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ARTICLE INFO ABSTRACT

Arl ﬂ'le? History: Introduction and Objectives: Accumulating evidence has supported that mild elevated total bilirubin exerts
Received 19 August 2023 antioxidant and anti-inflammatory properties in multiple metabolic diseases. We aimed to explore the asso-
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ciation of circulating total bilirubin concentration with non-alcoholic fatty liver disease (NAFLD) risk and all-
cause mortality and examine the potential nonlinear relationships between them.
Material and Methods: We used nationally representative data from the National Health and Nutrition Exami-
nation Survey (NHANES). NAFLD was assessed using the fatty liver index (FLI) and United States fatty liver
index (USFLI), respectively.
Results: A total of 35 912 and 17 329 participants were included in FLI-NAFLD (case with NAFLD was diag-
nosed by FLI) and USFLI-NAFLD (case with NAFLD was diagnosed by USFLI) groups, respectively. The mean
age of total population was 46.25 years, and 48.51% were male. Compared to participants with lowest quin-
tile of total bilirubin concentration, those with highest quintile had lower risk of NAFLD in both FLI-NAFLD
(OR: 0.48, 95% CI: 0.40, 0.59) and USFLI-NAFLD (OR: 0.55, 95% CI: 0.43, 0.70) groups. Compared to participants
with lowest quintile of total bilirubin concentration, the association between total bilirubin concentration
and all-cause mortality was not significant among those with highest quintile of total bilirubin concentration
(HR: 0.89, 95% CI: 0.66, 1.20). The restricted spline curves showed the nonlinear U-shaped association of total
bilirubin concentration with NAFLD risk and all-cause mortality. The segmented linear regression analysis
showed negative associations between total bilirubin concentration and risk of NAFLD in both FLI-NAFLD
(OR: 0.94, 95% CI: 0.93, 0.95) and USFLI-NAFLD (OR: 0.95, 95% CI: 0.93, 0.96) groups when total bilirubin con-
centration was below the turning point (FLI-NAFLD: 18.81 ptmol/L; USFLI-NAFLD: 15.39 umol/L) and these
associations were not significant when total bilirubin concentration was higher than the turning point. Fur-
thermore, all-cause mortality decreased (OR: 0.97, 95%CI: 0.95, 1.00) with increased total bilirubin concen-
tration up to the turning point (11.97 umol/L), and then all-cause mortality increased with increasing total
bilirubin concentration (OR: 1.03, 95%CI: 1.02, 1.04).
Conclusions: We found that higher circulating total bilirubin concentration within the physiological range
was associated with decreased risk of NAFLD and all-cause mortality among NAFLD patients.
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1. Introduction

Abbreviations: NAFLD, nonalcoholic fatty liver disease; CT, computed tomography;
MRI, magnetic resonance imaging; FLI, fatty liver index; USFLI, United States FLI;
NHANES, the National Health and Nutrition Examination Survey; NCHS, the National

Over the past decades, nonalcoholic fatty liver disease (NAFLD)
has become the most prevalent hepatic disease worldwide, affecting

Center for Health Statistics; CDC, Centers for Disease Control and Prevention; BMI,
body mass index; WC, waist circumference; TG, triglycerides; GGT, gamma-glutamyl
transferase; ORs, odds ratios; Cls, confidence intervals; ALP, alkaline phosphatase; AST,
aspartate aminotransferase; ALT, alanine aminotransferase
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25% of the adult population [1]. NAFLD, as a major cause of cirrhosis
and hepatocellular carcinoma, has been determined to cause consid-
erable liver-related and extrahepatic morbidity and mortality [2,3].
The conventional methods of diagnosing NAFLD have shortcomings.
Liver biopsy is invasive, and imaging technologies such as
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ultrasonography, computed tomography (CT), and magnetic reso-
nance imaging (MRI) are expensive and not suitable for large-scale
population-based studies [4]. Recently, noninvasive diagnostic meth-
ods based on clinical parameters with routine laboratory tests have
been developed. Of these, the fatty liver index (FLI) and United States
FLI (USFLI) are simple and reliable tools with high diagnostic accuracy
for NAFLD [5,6].

The pathophysiology of NAFLD is highly complex and involves
diverse factors, including metabolic disturbances, oxidative stress,
and inflammation [7]. Bilirubin, the metabolic end product of heme
catabolism, is known to have prominent antioxidant and anti-inflam-
matory properties [8—11]. Furthermore, bilirubin also has potent
immunosuppressive effects associated with long-term pathological
and physiological sequelae [12]. Therefore, the association between
bilirubin and NAFLD has received considerable attention recently;
however, most of observational studies have provided inconsistent
evidence and have been limited to the Asian population or small sam-
ple size. For example, two recent studies involving the general popu-
lation have demonstrated that serum bilirubin levels were negatively
associated with the risk of NAFLD, indicating that bilirubin might be a
protective marker for NAFLD [4,13]. By contrast, several cross-sec-
tional studies have reported that serum bilirubin levels were unlikely
to be associated with NAFLD in nonobese patients or obese children
[14,15]. Furthermore, evidence from an Asian population indicated
that total and indirect bilirubin were not associated with the risk of
NAFLD [16,17].

For decades, bilirubin was believed to be an ominous sign of liver
disease; however, recent accumulating evidence has supported the
hypothesis of the nonlinear U-shaped relationships between circulat-
ing bilirubin concentration and oxidative stress-related disorders
such as coronary heart disease, ischemic heart disease, diabetic com-
plications, malignancy, and telomere length [18—21]. These findings
indicate that bilirubin, when only moderately elevated, may exert a
protective effect on oxidative stress-related disorders [22—24]|. To
our knowledge, whether the relationship between bilirubin concen-
tration and the risk of NAFLD is nonlinear remains unclear.

