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Background: Effects of the micronutrient selenium have been proposed in obesity and type
2 diabetes mellitus (T2DM) that involve impairments in glucose metabolic pathways and the
insulin signaling cascade, mediated through oxidative stress and inflammation. However, the
evidence collected to date through animal and epidemiologic studies has been inconclusive.
Therefore, in the present study, we aimed to evaluate the relationships of selenium status and
inflammation with T2DM and obesity.

Methods: Participants in the re-survey of the Electricity Generating Authority of Thailand
(EGAT)2 study conducted in 2013 (N=655, age 45-60 years) were allocated to three groups
based on their body mass index (World Health Organization Asia-Pacific Classification), and
their serum selenium and high-sensitivity C-reactive protein (hs-CRP) concentrations and
other clinical parameters were compared.

Results: Significant differences in serum selenium and hs-CRP among the groups were
associated with differences in fasting blood glucose and glycated hemoglobin, as well as
differences in the prevalence of prediabetes or T2DM. The adjusted odds ratios (ORs) (95%
confidence intervals) for prediabetes or diabetes were 1.991 (1.318-3.009) and 3.786 (2.-
087-6.896) for the lowest and highest tertiles of serum selenium concentration in the entire
sample and obese participants, respectively. Furthermore, the rising extent of hs-CRP
increased the significantly associated with prediabetes or diabetes (adjusted ORs; 2.268 for
the entire sample, 4.043 for the overweight and 1.910 for the obesity).

Conclusion: Selenium status may be linked to both obesity and T2DM through its effects
on signaling pathways. Further nutrigenomic studies are required to clarify the relationship
between selenium and metabolic diseases.

Keywords: serum selenium, obesity, type 2 diabetes mellitus, chronic inflammation, high
sensitivity C-reactive protein

Introduction

The National Diabetes Statistics Report, published by the Centers for Disease
Control and Prevention (CDC) in 2020, describes the principal features of
diabetes and provides crude estimates for 2018. These data indicate that
1.5 million new cases of diabetes were diagnosed in US adults aged >18
years." Compared with adults aged 18-44 years, the incidence of newly diag-
nosed diabetes was higher among adults aged 45-64 years and those aged >65
years. Furthermore, the most important risk factors for diabetes were overweight

and obesity (defined as a body mass index [BMI] of 25 kg/m” or 30 kg/m?):
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89.0% of US adults with type 2 diabetes mellitus
(T2DM) were overweight or obese.'

The pathophysiology of T2DM includes both pancrea-
tic B-cell dysfunction, with low insulin secretion, and
peripheral insulin resistance.” The links between obesity
and T2DM are complex, involving a number of factors,
such as genetic predisposition, the degree of obesity and
adipocyte  dysfunction, insulin  resistance,  pro-
inflammatory cytokines, abnormal free fatty acid metabo-
lism, changes in cellular redox status associated with
mitochondrial dysfunction, and endoplasmic reticulum
stress.’ In obesity, adipose tissue dysfunction, which
involves hypertrophy and/or hyperplasia, can also lead to
the accumulation of fat in other insulin-target tissues. For
example, a previous cross-sectional study of gastric bypass
surgery patients, which aimed to study the differences in
adipocyte size and number in the visceral and abdominal
subcutaneous adipose depots and relate these to biochem-
ical parameters, found significant associations in both
visceral and subcutaneous adipose tissue of adipocyte
volume with insulin sensitivity and the plasma concentra-
tions of insulin, triglycerides (TG), and high-density lipo-
protein (HDL)-cholesterol.*

Adipose tissue expandability has a defined limit, and
therefore its storage capacity can be exceeded in obese
individuals, leading to ectopic lipid accumulation in non-
adipose tissues, such as skeletal muscle, liver, and pan-
creas. This causes lipotoxicity, which involves hypoxia,
apoptosis, inflammation, dysregulated fatty acid fluxes,
and insulin resistance.” Moreover, obesity is associated
with an induction of pro-inflammatory signaling, through
greater secretion of pro-inflammatory mediators, including
tumor necrosis factor a (TNF-a) and interleukin 6 (IL-6),
and less release of adiponectin, which are also associated
with oxidative stress. IL-6 increases the synthesis and
secretion of acute phase proteins such as C-reactive pro-
tein by the liver.® High-sensitivity C-reactive protein (hs-
CRP) is a sensitive marker of subclinical inflammation and
strongly predicts obesity-associated T2DM. For example,
a cohort study of 7683 non-diabetic participants that inves-
tigated the relationships of the circulating concentrations
of hs-CRP, IL-6, IL-1 receptor antagonist, and adiponectin
with glycemia, insulin concentration, insulin resistance,
and beta-cell function showed that high concentrations of
hs-CRP and IL-6 are associated with high fasting insulin
concentration and insulin resistance after adjustment for

confounders.’

