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Background.  Combination antiretroviral therapy (cART) use in pregnancy has been associated with hormonal dysregulation. We 
performed a secondary retrospective analysis of longitudinal progesterone and estradiol levels in pregnancy using specimens from the 
Protease Inhibitors to Reduce Malaria Morbidity in HIV-infected Pregnant Women study, which randomized Ugandan human immuno-
deficiency virus (HIV)–infected ART-naive women to initiate either lopinavir/ritonavir (LPV/r)–based or efavirenz (EFV)–based cART.

Methods.  Three hundred twenty-six women (160 randomized to the EFV arm and 166 women to the LPV/r arm) with at least 
1 plasma sample collected during pregnancy were included. Enrollment samples collected prior to cART initiation were used as a 
cART-naive comparator group. Hormone levels were quantified by enzyme-linked immunosorbent assay.

Results.  Estradiol levels were differentially affected by the 2 cART regimens. Exposure to LPV/r was associated with an increase 
in estradiol (P < .0001), whereas exposure to EFV was associated with a decrease in estradiol (P < .0001), relative to the cART-naive 
gestationally matched comparator group. Lower estradiol levels correlated with small for gestational age (SGA) (P = .0019) and low 
birth weight (P = .019) in the EFV arm, while higher estradiol levels correlated with SGA in the LPV/r arm (P = .027). Although 
progesterone levels were similar between treatment arms, we observed an association between SGA and lower progesterone in the 
LPV/r arm (P = .04). No association was observed between hormone levels and preterm birth in either arm. Levels of progesterone 
and estradiol were lower in cases of stillbirth, and levels of both hormones declined immediately prior to stillbirth in 5 of 8 cases.

Conclusions.  Combination ART regimens differentially affect estradiol levels in pregnancy, a hormone critical to the mainte-
nance of a healthy pregnancy. Identifying cART regimens that minimize perinatal HIV transmission without contributing to hor-
monal dysregulation represents an urgent public health priority.
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Keywords.  estradiol; progesterone; HIV; pregnancy; combination antiretroviral therapy. 

World Health Organization (WHO) guidelines recommend com-
bination antiretroviral therapy (cART) for all human immunode-
ficiency virus (HIV)–infected (HIV+) women during pregnancy 
and breastfeeding to promote maternal health and prevent verti-
cal HIV transmission [1]. Both protease inhibitor (PI)–based and 
nonnucleoside reverse transcriptase inhibitor (NNRTI)–based 
therapy are commonly used in HIV+ pregnant women. Efavirenz 

(EFV)–based cART (NNRTI-based) is the WHO-recommended 
first-line therapy, while lopinavir/ritonavir (LPV/r)–based cART 
(PI-based) is recommended as second-line therapy in case of 
virologic failure on first-line therapeutics, and has been widely 
used in high-resource settings. While the benefits of cART for 
both infant and mother are clear, the use of highly potent drugs 
in pregnancy has potential risks. Several studies suggest that anti-
retroviral use in pregnancy is associated with increased incidence 
of adverse birth outcomes including preterm birth (PTB), small 
for gestational age birth (SGA), and stillbirth, where others do 
not [2, 3]. Increased regimen complexity (cART vs monother-
apy), preconception exposure, and PI-based cART may increase 
the risk of adverse birth outcomes [2, 4–7].

The steroid hormones progesterone and estradiol are critical 
to the maintenance and progression of normal pregnancy, and 
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regulation of parturition [8, 9]. Levels of both hormones increase 
across a healthy pregnancy and are closely tied to birth outcome 
[10–12]. Reduced progesterone and estradiol are associated with 
ectopic pregnancy, placental abnormalities, spontaneous abortion, 
fetal distress, intrauterine growth restriction, and preterm delivery 
[12–17]. Endocrine dysfunction has been reported in HIV+ indi-
viduals both in the pre- and post-cART eras [18]; however, data 
in pregnancy are limited. Lower levels of progesterone have been 
observed in a Canadian cohort of HIV+ pregnant women receiv-
ing PI-based cART compared with HIV-negative (HIV–) controls, 
and reduced progesterone was associated with lower birth weight 
centile in this cohort [19, 20]. A transient increase in the estra-
diol precursor dehydroepiandrosterone sulphate (DHEAS) was 
observed in neonates exposed in utero to LPV/r-based cART [21], 
though to date no published studies have examined the relation-
ship between cART regimens and estradiol in pregnancy.

