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Objective: Metabolic syndrome (MetS) and non-alcoholic fatty liver disease (NAFLD) are
the leading chronic diseases worldwide. There are still many controversies about the
association between serum bilirubin and MetS or NAFLD. This study aims to evaluate the
association of serum total bilirubin (TBIL), direct bilirubin (DBIL), indirect bilirubin (IBIL) with
MetS and NAFLD.

Methods: Multiple databases were searched for relevant studies until November 2021.
Randomized controlled trials, cross-sectional and cohort studies evaluating the
association between serum bilirubin levels and MetS or NAFLD were included.

Results: Twenty-four cross-sectional and cohort studies with 101, 517 participants were
finally analyzed. Fifteen studies and 6 studies evaluated the association between bilirubin
and MetS or NAFLD in health screening population, respectively, while 3 studies evaluated
the association between bilirubin and non-alcoholic steatohepatitis (NASH) in NAFLD
patients. Random effect model analysis showed the inverse association between TBIL
and MetS in male (95%CI=0.71-0.96) and gender-neutral (95%CI=0.61-0.91) group.
However, no significant association was found in females. Notably, the inverse association
between DBIL and MetS was noticed in male (95%CI=0.36-0.75), female (95%CI=0.16-
0.58) and gender-neutral population (95%CI=0.67-0.92). IBIL level was inversely

associated with MetS in females (95%CI=0.52-0.96), whereas no statistical correlation
presented in males. TBIL was not statistically correlated with NAFLD in gender-neutral or
male subgroup. Similarly, there were no association between DBIL or IBIL and NAFLD in
gender-neutral subgroup. However, the negative correlation between DBIL and NAFLD
existed in males (95%CI=0.76-0.96). In NAFLD patients, IBIL analysis showed an inverse
association with NASH (95%CI=0.01-0.12).
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Conclusion: Serum TBIL and DBIL levels, especially DBIL levels, assume an inverse
correlation with MetS in healthy population. Serum IBIL is inversely associated with the
onset and degree of NASH in NAFLD patients. Exogenous bilirubin supplement may be a
potential strategy to assist in lowering the risk of developing MetS and NAFLD.

Systematic Review Registration:

CRD42021293349

https://www.crd.york.ac.uk/prospero/, identifier

Keywords: serum bilirubin, metabolic syndrome, non-alcoholic fatty liver disease, non-alcoholic steatohepatitis,

meta-analysis

INTRODUCTION

With the development of urbanization and the improvement of
living standards, the incidence of diseases related to metabolic
disorders is steadily increasing, which makes them serious
diseases threatening human health (1-3). Metabolic syndrome
(MetS) is defined as a group of complex metabolic disorders
characterized by insulin resistance, hypertension, atherogenic
dyslipidemia and abdominal obesity, etc. Several societies
harmonize that the MetS can be defined when any three or more
of the following factors are met: (a) elevated waist circumference
based on population-and country-specific definitions; (b) elevated
triglycerides or being previously diagnosed as hypertriglyceridemia
and taking antihypertriglyceridemia medication; (c) reduced high-
density lipoprotein cholesterol (HDL-C) or being previously
diagnosed as reduced HDL-C and taking medication for reduced
HDL-C; (d) elevated blood pressure (BP) or being previously
diagnosed as hypertension and taking antihypertensive
medication; (e) raised fasting plasma glucose level or being
previously diagnosed as type 2 diabetes and taking antiglycemic
medication (4, 5). Non-alcoholic fatty liver disease (NAFLD), a kind
of metabolic stress liver injury closely related to insulin resistance
and genetic susceptibility, has been regarded as the leading chronic
liver disease and primary cause of abnormal liver biochemical
indexes found in physical examination (6). The prevalence of
NAFLD is increasing worldwide, with an average prevalence of
about 24% (7). The close correlation between NAFLD and MetS,
and the reciprocal causality between them has been reported.
Therefore, some of risk factors and serum diagnostic markers for
both NAFLD and MetS may be consistent (8, 9). Current literature
has shown there are no drugs available for the treatment of MetS
and NAFLD. Owing to significant increased incidence of MetS and
NAFLD, it’s essential to seek for new therapeutic agents or targets
for those.

