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Impact of Corticosteroid-Binding Globulin Deficiency
on Pregnancy and Neonatal Sex
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Context: Plasma corticosteroid-binding globulin (CBG) transports cortisol but high progesterone
levels at the maternal-fetal interface can displace cortisol from its steroid-binding site. A secretion-
deficient CBG mutant (A51V) in ~1 of 36 Chinese causes low circulating CBG levels.

Objective: Assess the implications of a CBG deficiency on pregnancy outcomes.

Participants and Design: From 1978 Chinese women screened at 12-16 weeks' gestation, 50 A51V
carriers were identified and 46 were followed with 60 controls throughout pregnancy. Blood
samples from another 2051 pregnant women were obtained at term to determine the secondary
sex ratio (SSR) of newborns in an extended cohort (n = 101) of A51V mothers.

Outcome Measures and Results: Among women recruited at 12-16 weeks’ gestation, serum CBG
increased progressively during pregnancy but was lower (P < .0001) in heterozygous A51V carriers
than controls. Two women homozygous for A51V had very low serum CBG but their pregnancies
progressed normally. The A51V mothers did not differ from controls in body mass index, gesta-
tional age at delivery, duration of parturition, blood pressure, gravidity, infant birth weight and
size, or placental weights, and reported no unusual clinical symptoms. Peripheral CBG and pro-
gesterone levels correlated (r = 0.459) during first and second trimesters. Progesterone levels were
much higher in intervillous blood and correlated (r = 0.637) with CBG levels. A female-skewed SSR
in newborns of A51V mothers (0.77) differed (P < .05) from the SSR (1.17) in a reference cohort.

Conclusions: CBG influences progesterone levels in peripheral blood and at the maternal-fetal
interface. The female-skewed SSR suggests that male fetal survival is compromised in CBG-deficient
mothers. (J Clin Endocrinol Metab 100: 1819-1827, 2015)

lasma corticosteroid-binding globulin (CBG) binds
P glucocorticoids (cortisol and corticosterone) and
progesterone with high affinity (1). In peripheral blood,
plasma cortisol concentrations (2, 3) and the free fraction
of cortisol that is “bioavailable” to cells (4) are controlled
primarily by plasma CBG levels. By contrast, the influence
of CBG on plasma progesterone levels and bioavailability
remains to be defined. Itis also thought that CBG regulates
the local delivery of its steroid ligands in a targeted man-

ISSN Print 0021-972X  ISSN Online 1945-7197

Printed in U.S.A.

Copyright © 2015 by the Endocrine Society

Received December 1, 2014. Accepted February 11, 2015.
First Published Online February 19, 2015

doi: 10.1210/jc.2014-4254

ner. For example, neutrophil elastase cleaves CBG and
releases its bound cortisol, providing a highly efficient de-
livery of cortisol to sites of inflammation (5).
Circulating CBG levels increase 2-3-fold during the
second and third trimesters of human pregnancy (6) in step
with increased total and free plasma cortisol levels (6, 7,
8). At the same time, a dynamic 3-8-fold increase in ma-
ternal plasma progesterone occurs between the first tri-
mester of pregnancy and term (8, 9), and it has been pro-
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posed that high levels of progesterone in the circulation
protect pregnant women from excessive cortisol expo-
sures (8). Moreover, whereas human CBG is mainly oc-
cupied by cortisol in peripheral blood, the very high con-
centrations of progesterone at the maternal-fetal interface
have the capacity to displace cortisol from the CBG ste-
roid-binding site (10). In this unique anatomical context,
CBG therefore acts as the major plasma progesterone-
binding protein with the ability to influence the local con-
centrations and bioavailability of progesterone.

Increasing numbers of nonsynonymous single nucleotide
polymorphisms (SNPs) in gene (SERPINAG6) encoding hu-
man CBG have been described (11-19). Most of these mu-
tations disrupt the production or steroid-binding activity of
CBG and involve the amino acid substitutions L93H (11),
D367N (12), and E102G (17), which are characterized by
reduced steroid-binding affinity or capacity; G237V (13) and
W371S (14) that have no detectable cortisol-binding activity,
and two null mutations: W11stop (15) and L5stop (16), both
of which are not produced at all due to premature termina-
tion of CBG translation. Patients with these mutations usu-
ally have low plasma cortisol levels, are often overweight and
present with chronic pain and/or fatigue among other symp-
toms (12-16, 20).

