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Abstract: 

Background and Aims:  

Symptoms of pruritus, fatigue and cognitive impairment are common in Primary Biliary 

Cholangitis (PBC) with a significant impact on patients’ quality of life. The biological 

mechanisms underpinning these are poorly understood. Management of symptomatic PBC 

remains a significant unmet need, with no effective treatment for fatigue or cognition and 

only partially effective treatments for pruritus. This study explored markers associated with 

the pathogenesis of PBC and their relationship to symptoms.  

 

Method:  

Study 1 (exploratory) investigated 19 O-link serum proteomic markers in 289 fully 

characterised PBC patients from the UK-PBC cohort. Markers were compared to ‘clinically 

significant’ (c/s) symptoms, as assessed using the PBC-40. Study 2 (validation) compared a 

multiplex of 11 markers to a symptom-heavy cohort of 160 PBC patients and 40 healthy 

controls. Study 3 explored the neurosteroid allopregnanolone in 120 PBC patients and 40 

healthy controls, comparing serum levels to c/s symptoms.    

 

Results: 

Interleukin-6 (IL-6) was positively associated with c/s fatigue, as compared with ‘not 

clinically significant’ (nc/s) fatigue (exploratory: median 2.63(IQR 0.80) pg/ml vs 

2.42(0.89); p=0.047; validation: 1.62(0.89) vs 1.06(0.86); p=0.01), while Interluekin-4 

Receptor Alpha (IL-4RA) was associated with c/s pruritus, as compared with nc/s pruritus 

(exploratory: 3.27(1.30) pg/ml vs 3.09(1.01); p=0.032; validation: 1081(173) vs 1000(200); 

p=0.022). Allopregnanolone was elevated in c/s cognitive (0.037 (0.04) vs 0.023(0.036); 

p=0.044) and emotional symptoms (0.039(0.056) vs (0.027(0.036); p=0.01).  

 

Conclusion:  

IL-6 was elevated in two distinct PBC groups with fatigue and has previously been 

implicated in skeletal muscle fatigability. IL-6 blockade therapies may present a new 

therapeutic strategy for fatigue. IL-4RA demonstrated positive associations for pruritus 

across both groups. An ongoing IL-4RA receptor antagonist trial may prove effective in 

treating cholestatic pruritus. Elevated serum allopregnanolone is associated with severe 



 

 

cognitive and emotional symptoms in PBC and may be amenable to novel compounds 

targeting GABA-A receptors. 
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Chapter 1: Introduction 

 

1.1 Background 

Primary biliary cholangitis (PBC) is a slowly progressive immune-mediated, chronic liver 

disease that leads to inflammation and destruction of the small intrahepatic bile ducts, resulting 

in chronic cholestasis, that can lead to cirrhosis, liver decompensation and death (Carey, Ali 

and Lindor, 2015). With a prevalence in the United Kingdom of 35 per 100,000 population, 

PBC is considered a rare disease, with an annual incidence rate of 2-3 per 100,000 (James et 

al., 1999). However, despite this, PBC still accounted for 7% of all adult elective liver 

transplantations in the UK in 2020 (Annual report on liver transplantation: Report for 

2019/2020, 2020).  

 

A clinical diagnosis of PBC can be made following persistent cholestatic liver function tests 

(greater than 6 months), without alternative explanation, and disease specific antibodies (anti-

mitochondrial antibodies (AMA) > 1:40, or highly PBC-specific anti-nuclear antibodies 

(ANA)) and/or following compatible histological features on liver biopsy (Hirschfield et al., 

2018). International guidelines stipulate that the presence of all three features is defined as 

“definite” PBC; whilst meeting any 2 out of the 3 criteria is defined as “probable” PBC 

(Hirschfield et al., 2018; Hirschfield et al., 2017; Lindor et al., 2018). The combination of 

persistent cholestatic liver function tests and positive AMA produces a diagnostic sensitivity 

and specificity for PBC of 95% and has thus largely removed the need for liver biopsy for 

diagnosis (Oertelt et al., 2007). 

 

There is a marked female predominance, with a prevalence ratio of 9 females to 1 male (Triger, 

Berg and Rodes, 2008), and with a median age of disease onset at 50 years (Griffiths, Dyson 

and Jones, 2014). Male gender and younger age at presentation for females (typically less than 

45 years) carries a higher risk of treatment failure with standard first-line therapy, resulting in 

an increased risk of future disease progression (Carbone et al., 2013b). In addition, the 

symptom burden in PBC, classically fatigue, cognitive symptoms (often described by patients 

as brain fog) and pruritus (itch) is often higher in younger females (Carbone et al., 2013b).  
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There is significant geographical variation in the prevalence of PBC, with a higher incidence 

in Northern Europe, Scandinavian countries and the United States (Griffiths, Dyson and Jones, 

2014). Even within countries, there can be significant geographical variation, such as seen 

within northern England where there is a higher prevalence of 240 cases per million, compared 

to 200 per million in southern Wales (James et al., 1999; Metcalf et al., 1997). Several 

epidemiological studies have suggested an apparent increase in the prevalence of PBC over 

time. Whilst this may represent a true increase, it is also likely that increased disease awareness 

and improved case-finding contribute to this, whilst variation in study populations and study 

design may also be an influence (Griffiths, Dyson and Jones, 2014). 

 

1.2 Pathogenesis 

The aetiopathogenesis of PBC is poorly understood. The clinical picture is of chronic 

cholestasis, with immune reactivity to AMA and/or specific ANA. Histologically there is 

chronic non-suppurative, granulomatous, lymphocytic cholangitis, with inflammation around 

the portal tracts and biliary epithelial cells (BEC) (Rubin, Schaffner and Popper, 1965; Selmi, 

Coppel and Gershwin, 2006). The majority of patients (95%) with PBC have AMA directed 

against the 2-oxoacid dehydrogenase enzyme complexes of the mitochondria, most commonly 

the pyruvate dehydrogenase complex (PDC), where reactivity is largely to the E2 and E3BP 

subunits, which share common lipoylated domains resulting in cross reactivity. However, 

reactivity is seen to some degree in other families of 2-oxoacid dehydrogenase (Jones, 2008; 

Fussey et al., 1988; Yeaman et al., 1988; Palmer et al., 1999). Other characteristic antibodies 

include sp100 and gp210 and are listed in   

 

Table 1.1. These lipoylated domains are covalent attachment sites for the essential cofactor, 

lipoic acid (Quinn et al., 1993). This cofactor is a catalyst for cell growth, oxidation of 

carbohydrates, amino acids and other fuels (Solmonson and Deberardinis, 2018). See Figure 

1. 
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Table 1.1: Characteristic autoantibodies and their frequency in PBC (Jones, 2008) 

Antibody group Antigen Patient Frequency 

Mitochondria PDC-E2* 95% 

PDC-E3BP* 95% 

PDC-E1a 40-60% 

PDC-E1b 10% 

OGDC-E2 40-90% 

BCOADC-E2 10% 

Nuclear Gp210 10-40% 

Sp100 10-30% 

P62 20-30% 

Centromere 10% 

Lamin B receptor 2% 

*There is complete cross-reactivity from antibodies to these common lipoylated domains. 

 

 

Figure 1.1 Overall reaction model of pyruvate dehydrogenase complex (PDC)  

The three enzymes E1 (pyruvate dehydrogenase), E2 (dihydrolipoamide acetyl-transferase) and E3 

(dihydrolipoamide dehydrogenase) links glycolysis to the Krebs cycle in mitochondria (Nasiri et al, 2019, page 

3649)(Khodarahmi et al., 2020) 
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Although the discovery of serum antibodies in PBC, including AMA, have proven important 

in the diagnosis of PBC, the relevance of their presence in the underlying pathophysiology of 

disease is limited. Indeed, a large cohort study in Italy demonstrated that around 0.5% of the 

population had positive AMA serology, but without overt liver disease (Mattalia et al., 1998). 

Studies from the 1980s demonstrated that a significant proportion of patients with AMA 

positivity go on to develop cholestatic liver function tests, and/or symptoms consistent with 

PBC during long-term follow up, with over a third of liver biopsies undertaken at the time of 

recruitment to these studies having some histological features that were consistent with PBC, 

while another third had histology that fulfilled diagnostic criteria, despite normal liver function 

tests. (Mitchison et al., 1986; Metcalf et al., 1996). 

 

Individual susceptibility to PBC is due to complex interactions between genetics and 

environmental factors. Having a first degree relative with PBC is a strong independent risk 

factor for PBC, with an odds ratio of between 6.8-10.7 shown in several cohort studies 

(Gershwin et al., 2005; Corpechot et al., 2010; Jones et al., 1999b), with a non-uniform 

distribution, and a predominance for daughters of affected patients (Jones et al., 1999b).  High 

concordance rates for PBC between monozygotic twins, compared to dizygotic twins, has 

previously been demonstrated, providing further evidence of a strong genetic component 

(Selmi et al., 2004).  

 

The Human Leukocyte Antigen (HLA) complex contains coding that is needed for antigen 

presentation. It is located on the short arm of chromosome 6 and includes groups of genes, 

related in structure and/or function, which encode heavy chain HLA class I (HLA-A, -B, and -

C) molecules and HLA class II (HLA-DP, -DQ and DR) molecules used to present processed 

peptide antigens, whilst class III genes encode for a large number of other immune proteins, 

such as tumour necrosis factor (TNF)- and complement (Gerussi et al., 2021). Historically, 

many autoimmune diseases have been strongly associated with HLA regions (haplotypes), 

particularly involving HLA class II (Simmonds and Gough, 2007). Since 2006, high-risk HLA 

loci and low-risk non-HLA loci that predispose an individual to develop PBC have been 

identified by use of genome-wide association studies (GWAS) (Cordell et al., 2015b; Mells et 

al., 2011; Hirschfield et al., 2009; Liu et al., 2012). GWAS uses case-control association 

studies to find associations between a given phenotype and genetic loci across the genome. 

Stringent significance levels are applied to correct for false-positive associations and potential 
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significant associations should be replicated using a validation panel (Neuberger, 2020). The 

strongest HLA haplotype associations for PBC in European populations are shown in Table 

1.2 

 
Table 1.2 HLA locus associations in primary biliary cholangitis, adapted from autoimmune liver disease 

management and clinical practice, chapter 3 (Neuberger, 2020) 

Population Effect HLA allele/haplotype 

PBC (European) Risk B*39:06-DRB1*08:01-DQA1*04:01-DQB1*04:02 

  DRB1*04:04-DQA1*03:01-DQB1*03:02 

  DRB1*14-DQB1*05:03 (Italian population only) 

  DPB1*03:01  

  C8*04:01  

  DPB1*10:01  

  DPB1*17:01 

  DPA*02:01 

 Protective DRB1*11:04-DRB1*11:01-DQA1*05:01-DQB1*03:01 

  B*07:02-DRB1*15:01-DQA1*01:02-DQB1*06:02 

  DPB1*04:01 

 

 

Most autoimmune diseases arise as a result of abnormal activation of the immune system, as a 

consequence of individual genetic susceptibility, following exposure to a specific 

environmental factor, that results in failure of self-tolerance, leading to disease (Costenbader 

et al., 2012). Evidence for loss of immune tolerance due to an environmental influence comes 

from studies outlining uneven spatial variation of PBC, along with space-time clustering that 

may suggest both transient and non-transient environmental causes. Examples of this include 

studies that identified clustering of PBC cases in the urban areas of Newcastle and Gateshead, 

along with marked space-time clustering between 1995 to 2003, with the strength of clustering 

being most significant when diagnosed within 1-4 months of each other, which the authors 

concluded might suggest a transient infective agent  (Prince, 2001; Mcnally, Ducker and James, 

2009; Griffiths, Dyson and Jones, 2014). A subsequent comprehensive follow-on study 

verified a high prevalence of PBC in the northeast of England associated with urbanisation, 

and in particular, demonstrated significant spatial clustering of cases in areas with a previous 

coal mining history, however, they did not replicate the temporal clustering identified 

previously (Dyson et al., 2021).  A study in New York City demonstrated the prevalence of 
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patients with PBC on the liver transplant waiting list was significantly higher in those who had 

zip codes that contained or were adjacent to superfund toxic waste sites (SFW) (Ala et al., 

2006). Other case control studies have consistently demonstrated an association between PBC 

and psoriasis, recurrent urinary tract infections and smoking (Corpechot et al., 2010; Gershwin 

et al., 2005; Howel et al., 2000; Prince, Ducker and James, 2010), but other common risk 

factors remain inconsistent between studies, and challenges remain in identifying these due to 

lack a commonality between study methodologies, the possibility of multiple triggers and the 

potential latency between exposure, onset and diagnosis (Griffiths, Dyson and Jones, 2014).  

 

Therefore, evidence suggests that on a permissive genetic background, environmental exposure 

to a trigger, such as a microbial, which acts as a PDC-E2 mimic, results in loss of immune 

tolerance (Gershwin and Mackay, 2008; Shimoda et al., 2003). This activates an immune 

response, stimulating antigen presenting cells (APC) to form a T-cell complex, that results in 

the stimulation of B-cells to generate AMA, which binds to PDC-E2 present in BEC apoptotic 

blebs (Gershwin et al., 2000; Kita et al., 2002; Bassendine, Jones and Yeaman, 1997; 

Tsuneyama et al., 1995). Subsequent E2 immune complexes are further presented to immune 

cells, resulting in the activation and expansion of CD8+ cells through major histocompatibility 

complex I (MHC), CD4+ cells (MHC II) and resulting in stimulation of B-cells and further 

AMA production, overall resulting in autoreactive inflammatory infiltrates to PDC-E2 around 

the portal tracts and BEC, causing chronic inflammation, cholestasis, and fibrosis (Byron and 

Lindsay, 2017; Hirschfield, Heathcote and Gershwin, 2010). See Figure 1.2 (Hirschfield, 

Heathcote and Gershwin, 2010). 
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Figure 1.2: A proposed pathological model of primary biliary cholangitis (PBC). 

Injury to biliary epithelial cells (BEC) results in apoptotic blebs containing the mitochondrial antigen, PDC-E2, 

being presented to immune cells. The development of immune complexes results in autoreactive immune cells that 

target BEC, resulting in chronic inflammation, cholestasis, and fibrosis. APC, antigen presenting cells; MHC, 

major histocompatibility complex (Hirschfield, 2010, page 1488) (Hirschfield, Heathcote and Gershwin, 2010) 

 

Whilst there is an initial immune mediated “upstream” injury in PBC from loss of immune 

tolerance, it is apparent that there is further disease progression through a “downstream” injury. 

The initial injury to BEC and cholestasis results in abnormalities of the bile acid pool, which 

becomes enriched with cytotoxic hydrophobic bile acids, resulting in further BEC injury and 

apoptosis (Lamireau et al., 2003). Sensitisation to apoptotic insult seems to occur by disruption 

of the normal protective “biliary bicarbonate umbrella” following downregulation of the anion 

exchanger 2 (AE2) in BEC as a response to biliary injury and exposure to hydrophobic bile 

acids (Chang et al., 2016; Hisamoto et al., 2016). This might explain why treatment with first-

line therapy, ursodeoxycholic acid (UDCA), a hydrophilic, non-cytotoxic bile acid, is 

incomplete in its action; that is, it modifies the relative constitution of the bile acid pool, which 

reduces the cytotoxic concentration of bile, and can improve downstream injury, but does not 

alter the initiating upstream injury (Griffiths and Jones, 2014; Paumgartner and Beuers, 2004).  

In addition, there is evidence that injury to the small bile ducts results in senescence of BEC, 

which can result in the upregulation and release of chemokines and may contribute to the 

pathogenesis of PBC (Sasaki et al., 2010b).  
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BEC of the small bile ducts in PBC demonstrate histological features of cellular senescence 

and that appears to occur following oxidative stress (Sasaki and Nakanuma, 2010; Sasaki et 

al., 2010b; Sasaki et al., 2010a; Sasaki et al., 2005). Senescence, the process by which a cell 

arrests cellular proliferation but remains metabolically active, is likely an evolutionary 

response to cell insult that protects against abnormal proliferation (Sasaki et al., 2005). Cells 

undergoing senescence can contribute to persistent inflammation and impaired tissue integrity.  

The pathogenesis of how cellular senescence of BEC results in bile duct loss is unclear, but it 

appears that injured cells undergoing senescence are not replaced, but rather remain in-situ and 

express a senescence-associated secretory phenotype (SASP) (Sasaki and Nakanuma, 2012; 

Sasaki et al., 2005). Expression of SASP results in the secretion of a plethora of cytokines, 

such as interleukin-6 (IL-6) and tumour necrosis factor-alpha (TNF-𝛼) and potent chemokines, 

such as interleukin-8 (IL-8), Chemokine CC motif ligand 20 (CCL20), along with growth 

factors and matrix metalloproteinases, which are involved in remodelling and in the 

accumulation of inflammatory cells, including T-cells (Yasoshima et al., 1998; Sasaki et al., 

2010a; Sasaki et al., 2010b). The ability of progenitor cells to proliferate and replace damaged 

BEC is likely impaired due to the occurrence of cellular senescence in ductular reaction (DR), 

which harbours progenitor cells (Sasaki et al., 2005). It is likely that cellular senescence of 

BEC plays a significant role not only in the initial inflammatory cascade in PBC, but also 

contributing to the chronic inflammatory process.  

 

1.3 Treatment 

1.3.1 First-line treatment 

First-line therapy for PBC is with the hydrophilic non-cytotoxic bile acid, ursodeoxycholic acid 

(UDCA) (Hirschfield et al., 2018), which has been shown in clinical trials, at a therapeutic 

dose of 13-15mg/kg/day, to improve biochemistry, delay histological progression and improve 

long-term outcomes (Corpechot, Chazouilleres and Poupon, 2011). Current national and 

international guidelines stipulate assessment of biochemical ‘response’ following 12-months 

of treatment with UDCA at therapeutic doses, or intolerance of UDCA, before consideration 

of second-line therapy (Hirschfield et al., 2018; Hirschfield et al., 2017; Lindor et al., 2018). 

Several criteria to assess response to UDCA in PBC have been developed (summarised in Table 

1.3), all of which are largely based on assessment of liver biochemistry following 1 year of 

treatment with UDCA (Corpechot, Chazouilleres and Poupon, 2011; Pares, Caballeria and 

Rodes, 2006; Corpechot et al., 2008; Kuiper et al., 2009; Kumagi et al., 2010a; Nevens et al., 
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2016; Momah et al., 2012). International guidelines do not currently recommend any criteria 

over another; however, it is clear from long-term data that those who meet any of the response 

criteria have a better long-term prognosis (Hirschfield et al., 2018; Hirschfield et al., 2017; 

Lindor et al., 2018; Corpechot, Chazouilleres and Poupon, 2011; Pares, Caballeria and Rodes, 

2006; Corpechot et al., 2008; Kuiper et al., 2009; Kumagi et al., 2010a; Nevens et al., 2016; 

Momah et al., 2012) 

Table 1.3 Criteria for assessing biochemical response in PBC 

Criteria name Criteria definition 

Barcelona (Pares, Caballeria and 

Rodes, 2006) 

ALP decrease > 40% of baseline values or normal levels after 

12 months of UDCA treatment 

PARIS I (Corpechot et al., 2008) All three of ALP < 3xULN, ALT < 2xULN, Bilirubin < ULN, 

after 12 months of UDCA treatment 

Rotterdam (Kuiper et al., 2009) Normalisation of abnormal bilirubin and/or albumin values 

Toronto (Kumagi et al., 2010a) ALP < 1.67xULN, after 2 years treatment with UDCA 

PARIS II (Corpechot, 

Chazouilleres and Poupon, 2011) 

ALP < 1.5xULN and ALT < 1.5ULN, after 12 months of UDCA 

treatment 

Rochester II (Momah et al., 
2012) 

ALP < 2xULN, after 12 months of UDCA treatment 

POISE (Nevens et al., 2016) ALP < 1.67xULN and bilirubin < ULN after 12 months of 

UDCA treatment 

ALP: Alkaline Phosphatase; ULN: Upper Limit of Normal; ALT: Alanine Aminotransferase; UDCA: 

Ursodeoxycholic Acid 

 

1.3.1.1 Response criteria 

The POISE criteria are commonly used in clinical practice to identify incomplete responders 

to first-line therapy. These are defined as an alkaline phosphatase (ALP) persistently > 1.67x 

upper limit of normal (ULN) and/or elevated bilirubin >1 x ULN after 12 months of treatment 

with UDCA, or for those intolerant to UDCA (Bowlus et al., 2020). The origins for these 

criteria come from the POISE trial, a phase 3 study of the farnesoid X receptor (FXR) agonist, 

obeticholic acid (OCA), in patients with PBC, which used the described criteria to assess 

response to OCA (Nevens et al., 2016). Those classified as “responders” are considered low 

risk for disease progression, whilst those with inadequate response are at increased risk of 

developing cirrhosis, resulting in the need for liver transplantation or death (Corpechot et al., 

2008). Up to 40% of patients have an incomplete response to UDCA and large-scale studies 

have demonstrated that earlier age at presentation and being male are associated with failure to 

respond to first-line treatment (Carbone et al., 2013b). There is, however, increasing evidence, 

with a consensus from experts, that complete normalisation of liver function biochemistry is 
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required to reduce the risk of disease progression and improve long term outcomes  (Jones et 

al., 2022; Murillo Perez et al., 2020; Lleo, 2022). 

Age at presentation, response to treatment, along with serological markers of liver synthetic 

function, imaging, transient elastography and liver histology should all be used in the 

assessment of patients to aid in risk stratification (Hirschfield et al., 2018). For those at a higher 

risk of disease progression, there are now two well-established second-line therapies with some 

evidence of long-term benefit from clinical trials (Corpechot et al., 2018; Nevens et al., 2016). 

 

1.3.2  Second-line treatment 

1.3.2.1 Farnesoid X receptor (FXR) agonists 

The potent FXR agonist, obeticholic acid (OCA), was the first newly licensed therapeutic 

option in nearly 20 years for PBC. It was approved in 2017 in the UK by the national institute 

of clinical excellence (NICE) as an add-in therapy for those with an inadequate response to 

UDCA (or who are intolerant of UDCA) and are therefore considered to be high-risk for disease 

progression (Intercept, 2017). It is currently the only licensed second-line therapy for PBC.  

 

FXR is mainly expressed in hepatocytes and enterocytes in humans. Naturally occurring bile 

acids, such as chenodeoxycholic acid (CDCA), act as ligands to FXR (Ali, Carey and Lindor, 

2015). OCA is an agonist with a 100-fold higher affinity for FXR than CDCA, controlling de 

novo synthesis and uptake of bile through direct down regulation of the CYP7A1 gene. (Mousa 

et al., 2015; Ali, Carey and Lindor, 2015). It indirectly releases fibroblast growth factor-19 

(FGF-19), resulting in the regulation of hepatic bile flow, modulation of hepatic inflammation 

by reduction of cytokine production, and a reduction in fibrosis, with subsequent remodelling 

and regeneration (Mousa et al., 2015; Ali, Carey and Lindor, 2015). Emerging evidence from 

murine models suggests that cellular senescence is reduced by exposure to OCA (Gee et al., 

2023). 

 

Placebo-controlled trials have demonstrated sustained long-term biochemical improvement 

with OCA use, which is predictive of improved clinical outcomes (Nevens et al., 2016; Bowlus 

et al., 2020; Bowlus et al., 2021). The 3-year interim analysis from the extension phase to the 

POISE trial showed that ALP remained significantly reduced compared to baseline, along with 
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stabilisation of total bilirubin at 12, 24, 36 and 48 months (Trauner et al., 2019). However, 

evidence suggests that up to 50% of patients may have an inadequate response to combination 

therapy with OCA and UDCA and therefore remain at risk of disease progression (Trauner et 

al., 2019) and this has been reflected in real-world reports (Roberts et al., 2020; D’Amato et 

al., 2021).  

 

Exacerbation of pruritus with OCA is common, and can limit its use in some patients, with 

29% of patients requiring treatment with bile acid sequestrants and 4% discontinuing treatment 

(Trauner et al., 2019). Other common side effects include fatigue, gastrointestinal changes, 

dizziness, thyroid dysfunction, and arthralgia ((emc), 2018). OCA also increases serum small 

very low density lipoproteins (VLDL), small and large serum low density lipoproteins (LDL), 

with small reductions in high density lipoproteins (HDL), due to the reduction in the conversion 

of cholesterol to bile acids from down-regulation of cytochrome P450 (Dash et al., 2017; 

Siddiqui et al., 2020). The long-term risk of cardiovasular disease associated with these 

changes in patients with PBC is currently unknown (Hirschfield et al., 2015; Nevens et al., 

2016), but has raised concerns in trials exploring the use of OCA for the treatment of non-

alcohol related steatohepatitis (NASH) (Siddiqui et al., 2020; Ratziu, 2021) and would be 

particularly concerning given the increased risk of cardiovascular disease in those with NASH 

and elevated LDL (Labenz et al., 2019).  

 

To date, there are no reported randomised control trials that report a significant benefit in 

symptoms following treatment with OCA (Nevens et al., 2016; Samur et al., 2017; Kowdley 

et al., 2018; Trauner et al., 2019; Bowlus et al., 2021). However, these trials, with primary 

endpoints based on biochemical response to treatment, typically occur relatively late into the 

disease course, when the secondary downstream injury is well established, and symptoms are 

potentially irreversible. Murine models of cholestasis have demonstrated that early 

administration of OCA can improve short-term memory loss associated with cholestasis (Gee 

et al., 2023). A Newcastle based clinical trial in the use of obeticholic acid for the amelioration 

of cognitive symptoms (OACS-1 and 2) in patients with PBC is currently ongoing 

(ISRCTN15223158).  
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1.3.2.2 Fibrates 

Fibrates are potent peroxisome proliferator-activated receptor (PPAR) agonists. They act as 

ligands to PPAR to activate transcription factors, which results in the modification of bile acid 

and sterol synthesis, lipid storage, glucose metabolism and inflammatory pathways (Li and 

Chiang, 2009). There are 3 distinct PPAR isoforms: α, δ and γ (Li and Chiang, 2009), that have 

considerable crossover in functionality, but vary in their location. PPAR-α are highly expressed 

in hepatocytes, PPAR-δ are expressed universally (often at higher levels than α/γ) and PPAR-

γ are predominantly expressed in adipose tissue and the immune system (Burns and 

Vandenheuvel, 2007). 

 

Historically used to improve lipid profiles, fenofibrate (predominantly a PPAR-α agonist) and 

bezafibrate (a pan-PPAR agonist) are used off-licence as second-line agents for PBC to 

improve serum biochemistry through their anticholestatic properties (Corpechot et al., 2018; 

Hosonuma et al., 2015; Honda et al., 2019; Levy et al., 2011; Hegade et al., 2016b). Their 

exact mechanism of action is uncertain, but it is thought they act by reducing the synthesis and 

uptake of bile acids, resulting in their detoxification, whilst protecting the biliary epithelium 

by increased production of biliary phospholipids and down regulation of cytokines involved in 

the immune response (Reig, Sese and Pares, 2018). 

 

The strongest evidence for their use comes from the BEZURSO trial, a double-blind, placebo-

controlled trial, where a combination of UDCA and Bezafibrate resulted in normalization of 

ALP in 67% of patients and complete normalization of liver biochemistry in 31% of patients 

(Corpechot et al., 2018). Their effect on long-term outcomes in PBC patients is less certain. 

Survival models using a retrospective cohort suggest a reduction in all-cause and liver related 

deaths (Tanaka et al., 2021), but long-term benefit from randomised control trials is not proven 

(Hosonuma et al., 2015). There are several trials that demonstrate a beneficial effect on pruritus 

(De Vries et al., 2020; Corpechot et al., 2018), whilst newer fibrates, such as the potent and 

selective PPAR-δ agonist, seladelpar, and the dual PPAR/ agonist, elafibranor, have shown 

promise in improving both liver biochemistry and pruritus, with seladelpar also showing some 

mild improvements in fatigue and sleep disturbance (Kremer et al., 2022; Bowlus et al., 2022; 

Levy et al., 2020; 'ENHANCE: Safety and Efficacy of Seladelpar in Patients With Primary 

Biliary Cholangitis-A Phase 3, International, Randomized, Placebo-Controlled Study,' 2021; 

Schattenberg et al., 2021). 

 



 

 

 

13 

There are some limitations with fibrates; lack of long term safety and outcome data, 

symptomatic myalgia (Hosonuma et al., 2015), acute liver injury (Corpechot et al., 2018) and 

renal dysfunction (Hosonuma et al., 2015; Corpechot et al., 2018) can occur and regular 

monitoring for these adverse events is recommended.  

 

Currently there are no head-to-head trials to compare the efficacy of existing second line 

therapies. Such trials remain unlikely in the future, given the current available fibrates are 

generically produced and used off-label, and therefore unlikely to receive the pharmaceutical 

industry funding needed for large clinical trials. Newer fibrates remain under investigation and 

are likely to have the advantage of more robust underpinning evidence in the future (Wetten, 

Jones and Dyson, 2022; Bowlus et al., 2022; Schattenberg et al., 2021). There is emerging 

evidence to suggest that combination therapy with OCA and bezafibrate may improve 

normalisation of liver biochemistry further in those who fail to have an adequate response to 

the combination of UDCA and OCA, or UDCA and bezafibrate alone (Soret et al., 2021). The 

active phase 2 randomised control trial, exploring the combination of OCA and bezafibrate, 

compared to bezafibrate alone, will provide more data on this (NCT04594694). 

 

1.4 Symptoms in PBC 

Prevention of disease progression (using biochemical improvement as a surrogate marker for 

long-term outcomes) has been the traditional primary emphasis of treatment in PBC, with a 

focus on disease control, rather than reversal/cure of disease. The burden of symptoms in non-

cirrhotic PBC has historically been under-appreciated. The complex clinical phenotype of 

PBC, limitations in our understanding of the pathophysiology of symptoms and the lack of 

effective treatments can result in a failure by clinicians to adequately address symptoms with 

patients.  

 

A significant proportion of patients with PBC develop symptoms that have a substantial effect 

on their quality of life (QOL) (Jacoby et al., 2005). The most prevalent and well-described 

symptoms in PBC are those of pruritus, fatigue, and cognitive dysfunction. The interplay of 

these symptoms is complex, but ultimately can result in social dysfunction and marked social 

isolation (Mells et al., 2013), with evidence that it has detrimental effects on family 

relationships and a reduced ability to work (Hale, Newton and Jones, 2012). Importantly, 
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symptom severity does not correlate with stage of disease and, except for pruritus, does not 

improve with any established treatments in PBC (Jopson and Jones, 2015; Poupon et al., 2004). 

 

Current treatment guidelines focus on biochemical control, and stipulate that patients are 

treated for 1 year to assess response with first-line therapy, prior to being considered for 

second-line therapies. However, it may be, that earlier initiation with more efficacious 

treatment may result in a reduction in the frequency and severity of symptoms. Overall, the 

approach to the management of PBC needs to be broader than biochemical response and 

disease progression and needs to consider morbidity and mortality in terms of quantity and 

quality of life, to provide the optimal care for our patients. 

 

1.4.1 Impact of symptoms on quality of life in PBC 

Several studies have demonstrated the impact of symptoms on QOL. Poupon et al assessed 276 

unselected patients with PBC compared to age- and sex-matched controls using the Nottingham 

Health Profile (NHP), which assesses six major areas commonly associated with Health-

Related Quality of Life (HRQOL). They noted a statistically significant difference in QOL 

between patients with PBC and controls (22.8 vs. 17.9 respectively, P < 0.002), with 

statistically significantly worse scores in energy (40.6 vs. 22.9, P<0.0001) and emotional 

reactions (22.2 vs. 16.1, P<0.005) domains compared to controls. Social isolation was strongly 

associated with fatigue (P < 0.0001). Liver biochemistry, histological stages (including 

cirrhosis) and disease duration were not statically associated with any of the NHP domains 

(Poupon et al., 2004). 

 

Over time, the impact of symptoms on patients with PBC has become more apparent. The 

largest published cohort study examining PBC and its impact on QOL was undertaken using 

the UK-PBC Patient Cohort, which was initially established to undertake a GWAS (Mells et 

al., 2011; Liu et al., 2012; Carbone et al., 2013b), but has since evolved to help develop, 

evaluate and implement better approaches to treatment (consortium). This study included 2,353 

participants with PBC, along with 196 community controls, case-matched (to the Newcastle 

PBC sub-cohort, using a best-friend approach) for age and sex. The PBC-40, a fully validated, 

disease-specific quality of life measure was utilised to assess symptom burden in the PBC 

population (Jacoby et al., 2005) (see section 3.4.1, table 3.1, appendix 1), whilst a modified 

version of the PBC-40 (PBC-40c), appropriate for use in non-PBC control subjects, was 
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developed and validated as part of the study. Other symptoms were assessed using the Epworth 

Sleepiness Scale (ESS) (Newton et al., 2006c), Orthostatic Grading Scale (OGS) (Newton et 

al., 2007a) and Hospital Anxiety and Depression Scale (HADS) (Blackburn et al., 2007). A 

significant perceived QOL impairment in those with PBC, compared to controls (35% vs. 6% 

respectively, P<0.0001) was demonstrated. All symptom modalities had an impact on 

perceived QOL on univariate analysis, whilst multivariate analysis demonstrated fatigue and 

social symptoms were independently associated with impaired QOL. Overall, fatigue had the 

greatest overall impact on patients’ QOL. Only 20% of PBC patients rated their health as very 

good or excellent, whilst 46% rated it as fair or poor, compared to 15% of the community 

controls (Mells et al., 2013).  

 

Overall, studies demonstrate that the burden of symptoms in PBC is high. Many patients 

experience symptoms in multiple domains, with a reduction in their overall QOL and with 

resultant social isolation and a significant impact on their daily living.  

 

1.4.2 Fatigue   

Fatigue associated with PBC can be debilitating and has been consistently demonstrated to be 

the symptom with the greatest impact on patients, resulting in a significant negative impact on 

patients’ QOL (Jopson and Jones, 2015; Rice et al., 2020; Goldblatt et al., 2002; Mells et al., 

2013).  The large cohort studies assessing symptoms with the PBC-40 have demonstrated that 

over 50% of patients with PBC suffer from moderate to severe fatigue (Mells et al., 2013). 

Social isolation in particular is strongly associated with fatigue (Pells et al., 2013b). Recent 

data exploring health utility confirms that the greatest impact on functional status in PBC 

comes from fatigue and cognitive symptoms (Rice et al., 2020), with resultant social isolation 

giving rise to additional burden and worsening quality of life (Dyson et al., 2016).  

 

Typically, a younger age is associated with more severe symptoms of fatigue (Carbone et al., 

2013b; Phaw et al., 2020). This can be particularly disabling as younger patients may have 

young families to take care of, many patients have active jobs and/or wish to continue an active 

social life but struggle with these everyday activities due to fatigue. Case reports from patients 

highlight the devastating impact that symptoms of fatigue can have on individuals and families 

(Hale, Newton and Jones, 2012). The need for adequate treatment to address these symptoms 

remains one of the major unmet clinical needs in the management of PBC.  



 

 

 

16 

 

The biological basis for why some patients with PBC experience significant symptoms of 

fatigue are complex and poorly understood. Unlike pruritus, there are currently no effective 

treatments for fatigue (Corpechot et al., 2018; Mells et al., 2013; Nevens et al., 2016; Rudic et 

al., 2012), with previous trials into rituximab (Khanna et al., 2019), modafinil (Silveira et al., 

2017) and co-enzyme Q10 (Mehrabani et al., 2019) demonstrating no significant benefit. 

Fatigue is not associated with disease severity (Cauch-Dudek et al., 1998; Phaw et al., 2020), 

does not improve following liver transplantation (Cauch-Dudek et al., 1998; Pells et al., 

2013b), and is associated with increased mortality, particularly from cardiovascular disease 

(Jones, 2006). This may suggest that fatigue is not a direct consequence of the liver disease 

itself, but instead is a result of a liver-related process at the start of the disease and occurs as a 

consequence of an extra hepatic manifestation of the disease. Early control of disease with 

effective treatment may be essential to ensure that extrahepatic changes are not irreversible, as 

evidenced by the lack of improvement following liver transplantation.  

 

Increasingly, fatigue in PBC is described as two distinct components: peripheral fatigue 

(neuromuscular in origin) and central fatigue (central nervous system [CNS] in origin). In 

peripheral fatigue, patients report feeling that their “batteries are running down” and this 

correlates with physiological changes where there is reduced recovery from acidosis following 

repeated exercise. In central fatigue, patients often describe symptoms of “brain fog” with 

impairments in memory and concentration that correlate with impaired performance on formal 

cognitive testing, along with functional and anatomical changes on magnetic resonance 

imaging (MRI) (Phaw et al., 2020; Phaw et al., 2021). There is significant overlap between 

cognitive symptoms and central fatigue (Phaw et al., 2020).  

 

One of the difficulties with understanding fatigue is its multifactorial nature. Poorly controlled 

pruritus may result in disturbed sleep that contributes to fatigue, whilst PBC is associated with 

other autoimmune conditions that may contribute to fatigue, including systemic lupus 

erythematosus (SLE), autoimmune thyroid disease, Raynaud’s syndrome, Sjogren’s syndrome, 

scleroderma, coeliac disease and pernicious anaemia; all of which are more common in patients 

with PBC compared to age and gender-matched controls (Gershwin et al., 2005). 

 

In addition, studies have pointed to the fact that given the average age of patients diagnosed 

with PBC is around 50, there is a high prevalence of non-immune mediated confounding co-
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morbidities (Gershwin et al., 2005), that are strongly associated with fatigue, such as type 2 

diabetes, depression, sleep apnoea, or obesity which may in themselves contribute (Biagini et 

al., 2008; Al-Harthy et al., 2010) . International PBC guidelines highlight the importance of 

screening for other potential causes for fatigue (Hirschfield et al., 2018; Hirschfield et al., 

2017; Lindor et al., 2018). 

 

Fatigue in PBC is often inadequately assessed by clinicians and therefore may be under 

reported in clinical practice. Al-Harthy et al assessed 327 patients from a single centre in 

Canada, where fatigue was verbally reported by 48% of patients during their consultation, but 

on subsequent formal assessment with the PBC-40, 25% of those who had not reported fatigue, 

scored moderate to severe on the PBC-40 fatigue domain. This illustrates the importance of 

using fully validated methods to assess fatigue in clinical practice.  

 

Fatigue associated with PBC therefore remains a significant unmet need and understanding the 

pathophysiology of fatigue is essential to develop effective treatments and improve QOL. 

 

1.4.2.1 Bioenergetic changes 

Fatigue is complex. PBC patients not only describe a general fatigue, but also an extreme 

physically deep tiredness, and lack of energy (Phaw et al., 2020). A strong inverse correlation 

between physical activity undertaken and levels of fatigue has been previously demonstrated 

(Newton et al., 2006b). This has led to the theory that an organic component of the fatigue 

results in peripheral muscle dysfunction with several studies supporting an impairment in 

bioenergetic synthesis in PBC as a potential cause for peripheral fatigue. 

 

In one such study, Goldblatt et al reported an association with PBC, fatigue and muscle 

fatigability. Peripheral muscle function, using grip strength, was measured in 14 healthy age 

and gender-matched controls and 18 female patients with PBC. The fatigue impact scale (FIS) 

was used as an objective assessment of fatigue (this consists of 40 items that evaluates the 

effect of fatigue on three domains: cognitive function, physical function, and psychosocial 

functioning). Severe fatigue was reported in 8 out of 18 patients with PBC (FIS score >84), 

whilst 10 reported minimal fatigue (FIS score <7). Recurrent grip strength measurements were 

made every 5 seconds for 5 minutes and the median percentage decrease in grip strength was 

calculated for every repeat measurement. Initial grip strength between controls, fatigued and 
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non-fatigued PBC patients showed no statistically significant difference. For controls and non-

fatigued PBC patients, the median percentage decrease in grip strength was 0.7% and 1.1%, 

respectively (P=0.46) for repeated measurements. However, fatigued patients showed a 

statistically significantly greater rate of decrease than both controls and non-fatigued PBC 

patients (4% per repeat, P<0.005). A significant correlation was seen between fatigue severity 

(measured by FIS) and rate of decrease in muscle grip strength. There was no association 

between liver disease severity and muscle fatigability (Goldblatt, 2001). This suggests that 

PBC patients with fatigue, may have a lower threshold for peripheral muscle fatigability and 

that this contributes to the fatigue experienced by patients with PBC. However, the cause for 

this is unclear. 

 

In vitro and animal studies have demonstrated that antibodies directed against mitochondria 

can become internalised to myocyte cells, by receptor mediated endocytosis, disrupting 

adenosine diphosphate (ADP) / adenosine triphosphate (ATP) exchange in myocyte 

mitochondria, potentially resulting in imbalances in energy metabolism (Kuhl, Ulrich and 

Schultheiss, 1987; Schulze et al., 1990). As described previously, AMA antibodies in PBC 

show reactivity to PDC, largely to E2 and E3BP subunits. PDC mediates pyruvate oxidation 

after glycolysis, fuelling the Kreb cycle to meet energy demands (Park et al., 2018; Byron and 

Lindsay, 2017). See Figure 1.3 (Byron and Lindsay, 2017). An association with AMA levels 

and fatigue have previously been demonstrated (Newton, Poyner and Jones, 2009; 

Hollingsworth et al., 2008), but not replicated in other studies (Al-Harthy et al., 2010). It is 

possible that cross-reactivity to PDC in PBC dysregulates these pathways for energy 

metabolism in cells, and it was this theory that resulted in the trial of the B-cell depleting 

therapy, Rituximab, in PBC patients with fatigue (Khanna et al., 2018). The trial failed to show 

a significant benefit compared to placebo in treating fatigue, despite evidence to suggest it 

improved muscle metabolic dysfunction. The authors postulated that the trial may have failed 

to demonstrate a benefit due to the heterogeneity of the cohorts, but that it could still benefit a 

select subgroup with peripheral fatigue (Khanna et al., 2019; Khanna et al., 2018; Jopson et 

al., 2015). 
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Figure 1.3 The pyruvate Dehydrogenase Complex (PDC) reaction cycle  

PDC showing multi-enzyme complexes, including the E2 and E3 subunits, used in the formation of acetyl 

coenzyme A and nicotinamide adenine dinucleotide (Byron, 2017, page 525) (Byron and Lindsay, 2017) 

 

Further evidence for impaired bioenergetics in PBC come from studies using magnetic 

resonance spectroscopy to understand the impact of anti-PDC on PDC function which has 

previously been shown to inhibit PDC in vitro. Magnetic resonance spectroscopy is an 

experimental approach that allows the real-time capture of metabolic information during and 

after mild exercise, to assess muscle tissue energy use, by measurements of ADP, ATP, 

phosphocreatine (PCr) (used as an immediate reserve for re-phosphorylation of ADP, see 

Figure 1.4 (Dalal and Mishra, 2017)), and cell pH (Hollingsworth et al., 2008). The initial 

pilot study compared healthy controls, chronic fatigue/myalgic encephalomyelitis (ME) 

patients, PBC patients with and without fatigue (assessed using FIS) and primary sclerosing 

cholangitis (PSC) as a control cholestatic group. For the control, ME, and PSC groups there 

was a close correlation between PCr and ADP recovery following low-impact exercise, which 

would suggest a normal mitochondrial response to exercise associated accumulation of ADP. 

This correlation was not seen in either the fatigued or non-fatigued PBC groups, with 

statistically significantly higher ratios of PCr recovery ratio and ADP recovery compared to all 

non-PBC groups (Hollingsworth et al., 2008). This would suggest that mitochondrial 

dysfunction, independent of levels of reported fatigue, exists in all patients with PBC. 
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However, the reason why some patients experience such profound fatigue, whilst others don’t, 

is unclear. 

 

 

Figure 1.4 The phosphocreatine shuttle system  

The high energy bond from adenosine triphosphate (ATP) is transferred to creatine by mitochondria creatinine 

kinase (CK) to form phosphocreatinine (PCr). PCr diffuse through the mitochondria membrane to the myofibrils 

of the muscles. The myofibrils CK catalyses the reformation of ATP from PCr. With increasing exercise and 

increased energy demands the PCr level decreases with a corresponding increase in adenosine diphosphate 

(ADP). The PCr:ATP ratio is a measure of muscle energetics (dalal, 2017, page 396) (Dalal and Mishra, 2017) 

 

Other important findings of muscle metabolism from this study included that of cellular ph. In 

all groups, the resting pH was not significantly different. In the control, ME, and PSC groups 

there was a small decrease in muscle pH following exercise performed at 35% of maximum 

voluntary contraction (MVC), followed by a rapid return to baseline on cessation of exercise, 

whilst in PBC patients, regardless of FIS score, there was an early, more substantial decrease 

in pH following exercise, with a third of cases having a marked decrease. The correlation in 

PBC patients between mitochondrial function, minimum pH value and pH drop seen with 

exercise, suggested that mitochondrial dysfunction caused the level of post-exercise acidosis 

observed in muscles of PBC patients. In those patients reporting severe levels of fatigue, 

recovery of pH was significantly prolonged, although this was not related to mitochondrial 

function. Of note, in patients with PBC with a high PCr/ADP recovery time, a significantly 

higher serum Immunoglobulin G (IgG) anti-PDC titre was observed, suggestive that 

mitochondrial dysfunction is not only a consequence of serum anti-PDC, but that the degree of 
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dysfunction is related to serum levels. Other key findings were, as in previous studies 

(Goldblatt, 2001), that the initial maximum exercise capacity between all groups were similar, 

but that the limitation in PBC is the lack of capacity to sustain repeated exercise i.e. patients 

with PBC have the same initial capacity to perform a given muscle contraction, but they are 

unable to sustain repeated muscle contractions due to dysfunctional muscle metabolism 

(Hollingsworth et al., 2008).  

 

The follow-on study explored the effect of repeat exercise on muscle acid regulation between 

normal controls, PBC patients with mild and severe levels of fatigue, using measurements from 

the pilot study described previously. In normal subjects, the lowest pH seen after exercise was 

unchanged between successive periods of exercise of the same intensity. Recovery time to 

baseline pH was significantly prolonged in patients with PBC (PBC median 160s vs normal 

25s) particularly those with high levels of fatigue when compared to normal controls. Normal 

controls showed a progressive (non-significant) shortening of recovery time to baseline pH 

following repeated exercise, which had previously been observed in the normal population. 

PBC patients with low levels of fatigue initially showed normal physiological shortening of 

recovery time, but the recovery time became blunted following repeated exercise, whilst those 

with high levels of fatigue showed prolongation of recovery much earlier during repeated 

exercise (Hollingsworth et al., 2010b). This indicates that the normal adaptive physiological 

mechanisms related to pH recovery following repeated exercise are impaired in patients with 

PBC and this is particularly true for patients reporting severe fatigue. These findings potentially 

mirror the symptoms experienced by PBC patients with fatigue, whereby sustained activity 

results in the described feeling that their batteries have run down.  As a follow on to the study, 

PBC patients continued a prescribed exercise program for 4 weeks, which was associated with 

improvements in fatigue, emotional and social domains as assessed by the PBC-40 and an 

overall higher level of functioning (Hollingsworth et al., 2010b). This might suggest that a 

graded exercise program could readapt muscle metabolism to improve recovery time following 

repeated exercise, and this could be beneficial to patients with PBC and fatigue.  

 

Impairment in muscle metabolism in PBC is not limited to skeletal muscles. Jones et al 

demonstrated altered myocardial dysfunction, with PBC patients demonstrating a lower cardiac 

muscle PCr/ADP ratio compared to controls, which correlated to an impaired left ventricular 

ejection time in response to standing (orthostasis). Of note, the PCr/ADP ratio in 40% of 

patients with PBC was below the clinically significant ratio of <1.6, which is associated with 
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an increased risk of cardiac mortality. There was no difference in cardiac structure or function 

between controls and the PBC group (Jones et al., 2010b). Previous cohort studies have shown 

a correlation between fatigue and increased all-cause mortality, in particular with an increase 

in cardiac death in fatigued PBC patients (Jones, 2006; Jones et al., 2010a).   

 

Follow on studies have demonstrated disordered myocardial mechanics in PBC. Cardiac-

tagged MRI (as a measure of myocardial torsion) demonstrated a reduced relative contribution 

of contraction from the sub-endocardium (measured by the torsion-to-shortening ratio (TSR)) 

in fatigued PBC patients, compared to non-fatigued PBC patients and controls. In all PBC 

patients there was an inverse correlation between reduced baroreflex effectiveness on standing 

and TSR, suggestive that the baroreflex (that regulates the sinus node on standing) was less 

effective in those with the most impaired TSR. The authors calculated, using previous studies 

in TSR and the results from their healthy controls, that the hearts of fatigued PBC patients had 

a mean age of 16 years above their chronological age (Hollingsworth et al., 2012). It should be 

noted that this study was limited by the fact that tagging studies did not include the apex and 

base of the left ventricle, only small numbers (PBC fatigue n=7, PBC no fatigue n=6, and 

controls n=10) were examined, and the real-time resolution used for the cardiac-tagged MRI 

was low which may have adversely affected readings.  

 

AMA-associated myositis is a rare cause of inflammatory myopathy affecting skeletal, cardiac 

and gastrointestinal muscles, which are associated with abnormalities of the muscle 

mitochondria in the presence of AMA positive antibodies in patients both with and without a 

clinical diagnosis of PBC (Varga et al., 1993; Uenaka et al., 2013; Albayda et al., 2018; Maeda, 

Tsuji and Shimizu, 2012). It is commonly associated with longer disease duration prior to 

diagnosis and with histopathologic features of granulomatous inflammation on muscle biopsy 

and there is an increased association with cardiac involvement in those with a clinical diagnosis 

of PBC (Maeda, Tsuji and Shimizu, 2012). It should be noted that in many of these reported 

cases, the degree of myopathy was severe with muscle atrophy and overt clinical features such 

as winging of the scapula or cardiomyopathy. Whilst these are not commonly seen in clinical 

practice in patients with PBC, there may be a common pathophysiology involved in respect to 

the effect of AMA on muscle metabolism and this may represent a spectrum of disease, with 

these cases being at the extreme.   
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Taken together, these findings would suggest that a significant number of patients with PBC 

have disordered muscle metabolism and impaired aerobic exercise capacity, and that this is not 

limited simply to those who experience significant fatigue. Fatigue is experienced to varying 

degrees in PBC and it may be that disorders of muscle metabolism are also of a similar 

spectrum. AMA antibodies have been implicated as a rare, but potential cause of myositis in 

animal models, and whilst this should be interpreted with caution, it suggests that antibodies 

directed against mitochondria, which could include AMA, can penetrate the cell membrane 

and cause disruption of energy metabolism (Kuhl, Ulrich and Schultheiss, 1987; Schulze et al., 

1990). These bioenergetic changes may well be a contributor to peripheral fatigue in PBC. 

 

1.4.3 Central fatigue and cognitive symptoms 

Cognitive symptoms and central fatigue are complex and share many similar components. 

Characterised by neurophysiological irregularities, they encompass cognitive dysfunction, 

autonomic dysfunction, sleep disturbance and mood disorders. Here we include central fatigue 

as part of our discussion on cognitive symptoms.  

 

1.4.3.1 Cognitive symptoms 

In PBC, cognitive impairment largely relates to diminished memory and concentration, and 

whilst associated with fatigue, it is considered a discrete entity, having been derived and 

validated with development of the PBC-40 (Jacoby et al., 2005). In cohort studies, 19% of 

patients reported severe cognitive symptoms, and 34% moderate symptoms (Newton et al., 

2008a). Cognitive symptoms remain independent of UDCA treatment, responder state and 

disease stage or severity (Mells et al., 2013; Newton et al., 2008a). The lack of symptom 

improvement following liver transplantation is highly suggestive that CNS damage becomes 

irreversible early in the disease process (Carbone et al., 2013a; Mcdonald et al., 2010; Pells et 

al., 2013b). 

 

Early objective, but not disease specific, neuro-psychometric tests have highlighted deficits in 

PBC patients related to memory and orientation (Floreani et al., 1995). Full-scale Intelligence 

Quotient (IQ) tests have highlighted that PBC patients score significantly lower IQ global 

scores, when compared to age and gender-matched controls, however, these lower IQ scores 

are a consequence of abnormalities in domains relating to verbal fluency and cognitive 

processing (Newton et al., 2008a).  These inverse correlations in IQ scores to the PBC-40 
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cognitive domain scores substantiate self-reported cognitive symptoms to objective neuro-

psychometric testing.  

 

1.4.3.2 Neuroimaging 

Resting-state functional magnetic resonance imaging (rsfMRI) is used to assess brain 

functional connections, i.e. how regions of the brain interact with each other. The strength of 

these functional connections can be measured using resting-state functional connectivity 

(rsFC) (Biswal et al., 1995). Non-cirrhotic PBC patients exhibit markedly altered functional 

connections between brain deep grey matter compared to controls. Areas affected include the 

putamen, thalamus, amygdala and hippocampus and these changes correlate to symptom 

burden, particularly cognitive performance (Mosher et al., 2017). The amygdala, hippocampus 

and putamen are important structures for memory, learning and emotions (Packard and Teather, 

1998; McDonald and White, 1993; Poldrack and Packard, 2003) and these changes in 

functional connections may contribute to cognitive symptoms in PBC. Other abnormal 

functional connections have been observed between the hippocampus, amygdala and prefrontal 

cortex, which are involved in executive functions (memory, concentration and planning), 

whilst connections between the putamen, hippocampus, and motor and sensory cortexes have 

been associated with fatigue (Mosher et al., 2017). Observations for functional connectivity 

changes involving the motor cortex in patients with fatigue may be a consequence of 

physiological adaption to dysfunction in post-contraction cortical depression that can occur in 

PBC patients with fatigue (Cerri et al., 2010). Changes in connections between functional areas 

of the brain involved in memory, planning and learning may suggest a resultant mechanism for 

cognitive symptoms experienced by patients with PBC, but the initiating mechanism for 

changes in functional connections remains unclear.  

 

Further support for abnormal functional connections in PBC comes from the use of trans-

cranial magnetic stimulation (TMS) via paired pulse protocols to modulate cortical pathways 

and affect neuronal plasticity (Di Lazzaro, Rothwell and Capogna, 2018; Rossi et al., 2009). 

Reduced CNS activation has been associated with both fatigue and cognitive dysfunction in 

many conditions (Zwarts, Bleijenberg and Van Engelen, 2008). Reduced central activation and 

abnormal intra-cortical inhibition have been demonstrated with TMS in both transplanted and 

non-transplanted PBC patients with cognitive dysfunction, fatigue and sleep disturbance, 

suggesting impaired intra-cortical inhibition as a potential cause (Mcdonald et al., 2010). 
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Anatomical changes on MRI using T2-weighted images (sensitive to extracellular fluid that 

replaces cells that have lost integrity), have been observed in patients with PBC, with white 

matter lesions that correlate significantly with cognitive function being seen in a similar 

distribution to that detected in dementia (Mosher et al., 2017; Kenny, Kalaria and Ballard, 

2002; Siennicki-Lantz et al., 1998). Despite these similarities, the burden of cognitive 

dysfunction in PBC is not comparable to that seen in dementia. The mechanism of injury is 

unclear, but white matter lesion load has been observed to correlate with the severity of 

cognitive dysfunction as well as autonomic regulation of blood pressure control, with a higher 

systolic baseline blood pressure being associated with improved cognitive function (as assessed 

using full-scale IQ) (Newton et al., 2008a). Lesion density was noted to be highest in the frontal 

lobe, a region of the brain associated with higher executive function. These findings could be 

due to a lower baseline blood pressure resulting in a reduction in cerebral blood flow, and this 

could be further compounded by the autonomic dysfunction observed in PBC, resulting in 

further dysregulation of cerebral perfusion. Autonomic dysregulation, relating to postural 

blood pressure and heart rate variability, is well documented to pre-dispose non-liver patients 

to white matter lesions, which in turn is associated with cognitive dysfunction (Dadar et al., 

2020; Galluzzi et al., 2009; Del Brutto et al., 2022; Kenny, Kalaria and Ballard, 2002; 

Siennicki-Lantz et al., 1998; Ballard et al., 2000).  

 

In normal human physiology, cerebral autoregulation maintains a consistent cerebral blood 

flow, even during periods of fluctuations in peripheral blood pressure. Impaired cerebral 

autoregulation can occur in many conditions, including advanced cirrhosis (O'Carroll et al., 

1991). Transcranial doppler, a non-invasive ultrasound technique, can be used to assess 

cerebral perfusion in real-time and the dynamic autoregulatory response (Bellapart and Fraser, 

2009; Panerai, 2009). The Valsalva manoeuvre is a non-invasive procedure that results in 

peripheral haemodynamic and cerebral blood flow changes. In healthy individuals, a 

compensatory cardiovascular reflex should occur, with a slight dip in the middle cerebral artery 

flow observed during the procedure. Increased cerebral resistance and impaired cerebral 

autoregulation in response to the Valsalva manoeuvre has previously been identified in 80% of 

PBC patients, which correlated to indicators of autonomic dysfunction and increased MRI T2 

relation time (an indicator of more gradual loss of cell integrity) of the globus pallidus 

(Hollingsworth et al., 2010a). Whilst the study did not examine fatigue or cognitive symptoms 
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in the cohort, the study is highly suggestive that autonomic dysfunction results in impaired 

regulation of cerebral blood flow, resulting in structural changes in the brain.  

 

Scintigraphy, a nuclear medicine diagnostic test that uses radioisotopes to assess tissue specific 

areas of the body, has been used to examine global cerebral flow and brain perfusion in patients 

with PBC. This technique demonstrated a positive correlation between the cognitive dimension 

of the FIS and right frontal lobe perfusion impairment (Raszeja-Wyszomirska, 2017). This 

suggests changes to the frontal lobe affect executive function (concentration and planning) 

leading to cognitive dysfunction, and that autonomic dysfunction in PBC maybe a contributory 

factor.  

 

The hippocampus is a major element of the limbic system and involved in learning, memory 

and mood (Burgess, Maguire and O'Keefe, 2002). Hippocampal volume reduction is apparent 

on MRI scans of patients with PBC when compared to controls, with a reduction similar in 

magnitude to that seen in other patient populations, including major depressive disorder and 

neurodegenerative diseases (Mosher et al., 2018). In particular, subregions of the hippocampus, 

involved in neurogenesis (important for cognition and brain repair) and regulation of the 

Hypothalamic-Pituitary-Adrenal (HPA) axis (see section 1.4.3.4) were significantly reduced. 

Increased brain iron deposition, seen in previous studies (Hollingsworth et al., 2009), was 

highly suggestive of neuroinflammation and/or oxidative stress and may suggest a mechanistic 

cause. Importantly, the median time from first diagnosis in this group was 6 years, and there 

was no correlation in clinical characteristics, i.e., stage of disease, responder status etc. and the 

authors postulated that disease associated reduction in hippocampal volume, along with iron 

deposition occurred very early in the disease process.   

 

Grover et al demonstrated early diffusion weighted imaging changes on MRI in the thalamus 

of patients newly diagnosed with PBC, as well as T1 weighted abnormalities of the thalamus, 

caudate putamen and global pallidus, compared to controls (Grover et al., 2016). The study 

was not powered enough to associate symptoms to MRI changes (no participants had severe 

cognitive symptoms), but this study also strongly suggests that abnormalities in the brains of 

patients with PBC occur early, and that the underlying disease process, of inflammation and/or 

cholestasis, is the fundamental cause.   
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It has been postulated that manganese, a tiny mineral, usually found in miniscule amounts in 

the body, and which has been found in higher concentrations in the globus pallidus of cirrhotic 

patients (Rose et al., 1999; Krieger et al., 1995), may accumulate in patients with PBC 

(Hollingsworth et al., 2009). Early stage PBC patients with elevated serum manganese, that 

correlates with fatigue, have been shown to have  a significant reduction in magnetization 

transfer ratio (MTR); a sensitive means on MRI to quantify CNS myelin macromolecular 

content (Schmierer et al., 2004). In the globus pallidus, this is thought to be secondary to 

manganese deposition (Forton, 2004). However, subsequent studies have failed to replicate the 

correlation between serum manganese, neuroimaging and/or symptoms (Hollingsworth et al., 

2009; Grover et al., 2016). The previous association between manganese deposition may be 

due to the original study not controlling for the effect of age on MTR.   

