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AN ABSTRACT OF THE THESIS OF 

 

Nour Kamal Wehbe    for  Master of Science 

   Major: Nutrition 

 

 

Title: The Relationship between Glycemic Profile and Iron Absorption of 

Premenopausal Women. 

 

 

 

 

Background Information: Insulin and glucose were suggested to influence 

hepcidin status and hence iron absorption. However, the relationship between iron 

absorption and glycemic profile is still far from clear.  

 

 Objective: This study aims to investigate the relationship between glycemic 

and insulinemic profiles with iron absorption in healthy premenopausal women. 

Another aim of this study is to assess which markers will be great predictors for iron 

absorption in healthy premenopausal women. 

 

 Methods: A non-randomized experimental trial was conducted. The 

experimental trial was divided into 3 visits: 

 In the first visit, anthropometric and body composition using DEXA were determined. 

 In the second visit, blood samples were collected from overnight fasted subjects before 

consuming a test meal (bread and honey) mixed with 6 mg of stable labeled iron Fe
57

.  

 In the third visit, subjects were requested to show up after exactly 14 days in a fasted 

state for blood withdrawal.  

 

All blood samples used were analyzed for their levels of iron, glycaemia and 

inflammatory markers. 

 

Results: Our results also show that MCV reflecting iron status and CRP 

reflecting inflammation are significant negative predictors of iron absorption in our 

sample. Hence we conclude that iron status and inflammation together dictate iron 

absorption.  

 

 

Discussion: Our results have shown that glycemic and insulinemic profile are not 

associated with iron absorption in healthy premenopausal women .It seems that in 

healthy obese premenopausal women with no evident chronic disease, insulin increase 

is not sufficient enough to trigger a disturbance on iron absorption. The more narrow 

range of insulin and glucose parameters of healthy premenopausal women than of 

subjects groups that also include men and postmenopausal women and conditions such 

as diabetes and polycystic ovary syndrome is a possible limitation for detecting an 

association between iron absorption and glucose metabolism markers.  
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CHAPTER I 

INTRODUCTION 

 

Iron is an essential mineral that has many important bodily functions. It acts as 

a component of an oxygen carrying molecule and plays a central role in cellular 

metabolism and growth (Tussing-Humphreys, Pustacioglu, Nemeth, & Braunschweig, 

2012). Iron deficiency (ID) is one of the most common nutritional deficiencies that 

affect several populations. In food, iron presents in two forms: heme and non-heme 

iron. In meat, 30 to 70 % of iron is in the heme form that is highly (15 to 35%) absorbed 

(R. Hurrell, 2002). In contrast, plant sources contains iron in the non-heme form that 

has low absorption  (less than 10%) (R. Hurrell, 2002; Zimmermann, Chaouki, & 

Hurrell, 2005) Therefore,  people on plant based diets are at high risk to develop ID 

compared to those that consume animal products. Female gender are also more prone to 

develop ID than their male counterparts due to menstrual blood losses and to pregnancy 

(Yip, Binkin, Fleshood, & Trowbridge, 1987; Zimmermann & Hurrell, 2007). Also, 

people with chronic diseases (Dubé et al., 2005; Rashid et al., 2005) and/or with 

disturbances in the production of gastric acid in the stomach are said to have an 

impaired absorption of iron, which places them at risk of developing ID. 

Recently, studies have shown that obesity is recognized as a non-traditional 

risk factor of ID (Tussing-Humphreys et al., 2012). Several mechanisms have been 

proposed to study the etiology of iron deficiency in individuals with obesity. These 

include, the large body surface area in individuals with obesity and hence a larger blood 

volume, and the type of foods consumed by obese individuals (SELTZER & MAYER, 

1963; Wenzel, Stults, & Mayer, 1962) However, recent investigations have shown that 
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this reduced level of iron status in obese individuals may not be related to the total 

intake of iron but rather to its absorption (Cepeda-Lopez et al., 2011). 

Iron absorption was reported to be highly regulated by hepcidin, a 25 amino 

acid peptide, produced mainly in liver. Hepcidin production was reported to increase 

under conditions of high iron storage, inflammation, malignancy (Haurani et al., 1965), 

and is decreased in response to erythropoiesis (Collins et al., 2008), ID, anemia and 

hypoxia (Agarwal et al., 2009; Nemeth, 2008).  Hepcidin interacts with ferroprotein, a 

transmembrane binding protein, in a manner that diminishes the release of iron from 

duodenal enterocytes, and thus induces a decrease in serum iron levels (Ganz & 

Nemeth, 2012).  

Obesity is known to be associated with low-grade inflammatory status, 

characterized by increased circulating levels of IL-6 and other inflammatory adipokines  

(Ganz & Nemeth, 2012) which in turn will increase hepcidin secretion. Increased 

hepcidin secretion was hypothesized by several researchers to decrease serum iron and 

hence reduces iron available for erythropoiesis resembling the anemia of chronic 

diseases (ACD) (Haurani, 2006; Nemeth et al., 2003). 

On the other hand, recent studies show that insulin and glucose may also play a 

role in interrupting hepcidin secretion and hence iron absorption of obese individuals. 

The relationship between hepcidin and glucose metabolism markers has been 

controversial. In a study in rats, researchers detected a 3.5-fold reduction in hepcidin 

mRNA in the insulin resistant group compared to the control group (Le Guenno, 

Chanséaume, Ruivard, Morio, & Mazur, 2007). Some other human studies (Aso et al., 

2010; Fern ndez-Real et al., 2009; Sam et al., 2013) have also shown diminished 

hepcidin and prohepcidin expression in type 2 diabetes (T2D) patients.  

Other studies (Aigner et al., 2013; Jiang, Sun, Tang, Xu, & Jiao, 2011)  have 
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been inconsistent with the previous studies mentioned above and have shown a positive 

correlation between hepcidin and insulin. One possible mechanistic link behind the 

positive association between hepcidin and insulin is through glucose stimulation. 

Literature review supports that hepcidin release can happen in extrahepatic organs 

(Mao, Chen, Tang, Wang, & Shu, 2017). It seems that hepcidin release can happen 

concurrently with insulin in the pancreatic  cells. As a result, as insulin is released 

upon glucose ingestion, hepcidin release from the pancreas will be promoted as well 

(Kulaksiz et al., 2008). In support to this possible mechanism, a trial study by Aigner et 

al. (2013) concluded that glucose regulate serum iron concentration as they revealed 

upon their experiment that serum hepcidin increased in glucose treated subjects when 

compared with controlled subjects treated with only water. 

Clearly, the relationship of glucose metabolism markers with iron absorption is 

still inconclusive. One of the main reasons that may explain the controversy between 

hepcidin and glucose metabolism markers relationship is the lack of standardization of 

hepcidin measurement (Aregbesola, Voutilainen, Virtanen, Aregbesola, & Tuomainen, 

2015). Investigators in the past measured prohepcidin rather than hepcidin claiming that 

serum prohepcidin is easier to measure due to its higher immunogenicity (Aregbesola et 

al., 2015). However, other studies believed that prohepcidin does not accurately reflect 

iron status and iron absorption and so they measured hepcidin instead (Roe et al., 2007).  

Our aim is to investigate the relationship of insulinemic and glycemic profile 

with iron absorption on healthy premenopausal women with varied levels of adiposity. 

While many studies investigated the relationship of insulinemic and glycemic profile 

with iron absorption using hepcidin to assess iron absorption, we will additionally 

assess the latter variable using stable iron isotope, which is believed to be the gold 

standard to measure iron absorption. Moreover, our sample consists of only healthy 



 

4 

premenopausal women with varied levels of adiposity. We believe that the exclusion of 

people with chronic diseases will remove confounding results from commodities. 

We hypothesize that people with obesity will tend to have higher insulin 

secretion and higher iron absorption reflecting disturbances in iron absorption.  

This study will not only help us to investigate whether glucose metabolism 

markers may play a role in iron absorption, but it will also help us to determine which 

markers will be great predictors for iron absorption.  To our knowledge, our study is the 

first to examine all variables that can influence iron absorption such as iron status 

indicators, body composition, inflammation and glucose metabolism markers using 

advanced sophisticated assays. Our findings can help healthcare practitioners in 

deciding appropriate tests and on prescription of iron supplementation for those who 

need it most. 

  



 

5 

CHAPTER II 

LITERATURE REVIEW 

 

A.  Overview of Iron Metabolism 

1. Importance of Iron Homeostasis 

Iron is an essential mineral that has many important functions. It acts as a 

component of oxygen carrying molecule and plays central role in cellular metabolism 

and growth (Tussing-Humphreys et al., 2012). Iron is one of the most studied metals in 

nutrition and health and its regulation is of prompt importance as deviations from its 

normal range can result in negative health effects (Ross, 2014).  

Iron metabolism is regulated at the level of absorption rather than excretion 

(Ross, 2014). Iron deficiency anemia (IDA), characterized by low serum iron and low 

hematological markers, can exert health and economic costs to many populations. For 

example, in pregnant women, iron deficiency anemia may induce preterm labor, low 

birth weight and infant mortality (Brabin, Hakimi, & Pelletier, 2001; Brabin, Premji, & 

Verhoeff, 2001). In school children, (IDA) and iron deficiency (ID) are associated with 

decreased school performance and motor activity (Grantham-McGregor & Ani, 2001). 

In adults, ID and IDA may induce fatigue and reduce productivity (Brownlie IV, 

Utermohlen, Hinton, Giordano, & Haas, 2002; Brutsaert et al., 2003). 

On the other hand, increased iron levels in the body are also a health concern. 

For example, in a genetic disorder HFE-associated hemochromatosis, severe iron 

loading leads to tissue damage and possibly organ failure (Fleming, Britton, Waheed, 

Sly, & Bacon, 2005). Iron toxicity is not only limited to people with genetic disorders 

but also to normal individuals (Pietrangelo, 2010). It impacts the most cardiac and 
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endocrine cells as those cells contain mitochondria and secrete low amounts of 

antioxidant. Hence, upon iron toxicity, heart failure and endocrinopathies commonly 

arise (Pietrangelo, 2010).  

 

2. Dietary Iron Absorption 

Dietary Iron is of two kinds: heme iron, which is in the form of ferrous iron 

(Fe
2+

) and non-heme iron, which is in the form of ferric iron (Fe
3+

). Heme iron and non-

heme iron have different absorptive pathway. In order for non-heme iron to be absorbed 

it will first have to be converted from ferric iron (Fe
3+

) to ferrous iron (Fe
2+

) by 

duodenal cytochrome b (DCYTB) and then transported through divalent metal ion 

transporter 1 (DMT1) (Wallander, Leibold, & Eisenstein, 2006). However, heme iron is 

absorbed differently than non-heme iron. At first, heme have to be dissociated from iron 

via the enzymatic action of heme oxygenase, then the released iron enter the 

intracellular non-heme iron pool through Heme Carrier Protein -1 (HCP-1) (Miret, 

Simpson, & McKie, 2003).Finally, export of iron into circulation is mediated through 

iron exporter Ferroportin (FPN) (Wallander et al., 2006). It is important to note that 

before iron is exported through FPN, it should be oxidized back to Ferric iron (Fe
3+

) by 

ceruloplasmin or hephaestin so it can eventually bind to transferrin in circulation 

(Wallander et al., 2006) . Figure 1 clearly illustrates the molecular mechanism of iron 

absorption. 
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Figure. 1. Molecular Mechanism of Iron Absorption. 

Source: Miret, S., Simpson, R.J. & McKie, A.T. (2003). “Physiology and molecular 

biology of dietary iron absorption”. Annual Review of Nutrition, 23(1), 283-301.  