Although CBG deficiencies are generally considered
asrare, five pedigrees of Mediterranean/Middle Eastern
descent with the CBG D367N mutant have been iden-
tified (12, 14, 15, 20, 21), and some CBG mutants are
therefore likely enriched in specific ethnic groups or geo-
graphic regions. In support of this, the SERPINA6 SNP
(rs146744332) encoding CBG A51V occurs in Han Chi-
nese at a much higher frequency (1:35 in men, n = 1011
and 1:37 in women, n = 1031) than expected from global
frequency data in SNP databases (17). Moreover, inspection
of SNP databases suggests that this mutation occurs at ap-
proximately the same frequency in both Chinese and Japa-
nese populations. The alanine-to-valine substitution at resi-
due 51 in the mature CBG sequence disrupts its cellular
production in vitro, and this explains the lower plasma CBG
levels in individuals heterozygous for CBG A51V (17). The
effect CBG A51V has on plasma CBG levels is much greater
than that associated with another more common CBG
A224S variant, which binds steroids normally but is present
at only ~15% lower levels in the blood (19). Thus, CBG
A51V is the most common mutation known to disrupt CBG
production or function, and its relatively high frequency in
Chinese subjects provides an opportunity to assess the clinical
consequences of CBG deficiencies in large patient cohorts.

The present study was designed to identify CBG A51V
carriers among several thousand pregnant Chinese women,
and to assess the implications of a CBG deficiency on preg-
nancy outcomes in these women.

J Clin Endocrinol Metab, May 2015, 100(5):1819-1827

Materials and Methods

Subjects and samples

Studies were performed at the Beijing Obstetrics and Gyne-
cology Hospital, Capital Medical University from 2011 to 2013.
Approval to obtain blood and tissue samples from mothers and
neonates was granted by the Ethical Committee and the Review
Board of the Institute of Zoology, the Chinese Academy of Sci-
ences, and the Beijing Obstetrics and Gynecology Hospital. Sam-
ples were taken with informed consent and anonymized.

Blood samples were collected initially from a cohort of
women (n = 1978) between gestational weeks 12 and 16, and
among them we identified 48 heterozygous and two homozygous
carriers of CBG A51V. Genomic DNA was extracted from ma-
ternal peripheral blood using a commercial kit (Newprobe Bio-
technology Corp., Beijing, China), and the SNP (rs146744332)
encoding CBG AS51V was identified, as previously described
(17). At that point, 63 age-matched women homozygous for the
wild-type (CBG AS51) rs146744332 allele were randomly se-
lected as controls to study the clinical outcomes of mothers and
neonates, and for blood sample collection at later time points.
Maternal blood samples were taken in the morning after routine
analyses at 12-16 and 24 weeks’ gestation. At term, maternal
blood samples were taken just prior to delivery from the CBG
AS51V carriers and the age-matched controls. When possible,
umbilical artery blood was taken at delivery after clamping the
cord, and intervillous blood was collected from the basal plate of
the placenta immediately after delivery from a subset of these
subjects. Serum or EDTA-plasma was freshly separated from
blood samples and stored at —80°C. Genomic DNA was also
extracted from the umbilical artery blood samples to identify the
SNP (rs146744332) encoding CBG A51V.

Pregnancy records were checked anonymously from this co-
hort of women to ensure they had no preexisting illnesses or
pregnancy-related complications. The following clinical infor-
mation was obtained anonymously from maternal and neonatal
medical records: maternal age, body mass index (BMI), blood
pressure (BP), gravidity, parity, mode of birth (cesarean section
or spontaneous labor), and weeks of gestation at delivery, as well
as infant outcome information, including birth weight, birth size,
placenta weight, Apgar score, and secondary sex ratio (SSR) at
birth.

In a follow-up study of SSR, we screened an additional 2051
term pregnant women at delivery and identified 55 CBG AS1V
heterozygous carriers for whom the sex of their offspring was
recorded.