 

Overall, evidence suggests that anatomical and functional CNS changes relating to cognitive 

symptoms and autonomic dysfunction are observed even in early stage PBC (Keresztes, 2004; 

Kempler et al., 1994; Newton et al., 2006a; Newton et al., 2007b; Newton et al., 2007a; 

Horsfield, 2005), with pronounced MRI changes occurring as early as 6 months after disease 

diagnosis (Grover et al., 2016). Whilst the mechanism for this is unclear, it confirms that 

cognitive symptoms occur independently of disease staging, and that a biological process early 

in the disease results in CNS changes. This has important implications for initiating effective 

second line treatment early to prevent irreversible CNS damage. 

 

1.4.3.3 Neuroinflammation 

Neuroinflammation, that is inflammation that affects the CNS, can include many causes 

including from peripheral organs and autoimmune disease. The mechanism of action may 

include disruption of the Blood Brain Barrier (BBB), activation of glial cells associated with 

systemic immune activation and disruption of the gut-brain axis relating to the autonomic 

nervous system (Sun, Koyama and Shimada, 2022). Studies suggest a relationship between 

systemic inflammation, microglial activation, and subsequent inflammation in the brain 

(Hoogland et al., 2015). Chronic inflammation likely leads to degradation of the BBB, which 

in healthy individuals usually separates the central and peripheral circulatory system, but 

instead results in vulnerability of the CNS (Sun, Koyama and Shimada, 2022). Despite the 

breakdown in the BBB and resultant vulnerability, only specific regions of the brain appear to 

be susceptible to neuroinflammation, and this includes regions with a high distribution of  
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astrocytes (a subclass of glial cells) that include the hippocampus, amygdala, hypothalamus 

and basal ganglia (Sun, Koyama and Shimada, 2022).  

  

IL-6, TNF-α and interleukein-1𝛽 (IL-1𝛽) have been observed in animal models to impede tight 

junction regulation between endothelial cells, resulting in increased permeability of the BBB 

(Banks, 2005; Zhou et al., 2006; Dantzer et al., 2008).  Elevated serum TNF-α has been 

previously associated in the development of sickness behaviours, including fatigue, social 

withdrawal, loss of motivation and cognitive dysfunction in animal models (D'Mello and 

Swain, 2014; D'Mello, Le and Swain, 2009; Capuron and Miller, 2011; D’Mello and Swain, 

2016; Dantzer et al., 2008) and has been observed in other non-liver chronic inflammatory 

conditions such as rheumatoid arthritis. Improvement in sickness behaviour is seen with anti-

TNF-α treatment (D'Mello and Swain, 2014; Ban et al., 2010), whilst cerebral spinal fluid 

(CSF) TNF-α and IL-6 levels have been implicated as a cause for neuroinflammation in major 

depressive disorder (Felger et al., 2020).  

 

Evidence for peripheral cytokine release during liver inflammation is apparent in animal and 

clinical models and these result in recruitment of immune cells, such as monocytes, by 

activation of microglia in the CNS which may contribute to disruption of the BBB and 

inflammation of the CNS (Barak et al., 2009; D'Mello et al., 2013; D'Mello and Swain, 2014; 

D'Mello, Le and Swain, 2009). See Figure 1.5 (Swain and Jones, 2019) 
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Figure 1.5. A model for central fatigue experienced in patients with primary biliary cholangitis.  

Inflammation of the liver results in the production of inflammatory cytokines that can affect neurotransmission in 

the central nervous systems by direct or in direct pathways. 1) cytokines stimulate the vagal nerve afferents to 

signal via the spinal cord to the brain, causing direct or indirect alteration of neurotransmission in the brain. 2) 

Circulatory cytokines enter the brain via the disrupted blood brain barrier or directly stimulate cerebral 

endothelial cells, which release secondary neurotransmitters signals which stimulate microglia. 3) Activated 

immune cells such as monocytes are carried in the circulation and enter the brain parenchyma via endothelial 

cells, where they release further cytokines which directly or indirectly influence neurotransmission (Swain, Jones. 

2018, page 9) (Swain and Jones, 2019). 

 

In murine models of inflammatory liver injury, using bile duct ligation (BDL) techniques (an 

established means for mimicking cholestatic liver disease (Sato et al., 2019)), activation of 
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microglia and infiltration of monocytes into the brain has been demonstrated to occur via TNF-

α signalling (D'Mello, Le and Swain, 2009; Kerfoot et al., 2006) which induces sickness 

behaviour, and are reversed following blockade of TNF-α (D'Mello et al., 2013). Elevated 

circulatory TNF-α has previously been associated with PBC and disease response (Neuman et 

al., 2002). Although they did not appear to contribute to the inflammatory proteome associated 

with PBC and UDCA response (Barron‐Millar et al., 2021), TNF-α may still have a role in 

neuroinflammation in PBC that contributes to central symptoms, such as cognitive dysfunction.  

 

A recent study provides strong evidence for cholestasis causing neuroinflammation and 

disruption of the BBB, resulting in cognitive dysfunction in PBC. BDL mice exhibited short-

term memory loss (assessed by Y-maze), reduced astrocyte coverage of the BBB, along with 

hippocampal network deficits and neuronal senescence compared to controls (Gee et al., 2023). 

These changes were reversed following administration of the FXR agonist, OCA (currently 

used as second line therapy in PBC), but not with UDCA. Cultured human neuronal cells also 

demonstrated neuronal senescence when exposed to cholestatic serum, which was again limited 

following exposure to OCA. This study is particularly important given the importance of 

astrocytes in regulating the BBB function and permeability (Preininger and Kaufer, 2022) and 

the demonstration of neuronal senescence in the hippocampus, a phenomenon associated with 

PBC and in particular UDCA non-responders. (Sasaki, Sato and Nakanuma, 2020) This is 

highly suggestive that senescence is linked to cholestasis, and that early treatment with OCA 

reversed many of these changes. The replication of these findings with human neurone cultures 

suggests that the reversal of cognitive dysfunction seen in rodent models, may translate into a 

clinically effective treatment for PBC patients, provided that treatment with OCA is initiated 

early in the disease course.  

 

1.4.3.4 The hypothalamic-pituitary-adrenal axis 

The HPA axis regulates physiological and psychological responses to acute and chronic stress. 

It has many influences, including the afferent pathways of the vagus nerve (Howland, 2014). 

The vagus nerve innervates many visceral organs including the liver (Jensen, Alpini and 

Glaser, 2013) and the afferent pathways not only express cytokine receptors but they also have 

macrophages located intermittently between fibres (D’Mello and Swain, 2016). Peripheral 

TNF-α, IL-1β, and IL-6 are all capable of stimulating the HPA axis, exciting the hypothalamus 

corticotropin-releasing hormone (CRH) neurone (Mastorakos, Chrousos and Weber, 1993; 
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Wan et al., 1993). See Figure 1.5 (Swain and Jones, 2019). IL-6 in particular has been shown 

to have a profound and prolonged stimulatory effect on the HPA axis, resulting in elevated 

adrenocorticotrophic hormone (ACTH), that can result in fatigue (Mastorakos, Chrousos and 

Weber, 1993). Overstimulation of the HPA axis in patients with depression has also been 

observed (Maes et al., 1993). 

 

Not only is CRH a potent activator of the HPA axis, resulting in the release of ACTH but it has 

wide effects on the CNS due to the broad distribution of CRH containing nerve fibres in the 

CNS and plays a significant response in arousal and behaviour activation (Koob, 1999; Herman 

et al., 2016). Defective release of CRH within the CNS has been implicated in the pathology 

of central fatigue in patients with atypical depression and chronic fatigue syndrome (Bearn et 

al., 1995; DEMITRACK et al., 1991). Central administration of CRH in rodents stimulates 

behavioural and locomotion activation (Sutton et al., 1982), whilst low hypothalamic CRH 

(around 25% less than controls) and overexpression of CRH type 1 receptor expression has 

been shown to be present in rodent models of cholestatic liver disease resulting in a reduction 

in decreased motivation and locomotive activity (Burak, Le and Swain, 2002; Swain et al., 

1993; Swain and Maric, 1995). This suggests that defective release of CRH within the CNS 

may be a factor in the development of central fatigue.  

 

1.4.4 Other associated symptoms 

Fatigue in PBC has been shown to be strongly associated with several other clinical features 

of PBC, including autonomic dysfunction, sleep disturbance and depression (Mells et al., 

2013).  

 

Mells et al explored the UK-PBC cohort of 2,353 patients to explore the impact of PBC on 

QOL. As well as using the PBC-40 to assess traditional symptoms associated with PBC, they 

also used validated measures including the ESS, OGS and HADS to characterize the extent 

and severity of other symptoms related to PBC. They found that 24% (575/2353) of patients 

suffered severe fatigue, with the incidence of sleep disturbance being higher in those suffering 

from severe fatigue (65% of this group as opposed to 10% in those with no or mild fatigue). 

Autonomic dysfunction was also significantly related to symptoms of severe fatigue (67%) 

compared to those with no or mild fatigue symptoms (15%). Co-existing sleep disturbance with 

autonomic dysfunction occurred in 28% of those with severe fatigue, whilst the combination 
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of depression and sleep disturbance was less common (6%).  Autonomic dysfunction, sleep 

disturbance and depression co-existed in 19% of those with severe fatigue, suggesting that the 

complex interaction between these symptoms may be part of a CNS mediated process (Mells 

et al., 2013). Significant daytime somnolence occurred in 28% of the PBC population (Mells 

et al., 2013). 

 

1.4.4.1 Autonomic dysfunction 

Large UK-PBC cohort studies assessing autonomic dysfunction using the OGS suggest that 

around 29% of the PBC population are considered to have clinically significant autonomic 

dysfunction (Mells et al., 2013). It is particularly associated with those with severe symptoms 

of fatigue (67%) compared to those with no or mild fatigue symptoms (15%) (Mells et al., 

2013). Symptoms of cardiovascular autonomic dysfunction have been more frequently 

reported, and more severe, when compared to matched healthy controls and patients with the 

autoimmune cholestatic disease, PSC, which independently correlated to the severity of fatigue 

and cognitive symptoms (Newton et al., 2007b).  

 

Heart rate variability (HRV) and baroreflex sensitivity (BRS), measures of autonomic 

dysfunction, have been demonstrated to be significantly reduced in patients with PBC, 

particularly in those reporting high levels of severe fatigue, but is unrelated to cirrhosis status 

(Newton et al., 2006a). Fatigue, in particular, is related to very low frequency HRV, which has 

been implicated in abnormalities of neurohumoral and thermos-regulation ('Heart rate 

variability: standards of measurement, physiological interpretation and clinical use. Task Force 

of the European Society of Cardiology and the North American Society of Pacing and 

Electrophysiology,' 1996; Shaffer and Ginsberg, 2017). These changes in autonomic function 

maybe important, given lower HRV is associated with an increased all-cause death (Fang, Wu 

and Tsai, 2020) and may give some insight into the non-liver/non-cancer excess standardised 

mortality rate associated with PBC. The mechanisms that result in reduced HRV and BRS are 

uncertain. Reduced HRV and fatigue have been previously noted in manganese alloy workers, 

with toxicity to manganese and deposition in the global pallidus (Barrington et al., 1998; Roels 

et al., 1987; Ferraz et al., 1988), whilst deposition of manganese in the global pallidus that is 

associated with fatigue in patients with PBC has also been observed (Forton, 2004; Grover et 

al., 2016). Autonomic dysregulation of blood pressure has been shown to be common in PBC, 
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correlating with moderate to severe scores on OGS and is associated with both fatigue and 

cognitive symptoms (Newton et al., 2007b). 

 

As well as HRV and BRS being manifestations of autonomic dysfunction, studies using MRI 

T2 imaging to identify structural differences, and transcranial doppler to monitor real time 

cerebral vascular flow have been used (Hollingsworth et al., 2010a). Patients with PBC have 

been found to have markedly impaired cerebral autoregulation following the Valsalva 

manoeuvre, with increased cerebral resistance, and increased globus pallidus T2 relaxation 

time that correlated both with low frequency HRV and blood pressure, which is highly 

suggestive of autonomic failure (Hollingsworth et al., 2010a). These support the existence of 

autonomic dysfunction in PBC, resulting in increased cerebral resistance and impaired cerebral 

autoregulation, which impairs cerebral blood flow. The underlying mechanisms for these 

findings remain unclear. Changes observed on MRI may suggest that this results in the 

cognitive dysfunction observed in PBC, but the causality is not proven. 

 

A predictive model for fatigue, based on autonomic dysfunction and daytime somnolence has 

previously been validated (Newton et al., 2008b). Scoring ≥4 on OGS and/or ≥10 on ESS is 

considered to be highly predictive of severe fatigue (sensitivity 71% and specificity 80%) 

(Newton et al., 2008b), although fatigue is no more severe when patients score highly in both 

domains, suggesting that these are both independent factors for fatigue and that their underlying 

mechanisms may differ. In clinical practice this predictive model is rarely used.  

 

1.4.4.2 Sleep disturbance 

Sleep disturbance is commonly reported in patients with chronic liver disease and is prevalent 

in patients with PBC. It commonly occurs in those with severe fatigue and co-exists with 

autonomic dysfunction and daytime somnolence (Mells et al., 2013; Marjot et al., 2021).  In 

previous cohort studies, the incidence of sleep disturbance has been found to be 65% in those 

suffering with severe fatigue, and 10% in those with no or mild fatigue. Co-existing sleep 

disturbance with autonomic dysfunction occurred in 28% of those with severe fatigue, whilst 

the combination of depression and sleep disturbance were less common (6%) (Mells et al., 

2013).   

 



 

 

 

34 

There is limited research specifically relating to PBC and sleep disturbance with research 

mostly focussing on cirrhosis and disruption of the circadian rhythm. Impaired hepatic 

metabolism of melatonin in particular is implicated as a potential mechanism in cirrhosis, but 

the evidence is unclear (Marjot et al., 2021). It is likely that there is also a central mechanism 

underpinning this (based on evidence of disruption of circadian cycle related to melatonin and 

cortisol in cirrhosis) and it is apparent that hepatic encephalopathy has a role (Montagnese et 

al., 2010; Montagnese et al., 2014). 

 

Behavioural, physiological, and biochemical rhythms in humans, including sleep regulation, 

are controlled by the master circadian clock, which is located in the anterior part of the 

hypothalamus, known as the suprachiasmatic nuclei (SCN). It is synchronized constantly by 

external influences: mainly light/dark time, but food also plays a role through the gut and liver. 

The pineal gland receives signals from the SCN and synthesises melatonin. Melatonin is 

considered a  “neuroendocrine transducer” of the light/dark cycle, is increased before or during 

sleep and suppressed during daytime based on light exposure (Montagnese et al., 2010). 

Melatonin activates two high-affinity G protein-coupled receptors, MT1 and MT2, to activate 

multiple signalling pathways that affect the circadian signal, in particular to exert an effect on 

the limbic system to regulate sleep (Dubocovich, 2007). Peripheral tissues (such as the gut and 

liver) also have their own circadian clocks, as well as the pineal gland and many other tissues 

(including the liver) producing melatonin (Sato et al., 2020; Acuña-Castroviejo et al., 2014). 

 

There are two stages in human sleep: non-rapid eye movement sleep (NREM) and rapid eye 

movement (REM). NREM makes up 80% of sleep and is comprised of 4 stages, all of which 

demonstrate a specific synchronous cortical pattern termed “slow wave sleep” (SWS). This 

tends to occur in the first third of the night and correlates with the initiation of the sleep period 

and the time of wake up. During SWS there is minimal mental activity. As sleep progresses 

NREM moves to REM sleep, defined by electroencephalogram (EEG) activation, muscle 

atonia and episodes of rapid eye movements. This accounts for 20% of sleep and tends to occur 

in the last third of night, relating to circadian rhythm and body temperature (Plotogea et al., 

2021).  

 

Studies exploring sleep disturbance in PBC, using fully validated, self-reported sleep measures 

such as the sleep timing and sleep quality screening questionnaire (STSQ), which records sleep 

quality and sleeping timings (i.e. bedtime, sleep onset-time, sleep latency and number of night 
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awakenings, wake up time and get up times), have consistently demonstrated that patients with 

PBC exhibit significantly greater sleep latency compared to controls (Newton et al., 2006c; 

Montagnese et al., 2013). The Pittsburgh sleep quality index (PSQI), which assesses global 

sleep quality, has identified that sleep quality is significantly lower in PBC patients compared 

to controls (Newton et al., 2006c; Cauch-Dudek et al., 1998), and that delayed sleep timing is 

associated with impaired sleep quality (Montagnese et al., 2013; Cauch-Dudek et al., 1998). 

Those with pruritus, not unexpectedly, have a longer sleep latency compared to those without, 

which also results in earlier wake up (Montagnese et al., 2013).  However, such disturbances 

in sleep cycle are apparent in the absence of pruritus and correlate strongly with fatigue 

severity.  

 

Poor sleep quality has been associated with a significant increase in daytime somnolence as 

assessed by the ESS, with greater than 50% of PBC patients having an ESS score of >10 (the 

threshold for significant daytime somnolence) that was not associated with body mass index 

(BMI), in comparison to controls where an ESS score > 10 only occurred in 15% of cases 

(Newton et al., 2006c). The pattern of sleep in PBC patients has been reported to be different 

to controls, with less time sleeping during the night and more time sleeping during the day, 

particularly for those with significant fatigue (Newton et al., 2006c; Cauch-Dudek et al., 1998).  

 

Actigraphy, a validated and objective method of measuring sleep though use of a non-invasive 

accelerometer, has shown that overall, in 24 hours, the total amount of sleep appears to be the 

same, but in PBC patients there is a reduction in night-time sleep (increased sleep latency and 

time falling asleep after waking episodes) with an increase in daytime somnolence, that is 

associated with fatigue severity, but not disease severity (Newton et al., 2006c; Montagnese et 

al., 2013).  

 

It has been postulated that the mechanism leading to sleep disturbance in PBC might be like 

that seen in cirrhosis, where there is a delayed melatonin rhythm, reduced sensitivity of the 

retinal-hypothalamic axis to light and delayed hepatic melatonin metabolism. It is theorised 

that if those with daytime sleepiness and fatigue have an inefficient waking period (i.e. the 

usual circadian rhythm mechanism of being awake/wakefulness for a period that then allows 

us to sleep later on) that this resulted in increased sleep latency (Montagnese et al., 2013). 
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Non-PBC patients with delayed sleep-wake phase syndrome (a circadian sleep-wake disorder 

with a considerable delay in sleep onset/wake up times compared to a healthy population) have 

been shown to have improved sleep timing following treatment with morning light therapy that 

re-synchronises the circadian clock timing system (Rosenthal et al., 1990; Richardson et al., 

2018). One interventional study, using a 15-day course of morning light therapy, showed a 

significant improvement in sleep onset and wake-up times in PBC patients compared to 

controls, with a reduction in the PSQI global score and a specific improvement in component 

7 of the PSQI, related to sleep dysfunction due to sleepiness (Turco et al., 2018). Unfortunately, 

this failed to demonstrate an improvement in QOL, as assessed using the health-related quality 

of life questionnaire, short form survey 36 (SF-36). However, the SF-36 is not specific or 

validated in PBC and it is difficult therefore to draw conclusions from this. In addition, due to 

the nature of the study the intervention could not be blinded, and this therefore may introduce 

bias.  

 

It should be noted that the French PBC study group assessed the impact of PBC on QOL in 

276 unselected with PBC using the NHP. They found no significant difference in sleep between 

PBC patients and age/sex matched controls (Poupon et al., 2004). However, this study was 

limited as at the time (2004) this was the only QOL scoring system validated in French and 

therefore has not been validated in this context.  

 

The SCN in the hypothalamus regulates rhythms and synchronises circadian clocks throughout 

the body based on the light-dark cycle, but some organs including the liver have their own 

circadian rhythms, which are mediated by activator genes like circadian locomotor output 

cycles kaput (CLOCK) and brain and muscle ARNT-like 1 (BMAL1) along with repressor 

genes such as period circadian protein homolog 1 (PER1) (Takahashi, 2017). Global removal 

of BMAL1 in murine models results in loss of circadian rhythms and expressions, but when 

these genes are introduced into murine hepatocytes and cholangiocytes, circadian expression 

and metabolism in the liver continues, but at a significantly reduced rate  (Koronowski et al., 

2019). This suggests that full circadian function in the liver depends on signals from other 

tissues, and that disrupted circadian rhythms may play a role in liver disease (Marjot et al., 

2021; Mukherji et al., 2019).  

 

In the liver, there are high concentrations of melatonin in hepatocytes, and they release 

melatonin into human bile at concentrations 15 fold more than serum levels (Acuña-
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Castroviejo et al., 2014). Melatonin has been shown to suppress oxidative damage and 

ameliorate BDL-induced systemic oxidative stress in cholestatic rats. The melatonin receptors 

MT1 and MT2, along with the circadian genes CLOCK, BAML1, PER1 and CRY1, 

demonstrate up-regulation in cholangiocytes for rodents who have undergone BDL. 

Administration of melatonin in BDL rodents improves bilirubin, transaminases, and decreased 

expression of clock genes (Renzi et al., 2011; Sato et al., 2020). Similarly, pinealectomy or 

light treatment applied to BDL rats, results in reduced serum melatonin, and increased 

cytokines, such as IL-6, and has been shown to worsen ductular reaction and liver fibrosis, 

along with increasing biliary senescence (Chen et al., 2019). The variations in the concentration 

of melatonin in human bile with patients with PBC is unknown, and could conceivably, based 

on the above studies, contribute to both liver inflammation and sleep disturbance. However, 

the interplay between melatonin and the liver is clearly complex and most studies are based in 

animals, particularly rodents, where there are significant differences, including the rodent 

expression of the MT3 receptor, which has not been found in human tissue. 

 

Overall, disturbance of normal sleep patterns is common in liver disease (Mukherji et al., 2019; 

Marjot et al., 2021). In PBC, delayed sleep and reduced quality of sleep occurs frequently. In 

some it can result in daytime somnolence, which is strongly associated with fatigue. What is 

not clear, is if fatigue leads to disturbance of sleep, or, if sleep disturbance contributes to 

fatigue, but it is likely to be more complicated than one entity being the direct result of the 

other. The pathophysiology underlying sleep disturbance is unknown and there is currently 

only one study, with limitations, that has explored a therapeutic intervention (Turco et al., 

2018).  

 

1.4.4.3 Depression 

The psychological impact of fatigue in patients with PBC can be profound, with several studies 

showing an increased incidence of anxiety and depression in patients with PBC and fatigue  

(Biagini et al., 2008; Blackburn et al., 2007; Mells et al., 2013; Huet et al., 2000). Uncertainty 

exists as to whether depression is a potential cause of and contributor to fatigue, or if depression 

is a consequence of living with chronic and debilitating fatigue.   

 

Earlier studies have assessed depressive symptoms using the Beck Depression Inventory 

(BDI), a self-reported mood severity scale, with around 40-45% of patients with PBC reporting 
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depressive symptoms (Huet et al., 2000; van Os et al., 2007), with a strong correlation 

associated with FIS scores (Huet et al., 2000). However, when formally assessed for a 

depressive syndrome, as defined by the diagnostic and statistical manual of mental disorders 

IV (DSM-IV) criteria, the prevalence of depressive disorders has been found to be similar to 

that of the general population (van Os et al., 2007). This should be interpreted with caution, 

however, given the heterogeneity in the clinical diagnosis of depression in current clinical 

practice; that is many people have depressive symptoms, a clinical diagnosis and treatment of 

depression, who have not been assessed (and may not fulfil) DSM-IV criteria.    

 

Anxiety and depression were found to be higher in patients with severe fatigue in a 2007 study 

by Blackburn et al when 24 patients were assessed using the PBC-40 with a score of greater 

than 38 in the fatigue domain indicating severe fatigue (n=10). They found this severely 

fatigued group scored significantly higher for both anxiety and depression, as assessed by the 

HADS and had more frequent thoughts on the impact of fatigue on their life, as assessed by 

the Penn State Worry Questionnaire (PSWQ) (Blackburn et al., 2007). This study demonstrated 

an association with fatigue, depression, and anxiety, but did not assess for associations with 

other symptom complexes (autonomic dysfunction, sleep disturbance).  

 

The UK-PBC QOL cohort study demonstrated the prevalence of depression and fatigue to be 

present in 3% of those with moderate to severe symptomatic fatigue, compared to <1% for 

none or mild symptoms of fatigue (as assessed by HADS). Depression was more commonly 

seen in the context of a symptom complex, with a much higher prevalence occurring in those 

with fatigue, autonomic dysfunction, and daytime somnolence (19%) (Mells et al., 2013) and 

similar symptom complexes have been replicated in other studies (Newton et al., 2007b). 

Another large cohort study demonstrated levels of depression were similar between case-

matched male and female patients with PBC, despite higher fatigue scores in the female PBC 

population, suggesting no direct correlation with fatigue (Carbone et al., 2013b). This may 

suggest that the depression associated with PBC is not simply a consequence of living with a 

chronic illness, but rather is a result of a pathological mechanism resulting in a symptom 

complex.  

 

A large cohort study of 1,177 PBC patients demonstrated that around 14% had a diagnosis of 

depression, with around 7% being diagnosed after their PBC diagnosis (Shaheen et al., 2018), 

similar to previous studies (Al-Harthy et al., 2010). Depression status was not a predictor of 
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poorer outcomes, although use of the anti-depressant mirtazapine was associated overall with 

better outcomes (mortality, liver transplantation and decompensation) (Shaheen et al., 2018). 

The reason for this is unclear, but its complex pharmacology (with noradrenergic and 

serotonergic properties) may offer additional benefits compared to traditional selective 

serotonin reuptake inhibitors (SSRI). Other data on anti-depressants in PBC are largely limited 

to the use of SSRIs in relieving pruritus.  Randomised placebo-controlled trials of SSRIs to 

improve fatigue have demonstrated no benefit in fatigue (ter Borg et al., 2004) or HRQOL 

(Talwalkar et al., 2006), suggesting that whilst there is an association between fatigue and 

depression, depression itself does not appear to be the primary driver for fatigue  

 

Dysregulation of neurotransmitter synthesis has long been implicated as a cause for depressive 

disorders (Siever and Davis, 1985). Elevated serum amino acid concentrations of tyrosine (a 

pre-cursor to dopamine) and reduced serum tryptophan (a pre-cursor to serotonin) have 

previously been found in PBC patients, compared to controls, with a strong correlation with 

fatigue, cognitive symptoms and reduced QOL, as assessed by the FIS and SF-36 (Ter Borg et 

al., 2005). Whilst depression was not formally assessed, PBC patients also demonstrated an 

association with the “mental health” component of the SF-36 and these findings may be of 

relevance given the link between neurotransmitter levels and mental health.  

 

Animal models, using BDL rats to simulate cholestasis, have demonstrated anhedonia (loss of 

pleasure) and a loss of social interest, compared to controls (sham-resected rats), which was 

associated with elevated serum glucocorticoid levels, normal ACTH but a normal 

dexamethasone-induced suppression of HPA axis activity (Swain and Le, 1998). Elevated 

serum glucocorticoid levels have been shown to be present in humans with major depressive 

disorder, along with normal ACTH, but with an abnormal dexamethasone-induced suppression 

of HPA axis activity (Anacker et al., 2011; Maes et al., 1993). While caution should be taken 

when comparing animal models of disease to humans, this data may suggest that in cholestatic 

disease, the feedback for glucocorticoid is disrupted above the level of the pituitary. See section 

1.4.3.4 for further discussion of the HPA axis in PBC. 

 

Overall, many patients with PBC self-report depression and/or anxiety on established self-

assessments, such as the HADS questionnaire. There appears to be a complex symptom 

association between fatigue, autonomic dysfunction, sleep disturbance and depression. Studies 

into depression in PBC are limited, as are data on the effectiveness of traditional treatments, 
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such as SSRIs to treat depression, but given the complex interplay of symptoms, it seems 

unlikely that traditional treatments would adequately address the currently poorly understood 

pathophysiology.  

 

1.4.5 Pruritus 

Cholestatic pruritus (itch) is the commonest symptom described in PBC, affecting up to 70% 

of patients during their disease course, with nearly a third of these experiencing persistent 

pruritus and approximately 15% reporting severe itch (Hegade et al., 2015; Hegade et al., 

2014).  Untreated, this can have a significant impact on QOL and can result in sleep 

deprivation, depression and in severe cases, suicidal ideation (Hegade et al., 2016a; Jin and 

Khan, 2016). It is more prominent in younger patients (Hegade et al., 2019), and in particular 

is associated with the aggressive ductopenic disease phenotype of PBC (Vleggaar et al., 2001). 

Typically, pruritus associated with cholestasis follows a circadian rhythm, with patients 

reporting the highest intensity in the evening and early night (Kremer et al., 2008b), but it also 

increases with increasing temperature. Females with cholestasis may have worsening pruritus 

following hormonal changes during the menstrual change, late in pregnancy and with hormone 

replacement therapy (Kremer et al., 2008b; Bergasa, 2008). The limbs, soles and palms are 

typically affected (Kenyon et al., 2010), but it can affect any area of the body. Primary skin 

lesions seen from pruritus in other dermatological disorders are absent, but secondary 

excoriations may occur from overt scratching (Beuers et al., 2014).  

 

Currently there are several therapeutic options available to treat cholestatic pruritus, but the 

use of these is largely empirical. Bile acid sequestrants (cholestyramine and colesevelam) 

(Hirschfield et al., 2018; Hirschfield et al., 2017; Lindor et al., 2018) and rifampicin (a 

pregnane X receptor (PXR) agonist) (Prince, 2002) are the agents with the best evidence base, 

but are incomplete in their mode of action. Other treatment options include medications that 

modify neurotransmission (opiate antagonists, gabapentinoids and SSRIs) (Hirschfield et al., 

2018; Hirschfield et al., 2017; Lindor et al., 2018). For patients with pruritus that is intractable 

despite all medical interventions, liver transplantation remains an option even in the absence 

of liver failure (ELIAS and BURRA, 1991; Wood et al., 1994). There is emerging evidence 

demonstrating fibrates to be beneficial in not only improving liver biochemistry and but also 

in improving pruritus in some patients (Wetten, Jones and Dyson, 2022; De Vries et al., 2020; 

Reig, Sese and Pares, 2018; Soret et al., 2021). 
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The biological basis for pruritus in PBC remains uncertain, but the partial response to current 

treatments hints at potential mechanisms (Langedijk, Beuers and Oude Elferink, 2021). It is 

likely that pruritogens accumulate in plasma and other tissues as a result of cholestasis 

(Bergasa, 2008), and is evidenced through limited relief by albumin dialysis (molecular 

adsorbent recirculating system (MARS) (Acevedo Ribó et al., 2005; Montero et al., 2006; 

Leckie et al., 2012) and plasmapheresis (Alallam, Barth and Heathcote, 2008; Heerkens et al., 

2019). The improvement of symptoms in some patients following administration of oral bile 

acid sequestrants (Di Padova et al., 1984), ileal bile acid transport inhibitors (Al-Dury and 

Marschall, 2018) and temporary relief by naso-biliary drainage (Beuers, Gerken and Pusl, 

2006), would tend to suggest that pruritogens are either directly or indirectly excreted into the 

bile, and undergo enterohepatic circulation. Rifampicin, a potent PXR agonist, effective in 

relieving pruritus in around 77% of patients (Khurana and Singh, 2006), appears to 

downregulate transcription factors, possibly related to the glycoprotein autotaxin (ATX) 

(Kremer et al., 2012), suggesting that pruritogens may be formed or transformed in the liver. 

Finally, it is likely that pruritogens exhibit an effect on opioid and serotonin receptors, given 

the partial effects of opioid antagonists (naltrexone) (Murray-Brown, 2021) and SSRIs 

(Kouwenhoven, van de Kerkhof and Kamsteeg, 2017).  

 

Cholestatic pruritus is classified as a non-histaminergic itch with no provocation or activation 

of histamine receptor subtypes (Langedijk, Beuers and Oude Elferink, 2021). Itch signalling 

involves primary itch neurons in the skin that travel through the dorsal root ganglia, through 

several neurons and the spinothalamic tract, until it reaches the ventromedial nucleus of the 

thalamus (Langedijk, Beuers and Oude Elferink, 2021). The neurotransmitters glutamate, 

natriuretic peptide B and gastrin-releasing peptide are all involved at different points in the 

pathway. Pain has an inhibitory effect on pruritus, therefore the CNS creates an urge to cause 

a local pain by scratching behaviour (Ikoma et al., 2006). Conversely, administration of opioids 

can result in general pruritus, or localised pruritus, if targeted opiates are given, such as via 

spinal injection (Ballantyne, Loach and Carr, 1988) and suggests a complex interplay between 

nociceptive and pruriceptive neurons. Whilst anatomical structures and pathways for pruritus 

are well defined, the activation, function and regulation of pruritus is poorly understood.  
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1.4.5.1 Pruritogens  

Bile salts are the major organic solutes in bile, which breakdown and facilitate intestinal 

absorption of dietary fats (Boyer, 2013) and have previously been thought to be a potential 

pruritogen. Bile salt subtypes bind to numerous bile acid receptors including FXR, 

transmembrane G protein coupled receptor (TGR5), PXR and constitutive androstane receptor. 

Signalling of these receptors can affect bile acid synthesis, lipid synthesis, gluconeogenesis, 

inflammation and liver fibrosis (Schaap, Trauner and Jansen, 2014). Bile salt levels have been 

shown to be elevated in the serum of cholestatic patients (Trottier et al., 2012), but do not 

appear to correlate to symptoms of pruritus (Kremer et al., 2010; Freedman, Holzbach and 

Ferguson, 1981). Cholestatic disease may present with pruritus, at which point bile salts levels 

are often relatively low (Kremer et al., 2008a). Despite the role of bile salts on numerous 

receptors within the liver, and the effect of bile acid sequestrants in relieving some patients’ 

pruritus, the evidence suggests that bile salts do not play a significant role in cholestatic itch 

(Langedijk, Beuers and Oude Elferink, 2021).  

 

Autotaxin (ATX) is a potent human motility-stimulating protein, that is required for 

angiogenesis, and neuronal development (Ptaszynska et al., 2010). It has been linked to tumour 

cell proliferation in several cancers (Mills and Moolenaar, 2003). ATX catalyses extracellular 

lysophophatidylcholine to lysophosphatidic acid (LPA), a growth factor-like phospholipid with 

a wide variety of effects in many cells, and this mechanism is known as the ATX-LPA axis 

(She et al., 2022). Interest in this as a mechanism for pruritus developed after it was noted that 

LPA plays a role in neuropathic pain. Kremer et al demonstrated that ATX activity was 

significantly higher in patients with cholestatic liver disease who experienced pruritus and that 

the degree of activity correlated strongly with the intensity of pruritus (Kremer et al., 2008b; 

Kremer et al., 2010). There was no correlation with pruritus to serum bile salts, opioid activity, 

or serum histamine. PBC patients with intractable pruritus, who have undergone nasobiliary 

drainage, have a significant reduction or resolution of pruritus, with a reduction in serum ATX 

activity, despite the ATX activity or protein not being present in the bile, whilst ATX levels 

are observed to return to pre-treatment levels on reoccurrence of pruritus (Kremer et al., 2010; 

Kremer et al., 2012). The mechanism for this remains unclear, but it is likely that a component 

of bile directly or indirectly increases ATX activity, and this is supported by the improvement 

in pruritus for some patients following treatment with bile acid resins and/or nasobiliary 

drainage. Reduced serum ATX activity, with a correlation in reduction in pruritus has been 

seen following treatment with rifampicin (Kremer et al., 2012), bezafibrate (Kremer et al., 
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2019), prednisolone (Sumida et al., 2013) and plasmapheresis (Heerkens et al., 2019), 

suggesting a strong relationship between the ATX-LPA axis and cholestatic pruritus. Despite 

this strong causal link, a recent study into serum ATX, pruritus and chronic liver disease failed 

to demonstrate a correlation between serum ATX, frequency or severity of pruritus in a sub-

cohort of 119 patients with PBC, and instead found a correlation between serum ATX and 

markers of liver fibrosis (Fujino et al., 2019). Overall, the evidence suggest that the ATX-LPA 

axis likely has a role in pruritus, but it is likely that other biological factors significantly 

contribute.  

 

The CNS neurotransmitter, serotonin (5-HT), has previously been implicated in as a potential 

cause of cholestatic pruritus. It has been found to be synthesised and released by mast cells in 

the skin, resulting in pruritus (Kushnir-Sukhov et al., 2007). Previous treatment with 

ondansetron (5-HT3 antagonist) has been suggested to improve cholestatic itch (Schwörer, 

Hartmann and Ramadori, 1995), but subsequent meta-analysis of randomised control trials 

have failed to show a benefit (To et al., 2012). Animal models using BDL techniques to 

simulate cholestasis have previously demonstrated elevated serotonin in the skin and spinal 

cord, which was associated with increased scratching behaviour following mechanical and heat 

stimuli, not seen in sham rats (Tian et al., 2016). In addition, up and down regulation of 5HT 

subtypes occurred in BDL-rats, suggesting a dynamic response to cholestatic and that distinct 

subtypes may play a role in pruritus. Other studies have suggested differing roles for 

participation of 5HT subtypes in cholestatic pruritus, but there is not a clear relationship 

(Langedijk, Beuers and Oude Elferink, 2021). SSRIs are sometimes used as 3rd or 4th line 

therapy when 1st and 2nd line therapy has failed to adequately control cholestatic pruritus 

(Hirschfield et al., 2018; Hirschfield et al., 2017; Lindor et al., 2018), with meta-analysis 

(albeit mostly from open-label trials) suggesting that they may benefit some patients 

(Kouwenhoven, van de Kerkhof and Kamsteeg, 2017). 

 

Other theories that have previously been thought to play a role in cholestatic pruritus include 

endogenous opioids, histamine, bilirubin, and the gut microbiome. However, the evidence for 

these is lacking (Langedijk, Beuers and Oude Elferink, 2021; Kremer et al., 2008a). 

 

Our knowledge therefore of cholestatic pruritus is incomplete. Treatments offer effective 

therapy in some patients, but not all, and would suggest that these therapies do not target the 

main pathological mechanism that results in pruritus.  Not only may more one than pruritogen 



 

 

 

44 

be involved but there is also evidence of multiorgan involvement. It remains unclear if those 

with cholestatic disease produce an excess of pruritogens or if pruritogens accumulate as a 

consequence of cholestasis, and while increased pruritogens have been implicated as the main 

underlying cause of pruritus, it is not known if increased sensitivity to these contributes. 
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Chapter 2:  PBC and the serum proteome 

2.1 Introduction 

Proteomics, the large-scale analysis of proteins, has increasingly been used as a method to 

better gain an integrated understanding of human biological processes. Many different areas of 

study full into this guise, including protein expression profiling, proteome mining and protein-

protein interactions (Graves and Haystead, 2002). Protein expression profiling, in particular, is 

a useful tool to better understand underlying disease mechanisms, identify potential future 

therapeutic targets and can be utilised to assess the impact of therapy on diseases. 

 

2.2 PBC and the serum proteome  

The UK-PBC consortium (www.UK-PBC.com) recently published a panel of 19 serum 

markers (see Table 2.1), identified using discovery proteomics, that remain elevated in patients 

with PBC following treatment with UDCA and that are credibly linked to disease pathogenesis 

(Barron‐Millar et al., 2021). Further work was undertaken using 400 patients from the UK-

PBC cohort to explore the relationship between these 19 serum markers and biochemical 

response to first line therapy with UDCA. The study demonstrated that any elevation in alkaline 

phosphatase levels in PBC, regardless of UDCA response criteria used (see Table 1.3), is 

associated with ongoing disease activity from the previously related inflammatory proteome 

(Jones et al., 2022). Work to date on the serum proteome in PBC has largely focused on disease 

mechanism related to cholangitis in PBC and the biochemical response to treatment. 
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Table 2.1 Markers identified in the UK-PBC study as remaining elevated in UDCA treated PBC patients 

compared to healthy controls (Barron‐Millar et al., 2021) 

Family Abbreviation Identity 

Chemokines CXCL9 Chemokine CXCL9 

CXCL10 Chemokine CXCL10 

CXCL11 Chemokine CXCL11 

CXCL13 Chemokine CXCL13 

CCL19 Chemokine CCL19 

CCL20 Chemokine CCL20 

Cytokine Modulators IL-4Rα IL-4 Receptor Alpha Chain 

IL-18R1 IL-18 Receptor 1 

Cell Surface & Structural 

Proteins 

EpCam Epithelial Cell Adhesion Molecule 

CD163 High Affinity Scavenger Receptor 

VIM Vimentin 

KIM1 Kidney Injury Molecule 1 

SCAMP3 Secretory Carrier-Associated Membrane Protein 3 

Metabolic Factors HAOX1 Human Aldehyde Oxidase 

LEP Leptin 

ACE2 Angiotensin Converting Enzyme 2 

CA5A Carbonic Anhydrase 5A 

DECR1 2,4-Dienoyl-CoA Reductase 1 

AZU1 Azurocidin (Heparin Binding Protein) 

 

2.3 Biomarkers associated with PBC 

The role of the individual immune markers associated with PBC, including from the PBC 

inflammatory proteome, are reviewed below. 

  

2.3.1 Cytokines 

2.3.1.1 Interleukin-4 receptor 𝜶 

Interleukin-4 receptor alpha (IL-4R𝛼) has recently been demonstrated to be differentially 

expressed between healthy controls and those with PBC, who have not undergone treatment 

with UDCA therapy and is thought to be a key component of the inflammatory PBC proteome 

(Barron‐Millar et al., 2021). Further work from the UK-PBC consortium has demonstrated 

elevation of IL-4Rα in UDCA-treated patients across established UDCA-response criteria, with 
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increasing levels being associated with worse liver blood biochemistry (Jones et al., 2022). 

Whilst there is an association with liver biochemistry, its incomplete suppression with UDCA 

and role in the immune response may suggest an association with symptomatic PBC. 

 

There are two types of Interleukin-4 receptors (IL-4R). Both share the common IL- R𝛼 subunit. 

IL-4R type-1 is composed of two subunits; IL-4R𝛼 and the common gamma chain cytokine 

receptor (shared by IL-2, 7, 9, 15, 21). It is located on cells of haematopoietic stem cell origin. 

The receptor complex can only be formed by IL-4, and its activation results in active Th2 

differentiation (LaPorte et al., 2008). IL-4R type-2 is composed of the subunits IL-4Rα and IL-

13R𝛼1. It is located on non-haematopoietic stem cells and can form a complex with both IL-4 

and IL-13. It is not present on T-cells but is active in the regulation of cells related to mucus 

secretion and airway hypersensitivity (LaPorte et al., 2008). Therefore, IL-4 can form a ligand 

to both types of receptors, whilst IL-13 may only form a ligand with type-2 IL-4R receptors. 

 

IL4-R is largely involved in signalling pathways related to type-2 immune responses (Egholm 

et al., 2019). IL-4 and IL-13 form complexes with IL-4R on B-cells to generate 

immunoglobulin E (IgE) antibody production, resulting in the “weep and sweep” response to 

expel parasites (Egholm et al., 2019), with chronic infection resulting in the development of 

macrophage and eosinophil-rich granulomas (Van Dyken and Locksley, 2013). Granulomas 

are a hallmark of PBC histology, with eosinophils being present in PBC liver biopsies (Lewis, 

2018; Terasaki et al., 1993). Whilst chronic infection is not a known cause in PBC, there are 

similarities in the resultant chronic type-2 immune response.  

 

IL-4 and IL-13 drive Th2 cell differentiation to alternatively activated macrophages (M2 

macrophages), leading to inhibition of neutrophils and neutrophil chemotaxis, and shifting 

production away from a pro-inflammatory state to an anti-inflammatory profile, producing 

tissues repair factors and homeostasis maintenance (Egholm et al., 2019; Van Dyken and 

Locksley, 2013; Rőszer, 2015). These mechanisms in the context of chronic inflammation are 

important as they can lead to the development of pathological fibrosis, which is thought to be 

secondary to persistent activation of the tissue repair pathways (Gieseck, Wilson and Wynn, 

2018). In the liver this is demonstrated by chronic helminth infections such as schistosomiasis 

and liver flukes, which result in Th2 associated IL-4, 5, 13, along with IL-4 and IL-13 induced 

M2-macrophages (Gieseck, Wilson and Wynn, 2018).  
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Type-2 immunity has been shown to play a role in both acute and chronic liver disease (Roth 

et al., 2010; McHedlidze et al., 2013; Marvie et al., 2009; Wang et al., 2012; Gonzalez-Polo 

et al., 2019). Elevated IL-33 results in the expression of IL13 (by activation type 2 innate 

lymphoid cells) and has been shown to be elevated in the sera of PBC patients, correlating with 

levels of ALP. In addition, expression of the primary receptor marker for IL-33 (soluble 

suppression of tumorigenicity 2 (sST2) receptor) was increased in PBC patients (Sun et al., 

2014). This suggests that type-2 immune pathways play a significant role in PBC. This is 

further supported by the study by Landi et al. who found PBC patients expressed increased 

levels of IL-1𝛽, IL-4, IL-5, IL-6, IL-8, IL-10, IL-12, CXCL9, CXCL10, CCL4 and IFN-𝛾 in 

sera compared with healthy controls and HCV (excluding CXCL10 and IL-10) (Landi et al., 

2014). 

 

Overexpression of IL-13 and activation of IL-4R have been implicated as important causes for 

DR in animal models, resulting in down-regulation of the classical bile acid synthesis 

pathways, induction of cellular senescence, lipogenesis and recruitment of type 2 immune 

mediators in hepatocytes and BEC (Gieseck et al., 2016). Whilst most of this work focused on 

cellular response to helminth infection, there are some parallels in the disruption of bile acid 

synthesis, activation of BEC senescence and altered lipogenesis seen in PBC. 

 

Several therapies that target the effect of IL-4 and IL-13 on IL-4R𝛼 are either licensed or 

undergoing phase II/III trials for use in a variety of immune-mediated diseases, including 

rheumatoid arthritis (Iwaszko, Biały and Bogunia-Kubik, 2021; Burmester et al., 2018; 

Dhillon, 2017), psoriatic arthritis (Berekmeri et al., 2018), asthma (Castro et al., 2018), chronic 

rhinosinusitis, atopic eczema (Simpson et al., 2016) and ulcerative colitis (Sandborn et al., 

2017). These therapies include Dupilumab (Harb and Chatila, 2020), a monoclonal antibody 

which blocks IL-4Rα; Upadacitinib (Burmester et al., 2018) and tofacitinib (Dhillon, 2017; 

Sandborn et al., 2017; Berekmeri et al., 2018), both of which are small molecule Janus Kinase 

(JAK) inhibitors and block the downstream effect of IL-4R; Pitrakinra, a dual IL-4 and IL-13 

antagonist, and Lebrikizumab, a monoclonal antibody that selectively blocks IL-13. There is 

limited experience in the use of these therapies in liver disease, but Dupilumab is currently 

undergoing a phase II open-label, 22-week, exploratory study to investigate its efficacy in the 

treatment of adults with moderate to severe chronic hepatic pruritus with a primary completion 
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estimated for September 2023 (Trial ID: NCT04256759; see: 

https://www.clinicaltrials.gov/ct2/show/NCT04256759). 

 

Given the pathogenic mechanism of action between IL-4, IL-13 and IL-4Rα, the evidence for 

IL-4Rα as part of the inflammatory proteome of PBC and the fact that there licensed immune-

modulating therapies in use for other immune-mediated disease, we further explored the role 

of these in symptomatic PBC.  

 

2.3.1.2 Interleukin-6  

The cytokine Interleukin-6 is tightly integrated in the human immune response. It has 

pleiotropic effects, as evidenced by it initially having several distinct molecular names based 

on its biological activity, until through DNA cloning, it was identified to be the same entity 

(Kawano et al., 1988). Its roles include inflammation, immune response and haematopoiesis 

(Tanaka, Narazaki and Kishimoto, 2014). It is produced at the site of inflammation, mainly by 

macrophages and monocytes, and initially plays a key role in the acute phase response, 

including acting on hepatocytes to stimulate the production of acute phase proteins, such as C-

reactive protein (CRP), hepcidin and fibrinogen (Gauldie et al., 1987). Its haematopoietic 

action includes differentiation of CD4 T-cells to Th17 cells, CD8 T-Cells to cytotoxic T-cell 

differentiation, B-cell antibody production and thrombocytopenia (Tanaka, Narazaki and 

Kishimoto, 2014). 

 

IL-6, in combination with transforming growth factor (TGF)-ß, causes Th17 differentiation (a 

CD4 T helper subset that defends against extra-cellular organisms, particularly in epithelial 

and mucosal barriers), but inhibits Treg differentiation (Bettelli et al., 2006) (helps to maintain 

self-tolerance, loss of which results in autoimmune disease). Dysregulation and over 

production of IL-6 is therefore thought to result in the development of autoimmune and chronic 

inflammatory disease such as rheumatoid arthritis (Kimura and Kishimoto, 2010).  

 

Acute inflammation during the immune response and corresponding wound healing is tightly 

regulated, whilst chronic inflammation is considered as an uncontrolled inflammatory 

response. Elevated IL-6 has been seen in several chronic inflammatory conditions, including 

the synovial fluid of RA (Houssiau et al., 1988) and germinal centres of hyperplastic lymph 

nodes seen in Castleman disease (Yoshizaki et al., 1989). In chronic inflammation, the IL-6 
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amplifier, a positive feedback loop for IL-6, occurs due to synergistic interactions between the 

transcription factor nuclear factor-kappa B (NF-κB) and signal transducer and activator of 

transcription 3 (STAT3) in immune and non-immune cells (Hirano, 2020). Initiation of the IL-

6 amplifier can occur by local events, including cellular senescence (Kuilman et al., 2008) 

 

Naturally occurring cytokines that are both pro- and anti-inflammatory are induced by 

strenuous exercise. Commonly, there are significant increases with IL-6, whilst modest 

increases in plasma levels of TNF-α, IL-1Rα, TNF-receptors, IL-10, IL-8, Macrophage 

inflammatory protein (MIP-1) occur (Pedersen, Steensberg and Schjerling, 2001; Niemelä et 

al., 2016). In extreme exercise, such as marathon running, IL-6 has been shown to increase by 

100-fold (Ostrowski et al., 1998).  The majority of IL-6 during exercise is synthesised and 

released by contracting muscles in response to exercise, with the expression of IL-6 being 

dependent on the intensity and duration of exercise (Fischer, 2006; Pedersen and Febbraio, 

2008). Activation of IL-6 transcription factors appears to be triggered in response to calcium 

homeostasis, impaired availability of glycogen/glucose and increased reactive oxygen species 

(ROS) (Fischer, 2006) – all of which are metabolic consequences to increased energy demand 

secondary to exercise. Released IL-6 regulates hepatic glucose metabolism (Bertholdt et al., 

2017), increases lipolysis (Wedell-Neergaard et al., 2019) and stimulates cortisol via the HPA-

axis (Pedersen et al., 2004). Elevations of IL-6 during exercise are not linear, but are more akin 

to an exponential rise, with peak IL-6 occurring soon after exercise, followed by a rapid decline 

(Pedersen and Febbraio, 2008).  

 

Animal models suggest that chronic exposure to IL-6 results in muscle fatiguability, with a 

reduction in not only the number of mitochondria but also their functioning, resulting in a 

reduction in ATP production via normal aerobic respiratory pathways (VanderVeen et al., 

2019; Abid et al., 2020). In humans, elevated IL-6 (as well as IL-1Rα and CRP) has been 

shown to strongly correlate with poor physical performance and muscle strength in both 

genders in those over the age of 65 (Cesari et al., 2004; Pereira et al., 2009; Oliveira et al., 

2008; Coelho et al., 2010), whilst elevated serum IL-6 in a large cohort of older women 

predicted a higher risk of developing physical disability and a greater decline in walking ability 

compared to those with lower levels (Ferrucci et al., 2002).  
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Overall, the evidence suggests that IL-6 is vital in maintaining muscle metabolic homeostasis 

and providing an adaptive response to skeletal muscle exercise, and disruptions to this could 

result in a disturbance in muscle homeostasis.  

 

A meta-analysis on sleep disturbance in inflammatory disease looked at 72 studies, with a total 

of over 3000 participants samples analysed for IL-6 levels. They found evidence that higher 

levels of IL-6 were associated with self-reported sleep disturbance and sleep disturbance as 

assessed by formal questionnaires, but not when using diagnostic criteria for insomnia. It was 

not associated with shortened sleep duration, but there was evidence that IL-6 was associated 

with a longer sleep duration. Meta-analysis suggested that sleep disturbance in females and 

younger age predicted higher IL-6 (Irwin, Olmstead and Carroll, 2016). The mechanism by 

which IL-6 may affect sleep is unclear, but sleep disturbance is common in PBC, and this 

therefore would be interesting to explore.  

 

IL-6 (as well as IL-5) levels have been found to be elevated in liver tissue for patients with 

PBC compared to chronic hepatitis C (CHC) and healthy controls (Nagano et al., 1999) whilst 

Il-6 and TNF𝛼 were elevated in serum samples in patients with PBC, compared to controls 

(Barak et al., 2009). As described in the pathogenesis of PBC (see section 1.2), IL-6 contributes 

to the ongoing inflammatory response in PBC, being upregulated with other cytokines in 

response to the SASP, leading to tissue remodelling and the accumulation of immune cells 

(Yasoshima et al., 1998; Sasaki et al., 2010a; Sasaki et al., 2010b). In PBC, as in other 

autoimmune diseases, IL-6 appears to contribute to the chronic inflammatory process. 

 

Evidence suggests that IL-6 can activate the HPA axis which could contribute to fatigue 

(Vgontzas et al., 1997; Vgontzas et al., 1999; Mastorakos, Chrousos and Weber, 1993). Leptin 

appears to stimulate IL-6 (see section 2.3.3.1) and is increased in PBC (Breidert et al., 2004). 

A previous small study exploring IL-6, IL-1β, TNF-α and IFN-γ demonstrated that these were 

elevated in the serum of PBC patients vs. controls, but, when assessed by the PBC-40, these 

did not correlate with severe fatigue (Pells et al., 2013a). 

 

Overall, IL-6 has pleiotropic effects on the human immune response. It certainly is a key factor 

in chronic inflammation observed in many autoimmune conditions. It has a significant role in 

muscle energy metabolism and chronic levels may alter mitochondrial function, leading to 

increased muscle fatigability. Bioenergetic changes in muscles are observed in PBC, whilst 
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elevated IL-6 is observed in PBC patients, making this a potential mechanism that is worthy of 

exploration.  

 

2.3.1.3 Interleukin-18 Receptor  

Interleukin-18 receptor 1 (IL-18R1) is a member of the interleukin-1 receptor (IL-1R) family, 

and specifically binds interleukin-18 (IL-18). IL-18 is similar in structure to IL-1𝛽, but unlike 

IL-1𝛽, it is synthesised as a biologically inactive precursor, and stored in the cytosol of most 

cells in healthy humans (Dinarello et al., 2013). Following exposure to microbes and its 

activation by Toll-like receptors (such as lipopolysaccharide-induced pathways) on Th1 and 

Natural Killer (NK) cells, IL-18 is released via a large protein complex, known as an 

inflammasome (Rathinam, Vanaja and Fitzgerald, 2012; Meng and Lowell, 1997; Tsutsumi et 

al., 2014). Released IL-18 binds to IL-18R1 on Th1 and facilitates the release of TNF𝛾, in 

conjunction with interleukin-12 (IL-12) (Yasuda, Nakanishi and Tsutsui, 2019). Co-

stimulation of IL-12 and IL-18 (via IL-18R1) are essential components for the type 1 immune 

response.  

 

In the absence of IL-12, production of IL-18 and activation of IL-18R1 stimulates non-

polarised T-cells and NK cells to produce a type 2 inflammatory response, induce Th2 

differentiation and stimulate established Th1 cells, resulting in the production of IL-3, IL-9 and 

IL-13, in addition to the stimulation of mast cells and basophils to produce IL-4 and IL-13 

(Nakanishi et al., 2001; Nakanishi, 2018). IL-18 therefore has pleiotropic functions and 

stimulates various cell types via IL-18R1. Upregulation of IL-18R1 occurs following exposure 

to IL-12 and TNF𝛼 in T cells and NK cells (Matikainen et al., 2001), however, its regulation 

in other cells types is poorly understood (Yasuda, Nakanishi and Tsutsui, 2019).  

 

Most research appears to focus on IL-18, rather than IL-18R1. On the basis that IL-18R1 can 

only be activated by IL-18, the role of IL-18 in disease has been included in our review.  

 

IL-18 gene promotor polymorphisms along with elevated serum IL-18 have been associated 

with several autoimmune diseases, including SLE (Xiang et al., 2021), RA (Gualberto Cardoso 

et al., 2021), Bechet’s disease(Yasuda, Nakanishi and Tsutsui, 2019), and inflammatory bowel 

disease (Yasuda, Nakanishi and Tsutsui, 2019; Naftali et al., 2007). Large scale GWAS have 

identified IL-18R1 as a high-risk genetic locus for the development of PBC (Cordell et al.). 
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However, granuloma formation in several granulomatous diseases, appears to rely heavily on 

the presence of IL-18 and IL-18R1 (Sugawara et al., 1999; Meda Spaccamela et al., 2019; 

Shigehara et al., 2000), with granulomas being a hallmark histological feature of PBC.  

 

Overall, the role of IL-18 in PBC is unclear. In cholestatic mice models, IL-18 has been shown 

to have no significant effect on disease progress (Xu et al., 2022b). However, human studies 

utilising PBC patients, suggest that serum IL-18 is elevated in PBC and associated with severity 

of disease (Yamano et al., 2000). (Lewis, 2018).  In the bile ducts of patients with PBC, the 

accumulation of mucosal-associated invariant T (MAIT) cells, rich in IL-18R1, have been 

previously identified (Toubal and Lehuen, 2016; Zhang, Kong and Wang, 2020). This is an 

area that warrants further investigation to better understand the immune pathophysiology of 

PBC.  

 

The role of IL-18 signalling in symptoms is unclear. IL-18 and IL-18R1 have been implicated 

as important factors in metabolic homeostasis. They, along with IL-6, activate adenosine 

monophosphate-activated protein kinase (AMPK), a protein which is crucial in identifying the 

intracellular energy status of skeletal muscle and helping maintain anabolic energy pathways 

(Lindegaard et al., 2013; Kjøbsted et al., 2018). Defective IL-18 is associated with impaired 

energy expenditure in the adipose tissue of mice (Zorrilla et al., 2007), has been implicated in 

the development of myositis in autoimmune conditions such as dermatomyositis and 

polymyositis (Nagaraju and Morales, 2022; Chen et al., 2018), and is associated with resistance 

to immunotherapy (Aguilar-Vazquez et al., 2022). Given the role of IL-18 in energy 

metabolism, particularly in skeletal muscle and the effect of dysfunctional and chronic IL-18 

signalling on these pathways, it is interesting to explore its role in PBC and peripheral fatigue.  

 

Elevated IL-18 has been associated with the development of mild cognitive impairment (albeit 

in the presence of lower plasma vitamin D) in the elderly population (Cheng et al., 2022). 

Elevated IL-18 from blood mononuclear cells has been positively associated with cognitive 

deficits in Alzheimer’s disease (Bossù et al., 2008). Although the association with MRI white 

matter lesions was not explored in this study, neuroimaging in PBC patients with cognitive 

symptoms appear to share many of the features seen in dementia (see section 1.4.3.3) (Newton 

et al., 2008a).  
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Dysfunctional IL-18 signalling is thought to play a part in several diseases related to itch, based 

on its ability to promote Th1 and Th2 responses. This includes Th2 signalling in atopic 

dermatitis (Tanaka et al., 2001), and Th1 signalling in psoriasis (Ohta, Hamada and Katsuoka, 

2001) and cutaneous lupus erythematosus (Wang et al., 2008a). Whilst these diseases all are 

associated with itch by different pathological mechanisms, it is interesting that IL-18 may 

contribute to these in its pleiotropic role.  