To fill this knowledge gap, we explored the association between
circulating total bilirubin concentration and risk of NAFLD and exam-
ined their potential nonlinear relationship by using nationally repre-
sentative data from the National Health and Nutrition Examination
Survey (NHANES) in the United States. In addition, given that NAFLD
is one of the leading causes of death, we explored the association
between total bilirubin concentration and mortality among patients
with NAFLD.

2. Materials and Methods
2.1. Study design and population

This study was based on data from the NHANES 2005-2018, which
was conducted by the National Center for Health Statistics (NCHS),
Centers for Disease Control and Prevention (CDC). To ensure repre-
sentative data of the health and nutritional status of the noninstitu-
tionalized civilian United States population, NHANES data were
collected with the use of a complex, multistage, and stratified sam-
pling design. The NHANES interviews collected data on demo-
graphics, dietary intake information, physical examinations, and
laboratory examinations. Data from the survey and operation details
are publicly available from the CDC at https://www.cdc.gov/nchs/
nhanes/.htm. Survey protocols were reviewed and approved by the
NCHS Research Ethics Review Board, and all participants provided
written informed consent.

Of the 70190 participants in NHANES 1999-2016, 28047 were
excluded due to young age (<18 years). We then excluded 4342 with
missing data on total bilirubin concentration and 1889 who had
insufficient data for FLI. Finally, a total of 35912 participants were
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included in FLI-NAFLD (case with NAFLD was diagnosed by FLI)
group. In addition, after excluding participants who had insufficient
data for USFLI, data on 17329 participants were included in the
USFLI-NAFLD (cases with NAFLD was diagnosed by USFLI) group.

2.2. Exposure measures

Based on the NHANES Laboratory Procedures, Total bilirubin con-
centration (umol/L) was measured by using a timed endpoint diazo
method on Beckman Synchron LX20. In the reaction, bilirubin reacts
with diazo reagent in the presence of caffeine, benzoate, and acetate
as promoters to produce azobilirubin. A colorimetric analysis at 520
nm at a fixed time interval was conducted by LX20. The change in
absorbance is directly proportional to the total bilirubin concentra-
tion in the sample.

2.3. NAFLD definition

The following NAFLD-related markers were included in the cur-
rent study: body mass index (BMI), waist circumference (WC), trigly-
cerides (TG), gamma-glutamyl transferase (GGT), insulin, and
glucose. The presence of NAFLD was predicted using FLI and USFLL
The FLI is a biochemical model that predicts the presence of NAFLD. It
had been widely used in epidemiologic studies and was recom-
mended by European guidelines for the definition of NAFLD [25]. A
FLI cutoff value of > 60 was used to denote NAFLD [26]. In addition,
NAFLD was determined by using the improved FLI for the multiethnic
U.S. population, and a USFLI cutoff value of > 30 was used to denote
NAFLD [27]. The FLI and USFLI were calculated using the following
established formulas:

FLI = (€%9%3 x log. [TG] + 0.139 x BMI + 0.718 x log. [GGT] + 0.053
x WC —15.745) | (1 + %3 x log. [TG] + 0.139 x BMI + 0.718 x log.
[GGT] +0.053 x WC — 15.745) x 100

USFLI = (e %8973 » Non-Hispanic Black + 0.3458 x Mexican
American + 0.0093 x Age + 0.6151 x log. [GGT] + 0.0249 x WC
+ 1.1792 x loge [Insulin] + 0.8242 x log. [Glucose] -14.7812) | (1
+e 08073 . Non-Hispanic Black + 03458 x Mexican
American + 0.0093 x Age + 0.6151 x log. [GGT] +0.0249 x WC
+1.1792 x log. [Insulin] + 0.8242 x log. [Glucose] -14.7812) x 100

2.4. Ascertainment of mortality

Mortality information was collected from the date of survey par-
ticipation through 31 December 2018 and ascertained by linking the
death certificate records to the National Death Index. Other sources
of follow-up for mortality included the United States Social Security
Administration, the Centers for Medicare and Medicaid Services, and
death certificates.

2.5. Statistical analysis

Data were analyzed using appropriate sampling weights and
accounted for the unequal probability of selection and oversampling
of certain subpopulations. Descriptive statistics were used to com-
pare the characteristics of participants by quintiles of total bilirubin
concentration using ANOVA for continuous variables and chi-square
test for categorical variables. Multivariable logistic regressions were
used to estimate the odds ratios (ORs) with 95% confidence intervals
(CIs) for the association between total bilirubin concentration and
the risk of NAFLD. Multivariable Cox regressions were used to esti-
mate the hazard ratios (HRs) with 95% Cls for the association between
total bilirubin concentration and all-cause mortality among patients
with NAFLD. Models were adjusted for age (continuous), sex (male or
female), ethnicity (non-Hispanic white, black, Mexican American,
Hispanic, and other ethnicity), education status (high school and
below, more than high school, or missing), BMI (<18.5 kg/m?, 18.5 to
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<25 kg/m?, 25 to <30 kg/m?, >30 kg/m?, or missing), smoking status
(never, past, current, or missing), alcohol drinking (yes, no, or miss-
ing), leisure time physical activity (<500 met/week, 500 to
<1000 met/week, >1000 met/week, or missing), alkaline phospha-
tase (ALP) (low, medium, high, or missing), aspartate aminotransfer-
ase (AST) (low, medium, high, or missing), alanine aminotransferase
(ALT) (low, medium, high, or missing), GGT (low, medium, high, or
missing), diabetes (yes, no, or missing), hypertension (yes, no, or
missing), and hypercholesterolemia (yes, no, or missing). Restricted
cubic splines were used to examine the dose-response associations
between total bilirubin concentration and risk of NAFLD and all-cause
mortality among patients with NAFLD, and the segmented linear
regression was used to calculate the threshold effect. In the explor-
atory analyses, subgroup and sensitivity analyses were conducted
according to the potential confounding variables. All analyses were
performed with R software 3.6.2. Statistical significance was indi-
cated by a two-sided P value < 0.05.