Measurements of CBG, progesterone, and albumin
concentrations

Serum CBG concentrations were determined using a cortisol-
binding capacity assay with [*H]cortisol (PerkinElmer Life Sci-
ences, Piscataway, NJ) as the labeled ligand (22). Serum proges-
terone levels were measured using an enzyme immunoassay
(EIA) kit (Cayman Chemical Company, Ann Arbor, MI). Freeze
and thaw cycles of the samples were avoided and each sample
was assayed in duplicate. Albumin levels were determined using
a rapid dye-binding method (23) in the maternal peripheral and
intervillous blood samples as an internal plasma protein con-
centration marker.
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A p<0.0001 Statistical analysis
Differences between maternal ages
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8 - T ducted using STATA (version 12; Stata-
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2 L*é.ﬂ'éé. Results

Maternal and infant

progesterone (X103 nM)
=

o
Ny ..
N characteristics
’gf\ From the 1978 pregnant Chinese
§ women recruited at 12—16 weeks of

gestation, 48 heterozygous and two

CBG A51V (n=21) control (n=24) homozygous carriers of CBG A51V
Figure 1. Box plots of serum CBG and progesterone levels of CBG A51V carriers and controls (frequency ~1:40) were identified.
during gestation. A, CBG concentrations were measured using a cortisol-binding capacity assay in
peripheral blood taken from pregnant women heterozygous for CBG A51V (n = 21) or control
pregnant women (n = 24) at weeks 12-16 and week 24 of gestation, and at term (predelivery), as gous for the mutant SERPINA6
well as from intervillous blood taken from placentas. B, Progesterone was measured in the same rs146744332 allele expressing CBG
samples from pregnant women heterozygous for CBG A51V or control pregnant women. The central AS1V had very low plasma CBG lev-
boxes represent the values from the lower to upper quartile (25-75 percentiles). The middle lines .
represent medians and bars represent 95% confidence interval (Cl) ranges. Outliers are displayed as els (mean of 168nM) at gestational
separate points. Mann-Whitney U test was used to analyze the differences between groups. weeks 12-16, whereas the median

As expected, both women homozy-
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levels in the control and heterozygous CBG A51V groups
were 646nM and 441nM, respectively (Figure 1A). We
obtained blood samples later during pregnancy from
only one of the women homozygous for the mutant
rs146744332 allele. Her plasma CBG levels were 157nM,
208nM, and 364nM at gestational weeks 15, 24, and
term, respectively. One homozygote reported chronic pain
and depression while the other did not, but both had nor-
mal labor at term and delivered healthy singleton babies of
both sexes.

Among the 48 heterozygous CBG AS51V carriers, one
had a pregnancy termination at 25 weeks because of fetal
trisomy 21. There were also two prematuresstillbirthsat 26
and 31 weeks of gestation because of umbilical cord tor-
sion and hydrothorax/ascites, respectively. The CBG
AS51V carrier who prematurely delivered at 31 weeks was
carrying a female CBG wild-type fetus. Compared with
the stillbirth frequency recorded by the Beijing Obstetrics
and Gynecology Hospital (0.09%), the relative number of
stillbirths in the A51V mothers seems higher.

We followed 46 CBG A51V pregnant women and 60 of
the 63 randomly selected controls clinically until term.
There were no differences in maternal characteristics be-
tween A51V carriers and controls in BMI, BP, number of
previous pregnancies, mode of delivery, and gestational
age at delivery (Table 1), or adverse symptoms including
chronic pain/fatigue (Supplemental Figure 1). The mater-
nal SERPINAG6 genotype had no influence on infant birth
weight or size, placental weight, Apgar score (Table 2), or
the birthing process (Supplemental Figure 2).

J Clin Endocrinol Metab, May 2015, 100(5):1819-1827

Serum CBG and progesterone levels in CBG A51V
carriers and controls during gestation

Maternal serum samples were obtained from 21
heterozygous A51V carriers and 24 controls at gestational
weeks 12-16, 24, and at term (37-41 wk), as well as in-
tervillous blood samples from placentas postdelivery. As
expected, peripheral serum CBG levels increased progres-
sively across gestation, and were significantly (P <.0001)
lower in CBG AS51V carriers than in the controls at all
gestational stages; ie, when compared with the median
serum CBG levels of controls, those in CBG A51V mothers
were 32% lower at 12-16 and 24 weeks of gestation and
30% lower just prior to delivery (Figure 1A). In both CBG
A51V and control mothers, peripheral CBG levels at term
were not significantly different from those at 24 weeks of
gestation (Figure 1A). The median intervillous CBG levels
were much lower than maternal peripheral levels (P <
.0001) in AS1V carriers (573nM vs 307nM, respectively)
and controls (822nM vs 340nM, respectively). Surpris-
ingly, the CBG levels in the intervillous samples of CBG
AS51V carriers and controls were similar, despite being
much lower in the peripheral blood samples of CBG A51V
carriers at term (Figure 1A).

