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Simple Summary: Several studies published to date have shown inconclusive results in the associ-
ation between serum bilirubin and risk of site-specific cancer types and overall cancer. Therefore,
there is a need to further investigate this association. Data from the large Swedish Apolipoprotein
Mortality Risk (AMORIS) cohort study was used. We found that overall high levels of bilirubin
had no association with overall cancer risk. However, a positive association was found between
melanoma and breast cancer risk. On the other hand, an inverse association was found between high
levels of bilirubin and risk of gynecological and lung cancers. Further studies are required to establish
if bilirubin can be used as a biomarker for risk assessment and/or as a novel therapeutic target.

Abstract: Bilirubin has strong antioxidant properties that have been hypothesized to be preventive
against the development of cancer. Thus, we aimed to investigate the association between serum
total bilirubin (STB) and risk of overall and site-specific cancers in the large Swedish Apolipoprotein
Mortality Risk (AMORIS) cohort. We also performed a systematic review and meta-analysis for
specific cancer types (colorectal, breast and lung). We found no association between high levels
of STB and risk of overall cancer. Regarding site-specific cancer, there was an inverse association
between increased STB and lung cancer (Hazard Ratio (HR) for the 4th quartile (Q4) vs. Q1: 0.50;
95%CI: 0.44-0.59) and gynecological cancer (HR for Q4 vs. Q1: 0.86; 95%CI: 0.76-0.99). A positive
association was found with melanoma (HR for Q4 vs. Q1: 1.25; 95%CI: 1.06-1.47) and breast cancer
(HR for Q4 vs. Q1: 1.13; 95%CI: 1.01-1.25) risk. The meta-analysis showed an inverse association
between high levels of STB and risk of lung cancer (Relative risk (RR): 0.69; 95%CI: 0.55-0.86). No
associations were seen for colorectal and breast cancer risk. Further studies are required to establish
if bilirubin can be used as a biomarker for risk assessment and/or as a novel therapeutic target.

Keywords: cancer risk; hyperbilirubinemia; bilirubin; cohort study; lung cancer; colorectal cancer;
breast cancer; gynecological cancer; melanoma

1. Introduction

It has been proposed that endogenous bile pigments, such as bilirubin, may play a
protective role against the development of a variety of chronic diseases, including cancer,
due to their potent anti-inflammatory and antioxidant properties [1]. Serum total bilirubin
(STB) is derived primarily from the degradation of hemoglobin and transported to the liver
by binding to albumin [1]. Blood levels of total bilirubin consist of primarily unconjugated
bilirubin (UCB). In vitro, UCB has been found to be the most active antioxidant component
of bilirubin [2,3]. After the liver removes UCB from the blood, it is conjugated by a uridine
diphosphoglucuronyltransferase (UGT1A1l) and transported to the bowel via the bile. Here,
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it is unconjugated by bacteria and either excreted or reabsorbed [4] (Figure 1). Conjugation
(or glucuronidation) by UGT1A1 is essential for the elimination of bilirubin, and thus,
a polymorphism in the UGT1A gene results in the accumulation of UCB in the serum
(hyperbilirubinemia) [5]. This mild unconjugated hyperbilirubinemia is known as Gilbert’s
Syndrome and has a prevalence of 5-10% in Caucasians [5].

UCE complexed with
albumin

Conjugation of billrubin
by UGT1A1

ﬁlunurnnl:: a.dd

/ bauada (unmnﬁmaﬂnﬂ]

/ S
/////
L Bssrr¥///

crrrrr. LSS

Figure 1. Heme degradation pathway. RBC, red blood cells; UCB, unconjugates bilirubin; UGT1A1,
diphosphoglucuronyltransferase.

STB is commonly used as a biomarker of hepatobiliary and hematopoietic diseases [6].
Of late, bilirubin has been discussed in the setting of disease prevention due to growing
evidence of its potent anti-inflammatory and antioxidant properties [7-9]. Given that
oxidative stress and inflammation are involved in the development of cancer, it has been
suggested that high levels of STB may play a protective role against carcinogenesis [10,11].

Previous prospective studies looking at the association between pre-diagnostic levels
of STB and site-specific cancer risk have revealed mixed results [12-14]. Most studies
have specifically explored the association between colorectal (CRC) and lung cancer risk,
and bilirubin levels. Recent studies showed that STB levels were inversely associated
with colorectal cancer risk [12-14]. In addition, three cohort studies also found an inverse
association with lung cancer risk [15-17]. To our knowledge, no studies investigating the
association between STB and overall cancer risk have been performed. A cancer endpoint,
which has been studied in relation to STB is total cancer mortality. A large population-based
study from Belgium found that baseline levels of bilirubin were inversely associated with
overall cancer mortality [18]. Various studies have looked at the association between other
circulating antioxidants (i.e., albumin and uric acid) and risk of cancer with mixed results.
While albumin levels have mostly been inversely associated with the risk of cancer [19-22],
uric acid has been associated with an increased risk of cancer and increased cancer-related
mortality [22-25]. Therefore, further studies exploring the association between endogenous
antioxidants, including bilirubin and cancer risk, are needed.

In the current study, we aimed to analyze pre-diagnostic levels of STB in relation to
the development of overall, as well as site-specific, cancer using data from the Swedish
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Apolipoprotein Mortality Risk (AMORIS) cohort. Additionally, we performed a systematic
review and meta-analysis of the existing literature to further evaluate these associations.

