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Objective: Whether serum bilirubin and cigarette smoking affect the risk of renal function 

decline remains inconclusive. We aimed to test the independent and combined effects of bilirubin 

and cigarette smoking on the progression of chronic kidney disease (CKD) in hypertensive adults. 

Methods: The study population consisted of 12,633 patients in the renal sub-study of the China 

Stroke Primary Prevention Trial. The primary outcome was progression of CKD, defined as 

a decrease in estimated glomerular filtration rate (eGFR) of ≥30% and to a level of <60 mL/

min/1.73 m2 if baseline eGFR was ≥60 mL/min/1.73 m2, or a decrease in eGFR of ≥50% if 

baseline eGFR was <60 mL/min/1.73 m2, or end-stage renal disease. The secondary outcomes 

included 1) rapid decline in renal function and 2) annual rate of eGFR decline.

Results: The median follow-up duration was 4.4 years. Cigarette smoking had no significant 

effect on the progression of CKD (odds ratio [OR]: 1.11, 95% confidence interval [95% CI]: 

0.78–1.57). However, a significantly lower risk of the primary event (OR: 0.72, 95% CI: 0.55–

0.95) was found in participants in tertile 3 compared to those in tertiles 1–2 for total bilirubin 

(TBiL) levels. More importantly, there was an interaction between TBiL and smoking status 

on the primary outcome (P for interaction =0.013). Among ever smokers, TBiL levels had no 

significant effect on the primary outcome. However, among never smokers, higher TBiL levels 

were significantly associated with a lower risk of the primary outcome (tertile 3 vs 1–2; OR: 0.53, 

95% CI: 0.36–0.78). Similar trends were observed for direct bilirubin and secondary outcomes. 

Conclusion: Among hypertensive patients, bilirubin was inversely associated with the progres-

sion of CKD in never smokers, but not in ever smokers. 

Keywords: serum bilirubin, cigarette smoking, chronic kidney disease, hypertensive adults, 

rapid renal function decline, annual rate of eGFR decline

Plain language summary
�Whether serum bilirubin and cigarette smoking affect the risk of renal function decline remains 

inconclusive. We aimed to test the independent and combined effects of bilirubin and cigarette 

smoking on the progression of chronic kidney disease (CKD) in hypertensive adults. A total of 

12,633 hypertensive adults were included in the current study. The primary outcome was pro-

gression of CKD, defined as a decrease in eGFR of ≥30% and to a level of <60 mL/min/1.73 m2 

if baseline eGFR was ≥60 mL/min/1.73 m2, or a decrease in eGFR of ≥50% if baseline eGFR 

was <60 mL/min/1.73 m2, or end-stage renal disease. The median follow-up duration was 

4.4 years. Our study suggested that there was a significant, inverse association between serum 

bilirubin concentrations and the progression of CKD in never smokers among hypertensive 

patients. However, the inverse association was attenuated and became insignificant in ever 

smokers. Our findings indicate that modulating bilirubin levels could be a potential therapeutic 

target for CKD among hypertensive patients. Furthermore, our results may provide an adjuvant 
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strategy for smoking cessation programs aimed at the prevention 

of CKD in smokers.

Introduction
Chronic kidney disease (CKD) is one of the major complica-

tions of hypertension and substantially increases the risk of 

cardiovascular disease and progression to end-stage kidney 

disease.1,2 Furthermore, even a mild decline in renal func-

tion is associated with an increased risk of cardiovascular 

morbidity and mortality.3 CKD has become a major health 

issue worldwide.4 A 2012 national survey found the overall 

prevalence of CKD in China to be 10.8% (95% confidence 

interval [95% CI]: 10.2–11.3).5 A better understanding of the 

modifiable risk factors of renal function decline would be 

helpful for clinical decision-making and timely management, 

for it would lead to early detection and prevention, alleviating 

the future burden of CKD and its associated complications.

It has been reported that oxidative stress and inflammation 

play a key role in both the initiation and promotion of CKD.6 

Bilirubin is a metabolic end product of heme degradation by 

heme oxygenase (HO) and the reduction of biliverdin by the 

enzyme biliverdin reductase.7 Bilirubin has been suggested to 

be a potential antioxidant and anti-inflammatory agent under 

physiological conditions.7–9 Indeed, previous studies reported an 

inverse association between serum bilirubin and risk of stroke, 

cardiovascular disease, and metabolic syndrome.10–12 At the 

same time, several studies also suggest cigarette smoking as an 

independent risk factor for cardiovascular disease and incident 

CKD.13,14 Recent research has found that cigarette smoke extract 

can sequentially increase the production of reactive oxygen 

species (ROS) and inflammation.15,16 However, although lower 

serum bilirubin level or cigarette smoking seemed to have 

similar mechanisms regarding renal damage, whether serum 

bilirubin alone, or in combination with cigarette smoking, may 

affect the risk of renal function decline remains inconclusive. 

Hypertension is significantly associated with cardiovas-

cular disease, peripheral arterial disease, and CKD.17,18 The 

China Stroke Primary Prevention Trial (CSPPT) reported that 

the combined use of enalapril and folic acid, compared with 

enalapril alone, significantly reduced the risk of first stroke 

by 21% among hypertensive Chinese adults.19 Furthermore, 

in the renal sub-study of the CSPPT, enalapril–folic acid 

therapy, compared with enalapril alone, delayed the progres-

sion of CKD among patients with mild to moderate CKD 

(odds ratio [OR]: 0.44, 95% CI: 0.26–0.75).20 The current 

study, a post hoc analysis of the renal sub-study of the CSPPT, 

aimed to examine the independent and combined effects of 

bilirubin and cigarette smoking on the progression of CKD 

in hypertensive adults.

