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Abstract
BACKGROUND
Mutations that occur in the ABCB4 gene, which encodes multidrug-resistant protein 3, underlie the occurrence of progressive familial intrahepatic cholestasis type 3 (PFIC3). Clinical signs of intrahepatic cholestasis due to gene mutations typically first appear during infancy or childhood. Reports of PFIC3 occurring in adults are rare.

CASE SUMMARY
This is a case study of a 32-year-old infertile female Chinese patient with a 15-year history of recurrent abnormal liver function. Her primary clinical signs were elevated levels of alkaline phosphatase and γ-glutamyl transpeptidase. Other possible reasons for liver dysfunction were eliminated in this patient, resulting in a diagnosis of PFIC3. The diagnosis was confirmed using gene detection and histological analyses. Assessments using genetic sequencing analysis indicated the presence of two novel heterozygous mutations in the ABCB4 gene, namely, a 2950C>T; p.A984V mutation (exon 24) and a 667A>G; p.I223V mutation (exon 7). After receiving ursodeoxycholic acid (UDCA) treatment, the patient's liver function indices improved, and she successfully became pregnant by in vitro fertilization. However, the patient developed intrahepatic cholestasis of pregnancy in the first trimester. Fortunately, treatment with UDCA was safe and effective.

CONCLUSION
These novel ABCB4 heterozygous mutations have a variety of clinical phenotypes. Continued follow-up is essential for a comprehensive understanding of PFIC3.
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Core Tip: This is the first case report of an adult patient with progressive familial intrahepatic cholestasis type 3 (PFIC3) and infertility. Gene detection was central to making a definitive diagnosis. The novel ABCB4 heterozygous mutations observed exhibited a variety of clinical phenotypes. A genetic predisposition to infertility may also be present in this patient and requires further research. The discovery of these new mutations has enriched the information on the clinical features of PFIC3 and contributed to a more comprehensive understanding of ABCB4 disease.


INTRODUCTION
Progressive familial intrahepatic cholestasis (PFIC) comprises several rare, hereditary autosomal-recessive hepatic diseases that occur predominantly in neonates and infants. Intrahepatic cholestasis is the primary clinical sign observed in patients with PFIC[1]. As the disease progresses, patients develop liver fibrosis, which progresses to cirrhosis and eventually hepatic failure[2]. Based on the specific mutations in the gene, six types of PFIC have been defined, among which classical types 1, 2 and 3 are more common[3]. In terms of biochemical and histological characteristics, there are significant differences between PFIC3 and other types (Table 1). In particular, PFIC3 presents with elevated serum γ-glutamyl transpeptidase (GGT)[4]. We found few reports of cases of PFIC3 in our search of the published literature, which included the last ten years. In particular, fertility in adult PFIC3 patients has not been reported.

CASE PRESENTATION
Chief complaints
A 32-year-old female patient had experienced abnormal serum liver enzyme levels for 15 years.

History of present illness
Fifteen years previously, the patient was diagnosed with abnormal serum liver enzyme levels during the course of a high school physical examination. As she did not exhibit any symptoms of overall liver dysfunction, no action was taken at that time. Four years later, liver function index abnormalities were observed during an occupational health examination. The patient was admitted to a local hospital with no apparent cause of her abnormal serum enzyme levels. The patient was treated with some liver-protective drugs, but her liver function indices did not improve. The patient was not experiencing any adverse effects at that time and did not actively have her liver function indices monitored in subsequent years. One month prior to her admission to our hospital, the patient visited a maternal and child health hospital due to infertility, but routine examination on admission revealed significantly abnormal liver function indices. For further diagnosis and treatment, she was admitted to the Department of Hepatology at our hospital.

History of past illness
Thirteen years previously, the patient had undergone splenectomy due to a ruptured spleen caused by a car accident and recovered well.

