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Summary
 Background: Intrahepatic cholestasis of pregnancy (ICP) is a pregnancy-associated liver disease of unknown eti-

ology. The aim of this study was to investigate the change in maternal and fetal adrenal function 
in clinical and experimental ICP.

 Material/Methods: The maternal and fetal serum levels of cortisol and dehydroepiandrosterone sulfate (DHEAS) 
were determined in 14 women with ICP and in pregnant rats with estrogen-induced intrahepatic 
cholestasis.

 Results: In women with ICP, the fetal serum cortisol and DHEAS levels were significantly higher than those 
in women with normal pregnancy, after correcting the impact of gestational age at delivery. The 
relationship between fetal cortisol and maternal cholic acid levels was bidirectional; the fetal corti-
sol tended to increase in mild ICP, while it decreased in severe ICP. In pregnant rats with estrogen-
induced cholestasis, the fetal cortisol level was significantly lower in the group with oxytocin injec-
tion, compared with the group without oxytocin injection (191.92±18.86 vs. 272.71±31.83 ng/ml, 
P<0.05). In contrast, the fetal cortisol concentration was increased after oxytocin injection in nor-
mal control rats.

 Conclusions: The data indicate that fetal stress-responsive system is stimulated in mild ICP, but it is suppressed in 
severe ICP, which might contribute to the occurrence of unpredictable sudden fetal death. Further 
studies are warranted to explore the role of impaired fetal adrenal function in the pathogenesis of 
ICP and the clinical implications.
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Background

Intrahepatic cholestasis of pregnancy (ICP), the most com-
mon liver disorder unique to pregnancy, is characterized 
by pruritus and biochemical disturbances in liver function-
al tests, occurring predominantly during the last trimester 
of pregnancy [1–6]. The incidence of ICP varies through-
out the world, with the highest incidence in South America 
(Chile and Bolivia, 5–15%) [7]. The incidence of ICP in 
North American and most European countries is less than 
1%. The adverse impact of ICP on perinatal outcome has 
been well documented, and is associated with increased pre-
term delivery, intrauterine fetal distress and unpredictable 
sudden fetal death [8]. Perinatal mortality ranges from 11% 
to 20% in untreated women with ICP [9,10]. The pathogen-
esis leading to intrauterine fetal death in ICP is still unclear. 
There is no convincing evidence that antepartum fetal mon-
itoring with cardiotocography can prevent fetal death asso-
ciated with ICP, nor is there clear-cut information about spe-
cific antepartum fetal monitoring that would be useful for 
identifying fetuses at increased risk of fetal death in this syn-
drome [10]. An increase in the levels of bile acids is consid-
ered to be the diagnostic hallmark of ICP. Tribe et al. [11] 
recently reported that measuring the longitudinal profiles 
of 15 individual bile acids is useful for diagnosis and mon-
itoring of this disorder. ICP was associated with a clear rise 
in cholic acid conjugated with taurine and glycine from 24 
weeks of pregnancy [11].

The etiology of ICP involves genetic, immune and hormon-
al factors, but is not fully understood [7,12–14]. Hormonal 
factors may trigger the transient decompensation of the 
heterozygous state for genes encoding physiologically im-
portant hepatobiliary transporters and their nuclear regu-
lators, and thus result in ICP [7,15,16]. These transporters 
include multidrug resistance protein 3 (ABCB4/MDR3), fa-
milial intrahepatic cholestasis type 1 (FIC1/ATP8B1), bile 
salt export pump (BSEP/ABCB11), and multidrug resistance 
protein 2 (MRP2/ABCC2), and their expression is tightly 
regulated by nuclear receptors such as pregnane X receptor 
(PXR) and farnesoid X receptor (FXR). ABCB4/MDR3 and 
ABCB11/BSEP are responsible for the biliary secretion of 
cholephilic compounds [17], and FIC1/ATP8B1 is a trans-
porter for phosphatidylserine. Several studies have found 
that mutations of the ABCB4, ABCC2, ABCB11 and PXR 
genes are associated with ICP [7,15,16,18–21]. Increased 
hepatic bile acid concentrations during pregnancy in mice 
are associated with reduced FXR activity [22]. In ICP pla-
centa, 280 genes were found to be up-regulated and 112 
were down-regulated [23]. ICP occurs mainly during the 
third trimester, when serum levels of estrogens and proges-
terone and their conjugating metabolites reach their peak. 
ICP is more common in twin (20–22%) or multiple preg-
nancies that are associated with higher levels of hormones 
than singleton pregnancies, and in women over the age 
of 35 years or women receiving in vitro fertilization treat-
ment. Women with ICP have a higher incidence of gall-
stones, more severe and prolonged emesis and higher rates 
of drug sensitivities. Both estrogens and progesterone and 
their conjugates can cause direct hepatotoxicity [24]. The 
activity of several transporters such as BSEP/ABCB11 and 
MRP2/ABCC2 has been shown to be reduced by higher 
levels of estrogen glucuronides and progesterone [25,26]. 
In addition, estrogens down-regulated the expression of 

