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Selenium deficiency is considered a risk factor for anemia of chronic 

inflammation, which is mediated by hepcidin. However, there are few studies providing 

evidence of the role of hepcidin in this relationship. In this study we investigated the 

interrelationships among selenium biomarkers, hepcidin concentration, and iron status 

among individuals with obesity compared to their normal weight counterparts, since 

obesity presents with low-grade chronic inflammation. A total of 59 college students (18-

49 years) consisting of 27 individuals with normal weight and 32 individuals with 

overweight/obesity were recruited for this study.  Fasting blood samples were collected 

for the analysis of iron status biomarkers, plasma selenoproteins (glutathione peroxidase 

(GPX) activity and selenoprotein P) and plasma hepcidin concentration. Subjects 

completed 3-day dietary records to determine average daily nutrient intakes.  Regression 

analysis, independent t-test and Wilcoxon rank sum tests were used to determine the 

relationships among variables. Statistical significance was set at p ≤ 0.05. There were no 

significant differences in nutrient intakes between subjects with overweight/obesity and 

those with normal weight (P>0.05). Selenoprotein P concentration, GPX activity and iron 

status biomarkers (serum iron, transferrin saturation and hemoglobin concentration) were 

lower among individuals with overweight/obesity compared with individuals with normal 

weight, but these differences were not significant (p>0.05). Regression analysis showed 

that the relationship between hepcidin concentration and transferrin saturation depended 

on body weight status (p for interaction = 0.036). Plasma GPX activity (β=-0.018, p = 



 
 

0.008) and selenoprotein P concentration (β=-1.24, p = 0.03) were inversely associated 

with hepcidin concentration. In conclusion, our study showed an inverse association 

between selenium status and hepcidin concentration which supports the proposed role of 

hepcidin as mediator between selenium and iron status and also highlights the importance 

of selenium in addressing inflammation-related anemia. Intervention studies on the effect 

of selenium supplementation on hepcidin concentration and iron status in individuals 

with anemia of inflammation are needed to support these findings. 
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CHAPTER I 

INTRODUCTION 

 

Inflammation is a biological response of the immune system to infection. There is 

increasing evidence that a self-destructive inflammatory action of the immune system is a 

secondary component of metabolic disturbance(s) in the development of chronic disease 

(1,2). Iron deficiency anemia remains one of the micronutrient deficiencies which can 

compromise immunity, increase fatigue and result in neurological deficits (3). Anemia of 

inflammation (AI), another form of anemia that results from chronic conditions involving 

inflammatory activity such as cancer, congestive heart failure, chronic kidney disease and 

aging independent of disease, is an emerging health concern (4). Changes associated with 

AI may include alterations in iron metabolism, erythrocyte life span and production and 

lowered transferrin saturation. Macrophage iron stores however remain replete due to its 

sequestration to prevent availability of iron to pathogens (5).  

Apart from the chronic conditions mentioned above, inflammation is also present 

in a chronic low-grade form among individuals with obesity. In obesity, macrophages and 

immune system cells invade the adipose tissue in response to fat accumulation leading to 

the production of pro-inflammatory cytokines including (Interleukin 6) IL-6, (C-reactive 

protein) CRP, (Tumor necrosis factor alpha) TNF-α and (Nuclear factor kappa B) NF-κB 

(6). The production of pro-inflammatory cytokines and a consequent destruction of 
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adipocytes furthers a cascade of the inflammatory response that increases the risk of 

chronic disease (6). With the increased production of the pro-inflammatory cytokine IL-

6, the synthesis of the iron regulatory hormone, hepcidin, is upregulated leading to a 

reduction in circulating iron and an increase in the storage of iron in macrophages and 

hepatocytes (7).  

Hepcidin is a 25-amino acid (disulfide-rich) peptide that has been implicated to 

play a critical role in iron metabolism by acting as a signaling molecule and in immunity 

due to its antimicrobial properties (8,9). Hepcidin acts by binding to the iron transporter 

(ferroportin) resulting in its internalization (10). Its concentration increases in response to 

high iron stores and inflammation and decreases with anemia and oxidative stress. High 

levels of hepcidin have been associated with symptoms such as iron storage in cells of the 

reticuloendothelial system, reduced intestinal iron absorption and a decrease in 

circulating iron similar to what is observed in AI (11). 

In view of the relationships among hepcidin, inflammation and iron status, studies 

on the potential role of antioxidant/anti-inflammatory nutrients in regulating iron status 

are necessary. Selenium (Se), an essential trace mineral influences inflammatory response 

by suppressing the release of pro-inflammatory cytokines through the antioxidant action 

of selenoproteins, such as glutathione peroxidase (GPX), selenoprotein P (SEPP1),  and 

selenoprotein W (12). Thus, studies have shown suboptimal Se status during 

inflammation. The process by which selenium influences inflammation is subject to 

various levels of control in cells directly involved in the inflammatory response. In 

macrophages supplemented with Se, anti-inflammatory proteins were upregulated and in 
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chicken lymphocytes, Se pretreatment prior to hydrogen peroxide treatment up-regulated 

selenoprotein W and lowered the expression of TNF-α and NF-κB compared to the non-

treated control cells (13,14). In hemodialysis and alcoholic liver patients, Se 

supplementation resulted in the down-regulation of pro-inflammatory cytokines (15,16). 

Despite increasing knowledge of its role in addressing inflammation, no study has 

investigated how selenium influences the chronic inflammation found in obesity and its 

relationship with hepcidin and iron status.  

Main Objective 

The aim of this study was to investigate the associations among selenium status, 

hepcidin concentration and iron status biomarkers in individuals with overweight/obesity 

compared to normal weight controls.   

Specific Objectives 

1. To compare selenium (GPX activity and selenoprotein P) and iron status biomarkers 

between individuals with overweight/obesity and those with normal weight adjusting 

for selenium intake.  

Hypothesis: GPX activity, selenoprotein P concentration, transferrin saturation, serum 

iron and hemoglobin will be higher in individuals with normal weight compared to those 

with overweight/obesity 

2. To investigate the relationship between the two selenium biomarkers and hepcidin 

concentration among study participants.  

Hypothesis: Hepcidin concentration will be inversely associated with GPX activity and 

selenoprotein P concentration among study participants 
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3. To determine the associations among GPX activity and selenoprotein P and markers 

of circulating and functional iron in individuals with overweight/obesity and those 

with normal weight. 

Hypothesis: GPX activity and selenoprotein P concentration will both be positively 

associated with transferrin saturation, serum iron and hemoglobin 
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CHAPTER II 

LITERATURE REVIEW 

Dietary Sources and Metabolism of Iron 

Dietary iron comes in the form of heme and non-heme iron. Heme iron is found in 

poultry, red meat, liver and fish sources. Non-heme iron is found in most foods but 

predominantly in plant sources or their fortified alternatives including legumes, green 

leafy vegetables, seeds, cereals, breakfast bars, bread, nuts and whole grains (17,18). The 

two forms of iron are absorbed differently. Heme iron is tightly stored in a 

protoporphyrin ring and better absorbed by an energy mediated process. Non-heme iron 

is less tightly stored as ferritin and catalytic centers of proteins hence easily influenced by 

dietary components in food (17,19). As a result, food containing iron inhibitors and /or 

enhancers will impact the amount of non-heme iron absorbed (17).  

Iron absorption is regulated by a person’s iron status as low body iron stores will 

enhance intestinal iron uptake compared to an iron replete individual. The proximal part 

of the small intestine is adapted for iron absorption. Iron in the intestinal lumen needs to 

cross the apical and basolateral membranes of enterocytes for transport into the blood 

stream and target organs. Non-heme iron (Fe3+) crosses the apical membrane via the 

divalent metal transporter 1 (DMT1). For this to happen, it is first reduced to Fe2+ by 

duodenal cytochrome B (DcytB). Absorbed iron can be stored as ferritin or transported 

across the basolateral membrane via ferroportin (FPN1), an iron efflux protein.



6 
 

 On the other hand, the absorption of heme iron is not fully understood. Heme 

iron (Fe2+) is presumed to be transported intact as a protoporphyrin complex across the 

apical membrane via endocytosis. Iron is then released from heme by heme oxygenases 

and stored as ferritin or transported via FPN1. Inside the enterocytes, heme and non-heme 

iron form part of a common iron pool (19,20). When iron needs are low, iron is stored in 

ferritin, a spherical intracellular protein complex holding approximately 4,500 iron atoms 

(21,22). However, when iron needs are high, ferroportin (encoded by the SLC40A1 gene) 

exports the iron, which is taken up by transferrin. This process is facilitated by hephaestin 

which converts the iron from Fe2+ to Fe3+ for uptake by transferrin. As a result, iron is 

transported to macrophages and hepatocytes from the basolateral membrane of 

enterocytes as Tf-Fe3+ (19,22).  

Iron is recycled by macrophages from senescent red blood cells and hence most of 

the iron is not excreted from the body (23,24).  The recycled iron is used to meet most of 

our iron need, with the exception of a small amount (1-2 mg) that has to be met through 

iron intake. The Dietary Reference Intakes (DRIs) are therefore set to meet this intake 

requirement considering the percentage absorption value. For example, the 

Recommended Dietary Allowance (RDA) for iron is 8 and 18mg for males and females 

respectively from 19 through 50 years of age (17). Proteins involved in iron metabolism 

include ferritin (functions in iron storage) and transferrin (delivers iron from absorption 

centers to all tissues) which function as iron carriers. Hepcidin (regulates iron efflux), the 

iron regulatory protein (IRP, regulate genes involved in iron metabolism to optimize 

iron availability), hemojuvelin and matriptase-2 (Mt2) (regulates the transcription of 
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hepcidin) are involved in iron regulation (21,25). During iron absorption, insoluble ferric 

iron (Fe3+) is converted to its soluble intermediate, ferrous iron (Fe2+) by means of 

ferrireductases and ferroxidases. This inter-conversion of insoluble to soluble iron 

increases the likelihood of generating free radicals as reactive hydroxyl species in the 

Fenton reaction, and hence the need for a tight homeostatic iron control. Hepcidin 

ensures this homeostatic control to keep iron within normal ranges in the body (22–24).  

The Role of Hepcidin in Iron Regulation 

 Hepcidin is a protein that modulates systemic iron homeostasis and is 

characterized as a liver-expressed antimicrobial peptide-1. It is translated as an 84-amino 

acid prepropeptide and cleaved by convertases to the biologically active 25-peptide 

hepcidin which is released into circulation. Hepcidin is controlled at the transcriptional 

level and is upregulated with increased metabolic needs such as during intensive physical 

activity, high storage iron and inflammation and downregulated during hypoxia, iron 

deficiency and increased erythropoiesis (23). Hepcidin functions by binding to the iron 

exporter, ferroportin, inhibiting intestinal absorption and iron efflux from hepatocytes and 

macrophages (23,26,27).  

Multiple pathways including iron status, inflammation, erythropoiesis and 

reactive oxygen species impact the expression of hepcidin (28). However, iron regulation 

through the hepcidin antimicrobial peptide (HAMP) gene is primarily influenced through 

two major pathways; inflammation via the IL 6-STAT3 pathway and the BMP-SMAD 

pathway. Intracellular and extracellular iron stores influence transcription of the HAMP 

gene via the BMP-SMAD (SMAD 1/5/8) pathway which is intracellularly influenced 
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through sensing by transferrin receptors (TfR1 and TfR2). The transmembrane protein 

BMP 6 in conjunction with hemojuvelin, matriptase-2 and neogenin phosphorylate the 

SMAD proteins enabling SMAD 4 to form a complex with BMP 6 which translocates to 

the nucleus and binds to the hepcidin promoter region upregulating it (29,30). SMAD 7 in 

the cytosol is activated by low iron stores inactivating SMAD 4 and consequently 

downregulating hepcidin (28). This impacts the expression of hepcidin in iron replete or 

deficient states via a feedback loop.  

