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Abstract

Intrahepatic cholestasis of pregnancy (ICP) is characterized by the onset of pruritus and
elevated serum transaminases and bile acids (BA). The key enzyme in BA synthesis is
CYP7A1, and its functions are regulated by various nuclear receptors. The goal of this study
is to evaluate the association between CYP7A1, NR1H1, RXRA, and PPARA gene variants
and risk of ICP. Five single nucleotide variants (SNVs), rs3808607 (CYP7A1), rs56163822
(NR1H4), rs1800206 (PPARA), rs749759, and rs11381416 (NR2B1), were genotyped in a
group of 96 ICP and 211 controls. The T allele of the CYP7A1 (rs3808607) variant may be
a protective factor against ICP risk (OR = 0.697, 95% CI: 0.495-0.981, p = 0.038). Genetic
model analysis showed that rs3808607 was associated with decreased risk of ICP under
dominant (OR = 0.55, 95% CI: 0.32-3.16, p = 0.032, AIC = 380.9) and log-additive models
(OR =0.71, 95% CI: 0.51-1.00, p = 0.046, AIC = 381.4). The A insertion in the rs11381416
NR2B1 variant was associated with the degree of elevation in the liver function tests TBA
(34.3 vs. 18.8 umol/L, p = 0.002), ALT (397.0 vs. 213.0 IU/L, p = 0.017), and AST (186.0 vs.
1144 1U/L, p = 0.032) in ICP women. Results indicate an association between the CYP7A1
rs3808607 and the risk of ICP and the association of the rs11381416 of the NR2B1 receptor
with higher values of liver function tests in women with ICP. A better understanding of
the cooperation of proteins involved in BA metabolism may have important therapeutic
implications in ICP and other hepatobiliary diseases.

Keywords: polymorphic variants; genes regulating bile acid homeostasis; intrahepatic
cholestasis; pregnancy
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1. Introduction

ICP (Intrahepatic cholestasis of pregnancy) is a liver disorder that occurs in the late
second and early third trimester of pregnancy. Although ICP is associated with relatively mild
complications for the mother, such as intense itching and liver dysfunction, it may increase
the risk of later hepatobiliary disease. However, the condition carries serious risks for the
fetus, including preterm labor, meconium-stained amniotic fluid, and stillbirth [1,2]. The
study by Floreani et al. [3] showed an increased risk of preterm birth (p < 0.001) and a higher
rate of cesarean delivery (p = 0.05) [3]. A prospective cohort study from Sweden showed
that the probability of fetal complications (spontaneous preterm deliveries, asphyxial events,
and meconium staining of amniotic fluid, placenta, and membranes) increased by 1-2% per
additional pmol/L of serum bile acids. However, the researchers emphasize that the increased
risk to the fetus applies to patients with ICP whose bile acid concentration was <40 umol/L [4].
In the study by Kawakita et al. [5] (2015), total bile acid (TBA) concentrations of 40-99.9 umol/L
and TBA > 100 umol/L were associated with an increased risk of meconium in the amniotic
fluid (adjusted OR = 3.55 and OR = 4.55, respectively) [5].

The etiology of ICP is complex and not fully understood. The development of ICP
is believed to be the result of many factors, such as genetic predisposition, hormonal
factors, environmental factors and nutritional deficiencies, as well as the influence of
chronic diseases on the predisposition to the development of cholestasis [6-9]. ICP causes
abnormalities in laboratory test results of liver enzymes: aminotransferases: aspartate,
alanine and y-glutamyl transpeptidase (ASP, ALT and GGT) and increased values of bile
acids (BAs). There are no universal consensus and guideline for the baseline of TBA for the
diagnosis of ICP; however, the most common is serum level > 10 pumol/L [10].

Bile acids are essential for the solubilization, digestion and absorption of dietary lipids
and fat-soluble vitamins in the small intestine and are a signal molecule that regulates lipid,
glucose and energy homeostasis. BAs regulate such many processes through activation of
receptors including the farnesoid X receptor (FXR), the vitamin D receptor (VDR), the pregnane
X receptor (PXR), membrane-bound G protein-coupled receptor Takeda G protein-coupled
receptor 5 (TGR5), o5 31 integrin, and sphingosine-1-phosphate receptor 2 (S1PR2). Several
of these receptors are expressed outside of the gastrointestinal system, indicating that bile
acids may have diverse functions throughout the body [11,12]. Bile acids are synthesized
predominantly in the liver through the enzymatic oxidation of cholesterol via two different
routes. The main pathway, which accounts for about 75% of BA production, is called the
classical or neutral. This pathway is initiated by the rate-limiting enzyme, cholesterol 7alpha-
monooxygenase (CYP7A1, EC:1.14.14.23), which catalyzes the hydroxylation of cholesterol to
7alpha-hydroxycholesterol. Cholesterol 7alpha-monooxygenase is encoded by the cytochrome
P450 family 7 subfamily A member 1 gene (CYP7A1 Gene ID:1581) located on chromosome
8, regions q11-12, spans 10 kb and contains 6 exons and 5 introns [13]. Single nucleotide
variant (SNV) in the CYP7A1 gene at the—204 location from the transcriptional start site
(the—278 location from the translation initiation codon), conferring an A to C variation, may
play a critical role in gene expression, leading to altered enzyme levels (rs3808607: the forward
allele orientation G > T) [14,15]. This variant has been shown to influence serum levels of total
cholesterol, LDL, and triglycerides [16,17].

The transcriptional regulation of the CYP7A1 gene is complex and involves numerous
nuclear receptors (NRs). Farnesoid X receptor (FXRA, NR1H4, Gene ID: 9971, further on
referred to as “FXR”) was the first NR identified as a bile acid receptor and was shown
to regulate the transcription of key genes in bile acid metabolism, from synthesis and
transport to detoxification [18,19]. The expression of the gene encoding FXR has been
demonstrated in the adrenal glands, adipose tissue, endothelial wall, pancreas and kidneys.
However, it is particularly high in the liver and intestine, which indicates an important role
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of this receptor in the regulation of enterohepatic circulation of BA [20]. A common FXR
genetic variant rs56163822 (—1G > T), a SNV adjacent to the ATG start codon located within
the Kozak consensus motif of the FXR gene, is linked to reduced transactivation of FXR
gene targets [21]. Since the Kozak consensus motif ensures ribosomal binding to mRNA
transcripts and efficient protein translation, genetic variation in this conserved sequence is
associated with decreased protein translation [22,23].

