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Background and aims: Preeclampsia (PE) is associated with life-long increased risk of cardiovascular
disease. One of the main protective functions of high-density lipoprotein (HDL) is its role in reverse
cholesterol transport. HDL-mediated cholesterol efflux capacity (CEC) is decreased during pregnancy in
women with PE. Whether this persists postpartum is unknown.
Methods: Basal and transporter-specific CEC were determined 6 months postpartum in women who had
a normotensive (n ¼ 44) or a PE (n ¼ 42) pregnancy. CEC was also measured in 23 normotensive and
20 PE women for whom samples were collected 24 months postpartum. Basal, ATP-binding cassette
transporter-A1 (ABCA1)- and -G1 (ABCG1)-specific CEC were primarily determined using Chinese
hamster ovary cells stably expressing human ABCA1 or ABCG1, and were also assessed using a J774
mouse macrophage cell line.
Results: ABCA1-specific CEC was significantly lower in women who had PE 6 months postpartum
(0.57 ± 0.1 vs 0.53 ± 0.08; p < 0.05), whilst basal and ABCG1-specific efflux were not significantly
different. cAMP-specific CEC in J774 cells was also lower 6 months after PE (0.85 ± 0.21 vs 0.75 ± 0.25,
p < 0.05). Although apoA-I, apoE, plasminogen and PON-1 levels were not significantly different in
women who had PE compared with controls, ABCA1 efflux did correlate with apoA-l, HDL-C and apoE
levels after a normal, and with apoA-l and HDL-C levels after a PE pregnancy. ABCA1-specific efflux
decreased in all women between 6 and 24 months postpartum, by 11 ± 1.6% in women who had a
normotensive pregnancy and 9 ± 1.3% in women who had PE. After adjustment for apoA-I levels, there
was no significant difference in ABCA1-specific efflux between the groups at 6 months postpartum and
in normotensive women over time, but remained significantly different between 6 and 24 months in
women who had PE.
Conclusions: ABCA1-mediated CEC is impaired 6 months postpartum after a PE pregnancy and decreases
thereafter in both normotensive and PE pregnancies. ABCA1-mediated efflux is dynamic after pregnancy
but is unlikely to explain the long-term increased CVD risk in women with PE.
© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Introduction

Women with a history of preeclampsia (PE) have a long-term
increased risk of cardiovascular disease (CVD) compared to
women who had a normotensive pregnancy [1e3]. Meta-analysis
and cohort studies indicate that this risk is increased 2-fold and
is evident within 10 years after pregnancy, i.e. still at an early stage
in life, interacts with established risk factors, and lasts a lifetime
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[1,4e7]. Women who have experienced PE also show an increased
incidence of hypertension, diabetes and dyslipidemia, all thought
to contribute to the increased risk of CVD. Although it has been
suggested that endothelial damage associated with PE may underly
vascular disease, it is unclear whether PE independently increases
cardiovascular risk or whether the unfavorable risk profile already
exists in women who later develop PE.

The dyslipidemia of PE is similar to that of the metabolic syn-
drome with elevated triglycerides and low HDL-cholesterol (HDL-
C) levels [8e10] although this is not observed in all populations.
Somewomenwith PE only show increased triglycerides, and others
have similar lipid profiles to women with a normotensive preg-
nancy [11,12].

Recent studies have suggested that HDL function is a better
predictor of CVD risk than HDL concentration [13]. The main pro-
tective function of HDL is believed to be its role in reverse choles-
terol transport (RCT). In RCT, HDL removes cholesterol from
macrophages within the arterial wall and delivers it to the liver for
excretion via the bile and faeces, thereby inhibiting atherosclerotic
plaque formation and progression. It is now recognized that the
capacity of HDL to stimulate cholesterol efflux frommacrophages is
a strong predictor of CVD risk [14,15].

Cholesterol efflux from cholesterol-enriched macrophages is
mediated by three processes: a) aqueous diffusion (“Basal efflux”),
b) ATP-binding cassette transporter A1 (ABCA1)-mediated efflux,
and c) ATP-binding cassette transporter G1 (ABCG1)-mediated
efflux [16]. ABCA1-mediated transport functions most efficiently
with small HDL species while the diffusion and ABCG1-mediated
transport favour larger HDL particles [17e19]. One study has
explored cholesterol efflux capacity (CEC) in relation to PE, exam-
ining total (whole serum) and HDL (apoB-depleted serum) CEC
prior to delivery [20]. Total and HDL-mediated CEC were increased
in women with PE whilst ABCA1-specific efflux was decreased,
suggesting that pathways other than ABCA1 may play a part in
HDL-mediated CEC in womenwith PE. Whether these observations
persist long-term was not investigated.