Inflammation also regulates hepcidin expression through the IL 6-hepcidin axis 

which activates the JAK 2/STAT 3 pathway and then hepcidin. This explains 

significantly higher hepcidin concentrations observed in morbidly obese women 

compared with their normal weight counterparts (31). The increased pro-inflammatory 

cytokines in inflammation also upregulates lipopolysaccharide secretion and hepcidin 

expression. Although it was previously thought that during inflammation hepcidin binds 

to ferroportin resulting in its internalization and degradation, current research suggests 

proteolytic ubiquitination leading to endocytosis of the hepcidin-ferroportin complex 

preventing iron efflux (32–34).  

Hepcidin and Iron Status 

A downstream effect of increased hepcidin is lowered transferrin saturation as 

iron is unavailable for binding onto the transferrin receptor (TfR) reducing iron delivery 

to tissues. Increased iron uptake onto transferrin also increases hepcidin expression 

through the interaction between TfR1 and TfR2 (35). Considering that hepcidin 

expression directly influences transferrin saturation and consequently iron available for 
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erythropoiesis, hepcidin has significant use as an acute marker of iron stores as 

upregulation leads to systemic hypoferremia and adipose tissue iron overload (35,36).  

A study showed that serum hepcidin concentration was positively correlated with 

ferritin and negatively correlated with transferrin (37). Among adult patients in the above 

study, soluble transferrin receptor was also a significant predictor of serum hepcidin. 

These studies among others highlight the role of hepcidin as a regulator of iron status 

(38,39).  

Functions of Iron 

 Iron is essential for several processes in the body. It is incorporated into 

hemoglobin in blood (contains two-thirds iron) and myoglobin in muscle tissue enabling 

these proteins to transport oxygen to tissues. Iron is also involved in dehydrogenases and 

cytochrome enzymes which are involved in oxidation and reduction as part of the 

electron transport chain during respiration. Other functions include DNA replication, cell 

proliferation and energy production (23,24,40).   

DNA Replication 

New evidence shows that enzymes such as helicases and glycosylases involved in 

DNA synthesis and repair have iron cofactors in the form of iron-sulfur (Fe-S) clusters at 

their catalytic sites. Through reduction/oxidation reactions, iron-sulfur clusters enhance 

the affinity of these enzymes for DNA replication. In vitro experiments show that the 

disruption of Fe-S cluster incorporation inhibits DNA primase activity partly as a result 

of unfolding of carboxy terminal domains of the catalytic subunits and also inhibits cell 

cycle progression to the S-phase (41). These results demonstrate the essentiality of the 
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Fe-S cluster for initiating genomic integrity. DNA bound polymerases by virtue of iron 

sulfur cluster proteins are also able to intercommunicate increasing their efficiency in 

DNA damage detection (42). In ovarian granuloma cells treated with Fe2+, cells 

accumulated at the G2/M phase showing its role in cell cycle arrest in cancer (43) 

Energy Metabolism 

Fe-S clusters also influence energy metabolism as they are a component of 

electron transport chain proteins I, II and IV. Beta cell control of mitochondrial iron is 

needed for membrane depolarization and closure of ATP-dependent potassium gated 

channels needed for insulin secretion and glucose metabolism. The AMP-ATP ratio 

nutrient sensor that regulates AMPK, the energy sensor, is also largely dependent on iron 

(44). 

Iron-sulfur clusters regulate energy metabolism via cytosolic and mitochondrial 

aconitase. During energy metabolism, these homologs of aconitase convert citrate to 

isocitrate in the mitochondrion and cytosol. Mitochondrial aconitase functions in the 

TCA cycle. Cytosolic aconitase is regulated via the insertion of [4Fe-4S] into iron-

regulatory proteins 1 (IRP1). IRPs are iron-regulated RNA-binding proteins that control 

mRNAs encoding critical modulators of iron storage (ferritin) and energy homeostasis 

(45). IRP1 is bifunctional and acts as both an IRP and  a cytosolic aconitase (46–48). 

Only a small portion of cytosolic aconitase is recruited to IRP1 suggesting that 

unregulated interconversion of this large pool of cytosolic aconitase into the RNA-

binding form would have negative consequences (46,47). 
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Immunity 

Iron plays an essential role in the microbiome as gut microbiota are sustained by 

ingested iron (44). Iron-dependent bacteria in the gut thrive via secretion of siderophores 

that enable them to scavenge iron from hemoglobin or transferrin (49,50). In bacteria and 

fungi, the iron bound to siderophores are taken up either via receptors and transporters or 

directly through reductive assimilation causing the reduction of Fe3+ to Fe2+ prior to 

uptake. Iron bound to siderophores in soil microbes may be available for use by plants. 

Siderophores are also iron chelating and can deprive disease-causing pathogens of iron. 

In cases of iron excess, bacteria and fungi secreting siderophores increase the expression 

of ferritin genes thereby reducing the iron available to pathogens while still making iron 

available to the host (51).  

Iron is also responsible for the proliferation and maturation of immune cells such 

as neutrophils, macrophages, and lymphocytes (52). During infection and inflammation, 

immune cells upregulate iron-binding proteins (lipocalin 2 and lactoferrin) which bind 

and inhibits the iron available for bacterial growth (53). In disease states such as cancers, 

defective immune cells containing excess iron increase the levels of iron available to 

adjoining cells via adhesion molecules leading to cell replication. However, cells without 

these excess amounts of iron are able to undergo programmed cell death preventing their 

further replication (54,55). This highlights the need for tight control of body iron stores. 

Other Functions 

Iron is implicated in thyroid health as it is essential for iodine uptake and involved 

in thyroid hormone synthesis through the activation of heme-dependent thyroid 
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peroxidase (56,57). Iron status markers such as red cell distribution width, hemoglobin, 

ferritin and mean corpuscular hemoglobin were negatively correlated with the thyroid 

stimulating hormone in cases of hyperthyroidism and subclinical thyroid function 

(57,58).  

In humans, some anemias are linked to impairments in Fe-S cluster biogenesis 

(59). The mitochondrial iron sulfur cluster (ISC) assembly system assembles Fe-S 

clusters for mitochondrial proteins, and is required for the cytosolic iron sulfur cluster 

assembly (CIA) system. The CIA system is essential for maturation of Fe-S proteins in 

the cytosol and nucleus (60,61). Disruption of either the ISC or CIA system substantially 

impairs cell function (59).  

Iron Deficiency and Anemia 

 NHANES data shows that there has been an increase in anemia by 3% from years 

2003 to 2012 while the prevalence of moderate-severe anemia almost doubled to 2% in 

the same years. Iron deficiency is the leading cause of anemia in developed and low-

income countries. It is the commonest nutritional deficiency worldwide and the cause for 

approximately half of all cases of anemia (62). Iron deficiency may occur due to 

increased iron needs, blood loss, decreased intake or absorption. Iron is made available 

for erythropoiesis via transferrin which bind iron from liver stores, gut and recycled red 

blood cells from macrophages. In the absence of hemorrhage, and chronic inflammatory 

diseases, iron requirements for tissue oxygenation and red blood cell production remain 

stable throughout adulthood with supply balanced by demand (63). 
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There are two forms of iron deficiency. Absolute iron deficiency occurs when 

available iron (dietary iron, iron recycled from old red blood cells) is inadequate to meet 

the need for erythropoiesis. Anemia develops and is evident by low iron stores, low 

transferrin saturation, increased total iron binding capacity, and lowered hemoglobin 

synthesis (23,63). On the other hand, inflammatory conditions may mask these changes 

in blood markers as less iron is made available to tissues in order to inhibit use by 

harmful pathogens. This is evidenced by lowered transferrin saturation, low total iron 

binding capacity and increased ferritin stores (23). This form of iron deficiency is called 

functional iron deficiency and like absolute iron deficiency can also lead to anemia (62). 

The consequences of anemia include fatigue, poor concentration, reduced productivity, 

poor cognitive and motor function. Economically disadvantaged individuals, pregnant 

women, pre-menopausal women, and children are at risk of iron deficiency.  

Due to the multifaceted nature of anemia, challenges still remain in identifying 

accurate treatment and management therapies. Current therapies for the acute treatment 

of anemia include blood transfusion, erythropoietin therapy, Vitamin B-12 injections, 

intravenous iron therapy, intermittent iron supplementation and more recently, hepcidin 

inhibitors (64–66). Strategies such as iron supplementation and fortification although 

beneficial against severe forms of anemia may not provide for long-term management of 

mild or moderate anemia particularly in developing countries (67).  In developing 

countries, the fortification of staples, use of micronutrient powders and supplementation 

were beneficial in improving hemoglobin concentrations. However, disadvantages 
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include cost-effectiveness of fortified compared to unfortified foods, distribution and 

traditional cooking practices (68). 

In order to mitigate these challenges dietary diversification has been suggested. A 

multicenter study in four African countries with high prevalence of micronutrient 

deficiencies advocated for dietary diversification to improve micronutrient intake (69). 

Dietary diversity is ensuring individual access to safe and quality foods laden with 

adequate micro and macronutrients. However, minimal evidence for outcome measures, 

affordability and the paucity of food databases are disadvantages for implementation. 

Particularly for iron, synergy from other nutrients such as proteins are needed to enhance 

absorption making dietary diversification a sustainable long-term solution for anemia 

(67). 

Inflammation 

Types, Causes and Sources of Inflammation  

Inflammation is a physiological mediator through which nutritional and metabolic 

actions interplay and exert their actions in a non-specific adaptive response of the body to 

pathogens, infection and/or tissue injury in order to restore homeostatic control (70). The 

acute inflammatory state activates macrophages triggered by innate immune receptors 

such as Toll-like receptors recruiting plasma proteins, leukocytes, vasoactive amines, 

chemokines and cytokines further down the cascade (70). 

Types of inflammation may include sterile inflammation not borne from 

infections and occurs independent of infection to recruit chemokines and cytokines to a 

site of inflammation (71). Para-inflammation on the other hand presents characteristics 



15 
 

intermediate between hemostatic control and classic inflammatory processes which may 

not be characteristic of overt infection or tissue injury (70). The sustenance and 

persistence of the associated tissue damage in para-inflammation with the combined 

activation of macrophages and T-cells result in chronic inflammation leading to an 

altered metabolic state due to changes in homeostatic set points (70,71).  

Inflammation and Body Composition 

Obesity is characterized by chronic low-grade inflammation (72). Adiposity 

activates metabolic pathways implicated in inflammatory signaling. The release of pro-

inflammatory cytokines in visceral adipose tissue may be associated with the increased 

secretion of TNF-α, IL-6 and adiponectin seen in chronic conditions such as obesity 

(73,74).  

At the systemic level, IL-6 and the acute phase protein, CRP are both produced in 

the liver. IL-6 triggers the production of CRP and are easily detectable pro-inflammatory 

cytokines in serum. At the cellular level, the release of these pro-inflammatory cytokines 

triggers the release of neutrophils and monocytes (differentiate into macrophages). 

Neutrophils ingest the pathogens by the release of reactive oxygen species which 

potentiates the release of other cytokines increasing the inflammatory response. Some 

studies further show that these biomarkers may exist in other states other than chronic 

low-grade inflammation while others ascribe this physiological response to that evident 

in the chronic low-grade inflammation observed in obesity (7,75).  