Imbalances in nutrient intake are modifiable risk fac-
tors for components of the metabolic syndrome. Selenium
(Se) is an essential micronutrient that plays crucial roles in
cellular redox reactions, which are involved in inflamma-
tion and immunity.® Its biological effects are exerted after
incorporation into selenoproteins. Previous studies have
provided inconclusive evidence relating Se status to the
development of metabolic diseases. For example, an
in vitro study by Kim et al, which was designed to deter-
mine the effects of selenate on adipogenesis and cell

o showed a dose-

morphology change.” The results
dependent inhibition of intracellular lipid droplet accumu-
lation in preadipocytes that were exposed to selenate for 6
days and that treatment with 50 uM selenate inhibited
adipogenesis by ~95%. Furthermore, this selenate treat-
ment induced the expression of transforming growth fac-
tor-B protein in the adipocytes.” Additionally, differences
in blood Se concentration have been identified in indivi-
duals with obesity and T2DM: those in the middle (80.-
91-98.20 pg/L) and highest (98.21-158.20 pg/L) plasma
selenium tertiles had higher waist circumference (WC),
BMI, visceral fat volume, and total fat volume, and more
oxidative DNA damage than those with in the lowest
plasma selenium tertile (38.65-80.90 pg/L).'° Moreover,
in a cross-sectional study of middle-aged and elderly
Chinese adults (N=5423), the multivariate-adjusted odds
ratio (OR) was 1.52 (95% confidence interval [CI]: 1.01—
2.28, P=0.04) for the highest quartile of dietary selenium
intake versus the lowest quartile, and a significant positive
association was found between dietary selenium intake
and diabetes (P for trend =0.03)."!

At the present time, therefore, inconsistencies are
found in the literature regarding the roles of Se, dietary
Se intake, and its antioxidant and anti-inflammatory prop-
erties in the pathophysiology of obesity and T2DM.
Therefore, in the present study, we aimed to evaluate the
relationships between Se status, assessed using the serum
Se concentration, inflammation, the prevalence of predia-
betes or T2DM, and obesity.

Materials and Methods

Study Sample

A health survey of the employees of the Electricity
Generating Authority of Thailand (EGAT) began in 1985
with the first cohort, EGAT 1, which was followed by
the second cohort, EGAT 2, recruited in 1998. The parti-
cipants in EGAT 2 (N=655, aged 45-60 years) also
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participated in a re-survey in 2013. An overview of the
study methods has been published previously.'?

“The Asia-Pacific Perspective: Redefining Obesity and
its Treatment” (2000) proposed cut-off values of BMI to
define overweight and obesity for use in this region. In the
present study, we allocated the participants to three groups
according to the Asia-Pacific cut-off values of BMI: normal
weight (18.5-22.9 kg/m?), overweight (23—24.9 kg/m?), and
obese (>25 kg/m?)."* Diabetes mellitus is a group of meta-
bolic diseases characterized by hyperglycemia that results
from defects in insulin secretion, insulin action, or both. We
used the American Diabetes Association (ADA) recommen-
dations for the diagnosis of T2DM and prediabetes, which
is associated with a high risk of developing frank diabetes.
Prediabetes was defined using a fasting plasma glucose
concentration between 100 and 125 mg/dL or impaired
glucose tolerance (IGT), identified as a 2-h plasma glucose
concentration during a 75-g oral glucose tolerance test
(OGTT) of between 140 and 199 mg/dL or a glycated
hemoglobin (HbAlc) of between 5.7% and 6.4%. For
T2DM, the acceptable criteria were a fasting plasma glu-
cose > 126 mg per dL, a 2-h plasma glucose > 200 mg/dL
during an OGTT, or an HbAl > 6.5%."

The exclusion criteria were a diagnosis of, or medical
treatment for, diabetes mellitus, hypertension, dyslipide-
mia, liver or kidney dysfunction, cardiovascular or endo-
crine disease, and the use of nutritional supplements
(vitamin and mineral).

The general characteristics of the participants and
details of lifestyle factors related to metabolic and cardio-
vascular disease and cancer were collected; including age;
sex; educational level; occupation; tobacco smoking
habits; alcohol consumption habits; and any family history
of chronic metabolic disease, dementia, or cancer. All the
participants underwent a physical examination, during
which anthropometric and blood pressure measurements
were performed by personnel who had been trained in the
standardization of these procedures.