2. Materials and Methods
2.1. AMORIS Cohort
2.1.1. Study Population and Data Collection

Our study population consisted of participants enrolled in the AMORIS cohort, with
over 800,000 men and women, mainly from the greater Stockholm area, who underwent
health examinations between 1985 and 1996 [26]. They were either healthy individuals
referred for clinical laboratory testing as part of a general health check-up, or outpatients
referred for laboratory testing [27]. All laboratory analyses were performed at the Central
Automation Laboratory (CALAB) in Stockholm. None were inpatients at the time of their
blood sample analysis. A more detailed description of the AMORIS cohort can be found
elsewhere [26-28]. Data on history of any prior cancer diagnosis, clinical outcomes, and
sociodemographic information was determined through linkage with the Swedish National
Cancer Register, the National Cause of Death Register, the National Patient Register, the
National Register of Emigration and the consecutive Swedish Censuses during 1970-1990
by using a unique Swedish 10-digit personal identification number [26-28]. As such, the
AMORIS cohort provides comprehensive information on cancer diagnosis, socioeconomic
factors, co-morbidities and mortality. This study complied with the Declaration of Helsinki,
and the ethics review board of the Karolinska Institute approved the study:.

Eligible participants in the current study were men and women, aged 20 years or older,
who had no record of prior cancers in the National Cancer Register. Subjects with no base-
line measurement of serum bilirubin available were excluded from this study. Participants
diagnosed with cancer within the first year of study commencement were also excluded, to
account for reverse causation, resulting in a final study sample of 137,045 men and women.
In addition to overall cancer, we also investigated major cancer types (i.e., those with
> 1000 cases during the study follow-up). These included: colorectal (CRC), lung (LC),
breast (BC), gynecological (GYN), prostate, bladder, melanoma and hematological cancers.

For the purpose of this study, we used the following information: age at measurement,
serum total bilirubin (STB, umol/L), fasting status, body mass index (BMI), socioeconomic
status (SES), education level, Charlson Comorbidity Index (CCI), cancer diagnosis, death
and emigration dates. STB was measured within bile pigment using a diazo reagent to
produce azobilirubin.

2.1.2. Data Analysis

Multivariate Cox proportional hazards models were used to calculate hazard ratios
(HRs) and 95% confidence intervals (CI) for overall and site-specific cancer risk. Follow-up
time was defined from date of bilirubin measurement until date of cancer diagnosis, death
from any cause, emigration or end of study (31 December 2012), whichever occurred first.

For the analyses, STB was examined both as a continuous variable and a categorical
one (using quartiles). Guided by a directed acyclic graph (DAG) to assess relationships
between potential confounders (Figure 2), we developed an adjusted model to examine the
relationship between STB and overall and site-specific cancer risk. The following covariates
(assessed at baseline) were included as confounders in our final model: age at measurement
(continuous), sex (male, female), education level (low, middle, high, missing), CCI (0, 1, 2,
3+) and BMI. Sex was only treated as a confounder and/or effect modifier for those cancers
that affect both genders (i.e., prostate). The following confounding factors could not be
included in our analysis since the percentages of participants with these measurements
were low: physical activity, diet and alcohol consumption. For lung cancer specifically, we
performed a sensitivity analysis stratifying by smoking status (i.e., ever smokers and never
smokers). In addition, sex-stratified models were conducted to assess effect modification in
overall cancer risk. All analyses were conducted using STATA, Version 16 (College Station,
Texas, USA; accessed on 1 June 2021).
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Figure 2. Directed acyclic graph to assess relationships between potential confounders. BMI, body
mass index; SES, socioeconomic status; LFTs, liver function tests. Serum bilirubin is the exposure
of interest, whilst cancer is the outcome. The other variables are hypothesized confounders of the
association between exposure and outcome. The green arrow illustrates the exposure-outcome
relationship; pink arrows illustrate the confounder-exposure and confounder-outcome relationships;
black arrows illustrate associations between variables with no confounding effect; blue arrows
illustrate potential effect modifiers between exposure and outcome.

2.2. Systematic Review and Meta-Analysis
2.2.1. Literature Search Strategy

The current study was conducted in accordance with the Preferred Reporting Items for
Systematic Reviews and Meta-analyses (PRISMA) guidelines. No protocol has been regis-
tered for the study. A literature search of epidemiological studies was conducted on 15 May
2021 using the search engine PubMed, a bibliographic database including over 30 million
references to journal articles, with the following search terms: (“Neoplasms”[Mesh] OR
“cancer risk”[Title/ Abstract]) AND (“Hyperbilirubinemia”[Mesh] OR “bilirubin”[Mesh]
OR “bilirubin levels”[Title/ Abstract]). The search was restricted to human studies pub-
lished from January 1955 to May 2021. The inclusion criteria considered studies on adults
only. No restrictions were placed on publication type. Non-English publications, duplicate
studies, preprints, errata and animal studies were excluded. Moreover, only publications
with full text available were included.

Publications were initially screened by title and abstract, with potentially relevant
studies undergoing a full-text review. Following the inclusion and exclusion criteria de-
scribed above, some studies were further excluded in the full-text review. No publications
on survival or therapeutics were included.

For our meta-analysis, the following set of inclusion criteria was used to select the
final set of studies: the publication pertained to an epidemiological study, which measured
STB levels in association with any site-specific cancer risk; the type of cancer was defined
as well as the measurement and values of STB; the analytical methods were all described;
the study was performed on the whole population (i.e., not stratified by male/female).
To include studies of large enough power, only those with at least 20 cancer cases were
included. Initially, in the screening phase, titles and abstracts of articles were reviewed to
ascertain whether they might potentially fit the inclusion criteria. If, after assessing the
abstract, there was any doubt over whether it met the relevant criteria, it was subjected to a
subsequent assessment. The list of potential articles was further shortened by performing
a detailed evaluation of the methods and results of each of the remaining papers. In
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addition, we included results from the analysis we performed in the AMORIS cohort. The
following details were recorded for each study included in our meta-analysis: author, year
of publication, country where the study was undertaken, study type, population, exposure
variable, outcome (i.e., cancer type), findings and adjustments.