 

Most therapies targeting IL-18 signalling pathways have either focused on the use of 

monoclonal antibodies that inhibit IL-18 by blocking its activation from its inactivated 

precursor form, or by administration of IL-18 binding protein (IL-18BP) which reduces 

circulating levels of serum IL-18 (Dinarello et al., 2013; Yasuda, Nakanishi and Tsutsui, 2019). 

We are not aware of any therapies that target the IL-18R itself. Early trials of tadekinig alfa (a 

recombinant IL-18BP) in adult-onset Still’s disease has shown some promise as a new therapy 

to control the disease (Gabay et al., 2018). 

 

2.3.1.4 Tumour necrosis factor alpha  

Tumour necrosis factor alpha (TNF𝛼) is a cytokine that is activated by macrophages, T cells 

and natural killer cells, and has pleiotropic effects on a plethora of cells (Horiuchi et al., 2010). 

Originally named for its ability to cause necrosis of tumours, it has since been identified as a 

key regulator of the bodies inflammatory response (Bradley, 2008).  

 

TNF𝛼 exerts biological activity via type 1 receptors, known as tumour necrosis factor receptor 

1 (TNFR1) and 2 (TNFR2). TNFR1 is expressed on all human tissues and is considered the 

key signalling mechanism for TNF𝛼, whilst TNFR2 is largely limited to cells of the immune 

lineage, with limited biological effect. Different signalling complexes are activated on binding 

of TNFR1, which determine the cellular response, including inflammation, host defence and 

cell proliferation, apoptosis or necroptosis (Jang et al., 2021). Activation of TNFR2 mediates 

cell activation, migration and/or proliferation (Jang et al., 2021).  

 

TNF𝛼 is a critical regulatory component of the normal human immune response to pathogens. 

However, dysregulation of TNF𝛼 may lead to autoimmune disease. Examples of autoimmune 

diseases associated with elevated TNF𝛼 include rheumatoid arthritis (Choy and Panayi, 2001), 

inflammatory bowel disease (Van Deventer, 1997) and psoriatic arthritis (Mease, 2002). Anti-
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TNF𝛼 agents are commonly used in the treatment of autoimmune diseases, including 

inflammatory bowel disease (Probert et al., 2003; Laharie et al., 2012; Adegbola et al., 2018), 

rheumatoid arthritis (Feldmann, 2002) and ankylosing spondylitis (Brandt et al., 2000). 

 

Elevated levels of TNF𝛼 (and TNF𝛽) have previously been described in patients with PBC, 

with increased levels seen with more advanced disease, but with levels improving following 

treatment with UDCA (Neuman et al., 2002). However, it is not clear whether elevated TNF𝛼 

is an upstream driver of disease, or a secondary, downstream, effect of bile duct inflammation 

that is reduced following treatment with UDCA. Animal models of cholestasis suggest the 

latter; that elevated TNF𝛼 is a consequence, and contributes to, downstream, inflammation 

(Donner et al., 2007). A recent small study of eighteen patients with PBC highlighted 

significantly elevated levels of IL-6, IL-8 and TNF𝛼 in the PBC cohort, compared to controls, 

but following logistic regression IL-8 was found to be the predominant cytokine (Akberova et 

al., 2022). Increased frequency of the polymorphisms in the gene for TNF𝛼 have been 

associated with more advanced disease (Jones et al., 1999a), suggesting it might be associated 

with increased risk of disease progression. 

 

BDL models in rodents suggest that cholestasis results in the recruitment of TNF𝛼 expressing 

monocytes into the cerebral endothelium (Kerfoot et al., 2006). This may contribute to sickness 

behaviours observed in cholestatic disease, including PBC. 

 

2.3.2 Chemokines 

Chemokines, or chemotactic cytokines, are small proteins that share structural similarity and 

represent a large family of cytokines that control leukocyte recruitment.  

 

2.3.2.1 CXCL9, CXCL10 and CXCL11 

C-X-C motif chemokine (CXC) ligand 9 (CXCL9), CXC ligand 10 (CXCL10) and CXC ligand 

11 (CXCL11), are C-X-C Receptor 3 (CXCR3) agonists and potent chemotactic agents that 

activate T lymphocytes and NK cells (Liao et al., 1995). CXCL9 and CXCL10 are 

predominantly expressed by human hepatic sinusoidal endothelial cells and hepatocytes 

(Shields et al., 1999). Inflamed portal tracts of PBC patients demonstrate a high density of 

CD4+ Th1 cells expressing CXCL9 and CXCL10, in conjunction with over-expression of 

CXCR3 on CD4+cells in the peripheral blood and liver tissue (Manousou et al., 2013; Ueno et 
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al., 2007) suggesting that these chemokines play a significant role in the upstream 

inflammatory process. Over expression of CXCL9 and CXCL10, but not CXCR3, in sisters 

and daughters of PBC patients has been observed and this may contribute to the familial risk 

associated with PBC (Chuang et al., 2005).  

 

The suppression of AE2 (which maintains the biliary bicarbonate umbrella, see section 1.2) is 

not only driven by exposure to hydrophobic bile acids, but also from the production of IL-6, 

IL-8 and CXCL10 from BEC in response to Toll-like receptors (Webb and Hirschfield, 2017) 

(receptors that recognise pathogens and endogenous molecules from damaged tissues (El-

Zayat, Sibaii and Mannaa, 2019)). Treatment with UDCA therapy improves liver biochemistry 

and appears to result in a reduction in expression of CXCL9 and CXCL10 (Manousou et al., 

2013; Jones et al., 2022).  

 

An open-label, phase 2a study using NI-0801, a fully human monoclonal antibody against 

CXCL10, failed to show any improvement in liver biochemistry in PBC UDCA non-

responders (De Graaf et al., 2018), but this did not target CXCL9 which may have continued 

to contribute to the inflammatory process.  

 

CXCL9, CXCL10 and CXCL11 have been implicated in neuroinflammatory and 

neurodegenerative conditions, such as multiple sclerosis, infective encephalitis, and 

Alzheimer’s disease (Koper et al., 2018). Reduced CXCL9 has been demonstrated in chronic 

fatigue syndrome (Landi et al., 2016) but to the our knowledge there have been no studies 

exploring the impact of these chemokines on symptoms within PBC.  

 

2.3.2.2 CCL19 

Chemokine CC motif ligand 19 (CCL19) and Chemokine CC motif ligand 21 (CCL21) form 

an axis with C-C Chemokine receptor type 7 (CCR7). CCR7 is located on a number of immune 

cell subsets, and drives lymphocyte migration towards CCL19 and CCL21 as part of the 

adaptive immune response (Comerford et al., 2013). CCL19 and CCL21 are both homeostatic 

and are not usually stimulated by inflammation. They typically are produced by stromal cells 

in both primary and secondary lymphoid tissues (Barone et al., 2016). CCL19 is more readily 

available in a soluble form, whilst CCL21 is predominantly matrix bound (Comerford et al., 

2013). Functionally, CCL19 and CCL21 both activate integrin to activate cell adhesion of 
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endothelial surfaces, and facilitate migration of cells, such as dendritic cells (Hauser and 

Legler, 2016). 

 

Dysfunction of these chemokines is associated with worse outcomes in Coronavirus Disease 

2019 (COVID-19) infection and the increased risk of long COVID-19 (Qi, Li and Zhang, 

2023). In autoimmune disease, overexpression of CCL19 and CCL21 have been implicated in 

primary Sjogren’s syndrome (an autoimmune disease commonly associated with PBC) (Liu et 

al., 2019) and maintenance of the chronic inflammation associated with multiple sclerosis 

(Columba-Cabezas, Elena and Aloisi, 2003).  

 

In PBC, significant elevations in CCL19 (but not CCL21) have been observed (Mu et al., 

2020), particularly in non-responders to UDCA therapy (Barron‐Millar et al., 2021).  

 

2.3.2.3 CCL20 

Chemokine CC motif ligand 20 (CCL20), also known as macrophage inflammatory protein 3𝛼 

(MIP-3𝛼) and Liver and activation-regulated chemokine (LARC) is the only known high 

affinity ligand for C-C Chemokine receptor type 6 (CCR6) (Schutyser, Struyf and Van Damme, 

2003). Inflamed tissue that is dense in CCL20 promotes recruitment of Th17 cells and Tregs 

through expression of CCR6 (Kulkarni, Pathak and Lal, 2017). Bile ducts appear to be rich in 

CCL20, with increasing expression of CCL20 by TNF-α, among other chemokines, during 

inflammation (Iwamoto et al., 2013; Oo et al., 2012). Overexpression of CCL20 appears to 

result in disruption of normal homeostatic conditions, with inhibition of Treg, leading to an 

imbalance in the inflammatory Treg to Th17/Th1 ratio and resulting in a breakdown in immune 

tolerance (Kulkarni et al., 2018; Kulkarni, Pathak and Lal, 2017), whilst promotion of Th17 

differentiation results in chronic inflammation (Meitei, Jadhav and Lal, 2021).  

 

The CCR6-CCL20 axis is an important contributor to many autoimmune diseases, including 

psoriasis (Hedrick et al., 2009), rheumatoid arthritis (Hirota et al., 2007) and inflammatory 

bowel disease (Kulkarni et al., 2018). It is therefore an important therapeutic target in 

autoimmune disease (Meitei, Jadhav and Lal, 2021).  

 

CCL20 biliary epithelium expression has been linked to advancing disease in PBC (Shi et al., 

2015) resulting in an increasing migration of Th17 cells, and subsequent shift away from Th1 
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differentiation, with an associated shift in IL-12 to IL-23 mediated signalling (Yang et al., 

2014). Identification of these pathways resulted in an open-label trial of the anti-IL-12/23 

monoclonal antibody, ustekinumab, in adults with PBC and inadequate response to UDCA 

(Hirschfield et al., 2016), but whilst modest reductions in ALP were observed, this was not 

sufficient to meet the primary outcome. Symptoms of fatigue and itch were assessed as 

secondary outcomes using FIS and the PBC-40, but no significant changes were reported. 

 

CCL20 is recognised as a genetic risk locus for the development of PBC (Cordell et al., 2015a). 

 

2.3.3 Energy homeostasis 

Energy homeostasis in humans and animals is largely controlled by the central nervous system 

using a highly integrated and complex neurohumoral system, operating to ensure that short-

term fluctuations in energy requirements are managed with minimal impact on adipose mass 

(Elmquist et al., 1998; Woods et al., 1998). Two major hormones that contribute to this 

mechanism are leptin and ghrelin and are discussed next.  

 

2.3.3.1 Leptin  

Leptin is an amino-acid peptide hormone, that is largely expressed in white adipose tissue, but 

is also found in brown adipose tissue, skeletal muscle, gastric mucosa, the pituitary gland and 

the placenta (D'Souza et al., 2017), however the contribution from these tissues is negligible 

(Odle et al., 2014). It is one of the most important factors secreted by adipose tissues and is 

known as an “adipokine”, contributing to low level inflammatory state in those overweight 

(Abella et al., 2017). 

 

Leptin follows a circadian rhythm and has diurnal variation, with higher levels in the evening 

and early morning (Licinio et al., 1997). Major factors promoting leptin secretion include 

obesity and overfeeding (Kelesidis et al., 2010). Evidence suggests that leptin is involved in 

regulation of energy homeostasis, metabolism, neuroendocrine function, regulation of immune 

function and bone metabolism (Kelesidis et al., 2010; D'Souza et al., 2017; Odle et al., 2014; 

Bouassida et al., 2010; Wein et al., 2007; Cava and Matarese, 2004; Sahu, 2003; Ceddia, 

William Jr and Curi, 2001; Friedman and Halaas, 1998). Signalling the status of peripheral 

tissue remains its major function, whereby higher circulating leptin acts on the CNS to reduce 
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appetite and increases energy consumption when there is excess or increased adipose tissue 

(Friedman and Halaas, 1998).  

  

Leptin has a complex relationship with the immune system with actions on both innate and 

adaptive immunity, affecting many different cell lineages, including the regulation of both 

Th17 and Treg cells, and has been implicated in the pathophysiology of autoimmune diseases 

such as SLE (Abella et al., 2017). Its action on neutrophils, macrophages and eosinophils 

results in reduced apoptosis, increased cytokine production and chemotaxis (Abella et al., 

2017). Leptin mediated upregulation of IL-6, TNF-α, and IL-1ß expression pathways (via its 

primary signalling isoform Long OBR (OBRI)) is well documented (Yang et al., 2013; Tazawa 

et al., 2019; Vella and Allison, 2018; Abella et al., 2017; Procaccini, Jirillo and Matarese, 

2012). 

 

Studies have demonstrated that there is accumulation of adipose tissue in skeletal muscle, 

known as intermuscular adipose tissue (IMAT), occurring in association with chronic 

inflammation (Tazawa et al., 2019), chronic diseases (Goodpaster et al., 2006) and increasing 

age (Vella and Allison, 2018), with resultant decreased muscle quality and strength (Addison 

et al., 2014; Tuttle, Sinacore and Mueller, 2012). IMAT area has been associated with 

increased serum IL-6, Leptin and CRP (Vella and Allison, 2018; Hassler et al., 2021). Evidence 

for IMAT in chronic liver disease is largely limited to non-alcoholic fatty liver disease 

(Kitajima et al., 2013), post-operative outcomes in liver resection for hepatocellular carcinoma 

(Kaibori et al., 2015) and liver transplantation (Hamaguchi et al., 2017). The role of IMAT in 

PBC has not been explored. 

 

Data regarding leptin in PBC are limited but appear to be controversial. Early studies found 

patients with PBC to have significantly lower serum leptin levels compared to controls, with 

no association with histological disease status (Rieger et al., 2005; Ben-Ari et al., 2002). 

However, lower serum leptin levels have also been found to be associated with PBC, but with 

elevated serum leptin correlating with advancing histological stage (García-Suárez et al., 

2004). In contrast, Breidert et al demonstrated elevated serum leptin in patients with PBC 

compared to controls (Breidert et al., 2004). Comparisons are difficult to make as in Breidert’s 

study all PBC patients were confirmed to have cirrhosis, whilst in the former studies the 

majority of patients were confirmed to have Ludwig stage (Ludwig, Dickson and Mcdonald, 

1978) I and II disease i.e., not cirrhotic. Given that cirrhosis has been associated with higher 
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leptin levels this may explain these differences (Henriksen et al., 1999; Shimizu et al., 1998). 

In a normal population, leptin levels correlate with BMI, but this was not the case in those with 

PBC (Ben-Ari et al., 2002). Lower levels of leptin have previously been associated with degree 

of liver blood test abnormality (as defined by decreasing stringency of response to first-line 

therapy, see section 1.3.1) (Jones et al., 2022). 

 

Elevated leptin has been associated with autoimmune liver disease, in particular with 

autoimmune hepatitis (AIH), where it was associated with histological inflammation, 

transaminitis and steroid responsiveness (Lal, Thakur and Bihari, 2020). Leptin was elevated 

in AIH, compared to PBC, CHC patients and healthy controls. Significance between serum 

leptin, PBC and healthy controls were not published, but median leptin levels in PBC patients 

were 126ng/ml (Interquartile range (IQR) 52-381) compared to 66ng/ml (40-157) in healthy 

controls, suggesting a higher serum concentration in PBC patients (Lal, Thakur and Bihari, 

2020).  

 

In certain aetiologies of liver disease where symptoms of fatigue are common, high circulating 

levels of serum leptin have been found to associate with severe fatigue. Piche et al compared 

serum leptin in 78 CHC patients, 13 PBC patients and 23 controls. Using the FIS, they found 

that both disease groups had significantly higher fatigue scores in all 3 domains (cognitive, 

physical, and psychosocial), and that these were more pronounced in females. When corrected 

for fat mass, leptin was significantly elevated in both CHC and PBC patients and correlated 

with fatigue score, particularly in the physical domain. There was no correlation between 

fatigue and age, liver function tests, viral load or meta-analysis of histological data in viral 

hepatitis (METAVIR) score (Piche, 2002). Resting energy expenditure was higher in CHC 

patients, consistent with previous studies (Piche et al., 2000) and suggestive of 

hypermetabolism, but did not correlate with fatigue scores (Piche, 2002). The authors 

concluded that leptin may contribute to fatigue, but that the underlying mechanisms in fatigue 

are likely multi-factorial.  

 

In another study, serum leptin was found to be elevated in 70 patients with CHC compared to 

20 controls and when compared to fatigue, as assessed by the multidimensional assessment of 

fatigue (MAF), there was a statistically significant correlation between CHC and the presence 

and severity of fatigue, and this directly correlated to serum leptin levels for CHC, but not in 

controls (El-Gindy, Ali-Eldin and Meguid, 2012).  
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Studies relating to leptin and PBC are limited and controversial. Elevated leptin is associated 

with lipid oxidation, increased activity of PDH and the Kreb cycle, and a reduction in 

triglyceride content in in skeletal muscle (Wein et al., 2007). Overall, leptin is more than just 

the “hunger hormone”, but in fact demonstrates complex energy metabolism in skeletal muscle. 

Its role as an immunomodulator, with associations with autoimmune disease makes it an 

interesting candidate for further exploration.  

 

2.3.3.2 Ghrelin  

Ghrelin is a 28-amino acid peptide that contributes to the hypothalamic regulation of energy 

homeostasis (Sato et al., 2012). Predominantly produced by oxyntic gastric cells, it can also be 

found in the hypothalamus, pituitary and pancreas (Kojima et al., 1999). Ghrelin is a naturally 

occurring ligand of Growth Hormone Secretagogue (GHS) Receptor (2) and as such stimulates 

the release of Growth Hormone (GH) from the pituitary gland (Kojima et al., 1999; Sato et al., 

2012). 

 

Plasma concentrations tend to increase with caloric restriction, fat depletion and before a meal, 

whilst decreasing following the digestion of food (Cummings et al., 2001). Levels tend to be 

to be inversely related to body weight and fat mass (Cummings, 2006). Crucially its function 

is linked to that of leptin, whereby fasting decreases leptin and increases ghrelin production, 

acting as an appetite stimulant (Inui, 2001). Its endocrine function includes influencing the 

secretion of enteric hormones like insulin and gastrin, linking the hypothalamus, pituitary and 

gastric axis (Baatar, Patel and Taub, 2011). Ghrelin has been demonstrated to induce tissue-

specific changes in mitochondrial and lipid metabolism particularly in the liver and skeletal 

muscle (Barazzoni et al., 2005). 

 

Ghrelin is circulated in acylated (AG) and unacylated (UnAG) forms (Hosoda et al., 2000; 

Akamizu et al., 2005). The AG form represents approximately 10% of total plasma ghrelin 

(Hosoda et al., 2000), which has an appetite-stimulating effect (Gil-Campos et al., 2006), 

modulates insulin sensitivity (Poykko et al., 2003), as well as stimulating liver gluconeogenesis 

(Gauna et al., 2005), increasing adipose tissue (Perez-Tilve et al., 2011), and improving 

skeletal muscle metabolism (Gortan Cappellari and Barazzoni, 2019), UnAG is reported to 

have no effect on appetite, but modulates skeletal muscle metabolism by improving 
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mitochondrial redox activities, and tissue inflammation (Gortan Cappellari and Barazzoni, 

2019).  

 

Ghrelin acylation is based on the degree of medium chain fatty acid and triglyceride availability 

(Nishi et al., 2005; Barazzoni et al., 2017) (Gortan Cappellari and Barazzoni, 2019). 

Significant elevations in serum fatty acids have been observed in patients with PBC, compared 

to controls, with treatment with UDCA but it is not clear if this relates to alterations in hepatic 

lipid metabolism, or a secondary effect of mitochondrial dysfunction with impaired fatty acid 

B oxidation (Bell et al., 2015). 

 

Ghrelin appears to influence metabolism in several tissues. In particular, peripheral 

administration of AG in rodents results in lipogenic and glucogenic patterns of gene expression 

in the liver, with an increase in triglyceride content and reduction in fatty acid oxidation, whilst 

increasing skeletal muscle mitochondrial oxidative activity (Barazzoni et al., 2005). There is, 

therefore, evidence to suggest that ghrelin can induce tissue-specific changes in mitochondrial 

and lipid metabolism.  

 

Over-expression of PPAR-γ in skeletal muscle in response to increased ghrelin, with a 

subsequent correlated increase in mitochondrial cytochrome c oxidase activity (Barazzoni et 

al., 2005) (an important step to convert ADP to ATP during oxidative phosphorylation 

(Cytochrome Oxidase)) has been reported (Choi et al., 2003). PPARs are important regulators 

of tissue fat metabolism (Gervois et al., 2000) and changes in expression of these receptors 

may therefore influence skeletal muscle metabolic pathways. It is worth noting that PPAR 

agonists are currently used off-licence as second-line therapy for PBC non-responders although 

evidence is lacking to show that these improve peripheral fatigue in PBC (see section 1.3.2.2). 

 

In vitro and in vivo studies demonstrate that AG and UnAG have potent anti-inflammatory 

effects and can bind to common sites on endothelial cells to mediate signals to inhibit cellular 

apoptosis (Baatar, Patel and Taub, 2011). In particular AG inhibits the expression of pro-

inflammatory cytokines IL-1 ß, IL-6 and TNF-α (Dixit et al., 2004) 

 

Studies exploring ghrelin and PBC are few. Breidert et al explored both ghrelin and leptin in 

22 female patients with liver cirrhosis (confirmed by biopsy or ultrasound) and found serum 

ghrelin levels to be significantly lower, and leptin to be significantly elevated, compared to age 
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and BMI matched controls (Breidert et al., 2004). The authors noted that C-peptide was 

significantly increased in PBC patients, but that this did not correlate with circulating glucose. 

They postulated that these changes might be related to insulin resistance and could be a cause 

for cachexia that is often observed in patients with underlying cirrhosis.  

 

2.3.4 Cell surface and structural proteins 

2.3.4.1 Epithelial cell adhesion molecule 

Epithelial cell adhesion molecule (EPCAM) is a glycoprotein that is expressed on normal 

epithelial cells to a variable level and was initially thought to be involved in cell-cell adhesion 

and originally identified as a marker for neoplasm of epithelial origin, where it is highly 

expressed on rapidly proliferating cells. However, its role is thought to be more diverse and is 

likely involved in signalling, cell migration, cell differentiation and increased expression is 

seen with active cell proliferation. (Trzpis et al., 2007).  

 

In the liver it is expressed solely in BEC, where its upregulation is associated with bile duct 

injury and ductular proliferation (de Boer et al., 1999). Overexpression of EPCAM, associated 

with cholestatic liver fibrosis, has been demonstrated in liver histology of patients with PBC 

and PSC (Song et al., 2017). Over-expression has also been associated with various liver 

diseases, including, but not limited to, alcoholic liver disease, viral hepatitis and autoimmune 

hepatitis, where it is again associated with inflammatory activity and fibrosis (Breuhahn et al., 

2006).  

 

In the UK-PBC consortium proteomics study, EPCAM showed a positive association with non-

response, that is, higher levels were observed those with more cholestatic liver blood tests 

(Jones et al., 2022), in keeping with previous findings of overexpression in bile duct injury and 

cholestasis (de Boer et al., 1999) (Song et al., 2017).   

 

Its utility in clinical practice has largely focused on its role in malignancy, with agents that 

target EPCAM activity, such as anti-EPCAM monoclonal antibodies, being explored as 

monotherapy and adjuvant treatment for neoplastic syndromes (Schmidt et al., 2010; 

Armstrong and Eck, 2003). However, to date these have not shown significant benefit 

(Armstrong and Eck, 2003).  
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2.3.4.2 Kidney Injury Molecule-1/T-cell immunoglobulin and mucin domain-1 

Kidney Injury Molecule-1 (KIM-1), also known as T-cell immunoglobulin and mucin domain-

1 (TIM-1) is a type 1 transmembrane glycoprotein that was originally identified as a receptor 

for the hepatitis A virus (HAV) in monkeys (Kaplan et al., 1996) and humans (Feigelstock et 

al., 1998), but is commonly associated with acute tubular necrosis of the kidney (Han et al., 

2002). In normal physiology it is not expressed in the proximal tubule of the renal tract, but 

following renal epithelium injury, its synthesis occurs (Bonventre, 2009). Its accumulation in 

the apical membrane of the proximal tubule of the affected region, results in epithelial cells 

recognising apoptotic cells, which then direct and respond to lysosomes, which activates 

phagocytosis (Bonventre, 2009). 

 

Outside of the renal system, it has an important immune regulatory role for Th2, where it may 

be activated by multiple ligands (Rodriguez-Manzanet et al., 2009). Overall, there is minimal 

expression of KIM-1 on native CD4+ T cells. However, once activated, KIM-1 undergoes 

upregulation and expression, with ligand activation inducing a potent costimulatory effect for 

T cell activation and proliferation, with resulting differentiation to Th2 cells, production of IL-

4, IL-5, IL-10 and IL-13 (Curtiss and Colgan, 2007) and a reduction Treg differentiation 

(Rodriguez-Manzanet et al., 2009). Conversely Th1 and Th17 cells express very little KIM-1 

(Rennert, 2011), however it is expressed on regulatory B-cells, that is a small proportion of B 

cells that act to suppress immune responses (Catalán et al., 2021), where it helps maintain self-

tolerance, by regulation of IL-10 production by regulatory B-cells (Xiao et al., 2015).  

 

Further evidence for the role in KIM-1 in autoimmune regulation is apparent with the discovery 

of an association with exposure to HAV and protection against the atopic diseases, asthma, 

allergic rhinitis and atopic dermatitis, in the presence of a gene variant that encodes KIM-1. 

(Mcintire et al., 2003) Human KIM-1 has been associated with other autoimmune diseases, 

including rheumatoid arthritis (Chae et al., 2005), asthma (Chae et al., 2003) and SLE (Wang 

et al., 2008b) . 

 

In liver disease, much of the focus has been on the role of KIM-1 as a receptor for HAV. 

However, PBC patients have been shown to have a higher percentage of CD19+CD24hiCD38hi 

B-cells, which exhibit impaired KIM-1 expression. This increase in percentage of B-cells 

correlates with levels of cholestasis, and is associated with increased production of IL-6 and 

IL-12, with a corresponding reduction of IL-10 (Chen et al., 2020). Overall, this appears to 
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result in impairment of the normal immune inhibition by Th2, with a corresponding promotion 

of proinflammatory Th1 cell differentiation and suggests that the B-cells in PBC patients may 

be tilted towards a proinflammatory state, for which KIM-1 may play a role.  

 

To our knowledge there is no data exploring KIM-1 expression and disease specific symptoms. 

  

2.3.4.3 CD163 

CD163 is cell surface glycoprotein, expressed almost exclusively on monocytes and 

macrophages (Moestrup and Møller, 2004). It is a member of the Scavenger Receptor Cysteine-

Rich (SRCR) family (Fabriek, Dijkstra and van den Berg, 2005) and acts as a primary 

haemoglobin scavenger receptor, regulating free haemoglobin clearance by facilitating the 

uptake of haptoglobin-haemoglobin (Hp-Hb) complexes (Weaver et al., 2006).  

Pathogen invasion of a host can result in haemolysis, providing an important source of iron for 

pathogen growth. Free haemoglobin clearance is therefore an important physiological response 

to infectious agents, reducing the source of iron, whilst also removing toxic redox-reactive iron 

from the circulation (Moestrup and Møller, 2004). Upregulation of CD163 occurs, following 

macrophage activation, through exposure to endotoxin and upregulation of proinflammatory 

cytokines, such as IL-6 (Buechler et al., 2000). Shredding of CD163 following activation of 

cell surface toll-like receptors, results in soluble CD163 (Weaver et al., 2006).  

 

Elevation of soluble CD163 does not appear to be limited to pathogenic invasion. Upregulation 

of soluble CD163 by activated Kupffer cells (Grønbæk et al., 2012) is associated with both 

acute and chronic liver disease with and without cirrhosis from various aetiologies, including 

alcohol related liver disease (ARLD) (Sandahl et al., 2014), NAFLD (Kazankov et al., 2015) 

and viral hepatitis (Kazankov et al., 2014). In acute AIH, soluble CD163 was elevated sixfold, 

compared to patients with complete response to standard treatment, but remained elevated in 

those with incomplete response to therapy (Grønbaek et al., 2016). CD163 activation therefore 

appears to occur across a spectrum of liver disease. 

 

In a large Italian cohort, soluble CD163 was positively associated with elevated ALP in PBC, 

with higher CD163 levels at enrolment in UDCA naive patients being observed in those who 

were later defined as non-responders following UDCA treatment (Bossen et al., 2020). The 

authors also reported an improvement in the accuracy of the UK-PBC risk score, (a risk 
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stratification tool used predict end-stage liver disease in PBC (Carbone et al., 2016)) by 

inclusion of serum CD163. Elevation of CD163 in UDCA non-responders, and those with 

continued liver blood test abnormality have been mirrored in the UK-PBC consortium 

proteomic study (Jones et al., 2022).  There studies suggest that CD163 (a marker for 

macrophage activation) may represent both a marker of progression of disease and prognosis.  

 

2.3.4.4 Vimentin 

Vimentin (VIM) is part of the family of intermediate filaments. These are proteins that form 

elaborate networks of proteins in cells to anchor the nucleus and other organelles within the 

cell cytosol (Fuchs and Weber, 1994). As well as maintaining cell integrity and cell adhesion, 

VIM facilitates the attachment of lymphocytes to vascular endothelium, and its migration 

through endothelial cells (Ivaska et al., 2007). Changes in vimentin organisation can alter the 

stability and metabolism of lipids in pre-adipose cells (Schweitzer and Evans, 1998). 

 

Increased VIM has been observed in the cytoplasm of proliferating and damaged bile ductules 

secondary to chronic cholestasis and necro inflammatory disease, with evidence of aberrant 

expression and organisation of VIM in BEC in response to cellular damage (Nakanuma and 

Kono, 1992). Mice knock out studies suggest that cholangiocytes that are inhibited from 

expressing vimentin demonstrate reduced biliary senescence and liver fibrosis (Zhou et al., 

2019), and this may offer a therapeutic target in the treatment of cholangiopathies. Elevated 

serum VIM has been demonstrated in UDCA Paris-1 non-responders (Jones et al., 2022). 

Studies in VIM and cholestatic liver disease are limited, but increased VIM may be a 

consequence of cellular damage in BEC and cholangiocytes following cholestasis and 

inflammation, that results in remodelling and the development of fibrosis.  

 

2.3.4.5 Secretory carrier membrane proteins 

The family of secretory carrier membrane proteins (SCAMP) are proteins with a tetraspanin 

structure. Four distinct isoforms (1-4) exist in mammalian cells, whilst a 5th isoform is found 

in neuronal cells (Castle and Castle, 2005). The 3rd isoform, SCAMP3, appears to be involved 

in endocytic membrane transport, that is, it facilitates the trafficking, sorting and budding of 

intraluminal vesicles following endocytosis (Falguières, Castle and Gruenberg, 2012). GWAS 

suggest an association between the gene loci for SCAMP3 and Crohn’s disease (Lessard et al., 

2012; Cagliani et al., 2013).  
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In liver disease, overexpression of SCAMP3 ribonucleic acid (RNA) has been identified in 

hepatocellular carcinoma (HCC) and is a predictor of poor prognosis (Zhang et al., 2017; Han 

et al., 2020). Elevated serum SCAMP3 was seen in PBC Paris 1 and Paris 2 non-responders, 

compared to responders in the UK-PBC consortium proteomics study, but did not show a 

significant trend across all responder classifications and normal liver blood tests (Corpechot et 

al., 2022). Studies beyond these appear to be limited.  

 

2.3.5 Metabolic factors 

2.3.5.1 Angiotensin-converting enzyme 2 (ACE2) 

Angiotensin-converting enzyme 2 (ACE2) plays an important role in the alternative renin 

angiotensin system (RAS). RAS, which is important for fluid and sodium homeostasis, which 

contributes to blood pressure management, is considered to have two arms – the classical arm 

and the alternative arm, which counterbalance each other (Chappell, 2012). 

 

RAS is not only a system for maintaining circulation, but also exists as a local tissue-based 

system in several organs, including the liver, where it is upregulated in BDL studies (Paizis et 

al., 2002). Upregulation of local RAS, and in particular, angiotensin II has been associated 

with the development of liver fibrosis and cirrhosis (Lubel et al., 2009b; Paizis et al., 2001).  

 

ACE converts angiotensin I to the vasoconstrictor angiotensin II (Johnston, 1994). ACE2 is a 

homologue of ACE and converts angiotensin I to angiotensin 1-9, which is then converted by 

ACE to angiotensin 1-7, which can modulate and protect against angiotensin II mediated injury 

(Ferrario et al., 1997; Paizis et al., 2001). ACE2 is expressed in cardiovascular and renal 

tissues, but also throughout the gastrointestinal tract (Harmer et al., 2002). It is also 

significantly expressed in the liver and upregulated in response to liver injury (Paizis, 2005; 

Paizis et al., 2002). Angiotensin 1-7 are antifibrotic and therefore have been studied as 

therapeutic options in to treat fibrosis in liver disease (Lubel et al., 2009a). Activation of ACE2 

is also considered an attractive therapeutic target as it would reduce angiotensin II whilst 

increasing angiotensin 1-7 (Rajapaksha, Angus and Herath, 2019), potentially reducing injury 

and fibrosis. 

 



 

 

 

68 

An interesting area of research into ACE2 is as a chemoprophylactic approach for the COVID-

19 disease. ACE2 acts as a main receptor for the virus SARS-CoV-2 (Lan et al., 2020). FXR 

was shown to be a direct regulator of ACE2 transcription in several tissues affected by COVID-

19, with administration of UDCA reducing FXR signalling, resulting in downregulation ACE2 

in lung, bile ducts and intestines (Brevini et al., 2023). This results in a reduction in 

susceptibility to SARS-CoV-2, which was then confirmed by exploring clinical outcomes in 

patients from the UK-PBC cohort (Brevini et al., 2023). A reduction in ACE2 expression in 

UDCA responders was observed in the proteomics study that explored the relationship between 

disease activity and UDCA response (Jones et al., 2022).  

 

Further studies on PBC and ACE2 are limited. A recent study using mice and human livers 

suggested that ACE2 expression in cholangiocytes of PBC patients were reduced and 

associated with disease severity (Li et al., 2023), but this should be interpreted with caution as 

sample sizes were small.  

 

We are not aware of any other studies exploring ACE2 with symptoms in PBC. Studies on the 

effect of ACE2 and fatigue secondary to COVID-19 are conflicting (Malato et al., 2021b; 

Malato et al., 2021a; Fernández-de-las-Peñas et al., 2022) 

 

2.3.5.2 Hydroxyacid oxidase (HAOX1)  

This protein is expressed primarily in the liver and pancreas and oxidises glycolic acid to 

glyoxylate (Jones, Morrell and Gould, 2000). It can result in the release H2O2 (hydrogen 

peroxide) (Angermüller, 1989) that can participate in the generation of ROS, which in high 

levels can result in a toxic effect on cells.  Studies on the role of HAOX1 in disease appear to 

be limited. It has been implicated in the development of primary hyperoxaluria type 1, a rare 

disorder that causes a build-up of oxalate, leading to recurrent kidney stones, urinary tract 

infections and chronic kidney disease (Milliner et al., 2022). 

 

HOAX1 was shown to remain elevated in PBC patients with incomplete response to UDCA 

(Jones et al., 2022). 
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2.3.5.3 Carbonic Anhydrase 5A (CA5A) 

Carbonic anhydrases 5A (CA5A) catalyses the reversible hydration of carbon dioxide to 

bicarbonate (Dodgson, 1991). It is found primarily in the liver and within mitochondria. It plays 

an important role in gluconeogenesis, removal of ammonia and the production of amino acids. 

Deficiency in CA5A can result in hyperammonaemia, metabolic acidosis and hypoglycaemia 

(Sly and Hu, 1995).  

 

CA5A showed very mild differences in PBC patients with normal LFTs compared to those 

with super-normal, but it showed no differences between PBC responders and non-responders, 

suggestive that CA5A was unlikely to be biologically relevant in PBC (Jones et al., 2022). 

 

2.3.5.4 2,4-Dienoyl-CoA Reductase 1 (DECR1) 

2,4-Dienoyl-CoA Reductase 1 (DECR1) is a mitochondrial enzyme involved in the beta-

oxidation of unsaturated fatty acids (Koivuranta, Hakkola and Hiltunen, 1994). Its 

overexpression has been demonstrated in the pancreas of murine models following chronic 

alcohol consumption (Satoh et al., 2013). One study has suggested that in a very small subset 

of PBC patients (3%), antibodies against DECR1 were found and that this could contribute to 

a breakdown in apoptosis-related immune tolerance (Rong et al., 2011) and DECR1 has been 

found to be present in BEC apoptotic blebs from PBC patients (Kawata et al., 2012). DECR1 

was found to be elevated in UDCA non-responders compared to responders (Jones et al., 2022). 

Further studies on DECR1 in liver disease, PBC and symptoms are limited.  

 

2.3.5.5 Azurocidin (Heparin Binding Protein) 

Azurocidin (AZU1), also known as heparin binding protein, is a protein that is released from 

polymorphonuclear leukocytes (PMN) and has potent antimicrobial properties and is released 

in the early stage of PMN activation, and at a later stage when PMN reaches the site of 

inflammation (Soehnlein and Lindbom, 2008). As well as being a potent antimicrobial, it also 

acts an “alarm” system for the immune system, inducing recruitment of monocytes, activating 

monocytes and macrophages and enhancing bacterial phagocytosis (Soehnlein and Lindbom, 

2008). Work on AZU1 has largely focused on its use as a biomarker in bacterial infection 

(Tverring et al., 2020).  
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Its role in autoimmune disease, liver disease, PBC and symptoms is limited. In the PBC cohort 

study exploring disease activity and UDCA response, AZU1 was demonstrated to be elevated 

in UDCA POISE non-responders compared to responders, although AZU1 lost significance 

when stratifying by normal LFT and the various responder types (Jones et al., 2022), perhaps 

suggesting a limited role in the pathophysiology of PBC. 

 

2.4 Neurosteroids 

Neurosteroids are endogenous steroids, which rapidly modulate neuronal excitability by non-

genomic actions. Circulating steroid hormones, such as progesterone, act as precursors for the 

synthesis of neurosteroids in the brain independently of endocrine gland function (Reddy, 

2010). Neurosteroids can be classified according to structural features and include: pregnane 

neurosteroids, androstane neurosteroids and sulphated neurosteroids (Reddy, 2010). Typically, 

neurosteroids exert brain excitability by interaction with neuronal membrane receptors and ion 

channels, rather than through regulation of gene transcription (Herd, Belelli and Lambert, 

2007; Belelli and Lambert, 2005). 

 

The amino acid, Gamma-aminobutyric acid (GABA), is one of the major primary inhibitory 

neurotransmitters in the CNS and exerts is action in synapses by binding to post synaptic 

GABA receptors, which in turn inhibit transmission of an action potential. The gamma-

aminobutyric acid-A (GABA-A) receptor is one such receptor, and largely mediates synaptic 

inhibition within the CNS (Jewett and Sharma, 2022). GABA-A receptors are ligand-activated 

chloride channels that are comprised of five trans-membrane subunits which form the chloride 

ion channel. Different combinations of subunits result in different expressions of GABA-A 

receptors (Dunn, Bateson and Martin, 1994). Fundamental features of the GABA-A receptor, 

including sensitivity to GABA, channel kinetics, neuronal location and pharmacological 

properties are influenced by subunit composition (Turkmen et al., 2011a). 

 

While traditionally the GABA system is understood to be an inhibitory system, providing 

balance to excitatory transmission, this is an overgeneralised view. Instead, GABA receptors 

are organised into heterogeneous gene families with functional inhibition varying between 

different synapses (Birke and Draguhn, 2010). These inhibitory neurons have a significant role 

in higher brain functions, with alterations as a consequence of disease, resulting in inhibition 

of highly selective gene families with varying effects.  
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Neurosteroids can be positive or negative regulators of GABA-A receptor function (Reddy, 

2003) and affect both synaptic and extra-synaptic GABA-A receptors (Reddy, 2010). Extra-

synaptic receptors enable neurons to sense the ambient extra-cellular space GABA 

concentrations and provide a form of “tonic” inhibition; a sustained response during the course 

of a stimulus, whilst “phasic” firing refers to the fast activation and transient response of 

synaptic GABA-A receptors (Reddy, 2010). 

 

2.4.1 Allopregnanolone  

The progesterone derivative, allopregnanolone (3A-hydroxy-5A-pregnan-20-one), is one of 

the most studied neurosteroids and has potent positive allosteric effects on GABA-A receptors, 

contributing significantly to GABAergic tone (Jones, 2002; MacKenzie and Maguire, 2013). 

It is synthesized in the CNS either de novo from cholesterol or from steroid precursors like 

progesterone (Robel and Baulieu, 1994). See Figure 2.1 (Wetten et al., 2022). The exact 

binding site for allopregnanolone is unknown, but it enhances the open probability of the 

GABA-A receptor chloride channel, increasing the mean opening time and the chloride current 

through the channel, resulting in a reduction in neuronal excitability (Reddy, 2010). 

 

There has been increasing interest in neurosteroids as a potential therapeutic target for diseases 

relating to the CNS. Allopregnanolone has been implicated in impaired cognition and memory 

(Johansson et al., 2002; Kask et al., 2008), fatigue (Johansson et al., 2018; Murphy, 2004), 

mood disorders, including premenstrual dysphoric disorder (Rupprecht, 2003; Walton and 

Maguire, 2019; Bäckström, Bixo and Strömberg, 2015), and dysregulation of sleep cycles 

(Rupprecht, 2003). 

 

In liver disease, most studies have focused on the role of allopregnanolone in hepatic 

encephalopathy. This results in the concept of increased GABAergic tone as a result of 

increased ammonia levels, with ammonia increasing the affinity of GABA for GABA-A 

receptors, whilst also stimulating neurosteroid synthesis and release, further potentiating the 

effect of GABA on GABA-A receptors (Jones, 2002). Evidence for this comes from elevated 

levels of allopregnanolone in the cerebral tissue of patients with cirrhosis and hepatic 

encephalopathy (Ahboucha et al., 2006; Ahboucha et al., 2005).  
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Following the discovery that serum levels of allopregnanolone are elevated in patients with 

chronic fatigue syndrome (Murphy, 2004), it was theorised that allopregnanolone may have a 

role in fatigue in chronic liver disease. Ahboucha et al demonstrated that serum 

allopregnanolone is around 80% higher in both patients with PBC and chronic hepatitis C 

(CHC) compared to healthy controls, and was associated with symptoms of significant fatigue, 

as assessed using the FIS. PBC and CHC patients scored highly for all types of fatigue assessed 

by the FIS (cognitive, physical, and psychosocial) compared to controls. Analysis between 

serum allopregnanolone and fatigue type was not published, therefore it is impossible to 

conclude whether elevated allopregnanolone might contribute to central or peripheral fatigue.  

 

Neuroinflammation, resulting in upregulation of translocator protein (TSPO), a mitochondrial 

neuroglial cholesterol transporter protein, has been shown to increase the synthesis of 

pregnenolone from cholesterol, ultimately resulting in the synthesis of allopregnanolone (Paul, 

Pinna and Guidotti, 2020). See Figure 2.1. This may suggest a potential mechanism for 

increased allopregnanolone levels in liver disease, such as PBC, that leads to 

neuroinflammation.   
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Figure 2.1 De novo synthesis of Allopregnanolone in the CNS.  

“Cholesterol is transported across the mitochondrial membrane by the nucleoside transporter, translocator 

protein (TSPO) (Jacobs and Tavitian, 2012), and converted to pregnenolone within the mitochondria of glial 

cells, such as astrocytes, by side chain cleavage of cytochrome P450 (P450scc). Pregnenolone is subsequently 

converted to Progesterone by 3β-hydroxysteroid dehydrogenases (3β-HSD). 5α-reductase type 1, converts 

Progesterone to 5α-dihydroprogesterone (5α-DHP), 5α-DHP is then converted to Allopregnanolone by the aldo-

keto reductases enzyme, 3α-hydroxysteroid dehydrogenase (3α-HSD). Allopregnanolone activates GABA-A 

receptor intracellular sites by lateral diffusion in the neuronal membrane, where it acts as a potent allosteric 

modulator. Allopregnanolone can eventually be reconverted back to 5α-DHP by 3α-HSD.” (Wetten, 2022, page 

10) (Paul, Pinna and Guidotti, 2020)  
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Chapter 3: Chapter 3 Methods 

 

3.1 Overall study design 

The aim of this work, undertaken in 3 sections, was to better understand the biological basis 

of symptoms in PBC based on recent mechanistic research into disease pathology. Patients 

and healthy controls were drawn from 4 pre-existing cohort studies (UK-PBC, BANC, 

RITPBC and EAILD). Details of these studies are provided in Figure 3.1. 

 

First, we undertook an exploratory study (termed Study 1) exploring how PBC symptoms 

related to the 19 serum proteomic markers (See 

 

Table 1.1) previously identified by the UK-PBC consortium to be associated with 

biochemical response in PBC (Barron‐Millar et al., 2021; Jones et al., 2022). Symptoms 

were assessed using the PBC-40; a disease-specific, fully-validated self-reported symptom 

measurement tool (Jacoby et al., 2005). Patients were drawn from the UK-PBC Cohort study, 

described in Section 3.3.1 and Figure 3.1. 

 

Secondly, a validation cohort (termed Study 2) was used to investigate a subgroup of the 

positive associations between serum proteomics and PBC-40 symptoms identified in the 

exploratory cohort (Study 1). This cohort was comprised of PBC patients from the RIT-PBC 

study (known to have a high symptom burden), UK-PBC and BANC and healthy controls 

from the E-AILD study (See Section 3.3 and Figure 3.1). 

 

Thirdly, we undertook a proof-of-concept study (termed Study 3), exploring the relationship 

between the neurosteroid, allopregnanolone, and symptoms in PBC. This utilised a cross-

sectional cohort of PBC patients from the UK-PBC and BANC cohorts, with healthy controls 

from the E-AILD cohort (see Figure 3.1).  
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Figure 3.1 Summary of the 3 studies for understanding the biological basis of symptoms in PBC.  

 

3.2 Ethical approval 

All the pre-existing patient cohorts and serum samples included in this study had ethical 

approval in place with valid written informed consent obtained at the time of recruitment. As 

such, no additional ethical approvals were required for this work. This research was conducted 

in accordance with the International Conference on Harmonisation Good Clinical Practice 

Guidelines and the Declaration of Helsinki. 

 

3.3 Pre-existing Cohorts 

The cohorts utilised in these studies include detailed clinical information relating to diagnosis, 

treatment, biochemical response, and symptom assessment using well-validated scoring 
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systems. Clinical data and bio-fluid samples were collected at the time of recruitment to the 

relevant cohort.  

 

3.3.1 UK-PBC Cohort 

The UK-PBC Cohort (www.UK-PBC.com) is a large, prospective, national cross-sectional 

cohort of PBC patients that was established to undertake studies of treatment efficacy in PBC. 

The UK-PBC Nested Cohort, a sub-cohort within this study, was established to characterise 

cellular and molecular responses in PBC, stratify treatment response and disease progression 

and facilitate the development of second-line therapies (Liaskou et al., 2018). The UK-PBC 

cohort study includes detailed clinical data collected at the time of recruitment, whilst the UK-

PBC Nested Cohort also contains bio-fluid sampling that is paired with the clinical data. 

Recruitment was undertaken in 18 research centres over 5 years from 2014-2019 (REC 

reference number 14/NW/1146). 

 

3.3.2 BANC Cohort 

The Birmingham and Newcastle Cohort (BANC) was established as a proof-of-concept 

resource that recruited from Queen Elizabeth Hospital, University Hospitals Birmingham NHS 

Foundation Trust, Birmingham, UK and the Newcastle upon Tyne Hospitals NHS Foundation 

Trust, Newcastle upon Tyne, UK. It is a cross-sectional group of patients with an established 

diagnosis of PBC recruited between 2015 and 2017. 

 

3.3.3 RIT-PBC Cohort 

The RIT-PBC study was a phase II, single centre, randomised controlled, double-blinded trial 

comparing rituximab with placebo in fatigued PBC patients. It recruited 57 patients between 

October 2012 and October 2015, with detailed information gathered during the study period 

including medical and drug history, pre- and post-treatment physiological status using 

anaerobic threshold and muscle fatigue using magnetic resonance spectroscopy, serum samples 

and self-reported patient questionnaires (Jopson et al., 2015; Khanna et al., 2018; Khanna et 

al., 2019). This trial explored the benefit of rituximab on PBC patients with fatigue, so the 

cohort population all had clinically significant levels of fatigue.   
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3.3.4 E-AILD Cohort 

The E-AILD (Environmental factors in the aetiology of Autoimmune Liver Disease) cohort 

was established to search for potential environmental risk factors in patients within the North-

East of England and North Cumbria with a confirmed diagnosis of autoimmune liver disease 

(PBC, autoimmune hepatitis, and primary sclerosing cholangitis). There were also 105 

healthy age and gender-matched participants. Clinical data and serum samples were collected 

for all participants. Recruitment occurred between 2015 until 2017. 

 

3.4 Symptom measurement 

3.4.1 PBC-40 

The PBC-40 is a fully validated, disease-specific quality of life measure, used to assess 

symptoms in PBC. It was developed using thematic analysis, following in-depth interviews 

with 30 demographically represented patients with PBC, to create a pool of questions related 

to their experience with symptoms. Reducing pools of questions were disseminated in several 

stages via national surveys to a total of 900 patients and cross-validated by other health-

related QOL (HRQOL) measures. A final pool of questions was produced, comprising 40 

questions across 6 domains: itch, fatigue, cognitive impairment, emotional, social, and 

general symptoms. The finalised PBC-40 was validated in a smaller subset of patients (40), 

using a blinded comparison with other HRQOL questionaries (Jacoby et al., 2005).  

 

Participants rate questions on a 5-point scale, with 1 = “never”, 2 = “rarely”, 3 = 

“sometimes”, 4 = “most of the time” and 5 = “always”. The number of questions for each 

domain varies. The answers related to each domain are summed and provide an overall score 

for that domain. The overall score then grades symptoms into a categorical group of none, 

mild, moderate, and severe symptoms for each domain, using well established cut-offs (Mells 

et al., 2013), as defined in Table 3.1. See appendix 1 for the full PBC-40 questionnaire. 
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Table 3.1 Defined scores and range cut-offs for PBC-40 domain (Phaw et al., 2020; Newton et al., 2007b) 

PBC-40 domain  None Mild Moderate Severe 

Cognitive impairment ≤6 7-15 16-21 ≥22 

Emotional  ≤3 4-7 8-11 ≥12 

Itch ≤3 4-8 9 - 11 ≥12 

Fatigue  ≤11 12-28 29-39 ≥40 

Social  ≤10 11-28 29-40 ≥41 

General Symptoms  ≤7 8-18 19-25 ≥26 

 

3.4.2 Epworth sleepiness scale 

The ESS is a short, self-completed questionnaire that evaluates the daytime sleepiness of 

individuals. Developed and published in 1991, it has been used extensively to assess 

symptoms in PBC studies, with meta-analysis demonstrating it to be a useful tool for group 

comparison (Kendzerska et al., 2014; Johns, 1991; Newton et al., 2006c; Newton et al., 

2008b; Phaw et al., 2020; Mells et al., 2013). The questionnaire includes 8 questions, with 

each answer rated from 0 to 3, giving a possible overall score of between 0 and 24. ESS 

scores have been demonstrated to significantly correlate with sleep latency and overnight 

polysomnography. Scores 0 to 9 are considered in the normal range, whilst scores greater or 

equal to 10 are considered clinically significant. 

 

3.4.3 3.4.3 Orthostatic grading scale 

The OGS is a 5 item, fully validated, self-reporting questionnaire that is used to quantify the 

frequency, severity, and response to orthostatic stressors. It has been demonstrated to 

accurately assess the severity of symptoms relating to orthostatic hypotension, and has been 

validated against more lengthy autonomic measures (Schrezenmaier et al., 2005). Each item 

is rated on a scale of 0 to 4, with 0 representing no/rarely experiencing orthostatic symptoms, 

whilst a score of 4 correlates to always experiencing symptoms for that particular stressor. 

The total score is based on the sum of the scores for each item, with a score of between 4 to 9 

being indicative of moderate orthostatic hypotension, and a score of greater than 9 is 

consistent with a formal diagnosis of orthostatic hypotension. It has been widely used in 

previous studies of PBC as a measure of autonomic dysfunction (Newton et al., 2007b; 

Newton et al., 2007a; Newton et al., 2008a; Newton et al., 2008b; Jones et al., 2010b; Mells 

et al., 2013). 
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3.4.4 Hospital anxiety and depression scale  

The HADS is a self-assessment tool developed in 1983 to identify cases of anxiety and 

depressive disorders in non-psychiatric hospitals (Zigmond and Snaith, 1983). It has been 

extensively used in a wide variety of studies and disease pathologies, with meta-analysis 

demonstrating its usefulness in assessing caseness of anxiety and depression in the general 

population, as well as symptom severity (Bjelland et al., 2002) . It is divided into anxiety 

(HADS-A) and depression (HADS-D) sub-domains, with 7 intermingled items in each sub-

domain. Each item scores from 0 to 3. A score of 11 or greater for either domain is 

considered clinically significant and should prompt clinical assessment (Zigmond and Snaith, 

1983). It has been used extensively as a tool for symptom assessment in the study of PBC 

(Mells et al., 2013; Newton et al., 2006b; Dyson et al., 2016). 

 

3.4.5 Clinically significant symptom cut-offs  

The PBC consortium examined data from the large cross-sectional UK-PBC cohort study. 

Detailed symptom phenotyping was undertaken using the fully validated symptom 

measurement tools described above. Using a cohort of 2,353 patients, clinically significant 

cut-offs for symptoms in PBC were defined based on the normative data from a community-

based control population and have been defined by using the mean +/- standard deviations for 

the control values, see Table 3.2 (Mells et al., 2013). 

 

Table 3.2 Cut-offs for clinically significant symptoms in PBC (Mells et al., 2013)  

Symptom tool Clinical cut-off % Positive in PBC population 

PBC-40    

• Cognitive impairment  18 28 

• Emotional   12 19 

• Itch   7 38 

• Fatigue   33 45 

• Social   32 25 

• General Symptoms   18 40 

Daytime somnolence (ESS)  11 28 

Autonomic dysfunction (OGS)  5 29 
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3.5 PBC clinical parameters  

3.5.1 Diagnosis of PBC 

All patients in each study cohort were diagnosed with “definite” or “probable” PBC using the 

standard diagnostic criteria used in clinical practice; the presence of at least two out of the 

three key characteristics of PBC: cholestatic liver biochemistry, positive serum AMA or 

PBC-specific ANA, with a titre of > 1 in 40 and/or diagnostic features of PBC on liver biopsy 

(Hirschfield et al., 2018; Hirschfield et al., 2017; Lindor et al., 2018).  

  

3.5.2 Biochemical response criteria 

Several criteria to assess biochemical response to first-line therapy with UDCA in PBC have 

been developed and are summarised in Table 1.3 (Corpechot, Chazouilleres and Poupon, 

2011; Pares, Caballeria and Rodes, 2006; Corpechot et al., 2008; Kuiper et al., 2009; Kumagi 

et al., 2010a; Nevens et al., 2016; Momah et al., 2012). For the purposes of this work, the 

POISE criteria (Nevens et al., 2016) were selected to stratify participants by response state as 

this is most widely used in clinical practice in the UK.  

 

Using the POISE criteria, an adequate response is defined as the ALP < 1.67xULN and 

bilirubin < ULN after 12 months of UDCA treatment at the therapeutic dose of 13-

15mg/kg/daily. Those failing to meet these criteria would be considered as non-responders 

and therefore at higher risk of adverse outcomes. In clinical practice, they would be 

considered eligible for second-line therapy with either obeticholic acid (OCA) or a fibrate.  

 

3.5.3 Abnormal liver blood tests 

Participants were considered to have abnormal liver blood tests if any of bilirubin, alkaline 

phosphatase or alanine transferases were elevated above the local laboratory defined upper 

limit of normal (ULN).  

 

3.5.4 Cirrhosis 

Participants were considered to have evidence of cirrhosis based on a liver stiffness 

measurement (LSM) > 16.9kpa on vibration-controlled transient elastography (VCTE) 

(Corpechot et al., 2022), histological stage 4 on liver biopsy, a platelet count of <150 g/L in 

the absence of an alternative explanation or in the presence of complications secondary to 

liver cirrhosis, such as ascites, varices or hepatic encephalopathy (Corpechot et al., 2012). 



 

 

 

81 

 

3.6 Study 1 - Exploratory proteomics  

Study 1, summarised in Figure 3.1, was an exploratory study to try to identify if components 

of the PBC inflammatory proteome may contribute to symptoms in PBC. The UK-PBC 

consortium recently published data on discovery proteomics that were plausibly linked to 

disease pathogenesis in PBC (Barron‐Millar et al., 2021). They identified biological 

markers of disease that remained elevated in treatment naïve patients, and then explored these 

in both responders and non-responders who were on therapeutic doses of UDCA (Barron‐

Millar et al., 2021). A total of 19 markers were identified as making up the PBC 

inflammatory proteome (see Table 2.1). They further explored the role of those 19 markers 

according to biochemical response, using 400 patients from the UK-PBC nested cohort study 

(Jones et al., 2022).  

 

Study 1, the exploratory study, utilised a sub-population from the UK-PBC nested cohort, all 

of whom had received first-line treatment with UDCA for at least a year, with a therapeutic 

dose of 13-15mg/kg/day and represented a cross-sectional selection of patients with a 

diagnosis of PBC.  

 

We utilised historical symptom data (assessed by the PBC-40, recorded at the time of study 

recruitment, contemporaneous with serum sampling) from the UK-PBC Nested cohort (Jones 

et al., 2022).  

 

Only participants with complete data for the PBC-40 questionnaire were included in analyses. 

 

3.6.1 Proteomics analysis 

Proteins were measured using the Olink® Target 96 Cardiovascular II & III, Inflammation 

and Oncology II panels (Olink Proteomics AB, Uppsala, Sweden) according to the 

manufacturer's instructions. The proximity extension assay (PEA) technology used for the 

Olink protocol has been well described (Assarsson et al., 2014), and enables 92 analytes to be 

analysed simultaneously, using 1 µL of each sample. 4µL of serum was analysed for 368 

analytes in this study (RRID:SCR_003899).  
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Pairs of oligonucleotide-labelled antibody probes bind to their targeted protein, and if the two 

probes are brought in close proximity the oligonucleotides will hybridize in a pair-wise 

manner. The addition of a deoxyribonucleic acid (DNA) polymerase leads to a proximity-

dependent DNA polymerization event, generating a unique polymerase chain reaction (PCR) 

target sequence. The resulting DNA sequence is subsequently detected and quantified using a 

microfluidic real-time PCR instrument (Biomark HD, Fluidigm). The resulting CT-data is 

then quality controlled and normalized using a set of internal and external controls. The final 

assay read-out is presented in normalized protein expression (NPX) values, which is an 

arbitrary unit on a log2-scale where a high value corresponds to a higher protein expression.  

 

The internal controls are designed to mimic and monitor the different steps of the PEA. They 

consist of two incubation/immuno controls, an extension control, and a detection control. The 

internal controls are introduced to all samples as well as to the external controls and are used 

for quality control and normalization of the data. The external controls consist of a negative 

control used to calculate the limit of detection (LOD), as well as a triplicate of inter-plate 

controls (IPC) that are used for data normalization. Quality control of the data is performed in 

two steps. Firstly, the run is quality controlled by calculating the standard deviation for the 

detection control and the incubation/immuno controls. The standard deviation should be 

below 0.2 for a run to pass quality control. Secondly, each sample is quality controlled by 

comparing the results for the detection control and one of the incubation controls against the 

run median. Samples that fall more than 0.3 NPX from the run median with regards to these 

two internal controls will fail the quality control.  

 

All assay validation data (detection limits, intra- and inter-assay precision data, etc.) are 

available on the manufacturer's website (www.olink.com).  