 

 

3. Cellular Metabolism of Iron 

About 22 mg of iron per day are taken up by the bone marrow to be used for 

production of red blood cells. However, red blood cells degraded in circulation are 

taken up by the reticuloendothelial (RE) system whereby iron will be recycled back to 

plasma transferrin to ultimately transfer iron to the peripheral tissues. RE system will 

release about 22 mg of iron per day hence the iron taken up by the bone marrow are 

replaced through the RE system (Anderson, Darshan, Wilkins, & Frazer, 2007).   

 For iron to be able to enter the cytoplasm, Transferrin-Ferric iron (Tf-Fe
3+

) 

should bind to transferrin receptor (TfR) on the cell surface (Wallander et al., 2006).  

Once iron enters the cytoplasm, it will be metabolized in the cell or stored as ferritin or 

exported via FPN (Wallander et al., 2006).  

TF-mediated iron uptake is ubiquitous, but it is especially important in 
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erythroid precursor cells where it is the primary source of iron uptake for utilization in 

hemoglobin synthesis (Wallander et al., 2006).  

 

4. Regulation of Iron Status at the Cellular Level  

Cellular metabolism of iron should be tightly controlled to meet iron needs in 

cells but limited due to iron‟s potential toxicity to the cells (Ross, 2014). Thus, 

regulation of iron status at the cellular level is necessary. Regulation of iron at the 

cellular level is maintained through the IRE (iron regulatory element protein)-IRP(iron 

responsive protein) system (Wallander et al., 2006). Iron responsive elements (IREs), 

found in transcripts of ferritin and transferrin receptor, are stem-loop RNA structures 

that regulate translation and stability of mRNAs of ferritin and transferrin receptor 

(TfR) (Ross, 2014). 

IRP1 and IRP2 are key cytosolic iron sensors in mammalian cells.  During low 

iron conditions, IRPs bind IREs hindering the translation of ferritin and other mRNAs 

containing 5′ IREs while stabilizing mRNAs containing 3′ IREs, such as TfR1 mRNA 

(Ross, 2014; Wallander et al., 2006). During high iron conditions, a [4Fe–4S] cluster is 

assembled in IRP1 resulting in the loss of high affinity RNA binding capacity and the 

acquisition of aconitase activity. In short, IRPs lose their high affinity RNA binding 

capacity to IREs. Thus, ferritin synthesis is activated while iron uptake protein TfR1 

mRNA is diminished (Ross, 2014; Wallander et al., 2006). The posttranscriptional 

regulation of ferritin and TfR1 mRNAs by IRPs permits for prompt adjustments in gene 

expression in response to deviations in iron concentrations, and guarantees that cells 

obtain adequate iron for their needs while avoiding iron toxicity (Wallander et al., 

2006). Figure 2 clearly illustrates the regulation of iron status at the cellular level. 
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Figure. 2. Regulation of Iron Status at the Cellular Level. 

Source: Wallander, M.L., Leibold, E.A. & Eisenstein, R.S. (2006). “Molecular control 

of vertebrate iron homeostasis by iron regulatory proteins”. Biochimica et Biophysica 

Acta (BBA)-Molecular Cell Research, 1763(7), 668-689. 

 

5. Systemic Regulation of Iron Status 

Hepcidin, a 25 amino acid peptide, produced mainly in liver, secreted in large 

amounts in presence of inflammation as well as in situations in iron overload, blocks the 

exportation of iron in hepatocytes, macrophages and enterocytes through Ferroportin 1 

(FPN1) (Tussing-Humphreys et al., 2012).The latter being a protein that is responsible 

for iron exportation from cells (intestinal, hepatocytes and macrophages) to circulation. 

Consequently, iron fails to be exported into circulation and trapped intracellular (in 

intestinal cells, macrophages and liver) (Tussing-Humphreys et al., 2012).  

Hepcidin release from liver is increased during high iron conditions and 

decreased during low iron conditions (Ross, 2014). Thus, hepcidin is a potent regulator 

of iron absorption. Evidence suggest that hepatocytes are the main source of circulating 

hepcidin, however, recently other cell types such as macrophages (Liu, Nguyen, 

Marquess, Yang, & Haile, 2005) and adipocytes (Bekri et al., 2006) express hepcidin 
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mRNA, but to a lesser extent than hepatocytes . The contribution of the extrahepatic 

hepcidin production to iron homeostasis is still under investigation, however it could 

play a role in local regulation of iron fluctuations (Ganz & Nemeth, 2012). 

 

6. Hepcidin and Inflammation 

The anemia of chronic disease (ACD) also termed as anemia of inflammation 

is usually associated with disorders having chronic inflammation such as chronic kidney 

disease, diabetes mellitus, cancer and many others (Rivera et al., 2005).  

ACD is characterized by having low plasma iron and transferrin saturation but 

normal or even elevated body iron stores such as ferritin (Ganz & Nemeth, 2006). This 

disrupted iron status is due to hepcidin.  Hepcidin is activated in chronic inflammatory 

disorders by the Janus Kinase 2/ Signal transducer and activator of transcription 3 

(JAK2/STAT3) pathway (Zhao, Zhang, & Enns, 2013). 

A lot of studies examined the mechanism behind ACD. In human studies, 

volunteers were treated with recombinant interleukin-6 (IL-6). IL-6 in that study 

induced urinary hepcidin excretion and hypoferremia, indicating that IL-6 has a pivotal 

role in stimulating hepcidin synthesis (Nemeth et al., 2004). 

According to Figure 3, elevated IL-6 binds to its cellular receptor, which 

activates Janus Kinase 2 (JAK2) to phosphorylate signal transducer and activator of 

transcription 3 (STAT3). Activated STAT3 translocate into the nucleus and induces 

hepcidin synthesis through binding to the STAT3 response element in the hepcidin 

promoter (Zhao et al., 2013).This mechanism will promote down regulation of FPN1, 

which decreases iron exportation from enterocytes, liver and macrophages into the 

circulation. Hence, not enough of iron available for erythropoiesis (Nemeth et al., 

2004). 
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Figure. 3. Inflammation Induces the Expression of IL-6 in the Liver, Which 

Activates the Transcription of Hepcidin Via the STAT3/JAK2 Pathway. 

Source: Zhao, N., Zhang, A.-S. & Enns, C.A. (2013). “Iron regulation by hepcidin”. 

The Journal of Clinical Investigation, 123(6), 2337-2343.  

 

 

7. Hepcidin Assays 

As mentioned above, hepcidin plays an important role in iron homeostasis. 

However, its assessment is still very clinically limited. There are different 

methodologies to assess hepcidin. Mass spectrometry (MS) based measurements are 

accurate to differentiate between hepcidin isoforms. However, (MS) assays are 

expensive (Girelli, Nemeth, & Swinkels, 2016). Another approach to measure hepcidin 

is through serum immunoassays. Classical immunoassays are cheaper but less specific 

as they do measure total hepcidin but not hepcidin-25 (Kroot et al., 2010). It is still not 

clear whether to use hepcidin-25 or total hepcidin for diagnosis of iron metabolism 

disorders (Kroot et al., 2010). Besides, hepcidin is influenced by different stimulus 

concurrently (Ganz, Olbina, Girelli, Nemeth, & Westerman, 2008; Girelli et al., 2010; 

Kemna, Pickkers, Nemeth, van der Hoeven, & Swinkels, 2005; Moretti et al., 2015; 
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Nemeth et al., 2004). For instance, hepcidin increases upon iron ingestion as well as 

during inflammation. In other words, some stimuli can activate hepcidin concurrently 

depending on the relative strength of each (Jonker et al., 2013; Lasocki et al., 2010).  

For example, in people with pure ACD hepcidin levels are elevated. However, hepcidin 

levels can be low in concomitant iron deficiency/ACD (Theurl et al., 2009). Hence, 

evaluation of hepcidin measurements should take into account overall clinical milieu of 

the patient (Girelli et al., 2016). Nonetheless, hepcidin levels can be useful in 

differentiating between ACD and concomitant ACD/IDA. Moreover, hepcidin levels 

may have the potential to target appropriate treatment as oral iron supplementation to 

replete iron levels in people with high hepcidin levels may be detrimental to gut 

microbiome and metabolome (Jaeggi et al., 2015). In this case, oral iron 

supplementation treatment not only affects microbial gut but also it can delay 

appropriate treatment of iron repletion such as parental iron (Girelli et al., 2016). Hence, 

hepcidin levels may be crucial to guide healthcare providers in appropriate form of 

treatment for people with iron deficiency. Nevertheless, according to Zhao et al. (2013), 

further studies and clinically approved hepcidin assays with higher sensitivity and 

accuracy are needed to determine whether this approach will be more useful in 

distinguishing between ACD and ACD/IDA. 

 

8. Recommended Dietary Allowances  

The Recommended Dietary Allowances are set for iron by the institute of 

Medicine of the National Academy of Sciences. Adult men require less iron (8 mg of 

iron/day) as compared to girls and women during reproductive years (18 mg of 

iron/day) (Ross, 2014). The requirement of iron increases dramatically during gestation 

(27 mg/day) hence dietary iron alone would not be sufficient to meet the demand of iron 
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as such iron supplements are needed during this period of time (Ross, 2014). Toxicity 

can also arise from excess iron ingestion which comes from iron supplements (Ross, 

2014). 

  

9. Causes of Iron Deficiency  

Iron deficiency is one of the most common nutritional deficiencies. People who 

consume high plant diets are more prone to iron deficiency compared to people who 

constantly eat animal products that‟s because in meat 30 to 70 % of iron is heme iron, of 

which 15 to 35% is absorbed (R. Hurrell, 2002) . However, plant products contain 

mostly non heme iron which absorption is less than 10% (R. Hurrell, 2002; 

Zimmermann et al., 2005) . Female gender are also more prone to develop iron 

deficiency than their male counterparts due to menstrual blood losses and to pregnancy 

(Yip et al., 1987; Zimmermann & Hurrell, 2007).  Also, people with chronic diseases 

(Dubé et al., 2005; Rashid et al., 2005) and/or with disturbances in the production of 

gastric acid in the stomach are said to have an impaired absorption of iron, which places 

them at risk of developing ID. 

 

10. Strategies to Combat Iron Deficiency 

a. Supplementation  

One way of treating anemia is with oral iron supplements, including pills, 

capsules, drops, and extended-release tablets. Iron supplementation limitations include 

lack of compliance and improper logistics of distribution (Zimmermann & Hurrell, 

2007). Usually ferrous sulphate and ferrous gluconate are most commonly used as they 

are lower in cost than other Fe supplements and are of high bioavailability 

(Zimmermann & Hurrell, 2007). It is better to take the supplement in an empty stomach. 
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However many people have experienced epigastric pain and nausea when consumed in 

an empty stomach therefore it is then recommended to take iron between meals or with 

meals although this will reduce absorption of iron by about two thirds (Cook, 2005). 

Recent studies suggest that oral iron supplements can be taken every few days as this 

regimen may increase fractional iron absorption (Cavalli-Sforza, Berger, Smitasiri, & 

Viteri, 2005). 

Iron supplementation is especially crucial for pregnant woman particularly in 

developing countries where most women commonly enter pregnancy with low iron 

stores (Control & Prevention, 2002). 

 

b. Fortification 

Iron fortification is the most sustainable, safer and long-term solution to 

improve iron status at the national level (Baltussen, Knai, & Sharan, 2004). However, 

there is a difficulty to fortify iron in food since high bioavailable iron are of soluble 

forms and can react with food and cause off flavors, color changes and fat oxidation to 

the food (R. Hurrell, 2002). Thus, most of iron fortification is made for less soluble iron 

forms, which have lower bioavailability (R. Hurrell, 2002). 

