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multiple sclerosis (MS). Since previous studies were small or did not evaluate all diagnostic aspects, the
objective of the present study was to assess a large cohort of MS patients with multiple determinations of
serum bilirubin.

Patients and Methods: The study was carried out in 2,696 consecutive MS patients (median age=37.1 years,

Kf?j'/WOl"dS.' disease duration=6.8 years, follow-up duration=7.2 years, and Expanded Disability Status Scale (EDSS)=2.5
Bilirub p V! p y

Glillt::rflsnsyn drome with 28,501 visits. Individuals from the Czech post-MONICA study representing the general Czech population
Inflammation (n=2,621) were used as controls. Serum bilirubin concentrations in study subjects were compared with mul-

tiple diagnostic and clinical parameters.
Results: Serum bilirubin concentrations in MS patients were significantly lower compared to the general
population (8.3 vs. 9.6 umol/L, P<0.001). Hyperbilirubinemia >17 p«mol/L in MS patients was much less fre-
quent compared to the general population (8.2 vs. 12.5 %, P<0.001). An increase in disease duration by
10 years was associated with an 8 % decrease in bilirubin concentration (p<0.0001). Ten percent higher
serum bilirubin concentration was associated with a 9 % decrease in EDSS (p=0.001) and a 1.5 % decrease in
normalized brain volume (p<0.0001). The frequencies of individual UGT1A1 (TA)n/n genotypes did not differ
between MS patients and the control population.
Conclusions: MS patients have markedly lower serum bilirubin concentrations, most likely due to consump-
tion during the increased oxidative stress since the frequencies of UGT1A1 were comparable in the MS and
control populations. Higher serum bilirubin is associated with lower disability and lower brain atrophy.

© 2025 Fundacién Clinica Médica Sur, A.C. Published by Elsevier Espafia, S.L.U. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)

Multiple sclerosis
Oxidative stress
UGT1A1

Abbreviations: AhR, aryl hydrocarbon receptor; AMPK, AMP-activated protein kinase;
apoD, apolipoprotein D; AST, aspartate aminotransferase; BPF, brain parenchymal frac-
tion; CNS, central nervous system lesions; DMT, disease modifying treatment; EAE,
experimental autoimmune encephalomyelitis; EDSS, Expanded Disability Status Scale;
FGF21, fibroblast growth factor 21; FLAIR, fluid-attenuated inversion recovery; GGT,
y-glutamyl transferase; GLP-1R, glucagon-like peptide-1 receptor; ICV, intracranial
volume; MS, multiple sclerosis; MRI, magnetic resonance imaging; NMO, neuromyeli-
tis optica; NOX, NADPH-oxidase; NF-xB, nuclear factor kappa B; PPARs, peroxisome

1. Introduction

Multiple sclerosis (MS) is a chronic inflammatory disease charac-
terized by the destruction of myelin in the brain and spinal cord due
to loss of immune tolerance to myelin. This leads to the development
of multifocal zones of inflammation with infiltrations of T-lympho-

proliferator-activated receptors; ROS, reactive oxygen species; Th17, IL17-producing
T-helper cells; Tregs, regulatory T cells; VIF, variance inflation factor
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cytes and macrophages accompanied by increased oxidative stress
that contributes importantly to its pathogenesis [1]. Recurrent epi-
sodes of demyelination and axonal injury are primarily mediated by
CD4-positive T-helper cells with a pro-inflammatory Th1 phenotype,
macrophages, and soluble mediators of inflammation, pointing to
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complex deterioration of immune system effectors in the develop-
ment of MS.

Bilirubin, the end product of the heme catabolic pathway in the
intravascular compartment, has long been considered only a hall-
mark of an underlying liver or hemolytic disease with potentially
toxic properties when critically elevated [2]. It is also well recognized
that serum bilirubin is affected by various biological factors, including
nutrition and other lifestyle factors, sex, age, concomitant medication
that may interfere with bilirubin metabolism or impair liver function
[3], which complicate the interpretation of bilirubin data in the popu-
lation studies.

However, data from the last two decades convincingly proved that
mild elevation of bilirubin exerts pleiotropic beneficial activities
towards various pathologic conditions including cardiovascular [4] or
cancer diseases [5].

Apart from powerful reactive oxygen species (ROS)-scavenging
activities, bilirubin potently affects functions of the immune system
acting as a strong immunosuppressive agent on almost all effectors
of both adaptive and innate immune response [6].

The possible roles of bilirubin in neurodegenerative diseases have
been subject of recent extensive reviews demonstrating, based on
reported studies, that bilirubin exerts wide protective activities
against a variety of these diseases [7—10].

The first report on the possible negative association between
serum bilirubin concentrations and MS was published in 2011 in a
small Chinese study [11]. Serum bilirubin was also lower in both
patients with a clinically isolated syndrome as well as relapsing-
remitting phenotype [12]. In this study, a relationship between an
increased disease burden, and disease duration with reduced serum
bilirubin concentrations was clearly demonstrated [12]. Consistent
with these observations, a large data-mining study in almost 5,000
Caucasian and African-American MS patients also revealed a negative
association between serum bilirubin concentrations and MS [13]. The
low prevalence of MS in subjects with benign hyperbilirubinemia
(Gilberts syndrome) was reported in a conference paper in 2015 by
Iranian authors [14].

