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Abstract 

Background:  Mildly elevated bilirubin, a by-product of hemoglobin breakdown, might mitigate cardiometabolic risk 
factors including adiposity, dyslipidemia, and high blood pressure (BP). We investigated the cross-sectional relation‑
ship between (total) bilirubin and baseline cardiometabolic risk factors in 467,519 UK Biobank study participants.

Methods:  We used multivariable-adjusted linear regression to estimate associations between bilirubin levels and risk 
factors of cardiometabolic diseases including body mass index (BMI), waist and hip circumferences (WC, HC), waist-to-
hip ratio (WHR), fat mass (FM), and trunk FM, and the blood lipids: apolipoprotein A-I (apoA-I), apolipoprotein B (apoB), 
apoB/apoA-I, lipoprotein (a), total cholesterol (TC), low-density lipoprotein cholesterol (LDL-C), high-density lipopro‑
tein cholesterol (HDL-C), LDL/HDL, TC/HDL, triglycerides (TG). Log-transformed bilirubin was modelled with restricted 
cubic splines and predicted mean values with 99% confidence intervals (CI) for each risk marker were estimated, sepa‑
rately. Second, we applied principal component analysis (PCA) for dimension reduction to in turn six anthropometric 
traits (height, weight, BMI, WC, HC, and WHR) and all above lipids. Last, we estimated associations (99%CI) between 
bilirubin and three components of the metabolic syndrome, i.e. WC, TG, and BP using logistic regression.

Results:  After multivariable adjustments, higher levels of bilirubin were inversely associated with indicators of gen‑
eral adiposity (BMI and FM) and of body fat distribution (WC, HC, WHR, and trunk FM) in both men and women. For 
example, women with mildly elevated bilirubin (95th percentile equal to 15.0 µmol/L), compared to women with low 
bilirubin (5th percentile equal to 4.5 µmol/L), had on average a 2.0 kg/m2 (99% CI 1.9–2.1) lower BMI. Inverse associa‑
tions were also observed with dyslipidemia among men and women. For example, mildly elevated bilirubin among 
men (95th percentile equal to 19.4 µmol/L) compared to low levels of bilirubin (5th percentile equal to 5.5 µmol/L) 
were associated with approx. 0.55 mmol/L (99% CI 0.53–0.56) lower TG levels, with similar inverse associations among 
women. Multiple-trait analyses using PCA confirmed single-trait analyses. Men and women with mildly elevated bili‑
rubin levels ≥ 17.1 µmol/L, compared to low-normal bilirubin < 10 µmol/L had 13% (99% CI 8%–18%) and 11% (99% CI 
4%–17%) lower odds of exceeding systolic BP levels of ≥ 130 mm Hg, respectively.

Conclusions:  Higher levels of bilirubin were inversely associated with cardiometabolic risk factors including adipos‑
ity, dyslipidemia, and hypertension.
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Introduction
Excess body fatness, hyperlipidemia, and high blood 
pressure (BP) are among the top seven global risk fac-
tors for early death and disability [1], and these three are 
among the key risk factors for cardiometabolic diseases 
including type 2 diabetes mellitus (DM) and cardiovascu-
lar diseases (CVD) [2, 3]. In contrast, bilirubin, the final 
product of heme metabolism in the body, is emerging as 
a cardiometabolic protective agent with preventive and 
clinical potential [4, 5].

Circulating bilirubin concentrations are primar-
ily derived from hemoglobin of aged or damaged red 
blood cells and transported to the liver bound to albu-
min. Serum bilirubin levels are controlled by three 
enzymes: heme oxygenase (HMOX), biliverdin reduc-
tase, and uridine diphosphate glucuronosyltransferase 
1A1 (UGT1A1). Within the hepatocytes, UGT1A1 is the 
only enzyme that contributes to bilirubin glucuronida-
tion, which is essential for the biliary excretion of biliru-
bin. In humans, there is a benign condition of inheritable 
hyperbilirubinemia (total bilirubin levels ≥ 17.1  μmol/L) 
caused by deficiencies of UGT1A1, called Gilbert’s syn-
drome (GS), affecting 5–10% of Caucasians [4].

In an experimental model, mice with hyperbili-
rubinemia in Gilbert’s  mutation  UGT1A1*28 were 
resistant against high fat diet-induced adiposity, hyperin-
sulinemia, and hepatic steatosis [6]. Furthermore, clinical 
and population based studies suggest that bilirubin plays 
a role in the pathogenesis of cardiometabolic disorders, 
including obesity [7–10], which is correlated with sys-
temic inflammation, and accompanied by a pro-oxidative 
status [11, 12]. Previous research also showed that circu-
lating bilirubin concentrations were negatively correlated 
with body mass index (BMI), hip circumference (HC), fat 
mass (FM) [8, 13, 14], and components of the metabolic 
syndrome (MetS) including abdominal obesity  [15–18], 
triglyceride (TG) levels [19], or BP [20]. However, pre-
vious population studies were carried out in specific 
population groups (e.g. in individuals with GS or in indi-
viduals with overweight and obesity), were relatively 
small (the biggest study to date on this topic included 
12,342 participants) limiting the possibility to investigate 
population sub-groups, and had inconsistent confounder 
adjustment.