Also many of foods that are fortified with high iron such as cereals have also 

high inhibitory contents of iron such as phytate (Hurrell et al., 2004; R. Hurrell et al., 

2002). Because of these limitations, Selective plant breeding and genetic engineering 

are new strategies to improve iron fortification. For instance, Rice iron content can be 

increased by introduction of ferritin gene from soy bean (Goto, Yoshihara, Shigemoto, 

Toki, & Takaiwa, 1999) or phaseoelus vulgaris (Lucca, Hurrell, & Potrykus, 2001). 

Also, iron uptake from soils can be enhanced by introduction of a ferric reductase gene 

(Samuelsen, Martin, Mok, & Mok, 1998) .  However, this area of research is still under 
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investigation. Plus, iron fortification can be problematic for other individuals having 

iron overload diseases such as hemochromatosis. 

 

11. Common Markers to Assess Iron Status 

Assessment of iron status is challenging as iron metabolism as well as RBC 

metabolism are highly influenced by inflammation and dietary deficiencies.   

 Serum Ferritin:  reflects iron storage. Ferritin content in blood depends on iron 

availability (Ross, 2014). Hence low ferritin concentrations can be used as a 

diagnostic tool to identify iron depletion (Muñoz, Villar, & García-Erce, 2009). 

Moreover, it has been standardized and commonly accessible. However, in case of 

inflammation, ferritin may be normal or high as ferritin act as an acute phase 

reactant hence it can‟t be used for diagnosis upon inflammation (Ross, 2014). 

 Serum Iron: gives a measure of iron that can be used of erythropoiesis usually it is 

low in iron deficient people as well in people with chronic diseases. Serum iron 

main limitations is that it varies diurnally and after meals (Zimmermann, 2008). 

 Transferrin Saturation (TSAT): reflects iron available for erythropoiesis calculated 

as a ratio of plasma Fe to total iron binding capacity. Usually it is low in iron 

deficient people as well in people with chronic diseases. Serum transferrin 

saturation main limitations is that it varies diurnally and after meals (Zimmermann, 

2008). 

 Hemoglobin (Hb), Hematocrit (Hct): most commonly used to measure iron status. 

However, their specificity and sensitivity are low. Their sensitivity is low since their 

depletion occurs at the late stages of iron deficiency. Whereas, their specificity is 

low as there are many etiologies of anemia other than iron deficiency (Cook, 2005). 

Caution should be taken when hemoglobin and hematocrit are used to assess iron 
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status for pregnant women, smokers and people living in high altitude as their 

thresholds vary in these populations (Zimmermann, 2008). 

 Mean Corpuscular Volume (MCV) ,Mean Corpuscular Hemoglobin (MCH): 

Measured widely on automated analyzers. Usually reliable, however both decrease 

appear late (Zimmermann, 2008). Results can be confounded if a patient has a 

concurrent folate and B12 deficiency.  

 Erythrocyte Zinc Protoporphyrins: a cheap and a simple assay use in in low-income 

countries and in fieldwork. However, it can also increase during inflammation and 

lead poisoning. Red blood cells should be washed before measurement as it can 

increase values because of some circulating factors such as bilirubin if left 

unwashed (Zimmermann, 2008). 

 Serum Erythropoietin: Erythropoietin may be helpful for diagnosing IDA as it 

increases as the severity of IDA increases (Camaschella, 2017). 

 

12. Methods to Assess Iron Absorption 

Stable iron isotopes as well as radioactive iron isotopes can be used to assess 

its absorption. However, stable iron isotopes are now recently more chosen than 

radioactive isotopes for studies due to ethical concerns.  Labels are utilized in order to 

measure iron absorption, since the iron from a specific meal must be distinguished from 

iron consumed on other days and from endogenous minerals (Turnlund, 1987).  Iron 

absorption from the test meal can be calculated from the shift in the iron isotopic 

abundances in the blood after isotopic enrichment of iron into red blood cell, which can 

be measured approximately 14 days after test meal administration (Walczyk, Davidsson, 

Zavaleta, & Hurrell, 1997).  

The other method that can be used is the oral iron absorption test (OIAT), 
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which is a simple test consisting of an oral iron load preceded and followed by a blood 

test in order to determine the rise in plasma iron concentration as a measure of 

intestinal iron absorption (Ekenved, Norrby, & Sölvell, 1976). As Ekenved et al. (1976) 

found that when using radiolabeled Fe salts, it was possible to associate the induced 

serum Fe increase to the true absorption of Fe measured by whole-body counting. 

 

13. Factors Affecting Iron Absorption 

Dietary factors may influence intestinal iron absorption (Wallander et al., 

2006). Heme iron is more bioavailable than non-heme iron. Ascorbate can increase iron 

absorption as it reduces iron from ferric form (Fe
3+

) to more bioavailable ferrous iron 

(Fe
2+

) form (Hunt, Gallagher, & Johnson, 1994; Siegenberg et al., 1991). Conversely, 

polyphenols and phytate may reduce the absorption of non-heme iron (Siegenberg et al., 

1991). Also, other divalent metals can reduce non-heme iron absorption by sharing a 

similar pathway with iron absorption (Miret et al., 2003) . Inflammation is another 

factor that may influence iron absorption as the release of inflammatory markers 

increase hepcidin production in liver ultimately leading to decrease FPN expression 

hence impaired mobilization of iron from enterocytes (Muñoz et al., 2009). Besides, 

some medications such as proton pump inhibitors can interfere with iron metabolism 

(Sarzynski, Puttarajappa, Xie, Grover, & Laird-Fick, 2011). 

 

B. Insulin and Glycemic status with Iron Absorption 

1. Mechanisms of Insulin Action  

The primary function of insulin is to mediate glucose disposal through glucose 

uptake by muscle and fat cells. Besides, insulin also hinders hepatic glucose production 

(Trout, Homko, & Tkacs, 2007).  
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Glucose is the main stimulant of insulin release. This process begins by 

glucose entering the pancreas through GLUT 2 transporter; glucose will then be 

phosphorylated to glucose 6 phosphate. Glucose -6- phosphate then will undergo 

metabolic events through glycolysis and Krebs cycle rising adenosine triphosphate 

(ATP) in the  cell of the pancreas. The rising intracellular ATP to adenosine 

diphosphate (ADP) ratio signals to close membrane potassium channels causing 

depolarization on the cell‟s membrane potential. Depolarization of the cell‟s membrane 

potential will lead to the opening of voltage dependent calcium channels to open, as a 

result, calcium will enter the cell ultimately leading to insulin release (Liang & 

Matschinsky, 1994). Once insulin is liberated it will bind to its receptor on the cell 

membrane. In muscle and fats, insulin binding to its receptor will cause GLUT 4 

glucose transporters to translocate to the plasma membrane mediated by a cascade of 

intracellular signaling events. Any failure of translocating GLUT 4 transporters results 

in decreased glucose uptake and increase insulin resistance (Lingappa & Farey, 2000). 

 

2. Insulin Resistance Manifestations 

Insulin resistance is a condition whereby an excess amount of insulin will be 

utilized in order to produce a normal biological function. Increased insulin resistance is 

a key factor of type two diabetes (Trout et al., 2007).  It also increases the risk of 

myocardial infarctions, strokes, other cardiovascular disease, and mortality (Chahwala 

& Arora, 2009). Besides, insulin resistance is associated with polycystic ovary 

syndrome  (PCOS) in women (Puder & Pralong, 2009). 

 

3. Abdominal and Peripheral Obesity, Inflammation and Insulin Resistance 

The increase of adipocytikones such as tumor necrosis factor- alpha (TNF-) 
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that commonly occurs with high abdominal obesity contribute to the pathogenesis of 

insulin resistance (Hamdy, Porramatikul, & Al-Ozairi, 2006) as the increased cytokines 

in obese individuals might interfere with insulin action by impairing insulin signal 

transduction. Moreover, as increased visceral fat tends to be more sensitive to lipolytic 

stimuli rather than non-lipolytic stimuli. Thus, visceral fat tends to promote more fatty 

acids into circulation. Consequently, high free fatty acids in circulation will impair 

glucose uptake and oxidation by muscle and other organs (Jensen, Haymond, Rizza, 

Cryer, & Miles, 1989). As a result, the pancreas will tend to increase insulin secretion in 

an attempt to compensate for the reduced glucose uptake (Snijder, Van Dam, Visser, & 

Seidell, 2005). Besides, as fatty acids in blood increase this will increase the deposition 

of fatty acids to organs such as pancreas and liver (ectopic fat storage). Accumulation of 

fat in non-adipose tissues will eventually induce insulin resistance and type 2 diabetes 

(Ravussin & Smith, 2002). 

On the other hand, many studies proved that subcutaneous fat stored in the 

femoral-gluteal storage tends to be protective against diseases. Fat stored in the femoral-

gluteal storage tends to be more sensitive to non-lipolytic stimuli rather than lipolytic 

stimuli (Snijder et al., 2005). To be more specific, Lipoprotein Lipase (LPL) which is 

responsible for uptake of blood fatty acids tends to be highly sensitive in the femoral-

gluteal region in women (Rebuffe-Scrive et al., 1985; Rebuffé-Scrive et al., 1987) . As 

such, fatty acids stored in femoral-gluteal region will in turn lessen fatty acids storage in 

non-adipose tissues such as liver and pancreas (Ravussin & Smith, 2002). Moreover, it 

is stated that the secretory function of adipose tissue may be dependent on its region 

(Arner, 2001). As such, femoral-gluteal subcutaneous fat tissue region tends to secrete 

less cytokines than visceral fat in the android region (Arner, 2001). Hence, the different 

associations between femerol-gluteal subcutaneous fat tissue region and visceral fat 
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android obesity with health risks may be explained by the difference in secretory 

pathways of cytokines in different fat storage areas (Snijder et al., 2005). 

 

4. Common Methods to Measure Insulin Sensitivity  

Due to the observed insulin resistant and diabetes related complications. It is 

now of prompt importance to evaluate insulin sensitivity.  

Evaluating insulin sensitivity in non-diabetic individuals would be useful to 

detect individuals who are at risk of developing diabetes later on.  

In order to test insulin sensitivity factors such as subject burden and cost of the 

test should be taken into account (Trout et al., 2007).  

 

a. Hyperinsulinemic Euglycemic Clamp 

Is considered the gold standard to measure insulin sensitivity (Gungor, Saad, 

Janosky, & Arslanian, 2004). It is performed on a fasted state. In the test, insulin is 

infused to until it reaches a plateau of approximately 100 /ml of plasma over basal 

insulin levels to mimic postprandial levels and maintaining at this plateau for a period 

of 2 to 4 hrs (Trout et al., 2007).  

To continue with these plateau variable amounts of 20% of dextrose is infused 

(DeFronzo, Tobin, & Andres, 1979). Insulin dosage is fixed and the amount of glucose 

infused will depend on subject‟s insulin sensitivity. In the test, blood samples are taken 

every 30 to 60 min. If an individual requires high amount of glucose infusion (6-12 

mg/kg/min) to remain euglycemic then the individual is said to be insulin sensitive. On 

the contrary, if an individual require less glucose infusion to maintain euglycemic the 

individual is said to be insulin resistant (Trout et al., 2007).   The drawbacks of 

Hyperinsulinemic euglycemic clamp is that it is so labor intensive, technically difficult 
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and expensive. Moreover, it only reflects insulin levels at steady state conditions not in 

dynamic conditions as what occurs postprandial (Trout et al., 2007).  

