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Abstract Premenopausal women and postmenopausal
women given estrogen are protected from cardiovascular
diseases compared with men. Previous studies investi-
gated whether estrogen treatment protects low density lip-
oprotein (LDL) from in vitro oxidation as a potential
mechanistic explanation for the beneficial effect of estro-
gen. Results of these studies are mixed, and very few
studies considered aspects of LDL that influence LDL ox-
idation. This study investigated whether treating post-
menopausal female cynomolgus macaques with conju-
gated equine estrogens (CEE), medroxyprogesterone

 

acetate (MPA), CEE 

 

1

 

 MPA, or tamoxifen, a mixed estro-
gen receptor agonist/antagonist, would protect LDL from
in vitro oxidation. LDL was isolated from monkeys fed an
atherogenic diet for 12 weeks or the same diet with CEE,
MPA, CEE 

 

1

 

 MPA, or tamoxifen added at levels equiva-
lent (on a caloric basis) to those given to women. LDL was

 

subjected to Cu

 

2

 

1

 

 (3 

 

m

 

mol/L) or 2,2

 

9

 

-azobis(2-amidino-
propane) dihydrochloride (AAPH, 1 mmol/L) and LDL
oxidation was determined by the lag time before rapid
formation of conjugated dienes and by the maximal rate
of conjugated diene formation (propagation rate). Lag
times and propagation rates were not affected by treat-
ment. Lag times for Cu

 

2

 

1

 

 oxidation were related to LDL
tocopherol while lag times for AAPH oxidation were re-
lated to high density lipoprotein (HDL) cholesterol and to
LDL molecular weight. Multivariate analysis showed that
LDL 

 

a

 

- and 

 

g

 

-tocopherol together could explain 27% of

 

the variation in Cu

 

2

 

1

 

 mediated lag time (

 

P

 

 

 

,

 

 0.005)
among animals while HDL cholesterol, LDL 

 

g

 

-tocopherol,
and LDL molecular weight combined could explain 40%
of the variation in AAPH-mediated lag time (

 

P

 

 

 

5

 

 0.0006)
among animals. After adjustment for these predictors,

 

LDL lag times were not affected by treatment.  In con-
clusion, in monkeys treated with female hormones, multi-
ple factors influence in vitro low density lipoprotein
(LDL) oxidation; future work will be needed to deter-
mine whether estrogen alters oxidation of LDL in the ar-

 

tery.—
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Premenopausal women are relatively protected from
cardiovascular disease compared with men (1, 2). In con-
trast, postmenopausal women experience risk of cardio-
vascular disease that is similar to that of men of the same
age (1, 3). Population-based studies (4, 5) suggest that
treatment with estrogen (with or without progestin) can
greatly reduce risk of cardiovascular disease in postmeno-
pausal women. Estrogen could reduce clinical cardiovas-
cular disease by improving vascular reactivity (6). Also,
studies in experimental animals have shown that estrogen
reduces atherosclerosis, the underlying cause of cardiovas-
cular disease (7), by mechanism(s) that are independent
of effects on lipids, lipoproteins, and apoproteins (8–11).
Similarly, a study in women showed that estrogen re-
placement therapy was associated with reduced progres-
sion of carotid artery intima-media thickness, an early
measure of atherosclerosis, and that this effect was inde-
pendent of lipoproteins (12). Tamoxifen, a mixed estro-
gen receptor agonist/antagonist (13), reduces the rate
of death due to acute myocardial infarction relatively
more than expected based on changes in lipoproteins
(14).

Evidence suggests that intra-arterial oxidation of low
density lipoprotein may play a role in atherogenesis (7,
15). Eleven studies with data for postmenopausal women
(16–26) investigated the influence of estrogen (with or
without progestin) on susceptibility of LDL to in vitro
lipid peroxidation. The results of these studies are incon-
sistent. However, typically studies with transdermal estro-
gen delivery (with or without oral progestin) found that
estrogen increased resistance of LDL to oxidation (16,
17, 25, 26) while most studies with oral estrogen treat-
ment (with or without progestin) found that estrogen
had no effect on resistance of LDL to oxidation (18, 20–
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-phenylalanyl-
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EDTA, ethylene diamine tetraacetic acid; PMSF, phenylmethylsulfonyl
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23, 26). One study reported that tamoxifen increased re-
sistance of LDL to oxidation (18). Data suggest that estro-
gens could increase LDL vitamin E (27) and reduce aver-
age LDL molecular size (11, 28–30). LDL 

 

a

 

-tocopherol
(31–34) and LDL molecular size (31, 35–38) influence
susceptibility of LDL to in vitro lipid peroxidation. Yet
only a few of the studies that investigated the effect of es-
trogen on resistance of LDL to oxidation considered ei-
ther of these factors (21, 23, 39) and none of these stud-
ies explicitly investigated the effect of aspects of LDL
character as determinants of resistance of LDL to in vitro
lipid peroxidation.

In this study we investigated the influence of in vivo
treatment of surgically postmenopausal female cynomol-
gus macaques with conjugated equine estrogens (CEE),
medroxyprogesterone acetate (MPA), or both, commonly
used forms of hormone replacement in postmenopausal
women (18, 21, 22, 26), or tamoxifen, on resistance of iso-
lated LDL to in vitro lipid peroxidation. In this study in
which all experimental subjects received diets with identi-
cal vitamin E content, we found that neither the individ-
ual female hormones, the hormone combination, nor
tamoxifen influenced resistance of LDL to in vitro lipid
peroxidation. However, we did find that a significant por-
tion of the variance for resistance of LDL to in vitro lipid
peroxidation could be accounted for by differences in
LDL 

 

a

 

- and 

 

g

 

-tocopherol, LDL molecular weight, and
HDL cholesterol. These results suggest that oral CEE has
little, if any, direct effect on resistance of LDL to in vitro
lipid peroxidation.