FXR can regulate enterohepatic circulation by acting on BA transporters: apical
sodium-dependent BA transporter (ASBT, SLC10A2), organic solute transporter-o and -3
(OST-«, SLC51A; OST-p, SLC51B), Na*-taurocholate cotransporting polypeptide (NTCP,
SLC10A1) and bile salt export pump (BSEP, ABCB11). FXR also regulates BA synthesis via
two pathways, one in the liver by the small heterodimer partner 1 protein (SHP-1) and
the other in the intestine involving fibroblast growth factor FGF15/19 (FGF15 in rodents;
FGF19 in humans) [24]. As a transcription factor, FXR binds to DNA either as a monomer
or as a heterodimer with a common partner for NRs, retinoid X receptor (RXRA, NR2B1
Gene ID: 6256), to regulate the expression of various genes involved in bile acid (BA), lipid,
and glucose metabolisms [25,26]. Peroxisome proliferator-activated receptors (PPARs), a
group of nuclear receptor proteins, also play an active role in the regulation of bile acid
metabolism. Three types of PPARs have been identified: alpha, gamma, and delta (beta).
Activation of PPARA induces CYP8B1 expression and inhibits CYP7A1 expression in the
classical pathway; whereas in the alternative pathway, it inhibits CYP7B1 and CYP27A1
expression. The alpha isoform can also inhibit the FXR signaling pathway by competing
with FXR for the RXRA receptor, can affect the FXR/SHP-1 pathway by inhibiting SHP-1
expression, and can increase the expression of bile acid transport proteins such as BSEP,
MRP3, and MRP2 [24,27,28]. PPARA (NR1C1, Gene ID: 5465) is located on 22q13.3, and
several single nucleotide polymorphisms described within this gene were associated with
metabolic features like insulin resistance, dyslipidemia and cardiovascular risk factors. The
rs1800206 variant is found in the fifth exon, which is a result of a transversion (C > G) in
exon 5 that alters the amino acid sequence of the PPARA protein at the 162 codon (Leucine
to Valine, L162V) [29,30]. The main relationships between proteins encoded by genes
analyzed in the work are presented in Figure 1.
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Figure 1. The main relationships between proteins encoded by genes analyzed in the work. Bile acids
(BA) are produced in the liver from cholesterol by CYP7A1 and secreted into the gallbladder. From
the ileum, they are reabsorbed in enterocytes, where they activate FXR, which stimulates transcription
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of the FGF19 gene. The FGF19 protein is secreted into the portal circulation and in the liver binds itself
to the receptor FGFR4 to reduce CYP7A1 expression. Bile acids synthesis in the liver is also regulated
by FXR, which transcriptionally increases SHP protein expression, which reduces CYP7A1 expression.
PPARA competes with FXR for the RXRA receptor and may downregulate SHP expression. Abbrevi-
ations: BA, bile acids; FA, fatty acids; CYP7A1, cholesterol 7alpha-monooxygenase; FGF, fibroblast
growth factor; FGFR4, fibroblast growth factor receptor 4; FXRA, farnesoid X receptor alpha; NTCP,
Na*-taurocholate cotransporting polypeptide; PPARA, peroxisome proliferator-activated receptor
alpha; RXRA, retinoid X receptor alpha; SHP, small heterodimer partner; 9cRA, 9-cis retinoic acid.

The goal of this study is to evaluate the association between polymorphic variants
of the CYP7A1 gene, which is crucial for the synthesis of bile acids, and selected nuclear
receptor genes (FXR, RXRA and PPARA) regulating its function in women with ICP.

2. Results
2.1. Characteristics of the Study Population

The present research included 96 ICP patients and 211 controls. General characteristics
of study subjects are listed in Table 1, including age, body mass index (BMI), blood pressure,
obstetric data of patients and selected clinical parameters of their newborns. Patients from
both groups were of comparable age (30.43 £ 4.24 vs. 30.68 £ 4.67 in controls, p = 0.648),
and there were no differences in blood pressure and BMI before pregnancy. More than
half of women with ICP (56.26%) experienced preterm labor (<37 weeks) (p < 0.001). The
median of pregnancy termination was two weeks lower in the ICP group compared to
the controls (37 vs. 39 weeks, p < 0.001), which likely contributed to the observed smaller
increase in BMI during pregnancy in this group (4.11 vs. 5.21 kg/ m?, p < 0.001). Gestational
weight gain (GWG) was calculated based on Institute of Medicine (IOM) guidelines [31]
related to pre-pregnancy BMI: underweight, a gain of 12.5-18 kg; normal weight, a gain of
11.5-16 kg; overweight, a gain of 7-11.5 kg; and obese, a gain of 5-9 kg. In the cholestasis
group, there were more women with insufficient body weight gain (41.67% vs. 24.64%
in controls); normal and excessive body weight gain during pregnancy was more often
observed in controls (p = 0.010). In women with cholestasis, pregnancies were more often
terminated by surgical delivery (45.83% vs. 32.70% in controls, p = 0.037). We found a
statistical difference between the case and the controls concerning the newborn weights
(3091.03 + 634.81 g vs. 3425.59 £ 433.82 g in controls, p < 0.001), whereas the mean for
placental weight was lower in the ICP group (581.06 & 150.63 g vs. 620.18 + 111.37 g), but
without statistical significance (p = 0.053). In patients with ICP, the median serum level
of TBA was 19.75 [IQR: 14.93; 33.36] umol/L. In most (79.17%), TBA values were below
40 umol/L; in 17.71%, they were above; and in three women (3.12%), they reached values
above 100 pmol/L. Pruritus was present in 93% of women, none of whom had jaundice.

Table 1. Demographic and main clinical data of ICP patients and controls.

