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A B S T R A C T   

This review addresses the role of the essential trace element, selenium, in type-2 diabetes mellitus (T2DM) and its 
metabolic co-morbidities, i.e., metabolic syndrome, obesity and non-alcoholic fatty liver disease. We refer to the 
dietary requirements of selenium and the key physiological roles of selenoproteins. We explore the dysregulated 
fuel metabolism in T2DM and its co-morbidities, emphasizing the relevance of inflammation and oxidative stress. 
We describe the epidemiology of observational and experimental studies of selenium in diabetes and related 
conditions, explaining that the interaction between selenium status and glucose control is not limited to hy-
perglycemia but extends to hypoglycemia. We propose that the association between high plasma/serum selenium 
and T2DM/fasting plasma glucose observed in many cross-sectional studies may rely on the upregulation of 
hepatic selenoprotein-P biosynthesis in conditions of hyperglycemia and insulin resistance. While animal studies 
have revealed potential molecular mechanisms underlying adverse effects of severe selenium/selenoprotein 
excess and deficiency in the pathogenesis of insulin resistance and β-cell dysfunction, their translational sig-
nificance is rather limited. Importantly, dietary selenium supplementation does not appear to be a major causal 
factor for the development of T2DM in humans though we cannot currently exclude a small contribution of 
selenium on top of other risk factors, in particular if it is ingested at high (supranutritional) doses. Elevated 
selenium biomarkers that are often measured in T2DM patients are more likely to be a consequence, rather than a 
cause, of diabetes.   

1. Introduction 

Known as a toxic element since the 1930s, selenium (Se) was first 
recognized as essential to mammals in 1957, when it was shown to 
prevent necrotic liver degeneration [1]. Now, many decades later, as the 
only trace element to be specified in the human genome by a codon for 
the Se-containing amino acid, selenocysteine [2], to give selenoproteins, 
the uniqueness of Se, has become apparent [3]. 

Due to antioxidant and anti-inflammatory effects of selenoproteins 
[3], it was at first expected that Se would be beneficial for diabetes 
patients, given that type-2 diabetes mellitus (T2DM) is associated with 
oxidative stress [4]. Indeed, Se (as selenate) has anti-diabetic, and 
insulin-mimetic effects, at high supranutritional doses [4]. It was thus 
unexpected that observational epidemiological studies showed that 
higher plasma Se was associated with a greater occurrence of T2DM [5]. 

The role of Se in diabetes is still a matter of discussion with respect 

both to Se deficiency and Se supply above dietary requirements [6]. We 
are aware of the frequent appearance of associated metabolic disorders 
such as obesity, metabolic syndrome (MetS), and non-alcoholic fatty 
liver disease (NAFLD) in preparing the ground for T2DM and vice versa 
[7,8]. We have enlarged our topic from a review of Se and T2DM which 
has been covered before [5,9] to include those diabetic comorbidities. In 
this review of T2DM and associated disorders, we discuss dysregulation 
of fuel metabolism together with epidemiological findings and studies 
on potential molecular mechanisms that may help to illuminate the 
inconsistent results in this area of research [5,9]. 
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2. The essential trace element Se and its importance for human 
health 

2.1. How much Se do we need and how much do we get? 

Dietary Se is essential at a very low level of intake, from 55 to 75 μg/ 
d [10,11]. It is defined as being toxic above 800 μg/d, with the Safe 
Upper Limit being set at 400 μg/d [10]. Se gets into the food chain 
through plants which take it up from the soil [12]. The amount taken up 
is dependent not only on the Se content of the soil which relates to the 
underlying geology, but to soil pH, the presence of organic matter and 
climatic conditions [12]. Animals that eat forage acquire Se in that way 
and provide a good supply of Se to those that consume them. Se is also 
supplied by fish and shellfish which are a particularly important source 
in some communities [13]. Though Se is present in many environmental 
sources, those from plants usually contain selenomethionine (SeMet), 
from animals SeMet and selenocysteine, and from fish SeMet and sele-
noneine [3,13]. Supplements usually contain SeMet, Se from yeast 
(largely SeMet) and sodium selenite or selenate [3]. 

2.2. The variation in intake and status of Se across the globe 

There is an extremely wide range of intake of Se seen across the 
world [14]. Both the lowest and highest intakes are seen in China where 
plasma concentrations of Se range from 22 to 550 μg/L [15,16]. Levels 
of intake are quite high in N America [12]: mean (SD) serum Se con-
centration in US residents measured in the 2003–2004 National Health 
and Nutrition Examination Survey (NHANES) was 137 (20) μg/L, in 
agreement with other later NHANES studies [3,17,18]. By contrast, Se 
intake in ten European countries has recently been measured in the EPIC 
study where a much lower mean serum Se concentration of 85.6 μg/L 
was found [19]. These deviations in intake and status mean that the 
location where studies have been carried out should always be stated. 

2.3. Human selenoproteins 

The biological actions of Se are mainly mediated by selenoproteins. 
The human genome contains 25 genes that encode selenoproteins [20]. 
Selenoproteins have a wide range of essential functions including anti-
oxidant, anti-inflammatory, immune, and antiviral effects, and are 
needed by the endoplasmic reticulum (ER), for thyroid-hormone pro-
duction, brain activity, and the reproductive system [3,20]. A table of 
selenoproteins with their updated nomenclature can be found in Pitts 
and Hoffman, 2018 [21]. 

Selenoproteins are synthesized in a unique manner; in the presence 
of a selenocysteine insertion sequence (SECIS) in the 3′-untranslated 
region of mRNA, the UGA codon, which normally acts as a stop codon, is 
recoded to specify the insertion of selenocysteine [20]. A SECIS-binding 
protein (SECISBP2) recognizes the SECIS element and recruits the 
selenocysteine specific elongation factor (EFSec) and the unique transfer 
RNA, tRNA[Ser]Sec, for ribosomal translation [20]. Some individuals 
with compound heterozygous defects in the SECISBP2 gene show low-
ered synthesis of most selenoproteins resulting in a complex phenotype 
[22]. Interestingly, oxidative stress in individuals with that phenotype 
was associated with enhanced insulin sensitivity, similar to findings in 
mice that lack the antioxidant selenoenzyme GPX1 [22]. 

The selenoproteins that will mainly feature in this review are the 
glutathione peroxidases (e.g. cytosolic GPX1, plasma GPX3) which 
remove hydroperoxides including H2O2, the thioredoxin reductases (e.g. 
cytosolic TXNRD1) which control redox function, selenoprotein P 
(SELENOP), which is made in the liver and transports Se to other tissues, 
and selenoprotein S (SELENOS), which is involved in ER function [21]. 
Moreover, polymorphisms in at least four selenoprotein genes affect the 
risk of T2DM or its associated metabolic comorbidities (see Supple-
mental Data, Supplemental Table 1) [23–30]. 

3. T2DM and associated metabolic comorbidities 

3.1. Dysregulated fuel metabolism in T2DM, obesity, MetS and NAFLD 

In many modern-day societies where lifestyle is largely sedentary, 
access to an abundance of high-energy food has given rise to a global 
pandemic of disorders that are attributed to dysregulated fuel meta-
bolism. The metabolic derangement may become apparent in epidemi-
ologically- and etiologically related widespread diseases such as MetS, 
obesity, T2DM, and NAFLD. Central obesity, hypertension, and distur-
bances of the insulin-regulated lipid and carbohydrate metabolism 
resulting in dyslipidaemia and impaired glucose tolerance are hallmarks 
of MetS [7]. Both obesity and MetS increase the risk for T2DM and 
NAFLD, even though the subgroup of metabolically-healthy obese in-
dividuals present with few or no metabolic abnormalities [31]. In this 
regard, a recent study reported increased insulin secretion in 
insulin-sensitive obese individuals that was associated with excess 
adiposity [32]. This is an interesting finding, as hyperinsulinemia 
caused by overconsumption of insulinogenic nutrients or by exposure to 
some environmental toxins, is increasingly being recognized as related 
to the development of insulin resistance [33]. 