Na+-dependent taurocholate and organic anion transport-
ers in hepatocytes [27].

The elevated levels of bile acids in maternal and fetal circu-
lation and amnion fluid are biochemical characteristics of 
ICP, which are regarded as an unfavorable environmental 
factor for the fetus [10,28]. The adrenal gland is an impor-
tant organ of the hypothalamic-pituitary-adrenal axis which 
is involved in fetal stress responses, and plays a major role 
in fetal survival under unfavorable conditions [29,30]. As 
such, we hypothesized that the fetal response to stress via 
this axis might be impaired in ICP, resulting in unfavorable 
perinatal outcomes. To test this hypothesis, we investigated 
the perinatal maternal and fetal adrenal function in wom-
en with ICP and in pregnant rats with estrogen-induced in-
trahepatic cholestasis.

Material and Methods

Patient selection and clinical data

This study was approved by the Clinical Ethics Committee of 
the Obstetrics and Gynecology Hospital of Fudan University, 
Shanghai, China. From September 2004 to September 2005, 
14 pregnant women with ICP were recruited as the ICP 
group, and 14 paired pregnant women without any com-
plications were recruited as the control group. All subjects 
had well-dated pregnancies which were documented by ul-
trasound before 16 weeks’ gestation. The diagnostic crite-
ria and management of ICP was as described by Lee et al. 
[31]. The ICP group terminated pregnancy before 38 weeks’ 
gestation or before onset of labor by lower segment caesar-
ean section. The control group received elective lower seg-
ment caesarean section at term. Five milliliters of maternal 
and cord venous blood from the placental end of the cord 
were collected immediately after delivery for measurement 
of dehydroepiandrosterone sulfate (DHEAS) and cortisol.

Estrogen-induced intrahepatic cholestasis in rats

Female Sprague-Dawley rats weighing 190–210 g were 
obtained from Shanghai SLAC Laboratory Animal Co. 
(Shanghai, China). The rats were randomly divided into 
4 groups: ICP without oxytocin (ICP+/Oxy–, n=8) or with 
oxytocin (ICP+/Oxy+, n=9), and normal pregnancy with-
out oxytocin treatment (ICP–/Oxy–, n=9) and with oxyto-
cin (ICP–/Oxy+, n=8). Two animals were housed per cage 
in a light-controlled room maintained at 22°C with a 12 h 
day/night cycle and were given free access to food and wa-
ter. Experiments were performed on the 15th day of the preg-
nancy. ICP was modeled using 17a-ethinyl estradiol (Sigma-
Aldrich Chemical Co, St Louis, MO, USA) 2.5 mg/kg body 
weight per day by subcutaneous injection for 5 consecutive 
days beginning on the 15th day of gestation. The control rats 
received only the vehicle (corn oil).

On the 21th day of gestation, all pregnant rats were killed 
by cervical dislocation between 1:00 p.m. and 3:00 p.m. to 
obviate effects of the circadian rhythm on corticosteroid se-
cretion. Uterine contractions were induced by thigh muscle 
injection of oxytocin (3 U/kg body weight) in ICP and nor-
mal pregnancy groups 10 min before killing, while 0.9% sa-
line was used as the control. The pregnant rats were killed 
within 30 sec after removal from their cage and the truncal 
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blood was collected. Caesarean section was performed quick-
ly and the blood of all live fetuses was collected by decapi-
tation. The maternal and fetal blood samples were collect-
ed for determination of DHEAS and cortisol.