We therefore investigated associations of serum biliru-
bin concentrations with anthropometric indicators and 
serum concentrations of blood lipids in the UK Biobank 
(UKB) with more than 500,000 participants. We selected 
established and emerging anthropometric and blood lipid 

risk factors for cardiometabolic diseases as outcomes 
[21, 22]. These included markers of body fatness (BMI 
and FM) and body fat distribution (WC, HC, WHR, and 
trunk FM) as well as dyslipidemia (e.g.,  TG). We also 
derived phenotypes of body shape and blood lipid pro-
file and related those to bilirubin concentrations. Lastly, 
we assessed the odds of having a high waist circumfer-
ence (WC), elevated TG levels, or high BP as defined 
by the respective criteria of the MetS (WC > 102  cm 
in men and > 88  cm in women, TG ≥ 1.7  mmol/L, and 
BP ≥ 130/85  mm Hg) for clinically defined categories of 
bilirubin concentrations (low-normal < 10, high-normal 
10–17, mildly elevated ≥ 17.1 μmol/L).

Methods
Study population
The UKB is a prospective community-based cohort study 
consisting of over 500,000 participants  (54% women) 
aged 40–69 years, who were recruited between 2006 and 
2010 from 22 assessment centers across the UK (England, 
Wales, and Scotland) with a response rate of 5% [23]. In 
the present analysis, we report on cross-sectional data 
at baseline. This research has been conducted using the 
UKB Resource under application number 55870.

The UKB has approval from the North West Multi-
Center Research Ethics Committee, the National Infor-
mation Governance Board for Health and Social Care in 
England and Wales, and the Community Health Index 
Advisory Group in Scotland. In addition, an independ-
ent Ethics and Governance Council was formed in 2004 
to oversee UKB’s continuous adherence to the Ethics and 
Governance Framework that was developed for the study 
(http://​www.​ukbio​bank.​ac.​uk/​ethics/). All participants 
provided written informed consent.

Baseline characteristics, anthropometric traits, and body 
composition
At the baseline assessment, participants reported soci-
odemographic information, lifestyle habits, and health 
and medical history factors through touchscreen self- 
reported questionnaires and nurse-led interviews [24].

Baseline blood samples were collected for measure-
ment of serum biomarkers. Trained research staff meas-
ured standing height using the Seca 202 device and body 
weight using the Tanita BC-418MA [25]. BMI was calcu-
lated as weight (in kilograms) divided by square of height 
(in meters). WHR was derived by dividing WC (in cen-
timeters, measured by a Wessex non-stretchable sprung 
tape at the level of the umbilicus) by HC (in centimeters, 
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using the same device). Bioelectrical impedance analysis 
(BIA) was performed using the Tanita BC-418MA Seg-
mental Body Composition Analyzer (Tanita Corpora-
tion), which is a single‐frequency (50 kHz) BIA monitor 
that uses eight polar electrodes and a single‐point load 
cell weighing system in the scale platform. Measurements 
were performed on participants in light clothing (after 
removing of shoes, socks, outer clothing, and contents of 
pockets). Participants were asked to step on the analyzer, 
stand straight, and hold the handles while the measure-
ments were taken. It provides separate body mass and 
impedance readings for different body segments [26, 27]. 
Exclusions prior to the onset of analyses for this study 
were participants without a total bilirubin measure-
ment (n = 34,945), resulting in a final sample of 467,519 
individuals.

Blood collection and laboratory methods
As part of the UKB Biomarker Project, all serum param-
eters were determined by Beckman Coulter AU5800 ana-
lyzer (Beckman Coulter (UK), Ltd.). Total bilirubin levels 
were measured by colorimetric assay, low-density lipo-
protein-cholesterol (LDL-C) was analyzed by enzymatic 
selective protection, high-density lipoprotein-cholesterol 
(HDL-C) was assessed by enzyme immune-inhibition, 
apoA-I and apoB were determined by immune-turbi-
dimetric analysis, total  cholesterol (TC) and TG were 
measured by enzymatic kit, and Lp(a) by immuno-turbi-
dimetric method. Liver enzymes (alanine transaminase, 
ALT, aspartate transaminase, AST, alkaline phosphatase, 
ALP, and gamma-glutamyl transpeptidase, GGT) were 
analyzed by enzymatic rate and C-reactive protein (CRP) 
was assessed by immuno-turbidimetric assay.

For the remainder of this work, bilirubin refers to total 
bilirubin concentrations.

Statistical analysis
We decided a priori to run all models separately for men 
and women because of the well-established sex differ-
ences in serum levels of bilirubin [28]. The descriptive 
characteristics of the study participants were compared 
across tertiles of bilirubin levels. Data are presented as 
means and standard deviations (SD), medians and inter-
quartile  ranges (IQR), and frequency (percentage) for 
categorical variables.

We used multivariable-adjusted linear regression 
analyses to estimate the cross-sectional association 
between log-transformed bilirubin levels and, sepa-
rately, each cardiometabolic risk factor adjusted for age 
at recruitment, ethnicity (White, mixed, Asian, Black, 
and Chinese), alcohol consumption (never, former, and 
current), alcohol   consumption  frequency (never, spe-
cial occasions only, 1–3 times/month, 1–2 times/week, 

3–4 times/week, and daily or almost daily), smoking 
status (never, former, and current < 15/day, current 
15 + /day, current-intensity unknown), frequency of 
moderate physical activity (day/week), liver enzyme 
(alanine transaminase, ALT), chronic diseases (heart 
problems and DM), medications (for cholesterol, BP, 
DM, or exogenous hormones), qualifications (none; 
CSEs/O levels/GCSEs [Certificate of Secondary Edu-
cation/General Certificate of Secondary Education or 
equivalent]; vocational qualifications [National Voca-
tional Qualification/Higher National Diploma/Higher 
National Certificate, A levels/Advanced Subsidiary lev-
els or equivalent]; other qualifications; college/univer-
sity degree; and unknown), and ever use of hormones 
in women.