By contrast, the current majority view considers that insulin resis-
tance, particularly of skeletal muscle and visceral white adipose tissue 
(WAT), is a primary factor in the pathogenesis of T2DM. When insulin 
sensitivity is progressively lost, the pancreatic islets undergo an adaptive 
response with increased β-cell proliferation and differentiation; this re-
sults in initially preserved normoglycemia at the expense of hyper-
insulinemia. However, permanently elevated blood-insulin levels may 
provoke adverse metabolic effects such as WAT expansion as well as 
hepatic de novo lipogenesis and lipid accumulation thus establishing a 
vicious cycle of expanding insulin resistance. Later on, sometimes after 
decades, this is thought to cause β-cell exhaustion and decline. Even-
tually, when insulin secretion is insufficient to maintain fasting and 
postprandial normoglycemia, overt T2DM arises [8]. T2DM, just as in 
the case of obesity and MetS, is often associated with NAFLD. Patients 
with T2DM already have an increased risk for NAFLD at the time of 
diagnosis and hepatic lipid accumulation has been shown to further 
increase rapidly thereafter, even when blood glucose levels were well 
controlled by medication [34]. 

The two models that explain the pathogenesis of T2DM – based either 
on primary insulin resistance or primary hyperinsulinemia – do not 
necessarily exclude one another but might rather reflect the heteroge-
neous nature of the disease and the different ways in which metabolic 
dysfunction is developing. In this regard, a “palette model” assumes that 
each diabetes patient exhibits a mixture of defects in different metabolic 
traits (e.g., β-cell function, insulin and incretin action, fat distribution) at 
different degrees [35]. Moreover, a novel bioinformatics approach 
defined clusters of diabetes patients showing differences in pathogen-
esis, disease progression, and risk of complications. While one cluster 
represented individuals with type-1 diabetes mellitus, the T2DM pa-
tients were subdivided into four clusters, which might allow for an 
improved treatment based on the underlying metabolic defect(s) in each 
case [36]. 

3.2. Pathomechanisms underlying the development of insulin resistance 
and β-cell dysfunction 

A large number of potentially interactive pathological mechanisms 
may affect the insulin target tissues as well as the pancreatic islets and 
the intestinal tract, thus contributing to the development of metabolic 
dysfunction. These include chronic low-grade inflammation, redox 
imbalance, mitochondrial dysfunction, ER stress, alterations in plasma 
levels of factors involved in inter-organ communication, leakage of the 
intestinal barrier, and alterations in the intestinal microbiota [4,8, 
37–42]. 

Inflammation of the visceral WAT, the liver, and the pancreatic islets 
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is considered as a major cause of insulin resistance and β-cell dysfunc-
tion. During the development of obesity and T2DM, M1-like macro-
phages become the most abundant immune cells in these tissues; they 
are then the primary source of pro-inflammatory cytokines. An inflamed 
WAT exhibits increased lipolysis, resulting in lipid overflow and ectopic 
lipid accumulation in liver, skeletal muscle, and β-cells. Chronic 
inflammation is associated with lowered glucose uptake in WAT and 
skeletal muscle, elevated hepatic lipogenesis and gluconeogenesis, 
dysregulated secretion and/or activity of adipokines, hepatokines and 
incretins, decreased glucose-induced insulin secretion (GSIS), increased 
β-cell proliferation, and dysfunction of the intestinal barrier [8,39,42]. 

In addition, the insulin-regulated fuel metabolism is closely inter-
twined with redox homeostasis. Reactive oxygen species (ROS), in 
particular H2O2, are required for proper insulin biosynthesis, secretion, 
and signaling [4,37,40]. ROS at low levels do not injure cells. However, 
an imbalance between the generation and degradation of ROS may 
cause oxidative stress, resulting in disruption of signaling pathways, 
mitochondrial dysfunction, and ultimately, cell death [43]. Nutrient 
oversupply, hyperglycemia, dyslipidemia and chronic inflammation 
have all been reported to be associated with oxidative stress. Distur-
bance of redox homeostasis may promote mitochondrial dysfunction 
and insulin resistance as well as ER stress, impaired insulin biosynthesis 
and β-cell de-differentiation [4,37,40]. While diabetes has been found to 
be associated with decreased levels of intracellular antioxidants such as 
glutathione or vitamins C and E, it should be noted, however, that an 
“antioxidant therapy” by simply supplementing antioxidants was 
generally not effective in diabetic patients [44]. 

4. What we can learn from epidemiology on the relationship 
between Se and diabetes 

4.1. Results from observational studies on Se and T2DM or its correlates 

Many observational studies, both cross-sectional and longitudinal, 
have investigated the association between Se status and diabetes, fasting 
plasma glucose or insulin resistance. It is hoped that such studies would 
have adjusted for BMI which will also affect the risk [45]. 

Though by far the majority found significant positive associations 
between serum/plasma Se and diabetes/T2DM [9,46–48], a number 
found a rather complex non-linear association with increasing Se status, 
e.g., in NHANES, and in a five-study meta-analysis [47,49,50]. Some 
studies even found a significant inverse association, most often where 
markers of diabetes [51,52], rather than diabetes itself, or toenail Se 
[53,54] were measured. 

Dealing first with the toenail analysis, in a cross-sectional analysis of 
men from the Health Professionals’ Follow-up Study (HPFS), toenail Se 
was compared between 361 healthy control men and 688 men with 
diabetes [53]. After controlling for potential confounders, toenail Se 
status was lower among men with diabetes than among healthy controls 
[53]. A later cohort study followed two separate cohorts of 3,630 
women from the Nurses’ Health Study and 3,535 HPFS men, who were 
free of prevalent T2DM and heart disease at baseline in 1982–1983 and 
1986–1987, respectively. Toenail Se concentration was measured at 
baseline and over the subsequent 21–26 years when 780 cases of inci-
dent T2D occurred [54]. After multivariable adjustment, the risk of T2D 
was lower across increasing quintiles of Se. However, an Italian cohort 
study that measured baseline toenail Se in women found a U-shaped 
relationship with T2DM 16 years later [46,55]. One study used a 
cross-sectional design to measure the association between fingernail Se 
and the prevalence of diabetes in 163 of 1856 elderly subjects from four 
Chinese rural counties. The mean nail Se was 0.461 ± 0.190 μg/g, 
denoting a low concentration of Se. The adjusted odds ratios for diabetes 
rose from quartile 1 to the other quartiles by a factor of around 2.8 with 
no significant difference between the top three quartiles. 

It is difficult to rationalize these toenail/fingernail studies. Se status 
rose from 0.46 μg/g in China to approximately 0.63 (0.33–0.94) μg/g in 

Italy to 0.77/0.84 (women/men) μg/g in the USA. Diabetes rose in China 
with increasing nail Se, showed a U-shaped relationship in Italy as 
toenail Se rose, and fell in the USA as toenail Se increased, implying a 
non-linear association with increasing Se status. 

Toenail Se has been shown to correlate with Se intake [56] and with 
whole blood, plasma and serum Se, even after years [57]. However, 
homeostasis of an essential trace element is tightly and specifically 
regulated because of its importance to the organism; this regulation may 
modify the relationship between exposure and the biomarker, making it 
more difficult to interpret [57]. In this context, an Italian environmental 
study saw an inverse correlation with Se status for fish and seafood 
intake though these are normally a good source of Se [58]. 

A number of meta-analyses have been carried out (see Table 1); in 
the 2016 five-study meta-analysis described above, there was a non- 
linear dose response relationship between T2DM in both the highest 
(>132.5 μg/L) and the lowest category of serum Se (<97.5 μg/L) [47]. A 
2018 meta-analysis included 13 studies where Se was measured in 
blood/serum/plasma or Se intake was assessed (studies that measured 
Se in toenails were excluded) [9]. The summary odds ratio of T2DM was 
around 2 (see Table 1) [9]. In a 2019 meta-analysis of 20 observational 
studies evaluating 47,930 subjects, high levels of Se were significantly 
associated with the presence of DM though significant heterogeneity 
was found [46]. That study used different Se subgroups based on blood, 
diet, urine, and nails and found a significant association between high Se 
and the presence of DM in the studies using blood, diet, urine, but not 
nails/toenails [46]. 