Parameter Controls (N = 211) ICP (N =96) p
Maternal age, (years) (mean + SD) 30.68 + 4.67 30.43 +£4.24 0.648
<25,n (%) 19 (9.00%) 8 (8.33%) 0.853
25-34, n (%) 145 (68.72%) 69 (71.88%)
>35,n (%) 47 (22.27%) 19 (19.79%)
Systolic BP, mmHg (median (IQR)) 105 [105; 115] 110 [100; 120] 0.166
Diastolic BP, mmHg (median (IQR)) 70 [60; 70] 70 [60; 75] 0.206
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Table 1. Cont.
Parameter Controls (N = 211) ICP (N =96) p
Maternal pre-pregnancy BMI (kg/m?) (median (IQR)) 21.14 [19.63; 23.42] 21.95 [20.37; 23.63] 0.109
Underweight (<18.5) 22 (10.43%) 9 (9.38%) 0.775
Normal weight (18.5 < BMI < 25.0) 161 (76.30%) 70 (72.92%)
Overweight (25.0 < BMI < 30) 21 (9.95%) 13 (13.54%)
Obesity (>30) 7 (3.32%) 4 (4.17%)
Maternal BMI at delivery (kg/m?) (median (IQR)) 26.72 [24.64; 29.07] 26.23 [23.95; 28.94] 0.131
BMI Increase During Pregnancy (kg/ m?) (median (IQR)) 5.21 [4.15; 6.52] 4.11[2.94; 5.02] <0.001
Gestational weight gain, n (%)
Inadequate 52 (24.64%) 40 (41.67%) 0.010
Adequate 87 (41.23%) 32 (33.33%)
Excessive 72 (34.12%) 24 (25.00%)
Number of pregnancies, median (IQR) 2[1;2] 2[1;2] 0.103
Gestational age at delivery (week), median (IQR) 39 [38; 40] 37 [36; 39] <0.001
Delivery, n (%)
Preterm < 37 week 19 (9.00%) 54 (56.25%) <0.001
Term > 37 week 192 (91.00%) 42 (43.75%)
Type of delivery, n (%) 0.037
Operative 69 (32.70) 44 (45.83)
Vaginal 142 (67.30) 52 (54.17)
Newborn sex, n (%) 0.325
Female 89 (42.18) 47 (48.96)
Male 122 (57.82) 49 (51.04)
Newborn weight (g), (mean & SD) 3425.59 + 433.82 3091.03 + 634.81 <0.001
Placenta weight (g), (mean =+ SD) 620.18 +111.37 581.06 + 150.63 0.053
TB (mg/dL), median [IQR] — 0.475 [0.330; 0.720] —
ALT (IU/L), median [IQR] — 227.50 [67.45; 399.45] —
AST (IU/L), median [IQR] — 124.00 [51.05; 211.95] —
TBA (umol/L), median [IQR] 1.10 [0.50; 2.10] 19.75 [14.93; 33.36] <0.001

ICP classification, n (%)
low (10 < TBA <40 umol/L),
moderate (40 < TBA < 100 umol/L)
high (TBA > 100 pmol/L)

76 (79.17)
17 (17.71)
3(3.12)

Onset of ICP symptoms (week), median (IQR)

34.00 [30.00; 36.00]

Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; BMI, body mass index; ICP,
Intrahepatic cholestasis of pregnancy; TB, total bilirubin; TBA, total bile acids; gestational weight gain was
calculated based on IOM recommendations (2009); ICP classification according to the guidelines of Royal College
of Obstetricians and Gynaecologists (RCOG).

In 72% of women, ICP symptoms appeared between 28 and 36 weeks of pregnancy,
in 9%, in the second trimester of pregnancy (<28 weeks), and in 19%, after 37 weeks.
The gestational time of onset of intrahepatic cholestasis symptoms in the study group is

presented in Figure 2.
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Figure 2. The gestational time of onset of intrahepatic cholestasis symptoms.

2.2. Genetic Association Analyses

We found no deviation from Hardy-Weinberg equilibrium (HWE) in controls regard-
ing all studied SNVs (p > 0.05). The MAF (minor allele frequency) of rs3808607 in cases
was significantly lower than controls (47.3% vs. 56.3%), which suggested the T allele of this
CYP7A1 variant may be a protective factor against ICP risk (OR = 0.697, 95% CI: 0.495-0.981,
p = 0.038) (Table 2).

Table 2. Allelic distribution of SNVs in ICP patients and healthy women.

Gene/SNV Allels Controls (N =422) ICP (N =192) OR (95% CI) X2 p
G 414 (0.981 187 (0.973
NR1H4 (0.981) (0.973) 1.383 (0.446-4.286) 0.319 0.571
1556163822 T 8 (0.018) 5 (0.026)
G 184 (0.436 101 (0.526
CYP7Al (0.436) (0.526) 0.697 (0.495-0.981) 4299 0.038
153808607 T 238 (0.563) 91 (0.473)
G 316 (0.748 139 (0.723
NR2B1 (0.748) (0.723) 1.136 (0.773~1.671) 0.424 0.514
15749759 A 106 (0.251) 53 (0.276)
- 392 (0.928 175 (0.911
NR2B1 ¥ (0.928) (0.911) 1.269 (0.682~2.362) 0.568 0.450
rs11381416 A 30 (0.071) 17 (0.088)
C 397 (0.94 174 (0.906
PPARA (0.954) (0.906) 1.642 (0.873~3.089) 2412 0.120
rs1800206 G 25 (0.059) 18 (0.093)

The association between selected SNVs in ICP groups and controls was analyzed with
logistic regression and presented in Table 3. Of the five genetic variants analyzed in this
work, only rs3808607 CYP7A1 showed a statistically significant association with ICP. The
GG genotype was more frequent in women with ICP compared to the control group (31.3%
vs. 19.9%). Genotypes containing at least one T allele reduce the risk of ICP in the studied
female population (GT: OR = 0.57, 95% CI: 0.32-1.04 and TT: OR = 0.51, 95% CI: 0.26-0.98,
p=0.093, AIC = 382.7). Under the dominant (OR = 0.55, 95% CI: 0.32-3.16, p = 0.032,
AIC = 380.9) and log-additive (OR = 0.71, 95% CI: 0.51-1.00, p = 0.046, AIC = 381.4) models,
the rs3808607 was significantly associated with a lower risk of ICP occurrence.
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Table 3. Association between single nucleotide variants and ICP risk under different genetic models.