2.2.2. Meta-Analysis Statistical Techniques

The effect of STB on site-specific cancer risk was evaluated by calculating the random
effects summary relative risk to allow for possible heterogeneity between study results.
The effect was only analyzed for CRC, breast and lung cancers as our search did not find
enough studies for other tumor types that met the inclusion criteria. If a study reported
both clinical cut-off and Q4, Q4 was used. Studies using STB continuous values were
also included. Potential heterogeneity of the study results was assessed with a forest plot.
Potential heterogeneity of the study results was also statistically evaluated using the 12
statistic. All analyses were performed using STATA, version 16 (College Station, TX, USA;
accessed on 1 June 2021).

3. Result
3.1. AMORIS Cohort

A total of 27,695 participants in the study developed cancer during a median follow-up
time of 19 years. The baseline participant characteristics by cancer status are shown in
Table 1. The results of the multivariate Cox proportional hazards regression (adjusted for
age, sex, BMI and education) examining the association between STB and cancer risk, in
both the overall population and stratified by sex, are shown in Table 2. No associations
were found between STB levels, using a continuous variable and stratified by quartiles,
and overall cancer risk for the whole population or when stratifying by sex. Results of
further analyses examining STB and risk of site-specific cancer (i.e., CRC, lung, breast,
GYN, prostate, bladder, melanoma and hematological) are shown in Table 3. A consistent
inverse association was found between STB and risk of lung (HR for Q4 vs. 1st quartile
(Q1): 0.50; 95%CI 0.44-0.59) cancer. When stratifying by smoking status, this association
persisted in non-smokers (1 = 21,963, HR for Q4 vs. Q1: 0.45; 95%CI 0.24-0.86), while no
significant associations were found in smokers (n = 5470, Table 4). Moreover, an inverse
association was also found between high STB levels and gynecological cancer (HR for
Q4 vs. Q1: 0.86; 95%CI: 0.76-0.99). On the other hand, a positive association was found
between high STB levels and both risk of breast cancer (HR for Q4 vs. Q1: 1.13; 95%CI
1.01-1.25) and melanoma (HR for Q4 vs. Q1: 1.24; 95%CI 1.05-1.46). No other significant
associations were found between STB and other site-specific cancers.

Table 1. Descriptive statistics of the selected AMORIS cohort, overall and divided by cancer status.

Non-Cancer Cancer Total

(n = 109,350) (n = 27,695) (n = 137,045)
Sex

Male 58,800 (53.8) 1?;2?8 74,298 (54.2)

Female 50,550 (46.2) 1@37 62,747 (45.8)

Age (Median, SD) 46.3 (14.9) 53.3 (12) 11.3 (7)

SES

Low 48,145 (44) 11,450 (41.3) 59,595 (43.5)

Medium 48,643 (44.5) 13,826 (49.9) 62,469 (45.6)

High 12,562 (11.5) 2419 (8.7) 14,981 (10.9)
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Table 1. Cont.

Non-Cancer Cancer Total
(1 = 109,350) (1 = 27,695) (n = 137,045)
Bilirubin
Continuous 11.3(7.2) 11.4 (5.9)
Q1 35,214 (32.2) 7982 (28.8) 43,196 (31.5)
6089 28,734
Q3 22,645 (20.7) 22) (1)
Q3 25,612 (23.4) 6983 (25.2) 32,595 (23.8)
Q4 25,879 (23.7) 6641 32,520 (23.7)
(24)
Number of comorbidities
0 101,058 (92.4) 25,533 (92.2) 126,591 (92.4)
1 5582 (5.1) 1562 (5.6) 7144 (5.2)
2 1537 (1.4) 356 (1.3) 1893 (1.4)
>3 1173 (1.1) 244 (0.9) 1417 (1.0)
Fasting status
No 34,336 (31.4) 8554 (30.9) 42,890 (31.3)
Yes 52,628 (48.1) 15,394 (55.6) 68,022 (49.6)
NK 22,386 (20.5) 3747 (13.5) 26,133 (19.1)
Education category
1 30,861 (28.2) 8842 (31.9) 39,704 (29)
2 44,618 (40.8) 10,978 (39.6) 55,596 (40.6)
3 26,762 (24.5) 6346 (22.9) 33,108 (24.2)
NK 7108 (6.5) 1529 (5.5) 8637 (6.3)
BMI (mean, SD)
24.6 (5.7) 24.9 (3.9) 24.6 (5.4)
<249 5810 (5.3) 1326 (4.8) 7136 (5.2)
25-29.9 2963 (2.7) 865 (3.1) 3828 (2.8)
>30 767 (0.7) 212 (0.8) 979 (0.7)
Missing 99,810 (91.3) 25,292 (91.3) 125,102 (91.3)

BMI, body mass index; NK, not known; Q, quartile; SD, standard deviation.

Table 2. Hazard ratios (HR) and 95% confidence intervals (CI) for continuous and quartiles of serum total bilirubin (STB),

by overall cancer risk and stratified by sex.

Overall Men Women
N = 27,695 N =15,498 N =12,197
HR 95%CI HR 95%CI HR 95%CI
Continuous 0.99 0.99-1.00 0.97 0.94-1.01 0.99 0.98-1.00
Sé 1.00 Ref 1.00 Ref 1.00 Ref
9?120 0.97 0.94-1.00 1.00 0.82-1.22 0.99 0.94-1.04
183;3 0.96 0.92-0.99 0.85 0.70-1.04 1.00 0.95-1.05
8144 0.96 0.93-1.00 1.07 0.90-1.29 0.98 0.93-1.04

Q, quartile; HR, hazard ratio; CI, confidence interval.
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Table 3. Hazard ratios (HR) and 95% confidence intervals (CI) for continuous and quartiles of serum total bilirubin (STB),

by overall cancer risk and stratified by sex.

