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Aims/Introduction: Increased blood lipopolysaccharide (LPS) or free fatty acid (FFA)
levels correlate with an increased risk of type 2 diabetes. The purpose of the present study

was to evaluate the interactive effect of serum LPS and FFA levels on the prevalence of
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type 2 diabetes.

Materials and Methods: This cross-sectional study included 2,553 community-dwelling
Chinese adults. Fasting serum LPS levels were determined using the Limulus Amebocyte
Lysate Chromogenic Endpoint assay, and FFA levels were determined using an enzymatic
method. The participants were divided into three groups according to the tertiles of LPS
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or FFA levels or nine groups according to the tertiles of LPS and FFA levels. The odd
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ratios (ORs) for type 2 diabetes were estimated using logistic regression analysis.
Results: We found that higher serum LPS or FFA levels were associated with higher

high-sensitivity C-reactive protein levels (P < 0.001), homeostatic model assessment of
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insulin resistance levels (P < 0.001) and ORs for type 2 diabetes (P < 0.01). Meanwhile,

there were significant interactions between LPS and FFA in terms of the high-sensitivity
C-reactive protein level (P < 0.001), homeostatic model assessment of insulin resistance
level (P < 0.001) and ORs for type 2 diabetes (P < 0.001). In the fully adjusted logistic
regression model, the OR for participants with type 2 diabetes in the higher LPS and FFA
level group were 6.58 (95% confidence interval 3.05-14.18, P < 0.001) compared with that
in participants in the lower LPS and FFA level group.

Conclusions: The interaction between LPS and FFA was associated with an increased
risk of type 2 diabetes in community-dwelling Chinese adults.

INTRODUCTION
Low-grade inflammation in obesity is a risk factor for type 2
diabetes, and inflammation contributes to the pathogenesis of
type 2 diabetes through the induction of insulin resistance
(IR)". Blood levels of lipopolysaccharide (LPS) or free fatty acid
(FFA), an inducer of pro-inflammatory cytokines, are related to
the development of type 2 diabetes™. However, whether the
interaction between LPS and FFA is correlated with an
increased risk of type 2 diabetes remains unknown.

Obesity is characterized by increased levels of circulating LPS
and FFA*®. Circulating LPS are derived from Gram-negative
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commensal bacteria in the intestinal tract, whereas FFA is
released from adipose tissue®”. Aside from being an individual
inducer of pro-inflammatory cytokines®’, it was recently
observed that LPS can promote the production of FFA, whereas
FFA can enhance the pro-inflammatory effects of LPS®’, indi-
cating that there might be an interaction between LPS and FFA
in inflammation.

Although LPS or FFA plays a significant role in the develop-
ment of inflammation, treatment with an anti-LPS antibody or
antagonistic FFA receptor alone has had limited clinical success.
For example, immunoglobulin G LPS, an antibody purified
from hyperimmune bovine colostrum, has been shown to alle-
viate inflammation and IR in ob/ob mice'®. However, the use
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of the LPS-neutralizing antibody in humans did not result in a
clear improvement in inflammation'’. In contrast, lowering the
levels of FFA with acipimox, an antilipolytic agent, lightly
reduces IR in humans™'>. However, GLPG0974, an antagonist
of the FFA receptor 2 that has been shown to reduce inflam-
mation in vitro, failed to benefit patients with chronic inflam-
matory diseases, such as ulcerative colitis'®. If there are
interactions between LPS and FFA on inflammation, IR, and
the prevalence of type 2 diabetes, the treatment that decreases
the production of both LPS and FFA or simultaneously blocks
both effects of LPS and FFA would provide a more effective
alternative for improving inflammation and IR, and thereby the
treatment and/or prevention of type 2 diabetes.

Thus, we carried out the present study to investigate whether
there was an interactive effect of serum LPS and FFA levels on
systemic inflammation, IR, and type 2 diabetes in a commu-
nity-dwelling Chinese population.

METHODS

Study population

The present cross-sectional study was carried out from March
to June 2015, in Guangzhou, China. The study population was
from the Thyroid disorders, Iodine status, and Diabetes: A
National Epidemiological Survey-2014 (TIDE) study in China.
The study was carried out in accordance with the Declaration
of Helsinki, as revised in Fortaleza (October 2013), and was
approved by the institutional review board of the Sun Yat-sen
Memorial Hospital of Sun Yat-sen University with participants
providing written informed consent. A total of 2,698 residents,
aged 18-88 years, participated in the study, including 1,402
urban residents (living in Fangcun, Guangzhou) and 1,296 rural
residents (living in Zengcheng, Guangzhou), respectively. Partic-
ipants with a prescription for antidiabetic drugs (metformin,
pioglitazone or insulin) or lipid-regulating drugs (statins or
fibrates; n = 81), which might decrease serum LPS or FFA
levels'*"”;  high-sensitivity ~C-reactive protein  (hs-CRP)
levels >10 mg/L (n = 26), which indicates acute inflamma-
tions'®; and missing hs-CRP values (n = 38) were excluded
from the study. Accordingly, 2,553 participants were included
in the final data analyses.