More than 1.5 million HIV+ pregnant women receive cART each 
year, and this number is expected to increase. The majority of these 
women reside in resource-constrained settings where adverse birth 
outcomes disproportionally contribute to neonatal mortality. To 
ensure optimal maternal and infant health outcomes, it is impera-
tive that mechanism underlying adverse outcomes among women 
receiving cART in pregnancy be identified. The objectives of this 
study were to examine estradiol and progesterone levels across 
pregnancy and to investigate associations between these hormones 
and adverse birth outcomes among HIV+ women participating in a 
previously completed trial in Tororo, Uganda [22, 23], randomized 
to initiate either LPV/r-based or EFV-based cART.

MATERIALS AND METHODS

Study Population

Maternal plasma samples collected from HIV+ pregnant women 
participating in the Protease Inhibitors to Reduce Malaria 
Morbidity in HIV-infected Pregnant Women (PROMOTE) trial 
in Uganda were used for this secondary retrospective analysis. The 
PROMOTE trial was a randomized controlled trial whereby ART-
naive HIV+ pregnant women (≥16 years of age, between 12 and 28 
weeks’ gestation) were randomized (1:1) to receive either LPV/r-
based (400 mg/100 mg twice daily; increased to 600 mg/150 mg 
twice daily from gestational week 30) or EFV-based (600 mg once 
daily) cART. Both groups received zidovudine/lamivudine (300 
mg/150 mg twice daily). Women at all CD4 counts were eligible. 
The PROMOTE trial study design and results have been pub-
lished previously [23]. Blood collection took place at enrollment 
(between 12 and 28 weeks’ gestation) and all subsequent ante-
natal visits. Samples were drawn at least 4 weeks apart. All avail-
able plasma samples from women with a singleton pregnancy and 
known birth outcome and a minimum of a single sample collected 
in 1 of 6 gestational age categories (16 to <20, 20 to <24, 24 to <28, 
28 to <32, 32 to <36, and 36 to <37 weeks) were tested for pro-
gesterone and estradiol levels. Plasma samples collected at enroll-
ment from participants who had not yet initiated cART were used 

as a cART-naive comparator group (Supplementary Table 1). The 
median number of samples tested per participant was 3.

Ethics Statement

Ethical approval from review boards at Makerere University 
School of Medicine, Uganda National Council for Science and 
Technology and the National Drug Authority (Kampala, Uganda), 
University of California, San Francisco (San Francisco, California), 
and University Health Network (Toronto, Canada). Signed 
informed consent was obtained from all participants enrolled in 
the parent trial to permit blood collection for marker analysis.

Hormone Assays

Maternal peripheral ethylenediaminetetraacetic acid (EDTA) 
plasma samples were collected and stored at –80°C prior to 
testing. Plasma samples were assessed for estradiol and proges-
terone levels using precoated enzyme-linked immunosorbent 
assay plates purchased from DRG International (Springfield, 
New Jersey). Assays were performed blinded to the patient trial 
arm, and according to the manufacturer’s instructions.

