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Selenium is an essential trace metalloid element that is associated with fundamental 
importance to human health. Our umbrella review aimed to evaluate the quality 
of evidence, validity, and biases in the relationship between selenium intake and 
health-related outcomes according to published systematic reviews with pooled 
data and meta-analyses. Selenium intake is associated with a decreased risk of 
digestive system cancers, all-cause mortality, depression, and Keshan disease, 
when in children reduce the risk of Kashin-Beck disease. Additionally, selenium 
supplementation can improve sperm quality, polycystic ovary syndrome, 
autoimmune thyroid disease, cardiovascular disease, and infective outcomes. 
Selenium supplementation also has relationship with a decreased concentration 
of serum lipids including total cholesterol and very low-density lipoprotein 
cholesterol. However, no evidence has shown that selenium is associated with 
better outcomes among patients in intensive care units. Furthermore, selenium 
intake may be related with a higher risk of type 2 diabetes and non-melanoma 
skin cancers. Moreover, most of included studies are evaluated as low quality 
according to our evidence assessment. Based on our study findings and the 
limited advantages of selenium intake, it is not recommended to receive extra 
supplementary selenium for general populations, and selenium supplementation 
should not be continued in patients whose selenium-deficient status has been 
corrected.
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1. Introduction

Selenium is an essential trace metalloid element that exists widely in several geographical 
sites, including the atmosphere, lithosphere, and hydrosphere of the Earth. The main forms of 
selenium in nature are inorganic compounds such as selenates, selenides, and selenates, and its 
chemical form can be affected by many environmental activities, such as the absorption and 
deposition of soil, burning of fossil fuels, and microbial biomethylation. It has been presented 
that selenium had potent antioxidant activity and was of fundamental importance to human 
health (1, 2). Its role as an essential mineral was first recognized in 1957 by scientists as having 
the advantage of preventing lesions in animal tissues (3). The different forms of selenium include 
selenomethionine, sodium selenite, and methylseleninic acid. Selenium can be obtained from 
selenium-rich foods, including nuts, seeds, beef, and fish (4). Generally, selenium in food exists 
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in both organic and inorganic forms, such as selenomethionine, 
selenate and selenite, while the main selenium compounds in 
supplements are inorganic forms (2). The total amount of selenium in 
humans is approximately 20 mg and has shown great potential as an 
antioxidant for the maintenance of cellular homeostasis and 
metabolism. Previous studies reported that selenium might have 
associations with the improvement of dermatological conditions, 
immune system function and cancer preventing (5, 6). However, both 
excessive and deficient selenium concentrations in the body can result 
in a series of adverse health outcomes. For example, selenium 
deficiency can cause male infertility and Keshan disease, whereas 
selenium excess may induce functional failure in the liver or kidneys 
(7). Although the association between selenium intake and multiple 
health outcomes has been assessed in an increasing number of many 
systematic reviews and meta-analyses of diverse qualities, there is still 
a lack of literature comprehensively evaluating the overall connection 
between multiple health outcomes and selenium. Therefore, we aimed 
to provide an overview of the associations between selenium intake 
and health-related outcomes that had been detected in other meta-
analyses to draw more convincing conclusions.

2. Literature research and methods

2.1. Literature research

This study was conducted using electronic databases (PubMed, 
Embase, Web of Science and Cochrane Database) from inception to 
April 2023. Systematic reviews and meta-analyses of interventional 
and observational articles were searched based on (selenium) and 
(scientific reviews * OR meta-analyses *). The 2020 Sign Guidance for 
scientific review and meta-analysis was also referenced in the study 
search (8, 9). Two investigators (PZW and YH) independently selected 
qualified articles after screening the titles, abstracts and reviewing the 
full-text. Any discrepancies in the selection process between the two 
investigators were addressed with the assistance of a third 
investigator (LRL).

2.2. Review method

Numerous systematic reviews and meta-analyses on various 
health-associated outcomes related to selenium intake were 
systematically searched and evaluated. Systematic reviews without 
pooled data were excluded from our study because daily selenium 
intake could be measured using a specific dose.

2.3. Eligibility criteria

Meta-analyses describing the correlation between selenium 
intake and various health outcomes were contained in our review 
regardless of the demographic characteristics of the respondents. 
This study did not cover other types of articles (cohort articles, 
randomized controlled trials [RCTs], and non-randomized 
controlled trials [NRCTs]), case–controlled articles, reviews, case 
reports, or letters) or meta-analyses written in languages other than 
English. When there were more health results within a 

meta-analysis, the data were extracted separately for the respective 
results. When different articles evaluated the same health results, 
we  extracted data from the study with a larger number of 
participants. Articles reporting selenium intake in animals or 
laboratories were excluded. Moreover, studies that only assessed 
selenium concentration in the blood and other tissues were excluded 
because the internal selenium level could not reflect the dose of 
selenium supplements. Furthermore, due to the various 
concentration of blood selenium in participants among selenium-
rich or selenium-poor areas, potential bias might exist when 
conducting selenium intake at same dosage in populations from 
different countries and districts.

2.4. Data extraction

Two authors (PZW and BC) acquired the following data in an 
independent manner from qualified meta-analyses: (1) publication 
year, (2) the first author’s name, (3) category of exposure (patterns of 
selenium intake), (4) healthy results, (5) number of included studies, 
(6) number of participants in each study, (7) study design (cross-
sectional, case–control, cohort, RCTs, and NRCTs), (8) type of 
comparisons (highest versus lowest, any versus never and increment 
or reduction of any dose of selenium intake), (9) Cochran’ s Q test p 
value, (10) Egger’ s test p value, (11) the estimated summary effect 
(SMD, standard mean difference; WMD, weighted mean difference; 
OR, odds ratio; RR, relative risk) and corresponding 95% confidence 
intervals (CIs), (12) I2 statistic value, (13) effect model (random or 
fixed), and (14) follow-up time. The p value for nonlinearity was also 
extracted if a dose–response analysis was performed in a meta-
analysis. If any discrepancy occurred during the extraction process, a 
third investigator (LRL) determined the final resolution.

2.5. Assessment of methodological quality 
of included studies and quality of evidence

AMSTAR, a strategy consisting of 11 items that has proven to be a 
reliable standard for assessing the quality of scientific reviews and 
meta-analyses, was utilized to evaluate the methodological quality of 
the covered articles (8). In addition, Grading of Recommendations, 
Assessment, Development, and Evaluation (GRADE) was used to 
assess the quality of evidence for the different health-related outcomes 
presented in our review. Evidence evaluation was classified into “high,” 
“moderate,” “low” and “very low” quality to making recommendations.

2.6. Data analysis

Data on exposure, each health outcome, and the estimated 
summary effect with 95% CI were extracted if available (10, 11). For 
one meta-analysis containing both case–control and cohort articles, 
the available data were extracted separately if possible. To estimate the 
heterogeneity between the covered articles, the I2 test and Cochran’s 
Q test were utilized, and Egger’s test was performed to calculate the 
publication bias in the respective studies (12). If available, the dose–
response relationships in the meta-analyses are also presented. The 
standard (p < 0.05) was set for both the Egger’s test and heterogeneity.
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3. Results

3.1. Characteristics of studies

A flowchart of the systematic search and literature selection 
processes is shown in Figure 1. Our search identified 2,250 articles and 
eventually included 76 meta-analyses for this umbrella review; 
we retrieved 96 unique outcomes for both dietary and supplementary 
selenium intake (Figure 2). Characteristics of the association between 
selenium intake and multiple health-related outcomes are shown in 
Table 1 and Supplementary Tables 1, 2.

3.2. Mortality

Dose–response relationship revealed that the higher dose of 
dietary selenium intake (10-μg/day increment) than the lowest 
category might related to a lower risk of all-cause mortality in adults 
(RR: 0.79, 95% CI: 0.73, 0.85). In addition, every 0.2 μmol/L increment 
in circulating selenium concentration was associated with a decreased 
risk of all-cause mortality by 11% in a linear fashion (p = 0.4) (13). 
However, another meta-analysis demonstrated that the highest 
supplementary selenium intake might not correlate with the risk of 
all-cause mortality compared to the lowest intake (RR: 0.85, 95% CI: 
0.68, 1.07) (14).

3.3. Cancer outcomes

The highest vs. Lowest dose of supplementary selenium 
intakes could decreased the risk of total categories of cancers in 
adults (RR: 0.76, 95% CI: 0.58, 0.99) (15). Another study revealed 
that dietary selenium intake (>55 μg/day) was associated with a 
lower risk of all types of cancer than no dietary selenium intake 

(RR: 0.96, 95% CI: 0.92, 0.99) (16). For a single category of 
cancer, supplementary selenium intake is related to a reduction 
in the risk of gastrointestinal, liver, and pancreatic cancers (17–
19), and dietary selenium intake can reduce the incidence of liver, 
pancreatic, and skin cancers (16, 20). However, compared to the 
lowest selenium intake, supplementary and dietary selenium 
intake does not prevent several cancers, including breast cancer, 
head and neck cancer, colorectal cancer, melanoma or 
non-melanoma skin cancer, lung cancer, bladder cancer, and 
prostate cancer (16, 18, 21). Moreover, dose–response calculations 
detected that 10 μg/day selenium intake was not linearly 
associated with the incidence of esophageal cancer (RR: 1.01, 95% 
CI: 0.99, 1.03) (22).

FIGURE 1

Flowchart of the systematic search and selection process.

FIGURE 2

Pie chart of heath outcomes related to selenium intakes.
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TABLE 1 Associations between selenium intakes and mortality and cancer outcomes.

Outcome
Author-
Year

Type Population
No. of 

cases/total
Metrics Estimates 95%CI

No. of 
studies

Cohort
Case 

control
Cross-

sectional
RCT

Effects 
model

I2
Q test 

p 
value

Egger 
test p 
value

Mortality outcomes

Significant associations

All-cause mortality Jayedi, 2018 Diet Adults 10,285/141,404 RRa 0.79 0.73, 0.85 3 3 0 0 0 Random 0 0.95 NA

Insignificant associations

All-cause mortality Bjelakovic, 2007 Supplement Adults NA/1,993 RRa 0.85 0.68, 1.07 3 0 0 0 3 Random 0 NA NA

Cancer outcomes

Significant associations

All cancer Lee, 2009 Supplement Adults NA/152,538 RRa 0.76 0.58, 0.99 8 0 0 0 8 Random NA NA NA

All cancer Kuria, 2020 Diet Adults NA/579,878 RRb 0.96 0.92, 0.99 106c NA NA 0 0 Random 30.6 0.003 NA

Gastrointestinal cancer Bjelakovic, 2004 Supplement Adults 164/6,077 RRe 0.49 0.36, 0.67 4 0 0 0 4 Random 0 0.94 NA

Liver cancer Vinceti, 2018 Supplement Adults 135/6,326 RRa 0.52 0.35, 0.79 4 0 0 0 4 Random 12 0.34 NA

Liver cancer Kuria, 2020 Diet Adults NA/579,878 RRe 0.78 0.68, 0.90 14c NA NA 0 0 Random 11.2 0.331 NA

Pancreatic cancer Wang, 2016 Supplement Adults 1424/132,165 RRa 0.659 0.489, 0.889 6 3 3 0 0 Random 47.6 0.089 0.766

Pancreatic cancer Chen, 2016 Diet Adults 980/110,817 ORa 0.47 0.26, 0.85 6 3 3 0 0 Random 82.8 0.000 NA

Skin cancer Kuria, 2020 Diet Adults NA/579,878 RRb 1.12 1.04, 1.20 21c NA NA 0 0 Random 0 0.970 NA

Insignificant associations

Breast cancer Vinceti, 2018 Supplement Adults 94/2,260 RRa 1.44 0.96, 2.17 3 0 0 0 3 Random 0 0.78 NA

Breast cancer Kuria, 2020 Diet Adults NA/579,878 RRa 1.89 0.69, 5.52 2c NA NA 0 0 Random 0 0.527 NA

Head and neck cancer Vinceti, 2018 Supplement Adults 22/2,811 RRa 1.22 0.52, 2.85 2 0 0 0 2 Random 0 0.79 NA

Colorectal cancer Vinceti, 2018 Supplement Adults 159/20,259 RRa 0.74 0.41, 1.33 3 0 0 0 3 Random 48 0.15 NA

Colorectal cancer Kuria, 2020 Diet Adults NA/579,878 RRe 1.04 0.94, 1.16 14c NA NA 0 0 Random 0 0.562 NA

Esophageal cancer Vinceti, 2018 Supplement Adults 8/2,811 RRa 0.53 0.12, 2.28 2 0 0 0 2 Random 0 0.47 NA

Esophageal cancer Hong, 2016 Diet Adults 701/9262 RRd 1.01 0.99–1.03 4 1 3 0 0 Random 0 0.628 0.738

Melanoma Vinceti, 2018 Supplement Adults 32/3,277 RRa 1.28 0.63, 2.59 3 0 0 0 3 Random 0 0.98 NA

Non-melanoma skin 

cancer

Vinceti, 2018 Supplement Adults NA/5,661 RRa 1.23 0.73, 2.08 4 0 0 0 4 Random 58 0.07 NA

Lung cancer Vinceti, 2018 Supplement Adults 299/20,259 RRa 1.03 0.78, 1.37 3 0 0 0 3 Random 28 0.25 NA

Lung cancer Kuria, 2020 Diet Adults NA/579,878 RRe 1.08 0.89, 1.31 4e NA NA 0 0 Random 25.7 0.257 NA

Bladder cancer Vinceti, 2018 Supplement Adults 146/20,259 RRa 1.10 0.79, 1.52 3 0 0 0 3 Random 0 0.73 NA

Bladder cancer Kuria, 2020 Diet Adults NA/579,878 RRabe 1.16 0.76, 1.78 2c NA NA NA 2 Random 0 0.817 NA

Prostate cancer Sayehmiri, 2018 Supplement Adults 23,994/45,638 RRa 0.9 0.74, 1.09 9 0 0 0 9 Random 54.3 NA NA

Prostate cancer Sayehmiri, 2018 Diet Adults 5,206/80,020 RRa 1 0.98, 1.02 7 2 5 0 0 Random 0 NA 0.007