 

All proteomic assays in Study 1 were outsourced to Olink Analysis Services.  

  

http://www.olink.com/
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3.7 Study 2 – Proteomics validation  

Study 2 aimed to establish if any of the positive associations seen in Study 1 could be replicated 

using a second cohort. 

 

3.7.1 Study group selection 

Several different cohorts were used for patient selection in this validation study. This 

included healthy controls from E-AILD, a cross-sectional PBC population from UK-PBC and 

BANC, and a symptom heavy population from RIT-PBC. The RIT-PBC symptom cohort was 

selected based on the availability of stored serum samples and the abundance of symptom 

data, unanalysed and unpublished from the original study (Khanna et al., 2019). 

 

The selected participants from the UK-PBC and BANC cohort were age and gender matched 

to the E-AILD healthy controls. Participants were selected from the UK-PBC, and BANC 

cohort studies based on the availability and location of serum samples, and availability of 

relevant clinical data. As the RIT-PBC population was already defined, no age / gender 

matching was performed.   

 

3.7.2 Selection of serum proteomic analytes 

A subset of 6 serum proteomic markers from the exploratory study (Study 1) were selected 

for further analysis, and included, IL-4Rα, CXCL9, CCL20, Cd163, KIM-1 and Leptin. This 

selection was based on the degree of correlation to symptoms, our current understanding of 

biological pathways and symptomology, and feasibility of measuring serum markers.  

 

An additional 5 analytes were included at this stage, selected based on literature review of the 

mechanisms involved in fatigue, cognitive symptoms and itch, and feasibility of measuring 

these markers. This included IL-4, IL-13, IL-6, TNF- and ghrelin. Their inclusion into 

Study 2 is discussed in more detail in section 5.2.9. 

 

Feasibility factors influencing the selection of serum markers included the accuracy of 

measuring a given marker in serum samples based on published data, the amount of serum 

required for the given analyte, the compatibility of analyte markers across multi-plex panels, 

the amount of serum samples available and the overall processing cost of a given analyte.  
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All analyte analysis for study 2, the validation study, was performed within the department of 

Translational and Clinical Research at Newcastle University by Dr Jeremy Palmer. The final 

serum analytes analysed for the validation study are listed in Table 3.3 and Figure 3.1 

 

Table 3.3 Markers selected for further analysis in the validation study (Study 2) 

Family Abbreviation Identity In exploratory study 

(Study 1)? 

Chemokines CXCL9 Chemokine CXCL9 Yes 

CCL20 Chemokine CCL20 Yes 

Cytokine Modulators IL-4Rα IL-4 Receptor Alpha Chain Yes 

IL-4 Interleukin-4 No 

IL-6 Interleukin-6 No 

Il-13 Interleukin-13 No 

TNF- Tumour Necrosis Factor- No 

Cell Surface & Structural 

Proteins 

CD163 High Affinity Scavenger 

Receptor 

Yes 

KIM1 Kidney Injury Molecule 1 Yes 

Metabolic Factors LEP Leptin Yes 

Ghrelin Ghrelin No 

 

 

3.7.3 Proteomics sampling 

In order to measure serum levels of the 11 analyte markers (IL-4Rα, CD163, KIM1, CXCL9, 

CCL20, IL-4, IL-6, IL-13, TNFα, leptin and ghrelin), we employed the Meso Scale 

Discovery® (MSD ((Rockville, MD, USA)) electrochemiluminescence assay platform. Using 

the U-PLEX Custom Biomarker format we created a custom 4-PLEX panel for detecting 

CD163, KIM1, CXCL9 and CCL20, a 5-PLEX panel for detecting IL-4, IL-6, IL-13, TNFα 

and leptin, and single-PLEX assays for ghrelin and IL-4Rα. 

 

To retain uniformity and validity, the assays were performed exactly as per the 

manufacturer’s instructions. Briefly, for each panel, biotinylated capture antibodies were 

covalently linked to specific spots within each well through use of unique linkers. Then, 

following a quenching step, plates were ready for sample application. Sera were thawed on 

ice and clarified by centrifugation at 18,000g for 10mins at 4°C. Sera were diluted 1:1 with 

supplied diluent and 25µl per well added in duplicate. Again, for each individual panel, a 

cocktail of the relevant analyte standards with known concentrations were prepared as a dose 
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calibration curve and 25µl per well was added in duplicate. Plates were covered and 

incubated for 2 hours at room temperature with shaking (200RPM). Following a wash step, 

for each panel a SULFO-TAG™ conjugated detection antibody cocktail (50µl) was added to 

all wells and plates incubated as before. After washing, read buffer was added (150µl) and 

the plates read on the MSD Sector Imager 6000 instrument.  

 

The data were analysed using MSD Discovery Workbench v4.0. This software employs 4-

parameter logistic (FourPL) calibration curve fitting from which sample values were derived. 

Each analyte had a lower limit of detection (LLOD) below all the sample values, so all 

samples were in range and measurable. All sample values for all analytes are given as pg/ml.  

 

Mass spectrometry of analytes was performed by Dr Jeremy Palmer, team scientist, in the 

translational and clinical research institute at Newcastle University.  

 

3.8 Study 3 Allopregnanolone  

3.8.1 Study group selection 

As detailed in Section 3.3 and Figure 1., Study 3 was a proof-of-concept study that aimed to 

explore the relationship of the neurosteroid, allopregnanolone, with symptoms in PBC. PBC 

participants were selected from the UK-PBC and BANC cohort, whilst healthy controls were 

selected from the E-AILD cohort and were age and gender matched (see Sections 3.3.1 3.3.2 

and 3.3.4). Participants were selected from the UK-PBC and BANC cohorts studies based on 

the availability and location of serum samples, and availability of relevant clinical data. 

  

3.8.2 Allopregnanolone sampling 

A Liquid Chromatography - Tandem Mass Spectrometry method was developed for the 

analysis of allopregnanolone in human plasma or serum (Admescope, Oulu, Finland). The 

samples were prepared for analysis by supported liquid extraction with ethyl acetate, followed 

by derivatization with hydroxylamine, as previously described (Keski-Rahkonen et al., 2011). 

  

Standard sample spiking solutions were prepared by diluting 1 mg/ml stock solution of 

allopregnanolone in dimethyl sulfoxide into acetonitrile at concentrations of 2pg/ml to 100 

ng/ml of spiking solutions were added into 180μl of active charcoal purified human serum for 

standard and quality control samples in 2 ml 96-well plate. After spiking, 10μl of internal 
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standard solution (100ng/ml allopregnanolone-D5 in 50% methanol) was added into each 

sample and mixed for 5 minutes at 1000rpm. Finally, the plate was centrifuged at 2200g for 1 

minute and 200μl of the sample was transferred onto Novum simplified liquid extraction max 

(Phenomenex) plate and the samples were absorbed into the plate material using vacuum at <5 

inHg for 5 - 10 seconds. The plate was allowed to stand for 5 minutes (without vacuum), after 

which two-time 500μl of ethyl acetate was allowed to flow through each well. Finally, vacuum 

was applied for 20 - 30 seconds to allow the remaining ethyl acetate to flow through the plate. 

The collection plate was dried under nitrogen flow (20 L/h N2, 50 °C) for 20 minutes, until 

dry. Finally, 150μl of 100 mM hydroxylamine in 50% methanol was added into the wells and 

the plate was incubated at 65 °C for 60 minutes with shaking (600rpm) to derivatize 

allopregnanolone into oxime-derivative for improved analytical sensitivity (Keski-Rahkonen 

et al., 2011). Finally, the plate was centrifuged for 5 minutes at 2200g, and the supernatants 

were transferred into clean 1 ml 96-well plate for analysis. 

  

Increased sensitivity was reached by the use of UniSpray ion source in a XEVO-TQ-S triple 

quadrupole mass spectrometer. The obtained detection limit was 0.002ng/mL and the 

quantitation limit 0.005ng/mL, i.e., 0.006 and 0.015nmol/L, respectively. The method 

accuracies in the range 0.005 to 10ng/mL were 91.3 – 107.5% (n=4). Similarly, the precision 

(n=4) was determined to 10.5 – 2.5% in the concentration range 0.005 to 10ng/mL. 

 

The extraction of serum allopregnanolone concentrations was outsourced to Admescope, 

located in Oulu, Finland. 

 

3.9 Statistical analyses 

Baseline characteristics of each of the cohorts included in this work are presented in the 

relevant results section and include basic demographics (age and gender), clinical 

characteristics of the PBC groups (including weight, treatment status with UDCA, biochemical 

response status, and presence of cirrhosis). All serum analytes were explored against the 

clinical characteristics of response status, abnormal liver blood tests and cirrhosis status. 

 

Each PBC-40 domain was analysed against these clinical characteristics to explore whether 

there was an association between disease stage and symptoms. For the 3 parts of this work 
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(described in Sections 3.7, 3.8 and 3.9), a common methodology was employed to explore the 

association of a given serum analyte to symptoms.  

 

For each PBC-40 domain, serum analytes were initially compared between those with 

“none/mild”, “moderate” and “severe” symptoms. A post hoc analysis using Bonferroni 

pairwise correction was performed to correct for multiple comparisons i.e., comparing groups 

“none/mild”, “moderate” and “severe”, and to adjust for the fact that a single strong statistically 

significant association between 2 of these groups could demonstrate statistically significance 

overall between the three groups. This not only adjusts the P-value for multiple testing, but 

also explores pairwise associations between groups, that is “none/mild” vs “moderate”, 

“none/mild” vs “severe”, and “moderate” vs “severe” giving more information on where the 

association exists.  

 

Following this, serum analytes were compared only between the “none/mild” versus “severe” 

symptom groups in each PBC-40 domain. “None/mild” symptoms are those that are typically 

found in the general population, whilst those who score “severe” represent those with the 

highest symptom burden. 

 

Using this method, it is possible to identify which serum analytes continued to show a strong 

association across several groupings as well between the two extreme groups i.e., “none/mild”, 

vs. “severe”. The categorisation of scores by symptom severity (“none/mild”, “moderate” and 

“severe”) for each PBC-40 domain is described in Table 3.1. 

 

Serum analytes were then tested against each PBC-40 domain using the predefined scores that 

have previously been deemed to be “clinically significant” in PBC. Applying this criterion 

identified those markers that were strongly associated with clinically significant symptoms. 

This methodology was particularly relevant for identifying serum proteomics from the 

exploratory cohort (Study1) that would be potentially informative in the validation cohort 

(Study 2). 

  

All statistical analysis was undertaken using IBM SPSS statistics, version 28.0.0.0 (190) for 

macOS. All data was assessed for normality by graphical methods using histograms, P-P and 

Q-Q plots, and standard statistical tests for normality, including exploring Kolmogorov-

Smirnov test, skewness, and kurtosis.  
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For all serum analytes, data did not follow a normal distribution, therefore are presented with 

median values and inter-quartile range (IQR) unless otherwise specified. Tests for statistical 

significance were undertaken using non-parametric methods; Mann-Whitney U, Kruskal-

Wallis, Spearmen Rho Chi Square and Quads ANCOVA with the significance level set to p < 

0.05 unless otherwise stated. Correction for multiple testing was undertaken using the 

Benjamini and Hochberg method (q-value of 0.05) for false detection rate (FDR) (Benjamini 

and Hochberg, 1995) to minimise the family wise error rates (Colquhoun, 2014). 

 

All data collation, sorting, and analysis, including the statistical analyses presented herein, were 

performed by Dr. Aaron Wetten.  
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Chapter 4: Aims and Hypotheses 

4.1 Overall Aim and Hypotheses 

4.1.1 Overall Aim 

This investigation seeks to enhance the understanding of the biological underpinnings of 

symptomatology in Primary Biliary Cholangitis (PBC) by building on recent mechanistic 

insights into disease pathology. Study 1 constitutes an exploratory analysis, while Study 2 

serves as a validation study.  

 

4.1.2 Overall Hypotheses 

Consistent with present literature, it is hypothesised that younger patient age will correlate with 

a higher burden of severe symptoms encompassing fatigue, cognitive impairment, and 

emotional dysregulation. Conversely, except for pruritus, symptoms are not anticipated to 

exhibit a significant association with biochemical markers of disease activity, treatment 

response status, or the presence of cirrhosis. 

 

4.2 Study 1 and Study 2: Aim and Hypotheses 

4.2.1 Study 1 and Study 2: Aim 

The primary aim of these studies is to investigate the relationship between symptoms in PBC 

and a panel of serum proteomic markers previously implicated in disease pathogenesis by the 

UK-PBC consortium. Furthermore, these studies aim to corroborate prior findings within a 

validation cohort. 

 

4.2.2 Study 1 and Study 2: Hypotheses  

It is hypothesised that in PBC patients experiencing more severe symptomatology, a significant 

correlation will be observed between a specific subset of proteomic markers and a given 

symptom domain. Specifically, based on current scientific evidence and known proteomic 

interactions in other disease contexts, it is predicted that fatigue will be associated with Leptin, 

CXCL9, KIM-1, and IL-6. Additionally, symptoms of pruritus are hypothesized to correlate 

with IL-4RA and IL-18R1. 
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4.3 Study 3: Aim and Hypothesis 

4.3.1 Study 3: Aim 

The aim of this study is to explore the relationship between the neurosteroid allopregnanolone 

and symptom manifestation in PBC. 

 

4.3.2 Study 3: Hypothesis 

It is hypothesised that serum allopregnanolone levels will be elevated in PBC patients 

compared to healthy controls, and that this increase will be associated with the presence and 

severity of cognitive symptoms. 
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Chapter 5: Study 1 exploratory proteomics: Results 

 

5.1 Study 1 (exploratory study): Results 

From the original 400 UK-PBC nested cohort study population (Jones et al., 2022), symptom 

assessment using the PBC-40 was available for 289 participants. No other cases were 

included. Additional symptom data assessed using ESS, OGS and HADS were not available.   

 

5.1.1 Study 1 (exploratory study): Demographics and clinical characteristics 

Data on age and gender were available for 278 out 289 participants. In keeping with the 

epidemiology of PBC, 86% (248/289) of the cohort were female, with a median age of 65 years 

at the time of recruitment. The median age of the male patients was 67 years. There was no 

statistically significant difference in age between the male and female participants. See Table 

5.1 

 

Table 5.1 Gender and median ages in PBC group 

Group Gender Number 

(%) 

Age in years* 

(IQR) 

Significance across ages 

PBC  Total 278 66 (14)  

Female 248 (86) 65 (14) P = .246; χ2(2) = 1.34 

Male 30 (10) 67 (12) 

Unknown  11 (4)   

 *Median (Interquartile Range); test for statistical significance Kruskal-Wallis; P < 0.05 considered statistically 

significant (2-sided test) 

 

Clinical characteristics are summarised in Table 5.2. Median weight was 70 kg (IQR 23.4) 

with a median BMI of 26.6 (7.9). All participants were treated with UDCA at >12mg/kg/day 

for at least 12 months at the time of study recruitment as per the UK-PBC nested cohort 

inclusion criteria.   

 

Median (Interquartile range) ALP at time of study entry was 138 (101) IU/L, ALT 28 (14) 

and bilirubin 9 (6). There were 100 participants (35%) with normal liver blood tests and 205 

(71%) were biochemical responders according to the POISE criteria. There were 21 (7%) 

participants with a confirmed diagnosis of cirrhosis at the time of study recruitment.  
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Table 5.2 Clinical characteristics of the PBC study population 

 All PBC  

(n=289) 

Median weight, kg (IQR) 70 (23.4) 

Median BMI, kg/m2(IQR) 26.6 (7.9) 

UDCA treated, number (%) 289 (100) 

UDCA at therapeutic dose, number (%) 289 (100) 

Median ALP (IQR) IU/L 138 (101) 

Median ALT (IQR) IU/L 28 (24) 

Median Bilirubin (IQR) umol/L 9 (6) 

Median Albumin (IQR) g/L No data 

Normal LFT (%) 100 (35) 

POISE Responder, number (%) 205 (71)  

Cirrhosis present, number (%)  21 (7) 

IQR – interquartile Range; BMI – body mass index; UDCA – ursodeoxycholic acid; ALP - alkaline phosphatase; 

ALT – alanine transaminase; LFT – liver function tests; n=number of cases in each group 
 

 

The results from Study 1 were in keeping with the original UK-PBC proteomics work, with 

the majority of serum markers showing a statistically significant difference between POISE 

responders and non-responders (see table 4.3) (Jones et al., 2022). A total of 16 out of 19 

markers showed differences between the two groups, with SCAMP3 and VIM being non-

significant in both the original work and here. CXCL13 was found to be statistically 

significantly different according to biochemical response in the original work but not in this 

study. 

 

Data directly comparing serum proteomics between patients with normal and abnormal liver 

blood tests were not published in the previous proteomics study (Jones et al., 2022), but in our 

study 16 out of 19 serum proteomics remained statistically significant across the two groups, 

with SCAMP3 and VIM again remaining not significant. CXCL13 remained significant 

between the normal and abnormal LFT groups, whilst AZU1 became non-significant. When 

stratified by cirrhosis status (i.e. cirrhotic versus non-cirrhotic), 9 of the 19 markers remained 

statistically significantly different (See Table 5.3). 
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Table 5.3 Serum proteomics according to POISE responder status, liver blood tests and cirrhosis status in Study 1 

Marker POISE Liver blood tests Cirrhosis 

Responder  

(n=205) 

Median (IQR) 

pg/ml 

Non-responder 

(n = 84) 

Median (IQR) 

pg/ml 

Significance Normal LFT 

(n = 100) 

Median (IQR) 

pg/ml 

Abnormal LFT 

(n = 189) 

Median (IQR) 

pg/ml 

Significance No cirrhosis 

(n = 268) 

Median (IQR) 

pg/ml 

Cirrhosis 

(n = 21) 

Median (IQR) 

pg/ml 

Significance 

IL-4Rα 2.94 (0.73) 4.06 (1.04) P =.000 

U = 14493 

2.69 (0.60) 3.49 (1.13) P =.000 

U = 15436 

3.11 (1.14) 3.90 (1.55) P = .008 

U = 3787 

DECR1 4.05 (0.94) 4.56 (1.09) P < .001 

U = 11632 

3.92 (0.72) 4.37 (1.18) P < .001 

U = 12855 

4.17 (1.05) 3.97 (0.78) P = .132 

U = 2258 

KIM-1 8.28 (1.07) 9.23 (1.23) P < .001 

U = 13136 

8.24 (1.11) 8.60 (1.27) P < .001 

U = 12417 

8.46 (1.23) 9.05 (2.20) P = .009 

U = 3778 

ACE2 4.36 (1.26) 5.57 (1.90) P < .001 

U = 12789 

4.09 (0.97) 5.08 (1.66) P < .001 

U =14145 

4.58 (1.43) 6.28 (1.67) P < .001 

U = 4414 

CA5A 3.43 (1.45) 4.54 (1.49) P < .001 

U = 12756 

3.17 (1.05) 4.11 (1.54) P < .001 

U = 13984 

3.67 (1.65) 4.07 (1.73) P = .208 

U = 3278 

HAOX1 5.15 (2.31) 7.31 (2.12) P < .001 

U = 13424 

4.67 (1.84) 6.63 (2.52) P < .001 

U =14904 

5.72 (2.63) 6.24 (2.61) P = .311 

U = 3188 

AZU1 6.62 (1.46) 6.25 (1.73) P = .003 

U = 6663 

6.55 (1.62) 6.46 (1.53) P = .405 

U = 8887 

6.57 (1.63) 6.05 (1.42) P = .019 

U = 1946 

EP-CAM 4.85 (0.60) 5.22 (0.85) P < .001 

U = 11623 

4.80 (0.64) 5.00 (0.80) P = .025 

U = 10970 

4.94 (0.64) 5.22 (0.97) P = .049 

U = 3539 

Leptin 

(weight 

adj.) 

6.66 (1.39) 6.06 (1.62) P < .001 

U = 5783 

P < .001 

6.69 (1.27) 6.34 (1.64) P < .002 

U = 7384 

P < .001 

6.51 (1.45) 6.31 (1.52) P = .395 

U = 2500 

CXCL11 8.96 (1.20) 9.27 (1.62) P = .041 

U = 9929 

8.84 (0.91) 9.31 (1.49) P < .001 

U = 12678 

9.05 (1.35) 8.70 (1.00) P = .155 

U = 2289 

CXCL9 8.89 (1.28) 9.18 (1.05) P = .014 

U = 10193 

8.62 (0.99) 9.19 (1.10) P < .001 

U = 12730 

9.01 (1.23) 8.74 (1.15) P = .698 

U = 2671 

CCL19 9.85 (1.19) 10.11 (1.41) P = .010 

U = 10271 

9.74 (1.16) 10.07 (1.21) P = .004 

U = 11395 

9.85 (1.16) 10.34 (1.64) P = .002 

U = 3946 

IL-18R1 7.45 (0.77) 8.24 (0.85) P < .001 

U =13992 

7.24 (0.51) 7.92 (0.78) P < .001 

U = 15093 

7.63 (0.90) 8.05 (1.49) P = .036 

U = 3588 

CXCL10 8.88 (1.15) 9.30 (1.11) P = .002 

U = 10643 

8.70 (0.87) 9.22 (1.19) P < .001 

U = 12915 

9.03 (1.18) 9.05 (0.74) P = .911 

U = 2855 

CCL20  5.35 (1.53) 5.79 (1.43) P = .007 

U = 10352 

5.15 (1.62) 5.66 (1.42) P = .023 

U = 10986 

5.40 (1.45) 5.68 (2.62) P = .128 

U = 3376 

SCAMP3 3.12 (1.37) 3.33 (1.27) P =.214 

U = 9412 

2.89 (1.27) 3.28 (1.31) P =.056 

U = 10743 

3.22 (1.38) 2.89 (1.19) P = .071 

U = 2147 

VIM 4.64 (0.93) 4.60 (0.98) P =.561 

U = 8235 

4.74 (1.09) 4.62 (0.97) P =.649 

U = 9758 

4.64 (1.08) 4.61 (0.47) P = .822 

U = 2731 

CXCL13 8.91 (0.75) 8.95 (0.75) P =.180 

U = 9474 

8.82 (0.69) 8.96 (0.78) P =.006 

U = 11292 

8.90 (0.73) 9.51 (1.27) P < .001 

U = 4294 

CD163 8.14 (0.79) 8.56 (0.57) P < .001 

U = 12509 

7.92 (0.75) 8.38 (0.63) P < .001 

U = 13089 

8.24 (0.79)  8.89 (0.71) P < .001 

U = 4187 

POISE criteria: ALP ≤ 1.67 x upper limit normal (ULN) and/or bilirubin ≤ 1 x ULN; LFT: Liver function tests; n=number of cases in each group; analysis using Mann-Whitney-

U, P < 0.05 considered statistically significant (2-sided test); red denotes statistically significant   
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5.1.2 Study 1 (exploratory study): Clinical status and symptoms 

To assess if the severity of liver disease, determined by biochemical response and by cirrhosis 

status had any impact on symptoms, we compared each of the PBC-40 domains between 

POISE responder status, normal or abnormal liver blood tests, and cirrhosis status. Severe itch 

on the PBC-40 domain was associated with biochemical non-response, but not with abnormal 

liver blood tests or cirrhosis, whilst severe scores in the fatigue, social and emotional domains 

were all statistically significantly associated with the presence of cirrhosis, but not biochemical 

status or abnormal liver blood tests (See Table 5.4) 
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Table 5.4: PBC-40 domain severity by POISE response status, liver bloods tests and cirrhosis status in Study 1 

PBC-40 

Domain 
Severity 

POISE Response Liver blood tests Cirrhosis  

Responders  

(n=205) 

Non 

responders 

(n=84) 

Significance Normal  

(n=100) 

Abnormal 

(n=189) 

Significance Non-

cirrhotic 

(n=268) 

Cirrhotic 

(n=21) 

Significance 

Cognition None/mild 147 55 
P = .496 

X(1) = 1.404 

72 130 
P = .554  

X(1) = 1.180 

189 13 
P = .708 

X(1) = 692 
Moderate 45 21 23 43 60 6 

Severe 13 8 5 16 19 2 

Fatigue None/mild 114 41 
P = .338 

X(1) = 2.170 

53 102 
P = .776 

X(1) = .508 

147 8 
P = .023 

X(1) = 7.583 
Moderate 61 25 32 54 81 5 

Severe 30 18 15 33 40 8 

Itch None/mild 147 53 
P = .028  

X(1) = 7.124 

71 129 
P = .833  

X(1) = .365 

190 10 
P = .081 

X(1) = 5.014 
Moderate 43 16 20 39 52 7 

Severe 15 15 9 21 26 4 

Emotional None/mild 145 49 
P = .123 

X(1) = 4.196 

65 129 
P = .191 

X(1) = 3.311 

185 9 
P = .003 

X(1) = 11.841 
Moderate 44 25 29 40 63 6 

Severe 16 10 6 20 20 6 

Social None/mild 142 53 
P = .220 

X(1) = 3.030 

65 130 
P = .139 

X(1) = 3.945 

184 11 
P = .001 

X(1) = 13.205 
Moderate 54 23 32 45 72 5 

Severe 9 8 3 14 12 5 

General 

Symptoms 

None/mild 154 60 
P = .758  

X(1) = .554 

69 145 
P = .313 

X(1) = 2.325 

201 13 
P = .107 

X(1) = 4.468 
Moderate 46 21 27 40 61 6 

Severe 5 3 4 4 6 2 

POISE criteria: ALP ≤ 1.67 x upper limit normal (ULN) and/or bilirubin ≤ 1 x ULN; LFT: Liver function tests; n=number of cases in each group; analysis using Chi-square; P 

< 0.05 considered statistically significant (2-sided test); red denotes statistically significant   
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5.1.3 Study 1 (exploratory study): Age, symptoms, and serum proteomics  

Age at time of study recruitment was available for 278 out of 289 (96%) patients. The impact 

of age on symptoms in PBC was analysed by comparing age in each of the PBC-40 domains 

according to symptom severity (See Table 5.5). In all PBC-40 domains, median age was lower 

for increasing symptom severity. This was statistically significant in 4 of the PBC-40 domains: 

cognition, emotional, fatigue and social symptoms.   

 

When analysing serum proteomics according to age, DECR1, HAOX1, CXCL11 and CCL19 

showed a statistically significant negative correlation i.e., higher serum levels were associated 

with younger age. Conversely, KIM-1 and CXCL9 showed a positive correlation that reached 

statistical significance. When correcting for multiple testing CCL19 was considered a false 

positive. All other serum proteomics did not have a statistically significant correlation with age 

(see Table 5.6).  

 

A statistically significant positive correlation to weight was observed for both leptin and 

CCL19, with leptin in particular showing a strong relationship to weight with a coefficient of 

0.605 (P < 0.001), whilst a statistically significant negative relationship to weight was observed 

with KIM-1 and EP-CAM, however EP-CAM was considered a false positive when corrected 

for multiple testing with FDR (seeTable 5.7). 
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Table 5.5 PBC-40 domain severity by age (in years) in Study 1 

PBC-40 

Domain Severity 

 

Number Age (years) 

[IQR] 

Significance 

Cognition None/mild 194 67 [12] 
P < .001 

X(1) = 21.149 
Moderate 64 63 [14] 

Severe 20 53 [13] 

Fatigue None/mild 149 67 [13] 
P = .016 

X(1) = 8.297 
Moderate 82 63 [14] 

Severe 47 62 [17] 

Itch None/mild 193 66 [13] 
P = .242 

X(1) = 2.836 
Moderate 56 64 [5] 

Severe 29 58 [22] 

Emotional None/mild 187 66 [13] 
P = .005 

X(1) = 10.510 
Moderate 65 64 [15] 

Severe 26 59 [13] 

Social None/mild 185 67 [13] 
P = .004 

X(1) = 10.953 
Moderate 76 64 [13] 

Severe 17 57 [15] 

General 

Symptoms 

None/mild 206 66 [13] 
P = .420 

X(1) = 1.734 
Moderate 64 65 [13] 

Severe 8 55 [26] 

n=number of cases in each group; analysis using Chi-square; P < 0.05 considered statistically significant (2-sided 

test); red denotes statistically significance   
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Table 5.6 Serum proteomics correlated by age (in years) in Study 1 

Marker Correlation 

coefficient 

Significance 

IL-4Rα* -.077 P = .199 

DECR1** -.201 P < .001 

KIM-1* .144 P = .016 

ACE2* -.006 P =.919 

CA5A** -.127 P = .002 

HAOX1** -.296 P < .001 

AZU1* .042 P =.491 

EP-CAM* -.026 P =.665 

Leptin* -.042  P =.484 

CXCL11** -.215 P < .001 

CXCL9* 1.46 P = .015 

CCL19* -.125 P = .037 

IL-18R1** -.169 P = .005 

CXCL10* -.042 P = .481 

CCL20* .014 P = .822 

SCAMP3* -.089 P = .138 

VIM* .090 P = .135 

CXCL13* .071 P = .241 

CD163* 0.37 P = .535 

analysis using Spearmen-rho; *P < 0.05 considered statistically significant (2-sided test); **P < 0.01 considered 

statistically significant (2-sided test), as defined by the sample size, and observed correlation; red denotes 

statistical significance; orange denotes considered false positive on FDR. 

 

Table 5.7 Serum proteomics correlated by weight (in kg) in Study 1 

Marker Correlation 

coefficient 

Significance 

IL-4Rα* -.080 P = .176 

DECR1* -.044 P = .449 

KIM-1** -.164 P = .005 

ACE2* -.058 P = .332 

CA5A* .045 P = .045 

HAOX1* -.086 P = .145 

AZU1* .061 P = .307 

EP-CAM* -.125 P = .034 

Leptin** .605 P < .001 

CXCL11* .010 P = .863 

CXCL9* -.050 P = .397 

CCL19** .159 P = .007 

IL-18R1* .-.001 P = .984 

CXCL10* .061 P = .301 

CCL20* .039 P = .515 

SCAMP3* -.030 P = .616 

VIM* .053 P = .369 

CXCL13* .023 P = .704 

CD163* .036 P = .539 

analysis using Spearmen-rho; *P < 0.05 considered statistically significant (2-sided test); **P < 0.01 considered 

statistically significant (2-sided test); red denotes statistical significance; orange denotes considered false positive 

on FDR. 
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5.1.4 Study 1 (exploratory study): Serum proteomics and symptoms 

After exploring the relationship between serum proteomics, age, symptoms and disease stage, 

the relationship between serum proteomics and individual PBC-40 domains was explored.  

 

5.1.4.1 Serum proteomics and cognitive symptoms 

For the PBC-40 cognitive domain, 202 out of 289 (70%) participants reported having 

“none/mild”, 66 (23%) “moderate” and 21 (7%) “severe” symptoms. When stratified by 

clinically significant symptoms, defined as a score of 18 or more, 228 out of 289 (79%) 

participants were not considered to have clinically significant cognitive symptoms related to 

their PBC based on their PBC-40 cognitive domain scores, whilst 61 (21%) of participants 

cognitive symptoms were deemed to be clinically significant. 

 

When comparing across the 3 cognitive symptom groups (none/mild, moderate, and severe), 5 

analytes initially showed statistically significant associations, with increasing serum levels 

associated with increasing symptom severity. Following post hoc pairwise comparison using 

Bonferroni, persistent statistically significant associations were for DECR1 (none/mild vs. 

severe, P = .025), CCL19 (none/mild vs. severe, P = .035), IL-18R1 (none/mild vs. severe, P 

= .042), while IL-4Rα, and HAOX1 showed no statistical significance. In each case an increase 

in symptom severity was associated with increased serum analyte.  

 

A total of 6 of the 19 serum proteomic markers were statistically significantly elevated in those 

with “severe” cognitive symptoms, when compared to those with “none/mild” symptoms: IL-

4Rα (P=0.026), DECR1 (P=0.006), HAOX1 (P=0.021), IL-18R1 (0.013), CCL19 (P=0.010), 

and KIM-1 (P=0.031).  

 

Using the pre-defined “clinically significant” score for the PBC-40 cognitive domain (a score 

of 18 or more being considered as significant; which incidentally lies midway in the moderate 

category), 4 of the 19 markers (IL-4Rα (P=0.023), KIM-1 (0.007), HAOX1 (P=0.018) and IL-

18R (P=0.013)), were still significantly associated, with higher serum levels being associated 

with clinically significant cognitive symptoms.  

 

Using each method of comparison, three serum analytes (IL-4Rα, HAOX1 and IL-18R1) were 

consistently statistically elevated in those with the worst cognitive symptoms (See Table 5.8) 
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Table 5.8 Serum markers (pg/ml) by cognitive domain severity as defined by PBC-40 (none/mild vs. severe) and by clinically significant cognitive score in Study 1 

Marker Cognitive Severity Clinically* Significant Cognitive symptoms? 

None/Mild (n=202) 

Median (IQR) 

pg/ml 

Moderate 

(n=66) 

Median (IQR) pg/ml 

Severe (n=21) 

Median (IQR) 

pg/ml 

Significance 

none/mild vs. 

moderate vs. severe 

Significance 

None/mild vs. 

severe 

No (n=228) 

Median (IQR) 

pg/ml 

Yes (n=61) 

Median (IQR) 

pg/ml 

Significance 

IL-4Rα 3.08 (1.03) 3.27 (1.31) 3.72 (1.69) P = .031 

χ2(2) = 6.933 

P = .026 

U = 2746 

3.10 (1.03) 3.42 (1.38) P = .023 

U = 8275 

DECR1 4.11 (0.97) 4.21 (1.43) 4.46 (1.24) P = .008 

χ2(2) = 9.648 

P = .006 

U = 2890 

4.14 (0.97) 4.32 (1.30) P = .053 

U = 8078 

KIM-1 8.47 (1.09) 8.44 (1.48) 8.96 (1.55) P = .074 

χ2(2) = 5.212 

P = .031 

U = 2727 

8.45 (1.14) 8.96 (1.47) P = .007 

U = 8528 

ACE2 4.65 (1.37) 4.49 (1.95) 5.33 (2.18) P = .169 

χ2(2) = 3.551 

P = .057 

U = 2657 

4.64 (1.39) 4.88 (2.18) P = .056 

U = 8064 

CA5A 3.59 (1.63) 3.78 (1.89) 4.13 (1.66) P = .199 

χ2(2) = 3.225 

P = .072 

U = 2627 

3.62 (1.64) 4.10 (1.96) P = .204 

U = 7690 

HAOX1 5.58 (2.46) 6.13 (2.92) 7.23 (3.21) P = .021 

χ2(2) = 7.740 

P = .021 

U = 2772 

5.67 (2.43) 6.60 (3.12) P = .018 

U = 8327 

AZU1 6.58 (1.54) 6.37 (1.62) 6.24 (1.78) P = .798 

χ2(2) = 0.451 

P = .798 

U = 2049 

6.59 (1.56) 6.16 (1.60) P = .140 

U = 6098 

EP-CAM 4.92 (0.65) 5.03 (0.67) 5.04 (1.04) P = .446 

χ2(2) = 1.615 

P = .572 

U = 2280 

4.93 (0.63) 5.06 (0.83) P = .126 

U = 7842 

Leptin 6.45 (1.43) 6.53 (1.30) 6.90 (1.97) P = .236 

χ2(2) = 2.887 

P = .101 

U =2582 

6.46 (1.40) 6.61 (1.48) P = .353 

U = 7493 

CXCL11 8.98 (1.23) 9.21 (1.36) 9.28 (1.48) P = .458 

χ2(2) = 1.561 

P = .462 

U = 2328 

9.02 (1.27) 9.27 (1.36) P = .490 

U = 7354 

CXCL9 8.90 (1.21) 9.14 (1.33) 9.18 (1.11) P = .899 

χ2(2) = 0.213 

P = .685 

U = 2235 

8.94 (1.20) 9.05 (1.36) P = .825 

U = 6826 

CCL19 9.85 (1.08) 10.08 (4.57) 10.50 (1.16) P = .029 

χ2(2) = 7.113 

P = .010 

U = 2844 

9.88 (1.11) 10.09 (1.52) P = .170 

U = 7750 

IL-18R1 7.60 (0.86) 7.88 (0.97) 7.90 (0.98) P = .015 

χ2(2) = 8.417 

P = .013 

U = 2816 

7.62 (0.85) 7.90 (1.05) P = .013 

U = 8391 

CXCL10 8.97 (1.09) 9.19 (1.36) 9.41 (0.81) P = .219 

χ2(2) = 3.040 

P = .088 

U = 2601 

8.99 (1.11) 9.22 (1.34) P = .437 

U = 7405 

CCL20  5.34 (1.44) 5.67 (1.75) 5.99 (1.72) P = .063 

χ2(2) = 5.535 

P = .053 

U = 2666 

5.38 (1.44) 5.67 (1.55) P = .175 

U = 7740 

SCAMP3 3.19 (1.20) 3.35 (1.74) 3.15 (1.14) P = .485 

χ2(2) = 1.446 

P = .346 

U = 2386 

3.21 (1.30) 3.15 (1.57) P = .791 

U = 7108 

VIM 4.66 (1.07) 4.66 (1.00) 4.46 (0.58) P = .739 

χ2(2) = 0.605 

P = .434 

U = 1901 

4.66 (1.04) 4.60 (0.85) P = .371 

U = 6435 

CXCL13 8.91 (0.76) 8.91 (0.71) 8.92 (0.77) P = .988 

χ2(2) = 0.025 

P = .915 

U = 2091 

8.92 (0.75) 8.92 (0.74) P = .622 

U = 6668 

CD163 8.26 (0.77) 8.24 (0.86) 8.48 (0.75) P = 0.440 

χ2(2) = 1.641 

P = .227 

U = 2461 

8.26 (0.78) 8.33 (0.76) P = .154 

U = 7780 

*A score of >= 18 in the cognitive domain of the PBC-40 is considered clinically significant; IQR – Interquartile Range; n=number of cases in each group; test for statistical 

significance using Mann-Whitney U and Kruskal-Wallis; P < 0.05 considered statistically significant (2-sided test); red denotes statistically significance; yellow denotes no 

statistical significance following post-hoc Bonferroni correction 
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KIM-1 previously showed a positive correlation with age and negative correlation with weight 

(see Table 5.6 and Table 5.7). Therefore, ANCOVA was performed to ascertain the effect of 

these covariates on KIM-1 against clinically significant cognitive symptoms. When adjusted 

for age and weight, KIM-1 remained elevated in those with cognitive symptoms, with a 

statistically significant positive association observed with clinically significant cognitive 

symptoms (KIM-1: F = 10.536, P = 0.001) and between none/mild vs. severe groupings (KIM-

1: F = 10.327, P = 0.002). 

 

HAOX1, IL-18R1, and DECR1 showed significant correlation with age (see Table 5.8). All 3 

analytes failed to showed significance between the “none/mild” and “severe” groups when 

adjusted for age (HAOX1: F = 0.573, P = 0.450; IL-18R1: F 3.830, P = 0.051; DECR1: F = 

3.081, P = 0.81). HAOX1 and IL-18R1 failed to show continued statistical significance with 

clinically significant cognitive symptoms (HAOX1: F = 2.023, P = 0.156; IL-18R1: F 2.631, 

P = 0.106). DECR1 did not previously show a significance with clinically significant cognitive 

symptoms and therefore no additional covariate adjustments were made. 

 

When CCL19 was adjusted for by weight, it continued to show significance between 

“none/mild” and “severe” groups (CCL19: F = 5.959, P = .015), with higher levels associated 

with severe cognitive symptoms.  

 

Therefore, following all post-hoc analyses, IL-4Rα, and KIM-1 continued to be statistically 

significant with higher values being associated with clinically significant cognitive symptoms 

(see Figure 5.1). Whilst IL-4Rα, KIM-1 and CCL19 showed statistically significant higher 

values between those with “none/mild” and “severe” cognitive symptoms. 
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Figure 5.1 Serum markers (pg/ml) significantly associated with clinically significant cognitive symptoms as 

defined by the PBC-40 cognitive domain in Study 1: A) IL-4Rα, B) KIM-11 

 

5.1.4.2  Serum proteomics and fatigue symptoms 

Fatigue was more prevalent than cognitive symptoms in this cohort, with 155 out of 289 (53%) 

having “none/mild” fatigue, 86 (30%) having “moderate” fatigue and 48 (17%) having 

“severe” fatigue. Clinically significant fatigue, defined by a score of 33 or more in the PBC-40 

fatigue domain, was present in 98 out of 289 (34%) of participants.  

 

When comparing across the three PBC-40 fatigue symptom severity groups (“none/mild”, 

“moderate” and “severe”), 3 proteomic markers remained statistically significant: leptin 

(P<0.001), KIM-1 (P=0.029), and CCL20 (P=0.023).  

 

Following post-hoc Bonferroni pairwise correction, statistical significance was seen in the 

following pairwise groupings: KIM-1 (none/mild vs. severe, P = 0.037), leptin (none/mild vs. 

moderate, P = 0.014; none/mild vs. severe, P = 0.001) and CCL20 (none/mild vs. severe, P = 

0.022). All other pairs failed to reach statistical significance.  

 

A total of 6 of the 19 serum proteomic markers were statistically significantly elevated in those 

with “severe” fatigue, when compared to those with “none/mild” symptoms. The strongest 

association was with leptin (P<0.001), whilst IL-4Rα (P=0.018), KIM-1 (P=0.015), CCL19 

(P=0.046), IL-18R1 (P=0.040) and CCL20 (P=0.008) were also significant. See Table 5.9. 

 

In contrast to the cognitive domain, a greater number (7/19 for fatigue versus 4/19 for cognitive 

symptoms) of the serum proteomics were statistically significant when associations were tested 

using the clinically significant cut-off score of 33 or more. Of those 7, 5 were elevated when 
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comparing “none/mild” to “severe” symptoms: IL-4Rα (P=0.020), KIM-1 (P=0.004), IL-18R1 

(P=0.027), CCL20 (P=0.022) and leptin (P<0.001). In addition, EP-CAM (P=0.013) and 

CD163 (P=0.045) were significantly elevated in those with clinically significant fatigue (See 

Table 5.9).  
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Table 5.9 Serum markers (pg/ml) according to PBC-40 fatigue domain severity (none/mild vs. severe) and by fatigue score deemed clinically significant in Study 1 

Marker Fatigue Severity Clinically* Significant Fatigue symptoms? 

None/Mild (n=155) 

Median (IQR) 

pg/ml 

Moderate 

(n=86) 

Median (IQR) pg/ml 

Severe (n=48) 

Median (IQR) 

pg/ml 

Significance 

none/mild vs. 

moderate vs. severe 

Significance 

None/mild vs. 

severe 

No (n=191) 

Median (IQR) 

pg/ml 

Yes (n=98) 

Median (IQR) 

pg/ml 

Significance 

IL-4Rα 3.08 (1.08) 3.17 (1.30) 3.38 (1.30) P = .061  

χ2(2) = 5.609 

P = .018 

U = 4564 

3.08 (0.98) 3.30 (1.34) P = .020 

U = 10929  

DECR1 4.12 (1.04)  

 

4.17 (1.03) 4.22 (1.22) P = .372 

χ2(2) = 1.979 

P = .266 

U =4116 

4.13 (1.01) 4.18 (1.11) P = .226 

U = 10174 

KIM-1 8.36 (1.07) 8.60 (1.35) 8.73 (1.55) P = .029 

χ2(2) = 7.098 

P = .015 

U = 4586 

8.41 (1.08) 8.71 (1.36) P = .004 

U = 11302 

ACE2 4.64 (1.35) 4.64 (1.90) 4.87 (2.04) P = .405 

χ2(2) = 1.806 

P = .180 

U = 4197 

4.64 (1.42) 4.76 (1.82) P = .082 

U = 10530 

CA5A 3.67 (1.78) 3.62 (1.62) 3.91 (1.76) P = .515 

χ2(2) = 1.329 

P = .303 

U = 4086 

3.67 (1.68) 3.73 (1.80) P = .423 

U = 9898 

HAOX1 5.73 (2.30) 5.60 (2.70) 6.06 (3.22) P = .316 

χ2(2) = 2.305 

P = .239 

U = 4139 

5.72 (2.49) 5.86 (2.91) P = .496 

U = 9817 

AZU1 6.58 (1.50) 6.47 (1.66) 6.31 (1.71) P = .997 

χ2(2) = 0.006 

P = .933 

U = 3690 

6.58 (1.55) 6.37 (1.68) P = .342 

U = 8720 

EP-CAM 4.90 (0.68) 4.99 (0.57) 5.03 (0.76) P = 2.97 

χ2(2) = 2.425 

P = .173 

U = 4205 

4.87 (0.65) 5.07 (0.70) P = .013 

U = 11022 

Leptin 6.23 (1.52) 6.68 (1.61) 6.90 (1.16) P < .001 

χ2(2) = 15.93 

P < .001 

U = 4958 

6.25 (1.42) 6.89 (1.49) P < .001  

U = 11573 

CXCL11 8.96 (1.26) 9.12 (1.25) 9.08 (1.37) P = .612 

χ2(2) = 0.981 

P = .591 

U = 3911 

9.01 (1.30) 9.09 (1.34) P = .646 

U = 9668 

CXCL9 8.92 (1.27) 8.93 (1.23) 9.13 (1.25) P = .667 

χ2(2) = 0.810 

P = .742 

U = 3837 

8.92 (1.23) 9.09 (1.19) P = .673 

U =9643 

CCL19 9.85 (1.06) 9.83 (1.46) 10.1 (1.17) P = .159 

χ2(2) = 3.672 

P = .046 

U = 4431 

9.85 (0.97) 10.10 (1.64) P = .137 

U = 10360 

IL-18R1 7.61 (0.80) 7.68 (1.01) 7.81 (0.94) P = .120 

χ2(2) = 4.236 

P = .040 

U = 4449 

7.62 (0.77) 7.76 (0.98) P = .027 

U =10850 

CXCL10 9.23 (0.96) 9.05 (1.26) 5.36 (1.51) P = .386 

χ2(2) =1.902 

P = .162 

U = 4217 

8.97 (1.13) 9.19 (1.08) P = .235 

U = 10158 

CCL20  5.36 (1.51) 5.31 (1.77) 5.91 (1.67) P = .023 

χ2(2) = 7.503 

P = .008 

U = 4665 

5.33 (1.33) 5.78 (1.93) P = .022 

U = 10897 

SCAMP3 3.22 (1.27) 3.11 (1.30) 3.39 (1.35) P = .290 

χ2(2) = 2.473 

P = .164 

U = 4215 

3.18 (1.23) 3.30 (1.55) P = .257 

U = 10122 

VIM 4.64 (1.14) 4.76 (0.86) 4.46 (0.85) P = .339 

χ2(2) = 2.165 

P = .805 

U = 3632 

4.65 (1.08) 4.61 (0.90) P = .812 

U = 9519 

CXCL13 8.89 (0.76) 8.99 (0.73) 8.99 (0.78) P = .503 

χ2(2) = 1.374 

P = .264 

U = 4117 

8.90 (0.76) 8.99 (0.73) P = .403 

U = 9922 

CD163 8.26 (0.78) 8.25 (0.86) 8.38 (0.76) P = .252 

χ2(2) = 2.758 

P = .093 

U = 4317 

8.23 (0.78)  8.35 (0.78) P = .045 

U =10705 

*A score of >= 33 in the fatigue domain of the PBC-40 is considered clinically significant; IQR – Interquartile Range; n=number of cases in each group; test for statistical 

significance using Mann-Whitney U and Kruskal-Wallis; P < 0.05 considered statistically significant (2-sided test); red denotes statistically significant; yellow denotes no 

statistical significance following post-hoc Bonferroni correction 
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KIM-1 previously showed a significant correlation with age and weight. Adjusting KIM-1 for 

age and weight as covariates, using ANCOVA, demonstrated continued statistically significant 

elevations of KIM-1 with fatigue when stratifying by “none/mild” and “severe” groups (KIM-

1: F = 10.670, P = 0.001) and clinically significant fatigue (KIM-1: F = 11.972, P = 0.001).  

 

IL-18R1, when adjusted for by age, did not continue to show significance for clinically 

significant fatigue (IL-18R1: F = 2.320, P = 0.129) or between the “none/mild” vs. “severe” 

fatigue groups (IL-18R1: F = 3.516, P = 0.062). 

 

Leptin, which showed a strong correlation to weight, was no longer significant when weight 

was included as a covariate for both clinically significant fatigue (Leptin: F = 3.222, P = 0.074) 

or between the “none/mild” and “severe” groups (Leptin: F = 3.452, P = 0.065). CCL19 was 

also no longer significant when corrected for weight for “none/mild” vs “severe” fatigue 

(CCL19: F = 2.788, P = 0.097). 

 

Following post-hoc analyses, IL-4Rα, KIM-1, CD163 and CCL20 remained statistically 

significant with elevated levels being associated with clinically significant fatigue. See Figure 

5.2 
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Figure 5.2 Serum markers (pg/ml) significantly associated with clinically significant fatigue symptoms as defined 

by the PBC-40 fatigue domain A) IL-4Rα, B) KIM1, C) CD163 D) CCL20 
 

 

5.1.4.3 Serum proteomics and itch symptoms 

 

“Severe” itch in the relevant PBC-40 domain was present in 30/289 (10%), “moderate” in 

59/289 (21%), and 200/289 (69%) reported minimal or no itch and were categorised into the 

“none/mild” group. Clinically significant itch was defined by a PBC-40 itch domain score of 

7 or more and using this definition, 143/289 (49%) had itch considered to be clinically 

significant. The number of participants with clinically significant itch is greater than the total 

number of participants reporting moderate/severe itch due to the pre-defined cut-off for 

clinically significant itch straddling the “none/mild” boundary (Mells et al., 2013). See section 

3.4.5. 
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When using the itch severity groups “none/mild”, “moderate” and “severe”, 6 markers (IL-4Rα 

(P=0.002), KIM1 (P=0.020), EPCAM (P=0.035), Leptin (P=0.016), IL-18R1 (P=0.003) and 

CD163 (P=0.007)) were higher in patients with more severe symptoms.  

 

Following Bonferroni post-hoc pairwise analysis, statistically significant findings were 

observed for IL-4Rα (none/mild vs moderate, P = 0.025; none/mild vs severe, P = 0.023), KIM-

1 (none/mild vs severe, P = 0.018), leptin (none/mild vs moderate, P = 0.045), IL-18R1 

(none/mild vs moderate, P = 0.016) and CD163 (none/mild vs severe, P = 0.005). No 

significance was observed in EPCAM.  

 

Comparing serum proteomics across the “none/mild” and “severe” categories of the PBC-40 

itch domain, a statistically significant relationship was seen for 6 of the 19 markers, with higher 

serum values being associated with severe itch. The strongest positive associations were for 

IL-4Rα (P=0.008), KIM-1 (P=0.005) and CD163 (P=0.002), whilst there were also positive 

associations between ACE2 (P=0.044), EPCAM (P=0.023) and IL-18R1 (P=0.019) and 

worsening itch severity. Leptin was no longer significant. 

 

Exploring serum proteomic markers based on clinically significant itch demonstrated 6 out of 

19 markers to be statistically significant. These included 4 of the 6 previously observed 

significant markers: IL-4Rα (P=0.032), KIM-1 (P=0.032), IL-18R1 (P=0.015) and leptin 

(P<0.001), along with new associations with CCL19 (P=0.038) and CCL20 (P=0.027), where 

higher serum levels were observed in those with clinically significant itch. See Table 5.10 and 

Figure 5.3. 
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Table 5.10 Serum markers (pg/ml) by PBC-40 itch domain severity (none/mild vs. severe) and by clinically significant itch score in Study 1 

Marker Itch Severity Clinically* Significant Itch symptoms? 

None/Mild (n=200) 

Median (IQR) 

pg/ml 

Moderate (n=59) 

Median (IQR) 

pg/ml 

Severe (n=30) 

Median (IQR) 

pg/ml 

Significance 

none/mild vs. 

moderate vs. severe 

Significance 

none/mild vs. 

severe 

No (n=146) 

Median (IQR) 

pg/ml 

Yes (n=143) 

Median (IQR) 

pg/ml 

Significance 

IL-4Rα 3.05 (1.11) 3.38 (1.15) 3.40 (1.40) P = .002  

χ2(2) = 11.99 

P = .008 

U = 3899 

3.09 (1.01) 3.27 (1.30) P = .032 

U = 11965 

DECR1 4.15 (1.06) 4.10 (0.96) 4.17 (1.22) P = .809 

χ2(2) = 0.424 

P = .516 

U = 3221 

4.13 (1.09) 4.18 (1.01) P = .310 

U = 11160 

KIM-1 8.41 (1.15) 8.46 (1.75) 8.87 (1.22) P = .020 

χ2(2) = 7.828 

P = .005 

U = 3963 

8.38 (1.15) 8.60 (1.29) P = .032 

U = 11965 

ACE2 4.56 (1.43) 4.75 (1.71) 5.25 (2.03) P = .088 

χ2(2) = 4.865 

P = .044  

U = 3685 

4.62 (1.36) 4.73 (1.82) P = .450 

U = 10975 

CA5A 3.66 (1.71) 3.72 (1.82) 4.10 (1.70) P = .266 

χ2(2) = 2.646 

P = .120  

U = 3528 

3.78 (1.79) 3.66 (1.71) P = .442 

U = 10985 

HAOX1 5.68 (2.54) 5.95 (2.74) 6.26 (3.64) P = .484 

χ2(2) = 1.452 

P = .379 

U = 3299 

5.67 (2.36) 5.89 (2.94) P = .267 

U = 11228 

AZU1 6.48 (1.58) 6.59 (1.55) 6.25 (1.85) P = .921 

χ2(2) = .165 

P = .709 

U = 2873 

6.45 (1.72) 6.52 (1.49) P = .614 

U = 10797 

EP-CAM 4.87 (0.62) 5.02 (0.60) 5.20 (0.84) P = .035 

χ2(2) = 6.700 

P = .023 

U = 3770 

4.91 (0.63) 5.01 (0.72) P = .159 

U = 11440 

Leptin 6.36 (1.36) 6.86 (1.44) 6.93 (2.08) P = .016 

χ2(2) = 8.238 

P = .066 

U = 3624 

6.26 (1.47) 6.76 (1.39) P < .001 

U = 12986 

CXCL11 8.03 (1.35) 8.96 (1.20) 9.08 (1.87) P = .902 

χ2(2) = .207 

P = .986 

U = 3006 

9.02 (1.40) 9.05 (1.27) P = .788 

U = 10630 

CXCL9 8.93 (.125) 8.88 (1.07) 9.08 (0.94) P = .817 

χ2(2) = .404 

P = .560 

U = 3198 

8.92 (1.20) 9.05 (1.28) P = .980 

U = 10421 

CCL19 9.85 (1.13) 10.11 (1.39) 10.07 (1.32) P = .143 

χ2(2) = 3.891 

P = .121 

U = 3527 

9.82 (1.13) 10.10 (1.34) P = .038 

U = 11909 

IL-18R1 7.59 (0.89) 7.90 (0.89) 7.78 (0.97) P = .003 

χ2(2) = 11.437 

P = .019 

U = 3797 

7.58 (0.78) 7.75 (0.95) P = .015 

U = 12166 

CXCL10 9.01 (1.14) 8.96 (1.26) 9.23 (1.07) P = .593 

χ2(2) = 1.047 

P = .313 

U = 3343 

8.99 (1.16) 9.09 (1.07) P = .632 

U = 10779 

CCL20  5.35 (1.50) 5.88 (1.80) 5.47 (1.86) P = .091 

χ2(2) = 4.794 

P = .349 

U = 3318 

5.35 (1.42)  5.66 (1.65) P = .027 

U = 12006 

SCAMP3 3.18 (1.31) 3.33 (1.58) 2.96 (1.35) P = .349 

χ2(2) = 2.103 

P = .740 

U = 2887 

3.15 (1.28) 3.22 (1.41) P = .348 

U = 11106 

VIM 4.63 (1.05) 4.77 (1.11) 4.46 (0.68) P = .668 

χ2(2) = .806 

P = .892 

U = 2954 

4.62 (1.02) 4.71 (0.96) P = .140 

U = 11487 

CXCL13 8.89 (0.73) 9.01 (0.93) 8.94 (0.66) P = .407 

χ2(2) = 1.796 

P = .930 

U = 2970 

8.90 (0.70) 8.94 (0.79) P = .843 

U = 10580 

CD163 8.21 (0.79) 8.26 (0.84) 8.61 (0.62) P = .007 

χ2(2) = 9.902 

P = .002 

U = 4072 

8.24 (0.76) 8.32 (0.82) P = .201 

U = 11347 

*A score of >= 7 in the itch domain of the PBC-40 is considered clinically significant; IQR – Interquartile Range; n=number of cases in each group; test for statistical 

significance using Mann-Whitney U and Kruskal-Wallis; P < 0.05 considered statistically significant (2-sided test); red denotes statistically significant; yellow denotes no 

statistical significance following post-hoc Bonferroni correction 
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Adjusting for age and weight as a covariate for KIM-1, resulted in continued significant 

correlation of KIM-1 with clinically significant itch (KIM-1: F = 9.129, P = 0.003) and the 

“none/mild” and “severe” groups (KIM-1: F = 9.050, P = 0.003). CCL19, when adjusted for 

weight, failed to show significance (CCL19: F = 3.773, P = 0.053). 

 

Leptin continued to show significant correlation to clinically significant itch when weight was 

included as a covariate (Leptin: F= 10.944, P = 0.001).  

 

IL-18R1 remained significant when adjusted for by age with clinically significant itch (IL-

18R1: F = 5.294, P = 0.022) and between “none/mild” and “severe” groups (IL-18R1: F = 

3.825, P = 0.05) 

 

Following post-hoc analyses, IL-4Rα, KIM-1, Leptin and IL-18R1 remained statistically 

significant with elevated levels being associated with clinically significant itch. See Figure 5.3 
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Figure 5.3 Serum markers (pg/ml) significantly associated with clinically significant itch symptoms as defined by 

the PBC-40 itch domain A) IL-4Rα, B) KIM1, C) Leptin D) IL-18R1.  
 

 

5.1.4.4 Serum proteomics and emotional symptoms 

 

From the PBC-40 emotional domain, 194 out 298 (67%) of participants were considered to 

have “none/mild” symptoms, 69 (24%) participants had “moderate” symptoms and 26 (9%) 

had “severe” symptoms. When split by clinical significance (using the pre-defined value of 12 

or more), which is also the cut-off for “severe” symptoms, 26/289 (9%) had clinically 

significant emotional symptoms. 

 

Using the categories of “none/mild”, “moderate” and “severe”, 4 out of 19 markers were 

considered statistically significant: IL-4Rα (P=0.04), ACE2 (P=0.016), HAOX1 (P=0.033) and 

IL-18R1 (P=0.037), with elevated analytes being associated with more severe emotional 

symptoms.  
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Following post-hoc Bonferroni pairwise analysis, IL-4Rα did not remain significant, whilst 

HAOX1 (none/mild vs. moderate, P = 0.04, none/mild vs. severe, P = 0.04), IL-18R1 

(none/mild vs. severe, P = 0.03) and ACE2 (none/mild vs. moderate, P = 0.018, none/mild vs. 

severe, P = 0.021) showed statistical significance between the described groups, with increased 

levels associated with increased emotional symptom severity. 

 

When comparing “none/mild” vs. “severe” emotional symptoms 7 out of 19 proteome markers 

were significantly elevated. The strongest associations were for ACE2 (P=0.005) and IL-18R1 

(P=0.009), whilst IL-4Rα (P=0.024), KIM-1 (P=0.036), CA5A (P=0.037), HAOX1 (P=0.012), 

IL-18R1 and CD163 (P=0.018) were also statistically significantly elevated in those with 

severe emotional symptoms.  

 

Finally, applying the clinically significant cut-off for the PBC-40 emotional domain to the 

serum proteome resulted in a positive association with 5 out of 19 markers, with ACE2 

(P=0.005) was the most significant, followed by HAOX1 (P=0.010), IL-18R1 (P=0.026), 

CD163 (P=0.026) and IL-4Rα (P=0.041). See Table 5.11. 
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Table 5.11 Serum markers (pg/ml) by PBC-40 emotional domain severity (none/mild vs. severe) and by clinically significant emotional score in Study 1 

Marker Emotional Severity Clinically* Significant Emotional symptoms? 