2.6. Ethical statements

Written informed consent was obtained from each patient
included in the study and the study protocol conforms to the ethical
guidelines of the 1975 Declaration of Helsinki as reflected in a priori
approval by the Ethics Committee of the National Center for Health
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Statistics Ethics Review Board (NHANES 2005-2010: Protocol #2005-
06; NHANES 2011-2016: Protocol #2011-17; NHANES 2017-2018:
Protocol #2011-17 and Protocol #2018-01).

3. Results

The weighted demographic characteristics of the study population
are summarized in Table 1. The mean age was 46.25 years, and
48.51% were male. Compared with participants without NAFLD, those
with NAFLD have lower total bilirubin concentration (P < 0.001). Sub-
group analysis according to sex showed similar results (Supplemen-
tary Table 1). Significant differences in age, sex, ethnicity, education
status, BMI, smoking status, alcohol drinking, and history of diabetes,
hypertension, and hypercholesterolemia were observed between
quintiles of circulating total bilirubin concentration (P < 0.05). Com-
pared to participants in total bilirubin concentration quintile 1, those
in quintile 5 were more likely to be male, non-Hispanic white, never
smokers, and alcohol drinkers, have higher education level, leisure
time physical activity, AST, ALT, GGT, and prevalence of hypercholes-
terolemia, and have lower BMI level, ALP, and prevalence of diabetes
and hypertension.

The associations between circulating total bilirubin concentration
and risk of NAFLD are shown in Table 2. In multivariable adjusted
model, per 1 ©mol/L increase in serum bilirubin concentrations were

Table 1
Baseline characteristics of the study populations (n=35 912).
Characteristics Total bilirubin concentration (zmol/L) Pvalue
Total population Quintile 1(<5.81) Quintile 2 (5.82-8.55) Quintile 3 (8.56-10.26) Quintile 4 (10.27-14.54) Quintile 5 (>14.55)
Age (years) 46.25 +0.23 45.81 + 0.47 45.68 + 0.29 46.54 + 0.32 47.00 +0.31 46.08 + 0.33 <0.001
Male, n (%) 4851 29.70 36.01 45.10 55.13 69.41 <0.001
Ethnicity, n (%) <0.001
Non-Hispanic white 67.24 61.33 63.03 66.67 70.72 72.10
Black 10.80 13.30 12.80 11.25 9.47 8.16
Mexican American ~ 8.76 9.76 9.88 9.29 7.72 7.67
Other Hispanic 5.58 6.31 6.77 5.48 4,78 4,72
Others 7.62 9.30 7.53 7.30 7.32 7.34
Educational status, n (%) <0.001
High school and 39.82 41.82 41.79 40.46 39.47 36.17
below
More than high 60.18 58.18 58.21 59.54 60.53 63.83
school
Body mass index, n (%) <0.001
<18.5 kg/m? 1.69 1.25 1.61 1.69 1.76 1.95
18.5to <25 kg/m>  29.05 21.59 26.97 29.27 3042 34.12
25 to <30 kg/m? 32.83 27.38 30.70 31.95 3547 36.14
>30 kg/m? 36.43 49.79 40.72 37.09 32.34 27.79
Smoking status, n (%) <0.001
Never 55.53 55.65 54.55 53.97 54.82 58.70
Past 24.34 20.59 23.25 23.87 26.04 26.26
Current 20.12 23.76 22.20 22.16 19.13 15.04
Alcohol drinking, n (%)  76.78 69.55 73.69 76.46 78.29 80.76
Leisure time physical <0.001
activity, n (%)
<500 met/week 57.65 66.27 60.51 59.62 54.96 50.68
500 to <1000 met/  12.85 10.79 12.28 14.14 13.07 13.56
week
>1000 met/week 29.50 22.94 27.21 26.24 31.96 35.76
Alkaline phosphatase, 68.56 + 0.24 75.01 £ 0.60 69.40 + 0.43 68.65 £ 0.35 66.87 +0.38 65.75 +0.39 <0.001
IU/L
Aspartate aminotrans-  25.19 £ 0.10 21.844+0.19 23.84 +£0.17 24.68 +0.21 26.05+0.17 28.13 £0.31 <0.001
ferase, U/L
Alanine aminotransfer-  25.17 +0.13 21.74+0.30 23.454+0.19 24.55+0.27 26.23+0.24 28.49 +0.38 <0.001
ase, U/L
Gamma glutamyl trans-  27.63 £ 0.26 25.23 4+ 0.50 25.6140.39 26.68 & 0.47 28.37 £ 0.55 31.30 + 0.890 <0.001
ferase, U/L
Diabetes, n (%) 9.11 11.36 10.56 9.06 8.23 7.15 <0.001
Hypertension, n (%) 30.35 32.27 30.24 30.58 3091 28.55 <0.001
Hypercholesterolemia,  36.05 31.79 34.48 36.41 39.30 36.80 <0.001

n (%)
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Table 2
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Association between total bilirubin concentration and risk of non-alcoholic fatty liver disease.