CI, confidence interval; NA, not available; OR, odds ratio; RCT, randomized controlled trial; RR, relative risk.aHighest versus lowest.
b>55 μg/day versus never.
cThe number of doses.
d10 μg/day selenium intake increase.
eAll dose versus never.
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3.4. Endocrine and metabolism outcomes

According to a meta-analysis of observational studies in Asian 
adults, the highest versus the lowest dietary selenium level was related 
to a 23% decrease in the risk of metabolic syndrome without a linear 
relationship according to a meta-analysis of observational studies in 
Asian adults (23). In addition, for total autoimmune thyroid disease 
(ATID) without classification, several studies observed that patients 
treated with combination of supplementary selenium and anti-thyroid 
drugs had a lower serum level of serum free triiodothyronine (FT3) 
and serum four triiodothyronine (FT4). Moreover, supplementary 
selenium could decrease the levels of anti-thyroid peroxidase antibody, 
particularly in patients who underwent levothyroxine (LT4) 
substitution. However, selenium supplementation has no significant 
advantage in reducing the levels of both thyroid-stimulating hormone 
(TSH) and anti-thyroglobulin antibody (TGAb) (24, 25). After 
categorizing different types of ATID, studies revealed that a dose of 
200 μg selenium intake (selenomethionine) once per day was effective 
in reducing anti-thyroid peroxidase antibody (TPOAb) levels and 
improving well-being and/or mood in patients with Hashimoto’s 
thyroiditis compared to a placebo after 3 months (26). Furthermore, 
selenium supplementation plus the standard anti-thyroid drug 
methimazole (MMI) resulted in a significant decrease in FT3 and FT4 
levels (3 and 6 months) and an increase in TSH levels (6 and 9 months) 
among patients with Graves’ disease when compared to control 
participants (27). Moreover, meta-analyses have indicated that 
supplementary selenium intake could also prominently decrease 
glycemic indices, including the homeostasis model of assessment-
estimated-cell function (HOMA-B) and homeostasis model of 
assessment-estimated insulin resistance (HOMA-IR), and increase the 
quantitative insulin sensitivity check index (QUICKI) (28, 29). 
However, a dose–response analysis found that above 60 μg of daily 
dietary selenium intake was associated with a higher risk of type 2 
diabetes (30), and supplementary 200 μg/day of selenium intake could 
also have a linear relationship with diabetes incidence in Western 
participants (31). Moreover, no significant association was detected 
between selenium consumption and some glycemic indices such as 
insulin level, fasting plasma glucose, and hemoglobin A1c 
(HbA1c) (32).

3.5. Reproductive outcomes

Supplementary selenium intake may be  associated with a 
significant improvement in male infertility. Selenium intake could 
increase the sperm morphology and motility compared with patients 
without supplementary selenium consumption (33). In addition, a 
meta-analysis involving only RCTs revealed that infertile patients with 
selenium supplementation of 100 or 200 g/day had apparent increases 
in sperm concentration and total volume (34). However, the same 
study reported no significant relationship between selenium 
supplementation and the total pregnancy rate compared to the 
placebo group.

A meta-analysis of 389 participants revealed a correlation between 
supplementary selenium intake and polycystic ovary syndrome 
(PCOS) in female. Daily dose of 200 μg selenium could increase the 
level of sex hormone binding globulin and total antioxidant capacity 
(TAC) with no significant heterogeneity (35). Moreover, regular 

supplementary selenium intake significantly decreased serum levels 
of total testosterone and cholesterol (36). These results suggest that 
selenium supplementation might mitigate health risks in patients with 
PCOS by alleviating oxidative stress and abnormal lipid metabolism, 
which has been proven to be a pathogenic mechanism of infertility 
and abnormal menstruation in patients with PCOS (37, 38).

3.6. Circulatory outcomes

In terms of supplementary intake in adults, a combination of 
cardiovascular drugs and selenium compared with placebo might 
be  associated with a decreased risk of coronary heart disease by 
decreasing the serum levels of total cholesterol (TC, WMD: -2.11, 95% 
CI: −4.09, −0.13) and very low-density lipoprotein cholesterol 
(WMD: -1.35, 95% CI: −2.33, −0.37). and the results were not affected 
by the intervention of both sexes and daily dose (≤200 μg). Daily 
supplementary selenium intake also significantly increased systolic 
blood pressure (SBP, SMD: 2.02, 95% CI: 0.50, 3.55), but had no 
obvious influence on diastolic blood pressure (DBP) (39). Besides, a 
meta-analysis involved nearly two million participants demonstrated 
that supplementary selenium intake was evidently associated with a 
significant reduction in Keshan disease incidence (RR: 0.14, 95% CI: 
0.12, 0.16) (40). However, regarding lipid metabolism in the general 
population, there is no apparent evidence that selenium 
supplementation has advantages or disadvantages in decreasing total 
triglyceride, low-density lipoprotein cholesterol, high-density 
lipoprotein cholesterol, and body mass index (39).

3.7. Skeletal outcomes

For children specifically, any utilization of supplementary 
selenium compared with placebo or not might be associated with a 
significant lower risk of Kashin-Beck disease, an endemic 
osteoarthropathy with ambiguous etiology, by approximately 87% 
(RR: 1.88, 95% CI: 1.51, 2.33) with no heterogeneity identification 
(41). Furthermore, pediatric patients with Kashin-Beck disease also 
benefit from regular selenium supplementation, which could improve 
radiographic structures (OR: 0.13, 95% CI: 0.04, 0.47) (42).

3.8. Outcomes in intensive care units

Several studies have evaluated the effectiveness of daily oral or 
intravenous selenium supplementation in adult patients in intensive 
care units (ICUs). Selenium supplementation did not improve or 
decrease the total mortality, risk of new infectious complications, 
length of hospital and ICU stay, new renal dysfunction events, overall 
survival (28-days, 3 months, and 6 months), or ventilator days (43, 44).

3.9. Infective outcomes

For clinical outcomes in patients with sepsis syndrome, studies 
found that selenium supplementation treatment was correlated to a 
reduced duration of vasopressor therapy time (SMD: −0.75, 95% CI: 
−1.37, −0.13), shorter length of ICU (SMD: −0.15, 95% CI: −0.25, 
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−0.04) and hospital stay (SMD: −1.22, 95% CI: −2.44, −0.01) (45), 
and respiratory tract infections (OR: 0.624, 95% CI: 0.696, 0.545) (46). 
Another meta-analysis detected that supplementary selenium with a 
daily dosage of 200 μg/d in patients with metabolic diseases could 
clearly connect to a decrease in high-sensitivity C-reactive protein 
(hs-CRP, SMD: −0.44, 95% CI: −0.67, −0.21), which indicates a 
reduced grade of inflammation in the body (47). Although the same 
study also reported an increased serum level of CRP in patients who 
received regular daily selenium supplementation, the author 
considered this result unreliable because of the discrepancy in the 
forest plot.

Moreover, there was no significant association between selenium 
intake and several outcomes including total mortality (28-days, 
3 months, and 6 months), new renal dysfunction events, or secondary 
infection events (45).

3.10. Other outcomes

There were significant associations between the selenium 
supplementations and preeclampsia in pregnant women that selenium 
yeast with a daily dose of 60 to 100 micrograms for a period from the 
first trimester until delivery might decrease the incidence of 
preeclampsia (RR: 0.28, 95% CI: 0.09, 0.84) (48). In addition, adults 
receiving both inorganic and organic supplementary selenium might 
not have significantly improved immune function and reduced 
infectious disease susceptibility because selenium did not have an 
apparent effect on the serum levels of any type of antibody or 
immunocyte (49).

3.11. Heterogeneity of included studies

Among the included 76 studies, 17 meta-analyses including 32 
health outcomes reported a Q test p value of <0.10. Twenty-one meta-
analyses including 44 health outcomes, showed a low degree of 
heterogeneity, with I2 < 25%. Eighteen and 11 meta-analyses, 
containing 28 and 18 unique outcomes, respectively, had moderate 
and high heterogeneity, which containing I2 ranging from 25 to 75 
and > 75%. However, eight studies including 10 health outcomes, did 
not report heterogeneity and therefore could not be reanalyzed.

3.12. Publication bias of included studies

Seven meta-analyses did not report significant publication bias 
according to the presented Egger’s test p value, and 12 meta-analyses 
containing 25 unique outcomes detected a significant publication bias. 
Moreover, a total of 26 studies including 38 health outcomes, did not 
perform or mention the Egger’s test for publication bias.

3.13. AMSTAR and GRADE evaluation of 
included studies

The results of the AMSTAR and GRADE evaluations are shown 
in Supplementary Tables 3–6. Supplementary Tables 3, 4 presents 
detailed information on the AMSTAR evaluation; the mean AMSTAR 

score was 8.03 (range, 6–10; interquartile range [IQR]: 8–9). This is 
because most of the included articles did not display information on 
the excluded studies, which is one of the critical domains. In terms of 
GRADE categorizations, the vast majority (90.79%) of included 76 
articles were rated as “very low” and “low” when 9.21% of articles were 
rated as “Moderate,” respectively. One reason for the low evidence of 
strength is the existing bias in the studies. Moreover, most of the 
studies involved did not reach the width, breadth, or magnitude of the 
bonus items. The deficiency of the dose–response gradient was also a 
significant factor affecting the low-rate evaluation.

4. Discussion

4.1. Principal findings and interpretation

In summary, 76 meta-analyses involving 96 unique health 
outcomes related to dietary and supplementary selenium intakes were 
identified in this umbrella review. Regarding mortality and cancer 
outcomes, dietary selenium intake at the highest dose could decrease 
the risk of all-cause mortality in adults compared to the lowest dose. 
Dietary selenium is also associated with a decreased incidence of all 
types of carcinomas, particularly liver, pancreatic, and skin cancers. In 
addition, any dose of supplementary selenium might be related to a 
lower risk for overall categories of tumors, especially gastrointestinal, 
liver, and pancreatic malignancies. For other non-cancer health 
outcomes, dietary selenium consumption may be correlated with a 
decreased risk of metabolic syndrome and total depression, whereas 
selenium supplementation may reduce the incidence of postpartum 
depression, Kashin-Beck disease, Keshan disease, and pregnancy 
preeclampsia. In addition, supplementary selenium combined with 
specific drugs could improve the symptoms and some disease-related 
indices of several conditions, including total ATID, Graves’ disease, 
depression, PCOS, and cardiovascular disease (CVD), compared to 
placebo. Supplementary selenium consumption ≤200 μg per day in 
adults was significantly linked with a better mood in patients with 
Hashimoto’s thyroiditis. Moreover, infertile males with a daily dose of 
≤200 μg selenium supplementation were observed to have better 
sperm qualities in sperm motility and morphology. Furthermore, 
supplementary selenium intake may downregulate some inflammatory 
markers, decrease blood lipid levels, and regulate SBP in the general 
population. However, supplementary selenium might not improve the 
physical condition of patients in ICUs, and it cannot control the 
immune ability of users. Moreover, both dietary and supplementary 
were associated with an increased incidence of type 2 diabetes without 
effecting several glycemic indices including insulin level, fasting 
plasma glucose, and hemoglobin A1c.

A large amount of selenium in the human body exists in 
selenomethionine, selenocysteine, proteins containing these amino 
acids, and other organic forms (50, 51). Selenium concentration varies 
in organs, from up to approximately 45% of the total selenium content 
in skeletal muscles to only approximately 4% in the kidneys (52). The 
average concentration of selenium in serum fluctuates at 60–120 μg/L, 
which has been commonly used as a standard clinical indicator of 
selenium status to evaluate excess or deficiency (53). Other indicators, 
including glutathione peroxidase activity and selenoprotein levels, can 
indirectly reflect the estimated selenium content in the body. In 
general, deficiency symptoms can be observed in patients with plasma 
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selenium levels <85 ng/mL (54). The average plasma selenium 
concentration differs depending on geographical area and is relatively 
high in North America, with serum selenium levels found to be lower 
in Asian and European countries (55, 56), which is mainly effected by 
selenium accumulation in environment. Geological research presents 
that the middle part of China belongs to Se-poor belt, in which the 
mean soil selenium concentrations are approximately 0.13 mg/kg. 
Thus, populations living in the Se-poor belt in Central China are more 
possible to get Kashin-Beck disease and Keshan disease (57).

The main approach for selenium intake and accumulation is the 
ingestion of multiple products of plant and animal origin. The forms 
of selenium in animal products are the main organic compounds 
(mostly selenocysteine) that are easily consumed by humans. In 
contrast, the selenium accumulated in plants is an inorganic 
compound, including selenates and selenite, which can be converted 
into selenomethionine and selenocysteine by biochemical processes. 
In addition, the amount of dietary selenium differs and depends on 
the environmental location of living propagation (1, 58). Some 
protein-rich foods such as seafood, meat, fish, milk, cereals, and 
several kinds of plants, including mushrooms and garlic, have been 
detected to contain higher amounts of selenium than other foods (1, 
59, 60). Protein-poor foods, such as fruits and vegetables, have low 
levels of selenium because they primarily occur in the protein fraction 
(61). Cereal products account for half of the daily intake of selenium, 
whereas animal foods account for approximately 35% (1). Absorption 
of selenium by the human body is influenced by multiple factors. Age, 
physiological condition, selenium amount, bioavailability of selenium 
compounds (62), several diseases, including consistent diarrhea or 
nutrient deficiencies, and even genetic polymorphisms (63) might 
affect the process of selenium absorption. For example, stable human 
isotope studies have indicated that some forms of selenium, including 
ingested selenomethionine and selenate, exhibit higher gut absorption 
than other forms of organic or inorganic selenium (64). Hence, it is 
noteworthy that there is a disparity between the amount of selenium 
intake and absorption. Selenium is absorbed in the small intestine 
following ingestion. After crossing the intestinal brush border 
membrane, inorganic selenium absorption depends on the sodium-
facilitated and energy-dependent system utilized by sulfate, whereas 
organic forms of selenium are mediated through the same active 
sodium-dependent transport system as their sulfur-containing 
counterpart, methionine (65, 66). A study involved Norwegian 
women found that daily dosage of 100 μg extra dietary selenium intake 
for 6 weeks could increase the serum level of selenium from 115 μg/L 
to 135 μg/L, while 200 μg extra selenium intake from food 
consumption could result in an increased serum level of selenium 
from 122 to 159  μg/L (67). Another study comparing selenium 
kinetics showed that the overall amount of selenium absorbed 
increased with supplementation and the selenium concentration in 
whole blood continued to increase for several months after the end of 
supplementation (68). Thus, dietary and supplementary selenium 
intake could be utilized as noninvasive biomarkers to evaluate the 
status of selenium and explore its impact on health outcomes.

