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Abstract
Background and Aims: Primary biliary cholangitis (PBC) is a chronic, immune-mediated 
liver disease that can lead to fibrosis and cirrhosis. In this cohort study, we aimed to 
investigate morbidity and mortality in conjunction with metabolomic changes of PBC 
in a UK population-based cohort.
Methods: 454 participants with PBC and 908 propensity score (age, sex, BMI, eth-
nicity) matched controls without liver disease were included in the study. A subset 
of participants with PBC and controls were analysed for their metabolomic profile. 
Further, PBC-associated comorbidities were investigated by PheWAS analysis. Lastly, 
we assessed causes of death in individuals with PBC using a Fine and Grey competing-
risks regression model.
Results: Compared to the control group, various pathways associated with the metabo-
lism of amino acids, lipids, and liver biochemistry were significantly enriched in individu-
als with PBC. We found reduced levels of S-HDL-cholesterol and Glycoprotein Acetyls 
in individuals with PBC as well as an association with diseases of the circulatory system. 
Notably, PBC individuals had a higher prevalence of digestive diseases, autoimmune dis-
eases, cardiovascular diseases, anaemias, mental disorders, and urinary tract infections 
compared to the control group. Strikingly, the overall mortality was almost three times 
higher in the PBC group compared to the control group, with diseases of the digestive 
system accounting for a significant elevation of the death rate. A subsequent analysis, 
enhanced by propensity score matching that included the APRI score, demonstrated that 
the observed morbidity could not be exclusively attributed to advanced hepatic disease.
Conclusions: Our study provides a detailed perspective on the morbidity of individu-
als with PBC. The exploration of potential effects of disease state on morbidity sug-
gest that early detection and early treatment of PBC could enhance patient prognosis 
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1  |  INTRODUC TION

Primary biliary cholangitis (PBC) is a chronic immune-mediated 
cholestatic liver disease characterised by a slow progression 
leading to the destruction of the small intrahepatic bile ducts, 
with a notable female predominance of approximately 90%.1 
The disease spectrum ranges from asymptomatic early stages 
to severe complications such as fatigue, pruritus, ascites, he-
patic encephalopathy, and oesophageal variceal haemorrhage 
in advanced stages.2 The aetiology of PBC is multifactorial, 
involving genetic predisposition, environmental factors, and 
immune-mediated mechanisms, including epigenetic altera-
tions, dysregulated mucosal immunity, and impaired biliary 
epithelial cell function.3 Despite the recognition of genetic 
contributions to autoimmunity in PBC,4 identified genetic 
variants account for only 16% of the disease's total heritabil-
ity,5 highlighting the significant role of environmental factors 
and metabolic pathways in its pathogenesis.6–9 Current first-
line treatment with ursodeoxycholic acid (UDCA) has been 
suboptimal, with a notable proportion of patients not re-
sponding adequately.10 Recent research has focused on iden-
tifying novel biomarkers, including autoantibodies, genetic 
polymorphisms, metabolomics and microRNA, to enhance 
our understanding of PBC pathogenesis and improve patient 
stratification.

This study aims to elucidate the complex interplay between ge-
netic, environmental, and metabolic factors in PBC by conducting a 
comprehensive analysis of comorbidities, lipidomic, and metabolic 
profiles on a population level. In smaller study cohorts the meta-
bolic profile has already been analysed to determine the serum me-
tabolomes of individuals with PBC, particularly compared to other 
cholestatic diseases showing disease-specific metabolomic alter-
ations.11 However, to the best of our knowledge, we are the first to 
provide a comprehensive picture of PBC comorbidities by PheWAS 
together with the lipidomic and metabolic profile on a population-
based level.

We hypothesise that a detailed examination of these aspects will 
reveal novel insights into the pathogenesis of PBC, uncover mecha-
nistic links between PBC and its associated comorbidities, and iden-
tify potential biomarkers for disease progression. Ultimately, our 
objectives are to improve the understanding of PBC's underlying 
mechanisms, enhance patient care through more precise and indi-
vidualised follow-up procedures, and identify potential therapeutic 
targets for intervention.

2  |  METHODS

2.1  |  Study cohort

The ‘UK Biobank’ (UKB) is a community-based cohort study con-
ducted in the United Kingdom at 22 participating centres. The base-
line examinations were carried out from 2006 to 2010 and recruited 
502.505 volunteers aged 37 to 73 years. All participants gave in-
formed consent for data linkage to medical reports. At the baseline 
assessment (2006–2010), the participants provided demographic and 
physical measures as well as laboratory measurements. Ongoing in-
patient hospital records beginning in 1996 were used to identify diag-
noses according to ICD-9 and 10 codes as it was performed in other 
studies for PBC disease utilising the UK biobank. This research has 
been conducted using the UK Biobank Resource under Application 
Number 71300.

2.2  |  Case definition

PBC was defined as the presence of K74.3 in the lifetime ICD-10 
diagnoses or coding as the primary cause of death in the National 
Death Registries.

2.3  |  Disease progression and severity

To assess the baseline extent of disease progression or severity, spe-
cifically in terms of liver fibrosis and cirrhosis, we also included the 
aspartate aminotransferase (AST) to platelet ratio index (APRI score), 
calculated as described by Wei et al.12,13 Through the matching of 
our cohort based on the APRI score, our objective is to provide more 

and prevent the onset of comorbid diseases. Finally, the metabolomic alterations 
could represent a link between the pathophysiological processes underlying PBC de-
velopment, progression, and associated morbidity.