Personal and family history
During her ten years of marriage, the patient experienced continued infertility and did not take any infertility medications or oral contraceptives. One year previously, salpingography at a maternal and child health hospital showed partial obstruction of the fallopian tube, and the natural conception rate was low. The fertility tests of the patient’s spouse were normal. Therefore, in vitro fertilization (IVF)-assisted reproduction was recommended. However, due to financial reasons, the patient did not receive IVF.
The patient indicated that she did not have a history of alcohol intake or the use of any hepatotoxic drugs. Her father had undergone surgery years previously to treat intrahepatic bile duct stones and recovered well from the surgery. Her mother, who died from a brain hemorrhage three years earlier, did not have liver disease in her medical history. Her brother’s liver function was normal.

Physical examination
The patient’s vital signs were all stable, and physical examination revealed no noteworthy positive signs.

Laboratory examinations
Analysis of her laboratory data (November 3, 2020) revealed the following results: total bilirubin, 28.1 μmol/L; direct bilirubin, 16.1 μmol/L; alanine aminotransferase (ALT), 151 U/L; aspartate aminotransferase (AST), 119 U/L; alkaline phosphatase (ALP), 226 U/L; GGT, 1025 U/L; total bile acid (TBA), 17.2 μmol/L; and albumin, 41.8 g/L (Table 2). Several markers for hepatitis viruses (hepatitis A, B, C, and E) were determined to be negative. The analyses for antibodies to cytomegalovirus antibodies and Epstein-Barr virus DNA were also negative. All autoimmune antibodies, including antimitochondrial and antinuclear lupus-related antibodies and Sjogren's syndrome-related antibodies were negative. We also assessed serum copper levels as well as ferritin and ceruloplasmin, and the levels were within normal ranges. Routine blood analysis, coagulation function, thyroid function, and several additional laboratory test results were found to be unremarkable.

Imaging examinations
Abdominal magnetic resonance imaging (MRI) revealed an increased hepatic interstitium and multiple patchy abnormal signal shadows in hepatic segments VII and VIII. The presence of nodule regeneration was considered after enhanced examination using gadolinium-ethoxybenzyl-diethylenetriamine penta-acetic acid, which is a hepatocellular-specific contrast agent. No obstructions associated with the extrahepatic and intrahepatic bile ducts were observed following detailed examination using magnetic resonance cholangiopancreatography (Figure 1). Cardiac ultrasound and chest radiography showed no abnormalities.

Specialized examinations
We examined the sclera of the patient’s eyes for Kayser-Fleischer rings, but no rings were present. The transient elastography assessment for liver fibrosis was 14.6 kPa.

Pathological findings and immunohistochemical staining
With the consent of the patient, we performed an ultrasound-guided liver biopsy. Pathological examination revealed cholestatic liver fibrosis (modified Scheuer score S2). An analysis of histological samples revealed a significant decrease in multidrug-resistant protein 3 (MDR3) protein staining compared to the levels of staining observed in samples from healthy subjects (Figure 2).

Gene mutational analysis
Genomic DNA was purified from peripheral blood samples. Based on Illumina NovaSeq® 6000 instruments and the xGen® sequencing Exome Research Panel, high-throughput sequencing was used to detect genomic mutations. The genetic testing results revealed two novel heterozygous mutations in the ABCB4 gene: a 2950C>T; p.A984V mutation (exon 24) and a 667A>G; p.I223V mutation (exon 7) (Figure 3).

FINAL DIAGNOSIS
According to the above case data, the patient’s liver function, particularly the increase in serum GGT, was abnormal for many years. Immunohistochemical analysis of liver tissue showed that MDR3 staining was significantly decreased, and gene detection showed that there were two heterozygous mutations in the ABCB4 gene. The final diagnosis of the presented case was PFIC3.

TREATMENT
The patient received treatment with ursodeoxycholic acid (UDCA) 750 mg/d.

