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ABSTRACT

Background: The association between chronic lipopolysaccharide exposure and the development of metabolic syndrome (MetS)
is unclear. In this study we examined the association between serum lipopolysaccharide-binding protein (LBP) levels, an
indicator of lipopolysaccharide exposure, and the development of MetS in a general Japanese population.

Methods: 1,869 community-dwelling Japanese individuals aged ≥40 years without MetS at baseline examination in 2002–2003
were followed up by repeated examination in 2007–2008. MetS was defined according to the Japanese criteria. Serum LBP
levels were classified into quartiles (quartiles 1–4: 2.20–9.56, 9.57–10.78, 10.79–12.18, and 12.19–24.34 µg/mL, respectively).
Odds ratios (ORs) for developing MetS were calculated using a logistic regression model.

Results: At the follow-up survey, 159 participants had developed MetS. Higher serum LBP levels were associated with greater
risk of developing MetS after multivariable adjustment for age, sex, smoking, drinking, and exercise habits (OR [95%
confidence interval] for quartiles 1–4: 1.00 [reference], 2.92 [1.59–5.37], 3.48 [1.91–6.35], and 3.86 [2.12–7.03], respectively; P
for trend <0.001). After additional adjustment for homeostasis model assessment of insulin resistance, this association was
attenuated but remained significant (P for trend = 0.007). On the other hand, no significant association was observed after
additional adjustment for serum high-sensitivity C-reactive protein (P for trend = 0.07).

Conclusion: In the general Japanese population, our findings suggest that higher serum LBP levels are associated with elevated
risk of developing MetS. Low-grade endotoxemia could play a role in the development of MetS through systemic chronic
inflammation and insulin resistance.
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INTRODUCTION

Metabolic syndrome (MetS) is defined as a pathologic condition
characterized by abdominal obesity, dyslipidemia, impaired glucose
tolerance, and elevated blood pressure. Individuals with MetS have
an elevated risk of developing type 2 diabetes and cardiovascular
disease.1–3 Chronic low-grade inflammation is an established factor
in the etiopathogenesis of obesity and insulin resistance, which are
intimately related to the metabolic disorders observed in MetS.4

However, the contributing factors by which chronic low-grade
inflammation could increase the risk of MetS have not yet been

clarified. Lipopolysaccharide, a major component of the outer
membrane of Gram-negative bacteria, has been shown to stimulate
the release of several pro-inflammatory cytokines, which could
eventually induce insulin resistance.5 The condition of chronically
elevated serum levels of lipopolysaccharide is also known as
“metabolic endotoxemia”.6 Recent studies in mice6–8 and humans9

suggest that this condition is linked with obesity, insulin resistance,
and diabetes mellitus, even though the serum concentrations of
lipopolysaccharide in metabolic endotoxemia are 10–50 times
lower than those in sepsis.6 Thus, it has been hypothesized that
lipopolysaccharide is a triggering factor of metabolic abnormalities.
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Lipopolysaccharide-binding protein (LBP) is an acute-phase
protein that is synthesized mainly in the liver.10 LBP can be
detected in the blood of even healthy individuals following
exposure to indigenous bacteria.11,12 LBP has been reported to
promote the activation of an inflammatory response when
lipopolysaccharide enters the blood even at a subclinical level
of inflammation.13,14 Binding of the LBP–lipopolysaccharide
complex to the cluster of differentiation 14, which is mainly
expressed by macrophages and neutrophils, has been shown to
mediate transduction signals, including nuclear factor kappa B
activation via toll-like receptor 4 (TLR4), leading to the activation
of inflammatory responses.15,16 It has been reported that serum
LBP concentrations reach a peak within 12 hours after a small
amount of lipopolysaccharide exposure,17 and LBP has a longer
half-life than lipopolysaccharide in blood.14,17 Therefore, the
serum LBP concentration is a good marker of endotoxemia.14,18,19

Several epidemiological studies have reported cross-sectional
associations of serum LBP levels with the presence of
MetS.11,12,20,21 However, there has been only one population-
based longitudinal study addressing the association of serum LBP
levels with the development of MetS.22

The Hisayama Study is an ongoing population-based pro-
spective cohort study of cardiovascular disease and lifestyle-
related diseases that has been conducted since 1961 in the town of
Hisayama, a suburb of the Fukuoka metropolitan area in Japan.23

This study previously reported that the serum LBP concentration
was strongly correlated with the serum high-sensitivity C-reactive
protein (hs-CRP), a marker of low-grade systemic chronic
inflammation, and that higher serum LBP levels were associated
with increased risk of developing cardiovascular disease through
chronic systemic inflammation in a community-dwelling Japanese
population.24 In the present study, we investigated the association
of serum LBP levels with the development of MetS using
prospective longitudinal data from the same community-dwelling
Japanese population, accounting for the potential mediating effect
of chronic systemic inflammation and insulin resistance in the
association.

METHODS

Study participants and follow-up survey
In 2002–2003, the baseline screening survey for the present study
was administered to a total of 3,328 residents aged 40 years or
older (participation rate: 77.6%) of the town of Hisayama. After
excluding 30 individuals who did not consent to participate in the
study, 614 individuals with MetS at baseline, 388 individuals
without available data on serum LBP concentrations, and 21
individuals without data on serum insulin, 2,275 individuals who
completed the baseline survey remained. After excluding 360
individuals who did not participate the follow-up survey in
2007–2008 (including 159 individuals who died during the
follow-up period), 46 individuals who were missing data on one
or more components of MetS in 2007–2008, the remaining 1,869
individuals (686 men and 1,183 women) were included in the
present study (Figure 1). This study was approved by the Kyushu
University Institutional Review Board for Clinical Research, and
written informed consent was obtained from all participants.