Determination of serum DHEAS and cortisol

Blood samples were collected in common plastic tubes, 
and were centrifuged immediately at 3000 g for 10 min. 
Serum was stored at –70°C until assay. The concentrations 
of DHEAS and cortisol were evaluated by radioimmuno-
assay using commercial kits in a single batch done in du-
plicate. The commercial kits for cortisol and DHEAS were 
purchased from Northern Biology Technological Research 
Institute, Beijing, China and Diagnostic Products Corp., Los 
Angeles, CA, USA, respectively.

Statistical analysis

Data are expressed as means ±SEM. Student’s t test was used 
for comparisons between 2 independent groups. In clinical 
data, a univariate general linear model was used to compare 
the differences in maternal and fetal cortisol and DHEAS 
levels between 2 groups using gestation week at delivery as a 
covariate (because the serum levels of cortisol and DHEAS 
were increased with increasing gestation age) [32,33]. The 

SPSS 12.0 statistical software package (SPSS Inc., Chicago, 
IL, USA) was used for all data analyses. A P value of <0.05 
was considered statistically significant.

results

The clinical characteristics of the subjects are summarized 
in Table 1. As expected, the gestational age in the ICP group 
was significantly lower than the control group (36.2±0.8 vs. 
38.5±0.2 weeks, P<0.05), and the birth weight was also signif-
icantly lower in the ICP group, with higher level of maternal 
bile acids than the healthy group (body weight: 2909±166 vs. 
3356±102 g, P<0.05; maternal bile acid level: 21.69±3.13 vs. 
6.50±3.94 µmol/L, P<0.01). There was no significant differ-
ence between the 2 groups regarding maternal age, gravidity, 
5-minute Apgar scores after birth, and the systolic/diastolic 
(S/D) ratio of umbilical artery. There were no cases of neo-
natal asphyxia or intrauterine fetal death in either group.

The maternal and fetal hepatic functions in the 2 groups 
are shown in Table 2. The maternal levels of blood alanine 
aminotransferase, total bilirubin, conjugated bilirubin and 
total bile acid were significantly higher (P<0.05) in the ICP 
group than in the control group, but the maternal levels of 
albumin, globulin, cholesterol and triglyceride were compa-
rable in the ICP and control groups. The fetal blood total 

ICP group (n=14) Control group (n=14) P value

Age  26.4±0.8  28.9±1.1 >0.05

Gravidity  1.6±0.2  1.9±0.3 >0.05

Gestation age at delivery (weeks)  36.2±0.8  38.5±0.2 <0.05

Maternal cholic acid (µg/dl)  2709.74±587.71  177.29±48.65 <0.01

Birth weight (g)  2909±166  3356±102 <0.05

Systolic/diastolic (S/D) ratio of umbilical artery  2.40±0.11  2.22±0.12 >0.05

5-minute Apgar score 9 9 >0.05

Table 1. General clinical characteristics of ICP and healthy control groups. 

Parameter
Maternal serum Fetal serum

ICP group Control group ICP group Control group

Alanine aminotransferase (U/L)  130.21±32.39**  40.00±0.00**  16.09±1.35  11.29±1.76

Total bilirubin (µmol/L)  25.26±3.87**  12.14±1.19**  39.91±3.18  39.57±2.06

Conjugated bilirubin (µmol/L)  7.26±1.36**  3.29±0.37**  11.00±1.41  8.50±1.47

Albumin (g/L)  34.86±1.11  37.07±0.85  39.64±1.09  39.93±0.59

Globulin (g/L)  30.29±0.90  26.79±0.75  18.27±0.94  16.00±0.76

Total cholesterol (mmol/L)  6.70±0.39  6.04±0.38  2.29±0.15  1.91±0.13

Triglyceride (mmol/L)  4.02±0.49  3.51±0.33  0.42±0.07  0.35±0.03

Total bile acid (µmol/L)  21.69±3.13**  6.50±3.94**  8.45±1.34*  4.79±0.48*

Glucose (mmol/L)  4.15±0.33*  4.08±0.40*  2.42±0.26  2.18±0.32

Table 2. Maternal and fetal hepatic function in women with ICP and normal control pregnancy.

*P<0.05; **P<0.01.
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bile acid was also significantly higher in the ICP group than 
in the control group.

As shown in Table 3, after being corrected for the impact 
of gestational age at delivery, the fetal serum levels of corti-
sol and DHEAS in the ICP group were significantly higher 
than in the control group (204.2±19.5 vs. 95.7±19.5 ng/ml, 
P<0.01; 252.2±22.1 vs. 111.2±22.1 µg/dl, P<0.01, respective-
ly). However, the maternal cortisol and DHEAS levels were 
not significantly different between 2 groups.