The largest meta-analysis of observational studies to date was pub-
lished by Vinceti and collaborators [48]. It evaluated 34 
non-experimental studies updating a previous meta-analysis of 13 
studies and looked at the dose-response [59]. Studies that appeared in 
that meta-analysis are not listed separately in this review. A direct 
relationship was found with blood/serum/plasma, dietary and urinary 
levels of Se and risk of T2DM, but there was no relationship with nail Se. 
The association was nonlinear with risk increasing above 80 μg/day of 
dietary Se. Whole blood/plasma/serum Se concentrations of 160 μg/L 
vs. 90 μg/L gave a risk ratio of almost 2 (see Table 1). Cohort studies, a 
more reliable source of data, indicated increased risk for both blood and 
urine concentrations and dietary Se intake. However, a cohort study that 
was published subsequent to that meta-analysis looked at dietary Se 
intake and T2DM in 4,106 Brazilians from the CUME (Cohort of Uni-
versities of Minas Gerais) population and found that dietary Se intake 
was not associated with the prevalence of T2DM, despite the high mean 
intake of Se, i.e., 157.4 μg/d, in the sample (Supplemental Table 2) [60]. 

Other studies not included in a meta-analyses [46,48] were a number 
from the USA NHANES, e.g., in NHANES 2011–2014, an increase of 10 
μg/L in Se increased the prevalence of diabetes by 12% (OR: 1.12; 95% 
CI: 1.06, 1.18) [61]. In NHANES 2003–2014, published in 2021, which 
included six survey cycles, almost 19,000 people were followed up for 
diabetes and mortality for a mean of 6.6 years. Cross-sectionally, 
comparing the top with the bottom quartile of Se intake, the OR for 
diabetes was 1.44 (95% CI 1.09, 1.89) [62]. However, for all-cause 
mortality, comparing the highest with the lowest quartiles of Se intake 
gave a Hazard Ratio (HR) for all-cause mortality of 0.77 (95% CI 0.59, 
1.01), suggesting that a higher Se status was a bonus overall [62]. 

The most recently published NHANES study (2013–2018) is recorded 
in Supplemental Table 2 which shows the relationship of Se with 
markers of diabetes. That study measured whole blood Se concentration, 
fasting plasma insulin and glucose, HbA1c and HOMA-IR in 4,339 par-
ticipants [63]. When models were adjusted for age, sex, smoking status, 
physical activity, metabolic syndrome and BMI, Se status was associated 
with insulin and HOMA-IR but the association with glucose was no 
longer significant showing that there was “no evidence of an association 
between selenium and diabetes prevalence” [63]. 

In a further example showing the relationship of Se with markers of 
diabetes, 2,420 subjects without diabetes from the CODING (Complex 
Diseases in the Newfoundland Population: Environment and Genetics) 
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study were assessed for Se intake and fasting glucose and insulin were 
measured in blood samples; insulin resistance was determined with the 
HOMA-IR (Supplemental Table 2) [51]. Se intake was negatively 
correlated with HOMA-IR after adjusting for Se confounding factors in 
those whose dietary Se intake was <1.6 μg/kg/day, i.e., 112 μg/day in 
someone of 70 kg weight. Above this cut-off, the beneficial effect dis-
appeared [51]. Similarly, a cross-sectional Brazilian study of 270 in-
dividuals with adequate body weight but excess body fat found that Se 
intake lower than the Estimated Average Requirement (i.e. 45 μg/d) was 
associated with higher values of HbA1c (Supplemental Table 2) [64]. 

Supplemental Table 2 also shows an interesting study which is based 
on two regions of the Shaanxi province in China, one of which has 
moderate Se status (Ziyang, plasma Se 103 μg/d) and the other of which 
has low Se status (Ningshan, 58 μg/d) [52]. Overt hypoglycemia was 
observed in 19.2% of the random sample of 2889 Ningshan subjects and 
in 1.4% of the 2797 Ziyang subjects (see Fig. 1). The lines intersect at 
88.9 μg/L which is a concentration likely to optimize plasma GPX3 but 
certainly not sufficient to optimize SELENOP. This study shows that the 
interaction between Se status and glucose control is not limited only to 
hyperglycemia, but apparently extends to hypoglycemia risk in Se 
deficiency. 

Table 1 
Summary of meta-analyses of observational studies on the association of Se with 
DM/T2DM.  

Study 
Citation 

Participants Observation Result 

Wang XL 
et al., 
2016 
[47] 

13,460 adults from 
five studies of Se 
and T2DM met the 
inclusion criteria 

MEDLINE and 
EMBASE databases 
were used for a 
literature search. 

The pooled OR 
indicated that there 
was a significantly 
higher prevalence of 
T2DM in the highest 
category of serum Se 
vs. the lowest; OR =
1.63, 95% CI: 1.04, 
2.56, P = 0.033. 
Serum Se levels were 
positively associated 
with T2DM in 
populations with 
relatively low serum 
Se (<97.5 μg/L) & 
those with high serum 
Se (>132.5 μg/L). 
A U-/S-shaped, non- 
linear dose-response 
relationship between 
serum Se and T2DM 
appears probable. 

Kohler 
et al., 
2018 
[9] 

13 studies on Se and 
T2DM met the 
inclusion criteria 

Se was measured in 
blood/serum/ 
plasma but not in 
toenails. Se intake 
assessed from an 
FFQ. 

Of the 13 studies 
included, eight 
demonstrated a 
statistically 
significant positive 
association between 
concentrations of Se 
and odds for T2DM, 
with OR (95% CI) 
ranging from 1.52 
(1.01–2.28) to 7.64 
(3.34–17.46), and a 
summary OR (95% CI) 
of 2.03 (1.51–2.72). 

Kim 
et al., 
2019 
[46] 

20 articles 
evaluating 47,930 
participants were 
included 

Subgroup analyses 
were performed 
based on the Se 
measurement 
methods used in 
each study. 

High levels of Se were 
significantly 
associated with the 
presence of diabetes: 
OR (95% CI), 1.88 
(1.44, 2.45), though 
with significant 
heterogeneity (I2 =

82%). 
High Se was 
significantly 
associated with the 
presence of diabetes 
in studies that 
measured Se in: blood 
[2.17 (1.60, 2.93) I2 

= 77%]; 
diet [1.61 (1.10, 2.36) 
I2 = 0%]; 
urine [1.49 (1.02, 
2.17) I2 = 0%] but not 
in studies that used 
nails [1.24 (0.52, 
2.98) I2 = 91%]. 

Vinceti 
et al., 
2021 
[48] 

34 non- 
experimental 
studies (update of a 
previous m-analysis 
of 13 studies [59]) 

Direct relationship 
between blood/ 
serum/plasma, 
dietary and urinary 
levels of Se and risk 
of T2DM, but not 
with nail Se. 

The association was 
nonlinear, with risk 
increasing above 80 
μg/day of dietary Se. 
Whole blood/plasma/ 
serum Se 
concentrations of 160 
μg/L corresponded to 
a risk ratio of 1.96 
(95% CI 1.27, 3.03) 
compared with a 
concentration of 90  

Table 1 (continued ) 

Study 
Citation 

Participants Observation Result 

μg/L. 
Cohort studies 
indicated increased 
risk for both blood/ 
urine concentrations 
and dietary selenium 
intake. 

DM = diabetes mellitus; FFQ = food frequency questionnaire. 

Fig. 1. Scatterplot showing the relationship between ln (Glucose) and ln 
(Se) in subjects living in Ziyang (moderate Se status, 103 μg/L, blue cir-
cles) and Ningshan (low Se status, 58 μg/L, red squares). The lines intersect 
at a serum Se concentration of 88.9 μg/L. The relationships are: ln(Glucose) =
1.501 + 0.033ln(Se) for Ziyang; ln(Glucose) = -0.7307 + 0.53ln(Se) for 
Ningshan. The red arrow on the Y axis shows hypoglycemia, i.e. ln (Glucose <
2.8 mM) = 1.03, in this random sample of subjects in the Se-deficient region. 
The green line represents the locally estimated scatterplot smoothing curve (α 
= 50%) of the combined regions (amended figure published with permission 
from Redox Biology) [52]. (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.) 
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4.2. Results from observational studies on Se and associated metabolic 
comorbidities 

Se intake was measured in a cross-sectional study of 2,069 Chinese 
people where the prevalence of MetS was 17.0% [65]. According to the 
multi-variable adjusted analysis, dietary Se intake had a moderate 
negative association with MetS [65]. A median dietary Se intake of 98.3 
μg/d was found in a Brazilian study of 39,568 adolescents between 12 
and 17 years old (ERICA study) [66]. The prevalence of MetS was only 
2.6% but there was no association with dietary Se intake [66]. 