Selenium deficiency is prevalent worldwide, which is mainly 
related to low concentrations of environmental selenium (1), and 
approximately one billion people worldwide lack sufficient selenium 
in their diet (69). However, it is difficult to define the specific threshold 
of selenium deficiency because of the discrepancies between sex, age, 
and geographical districts. Selenium overload or deficiency can cause 

substantial disease loads in both developed and developing countries. 
One cross-sectional comparative study found that after analyzing 
blood samples using an inductively coupled plasma-optical emission 
spectrometry system, pregnant women had significantly lower 
selenium levels than the control group, which might possibly result in 
an increased risk for pregnancy-associated complications (70). For the 
wide variation of selenium deficiency across countries and agencies, 
the recommended dietary allowances need to fluctuate within an 
appropriate range. Thus, it is difficult to determine a specific dose for 
daily selenium intake regardless of nutrition or disease status. Galan-
Chilet and his team conducted a gene–environment interaction 
population-based study and eventually suggested that the optimal 
daily intake of selenium was 55 μg for general population (71), while 
another study reported that the recommended daily dose for children 
was 25 μg (53). Moreover, for infants, including neonates, 2 μg/kg per 
day of selenium is sufficient to meet the requirements of growth and 
development (72, 73). It is generally believed that the estimated 
harmless daily dose of selenium intake is less than 800 μg, whereas the 
dose that causes adverse toxic effect is approximately 1,600 μg per day 
(56, 59). In addition, based on the latest opinion from the EFSA Panel 
on Nutrition, Novel Foods and Food Allergens the tolerable upper 
intake level for selenium is 255 μg/day for adults (including pregnant 
and lactating women) (74). As mentioned above, both proper dietary 
and supplementary selenium would increase the concentration of 
serum selenium and improve symptoms caused by mild selenium 
deficiency in patients. However, for patients who are diagnosed with 
moderate or severe selenium deficiency and accept continuous 
selenium supplementation, regular laboratory tests for serum 
selenium are indispensable because of the toxicity induced by 
excessive organic or inorganic selenium (4, 75). Serum selenium is 
thought to be  the most important indicator for maintaining 
homeostasis; however, most effects of selenium on metabolism are 
attributed to its incorporation into a family of proteins called 
se-containing proteins (selenoproteins) (76). The difference between 
selenium and other micronutrients is that it is directly involved in the 
composition of proteins in the form of selenocysteine (Sec) (64, 77). 
Twenty-five members of the selenoprotein family, which have diverse 
biological functions and tissue distributions (78). Most members 
function as enzymes and factors that regulate redox reactions and 
immune responses, particularly lipid membranes, muscle metabolism, 
and incremental processes (79, 80). Representative selenoproteins 
include glutathione peroxidases (GPXs), iodothyronine deiodinases 
(DIOs), selenophosphate synthetases, transporters, and 
transmembrane proteins (76). After absorption in the duodenum and 
small intestine, which seemed to be irrelevant to the internal selenium 
concentration, the consumed selenium-containing compounds were 
transferred into the blood across intestinal epithelial cells. Most of 
these molecules bind to glutathione with the formation of disulfides, 
which are eventually transported into the liver for further metabolism 
(64, 81, 82). Selenium in the liver has two major consumption 
processes: entry into the selenoprotein synthesis pathway and 
transformation into excretory metabolites (83). Plant-derived 
selenomethionine (SeMet) enters circulation without changing SeMet 
protein synthesis. SeMet can also release a portion of dissociative Se0 
to participate in the selenoprotein cycle that develops Sec-containing 
selenoproteins, which are the most essential selenoproteins in the 
human body. Selenoprotein P (SELENOP), is synthesized in the liver 
and secreted into the serum for selenium delivery to the peripheral 
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tissues (84, 85). Excess selenium compounds are excreted from the 
urinary and respiratory tracts in the form of trimethylselenonium and 
dimethyl selenide (86, 87). In addition, the urinary metabolites of 
superfluous selenium exist in the selenosugar branch (88, 89). 
However, the involvement of selenosugars in selenium recirculation 
remains controversial (Figure 3).

The biological importance of selenium is attributed to its 
occurrence in three types of selenoproteins produced by human cells: 
SeMet-containing proteins, selenoproteins, and Se-binding proteins 
(76, 90, 91). SeMet is synthesized in some plants and fungi and enters 
the human body through food. After recognition by the methionine-
specific aminoacyl-tRNA synthetase, SeMet participates in protein 
biosynthesis. However, sufficient evidence has shown that SeMet-
containing proteins do not cause obvious biological effects, except for 
selenium reservation (91). However, the specific roles of these 
Se-binding proteins in metabolism remain unclear. Since there is no 
free Sec in the body, selenoproteins are extremely important in human 
and animal bodies, and their biosynthesis involves several complex 
stages with the participation of selenocysteinyl tRNASeRSeC (92). In 
eukaryotes, tRNASeRSeC is acylated by serine and transformed into 
Ser-tRNA in the presence of adenosine triphosphate (ATP), which is 
then induced by seryl-tRNA synthetase (92). Subsequently, 
O-phosphoseryl-tRNA[Ser]Sec kinase (PSTK) phosphorylates the 
hydroxyl moiety of serine in an ATP-dependent manner to produce 
phosphoseryl-tRNASeRSeC (93). With the involvement of 
selenophosphate synthetase 2(SEPHS2), Sec-tRNA synthase 
(SEPSECS) catalyzes a reaction in which phosphorylated serine is 
substituted by a selenium atom, resulting in Sec-tRNASeRSeC, which 
decodes the UGA codon as selenocysteine instead of a stop codon and 
finally forms a Sec-selenoprotein (7, 94, 95). In addition, the encoding 
of UGA for selenocysteine incorporation requires the existence of a 
unique mRNA element named the selenocysteine insertion sequence 

(SECIS), which has diverse locations in prokaryotes and eukaryotes 
(96). Moreover, some protein factors, including nucleolin, ribosomal 
proteins, sec-specific eukaryotic elongation factors, and SECIS-
binding protein 2(SBP2), are also crucial for the biosynthesis of 
selenoproteins (91, 97).

Reactive oxygen species (ROS), which are derived from the 
aerobic respiration of cells and a number of exogenous factors, control 
diverse aspects of physiological processes and result in oxidative stress 
to eventually damage proteins, DNA, and lipids irreversibly (98–101). 
Numerous studies have shown that the oxidative stress response can 
promote the development of inflammation and thus has significant 
relationships with occurence and development of multiple diseases 
(102–106). Antioxidant properties are the most prominent 
characteristics of many selenoproteins, including the GPXs family, 
selenoprotein T (SELENOT), and selenoprotein W (SELENOW) 
(107). Selenoproteins play pivotal antioxidant roles by regulating 
glutathione and thioredoxin, which are believed to be the principal 
antioxidant systems in humans (108, 109). Glutathione, a tripeptide 
consisted by γ-l-glutamyl-l-cysteinyl-glycine, can eliminate the 
destructive effects of hydrogen peroxide and other peroxides (110, 
111) to prevent red blood cells, cell membranes, and hemoglobin from 
oxidation (112). GPXs promote the biosynthesis of glutathione and 
increase the amount of glutathione to protect DNA against oxidative 
damage. Another Se-containing enzyme, glutathione reductase, 
catalyzes the oxidation of glutathione to its reduced form to maintain 
a sufficient concentration of reduced glutathione (1, 113). The 
thioredoxin system is an important antioxidant system comprising 
thioredoxin reductase, thioredoxin, and nicotinamide adenine 
dinucleotide phosphate (NADPH) (114, 115). Thioredoxin reductase 
is a selenoprotein, wherein Sec is located at the penultimate position 
of the polypeptide chain (116). Three thioredoxin reductases are 
localized in the cytoplasm, nucleus, and mitochondria, providing 

FIGURE 3

The process of selenium metabolism in human body.

https://doi.org/10.3389/fnut.2023.1263853
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org


Wang et al. 10.3389/fnut.2023.1263853

Frontiers in Nutrition 09 frontiersin.org

reducing equivalents to disulfide bonds (117). Disulfide bonds, which 
are the basis for the redox properties of selenopeptides, play a crucial 
role in maintaining the stability of protein structures. Research has 
shown that Sec can be easily oxidized to its corresponding diselenide 
form (118, 119), which has proven to be  an effective method for 
establishing Se-Se bridges, which substantially belong to disulfide 
bonds (77). SELENOP is involved in the storage, transport, and supply 
of selenium and can also bind heavy metal atoms and play a significant 
role in defense against oxidative stress, which might benefit from 
several Sec residues in its amino acid sequence (91). Owing to the 
function of selenium transport to peripheral blood tissues, the 
SELENOP serum concentration is considered an effective biomarker 
for selenium status and overall body condition estimation (120).

The association between selenium intake and health outcomes 
may be  explained by its effects on ferroptosis. The concept of 
ferroptosis, defined as “a non-apoptotic form of cell death that is 
dependent on iron and caused by lipid peroxidation,” originates from 
precision oncology (121). Ferroptotic cell death may promote tumor 
cell development by increasing the inflammatory response. In 
addition, tumor tissues avoid ferroptosis through metabolic 
reprogramming, lactate, and master growth regulators, which decrease 
iron utilization and ultimately result in a high level of iron that 
supports tumor cell proliferation and participates in the synthesis of 
metabolic enzymes in tumor cells (122, 123). Studies have proved that 
ferroptosis plays a vital role in several cancers, neurological disorders, 
and inflammatory diseases (124–127). Ferroptosis is primarily caused 
by the inactivation of GPX4, which is recognized as the central 
enzyme that limits lipid peroxidation; thus, selenium supplementation 
increases the synthesis of GPX4 to prevent ferroptosis (128). Selenium 
also activates transcription factors TFAP2c and Sp1 to further enhance 
the activity of GPX4 and protects neurocytes (129).

Cellular selenium also play crucial roles in cell cycle progression 
and apoptosis. Apoptosis is a physiological form of cell death that is 
associated with various diseases, including malignancies (130). 
Cytometric analysis suggested that supplementation with selenium 
compounds accelerated cell cycle progression, and Se-deficient cells 
showed higher apoptosis than the experimental group (131). Selenium 
deprivation induces cell cycle arrest and apoptosis by activating the 
caspase cascade, which is considered a possible mechanism to 
decrease the incidence of tumors (132). Several studies have revealed 
that selenium intake can suppress tumor development by affecting the 
expression of regulatory genes related to cell proliferation and 
apoptosis (131). However, some malignancies, including 
hepatocellular carcinoma and colon cancer, can tolerate selenium 
deficiency and avoid its anti-cancer properties (133, 134). Similarly, 
both insufficient and supranutritional dosages of selenium 
supplementation may impair spermatogenesis by regulating PI3K/
AKT-mediated apoptosis of testicular cells (135) and weakening the 
antioxidant capacity of sperm (136). Selenium deficiency in women 
also induces necroptosis of uterine smooth muscle cells through ROS/
MAPK signaling pathway, which may be a potential mechanism for 
lower pregnancy rates (137). In contrast, clinical trials concentrating 
on male infertility demonstrated that moderate selenium therapy 
prominently reduced cell apoptosis and DNA fragmentation in sperm, 
and eventually enhanced semen parameters (138, 139).

Previous studies have presented that selenium intake also affects 
the status of the human immune system. When selenium is 
diminished, susceptibility to infections and cancers increases because 

it impairs innate and adaptive immunity (140, 141). A study 
undertaken in Finland showed that Se-deficient individuals who 
accepted daily dietary selenium for 200 μg had higher antibody 
concentrations than the control group, and another double-blind trial 
detected a dose-dependent increase in T-cell proliferation after 
selenium supplementing (142, 143). After receiving selenium 
supplementation, the immune functions of neutrophils and 
lymphocytes significantly increased to produce more cytokines (143, 
144). Experiments based on humans have proved that selenium and 
viral infections had significant interactions (145–147). The vast 
majority of most notorious pandemic viruses, including HIV, 
COVID-19 and Zika, have RNA genomes, which enable them to adapt 
diverse environment rapidly through several unique characteristics. 
First, small genome size allow them to self-replicate fastly. Then, RNA 
viruses have magnitude higher mutation rate than DNA viruses, 
enhancing their ability to continuously evade immune surveillance 
(148, 149). RNA viruses can inhibit DNA synthesis by impairing the 
function of thioredoxin reductase (TR), a selenoprotein in mammals. 
Because of the antisense complementarity between RNA virus mRNAs 
and host mRNAs encoding isoforms of thioredoxin reductase, the 
synthesis of the targeted isoform of TR can be interfered, which leads 
to a low level DNA synthesis and eventually results in an increased 
RNA synthesis. Thus, selenium deficiency decreases TR concentration 
to effect DNA synthesis and promote RNA replication of viruses. 
Conversely, replete selenium status may inhibit the RNA viral 
replication by creating more favorable conditions for DNA synthesis 
(150). There are also some studies considering that the incidence and 
progression of corona virus disease-19 (COVID-19) might be related 
to dietary selenium status. Many viral infections, including COVID-
19, are associated with a heightened level of oxidative stress and 
inflammation. COVID-19 infection causes a decreased expression of 
host selenoproteins and subsequently impairs the ability of redox 
regulation. The latest research reported that the main protease of 
COVID-19 could target several selenoproteins, including TR1, 
γ-glutamate cysteine ligase (GCLC) and SELENOP, promote 
proteolytic degradation and eventually disrupt the Thioredoxin and 
Glutaredoxin Redox Cycles, the necessary process of DNA production 
(151). Selenium supplementation may restore antioxidant capability 
by enhancing the synthesis of selenoproteins, and promote the 
proliferation of lymphocyte cells (145, 152, 153). This explanation can 
also be a convictive evidence to support our result that selenium had 
advantage in preventing the incidence of Keshan disease. Keshan 
disease could be categoried into viral myocarditis, which attributed to 
virus invasion secondary to selenium deficiency. Recent studies have 
suggested that coxsackie virus B3(CVB3), a enterovirus with single-
stranded RNA molecule, might be  a contributing factor in the 
pathogenesis of Keshan disease (154–156). Under the status of 
selenium deficiency, benign CVB3/0 is more possible to get virulent 
mutatation and ultimately contribute towards the development of 
myocarditis (157). The mechanisms that explain the strengthening 
effect of selenium on immunity are as follows: stabilizing ROS that 
play vital roles in immune cell signaling; affecting oxidative burst in 
both phagocytic and non-phagocytic cells; increasing IL-2 and IL-2 
receptors; regulating the differentiation of macrophages; and 
promoting the combination of nuclear factor-kappa B (NF-κB) and 
target gene regions in Jurkat T cells (158–161). Increased immunity 
may have positive effects on carcinogenesis and cancer progression, 
such as lymphomas and hepatocellular carcinoma (162, 163). 
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However, according to our research, the possible protective effect of 
selenium intake against cancer is not applicable for most cancers. 
Although the highest versus lowest selenium intake may reduce the 
risk of gastrointestinal and pancreatic cancers, no significant 
associations between selenium intake and breast, colorectal, lung, and 
esophageal cancers have been demonstrated (16, 18). More 
interestingly, the same study also revealed that non-melanoma skin 
tumors were an exception, in that dietary selenium intake might 
increase the risk of skin cancers without melanomas by 12% (RR: 1.12, 
95% CI: 1.04, 1.20). However, because insufficient primary studies 
were included based on our search strategy, the association between 
selenium intake and immunity is still controversial.