Diabetes definition

On the basis of the diagnostic criteria by the World Health
Organization in 1999, diabetes is diagnosed as fasting plasma
glucose (FPG) >7.0 mmol/L, 2-h plasma glucose (2-h PG) dur-
ing an oral glucose tolerance test >11.1 mmol/L or self-reported
physician diagnosis of diabetes.

Collection of clinical information

Information about age, sex, region, education history, drinking
history, smoking history and medication, as well as history of
diabetes and dyslipidemia was collected. The levels of physical
activity at leisure time were estimated by the International
Physical Activity Questionnaire. Body height and weight were
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recorded. Body mass index (BMI) was defined as weight in
kilograms divided by the height in meters squared. Two mea-
surements of blood pressure with at least a 10-min interval
were obtained using an automated electronic monitor (HEM-
8102A; Omron Healthcare, Co., Ltd., Tokyo, Japan), and the
average of the two blood pressure measurements was used for
analysis.

Blood sample collection and measurements

After an overnight fast of at least 8 h, venous blood samples
were collected. For participants without knowledge of their dia-
betic state, a 75-g oral glucose tolerance test was then carried
out, and blood samples were collected at 2 h after the adminis-
tration of oral glucose.

For LPS and FFA, blood samples were centrifuged for
10 min; serum sample were obtained and stored at —80°C until
use. Serum LPS was measured using the Limulus Amebocyte
Lysate Chromogenic Endpoint assay (Hycult Biotec, Uden, the
Netherlands); the intra-assay and interassay coefficients of vari-
ability were 2.1% and 6.7%, respectively. Serum FFA was mea-
sured using the enzymatic method (Sekisui Medical Co., Ltd.,
Tokyo, Japan), and the intra-assay and interassay coefficients of
variability were 2.4 and 6.3%, respectively. The other blood bio-
chemical markers, including FPG, fasting triglyceride (TG),
low-density lipoprotein-cholesterol (LDL-C), hemoglobin Alc,
insulin, hs-CRP and 2-h PG levels, were measured as described
in our previous study".

Homeostatic model assessment of IR (HOMA-IR) was calcu-
lated from glucose and insulin levels using the following equa-
tion: fasting serum insulin (mU/L) x FPG (mmol/L)/22.5.

Statistical analysis
We used SPSS version 20 (SPSS Inc., Chicago, IL, USA) for sta-
tistical analyses. Continuous and normally distributed variables
were presented as the mean + standard deviation, continuous
and non-normally distributed variables were presented as a the
median and interquartile range, whereas categorical variables
were presented as percentages. The research participants were
divided into three groups according to tertiles of serum LPS
levels (lower tertile, <0.23 EU/mL; middle tertile, 0.23-0.52 EU/
mL; and higher tertile, >0.52 EU/mL) or serum FFA
levels (lower tertile, <442.92 pmol/L; middle tertile, 442.92—
62320 umol/L; and higher tertile, >623.20 pmol/L). The
hs-CRP values were transformed to natural logarithms (Ln[hs-
CRP + 1]) and HOMA-IR values were transformed to com-
mon logarithms (Log[HOMA-IR]) before analysis because of
the non-normal distribution of these two variables, as described
in previous studies®”'. The trends across the LPS or FFA
groups were analyzed using a simple linear regression analysis,
or unadjusted and multivariate-adjusted logistic regression anal-
ysis.

The interaction between serum LPS and FFA levels was ana-
lyzed by introducing the interaction term (serum LPS level
multiplied by serum FFA level) in the models by the
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multivariate-adjusted linear regression analysis for Ln(hs-
CRP + 1) or Log(HOMA-IR), or unadjusted and multivariate-
adjusted logistic regression analysis for type 2 diabetes.
Meanwhile, all participants were divided into nine groups
according to tertiles of serum LPS and FFA levels. The Ln(hs-
CRP + 1) or Log(HOMA-IR) values in these groups were ana-
lyzed using a simple linear regression analysis. Differences
among groups were tested using one-way analysis of variance
(anova), and post hoc comparisons were carried out using
Bonferroni correction. The prevalence of type 2 diabetes was
assessed using the y’-test. Unadjusted and multivariate-adjusted
logistic regression analyses were used to estimate the prevalent
risk of type 2 diabetes.

All statistical analyses were two-sided, and P < 0.05 was
considered significant.