Methods
Study participants and design
The rationale and study design for the CSPPT and the renal 

sub-study of the CSPPT have been described previously.19,20 

Briefly, the CSPPT was a randomized, double-blind, actively 

controlled trial conducted from May 2008 to August 2013 

in 32 communities in Anhui and Jiangsu provinces of 

China, and the study was registered with ClinicalTrials.gov, 

NCT00794885. The study enrolled a total of 20,702 hyper-

tensive adults aged 45–75 years and without a history of 

major cardiovascular diseases. Participants were randomized 

to receive treatment with either a combination of enalapril 

and folic acid or enalapril alone and were followed up for 

a median of 4.5 years. The renal sub-study enrolled CSPPT 

participants from the 20 communities in Jiangsu Province, 

excluding those with an estimated glomerular filtration rate 

(eGFR) <30 mL/min/1.73 m2 or a missing eGFR at baseline.

The present study was a post hoc analysis of the renal 

sub-study of the CSPPT. Participants with missing data on 

renal outcome and liver enzymes (alanine aminotransfer-

ase [ALT] or aspartate aminotransferase [AST]) or with a 

serum bilirubin (total, direct) >1.5 times the upper limit of 

normal were excluded from the study (Figure 1). The study 

was approved by the Ethics Committee of the Institute of 

Biomedicine, Anhui Medical University, Hefei, China (EC) 

Figure 1 Flowchart of the participants of a post hoc analysis of the renal sub-study 
of the China Stroke Primary Prevention Trial (CSPPT).
Abbreviations: TBiL, total bilirubin; DBiL, direct bilirubin; ALT, alanine 
aminotransferase; AST, aspartate aminotransferase.

15,104 individuals in the renal sub-
study of the China Stroke Primary

Prevention Trial (CSPPT)

Excluded due to missing renal
outcome: 2187

12,917 individuals with renal
outcome

TBiL, DBiL, ALT, or AST >1.5 times
the upper limit of normal or missing
data: 284

12,633 individuals included in
the currrent analysis
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(FWA assurance number: FWA00001263). Participant’s 

written informed consent was waived by the EC because this 

study was a post hoc analysis. The data, analytic methods, 

and study materials that support the findings of this study will 

be available from the corresponding author (Xianhui Qin or 

Xiping Xu) upon request, after the request is submitted and 

formally reviewed and approved by the EC.

Intervention and follow-up
Eligible participants, stratified by methylenetetrahydrofolate 

reductase C677T genotypes (CC, CT, or TT), were randomly 

assigned, in a 1:1 ratio, to one of two treatment groups: a 

daily oral dose of one tablet containing 10 mg enalapril and 

0.8 mg folic acid (single tablet combination: enalapril–folic 

acid group) or a daily oral dose of one tablet containing 10 

mg enalapril alone (enalapril-only group). All study inves-

tigators and participants were blinded to the randomization 

procedure and the treatment assignments. During the trial 

period, concomitant use of other anti-hypertensive drugs 

(mainly calcium channel blockers or diuretics) was allowed, 

but not B vitamins. Participants were scheduled for follow-

up every 3 months.

Laboratory assays
Serum and spot urine samples from the participants were col-

lected at both the baseline and the exit visit. Serum creatinine, 

total bilirubin (TBiL), direct bilirubin (DBiL), ALT, AST, 

lipids, and fasting glucose were measured using automatic 

clinical analyzers (Beckman Coulter) at the core laboratory 

of the National Clinical Research Center for Kidney Dis-

ease, Guangzhou, China. Specifically, serum creatinine was 

measured using an enzymatic assay, calibrated to be isotope 

dilution mass spectrometry traceable. The coefficient of 

variation for the assay was 1.4%. eGFR was calculated using 

the Chronic Kidney Disease Epidemiology Collaboration 

(CKD-EPI) equation. Proteinuria was determined using a 

dipstick test (Dirui-H100).

Outcomes
The primary outcome was progression of CKD, defined as a 

decrease in eGFR of ≥30% and to a level <60 mL/min/1.73 m2 

at the exit visit if baseline eGFR was ≥60 mL/min/1.73 m2, 

or a decrease in eGFR of ≥50% at the exit visit if baseline 

eGFR was <60 mL/min/1.73 m2, or end-stage renal disease 

(eGFR<15 mL/min/1.73 m2 or need for dialysis). 

The secondary outcomes included the following: 1) 

rapid decline in renal function, defined as an average 

decline in eGFR of 5 mL/min/1.73 m2 or more per year 

and 2) annual rate of relative decline in eGFR, estimated as 

%1 100−














×

eGFR at exit

eGFR at baseline
t , where t is the time length 

in years from baseline to exit visit.

Statistical analyses
Means (standard deviation, SD) or proportions were calcu-

lated for population characteristics by bilirubin tertiles and 

smoking status (never, former, and current smokers). The 

differences in population characteristics were compared 

using ANOVA tests, signed rank tests, or chi-square tests, 

accordingly. 

Generalized linear models with a logit link were used 

to test the independent and combined effects of bilirubin 

and cigarette smoking on the progression of CKD or rapid 

decline in renal function (binary variables) with crude or 

full model adjusted for age, sex, treatment group, body mass 

index (BMI), eGFR, proteinuria, alcohol intake, systolic 

blood pressure (SBP), fasting glucose, ALT, AST and total 

cholesterol, as well as mean SBP during the treatment period. 