Another hypothesis presents a possible antitumor mechanism of 
selenium intake due to its diverse distribution in different organs. For 
example, the liver is richly supplied with selenium because of its 
indispensable role in selenium metabolism, and research has found 
that both dietary and supplementary selenium protect the liver against 
deadly hepatocellular carcinoma (16, 18), which might justify the 
rationality of this mechanism. However, there is little comprehensive 
evidence on the association between selenium-containing organs, 
including the testis and kidneys, and cancer outcomes. From a genetic 
perspective, the results of a wide-angled Mendelian randomization 
analysis also questioned the cancer-preventing function of selenium. 
This study used single nucleotide polymorphisms associated with 
selenium levels from genome-wide analyses as instrumental variables 
and observed that genetically predicted selenium levels had no 
relationship with the risk of multiple specific cancers (164).

Apart from strengthening immunity multidimensionally, a meta-
analysis of over 140,000 participants with 10,285 cases also attached 
importance to the fact that people with 10 μg/d dietary selenium 
intake would insignificantly decrease the risk of all-cause mortality 
compared with the lowest category (RR: 0.79, 95% CI: 0.73, 0.85) (13). 
Furthermore, subgroup analysis based on age suggested that decreased 
selenium concentration had a strong relationship with increased age, 
which might explain the potential mechanism of a higher incidence 
of a proinflammatory state in the internal environment of elderly 
people (165, 166). However, the author also indicated that because 
most of the included primary studies were based in Western countries, 
it would be prudent to generalize the conclusion to Asian populations.

In metabolism-related diseases, selenium disequilibrium is 
thought to be involved in the progression of multiple cardiovascular 
conditions. As described previously, selenium deficiency dysregulates 
the synthesis of selenoproteins to trigger the production of ROS, and 
then impairs cellular growth and remodeling of cardiomyocytes by 
inducing autophagy and apoptosis and affecting the redox-
methylation balance (167). Trials on cultured human cardiomyocytes 
have shown that selenium insufficiency is associated with decreased 
expression of proteins that regulate respiratory oxidative 
phosphorylation (168). Selenium deficiency also greatly elevates NO 
levels and increases protein S-nitrosylation. A recent study in animal 
models found that the myocardial tissue of pigs fed a selenium-
deficient diet for more than 2 weeks selenium-deficient diet feeding 
clearly presented adipose infiltration and fibrosis (168). The same 
study also detected that more proinflammatory molecules, such as 
interferon β and interleukin-1β were produced in the selenium-
deficient group because multiple genes involved their upstream 
pathways, including UPS18, DDX58, cGAS, and TLR3 were 
upregulated, which further supported the conclusion that selenium 

deficiency could resulted in mitochondrial DNA damage and disorder 
energy production of cardiac cells (169). Moreover, several studies 
have reported that selenium supplementation may have cooperative 
effects in enhancing the efficacy of anti-thyroid drugs, and selenium 
intake at the highest dose could simultaneously improve the quality of 
life among autoimmune thyroiditis patients (170, 171). Interestingly, 
however, although the type 2 diabetes development might also 
be correlated to similar pathomechanisms containing inflammation, 
mitochondrial dysfunction and redox disturbance, a meta-analysis of 
both nonexperimental and experimental studies revealed that 
selenium intake had an increased risk of diabetes by 11% (RR: 1.11, 
95% CI: 1.01, 1.22) (31, 172). Other adverse reactions should also raise 
awareness of selenium supplementation. As mentioned above, 
selenium intake might have a protective effect against several cancers, 
but excessive selenium consumption could increase genetic instability 
and ultimately induce carcinogenicity of lymphocytes and osteocytes 
(173). In contrast, other symptoms such as garlicky breath, hair or 
fingernail loss, allergic reactions, and dermatitis can also be caused by 
selenium supplementation (174, 175). According to a review by 
Hadrup (176), a human dose of 10,000 μg/kg can be associated with 
the risk of acute mortality, and the associated symptoms include 
vomiting, diarrhea, and respiratory failure. Therefore, caution should 
be  exercised when supplementing the general population 
with selenium.

Of note, our study found that selenium intake might be associated 
with a significant lower risk of Kashin-Beck disease. However, 
although selenium deficiency has been proved as a main risk factor of 
this disease, recent evidence detected that its etiology could contain 
multiple factors, including inadequate intake and proportional 
disequilibrium of non-selenium nutrients and differentially gene 
expression (177). Thus, it is inappropriate to prevent Kashin-Beck 
disease through dietary or supplementary selenium intake only.

4.2. Strengths and limitations

This umbrella review provides the latest comprehensive overview 
of published studies on the relationship between multiple health 
outcomes and selenium intake. Standard methods, including 
AMSTAR and GRADE, were used to assess the methodological 
quality and strength of the included studies. In addition, many studies 
were meta-analyses of RCTs, which are recognized to have a higher 
quality than observational studies in terms of the grade of evidence. 
However, we  acknowledge several potential limitations of this 
umbrella review. Firstly, To begin with, a large number of involved 
meta-analyses were considered as “low” and “very low” in GRADE 
categorizations, which was mainly because that most of studies did not 
offer the list of excluded articles. Similarly, insufficient participant 
numbers and plausible confounding factors also contributed to the 
imprecise results. Second, based on our selection criteria, we included 
only published meta-analyses; recent or unpublished studies may have 
been omitted. Third, a potential publication bias was inevitable 
because several eligible meta-analyses involved only a small number 
of studies and populations. Fourth, both the period of receiving 
selenium and the dosage were diverse in most meat analyses, which 
might have weakened the consistency of our findings to a large extent. 
In addition, we  were unable to summarize the dose–response 
relationship between selenium intake and multiple health-related 
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outcomes owing to the lack of primary data. Nevertheless, many meta-
analyses included generally healthy participants, which may have 
minimized possible bias.

5. Conclusion

In this review, we found that proper selenium intake, especially 
supplementary selenium, has a protective effect against multiple 
diseases. Selenium consumption in adults may reduce the risk of 
several digestive system cancers (including gastrointestinal, liver, and 
pancreatic cancers), all-cause mortality, depression, and Keshan 
disease in children, which in turn reduces the risk of Kashin-Beck 
disease. Furthermore, selenium supplementation improves sperm 
quality, PCOS, ATID, CHD, and infective outcomes. However, to date, 
no evidence has shown that selenium is associated with better 
outcomes among patients in ICUs. Based on our study findings and 
owing to the adverse effects and limited advantages of selenium intake, 
it is not recommended to receive extra supplementary selenium for 
general populations, and selenium supplementation should not 
be continued in patients whose selenium-deficient status has been 
corrected. Moreover, specific optimal dosage of selenium intake for 
general populations is still hard to determined due to the various 
between different areas. Thus, further large-scale high-quality 
prospective studies are required to confirm our findings.

Author contributions

PW: Conceptualization, Data curation, Formal analysis, 
Investigation, Methodology, Project administration, Supervision, Writing 
– original draft. BC: Conceptualization, Data curation, Investigation, 
Formal analysis, Methodology, Writing – review & editing. YH: Writing 
– review & editing. JL: Writing – review & editing. DC: Writing – review 
& editing. ZC: Writing – review & editing. JZL: Conceptualization, 

Writing – review & editing. BR: Writing – review & editing. JY: Writing –  
review & editing. RW: Writing – review & editing. QW: Writing – review 
& editing. QD: Writing – review & editing. LL: Writing – review & 
editing.

Funding

The author(s) declare financial support was received for the 
research, authorship, and/or publication of this article. This study was 
supported by Natural Science Foundation of China (Grant No. 
82000721).

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product 
that may be evaluated in this article, or claim that may be made by its 
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fnut.2023.1263853/
full#supplementary-material

References
 1. Kieliszek M. Selenium–fascinating microelement, properties and sources in food. 

Molecules. (2019) 24:1298. doi: 10.3390/molecules24071298

 2. Reich HJ, Hondal RJ. Why nature chose selenium. ACS Chem Biol. (2016) 
11:821–41. doi: 10.1021/acschembio.6b00031

 3. Schwarz K, Foltz CM. Selenium as an integral part of factor 3 against dietary 
necrosis liver degeneration. J Am Chem Soc. (1957) 79:3292–3. doi: 10.1021/ja01569a087

 4. Shreenath AP, Ameer MA, Dooley J. Selenium deficiency In: Mclaren D, Berger S, 
editor. StatPearls [Internet]. Treasure Island, FL: StatPearls Publishing (2022).

 5. Nessel TA, Selenium GV. Selenium In: StatPearls [Internet]. Treasure Island, FL: 
StatPearls Publishing (2022).

 6. Schrauzer GN, Surai PF. Selenium in human and animal nutrition: resolved and 
unresolved issues. A partly historical treatise in commemoration of the fiftieth 
anniversary of the discovery of the biological essentiality of selenium, dedicated to the 
memory of Klaus Schwarz (1914–1978) on the occasion of the thirtieth anniversary of 
his death. Crit Rev Biotechnol. (2009) 29:2–9. doi: 10.1080/07388550902728261

 7. Genchi G, Lauria G, Catalano A, Sinicropi MS, Carocci A. Biological activity of 
selenium and its impact on human health. Int J Mol Sci. (2023) 24:2633. doi: 10.3390/
ijms24032633

 8. Huang Y, Cao D, Chen Z, Chen B, Li J, Guo J, et al. Red and processed meat 
consumption and cancer outcomes: umbrella review. Food Chem. (2021) 356:129697. 
doi: 10.1016/j.foodchem.2021.129697

 9. Scottish Intercollegiate Guidelines Network (2020). Scottish Intercollegiate 
Guidelines Network Search Filters. Available at: https://www.sign.ac.uk/what-we-do/
methodology/search-filters/ (Accessed November 12, 2020).

 10. Li N, Wu X, Zhuang W, Xia L, Chen Y, Wu C, et al. Tomato and lycopene and 
multiple health outcomes: umbrella review. Food Chem. (2021) 343:128396. doi: 
10.1016/j.foodchem.2020.128396

 11. Huang Y, Chen Z, Chen B, Li J, Yuan X, Li J, et al. Dietary sugar consumption and 
health: umbrella review. BMJ. (2023) 381:e071609. doi: 10.1136/bmj-2022-071609

 12. Egger M, Davey Smith G, Schneider M, Minder C. Bias in meta-analysis detected 
by a simple, graphical test. BMJ. (1997) 315:629–34. doi: 10.1136/bmj.315.7109.629

 13. Jayedi A, Rashidy-Pour A, Parohan M, Zargar MS, Shab-Bidar S. Dietary 
antioxidants, circulating antioxidant concentrations, total antioxidant capacity, and risk 
of all-cause mortality: a systematic review and dose-response meta-analysis of prospective 
observational studies. Adv Nutr. (2018) 9:701–16. doi: 10.1093/advances/nmy040

 14. Bjelakovic G, Nikolova D, Gluud LL, Simonetti RG, Gluud C. Mortality in 
randomized trials of antioxidant supplements for primary and secondary prevention: 
systematic review and meta-analysis. JAMA. (2007) 297:842–57. doi: 10.1001/
jama.297.8.842

 15. Lee EH, Myung SK, Jeon YJ, Kim Y, Chang YJ, Ju W, et al. Effects of selenium 
supplements on cancer prevention: meta-analysis of randomized controlled trials. Nutr 
Cancer. (2011) 63:1185–95. doi: 10.1080/01635581.2011.607544

 16. Kuria A, Fang X, Li M, Han H, He J, Aaseth JO, et al. Does dietary intake of 
selenium protect against cancer? A systematic review and meta-analysis of population-
based prospective studies. Crit Rev Food Sci Nutr. (2020) 60:684–94. doi: 
10.1080/10408398.2018.1548427

 17. Bjelakovic G, Nikolova D, Simonetti RG, Gluud C. Antioxidant supplements for 
prevention of gastrointestinal cancers: a systematic review and meta-analysis. Lancet. 
(2004) 364:1219–28. doi: 10.1016/S0140-6736(04)17138-9

https://doi.org/10.3389/fnut.2023.1263853
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fnut.2023.1263853/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnut.2023.1263853/full#supplementary-material
https://doi.org/10.3390/molecules24071298
https://doi.org/10.1021/acschembio.6b00031
https://doi.org/10.1021/ja01569a087
https://doi.org/10.1080/07388550902728261
https://doi.org/10.3390/ijms24032633
https://doi.org/10.3390/ijms24032633
https://doi.org/10.1016/j.foodchem.2021.129697
https://www.sign.ac.uk/what-we-do/methodology/search-filters/
https://www.sign.ac.uk/what-we-do/methodology/search-filters/
https://doi.org/10.1016/j.foodchem.2020.128396
https://doi.org/10.1136/bmj-2022-071609
https://doi.org/10.1136/bmj.315.7109.629
https://doi.org/10.1093/advances/nmy040
https://doi.org/10.1001/jama.297.8.842
https://doi.org/10.1001/jama.297.8.842
https://doi.org/10.1080/01635581.2011.607544
https://doi.org/10.1080/10408398.2018.1548427
https://doi.org/10.1016/S0140-6736(04)17138-9