The following single-trait cardiometabolic risk mark-
ers were evaluated: the anthropometric measures BMI, 
WC, HC, WHR, FM, and trunk FM, and the blood 
lipids apoA-I, apoB, apoB/apoA-I, Lp(a), TC, LDL-C, 
HDL-C, LDL/HDL, TC/HDL, and TG.

We estimated associations for each outcome by 
modelling log-transformed bilirubin with restricted 
cubic splines (3 knots at 10th, 50th, and 90th percen-
tile) allowing for non-linear associations. P-values for 
non-linearity were computed with log-likelihood ratio 
tests comparing the spline model to a linear model. 
P-values < 0.001 were judged as evidence against linear-
ity. Associations are presented graphically as predicted 
mean values and 99% confidence intervals (CI).

Second, we applied principal component analysis (PCA) 
to in turn six anthropometric traits (height, weight, BMI, 
WC, HC, and WHR) in line with Ried et al. [29], and to 
ten lipid measures (apoA-I, apoB, apoB/apoA-I, Lp (a), TC, 
LDL-C, HDL-C, TG, LDL/HDL, and TC/HDL). The PCA 
analysis complements the single-trait analyses to i) account 
for multicollinearity to potentially identify main drivers of 
associations and ii) to potentially capture additional phe-
notype information of complex traits such as body shape 
and blood lipid profiles that may go undetected in single-
trait analyses. For each group, we extracted the first four 
principal components (PC), which captured most of the 
variation of the input variables (> 98%). PCA was per-
formed on the standardized residuals of the anthropomet-
ric traits adjusted for age at recruitment, sex, and study 
center. The same analyses were repeated for lipid meas-
ures. The degree of correlation between variables and PCs 
are given by variable loadings, and indicates higher influ-
ence of a given variable on a PC [30, 31].

We repeated the multivariable-adjusted linear regres-
sion analysis with log-transformed bilirubin mod-
elled with restricted cubic splines as described above, 
where the anthropometric measures were replaced 
with the corresponding four mutually adjusted PCs 
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for anthropometric and in turn with the four mutually 
adjusted PCs for blood lipid measures. To better illustrate 
each body shape, the mean values of the top and bottom 
5% proportions of each individual were calculated for 
each PC and plotted using the online program https://​
bodyv​isual​izer.​com/.

Last, we assessed the association between bilirubin 
and three components of the MetS, i.e. WC, TG, and 
BP using logistic regression analyses. For this analy-
sis we applied clinically relevant cut-off values for bili-
rubin (low-normal < 10, high-normal 10–17, mildly 
elevated ≥ 17.1  μmol/L) [32, 33] and adopted the NCEP 
ATP III proposed criteria to dichotomize the three 
selected components of the MetS: 1)  WC > 102  cm in 
men and > 88 cm in women; 2) TG ≥ 1.7 mmol/L; and 3) 
BP ≥ 130/85 mm Hg [34]. Each of the three models were 
adjusted for all confounders mentioned above and linear-
ity was evaluated with a linear contrast across tertiles.

We performed sensitivity analyses excluding partici-
pants with prevalent cardiometabolic conditions (heart 
attack, angina, stroke, and DM). Second, we further 
adjusted our main model  for  CRP to evaluate the role 
of inflammation in observed associations. Third, we 
assessed the influence of high levels of circulating liver 
enzymes on our results, which could indicate sub-clinical 
liver dysfunction and thereby increasing bilirubin levels, 
by excluding participants in the highest decile of circulat-
ing ALT, AST, ALP, and GGT.

Analyses were conducted in Stata version 16.1 (Stata 
Corp, College Station, TX, USA). Statistical tests were 
two-sided and a p-value < 0.001 after Bonferroni correc-
tion (0.05 over 38 tests) was considered statistically sig-
nificant and corresponding 99% CI were estimated.

Results
General characteristics of the study population
Table  1 describes the main characteristics of the study 
population by tertiles of bilirubin. Compared to the low-
est tertile of bilirubin, men and women in the highest ter-
tile were taller and slimmer (lower weight, BMI, WC, and 
FM), had lower TC, LDL-C, Lp(a), LDL/HDL, TC/HDL, 
TG, and higher HDL-C, were more likely to have a col-
lege/university degree and were less likely to be current 
smokers. Women in the highest tertile were also  more 
likely to consume alcohol as compared to women in the 
lowest tertile.

Bilirubin and associations with measures of anthropometry 
and blood lipids
After multivariable adjustments, higher levels of bili-
rubin were associated with favorable anthropometric 
traits among men (Fig. 1A) and similarly among women 
(Fig. 1B). The strongest inverse association was observed 

for BMI among women, where women with mildly ele-
vated bilirubin (95th percentile equal to 15.0  µmol/L), 
compared to women with low levels of bilirubin (5th per-
centile equal to 4.5 µmol/L), had on average a 2.0 kg/m2 
(99% CI 1.9–2.1) lower BMI (26 vs 28  kg/m2) (Fig.  1B). 
Associations with FM, also indicating general adiposity, 
and indicators of body fat distribution (WC, HC, WHR, 
and trunk FM) were similarly inverse in both men and 
women. Although non-linearity was detected in 13 out of 
16 associations (P < 0.001), spline plots showed only 
minor departure from linearity (Fig. 1A and 1B).