Serum bilirubin, mainly originating from the catabolism of
hemoglobin in senescent erythrocyte, is commonly used as a
biochemical index for the diagnosis of hepatobiliary and
metabolic diseases. The conjugation between free bilirubin and
UDP-glucuronosyltransferase (UGT) 1Al, which catalyzes the
transfer of glucuronic acid, leads to the generation of conjugated
bilirubin. For a long time, bilirubin has been deemed as a metabolic
waste of iron porphyrin compounds, which means no beneficial
effects can be provided by bilirubin. However, latest studies have
shown that mildly elevated bilirubin, such as that found in Gilbert’s

syndrome(GS), may serve as an important endogenous tissue
protector. Meanwhile, it can act as a physiological modulator of
oxidative stress and chronic inflammation in MetS (10, 11). In a
meta-analysis including 9 observational studies, serum bilirubin
levels are demonstrated to be inversely associated with adverse
metabolic outcomes. Unfortunately, subgroup analysis was not
performed considering that fewer studies were included. In
addition, the lack of information about direct bilirubin (DBIL)
and indirect bilirubin (IBIL) limits the value of that meta-analysis to
evaluate which kind of bilirubin is associated with MetS (12). Both
MetS and NAFLD seem to be associated with serum bilirubin,
including total bilirubin (TBIL), DBIL, and IBIL. And the increase
in bilirubin levels has been demonstrated to be negatively correlated
with the prevalence of NAFLD (8, 13-16). Nevertheless, the
alternative study based on Mendelian randomization analysis did
not find a causal relationship between bilirubin levels and the risk of
NAFLD (17, 18). Similarly, Bellarosa et al. reported that bilirubin
does not provide protection against MetS and NAFLD in children
population with severe obesity (8). What is noteworthy is that the
association between bilirubin and NAFLD or MetS in normal-
weight adults remains controversial. Importantly, there are no meta-
analysis evaluating the association between serum bilirubin and
NAEFLD currently. In this context, we conducted this meta-analysis
to clarify the relationship between serum bilirubin levels and the
MetS or NAFLD.

MATERIALS AND METHODS

This meta-analysis was designed and implemented according to the
Preferred Reporting Items for Systematic Reviews and Meta
—Analyses(MOOSE) guidelines [Supplementary Material 1], and
the search strategy [Supplementary Material 2], eligibility criteria
and outcomes had been registered in the PROSPERO
database (CRD42021293349).

Search Strategy

Pubmed, Embase and Cochrane Library databases were searched
for analyzing the association between serum bilirubin and MetS
or NAFLD until November 2021. Subject terms included ‘Non-
alcoholic Fatty Liver Disease’, ‘Metabolic Syndrome’, and
‘Bilirubin’, and the random combination of these words were
utilized for retrieval. The detailed literature search strategy was
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shown in supplementary material. Besides, relevant references
were also manually searched. The preliminary screening of
collected studies was conducted by scanning titles and
abstracts. Then, full text was read through to identify the
studies that met the inclusion criteria.

Inclusion Criteria

Studies meeting the following criteria were included (1):
randomized controlled trials (RCTs), cross-sectional studies,
case-control studies or cohort studies which evaluated the
association between TBIL, DBIL or IBIL and MetS or NAFLD
(2); similar or identical research protocols were adopted (3);
diagnostic criteria of cases were definite (4); comprehensive
statistical indicators were provided, such as odds ratio (OR),
relative risk (RR), or hazard ratio (HR) with their 95% credible
interval (CI).

Data Extraction and Quality Assessment
Two investigators independently carried out data extraction and
quality assessment. Disagreements were reconciled by a third
investigator when different opinions exist. Following data were
extracted from initial studies: study characteristics (first author,
study type, year of publication, country, and follow-up time),
patient characteristics (sample size, cases, gender, age, and
adjusted covariates), and outcome indicators (OR, RR, HR
with their 95% CI). Since the enrolled studies were cross-
sectional or cohort studies, Newcastle-Ottawa Quality
Assessment Scale (NOS) was used to evaluate the literature
quality by two independent reviewers (19). Studies with an
NOS score 27, 5-6, and <5 were considered as high, fair, and
low quality. A score =5 indicated adequate quality for inclusion
in the present review (12).

Statistical Analysis

Meta-analysis was implemented using Review Manager 5.3
software (The Cochrane Collaboration, Software Update,
Oxford, UK). OR, RR, and HR were defined as the effect
indicators, and the point estimates with 95%CI were calculated
for these effect indicators. Heterogeneity was assessed using both
the chi-square test and I? index, the value of P<0.1 and I*>50%
was considered significant. Subsequently, random-effects model
was created to incorporate effect indicators when significant
heterogeneity existed, otherwise the fixed-effects model would
be aqdopted. Subgroup and sensitivity analysis were performed
to find out the source of heterogeneity and verify the accuracy of
analysis results, respectively. Sensitivity analysis was carried out
by excluding studies one by one to identify the studies with
significant heterogeneity. Funnel plots was used to assess the
possibility of publication bias.

RESULTS

Study Selection and Study Characteristics
A total of 2307 studies were identified based on retrieval strategy,
and 43 repetitive articles were excluded by NoteExpress software.