OUTCOME AND FOLLOW-UP
When the patient was discharged, the GGT decreased significantly, and the other liver function indices were close to the normal values (Table 2). After consulting with family members and saving money, the patient went to the maternal and child health care hospital again, successfully became pregnant via IVF, and stopped UDCA treatment on her own. Skin pruritus occurred at the 13th week of pregnancy, and serological examination showed that her liver function was significantly abnormal, in particular, TBA was higher than the initial value. The diagnosis was PFIC3 combined with intrahepatic cholestasis of pregnancy (ICP), and UDCA therapy was recommended. Her symptoms of itching were subsequently alleviated, and all liver function indices except TBA were improved. Fortunately, fetal indicators were normal. The liver function test results during the course of the disease are shown in Table 2.

DISCUSSION
PFIC3 occurs rarely and is primarily a sporadic disease[5], and the incidence of PFIC3 in the general population has not been reported definitively. A previous assessment of disease occurrence demonstrated that PFIC3 incidence might be 1 in 500000 people[6]. Patients exhibiting PFIC3 commonly develop cholestasis later in childhood and up to adolescence. Individuals with PFIC3 often exhibit recurring episodes of pruritus, jaundice, pale clay-like stools, hepatosplenomegaly, and gastrointestinal bleeding, which can progress to cirrhosis and liver failure before the onset of adulthood[7,8]. Gastrointestinal bleeding that is associated with cirrhosis or the occurrence of portal hypertension is often the first presenting sign of the disorder in older children or young adults[9].
In this case study, we analyzed a 32-year-old female Chinese patient who was asymptomatic. We used laboratory, MRI, and histological examinations to exclude other possible etiologies, including primary biliary cholangitis, Alagille syndrome, primary sclerosing cholangitis, Wilson's disease, and drug-induced liver injury. Subsequently, we highly suspected that this patient might have PFIC3 based on her high level of GGT. Therefore, we carried out a gene mutation analysis that revealed two novel heterozygous mutations in ABCB4, namely, a 2950C>T; p.A984V mutation and a 667A>G; p.I223V mutation. Based on immunostaining for MDR3 in liver samples and genetic testing, the patient was diagnosed with PFIC3.
PFIC3 is caused by a mutation in the ABCB4 gene, which encodes MDR3[10]. MDR3 is classified as a p-glycoprotein (pGp) and has been shown to be expressed in hepatocyte canalicular membranes[11]. The MDR3 protein transfers phospholipids from hepatocytes into the bile ducts[12]. Normally, phospholipids combine with bile salts that subsequently form microparticles. This process results in increased hydrophilicity and reduces the descaling effects produced by bile salts. These actions protect bile duct cells from toxic damage that can be induced by bile salts. A major function of phospholipids in the liver is to neutralize the detergent-like effects produced by hydrophobic bile salts[6,13]. Thus, defects in the MDR3 protein can result in damage to the biliary epithelium and bile canaliculi, which ultimately can produce cholestasis. It should be noted that the primary defect that occurs with MDR3 deficiency does not lead to the retention of bile acids in hepatocytes, so cholestasis is not a direct result of the disorder[14]. Symptoms, including cholestasis, develop as a result of the damage caused by the eventual cholangiopathy. Even patients who exhibit complete MDR3 deficiency may not present clinical symptoms for several years[15]. When MDR3 function is only partially lost, patients commonly exhibit slow disease progression[16]. Therefore, MDR3 deficiencies can result in a range of disease manifestations and ages at presentation.
Nearly 300 ABCB4 variants that cause disease have been reported, of which approximately 50 are associated with PFIC3[7]. The age at which the patient first exhibits signs of cholestatic disease, severity of the liver disorder and response to treatment have been shown to be correlated with the different mutations that occur in the ABCB4 gene[16]. Patients with homozygous mutations tend to exhibit progressive intrahepatic cholestasis, which usually leads to liver failure in early childhood and requires liver transplantation[17]. On the other hand, the age of disease onset in patients with heterozygous mutations is relatively high, and clinical symptoms are mild.
New evidence demonstrates a spectrum of diseases resulting from heterozygous mutations in ABCB4, ranging from the severe form seen in PFIC3 to milder, intermittent forms such as low-phospholipid-associated cholelithiasis syndrome (LPAC), ICP and adult-onset biliary fibrosis or cirrhosis[18-21]. Previous studies have shown that reduced or absent transport of phosphatidylcholine is indeed associated with intrahepatic sludge or stone formation[22]. The father of the patient had a genetic mutation in ABCB4, including a 2950C>T; p.A984V mutation, and his preexisting intrahepatic bile duct stone may have been a phenotypic form of LPAC[23]. Although the majority of cases of ICP present in the third trimester and are usually thought to be multifactorial in etiology, the patient's early pregnancy presentation may have been attributed to an underlying genetic susceptibility[24]. ABCB4 gene defects are one of the major causes of biliary fibrosis, and Bernardo et al[25] reported that PFIC3-associated biliary fibrosis can be partially reversed after UDCA treatment. However, the coexistence of ABCB4 variants and infertility has not been reported in previously published literature. While not proof of causality, the mutations identified in our patient certainly suggest a possible susceptibility for her rare and unique presentation.
Genetic sequencing of the ABCB4 gene in our patient revealed two novel heterozygous mutations, namely, a 2950C>T; p.A984V mutation and a 667A>G; p.I223V mutation. These two mutations were not included in the Human Gene Mutation Database or the ClinVar database. The effects on function resulting from the two mutations were evaluated using Polymorphism Phenotyping v2, Sorting Intolerant from Tolerant, and MutationTaster[26-28]. The two novel mutations were predicted to have uncertain significance. Based on the familial identification, the locations of these two mutations were determined to be on different chromosomes, which resulted in a compound heterozygous mutation that might have resulted in a partial loss of function for MDR3. It is due to this compound heterozygous mutation that this patient has a rare and unique clinical phenotype.
UDCA is typically used as the initial treatment for PFIC3[29]. Some studies have shown that a dose of 10-30 mg/kg/day can successfully treat PFIC3 and resolve the presence of cholestasis in patients[2]. UDCA has been shown to be effective in two-thirds of PFIC3 patients. Korkut et al[30] reported that UDCA treatment was effective in improving conception in women who had intrahepatic cholestasis and were infertile. Here, the patient successfully became pregnant after UDCA treatment following a single IVF treatment, and UDCA treatment may have had some potential beneficial effects. The patient responded well to UDCA therapy. After UDCA treatment, the serum GGT in this patient decreased significantly, and the other liver function indices basically returned to normal. However, after the combination of ICP, UDCA improved the symptoms of pruritus and liver function, but TBA showed an upward trend. The increase in TBA may harm the fetus, so it is necessary to closely monitor the fetal index and deliver early if necessary. The remaining one-third of patients may require additional intervention due to the degree of disease progression and inadequate symptom relief. When other treatments are unsuccessful, liver transplantation has been shown to be effective in PFIC3 patients[31]. However, long-term follow-up to monitor the patient’s liver function is necessary.

