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Abstract
Objective—Plasma high-density lipoprotein (HDL) cholesterol levels are inversely correlated
with the risk of developing coronary heart disease. Hormonal replacement therapy (HRT) affects
plasma HDL cholesterol levels, with estrogen increasing HDL cholesterol levels and progestins
blunting this effect. This study was designed to assess the mechanism responsible for these effects.

Materials and Methods—HDL apolipoprotein A-I (apoA-I) kinetics were studied in 8 healthy
postmenopausal women participating in a double-blind, randomized, crossover study comprising 3
phases: placebo, conjugated equine estrogen (CEE) (0.625 mg/d), and CEE plus
medroxyprogesterone acetate (MPA) (2.5 mg/d). Compared with placebo, treatment with CEE
resulted in an increase in apoA-I pool size (+20%, P<0.01) because of a significant increase in
apoA-I production rate (+47%, P<0.05) and no significant changes in apoA-I fractional catabolic
rate. Compared with the CEE alone phase, treatment with the CEE plus MPA resulted in an 8%
(P<0.02) reduction in apoA-I pool size and a significant reduction in apoA-I production rate
(−13%, P<0.04), without changes in apoA-I fractional catabolic rate.

Conclusion—Postmenopausal estrogen replacement increases apoA-I levels and production rate.
When progestin is added to estrogen, it opposes these effects by reducing the production of apoA-
I.
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High-density lipoproteins (HDLs) play an important role in the prevention of atherosclerotic
plaque development through their key involvement in the reverse cholesterol transport
pathway.1,2 By interacting with specialized trans-membrane receptors expressed in
peripheral (ATP binding cassette A1, or ABCA1) and hepatic (scavenger receptor class B
type 1, or SR-B1) cells, HDL and apolipoprotein (apo) A-I, the major protein component of
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HDL, mediate the removal and excretion of excess cholesterol, thus reducing the lipid load
in the vascular wall.3,4

It is well-documented that postmenopausal hormonal replacement therapy (HRT) is
associated with changes in plasma HDL cholesterol levels: an increase in plasma HDL
cholesterol levels is characteristically observed during replacement with estrogen only,5–8

whereas the estrogen-progestin combination in HRT results in the blunting or abolishment
of the effect of estrogen on HDL cholesterol levels.5,7,8 Most, but not all, studies which have
assessed the mechanism by which estrogen replacement increases HDL cholesterol levels
have shown an increase in the production rate of apoA-I, with nonsignificant effects on the
apoA-I catabolic rate.9–11 Despite the relevant clinical use of progestins in HRT, no studies
examining the effect of progestins on HDL metabolism are currently available. The study of
the mechanism mediating the changes in HDL cholesterol levels in HRT is important
because: (1) it may help understand how HDL and the reverse cholesterol transport pathway
are affected and (2) several recent randomized intervention HRT trials have clearly shown
no protection from coronary heart disease (CHD) when the combination of estrogen plus
progestin is used.12–16

Methods
Subjects

Eight postmenopausal, healthy women [mean age (±SD) 56.4±6.6 years and mean body
mass index 28.37±6.30 kg/m2] were enrolled in a double-blind, placebo-controlled, cross-
over study of the effect of 2 formulations of HRT on the kinetic parameters of apoA-I in
HDL. Each subject was assigned to a randomized sequence of three treatment phases which
included: placebo, estrogen (conjugated equine estrogen [CEE] as Premarin, 0.625 mg per
day; Wyeth Pharmaceuticals), and estrogen plus progestin (CEE+medroxypro-gesterone
acetate [MPA] as Premarin, 0.625 mg per day and Provera, 2.5 mg per day; Pharmacia
Upjohn). Each treatment phase lasted 8 weeks and phases were separated by a 4-week
washout period. Postmenopausal status was defined as the absence of menstrual cycles for
>1 year. Postmenopausal women with coronary heart disease, liver or kidney disease,
diabetes mellitus, thyroid dysfunction, or with a history of clotting disorders,
thromboembolism, and cancer of the breast, uterus, or cervix were not enrolled into the
study. Also, women who were smoking, consuming >2 alcoholic drinks per week, or taking
medications known to affect plasma lipid metabolism were not enrolled into the study. The
protocol was approved by the Institutional Review Board of Tufts University-New England
Medical Center. Study candidates provided written informed consent.

Experimental Protocol
Subjects were asked to maintain the same lifestyle, including diet and level of physical
activity, throughout the study. On weeks 7 and 8 of each study phase, a blood sample was
obtained after 12-hour fasting for the determination of plasma lipid and apolipoprotein
levels. Plasma was separated at 1000g for 30 minutes at 4°C and stored at −70°C until
analyzed.