Generalized linear models with an identity link were used 

to test the independent and combined effects of bilirubin 

and cigarette smoking on the annual rate of eGFR decline 

(continuous variable) with crude or full model adjusted for 

the aforementioned variables.

In additional stratified analyses, possible modifications of 

the association between TBiL and the progression of CKD 

were also assessed for the following variables: age (<60 vs 

≥60 years), sex, treatment group (enalapril vs enalapril + 

folic acid), eGFR levels (<90 vs ≥90 mL/min/1.73 m2), and 

proteinuria (yes vs no).

A two-tailed P<0.05 was considered to be statistically sig-

nificant in all analyses. R software (http://www.R-project.org) 

and Empower (R) (www.empowerstats.com; X&Y Solutions, 

Inc., Boston, MA, USA) were used for all statistical analyses.

Results 
Study participants and baseline 
characteristics
A total of 12,633 participants were included in the final analy-

sis (Figure 1). Participants were divided according to tertiles 

of baseline TBiL concentrations. General characteristics of 

study participants are presented by TBiL tertiles in Table 1. 

Baseline TBiL concentrations were directly associated with 

male gender, alcohol intake, baseline diastolic blood pressure, 

timed-averaged SBP, and total cholesterol and liver enzymes 

levels, and were inversely associated with BMI and eGFR. 

www.dovepress.com
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Those participants excluded from the analyses due to 

missing data did not differ substantially in characteristics 

from those included in the final analyses (Table S1).

Independent effect of serum bilirubin 
and cigarette smoking on primary and 
secondary outcomes
During a median treatment duration of 4.4 years, the primary 

event and the rapid decline in renal function occurred in 294 

(2.3%) and 803 (6.4%) participants, respectively. The mean 

annual rate of eGFR decline in the total participants was 

1.37% per year.

Overall, there was a significant inverse association 

between TBiL concentrations and the primary and second-

ary outcomes (Figure 2). An SD increase in TBiL levels was 

associated with a 20% reduction in the adjusted risk of the 

primary event (OR: 0.80, 95% CI: 0.70–0.92; P=0.002), a 

14% lower risk of rapid decline in renal function (OR: 0.86, 

95% CI: 0.79–0.94; P<0.001), and a significantly slower 

rate of eGFR decline (regression coefficient: −0.13; 95% 

CI: −0.19, −0.06; P<0.001). Consistently, when TBiL was 

assessed as tertiles, a significantly lower risk of the primary 

event (OR: 0.72, 95% CI: 0.55–0.95), rapid decline in renal 

function (OR: 0.80, 95% CI: 0.68–0.95), and a slower rate 

of eGFR decline (1.16% vs 1.47% per year; P<0.001) were 

found in those in tertile 3 compared with participants in 

tertiles 1–2 (Tables 2 and S2).

Due to a similar incidence in primary events, we com-

bined former smokers and current smokers into an ever 

smoker group. Compared to never smokers, ever smokers had 

a significantly increased risk of rapid renal function decline 

(OR: 1.29, 95% CI: 1.02–1.63). However, smoking status 

did not have a significant effect on the primary event nor on 

the annual rate of eGFR decline (Table 2).

Similar results were observed for the association between 

DBiL and the primary and secondary outcomes (Table S3). 

Stratified analyses were performed to further assess the 

association between TBiL and the primary outcome in vari-

ous subgroups. None of the variables, including age (<60 

vs ≥60 years; P for interaction=0.907), sex (P for interac-

tion=0.116), treatment group (enalapril vs enalapril + folic 

acid; P for interaction=0.902), eGFR levels (<90 vs ≥90 mL/

min/1.73 m2; P for interaction=0.827), or proteinuria (yes vs 

no; P for interaction=0.688), significantly modified the asso-

ciation between TBiL and the primary outcome (Figure 3). 

Interaction between serum bilirubin and 
cigarette smoking on study outcomes
We observed an interaction between TBiL levels and smok-

ing status on the primary outcome (P for interaction=0.013). 

Table 1 Characteristics of the study participants according to baseline TBiL concentrations or smoking status

Characteristics TBiL, (μmol/L) P-value Smoking status P-value

Tertile 1  
(<8.7)

Tertile 2  
(8.7<11.7)

Tertile 3  
(≥11.7)

Never Former Current

No. of participants 4210 4197 4226 8972 926 2731
Age (years), mean (SD) 59.3 (7.6) 59.8 (7.3) 59.7 (7.4) 0.003 58.9 (7.4) 61.9 (7.3) 61.1 (7.4) <0.001
Male, N (%) 968 (23.0) 1501 (35.8) 2304 (54.5) <0.001 1509 (16.8) 810 (87.5) 2454 (89.9) <0.001
BMI (kg/m2), mean (SD) 26.0 (3.7) 25.6 (3.5) 25.5 (3.4) <0.001 26.0 (3.6) 25.7 (3.2) 24.6 (3.4) <0.001
Enalapril–folic acid, N (%) 2101 (49.9) 2072 (49.4) 2124 (50.3) 0.712 4493 (50.1) 447 (48.3) 1354 (49.6) 0.552
Alcohol intake, N (%) 519 (12.3) 852 (20.3) 1405 (33.3) <0.001 731 ( 8.2) 357 (38.6) 1688 (61.8) <0.001
Blood pressure (mmHg), mean (SD)