. 01 Q2 Q3 Q4
Continuous <8 9-10 11-13 >13
HR (95%CI) HR (95%CI) HR (95%CI) HR (95%CI) HR (95%CI)

Any Cancer 0.99 (0.99-1.00) 1.00 (Ref) 0.97 (0.94-1.00) 0.96 (0.92-0.99) 0.96 (0.93-1.00)
Colorectal 0.99 (0.98-1.00) 1.00 (Ref) 0.94 (0.85-1.03) 0.91 (0.82-1.00) 0.92 (0.84-1.02)
Lung 0.94 (0.93-0.95) 1.00 (Ref) 0.74 (0.64-0.84) 0.66 (0.58-0.75) 0.50 (0.44-0.59)
Breast 1.00 (0.99-1.01) 1.00 (Ref) 1.09 (1.00-1.20) 1.06 (0.97-1.17) 1.13 (1.01-1.25)
Gynaecological 0.99 (0.98-1.00) 1.00 (Ref) 1.02 (0.92-1.14) 0.97 (0.86-1.09) 0.86 (0.76-0.99)
Prostate 1.00 (0.99-1.00) 1.00 (Ref) 0.94 (0.86-1.03) 0.97 (0.89-1.05) 1.00 (0.93-1.09)
Bladder 0.99 (0.97-1.99) 1.00 (Ref) 0.89 (0.75-1.07) 0.88 (0.75-1.05) 0.91 (0.77-1.08)
Melanoma 1.01 (1.00-1.01) 1.00 (Ref) 1.15 (0.97-1.35) 1.08 (0.92-1.28) 1.25 (1.06-1.47)
Haematological 1.00 (0.99-1.01) 1.00(Ref) 1.06 (0.92-1.23) 0.94 (0.81-1.08) 1.09 (0.95-1.26)

Q, quartile; HR, hazard ratio; CI, confidence interval.

Table 4. Hazard ratios (HR) and 95% confidence intervals (CI) for continuous and quartiles of serum total bilirubin (STB)

and lung cancer risk, stratified by smoking status.

Overall Smokers Non-Smokers
N = 1875 N =82 N =102
Bilirubin levels
Mean (SD) 10.3 (4.6) 10.1 (8.4) 10.3 (3.6)
HR HR
HR 95%CI 95%CI 95%CI
N) N)
Continuous 0.94 0.93-0.95 1.00 0.96-1.04 0.92 0.87-0.97
Q1 1.00 1.00
<8 1.00 Ref (29) Ref (40) Ref
Q2 0.59 0.93
9-10 0.73 0.64-0.84 5 0.31-1.10 (14) 0.54-1.61
Q3 g 0.53 . 1.02 B
11-13 0.65 0.58-0.75 33 0.27-1.03 (15) 0.61-1.70
Q4 0.84 0.45
~14 0.50 0.44-0.59 15 0.44-1.60 (13) 0.24-0.86
p-trend 0.000 0.241 0.040

SD, standard deviation; HR, hazard ratio; CI, confidence interval; Q, quartile; N, number of patients in category.

3.2. Meta-Analysis

The initial search for papers on STB and cancer risk (any cancer) resulted in 45 articles.
Eighteen articles were found looking at site-specific cancers (Figure 3). After extracting
information from the full-text articles, eight studies looking at CRC, LC and BC risk, that
met our inclusion criteria, were included in our meta-analysis. A detailed overview of
these studies is given in Table 5.

The random effects analysis comparing CRC cancer risk and STB quartiles did not
show any significant associations, with a pooled effect relative risk (RR) of 0.69 (95%CI:
0.0.33-1.46). The 12 statistic detected substantial heterogeneity between studies (12 = 99.9%,
p = 0.000), which can also be observed in the corresponding forest plot (Figure 4A). On the
other hand, we observed a significant inverse association between STB and lung cancer
risk, where the pooled relative risk was 0.69 (95%CI: 0.55-0.86). The I2 statistic (12 = 93.4%;
p = 0.000) also suggested heterogeneity (Figure 4B). Lastly, the pooled relative risk for
breast cancer risk did not show a significant association with high STB levels (RR: 1.02;
95%CI: 0.77-1.35) with an 12 statistic of 65.6% (p = 0.055; Figure 4C).
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Figure 3. PRISMA diagram representing the review strategy.

Table 5. Overview of observational studies included in our meta-analysis.

Author, Study . Follow- A, Confounders/ .
Year Country Type Population Up Exposure Outcome Findings Adjustments Observations
Age, smoking,
627 BC, 554 alcohol, aspirin use, .
Kuhn, PC, 195 LC, Serum BC, PC, No significant PA, WC, BMI height, 150 looking
EPIC Cohort 14.8 e 1 CRC, LC A X at albumin
2017 256 CRC bilirubin : associations education level. S
risk and uric acid
cases BC +hormonal factors
CRC + diet
Decreased LC risk in
men (HR 0.47; 95%CI
LC, CRC, 0.27-0.82); no
Inoguchi, Japan Cohort 403 LC; 315 47 Serum BC, PC, significant association
2021 p CRC : bilirubin cervical for women.
risk Decreased CRC risk
(HR 0.42; 95%CI
0.21-0.86).
PLCO- 252 Serum
No snian
2016 ’ (PLCO, Control NCAS 12’0 15 b CRC risk associations in either Age, sex and smoking
- y alcohol
NCAS) 2) study
cases, 77 consump-
controls tion
Decreased CRC risk
(OR 0.94; 95%CI
0.90-0.99) Per mmol
Jiraskova Czech Case- 777 cases Serum Decreased CRC risk increase of
4 . and 986 NK PR CRC risk men (0.93; 95%CI Sex and age
2011 Republic Control bilirubin serum
controls 0.87-0.99) bilirubin
Decreased CRC risk u
women (0.92; 95%CI
0.85-1.00, p = 0.05)
Zucker, Serum Decreased CRC risk chler:;ge/iiL
2004 ’ USA Cohort 83 cases NK bilirubin CRC risk (OR 0.257; 95%CI bilirubin
0.254-0.260)

levels.
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Table 5. Cont.