The study was performed in accordance with the
principles of the Declaration of Helsinki and was
approved by the ethics committee of the Faculty of
Medicine Ramathibodi Hospital, Mahidol University
(MU-RA2019/75).  Written
obtained from all the participants.

informed consent was

Anthropometric Measurements
Anthropocentric measurements were made by well-trained
personnel while the participants were minimally clothed and

not wearing footwear. Body mass was measured using scales
and height was measured using a wall-fixed tape measure,
with the participants in a normal standing position. Waist
circumference (WC) and hip circumference were measured
using a metal tape measure, without placing any pressure on
the body surface. The data were analyzed using the cut-off
values for obesity in Asian people: a WC of 90 cm in men
and 80 cm in women, and waist-to-hip ratio (WHR) cutoffs
were defined as 0.95 in men and-0.80 in women. '’

Biochemical Measurements

Venous blood samples were collected in the morning after an
overnight fast (12 hours) and serum samples were separated
and stored at —80°C for subsequent analysis. The HbAlc; the
FBG, total cholesterol, TG, HDL-cholesterol, low-density
lipoprotein (LDL)-cholesterol, urea nitrogen, creatinine,
and uric acid concentrations, and the alanine aminotransfer-
ase (ALT), aspartate aminotransferase activities were mea-
sured using automated methods (Cobas-Mira, Roche, Milan,
Italy). The serum hs-CRP and insulin concentrations were
measured using immunoassays (Immulite 1000 System;
Siemens Health Diagnostics, Deerfield, IL, USA). Insulin
resistance and B-cell function were estimated using the
homeostasis model assessments HOMA-IR and HOMA-f,
respectively.'® HOMA-IR = (fasting insulin [mU/L] x fasting
glucose [mmol/L])/22.5. HOMA-B = (20 x fasting insulin
[mU/L])/(fasting glucose [mmol/L]). In the analysis of Se,
100 pL of serum or blood reference control were added to
a polypropylene tube and further added 200 pL of approxi-
mately 65% nitric acid (HNO3) and 100 pL of hydrogen
peroxide (H,O,). The mixture tubes were incubated in
a water bath for 90 minutes at 60°C occasionally stirring in
a heating system. After incubation, samples were cooled
down by adding 2100 pL ultrapure water. The Se measure-
ment was carried out in collision cell mode using H, gas
(3.5 mL/min) by using an Agilent 7700x ICP-MS (Agilent
Technologies, Santa Clara, CA, USA) equipped with an ASX
250 autosampler. For each sample, data were acquired in
triplicate and averaged.'’

Statistical Analysis

Statistical analyses were performed using SPSS for
Windows version 23.0 (IBM, Inc., Armonk, NY, USA).
Data are presented as mean + SD for continuous variables
and frequency (%) for categorical variables. Continuous
variables were evaluated using the Kolmogorov-Smirnov
test for normality, and skewed data were log-transformed.
Continuous data were compared between groups using
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one-way ANOVA. Non-standardized and standardized
regression coefficients were calculated, with adjustment
for parameters in model 1 (age) and model 2 (age, hyper-
tension status, dyslipidemia, metabolic syndrome [MetS]
status, and lifestyle factors, such as cigarette smoking and
alcohol consumption). Binary logistic regression analysis
was performed to identify potential risk factors for pre-
diabetes and T2DM, and their ORs were calculated.
Associations of parameters with the lowest and highest
tertiles of serum Se and with hs-CRP < or > 3.0 mg/L
were identified using logistic regression. The findings were
considered to be statistically significant when P was <0.05.
Moreover, association between significant data and pro-
posed mechanisms involving signaling cascades has been
analyzed by STITCH which is a database of protein—che-
mical interactions.'®

Results

The study sample consisted of 655 Thai men, of whom
200 were of normal weight, 165 were overweight, and 290
were obese. The mean age for the three groups did not

Table | General Characteristics of the Study Sample (n=655)

differ. The general characteristics, anthropometric para-
meters, and risk factors for T2DM of the participants are
presented in Table 1. Statistically significant differences in
BMI, WC, and waist/hip ratio were observed between each
group. Furthermore, the systolic and diastolic BPs of the
obese group were significantly higher than those of the
normal-weight and overweight groups (all P <0.05). The
percentages of the participants who were cigarette smokers
and consumers of alcohol did not differ between the
groups.

We next determined the extent to which the association
of T2DM with a family history of the disease was
mediated by obesity status, and found no difference in
the association between the prevalence of T2DM and
a family history among the three groups. However, MetS
was found to be strongly associated with prediabetes and
T2DM: the highest prevalence of MetS was found in the
obese group (42.8%), followed by the overweight group
(23.6%) and the normal-weight group (9.5%).