Inheritance Model  Genotypes Controls (N =211) ICP (N =96) OR (95% CI) p AIC
NR1H4 rs56163822
Codominant GG 203 (96.2) 91 (94.8) 1.00 0.574 385.1
GT 8(3.8) 5(5.2) 1.39 (0.44-4.38)
TT 0(0.0) 0(0.0) —
log-Additive 0,1,2 211 (68.7) 96 (31.3) 1.39 (0.44-4.38) 0.574 385.1
CYP7A1 rs3808607
Codominant GG 42 (19.9) 30 (31.2) 1.00 0.093 382.7
GT 100 (47.4) 41 (42.7) 0.57 (0.32-1.04)
TT 69 (32.7) 25 (26.0) 0.51 (0.26-0.98)
Dominant GT+TT 169 (80.1) 66 (68.8) 0.55 (0.32-0.95) 0.032 380.9
Recessive GG+ GT 142 (67.3) 71 (74.0) 0.72 (0.42-1.24) 0.236 384.0
Overdominant TT + GG 111 (52.6) 55 (57.3) 1.21 (0.74-1.97) 0.445 384.9
log-Additive 0,1,2 211 (68.7) 96 (31.3) 0.71 (0.51-1.00) 0.046 381.4
NR2B1 rs749759
Codominant GG 104 (53.1) 48 (54.5) 1.00 0.779 357.1
AG 78 (39.8) 32 (36.4) 0.89 (0.52-1.52)
AA 14 (7.1) 8(9.1) 1.24 (0.49-3.15)
Dominant AG-AA 92 (46.9) 40 (45.5) 0.94 (0.57-1.56) 0.817 355.5
Recessive GG + AG 182 (92.9) 80 (90.9) 1.30 (0.52-3.22) 0.575 355.3
Overdominant GG + AA 118 (60.2) 56 (63.6) 0.86 (0.51-1.45) 0.582 355.3
log-Additive 0,1,2 196 (69.0) 88 (31.0) 1.01 (0.68-1.50) 0.955 355.6
NR2B1 rs11381416
Codominant -/- 182 (86.3) 81 (84.4) 1.00 0.447 385.8
-/A 28 (13.3) 13 (13.5) 1.04 (0.51-2.12)
A/A 1(0.5) 2(2.1) 4.49 (0.40-50.27)
Dominant -/A+-/- 29 (13.7) 15 (15.6) 1.16 (0.59-2.29) 0.665 385.3
Recessive A/A+-/A 210 (99.5) 94 (97.9) 4.47 (0.40-49.88) 0.206 383.8
Overdominant A/A+-/- 183(86.7) 83(86.5) 1.02 (0.50 2.08) 0.948 385.4
log-Additive 0,1,2 211 (68.7) 96 (31.3) 1.25 (0.68-2.29) 0.468 384.9
PPARA 151800206
Codominant CcC 187 (88.6) 79 (82.3) 1.00 0.323 385.2
CG 23 (10.9) 16 (16.7) 1.65 (0.83-3.28)
GG 1(0.5) 1(1.0) 2.37 (0.15-38.32)
Dominant CG + GG 24 (11.4) 17 (17.7) 1.68 (0.85-3.29) 0.138 383.2
Recessive CC+CG 210 (99.5) 95 (99.0) 2.21 (0.14-35.72) 0.581 385.1
Overdominant CC+ GG 188 (89.1) 80 (83.3) 1.63 (0.82-3.26) 0.168 383.5
log-Additive 0,1,2 211 (68.7) 96 (31.3) 1.63 (0.87-3.05) 0.134 383.2

AIC, Akaike information criteria; ICP, Intrahepatic cholestasis of pregnancy; OR, odds ratio; 95% CI, 95%
confidence interval. p < 0.05 was considered significant.
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2.3. Serum TBA Level Stratified Analysis

Patients with ICP were divided into two groups based on TBA levels below (N = 76)
and above 40 pmol/L (N = 20) according to guidelines of the Royal College of Obstetri-
cians and Gynaecologists (RCOG). These guidelines classify ICP as mild (19-39 pmol/L),
moderate ICP (40-99 umol/L), and severe ICP (>100 umol/L) [32].

Comparing the clinical data of the patients and their children, no statistically significant
differences were observed between the groups. The genotype and allele frequencies
rs3808607 (CYP7A1), rs56163822 (NR1H4), rs1800206 (PPARA), and rs749759 (NR2B1) were
also not statistically significantly different. For rs11381416 RXRA gene, we found that the
genotypes with A insertion are more frequent in women with TBA > 40 pmol/L compared
to the second subgroup (dominant model: 30.0% vs. 11.8% in group with TBA below
40 pmol/L, OR = 3.19, 95% CI: 0.98-10.41, p = 0.062, AIC = 98.8).

2.4. The Gestational Time of Onset of ICP Symptoms Stratified Analysis

We divided the study group into three subgroups based on the time of onset of ICP
symptoms: before the third trimester (<28 weeks), early third trimester (28 to 36 weeks), and
late third trimester (>37 weeks). When analyzing the frequency of genotypes and alleles of
the studied SNVs in such subgroups, no statistically significant differences were observed.

We observed statistically significant differences in the time of pregnancy termination
(p < 0.001), newborn weight (p = 0.001) and placental weight (p = 0.012) between medians
in at least two subgroups. Newborns of mothers who developed ICP symptoms before
28 weeks of pregnancy were born earlier—median 36 weeks [IQR: 32.00; 36.50]—with
lower birth weights—median 2670 g [IQR: 1560; 2992.5]—and placentas—median 420 g
[IQR: 286; 520] (Figure 3). Dunn’s test with Bonferroni correction for multiple comparisons
found that the medians of gestational age at delivery differ significantly between all
three subgroups (p < 0.001). For newborn weights, significant differences were between
<28 weeks vs. >37 weeks group (p = 0.002) and between 28-36 weeks vs. >37 weeks
(p = 0.026). The group with the earliest ICP symptoms differed statistically significantly
from the other groups in terms of placental weight: 28-36 weeks (p = 0.019) and >37 weeks
(p = 0.012) (Figure 3).
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Figure 3. Box plots showing the distribution of data on gestational age at delivery, neonatal weight,
and placental weight by the time of ICP symptoms onset.
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The differences in the results of BA, ALT and AST liver function tests between sub-
groups distinguished by the time of ICP symptoms occurrence are summarized in Table 4.
The serum total bile acid levels increased with the time of onset of ICP symptoms, while
serum aminotransferases were opposite. The results of the Kruskal-Wallis rank sum test
showed no significant differences between the groups (ALT p = 0.145, AST p = 0.265,
TBA p = 0.681).