CONCLUSION
We were able to definitively diagnose PFIC3 in a 32-year-old female Chinese patient based on her clinical symptoms, pathological examination, and gene detection. Successful gene detection was essential to the diagnosis. This case illustrates the heterogeneity of genetic mutations. These novel ABCB4 heterozygous mutations have a variety of clinical phenotypes that respond well to UDCA therapy. A genetic predisposition to infertility may also be present in this patient, and this requires further research. The discovery of these new mutations has enriched the information on the clinical features of PFIC3 and contributed to a more comprehensive understanding of ABCB4 disease.
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Figure Legends
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Figure 1 Liver magnetic resonance images. A: T1-weighted image. The size and shape of the liver are normal, and patchy low signal intensity can be seen in the SVII segment, with a diameter of approximately 15 mm. Loss of spleen; B: T2W spectral attenuated inversion recovery image. The interstitium increased in the liver, and the lesions in the SVII segment showed high signal intensity; C: Gadolinium-ethoxybenzyl-diethylenetriamine penta-acetic acid 15MIN_Delay image. The signal intensity of SVII segment lesions was basically consistent with that of normal liver; D: Magnetic resonance cholangiopancreatography image. No stricture or dilatation of the intrahepatic or extrahepatic bile duct was observed.
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Figure 2 Pathological examination of liver biopsy specimens. A: The interstitial fibrous tissue in the portal area proliferates, and the fibrous septum is formed (Masson; original magnification × 100); B: The portal area was enlarged with moderate mixed inflammatory cell infiltration and mild interfacial inflammation (hematoxylin and eosin; original magnification × 100); C: Irregular arrangement of the epithelium of the small bile duct in the portal area (hematoxylin and eosin; original magnification × 200); D: Absence of small bile duct in part of the portal area (CK7; original magnification × 200); E: Multidrug resistance protein 3 (MDR3) protein staining decreased significantly (immunohistochemical staining; original magnification × 200); F: Liver biopsy specimens from a healthy person showing normal expression of the MDR3 protein (immunohistochemical staining; original magnification × 200).
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Figure 3 Sanger sequencing map. A: ABCB4_ex24 c.2950C>T (p.A984V) Sanger sequencing map; Patient: ABCB4_ex24 c.2950C>T (p.A984V) gene mutation (a1); Patient’s father: ABCB4_ex24 c.2950C>T (p.A984V) gene mutation (a2); Patient’s brother: No ABCB4_ex24 c.2950C>T (p.A984V) gene mutation (a3); B: ABCB4_ex7 c.667A>G (p.I223V) Sanger sequencing map; Patient: ABCB4_ex7 c.667A>G (p.I223V) gene mutation (b1); Patient’s father: No ABCB4_ex7 c.667A>G (p.I223V) gene mutation (b2); Patient’s brother: ABCB4_ex7 c.667A>G (p.I223V) gene mutation (b3).