None/Mild (n=194) 

Median (IQR) 

pg/ml 

Moderate (n=69) 

Median (IQR) 

pg/ml 

Severe (n=26) 

Median (IQR) 

pg/ml 

Significance 

none/mild vs. 

moderate vs. severe 

Significance 

none/mild vs. 

severe 

No (n=263) 

Median (IQR) 

pg/ml 

Yes (n=26) 

Median (IQR) 

pg/ml 

Significance 

IL-4Rα 3.09 (1.04) 3.26 (1.35) 3.56 (1.61) P = .040 

χ2(2) = 6.439 

P = .024 

U = 3212 

3.11 (1.20) 3.56 (1.61) P = .041  

U = 4251 

DECR1 4.16 (1.01) 4.08 (0.96) 4.36 (1.39) P = .269 

χ2(2) = 2.623 

P = .108 

U = 3012 

4.14 (0.99) 4.36 (1.39) P = .106 

U = 4076 

KIM-1 8.41 (1.20) 8.59 (1.26) 8.96 (1.62) P = .077 

χ2(2) = 5.115 

P = .036 

U = 3160 

8.46 (1.21) 8.96 (1.62) P = .050 

U = 4215 

ACE2 4.68 (1.38) 4.43 (1.93) 5.50 (1.96) P = .016 

χ2(2) = 8.216 

P = .005 

U = 3370 

4.60 (1.55) 5.50 (1.96) P = .005 

U = 4567 

CA5A 3.62 (1.70) 3.73 (1.96) 4.15 (1.61) P = .106  

χ2(2) = 4.484 

P = .037 

U = 3159 

3.66 (1.64) 4.15 (1.61) P = .050 

U = 4216 

HAOX1 5.69 (2.49) 5.65 (3.04) 6.93 (2.83) P = .033  

χ2(2) = 6.811 

P = .012 

U = 3290 

5.69 (2.61) 6.93 (2.83) P = .010 

U = 4469 

AZU1 6.58 (1.59) 6.38 (1.73) 6.18 (1.43) P = .407 

χ2(2) = 1.796 

P = .187 

U = 2120 

6.54 (1.58) 6.18 (1.43) P = .201 

U = 2899 

EP-CAM 4.91 (0.64) 5.03 (0.61) 5.01 (0.87) P = .377 

χ2(2) = 1.951 

P = .190 

U = 2921 

4.94 (0.63) 5.01 (0.87) P = .224 

U = 3913 

Leptin 6.41 (1.38) 6.70 (1.39) 6.69 (1.69) P = .147 

χ2(2) = 3.831 

P = .360 

U = 2801 

6.48 (1.44) 6.69 (1.69) P = .521  

U = 3680 

CXCL11 9.03 (1.37) 9.02 (1.39) 9.00 (1.15) P = .482 

χ2(2) = 1.458 

P = .684 

U = 2398 

9.03 (1.36) 9.00 (1.15) P = .825 

U = 3329 

CXCL9 8.92 (1.30) 9.18 (1.14) 8.80 (1.31) P = .655 

χ2(2) = 0.847 

P = .403 

U = 2267 

9.01 (1.20) 8.80 (1.31) P = .369 

U = 3054 

CCL19 9.91 (1.11) 9.79 (1.43) 10.04 (1.22) P = .176 

χ2(2) = 3.479 

P = .079 

U = 3058 

9.88 (1.19) 10.04 (1.22) P = .068 

U = 4162 

IL-18R1 7.64 (0.85) 7.64 (1.07) 7.88 (1.17) P = .037 

χ2(2) = 6.612 

P = .009 

U = 3318 

7.64 (0.93) 7.89 (1.17) P = .011 

U = 4449 

CXCL10 8.97 (1.20) 9.15 (0.99) 9.13 (0.10) P = .709 

χ2(2) = 0.689 

P = .527 

U = 2715 

9.01 (1.17) 9.13 (1.00) P = .624 

U = 3618 

CCL20  5.38 (1.43) 5.38 (1.89) 5.50 (1.65) P = .157 

χ2(2) = 3.701 

P = .399 

U = 2779 

5.47 (1.46) 5.50 (1.65) P = .593 

U = 3636 

SCAMP3 3.23 (1.23) 3.30 (1.73) 4.00 (1.78) P = .473 

χ2(2) = 1.496 

P = .301 

U = 2207 

3.23 (1.36) 3.00 (1.78) P = .248 

U = 2949 

VIM 4.69 (1.11) 4.63 (1.01) 4.43 (0.45) P = .210 

χ2(2) = 3.123 

P = .080 

U =1989 

4.67 (1.08) 4.43 (0.45) P = .081 

U = 2710 

CXCL13 8.94 (0.71) 8.88 (0.77) 8.79 (1.01) P = .981 

χ2(2) = 0.038 

P = .880 

U = 2476 

8.93 (0.74) 8.79 (1.02) P = .896 

U = 3366 

CD163 8.25 (0.78) 8.24 (0.78) 8.39 (0.86) P = .053 

χ2(2) = 5.867 

P = .018 

U = 3241 

8.26 (0.80) 8.39 (0.86) P = .026 

U =4326 

*A score of >= 12 in the emotional domain of the PBC-40 is considered clinically significant; IQR – Interquartile Range; n=number of cases in each group; test for statistical 

significance using Mann-Whitney U and Kruskal-Wallis; P < 0.05 considered statistically significant (2-sided test); red denotes statistically significant; yellow denotes no 

statistical significance following post-hoc Bonferroni correction
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KIM-1 showed significance between “none/mild” and “severe” emotional groups when 

adjusted for by age and weight (KIM-1: F = 7.818, P = 0.006) and for clinically significant 

emotional symptoms (KIM-1: F = 5.880, P = 0.016). 

 

IL-18R1, when adjusted for age, showed significance for “none/mild” and “severe” emotional 

groups (IL-18R1: F = 4.602, P = 0.033) and those with clinically significant emotional 

symptoms (IL-18R1: F = 4.300, P = 0.039). 

 

After adjusting HAOX1 for age as covariate against clinically significant emotional symptoms, 

and “none/mild” vs “severe” HAOX1 failed to show significance (HAOX1: F = 3.033, P = 

0.083).  

 

Therefore, after post-hoc analysis, IL-4Rα, KIM-1, ACE2, IL-18R1 and CD163 remained 

associated with clinically significant emotional symptoms. See Figure 5.4. 
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Figure 5.4 Serum markers (pg/ml) significantly associated with clinically significant emotional symptoms as 

defined by the PBC-40 emotional domain A) IL-4Rα, B) KIM-1 C) ACE2, D) IL-18R1 E) CD163  
 

 

5.1.4.5 Serum proteomics and social symptoms 

 

Applying the pre-defined severity cut-offs for the PBC-40 social domain, 195/298 (66%) 

participants had “none/mild” symptoms, 77/298 (27%) “moderate”, and 17/298 (7%) “severe”. 
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Splitting the cohort by clinically significant symptoms, defined by a PBC-40 social domain 

score of 32, resulted in 69/289 (24%) being considered to have clinically significant symptoms.   

 

Only 3 of the 19 markers were statistically significant when analysed according to “none/mild”, 

“moderate” and “severe” groups. These were KIM-1 (P=0.004), IL-4Rα (P=0.014), and leptin 

(P=0.007). KIM-1 and IL-4Rα demonstrated increasing serum levels with increased symptom 

severity, whilst for leptin, particularly high levels were observed in the “moderate” group 

compared to the “none/mild” and “severe” groups. 

 

Following correction for multiple testing and with pairwise comparisons, IL-4Rα (none/mild 

vs. severe: P = 0.04), KIM-1 (none/mild vs. severe: P = 0.004) and leptin (none/mild vs. 

moderate: P = 0.005) remained significant, with significance observed between the described 

groups. 

 

Exploring the serum proteome between the “none/mild” versus “severe” groups demonstrated 

statistical significance across 5 of the 19 markers. KIM-1 (P=0.002), IL-4Rα (P=0.014), ACE2 

(P=0.032), CCL19 (P=0.023) and IL-18R1 (0.020). In all, cases higher serum levels were 

associated with severe symptoms.  

 

Finally, using the pre-defined clinically significant social scores, 4 out of 19 markers reached 

significance. KIM-1 and leptin were elevated with clinically significant social symptoms: 

KIM-1 (P=0.003), leptin (P=.032) and were observed to be significant in the previous analysis, 

whilst 2 new markers AZU1 (P=0.014) and VIM (P=0.021)) were statistically significantly 

lower in those with clinically significant symptoms. See Table 5.12. 
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Table 5.12 Serum markers (pg/ml) by PBC-40 social domain severity (none/mild vs. severe) and by social score deemed clinically significant in Study 1 

Marker Social Severity Clinically* Significant Social symptoms? 

None/Mild (n=195) 

Median (IQR) 

pg/ml 

Moderate (n=77) 

Median (IQR) 

pg/ml 

Severe (n=17) 

Median (IQR) 

pg/ml 

Significance 

none/mild vs. 

moderate vs. severe 

Significance 

none/mild vs. 

severe 

No (n=220) 

Median (IQR) 

pg/ml 

Yes (n=69) 

Median (IQR) 

pg/ml 

Significance 

IL-4Rα 3.09 (1.08) 3.19 (1.35) 3.69 (1.53) P = .039 

χ2(2) = 6.48 

P = .014 

U = 2254 

3.10 (1.08) 3.31 (1.54) P = .096 

U = 8599 

DECR1 4.12 (0.99) 4.21 (1.09) 4.36 (1.67) P = .235 

χ2(2) = 2.90 

P = .134 

U = 2021 

4.15 (0.99) 4.16 (1.15) P = .657 

U = 7859 

KIM-1 8.42 (1.13) 8.60 (1.46) 9.56 (1.70) P = .004  

χ2(2) = 11.142 

P = .002 

U = 2422 

8.41 (1.19) 8.69 (1.45) P = .003 

U = 9372 

ACE2 4.64 (1.37) 4.72 (2.05) 5.60 (2.20) P = .111 

χ2(2) = 4.397 

P = .032 

U = 2177 

4.60 (1.40) 4.87 (2.22) P = .091 

U = 8615 

CA5A 3.67 (1.73) 3.73 (1.65) 4.20 (2.24) P = .257 

χ2(2) = 2.717 

P = .116 

U = 2039 

3.66 (1.65) 3.83 (1.84) P = .317 

U = 8196 

HAOX1 5.73 (2.54) 5.62 (2.82) 7.14 (3.27) P = .138 

χ2(2) = 3.962 

P = .051 

U = 2131 

5.74 (2.53) 5.75 (3.03) P = .593 

U = 7914 

AZU1 6.58 (1.55) 6.50 (1.72) 6.06 (1.22) P = .434 

χ2(2) = 1.669 

P = .195 

U = 1343 

6.5 (1.46) 6.12 (1.54) P = .014 

U = 6097 

EP-CAM 4.89 (0.64) 5.04 (0.53) 5.19 (0.94) P = .062 

χ2(2) = 5.560 

P = .066 

U = 2104 

4.93 (0.64) 5.04 (0.68) P = .216 

U = 8339 

Leptin 6.34 (1.38) 6.93 (1.34)  6.69 (2.14) P = .007 

χ2(2) = 9.932 

P = .440 

U = 1845 

6.44 (1.40) 6.90 (1.45) P = .032 

U = 8892 

CXCL11 9.02 (1.31) 9.15 (1.34) 8.73 (0.86) P = .551  

χ2(2) = 1.193 

P = .408 

U = 1457 

9.03 (1.39) 9.00 (1.25) P = .861 

U = 7484 

CXCL9 8.91 (1.25) 9.18 (1.13) 8.73 (1.26) P = .582 

χ2(2) = 1.084 

P = .440 

U = 1470 

8.92 (1.27) 9.09 (1.11) P = .799 

U = 7436 

CCL19 9.88 (1.05) 9.85 (1.55) 10.45 (1.26) P = .070 

χ2(2) = 5.325 

P = .023 

U =2209 

9.88 (1.04) 10.07 (1.66) P = .198 

U = 8369 

IL-18R1 7.64 (0.85) 7.71 (1.10) 7.90 (1.16) P = .057 

χ2(2) = 5.714 

P = .020 

U = 2222 

7.64 (0.87) 7.71 (1.01) P = .191 

U = 8382 

CXCL10 8.98 (1.16) 9.22 (1.10) 8.97 (1.04) P = .386 

χ2(2) = 1.905 

P = .784 

U = 1591 

9.00 (1.19) 9.13 (1.01) P = .650 

U = 7864 

CCL20  5.38 (1.45) 5.57 (1.85) 5.99 (1.15) P = .177 

χ2(2) = 3.463 

P = .124 

U = 2031 

5.42 (1.41) 5.57 (1.86) P = .161  

U = 8438 

SCAMP3 3.21 (1.22) 3.14 (1.65) 3.17 (1.49) P = .938 

χ2(2) = 0.128 

P = .721 

U = 1744 

3.23 (1.30) 3.05 (1.58) P = .452 

U = 7134 

VIM 4.69 (1.01) 4.47 (1.07) 4.46 (0.63) P = .395 

χ2(2) = 1.859 

P = .182 

U = 1334 

4.71 (0.99)  4.44 (0.99) P = .021 

U = 6197 

CXCL13 8.90 (0.77) 9.01 (0.71) 8.72 (0.94) P = .404 

χ2(2) = 1.814 

P = .432 

U =1467 

8.90 (0.75) 9.01 (0.74) P = .223 

U = 8328 

CD163 8.26 (0.78) 8.34 (0.84) 8.14 (0.86) P = .472 

χ2(2) = 1.501 

P = .381 

U = 1870 

9.23 (0.78) 8.34 (0.87) P = .205 

U = 8358 

*A score of >= 32 in the social domain of the PBC-40 is considered clinically significant; IQR – Interquartile Range; n=number of cases in each group; test for statistical 

significance using Mann-Whitney U and Kruskal-Wallis; P < 0.05 considered statistically significant (2-sided test); red denotes statistically significance 
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Adjusting for age and weight, KIM-1 continued to show statistical significance to clinically 

significant social symptoms, (KIM-1: F = 11.905, P = 0.001) and between the “none/mild” and 

“severe” groups (KIM-1: F = 15.657, P = < 0.001), with higher levels observed in 

severe/clinically significant symptoms. CCL19 failed to show continued significance (CCL19: 

F = 3.243, P = 0.073). 

 

Leptin, when adjusted for weight, failed to show significant association with clinically 

significant social symptoms (Leptin: F 1.433, P = 0.232).  IL-18R1 failed to show significance 

when corrected for by age (IL-18R1: F = 2.995, P = 0.085).  

 

Figure 5.5 illustrates the analytes that are significantly associated with clinically significant 

social symptoms and include KIM-1, AZU1, and VIM, with KIM-1 being increased in 

clinically significant social symptoms, while AZU1 and VIM were reduced. 

 

 

 
Figure 5.5 Serum markers (pg/ml) significantly associated with clinically significant social symptoms as defined 

by the PBC-40 social domain A) KIM-1, B) AZU1, C) VIM 
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5.1.4.6 Serum proteomics and general symptoms 

 

A total of 214 out 289 (74%) of participants were classified as having “none/mild” symptoms 

in the PBC-40 general symptoms domain, whilst 67 out of 289 (23%) of participants had 

“moderate” symptoms. The number of participants considered to have “severe” symptoms was 

small, with only 8/289 (3%) in this category. When applying the pre-defined score of 18 or 

more to stratify by clinical significance, 99/289 (34%) participants had general symptoms that 

were considered clinically significant.  

 

When comparing “none/mild”, “moderate” and “severe” participants, only 2 out of the 19 

markers, KIM-1 (P=0.020) and leptin (P=0.013), showed statistically significant differences, 

with higher serum levels being associated with severe symptoms. With post-hoc correction for 

multiple testing, pairwise comparison showed statistical significance for KIM-1 (none/mild vs. 

moderate, P = 0.023) and leptin (none/mild vs. moderate, P = 0.028), but not between the severe 

symptom groups.  

 

No serum proteomic markers were statistically significantly different between the “none/mild” 

and “severe” categories. 

 

When analysing according to clinically significant symptoms: KIM-1 (P=0.005) and leptin 

(P<0.001), and CCL20 (P=0.004) were significantly elevated in those with clinically 

significant symptoms. See Table 5.13. 

 

Including the covariates age and weight for KIM-1 showed continued statistically significant 

levels in those with clinically significant symptoms (KIM-1: F = 11.750, P = 0.001).  Leptin 

remained significantly elevated when corrected for by weight in clinically significant general 

symptoms (leptin: F = 10.390, P = 0.001). See Figure 5.6. 
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Table 5.13 Serum markers (pg/ml) by PBC40 general symptoms domain severity (none/mild vs. severe) and general symptoms score deemed clinically significant in Study 1 

Marker General Symptoms Severity Clinically* Significant General Symptoms? 

None/Mild (n=214) 

Median (IQR) 

pg/ml 

Moderate (n=67) 

Median (IQR) pg/ml 

Severe (n=8) 

Median (IQR) 

pg/ml 

Significance 

none/mild vs. 

moderate vs. severe 

Significance 

none/mild vs. 

severe 

No (n=190) 

Median (IQR) 

pg/ml 

Yes (n=99) 

Median (IQR) 

pg/ml 

Significance 

IL-4Rα 3.12 (1.08) 3.16 (1.58) 3.25 (1.64) P = .601 

χ2(2) = 1.019 

P = .343 

U = 1025 

3.11 (1.03) 3.22 (1.49) P = .236 

U = 10204 

DECR1 4.13 (1.04) 4.18 (1.04) 4.23 (1.23) P = .626  

χ2(2) = 0.938 

P = .470 

U = 985 

4.13 (1.02) 4.34 (1.08) P = .130 

U = 10426 

KIM-1 8.40 (1.17) 8.72 (1.55) 8.83 (1.75) P = .020 

χ2(2) = 7.862 

P = .262 

U = 1056 

8.34 (1.09) 8.71 (1.41) P = .005 

U = 11279 

ACE2 4.67 (1.46) 4.64 (2.38) 5.17 (2.65) P = .356 

χ2(2) = 2.067 

P = .150 

U = 1113 

4.67 (1.46) 4.64 (1.83) P = .635 

U = 9725 

CA5A 3.71 (1.64) 3.63 (1.92) 4.44 (1.75) P = .518 

χ2(2) = 1.315 

P = .265 

U =1055 

3.69 (1.69) 3.73 (1.75) P = .323 

U = 10072 

HAOX1 5.80 (2.48) 5.49 (3.12) 6.62 (4.09) P = .941 

χ2(2) = 0.122 

P = .801 

U = 811 

5.77 (2.45) 5.69 (3.05) P = .882 

U = 9505 

AZU1 6.57 (1.60) 6.41 (1.59) 6.23 (1.36) P = .962 

χ2(2) = 0.078 

P = .805 

U = 812 

6.47 (1.58) 6.52 (1.59) P = .528 

U = 9830 

EP-CAM 4.93 (0.61) 5.02 (0.91) 5.08 (0.62) P = .577 

χ2(2) = 1.099 

P = .404 

U = 1005 

4.91 (0.60) 5.03 (0.83) P = .119 

U = 10457 

Leptin 6.38 (1.36) 6.91 (1.35) 7.27 (2.64) P = .013  

χ2(2) = 8.631 

P = .127 

U =1128 

6.34 (1.48) 6.91 (1.30) P < .001 

U = 12084 

CXCL11 9.03 (1.37) 8.98 (1.09) 8.41 (1.14) P = .129 

χ2(2) = 4.098 

P = .057 

U = 516 

9.01 (1.40) 9.07 (1.19) P = .694 

U = 9140 

CXCL9 8.97 (1.29) 9.07 (1.06) 8.64 (1.20) P = .486 

χ2(2) = 1.443 

P = .253 

U = 652 

8.92 (1.28) 9.07 (1.15) P = .799 

U = 9233 

CCL19 9.89 (1.04) 9.98 (1.57) 10.09 (2.52) P = .919 

χ2(2) = 0.170 

P = .920 

U = 874 

9.88 (1.06) 9.98 (1.58) P = .481 

U = 9880 

IL-18R1 7.64 (0.85) 7.73 (1.15) 7.50 (1.19) P = .600 

χ2(2) = 1.022 

P = .998 

U = 856 

7.64 (0.84) 7.75 (1.12) P = .122 

U = 10447 

CXCL10 9.04 (1.18) 9.05 (1.01) 8.73 (1.07) P = .443 

χ2(2) = 1.629 

P = .272 

U = 660 

9.00 (1.27) 9.12 (0.99) P = .710 

U = 9154 

CCL20  5.32 (1.46) 5.70 (1.68) 5.81 (2.74) P = .058 

χ2(2) = 5.680 

P = .594 

U = 951 

5.35 (1.49) 5.63 (1.65) P = .004 

U = 10761 

SCAMP3 3.23 (1.31) 3.22 (1.59) 2.89 (0.30) P = .762 

χ2(2) = .543 

P = .501 

U = 736 

3.22 (1.31) 3.17 (1.49) P = .684 

U = 9679 

VIM 4.64 (1.10) 4.60 (0.82) 4.60 (0.76) P = .853 

χ2(2) = .317 

P = .766 

U = 803 

4.63 (1.09) 4.64 (0.90) P = .753 

U = 9617 

CXCL13 8.92 (0.71) 8.92 (0.86) 9.78 (1.17) P = .756 

χ2(2) = 0.559 

P = .537 

U = 746 

8.97 (0.72) 8.85 (0.78) P = .243 

U = 8617 

CD163 8.31 (0.75) 8.25 (0.91) 8.17 (0.81) P = .951 

χ2(2) = 0.100 

P = .964 

U =848 

8.31 (0.75) 8.25 (0.91) P = .563 

U = 9795 

*A score of >= 18 in the general symptom domain of the PBC-40 considered at clinically significant; IQR – Interquartile Range; n=number of cases in each group; test for 

statistical significance using Mann-Whitney U and Kruskal-Wallis; P < 0.05 considered statistically significant (2-sided test); red denotes statistically significance 
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Figure 5.6 Serum markers (pg/ml) significantly associated with clinically significant general symptoms as defined 

by the PBC-40 general domain A) KIM-1, B) Leptin, C) CCL20 
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5.1.4.7 Serum proteomics and symptoms – summary 

 

Following correction for multiple testing using FDR, several markers remained statistically 

significant for both comparisons according to “none/mild” vs “severe” symptoms and clinically 

significant symptoms. They are summarised in Table 5.14 and Table 5.15.  

 

Notably, KIM-1 continued to show significance in both assessment methods for the cognitive, 

fatigue and itch domains, even when correcting for age, weight, and multiple testing. It was 

also significant for social symptoms in the “none/mild” vs. “severe” groupings, but not 

clinically significant symptoms, whilst for general symptoms it showed the opposite finding, 

i.e., was significant for clinically significant general symptoms.  

 

Many of IL-4R𝛼’s associations were considered false positives following correction for 

multiple testing. However, it continued to show significance for itch in the “none/mild” vs. 

“severe” group comparison. IL-18R1 and CD163 continued to remain significant for itch in the 

none/mild” vs. “severe” group comparisons, whilst leptin remained significant for clinically 

significant itch and clinically significant general symptoms.  
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Table 5.14 Summary table of statistical significance for median serum markers (pg/ml) by PBC-40 domain, split 

by symptom severity (“none/mild” vs “severe”) for Study 1 
Marker PBC-40 Domain  

Symptom Severity Cognition 

Median (IQR) 

pg/ml 

Fatigue 

Median (IQR) 

pg/ml 

Itch 

Median (IQR) 

pg/ml 

Emotional 

Median (IQR) 

pg/ml 

Social 

Median (IQR) 

pg/ml 

General symptoms 

Median (IQR) 

pg/ml 

IL-4Rα None/mild 

Severe 

3.08 (1.03) 

3.72 (1.69) 

3.08 (1.08) 

3.38 (1.30) 

3.05 (1.11) 

3.40 (1.40) 

3.09 (1.04) 

3.56 (1.61) 

3.09 (1.08) 

3.69 (1.53) 

3.12 (1.08) 

3.25 (1.64) 

 Significance P=.026 P = .018 P = .008 P = .024 P = .014 P = .343 

DECR1 None/mild 

Severe 

4.11 (0.97) 

4.46 (1.24) 

4.12 (1.04)  

4.22 (1.22) 

4.15 (1.06) 

4.17 (1.22) 

4.16 (1.01) 

4.36 (1.39) 

4.12 (0.99) 

4.36 (1.67) 

4.13 (1.04) 

4.23 (1.23) 

 Significance 

(age adjust.) 

P=.006 

P=.081 

P = .266 P = .516 P = .108 P = .134 P = .470 

KIM-1 None/mild 

Severe 

8.47 (1.09) 

8.96 (1.55) 

8.36 (1.07) 

8.73 (1.55) 

8.41 (1.15) 

8.87 (1.22) 

8.41 (1.20) 

8.96 (1.62) 

8.42 (1.13) 

9.56 (1.70) 

8.40 (1.17) 

8.83 (1.75) 

 Significance 

(age/weight adjust) 

P=.031 

P=.002  

P=.015 

P= .001 

P = .005 

P = .003 

P = .036 

P = .006 

P = .002 

P = .001 

P = .262 

ACE2 None/mild 

Severe 

4.65 (1.37) 

5.33 (2.18) 

4.64 (1.35) 

4.87 (2.04) 

4.56 (1.43) 

5.25 (2.03) 

4.68 (1.38) 

5.50 (1.96) 

4.64 (1.37) 

5.60 (2.20) 

4.67 (1.46) 

5.17 (2.65) 

 Significance P=.057 P = .180 P = .044  P = .005 P = .032 P = .150 

CA5A None/mild 

Severe 

3.59 (1.63) 

4.13 (1.66) 

3.67 (1.78) 

3.91 (1.76) 

3.66 (1.71) 

4.10 (1.70) 

3.62 (1.70) 

4.15 (1.61) 

3.67 (1.73) 

4.20 (2.24) 

3.71 (1.64) 

4.44 (1.75) 

 Significance P=.072 P = .303 P = .120  P = .037 P = .116 P = .265 

HAOX1 None/mild 

Severe 

5.58 (2.46) 

7.23 (3.21) 

5.73 (2.30) 

6.06 (3.22) 

5.68 (2.54) 

6.26 (3.64) 

5.69 (2.49) 

6.93 (2.83) 

5.73 (2.54) 

7.14 (3.27) 

5.80 (2.48) 

6.62 (4.09) 

 Significance 

(age adjust.) 

P=.021 

P=.450 

P = .239 P = .379 P = .012 

P = .083 

P = .051 P = .801 

AZU1 None/mild 

Severe 

6.58 (1.54) 

6.24 (1.78) 

6.58 (1.50) 

6.31 (1.71) 

6.48 (1.58) 

6.25 (1.85) 

6.58 (1.59) 

6.18 (1.43) 

6.58 (1.55) 

6.06 (1.22) 

6.57 (1.60) 

6.23 (1.36) 

 Significance P=.798 P = .933 P = .709 P = .187 P = .195 P = .805 

EP-CAM None/mild 

Severe 

4.92 (0.65) 

5.04 (1.04) 

4.90 (0.68) 

5.03 (0.76) 

4.87 (0.62) 

5.20 (0.84) 

4.91 (0.64) 

5.01 (0.87) 

4.89 (0.64) 

5.19 (0.94) 

4.93 (0.61) 

5.08 (0.62) 

 Significance P=.572 P = .173 P = .023 P = .190 P = .066 P = .404 

Leptin None/mild 

Severe 

6.45 (1.43) 

6.90 (1.97) 

6.23 (1.52) 

6.90 (1.16) 

6.36 (1.36) 

6.93 (2.08) 

6.41 (1.38) 

6.69 (1.69) 

6.34 (1.38) 

6.69 (2.14) 

6.38 (1.36) 

7.27 (2.64) 

 Significance 

(weight adjust.) 

P=.101 P < .001 

P = .065 

P = .066 P = .360 P = .440 P = .127 

CXCL11 None/mild 

Severe 

8.98 (1.23) 

9.28 (1.48) 

8.96 (1.26) 

9.08 (1.37) 

8.03 (1.35) 

9.08 (1.87) 

9.03 (1.37) 

9.00 (1.15) 

9.02 (1.31) 

8.73 (0.86) 

9.03 (1.37) 

8.41 (1.14) 

 Significance P=.462 P = .591 P = .986 P = .684 P = .408 P = .057 

CXCL9 None/mild 

Severe 

8.90 (1.21) 

9.18 (1.11) 

8.92 (1.27) 

9.13 (1.25) 

8.93 (.125) 

9.08 (0.94) 

8.92 (1.30) 

8.80 (1.31) 

8.91 (1.25) 

8.73 (1.26) 

8.97 (1.29) 

8.64 (1.20) 

 Significance P=.685 P = .742 P = .560 P = .403 P = .440 P = .253 

CCL19 None/mild 

Severe 

9.85 (1.08) 

10.50 (1.16) 

9.85 (1.06) 

10.1 (1.17) 

9.85 (1.13) 

10.07 (1.32) 

9.91 (1.11) 

10.04 (1.22) 

9.88 (1.05) 

10.45 (1.26) 

9.89 (1.04) 

10.09 (2.52) 

 Significance 

weight 

P= .010 

P= .015 

P = .046 

P = .097 

P = .121 P = .079 P = .023 P = .920 

IL-18R1 None/mild 

Severe 

7.60 (0.86) 

7.90 (0.98) 

7.61 (0.80) 

7.81 (0.94) 

7.59 (0.89) 

7.78 (0.97) 

7.64 (0.85) 

7.88 (1.17) 

7.64 (0.85) 

7.90 (1.16) 

7.64 (0.85) 

7.50 (1.19) 

 Significance 

(age adjust.) 

P=.013 

P=.051 

P=.040 

P= .062 

P = .019 

P = .005 

P = .009 

P = .033 

P = .020 

P = .085 

P = .998 

CXCL10 None/mild 

Severe 

8.97 (1.09) 

9.41 (0.81) 

9.23 (0.96) 

5.36 (1.51) 

9.01 (1.14) 

9.23 (1.07) 

8.97 (1.20) 

9.13 (0.10) 

8.98 (1.16) 

8.97 (1.04) 

9.04 (1.18) 

8.73 (1.07) 

 Significance P=.088 P = .162 P = .313 P = .527 P = .784 P = .272 

CCL20  None/mild 

Severe 

5.34 (1.44) 

5.99 (1.72) 

5.36 (1.51) 

5.91 (1.67) 

5.35 (1.50) 

5.47 (1.86) 

5.38 (1.43) 

5.50 (1.65) 

5.38 (1.45) 

5.99 (1.15) 

5.32 (1.46) 

5.81 (2.74) 

 Significance P=.053 P = .008 P = .349 P = .399 P = .124 P = .594 

SCAMP3 None/mild 

Severe 

3.19 (1.20) 

3.15 (1.14) 

3.22 (1.27) 

3.39 (1.35) 

3.18 (1.31) 

2.96 (1.35) 

3.23 (1.23) 

4.00 (1.78) 

3.21 (1.22) 

3.17 (1.49) 

3.23 (1.31) 

2.89 (0.30) 

 Significance P=.346 P = .164 P = .740 P = .301 P = .721 P = .501 

VIM None/mild 

Severe 

4.66 (1.07) 

4.46 (0.58) 

4.64 (1.14) 

4.46 (0.85) 

4.63 (1.05) 

4.46 (0.68) 

4.69 (1.11) 

4.43 (0.45) 

4.69 (1.01) 

4.46 (0.63) 

4.64 (1.10) 

4.60 (0.76) 

 Significance P=.434 P = .805 P = .892 P = .080 P = .182 P = .766 

CXCL13 None/mild 

Severe 

8.91 (0.76) 

8.92 (0.77) 

8.89 (0.76) 

8.99 (0.78) 

8.89 (0.73) 

8.94 (0.66) 

8.94 (0.71) 

8.79 (1.01) 

8.90 (0.77) 

8.72 (0.94) 

8.92 (0.71) 

9.78 (1.17) 

 Significance P=.915 P = .264 P = .930 P = .880 P = .432 P = .537 

CD163 None/mild 

Severe 

8.26 (0.77) 

8.48 (0.75) 

8.26 (0.78) 

8.38 (0.76) 

8.21 (0.79) 

8.61 (0.62) 

8.25 (0.78) 

8.39 (0.86) 

8.26 (0.78) 

8.14 (0.86) 

8.31 (0.75) 

8.17 (0.81) 

 Significance P=.227 P = .093 P = .002 P = .018 P = .381 P = .964 

IQR – Interquartile Range; test for statistical significance using Mann-Whitney U; P < 0.05 considered statistically significant 

(2-sided test); red denotes statistically significance; orange denotes non-significant following correction for false detection 

rate.  
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Table 5.15 Summary table of statistical significance for median serum markers (pg/ml) by PBC-40 domain, split 

by clinically significant symptoms for Study 1 
Marker PBC-40 Domain  

Clinically significant 

symptoms 

Cognition 

Median (IQR) 

pg/ml 

Fatigue 

Median (IQR) 

pg/ml 

Itch 

Median (IQR) 

pg/ml 

Emotional 

Median (IQR) 

pg/ml 

Social 

Median (IQR) 

pg/ml 

General symptoms 

Median (IQR) 

pg/ml 

IL-4Rα Not c/s 

c/s 

3.10 (1.03) 

3.42 (1.38) 

3.08 (0.98) 

3.30 (1.34) 

3.09 (1.01) 

3.27 (1.30) 

3.11 (1.20) 

3.56 (1.61) 

3.10 (1.08) 

3.31 (1.54) 

3.11 (1.03) 

3.22 (1.49) 

 Significance  P=.023 P=.020 P=.032 P=.041 P=.096 P=.236 

DECR1 Not c/s 

c/s 

4.14 (0.97) 

4.32 (1.30) 

4.13 (1.01) 

4.18 (1.11) 

4.13 (1.09) 

4.18 (1.01) 

4.14 (0.99) 

4.36 (1.39) 

4.15 (0.99) 

4.16 (1.15) 

4.13 (1.02) 

4.34 (1.08) 

 Significance P=.053 P=.226 P=.310 P=.106 P=.657 P=.130 

KIM-1 Not c/s 

c/s 

8.45 (1.14) 

8.96 (1.47) 

8.41 (1.08) 

8.71 (1.36) 

8.38 (1.15) 

8.60 (1.29) 

8.46 (1.21) 

8.96 (1.62) 

8.41 (1.19) 

8.69 (1.45) 

8.34 (1.09) 

8.71 (1.41) 

 Significance 

(age/weight adjust) 

P=.007 

P=.001 

P=.004 

P=.001 

P=.032 

P =.003 

P=.050 P=.003 

P=.001 

P = .005 

P = .001 

ACE2 Not c/s 

c/s 

4.64 (1.39) 

4.88 (2.18) 

4.64 (1.42) 

4.76 (1.82) 

4.62 (1.36) 

4.73 (1.82) 

4.60 (1.55) 

5.50 (1.96) 

4.60 (1.40) 

4.87 (2.22) 

4.67 (1.46) 

4.64 (1.83) 

 Significance P=.056 P=.082 P=.450 P=.005 P=.091 P=.635 

CA5A Not c/s 

c/s 

3.62 (1.64) 

4.10 (1.96) 

3.67 (1.68) 

3.73 (1.80) 

3.78 (1.79) 

3.66 (1.71) 

3.66 (1.64) 

4.15 (1.61) 

3.66 (1.65) 

3.83 (1.84) 

3.69 (1.69) 

3.73 (1.75) 

 Significance P=.204 P=.423 P=.442 P=.050 P=.317 P=.323 

HAOX1 Not c/s 

c/s 

5.67 (2.43) 

6.60 (3.12) 

5.72 (2.49) 

5.86 (2.91) 

5.67 (2.36) 

5.89 (2.94) 

5.69 (2.61) 

6.93 (2.83) 

5.74 (2.53) 

5.75 (3.03) 

5.77 (2.45) 

5.69 (3.05) 

 Significance 

(age adjust) 

P=.018 

P=.156 

P=.496 P=.267 P=.010 P=.593 P=.882 

AZU1 Not c/s 

c/s 

6.59 (1.56) 

6.16 (1.60) 

6.58 (1.55) 

6.37 (1.68) 

6.45 (1.72) 

6.52 (1.49) 

6.54 (1.58) 

6.18 (1.43) 

6.5 (1.46) 

6.12 (1.54) 

6.47 (1.58) 

6.52 (1.59) 

 Significance P=.140 P=.342 P=.614 P=.201 P=.014 P=.528 

EP-CAM Not c/s 

c/s 

4.93 (0.63) 

5.06 (0.83) 

4.87 (0.65) 

5.07 (0.70) 

4.91 (0.63) 

5.01 (0.72) 

4.94 (0.63) 

5.01 (0.87) 

4.93 (0.64) 

5.04 (0.68) 

4.91 (0.60) 

5.03 (0.83) 

 Significance P=.126 P=.013 P=.159 P=.244 P=.216 P=.119 

Leptin Not c/s 

c/s 

6.46 (1.40) 

6.61 (1.48) 

6.25 (1.42) 

6.89 (1.49) 

6.26 (1.47) 

6.76 (1.39) 

6.48 (1.44) 

6.69 (1.69) 

6.44 (1.40) 

6.90 (1.45) 

6.34 (1.48) 

6.91 (1.30) 

 Significance 

(weight adjust.) 

P=.353 P< .001 

P= .074 

P<.001 

P=.001 

P=.521 P = .032 

P = .232 

P < .001 

P = .001 

CXCL11 Not c/s 

c/s 

9.02 (1.27) 

9.27 (1.36) 

9.01 (1.30) 

9.09 (1.34) 

9.02 (1.40) 

9.05 (1.27) 

9.03 (1.36) 

9.00 (1.15) 

9.03 (1.39) 

9.00 (1.25) 

9.01 (1.40) 

9.07 (1.19) 

 Significance P=.490 P=.646 P=.788 P=.825 P=.861 P=.694 

CXCL9 Not c/s 

c/s 

8.94 (1.20) 

9.05 (1.36) 

8.92 (1.23) 

9.09 (1.19) 

8.92 (1.20) 

9.05 (1.28) 

9.01 (1.20) 

8.80 (1.31) 

8.92 (1.27) 

9.09 (1.11) 

8.92 (1.28) 

9.07 (1.15) 

 Significance P=.825 P=.673 P=.980 P=.369 P=.799 P=.799 

CCL19 Not c/s 

c/s 

9.88 (1.11) 

10.09 (1.52) 

9.85 (0.97) 

10.10 (1.64) 

9.82 (1.13) 

10.10 (1.34) 

9.88 (1.19) 

10.04 (1.22) 

9.88 (1.04) 

10.07 (1.66) 

9.88 (1.06) 

9.98 (1.58) 

 Significance 

weight 

P=.170 P=.137 P = .038 

P = .053 

P = .068 

 

P=.198 P=.481 

IL-18R1 Not c/s 

c/s 

7.62 (0.85) 

7.90 (1.05) 

7.62 (0.77) 

7.76 (0.98) 

7.58 (0.78) 

7.75 (0.95) 

7.64 (0.93) 

7.89 (1.17) 

7.64 (0.87) 

7.71 (1.01) 

7.64 (0.84) 

7.75 (1.12) 

 Significance 

(age adjust) 

P=.013 

P=.106 

P=.027 

P=.129 

P=.015 

P=.022 

P = .011 

P = .039 

P=.191 P=.122 

CXCL10 Not c/s 

c/s 

8.99 (1.11) 

9.22 (1.34) 

8.97 (1.13) 

9.19 (1.08) 

8.99 (1.16) 

9.09 (1.07) 

9.01 (1.17) 

9.13 (1.00) 

9.00 (1.19) 

9.13 (1.01) 

9.00 (1.27) 

9.12 (0.99) 

 Significance P=.437 P=.235 P=.632 P=.624 P=.650 P=.710 

CCL20  Not c/s 

c/s 

5.38 (1.44) 

5.67 (1.55) 

5.33 (1.33) 

5.78 (1.93) 

5.35 (1.42)  

5.66 (1.65) 

5.47 (1.46) 

5.50 (1.65) 

5.42 (1.41) 

5.57 (1.86) 

5.35 (1.49) 

5.63 (1.65) 

 Significance P=.175 P=.022 P=.027 P=.593 P=.161 P=.004 

SCAMP3 Not c/s 

c/s 

3.21 (1.30) 

3.15 (1.57) 

3.18 (1.23) 

3.30 (1.55) 

3.15 (1.28) 

3.22 (1.41) 

3.23 (1.36) 

3.00 (1.78) 

3.23 (1.30) 

3.05 (1.58) 

3.22 (1.31) 

3.17 (1.49) 

 Significance P=.791 P=.257 P=.348 P=.248 P=.452 P=.684 

VIM Not c/s 

c/s 

4.66 (1.04) 

4.60 (0.85) 

4.65 (1.08) 

4.61 (0.90) 

4.62 (1.02) 

4.71 (0.96) 

4.67 (1.08) 

4.43 (0.45) 

4.71 (0.99)  

4.44 (0.99) 

4.63 (1.09) 

4.64 (0.90) 

 Significance P=.371 P=.812 P=.140 P=.081 P=.021 P=.753 

CXCL13 Not c/s 

c/s 

8.92 (0.75) 

8.92 (0.74) 

8.90 (0.76) 

8.99 (0.73) 

8.90 (0.70) 

8.94 (0.79) 

8.93 (0.74) 

8.79 (1.02) 

8.90 (0.75) 

9.01 (0.74) 

8.97 (0.72) 

8.85 (0.78) 

 Significance P=.622 P=.403 P=.843 P=.896 P=.223 P=.243 

CD163 Not c/s 

c/s 

8.26 (0.78) 

8.33 (0.76) 

8.23 (0.78)  

8.35 (0.78) 

8.24 (0.76) 

8.32 (0.82) 

8.26 (0.80) 

8.39 (0.86) 

9.23 (0.78) 

8.34 (0.87) 

8.31 (0.75) 

8.25 (0.91) 

 Significance P=.154 P=.045 P=.201 P=.026 P=.205 P=.563 

IQR – Interquartile Range; test for statistical significance using Mann-Whitney U; P < 0.05 considered statistically significant 

(2-sided test); red denotes statistically significance; orange denotes non-significant following correction for false detection 

rate.  
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5.2 Study 1 (exploratory study): Discussion 

Our exploratory study, using the UK-PBC nested cohort, was representative of the general PBC 

population, with a median age of 65 years and 86% of participants being female. The average 

BMI was 26.6, which is slightly below the UK national average of 28.2 for this age group 

(digital, 2019). Data was available for UDCA treatment, with all participants having been 

treated with UDCA at 13-15mg/kg/day for at least 1 year. 

 

Within the PBC cohort, 29% of participants were considered POISE non-responders to first-

line therapy, which is lower than expected in the general PBC population, where up to 40% of 

patients may have an inadequate response (Corpechot et al., 2008). Cirrhosis was confirmed in 

7% of participants, as in seen in the original proteomics cohort study (Jones et al., 2022).   

 

Of the 19 serum markers explored in study 1, 16 markers were statistically significantly 

different between responders and non-responders to UDCA. SCAMP3 and VIM showed no 

significant difference according to POISE response status, which is mirrored in the proteomics 

study exploring UDCA response and disease status (Jones et al., 2022). CXCL13, which was 

significant in the proteomics study, was not significant in our study when assessing using 

POISE response but it continued to be significantly elevated in those with abnormal liver blood 

tests.  

 

Given that study 1 was a sub-cohort from the UK-PBC nested cohort (289 out of 400 

participants), and therefore self-selected based on the availability of symptom data, it is 

reassuring that many of the main characteristics of the cohort were replicated, despite the cohort 

size being reduced by 28%.  

 

5.2.1 Clinical characteristics and symptoms 

In terms of the relationship between PBC-40 domains and clinical characteristics, non-

responders to UDCA were more likely to experience severe itch, but this was not the case in 

those with any (and typically mild) degrees of LFT abnormality. This is in keeping with large 

cohort studies where more severe pruritus is associated with lack of response to UDCA (which 

may be a consequence of more aggressive ductopenic disease (Hegade et al., 2019)), but does 

not show a direct relationship to degree of abnormality of LFTs or duration of diagnosis 

(Carbone et al., 2013b). No other symptoms were associated with POISE response status or 

liver blood tests, in keeping with major cohort studies exploring symptomatic PBC (Jacoby et 

al., 2005; Wetten, Jones and Dyson, 2021). Those with cirrhosis were more likely to be 

classified as having severe symptoms in the emotional, fatigue and social PBC-40 domains. 

Fatigue is a well-known phenomenon of cirrhosis (Swain, 2006; Swain and Jones, 2019), whilst 
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there is an increased prevalence of depression in cirrhotic patients (Abureesh et al., 2022; 

Askgaard et al., 2023) and an association with increased social isolation (Vaughn-Sandler et 

al., 2014; Askgaard et al., 2023).  

 

Increased severity of symptoms in 4 of the PBC-40 domains (cognition, fatigue, emotional and 

social) were associated with younger age. More severe cognitive symptoms in particular were 

associated with a younger age, with the median age of those with severe symptoms being 53 

years, compared to 67 in those with none or mild symptoms. This is in keeping with previous 

PBC cohort studies (Mells et al., 2013; Rice et al., 2020; Newton et al., 2008a; Carbone et al., 

2013b). Similarly, severe fatigue has been associated with a younger age (Mells et al., 2013; 

Rice et al., 2020; Al-Harthy et al., 2010; Carbone et al., 2013b) and while direct data between 

age and emotional and/or social symptoms in PBC are lacking, both depressive symptoms and 

social isolation have been strongly linked to fatigue, which is in turn associated with a younger 

age (Shaheen et al., 2018; Al-Harthy et al., 2010; Mells et al., 2013; Newton et al., 2007b). 

 

Typically, younger age is associated with increased severity of pruritus (Hegade et al., 2019), 

but perhaps surprisingly, there was no correlation between age and pruritus in this cohort and 

the reason for this is not readily apparent. However, information on pruritus treatment was not 

available and given that participants were recruited via the UK-PBC network, it may be that a 

greater proportion of patients were recruited in specialist PBC centres with more experience in 

managing PBC, where the clinical assessment and treatment of pruritus is part of routine 

clinical practice. However, no data on the site of recruitment was available. In addition, only 

29% of participants reported moderate to severe itch, which is fewer than expected in the PBC 

population from previous studies (Hegade et al., 2015; Hegade et al., 2014) but this may be 

due to effective itch treatment being delivered. 

 

When serum analytes were assessed against age, 8 analytes showed an association with age, 

with KIM-1 and CXCL9 showing positive association with age, and DECR1, HAOX1, IL-

18R1, CA5A, CXCL11 and CCL19 showing a negative association with age, i.e., lower levels 

with increasing age. Increased CXCL9 and CXCL10 (no correlation for CXCL10 was apparent 

here) have been associated with increasing age in some disease-specific cohort studies (de 

Araújo et al., 2020; Bonfante et al., 2017; Koper et al., 2018), but do not appear to change 

significantly with age in the general population (Koper et al., 2018; Samson et al., 2022). 

HAOX1 does show considerable variability in humans, with many influences, including age, 

being a potential factor (Pryde et al., 2010). CXCL11 has been demonstrated to be increased 

with increasing age (rather than decreased as seen here) in those with rheumatoid arthritis 

(Chen et al., 2022) but not the general population (Samson et al., 2022). KIM-1, DECR1, and 
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CCL19 do not appear to change with age (Stamova et al., 2009; Kwok et al., 2022) and when 

corrected for multiple testing, CCL19 was not considered significant. There was no previous 

data describing an association of age with IL-18R1 and CA5A. It is difficult to account for 

these variances with age, but whilst age may play a factor in these analytes in this cohort, it is 

also within the context of PBC, where response status and degree of liver blood test 

abnormality results in changes in expression of these analytes. In the context of this thesis, we 

have not explored further the impact of age as a covariate on analyte expression and disease 

severity, but this is worthy of further exploration in future studies. 

 

5.2.2 Groupings  

Three methods were consistently used to define and group participants for the analyses (see 

full description in section 3.9). In summary, the three methods to compare symptoms to 

analytes were:  

 

1) none/mild versus moderate versus severe symptom groups 

2) none/mild versus severe symptom groups (moderate group excluded) 

3) According to pre-defined cut-offs for clinically significant symptoms. That is 

clinically significant symptoms versus not significant. 

 

Due to these groupings, methods 1 and 3 resulted in all participants being included in the 

analyses, whilst method 2 excluded the moderate group (meaning that between 59 to 88 of the 

cohort were excluded depending on the PBC-40 symptom domain explored). Interestingly, 

using methods 2 (none/mild vs. severe) and 3 (clinically significant symptoms) generally 

resulted in more consistent common statistical associations between analytes, than using 

method 1 (all 3 groups). Pairwise analysis (undertaken with correction for multiple 

comparisons using Bonferroni) showed that statistical associations in all PBC-40 domains were 

largely between the none/mild and severe groups, with only some significant associations 

occurring between none/mild and moderate groups, mostly observed with Leptin (fatigue, itch, 

social, general symptoms domains). There were no associations between those who were 

considered to have moderate symptoms compared to those with severe symptoms.  

 

This finding may be due to the very nature of the moderate group, which includes those who 

are both close to the none/mild or severe end of the symptom spectrum that could result in 

“dilution” of any signal seen due to the heterogeneity of symptoms within the moderate group. 

In contrast, none/mild and severe groupings consist of the two extreme groups and therefore 

provides a more homogenous symptom set that may give a clearer signal if one exists. Largely, 

the cut-offs for clinically significant symptoms (defined based on standard deviations from the 

mean in population studies) for each domain fall within the mid-range of the moderate groups. 

Whilst effectively splitting the cohort in half results in a more heterogenous group than using 
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none/mild and severe groupings, this split should produce two groups which are overall more 

phenotypically different to each other.  

 

Given these considerations, the discussion will focus on the results from the none/mild vs. 

severe and clinically significant symptom groupings. 

 

5.2.3 Cognitive symptoms 

Cognitive symptoms were less prevalent in study 1’s PBC population, with 23% and 21% 

reporting moderate and severe cognitive symptoms respectively, compared to 34% and 19% in 

the general population (Newton et al., 2008a). This was also apparent when using the 

predefined clinically significant symptom threshold (18 or more in the PBC-40 cognitive 

domain) which resulted in 21% of the study population being deemed to have clinically 

significant symptoms, rather than the expected 28% (Mells et al., 2013).  Whilst the magnitude 

of these differences is not large, the reduced prevalence and resultant unbalanced groups (i.e., 

smaller numbers in the severe group) may influence our findings.  

 

Three proteomic analytes showed consistent positive associations across cognitive symptoms, 

irrespective of the method used to categorise symptom severity. These were IL-4R𝛼, HAOX1 

and IL-18R1. The associations for HAOX1 and IL-18R1, however, disappeared when adjusted 

for age. DECR1 and CCL19 were both statistically significantly elevated when comparing 

those with “none/mild” and “severe” symptoms, but the DECR1 association disappeared when 

adjusted for age. KIM-1 showed a strong relationship in those with clinically significant 

cognitive symptoms, and when adjusted for age and weight this remained statistically 

significant.  

 

IL-4R𝛼 had not previously shown a relationship to age and therefore was not adjusted for age. 

 

Overall IL-4Rα, KIM-1 and CCL19 showed a continued statistically significant association 

with cognitive symptoms. However, when adjusted for multiple testing, only KIM-1 was 

considered likely to be a true positive result, with IL-4R𝛼 and CLL9 considered to be false 

positives. See Table 5.14 and Table 5.15. Their relevance is discussed below.  

 

5.2.4 Fatigue 

The reported rate of fatigue in this study was in keeping with that seen in the general PBC 

population, with 47% of participants reporting moderate to severe fatigue (Mells et al., 2013). 

However, only 34% of the cohort were considered to have clinically significant fatigue, which 

is below the expected prevalence of 45% when using a clinical cut-off score of 33 or more in 
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the PBC-40 fatigue domain (Mells et al., 2013). This reduced prevalence in this unselected 

cohort could have influenced our findings. 

 

Statistically significant associations were initially seen for IL-4R𝛼, KIM-1, leptin, IL-18R1 

and CCL20 between the none/mild and severe groups, and those with clinically significant 

fatigue. KIM-1, CLL20 and leptin also showed association when comparing the non/mild, 

moderate, and severe groups. However, on pairwise analysis only leptin showed a significant 

relationship between all three groupings, whilst KIM-1 and CLL20 were only significant 

between “none/mild” and “severe” groups, but not the “moderate” group, and as discussed 

previously this may be due the “moderate” group diversity.    

 

Including weight as a covariate for leptin resulted in a loss of significance. Given its strong 

association with body mass index in both this study (see Table 5.7) and the literature, this is 

not unexpected. However, it should be noted that the use of weight or BMI is not a perfect way 

to adjust for adipose tissue (the main producer of leptin) and the loss of significance may be a 

consequence of an imperfect approximation of adipose mass. Piche et al demonstrated a strong 

association with fatigue and PBC for leptin even after correcting for adipose tissue by 

measuring fat mass using electrical impedance (Piche, 2002). Given this limitation of the study 

(and its other positive associations), a more in-depth discussion of leptin has been provided. 

See section 5.2.9.3 

 

Age was associated with KIM-1 and IL-18R1, so we included age as a covariate for these 

analytes. This resulted in a loss of statistical association for IL-18R1, whilst KIM-1 became 

more statistically significant. As discussed in section 5.2.1, KIM-1 does not appear to change 

with age in other studies, but a correlation was seen here. It is difficult to account for these 

differences, but it may be that there are other confounding factors involved. KIM-1 did have a 

positive association with higher levels seen with increasing age. Generally, symptoms show an 

inverse relationship with age in PBC so the increase in significance of KIM-1 with fatigue 

severity after inclusion of age as a covariate suggests a strong relationship between fatigue and 

KIM-1. KIM-1 is further discussed in section 5.2.9.1 

 

Finally, when correcting for multiple testing using FDR, only KIM-1 was considered a true 

positive, whilst IL-4Rα, EP-CAM, and CCL20 were considered false positives. This does not 

mean that these analytes are not truly associated with fatigue but based on the balance of 

probabilities these are likely to be positive by chance.  
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5.2.5 Itch 

Severe itch was present in 10% of the cohort, whilst moderate itch was present in 21%. 

Typically, a third of patients report persistent itch to varying degrees, with 15% reporting 

severe itch (Hegade et al., 2015; Hegade et al., 2014). This means that fewer patients in our 

cohort experienced severe itch as described in other PBC studies. This is difficult to interpret 

given that no information was available on current treatments for itch, however, as discussed 

in section 5.2.1, it maybe that the majority of patients were recruited from specialist hepatology 

centres, where it is likely that the assessment of itch and its subsequent treatment had been 

optimised during the year that UDCA was established, and this might account for the lower 

numbers in the severe category. This resulted in an imbalance of groups (200 vs 30), and this 

may increase the risk of spurious findings.  

 

The pre-defined clinically significant cut-off of 7 or more, which straddles the upper end of the 

mild boundary (4-8), is based on +/-standard deviations from the mean from a control 

population (as discussed in section 3.4.5). This resulted in 49% of participants having itch that 

is considered clinically significant, whilst the expected prevalence in the PBC population using 

this cut-off would be 38%. This is still compatible with the theory that specialists’ centres are 

more likely to manage itch effectively (hencefewer patients with severe itch), but typically with 

patients there is a crossover point where mild itch is less burdensome than the therapies used 

to treat itch. For example, bile acid sequestrants can be highly effective but unpalatable (Sinha 

et al., 1998). Overall, clinically significant itch was more prevalent in this PBC cohort, 

resulting in two well balanced groups.  

 

Overall, four analytes (IL-4R𝛼, KIM-1, IL-18R1 and CD163) remained significant for itch 

when comparing none/mild to severe itch, even after correcting for FDR. Three of these, IL-

4R𝛼, KIM-1 and IL-18R1 were significant when stratifying by clinically significant itch, but 

only KIM-1 remained significant when correcting for FDR, whilst leptin became significant, 

even correcting for weight and FDR.  

 

These results are potentially encouraging, given that the different grouping methods results in 

quite markedly different groups, that is, using none/mild compared to severe compares 69% to 

10% of the cohort respectively, whilst using clinically significant symptoms compares 51% 

(not significant) to 49% (significant), yet despite this, a persistent signal for elevated IL-4R𝛼, 

KIM-1 and IL-18R1 remains. These markers are discussed in section 5.2.9.1, 5.2.9.2 and 

5.2.9.7 
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ACE2, EP-CAM, and CCL20 demonstrated a positive association when stratified by clinically 

significant symptoms, but not when comparing the none/mild and severe groups. Based on 

correcting for multiple testing, these analytes were considered false positives. ACE2, and 

CCL20 are discussed further given their association in other domains.  

 

5.2.6 Emotional  

The majority of patients in our cohort had none or mild emotional symptoms (67%), 24% 

reported moderate emotional symptoms and 9% severe emotional symptoms. The bar for 

clinically significant symptoms for the emotional domain is set quite high, matching the 

threshold for the severe symptom category. In the general PBC population this would be 

expected to affect around 19% of patients so emotional symptoms would appear to be slightly 

under-represented in our cohort. The high number of patients falling into the none/mild 

category compared to severe resulted in unequal groups, which was further exacerbated when 

assessed using clinically significant cut-offs (which included none/mild and moderate vs. 

severe, i.e., n =263, vs. n = 26), this can lead to unequal variance between samples and can 

affect statistical testing.   

 

It is difficult to draw direct comparisons from previous PBC cohort studies on symptoms of 

depression and anxiety and our data using the emotional domain. The emotional domain is not 

a specific questionnaire to assess symptoms of depression and/or anxiety such as the HADS. It 

is comprised of only three questions: “because of PBC I get more stressed about things than I 

used to”, “having PBC gets me down” and “I worry about how my PBC will be in the future” 

(see appendix 1) and therefore broadly highlights patients that may be more likely to have 

anxiety or depression. Unfortunately, more detailed data on depression and anxiety from the 

validated self-reporting questionnaires such as HADS were not available in this cohort. 

  

There were 6 analytes that were statistically significant for the emotional domain using 

none/mild vs severe (IL-4R𝛼, KIM-1, ACE2, CA5A, IL-18RA and CD163). However, 

following correction for multiple testing with FDR, none were considered significant. This is 

also true when assessing for clinically significant symptoms, with IL-4R𝛼, ACE, IL-18R1, and 

CD163 not considered as significant following correction for FDR (this is due to how the 

Benjamini-Hochberg method effectively ranks P values).  Given the limited scope of the 

emotional domain in assessing mood, and therefore the difficulty in plausibly associating a 

biological process to this, this is potentially reassuring.   
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5.2.7 Social  

The effect of PBC on participants ability to socialise appeared to be limited in this study. The 

majority of participants met the none/mild criteria (66%), with only 17 participants (7%) 

meeting the severe criteria. From a statistical point of view this again resulted in unequal 

groupings. Splitting the group by those considered as clinically significant social symptoms, 

resulted in 24% of participants being considered as having social symptoms that are clinically 

significant, and this is similar to that expected in the general PBC population (25%) (Mells et 

al., 2013).  

 

Interestingly, IL-4R𝛼, KIM-1 and ACE2 were statistically significant when comparing 

none/mild to severe groups, but only KIM-1 remained significant when adjusting for multiple 

testing. Given the imbalance in the groups, and the risk of increased unequal variance, these 

results should be interpreted with caution. When explored using the clinically significant cut-

off, which utilises larger group sizes (220 and 69 participants for clinical significance, 

compared to 195 and 17 for none/mild vs. severe groups), KIM-1, AZU1 and VIM had a p 

value less than 0.05, but were considered false positives when adjusted for FDR. In the context 

of the larger group sizes using the clinically significant symptoms this is likely to be a more 

reliable method and the results related to this are likely to be more plausible.  