On week 8 of each phase, subjects underwent a 15 hour primed constant infusion with
deuterated leucine, as previously described.17 Briefly, after a 12-hour overnight fast, starting
at 6:00 AM, subjects were fed hourly for 20 hours with small identical meals. Five hours
after their first meal, subjects received an intravenous bolus of 10 μmol/kg body weight of
deuterated leucine (5,5,5-2H3-L-leucine; C/D/N Isotopes Inc, Point-Claire, Quebec,
Canada), immediately followed by a constant infusion with 10 μmol/kg body weight per
hour of deuterated leucine for 15 hours. Blood samples were collected into tubes containing
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EDTA (0.15%) just before the infusion (time 0), and at the following times during the
infusion: 30 minutes, 35 minutes, 45 minutes, and 1, 1.5, 2, 3, 4, 6, 9, 12, 14, and 15 hours.

Plasma Lipid Measurements
Fasting plasma total cholesterol (TC) and triglyceride (TG) levels were measured by
automated enzymatic assays.18 Direct low-density lipoprotein (LDL) cholesterol was
measured with reagents from Equal Diagnostics (Exton, Pa). HDL cholesterol was measured
directly with a kit from Roche Diagnostics (Indianapolis, Ind). HDL3 cholesterol
concentrations were measured by a modification of the classic dextran sulfate-magnesium
chloride precipitation protocol19 and HDL2 cholesterol was calculated as the difference
between HDL cholesterol and HDL3 cholesterol.19

ApoA-I concentrations were measured in plasma samples obtained during fasting and during
the infusion by an immunoturbidimetric assay (Wako, Richmond, Va), as previously
described.20

Quantification of HDL particles containing only apoA-I (LpAI) was performed in plasma by
an electroimmunodiffusion (rocket) technique (Hydragel LpAI, Sebia, France).21

Isotopic Enrichment and ApoA-I Kinetic Analysis
Five mL of plasma from each infusion time-point were subjected to sequential
ultracentrifugation in a Beckman (Palo Alto, Calif) ultracentrifuge, as previously
described.22 ApoB-100 in very low-density lipoprotein (VLDL) and apoA-I in HDL were
isolated by SDS polyacrylamide gel electrophoresis, hydrolyzed in 12 N HCl, and amino
acids converted to the n-propyl ester heptafluorobutyramide derivative for gas
chromatography/mass spectrometry analysis using an Agilent 5973 instrument, as
previously described.17,23–25

Tracer/tracee ratios (%) were calculated as previously described.26 The Simulation Analysis
and Modeling II (SAAM II) program (Seattle, Wash) was used to calculate the HDL apoA-I
fractional catabolic rates (FCR) using a multicompartmental model, as previously
described.27,28 The VLDL apoB-100 leucine enrichment plateau was determined using a
monoexponential equation, also using SAAM II, and was used as a measure of the amino
acid precursor pool.25,29 Under the assumption of a steady-state with respect to apoA-I, the
FCR is considered equivalent to the fractional synthetic rate. ApoA-I production rate (PR)
was determined by the following formula:

17

Plasma volume was estimated as 4.5% of body weight.

Statistical Analyses
Data were analyzed with the SPSS statistical package version 12 (SPSS, Chicago, Ill).
Variables were analyzed for distribution and a logarithmic transformation was applied to
skewed variables. Statistically significant differences in mean values between phases were
assessed by paired Student t tests. Simple correlation analyses were performed with the
Pearson correlation coefficient method. P<0.05 was considered significant.
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Results
Compared with placebo, treatment with estrogen alone or with the estrogen and progestin
combination resulted in nonsignificant reductions in plasma total and LDL cholesterol levels
(Table 1). A significant increase in plasma HDL cholesterol levels, caused predominantly by
an increase in the HDL2 fraction, was observed during the CEE phase, compared with
placebo. Plasma HDL cholesterol levels were significantly lower during the combination
treatment than during the CEE treatment, but not significantly different from levels during
the placebo phase. Relative to placebo, plasma apoA-I levels were significantly increased by
CEE treatment and this effect was accompanied by a significant increase in the LpAI
fraction (Table 1). The addition of MPA to CEE resulted in a significant lowering in plasma
apoA-I levels and LpAI levels, compared with CEE. However, the CEE+MPA treatment
resulted in an increase in apoA-I levels compared with placebo, but this increase was
confined to the LpAI:AII subpopulation only.