A similar negative association of serum bilirubin concentrations
was also reported in patients with neuromyelitis optica (NMO also
known as Devic disease, a severe autoimmune astrocytopathy) [15]
and patients with optic neuritis due to demyelinating disease such as
MS or NMO [15].

Since previously reported clinical studies did not evaluate the
relationship of serum bilirubin with comprehensive clinical and
radiological correlates of MS patients, the objective of the present
study was to analyze serum bilirubin concentrations and TA tandem
repeat variants of the UGT1A1 promoter gene (responsible for the
manifestation of Gilberts syndrome in the Caucasian population
[2,16]) in a large cohort of MS patients with multiple determinations
of serum bilirubin concentrations. Furthermore, we investigated the
role of bilirubin metabolism in neurodegeneration in MS patients.

2. Patients and methods
2.1. Study populations

2.1.1. Patients

In the study a cohort of 4,679 eligible patients with 60,527 deter-
minations of serum bilirubin were recruited. Inclusion criteria
included age over 18 years, diagnosis of MS according to the 2017
McDonald criteria [17], normal activities of all liver function
enzymes, and available assessment of neurological disability by
Expanded Disability Status Scale (EDSS) within 3 months before or
after the determination of serum bilirubin. In total, 1,983 patients
(with 32,107 determinations of serum bilirubin) did not meet the
inclusion criteria, and thus the final analysis was carried out in 2,696
consecutively enrolled patients with MS from January 2005 to
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December 2019 in the MS Centre of the Department of Neurology of
the General University Hospital in Prague with regular follow-up at
this Centre. A great proportion of the patients (n=1,141 (42.3 %) had
at least 10 determinations of serum bilirubin during their follow-up.
Brain magnetic resonance imaging (MRI) that was performed within
3 months before or after the determination of serum bilirubin and at
least one month after high-dose steroids was available in most
patients (n=1,699; 4,424 MRI visits).

2.1.2. Controls

A total of 2,621 individuals (1,250 men and 1,371 women, aged
25-64 years) from the general population of the Czech Republic were
used to compare the bilirubin concentration data obtained from the
MS patient group. This general population subset was derived from
the cross-sectional Czech post-MONICA study conducted between
2015 and 2018, consisting of subjects randomly selected from the
Czech general population [18].

2.2. Laboratory analyses

Determinations of serum biochemical parameters were per-
formed on automatic analyzer (Cobas R8000 Modular analyzer, Roche
Diagnostics GmbH, Mannheim, Germany). To determine the preva-
lence of phenotypic GS (based on the upper limits of physiological
bilirubin concentration and liver enzyme activities), the following
values were used: bilirubin >17 pmol/L, alanine aminotransferase
(ALT) >0.78 pkat/L, aspartate aminotransferase (AST) >0.72 ukat/L,
and y-glutamyl transferase (GGT) >0.84 wkat/L.

2.3. MRI acquisition and analysis

All MRI scans of the examined patients were performed in the
Department of Radiology of the General University Hospital in Prague
using the same protocol on the same scanner (1.5 T Gyroscan; Philips
Medical Systems, Best, The Netherlands) that did not undergo any
major hardware upgrades during the study. The MRI protocol
included fluid-attenuated inversion recovery (FLAIR) and T1-
weighted 3-dimensional turbo field echo (T1-WI/TFE 3D) sequences.
Brain volume was measured using ScanView software developed in-
house for semi-automated measurement of lesion volume, brain vol-
ume, and brain parenchymal fraction (BPF) using a segmentation-
based approach. Brain volumes were normalized with respect to total
intracranial volume (ICV). Normalized brain volumes were calculated
as follows: BPF=brain volume/ICV. The volume of T2 lesion was mea-
sured from the FLAIR sequence.

ScanView has been validated for both accuracy and reproducibil-
ity in multiple studies and has demonstrated high concordance with
established volumetric tools such as SIENA, FreeSurfer, and Jim
[19,20]. Specifically, cross-sectional measures such as whole brain
and lesion volumes showed strong correlations, while longitudinal
assessments of brain volume change also demonstrated robust agree-
ment. The estimated measurement error for brain volume loss using
ScanView is approximately 0.3 %, which is within acceptable limits
for both clinical and research settings. Due to the semiautomated
nature of the processing pipeline, inter-rater variability is expected
to be minimal. A sensitivity analysis of gray matter segmentation
revealed a negligible effect on gray matter volume estimates. While
ScanView exhibited slightly higher intra-individual variability in lon-
gitudinal whole-brain volume measurements compared to SIENA, its
overall accuracy remained comparable to that of established techni-
ques. A detailed description of the MRI acquisition protocol, together
with the ScanView technique, and its comparison with other estab-
lished volumetric software were described elsewhere [19,20].

The time between the biochemical analysis of serum bilirubin and
the MRI visit did not exceed 3 months. The time between 2 consecu-
tive MRI scans was at least 10 months (arbitrary cut-off established
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based on clinical practice) to increase the signal to noise ratio of the
brain volumetric measures.