This subclinical inflammatory process with increased levels of pro-inflammatory 

cytokines was observed among severely obese individuals for gastric bypass surgery. 
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Researchers observed that the portal vein which drains visceral fat had a higher 

concentration of IL-6 compared to the peripheral artery blood showing that omental fat is 

an important site for the production of IL-6. IL-6 concentration was also positively 

correlated with CRP levels (76). Similarly, in two phases out of seven in a study among 

3500 UK civil servants followed for 11 years, mean increases in CRP concentration were 

3% lower in normal weight individuals as compared to overweight/obese individuals 

(77). In a similar trajectory of body composition and the link with inflammation, CRP 

and IL-6 levels were positively correlated with BMI, visceral fat, total body fat, waist 

circumference and waist to hip ratio (p<0.05) with higher levels of CRP, IL-6 and TNF-α 

in obese than non-obese Korean adults (n=100) (78). 

Muscle strength and composition loss may also be evidence of disruption in local 

tissue and may promote chronic inflammation and further deteriorate muscle function 

(79). Muscle tissue is a source of IL-6 and has been linked to muscle wasting in mdx 

mice. In C2C12 myoblasts, IL-6 mRNA knockdown reduced muscle specific gene 

expression. Elevated IL-6 concentrations may also be associated with arthritis and 

dystrophy of the muscle stem cells (80). 

The interplay between adiposity and inflammation is seen in obesity and 

evidenced by the production of inflammatory protein molecules/biomarkers. This 

inflammatory link from an increased percentage of body fat may be the reason for 

deficiencies of essential elements in obesity (81). This may also in part be due to regional 

fat accumulation resulting in impaired concentrations of essential nutrients (82). Regional 

adipose tissue distribution is a key determinant of obesity aside weight considerations. It 
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has been shown that this accumulation of lipids in skeletal muscle and abdominal/visceral 

fat may further increase the risk of insulin resistance and type 2 diabetes (83).  

Obesity, Inflammation and Iron Status 

Apart from iron deficiency, inflammation is another leading cause of anemia. 

According to the National Institute of Diabetes and Digestive and Kidney Diseases, it is 

the second most common cause of anemia (84). Anemia of chronic disease or anemia of 

inflammation, is a multifactorial malignancy induced by IL-6 via the IL-6-STAT3 

pathway increasing hepcidin levels and resulting in ferroportin endocytosis and decreased 

iron export. During inflammation, IL-6 binds to glycoprotein l30 and the activation of 

this ligand increases the expression of hepcidin. As a result, there is a lowered 

proliferative capacity of erythroid progenitor cells due to decreased availability of iron 

for erythropoiesis from the increased iron sequestration. This may be evidenced by the 

elevated ferritin levels seen in anemia of inflammation. This increased cytokine release is 

similarly observed in obesity resulting in increased levels of hepcidin, decreased iron 

absorption and a consequent mild iron deficiency (23,85).  

  Obesity marked by low grade chronic inflammation thereby increases the risk of 

anemia of inflammation, through a hepcidin mediated-inflammatory response. The 

expression of pro-inflammatory cytokines in adipose tissue in obese adults and 

adolescents has also been linked to iron deficiency anemia (25,86). On the whole, the 

underlying metabolic state of obesity and the associated multiple factors including age 

and diet have been seen to influence iron status (87). 
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In a sub-analysis of the Healthy Lifestyle in Europe by Nutrition in Adolescence-

Cross Sectional Study (HELENA-CSS) to evaluate the associations among obesity, 

inflammation and iron status in a group of European adolescents (n= 876), 

overweight/obese boys had higher storage iron (ferritin; p<0.001) and higher CRP 

compared to boys with normal BMI (p = 0.02). Among girls, CRP but not ferritin 

concentration was significantly higher among overweight/obese subjects compared to  

those with normal BMI (p=0.002) (88). In another study by Cheng et al., among 

overweight and obese women, BMI was a significant predictor of serum iron, serum 

ferritin and CRP levels, although they did not find a significant association between low 

serum ferritin levels and inflammation or hepcidin concentration (87). This contrasted 

with a study by Andrew et al., where researchers observed that visceral adipose tissue in 

individuals with obesity was associated with high serum ferritin and hepcidin 

concentration and inflammation (89). In this study, circulating iron concentration, NF-κB 

and TNF-α were also increased in individuals with obesity with and without type 2 

diabetes compared to the healthy weight control group (89).  

Diet and Inflammation 

Selenium as a Dietary Antioxidant 

Selenium, a trace mineral, is of fundamental importance to human health. It is an 

essential component of several major metabolic pathways, including thyroid hormone 

metabolism, antioxidant defense systems of Vitamin C and other molecules, and immune 

function (86).  The selenium content of plant-based food varies depending on the 

geographical location and the soil selenium content while the amounts in animal sources 
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such as milk, eggs and meat remain fairly consistent due to the known selenium content 

of controlled animal feeds. The forms of dietary selenium are selenomethionine (major 

dietary form) and selenocysteine which are both well absorbed. Selenocysteine and 

selenomethionine are the organic forms of selenium found in plants and animals. 

Selenocysteine is incorporated into selenoproteins through a highly regulated process 

while selenomethionine incorporated non-specifically into proteins such as albumin is 

unregulated. Other forms include selenate and selenite found in fortified foods and 

supplements. Selenide, a metabolite of selenium functions in other bodily reactions or is 

excreted in urine (17).  

Selenium is an antioxidant and exerts biological activity through its incorporation 

as selenocysteine at the active site of selenoproteins. Glutathione peroxidase (GPX), 

selenoprotein P and thioredoxin reductase are selenoproteins predominantly characterized 

as storage sites for Se. Selenium status is measured through biomarkers linked directly to 

selenium function (GPX and SEPP1) and indirect measures (plasma selenomethionine 

concentrations which provides information on dietary intake and tissue stores). Selenium 

maximizes the activity of selenoproteins at plasma concentrations ranging from 80-

100ng/mL (90).  

GPX contains 4 selenocysteine atoms at its active site. Se deficiency results in the 

impaired synthesis of GPX in erythrocytes, serum and cytosol. Glutathione peroxidase is 

characterized in detail into four enzymes from GPX 1-4. GPX1 was the first identified 

biochemical marker of Se status to reduce hydrogen peroxide (91). As a result, GPX1 

activity counters oxidative stress and its impaired synthesis alters erythrocyte function 
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(92). GPX2 is found in the epithelium of the gastrointestinal system while GPX3 is 

predominantly found in plasma and inhibits the action of hydrogen peroxide and 

lipoperoxides (93). GPX4 is essential in lipid membranes and catalyze the reduction of 

lipid hydroperoxides preventing lipid peroxidation. GPX variants tightly regulate 

adipocyte differentiation and have been associated with obesity and its associated 

pathologies (93). 

Selenoprotein P functions in homeostasis and in the distribution of selenium. 

SEPP1 is produced by the liver and carries approximately 60% of plasma selenium 

transported to peripheral tissues (90). A storage site for a majority of the selenium in 

plasma, SEPP1 is a biomarker for total selenium nutritional status and consequent 

selenium deficiency. It has 2 domains, the N-terminal which contains 1 selenocysteine 

residue and the C-terminal which contains multiple selenocysteines, approximately 9 in 

humans (94). Individuals with BMI> 30kg/m2 have been observed to have low 

concentrations of selenoprotein P which may be due to the upregulation of pro-

inflammatory cytokines in adipose tissue (95,96). 

In the United Kingdom and other European Union countries, the decline in blood 

selenium concentration resulted in chronic disease health implications. In Finland, the 

determination of Se-poor soil resulted in suboptimal dietary selenium intake (25µg/day) 

and the likelihood of associated health problems. This led to the addition of sodium 

selenate to agricultural fertilizers to increase the levels of Se in soil, crops, animal feeds 

and consequently human foods. This mode of Se supplementation resulted in notable 

increases in vegetables, cereals, cow’s milk and meat sources. However, its direct impact 
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on the health of this population remains fairly unevaluated even though the spate of 

specific health problems remains low (97).  

The implicit importance of selenium to human health is recognized. This may in 

part explain the proposal by the FDA in April 2013 for the addition of the mineral Se to 

the list of required nutrients in infant formula. This was to avoid Se deficiency by 

meeting the 2µg/100kcal requirement. There is also current FDA policy for Se 

supplementation of livestock feeds for beef cattle and sheep (98). However, the current 

RDA for selenium was introduced on the basis of blood GPX activity and effective 26th 

July 2018, the FDA reduced the RDI for 14 nutrients including selenium which was 

reduced from 70µg/day to 55µg/day (99). However, optimal plasma Se needed to 

maximize the activity of selenoprotein P may be more appropriate (91). The current 

dietary Se recommendation may not completely accommodate research highlighting the 

functional roles of other selenoproteins aside from GPx. The levels of Se intake to 

optimize selenoproteins such as selenoprotein P, which contains approximately 60% of 

plasma Se, is estimated at 70 µg/day (97). 

Selenium and Inflammation  

The expression of selenoproteins may be present in the cell membrane where it 

mounts a defense against lipid peroxidation (97,100).  As a result, selenoproteins may 

play a critical role in the underlying inflammation in adipose tissue (101). Selenium 

influences the inflammatory response by the down-regulation of pro-inflammatory 

cytokines (13,14). When the incorporation of selenium at the active sites of enzymes such 

as GPX is impaired due to selenium deficiency, the inflammatory response in chronic 
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conditions is exacerbated.  Suboptimal selenium status is associated with an increase in 

IL-6 (12). Selenium deficiency in chronic inflammatory conditions also result in the 

decreased synthesis of selenoproteins and antioxidants such as glutathione (GSH), 

increasing the production of CRP and the inflammatory state (102). Selenium 

supplementation may restore serum selenium levels resulting in the down-regulation of 

CRP attenuating the inflammatory response (88,103,104). 

In a study to investigate the association between serum selenium concentrations 

and IL-6 in the institutionalized elderly (n=336; 70-87yr), elderly populations with the 

highest quartile of IL-6 had 23% significantly lower selenium concentration as compared 

to the lowest quartile after adjustment for covariates (OR= 2.35 (95% confidence 

interval: 1.15-4.83), p=0.015). CRP was also significantly higher across increasing 

quartiles of IL-6 (p=0.005). The prevalence of selenium deficiency in this population and 

its association with high levels of IL-6 suggests possible benefits for monitoring Se status 

to reduce inflammatory states (104).  

Selenium may similarly be protective in inflammatory states by the suppression of 

pro-inflammatory genes via the NF-κB signaling pathway in human macrophage cells. In 

a study to investigate the effect of selenomethionine (SeMet) on the NF-ĸB signaling 

pathway in LPS-induced macrophage cells, U937 human macrophage cells were cultured 

in Roswell Park Memorial Institute (RPMI) 1640 medium, 10% fetal bovine serum under 

standard conditions. To determine the effect of SeMet on the NF-ĸB pathway, p-NF-ĸB-

Luc reporter plasmid was transfected into some of the SeMet and/or LPS cells. TNF-α 
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and IL-6 expression were one-fold lower in SeMet+LPS transfected cells as compared to 

LPS non-transfected cells (p<0.05) (13).  

Selenium deficiency in the presence of inflammation was similarly observed 

among alcoholic liver disease patients which may be due to the cellular injury and the 

initiation of inflammatory responses. A 120% higher IL-6 (p<0.0001) and a 28% lower 

serum selenium (p=0.001) were observed in the highest severity group of liver cirrhosis 

as compared to controls without cirrhosis. In all liver cirrhosis groups, the concentration 

of selenium was negatively correlated with IL-6 (r= -0.38, p=0.03) (15).  

Oxidative stress as routinely occurs in patients after coronary artery bypass graft 

surgery could not be attenuated by the administration of intravenous selenium. In this 

study, CRP concentration was significantly lower in the selenium group compared to the 

control group after 48 hours (p=0.017). However, there were no significant differences in 

IL-6 and TNF- α between the selenium and control group at 48hours (102,105).  