Interestingly, we observed a bidirectional relationship be-
tween fetal serum cortisol and maternal serum cholic acid 
levels (Figure 1A). Fetal serum cortisol level increased with 
the elevation of maternal cholic acid level when maternal 
cholic acid was <2000 µg/dl. However, fetal serum cortisol 
level decreased with the elevation of maternal cholic acid 
level when maternal cholic acid was >2000 µg/dl. A similar 
relationship was also found between fetal serum DHEAS lev-
el and maternal cholic acid level (Figure 1B).

To further explore the impact of ICP on adrenal function, an 
estrogen-induced intrahepatic cholestasis rat model was con-
structed. Two pregnant rats in the ICP+/Oxy– group spon-
taneously labored on the 20th gestational day, all pups were 
alive, and the pregnancy in other rats was terminated on 
the 21th gestational day. The pup birth weight in ICP+/Oxy+ 
group was significantly lower than in the ICP–/Oxy+ group 
(4.13±0.30 vs. 4.94±0.34 g, P<0.05). Although a similar trend 

was observed between groups of ICP+/Oxy– and ICP–/Oxy– 
(4.20±0.25 vs. 4.39±0.13 g), the difference was statistically 
insignificant. The maternal body weight and the total alive 
pup numbers of each litter were insignificantly different 
among these 4 groups (Table 4).

Figure 2 showed maternal and fetal DHEAS and cortisol lev-
els in ICP and normal pregnant rats with and without in-
jection of oxytocin. Except for that the fetal serum cortisol 
levels in the ICP+/Oxy+ group was significantly lower than 
in the ICP+/Oxy– group (191.92±18.86 vs. 272.71±31.83 
ng/ml, P<0.05) in rats with ICP, the concentrations of ma-
ternal, maternal and fetal DHEAS and cortisol trended to 
increase in the groups with oxytocin injection in both ICP 
and normal rats, compared with corresponding groups 
without oxytocin injection, although the differences were 
insignificant. In rats injected with oxytocin, maternal and 
fetal DHEAS levels in ICP groups were significantly higher 
than in normal groups (P<0.05), while the levels of mater-
nal and fetal cortisol in ICP groups were significantly lower 
(P<0.05). In rats without injection of oxytocin, the differenc-
es in maternal and fetal DHEAS and cortisol were insignifi-
cant between the ICP and control groups.

discussion

Our above data have confirmed the hypothesis that fetus-
es have a stress-induced change of corticosteroid secretion 
in women with ICP, and the fetal adrenal gland might be 

Parameter
Before correction After correction*

ICP group Control group ICP group Control group

Maternal cortisol (ng/ml)  792.3±90.5  795.1±94.3  855.9±96.47  657.2±96.5

Maternal DHEAS (µg/dl)  88.5±10.2  81.3±9.8  97.5±10.0  72.3±10.0

Fetal cortisol (ng/ml)  172.1±31.5  127.8±9.6  204.2±19.5**  95.7±19.5**

Fetal DHEAS (µg/dl)  207.3±37.7  156.1±16.6  252.2±22.1**  111.2±22.1**

Table 3. Maternal and fetal serum cortisol and DHEAS levels in women with ICP and normal pregnancy.

* Covariates appearing in the model were evaluated at the following values: gestational age at delivery =37.3429; ** P<0.01, compared between 
ICP group and control group.

Figure 1.  The relationship between maternal cholic acid and fetal adrenal steroid hormone levels. (A) fetal cortisol level; (B) fetal DHEAS level.

A B
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impaired in severe ICP with high levels of maternal cholic 
acid. This may consequently affect fetal stress response to 
perinatal stressors, resulting in unfavorable perinatal out-
comes in ICP, which was supported by our clinical data that 
the fetal cortisol and DHEAS trended to increase in wom-
en with mild ICP, but decrease in women with severe ICP, 
and that fetal serum cortisol was lowered after injection of 
oxytocin in rats with ICP.