Wang et al. 10.3389/fnut.2023.1263853

Frontiers in Nutrition 12 frontiersin.org

 18. Vinceti M, Filippini T, Del Giovane C, Dennert G, Zwahlen M, Brinkman M, et al. 
Selenium for preventing cancer. Cochrane Database Syst Rev. (2018) 1:CD005195. doi: 
10.1002/14651858.CD005195.pub4

 19. Wang L, Wang J, Liu X, Liu Q, Zhang G, Liang L. Association between selenium 
intake and the risk of pancreatic cancer: a meta-analysis of observational studies. Biosci 
Rep. (2016) 36:e00395. doi: 10.1042/BSR20160345

 20. Chen J, Jiang W, Shao L, Zhong D, Wu Y, Cai J. Association between intake of 
antioxidants and pancreatic cancer risk: a meta-analysis. Int J Food Sci Nutr. (2016) 
67:744–53. doi: 10.1080/09637486.2016.1197892

 21. Sayehmiri K, Azami M, Mohammadi Y, Soleymani A, Tardeh Z. The association 
between selenium and prostate cancer: a systematic review and meta-analysis. Asian Pac 
J Cancer Prev. (2018) 19:1431–7. doi: 10.22034/APJCP.2018.19.6.1431

 22. Hong B, Huang L, Mao N, Xiong T, Li C, Hu L, et al. Association between selenium 
levels and oesophageal adenocarcinoma risk: evidence from a meta-analysis. Biosci Rep. 
(2016) 36:e00356. doi: 10.1042/BSR20160131

 23. Ding J, Liu Q, Liu Z, Guo H, Liang J, Zhang Y. Associations of the dietary iron, 
copper, and selenium level with metabolic syndrome: a meta-analysis of observational 
studies. Front Nutr. (2022) 8:810494. doi: 10.3389/fnut.2021.810494

 24. Zuo Y, Li Y, Gu X, Lei Z. The correlation between selenium levels and autoimmune 
thyroid disease: a systematic review and meta-analysis. Ann Palliat Med. (2021) 
10:4398–408. doi: 10.21037/apm-21-449

 25. Wichman J, Winther KH, Bonnema SJ, Hegedüs L. Selenium supplementation 
significantly reduces thyroid autoantibody levels in patients with chronic autoimmune 
thyroiditis: a systematic review and Meta-analysis. Thyroid. (2016) 26:1681–92. doi: 
10.1089/thy.2016.0256

 26. Toulis KA, Anastasilakis AD, Tzellos TG, Goulis DG, Kouvelas D. Selenium 
supplementation in the treatment of Hashimoto's thyroiditis: a systematic review and a 
meta-analysis. Thyroid. (2010) 20:1163–73. doi: 10.1089/thy.2009.0351

 27. Zheng H, Wei J, Wang L, Wang Q, Zhao J, Chen S, et al. Effects of selenium 
supplementation on graves' disease: a systematic review and meta-analysis. Evid 
Based Complement Alternat Med. (2018) 2018:3763565. doi: 10.1155/2018/ 
3763565

 28. Mahdavi Gorabi A, Hasani M, Djalalinia S, Zarei M, Ejtahed H, Abdar ME, et al. 
Effect of selenium supplementation on glycemic indices: a meta-analysis of randomized 
controlled trials. J Diabetes Metab Disord. (2019) 18:349–62. doi: 10.1007/
s40200-019-00419-w

 29. Ouyang J, Cai Y, Song Y, Gao Z, Bai R, Wang A. Potential benefits of selenium 
supplementation in reducing insulin resistance in patients with cardiometabolic 
diseases: a systematic review and meta-analysis. Nutrients. (2022) 14:4933. doi: 10.3390/
nu14224933

 30. Vinceti M, Filippini T, Wise LA, Rothman KJ. A systematic review and dose-
response meta-analysis of exposure to environmental selenium and the risk of type 2 
diabetes in nonexperimental studies. Environ Res. (2021) 197:111210. doi: 10.1016/j.
envres.2021.111210

 31. Vinceti M, Filippini T, Rothman KJ. Selenium exposure and the risk of type 2 
diabetes: a systematic review and meta-analysis. Eur J Epidemiol. (2018) 33:789–810. doi: 
10.1007/s10654-018-0422-8

 32. Mahdavi Gorabi A, Hasani M, Djalalinia S, Zarei M, Ejtahed H, Abdar ME, et al. 
Effect of selenium supplementation on glycemic indices: a meta-analysis of randomized 
controlled trials. J Diabetes Metab Disord. (2019) 18:349–62. doi: 10.1007/
s40200-019-00419-w

 33. Salas-Huetos A, Rosique-Esteban N, Becerra-Tomás N, Vizmanos B, Bulló M, 
Salas-Salvadó J. The effect of nutrients and dietary supplements on sperm quality 
parameters: a systematic review and meta-analysis of randomized clinical trials. Adv 
Nutr. (2018) 9:833–48. doi: 10.1093/advances/nmy057

 34. Sharma AP, Sharma G, Kumar R. Systematic review and meta-analysis on effect of 
carnitine, coenzyme Q10 and selenium on pregnancy and semen parameters in couples 
with idiopathic male infertility. Urology. (2022) 161:4–11. doi: 10.1016/j.
urology.2021.10.041

 35. Zhao J, Dong L, Lin Z, Sui X, Wang Y, Li L, et al. Effects of selenium 
supplementation on polycystic ovarian syndrome: a systematic review and meta-analysis 
on randomized clinical trials. BMC Endocr Disord. (2023) 23:33. doi: 10.1186/
s12902-023-01286-6

 36. Wu PY, Tan X, Wang M, Zheng X, Lou JH. Selenium supplementation for 
polycystic ovary syndrome: a meta-analysis of randomized controlled trials. Gynecol 
Endocrinol. (2022) 38:928–34. doi: 10.1080/09513590.2022.2118709

 37. Fauser BC. Reproductive endocrinology: revisiting ovulation induction in PCOS. 
Nat Rev Endocrinol. (2014) 10:704–5. doi: 10.1038/nrendo.2014.156

 38. Pan JX, Tan YJ, Wang FF, Hou NN, Xiang YQ, Zhang JY, et al. Aberrant 
expression and DNA methylation of lipid metabolism genes in PCOS: a new insight 
into its pathogenesis. Clin Epigenetics. (2018) 10:6. doi: 10.1186/s13148-018- 
0442-y

 39. Kelishadi MR, Ashtary-Larky D, Davoodi SH, Clark CCT, Asbaghi O. The effects 
of selenium supplementation on blood lipids and blood pressure in adults: a systematic 
review and dose-response meta-analysis of randomized control trials. J Trace Elem Med 
Biol. (2022) 74:127046. doi: 10.1016/j.jtemb.2022.127046

 40. Zhou H, Wang T, Li Q, Li D. Prevention of Keshan disease by selenium 
supplementation: a systematic review and meta-analysis. Biol Trace Elem Res. (2018) 
186:98–105. doi: 10.1007/s12011-018-1302-5

 41. Zou K, Liu G, Wu T, Du L. Selenium for preventing Kashin-Beck osteoarthropathy 
in children: a meta-analysis. Osteoarthr Cartil. (2009) 17:144–51. doi: 10.1016/j.
joca.2008.06.011

 42. Zou K, Hu J, Zhou Q, Su J, Dong B, Zhang W. The effectiveness of treatments for 
Kashin-Beck disease: a systematic review and network meta-analysis. Clin Rheumatol. 
(2019) 38:3595–607. doi: 10.1007/s10067-019-04704-0

 43. Mousavi MA, Saghaleini SH, Mahmoodpoor A, Ghojazadeh M, Mousavi SN. Daily 
parenteral selenium therapy in critically ill patients: an updated systematic review and 
meta-analysis of randomized controlled trials. Clin Nutr ESPEN. (2021) 41:49–58. doi: 
10.1016/j.clnesp.2020.11.026

 44. Manzanares W, Lemieux M, Elke G, Langlois PL, Bloos F, Heyland DK. High-dose 
intravenous selenium does not improve clinical outcomes in the critically ill: a systematic 
review and meta-analysis. Crit Care. (2016) 20:356. doi: 10.1186/s13054-016-1529-5

 45. Li S, Tang T, Guo P, Zou Q, Ao X, Hu L, et al. A meta-analysis of randomized 
controlled trials: efficacy of selenium treatment for sepsis. Medicine (Baltimore). (2019) 
98:e14733. doi: 10.1097/MD.0000000000014733

 46. Nazari N, Niazvand F, Chamkouri N, Amoori N, Asl MS. Role of zinc, selenium, 
vitamin D and vitamin C in boosting respiratory system: a meta-analysis approach. Med 
Sci. (2022) 26:ms77e1837. doi: 10.54905/disssi/v26i121/ms77e1837

 47. Djalalinia S, Hasani M, Asayesh H, Ejtahed HS, Malmir H, Kasaeian A, et al. The 
effects of dietary selenium supplementation on inflammatory markers among patients 
with metabolic diseases: a systematic review and meta-analysis of randomized controlled 
trials. J Diabetes Metab Disord. (2021) 20:1051–62. doi: 10.1007/s40200-021-00821-3

 48. Xu M, Guo D, Gu H, Zhang L, Lv S. Selenium and preeclampsia: a systematic 
review and meta-analysis. Biol Trace Elem Res. (2016) 171:283–92. doi: 10.1007/
s12011-015-0545-7

 49. Filippini T, Fairweather-Tait S, Vinceti M. Selenium and immune function: a 
systematic review and meta-analysis of experimental human studies. Am J Clin Nutr. 
(2023) 117:93–110. doi: 10.1016/j.ajcnut.2022.11.007

 50. Moroder L. Isosteric replacement of sulfur with other chalcogens in peptides and 
proteins. J Pept Sci. (2005) 11:187–214. doi: 10.1002/psc.654

 51. Genchi G, Lauria G, Catalano A, Sinicropi MS, Carocci A. Biological activity of 
selenium and its impact on human health. Int J Mol Sci. (2023) 24:2633. doi: 10.3390/
ijms24032633

 52. Lyons MP, Papazyan TT, Surai PF. Selenium in food chain and animal nutrition: 
lessons from nature. Asian Australas J Anim Sci. (2007) 20:1135–55. doi: 10.5713/
ajas.2007.1135

 53. Kipp AP, Strohm D, Brigelius-Flohé R, Schomburg L, Bechthold A, Leschik-
Bonnet E, et al. Revised reference values for selenium intake. J Trace Elem Med Bio. 
(2015) 32:195–9. doi: 10.1016/j.jtemb.2015.07.005

 54. Zwolak I, Zaporowska H. Selenium interactions and toxicity: a review. Selenium 
interactions and toxicity. Cell Biol Toxicol. (2012) 28:31–46. doi: 10.1007/
s10565-011-9203-9

 55. Combs GF Jr. Biomarkers of selenium status. Nutrients. (2015) 7:2209–36. doi: 
10.3390/nu7042209

 56. Stoffaneller R, Morse NL. A review of dietary selenium intake and selenium status 
in Europe and the Middle East. Nutrients. (2015) 7:1494–537. doi: 10.3390/nu7031494

 57. Sun GX, Meharg AA, Li G, Chen Z, Yang L, Chen SC, et al. Distribution of soil 
selenium in China is potentially controlled by deposition and volatilization? Sci Rep. 
(2016) 6:20953. doi: 10.1038/srep20953

 58. Finley JW. Bioavailability of selenium from foods. Nutr Rev. (2006) 64:146–51. doi: 
10.1111/j.1753-4887.2006.tb00198.x

 59. Kieliszek M, Błażejak S. Selenium: significance, and outlook for supplementation. 
Nutrition. (2013) 29:713–8. doi: 10.1016/j.nut.2012.11.012

 60. Kieliszek M, Błażejak S. Current knowledge on the importance of selenium in food 
for living organisms: a review. Molecules. (2016) 21:609. doi: 10.3390/molecules21050609

 61. dos Santos M, da Silva Júnior FMR, Muccillo-Baisch AL. Selenium content of 
Brazilian foods: a review of the literature values. J Food Compos Anal. (2017) 58:10–5. 
doi: 10.1016/j.jfca.2017.01.001

 62. Frączek A, Pasternak K. Selenium in medicine and treatment. J Elem. (2013) 
18:145–63. doi: 10.5601/jelem.2013.18.1.13

 63. Mithen R. Effect of genotype on micronutrient absorption and metabolism: a 
review of iron, copper, iodine and selenium, and folates. Int J Vitam Nutr Res. (2007) 
77:205–16. doi: 10.1024/0300-9831.77.3.205

 64. Ha HY, Alfulaij N, Berry MJ, Seale LA. From selenium absorption to selenoprotein 
degradation. Biol Trace Elem Res. (2019) 192:26–37. doi: 10.1007/s12011-019-01771-x

 65. Cherest H, Davidian JC, Thomas D, Benes V, Ansorge W, Surdin-Kerjan Y. 
Molecular characterization of two high affinity sulfate transporters in Saccharomyces 
cerevisiae. Genetics. (1997) 145:627–35. doi: 10.1093/genetics/145.3.627