Total bilirubin concentration («mol/L) ~ NAFLD Without NAFLD  Crude model Age, sex-adjusted model =~ Multivariable adjusted model
Odds ratio (95% CI)  Odds ratio (95% CI) 0Odds ratio (95% CI)
FLI-NAFLD
Total bilirubin (continuous) 0.97 (0.96, 0.97) 0.95(0.94, 0.96) 0.96 (0.95,0.97)
Total bilirubin
Quintile 1 2347 (14.16) 1990 (10.29) 1.00 (Ref.) 1.00 (Ref.) 1.00 (Ref.)
Quintile 2 4701 (28.36) 4917 (25.43) 0.75(0.67,0.84) 0.71(0.63,0.79) 0.82(0.70, 0.96)
Quintile 3 2763 (16.67) 3047 (15.76) 0.71(0.62, 0.81) 0.61 (0.54, 0.70) 0.73 (0.60, 0.89)
Quintile 4 3880(23.41) 4949 (25.59) 0.63(0.56, 0.72) 0.50(0.43,0.57) 0.61(0.50,0.73)
Quintile 5 2885(17.40)  4433(22.93) 0.54(0.48,0.62) 0.39(0.34, 0.45) 0.48 (0.40, 0.59)
P for trend <0.001 <0.001 <0.001

USFLI-NAFLD
Total bilirubin (continuous)
Total bilirubin, quintile

Quintile 1 611(10.79) 1059 (9.08)

Quintile 2 1451 (25.62) 2709 (23.22)

Quintile 3 906 (16.00) 1832 (15.70)

Quintile 4 1489 (26.29)  3116(26.71)

Quintile 5 1206 (21.30) 2950 (25.29)
P for trend

<0.001

0.97 (0.97,0.98) 0.95 (0.94, 0.96) 0.96 (0.95, 0.98)

1.00 (Ref) 1.00 (Ref.) 1.00 (Ref)

0.86 (0.74, 1.00) 0.80 (0.69, 0.93) 0.96 (0.78, 1.19)
0.83 (0.70, 0.97) 0.72 (0.61, 0.85) 0.83 (0.65, 1.07)
0.75 (0.64, 0.88) 0.60 (0.50,0.71) 0.73 (0.59, 0.89)
0.64 (0.54, 0.74) 0.45 (0.38, 0.54) 0.55 (0.43, 0.70)

<0.001 <0.001

* Adjust for: age (continuous), sex (male or female), ethnicity (non-Hispanic white, black, Mexican American, other Hispanic, other ethnicities), education status (high
school and below, more than high school, or missing), body mass index (<18.5 kg/m?, 18.5 to <25 kg/m?, 25 to <30 kg/m?, >30 kg/m?, or missing), smoking status
(never, past, current, or missing), alcohol drinking (yes, no, or missing), leisure time physical activity (<500 met/week, 500 to <1000 met/week, >1000 met/week, or
missing), alkaline phosphatase (low, medium, high, or missing), aspartate aminotransferase (low, medium, high, or missing), alanine aminotransferase (low, medium,
high, or missing), gamma glutamyl transferase (low, medium, high, or missing), diabetes (yes, no, or missing), hypertension (yes, no, or missing), and hypercholester-

olemia (yes, no, or missing).

negatively associated with risk of NAFLD in both of FLI-NAFLD (OR:
0.96, 95% CI: 0.95, 0.97) and USFLI- NAFLD (OR: 0.96, 95% CI: 0.95,
0.98) groups. Furthermore, compared to participants with lowest
quintile of total bilirubin concentration, those with highest quintile
had lower risk of NAFLD in both FLI-NAFLD (OR: 0.48, 95% CI: 0.40,
0.59) and USFLI-NAFLD (OR: 0.55, 95% CI: 0.43, 0.70) groups. Similar
results were also observed in crude and age, sex-adjusted models.
The association between total bilirubin concentration and all-cause
mortality among patients with NAFLD is shown in Table 3. Compared
to participants with lowest quintile of total bilirubin concentration,
the association between total bilirubin concentration and all-cause
mortality was not significant among those with highest quintile of
total bilirubin concentration (HR: 0.89, 95% CI: 0.66, 1.20).

Fig. 1 shows the restricted spline curves for associations between
circulating total bilirubin concentration and risk of NAFLD, and the
nonlinear U-shaped associations were observed (all Poyeran < 0.001;
all Phonlinearity<0.001). The segmented linear regression analysis
showed negative associations between total bilirubin concentration
and risk of NAFLD in both of FLI-NAFLD (OR: 0.94, 95% CI: 0.93, 0.95)
and USFLI-NAFLD (OR: 0.95, 95% CI: 0.93, 0.96) groups when total bil-
irubin concentration was below the turning point (FLI-NAFLD: 18.81

Table 3

pmol/L; USFLI-NAFLD: 15.39 pumol/L) and these associations were
not significant when total bilirubin concentration was higher than
the turning point. The likelihood ratio test results comparing non-
segmented models to the segmented regression model were signifi-
cant (< 0.01) (Table 4). Furthermore, the restricted spline curves also
showed a nonlinear U-shaped relationship between total bilirubin
concentration and all-cause mortality among participants with
NAFLD (Poyerann <0.001; Phoniinearity <0.001) (Fig. 2). Threshold effect
analysis using segmented linear regression analysis showed that all-
cause mortality decreased with increased total bilirubin concentra-
tion up to the turning point (11.97 wmol/L) (OR: 0.97, 95% CI: 0.95,
1.00), and then all-cause mortality increased with increasing total bil-
irubin concentration (OR: 1.03, 95% CI: 1.02, 1.04) (Table 4).

The subgroup analysis results showed that participants with the
highest quintile of total bilirubin concentration were negatively asso-
ciated with risk of FLI-NAFLD across strata of age, sex, race, educa-
tional status, BMI, smoking status, alcohol drinking, leisure time
physical activity, and ALP, AST, ALT, and GGT levels (Table 5). Further-
more, the results for the risk of USFLI-NAFLD were similar in all sub-
groups (P interaction > 0.05) (Supplementary Table 2). Sensitivity
analyses were also conducted by excluding participants with

Association between total bilirubin concentration and all-cause mortality among patients with non-alcoholic fatty liver disease.