Multiple factors are involved in the development and
progression of T2DM, and we also determined the

Characteristics

Entire Sample

Normal BMI Overweight Obese

N 655 (100%) 200 (30.5%) 165 (25.2%) 290 (44.3%)
Age (years) 54.86+2.91 54.91+2.98 54.95+3.10 54.78+2.77
BMI (kg/m?) 24.92+3.60 21.24x1.51 23.99+0.53* 27.99+2.88*°
Waist circumference (cm) 89.80+9.18 81.34+5.54 87.46+4.03* 96.98+7.50*°
Waist-hip ratio 0.92+0.05 0.89+0.05 0.91+0.04* 0.95£0.04*°
SBP (mmHg) 133.37£16.37 128.87+9.32 132.02+8.69 136.73£16.47*°
DBP (mmHg) 82.45+10.32 75.66+7.98 81.00+9.18 84.97+10.40*°
Smoking, n (%)

® Non-smoker 340 (47.3%) 111 (55.5%) 79 (47.8%) 155 (53.4%)

® Drinker

® Smoker 345 (52.7%) 89 (44.5%) 86 (52.1%) 135 (46.6%)
Alcohol consumption, n (%)
® Non-drinker 130 (19.8%) 44 (22.0%) 35 (21.2%) 51 (17.6%)

525 (80.8%)

156 (78.0%) 130 (78.8%) 239 (82.4%)

Family history related to type 2 diabetes mellitus, n (%)

® Yes 28 (4.3%) I'l (5.5%) 14 (8.5%) 3 (1.0%)

® No 595 (90.8%) 183 (91.5%) 148 (89.7%) 264 (91.0%)

® Unknown 32 (4.9%) 6 (3.0%) 3 (1.8%) 23 (7.9%)
Metabolic syndrome, n (%)

® No 473 (72.2%) 181 (90.5%) 126 (76.4%) 166 (57.2%)

® Yes 182 (27.8%) 19 (9.5%) 39 (23.6%) 124 (42.8%)

Note: *"Significantly different from the normal-weight and overweight groups (P<0.05).
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association of these metabolic factors with obesity status
(Table 2). There were significant differences (P<0.05)
between the FBG of the obese group and those of the
normal-weight and overweight groups. HbAlc was signif-
icantly higher (P<0.05) in the obese group (6.02+0.67 mg/
dL) than in the normal-weight (5.45+0.75 mg/dL) and
overweight (5.46+0.38 mg/dL) groups. Additionally, the
highest insulin concentration and HOMA-IR values were
found in individuals with obesity, followed by those who
were overweight, and these significantly differed from
those of the normal-weight group. Another component of
the metabolic syndrome is dyslipidemia, which is closely
related to obesity and T2DM. The concentrations of TG
and LDL-C were higher in obese participants than in
normal-weight participants (all P<0.05). In contrast, the
HDL-C concentration was significantly lower in the obese
group than in the normal-weight group (50.76+11.54 vs
59.86+15.73 mg/dL, P<0.05).

We also found associations of high serum aminotransfer-
ase activities with T2DM and metabolic syndrome. The
serum ALT activity of obese participants was significantly
higher than those of normal-weight participants and over-
weight participants (P<0.05). Furthermore, the serum uric
acid concentration was higher in the obese and overweight
groups than in the normal-weight group (P<0.05). The link

between inflammation and obesity/T2D is well documented.
Therefore, we also determined whether there were relation-
ships between T2DM and the serum hs-CRP or selenium
concentrations, and whether these would be independent of
obesity. The obese participants had a statistically higher geo-
metric mean hs-CRP (2.58 mg/L) than either normal-weight
(1.51 mg/L) or overweight (1.74 mg/L) participants (P<0.05).
However, there were no significant differences in serum Se
among the normal-weight, overweight, and obese groups.
The prevalence of prediabetes or T2DM in participants
in the three tertiles of serum Se (T1 = 83.79-120.70 ug/L,
T2 =120.71-133.83 ng/L, and T3=133.84-228.09 ng/L)
was shown in Figure 1. The prevalence of prediabetes and
T2DM increased from the lowest tertile to the highest tertile
(20.7%, 37.7%, and 41.6%, respectively). Furthermore, the
prevalence of prediabetes or T2DM in participants with
a high circulating concentration of hs-CRP (>3 mg/L) was
higher than in those with a lower hs-CRP (50.6% vs 39.1%).
Further analysis of the relationships between serum Se
and hs-CRP and T2DM in the three groups are presented
in Table 3. Non-standardized and standardized regression
coefficients are presented for the relationships between
FBG or HbAIC per 1 SD increment in serum Se.
Increasing serum Se was associated with significant differ-
ences in FBG, after adjustment for age (Model 1) in all the