K E Y W O R D S
HDL, HPheWAS, metabolism, morbidity, mortality, PBC

Keypoints

Here, we provide insights into novel and established asso-
ciations of primary biliary cholangitis, an immune-mediated 
cholestatic liver disease, with a variety of other diseases. 
Moreover, we describe alterations in serum lipidomics and 
metabolomics, which could represent a link between the 
pathophysiological processes underlying PBC develop-
ment, progression and associated morbidity.
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2040  |    KOOP et al.

comprehensive insights into the distinctive characteristics of PBC in 
contrast to other biliary disorders.

2.4  |  Case–control matching

We performed 2 propensity score matchings. The first one only on 
age, sex, BMI and self-reported ethnic background and the second one 
additionally on the individual APRI score and the use of cholesterol 
lowering medication at baseline (Field ID 6177). The second matching 
resulted in 1057 participants with 356 individuals with PBC, examined 
using also a logistic multivariate regression model (Figure 3B).

After the logistic-regression-based propensity score estimation 
with k-nearest-neighbour (k-NN) allocation, two iterations were per-
formed, resulting in a 2:1 balance of controls over cases, using the 
PsmPy (0.3.13) package in a Python 3.9.5 environment. The propen-
sity score was calculated using age, sex, BMI and self-reported eth-
nic background in both matchings, as well as the APRI score and the 
use of cholesterol lowering medication (data field 6177) in the sec-
ond one. In total, 1362 participants were enrolled in further analysis.

2.5  |  PheWAS analysis

The coding for clinical diagnoses in our study followed the WHO's 
International Classification of Diseases 10th and 9th generation 
(ICD-10). For each participant, ICD codes from the electronic health 
records (EHR) were collated and duplicates removed. We converted 
the ICD codes of the 1362 enrolled participants into 457 associated 
Phe-Codes using the pyPheWAS package.14 A series of case–control 
tests were performed by fitting multiple logistic regression models, 
two for every PheCode of interest, on the binary outcome of PBC 
or control, using the participant's PheCodes as covariates. The in-
fluence of the analysed PheCode was then evaluated by evaluating 
the beta and testing for statistical significance. To ensure statistical 
power, we only included PheCodes that appeared at least 20 times in 
the matched cohort. To further reduce the influence of age, sex, BMI 
and self-reported ethnic background after propensity score match-
ing,15 these factors were used as patient-specific covariates in every 
regression of the PheWAS. Thereby, the regression models are cor-
rected for age, sex, BMI and self-reported ethnic background, as well 
as the APRI score and the use of cholesterol lowering medication if 
also matched on.13

2.6  |  Metabolomics

To dissect the metabolic alterations associated with PBC, we ana-
lysed 143 metabolites that were measured via nuclear magnetic 
resonance spectroscopy in a subset of 204 individuals diagnosed 
with PBC and 451 controls. These 655 study participants were ana-
lysed by a logistic multivariate regression model (Figure 1A). For we 
had to drop some participants when correcting for the APRI in the 

comparative analysis, additionally corrected for the APRI, this in-
cludes 195 participants with PBC and 406 controls (Figure 1B).

2.7  |  Mortality analysis

The UK Biobank receives death notifications (age at death and primary 
ICD diagnosis that led to death) through linkage to National Death 
Registries. End of follow-up was defined as death or end of hospital 
inpatient data collection in January 2023. Causes of death included 
all Malignancies (C00-C97), Malignant neoplasm of the palate (C5), 
Malignant neoplasm of liver and intrahepatic bile ducts (C22), Malignant 
neoplasm of bronchus and lung (C34), Mental and behavioural disorders 
(F), Inflammatory disease of the central nervous system (G), Disease of 
the circulatory system (I), Rheumatic aortic stenosis (I6), Diseases of the 
respiratory system (J), Diseases of the digestive system (K), Liver dis-
eases (K7), Fibrosis and cirrhosis of the liver (K74), Other inflammatory 
liver disease (K75) and Other disease of the biliary tract (K83).

2.8  |  Statistical analysis

All continuous variables were analysed by unpaired, two-tailed t-tests 
or non-parametric Mann–Whitney U test, and by an appropriate multi-
variable regression-model. The results are presented as mean ± stand-
ard deviation (normal distribution) or median [IQR] (non-normal 
distribution). All categorical variables were displayed as relative (%) 
frequencies, and the corresponding contingency tables were analysed 
using the Chi-square test. Odds/hazard ratios (ORs/HRs) were pre-
sented with their corresponding 95% or 90% confidence intervals (CI) 
given in brackets. HRs were calculated using Cox proportional hazard 
regression models. For competing risk analyses (Fine and Grey model),16 
we tabulated the numbers of deaths per ICD-10 code and compared 
them with those who were deceased of other causes as well as survi-
vors. Multivariable logistic regression was performed to test for inde-
pendent associations. The PheWAS analysis was performed using an 
adjusted version of the pyPheWAS python package.14 Differences were 
considered to be statistically significant when p ≤ 0.05 and adjusted for 
multiple testing using the Bonferroni method.17 The data were analysed 
using SPSS Statistics version 26 (IBM; Armonk, NY, USA) and statsmod-
els (v0.14.0), SciPy (1.10.1),18 tableone (0.7.12)19 in a python 3.9 environ-
ment. For visualisation, we used Prism version 8 (GraphPad, LaJolla, 
CA, USA), matplotlib (v3.5.1)20 and seaborn (v0.12.2).21

3  |  RESULTS

3.1  |  General characteristics of the study 
population

The prevalence rate of PBC was 91 per 100.000 for the UKB co-
hort in total. Our study included 453.627 participants from the 
UKBiobank, resulting in a 2:1 propensity-score-matched cohort of 
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    |  2041KOOP et al.