Some studies have investigated the effect of serum/plasma Se with 
obesity, prediabetes, MetS, and NAFLD. The relationship between Se 
status with T2DM and obesity was investigated in a Thai study of 655 
men of whom 165 were overweight, and 290 were obese [67]. When the 
prevalence of prediabetes (HbA1c 5.7–6.4%) or T2DM (HbA1c ≥ 6.5%) 
was determined, the adjusted odds ratios (ORs) (95% CI) were 1.991 
(1.318, 3.009) and 3.786 (2.087, 6.896) when the third tertile of serum 
Se concentration was compared with the first, in the entire sample and 
obese participants, respectively [67]. 

Other studies have shown an inverse association of serum Se with 
metabolic co-morbidities. In an analysis of 33,944 patients recruited 
from the Third NHANES, NAFLD was diagnosed by sonography after the 
exclusion of other liver diseases [68]. The odds ratio of advanced liver 
fibrosis (fibrosis score of >0.676) was significantly reduced with 
increasing serum Se concentration; OR (95% CI) 0.55 (0.32, 0.94) in the 
highest vs the lowest Se quartile. The relationship was significant 
regardless of BMI [68]. 

Two studies showed non-linear relationships with serum/plasma Se. 
One included 3,827 adults aged ≥20 years without any hepatic disease 
who participated in the NHANES 2011–2016. The median serum Se 
concentration was 127.9 μg/L [69]. Non-linear associations of serum Se 
with NAFLD prevalence and serum alanine aminotransferase (ALT) were 
found. However, following adjustment, positive associations were 
observed with NAFLD and ALT at serum Se above 130 μg/L whereas no 
association was observed below this value [69]. The second was a 
matched case-control study in 1,279 cases of MetS and 1,279 sex- and 
age-matched controls in a Chinese population [70]. Plasma Se showed a 
U-shaped association with MetS which was lowest when plasma Se was 
93.7 μg/L; however, below and above this value, risk was increased. 
U-shaped associations were also seen between plasma Se with central 
obesity and high blood pressure [70]. Higher plasma Se was positively 
associated with odds of hypertriglyceridemia and hyperglycemia and 
negatively associated with odds of low HDL-C. This study helps to 
explain the discrepancies in results from previous studies which 
assumed linear relationships rather than the nonlinearity of the Se-MetS 
relationship [70]. 

It is also worthwhile looking at studies that investigated the rela-
tionship between SELENOP concentration and T2DM metabolic abnor-
malities because the A allele of SELENOP rs7579 polymorphism has been 
associated with higher odds of MetS [70]. However, while we know that 
SELENOP is an excellent biomarker of Se status, the different ELISA kits 
currently used for its quantitation in serum/plasma give different results 
and are not standardised [71,72]. A number of studies have found dif-
ferences between SELENOP in healthy and diabetic persons but these 
can be criticized as being too small, using unreliable ELISA kits, and 
providing values of SELENOP that are either too high or too low 
[73–75]. Studies should present some quality control of their quantifi-
cation, e.g., a second Se biomarker measured in parallel, they should 
find a reasonable concentration range for SELENOP (more than 2 and 
less than 8 mg/L) and those with fewer than 100 samples are strongly 
under-powered to provide meaningful results on such a complex disease 
as diabetes mellitus (Prof L Schomburg, personal communication 
September 29, 2021). Though small, a case-control pilot study of pa-
tients with biopsy-proven NAFLD indicated a declining trend in SELE-
NOP levels due to deterioration of NAFLD [76]. 

4.3. Results from randomized trials of Se and T2DM 

Randomized trials were largely based in the USA where Se status is 
high [3]. The first trial to investigate whether higher supplemental Se 
increased diabetes was the NPC (Nutritional Prevention of Cancer) trial, 
a randomized, double-blind, placebo-controlled study (RCT) in areas of 
low Se intake (plasma Se 114 μg/L) in eastern regions of the USA which 
was designed primarily to look at skin cancer risk (see Table 2). The trial 
included 1,202 patients with non-melanoma skin cancer who attended 
dermatology clinics and were randomized to 200 μg Se daily as Se-yeast 
tablets or a yeast-placebo [77]. During the 7.7- year follow-up, diabetes 
was diagnosed in 58 people who received Se and in 39 who received 
placebo, respectively (HR 1.55, 95% CI 1.03, 2.33). Diabetes was 
self-reported, was the secondary outcome and the excess number of 
cases was higher in men. Nevertheless, a noticeably increased risk for 
diabetes was detected in the highest tertile of baseline plasma Se level 
(HR 2.70, 95% CI 1.30, 5.61) [77]. 

In an RCT to look at the effect on prostate cancer, the Selenium and 
Vitamin E Cancer Prevention Trial (SELECT), 35,533 men from the USA, 
Canada and Puerto Rico were randomly assigned to four groups (Se, 
vitamin E, Se + vitamin E, and placebo) [78]. Se (200 μg Se/d as sele-
nomethionine) or vitamin E, alone or in combination, did not prevent 
prostate cancer but when the men were investigated in a secondary 
end-point to see whether either Se or vitamin E or the two increased the 
risk of T2DM, results were most compatible with no important effect on 
risk (Table 2) [78,79]. In SELECT, Se status was already high at baseline 
in these men (serum Se 136 μg/L) [78]; it appeared that an additional 
200 μg Se/d, as selenomethionine (as opposed to Se-yeast as in the NPC 
trial), had little or no effect on increasing the risk of diabetes. 

Some subsequent RCTs were run in north American participants who 
were primarily being treated for other conditions where diabetes or high 
serum glucose was a secondary end-point, i.e., high-risk of prostate 
cancer [80,81], previous lung cancer [82], or previous colorectal ade-
noma (see Table 2) [83]. These RCTs were included in a number of 
meta-analyses of Se and T2DM. In a 2014 meta-analysis, four RCTs 
including 20,294 participants were analyzed [84]. The combined rela-
tive risk (RR) for subjects administered Se compared with control groups 
did not show an important effect on T2DM. In 2018, a systematic 
literature search found five RCTs and meta-analyzed a direct relation-
ship between Se exposure and risk of diabetes with a linear trend in 
subjects with higher plasma or serum Se levels, RR (95% CI): 1.11 (1.01, 
1.22) [59]. In a later systematic review and meta-analysis which used 
the PRISMA method [9], three studies were included. A higher risk of 
T2DM was not observed for those who received Se as opposed to placebo 
(Table 2) [9]. 

It is interesting that the last two meta-analyses used the SELECT data 
from Lippman et al. (2009) rather than the data from the already pub-
lished follow-up data on the same study by Klein et al. (2011). Though 
treatment stopped in 2008, the Klein study had 28% additional data on 
T2DM from Se and controls after an additional 33 months. The Klein/ 
Lippman studies are heavily weighted in the data analysis owing to their 
size so any changes to them will have a large impact on the overall 
result. Re-analysis of the data from Vinceti et al. [59] using the later data 
[79] gave a change in risk ratio (Fixed Effect Model) of 1.09 (0.98, 1.21), 
showing a reduced effect size (Dr A Darling, Personal communication, 
July 15, 2021, endorsed by Dr Eric Klein). 

In 2019, the hypothesis that Se supplementation might adversely 
affect pancreatic β-cell function, insulin sensitivity, and glycemic indices 
was tested (see Table 2) [85,86]. In an RCT of Se at 200 μg/day for 
colorectal adenomatous polyps conducted in a subset of 400 individuals, 
fasting plasma glucose and insulin were measured before randomization 
and within 6 months after the end of the intervention. Following the 
intervention, a subgroup of 175 (79 Se and 96 placebo) participants 
were submitted to a modified oral glucose tolerance test evaluating 
change in glucose values. Mean baseline, fasting blood glucose con-
centration was significantly higher in those in the placebo group than in 
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Table 2 
Randomized trials and meta-analyses of randomized trials on the effects of Se 
supplementation on the incidence or markers of DM/T2DM.  