Table 2 Biochemical Parameters That are Related to the Risk of Prediabetes/T2DM in the Study Sample

Biochemical Parameter Entire Sample N=655 Normal BMI N=200 Overweight N=165 Obese N=290
FBG (mg/dL) 97.20+15.17 93.49+18.93 93.01£9.60 108.64+14.57*°
HbAlc (%) 5.86+0.65 5.45+0.75 5.46+0.38 6.02+£0.67*°
Insulin (pU/mL) 6.26+5.13 4.2612.43 5.2543.17% 8.22£6.53*°
HOMA-IR 0.83+0.69 0.56+0.32 0.69+0.41% 1.10£0.88*°
TG (mg/dL) 151.22+86.83 133.03176.66 149.92496.55 164.48+85.45%
TC (mg/dL) 221.51+41.65 186.12 +38.69 222.38+44.56 220.45+41.69
LDL-C (mg/dL) 151.16£37.95 130.14+35.95 141.49+40.97 151.91£37.57>°
HDL-C (mg/dL) 54.71+14.34 59.86x15.73 56.42+15.00 50.76x11.54*°
AST (U/L) 26.80 16.55 25.60 11.66 25.74 15.64 28.23 13.54
ALT (U/L) 30.52+23.81 24.47+14.79 27.46x18.14 36.44+29.69°
Uric acid (mg/dL) 6.40£1.25 5.92£1.19 6.49+1.22* 6.68+1.22*
hs-CRP*(mg/L) 2.04 (1.88-2.19) 1.51 (1.29-1.72) 1.74 (1.44-2.04) 2.58%" (2.32-2.83)
Serum selenium* (ug/L) 128.65 (1.27.23-13.07) 129.09 (126.46-131.72) 128.99 (126.13—131.86) | 128.15 (126.03—130.26)

Notes: *Geometric mean and 95% Cl; *"significantly different from the normal-weight and overweight groups (P<0.05).
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Prevalence of Pre-diabetes/T2DM (%)

Selenium Tertile 1  Selenium Tertile 2 Selenium Tertile 3

11 1l

hs-CRP reference hs-CRP 2 3mg/L

Figure | Prevalence of pre-diabetes/T2DM classified by tertiles of serum selenium and clinical cut-off level of hs-CRP.

groups (B=0.157, P=0.000 for the entire sample; f=0.149,
P=0.035 for the normal-weight group; p=0.112, P=0.037
for the overweight group; and p=0.179, P=0.002 for the
obesity group). For HbAlc, significant differences in
serum Se were identified in the entire sample (=0.102,
P=0.009) and in the obesity group (=0.173, P=0.003).

We also determined the relationship between chronic
subclinical low-grade inflammation and the presence of
T2DM. High hs-CRP was associated with high HbAlc
in the entire sample ($=0.306, P=0.000) and in the
overweight ($=0.280, P=0.000) and obese (p=0.350,
P=0.000) groups after the data were adjusted for age.
In model 2, additional adjustment was performed for
lifestyle factors (cigarette smoking and alcohol con-
sumption), hypertension status, dyslipidemia, and meta-
bolic syndrome status, and the results showed that the
relationships of serum Se with FBG and HbAlc
remained in the entire sample (B=0.127, P=0.001 for
FBG and p=0.077, P=0.043 for HbAlc) and in the
obesity group (p=0.162, P=0.004 for FBG and
p=0.248, P=0.000 for HbAlc). There were also linear
relationships of hs-CRP with FBG and HbAlc in the
entire sample, and in the normal-weight and obese
groups (FBG: p=2.551, P=0.000; p=0.235, P=0.000;
and (=0.305, P=0.000, respectively); and HbAIlc
(B=0.268, P=0.000; p=0.142, P=0.039; and P=332,
P=0.000, respectively) after adjustment for confounding
factors.

The ORs (95% Cls) for prediabetes/diabetes, categor-
ized using FBG, according to the tertile of serum Se in the
entire sample and in the three BMI groups are shown in
Figure 2. After adjustment for age, lifestyle factors (cigar-
ette smoking and alcohol consumption), hypertension sta-
tus, dyslipidemia, and metabolic syndrome status, these
associations remained with the adjusted OR 1.703, 95%

CI 1.094-2.657 (P=0.018) for the entire sample and
adjusted OR 2.711, 95% CI 1.482-4.958 (P=0.001) for
the obesity group. However, with respect to low-grade
inflammation (hs-CRP > 3 mg/L), there were no signifi-
cant associations with abnormal glucose status (all
P-values > 0.05).