In an animal study, the effect of Se-enriched rice with high resistant starches 

(SRRS) in attenuating chronic inflammation compared to normal rice resistant starches 

(NRRS) was evaluated in high fat fed Institute of Cancer Research mice. There was a 

35% and 30% lower level of IL-6 in the SRRS and NRRS group respectively as 

compared to diabetic controls (p<0.05). Lower TNF-α and CRP levels were reported with 

SRRS treatment compared to the NRRS and the diabetic control respectively (p<0.05). In 

this study, a 4-week administration of SRRS reduced the expression of pro-inflammatory 

cytokines in diabetic mice. In another study the effect of a single dose of Brazil nut, a 

rich dietary source of selenium, on inflammatory markers was investigated. In this 
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randomized crossover trial of 10 adult volunteers (23-34y), participants were randomized 

to 5, 20 and 50g Brazil nuts. Among subjects who consumed 50 g brazil nuts,  IL-6 

concentration decreased by 15% between day 1 and day 30 after the ingestion (p<0.05) 

(106).  

Individuals with increased body weight have been shown to have low levels of 

circulating selenium in the blood (107). Guarino et al., observed that after a 52- week Se 

supplementation (83mcg), there was a significant decrease in visceral adiposity.  This 

may be because selenium reduces adipocyte differentiation and adipogenesis with a 

consequent decrease in the size of fat cells (108). In another study, there was an 

approximately 20% lower dietary Se intake in overweight/obese men and women 

compared to their normal weight counterparts. In the same study, among women, android 

fat was lower (11%) in the high Se intake group compared to the low Se intake group and 

in men, trunk fat was also lower (16%) in the high Se intake group compared to the low 

Se intake group. Due to this, dietary Se intake needs to be adjusted for body weight as 

different body weight may have altered dietary Se needs (109). 

Selenium and Iron Status 

Selenoenzymes are implicated to be protective against anemia. In mice models, 

glutathione peroxidase was protective against oxidative stress in erythroid cells 

undergoing maturation, erythrocyte turnover and heme homeostasis (110). Reductions in 

the levels of glutathione have been implicated in defects in Fe-S cluster biogenesis (111). 

Selenium deficiency (plasma selenium<70ng/mL) is linked with anemia through multiple 

pathways namely, modulation through inflammation via hepcidin, increases in heme-
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oxygenase 1 and oxidative stress (86). A recent study also implicated serum zinc as a 

mediator in this relationship (112).  

In the pathway linking oxidative stress to the anemia observed in selenium 

deficiency, it is noted that the hierarchical formation and turnover of red blood cells make 

them susceptible to oxidative stress. Due to the availability of iron, free α-globin units of 

immature erythrocytes are particularly prone to the action of reactive oxygen species 

leading to the aggregation of Heinz bodies and the hemolysis of erythrocytes. Selenium 

deficiency as evidenced by low levels of redox buffer systems (GPX and thioredoxin 

reductase) potentiates this oxidative stress activity in erythrocytes. The lack of selenium 

also impacts the erythropoietic environment by making heme/iron unavailable for the 

maturing of erythrocytes leading to decreased erythrocyte lifespan (110). 

Increased expression of heme oxygenase-1 due to selenium deficiency is also 

implicated in anemia. Heme-oxygenase is a membrane bound enzyme expressed in liver 

and spleen and essential for recycling heme to release biliverdin, iron and carbon 

monoxide. High levels of heme oxygenase-1 impairs the uptake of iron from transferrin 

for erythroid cells resulting in defective erythropoiesis (113,114). In the liver of 

inflammation induced rats, the expression of heme oxygenase-1 was increased after 4 and 

6 hours (115). In chicken lymphocytes treated with lead to induce inflammation, 

selenium supplementation reduced the levels of heme oxygenase-1 (113).  

The role of selenium in anemia via inflammation has not been extensively 

studied. As already known, selenium deficiency plays a role in the impairment of the 

antioxidant defense system. This leads to increased expression of reactive oxygen species 
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and consequently, the expression of pro-inflammatory cytokines, particularly IL-6. The 

activation of IL-6 is the main induction pathway in anemia of inflammation via hepcidin, 

suggesting hepcidin as a mediator in the relationship between selenium and anemia (86). 

Studies have shown that plasma selenium concentration, GPX and superoxide dismutase 

are negatively correlated with hepcidin in patients with chronic kidney disease (CKD) 

and Alzheimer’s disease (116).  

Several studies have been conducted to investigate the relationship between 

selenium and iron status. In the NHANES III data, lower serum selenium concentrations 

were observed among older adults with anemia compared to their non-anemic 

counterparts. A higher prevalence of anemia was observed in the lowest quartile of serum 

selenium compared to the highest quartile. After adjusting for demographics and chronic 

diseases in this population, serum selenium was positively associated with hemoglobin 

concentration (117). Among adolescent girls with poor zinc and selenium status, low 

serum selenium concentration was associated with anemia (118). Serum selenium 

concentration was also positively correlated with serum ferritin concentration among 

Korean female adults (119). However, among college students with low iron status 

without anemia, serum selenium and glutathione peroxidase concentrations were not 

significantly different from the control group pre and post-iron supplementation (120).   

Most studies that investigate the relationship between selenoproteins and iron 

status have been done among subjects with CKD due to the shortened life span of 

erythrocytes. Among these patients, there is a resulting iron-restricted erythropoiesis due 

to increased hepcidin concentration and the impaired production of erythropoietin for the 
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bone marrow leading to defective erythropoiesis (28). In chronic kidney disease, plasma 

selenium and GPX concentrations were reduced (27). Supplementation with selenium 

significantly increased plasma selenium concentration and erythrocyte GPX activity in 

CKD patients at different stages of severity (121). In the 2011 to 2014 NHANES dataset 

among CKD patients, hemoglobin and serum iron were positively correlated with 

selenium (122).  

Conflicting findings still remain in the association between body selenium status 

and anemia. However, most animal and human studies show inverse association between 

plasma/serum selenium and anemia.  

Conclusion 

This review has discussed the relationships among iron metabolism, inflammation 

and selenium status. We have further shown that selenium deficiency leads to impaired 

iron status and discussed the mechanisms through which this happens. We have also 

discussed how obesity is associated with iron and selenium status through inflammation. 

However, there is an existing gap in how selenium influences iron status through the 

inflammation observed in obesity.
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CHAPTER III 

RESEARCH ARTICLE 

 

An Observational Study of the Interrelationships among Selenium, Iron Status 

and Inflammation in Young Adults 

 

 

Introduction 

Anemia affects a third of the world’s population (123). In the US, the prevalence 

increased by 3% from years 2003 to 2012 (124). Anemia results from a homeostatic iron 

imbalance with increased destruction of erythrocytes and/or impaired synthesis (123). 

Iron-deficiency anemia is the most common form of anemia accounting for about half of 

all anemia cases, while inflammation is the second most common cause of anemia (3,84).  

Inflammation refers to a biological response of the immune system to infection 

and is a secondary component of chronic disease that is implicated in anemia of 

inflammation (1,2). Inflammation accounts for about a fifth of anemia cases in older 

adults and among individuals with obesity, the observed chronic low-grade inflammation 

is implicated to result in hypoferremia (3,4,84,123). Anemia caused by inflammation is 

associated with alterations in iron metabolism, erythrocyte life span and production, 

lowered transferrin saturation and serum iron, and increased ferritin concentrations (125). 

The link between inflammation and anemia has been explained by the iron regulatory 

protein, hepcidin. Hepcidin is a 25 amino acid (disulfide-rich) peptide that plays a critical 

role in iron metabolism by acting as a signaling molecule and in immunity due to its
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antimicrobial properties (8,9). Hepcidin acts by binding to the iron transporter 

(ferroportin) resulting in its ubiquitination, endocytosis and consequent degradation (42). 

Hepcidin concentration increases in response to high iron stores and inflammation and 

decreases with anemia and oxidative stress (126).  

In obesity, macrophages and immune system cells invade the adipose tissue in 

response to fat accumulation leading to the production of pro-inflammatory cytokines 

including (Interleukin 6) IL-6, (6). With the increased production of the pro-

inflammatory cytokine IL-6, hepcidin, is upregulated leading to a reduction in circulating 

iron and an increase in iron storage in macrophages and hepatocytes and a consequent 

mild iron deficiency (7,85).  

The inflammation from increased percentage of body fat may also result in 

deficiencies of essential elements in obesity and antioxidant/anti-inflammatory nutrients 

such as selenium may be a potential agent in addressing inflammation (81,86). Selenium 

is incorporated as part of selenocysteine at the active site of selenoproteins (GPX, 

selenoprotein P and thioredoxin reductase). GPX1 contains 4 selenocysteine sites and 

counters oxidative stress and its impaired synthesis alters erythrocyte function. 

Selenoprotein P (SEPP1) is a biomarker of total selenium nutritional status  and selenium 

deficiency and functions in the distribution of body selenium (92,94). Studies show that 

selenoproteins may play a critical role in the underlying inflammation in adipose tissue 

(81,101). Poor selenium status is also a risk factor for anemia as its deficiency contributes 

to the formation of methemoglobin which is unable to carry ferric iron (Fe3+) in its 

structure and consequently oxygen (127,128). Studies also show that selenium is linked 
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to anemia through the modulation of inflammation via the IL-6 pathway, the increased 

expression of heme-oxygenase 1 and oxidative stress (86,115,118,129). Other researchers 

site serum zinc as a potential modulator in this relationship (112).  

Despite the increasing knowledge of the role of selenium in addressing 

inflammation, no study has investigated how selenium influences the chronic 

inflammation found in obesity and its relationship with hepcidin and iron status. The aim 

of this study was to investigate the associations among selenium status, hepcidin 

concentration and iron status biomarkers in individuals with overweight/obesity 

compared with normal weight controls. We hypothesized that selenium status will be 

negatively correlated with hepcidin concentration and positively correlated with iron 

status biomarkers among study participants. 

Materials and Methods 

Study Participants and Recruitment 

Subjects were recruited from University of North Carolina, Greensboro (UNCG) 

students and staff via mass emails in the Summer of 2018. Out of a total 129 subjects 

who responded to the mass e-mail, 66 of them came for screening at the Cemala 

Foundation Human Nutrition Research Laboratories of the Nutrition Department (Figure 

3.1).  At the screening visit, potential subjects were provided with a copy of the informed 

consent form to read and sign if they agreed to participate in the study. The informed 

consent contained information on the study, and benefits and risks of participating.  

When they had provided consent, they filled out the screening form with information on 

demographics, use of vitamin and mineral supplement, medical history and any current 



 

31 
 

medication. As part of the screening procedure, duplicates of their height and weight 

were also measured to estimate their BMI to assess their eligibility for the study. Subjects 

were eligible for the study if they were 18 to 49 years of age, with a BMI of 18.5 kg/m2 

or over, with no history of inflammation associated chronic diseases such as chronic 

kidney disease, cancer, heart disease, diabetes mellitus, and severe/mild hypertension. In 

addition, they were eligible if they were non-smokers, not pregnant, not lactating and not 

taking any mineral/vitamin supplement or medicines that could interfere with iron and 

selenium status or inflammatory markers. Also, individuals who had donated blood two 

months prior to the start of the study were excluded.  