In the present study we have investigated transporter-specific
CEC inwomen after a pregnancy complicated by PE at 6months and
24 months postpartum.
Patients and methods

Subjects

Women were selected from a larger cohort previously reported
(The P4 study; [10]). All patients had anthropomorphic variables,
clinical history, routine and 24hr blood pressure (BP) measures and
routine biochemical analyses undertaken (Tables 1 and 3 and
Supplementary Tables S1 and S2 and S3). Self-reported lifestyle and
pharmacological data were obtained using questionnaires. None of
the women included in this study were taking lipid-lowering
medication such as statins or fibrates. The study protocol con-
forms to the ethical guidelines of the 1975 Declaration of Helsinki.
All subjects were recruited with approval of the South Eastern
Sydney Local Health District Human Research Ethics Committee
(HREC ref no. 12/195 HREC/12/POWH/395), and written informed
consent was obtained from all subjects. Based on sample size cal-
culations (see below) CEC was determined 6 months postpartum in
44 women following a normotensive and 42 women following PE
pregnancy (Group 1). Subgroups of 23 women who had a normo-
tensive pregnancy and 20 women who had a PE pregnancy from
whom blood samples had also been collected at 24 months post-
partum were analysed for change between 6 and 24 months
postpartum (Group 2).
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Laboratory analyses

Fasting peripheral blood samples were used for biochemical
analysis. Serum glucose, cholesterol, triglycerides, HDL-C, urate and
urine creatinine were analysed by autoanalyser on a Roche Cobas
8000. LDL cholesterol was calculated using the Friedewald equation
[21]. Creatinine was analysed by the ID-MS traceable enzymatic
method on the Roche Cobas 8000. Urine albumin and apoA-I
(APOAT) were analysed by immunoturbidimetry. Insulin was
measured by immunoassay on Roche Cobas e602. Glycated hae-
moglobin (HbA1c) was analysed by ion exchange HPLC on a BIO-
RAD D-10. Estimated glomerular filtration rate (eGFR) was esti-
mated with the CKD-EPI formula [22] and haemoglobin was
measured on a Beckman DxH 800 analyser. The HOMA score was
calculated from fasting insulin and glucose concentrations [23].
ApoE, plasminogen and paraoxonase 1 levels (PON1) in PEG
precipitated seraweremeasured using an in house and commercial
ELISAs from Abcam and Thermofisher, respectively.

Cholesterol efflux capacity (CEC)

ApoB-depletion from the serum was achieved as described
previously [17,24]. Chinese hamster ovary (CHO) cells stably
expressing tetracycline-inducible ABCA1 were used to determine
ABCA1-specific cholesterol efflux [17,24]. ABCA1-dependent efflux
was calculated as the difference in efflux rates between cells
incubated with (ABCA1-expressing) and without tetracycline (basal
efflux).

ABCG1-mediated efflux was determined using an ABCG1-CHO
cell line which expresses human ABCG1 constitutively [25]. Efflux
is compared to that from the parental CHO cell line, in which
endogenous ABCG1 expression is not detectable. ABCG1-specific
efflux was calculated as the difference in efflux rates between
ABCG1-CHO cells and the non-transfected control parental cell line.

J774A.1 (ATCC TIB-67™) cells were maintained in DMEM con-
taining 10% heat-inactivated foetal bovine serum. Cells were seeded
into 24-well plates at 50 000 cells per well and left to adhere for
24 h. Cells were then incubated in complete medium containing
1mci/mL [3H]-cholesterol and 1 mM SZ58035 to inhibit acyl-
coenzyme A:cholesterol acyltranferase (ACAT). After 24 h, cells
were equilibrated for a further 24hr in serum-free medium con-
taining 0.2% (w/v) BSA/ACAT inhibitor (SZ 58 035)/10 mM
HEPES ± 0.3 mM cpt-cAMP (Sigma). Efflux was performed over 4 h
inmedia containing ACAT inhibitor± 0.3mM cpt-cAMP. Total efflux
is that measured from cells incubated with cAMP. cAMP-inducible
efflux is the difference in efflux rates measured between cells
incubated ± cAMP.

A standard reference serum was included on every plate to
adjust for intra- and inter-assay variability. Intra-assay variability
was 4.7%, 4.2%, 9.8%, 8.2%, 5.3% and 12.5% for basal-CHO, ABCA1-
specific, ABCG1-specific, J774-basal, J774-total and J774-cAMP-
specific efflux, respectively. Inter-assay variability was 12.0%, 4.1%,
16.3%, 7.9%, 15.3% and 26.9% for basal-CHO, ABCA1-specific, ABCG1-
specific, J774-basal, J774-total and J774-cAMP-specific efflux,
respectively. Efflux to individual patient samples was normalized to
the efflux rate of this standard serum.

Statistical analysis

To determine the sample size required to detect a 10% difference
in CEC, CEC (basal and ABCA1-specific) was measured in 10
normotensive women 6 months postpartum. Power calculations
(error 0.05 and 80% power) indicated a group size of 37, and
therefore a minimum of 40 normotensive and PE pregnancy sam-
ples were analysed.



