To cite: Lu C-W, Chang H-H,
Yang K-C, et al. High serum
selenium levels are
associated with increased risk
for diabetes mellitus
independent of central
obesity and insulin
resistance. BMJ Open
Diabetes Research and Care
2016;4:6000253.
doi:10.1136/bmijdrc-2016-
000253

Received 20 April 2016
Revised 11 July 2016
Accepted 21 July 2016

@ CrossMark

For numbered affiliations see
end of article.

Professor Kuo-Chin Huang;
bretthuang@ntu.edu.tw

High serum selenium levels are
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Objective: Selenium is an essential micronutrient for
human health. Although many observational and
interventional studies have examined the associations
between selenium and diabetes mellitus, the findings
were inconclusive. This study aimed to investigate the
relationship between serum selenium levels and
prevalence of diabetes, and correlated the relationship
to insulin resistance and central obesity.

Research design and methods: This was a
hospital-based case—control study of 847 adults aged
more than 40 years (diabetes: non-diabetes =1:2) in
Northern Taiwan. Serum selenium was measured by an
inductively coupled plasma-mass spectrometer. The
association between serum selenium and diabetes was
examined using multivariate logistic regression
analyses.

Results: After adjusting for age, gender, current
smoking, current drinking, and physical activity, the
ORs (95% CI, p value) of having diabetes in the
second (Q2), third (Q3), and fourth (Q4) selenium
quartile groups were 1.24 (95% Cl 0.78 to 1.98,
p>0.05), 1.90 (95% CI 1.22 to 2.97, p<0.05), and 5.11
(95% Cl 3.27 to 8.00, p<0.001), respectively,
compared with the first (Q1) quartile group. Further
adjustments for waist circumference and homeostatic
model assessment-insulin resistance (HOMA-IR)
largely removed the association of serum selenium
levels with diabetes but not in the highest quartile
(compared with Q1, Q3: 1.57, 95% Cl 0.91 to 2.70,
04: 3.79, 95% Cl 2.17 t0 6.32).

Conclusions: We found that serum selenium levels
were positively associated with prevalence of diabetes.
This is the first human study to link insulin resistance
and central obesity to the association between
selenium and diabetes. Furthermore, the association
between selenium and diabetes was independent of
insulin resistance and central obesity at high serum
selenium levels. The mechanism behind warrants
further confirmation.

Selenium is an essential trace mineral known
for its antioxidant function, leading to the

Serum selenium levels are positively associated
with the prevalence of diabetes.

This is the first human study to link insulin
resistance and central obesity to the association
between selenium and diabetes.

The association between selenium and diabetes
was removed mostly after adjusting for insulin
resistance and central obesity, but not in the
highest quartile of the selenium group.

expectation that selenium would play a pro-
tective role against diabetes mellitus.' ?
However, evidence from observational studies
on selenium and diabetes is inconclusive.
While few studies identified positive associa-
tions between selenium exposure and fasting
glucose or prevalence of diabetes,”” some
investigations showed no significant associ-
ation® or negative association.”  One
meta-analysis examined the association
between serum selenium levels and diabetes
and found a U-shaped non-linear dose-
response relationship between selenium and
diabetes.” Since observational findings could
not clarify casual effect between selenium
and diabetes, there were few randomized
controlled trials focusing on the association
between selenium supplementation and the
risk of diabetes. One study showed that the
incidence of diabetes was significantly higher
in the selenium-supplemented group than in
the placebo group.” Two other randomized
trials found that selenium had no effect on
risk of developing diabetes or on assessing by
serum glucose level or plasma adiponec-
tin.' "' Two shortterm interventional
studies reported that selenium supplementa-
tion for 6-8weeks significantly lowered
fasting serum insulin and HOMA-IR."? '
Both from observational studies and rando-
mized controlled trials, suprasupplemented
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selenium and high serum selenium levels were probable
risk factors for development of type 2 diabetes.'* To
unseal the mechanism behind the association between
selenium exposure and diabetes, animal studies focused
on diabetogenic effect and insulin resistance of selen-
ium flourished. Early studies indicated that selenium
acted as an insulin-mimic and antidiabetogenic para-
meters.'® '® Recent animal experiments declared that
overproduction of selenium-related compounds induced
hyperglycemia in mice.'” '® The dual role of selenium
was triggered by selenoprotein P and glutathione perox-
idase, regulating diabetes-associated hepatokine and
reactive oxygen species, respectively.'” ** Until now,
there was no large study that compared patients with dia-
betes with patients without diabetes in serum selenium
levels and insulin resistance. Therefore, the study aimed
to investigate the association between serum selenium
levels and prevalence of diabetes and link the associ-
ation to central obesity, insulin resistance, and metabolic
factors.