Table 1 Gene, clinical and histological features of different types of progressive familial intrahepatic cholestasis type 3
	
	PFIC1
	PFIC2
	PFIC3

	Gene
	ATP8B1
	ABCB11
	ABCB4

	Protein
	FIC1
	BSEP
	MDR3

	Serum ALT
	+
	++
	+

	[bookmark: OLE_LINK20]Serum GGT
	Normal
	Normal
	Elevated

	Serum TBA
	++
	+++
	+

	Liver histology
	Mild cholestasis, mild lobular fibrosis
	Cholestasis, portal fibrosis, giant cell hepatitis, hepatocellular necrosis
	Bile ductular proliferation, inflammatory infiltrate, and biliary fibrosis


PFIC: Progressive familial intrahepatic cholestasis; FIC1: Familial intrahepatic cholestasis 1; BSEP: Bile salt export pump; MDR3: Multidrug resistance class 3; ALT: Alanine aminotransferase; GGT: γ-glutamyl transpeptidase; TBA: Total bile acid.

Table 2 Liver function throughout the course of the disease
	
	Admission
	Discharge
	Before pregnancy
	13th week of pregnancy
	21th week of pregnancy
	30th week of pregnancy

	ALT (7-41 U/L)
	151
	18
	12
	85
	28
	21

	AST (13-35U/L)
	119
	48
	38
	109
	59
	53

	TBil (3.0-21.0 μmol/L)
	28.1
	14.1
	21.1
	27.4
	21.5
	33.2

	DBil (0.1-6.8 μmol/L)
	16.1
	9.3
	12.0
	15.3
	11.3
	20.8

	GGT (7-45U/L)
	1025
	459
	301
	470
	199
	148

	ALP (35-100 U/L)
	226
	126
	147
	223
	133
	251

	TBA (0.0-10.0 μmol/L)
	17.2
	19.9
	15.3
	40.5
	52.1
	81.8


ALT: Alanine aminotransferase; AST: Aspartate aminotransferase; ALP: Alkaline phosphatase; GGT: γ-glutamyl transpeptidase; TBil: total bilirubin; DBil: Direct bilirubin; TBA: Total bile acid.
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