A;::;)r, Country ?rt;;g’ Population Fo[l}l(;w- Exposure Outcome Findings i‘g;ﬁ‘;‘:;:z:’ Observations
Decreased LC risk in .
men (IRR 0.92; 95%ClL A]‘fﬁ;o?/gr’:sﬁitfehc Per 0.1
Horsfall, USA Cohort 1341 cases 8.3 .Se.run.l LC risk 0'89_0'95). . smoking status, . mg/ dL.
2011 bilirubin Decreased LC risk in . increase in
alcohol intake and 1
women (IRR 0.89; SES bilirubin
95%CI 0.86-0.93)
Age, gender, calendar Per 5
Horsfall Serum Decreased LC risk year, ethnicity, height, nmol/L
2020 4 UK Cohort 2002 cases NK bilirubin LC risk (IRR 0.85; 95%CI weight, recruitment increase in
0.80-0.92) centre and smoking bilirubin
status levels.
Chin Case- 153 cases Serum Decreased BC risk Age at menarche,
2001g, Australia Control 151 controis NK bilirubin BC risk (OR 0.50; 95%CI parity, dietary fat and
0.26-0.97) alcohol intake

BC, breast cancer; PC, prostate cancer; LC, lung cancer; CRC, colorectal cancer; PA, physical activity; WC, waist circumference; BMI, body
mass index; HR, hazard ratio; CI, confidence interval; OR, odds ratio; NK, not known; IRR, incidence rate ratio.

Study ID RR (95%C)
—&—Kuhn 2017 . 1.40(0.93, 2.09)
—&—Troche 2016 0.84(0.51-1.39)
—e—Jiraskova 2012 .os 0.94 (0.90-0.99)

0.42(0.21-0.86)
—8—Inoguchi 2021 — 8
—8—Zucker 2004 - 0.26(0.25-0.27)
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Figure 4. Heme Forest plot for the association between elevated serum total bilirubin (STB) and cancer risk for (A) Colorectal
cancer, (B) Lung cancer, and (C) Breast cancer.

4. Discussion

In our prospective study, we found no significant association between STB levels and
risk of overall cancer. When analyzing major cancer types, our cohort study found a strong
inverse association between STB and lung cancer risk that remained for the non-smoking
population in a sensitivity analysis. This association was supported by our meta-analysis.
An inverse association was also found between STB levels and risk of gynecological cancer.
In addition, a positive association was found with the risk of melanoma and breast cancer.
However, no association was found between STB and breast cancer risk in the meta-analysis.
No significant associations were found for other cancer types.

To our knowledge, this is the first observational study analyzing the association
between STB levels and overall cancer risk. It is also by far the largest prospective study
of STB and overall cancer risk with a long-term follow-up using high-quality Swedish
national registers. Results of prior studies looking at STB and the risk of site-specific cancer
types have been inconsistent. A large population-based study by Kuhn et al. found no
significant associations between serum bilirubin and risk of breast, prostate, CRC and lung
cancer [11]. However, large prospective studies have reported a strong inverse association
between STB and lung cancer risk [15,17,29]. This was in line with the present study, where
both our cohort study and the meta-analysis found an inverse association between STB
and lung cancer risk. Various population-based cohort studies have also linked raised
STB with lower rates of overall respiratory diseases, in addition to lung cancer, with the
strongest associations in cigarette smokers [11,17,29]. A large cohort study by Wen et al.
described that while smoking is a strong risk factor for lung cancer, the smoking-related
risk is particularly high among male smokers with low levels of bilirubin (55% increase
among those with bilirubin <0.75 mg/dL) [16]. Thus, serum bilirubin may be useful to
identify smokers at particularly high risk for lung cancer. However, the current study only
found a significant association in non-smokers. This may be explained by the high number
of missing data on smoking for cancer cases (>90%). Moreover, most well-established
risk factors for cancer (e.g., smoking, obesity, ionizing and ultraviolet radiation) are likely
associated with increased reactive oxygen species (ROS). An increase in ROS has been
linked to damage in DNA, thus promoting carcinogenesis. Since bilirubin is a strong
antioxidant, low STB levels may result in an impaired defense against oxidative stress-
induced damage [30]. Moreover, a recent study using machine learning to analyze a
non-linear relationship between STB and cancer reported an inverse association with lung
cancer risk [30]. In this study, subjects with high STB levels were thought to be those with
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Gilbert’s syndrome, where the frequency of phenotypic hyperbilirubinemia is estimated to
be up to 10% of the population [5]. This association was additionally supported by Horsfall
et al., who reported that genetically-raised serum bilirubin may protect people exposed to
high levels of smoke oxidants associated with lung cancer [15].