We also noted that the relative amounts of CBG in the
intervillous vs the predelivery peripheral samples of both
AS51V carriers and controls varied considerably between
individuals, irrespective of the SERPINAG6 genotype (Fig-
ure 2A). In 10 of 45 cases, intervillous CBG levels were
within 10% of maternal peripheral levels at term, ie,
within the range of assay variability (Figure 2A, left panel).

Table 1.
SERPINAG rs 146744332 Allele

Clinical Profiles of Pregnant Women Heterozygous for CBG A51V Versus Controls With a Wild-Type

Clinical Profiles A51V (n = 46) Control (n = 60) P Value
Maternal age, y 28.8 = 3.1 299=+29 .07
Pre-pregnancy BMI, kg/m?2 21.0 £ 38 21.0 28 .92
Pre-delivery BMI, kg/m?@ 27.1 = 3.9 27.5 = 3.1 .61
Systolic BP in labor, mm Hg 120.8 = 12.5 1226 = 12.2 47
(n = 40) (n = 55)
Diastolic BP in labor, mm Hg 76.4 = 8.9 77.2 =10.5 .68
(n = 40) (n = 55)
Primigravida, % 26 (56.5) 34 (56.7) .99
Multigravida, n = 2-5 20 26
Primipara, % 43 (93.5) 59 (98.3) .19
Multipara, n = 2 3 1
Delivery mode 12:31 24:36 .20
Cesarean section: spontaneous labor (n = 43)° (n = 60)
Gestation at delivery, wk 389+1.0 389+ 1.1 .94
(n = 43)° (n = 60)
Gestation at delivery, wk 39.1 0.8 39.1 1.0 .93
Spontaneous labor (n=31) (n = 36)

When appropriate results are expressed as the means = sp. P < .05 was accepted as significant.

@ BMl is defined as body mass (kg) divided by the square of the height (m).

b One pregnancy termination at 25 weeks of gestation because of fetal trisomy 21 and two premature stillbirths at 26 and 31 weeks of gestation
because of umbilical cord torsion and hydrothorax/ascites were not included.
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Table 2. Characteristics of Infants Delivered by CBG A51V Carriers and Control Mothers
A51V Carrier Control

Characteristic Mean = sp n Mean = sp n P Value

Weight at birth, g 3392.4 + 356.4 43 3365.2 = 365.5 60 71

Size at birth, cm 50.1 £ 0.7 35 50.2 1.0 54 49

Placental weight, g 506.3 £ 105.0 34 601.4 = 138.1 55 12

Apgar score at 5 min 10 43 10 60 —

Sex ratio, M:F 17:29 46 35:25 60 .029°

Genotype, A5TV:WT 13:11 24 2%:25 27 .0005P

Abbreviations: F, female; M, male; WT, wild type.
@ Neonates were both female.
b P < .05 was accepted as significant.

However, CBG levels in the other 35 samples were reduced
by 55 = 20% in intervillous samples when compared with
the corresponding predelivery peripheral samples, and in
17 cases by as much as 62—-85% (Figure 2A, right panel).
In addition, these data (Figure 2A) reveal that the CBG
levels in intervillous blood samples of women (n = 17)
undergoing a cesarean delivery (272 * 159nM) were
lower (P = .001) when compared with mothers (n = 28)
who delivered spontaneously at full term (488 = 226nM).