After scanning the titles and abstracts, 61 studies were left. Then,
we read through the remaining studies in full-text. After that,
101, 517 healthy persons from 24 observational studies including
cross-sectional and cohort studies were included in this meta-
analysis (13-18, 20-37). The flow diagram of literature screening
was shown in Figure 1. All included studies were dual-arm
studies, of which 15 studies including 11, 696 cases and 6 studies
including 9,813 cases evaluated the association between serum
bilirubin and MetS (20-34) or NAFLD (13, 14, 17, 18, 35, 36) in
health screening population, respectively, while the remaining 3
studies (15, 16, 37) including 997 cases evaluated the association
between serum bilirubin and NASH in NAFLD patients. Of note,
15 studies on MetS were conducted in Asian countries included
China, Korea and Japan (20-34). Four studies on NAFLD
derived from Western countries (15, 16, 18, 35), while the
remaining 5 studies derived from Eastern ones (13, 14, 17, 36,
37). The NOS scores of all included literatures were no less than 7
points, indicating high literature quality. The characteristics of
included studies were shown in Table 1.

The Association Between Serum Bilirubin
and MetS

A total of 15 studies evaluated the association between TBIL,
DBIL or IBIL with MetS (20-34). Among them, two studies
included both cross-sectional and cohort population (21, 29). To
eliminate the influence of gender on analysis results, population
were divided into male group (contain only males), female group
(contain only females) and gender-neutral group (contain both
males and females) for meta-analysis, respectively. When enough
studies were included, they were redivided into cross-sectional
group and cohort group for subgroup analysis.

Records identified through Additional records identified
database searching through other sources
(n=2307) (n=0)

] | |

. Recordsafter duplicates removed
(n=2264)

. l
Records screened
(n=2264)

~ ]

Records excluded
(n=2203)

Full-text articles assessed Full-text articles excluded(n = 37)

Zz for eligibility Review i 2)
3 (n=61) Meta-analysis(n=1)
%‘ Animal studies(n=8)
l With other diseases(n=7)
i utcome indicators
= Studies included in (n=8)
qualitative synthesis Repeated inclusion of population
M) (n=24) (n=1)

l

24 studies included in quantitative synthesis
compromising 9 studies for NAFLD and 15
studies for Met$ (meta-analysis)

Included

l

FIGURE 1 | Flow diagram of literature screening and selection. MetS,
metabolic syndrome; NAFLD, non-alcoholic fatty liver disease.
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TABLE 1 | Characteristics of included studies.

Author, year of Country Study Year(s) of Age Sample Gender Cases Adjusted covariates Quality
type/publication follow-up study (years) size (M/F) (NOS)
(years)
Metabolic syndrome
(MetS)
Hao 2020 (20) China Cohort/5.72 2009-2012 40.3+11.9 565 221/344 204 Age, gender 8
+1.49
Kawamoto Japan Cross-sectional  2014-2017 70+9 893 893/0 451 Age, smoking, alcohol, exercise,
presence of CVD,LDL-C, SUA, eGFR,
GGT, ALT
2019 (21) Japan Cohort/4 2014-2017 66+9 288 288/0 46 9
Kawamoto
2019 (21)
Li 2017 (22) China Cohort/5 2011-2016 45.6+12.7 1339 1339/0 117 Age, alcohol, smoking, exercise, TG, 8
LDL-C
Zhong 2017(23) China Cross-sectional 2012 73.1+6.6 1728 744/984 484 Age, gender, exercise, smoking, 7
alcohol, TC,ALT
Lee 2016 (24) Korea Retrospec 2006-2012 50.9 11613 6890/ 2439 Age, smoking, medication history, ALT, 8
tive/>4 4723 SUA,
(18-89) eGFR, FPG, diabetes, SBP, WC, BMI
Chen 2016(25) China Cohort/5 2006-2011 45.6+10.0 5258 3262/ 831 Age, ALT, AST, BUN, WBC, GGT, 7
1996 SUA, gender,

The Association Between TBIL and MetS
Among male group, 10 studies evaluated the association between
TBIL and MetS, including 7 cross-sectional studies (21, 23, 28-30, 32,
33) and 5 cohort studies (21, 22, 24, 27, 29). There was obvious
heterogeneity between included studies, so random effect model was
used for analysis. According to our results, TBIL level was inversely
associated with MetS in cross-sectional subgroup (OR=0.81, 95%
CI=0.70-0.94, P=0.005), whereas no statistical correlation was found
in cohort subgroup (OR=0.91, 95%CI=0.54-1.53, P=0.72). Moreover,
the pooled results from cross-sectional and cohort studies showed a
negative correlation between TBIL and MetS (OR=0.83, 95%
CI=0.71-0.96, P=0.01) (Figure 2A). Seven cross-sectional studies
(23, 28-33) and 2 cohort studies (24, 29) assessed the relationship
between TBIL and MetS in female group. Random effect model was
adopted for meta-analysis, and the results of cross-sectional
subgroup, cohort subgroup and comprehensive analysis displayed
negative correlation (OR=0.69, 95%CI=0.57-0.84, P=0.0002), no
correlation (OR=1.28, 95%CI=0.40-4.06, P=0.68) and no
correlation (OR=0.78, 95%CI=0.60-1.02, P=0.06), respectively
(Figure 2B) between TBIL and MetS. Random effect model
analysis for gender-neutral population showed inverse association
between TBIL and MetS (OR=0.75, 95%CI=0.61-0.91, P=0.004) (20,
23, 28, 30, 34) (Figure 2C).

