
Clinical Infectious Diseases

420  •  CID  2018:66  (1 February)  •  Balogun et al

Elevated Levels of Estradiol in Human Immunodeficiency 
Virus–Infected Pregnant Women on Protease Inhibitor–
Based Regimens
Kayode A. Balogun,1 Monica S. Guzman Lenis,1 Eszter Papp,1 Mona Loutfy,2,3,4 Mark H. Yudin,3,4,5 Jay MacGillivray,4 Sharon L. Walmsley,1,3 Michael 
Silverman,6 and Lena Serghides1,2,7

1Toronto General Research Institute, University Health Network, 2Women’s College Research Institute, Women’s College Hospital, 3Department of Medicine, University of Toronto, 4St Michael’s 
Hospital, 5Department of Obstetrics and Gynaecology, University of Toronto, 6University of Western Ontario, and 7Department of Immunology and Institute of Medical Sciences, University of 
Toronto, Canada

(See the Major Article by McDonald et al on pages 428–36.)

Background.  Human immunodeficiency virus (HIV)–infected pregnant women on protease inhibitor (PI)–based combination 
antiretroviral therapy (cART) have a greater risk for adverse birth outcomes, and an association with steroid hormone levels has 
been implicated. The objective of this study was to investigate the association between PI-cART and estradiol levels in pregnancy.

Methods.  Fifty-five HIV-infected and 49 HIV-uninfected Canadian pregnant women were followed prospectively throughout 
gestation. All HIV-infected women were on a PI-based cART regimen. Maternal plasma samples were collected at 12–18 weeks, 
24–28 weeks, 34–38 weeks, at delivery, and from the cord. Birth outcomes were recorded. Levels of estradiol, dehydroepiandroster-
one sulfate (DHEAS), sex hormone–binding globulin (SHBG), cortisol, and adrenocorticotropic hormone (ACTH) were quantified 
by enzyme-linked immunosorbent assay.

Results.  HIV-infected women exposed to PI-cART had higher estradiol levels in maternal and cord plasma compared to HIV-
uninfected women (median [interquartile range] for cord estradiol: 23.9 ng/mL [16.4–36.4] for HIV-infected exposed to PI-cART 
and 15.7 ng/mL [12.2–21.2] for HIV-negative; P = .0025). HIV-infected women had higher DHEAS levels in cord plasma that corre-
lated with cord and maternal delivery estradiol levels. Cortisol and ACTH levels did not differ between groups. In the HIV-infected 
women, cord estradiol levels correlated negatively with birth weight centile (r = –0.47, P = .0016).

Conclusions.  Our data suggest that PI-cART exposure in pregnancy is associated with elevated levels of estradiol, likely driven 
by higher fetal DHEAS production. Cord estradiol levels were inversely correlated with birth weight centile in infants born to 
PI-cART–exposed women, suggesting that fetal exposure to high estradiol levels may be contributing to cART-associated fetal 
growth restriction.
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Approximately 1.5 million HIV-infected (HIV+) women 
become pregnant yearly, and more than two-thirds of these 
women are now able to access combination antiretroviral ther-
apy (cART) during pregnancy [1]. The benefits of cART in 
practically eliminating vertical HIV transmission from mother 
to child far outweigh the possible risks of exposing the fetus to 
highly potent drugs during gestation. However, as the number 
of HIV+ women on cART increases, there are growing concerns 
about the safety and toxicity of cART on pregnancy outcomes 
and on the developing fetus [2–8]. Studies originating from 
North America, Europe, and Africa suggest that HIV+ pregnant 

women on cART have higher rates of preterm birth (PTB), 
small for gestational age (SGA), and low birth weight (LBW) 
infants, which may be more pronounced with protease inhib-
itor (PI)–based regimens (PI-cART) [5–9]. The mechanisms 
underlying cART-associated adverse birth outcomes have not 
been well defined. We have previously reported an association 
between fetal growth restriction in HIV+ women on PI-cART 
and lower progesterone levels during pregnancy due to a dys-
regulation in the metabolism of progesterone [10, 11].