 66. Schrauzer GN. Selenomethionine: a review of its nutritional significance, 
metabolism and toxicity. J Nutr. (2000) 130:1653–6. doi: 10.1093/jn/130.7.1653

https://doi.org/10.3389/fnut.2023.1263853
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://doi.org/10.1002/14651858.CD005195.pub4
https://doi.org/10.1042/BSR20160345
https://doi.org/10.1080/09637486.2016.1197892
https://doi.org/10.22034/APJCP.2018.19.6.1431
https://doi.org/10.1042/BSR20160131
https://doi.org/10.3389/fnut.2021.810494
https://doi.org/10.21037/apm-21-449
https://doi.org/10.1089/thy.2016.0256
https://doi.org/10.1089/thy.2009.0351
https://doi.org/10.1155/2018/3763565
https://doi.org/10.1155/2018/3763565
https://doi.org/10.1007/s40200-019-00419-w
https://doi.org/10.1007/s40200-019-00419-w
https://doi.org/10.3390/nu14224933
https://doi.org/10.3390/nu14224933
https://doi.org/10.1016/j.envres.2021.111210
https://doi.org/10.1016/j.envres.2021.111210
https://doi.org/10.1007/s10654-018-0422-8
https://doi.org/10.1007/s40200-019-00419-w
https://doi.org/10.1007/s40200-019-00419-w
https://doi.org/10.1093/advances/nmy057
https://doi.org/10.1016/j.urology.2021.10.041
https://doi.org/10.1016/j.urology.2021.10.041
https://doi.org/10.1186/s12902-023-01286-6
https://doi.org/10.1186/s12902-023-01286-6
https://doi.org/10.1080/09513590.2022.2118709
https://doi.org/10.1038/nrendo.2014.156
https://doi.org/10.1186/s13148-018-0442-y
https://doi.org/10.1186/s13148-018-0442-y
https://doi.org/10.1016/j.jtemb.2022.127046
https://doi.org/10.1007/s12011-018-1302-5
https://doi.org/10.1016/j.joca.2008.06.011
https://doi.org/10.1016/j.joca.2008.06.011
https://doi.org/10.1007/s10067-019-04704-0
https://doi.org/10.1016/j.clnesp.2020.11.026
https://doi.org/10.1186/s13054-016-1529-5
https://doi.org/10.1097/MD.0000000000014733
https://doi.org/10.54905/disssi/v26i121/ms77e1837
https://doi.org/10.1007/s40200-021-00821-3
https://doi.org/10.1007/s12011-015-0545-7
https://doi.org/10.1007/s12011-015-0545-7
https://doi.org/10.1016/j.ajcnut.2022.11.007
https://doi.org/10.1002/psc.654
https://doi.org/10.3390/ijms24032633
https://doi.org/10.3390/ijms24032633
https://doi.org/10.5713/ajas.2007.1135
https://doi.org/10.5713/ajas.2007.1135
https://doi.org/10.1016/j.jtemb.2015.07.005
https://doi.org/10.1007/s10565-011-9203-9
https://doi.org/10.1007/s10565-011-9203-9
https://doi.org/10.3390/nu7042209
https://doi.org/10.3390/nu7031494
https://doi.org/10.1038/srep20953
https://doi.org/10.1111/j.1753-4887.2006.tb00198.x
https://doi.org/10.1016/j.nut.2012.11.012
https://doi.org/10.3390/molecules21050609
https://doi.org/10.1016/j.jfca.2017.01.001
https://doi.org/10.5601/jelem.2013.18.1.13
https://doi.org/10.1024/0300-9831.77.3.205
https://doi.org/10.1007/s12011-019-01771-x
https://doi.org/10.1093/genetics/145.3.627
https://doi.org/10.1093/jn/130.7.1653


Wang et al. 10.3389/fnut.2023.1263853

Frontiers in Nutrition 13 frontiersin.org

 67. Meltzer HM, Norheim G, Løken EB, Holm H. Supplementation with wheat 
selenium induces a dose-dependent response in serum and urine of a Se-replete 
population. Br J Nutr. (1992) 67:287–94. doi: 10.1079/BJN19920032

 68. Patterson BH, Combs GF Jr, Taylor PR, Patterson KY, Moler JE, Wastney ME. 
Selenium kinetics in humans change following 2 years of supplementation with 
selenomethionine. Front Endocrinol. (2021) 12:621687. doi: 10.3389/fendo.2021.621687

 69. Genchi G, Lauria G, Catalano A, Sinicropi MS, Carocci A. Biological activity of 
selenium and its impact on human health. Int J Mol Sci. (2023) 24:2633. doi: 10.3390/
ijms24032633

 70. Iqbal S, Ali I, Rust P, Kundi M, Ekmekcioglu C. Selenium, zinc, and manganese 
status in pregnant women and its relation to maternal and child complications. 
Nutrients. (2020) 12:725. doi: 10.3390/nu12030725

 71. Galan-Chilet I, Tellez-Plaza M, Guallar E, De Marco G, Lopez-Izquierdo R, 
Gonzalez-Manzano I, et al. Plasma selenium levels and oxidative stress biomarkers: a 
gene-environment interaction population-based study. Free Radic Biol Med. (2014) 
74:229–36. doi: 10.1016/j.freeradbiomed.2014.07.005

 72. Hermoso M, Tabacchi G, Iglesia-Altaba I, Bel-Serrat S, Moreno-Aznar LA, Garcia-
Santos Y, et al. The nutritional requirements of infants. Towards EU alignment of 
reference values: the EURRECA network. Matern Child Nutr. (2010) 6:55–83. doi: 
10.1111/j.1740-8709.2010.00262.x

 73. Vanek VW, Borum P, Buchman A, Fessler TA, Howard L, Jeejeebhoy K, et al. 
A.S.P.E.N. position paper: recommendations for changes in commercially available 
parenteral multivitamin and multi-trace element products. Nutr Clin Pract. (2012) 
27:440–91. doi: 10.1177/0884533612446706

 74. EFSA Panel on Nutrition, Novel Foods and Food Allergens (NDA)Turck D, Bohn 
T, Castenmiller J, de Henauw S, Hirsch-Ernst KI, et al. Scientific opinion on the tolerable 
upper intake level for selenium. EFSA J. (2023) 21:e07704. doi: 10.2903/j.efsa.2023.7704

 75. Hadrup N, Ravn-Haren G. Toxicity of repeated oral intake of organic selenium, 
inorganic selenium, and selenium nanoparticles: a review. J Trace Elem Med Biol. (2023) 
79:127235. doi: 10.1016/j.jtemb.2023.127235

 76. Avery JC, Hoffmann PR. Selenium, selenoproteins, and immunity. Nutrients. 
(2018) 10:1203. doi: 10.3390/nu10091203

 77. Pehlivan Ö, Waliczek M, Kijewska M, Stefanowicz P. Selenium in peptide 
chemistry. Molecules. (2023) 28:3198. doi: 10.3390/molecules28073198

 78. Reeves MA, Hoffmann PR. The human selenoproteome: recent insights into functions 
and regulation. Cell Mol Life Sci. (2009) 66:2457–78. doi: 10.1007/s00018-009-0032-4

 79. Labunskyy VM, Hatfield DL, Gladyshev VN. Selenoproteins: molecular pathways 
and physiological roles. Physiol Rev. (2014) 94:739–77. doi: 10.1152/physrev.00039.2013

 80. Köhrle J. The deiodinase family: selenoenzymes regulating thyroid hormone 
availability and action. Cell Mol Life Sci. (2000) 57:1853–63. doi: 10.1007/PL00000667

 81. Hasegawa T, Mihara M, Okuno T, Nakamuro K, Sayato Y. Chemical form of 
selenium-containing metabolite in small intestine and liver of mice following orally 
administered selenocystine. Arch Toxicol. (1995) 69:312–7. doi: 10.1007/s002040050176

 82. Kato T, Read R, Rozga J, Burk RF. Evidence for intestinal release of absorbed 
selenium in a form with high hepatic extraction. Am J Phys. (1992) 262:G854–8. doi: 
10.1152/ajpgi.1992.262.5.G854

 83. Hill KE, Wu S, Motley AK, Stevenson TD, Winfrey VP, Atkins JF, et al. Production 
of selenoprotein P (Sepp1) by hepatocytes is central to selenium homeostasis. J Biol 
Chem. (2012) 287:40414–24. doi: 10.1074/jbc.M112.421404

 84. Burk RF, Hill KE. Regulation of selenium metabolism and transport. Annu Rev 
Nutr. (2015) 35:109–34. doi: 10.1146/annurev-nutr-071714-034250

 85. Burk RF, Hill KE. Selenoprotein P-expression, functions, and roles in mammals. 
Biochim Biophys Acta. (2009) 1790:1441–7. doi: 10.1016/j.bbagen.2009.03.026

 86. Hadrup N, Ravn-Haren G. Absorption, distribution, metabolism and excretion 
(ADME) of oral selenium from organic and inorganic sources: a review. J Trace Elem 
Med Biol. (2021) 67:126801. doi: 10.1016/j.jtemb.2021.126801

 87. Jäger T, Drexler H, Göen T. Human metabolism and renal excretion of selenium 
compounds after oral ingestion of sodium selenate dependent on trimethylselenium ion 
(TMSe) status. Arch Toxicol. (2016) 90:149–58. doi: 10.1007/s00204-014-1380-x

 88. Hildebrand J, Greiner A, Drexler H, Göen T. Determination of eleven small 
selenium species in human urine by chromatographic-coupled ICP-MS methods. J Trace 
Elem Med Biol. (2020) 61:126519. doi: 10.1016/j.jtemb.2020.126519

 89. Kobayashi Y, Ogra Y, Ishiwata K, Takayama H, Aimi N, Suzuki KT. Selenosugars 
are key and urinary metabolites for selenium excretion within the required to low-toxic 
range. Proc Natl Acad Sci U S A. (2002) 99:15932–6. doi: 10.1073/pnas.252610699

 90. Köhrl J, Brigelius-Flohé R, Böck A, Gärtner R, Meyer O, Flohé L. Selenium in 
biology: facts and medical perspectives. Biol Chem. (2000) 381:849–64. doi: 10.1515/
BC.2000.107

 91. Minich WB. Selenium metabolism and biosynthesis of selenoproteins in the 
human body. Biochemistry. (2022) 87:S168–02. doi: 10.1134/S0006297922140139

 92. Bulteau AL, Chavatte L. Update on selenoprotein biosynthesis. Antioxid Redox 
Signal. (2015) 23:775–94. doi: 10.1089/ars.2015.6391

 93. Turanov AA, Xu XM, Carlson BA, Yoo MH, Gladyshev VN, Hatfield DL. 
Biosynthesis of selenocysteine, the 21st amino acid in the genetic code, and a novel 
pathway for cysteine biosynthesis. Adv Nutr. (2011) 2:122–8. doi: 10.3945/an.110.000265

 94. Böck A, Forchhammer K, Heider J, Baron C. Selenoprotein synthesis: an expansion 
of the genetic code. Trends Biochem Sci. (1991) 16:463–7. doi: 10.1016/0968- 
0004(91)90180-4

 95. White PJ. Selenium metabolism in plants. Biochim Biophys Acta Gen Subj. (2018) 
1862:2333–42. doi: 10.1016/j.bbagen.2018.05.006

 96. Pehlivan Ö, Waliczek M, Kijewska M, Stefanowicz P. Selenium in peptide 
chemistry. Molecules. (2023) 28:3198. doi: 10.3390/molecules28073198

 97. Seeher S, Mahdi Y, Schweizer U. Post-transcriptional control of selenoprotein 
biosynthesis. Curr Protein Pept Sci. (2012) 13:337–46. doi: 10.2174/1389203 
12801619448

 98. Cheung EC, Vousden KH. The role of ROS in tumour development and 
progression. Nat Rev Cancer. (2022) 22:280–97. doi: 10.1038/s41568-021-00435-0

 99. Ray PD, Huang BW, Tsuji Y. Reactive oxygen species (ROS) homeostasis and redox 
regulation in cellular signaling. Cell Signal. (2012) 24:981–90. doi: 10.1016/j.
cellsig.2012.01.008

 100. Holmström KM, Finkel T. Cellular mechanisms and physiological consequences 
of redox-dependent signalling. Nat Rev Mol Cell Biol. (2014) 15:411–21. doi: 10.1038/
nrm3801

 101. Winterbourn CC. Hydrogen peroxide reactivity and specificity in thiol-based cell 
signalling. Biochem Soc Trans. (2020) 48:745–54. doi: 10.1042/BST20190049

 102. García N, Zazueta C, Aguilera-Aguirre L. Oxidative stress and inflammation in 
cardiovascular disease. Oxidative Med Cell Longev. (2017) 2017:5853238. doi: 
10.1155/2017/5853238

 103. Jelic MD, Mandic AD, Maricic SM, Srdjenovic BU. Oxidative stress and its role 
in cancer. J Cancer Res Ther. (2021) 17:22–8. doi: 10.4103/jcrt.JCRT_862_16

 104. Chen Z, Zhong C. Oxidative stress in Alzheimer's disease. Neurosci Bull. (2014) 
30:271–81. doi: 10.1007/s12264-013-1423-y

 105. Radisky DC, Levy DD, Littlepage LE, Liu H, Nelson CM, Fata JE, et al. Rac1b and 
reactive oxygen species mediate MMP-3-induced EMT and genomic instability. Nature. 
(2005) 436:123–7. doi: 10.1038/nature03688

 106. O'Hagan HM, Wang W, Sen S, Destefano Shields C, Lee SS, Zhang YW, et al. 
Oxidative damage targets complexes containing DNA methyltransferases, SIRT1, and 
polycomb members to promoter CpG Islands. Cancer Cell. (2011) 20:606–19. doi: 
10.1016/j.ccr.2011.09.012

 107. Brigelius-Flohé R, Flohé L. Selenium and redox signaling. Arch Biochem Biophys. 
(2017) 617:48–59. doi: 10.1016/j.abb.2016.08.003

 108. Pei J, Pan X, Wei G, Hua Y. Research progress of glutathione peroxidase family 
(GPX) in redoxidation. Front Pharmacol. (2023) 14:1147414. doi: 10.3389/
fphar.2023.1147414

 109. Muri J, Kopf M. The thioredoxin system: balancing redox responses in immune 
cells and tumors. Eur J Immunol. (2023) 53:e2249948. doi: 10.1002/eji.202249948