Measurement of serum lipopolysaccharide-binding
protein concentrations
Serum specimens collected at the baseline screening survey were

stored at −80°C until used for the measurements of serum
LBP concentrations in 2018. Serum LBP concentrations were
measured using enzyme-linked immunosorbent assay kits (Hycult
Biotech; catalog number HK315) in accordance with the
manufacturer’s instructions. The participants were divided into
four categories according to the quartiles of serum LBP levels
(quartile 1: 2.20–9.56 µg/mL; quartile 2: 9.57–10.78 µg/mL;
quartile 3: 10.79–12.18 µg/mL; quartile 4: 12.19–24.34 µg/mL).

Definition of metabolic syndrome
The criteria for MetS in this study were defined based on those
proposed by the Japanese Society of Internal Medicine (Japanese
criteria).25 The detailed criteria are shown in eMaterial 1. In
addition, in the sensitivity analyses using various MetS criteria,
we used the modified Japanese criteria26 where the cutoff values
of waist circumference for Asians27 (≥90 cm in men and ≥80 cm
in women), the criteria of the International Diabetes Federation
(IDF) for Asians,27 the European Group for the Study of Insulin
Resistance criteria,28 and the criteria in the joint statement from
the IDF, the National Heart, Lung, and Blood Institute, the
American Heart Association, the World Heart Federation, the
International Atherosclerosis Society, and the International
Association for the Study of Obesity1 (eTable 1).

Clinical evaluation and laboratory measurements
Detailed information on the clinical evaluations and laboratory
measurements is provided in eMaterial 1.

Statistical analyses
Serum triglycerides, homeostasis model assessment of insulin
resistance (HOMA-IR), and serum hs-CRP were logarithmically
transformed because of skewed distributions. The trends in the
means and the frequencies of risk factors across the quartiles of
serum LBP levels were tested using a linear and a logistic regres-
sion analysis, respectively. The age- and sex-adjusted cumulative
incidence of MetS was calculated using the direct method. We
used the logistic regression model to estimate the odds ratios
(ORs) and 95% confidence intervals (CIs) of the development of
MetS according to the quartiles of serum LBP levels as well as

  30 without consent to participate in the study 
614 with MetS at baseline
388 without data on serum LBP
  21 without data on serum insulin

3,328 participants (participation rate 77.6%)

360 non-participants
  43 without fasting blood samples
    1 without data on use of anti-hypertensive agents
    2 without data on use of glucose-lowering agents

1,869 participants for analysis of MetS (686 men, 1,183 women)

Follow-up survey in 2007–2008

Baseline survey in 2002–2003

2,275 participants completed the baseline survey in 2002–2003

Figure 1. Selection process of the examined population.
LBP, lipopolysaccharide-binding protein; MetS,
metabolic syndrome.
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per 1-standard deviation (SD) increments of the serum LBP
concentrations. In this analysis, the risk estimates were calculated
in four different models including the covariates at baseline: (1)
an age- and sex-adjusted model; (2) model 1, adjusted for age,
sex, current smoking, current drinking, and regular exercise; (3)
model 2, adjusted for the covariates included in model 1 plus
HOMA-IR; and (4) model 3, adjusted for the covariates included
in model 1 plus serum hs-CRP. We also examined the mediation
effects of HOMA-IR or serum hs-CRP on the association between
serum LBP concentration and MetS development using the SAS
procedure PROC CAUSALMED. The heterogeneity in the
association between subgroups was tested by adding multi-
plicative interaction terms to the relevant logistic model. For the
sensitivity analyses, we performed the analysis after excluding
individuals with serum hs-CRP of ≥3.0mg/L to account for the
influence of acute inflammations.

Moreover, we investigated the associations of serum LBP levels
with the development of each MetS component using logistic
regression models including the same sets of covariates. The
analyses for each outcome (ie, abdominal obesity, elevated blood
pressure, elevated fasting plasma glucose, and dyslipidemia) were
conducted by excluding those who had each component at baseline.
The selection process of the examined population for each com-
ponent of MetS is shown in eFigure 1. We also estimated the
association between serum LBP levels at the baseline survey and
HOMA-IR at the follow-up survey.29 All statistical analyses were
performed using the SAS statistical software program, version
9.4 (SAS Institute Inc., Cary, NC, USA). A two-sided value of
P < 0.05 was considered statistically significant in all analyses.

RESULTS

The baseline characteristics of the study population according to

the quartiles of serum LBP levels are summarized in Table 1. The
mean values of age, systolic blood pressure, diastolic blood
pressure, fasting plasma glucose, serum total cholesterol, body
mass index, and waist circumference, the median values of serum
triglyceride, HOMA-IR, and serum hs-CRP, and the proportions
of men, hypertension, use of anti-hypertensive agents, diabetes
mellitus, and use of lipid-modifying agents increased significantly
with higher serum LBP levels. Meanwhile, higher serum LBP
levels were significantly associated with lower mean values of
serum high-density lipoprotein (HDL) cholesterol.

At the end of the 5-year follow-up, a total of 159 participants
(84 men and 75 women) developed MetS. The age- and sex-
adjusted 5-year cumulative incidence of MetS increased signi-
ficantly with higher serum LBP levels (P for trend <0.001)
(Figure 2). As shown in Table 2, the ORs of MetS increased
significantly with higher serum LBP levels (P for trend <0.001)
in the multivariable-adjusted model for potential confounders
(model 1): the OR was 1.37 (95% CI, 1.17–1.60) per 1-SD
increment in the serum LBP concentrations. To address whether
insulin resistance or systemic chronic inflammation was involved
in the association between serum LBP levels and the risk of
MetS, we added either HOMA-IR or serum hs-CRP as an
additional covariate to model 1. As a result, the association was
attenuated after additional adjustment for HOMA-IR (model 2, P
for trend = 0.007), but remained significant with an OR of 1.25
(95% CI, 1.06–1.48) per 1-SD increment in the serum LBP
concentrations. On the other hand, the additional adjustment
for serum hs-CRP in model 1 attenuated the association to
a nonsignificant level (P for trend = 0.07) with an OR of 1.06
(95% CI, 0.87–1.30) per 1-SD increment in the serum LBP
concentrations. We also calculated the direct and indirect effect
and proportion mediated by applying the mediation analysis. The
proportion of the association between serum LBP concentration