The Association Between DBIL and MetS

Two cross-sectional studies (32, 33) and 3 cohort studies (22, 25, 26)
evaluated the association between DBIL and MetS in male group.
Random effect model was adopted and meta-analysis showed that
DBIL were negative correlated with MetS in both cross-sectional
(OR=0.50, 95%CI=0.36-0.69, P<0.0001) and cohort subgroup
(OR=0.50, 95%CI=0.27-0.93, P=0.03) (Figure 3A). Additionally,
the inverse association between DBIL and MetS was found in male
(OR=0.52, 95%CI=0.36-0.75, P=0.0004) (22, 25, 26, 32, 33), female
(OR=0.31, 95%CI=0.16-0.58, P=0.0003) (25, 32, 33)(Figure 3B)

and gender-neutral population (OR=0.78, 95%CI=0.67-0.92,
P=0.002) (20, 25) (Figure 3C), regardless of the study type.

The Association Between IBIL and Met
Three studies (22, 32, 33) including male population only and 2 studies
(32, 33) including female population only analyzed the association
between IBIL and MetS. As a result, IBIL level was inversely associated
with MetS in female group (OR=0.71, 95%CI=0.52-0.96, P=0.03)
(Figure 4B), whereas no statistical correlation was noticed in male
group (OR=0.92, 95%CI=0.60-1.42, P=0.71) (Figure 4A).

The Association Between Serum Bilirubin
and NAFLD

Nine studies evaluated the association between TBIL, DBIL or
IBIL and NAFLD (13-18, 35-37). In view of the inconsistence in
recruited populations and enough sample size, study population
was subdivided into gender-neutral and male divisions for TBIL
and DBIL sub-groups. And the random effect model was utilized
for separate meta-analysis. There was no obvious heterogeneity
in IBIL subgroup, so fixed effect model was adopted.

The Association Between TBIL and NAFLD
Four studies (13, 14, 17, 18)and 2 studies (18, 36), respectively,
evaluated the association between TBIL and NAFLD in gender-
neutral and male subgroup. Random effect model analysis
showed no statistical correlation between TBIL and NAFLD,
regardless of the subgroups, OR=0.89, 95%CI=0.78-1.02, P=0.09
for gender-neutral subgroup; OR=0.89, 95%CI=0.75-1.06,
P=0.20 for male subgroup (Figure 5A).