We estimated that 58 subjects were needed to determine a significant association 

between selenium biomarkers and hepcidin concentration in a regression model assuming 

an r-squared 0.5 for regression model with up to 9 predictors at an alpha level of 0.05 and 

with a statistical power of 0.8.  To meet this sample size, we recruited a total of 66 

subjects with equal numbers of subjects having either normal weight or 

overweight/obesity. Out this number, 2 subjects opted out for personal reasons, 3 of them 

did not come in for blood draw, 1 had a BMI<18.5kg/m2 at the screening visit and 1 was 

excluded from the analysis as the required volume of blood could not be drawn at the 

study visit. Fifty-nine subjects were used in the final analysis. The protocol for this study 

was approved by the Institutional Review Board of UNCG. 

Study Design 

The study was a cross-sectional study in which anthropometry, dietary intake data 

and blood samples were obtained from subjects. Subjects who qualified based on the 
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inclusion/exclusion criteria were provided with 3-day dietary record forms and weighing 

scales to weigh and record foods eaten. They were to be completed and returned at the 

study visit. Instructions for completing the dietary record was provided by the research 

assistant. 

For the study visit, the study participants were required to do an overnight fast 

where they did not consume any food or drink (except water) 10 hours prior to the study 

visit. On the morning of the study visit, the dietary records were collected and reviewed 

by the research assistant. Their height, weight and other anthropometric measurements 

were taken and approximately 30 ml of venous blood was collected to measure the 

concentrations of iron and selenium biomarkers, hepcidin and markers of inflammation. 

All study participants who completed both screening and study visits, were provided $60 

Walmart gift cards as compensation for participating in the study. 

Anthropometry 

Height, weight and body composition measurements such as visceral (abdominal) 

fat, and total body fat were taken. A stadiometer (Seca 213) was used to measure the 

standing height of the study participants following standard procedure. A weighing scale 

(Tanita BWB-800) was used to measure the weight in kilograms in light clothing (130). 

Body composition was measured using a bioelectrical impedance analyzer (Tanita 

Segmental Body Composition Monitor, BC-545F) which worked by passing a very low, 

safe electrical current from four electrodes in contact with the hands and feet to the 

abdomen. The electrical signal passes through different body components and the level of 

resistance (impedance) to the current is measured and used in a prediction equation to 



 

33 
 

calculate estimates of their body composition. To use the bioelectrical impedance 

analyzer, study participants were required to remove shoe and socks from both feet, step 

on the metal electrodes of the analyzer and hold the handle at a horizontal level from the 

ground away from them. As part of this protocol study participants were also asked to be 

properly hydrated prior to measurement. 

Dietary and Nutrient Intake 

To assess dietary intake using the 3-day weighed dietary record, subjects were 

required to keep a log of all foods consumed on 3 non-consecutive days (2-week days 

and 1 weekend day) between the screening and study visits. They were provided with a 

food weighing scale to weigh and record all food items consumed during the selected 

days. For students who ate in the cafeteria or ate out, they were asked to estimate 

amounts compared to amounts eaten at home. They were also encouraged to note serving 

amounts when eating at chain restaurants or food service places with calorie information. 

Study participants who consumed pre-packaged foods were asked to bring along the 

empty packages during the study visit. Dietary records were analyzed into nutrients and 

food groups using the Nutrition Data System for Research (NDSR software, University 

of Minnesota). To ensure reliability and accuracy of dietary records, a trained research 

assistant reviewed the dietary information with participants on the study visit and data 

were reviewed by another research assistant during data entry into NDSR.  

Sample Analyses 

Fasting blood samples collected at the study visit were processed into serum, 

plasma or whole blood for the measurement of selenium, iron status and inflammatory 
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markers as well as plasma hepcidin. Iron status biomarkers (ferritin, hemoglobin, 

Unsaturated Iron Binding Capacity, Total Iron Binding Capacity, transferrin saturation 

and plasma iron) and CRP concentration were measured from serum or whole blood (in 

the case of hemoglobin) by LabCorp Laboratories (Burlington, NC). With the exception 

of the serum and whole blood samples that were sent to LabCorp, all other samples were 

stored in our laboratory at – 80 oC and analyzed upon study completion.  

Plasma was predigested in our laboratory with trace metal grade HNO3 overnight 

in a sandbath at 65 oC. The samples were then diluted with 2% HNO3 and deionized 

water. The digested plasma samples were analyzed for plasma selenium concentration 

using the 8800 Tandem ICP-MS/MS from Agilent Technologies (Santa Clara, CA) in the 

lab of Dr. George Donati (Chemistry department, Wake Forest University). Plasma 

concentrations of hepcidin, selenoprotein P, and GPX activity were measured in our 

laboratory using Enzyme Linked Immunosorbent Assay (ELISA) kits. Erythrocyte GPX 

activity was measured from red blood cell lysate obtained after the plasma was collected 

and the remaining blood sample lysed. The GPX activity ELISA kit was obtained from 

Cayman Chemical (Ann Arbor, MI) while the selenoprotein and hepcidin kits were 

obtained from MyBioSource (San Diego, CA) and Peninsula Laboratories International 

(San Carlos, CA) respectively.  

Statistical Analysis 

Data were stratified according to normal or overweight/obese. Our primary 

outcome variables were plasma hepcidin and serum iron concentrations, while our 

independent variables were GPX activity and selenoprotein P. Means and standard 

https://www.google.com/search?rlz=1C1GGRV_enUS751US751&q=Ann+Arbor+Michigan&stick=H4sIAAAAAAAAAOPgE-LSz9U3KE_KMUo2UmIHszOMtTQyyq30k_NzclKTSzLz8_Tzi9IT8zKrEkGcYqv0xKKizGKgcEYhAD0vcE1BAAAA&sa=X&ved=2ahUKEwjYv_frjrndAhUoc98KHWPtCu8QmxMoATAUegQIBxAg
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deviations were reported for continuous variables with normal distributions. Median and 

interquartile ranges were reported for nutrient intake variables. Percentages were reported 

for categorical variables. Ferritin, TIBC, selenoprotein P, plasma selenium, CRP, and 

hepcidin concentrations were log transformed to approximate normality. Student’s t-test 

was used to compare continuous variables between the two groups. Wilcoxon rank sum 

test was used to determine significant differences in nutrient intakes between the two 

subject groups. Linear regression analysis was used to determine the associations among 

selenium biomarkers, iron status and hepcidin concentration adjusting for the potential 

confounders. Confounding variables adjusted for in the regression analysis were age, 

gender, BMI category, ethnicity, and dietary selenium. To determine if associations 

among variables differed between subjects with overweight/obesity and those with 

normal weight, we fitted an interaction term in the regression models and kept it in the 

model only when it was significant. Statistical significance was set at p≤0.05, and 

0.05<p≤0.1 was considered weakly significant. The R-software (Rx64 3.5.0.ink) was 

used for data analysis.
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Figure 3.1 Study Participant Recruitment 

 

 

 

 

Assessed for eligibility 

Excluded (n=6) 

• Opted out for personal reasons (n=2) 

• Did not come in for blood draw (n=3) 

• Low BMI (n=1) 

Recruited (n=60) 

18.5 < BMI ≤ 25 kg/m2 (n=28) 
 

• Normal weight category 

BMI > 25 kg/m2 (n=32) 
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drawn 
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Results 

Out of the 59 participants included in the final analysis, a majority (71%) were 

female and 42% were Non-Hispanic Blacks (%) (Table 3.1). There were 46% of study 

participants with normal weight and 54% with overweight/obesity. About 19% of the 

participants had high C-reactive protein (CRP ≥ 3 mg/L).  

 

Table 3.1 Background Data of Study Participants 

Variables N (%) 

Gender 

           Male 

           Female 

 

17 (29) 

42 (71) 

Ethnicity 

           Non-Hispanic White 

           Hispanics 

           Non-Hispanic Black 

           Other Race2 

 

18 (31) 

6 (10) 

25 (42) 

10 (17) 

BMI category, kg/m2 

           Normal  

           Overweight/obese 

 

27 (46) 

32 (54) 

Inflammation category  

           Low (<1 mg/L) 

           Medium (≥1-3 mg/L) 

           High (≥3 mg/L) 

 

40 (68)  

8 (13)  

11 (19) 
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Age, years1 21.36±2.87 

1Values are mean ± SD 
2Other Race are Asians, Arabs, Multiracial and Persians 

 

Table 3.2 shows the nutrient intake between participants with normal weight and 

those with overweight/obesity is compared. The median caloric intake was 1875 kcal/day 

with no significant difference between subjects with normal weight and 

overweight/obesity. Similarly, the median selenium intake was not significantly different 

between individuals with normal weight (99.42 mcg/day) compared to individuals with 

overweight/obesity (102 mcg). Vitamin C intake was lower in individuals with 

overweight/obesity (43.37 mg/day) compared to individuals with normal weight (88 

mg/day), p=0.028. All other nutrient intakes were not significantly different between the 

two groups (p> 0.05). 

 

Table 3.2 Daily Nutrient Intake according to BMI Category 1  

 
 Normal  

(n=27) 

Overweight/obese 

(n=32) 

Total  p-value2 

Caloric intake, 

kcal 

1844 (1423, 2611)       1878 (1347, 2234) 1875 (1357, 

2304) 

0.667 

Total fat, g 66.28 (56, 107) 80.67 (53, 98) 72.01 (54, 104) 0.982 

Protein, g 70.52 (50, 97) 73.1 (52, 96) 73.16 (51, 97) 0.994 

Selenium, mcg 99.42 (70, 151) 102 (83, 153) 101.82 (79, 152) 0.645 

Iron, mg 17.24 (10, 20)         12.41 (10, 16) 13.33 (10, 19) 0.272 

Zinc, mg 8.97 (6, 16) 9.28 (7, 12) 9.19 (6, 14) 0.886 
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Vitamin A, mcg 352.51 (214, 442) 318.71 (180, 427) 352.51 (190, 430) 0.667 

Vitamin C, mg 88 (52, 124) 43.37 (19, 95) 57.44 (34, 103) 0.028* 

Vitamin E, mg 11.22 (7, 21) 9.39 (7, 12) 10.53 (7, 13) 0.19 

p<0.001 ‘***’ p<0.01 ‘**’ p<0.05 ‘*’  
1Values are median (interquartile range) 
2p-values are based on Wilcoxon rank sum test  

As expected, the mean BMI was significantly lower among individuals with 

normal weight compared with individuals with overweight/obesity, p<0.001. Higher total 

body fat (8%) and visceral fat (4 levels) levels were observed in subjects with 

overweight/obesity compared to subjects with normal weight, p<0.001. There were no 

significant differences in iron status biomarkers and hepcidin concentration. Erythrocyte 

GPX activity was not significantly different in individuals with normal weight (1001±386 

nmol/min/ml) compared with individuals with overweight/obesity (1077±415 

nmol/min/ml), p = 0.766. Plasma GPX activity was higher among normal weight 

individuals compared with those with overweight/obese, however this difference was not 

statistically significant, p=0.169. There was similarly no significant difference in 

selenoprotein P or plasma selenium concentration among individuals with normal weight 

compared to those with overweight/obesity, p=0.347 (Table 3.3)
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Table 3.3 Anthropometric and Biochemical Data according to BMI Category1 

 

 Normal  

(n=27) 

Overweight/obese 

(n=32)  

Total  p-value3 

Plasma selenium, 

ng/ml2 

114.38 (90, 

145) 

112.06 (92, 137) 113.1 (91, 

141) 

0.363 

Erythrocyte GPX 

activity, nmol/min/ml 

1001±386 1077±415 1042±400 0.766 

Plasma GPX activity, 

nmol/min/ml 

84.29±18.31 79.48±18.44 81.75±18.36 0.169 

SEPP12, ng/ml 360.77 (290, 

450) 

352.13 (276, 446) 356.05 (284, 

450) 