In this study, the cord blood DHEAS and cortisol levels were 
used as an index of fetal adrenal function. Furthermore, the 
cord blood cortisol level has often been used as an index of 
fetal adrenal stress response [34]. The fetal adrenal gland 
was characterized by the presence of the fetal zone, which 
was the principal localization of DHEAS synthesis, the sub-
strate for estrogen and cortisol synthesis in placenta [35], 
and the transitional zone that synthesizes cortisol de novo 
after the 28th week of pregnancy [36]. Furthermore, the 
presence of 11b-hydroxysteroid dehydrogenase (11-HSD2) 
serves as a barrier enzyme to control the passage of corti-
sol from mother to fetus [37]. Cortisol in the cord blood is 
primarily derived from the fetal adrenal gland in the third-
trimester [38].

The increased circulating bile acids level, as an adverse en-
vironmental stressor, stimulated the stress-induced adap-
tive response to secrete corticosteroid in mild ICP. ICP has 
been associated with fetal growth restriction [39] and pre-
term premature rupture of the membranes [40], and fetal 
hypoxia [41]. These findings are in accordance with those 
of Rape et al. [42–45] who reported that the activation of 
the baboon fetal hypothalamic-pituitary-adrenocortical axis 
at midgestation is due to estrogen-induced changes in pla-
cental corticosteroid metabolism.

Several studies have found that bile acids had a cytotoxic ef-
fect, especially on actively metabolized cells, by damaging cell 
mitochondria, resulting in the disruption of the electronic 
respiratory chain, which led to ATP insufficiency and cell en-
ergy failure [46–48]. More recently, bile acids were thought 
to cause oxidative damage by stimulating the generation of 
free oxygen radicals in mitochondria [49–51]. As one of the 
most actively metabolic organs during pregnancy and the 
major organ to produce stress response, the fetal adrenal 
gland might be sensitive to the damaging effects of bile acids.

It has recently become clear that an adverse environment 
can activate the fetal neuroendocrine stress system, and the 

Figure 2.  The maternal and fetal cortisol and 
DHEAS levels in ICP and normal pregnant 
rats with or without oxytocin injection. 
DHEAS, dehydroepiandrosterone sulfate; 
* P<0.05, ICP+ vs. ICP–; # P<0.05 Oxy– 
vs. Oxy+. ICP+, rats with ICP; ICP–, rats 
with normal pregnancy as control. Oxy+, 
rats with oxytocin injection, Oxy–, rats 
without oxytocin injection as control.

Parameter ICP+/Oxy– 
(n=8)

ICP-/Oxy– 
(n=9)

ICP+/Oxy+ 
(n=9)

ICP–/Oxy+ 
(n=8)

Maternal weight (g)  330.6±9.7  327.1±7.7  307.6±8.1  324.5±6.8

Liver weight (g)  14.5±0.5  15.2±0.6  13.3±0.5  14.2±0.6

Birth weight of fetal rats (g)  4.20±0.25  4.39±0.13  4.13±0.30*  4.94±0.34

Pup numbers per litter  13.6±0.9  14.9±0.5  11.3±1.3  13.8±0.9

Fetal death rate of each litter  0.08±0.04  0.00±0.00  0.20±0.08**  0.00±0.00

Table 4. Comparison of delivery in rats with ICP and normal pregnancy with /without oxytocin injection.

* P<0.05; ** P<0.01, compared with group ICP–/Oxy+.
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stress axis can deliver environmental signals into develop-
mental responses [52]. Acceleration of maturation might 
occur in the brain and the lungs, as an adaptation to fetal 
stress [49]. These adaptive changes could represent a life-
saving answer to moderate stress, with resultant earlier birth 
of a more mature newborn, and increased survival, if the 
unfavorable fetal environment was moderate [34].

Another interesting finding of this study is that the fetal 
adrenal gland was insulted, but the fetal stress-respond-
ing system was not in compensation, and the fetus could 
not adaptively respond to the adverse environmental fac-
tor. As such, initiative onset of labor in women with severe 
ICP may make the fetus vulnerable to unfavorable condi-
tions and increase fetal morbidity and mortality. The most 
stressful fetal experience was birth itself, which was associat-
ed with a substantial increase of fetal stress hormones such 
as cortisol and catecholamines in normal pregnancy [28]. 
Therefore, we suggest that failure of the fetal stress system 
in women with severe ICP might contribute to unpredict-
able sudden fetal death.