RESULTS

Characteristics of the study participants by LPS or FFA levels
The mean age of the study participants was 45.64 = 15.60 years,
and 57.4% were women. The median serum LPS and FFA levels

http://wileyonlinelibrary.com/journal/jdi

were 0.36 EU/mL (range 0.27-0.62 EU/mL) and 524.30 pmol/L
(range 402.45-686.19 umol/L), respectively. Among the 2,553
participants, 247 (9.7%) had type 2 diabetes. Tables 1 and 2
show the characteristics of the participants according to serum
LPS and FFA levels (in tertiles), respectively. Individuals with
higher serum LPS or FFA levels were older and had elevated
levels of BMLI, systolic blood pressure (SBP), FPG, 2-h PG, hemo-
globin Alc, TG, low-density lipoprotein cholesterol (LDL-C) and
insulin, and included higher proportions of women and lower
proportions of drinkers (P < 0.05). Individuals with higher
serum FFA levels, but not with higher serum LPS levels, had
higher proportions of urban residents (P < 0.05).

Association of serum LPS or FFA level with systemic
inflammation, IR and type 2 diabetes

Figure 1 and Table 3 show the associations of LPS or FFA level
with systemic inflammation, IR and type 2 diabetes. Increasing
serum LPS or FFA levels were associated with higher Ln(hs-
CRP + 1) levels, Log(HOMA-IR) levels and the prevalence of
type 2 diabetes (P < 0.001). There was a significant increasing

Table 1 | Characteristics of the study population by lipopolysaccharide tertiles

Characteristic Tertile of serum LPS (EU/mL) P for trend
Lower tertile Middle tertile Higher tertile
<029 (n = 851) 0.29-052 (n = 851) >052 (n = 851)

Age (years) 4393 + 1505 4462 + 1563 4838 £ 1576 <0.001
Female sex 526 (61.8%) 479 (56.3%) 460 (54.1%) 0.004
Urban residence 432 (50.8%) 450 (52.9%) 431 (50.6%) 0.584
Education

Primary school or below 27 (3.2%) 48 (5.6%) 55 (6.5%) 0.009

Junior high school 181 (21.3%) 169 (19.9%) 199 (234%)

Senior high school 374 (43.9%) 374 (43.9%) 374 (43.9%)

Undergraduate school or above 269 (31.6%) 260 (30.6%) 223 (26.2%)
Drinking 454 (53.3%) 415 (488%) 402 (47.2%) 0.032
Smoking 170 (20.0%) 178 (20.9%) 177 (20.8%) 0879
Physical activity (h/week)

<05 502 (59.0%) 503 (59.2%) 509 (59.9%) 0.732

05-1 215 (25.3%) 202 (23.8%) 193 (22.7%)

>1 134 (15.7%) 145 (17.1%) 148 (17.4%)
BMI (kg/mz) 2283 + 338 2336 £ 355 2428 £ 390 <0.001
SBP (mmHg) 12632 £ 1922 12962 + 1846 13403 £ 20.16 <0.001
FPG (mmol/L) 510+ 088 528 = 105 562+ 176 <0.001
2-h PG (mmoI/L)Jr 630 £ 217 068 + 254 762 + 379 <0.001
HbA1c (%) 552+ 0.70 559 + 082 581 + 1.20 <0001
TG (mmol/L) 128 £1.12 139+ 1.10 172 £ 168 <0.001
LDL-C (mmol/L) 309 + 099 321 = 096 339+ 101 <0.001
Insulin (MmU/L) 545 (4.18-7.28) 691 (521-853) 997 (763-12.82) <0001

Data are expressed as mean + standard deviation for continuous and normally distributed variables, median with the interquartile range for contin-
uous non-normally distributed variables or numbers with percentages for categorical variables; P for trend across the groups was estimated using
the simple linear regression analysis. "A total of 59 participants without knowledge of their diabetes status did not undergo an oral glucose toler-
ance test, resulting in 2494 participants that were analyzed. 2-h PG, 2-h plasma glucose post-glucose loading during oral glucose tolerance test;
BMI, body mass index; FPG, fasting plasma glucose; HbATc, hemoglobin Alc; LDL-C, low-density lipoprotein cholesterol; LPS, lipopolysaccharide;

SBP, systolic blood pressure; TG, triglyceride.
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Table 2 | Characteristics of the study population by tertiles of free fatty acid levels
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Characteristic Tertile of serum FFA (umol/L) P for trend
Lower tertile Middle tertile Higher tertile
<44292 (n = 852) 442 92-623.20 (n = 850) >62320 (n = 851)

Age (years) 4284 + 1450 4572 + 1491 4837 + 1682 <0.001
Female sex 508 (59.6%) 500 (58.8%) 457 (53.7%) 0027
Urban residence 377 (44.2%) 425 (50.0%) 511 (60.0%) <0001
Education

Primary school or below 4 (2.8%) 1 (6.0%) 5 (6.5%) 0001

Junior high school 7 (19.6%) 181 (21.3%) 201 (23.6%)

Senior high school 382 (44.8%) 390 (45.9%) 350 (41.1%)