0.347 

BMI, kg/m2 22.43±1.71 29.28±4.14 26.15±4.73 0.0000009*** 

Visceral fat, level 1.83±0.81 5.79±3.04 3.98±3.04 0.000002*** 

Total body fat, % 25.78±8.38 33.82±8.6 30.14±9.34 0.0006** 

Skeletal muscle, kg 44.86±10.11 51.34±10.77 48.37±10.89 0.021* 

Hemoglobin, g/dl5 13.48±1.55 13.25±1.95 13.35±1.77 0.616 

Ferritin, ng/ml2 36.2 (13, 101) 41.07 (13,136) 38.76 (13, 

118) 

0.677 

TIBC, µg/dl2,4 350.37 (284, 

432) 

347.56 (296, 407) 348.84 (287, 

420) 

0.874 

Transferrin 

saturation, % 

29.33±15.21 26.59±12.32 27.85±13.66 0.456 

Serum iron, µg/dl 98.37±45.67 91.06±42.05 94.41±43.51 0.528 
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Hepcidin, ng/ml2 9.95 (3, 29) 15.09 (3, 67) 12.47 (3, 47) 0.218 

p<0.001 ‘***’ p<0.01 ‘**’ p<0.05 ‘*’  
1Values are mean±SD 
2Values are in geometric means (±1SD) 
3p-values are based on Independent t-test 
4Total Iron Binding Capacity 
5Missing data (n=1) 

 

 

Table 3.4 shows the correlations among hepcidin, iron status and selenium 

biomarkers. Hepcidin concentration was positively correlated with ferritin concentration 

(r=0.79, p<0.001), serum iron (r=0.42, p<0.01), hemoglobin concentration (r=0.52, 

p<0.001) and transferrin saturation (r=0.52, p<0.001), and negatively correlated with 

TIBC (r=-0.57, p<0.001). Selenoprotein P concentration was negatively correlated with 

plasma GPX activity (r=-0.32, p<0.016). C-reactive protein concentration was negatively 

correlated with serum iron (r=-0.28, p=0.031), and transferrin saturation (r=-0.33, 

p=0.011). Other significant correlations were observed among the iron status biomarkers. 

There were no significant correlations between selenium biomarkers and iron status 

biomarkers (p>0.05), neither were there any significant correlations between the selenium 

biomarkers and C-reactive protein or hepcidin concentrations (p> 0.05).  
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Table 3.4 Correlation among Hepcidin, Iron Status Biomarkers and Selenoproteins in Study Participants 

 Ferritin, 

ng/ml2 

Transferrin 

saturation, 

% 

Serum 

iron, 

µg/dl 

TIBC, 

µg/dl1 

Hemoglobin,g/dl CRP, 

mg/L2 

Erythrocyte 

GPX 

activity, 

nmol/min/ml 

Plasma GPX 

activity, 

nmol/min/ml 

SEPP1, 

ng/ml2 

Hepcidin, 

ng/ml2 

Ferritin, ng/ml2 1.00   0.66***                  0.51***         -0.67***          0.65*** -0.07        0.0002 0.017 0.11 0.79*** 

Transferrin 

saturation, % 

0.66*** 1.00 0.93*** -0.49***                  0.68*** -0.33**         0.03 -0.04 0.09 0.52*** 

Serum iron, 

µg/dl 

0.51*** 0.93*** 1.00 -0.16           0.61*** -0.28*         0.004 -0.06 0.04 0.42** 

TIBC, µg/dl 1,2 -

0.67*** 

-0.49***                  -0.16           1.00            -0.43*** 0.14         -0.15 0.01 -0.14 -0.57*** 

Hemoglobin, 

g/dl 

0.65*** 0.68***                  0.61*** -0.43*** 1.00 -0.25        0.04 -0.08 0.09 0.52*** 

CRP, mg/L2 -0.07        -0.33**         -0.26*         0.14       -0.25*        1.00         -0.05 0.09 -0.19 0.11 

Erythrocyte 

GPX activity, 

nmol/min/ml 

0.0002                0.03 0.004   -0.15 0.04 

 

 

 

 

-0.05 1.00 -0.23 0.23 -0.003 
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Plasma GPX 

activity, 

nmol/min/ml 

0.017 -0.04 -0.06 -0.15 0.04 0.09 -0.22 1.00 -0.32* -0.11 

SEPP1, ng/ml2 0.11 0.09 0.04 -0.14 0.09 -0.19 0.23 -0.32* 1.00 -0.08 

Hepcidin, 

ng/ml2 

0.79*** 0.52*** 0.42** 0.57*** 0.52*** 0.06 -0.003 -0.11 -0.08 1.00 

p<0.001 ‘***’ p<0.01 ‘**’ p<0.05 ‘*’ 
1Total iron binding capacity 
2Variables were log transformed before analysis
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In multiple linear regression analysis, hepcidin concentration was significantly 

predicted by plasma GPX activity (β =-0.02, p<0.01), selenoprotein P concentration (β=-

1.23, p=0.028) and ferritin concentration (β=1.01, p<0.001). Serum iron was predicted by 

ferritin concentration (β=13.26, p=0.035). Transferrin saturation was predicted by ferritin 

concentration (p<0.001), and weakly predicted by C-reactive protein (p<0.067). 

Hemoglobin concentration was significantly predicted by ferritin concentration (p<0.01). 

All the regression models were adjusted for age, gender, BMI category and ethnicity 

(p<0.001), Table 3.5.
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Table 3.5 Association among Hepcidin, Iron Status Biomarkers and Selenoproteins in Study Participants 

 Hepcidin ng/ml (n= 55) 1 Serum iron, ug/dL (n=55) 

Transferrin saturation, % 

(n=55) 

Hemoglobin, g/dL (n=54) 

Predictors β SE p β SE p β SE p β SE p 

(Intercept) 7.59 3.41 0.031 184.96 167.51 0.276 24.37 43.77 0.581 16.81 4.37 <0.001 

Plasma GPX activity, 

nmol/min/ml  

-0.02 0.01 0.009 -0.24 0.33 0.474 -0.03 0.09 0.705 -0.01 0.01 0.208 

Ferritin, ng/ml1 1.01 0.12 <0.001 13.26 6.07 0.035 6.58 1.59 <0.001 0.51 0.16 0.002 

C-reactive protein, mg/L1 0.02 0.09 0.849 -6.47 4.53 0.161 -2.23 1.18 0.067 -0.08 0.12 0.483 

Erythrocyte GPX activity, 

nmol/min/ml 

-0.00 0.00 0.776 -0.00 0.01 1.000 0.00 0.00 0.839 0.00 0.00 0.808 

Selenoprotein P, ng/ml1 -1.23 0.54 0.028 -26.15 26.74 0.334 -4.26 6.99 0.545 -0.93 0.70 0.192 

Gender             
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Male -0.38 0.32 0.245 20.92 15.80 0.193 6.07 4.13 0.149 1.94 0.41 <0.001 

Age, years 0.01 0.04 0.887 1.65 1.85 0.376 0.37 0.48 0.454 0.05 0.05 0.343 

Weight status, kg/m2             

Overweight/obese 0.23 0.26 0.386 0.14 12.77 0.991 -0.07 3.34 0.984 0.30 0.34 0.383 

Ethnicity             

Black -0.12 0.31 0.699 -10.00 15.17 0.513 -3.92 3.96 0.328 -1.27 0.41 0.003 

Hispanic -0.46 0.40 0.262 -25.83 19.88 0.201 -9.34 5.19 0.079 -0.73 0.53 0.173 

Other Race2 0.33 0.37 0.376 -4.22 18.22 0.818 -4.93 4.76 0.307 -0.54 0.49 0.273 

R2 / adjusted R2 0.728 / 0.658 0.375 / 0.215 0.561 / 0.449 0.705 / 0.628 

1Variables were log transformed before analysis 
2Other Race are Asians, Arabs, Multiracial and Persians 

 

Plasma GPX activity was weakly predicted by gender (p=0.093) after adjustment for age, ethnicity, BMI category and 

dietary selenium intake, Table 3.6
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Table 3.6 Association between Selenoproteins and BMI among Study Participants 

 

 

Erythrocyte GPX activity, 

nmol/min/ml (n=59) 

Plasma GPX activity, 

nmol/min/ml (n=55) 

SEPP1, ng/ml (n=59) 1 

Predictors β SE p β SE p β SE p 

(Intercept) 620.85 778.81 0.429 115.90 34.23 0.001 6.29 0.43 <0.001 

Ferritin, ng/ml1 -5.84 63.39 0.927 0.84 2.86 0.771 0.00 0.04 0.920 

Dietary selenium, mcg1 54.06 134.08 0.689 -8.30 5.83 0.161 -0.11 0.07 0.144 

Gender          

Male -20.13 148.73 0.893 -11.59 6.75 0.093 0.09 0.08 0.305 

Age, years 7.44 20.06 0.712 0.29 0.87 0.739 0.00 0.01 0.905 

Weight status, kg/m2          

Overweight/obese 46.81 126.31 0.713 -1.27 

 
 

5.79 0.827 

  

-0.01 0.07 0.841 
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Ethnicity          

Black 46.52 147.61 0.754 -3.95 6.91 0.570 0.02 0.08 0.768 

Hispanic -115.03 204.51 0.576 -8.97 9.08 0.328 0.14 0.11 0.216 

Other Race2 24.08 180.10 0.894 9.13 8.08 0.264 0.09 0.10 0.380 

R2/Adjusted R2 0.030 / -0.125 0.163 / 0.018 0.119 / -0.021 

1 Variables were log transformed before analysis 
2Other Race are Asians, Arabs, Multiracial and Persians



 

49 
 

 

In Table 3.7, transferrin saturation was significantly predicted by ferritin (β=5.09, 

p=0.02) and C-reactive protein (β=-2.87, p<0.01). Hepcidin concentration had an inverse 

relationship with transferrin saturation in overweight/obese individuals compared to a 

positive association in their normal weight counterparts (β=-4.77, p for interaction= 

0.036).  

 

Table 3.7 Association between Transferrin Saturation and Hepcidin in Study Participants 

 Transferrin saturation, % (n=59) 

  Predictors β SE p 

(Intercept) -7.00 10.26 0.498 

Hepcidin, ng/ml1 4.49 2.32 0.059 

Weight status, kg/m2    

Overweight/obese 11.62 6.42 0.077 

C-reactive protein, mg/L1 -2.87 1.04 0.008 

Ferritin, ng/ml1 5.09 2.11 0.020 

Gender    

Male 5.48 3.42 0.116 

Age, years 0.28 0.44 0.524 

Ethnicity     
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Black -3.57 3.34 0.291 

Hispanic -9.57 4.67 0.046 

Other Race2 -3.20 4.04 0.433 

Hepcidin: BMI.Cat1Overweight/obese -4.77 2.20 0.036 

R2/adjusted R2 0.612 / 0.532 

1Variables were log transformed before analysis 
2Other Race are Asians, Arabs, Multiracial and Persians 

 

 

Discussion 

In spite of the recognized association between selenium status and anemia, to our 

knowledge, no study has investigated the role of hepcidin in the relationship between 

selenium biomarkers and iron status in obesity. The aim of this study was to investigate 

the associations among selenium status, hepcidin concentration and iron status 

biomarkers among young adults with normal weight or overweight/obesity.  

Our results showed lower concentrations of functional (hemoglobin) and 

circulating (transferrin saturation, serum iron) iron in individuals with overweight/obesity 

when compared with individuals with normal weight but these differences were not 

statistically significant. Although some studies have reported, significantly higher 

concentrations of serum iron, transferrin saturation and hemoglobin in obese adolescents 

compared to their non-obese counterparts (20,21), most studies have demonstrated that 

obesity is associated with iron deficiency, hypoferremia and hyperferritinemia (131,132) . 
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There is evidence supporting the fact that invading macrophages in obese adipose tissue 

sequester iron resulting in iron overload (36). While our results showed the expected 

trends, it is likely that the differences were not significant because we had no individuals 

with morbid obesity in the overweight/obese group with most of them having overweight 

status.  