F I G U R E  1  Circle plots for lipidomic analysis for PBC participants compared to controls. Lipidomic parameters were measured via nuclear 
magnetic resonance spectroscopy (NMR). Hazard ratios (with 95% confidence intervals) are presented per 1-SD higher metabolic biomarker 
on the natural log scale. (A) Regression using dataset of 1362 participants, matched on age, sex, BMI, self-reported ethnic background, with 
454 PBC individuals and is corrected by age, sex, BMI and self-reported ethnic background. Out of these participants, metabolomic data 
were available for 451 controls and 204 participants with PBC. (B) Regression performed on the dataset matched on age, sex, BMI, self-
reported ethnic background, use of cholesterol lowering medication and the APRI, hence on 195 participants with PBC and 406 controls. 
The correction and matching of APRI results in a more balanced presence of liver impairment in the compared populations and therefore 
elucidates the effects more unique for PBC as one specific cause of hepatic cirrhosis or fibrosis. *p < 0.05. DHA, docosahexaenoic acid; FA, 
fatty acids; FAw3, omega-3 fatty acids; FAw6, omega-6 fatty acids; HDL-D, high-density lipoprotein particle diameter; LA, linoleic acid; 
LDL, low-density lipoproteins; LDL-D, low-density lipoprotein particle diameter; LP, lipoprotein; MUFA, monounsaturated fatty acids; PUFA, 
polyunsaturated fatty acids; SFA, saturated fatty acids; VLDL-D, very low-density lipoprotein particle diameter; (original code by Diego J 
Aguilar-Ramirez).
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2042  |    KOOP et al.

1362 participants, while 454 (33.3%) were diagnosed with primary 
biliary cholangitis. After the matching, age, sex, self-reported eth-
nic background and BMI were well-balanced between the PBC and 
healthy control group, ensuring adequate comparability (Tables  1 
and S1). When incorporating the APRI score within the matching 
process, we were able to balance the cases and controls across all 
covariates except for APRI. Notably, the degree of similarity for APRI 
far surpassed that observed in the unmatched cohort. The vast ma-
jority, consistent with the overall demographics of the UKBiobank, 
reported a Caucasian ethnic background. (97.2%—control group and 
98.3%—PBC group) (Table 1).

3.2  |  Serum biochemical changes in PBC 
individuals

Statistical comparisons of liver biochemistry showed signifi-
cantly elevated levels of cholestasis parameters and transami-
nases in the PBC group compared to healthy controls (Alkaline 
phosphatase (U/L) [PBC: 201.2 ±; C: 86.3 ± 23.11; p < 0.001]; 
y-glutamyltransferase (U/L) [PBC: 168.8 ± 185.3; C: 34.1 ± 34.5; 
p < 0.001]; total bilirubin (μmol/L) [PBC: 10.2 ± 8.6; C: 8.2 ± 3.6; 
p < 0.001]; aspartate aminotransferase (U/L) [PBC: 42.8 ± 29.9; C: 
25.7 ± 12.9; p < 0.001] and alanine aminotransferase (U/L) [PBC: 

F I G U R E  1   (Continued)
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    |  2043KOOP et al.

39.3 ± 31; C: 21.7 ± 12.5; p < 0.001]). Additionally, we observed 
higher levels of C-reactive protein in the PBC group [PBC: 5.8 ± 6; 
C: 2.8 ± 4.3; p < 0.001], suggesting increased inflammatory activity 
in individuals with PBC. Above that, we also analysed lower lev-
els of insulin-like growth factor (nmol/L) in study participants of 
the PBC group compared to the control group [PBC: 17.2 ± 6.3; 
C:20.7 ± 5.5; p < 0.001]. Moreover, we found lower albumin levels 
(g/dL) in individuals with PBC as compared to matched controls 
[PBC: 43.2 ± 3.2; C: 45.1 ± 2.6; p < 0.001]. Significantly higher lev-
els of Cystatin C (mg/dL) in PBC cases were documented [PBC: 
1.1 ± 0.3; C: 0.9 ± 0.1; p < 0.001] indicative of impaired renal func-
tion (Table 1).

3.3  |  Changes in lipidomics and metabolomics in 
PBC individuals

Alterations in serum metabolomics and lipidomics might link PBC 
pathophysiology with its systemic comorbidities. We therefore 
analysed the metabolomic profile of 204 individuals with PBC with 
451 matched controls. EDTA plasma samples were analysed using 
high-throughput nuclear magnetic resonance spectroscopy (NMR). 
The biomarkers investigated included detailed measures of choles-
terol metabolism, fatty acid composition, and various low molecular 
weight metabolites. In order to make a statement about lipoprotein 
subclasses, the lipid composition and concentration were measured 

TA B L E  1  Descriptive statistics comparing controls and individuals with PBC.