These wide variations in CBG levels in the intervillous vs
peripheral samples contrast with much smaller differences
in albumin levels between the corresponding maternal pe-
ripheral and intervillous blood samples (Figure 2B), which
were approximately 8% lower in the intervillous samples,
although CBG and albumin levels in the intervillous sam-

ples correlated with each other (r = 0.317, P = .002).
Serum progesterone levels from both A51V carriers and
controls exhibited the expected increases throughout ges-
tation and levels were consistently

A higher in intervillous samples, irre-
1400 4 —— spontaneous labor 1400 - spontaneous labor spective of the SERPINAG genotype
1200 - = caesarian 12004 o cacsaran (Figure 1B). The progesterone levels
1000 4 10004 in peripheral samples taken during

S 504 S 500 the first trimester (12-16 wk) were
g 600 - g 600 - lower (P = .048) in A51V mothers
© 400 4 © 4004 than in the controls, but not at later
200 4 200 1 stages of pregnancy (Figure 1B). In

0 . T T 0 T T T addition, there was a positive (r =
R . o R - Nt 0.459, P = .0003) correlation be-

< A o N tween progesterone and CBG levels

during the first (12-16 wk) and sec-

B ond (24 wk) trimesters of pregnancy

—e— spontaneous labor —— spontaneous labor (Figure 3A), but not in the predelivery

801 - caesarian 801 T caesaran samples (Figure 3B). Importantly, pro-

0. 0. gesterone levels in intervillous samples
) =) also correlated positively (r = 0.637;
£ 40 £ 40- P <.0001) with the CBG levels (Figure
2 2 30).
° 20 4 ® 20 4

Female-skewed sex ratio in
0 ee*"& \.\,,ed' \\\o“; 0 e*'”: N ; \\\o\); infants born to CBG A51V
o @ e 0° mothers

Q

Figure 2. Individual changes in CBG (A) and albumin (B) levels in peripheral serum at gestational
week 24 and term (predelivery), as well as in intervillous blood samples. The 10 cases whose
intervillous CBG levels were within 10% of maternal peripheral levels at term (ie, within the
range of assay variability) are shown in the left panel. The other 35 samples whose intervillous
CBG levels were reduced by 55 = 20% when compared with the corresponding predelivery
peripheral samples are delineated in the right panel. Purple and blue lines represent spontaneous

and cesarean delivery, respectively.

From the original cohort of ap-
proximately 2000 women, we col-
lected cord blood at term from neo-
nates of 24 heterozygous AS5S1V
carriers and 27 controls. As ex-
pected, approximately 50% of the
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peripheral progesterone
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and 10 females), whereas the sex ra-
tio in the 11 wild-type infants deliv-
ered by the A51V mothers was at the
expected norm (ie, six males and five
females). Moreover, when the sex of
infants born to all 46 heterozygous
A51V mothers and 60 controls in
this cohort was reviewed, the SSR (ie,
the ratio of male-to-female live
births) of infants delivered by A51V
mothers was 0.59 (ie, 17 males and
29 females), and was much lower

0 200 400 600 800

¢ A51V pre-delivery (n=21)

r=0.062, p=0.685

N W A 0 o

2
*

‘0
* * &

1 - N I 0:

peripheral progesterone
(X103nM)
*

1000
peripheral CBG (nM)

¢ control pre-delivery (n=24) *

(P =.029) than the SSR of 1.4 in the
control group (ie, 35 males and 25
females).

This surprising difference in SSR
within the original cohort prompted
us to collect blood from another
2051 pregnant women at term.
Among these subjects, we identified
° 55 CBG A51V heterozygous carriers
2 (frequency ~1:37) for whom the sex
of their offspring was known. In
total, we therefore identified 105

1200

0 200 400 600 800

251 & A51V intervillous (n=21)
¢ control intervillous (n=24)
20]  r=0.637, p<0.0001

151

intervillous progesterone
(X103nM)

1000
peripheral CBG (nM)

AS51V carriers of 4029 pregnant
women, and the SSR in 101 of these
women was 0.77 (ie,44 malesand 57
females; male proportion, 0.436).
The SSR in the offspring of these
AS51V carriers is also significantly
different from both the SSR (1.17;
male proportion, 0.540; P = .036) in
a reference cohort from the same
hospital (25) and the Chinese Na-
tional SSR (ie, 1.18; male propor-
tion, 0.541; P = .034) (Table 3).