Total bilirubin concentration («mol/L) ~ Death Alive Crude model Age, sex-adjusted model ~ Multivariable adjusted model
Hazard ratio (95% CI) Hazard ratio (95% CI) Hazard ratio (95% CI)

Total bilirubin
Quintile 1 88(5.24) 2254 (15.15) 1.00 (Ref.) 1.00 (Ref.) 1.00 (Ref.)
Quintile 2 136(8.10) 1933 (12.99) 1.08 (0.73, 1.60) 1.04 (0.68, 1.60) 1.12 (0.74, 170)
Quintile 3 522 (31.07) 4865 (32.69) 1.07 (0.78,1.47) 0.85(0.62, 1.16) 0.88 (0.65, 1.18)
Quintile 4 273(1625) 1944 (13.06) 1.21(0.88, 1.66) 0.75 (0.54, 1.03) 0.83 (0,61, 1.13)
Quintile 5 661(39.35) 3884 (26.10) 1.24(0.91, 1.68) 0.74(0.54,1.01) 0.89 (0.66, 1.20)

P for trend 0.048 0.003 0.228

* Adjust for: age (continuous), sex (male or female), ethnicity (non-Hispanic white, black, Mexican American, other Hispanic, other ethnicity), education status (high
school and below, more than high school, or missing), body mass index (<18.5 kg/m?, 18.5 to <25 kg/m?, 25 to <30 kg/m?, >30 kg/m?, or missing), smoking status
(never, past, current, or missing), alcohol drinking (yes, no, or missing), leisure time physical activity (<500 met/week, 500 to <1000 met/week, >1000 met/week, or
missing), alkaline phosphatase (low, medium, high, or missing), aspartate aminotransferase (low, medium, high, or missing), alanine aminotransferase (low, medium,
high, or missing), gamma glutamyl transferase (low, medium, high, or missing), hypertension (yes, no, or missing), and hypercholesterolemia (yes, no, or missing).
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Fig. 1. Dose-response association between circulating total bilirubin concentration and risk of non-alcoholic fatty liver disease. A, FLI-NAFLD; B, USFLI-NAFLD.

Table 4

Threshold effect analysis of total bilirubin concentration and all-cause mortality among patients with non-alcoholic fatty liver disease

using segmented linear regression.

FLI-NAFLD USFLI-NAFLD All-cause mortality
Oddsratio (95% CI)  P-value  Odds ratio (95% CI)  P-value  Hazard ratio (95% CI)  P-value
Total bilirubin, ;umol/L
<Turning point * 0.94(0.93, 0.95) <0.001 0.95(0.93, 0.96) <0.001 0.97 (0.95, 1.00) 0.024
>Turning point * 1.01(0.99, 1.03) 0.239 1.00 (0.98, 1.02) 0.853 1.03(1.02, 1.04) <0.001
Log likelihood ratio test*  <0.001 <0.001 <0.001

? The turning point for FLI-NAFLD was 18.81 p«mol/L, for USFLI-NAFLD was 15.39 p«mol/L, and for all-cause mortality was 11.97 pmol/L
P Log likelihood ratio test results comparing linear regression model with two segmented linear regression model.

diabetes, hypertension, and hypercholesterolemia, respectively, and
the associations did not appreciably change (Supplementary Table 3).
Regarding the association between total bilirubin concentration and
all-cause mortality among patients with NAFLD, we also conducted a
subgroup analysis of age, sex, race, educational status, BMI, smoking
status, alcohol drinking, and leisure time physical activity (Table 6),
and sensitivity analysis by excluding participants with diabetes,
hypertension, and hypercholesterolemia (Supplementary Table 4)
and found that the results were largely unchanged.

P <0.001
<0.001

overall

4 nonlinearity

Hazard ratio (95% CI)

Total bilirubin concentration, pmol/L

Fig. 2. Restricted spline curves for association between circulating total bilirubin con-
centration and all-cause mortality among patients with non-alcoholic fatty liver dis-
ease.

4. Discussion

In this large cross-sectional analysis of a representative sample of
US adults, we found that participants with a higher circulating total
bilirubin concentration had a lower risk of NAFLD. The significant
negative association was robust across multiple subgroups and sensi-
tivity analyses. In addition, this study is the first to examine the non-
linear association of total bilirubin concentration with the risk of
NAFLD and all-cause mortality by fitting a restricted cubic spline, and
the results indicated a U-shaped relationship. These findings suggest
that mildly elevated circulating total bilirubin concentrations were
associated with a decreased risk of NAFLD and all-cause mortality.

Accumulating evidence has revealed negative associations
between bilirubin concentrations and multiple metabolic diseases,
such as obesity, diabetes, metabolic syndrome, atherosclerosis, and
stroke[28—31]. Although the association between circulating biliru-
bin concentration and the risk of NAFLD has been reported in previ-
ous studies, most previous studies were limited to Asian populations
and had inconsistent results [13,14,16,17,32]. Two previous studies
found no significant association between total or indirect bilirubin
concentration and NAFLD [16,17]. By contrast, two studies conducted
in European populations have demonstrated that circulating total bil-
irubin concentration was associated with NAFLD risk [4,33]. The pres-
ent large-scale study is the first to demonstrate the negative
association between total bilirubin concentration and the risk of
NAFLD in the general US population.

NAFLD is a multisystem disease that involves dysregulation of
several biological pathways. Oxidative stress and inflammation have
emerged as critical aspects of the pathogenesis and progression of
NAFLD [7]. Fat accumulation in the liver that exceeds the liver’s meta-
bolic capacity can lead to an imbalance in lipid metabolism and lipo-
toxicity, which contributes to cell stress (including oxidative stress,
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Table 5
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Association between total bilirubin concentration and risk of FLI-non-alcoholic fatty liver disease in different subgroups.