Table 1. Baseline characteristics of the study population according to serum LBP quartiles, the Hisayama Study, 2002–2003

Variables

Serum LBP levels, µg/mL

P for trend
Q1 Q2 Q3 Q4

2.20–9.56 9.57–10.78 10.79–12.18 12.19–24.34
(n = 462) (n = 471) (n = 469) (n = 467)

Age, years, mean (SD) 56.8 (11.1) 59.5 (11.2) 62.0 (11.4) 63.7 (11.7) <0.001
Men, % 34.0 32.5 38.6 41.8 0.003
Hypertension, % 23.8 33.1 42.6 44.5 <0.001
Use of anti-hypertensive agents, % 12.1 17.4 25.4 26.1 <0.001
Systolic blood pressure, mmHg, mean (SD) 123 (19) 128 (20) 131 (20) 132 (19) <0.001
Diastolic blood pressure, mmHg, mean (SD) 74 (10) 77 (11) 78 (11) 78 (11) <0.001
Diabetes mellitus, % 6.5 8.5 14.3 13.5 <0.001
Use of glucose-lowering agents, % 2.8 2.3 4.5 4.1 0.12
Fasting plasma glucose, mmol/L, mean (SD) 2.6 (0.4) 2.7 (0.4) 2.8 (0.5) 2.8 (0.6) <0.001
Use of lipid-modifying agents, % 6.3 7.9 11.1 9.2 0.04
Serum total cholesterol, mmol/L, mean (SD) 5.1 (0.8) 5.4 (0.9) 5.3 (1.0) 5.3 (0.9) 0.002
Serum HDL cholesterol, mmol/L, mean (SD) 1.8 (0.4) 1.7 (0.4) 1.6 (0.4) 1.6 (0.4) <0.001
Serum triglyceride, mmol/L, median (interquartile range) 2.0 (1.5–2.8) 2.4 (1.8–3.3) 2.6 (1.8–3.6) 2.6 (1.8–3.5) <0.001
Body mass index, kg/m2, mean (SD) 21.7 (2.5) 22.5 (2.8) 23.0 (3.1) 23.2 (3.1) <0.001
Waist circumference, cm, mean (SD) 77.3 (7.8) 80.1 (8.2) 81.2 (8.2) 82.6 (8.6) <0.001
Current smoking, % 22.5 17.6 19.8 22.5 0.79
Current drinking, % 44.4 43.4 45.2 39.8 0.25
Regular exercise, % 10.0 11.5 10.0 11.1 0.75
HOMA-IR, median (interquartile range) 1.4 (1.0–1.9) 1.5 (1.1–2.2) 1.7 (1.2–2.4) 1.7 (1.2–2.6) <0.001
Serum hs-CRP, mg/L, median (interquartile range) 0.2 (0.1–0.3) 0.3 (0.2–0.6) 0.5 (0.3–0.9) 1.0 (0.5–2.5) <0.001

HDL, high-density lipoprotein; HOMA-IR, homeostasis model assessment of insulin resistance; hs-CRP, high-sensitivity C-reactive protein; IQR, interquartile
range; LBP, lipopolysaccharide-binding protein; SD, standard deviation.
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and MetS, 35.0% was mediated by HOMA-IR (direct association:
OR 1.25; 95% CI, 1.04–1.46; indirect association: OR 1.11; 95%
CI, 1.06–1.16). On the other hand, 81.7% was mediated by serum
hs-CRP (direct association: OR 1.06; 95% CI, 0.85–1.27; indirect
association: OR 1.27; 95% CI, 1.12–1.42) (eTable 2).

In the subgroup analysis of traditional cardiovascular risk
factors, moreover, there was no evidence of heterogeneity in the
association of serum LBP concentration with the risk of MetS
between subgroups of each risk factor (all P for heterogeneity
≥0.18) (eTable 3). Then, we examined the association of serum
LBP levels with the risk of MetS in the subgroup stratified by sex.
As a result, the sensitivity analysis did not change the study
conclusion substantially (eTable 4). Also, in the sensitivity
analyses using various criteria for MetS, the associations between
serum LBP levels and the risk of developing MetS defined by
various criteria were substantially similar to the results of the
analysis for MetS defined using the Japanese criteria (eTable 5).
Furthermore, the findings did not change substantially in the
sensitivity analysis after excluding individuals with serum
hs-CRP of ≥3.0mg/L (eTable 6) or individuals with diabetes
or with a history of cardiovascular disease at baseline (eTable 7).
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Figure 2. The age- and sex-adjusted 5-year cumulative inci-
dence of MetS according to quartiles of serum LBP
levels. Q1 to Q4 indicate ascending quartiles of
serum LBP levels: Q1, 2.20–9.56µg/mL; Q2,
9.57–10.78µg/mL; Q3, 10.79–12.18µg/mL; and
Q4, 12.19–24.34 µg/mL. *P < 0.001 vs Q1 of
serum LBP levels. LBP, lipopolysaccharide-binding
protein; MetS, metabolic syndrome; Q, quartile.