When the prevalence of prediabetes/diabetes was deter-
mined using HbA 1c cut-off values, high serum Se in both
the entire sample and the obesity group was found to be
associated with abnormal glucose status (adjusted OR
1.991, 95% CI 1.318-3.009 and adjusted OR 3.786, 95%
CI 2.087-6.896, respectively). Furthermore, hs-CRP >
3 mg/L was associated with a higher prevalence of pre-
diabetes/T2DM in the entire sample (adjusted OR 2.268,
95% CI 1.530-3.363), and in the overweight (adjusted OR
4.073, 95% CI 1.772-9.363) and obese (adjusted OR
1.910, 95% CI 1.146-3.182) groups. These associations
remained significant in the binary-adjusted model in each
of the three groups.

Discussion

In the present study, the identified associations of obe-
sity with hypertension, dyslipidemia, and T2DM repli-
cated those identified previously. Both BMI and WC/
waist-to-hip ratio were associated with hypertension, as
in Table 1.
between BP and BMI has also been shown in a large

shown A positive linear association
Chinese study of participants aged 35-80 years, across
a BMI range of 18.5-30.0 kg/m?. Furthermore, each
1-kg/m? increase in BMI was associated with a 1.3-mm
Hg increase in BP in men and a 1.4-mm Hg increase in
women.'? These relationships may be explained by
endothelial

oxidative

lipotoxicity-induced cell dysfunction,

inflammation, and mitochondrial

20

stress,
dysfunction.
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Table 3 Relationships Between the Circulating Selenium and hs-CRP Concentrations and FBG and HbAlc in the Three BMI Groups

FBG (mg/dL) HbAIc (mg/dL)

B* SE Beta** P-value B* SE Beta™* P-value
Model |
Serum selenium (pg/L)
Entire sample (N=655) 0.113 0.028 0.157 0.000 0.003 0.001 0.102 0.009
Normal BMI (N=200) 0.104 0.049 0.149 0.035 0.003 0.002 0.110 0.120
Overweight (N=165) 0.085 0.041 0.112 0.037 —0.001 0.002 —0.071 0.367
Obese (N=290) 0.144 0.047 0.179 0.002 0.006 0.002 0.173 0.003
hs-CRP (mg/L)
Entire sample (N=655) 2.027 0.247 0.306 0.000 0.092 0.011 0.318 0.000
Normal BMI (N=200) 2.357 0.574 0.280 0.000 0.061 0.024 0.179 0.011
Overweight (N=165) 0.295 0.391 0.059 0.452 0.020 0.015 0.103 0.189
Obese (N=290) 2351 0.371 0.350 0.000 0.116 0.017 0.375 0.000
Model 2
Serum selenium (pg/L)
Entire sample (N=655) 0.091 0.026 0.127 0.001 0.002 0.001 0.077 0.043
Normal BMI (N=200) 0.073 0.047 0.104 0.120 0.042 0.021 0.047 0.547
Overweight (N=165) 0.051 0.038 0.098 0.179 0.056 0.071 0.063 0.427
Obese (N=290) 0.130 0.049 0.162 0.004 0.337 0.077 0.248 0.000
hs-CRP (mg/L)
Entire sample (N=655) 1.596 0.244 2.551 0.000 0.078 0.011 0.268 0.000
Normal BMI (N=200) 1.975 0.348 0.235 0.000 0.048 0.023 0.142 0.039
Overweight (N=165) 0.244 0.358 0.049 0.496 0.020 0.015 0.102 0.195
Obese (N=290) 2.054 0.376 0.305 0.000 0.102 0.017 0.332 0.000

Notes: *, **Non-standardized and Standardized regression coefficients, respectively. Model I: adjusted for age. Model 2: adjusted for age and lifestyle factors (cigarette
smoking, alcohol consumption), hypertension status, dyslipidemia, and metabolic syndrome status.

Excess adipocyte hypertrophy and hyperplasia may
contribute to the pathogenesis of metabolic diseases
through cellular damage (endoplasmic reticulum stress
and mitochondrial dysfunction), abnormal fatty acid
metabolism (high circulating free fatty acid concentra-
tions), abnormal endocrine responses in adipose tissue
(high leptin, high TNF-a, and low adiponectin), and
abnormal interactions with non-adipose tissues, such as
liver, muscle, and possibly pancreas. Furthermore, the
lipotoxicity that is associated with adipose tissue dys-
function may underlie metabolic syndrome, fatty liver,
hyperglycemia, hypertension, hypertriglyceridemia, and

low HDL-C levels.?' In the present study, we found
significantly higher TG and LDL-C, and lower HDL-C
concentrations in the obesity group than in the normal
BMI group (Table 2). Additionally, obese participants
who had T2DM and dyslipidemia also had higher serum
hs-CRP than those who did not. These findings are
consistent with the activation of pro-inflammatory path-
ways, with greater secretion of pro-inflammatory cyto-
kines, such as TNF-a and IL-6, in obese individuals.
High circulating cytokine concentrations are closely
linked to high hs-CRP, and disrupt glucose and lipid

metabolism, reduce glucose tolerance, impair insulin
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Pre-diabetes/diabetes by FBG level