2.4. DNA analysis

The DNA analysis of the (TA)n UGT1A1 gene promoter variants
was carried out on a subset of the MS patient group (n=342, M:F
ratio=0.45) and compared to the data of the Czech general population
from the Czech post-MONICA study (see above). The UGT1A1 gene
promoter variants (dbSNP rs3064744) were analyzed by multicolored
capillary electrophoresis as previously described [21—-23].

2.5. Statistical methods

Data are expressed as mean + SD, or median and IQ ranges when
data were not normally distributed. The cohort data was compared
using the Students t-test or the Mann-Whitney Rank Sum test, depend-
ing on the data normality. Percentage counts were compared using the
chi-square test. ANOVA on Ranks with Dunn’s post hoc testing was
used to compare variables among individual groups of patients.

All analyses were performed with the alpha set to 0.05. Some sta-
tistical analyses were calculated using SigmaPlot v.14.5 (Systat Soft-
ware Inc., San Jose, CA, USA), whereas the others were performed
using the R (version 4.0.3) software (http://www.R-project.org). In
some analyses, non-normally distributed variables were log trans-
formed. Variance inflation factor (VIF) was used to examine multicol-
linearity among independent variables in one model. To avoid
multicollinearity, separate models with the duration of the age, and
with the disease as independent variables were used in the analyses.
The vast majority of patients contributed with multiple time points,
therefore, we used linear mixed models allowing to analyze repeated
measures data (ImerTest package; version v3.1-3).

The association between serum bilirubin concentrations and
demographic, clinical, and imaging measures was first investigated
using the non-parametric Spearman’s correlation or Mann-Whitney
tests. In the second step, linear mixed models were used to investi-
gate serum bilirubin as a predictor (analyzed as independent [log X]
transformed variable) of neurological disability evaluated by EDSS
(analyzed as a dependent [log x+1] transformed variable). Further-
more, predictors of serum bilirubin concentration (analyzed as
dependent [log x] transformed variable) were analyzed using a simi-
lar model.

Then we investigated whether serum bilirubin concentration, its
absolute or relative change (all analyzed as independent variables)
predict MRI measures such as T2 lesion volume, absolute change in
T2 volume, BPF, relative change in BPF, and relative change in whole
brain volume (all analyzed here as dependent variables). In models
with log transformed dependent measures (bilirubin and T2 lesion
volume measures, and EDSS) estimates for independent variables
were back transformed to the original scale and represent multiplica-
tive effects (multiplicative Beta [Bpy]) on the geometric mean of
independent variables.

Furthermore, we analyzed whether different genotypes of the
promoter gene UGT1A1 (TA), are associated with differences in clini-
cal or radiological disease activity. For these purposes, we used linear
mixed models with disease activity measures as dependent variables
and genotype as a categorical independent variable ((TA)g/s, (TA)s/7
and (TA)7/7)

All the mixed models were adjusted for sex, disease duration or
age, relapse rate ([log x+1] transformed variable), EDSS ([log x+1]
transformed variable), years from baseline visit and disease modify-
ing treatment (DMT) status (3 categories: no DMT; low efficacy DMT
[glatiramer-acetate, dimethyl fumarate and interferons] and moder-
ately high to high efficacy DMT [fingolimod and natalizumab]) at
visit. Benjamini-Hochberg procedure with p < 0.05 was used to con-
trol the false discovery rate.
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2.6. Ethics approval and consent to participate

The study was approved by the General University Hospital Ethics
Committee (Study approval Nos. 1701/12 S-IV and 39/11). The proto-
col for the Czech post-MONICA study was approved by the Ethics
Committee of the Institute for Clinical and Experimental Medicine
and Thomayer Hospital, Prague, Czech Republic (Study approval No.
G 14-08-04). All participants provided their informed consent. The
whole study was carried out in accordance with the Helsinki Declara-
tion of 1975, as revised in 1983. All participants provided their
informed consent.

3. Results
3.1. Basic characteristics of study subjects

The study was carried out in 2,696 MS patients (708 men and
1,988 women, M:F ratio=0.36) with 28,501 measures of serum biliru-
bin concentrations. The median age of the patients was 37.1 years,
the median duration of the disease was 6.8 years, the median dura-
tion of follow-up was 7.2 years, and the median EDSS was 2.5 (for a
detailed description, see Tab. 1).

3.2. Serum bilirubin concentrations in patients with MS

Serum bilirubin concentrations in the patients with MS at the first
laboratory check-up were significantly lower compared to the gen-
eral population (8.3 vs. 9.6 wmol/L) in both men (10.2 vs. 11.3 pmol/
L) and women (7.7 vs. 8.3 umol/L, P<0.001 for all comparisons, Tab.
1), and these differences were even higher when serum bilirubin con-
centrations used for comparison with the general population were
from the last laboratory check-up after more than 7 years of follow-
up (7.7 vs. 9.6 umol/L) in both men (9.4 vs. 11.3 mol/L) and women
(7.3 vs. 8.3 umol/L, P<0.001 for all comparisons, Tab. 1).