Undergraduate school or above 279 (32.7%) 228 (26.8%) 245 (28.8%)
Drinking 452 (53.1%) 437 (514%) 382 (44.9%) 0.002
Smoking 3 (204%) 178 (21.0%) 174 (20.5%) 0947
Physical activity (h/week)

<05 512 (60.1%) 508 (59.8%) 494 (58.1%) 0.192

05-1 217 (25.5%) 190 (22.4%) 203 (23.9%)

>1 123 (14.4%) 51 (17.8%) 153 (18.0%)
BMI (kg/mz) 2298 + 332 2365 + 373 2383 + 386 <0.001
SBP (mmHg) 12538 £ 1802 130.71 £ 1956 133.89 + 2005 <0.001
FPG (mmol/L) 514+ 104 533+ 122 553+ 158 <0.001
2-h PG (mmoI/L)Jr 6.10 £ 243 6.85 + 269 767 + 347 <0.001
HbATc (%) 550+ 0.73 563 £ 094 578 £ 1.09 <0.001
TG (mmol/L) 113 £0.76 138 £ 095 188 £ 190 <0.001
LDL-C (mmol/L) 3.14 £ 099 327 =100 329 + 098 0.042
Insulin (mU/L) 596 (4.31-7.96) 696 (5.10-9.04) 9.23 (6.66-11.79) <0.001

Data are expressed as mean + standard deviation for continuous and normally distributed variables, median with the interquartile range for
continuous non-normally distributed variables or numbers with percentages for categorical variables; P for trend across the groups was estimated
using the simple linear regression analysis. A total of 59 participants without knowledge of their diabetes status did not undergo an oral glucose
tolerance test, resulting in 2,494 participants analyzed. 2-h PG, 2-h plasma glucose post-glucose loading during oral glucose tolerance test; BMI,
body mass index; FFA, free fatty acid; FPG, fasting plasma glucose; HbATc, hemoglobin Alc; LDL-C, low-density lipoprotein cholesterol; SBP, systolic

blood pressure; TG, triglyceride.

trend of the odds ratios (ORs) for type 2 diabetes across
increasing tertiles of LPS or FFA levels, even after adjusting for
age, sex, region (urban/rural), education level, drinking, smok-
ing, and levels of physical activity, BMI, SBP, TG and LDL-C
(P <0.01).

Interaction between serum LPS and FFA on systemic
inflammation, IR, and prevalence of type 2 diabetes
We found a significant interaction of LPS and FFA with Ln(hs-
CRP + 1) or log(HOMA-IR) levels (both P < 0.001) after
adjusting for age, sex, region, education level, drinking, smok-
ing, and levels of physical activity, BMI, SBP, TG and LDL-C
(Figures 2a,b). Participants in the higher LPS and FFA level
group had higher levels of Ln(hs-CRP + 1) (145, 95% CI
141-149 vs 042, 95% CI 040-044; P <0.001) or log
(HOMA-IR) (0.45, 95% CI 0.43-0.47 vs 0.06, 95% CI 0.05-
0.08; P < 0.001) than participants in the lower LPS and FFA
level group (Figure 2a,b).

Similarly, there was a significant interaction between LPS
and FFA levels in relation to the risk of type 2 diabetes, even

adjusting for all covariates (P < 0.001; Figure 3b,c). Participants
in the higher LPS and FFA level group had a significantly
higher prevalence of type 2 diabetes (21.1% vs 1.9%, P < 0.001)
than participants in the lower LPS and FFA level group (Fig-
ure 3a). In the logistic regression analysis, with the lower LPS
and FFA level group as the reference group, the unadjusted
and fully adjusted ORs for type 2 diabetes in participants in
the higher LPS and FFA level group were 14.14 (95% CI 6.76—
29.55, P <0.001) and 6.58 (95% CI 3.05-14.18, P < 0.001),
respectively (Figure 3b,c).

DISCUSSION

In the present study, we showed that LPS or FFA levels were
related to systemic inflammation, IR and type 2 diabetes in a
community-dwelling Chinese population. Furthermore, we
found, for the first time, a significantly interactive effect
between LPS and FFA on systemic inflammation, IR, and
type 2 diabetes. Participants with higher levels of both serum
LPS and FFA tended to have higher levels of systemic inflam-
mation and IR, and a higher prevalence of type 2 diabetes. This
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Figure 1 | Association of serum lipopolysaccharide or free fatty acid (FFA) levels with systemic inflammation and insulin resistance. P for trend
across the groups was estimated using the simple linear regression analysis. HOMA-IR, homeostatic model assessment of insulin resistance; hs-CRP,
high-sensitivity C-reactive protein; LPS, lipopolysaccharide.