In obesity, the increase in adipose tissue leads to low grade chronic inflammation 

(133). In our study, CRP was positively correlated with visceral fat levels (r=0.57, 

p<0.001) and total body fat percentages (r=0.63, p<0.001) (data not shown), which 

concurs with findings among Korean adults with obesity (78). Higher levels of adipose 

tissue and other comorbidities seen in morbid obesity result in increased concentration of 

inflammatory cytokines including Interleukin-6 (IL-6). The increased secretion of IL-6 in 

turn results in high concentration of hepcidin, leading to poor iron status (87). In this 

study, despite seeing the expected differences in hepcidin concentration between subjects 

with normal weight compared to those with overweight/obesity these differences were 

not statistically significant. This is likely because as most subjects in the latter group 

were overweight, there were few subjects with high levels of inflammation (19%; n=11) 

with only 8 of them in the overweight/obese group. Studies comparing subjects with 

extreme obesity to those will normal weight may show statistically significant 

relationships among these variables.  

Researchers have observed that hepcidin concentration was inversely correlated 

with serum iron and positively correlated with BMI and CRP among obese adolescents 

(39). While we observed a positive correlation between hepcidin concentration and both 
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serum iron (r=0.42, p<0.01) and transferrin saturation (r=0.52, p<0.001), we 

demonstrated using linear regression, after fitting an interaction term in the model, that 

the nature of the relationship between the hepcidin and transferrin saturation depended on 

body weight status, with an inverse association among individuals with 

overweight/obesity and a positive association among subjects with normal weight. This 

concurs with the inflammatory effect, the consequent dysregulation and overproduction 

of hepcidin leading to impaired iron release observed in obesity. The converse is true as 

individuals with normal weight show a tight regulation and the clearance of excess 

amounts of hepcidin leading to effective iron homeostasis (134).  

Selenium is incorporated in selenoenzymes and exerts immune and anti-

inflammatory effects. Total plasma selenium reflects bound selenium in the form of 

selenocysteine, in the 2 predominant selenoproteins (GPX and selenoprotein P) (135). 

Low levels of selenium biomarkers are seen in obesity (93,136). For example, in obese 

mice, there was a reduction in local SEPP1 expression and this is likely because these 

selenoproteins which regulate oxidative stress are depleted due to the increased 

inflammation in obesity (137). We observed a non-significant negative association 

between selenoproteins (plasma GPX and selenoprotein P) and BMI while other studies 

have reported a significant negative correlation (118). We also observed lower 

concentrations of plasma selenoprotein P and GPX in individuals with 

overweight/obesity compared to their normal weight counterparts but this difference was 

not significant which may be because subjects in our study were selenium replete. 
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Our key finding in this study was that hepcidin concentration was predicted by 

selenoprotein P and plasma GPX activity in a regression model adjusting for potential 

confounders. The results from the model indicate that lower selenoprotein P and plasma 

GPX activity were associated with higher hepcidin concentration. This observation 

supports one of the proposed mechanisms through which selenium deficiency increases 

anemia risk.  Petrova et al., espoused this relationship and reported higher hepcidin and 

lower GPX concentrations in chronic kidney patients with ischemic stroke compared with 

healthy adults (116). In these patients and among Alzheimer’s disease patients, hepcidin 

concentration was negatively correlated with superoxide dismutase and GPX (116,138). 

To the best of our knowledge our study is the first to discover this relationship among 

individuals with normal weight or overweight/obesity. Other mechanisms by which 

selenium deficiency increases risk of anemia include increases in heme oxygenase 1, 

oxidative stress and through the effect of serum zinc. 

It is interesting that despite observing this relationship between selenoprotein 

concentrations and hepcidin, we did not find a significant association between 

selenoproteins and iron status biomarkers as shown by other studies. For example, among 

rural Vietnamese adolescent girls, low serum selenium concentration was significantly 

associated with anemia (118). Also, in the US, low serum selenium has also been 

observed in adults with anemia of chronic inflammation (128). However, the non-

significant association between circulating iron biomarkers and both glutathione 

peroxidase and selenoprotein P may be because very few subjects (17 %; n=10) in our 

study had anemia with 7 of these subjects in the overweight/obese category. Also, none 
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of these anemia cases were due to inflammation. Studies show that pathological 

conditions of induced anemia in mice is linked to reduced glutathione peroxidase and 

selenoprotein W concentrations suggesting that these associations may be more evident 

in anemia (129). It may also be attributed to the fact that most subjects in our study were 

selenium sufficient. The daily median selenium intake for subjects in this study was 

100.5 mcg compared to the recommended intake of 55 mcg for adults in the US (17). 

Mean plasma selenium concentration of subjects was 113.1 ng/ml also well above the 

reference level of 70 ng/ml (90). Both plasma selenium concentration and dietary 

selenium intakes were not significantly different between the subjects with normal weight 

and those with overweight/obesity.  

Limitations 

Causal inference cannot be drawn from this study because it is a cross-sectional 

study. Also, most of our participants were selenium sufficient and very few had anemia 

hence the inability to observe obvious trends in the relationship between anemia and iron 

status as statistically significant. In addition, our study included no subjects with morbid 

obesity, thus only few had high CRP concentrations. In our study we measured GPX 

activity in erythrocytes to determine intracellular GPX pools and long-term selenium 

status. However, erythrocytes are collected with blood and if not treated properly may be 

less advantageous over plasma as a specimen for assessing selenium status. Also of note 

is the likely interaction of glutathione with heme iron impacting results (90). To mitigate 

this shortcoming, we measured GPX activity in plasma.
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Conclusion 

This study is novel in showing the role of hepcidin in the link between selenium 

status and anemia among healthy subjects with normal weight or overweight/obesity. 

Further studies on this relationship among individuals with morbid obesity who due to 

adipose tissue inflammation are prone to selenium deficiency and impaired iron status are 

needed. Also, using animal models of obesity will be helpful in investigating mechanistic 

relationships among selenium status, hepcidin and iron status. Additionally, studies are 

needed to investigate whether improving selenium status among individuals with 

selenium deficiency will improve iron status via hepcidin. This study also brings to the 

fore a long-term need for further research into the current DRI for selenium in 

populations at risk of anemia due to inflammation.
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APPENDIX A 

ADDITIONAL RESULTS 

 

Hemoglobin concentration was significantly higher in males (15.39±1.06g/dl) 

compared to females (12.58±1.3 g/dl). Consequently, ferritin was significantly higher in 

males than females. Total body fat percentages were 14% significantly higher in females 

(34.14±6.85) than males (20.25±7.1). There were no significant differences in GPX 

activity and Selenoprotein P in males compared to females, Table A.1 

 

Table A.1 Anthropometric, Biochemical and Nutrient Data according to Gender1 

 Male Female p-value3 

Plasma selenium, ng/ml2 116.03 (95, 141) 111.9 (90, 140) 0.546 

GPX lysate activity, nmol/min/ml 1030.02±372.79 1046.87±415.28 0.88 

GPX plasma activity, nmol/min/ml 77.03±22.14 83.36±16.9 0.341 

SEPP1, ng/ml2 380.64 (298, 483) 346.56 (276, 437) 0.184 

BMI, kg/m2 26.67±4.79 25.94±4.74 0.596 

Dietary selenium, mcg4,5 108.73 (66, 166) 104.34 (75, 158) 0.72 

Hemoglobin, g/dl 15.39±1.06 12.58±1.3 0.0000001*** 

Ferritin2, ng/ml 98.47 (49, 196)         26.57(9, 74)       0.00001*** 

Total body fat, % 20.25±7.1 34.14±6.85 0.000001*** 

Visceral fat, level 5.03±4 3.56±2.48 0.173 

Hepcidin, ng/ml2 25.56 (10, 62) 9.33 (2, 36) 0.002** 

1Values are mean±SD 
2Values are in geometric means (±1SD) 
3p-values are based on Independent t-test 
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4p-values are based on Wilcoxin rank sum test 
5Values are median (interquartile range) 

 

 

When subjects were categorized based on ethnicity (Table A.2), individuals with 

overweight/obesity were significantly higher among Non-Hispanic Blacks 

(28.34±4.82kg/m2) compared to Non-Hispanic Whites (23.82±3.66 kg/m2) (Table 4).  

Overall, total body fat percentages were 10% significantly higher in Non-Hispanic 

Whites and Other races compared with Non-Hispanic Blacks (p<0.01). Visceral fat levels 

were approximately 3 levels higher in Non-Hispanic Blacks compared with Non-

Hispanic Whites. ANOVA showed significantly lower hemoglobin concentrations among 

Non-Hispanic Blacks (12.6±1.5g/dl) compared with Other Races (14.65±1.26g/dl).  

Geometric means for ferritin were significantly higher in Other Races compared to the 

three ethnic groups. Post hoc analysis showed no significant differences in dietary 

selenium, GPX activity and selenoprotein P among all ethnic groups (Table A.2). 

 

Table A.2 Anthropometric, Biochemical and Nutrient Data according to Ethnicity1 

 
 Non-Hispanic 

White 

Hispanic Non-Hispanic 

Black 

Other Race3 

Plasma selenium, 

ng/ml2 

120.77 (98, 148) 118.95 (96, 

148) 

107.06 (87, 130) 112.38 (86, 145) 

Erythrocyte GPX 

activity, 

nmol/min/ml 

1013.69±421.17 908.18±475.86 1091.96±378.54 1048.44±411.82 
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Plasma GPX 

activity, 

nmol/min/ml 

83.13±16.98 74.94±20.88 79.57±16.18 89.02±23.63 

SEPP1, ng/ml2 345.22 (279, 

424) 

392.66 (281, 

545) 

344.51 (273, 

433) 

385.44 (308, 

478) 

BMI, kg/m2 23.82±3.66a 24.42±1.57ab 

 

28.34±4.82b 25.88±5.4ab 

Dietary selenium, 

mcg2 

103.61 (74, 145) 98.8 (65, 150) 107.98 (67, 172) 107.48 (63, 185) 

Hemoglobin, g/dl 13.81±2.1ab 13.03±0.84ab 12.6±1.5a 14.65±1.26b 

Ferritin, ng/ml2 35.82 (12, 110)a         26.08 (8, 81)a       30.19 (10, 89)a       105.92 (56, 

198)b 

Total body fat, % 25.66±8.21a 29.38±8.68ab 35.54±6.95b 25.15±10.75a 

Visceral fat, level 2.5±1.85a 2.42±0.8ab 5.26±3.34b 4.4±3.47ab 

Hepcidin, ng/ml2 11.51 (3, 45)ab 5.7 (3, 12)a 10.51 (3, 38)ab 35.35 (11, 110)b 

1Mean values with different superscripts are significantly different (p<0.05), based on Tukey’s 

post-hoc test 
2Values are geometric means (±1SD) 
3Other Race are Asians, Arabs, Multiracial and Persians
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APPENDIX B 

CONSENT FORM 

 

Project Title: Selenium and Inflammation study 

Student Principal Investigator: Doreen Larvie 

Faculty Advisor: Seth Armah (PhD) 

Participant's Name: ________________________ 

What are some general things you should know about research studies? 

You are being asked to take part in a research study. Your participation in the 

study is voluntary. You may choose not to join, or you may withdraw your consent to be 

in the study, for any reason, without penalty. This research does not relate to any course 

credits and participating or not participating in the research will not affect in any way the 

relationship between the principal investigator and students or other university 

employees. Research studies are designed to obtain new knowledge. This new 

information may help people in the future. There may be a direct benefit to you for being 

in the research study. There also may be risks to being in research studies. If you choose 

not to be in the study or leave the study before it is done, it will not affect your 

relationship with the researcher or the University of North Carolina at Greensboro. 