Baseline SBP 168.6 (20.9) 168.5 (21.0) 168.3 (21.0) 0.847 168.7 (20.8) 166.9 (21.3) 168.2 (21.2) 0.038
Baseline DBP 94.4 (11.7) 94.9 (11.9) 96.3 (12.0) <0.001 94.9 (11.7) 95.4 (12.1) 96.3 (12.5) <0.001
SBP over treatment period 139.7 (11.1) 139.4 (10.9) 139.3 (10.8) 0.168 139.2 (10.9) 139.5 (10.9) 140.5 (11.2) <0.001
DBP over treatment period 83.1 (7.2) 83.3 (7.1) 84.1 (7.4) <0.001 83.2 (7.0) 83.3 (7.4) 84.3 (7.9) <0.001

Laboratory results, mean (SD)
Fasting glucose (mmol/L) 6.1 (1.8) 6.0 (1.6) 6.0 (1.8) 0.165 6.1 (1.8) 6.1 (1.8) 5.9 (1.5) <0.001
Total cholesterol (mmol/L) 5.7 (1.2) 5.8 (1.2) 5.7 (1.2) <0.001 5.7 (1.2) 5.6 (1.1) 5.7 (1.2) <0.001
Alanine aminotransferase (units/L) 12.5 (5.5) 12.7 (5.5) 13.2 (5.8) <0.001 12.7 (5.4) 13.7 (6.3) 12.9 (6.0) <0.001
Aspartate transaminase (units/L) 22.0 (6.8) 23.0 (6.7) 24.4 (7.1) <0.001 22.6 (6.7) 24.0 (7.0) 24.3 (7.6) <0.001
Total bilirubin (μmol/L) 7.2 (1.2) 10.1 (0.8) 15.2 (3.1) <0.001 10.4 (3.6) 12.0 (4.3) 11.9 (4.1) <0.001
Direct bilirubin (μmol/L) 1.2 (0.4) 1.8 (0.4) 2.8 (0.8) <0.001 1.8 (0.8) 2.2 (1.0) 2.2 (1.0) <0.001
eGFR (mL/min/1.73 m2) 95.1 (13.0) 93.9 (12.4) 93.2 (12.7) <0.001 94.8 (12.6) 91.3 (13.4) 92.5 (12.8) <0.001
Proteinuria, N (%) 427 (10.6) 375 (9.3) 394 (9.7) 0.134 821 ( 9.5) 111 (12.5) 264 (10.0) 0.014

Abbreviations: TBiL, total bilirubin; BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; eGFR, estimated glomerular filtration rate; SD, 
standard deviation.
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Figure 2 The association between total bilirubin concentrations and progression of CKD (A), rapid decline in renal function (B), and annual rate of eGFR decline (C) in a 
post hoc analysis of the renal sub-study of the China Stroke Primary Prevention Triala (CSPPT).
Notes: aAdjusted for age, sex, treatment group, smoking status, alcohol intake, systolic blood pressure, body mass index, eGFR, proteinuria, serum glucose, total cholesterol, 
alanine aminotransferase, aspartate transaminase at baseline, as well as time-averaged systolic blood pressure during treatment.
Abbreviations: CKD, chronic kidney disease; eGFR, estimated glomerular filtration rate; TBiL, total bilirubin; OR, odds ratio.
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Table 2 Individual effect of baseline TBiL concentrations (T1–T2 vs T3) and cigarette smoking (never, ever) on primary and secondary 
outcomes

Outcomes Events/N (%) OR (95% CI)

Unadjusted Adjusteda

Progression of CKD
TBiL (μmol/L)
Per SD 0.84 (0.74–0.95) 0.80 (0.70–0.92)
Categories

T1–T2 (<11.7) 211/8407 (2.5) Ref (1.00) Ref (1.00)
T3 (≥11.7) 83/4226 (2.0) 0.78 (0.60–1.01) 0.72 (0.55–0.95)

Smoking status
Never 194/8972 (2.2) Ref (1.00) Ref (1.00)
Ever 100/3657 (2.7) 1.27 (1.00–1.62) 1.11 (0.78–1.57)

Rapid decline in eGFR
TBiL (μmol/L)
Per SD 0.84 (0.78–0.91) 0.86 (0.79–0.94)
Categories

T1–T2 (<11.7) 577/8406 (6.9) Ref (1.00) Ref (1.00)
T3 (≥11.7) 226/4226 (5.3) 0.77 (0.65–0.90) 0.80 (0.68–0.95)

Smoking status
Never 559/8971 (6.2) Ref (1.00) Ref (1.00)
Ever 243/3657 (6.6) 1.07 (0.92–1.25) 1.29 (1.02–1.63)

Decline in eGFR, % per year
TBiL (μmol/L)
Per SD −0.18 (−0.24, −0.12)c −0.13 (−0.19, −0.06)c

Categories
T1–T2 (<11.7) 1.47 (3.38)b Ref (0.00) Ref (0.00)
T3 (≥11.7) 1.16 (3.37)b −0.31 (−0.43, −0.18)c −0.21 (−0.34, −0.08)c

Smoking status
Never 1.35 (3.33)b Ref (0.00) Ref (0.00)
Ever 1.40 (3.49)b 0.04 (−0.09, 0.17)c 0.16 (−0.02, 0.34)c

Notes: aAdjusted for age, sex, treatment group, systolic blood pressure, body mass index, smoking status, alcohol intake, eGFR, proteinuria, serum glucose, total cholesterol, 
alanine aminotransferase, aspartate transaminase at baseline, and time-averaged systolic blood pressure during treatment if not as an independent variable. bMean (SD). 
cValues are regression coefficients (95% CI). 
Abbreviations: T1, tertile 1; T2, tertile 2; T3, tertile 3; TBiL, total bilirubin; SD, standard deviation; CKD, chronic kidney disease; eGFR, estimated glomerular filtration rate; 
OR, odds ratio; CI, confidence interval; Ref, reference.
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Among ever smokers, TBiL levels had no significant effect 

on any of the study outcomes. Among never smokers, how-

ever, higher TBiL levels were significantly associated with 

a lower risk of the primary outcome (OR: 0.53, 95% CI: 

0.36–0.78) (Table 3). 