The Association Between DBIL and NAFLD

In gender-neutral subgroup, 2 studies analyzed the connection
between DBIL and NAFLD (14, 17), showing no statistical
association (OR=0.89, 95%CI=0.67-1.18, P=0.41). Nevertheless,
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Male Odds Ratio Odds Ratio
_Study or log[Odds Ratio] SE_Weight V. 95% Cl 1V. 95% Cl
1.1.1 Cross-sectional
Aizawa 2013 -0.3011 0.1523 9.4% 0.74 [0.55, 1.00] |
Choi 2013 -0.1863 0.0943 12.2% 0.83 [0.69, 1.00] ™
Hwang 2010 -0.2614 0.1322 10.3% 0.77 [0.59, 1.00] /]
Jo 2010 -0.3365 0.1717  8.5% 0.71[0.51, 1.00] -
Kawamoto 2019 -0.3567 0.1616  8.9% 0.70[0.51, 0.96] -
Wu 2011 -0.2485 0.1257 10.6% 0.78 [0.61, 1.00] /]
Zhong 2017 0.01 00312 14.6% 1.01[0.95, 1.07) r
Subtotal (95% CI) 74.6% 0.81[0.70, 0.94] L 4
Heterogeneity: Tau? = 0.02; Chi* = 19.86, df = 6 (P = 0.003); I* = 70%
Test for overall effect: Z = 2.82 (P = 0.005)
1.1.2 Cohort (prospective and retrospective)
Aizawa 2013 0.4318 0.2184  6.7% 1.54 [1.00, 2.36]
Kawamoto 2019 -0.8916 0.451 2.4% 0.411[0.17, 0.99]
Lee 2014 -0.3567 0.1804  8.1% 0.70 [0.49, 1.00] -
Lee 2016 0.8838 0447 24% 242[1.01,5.81]
Li 2017 -0.4943 025 57% 0.61[0.37, 1.00]
Subtotal (95% CI) 254% 091 [loA54, 1A53]] ———
Heterogeneity: Tau? = 0.26; Chi* = 18.31, df =4 (P = 0.001); I* = 78%
Test for overall effect: Z = 0.36 (P = 0.72)
Total (95% Cl) 100.0% 0.83[0.71, 0.96] <&
Heterogeneity: Tau? = 0.04; Chi® = 38.52, df = 11 (P < 0.0001); I = 71% sz 075 : 2 5
Test for overall eﬂe(.:l: Z=251 (P.= 0.01) Favours [experimental] Favours [control]
Test for subaroun differences: Chiz = 0.17. df = 1 (P = 0.68). I = 0%
Female Odds Ratio Odds Ratio
i eight 1V, Rand 95%Cl V. 95% Cl
1.2.1 Cross-sectional
Aizawa 2013 -0.3567 0.3393  7.7% 0.70 [0.36, 1.36] _
Choi 2013 -0.6539 0.16 12.2% 0.52[0.38, 0.71] -
Hwang 2010 -0.4463 0.1912 11.4% 0.64 [0.44, 0.93] -
Jo 2010 -0.9933 0.3729  7.0% 0.37[0.18,0.77]
Kwon 2011 -0.462 0.0979 13.7% 0.63 [0.52, 0.76] -
Wu 2011 -0.1744 0.0786 14.0% 0.84[0.72, 0.98] ]
Zhong 2017 -0.0943 0.0288 14.6% 0.91[0.86, 0.96] -
Subtotal (95% CI) 80.5% 0.69 [0.57, 0.84] >
Heterogeneity: Tau? = 0.04; Chi* = 31.78, df = 6 (P < 0.0001); I = 81%
Test for overall effect: Z = 3.70 (P = 0.0002)
1.2.2 Cohort (prospective and retrospective)
Aizawa 2013 -0.4155 0.4196 6.1% 0.66 [0.29, 1.50] —
Lee 2016 0.7701 0.1103 13.4% 2.16[1.74, 2.68] T
Subtotal (95% CI) 19.5% 1.28 [0.40, 4.06] R e—
Heterogeneity: Tau? = 0.61; Chi* = 7.47, df = 1 (P = 0.006); I* = 87%
Test for overall effect: Z = 0.42 (P = 0.68)
Total (95% CI) 100.0% 0.78 [0.60, 1.02] -
Heterogeneity: Tau? = 0.12; Chi? = 98.87, df = 8 (P < 0.00001); I = 92% otz ots 1 + 5
Test for overall e"at;l: Z2=185 (Pv= 0.06) Favours [experimental] Favours [control]
Test for subarouo differences: Chi? = 1.06. df = 1 (P = 0.30). I? = 6.0%
Gender-neutral Odds Ratio 0dds Ratio
_Study or Subgroup _log[Odds Ratio]  SE Weight IV 95% Cl [\ 95% CI
Choi 2013 -0.3011 0.0741 26.2% 0.74 [0.64, 0.86] -
Hao 2020 -0.734 0.2069 13.3% 0.48[0.32, 0.72] -
Lin 2009 -1.4697 05388  3.1% 0.23 [0.08, 0.66]
Wu 2011 -0.1863 0.0655 27.0% 0.83[0.73, 0.94] -
Zhong 2017 -0.0513 0.0164 30.3% 0.95[0.92, 0.98] -
Total (95% Cl) 100.0% 0.75[0.61, 0.91] L 4
itv: 2= - Chi2 = = - |2 = 879 + + + + +
Heterogeneity: Tau? = 0.03; Chi = 31.13, df = 4 (P < 0.00001); I = 87% 01 02 05 1 2 5 10

Test for overall effect: Z = 2.87 (P = 0.004)

Favours [experimental] Favours [control]

FIGURE 2 | Association of metabolic syndrome (MetS) with total bilirubin (TBIL) among (A) male group, (B) female group, and (C) gender-neutral group.

negative correlation between DBIL and NAFLD (OR=0.85, 95%
CI=0.76-0.96, P=0.01) was noticed in male subgroup (14,
36)(Figure 5B).

The Association Between IBIL and NAFLD

Three studies evaluated the association between IBIL and
NAFLD in health screening population (14, 17, 36). Meta-
analysis revealed no statistical association between IBIL and
the incidence rate of NAFLD (OR=1.02, 95%CI=0.95-1.09,
P=0.58) (Figure 5C). Subsequently, further analysis was
conducted to explore the correlation between IBIL and non-
alcoholic steatohepatitis (NASH) in NAFLD patients. Random
effect model analysis including 3 studies (15, 16, 37) manifested

inverse association between IBIL and NASH (OR=0.03, 95%
CI=0.02-0.05, P<0.00001) (Figure 6).