Adjusted

OR* 95% CI P-Value
Serum selenium (ug/L)?
—_—
Total (N=655) 1.703 1.094-2.651 0.018
—_—
Normal BMI (N=200) 1.005 0.390-2.589 0.991
— 4+
Overweight (N=165) 0.772 0.303-1.966 0.587
[ O |
Obese (N=290) 2.711 1.482-4.958 0.001
hs-CRP (mg/L)"

Total (N=655) 1.059 I 0.681-1.647 0.806
Normal BMI (N=200) 0.507 " 0.137-1.878 0.309
Overweight (N=165) 1.65 : - : 0.630-4.325 0.308
Obese (N=290) 1.006 r 0.579-1.747 0.983

0 1 3 a 5 6
| Pre-diabetes/diabetes by HbA1C level
Adjusted o
OR* 95% CI P-Value
Serum selenium (pg/L)?

Total (N=655) 1.991 e 1.318-3.009  0.001
Normal BMI (N=200) 1.526 N 0.636-3.662  0.344
Overweight (N=165) 0.673 e 0.299-1.516 0.339
Obese (N=290) 3.786 : - , 2.087-6.896  0.000

hs-CRP (mg/L)"

Total (N=655) 2268 - 1.530-3.363  0.000
Normal BMI (N=200) 1.197 — 0.410-3.494 0.742
Overweight (N=165) 4073 : = | 1.772-9.363  0.001
Obese (N=290) 101 — 1.146-3.182  0.013

0 1 2 3

4 5 6 7 8 9 10

Figure 2 Odds ratios for prediabetes/diabetes and serum selenium and hs-CRP levels among entire sample and subgroups of study population.
Notes: *Adjusted for age, lifestyle factors (cigarette smoking and alcohol consumption, hypertension status, dyslipidemia, and metabolic syndrome status. *The highest and
lowest tertiles of serum selenium = 133.84-228.09 pg/L and 83.79-120.70 pg/L, respectively. ®The reference value of hs-CRP; < 3 mg/L).

signaling, increase insulin resistance, impair beta-cell
function, increase lipolysis, increase TG synthesis, and
increase de novo lipogenesis.”?

To our knowledge, this is the first study to be spe-
cifically designed to evaluate the relationship between
serum Se concentration and a range of metabolic syn-
drome components in a large number of adult Thais. Se
status is usually determined through the measurement of

serum Se level or of the activity of the important sele-
noprotein glutathione peroxidase (GPx), including in the
present study. We found no significant differences in
serum Se between the normal BMI, overweight, and
obese groups (Table 2), but in contrast, the US Third
National Health and Nutrition Examination Survey iden-
tified differences in serum Se between the highest and
lowest quartiles of BMI of —4.0 ng/mL (—5.5 to —1.6 ng/
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mL) in both men and women.** The mechanisms under-
lying the link between Se and the level of adiposity
remain to be fully determined, but previous experimen-
tal studies have shown that Se inhibits adipogenesis by
reducing the expression of peroxisome proliferator-
activated receptor-y and fatty acid synthase,” and that
this reduces abdominal fat accumulation and adipocyte
size.?*

The link between selenium and obesity and T2DM
may involve abnormal metabolism in adipose tissue,
with the excess release of free fatty acids and/or hor-
mones including leptin, adiponectin, cytokines, and
pro-inflammatory proteins. In the present study, high
Se and hs-CRP concentrations were found to be asso-
ciated with T2DM (Figure 1). Moreover, multiple lin-
ear regression analysis (Table 3) showed relationships
between high FBG or HbAlc and high concentrations
of Se and hs-CRP in various BMI groups after adjust-
the
adjusted ORs for the relationship of prediabetes and

ment for potential confounders. Furthermore,
T2DM with Se were also significant. Serum Se was
positively correlated with FBG in both the entire sam-
ple (T3 vs T1, adjusted OR 1.703, 95% CI 1.094—-
2.651) and in the obesity group (T3 vs T1, adjusted OR
2.711, 95% CI 1.482-4.958). Similar associations were
also identified using HbAlc.