Similar trends were observed for the secondary outcomes 

(Table 3) and for DBiL levels (Table S4). 

Discussion
To our knowledge, this is the first large-scale prospective 

analysis to examine the independent and combined effects 

of serum bilirubin and cigarette smoking on the risk of 

progression of CKD among hypertensive adults. We found 

a significant, inverse association between serum bilirubin 

(TBiL or DBiL) concentrations and progression of CKD 

in never smokers. In contrast, this inverse association was 

attenuated and became insignificant in ever smokers. 

Previous research findings on the association between 

bilirubin and renal function were inconsistent. Fukui et al21 

showed an inverse correlation of bilirubin with logarithmic 

urinary albumin excretion and a positive correlation with 

eGFR in patients with type 2 diabetes. Shin et al22 observed 

similar results in both non-diabetic and diabetic adults. 

However, Targher et al23 found that serum bilirubin levels 

were negatively associated with eGFR in a US adult popu-

lation. Moreover, a study by Ryu et al24 demonstrated that 

only DBiL, but not TBiL and indirect bilirubin (IBiL), was 

associated with a lower risk of incident CKD. The reasons 

for these contradictory findings might include differences in 

study methodology, sample size, area, and population. More 

importantly, potential effect modifiers were not thoroughly 

investigated in these previous studies. Our results suggest 

that the association between bilirubin and the progression 

of CKD could be significantly influenced by smoking status. 

Oxidative stress and inflammation were believed to be 

major causal mechanisms of renal dysfunction.6 Previous 

research has indicated that antioxidant treatments in CKD 

patients result in a reduction in oxidative stress and many 

show improved renal function.25 HO-1 is a microsomal 

enzyme, which degrades free heme into biliverdin, iron, and 

carbon monoxide. Biliverdin is then reduced into bilirubin 

by the cytosolic enzyme biliverdin reductase.7 Bilirubin has 

been reported to be an effective antioxidant that effectively 

scavenges peroxyl radicals and suppresses the activity of 

nicotinamide adenine dinucleotide phosphate (NADPH) 

oxidase.7,26,27 Mancuso et al and Barone et al found that 

bilirubin interacts with nitric oxide and scavenges reactive 

nitrogen species (RNS).28–31 Furthermore, high bilirubin had 

also been associated with decreased C-reactive protein, tumor 

necrosis factor α, and interleukin-1β levels.8,9 Therefore, the 

potential renoprotective role of bilirubin could be related to 

its antioxidant and anti-inflammatory properties.

Figure 3 Stratified analyses by possible modifications for the association between total bilirubin concentrations and progression of chronic kidney disease in a post hoc 
analysis of the renal sub-study of the China Stroke Primary Prevention Triala (CSPPT).

Notes: aAdjusted for age, sex, treatment group, systolic blood pressure, body mass index, smoking status, alcohol intake, eGFR, proteinuria, serum glucose, total cholesterol, 
alanine aminotransferase, aspartate transaminase at baseline, as well as time-averaged systolic blood pressure during treatment if not stratified.
Abbreviations: eGFR, estimated glomerular filtration rate; OR, odds ratio; CI, confidence interval; T1, tertile 1; T2, tertile 2; T3, tertile 3.

Source
Age, years

Sex

Group

eGFR, mL/min

No
Yes

Proteinuria

Enalapril
Enalapril–folic acid

<90
≥90

Male
Female

<60 55/4524 (1.2) 21/2220 (0.9) 0.70 (0.41–1.21)

P for interaction

0.907

0.116

0.902

0.827

0.688

0.71 (0.51–0.98)

0.89 (0.60–1.33)
0.57 (0.38–0.87)

0.72 (0.49–1.06)
0.74 (0.49–1.12)

0.71 (0.50–1.00)
0.72 (0.44–1.16)

0.75 (0.54–1.02)
0.65 (0.35–1.19)

0.0 0.5 1.0
OR (95% CI)

1.5

62/2006 (3.1)

53/2304 (2.3)
30/1922 (1.6)

45/2102 (2.1)
38/2124 (1.8)

59/1387 (4.3)
24/2839 (0.8)

61/3675 (1.7)
18/394 (4.6)

156/3883 (4.0)

61/2469 (2.5)
150/5938 (2.5)

118/4234 (2.8)
93/4173 (2.2)

130/2427 (5.4)

153/7286 (2.1)

81/5980 (1.4)

49/802 (6.1)

≥60

Events/N (%) Events/N (%)
(T1–T2) <11.7 µmol/L T3 ≥11.7 µmol/L

OR (95% CI)
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In our study, we found a significant inverse association 

between bilirubin and the progression of CKD in never 

smokers. However, this inverse association was not seen 

among current and former smokers. Cigarette smoking has 

long been recognized as an oxidative stressor by inducing 

the generation of ROS and RNS.15,32 Overproduction of ROS 

and RNS can lead to renal vasoconstriction, sodium reten-

tion, and kidney damage.33,34 In addition, prior studies have 

shown that cigarette smoking increases levels of inflamma-

tory cytokines.35 Furthermore, a recent study suggested that 

cigarette smoking is able to suppress HO-1 gene and protein 

with the involvement of the repressor transcription factor 

Bach1 in rat fibroblasts and lung cells.36 Based on these 

existing literatures and our data, we infer that it may be the 

overwhelming oxidative stress and inflammation introduced 

by smoking that offsets the beneficial effect of bilirubin on 

renal function. However, the exact mechanisms regarding the 

relationship of bilirubin and cigarette smoking with the risk 

of CKD remain to be further investigated, and our findings 

and hypotheses also warrant further confirmation.