This was due to the fact that serum bilirubin concentrations
decreased significantly during the duration and progression of the
disease (8.3 vs. 7.7 umol/L at the first and last check-ups of bilirubin
concentration, P<0.001). The same pattern of serum bilirubin
decrease was observed for both men and women with MS (10.2 vs.
9.4 umol/L at the first and last bilirubin concentration checks in men,
P<0.001), whereas in women serum bilirubin concentrations 7.7 vs.
7.3 umol/L at the first and last bilirubin concentration checks
(P<0.001).

Hyperbilirubinemia >17 wmol/L (a phenotypic sign of Gilberts
syndrome) in MS patients was much less frequent compared to the
general population (all population: 8.2 vs. 12.5 %, P<0.001; men: 14.2
vs. 18.2 %, P<0.05; women: 6.1 vs. 7.2 %, NS, Tab. 1).

3.3. The role of factors modifying serum bilirubin concentrations in
patients with MS

3.3.1. Serum bilirubin concentrations in patients with MS according to
UGT1A1 genotype

The frequencies of individual UGT1A1 (TA)nn genotypes did not
differ between MS patients and the control population in the overall
population or when analyzed separately for men and women (P >
0.05, Tab. 2). Compared to the control population, serum bilirubin
concentrations tended to be lower in most UGT1A1 genotype catego-
ries of patients with MS (Tab. 2). As expected, the presence of the TA;
allele was associated with higher serum bilirubin concentrations,
both in men and women, and both in the control and MS populations
(Tab. 2). However, the genotypes of the UGT1A1 (TA), promoter
gene were not associated with clinical or radiological disease activity
(Tab. 2). Tab. 2a
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Table 1
Serum bilirubin concentrations in MS patients compared to the Czech general population.

Variable MS, all MS, men MS, women Controls, all Controls men Controls women P-value*
(n=2,696) (n=708,26.3%) (n=1,988,73.7%) (n=2,148) (n=1,038) (n=1,110)

Age at baseline (years) 37(30-46) 29.8 37.5 48.9 49 48.7 <0.05

(30-43) (30-46) (38-58) (38-58) (38-57)

Disease duration at baseline (years) 6.8 6.2 7.1 - - - NA
(14-14)  (1.4-135) (1.4-14.2)

Clinically definite MS at baseline ( %) 100 100 100 - - - NA

Demographics

Bilirubin analyses (n) 28,501 6,630 21,871 1 1 1 NA

Bilirubin analyses per patient (n) 8 6 8 - - - NA
(3-15) (2-12) (3-15)

Follow-up duration (years) 7.2 6.4 7.6 - - - NA
(3.3-10.5) (2.3-9.8) (3.7-10.7)

Serum bilirubin concentration (;«mol/L)

At baseline 83 10.2 7.7 9.6 113 83 <0.001
(6.1-11.4) (7.4-14.1) (5.7-10.6) (6.9-13.2) (8.4-15.2) (6.1-11.1)

At the last timepoint 7.7 9.4 7.3 - - - NA
(5.7-10.7) (6.8-12.9) (5.3-9.8)

Serum bilirubin >17 pmol/L (n, %)

At baseline 222 101 121 269 189 80 <0.05
(8.2) (14.2) (6.1) (12.5) (18.2) (7.2)

At the last timepoint 195 87 108 - - - NA
(7.2) (12.3) (5.4)

Disease activity

EDSS at baseline 2.5 2.5 2.5 - - - NA
(1.5-35) (1.5-3.5) (1.5-4)

EDSS at all timepoints 2.5 2.5 3.0 - - - NA
(2-4) (2-4) (2-4)

Annualized relapse rate at baseline 0.6 0.6 0.6 - - - NA
(0.2-1.5)  (0.2-1.5) (0.2-1.4)

Annualized relapse rate at all timepoints 0.6 0.6 0.6 - - - NA
(0.3-09) (0.3-0.9) (0.3-0.9)

DMT at baseline**

No DMT 1006 271 735 - - - NA
(37.3%) (383 %) (37.0%)

Low efficacy DMT 1639 419 1220 - - - NA
(60.8 %) (59.2 %) (61.4%))

High or moderately high efficacy DMT 51 18 33 - - - NA
(1.9%) (25%) (1.7%)

DMT at last visit**

No DMT 958 256 702 - - - NA
(35.5%) (36.2%) (35.3%)

Low efficacy DMT 1167 307 860 - - - NA
(433 %) (434 %) (433 %)

High or moderately high efficacy DMT 571 145 426 - - - NA
(21.2%) (20.5%) (214 %)

Serum bilirubin concentrations expressed as median and IQ range. Significant results are given in bold.

DMT, disease modifying treatment; EDSS, Expanded Disability Status Scale; MS, multiple sclerosis; NA, not applicable.

*Comparison between respective MS and control groups, significant differences in particular results are given in bold.

**Low efficacy DMT: glatiramer-acetate, dimethyl fumarate, and interferons. High or moderately high efficacy DMT: fingolimod and natalizumab.