Higher levels of bilirubin were also associated with 
favorable blood lipid concentrations, similarly among 
men (Fig.  1A) and women (Fig.  1B). For example, mildly 
elevated bilirubin among men (95th percentile equal to 
19.4 µmol/L) compared to low levels of bilirubin (5th per-
centile equal to 5.5 µmol/L) were associated with approx. 
0.55  mmol/L (99% CI 0.53–0.56) lower TG levels, with 
similar inverse associations among women. In contrast, 
positive associations were observed with HDL-C as well 
as apoA-I among men and women, respectively. These 
observed associations were generally steeper for bilirubin 
increments from low levels to median levels and tended 
to flatten off at higher levels (Fig.  1A and B). Inverse 
U-shaped associations were observed for apoB, TC, and 
LDL-C, where associations were close to null for low bili-
rubin up to median bilirubin levels, and inverse for biliru-
bin levels above the median. No marked associations were 
observed between bilirubin and Lp(a) (Fig. 1A and B).

PC patterns of anthropometric measures and blood lipid 
concentrations
The extracted four PCs for both anthropometric measures 
and blood lipid concentrations explained more than 98% 
of the total variation. The loading coefficients of each PC 
are shown in Additional file 1: Table S1A (anthropometry) 
and S1B (blood lipids). PC1anthropometry had equally high 
positive loadings on all anthropometric traits, except for 
height, characterizing individuals with general adiposity. 
PC2anthropometry had high but opposite loadings on height 
and WHR, capturing variation in a composite body shape 
that represents tall individuals with a low WHR or vice 
versa. PC3anthropometry had high positive loadings on height 
and WHR, and an opposite loading of nearly the same size 
on HC, characterizing tall individuals with a high WHR 
resulting from a smaller HC or vice versa. PC4anthropometry 
could be interpreted as a phenotype ranging between high 
BMI and weight, with relatively small HC and WC vs. low 
BMI and weight but large HC and WC [29]. Additional 
file 1: Figure S1 shows these body shapes graphically (95th 
percentile of each body shape).

PC1lipids characterizes individuals with an overall 
unfavorable blood lipid profile with high loadings on all 
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blood lipids, except apoA-I and HDL-C, both of which 
had loadings in the opposite direction, and a negligi-
ble loading of Lp(a). PC2lipids  characterizes individu-
als with a favorable blood lipid profile, which could be 

described as anti-atherogenic, exhibiting virtually a 
reversed blood lipid pattern to PC1lipids. PC3lipids con-
trasts individuals with high vs low circulating levels of 
Lp(a), while all other lipids contributed very little to 

Table 1  Characteristics of UK Biobank study participants by category of circulating total bilirubin levels (N = 467,519)

Data are presented as Ω median [interquartile range (25th percentile and the 75th percentile)] for non-normal distributed measures, amean (SD) for continuous 
measures, b n% for categorical measures

Number of missing data in main outcomes (n): weight (1557), height (1360), waist circumference (999), hip circumference (1054), fat mass (9080), trunk fat mass 
(8618), apolipoprotein A-I (41,982), apolipoprotein B (2319), lipoprotein (a) (93,429), total cholesterol (140), low-density lipoprotein cholestrol (841), high-density 
lipoprotein cholestrol (39,571), triglycerides (174), systolic blood pressure (30,099), diastolic blood pressure (30,087)

Baseline characteristic Total bilirubin tertile Total bilirubin tertile

1 2 3 1 2 3

Men Women

n = 71,496 n = 71,270 n = 71,240 n = 84,930 n = 84,185 n = 84,398

Bilirubin levels (μmol/L)Ω 6.7 [5.9; 7.4] 9.1 [8.5; 9.8] 13.2 [11.7; 16.5] 5.4 [4.8; 5.9] 7.3 [6.8; 7.8] 10.4 [9.2; 12.8]

Age (years)a 56.6 (8.2) 56.9 (8.1) 56.8 (8.3) 56.3 (7.9) 56.8 (7.9) 56.0 (8.2)

Weight (kg)a 86.3 (15.1) 86.0 (14.1) 85.5 (13.7) 73.0 (14.7) 71.3 (13.9) 69.9 (13.3)

Height (cm)a 174.9 (6.8) 175.8 (6.8) 176.2 (6.9) 161.8 (6.3) 162.5 (6.3) 163.1 (6.3)

Body mass index (kg/m2)a 28.2 (4.5) 27.8 (4.1) 27.5 (4.0) 27.9 (5.4) 27.0 (5.1) 26.3 (4.9)

Waist circumference (cm)a 97.9 (11.8) 96.8 (11.1) 96.0 (10.9) 86.7 (12.9) 84.5 (12.3) 82.8 (12.0)

Hip circumference (cm)a 103.6 (8.1) 103.4 (7.5) 103.2 (7.2) 104.6 (10.9) 103.3 (10.2) 102.1 (9.8)

Waist-hip ratioa 0.9 (0.1) 0.9 (0.1) 0.9 (0.1) 0.8 (0.1) 0.8 (0.1) 0.8 (0.1)

Fat mass (kg)a 22.8 (8.7) 22.3 (8.1) 21.8 (7.8) 28.3 (10.4) 26.9 (9.9) 25.6 (9.6)

Trunk fat mass (kg)a 14.1 (5.2) 13.8 (5.0) 13.5 (4.9) 14.3 (5.4) 13.6 (5.2) 13.0 (5.1)

Apolipoprotein A (g/L)a 1.4 (0.2) 1.4 (0.2) 1.4 (0.2) 1.6 (0.3) 1.6 (0.3) 1.7 (0.3)