We conducted a case—control study to compare serum
selenium levels between patients with diabetes and
patients without diabetes (with diabetes:non-diabetes=1:2)
from 2007 to 2014 at one medical center in Taipei. A
total of 847 ambulatory males or females, aged more
than 40 years, were invited to participate in our study by
advertisements. Patients who were diagnosed with dia-
betes, defined as serum glycated hemoglobin >6.5% or
under treatment of any antidiabetic agent, and capable
of understanding and signing the informed consent
document were enrolled and assigned to case groups.
Patients who came to clinic for other chronic diseases
and were capable of understanding and signing the
informed consent document were enrolled and assigned
to control groups. Information about age, sex, cigarette
smoking, alcohol consumption, physical activity, and pre-
vious diseases was obtained by individual interview
through questionnaires. Current smokers were defined
as those smoking for more than 6 months prior to this
study. Former smokers were defined as those quitting for
more than 1year. Former smokers and never-smokers
were grouped together as non-current smokers for
further analysis. Current alcohol drinkers were defined
as those drinking more than 1 oz of alcohol per week
for 6 months. Former drinkers were defined as those
quitting for more than 1 year. Former drinkers and
never-drinkers were grouped together as non-current
drinkers for further analysis. Physical activity was
recorded as the exercise hours per week. Weight, height,
systolic blood pressure (BP), and diastolic BP were mea-
sured using a standard electronic scale of stadiometer
and sphygmomanometer, respectively. Waist circumfer-
ence (WC) was measured by the same operator.
Diabetes, hypertension, and hyperlipidemia were defined

based on a self-reported history or current medication
use for those conditions.

Participants were considered to have metabolic syn-
drome if they met >3 of the following criteria: WC
290 cm in men or >80 cm in women; serum triglycer-
ides >1.69 mmol/L; high-density lipoprotein cholesterol
(HDL-C) <1.03 mmol/L in men or <1.29 mmol/L in
women; systolic BP>130 and/or diastolic BP>85 mm Hg;
and fasting glucose >5.56 mmol/L. Participants with
medications for diabetes were sorted into the group
which met the criteria for fasting glucose >5.56 mmol/L.
Those with medications for hypertension were sorted into
the group which met the criteria for BP>130/85 mm Hg.
Participants with medications for hyperlipidemia were
sorted into the group which met the criteria for serum
triglycerides >1.69 mmol/L.

Venous blood samples were taken after a minimum
8-hour fast. Serum glucose, total cholesterol, HDL-C,
low-density lipoprotein cholesterol, and triglycerides
were assessed by an automatic spectrophotometric assay
(HITACHI 7250, Japan). Fasting insulin level was mea-
sured by a microparticle enzyme immunoassay using an
AxSYM system (Abbott Laboratories, Dainabot Co,
Tokyo, Japan). The homeostatic model assessment-
insulin resistance (HOMA-IR) was applied as an indirect
measure of the degree of insulin resistance
(HOMA-IR=fasting insulinxfasting plasma glucose/22.5,
with glucose in mmol/L and insulin in mU/ L).21 Serum
selenium was measured using inductively coupled
plasma mass spectroscopy. Serum samples were diluted
1:24 with diluents of 0.1% nitric acid and 0.1% Triton
X-100. The calibration standards were prepared in a
blank matrix and run using the standard addition cali-
bration type. The serum samples were analyzed in the
peakjumping mode for ®*Se, with the detection limit set
at 0.01 umol/L. Accuracy of the analysis was checked
against Seronorm Trace Element Human Serum (batch
704121; Nycomed AS, Oslo, Norway) as reference mater-
ial.* This study has been approved by the Ethics
Committee of National Taiwan University Hospital, and
written informed consent was obtained from all
participants.