Sensitivity Analysis

To estimate the influence of single study on overall results of meta-
analysis, sensitivity analysis was carried out by excluding studies one
by one. In association analysis between TBIL and NAFLD, we
temporarily excluded Luo’s study (P=0.30, I>=17%) and re-analyzed
remaining studies. Fixed effect model analysis based on remaining
studies showed negative correlation between TBIL and NAFLD in
gender-neutral subgroup (OR=0.86, 95%CI=0.80-0.92, P<0.0001),
which was different than previous analysis. Additionally, sensitibity
analysis based on other outcome indicators all showed no significant
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Test for overall effect: Z = 3.52 (P = 0.0004)
Test for subarouo differences: Chi = 0.00. df = 1 (P = 0.99). 1> = 0%

Female

Test for overall effect: Z = 3.62 (P = 0.0003)

Gender-neutral

Chen 2016 -0.2614 0.0864 85.8%
Hao 2020 -0.1278 0.2127  14.2%
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FIGURE 3 | Association of metabolic syndrome (MetS) with direct bilirubin (DBIL) among (A) male group, (B) female group, and (C) gender-neutral group.
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changes after deleting each trial, which confirmed the rationality
and reliability of our meta-analysis.

Publication Bias
Publication bias analysis based on the association between TBIL
and MetS in male group is more convincing and accurate. Funnel

plot was drawn for MetS with TBIL in male group as an outcome
indicator, and it was found that the left and right distributions of
each study site were asymmetrical, suggesting the possible
existence of publication bias (Figure 7). The other results of
publication bias analysis are shown in Supplementary
Material 3.
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FIGURE 4 | Association of metabolic syndrome (MetS) with indirect bilirubin (IBIL) among (A) male group and (B) female group.
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FIGURE 5 | Association of non-alcoholic fatty liver disease (NAFLD) with (A) total bilirubin (TBIL), (B) direct bilirubin (DBIL), and (C) indirect bilirubin (IBIL).

DISCUSSION

MetS is associated with an increased risk of cardiovascular
disease and all-cause mortality (1). NAFLD, characterized by
fat degeneration and accumulation in hepatocyte, is regarded as
the “liver manifestation of metabolic syndrome”. Owing to
significant increased incidence of MetS and NAFLD (1, 38), it’s
essential to seek for new therapeutic agents or targets for MetS
and NAFLD. At present, hyperbilirubinemia is considered to

play a beneficial protective role in numerous oxidative stress and
inflammation-related diseases, such as coronary heart disease,
diabetes, and stroke (11, 39, 40). What relations have been
existed between bilirubin and MetS or NAFLD, and whether
hyperbilirubinemia could lower the risk of MetS or NAFLD,
however, needs further discussion.

Except for MetS, this study is the first to systematically review
and summarize published studies in order to assess the
correlation between bilirubin subtypes and NAFLD through
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FIGURE 6 | Association of non-alcoholic steatohepatitis (NASH) with indirect bilirubin (IBIL).
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FIGURE 7 | Funnel plot for association of metabolic syndrome (MetS) with total bilirubin (TBIL) among male group.

meta-analysis. Serum TBIL is inversely associated with MetS in
male and gender-neutral group, but not in female. However, the
inconsistency existed for the analysis results derived from the
cross-sectional and cohort study when we evaluated the
association between TBIL and MetS in male or female group
There were 7 cross-sectional studies in both male and female
group, while 5 cohort studies were included in male and 2 cohort
studies in female, respectively. Thus, we speculated that the
reason for the inconsistency may be ascribed to the differences
in the number of cross-sectional and cohort studies. Fewer
cohort studies might bring about the inconsistency. DBIL
exhibits an inverse association with MetS, regardless of gender.
IBIL displays a negative correlation with MetS in females but not
in males. No stastistical correlation is found between TBIL and
NAFLD. DBIL is negatively correlated with NAFLD in male
subgroup. IBIL manifests an inverse association with NASH in
NAFLD patients.

Bilirubin and its precursor biliverdin can increase the
antioxidant activity of vascular endothelial cells (41). Bilirubin
can also increase insulin sensitivity by regulating levels of
cholesterol metabolism, adipokines and peroxisome
proliferator-activated receptor y (PPARY) (39). What’s more, it
can selectively bind to proliferator-activated receptor o
(PPARQ), causing the decrease in lipid accumulation by
increasing the number and function of mitochondria (40, 42,
43). In this analyses, an inverse association was found between
TBIL levels and MetS among male and gender-neutral group. In
females, TBIL tends to be negatively associated with MetS,
although no statistical correlation is found between them
(P=0.06). In addition, an inverse association between TBIL and
MetS exists in cross-sectional subgroup, but not in cohort
subgroup. Insufficient number of included studies in cohort
subgroup could affect the accuracy of overall results. Therefore,
in line with previous reports, we confirm a protective role of
TBIL in MetS (12).

An obvious negative correlation between DBIL and MetS was
revealed in all subgroups, regardless of gender and study type.
Moreover, correlation between DBIL and MetS is closer than that
between IBIL and MetS. As we know, DBIL tends to build looser
bound with albumin than IBIL. Hence, it is easier for DBIL to
separate from albumin than IBIL. As a result, DBIL might
directly act on target organs and molecules (44). Collectively,
DBIL may possess better prognostic value than IBIL according to
the analysis conducted by we and other investigators (32, 33).