Table 2. Odds ratios for the development of metabolic syndrome and its components according to serum LBP quartiles

Serum LBP levels
Persons
at risk

Number
of events

Odds ratio (95% confidence interval)

Age- and
sex-adjusted

Model 1b Model 2c Model 3d

Metabolic syndrome
Q1 (2.20–9.56 µg/mL) 462 15 1.00 (reference) 1.00 (reference) 1.00 (reference) 1.00 (reference)
Q2 (9.57–10.78 µg/mL) 471 41 2.94 (1.60–5.40) 2.92 (1.59–5.37) 2.42 (1.30–4.48) 2.55 (1.38–4.71)
Q3 (10.79–12.18 µg/mL) 469 49 3.49 (1.91–6.36) 3.48 (1.91–6.35) 2.62 (1.42–4.83) 2.61 (1.41–4.84)
Q4 (12.19–24.34 µg/mL) 467 54 3.86 (2.12–7.02) 3.86 (2.12–7.03) 2.61 (1.41–4.82) 2.18 (1.12–4.24)

P for trend <0.001 <0.001 0.007 0.07
Per 1-SD increment in serum LBP concentrationa 1.37 (1.17–1.59) 1.37 (1.17–1.60) 1.25 (1.06–1.48) 1.06 (0.87–1.30)

Metabolic syndrome components
Abdominal obesity

Q1 (2.20–9.41 µg/mL) 389 50 1.00 (reference) 1.00 (reference) 1.00 (reference) 1.00 (reference)
Q2 (9.42–10.65 µg/mL) 389 69 1.50 (1.01–2.24) 1.52 (1.02–2.27) 1.37 (0.91–2.06) 1.37 (0.92–2.05)
Q3 (10.66–11.99 µg/mL) 391 90 2.13 (1.44–3.14) 2.14 (1.45–3.15) 1.82 (1.22–2.70) 1.68 (1.12–2.51)
Q4 (12.00–24.34 µg/mL) 391 95 2.24 (1.52–3.31) 2.25 (1.52–3.31) 1.77 (1.19–2.64) 1.39 (0.89–2.17)

P for trend <0.001 <0.001 0.003 0.11
Per 1-SD increment in serum LBP concentrationa 1.31 (1.15–1.48) 1.31 (1.15–1.48) 1.23 (1.08–1.40) 1.06 (0.90–1.24)

Dyslipidemia
Q1 (2.20–9.47 µg/mL) 387 50 1.00 (reference) 1.00 (reference) 1.00 (reference) 1.00 (reference)
Q2 (9.48–10.70 µg/mL) 388 82 1.71 (1.16–2.51) 1.71 (1.16–2.51) 1.59 (1.07–2.34) 1.60 (1.08–2.37)
Q3 (10.71–12.16 µg/mL) 387 88 1.76 (1.19–2.59) 1.76 (1.19–2.59) 1.52 (1.02–2.25) 1.52 (1.01–2.27)
Q4 (12.17–24.34 µg/mL) 388 94 1.84 (1.25–2.71) 1.84 (1.25–2.71) 1.50 (1.00–2.23) 1.38 (0.88–2.17)

P for trend 0.005 0.005 0.11 0.26
Per 1-SD increment in serum LBP concentrationa 1.14 (1.01–1.29) 1.14 (1.01–1.30) 1.07 (0.94–1.21) 0.99 (0.85–1.17)

Elevated blood pressure
Q1 (2.20–9.41 µg/mL) 277 66 1.00 (reference) 1.00 (reference) 1.00 (reference) 1.00 (reference)
Q2 (9.42–10.65 µg/mL) 281 81 1.17 (0.80–1.72) 1.14 (0.78–1.68) 1.07 (0.72–1.58) 1.10 (0.75–1.63)
Q3 (10.66–11.99 µg/mL) 280 82 1.15 (0.78–1.69) 1.13 (0.77–1.66) 1.00 (0.68–1.49) 1.04 (0.70–1.56)
Q4 (12.00–24.34 µg/mL) 281 109 1.65 (1.13–2.41) 1.66 (1.13–2.42) 1.46 (0.99–2.16) 1.46 (0.91–2.18)

P for trend 0.01 0.01 0.07 0.19
Per 1-SD increment in serum LBP concentrationa 1.15 (1.01–1.31) 1.16 (1.02–1.33) 1.12 (0.98–1.28) 1.07 (0.91–1.26)

Elevated fasting plasma glucose
Q1 (2.20–9.48 µg/mL) 378 13 1.00 (reference) 1.00 (reference) 1.00 (reference) 1.00 (reference)
Q2 (9.49–10.72 µg/mL) 375 38 3.22 (1.68–6.18) 3.22 (1.68–6.17) 3.05 (1.59–5.87) 3.13 (1.62–6.04)
Q3 (10.73–12.18 µg/mL) 382 20 1.53 (0.75–3.15) 1.52 (0.74–3.12) 1.35 (0.66–2.80) 1.43 (0.68–3.00)
Q4 (12.19–24.34 µg/mL) 378 39 3.11 (1.61–6.01) 3.11 (1.61–6.00) 2.70 (1.39–5.24) 2.77 (1.32–5.82)

P for trend 0.02 0.02 0.07 0.10
Per 1-SD increment in serum LBP concentrationa 1.29 (1.08–1.55) 1.29 (1.08–1.55) 1.25 (1.04–1.51) 1.27 (1.00–1.61)

LBP, lipopolysaccharide-binding protein; Q, quartile; SD, standard deviation.
aThe SD of the serum LBP concentration was 2.2 µg/mL.
bModel 1: adjusted for age, sex, current smoking, current drinking, and regular exercise at baseline (2002–2003).
cModel 2: adjusted for the covariates in model 1 plus homeostasis model assessment of insulin resistance at baseline.
dModel 3: adjusted for the covariates in model 1 plus serum high-sensitivity C-reactive protein at baseline.
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Next, we investigated the associations of serum LBP levels
with the risk of developing each of the MetS components. As a
result, significant associations were observed for the incidence of
all components (ie, abdominal obesity, dyslipidemia, elevated
blood pressure, and elevated fasting plasma glucose) in the age-
and sex-adjusted model and in model 1 (Table 2). However, the
associations between serum LBP levels and abdominal obesity
were attenuated but remained significant after additional adjust-
ment for HOMA-IR (model 2). Meanwhile, the associations
between serum LBP levels and the remaining three components
were attenuated to a non-significant level. The associations with
the risk of developing all MetS components were not significant
after the additional adjustment for serum hs-CRP (model 3).