Missing Overall PBC Control p value

Count, n (%) 1362 454 (33.3) 908 (66.7)

Sex, n (%)

Female 0 1099 (80.7) 366 (80.6) 733 (80.7) 1.000

Male 263 (19.3) 88 (19.4) 175 (19.3)

Ethnicity, n (%)

Asian or Asian British 0 5 (0.4) 3 (0.7) 2 (0.2) 0.563

Mixed 17 (1.2) 4 (0.9) 13 (1.4)

Other ethnic group 9 (0.7) 3 (0.7) 6 (0.7)

White 1326 (97.4) 444 (97.8) 882 (97.1)

Black or Black British 3 (0.2) 3 (0.3)

Do not know 1 (0.1) 1 (0.1)

Prefer not to answer 1 (0.1) 1 (0.1)

BMI, mean (SD) [kg/m2] 0 27.7 (5.1) 28.1 (5.2) 27.5 (5.1) 0.056

Age, mean (SD) [y] 0 59.2 (7.1) 59.1 (7.1) 59.3 (7.1) 0.565

Platelets, mean (SD) [109/L] 70 257.0 (67.3) 247.5 (74.8) 261.8 (62.7) 0.001

Albumin, mean (SD) [g/L] 176 44.5 (3.0) 43.2 (3.2) 45.1 (2.6) <0.001

ALP, mean (SD) [U/L] 83 125.1 (118.2) 201.2 (180.3) 87.5 (23.7) <0.001

ALT, mean (SD) [U/L] 84 27.5 (22.2) 39.3 (31.0) 21.7 (12.5) <0.001

AST, mean (SD) [U/L] 93 31.4 (21.7) 42.8 (29.9) 25.7 (12.9) <0.001

CRP, mean (SD) [mg/L] 85 3.8 (5.1) 5.8 (6.0) 2.8 (4.3) <0.001

Cystatin C, mean (SD) [mg/L] 83 1.0 (0.2) 1.1 (0.3) 0.9 (0.1) <0.001

GammaGT, mean (SD) [U/L] 91 78.3 (126.7) 168.8 (185.3) 34.1 (34.5) <0.001

IGF-1, mean (SD) [nmol/L] 91 19.6 (6.0) 17.2 (6.3) 20.7 (5.5) <0.001

Bilirubin (total), mean (SD) 92 8.9 (5.8) 10.2 (8.6) 8.2 (3.6) <0.001

Cholesterol lowering medication users (%) 0 10 10 10 0.278

APRI, mean (SD) 127 0.4 (0.4) 0.5 (0.7) 0.3 (0.1) <0.001

APRI high, n (%)

No 0 1231 (90.4) 345 (76.0) 886 (97.6) <0.001

Yes 131 (9.6) 109 (24.0) 22 (2.4)

Note: The results shown here describe the population after knn-based propensity score matching (2:1; controls over cases). Quantitative variables are 
displayed as the mean (standard deviation), and categorical variables as the count (relative frequency). For all variables matched for (age, sex, BMI, 
self-reported ethnic background), a sufficient matching result could be achieved, for the groups do not significantly differ. Based on the available 
baseline characteristics, the APRI was calculated.
Abbreviations: ALT, alanine-aminotransferase; ALP, alkaline phosphatase; APRI, aspartate aminotransferase (AST) to platelet ratio index; Gamma-GT, 
gamma-glutamyl-transferase; IGF-1, insulin-like growth factor 1; UDCA, ursodeoxycholic acid.

 14783231, 2024, 8, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/liv.15945 by R

w
th A

achen H
ochschulbibliothek, W

iley O
nline L

ibrary on [23/07/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



2044  |    KOOP et al.

considering triglycerides, phospholipids, total cholesterol, choles-
terol esters, free cholesterol, and total lipid concentration within 
each subclass. Real-time monitoring of the measurement consist-
ency within and between spectrometers throughout the UK Biobank 
samples was performed to ensure quality control. The results are 
reported as relative risk with standard error (SE).

Comparing both groups, we found 28 metabolites related to the 
metabolism of lipids and amino acids, which were significantly al-
tered in individuals with PBC compared to healthy controls after the 
correction for multiple testing by the Bonferroni method. Lipidomic 
and metabolomic parameters were measured via NMR. It is well es-
tablished that chronic liver diseases lead to lipidomic changes in indi-
viduals with chronic liver disease. In our lipidomic analysis, we found 
decreased free cholesterol in LDL (L-LDL 0.95 [0.92–1.0], p = 0.03; M-
LDL 0.92 [0.88–0.96], p < 0.001; S-LDL 0.93 [0.89–0.97], p < 0.001) 
and total lipids in LDL (L-LDL 0.96 [0.92–0.99], p = 0.025; M-LDL 0.93 
[0.88–0.97], p = 0.001; S-LDL 0.95 [0.91–0.98], p = 0.006). Above 
that, we found on the one hand elevated triglycerides in HDL (VL-
HDL 1.15 [1.08–1.23], p < 0.001; L-HDL 1.2 [1.12–1.28], p < 0.001) 
and total lipids in HDL (VL-HDL 1.24 [1.14–1.36], p < 0.001), as 
well as elevated cholesterol in large HDL (VL-HDL 1.19 [1.1–1.28], 
p < 0.001), but on the other hand decreased levels of cholesterol in 
small HDL (S-HDL 0.91 [0.88–0.93], p < 0.001). In general, a bigger 
average diameter of HDL particles seems to be associated with PBC 
independently of the investigated subfraction (Figure 1A).

We next sought to evaluate whether the observed lipidomic 
alterations were associated with already manifested chronic liver 
diseases or might be more specific changes for PBC. Therefore, 
we analysed the lipidomic profile of PBC individuals regarding liver 
disease severity and therefore matched and corrected addition-
ally on the APRI (Figure 3B). After this, 7 investigated changes re-
mained significant after correction for multiple testing (Bonferroni). 
Cholesterol in small HDL particles remained significantly reduced 
in PBC individuals (S-HDL 0.93 [0.91–0.95], p < 0.001), as well as 
cholesteryl esters in small HDL (0.92 [0.89–0.95], p < 0.001). While 
some of the observed lipidomic alterations might therefore be a con-
sequence of liver cirrhosis, the concentration of small HDL particles 
(0.93 [0.91–0.96], p < 0.001) seems to be associated with PBC more 
specifically (Figure 1B).