Steroid hormones are chemical messengers that control 
and regulate a number of physiological and cellular activities. 
Successful implantation and pregnancy require a well-coordi-
nated interplay between maternal, placental, and fetal physiology, 
which is facilitated by steroid hormones [12, 13]. Any alterations 
in steroid hormone homeostasis may significantly affect preg-
nancy outcomes, including fetal growth and time of parturition.

The steroid hormone estrogen is produced at every stage 
of pregnancy and regulates an array of fetal developmental 
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processes. During pregnancy, the placenta functions as the pri-
mary site of estrogen production but requires precursors from 
the maternal and fetal circulation. This is essential because the 
placenta lacks the capacity to produce the C19 steroid precursors 
of estrogen, dehydroepiandrosterone (DHEA) and dehydroepi-
androsterone sulfate (DHEAS) [13]. The levels of estradiol (E2), 
the most biologically potent estrogen, rise throughout preg-
nancy to reach 100-fold prepregnancy levels by term. This excess 
E2 is found primarily in the maternal circulation but also crosses 
to the fetal compartment where it regulates developmental activ-
ities such as the promotion of fetal organogenesis, regulation of 
the fetal neuroendocrine system, and parturition [14].

Endocrine dysfunction is common among HIV+ individuals, 
and altered levels of E2 have been reported in patients on cART 
[15]. However, only a handful of studies have investigated the effects 
of cART on the levels of E2, and no data are available in the context 
of pregnancy, although high levels of the E2 precursor DHEAS have 
been reported in neonates exposed to PI-cART in utero [15–17]. 
The objectives of this study were to investigate E2 levels at different 
gestational time-points in HIV+ women on PI-cART and to exam-
ine the association between E2 levels and adverse birth outcomes.

METHODS

Ethics Statement

This study was approved by the Research Ethics Boards at St 
Michael’s Hospital, Mount Sinai Hospital, University Health 
Network, and Women’s College Hospital, Toronto, Canada. 
Written informed consent was collected from all participants.

Study Population

Plasma samples were obtained from HIV+ (n = 55) and HIV-
uninfected (HIV–) (n = 49) pregnant women who consented to 
participate in a biobank program supporting research relevant to 
HIV and pregnancy. Women included in this study were recruited 
from 4 different sites in Toronto, Canada, from September 2010 
to December 2015 and were prospectively followed throughout 
their pregnancy. The inclusion and exclusion criteria and detailed 
recruitment procedures for the cohort have been previously pub-
lished [10]. In brief, women were included if they were ≥18 years 
old, with confirmed singleton pregnancy, and confirmed HIV sta-
tus (HIV+ or HIV–). Women were excluded if they had preexisting 
hypertension (blood pressure >140/90 mm Hg), type I or II dia-
betes, renal disease, autoimmune disease, collagen vascular disease, 
documented opportunistic infection (in HIV+ group), current 
illicit drug use, or current tobacco use. Matching between HIV+ 
and HIV– women was performed on the basis of race, maternal age 
(±5 years), parity (0, 1, or >1), and body mass index (BMI) (<25 or 
>25 kg/m2). All HIV+ women received cART (Table 1); 32 (58.2%) 
initiated cART prior to conception and 23 (41.8%) initiated cART 
during pregnancy (6 in first, 14 in second, and 3 in third trimester).

Gestational age was determined based on reporting of last 
menstrual period and confirmed by ultrasonography. PTB was 

defined as spontaneous delivery before 37 weeks of gestation. SGA 
was defined as birth weight <10th percentile for gestational age. 
Birth weight centiles were calculated accounting for gestational 
age, infant sex, and mother’s world region of birth according to 
Ray et al [18]. None of the infants in this study acquired HIV.