Details about this study are discussed in this consent form. It is important that you 

understand this information so that you can make an informed choice about being in this 

research study. You will be given a copy of this consent form. If you have any questions 
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about this study at any time, you should ask the researchers named in this consent form. 

Their contact information is below. 

What is the study about? 

This is a research project. Your participation is voluntary. This study is being 

conducted to investigate the association among selenium status and iron markers in blood 

and body weight. Obesity is associated with chronic low-grade inflammation. 

Inflammation (the body’s response to injury) is one of the main causes of anemia. This 

happens because inflammation increases the concentration of hepcidin in the blood. 

Hepcidin is a protein that controls the release of iron for making red blood cells. 

Selenium (an essential nutrient required in small amounts) may reduce inflammation 

because it is an antioxidant. This study will investigate the relationship among selenium, 

iron markers and body weight to determine if adequate selenium status may reduce 

inflammation, decrease hepcidin levels and reduce the risk of anemia due to 

inflammation. 

Why are you asking me? 

You are being invited to participate in this study because you meet the following 

criteria: adult 18-49 years old, with a BMI of 18.5 kg/m2 or over; not used any mineral or 

vitamin supplement (including selenium) in the past one month and have not donated 

blood in the past two months, not a smoker, not pregnant and not lactating, have no 

history of any chronic disease such as cancer, diabetes, kidney disease or any 

autoimmune disease; not having a chronic infection; not using any drug that reduces or 

increases inflammation and not a professional athlete.
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What will you ask me to do if I agree to be in the study? 

If you agree to participate in this study, you will be required to go through a 

screening procedure where your height and weight will be measured and you will 

complete a screening form to assess your eligibility for the study. The screening 

procedure will take approximately 30 minutes. In the screening form, you will provide 

information such as current medication, use of mineral/vitamin supplement, and 

pregnancy status (for females). If you qualify based on this information, you will be 

provided with a 3-day dietary record form and a food frequency questionnaire to 

complete and return at your study visit. Instructions for completing the dietary record and 

food frequency questionnaire will be provided by a research assistant. The food 

frequency questionnaire will require information on how often you have consumed 

selenium rich foods over the past 2 years while the dietary record will require you to keep 

a log of all foods consumed on selected days (2week days and 1 weekend day) between 

your screening and study visit. You will be provided with a food weighing scale to weigh 

and record foods consumed. The study visit will be scheduled between you and the 

research assistant.  

For your study visit, you will be asked to do an overnight fast. You will not 

consume any food or drink (except water) 10 hours prior to your visit. On the morning of 

your study visit, the dietary record and the food frequency questionnaire will be collected 

and reviewed by the research assistant. Your height, weight and body composition 

measurements such as visceral (abdominal) fat, and total body fat will also be taken. 

Your body composition will be measured by means of a bioelectrical impedance analyzer 



 

74 
 

 

which works by passing a very low, safe electrical current from four electrodes in contact 

with the hands and feet to the abdomen. The electrical signal passes through different 

body components and the level of resistance (impedance) to the current will be measured 

and used in a prediction equation to calculate estimates of your body composition. To use 

the bioelectrical impedance analyzer, you will be required to remove shoe and socks from 

both feet, step on the metal electrodes of the analyzer and hold the handle at a horizontal 

level from the ground away from you. Within 20seconds, your body composition 

measurements will be available to view and you can step off the analyzer. Venous blood 

sample will also be collected by a trained technician. Approximately 2 table spoons of 

blood (30 ml) of blood will be collected to measure the levels of iron markers, hepcidin 

concentration and markers of inflammation. The study visit will 30 minutes. 

What are the risks to me? 

The Institutional Review Board at the University of North Carolina at Greensboro 

has determined that participation in this study poses minimal risk to participants. While 

participating in this study, you may experience slight discomfort from blood draw. You 

may also experience some bruising after the blood draw. Risk of infection is very 

minimal. There is also possible risk of feeling lightheaded after blood draw. However, to 

minimize these risks, a trained technician who knows how to monitor for these possible 

risks will draw the blood samples. To avoid infection, single-use phlebotomy equipment 

will be used only once, and contaminated equipment will also be avoided. Appropriate 

hand-hygiene materials (soap and water or alcohol rub), well-fitting non-sterile gloves, 
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single-use disposable needles will be used. The volume of blood to be collected at each 

visit (two table spoons) does not pose any health risk. 

Are there any benefits to society as a result of me taking part in this research? 

It is hoped that the information gained in this study may benefit society by 

helping understand how selenium status is associated with inflammation and how that can 

be used to address anemia due to inflammation among overweight and obese individuals. 

Are there any benefits to me for taking part in this research study? 

If you decide to participate in this study, there will be no direct benefit to you. 

Will I get paid for being in the study? Will it cost me anything? 

You will not have any costs from participating in this study. At end of the study, 

you will receive a $60 gift card. Compensation will be given after the study visit. Since 

this is a cross-sectional study, there will be no monetary compensation for individuals 

who do not complete the study. 

How will you keep my information confidential? 

All information obtained in this study is strictly confidential unless disclosure is 

required by law. The questionnaires and data records will be locked up in secure filing 

cabinets in the office of the faculty advisor and will be accessible to only the student 

principal investigator and the research staff approved by the UNCG IRB. All participant 

names will be replaced with numeric codes (ID). These codes will be used to identify 

blood samples to ensure confidentiality. Also, soft copies of data will be kept on a 

password protected computer to avoid access by inappropriate persons. Only one file (the 

key) on the password-protected computer, a back-up file on a CD/DVD, and one hard 
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copy will have your name linked to your ID. All electronic copies of the data will be 

stored in the UNCG box account for the study e-mail. Identifying information will be 

destroyed 5 years after completion of the study. De-identified blood samples will be 

stored at the University of North Carolina Greensboro. Some of the de-identified blood 

samples (including only study ID and date of birth) will be sent to an outside laboratory 

for analysis. De-identified data and blood samples after the research study will be stored 

at UNCG and will be re-analyzed if there is a need for further testing to better understand 

the relationship among selenium, iron biomarkers and body weight. If the results are 

published, your identity will remain confidential. If you do not qualify for the study, all 

information collected from you during screening such as medical history information, 

weight and height measurements, pregnancy and lactation status, and age will be 

shredded within a month except your signed informed consent form. 

What if I want to leave the study? 

You have the right to refuse to participate or to withdraw at any time, without 

penalty. If you do withdraw, it will not affect you in any way. If you choose to withdraw, 

you may request that any of your data which has been collected be destroyed unless it is 

in a de-identifiable state. The investigators also have the right to stop your participation at 

any time. This could be because you have had an unexpected reaction, or have failed to 

follow instructions, or because the entire study has been stopped. 

What about new information/changes in the study? 

 

If significant new information relating to the study becomes available which may 

relate to your willingness to continue to participate, this information will be provided to 
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you. If you have questions, want more information or have suggestions, please contact 

(Dr. Seth Armah, who may be reached at 336-256-0324 or s_armah@uncg.edu). 

If you have any concerns about your rights, how you are being treated, concerns or 

complaints about this project or benefits or risks associated with being in this study 

please contact the Office of Research Integrity at UNCG toll-free at (855)-251-2351. 

Voluntary Consent by Participant: 

By signing this consent form you are agreeing that you read, or it has been read to 

you, and you fully understand the contents of this document and are openly willing 

consent to take part in this study. All of your questions concerning this study have been 

answered. By signing this form, you are agreeing that you are 18 years of age or older 

and are agreeing to participate, in this study described to you by ___________________ 

 

Signature: ______________________Date: ____/____/____ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

UNCG IRB 

Approved Consent Form 
Valid from: 5/29/18 to 4/7/19 
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APPENDIX C 

SCREENING FORM 

 

                                          Date: _______________ 

 

Interviewer: __________________              Subject ID: ________________ 

 

1. Gender:  female _____ male ________  

2. Ethnicity: Asian ___    Hispanic ______ Non-Hispanic White _____ Non-

Hispanic Black ____ 

Multiracial ______ Other (please specify) _________________ 

3. Date of birth____________(mm/dd/yyyy);   

4. Height (m) (i)___________ (ii) ___________ Average __________ 

5. Weight (kg) (i)___________ (ii) ___________ Average ___________ BMI 

(kg/m2) ______________ 

6. If female, are you currently pregnant? Yes ___ no___ or breastfeeding?   

yes ____ no _______ 

7. Do you currently have any acute or chronic infection? yes____            no_____  

8. Have you ever been diagnosed with a chronic condition or disease? 

Yes______ No________ 

Describe if yes: 

_______________________________________________________________ 

9. Are you currently taking any medications or drugs? yes_______ no_______  

Describe if yes: ____________________________________ 
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10. Do you smoke?  yes ______ no _______ 

11. Are you taking any vitamin/mineral supplements (including selenium)? __no

 __yes; If yes, which ones?  ___________________ 

Are you willing to not take any vitamin/mineral supplements during the study 

period?  yes____ no_____ 

12. Have you donated blood in the past two months?  yes____ no_____  

Are you willing to not donate blood during the study period?  yes ___no ____ 

13. Are you a professional athlete?  yes____ no_____  

 

Eligible for inclusion ___ no ___ yes
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APPENDIX D 

DIETARY RECORD INSTRUCTIONS 

 

TIME 

Please record the time at which the meal was consumed. 

FOOD ITEM DESCRIPTION 

1. Indicate the following where necessary: 

• whether food was salted or not, 

• whether it was fresh, frozen, or canned, 

2. If food was prepared at home, please write recipe at the back of the page and how 

much food was made compared to what was consumed. 

3. Attach food labels where available 

4. Indicate preparation method example: raw, boiled, baked, fried, etc. 

5. List brand names where applicable 

6. Record added items such as ketchup; condiments, margarine; butter; salt 

7. Record all beverages consumed; indicated where applicable whether the 

beverage was  

• caffeinated or not. 

• sweetened or not 

AMOUNT 

Record only amount you actually consume 
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1. You can use household measures such as cup, teaspoons, table spoons. In that 

case please level the cup or the spoons 

2. Cups or fluid ounces are both acceptable measuring units for beverages 

3. Weigh solid foods that cannot be measured with cups or spoons. Weigh all solid 

foods in grams 

4. Weigh the edible portion whenever possible. In situations where that is 

impossible, indicate that the weight or size includes refuse. 

Using the weighing scale 

1. Turn on the scale and make sure the unit is set to grams (g). 

2. Place a paper plate on the scale. 

3. Set the scale to zero by pressing on the Tare button. 

4. Place the food item on the paper plate and read the weight. 
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APPENDIX E 

DIETARY RECORD FORM 

 

Complete the dietary record for three non-consecutive days (Two weekdays and a 

weekend day). Indicate the day and date on the dietary record form. For each day, record 

all foods and beverages consumed indicating brand names where necessary. To estimate 

serving size, you will be provided with a weighing scale to weigh foods consumed as 

much as possible. You may also use serving size indicated on packaged foods. Record the 

time at which each food was consumed. 



 
 

83 
 

Dietary Record Form- Day One 

Subject ID___________  

Day of the week _______________________ Date _________________________ 

 

Time Food Item Description Amount  
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Dietary Record Form- Day Two 

Subject ID___________  

Day of the week _______________________ Date _________________________ 

 

Time Food Item Description Amount  
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Dietary Record Form- Day Three 

Subject ID___________  

Day of the week _______________________ Date _________________________ 

 

Time Food Item Description Amount  
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