Lastly, we also analysed potential alterations in levels of amino 
acids and additional biomarkers. Indeed, we found significantly 
elevated levels of tyrosine (1.09 [1.04–1.14], p < 0.001), phenylal-
anine (1.11 [1.05–1.17], p < 0.001) and glycoprotein acetyls (1.05 
[1.02–1.07], p < 0.001). Lower levels of albumin (0.94 [0.92–0.95], 
p < 0.001) were significantly associated with PBC individuals com-
pared to healthy controls (Figure 3A). Changes in glycoprotein acetyls 
and albumin concentration also remained significantly associated 
after the incorporation of the APRI (1.05 [1.02–1.08], p < 0.001 and 
0.95 [0.93–0.96], p < 0.001) (Figure 1B).

After including the APRI Score in the matching and correction 
(Figure 1B), we identified that altered levels of glycoprotein acetyls 
and albumin remained significantly associated with PBC (1.05 [1.02–
1.08], p < 0.001 and 0.95 [0.93–0.96], p < 0.001). Albumin levels are, 

among other serum biomarkers, used as independent prognostic 
factors, particularly to predict hepatic adverse events.20 Moreover, 
glycoprotein acetyls have recently been regarded as a novel inflam-
matory biomarker of cardiovascular risk.22

3.4  |  Morbidity associated with primary biliary 
cholangitis

Next, we sought to investigate whether the observed metabolomic 
and lipidomic alterations may also reflect in comorbidities of PBC. 
Interestingly, we observed that PBC predisposes to many comorbidi-
ties concerning not only the digestive system but also distant organ 
systems, when compared to healthy matched control participants 
and corrected for the use of cholesterol lowering medication, as 
shown in Figures 2 and 3. Individuals with PBC had, besides liver-
related diseases and direct symptoms of portal hypertension, also 
significantly more often a comorbid diagnosis with digestive diseases 
such as gastritis and duodenitis (OR 4.211 [3.006–5.9]), gastroe-
sophageal reflux disease (GERD) (OR 2.847 [2.064–3.927]) or gastric 
ulcer (OR 6.066 [3.171–11.605]). Above that, we found an associa-
tion with diseases of the circulatory system, including Raynaud's 
syndrome (OR 14.694 [5.17–41.764]), heart failure—not otherwise 
specified (NOS) (OR 1.973 [1.218–3.196]), essential hypertension 
(OR 2.428 [1.886–3.125]) and coronary atherosclerosis (OR 2.507 
[1.67–3.765]). Furthermore, sicca syndrome proves to be a typical 
complication of PBC (OR 39.877 [9.869–161.128]). Additionally, our 
study cohort shows higher prevalence of genitourinary diseases for 
instance chronic renal failure (OR 3.522 [2.128–5.831]), acute renal 
failure (OR 3.197 [2.165–4.721]) and urinary tract infection (OR 
2.182 [1.533–3.107]).

Thrombocytopenia (OR 7.824 [3.524–17.368]), lymphadenitis 
(OR 8.018 [3.231–19.898]), iron deficiency anaemia (OR 5.47 [3.699–
8.09]) and other anemias (OR 4.173 [2.989–5.827]) are examples for 
diseases of the haematopoietic system which are associated with 
PBC (Figure 3).

Comorbidities concerning mental disorders (altered mental sta-
tus, tobacco use disorder), endocrine, neurological, musculoskele-
tal (osteoporosis, rheumatoid arthritis) and infectious diseases (i.e., 
septicemia and E. coli infections) were also documented. Lastly, we 
also found an overrepresentation of PheCodes related to the respi-
ratory system (pneumonia, pleurisy) in individuals with PBC. All sig-
nificantly associated comorbidities of PBC individuals found in our 
study cohort are shown in Figures 2 and 3.

3.5  |  The influence of the disease stage on 
comorbidities

A significant number of the identified complications relate to ad-
vanced chronic liver disease. Therefore, we used the APRI to account 
for the degree or presence of hepatic cirrhosis or fibrosis. We calcu-
lated the APRI for every patient based on their baseline laboratory 

 14783231, 2024, 8, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/liv.15945 by R

w
th A

achen H
ochschulbibliothek, W

iley O
nline L

ibrary on [23/07/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



    |  2045KOOP et al.

test results. Considering all participants with PBC in our study co-
hort, 109 (24%) had an APRI ≥ 0.54 indicative of liver impairment. In 
the control group, only 22 (2.4%) had an APRI ≥ 0.54. We repeated 
PheWAS analyses on the APRI-matched cohort and observed that 
the probability of additional symptoms, especially cirrhosis of liver 
without mention of alcohol (OR 90.491 [26.896–304.455]), ascites 
(non-malignant) (OR 13.567 [5.918–31.101]) or oesophageal bleed-
ing (varices/haemorrhage) (OR 52.901 [15.964–175.3]) as major 
manifestations of portal hypertension. Moreover, not only sicca 
syndrome, Raynaud's syndrome, hypovolemia, osteoporosis, chronic 

and acute renal failure remained significantly associated with PBC 
(Figure 4).

To illuminate the comorbidities associated with an APRI ≥ 0.54, 
we performed two more analyses. First, we aimed to identify the 
PheCodes associated with a high APRI within the individuals with 
PBC. In this PheWAS, we found a significant association of a high 
APRI with splenomegaly (OR 5.413 [2.367–12.381]) and oesopha-
geal bleeding (varices/haemorrhage) (OR 4.446 [2.656–7.441]). All 
these PheCodes imply a more severe impairment of the hepatic 
function and portal hypertension (Figure S3).