Statistical Analysis

Statistical analysis was performed using Stata version 12 soft-
ware (StataCorp, College Station, Texas), SPSS version 20 (IBM), 
GraphPad Prism version 6 (GraphPad, La Jolla, California) 
and R version 3.2.1 (R Foundation for Statistical Computing). 
Descriptive data were summarized using median (interquartile 
range [IQR]), or number and percentage. Baseline characteris-
tics were compared between trial arms using χ2 or Fisher exact 
test where appropriate. A random-slope, random-intercept linear 
mixed-effects (LME) model (R package “lme4,” linear mixed-ef-
fects models using Eigen and S4_. R package version 1.1–9) was 
used to examine longitudinal changes in loge-transformed estra-
diol and progesterone levels across gestation by trial arm. The 
model included a random intercept for each participant and 
a by-participant random slope for the effect of gestational age 
(GA). Fixed effects were GA at sample collection and treatment 
group. We shifted the GA covariate to provide a meaningful inter-
cept by subtracting the lowest GA from all GA values. The model 
was constrained so that treatment groups would have the same 
intercept, with subsequent testing for interaction of GA and treat-
ment arm. Adding quadratic and cubic terms for GA significantly 
improved the model fit for the estradiol analysis (Supplementary 
Table 2). Q-Q and residual plots revealed departure from normal-
ity; therefore, 50 samples that were over the limit of detection for 
the assay (all from the LPV/r group) were excluded. We validated 
our approach with a sensitivity analysis; excluding these values 
did not change the effect size (Supplementary Figure 1). Stepwise 
likelihood ratio significance tests compared the model with the 
treatment group to a partial model without the effect of treat-
ment. Associations between loge-transformed hormone levels 
across gestational bins of sample collection and birth outcomes 
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(PTB, SGA, LBW, stillbirth) were assessed for each treatment arm 
using 2-way analysis of variance with Holm posttest. Only sam-
ples obtained from participants who already initiated cART were 
used for the birth outcome analyses. PTB was defined as deliv-
ery prior to 37 weeks’ gestation (based on last menstrual period 
with ultrasound biometry) [24]. SGA was defined as birth weight 
<10th percentile based on gestational age and infant sex [25]. 
LBW was defined as birth weight <2500 g. Stillbirth was defined 
as birth without signs of life on or after 28 weeks of gestation, 
according to the WHO definition.

RESULTS

Of the 389 women who participated in the PROMOTE trial, 160 
women from the EFV arm and 166 women from the LPV/r arm 
had at least 1 blood sample collected and known birth outcome, 
and were included in this study (Figure 1 and Supplementary 
Table 1). A total of 105 women contributed samples prior to 

randomization and cART initiation that were used as cART-na-
ive controls. All women initiated cART between gestational 
week (GW) 12 and GW28. There were no significant differences 
in baseline characteristics or clinical outcomes of the study pop-
ulation by trial arm (Table 1). The demographics of the study 
cohort did not differ from those of the parent cohort [23].

Plasma levels of both hormones increased across pregnancy 
(Figure 2). Progesterone levels did not differ between treat-
ment arms (P > .05; Figure 2A, Supplementary Table 3) in the 
LME model. Estradiol was higher in women receiving LPV/r 
in comparison with women receiving EFV (P < .001; Figure 2B, 
Supplementary Table 3). In samples collected after GW32, median 
estradiol was 33.17 (IQR, 21.81–76.0) ng/mL in women receiving 
LPV/r-based cART and 11.76 (IQR, 9.09–15.48) ng/mL in women 
receiving EFV-based cART.

Due to the lack of an HIV– arm, we were not able to compare 
estradiol levels in our HIV+ women to those of HIV– women. 
We took advantage of the trial design, which allowed women 

389 HIV-infected women randomly assigned to an ART arm 

195 received EFV-based ART 195 received LPV/r-based ART 

173 completed the study 175 completed the study 

160 singleton pregnancies 
with known birth outcome 

166 singleton pregnancies 
with known birth outcome 

Single sample within each gestational age category (until term) 

16 to <20 weeks (n=45) 
20 to <24 weeks (n=77) 
24 to <28 weeks (n=115) 
28 to <32 weeks (n=140) 
32 to <36 weeks (n=136) 
36 to <37 weeks (n=24) 

16 to <20 weeks (n=48) 
20 to <24 weeks (n=80) 
24 to <28 weeks (n=128) 
28 to <32 weeks (n=145) 
32 to <36 weeks (n=145) 
36 to <37 weeks (n=32) 

578 samples processed 537 samples processed 

Figure 1.  Flowchart of study participants and maternal plasma samples processed in this study. Abbreviations: ART, antiretroviral therapy; EFV, efavirenz; HIV, human 
immunodeficiency virus; LPV/r, lopinavir/ritonavir.
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to enter between GW12 and GW28, to obtain gestational age–
matched prerandomization samples that we could use as an HIV+ 
cART-naive comparator group (Figure 3). Median gestational 
ages were similar between groups at each gestational window. 
Compared to gestational age–matched prerandomization women 
(cART-naive), women exposed to LPV/r had higher estradiol lev-
els at all time points (GW16–GW<20, P = .013; GW20–GW<24, 
P < .0001; GW24–GW<28, P < .0001), and women exposed to 
EFV had lower estradiol levels at all time points (GW16–GW<20, 
P = .0015; GW20–GW<24, P < .0001; GW24<28, P < .0001). We 
performed a similar analysis of progesterone levels and found 
no significant differences between levels in the cART-naive and 
either the LPV/r or EFV groups (Supplementary Figure 2).