METHODS

 

Animals

 

Thirty eight feral adult female cynomolgus monkeys (

 

Macaca
fascicularis

 

) imported from Indonesia (CV Primates, Bogor, In-
donesia) were studied. These animals were a subset of the ani-
mals used for other studies (28, 40). After quarantine and chal-
lenge with atherogenic diet, monkeys were stratified into five
groups with similar plasma and HDL cholesterol concentrations
(28, 40). Thereafter, monkeys were fed monkey chow, to allow
plasma cholesterol concentrations to return to baseline values,
and subjected to bilateral ovariectomy as described (28, 40). All
procedures involving animals were conducted in compliance
with state and federal laws, standards of the Department of
Health and Human Services, and guidelines established by the
Animal Care and Use Committee of the Wake Forest University
School of Medicine.

 

In vivo hormone treatment

 

During the period of hormone treatment, all monkeys were
fed a moderately atherogenic diet with 40% of calories as fat and
containing 0.28 mg cholesterol/kcal (28, 40). The sources of fat
in the diet were lard, butter, beef tallow, dried egg yolk, and saf-
flower oil. Of the dietary fatty acids, 46% were saturated, 43%
were monounsaturated, and 11% were polyunsaturated. All hor-
mones were incorporated into the diet. The treatment groups
were as follows: Group 1, untreated control (ovariectomized hor-
mone deficient, n 

 

5

 

 8) monkeys; Group 2, monkeys treated with
CEE (0.04 mg/kg per day, n 

 

5

 

 8, Premarin, Wyeth-Ayerst, Rad-
nor, PA); Group 3, monkeys treated with MPA (0.17 mg/kg per

day, n 

 

5

 

 8, Cycrin, Wyeth-Ayerst); Group 4, monkeys given both
CEE and MPA at the same levels given to Groups 2 and 3 (n 

 

5

 

 8);
Group 5, monkeys given tamoxifen citrate (1.33 mg/kg per day,
n 

 

5

 

 8) (Nolvadex, ICI Pharma, Wilmington, DE). All hormone
doses were calculated by scaling usual daily doses for women
(0.625 mg CEE, 2.5 mg MPA, 20 mg tamoxifen) to the relative ca-
loric needs of the monkeys (11, 28, 40) and assuming that an av-
erage woman consumes 1800 kcal/day. The diet contained 4.18
mg 

 

a

 

-tocopherol and 0.4 mg other tocopherols per 100 g. This is
equivalent to 16.8 mg 

 

a

 

-tocopherol and 1.6 mg other toco-
pherols per 1800 kcal, about twice the recommended dietary in-
take for women (41). After 12 weeks of treatment, and just be-
fore killing as required by other studies (28, 40), a 30-ml blood
sample was collected for measurement of lipids and separation of
plasma lipoproteins.

 

Plasma lipids, lipoproteins, and hormones

 

Concentrations of cholesterol in plasma and in high density
lipoproteins (HDL) and triglycerides in plasma were determined
at the end of the 12-week period of treatment (42). These mea-
surements were done in a lipid analytical laboratory at the Wake
Forest University School of Medicine which is in full standardiza-
tion with the Centers for Disease Control–National Heart, Lung,
and Blood Institute Lipid Standardization Program. NonHDL
cholesterol (very low density plus intermediate density plus low
density lipoproteins) was calculated as the difference between
plasma and HDL cholesterol concentrations. LDL molecular
weight was determined by column chromatography after 9 weeks
of treatment (28, 40). Plasma concentrations of estradiol and es-
trone were measured by radioimmunoassay as described previ-
ously (43) in samples collected after an overnight fast and after 4
and 7 weeks of treatment (28, 40). In some cases, negative values
were obtained for estradiol and/or estrone. In these cases, values of
zero were assumed. The 4-week and 7-week values of these hor-
mones were averaged for use in analyses described below.

 

Isolation of LDL for oxidation studies

 

LDL (1.020 

 

,

 

 d 

 

,

 

 1.060 g/ml) used in these studies was iso-
lated by differential centrifugation (44, 45) from fresh plasma of
individual monkeys. Blood was collected into a cocktail of 1 

 

m

 

m

 

 

 

d

 

-
phenylalanyl-

 

l

 

-prolyl-arginine chloromethyl ketone (PPACK)
and 25 kallikrein inhibitory units/ml aprotinin to limit degrada-
tion of apolipoprotein B (apoB) by proteolysis and disodium
EDTA at 2.7 mmol/L to prevent oxidation (44, 45). Plasma was
immediately separated from red cells. The plasma was mixed
with 0.5 mmol/L of the serine protease inhibitor phenylmethyl-
sulfonyl fluoride (PMSF). Isolated LDL was dialyzed against 3–4
changes of 200 volumes of 20 mol/L phosphate-buffered saline
(0.15 mol/L) containing 2 mmol/L EDTA (PBS+EDTA) (44, 45)
during a period of 2–4 days.

 

Composition of LDL

 

The protein concentration of LDL was determined with the
Folin phenol reagent as described (44, 45). LDL was character-
ized by determining the content of endogenous antioxidants.
Antioxidants (

 

a

 

- and 

 

g

 

-tocopherol, carotenes, and lycopene) in
aliquots of LDL (about 1.5 mg total lipid) were quantitated in the
presence of tocol as an internal standard for tocopherols (46)
and retinol palmitate as an internal standard for carotenes and
lycopene (47). These measurements were done by the method of
Elinder and Walldius (47) with the mobile phase modified to
acetonitrile–tetrahydrofuran–methanol–1% ammonium acetate
(684:220:68:28) as described previously for antioxidants in
plasma (48). These assays were conducted in a core laboratory of
the Wake Forest University School of Medicine Comprehensive
Cancer Center.
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Susceptibility of LDL to in vitro lipid peroxidation

 

About 24 h before initiating measurements of susceptibility to
lipid peroxidation, LDL was dialyzed against three 200 volume
changes of 10 mmol/L phosphate-buffered saline (0.15 mol/L)
free of EDTA (PBS) which was continuously sparged with nitrogen.
Susceptibility of LDL to lipid peroxidation was assessed by evaluat-
ing the formation of conjugated dienes while the LDL was exposed
to the oxidizing stress provided by 3 