ApoA-I kinetic studies were performed in all subjects at the end of each treatment phase.
Subject 7 did not complete the kinetic study during the placebo phase, but completed the
CEE and CEE+MPA kinetic studies. Therefore, analyses of apoA-I kinetics are shown only
for 7 subjects, unless otherwise specified. A similar rate of deuterated leucine incorporation
into apoA-I was observed during all 3 phases (Figure 1). Compared with placebo, the CEE
treatment significantly increased the apoA-I pool size (+20%, P=0.01), and this effect was
accompanied by a significant increase in apoA-I PR (+47%, P<0.05), partly offset by a
nonsignificant increase in apoA-I FCR (+20%, P=0.142) (Table 2). Compared with placebo,
the estrogen plus progestin treatment caused a modest elevation in apoA-I pool size (+9%,
P<0.04), but no significant changes in the rate of apoA-I production or catabolism.

To determine the effect of MPA on apoA-I kinetics in the context of estrogen replacement,
the CEE+MPA treatment phase was compared with the CEE phase. The significant
reduction in apoA-I pool size that was observed with MPA (−8%, P<0.02) was caused by a
significant reduction in apoA-I PR (−13%, P<0.04) (Table 2). No significant difference in
apoA-I FCR was observed between these 2 phases. Similar results were obtained when
subject 7, who had completed both the CEE and CEE+MPA kinetic studies, was included in
the analyses (N=8, apoA-I pool size: −10%, P<0.005; apoA-I FCR: −3%, P=0.328; and
apoA-I PR: −12%, P<0.03).

Correlation analyses indicated that the percent change in plasma apoA-I levels between the
placebo and the CEE phase was significantly correlated with the percent change in apoA-I
PR between these 2 phases (r=0.815, P<0.03) (Figure 2), but not with the percent change in
apoA-I FCR (r=0.652, P=0.113). No association of the percent change in apoA-I levels
between CEE and CEE+MPA with the percent change in apoA-I PR (r=0.220, P=0.585) or
apoA-I FCR (r=−0.265, P=0.526) was observed.

The apoA-I PR during the placebo phase was significantly and inversely correlated with the
percent change in apoA-I PR between the placebo and both the CEE (r=−0.833, P=0.02)
(Figure 3) and CEE+MPA phases (r=−0.962, P<0.001). Similar associations were observed
when the absolute change in apoA-I PR was used (data not shown). No associations were
observed for the percent changes in apoA-I FCR.

Plasma TG levels were not associated with apoA-I kinetic parameters during the placebo
phase. However, during the CEE and CEE+MPA phases, a significant positive association
between TG levels and apoA-I FCR was observed (r=0.788, P<0.02 and r=0.763, P<0.03,
respectively).
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Discussion
An inverse association between plasma levels of HDL cholesterol and the risk of developing
CHD has been firmly established by both epidemiologic and intervention studies.30–32 HDL
and apoA-I play an important role in the reverse cholesterol transport pathway by actively
promoting the efflux of excess cholesterol from peripheral tissues and delivering it to the
liver for excretion. According to the concept of reverse cholesterol transport, it is
conceivable that, by increasing plasma HDL levels through an increase in apoA-I synthesis,
a protection from the development of atherosclerotic plaques may occur. Studies in human
apoA-I transgenic mice and rabbits support this hypothesis.33,34 In humans, infusions with
reconstituted apoA-I liposome complexes have shown an increase in bile acids and neutral
steroids in the feces, compatible with the concept of increased excretion of cholesterol.35

Also, estrogen treatment in anovulatory women has been shown to result in increased biliary
cholesterol secretion.36

Our study clearly indicates that, in postmenopausal women, treatment with estrogen is
associated with an increase in plasma levels of HDL cholesterol and apoA-I caused by an
increase in the production of apoA-I. Whether this increase in apoA-I synthesis is beneficial
in terms of cardiovascular disease prevention is still unclear. Several placebo-controlled,
randomized, clinical intervention trials examining the role of unopposed estrogen on CHD
risk have been published; whereas the ERA13 and the WELL-HEART37 studies have failed
to show a reduction in coronary atherosclerosis progression with unopposed CEE and 17β-
estradiol, respectively, the EPAT study showed significantly lower rate of progression of
carotid intima-media thickness in post-menopausal women on 17β-estradiol than in women
on placebo.38 Nonsignificant reductions in CHD were observed with estrogen in the
ESPRIT study39 and, most recently, in the estrogen-only arm of the Women’s Health
Initiative study.40 The results of these clinical trials underscore the need for a clear answer
on the effect of unopposed estrogen on CHD risk. However, both primary and secondary
prevention randomized clinical trials have clearly indicated that the daily combination of
0.625 mg CEE and 2.5 mg MPA increases the risk of CHD in postmenopausal women.12–16

The combination HRT likely mediates an increase in CHD risk through an increase in
inflammation and thrombogenicity, but our study also suggests that the MPA component of
HRT has an effect on HDL synthesis and metabolism that may result in increased
atherosclerosis.