Consistent with the parent trial [23], prevalence of birth 
outcomes (PTB, SGA, LBW, stillbirth) did not differ between 
treatment arms (Table  1). The frequency of PTB in the com-
bined cohort, including both EFV and LPV/r treatment groups, 
was 16.8% (n = 55), SGA was 27.3% (n = 89), LBW was 18.1% 
(n  =  59), and stillbirth was 2.8% (n  =  9). We were interested 
in examining whether regimen-associated changes in hormone 
levels were linked to birth outcomes.

We observed no association between plasma progester-
one levels and PTB, SGA, or LBW outcomes in the EFV arm 

(Figure 4A–C), or PTB or LBW in the LPV/r arm (Figure 4E 
and 4F). There was an association between lower progesterone 
levels and SGA in the LPV/r arm (P = .04) (Figure 4D).

In the EFV arm, lower levels of estradiol were associated 
with SGA (P = .0019) and LBW (P = .019), but not with PTB 
(Figure  5A–C). Estradiol levels were lower in EFV-exposed 
women with SGA from GW20 to GW36, and in women with 
LBW from GW28 to GW36.

We did not observe any association between estradiol lev-
els and LBW or PTB in the LPV/r arm (Figure  5E and 5F), 
but we did observe an association between estradiol and 
SGA (P = .027), with a trend toward higher estradiol levels in 
LPV/r-exposed women with SGA at GW32–GW36 (P  =  .07) 
(Figure 5D).

Due to the small number of stillbirths in this cohort, we com-
bined the trial arms to examine levels of progesterone and estra-
diol in cases of stillbirth. We observed lower plasma estradiol in 
cases of stillbirth at GW32–GW36 compared with pregnancies 

Table 1.  Characteristics of the Study Population by Trial Arm

Characteristic

Treatment Arm

P Value
EFV-Based ART 

(n = 160)
LPV/r-Based ART 

(n = 166)

Baseline characteristics

  Age, y, mean ± SD 29.5 ± 4.8 29.2 ± 5.3 .61

  BMI, kg/m2, median (IQR) 21.2 (19.6–22.9) 21.6 (20.2–23.2) .074

  Socioeconomic status 
(tertile), median (IQR)

2 (1–2) 2 (1–2) .59

  Gestational age at enroll-
ment, wk, median (IQR)

23.4 (19.6–27.6) 23.4 (19.4–27.0) .76

  Previous pregnancies

    0 13 (8.1) 7 (4.2) .43

    1 15 (9.4) 20 (12.0)

    ≥2 132 (82.5) 139 (83.7)

  Hemoglobin level, g/dL, 
mean ± SD

11.0 ± 1.3 11.0 ± 1.2 .88

  White blood cell count, 
cells/μL, median (IQR)

4900 (4100–6100) 5200 (4300–6400) .13

  Platelet count, × 109/L, 
mean ± SD

217.6 ± 60.8 208.5 ± 60.4 .18

  CD4+ T-cell count, 
cells/μL, median (IQR)

373 (270–496) 368 (281–505) .51

  HIV RNA load, log10 cop-
ies/mL, mean ± SD

4.2 ± 0.9 4.1 ± 0.9 .42

Outcome characteristics

  Gestational age at deliv-
ery, wk, median (IQR)

39 (37–40) 38 (37–39) .061

  Birth weight, kg, median 
(IQR)

2910 (2680–3240) 2880 (2650–3210) .50

  Preterm birth 24 (15.0) 31 (18.7) .46

  Small for gestational age 43 (26.9) 46 (27.7) .90

  Low birth weight 29 (18.1) 30 (18.1) 1.00

  Stillbirth 4 (2.5) 5 (3.0) 1.00

  Placental malaria 14 (8.8) 10 (6.0) .52

Data are presented as No. (%) unless otherwise indicated.

Abbreviations: ART, antiretroviral therapy; BMI, body mass index; EFV, efavirenz; HIV, 
human immunodeficiency virus; IQR, interquartile range; LPV/r, lopinavir/ritonavir; SD, 
standard deviation.