Total bilirubin concentration (xmol/L)

Quintile 1 Odds ratio Quintile 2 Odds ratio

Quintile 3 Odds ratio Quintile 4 Odds ratio Quintile 5 Odds ratio

(95% CI) (95% CI) (95% CI) (95% CI) (95% CI)

Age

<50 years 1.00 (Ref.) 0.77 (0.60, 0.99) 0.72 (0.55, 0.95) 0.57 (0.44, 0.74) 0.48 (0.36, 0.64)

>50 years 1.00 (Ref.) 0.87(0.69, 1.10) 0.77 (0.58,1.01) 0.67 (0.52,0.86) 0.51 (0.40, 0.65)
Sex

Male 1.00 (Ref.) 1.09 (0.83, 1.43) 1.00(0.74,1.35) 0.83(0.62,1.12) 0.66 (0.49, 0.89)

Female 1.00 (Ref.) 0.71 (0.58, 0.88) 0.65 (0.51,0.82) 0.53(0.42,0.67) 0.39(0.29, 0.53)
Race

Non-Hispanic white ~ 1.00 (Ref.) 0.89(0.71, 1.13) 0.84(0.63,1.11) 0.67 (0.51,0.87) 0.52 (0.40, 0.68)

Others 1.00 (Ref.) 0.74 (0.60, 0.90) 0.59 (0.48,0.72) 0.52(0.41, 0.65) 0.43 (0.34,0.54)
Educational status

High school and 1.00 (Ref.) 0.81(0.64, 1.02) 0.73 (0.56, 0.95) 0.59 (0.46, 0.76) 0.45 (0.32,0.61)

below

More than high school 1.00 (Ref.) 0.82(0.65, 1.04) 0.73 (0.55, 0.96) 0.62 (0.48, 0.80) 0.50 (0.39, 0.65)
BMI

<30 kg/m? 1.00 (Ref.) 0.85(0.70, 1.04) 0.75 (0.60, 0.94) 0.67 (0.54, 0.82) 0.54 (0.44,0.67)

>30 kg/m? 1.00 (Ref.) 0.82(0.62, 1.09) 0.71 (0.51, 1.00) 0.56 (0.41,0.78) 0.35(0.24,0.51)
Smoking status

Never 1.00 (Ref.) 0.73(0.57,0.93) 0.66 (0.49, 0.88) 0.51(0.40, 0.65) 0.43(0.33,0.58)

Past or current 1.00 (Ref.) 0.93(0.70, 1.25) 0.83(0.59, 1.15) 0.74 (0.55, 0.99) 0.54 (0.40, 0.74)
Alcohol dinking

No 1.00 (Ref.) 0.82(0.62, 1.08) 0.65(0.48,0.87) 0.49(0.36, 0.65) 0.49 (0.36,0.67)

Yes 1.00 (Ref.) 0.81 (0.66, 0.99) 0.71 (0.57,0.88) 0.62 (0.50, 0.76) 0.47 (0.38, 0.58)
Leisure time physical

activity

<500 MET/week 1.00 (Ref.) 0.80(0.68, 0.93) 0.74 (0.62, 0.88) 0.60(0.51,0.71) 0.51(0.43,0.61)

>500 MET/week 1.00 (Ref.) 0.83 (0.66, 1.04) 0.65 (0.50, 0.83) 0.55(0.43,0.70) 0.44 (0.34, 0.56)
Alkaline phosphatase

Low/medium 1.00 (Ref.) 0.74(0.59,0.91) 0.66 (0.52,0.84) 0.54(0.42, 0.69) 0.39(0.30,0.51)

High 1.00 (Ref.) 1.04(0.84,1.29) 0.92 (0.69, 1.22) 0.78 (0.62, 0.99) 0.69 (0.53, 0.89)
Aspartate

aminotransferase

Low/medium 1.00 (Ref.) 0.81 (0.65, 1.00) 0.70 (0.55, 0.89) 0.54 (0.43, 0.68) 0.38(0.30, 0.50)

High 1.00 (Ref.) 0.86 (0.64, 1.17) 0.81(0.59, 1.12) 0.75(0.55, 1.01) 0.65 (0.47, 0.90)
Alanine

aminotransferase

Low/medium 1.00 (Ref.) 0.91 (0.76, 1.10) 0.78 (0.63,0.97) 0.69 (0.56, 0.86) 0.53 (0.46, 0.66)

High 1.00 (Ref.) 0.65 (0.47, 0.89) 0.65 (0.46, 0.93) 0.42 (0.30, 0.60) 0.38(0.26, 0.57)
Gamma glutamyl

transferase

Low/medium 1.00 (Ref.) 0.85(0.69, 1.05) 0.79 (0.63, 0.99) 0.62 (0.49, 0.78) 0.48 (0.38,0.61)

High 1.00 (Ref.) 0.81(0.62, 1.06) 0.71 (0.52,0.97) 0.64 (0.48, 0.86) 0.56 (0.41, 0.76)

* Adjust for: age (continuous), sex (male or female), ethnicity (non-Hispanic white, black, Mexican American, other Hispanic, other ethnicity), education status
(high school and below, more than high school, or missing), body mass index (<18.5 kg/m?, 18.5 to <25 kg/m?, 25 to <30 kg/m?, >30 kg/m?, or missing), smoking
status (never, past, current, or missing), alcohol drinking (yes, no, or missing), leisure time physical activity (<500 met/week, 500 to <1000 met/week, >1000 met/-
week, or missing), alkaline phosphatase (low, medium, high, or missing), aspartate aminotransferase (low, medium, high, or missing), alanine aminotransferase
(low, medium, high, or missing), gamma glutamyl transferase (low, medium, high, or missing), diabetes (yes, no, or missing), hypertension (yes, no, or missing),

and hypercholesterolemia (yes, no, or missing).