Apolipoprotein B (g/L)a 1.0 (0.2) 1.0 (0.2) 1.0 (0.2) 1.0 (0.2) 1.0 (0.2) 1.0 (0.2)

Apolipoprotein B/Apolipoprotein A-Ia 0.8 (0.2) 0.7 (0.2) 0.7 (0.2) 0.7 (0.2) 0.7 (0.2) 0.6 (0.2)

Lipoprotein (a) (nmol/L)a 44.1 (49.3) 44.0 (49.0) 43.7 (48.8) 45.9 (49.8) 45.3 (49.4) 44.6 (48.8)

Total cholesterol (mmol/L)a 5.5 (1.1) 5.5 (1.1) 5.4 (1.1) 5.9 (1.1) 5.9 (1.1) 5.8 (1.1)

Low-density lipoprotein cholestrol (mmol/L)a 3.5 (0.9) 3.5 (0.9) 3.4 (0.9) 3.6 (0.9) 3.7 (0.9) 3.6 (0.9)

High-density lipoprotein cholestrol (mmol/L)a 1.2 (0.3) 1.3 (0.3) 1.3 (0.3) 1.5 (0.4) 1.6 (0.4) 1.6 (0.4)

LDL/HDLa 2.9 (0.9) 2.9 (0.9) 2.8 (0.9) 2.5 (0.8) 2.4 (0.8) 2.3 (0.8)

TC/HDLa 4.6 (1.2) 4.5 (1.1) 4.3 (1.1) 4.0 (1.0) 3.8 (1.0) 3.7 (1.0)

Triglycerides (mmol/L)a 2.2 (1.2) 1.9 (1.1) 1.8 (1.0) 1.8 (1.0) 1.5 (0.8) 1.4 (0.8)

C-reactive protein (mg/L)a 3.0 (5.0) 2.3 (4.1) 2.1 (3.9) 3.4 (5.0) 2.6 (4.1) 2.1 (3.7)

Systolic blood pressure (mm Hg)a 143.0 (18.4) 142.8 (18.5) 142.3 (18.6) 137.5 (19.9) 137.5 (20.3) 136.5 (20.6)

Diastolic blood pressure (mm Hg)a 83.8 (10.5) 84.1 (10.5) 84.1 (10.6) 80.8 (10.5) 80.7 (10.5) 80.5 (10.6)

Duration of moderate activity (min/d)a 66.0 (88.2) 63.8 (83.1) 61.3 (79.2) 55.1 (69.1) 56.3 (68.6) 55.8 (68.5)

Ever used hormone-replacement therapyb

	Yes 40 39 35

Qualificationb

 College/uni degree 30 35 36 28 31 34

Smoking statusb

 Never 43 50 54 57 60 62

 Former 38 39 38 30 32 32

 Current 18 11 8 12 8 6

Alcohol consumption statusb

 Never 3 3 3 7 6 5

 Former 4 3 3 5 3 3

 Current 92 94 94 88 91 92
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Fig. 1  A Associations between total bilirubin concentrations and anthropometric measures and lipid profile among men in the UK Biobank. BMI: 
body mass index, WHR: waist-hip ratio, ApoA-I: apolipoprotein A-I, ApoB: apolipoprotein B, Lp (a): lipoprotein (a), LDL-C: low-density lipoprotein 
cholesterol, HDL-C: high-density lipoprotein cholesterol. Associations were estimated for each outcome by modelling log-transformed bilirubin 
with restricted cubic splines (3 knots at 10th, 50th, and 90th percentile) allowing for non-linear associations (adjusted for age at recruitment, 
ethnicity, alcohol consumption, alcohol consumption frequency, smoking status, physical activity, liver enzyme (alanine transaminase), chronic 
diseases (heart problems and diabetes), medications (for cholesterol, blood pressure, diabetes, or exogenous hormones), qualifications, and ever 
use of hormones among women). P-values for non-linearity were computed with log-likelihood ratio tests comparing the spline model to a linear 
model. P-values < 0.001 were judged as evidence against linearity. Associations are presented as predicted mean values and 99% confidence 
intervals (CI). Levels of (total) bilirubin among men at 5th, 10th (1st knot), 50th (2nd knot), 90th (3rd knot), and 95th were 5.45, 6.08, 9.13, 15.51, and 
19.42 on original scale (µmol/L) and 1.70, 1.81, 2.21, 2.74, and 2.97 on log-scale, respectively. B Associations between total bilirubin concentrations 
and anthropometric measures and blood lipid concentrations among women in the UK Biobank. BMI: body mass index, WHR: waist-hip ratio, 
ApoA-I: apolipoprotein A-I, ApoB: apolipoprotein B, Lp (a): lipoprotein (a), LDL-C: low-density lipoprotein cholesterol, HDL-C: high-density 
lipoprotein cholesterol. Associations were estimated for each outcome by modelling log-transformed bilirubin with restricted cubic splines (3 
knots at 10th, 50th, and 90th percentile) allowing for non-linear associations (adjusted for age at recruitment, ethnicity, alcohol consumption, 
alcohol consumption frequency, smoking status, physical activity, liver enzyme (alanine transaminase), chronic diseases (heart problems and 
diabetes), medications (for cholesterol, blood pressure, diabetes, or exogenous hormones), qualifications, and ever use of hormones among 
women). P-values for non-linearity were computed with log-likelihood ratio tests comparing the spline model to a linear model. P-values < 0.001 
were judged as evidence against linearity. Associations are presented as predicted mean values and 99% confidence intervals (CI). Levels of (total) 
bilirubin among women at 5th, 10th (1st knot), 50th (2nd knot), 90th (3rd knot), and 95th were 4.46, 4.94, 7.26, 12.07, and 15.02 on original scale (µmol/L) 
and 1.50, 1.60, 1.98, 2.49, and 2.71 on log-scale, respectively
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this lipid pattern. PC4lipids had very high loadings on 
TG and moderately high loadings on apoA-I and Lp(a).