Figure 2.  Women receiving lopinavir/ritonavir (LPV/r)–based combination anti-
retroviral therapy (cART) have higher plasma estradiol in comparison with women 
receiving efavirenz (EFV)–based cART. Loge-transformed levels of plasma proges-
terone (A) and estradiol (B) across pregnancy in human immunodeficiency virus–
infected women receiving EFV or LPV/r-based cART.
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in the same gestational age bracket that resulted in subsequent 
live births (P =  .0071; Figure 6A). Plasma progesterone levels 
were lower in cases of stillbirth at GW28–GW32 (P  =  .0058; 

Figure 6B). In 5 of the 8 cases of stillbirth with multiple samples 
processed, levels of both estradiol and progesterone declined 1 
to 9 weeks prior to stillbirth (Supplementary Figure 3).

Figure 3.  Estradiol levels are higher in lopinavir/ritonavir (LPV/r)–treated women and lower in efavirenz (EFV)–treated women compared with levels in gestational week–
matched combination antiretroviral therapy (cART)–naive women (prerandomization). Loge-transformed estradiol levels in plasma collected between gestational week (GW) 
16 and <20 (A), 20 and <24 (B), and 24 and <28 (C). Data shown in circles (red for those who went on to be randomized to EFV and gray for those who went on to be randomized 
to LPV/r) are from prerandomization samples collected prior to cART initiation (enrol), data in red squares are from samples exposed to EFV, and data in gray triangles are from 
samples exposed to LPV/r. Statistical significance assessed by Kruskal-Wallis test with Dunn posttest.

Figure 4.  Progesterone levels and adverse birth outcomes in efavirenz (EFV) and lopinavir/ritonavir (LPV/r)–treated women. Loge-transformed plasma progesterone in 
average for gestational age (AGA) and small for gestational age (SGA) outcomes (A and D), average birth weight (ABW) and low birth weight (LBW) deliveries (B and E), and 
term and preterm (PTB) deliveries (C and F). Data are from women on EFV-based combination antiretroviral therapy (cART) (A–C) and from women on LPV/r-based cART (D–F). 
All samples analyzed were from women on treatment. Figures depict mean and standard deviations by gestational age category. Statistical significance assessed by 2-way 
analysis of variance (ANOVA) with Holm posttest. For (D), P = .04 for SGA by 2-way ANOVA. #P = .10 for posttest.
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DISCUSSION

In this study, we examined the longitudinal changes in estradiol 
and progesterone in HIV+ treatment-naive pregnant women ran-
domized to initiate either EFV-based or LPV/r-based cART. Using 
plasma samples collected prior to cART initiation, we were able to 
compare estradiol and progesterone levels between cART-treated 
and cART-naive women. While levels of progesterone did not dif-
fer between the EFV and LPV/r arms, we observed higher levels 
of estradiol in women receiving LPV/r-based cART compared 
with women receiving EFV-based cART. This effect was observed 
beginning early in pregnancy (GW <20) and persisted until term 
(GW37). By comparing estradiol levels in the EFV and LPV/r arms 
to those of gestational age–matched prerandomization samples 
(cART naive), we were able to determine that LPV/r was associated 
with increased estradiol levels, whereas EFV was associated with 
decreased estradiol levels. These data suggest that EFV and LPV/r 
differentially impact circulating levels of estradiol in pregnancy.

The changes in estradiol in both the LPV/r- and EFV-treated 
women may be the result of reduced or induced metabolism 
of estrogens resulting from disruptions to cytochrome P450 
(CYP) activity [26]. The first step in estradiol metabolism is 

hydroxylation catalyzed by CYP enzymes, mainly CYP1A2 and 
CYP3A4 in the liver, where the majority of estrogen metabolism 
takes place. Both LPV and ritonavir are inhibitors, while EFV is 
an inducer of CYP-mediated metabolism, specifically CYP3A4 
[26, 27]. Inhibition of CYP3A4 would be expected to lead to 
higher estradiol levels (as observed in the LPV/r arm), whereas 
induction of CYP3A4 would be expected to lead to lower estra-
diol levels (as observed in the EFV arm).