We also studied the relationships of hs-CRP with FBG
and HbAIC. A higher prevalence of prediabetes/T2DM
was identified in participants with a high hs-CRP concen-
tration (> 3 mg/L) in the overweight and obese groups
(Figure 2). These findings are comparable to those of
a nested case-control study of middle-aged and older
Chinese adults, which generated ORs for metabolic syn-
drome in the highest tertile of serum Se of 2.72 (95% CI
1.43-5.20, P for trend 0.002) for men and 5.30 (95% CI
3.31-8.74, P for trend <0.001) for women, compared with
the lowest tertile.>> Furthermore, a study conducted by
Labunskyy et al showed that Se-supplementation of the
diet of C57BL/6J mice caused hyperinsulinemia and
reduced insulin sensitivity because of high expression of
certain selenoproteins.

The relationship between Se and T2DM in both
animals and humans remains ambiguous because posi-
tive associations, negative associations, and a lack of
association have been identified in previous studies.
This may be because the relationship is U-shaped;
because of differing epidemiological research methods,
sample sizes, Se biomarker use; or because of single

nucleotide polymorphisms in selenoprotein genes. With
respect to the molecular pathways that might underlie
the associations between Se, hs-CRP, and abnormal glu-
cose metabolism, we propose the involvement of obe-
sity-induced adipose tissue expansion and chronic
inflammation, which lead to insulin resistance and
T2DM.?” The link between obesity and T2DM involves
oxidative stress”® and the effect of Se, through seleno-
proteins (such as selenoprotein P, selenoprotein S, VCP-
interacting membrane protein, and GPx), on the insulin
signaling pathway in liver and muscle.?’*° High plasma
Se and selenoprotein P concentrations are associated
with biomarkers of diabetes. Se has been shown to
antagonize the effects of insulin mainly through GPx1
and selenoprotein P, via an inhibition of the insulin-
induced phosphorylation of protein kinase B.>’ A gene
expression profiling study of human liver samples from
patients with T2DM and non-diabetic surgical patients
showed that the metabolic effects of selenoprotein
P were mediated, at least in part, through inactivation
of AMP-activated protein kinase.*® The links between
Se, hs-CRP, and other molecules linked to obesity and
T2DM were predicted using STITCH 4 (an interaction
network database for small molecules and proteins) and
are shown in Figure 3.'®

These
included the rigorous methodology, the detailed quality

The present study had several strengths.
control procedures that were performed during the EGAT
Study, and the large sample size. This is the first study
conducted in Thailand to demonstrate the relationships
between Se, metabolic disease, and the associated risk
factors. Most previous studies that have shown such asso-
ciations have been performed in Western countries, and
therefore differ in the geographic location, and ethnicity
and dietary habits of the participants, all of which may
influence the outcomes.

This study also had several limitations. First, the cross-
sectional design does not permit us to extrapolate causal
relationships between Se status, obesity, and T2DM.
Therefore, prospective cohort studies are needed to further
explore these relationships. Second, the participants, who
underwent a health examination in the EGAT Study, may
not be representative of the general population. Because of
this, multivariable linear and logistic regression analysis,
with adjustment for potential confounders, and a large sam-
ple size were used. Third, details of the dietary intake of Se,
daily micronutrient supplementation, and general dietary
pattern were not recorded, and all of these factors might
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have influenced serum Se concentration. Finally, selenopro-
teins, which reflect Se function in the human body, were not
measured. Therefore, in the future, the concentrations or
activities of a number of selenoproteins should be measured,
in an attempt to corroborate the identified link between
selenium and T2DM.

Conclusion

The present findings suggest that selenium status is linked
to obesity, and therefore that this micronutrient may influ-
ence adipocyte physiology and modify the risk of devel-
oping T2DM. However, the underlying mechanisms
require further investigation.

selenium

KEGG Pathways
pathway ID  pathway description

04152 AMPK signaling pathway
04930 Type Il diabetes mellitus
03320 PPAR signaling pathway

Insulin

glucose

ADIPOQ; adiponectin, C1Q and collagen domain
CRP ; Creactive protein

FABP4; fatty acid binding protein 4

GPX4; glutathione peroxidase 4

INSR; insulin receptor

IR $1; insulin receptor substrate 1

PIK3R1; phosphoinositide-3-kinase, regulatory subunit 1

PPARG; peroxi proliferator-

SEPP1; selenoprotein P, plasma, 1

VIMP; VCP-interacting membrane protein (SEP S)

Figure 3 Proposed interaction between selenium, CRP and network proteins related to pre-diabetes and diabetes. (Stronger associations are represented by thicker lines.
Protein—protein interactions are shown in grey, chemical-protein interactions in green and interactions between chemicals in red).
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