Table 1
Subject characteristics 6 months postpartum.

Reference values N (n ¼ 44) PE (n ¼ 42) p

Age (yrs) e 32.4 ± 4.7 31.4 ± 4.8 0.29
BMI 18.5e24.9 23.5 [21.1e27.6] 25.6 [22.1e28.2] 0.11
Cholesterol (mmol/L) �5.5 4.7 ± 0.8 4.5 ± 0.9 0.35
LDL-C (mmol/L) �3.0 2.7 ± 0.8 2.6 ± 0.8 0.50
Triglycerides (mmol/L) �2.0 0.5 [0.4e0.8] 0.7 [0.5.-1.0] 0.08
HDL-C (mmol/L) �1.2 1.7 ± 0.4 1.5 ± 0.4 0.10
Glucose (mmol/L) 3.0e5.4 4.7 ± 0.4 4.8 ± 0.4 0.49
Insulin (mU/L) 2.6e24.9 5.2 [3.3e7.1] 6.7 [4.3e9.5] 0.06
HbA1C (%) �6.5 5.2 ± 0.4 5.2 ± 0.3 0.35
HOMA score n/a 1.1 [0.8e1.5] 1.1 [0.9e2.1] 0.18
Creatinine (mmol/L) 45e90 64.7 ± 10.1 63.1 ± 10.2 0.47
eGFR (mL/min) �60 100 [100-100] 100 [100-100] 0.91
Urate (mg/dL) 0.14e0.34 0.27 [0.23e0.32] 0.29 [0.25e0.32] 0.14
Urine albumin/creatinine (mg/g) <3.5 0.0 [0e0.7] 0.8 [0e2.2] <0.001
Haemoglobin (g/dL) 115e165 132 ± 9 129 ± 11 0.17
Plasminogena (mg/mL) n/a 62.5 ± 17.1 66.1 ± 19.9 0.16
ApoA-I (g/L) 1.05e2.05 1.5 ± 0.2 1.4 ± 0.2 0.07
ApoEa (mg/dL) n/a 0.7 ± 0.2 0.6 ± 0.2 0.19
ApoE/HDL-Ca n/a 0.4 ± 0.1 0.5 ± 0.2 0.58
PON-1 (ng/mL)b n/a 3.4 [1.3e7.2] 3.1 [2.4e4.1] 0.97

N: normotensive pregnancy, PE: preeclampsia, BMI: body mass index, LDL-C: low density lipoprotein-cholesterol, HDL-C: high density lipoprotein-cholesterol, HbA1C:
haemoglobin A1c, HOMA: homeostatic model assessment; eGFR: estimated glomerular filtration rate; apoA-I: apolipoprotein A-1; apoE: apolipoprotein E, PON-1: para-
oxonase-1; n/a: not applicable. aplasminogen and apoE levels were determined in PEG-precipitated serum n ¼ 30 for each group. bPON-1 levels were determined in PEG
precipitated serum for all subjects. Data presented are Mean ± SD or median [first and third quartiles].

Table 2
Correlations between ABCA1-specific efflux and biochemical parameters 6 months
postpartum.

N PE

coefficient p coefficient p

Age 0.12 0.43 �0.13 0.42
BMI �0.19 0.22 �0.02 0.92
Cholesterol �0.03 0.82 0.19 0.24
LDL-C �0.08 0.63 0.14 0.38
Triglycerides �0.09 0.57 �0.02 0.92
HDL-C 0.42 0.005 0.36 0.02
Glucose �0.23 0.12 �0.20 0.21
apoA-I 0.54 0.0002 0.35 0.03
Insulin �0.26 0.08 �0.18 0.27
HbA1C �0.05 0.76 �0.01 0.94
plasminogen 0.03 0.87 0.31 0.10
apoE 0.42 0.02 0.22 0.24
PON-1 �0.12 0.46 0.05 0.77

N: normotensive pregnancy, PE: preeclampsia, BMI: body mass index, LDL-C: low
density lipoprotein-cholesterol, HDL-C: high density lipoprotein-cholesterol,
HbA1C: haemoglobin A1c; apoA-I: apolipoprotein A-1; apoE: apolipoprotein E,
PON-1: paraoxonase-1; n/a: not applicable. Pearson and Spearman correlation co-
efficients are shown for parametric and non-parametric data, respectively.
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Data were summarized as frequencies and percentages for cat-
egorical variables. Continuous variables were presented at
mean ± SD or median [first and third quartiles] as appropriate.
Comparison between previously normotensive and PE women was
based on unpaired t-test (parametric distribution) or Mann-
Whitney test (non-parametric distribution) as appropriate, and a
paired t-test or Wilcoxon test was used for comparison between 6
and 24 months within each group. A two-tailed p value of <0.05
was used as a cut-off for statistical significance. Pearson or
Spearman correlation coefficients were used as appropriate to
assess associations between parameters. A general linear model
was used to compare differences in CEC adjusted for apoA-I. All
analyses were performed using Graphpad Prism 6 and SPSS.
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Results