F I G U R E  2  Manhattan plot of sex, age, BMI and the self-reported ethnic background adjusted − log10 (p values) for all selected PheCodes 
comparing their occurrence in PBC individuals vs. propensity-matched control population. Highlighted are associations with p values ≤0.05 
(corrected for multiple testing by Bonferroni-correction to the threshold 0.00021 (red dotted line)). Upwards/downwards pointing triangular 
markers refer to PheCodes, that are over- or underrepresented, respectively, in PBC individuals compared to controls. NOS, not otherwise 
specified.
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Finally, we aimed to identify comorbidities that were associated 
with a high APRI within our APRI-matched cohort. In this context, a 
high APRI was strongly associated, besides liver-related PheCodes 
and direct consequences of portal hypertension, with, for instance, 
varicose veins (OR 14.493 [6.161–34.091]), thrombocytopenia (OR 
13.668 [6.615–28.242]) and fever of unknown origin (OR 4.528 
[2.396–8.557]). As expected, a high APRI was associated with 
many other liver-related PheCodes besides primary biliary cirrhosis 
(OR 5.638 [3.472–9.157]), hinting at its lack of specificity for PBC 
(Figure 5 and Table 1).

3.6  |  Mortality in PBC individuals

All-cause mortality was almost three times higher in the general PBC 
cohort (HR 2.62 [1.97–3.49]; p < 0.001) than in the control group. 
We examined the causes of death in individuals with PBC and found 
diagnoses related to the digestive system (HR 32.34 [7.74–135.1]; 
p < 0.001) and malignancies (HR 1.83 [1.21–2.79]; p = 0.004), es-
pecially with hepatic origin, to be the main driver of this increased 
mortality. Diseases of the respiratory (HR 1.51 [0.6–3.8]; p = 0.38) 
and the circulatory system (HR 1.27 [0.55–2.94]; p = 0.54) were not 
significantly more common in the group of participants with PBC 
(Table 2).

4  |  DISCUSSION

The development of primary biliary cholangitis is known to be in-
fluenced by environmental, ethnic and metabolic factors. In this 
study, we provided a comprehensive overview of the lipidomic and 
metabolomic profiles of PBC individuals as well as comorbidities. A 
comparison of epidemiological data from recent decades, covering 
a period of thirty-five years (1972–2007), shows much lower preva-
lence rates (1.91–40.2 per 100 000 inhabitants) but also a clear ma-
jority of females (92%). Above that, in recent decades, individuals 
with PBC were diagnosed at an older age and with reduced disease 
severity.8,23 The global prevalence of PBC is rising with highest rates 
found in the Western world, particularly Northern Europe and North 
America.24 This development may be due to improved awareness 
of the disease and advances in diagnostic tools, but might also be 
influenced by changes in environmental factors that may act as a 
trigger in susceptible hosts. Currently, serum liver tests and immune 
serology are used to identify individuals with PBC. Although the 
diagnosis is made based on the presence of serological AMAs and 
elevated alkaline phosphatase, these criteria are not pathogenetic, 
which complicates the final diagnosis and emphasises the need for 

further feasible diagnostic tools. Our analysis shows an elevation 
of aspartate aminotransferase and alanine aminotransferase (U/L) 
as indicators for liver injury and alkaline phosphatase (U/L) and y-
glutamyltransferase (U/L) as indicators for cholestasis (p < 0.0001). 
Consistent with our results, a statistical comparison of liver bio-
chemistry in a recent study from 2022 also depicts a significant 
(p < 0.001) elevation of transaminases and cholestasis parameters.25 
On the contrary, other studies reported a non-significant elevation 
in transaminases, total bilirubin, serum albumin and serum creati-
nine.11,24–26 These differences are likely related to different study 
sizes, statistical power and populations at interest.

Changes in the lipidomic profile of PBC individuals are a repeat-
edly described phenomenon.11,26–28 The pathogenesis is described 
as complex, while an impaired release of bile acids into the intestine 
in PBC individuals and a resulting restriction in dietary cholesterol 
solubilisation and micelle formation is suggested, thereby leading to 
a reduction of intestinal cholesterol absorption. However, we ob-
served decreased levels of HDL-cholesterol, especially in the smaller 
diameter HDL. This may be due to impaired hepatocyte function. 
The severity of cirrhosis was assumed to influence the lipidomic pro-
file, leading to lower values of HDL-cholesterol in advanced stages.26 
While HDL-cholesterol is found to be increased in individuals with 
early disease stages, decreased levels related to concomitant lecithin 
cholesterol acyltransferase (LCAT) deficiency were seen in advanced 
stages.29

We found a threefold increased occurrence of coronary 
atherosclerosis (OR 2.507 [1.67–3.765]) and other chronic isch-
emic heart disease—not otherwise specified (NOS) (OR 2.953 
[1.942–4.49]) in PBC individuals with accordingly reduced levels 
of S-HDL cholesterol and increased levels of glycoprotein ace-
tyls, which has been proposed as a potential new prognostic 
marker for cardiovascular events.22,30 Therefore, our data sug-
gest that PBC is associated with an increased risk for cardio-
vascular events.31,32 However, these results are contradictory 
to other studies showing an enrichment of HDL-cholesterol and 
accordingly no significant or even a protective influence of PBC 
on cardiovascular disease.26,27 While individual studies have 
found an association between PBC and cardiovascular events32 
and reduced cardiac function,33 most studies do not find a spe-
cific link.26 We hypothesised that these conflicting findings might 
be related to the presence of advanced liver disease in our PBC 
cohort. Therefore, we decided to include APRI in the matching 
process to validate our observations after correction for stronger 
hepatic impairment. When additionally matching and correcting 
for APRI (Figure 4), we still observe a strong association between 
PBC and diseases of the circulatory system. This suggests that 
not only chronic liver disease in general, but PBC in particular, 