Elevated estradiol levels in the LPV/r arm may also result from 
higher availability of the precursor for placental estradiol syn-
thesis DHEAS. During pregnancy, the fetus is a major source of 
DHEAS to the placenta. Previous research has reported increased 
DHEAS levels in newborns exposed to LPV/r in utero [21], 
which could imply a higher availability of the estradiol precur-
sor during pregnancy. In a separate analysis using samples from 
a Canadian HIV pregnancy cohort, we observed elevated cord 
DHEAS levels in HIV+ PI-cART–exposed women compared 
with HIV– controls, which correlated with higher maternal and 
cord blood estradiol levels [28].

Dysregulation of estradiol levels may also be the result 
of disruption of estrogen receptor (ER)–mediated feedback 

Figure 5.  Estradiol levels and adverse birth outcomes in efavirenz (EFV) and lopinavir/ritonavir (LPV/r)–treated women. Loge-transformed levels of plasma estradiol in 
average for gestational age (AGA) and small for gestational age (SGA) outcomes (A and D), average birth weight (ABW) and low birth weight (LBW) deliveries (B and E), and 
term and preterm (PTB) deliveries (C and F). Data are from women on EFV-based combination antiretroviral therapy (cART) (A–C) and from women on LPV/r-based cART (D–F). 
All samples analyzed were from women on treatment. Figures depict mean and standard deviations by gestational age category. Statistical significance assessed by 2-way 
analysis of variance (ANOVA) with Holm posttest. For (A), P = .0019 for SGA by 2-way ANOVA and *P < .05 for posttest. For (B), P = .019 for LBW by 2-way ANOVA, *P < .05 
for posttest. For (D), P = .027 for SGA by 2-way ANOVA, #P = .07 for posttest.
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mechanisms involved in the homeostatic control of estradiol 
during pregnancy. Ritonavir was shown to downregulate ER 
expression in foam cells and to inhibit ERα translocation to the 
nucleus [29], whereas EFV was shown to directly activate ER in 
vitro with an affinity greater than estradiol [30].

Reduced estradiol levels in late gestation have been reported 
in pregnancies complicated by fetal growth restriction [31]. In 
agreement with these studies, we found that in the EFV arm, 
lower estradiol levels were associated with SGA and LBW, but 
not PTB. Due to the correlative nature of our study, we are not 
able to establish a direct effect of low estradiol on fetal growth. 
Experimental data suggest that estradiol plays a role in the devel-
opment of the feto-placenta vasculature through the regulation 
of VEGF expression, and in placenta perfusion by acting as a 
potent vasodilator of uterine arterioles [31]. Failure to establish 
an optimal placental vasculature and perfusion could lead to 
poor fetal growth. However, because the placenta is the site of 
estradiol production in pregnancy, low estradiol may be second-
ary to placenta insufficiency induced by other mechanisms [32].

In contrast to the low estradiol levels seen in the EFV arm, 
estradiol levels were elevated with LPV/r exposure. We observed 
an association between elevated estradiol in late gestation and 
SGA (but not with LBW or PTB) in the LPV/r arm. In pregnan-
cies with ovarian stimulation and in animal models of estrogen 
stimulation, high estradiol levels have been associated with an 
increased risk for LBW [33, 34]. Exposure of the fetus to ele-
vated estradiol could also have significant consequences post-
natally. Elevated maternal and cord estradiol levels in patients 
with ovarian stimulation were associated with dyslipidemia in 
newborns, a risk factor for metabolic disease later in life [35]. 
In rodent models, administration of supplementary estrogen 

was associated with disruptions in the normal development of 
the reproductive system, and with metabolic changes leading to 
obesity [36]. Future studies investigating the possible long-term 
effects of altered estradiol exposure in utero on factors such as 
genitourinary outcomes (eg, undervirilization in males) and 
metabolic abnormalities are merited.

Levels of progesterone did not differ between treatment 
arms. We have previously reported lower progesterone levels in 
a cohort of Canadian HIV+ women on PI-based cART (ritona-
vir-boosted lopinavir or atazanavir, most with cART exposure 
preconception) compared with HIV–women [19, 20]. Due to the 
lack of an HIV–control group in the current study, we are una-
ble to determine if LPV/r or EFV-based cART is actually low-
ering progesterone levels below those seen in HIV–pregnancies. 
However, progesterone levels did not vary significantly by treat-
ment arm after initiation of either LPV/r- or EFV-based cART. 
One key difference that may influence progesterone levels is the 
time of cART initiation. In the Canadian cohort, the majority 
of HIV+ women had initiated cART prior to conception [19, 
20], whereas in the current study women initiated cART in the 
second or third trimester. It is possible that initiating cART in 
pregnancy vs conceiving while already taking cART may have 
different consequences on progesterone levels in pregnancy.