The subject characteristics of women 6months postpartumwho
had a normotensive pregnancy and women who had a PE preg-
nancy are shown in Table 1. In this subcohort, womenwith PE were
of same age, but, in contrast to the larger cohort [10], had a similar
BMI and lipid profile to women with a normotensive pregnancy
although there was a trend for higher triglycerides (p ¼ 0.08) and
plasma insulin levels (p ¼ 0.06), and lower apoA-I levels (p ¼ 0.07)
in women who had had PE. It should be noted that BMI of women
who had PE was slightly above the normal range (Table 1). These
women also had higher systolic blood pressure (114 ± 13 vs.
106 ± 11 mmHg; p ¼ 0.004), higher diastolic blood pressure (72 ± 8
vs. 65 ± 7; p < 0.001), gave birth earlier (37 ± 2 vs. 39 ± 1 weeks
gestation, p < 0.0001), had more babies born preterm (31% vs. 2%,
p < 0.001), and had smaller babies (2.7 ± 0.6 kg vs. 3.4 ± 0.5,
p < 0.0001; Table S1), as observed in the larger cohort [10]. Lifestyle
habits (smoking and exercise regime) were similar between the
groups whilst more women with PE took medication to control
blood pressure and a small percentage of women with a normo-
tensive pregnancy were treated to prevent asthma and were taking
fish oil (Table S1).

Circulating HDL-C levels at 6 months postpartum were similar
(1.7 ± 0.4 vs. 1.5 ± 0.4 mmol/L, p ¼ 0.10) in women who had a
normotensive pregnancy and women who had PE (Table 1). Basal
(Fig. 1A and C), and ABCG1-specific CEC (Fig. 1D) were also similar.
ABCA1-specific cholesterol efflux however, was 7 ± 3% lower at 6
months postpartum (0.57 ± 0.09% vs 0.53 ± 0.08% p ¼ 0.03) in
women who had PE than in women who had a normotensive
pregnancy (Fig. 1B). These findings were confirmed using J774A.1
macrophages, which use cAMP to induce ABCA1 expression [26]
and demonstrated no difference in basal CEC but lower cAMP-
specific efflux in women who had PE (0.85 ± 0.21 vs.
0.75 ± 0.25%, p ¼ 0.04) (Fig. 2).

As plasma plasminogen has been reported to contribute to
ABCA1-mediated CEC [27], and some studies have investigated



Table 3
Subject characteristics 6 and 24 months.

Reference values N 6 months (n ¼ 23) N 24 months (n ¼ 23) PE 6 months (n ¼ 20) PE 24 months (n ¼ 20)

Age (yrs) e 33.1 ± 4.0 34.4 ± 4.0 31.5 ± 4.0 33.1 ± 3.9
BMI 18.5e24.9 24.2[22.3e28.5] 24.9[21.6e28.3] 25.6[21.2e28.3] 24.7[20.9e28.4]
Cholesterol (mmol/L) �5.5 4.8 ± 0.7 4.6 ± 0.8 4.8 ± 1.0 4.4 ± 0.8**
LDL-C (mmol/L) �3.0 2.8 ± 0.8 2.7 ± 0.8 2.9 ± 0.9 2.5 ± 0.8**
Triglycerides (mmol/L) �2.0 0.6[0.5e0.9] 0.7[0.5e1.0] 0.7[0.4e1.1] 0.7[0.5e0.9]
HDL-C (mmol/L) �1.2 1.7 ± 0.5 1.5 ± 0.4* 1.6 ± 0.3 1.5 ± 0.3
apoA-I (g/L) 1.05e2.05 1.5 ± 0.3 1.5 ± 0.2 1.5 ± 0.2 1.5 ± 0.2
Glucose (mmol/L) 3.0e5.4 4.7[4.3e5.0] 4.7[4.5e5.0] 4.7[4.4e4.9] 4.6[4.3e4.9]
Insulin (mmol/L) 2.6e24.9 5.8[3.3e7.5] 7.0[5.2e8.7]* 5.1[2.9e7.7] 5.4[3.9e9.4]
HbA1C (%) �6.5 5.1[4.9e5.4] 5.2[4.9e5.4] 5.2[5.0e5.4] 5.1[5.0e5.4]
HOMA score n/a 1.2 [0.6e1.4] 1.5[1.1e1.9]* 1.0[0.9e2.4] 1.1[0.8e2.0]
Creatinine (mmol/L) 45e90 61.2 ± 7.4 63.5 ± 9.1 63.6 ± 10.2 61.3 ± 8.8
eGFR (mL/min) �60 100[100-100] 100[100-100] 100[100-100] 100[100-100]
Urate (mg/dL) 0.14e0.34 0.28 ± 0.1 0.28 ± 0.1 0.30 ± 0.1 0.27 ± 0.1
Urine albumin/creatinine (mg/g) <3.5 0[0e0.4] 0[0e0.4] 0.3[0e1.9] 0.4[0e1.6]
Haemoglobin (g/dL) 115e165 133 ± 9 131 ± 8 128 ± 7 130 ± 7