Participants were divided into quartiles according to the
serum selenium levels. Data were presented as means
and SDs (mean+SD) and percentages. Analysis of vari-
ance was used for continuous variables and % test was
used for categorical variables to analyze interquartile dif-
ferences. Multivariate logistic regression analyses were
performed to estimate the odds of having diabetes
among the quartiles of selenium after adjusting for age,
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gender, current smoking, current drinking, physical
activity, WG, and HOMA-IR. The least square (LS)
means of WC, glucose, insulin, HOMA-IR, metabolic
factors, metabolic syndrome, and prevalence of diabetes
were computed by general linear models adjusted for
several confounders among the four selenium quartile
groups. Statistical analyses were performed using the
SPSS statistical software (V.17, SPSS, Chicago, Illinois,
USA). A p value of <0.05 was considered to be statistic-
ally significant.

The basic characteristics of the participants are shown in
table 1. The average age of the participants was 63.9
+9.9 years and 69.2% were male. The mean serum selen-
ium concentration was 88.2+21.2 pg/L, and the inter-
quartile cut-off values of selenium were 71.4, 86.8, and
104.5 pg/L. The means of body mass index, WG, total
cholesterol, triglycerides, fasting glucose, insulin, and
HOMA-IR were significantly different among the four
selenium quartiles. The percentage of each metabolic
factor and prevalence of metabolic syndrome were also

significantly different and showed an increased trend as
serum selenium levels increased.

The association of serum selenium levels and preva-
lence of diabetes by multivariate logistic regression ana-
lyses are shown in table 2. In model 1, the results
showed that a higher serum selenium level was corre-
lated with a higher risk of diabetes after adjusting for
age, gender, current smoking, current drinking, and
physical activity. The ORs of having diabetes in the
second, third, and fourth selenium quartile groups were
1.24 (95% CI 0.78 to 1.98, p>0.05), 1.90 (95% CI 1.22 to
2.97, p<0.05), and 5.11 (95% CI 3.27 to 8.00, p<0.001),
respectively, compared with the first quartile group of
serum selenium level. In model 2, after further adjusting
for WC, the ORs of risk for diabetes in the second,
third, and fourth selenium quartile groups were 1.11
(95% CI 0.68 to 1.80), 1.71 (95% CI 1.07 to 2.73), and
4.30 (95% CI 2.69 to 6.87), respectively, compared with
the first quartile. In model 3, after further adjusting for
HOMA-IR, the ORs of risk for diabetes in the second,
third, and fourth selenium quartile groups were 0.69
(95% CI 0.37 to 1.27), 1.57 (95% CI 0.91 to 2.70), and
3.79 (95% CI 2.17 to 6.32), respectively, compared with