 

b. Minimal Model - Frequently Sampled Intravenous Glucose Tolerance Test 

(FSIVGTT) 

 

Glucose is injected in the test and then insulin sensitivity will be assessed using 

a computer modeling MINMOD Millenium (MINMOD, Inc., Los Angeles, CA) that 

analyze glucose and insulin levels after the glucose infusion. (Bergman & Lovejoy, 

1997; Trout et al., 2007) (FSIVGTT) is reliable and a validated method (Bergman & 

Lovejoy, 1997). Also, it is a less expensive procedure compared to hyperglycemic 

euglycemic clamp (Trout et al., 2007). However, it is still harder than other simple tests 

such as Oral Glucose Tolerance Test (OGTT), making it a less desirable option to test 

insulin sensitivity (Trout et al., 2007).  

 

c. Oral Glucose Tolerance Test (OGTT) 

Is a simple test to measure insulin sensitivity. The patient is asked to give a 

fasted blood sample and then consume a 75g solution of glucose. Another blood sample 

is collected from the patient post 2 hours of consuming the solution.  After two hours, if 

blood glucose levels were  200 mg/dl the patient is said to be diabetic. Whereas, if the 

patient has blood glucose levels 140 mg/dl and  199 mg/dl the patient is said to have 

an impaired glucose tolerance (Trout et al., 2007).  OGTT is a simple test and less 

expensive than both (FSIVGTT) and hyperinsulenemic clamp. In fact, OGTT has been 

the desired method to measure insulin sensitivity in clinical situations (Idiopathic & 

Endocrinopathies, 2003). However, OGTT still have certain limitations one is that it is 

variable due to the varied rate of gastric emptying and glucose absorption from the 
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gastrointestinal tract in individuals, two is that it doesn‟t give an insight of insulin and 

glucose dynamic action (Trout et al., 2007).  

 

d. Homeostatic Model Assessment (HOMA) 

It is a mathematical equation [(Fasting plasma insulin (in μU/mL) × Fasting 

plasma glucose (in mmol/L)/22.5] using fasting insulin and glucose levels to evaluate 

insulin resistance and interpret  cell function (Matthews et al., 1985). The cutoff point 

is 2.5, values higher than 2.5 puts a patient in an insulin resistant state (Ybarra, 

Sanchez-Hernandez, & Pérez, 2005). HOMA is commonly used in epidemiological 

studies, as it is very convenient needing only the values of fasting glucose and insulin. 

 

e. Quantitative Insulin-Sensitivity Check Index (QUICKI) 

QUICKI is defined by a mathematical formula: 1/log I0 + log G0 where I0: 

represents fasting plasma insulin value in U/ml and G0: fasting plasma glucose value 

in mg/dl (Katz et al., 2000). 

Both HOMA and QUICKI main advantage is that they are really much simple 

than other measures to measure insulin sensitivity, as they only need fasting plasma 

glucose and insulin values and as such they only require one blood sample to be 

collected at the fasted state. Besides, it is less in cost and need less experienced 

personnel compared to the other procedures; however, having only fasting plasma 

insulin and glucose can only give you an insight of how insulin is functioning in the 

fasting state. Hence, it does not reflect insulin‟s peripheral function when stimulated 

with glucose challenge (Trout et al., 2007). 
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5.  The Relationship of Obesity, Inflammation and Glucose Metabolism Markers with 

Iron Absorption  

 

Many studies have shown that now obesity is recognized as a non-traditional 

risk factor of ID (Tussing-Humphreys et al., 2012). Several mechanisms have been 

proposed to determine the etiology of iron deficiency on individuals with obesity. For 

example, some researchers proposed the causes attributed to the large body surface area 

observed in individuals with obesity, and hence a larger blood volume, while others 

have linked it to the type of foods consumed by obese individuals (Seltzer & Mayer, 

1963; Wenzel et al., 1962). However, recent investigations have shown that this 

reduced level of iron status in obese individuals may not be related to the total intake of 

iron but rather to its absorption (Cepeda-Lopez et al., 2011). 

Hepcidin, a 25 amino acid peptide, produced mainly in liver, is a potent 

regulator of iron absorption. Hepcidin production is increased in response to the 

presence of iron, inflammation, malignancy (Haurani et al., 1965), and is decreased in 

response to erythropoiesis (Collins et al., 2008), ID, anemia and hypoxia (Agarwal et 

al., 2009; Nemeth, 2008). When hepcidin interacts with ferroprotein, a transmembrane 

binding protein that helps in degrading iron, the release of the latter is diminished from 

duodenal enterocytes, and thus induces a decrease in serum iron levels (Ganz et al., 

2008).  

While obesity is a state known to be associated with low-grade inflammatory 

status, characterized by increased circulating levels of IL-6 and other inflammatory 

adipokines (Dandona et al., 2004) and as hepcidin responds positively to inflammation, 

then chronic low grade inflammatory status, such as that induced by obesity, may 

increase serum hepcidin level and ultimately decreases serum iron and reduces iron 

available for erythropoiesis resembling the anemia of chronic diseases (ACD) (Haurani, 
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2006; Nemeth et al., 2003) 

Recent studies show that insulin and glucose may play a role in interrupting 

hepcidin secretion and hence iron absorption on obese individuals. The relationship 

between hepcidin and diabetic markers has been controversial. In a study in rats, 

researchers detected a 3.5-fold reduction in hepcidin mRNA in the insulin resistant 

group compared to the control group (Le Guenno et al., 2007). Some other human 

studies (Aso et al., 2010; Fern ndez-Real et al., 2009; Sam et al., 2013) have also 

shown diminished hepcidin and prohepcidin expression in T2D patients. Other studies 

were consistent with the negative association between hepcidin and insulin but they 

later on discovered that insulin therapy seems to correct and therefore increase hepcidin 

levels in people or rats with hyperinsulinemia. To illustrate that, A study by (Wang et 

al., 2014) in which they induced diabetes in rats, revealed a significant decrease in 

hepcidin expression in the liver. However, they later on proved that insulin can directly 

stimulate hepcidin synthesis through the STAT 3 pathway after treating diabetic rats 

with insulin (Wang et al., 2014).  Similarly, in a human study by Vela et al. (2017) 

insulin treatment increased and corrected hepcidin levels in persons with type 2 diabetes 

mellitus matched by body mass index, waist to height ratio, c- reactive protein and 

creatinine. Hence, as Aregbesola et al. (2013) suggested in a mini review that there 

seems to be an insulin signal loss in T2D patients resulting in decreasing hepcidin levels 

and hence eventually iron overload. 

However other studies have been inconsistent with the previous studies 

mentioned above and have shown a positive correlation between hepcidin and insulin. 

One possible mechanistic link behind the positive association hepcidin and insulin is 

through glucose stimulation. Literature review supports that hepcidin release can 

happen in extrahepatic organs. It seems that hepcidin release can happen concurrently 
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with insulin in the pancreatic  cells. As a result, as insulin is released upon glucose 

ingestion, hepcidin release from the pancreas will be promoted as well (Kulaksiz et al., 

2008). In support to this possible mechanism, a trial study by Aigner et al. (2013) 

concluded that glucose regulate serum iron concentration as they revealed upon their 

experiment that serum hepcidin increased in glucose treated subjects when compared 

with controlled subjects treated with only water. 

Clearly, the relationship of insulin and iron absorption is still inconclusive. One 

of the main reasons that explain why studies evaluating hepcidin and diabetes 

relationship have been controversial is the lack of standardization of hepcidin 

measurement (Aregbesola et al., 2015). Investigators in the past measured prohepcidin 

rather than hepcidin claiming that serum prohepcidin is easier to measure due to its 

higher immunogenicity (Aregbesola et al., 2015). Besides, they thought that 

prohepcidin is a marker of endogenous hepcidin levels (Hadley, Johnson, & Hunt, 

2006). While other studies believe that prohepcidin does not accurately reflect iron 

status and iron absorption and so they measured hepcidin instead (Roe et al., 2007). 

Hence our aim is to investigate the relationship of insulinemic and glycemic profile with 

iron absorption on healthy premenopausal women with varied levels of adiposity. While 

many studies investigated the relationship of insulinemic and glycemic profile with iron 

absorption using hepcidin to assess iron absorption, we will additionally assess the latter 

variable using stable iron isotope, which is believed to be the gold standard to measure 

iron absorption. Moreover, our sample consists of only healthy premenopausal women 

with varied levels of adiposity. We believe that the exclusion of people with chronic 

diseases will remove confounding results from commodities. 

This study will help us investigate which markers will be great predictors for 

iron absorption.  To our knowledge, our study is the first to examine all variables that 
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can influence iron absorption using advanced sophisticated assays. Our findings can 

help healthcare practitioners in deciding appropriate tests and on prescription of iron 

supplementation for those who need it most. 
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CHAPTER III 

METHODOLOGY 

 

A. Study Design 

A non-randomized trial was conducted, in which female subjects with varied 

levels of adiposity were asked to consume labeled Fe
57

 in order to determine their iron 

absorption rate. The study was approved by Institutional Review Board (IRB) at the 

American University of Beirut (AUB), under the code NUT. OO.23 and was registered 

with ClinicalTrials.gov ,NCT03310203. 

 

B. Study Population  

The study was conducted at the American University of Beirut Medical Center 

(AUBMC) between September 2017 and October 2018. Subjects were recruited from 

several endocrinology and obesity clinics, in addition to personal contacts. 

Interested subjects were asked to give their age, weight, height as well as 

information about their medical and surgical history through phone calls to determine 

eligibility for participation in the study. Moreover, purpose and protocol of the study 

were also discussed to them. Interested and eligible subjects were met at AUBMC, the 

study was explained in details and interested subjects were asked to sign the consent 

form (Appendix III or IV). Thereafter, subjects were asked to fill a questionnaire 

(Appendix I or II) about their socio-economic, demographic and health status. 

Inclusion criteria included premenopausal non-pregnant and non-lactating 

women with varied levels of adiposity (lean, overweight, obese). Also, we stress on the 

importance of not being on iron supplementation or antibiotics since it affects the 

http://clinicaltrials.gov/
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degree of inflammation in the body and the rate of iron absorption.  On the other hand, 

exclusion criteria included medical diseases such as non-communicable diseases 

(NCDs), gastrointestinal conditions that affect iron absorption as well as those that 

affect the blood profile such as thalassemia or types of nutritional or non-nutritional 

anemia; pregnancy or lactation; and regular use of medications that affect carbohydrate 

and iron metabolism. 

 

C. Study Protocol 

Participants were first screened for eligibility, taking into account the exclusion 

criteria mentioned above.  

As a first visit, participants were asked to come to the Bone densitometry unit 

at the AUBMC where anthropometric measurements such as Height (cm) and Weight 

(kg) were measured using “Detecto scale” and Waist circumference (cm) was measured 

at the umbilicus level  using a flexible, non-stretchable measuring tape. Besides, 

HbA1c was measured using the DCA Vantage
TM

 (Siemens Medical Solutions 

Diagnostics, Tarrytown, NY). Also, body composition was assessed using Dual-energy 

X-ray absorptiometry (DEXA) (Hologic Inc, Bedford,MA, USA)).  

In the second visit, overnight fasted subjects were asked to provide a 13 ml 

blood sample before consuming a test meal (bread with butter and honey) mixed with 6 

mg of stable labeled iron Fe
57

. Subjects were asked not to eat or drink for 3 hours after 

the ingestion of the meal and to avoid the effect of any external influencing factors on 

iron absorption. Besides, it is important to note that consented subjects were asked to 

avoid the consumption of caffeinated beverages, smoking and any strenuous physical 

activity on the day prior to the test and on the day of the test itself. 