Wang et al. [53] reported that 95% of the fetal death and 
stillbirth in ICP occurred after threatened premature labor 
and occasional uterine contractions, or at the early stage of 
labor. Glantz et al. [31,54] found that fetal complications 
did not arise until bile acid levels were ≥40 mmol/L. Active 
management by timely delivery at 37 weeks or before on-
set of labor could significantly reduce the stillbirth rate of 
ICP, including those with higher bile acids levels and with 
meconium passage.

There has been an increasing trend toward the active man-
agement of ICP [55], although clinicians have yet to discov-
er adequate solutions to avert the morbidities and mortal-
ities associated with this disease. It is believed that treating 
the clinical symptoms of cholestasis with 2-5 ursodeoxycho-
lic acid will improve maternal symptoms, facilitate the pro-
longation of pregnancy, and improve fetal outcomes [55].

conclusions

In summary, our study indicates that the fetal stress system is 
excited in mild ICP, but it is suppressed in severe ICP, which 
might contribute to the occurrence of unpredictable sud-
den fetal death. These findings may have a therapeutic im-
plication when ICP is handled. Further studies are warrant-
ed to explore the role of impaired fetal adrenal function 
in the pathogenesis of ICP and the clinical implications.

Conflict of interest statement

All authors have no conflicts of interest.

references:

 1. Pusl T, Beuers U: Intrahepatic cholestasis of pregnancy. Orphanet J 
Rare Dis, 2007; 2: 26

 2. Hepburn IS, Schade RR: Pregnancy-associated liver disorders. Dig Dis 
Sci, 2008; 53: 2334–58

 3. Geenes V, Williamson C: Intrahepatic cholestasis of pregnancy. World 
J Gastroenterol, 2009; 15: 2049–66

 4. Joshi D, James A, Quaglia A et al: Liver disease in pregnancy. Lancet, 
2010; 375: 594–605

 5. Pathak B, Sheibani L, Lee RH: Cholestasis of pregnancy. Obstet Gynecol 
Clin North Am, 2010; 37: 269–82

 6. Pan C, Perumalswami PV: Pregnancy-related liver diseases. Clin Liver 
Dis, 2011; 15: 199–208

 7. Lammert F, Marschall HU, Glantz A, Matern S: Intrahepatic cholesta-
sis of pregnancy: molecular pathogenesis, diagnosis and management. 
J Hepatol, 2000; 33: 1012–21

 8. Riely CA, Bacq Y: Intrahepatic cholestasis of pregnancy. Clin Liver Dis, 
2004; 8: 167–76

 9. Alsulyman OM, Ouzounian JG, Ames-Castro M, Goodwin TM: 
Intrahepatic cholestasis of pregnancy: perinatal outcome associated 
with expectant management. Am J Obstet Gynecol, 1996; 175: 957–60

 10. Lee RH, Incerpi MH, Miller DA et al: Sudden fetal death in intrahepat-
ic cholestasis of pregnancy. Obstet Gynecol, 2009; 113: 528–31

 11. Tribe RM, Dann AT, Kenyon AP et al: Longitudinal profiles of 15 se-
rum bile acids in patients with intrahepatic cholestasis of pregnancy. 
Am J Gastroenterol, 2010; 105: 585–95

 12. Pauli-Magnus C, Meier PJ, Stieger B: Genetic determinants of drug-
induced cholestasis and intrahepatic cholestasis of pregnancy. Semin 
Liver Dis, 2010; 30: 147–59

 13. Karlsen TH, Hov JR: Genetics of cholestatic liver disease in 2010. Curr 
Opin Gastroenterol, 2010; 26: 251–58

 14. Yayi H, Danqing W, Shuyun L, Jicheng L: Immunologic abnormality 
of intrahepatic cholestasis of pregnancy. Am J Reprod Immunol, 2010; 
63: 267–73

 15. Pauli-Magnus C, Meier PJ: Pharmacogenetics of hepatocellular trans-
porters. Pharmacogenetics, 2003; 13: 189–98

 16. Dixon PH, van Mil SW, Chambers J et al: Contribution of variant al-
leles of ABCB11 to susceptibility to intrahepatic cholestasis of pregnan-
cy. Gut, 2009; 58: 537–44

 17. Stieger B: Role of the bile salt export pump, BSEP, in acquired forms 
of cholestasis. Drug Metab Rev, 2010; 42: 437–45

 18. Davit-Spraul A, Gonzales E, Baussan C, Jacquemin E: The spectrum of 
liver diseases related to ABCB4 gene mutations: pathophysiology and 
clinical aspects. Semin Liver Dis, 2010; 30: 134–46