F I G U R E  3  The overrepresented PheCodes in individuals with PBC, adjusted for age, sex, BMI and ethnic background. Odds ratios (ORs) 
and 95% confidence intervals (CI) of the 77 significantly associated PheCodes are presented. Only PheCodes that remained significant 
after adjustment for multiple testing (Bonferroni method) are displayed and have thereby a (p value of ≤0.00021). No negative association 
remained significant after the correction for multiple testing, therefore, all PheCodes shown here have a positive association with PBC 
compared to controls. The opacity of the displayed dots corresponds to the p value within the ranges of significant associations. NEC, not 
elsewhere classified; NOS, not elsewhere specified.
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might be a significant risk factor for subclinical and clinical cardio-
vascular disease, although the exact mechanisms are not yet fully 
understood.34 Importantly, in this regard, our findings are also 
conflicting to the UK PBC guidelines, which state that there is no 
robust evidence to suggest that ischemic heart disease or other 

forms of atherosclerotic disease are seen at increased frequency 
in individuals with PBC.35–37

Above that, we also observe that individuals with PBC are more 
susceptible to the development of other diseases including diges-
tive diseases, autoimmune diseases, anaemias, mental disorders, 

F I G U R E  5  Results of the PheWAS analysis including only individuals from the matched cohort; fitted for the presence of a high APRI 
over or equal to 0.54. This analysis therefore describes the PheCodes associated with an elevated APRI within our matched cohort. Only 
PheCodes with a significant association after Bonferroni correction (p ≤ 0.00014) are shown here. The opacity of the displayed dots 
corresponds to the p value within the ranges of significant associations. NEC, not elsewhere classified.

F I G U R E  4 Associated comorbidities with PBC, when matched on APRI, sex, age, BMI, self-reported ethnic background and the use of 
cholesterol lowering medication at baseline. To further reduce the influence of these confounders, they are also used as covariates in the 
PheWAS. Shown are the ORs of the significantly associated comorbidities with a Bonferroni corrected p ≤ 0.00024. The opacity of the 
displayed dots corresponds to the p value within the ranges of significant associations. GERD, gastroesophageal reflux disease; NEC, not 
elsewhere classified; NOS, not elsewhere specified.
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and urinary tract infections.23 The association with urinary tract 
infections is in line with the previously hypothesised infectious ae-
tiology of PBC, which is also supported by a significantly elevated 
C-reactive protein level in our analysis.38,39 Recent studies found 
an even stronger association between UTI and PBC and suggested 
that this association may be causal if UTI precedes PBC.38 Yang 
et al. (2022) observe that exposure to E.coli in the susceptible host, 
which is most commonly responsible for urinary tract infections, is 
the basis for the antimitochondrial antibody (AMA) response due to 
molecular mimicry and, thereby, the first step to the development of 
human PBC.39

PBC belongs, together with primary sclerosing cholangitis (PSC), 
to the group of immune-mediated cholestatic liver diseases.40 
Already in 1982, Culp et al. described that eighty-four per cent of the 
individuals with PBC had at least one associated autoimmune disease, 
and 41% had two or more such diseases in addition to primary biliary 
cholangitis.41 Indeed, PBC is reported to be associated with CREST 
syndrome in 1%–6% of cases42 and symptoms of sicca complex were 
found in 65% of PBC cases.43 In our study cohort, we found a strong 
association between sicca syndrome (OR 39.877 [9.869–161.128]) 
and Raynaud's syndrome (OR 14.694 [5.17–41.764]). When matched 
for APRI score (Figure 4), autoimmune diseases became even more 
prevalent in individuals with PBC. As autoimmunity is strongly influ-
enced by genetic background, the predisposition to PBC in families 
with a history of autoimmune diseases needs to be further investi-
gated. Infrequent associations including inflammatory bowel disease 

(IBD)44,45 and celiac disease46 have been previously observed. 
However, the strong association between PBC and IBD in our study 
might also be explained by mislabeling of PBC.

By matching additionally on ARPI (Figure 4), we see that some 
comorbid diseases, for instance, ulcerative colitis (OR 2.02 [0.9–
3.14]), gastritis and duodenitis (OR 1.71 [1.16–2.27]), and urinary 
tract infections (OR 1.61 [0.99–2.23]) stay associated with PBC also 
when comparing with an APRI matched cohort. In PBC, fibrosis is as-
sociated with a progressive obstruction of the biliary system, leading 
to impaired enterohepatic circulation of bile acids and strong alter-
ations in bile acid composition.7 Altered bile acid composition and 
impaired flow into the intestine may disturb intestinal homeostasis 
and thereby contribute to the pathogenesis of the aforementioned 
inflammatory intestinal diseases.5

There are recent studies investigating the influence of mor-
bidities on the course of PBC. Iron deficiency anaemia and other 
anaemias are, for instance, known to have implications on the 
course of PBC, particularly in the stage of cirrhosis and were 
identified as a predictor of adverse outcomes, with increased 
mortality and occurrence of acute-on-chronic liver failure.41,47 
Regarding the survival and risk factor for developing extrahepatic 
malignancies in primary biliary cirrhosis (PBC) limited information 
is available.48 While we observe an increased risk from diagnoses 
related to malignancies, Floreani et al. find equal results regarding 
survival for PBC individuals with and without extrahepatic ma-
lignancies.48 Above that, the mean survival after the diagnosis of 

TA B L E  2  Multivariable Hazard ratios for overall and cause-specific mortality after a mean follow-up of 13.6 years among individuals with 
PBC and controls.