Table 4. Differences in liver function tests BA, ALT, and AST between subgroups distinguished by

the time of ICP symptoms occurrence.

Parameter

>37 Weeks

28-36 Weeks
(N =18) P

(N =69)

<28 Weeks
(N=9)

ALT (IU/L), median [IQR]

213.00 [78.10; 409.00]  62.80[17.70; 320.45]  0.145

371.10 [249.75; 396.65]

AST (IU/L), median [IQR]

208.80 [114.60; 225.55] 114.40 [57.90; 196.00]  36.50 [25.55;179.00]  0.265

TBA (umol/L), median [IQR]

19.80 [15.00; 22.90] 19.70 [14.86; 34.80] 18.90 [15.00; 28.04]  0.681

ALT, alanine aminotransferase; AST, aspartate aminotransferase; TBA, total bile acids; p, Kruskal-Wallis rank
sum test.

2.5. The Relationship Between the SNVs and Liver Parameters

One of the main characteristics of ICP are elevated serum BA and transaminase levels.
The Kruskal-Wallis test was conducted to examine the differences in these parameters
according to the genotypes in women with ICP. It was observed that genotypes with A
insertion of the NR2B1 rs11381416 variant are associated with an increase in the level of
BA (p =0.019), ASP (p = 0.079) and ALT (0.060) (Table 5). However, after Dunn’s test with
Bonferroni correction was used, no significant differences were found between genotypes.
Under the dominant model, significant differences were found for BA (medians for -/-
was 18.21 umol /L [IQR: 14.86; 25.10] vs. 34.30 umol /L [IQR: 22.35; 58.85] for -/ A and -/-
genotypes, p = 0.008). Comparing the medians for these liver parameters between the (-)
and A alleles, the differences were statistically significant. In women with A insertion, an
increase in the levels of ALT (397.0 vs. 213.0 IU/L, p = 0.017), AST (186.0 vs. 114.4 IU/L,
p = 0.032), and TBA (34.3 vs. 18.8 umol/L, p = 0.002) was noted (Figure 4).
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Figure 4. ALT, AST and TBA serum levels between NR2B1 (RXRA) rs11381416 alleles in ICP women
(ALT, alanine aminotransferase; AST, aspartate aminotransferase; TBA, total bile acids).
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Table 5. Association between genotypes with median serum TBA, AST and ALT values in
ICP women.

Gene/SNV Genotypes TBA (umol/L) r ALT (IU/L) 4 AST (IU/L) 4
GG(N=91)  2120[1500;33.86]  0.091 237.10[68.00;40020] 0132 131.00 [52.00;21510]  0.117
R GANN=5  1372[12.10;1821] 59.85 [12.70; 107.00] 4120 [14.40; 68.00]
AA (N =0) — — —
GG(N=30)  2205[1281;3430]  0.619 271.00 [148.40;41490] 0130 13440 [8530;236.00]  0.209
A T GT(N=41)  1754[1486;25.41] 15650 [32.60; 318.00] 103.20 [28.95; 178.50]
TT(N=25) 2120 [1620; 28.40] 245,60 [78.10; 398.70] 123.45 [48.30; 303.40]
GG(N=53)  2230[1540;33.30]  0.623 242.10[68.00;39870] 0911 132,00 [50.10;21510] 0982
Ry GA(N=33)  17.60[15.00; 24.97] 179.50 [63.50; 352.75] 108.00 [55.00; 187.05]
AA(N=10) 1771 [1149; 54.28] 265.95 [30.00; 427.30] 122.35 [28.00; 307.50]
/-(N=81)  1821[1486;2510]  0.019 213.00 [61.65;38210] 0060 113.20 [48.10;208.80]  0.079
R s -/A(N=13)  25.41[22.00;58.00] 277.60 [135.65; 403.00] 17130 [72.00; 193.00]
A/A(N=2) 6540 [34.30;96.50] 529.20 [491.60; 566.80] 336.40 [319.00; 353.80]
CC(N=79)  1837[1430;3085] 0524 23920[7250;399.45] 0239 12400 [53.10;211.95]  0.232
A CG(N=16)  2252[16.35; 36.44] 118.55 [66.85; 249.20] 108.00 [51.05; 149.25]
GG(N=1) 2480 [24.80; 24.80] 506.10 [506.10; 506.10] 419.40 [419.40; 419.40]

ALT, alanine aminotransferase; AST, aspartate aminotransferase; TBA, total bile acids; Median (IQR).

3. Discussion

In pregnancy, physiology changes dramatically; there are increases in plasma lipids,
steroid hormones, binding globulins, and numerous metabolic changes to cope with fetal
nutritional demands. In healthy pregnant women, total bile acids increase from the first
trimester to late pregnancy [33-35]. In a study of white Portuguese women, the mean
total bile acid concentration was 5.7 £ 0.4 umol/L in nonpregnant women and slightly
higher, although not significantly, in the group of pregnant women (6.6 £ 0.3 pmol/L,
ranging from 1.7 umol/L to 10.4 pmol/L). In contrast, in women with ICP, the mean
concentration was 10 times higher and was 62.1 £ 8.2 umol/L, ranging from 12.3 pmol/L
to0 219.4 umol/L [36]. In our study, in healthy women, the median TBAs in serum collected
the day after delivery was 1.10 pmol/L [IQR: 0.50; 2.10], and in women with cholestasis
measured at diagnosis was 19.75 umol/L [IQR: 14.93; 33.36]. In a similar study conducted
on a population neighboring ours of healthy women from Germany (N = 38), serum
bile acid postpartum examinations (conducted in the same way as in our case, 24 h after
delivery) were 2.3 & 1.2 pmol/L (in our case, the average was 1.71 £ 1.68 pmol/L), and
in ICP (N = 98) patients in the third trimester, they were 39.0 £ 29.4 umol/L (in our ICP
women at diagnosis, mean =+ SD was 29.84 £ 28.06 umol/L) [37].