Finally, we estimated the geometric mean values of HOMA-IR
at the follow-up survey in 2007–2008 according to the quartiles of
serum LBP levels at the baseline survey in 2002–2003 (Table 3).
Elevated serum LBP levels at baseline were significantly
associated with higher geometric mean values of HOMA-IR at
the follow-up after adjusting for age, sex, baseline HOMA-IR,
current smoking, current drinking, and regular exercise (model 2,
P for trend <0.001). However, when additional adjustment was
made for baseline serum hs-CRP, the association was attenuated to
a nonsignificant level (model 3, P for trend = 0.07).

DISCUSSION

In this prospective study of a general Japanese population, higher
serum LBP levels were significantly associated with an increased
risk of developing MetS and its components after adjusting for
age, sex, and lifestyle factors. However, the additional adjustment
for HOMA-IR, an indicator of insulin resistance, attenuated these
associations. Furthermore, additional adjustment for serum hs-
CRP drastically attenuated these associations to non-significant
levels. This association was similar and robust in the sensitivity
analysis using different criteria of MetS. The significant positive
association between serum LBP and future insulin resistance,
represented by the geometric averages of HOMA-IR at the
follow-up survey, was also observed in the multivariable-adjusted
analysis, but disappeared after additional adjustment for serum
hs-CRP. These findings suggest that low-grade endotoxemia is an
important risk factor for insulin resistance and subsequent
development of MetS through chronic systemic inflammation.

Our findings agree with those from previous cross-sectional
studies11,12,20,21 that have shown a positive association between
serum LBP levels and the presence of MetS and its components,
including obesity,11,12,20 dyslipidemia,11,12 elevated blood pres-
sure,12 and elevated plasma glucose.12,21 In addition, there has

been only one prospective study conducted in China, which
reported that elevated plasma LBP levels were significantly
associated with an increased risk of developing MetS and its
components, especially hypertriglyceridemia and hyperglycemia,
during a 6-year follow-up period.22 Our findings, together with
previous epidemiological evidence, suggest that individuals
with higher serum LBP levels have a greater risk of developing
MetS and its components.

Several biological mechanisms could potentially explain the
positive association of serum LBP levels with the risk of MetS.
Serum LBP forms a complex with lipopolysaccharide absorbed
into the bloodstream and binds to TLR4 on the surface of immune
cells.15 TLR4 activates its own downstream immune response and
causes a chronic inflammatory response.15,16 Low-dose intra-
venous lipopolysaccharide administration to healthy humans was
found to induce a rapid and transient induction of plasma TNF-α
and IL-6, and mRNA expression of inflammatory cytokines and
chemokines in adipose tissue.30 These processes are known to
modulate adipose and systemic insulin resistance.9 Increased
insulin resistance due to systemic chronic inflammation has
been well recognized to cause various metabolic disorders,
including glucose intolerance, dyslipidemia by hyperinsulinemia,
and elevated blood pressure through accelerated sodium
reabsorption in the kidney.31 Intriguingly, the present study
showed that the associations of serum LBP levels with the risk of
developing MetS and its components—especially dyslipidemia,
elevated blood pressure, and elevated fasting plasma glucose—
were weakened after adjustment for HOMA-IR and largely
attenuated after adjustment for serum hs-CRP. Moreover, the
significant positive association of serum LBP levels and future
insulin resistance was attenuated after adjusting for serum hs-
CRP. These findings may suggest that the associations of serum
LBP levels with the risk of developing MetS and its components
could be partly explained by the presence of subclinical low-
grade inflammation and insulin resistance induced by the
lipopolysaccharide–LBP complexes.

The mechanism linking LBP to obesity appears to involve LBP
production and activity in adipose tissue and to be bi-directional.
Unlike the other three MetS components, central obesity could
increase serum LBP, which might exacerbate obesity. LBP is
mainly produced by hepatocytes,10 but it is also expressed and
released by intestinal epithelial cells32 and visceral adipocytes.33

The amount of intra-abdominal fat has been shown to correlate
strongly with the serum concentration of lipopolysaccharide34 or
LBP,35 and the mRNA expression of LBP in adipose tissue and
circulating LBP concentration were found to be increased with
weight gain and decreased with weight loss.33 Although there is a

Table 3. Geometric average of HOMA-IR at the follow-up survey in 2007–2008 according to serum LBP levels

Serum LBP levels
Number of
participants

Model 1a Model 2b Model 3c

Geometric average
(95% CI)

P for trend
Geometric average

(95% CI)
P for trend

Geometric average
(95% CI)

P for trend

Q1 (2.20–9.56 µg/mL) 462 1.14 (1.09–1.20) 1.14 (1.09–1.20) 1.17 (1.12–1.23)
Q2 (9.57–10.78 µg/mL) 471 1.25 (1.19–1.31) 1.25 (1.19–1.31) 1.26 (1.21–1.32)
Q3 (10.79–12.18 µg/mL) 469 1.25 (1.20–1.31) 1.25 (1.20–1.31) 1.25 (1.19–1.31)
Q4 (12.19–24.34 µg/mL) 467 1.31 (1.25–1.38) <0.001 1.31 (1.25–1.37) <0.001 1.27 (1.20–1.33) 0.07

CI, confidence interval; HOMA-IR, homeostasis model assessment of insulin resistance; LBP, lipopolysaccharide-binding protein; Q, quartile.
aModel 1: adjusted for age, sex, and HOMA-IR at baseline (2002–2003).
bModel 2: adjusted for the covariates in model 1 plus current smoking, current drinking, and regular exercise at baseline.
cModel 3: adjusted for the covariates in model 2 plus serum high-sensitivity C-reactive protein at baseline.
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possibility of reverse causality, the present longitudinal study
revealed that higher serum LBP levels were associated with
greater risk of developing abdominal obesity. Whether low-grade
endotoxemia is causally related to the development of abdominal
obesity should be validated in further longitudinal studies.