 

m

 

mol/L Cu

 

2

 

1

 

 or 1 mmol/L
2,2

 

9

 

- azobis(2-amidinopropane) dihydrochloride (AAPH). LDL (50

 

m

 

g protein/ml final concentration) was incubated at 37

 

8

 

C in a cu-
vette with either of the oxidizing stressors in the presence of PBS.
The formation of conjugated dienes was followed by monitoring
the absorbance at 234 nm continuously for up to 24 h (49, 50) in a
Uvikon 940 spectrophotometer equipped with a thermostatted cell
changer holding 12 cuvettes. LDL samples isolated from one mon-
key of each group were tested simultaneously in duplicate for sus-
ceptibility to lipid peroxidation. The assay was repeated on the next
day to accumulate four replicate assays of each LDL sample. Cu

 

2

 

1

 

mediated oxidations were done first. Immediately afterwards, the
remaining LDL samples were supplemented with EDTA (2.7
mmol/L final concentration). AAPH-mediated oxidations were
done during the following 2–5 days to accumulate four replicate as-
says for each LDL sample. Conjugated diene formation during the
exposure to oxidizing stress was calculated from the increase in ab-
sorption at 234 nm above the initial value and the molar absorptiv-
ity of conjugated dienes (29,500 liter mol

 

2

 

1

 

cm

 

2

 

1

 

 (50, 51). We de-
termined two indices of the susceptibility of LDL to oxidation: the
lag time before conjugated dienes began to increase significantly
(51) and the maximum rate of conjugated diene formation (propa-
gation rate) (50, 51).

In other studies, LDL isolated from other postmenopausal fe-
male cynomolgus monkeys fed a similar atherogenic diet but not
treated with hormones were supplemented in vitro with 17

 

b

 

-
estradiol or tamoxifen during the assessment of susceptibility to
lipid peroxidation. Exogenous hormones (0.25–15 

 

m

 

mol/L final
concentration) in absolute ethanol (0.5% final concentration)
were added to LDL in PBS. Control LDL samples contained the
same concentration of ethanol but no hormone.

 

Statistical methods

 

Data for the five groups of monkeys were analyzed by analysis
of variance (52). The fraction of the variation in lag times and
propagation rates for oxidation of LDL explained by different
plasma parameters was investigated by linear regression (52).
The plasma parameters considered were LDL 

 

a

 

- and 

 

g

 

-toco-
pherol, LDL molecular weight, plasma concentrations of estra-
diol, estrone, cholesterol, and triglyceride, and HDL cholesterol
and nonHDL cholesterol. LDL 

 

a

 

-tocopherol and LDL molecular
weight were considered because previous studies showed that

 

LDL 

 

a

 

-tocopherol (31–34) and LDL molecular size (31, 35–38)
influenced susceptibility of LDL to in vitro lipid peroxidation.
Because LDL molecular weight was measured at 9 weeks of treat-
ment (28, 40), rather than after 12 weeks when LDL was isolated
for studies of oxidizability, we included plasma (53) and HDL
(54, 55) cholesterol and plasma triglyceride (53–56) concentra-
tions measured at the time of the oxidation study as surrogates
that are related to LDL molecular size and/or weight. NonHDL
cholesterol and 

 

g

 

-tocopherol were considered for comparison
with HDL cholesterol and 

 

a

 

-tocopherol, respectively. Differences
among groups for the associations of LDL lag times and LDL
propagation rates with the various plasma parameters were inves-
tigated by comparing the total regression sums of squares for all
groups analyzed together with the total sums of squares for indi-
vidual groups analyzed separately using Fisher’s F-test (57).

Stepwise multivariate regression was used to select the set of pa-
rameters best accounting for LDL lag times and propagation rates.
Additional predictive parameters were added to the best univariate
model only if their inclusion significantly increased the predictive
ability of the model. These comparisons were done with Fisher’s F-
test (57). Because HDL, nonHDL, and plasma cholesterol are lin-
early dependent, these analyses were done twice, once with all the
parameters except plasma cholesterol and a second time with
plasma cholesterol but excluding HDL and nonHDL cholesterol.
A 

 

P

 

 value of less than 0.05 was considered significant.

 

RESULTS

 

Plasma lipids and lipoproteins

 

Plasma cholesterol concentrations averaged from 5.33 

 

6

 

0.74 to 6.97 

 

6

 

 0.58 mmol/L with no difference among the
five groups (

 

Table 1

 

). Similarly, triglyceride concentra-
tions averaged 0.30 

 

6

 

 0.06 to 0.73 

 

6

 

 0.18 mmol/L with no
difference among the five groups. HDL and nonHDL cho-
lesterol concentrations averaged 0.74 

 

6

 

 0.07 to 1.04 

 

6

 

0.11 and 4.44 

 

6

 

 0.97 to 6.06 

 

6

 

 0.67 mmol/L, respectively,
with no difference among the different treatment groups.

 

Plasma hormone concentrations

 

Plasma concentrations of estradiol and estrone differed
significantly among treatment groups (

 

P

 

 

 

,

 

 0.0004 and

 

P

 

 

 

,

 

 0.0017, respectively, 

 

Table 2

 

). Oral dosing with CEE
increased plasma concentrations of both estradiol (

 

P

 

 

 

5

 

0.0000) and estrone (

 

P

 

 

 

,

 

 0.0002) while neither MPA nor
tamoxifen influenced plasma concentrations of estradiol
or estrone.