N: normotensive pregnancy, PE: preeclampsia, BMI: body mass index, LDL-C: low-density lipoprotein-cholesterol, HDL-C: high-density lipoprotein-cholesterol, apoA-I:
apolipoprotein A-I, HbA1C: haemoglobin A1c. HOMA: homeostatic model assessment; eGFR: estimated glomerular filtration rate. All data is mean ± SD or median [first
and third quartiles]. *p < 0.05, 6 months v 24 months, **p < 0.01, 6 months v 24 months; Wilcoxon test.

Fig. 1. Six months after giving birth, ABCA1-specific efflux is impaired in women with a history of PE. 3H-cholesterol efflux in women with a normotensive pregnancy (N;
n ¼ 45) and women with a PE pregnancy (PE; n ¼ 42) was determined using ABCA1-or ABCG1-expressing CHO cells as described in Methods. Basal efflux (A and C) for both cell
systems, ABCA1-specific efflux (B) and ABCG1-specific efflux (D). Data is mean ± SD. *p ¼ 0.03. Note data in panels A and C represent basal data for panels B and D respectively.
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urinary plasmin/plasminogen as a marker or predictor of PE [28],
plasminogen levels were determined in PEG sera used for CEC as-
says. Plasminogen levels did not significantly differ between
women who had a normotensive pregnancy and women with PE
(Table 1), nor did plasminogen levels correlate with ABCA1-specific
efflux (r ¼ 0.17; ns).

A previous study has linked increased maternal apoE concen-
trations to differences in CEC in women with PE [20], whilst others
have suggested that apoE associated with HDL may inhibit ABCA1-
specific efflux [29]. We therefore determined apoE levels in PEG-
precipitated serum. We found that neither apoE levels nor apoE/
HDL-C ratios differed significantly in women who had a normo-
tensive pregnancy and women who had PE (Table 1).
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ApoA-I levels were not different at between women who had a
normotensive pregnancy compared towomenwho had PE (Table 1)
but did correlate with ABCA1-specific efflux at 6 months within
each group (Table 2). PEG-apoE levels correlated with ABCA1-
specific efflux in women who had a normotensive pregnancy but
not in women who had PE (Table 2).

Several studies indicate that increased oxidative stress,
decreased antioxidant activity and endothelial dysfunction persist
and are observedmany years after giving birth inwomenwho had a
PE pregnancy [30,31]. Decreased anti-oxidant activity by PON-1, an
HDL associated protein, has been observed in women with PE
(38.39) and is associated with decreased CEC in women with dia-
betes [32]. We therefore investigated whether PON-1 was



Fig. 2. Six months after giving birth, cAMP-specific efflux is impaired in women with a history of PE. 3H-cholesterol efflux in women with a normotensive pregnancy (N;
n ¼ 45) and women with a PE pregnancy (PE; n ¼ 42) was determined using J774A.1 as described in Methods. Basal efflux (A), total efflux (B) and cAMP-specific efflux. Data is
mean ± SD. *p ¼ 0.04.
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associated with reduced ABCA1-mediated cholesterol efflux in
womenwho had PE. Levels of PON-1 were similar betweenwomen
who had a normotensive pregnancy and women who had a preg-
nancy associated with PE 6 postpartum (Table 1) and did not
correlate with ABCA1-specific CEC (Table 2).

In order to investigate whether ABCA1-specific CEC was dy-
namic after pregnancy, CEC was also determined at 24 months in a
subgroup of women for whom both 6 and 24 months postpartum
samples were available. Subject characteristics for these groups are
shown in Tables 3, S2 and S3.

Although, HDL-C levels were similar between women with a
previous normotensive pregnancy and women with previous PE at
6 and 24 months, they decreased in both groups over time (from
1.7 ± 0.5 to 1.5 ± 0.4 mmol/L, p ¼ 0.02 in normotensive, and non-
significantly from 1.6 ± 0.3 to 1.5 ± 0.3 mmol/L, p ¼ 0.18 in the PE
group) (Table 3). In contrast, apoA-I levels remained similar over
time (1.5 ± 0.3 vs 1.5 ± 0.2 g/L, p ¼ 0.44 in normotensive, and
1.5 ± 0.2 vs 1.5 ± 0.3 g/L, p ¼ 0.83 in PE group). Insulin levels and
HOMA score increased significantly between 6 and 24 months only
in women who had a normotensive pregnancy (Table 3). Total
plasma cholesterol and LDL-C levels were lower at 24 months
compared to 6 months only in women who had PE (Table 3).
Women who had a normotensive pregnancy were taking more
supplements 6 months postpartum compared to women who had
PE (Table S3). Over time, these women decreased their intake of
supplements such as multivitamins and fish oil whilst womenwho
had PE started to use supplements such as iron (Table S3). There
were no differences between medication intake between the
groups 6 months postpartum. At 24 months a fewwomenwho had
PE were taking medication for asthma and allergies and compared
to the group of normotensive women, morewomen in the PE group
were on blood pressure medication and less women were taking
oral contraceptives (Table S3).

