 3-methyl-2-nitrophenol and 1-chloro-2,4-dinitrobenzene as
substrates, respectively. All samples were analyzed in duplicate.

Preparation of nuclear and cytosolic fractions and
determination of estrogen receptor o (ERa)

The uterine tissue was thawed on ice and homogenized in
0.10 M K4HPO,/KH3PO,, 0.0015 M KsEDTA, 0.01 M mono-
thioglycerol, 0.01 M sodium molybdate, 10% (v/v) glycerol, pH
7.5, according to Thorpe (26). Before homogenization, the
tissue (less than 30 mg) was cut in small pieces (~1 mm?), 1 ml
of ice-cold homogenization buffer was added, and the mixture
was homogenized at 1,000 rpm 10 times (10 s each) in a Potter-
Elvehjem homogenizer and centrifuged at 800 g for 10 min at
4°C. The supernatant (cytosolic fraction) was saved on ice. The
pellet was resuspended/washed in another 1 ml of homogeniza-
tion buffer and centrifuged at 800 g for 10 min at 4°C. This pro-
cedure was performed twice. The pellet was then resuspended in
1 ml of extraction buffer containing 10 mM Tris-HCI, 0.6 M KCl,
1 mM monothioglycerol, 10% (v/v) glycerol, pH 8.5, and incu-
bated at 4°C for 1 h with vortexing every 15 min. The extracted
nuclei and the cytosolic fractions were centrifuged at 105,000 g
for 45 min at 4°C. The cytosolic and nuclear supernatants were
transferred to ice-cold cryotubes and kept at —80°C until analy-
sis. The concentration of estrogen receptor in the cytosolic and
nuclear fraction was determined by use of a monoclonal anti-
body kit (ER-EIA; Abbott, Abbott Park, IL). The receptor con-
tent in both cytosol and nuclear fraction was given relative to the
protein concentration in the cytosol. The protein concentration
was determined by the bicinchoninic acid method (27), adapted
to a Cobas Mira S (Roche). Each tissue was measured in duplicate.

Microscopic examination of aortic atherosclerosis

Quantitation of atherosclerotic lesions was performed by
point counting. A projective device (Ocular Periplan 12.5/20,
Wild Leitz; Leica Microsystems, Heidelberg, Germany) was used
to transfer the microscopic image of the aortas to a grid with reg-
ularly spaced points (point grid). The degree of magnification
and the size of the point grid were kept constant. Quantitation
was always performed in two to four serial sections and the mean
value was reported. The number of points covering the intima
and the number of points covering the media were recorded
(16). The quantitative evaluation of atherosclerosis in the as-
cending, thoracic and abdominal aorta was expressed in two dif-
ferent ways: as the ratio of intima to media and as the area of in-
tima in square millimeters (mm?).

Biochemical evaluation of aortic atherosclerosis

Weighted aortic intima-inner media from the ascending
(from the aortic valves to the first intercostal arteries), thoracic
(from the second intercostal arteries to the celiac artery), and
abdominal (from the celiac artery to 1 cm distal to the bifurca-
tion of the iliac arteries) aorta was placed in a glass vial with 2 ml
of a Triton X-100 (25 g/1)-acetone solution, and the suspension
was homogenized three or four times for 15 s with an Ultra-Turrax
homogenizer until the aorta was completely pulverized. The
sample was centrifuged for 10 min at 4,000 g and the superna-
tant was removed. The cholesterol concentration in the superna-
tant was determined by a color reaction, using a cholesterol kit
(Boehringer Mannheim) and a serum standard. The absorption
was read at 500 nm on a Shimadzu (Kyoto, Japan) spectropho-
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TABLE 1. Body weight, feed intake, and dose of test compounds of ovariectomized WHHL rabbits untreated
or given 17B-Ey or naringenin in the diet for 16 weeks

Body Weight
No. of At Relative Dose of Test
Group/Diet Animals Initial Termination Feed Intake Compound
g/kg mg/kg
body weight/day body weight/day
1. Control 12 1.17 = 0.20 2.43 = 0.42 36.8 = 4.6 —
1. 0.004% 17B-Eo 13 1.25 £ 0.24 2.33 £ 0.60 30.5 = 5.6 1.2 £0.2
III. 0.2% naringenin 11 1.27 = 0.19 2.66 = 0.63 36.1 = 3.2 722 *+ 6.4

@ P<0.01, compared with the control group, Student’s #test.

tometer and the concentration was calculated from a standard
curve. The results were expressed as nanomoles of total choles-
terol per square centimeter of aorta.

Statistics

All results are expressed in terms of means = SD. The range
of data and the median are, in addition, shown for morphologi-
cal parameters. All data were tested for normal distribution. The
data on total plasma cholesterol and triglycerides were com-
pared by repeated measure analysis. All other normally distrib-
uted data were compared by Student’s #test. Any not normally
distributed data were transformed. If normal distribution was
achieved, the data were compared by Student’s &test; if not, the
data were analyzed by the Wilcoxon test. Correlations between
cholesterol content in the total aorta and the time-averaged
plasma total cholesterol for individual treatment groups were
calculated by the Pearson correlation. The effects were consid-
ered significant for P < 0.05. All analyses were performed with
Statistical Analysis System (SAS) software (release 6.12, 1996;
SAS Institute, Cary, NC).

RESULTS

Systemic effects of 17(3-E, and naringenin

As seen in Table 1, the initial and terminal body weights
were similar in the three groups. The relative feed intake
in the 17B-E9 group was significantly lower than, and in
the naringenin group comparable to, that in the control
group. No effect of the treatment on clinical appearance
was observed in any of the rabbits.