 19. Lam P, Soroka CJ, Boyer JL: The bile salt export pump: clinical and ex-
perimental aspects of genetic and acquired cholestatic liver disease. 
Semin Liver Dis, 2010; 30: 125–33

 20. Castano G, Burgueno A, Fernandez Gianotti T et al: The influence of 
common gene variants of the xenobiotic receptor (PXR) in genetic sus-
ceptibility to intrahepatic cholestasis of pregnancy. Aliment Pharmacol 
Ther, 2010; 31: 583–92

 21. Kitsiou-Tzeli S, Traeger-Synodinos J, Giannatou E et al: The c.504T>C 
(p.Asn168Asn) polymorphism in the ABCB4 gene as a predisposing fac-
tor for intrahepatic cholestasis of pregnancy in Greece. Liver Int, 2010; 
30: 489–91

 22. Milona A, Owen BM, Cobbold JF et al: Raised hepatic bile acid concen-
trations during pregnancy in mice are associated with reduced farne-
soid X receptor function. Hepatology, 2010; 52: 1341–49

 23. Wei J, Wang H, Yang X et al: Altered gene profile of placenta from wom-
en with intrahepatic cholestasis of pregnancy. Arch Gynecol Obstet, 
2010; 281: 801–10

 24. Yamamoto Y, Moore R, Hess HA et al: Estrogen receptor-a mediates 
17a-ethynylestradiol causing hepatotoxicity. J Biol Chem, 2006; 281: 
16625–31

 25. Huang L, Smit JW, Meijer DK, Vore M: Mrp2 is essential for estradiol-
17b-D-glucuronide)-induced cholestasis in rats. Hepatology, 2000; 32: 
66–72

 26. Stieger B, Fattinger K, Madon J et al: Drug- and estrogen-induced cho-
lestasis through inhibition of the hepatocellular bile salt export pump 
(Bsep) of rat liver. Gastroenterology, 2000; 118: 422–30

 27. Simon FR, Fortune J, Iwahashi M et al: Ethinyl estradiol cholestasis in-
volves alterations in expression of liver sinusoidal transporters. Am J 
Physiol, 1996; 271: G1043–52

 28. Wang XD, Peng B, Yao Q et al: [Perinatal outcomes of intrahepatic cho-
lestasis of pregnancy: analysis of 1210 cases]. Zhonghua Yi Xue Za Zhi, 
2006; 86: 446–49

 29. Gitau R, Fisk NM, Glover V: Human fetal and maternal corticotro-
phin releasing hormone responses to acute stress. Arch Dis Child Fetal 
Neonatal Ed, 2004; 89: F29–32

 30. Wood CE: Fetal stress. Focus on “effects of acute acidemia on the fetal 
cardiovascular defense to acute hypoxemia” by Thakor and Giussani. 
Am J Physiol Regul Integr Comp Physiol, 2009; 296: R88–89

Clinical Research Med Sci Monit, 2011; 17(5): CR265-271

CR270



 31. Lee RH, Kwok KM, Ingles S et al: Pregnancy outcomes during an era of 
aggressive management for intrahepatic cholestasis of pregnancy. Am J 
Perinatol, 2008; 25: 341–45

 32. Mastorakos G, Ilias I: Maternal and fetal hypothalamic-pituitary-adre-
nal axes during pregnancy and postpartum. Ann NY Acad Sci, 2003; 
997: 136–49

 33. Mesiano S, Jaffe RB: Developmental and functional biology of the pri-
mate fetal adrenal cortex. Endocr Rev, 1997; 18: 378–403

 34. Gitau R, Menson E, Pickles V et al: Umbilical cortisol levels as an indica-
tor of the fetal stress response to assisted vaginal delivery. Eur J Obstet 
Gynecol Reprod Biol, 2001; 98: 14–17

 35. Challis JR, Sloboda DM, Alfaidy N et al: Prostaglandins and mechanisms 
of preterm birth. Reproduction, 2002; 124: 1–17

 36. Murphy VE, Smith R, Giles WB, Clifton VL: Endocrine regulation of hu-
man fetal growth: the role of the mother, placenta, and fetus. Endocr 
Rev, 2006; 27: 141–69