3.3.2. Relationship between serum bilirubin concentrations, age, and
duration of the disease

As shown above, a significant decrease in serum bilirubin concen-
tration with longer disease duration and higher age was observed in
our MS patients. An increase in the duration of the disease by 1 year

Table 2

was associated with a 0.8 % decrease (Byu=0.992; 95 % CI: 0.991-
0.994; P<0.001, Tab. 3) in serum bilirubin concentration. Similarly, an
increase in age by 1 year was associated with a 0.6 % decrease
(Bmuit=0.994; 95 % CI: 0.993-0.996; P<0.001) in serum bilirubin con-
centration (Tab. 3, Fig. 1). All the models investigating the effect of

Association between serum bilirubin concentrations and UGT1A1 genotypes in MS patients and in the general population, and the disease activity of MS patients according to the

UGTI1A1 promoter gene genotypes.

n MS all n MS men n MSwomen n Controlsall n Controlsmen n Controls women
(%) Bilirubin (%) Bilirubin (%) Bilirubin (%) Bilirubin (%) Bilirubin (%) Bilirubin
[mol/L] [mol/L] [mol/L] [mol/L] [mol/L] [mol/L]
(TA)e/6 154 7.7* 53 9.1 101 7.2 926" (43.1) 8.3% 433(41.7) 9.8 493 (444) 72
(44) (5.5.-9.4) (49) (6.6-11.4) (42.8) (5.1-8.7) (6.1-10.8) (7.4-12.2) (5.4-9.2)
(TA)s7 151" 85 42 12.3 109 8.3 947 (44.1) 9.7 453 (43.6) 115 494 (44.5) 8.6
(44.1) (6.8-123) (396) (7.2-152) (46.2) (6.8-10.4) (7.3-13) (8.7-15) (6.5-11.1)
(TA)77 37 15.6 11 219 26 14.3 275" (12.8) 187 152(14.6) 204 123(11.1) 16
(10.8) (103-21.9) (104) (19.6-25.4) (11) (9.3-18.6) (13.6-25.4) (15.1-28.4) (11.8-21.7)

Pfortrend <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
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260
261
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Table 2a
Disease activity All (TA)s/6 (TA)sj6 (TA)sj7 (TA)sj7 (TA)7j7 (TA)7j7 P-value
women men women men women men
EDSS at baseline 2.0 2.0 2.0 2.0 1.5 2.0 2.5 p=0.58
[1.5-3.0] [1.5-3.5] [1.5-2.5] [1.5-3.5] [1.5-2.5] [1.5-2.5] [1.5-5.5]
Annualized relapse rate at baseline 14 1.0 2.5 2.2 3.7 0.9 03 p=0.25
[0.3-4.7] [0.2-4.3] [0.2-4.8] [0.4-4.9] [0.6-5.0] [0.2-2.4] [0.2-4.8]
T2 lesion volume (ml)* 0.9 0.5 14 0.9 0.9 1.7 0.7 p=0.83
[0.3-3.1] [0.2-2.4] [0.5-3.2] [0.3-3.5] [0.4-2.2] [0.3-2.6] [0.4-4.2]
BPF ( %)* 86.4 85.7 86.8 86.5 87.0 86.4 86.5 p=0.85
[85.0-87.5] [84.6-87.1]  [85.6-87.7]  [84.7-87.7]  [85.8-87.7]  [85.1-87.3]  [86.3-86.6]
DMT at baseline™
No DMT 74 25 10 24 7 7 1 NA
(289%) (33.8%) (23.8%) (293 %) (21.2%) (35.0%) (20.0 %)
Low efficacy DMT 182(71.1%) 49 32 58 26 13 4 NA
(66.2 %) (76.2 %) (70.7 %) (78.8 %) (65.0 %) (80.0 %)
High or moderately high efficacy DMT 0(0%) 0(0%) 0(0%) 0(0%) 0(0%) 0(0%) 0(0%) NA
DMT at the last visit***
No DMT 81(31.6%) 30 14 25 4 7 1 NA
(40.5 %) (33.3%) (30.5 %) (12.1%) (35.0%) (20.0 %)
Low efficacy DMT 136(53.1%) 35(473%) 24(57.1%) 42(51.2%)  23(69.7%) 10(50.0%)  2(40.0%) NA
High or moderately high efficacy DMT 39(15.2 %) 9(12.2%) 4(9.5%) 15(183%) 6(18.2%) 3(15.0%) 2 (40.0 %) NA

BPF, brain parenchymal fraction; DMT, disease modifying treatment; EDSS, Expanded Disability Status Scale; MS, multiple sclerosis; NA, not applicable.
Unless otherwise indicated, data stated as median and IQ range.
Analysis of disease activity in MS patients was performed in a subset of 188 patients with 548 timepoints, in whom complete data (including MRI measures) were available.

*Includes 7 subjects with genotype (TA)s/g
"includes 1 subject with genotype (TA)g/s

]

includes 1 subject with genotype (TA)y/s.

#P < 0.01 compared to respective control group, significant results are given in bold.
*Calculated from all available measures during follow-up.

**Number and proportion of blood measurements.

**Number and proportion of blood measurements on treatment with: No immunomodulatory treatment, Low efficacy DMT: glatiramer-acetate, dimethyl fumarate and interfer-
ons; and High or moderately high efficacy DMT: fingolimod and natalizumab at baseline or at the last visit.

Table 3

Multivariable analysis of the association of serum bilirubin concentrations of MS
patients as dependent variable with clinical and demographical measures.