Furthermore, there is increasing evidence for the association between STB and CRC in-
cidence. However, results remain inconclusive. A recent prospective study by Zucker et al.,
using data from the Third National Health and Nutrition Examination Survey (NHANES),
found a positive association between bilirubin levels and risk of CRC cancer in men, and
an inverse association in women. In addition, the authors performed a Mendelian random-
ization analysis of the main UGT1A1 single-nucleotide polymorphism (SNP) associated
with Gilbert’s Syndrome. These analyses reported a positive association between high
bilirubin and CRC risk in men, while there was no association in women [1]. On the other
hand, four epidemiological studies found an inverse association between risk of CRC and
STB levels [3,12,14,30]. The results from the current study are in line with those from three
other observational studies, which found no significant association between STB and CRC
cancer [10,11,31]. The inconsistencies observed in these epidemiological studies are likely
to be caused by methodological differences, including study design and sample size. In
addition, CRC has been linked to liver failure and, therefore, hyperbilirubinemia due to
liver metastases [32]. Further studies looking into the association between STB and CRC
risk are required. Moreover, few epidemiological studies have investigated the association
between STB and other site-specific cancers. A case-control study looking at serum levels
of diet-derived micronutrients and antioxidants, and endogenous antioxidants, in relation
to breast cancer risk found a strong inverse association [33]. However, results from the
current study are in line with the previously mentioned cohort by Kuhn et al., where no
significant associations were found between high STB levels and breast cancer risk [11].
Further studies analyzing possible biological mechanisms behind these associations are
warranted. Lastly, a recent study looking at the melanoma cell line found that bilirubin
induced apoptotic pathways in cancer cells [34]. This was in line with our current findings.

The strengths of our cohort study include the cohort size with 19 years of follow-up
(on average) and reliable outcome data prospectively collected through linkages with
national registries. New cases of cancer were identified using the Swedish National Cancer
Register with a mandatory reporting of diagnosed cases. Furthermore, STB was measured
at the same clinical laboratory for all subjects using a consistently implemented and well-
documented methodology. One limitation of our cohort study was that the exposure
variables were measured only once (at baseline), so potential changes over time could not
be accounted for. Various confounding factors could not be included in our analysis due
to the low percentage of participants with measurements (i.e., diet, alcohol consumption,
physical activity). In addition to needing more data on smoking status, a more detailed
account of smoking characteristics (i.e., packs, years) would have been useful to perform
further stratified analyses in the association between STB and lung cancer risk, as the
current study only examined never vs. ever smokers (no data on smoking intensity). In
addition, measures on UCB were not included in the AMORIS cohort. Finally, given
the homogeneous ethnic background of our cohort population (mainly Caucasian; 85%
Swedish born), we were limited in our exploration of other ethnic groups. For the meta-
analysis, we made all possible efforts to include all relevant publications available to date
through PubMed, one of the main online databases. However, one major limitation was
the low number of studies fulfilling our inclusion criteria. In addition, there was high
heterogeneity between studies, which may have been due to differences in study design.
Future studies should further explore the association between STB and risk of cancer, in
particular risk of lung cancer, taking a better look into the role smoking status plays in
the association.
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5. Conclusions

Our findings suggest no association between STB levels and risk of overall cancer.
However, a consistent inverse association was found between high levels of STB and risk
of lung and gynecological cancer. In addition, a positive association was found with risk of
melanoma and breast cancer. The results from our meta-analysis supported the association
between STB levels and lung cancer, while no association was found with risk of CRC or
breast cancer. Additional studies analyzing the association between STB and site-specific
cancers are needed—including preclinical studies and those with detailed information
on smoking.

Author Contributions: Conceptualization, C.B., A.S. and M.V.H.; formal analysis, M.].M.-I. and
C.M.; data curation, A.S. and M.J.M.-L; writing—original draft preparation, M.J.M.-L,, CM., K.B.,
C.B. and AS,; writing—review and editing, M.J.M.-I,, CM., K.B.,, N.-H.,, GW.,C.B, M\VH. and AS,;
supervision, K.B.,, M.V.H. and A.S. All authors have read and agreed to the published version of
the manuscript.

Funding: The current study was supported by Cancer Research UK (Grant code: C45074/A26553).

Institutional Review Board Statement: This study complied with the Declaration of Helsinki and
was approved by the Ethics Review Board of the Karolinska Institute.

Informed Consent Statement: This study was approved by the ethics board of Karolinska Institutet
who waived the need for consent and conformed to the declaration of Helsinki.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to ethical reasons.

Acknowledgments: The authors are grateful to all sample and data donors who participated in the
AMORIS study.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

o1

10.

11.

12.

13.

Seyed Khoei, N.; Anton, G.; Peters, A.; Freisling, H.; Wagner, K.H. The Association between Serum Bilirubin Levels and Colorectal
Cancer Risk: Results from the Prospective Cooperative Health Research in the Region of Augsburg (KORA) Study in Germany:.
Antioxidants 2020, 9, 908. [CrossRef]

Keshavan, P.; Schwemberger, S.J.; Smith, D.L.; Babcock, G.F.; Zucker, S.D. Unconjugated bilirubin induces apoptosis in colon
cancer cells by triggering mitochondrial depolarization. Int. J. Cancer 2004, 112, 433-445. [CrossRef] [PubMed]

Zucker, S.D.; Goessling, W.; Hoppin, A.G. Unconjugated bilirubin exhibits spontaneous diffusion through model lipid bilayers
and native hepatocyte membranes. J. Biol. Chem. 1999, 274, 10852-10862. [CrossRef]

Seyed Khoei, N.; Jenab, M.; Murphy, N.; Banbury, B.L.; Carreras-Torres, R.; Viallon, V.; Kiihn, T.; Bueno-de-Mesquita, B.;
Aleksandrova, K.; Cross, A.].; et al. Circulating bilirubin levels and risk of colorectal cancer: Serological and Mendelian
randomization analyses. BMC Med. 2020, 18, 229. [CrossRef]

King, D.; Armstrong, M.]. Overview of Gilbert’s syndrome. Drug Ther Bull. 2019, 57, 27-31. [CrossRef]