The prevalence of ICP has been reported to vary widely across populations and is
more common in South Asia, South America, and Scandinavia [38]. Differences between
populations are also noted by examining the levels of bile salts in serum. Black women
had non-fasting TBA 25.8% higher (95% CI: 9.6-44.4%, p = 0.001) than white women,
and 24.3% higher (95% CI: 5.7-46.1%, p = 0.008) than South Asian women. Levels from
South Asian women were similar to those of white women (1.22% higher, 95% CI: 12.1
to 16.5%, p = 0.866) [39]. Sometimes even studies in the same population yield different
results. For example, the study by Agarwal et al. [40] showed that pregnant Asian-Indian
women have higher serum BA levels and therefore suggest that levels > 30 umol/L can
be considered as a cut-off point for diagnosing ICP in this geographical region [40]. In
contrast, the study by Yadav et al. [41] reported that serum BA levels in healthy Indian non-
pregnant and pregnant women are similar to those in other populations and can be used to
diagnose ICP with an optimal cut-off being 8.6 umol/L [41]. In a study of serum bile acid
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concentrations in European and South Asian women with or without GDM, Schoonejans
et al. [42] found that serum BA homeostasis in late pregnancy was influenced by body mass
index and GDM in an ethnicity-specific manner [42]. The incidence of ICP is reported to
be 1% of all pregnancies in the European population, with a high occurrence in Sweden
(1.5%). All our patients were of Caucasian race and from the Greater Poland Voivodship.
Interestingly, in Poland, the estimated rate of ICP is 1.5%, but this is based on few studies
on small populations [43-45].

Studies show that bile salt concentrations and the incidence of ICP depend on the
season. A seasonal pattern for both fasting and postprandial total serum bile acid concen-
trations was observed in healthy pregnant women from Italy. The highest values measured
in the winter season, declining during spring and summer, and with minimum values
were measured in the autumn (p < 0.01 and 0.02, respectively) [46]. Studies from Scan-
dinavia and Chile have shown evidence of seasonality in ICP, especially higher risks for
colder months [47,48]. These results seem contradictory to Sanhal et al.’s [49] findings. In
this study from Turkey, the number of new ICP cases was significantly lower in winter
and higher in spring. The authors point out that the studies were conducted in lands
belonging to different groups in the Koppen climate classification, which may influence
the results [49]. The observed ethnic and seasonal differences in the incidence of ICP
and in bile salt concentrations may be partly due to variability in diets. In the study by
Trefflich et al. [50], fecal and serum bile acid concentrations were examined in 36 vegans
and 36 omnivores. Serum primary and glycine-conjugated bile acids were higher in vegans
than in omnivores (p < 0.01). All fecal bile acids were significantly lower in vegans than in
omnivores (p < 0.01). These results suggest that animal products and fat, in particular, may
increase fecal bile acid levels and increase the risk of colorectal cancer [50]. It is also known
that some plant compounds interact with bile acids during digestion in the small intestine.
Furthermore, studies indicate the interactions of bile acids with the gut microbiota and
their role in bile acid metabolism [51].

The etiology of ICP is complex, with some evidence pointing to genetic factors (familial
clustering, increased risk of ICP in siblings of affected women, and increased incidence
in certain ethnic groups, e.g., Chilean Araucanians) [52,53]. Most published studies of
genetic variants associated with ICP etiopathogenesis have focused on the adenosine
triphosphate-binding cassette (ABC) transporters family, mainly the ABCB4 gene coding
for the multidrug resistance 3 (MDR3) protein and the ABCB11 that encodes bile salt export
pump (BSEP) [53,54]. MDR3 translocates phosphatidylcholine across the hepatocanalicu-
lar membrane, whereas BSEP transports bile acids from the cytoplasm of the hepatocyte
into the canaliculus. Polymorphisms were also studied in ABCC2 genes (coding mul-
tidrug resistance-associated protein 2—MRP2), and ATP8B1 (which encodes the familial
intrahepatic cholestasis 1 protein—FIC1) in women with ICP [55-57].

Polymorphic variants of genes from the nuclear receptor family were also analyzed
in ICP. Cases of genetic variation in the NR1I2 gene (encoding pregnane X receptor—
PXR) have been reported in South American women [58]. The central role in bile acid
homeostasis is played by the nuclear farnesoid receptor (FXR). Van Mill and coworkers [58]
have analyzed sequencing data of 92 British ICP cases of mixed ethnicity and identified four
heterozygous FXR variants. Two of them (rs61755050 and rs56163822) occur in Caucasians
and were associated with reduced FXR activity, but only rs61755050 was significantly
associated with a higher frequency of ICP (OR = 3.2; 95% CI: 1.1-11.2; p = 0.02). In the case
of the rs56163822 variant, similarly to our results, no direct association with the etiology
of ICP was demonstrated [59]. Upon bile acid activation, FXR binds heterodimerically
with another nuclear receptor, retinoid X receptor. RXRA encoded by the NR2B1 gene
participates in different metabolic pathways, but the influence of genetic variants in RXRA
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is poorly studied. In the study by Lima et al. (2013) [60], rs11381416 was genotyped in
622 healthy subjects from a Southern Brazilian community. Carriers of the A allele of the
RXRA 1511381416 polymorphism have higher TG levels (1.80 £ 1.20 mmol/L) than those
without an A insertion (1.52 £ 1.02 mmol/L; p = 0.020) [60]. In our ICP women with A
insertion, we observed an increase in the levels of ALT (397.0 vs. 213.0 IU/L, p = 0.017),
AST (186.0 vs. 114.4IU/L, p = 0.032), and TBA (34.3 vs. 18.8 umol/L, p = 0.002). We did
not have detailed lipid profiles of women with ICP, which may show other associations
between this RXRA gene variant and dyslipidemia in cholestatic patients. The relationship
between ICP and abnormal lipid profiles was observed already in 1973 [61]. A meta-
analysis of 786 participants by Zhan et al. (2022) revealed a significant association between
ICP and maternal dyslipidemia, with elevated levels of triglycerides, total cholesterol,
low-density lipoprotein cholesterol, and reduced high-density lipoprotein cholesterol levels
vs. normal pregnancies [62].