and endoplasmic reticulum stress) and the activation of inflamma-
somes, thereby stimulating tissue regeneration and fibrogenesis [34].
The mechanisms underlying the negative association between biliru-
bin and NAFLD might be attributed to the antioxidant and anti-
inflammatory properties of bilirubin [9,10]. Bilirubin can protect vari-
ous proteins, lipid membranes, and cells from damage in vitro studies
[35]. In addition, bilirubin, as a powerful signaling molecule, can par-
ticipate in endocrine activities and activate various nuclear and cyto-
plasmic receptors, such as aryl hydrocarbon, constitutive androstane
receptors, or peroxisome proliferator-activated receptors ¢, which
may involve the occurrence and development of NAFLD [12,36,37].
The assessment of total bilirubin concentration is usually per-
formed as part of a routine test of liver function, and its physiological
level varies from 3.4 to 17.1 wmol/L [38]. Our study is the first to evi-
dence the nonlinear U-shaped relationship between total bilirubin
concentration and the risk of NAFLD. The results indicate that ele-
vated total bilirubin concentration below the turning point (18.81
mmol/L) is associated with a lower risk of NAFLD. These findings sug-
gest that only mildly elevated total bilirubin concentration within

the physiological range may play an antioxidant and anti-inflamma-
tory role in NAFLD. Interestingly, similar to our findings, a recent
cross-sectional study demonstrated that telomere length increased
with increased bilirubin concentration up to 0.5 mg/dL, beyond
which the association was nonsignificant, indicating that mildly
increased bilirubin concentration is protective against telomere
shortening [19]. Furthermore, regarding the association of bilirubin
with telomere length, previous study has found that there were lon-
ger telomeres in male individuals chronically exposed to increased
unconjugated bilirubin, as well as in rat model of unconjugated
hyperbilirubinaemia [39]. Similarly, previous studies also reported
the nonlinear U-shaped relationship between total bilirubin concen-
tration and the risk of coronary heart disease, ischemic heart disease,
and diabetic retinopathy [20,21,40].

The relationship between total bilirubin concentration and mor-
tality in the general population or in patients with pre-existing dis-
ease is unclear [23,41-45]. To date, few studies have examined the
association between total bilirubin concentration and all-cause mor-
tality among patients with NAFLD, whereas our study demonstrated
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Table 6
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Association between total bilirubin concentration and all-cause mortality among patients with non-alcoholic fatty liver disease in different subgroups.

Total bilirubin concentration (xmol/L)

Quintile 1 Hazard ratio  Quintile 2 Hazard ratio

Quintile 3 Hazard ratio  Quintile 4 Hazard ratio  Quintile 5 Hazard ratio

(95% CI) (95% CI) (95% CI) (95% CI) (95% CI)

Age
<50 years 1.00 (Ref.) 0.76 (0.30, 1.93) 0.84(0.40,1.73) 1.50(0.65, 3.44) 1.36(0.64,2.91)
>50 years 1.00 (Ref.) 1.31(0.83,2.07) 1.02 (0.72,1.43) 0.91 (0.64, 1.28) 1.04(0.74,1.45)
Sex
Male 1.00 (Ref.) 0.94 (0.49, 1.77) 0.78 (0.49, 1.25) 0.76 (0.47,1.23) 0.75(0.48,1.17)
Female 1.00 (Ref.) 1.28(0.81, 2.04) 0.93 (0.67,1.29) 0.78 (0.53,1.14) 1.05(0.72,1.53)
Race
Non-Hispanic white 1.00 (Ref.) 1.05(0.72,1.52) 0.87(0.64, 1.19) 0.77 (0.56, 1.08) 0.84 (0.61, 1.15)
Others 1.00 (Ref.) 1.12(0.75, 1.67) 1.11(0.78, 1.56) 1.09(0.74, 1.59) 1.29(0.91,1.83)
Educational status
High school and below  1.00 (Ref.) 0.96 (0.56, 1.63) 0.83 (0.54, 1.29) 0.84 (0.54, 1.30) 0.91 (0.57,1.43)
More than high school ~ 1.00 (Ref.) 1.40(0.80, 2.44) 0.96 (0.63, 1.45) 0.83(0.52,1.33) 0.88(0.57,1.35)
BMI
<30 kg/m? 1.00 (Ref.) 1.28(0.61, 2.65) 1.93(0.48,1.83) 0.71 (0.36, 1.40) 1.04(0.51, 2.10)
>30 kg/m? 1.00 (Ref.) 1.08(0.68 1.71) 0.88 (0.65, 1.20) 0.93(0.67,1.29) 0.83(0.60, 1.16)
Smoking status
Never 1.00 (Ref.) 0.97 (0.51, 1.83) 0.77 (0.48,1.23) 0.69 (0.41, 1.15) 0.85(0.52, 1.40)
Past or current 1.00 (Ref.) 1.17(0.72,1.91) 0.93(0.65,1.35) 0.89(0.59, 1.36) 0.85(0.58,1.25)
Alcohol dinking
No 1.00 (Ref.) 1.69(0.98, 2.89) 1.41(0.88, 2.29) 1.13(0.67,1.91) 1.41(0.86, 2.30)
Yes 1.00 (Ref.) 0.83(0.58,1.19) 0.82(0.61,1.11) 0.83(0.61,1.14) 0.87 (0.64,1.18)
Leisure time physical

activity
<500 MET/week 1.00 (Ref.) 0.97 (0.61, 1.54) 0.79 (0.56, 1.13) 0.79(0.54, 1.14) 0.90 (0.63, 1.29)
>500 MET/week 1.00 (Ref.) 1.67 (0.66, 4.27) 1.11(0.52,2.37) 0.90(0.41,1.97) 0.84(0.38,1.86)
Alkaline phosphatase
Low/medium 1.00 (Ref.) 1.14(0.72,1.81) 0.85(0.59, 1.21) 0.70 (0.47, 1.04) 0.84(0.57,1.23)
High 1.00 (Ref.) 1.07 (0.50, 2.28) 0.90(0.53,1.51) 1.02 (0.59, 1.78) 0.94(0.55,1.62)
Aspartate