Maternal plasma samples (heparinized) were collected at 3 
different gestational time-points defined as early (12–18 weeks), 
mid (24–28 weeks), and late (34–38 weeks), between 9:30 am 
and 12:30 pm, and at delivery. Samples were not available for all 
participants at all time-points. Cord plasma samples were col-
lected at delivery. All blood samples were processed within 1 

Table 1.  Participant Characteristics and Birth Outcomes

Characteristic
HIV-Infected

(n = 55)
HIV-Uninfected

(n = 49) P Value

Maternal age, y, median (IQR) 33 (30–37) 32 (29–35) .23

Prepregnancy BMI,  
median (IQR)

23.5 (21.9–27.6) 24.3 (21.5–28.6) .83

Race

  Black 41 (74.6) 33 (67.4) .88

  White 11 (20.0) 13 (26.5)

  Hispanic 1 (1.8) 1 (2.0)

  Asian 2 (3.6) 2 (4.1)

ARV regimen

  PI 55 (87.3) NA

  Lopinavir/ritonavir 32 (50.7)

  Atazanavir/ritonavir 20 (31.8)

  Darunavir/ritonavir 3 (4.8)

HIV viral load near delivery,  
copies/mL, median (IQR)

40 (40–66) NA

Undetectable HIV viral load 41 (74.5) NA

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

527 (400–670) NA

Parity

  0 23 (41.8) 16 (32.6) .63

  1 20 (36.4) 21 (42.9)

  ≥2 12 (21.8) 12 (24.5)

Infant sex

  Male 31 (56.4) 21 (42.9) .20

  Female 24 (43.6) 27 (55.1)

  Missing 0 (0) 1 (2.0)

Delivery

  Vaginal 30 (54.6) 31 (63.3) .08

  Cesarean, no labor 13 (23.6) 14 (28.6)

  Cesarean, labor 12 (21.8) 3 (6.1)

  Missing 0 (0) 1 (2.0)

Preterm birth 9 (16.4) 0 (0) .003

Gestational age at birth, wk, 
median (IQR)

38.6 (37.7–40.0) 40.1 (39.1–40.9) <.0001

Small for gestational age 15 (27.3) 0 (0) <.0001

Low birth weight 13 (23.6) 0 (0) <.0001

Birth weight, g, median (IQR) 3010 (2595–3430) 3571 (3302–3722)<.0001

Birth weight, percentile, 
median (IQR)

24.3 (8.9–57.0) 53.5 (30.8–70.8) .001

Data are presented as No. (%) of subjects unless otherwise indicated. Race, parity, small 
for gestational age, preterm delivery, and infant sex comparisons were assessed by χ2 anal-
ysis; comparisons of median values were assessed by the Mann-Whitney test. 

Abbreviations: ARV, antiretroviral; BMI, body mass index; HIV, human immunodeficiency 
virus; IQR, interquartile range; NA, not applicable; PI, protease inhibitor.
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hour of collection by spinning at 1000g for 15 minutes. Plasma 
was collected and frozen at –80°C until analysis.

Hormone Assays

E2, sex hormone–binding globulin (SHBG), DHEAS, cortisol, 
and adrenocorticotropic hormone (ACTH) were measured in 
the maternal compartment (maternal plasma) and in the fetal 
compartment (cord plasma) by competitive enzyme-linked 
immunosorbent assay (ELISA) performed according to the 
manufacturer’s instruction. All ELISA kits were obtained from 
DRG International (Springfield, New Jersey). Plasma sam-
ples were diluted 1:50 (E2), 1:300 (SHBG), 1:2 (cortisol), and 
assayed undiluted for DHEAS and ACTH. All samples were 
assayed in duplicate. Bioavailable estradiol was calculated using 
a simplified 1-ligand/2-protein version of the method published 
by Mazer [19]. The model included measured E2 (ligand) and 
SHBG (protein), and assumed a default value of 4.3  g/dL for 
albumin (protein). Testosterone, which also binds to SHBG, 
was not included in the model.