 

The social domain in the PBC-40 recognises the impact of PBC on the ability of patients to 

carry out normal social functioning, with statements such as “my social life has almost 

stopped” and “PBC has reduced the quality of my life”. Such impacts may be an indirect 

consequence of PBC and its associated symptoms such as fatigue, rather than a direct a 

consequence of a biological process. As such, it might be expected that no analytes would have 

shown a positive association. However, our analyses are limited in that they do not consider 

the complex interplay of fatigue, cognition, and itch with social functioning. It is well 

established that fatigue in PBC significantly impairs patients QOL (Poupon et al., 2004) (Mells 

et al., 2013). It is likely in this cohort that those with a high symptom burden in one or more 

domains (cognition, fatigue, itch) will also score more highly in the social domain. This may 

explain why some analytes show a positive association in the social domain, reflecting part of 

a biological process that has resulted in a symptom that has led to social isolation.  

 

5.2.8 General symptoms 

In the general symptoms domain only 8 participants (3%) had severe symptoms compared to 

214 who had none or mild symptoms, which resulted in unequal group sizes that may have 

affected our results. No analytes showed a positive association when comparing these two 

groups but given the small numbers in the severe group this should be interpreted with caution.  
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When stratified by clinical significance, 34% had general symptoms that were clinically 

significant, which is lower than that expected for the general population of 40% (Mells et al., 

2013). KIM-1, leptin and CCL20 all showed a positive association with symptoms, even when 

corrected for age or weight and following correction for multiple testing.  

 

The general symptoms domain encompasses a range of symptoms, with statements about 

gastrointestinal (GI) symptoms, sicca syndrome, right upper quadrant discomfort and bone 

pain. It is difficult to identify a common biological phenomenon that would link all these 

symptoms. These analyses did not explore if individual symptoms, i.e. sicca syndrome, were 

associated with specific analytes and this would be worthy of consideration, as for example, 

GI symptoms could potentially be associated with one analyte, such as leptin. Not including 

this in our study is a limitation.   

 

5.2.9 Biomarkers 

From the 19 original analytes, 6 were selected to be included in the validation study, these are 

discussed individually. 

 

5.2.9.1 KIM-1  

KIM-1 showed a strong positive association across several symptom domains, including 

cognitive, fatigue and itch, even when adjusting for age as a covariate and correcting for 

multiple testing. The fact that this analyte spans several domains may suggest that this marker 

is not a direct cause for symptoms, given its apparent non-specificity. Fatigue and cognitive 

symptoms are often interlinked, but there is a not strong association between fatigue, cognitive 

symptoms, and itch. This may suggest that there are confounding factors. 

 

KIM-1, also known as T-cell immunoglobulin and mucin domain-1, is an important immune 

regulator for Th2 (Rodriguez-Manzanet et al., 2009). Its activation may occur through multiple 

ligands (Rodriguez-Manzanet et al., 2009) and it has been associated with other autoimmune 

diseases including rheumatoid arthritis (Chae et al., 2005), asthma (Chae et al., 2003) and 

systemic lupus erythematosus (Wang et al., 2008b). In PBC, impaired KIM-1 expression on 

B-cells has been associated with promotion of a proinflammatory state (Chen et al., 2020). 

KIM-1 activation is associated with a potent costimulatory effect for T cell activation and 

proliferation, with resultant production of IL-4 and IL-13 (Curtiss and Colgan, 2007). There 

has been no research on the role of KIM-1 and symptom expression in disease, but given its 

mechanism of action, current association with autoimmune disease and positive findings in 

study 1, KIM-1 was selected for further study in study 2 (validation study). 
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5.2.9.2 IL-4Rα 

Like KIM-1, IL-4Rα showed positive associations across several PBC domains, including 

cognition, fatigue, and itch. Following correction for multiple testing, many of these 

associations were considered likely false positives, with the exception being in the itch domain.  

 

IL-4Rα is the common subunit for IL-4R type 1 and type 2 receptors, with both receptors 

playing a pivotal role with the type-2 immune response (Egholm et al., 2019). This is discussed 

further in section 2.3.1.1. Key points from this are that these receptors are activated by either 

IL-4 or IL13. These have distinct and overlapping roles, including the formation of macrophage 

and eosinophil-rich granulomas (Van Dyken and Locksley, 2013). Ductal granulomas are a 

frequent, and hallmark, histological appearance in PBC (Lewis, 2018), with eosinophilic 

infiltration of the portal tracts observed in around a third of PBC liver biopsies (Terasaki et al., 

1993).  

 

Dysregulation of the IL-4, IL-13 and IL-4Rα pathways are apparent in immune mediated 

disease, including rheumatoid arthritis (Iwaszko, Biały and Bogunia-Kubik, 2021), ulcerative 

colitis (Kasaian et al., 2014; Roda et al., 2011) and asthma (Shirakawa et al., 2000).  Several 

therapies that target and block IL-4Rα pathways have proven effective in disease control and 

are described in section 5.3.3.1 (Harb and Chatila, 2020; Dhillon, 2017; Sandborn et al., 2017; 

Berekmeri et al., 2018).  

 

Given IL-4Rα’s observed potential association with itch, its activation by IL-4 and IL-13 (both 

of which are also upregulated following co-stimulation of T-cells by KIM-1 (Curtiss and 

Colgan, 2007)) and the availability of novel therapies to target these pathways, IL-4Rα was 

included in the validation study, along with IL-4 and IL-13.   

 

5.2.9.3 Leptin 

Levels of leptin are promoted with increasing fat mass (Kelesidis et al., 2010) and typically 

follow a circadian rhythm (Licinio et al., 1997). Data on the timings of serum samples were 

not available although weight (kg) was available for all PBC patients in study 1.  

 

Changes in serum leptin were observed in our study according to POISE responder status and 

those with abnormal liver blood tests, with lower levels associated with non-response and those 

with abnormal liver biochemistry, even when weight adjusted. This is in keeping with the 

underpinning proteomics PBC studies (Barron‐Millar et al., 2021; Jones et al., 2022). Results 

relating to serum leptin and responder status/abnormal liver blood tests were not published by 



 

 

 

134 

Piche et al who explored the association of PBC, fatigue and serum leptin, but previous studies 

have failed to show a difference in serum leptin according to the level of abnormality of liver 

blood tests (Rieger et al., 2005).  

 

Initially leptin appeared to show a strong positive association for fatigue. However, this 

disappeared after including weight as a covariate. We were, therefore, unable to replicate the 

results of Piche et al who observed increased serum leptin levels in PBC and CHC patients 

who scored highly on the physical domain of the FIS (even when adjusted for fat mass (Piche, 

2002)). As discussed in section 5.2.4 a limitation to our study is the use of weight as an 

approximation of individual fat mass. 

 

Leptin did show a positive association with itch but only when assessed using the clinically 

significant symptoms. No studies have previously explored itch and serum leptin in PBC. 

However, one study found that pregnant women with intra-hepatic cholestasis (ICP) and itch 

had significant differences in serum leptin (along with other adipokines including ghrelin) 

compared to controls, with lower leptin observed with worsening ICP (Yurtcu et al., 2022). 

This study should be interpreted with caution as the authors have not reported the relationship 

between serum adipokines and fat mass, or any potential adjustments for this.  Studies related 

to PBC and leptin, along with its relationship to immunity, are discussed in section 2.3.3.1 

 

There are limited data on the role of leptin in itch in PBC but given its association with immune 

regulation, energy homeostasis and previous findings in PBC, leptin was selected to be 

explored in study 2 (validation), along with its opposing adipokine, ghrelin.  

 

5.2.9.4 CD163  

CD163 is primarily a haemoglobin scavenger receptor (Weaver et al., 2006), and is upregulated 

following macrophage activation and release of proinflammatory cytokines (Buechler et al., 

2000). It is associated with a spectrum of liver disease by activated Kupffer cells (Grønbæk et 

al., 2012). In PBC it has been associated with elevated ALP and non-response to UDCA 

(Bossen et al., 2020). See section 2.3.4.3 for more details. 

 

In study 1, CD163 showed a positive association with itch when assessed by none/mild and 

severe groups, which persisted when corrected for multiple testing. It also suggested an 

association with fatigue, but this was considered likely a false positive. However, given that 

itch is associated with more aggressive ductopenic disease (Vleggaar et al., 2001) and given 

the potential association of elevated CD163 with non-response to UDCA (more common in 
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aggressive ductopenic disease (Kumagi et al., 2010b)), CD163 was selected to be explored 

further in the validation study.   

 

5.2.9.5 CCL20  

CCR6-CCL20 has been implicated in the pathogenesis of PBC, particularly in advancing 

disease (Shi et al., 2015) and CCL20 is recognised as a genetic risk locus for the development 

of PBC (Cordell et al., 2015a). Genetic upregulation of CCL20, and subsequent 

overexpression, has been linked to severe and persistent fatigue following breast cancer 

survival (Bower et al., 2011).  CCL20 has found to be a potential contributor to inflammatory 

myopathies (Dalakas, 2004). 

 

In study 1, CCL20 showed a positive association with fatigue when assessed by none/mild and 

severe groups, or clinically significant findings, although with correction for multiple testing, 

these results were considered false positives. However, we felt that this was worthy of further 

exploration, and given the association of upregulation of CCL20 with TNF𝛼 (Iwamoto et al., 

2013; Schutyser, Struyf and Van Damme, 2003), TNF𝛼 was included. IL-6 was also included 

in the validation study given its interlinked role with TNF𝛼 and role in fatigue. See section 

1.4.2.1, 2.3.1.2 and 2.3.1.4 

 

5.2.9.6 CXCL9 

CXCL9 demonstrated no positive association in study 1. However, CXCL9 was selected for 

inclusion in the validation study (study 2) due to its strong association with the pathophysiology 

of PBC (see section 2.3.2.1). It required very little additional resource (serum and cost) to 

include. 

 

5.2.9.7 Other biomarkers 

Other biomarkers that would have been worthy of further exploration include IL-18R1 and 

ACE2. Unfortunately, it was not logistically possible to measure these with resources available. 

 

5.2.10 Proteomic validation 

To further validate the observed associations between proteomes and symptoms, proteome 

mapping, a process encompassing the exploration of proteome expression, localisation, and 

interactions, could have been implemented. This approach has the potential to elucidate the 

strength of the relationship between specific proteomes and symptom domains, thereby 

providing additional support to our findings if significant correlations were demonstrated. This 

was beyond the scope of this thesis. 
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Chapter 6: Study 2 validation proteomics: Results 

 

6.1 Study 2 (validation study): Results 

A total of 200 serum samples were successfully analysed: 160 patients with a probable/definite 

diagnosis of PBC from the BANC, RITPBC and UK-PBC cohorts and 40 healthy controls from 

the E-AILD cohort. 

 

6.1.1 Study 2 (validation study): Demographics and clinical characteristics 

The median age between the whole PBC cohort and healthy control group was not significantly 

different (58 vs. 60 years; P = 0.070). However, within the individual PBC sub-cohorts there 

was a statistically significant difference between the 3 PBC cohorts: RITPBC 55 years, in 

comparison to 59 for both BANC and UK-PBC (P < .015). This is not unexpected, given the 

nature of the individual cohorts i.e. BANC and UK-PBC are both cohort studies whose only 

inclusion criterion is a probable or definite diagnosis of PBC, whilst the RITPBC study 

specifically recruited participants with severe fatigue, which is typically associated with 

younger age. The median age between male and females between the PBC subgroups is not 

included given the small numbers of males in each sub-group (mirroring classical PBC 

epidemiology). The gender split was similar to that seen in the general PBC population, with 

the control group having 36 out 40 (90%) females, whilst the PBC group was comprised of 153 

females out of 160 (95%). See Table 6.1  

 

Table 6.1 Median age in healthy control and PBC groups, with median age in each PBC sub-cohort in Study 2 

Group Gender Number 

(%) 

Age* (IQR) Significance across ages 

Healthy Controls  Total 40  60 (16)  

 

P = .070; U = 2606 
Female 36 (90)  

Male 4 (10) 

PBC  Total 160 58 (12) 

Female 153 (95)  

Male 7 (5) 

PBC Subgroup 

BANC (n=73) Total 73 59 (14)  

 

 

 

P = .015; χ2(2) = 8.39 

Female 69 (94)  

Male 4 (6) 

RITPBC (n=57) Total 57 55 (12) 

Female 55 (96)  

Male 2 (4) 

UK-PBC (n=30) Total 30 59 (13) 

Female 29 (96)  

Male 1 (4) 

 *Median (Interquartile Range); test for statistical significance either Mann-Whitney U or Kruskal-Wallis; P < 

0.05 considered statistically significant (2-sided test); red denotes statistically significance 
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The clinical characteristics of all the PBC participants and according to the individual cohorts 

are described in Table 6.2. BMI data was not available for the BANC cohort due to height not 

being part of the standard data collection in this study. In all the cohorts, around a 1/4 of the 

participants did not have a dose recorded for UDCA. Data on cirrhosis status was not available 

for RITPBC, however, all those recruited to the study required a Child-Pugh score of fewer 

than 7 to be included in the trial. 

 
Table 6.2 Clinical characteristics of the whole PBC study population and according to subgroup 

 All PBC  

(n=160) 

PBC Subgroup 

BANC (n=73) RITPBC (n=57) 

 

UK-PBC (n=30) 

Median weight, kg (IQR) 72.9 (23.2) 71 (29) 70 (19.8) 76 (16.8) 

Median BMI, kg/m2(IQR) 28.4 (6.9) No data 27 (7.5) 29 (6.6) 

UDCA treated, Number (%) Y = 125 (78) 

N = 24 (15) 

Unknown = 11 (7)  

Y = 71 (98) 

N = 1 (1) 

Unknown = 1 (1) 

Y = 44 (77) 

N = 13 (23) 

 

Y= 10 (33) 

N = 10 (33) 

Unknown = 10 (33) 

UDCA therapeutic, Number (%) Y = 65 (41) 

N = 53 (33) 

Unknown = 42 (26) 

Y = 25 (34) 

N = 29 (40) 

Unknown = 19 (26) 

Y = 30 (53) 

N = 14 (25) 

Unknown = 13 (22) 

Y = 10 (33) 

N = 10 (33) 

Unknown = 10 (33) 

Median ALP (IQR) IU/L 136.5 (130) 134 (93) 134 (146) 174 (141) 

Median ALT (IQR) IU/L 34 (34) 28 (28) 36 (34) 37.5 (40) 

Median Bilirubin (IQR) umol/L 7 (5) 7 (5) 6 (4) 9 (8) 

Median Albumin (IQR) g/L 45 (4) 45 (4) 44 (2) 40 (7) 

Normal LFT (%) 62 (39) 32 (44) 22 (39) 8 (26) 

POISE Responder, number (%) 113 (70)  56 (77) 38 (67) 19 (63) 

Cirrhosis present number (%)  

n = 103 

13 (14) 6 (8)  No data 8 (26) 

IQR – interquartile Range; BMI – body mass index; UDCA – ursodeoxycholic acid; ALP - alkaline phosphatase; 

ALT – alanine transaminase; LFT – liver function tests; n=number of cases in each group 
 

 

We first compared all serum proteomic markers between healthy controls and all PBC patients, 

demonstrating a statistically significant elevation for all proteomics in the PBC group, apart 

from leptin, IL-13, and ghrelin (See Table 6.3). The significant findings persisted when 

correcting for multiple testing with FDR. Leptin was previously significant in the UK-PBC 

discovery proteomics work (Barron‐Millar et al., 2021), whilst IL-13 was not previously 

significant, and ghrelin was not explored.  

 
Table 6.3 Median serum markers (pg/ml) by Healthy controls vs. PBC group in Study 2 

Marker Group Significance  

Controls (n=40) 

Median (IQR) pg/ml 

PBC (n=160)  

Median (IQR) pg/ml 

 

IL-4R 879.9 (113.9) 1031.6 (198.7) P < .001 U = 4888 

CD163 367919.8 (197467.5) 499943.3 (282984) P < .001 U = 4734 

KIM-1 49.4 (31.3) 75.7 (75.2) P < .001 U = 4996 

CXCL9 607.7 (437.6) 1239 (866.1) P < .001 U = 5416 

CCL20 9.5 (10.8) 17.1 (19.6) P < .001 U = 4318 

IL-13 0.21 (0.39) 0.21 (0.91) P = .312 U = 3495 

IL-4 0.08 (0.0) 0.08 (0.10) P = .033 U = 3818 

IL-6 0.98 (0.71) 1.52 (0.94) P < .001 U = 4439 

Leptin 25097 (19250) 25109 (34883) P = .954 U = 3219 

TNF-α 1.01 (0.61) 1.50 (1.34) P < .001 U = 4370 

Ghrelin (n=40) 

439.5 (633.3) 

 

(n=152) 

356.5 

P = .607 U = 2879 
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 IQR – Interquartile Range; n=number of cases in each group; test for statistical significance using Mann-Whitney 

U; P < 0.05 considered statistically significant (2-sided test) 

 

 

Exploring serum proteomic markers within the individual PBC cohorts demonstrated no 

significant differences between 8 out of the 11 analytes. However, there were significant 

differences between the 3 PBC cohorts for CXCL9 (P = .002), TNF-α (P < .001) and ghrelin 

(P < .001). The most striking difference was observed in the RITPBC group, with the median 

serum level for ghrelin being 79.4pg/ml, compared to 538pg/ml and 617pg/ml in the BANC 

and UK-PBC groups, respectively (P < 0.001).  Similarly, TNF-α was significantly lower in 

the RITPBC group (1.02pg/ml versus 1.74pg/ml in BANC and 1.70pg/ml in UK-PBC; P < 

0.001). CXCL9 was significantly higher in the RITPBC group (1516pg/ml compared to 

1135pg/ml in BANC and 1024pg/ml in UK-PBC; P = 0.002). See Table 6.4. This is of 

particular interest given that the RITPBC group is predominantly a cohort with a high symptom 

burden (especially fatigue). 

 

 
Table 6.4 Median serum markers (pg/ml) by PBC subgroups in Study 2 

Marker PBC subgroups Significance  

BANC (n=73) 

median (IQR) 

pg/ml 

RITPBC (n=57) 

median (IQR) 

pg/ml 

UK-PBC (n=30) 

median (IQR) pg/ml 

 

IL-4R 1030 (210) 1013 (198) 1075 (188) P = .636   

χ2(2) = .905 

CD163 525281 (3277758) 478404 (248266) 445633 (298629) P = .441 

χ2(2) = 1.636 

KIM-1 76.7 (68.8) 73.5 (81.1) 77.0 (118.1) P = .557  

χ2(2) = 1.172 

CXCL9 1136 (855) 1516 (744) 1024 (744) P = .002 

χ2(2) = 12.894 

CCL20 15.2 (20.4) 15.7 (18.7) 18.6 (21.5) P = .598 

χ2(2) = 1.027 

IL-13 0.21 (0.86) 0.21 (0.78) 0.21 (0.13) P = .803 

χ2(2) = .439 

IL-4 0.08 (0.13) 0.08 (0.06) 0.08 (0.12) P = .499 

χ2(2) = 1.389 

IL-6 1.49 (0.92) 1.53 (1.22) 1.52 (0.85) P = .673 

χ2(2) = .792 

Leptin 31820 (36529) 21672 (29815) 23414 (29523) P = .154 

χ2(2) = 3.741 

TNF-α 1.74 (1.02) 1.02 (0.94) 1.70 (2.31) P < .001 

χ2(2) = 22.119 

Ghrelin (n=73)  

538.5 (750.7) 

(n=55) 

79.4 (156.0) 

(n=24) 

617.4 (675.5) 

P < .001 

χ2(2) = 63.927 

 IQR – Interquartile Range; n=number of cases in each group; test for statistical significance using Kruskal-Wallis; 

P < 0.05 considered statistically significant (2-sided test) 

 

There were no significant differences in serum proteomic markers between males and females 

across healthy controls and the PBC cohorts (See Table 6.5), Given the low total numbers of 

males, gender differences were not explored between in the individual cohorts. 

  



 

 

 

139 

 

Table 6.5 Median serum markers (pg/ml) by gender for healthy controls and PBC  

Marker Healthy and PBC cohort 

 

Significance  

Female (n=189) 

Median (IQR) pg/ml 

 

Male (n=11)  

Median (IQR) pg/ml 

IL-4R 1012.9 (214.6) 922.7 (213.6) P = .221 U = 811 

CD163 439071.3 (2578723.1) 449754.2 (306004.2) P = .572 U = 1145 

KIM-1 69.3 (55.9) 83.8 (143.4) P = .381 U = 1203 

CXCL9 1088.0 (839.9) 1136.8 (1150.4) P = .547 U = 1152 

CCL20 15.2 (17.1) 10.0 (32.1) P = .557 U = 930 

IL-13 0.21 (0.85) 0.21 (0.31) P = .442 U = 912 

IL-4 0.08 (0.90) 0.08 (0.00) P = .100 U = 767 

IL-6 1.39 (0.96) 1.47 (0.84) P = .694 U = 1113 

Leptin 25484.0 (33052.4) 14488.0 (25840.0) P = .141 U = 765 

TNF-α 1.36 (1.18) 1.43 (0.46) P = .594 U = 1139 

Ghrelin (n=181) 

375.1 (672.3) 

(n=11) 

410.8 (669.4) 

P = .765 U = 942 

IQR – Interquartile Range; n=number of cases in each group; test for statistical significance using Mann-Whitney 

U; P < 0.05 considered statistically significant (2-sided test) 

 

 

As with the exploratory cohort (Study 1), many of the symptoms associated with PBC are 

strongly and significantly associated with a younger age. In particular, younger people report 

more severe symptoms in the cognitive, fatigue and emotional domains as assessed with the 

PBC-40, and this is in keeping with previous large PBC cohort studies (Mells et al., 2013). See 

Table 6.6 and Figure 6.1. A younger age was significantly associated with higher scores in 

the general symptom domain. However, younger patients tended to report moderate rather than 

severe symptoms. It should be noted that the number of patients reporting severe general 

symptoms was small (n=8).   
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Table 6.6 PBC-40 domain severity by age (in years) in Study 2 
PBC-40 

Domain Severity 

 

Number Age (years) 

[IQR] 

Significance 

Cognition None/mild 60 60 [12] 
P < .001 

X(1) = 20.307 
Moderate 57 57 [11] 

Severe 41 50 [13] 

Fatigue None/mild 32 60 [9] 
P = .003 

X(1) = 11.382 
Moderate 52 58 [14] 

Severe 76 54.5 [12] 

Itch None/mild 128 58 [12] 
P = .155 

X(1) = 3.728 
Moderate 18 57.5 [16] 

Severe 14 52 [13] 

Emotional None/mild 56 60 [10] 
P < .001 

X(1) = 17.634 
Moderate 51  55 [14] 

Severe 51  54 [12] 

Social None/mild 83 59 [12] 
P = .087 

X(1) = 4.873 
Moderate 65 55 [15] 

Severe 10 57 [10] 

General 

Symptoms 

None/mild 85 59 [12] 
P < .001 

X(1) = 13.598 
Moderate 66 53 [13] 

Severe 8 57 [8] 

n=number of cases in each group; analysis using Chi-square; P < 0.05 considered statistically significant (2-sided 

test); red denotes statistically significance   
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Figure 6.1 PBC-40 domain severity by age (in years) in Study 2 A) Cognitive domain, B) fatigue domain, C) 

emotional domain 
 

Only 3 analytes showed a significant correlation to age. IL-4 and IL-6 showed a negative 

correlation, i.e. higher levels with younger ages, whilst ghrelin showed a positive correlation 

(see Table 6.7). 

 

Table 6.7 Serum proteomics correlated by age (in years) in Study 2 

Marker Correlation 

coefficient 

Significance 

IL-4R -.006 P = .937 

CD163 .121 P = .089 

KIM-1 .095 P = .180 

CXCL9 -.066 P = .355 

CCL20 .018 P = .803 

IL-13 -.126 P = .076 

IL-4* -.164 P = .020 

IL-6* -.165 P = .020 

Leptin -.027 P = .709 

TNF-α -.057 P = .422 

Ghrelin* .179 P = .013 

analysis using Spearmen-rho; *P < .05 considered statistically significant (2-sided test); ** P < .01 considered 

statistically significant (2-sided test); red denotes statistical significance; orange denotes considered false positive 

on FDR. 

 

 

Given the role of ghrelin and leptin in energy metabolism, and particularly given their influence 

by adipose tissue and therefore body weight, correlation of body weight with all the serum 

analytes was performed. Only leptin, ghrelin and CCL20 were associated with body weight, 
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with higher levels of ghrelin observed in lower body weights, whilst leptin and CCL20 showed 

the opposite effect, see Table 6.8 

 

Table 6.8 Serum proteomics correlated by weight in Study 2  

Marker Correlation 

coefficient 

Significance 

IL-4R -.009 P = .873 

CD163 .055 P = .307 

KIM-1 -.001 P = .989 

CXCL9 -.035 P = .513 

CCL20 .109 P = .042 

IL-13 .029 P = .616 

IL-4 -.002 P = .972 

IL-6 .081 P = .130 

Leptin 4.64 P < .001 

TNF-α .075 P = .162 

Ghrelin** -2.32 P = .004 

analysis using Spearmen-rho; *P < .05 considered statistically significant (2-sided test); ** P < .01 considered 

statistically significant (2-sided test); red denotes statistical significance; orange denotes considered false positive 

on FDR. 

 

 

6.1.2 Study 2 (validation study): Clinical status and symptoms 

When exploring the effect of biochemical responder status on the serum proteome, using the 

previously described POISE criteria, 113/160 (71%) of PBC participants were POISE 

responders and therefore at low risk of disease progression. There was a strong positive 

association between response status, with higher levels of IL-4R, CD163, KIM-1, CXCL9 and 

CCL20 in non-responders, whilst leptin was significantly lower in comparison to responders. 

This mirrors the findings in our exploratory work in Study 1 (see section 5.1.2). IL-13, IL-4, 

IL-6, TNF-α and ghrelin were not significantly different between responders and non-

responders, and this is in keeping with the published data on the inflammatory proteome in 

PBC. See table 5.7. 

 

For abnormal liver function tests (LFT), the same profile of markers that were elevated in non-

responders, showed significant differences between those with normal and abnormal LFT, with 

increased IL-4R, CD163, KIM-1, CXCL9 and CCL20 in the abnormal LFT group, and leptin 

being significantly lower (the same as in Study 1). In addition, though, when using the more 

stringent analysis of normal versus abnormal LFT, IL-6 and TNF-α also showed a significant 

association with abnormal LFT, but this disappeared when correcting for multiple testing. 

Finally, in those with cirrhosis, IL-4R, and KIM-1 were elevated, in keeping with Study 1, 

although CD163 failed to show a significant difference according to cirrhosis status, unlike in 

Study 1. See Table 6.9. 
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Table 6.9. Median serum markers (pg/ml) by biochemical response status (POISE criteria) and normal versus abnormal liver function tests (LFT) 

Marker PBC Group 

Responder status 

PBC Group 

Abnormal LFT 

Cirrhosis 

 Responder 

(n=113) 

Median 

(IQR) 

 

Non-

responder 

(n=47) 

Median 

(IQR) 

Significance Normal 

LFT 

(n=62) 

Median 

(IQR) 

 

Abnormal 

LFT 

(n=98) 

Median 

(IQR) 

Significance Non-

cirrhotic 

(n=89) 

Cirrhotic 

(n=14) 

Significance 

IL-4R 991.1 

(170) 

1118 

(156.6) 

P <.001  

U = 3971 

955.2 

(157.5) 

1083.9 

(177.9) 

P <.001 

U = 4322.5 

1027 

(184) 

1166 (373) P = .003 

U = 936 

CD163 438001 

(242482) 

563956 

(258832) 

P =.006  

U = 3392 

417894 

(241826) 

541508 

(268248) 

P =.019  

U = 3706 

496988 

(288664) 

604873 

(354971) 

P = .070 

U = 811 

KIM-1 63.6 (44) 157.9 

(134.5) 

P <.001  

U = 4416 

60.9 

(29.6) 

91.8 

(111.6) 

P <.001  

U = 4434 

59.6 

(75.2) 

205.9 

(174.8) 

P = .004  

U = 919 

CXCL9 1156 

(731.8) 

1573 

(1164) 

P =.011  

U = 3334 

1090 

(704) 

1436 

(902) 

P =.004  

U = 3852 

1058 

(779) 

1251 

(1360) 

P = .408  

U = 709 

CCL20 15.2 

(14.5) 

20.8 

(35.3) 

P <.001  

U = 3544 

14.9 

(14.9) 

18.0 

(22.5) 

P = .016  

U = 3728 

17.0 

(19.4) 

24.4 (29.4) P = .413  

U = 708 

IL-13 0.21 

(0.97) 

0.21 

(0.90) 

P = .532  

U = 2505.5 

0.21 

(0.72) 

0.21 

(0.95) 

P = .699  

U = 3137.5 

0.21 

(1.16) 

0.21 (0.08) P = .125 

U = 481 

IL-4 0.08 

(0.12) 

0.08 

(0.08) 

P = .719  

U = 2568 

0.08 

(0.13) 

0.08 

(0.92) 

P = .945  

U = 3020 

0.09 

(0.13) 

0.08 (0.11) P = .488 

U = 556 

IL-6 1.51 

(0.88) 

1.52 

(0.99) 

P = .540  

U = 2819 

1.35 

(0.70) 

1.63 

(1.07) 

P = .042  

U = 3618 

1.42 

(0.86) 

1.71 (0.91) P = .027 

U = 853 

Leptin 28101 

(36085) 

21192 

(31125) 

P = .041 

U = 2111 

35341 

(34594) 

20624 

(29866) 

P = .005  

U = 2244 

31339 

(36529) 

21234 

(32266) 

P = .985  

U = 621 

TNF-α 1.49 

(1.14)  

1.55 

(1.57) 

P = .295  

U = 2935 

1.40 

(1.13) 

1.58 

(1.39) 

P = .041  

U = 3622 

1.74 

(1.18) 

1.68 (2.54) P = .931 

U = 632 

Ghrelin^ (n=107) 

375.1 

(691.6) 

(n=45) 

291.3 

(599.4) 

P = .286 

U = 2143 

(n=58) 

319.3 

(695.9) 

(n=94) 

385.9 

(675.5) 

P = .997 

U = 2725 

(n=58) 

 634 

(790) 

(n=58) 

477 (471) 

P = .278 

U = 411 

IQR – Interquartile Range; n=number of cases in each group; test for statistical significance using Mann-Whitney U; P < 0.05 considered 

statistically significant (2-sided test); red denotes statistically significance; orange denotes considered false positive on FDR
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6.1.3 Study 2 (validation study): Serum proteomics and symptoms 

After establishing the relationship between serum proteomics, age, symptoms and disease 

characteristics, the relationship between serum proteomics and the individual PBC-40 domains 

was explored.  

 

6.1.3.1 Study 2 (validation study): cognitive symptoms   

Assessment using the PBC-40 cognitive domain showed 62/160 participants (39%) with 

“none/mild” symptoms, 57 (36%) with moderate and 41 (25%) with severe. When split 

according to the pre-defined clinically significant cut-off for cognitive symptoms (a PBC-40 

score of greater or equal to 18, mid-way in the moderate score), 86/160 (54%) of participants 

were classified as having clinically significant cognitive symptoms, which is higher than the 

expected 28% in the general PBC population. See and Table 3.2 

 

Of the 11 serum markers explored, only 3 reached statistical significance when stratified by 

the PBC-40 cognitive domain. CXCL9 and IL-6 were elevated in those experiencing high 

levels of cognitive symptoms, (CXCL9 severe: 1471pg/ml vs. none/mild: 1025pg/ml, P = 

0.002; IL-6 severe: 1.72pg/ml vs. none: 1.37pg/ml, P = 0.006), whilst ghrelin was lower in 

those with more severe symptoms (Ghrelin severe: 276pg/ml vs. none/mild 527pg/ml, P = 

0.003).   

 

Using pairwise comparison with Bonferroni and correcting for multiple testing, the only 

statistically significant associations were CXCL9 (none/mild vs. severe, P = 0.004), IL-6 

(none/mild vs. severe, P = 0.014, moderate vs. severe, P = 0.047) and ghrelin (none/mild vs. 

severe, P = 0.07, none/mild vs. moderate, P = 0.001). 

 

CXCL9 and ghrelin both maintained their association with cognitive symptoms when stratified 

by clinical significance of symptoms, but IL-6 failed to maintain an association, whilst IL-4 

showed a weak positive association. See Table 6.10 
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Table 6.10 Serum markers (pg/ml) by cognitive domain severity as defined by PBC-40 (none/mild vs. severe) and by cognitive score deemed clinically 

significant in Study 2 

Marker Cognitive Severity  Clinically* Significant Cognitive 

Symptoms? 

None/Mild 

(n=62) 

Median 

(IQR) pg/ml 

 

Moderate 

(n=57) 

Median 

(IQR) pg/ml 

Severe 

(n=41) 

Median 

(IQR) pg/ml 

Significance 

none/mild vs. 

moderate vs. 

severe 

Significance 

none/mild 

vs. severe 

No (n=74) 

Median (IQR) 

pg/ml 

Yes (n=86) 

Median 

(IQR) 

pg/ml 

Significance 

IL-4R 1026 (191) 1039 (223) 1021 (181) P = .990 

χ2(2) = 0.021 

P =.956 

U = 1222 

1035 (215) 1030 (187) P = .566 

U = 3014 

CD163 533491 

(316127) 

500282 

(287692) 

452653 

(213056) 

P = .400 

χ2(2) = 1.831 

P =.194 

U = 1041 

529741 

(330760) 

457441 

(235127) 

P = .269 

U = 2859 

KIM-1 74.6 (71.6) 76.0 (78.0) 80.3 (113.2) P = .884 

χ2(2) = 0.246 

P =.633 

U = 1299 

73.4 (69.9) 81.5 (81.6) P = .479 

U = 3389 

CXCL9 1025 (769) 1339 (802) 1471 (917) P = .004 

χ2(2) = 11.088 

P =.002 

U = 1688 

1037 (755) 1445 (966) P = .002 

U = 4066 

CCL20 17.3 (20.4) 15.7 (13.4) 17.7 (24.1) P = .820 

χ2(2) = 0.397 

P =.683 

U = 1171 

17.6 (18.9) 15.8 (20.7) P = .684 

U = 3063 

IL-13 0.21 (0.58) 0.21 (0.85) 0.21 (1.16) P = .669 

χ2(2) = 0.803 

P =.839 

U = 1257 

0.21 (0.49) 0.21 (1.14) P = .414 

U = 3397 

IL-4 0.08 (0.10) 008 (0.06) 0.08 (0.16) P = .113 

χ2(2) = 4.361 

P =.065 

U = 1474 

0.08 (0.07) 0.09 (0.09) P = .047 

U = 3709 

IL-6 1.37 (0.70) 1.47 (0.91) 1.72 (0.96) P = .012 

χ2(2) = 8.823 

P =.006 

U = 1628 

1.41 (0.91) 1.61 (0.95) P = .370 

U = 3444 

Leptin 21914 

(25559) 

27212 

(42054) 

25625 

(39863) 

P = .390 

χ2(2) = 1.885 

P =.830 

U = 1261 

23933 (31379) 25654 

(37288) 

P = .654 

U = 3313 

TNF-α 1.65 (1.51) 1.36 (1.17) 1.43 (1.44) P = .111 

χ2(2) = 4.400 

P =.226 

U = 1055 

1.55 (1.36) 1.46 (1.27) P = .529 

U = 2998 

Ghrelin^ (n=59) 

527 (751) 

(n=54) 

226 (505) 

(n=39) 

276 (607) 

P = <0.01 

χ2(2) = 15.553 

P = .003 

U = 719 

(n=71) 

491.4 (646.0) 

(n=81) 

234 (568) 

P = .005 

U = 2109 

*A score of >= 18 in the cognitive domain of the PBC-40 is considered clinically significant; IQR – Interquartile Range; n=number of cases in each 

group; test for statistical significance using Mann-Whitney U or Kruskal-Wallis; P < 0.05 considered statistically significant (2-sided test); red 

denotes statistically significance; ^note for ghrelin serum levels were only available for a subset of patients  
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Figure 6.2 Serum markers (pg/ml) significantly associated with clinically significant cognitive symptoms as 

defined by the PBC-40 cognitive domain A) IL-6, B) CXCL9, C) ghrelin. 
 

As ghrelin levels were associated with weight, an ANCOVA covariate analysis was performed. 

It remained statistically significant (none/mild vs. severe: F = 8.922, P = 0.004; Clinically 

significant: F = 7.418, P = 0.007). When IL-6 was corrected for age as a covariate, significance 

remained between the “none/mild” and “severe” cognitive groups (IL-6: F = 5.009, P = 0.027).  

See Figure 6.2. 

 

6.1.3.2 Study 2 (validation study): fatigue symptoms   

The burden of fatigue in this cohort was high when assessed using the PBC-40 fatigue domain; 

77/160 (49%) with “severe” symptoms, 51 (32%) “moderate” and only 32 (19%) with 

“none/mild”. Overall, this resulted in 122/160 (76%) experiencing clinically significant fatigue 

(defined by a PBC-40 score of 33 or more in the fatigue domain). See Table 6.11. This is 

higher than found in the general PBC population using this cut-off score, where fatigue is 

expected to be clinically significant in 45% of the PBC population. See Table 3.2 
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As with cognitive symptoms, the 3 markers that showed a statistically significant difference 

between the “none/mild” and “severe” groups were CXCL9 (severe: 1451pg/ml versus 

none/mild: 999, P=0.006) and IL-6 (severe: 1.64pg/ml versus none/mild: 1.05pg/ml, P=0.003). 

These both increased with more severe symptoms, whilst ghrelin (severe: 253pg/ml, 

none/mild: 559pg/ml, P=0.002) decreased with increased severity of fatigue.  

 

This finding persisted when comparing between “none/mild”, “moderate” and “severe” groups. 

Pairwise correction with Bonferroni demonstrated significance for CXCL9 (none/mild vs. 

severe, P = 0.012), IL-6 (none/mild vs. severe, P = 0.013) and ghrelin (none/mild vs. severe, P 

= 0.005; none/mild vs. moderate, P = 0.034). 

 

CXCL9, IL-6 and ghrelin remained statistically significant when stratified by clinically 

significant fatigue. No other analytes were statistically significant in any group comparisons. 

See Table 6.11. 
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Table 6.11 Serum markers (pg/ml) by fatigue domain severity as defined by PBC-40 (none/mild vs. severe) and by fatigue score deemed 

clinically significant in Study 2 

Marker Fatigue Severity 

 

Clinically* Significant Fatigue symptoms? 

 

None/Mild 

(n=32) 

Median 

(IQR) pg/ml 

Moderate 

(n=51) 

Median 

(IQR) pg/ml 

Severe 

(n=77) 

Median 

(IQR) pg/ml 

Significance 

none/mild vs. 

moderate vs. 

severe 

Significance 

none/mild 

vs. severe 

No (n=38) 

Median (IQR) 

pg/ml 

Yes (n=122) 

Median 

(IQR) 

pg/ml 

Significance 

IL-4R 1016 (279) 1035 (246.9) 1035 (158.8) P = .923 

χ2(2) = 0.160 

P = .665 

U = 1297 

1016 (263) 1038 (181) P = .758 

U = 2395 

CD163 535349 

(329224) 

529741 

(307066) 

484459 

(237394) 

P = .573 

χ2(2) = 1.113 

P = .328 

U = 1085 

547167 

(318938) 

481431 

(281223) 

P = .137 

U = 1947 

KIM-1 87.6 (77.4) 79.9 (73.4) 74.1 (105.1) P = .737 

χ2(2) = 0.610 

P = .775 

U = 1189 

87.6 (77.1) 74.1 (77.1) P = .569 

U = 2176 

CXCL9 999 (874) 1134.9 

(815.1) 

1451 (1041) P = .011 

χ2(2) = 9.031 

P = .006 

U = 1646 

1048 (737) 1345 (834) P = .027 

U = 2868 

CCL20 17.8 (21.9) 16.05 (20.8) 17.3 (17.0) P = .700 

χ2(2) = 0.714 

P = .762 

U = 1277 

16.9 (21.6) 17.1 (19.2) P = .643 

U = 2433 

IL-13 0.21 (1.08) 0.21 (0.92) 0.21 (0.73) P = .836 

χ2(2) = 0.358 

P = .639 

U = 1296 

0.21 (0.62) 0.21 (0.95) P = .717 

U = 1296 

IL-4 0.08 (0.08) 0.08 (0.14) 0.08 (0.09) P = .622 

χ2(2) = 0.950 

P = .739 

U = 1277 

0.08 (0.07) 0.08 (0.10) P = .898 

U = 2347 

IL-6 1.05 (0.82) 1.52 (0.79) 1.64 (0.96) P = .017 

χ2(2) = 8.099 

P = .003 

U = 1681 

1.06 (0.86) 1.62 (0.89) P = .010 

U = 2959 

Leptin 28134 

(33073) 

22196 

(25908) 

25625 

(41412) 

P = .941 

χ2(2) = 0.121 

P = .942 

U = 1243 

24740 (29815) 25358 

(35238) 

P = .712 

U = 2410 

TNF-α 1.69 (1.00) 1.20 (1.64) 1.49 (1.24) P = .200 

χ2(2) = 3.215 

P = .464 

U = 1122 

1.74 (1.20) 1.43 (1.28) P = .078 

U = 1878 

Ghrelin^ (n=31) 

559.5 

(767.4) 

(n=48) 

297.6 

(646.2) 

(n=73) 

253.5 

(588.5) 

P = .005 

χ2(2) = 10.431 

P = .002 

U - 686 

(n=37) 

559.5 (654.9) 

(n=115) 

274 (579.9) 

P = .002 

U = 1416 

*A score of >= 33 in the fatigue domain of the PBC-40 is considered clinically significant; IQR – Interquartile Range; n=number of cases 

in each group; test for statistical significance using Mann-Whitney U or Kruskal-Wallis; P < 0.05 considered statistically significant (2-

sided test); red denotes statistically significance; ^note for ghrelin serum levels were only available for a subset of patients. 
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Figure 6.3 Serum markers (pg/ml) significantly associated with clinically significant fatigue as defined by the 

PBC-40 fatigue domain A) IL-6, B) CXCL9, C) ghrelin. 
 

Given that IL-6 levels showed an association with age, an ANCOVA analysis was 

undertaken to include age as a covariate, stratified by “none/mild” vs “severe” groups and 

clinically significant fatigue. IL-6 continued to show a statistically significant correlation 

with fatigue severity when adjusting for age as a covariate (none/mild vs. severe: F = 6.103, P 

= 0.015; clinically significant: F = 5.240, P= 0.023) 

 

Including weight as a covariate for ghrelin, resulted in continued statistical significance for 

none/mild vs. severe groups and clinically significant fatigue, (none/mild vs. severe: F = 

8.169, P = 0.005; clinically significant: F = 8.426, P = 0.004). See Figure 6.3. 
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Symptom assessment using the PBC-40 itch domain demonstrated that 128 out 160 participants 
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published PBC-40 clinically significant itch score (a score of 7 or more, which includes 25% 

of those experiencing mild symptoms [mild range 4-8]), 57/160 (36%) had clinically 

significant itch. See Table 6.12. This is akin to published data where a cut-off of 7 in the itch 

domain yielded clinically significant symptoms in 38% of the PBC population). See Table 3.2 

 

TNF-α was significantly elevated in the “severe” group when compared to the “none/mild” 

group (P=0.022) and when comparing “none/mild”, “moderate” and “severe” (P=0.043). 

It should be noted that whilst the median serum TNF-α in the “severe” group was higher than 

the “none/mild” group (TNF-α: severe: 2.30pg/ml versus none/mild 1.47pg/ml), the severe 

group was small, and the median serum TNF-α in the moderate group was lower than the 

none/mild group (moderate: 1.39pg/ml). When corrected for pairwise comparison using 

Bonferroni, these associations became non-significant between all symptom severity groups. 

No other serum markers were significantly different between these groupings. See Table 6.12 

Using the clinically significant cut off for itch, the association with TNF-α disappeared, whilst 

IL-4Rα showed statistical significance (P=0.022) with an elevation in IL-4Rα being associated 

with clinically significant itch symptoms. No other serum marker reached significance. See 

Figure 6.4 
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Table 6.12 Serum markers (pg/ml) by itch domain severity as defined by PBC-40 (none/mild vs. severe) and by itch score deemed clinically 

significant in Study 2 

Marker Itch Severity 

 

Clinically* Significant Itch Symptoms? 

 

None/Mild 

(n=128) 

Median 

(IQR) pg/ml 

 

Moderate 

(n=18) 

Median 

(IQR) pg/ml 

Severe 

(n=14) 

Median 

(IQR) pg/ml 

Significance 

none/mild vs. 

moderate vs. 

severe 

Significance 

none/mild 

vs. severe 

No (n=103) 

Median (IQR) 

pg/ml 

Yes (n=57) 

Median 

(IQR) 

pg/ml 

Significance 

IL-4Rα 1013 (212) 1093 (130.7) 1077 (100) P = .071 

χ2(2) = 5.292 

P =.145 

U = 1109 

1000 (200) 1081 (173) P =.022 

U = 3578 

CD163 483589 

(268253) 

619324 

(782698) 

484592 

(295419) 

P = .311 

χ2(2) = 2.336 

P =0.80 

U = 859 

500282 

(280825) 

499603 

(296441) 

P =.970 

U = 2946 

KIM-1 74.8 (71.9) 93.6 (153) 82.7 (111.6) P = .219 

χ2(2) = 3.036 

P =.191 

U = 1087 

75.4 (79.2) 80.3 (68.8) P =.770 

U = 3017 

CXCL9 1262 (825) 1262 (825) 1456 (1253) P = .198 

χ2(2) = 3.238 

P =.821 

U = 929 

1256 (845) 1202 (866) P =.655 

U = 2810 

CCL20 16.9 (20.7) 16.9 (11.2) 19.7 (23.7) P = .960 

χ2(2) = 0.082 

P =.795 

U = 934 

17.0 (19.3) 17.3 (19.8) P =.836 

U = 2993 

IL-13 0.21 (0.92) 0.21 (0.51) 0.49 (0.97) P = .758 

χ2(2) = 0.555 

P =.744 

U = 939 

0.21 (1.07) 0.21 (0.91) P =.604 

U = 2804 

IL-4 0.08 (0.09) 0.08 (0.01) 0.13 (0.14) P = .341 

χ2(2) = 2.150 

P =.451 

U = 997 

0.08 (0.94) 0.08 (0.10) P =.973 

U = 2944 

IL-6 1.49 (0.90) 1.64 (1.21) 1.87 (1.38) P = .104 

χ2(2) = 4.535 

P =.067 

U = 1164 

1.50 (0.95) 1.52 (0.86) P =.374 

U = 3185 

Leptin 25583 

(35548) 

21625 

(20123) 

25457 

(45536) 

P = .417 

χ2(2) = 1.751 

P =.460 

U = 1004 

28101 (35683) 23961 

(33543) 

P =.854 

U = 2987 

TNF-α 1.47 (1.27) 1.39 (1.33) 2.30 (2.42) P = .043 

χ2(2) = 6.298 

P =.022 

U = 1230 

1.55 (1.24) 1.43 (1.56) P = .580 

U = 2780 

Ghrelin^ (n=122) 

315 (621) 

(n=16) 

540 (677) 

(n=14) 

618 (946) 

P = .185 

χ2(2) = 3.377 

P = .071 

U = 1106 

(n=98) 

356 (632) 

(n=54) 

378 (701) 

P = .908 

U = 2676 

*A score of >= 7 in the itch domain of the PBC-40 is considered clinically significant; IQR – Interquartile Range; n=number of cases in each group; 

test for statistical significance using Mann-Whitney U or Kruskal-Wallis; P < 0.05 considered statistically significant (2-sided test); red denotes 

statistically significance; yellow denotes no statistical significance following post-hoc Bonferroni correction; ^note for ghrelin serum levels were 

only available for a subset of patients  
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Figure 6.4 Serum IL-4Rα (pg/ml) and clinically significant itch as defined by the PBC-40 itch domain. 

 

6.1.3.4 Study 2 (validation study): emotional symptoms   

Exploring the cohort with the PBC-40 domain emotional cohort resulted in a relatively even 

split between “none/mild”, “moderate” and “severe” symptoms, with 57/160 (35%) classified 

as “none/mild”, 52 (33%) “moderate” and 51 (32%) severe. Clinically significant symptoms 

as defined by a score of 12 or more, which is expected to be seen in 19% of the PBC population 

(Mells et al., 2013), was seen in 51/160 (32%) of participants.   

 

IL-6 was statistically significantly elevated when comparing those with “none/mild” and 

“severe” symptoms (P = 0.009) and between all groups (P = 0.026). When correcting for 

multiple pairwise testing, significance occurred between “none/mild” and “severe” groups (P 

= 0.023), but not other groupings.  When using the clinically significant cut-off score of 12 or 

more, IL-6 remained statistically significant (P = 0.012).  

 

Ghrelin was significantly lower with increasing symptoms when comparing across the 

“none/mild”, “moderate” and “severe” symptoms (P = 0.017), and when corrected for by 

pairwise comparison, remained significant between “none/mild” and “moderate” groups (P = 

0.021), but not the other groupings. No other markers showed a statistical association.  See 

Table 6.13 and Figure 6.5. 
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Table 6.13 Serum markers (pg/ml) by Emotional domain severity as defined by PBC-40 (none/mild vs. severe) and by Emotional score deemed 

clinically significant in Study 2 

Marker Emotional Severity 

 

Clinically* Significant Emotional 

Symptoms? 

None/Mild 

(n=57) 

Median 

(IQR) pg/ml 

 

Moderate 

(n=52) 

Median 

(IQR) pg/ml 

Severe 

(n=51) 

Median 

(IQR) pg/ml 

Significance 

none/mild vs. 

moderate vs. 

severe 

Significance 

none/mild 

vs. severe 

No (n=109) 

Median (IQR) 

pg/ml 

Yes (n=51) 

Median 

(IQR) 

pg/ml 

Significance 

IL-4R 1017 (246) 1013 (194) 1068 (171) P = .254 

χ2(2) = 2.739 

P =.210 

U = 1629 

1015 (225) 1068 (171) P =.106 

U = 3220 

CD163 524935 

(317987) 

472473 

(303931) 

478404 

(254582) 

P = .704 

χ2(2) = .701 

P =.417 

U = 1298 

511216 

(308060) 

478404 

(252582) 

P =.565 

U = 2622 

KIM-1 74.2 (76.1) 77.2 (80.1) 77.8 (104.8) P = .700 

χ2(2) = .712 

P =.891 

U = 1450 

74.2 (75.8) 77.8 (104) P = .587 

U = 2928 

CXCL9 1136 (876) 1522 (1192) 1159 (736) P = .266 

χ2(2) = 2.649 

P =.681 

U = 1494 

1277 (906) 1159 (736) P =.694 

U = 2672 

CCL20 12.7 (15.0) 17.8 (19.3) 15.7 (17.7) P = .161 

χ2(2) = 3.652 

P =.425 

U = 1556 

17.1 (19.7) 15.7 (17.6) P =.905 

U = 2747 

IL-13 0.21 (0.48) 0.26 (1.25) 0.21 (0.92) P = .274 

χ2(2) = 2.586 

P =.346 

U = 1561 

0.21 (0.91) 0.21 (0.92) P =.818 

U = 2836 

IL-4 0.08 (0.07) 0.08 (0.10) 0.08 (0.14) P = .386 

χ2(2) = 1.904 

P =.198 

U = 1615 

0.08 (0.08) 0.08 (0.14) P =.337 

U = 3018 

IL-6 1.36 (0.90) 1.54 (0.75) 1.67 (0.91) P = .026 

χ2(2) = 7.305 

P =.009 

U = 1848 

1.45 (0.80) 1.67 (0.91) P = .012 

U = 3464 

Leptin 25428 

(31821) 

20903 

(33595) 

32898 

(45571) 

P = .261 

χ2(2) = 2.683 

P =.312 

U = 1590 

23961 (30899) 32898 

(45571) 

P = .126 

U = 3197 

TNF-α 1.53 (1.10) 1.43 (1.48) 1.60 (1.71) P = .697 

χ2(2) = 0.721 

P =.587 

U = 1515 

1.45 (1.26) 1.60 (1.71) P = .365 

U = 3027 

Ghrelin^ (n=56) 

469 (799) 

(n=49) 

234 (449) 

(n=47) 

343 (725) 

P = .017 

χ2(2) = 8.127 

P = .297 

U = 1137 

(n=105) 

369 (675) 

(n=47) 

343 (725) 

P = .809 

U = 2528 

*A score of >= 12 in the emotional domain of the PBC-40 is considered clinically significant; IQR – Interquartile Range; n=number of cases 

in each group; test for statistical significance using Mann-Whitney U or Kruskal-Wallis; P < 0.05 considered statistically significant (2-sided 

test); red denotes statistically significance; ^note for ghrelin serum levels were only available for a subset of patients  
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Figure 6.5 Serum IL-6 (pg/ml) and clinically significant emotional symptoms as defined by the PBC-40 

emotional domain.  

 

 

Including age as a covariate for IL-6 in emotional symptoms demonstrated persistent statistical 

significance (none/mild vs. severe: F = 5.992, P = 0.016; clinically significant: F = 4.904, P = 

0.028). 

 

6.1.3.5 Study 2 (validation study): social symptoms   

According to the PBC-40 social domain, 83 out of 160 participants (52%) reported “none/mild’ 

symptoms, 67 (42%) reported “moderate” symptoms, and 10 (6%) reported severe symptoms. 

When stratifying by clinical significance using a cut of 32 or more, 50 (32%) had social 

symptoms that were considered clinically significant. This is slightly higher than the 25% 

observed in the general PBC population and might be related to the high fatigue and cognitive 

symptom burden in this group. See Table 6.14. 

 

Ghrelin was the only analyte that was significantly associated with social symptom severity, 

being elevated in those with “severe” symptoms when compared to “none/mild” (P=.026). 

Ghrelin was lowest in those with “moderate” symptoms, with pairwise analysis showing 

significance only between “moderate” and “severe” social symptoms (P = 0.026), but not other 

paired groups. Ghrelin was not significantly elevated when stratifying by clinically significant 

social symptoms. 
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Table 6.14 Serum markers (pg/ml) by social domain severity as defined by PBC-40 (none/mild vs. severe) and by social score deemed clinically 

significant in Study 2 

Marker Social Severity 

 

Clinically* Significant Social Symptoms? 

None/Mild 

(n=83) 

Median 

(IQR) pg/ml 

 

Moderate 

(n=67) 

Median 

(IQR) pg/ml 

Severe 

(n=10) 

Median 

(IQR) pg/ml 

Significance 

none/mild vs. 

moderate vs. 

severe 

Significance 

none/mild 

vs. severe 

No (n=110) 

Median (IQR) 

pg/ml 

Yes (n=50) 

Median 

(IQR) 

pg/ml 

Significance 

IL-4R 1015 (266) 1055 (148) 1013 (212) P = .701 

χ2(2) = 0.710 

P = .340 

U = 492 

1020 (233) 1035 (158) P =.276 

U = 3046 

CD163 525281 

(334326) 

480561 

(281914) 

462228 

(208364) 

P = .332 

χ2(2) = 2.207 

P = .480 

U = 358 

526561 

(332720) 

450889 

(233185) 

P =.525 

U = 2577 

KIM-1 75.2 (70.5) 73.8 (82.1) 80.3 (161.3) P = .277 

χ2(2) = 2.567 

P =.173 

U = 525 

75.3 (71.3) 78.3 (110.1) P = .322 

U = 3019 

CXCL9 1136 (876) 1331 (801) 1455 (1048) P = .394 

χ2(2) = 1.863 

P = .254 

U = 323 

1214 (856) 1331 (924) P =.296 

U = 2466 

CCL20 16.7 (20.7) 17.7 (24.0) 15.8 (12.9) P = .347 

χ2(2) = 2.114 

P = .655 

U = 451 

17.1 (21.0) 16.8 (18.1) P =.647 

U = 2874 

IL-13 0.21 (0.80) 0.21 (1.15) 0.21 (0.65) P = .173 

χ2(2) = 3.506 

P =.919 

U = 422 

0.21 (0.95) 0.21 (0.82) P =.497 

U = 2916 

IL-4 0.08 (0.09) 0.08 (0.10) 0.08 (0.10) P = .337 

χ2(2) = 2.175 

P = .146 

U = 522 

0.08 (0.10) 0.08 (0.11) P =.193 

U = 3072 

IL-6 1.37 (0.77) 1.66 (0.92) 1.61 (0.81) P = .242 

χ2(2) = 2.839 

P = .264 

U = 505 

1.38 (0.85) 1.65 (0.86) P = .385 

U = 2986 

Leptin 23904 

(24276) 

29396 

(38469) 

29284 

(41738) 

P = .835 

χ2(2) = 0.361 

P = .527 

U = 466 

23933 (29878) 30433 

(44527) 

P = .229 

U = 3077 

TNF-α 1.53 (1.24) 1.60 (1.69) 1.20 (0.92) P = .683 

χ2(2) = 0.763 

P = .406 

U = 482 

1.56 (1.31) 1.43 (1.33) P = .819 

U = 2812 

Ghrelin^ (n=79) 

392 (731) 

(n=65) 

301 (501) 

(n=9) 

884 (925) 

P = .032 

χ2(2) = 6.863 

P = .026 

U = 517 

(n=104) 

315 (718) 

(n=48) 

429 (538) 

P = .265 

U = 2777 

*A score of >= 32 in the social domain of the PBC-40 is considered clinically significant; IQR – Interquartile Range; n=number of cases in each 

group; test for statistical significance using Mann-Whitney U or Kruskal-Wallis; P < 0.05 considered statistically significant (2-sided test); red 

denotes statistically significance; ^note for ghrelin serum levels were only available for a subset of patients  
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When corrected for by weight, ghrelin remained statistically significant for “none/mild” vs 

“severe” groups (F = 5.184, P = 0.025). 

 

6.1.3.6 Study 2 (validation study): general symptoms   

Only 8/160 (5%) of PBC participants were categorised as having “severe” general symptoms 

using the relevant PBC-40 domain. There were 85/160 (53%) with “none/mild” symptoms and 

67 (42%) had “moderate” symptoms. Using the pre-defined cut-off for clinically significant 

symptoms (a score of 18 or more), resulted in 78 (55%) being considered clinically significant. 

This is in comparison to 40% seen in the general PBC population.  

 

Several analytes were significant depending on which method was used to correlate symptom 

severity. CCL20 was significantly lower in those with “severe” general symptoms compared 

to those with “none/mild” and “moderate” symptoms, where serum levels were similar 

(“severe”: 6.6pg/ml, “moderate”: 17.3, “none/mild”: 17.1). Correcting for multiple 

comparisons with pairwise analysis, showed statistical significance between “none/mild” vs. 

“severe” groups (P = 0.014), and “moderate” to “severe” (P = 0.009). 

 

Leptin was also significant when comparing “none/mild”, “moderate” and “severe”, with those 

with “moderate” symptoms having the lowest levels, whilst those with “severe” symptoms had 

the highest. Correcting for multiple comparisons, showed only a significance between the 

“none/mild” and “moderate” groups (P=0.016).  

 

For both CCL20 and leptin, these correlations did not persist when using the clinically 

significant cut-off score.  

 

Ghrelin and TNF-α were both significantly lower in those with clinically significant general 

symptoms, but only ghrelin showed the same relationship when comparing between 

“none/mild”, “moderate” and “severe” groups. Neither showed significance when comparing 

“none/mild” to “severe”. The unbalanced group numbers between “none/mild”, “moderate” 

and “severe” should be noted. See Table 6.15 and Figure 6.6 

 

Ghrelin did not remain significant for clinically significant general symptoms when adjusted 

for weight and age (F: 2.286; P = 0.133). CCL20 remained significant when corrected for 

weight in the “none/mild” vs “severe” group (F: 10.225; P = 0.002) 
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Table 6.15 Serum markers (pg/ml) by general symptoms domain severity as defined by PBC-40 (none/mild vs. severe) and by general symptoms 

score deemed clinically significant in Study 2 

Marker General Symptom Severity 

 

Clinically* Significant General Symptom 

Symptoms? 