Our study has several unique strengths. First, previous 

studies mainly focused on the effects of TBiL on renal 

function,21–23 while the current study examined the effects 

of both TBiL and DBiL in the same cohort. Of note, TBiL 

comprised both IBiL and DBiL, but is mainly composed of 

IBiL and there are some differences between the two. IBiL 

has extremely poor water solubility and bonds strongly to 

albumin in plasma, whereas DBiL is soluble in water.37 Both 

IBiL and DBiL are reported to be effective antioxidants.38 

Accordingly, our study suggests that both DBiL and TBiL 

have a protective effect against the progression of CKD. 

Second, more than half of the Chinese males smoke. A 

novel and important finding was that smoking significantly 

modified the association between TBiL and the progression 

of CKD. Finally, we examined different renal outcomes, 

including the progression of CKD, rapid decline in renal 

function, and annual rate of relative decline in eGFR, and 

yielded consistent results. 

Several potential concerns or limitations are worth men-

tioning. First, although we used the data from a large clinical 

trial, our results were based on post hoc analyses. Despite 

extensive adjustments for known factors, we cannot exclude 

the possibility that unrecorded risk factors may explain some 

of our results. Second, the bilirubin and smoking status were 

not assessed in the follow-up periods. More frequent mea-

surements of bilirubin or smoking status would allow a more 

accurate assessment of its effect. Third, although smoking 

has been reported as one of the major risk factors for incident 

CKD, especially in studies with durations of follow-up >10 

years,14 our current study found that cigarette smoking only 

significantly increased the risk of rapid renal function decline 

and did not significantly affect the progression of CKD and 

the annual rate of eGFR decline. The possible explanation 

was that the follow-up period (4.4 years) in our study might 

Table 3 Combined effect of baseline TBiL concentrations (T1–T2 vs T3) and cigarette smoking (never, ever) on the primary and 
secondary outcomes

Combined groups Events/N (%) OR (95% CI) P for interaction

Smoking status TBiL, μmol/L Unadjusted Adjusteda

Progression of CKD 0.013
Never T1–T2 159/6389 (2.5) Ref (1.00) Ref (1.00)

T3 35/2583 (1.4) 0.54 (0.37–0.78) 0.53 (0.36–0.78)
Ever T1–T2 52/2016 (2.6) Ref (1.00) Ref (1.00)

T3 48/1641 (2.9) 1.14 (0.76–1.69) 1.10 (0.71–1.70)
Rapid decline in eGFR 0.084
Never T1–T2 440/6388 (6.9) Ref (1.00) Ref (1.00)

T3 119/2583 (4.6) 0.65 (0.53–0.80) 0.71 (0.57–0.88)
Ever T1–T2 136/2016 (6.7) Ref (1.00) Ref (1.00)

T3 107/1641 (6.5) 0.96 (0.74–1.25) 0.97 (0.73–1.29)
Decline in eGFR, % per year 0.081
Never T1–T2 1.47 (3.36)b Ref (0.00) Ref (0.00)

T3 1.07 (3.24)b −0.40 (−0.55, −0.25)c −0.29 (−0.45, −0.14)c

Ever T1–T2 1.47 (3.44)b Ref (0.00) Ref (0.00)
T3 1.31 (3.55)b −0.16 (−0.39, 0.06)c −0.06 (−0.28, 0.17)c

Notes: aAdjusted for age, sex, treatment group, systolic blood pressure, body mass index, alcohol intake, eGFR, proteinuria, serum glucose, total cholesterol, alanine 
aminotransferase, aspartate transaminase at baseline, and time-averaged systolic blood pressure during treatment. bMean (SD). cValues are regression coefficients (95% CI).
Abbreviations: TBiL, total bilirubin; CKD, chronic kidney disease; eGFR, estimated glomerular filtration rate; OR, odds ratio; CI, confidence interval; Ref, reference; T1, 
tertile 1; T2, tertile 2; T3, tertile 3.
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be too short to demonstrate the long-term effect of cigarette 

smoking. Fourth, the renal sub-study of the CSPPT only 

included participants with an eGFR of ≥30 mL/min/1.73m2. 

We could not examine participants with an eGFR <30 mL/

min/1.73m2. Fifth, hypertension is significantly associated 

with the development of CKD. We have adjusted the blood 

pressure at baseline and during the treatment period in our 

analyses. However, the CSPPT did not collect detailed 

information about the white coat hypertension among the 

participants, which may possibly influence the results of our 

present study. Finally, our study was conducted in Chinese 

hypertensive patients. Whether the results can be extrapolated 

to other populations requires further verification. Due to 

these limitations, further confirmation of our findings in an 

independent study is greatly needed.

Conclusion and implications
In this prospective analysis of Chinese adults with hyperten-

sion, there was a significant, inverse association between 

serum bilirubin concentrations and the progression of CKD 

in never smokers, but not in ever smokers. 

Cigarette smoking is a worldwide public health problem. 

In particular, China is the world’s largest cigarette consum-

ing country and hence is the most vulnerable to smoking 

health hazards, especially among hypertensive patients.39,40 

Therefore, if confirmed by future studies, our findings may 

provide an adjuvant strategy for smoking cessation programs 

aimed at the prevention of CKD in smokers. 