Table 3 | Association of serum lipopolysaccharide or free fatty acid levels with the prevalence of type 2 diabetes

Tertile units Prevalence of T2D (%) OR (95% Cl) for T2D
Unadjusted Adjusted’
Serum LPS (EU/mL)
Lower tertile (n = 851): <0.29 4. 1 1
Middle tertile (n = 851): 0.29-0.52 85 216 (142-327) 205 (1.33-3.17)
Higher tertile (n = 851): >0.52 165 459 (3.13-6.74) 328 (218-493)
P for trend <0001 <0001 <0001
Serum FFA (umol/L)
Lower tertile (n = 852): <442.92 48 1 1
Middle tertile (n = 850): 442.92-623.20 88 191 (1.29-2.84) 141 (093-2.13)
Higher tertile (n = 851): >623.20 154 360 (250-5.18) 1.87 (1.25-2.78)
P for trend <0001 <0.001 0007

P for trend across the groups was estimated using the simple linear regression analysis. TAdjusted for age, sex, region (urban/rural), education level,
drinking and smoking, and levels of physical activity, body mass index, systolic blood pressure, triglyceride and low-density lipoprotein cholesterol.
FFA, free fatty acid; LPS, lipopolysaccharide; T2D, type 2 diabetes.

interactive effect on systemic inflammation, IR and prevalence Previous studies have reported that blood LPS levels were
of type 2 diabetes was independent of age, sex, region (urban/ increased in individuals with obesity or type 2 diabetes, and
rural), education level, drinking and smoking, and levels of = LPS has been associated with CRP, IR and the incidence of dia-
physical activity, BMI, SBP, TG and LDL-C. betes>***. Similarly, here, we showed that higher serum LPS
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levels were also related to higher hs-CRP levels (a well-charac-
terized, standardized biomarker of systemic inflammation),
higher HOMA-IR levels and higher prevalence of type 2 dia-
betes. LPS is an integral part of the outer membrane of Gram-
negative bacteria that are present in the gut microbiota**’. LPS
can diffuse from the gastrointestinal tract into the bloodstream
when intestinal permeability is increased®. Increased gut
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Figure 2 | Interaction between serum lipopolysaccharide and free fatty
acid (FFA) levels on inflammation and insulin resistance. The numbers
above the bars indicate the values of (a) the mean high-sensitivity C-
reactive protein (hs-CRP) values transformed to natural logarithms (Ln
[hs-CRP + 1]) or (b) the mean homeostatic model assessment of insulin
resistance (HOMA-IR) values transformed to common logarithms (Log
[HOMA-IR]), and values not sharing a common letter above the
numbers differ significantly at P < 0.05. The effect of the interaction
was estimated using linear regression analysis adjusted for age, sex,
region (urban/rural), education level, drinking and smoking, and levels
of physical activity, body mass index, systolic blood pressure,
triglyceride and low-density lipoprotein cholesterol. Differences among
groups were tested using one-way analysis of variance (anova), and
post-hoc comparisons were carried out using Bonferroni correction.
LPS, lipopolysaccharide.

permeability has been observed in individuals with obesity**.
Once in the systemic circulation, LPS binds to the Toll-like
receptor 4 present on the monocytes, macrophages and adipo-
cytes, and then induces the expression and release of pro-
inflammatory cytokines, thereby resulting in IR****°. The pre-
sent results, combined with those from the aforementioned
studies, showed that LPS plays a significant role in the develop-
ment of inflammation, IR and type 2 diabetes.

Consistent with the other studies, including cross-sectional
and prospective studies” >, we showed that serum FFA levels
were related to systemic inflammation, IR and prevalence of
type 2 diabetes. FFA is used as the main source of fuel in the
body during a fasting state. FFA is released into the circulation
from adipose tissue and subsequently travels to reach its target
tissues, such as the liver and skeletal muscle’. Blood FFA levels
are increased in obese individuals, mainly because of increased
FFA release, which has been associated with the expansion of
fat mass®. Increased levels of FFA induced by an infusion of
lipid in humans have been associated with IR*. FFA treatment
in vitro induces inflammation and IR°***, FFA acts as an indu-
cer of pro-inflammatory cytokines and can activate Toll-like
receptor 4 to induce inflammation through the nuclear factor-
kappa B and c-Jun N-terminal protein kinase pathways; FFA
also can activate G protein-coupled receptor to promote inflam-
mation through protein kinase C/nicotinamide adenine dinu-
cleotide phosphate oxidase/reactive oxygen species/nuclear
factor-kappa B pathways”. Thus, FFA, at least partly through
inflammation, is linked to the development of IR and type 2
diabetes.

Besides the separate effects of LPS and FFA on systemic
inflammation, IR, and type 2 diabetes, we showed that the
combination of elevated LPS or increased FFA level was related
to increased systemic inflammation, IR and the prevalence of
type 2 diabetes. There has been some evidence for the interac-
tion of LPS and FFA in inflammation. As mentioned above,
obese individuals, often with higher circulating FFA, have
increased gut permeability”. A diet rich in saturated fatty acids

© 2019 The Authors. Journal of Diabetes Investigation published by AASD and John Wiley & Sons Australia, Ltd

1443

J Diabetes Investig Vol. 10 No. 6 November 2019



ORIGINAL ARTICLE

Huang et al.