 

TABLE 1. Lipids and lipoproteins

 

Treatment 
Group

Plasma 
Triglyceride

Plasma 
Cholesterol

HDL
Cholesterol

NonHDL 
Cholesterol

LDL
Molar Mass

 

mmol/L g/

 

m

 

mol

 

Control 0.66 

 

6

 

 0.22 6.48 

 

6

 

 0.57 1.00 

 

6

 

 0.13 5.48 

 

6

 

 0.55 4.44 

 

6

 

 0.09
MPA 0.30 

 

6

 

 0.06 6.97 

 

6

 

 0.58 0.91 

 

6

 

 0.14 6.06 

 

6

 

 0.67 4.70 

 

6

 

 0.20
CEE 0.73 

 

6

 

 0.18 5.93 

 

6

 

 0.52 0.74 

 

6

 

 0.07 5.19 

 

6

 

 0.86 4.35 

 

6

 

 0.19
CEE 

 

1

 

 MPA 0.59 

 

6

 

 0.15 5.33 

 

6

 

 0.74 0.89 

 

6

 

 0.17 4.44 6 0.97 4.10 6 0.11
Tamoxifen 0.72 6 0.19 5.55 6 0.57 1.04 6 0.11 4.51 6 0.63 4.70 6 0.19

ANOVA 0.36 0.30 0.55 0.36 0.071

HDL, high density lipoproteins; nonHDL, very low density 1 intermediate density 1 low density lipoproteins;
ANOVA, analysis of variance. Values are mean 6 SEM for 7 (CEE group, CEE 1 MPA group) or 8 monkeys (all
other groups). To obtain cholesterol and triglyceride concentrations in mg/dl, multiply values in mmol/L by 38.7
and 88.5, respectively.
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Endogenous antioxidants in LDL
Per mg protein, isolated LDL particles contained an av-

erage of 2.74 6 0.29 to 3.55 6 0.32 mg a-tocopherol and
0.094 6 0.007 to 0.143 6 0.027 mg g-tocopherol, with no
difference among the treatment groups (Table 3). Nei-
ther b- nor a-carotene nor lycopene could be detected in
these LDL samples. Assuming that apoB accounts for all
of the protein in LDL and using the reported molecular
weight of apoB (58, 59), we calculated the number of mol-
ecules of a- and g-tocopherol associated with LDL parti-
cles. Molecules of a- and g-tocopherol per LDL particle
ranged from 3.27 6 0.20 to 4.22 6 0.38 and 0.116 6 0.008
to 0.176 6 0.034, respectively, with no difference among
groups (Table 3).

Influence of in vivo supplementation with female 
hormones or tamoxifen on susceptibility of 
LDL to in vitro oxidation

Isolated LDL were subjected to oxidation mediated by
Cu21 (3 mmol/L) and, in separate studies, oxidation
mediated by the azo initiator AAPH (1 mmol/L). Lag
times ranged from 110 6 6 to 118 6 6 min after expo-
sure to Cu21 and from 52 6 4 to 56 6 5 min after exposure

to AAPH with no difference among groups for either ox-
idizing stress (Table 4). Propagation rates ranged from
3.69 6 0.15 to 4.16 6 0.42 nmol/conjugated diene per
min per mg LDL protein for LDL exposed to Cu21 and
0.73 6 0.04 to 0.83 6 0.05 nmol/conjugated diene per
min per mg LDL protein for LDL exposed to AAPH with
no difference among groups for either oxidizing stress.

Association of LDL lag times and propagation rates
with LDL antioxidants, plasma hormones,
lipids and lipoproteins

LDL lag times after exposure to Cu21 were positively as-
sociated with LDL g-tocopherol (r 5 0.39, P , 0.02, Table
5) and inversely associated with LDL a-tocopherol (r 5
20.31, P , 0.06). LDL lag times after exposure to AAPH
were positively associated with HDL cholesterol (r 5 0.44,
P , 0.006) and inversely with LDL molecular weight (r 5
20.044, P , 0.006). For monkeys treated with CEE (with or
without MPA), LDL lag times after exposure to Cu21 and
AAPH were inversely associated with plasma concentra-
tions of estradiol (r 5 20.56, P , 0.04 and r 5 20.52, P ,
0.06, respectively). Propagation rates for LDL exposed to
Cu21 or AAPH were not significantly associated with any

TABLE 2. Plasma hormone concentrations

Treatment 
Group Estradiol Estrone

pmol/L

Control 8 6 5 9 6 8
MPA 12 6 5 3 6 3
CEE 209 6 58 126 6 35
CEE 1 MPA 173 6 33 207 6 82
Tamoxifen 57 6 48 22 6 20

ANOVA 0.0004 0.0017
CEEa 0.0000 0.0002
MPAb 0.66 0.33
Tamoxifenc 0.33 0.80

Values are mean 6 SEM of the average of measurements made af-
ter 4 and 7 weeks of treatment. For CEE and CEE 1 MPA groups, n 5
7; for all other groups, n 5 8. ANOVA, analysis of variance.

aControl and MPA groups contrasted with CEE and CEE 1 MPA
groups.

bControl and CEE groups contrasted with MPA and CEE 1 MPA
groups.

cControl group compared with tamoxifen group.

TABLE 3. Endogenous antioxidants in LDL from surgically post-menopausal female cynomolgus monkeys 
treated in vivo with MPA, CEE, and tamoxifen

Treatment
Group

mg/mg LDL Protein Molecules/LDL Particle

a-Tocopherol g-Tocopherol a-Tocopherol g-Tocopherol

Control 2.74 6 0.29 0.094 6 0.007 3.27 6 0.35 0.116 6 0.008
MPA 2.74 6 0.16 0.133 6 0.015 3.27 6 0.20 0.164 6 0.019
CEE 3.18 6 0.48 0.143 6 0.027 3.79 6 0.57 0.176 6 0.034
CEE 1 MPA 3.10 6 0.59 0.116 6 0.027 3.69 6 0.70 0.143 6 0.034
Tamoxifen 3.55 6 0.32 0.127 6 0.016 4.22 6 0.38 0.156 6 0.020

ANOVA 0.28 0.31 0.28 0.31

Values are mean 6 SEM for 7 (CEE group, CEE 1 MPA group) or 8 monkeys (all other groups). Neither a-
nor b-carotene nor lycopene could be detected in any LDL sample. Molecules of a- and g-tocopherol were calcu-
lated from literature values for the molecular weight of apolipoprotein B (58, 59) and assuming that apolipopro-
tein B accounted for all protein in LDL.

