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Subgroup No. of participants No. of hypertension HR (95% ClI) P-value*
cases
Age at survey (years)
<50 2,775 642 — 0.90 (0.83,0.97) .089
=50 1,197 558 1.00(0.91, 1.09)
Sex
Males 1,784 600 — 0.94 (0.87,1.02) .814
Females 2,188 600 —a 0.93(0.85, 1.02)
Smoking status
Non-smokers 1,266 343 —a— 0.91 (0.82, 1.02) .603
Current and former smokers 2,706 857 — 0.95 (0.88, 1.02)
Alcohol consumption
Non-alcohol consumers 859 299 —a— 0.98 (0.87, 1.11) .394
Alcohol consumers 3,113 901 —- 0.92 (0.86, 0.99)
Parental history of hypertension
No 2,790 824 —iH 0.94 (0.87,1.01) .820
Yes 1,182 376 — 0.93(0.83, 1.03)
Fasting glucose (mmol/l)
<4.7 2,254 552 —- 0.96 (0.88, 1.05) 449
247 1,718 648 — 0.92 (0.85, 1.00)
Body mass index (kg/m?)
<2454 1,986 451 — 0.92 (0.84, 1.02) .944
>24.54 1,986 749 —H 0.93 (0.86, 1.00)
Systolic blood pressure (mmHg)
<119 2,015 302 —— 0.95 (0.84, 1.07) .995
>119 1,957 898 - 0.95 (0.89, 1.02)
Total cholesterol (mmol/l)
<5.40 1,990 446 — 0.91 (0.83, 1.01) .584
>5.40 1,982 754 — 0.94 (0.87,1.02)
Estimated GFR (ml/min/1.73 m?)
<92.78 1,986 705 —H 0.93(0.86, 1.01) 922
29278 1,986 495 — 0.94 (0.86, 1.03)
C-reactive protein (mg/l)
<0.96 1,989 493 —r 0.93(0.85, 1.02) 752
>0.96 1,983 707 — 0.95 (0.87, 1.03)
Gamma-glutamyltransferase (U/L)
<21 2,013 461 — 0.94 (0.86, 1.04) .817
221 1,959 739 —H 0.93(0.86, 1.00)
UAE (mg/24 hours)
<30 3,681 1,070 - 0.95 (0.89, 1.02) .075
=30 291 130 —— 0.80 (0.67, 0.96)
I I I
5 .75 1 15
HR (95% CI) per 1SD higher log, total bilirubin levels

Figure 2. Hazard ratios for total bilirubin and hypertension risk by several participant level characteristics. Ratios were adjusted for age, sex,
smoking status, history of diabetes mellitus, systolic blood pressure, total cholesterol, body mass index, parental history of hypertension,
alcohol consumption, and estimated glomerular filtration rate (GFR; as calculated using the Chronic Kidney Disease Epidemiology Collaboration
combined creatinine-cystatin C equation); Cl indicates confidence interval (bars); HR, hazard ratio; UAE, urine albumin excretion. *P value for
interaction; cutoffs used for fasting glucose, body mass index, systolic blood pressure, total cholesterol, estimated GFR, and C-reactive protein

are median values.

Potential Explanations for Findings

Bilirubin, iron, and carbon monoxide (CO) constitute the 3
metabolites of heme degradation by heme oxygenase (HO).
These degradation products of the HO reaction have been
suggested to regulate important functions in cells.*
Bilirubin has been suggested to contribute to reduced
CVD risk mainly through its antioxidant actions®® and anti-
inflammatory effects.* Like CVD, oxidative stress mecha-
nisms are involved in the pathophysiology of hyperten-
sion.*®*" Vascular reactive oxygen species, which are
generated during oxidative reactions, are known to be