ABCA1-specific CEC decreased substantially between 6 and 24
months, by 11 ± 1.6% in women who had a previous normotensive
pregnancy (p ¼ 0.04), and by 9 ± 1.3% in women who had PE
(p ¼ 0.01) (Fig. 3). In this subgroup of 23 women, ABCA1-specific
CEC was non-significantly different at 6 months (0.563 ± 0.11 vs
0.548 ± 0.07); p ¼ 0.61), and was almost identical at 24 months
(0.51 ± 0.09 vs 0.50 ± 0.07; p ¼ 0.84). ABCA1-specific CEC showed
moderate positive correlations at 6 and 24 months with HDL-C,
which did not reach significance, and stronger correlations for
apoA-I levels (Table 4). The change between 6 and 24 months in
plasma HDL-C correlated significantly with the change in ABCA1-
specific CEC in women with a normotensive pregnancy (r ¼ 0.58;
p ¼ 0.004), and correlated more weakly and was not significant in
women who had had PE (r ¼ 0.37; p ¼ 0.11). Basal efflux did not
change over time in either group (Fig. 2) and was not different
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between the two groups (0.91 ± 0.09 vs 0.95 ± 1.0; p ¼ 0.26).
After adjustment for apoA-I levels, ABCA1-specific CEC at 6

months postpartum remained lower in women who had PE, how-
ever the difference no longer reached statistical significance
(0.56 ± 0.01 v 0.54 ± 0.01 p ¼ 0.15). The comparison between
ABCA1-specific CEC at 6 and 24 months after adjustment for apoA-I
was 0.56 ± 0.02 v 0.52 ± 0.02 (p ¼ 0.15) for women with a
normotensive pregnancy and 0.55 ± 0.01 v 0.50 ± 0.01 p ¼ 0.03 for
womenwith a PE pregnancy. These results suggest that postpartum
ABCA1-mediated CEC is at least in part related to apoA-I levels,
especially in women who had a normotensive pregnancy. In
women who had PE, other factors contribute to changes in post-
partum ABCA1-specific efflux.
Discussion

Preeclampsia markedly increases the risk of cardiovascular
disease later in life. Recently, it was shown that ABCA1-specific
cholesterol efflux was decreased during pregnancy in women
with PE [20], however whether this persists after pregnancy is
unknown. We have identified that ABCA1-specific efflux, but not
ABCG1-specific efflux, is impaired inwomenwith PE 6months after
having given birth and decreases between 6 and 24 months post-
partum inwomenwho have had normotensive and PE pregnancies.
These findings clarify that impaired HDL functionality in PE is
specific to the ABCA1 transporter, persists for at least 6 months
postpartum, and is dynamic.

Although pregnancy is associated with profound changes in li-
poprotein levels and changes in LDL and HDL subclasses [33,34],
very few studies have investigated these changes over time during
and after birth, especially comparing PE pregnancies versus
normotensive pregnancies. Women who had a PE pregnancy
generally show higher BMI, elevated circulating cholesterol, tri-
glycerides, LDL-C levels, low HDL-C and higher apoB/apoA-I ratios
years after giving birth, though this is not observed in all studies
[35]. The differences in reported findings are likely related to dif-
ferences in prepregnancy BMI as most of the differences in lipids
are attenuated when prepregnancy BMI is taken into account [9].

In our study, women who had had PE had similar BMI, tri-
glycerides, total cholesterol, LDL-C and HDL-C levels to womenwho
had a normotensive pregnancy, though these similarities may have
reflected a type 2 error as differences existed in the larger cohort of
the P4 study [10]. Although HDL-C levels were similar between the
two groups, they decreased over time in both groups (from 1.7 ± 0.5
to 1.5 ± 0.4 mmol/L, p ¼ 0.02 in normotensive, and non-
significantly from 1.6 ± 0.3 to 1.5 ± 0.3 mmol/L, p ¼ 0.18 in PE
group), whilst apoA-I levels remained similar in both groups over
time suggesting changes in HDL particle composition in women



Fig. 3. Basal and ABCA1-specific efflux decreases over time in women who had a normotensive pregnancy and women who had a PE pregnancy. 3H-cholesterol efflux in
women who had a normotensive pregnancy (N; n ¼ 23) and women who had a PE pregnancy (PE; n ¼ 20) was determined using ABCA1-CHO cells as described in the method
section. Basal (A and B) ABCA1-specific efflux (C and D) in women with a normotensive pregnancy (A and C) and women with PE (B and D). Data is mean ± SD. *p < 0.05, paired t-
test.