TABLE 4. Influence of in vivo treatment of surgically
post-menopausal female cynomolgus monkeys with MPA,

CEE, and tamoxifen on susceptibility of LDL 
to lipid peroxidation in vitro

Treatment
Group

Lag Time Propagation Rate

Cu21 AAPH Cu21 AAPH

min
nmol conjugated diene/
min/mg LDL protein

Control 110 6 6 52 6 4 4.16 6 0.42 0.80 6 0.06
MPA 118 6 6 53 6 4 3.69 6 0.15 0.73 6 0.04
CEE 112 6 6 55 6 3 4.05 6 0.19 0.83 6 0.05
CEE 1 MPA 110 6 8 55 6 4 3.92 6 0.19 0.74 6 0.04
Tamoxifen 111 6 8 56 6 5 3.96 6 0.21 0.82 6 0.04

ANOVA 0.92 0.93 0.75 0.47

AAPH, 2,29-azobis(2-amidinopropane) dihydrochloride. Values
are mean 6 SEM for 7 (CEE group, CEE 1 MPA group) or 8 monkeys
(all other groups). Lag times and propagation rates were determined
as described in Methods for LDL at 378C exposed to 3 mmol/L Cu21 or
1 mmol/L AAPH.
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of the plasma hormones, lipids, lipoproteins, or LDL anti-
oxidants that were measured.

Multivariate models best explaining the variation
in LDL lag time

Multiple linear regression showed that several plasma
and LDL parameters contributed independently to ex-
plaining variation in LDL lag time among animals for
both Cu21-mediated and AAPH-mediated oxidation (Ta-
ble 6). For all treatment groups combined, LDL g- and
a-tocopherol each independently contributed signifi-
cantly (P , 0.05) to variation in LDL lag time after ex-
posure to Cu21, together accounting for 27% (P 5
0.0042) of the variation in LDL lag time. For all treat-
ment groups combined, HDL cholesterol (P , 0.01),
LDL g-tocopherol (P , 0.02), and LDL molecular
weight (P , 0.05) each independently contributed sig-
nificantly to variation in LDL lag time after exposure to
AAPH, together accounting for 40% (P 5 0.0006) of the
variation in LDL lag time. There was no difference among
treatment groups for the association of the above parame-
ters with lag time for Cu21 (P 5 0.51) or AAPH-mediated
oxidation (P 5 0.96). The multivariate models predicted
that a one standard deviation change in each of the pre-
dictive variables would alter lag times for Cu21- and
AAPH-mediated oxidation by 6–7 and 3–4 min, respec-
tively (6–7% and 6–8%, respectively) (Tables 4, 6). After
adjustment for the predictors identified by multivariate
analysis, lag times after Cu21- and AAPH-mediated oxida-
tion did not differ among treatment groups (Table 7).

Comparison of susceptibility of LDL to lipid peroxidation 
initiated in vitro by Cu21 and AAPH

Under our experimental conditions, lag times were
about twice as long for Cu21-mediated oxidation as for
AAPH-mediated oxidation (Table 4). In comparison, prop-

agation rates were more than 4-fold as great for Cu21-
mediated lipid peroxidation as for AAPH-mediated lipid
peroxidation (Table 4). Lag times for Cu21- and AAPH-
mediated lipid peroxidation were highly correlated (r 5
0.53, P 5 0.0007) as were propagation rates (r 5 0.68, P ,
0.0001), with no differences in these relationships for the dif-
ferent treatment groups (P 5 0.61, P 5 0.53, respectively).

Influence of in vitro supplementation of LDL 
with female hormones

Figure 1 shows the effects of increasing concentrations
of exogenous 17b-estradiol and tamoxifen on lag time

TABLE 5. Association of LDL lag times and propagation rates 
with LDL antioxidants, plasma hormones, lipids and lipoproteins 

for surgically post-menopausal female cynomolgus monkeys treated 
with MPA, CEE, and tamoxifen

Cu21 Oxidation AAPH Oxidation

Parameter Lag Time Prop. Rate Lag Time Prop. Rate

a-T/LDL 20.31a 0.28 20.03 0.18
g-T/LDL 0.39b 20.18 0.24 20.08
HDL cholesterol 20.26 0.12 0.44c 0.06
NonHDL cholesterol 0.21 20.05 20.07 20.19
Triglyceride 20.17 0.11 20.26 20.04
LDL MW 20.03 0.06 20.44c 0.09
Estradiol 20.25 0.08 20.18 0.02

20.56e,d 0.24e 20.52a,e 0.01e

Estrone 20.17 20.03 20.06 20.01
20.28e 20.14e 20.20e 20.03e

a-T/LDL and g-T/LDL, molecules a- and g-tocopherol, respec-
tively, per LDL particle. LDL MW, LDL molecular weight. Correlations
were determined for all treatment groups considered together (n 5
38) because there were no significant differences among groups for
the nature of the association between any parameter and LDL lag time
or propagation rate (P $ 0.2 in all cases and typically .0.5).

aP , 0.06; bP , 0.02; cP , 0.006; dP , 0.04.
e Monkeys given CEE (n 5 7) and those given CEE 1 MPA (n 5 7).