Statistical Methods

Differences in demographic and categorical data were com-
puted using χ2 or Fisher exact test. For continuous variables, 
means/medians were compared using Student t test or Mann-
Whitney U test as appropriate. For time course analyses, 
analyte levels were loge transformed and 2-way analysis of 
variance was used to determine main effects of gestational 
period and treatment, and the interactions between them. 
Correlation was assessed using Spearman rank correlation 
coefficient (r). Linear and logistic regression analyses were 
used to examine relationships between analytes and birth 
outcomes. A 2-sided P value <.05 was used as the cutoff for 

statistical significance. All statistical analyses were performed 
using Stata (version 12.0) and GraphPad Prism (version 5.0) 
software.

RESULTS

Birth Outcomes

Fifty-five HIV+ women and 49 HIV– women were included in 
this study. The characteristics of the women and description of 
the regimens are presented in Table 1. In the HIV+ group, the rate 
of spontaneous PTB was 16.4% (9 of 55), the rate of SGA births 
was 27.3% (15 of 55), and the rate of LBW was 23.6% (13 of 55). 
None of the HIV– women experienced PTB, SGA, or LBW. The 
median birth weight (P < .0001), birth weight centile (P = .001), 
and gestational age at birth (P < .0001) were all significantly lower 
in the HIV+ compared with the HIV– group (Table 1).

Estradiol Concentrations Are Elevated in HIV+ Women on Protease 
Inhibitor-Combination Antiretroviral Therapy

Maternal E2 levels were significantly higher in the HIV+ group 
compared to the HIV– group at mid and late gestation and at 
delivery (Figure 1). From the midpoint to delivery, E2 levels in the 
HIV+ group were approximately 2-fold higher than in the HIV– 
group (Table 2) and previously reported E2 levels for uncom-
plicated pregnancy [20]. Cord E2 levels (used to define the fetal 
compartment) were also 50% higher in the HIV+ compared with 
the HIV– group (P = .0025) (Table 2 and Figure 2A). Estradiol 
levels did not differ between the 3 different PIs at any time-point.

Sex Hormone–Binding Globulin Levels Are High in Early Pregnancy in HIV+ 
Women

SHBG is the high-affinity binding protein for both E2 and 
testosterone. In the HIV+ group, maternal SHBG levels were 

Figure 1.  Hormone levels in maternal and cord plasma of human immunodeficiency virus (HIV)–infected (HIV+) and HIV-uninfected (HIV–) women. Loge-transformed (A) 
estradiol, (B) sex hormone binding globulin (SHBG), (C) dehydroepiandrosterone sulphate (DHEAS), and (D) cortisol in HIV– and HIV+ protease inhibitor combination antiretro-
viral therapy–exposed women. Hormone levels measured by enzyme-linked immunosorbent assay in maternal and cord plasma. Gestational week of sample collection as 
follows: early, 12–18 weeks; mid, 24–28 weeks; late, 34–38 weeks. Maternal delivery (del) and cord blood (cord) samples were also collected. Data are mean with 95% con-
fidence interval. Statistical comparisons in maternal levels by 2-way analysis of variance with Bonferroni posttest, and in cord levels by t test. Asterisks indicate significant 
differences between HIV+ and HIV– groups. * indicates P < .05, ** indicates P < .01 and *** indicates P < .0001. N for HIV– and HIV+, respectively: early: 20, 24; mid: 42, 36; 
late: 42, 41; delivery: 41, 46; cord: 35, 43.
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10-fold higher compared to the HIV– group in the early time-
point (P < .0001), and increased only marginally throughout 
gestation (Figure 1B). As expected, cord plasma SHBG lev-
els were significantly lower than SHBG levels in the maternal 
plasma; and were similar between groups (Figure 1B).

We computed bioavailable E2 (bE2) levels from the measured 
levels of total E2 and SHBG using a simplified version of the 
Mazer method [19, 21]. At the early time-point, bE2 was signif-
icantly lower in the HIV+ women compared with HIV– women 
(P  <  .0001; Table  2), due to the high levels of SHBG. By the 
midpoint, bE2 levels were similar between groups. By the late 
time-point and at delivery, bE2 levels were approximately 20% 
and 40% higher respectively in the HIV+ group compared with 
the HIV– group (Table 2).