 37. Gitau R, Fisk NM, Teixeira JM et al: Fetal hypothalamic-pituitary-adre-
nal stress responses to invasive procedures are independent of mater-
nal responses. J Clin Endocrinol Metab, 2001; 86: 104–9

 38. Trainer PJ: Corticosteroids and pregnancy. Semin Reprod Med, 2002; 
20: 375–80

 39. Yoon BH, Romero R, Jun JK et al: An increase in fetal plasma cortisol 
but not dehydroepiandrosterone sulfate is followed by the onset of pre-
term labor in patients with preterm premature rupture of the mem-
branes. Am J Obstet Gynecol, 1998; 179: 1107–14

 40. Procianoy RS, Giacomini CB, Oliveira ML: Fetal and neonatal corti-
cal adrenal function in birth asphyxia. Acta Paediatr Scand, 1988; 77: 
671–74

 41. Pepe GJ, Waddell BJ, Albrecht ED: Activation of the baboon fetal hy-
pothalamic-pituitary-adrenocortical axis at midgestation by estrogen-in-
duced changes in placental corticosteroid metabolism. Endocrinology, 
1990; 127: 3117–23

 42. Spivey JR, Bronk SF, Gores GJ: Glycochenodeoxycholate-induced lethal 
hepatocellular injury in rat hepatocytes. Role of ATP depletion and cy-
tosolic free calcium. J Clin Invest, 1993; 92: 17–24

 43. Krahenbuhl S, Talos C, Fischer S, Reichen J: Toxicity of bile acids on the 
electron transport chain of isolated rat liver mitochondria. Hepatology, 
1994; 19: 471–79

 44. Rolo AP, Oliveira PJ, Moreno AJ, Palmeira CM: Bile acids affect liver 
mitochondrial bioenergetics: possible relevance for cholestasis thera-
py. Toxicol Sci, 2000; 57: 177–85

 45. Palmeira CM, Rolo AP: Mitochondrially-mediated toxicity of bile acids. 
Toxicology, 2004; 203: 1–15

 46. Shivaram KN, Winklhofer-Roob BM, Straka MS et al: The effect of ide-
benone, a coenzyme Q analogue, on hydrophobic bile acid toxicity to 
isolated rat hepatocytes and hepatic mitochondria. Free Radic Biol Med, 
1998; 25: 480–92

 47. Sokol RJ, Devereaux M, Khandwala R, O’Brien K: Evidence for involve-
ment of oxygen free radicals in bile acid toxicity to isolated rat hepato-
cytes. Hepatology, 1993; 17: 869–81

 48. Sharma R, Majer F, Peta VK et al: Bile acid toxicity structure-activity re-
lationships: correlations between cell viability and lipophilicity in a pan-
el of new and known bile acids using an oesophageal cell line (HET-
1A). Bioorg Med Chem, 2010; 18: 6886–95

 49. Amiel-Tison C, Cabrol D, Denver R et al: Fetal adaptation to stress. Part 
I: acceleration of fetal maturation and earlier birth triggered by placen-
tal insufficiency in humans. Early Hum Dev, 2004; 78: 15–27

 50. Amiel-Tison C, Cabrol D, Denver R et al: Fetal adaptation to stress: Part 
II. Evolutionary aspects; stress-induced hippocampal damage; long-
term effects on behavior; consequences on adult health. Early Hum 
Dev, 2004; 78: 81–94

 51. Copple BL, Jaeschke H, Klaassen CD: Oxidative stress and the patho-
genesis of cholestasis. Semin Liver Dis, 2010; 30: 195–204

 52. Amiel-Tison C, Pettigrew AG: Adaptive changes in the developing brain 
during intrauterine stress. Brain Dev, 1991; 13: 67–76

 53. Glantz A, Marschall HU, Mattsson LA. Intrahepatic cholestasis of preg-
nancy: Relationships between bile acid levels and fetal complication 
rates. Hepatology, 2004; 40: 467–74

 54. Roncaglia N, Arreghini A, Locatelli A et al: Obstetric cholestasis: out-
come with active management. Eur J Obstet Gynecol Reprod Biol, 2002; 
100: 167–70

 55. Mays JK: The active management of intrahepatic cholestasis of preg-
nancy. Curr Opin Obstet Gynecol, 2010; 22: 100–3

Med Sci Monit, 2011; 17(5): CR265-271 Wang C et al – Fetal adrenal function in ICP

CR271

CR