The increase in apoA-I levels and PR with unopposed estrogen treatment observed in our
study is in agreement with the results of three previous studies (Table 3). Schaefer et al41

have shown increased HDL protein synthesis in 4 premenopausal women after
administration of ethinyl estradiol. Walsh et al10 have shown in 8 postmenopausal women
that the estrogen-related increase in apoA-I PR is mostly confined to the HDL2 fraction
(Table 3). Similarly, Brinton11 has demonstrated that the HDL fraction containing only
apoA-I (LpAI) is significantly increased during estrogen treatment caused by increased
apoA-I PR in this fraction (Table 3). Modest and nonsignificant increases in apoA-I FCR
were noted in the latter 2 studies and in the current study. Our results, together with those of
these three previous clinical studies, are supported by in vitro experiments showing that
hepatic cells grown in the presence of estradiol express apoA-I at significantly higher levels
than control cells, because of an activation of the transcription of the apoA-I gene.42,43 A
reduction in apoA-I FCR with estrogen treatment was instead observed by Hazzard et al44 in
1 postmenopausal woman with hyperalphalipoproteinemia. Similarly, Quintao et al9 showed
a significant reduction in apoA-I FRC in 7 postmenopausal women after a 4-month
treatment with estradiol, but these results could have been affected by the prolonged storage
of the autologous 125I-labeled HDL injected in the estrogen phase. Therefore, the
discrepancy in results between these two latter studies and the previous studies may be
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attributed to sample preparation, individual variation in response to estrogen treatment, or to
alterations in HDL particle during the process of radioiodination, which may lead to
abnormal HDL clearance.45

To our knowledge, this study is the first to identify the mechanism for the reduction in HDL
cholesterol levels associated with the use of a progestin in HRT. To date, 1 study has
examined the effect of stanozolol, an anabolic androgenic steroid, on apoA-I metabolism.
When stanozolol was administered to four postmenopausal women, a significant effect was
shown on apoA-I mass (−55%, P<0.04), with a trend toward both a reduction in PR (−35%,
P=0.07) and an increase in FCR (+62%, P=0.08).46 Therefore, it may be hypothesized that
androgenic property of MPA is responsible for the observed reduction in apoA-I PR.

Even though this and other studies have documented an effect of estrogen on apoA-I
metabolism, the overall effect of estrogen or progestin on the reverse cholesterol transport
pathway in humans is not known. In rodents, estrogen treatment causes significant increases
in hepatic mRNA levels for ABCA147 and significant reductions in hepatic SR-BI
expression.48 No information is available on the effect of HRT components on ABCA1 and
SR-BI in vascular cells.

In our study, the increase in apoA-I PR during HRT, expressed as both percent and absolute
change, was inversely associated with the apoA-I PR measured during the placebo phase.
This may suggest a greater response in subjects with lower HDL cholesterol levels.
However, the clinical significance and the nature of this association remain to be
established.

HRT is known to increase plasma TG levels. A nonsignificant increase in plasma TG levels
during the CEE and CEE+MPA phases (+16% and +12%, respectively) was observed in
subjects participating in our study. The significant association between plasma TG levels
and apoA-I FCR during the CEE and CEE+MPA phases is probably explained by transfer of
TG molecules to HDL, with subsequent increased susceptibility of HDL to catabolism.49

Therefore, the estrogen-related increase in plasma TG levels may contribute to the observed
trend toward an increased apoA-I FCR during estrogen treatment. In contrast with our study,
a decrease in plasma TG levels during HRT treatment with CEE and micronized
progesterone has been observed by Wolfe et al.50

The relatively small sample size of our study is a limitation shared by the great majority of
previously published apo A-I kinetic studies45 and may have been associated with a type II
error, thereby reducing our ability to detect smaller differences than those detected. A larger
sample size may have enabled us to detect a statistically significant effect of estrogen
treatment on apoA-I FCR, possibly mediated by the increase in TG levels.

Our study clearly indicates that the increase in apoA-I levels after replacement with estrogen
alone is caused by an increase in apoA-I production and that the addition of a progestin
counteracts the estrogen-mediated increase in apoA-I levels and production rate.
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Figure 1.
Mean (±SD) leucine tracer/tracee ratios in apoA-I during the placebo (black square), CEE
(black circle), and CEE+MPA (white circle) phases.
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Figure 2.
Association of the percent changes in plasma apoA-I levels with the percent changes in
apoA-I production rates between the placebo and the CEE phases.
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Figure 3.
Association between placebo apoA-I PR and percent changes in apoA-I PR (placebo vs
CEE).
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