The measurement of estradiol in plasma from seven
randomly chosen rabbits from each experimental group
demonstrated the following: in the control group, three
rabbits had estradiol concentrations under the detec-

tion limit of 40 pM, one was at the detection limit, two
had an estradiol concentration of 41 pM, and one had
an estradiol concentration of 53 pM; in the 17B-E, group,
the average (=SD) concentration of estradiol was 129 =
21 pM; in the naringenin group, five rabbits had estra-
diol concentrations under the detection limit, one had
a concentration of 59 pM, and one had a concentration
of 75 pM.

The bioavailability of naringenin was measured in in-
tact female WHHL rabbits as the plasma concentration
after a single oral dose of 70 mg/kg body weight. The con-
centration after 2 h was 0.73 = 0.37 pg/ml. The peak was
recorded 6 h after dosing, reaching 1.34 * 0.81 pg/ml.
The concentration after 12 h dropped to 0.25 = 0.07 ng/
ml, and only traces were detected in samples taken 24 h
after dosing.

The uterine weight of 17B-Eg-treated rabbits was 19-fold
higher than that of the control animals (Table 2). The
uterine concentration of ERa after estradiol treatment
was significantly lower. The apparent cytosolic:nuclear dis-
tribution of ERa, however, was not significantly different
compared with the controls.

In the naringenin group, the uterine weight, the total
concentration of Era, and the apparent cytosolic:nuclear
distribution of ERa were not significantly different than
those in the control group.

The 17B-Eg-treated rabbits displayed significantly lower
relative liver weight and GST activity, whereas the UDPGT
activity was not affected compared with the control group
(Table 3).

In the naringenin group, the relative liver weight, and
the activities of GST and UDPGT, were not significantly
different from those in the control group.

TABLE 2. Uterine weight, and concentration and percent-wise distribution of ERa in cytosol and nuclei from
uterus, of ovariectomized WHHL rabbits untreated or given 17B-E or naringenin in the diet for 16 weeks

ERa
ERa
Cytosolic Nuclear
Group/Diet Uterus Cytosol Nuclei Total Fraction Fraction
g/kg body weight fmol/mg cytosolic protein %
I. Control 0.22 £ 0.13 34 =10 78 7.7 42 + 11 83 + 16 17 £ 16
II. 0.004% 17B-E, 4.1 * 3.1¢ 10 = 6¢ 1.7 = 1.50 12 = 74 899 11*9
III. 0.2% naringenin 0.18 £ 0.26 44 * 23 6.6 7.2 50 * 30 90 = 8 10+ 8

¢ P < 0.001, compared with the control group, Student’s ttest on logarithmically transformed data.
» P<0.01, compared with the control group, Student’s #test on logarithmically transformed data.
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TABLE 3. Relative liver weight and activity of phase 2 enzymes in
liver tissue from ovariectomized WHHL rabbits untreated
or given 17B-E, or naringenin in the diet for 16 weeks

Relative
Group/Diet Liver Weight GST UDPGT
umol
glutathione mol
conjugate/ umbelliferyl/

g/kg body weight  min/g protein  min/mg protein
I. Control 23.4+9.0 1,800 = 300 0.376 * 0.198
II. 0.004% 17B-E, 17.4 = 3.4¢ 1,300 = 400  0.343 = 0.149
III. 0.2% naringenin ~ 23.1 = 8.0 1,700 = 600 0.239 £ 0.086

@ P> 0.05, compared with the control group, Student’s ttest.

Effect of test compounds on plasma lipids, oxidation
level, and antioxidant enzyme activity in erythrocytes

In the 17B-E5 group only a transitory decrease in plasma
cholesterol (week 12, P < 0.05) and a significant increase
in HDL cholesterol were recorded when compared with
the controls (Table 4). Plasma triglyceride concentrations
were not significantly different from those in the controls,
but the lower total triglyceride concentration reached a
borderline significance (P = 0.0534) by week 16. Also, sig-
nificantly lower levels of LDL and IDL triglycerides were
observed by week 16 compared with the control group.

In the naringenin group a significantly increased HDL
cholesterol level was the only observed variation in the
lipid profile when compared with the controls.

The oxidation level expressed as a concentration of
MDA in the 178-Ey group was significantly increased in LDL,

but not in plasma, when compared with the controls
(Table 5). The activities of the antioxidant enzymes in eryth-
rocytes were comparable to those in the control group.

In the naringenin group, the concentrations of MDA in
plasma and LDL, and the activities of SOD, catalase and
GPx. were not significantly different compared with the
control group. The GR was significantly downregulated.

Effect of test compounds on aortic atherosclerosis

The aortic cholesterol content in the 173-E, group was
significantly lower in the ascending aorta and in the total
aorta compared with the control group (Table 6). In con-
trast, neither the ratio intima:media nor the area of in-
tima was significantly different from those in the control
group (Table 7). The number of animals with no lesion was
significantly increased in the abdominal aorta only.

In the naringenin group, all aortic atherosclerosis pa-
rameters were not significantly different from those in the
controls (Tables 6 and 7).

A weakly positive, but significant, correlation between
aortic cholesterol accumulation and time-averaged plasma
cholesterol was detected in the control group but not in
the two other groups (Fig. 2).