Table 4
Correlations between ABCA1-specific efflux and biochemical parameters (Group 2).

N 6 months N 24 months PE 6 months PE 24 months

Age 0.35 0.09 �0.05 �0.29
BMI 0.005 �0.17 0.18 �0.17
Cholesterol 0.33 0.34 0.35 0.55*
LDL-C 0.07 0.10 0.20 0.34
Triglycerides �0.15 0.18 0.11 0.31
HDL-C 0.36 0.41 0.33 0.33
ApoA-I 0.43* 0.45* 0.42 0.69**
Glucose �0.26 �0.11 0.21 0.15
Insulin ¡0.50* �0.17 0.13 �0.15
HbA1C 0.29 0.16 0.04 �0.09

N: normotensive pregnancy, PE: preeclampsia, BMI: body mass index, LDL-C: low
density lipoprotein-cholesterol, HDL-C: high density lipoprotein-cholesterol,
HbA1C: haemoglobin A1c; apoA-I: apolipoprotein A-1. Pearson and Spearman
correlation coefficients are shown for parametric and non-parametric data,
respectively. *p < 0.05, **p < 0.01.
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who had a normotensive pregnancy. ABCA1-specific efflux was
impaired in women with previous PE at 6 months postpartum,
extending previous findings by Mistry et al. [20], who observed
impaired ABCA1-mediated efflux just before giving birth. ABCA1-
mediated efflux decreased in all women between 6 and 24
months, and there was a correlation with the change in plasma
HDL-C especially in women with a normotensive pregnancy, sug-
gesting that changes in HDL levels may have contributed to the
decrease in CEC. As HDL-C levels were similar between formerly
normotensive and PE women at 6 months postpartum, the differ-
ences in ABCA1-efflux between these groups suggest HDL
17
functional impairment in women with PE. Detailed analysis of HDL
particle subpopulation over time after normotensive and PE preg-
nancies would be warranted for future studies.

We and others have shown that HDL size is a key determinant of
ABCA1-mediated efflux in other patients groups [19,24]. Whether
decreased ABCA1-mediated efflux in women with PE relates to
changes in HDL composition or size is unclear. ABCA1-mediated
cholesterol efflux is mainly driven by small lipid-poor preb-HDL
particles [36] which are formed in the initial steps in HDL synthesis
and during remodelling of mature HDL particles by enzymes such
as hepatic lipase (HL), lipoprotein lipase (LPL) and cholesteryl ester
transfer protein (CETP). Lipid-poor preb-HDL particles also accu-
mulate under conditions of lecithin:cholesterol acyl-transferase
(LCAT) deficiency due to impaired HDL maturation [37]. There are
few studies investigating HDL subpopulations or remodelling en-
zymes in pregnancy. CETP activity is dynamic during pregnancy
being highest during the second semester, decreasing during the
third semester and reaching normal levels a few weeks after giving
birth [38e40]. Lipase activity decreases during the second and third
semester returning to normal levels postpartum [40] whilst LCAT
activity increases in the third semester [41]. Additional studies
showdecreased LCATactivitywithin 48 h after birth inwomenwith
PE [42]. These studies also indicate a shift to larger HDL2 particles
during pregnancy and a subsequent shift to smaller HDL3 particles
during late pregnancy and within a few weeks of giving birth
[34,39,40]. Alterations in HDL size, particular that of preb-HDL have
not been explored long-term after pregnancy nor in women with a
pregnancy associated with PE. In the only study to have reported
long term lipoprotein particle changes after pregnancy, PE was
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associated with increased large HDL particle concentrations up to 9
years after delivery [43]. However, since this analysis also included
womenwith type 1 diabetes the effect of PE specifically on particle
changes and levels of preb-HDL remains unknown.

Our data using a CHO-ABCA1 overexpression system were
confirmed using mouse J774A.1 macrophages. Previous studies,
using this system, have linked total CEC (basal þ cAMP-stimulated)
with increased risk of CVD [44,45]. Basal and total CEC were similar
between women who had a normotensive pregnancy and women
who had PE 6 months postpartum, whilst cAMP-specific efflux was
decreased in women with previous PE in line with our data using
ABCA1-CHO cells. Basal efflux using J774A.1 cells correlated
moderately with basal efflux using CHO cells (r ¼ 0.56; p < 0.0001)
and cAMP-specific efflux correlated with ABCA1-specific efflux
(r ¼ 0.41; p < 0.0001) indicating that cAMP-specific efflux is only
partly explained by ABCA1-mediated efflux. These results point to a
specific impairment of ABCA1-mediated efflux in women who had
a PE pregnancy which is most likely not related to an increased risk
of cardiovascular disease.