(@) Pforinteration <0.001

http://wileyonlinelibrary.com/journal/jdi

Figure 3 | Interaction between serum lipopolysaccharide (LPS) and free
fatty acid (FFA) levels on the prevalence of type 2 diabetes. The
numbers above the bars indicate (a) the prevalence (%) of type 2

a 250 diabetes or (o) odds ratios (ORs) for type 2 diabetes, and values not
212 . sharing a common letter above the numbers differ significantly at
- 200 8 P < 005. The prevalence of type 2 diabetes was assessed using the y*
12 0 L 1so 8 test. The ORs for type 2 diabetes were estimated by logistic regression
d i T analysis with participants with serum LPS <0.29 EU/mL and FFA
10.7 ¢ 3 <44292 umol/L as the reference group, and differences among groups
X - 100 (;‘C; were tested using logistic regression analysis. The effect of interaction
5o g was estimated using a logistic regression analysis. (b) The ORs for
type 2 diabetes and the interaction were unadjusted. (c) The ORs for
a L 00 type 2 diabetes and the interaction were adjusted for age, sex, region
. = S0, (urban/rural), education level, drinking and smoking, and levels of
TOO'Q_Q\ 09 physical activity, body mass index, systolic blood pressure, triglyceride
>62320 442.92- <442.92 o 152 and low-density lipoprotein cholesterol. T2D, type 2 diabetes.
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eride synthesis, suppressing the oxidation of FFA and stimulat-
b ing lipolysis in adipose tissue, thereby increasing the circulating
8.54 1000 Q levels of FFA®***. A low-dose lipid infusion increases serum
d ’g FFA levels, and monocytes exposed to lipid infusion in vivo
.29 c pe enhance the in vitro secretion of pro-inflammatory cytokines
J 169 -500  © stimulated by LPS”. In vitro pre-exposure to the saturated fatty
e acid palmitate can promote the pro-inflammatory effect
il induced by LPS in microglia®®. Recently, it was observed that
:g.oo there is a synergistic effect of LPS and palmitate on neuronal
05952 death in a Toll-like receptor 4-dependent manner”’. Thus, apart
562320 44200— <4aron 29 US> from the individual pro-inflammatory action of LPS and FFA,

623.20 it is probable that both LPS and FFA can exert a synergistic

fertiles of LPS effect on inflammation. Collectively, these results strongly sup-

Tertiles of FFA levels (umol/L) levels (EU/mL) ) i )

port the concept that the interaction of LPS and FFA increases

(@ Pforinteration <0.001 inflammation, thereby causing greater IR and higher prevalence
of type 2 diabetes.

a — 800 The mechanisms of in vivo chronic inflammation are very

complex, and a single factor (such as LPS or FFA) alone might

— 6.00 not fully account for the development of inflammation. Mean-

A while, as already mentioned, treatment with anti-LPS antibody

400 © or antagonist of the FFA receptor alone has had limited effects

. p on inflammation in humans. Here, we showed that the interac-

2'861 L 00 © tion between LPS and FFA was related to increased systemic

' inflammation, IR, and the prevalence of type 2 diabetes. There-

fore, decreasing the production of both LPS and FFA, or simul-

~ 0.00 taneously blocking both effects, which synergistically attenuate

inflammation, thereby further decrease IR in addition to their
separate effects, and might be a more effective alternative for
the treatment and/or prevention of type 2 diabetes.

The present study had some limitations. First, this study was
based on a southern Chinese population, and thus the results
from this study might not be representative of other

<9
0570
562320 44297- o 152

623.20

<44292

Tertiles of LPS

Tertiles of FFA levels (umol/L) levels (EU/mL)

1444 J Diabetes Investig Vol. 10 No. 6 November 2019 © 2019 The Authors. Journal of Diabetes Investigation published by AASD and John Wiley & Sons Australia, Ltd



http://wileyonlinelibrary.com/journal/jdi

populations. Second, information on diet was not collected in
the present study; dietary patterns can have a potential effect
on blood LPS or FFA levels®%. Finally, because of the cross-
sectional design of the study, no causal inference can be drawn
from our results. Further investigation is required to clarify the
effect of interactions between LPS and FFA on type 2 diabetes.

In summary, in the present study, we found that LPS or
FFA levels were related to the presence of type 2 diabetes in a
community-dwelling Chinese population. More importantly,
the interaction between LPS and FFA was associated with an
increased risk of type 2 diabetes. Further investigation to vali-
date these findings and show the mechanisms is necessary.

ACKNOWLEDGMENTS

We gratefully acknowledge the medical staff of the Baihedong
Community Health Service Center and People’s Hospital of
Zengcheng City, Guangzhou, China. This study was supported
by The Research Fund for Public Welfare, National Health and
Family Planning Commission of China (201402005), and The
Clinical Research Fund of Chinese Medical Association
(15010010589).