Bilirubin and associations with body shape phenotypes
After multivariable adjustments, bilirubin was inversely 
associated with PC1anthropometry among men  and 
women  (Fig.  2A and 2B). There was a -0.4 SD-unit dif-
ference in PC1anthropometry comparing men with mildly 
elevated bilirubin (95thpercentile equal to 19.4 µmol/L) to 
low levels of bilirubin (5th percentile equal to 5.5 µmol/L). 
Corresponding associations among women were simi-
larly inverse (Fig.  2B). Positive associations, among 
men and women, were observed for PC2anthropometry. 
Among men, bilirubin was inversely associated with 
PC3anthropometry, but positively associated among women 
(Fig. 2B). Among women, but not men, bilirubin tended 
to be inversely associated with PC4anthropometry.

Bilirubin and associations with blood lipid patterns
Bilirubin was linearly inversely associated with PC1lipids, 
similarly among men and women. Non-linear positive 

associations were observed with PC2lipids, exhibiting a 
steep increase from low to median levels of bilirubin 
and a null association from median to higher levels of 
bilirubin. Similar non-linear positive associations were 
observed with PC3lipids. Bilirubin was non-linearly 
inversely associated with PC4lipids. These associations 
were most pronounced between low to median levels 
of bilirubin, among men and women, and flattened off 
between median to elevated levels of bilirubin (Fig.  2A 
and B).

Bilirubin and associations with components of the MetS
Men and women with bilirubin levels ≥ 17.1  µmol/L, 
compared to bilirubin < 10 µmol/L had 32% (99% CI 29%-
34%) and 46% (99% CI 43%-49%) lower odds of exceeding 
the clinical cut off for WC (> 102 cm in men and > 88 cm 
in women), respectively. Similar inverse associations were 
observed for exceeding the upper clinical cut off for TG 
(Table  2). Furthermore, men and women with bilirubin 
levels ≥ 17.1  µmol/L, compared to bilirubin < 10  µmol/L 
had 13% (99% CI 10%–17%) and 11% (99% CI 6%–15%) 
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Fig. 1  continued
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Fig. 2  A. Associations between total bilirubin concentrations and PCanthropometry and PClipids among men in the UK Biobank. BMI: body mass index, 
WHR: waist-hip ratio, ApoA-I: apolipoprotein A, ApoB: apolipoprotein B, Lp (a): lipoprotein (a), LDL-C: low-density lipoprotein cholesterol, HDL-C: 
high-density lipoprotein cholesterol. PC1anthropometry: General adiposity, PC2anthropometry: Tall with low waist-to-hip ratio, PC3anthropometry: Tall with 
high waist-to-hip ratio, PC4anthropometry: High BMI and weight, with relatively small hip and waist circumference. PC1lipids: Dyslipidemia, PC2lipids: 
Anti-atherogenic, PC3lipids: High levels of lipoprotein (a), PC4lipids: High levels of triglycerides. Associations were estimated for each outcome by 
modelling log-transformed bilirubin with restricted cubic splines (3 knots at 10th, 50th, and 90th percentile) allowing for non-linear associations 
(adjusted for age at recruitment, ethnicity, alcohol consumption, alcohol consumption frequency, smoking status, physical activity, liver enzyme 
(alanine transaminase), chronic diseases (heart problems and diabetes), medications (for cholesterol, blood pressure, diabetes, or exogenous 
hormones), qualifications, and ever use of hormones among women). P-values for non-linearity were computed with log-likelihood ratio tests 
comparing the spline model to a linear model. P-values < 0.001 were judged as evidence against linearity. Associations are presented as predicted 
mean values and 99% confidence intervals (CI). Levels of (total) bilirubin among men at 5th, 10th (1st knot), 50th (2nd knot), 90th (3rd knot), and 95th 
were 5.45, 6.08, 9.13, 15.51, and 19.42 on original scale (umol/L) and 1.70, 1.81, 2.21, 2.74, and 2.97 on log-scale, respectively. B Associations between 
total bilirubin concentrations and PCanthropometry and PClipids concentrations among women in the UK Biobank. BMI: body mass index, WHR: waist-hip 
ratio, ApoA-I: apolipoprotein A, ApoB: apolipoprotein B, Lp (a): lipoprotein (a), LDL-C: low-density lipoprotein cholesterol, HDL-C: high-density 
lipoprotein cholesterol. PC1anthropometry: General adiposity, PC2anthropometry: Tall with low waist-to-hip ratio, PC3anthropometry: Tall with high waist-to-hip 
ratio, PC4anthropometry: High BMI and weight, with relatively small hip and waist circumference. PC1lipids: Dyslipidemia, PC2lipids: Anti-atherogenic, 
PC3lipids: High levels of lipoprotein (a), PC4lipids: High levels of triglycerides. Associations were estimated for each outcome by modelling 
log-transformed bilirubin with restricted cubic splines (3 knots at 10th, 50th, and 90th percentile) allowing for non-linear associations (adjusted 
for age at recruitment, ethnicity, alcohol consumption, alcohol consumption frequency, smoking status, physical activity, liver enzyme (alanine 
transaminase), chronic diseases (heart problems and diabetes), medications (for cholesterol, blood pressure, diabetes, or exogenous hormones), 
qualifications, and ever use of hormones among women). P-values for non-linearity were computed with log-likelihood ratio tests comparing the 
spline model to a linear model. P-values < 0.001 were judged as evidence against linearity. Associations are presented as predicted mean values and 
99% confidence intervals (CI). Levels of (total) bilirubin among women at 5th, 10th (1st knot), 50th (2nd knot), 90th (3rd knot), and 95th were 4.46, 4.94, 
7.26, 12.07, and 15.02 on original scale (umol/L) and 1.50, 1.60, 1.98, 2.49, and 2.71 on log-scale, respectively
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lower odds of exceeding systolic BP levels of ≥ 130  mm 
Hg (i.e. hypertension), respectively.