None/Mild 

(n=85) 

Median 

(IQR) pg/ml 

 

Moderate 

(n=67) 

Median 

(IQR) pg/ml 

Severe 

(n=8) 

Median 

(IQR) pg/ml 

Significance 

none/mild vs. 

moderate vs. 

severe 

Significance 

none/mild 

vs. severe 

No (n=72) 

Median (IQR) 

pg/ml 

Yes (n=88) 

Median 

(IQR) 

pg/ml 

Significance 

IL-4R 1017 (220) 1046 (190) 1064 (360) P = .994 

χ2(2) = 0.012 

P = .995 

U = 339 

1021 (228) 1038 (183) P =.898 

U = 3205 

CD163 500282 

(275443) 

465921 

(292493) 

553243 

(346224) 

P = .587 

χ2(2) = 1.064 

P =.476 

U = 288 

517594 

(271537) 

480561 

(296661) 

P =.054 

U = 2607 

KIM-1 74.2 (73.0) 83.1 (105.8) 71.0 (93.8) P = .589 

χ2(2) = 1.060 

P =.403 

U = 401 

76.1 (70.9) 75.1 (84.4) P = .929 

U = 3142 

CXCL9 1219 (845) 1401 (860) 792 (582) P = .608 

χ2(2) = 0.995 

P = .805 

U = 322 

1156 (798) 1363 (798) P = .241 

U = 3510 

CCL20 17.1 (21.3) 17.3 (18.1) 6.6 (5.9) P = .011 

χ2(2) = 8.984 

P = .005 

U = 133 

17.6 (21.1) 16.6 (18.3) P = .672 

U = 3044 

IL-13 0.21 (1.25) 0.21 (0.65) 0.544 (0.92) P = .857 

χ2(2) = .310 

P = .877 

U = 350 

0.21 (1.26) 0.21 (0.69) P = .553 

U = 3323 

IL-4 0.08 (0.08) 0.08 (0.10) 0.21 (0.20) P = .830 

χ2(2) = 0.373 

P =.561 

U = 379 

0.08 (0.09) 0.08 (0.10) P = .740 

U = 3080 

IL-6 1.50 (0.95) 1.64 (0.85) 1.63 (0.81) P = .314 

χ2(2) = 2.319 

P =.584 

U = 380 

1.48 (0.81) 1.63 (1.03) P = .161 

U = 3577 

Leptin 32898 

(38222) 

21352 

(25896) 

38293 

(133944) 

P = .004 

χ2(2) = 11.078 

P = .179 

U = 438 

33342 (38900) 22933 

(30658) 

P = .130 

U = 2727 

TNF-α 1.65 (1.44) 1.35 (1.17) 1.47 (1.39) P = .202 

χ2(2) = 3.199 

P =.593 

U = 301 

1.72 (1.54) 1.39 (1.13) P = .042 

U = 2576 

Ghrelin^ (n=80) 

404 (684) 

(n=64) 

219 (578) 

(n=7) 

406 (1433) 

P = .013 

χ2(2) = 8.726 

P = .357 

U = 221 

(n=69) 

471 (652) 

(n=83) 

252 (570) 

P = .010 

U = 2165 

*A score of >= 18 in the general symptom domain of the PBC-40 is considered clinically significant; IQR – Interquartile Range; n=number of cases 

in each group; test for statistical significance using Mann-Whitney U or Kruskal-Wallis; P < 0.05 considered statistically significant (2-sided test); 

red denotes statistically significance; ^note for ghrelin serum levels were only available for a subset of patients  
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Figure 6.6 Serum markers (pg/ml) significantly associated with clinically significant general symptoms as defined 

by the PBC-40 general symptoms domain TNF-α B)  
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6.1.3.7 Study 2 (validation study): serum proteomics and symptoms – summary 

A summary of the significant proteomics markers associated with symptoms as assessed and 

ordered by the PBC-40 domains are in Table 6.16 and Table 6.17 

 

CXCL9, IL-6 and ghrelin showed consistent associations across both cognitive and fatigue 

domains. When corrected for multiple testing, both CXCL9 and ghrelin continued to be 

considered statistically significant results for “none/mild” vs. “severe” comparisons, but 

CXCL9 was considered a false positive for clinically significant fatigue.  

 

IL-6 remained significant for clinically significant fatigue even when corrected for FDR but 

was considered a false positive on correction for multiple testing for the domains fatigue, 

cognition and emotional when comparing “none/mild” vs. “severe”. 

 

CXCL9 whilst showing strong associations with cognition and fatigue in Study 2 was not 

elevated in the cognitive or fatigue domain in Study 1. See section 5.1.4.7. 

 

Reduced serum ghrelin was strongly associated with fatigue and cognitive symptoms (P=.002 

and P=.007 respectively), but this analyte was not used in the exploratory study (Study 1). It 

should be noted that leptin, which shares a strong biological relationship with ghrelin, and was 

previously associated with fatigue in the exploratory study (study 1), showed no significant 

correlation in the validation study (study 2). 

 

IL-4Rα demonstrated a positive association with itch when assessed by clinical significance, 

but not when comparing “none/mild” and “severe” symptoms. However, it should be noted, 

that using this categorisation resulted in only 14 participants being classified as “severe”, as 

opposed to 54 considered to have clinically significant symptoms. On correcting for multiple 

testing, IL-4Rα was considered a false positive but it was positively associated with significant 

itch in the exploratory study (Study 1).  

 

TNF-α demonstrated a positive relationship for itch when assessed by “none/mild” and 

“severe” symptoms, but this disappeared when correcting for multiple testing and there was no 

correlation when exploring by clinically significant symptoms. 

 

No other markers showed a significant relationship in the other PBC-40 domains.  
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Table 6.16 Summary table of statistical significance for median serum markers (pg/ml) by PBC-40 domain, split by none/mild and severe symptoms for Study 2 
Marker PBC-40 Domain  

Symptom 

severity 

Cognition 

Median (IQR) pg/ml 

Fatigue 

Median (IQR) pg/ml 

Itch 

Median (IQR) pg/ml 

Emotional 

Median (IQR) pg/ml 

Social 

Median (IQR) pg/ml 

General symptoms 

Median (IQR) pg/ml 

IL-4Rα None/mild 

Severe 

1026 (191) 

1021 (181) 

1016 (279) 

1035 (158.8) 

1013 (212) 

1077 (100) 

1017 (246) 

1068 (171) 

1015 (266) 

1013 (212) 

1017 (220) 

1064 (360) 

 Significance P=.956 P = .665 P =.145 P = .210 P = .340 P = .995 

CD163 None/mild 

Severe 

533491 (316127) 

452653 (213056) 

535349 (329224) 

484459 (237394) 

483589 (268253) 

484592 (295419) 

524935 (317987) 

478404 (254582) 

525281 (334326) 

462228 (208364) 

500282 (275443) 

553243 (346224) 

 Significance P =.194 P = .328 P =0.80 P = .417 P = .480 P = .476 

KIM-1 None/mild 

Severe 

74.6 (71.6) 

80.3 (113.2) 

87.6 (77.4) 

74.1 (105.1) 

74.8 (71.9) 

82.7 (111.6) 

74.2 (76.1) 

77.8 (104.8) 

75.2 (70.5) 

80.3 (161.3) 

74.2 (73.0) 

71.0 (93.8) 

 Significance P =.633 P = .775 P =.191 P = .891 P =.173 P = .403 

CXCL9 None/mild 

Severe 

1025 (769) 

1471 (917) 

999 (874) 

1451 (1041) 

1262 (825) 

1456 (1253) 

1136 (876) 

1159 (736) 

1136 (876) 

1455 (1048) 

1219 (845) 

792 (582) 

 Significance P =.002 P = .006 P =.821 P = .681 P = .254 P = .805 

CCL20 None/mild 

Severe 

17.3 (20.4) 

17.7 (24.1) 

17.8 (21.9) 

17.3 (17.0) 

16.9 (20.7) 

19.7 (23.7) 

12.7 (15.0) 

15.7 (17.7) 

16.7 (20.7) 

15.8 (12.9) 

16.7 (20.7) 

10.3 (11.6) 

 Significance P =.683 P = .762 P =.795 P = .425 P = .655 P = .005 

IL-13 None/mild 

Severe 

0.21 (0.58) 

0.21 (1.16) 

0.21 (1.08) 

0.21 (0.73) 

0.21 (0.92) 

0.49 (0.97) 

0.21 (0.48) 

0.21 (0.92) 

0.21 (0.80) 

0.21 (0.65) 

0.21 (1.25) 

0.544 (0.92) 

 Significance P =.839 P = .639 P =.744 P = .346 P = .919 P = .877 

IL-4 None/mild 

Severe 

0.08 (0.10) 

0.08 (0.16) 

0.08 (0.08) 

0.08 (0.09) 

0.08 (0.09) 

0.13 (0.14) 

0.08 (0.07) 

0.08 (0.14) 

0.08 (0.09) 

0.08 (0.10) 

0.08 (0.08) 

0.21 (0.20) 

 Significance P =.065 P = .739 P =.451 P = .198 P = .146 P = .561 

IL-6 None/mild 

Severe 

1.37 (0.70) 

1.72 (0.96) 

1.05 (0.82) 

1.64 (0.96) 

1.49 (0.90) 

1.87 (1.38) 

1.36 (0.90) 

1.67 (0.91) 

1.37 (0.77) 

1.61 (0.81) 

1.50 (0.95) 

1.63 (0.81) 

 Significance 

(age adjust.) 

P = .006 

P = .027 

P = .003 

P = .015 

P =.067 P = .009 

P = .016 

P = .264 P = .584 

Leptin None/mild 

Severe 

21914 (25559) 

25625 (39863) 

28134 (33073) 

25625 (41412) 

25583 (35548) 

25457 (45536) 

25428 (31821) 

32898 (45571) 

23904 (24276) 

29284 (41738) 

31235 (35246) 

23904 (144619) 

 Significance P =.830 P = .942 P =.460 P = .312 P = .527 P = .179 

TNF-a None/mild 

Severe 

1.65 (1.51) 

1.43 (1.44) 

1.69 (1.00) 

1.49 (1.24) 

1.47 (1.27) 

2.30 (2.42) 

1.53 (1.10) 

1.60 (1.71) 

1.53 (1.24) 

1.20 (0.92) 

1.57 (1.41) 

1.53 (1.31) 

 Significance P =.226 P = .464 P =.022 P = .587 P = .406 P = .593 

Ghrelin

^ 

None/mild 

Severe 

527 (751) 

276 (607) 

559.5 (767.4) 

253.5 (588.5) 

315 (621) 

618 (946) 

469 (799) 

343 (725) 

392 (731) 

884 (925) 

404 (684) 

406 (1433) 

 Significance 

(weight adjust.) 

P = .003 

P = .004 

P = .002 

P = .005 

P = .071 P = .297 P = .026 

P = .025 

P = .357 

IQR – Interquartile Range; test for statistical significance using Mann-Whitney U; P < 0.05 considered statistically significant (2-sided test); red denotes statistically significance; orange 

denotes non-significant following correction for false detection rate
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Table 6.17 Summary table of statistical significance for median serum markers (pg/ml) by PBC-40 domain, split by clinically significant symptoms for Study 2 
Marker PBC-40 Domain  

Clinically significant 

symptoms 

Cognition 

Median (IQR) pg/ml 

Fatigue 

Median (IQR) pg/ml 

Itch 

Median (IQR) pg/ml 

Emotional 

Median (IQR) pg/ml 

Social 

Median (IQR) pg/ml 

General symptoms 

Median (IQR) pg/ml 

IL-4Rα Not c/s 

c/s 

1035 (215) 

1030 (187) 

1016 (263) 

1038 (181) 

1000 (200) 

1081 (173) 

1015 (225) 

1068 (171) 

1020 (233) 

1035 (158) 

1021 (228) 

1038 (183) 

 Significance P = .566 P=.758 P=.022 P=.106 P = .276 P = .898 

CD163 Not c/s 

c/s 

529741 (330760) 

457441 (235127) 

547167 (318938) 

481431 (281223) 

500282 (280825) 

499603 (296441) 

511216 (308060) 

478404 (252582) 

526561 (332720) 

450889 (233185) 

517594 (271537) 

480561 (296661) 

 Significance P = .269 P=.137 P=.970 P=.565 P = .525 P = .054 

KIM-1 Not c/s 

c/s 

73.4 (69.9) 

81.5 (81.6) 

87.6 (77.1) 

74.1 (77.1) 

75.4 (79.2) 

80.3 (68.8) 

74.2 (75.8) 

77.8 (104) 

75.3 (71.2) 

78.3 (110.1) 

76.1 (70.9) 

75.1 (84.4) 

 Significance P = .479 P=.569 P=.770 P=.587 P = .322 P = .929 

CXCL9 Not c/s 

c/s 

1037 (755)  

1445 (966) 

1048 (737) 

1345 (834) 

1256 (845) 

1202 (866) 

1277 (906)  

1159 (736) 

1214 (856) 

1331 (924) 

1156 (798) 

1363 (798) 

 Significance P = .002 P=.027 P=.655 P=.694 P = .296 P = .241 

CCL20 Not c/s 

c/s 

17.6 (18.9) 

15.8 (20.7) 

16.9 (21.6) 

17.1 (19.2) 

17.0 (19.3) 

17.3 (19.8) 

17.1 (19.7) 

15.7 (17.6) 

17.1 (21.0) 

16.8 (18.1) 

17.6 (21.1) 

16.6 (18.3) 

 Significance P = .684 P=.643 P=.836 P=.905 P = .647 P = .672 

IL-13 Not c/s 

c/s 

0.21 (0.49) 

0.21 (1.14) 

0.21 (0.62) 

0.21 (0.95) 

0.21 (1.07) 

0.21 (0.91) 

0.21 (0.91) 

0.21 (0.92) 

0.21 (0.95) 

0.21 (0.82) 

0.21 (1.26) 

0.21 (0.69) 

 Significance P = .414 P=.717 P=.604 P=.818 P = .497 P = .553 

IL-4 Not c/s 

c/s 

0.08 (0.07) 

0.09 (0.09) 

0.08 (0.07) 

0.08 (0.10) 

0.08 (0.94) 

0.08 (0.10) 

0.08 (0.08)  

0.08 (0.14) 

0.08 (0.10) 

0.08 (0.11) 

0.08 (0.09) 

0.08 (0.10) 

 Significance P = .047 P=.898 P.973 P=.337 P = .193 P = .740 

IL-6 Not c/s 

c/s 

1.41 (0.91) 

1.61 (0.95) 

1.06 (0.86) 

1.62 (0.89) 

1.50 (0.95) 

1.52 (0.86) 

1.45 (0.80) 

1.67 (0.91) 

1.38 (0.85) 

1.65 (0.86) 

1.48 (0.81) 

1.63 (1.03) 

 Significance 

(age adjust.) 

P = .370 P = .010 

P = .023 

P=.374 P = .012 

P = .028 

P = .385 P = .161 

Leptin Not c/s 

c/s 

23933 (31379) 

25654 (37288) 

24740 (29815) 

25358 (35238) 

28101 (35683) 

23961 (33543) 

23961 (30899) 

32898 (45571) 

23933 (29878) 

30433 (44527) 

33342 (38900) 

22933 (30658) 

 Significance P = .654 P=.712 P=.854 P=.126 P = .229 P = .130 

TNF-a Not c/s 

c/s 

1.55 (1.36) 

1.46 (1.27) 

1.74 (1.20) 

1.43 (1.28) 

1.55 (1.24) 

1.43 (1.56) 

1.45 (1.26) 

1.60 (1.71) 

1.56 (1.31) 

1.43 (1.33) 

1.72 (1.54) 

1.39 (1.13) 

 Significance P = .529 P=.078 P=.580 P=.365 P = .819 P = .042 

Ghrelin

^ 

Not c/s 

c/s 

491.4 (646) 

234 (568) 

559.5 (654.9) 

274 (579.9) 

356 (632) 

378 (701) 

369 (675) 

343 (725) 

404 (734) 

287 (529) 

407 (672)  

279 (649) 

 Significance 

Weight adjust. 

P = .005  

P = .007 

P = .002 

P = .004 

P=.908 P=.809 P = .265 P = .010 

P = .011 

IQR – Interquartile Range; test for statistical significance using Mann-Whitney U; P < 0.05 considered statistically significant (2-sided test); red denotes statistically significance; orange denotes non-significant 

following correction for false detection rate
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6.1.4 Study 2 (validation study): Serum proteomics: other symptom measures 

Other symptom measures (ESS, OGS and HADS) are often used in PBC clinic trials but data 

for these scores was only available for the RIT-PBC cohort used here. These symptom 

measures were not collected at the time of recruitment to UK-PBC or BANC. Results for ESS, 

OGS and HADS were therefore available for the 57 participants from the RITPBC trial.  

 

6.1.4.1 Study 2 (validation study): Epworth sleepiness scale (ESS) 

The ESS is defined as either clinically significant or clinically not significant based on a score 

of 11 or more. Clinically significant day-time somnolence was seen in 35 of the 57 (61%) 

participants from the RITPBC group. This is higher than the 28% that would be expected in 

the general PBC population. See Table 3.2 

 

CCL20 was significantly elevated in those with clinically significant daytime somnolence (not 

clinically significant (median): 12.6pg/ml versus clinically significant: 17.4pg/ml; P=0.037), 

but this disappeared on correcting for multiple testing. No other markers were significantly 

elevated. See Table 6.18 
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Table 6.18 Epworth sleepiness scale by serum proteome markers in Study 2 

Marker Epworth Sleepiness Scale 

 

Not clinically 

significant 

(score <10)  

(n=22) 

Median (IQR) 

pg/ml 

Clinically 

significant 

(score >=10) 

(n=35) 

Median (IQR) 

pg/ml 

Significance 

 

IL-4R 965 (174) 1022 (192) P = .082 

U = 491 

CD163 467106 

(256980) 

478404 

(258411) 

P =.896 

U = 393 

KIM-1 63.8 (61.7) 82.7 (85.9) P =.394 

U = 437 

CXCL9 1415 (1305) 1583 (951) P = .244 

U = 456 

CCL20 12.6 (13.8) 17.4 (19.1) P = .037 

U = 512 

IL-13 0.21 (0.54) 0.21 (0.93) P = .452 

U = 427 

IL-4 0.08 (0.03) 0.08 (0.86) P =.526 

U = 418 

IL-6 1.41 (1.38) 1.63 (1.28) P =.258 

U = 454 

Leptin 22807 (31882) 20211 (29963) P = .806 

U = 400 

TNF-α 0.99 (0.74)  1.07 (0.99) P =.376 

U = 439 

Ghrelin^ (n=21) 

136.8 (192.1) 

(n=34) 

60.7 (146.3) 

P = .150 

U = 274 

IQR – Interquartile Range; n=number of cases in each group; test for 

statistical significance using Mann-Whitney U or Kruskal-Wallis; P < 

0.05 considered statistically significant (2-sided test); red denotes 

statistically significance; orange denotes non-significant following 

correction for false detection rate; ^note for ghrelin serum levels were 

only available for a subset of patients  

 

 

6.1.4.2 Study 2 (validation study): Orthostatic grading scale (OGS) 

Results for OGS were available for 56 out of the 57 RITPBC participants. There were 27/56 

(49%) with “none/mild” symptoms, 26/56 (46%) with “moderate” and 3/56 (5%) with “severe” 

symptoms.   

 

Comparing those with none/mild to moderate and severe symptoms demonstrated a significant 

difference in CXCL9 (P=0.018). However, it should be noted that those with moderate 

symptoms had the highest median serum level, whilst those with severe scores had the lowest 

(none/mild: 1426pg/ml, moderate 1629pg/ml, severe 632pg/ml). This may be due to the small 

number (n=3) of participants in the severe group, so we then combined the moderate and severe 

groups, resulting in CD163 becoming statistically significant, with a decrease in serum levels 

as severity of orthostatic symptoms increased (none/mild: 520061pg/ml, moderate: 
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388240pg/ml, severe 374422pg/ml; P=0.048). However, this disappeared on correction for 

multiple testing. See Table 6.19 

 

 
Table 6.19 Orthostatic grading scale by serum proteome markers in Study 2 

Marker Orthostatic Grading Scale 

 

None/mild (score < 9) 

(n=27) 

Median (IQR) pg/ml 

Moderate 

(score = 4-9) 

(n=26) 

Median (IQR) pg/ml 

Severe (score > 9) 

(n=3) 

Median (IQR) 

pg/ml 

Significance 

(None/mild 

vs. moderate 

vs/ severe) 

 

Significance 

(none/mild vs. 

moderate & 

severe) 

 

IL-4R 1022 (263) 1013 (263) 954 (-) P = .646 

χ2(2) = .875 

P = .363 

U = 336 

CD163 520061 (261517) 388240 (275051) 374422 (-) P = .141 

χ2(2) = 3.917 

P = .048 

U = 271 

KIM-1 71.7 (38.9) 81.5 (118) 59.6 (-) P = .709 

χ2(2) = .687 

P = .799 

U = 407 

CXCL9 1426 (1011) 1628 (979) 632 (-) P = .018 

χ2(2) = .7.988 

P = .517 

U = 431 

CCL20 17.3 (16.2) 15.4 (19.9) 3.8 (-) P = .104 

χ2(2) = .4.533 

P = .605 

U = 360 

IL-13 0.21 (0.32) 0.75 (1.35) 0.21 (-) P = .066 

χ2(2) = 5.431 

P =.163 

U = 469 

IL-4 0.08 (0.01) 0.08 (0.16) 0.08 (-) P = .376 

χ2(2) = 1.957 

P = .203 

U = 459 

IL-6 1.48 (1.34) 1.64 (1.43) 1.36 (-) P = .757 

χ2(2) = .558 

P = .899 

U = 383 

Leptin 20211 (30999) 20745 (37062) 27212 (-) P = .318 

χ2(2) = .2.294 

P = .426 

U = 440 

TNF-α 0.90 (1.01) 1.16 (0.76) 0.96 (-) P = .299 

χ2(2) = 2.416 

P = .248 

U = 462 

Ghrelin^ (n=27) 

85.2 (156.1) 

(n=22) 

63.3 (122.0) 

(n=3) 

149.3 (-) 

P = .630 

χ2(2) = .923 

P = .551 

U = 330 

IQR – Interquartile Range; n=number of cases in each group; test for statistical significance using Mann-Whitney U or 

Kruskal-Wallis; P < 0.05 considered statistically significant (2-sided test); red denotes statistically significance; orange 

denotes non-significant following correction for false detection rate; ^note for ghrelin serum levels were only available 

for a subset of patients  
 

 

6.1.4.3 Study 2 (validation study): Hospital anxiety and depression scale (HADS) 

Results for the HADS score were available for all RITPBC participants (n=57). There were 

35/57 (62%) with none/mild symptoms of anxiety, 34 (60%) with none/mild symptoms of 

depression, 10/57 (18%) with moderate symptoms of anxiety, 17/57 (30%) with moderate 

symptoms of depression, 11/57 (20%) with severe symptoms of anxiety and 5/57 (9%) with 

severe features of depression. 

 

Both KIM-1 and IL-6 were statistically significant between the none/mild, moderate and severe 

anxiety groups, but in both instances the median serum level was highest in the moderate 

groups (KIM-1: none/mild 69.4pg/ml, moderate 147.2pg/ml, severe 62.3pg/ml; P=0.008 and 

IL-6: none/mild 1.37pg/ml, moderate 2.61pg/ml, severe 1.48pg/ml; P=0.031). These were 
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considered false positives on correction for multiple testing. No serum markers were 

statistically significantly different between the severity of depression symptoms. Table 6.20 
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Table 6.20 Hospital anxiety and depression scale by serum proteome markers in Study 2 

Marker HADS - 

Anxiety 

HADS - 

Depression 

None/mild 

(n=35) 

Moderate 

(n=10) 

Severe 

(n=11) 

Significance 

 

None/mild 

(n=34) 

Moderate 

(n=17) 

Severe 

(n=5) 

Significance 

 

IL-4R 1006 (182) 1135 (284) 1012 (161) P = .177 

χ2(2) = 3.467 

1002 (188) 1022 (213) 1067 (213) P = .502 

χ2(2) = 1.379 

CD163 462228 

(256521) 

576253 

(349115) 

439071 

(189533) 

P = .415 

χ2(2) =1.761 

455991 

(243054) 

533012 

(227070) 

617272 

(533445) 

P = .576 

χ2(2) = 1.104 

KIM-1 69.4 (60.9) 147.2 (130.9) 62.3 (47.1) P = .008 

χ2(2) =9.757 

71.6 (52.1) 82.7 (106.5) 163.5 

(186.0) 

P = .541 

χ2(2) = 1.228 

CXCL9 1445 (978) 1731 (850) 1451 (1512) P = .382 

χ2(2) = 1.924 

1485 (1094) 1451 (806) 1778 

(2676) 

P = .920 

χ2(2) = .167 

CCL20 15.1 (16.2) 30.7 (43.2) 14.3 (11.1) P = .080 

χ2(2) = 5.056 

14.9 (17.3) 21.7 (15.8) 12.3 (23.0) P = .316 

χ2(2) = 2.303 

IL-13 0.21 (0.57) 0.21 (1.30) 0.77 (3.45) P = .614 

χ2(2) = .976 

0.27 (0.91) 0.21 (2.67) 0.21 (0.28) P = .407 

χ2(2) = 1.795 

IL-4 0.08 (0.67) 0.08(0.21) 0.08 (0.02) P = .875 

χ2(2) = .266 

0.08 (0.46) 0.09 (0.19) 0.08 (0.01) P = .205 

χ2(2) = 3.173 

IL-6 1.37 (0.88) 2.61 (2.30) 1.48 (1.44) P = .031 

χ2(2) = 6.978 

1.48 (1.18) 1.63 (2.34) 1.82 (1.02) P = .584  

χ2(2) =1.077 

Leptin 21672 

(36026) 

17425 (24423) 23314 

(38957) 

P = .836 

χ2(2) = .359 

21776 (32484) 17370 

(34176) 

27212 

(46115) 

P = .738 

χ2(2) = .607 

TNF-α 0.98 (0.75) 1.48 (2.67) 0.96 (1.05) P = .222 

χ2(2) = 3.013 

0.96 (0.73) 1.60 (1.97) 1.02 (.273) P = .336 

χ2(2) = 2.180 

Ghrelin

^ 

(n=34) 

94.3 

(165.4) 

(n=10) 

97.4 

(203.5) 

(n=10) 

50.0 (217.7) 

P = .893 

χ2(2) = .227 

(n=34) 

94.4 (142.5) 

(n=15) 

79.4 (158.0) 

(n=5) 

38.9 

(286.7) 

P = .852  

χ2(2) = .321 

IQR – Interquartile Range; n=number of cases in each group; test for statistical significance using Kruskal-Wallis; P < 0.05 considered statistically significant 

(2-sided test); red denotes statistically significance; orange denotes non-significant following correction for false detection rate; ^note for ghrelin serum 

levels were only available for a subset of patients
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6.2 Study 2 (validation study): Review of IL-6 in exploratory cohort 

Given the statistically significant findings in the validation study (Study 2) of elevated IL-6 

associating with severe scores for the fatigue, cognition and emotional domains of the PBC-

40, we obtained the IL-6 data that was generated during by the initial PBC discovery serum 

proteomics work (paper entitled “The Serum Proteome and Ursodeoxycholic Acid Response 

in Primary biliary Cholangitis”, by Barron-Millar et al )(Barron‐Millar et al., 2021)). 

 

In the discovery proteomics study, IL-6 was noted to show a significant differential expression 

between study groups (PBC UDCA treatment naïve vs. healthy controls), and remained 

significantly elevated in UDCA treated PBC patients, but was not (as assessed by log-fold 

change) elevated to the same degree compared to the final published 19 serum markers 

(Barron‐Millar et al., 2021). Data on IL-6 exploring the relationship between disease activity 

and UDCA response was therefore not published in the second PBC proteomics paper (Jones 

et al., 2022). As IL-6 was not included in the 19 serum markers, it was not initially used in our 

exploratory study (Study 1). 

 

6.2.1 Study 1 (exploratory study): IL6 and symptoms results 

In the study 1 (exploratory study) cohort, a statistically significant positive association between 

IL-6 and the PBC-40 fatigue domain was observed, when comparing those with “none/mild” 

symptoms to those with “severe” symptoms (P = .035) and when using the pre-defined 

clinically significant cut-off scores for fatigue (P = .047). See Table 6.21. There were no 

statistically significant associations with IL-6 across any of the other PBC-40 domains, see 

Appendix 2. However, it should be noted that for all the other PBC-40 domains, the number 

of participants suffering “severe” symptoms was low.  

 

A Spearman's rank-order correlation was run to determine the relationship between age and 

IL-6. There was a weakly positive correlation between age and IL-6, which was statistically 

significant (rs(278) = .149, P = .014). Adjusting for age as covariate, using ANOCVA to 

explore IL-6 levels, resulted in a continued statistically significant relationship between IL-6 

and fatigue (none/mild vs. severe: F = 5.710, P = 0.018; clinically significant fatigue: F = 4.831, 

P = .029). See Figure 6.7. There was no observed correlation between weight and serum IL-6 

(rs(286) = .073, P = 0.116). 
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Table 6.21 Serum IL-6 markers (pg/ml) by fatigue domain severity as defined by PBC-40 (none/mild vs. severe) and by fatigue score deemed clinically significant in the exploratory cohort. 
Marker Fatigue Severity Clinically* Significant Fatigue symptoms? 

None/Mild 

(n=155) 

Median 

(IQR) pg/ml 

Moderate 

(n=86) 

Median 

(IQR) pg/ml 

Severe (n=48) 

Median (IQR) 

pg/ml 

Significance 

None/mild 

vs. severe 

Significance 

none/mild 

vs. 

moderate 

vs. severe 

No (n=191) 

Median (IQR) 

pg/ml 

Yes (n=98) 

Median 

(IQR) 

pg/ml 

Significance 

IL-6  2.42 (0.89) 2.56 (0.88) 2.65 (0.75) P = .035 

U = 4469 

P = .0.86 

χ2(2) = 4.913 

2.42 (0.89) 2.63 (0.80) P = .047 

U = 10697 

 

 

 

 
Figure 6.7 Serum IL-6 (pg/ml) relationship with clinically significant fatigue symptoms as defined by the PBC-40 fatigue domain.  
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6.3 Study 1 (exploratory study) and study 2 (validation study): results summary 

A summary of the overall results for study 1 and study 2 are presented in Table 6.22, Table 

6.23 and Table 6.24. Study 2 results are discussed in full in section 6.4, with an overall 

discussion for the two studies presented in Chapter 8: 

 

Table 6.22: Significant associations between serum analytes and symptom domains across study 1 (S1) and study 

2 (S2) 

 Category Cognition Fatigue Itch Emotional Social General 

symptoms 

Study 1 None/Mild 

vs. Severe 

IL-4Rα 

KIM-1 

CCL19 

IL-4Rα 

KIM-1 

ACE2 

CCL20 

IL-6 

IL-4Rα 

KIM-1 

EP-CAM 

IL-18R1 

CD163 

IL-4Rα 

KIM-1 

ACE2 

CA5A 

CD163 

IL-4Rα 

KIM-1 

ACE2 

 

Clinically 

significant 

IL-4Rα 

KIM-1 

 

 

IL-4Rα 

KIM-1 

EPCAM 

CCL20 

CD163 

IL-6 

IL-4Rα 

KIM-1 

Leptin 

IL-18R1 

CCL20 

 

IL-4Rα 

ACE2 

IL-18R1 

CD163 

 

 

KIM-1 

AZU1 

VIM 

 

 

 

KIM-1 

Leptin 

CCL20 

 

Study 2 None/Mild 

vs. Severe 

CXCL9 

IL-6 

Ghrelin 

CXCL9 

IL-6 

Ghrelin 

TNF-a IL-6 Ghrelin CCL20 

 

Clinically 

significant 

CXCL9 

Ghrelin 

CXCL9 

IL-6 

Ghrelin 

IL-4Rα 

 

IL-6  TNF-a 

Ghrelin 

Red denotes statistically significant following correction for multiple testing. 

Yellow denotes statistically significant result disappeared following correction for multiple testing. 
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Table 6.23: Significant associations between serum analytes and symptom domain across study 1 (S1) and study 

2 (S2), using none/mild vs. severe symptoms. 

Marker Cognitive Fatigue Itch Emotional Social General 

symptoms 

S1 S2 S1 S2 S1 S2 S1 S2 S1 S2 S1 S2 

IL-R4a             

Kim1             

ACE2             

CA5A             

AZU1             

Ep-cam             

Leptin             

CCL19             

IL-18r1             

CCL20             

CD163             

CXCL9             

Il-6             

TNFa             

Ghrelin             

Red box denotes statistically significant following correction for multiple testing. 

Yellow box denotes statistically significant result disappeared following correction for multiple testing. 

Black box denotes no statistical significance. 

Shaded box denotes analyte not tested in corresponding study. 
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Table 6.24: Significant associations between serum analytes and symptom domain across study 1 (S1) and study 

2 (S2), using clinically significant symptoms. 

Marker Cognitive Fatigue Itch Emotional Social General 

symptoms 

S1 S2 S1 S2 S1 S2 S1 S2 S1 S2 S1 S2 

IL-R4a             

Kim1             

ACE2             

CA5A             

AZU1             

Ep-cam             

Leptin             

CCL19             

IL-18r1             

CCL20             

CD163             

CXCL9             

Il-6             

TNFa             

Ghrelin             

Red box denotes statistically significant following correction for multiple testing. 

Yellow box denotes statistically significant result disappeared following correction for multiple testing. 

Black box denotes no statistical significance. 

Shaded box denotes analyte not tested in corresponding study. 
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6.4 Study 2 (validation study): Discussion 

As a whole, the PBC cohort and healthy controls were well balanced in terms of age and gender, 

and representative of the epidemiology of PBC. However, exploring the PBC by subgroups, 

i.e., the original cohort they were recruited from, demonstrated a statistically significant 

reduction in age in the RITPBC cohort (with a difference of a median of 4 years between 

RITPBC and the UK-PBC and BANC cohorts). Given that RITPBC specifically recruited PBC 

patients with significant fatigue and given that fatigue is more apparent in younger patients, 

this finding is not surprising. Given that analytes were tested to see if there was a change with 

age (with none found to be significant) this is unlikely to have markedly affected the results. 

 

BMI measurements were missing for all the BANC cohort (the largest cohort contributor to 

the PBC group). For this reason, weight (rather than BMI) was used as a covariate for ghrelin 

and leptin. No other analytes showed a statistical association with weight.  

 

Other than leptin, ghrelin and IL-13, all other analytes were significantly elevated in the PBC 

group compared to controls. IL-6 and TNF𝛼 were not included in the preceding PBC 

inflammatory proteome studies that explored the impact of UDCA response and responder 

status (Barron‐Millar et al., 2021; Jones et al., 2022). When stratified by disease status, both 

were elevated in those with abnormal liver blood tests. However, these associations 

disappeared when correcting for multiple testing. This might suggest that these 

proinflammatory chemo/cytokines are elevated in PBC but act independently of biochemical 

disease activity. A strong association with PBC, leptin and UDCA response was previously 

identified in the PBC inflammatory proteomics study (Jones et al., 2022), but was not apparent 

here. It is unclear why this is the case.  

 

KIM-1 and IL-4Rα were both positively associated with cirrhosis in study 2, and this mirrors 

what was seen in study 1. In total, 13% had an underlying diagnosis of cirrhosis (compared to 

7% in study 1), but data on cirrhosis was not available for the RITPBC study. This could have 

unduly affected some of our findings.   

 

6.4.1 Study 2 (validation study): Clinical characteristics and symptoms 

As with study 1, more severe symptoms relating to cognition, fatigue and emotions were 

prevalent in younger patients. This is particularly striking in the cognitive domain, where the 

median age for severe cognitive symptoms was 50, compared to 60 for those with none or mild 

symptoms. This highlights that many patients with cognitive dysfunction and fatigue may be 
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at an age whereby they are juggling families and careers whilst dealing with these symptoms. 

Itch was less prevalent and was not associated with a younger age.  

 

6.4.2 Study 2 (validation study): Cognitive and fatigue symptoms 

As expected, the PBC group comprised of 3 cohorts, was particularly symptom heavy, with 

47% reporting severe fatigue, 33% reporting severe cognitive symptoms, and 61% reporting 

moderate to severe cognitive symptoms. This may provide more confidence in our findings, 

given that having a greater number of participants with severe symptoms is likely to give a 

stronger biochemical signal, if one exists. 

 

For the cognitive symptoms, this resulted in more balanced groups than that seen in study 1, 

which overall is likely to produce statistically stronger results, by reducing the risk of unequal 

variance.  

 

A common theme for analytes were observed in the cognitive and fatigue domain with three 

analytes initially showing significant associations. These three analytes are discussed next. 

 

6.4.2.1 Study 2 (validation study): IL-6 

IL-6 demonstrated a positive association for fatigue in both the none/mild vs severe group and 

clinically significant fatigue, even once adjusted for age. Correcting for multiple testing 

resulted in the association with clinically significant fatigue remaining a significant finding, 

whilst in the none/mild vs. severe group, this was considered a false positive. A positive 

association was found in those with severe cognitive symptoms compared to those with none 

or mild symptoms, but this was not seen when assessed by clinically significant cognitive 

symptoms.  

 

Based on this association in study 2 and given evidence for IL-6 in the homeostasis of muscle 

metabolism, the retrospective application of IL-6 to symptom data in study 1 was undertaken, 

as described in section 5.2.1. This demonstrated a statistically significant positive correlation 

between patients with none/mild vs severe symptoms and those with clinically significant 

fatigue, even when adjusted for age in study 1. 

  

We have demonstrated a statistically significant positive association between IL-6 and fatigue 

(none/mild vs. severe and clinically significant fatigue) in two distinct PBC cohorts, which 
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points not only to a potential mechanistic link to fatigue, but also a potential new therapeutic 

target. 

 

IL-6’s role in the development of autoimmune disease and chronic inflammatory disease is 

well documented (Kimura and Kishimoto, 2010; Houssiau et al., 1988; Yoshizaki et al., 1989; 

Fragiadaki et al., 2012; Bonifati et al., 1994). Several anti-IL-6 agents exist, including the 

licenced medications tocilizumab (Burmester et al., 2011; Smolen et al., 2008) and siltuximab 

(Deisseroth et al., 2015), whilst additional agents including olokizumab (Evgeniy et al., 2022) 

and clazakizumab (Doberer et al., 2021) are under evaluation. Blockade of the IL-6 receptor 

by tocilizumab has proven an effective strategy in controlling autoimmune diseases such 

rheumatoid arthritis (Burmester et al., 2011), castleman disease (Deisseroth et al., 2015), 

systemic juvenile inflammatory arthritis (Stone et al., 2017), and giant cell arteritis (Stone et 

al., 2017; Choy et al., 2020).  

 

IL-6 is not only important in the immune response, but also has a significant anti-inflammatory 

role, contributing to the acute phase response and providing an adaptive response to skeletal 

muscle exercise (Fischer, 2006; Pedersen and Febbraio, 2008), in particular by maintaining 

muscle metabolic homeostasis (Febbraio et al., 2004; Febbraio and Pedersen, 2002; Steensberg 

et al., 2000). See section 2.3.1.2. Elevated levels, particularly with aging, have been associated 

with muscle fatigability (Cesari et al., 2004; Pereira et al., 2009; Oliveira et al., 2008; Coelho 

et al., 2010; Ferrucci et al., 2002). Prolonged exposure to systemic IL-6 has been shown to 

increase skeletal muscle fatigability, decrease mitochondrial content and function resulting in 

a reduction in aerobic respiration and ATP production (VanderVeen et al., 2019; Abid et al., 

2020). 

 

Sleep disturbance and daytime somnolence are associated with elevated IL-6 in a large meta-

analysis, and females are more vulnerable to sleep disturbance than males (Irwin, Olmstead 

and Carroll, 2016). Sleep deprived individuals have been shown to experience daytime over 

secretion and night time under secretion of IL-6 (Vgontzas et al., 1999). Sleep disturbance is 

common in PBC, whilst the vulnerability of the female gender to disruption of sleep may help 

to explain the high prevalence in PBC given that 90% of patients are female. Despite this, there 

was no significant association with ESS and IL-6 observed in this study, although the number 

of participants who had completed the ESS was low (n=57).  
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Fatigue, which is common in rheumatoid arthritis, has been shown to significantly improve 

following treatment with Tocilizumab (Abu-Shakra et al., 2018; Hammer, Agular and Terslev, 

2022; Corominas et al., 2019; Gossec et al., 2015; Furst, Thenkondar and Townes, 2012). In 

particular the TAMARA (Burmester et al., 2011) and OPTION (Smolen et al., 2008) studies 

demonstrated a rapid improvement during initial treatment, which occurred well before there 

was a reduction in joint inflammation. In addition, treatment with tocilizumab results in a 

reduction of sleep disturbance prior to improvements in disease activity (Fragiadaki et al., 

2012). Elevated IL-6 has been associated with chronic fatigue syndrome (Nas et al., 2011; 

Lattie et al., 2012). 

 

Fatigue in RA, much like PBC, is complex. Inflammation has an unclear relationship to fatigue, 

whilst pain, physical function and depression have all been found to be contributory factors in 

RA (Nikolaus et al., 2013; Katz, 2017). We must be careful in drawing direct comparisons. 

However, the findings from this study, linked to the improvements in fatigue in other 

inflammatory conditions may offer a new potential therapy for our patients.  

 

6.4.2.2 Study 2 (validation study): CXCL9 

CXCL9 demonstrated a positive association with both fatigue and cognitive symptoms when 

assessed by none/mild vs. severe groups, which persisted when assessed by clinically 

significant symptoms. The positive association with clinically significant fatigue was however 

considered a false positive when corrected for multiple testing. 

 

CXCL9 had been included in the validation study to enable it to be used in other studies related 

to this cohort (BANC, RITPBC and UK-PBC). In study 1, the exploratory study, CXCL9 failed 

to associate with any symptoms. There are two possibilities for this. The first is that the 

observation of an increase in serum CXCL9 seen in study 2 with cognitive symptoms and 

fatigue is spurious and has occurred due to random chance. Having tested 11 different serum 

markers, against 6 different domains, there is a high risk of type I errors. The fact that the 

elevation is seen across the two domains of fatigue and cognition is perhaps not surprising 

given that there is considerable overlap between the fatigue and cognitive symptoms, with 

many patients experiencing both in tandem. This means that the two groups (none/mild vs. 

severe or clinically significant vs not clinically significant) in each domain will have a degree 

of overlap. The other possibility is that the association between CXCL9 and fatigue and/or 

cognitive symptoms seen in study 2 does exist, but that the signal has not been strong enough 

in study 1, resulting in a type II error. The number of patients in study 1 with severe cognitive 
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symptoms was only 7% of participants, whilst severe fatigue was present in 16%. In study 2, 

both symptoms were much more prevalent (25% and 48% respectively). The small number of 

severe symptoms in study 1 and resultant imbalanced groups could therefore have introduced 

type 1 errors into this study. 

 

CXCL9 and its associated receptor, CXCR3, are both integral in neuronal-glial interactions 

(Xia et al., 2000), and CXCL9 is expressed in microvascular endothelial cells and astrocytes, 

particularly in proinflammatory states, such as seen in multiple sclerosis (MS) (Salmaggi et al., 

2002). In relapsing MS, elevated CXCL9 has been detected in cerebral spinal fluid (CSF) 

which decreases following treatment with the monoclonal anti-integrin antibody, natalizumab 

(Mellergård et al., 2010). CXCL9, CXCL10 and CXCL11 have all been shown to be elevated 

during CNS inflammation from infection (Campanella et al., 2008; Klein et al., 2005). 

Neuroinflammation resulting in disruption of the BBB associated endothelium cells is 

postulated as a mechanism that results in cognitive symptoms in PBC. See section 1.4.3.3. Our 

findings in study 2 may suggest part of the underlying pathophysiology for neuroinflammation 

and associated cognitive symptoms in PBC. In addition CXCL9 has been shown to be elevated 

in a large cross-sectional cohort of older multi-ethnic participants who demonstrated impaired 

cognitive performance in memory, language, processing speed and executive function (Elkind 

et al., 2021). In mouse models of Alzheimer’s disease, elevated CXCL9 has been associated 

with plaque formation and poor cognitive performance (Krauthausen et al., 2015; Duan et al., 

2008). There is therefore, increasing evidence that CXCL9 can contribute to not only to 

neuroinflammation, but also impairment in cognitive performance.  

 

Studies into CXCL9 and fatigue are limited. An inverse relationship between CXCL9 (and 

CXCL10) and aerobic energy metabolism was observed in animal models of chronic 

obstructive pulmonary disorder (frequently associated with skeletal muscle wasting) (Davidsen 

et al., 2014).  Elevated CXCL9 has been found to be associated with increased muscle 

fatiguability in older adults (Ramírez-Vélez et al., 2020). However, this was a relatively small, 

selected population (n=38), of older patients taken from an acute medical ward (although the 

authors attempted to adjust for the confounder). Interestingly, one study found lower CXCL9 

levels in the CSF of patients with atypical CFS (Hornig et al., 2017). The cause for this was 

unclear but might suggest a different pathophysiology in atypical CFS. The role of CXCL9 in 

fatigue, particularly its effects on skeletal muscle, is worthy of further exploration.  
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CXCL9 is implicated in the upstream inflammation seen in PBC, with a high degree of 

expression in the inflamed portal tracts of PBC patients (Manousou et al., 2013; Ueno et al., 

2007). It is associated with UDCA non-response (Jones et al., 2022). In study 2 it has strongly 

been associated with cognitive and fatigue symptoms but was not seen in study 1. This would 

be interesting to explore further. Currently there are no immune therapies known to 

successfully target the CXCR3-CXCL9 axis. However, it is thought that this axis may account 

for resistance in some cancer immunotherapies (Tokunaga et al., 2018) (anti programmed cell 

death-1) and therefore research into this is likely to expand.  

 

6.4.2.3 Study 2 (validation study): Ghrelin 

Ghrelin demonstrated a strong negative association for cognitive symptoms and fatigue even 

when corrected for weight. This negative association was present when assessed by none/mild 

vs. severe and clinically significant symptoms. There were weaker positive associations with 

social symptoms in the none/mild vs. severe grouping, but this was not clinically significant. 

Whilst general symptoms showed a negative association in the clinically significant symptom 

group, both of these disappeared when correcting for multiple testing.  

 

As discussed in section 2.3.3.2, its main function is considered as an appetite stimulant that is 

closely linked to leptin, with an inverse relationship, increasing with fasting, whilst leptin 

decreases (Inui, 2001). However, ghrelin also appears to induce mitochondrial changes in 

skeletal muscle (Barazzoni et al., 2005), with higher levels being associated with enhanced 

mitochondrial redox activities, resulting in improved muscle metabolism (Gortan Cappellari 

and Barazzoni, 2019). Elevated ghrelin results in over-expression of PPARγ leading to 

increased mitochondrial cytochrome c oxidase activity, essential to convert ADP to ATP 

(Barazzoni et al., 2005; Choi et al., 2003). In this study, lower levels of ghrelin were associated 

with more severe fatigue, and this is therefore in keeping with the described mechanisms of 

action for ghrelin on skeletal muscle metabolism. That is, lower levels of ghrelin are likely to 

lead to a reduction in the traditional aerobic pathways in skeletal muscle, essential for the 

generation of ATP. In PBC, skeletal muscle bioenergetics appear to be impaired, with 

disordered aerobic pathways and pH recovery following repeated or sustained exercise 

(Hollingsworth et al., 2008; Goldblatt, 2001; Hollingsworth et al., 2010b). The role of ghrelin 

in over-expression of PPARγ may be particularly relevant given the role of PPAR agonists in 

PBC (see section 1.3.2.2), however current fibrates do not typically target PPARγ (other than 

Bezafibrate a PAN-PPAR agonist) and have not been shown to improve fatigue (Corpechot et 

al., 2018; Honda et al., 2019; Kremer et al., 2022).  
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In vitro and in vivo studies demonstrate that ghrelin has potent anti-inflammatory effects, 

binding to endothelial cells and mediating signals that inhibit cellular apoptosis (Baatar, Patel 

and Taub, 2011). In particular the acylate form inhibits the expression of the pro-inflammatory 

cytokines IL-1Β, IL-6 and TNF-α (Dixit et al., 2004). The significance of elevated IL-6 is 

discussed in section 6.4.2.1. The findings of elevated IL-6, but lower ghrelin associated with 

fatigue in our study, would therefore be consistent with these previous studies.  

 

Ghrelin can cross the BBB and stimulates the release of GH by GHS (Kojima et al., 1999; Sato 

et al., 2012). See section 2.3.3.2. In addition, ghrelin, along with insulin, insulin-response 

substrates (IRSs), insulin-like growth factor-I (IGF-I) and glucagon-like peptide-1 (GLP-1) 

appears to affect neuronal plasticity (synaptic potentiation and depression) as well as 

neurogenesis (Mainardi, Fusco and Grassi, 2015). Given the importance of glucose 

homeostasis in the brain and the fact that neurons are high energy-consuming cells the 

influence of these metabolic hormones is perhaps not surprising. These hormones, including 

ghrelin, exert an effect on the hippocampus, the major centre involved in memory and learning 

(Bliss and Collingridge, 1993). Evidence suggests that activation of ghrelin receptor growth 

hormone secretagogue type 1a (GHS-R1a) by ghrelin in the hippocampus significantly 

enhances memory retention and spatial learning (Ribeiro et al., 2014; Diano et al., 2006; 

Carlini et al., 2002; Carlini et al., 2004). In PBC, hippocampal volume reduction has been 

observed (Mosher et al., 2018) along with a reduction in neurogenesis (Mosher et al., 2018; 

Hollingsworth et al., 2009). In our study, lower levels of ghrelin were observed in patients with 

significant cognitive symptoms (which typically affect executive functions memory, 

concentration, and spatial learning (Mosher et al., 2017; Gee et al., 2023)). Given higher levels 

of ghrelin enhance memory and spatial learning in the hippocampus, the findings in this study 

would be consistent with the action of ghrelin on the hippocampus and suggest a mechanistic 

reason for cognitive symptoms in PBC.  

 

One other important consideration is that sleep disturbance is common in PBC. See section 

1.4.4.2. Ghrelin has been linked to sleep disturbance (Kim et al., 2009), with lower levels 

observed in participants with disordered sleep (Motivala et al., 2009; Dzaja et al., 2004; Unger 

et al., 2011) 

 

Given the observations of lower serum ghrelin levels in those with significant fatigue and 

cognitive symptoms and our current understanding of the central and peripheral effects of 
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ghrelin, this is an area that should be explored further. Unfortunately ghrelin samples were not 

included in the initial PBC discovery proteomics work (Barron‐Millar et al., 2021) and we 

were therefore unable to retrospectively explore this data using the study 1 cohort. However, 

given that study 1 is comprised from the UK-PBC cohort, further aliquots of original serum 

would be available to analyse, and this could be used to validate our findings from study 2.  

 

6.4.3 Study 2 (validation study): Itch 

In comparison to study 1, fewer participants had clinically significant itch (study 1: n=143 

(49%), study 2: n=57 (36%)), whilst the percentage of patients with severe itch was similar. 

The smaller number of participants in study 2 leads it to be more susceptible to unequal 

variance with resultant type 1 and type 2 errors (study 1: n=30 (10%), study 2: n=14 (%)). 

These results should therefore interpretated with caution. 

 

Two serum markers showed significance on initial tests. IL-4Rα showed a positive association 

when assessing clinically significant symptoms, but not when comparing none/mild vs. severe 

groups. IL-4Rα had showed positive associations in study 1 when assessed using none/mild vs. 

severe groupings and clinically significant symptoms. This positive association with itch 

disappeared on correction for multiple testing using FDR. However, given that a statistically 

significant positive association was seen in study 1, it is not unreasonable to consider that the 

association found in study 2 remains scientifically significant.  

 

6.4.3.1 Study 2 (validation study): IL-4Rα 

The role of IL-4Rα in the immune system and PBC is discussed in section 2.3.1.1 and section 

5.2.9.2. 

 

It is difficult to postulate a mechanism by which IL-4Rα contributes to cholestatic itch as 

studies on this are sparse. Atopic dermatitis is an immune mediated inflammatory skin 

condition that is predominantly driven by type 2 immunity (Chiricozzi et al., 2020). Whilst 

having significant differences to cholestatic itch (including disruption of the epidermal barrier 

resulting in eczematous eruptions), it does share some similarities to cholestatic itch; anti-

histamines are not effective (He, Feldman and Fleischer, 2018), and itch severity follows a 

circadian cycle (typically being worse at night) (Fishbein et al., 2015). IL-31 is considered a 

critical mediator of itch via central pathways in atopic dermatitis (Meng et al., 2018), and 

elevated IL-31 has been shown to correlate with degree of pruritus in PBC and PSC patients 

with cholestatic itch due to increased hepatocyte expression (Xu et al., 2022a). IL-4, IL-13 and 
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IL-31 pathways are considered essential factors in the pathogenesis of atopic dermatitis (Dubin, 

Del Duca and Guttman-Yassky, 2021). IL-31 is expressed by Th2 cells and is induced by IL-

4, via IL-4Rα (Stott et al., 2013). It maybe that these two conditions exhibit some common 

immune pathways that results in the central perception of itch.  

 

Several therapies that target the effect of IL-4 and IL-13 on IL-4Rα are either licensed or 

undergoing phase II/III trials for use in a variety of immune-mediated diseases, including 

rheumatoid arthritis (Iwaszko, Biały and Bogunia-Kubik, 2021; Burmester et al., 2018; 

Dhillon, 2017), psoriatic arthritis (Berekmeri et al., 2018), asthma (Castro et al., 2018), chronic 

rhinosinusitis, atopic eczema (Simpson et al., 2016) and ulcerative colitis (Sandborn et al., 

2017). These therapies include Dupilumab (Harb and Chatila, 2020), a monoclonal antibody 

which blocks IL-4Rα; Upadacitinib (Burmester et al., 2018) and tofacitinib (Dhillon, 2017; 

Sandborn et al., 2017; Berekmeri et al., 2018), both of which are small molecule Janus Kinase 

(JAK) inhibitors and block the downstream effect of IL-4R; Pitrakinra, a dual IL-4 and IL-13 

antagonist (Antoniu, 2010), and Lebrikizumab, a monoclonal antibody that selectively blocks 

IL-13 (Silverberg et al., 2023).  

 

Given the consistent findings from study 1 and study 2 of elevated IL-4Rα with cholestatic itch 

this is an important area to explore further. There is limited experience in the use of these 

therapies in liver disease, but Dupilumab is currently undergoing a phase II open-label, 22-

week, exploratory study to investigate its efficacy in the treatment of adults with moderate to 

severe chronic hepatic pruritus with a primary completion estimated in September 2023 (Trial 

ID: NCT04256759; see: https://www.clinicaltrials.gov/ct2/show/NCT04256759). In addition, 

given the described IL-4/IL-31 pathways, and elevated IL31 levels in cholestatic itch and atopic 

dermatitis it would be interesting to correlate IL-31 levels to itch in our cohorts.  

 

6.4.4 Study 2 (validation study): Serum analytes detection 

An important aspect to note with our serum analyses are the limitations in relation to the lower 

limits of detection (LLOD). In total, 120 samples for IL-4 and 118 samples for IL-13 were 

reported at the threshold for LLOD, meaning that for IL-4, 0.080pg/ml was the lowest level 

that could be reliably detected, whilst for IL-13 this was 0.210 pg/ml. This is likely a reflection 

of the precision of the equipment used. Therefore, no meaningful data can be determined from 

the IL-4 and IL-13 assays. For all other assays, the LLOD occurred in 5% or fewer of cases.  

 

https://www.clinicaltrials.gov/ct2/show/NCT04256759
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Another important finding was that following subgroup analysis, ghrelin levels were 

significantly lower in patients from the RITPBC group compared to the BANC and UK-PBC 

groups (median 79.4pg/ml, vs. 538.5 and 617.4 respectively). It is difficult to account for these 

differences. Given that the RITPBC study, with the inclusion criteria requiring all participants 

to report significant peripheral fatigue, it could be that the observed lower ghrelin levels may 

be a reflection of the severity of fatigue in this group. Ghrelin typically increases following 

fasting. However, patients were not asked to fast prior to any of their RITPBC trial visits. 

Another possibility could be a technical issue with the stored serum samples from the RITPBC 

study. However, if this were the case then we would have expected other significant differences 

would occur across analytes. Variations between TNF𝛼 and CXCL9 in the RITPBC did occur, 

but not to the degree observed with ghrelin.  

 

6.4.5 Study 2 (validation study): Serum analytes selection 

The selection of six serum proteomic markers for further analysis from the exploratory study 

(Study 1) – IL-4Rα, CXCL9, CCL20, CD163, KIM-1, and Leptin – was driven by their 

correlation with observed symptoms, our current understanding of relevant biological 

pathways and symptomology, and the practical considerations of measuring these markers in 

serum. Regrettably, IL-18R1 and ACE2, which also showed promise in Study 1, could not be 

included due to technical limitations related to multiplex panel compatibility, the required 

serum volume, and the associated processing costs. 

 

Building upon this, Study 2 incorporated an additional five analytes (IL-4, IL-13, IL-6, TNF-

, and ghrelin) based on a literature review highlighting their involvement in fatigue, cognitive 

symptoms, and itch, alongside an assessment of their measurability. A more comprehensive 

discussion of the rationale behind their inclusion in Study 2 is provided in section 5.2.9. 

 

If not restricted by the forementioned factors, then it would have been informative to include 

an analysis in studies 1 and 2 for IL-31 (given its connection to the IL-4 and IL-13 pathway 

and recent association with pruritus in PBC and PSC); ghrelin, growth hormone (GH), insulin-

like growth factor-I (IGF-I) and glucagon-like peptide-1 (GLP-1) due to the evidence for their 

relationship to neuronal plasticity;  CCR6 (due to its role in the CCR6-CCL20 axis) and 

CXCR3 (part of the CXCR3-CXCL9 axis) due to their involvement in the pathogenesis of 

PBC, as well evidence for fatigue in other diseases.  
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Chapter 7: Study 3 Allopregnanolone: Results 

7.1 Study 3 (allopregnanolone) 

A total of 160 samples were successfully analysed: 120 with a probable/definite diagnosis of 

PBC from the UK-PBC, and BANC cohorts, and 40 healthy controls from the E-AILD cohort. 

However, one sample from the healthy controls was excluded from further analysis due to 

significant variance.  

 

7.1.1  Study 3 (allopregnanolone): Demographics and clinical characteristics 

The basic demographics of the two groups are summarised in Table 7.1. There was no 

significant difference in age between PBC patients and healthy controls (median 59 vs. 60 

years; P = 0.33) or gender (U=2236.5, P = 0.35) and within the PBC sub-cohorts there was no 

significant difference in age (U = 1381, P = 0.851). Given the small number of males in both 

the healthy controls and PBC cohort, no sub-analysis was performed between gender and age. 

The gender split reflects that seen in the general PBC population (113/120 (94%) female, with 

the healthy control group being both age- and gender-matched (36/40 (90%) females). 

 

In the healthy control group, age was not significantly associated with allopregnanolone levels 

(r = -0.21, P = 0.21). However, in the PBC group, a younger age was significantly associated 

with higher serum allopregnanolone levels (r= -0.53, P < 0.001). See Table 7.1 and Figure 

7.1. 