Characteristics of the study population by quartiles of serum selenium levels

Quartiles of serum selenium levels

Q1 (N=213) Q2 (N=211) Q3 (N=212) Q4 (N=211)
(<71.4 pg/L) (71.4-86.7 pg/L) (86.8-104.5 pg/L) (>104.5 pg/L) p Value
Gender 0.23
Male (%) 152 (72.0) 155 (73.5) 146 (68.9) 135 (64.0)
Female (%) 59 (28.0) 56 (26.5) 66 (31.3) 76 (36.0)
Age (years) 62.7+10.4 62.7+9.6 64.9+9.6 65.2+9.6 <0.01
BMI (kg/m?) 23.9+2.9 24.3+4 1 24.4+3.9 25.5+4.0 <0.001
WC (cm) 82.7+8.6 83.4+9.8 84.2+10.4 86.9+10.0 <0.001
Systolic BP (mm Hg) 126.6+17.2 126.6+14.0 128.8+15.5 130.8+14.7 0.01
Diastolic BP (mm Hg) 75.2+11.3 76.7+9.3 76.3+9.4 76.0+9.6 0.41
TCHO (mmol/L) 5.27+0.94 5.33+0.95 5.02+0.95 5.20+1.06 <0.01
TG (mmol/L) 1.40+0.82 1.55+0.90 1.53+1.28 1.72+0.90 <0.05
HDL-C (mmol/L) 1.35+0.33 1.36+0.32 1.31+£0.32 1.32+0.38 0.25
LDL-C (mmol/L) 3.21+0.72 3.24+0.74 3.05+0.76 3.14+0.82 0.05
Glu (mmol/L) 5.79+1.27 5.95+1.48 6.14+1.72 6.78+2.14 <0.001
Insulin (U/mL) 7.58+4.59 9.12+8.20 8.61+6.08 11.05+9.10 <0.001
HOMA-IR 2.13+1.96 2.65+3.01 2.51+2.05 3.55+3.24 <0.001
Selenium (pg/L) 62.0+6.8 79.0+4.6 95.6+5.4 116.3+9.1 <0.001
Current smoking (%) 10 (4.7) 10 (4.7) 17 (8.0) 26 (12.3) <0.01
Current drinking (%) 14 (6.6) 20 (9.5) 13 (6.1) 23 (10.9) 0.22
Exercise (hours/week) 3.8+4.3 4.2+4.1 3.6+3.8 3.8+4.6 0.58
Diabetes (%) 48 (22.7) 53 (25.1) 77 (36.3) 125 (59.2) <0.001
Elevated WC 63 (29.6) 70 (33.2) 85 (40.1) 115 (54.5) <0.001
High TG 94 (44.1) 104 (49.5) 117 (55.2) 142 (67.3) <0.001
Low HDL-C 50 (23.6) 46 (22.1) 65 (30.8) 75 (36.1) 0.004
Elevated BP 127 (59.6) 118 (55.9) 147 (69.3) 180 (85.3) <0.001
Impaired fasting Glu 101 (47.4) 107 (50.7) 124 (58.5) 155 (73.5) <0.001
Metabolic syndrome 78 (36.8) 88 (42.3) 108 (51.2) 144 (69.2) <0.001

Continuous variables are presented by mean+SD and categorical variables are presented as the percentage of participants (%). p Values are
according to the y? test for categorical variables and ANOVA for continuous variables.

ANOVA, analysis of variance; BMI, body mass index; BP, blood pressure; Glu, glucose; HDL-C, high-density lipoprotein cholesterol;
HOMA-IR, homeostasis model assessment of insulin resistance; LDL-C, low-density lipoprotein cholesterol; TCHO, total cholesterol; TG,

triglycerides; WC, waist circumference.
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ORs of having diabetes mellitus derived from multiple logistic regression analyses in quartiles of serum selenium

levels

Quartile of serum selenium levels

Q1 (N=213) Q2 (N=211) Q3 (N=212) Q4 (N=211)

(<71.4 pg/L) (71.4-86.7 pglL) (86.8—104.5 pug/L) (>104.5 pg/L)
Diabetes 48 (22.7%) 53 (25.1%) 77 (36.3%) 125 (59.2%)
Model 1 1.00 1.24 (0.78-1.98) 1.90 (1.22-2.97)* 5.11 (3.27-8.00)t
Model 2 1.00 1.11 (0.68-1.80) 1.71 (1.07-2.73)* 4.30 (2.69-6.87)t
Model 3 1.00 0.69 (0.37-1.27) 1.57 (0.91-2.70) 3.79 (2.17-6.32)t

Model 1: adjusted for age, gender, current smoking, current drinking, and physical activity.
Model 2: adjusted for variables in model 1, plus WC as a confounding factor. OR of WC (95% CI 1.07 to 1.11, p<0.001).
Model 3: adjusted for variables in model 2, plus HOMA-IR as a confounding factor. OR of HOMA-IR (95% CI 2.11 to 3.01, p<0.001).