Sensitivity analyses
Sensitivity analyses showed that excluding participants 
with CVD (n = 26,956) and/or T2D (n = 24,395) at base-
line or participants in the highest decile of circulating 
levels of ALT (n = 222), AST (n = 29), ALP (n = 109), 
and GGT (n = 234) did not alter observed associations 
(see Additional file  1: Table S2A–B, model S1, S2, and 
S3, respectively). Further adjustment of body shape PCs 
for CRP led to some attenuation of observed associations 
between bilirubin and PC1 (general adiposity), particu-
larly among women, and PC3, only among women (see 
Additional file 1: Table S2A, model S4).

Discussion
In this cross-sectional analysis, we found that higher 
circulating levels of bilirubin were inversely associated 
with cardiometabolic  risk factors (several indicators of 
adiposity, blood lipid concentrations, and blood pres-
sure) among men and women in the UKB cohort. PCA 

analyses that accounted for the correlation among inves-
tigated risk factors confirmed findings of our single-trait 
analysis. Individuals with mildly elevated bilirubin levels 
indicative of GS (≥ 17.1  µmol/L) were also less likely to 
exceed the clinical thresholds for the three investigated 
components of the MetS; i.e. WC > 102  cm among men 
and > 88 cm among women, TG levels ≥ 1.7 mmol/L, and 
systolic BP ≥ 130 mm Hg.

Alterations in plasma lipids and lipoprotein particles 
can promote CVD  [42]. GS individuals have lower serum 
TC, LDL-C, and oxidized LDL (ox-LDL), and TG [7–9, 
35, 36]. A similar profile was observed in both human-
ized mice with Gilbert’s mutation as well as diet-induced 
obese mice treated with unconjugated bilirubin [6, 37]. 
The degree to which bilirubin signaling impacts these 
effects on serum lipids is not known; however, as a selec-
tive  ligand for  peroxisome proliferator activated recep-
tor alpha (PPARα) agonists (like hypolipidemic fibrate), 
bilirubin could favorably modulate lipid oxidation and 
inflammation markers [4, 38–40]. Similar to our results, 
other cross-sectional [13] or case–control studies [7, 8] 
showed inverse relationships between bilirubin levels and 
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Fig. 2  continued
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abdominal obesity, insulin resistance, fasting TG, TC, and 
LDL-C. The same negative association, as expected, was 
seen for apoB [41], which is also an independent predictor 
of atherosclerotic disease [42]. In contrast, there appears 
to be a positive association between bilirubin and a blood 
lipid pattern driven by Lp(a)–PC3lipids (Fig.  2A and B). 
This was a surprising finding since we rather expected 
an inverse association given that Lp(a) is thought to be 
a risk factor for CVD. However, it is also believed that 
high plasma Lp(a) levels are not causally associated with 
CVD risk [1]. Instead, it is thought to confer additional 
risk only in the presence of traditional  risk factors [2]. 
If the latter were true, then PC3lipids would probably not 
be indicative of a CVD-risk increasing blood lipid pat-
tern, because all other blood lipids contributed very little 
to this PC. There is almost no literature linking biliru-
bin and Lp(a) [43]. Congruent with our results of Lp(a) 
that did not account for other blood lipids, Nwose et al. 
reported a very weak inverse association between biliru-
bin and Lp(a) (r = − 0.016) [43]. If anything, they argue 
that oxidative stress could be a possible link between 
these two molecules, whereby oxidative stress could 
induce hemolysis and in turn hyper-bilirubinemia, and 

Lp(a) could be independently elevated due to oxidative 
stress [43]. These arguments either suggest a non-causal 
spurious association or a complex interaction, which 
requires further study. The direct relationship between 
bilirubin and CVD is still debated [44, 45], suggesting 
a complex relationship. We argue that our findings will 
help to clarify this relationship by providing evidence for 
potential pathways between bilirubin and cardiometa-
bolic diseases, for example, through specific blood lipids 
or blood lipid patterns.

Since weight reduction is known to reduce several 
cardiometabolic risk factors, it is important to note that 
short-term (4 weeks) weight-loss combined intervention 
with administration of sibutramine, diet, and physical 
activity could increase bilirubin concentrations, however, 
this period was too short to examine cardiometabolic 
outcomes  [46]. These data suggest that bilirubin may 
induce molecular signaling pathways in adipose tissues, 
therefore, regulate adiposity and glucose sensitivity [47]. 
Furthermore, whether, circulating bilirubin is depend-
ent upon weight-loss (e.g. related to reduced free radical 
production or inflammation) or is responsible in part for 
weight loss remains to be determined [36].