In cord plasma, bE2 levels were approximately 50% higher 
in the HIV+ group compared with the HIV– group, suggesting 
that fetuses in the HIV+ group were exposed to higher than nor-
mal levels of bE2 (Table 2). In women who initiated PI-cART 
during pregnancy, we observed an inverse correlation between 
cord bE2 and gestational week of PI-cART initiation (r = –0.66, 
P = .0024) (Supplementary Figure 1).

Cord Dehydroepiandrosterone Sulfate Levels Are Elevated in HIV+ Women 
on Protease Inhibitor-Combination Antiretroviral Therapy

During pregnancy, the principal C19 precursor for E2 synthesis is 
DHEAS, supplied in equal parts by the fetal and maternal adrenal 
glands [22]. Maternal plasma DHEAS levels were similar between 
groups (Figure 1C). However, cord levels of DHEAS were signif-
icantly higher in the HIV+ group compared with the HIV– group 
(median [interquartile range]): HIV+: 2993 (1759–4455) ng/mL 
vs HIV–: 1710 (1229–2183) ng/mL (P < .0001; Figure 2B).

We observed a positive correlation between cord E2 and 
cord DHEAS levels in both the HIV+ (r = 0.60 [95% confidence 
interval {CI}, .35–.77], P < .0001), and HIV– groups (r = 0.40 
[95% CI, .06–.65], P = .019) (Figure 2C). Cord DHEAS levels in 
the HIV+ group also correlated with maternal E2 levels at deliv-
ery (r = 0.50 [95% CI, .21–.71], P = .0013) (Figure 2D).

Table 2.  Total Measured Estradiol and Bioavailable Estradiol in Maternal Plasma Across Gestation and Cord Plasma at Delivery

Gestation Estradiola No. HIV-Uninfected No. HIV-Infected, PI-cART Exposed P Value

Early E2 20 5572 (4186–7143) 26 5400 (3787–8585) .96

bE2 3292 (1529–5292) 656.9 (481.1–1162) <.0001

Mid E2 42 16 854 (10 938–33 683) 37 38 116 (17 890–54 400) .0011

bE2 3353 (1459–5689) 3837 (2429–6548) .39

Late E2 42 21 593 (17 110–33 476) 44 44 448 (28 262–70 434) <.0001

bE2 3564 (2327–4877) 5072 (2802–6863) .049

Delivery E2 40 27 265 (25 705–39 144) 43 53 024 (37 638–77 306) <.0001

bE2 4659 (2946–5466) 5720 (3602–12 187) .024

Cord E2 35 15 684 (12 194–21 208) 43 23 928 (16 359–36 403) .0025

bE2 13 700 (10 255–17 719) 20 668 (13 681–30 516) .0036

Data are presented as median with interquartile range. All values are in picogram per milliliter (pg/mL). P values of < .05 are shown in bold.

Abbreviations: bE2, calculated bioavailable estradiol; cART, combination antiretroviral therapy; E2, estradiol; HIV, human immunodeficiency virus; PI, protease inhibitor.
aTotal estradiol measured by enzyme-linked immunosorbent assay. Bioavailable estradiol calculated using a simplified version of the Mazer model [19, 21]. Comparisons by Mann-Whitney test.

Figure 2.  Estradiol and dehydroepiandrosterone sulfate (DHEAS) are elevated in 
cord plasma from human immunodeficiency virus–infected (HIV+) protease inhibi-
tor combination antiretroviral therapy (PI-cART)–exposed women. Estradiol (A) and 
DHEAS (B) measured by enzyme-linked immunosorbent assay in cord plasma of HIV-
uninfected (HIV–) (black, n = 35), HIV+ PI-cART–exposed (gray, n = 43) women. The 
line indicates the median. Statistical comparisons by Mann-Whitney test, P = .0025 
for (A) and P < .0001 for (B). Correlation between cord DHEAS and cord estradiol 
(C) and cord DHEAS and maternal delivery (Mat. Del.) estradiol (D) assessed using 
Spearman rank test. C, r = 0.60 (95% confidence interval [CI], .35–.77), P < .0001 for 
HIV+; r = 0.40 (95% CI, .06–.65), P = .019 for HIV–. D, r = 0.50 (95% CI, .21–.71), 
P = .0013 for HIV+. Asterisks indicate significant differences between HIV+ and 
HIV– groups. * indicates P < .05 and *** indicates P < .0001. Sensitivity analysis 
was performed excluding the 3 high data points in cord DHEAS in the HIV+ group. 
All relationships remained significant. 
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Combination Antiretroviral Therapy Has No Effect on Cord Levels of 
Adrenocorticotropic Hormone and Cortisol