Finally, subjects were requested to show up after exactly 14 days in a fasted 
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state at the same experimental site for a second blood withdrawal of 8 ml. Following 

that, patients were given an OGTT-OIAT solution (50 grams dextrose), which includes 

100 mg of iron in the form of sodium ferrous citrate (SFC) provided by Eisai Food & 

Chemical Co., Ltd (Japan), under the name of SANFEROL and a third blood sample 

(5ml) was drawn 2 hours following it‟s ingestion. Table 1 outlines the details of blood 

sampling at each visit and time. 

All blood samples were centrifuged for 10 minutes at a speed of 3000RPM on 

20  C using EPPENDORF Centrifuge 5810R and then aliquoted into labeled tubes and 

stored in freezer at -80  C for later use.  

 

 

Table 1. Details of Blood Sampling at Each Visit (V) and Time (T). 

Blood Sampling 

V2  13 ml blood sample fasted state: 

 3 ml  Ethylenediaminetetraacetic acid (EDTA) coated tube used for 

Complete Blood Count (CBC) testing 

 10 ml chemistry tube used to measure inflammatory markers (CRP 

and alpha-glycoprotein) and iron parameters ferritin and transferrin 

receptor (TfR) 

V3T0  8 ml blood sample fasted state: 

 3 ml EDTA coated tube used for measurement of the isotope 

enrichment of Fe
57

 in the RBCs. 

 5 ml chemistry tube used as a baseline for the OGTT-OIAT 

(glucose, insulin and serum iron) as well as for quantification of 

(total cholesterol, triglycerides, HDL, TIBC and hepcidin) 

V3T2  5 ml blood sample 2 hrs. Post ingestion of OGTT-OIAT oral mixture 

 5 ml chemistry tube used for measurement of (glucose, insulin, 

triglycerides, serum iron, hepcidin and TIBC)]. 
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D. Analytical Procedure 

1. Preparation and Analysis of Iron Absorption from Stable Iron Isotopes Done by 

ETH Zurich Swiss Federal Institute of Technology 

 

a. Preparation of Iron Isotope Labels  

Isotopically labeled Fe
57 

were prepared from isotopically enriched elemental 

iron by dissolution in 0.1 mol sulfuric acid/L. The solutions were flushed with argon to 

keep the iron in the Ferrous state (Petry, Egli, Chassard, Lacroix, & Hurrell, 2012).  

 

b. Isotopic Analyses 

Isotopic analyses were performed by negative thermal ionization mass 

spectrometry (TIMS). 

Iron absorption was calculated from the isotopic enrichment of stable isotopes 

Fe
57

 into red blood cells collected 14 days after the oral administration of the isotopes.  

Iron from the total blood of the subjects was computed from the measurements 

in the blood samples and estimates of total blood volume.  In order to calculate the 

latter, consideration of the sex, weight, and height of the individual is necessary. 

Isotopic enrichment into total red cell mass was estimated based on blood hemoglobin 

and plasma ferritin levels. Iron absorption was calculated as the ratio of Fe
57

 into the 

total red cell mass over the ingested dose of the corresponding isotope and expressed as 

a percentage (Donangelo et al., 2003). Upon calculating fractional iron absorption, it is 

assumed that 80% of the absorbed iron is incorporated into RBC (Petry et al., 2016).  

 

2. Combined Measurement of Ferritin, Soluble Transferrin Receptor (sTFR), Alpha 

Glycoprotein (AGP) and C- Reactive Protein Done by ETH Zurich Swiss Federal 

Institute of Technology 

 

A combined and optimized Sandwich Enzyme –Linked Immunosorbent Assay 
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Technique (ELISA) was used to assess serum ferritin, sTFR,-glycoprotein an C- 

reactive protein (Erhardt, Estes, Pfeiffer, Biesalski, & Craft, 2004). 25 ul serum samples 

are sufficient to do a double measurement of these 4 proteins. 

 

3. Iron Absorption Using the OIAT Method 

Oral iron absorption test (OIAT) is a simple test consisting of an oral iron load 

preceded and followed by a blood test in order to determine the rise in plasma iron 

concentration as a measure of intestinal iron absorption. In this study, a dose of 100 mg 

(~10 mg of Fe) of SFC provided by Eisai Food & Chemical Co., Ltd (Japan), under the 

name of SANFEROL (Kobune et al., 2011) was used and incorporated with OGTT(50 g 

of glucose).  We decided to combine OIAT with OGTT so we can study the relation of 

glucose and insulin with iron absorption simultaneously.  

 

4. Insulin and Hepcidin 

The Human Sandwich Insulin ELISA kit from (Millipore Corporation, 

Billerica, MA, USA) was used for the quantification of human insulin in serum 

samples. In brief, the insulin test was done in a microwell plate. At first, capture of 

human insulin molecules from samples to the wells is mediated using two antibodies 

(pre-titred Monoclonal Mouse anti-Human Insulin Antibody) which is preadsorbed on 

the microtiter plate and second detection antibody (pre-titred Biotinylated Monoclonal 

Mouse anti-Human Insulin Antibody) which binds the captured insulin. Enzyme 

solution is then added (Pre-titred Streptavidin-Horseradish Peroxidase Conjugate in 

Buffer) to the immobilized biotinylated antibodies. Subsequently, immobilized 

antibody-enzyme conjugates were measured by monitoring horseradish peroxidase 

activities after the addition of the substrate (3,3‟,5,5 „- tetramethylbenzidine). The 
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reaction is terminated by the addition a stop solution (HCL). It is important to note that 

wash steps are repeated between each step to remove unbound materials. The enzyme 

activity is measured spectrophotometrically by the increased absorbency at the 450 nm 

after acidification of formed products.  

In order to obtain the concentration levels in the serum, the concentration of the 

controls (which are present in the kit) and the measured absorbance of the control 

(tested in the microwell plate) are used to derive an equation for calculating the 

concentrations.  

The Human Sandwich Hepcidin-25 ELISA kit (MyBiosource, Catalog number: 

MBS700759, USA, San Diego, CA 92195-3308) was used for the quantification of 

human hepcidin in serum samples. In brief, the hepcidin test was done in a microwell 

plate. At first, capture of human hepcidin molecules from samples to the wells is 

mediated using two antibodies (Anti-hepc Antibody) and second detection antibody 

(Biotin conjugated). Subsequently, immobilized antibody-enzyme conjugates were 

measured by monitoring Horseradish Peroxidase Streptavadin activities after the 

addition of the substrate (3,3‟,5,5 „- tetramethylbenzidine). The reaction is terminated 

by the addition a stop solution. It is important to note that wash steps are repeated 

between each step to remove unbound materials. The enzyme activity is measured 

spectrophotometrically by the increased absorbency at the 450 nm after acidification of 

formed products.  

In order to obtain the concentration levels in the serum, the concentration of the 

controls (which are present in the kit) and the measured absorbance of the control 

(tested in the microwell plate) are used to derive an equation for calculating the 

concentrations.  
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5. Glucose, HDL. Triglycerides, Serum Iron, Total Cholesterol and TIBC 

Blood specimens were thawed at room temperature. Serum levels of glucose, 

HDL, triglycerides, iron, total cholesterol and total iron binding capacity (TIBC) were 

measured using Vitros 350 analyzer. 

 

6. HbAlc 

The percentage of hemoglobin A1c is calculated by dividing the concentration 

of hemoglobin A1c by the patients‟ total hemoglobin. The DCA Vantage analyzer 

(Siemens Medical Solutions Diagnostics, Tarrytown, NY) performs all of the 

measurements and calculations. 

 

7. Complete Blood Count Done by AUBMC Laboratory 

Complete blood count (CBC) is integral to measure different blood cells in our 

body. It helps us screen for anemia, inflammation and other related disorders. Variables 

of interest to us were (Hb), Hct, MCV, Red distribution width (RDW). As a result, 

EDTA tubes were collected from participants and analyzed using a hematological 

analyzer (Beckman Coulter, Miami, FL). 

 

8. Dual-Energy X-Ray Absorptiometry (DEXA) 

Is commonly used to detect body composition and gives whole as well as 

regional body values. DEXA (Hologic Inc., Bedford, MA, USA) provides a three- 

compartment model as it measures FFM, FM and bone mineral content (BMC); it has 

been validated by other techniques. As DEXA contains a very low radiation dose and is 

easy to perform for both the operator and patient, it has been a desired method to be 

used to measure body composition. The report shows the visceral adipose tissue 
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information in 3 categories: Mass (grams), Volume (cm
3
), Area (cm

2
). Area is the most 

important measurement as its value is correlated with disease risk categories. Area and 

disease risk are gender/disease specific.  In the interim the available literature supports 

visceral fat thresholds of 100 cm
2 

for increased risk and 160 cm
2
 for high risk. 

 

E. Statistical Analysis 

1. Data Entry 

Demographics and biochemical results were entered on Microsoft Office Excel 

2010 and then copied to the Statistical Package for Social Sciences (SPSS). Data 

cleaning was done to identify and correct any data errors. 

 

2. Statistical Analysis  

Statistical analysis was performed using SPSS (SPSS Inc., Chicago, IL). 

Variables were checked for normality using QQ-plot. Nonnormally distributed 

data were logarithmically transformed for statistical analysis.  

Results were expressed as means ± standard deviation for continuous variables 

and frequency for categorical variables.  

Comparison of continuous variables between BMI groups and glycemic 

markers tertiles was done using one-way ANOVA with post hoc Bonferroni correction; 

while, comparison of categorical variables between BMI groups was performed using 

Chi Square test. Bivariate Pearson correlations and multiple linear regression models, 

including correction for confounding variables, were used to study associations between 

iron absorption and continuous variables. Differences were considered significant at P < 

0.05.   
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CHAPTER IV 

RESULTS 

 

A. Socio-Demographic Characteristics of Our Subjects 

At baseline, there were 121 participants enrolled in the study. However, 3 of 

them dropped out of the study due to personal reasons. As a result, a total of 118 

subjects completed the study. But, 3 out of the 118 subjects had an Hba1c>7% hence we 

exclude those subjects for analysis and left out with 115 subjects.  

115 subjects were classified according to their BMI ranges. BMI ranges were 

as follows: normal BMI, 18.5–24.9; overweight, 25–29.9; obesity class I, 30-34.99; 

obesity class II or higher, 35 and above. Out of the 115 subjects, there were 37 subjects 

of normal BMI, 27 overweight, 27 obese class I and 24 obese class II or above. 

Demographic characteristics split by BMI ranges of the participants are found in Table 

2. The marital status and employment status were similar between groups; however, age 

and number of pregnancies were statistically different between groups. The age range 

was 20-55 years old and women in the obese class II and above group had a 

significantly higher mean age than that of women in normal weight. As for number of 

pregnancies most of the participants in our normal BMI group had no kids; however, 

most of the participants in the obese class II or above group had more than 2 kids. 

Based on self-report, 23(20%) of our subjects use nutritional supplements other 

than iron, as the latter would exclude our subjects from participating. 
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Table 2. Demographic Characteristics of the Groups. 

Variables Normal 

 

Overweight 

 

Obese class I Obese class II 

or above 

P-value 

N 37 27 27 24  

Age(years) 31.67 ± 9.41
b
 32 ± 9.38

a,b
 34.22 ± 9.62

a,b
 38.25  ± 7.37

a
 0.035* 

Marital Status (%): 

Single 

Married 

Widowed 

Divorced 

 

38 

54 

5
 

3 

 

41 

59 

0 

0 

 

33 

63 

0 

4 

 

17 

75 

0 

8 

NS 

Employment Status (%) 

Employed 

Unemployed 

 

57 

43 

 

59 

41 

 

56 

44 

 

63 

37 

NS 

Number of 

Pregnancies(%) 

0, 

1,2 

>2 

 

40 

38 

22 

 

48 

4 

48 

 

48 

26 

26 

 

17 

29 

54 

0.050* 

BMI ranges were as follows: Normal BMI, 18.5–24.9; overweight, 25–29.9; obesity class I, 30-

34.99; obesity class II or higher, 35 and above.. 