TABLE 6. Multivariate models best explaining variation in LDL 
lag time for in vitro lipid peroxidation for LDL isolated from

surgically post-menopausal female cynomolgus monkeys

Rank Order of Parameters Contributing to LDL Lag Time and 
Contribution to LDL Lag Time

Cu21 Oxidation AAPH Oxidation

Rank Parameter Cum. SSa Rank Parameter Cum. SS

1 g-T/LDLb 0.150 1 HDL Cholb 0.196
2 a-T/LDLc 0.269 2 g-T/LDLc 0.321

3 LDL MWd 0.396
Total (P 5 0.0042)e Total (P 5 0.0006)

Predicted Changes in LDL Lag Time for a 1 SD Change in Predictive 
Parameter

Cu21 Oxidation AAPH Oxidation

Parameter SD

Predicted 
Change

in Minutes f Parameter SD

Predicted
Change

in Minutes

g-T/LDL 0.0582 7.4 6 2.6 HDL Chol 0.350 4.3 6 1.6
a-T/LDL 0.995 26.2 6 2.6 g-T/LDL 0.0582 3.6 6 1.4

LDL MW 0.479 23.3 6 1.5

a Cumulative fraction of total sum of squares explained by the pa-
rameter(s) listed. a-T/LDL, g-T/LDL, molecules of a- and g-toco-
pherol per LDL particle, calculated as described in Table 3. HDL Chol,
HDL cholesterol; LDL MW, LDL molecular weight.

b P , 0.01; cP , 0.025; dP , 0.05: significance of the contribution
of individual parameters to sums of squares.

eSignificance of the entire set of parameters.
fChange in LDL lag time in minutes predicted by a 1 SD change in

the parameter listed.

TABLE 7. Adjusted values for lag times for in vitro lipid
peroxidation for LDL from surgically post-menopausal female

cynomolgus monkeys treated in vivo with MPA, CEE, and tamoxifen

Treatment
Group

Lag time

Cu21a AAPHb

min

Control 112 6 6 53 6 3
MPA 113 6 6 54 6 3
CEE 109 6 6 54 6 4
CEE 1 MPA 111 6 6 53 6 4
Tamoxifen 114 6 6 56 6 3

ANCOVA 0.99 0.95

AAPH, 2,29-azobis(2-amidinopropane) dihydrochloride. ANCOVA,
analysis of covariance. Values are mean 6 SEM for 7 (CEE group, CEE 1
MPA group) or 8 monkeys (all other groups).

aAdjusted for differences in LDL a- and g-tocopherol (Table 6).
bAdjusted for differences in LDL g-tocopherol, LDL molecular

weight, and HDL cholesterol (Table 6).
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LDL oxidation were inversely associated with estradiol
concentrations (r 5 20.87, P , 0.0001). The lowest con-
centration of 17b-estradiol at which LDL lag time was sig-
nificantly prolonged was 0.25 mmol/L while the lowest
concentration of 17b-estradiol at which LDL propagation
rate was significantly reduced was 0.5 mmol/L (Fig. 1,
top). LDL lag times were positively associated with tamox-
ifen concentration (r 5 0.67, P 5 0.001, Fig. 1, bottom),
but none of the individual comparisons between unsup-
plemented LDL and tamoxifen-supplemented LDL were
significant for LDL lag time. Propagation rates for LDL
oxidation were inversely associated with tamoxifen con-
centration (r 5 20.97, P , 0.0001). The lowest tamoxifen
concentration at which LDL propagation rate was signifi-
cantly reduced was 5 mmol/L (Fig. 1, bottom).

DISCUSSION

 In this study, we considered whether treatment with
physiological levels of female hormones of the type com-
monly prescribed to postmenopausal women would influ-
ence susceptibility of LDL to in vitro lipid peroxidation.
This hypothesis was tested in surgically postmenopausal
cynomolgus macaques given CEE, MPA, or both hor-
mones, tamoxifen, or no treatment during 12 weeks of
being fed a cholesterol-containing diet to induce hyper-
cholesterolemia similar to that in women (17, 18, 21–23).
Female macaques share many features of reproductive
physiology with human females, including similar circulat-
ing levels of sex steroids and the occurrence of a natural
menopause (60, 61). We thus thought this animal model
appropriate to consider whether supplementary female
hormones would influence susceptibility of LDL to in
vitro lipid peroxidation.

The principle findings of this study are that in surgically
postmenopausal cynomolgus monkeys fed a controlled
diet, neither CEE, MPA, both hormones, nor tamoxifen
influenced susceptibility of LDL to in vitro lipid peroxida-
tion as assessed by lag times and propagation rates. How-
ever, we found that LDL g- and a-tocopherol, LDL molec-
ular weight, and HDL cholesterol were independently
associated with LDL lag times for in vitro lipid peroxida-
tion. No previous study that investigated the effect of es-
trogen on susceptibility of LDL to in vitro lipid peroxida-
tion investigated the contribution of any of these factors
to effects of estrogen on susceptibility of LDL to in vitro
lipid peroxidation. After accounting for the effects of the
predictors of LDL lag time that we identified, LDL lag
times for in vitro lipid peroxidation remained similar
among all treatment groups. Propagation rates for LDL
lipid peroxidation were not related to any of the plasma
and LDL parameters that we investigated.

In agreement with our findings (Tables 4, 7), four stud-
ies in women treated with 0.625 mg CEE (18, 21, 22, 26),
either alone (18, 22, 26) or with MPA (21, 26), also found
that these treatments did not influence LDL lag time.
Similarly, studies with oral 17b-estradiol valerate either
alone or with MPA (22), and oral 17b-estradiol either alone