Higher levels of DHEAS in the cord blood may indicate altered 
homeostasis of the fetal hypothalamic-pituitary-adrenal (HPA) axis 
[23]. To probe this further, we compared the levels of cortisol and 
ACTH in cord and maternal blood of HIV+ women on PI-cART 
and HIV– women. ACTH regulates the production of both cortisol 
and DHEAS. Unlike DHEAS, cord and maternal levels of cortisol 
did not differ between groups (Figure 1D and Figure 3C). ACTH 
levels were also similar between groups (Figure 3A and 3B).

Cord E2 Levels Correlate With Birth Weight Centile and Increased Odds 
of Small for Gestational Age in HIV+ Women on Protease Inhibitor-
Combination Antiretroviral Therapy

We next examined whether E2 levels correlated with adverse 
birth outcomes. E2 levels in the cord were inversely correlated 
to birth weight centile in the HIV+ group (r = –0.47 [95% CI, 
–.68 to –.18], P = .0016; Figure 4), but not in the HIV– group 
(r  =  –0.2 [95% CI, –.51 to .15], P  =  0.25). A  similar correl-
ation was observed between birth weight centile and cord bE2 
(r = –0.45 [95% CI, –.67 to –.16], P = .0026) in the HIV+ group 
but not in the HIV– group. We have previously reported that 
maternal progesterone levels at the mid time-point were lower 
in HIV+ PI-cART–exposed compared with HIV– pregnant 
women, and that progesterone levels at this time-point cor-
related with birth weight centile in the HIV+ group [10]. We 
assessed whether the relation between cord E2 levels and birth 
weight centile would be maintained after adjusting for maternal 
progesterone levels (at the mid time-point) in the subgroup of 
HIV+ women for whom both cord E2 and maternal progester-
one levels were available (n = 15), using linear regression ana-
lysis. Cord E2 levels remained a significant predictor of birth 
weight centile in HIV+ women after adjusting for maternal 
progesterone levels (unadjusted coefficient for loge E2: –29.7 

[standard error, 8.6], P = .004; adjusted coefficient for loge E2: 
–28.8 [standard deviation, 12.3], P = .038).

We performed logistic regression to assess the relation 
between E2 levels and SGA, LBW, and PTB. In the HIV+ group, 
we observed a significant association between cord E2 and SGA, 
but not PTB or LBW. The odds ratio of SGA associated with a 1 
loge increase in cord E2 was 4.36 (95% CI, 1.17–16.23), P = .028. 
Maternal levels of E2 across gestation did not correlate with 

Figure 3.  Adrenocorticotropic hormone (ACTH) and cortisol levels do not differ between human immunodeficiency virus (HIV)–infected (HIV+) and HIV-uninfected (HIV–) 
pregnant women. Cord ACTH (A), maternal delivery ACTH (B), and cord cortisol (C) levels assessed in plasma by enzyme-linked immunosorbent assay. Data are shown for HIV– 
(black) and HIV+ protease inhibitor (PI) combination antiretroviral therapy–exposed (gray) women. The line indicates the median. Statistical comparisons by Mann-Whitney 
test. No significant differences were observed.