In general, average bilirubin levels in males are slightly higher
than those in females. GS, an inherited metabolic liver disease
characterized by IBIL elevation, is also most frequently occurs in
young males. This discrepancy may be explained by a gap in life
style and the effect of sex hormines on the glucuronic acid (45,
46). Hwang et al. demonstrated that all 3 types bilirubin levels are
inversely relevant with MetS in females, while DBIL exhibits
significant inverse association with MetS in males, after adjusting
for the confounding variables including lifestyle (32). Another
investigation indicated that all bilirubin subtypes are negatively
correlated with MetS in Korean men and women. Nevertheless,
this significant inverse correlation between TBIL or IBIL and
MetS vanishes according to the adjusted multivariate analysis
model (adjusting for age, smoking status, alcohol consumption
and so on) (33). In this analysis, we adjusted for the potential
confounding factors such as age, gender, life styles, etc. Our data
showed that all the studies type of DBIL were inversely related
with the MetS in male whereas the IBIL was only inversely
related with the MetS in female. These results likely indicate that
DBIL is more related to the MetS than the other subtypes of
bilirubin in male, and the protective effect of IBIL against MetS is
more pronounced in female group. This is partially consistent
with Hwang’s findings (32). Apart from uridine diphosphate-
glucuronosyltransferase (UGT1Al), the protective effect of
bilirubin may be also related to other metabolic enzymes that
can regulate the bilirubin metabolism, such as heme oxygenase
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(HO). Bilirubin is produced under the action of HO, the rate-
limiting enzyme of heme catabolism. Downregulation of HO
activity inhibits bilirubin production (47). Notably, the gender
difference exists in HO activities, which is related to oxidative
stress (48) or high iron storage (49). This finding can be used, at
least in part, to explain the reasons for the different effects of
bilirubin on men and women. However, the exact mechanism is
still needed to be explored. Besides, limited number of included
studies may reduce the analysis accuracy.

NAFLD does not only refer to the fat accumulation in the
liver caused by excessive free fatty acids, but also involves
numerous metabolic problems such as oxidative stress, insulin
resistance, and mitochondrial dysfunction. Furthermore, a wide
spectrum of histological lesions ranging from pure hepatic
steatosis to NASH are included in NAFLD. Various laboratory
and clinical studies have demonstrated that bilirubin most likely
reduces hepatic lipid accumulation by increasing PPARa
activation and inhibiting PPARY transcriptional activity in
humanized mice with the Gilbert’s polymorphism
(HuUGT*28) or humans with GS (39, 40, 50, 51). According
to our analysis, the negative correlation between DBIL and
NAFLD only exists in male subgroup, while no significant
associations between all bilirubin subtypes with NAFLD is
found in gender-neutral group. Furthermore, DBIL rather than
other bilirubin subtypes manifests significiant inverse association
with MetS or NAFLD in male population. Although no
significant relation between IBIL and NAFLD is noticed in
health screening population, an inverse association is reported
between IBIL and NASH occurring in NAFLD patientsis. These
findings are not compatible with the results provided by Luo
et al. We think this inconsistence can be ascribed to the following
factors. In Luo’s study, NAFLD was diagnosed based on liver
ultrasonography rather than liver biopsy which is regarded as,the
gold standard for NAFLD diagnosis (52, 53). As a result, mild
fatty liver might be missed considering the insensitiveness
originating from ultrasonography. In addition, Luo’s study
mainly enrolled mid-aged adults with lower incidence of
NAFLD, therefore bringing about the risk to draw an biased
conclusion (17). In this context, three separate investigation
diagnosed NAFLD based on liver biopsy results, and the
authors found that IBIL is inversely associated with the
severity of liver damage in NASH patients (15, 16, 37).
Oxidative stress has been documented to promote the
progression from hepatic steatosis to NASH (38, 53). In view
of the potent oxidation resistance, it is conceivable that IBIL may
provide a protective effect through antioxidant activity in
lipotoxic diseases such as NAFLD. Even through, the
association between serum IBIL and NAFLD and the
underlying mechanism behind this association still need to be
explored. Nowadays, studies on association between TBIL or
DBIL and NASH in NAFLD patients is insufficient.