DISCUSSION

In contrast to several studies that demonstrated that
17B-E9 decreases development of experimental athero-
sclerosis with or without lowering of hypercholesterolemia

TABLE 4. Blood lipids in ovariectomized WHHL rabbits untreated or given 17p-Ey
or naringenin in the diet for 16 weeks

Concentration in Lipoproteins

Week of Treatment in Week 16
No. of
Animals 0 4 8 12 16 HDL LDL IDL VLDL
mM mM
Cholesterol
1. Control
Mean 12 25.4 33.2 33.5 40.5 35.8 0.53 12.74 8.03 10.50
SD 3.8 7.1 7.5 6.1 6.5 0.31 2.69 3.53 4.95
1. 0.004% 17B-Eo
Mean 13 26.9 34.1 31.8 35.1¢  34.7 1.08°  11.20 6.97 10.90
SD 3.7 3.6 4.6 4.8 6.2 0.57 2.09 2.24 4.33
III. 0.2% naringenin
Mean 11 24 .4 34.5 36.8 39.7 39.2 1.02¢  11.86 9.09 13.35
SD 2.7 3.8 5.8 6.0 6.6 0.18 3.08 2.77 4.84
Triglycerides
1. Control
Mean 12 6.30 1.90 1.56 1.74 2.35 0.14 0.71 0.48 0.78
SD 1.87 0.74 0.58 0.88 1.54 0.04 0.43 0.35 0.68
1. 0.004% 17B-Eo
Mean 13 7.12 1.54 1.19 1.33 1.89¢  0.15 0.35¢  0.23¢ 0.49
SD 2.38 0.52 0.40 0.53 0.70 0.08 0.16 0.17 0.30
III. 0.2% naringenin
Mean 11 5.58 1.60 2.28 1.96 2.20 0.16 0.55 0.42 0.79
SD 2.55 0.52 1.43 1.20 1.66 0.05 0.44 0.38 0.68
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@ P < 0.05, compared with the control group, repeated measure analysis on plasma cholesterol data, and Stu-
dent’s ttest on LDL and IDL triglyceride logarithmically transformed data.
® P < 0.01, compared with the control group, Student’s #test on logarithmically transformed data.

¢ P<0.001, compared with the control group, Student’s #test on logarithmically transformed data.
4 P=0.0534, compared with the control group, repeated measure analysis.
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TABLE 5. Oxidation level in plasma and LDL determined as total MDA and activity of the antioxidant enzymes
in erythrocytes of ovariectomized WHHL rabbits untreated or given 178-E, or naringenin in the diet for 16 weeks

MDA Red Blood Cell Antioxidant Enzymes
Group/Diet Plasma LDL SOD GR Catalase GPx
nmol/g protein U/g hemoglobin
1. Control 92 =+ 14 381 = 87 1,700 = 300 8.64 = 2.04 8.90 = 1.41 182 £ 116
II. 0.004% 17B-E, 97 = 14 489 = 147 1,900 = 400 8.33 = 1.23 9.20 = 1.70 176 = 95
III. 0.2% naringenin 92 =19 413 = 84 1,500 = 300 6.94 = 1.69¢ 9.01 = 1.75 155 £ 121

@ P < 0.05, compared with the control group, Student’s #test (GR data not transformed, MDA in LDL data

logarithmically transformed).

in cholesterol-fed rabbits (1-3, 28, 29), no information is
available about the effect of this estrogen on blood lipids
and development of spontaneous atherosclerosis in WHHL
rabbits. Both models differ in more than the origin of hy-
percholesterolemia when considering their application in
studies of the antiatherogenic effect of estrogens and phy-
toestrogens. The major difference is that the atheropro-
tective action of estrogens, such as enhanced clearance of
atherogenic lipoproteins due to an upregulation of liver
LDL receptors, is excluded in WHHL rabbits because of
the deficiency of this receptor. In addition, whereas sexu-
ally mature ovariectomized rabbits were used for studies
of the cholesterol-fed model, young, sexually immature
ovariectomized WHHL rabbits were used in this study.
This is due to the specific characteristics of this model.
Spontaneous atherosclerosis in WHHL rabbits develops
and progresses with age. Assuming that lesions cannot be
prevented once started, but may be retarded, it was de-
cided to use animals no more than 8 weeks old, as their
aortas are free from lesions (by light microscopy) at this
age (16).

The recorded increased body weight at termination in
all groups indicates no adverse effect of the test com-
pounds on this parameter. The slightly (but not signifi-
cantly) decreased body weight, together with a signifi-
cantly decreased relative feed intake in the 17B-Ey group
at termination compared with the control group, could
either be due to the lower palatability of this diet or to the
reduction of both clinical parameters by estrogens as pre-
viously suggested (30).

The significantly increased uterine weight in the 178-Eo
group verified the in vivo 178-Eo action. The plasma levels

TABLE 6. Quantitative biochemical evaluation of aortic
atherosclerosis in ovariectomized WHHL rabbits untreated
or given 17B-E, or naringenin in the diet for 16 weeks

1. 0.004% 1I1. 0.2%
Cholesterol Content 1. Control 178-E,y Naringenin
nmol/cm?
Ascending aorta 4.70 = 1.50 348 = 1.21¢ 3.95 = 1.01
Thoracic aorta 1.88 = 1.05 1.42 = 1.02 2.38 £ 1.55
Abdominal aorta’ 1.67 = 0.61 1.19 = 0.68 1.95 = 1.52
Total aorta 8.26 = 2.65 5.88 * 2.50¢ 8.28 = 3.80

of estradiol in the control and naringenin groups were
comparable to those previously reported in ovariecto-
mized untreated cholesterol-fed rabbits (2, 3). The atro-
phic uteri with a low weight in the control group con-
firmed the absence of endogenous estrogenic stimulation
and verified complete ovariectomy. In the naringenin
group the atrophic uteri with weights similar to those in
the controls indicated no stimulatory effect of the test
compound on endometrium, in accordance with no effect
of naringenin on the uterine weight in immature rats
(31). The findings of decreased uterine concentration of