1200

Discussion

400 600

intervillous CBG (nM)

Figure 3. Relationship between progesterone and CBG levels in peripheral and intervillous
blood samples. A, In peripheral serum from women at gestational weeks 12-16 and week 24.
B, In peripheral serum from women at term (predelivery). C, In intervillous blood from placentas
at delivery. The Pearson correlation method was used to obtain correlation coefficients and their
significance, except for panel A in which the generalized estimating equations method was used
to assess the significance of the correlation between progesterone and CBG levels.

AS51V mothers (n = 13) had offspring with the mutant
SERPINAG6 rs146744332 allele (P = .0005). These in-
fants were all heterozygous for the A51V mutant but their
sex ratio was remarkably female skewed (ie, three males

800 1000

Patients with CBG deficiencies usu-
ally present with low morning corti-
sol levels, low total cortisol levels,
and low ACTH-stimulated peak cor-
tisol levels, but their free cortisol lev-
els in serum, saliva, or urine are
within normal ranges (12-16). These
biochemical measures imply that
the hypothalamic-pituitary-adrenal
(HPA) feedback loop readjusts the homeostatic balance
between adrenal cortisol output and pituitary ACTH se-
cretion, so that tissues of these individuals are exposed to
appropriate levels of cortisol. What is not known is how
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Table 3. Male Proportions and SSR at Birth for Neonates Delivered by Heterozygous CBG A51V and Reference
Mothers
A51V Mothers (n = 101) Reference Mothers
Male Proportion Male Proportion
(95% ClI) SSR  (95% CI) SSR  Statistical Analyses© P Value
0.436(0.339-0.532) 0.77 0.540°(0.534-0.546) 1.17 x* test X° = 4.410
P = .036
Two-sample test of proportions a (diff < 0), P=.018
diff = proportion (x)-proportion (y) a (diff # 0), P = .036
a (diff > 0), P = .98
0.436 (0.339-0.532) 0.77 0.541° 1.18  One-sample test of proportions Ha (P < .541), P = .017
P = proportion (x) a (P # .541), P= .034
a (P> .541), P= 98

Abbreviation: Cl, confidence interval.

@ Male proportion recorded for 24 887 neonates delivered at the same hospital (25).

b Male proportion from the Chinese national database (2009-2012) (http://data.stats.gov.cn).

€ Variables x and y represent the male proportions for neonates delivered by CBG A51V and reference mothers, respectively.

CBG-deficient individuals cope with stress, acute inflam-
mation, and infection, or situations when the HPA axis is
not mature or is influenced by changes in physiological
state. During pregnancy, the fetal HPA axis is both ma-
turing and exposed to other drivers such as CRH from the
placenta, whereas their mothers experience dynamic en-
docrine changes involving the HPA axis (26). We therefore
examined how a CBG deficiency in Chinese women might
influence their pregnancy outcomes.

Although peripheral CBG levels in our control group of
Chinese women resemble those in Australian women at
different stages of gestation (27), they were significantly
lower in A51V carriers throughout pregnancy. The reduc-
tion in CBG levels in pregnant women heterozygous for
the A51V mutation was not as marked as observed in
nonpregnant Chinese women (17), but this might reflect
anincreased hepatic production of CBG during pregnancy
(28), or a longer half-life of CBG due to a pregnancy-
specific difference in its glycosylation (29). Importantly,
the CBG levels measured during the first trimester in two
women homozygous for the mutation suggest that CBG
A51V is produced at approximately one fifth the level
associated with a normal CBG. This provides a direct mea-
sure of the effect that the reduced secretion of CBG AS1V
has on circulating CBG levels in vivo, and this is consistent
with a more than 40% reduction in serum CBG levels in
nonpregnant women heterozygous for CBG A51V (17).

Low circulating CBG levels in pregnant women ex-
pressing the CBG A51V mutant were not associated with
symptoms of secondary adrenal insufficiency, and did not
affect BMI, gestational age at delivery, duration of partu-
rition, infant birth weight or size, placental weight, etc.,
(Table 1). There was a higher than expected incidence of
fetal complications in women with a CBG A51V mutant,

but the small number of cases (n = 2) precludes any con-
clusions regarding this. However, a CBG deficiency would
have most likely exacerbated the extreme fetal stress
caused by the underlying pathologies in these cases.