aminotransferase
Low/medium 1.00 (Ref.) 1.06 (0.67, 1.68) 0.88 (0.62, 1.24) 0.78 (0.54, 1.14) 0.76 (0.51,1.12)
High 1.00 (Ref.) 1.20(0.65, 2.24) 0.82(0.52,1.29) 0.81(0.51,1.28) 0.98 (0.64, 1.49)
Alanine

aminotransferase
Low/medium 1.00 (Ref.) 0.94 (0.55, 1.61) 0.91 (0.59, 1.41) 0.69(0.43,1.12) 0.84(0.54,1.29)
High 1.00 (Ref.) 1.41(0.77,2.57) 0.80(0.51,1.27) 1.09(0.70, 1.70) 0.97 (0.61, 1.55)
Gamma glutamyl

transferase
Low/medium 1.00 (Ref.) 1.11(0.66, 1.87) 0.87(0.55,1.39) 0.70(0.42,1.16) 0.68 (0.43, 1.08)
High 1.00 (Ref.) 1.13(0.65, 1.97) 0.86 (0.57,1.29) 0.95(0.61, 1.47) 1.04(0.67,1.61)

* Adjust for: age (continuous), sex (male or female), ethnicity (non-Hispanic white, black, Mexican American, other Hispanic, other ethnicity), education status
(high school and below, more than high school, or missing), body mass index (<18.5 kg/m?, 18.5 to <25 kg/m?, 25 to <30 kg/m?, >30 kg/m?, or missing), smoking
status (never, past, current, or missing), alcohol drinking (yes, no, or missing), leisure time physical activity (<500 met/week, 500 to <1000 met/week, >1000 met/-
week, or missing), alkaline phosphatase (low, medium, high, or missing), aspartate aminotransferase (low, medium, high, or missing), alanine aminotransferase
(low, medium, high, or missing), gamma glutamyl transferase (low, medium, high, or missing), diabetes (yes, no, or missing), hypertension (yes, no, or missing),

and hypercholesterolemia (yes, no, or missing).

a nonlinear U-shaped relationship between them. When total biliru-
bin concentration was less than 11.97 pumol/L, increased total biliru-
bin concentration was associated with decreased all-cause mortality,
and the mortality risk increased as total bilirubin increased above
this inflection point. Similarly, a previous study demonstrated a U-
shaped relationship between serum total bilirubin and mortality in
patients with end-stage renal disease receiving peritoneal dialysis
and found that participants with bilirubin concentrations of 0.5-
0.6 mg/dL had the lowest 3-year mortality rate [46].

Among the many potential causes of elevated circulating bilirubin
concentration is Gilbert’s syndrome. Moreover known as benign
hyperbilirubinemia, Gilbert’s syndrome is characterized by mildly
elevated total bilirubin with no laboratory signs of haemolysis or liver
damage [47]. A previous study indicated that the plasma antioxidant
capacity of patients with Gilbert’s syndrome mildly increased due to
the increase of unconjugated bilirubin [48]. A case-control study has
reported that the serum bilirubin concentration in NAFLD patients
shows a decreasing trend, while the prevalence of phenotypic Gilbert
syndrome was significantly lower [49]. Moderate unconjugated
hyperbilirubinemia may reduce platelet hyperreactivity and

prothrombin phenotype by protecting transmembrane proteins and
lipids against attack by reactive oxygen species (ROS), which is a
related risk factor for cardiovascular disease [50]. Despite the health
promoting effects of mild hyperbilirubinemia, we still need to iden-
tify the presence of underlying hepatobiliary diseases affecting biliru-
bin metabolism/excretion in clinical practice.

In recent years, NAFLD has become an increasingly common dis-
ease worldwide, resulting in a major health and socioeconomic bur-
den, and there is currently no effective drug treatment. The findings
of the present study suggest that bilirubin may be a biomarker for
the reduced prevalence of NAFLD and a predictor of all-cause mortal-
ity among patients with NAFLD, which is of clinical significance. Fur-
thermore, our study has several notable strengths. First, our study
was based on a large representative sample of the US population
with standardized data collection procedures and rigorous quality
control measures. Second, we provided the first evidence for the non-
linear U-shaped relationships between total bilirubin concentration
and NAFLD risk and all-cause mortality by using restricted cubic
splines and segmented linear regression. Third, we conducted a com-
prehensive series of subgroup analyses of age, sex, race, educational
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status, BMI, smoking status, alcohol consumption, leisure time physi-
cal activity, and ALP, AST, GGT and ALT levels, and sensitivity analyses
excluding participants with diabetes, hypertension, and hypercholes-
terolemia. The association between total bilirubin concentration and
NAFLD risk was robust across multiple analyses.

Our study also has several limitations. First, the cross-sectional
nature of the study led to difficulties in inferring causal relationships.
A subsequent prospective study is essential to confirm our results.
Second, NAFLD cases in the present study were not identified using
liver biopsies; such an invasive diagnostic method is not suitable for
large-scale population-based studies. Despite this, we used both FLI
and USFLI as indicators of NAFLD. FLI and USFLI are recognized as
rapid, valid, and reliable techniques for identifying NAFLD cases in
large populations [25,27]. Third, although we adjusted for many
potential confounders in our analyses, residual confounding such as
drug use could not be excluded.

5. Conclusions

Our study demonstrated that higher elevated circulating total bili-
rubin concentration within the physiological range may play an anti-
oxidant and anti-inflammatory role and was associated with a
decreased risk of NAFLD and all-cause mortality.
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