Cause of death ICD10
Controls (%), 
total n = 908

PBC (%), 
total 
n = 454 HR KI_2.5 KI_97.5 p value

Total 
count

Overall mortality Death 86 (9.47) 104 
(22.91)

2.62 1.97 3.49 <0.001 190

Malignancies C 46 (5.07) 41 (9.03) 1.83 1.21 2.79 0.004 87

Malignant neoplasm of palate C5 10 (1.1) 3 (0.66) 0.63 0.18 2.21 0.47 13

Malignant neoplasm of liver and intrahepatic bile 
ducts

C22 0 (0.0) 11 (2.42) <0.001 11

Malignant neoplasm of bronchus and lung C34 8 (0.88) 6 (1.32) 1.61 0.55 4.65 0.38 14

Mental and behavioural disorders F 1 (0.11) 2 (0.44) 3.75 0.29 49.18 0.31 3

Inflammatory disease of the central nervous 
system

G 3 (0.33) 2 (0.44) 1.38 0.23 8.44 0.73 5

Disease of the circulatory system I 14 (1.54) 9 (1.98) 1.27 0.55 2.94 0.57 23

Rheumatic aortic stenosis I6 6 (0.66) 4 (0.88) 1.32 0.37 4.7 0.67 10

Diseases of the respiratory system J 11 (1.21) 8 (1.76) 1.51 0.6 3.8 0.38 19

Diseases of the digestive system K 2 (0.22) 31 (6.83) 32.34 7.74 135.1 <0.001 33

Liver diseases K7 1 (0.11) 22 (4.85) 45.09 6.05 336.37 <0.001 23

Fibrosis and cirrhosis of the liver K74 0 (0.0) 17 (3.74) <0.001 17

Other inflammatory liver disease K75 0 (0.0) 4 (0.88) <0.001 4

Other disease of the biliary tract K83 0 (0.0) 5 (1.1) <0.001 5

Note: All analyses were corrected for age, sex, BMI and self-reported ethnic background. Hazard ratios with p ≤ 0.00041 are stated in bold font.
Abbreviation: HR, Hazard ratio.
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PBC was equal with and without extrahepatic autoimmunity con-
ditions in recent studies.48,49 This gives evidence to suggest that 
the increased all-cause mortality rate in our PBC group is, at least 
partly, a consequence of (mis)-coding. When particularly individ-
uals in advanced disease stages are assigned to the PBC group, it 
is likely that mortality rates increase respectively. As detection of 
PBC is often difficult, individuals in early disease stages are not 
included. Therefore, mortality rates might be increased due to a 
selection bias.

4.1  |  Strength and limitations

In this case–control study, we analysed the metabolomic and 
lipidomic profile, investigated comorbidities, and evaluated 
causes and predictors of death in individuals with PBC. Due to 
our large study cohort, we were able to validly address these 
points of interest. This study is the first that analyses comorbidi-
ties using PheWAS analysis in a large cohort of PBC individuals. 
Although there is data concerning GWAS and PheWAS Analyses 
in individuals with cirrhosis,50 we find only scarce information 
related to the metabolomic profile in PBC. By applying PheWAS 
analysis, we were able to define the comorbidities of PBC at 
the population level. Weaknesses of the study include the fact 
that individuals were recruited only in the UK. This might lead 
to a distorted depiction of etiologic factors as the incidence 
and prevalence of PBC are known to vary considerably world-
wide.51 Indeed, we observe a higher prevalence rate compared 
to other studies, which is most likely an effect of geographically 
limited data acquisition. Therefore, large population-based stud-
ies are necessary to build up a better understanding of PBC in a 
global context. Additionally, our study only offers a descriptive 
overview of potential relationships without providing proof for 
mechanistic processes.

Furthermore, as mentioned above, potential mislabeling of ICD 
codes of study participants is an unavoidable weakness of this study 
design. It is hardly distinguishable whether associations between 
diseases are based on valid linkages or a consequence of concom-
itant or incorrect coding. We found a strong association between 
PBC and IBD, e.g., ulcerative colitis. The frequent occurrence of 
ulcerative colitis in individuals with primary sclerosing cholangitis 
has been known for decades and confirmed in multiple studies.52,53 
Hence, we see a certain risk that study participants, suffering from 
primary sclerosing cholangitis, were inadvertently mislabeled as 
individuals with PBC. However, an exclusion of participants with 
concomitant diagnoses could potentially mask associations and lead 
to an attrition bias. In order to avoid distortion of data, we decided 
not to exclude specific groups in order to give a full picture of our 
findings, thereby accepting potential miscoding. Nevertheless, this 
study is the first to analyse alterations in lipidomics and metabolo-
mics in a study cohort of this size, thereby providing a better under-
standing of primary biliary cholangitis, its development, prognosis, 
and morbidities.

In conclusion, this study provides insight into morbidity and 
metabolomic and lipidomic profiles of PBC individuals in a large UK 
population-based cohort. Although we do not analyse the pathologi-
cal mechanisms behind our findings, we provide comprehensive data 
which might improve patient counselling and inform future studies.
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