Adequate maternal ovarian progesterone production is
essential for embryo implantation and early placental de-
velopment, and the very high amounts of progesterone
produced by the placenta are necessary for maintaining
the maternal-fetal unit (30). Given that the uterus and
placenta are both critical sites of progesterone action in
these situations, an understanding of how the amounts
and bioavailability of progesterone are controlled at the
maternal-fetal interface may help inform how maternal
progesterone supplementation might be used to prevent
early pregnancy loss (31) or preterm birth (32).

Pregnant women were recruited at the first and second
trimester transition, shortly after the syncytiotrophoblast
takes over as the major source of circulating progesterone.
Our results provide evidence that CBG is a key determi-
nant of progesterone concentrations in the maternal cir-
culation, at least between the first and second trimesters
when pregnancy loss frequently occurs (33). They also
demonstrate that the CBG concentration determines the
amount of progesterone in intervillous blood. Taken to-
gether, these new findings suggest that exogenous proges-
terone given to promote establishment of a viable mater-
nal-fetal unit, or during late pregnancy to prevent preterm
birth, may rely on adequate levels of CBG to reduce its
metabolic clearance and to modulate cortisol and proges-
terone bioavailability at the maternal-fetal interface.

We also noted that intervillous blood levels of CBG
from placentas of women undergoing cesarean sections
were approximately 50% lower than those undergoing
spontaneous delivery, irrespective of the SERPINAG6 ge-
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notype. Moreover, whereas very low CBG levels were ob-
served in intervillous samples in 16 of 17 placentas from
women who had cesarean deliveries, the same was ob-
served in only nine of 28 women who delivered sponta-
neously, and this may be related to differences in the mode
of delivery and recovery of the placentas. However, the
loss of albumin in these same samples was much lower
than that observed for CBG, suggesting a preferential dis-
appearance of CBG at the maternal-fetal interface. Our
results also confirm that the concentrations of progester-
one in the intervillous blood are always approximately 20
times greater than those of CBG (10), and it is therefore
unlikely that CBG has a role in regulating free progester-
one levels within the placenta or the adjacent maternal
uterine cells. Nevertheless, the very low levels of CBG in
the intervillous blood of some women at term is clearly
linked with lower total progesterone levels in this location,
and it will be of interest to determine the biochemical basis
for these differences and their physiological relevance.

The small family sizes of pedigrees with CBG deficien-
cies have raised the possibility of increased pregnancy loss
and/or decreased fertility (20), but we observed no obvi-
ous effects of CBG A51V on pregnancy outcome. How-
ever, women were not recruited until after most early preg-
nancy losses may have occurred (33). Thus, whereas we
cannot rule out an effect on early pregnancy loss, the parity
data in the CBG AS51V carriers and control mothers sug-
gest this is unlikely. By contrast, the female-skewed SSR of
infants born to CBG AS51V carriers whose pregnancy out-
comes were monitored was unexpected. This prompted us
to re-examine this in an additional ~2000 mothers and
their infants, which provided more robust evidence that
the SSR of infants born to CBG A51V carriers is female
skewed.

Although the SSR among different populations gener-
ally manifests as a small male preponderance (34, 35), a
female-skewed SSR is frequently observed after stress-in-
ducing adverse life events (36). The biological basis for a
female-skewed SSR remains obscure, but contributing fac-
torsinclude altered parental peri-conception hormone lev-
els or preferential male fetal loss due to poor maternal
health (37), and to stress in particular (36). Mortality is
also known to be greater in male vs female fetuses and
neonates, as evidenced by sex differences in stillbirths and
neonatal deaths (37).

Our finding that CBG AS51V is associated with a fe-
male-skewed SSR in Chinese women builds on observa-
tions in isolated pedigrees that women with a CBG defi-
ciency have more female offspring (12, 14, 15), and
suggests that CBG deficiencies might contribute to male
fetal demise due to inappropriate exposures of cortisol or
progesterone during gestation. In the 13 cases in which
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both mother and fetus carry the A51V mutation, the SSR
was extremely female-skewed and this needs to be con-
firmed. In future studies of CBG deficiencies during preg-
nancy and its relationship with SSR, more attention will
must be focused on maternal health status. In particular,
it will be of interest to determine whether genetic CBG
deficiencies exacerbate the female-skewed SSR of infants
born to mothers experiencing unusual levels of stress at
specific stages of pregnancy (38).
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