Ohnaka, K.; Kono, S. Bilirubin, cardiovascular diseases and cancer: Epidemiological perspectives. Expert Rev. Endocrinol. Metab.
2010, 5, 891-904. [CrossRef]

Wagner, K.-H.; Wallner, M.; Moelzer, C.; Gazzin, S.; Bulmer, A.C.; Tiribelli, C.; Vitek, L. Looking to the horizon: The role of
bilirubin in the development and prevention of age-related chronic diseases. Clin. Sci. (Lond.) 2015, 129, 1-25. [CrossRef]
Stocker, R.; Yamamoto, Y.; McDonagh, A.F,; Glazer, A.N.; Ames, B.N. Bilirubin is an antioxidant of possible physiological
importance. Science 1987, 235, 1043-1046. [CrossRef]

Wu, TW.; Wu, J; Li, RK; Mickle, D.; Carey, D. Albumin-bound bilirubins protect human ventricular myocytes against oxyradical
damage. Biochem. Cell Biol. 1991, 69, 683-688. [CrossRef]

Ioannou, G.N.; Liou, I.W.; Weiss, N.S. Serum bilirubin and colorectal cancer risk: A population-based cohort study. Aliment.
Pharmacol. Ther. 2006, 23, 1637-1642. [CrossRef]

Kiihn, T.; Sookthai, D.; Graf, M.E.; Schiibel, R.; Freisling, H.; Johnson, T.; Katzke, V.; Kaaks, R. Albumin, bilirubin, uric acid and
cancer risk: Results from a prospective population-based study. Br. J. Cancer 2017, 117, 1572-1579. [CrossRef]

Zucker, S.D.; Horn, P.S.; Sherman, K.E. Serum bilirubin levels in the U.S. population: Gender effect and inverse correlation with
colorectal cancer. Hepatology 2004, 40, 827-835. [CrossRef]

Zucker, S.D.; Benedict, M.; Sherman, K.E. Serum bilirubin and risk of colorectal cancer. Aliment. Pharmacol Ther. 2006, 24,
1257-1259. [CrossRef] [PubMed]


http://doi.org/10.3390/antiox9100908
http://doi.org/10.1002/ijc.20418
http://www.ncbi.nlm.nih.gov/pubmed/15382069
http://doi.org/10.1074/jbc.274.16.10852
http://doi.org/10.1186/s12916-020-01703-w
http://doi.org/10.1136/dtb.2018.000028
http://doi.org/10.1586/eem.10.65
http://doi.org/10.1042/CS20140566
http://doi.org/10.1126/science.3029864
http://doi.org/10.1139/o91-102
http://doi.org/10.1111/j.1365-2036.2006.02939.x
http://doi.org/10.1038/bjc.2017.313
http://doi.org/10.1002/hep.1840400412
http://doi.org/10.1111/j.1365-2036.2006.03094.x
http://www.ncbi.nlm.nih.gov/pubmed/17014585

Cancers 2021, 13, 5540 13 of 13

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Jiraskova, A.; Novotny, J.; Novotny, L.; Vodicka, P.; Pardini, B.; Naccarati, A.; Schwertner, H.A.; Hubacek, J.A.; Puncocharova, L.;
émerhovsk}'f, Z.; et al. Association of serum bilirubin and promoter variations in HMOX1 and UGT1A1 genes with sporadic
colorectal cancer. Int. . Cancer 2012, 131, 1549-1555. [CrossRef]

Horsfall, L.J.; Burgess, S.; Hall, I.; Nazareth, I. Genetically raised serum bilirubin levels and lung cancer: A cohort study and
Mendelian randomisation using UK Biobank. Thorax 2020, 75, 955-964. [CrossRef]

Wen, C.-P; Zhang, F; Liang, D.; Wen, C.; Gu, J.; Skinner, H.D.; Chow, W.-H.; Ye, Y.; Pu, X.; Hildebrandt, M.A.; et al. The ability of
bilirubin in identifying smokers with higher risk of lung cancer: A large cohort study in conjunction with global metabolomic
profiling. Clin. Cancer Res. 2015, 21, 193-200. [CrossRef]

Lim, J.E.; Kimm, H.; Jee, S.H. Combined effects of smoking and bilirubin levels on the risk of lung cancer in Korea: The severance
cohort study. PLoS ONE 2014, 9, e103972. [CrossRef] [PubMed]

Temme, E.H.; Zhang, J.; Schouten, E.G.; Kesteloot, H. Serum bilirubin and 10-year mortality risk in a Belgian population. Cancer
Causes Control. 2001, 12, 887-894. [CrossRef] [PubMed]

Fischer, K.; Kettunen, ].; Wiirtz, P; Haller, T.; Havulinna, A.S.; Kangas, A.].; Soininen, P.; Esko, T.; Tammesoo, M.L.; Mégi, R.; et al.
Biomarker profiling by nuclear magnetic resonance spectroscopy for the prediction of all-cause mortality: An observational study
of 17,345 persons. PLoS Med. 2014, 11, e1001606. [CrossRef] [PubMed]

Klonoff-Cohen, H.; Barrett-Connor, E.L.; Edelstein, S.L. Albumin levels as a predictor of mortality in the healthy elderly. J. Clin.
Epidemiol. 1992, 45, 207-212. [CrossRef]

Phillips, A.; Shaper, A.G.; Whincup, P.H. Association between serum albumin and mortality from cardiovascular disease, cancer,
and other causes. Lancet 1989, 2, 1434-1436. [CrossRef]

Sollie, S.; Michaud, D.S.; Sarker, D.; Karagiannis, S.N.; Josephs, D.H.; Hammar, N.; Santaolalla, A.; Walldius, G.; Garmo, H.;
Holmberg, L.; et al. Chronic inflammation markers are associated with risk of pancreatic cancer in the Swedish AMORIS cohort
study. BMC Cancer 2019, 19, 858. [CrossRef]