important contributors to the development of hyperten-
sion,*? because they cause impairment of mechanisms that
modulate arterial blood pressure.**** Increased production
of reactive oxygen species in the renal medulla is primarily
responsible for angiotensin-ll-dependent hypertension.*®
Given this, it has been postulated that the protective effect
of bilirubin on elevated blood pressure may be through its
potent antioxidant effects.*® It has been suggested that the
primary role of bilirubin in the whole process is its
inhibition of nicotinamide adenine dinucleotide phosphate
oxidase, which is the main enzyme responsible for the
generation of vascular reactive oxygen species.*”**¢ Bilirubin
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also inhibits protein kinase C activity*’ and scavenges the
superoxide anions in vascular cells, which inhibits the
pressor actions of angiotensin II.'® In addition to its
antioxidant effects, bilirubin exhibits anti-inflammatory
effects through its anticomplement actions.’® Given that
inflammation has been implicated in the development of
hypertension, circulating bilirubin might be involved in the
modulation of blood pressure through its anti-inflammatory
effects.”’ Finally, low serum bilirubin levels have been
shown to be associated with impaired flow-mediated
vasodilation,52 a measure of endothelial dysfunction; which
has been shown to precede the development of hyperten-
sion.>® There is also a possibility that the blood-pressure—
lowering effect of bilirubin could be partly attributed to CO,
mostly known as a toxic gas if the exposure is high.
Though the function of CO has not been clearly elucidated;
in low concentrations, CO has antiapoptotic properties as
well as vascular protective and anti-inflammatory proper-
ties,>*°° which may contribute to blood pressure regulation.
The effects of CO include vasodilation, inhibition of vascular
smooth muscle cells proliferation, and induction of angio-
genesis.’®®” Accumulating evidence suggests that the HO
pathway, through the production of CO and bilirubin, may
be responsible for regulating vascular function as well as
blood pressure.®® Findings from the current study do not
provide strong evidence for a causal association between
circulating total bilirubin and hypertension. This suggests
that the inverse associations demonstrated in the current
and previous observational studies may be driven by
biases such as unmeasured confounding and/or reverse
causation.

Implications of Findings

Irrespective of the weak protective effective of total bilirubin on
future hypertension risk and lack of evidence of a strong causal
role, its potential role in the prevention and control of
hypertension as well as CVD has been the subject of
considerable debate.'*'®2% Proven interventions that induce
increase in safe levels of circulating bilirubin leading to clinically
relevant decreases in blood pressure are currently unavailable.
Lifestyle interventions (such as smoking cessation, weight loss,
and physical activity)®®*° and pharmacological agents (HO-1
inducers such as statins, aspirin, resveratrol, and niacin and
drugs that inhibit hepatic uptake)®®®' may cause safe eleva-
tions in circulating levels of bilirubin, but there is limited
evidence on their potential effects on blood pressure. These
pharmacological agents cause mild-to-moderate elevations in
circulating levels of bilirubin and have been proposed as future
tools for CVD prevention and treatment.°? It has been
suggested that the HO-1 pathway may represent a novel
therapeutic target for the prevention of CVD.*’ The

measurement of circulating total bilirubin involves a routinely
available blood test, which is simple, cheap, and well standard-
ized; therefore, it would be of immense clinical benéefit if bilirubin
is demonstrated to have a role in preventing hypertension as
well as CVD. However, further research is needed and caution is
required given that markedly elevated levels of bilirubin levels
may exert toxic effects*®® and cause an increase in the risk of
CVD®*®® and mortality.®¢

Strengths and Limitations

The strengths of the current study include the large,
population-based cohort, which was representative of the
general population; exclusion of hypertensive individuals at
baseline as well as those with pre-existing diseases, such as
CVD, renal disease, or malignancy, which minimized any
possibilities of reverse-causation bias; comprehensive data on
lifestyle and biochemical factors, which allowed control for
potential confounders; comprehensive analysis, such as
evaluating the shape of the association and effect modifica-
tion by clinically relevant characteristics; and robustness of
the findings in several sensitivity analyses. Furthermore, we
have utilized an MR approach using summarized large-scale
published data to assess the associations of a specific genetic
variant for circulating bilirubin with blood pressure. A number
of limitations should also be considered when interpreting
these results. First, because our data were observational,
residual confounding attributed to errors in risk marker
measurements and unmeasured confounders remains an
alternative explanation. Second, absence of repeat measure-
ments of total bilirubin precluded the ability to correct for
within-person variability in plasma total bilirubin levels and
this could have underestimated the associations, as a result
of regression dilution given the long-term follow-up of the
cohort.®”-°® Circulating bilirubin has been shown to exhibit
high within-person variability,®” hence the associations
demonstrated may even be stronger. Larger-scale prospective
studies with repeat measurements of circulating total bilirubin
are needed to reliably assess the magnitude of the associ-
ations. Third, measurements of total bilirubin in the PREVEND
study involved prolonged plasma storage, which could have
contributed to the modest effect of total bilirubin on
hypertension risk. Fourth, we assessed bilirubin concentra-
tions in the fasting state, when the levels are highest. Because
we had no data on nonfasting bilirubin concentrations, we
were unable to investigate its concentrations in the nonfasting
state and how these concentrations affect hypertension. Fifth,
the current analysis involved principally white-European
participants, which hampers the generalization of our findings.
Finally, our MR approach was based on published publicly
available data, which precluded the ability to fully assess
instrumental variable assumptions. Given the unavailability of
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interventions that specifically influence levels of bilirubin
alone’® and can be safely administered to large numbers of
subjects for a prolonged period, causal inferences using
randomized trials of interventions that modify bilirubin levels
are not feasible in the short term. Further MR studies using
large-scale, individual-level data may help to establish or rule
out causality.