Study, 
Country 
(where 
applicable), 
Reference 

Trial, Sample Size 
Intervention/placebo 

Duration Outcome: Incidence of 
T2DM/DM, serum 
glucose, β-cell 
function, insulin 
sensitivity 

Stranges S 
et al., 2007 
[77] 
USA 

NPC trial: 1,202 
people with previous 
history of non- 
melanoma skin cancer 
randomly assigned to 
200 μg Se (as Se-yeast) 
or placebo. 

7.7 years Cases: 58 (Se)/39 
(placebo). HR (95% 
CI) overall 1.55 (1.03, 
2.33); for men 1.62 
(1.04, 2.55) and for 
women 1.38 (0.52, 
3.64), suggesting a 
more important effect 
in men than in women. 
Significantly increased 
risk for T2DM in the 
highest tertile of 
baseline plasma Se 
concentration, i.e. 
121.6 μg/L; HR (95% 
CI) 2.70 (1.30, 5.61). 

Lippman S 
et al., 2009 
[78] 
Klein E 
et al., 2011 
[79] 
USA 

SELECT: 32,400 men 
randomly assigned to 
Se 200 μg (as SeMet), 
vitamin E or placebo 
alone or combined. 

7–12 years Results were most 
compatible with no 
important effect of Se 
on risk of T2DM and 
the effect size reduced 
after 2008 as the 
number of cases rose 
(treatment stopped in 
2008). 
Relative risk (RR), 
1.07; 99% CI 0.94, 
1.22; P = 0.16 (Oct 
2008) RR, 1.04; 99% 
CI 0.91, 1.18; P = 0.34 
(July 2011) 

Algotar AM 
et al., 2013 
[80] 
USA and 
New 
Zealand 

699 men at high risk 
for prostate cancer: 
PSA >4 ng/ml, and/or 
suspicious digital 
rectal examination 
and/or PSA velocity 
>0.75 ng/ml/year, 
but with a negative 
prostate biopsy. They 
were treated with 
placebo, 200 or 400 μg 
Se-yeast/day. 

Men were 
followed 
every 6 mth 
for ≤ 5yr 

At the end of the 
study, Supplemental 
Table 1 showed: 
- 7 new cases of 
diabetes in the 209 
placebo men; 
- 12 new cases of 
diabetes in the 212 
men treated with 200 
μg; 
- 12 new cases of 
diabetes in the 210 
men treated with 400 
μg. 
Risk of diabetes not 
reported. 

Karp DD et al., 
2013 [82] 
USA 

1561 patients with 
resected Stage I 
non–small-cell lung 
cancer randomly 
assigned to 200 μg Se 
(Se-yeast) or placebo. 

48 months There was no benefit 
in the prevention of 
second primary 
tumors in patients 
receiving Se. 26 
patients of 865 
(39.7%) in the Se arm 
and 12 patients of 477 
(33.2%) in the placebo 
arm had a diagnosis of 
diabetes during the 
long-term follow-up 
period; this was 
reported as “no 
increase in diabetes”. 

Thompson PA 
et al., 2016 
[83] 
USA 

Following removal of 
colorectal adenomas, 
1374 people aged 
40–80 years were 
randomly assigned to 
Se (Se-yeast) 200 μg or 
placebo/day. 

33 months In participants 
receiving Se, the HR 
(95% CI) for new- 
onset T2DM was 1.25 
(0.74, 2.11) showing 
no important effect. 
There was a noticeably  

Table 2 (continued ) 

Study, 
Country 
(where 
applicable), 
Reference 

Trial, Sample Size 
Intervention/placebo 

Duration Outcome: Incidence of 
T2DM/DM, serum 
glucose, β-cell 
function, insulin 
sensitivity 

increased risk of Se- 
associated T2DM 
among older 
participants RR (95% 
CI) 2.21 (1.04, 4.67). 

Algotar AM 
et al., 2013 
[81] 
USA and 
New 
Zealand 

699 elderly men at 
high risk for prostate 
cancer, randomly 
assigned to Se 200 or 
400 μg (as Se-yeast) or 
placebo. 

Men were 
followed 
every 6 mth 
for ≤ 5yr 

The changes in serum 
glucose levels during 
the course of the trial 
were not appreciably 
different from placebo 
for the Se 200 μg/day 
(p = 0.98) or Se 400 
μg/day (p = 0.81) 
treatment groups. 

Jacobs ET 
et al., 2019 
[85] 
USA 

In 400 people in trial 
of Se (200 μg/day as 
Se-yeast) vs placebo 
for colorectal 
adenomatous polyps, 
fasting plasma glucose 
and insulin were 
measured before 
randomization and 
after completing the 
intervention. 

A mean of 
2.9 years. 

When change in 
HOMA2-%β and 
insulin sensitivity 
(HOMA2-%S) were 
compared, there were 
no statistically 
significant differences 
between Se and 
placebo groups. 175 
participants 
underwent a modified 
oral glucose tolerance 
test at the end of 
intervention, mean 
baseline fasting blood 
glucose concentration 
was significantly 
higher (p = 0.04) in 
those in the placebo 
group (96.6 ± 14.6) 
than in those in the Se 
group (92.3 ± 12.0). 
There was no adverse 
effect of 200 μg/day Se 
supplementation. 

Rayman MP 
et al., 2012 
[87] 
UK 

PRECISE: 501 elderly 
volunteers randomly 
assigned to 100, 200 
or 300 μg Se (as Se- 
yeast) or placebo. 

6 months In baseline analyses, 
the fully adjusted 
geometric mean of 
plasma adiponectin 
was 14% lower (95% 
CI 0, 27) in the highest 
than in the lowest 
quartile of plasma Se 
(Ptrend = 0.04). 
However, there was no 
effect on adiponectin, 
a predictor of T2DM 
risk [95]. 

Meta-analyses and Systematic Reviews of Randomized Trials Showing the Effect 
of Se on T2DM or Glycemic Indices 

Mao S et al., 
2014 [84] 

Four RCTs involving 
20,294 participants 
were included in this 
meta-analysis. 

RCTs 
published 
from 2007 
to 2013 

RR (95% CI) for those 
given Se vs placebo 
was 1.09 (0.99, 1.20) 
for T2DM but this 
estimate is imprecise. 

Vinceti M 
et al., 2018 
[59] 

Five RCTs involving 
23,656 participants 
were included in this 
meta-analysis. 

RCTs 
published 
from 2007 
to 2016 

RRs (95% CI) for 
T2DM for those given 
Se vs placebo showed 
an 11% increase: 1.11 
(1.01, 1.22). 
RR (95% CI) of 1.10 
(1.00, 1.21) in men (4 
studies) and a much 
less precise estimate of 
1.43 (0.74, 2.77) in 
women (2 studies). 

Three RCTs involving 
20,290 participants 

RCTs 
published 

OR (95% CI) for those 
given Se vs placebo 

(continued on next page) 
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those in the Se group (Table 2) [85]. After a follow-up of 2.9 years, no 
statistically significant differences were observed for changes in 
HOMA2-%β or HOMA2-%S between Se and placebo groups. These 
findings do not support a significant adverse effect of 200 μg Se/day (as 
Se-yeast) on β-cell function or insulin sensitivity as an explanation for 
previously reported associations between Se and T2DM [85]. 

In an RCT which was part of the UK PRECISE Pilot Trial, the effects of 
Se on T2DM risk were studied in 501 elderly volunteers with relatively 
low Se status (plasma Se 90.8 μg/L) [87]. They were given placebo, 100, 
200, or 300 μg Se/d of Se or placebo yeast and the biomarker was adi-
ponectin, a reliable predictor of T2DM risk [87]. In analyses across 
randomized groups, Se supplementation had no effect on adiponectin 
levels after six months of treatment. 