TABLE 7. Incidence of aortic atherosclerotic lesions and quantitative
microscopic evaluation of aortic atherosclerosis in ovariectomized
WHHL rabbits untreated or given 17B-Ey or naringenin
in the diet for 16 weeks

II. 0.004% 111. 0.2%
Group/Diet I. Control 17B-E, Naringenin
Ascending aorta
No. of animals with no lesion 1/12 1/13 0/11
Intima:media
Mean = SD 0.30 = 0.18 0.25 = 0.22 0.36 = 0.17
Median 0.34 0.19 0.35
Range 0-0.58 0-0.78 0.08-0.65
Area of intima (mm?2)
Mean = SD 1.63 £0.94 1.31 =1.35 2.01 £1.16
Median 1.78 0.85 1.78
Range 0-2.96 0-4.8 0.33-4.01
Thoracic aorta
No. of animals with no lesion 3/12 7/13 0/11
Intima:media
Mean = SD 0.18 = 0.15 0.15 £ 0.25 0.44 = 0.40
Median 0.19 0 0.41
Range 0-0.45 0-0.66 0-1.3
Area of intima (mm?2)
Mean = SD 0.38 £ 0.34 0.39 £0.66 0.99 = 1.11
Median 0.36 0 0.69
Range 0-1.05 0-2.1 0-3.75
Abdominal aorta®
No. of animals with no lesion 0/12 5/130 0/10
Intima:media
Mean = SD 0.30 £ 0.20 0.21 = 0.25 0.39 = 0.25
Median 0.28 0.05 0.33
Range 0.05-0.68 0-0.67 0.07-0.9
Area of intima (mm?2)
Mean = SD 0.45 +0.29 0.34 = 0.45 0.58 = 0.36
Median 0.46 0.07 0.53
Range 0.07-0.99 0-1.18 0.13-1.25

@ P < 0.05, compared with the control group, Student’s ttest.
® One biochemical sample from abdominal aorta in the 17B-Ey
group was lost due to a technical error.

“One histological sample from the abdominal aorta in the narin-
genin group was lost due to technical error.
b P < 0.05, compared with the control group, Fisher’s exact test.
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Fig. 2. A weak but significant correlation between total aortic
cholesterol accumulation and overall plasma cholesterol exposure,
expressed as time-averaged plasma total cholesterol, was found in
the control group but not in the 178-E9 and naringenin groups.

ERa in the 17B-Eo-treated rabbits are in accordance with
the previously reported observation of an increase after
administration of moderate doses of estrogen, and a de-
crease after administration of high doses (32).

The determination of the activity of GST and UDPGT
in the liver was included in this study because general in-
terest in possible health beneficial effects of flavonoids is
not limited to their atheroprotection. It also concerns
their potential anticarcinogenic properties connected to
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the ability to modulate phase 1 and phase 2 enzymes in
preparations from experimental animals or humans. The
significant decrease in hepatic GST activity and in relative
liver weight was observed in the present study after estra-
diol administration. The mechanism responsible for this
is unknown. However, the decrease in hepatic GST of ap-
proximately 30% should be regarded with major concern.
As the GST isozymes constitute one of the major groups of
enzymes involved in the detoxification of both endoge-
nous and exogenous chemicals, a decreased activity of
GST in the liver might result in impaired resistance to
toxic agents such as oxidants or chemical carcinogens. In-
formation about whether hepatic or red blood cell GST is
also downregulated in humans in response to estrogen
treatment (thereby rendering the individual more suscep-
tible to encountered electrophilic compounds) is greatly
needed. The observation of no induction of GST in the
liver of naringenin-treated rabbits is in accordance with
previously published observations of hydroxylated or metox-
ylated flavonoids (33) and with the observation of no effect
of this flavonoid on GST and UDPGT in the rat liver (34).

Even though the flavonoids are generally regarded as
good antioxidants [an assumption based on in vitro
studies (35, 36)], little is known about their actual in vivo
capacity to function as antioxidants. The same relates to
the potential antioxidant effects of 17B-E,, as most of its
antioxidant action has been demonstrated in vitro as an
antioxidant protection on LDL (37-39). The significant
increase in total amount of MDA in LDL in the 17B-Eo
group, compared with the controls, indicates that 173-Eo
enhanced the oxidative modification of LDL. This has
been previously suggested and proposed as a part of the
antiatherogenic action of 17B3-Ey (37) in accordance with
“removal of LDL by oxidation” (19).

The absence of significant differences in concentra-
tions of MDA in plasma and LDL and in the activity of red
blood cell antioxidant enzymes, except for GR, between
the naringenin and control groups does not support an in
vivo antioxidant potential for naringenin. This is in accor-
dance with previous findings in rats (34).

It is well established that estrogen replacement therapy
is associated with beneficial alteration in several lipopro-
teins, including a reduction in LDL cholesterol and an ap-
proximately 10%—-15% increase in HDL cholesterol (37,
40). However, information about the effect of phytoestro-
gens on plasma lipoproteins appears limited to the lower-
ing of cholesterol in animals by soy protein, which is par-
tially ascribed to soy isoflavones (41). The beneficial
alteration of the cholesterol concentration in lipoproteins
by 178-Ey and naringenin in this study was limited to the
significantly increased HDL cholesterol, which was higher
then expected. No decrease in atherogenic lipoproteins
should be regarded as a consequence of LDL receptor de-
ficiency in this model (reduced uptake and degradation
by the liver).