Conclusions

The weak and inverse association of circulating total bilirubin
with future hypertension risk may be driven by biases such as
unmeasured confounding and/or reverse causation. However,
given the limitations of the present study, further evaluation is
needed to rule out any causal association and assess any
potential relevance of circulating total bilirubin in the preven-
tion of hypertension.
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Title and abstract 1 (a) Indicate the study’s design with a commonly used term in the title or the abstract Page 1

(b) Provide in the abstract an informative and balanced summary of what was done and what was found Page 2
Introduction
Background/rationale 2 Explain the scientific background and rationale for the investigation being reported Page 3
Objectives 3 State specific objectives, including any prespecified hypotheses Page 3-4
Methods
Study design 4 Present key elements of study design early in the paper Study population
Setting 5 Describe the setting, locations, and relevant dates, including periods of recruitment, exposure, follow-up, and data collection Study population
Participants 6 (a) Give the eligibility criteria, and the sources and methods of selection of participants. Describe methods of follow-up Study population

(b) For matched studies, give matching criteria and number of exposed and unexposed Not applicable
Variables 7 Clearly define all outcomes, exposures, predictors, potential confounders, and effect modifiers. Give diagnostic criteria, if applicable Risk Factor Assessment
Data sources/ 8* For each variable of interest, give sources of data and details of methods of assessment (measurement). Describe comparability of Risk Factor Assessment
measurement assessment methods if there is more than one group
Bias 9 Describe any efforts to address potential sources of bias Statistical Methods
Study size 10 Explain how the study size was arrived at Statistical Methods
Quantitative variables 11 Explain how quantitative variables were handled in the analyses. If applicable, describe which groupings were chosen and why Statistical Methods
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Statistical methods 12 (a) Describe all statistical methods, including those used to control for confounding Statistical Methods
(b) Describe any methods used to examine subgroups and interactions Statistical Analyses
(c) Explain how missing data were addressed Not applicable
(d) If applicable, explain how loss to follow-up was addressed Not applicable
(e) Describe any sensitivity analyses Statistical Methods
Results
Participants 13* (a) Report numbers of individuals at each stage of study—eg numbers potentially eligible, examined for eligibility, confirmed eligible, Study population
included in the study, completing follow-up, and analysed
(b) Give reasons for non-participation at each stage Study population
(c) Consider use of a flow diagram
Descriptive data 14%* (a) Give characteristics of study participants (eg demographic, clinical, social) and information on exposures and potential confounders Results; Tables 1 and 2
(b) Indicate number of participants with missing data for each variable of interest
(c) Summarise follow-up time (eg, average and total amount) Results
Outcome data 15* Report numbers of outcome events or summary measures over time Results
Main results 16 (a) Give unadjusted estimates and, if applicable, confounder-adjusted estimates and their precision (eg, 95% confidence interval). Make Results; Table 3
clear which confounders were adjusted for and why they were included
(b) Report category boundaries when continuous variables were categorized Results; Table 3
(c) If relevant, consider translating estimates of relative risk into absolute risk for a meaningful time period
Other analyses 17 Report other analyses done—eg analyses of subgroups and interactions, and sensitivity analyses Results; Figure 2;
Tables S2 and S3
Discussion
Key results 18 Summarise key results with reference to study objectives Discussion - Summary

of main findings
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Limitations

Interpretation 20 Give a cautious overall interpretation of results considering objectives, limitations, multiplicity of analyses, results from similar studies, Discussion
and other relevant evidence

Generalisability 21 Discuss the generalisability (external validity) of the study results Discussion

Other information

Funding 22 Give the source of funding and the role of the funders for the present study and, if applicable, for the original study on which the present Page 16

article is based
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Table S2. Association of baseline total bilirubin levels with incident hypertension in several sensitivity analyses.