In a meta-analysis of RCTs that looked at glycemic indices and adi-
ponectin, Se supplementation resulted in a decrease in homeostasis 
model of assessment-estimated β-cell function (HOMA-B) and an in-
crease in quantitative insulin sensitivity check index (QUICKI) [86]. 
There was no improvement in glycemic indices such as fasting plasma 
glucose, insulin, homeostasis model of assessment-estimated insulin 
resistance (HOMA-IR), HbA1c, or adiponectin (Table 2) [86]. 

Inconsistent results of the studies discussed above may be due to the 
heterogeneity of the studies performed, the relatively small number of 
RCTs, the different study populations, the dosage and duration of Se 
supplementation, as well as the variable duration of T2DM [85]. 

4.4. Summary of the evidence from epidemiological studies 

In conclusion, most of the observational studies found significant 
positive associations between serum/plasma Se and T2DM or fasting 
plasma glucose though the association was often non-linear. However, a 
number found no association, a complex non-linear association or an 
inverse association with increasing Se status, particularly when Se status 
was low or Se was measured in toenails [52–54]. Effects of Se on T2DM 
comorbidities were variable, but no effect, a negative effect, a non-linear 
or U-shaped effects with NAFLD and MetS were found [66,69,70]. Re-
sults with SELENOP on T2DM comorbidities were difficult to categorize 
though SELENOP did appear to be lower in patients with NASH [75,76, 
88]. Circulating SELENOP derives primarily from hepatocytes, thus, 
severe liver damage will eventually result in a decline of plasma SELE-
NOP levels, as also observed in patients with liver cirrhosis [88]. 

Looking at the five RCTs, only one (SELECT) was carried out in 
healthy people, the others were carried out in people who had had 
cancer or were at high risk of cancer. Of these five RCTs, only the NPC 
trial (subjects with previous non-melanoma skin cancer) showed an 
importantly increased risk of Se on T2DM with an overall HR (95% CI) of 
1.55 (1.03, 2.33) and a HR for men of 1.62 (1.04, 2.55) [77]; the others 
showed no important effect of Se on risk of T2DM (Table 2). Comparing 
the NPC trial with SELECT, its results derive from a post-hoc analysis of a 
small trial – only 58 subjects on Se and 39 on placebo developed T2DM 
[77]; SELECT was a much larger study – 913 on Se and 869 on placebo, 
and its findings are therefore more robust [79]. The baseline Se status of 
the men in SELECT was higher than in the NPC trial [78,89]; was it 
already above a threshold of risk so that further treatment with Se made 
little or no difference? Was the form of Se used in SELECT (selenome-
thionine) less effective in promoting T2DM than that used in the NPC 
and other trials (Se-yeast)? As mentioned by Duffield-Lillico et al. (2003) 
[90], 60% of the NPC participants worked on farms with great potential 
for arsenic pesticide exposure and had at least one punctate keratosis of 
the palm, believed to result from arsenic contact [90,91]. Arsenic 
exposure increases the risk of T2DM as shown by data from 788 adults in 
NHANES 2003–2004 who had urine arsenic determinations; the OR for 
T2DM in participants at the 80th vs the 20th percentile of total arsenic 
was 3.58 (95% CI, 1.18, 10.83) [92]. (Several authors have shown that 
arsenic interferes with the metabolism of Se and Se incorporation into 
proteins [93,94].) These are all points that were made in a 2013 review 
by Rayman and Stranges who discussed the inconsistent results of RCTs 
of Se and T2DM [5]. Furthermore, treatment with Se did not appear to 
support an increased risk of impaired pancreatic β-cell function and 
insulin sensitivity or glycemic indices [81,85,86]. Importantly, dietary 
Se supplementation does not appear to be a major causal factor for the 
development of T2DM in humans, though we cannot currently exclude a 
small contribution of Se on top of other risk factors, and in particular if it 
is ingested at high (supranutritional) doses [78,79]. 

5. What can we learn from animal studies about a link between 
Se homeostasis and the insulin-regulated fuel metabolism? 

5.1. Both supranutritional Se intake and selenoprotein deficiency may 
promote metabolic derangement but do not necessarily cause overt diabetes 

Succeeding the first worrying report on high Se intake as a potential 
risk factor for T2DM [77], many animal studies investigated how dietary 
Se supply and the manipulation of selenoprotein levels may affect fuel 
metabolism. The best characterized selenoproteins in this context are 
GPX, TXNRD, and SELENOP [4,96]. In mice, global GPX1 over-
expression or injection of SELENOP at supraphysiological doses resulted 
in development of T2DM/MetS-like phenotypes, with hyperinsulinemia 
and/or impaired insulin action [97,98]. Similar metabolic derangement 
was observed in mice exhibiting suppressed selenoprotein biosynthesis 
due to genetic manipulation [99,100]. This fits with the observation that 
both maximal expression of selenoproteins and selenoprotein deficiency 
promoted development of a T2DM-like phenotype in mice [99]. Though 
dietary supplementation with Se at supranutritional doses can also affect 
functioning and secretion of insulin, the corresponding alterations in 
signaling and metabolic pathways are often more subtle and do not 
necessarily induce diabetes [99,101–106]. Interestingly, maternal Se 
status may predispose the offspring to metabolic disorders: diabetes-like 
phenotypes associated with either insulin deficiency or resistance were 
observed in rat pups, depending on whether the dams received 
Se-deficient or high-Se diets during gestation and lactation [107]. Taken 
together, both very low and high Se intake in addition to deficient or 
supraphysiological selenoprotein biosynthesis/activity can promote or 
exacerbate metabolic derangement. Nevertheless, marginal Se defi-
ciency or oversupply (as also occurs in humans) does not generate overt 
diabetes/MetS [4,97–109]. 

Table 2 (continued ) 

Study, 
Country 
(where 
applicable), 
Reference 

Trial, Sample Size 
Intervention/placebo 

Duration Outcome: Incidence of 
T2DM/DM, serum 
glucose, β-cell 
function, insulin 
sensitivity 

Kohler LN 
et al., 2018 
[9] 

were included in this 
meta-analysis using 
PRISMA. 

from 2007 
to 2016 

had a 1.18 (0.95, 1.47) 
increased rate for 
T2DM but this 
estimate is imprecise. 

Mahdavi 
Gorabi A 
et al., 2019 
[86] 

12 RCTs and cross- 
over trials involving 
1,441 participants 
were included to show 
the effect of Se 
supplementation on 
glycemic indices. 

Trials 
published 
between 
2004 and 
2016. 

Se supplementation 
significantly 
decreased β-cell 
function (HOMA-B) 
and increased insulin 
sensitivity (QUICKI 
score): 
- Decrease in HOMA-B: 
SMD: − 0.63; 95% CI: 
− 0.89 to − 0.38; 
- Increase in QUICKI: 
SMD: by 0.74; 95% CI: 
0.49 to 1.0. 
No improvement in 
fasting plasma 
glucose, HOMA-IR, 
HbA1c, or adiponectin 
levels.  
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5.2. Se status and selenoproteins affect tissue homeostasis and metabolic 
pathways in pancreatic islets and in the major insulin target tissues 