DISCLOSURE

The authors declare no conflict of interest.

REFERENCES

1. Pirola L, Ferraz JC. Role of pro-and anti-inflammatory
phenomena in the physiopathology of type 2 diabetes and
obesity. World J Biol Chem 2017; 8: 120—128.

2. Pussinen PJ, Havulinna AS, Lehto M, et al. Endotoxemia is
associated with an increased risk of incident diabetes.
Diabetes Care 2011; 34: 392—397.

3. Pankow JS, Duncan BB, Schmidt M|, et al. Fasting plasma
free fatty acids and risk of type 2 diabetes: the
atherosclerosis risk in communities study. Diabetes Care
2004; 27. 77-82.

4. Gomes JMG, Costa JA, Alfenas RCG. Metabolic endotoxemia
and diabetes mellitus: a systematic review. Metabolism 2017;
68: 133-144.

5. Ni'Y, Zhao L, Yu H, et al. Circulating unsaturated fatty acids
delineate the metabolic status of obese individuals.
EBioMedicine 2015; 2: 1513—1522.

6. Jin C, Henao-Mejia J, Flavell RA. Innate immune receptors:
key regulators of metabolic disease progression. Cell Metab
2013; 17: 873-882.

7. Miller MR, Pereira R, Langefeld CD, et al. Levels of free fatty
acids (FFA) are associated with insulin resistance but do not
explain the relationship between adiposity and insulin
resistance in Hispanic Americans: The IRAS Family Study. J
Clin Endocrinol Metab 2012; 97: 3285-3291.

8. Rittig N, Bach E, Thomsen HH, et al. Regulation of lipolysis
and adipose tissue signaling during acute endotoxin-
induced inflammation: a human randomized crossover Trial.
PLoS One 2016; 11: e0162167.

O.

10.

12.

13.

16.

18.

20.

21.

ORIGINAL ARTICLE
LPS, FFA and diabetes

Liang H, Lum H, Alvarez A, et al. A low dose lipid infusion
is sufficient to induce insulin resistance and a pro-
inflamlmatory response in human subjects. PLoS One 2018;
13: e0195810.

Adar T, Ben Ya'acov A, Lalazar G, et al. Oral administration
of immunoglobulin G-enhanced colostrum alleviates insulin
resistance and liver injury and is associated with alterations
in natural killer T cells. Clin Exp Immunol 2012; 167: 252-260.

. Chih YH, Lin YS, Yip BS, et al. Ultrashort antimicrobial

peptides with antiendotoxin properties. Antimicrob Agents
Chemother 2015; 59: 5052—5056.

Makimura H, Stanley TL, Suresh C, et al. Metabolic effects of
long-term reduction in free fatty acids with acipimox in
obesity: a randomized trial. J Clin Endocrinol Metab 2016;
101: 1123-1133.

Priyadarshini M, Kotlo KU, Dudeja PK, et al. Role of
short chain fatty acid receptors in intestinal

physiology and pathophysiology. Compr Physiol 2018; 8:
1091-1115.

Zhou ZY, Ren LW, Zhan P, et al. Metformin exerts glucose-
lowering action in high-fat fed mice via attenuating
endotoxemia and enhancing insulin signaling. Acta
Pharmacol Sin 2016; 37: 1063—1075.

Sathyanarayana P, Jogi M, Muthupillai R, et al. Effects of
combined exenatide and pioglitazone therapy on hepatic
fat content in type 2 diabetes. Obesity (Silver Spring) 2011;
19: 2310-2315.

Hall SE, Saunders J, Sonksen PH. Glucose and free fatty
acid turnover in normal subjects and in diabetic patients
before and after insulin treatment. Diabetologia 1979; 16:
297-306.

Eagles CJ, Kendall MJ, Maxwell S. A comparison of the
effects of fluvastatin and bezafibrate on exercise
metabolism: a placebo-controlled study in healthy
normolipidaemic subjects. Br J Clin Pharmacol 1996; 41: 81—
387.

Pan H, Yan D, Xu M, et al. Interaction between lactate and
uric acid is associated with a higher prevalence of
metabolic syndrome: a community-based study. Exp Clin
Endocrinol Diabetes 2018. https.//doi.org/10.1055/a-0672-
0908

Xue H, Wang J, Hou J, et al. Association of ideal
cardiovascular metrics and serum high-sensitivity C-reactive
protein in hypertensive population. PLoS One 2013; &
e81597.

Muraki |, Tanigawa T, Yamagishi K, et al. Nocturnal
intermittent hypoxia and C reactive protein among middle-
aged community residents: a cross-sectional survey. Thorax
2010; 65: 523-527.