The high initial plasma triglyceride concentration in all
the groups is in accordance with the previously described
blood lipid levels in young homozygous WHHL rabbits
from this colony (42, 43), as well as with those recorded at
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the start of other intervention studies (44, 45). The ob-
served decrease in plasma triglycerides, beginning 4 weeks
from the start and throughout the study in all groups, can
be explained by the difference in fat ingested before and
after the start of the study. As suckling pups, all the rabbits
received approximately 13% fat in their mother’s milk.
From 6 weeks of life until the start of the treatment, they
ingested approximately 3.5 g of fat daily (average mean
feed intake per rabbit of 100 g of breeding rabbit diet Al-
tromin 2113) whereas their daily fat intake during the
study was 1.5—-1.8 g/kg body weight depending on the treat-
ment group, as determined on the basis of the recorded
feed intake. The increase in plasma triglyceride concen-
tration due to increased hepatic triglyceride secretion in
the form of increased entry of VLDL into the circulation,
seen after oral estrogen administration in humans, was
not recorded in this study. In fact, the plasma triglyceride
level at the end of the study in the 178-Ey group was
slightly decreased (P = 0.0534). This slight decrease was
accompanied by recorded significantly decreased triglyc-
erides in LDL and IDL. It should be added that no increase
in plasma triglycerides after 17B-E, treatment has been re-
corded in the cholesterol-fed rabbit model (2, 3, 46).

The protective effect of 17B-E5 on development of ex-
perimental aortic atherosclerosis in rabbits (1-3, 29, 47,
48) and in mice (5, 6) fed various amounts of cholesterol
in the diet is well documented. However, two of the
studies of cholesterol-fed rabbits present data on signifi-
cantly decreased aortic atherosclerosis in the aortic arch
only (inner proximal layer portion up to the level of the
first intercostal arteries of the thoracic aorta) and no in-
formation is given about aortic cholesterol accumulation
in the thoracic aorta distal from the first intercostal arter-
ies and in the abdominal aorta (2, 3). The decrease in ath-
erosclerosis recorded by quantification of lipid-positive
area was limited to the thoracic aorta including the arch
(29). In a study of the effect of 17p-E9 on pre-existing ath-
erosclerotic lesions in cholesterol-fed rabbits, the severity
of atherosclerosis was measured as intima in square milli-
meters, and it was demonstrated to be significantly lower
in the thoracic aorta but not in the aortic arch and ab-
dominal aorta (48). In another study of cholesterol-fed
rabbits, the decrease in aortic atherosclerosis in 173-Eo-
treated rabbits compared with the controls was demon-
strated by visual evaluation (1). However, it was not clear
whether the evaluation included the whole aorta or cho-
sen parts only. The quantitative biochemical, microscopic,
and macroscopic methods for evaluation of aortic athero-
sclerosis used in the mentioned studies, and in the
present study, were previously evaluated in this laboratory
(16). It is important to note that measurement of the aor-
tic cholesterol content is a combined measurement of ath-
erosclerosis extent and severity. The quantitative micro-
scopic evaluation is largely a measure of the severity of
aortic atherosclerosis, whereas macroscopic visual evalua-
tion (the most imprecise method) and quantitation of the
aortic lipid-positive area are both a measure of the extent
of the disease. In the present study, administration of 17-
E; (but not phytoestrogen naringenin) significantly re-

duced cholesterol accumulation in the ascending aorta
and in the whole aorta but not the severity of atheroscle-
rosis evaluated microscopically. The findings on aortic
cholesterol accumulation in the ascending aorta of WHHL
rabbits in this study are comparable to those in cholesterol-
fed rabbits. Furthermore, the significantly decreased aortic
cholesterol accumulation in the ascending aorta and in
the total aorta in the 17B-E group indicates an atheropro-
tective effect of the compound. No difference in the total
plasma cholesterol between the control and 173-Ey groups,
and no correlation between the cholesterol accumulation
in the entire aorta and overall cholesterol exposure ex-
pressed as time-averaged plasma total cholesterol, in 17p3-
E, group (Fig. 2), demonstrate that the protective action
of 17B-Ey in WHHL rabbits was independent of choles-
terol lowering, in accordance with findings in LDL receptor-
deficient mice (6).

Furthermore, the protective action was not due to low-
ering of LDL cholesterol; it could be due to the earlier
suggested limitation of retention of lipoprotein in the ar-
terial wall (41). On the basis of the present results, how-
ever, it could also be linked to the recorded increased oxi-
dation in LDL and the increased HDL cholesterol.
Although 17B-E, does not reduce the permeability of the
aortic wall to LDL (49, 50), it decreases the accumulation
of oxidized LDL (51) in it. This could lead to a reduced
uptake of oxidized LDL by macrophage foam cells and
therefore attenuate the cholesterol accumulation in the
aortic wall. The ability to increase HDL cholesterol is a
recognized mechanism by which estrogens are thought to
protect against atherosclerosis. HDL accepts tissue-derived
free cholesterol, the availability of which has been sug-
gested to be increased by 17B-E9 and other estrogens (37),
and delivers it as a cholesteryl ester to the liver directly or
after transfer to apolipoprotein B-100 (apoB-100)-containing
lipoproteins. In the system with impaired uptake of apoB-
100-containing lipoproteins (LDL and IDL) the direct
transport of cholesteryl ester by HDL to the liver could
play an important role in the reverse cholesterol transport.