Impaired Se homeostasis was frequently associated with either 
hyper- or hypoinsulinemia in the animal models discussed above. A 
likely explanation for these observations stems from the fragile redox 
homeostasis in pancreatic β-cells and the role of selenoenzymes therein 
[4,37]. Due to the low activity of the common antioxidant enzymes, 
superoxide dismutase, catalase, and GPX [110], β-cells rely for protec-
tion against oxidative stress mainly on an antioxidant system composed 
of peroxiredoxins, thioredoxin, and TXNRDs [111]. As cellular GPX and 
TXNRD activities depend on sufficient Se availability, severe Se defi-
ciency may result in oxidative damage of β-cells and lowered insulin 
secretion. The cytoprotective role of these selenoenzymes for β-cells 
becomes obvious under conditions of metabolic or oxidative stress: 
TXNRD inhibition made β-cells more prone to H2O2-induced cell death 
[111] while GPX1 knock-out mice developed more severe defects in 
insulin production/secretion than their wild-type littermates when the 
animals were fed an obesogenic diet [112]. Conversely, GPX1 over-
expression protected mice from β-cell loss induced by treatment with 
streptozotocin and reversed both hypoinsulinemia and hyperglycemia in 
db/db mice, a model that spontaneously develops a T2DM-like pheno-
type [113]. The rescue of β-cell function by GPX1 overexpression has 
been attributed to transcription factors (e.g. MafA, Pdx1, Nkx-6.1) 
controlling β-cell proliferation and differentiation as well as insulin 
production. GPX1 overexpression resulted in elevated expression and/or 
nuclear localization of these factors, associated with increases in β-cell 
mass and insulin content [113–115]. However, such changes are not 
necessarily beneficial, as global GPX1 overexpression eventually trig-
gered the development of a T2DM-like phenotype, through dysregula-
tion of basal insulin secretion resulting in hyperinsulinaemia [97,115]. 
This seemingly paradoxical outcome of supraphysiological GPX1 
expression is reminiscent of the hyperinsulinemia occurring in animals 
fed a high-Se diet, and illustrates that expression/activity of sele-
noenzymes in β-cells should rather not be maximized or even pushed 
above physiological levels in order to avoid any severe disturbance of 
redox homeostasis. This is further highlighted by a recent study that 
reported a decreased insulin secretory pathway of islet β-cells in 
response to treatment with SELENOP [116]; however, these findings 
await independent confirmation as they are in contrast to the previously 
reported stimulation of insulin secretion by high Se in vivo and in vitro [4, 
117]. Generally, redox signaling is implicated in differentiation and 
maturation of β-cells as well as in insulin secretion, and thus, antioxidant 
enzymes (including selenoenzymes) may interfere with those processes 
[4,37]. 

Besides elevated serum insulin concentrations, impaired insulin 
sensitivity has frequently been observed when rodents were exposed to 
high-Se diets or exhibited supraphysiological selenoprotein expression/ 
activity [97–100,103,105,107,109]. A mechanistic rationale for 
insulin-antagonistic actions of selenoproteins derives from transient 
inactivation of counter-regulatory phosphatases (e.g., PTP-1B, PTEN) in 
the insulin signaling cascade by small amounts of H2O2. Excessive ac-
tivity of antioxidant enzymes may thus interfere with and attenuate 
insulin signaling, whereas low antioxidant levels can support insulin 
sensitivity as long as an unbalanced ROS generation does not provoke 
oxidative stress resulting in disruption of insulin signalling [4,40]. In 
this regard, GPX1-deficient mice were protected from developing insulin 
resistance in liver and skeletal muscle when fed an obesogenic diet [112, 
118]. Insulin sensitivity and parameters of carbohydrate metabolism 
were improved in the livers of mice with hepatocyte-specific GPX1 
knock-down; these mice developed less hepatic inflammation when they 
were fed obesity- or steatohepatitis-promoting diets [119]. Neverthe-
less, peroxiredoxins are quantitatively more important than GPX1 for 
the degradation of intracellular H2O2 [120] hence TXNRDs, by recycling 
the peroxiredoxin co-substrate, thioredoxin, also indirectly contribute to 
H2O2 removal. Supporting the importance of further selenoproteins for 

liver homeostasis, a recent study in pigs reported more serious conse-
quences of a Se-deficient diet than a GPX1 knock-out: redox imbalance 
in the liver, induced by severe Se deficiency, was associated with 
enhanced glucose and glutamine catabolism, suppressed lipid synthesis, 
and inflammation (Fig. 2) [108]. GPX1 and GPX3 levels were lowered in 
the WAT of db/db mice and of obese and T2DM patients, and this was 
associated with insulin resistance, oxidative stress, and inflammation 
[121]. Down-regulation of both GPX1 and GPX3 impaired the sensitivity 
of adipocytes for insulin [122–124]. Thus, GPX selenoenzymes support 
the function of WAT by counteracting oxidative stress and inflamma-
tion. In contrast to the insulin-sensitivity-promoting impact of GPX1 and 
GPX3 in WAT, however, lack of the selenoenzyme TXNRD1 resulted in 
augmented adipogenesis as well as increased insulin responsiveness and 
lipogenesis in adipocytes thus suggesting an inhibitory effect of TXNRD1 
on insulin signaling [125]. 

In addition to effects on insulin sensitivity, supranutritional Se has 
been reported to modify the expression and/or activity of transcription 
factors and enzymes implicated in carbohydrate, lipid and protein 
metabolism in a tissue-selective manner: key factors related to gluco-
neogenesis, lipogenesis, cholesterol, and protein biosynthesis were up- 
regulated in the liver of mice and pigs fed high doses of selenite, 
whereas genes encoding enzymes for glycolysis and cholesterol hydro-
lysis became down-regulated (Fig. 2) [101,106,109]. In skeletal muscle, 
the pattern of molecular alterations induced by supranutritional Se 
indicated a switch in fuel usage from glucose to fatty acids as well as 
lowered lipogenesis and elevated protein biosynthesis [102,106]. In 
WAT, high Se-supply resulted in molecular alterations pointing to an 
increased lipid turnover, attenuated inflammation and insulin resistance 

Fig. 2. Both severe Se excess and severe Se deficiency may alter hepatic 
metabolism in animals. Dietary Se supply above adequate levels does not 
enhance the biosynthesis of hepatic selenoproteins or the activity of key sele-
noenzymes but at very high doses, it may generate reactive Se metabolites that 
interfere with signaling or metabolic pathways. As a result, several anabolic 
pathways and lipid accumulation may become augmented. In contrast, 
biosynthesis/activity of key antioxidant selenoproteins is suppressed at dietary 
Se deficiency, resulting in oxidative stress and inflammation that is associated 
with elevated glucose and glutamine catabolism as well as decreased lipid 
accumulation [101,106,108]. Note that the fluctuations in the Se supply of 
humans are usually less pronounced and thus will result in less, if any, meta-
bolic derangement, when compared to the experimental conditions in many 
animal studies. 
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induced by an obesogenic diet [102,122]. Again, the metabolic alter-
ations were much more pronounced if high Se doses were fed, rather 
than marginal Se oversupply. 

5.3. The hepatokine, SELENOP, is regulated like a gluconeogenic enzyme 
and may induce insulin resistance at supraphysiological doses 

Liver-derived SELENOP is essential for systemic Se homeostasis as it 
supplies extrahepatic tissues with Se required for the biosynthesis of 
selenoproteins [4]. Elevated plasma SELENOP levels are associated with 
hyperglycemia in patients with T2DM [4] and more recently with he-
patic steatosis and fibrosis in NAFLD patients [75]. Insulin sensitivity in 
liver and skeletal muscle was improved in SELENOP-deficient mice, and 
conversely, intraperitoneal SELENOP injection impaired insulin 
signaling, hence, SELENOP has been designated as a hepatokine that is 
capable of inducing insulin resistance [98,126]. Beside SELENOP, other 
hepatokines associated with insulin resistance have been found in the 69 
proteins upregulated in the plasma proteome of T2DM patients when 
compared to normal subjects [127,128]. A SELENOP-neutralizing anti-
body has recently been shown to improve glucose metabolism in mice 
treated with excess SELENOP and the authors of this study proposed that 
snatching away SELENOP from the blood may provide a novel thera-
peutic option for T2DM [116]. However, such a therapy might result in 
other health problems due to an inadequate Se supply of extrahepatic 
tissues. Moreover, the hypothesis that SELENOP induces insulin resis-
tance is unlikely to explain the above-mentioned cross-sectional asso-
ciations, as high (supraphysiological) doses of SELENOP were required 
to provoke metabolic derangement. Also, Se-supplementation at high 
dietary levels consistently failed to increase hepatic SELENOP gene 
expression in animal models, even though elevated hepatic protein 
levels of SELENOP were measured in one study [101,102,106]. More 
importantly, intervention studies in humans have shown that plasma 
SELENOP levels were saturated at a daily intake of ~50–100 μg Se and 
did not further increase by ingesting Se supplements in larger doses 
[129–131]. Elevated plasma SELENOP levels may be considered as an 
accessory phenomenon of insulin resistance and hyperglycemia, as he-
patic SELENOP biosynthesis has been shown to be suppressed by insulin 
and increased by high glucose concentrations [98,132,133]. Thus, he-
patic SELENOP transcription is regulated like that of a gluconeogenic 

enzyme through the transcription factors FoxO1 and HNF-4α together 
with the co-activator PGC-1α and may also become dysregulated under 
conditions of hyperglycemia and insulin resistance (Fig. 3) [98,133, 
134]. 