One-way ANOVA was conducted for continuous variables and Chi-square tests were performed 

for categorical variables to test differences between groups. 

NS: Not Significant. 

Categorical variables are presented as percentage frequencies while continuous variables are 

presented as mean ± SD. 

Means that do not share a letter are significantly different. 

*: Mean difference is significant at 0.05 level. 

 

 

B.  Body Composition and Biochemical Characteristics of Our Subjects  

Body composition characteristics categorized by BMI groups are summarized 

in Table 3. As expected, body composition characteristics were significantly lower in 

normal BMI women than in all other higher BMI women. Total lean + bone mineral 

content (BMC), total fat percentage, android fat (%) and android to gynoid ratio were 

significantly higher in the both obese groups than in normal and overweight group. The 

latter variables were higher in obese class II or above group compared to obese class I 

but they did not reach any statistical significance.  

Glucose metabolism markers along with lipid profile are found in Table 4. 

Fasting blood glucose is lower in normal BMI group compared to all higher BMI group. 
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Fasting insulin, HOMA –IR and CRP reached a statistical significance between obese 

class II or above group and the other lower BMI groups. On the other hand, HbA1c only 

reached statistical significance difference between obese class II or above group and 

normal BMI group. As for fasting triglycerides, it was significantly higher in the obese 

class II and above group compared to all lower BMI group. Although, obese class I had 

a higher fasting triglyceride than overweight group, it did not reach any statistical 

significance difference between the two groups. Similarly, overweight had higher 

fasting triglycerides than normal BMI group but there was no statistical significance 

difference on their fasting triglycerides value between them.  

AGP was significantly lower in people with normal BMI group than in people 

in the obesity groups. Total Cholesterol was similar between groups. On the contrary, 

HDL was significantly lower in obese class II or above compared to normal BMI group. 

 

Table 3. Body Composition Characteristics of the Groups. 

Variables Normal 

 

Overweight 

 

Obese class I Obese class II 

or above 

P-value 

N 37 27 27 24  

Weight (Kg) 59.94±5.66
d
 70.70±7.00

c 
83.27±7.72

b 
99.17±11.88

a 
0.000* 

Height (m) 1.62±0.05 1.60±0.05
 

1.59±0.07
 

1.60±0.04
 

0.318 

BMI (Kg/m
2
) 22.74±1.63

d 
27.24±1.61

c 
32.55±1.31

b 
38.59±3.15

a 
0.000* 

Waist Circumference (cm) 75.72±7.54
d 

86.55±8.37
c 

96.74±7.85
b 

108.22±6.80
a 

0.000* 

Total Fat Mass (kg) 23.89±45.93
d 

32.54±42.43
c 

40.84±46.03
b 

50.82±86.12
a 

0.000* 

Total Lean +BMC (kg) 38.43±32.36
c 

40.55±40.82
b 

45.50±43.80
a 

51.86±53.10
a 

0.000* 

Total Fat (%) 38.08±4.76
c 

44.15±2.71
b 

47.27±2.55
a 

49.29±3.42
a 

0.000* 

Android Total Mass (kg) 3.97±0.72
d 

5.11±0.64
c 

6.52±0.81
b 

8.04±1.23
a 

0.000* 

Android Fat (%) 35.36±6.04
c 

44.04±3.20
b 

49.55±3.37
a 

50.84±4.19
a 

0.000* 

Gynoid Fat Mass (kg) 10.79±1.48
d 

13.02±1.65
c 

14.85±1.60
b 

17.18±2.66
a 

0.000* 

Gynoid Fat (%) 44.10±4.17
b 

48.03±3.29
b 

49.72±3.01
a 

50.16±3.99
a 

0.000* 

Android/Gynoid 0.80±0.09
c 

0.91±0.07
b 

0.99±0.05
a 

1.02±0.07
a 

0.000* 

VAT(cm
2
) 62.64±19.29

d 
94.77±30.17

c 
144.94±39.23

b 
182.41±40.97

a 
0.000* 

BMI ranges were as follows: Normal BMI, 18.5–24.9; overweight, 25–29.9; obesity class I, 30-

34.99; obesity class II or higher, 35and above. 

One-way ANOVA was conducted for continuous variables to test differences between groups. 

Variables are presented as mean ± SD. 

Means that do not share a letter are significantly different. 

*: Mean difference is significant at 0.05 level. 
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Table 4. Biochemical Characteristics of the Groups. 

Variables Normal 

 

Overweight 

 

Obese class I Obese class II 

or above 

P-value 

N 37 27 27 24  

Fasting Blood Glucose 

(mg/dl) 

83.51±5.99
b 

89.85±7.80
a 

89.55±5.98
a 

89.87±9.27
a 

0.001* 

Fasting Insulin 

(uU/ml) 

3.87±2.41
b 

5.41±4.12
b 

6.15±2.90
b 

9.51±6.82
a 

0.000* 

HOMA-IR 0.80±0.50
b 

1.20±0.91
b 

1.38±0.68
b 

2.13±1.54
a 

0.000* 

HbA1c(%) 5.41±0.34
b 

5.58±0.35
a,b 

5.52±0.38
a,b 

5.76±0.53
a 

0.003* 

Fasting Triglycerides 

(mg/dl) 

56.97±15.35
c 

86.03±46.01
b,c 

97.88±52.77
b 

132.45±60.83
a 

0.000* 

Total Cholesterol 

(mg/dL) 

158.89±29.95 167.59±23.88 164.07±27.31 178.20±31.99 0.081 

HDL(mg/dL) 47.29±10.17
b 

46.66±11.20
a,b 

45.51±11.25
a,b 

40.04±8.31
a 

0.050* 

CRP(mg/l) 2.42±4.35
b
 2.50 ±3.88

b
 3.95± 2.94 

b
 8.25±9.93

a
 0.001* 

AGP(g/l) 0.81±0.47
b
 1.06±0.41

a,b
 1.24±0.45

a
 1.24±0.43

a
 0.000* 

BMI ranges were as follows: Normal Weight, 18.5–24.9; overweight, 25–29.9; obesity class I, 

30-34.99; obesity class II or higher, 35 and above. 

One-way ANOVA was conducted for continuous variables to test differences between groups. 

Variables are presented as mean ± SD. 

Means that do not share a letter are significantly different. 

*: Mean difference is significant at 0.05 level. 

 

 

C. Iron status Indicators of our Subjects 

Iron status indicators categorized by BMI groups are summarized in Table 5. 

All iron status indexes were similar between the BMI groups except MCV 

which is significantly lower in women with obesity class II or above than in normal 

BMI women. Moreover, most mean iron status indexes in the different BMI groups 

were within the normal range. The exception is MCV and Red distribution width 

(RDW). As highlighted in Table 5, mean MCV in obese class II or above group is 

significantly lower than all other lower BMI groups. Moreover, mean MCV (78.37fl) in 

the obese class II or above group is also less than the normal range of MCV (80-96fl). 

Although mean RDW is higher in obese class II or above group compared to lower BMI 

groups, it did not reach any statistical significance. However, it is important to note that 

mean RDW (15.25%) of obese class II or above is higher than the normal range (11.5-
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14.5%) of RDW, which indicates a deficiency of iron. Despite the above findings, we 

did not find any significant difference of hepcidin and iron absorption across the BMI 

groups. It is important to note that we log-transformed iron absorption in order to make 

it‟s distribution less skewed. 

 

 

Table 5. Iron Status Indicators of the Groups. 

Variables Normal 

 

Overweight 

 

Obese class I Obese class II 

or above 

P-value 

N 37 27 27 24  

Serum Iron (μg/ml) 76.89±29.03 73.07±40.57 74.62±29.56 67.20±24.52 0.699 

Hemoglobin (g/dl) 12.90±1.07 12.83±0.94 12.98±1.10 12.45±1.65 0.406 

Hematocrit (%) 38.43±2.68 38.14±2.42 38.48±2.56 37.70±3.65 0.744 

MCV (fl) 84.08±5.67
b 

83.40±5.44
a,b 

82.74±4.90
a,b 

78.37±10.55
a 

0.011* 

RDW (%) 14.10±1.92 14.11±1.05 14.22±1.31 15.25±2.34 0.055 

Transferrin 

Saturation (%) 

17.13±7.83 14.65±8.03 15.53±7.71 13.49±5.79 0.287 

TIBC (mcg/dL) 470.81±83.46 504.77±55.34 507.18±89.69 516.45±64.40 0.085 

Serum Ferritin (g/l) 26.52±21.19 29.09±35.53 27.12±23.26 39.16±32.59 0.335 

sTFR(mg/L) 6.38±2.91 6.39±2.60 6.48±2.35 8.16±5.70 0.202 

Body Iron Stores 

(mg/kg body weight) 

2.78±3.74 2.54±4.20 2.63±3.83 3.11±5.01 0.965 

Hepcidin (ng/mL) 6.43±8.89 7.51±7.59 6.72±5.22 9.16±7.29 0.545 

Log Iron Absorption 1.04±0.30 1.15±0.31 1.21±0.29 1.12±0.35 0.178 

Iron Absorption (%) 13.75±9.07 18.58±13.47 20.30±13.92 17.55±12.88 0.174 

BMI ranges were as follows: Normal BMI, 18.5–24.9; overweight, 25–29.9; obesity class I, 30-

34.99; obesity class II or higher, 35 and above. 

One-way ANOVA was conducted for continuous variables to test differences between groups. 

Variables are presented as mean ± SD. 

Means that do not share a letter are significantly different. 

*: Mean difference is significant at 0.05 level. 
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D. Iron Status Indicators Categorized by Glycemic Markers Tertiles 

Iron status indicators categorized by insulin, HOMA-IR and HbA1c tertiles are 

summarized in tables 6,7 and 8 respectively.  

While conducting tertile analysis using HbA1c . HbA1c Q1 had significantly 

higher hemoglobin and lower RDW than HbA1c Q2 and Q3. Also MCV and hematocrit 

were significantly lower in HbA1c Q3 than HbA1c Q1. 

On the other hand, while conducting tertile analysis using HOMA-IR, serum 

Fe was significantly lower in HOMA-IR Q2 than HOMA-IR Q3. However, TIBC was 

significantly lower in HOMA-IR Q1 than HOMA-IR Q3. 

As for insulin tertiles analysis, serum Fe was significantly lower in insulin Q2 

than insulin Q1 and insulin Q3. Moreover, TIBC was significantly lower in insulin Q1 

than insulin Q3.  

Results suggest that as glycemic markers increase iron status worsens. Despite 

those findings, hepcidin and iron absorption did not show any significant results 

between the groups. 
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Table 6. Iron Status Indicators  of the  HbA1c Tertiles Groups. 