The next nuclear receptor we studied was PPARA, which, like FXR, forms heterodimers
with nuclear RXR after ligand binding. PPARA plays a central role in the regulation of
multiple metabolic processes. When activated, it induces expression of genes involved in
fatty acid uptake, reduction in triglyceride levels, and an increase in high-density lipopro-
tein expression [63—65]. Both nuclear receptors FXR and PPARA provide an intriguing,
coordinated response to maintain energy balance in the liver depending on the nutritional
status of the body. FXR is activated in the fed state by bile acids returning to the liver,
while PPARA is activated in the fasted state in response to the free fatty acids produced by
adipocyte lipolysis [24,66]. PPARA L162V polymorphism, associated with reduced gene
activity, has important effects in dyslipidemia. The V162 minor allele is associated with an
increase in triglycerides, total cholesterol, LDL, ApoB, ApoC3, the risk of type 2 diabetes,
and a decrease in HDL [67,68]. In our study, no statistically significant association was
observed between this PPARA gene variant and ICP risk.

Nuclear receptors modulate the activity of the key enzyme for bile acid synthesis,
CYP7A1. Our results indicate an association between CYP7A1 rs3808607 and the risk
of ICP, and an association of NR2B1 rs11381416 with higher liver function test values in
women with pregnancy cholestasis. Additionally, individuals with the genotypes with the
A duplication of the rs11381416 variant were 3.19 times more frequently observed in women
with moderate to severe ICP (with TBA > 40 umol/L). To better understand the association
between these variants and ICP, we searched available databases. In the National Center
for Biotechnology Information (NCBI) ClinVar database [69], rs11381416 is not recorded,
whereas rs3808607 is classified as “benign” based on two reports (VCV001229509.5, accessed
16 July 2025) [69]. It is also unclear whether and how these variants change the structure of
proteins. The rs3808607 variant is located at the 5’ end of the gene, whereas rs11381416 is
an intronic single-nucleotide duplication between exons 8 and 9. We could not find any
studies on functional consequences (e.g., quantitative effects on gene expression, alternative
splicing, functional effects on protein) based on experimental evidence for rs11381416. An
interesting study in the case of CYP7A1 rs3808607 was conducted by Wang et al. [70]. They
noted inconsistent research results regarding the rs3808607 variant. On the one hand, the
G allele exhibits higher transcriptional activity than the T allele in reporter gene assays.
However, association studies link the G allele to increased risk of atherosclerosis or greater
lipid levels, which are predicted outcomes of reduced CYP7A1 activity. Furthermore,
rs3808607 does not show a significant association with lipids in GWAS studies. Their
study indicates the existence of two interacting variants, rs3808607 and rs9297994, which
modulate CYP7A1 expression and are associated with the risk of coronary heart disease
and diabetes. The functional rs9297994, frequently found in Caucasians and located in the
downstream region of the CYP7A1 enhancer, is in strong linkage disequilibrium with the
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promoter SNP rs3808607 and exerts opposing effects on CYP7A1 mRNA expression. The
minor G allele of rs3808607 is slightly more common than the minor G allele of rs9297994
in the European population (0.43 vs. 0.37), with a drastically different frequency in African
Americans (rs3808607 MAF = 0.61, rs9297994 MAF = 0.035). This suggests that African
Americans tend to have higher CYP7A1 activity than Europeans. In our study, the T allele
of the rs3808607 variant was a protective factor against ICP risk (OR = 0.697, p = 0.038). The
G allele, associated with higher CYP7A1 transcriptional activity and predicted higher BA
concentrations, predominated in the ICP group. It is possible that more details regarding
the association between CYP7A1 polymorphic variants and ICP could be obtained by
analyzing the rs3808607 variant in combination with rs9297994.

ICP is associated with an increased risk of perinatal complications (premature birth,
respiratory disorders, even stillbirth) [71]. We observed statistically significant differences
between groups based on the time of onset of ICP symptoms for the mean values of the time
of termination of pregnancy (p < 0.001), newborn weight (p < 0.001), and placental weight
(p = 0.003). In the meta-analysis by Li et al. [72], the effect of ICP on neonatal weight was
assessed, and a lower birth weight was found in neonates with ICP pregnancies compared
with normal pregnancies. Moreover, similarly to our study group, early ICP was associated
with lower birth weight than late ICP. Pooled data from two studies [73] indicated that
the birth weight in the late-onset ICP group was heavier than in the early onset ICP group
(WMD: 267 g, 95% CI: 168, 366) [72].

4. Materials and Methods
4.1. Study Population

A total of 311 subjects were enrolled in this hospital-based case-control study, compris-
ing 96 ICP cases and 211 controls between 2018 and 2020. The study complied with ethical
requirements and has been approved by the Ethics Committee of the Poznan University
of Medical Sciences (No 842/13). Blood samples were obtained from the Department of
Perinatology of Poznan University of Medical Sciences, Poznan.

Ninety-six women in a singleton pregnancy, of Caucasian race and Polish nationality,
were qualified to the study group. ICP was recognized on the basis of the following
clinical and laboratory criteria: itching (without rash) and/or an increase in TBA value
in serum >10 pmol/L on an empty stomach, increase in transaminases ALT and AST
(>30IU/L), and the resolution of symptoms within 2-3 weeks after delivery. Exclusion
criteria of the study group contained existence of chronic liver diseases, viral hepatitis,
autoimmune diseases, biliary obstruction, gestational hypertension or fetal anomalies. The
controls consisted of pregnant women with no maternal diseases or fetal risks who had
similar age and clinical characteristics.

4.2. Biochemical Analyses

Blood for testing was collected from pregnant women diagnosed with ICP before
treatment with ursodeoxycholic acid (UDCA). The concentration of bile acids, total biliru-
bin, and aspartate and alanine aminotransferases was determined in the blood serum of
women with ICP. In a group of healthy pregnant women, bile acid concentrations were
determined after delivery. Roche Cobas test BILT3 (Cat. No. 08056960190, Roche Diag-
nostics, Mannheim, Germany) was used to quantify total bilirubin. Serum ALT and AST
were measured with pyridoxal phosphate activation as suggested by the International
Federation of Clinical Chemistry and Laboratory Medicine (IFCC II) using Roche tests
ALTP2 (Cat. No. 08104697190, Roche Diagnostics, Mannheim, Germany) and ASTP2
(Cat. No. 08104719190, Roche Diagnostics, Mannheim, Germany). The total volume of
bile acids in serum was determined using the 5th Generation Enzymatic Colorimetric RX
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Series kit (Cat. No. BI3863, Randox Laboratories Ltd., Crumlin, UK). The measurements
were conducted on a Cobas Pro analyzer (Roche Diagnostics, Basel, Switzerland). All tests
were carried out at the Central Laboratory Gynecology and Obstetrics Clinical Hospital,
University of Medical Sciences, Poznan, Poland, a certified facility meeting the criteria of
ISO 9001:2015-10 (certificate number J-779/13/2023) [74].