 110. EFSA Panel on Additives and Products or Substances used in Animal Feed 
(FEEDAP)Bampidis V, Azimonti G, Bastos ML, Christensen H, Dusemund B, et al. 
Assessment of the application for renewal of authorisation of selenomethionine 
produced by Saccharomyces cerevisiae CNCM I-3060 (selenised yeast inactivated) for all 
animal species. EFSA J. (2018) 16:e05386. doi: 10.2903/j.efsa.2018.5387

 111. Forman HJ, Zhang H, Rinna A. Glutathione: overview of its protective roles, 
measurement, and biosynthesis. Mol Asp Med. (2009) 30:1–12. doi: 10.1016/j.
mam.2008.08.006

 112. Kieliszek M, Błażejak S, Piwowarek K, Brzezicka K. Equilibrium modeling of 
selenium binding from aqueous solutions by Candida utilis ATCC 9950 yeasts. 3 Biotech. 
(2018) 8:388. doi: 10.1007/s13205-018-1415-8

 113. Diaz-Vivancos P, de Simone A, Kiddle G, Foyer CH. Glutathione--linking cell 
proliferation to oxidative stress. Free Radic Biol Med. (2015) 89:1154–64. doi: 10.1016/j.
freeradbiomed.2015.09.023

 114. Lu J, Holmgren A. The thioredoxin antioxidant system. Free Radic Biol Med. 
(2014) 66:75–87. doi: 10.1016/j.freeradbiomed.2013.07.036

 115. Gencheva R, Arnér ESJ. Thioredoxin reductase inhibition for cancer therapy. 
Annu Rev Pharmacol Toxicol. (2022) 62:177–96. doi: 10.1146/annurev-pharmtox- 
052220-102509

 116. Hasan AA, Kalinina E, Tatarskiy V, Shtil A. The thioredoxin system of 
mammalian cells and its modulators. Biomedicine. (2022) 10:1757. doi: 10.3390/
biomedicines10071757

 117. Roman M, Jitaru P, Barbante C. Selenium biochemistry and its role for human 
health. Metallomics. (2014) 6:25–54. doi: 10.1039/C3MT00185G

 118. Pegoraro S, Fiori S, Cramer J, Rudolph-Böhner S, Moroder L. The  
disulfide-coupled folding pathway of apamin as derived from diselenide-quenched 
analogs and intermediates. Protein Sci. (1999) 8:1605–13. doi: 10.1110/ps.8. 
8.1605

 119. Pegoraro S, Fiori S, Rudolph-Böhner S, Watanabe TX, Moroder L. Isomorphous 
replacement of cystine with selenocystine in endothelin: oxidative refolding, biological 
and conformational properties of [Sec3,Sec11,Nle7]-endothelin-1. J Mol Biol. (1998) 
284:779–92. doi: 10.1006/jmbi.1998.2189

 120. Hybsier S, Schulz T, Wu Z, Demuth I, Minich WB, Renko K, et al. Sex-specific 
and inter-individual differences in biomarkers of selenium status identified by a 

https://doi.org/10.3389/fnut.2023.1263853
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://doi.org/10.1079/BJN19920032
https://doi.org/10.3389/fendo.2021.621687
https://doi.org/10.3390/ijms24032633
https://doi.org/10.3390/ijms24032633
https://doi.org/10.3390/nu12030725
https://doi.org/10.1016/j.freeradbiomed.2014.07.005
https://doi.org/10.1111/j.1740-8709.2010.00262.x
https://doi.org/10.1177/0884533612446706
https://doi.org/10.2903/j.efsa.2023.7704
https://doi.org/10.1016/j.jtemb.2023.127235
https://doi.org/10.3390/nu10091203
https://doi.org/10.3390/molecules28073198
https://doi.org/10.1007/s00018-009-0032-4
https://doi.org/10.1152/physrev.00039.2013
https://doi.org/10.1007/PL00000667
https://doi.org/10.1007/s002040050176
https://doi.org/10.1152/ajpgi.1992.262.5.G854
https://doi.org/10.1074/jbc.M112.421404
https://doi.org/10.1146/annurev-nutr-071714-034250
https://doi.org/10.1016/j.bbagen.2009.03.026
https://doi.org/10.1016/j.jtemb.2021.126801
https://doi.org/10.1007/s00204-014-1380-x
https://doi.org/10.1016/j.jtemb.2020.126519
https://doi.org/10.1073/pnas.252610699
https://doi.org/10.1515/BC.2000.107
https://doi.org/10.1515/BC.2000.107
https://doi.org/10.1134/S0006297922140139
https://doi.org/10.1089/ars.2015.6391
https://doi.org/10.3945/an.110.000265
https://doi.org/10.1016/0968-0004(91)90180-4
https://doi.org/10.1016/0968-0004(91)90180-4
https://doi.org/10.1016/j.bbagen.2018.05.006
https://doi.org/10.3390/molecules28073198
https://doi.org/10.2174/138920312801619448
https://doi.org/10.2174/138920312801619448
https://doi.org/10.1038/s41568-021-00435-0
https://doi.org/10.1016/j.cellsig.2012.01.008
https://doi.org/10.1016/j.cellsig.2012.01.008
https://doi.org/10.1038/nrm3801
https://doi.org/10.1038/nrm3801
https://doi.org/10.1042/BST20190049
https://doi.org/10.1155/2017/5853238
https://doi.org/10.4103/jcrt.JCRT_862_16
https://doi.org/10.1007/s12264-013-1423-y
https://doi.org/10.1038/nature03688
https://doi.org/10.1016/j.ccr.2011.09.012
https://doi.org/10.1016/j.abb.2016.08.003
https://doi.org/10.3389/fphar.2023.1147414
https://doi.org/10.3389/fphar.2023.1147414
https://doi.org/10.1002/eji.202249948
https://doi.org/10.2903/j.efsa.2018.5387
https://doi.org/10.1016/j.mam.2008.08.006
https://doi.org/10.1016/j.mam.2008.08.006
https://doi.org/10.1007/s13205-018-1415-8
https://doi.org/10.1016/j.freeradbiomed.2015.09.023
https://doi.org/10.1016/j.freeradbiomed.2015.09.023
https://doi.org/10.1016/j.freeradbiomed.2013.07.036
https://doi.org/10.1146/annurev-pharmtox-052220-102509
https://doi.org/10.1146/annurev-pharmtox-052220-102509
https://doi.org/10.3390/biomedicines10071757
https://doi.org/10.3390/biomedicines10071757
https://doi.org/10.1039/C3MT00185G
https://doi.org/10.1110/ps.8.8.1605
https://doi.org/10.1110/ps.8.8.1605
https://doi.org/10.1006/jmbi.1998.2189


Wang et al. 10.3389/fnut.2023.1263853

Frontiers in Nutrition 14 frontiersin.org

calibrated ELISA for selenoprotein P. Redox Biol. (2017) 11:403–14. doi: 10.1016/j.
redox.2016.12.025

 121. Chen X, Li J, Kang R, Klionsky DJ, Tang D. Ferroptosis: machinery and 
regulation. Autophagy. (2021) 17:2054–81. doi: 10.1080/15548627.2020.1810918

 122. Dai E, Han L, Liu J, Xie Y, Kroemer G, Klionsky DJ, et al. Autophagy-dependent 
ferroptosis drives tumor-associated macrophage polarization via release and uptake of 
oncogenic KRAS protein. Autophagy. (2020) 16:2069–83. doi: 
10.1080/15548627.2020.1714209

 123. Zhao L, Zhou X, Xie F, Zhang L, Yan H, Huang J, et al. Ferroptosis in cancer and 
cancer immunotherapy. Cancer Commun. (2022) 42:88–116. doi: 10.1002/cac2.12250

 124. Do Van B, Gouel F, Jonneaux A, Timmerman K, Gelé P, Pétrault M, et al. 
Ferroptosis, a newly characterized form of cell death in Parkinson's disease that is 
regulated by PKC. Neurobiol Dis. (2016) 94:169–78. doi: 10.1016/j.nbd.2016.05.011

 125. Guo J, Xu B, Han Q, Zhou H, Xia Y, Gong C, et al. Ferroptosis: a novel anti-tumor 
action for cisplatin. Cancer Res Treat. (2018) 50:445–60. doi: 10.4143/crt.2016.572

 126. Ma S, Henson ES, Chen Y, Gibson SB. Ferroptosis is induced following siramesine 
and lapatinib treatment of breast cancer cells. Cell Death Dis. (2016) 7:e2307. doi: 
10.1038/cddis.2016.208

 127. Yamaguchi Y, Kasukabe T, Kumakura S. Piperlongumine rapidly induces the 
death of human pancreatic cancer cells mainly through the induction of ferroptosis. Int 
J Oncol. (2018) 52:1011–22. doi: 10.3892/ijo.2018.4259

 128. Ursini F, Maiorino M. Lipid peroxidation and ferroptosis: the role of GSH and 
GPx4. Free Radic Biol Med. (2020) 152:175–85. doi: 10.1016/j.freeradbiomed.2020.02.027

 129. Alim I, Caulfield JT, Chen Y, Swarup V, Geschwind DH, Ivanova E, et al. 
Selenium drives a transcriptional adaptive program to block ferroptosis and treat stroke. 
Cells. (2019) 177:1262–79. doi: 10.1016/j.cell.2019.03.032

 130. Kiess W, Gallaher B. Hormonal control of programmed cell death/apoptosis. Eur 
J Endocrinol. (1998) 138:482–91. doi: 10.1530/eje.0.1380482

 131. Zeng H. Selenium as an essential micronutrient: roles in cell cycle and apoptosis. 
Molecules. (2009) 14:1263–78. doi: 10.3390/molecules14031263

 132. Miki K, Xu M, Gupta A, Ba Y, Tan Y, Al-Refaie W, et al. Methioninase cancer gene 
therapy with selenomethionine as suicide prodrug substrate. Cancer Res. (2001) 
61:6805–10.

 133. Zeng H, Botnen JH. Selenium is critical for cancer-signaling gene expression but 
not cell proliferation in human colon Caco-2 cells. Biofactors. (2007) 31:155–64. doi: 
10.1002/biof.5520310302

 134. Irmak MB, Ince G, Ozturk M, Cetin-Atalay R. Acquired tolerance of 
hepatocellular carcinoma cells to selenium deficiency: a selective survival mechanism? 
Cancer Res. (2003) 63:6707–15.

 135. Xu ZJ, Liu M, Niu QJ, Huang YX, Zhao L, Lei XG, et al. Both selenium deficiency 
and excess impair male reproductive system via inducing oxidative stress-activated 
PI3K/AKT-mediated apoptosis and cell proliferation signaling in testis of mice. Free 
Radic Biol Med. (2023) 197:15–22. doi: 10.1016/j.freeradbiomed.2023.01.024

 136. Zhou JC, Zheng S, Mo J, Liang X, Xu Y, Zhang H, et al. Dietary selenium 
deficiency or excess reduces sperm quality and testicular mRNA abundance of nuclear 
glutathione peroxidase 4 in rats. J Nutr. (2017) 147:1947–53. doi: 10.3945/jn.117.252544

 137. Wang Y, Li X, Yao Y, Zhao X, Shi X, Cai Y. Selenium deficiency induces apoptosis 
and necroptosis through ROS/MAPK signal in human uterine smooth muscle cells. Biol 
Trace Elem Res. (2022) 200:3147–58. doi: 10.1007/s12011-021-02910-z

 138. Cannarella R, Condorelli RA, Calogero AE, Bagnara V, Aversa A, Greco EA, et al. 
Effects of Selenium supplementation on sperm parameters and DNA-fragmentation rate 
in patients with chronic autoimmune thyroiditis. J Clin Med. (2021) 10:3755. doi: 
10.3390/jcm10163755

 139. Alahmar AT. The effect of selenium therapy on semen parameters, antioxidant 
capacity, and sperm DNA fragmentation in men with idiopathic 
oligoasthenoteratospermia. Biol Trace Elem Res. (2023). doi: 10.1007/
s12011-023-03638-8

 140. Bonizzi G, Piette J, Schoonbroodt S, Greimers R, Havard L, Merville MP, et al. 
Reactive oxygen intermediate-dependent NF-kappaB activation by interleukin-1beta 
requires 5-lipoxygenase or NADPH oxidase activity. Mol Cell Biol. (1999) 19:1950–60. 
doi: 10.1128/MCB.19.3.1950

 141. Huang Z, Rose AH, Hoffmann PR. The role of selenium in inflammation and 
immunity: from molecular mechanisms to therapeutic opportunities. Antioxid Redox 
Signal. (2012) 16:705–43. doi: 10.1089/ars.2011.4145

 142. Arvilommi H, Poikonen K, Jokinen I, Muukkonen O, Räsänen L, Foreman J, et al. 
Selenium and immune functions in humans. Infect Immun. (1983) 41:185–9. doi: 
10.1128/iai.41.1.185-189.1983

 143. Ivory K, Prieto E, Spinks C, Armah CN, Goldson AJ, Dainty JR, et al. Selenium 
supplementation has beneficial and detrimental effects on immunity to influenza 
vaccine in older adults. Clin Nutr. (2017) 36:407–15. doi: 10.1016/j.clnu.2015.12.003

 144. Rocha KC, Vieira ML, Beltrame RL, Cartum J, Alves SI, Azzalis LA, et al. Impact 
of selenium supplementation in neutropenia and immunoglobulin production in 
childhood Cancer patients. J Med Food. (2016) 19:560–8. doi: 10.1089/jmf. 
2015.0145

 145. Hiffler L. Selenium and RNA virus interactions: potential implications for SARS-
Cov-2 infection (COVID-19). Front Nutr. (2020) 7:164. doi: 10.3389/fnut.2020.00164

 146. Hou JC. Inhibitory effect of selenite and other antioxidants on complement-
mediated tissue injury in patients with epidemic hemorrhagic fever. Biol Trace Elem Res. 
(1997) 56:125–30. doi: 10.1007/BF02778988

 147. Rayman MP, Taylor EW, Zhang J. The relevance of selenium to viral disease with 
special reference to SARS-CoV-2 and COVID-19. Proc Nutr Soc. (2023) 82:1–12. doi: 
10.1017/S0029665122002646

 148. Sanjuan R, Nebot MR, Chirico N, Mansky LM, Belshaw R. Viral mutation rates. 
J Virol. (2010) 84:9733–48. doi: 10.1128/JVI.00694-10