*For p<0.05.
tFor p<0.001.

HOMA-IR, homeostasis model assessment of insulin resistance; WC, waist circumference.

the first quartile. After stratification by gender and age,
the ORs of risk for diabetes after adjustment in the
highest selenium quartile groups were 3.65 (95% CI
1.81 to 7.36) and 4.78 (95% CI 2.20 to 10.40) in males
and females, respectively; 10.65 (95% CI 4.06 to 27.94)
and 2.03 (95% CI 0.96 to 4.31) in young age (<65 years
old) and old age (265 years old), respectively, compared
with the first quartile.

The LS means (+SDs) of the WC, fasting glucose,
insulin, HOMA-IR, numbers of metabolic factors, preva-
lence of metabolic syndrome, and prevalence of dia-
betes in relation to quartile of serum selenium levels
were shown in figures 1 and 2. All of the diabetogenic
parameters, that is, insulin resistance factors, increased
with increasing serum selenium concentrations in the
linear multivariate regression models after adjusting for
age, gender, current smoking, current drinking, and
physical activity (test for trend: p<0.001).

In our study, serum selenium concentrations were posi-
tively associated with WC, fasting glucose, insulin,
HOMA-IR, numbers of metabolic factors, and preva-
lence of metabolic syndrome and diabetes (test for
trend: p<0.001), implying a dose-response relationship
in relation to metabolic factors and risk of diabetes
across quartiles of serum selenium levels. Besides, the
participants in the highest selenium quartile had a
3.79-fold risk of diabetes compared with those in the
lowest quartile after adjusting for demographic confoun-
ders WC and HOMA-IR. After stratifying by age or
gender, the excessive risk of diabetes in high selenium
exposure were persistent in each gender and young age
group. These findings supported that central obesity
and insulin resistance were either a cause or a conse-
quence between serum selenium gradients and diabetes.
The persistence of a direct relation between selenium
exposure and risk of diabetes even after adjusting for
insulin resistance and central obesity implies that the
causal role of additional mechanisms, possibly triggered
by selenium overexposure, is independent of central

obesity and insulin resistance. The independent associ-
ation was not reported before and warrants further
investigation.

Selenium is incorporated into a series of selenopro-
teins that has been reported to be vital for antioxidant
properties, anti-inflammation roles, and contributed to
an antidiabetic effect.*” In early animal studies, selenium
supplementation improved plasma glucose, insulin, and
reverse abnormal expression of gluconeogenesis in rats
with diabetes.'® '® ** Nevertheless, findings from obser-
vational and interventional studies reported inconsistent
results. Five epidemiological investigations reported that
selenium exposure and selenium supplementation were
positively associated with fasting plasma glucose or preva-
lence of type 2 diabetes,”™ 2727 whereas three studies
declared no significant association or negative associ-
ation.” 7 * In Asia, only one China study investigated
the association between cognitive function and serum
selenium level and found that high serum selenium
level was crudely associated with high prevalence of dia-
betes, which was similar with our findings.*® For the anti-
oxidative and anti-inflammatory properties of selenium,
there were three large randomized controlled trials in
cancer prevention to figure out whether and what
dosage of selenium supplementation reduced the inci-
dence of cancer.” '' *? % To explore the relation
between selenium supplement and diabetes risk, there
were few post hoc analyses of these randomized con-
trolled trials. In a secondary analysis of the Nutritional
Prevention of Cancer (NPC) trial, 1202 patients were
administrated 200 pg/L  selenium or placebo. After
7.7 years of follow-up, 58 selenium recipients and 39
placebo recipients developed diabetes (HR 1.55, CI 1.03
to 2.33).Y In SELECT (the Selenium and Vitamin E
Cancer Prevention Trial), selenium supplementation
was not related to diabetes risk (relative risk 1.07,
p=0.16) after 5.5 years of follow-up.* * In the PRECISE
pilot trial (Prevention of Cancer by Intervention with
Selenium), 501 elderly volunteers were treated with 100,
200, 300 pg/L selenium or placebo for 6 months. Using
adiponectin as an independent predictor of diabetes,
there was no effect of selenium supplementation on
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prevalence of metabolic syndrome in relation to quartile of serum selenium levels. The means+SD were calculated by the LS
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increased with the increments of serum selenium (p for trend<0.001). HOMA-IR, homeostasis model assessment of insulin