 

Table 7.1 Allopregnanolone levels (ng/ml) by, group, gender, and age for Study 3 

Group Gender Number  Age (IQR) Significance 

between cohort 

ages (males and 

females)  

Median 

Allopregnanolone 

ng/ml (IQR) 

Significance between 

allopregnanolone and age 

in each cohort 

Healthy Male 4 (10%) 60 [20] 

60 [15] 

P = .33 

U = 2096 

0.042 (0.088)  

Female 35 (90%) 0.030 (0.023) 

Both 39 60 (15)  0.030 (0.025) r(39) = -0.21 p = 0.21 

PBC  Male 7 (5.8%) 59 [18] 

59 [13] 

0.025 (0.045)  

Female 113 (94.2%) 0.032 (0.042) 

Both 120 59 (13) 0.031 (0.042) r(120) = -0.53 p < 0.001 

*Median (Interquartile Range); test for statistical significance Mann-Whitney U and Spearman’s rho; P < 0.05 

considered statistically significant (2-sided test); red denotes statistically significance 
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Figure 7.1 Serum allopregnanolone levels (ng/ml) according to age A) Healthy cohort B) PBC cohort 

 

The clinical characteristics of the PBC cohort and its sub-cohorts, are detailed in table 6.2. For 

the BANC cohort, biochemical and cirrhosis data were unavailable for 10 participants that were 

recruited in Birmingham. In addition, BMI data was not available for the BANC cohort as 

height was not recorded as part of the standard data collection. Treatment with UDCA status 

was unknown in 9% of participants and 19% were not treated with UDCA. Only 30% were on 

a therapeutic dose of UDCA, 47% were subtherapeutic, and in 23% of cases the dose was 

unknown. The majority of participants were POISE responders (72%), but only 38% of cases 

had normal LFTs. See Table 7.2. 
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Table 7.2 Clinical characteristics of the PBC study population, including subgroups for Study 3 

 All PBC  

(n=120) 

PBC Subgroup 

BANC (n=90) UK-PBC (n=30) 

Median weight, kg (IQR) 76 (22.1) 75 (22.8) 76 (16.8) 

Median BMI, kg/m2(IQR) 29 (6.6) No data 29 (6.6) 

UDCA treated, Number (%) 

 

Y = 86 (72) 

N = 23 (19) 

Unknown = 11 (9)  

Y = 78 (8) 

N = 1 (1) 

Unknown = 11 (12) 

Y= 8 (27) 

N = 22 (73) 

 

UDCA therapeutic, Number (%) Y = 37 (30) 

N = 56 (47) 

Unknown = 27 (23) 

Y = 27 (30) 

N = 46 (51) 

Unknown = 17 (19) 

Y = 10 (33) 

N = 10 (33) 

Unknown = 10 (33) 

Median ALP (IQR) IU/L 

n = 110 

143 (127) 135 (114) 174 (141) 

Median ALT (IQR) IU/L 

n = 110 

32.5 (31) 27 (28) 37.5 (40) 

Median Bilirubin (IQR) umol/L 

n = 110 

7 (4) 7 (4) 9 (8) 

Median Albumin (IQR) g/L 

n = 110 

44 (4) 45 (4) 40 (7) 

Normal LFT (%) 

n = 110 

42 (38) 34 (38) 8 (26) 

POISE Responder, number (%) 

n = 110 

79 (72)  60 (67) 19 (63) 

Cirrhosis present number (%)  

n = 110  

14 (11) 6 (7)  8 (26) 

IQR – interquartile Range; BMI – body mass index; UDCA – ursodeoxycholic acid; ALP - alkaline phosphatase; 

ALT – alanine transaminase; LFT – liver function tests; n=number of cases in each group 
 

Serum allopregnanolone levels were analysed according to PBC clinical characteristics. There 

were no significant differences in serum allopregnanolone levels in those on a therapeutic 

versus subtherapeutic dose of UDCA, according to POISE responder status, those with 

abnormal liver function tests or in cirrhotic patients. See Table 7.3. 
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Table 7.3 Allopregnanolone (ng/ml) levels, by UDCA therapy, POISE criteria, liver blood tests and cirrhosis for 

Study 3 

Status Number of 

participants 

Median (IQR) 

Allopregnanolone  

ng/ml 

Significance 

UDCA therapy  93   

Therapeutic dose 37 (40%) 0.033 [0.044] 
p = .580 u = 965 

Sub-therapeutic dose 56 (60%) 0.031 [0.045] 

POISE Criteria  110   

Responder  79 (72%) 0.025 [0.043] 
p = .141 u = 1446 

Non-responder  31 (28%) 0.037 [0.49] 

Abnormal LFTs  110   

Normal  42 (38%) 0.022 [0.032] 
p = .075 u = 1717 

Abnormal 68 (62%) 0.036 [0.048] 

Cirrhosis  110   

Non-cirrhotic  96 (90%) 0.031 [0.041] 
p = .098 u = 379 

Cirrhotic  14 (10%) 0.012 [0.049] 

POISE criteria: ALP ≤ 1.67 x upper limit normal (ULN) and/or bilirubin ≤ 1 x ULN; LFT: Liver function tests; 

n=number of cases in each group; analysis using Mann-Whitney-U, P < 0.05 considered statistically significant 

(2-sided test); red denotes statistically significance   

 

7.1.2 Study 3 (allopregnanolone): Clinical status and symptoms 

To assess the impact of severity of liver disease on symptoms in PBC, we explored biochemical 

response (by the POISE criteria and abnormal liver function tests) and cirrhosis status against 

all the PBC-40 domains, split by “none/mild”, “moderate” and “severe” symptoms. POISE 

non-responders and those with abnormal liver blood tests were more likely to have moderate 

to severe itch, but this trend was not seen in those with cirrhosis. Those with cirrhosis were 

statistically significantly more likely to suffer with fatigue, particularly “moderate” fatigue. No 

other PBC-40 domains were associated with POISE responder status, liver function tests or 

cirrhosis status. See Table 7.4 
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Table 7.4 POISE Response, liver bloods tests and Cirrhosis by PBC-40 domain severity for Study 3 
PBC-40 

Domain 
Severity 

POISE Response (n=110) Liver blood tests (n=110) Cirrhosis (n=110) 

Responders 

(n=79) 

Non-

responders 

(n=31) 

Significance+ Normal 

(n=42) 

Abnormal 

(n=68) 

Significance+ Non-cirrhotic 

(n=96) 

Cirrhotic 

(n=14) 

Significance+ 

Cognition None/mild 43 15 
p = .516 

X(1) =  1.324 

20 38 
p = .410 

x(1) = 6.368 

51 7 
p = .517 

X(1) = 3.249 
Moderate 21 7 16 12 25 3 

Severe 15 9 6 18 20 4 

Fatigue None/mild 25 9 
p = .937 

X(1) =  .152 

13 21 
p = .961 

x(1) = .080 

32 2 
p = .037 

X(1) = 10.21 
Moderate 24 9 12 21 25 8 

Severe 30 13 17 26 39 4 

Itch None/mild 71 18 p < .001 

X(1) =  

14.760 

39 50 
p = .042 

x(1) = 6.346 

80 9 
p = .058 

X(1) = 9.143 
Moderate 3 6 1 8 6 3 

Severe 5 7 2 10 10 2 

Emotional 

 

None/mild 35 11 p = .641 

X(1) =  .888 

 

17 29 p = .276 

x(1) = 2.573 

 

40 6 
p = .776 

X(1) =  1.782 
Moderate 20 8 14 14 25 3 

Severe 24 12 11 25 31 5 

Social None/mild 41 13 
p = .634 

X(1) =  .912 

19 35 
p = .596 

x(1) = 1.036 

49 5 
p = .239 

X(1) =  5.510 
Moderate 31 15 20 26 40 6 

Severe 7 3 3 7 7 3 

General 

Symptoms 

None/mild 54 19 
p = .452 

X(1) =  1.590 

30 43 
p = .464 

x(1) = 1.535 

65 8 
p = .512 

X(1) =  3.282 
Moderate 22 9 11 20 27 4 

Severe 3 3 1 5 4 2 

POISE criteria: ALP ≤ 1.67 x upper limit normal (ULN) and/or bilirubin ≤ 1 x ULN; LFT: Liver function tests; n=number of cases in each group; analysis using Chi-square; P < 0.05 considered 

statistically significant (2-sided test); red denotes statistically significance   
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7.1.3 Study 3 (allopregnanolone): Age, symptoms, and serum allopregnanolone  

We next explored age and symptoms, as assessed by the PBC-40 domains. In keeping with 

large PBC cohort studies, more severe symptoms were generally associated with a younger age 

(Mells et al., 2013). In particular, cognitive and emotional symptoms were strongly inversely 

associated with age, particularly when using the two extreme categorisations, that is 

“none/mild” and “severe” (cognitive domain: P < .001, emotional domain: P < .001). Itch, 

social and fatigue symptoms were also more severe in younger patients, although the 

correlation was less strong, and fatigue lost statistical significance when stratifying by 

“none/mild”, “moderate” and “severe”. See Table 7.5. 

 

Table 7.5: Age (years) PBC-40 domain and symptom severity in Study 3 

PBC-40 Domain Severity  Number Median Age 

years (IQR)  

Significance 

none/mild vs. 

moderate vs. 

severe 

Significance 

none/mild vs. 

severe 

Cognitive None/Mild  65 60 (13) P = .003 

χ2(2) = 11.458 

 

P < .001 

U = 423 
 

Moderate  31 59 (10) 

Severe  24 50.5 (12) 

Fatigue 

 

None/Mild  37 60 (10) P = .126 

χ2(2) = 4.137 

P = .045 

U = 602 
 

Moderate 39 59 (15) 

Severe 44 57.5 (13) 

Itch None/Mild 96 59 (13) P = .030 

χ2(2) = 6.982 

P = .011 

U = 315 
 

Moderate 12 58.5 (9) 

Severe 12 50.5 (13) 

Emotional None/Mild 52 64 (11) p < .001 

χ2(2) = 17.617 

P < .001 

U = 536 
 

Moderate 29 55 (14) 

Severe 39 57 (12) 

Social None/Mild 61 64 (19) P = .043 

χ2(2) = 6.286 

P = .04 

U = 184 
 

Moderate 49 58 (14) 

Severe 10 57 (10) 

General symptoms None/Mild 80 59 (15) P = .279 

χ2(2) = 2.556 

P = .6 

U = 205 Moderate 34 58 (13) 

Severe 6 57.5 (7) 

IQR – denotes interquartile; analysis using Kruskal-Wallis and Mann-Whitney U; P < 0.05 considered statistically 

significant (2-sided test); red denotes statistically significance.   

 

When assessing PBC-40 domains and serum allopregnanolone, the cognitive, itch and 

emotional domains showed a positive association with more severe symptoms, when assessed 

using “none/mild” vs. “severe” (cognitive domain: P =.019, itch domain: P = .032, emotional 
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domain: P = .004). However, only the emotional domain continued to show a positive 

association when stratified by “none/mild”, “moderate” and “severe” symptoms, with 

increasing serum allopregnanolone levels correlating with increased severity of symptoms. See 

Table 7.6 and Figure 7.2 

 

The PBC-40 social domain, having previously not shown significance for “none/mild” vs 

“severe” symptoms, did demonstrate a significant difference in allopregnanolone levels when 

the “moderate” group were included. However, it should be noted that the “moderate” group 

had the highest serum allopregnanolone levels, followed by the “none/mild” group, then 

“severe” group. See Table 7.6 

 

Table 7.6 Serum allopregnanolone by PBC-40 domain and symptom severity in Study 3 

PBC-40 Domain Severity Number Median 

allopregnanolone 

ng/ml (IQR) 

Significance 

none/mild vs. 

moderate vs. 

severe 

Significance 

None/mild vs. 

severe 

Cognitive None/Mild  65 0.024 (0.036) P = .058 

χ2(2) = 5.710 

 

P = .019 

U = 1034 

 

Moderate  31 0.029 (0.046) 

Severe  24 0.042 (0.044) 

Fatigue 

 

None/Mild  37 0.027 (0.035) P = .496 

χ2(2) = 1.403 

P = .501 

U = 885 

 

Moderate 39 0.027 (0.046) 

Severe 44 0.035 (0.047) 

Itch None/Mild 96 0.031 (0.039) P = .065 

χ2(2) = 5.465 

P = .032 

U = 795 

 

Moderate 12 0.024 (0.045) 

Severe 12 0.050 (0.101) 

Emotional None/Mild 52 0.024 (0.038) P = .015 

χ2(2) = 8.356 

P = .004  

U = 1374 

 

Moderate 29 0.031 (0.046) 

Severe 39 0.039 (0.056) 

Social None/Mild 61 0.025 (0.036) P = .020 

χ2(2) = 7.781 

P = .643 

U = 277 

 

Moderate 49 0.039 (0.063) 

Severe 10 0.022 (0.031) 

General symptoms None/Mild 80 0.029 (0.040) P = .455 

χ2(2) = 1.577 

P = 665 

U = 214 Moderate 34 0.032 (0.048) 

Severe 6 0.026 (0.084) 

n=number of cases in each group; analysis using Kruskal-Wallis; P < 0.05 considered statistically significant (2-

sided test); red denotes statistically significance   
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Figure 7.2 Serum allopregnanolone by PBC-40 domain and symptom severity in Study 3 A) Cognitive B) 

Emotional C) Itch 

 

Further assessment of serum allopregnanolone levels against previously defined PBC-40 cut-

off scores considered to be clinically significant (see section 3.4.5) is shown in Table 7.7. 

Using this method, both cognitive and emotional symptoms continued to show a positive 

association, with higher allopregnanolone levels being significantly associated with clinically 

significant symptoms. Clinically significant social symptoms also showed a positive 

association. See Figure 7.3. 

 

Itch, having shown a positive correlation when comparing “none/mild” to “severe” symptoms, 

failed to show significance for clinically significant symptoms. However, only 12 participants 

(10%) were categorised as having “severe” pruritus, whilst 37 (30%) were considered to have 

clinically significant pruritus where no correlation was found. 
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Table 7.7 Serum allopregnanolone by PBC-40 domain and clinically significant symptoms in Study 3 

PBC-40 Domain Clinically significant 

symptoms 

number Median allopregnanolone 

ng/ml (IQR) 

Significance+ 

Cognitive Not c/s 71 0.023 (0.036) P = .044 

U = 2117 c/s 49 0.037 (0.043) 

Fatigue  Not c/s 45 0.031 (0.037) P = 858  

U = 1654 c/s 75 0.031 (0.045) 

Itch Not c/s 83 0.030 (0.037) P = .506 

U = 1652 c/s 37 0.036 (0.060) 

Emotional Not c/s 81 0.027 (0.036) P = .010 

U = 2041 c/s 39 0.039 (0.056) 

Social Not c/s 76 0.027 (0.036) P = .037 

U = 2055 c/s 44 0.040 (0.050) 

General symptoms Not c/s 72 0.026 (0.041) P = .241 

U = 1947 c/s 48 0.034 (0.040) 

n=number of cases in each group; analysis using Mann Whitney U; P < 0.05 considered statistically significant 

(2-sided test); red denotes statistically significance   

 

 

 

 

Figure 7.3 Serum allopregnanolone by clinically significant symptoms in Study 3 A) Cognitive B) Emotional C) 

Social 
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7.2 Study 3 (allopregnanolone): Discussion 

This study has demonstrated an association between elevated serum allopregnanolone levels 

and increased symptom severity in PBC. Key findings from study 3 were that higher serum 

allopregnanolone associated with not only a younger age, but also with significant cognitive, 

emotional and itch symptoms in the PBC group. This may offer new novel therapeutic 

opportunities, through the application of allopregnanolone antagonists that alter the functioning 

of GABA-A receptors to improve symptomatic PBC.  

 

7.2.1 Study 3 (allopregnanolone): Clinical characteristics   

There were no significant differences between the healthy controls and PBC group in terms of 

age, with a median age of 59 in the PBC cohort and 60 in the control group. However, in the 

PBC group higher allopregnanolone levels were significantly associated with a younger age, 

whilst in the control group, there was no significant change with age or gender, and this is in 

keeping with previous general population studies in allopregnanolone (Genazzani et al., 1998). 

See figure 6.1. Whilst our findings in the control group mirror that seen in other studies, 

allopregnanolone levels can vary with gender and physiological stress (Genazzani et al., 1998; 

Luisi et al., 2000; MacKenzie and Maguire, 2013; Reddy, 2003) (as well as pathological 

conditions such as seen in mood disorders (Bäckström et al., 2014)). It is worth noting that in 

the control group the median allopregnanolone levels for males were 0.042ng/ml with a wide 

IRQ (0.088) compared to the PBC male group median levels of 0.0025ng/ml (IQR 0.045). The 

number of males in both groups were small (healthy: n=4, PBC: n=7) and it is likely that both 

these groups were not sufficiently powered and would be strongly influenced by outliers. For 

this reason, we only explored the significance in allopregnanolone levels between healthy 

controls and PBC patients as whole, but not by gender.  

 

A younger age was associated with worse liver biochemistry, and non-response to UDCA 

therapy, which is typical of PBC (Carbone et al., 2013b) where more aggressive disease is seen 

in younger patients,  denoting higher risk disease (Hirschfield et al., 2018).  Overall, a younger 

age was significantly associated with more severe symptoms in all PBC-40 domains, excluding 

general symptoms, with statistical significance being particularly strong in the cognitive and 

emotional symptom domains. Only itch was significantly associated with disease status, with 

more severe itch occurring in non-responders and those with abnormal liver blood tests, in 

keeping with previous cohort studies (Hegade et al., 2019; Carbone et al., 2013b). Fatigue was 

associated with cirrhosis, a common phenomenon encountered (Kalaitzakis et al., 2012; 

Bhandari and Kapoor, 2022). This is in keeping with previous studies in relation to 
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symptomatic PBC (Mells et al., 2013; Al-Harthy et al., 2010; Forton, 2004; Jones et al., 2010a; 

Jones, 2006; Jopson and Jones, 2015; Newton et al., 2008b). Crucially, serum allopregnanolone 

levels were not associated with disease status (responder status, abnormal liver bloods tests, or 

cirrhosis) suggesting that it is symptoms, not disease severity, that is associated with 

allopregnanolone levels. 

 

7.2.2 Study 3 (allopregnanolone): Allopregnanolone and symptoms 

In our study, significantly elevated allopregnanolone levels were seen in patients with severe 

cognitive symptoms compared to those with none or mild symptoms. Despite the moderate 

symptom group having higher median allopregnanolone levels than the none/mild group this 

failed to reach statistical significance. When stratified by clinically significant cognitive 

symptoms statistically significant difference was still observed.    

 

Previous studies have demonstrated elevation of the neurosteroids pregnanolone and 

allopregnanolone in PBC, with a statistically significant relationship observed between 

allopregnanolone and fatigue (Ahboucha et al., 2008a). We did not demonstrate a relationship 

with allopregnanolone and fatigue in this study. However, the study undertaken by Alboucha 

et al. used the FIS to assess fatigue. Unlike the PBC-40, the FIS is not disease specific and 

includes domains related to physical, cognitive and psychosocial domains, with questions such 

as “because of fatigue I feel slowed down in my thinking” and therefore assesses both central 

and peripheral components of fatigue (Fisk et al., 1994). Data on which domains patients 

scored highly on were not published and therefore it is difficult make comparisons between 

our study findings and those of Alboucha et al (Ahboucha et al., 2008a). Much of the focus on 

the role of allopregnanolone in disease has been its effects on the CNS, including its role in 

mood disorders (Porcu et al., 2012; Walton and Maguire, 2019; Bäckström et al., 2014), 

memory and learning (Johansson et al., 2002; Johansson et al., 2015; Kask et al., 2008), and 

hepatic encephalopathy (Ahboucha and Butterworth, 2007; Ahboucha et al., 2008b; Ahboucha 

et al., 2006; Johansson et al., 2015). It seems likely based on its site and mechanism of action 

that its effects, and therefore symptoms, are largely central in nature. 

 

Chronic exposure to elevated allopregnanolone has been shown to result in accelerated 

Alzheimer’s disease (with observed impaired memory and learning), which is associated with 

increased 𝛽-amyloid proteins. (Wang, 2013) 𝛽-amyloid proteins are reliable diagnostic 

markers for disease severity and are associated with the formation of amyloid plaques (Gouras, 

Olsson and Hansson, 2015). This may be particularly relevant given the observation of white 
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matter lesions seen on MRI images of PBC patients with cognitive symptoms, distributed in a 

pattern observed in dementia (Mosher et al., 2017; Kenny, Kalaria and Ballard, 2002; 

Siennicki-Lantz et al., 1998). 

 

The strongest signal for allopregnanolone was observed in the emotional domain of the PBC-

40. Here, elevated allopregnanolone levels were observed in both the moderate and severe 

groups, with the highest levels observed in the severe group. When assessing by clinically 

significant emotional symptoms this trend continued. Due to how the clinically significant 

threshold is set this essentially compared the severe group to the none/mild and moderate group 

together (see section 3.4.5). The fact that a significant trend continued to be observed when 

comparing these groups may suggest that the trend for elevated allopregnanolone in emotional 

symptoms is particularly strong. However, the emotional domain of the PBC-40 is restricted 

in its assessment of symptoms of depression and anxiety, comprising of only 3 questions. It 

gives a general overview of patients’ emotional state but is not as detailed as other mood-

specific screening questionnaires such as the HADS. Unfortunately, this data was not available 

for this cohort.  

 

Levels of allopregnanolone are controversial in mood disorders. The strongest evidence for 

allopregnanolone comes from post-partum depression (PPD) where there is a significant 

increase in allopregnanolone levels during the third trimester and then a rapid fall following 

birth and during the post-partum period (Bäckström, 2021; Bäckström et al., 2014; Bäckström 

et al., 2021; Genazzani et al., 1998; Paul, Pinna and Guidotti, 2020; Walton and Maguire, 

2019). In some females in the post-partum period, changes in the concentration and distribution 

of GABA-A receptors, along with rapid reduction in allopregnanolone levels, results in 

changes in resting-state functional connectivity and is linked to the development of PPD 

(Bäckström et al., 2014; Deligiannidis et al., 2019). Brexanolone, a synthetic allopregnanolone 

agonist, is licenced for treatment of severe PPD (Walkery et al., 2021). Yet, there is a 

paradoxical effect on mood observed with allopregnanolone. During the luteal phase of the 

menstrual cycle there is an increase in allopregnanolone that has been linked to negative 

emotions in 3-8% of females, resulting in premenstrual dysphoric disorder (PMDD) 

(Bäckström et al., 2014) Treatments that antagonise the effect of allopregnanolone are known 

to alleviate the symptoms of PMDD (Bäckström, 2021). The effect of allopregnanolone on 

emotions is therefore complex, and likely varies with the concentration and distribution of 

GABAergic receptors, synthesis of allopregnanolone in both functional and anatomical 

connections, as well as sites of abnormal pathology, including neuroinflammation.  
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Altered functional connections between functional regions of the brain involved in memory, 

concentration, planning, and emotions are well documented in PBC and are evidenced by 

multiple techniques including MRI and TMS (Mosher et al., 2017; Di Lazzaro, Rothwell and 

Capogna, 2018; Rossi et al., 2009) (see section 1.4.3.2). Reduced CNS activation is associated 

with cognitive dysfunction in many conditions (Zwarts, Bleijenberg and Van Engelen, 2008). 

Importantly, GABA-A receptor modulation is observed using paired pulsed protocols with 

TMS (Di Lazzaro, Rothwell and Capogna, 2018), and both reduced central activation and 

abnormal intra-cortical inhibition have been demonstrated using TMS in PBC patients with 

cognitive dysfunction, fatigue and sleep disturbance. (Mcdonald et al., 2010) These findings 

support impaired intra-cortical inhibition as a potential cause. Allopregnanolone exerts a 

positive allosteric action on GABA-A receptors, with increasing levels resulting in increased 

inhibition of CNS pathways, a concept known as “GABAergic tone” (Cauli et al., 2009). The 

association of increased allopregnanolone in those with cognitive and emotional symptoms 

observed in this study could suggest a potential underlying mechanism for central symptoms 

in PBC.   

 

The association between itch and allopregnanolone was an unanticipated finding in this study. 

A review of the literature highlights that there is limited research into the effect of serum 

allopregnanolone and pruritus of any aetiology. Atopic dermatitis mice have been observed to 

develop marked dose-dependent scratching behaviour following injections of 

allopregnanolone, which was almost completely reversed following administration of a 

tryptamine derivative, 2-methyl-5-HT (Fujii et al., 2019). 2-methyl-5-HT is closely related to 

serotonin and acts as a moderate 5HT3 agonist. Given that SSRIs can be beneficial to some 

patients with PBC associated itch (Hirschfield et al., 2018), this might provide a partial insight 

into the mechanism of PBC-associated itch. This is further supported by the fact that 

allopregnanolone appears to have no influence on histamine induced scratching (Fujii et al., 

2019) (anti-histamines having no effect in cholestatic itch (Kremer et al., 2008a)), whilst 

central mechanisms for itch in PBC are apparent, with associations between itch severity and 

functional connections of the sensory and premotor cortices having been observed (Mosher et 

al., 2017). 

 

Mechanisms for elevated allopregnanolone levels in PBC remain unclear. The biosynthesis of 

neurosteroids occurs de novo within the CNS from cholesterol, which is largely synthesised in 

the endoplasmic reticulum of hepatic cells and the adrenal glands (Cerqueira et al., 2016). 
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Fundamental to this process is the rate-limiting transport of cholesterol across the 

mitochondrial membrane in glial cells by the nucleoside transporter, translocator protein 

(TSPO) (Jacobs and Tavitian, 2012). After this step, cholesterol is converted to pregnenolone 

following side chain cleavage by cytochrome P450 (P450scc) within the mitochondria. Several 

further chemical reductions occur within the glial cell cytoplasm that result in the conversion 

of progesterone to 5𝛼-dihydroprogesterone, followed by conversion to allopregnanolone (Paul, 

Pinna and Guidotti, 2020). See Figure 2.1. Studies demonstrate that TSPO is upregulated in 

the CNS in response to neuroinflammation, especially in microglial cells (Papadopoulos et al., 

2006; Jacobs and Tavitian, 2012), while a mechanism for neuroinflammation has been 

postulated in PBC patients with central fatigue (Swain and Jones, 2019) and further supported 

by animal models using BDL that results in disruption of the BBB and hippocampal 

dysfunction (Gee et al., 2022). It is apparent that the CNS changes that occur in PBC become 

irreversible, given the lack of improvement in symptoms following liver transplantation 

(Carbone et al., 2013a; Mcdonald et al., 2010; Pells et al., 2013b). This phenomenon of 

irreversible cognitive impairment has been replicated in wild type mice receiving continuous 

allopregnanolone treatment (Bengtsson, Johansson and Backstrom, 2016) and may suggest a 

mechanism for irreversibility in PBC. 

 

It is worth noting that elevated serum cholesterol is commonly seen in PBC patients (Jahn et 

al., 1985), but we are not aware that a relationship between cholesterol, allopregnanolone and 

CNS symptoms has been explored before. Unfortunately, data on our cohort’s lipid profiles 

were not available for this study, but this would be worthy of further future investigation.  

 

Excess accumulation of steroids in the CNS, such as progesterone, can also result in the 

increased production of allopregnanolone (Paul, Pinna and Guidotti, 2020). Progesterone and 

oestradiol are both metabolised in the liver, and typically increase in end-stage liver disease. 

This may contribute to increased allopregnanolone production. However, progesterone is 

observed to fall again following liver transplantation (Aller et al., 2001), but improvement in 

cognitive symptoms and fatigue do not typically occur post-transplantation (Carbone et al., 

2013a; Mcdonald et al., 2010; Pells et al., 2013b). This suggests that the CNS damage is 

irreversible. It is important to remember that cognitive symptoms are independent of disease 

stage or severity in PBC (Mells et al., 2013; Newton et al., 2008a) and whilst it is plausible 

that elevated pregnanolone secondary to liver dysfunction may contribute to allopregnanolone 

levels in chronic liver disease, it is unlikely to be the primary mechanism in PBC.  
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7.2.3 Study 3 (allopregnanolone): Allopregnanolone a potential therapeutic target?  

The study findings detailed here and, current evidence supporting the association 

allopregnanolone with cognitive, emotional and itch symptoms offer a new potential 

therapeutic target for symptomatic PBC.  

 

The selective antagonist, previously known as GR3027, and subsequently branded as 

golexanolone, has been postulated to reverse the positive allosteric effect of allopregnanolone 

on GABA-A receptor, resulting a reduction in GABAergic tone (Johansson et al., 2015). 

Reversal of allopregnanolone induced dysfunction in spatial learning, memory and motor co-

ordination has been demonstrated in rodent models following administration of golexanolone 

(Johansson et al., 2015).  

 

In human studies, adverse effects on memory, somnolence  and saccadic eye velocity (SEV) 

(strongly controlled by GABAergic transmission and an established objective evaluation of a 

pharmacological treatment targeting this (Bäckström, Das and Bixo, 2022)) have been 

observed following administration of allopregnanolone. These effects are reversed following 

administration of golexanolone (Kask et al., 2008; Johansson et al., 2018). A pilot study using 

golexanolone in patients with covert hepatic encephalopathy (HE) secondary to cirrhosis 

demonstrated statistically significant improvements in daytime somnolence and 

electroencephalogram readings in the delta and theta waves (slowing of which are associated 

with HE (Amodio and Montagnese, 2015)) compared to placebo (Montagnese et al., 2021). 

Crucially, golexanolone was found to be safe and well tolerated.  

 

Other support for allopregnanolone antagonism as a therapeutic option for CNS disorders, 

include isoallopregnanolone, an isomer of allopregnanolone, but without any functional effects 

on GABA-A receptors  (Gyermek, Iriarte and Crabbe, 1968).  Following administration of 

allopregnanolone in healthy female volunteers, a decrease in SEV and sedative effects were 

again observed, with reversal of these following administration of isoallopregnanolone 

(Bengtsson et al., 2015). Isoallopregnanolone (in a subcutaneous preparation known as 

sepranolone) was subsequently shown in a phase II RCT to reduce symptoms of PMDD 

significantly when compared to placebo, and was safe and well tolerated (Bäckström, Das and 

Bixo, 2022; Bäckström et al., 2021). Further trials are pending, as are trials exploring the use 

of sepranolone in menstrual associated migraines and Tourette syndrome (Bäckström, Das and 

Bixo, 2022).  
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Given the emerging evidence for allopregnanolone antagonists that target GABA-A receptors, 

reduce GABAergic tone, and improve symptoms related to mood, somnolence and cognitive 

symptoms, a further study should be undertaken to confirm the findings presented here. If 

validated, then a proof-of-concept trial to evaluate the effectiveness of allopregnanolone 

antagonists, such as golexanolone, on symptomatic PBC should be explored.  

 

7.2.4 Study 3 (allopregnanolone): limitations 

The limitations in study 3 mainly relate to potential confounding factors that can affect 

allopregnanolone levels. Fluctuations in levels are apparent during normal physiological 

conditions, including the menstrual cycle, pregnancy (including post-partum period) and the 

menopause, whilst acute stress, depression and social isolation are also associated with changes 

in allopregnanolone (Paul, Pinna and Guidotti, 2020; Turkmen et al., 2011b). Given the 

epidemiology of PBC, it is likely that the majority of female patients in this cohort would have 

entered the menopause/post-menopause era of their lives. However, we did not control for this 

and additional data on these potential influences were not available. Data on concomitant 

medications, such as SSRIs, antipruritic treatments etc. were not available, which may have 

influenced allopregnanolone levels and/or symptomatology.  The study could not draw 

conclusions on gender influence in allopregnanolone levels and/or symptomatic PBC due to 

the smaller numbers of males included in the study (in keeping with the epidemiology of PBC).  

 

Exploration of the pre-curser steroids required for the synthesis of allopregnanolone, such as 

isopregnanolone, as well as the associated degradation molecules were beyond the scope of 

this project. Previous studies exploring the relationship between symptomatic PBC and 

neurosteroids are limited but have failed to show a relationship with the pregnanolone 

metabolites isopregnanolone, epipregnanolone, and tetrahydrodoxycorticosterone (Ahboucha 

et al., 2008a; Ahboucha et al., 2008c). This would be worthy of further exploration in the 

future.  
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Chapter 8: Overall discussion 

8.1 PBC and symptoms 

Fatigue and cognitive symptoms have a significant detrimental effect on patients QOL, yet 

despite the significant improvements in disease-modifying therapies for PBC in recent years, 

there have been no therapeutic advances to treat these symptoms (Wetten, Jones and Dyson, 

2021). Traditional treatments for itch are effective in some, but not all, patients. Younger 

patients classically have more inflammatory and aggressive disease, with an increased risk of 

complications (Quarneti et al., 2015). Typically, symptoms of fatigue, cognition and itch are 

also worse in younger patients (despite there being no link with disease severity and 

symptoms). Prognostically, fatigue related to PBC is independently associated with an 

increased all-cause mortality (Jones et al., 2010a), whilst health utility studies confirm the 

greatest impact on functional status in PBC comes from fatigue and cognitive symptoms (Rice 

et al., 2020). 

 

Many therapeutic studies in PBC focus on improvement in liver function tests as their primary 

outcome, with symptomology often (but not always) being a secondary outcome. These studies 

improve hard clinical outcomes, including time to death or transplantation, but in general fail 

to address the significant burden patients experience from symptoms. New therapeutics for 

managing cholestatic itch, including I-BAT inhibitors (Al-Dury and Marschall, 2018; Hegade 

et al., 2017), and selective-PPAR agonists, such as seladelpar, show promise ('ENHANCE: 

Safety and Efficacy of Seladelpar in Patients With Primary Biliary Cholangitis-A Phase 3, 

International, Randomized, Placebo-Controlled Study,' 2021; Boudes et al., 2018; Bowlus et 

al., 2022; Kremer et al., 2022; Wetten, Jones and Dyson, 2022), but their mode of action is 

incomplete and thus ineffective in some patients, while their use can be limited by side effects.  

 

8.2 Potential targets amenable to novel therapeutics to treat symptoms in PBC 

In the work presented here, we have identified several potential mechanisms that might 

contribute to fatigue, pruritus, cognitive and emotional symptoms in PBC. We have 

consistently demonstrated elevated serum IL-6 in two distinct PBC groups with clinically 

significant fatigue, whilst elevated IL-4Rα has similarly been identified and validated in PBC 

patients with significant itch. Elevated allopregnanolone has been associated with central 

symptoms of cognition and emotional symptoms, in keeping with its known mechanism of 

action. Ghrelin, an important regulator of energy homeostasis, shows significant associations 

with central and peripheral fatigue. Crucially, there are novel therapeutics available that can 

target these pathways. 



 

199 

 

 

IL-6 receptor blockade, by monoclonal antibodies such as tocilizumab is licenced in several 

autoimmune diseases (see section 5.3.2.1) (Burmester et al., 2011; Smolen et al., 2008). Of 

significance, is the association in rheumatoid arthritis with fatigue, with rheumatoid patients 

describing “feeling drained” and a significant lack of energy (Nicklin et al., 2010; Stamm et 

al., 2005), similar to that described by PBC patients. Like PBC, fatigue is not always associated 

with disease activity in rheumatoid arthritis (Hammer, Agular and Terslev, 2022). Treatment 

with tocilizumab seems to be effective in treating fatigue in rheumatoid arthritis, with 

symptoms of fatigue improving rapidly following treatment and well before an improvement 

in disease activity (Abu-Shakra et al., 2018; Hammer, Agular and Terslev, 2022; Corominas 

et al., 2019; Gossec et al., 2015; Furst, Thenkondar and Townes, 2012). This suggests that IL-

6 may be a significant contributor to fatigue in chronic inflammatory conditions, and given the 

known effects of IL-6 on skeletal muscle fatiguability and mitochondrial dysfunction 

(VanderVeen et al., 2019; Abid et al., 2020), the evidence for dysfunctional skeletal muscle 

metabolism in PBC (Hollingsworth et al., 2008; Hollingsworth et al., 2010b) and the findings 

in study 1 and 2 of elevated IL-6 associated with fatigue, a proof-of-concept trial evaluating 

anti-IL-6 therapy in PBC with fatigue should be considered. 

 

Future work from this thesis should also focus on further exploring the link with IL-6, fatigue, 

and muscle metabolism in PBC. The RITPBC trial collected data on muscle metabolism using 

novel magnetic resonance spectroscopy as well as data on Anaerobic thresholds (AT), using 

integrated cardiopulmonary exercise testing on a stationary ergometer. There was not scope in 

this thesis to explore this data, but this would be worthy of further exploration. 

 

Therapies that block IL-4Rα pathways are already used in clinical practice for many 

autoimmune diseases, see section 5.3.3.1. Similarities between itch in atopic dermatitis and 

PBC exist, not only in their clinical manifestation (Fishbein et al., 2015; Bergasa, 2008), but 

also in the IL-4/IL-31 immunological pathways that have been associated with itch in the two 

diseases (Meng et al., 2018; Xu et al., 2022a). The anti-IL-4Rα therapy, dupilumab, has proven 

effective in treating atopic dermatitis (Simpson et al., 2016) and would be worthy of further 

exploration in managing itch in PBC. It will be interesting to see the results of the phase II 

open-label study investigating the efficacy of dupilumab in the treatment of adults with chronic 

hepatic pruritus (Trial ID: NCT04256759; see: 

https://www.clinicaltrials.gov/ct2/show/NCT04256759). Allopregnanolone was associated 

with itch in study 3 and interestingly there is an association with elevated allopregnanolone 

https://www.clinicaltrials.gov/ct2/show/NCT04256759
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and scratching behaviour in atopic dermatitis (Fujii et al., 2019), see section 6.2. This again 

demonstrates biochemical similarities between these two conditions and the reversibility of 

allopregnanolone in atopic dermatitis by a serotonin agonist might explain why SSRI are 

effective in some PBC patients with pruritus. 

 

In addition to pruritus, elevated serum allopregnanolone was associated with cognitive and 

emotional symptoms, in keeping with its known mechanism of action on GABAergic tone (see 

section 2.5.1). There is increasing interest in the agent golexanolone as a potential treatment 

for central symptoms (cognition, emotional, sleep disturbance) in PBC. The pharmaceutical 

company, Umecrine Cognition, have recently completed a phase I clinical trial for 

golexanolone (unpublished data), whilst recruitment has started to their phase II double-blind 

randomised control trial evaluating the pharmacokinetics, safety, tolerability and preliminary 

efficacy of golexanolone in PBC patients (EudraCT number: 2022-000422-16, available at 

https://www.clinicaltrialsregister.eu/ctr-search/trial/2022-000422-16/HU). This may offer 

significant hope for PBC patients with cognitive symptoms.  

 

Lower levels of ghrelin were associated with clinically significant fatigue and cognitive 

symptoms in this study. There is increasing evidence for the role of ghrelin on energy 

homeostasis, particularly in the hippocampus, where it has a critical impact on memory 

retention and spatial learning (Ribeiro et al., 2014; Diano et al., 2006; Carlini et al., 2002; 

Carlini et al., 2004). Its reported inhibitory effects on IL-6 are in keeping with the findings of 

our study 2 (Dixit et al., 2004). It is important to validate the results from study 2 in a second 

cohort of PBC patients as if validated, these findings would potentially offer an opportunity for 

development of a proof-of-concept trial exploring the efficacy of parentally administered 

ghrelin (considered to have a good safety profile (Garin et al., 2013)) on fatigue and cognitive 

symptoms in PBC.  

 

8.3 Overall study strengths and limitations 

The work presented here has potentially provided insight into partial mechanistic reasons for 

symptoms in PBC. The overall limitations and strengths common to these three studies are 

discussed here.  

 

A potential criticism of study 1 and study 2 is that two distinct and separate mechanisms were 

used in detecting analytes. In study 1, proximity extension assays were undertaken by O-link, 

using minimal volumes of serum, to detect protein immunoassays. Study 2 used 

https://www.clinicaltrialsregister.eu/ctr-search/trial/2022-000422-16/HU
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electrochemiluminescence assay techniques, with custom made MSD-multiplex panels, to 

identify serum analytes. In some instances, this resulted in marked differences in detection 

levels between the two studies. For example, in study 1, all analytes were between 2pg/ml and 

10 pg/ml, whilst in study 2, most analyte values ranged between 1pg/ml to 2ng/ml, with CD163 

going as high as 600ng/ml. Within the individual two studies (study 1 and 2), the concentration 

of analytes was consistent within cohorts, and whilst different methods were used, it is the 

trend of individual analytes across symptoms, rather than the absolute values, that these studies 

have focused on. Nevertheless, given the different detection methods used between studies, 

care should be taken in these comparisons. 

 

A potential limitation to this study relates to the age of a subgroup of serum samples. The 

RITPBC trial started recruiting in 2015, therefore some samples used for this study were over 

8 years old {Jopson, 2015 #85}. Whilst these samples have been processed, stored, and 

subsequently thawed using well established techniques within a standardised operating 

procedure, it is possible that this may have adversely affected the stability of analytes. 

 

In these all 3 studies well-established cohorts were utilised. However, detailed information on 

co-existing disease, especially other autoimmune disease, along with non-PBC related therapy 

was not available. These could act as potential cofounders to these studies. 

 

For studies 1 and 2, correction for multiple testing was undertaken using a false discovery rate. 

This may have increased the risk of type I errors, but this method was selected as it is typically 

less conservative than the Bonferroni method. Incorporating an exploratory (study 1) and 

validation (study 2) study increased the robustness of this methodology, by requiring any 

positive results to be validated in the validation study, thus reducing the risk of type 1 errors. 

Irrespective of methods used for multiple testing, there also remains a risk of type II errors. 

i.e., missing truly positive results across the two studies.  

 

All three studies utilised a large cohort of real-life PBC patients. Due to the nature of PBC 

being a rare disease, this can be problematic in many PBC studies, and this is one of the reasons 

that these national PBC cohorts were established (Carbone et al., 2013). Study 1 utilised 289 

PBC patients, study 2, 160 PBC patients and study 3, 120 PBC patients, whilst study 2 and 

study 3 used 40 healthy controls. This is a significant number of participants for each study. In 

addition, the use of an exploratory (study 1) and validation (study 2) study for the serum 

proteomics strengthens the validity of the finding of these two studies.  
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Another key strength from these cohorts was that these represented a large cross-sectional 

cohort of patients in the UK with PBC. The majority of patients used were unselected, with the 

exception of the RITPBC cohort, which was fatigue heavy, in keeping with RITPBC study 

protocol (Jopson et al., 2015). Given the unselected nature of the participants used, this 

suggests that the findings from these studies are more likely to be translatable to clinical 

practice and real-life PBC patients. 

 

8.4 Conclusion 

The lack of effective treatment for the systemic symptoms of PBC is hindered by our lack of 

understanding of the underlying pathways and mechanisms that results in some patients 

experiencing devastating symptoms. Addressing these burdens of disease remains a significant 

unmet need in PBC. The findings presented in these three studies offer evidence for tangible 

and plausible immunological pathways that may contribute to symptomology in PBC, 

providing a foundation for the application of several novel therapeutics to target specific 

pathways, improve symptoms and address these significant unmet needs.   
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List of abbreviations  
 
Abbreviation Term 

(TGF)-ß transforming growth factor  

5-HT serotonin 

ACE2 angiotensin-converting enzyme 2  

ACTH adrenocorticotrophic hormone 

ADP adenosine diphosphate  

AE2 anion exchanger 2  

AG acylated ghrelin 

AIH autoimmune hepatitis  

ALP alkaline phosphatase 

AMA anti-mitochondrial antibodies 

AMPK adenosine monophosphate-activated protein kinase 

ANA anti-nuclear antibodies 

APC antigen presenting cells  

ARLD alcohol related liver disease 

ATP adenosine triphosphate  

ATX autotaxin  

AZU1 azurocidin 

BANC Birmingham and Newcastle cohort  

BBB blood brain barrier  

BDI beck depression inventory  

BDL bile duct ligation  

BEC biliary epithelial cells  

BMAL1 brain and muscle ARNT-like 1 

BMI body mass index 

BRS baroreflex sensitivity  

CA5A carbonic anhydrases 5A  

CCL19 chemokine CC motif ligand 19  

CCL20 chemokine CC motif ligand 20 

CCL20 chemokine CC motif ligand 20  

CCL21 chemokine CC motif ligand 21  

CCR6 C-C Chemokine receptor type 6  

CCR7 C-C Chemokine receptor type 7  

CDCA chenodeoxycholic acid  

CHC chronic hepatitis C  

CLOCK circadian locomotor output cycles kaput 

CNS central nervous system  

COVID-19 coronavirus disease 2019 

CRH corticotropin-releasing hormone  

CRP C-reactive protein  

CSF cerebral spinal fluid  

CXCL10 C-X-C motif chemokine ligand 10 

CXCL11 C-X-C motif chemokine ligand 11 
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CXCL9 C-X-C motif chemokine ligand 9 

CXCR3 C-X-C Receptor 3  

DECR1 2,4-Dienoyl-CoA Reductase 1  

DNA deoxyribonucleic acid  

DSM-IV diagnostic and statistical manual of mental disorders IV 

E-AILD  

environmental factors in the aetiology of autoimmune Liver 

disease 

EEG electroencephalogram  

EPCAM Epithelial cell adhesion molecule  

ESS Epworth Sleepiness Scale  

FDR false detection rate  

FGF-19 fibroblast growth factor-19  

FIS fatigue impact scale  

FXR farnesoid X receptor  

GABA-A gamma-aminobutyric acid-A 

GH growth hormone 

GHS growth hormone secretagogue 

GHS-R1a ghrelin receptor growth hormone secretagogue type 1a  

GI gastrointestinal  

GLP-1 glucagon-like peptide-1  

GWAS  genome-wide association studies  

HADS hospital anxiety and depression scale  

HAOX1 hydroxy acid oxidase  

HAV hepatitis A virus  

HCC hepatocellular carcinoma  

HDL high density lipoproteins 

HLA human leukocyte antigen  

Hp-Hb haptoglobin-haemoglobin  

HPA hypothalamic-pituitary-adrenal  

HRQOL health-related quality of life 

HRQOL health-Related quality of life 

HRV heart rate variability  

IgE immunoglobulin E 

IGF-I insulin-like growth factor-I 

IgG immunoglobulin G 

IL-18 interleukin-18  

IL-18BP IL-18 binding protein  

IL-18R1 Interleukin-18 receptor 1  

IL-1β interleukein-1β 

IL-4R Interleukin-4 receptor 

IL-4Rα Interleukin-4 receptor alpha 

IL-6 interleukin-6 

IL-8 interleukin-8 

IMAT intermuscular adipose tissue  

IPC Inter-plate controls 
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IQ intelligence Quotient  

IQR interquartile range  

IRSs insulin-response substrates 

JAK janus kinase 

KIM-1 kidney injury molecule-1  

LARC liver and activation-regulated chemokine  

LDL low density lipoproteins  

LLOD lower limit of detection  

LOD limit of detection  

LPA lysophosphatidic acid  

LSM liver stiffness measurement 

MAF multidimensional assessment of fatigue 

MAIT mucosal-associated invariant T 

MARS molecular adsorbent recirculating system  

ME myalgic encephalomyelitis  

METAVIR meta-analysis of histological data in viral hepatitis  

MHC major histocompatibility complex 

MIP-3α macrophage inflammatory protein 3α  

MRI magnetic resonance imaging 

MTR magnetization transfer ratio  

MVC maximum voluntary contraction 

NASH non-alcohol related steatohepatitis  

NF-κB nuclear factor-kappa B 

NHP Nottingham health profile 

NICE national institute of clinical excellence 

NK natural killer  

NPX normalized protein expression 

NREM non-rapid eye movement sleep  

OACS-1 and 2 obeticholic acid for the amelioration of cognitive symptoms 

OCA obeticholic acid  

OGS orthostatic grading scale 

PBC primary biliary cholangitis 

PCr phosphocreatine  

PCR polymerase chain reaction  

PDC pyruvate dehydrogenase complex  

PEA proximity extension assay  

PER1 period circadian protein homolog 1 

PMN polymorphonuclear leukocytes  

PPAR peroxisome proliferator-activated receptor  

PSC primary sclerosing cholangitis  

PSQI Pittsburgh sleep quality index 

PSWQ Penn state worry questionnaire  

PXR pregnane X receptor  

QOL quality of life  

RAS renin angiotensin system 
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REM rapid eye movement 

RNA ribonucleic acid  

ROS reactive oxygen species  

rsFC resting-State Functional Connectivity  

rsfMRI resting-state functional magnetic resonance imaging  

SASP senescence-associated secretory phenotype  

SCAMP secretory carrier membrane proteins  

SCN suprachiasmatic nuclei  

SF-36 short form survey 36 

SFW superfund toxic waste   

SLE systemic lupus erythematosus  

SRCR scavenger receptor cysteine-rich  

SSRI selective serotonin reuptake inhibitors  

sST2 soluble suppression of tumorigenicity 2  

STAT3 signal transducer and activator of transcription 3  

STSQ sleep timing and sleep quality screening questionnaire 

SWS slow wave sleep 

TGR5 transmembrane G protein coupled receptor  

TIM-1 T-cell immunoglobulin and mucin domain-1 

TMS trans-cranial magnetic stimulation 

TNF tumour necrosis factor  

TNF-α tumour necrosis factor-alpha 

TNFR1 tumour necrosis factor receptor 1 

TNFR2 tumour necrosis factor receptor 2 

TSR torsion-to-shortening ratio  

UDCA ursodeoxycholic acid  

ULN  upper limit of normal 

UnAG unacylated ghrelin 

VCTE vibration-controlled transient elastography 

VIM Vimentin  

VLDL very low-density lipoproteins  
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Appendix 1. 

 

PBC-40 Questionnaire (coded)  
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For each statement, please circle the response that comes closest to how you feel. If 

any of the statements do not apply to you please circle ‘does not apply’. 

 

 

Can you say how often the following statements about digestion and diet applied to you IN THE 

LAST FOUR WEEKS? 

 

1 
 

I was able to eat what I liked 

Symptoms 

 

Never 

5 

 

Rarely 

4 

 

Sometimes 

3 

 

Most of 

the time 

2 

 

Always 

1 

 

2 I ate or drank only a small 

amount, and still felt bloated 

Symptoms 

Never 

1 

Rarely 

2 

Sometimes 

3 

Most of 

the time 

4 

Always 

5 

 

 

3 
 

I felt unwell when I drank alcohol 

Symptoms 

 

Never 

1 

 

Rarely 

2 

 

Sometimes 

3 

 

Most of 

the time 

4 

 

Always 

5 

Did not 

apply 

/never 

drink 

alcohol 

0 

 

And IN THE LAST FOUR WEEKS, how often did you experience any of the following? 

 

4 

 

I had discomfort in my right side 

Symptoms 

 

Never 

1 

 

Rarely 

2 

 

Sometimes 

3 

 

Most of 

the time 

4 

 

Always 

5 

 

5 I had dry eyes 

Symptoms 

Never 

1 

Rarely 

2 

Sometimes 

3 

Most of 

the time 

4 

Always 

5 

 

 

6 

 

My mouth was very 

dry Symptoms 

 

Never 

1 

 

Rarely 

2 

 

Sometimes 

3 

 

Most of 

the time 

4 

 

Always 

5 

 

7 I had aches in the long bones 

of my arms and legs 

Symptoms 

Never 

1 

Rarely 

2 

Sometimes 

3 

Most of 

the time 

4 

Always 

5 

 

Patient ID 

Date: 
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Some people with PBC experience itching. How often did you experience itching IN THE LAST 

FOUR WEEKS? If you did not itch, please circle ‘does not apply’ 

 

8 

 

Itching disturbed my 

sleep Itch 

 

Never 

1 

 

Rarely 

2 

 

Sometimes 

3 

 

Most of 

the time 

4 

 

Always 

5 

 

Did not 

apply/ no 

itch 
0 

 

  99 I scratched so much I made my skin 

raw 

Itch 

Never 

1 

Rarely 

2 

Sometimes 

3 

Most of 

the time 

4 

Always 

5 

Did not 

apply/no 

itch 

0 

10 I felt embarrassed because of the 

itching 

Itch 

Never 

1 

Rarely 

2 

Sometimes 

3 

Most of 

the time 

4 

Always 

5 

Did not 

apply/no 

itch 
0 

 

Fatigue can also be a problem for many people with PBC. How often did the following statements apply to 

you IN THE LAST FOUR WEEKS? 

 
 

11 

 
 

I had to force myself to get out of bed 

Fatigue 

 
 

Never 1 

 
 

Rarely 

2 

 
 

Sometimes 

3 

 
 

Most of 

the time 

4 

 
 

Always 5 

12 I had to have a sleep during the day 

Fatigue 

Never 1 Rarely 

2 

Sometimes 

3 

Most of 

the time 

4 

Always 5 

13 Fatigue interfered with my daily 

routine 

Fatigue 

Never 1 Rarely 

2 

Sometimes 

3 

Most of 

the time 

4 

Always 5 

14 I felt worn out Fatigue Never 1 Rarely 

2 

Sometimes 

3 

Most of 

the time 

4 

Always 5 

15 I felt so tired, I had to force myself to 

do the things I needed to do Fatigue 

Never 1 Rarely 

2 

Sometimes 

3 

Most of 

the time 

4 

Always 5 

16 I felt so tired, I had to go to bed early 

Fatigue 

Never 1 Rarely 

2 

Sometimes 

3 

Most of 

the time 

4 

Always 5 

17 Fatigue just suddenly hit me Fatigue Never 1 Rarely 

2 

Sometimes 

3 

Most of 

the time 

4 

Always 5 

18 PBC drained every ounce of energy 

out of me 
Fatigue 

Never 1 Rarely 

2 

Sometimes 

3 

Most of 

the time 

4 

Always 5 
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The next section is about the effort and planning that can be involved in living with PBC. Thinking about 

THE LAST FOUR WEEKS, how often did the following statements apply to you? 

 

19 

 

Some days it took me a long time to do 

anything 

Fatigue 

 

Never 1 
 

Rarely 

2 

 

Sometimes 

3 

 

Most of 

the time 

4 

 

Always 5 

20 If I was busy one day I needed at least 

another day to recover 
Fatigue 

Never 1 Rarely 

2 

Sometimes 

3 

Most of 

the time 

4 

Always 5 

 

21 I had to pace myself for day-to-day 

things 

Fatigue 

Never 1 Rarely 

2 

Sometimes 

3 

Most of 

the time 

4 

Always 5 

``````````````````````````````````````````````````````````` 

The following statements are about the effects that PBC may have on things like memory and concentration. 

Thinking about THE LAST FOUR WEEKS, how often did the following statements apply to you? 

 

22 

 

Because of PBC I had to make a lot of 

effort to remember things Cognitive 

 

Never 1 
 

Rarely 

2 

 

Sometimes 

3 

 

Most of 

the time 

4 

 

Always 5 

23 Because of PBC I had difficulty 

remembering things from one day to 

the next 

Cognitive 

Never 1 Rarely 

2 

Sometimes 

3 

Most of 

the time 

4 

Always 5 

24 My concentration span was short 

because of PBC 

Cognitive 

Never 1 Rarely 

2 

Sometimes 

3 

Most of 

the time 

4 

Always 5 

25 Because of PBC, I had difficulty 

keeping up with conversations 

Cognitive 

Never 1 Rarely 

2 

Sometimes 

3 

Most of 

the time 

4 

Always 5 

26 Because of PBC, I found it difficult to 

concentrate on anything Cognitive 

Never 1 Rarely 

2 

Sometimes 

3 

Most of 

the time 

4 

Always 5 

27 Because of PBC, I found it difficult to 

remember what I wanted to do 
Cognitive 

Never 1 Rarely 

2 

Sometimes 

3 

Most of 

the time 

4 

Always 5 

 

 

Now some more general statements about how PBC may be affecting you as a person. How much do the 

following statements apply to you? 

 

28 

 

Because of PBC, I get more stressed 

about things than I used to 

Emotional 

 

Not at all 1 
 

A little 

2 

 

Somewhat 

3 

 

Quite a bit 4 
 

Very 

much 

5 
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29 

 
My sex life has been affected because 

of PBC 

Social 

 
Not at all 1 

 
A little 

2 

 
Somewhat 

3 

 
Quite a bit 4 

 
Very 

much 

5 

Does 

not 

apply 

0 

 

30 

 

Having PBC gets me down Emotional 

 

Not at all 1 

 

A little 

2 

 

Somewhat 

3 

 

Quite a bit 4 

 

Very 

much 

5 

 

 
31 

 
I feel I neglect my family because of 

having PBC 

Social 

 
Not at all 1 

 
A little 

2 

 
Somewhat 

3 

 
Quite a bit 4 

 
Very 

much 

5 

 
Does 

not 

apply 

0 
 

32 I feel guilty that I can’t do what 

I used to do because of having PBC 

Social 

Not at all 

1 

A little 

2 

Somewhat 

3 

Quite a bit 

4 

Very 

much 

5 

 

33 

 

I worry about how my PBC 

will be in the future 

Emotional 

 

Not at all 

1 

 

A little 

2 

 

Somewhat 

3 

 

Quite a bit 

4 

 

Very 

much 

5 

These statements relate to the possible effects of PBC on your social life. Thinking of your own situation, 

how much do you agree or disagree with them? 
 

34 

 

I sometimes feel frustrated that I 

can’t go out and enjoy myself 

Social 

 

Strongly 

agree 

5 

 

Agree 

4 

 

Neither 

agree nor 

disagree 

3 

 

Disagree 

2 

 

Strongly 

disagree 

1 

35 I tend to keep the fact that I have 

PBC to myself 

Social 

Strongly 

agree 

5 

Agree 

4 

Neither 

agree nor 

disagree 

3 

Disagree 

2 

Strongly 

disagree 

1 

 
36 

 
I can’t plan holidays because of 

having PBC 

Social 

 
Strongly 

agree 

5 

 
Agree 

4 

 
Neither 

agree nor 

disagree 

3 

 
Disagree 

2 

 
Strongly 

disagree 

1 

37 My social life has almost stopped 

Social 

Strongly 

agree 

5 

Agree 

4 

Neither 

agree nor 

disagree 

3 

Disagree 

2 

Strongly 

disagree 

1 

 
 

The next section is about the impact that PBC may be having on your life overall.  

How much do you agree or disagree 

 
 

38 

 

My life is affected by PBC Social 

 

Strongly 

agree 
5 

 

Agree 

4 

 

Neither 

agree nor 

disagree 

3 

 

Disagree 

2 

 

Strongly 

disagree 

1 



 

212 

 

39 
 

PBC has reduced the quality of my life 

Social 

Strongly 

agree 

5 

Agree 

4 

Neither 

agree nor 

disagree 

3 

Disagree 

2 

Strongly 

disagree 

1 

 
40 

 
I can still lead a normal life, despite 

having PBC 

Social 

 
Strongly 

agree 

1 

 
Agree 

2 

 
Neither 

agree nor 

disagree 

3 

 
Disagree 

4 

 
Strongly 

disagree 

5 
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Appendix 2. 

Table A2.1. Serum IL-6 markers (pg/ml) by PBC-40 domain scores none/mild vs severe for study 1. 

PBC-40 Domain None/mild vs severe number Median IL-6 ng/ml (IQR) Significance+ 

Cognitive None/mild 202 2.49 (0.94) P = .634 

U = 2255 
Severe 21 2.55 (0.82) 

Itch None/mild 200 2.49 (0.92) P = .484 

U = 3238 
Severe 30 2.55 (0.92) 

Emotional None/mild 194 2.50 (1.01) P = .390 

U = 2784 
Severe 26 2.63 (0.98) 

Social None/mild 195 2.41 (0.86) P = .057 

U = 2119 
Severe 17 3.05 (1.13) 

General symptoms None/mild 214 2.44 (0.90) P = .771 

U = 908 
Severe 8 2.52 (0.49) 

 

Table A2.2. Serum IL-6 markers (pg/ml) by PBC-40 domain scores deemed clinically significant for study 1. 

PBC-40 Domain Clinically significant 

symptoms 

number Median IL-6 ng/ml (IQR) Significance+ 

Cognitive Not c/s 228 2.49 (0.91) P = .628 

U = 7235 c/s 61 2.55 (0.91) 

Itch Not c/s 146 2.48 (0.96) P = .330 

U = 11131 
c/s 143 2.55 (0.88) 

Emotional Not c/s 263 2.53 (0.91) P = .300 

U = 9372 
c/s 26 2.63 (0.97) 

Social Not c/s 220 2.46 (0.93) P = .057 

U = 2119 
c/s 69 2.61 (0.76) 

General symptoms Not c/s 190 2.44 (0.90) P = .005 

U = 11279 
c/s 99 264 (0.78) 

n=number of cases in each group; analysis using Mann Whitney U; P < 0.05 considered statistically significant 
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