The lack of an effect of naringenin on aortic atheroscle-
rosis at the dose level significantly exceeding the esti-
mated daily human intake of 2.4 g (13) indicates the ab-
sence of an atheroprotective action of this phytoestrogen.
However, the relevance of this finding for humans, espe-
cially for postmenopausal women, should be regarded
with caution. Keeping in mind that the estrogen receptor
binding affinity for naringenin is 10 times greater for ER[3
than for ERa (52) and given that humans have about
equal abundance of ERB and ERa in arterial tissues, the
information about ERB abundance in aorta of WHHL
rabbits would be helpful for extrapolation to human situa-
tion. Furthermore, naringenin exhibits antiestrogenin
activity in vivo (31). In rats it was shown to inhibit the
17B-Es-induced increase in uterine weight, induction of
progesterone receptor binding, [*H]thymidine uptake,
and uterine peroxidase activity. Naringenin also attenu-
ated the estrogen-induced increase in cell proliferation in
MCF-7 human breast cancer cells (31). The antiestrogenic
activity of naringenin was suggested as one mechanism as-
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sociated with the activities of dietary flavonoids as inhibitors
of mammary cancer in rodent studies and the decreased in-
cidence of breast cancer in woman from countries with
high consumption of phytoestrogens. The effects of the
antiestrogenic activity of naringenin (and other dietary
phytoestrogens) on atheroprotective effects of estrogens
remains to be established. This might be of importance
for future dietary guidance, especially of postmenopausal
woman receiving hormone replacement therapy.

17B-E9 can exert an atheroprotective effect by several
mechanisms [reviewed in refs. (37), (40), and (41)]. An
earlier study of LDL receptor knockout mice fed choles-
terol (6) demonstrated that 17B-Ey can reduce the extent
of aortic lipid deposition. The present study of WHHL
rabbits demonstrated that 17B-E, can attenuate choles-
terol accumulation without affecting the total and LDL
plasma cholesterol. Both studies demonstrated that LDL
receptor deficiency did not abolish the atheroprotective
action of 17B-Eo. Furthermore, the results from the
present study support the previously suggested pro-oxidant
ability of 17B-Ey toward LDL (37) and indicate the pos-
sible connection between the pro-oxidant nature of 173-
E; and its antiatherogenic effect. However, this requires
further investigation. The challenge for the future is to
obtain a better understanding of the cellular and molecular
mechanisms by which 178-E¢ and other estrogens exert
their atheroprotective effect and to identify natural phyto-
estrogens with antiatherogenic potential. The WHHL rab-
bit seems to be an appropriate model to be used along
with other animal models in this field of research.il

The authors acknowledge Dr. Med. Birgit Fischer Hansen for
help with the quantitation by microscopy of aortic atheroscle-
rosis. Margareta Bertram, Joan Frandsen, Katrin Christiansen,
Anita Nielsen, Morten Andreasen, and Kenneth R. Worm are
thanked for skillful technical assistance.

Manuscript received 6 November 2000 and in revised form 5 February 2001.

REFERENCES

1. Hough, J. L., and D. B. Zilversmit. 1986. Effect of 17 beta estradiol
on aortic cholesterol content and metabolism in cholesterol-fed
rabbits. Arteriosclerosis. 6: 57—63.

2. Haarbo, J., P. Leth-Espensen, S. Stender, and C. Christiansen.
1991. Estrogen monotherapy and combined estrogen-progesteron
replacement therapy attenuate aortic accumulation of cholesterol
in ovariectomized cholesterol-fed rabbits. J. Clin. Invest. 87: 1274-1279.

3. Haarbo, J., O. L. Svendsen, and C. Christiansen. 1992. Progesto-
gens do not affect aortic accumulation of cholesterol in ovariecto-
mized cholesterol-fed rabbits. Circ. Res. 70: 1198-1202.

4. Adams, M. R,, J. F. Kaplan, S. B. Manuck, D. R. Koritnik, J. S. Parks,
M. S. Wolfe, and T. Clarkson. 1990. Inhibition of coronary artery
atherosclerosis by 17-beta estradiol in ovariectomized monkeys. Ar-
teriosclerosis. 10: 1051-1057.

5. Elhage, R., J-F. Arnal, M-T. Pieraggi, N. Duverger, C. Fiévet, J-C.
Faye, and F. Bayard. 1997. 17B-Estradiol prevents fatty streak for-
mation in apolipoprotein E-deficient mice. Arterioscler. Thromb.
Vasc. Biol. 17: 2679—-2684.

6. Marsh, M., V. R. Walker, L. K. Curtiss, and C. L. Banka. 1999. Pro-
tection against atherosclerosis by estrogen is independent of
plasma cholesterol levels in LDL receptor-deficient mice. J. Lipid
Res. 40: 893-900.

842  Journal of Lipid Research Volume 42, 2001

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.
24.

25.

26.

27.

28.

29.

. Knopp, R. H. 1988. The effects of postmenopausal estrogen ther-

apy on incidence of atherosclerotic vascular disease. Obstet. Gy-
necol. 72: 238.

. Stampfer, M. J., G. A. Colditz, W. C. Willet, J. E. Manson, B. Rosner,

F. E. Speizer, and C. H. Hennekens. 1991. Postmenopausal estro-
gen therapy and cardiovascular disease: ten-year follow-up from
the nurses’ health study. N. Engl. J. Med. 325: 756-762.

. Hertog, M. G. L., E. J. M. Feskens, P. C. H. Hollman, M. B. Katan,

and D. Kromhout. 1993. Dietary antioxidant flavonoids and risk of
coronary heart disease: the Zupthen elderly study. Lancet. 342:
1007-1011.