Figure  4.  Cord estradiol levels correlate with birth weight centile in human 
immunodeficiency virus (HIV)–infected (HIV+) protease inhibitor combination anti-
retroviral therapy (PI-cART)–exposed women. Loge-transformed cord estradiol 
levels are plotted against birth weight centile for HIV+ PI-cART–exposed women, 
n = 43. Correlation assessed using Spearman rank test: r = –0.47 (95% confidence 
interval, –.68 to –.18), P = .0016.
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birth outcomes. We did not observe any correlation between E2 
levels or SGA and viral load, CD4 count, maternal age, parity, 
or prepregnancy BMI.

DISCUSSION

Our data show that HIV+ pregnant women on PI-cART regimens 
had elevated E2 levels in mid and late pregnancy, at delivery, and in 
the cord blood compared with HIV– women. We present evidence 
that higher maternal and cord E2 levels in HIV+ PI-cART–exposed 
women may be driven by an increase in the levels of DHEAS (the 
E2 precursor) in the fetal compartment. We further report an 
inverse correlation between cord E2 levels and birth weight centile, 
and an association between high cord E2 and increased odds of an 
SGA birth in HIV+ women exposed to PI-cART.

E2 can exist in the circulation as free, bound to albumin, or 
bound to SHBG [24]. Free and albumin-bound E2 are consid-
ered bioavailable to downstream cellular functions. SHBG levels 
were dysregulated in the HIV+ group, in the maternal but not 
in the cord blood. In normal pregnancies, SHBG levels rise in 
concert with E2 [25]; however, this concurrent increase was not 
observed in the HIV+ women. HIV+ women had 10-fold higher 
levels of SHBG at the early time-point, and while HIV– women 
showed an increase in SHBG mirroring that of E2, SHBG lev-
els rose only minimally throughout pregnancy in the HIV+ 
women. High SHBG levels have been reported in several studies 
of male and female HIV+ nonpregnant adults in the pre- and 
post-cART era [26]. It is possible that both HIV infection and/
or antiretrovirals may have contributed to the SHBG profile of 
our HIV+ women.

To put our E2 and SHBG data into context, we calculated 
bioavailable E2 according to the Mazer method [19, 21]. These 
data should be interpreted with caution as we did not directly 
measure albumin and did not include testosterone in the model 
(which competes with E2 for SHBG binding). The 10-fold 
higher levels of SHBG in the HIV+ group led to significantly 
lower bioavailable E2 in early pregnancy. The high SHBG levels 
observed in the maternal compartment of HIV+ women may 
help protect the mother from the effects of high circulating E2. 
While maternal total E2 levels in mid to late pregnancy were 
2-fold higher in the HIV+ compared with HIV– women, bio-
available E2 was only 20% higher. However, SHBG levels were 
lower in the fetal compartment in both groups, and our data 
suggest that fetuses in the HIV+ group were exposed to signifi-
cantly higher levels of both total and bioavailable E2 compared 
with the HIV– group. In addition, we observed a negative cor-
relation between cord bioavailable E2 and gestational week of 
PI-cART start, suggesting that first trimester/early exposure to 
PI-cART may lead to greater E2 dysregulation, although these 
data should be viewed with caution given the small sample size.

In studies of assisted reproduction, a fetal exposure to a 
high E2 environment has been associated with increased risk 

of LBW and SGA births [27, 28]. Several mechanisms have 
been proposed including impaired endometrial receptivity and 
restraint spiral artery remodeling leading to poor placenta per-
fusion, and metabolic abnormalities including alterations in the 
insulin-like growth factor axis and polyunsaturated fatty acid 
metabolism [27, 29]. Concurring with observations of fetal 
high E2 exposure leading to growth restriction, we observed an 
inverse correlation between cord E2 and birth weight centile, 
and an association between high cord E2 and increased odds 
of an SGA birth in the PI-cART group. Low birth weight, poor 
growth trajectories, and metabolic abnormalities have been 
reported in HIV-exposed, uninfected children [30]. Whether 
high in utero E2 exposure could contribute to these is worth 
exploring further.