4.3. DNA Extraction

2 mL ethylenediaminetetraacetic acid anticoagulated peripheral blood samples were
collected from all subjects. Genomic DNA was extracted by the QlAamp DNA Blood
Mini Kit (Cat. No.: 69506, Qiagen, Hilden, Germany). Nanodrop 2000 Spectrophotometer
(Thermo Scientific, Waltham, MA USA) was used to evaluate the concentration (A260) and
purity (A260/A280 absorbance ratio) for each DNA sample.

4.4. Selection of the SNVs

Figure 5 shows the network of connections between the genes we analyzed and their
closest neighboring proteins drawn by the STRING database version 12.0 accessed on 2
October 2024 [75].

Figure 5. The network of the genes we studied (CYP7A1, NR1H4, PPARA, RXRA) and their closest
functional partners. The plot was from the STRING (Search Tool for the Retrieval of Interacting
Genes) database (http:/ /string-db.org/—accessed on 2 October 2024).

In this study, five polymorphic variants in four genes regulating bile acid biosynthesis
were selected: rs3808607 (CYP7A1), rs56163822 (NR1H4), rs1800206 (PPARA), rs749759,
and rs11381416 (RXRA). Basic information about the analyzed SNVs and allele frequency
distributions in European populations from the 1000Genomes Project is presented in Table 6.

Table 6. Characteristics of selected genes and variants.

Position . Allele Frequency
Gene rs Number (GRCh38.p14) Region Allele in Europe *
NR1H4 rs56163822  chri2:100493323 o NonCoding G>T G =098, T =0.02
ranscript Variant

CYP7A1 rs3808607 chr8:58500365  2KB Upstream Variant G>T G=043,T=0.57
NR2B1 rs749759 chr9:134432806 Intron Variant A>G A=023,G=0.77
NR2B1 rs11381416 chr9:134432216 Intron Variant -)>A (-)=0.92, A =0.08
PPARA rs1800206  chr22:46218377 ~ Missense Variant C>G C=0.94,G=0.06

(p.Leul62Val)

SNV ID in database dbSNP; given name according to NCBI; * 1000Genomes Project.
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Genotyping was performed by polymerase chain reaction/restriction fragment length
polymorphism (PCR/RFLP) using methods described in the previous literature [76-80].
The primers and restriction enzymes used for the RFLP reactions are presented in Table 7.
DNA amplification was performed in a 15 pL volume containing 50 ng genomic DNA,
0.25 uM of each primer, 1 U of Tag DNA polymerase and respective buffer (DreamTaq
Green DNA polymerase, Cat. No.: EP0712, Thermo Fisher Scientific, Waltham, MA, USA),
and 200 uM of each deoxynucleotide (Cat. No. R0241, Thermo Fisher Scientific, Waltham,
MA, USA). Samples were denatured in a thermocycler (DNA Engine Dyad® Thermal
Cycler, Bio-Rad Laboratories, Inc., Hercules, CA, USA). The variants were detected by
restriction analysis using Thermo Fisher Scientific (Waltham, MA, USA) enzymes: BseGI
(Cat. No. ER0871), Eco31I (Cat. No. ER0291), BstXI (Cat. No. ER1021), EcoO109I (Cat. No.
ER0261), Bgll (Cat. No. ER0071). Products were analyzed by electrophoresis on agarose
gel with Midori Green Advanced DNA Stain (Cat. No. MG04, Nippon Genetics, Diiren,
Germany). Positive and negative controls were used in the reactions. 10% of genotype
determinations were repeated in independent experiments with complete agreement.

Table 7. PCR primers and restriction enzymes used for SNV genotyping.

Gene SNV Primer Sequences Restriction Enzyme
NR2B1 rs11381416 2 GECICCTCCTCOCTIGTACTTS, EcoO1091
para o JAARAAACTCAGCMCMAMMTT gy

4.5. Statistical Analysis

All statistical analyses were conducted in the R programming environment (version
4.3.1, The R Foundation for Statistical Computing, https://cran.r-project.org accessed on
25 November 2024) [81]. For continuous variables, the Shapiro-Wilk test was used to verify
normality. Normally distributed variables were expressed as mean + standard deviation
(SD), and in the absence of normal distribution as median and interquartile range (IQR).
Nominal variables are presented as observation counts and percentage. The chi-square test
or Fisher’s exact test was used for nominal scales, and the ¢-test or Mann-Whitney U test
for ordinal scales. Comparisons between a larger number of groups were made using the
Kruskal-Wallis test with the post hoc Dunn-Bonferroni comparison procedure. Genotype
and allele frequency distributions, in addition to HWE probabilities, were determined
applying different models of inheritance (codominant, dominant, recessive, over-dominant,
and log-additive) using the SNPassoc package version 2.1-0 [82]; p < 0.05 were considered
statistically significant.

5. Conclusions

In conclusion, normal pregnancy is characterized by metabolic changes that lead to
elevated serum bile acid levels and dyslipidemia. Nuclear receptors, due to their ability
to translate nutritional signals into gene expression, play an important role in regulating
metabolic pathways that influence changes in these parameters. Disruptions in nuclear
receptor signaling caused by polymorphic variants in the genes encoding them can result
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in pregnancy disorders such as ICP. Although the importance of nuclear receptors in bile
acid metabolism is crucial, the influence of genetic variants on ICP is poorly studied. Our
study suggests that polymorphisms in CYP7AI and RXRA (NR2B1) genes may affect bile
acid metabolism and ICP. However, there are several limitations to consider in our study.
First, we analyzed only five SNVs of genes related to bile acid metabolism. Moreover, the
obtained data were based on a small number of samples, and thus the results of this work
must be interpreted cautiously. Future studies should also take into account the influence of
environmental factors, especially the diet of the patients. A more complete understanding
of the nutrients’ regulatory effects on metabolism via nuclear receptors may provide new
insights into the pathophysiology and treatment of ICP.
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