Table 2  Odds ratios and 99% confidence intervals for association between three components of the metabolic syndrome and clinical 
bilirubin levels

Logistic regression model adjusted for age at recruitment, ethnicity, alcohol consumption, alcohol consumption frequency, smoking status, physical activity, liver 
enzyme (alanine transaminase), chronic diseases (heart problems and diabetes), medications (for cholesterol, blood pressure, diabetes, or exogenous hormones), 
qualifications, and ever use of hormones among women

WC, waist circumference; TG, triglycerides; SBP, systolic blood pressure; DBP, diastolic blood pressure; OR, odds ratio; CI, confidence interval

The clinical cut-off of these three components of the metabolic syndrome were: (1) WC > 102 cm in men and > 88 cm in women; (2) TG ≥ 1.7 mmol/L; (3) 
BP ≥ 130/85 mm Hg

P-trend computed as linear contrast

Bilirubin cut-off (μmol/L) N (men/women) Men Women

OR (99% CI) P trend OR (99% CI) P trend

Adjusted models

WC

 Ref.  < 10 128,981/205,724 –  < 0.001 –  < 0.001

 1 10–17 68,710/39,020 0.80 (0.78 to 0.83) 0.73 (0.70 to 0.75)

 2  ≥ 17.1 15,862/8,223 0.68 (0.65 to 0.72) 0.54 (0.50 to 0.58)

TG

 Ref  < 10 129,224/206,137 –  < 0.001 –  < 0.001

 1 10–17 68,802/39,078 0.65 (0.63 to 0.66) 0.62 (0.59 to 0.64)

 2  ≥ 17.1 15,874/8,230 0.58 (0.55 to 0.60) 0.52 (0.48 to 0.56)

SBP

 Ref.  < 10 121,051/192,488 –  < 0.001 –  < 0.001

 1 10–17 64,434/36,713 0.90 (0.88 to 0.93) 0.91 (0.88 to 0.94)

 2  ≥ 17.1 14,965/7,769 0.87 (0.82 to 0.92) 0.89 (0.83 to 0.96)

DBP

 Ref.  < 10 121,052/192,493 –  < 0.001 –  < 0.001

 1 10–17 64,439/36,714 1.00 (0.98 to 1.03) 0.95 (0.92 to 0.99)

 2  ≥ 17.1 14,965/7,769 0.94 (0.89 to 0.98) 0.88 (0.83 to 0.95)
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Data from National Health and Nutrition Examina-
tion Survey (NHANES) suggested that bilirubin levels 
were related to 26% lower risk of MetS [48, 49]. Con-
gruent with our results, inverse relationship between 
serum bilirubin levels and MetS components were 
also shown in cross-sectional studies involving 12,342 
Korean adults [15], 1568 Polish adults [50], and cohort 
study of 565 Kazakhs [51]. Moreover, bilirubin has 
been speculated to be a potential pre-disease bio-
marker for the development of MetS in asymptomatic 
Slovenian individuals [13], however, in comparison to 
our study, those studies had smaller sample size. All 
these clinical findings fit well with other studies dem-
onstrated that serum bilirubin is involved in the lipid 
metabolism [52], regulation of PPARs [49, 53], or inhi-
bition of inflammatory process [49, 54]. Additionally, a 
protective role of HMOX on glucose metabolism and 
insulin sensitivity should be considered [18, 55].

The major strengths of this study are its large sam-
ple size that allowed precise sex-stratified analyses and 
adjustment for a range of confounding factors. Also 
due to combining a set of correlated variables into a 
subset of principal components that explained most 
of the variation, the concern of multicollinearity was 
minimized [31]. For example, bilirubin was weakly 
inversely related with Lp(a) levels among men, while 
PC3lipids—an Lp(a) driven profile—showed a trend in 
the opposite direction indicating confounding by other 
highly correlated blood lipids in single-trait analyses. 
Furthermore, additional phenotype information might 
be captured by integrating multiple traits. This asser-
tion is supported by the finding of Ried et  al., who 
identified two novel loci for PC1anthropometry that were 
not identified before in larger GWAS analyses for BMI, 
WHR adjusted for BMI, and height [29].

Our study has some limitations. First, the par-
ticipants of UKB are mainly of European descent, so, 
whether the observed association could be applied to 
other ethnic groups and areas needs further investiga-
tion. Second, selection bias is of concern, which could 
lead to spurious associations in a situation where for 
example health conscious individuals are more likely 
to participate [56]. Although it is plausible that health 
consciousness is correlated with adiposity and/or 
blood lipid levels, it is less likely that such a correlation 
exists for bilirubin levels, which are mainly determined 
by genetic factors. Third, using PCA over datasets 
lead to transforming actual features in PCs, therefore 
PCs are difficult to interpret as compared to actual 
features. Lastly, the cross-sectional and observational 
nature of the study precludes conclusions about cau-
sality and although we controlled for a range of con-
founders, residual confounding cannot be excluded.

Conclusions
In this cross-sectional analysis among men and women 
in the UKB, higher circulating levels of bilirubin were 
inversely associated with anthropometric indicators of 
adiposity. Inverse associations were also observed with 
systolic BP, TG levels and other unfavorable blood lipid 
fractions including apoB, while positive associations were 
observed with HDL-C and apoA-I. These findings sug-
gest that routinely measured bilirubin could be indicative 
of cardiometabolic health. Moreover, if causality can be 
established in future studies, bilirubin could be a poten-
tial target to reduce risk of cardiometabolic diseases.
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