Maintenance of physiological E2 levels during pregnancy 
requires coordinated positive and negative feedback mecha-
nisms between the mother and fetus that are regulated by the 
interplay between ACTH, cortisol, and DHEAS through the 
HPA axis [14, 31]. In the fetal adrenal cortex, the fetal zone 
expresses CYP17 early in pregnancy and produces DHEAS, 
acting as the primary source of E2 precursors during pregnancy 
[13]. Although there were no appreciable differences in the con-
centrations of maternal DHEAS among the groups, the HIV+ 
women had higher levels of cord DHEAS, which correlated 
positively with E2 in the cord, and E2 in maternal plasma at 
delivery. These data are in agreement with studies that showed 
a correlation between DHEAS and E2 concentration in preg-
nancy [32], and suggest a fetal origin of excess DHEAS fue-
ling E2 production by the placenta in HIV+ PI-cART–exposed 
women. High DHEAS levels have been previously reported in 
neonates exposed to PI-cART in utero [17]. We did not observe 
differences in the levels of cortisol or ACTH between groups, 
which suggests the absence of a generalized disturbance in the 
fetal HPA axis.

The high E2 levels observed in our study may be driven by 
additional mechanisms. It has been reported that a downregu-
lation of estrogen receptor (ER) in the fetal zone of the adrenal 
gland disrupts the negative feedback control of estrogen synthe-
sis, which leads to an increase in estrogen production [14]. Thus, 
one putative mechanism leading to the excess E2 production in 
HIV+ women exposed to PI-cART may be the loss of respon-
siveness to high E2 due to the downregulation of ER or disrup-
tion of ER signaling. This proposed mechanism seems plausible 
because PIs have been shown to downregulate ER [33]. This 
hypothesis needs to be further investigated. Additionally, PIs, 
and ritonavir in particular, are known inhibitors of cytochrome 
P (CYP) 450 enzymes involved in the metabolism of E2 and 
DHEAS, including CYP34A [34]. Inhibition of CYP3A could 
lead to higher E2 levels.

Our study has several strengths including its prospective 
design with multiple sampling points throughout pregnancy, 
the inclusion of HIV– women with similar age, BMI, and parity 
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as the HIV+ women, and the exclusion of confounders such as 
preexisting hypertension, diabetes, drug use, and smoking.

Our study has several limitations. Our sample size is relatively 
small, and the HIV+ women were on a variety of PI regimens. 
The absence of adverse birth outcomes in the HIV– group may 
amplify the differences in hormonal levels between groups. Our 
reported associations between E2 levels and birth outcomes are 
correlative and do not prove causation. With our current study 
design, it is impossible to delineate the effect of HIV from cART 
on E2 levels, although it would be unethical to include an HIV+ 
treatment-naive cohort given the current treatment guidelines. 
Additionally, because all the HIV+ women included in this 
study received a PI-based regimen, it is not possible to deter-
mine whether the effects on E2 levels were PI dependent or not. 
However, in a separate study using samples from 322 Ugandan 
women randomized to receive either lopinavir/ritonavir (PI)–
based or efavirenz (non-PI)–based cART, we have been able to 
demonstrate that E2 levels were higher in the women receiving 
PI-based cART compared with those receiving non-PI-based 
cART [35].

In conclusion, we report higher than normal levels of E2 in 
maternal and cord blood of HIV+ women pregnant women on 
PI-cART, likely driven by increased production of fetal DHEAS. 
A  correlation between fetal exposure to high E2 and lower 
birth weight centile was observed. The etiology of the adverse 
birth outcomes experienced by HIV+ cART-exposed women 
is undoubtedly multifactorial. Taken together with previous 
observations of lower progesterone levels [10, 11], our data 
support a significant impact of PI-based cART on sex steroid 
homeostasis in pregnancy. Our study provides needed infor-
mation toward a better understanding of the mechanisms that 
underlie SGA outcomes in the context of cART use, and adds to 
our knowledge of the safety of antiretroviral use in pregnancy. 
Given the pleotropic effects of E2 on fetal development, future 
studies assessing the impact of high in utero E2 exposure on 
factors beyond growth parameters, such as genitourinal, met-
abolic, and cognitive outcomes, in HIV-exposed, uninfected 
children are merited.
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