Several limitations in this study should be noted. First, serum
LBP levels were measured only at baseline, which did not capture
the variability during the follow-up period. Since serum LBP
concentrations and other risk factors may have changed, the
misclassification of serum LBP levels was possible, which could
have led to an underestimation of the association between the
serum LBP level and MetS. Second, although we tried to control
for a wide range of confounding factors, we could not exclude
residual confounding by unmeasured confounders, such as health
consciousness36 and gut flora.37 We cannot rule out the possibility
that these factors may be confounding factors that may influence
the increase in serum LBP concentration and the risk of
developing MetS. Indeed, since information of the stress status
and dietary content of residents was not available in the present
study, we assumed that there was residual confounding. Third, we
could not identify the major organ responsible for the source of
increased serum lipopolysaccharide. Since we did not have any
information on gut permeability and inflammatory cytokines
other than hs-CRP, we were unable to perform a more detailed
analysis to clarify the biological mechanism. Fourth, information
on prior infections or other condition having presumed acute
inflammation was not available in the present study. Prior
infections could have caused an acute increase of serum LBP,
leading to misclassification of the chronic levels of serum LBP.
However, a sensitivity analysis in which individuals with serum
hs-CRP of ≥3.0mg/L were excluded did not make any material
difference in the findings. Fifth, there is the possibility of selec-
tion bias due to the exclusion of participants from this study due
to lack of information. Of 1,459 individuals excluded from the
analysis, 815 individuals were excluded from the analysis due to
the lack of information at baseline and follow-up surveys, except
for 30 individuals without the study consent and the 614
individuals with MetS at baseline who had to be excluded in the
longitudinal study design examining the risk of developing
outcomes. Therefore, we compared the baseline characteristics
between 1,869 individuals included in the analysis and 815
excluded individuals (eTable 8). The excluded individuals were
younger, more likely to be men, had lower mean values of
systolic and diastolic blood pressure, fasting plasma glucose,
and abdominal circumference, higher mean values of serum
HDL cholesterol levels, and lower frequencies of use of anti-
hypertensive agents than the included individuals. Thus, the
excluded population were likely to be a healthier population.
Finally, as the participants of the present study were recruited
from one town in Japan, we urge caution in generalizing these
findings to populations with different genetic backgrounds and
lifestyles. Therefore, these results need to be validated by other
large-scale, population-based prospective cohort studies in
different populations.

Conclusion
The study demonstrated that elevated serum LBP levels were an
important risk factor for the development of MetS in the general
Japanese population. These findings emphasize that low-grade
endotoxemia may contribute to the pathogenesis of insulin
resistance and MetS through chronic systemic inflammation.

However, it remains unclear whether serum LBP levels would be
an appropriate therapeutic target. Our findings should encourage
future studies to clarify the mechanism underlying the association
between serum LBP levels and the risk of developing MetS.

ACKNOWLEDGMENTS

The authors thank the residents of the town of Hisayama for their
participation in the survey and the staff of the Division of Health
of Hisayama for their cooperation with this study. The statistical
analyses were carried out using the computer resources offered
under the category of General Projects by the Research Institute
for Information Technology, Kyushu University. We also thank
KN international, Inc. for proofreading the manuscript.

Data availability statement: The data that support the findings of
this study are available from the principle investigator (Toshiharu
Ninomiya, e-mail: t.ninomiya.a47@m.kyushu-u.ac.jp) upon rea-
sonable request.

Funding: This study was supported in part by the Ministry of
Education, Culture, Sports, Science and Technology of Japan
[JSPS KAKENHI Grant Number: JP21H03200, JP19K07890,
JP20K10503, JP20K11020, JP21K07522, JP21K11725,
JP21K10448, and JP18K17925]; by the Health and Labour
Sciences Research Grants of the Ministry of Health, Labour and
Welfare of Japan [JPMH20FA1002]; and by the Japan Agency for
Medical Research and Development [JP21dk0207053]. This study
was also supported by the Suntory Global Innovation Center
Limited (Kyoto, Japan).

Conflicts of interest: Toshiharu Ninomiya obtained funding
support from the Suntory Global Innovation Center (Kyoto,
Japan). Kosuke Suzuki, Hiroshi Watanabe, and Norihito
Murayama are employed by the Suntory Global Innovation
Center Limited (Kyoto, Japan). The authors have no other
potential conflicts of interest relevant to this article to report.

SUPPLEMENTARY MATERIAL

Supplementary data related to this article can be found at https://
doi.org/10.2188/jea.JE20220232.

REFERENCES

1. Alberti KG, Eckel RH, Grundy SM, et al; International Diabetes
Federation Task Force on Epidemiology and Prevention; Hational
Heart, Lung, and Blood Institute; American Heart Association;
World Heart Federation; International Atherosclerosis Society;
International Association for the Study of Obesity. Harmonizing
the metabolic syndrome: a joint interim statement of the International
Diabetes Federation Task Force on Epidemiology and Prevention;
National Heart, Lung, and Blood Institute; American Heart
Association; World Heart Federation; International Atherosclerosis
Society; and International Association for the Study of Obesity.
Circulation. 2009;120:1640–1645.