Fig. 1. Top, inhibition of AAPH-mediated oxidation of monkey
LDL by in vitro addition of 17b-estradiol. Filled circles and solid
line, lag time; filled squares and broken line, propagation rate.
Values are mean 6 SEM of 3–4 observations for each concentra-
tion of estradiol. Regression of lag time on estradiol concentration,
r 5 0.92, P , 0.0001; regression of lag time on log(estradiol con-
centration 11), r 5 0.98, P , 0.0001. Regression of propagation
rate on estradiol concentration, r 5 20.87, P , 0.0001; regres-
sion of propagation rate on log(estradiol concentration 11), r 5
20.91, P , 0.0001. Comparison of lag times for estradiol-supple-
mented LDL and unsupplemented LDL, P , 0.004 for all concen-
trations of estradiol greater than 0.25 mmol/L. Comparison of prop-
agation rates for estradiol-supplemented and unsupplemented
LDL, P , 0.03 for 0.5 mmol/L and P , 0.008 for all higher concen-
trations, Bonferroni correction for multiple comparisons. Bottom,
inhibition of AAPH-mediated oxidation of monkey LDL by in vitro
addition of tamoxifen. Filled circles and solid line, lag time; filled
squares and broken line, propagation rate. Values are mean 6 SEM
of four observations for each concentration of tamoxifen. Regres-
sion of lag time on tamoxifen concentration, r 5 0.67, P 5 0.001.
Regression of propagation rate on tamoxifen concentration, r 5
20.97, P , 0.0001. No individual comparison of lag times for
tamoxifen-supplemented LDL with unsupplemented LDL were sig-
nificant. Comparison of propagation rates for tamoxifen-supple-
mented and unsupplemented LDL, P , 0.02 for 5 mmol/L and P ,
0.0002 for 15 mmol/L tamoxifen, Bonferroni correction for multi-
ple comparisons.

and propagation rate of LDL exposed to AAPH. Lag times
of LDL oxidation were positively associated with estradiol
concentrations (r 5 0.92, P , 0.0001, Fig. 1, top) and
even more closely associated with log(estradiol concentra-
tion 11) (r 5 0.98, P , 0.0001). Propagation rates for
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(23) or with cyclic norethisterone acetate (20), indicated
that these estrogens did not affect LDL lag time. Limited
data for estrogen monotherapy compared with combined
treatment with estrogen/MPA (26), as well as studies in
vitro with LDL supplemented with norgestrel, norethister-
one, MPA and levonorgestrel (19, 62), suggested that
progestins do not influence resistance of LDL to in vitro
lipid peroxidation. Two other studies that lacked placebo
controls reported that other oral estrogens increased LDL
lag time (19, 24). In contrast to the results of most of the
studies with oral estrogens, most (16, 17, 25, 26), but not
all (22), studies of transdermal delivery of 17b-estradiol
found that such treatment increased LDL lag time.

Some of the studies that investigated the influence of
estrogen on susceptibility of LDL to in vitro lipid peroxi-
dation reported data for propagation rates (18, 20–23, 25,
26, 39). Most of these studies (18, 20–23, 25, 26), and all
studies that were randomized and placebo controlled (18,
20, 23), found that estrogen treatment either alone (18,
22, 23, 26) or with various progestins (20, 21, 25, 26) had
no effect on the propagation rate for in vitro LDL lipid
peroxidation. Consistent with the majority of those obser-
vations, we found that neither CEE, nor MPA, nor both
hormones influenced LDL propagation rate (Tables 4, 7).
The only study reporting data for the influence of oral
tamoxifen treatment on in vitro LDL lipid peroxidation
found that tamoxifen treatment modestly increased LDL
lag time and slightly reduced LDL propagation rate (18).
In contrast, we found that oral tamoxifen altered neither
LDL lag time nor LDL propagation rate (Tables 4, 7), but
supplementing LDL in vitro with tamoxifen at concentra-
tions higher than those found therapeutically in women
(63, 64) increased LDL lag time and reduced LDL propa-
gation rate (Fig. 1, bottom).

One could speculate that differences in the form of es-
trogen might explain in part the differences between the
results for LDL lag times for the studies of oral and trans-
dermal estrogen replacement. However, one particularly
well-controlled study of oral treatment with micronized
17b-estradiol found that this treatment had no influence
on LDL lag time (23). Thus, it is likely that differences
other than the form of estrogen account for the differ-
ences in results among studies. Plasma concentrations of
estradiol were higher for the positive studies of transder-
mal 17b-estradiol, with mean values of 430–477 pmol/L
(16, 17, 25, 26), compared with only 182 pmol/L for the
negative study of transdermal 17b-estradiol (22) and 140–
300 pmol/L for the negative studies with oral estrogens
(18, 20, 22, 23, 26). Plasma concentrations of estradiol in
all of these studies, as well as those of our monkeys supple-
mented with CEE (Table 2), were in the physiological
range for premenopausal women (65, 66).

Limited data suggest that transdermal (27), but not oral
(21) estrogens increase LDL vitamin E. Consistent with
those data, we found that oral CEE (with or without MPA)
influenced neither LDL a- nor g-tocopherol (Table 3).
Our value of LDL a-tocopherol is almost identical to that
reported by Wander et al. (21), the only study of the effect
of estrogen on oxidizability of LDL in postmenopausal

women that investigated LDL vitamin E. In the United
States, 54% of women consume less than the recommended
value of 8 mg a-tocopherol per day (41). Another study
showed that supplementation with vitamin E increased
LDL lag time only for vitamin E-deficient subjects (32).
One study showed that transdermal estrogen replacement
that achieved plasma estradiol concentrations of 470
pmol/L did not further prolong LDL lag time for post-
menopausal women supplemented with 800 IU of vitamin
E (17). Neither that study nor any of the other studies in
women that reported transdermal estrogen to increase
LDL lag time (16, 25, 26) presented data for LDL vitamin
E or vitamin E status. Thus, increased LDL vitamin E by
transdermal estrogen in women with marginal vitamin E
status may contribute to the greater frequency at which
studies of transdermal estrogen reported increases in LDL
lag time compared with studies of oral estrogen.

In this study, we found that LDL a-tocopherol was in-
versely related to LDL lag time after exposure to Cu21

(Table 5) in a univariate analysis and this inverse association
remained significant in a multivariate analysis (Table 6). In
contrast, LDL lag time after AAPH oxidation was not related
to LDL a-tocopherol. One study that investigated the influ-
ence of estrogens on susceptibility of LDL to in vitro oxida-
tion reported values for LDL vitamin E (21). However, nei-
ther that study, nor any of the other studies that studied the
influence of in vivo treatment with estrogen on susceptibility
of LDL to in vitro lipid peroxidation, considered how LDL
vitamin E might influence LDL lag time. In comparison to
our results, several studies that did not involve estrogen
found that LDL a-tocopherol was positively correlated
with LDL lag time after Cu21 oxidation (31, 32) while
other studies found that LDL a-tocopherol was not re-
lated to lag time for Cu21 mediated oxidation (67, 68).
Other evidence suggests that a-tocopherol may be a
prooxidant under some conditions (33, 34), consistent
with our results for Cu21-mediated oxidation.