Lee JM, Okumura MJ, Davis MM, et al. Prevalence and
determinants of insulin resistance among U.S. adolescents:
a population-based study. Diabetes Care 2006; 29: 2427—
2432.

© 2019 The Authors. Journal of Diabetes Investigation published by AASD and John Wiley & Sons Australia, Ltd

1445

J Diabetes Investig Vol. 10 No. 6 November 2019


https://doi.org/10.1055/a-0672-0908
https://doi.org/10.1055/a-0672-0908

ORIGINAL ARTICLE

Huang et al.

http://wileyonlinelibrary.com/journal/jdi

22. Moreira AP, Alves RD, Teixeira TF, et al. Higher plasma resistance, and cardiovascular risk factors from adolescence
lipopolysaccharide concentrations are associated with less to adulthood. Diabetes 2013; 62: 3163-3169.
favorable phenotype in overweight/obese men. Eur J Nutr 31. Zhang J, Zhao Y, Xu C, et al. Association between serum
2015; 54: 1363-1370. free fatty acid levels and nonalcoholic fatty liver disease: a
23. Guerville M, Leroy A, Sinquin A, et al. Western-diet cross-sectional study. Sci Rep 2014; 4: 5832.
consumption induces alteration of barrier function 32. Kim M, Song K, Kim YS. Alantolactone improves palmitate-
mechanisms in the ileum that correlates with metabolic induced glucose intolerance and inflammation in both lean
endotoxemia in rats. Am J Physiol Endocrinol Metab 2017; and obese states in vitro: adipocyte and adipocyte-
313: E107-£120. macrophage co-culture system. Int Immunopharmacol 2017;
24. Teixeira TF, Souza NC, Chiarello PG, et al. Intestinal 49: 187-194.
permeability parameters in obese patients are correlated 33. Bernard A, Ancel D, Passilly-Degrace P, et al. A chronic LPS-
with metabolic syndrome risk factors. Clin Nutr 2012; 31: induced low-grade inflammation fails to reproduce in lean
735-740. mice the impairment of preference for oily solution found
25. Traseid M, Nestvold TK, Rudi K, et al. Plasma in diet-induced obese mice. Biochimie 2018; 159; 112—121.
lipopolysaccharide is closely associated with glycemic 34. Maitra U, Chang S, Singh N, et al. Molecular mechanism
control and abdominal obesity: evidence from bariatric underlying the suppression of lipid oxidation during
surgery. Diabetes Care 2013; 36: 3627-3632. endotoxemia. Mol Immunol 2009; 47: 420-425.
26. Cullberg KB, Larsen J&, Pedersen SB, et al. Effects of LPS 35. Lu B, Lu Y, Moser AH, et al. LPS and proinflammatory
and dietary free fatty acids on MCP-1 in 3T3-L1 adipocytes cytokines decrease lipin-1 in mouse adipose tissue and 3T3-
and macrophages in vitro. Nutr Diabetes 2014; 4: e113. L1 adipocytes. Am J Physiol Endocrinol Metab 2008; 295:
27. Wilding JP. The importance of free fatty acids in the E1502-E1500.
development of type 2 diabetes. Diabet Med 2007; 24: 934—  36. Tracy LM, Bergqvist F, lvanova EV, et al. Exposure to the
945. saturated free fatty acid palmitate alters BV-2 microglia
28. Johnston LW, Harris SB, Retnakaran R, et al. Association of inflammatory response. J Mol Neurosci 2013; 51: 805-812.
NEFA composition with insulin sensitivity and beta cell 37. Reichardt F, Chassaing B, Nezami BG, et al. Western diet
function in the Prospective Metabolism and Islet Cell induces colonic nitrergic myenteric neuropathy and
Evaluation (PROMISE) cohort. Diabetologia 2018; 61: 821— dysmotility in mice via saturated fatty acid- and
830. lipopolysaccharide-induced TLR4 signalling. J Physiol 2017;
29. Johns |, Goff L, Bluck LJ, et al. Plasma free fatty acids do 595: 1831-1846.
not provide the link between obesity and insulin resistance 38. Ahola AJ, Lassenius MI, Forsblom C, et al. Dietary patterns
or B-cell dysfunction: results of the Reading, Imperial, reflecting healthy food choices are associated with lower
Surrey, Cambridge, Kings (RISCK) study. Diabet Med 2014; serum LPS activity. Sci Rep 2017, 7: 6511.
31:1310-1315. 39. Zhao L, Ni Y, Ma X, et al. A panel of free fatty acid ratios to
30. Frohnert BI, Jacobs DR Jr, Steinberger J, et al. Relation predict the development of metabolic abnormalities in
between serum free fatty acids and adiposity, insulin healthy obese individuals. Sci Rep 2016; 6: 28418.
1446 J Diabetes Investig Vol. 10 No. 6 November 2019 © 2019 The Authors. Journal of Diabetes Investigation published by AASD and John Wiley & Sons Australia, Ltd