Characteristics Bmue [95%Cl]  P-value
Multivariable model with age as independent
variable:
Female sex 0.774 <0.0001*
[0.747- 0.803]
Age 0.994 <0.0001*
[0.993-0.996]
Annualized relapse rate'’ 1.034 0.0052*
[1.010-1.058]
EDSS' 0.940 <0.0001*
[0.916- 0.965]
DMT group (no DMT vs. low efficacy DMT)* 0.919 <0.0001*
[0.897-0.941]
DMT group (no DMT vs. high or moderately high 0.978 0.077
efficacy DMT)' [0.954-1.00]
Multivariable model with disease duration as
independent variable:
Female sex 0.770 <0.0001*
[0.743-0.799]
Disease duration 0.992 <0.0001*
[0.991-0.994]
Annualized relapse rate 1.014 0.26
[0.990-1.039]
EDSSi 0.950 0.0001*
[0.926,0.975]
DMT group (no DMT vs. low efficacy DMT)" 0.919 <0.0001*
[0.897-0.941]
DMT group (no DMT vs. high or moderately high 0.986 0.26
efficacy DMT)" [0.962,1.011]

Bmur, multiplicative beta; CI, confidence interval; DMT, disease modifying treat-
ment; EDSS, Expanded Disability Status Scale; MS, multiple sclerosis.
Analysis performed on 2,481 patients with 23,680 timepoints, in whom serum bili-
rubin concentrations could be paired with EDSS. Neurological disability was

assessed by EDSS.

Estimates were back transformed to the original scale and therefore represent mul-
tiplicative effects on the geometric mean of independent variables.
"Low efficacy DMT: glatiramer-acetate, dimethyl fumarate and interferons; High or
moderately high efficacy DMT: fingolimod and natalizumab

filog [x+1] transformed variable.
*p<0.05, after Benjamini-Hochberg correction.

disease duration and age on serum bilirubin concentrations were
adjusted for sex, disability, relapsing activity and DMT status (Tab. 3).

3.3.3. Relationship between serum bilirubin concentrations, sex, and
smoking

Compared to males, female MS patients had lower serum bilirubin
concentrations by 23 % (B,u1:=0.770; 95 % ClI: 0.743-0.799; P<0.001)
(Tab. 3). A greater decrease in serum bilirubin concentrations was
observed in male MS patients during follow-up (interaction sex vs.
follow-up duration; B=-0.005; 95 % CI: -0.009, -0.002; P<0.001)
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Fig. 1. Relationship between age and serum bilirubin concentrations in patients
with MS.
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no DMT vs. low efficacy DMT:
B-mult = 0.919, 95% CI: 0.897-0.941; p < 0.001

no DMT vs. high or moderately high efficacy DMT:
B-mult = 0.978, 95% CI: 0.954-1.00; p = 0.077
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Fig. 2. The effect of MS duration on serum bilirubin concentrations in (A) all patients,
(B) male and female patients, and (C) type of treatment.

(Fig. 2a-b). As expected, smoking in MS patients was associated with
lower serum bilirubin concentrations compared with never-smokers
(*Bmult=0.87; 95 % CI: 0.82-0.93, P<0.001).
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3.3.4. Relationship between serum bilirubin concentrations,
neurological disability and treatment response of MS patients

Higher serum bilirubin concentrations were associated with lower
EDSS. Ten percent higher serum bilirubin concentration was associ-
ated with 9 % decrease of EDSS (Biu=0.991; 95 % CI: 0.985-0.996;
P=0.001, Suppl. Tab. 1 and Fig. 3).

Patients without DMT had higher serum bilirubin concentrations
compared to patients treated with low efficacy DMT (B,,t=0.919; 95
% CI: 0.897-0.941; P<0.001) but not with high or moderately high
efficacy DMT (P=0.077) (Tab. 3 and Suppl. Tab. 1). Patients without
DMT had a greater decrease in serum bilirubin concentrations during
the study compared to patients treated with high or moderately high
efficacy DMT (interaction DMT status vs. follow-up duration;
B=0.006; 95 % CI: 0.003-0.010; P<0.001) (Fig. 2c).

3.3.5. Relationship between serum bilirubin concentrations and brain
MRI measures of patients with MS

Higher serum bilirubin concentration was associated with higher
normalized brain volume as assessed by BPF. Ten percent higher
serum bilirubin was associated with a 2.1 % (B=0.218; 95 % CI: 0.153-
0.283; P<0.001, Tab. 4, Fig. 4) increase in BPF, and 100 % higher serum
bilirubin was associated with an increase in BPF of more than 15 %.
Relative and absolute changes in serum bilirubin concentrations
were also positively correlated with percentage volume changes of
BPF. Except for a weak negative association between the absolute
change in serum bilirubin concentrations and the absolute increase
in the T2 lesion volume, no significant associations were found
between the burden of the lesion and bilirubin concentrations
(Tab. 4).