2. Grundy SM, Hansen B, Smith SC Jr, Cleeman JI, Kahn RA;
American Heart Association; National Heart, Lung, and Blood
Institute; American Diabetes Association. Clinical management of
metabolic syndrome: report of the American Heart Association/
National Heart, Lung, and Blood Institute/American Diabetes
Association conference on scientific issues related to management.
Circulation. 2004;109:551–556.

3. Eckel RH, Grundy SM, Zimmet PZ. The metabolic syndrome.
Lancet. 2005;365:1415–1428.

4. Hotamisligil GS. Inflammation and metabolic disorders. Nature.
2006;444:860–867.

LBP Levels and the Incidence of Metabolic Syndrome

6 j J Epidemiol 2024

https://doi.org/10.2188/jea.JE20220232
https://doi.org/10.2188/jea.JE20220232
https://pubmed.ncbi.nlm.nih.gov/19805654
https://pubmed.ncbi.nlm.nih.gov/14757684
https://pubmed.ncbi.nlm.nih.gov/15836891
https://pubmed.ncbi.nlm.nih.gov/17167474
https://pubmed.ncbi.nlm.nih.gov/17167474


5. Stoll LL, Denning GM, Weintraub NL. Potential role of endotoxin as
a proinflammatory mediator of atherosclerosis. Arterioscler Thromb
Vasc Biol. 2004;24:2227–2236.

6. Cani PD, Amar J, Iglesias MA, et al. Metabolic endotoxemia
initiates obesity and insulin resistance. Diabetes. 2007;56:1761–
1772.

7. Cani PD, Bibiloni R, Knauf C, et al. Changes in gut microbiota
control metabolic endotoxemia-induced inflammation in high-fat
diet–induced obesity and diabetes in mice. Diabetes. 2008;57:1470–
1481.

8. Fei N, Zhao L. An opportunistic pathogen isolated from the gut of an
obese human causes obesity in germfree mice. ISME J. 2013;7:880–
884.

9. Mehta NN, McGillicuddy FC, Anderson PD, et al. Experimental
endotoxemia induces adipose inflammation and insulin resistance in
humans. Diabetes. 2010;59:172–181.

10. Grube BJ, Cochane CG, Ye RD, et al. Lipopolysaccharide binding
protein expression in primary human hepatocytes and HepG2
hepatoma cells. J Biol Chem. 1994;269:8477–8482.

11. Gonzalez-Quintela A, Alonso M, Campos J, Vizcaino L, Loidi L,
Gude F. Determinants of serum concentrations of lipopolysacchar-
ide-binding protein (LBP) in the adult population: the role of
obesity. PLoS One. 2013;8:e54600.

12. Sun L, Yu Z, Ye X, et al. A marker of endotoxemia is associated
with obesity and related metabolic disorders in apparently healthy
Chinese. Diabetes Care. 2010;33:1925–1932.

13. Gavaldà-Navarro A, Moreno-Navarrete JM, Quesada-López T, et al.
Lipopolysaccharide-binding protein is a negative regulator of adipose
tissue browning in mice and humans. Diabetologia. 2016;59:2208–
2218.

14. Schumann RR. Old and new findings on lipopolysaccharide-binding
protein: a soluble pattern-recognition molecule. Biochem Soc Trans.
2011;39:989–993.

15. Vaure C, Liu Y. A comparative review of toll-like receptor 4 expres-
sion and functionality in different animal species. Front Immunol.
2014;5:316.

16. Ruiz AG, Casafont F, Crespo J, et al. Lipopolysaccharide-binding
protein plasma levels and liver TNF-alpha gene expression in obese
patients: evidence for the potential role of endotoxin in the path-
ogenesis of non-alcoholic steatohepatitis. Obes Surg. 2007;17:1374–
1380.

17. Hudgins LC, Parker TS, Levine DM, et al. A single intravenous dose
of endotoxin rapidly alters serum lipoproteins and lipid transfer
proteins in normal volunteers. J Lipid Res. 2003;44:1489–1498.

18. Novitsky TJ. Limitations of the Limulus amebocyte lysate test in
demonstrating circulating lipopolysaccharides. Ann N Y Acad Sci.
1998;851:416–421.

19. Citronberg JS, Wilkens LR, Lim U, et al. Reliability of plasma
lipopolysaccharide-binding protein (LBP) from repeated measures in
healthy adults. Cancer Causes Control. 2016;27:1163–1166.

20. Awoyemi A, Trøseid M, Arnesen H, Solheim S, Seljeflot I. Markers
of metabolic endotoxemia as related to metabolic syndrome in an
elderly male population at high cardiovascular risk: a cross-sectional
study. Diabetol Metab Syndr. 2018;10:59.

21. Lim PS, Chang YK, Wu TK. Serum lipopolysaccharide-binding
protein is associated with chronic inflammation and metabolic

syndrome in hemodialysis patients. Blood Purif. 2019;47:28–36.
22. Liu X, Lu L, Yao P, et al. Lipopolysaccharide binding protein,

obesity status and incidence of metabolic syndrome: a prospective
study among middle-aged and older Chinese. Diabetologia. 2014;
57:1834–1841.

23. Ninomiya T. Japanese legacy cohort studies: the Hisayama Study.
J Epidemiol. 2018;28:444–451.

24. Asada M, Oishi E, Sakata S, et al. Serum lipopolysaccharide-binding
protein levels and the incidence of cardiovascular disease in a general
Japanese population: the Hisayama Study. J Am Heart Assoc. 2019;8:
e013628.

25. Committee to Evaluate Diagnostic Standards for Metabolic Syn-
drome. Definition and the diagnostic standard for metabolic syn-
drome. Nihon Naika Gakkai Zasshi. 2005;94:794–809 [in Japanese].

26. Doi Y, Ninomiya T, Hata J, et al. Proposed criteria for metabolic
syndrome in Japanese based on prospective evidence: the Hisayama
Study. Stroke. 2009;40:1187–1194.