Variables HbA1c Q1 

HbA1c < 5.4 

HbA1c Q2 

HbA1c 5.4 

and <5.7 

HbA1c Q3 

HbA1c  5.7 

P-value 

N 32 44 39  

Serum Fe(μg/ml) 82.96 ±31.48 70.47±32.27 68.97±28.81 0.124 

Hemoglobin 

(g/dl) 

13.48±1.01
b 

12.82±0.91
a 

12.24±1.34
a 

0.000* 

Hematocrit(%) 39.62±2.48
b 

38.22±2.31
a,b 

37.07±3.09
a 

0.001* 

MCV(fl) 84.68±5.25
b 

82.77±4.67
a,b 

80.15±9.39
a 

0.021* 

RDW(%) 13.43±0.87
b 

14.47±1.66
a 

15.02±2.10
a 

0.001* 

Transferrin 

Saturation(%) 

18.36±8.75 14.43±6.94 14.12±6.45 0.051 

TIBC(mcg/dL) 475.28±83.24 503.70±73.43 506.82±73.70 0.172 

Serum (g/l) 

Ferritin 

37.88±29.70 27.24±27.57 26.36±26.81 0.167 

sTFR(mg/L) 6.55±2.71 6.35±2.43 7.46±4.92 0.332 

Body iron 

stores(mg/kg body 

weight) 

3.95±3.53 2.50±3.95 2.07±4.60 0.140 

Hepcidin(ng/mL) 7.41±6.78 6.38±7.93 8.31±7.60 0.507 

Log iron 

Absorption 

1.06±0.33 1.17±0.32 1.12±0.30 0.338 

Iron 

Absorption(%) 

15.16±11.85 18.88±12.60 17.02±12.41 0.431 

One-way ANOVA was conducted for continuous variables to test differences between groups. 

Variables are presented as mean ± SD. 

Means that do not share a letter are significantly different. 

*: Mean difference is significant at 0.05 level 
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Table 7. Iron Status Indicators of the HOMA-IR Tertiles Groups. 

Variables HOMA-IR Q1 

HOMA –IR < 

0.77 

HOMA-IR Q2 

HOMA –IR 

0.77and <1.33 

HOMA-IR Q3 

HOMA –IR  

1.33 

P-value 

N 38 37 40  

Serum Fe(μg/ml) 76.05±24.47
a.b 

60.86±25.79
b 

82.60±37.73
a 

0.007* 

Hemoglobin 

(g/dl) 

13.03±0.96 12.56±1.22 12.83±1.35 0.237 

Hematocrit(%) 38.84±2.26 37.67±2.84 38.10±3.16 0.161 

MCV(fl) 83.52±5.62 81.27±8.71 82.42±6.25 0.377 

RDW(%) 13.84±1.07 14.70±2.05 14.57±1.93 0.072 

Transferrin 

Saturation(%) 

16.68±7.15 13.16±6.60 16.29±8.29 0.083 

TIBC(mcg/dL) 477.57±74.64
b 

485.54±77.98
a,b 

525.62±71.04
a 

0.011* 

Serum (g/l) 

Ferritin 

27.79±22.90 24.48±23.08 36.92±35.22 0.130 

sTFR(mg/L) 6.27±2.90 7.08±3.41 6.99±4.19 0.552 

Body iron 

stores(mg/kg body 

weight) 

3.05±3.53 1.97±4.10 3.20±4.60 0.369 

Hepcidin(ng/mL) 6.63±5.83 7.54±6.87 7.78±9.36 0.781 

Log iron 

Absorption 

1.07±0.26 1.16±0.26 1.14±0.40 0.510 

Iron 

Absorption(%) 

14.34±9.41 17.35±10.67 19.82±15.46 0.145 

One-way ANOVA was conducted for continuous variables to test differences between groups. 

Variables are presented as mean ± SD. 

Means that do not share a letter are significantly different. 

*: Mean difference is significant at 0.05 level 
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Table 8. Iron Status Indicators of the Insulin Tertiles Groups. 

Variables Insulin Q1 

Insulin<3.60 

Insulin Q2 

Insulin 3.60 and 

<6.1 

Insulin Q3 

Insulin  6.1 

P-value 

N 36 37 42  

Serum Fe(μg/ml) 77.77±23.95
a 

58.97±23.86
b 

82.47±37.82
a 

0.002* 

Hemoglobin 

(g/dl) 

13.11±0.93 12.54±1.16 12.78±1.38 0.125 

Hematocrit(%) 39.08±2.22 37.59±2.78 38.04±3.14 0.066 

MCV(fl) 83.83±5.71 81.83±7.33 81.71±7.54 0.340 

RDW(%) 13.77±1.09 14.59±1.80 14.69±2.08 0.051 

Transferrin 

Saturation(%) 

17.11±7.10
a 

12.63±6.08
a,b 

16.42±8.40
a,c 

0.020* 

TIBC(mcg/dL) 476.25±75.71
b 

488.48±77.53
a,b 

521.88±72.02
a 

0.022* 

Serum (g/l) 

Ferritin 

28.10±23.11 22.85±22.77 37.66±34.33 0.057 

sTFR(mg/L) 6.19±2.95 6.99±3.19 7.09±4.25 0.483 

Body iron 

stores(mg/kg 

body weight) 

3.16±3.56 2.38±4.01 3.36±4.53 0.153 

Hepcidin(ng/mL) 6.87±5.95 6.86±6.76 8.12±9.20 0.694 

Log iron 

Absorption 

1.06±0.24 1.18±0.26 1.13±0.40 0.258 

Iron 

Absorption(%) 

13.38±7.45 18.39±11.78 19.47±15.26 0.072 

One-way ANOVA was conducted for continuous variables to test differences between groups. 

Variables are presented as mean ± SD. 

Means that do not share a letter are significantly different. 

*: Mean difference is significant at 0.05 level 

 
 

E. Correlation Between Log Iron Absorption and Selected Body Composition, 

Biochemical and Iron Status Indicators 

 

Pearson correlation was used to evaluate any correlations between log iron 

absorption and selected body composition, biochemical and iron status variables. 

Correlation between log iron absorption and selected body composition, age, 

biochemical and iron status variables are presented in Tables 9, 10 and 11 respectively. 

When all participants were evaluated log iron absorption was significantly and 

positively correlated with some body composition parameters such as total fat mass, 

total fat percentage, android fat percentage, gynoid fat mass, android to gynoid ratio and 

visceral adipose tissue area as well as some iron status variables such as TIBC and 
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sTFR. On the other hand, log iron absorption was significantly and negatively 

correlated with most iron status variables such as serum Fe, transferrin saturation, 

hemoglobin, hematocrit, MCV, ferritin, body iron stores and hepcidin as well as the 

inflammatory marker CRP. Age, BMI, waist circumference and diabetic markers did 

not correlate significantly with log iron absorption. 

Pearson correlation was also used to evaluate any correlations between 

hepcidin and selected body composition, biochemical and iron status variables. 

Correlation between hepcidin and selected body composition, biochemical and iron 

status variables are presented in Tables 9, 10 and 11 respectively. When all participants 

were evaluated hepcidin was not correlated with any of the body composition variables. 

However, hepcidin was significantly and positively correlated with CRP. Moreover, 

hepcidin was also positively associated with most iron status indicators such as serum 

iron, hemoglobin, ferritin and body iron stores and negatively associated with other iron 

status indicators such as RDW and log iron absorption.  
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Table 9. Correlation Between Log Iron Absorption and Hepcidin With Selected 

Body Composition Variables and Age. 

 

Body Composition Variables Log iron Absorption  

 r (P-Value) 

Hepcidin 

r (P-Value) 

Weight (kg) 0.152 (0.104) 0.120(0.201) 

Waist circumference (cm) 0.097(0.303) 0.162 (0.080) 

BMI (Kg/m
2
) 0.131 (0.161) 0.107 (0.253) 

Total Fat Mass (g) 0.191 (0.041*) 0.110 (0.240) 

Total Lean + BMC (g) 0.069 (0.467) 0.117 (0.213) 

Total Fat (%) 0.216 (0.021*) 0.099 (0.293) 

Android Total Mass (g) 0.175 (0.062) 0.161 (0.086) 

Android Fat (%) 0.230 (0.013*) 0.124(0.186) 

Gynoid Fat Mass (g) 0.206 (0.027*) 0.104 (0.264) 

Gynoid Fat (%) 0.186 (0.046*) 0.108(0.251) 

Android/Gynoid 0.197(0.035*) 0.147(0.117) 

VAT (cm
2
) 0.189 (0.043*) 0.055(0.561) 

Age (years) 0.036 (0.701) -0.094 (0.317) 

*: Correlation is significant at 0.05 level. 

 

 

Table 10. Correlation Between Log Iron Absorption and Hepcidin With Selected 

Biochemical Variables. 

 

Biochemical Variables Log iron Absorption 

r (P-Value) 

Hepcidin 

r (P-Value) 

Fasting Blood Glucose (mg/dL) 0.119(0.207) -0.032 (0.731) 

Fasting Insulin (uU/mL) 0.037(0.695) 0.039 (0.677) 

HOMAIR 0.032(0.730) 0.038 (0.684) 

Hba1c (%) 0.115(0.219) -0.033 (0.727) 

Fasting Triglycerides  (mg/dL) 0.061(0.518) 0.164 (0.079) 

Total Cholesterol (mg/dL) 0.063(0.503) 0.115 (0.222) 

HDL(mg/dL) -0.030(0.750) -0.090 (0.337) 

CRP (mg/L) -0.196(0.036*) 0.274 (0.003*) 

AGP (g/L) 0.091(0.334) 0.184(0.050*) 

*: Correlation is significant at 0.05 level. 
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Table 11. Correlation Between Log Iron Absorption and Hepcidin With Selected 

Iron Status Variables. 

  

 Log iron Absorption 

r (P-Value) 

Hepcidin 

r (P-Value) 

Serum Iron (μg/ml) -0.363(0.000*) 0.209 (0.025*) 

Hemoglobin (g/dl) -0.319 (0.001*) 0.197 (0.035*) 

Hematocrit (%) -0.304 (0.001*) 0.184 (0.049*) 

MCV (fl) -0.308 (0.001*) 0.108 (0.250) 

RDW (%) 0.363 (0.000*) -0.206 (0.027*) 

Transferrin Saturation (%) -0.403 (0.000*) 0.179 (0.056) 

TIBC (mcg/dL) 0.326 (0.000*) -0.094 (0.319) 

Serum Ferritin -0.622 (0.000*) 0.603 (0.000*) 

sTFR(mg/L) 0.331 (0.000*) -0.132 (0.160) 

Body Iron Stores (mg/kg body 

weight) 

-0.644 (0.000*) 0.542 (0.000*) 

Hepcidin (ng/mL) -0.436 (0.000*) 1 

Log iron Absorption 1 -0.436 (0.000*) 

*: Correlation is significant at 0.05 level. 
 

 

F. Simple and Multiple Linear Regression Predicting Log Iron Absorption 

Results from simple linear regression analysis predicting log iron absorption 

are presented in Tables 12 and 13. We decided to enter the following variables in our 

multiple linear regression analysis: MCV, reflecting iron status as it shows significant 

results between our participants, CRP as an inflammatory marker, total fat mass, and 

visceral adipose tissue area reflecting location of fat. The results of multiple linear 

regressions are shown table 14.   

MCV and CRP are independent variables that remained significantly associated 

with iron absorption when using multiple linear regression. The value of R
2
 is 0.211 

which means that almost 21% of variability in log iron absorption is explained by the 

variables presented in table 14. 
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Table 12. Simple Linear Regression Predicting Log Iron Absorption. 

Variables Log iron Absorption 

  SE P 

Serum Iron (μg/ml) -0.004 0.001 0.000 

Hemoglobin (g/dl) -0.085 0.024 0.001 

Hematocrit (%) -0.035 0.010 0.001 

MCV (fl) -0.014 0.004 0.001 

RDW (%) 0.066 0.016 0.000 

Transferrin Saturation (%) -0.017 0.004 0.000 

TIBC (mcg/dL) 0.001 0.000 0.000 

Serum Ferritin (g/l) -0.007 0.001 0.000 

sTFR(mg/L) 0.030 0.008 0.000 

Body Iron Stores (mg/kg body weight) -0.050 0.006 0.000 

Hepcidin (ng/mL) -0.019 0.004 0.000 

*: Predictor is significant at 0.05 level. 