5.4. Se compounds may exert specific actions on signaling and metabolic 
pathways independent of selenoproteins 

Given that expression and activity of most selenoproteins are already 
saturated at adequate or slightly supranutritional Se intake, high Se- 
induced alterations in fuel metabolism cannot be mediated solely 
through selenoproteins [4,101,102]. It has been hypothesized that 
low-molecular-weight Se compounds and reactive Se intermediates may 
act through modulation of redox-sensitive cysteine residues in proteins 
or by interference with the thioredoxin-dependent antioxidant system 
[101]. Moreover, high doses of dietary Se compounds can have opposite 
effects: while selenite has been shown to counteract insulin signaling 
and exacerbate insulin resistance, selenate may act as an insulin mimic 
and ameliorate hyperglycemia in diabetic mice [4,104,109,135]. In 
particular, selenite is known to induce oxidative stress through redox 
cycling at high concentrations [136]; this may also explain its adverse 
effects on insulin signaling. Selenoneine, a novel organic Se compound 
occurring in fish, ameliorated hepatic steatosis and hepatocellular injury 
in a mouse model of NAFLD, despite decreased hepatic selenoprotein 
mRNA levels [13,137]. A novel non-canonical form of Se incorporation 
into proteins, named facultative protein selenation, has recently been 
discovered to occur at high Se-supplementation with SeMet; key meta-
bolic proteins in the brown adipose tissue of mice were modified, and 
the animals were protected from obesity through enhanced thermo-
genesis [138]. Taken together, effects of Se supplementation depend not 
only on the dose but also on the Se compound ingested. It should be 
noted, however, that SeMet is the major Se compound in the normal 
human diet as well as in many Se-containing dietary supplements. 

6. Conclusions 

The issue of Se as a potential risk factor for diabetes and its co- 
morbidities has been discussed for several years in the scientific com-
munity, with differing opinions. Indeed, Se homeostasis, selenoproteins, 

Fig. 3. Hyperglycaemia and insulin resistance, 
the characteristic features of T2DM, increase 
hepatic biosynthesis of both SELENOP and glu-
coneogenic enzymes. SELENOP as well as G6PC 
(glucose-6-phospatase, G6Pase, catalytic subunit) 
and PCK1 (phosphoenolpyruvate carboxykinase, 
PEP-CK) transcription is governed through FoxO1 
and HNF-4α that are co-activated by PGC-1α. In 
metabolically healthy persons, insulin switches off 
transcription of the three genes. Under conditions of 
high extracellular glucose concentrations and insu-
lin resistance, the dysregulated transcriptional ac-
tivity of FoxO1 causes an increase in biosynthesis of 
SELENOP and the gluconeogenic enzymes, resulting 
in elevated plasma Se and SELENOP levels as well 
as in a vicious cycle with further elevated plasma 
glucose levels (marked in red). Note that ribosomal 
translation of SELENOP depends on sufficient Se 
availability [98,132–134]. (For interpretation of the 
references to color in this figure legend, the reader 
is referred to the Web version of this article.)   
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insulin signaling/secretion and carbohydrate/lipid metabolism are 
inextricably linked in numerous and complex ways so that a change in 
one may affect others, sometimes even in a paradoxical manner. A subtle 
understanding of the molecular mechanisms that link Se to de-
rangements in fuel metabolism is required to fully comprehend what is 
happening. Based on our review of the current available literature, we 
conclude:  

⁃ In humans, fluctuations in Se supply and in selenoprotein expression 
or activity are usually less pronounced than those applied in many 
experimental animal studies. Thus, the translational value of many 
animal studies is rather limited, even though they provide important 
mechanistic insights into the role of Se in fuel metabolism.  

⁃ The interaction between Se status and glucose control is not limited 
to hyperglycemia but extends to hypoglycemia risk in Se deficiency 
(Fig. 1) [52].  

⁃ While SELENOP is an excellent biomarker of Se status, the different 
ELISA kits currently used for its quantitation in serum/plasma ur-
gently need to be standardized to allow better comparison between 
the published results and assessment of their reliability [71,72].  

⁃ Many cross-sectional studies show an association between high 
plasma/serum Se and T2DM/fasting plasma glucose. These findings 
may be explained by the fact that: 
− high glucose concentrations increase hepatic SELENOP biosyn-

thesis [98,132];  
− SELENOP and gluconeogenic enzyme expression are similarly 

regulated by methylation of the same transcription factors [133, 
134]; 

− SELENOP, at artificially high levels (e.g., when injected), in-
creases glucose release and insulin resistance [98];  

− there may be residual confounding in adjusted models which can 
have a substantial effect on measures of association in observa-
tional studies [85]. 

⁃ Results from RCTs must carry more weight than those of observa-
tional studies when evaluating whether there is a truly causal rela-
tionship between Se, T2DM and insulin resistance [85].  

⁃ Importantly, dietary Se supplementation does not appear to be a 
major causal factor for the development of insulin resistance/T2DM 
in humans, though we cannot currently exclude a small contribution 
of Se on top of other risk factors, and in particular if it is ingested at 
high (supranutritional) doses [78,79].  

⁃ As biosynthesis of selenoproteins is saturated at adequate or slightly 
supranutritional Se supply, additional Se species beyond selenopro-
teins may be involved in the adverse effects of a high Se supply. In 
this context, further research is required on potential differences in 
the effect of dietary Se compounds on fuel metabolism. 

7. Implications for clinical practice 

An adequate Se supply constitutes an important factor for glucose/ 
lipid homeostasis in healthy persons as well as in patients with T2DM or 
one of its metabolic co-morbidities.  

⁃ It is important to take into account the likely Se status of the patient:  
- according to the area in which the patient lives [14];  
- does the patient eat foods that are known to supply dietary Se (fish, 

seafood, kidney, liver, meat or chicken in Europe or additionally 
bread and grain in N America [3])?  

- if the patient is vegetarian or vegan, his/her dietary intake of Se 
will be low [139,140].  

⁃ If you cannot determine the Se status of the patient, have it measured 
in a laboratory that is part of a trace-element External Quality 
Assessment Scheme to ensure that the result is accurate.  

⁃ Our data suggest that only where Se status is low (e.g., below 89 μg/L 
[52]), it may be appropriate to increase Se intake through diet or via 

a modest Se supplementation (e.g. 50–100 μg/d). Ideally keep 
plasma Se < 122 μg/L [3,77].  

⁃ High Se can be toxic:  
− there was increased mortality in Danish volunteers ten years after 

they had received a supplement of 300 μg Se/d for five years 
[141];  

− the SELECT study shows alopecia and dermatitis in N American 
men given a supplement of 200 μg/d Se for five years [78]; 

− there was an increased risk of non-melanoma skin cancer in vol-
unteers from the NPC Trial that had previously had non- 
melanoma skin cancer [90]. 

⁃ Though a Se-adequate diet is important for human health, Se sup-
plementation beyond the adequate level [3] is not recommended as an 
adjuvant “antioxidant” treatment for T2DM or its metabolic comor-
bidities [44]. Selenite-containing dietary supplements should be 
taken with particular care, as selenite can induce oxidative stress at 
high doses, which might also contribute to derangements in fuel 
metabolism [136]. 

8. Search strategy and selection criteria 

References for this review were identified through searches of 
PubMed for articles published to September 2021, by use of the terms, 
“selenium” or “selenoprotein P” in combination with the term “dia-
betes”, “obesity”, “metabolic syndrome”, “non-alcoholic fatty liver dis-
ease”, “NAFLD”, “hyperglycemia”, “hypoglycemia”, glucose” and 
“β-cell”. Articles resulting from these searches, from authors’ personal 
files and relevant references cited in those articles were reviewed. Ar-
ticles published in English and German were included. 
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