Yan, S.; Zhang, P.; Xu, W,; Liu, Y.; Wang, B.; Jiang, T.; Hua, C.; Wang, X.; Xu, D.; Sun, B. Serum Uric Acid Increases Risk of Cancer
Incidence and Mortality: A Systematic Review and Meta-Analysis. Mediat. Inflamm. 2015, 2015, 764250. [CrossRef] [PubMed]
Strasak, A.M.; Rapp, K.; Hilbe, W.; Oberaigner, W.; Ruttmann, E.; Concin, H.; Diem, G.; Pfeiffer, K.P.,; Ulmer, H. The role of serum
uric acid as an antioxidant protecting against cancer: Prospective study in more than 28 000 older Austrian women. Ann. Oncol.
2007, 18, 1893-1897. [CrossRef]

Kolonel, L.N.; Yoshizawa, C.; Nomura, A.M.; Stemmermann, G.N. Relationship of serum uric acid to cancer occurrence in a
prospective male cohort. Cancer Epidemiol. Biomark. Prev. 1994, 3, 225-228.

Van Hemelrijck, M.; Garmo, H.; Binda, E.; Hayday, A.; Karagiannis, S.N.; Hammar, N.; Walldius, G.; Lambe, M.; Jungner, I;
Holmberg, L. Immunoglobulin E and cancer: A meta-analysis and a large Swedish cohort study. Cancer Causes Control. 2010, 21,
1657-1667. [CrossRef]

Holme, I; Aastveit, A.H.; Jungner, I.; Walldius, G. Relationships between lipoprotein components and risk of myocardial
infarction: Age, gender and short versus longer follow-up periods in the Apolipoprotein MOrtality RISk study (AMORIS). |.
Intern. Med. 2008, 264, 30-38. [CrossRef]

Walldius, G.; Jungner, I.; Holme, I.; Aastveit, A.H.; Kolar, W.; Steiner, E. High apolipoprotein B, low apolipoprotein A-I, and
improvement in the prediction of fatal myocardial infarction (AMORIS study): A prospective study. Lancet 2001, 358, 2026-2033.
[CrossRef]

Horsfall, L.]J.; Rait, G.; Walters, K.; Swallow, D.M.; Pereira, S.P.; Nazareth, I.; Petersen, I. Serum bilirubin and risk of respiratory
disease and death. JAMA 2011, 305, 691-697. [CrossRef]

Inoguchi, T.; Nohara, Y.; Nojiri, C.; Nakashima, N. Association of serum bilirubin levels with risk of cancer development and
total death. Sci. Rep. 2021, 11, 13224. [CrossRef]

Troche, ].R.; Mayne, S.T.; Freedman, N.D.; Shebl, EM.; Guertin, K.A.; Cross, A.]J.; Abnet, C.C. Alcohol Consumption-Related
Metabolites in Relation to Colorectal Cancer and Adenoma: Two Case-Control Studies Using Serum Biomarkers. PLoS ONE 2016,
11, e0150962. [CrossRef]

Walia, T.; Quevedo, J.F; Hobday, T.J.; Croghan, G.; Jatoi, A. Colorectal cancer patients with liver metastases and severe
hyperbilirubinemia: A consecutive series that explores the benefits and risks of chemotherapy. Ther. Clin. Risk Manag. 2008, 4,
1363-1366.

Ching, S.; Ingram, D.; Hahnel, R.; Beilby, J.; Rossi, E. Serum levels of micronutrients, antioxidants and total antioxidant status
predict risk of breast cancer in a case control study. J. Nutr. 2002, 132, 303-306. [CrossRef]

Saffari-Chaleshtori, J.; Heidarian, E.; Shafiee, S.M. Apoptotic Effects of Bilirubin on Skin Cancer Cell Lines SK-MEL-3 (Melanoma)
and A431 (Non-Melanoma). Anticancer Agents Med. Chem. 2021, 21, 1871-1882. [CrossRef]


http://doi.org/10.1002/ijc.27412
http://doi.org/10.1136/thoraxjnl-2020-214756
http://doi.org/10.1158/1078-0432.CCR-14-0748
http://doi.org/10.1371/journal.pone.0103972
http://www.ncbi.nlm.nih.gov/pubmed/25100210
http://doi.org/10.1023/A:1013794407325
http://www.ncbi.nlm.nih.gov/pubmed/11808707
http://doi.org/10.1371/journal.pmed.1001606
http://www.ncbi.nlm.nih.gov/pubmed/24586121
http://doi.org/10.1016/0895-4356(92)90080-7
http://doi.org/10.1016/S0140-6736(89)92042-4
http://doi.org/10.1186/s12885-019-6082-6
http://doi.org/10.1155/2015/764250
http://www.ncbi.nlm.nih.gov/pubmed/26504361
http://doi.org/10.1093/annonc/mdm338
http://doi.org/10.1007/s10552-010-9594-6
http://doi.org/10.1111/j.1365-2796.2008.01925.x
http://doi.org/10.1016/S0140-6736(01)07098-2
http://doi.org/10.1001/jama.2011.124
http://doi.org/10.1038/s41598-021-92442-2
http://doi.org/10.1371/journal.pone.0150962
http://doi.org/10.1093/jn/132.2.303
http://doi.org/10.2174/1871520621999201208201134

	Introduction 
	Materials and Methods 
	AMORIS Cohort 
	Study Population and Data Collection 
	Data Analysis 

	Systematic Review and Meta-Analysis 
	Literature Search Strategy 
	Meta-Analysis Statistical Techniques 


	Result 
	AMORIS Cohort 
	Meta-Analysis 

	Discussion 
	Conclusions 
	References