In contrast to LDL a-tocopherol, we found that LDL g-
tocopherol was positively associated with LDL lag time for
Cu21 oxidation, where it was the single most important de-
terminant of LDL lag time (among the factors that we con-
sidered) in both univariate (Table 5) and multivariate
analysis (Table 6). For AAPH oxidation, LDL g-tocopherol
was the second most important determinant of LDL lag
time. As far as we are aware, this is the first report of a sig-
nificant independent association of LDL g-tocopherol with
LDL lag time. However, one study reported that the sum of
a- and g-tocopherol was inversely related to LDL lag time
mediated by AAPH (69). Also, another study reported that
in phospholipid membranes, g-tocopherol inhibited lipid
hydroperoxide formation relatively better than a-toco-
pherol (70). Our observation regarding the positive associ-
ation of g-tocopherol with LDL lag time may be particu-
larly important because g-tocopherol is more abundant
than a-tocopherol in several food oils, the major sources of
vitamin E in the diet (71), while most studies of vitamin E
supplementation have used a-tocopherol. Also, the single
study of the effect of estrogen on LDL oxidizability in
women reporting data for LDL vitamin E (21) reported
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values of LDL g-tocopherol about 5-fold those that we ob-
served (Table 3). This suggests that the contribution of
LDL g-tocopherol to LDL oxidizability in women may be
greater than that predicted for our monkeys (Table 6).

We considered whether HDL cholesterol might help ex-
plain variance in LDL lag time. In a univariate analysis we
found the identical strength of association with LDL lag
time after AAPH-mediated oxidation for both HDL cho-
lesterol and LDL molecular weight, although the direc-
tion of the associations was inverse (Table 5). In a multi-
variate analysis, both HDL cholesterol and LDL molecular
weight contributed significantly to LDL lag time, and the
direction of the associations was unchanged (Table 6).
These reciprocal relationships of LDL molecular weight
and HDL cholesterol with LDL lag time are consistent
with our observation that LDL molecular weight and HDL
cholesterol were inversely correlated (r 5 20.37, P ,
0.025). In contrast, previous studies in human individuals
reported that HDL cholesterol was positively correlated
with LDL molecular size (54, 55).

In this study, we found that LDL molecular weight bore
no relationship to lag time after Cu21-mediated oxidation.
In contrast, we found that LDL molecular weight was in-
versely associated with LDL lag time for AAPH-mediated
oxidation in a univariate analysis (Table 5) and that this
association persisted in a multivariate analysis (Table 6).
Only two studies of the influence of estrogen on resis-
tance of LDL to in vitro lipid peroxidation assessed LDL
molecular size (23, 39). One of those studies reported
changes in LDL molecular weight that were not corre-
lated with the hormone treatment, suggesting that such
changes were due to other factors (39). The other study,
which made the atypical observation that estrogen treat-
ment did not influence LDL molecular size, found that es-
trogen treatment did not affect LDL lag time (23). In
comparison to our results, a number of studies which did
not involve estrogen found that lag times after Cu21 oxi-
dation were shorter for small and/or dense LDL com-
pared with larger more buoyant LDL from the same indi-
viduals (31, 35–38). However, antioxidant content of small
dense LDL was reduced compared with larger more buoy-
ant LDL (31, 35–38); one study showed that the increased
susceptibility of dense LDL to oxidation could be ex-
plained by the reduced antioxidant content (31). Appar-
ently reduced LDL molecular size induced by estrogen,
which is associated with increases in HDL cholesterol (29,
30), affects susceptibility of LDL to in vitro lipid peroxida-
tion differently than reduced LDL molecular size in asso-
ciation with reduced HDL cholesterol (54, 55).

If estrogens have direct antioxidant activity, one might
expect plasma concentrations of estradiol to be positively
correlated with LDL lag time. In this study, we found that
for all the monkeys considered as a group, plasma estra-
diol was not correlated with LDL lag time for either Cu21

or AAPH oxidation (Table 5). However, when we limited
our analysis to only those monkeys given CEE, we found
that lag times for Cu21 and AAPH oxidation were in-
versely correlated with plasma estradiol (Table 5). In com-
parison, two studies that reported that transdermal estra-

diol increased LDL lag time, one in women (16) and one
in swine (72), reported that there was no relationship be-
tween plasma estradiol concentrations in supplemented
individuals and LDL lag time.

In summary, using Cu21 and AAPH, which initiate lipid
peroxidation by different mechanisms (73, 74), we found
that neither CEE, MPA, both hormones, nor tamoxifen in-
fluenced susceptibility of LDL to in vitro lipid peroxida-
tion as indicated by lag times or propagation rates. In this
study we confirmed the importance of LDL a-tocopherol
in determining lag time after Cu21-mediated oxidation.
This study identified an unexpected relationship between
LDL molecular weight and lag time after AAPH-mediated
oxidation which may suggest that implications of LDL mo-
lecular size on susceptibility of LDL to in vitro oxidation
may depend to some degree on the metabolic process by
which LDL molecular size is altered. In this study we also
provide new evidence that LDL g-tocopherol is an impor-
tant determinant of susceptibility of LDL to both Cu21-
and AAPH-mediated oxidation. This study also suggests
that although LDL molecular size and HDL cholesterol
have been correlated in some studies, these factors have
independent effects on susceptibility of LDL to AAPH-
mediated oxidation. Finally, although data might suggest
a possible antioxidant effect of estrogens within the arte-
rial wall (15, 53, 75–77), it seems likely that physiological
concentrations of estrogen are unlikely to inhibit oxida-
tion of LDL in the plasma compartment.
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