 

 

 

Table 13. Simple Linear Regression Predicting Log Iron Absorption. 

Variables Log Iron Absorption 

  SE P 

Total Fat Mass  (g) 5.312E-6 0.000 0.041 

Total Fat (%) 0.012 0.005 0.021 

Android Fat (%) 0.009 0.004 0.013 

Gynoid Fat (%) 0.013 0.007 0.046 

Gynoid Fat Mass (g) 2.197E-5 0.000 0.027 

Android/Gynoid 0.538 0.252 0.035 

VAT(cm
2
) 0.001 0.001 0.043 

CRP (mg/L) -0.010 0.005 0.036 

*: Predictor is significant at 0.05 level. 
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Table 14. Multiple Linear Regression Predicting Log Iron Absorption. 

 Variables Log Iron Absorption  

  SE P 

Constant 2.207 0.380 0.000* 

Total Fat Mass (g) 3.486E-6 0.000 0.381 

VAT(cm
2
) 0.001 0.001 0.454 

CRP (mg/L) -0.018 0.005 0.000* 

MCV (fl) -0.015 0.004 0.001* 

*: Predictor is significant at 0.05 level.  
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CHAPTER V 

DISCUSSION 

 

The present study investigated the relationship of insulinemic and glycemic 

profile with iron absorption on healthy premenopausal women. Our objective is based 

on the fact that recent investigations showed that the reduced level of iron status in 

obese individuals may not be related to the total intake of iron but rather to its 

absorption (Cepeda-Lopez et al., 2011). Hepcidin, a 25 amino acid peptide, is a potent 

regulator of iron absorption. Hepcidin production is increased in response to the 

presence of iron, inflammation, malignancy and is decreased in response to 

erythropoiesis (Collins et al., 2008), iron deficiency, anemia and hypoxia (Agarwal et 

al., 2009; Nemeth, 2008). When hepcidin interacts with ferroprotein, a transmembrane 

binding protein which helps in degrading iron, the release of latter is diminished from 

duodenal enterocytes and thus induces a decrease in serum iron levels. Recent studies 

show that insulin and glucose may also play a role in interrupting hepcidin secretion and 

hence iron absorption on obese individuals (Aigner et al., 2013; Le Guenno et al., 2007; 

Sam et al., 2013). However, the relationship between hepcidin and glucose metabolism 

markers has been controversial. For example, in a study in rats, researchers detected a 

3.5-fold reduction in hepcidin mRNA in the insulin resistant group compared to the 

control group (Le Guenno et al., 2007). Some other human studies (Aso et al., 2010; 

Fern ndez-Real et al., 2009; Sam et al., 2013) have also shown diminished hepcidin and 

prohepcidin expression in type 2 diabetes (T2D) patients. Other studies showed a 

positive association between glucose metabolism markers and iron absorption markers. 

For instance, in Jiang et al. study, type II diabetic patients had a significantly higher 
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hepcidin levels than aged control subjects. Moreover, a trial study by Aigner et al. 

(2013), in which they only recruited healthy individuals, concluded that glucose 

regulate serum iron concentration since in their experiment serum hepcidin increased in 

glucose treated subjects when compared with controlled subjects treated with only 

water. The controversy in studies relating glucose metabolism markers with iron 

absorption markers suggests that the relation between the latter variables is still far from 

clear. Moreover, a lot of studies examined the relation of insulin and iron absorption but 

most of those studies investigated these two variables by recruiting type II diabetic 

patients (Aregbesola et al., 2015; Jiang et al., 2011).On the contrary, our sample 

included only healthy premenopausal women. We believe that the exclusion of subjects 

with diabetes and other non-communicable disease minimizes the possibility of 

confounding by commodities. In our study, we hypothesized that people with higher 

BMI would have higher insulin levels that may increase iron absorption. However, our 

study showed that body composition glycemic profile are not associated with iron 

absorption and that MCV reflecting iron status and CRP reflecting inflammation are 

significant negative predictors of iron absorption in our sample. Hence we conclude that 

iron status and inflammation together dictate iron absorption.  

Some studies were indirectly in line with our studies. For example, although 

several studies detected a negative association between hepcidin and insulin, inducing 

insulin therapy in those studies corrected hepcidin levels in people or rats with 

hyperinsulinemia. In other words, insulin levels within the normal range may correct 

hepcidin dysregulation. To illustrate that, A study by (Wang et al., 2014) in which they 

induced both type 1 and 2 diabetes in rats, revealed a significant decrease in hepcidin 

expression in the liver. However, they later on proved that insulin can directly stimulate 

hepcidin synthesis through the STAT 3 pathway after treating diabetic rats with insulin 
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(Wang et al., 2014).  Similarly, in a human study by Vela et al. (2017) insulin treatment 

increased and corrected hepcidin levels in persons with type 2 diabetes mellitus matched 

by body mass index, waist to height ratio, c- reactive protein and creatinine. Hence, as 

Aregbesola et al. (2013) suggested in a mini review that there seems to be an insulin 

signal loss in T2D patients resulting in decreasing hepcidin levels and hence eventually 

iron overload.  In the current study, our results indicated that insulin, HOMA-IR, 

HbA1c values are significantly higher in people with obese class II or above than people 

with normal BMI. Nevertheless, their mean iron absorption is not statistically different 

from each other. Thus, it seems that in obese healthy premonaupasal women with no 

evident chronic disease insulin increase is not sufficient enough to trigger a disturbance 

on hepcidin expression and thus iron absorption. We believe that the narrower range of 

insulin and glucose parameters of healthy premenopausal women than of subjects 

groups that also include men and postmenopausal women and conditions such as 

diabetes and polycystic ovary syndrome is a possible limitation for detecting an 

association between iron absorption and glucose metabolism markers. 

 Other studies were not in line with our findings. In Jiang et al. study (2011), 

type 2 diabetic patients had higher hepcidin, ferritin and IL-6 levels than aged matched 

controls. However, in this study as mentioned above they recruited type 2 diabetic 

patients, which as expected have higher level of inflammation than our patients. 

Moreover, as Sam et al. (2013) commented that the main limitation in that study is that 

they recruited diabetic subjects with higher mean serum creatinine and BMI compared 

to controls, which may confound their results.  

On the other hand, some studies have shown a negative association between 

hepcidin and insulin in the absence of insulin therapy. In Sam et al. (2013) in which 

they recruited both type I and type II diabetic patients and control subjects matched for 



 

52 

age and BMI revealed that insulin resistance, and not insulin deficiency or 

hyperglycemia per se, is associated with inadequate hepcidin levels.  In another study 

by Le Guenno et al. (2007), rats with insulin resistance exhibited lower hepcidin levels 

than controls. Hence, they concluded that insulin resistance may increase plasma 

haemoglobin concentrations consistent with stimulation of erythropoiesis, which in turn 

enhances the needs for iron and subsequently downregulate hepcidin expression. 

It should be noted though that iron absorption remains complicated to study as 

it responds to several factors such as iron status indicators, dietary factors, body 

composition, inflammation and probably glucose metabolism factors. Moreover, As 

Guo et al. (2013) study commented that main reason for conflicting results regarding 

the relationship of hepcidin and glucose metabolism markers studies is due to the lack 

of an accurate assay for hepcidin, In this regard, our study is of superior than other 

studies, as numerous studies have measured the relationship of hepcidin and glucose 

metabolism markers but none of the studies directly measured iron absorption and 

hepcidin.   

As expected, while conducting Pearson correlation, iron absorption was 

significantly negatively correlated with iron status indicators such as serum iron, 

ferritin, body iron stores which proves that higher iron status is associated with lower 

iron absorption. In addition to that, hepcidin was significantly positively correlated with 

higher iron status. This proves how iron is strictly regulated at the level of absorption 

and this is of prompt importance in order not to induce iron deficiency or toxicity. 

Our study also revealed that mean MCV in obese class II or above group is 

significantly lower than all other lower BMI groups. Moreover, mean MCV (78.37fl) in 

the obese class II or above group is also less than the normal range of MCV (80-96fl). 

Despite the above finding, we did not find any significant difference of hepcidin and 
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iron absorption across the BMI groups.  

Moreover, when analyzing glycemic markers tertiles. Results show that as 

glycemic markers are increasing iron status is worsening. However, we still did not find 

any significant difference of hepcidin and iron absorption across the different glycemic 

groups.  

Plus, our study showed no association between iron absorption and body 

composition parameters while conducting multiple linear regressions. We hypothesize 

that there seems to be another mechanism other than high levels of fat storage in the 

android or gynoid area that contribute to the iron deficiency in obese individuals.  In 

support of this, a recent study that examined hepcidin mRNA expression in liver,  

visceral and subcutaneous adipose tissue (Tussing‐Humphreys et al., 2010) showed 

that visceral and subcutaneous adipose tissue contributed very little and insignificantly 

in hepcidin expression and that liver mRNA expression was 700 times more than 

adipose tissue mRNA expression (Tussing‐Humphreys et al., 2010). Furthermore, 

findings are still inconsistent on whether weight loss in obese individuals may improve 

iron status or not (Tussing-Humphreys et al., 2012).  

The main strength of the present study lies in its design. A nonrandomized trial 

study including a broad range of makers of both iron and glucose metabolism markers. 

Also, we used advanced sophisticated assays to collect our data. For instance, numerous 

studies have measured the relationship of hepcidin and glucose metabolism markers but 

none of the studies directly measured iron absorption using stable iron isotopes. Plus, 

we used DEXA to measure body composition characteristics of our patients. However, 

our study is not without limitations. For example, we couldn‟t match for age across the 

BMI groups. Moreover, although, we adjusted for inflammatory markers such as CRP 

and AGP, the lack of measuring IL-6 remains a limitation as most research indicates 
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that IL-6 is highly involved in influencing hepcidin levels and hence iron absorption. 

Also, the study‟s population was not easily accessed and so the sample was built 

through referrals. Finally, since we only studied women in Lebanon in this trial whether 

the results would have been the same in men and in other ethnicities remains to be 

shown. 
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CHAPTER VI 

CONCLUSION AND RECOMMENDATIONS 

                       

Our results have shown that glycemic and insulinemic profile are not 

associated with iron absorption in healthy premenopausal women. We believe that the 

narrower range of insulin and glucose parameters of healthy premenopausal women and 

conditions such as diabetes and polycystic ovary syndrome is a possible limitation for 

detecting an association between iron absorption and glucose metabolism markers. 

Thus, it seems that in healthy obese premenopausal women with no evident chronic 

disease insulin increase is not sufficient enough to trigger a disturbance on hepcidin 

expression and thus iron absorption. As a result, our results support studies that 

concluded insulin therapy corrected and restored hepcidin levels in people with high 

insulin and low hepcidin levels. This suggests that insulin within normal range may 

correct hepcidin dysregulation and hence iron absorption abnormalities. 

 Our results also show that MCV reflecting iron status and CRP reflecting 

inflammation are significant negative predictors of iron absorption in our sample. Hence 

we conclude that iron status and inflammation together dictate iron absorption.  

Further research is recommended to determine the exact mechanism of action 

of insulin and glucose on regulating iron absorption. Also, a study consisting of a large 

sample of people with a broad range of insulin and glucose levels may be helpful in 

identifying the relationship of glucose metabolism markers with iron absorption. 
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