27. Alberti KG, Zimmet P, Shaw J. Metabolic syndrome-a new world-
wide definition. A consensus statement from the International
Diabetes Federation. Diabet Med. 2006;23:469–480.

28. Balkau B, Charles MA. Comment on the provisional report from
the WHO consultation. European Group for the Study of Insulin
Resistance (EGIR). Diabet Med. 1999;16:442–443.

29. Paul DA. Change scores as dependent variables in regression
analysis. Sociol Methodol. 1990;20:93–114.

30. Ghanim H, Abuaysheh S, Sia CL, et al. Increase in plasma
endotoxin concentrations and the expression of Toll-like receptors
and suppressor of cytokine signaling-3 in mononuclear cells after a
high-fat, high-carbohydrate meal: implications for insulin resistance.
Diabetes Care. 2009;32:2281–2287.

31. DeFronzo RA, Ferrannini E. Insulin resistance. A multifaceted
syndrome responsible for NIDDM, obesity, hypertension, dyslipi-
demia, and atherosclerotic cardiovascular disease. Diabetes Care.
1991;14:173–194.

32. Vreugdenhil AC, Dentener MA, Snoek AM, Greve JW, Buurman
WA. Lipopolysaccharide binding protein and serum amyloid A
secretion by human intestinal epithelial cells during the acute phase
response. J Immunol. 1999;163:2792–2798.

33. Moreno-Navarrete JM, Escoté X, Ortega F, et al. A role for
adipocyte-derived lipopolysaccharide-binding protein in inflamma-
tion- and obesity-associated adipose tissue dysfunction. Diabetolo-
gia. 2013;56:2524–2537.

34. Trøseid M, Nestvold TK, Rudi K, Thoresen H, Nielsen EW,
Lappegård KT. Plasma lipopolysaccharide is closely associated with
glycemic control and abdominal obesity: evidence from bariatric
surgery. Diabetes Care. 2013;36:3627–3632.

35. Moreno-Navarrete JM, Ortega F, Serino M, et al. Circulating
lipopolysaccharide-binding protein (LBP) as a marker of obesity-
related insulin resistance. Int J Obes (Lond). 2012;36:1442–1449.

36. Laugerette F, Alligier M, Bastard JP, et al. Overfeeding increases
postprandial endotoxemia in men: inflammatory outcome may
depend on LPS transporters LBP and sCD14. Mol Nutr Food Res.
2014;58:1513–1518.

37. Boulangé CL, Neves AL, Chilloux J, Nicholson JK, Dumas ME.
Impact of the gut microbiota on inflammation, obesity, and metabolic
disease. Genome Med. 2016;8:42.

Tomooka S, et al.

J Epidemiol 2024 j 7

https://pubmed.ncbi.nlm.nih.gov/15472123
https://pubmed.ncbi.nlm.nih.gov/15472123
https://pubmed.ncbi.nlm.nih.gov/17456850
https://pubmed.ncbi.nlm.nih.gov/17456850
https://pubmed.ncbi.nlm.nih.gov/18305141
https://pubmed.ncbi.nlm.nih.gov/18305141
https://pubmed.ncbi.nlm.nih.gov/23235292
https://pubmed.ncbi.nlm.nih.gov/23235292
https://pubmed.ncbi.nlm.nih.gov/19794059
https://pubmed.ncbi.nlm.nih.gov/7510687
https://pubmed.ncbi.nlm.nih.gov/23349936
https://pubmed.ncbi.nlm.nih.gov/20530747
https://pubmed.ncbi.nlm.nih.gov/27344313
https://pubmed.ncbi.nlm.nih.gov/27344313
https://pubmed.ncbi.nlm.nih.gov/21787335
https://pubmed.ncbi.nlm.nih.gov/21787335
https://pubmed.ncbi.nlm.nih.gov/25071777
https://pubmed.ncbi.nlm.nih.gov/25071777
https://pubmed.ncbi.nlm.nih.gov/18000721
https://pubmed.ncbi.nlm.nih.gov/18000721
https://pubmed.ncbi.nlm.nih.gov/12754273
https://pubmed.ncbi.nlm.nih.gov/9668634
https://pubmed.ncbi.nlm.nih.gov/9668634
https://pubmed.ncbi.nlm.nih.gov/27392432
https://pubmed.ncbi.nlm.nih.gov/30038669
https://pubmed.ncbi.nlm.nih.gov/30219816
https://pubmed.ncbi.nlm.nih.gov/24906952
https://pubmed.ncbi.nlm.nih.gov/24906952
https://pubmed.ncbi.nlm.nih.gov/30298863
https://pubmed.ncbi.nlm.nih.gov/31657258
https://pubmed.ncbi.nlm.nih.gov/31657258
https://pubmed.ncbi.nlm.nih.gov/15865013
https://pubmed.ncbi.nlm.nih.gov/19265058
https://pubmed.ncbi.nlm.nih.gov/16681555
https://pubmed.ncbi.nlm.nih.gov/10342346
https://doi.org/10.2307/271083
https://pubmed.ncbi.nlm.nih.gov/19755625
https://pubmed.ncbi.nlm.nih.gov/2044434
https://pubmed.ncbi.nlm.nih.gov/2044434
https://pubmed.ncbi.nlm.nih.gov/10453023
https://pubmed.ncbi.nlm.nih.gov/23963324
https://pubmed.ncbi.nlm.nih.gov/23963324
https://pubmed.ncbi.nlm.nih.gov/23835694
https://pubmed.ncbi.nlm.nih.gov/22184060
https://pubmed.ncbi.nlm.nih.gov/24687809
https://pubmed.ncbi.nlm.nih.gov/24687809
https://pubmed.ncbi.nlm.nih.gov/27098727