We investigated whether plasminogen or apoE might modulate
ABCA1 efflux in women with PE. Previous studies have indicated
that plasma plasminogen (non-HDL bound) is a strong mediator of
ABCA1-specific efflux, and more recently Sacks et al. [46] reported
that HDL subspecies containing plasminogen are associatedwith an
increased risk of coronary artery disease. Very early reports
observed decreased plasma levels of plasminogen in women with
PE [47], however more recent studies have found that urine albu-
min has a stronger association with PE than does urinary plasmin/
plasminogen [28]. We determined total plasminogen levels in PEG-
precipitated serum used for CEC analysis, which included HDL-
bound as well as non-HDL bound plasminogen, and found no dif-
ference betweenwomenwith a normal and PE pregnancy (Table 1).
A previous study has linked increased maternal apoE concentra-
tions to differences in CEC in women with PE [20], whilst others
have suggested that apoE associated with HDL may inhibit ABCA1-
specific efflux [29]. In our cohort, apoE levels and apoE/HDL-C ra-
tios in PEG-precipitated serum were similar between women who
had a normotensive pregnancy and women with previous PE
(Table 1). PEG-apoE levels, however were positively correlated with
ABCA1-specific efflux in women who had a normotensive preg-
nancy but not inwomenwho had PE pointing to differences in apoE
distribution over HDL subclasses between the two groups. Taken
together, these results suggest that impaired ABCA1-specific efflux
in women with a history of PE is unlikely to be explained by dif-
ferences in plasminogen or apoE concentrations.

PE is associated with increased oxidative stress and vascular
endothelial dysfunction [31,48,49]. Recent studies indicate that
HDL isolated from women with PE during pregnancy and just
before birth exhibits oxidative damage to HDL-bound lipids and
proteins, decreased HDL-associated antioxidant activity and
decreased HDL anti-inflammatory capacity [50,51]. These differ-
ences have been related to changes in HDL protein composition
especially that of the antioxidant activity by PON-1, sphingosine 1-
phosphate (S1P) and apolipoprotein M (apoM). Interestingly, low
levels of PON-1 have been associated with low cholesterol efflux in
patients with diabetes [32], a known predisposing factor for PE.
Several studies indicate that increased oxidative stress, decreased
antioxidant activity and endothelial dysfunction persist and are
observed many years after giving birth in women who had a PE
pregnancy [30,31]. We investigated PON-1 levels and found that
they were similar between the two groups 6 months (Table 1) and
24 months (data not shown) postpartum and were not related to
differences in ABCA1-specific efflux.

In summary, we have found that ABCA1-mediated cholesterol
efflux is impaired 6 months after pregnancy in women who had
18
pre-eclampsia, and that ABCA1 efflux declines in both normoten-
sive and PE women between 6 and 24 months after pregnancy. It is
unlikely that impaired CEC is sustained or that this contributes to
the long term cardiovascular sequelae of PE. The structural basis of
the dynamic changes to HDL function during and after pregnancy
warrants further investigation.
Strengths and limitations

In this study, CEC was determined in women with a history of
PE, who were well matched to women with a previous normo-
tensive pregnancy. Since this is an observational study, only asso-
ciations between biochemical parameters and impaired CEC can be
determined. We were unable to determine efflux capacity in our
cohort prior to delivery and can therefore not confirmwhether CEC
was impaired in our cohort of PE women as published previously
[20]. We investigated known determinants of CEC and our data
indicated that decreased CEC in women with previous PE was in
part related to differences in apoA-I levels and not related to
plasminogen, apoE or PON-1 levels. A full extensive characteriza-
tion of HDL was not feasible and could not be included. Whether
differences in HDL proteome or lipidome may have contributed to
reduced CEC inwomenwho have had PE therefore remains unclear.
It should be noted that apoE levels were determined in PEG
precipitated serum and may include non-HDL bound apoE and that
PON-1 levels do not necessarily reflect PON-1 activity. A final lim-
itation of this study is the smaller numbers of women than in the
overall cohort (8) which may have reduced the ability to find sig-
nificant differences, e.g. we did not observe a metabolic syndrome
like dyslipidemia in the women with previous PE. Similarly, we did
not observe a difference in ABCA1-specific efflux in our subgroup of
womenwhowere studied 6 and 24months postpartum, although a
trend to decreased ABCA1-specific CEC was observed at 6 months.
As our initial power calculations indicated the requirement for
around 37 subjects per group to detect a 10% difference, the small
sample size of this groupmay have precluded our ability to observe
significant differences between the groups. Our evaluation at 6
months was therefore restricted to the larger cohort (n ¼ 42e44).
Paired analysis over time was robust and showed decreased
ABCA1-specific efflux in both groups.
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