4. Discussion

Recent clinical research has convincingly proved the protective
effects of serum bilirubin concentrations on the risk and develop-
ment of various diseases of civilization, including neurological and
neuropsychiatric diseases [2,7—10,21,24,25]. In fact, negative associa-
tions between bilirubin and MS have been reported in recent clinical
studies[11—14]. Similar associations have also been reported for
NMO [15] and optic neuritis [15]. The incidence rates of MS, optic
neuritis, and NMO are higher among women [26], who have signifi-
cantly lower serum bilirubin concentrations, as observed in both MS
patients in our (Tab. 1) and other studies [11-13] as well as in

co
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B-mult = 0.991, 95% CI: 0.985-0.996; p = 0.001
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Fig. 3. Relationship between serum bilirubin concentrations and neurological disabil-
ity in patients with MS.
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Table 4

Association between serum bilirubin concentrations and MRI findings in MS
patients.

Characteristics Estimate P-value
[95%C1]
Serum bilirubin as independent
variable’
T2 lesion volume (ml)" Bnue  1.002 0.86
[0.981-1.024]
T2 lesion volume absolute change from Buue 1.009 0.089
previous (mL)'t [0.999-1.020]
BPF (%) B 0.218 <0.0001*
[0.153-0.283]
BPF change from previous ( %) B 0.096 0.005*
B [0.029-0.163]
Whole brain volume change from B 0.113 0.024
previous (%) [0.015-0.211]
Serum bilirubin absolute change as
independent variable
T2 lesion volume (ml)’ Bunue 1.26 0.90
[0.99- 1.599]
T2 lesion volume absolute change from Boue 1.001 0.012*
previous (mDt [1.00-1.002]
BPF (%) B 0.004 0.13
B [-0.001-0.009]
BPF change from previous ( %) B 0.015 0.0001*
[0.007-0.022]
Whole brain volume change from previ- B 0.014 0.013*
ous (%) B [0.003-0.025]
Serum bilirubin relative change as
independent variable
T2 lesion volume (ml)" Bmue 1.00 0.72
[1.00-1.00]
T2 lesion volume absolute change from Bmue 1.00 0.023
previous (ml)' [1.00-1.00]
BPF ( %) B 0.001 0.066
[0.000-0.001]
BPF change from previous ( %) B 0.001 0.0002*
[0.001-0.002]
Whole brain volume change from previ- B 0.001 0.007*
ous (%) [0.00-0.002]

B, beta coefficient (estimates); Bmult, multiplicative beta; CI, confidence interval;
BPF, brain parenchymal fraction.

Analysis performed on 1,699 patients with 4,424 timepoints.

Estimates were back transformed to the original scale and therefore represent mul-
tiplicative effects on the geometric mean of independent variables.

tlog [x+1] transformed variable.

ttlog [x+20] transformed variable.

*p<0.05 after Benjamini-Hochberg correction.

0.92

0.88

0.84

0.80

Brain parenchymal fraction (%)

B =:0.218, 95% ClI: 0.153-0.283; p < 0.0001

0.76

0 10 20 30 40 50
Total serum bilirubin (umol/L)

Fig. 4. Serum bilirubin concentrations and brain volume of patients with MS.
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general population [18,24]. Furthermore, bilirubin concentrations
also correlate with the prevalence of migraine that is known to be
twice as frequent in MS patients [27]. In fact, a negative association
between serum bilirubin and migraine was reported in two recent
Chinese studies [28,29], most likely due to bilirubin inhibitory effects
against neurogenic inflammation accompanying migraine develop-
ment.

Our study confirmed previous findings of significantly lower
serum bilirubin concentrations in MS patients, as well as a lower
prevalence of Gilberts syndrome, compared to the control group,
which was randomly selected from the same population. Interest-
ingly, the frequencies of the UGT1A1 promotor gene variants were
comparable in the MS and control populations, indicating that, rather
than genetic predisposition, bilirubin consumption during increased
oxidative stress accompanying MS is responsible for the observed
low serum bilirubin concentrations in MS patients.

In addition, our study revealed that serum bilirubin is negatively
associated with disease duration and progression, EDSS, as well as
response to treatment. In fact, there was a less progressive decrease
in serum bilirubin during follow-up in patients receiving high or
moderately high efficacy treatment compared to patients without
therapy or treated with low efficacy DMT suggesting curing effect of
the former type of treatment. Lower serum bilirubin was also associ-
ated with female sex, higher age, and smoking, as in previous reports
(for a review see [3]). According to a large NHANES study, each ten-
year increase in age is associated with a 0.3 M decrease in serum
bilirubin concentrations only in men [30]. However, a much more
significant decrease in serum bilirubin was observed with increasing
age in MS patients, both men and women. Although our patients
were significantly younger compared to controls (Tab. 1), it needs to
be stressed that no serum bilirubin/age dependency was observed in
our Czech post-MONICA control cohort, either in overall, male or
female populations (data not shown).

Importantly, lower serum bilirubin concentrations were asso-
ciated with greater disability and brain atrophy of patients with
MS.

There are many reasons for the observed association of altered bil-
irubin metabolism in MS patients. However, it must be noted that the
following arguments are based on indirect, often experimental evi-
dence, and that true mechanistic studies on the role of bilirubin in
MS have not been performed so far and are highly sought-after.