Our findings raised a possibility of bilirubin as an inter-

vention target for CKD. Previous study found that patients 

with diabetic nephropathy were under condition of systemic 

oxidative stress, and the induction of HO-1 plays an important 

role in counteracting the intracellular prooxidant status.41 

Future studies are needed to further evaluate whether modu-

lating bilirubin levels, perhaps by inducing HO-1,42 could be 

a potential therapeutic target for CKD. 

Finally, we would like to underscore that our study find-

ings be regarded as hypothesis generating. Hopefully, our 

study will stimulate future clinical and mechanistic studies to 

confirm our findings and to better understand the protective 

mechanism of TBiL and DBiL in CKD. 
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Supplementary materials

Table S1 Characteristics of the participants excluded from the analyses due to missing data and those included in the final analyses

Characteristics Excluded Included

No. of participants 2187 12,633
Age  (year), mean (SD) 59.0 (8.1) 59.6 (7.5)
Male, N (%) 933 (42.7) 4773 (37.8)
BMI kg/m2, mean (SD) 25.4 (3.7) 25.7 (3.5)
Enalapril–folic acid, N (%) 1108 (50.7) 6297 (49.8)
Cigarette smoking, N (%)

Never 1451 (66.4) 8972 (71.0)
Former 166 (7.6) 926 (7.3)
Current 568 (26.0) 2731 (21.6)

Alcohol intake, N (%)
Never 1486 (68.0) 9052 (71.7)
Former 158 (7.2) 798 (6.3)
Current 542 (24.8) 2776 (22.0)

Blood pressure (mmHg), mean (SD)
Baseline SBP 167.1 (20.9) 168.5 (20.9)
Baseline DBP 95.6 (12.0) 95.2 (11.9)
SBP over treatment period 142.4 (13.0) 139.5 (11.0)
DBP over treatment period 85.4 (8.5) 83.5 (7.2)

Laboratory results, mean (SD)
Fasting glucose (mmol/L) 6.1 (2.1) 6.0 (1.8)
Total cholesterol (mmol/L) 5.8 (1.2) 5.7 (1.2)
Alanine aminotransferase (units/L) 13.6 (8.0) 12.8 (5.6)
Aspartate transaminase (units/L) 25.1 (13.7) 23.1 (7.0)
Total bilirubin (μmol/L) 11.2 (4.8) 10.8 (3.9)
Direct bilirubin (μmol/L) 2.0 (1.1) 1.9 (0.9)
eGFR (mL/min/1.73 m2) 94.5 (13.1) 94.0 (12.7)
Proteinuria, No (%) 240 (11.4) 1196 (9.8)

Abbreviations: BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; eGFR, estimated glomerular filtration rate; SD, standard deviation.

Table S2 Individual effect of baseline TBiL concentrations and cigarette smoking on primary and secondary outcomes

Outcomes Events/N (%) OR (95% CI)

Unadjusted Adjusteda

Progression of CKD
TBiL (μmol/L)
Tertiles

T1 (<8.7) 109/4210 (2.6) Ref (1.00) Ref (1.00)
T2 (8.7<11.7) 102/4197 (2.4) 0.94 (0.71–1.23) 0.96 (0.72–1.28)
T3 (≥11.7) 83/4223 (2.0) 0.75 (0.56–1.01) 0.71 (0.51–0.97)

Smoking status
Never 194/8972 (2.2) Ref (1.00) Ref (1.00)
Former 24/926 (2.6) 1.20 (0.78–1.85) 0.93 (0.56–1.56)
Current 76/2731 (2.8) 1.30 (0.99–1.69) 1.18 (0.81–1.71)

Rapid decline in eGFR
TBiL (μmol/L)
Tertiles

T1 (<8.7) 307/4209 (7.3) Ref (1.00) Ref (1.00)
T2 (8.7<11.7) 270/4197 (6.4) 0.87 (0.74–1.04) 0.94 (0.79–1.12)
T3 (≥11.7) 226/4226 (5.3) 0.72 (0.60–0.86) 0.78 (0.64–0.94)

Smoking status
Never 559/8971 (6.2) Ref (1.00) Ref (1.00)
Former 58/926 (6.3) 1.01 (0.76–1.33) 1.15 (0.82–1.61)
Current 185/2731 (6.8) 1.09 (0.92–1.30) 1.34 (1.04–1.71)

(Continued)
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Outcomes Events/N (%) OR (95% CI)

Unadjusted Adjusteda

Decline in eGFR, % per year
TBiL (μmol/L)
Tertiles

T1 (<8.7) 1.57 (3.45)b Ref (0.00) Ref (0.00)
T2 (8.7<11.7) 1.37 (3.31)b −0.19 (−0.34, −0.05)c −0.08 (−0.22, 0.06)c

T3 (≥11.7) 1.16 (3.37)b −0.40 (−0.55, −0.26)c −0.25 (−0.40, −0.11)c

Smoking status
Never 1.35 (3.33)b Ref (0.00) Ref (0.00)
Former 1.42 (3.34)b 0.06 (−0.16, 0.29)c 0.14 (−0.12, 0.40)c

Current 1.39 (3.54)b 0.04 (−0.11, 0.18)c 0.17 (−0.03, 0.36)c

Notes: aAdjusted for age, sex, treatment group, systolic blood pressure, body mass index, smoking status, alcohol intake, eGFR, proteinuria, serum glucose, total cholesterol, 
alanine aminotransferase, aspartate transaminase at baseline, and time-averaged systolic blood pressure during treatment if not as an independent variable. bMean (SD). 
cValues are regression coefficients (95% CI).
Abbreviations: TBiL, total bilirubin; CKD, chronic kidney disease; eGFR, estimated glomerular filtration rate; OR, odds ratio; 95% CI, 95% confidence interval; Ref, 
reference; T1, tertile 1; T2, tertile 2; T3, tertile 3.