Events/ Model 1 Model 2 Model 3 Model 4
Total
HR (95% Cl) P-value HR (95% Cl) P-value HR (95% Cl) P-value HR (95% CI) P-value

Exclusion of first 2 years of 1,112 /3,895 0.86 (0.81 t0 0.91) <0.001 0.93 (0.87 to 0.99) 0.030 0.93 (0.87 to 0.040 0.94 (0.88 to 1.00) 0.061
follow-up 0.99)

Exclusion of people with 1,196 / 3,970 0.87 (0.82t0 0.92) <0.001 0.94 (0.88 to 0.99) 0.037 0.94 (0.88 to 0.040 0.94 (0.88 to 1.00) 0.066
diabetes at baseline 0.99)

Exclusion of people on 1,163/ 3,892 0.86 (0.81t0 0.91) <0.001 0.93 (0.87 to 0.99) 0.018 0.92 (0.87 to 0.017 0.93 (0.87 t0 0.99) 0.032
cholesterol lowering 0.99)

medication

Exclusion of people with 1,205/ 3,985 0.86 (0.81 to0 0.92) <0.001 0.93 (0.88 to 0.99) 0.032 0.94 (0.88 to 0.037 0.94 (0.88 to 1.00) 0.063
potential Gilbert’s disease 0.99)

Cl, confidence interval; HR, hazard ratio; Q, quartile; SD, standard deviation; HRs are estimated per 1 SD increase in log. total bilirubin

Model 1: Age and sex

Model 2: Model 1 plus smoking status, history of diabetes, systolic blood pressure, total cholesterol, body mass index, parental history of hypertension, alcohol consumption,

and estimated glomerular filtration rate (as calculated using the Chronic Kidney Disease Epidemiology Collaboration combined creatinine-cystatin C equation)

Model 3: Model 2 plus loge urinary albumin excretion and loge homeostasis model assessment of insulin resistance

Model 4: Model 3 plus loge high-sensitivity C-reactive protein
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Table S3. Association of baseline total bilirubin levels with incident hypertension using complex survey analyses.

Serum total bilirubin Events/ Model 1 Model 2 Model 3 Model 4
level (umol/I1)

Total

HR (95% CI) P-value HR (95% CI) P-value HR (95% ClI) P-value HR (95% CI) P-value

Per 1 SD increase 1,206 / 3,989 0.84 (0.79 to <0.001 0.90 (0.84 to 0.004 0.90 (0.84 t0 0.97) 0.005 0.91 (0.84 t0 0.97) 0.007
Q1 (0.95-5) 367 /1,134 ref ref ref ref
Q2 (6-7) 381/1,184 0.90 (0.78 to 0.186 0.97 (0.82 to 0.705 0.95 (0.81 to 1.13) 0.581 0.96 (0.81 to 1.13) 0.609
Q3 (8-9) 243 /826 0.82 (0.69 to 0.018 0.94 (0.78 to 0.479 0.94 (0.79 to 1.13) 0.522 0.95 (0.79 to 1.14) 0.558
Q4 (2 10) 215/ 845 0.62 (0.52 to <0.001 0.75(0.62 to 0.003 0.75(0.61 t0 0.91) 0.004 0.75(0.62 to 0.92) 0.005

Cl, confidence interval; HR, hazard ratio; Q, quartile; SD, standard deviation

Model 1: Age and sex

Model 2: Model 1 plus smoking status, history of diabetes, systolic blood pressure, total cholesterol, body mass index, parental history of hypertension, alcohol consumption,
and estimated glomerular filtration rate (as calculated using the Chronic Kidney Disease Epidemiology Collaboration combined creatinine-cystatin C equation)

Model 3: Model 2 plus loge urinary albumin excretion and loge homeostasis model assessment of insulin resistance

Model 4: Model 3 plus loge high-sensitivity C-reactive protein
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Figure S1. Frequency distribution of plasma total bilirubin in the study sample.
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Figure S2. Hazard ratios for incident hypertension using multivariate-adjusted fractional polynomials.
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A, Hazard ratios were adjusted for age and sex; B, adjustment in A plus smoking status, history of diabetes, systolic
blood pressure, total cholesterol, body mass index, parental history of hypertension, alcohol consumption, and
estimated glomerular filtration rate (as calculated using the Chronic Kidney Disease Epidemiology Collaboration
combined creatinine-cystatin C equation)
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