Knekt, P., R. Jarvingen, A. Reunanen, and ]. Maatela. 1996. Fla-
vonoid intake and coronary mortality in Finland: a cohort study.
Br. Med. J. 312: 478—481.

Yochum, L., L. H. Kushi, K. Meyer, and A. R. Folsom. 1999. Dietary
flavonoid intake and risk of cardiovascular disease in postmeno-
pausal women. Am. J. Epidemiol. 149: 943—-949.

Breinholt, V., and J. C. Larsen. 1998. Detection of weak estrogenic
flavonoids using a recombinant yeast strain and a modified MCF7
cell proliferation assay. Chem. Res. Toxicol. 11: 622-629.

Justesen, U., P. Knudsen, and T. Leth. 1997. Determination of
plant polyphenols in Danish foodstuffs by HPLC-UV and LC-MS
detection. Cancer Lett. 114: 165—167.

Wilcox, L. J., N. M. Borradaile, and M. W. Huff. 1999. Anthiathero-
genic properties of naringenin, a citrus flavonoid. Cardiovasc. Drug
Rev. 17: 160-178.

Goldstein, J. L., T. Kita, and M. S. Brown. 1983. Defective lipopro-
tein receptors and atherosclerosis. Lesson from an animal coun-
terpart of familial hypercholesterolemia. N. Engl. J. Med. 309: 288—
296.

Fischer Hansen, B., A. Mortensen, J. F. Hansen, P. Ibsen, H. Frand-
sen, and B. G. Nordestaard. 1994. Atherosclerosis in Watanabe
heritable hyperlipidemic rabbits. Evaluation by microscopic and
biochemical methods and comparison of atherosclerosis variables.
APMIS. 102: 177-190.

Nielsen, S. E., V. Brenholt, U. Justesen, C. Cornett, and L. O. Drag-
sted. 1998. In vitro biotransformation of flavonoids by rat liver mi-
crosomes. Xenobiotica. 28: 389-401.

Terpstra, A. H. M., C. D. H. Woodward, and F. J. Sanchez-Muniz.
1981. Improved techniques for the separation of serum lipopro-
teins by density gradient ultracentrifugation: visualisation by
prestaining and rapid separation of serum lipoproteins from small
volumes of serum. Anal. Biochem. 111: 149-157.

Lauridsen, S. T., and A. Mortensen. 1999. Probucol selectively in-
creases oxidation of atherogenic lipoproteins in cholesterol-fed
mice and in Watanabe heritable hyperlipidemic rabbits. Atheroscle-
rosis. 142: 169-178.

Carbonneau, M. A, E. Peuchant, D. Sess, P. Canioni, and M. Clerc.
1991. Free and bound malondialdehyde measured as thiobarbitu-
ric acid adduct by HPLC in serum and plasma. Clin. Invest. 37:
1423-1429.

Wallin, B., B. Rosengren, H. G. Shertzer, and G. Camejo. 1993.
Lipoprotein oxidation and measurement of thiobarbituric acid re-
acting substances formation in a single microtiter plate: its use for
evaluation of antioxidants. Anal. Biochem. 208: 10-15.

Wheeler, C. R,, J. A. Salzman, N. M. Elsayed, S. T. Omaya, and
D. W. Korte, Jr. 1990. Automated assays for superoxide dismutase,
catalase, glutathione peroxidase, and glutathione reductase activ-
ity. Anal. Biochem. 184: 193—199.

Ernster, L. 1967. Diaphorese. Methods Enzymol. 10: 309-317.
Mulder, G. J., and A. B. D. van Doorn. 1975. A rapid NAD *-linked
assay for microsomal uridine diphosphate glucuronyltransferase
of rat liver and some observations on substrate specificity of the
enzyme. Biochem. J. 151: 31-41.

Habig, W. H., M. J. Pabst, and W. B. Jacoby. 1974. Glutathione $
transferases. The first enzymatic step in mercapturic acid forma-
tion. J. Biol. Chem. 249: 7130-7139.

Thorpe, S. M. 1987. Steroid receptors in breast cancer: sources of
inter-laboratory variation in dextran-charcoal assays. Breast Cancer
Res. Treat. 9: 175—-189.

Redinbaugh, M. G., and R. B. Rurley. 1986. Adaption of the bicin-
choninic acid protein assay for use with microtiter plates and su-
crose gradient fractions. Anal. Biochem. 153: 267-271.

Kushwaha, R. S., and W. R. Hazard. 1981. Exogenous estrogens at-
tenuate dietary hypercholesterolemia and atherosclerosis in the
rabbit. Metabolism. 30: 359—366.

do Nascimento, C. A., K. Kauser, and G. M. Rubanyi. 1999. Effect

2102 ‘vT aunr uo “1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

30.

34.

35.

36.

38.

39.

40.

41.

42.

of 17B-estradiol in hypercholesterolemic rabbits with severe dys-
function. Am. J. Physiol. 276: H1788-H1794.

Wagner, J. D., M. A. Martino M. ]J. Jayo, M. S. Anthony, T. B. Clark-
son, and W. T. Cefalu. 1996. The effects of hormone replacement
therapy on carbohydrate metabolism and cardiovascular risk fac-
tors in surgically postmenopausal cynomolgus monkeys. Metabo-
lism. 45: 1254-1262.

. Ruh, M. F,, T. Zacharewski, K. Connor, J. Howell, I. Chen, and S.

Safe. 1995. Naringenin: a weakly estrogenic bioflavonoid that ex-
hibits antiestrogenic activity. Biochem. Pharmacol. 50: 1485—1493.