resistance; LS, least square; WC, waist circumference.

plasma adiponectin.'’ These trials concluded that high-
dose selenium supplementation has no benefit on
diabetes prevention. Nevertheless, there were few limita-
tions of these trials. First, diabetes risk was either evalu-
ated by surrogate end points or was a secondary
outcome in these trials. Second, these participants were
treated with adequate to high-dose selenium, which
might alter the functions of selenoprotein.”’ Third, only
men were included in the SELECT, and in the PRECISE
trial, the sample size was small and the treatment dur-
ation was only 6 months, which restricted the statistical
power. Furthermore, there was no record of insulin-
mimic or diabetogenic parameters to clarify the mech-
anism behind the association between selenium and
diabetes.

Linking insulin resistance to selenium and diabetes,
the association could be a consequence of pathophysio-
logical changes or might be affected by behind factors.
In animal studies, few hypotheses developed to explain
the discrimination between animal studies, clinical trials,
and observational studies. One study suggested that both
maximal expression of selenoproteins and selenoprotein
deficiency can promote development of type 2 diabetes-
like phenotype in mice.”’ High selenium intake may
alter the regulation of B cells and impair insulin signal-
ing in rats.” In previous study, the appropriate plasma
selenium concentration to maximize the activity of the
antioxidant selenoenzyme was around 95 (range 89—
114) pg/L.® % However, the serum selenium level was
low-to-adequate (88.2+21.2 pg/L) in our study, which
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did not meet the hypothesis of overexpression of selen-
ium in animal model nor exceeded the appropriate
exposure of selenium in human study. Another hypoth-
esis focused on different effects of serum selenium level
in varied genotype in rats.*” This corresponds to differ-
ent serum selenium levels noted in different areas; for
example, the serum selenium level is low in Europe and
adequate in Japan.”* Therefore, the cutoff value of
serum selenium in the Asian group needs further inves-
tigation. From current findings, we deduced that a
higher serum selenium level is associated with a higher
prevalence of diabetes. The hypothesis was supported by
the National Health and Nutrition Examination Survey
(NHANES) for serum selenium concentrations and dia-
betes in the USA,* post hoc analysis of NPC trial, and
our study. This is the first human study to link insulin
resistance and central obesity to the association between
selenium and diabetes.

There are some limitations to this study. First, we were
not able to establish the causal relationship between
serum selenium and diabetes because of the case—
control design of the study. Second, although we col-
lected and adjusted for probable confounders in our
study, there might be unmeasured factors indicating a
possible residual effect. For example, there were poten-
tial influences of long-term disease on lowering serum
selenium levels over time, but we did not collect time
elapsed from disease diagnosis among diabetic indivi-
duals. Third, our measurement of insulin resistance was
not based on accurate dynamic techniques such as with
euglycemic clamps but through HOMA-IR, an indirect
measure of the degree of insulin resistance. This is the
first human study to link insulin resistance and central
obesity to the association between selenium and dia-
betes. Adjusting for WC and HOMA-IR removed the
association of serum selenium levels with diabetes mostly

but not the highest quartile of the selenium group,
which implied that unsealed factor(s) independent of
insulin resistance might influence glucose metabolism
through a different pathway. Except for the evidence of a
direct association between serum selenium level and dia-
betes risk, which is mediated by central obesity and
insulin resistance, there might be some other unidentified
factors and mechanisms that need further investigation.
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