Women at reproductive period have a different metabolic
status from those at post-menopause. It may reflect the effects of
decreased estrogen levels, which have a certain impact on lipid
metabolism and insulin resistance. In addition, estrogen
deficiency hastens the development of hepatic steatosis and the

progression of hepatic fibrosis (53, 54). Serum bilirubin levels in
post-menopause may be higher than pre-menopause, which is
also related to estrogens deficiency (45, 46). Elevated bilirubin
levels have been reported to be closely related to decreased
prevalence rate of MetS or NAFLD (12, 13). And our results
partially support this finding. Nevertheless, elevated bilirubin
levels may not counteract the effect of estrogen deficiency in
postmenopausal women. Thus, the prevalence rates of MetS and
NAFLD are significantly higher in postmenopausal women than
pre-menopausal women (1, 2, 7). For premenopausal women,
not only bilirubin but also estrogen can protect from developing
MetS and NAFLD. Because of the lack of detailed information
for determining whether a female participant is in post-
menopause or not, it is unfeasible to conduct subgroup
analysis based on this factor. Further research is needed to be
carried out to clarify this issue.

Why the association is inconsistent between serum bilirubin
and MetS or NAFLD? The possible reasons are as follows:
Primarily, except for the liver, other factors such as other
tissues, gene, et. are also involved important role in the
pathogenesis and development of MetS or NAFLD (55). For
instance, steatosis in PNPLA3-associated NAFLD is not
accompanied by features of MetS, while PNPLA3-uncorrelated
NAFLD closely resembles MetS with regards to its causes and
consequences (56). There is a basic research showed that
bilirubin deficiency renders mice susceptible to hepatic
steatosis in the absence of insulin resistance. It adopted a kind
of contrarian strategy to prove that the pathogenesis of MetS and
NAFLD is not exactly identically (57). In addition, the variety of
definitions of MetS and the variety of diagnostic methods for
NAFLD in different studies is also make it challenging that assess
the consistent-association of serum bilirubin with MetS
and NAFLD.

The inverse correlation between serum bilirubin and MetS or
NAFLD suggests that bilirubin might be utilized as a potential
and promising strategy to assist in lowering the risk of
developing MetS and NAFLD. Exogenous bilirubin supplement
is the most direct way to prevent the occurrence of MetS and
NAFLD. So far, several studies have attempted to carry out
targeted therapy for cancer, inflammation and vascular diseases
utilizing bilirubin nanoparticles (BRNP) or bilirubin coated
stents (58). And the preliminary efficacy is promising.
Moreover, basic research shows that BRNP reduces diet-
induced hepatic steatosis (59). On the other hand, increasing
endogenous bilirubin production is also a feasible treatment
strategy. In this regard, inducing “latrogenic Gilbert syndrome”
by uricosuric drug-probenecid has been demonstrated to be
capable of reducing the liver gluconaldehyde acidification
activity followed by the increase in serum bilirubin (60).
Curcumin supplemented by diet has been documented to
increase bilirubin levels through targeting HO-1. These
strategies have been proven to be effective and safe in vitro and
in vivo. Therefore, increasing bilirubin levels may be an
advantageous treatment strategy for MetS and NAFLD (47).

Although the stratification has been executed as far as possible,
the shortcomings exist in this meta-analysis. Firstly, the absence of
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RCT's or prospective cohort studies brings down the credibility of
analysis results. Secondly, the classification criteria for serum
bilirubin are not identical among different studies, which may
partially account for the existence of heterogeneity. Thirdly,
insufficient studies on the association between TBIL or DBIL
and NASH in NAFLD patients that impairs the credibility and
clinical value of this analysis. Fourthly, the studies on MetS were
all conducted in Asian countries included China, Korea and Japan.
There are no obvious difference in geographical location, dietary
patterns, figures, and life styles among these coutryies. Thus, the
dietary patterns may have little impact on the results related to
MetS in this meta analysis. In terms of NAFLD, four studies
derived from Western countries and five studies derived from
Eastern countries. Nevertheless, it is unfeasible to conduct
subgroup analysis in view of lacking detailed information on
diet. Fifthly, in terms of age, most studies included in our meta
analysis refer to populations at all ages. However, most original
studies had adjusted age as a covariate. For the remaining studies,
the lack of detailed information on age makes it infeasible to carry
out subgroup analysis on age. Meanwhile, lacking of detailed
information on menopause, it is infeasible to conduct subgroup
analysis on pre or post-menopause. Finally, follow-up time for
each included study is inconsistent or unclear, therefore
underscoring the incidence of MetS or NAFLD. Consequently,
more high-quality, large-scale, prospective and long-term follow-
up studies are urgently needed.

CONCLUSION

In brief, our meta-analysis indicates that serum TBIL and DBIL
levels, especially serum DBIL levels, supporting an inverse
connection with MetS, Moreover, serum IBIL could decrease the
onset of NASH in NAFLD patients. Therefore, appropriately
elevated serum bilirubin levels seem to reduce the risk of MetS
and NAFLD. Regulation of bilirubin metabolic pathways may be a
potential strategy and exogenous bilirubin supplement may be a
medicine to assist in lowering the risk of developing MetS and
NAFLD. Bilirubin is still far from being used in the clinic at present.
Large-scale prospective and high-quality animal or clinical studies
are required to establish to investigate the association and potential
prevention of bilirubin on MetS or NAFLD.
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