It is generally recognized that due to the increased metabolic and
oxygen demands of the brain, oxidative stress is one of the key play-
ers in the pathogenesis of neurodegenerative diseases. Among the
free radical producers, NADPH-oxidase (NOX) is a major contributor
to oxidative stress in these disorders, including MS [31]. Bilirubin has
been reported in many studies to improve the redox status of the
human body [32], to protect against radical-induced alterations in
the permeability of the blood-brain barrier, thus preventing the inva-
sion of inflammatory cells into the CNS. In fact, bilirubin inhibited the
development of acute and chronic experimental autoimmune
encephalomyelitis (EAE), an animal model of MS [33].

One of the critical signaling pathways implicated in the pathogen-
esis of MS is the aryl hydrocarbon receptor (AhR)-mediated pathway
which is aberrant in a variety of autoimmune diseases including MS,
but also Alzheimers disease. Interestingly, both bilirubin and biliver-
din are AhR activators [34] known to modulate IL17-producing T-
helper cells (Th17), regulatory T cells (Tregs), as well as B cells, mac-
rophages, and dendritic cells [35]. In an experimental model of EAE,
AhR signaling in Treg cells was shown to increase their activity and
ameliorate disease progression [36]. It is also interesting to note that
Th17 cells have upregulated apolipoprotein D (apoD), a marker of
pro-inflammatory status in many autoimmune and neurodegenera-
tive diseases including MS [37]. Bilirubin is believed to be a potent
binder for apoD [38], and although not investigated so far, it is tempt-
ing to speculate whether the less efficient interaction of bilirubin
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with apoD in MS patients who have lower systemic bilirubin concen-
trations may contribute to the progression of MS.

Macrophages are the other important players in the pathogenesis
of MS [39]. Important regulators of the metabolic and inflammatory
phenotype of macrophages are peroxisome proliferator-activated
receptors (PPARs) [40]. In fact, the expression of PPARy protein is
decreased in peripheral blood mononuclear cells of MS patients, and
the inflammation-induced reduction in PPARy expression promotes
myelin-induced foam cell formation in macrophages in MS patients
[41] and, at the same time, decreases insulin sensitivity and increases
neuroinflammation [42]. On the other hand, bilirubin increases
PPARy expression in an experimental mouse model of diet-induced
obesity [43]. Furthermore, bilirubin was reported to influence the
expression of Fc receptors in macrophages in EAE [44].

Another important mechanism by which bilirubin can exert its
possible protective action may lie in its metabolic action. As an exam-
ple, the AMP-activated protein kinase (AMPK) pathway dysregulation
has been reported in various neurodegenerative diseases including
MS [45]. It is also known that metformin, an antidiabetic drug,
attenuates inflammatory responses by activating AMPK via suppres-
sion of nuclear factor kappa B (NF-«B) as documented in a cuprizone-
induced demyelination mouse model of MS [46]. Similarly, liraglu-
tide, glucagon-like peptide-1 receptor (GLP-1R) agonist restored
phosphorylation of AMPK in EAE mice resulting in an anti-inflamma-
tory and anti-demyelination effect [47]. In fact, the same effect on
AMPK phosphorylation was observed in subjects with Gilberts syn-
drome [48]. Activation of AMPK pathway, via suppression of mTOR
signaling, has been reported to impair Th17 cell differentiation play-
ing an important role in MS pathogenesis (see also above) [49].

Our study has several limitations. First, it is a retrospective, obser-
vational, and non-interventional longitudinal study evaluating asso-
ciations that does not allow to find causality between serum bilirubin
levels and analyzed variables. Second, the cohorts analyzed were of
Czech origin, so the results may limit applicability to other ethnic
groups with different bilirubin metabolism, variability of UGT1A1
genotypes, gene-environment interactions, or MS prevalence. Finally,
due to the study design, factors that could modulate bilirubin metab-
olism, such as diet or other comorbidities, were not analyzed.

5. Conclusions

MS patients have markedly lower serum bilirubin concentrations,
most likely due to its consumption during the increased oxidative
stress that accompanies this disease since the frequencies of UGT1A1
promotor gene variants were comparable in the MS and control pop-
ulations. Lower serum bilirubin concentrations were more pro-
nounced in women, with a higher age and duration of the disease,
and smoking. The UGT1A1 genotypes appear to play only a marginal
role. Lower serum bilirubin concentrations were associated with
increased disability and brain atrophy in MS patients. The decrease in
serum bilirubin with time was less in patients receiving high or mod-
erately high efficacy treatment compared to patients without or
treated with low-efficacy DMT. Collectively, these data indicate the
possible protective roles of bilirubin in the pathogenesis and progres-
sion of MS. The lack of association between lower serum concentra-
tions and relapsing activity or lesion burden suggests a dominant
effect of bilirubin on neurodegeneration rather than inflammatory
activity in MS. Taking into account the current relatively unsuccessful
search for treatments targeting the neurodegenerative part of MS,
but also other neurodegenerative diseases, it appears that modula-
tion of serum bilirubin may affect the progression of these diseases.
However, it should be noted that our observational study does not
provide any mechanistic proofs or exclude a possible reverse causal-
ity. Therefore, mechanistic studies are needed to confirm our data
and look for possible causal consequences.
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