In agreement with our previous findings [19], we observed an 
association between SGA and lower progesterone in the LPV/r 
arm, but not in the EFV arm. Progesterone levels were not 
associated with PTB in either arm. Unlike in rodent pregnancy 
where a decrease in progesterone precedes labor, in human 
pregnancy functional progesterone withdrawal via changes in 
progesterone receptor expression, rather than a decline in pro-
gesterone levels, regulates initiation of labor [37].

Figure 6.  Plasma estradiol and progesterone levels in cases of stillbirth. Loge-transformed estradiol (A) and progesterone (B) levels in plasma samples in live birth and 
cases of stillbirth in women receiving efavirenz or lopinavir/ritonavir–based treatment combined. Figures depict mean and standard deviations by gestational age category. 
Statistical significance assessed by Wilcoxon rank-sum test.
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Given the scarcity of data on the mechanistic pathways lead-
ing to stillbirth in the context of HIV and cART, we examined 
hormones in relation to stillbirth outcomes, despite the small 
number of cases. In the combined cohort, we observed reduced 
levels of progesterone at 28–32 weeks, and estradiol at 32–36 
weeks in cases of stillbirth. When we examined cases of still-
birth individually, we observed a drop in hormones immediately 
prior to stillbirth. The reduction in progesterone and estra-
diol observed in cases of stillbirth is consistent with previous 
literature in the field, providing evidence that both hormones 
are essential for the maintenance of pregnancy [10]. Because 
progesterone and estradiol are produced in the placenta, the 
decline in both hormones prior to stillbirth may be indicative 
of placenta insufficiency severe enough to lead to stillbirth. 
Additionally, the reduction in estradiol prior to stillbirth may 
be an early signal of fetal distress, given that the fetal adrenal is 
the primary source of the precursor for placental estradiol.

Strengths of this study include the randomized control study 
design of the parent trial and the collection of repeated plasma 
samples collected throughout pregnancy. The study has several 
limitations. Women were enrolled after 12 weeks’ gestation, so 
it was not possible to examine the association of treatment reg-
imen and obstetric outcomes originating in the first trimester. 
Additionally, estradiol levels were evaluated to be high or low 
in comparison to prerandomization specimens drawn from 
the same women whose hormonal levels were followed longi-
tudinally. All women enrolled in the parent trial were HIV+; 
therefore, it was not possible to examine the impact of HIV 
infection on circulating hormone levels in this cohort. However, 
in agreement with the findings of this study, we have also 
observed higher maternal and cord plasma estradiol levels in 
HIV+ PI-cART–exposed women compared with HIV– women 
[28]. A systematic review reported maternal estradiol levels of 
approximately 20 ng/mL in the third trimester of uncompli-
cated pregnancies [38]. This supports our findings of elevated 
estradiol in the LPV/r group (33 ng/mL) and decreased estra-
diol levels in the EFV group (12 ng/mL). Finally, several clinical 
and demographic factors that are associated with adverse birth 
outcomes (eg, nutrition, socioeconomic factors) are common in 
HIV+ women and may have influenced our correlation analyses 
between cART exposure, hormone levels, and birth outcomes.

This study provides evidence of significant alterations of 
estradiol levels in pregnancy by LPV/r-based and EFV-based 
cART. We report an increase in estradiol levels associated with 
LPV/r-based cART, and a decrease in estradiol levels associated 
with EFV-based cART in pregnancy. We further observed a cor-
relation between estradiol levels and SGA outcomes. Our find-
ings contribute toward a better understanding of cART safety 
in pregnancy, and demonstrate that the type of cART regimen 
used in pregnancy uniquely affects the in utero environment. 
Given the association between hormone levels and obstetrical 
outcome, future studies could evaluate hormonal interventions 

to improve obstetrical and neonatal outcomes among HIV+ 
women receiving cART during pregnancy. Our findings also 
support the need for future studies to investigate the possible 
long-term effects of altered in utero estradiol exposure on off-
spring reproductive and metabolic health.
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