. Perrot-Applanat, M. 1996. Estrogen receptors in the cardiovascu-

lar system. Steroids. 61: 212-215.

. Siess, M. H., M. Guillarmic, A. M. Le Bon, and M. Suschetet. 1989.

Induction of monooxygenase and transferase activities in rat by
dietary administration of flavonoids. Xenobiotica. 19: 1379-1386.
Breinholt, V., S. T. Lauridsen, and L. O. Dragsted. 1999. Differen-
tial effects of dietary flavonoids on drug metabolizing and antioxi-
dant enzymes in female rats. Xenobiotica. 29: 1227-1240.

de Whalley, C. V,, S. M. Rankin, J. R. S. Hoult, W. Jessup, and D. S.
Leake. 1990. Flavonoids inhibit the oxidative modification of low den-
sity lipoproteins by macrophages. Biochem. Pharmacol. 39: 1743-1750.
Wiseman, H. 1996. Dietary influences on membranefunction: im-
portance in protection against oxidative damage and disease. /.
Nutr. Biochem. 7: 2—15.

. Nathan, L., and G. Chaudhuri. 1997. Estrogens and atherosclero-

sis. Annu. Rev. Pharmacol. Toxicol. 37: 477-515.

Shwaery, G. T., J. A. Vita, and J. F. Keaney, Jr. 1997. Antioxidant
protection of LDL by physiological concentrations of 17B-estradiol.
Requirement for estradiol modification. Circulation. 95: 1378-1385.
Shwaery, G. T,, ]J. A. Vita, and ]J. F. Keaney, Jr. 1998. Antioxidant
protection of LDL by physiologic concentrations of estrogens is
specific for 17-B-estradiol. Atherosclerosis. 138: 255—262.

Mosca, L. 1998. Estrogen and atherosclerosis. J. Invest. Med. 46:
381-386.

St. Clair, R. W. 1998. Estrogens and atherosclerosis: phytoestrogens
and selective estrogen receptor modulators. Curr. Opin. Lipidol. 9:
457-463.

Mortensen, A., and H. Frandsen. 1996. Reproductive performance
and changes in blood lipids in breeding females and in growing
Watanabe heritable hyperlipidemic and New Zealand White rab-
bits. Lab. Anim. 30: 252—-259.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Mortensen et al.

Mortensen, A., and H. Frandsen. 1997. Blood lipids in young and
adult Watanabe heritable hyperlipidemic (WHHL) and adult nor-
molipidemic rabbits—strain and sex differences. Scand. J. Lab.
Anim. Sci. 24: 47-52.

Fischer Hansen, B., A. Mortensen, J. Fischer Hansen, and H.
Frandsen. 1995. (—)-Anipamil retards atherosclerosis in Watanabe
heritable hyperlipidemic rabbits. J. Cardiovasc. Pharmacol. 26: 485-489.
Mortensen, A., B. Fischer Hansen, J. Fischer Hansen, H. Frandsen,
E. Bartnikowska, P. S. Andersen, and L S. Bertelsen. 1998. Com-
parison of the effects of fish oil and olive oil on blood lipids and
aortic atherosclerosis in Watanabe heritable hyperlipidemic rab-
bits. Br. J. Nutr. 80: 565-573.

Alexandersen, P., ]. Haarbo, I. Sandholdt, M. Shalmi, H. Lawaetz,
and C. Christiansen. 1998. Norethindrone acetate enhances the
antiatherogenic effect of 17B-estradiol. A secondary prevention
study of aortic atherosclerosis in ovariectomized cholesterol-fed
rabbits. Arterioscler. Thromb. Vasc. Biol. 18: 902-907.

Holm, P., N. Korsgaard, M. Shalmi, H. L. Andersen, P. Hou-
gaard, and S. O. Skouby. 1997. Significant reduction of the anti-
atherogenic effect of estrogen by long-term inhibition of nitric
oxide synthesis in cholesterol-clamped rabbits. J. Clin. Inuvest.
100: 821-828.

Hanke, H.,, J. Kamenz, S. Hanke, J. Spiess, C. Lenz, U. Brehme, B.
Bruck, G. Finking, and V. Hombach. 1999. Effect of 17-8 estradiol
on pre-existing atherosclerotic lesions: role of endothelium. Ath-
erosclerosis. 147: 123-132.

Haarbo, J., L. B. Nielsen, S. Stender, and C. Christiansen. 1994.
Aortic permeability to LDL during estrogen therapy. A study in
normocholesterolemic rabbits. Arterioscler. Thromb. 14: 243—247.
Schwenke, D. C. 1997. Gender differences in intima-media perme-
ability to low-density lipoprotein at atherosclerosis-prone aortic
sites in rabbits. Lack of the effect of 17B-estradiol. Arterioscler.
Thromb. Vasc. Biol. 17: 2150—-2157.

Gardner, G., C. L. Banka, K. A. Roberts, A. E. Mullick, and J. C.
Rutledge. 1999. Modified LDL-mediated increases in endothelial
layer permeability are attenuated with 17B-estradiol. Arterioscler
Thromb. Vasc. Biol. 19: 854—-861.

Kuiper, G. G., ]J. G. Lemmen, B. Carlsson, J. C. Corton, S. H. Safe,
P. T. van der Saag, B. van der Burg, and J. A. Gustafsson. 1998. In-
teraction of estrogenic chemicals and phytoestrogens with estro-
gen receptor beta. Endocrinology. 139: 4252—4263.

Antiatherogenicity of 17B-E; but not of naringenin 843

2102 ‘vT aunr uo “1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