Table S3 Individual effect of baseline DBiL concentrations on primary and secondary outcomes

Outcomes Events/N (%) OR (95% CI)

Unadjusted Adjusteda

Progression of CKD
DBiL (μmol/L)
Per SD 0.84 (0.74–0.95) 0.78 (0.68–0.90)
Tertiles

T1 (<1.5) 105/4052 (2.6) Ref (1.00) Ref (1.00)
T2 (1.5<2.1) 109/4365 (2.5) 0.96 (0.73–1.26) 0.91 (0.68–1.22)
T3 (≥2.1) 80/4216 (1.9) 0.73 (0.54–0.98) 0.67 (0.48–0.93)

Categories
T1–T2 214/8417 (2.5) Ref (1.00) Ref (1.00)
T3 80/4216 (1.9) 0.74 (0.57–0.96) 0.70 (0.53–0.93)

Rapid decline in eGFR
DBiL (μmol/L)
Per SD 0.84 (0.78–0.91) 0.85 (0.78–0.92)
Tertiles

T1 (<1.5) 293/4051 (7.2) Ref (1.00) Ref (1.00)
T2 (1.5<2.1) 283/4365 (6.5) 0.89 (0.75–1.05) 0.95 (0.79–1.13)
T3 (≥2.1) 227/4216 (5.4) 0.73 (0.61–0.87) 0.78 (0.64–0.95)

Categories
T1–T2 576/8416 (6.8) Ref (1.00) Ref (1.00)
T3 227/4216 (5.4) 0.77 (0.66–0.91) 0.81 (0.68–0.96)

Decline in eGFR, % per year
DBiL (μmol/L)
Per SD −0.16 (−0.22, −0.10)c −0.17 (−0.23, −0.11)c

Tertiles
T1 (<1.5) 1.52 (3.49)b Ref (0.00) Ref (0.00)
T2 (1.5<2.1) 1.41 (3.35)b −0.11 (−0.25, 0.04)c −0.03 (−0.18, 0.11)c

T3 (≥2.1) 1.17 (3.29)b −0.35 (−0.49, −0.20)c −0.31 (−0.46, −0.16)c

Categories
T1–T2 1.46 (3.42)b Ref (0.00) Ref (0.00)
T3 1.17 (3.29)b −0.29 (−0.42, −0.17)c −0.29 (−0.42, −0.16)c

Notes: aAdjusted for age, sex, treatment group, systolic blood pressure, body mass index, smoking status, alcohol intake, eGFR, proteinuria, serum glucose, total cholesterol, 
alanine aminotransferase, aspartate transaminase at baseline, and time-averaged systolic blood pressure during treatment. bMean (SD). cValues are regression coefficients 
(95% CI). 
Abbreviations: DBiL, direct bilirubin; SD, standard deviation; CKD, chronic kidney disease; eGFR, estimated glomerular filtration rate; OR, odds ratio; 95% CI, 95% 
confidence interval; Ref, reference; T1, tertile 1; T2, tertile 2; T3, tertile 3.

Table S2 (Continued)
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Table S4 Combined effect of baseline DBiL concentrations (T1–T2 vs T3) and cigarette smoking (never, ever) on primary and 
secondary outcomes

Combined groups Events/N (%) OR (95% CI) P for  
interactionSmoking status DBiL, μmol/L Unadjusted Adjusteda

Progression of CKD 0.040
Never T1–T2 160/6454 (2.5) Ref (1.00) Ref (1.00)

T3 34/2518 (1.4) 0.54 (0.37–0.78) 0.54 (0.37–0.80)
Ever T1–T2 54/1961 (2.8) Ref Ref

T3 46/1696 (2.7) 0.98 (0.66–1.47) 1.00 (0.64–1.55)
Rapid decline in eGFR 0.385
Never T1–T2 437/6453 (6.8) Ref (1.00) Ref (1.00)

T3 122/2518 (4.8) 0.70 (0.57–0.86) 0.76 (0.61–0.94)
Ever T1–T2 138/1961 (7.0) Ref (1.00) Ref (1.00)

T3 105/1696 (6.2) 0.87 (0.67–1.13) 0.89 (0.67–1.17)
Decline in eGFR, % per year 0.279
Never T1–T2 1.45 (3.38)b Ref (0.00) Ref (0.00)

T3 1.10 (3.20)b −0.35 (−0.50, −0.20)c −0.34 (−0.50, −0.19)c

Ever T1–T2 1.50 (3.54)b Ref (0.00) Ref (0.00)
T3 1.27 (3.43)b −0.23 (−0.46, 0.00)c −0.19 (−0.42, 0.03)c

Notes: aAdjusted for age, sex, treatment group, systolic blood pressure, body mass index, alcohol intake, eGFR, proteinuria, serum glucose, total cholesterol, alanine 
aminotransferase, aspartate transaminase at baseline, and time-averaged systolic blood pressure during treatment. bMean (SD). cValues are regression coefficients (95% CI). 
Abbreviations: DBiL, direct bilirubin; CKD, chronic kidney disease; eGFR, estimated glomerular filtration rate; OR, odds ratio; 95% CI, 95% confidence interval; Ref, 
reference; T1, tertile 1; T2, tertile 2; T3, tertile 3.
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