 149. Carrasco-Hernandez R, Jacome R, Lopez Vidal Y, Ponce de Leon S. Are RNA 
viruses candidate agents for the next global pandemic? A Review ILAR journal. (2017) 
58:343–58. doi: 10.1093/ilar/ilx026

 150. Taylor EW. RNA viruses vs. DNA synthesis: a general viral strategy that may 
contribute to the protective antiviral effects of selenium. Preprints. (2020). doi: 10.20944/
preprints202006.0069.v1

 151. Gallardo IA, Todd DA, Lima ST, Chekan JR, Chiu NH, Taylor EW. SARS-CoV-2 
Main protease targets host selenoproteins and glutathione biosynthesis for knockdown 
via proteolysis, potentially disrupting the thioredoxin and glutaredoxin redox cycles. 
Antioxidants. (2023) 12:559. doi: 10.3390/antiox12030559

 152. Huang Z, Rose AH, Hoffmann PR. The role of selenium in inflammation and 
immunity: from molecular mechanisms to therapeutic opportunities. Antioxid Redox 
Signal. (2012) 16:705. doi: 10.1089/ars.2011.4145

 153. Liu Q, Zhao X, Ma J, Mu Y, Wang Y, Yang S, et al. Selenium (Se) plays a key role 
in the biological effects of some viruses: implications for COVID-19. Environ Res. (2021) 
196:110984. doi: 10.1016/j.envres.2021.110984

 154. Kuffner M, Pawlak A, Przybylski M. Viral infection of the heart: pathogenesis 
and diagnosis. Pol J Microbiol. (2017) 65:391–8. doi: 10.5604/17331331.1227664

 155. Okonko IO, Adebiyi AA, Ogah OS, Adu FD. Enteroviruses as a possible cause of 
hypertension, dilated cardiomyopathy (DCM) and hypertensive heart failure (HHF) in 
South western Nigeria. Afr Health Sci. (2013) 13:1098–106. doi: 10.4314/ahs.v13i4.34

 156. Shi Y, Yang W, Tang X, Yan Q, Cai X, Wu F. Keshan disease: a potentially fatal 
endemic cardiomyopathy in Remote Mountains of China. Front Pediatr. (2021) 
9:576916. doi: 10.3389/fped.2021.576916

 157. Martinez SS, Huang Y, Acuna L, Laverde E, Trujillo D, Barbieri MA, et al. Role 
of selenium in viral infections with a major focus on SARS-CoV-2. Int J Mol Sci. (2021) 
23:280. doi: 10.3390/ijms23010280

 158. Conrad M, Sandin A, Förster H, Seiler A, Frijhoff J, Dagnell M, et al. 
12/15-lipoxygenase-derived lipid peroxides control receptor tyrosine kinase signaling 
through oxidation of protein tyrosine phosphatases. Proc Natl Acad Sci U S A. (2010) 
107:15774–9. doi: 10.1073/pnas.1007909107

 159. Hoffmann FW, Hashimoto AC, Shafer LA, Dow S, Berry MJ, Hoffmann PR. 
Dietary selenium modulates activation and differentiation of CD4+ T cells in mice 
through a mechanism involving cellular free thiols. J Nutr. (2010) 140:1155–61. doi: 
10.3945/jn.109.120725

 160. Hoffmann PR, Jourdan-Le Saux C, Hoffmann FW, Chang PS, Bollt O, He Q, et al. 
A role for dietary selenium and selenoproteins in allergic airway inflammation. J 
Immunol. (2007) 179:3258–67. doi: 10.4049/jimmunol.179.5.3258

 161. Maehira F, Miyagi I, Eguchi Y. Selenium regulates transcription factor NF-
kappaB activation during the acute phase reaction. Clin Chim Acta. (2003) 334:163–71. 
doi: 10.1016/S0009-8981(03)00223-7

 162. Rocha KC, Vieira ML, Beltrame RL, Cartum J, Alves SI, Azzalis LA, et al. Impact 
of selenium supplementation in neutropenia and immunoglobulin production in 
childhood cancer patients. J Med Food. (2016) 19:560–8. doi: 10.1089/jmf.2015.0145

 163. Rohr-Udilova N, Bauer E, Timelthaler G, Eferl R, Stolze K, Pinter M, et al. Impact 
of glutathione peroxidase 4 on cell proliferation, angiogenesis and cytokine production 
in hepatocellular carcinoma. Oncotarget. (2018) 9:10054–68. doi: 10.18632/
oncotarget.24300

 164. Yuan S, Mason AM, Carter P, Vithayathil M, Kar S, Burgess S, et al. Selenium and 
cancer risk: wide-angled Mendelian randomization analysis. Int J Cancer. (2022) 
150:1134–40. doi: 10.1002/ijc.33902

 165. Bates CJ, Thane CW, Prentice A, Delves HT. Selenium status and its correlates in 
a British national diet and nutrition survey: people aged 65 years and over. J Trace Elem 
Med Biol. (2002) 16:1–8. doi: 10.1016/S0946-672X(02)80002-5

 166. Ferrucci L, Corsi A, Lauretani F, Bandinelli S, Bartali B, Taub DD, et al. The 
origins of age-related proinflammatory state. Blood. (2005) 105:2294–9. doi: 10.1182/
blood-2004-07-2599

 167. Feng Y, Xing Y, Liu Z, Yang G, Niu X, Gao D. Integrated analysis of microRNA 
and mRNA expression profiles in rats with selenium deficiency and identification of 
associated miRNA-mRNA network. Sci Rep. (2018) 8:6601. doi: 10.1038/
s41598-018-24826-w

 168. Bomer N, Grote Beverborg N, Hoes MF, Streng KW, Vermeer M, Dokter MM, 
et al. Selenium and outcome in heart failure. Eur J Heart Fail. (2020) 22:1415–23. doi: 
10.1002/ejhf.1644

https://doi.org/10.3389/fnut.2023.1263853
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://doi.org/10.1016/j.redox.2016.12.025
https://doi.org/10.1016/j.redox.2016.12.025
https://doi.org/10.1080/15548627.2020.1810918
https://doi.org/10.1080/15548627.2020.1714209
https://doi.org/10.1002/cac2.12250
https://doi.org/10.1016/j.nbd.2016.05.011
https://doi.org/10.4143/crt.2016.572
https://doi.org/10.1038/cddis.2016.208
https://doi.org/10.3892/ijo.2018.4259
https://doi.org/10.1016/j.freeradbiomed.2020.02.027
https://doi.org/10.1016/j.cell.2019.03.032
https://doi.org/10.1530/eje.0.1380482
https://doi.org/10.3390/molecules14031263
https://doi.org/10.1002/biof.5520310302
https://doi.org/10.1016/j.freeradbiomed.2023.01.024
https://doi.org/10.3945/jn.117.252544
https://doi.org/10.1007/s12011-021-02910-z
https://doi.org/10.3390/jcm10163755
https://doi.org/10.1007/s12011-023-03638-8
https://doi.org/10.1007/s12011-023-03638-8
https://doi.org/10.1128/MCB.19.3.1950
https://doi.org/10.1089/ars.2011.4145
https://doi.org/10.1128/iai.41.1.185-189.1983
https://doi.org/10.1016/j.clnu.2015.12.003
https://doi.org/10.1089/jmf.2015.0145
https://doi.org/10.1089/jmf.2015.0145
https://doi.org/10.3389/fnut.2020.00164
https://doi.org/10.1007/BF02778988
https://doi.org/10.1017/S0029665122002646
https://doi.org/10.1128/JVI.00694-10
https://doi.org/10.1093/ilar/ilx026
https://doi.org/10.20944/preprints202006.0069.v1
https://doi.org/10.20944/preprints202006.0069.v1
https://doi.org/10.3390/antiox12030559
https://doi.org/10.1089/ars.2011.4145
https://doi.org/10.1016/j.envres.2021.110984
https://doi.org/10.5604/17331331.1227664
https://doi.org/10.4314/ahs.v13i4.34
https://doi.org/10.3389/fped.2021.576916
https://doi.org/10.3390/ijms23010280
https://doi.org/10.1073/pnas.1007909107
https://doi.org/10.3945/jn.109.120725
https://doi.org/10.4049/jimmunol.179.5.3258
https://doi.org/10.1016/S0009-8981(03)00223-7
https://doi.org/10.1089/jmf.2015.0145
https://doi.org/10.18632/oncotarget.24300
https://doi.org/10.18632/oncotarget.24300
https://doi.org/10.1002/ijc.33902
https://doi.org/10.1016/S0946-672X(02)80002-5
https://doi.org/10.1182/blood-2004-07-2599
https://doi.org/10.1182/blood-2004-07-2599
https://doi.org/10.1038/s41598-018-24826-w
https://doi.org/10.1038/s41598-018-24826-w
https://doi.org/10.1002/ejhf.1644


Wang et al. 10.3389/fnut.2023.1263853

Frontiers in Nutrition 15 frontiersin.org

 169. Tang C, Li S, Zhang K, Li J, Han Y, Zhao Q, et al. Selenium deficiency induces 
pathological cardiac lipid metabolic remodeling and inflammation. Mol Nutr Food Res. 
(2022) 66:e2100644. doi: 10.1002/mnfr.202100644

 170. Wang L, Wang B, Chen S, Hou X, Wang XF, Zhao SH, et al. Effect of selenium 
supplementation on recurrent hyperthyroidism caused by graves’ disease: a prospective pilot 
study. Horm Metab Res. (2016) 48:559–64. doi: 10.1055/s-0042-110491

 171. Weissel M. Selenium and the course of mild Graves' orbitopathy. N Engl J Med. 
(2011) 364:1920–31. doi: 10.1056/NEJMoa1012985

 172. Steinbrenner H, Duntas LH, Rayman MP. The role of selenium in type-2 diabetes 
mellitus and its metabolic comorbidities. Redox Biol. (2022) 50:102236. doi: 10.1016/j.
redox.2022.102236

 173. Sun HJ, Rathinasabapathi B, Wu B, Luo J, Pu LP, Ma LQ. Arsenic and selenium 
toxicity and their interactive effects in humans. Environ Int. (2014) 69:148–58. doi: 
10.1016/j.envint.2014.04.019

 174. Fairweather-Tait SJ, Bao Y, Broadley MR, Collings R, Ford D, Hesketh JE, et al. 
Selenium in human health and disease. Antioxid Redox Signal. (2011) 14:1337–83. doi: 
10.1089/ars.2010.3275

 175. Huang Y, Wang Q, Gao J, Lin Z, Bañuelos GS, Yuan L, et al. Daily dietary 
selenium intake in a high selenium area of Enshi, China. Nutrients. (2013) 5:700–10. doi: 
10.3390/nu5030700

 176. Hadrup N, Ravn-Haren G. Acute human toxicity and mortality after 
selenium ingestion: a review. J Trace Elem Med Biol. (2020) 58:126435. doi: 
10.1016/j.jtemb.2019.126435

 177. Ning Y, Wang X, Zhang P, Anatoly SV, Prakash NT, Li C, et al.  
Imbalance of dietary nutrients and the associated differentially expressed  
genes and pathways may play important roles in juvenile Kashin-Beck  
disease. J Trace Elem Med Biol. (2018) 50:441–60. doi: 10.1016/j.jtemb.2018. 
01.012

https://doi.org/10.3389/fnut.2023.1263853
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://doi.org/10.1002/mnfr.202100644
https://doi.org/10.1055/s-0042-110491
https://doi.org/10.1056/NEJMoa1012985
https://doi.org/10.1016/j.redox.2022.102236
https://doi.org/10.1016/j.redox.2022.102236
https://doi.org/10.1016/j.envint.2014.04.019
https://doi.org/10.1089/ars.2010.3275
https://doi.org/10.3390/nu5030700
https://doi.org/10.1016/j.jtemb.2019.126435
https://doi.org/10.1016/j.jtemb.2018.01.012
https://doi.org/10.1016/j.jtemb.2018.01.012


Wang et al. 10.3389/fnut.2023.1263853

Frontiers in Nutrition 16 frontiersin.org

Glossary

RCT randomized controlled trials

NRCT non-randomized controlled trials

SMD standard mean difference

WMD weighted mean difference

OR odds ratio

RR relative risk

CI confidence intervals

GRADE the Grading of Recommendations, Assessment, Development and Evaluation

ATID autoimmune thyroid disease

FT3 free triiodothyronine

FT4 free thyroxine

TSH thyroid stimulating hormone

LT4 levothyroxine

TGAb anti-thyroglobulin antibody

TPOAb anti-thyroid peroxidase antibody

MMI methimazole

HOMA-B homeostasis model of assessment-estimated β-cell function

HOMA-IR homeostasis model of assessment-estimated insulin resistance

QUICKI quantitative insulin sensitivity check index

FPG fasting plasma glucose

HbA1c hemoglobin A1c

PCOS polycystic ovary syndrome

TAC total antioxidant capacity

SHBG sex hormone binding globulin

TC total cholesterol

VLDL very low density lipoprotein-cholesterol

SBP systolic blood pressure

DBP diastolic blood pressure

TG total triglyceride

LDL-C lipoprotein-cholesterol

HDL-C high-density lipoprotein-cholesterol

BMI body mass index

ICU intensive care units

hs-CRP high sensitivity c-reactive protein

CRP c-reactive protein

IQR interquartile-range

CVD cardiovascular disease

RDAs recommended dietary allowances

GPXs glutathione peroxidases

DIOs iodothyronine deiodinases

SeMet selenomethionine

ATP adenosine triphosphate

PSTK O-phosphoseryl-tRNA[Ser]Sec kinase

SEPHS2 selenophosphate synthetase 2

SEPSECS Sec-tRNA synthase

SECIS selenocysteine insertion sequence

ROS reactive oxygen species

SELENOW Selenoprotein W

SELENOT Selenoprotein T

SELENOP Selenoprotein P

NK cells natural kill cells

IL Interleukin

AIDS acquired immune deficiency syndrome

COVID-19 corona virus disease-19

NF-κB nuclear factor-kappa B

SNPs single nucleotide polymorphisms

TR thioredoxin reductase

CVB3 coxsackie virus B3

GCLC γ-glutamate cysteine ligase
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