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Abstract 
 

Introduction: 

Oral iron supplementation may cause the production of non-transferrin bound iron 

(NTBI) which can cause oxidative damage. Ascorbic acid (AA) can act as an 

antioxidant against reactive oxygen species. The aim of this study was to investigate 

the effect of long-term oral iron supplementation on total plasma iron (TPI), NTBI and 

AA, to analyse associations between variables and dietary intake and explore the 

role of AA as an antioxidant. 

 
Methods: 

Eleven healthy adults aged 18-55 participated in a pre-post experimental study 

where they consumed oral FeSO4 supplementation on alternate days for twenty-

eight days. A food frequency questionnaire was taken to assess iron modulators and 

antioxidant intakes. Blood biomarkers including TPI, total iron binding capacity 

(TIBC), transferrin saturation, NTBI and total, reduced and oxidised AA were 

measured at baseline and post supplementation. Variables were statistically 

analysed for pre-post differences and correlations. 

 
Results: 

Mean TPI increased significantly in participants with baseline TPI levels below 

30μmol/l (p = 0.03). Mean reduced AA increased significantly from baseline to post 

supplementation (p = 0.03). Baseline TIBC had a statistically significant negative 

correlation with total and oxidised AA (p = 0.02; p = 0.02). Baseline reduced AA had 

a statistically significant negative correlation with iron and vitamin C intake (p = 0.02; 

p = 0.04). Iron intake correlated positively with all other nutrient intakes. 

 
Conclusion: 

TPI only appears to increase in participants who have lower baseline TPI levels due 

to adequate systemic iron status reducing absorption. NTBI appears to be transient, 

only being produced in circulating blood short-term following ingestion of oral iron 

supplementation. Findings are suggestive of the activity of AA as an antioxidant but 

further investigation is necessary before conclusions can be drawn. Dietary analysis 

highlighted the possibility of vitamins A and E working as antioxidants against iron 

related reactive oxygen species. 
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Introduction 

Background 
 

Oral iron supplementation is an over the counter medication used as a treatment 

method for iron deficiency anaemia (Scientific Advisory Committee on Nutrition 

(SACN), 2010). Many individuals take over the counter oral iron supplementation 

after suffering with symptoms of iron deficiency anaemia, such as fatigue (SACN, 

2010; National Institute of Health and Care Excellence (NICE), 2018). Iron has no 

mechanism of excretion once it has been absorbed in the intestines, therefore it is 

tightly controlled by the body to prevent toxicity and tissue damage from iron build up 

(Bhagavan, 2015.) Despite this tight control, there is evidence to suggest that oral 

iron supplementation may be causing the production of non-transferrin bound iron 

(NTBI), resulting in oxidative damage (Brissot et al, 2012). Ascorbic Acid (AA) has 

been shown to increase the absorption of non-haem iron and act as an important 

antioxidant against reactive oxygen species (National Institutes of Health (NIH), 

2018). Thus, the aim of this dissertation was to investigate the effect of oral iron 

supplementation on the production of NTBI and the association with AA. 

 
Anaemia affects 14% of women and 2-5% of men in the United Kingdom and is one 

of the most common nutritional deficiency diseases (NICE, 2018). It is diagnosed as 

an individual having haemoglobin below 12g/100ml for women and 13g/100ml for 

men (NICE, 2018). Iron deficiency anaemia can result from poor dietary iron, a 

complication with iron absorption or as a result of blood loss from menstruation or 

intestines (Bhagavan, 2015). A lack of iron can reduce the synthesis of haemoglobin 

which results in poor distribution of oxygen to body tissues and subsequently poor 

physical, reproductive, neurological and immune function (SACN, 2010).  

 
Iron is a metal that exists in the body as ferric (Fe3+), which is oxidised, and ferrous 

(Fe2+) which readily receives and donates electrons. Fe2+ can cause the formation of 

reactive oxygen species (Bhagavan, 2015; Roghi et al, 2015). Therefore, it is bound 

to proteins for storage and transportation which include transferrin, ferritin, 

haemoglobin and myoglobin (Bhagavan, 2015). Transferrin accounts for about 0.2% 

of total body iron and is involved in the transportation of iron in blood plasma and 

extracellular fluid. The majority of stored iron is bound to ferritin, a large molecule in 



10407047 
 

8 

the liver, bone marrow, spleen and muscles (20-30%) (SACN, 2010). Iron is used as 

a part of the synthesis of haemoglobin (60-70%) in erythrocytes and myoglobin 

(10%) in the muscle. These are molecules involved in the transportation and storage 

of oxygen (Geisser and Burckhardt, 2011). The concentrations of iron between each 

of these compartments varies due to the constant production and breakdown of 

erythrocytes in the bone marrow, liver and spleen (SACN, 2010).  

 

The body’s systemic need for iron can determine the amount of iron absorbed by 

ferroportin in enterocytes in the small intestine (Bhagavan, 2015). Enterocytes 

respond to liver mechanisms that control the release of iron from the iron pool into 

the portal circulation. Hepcidin is produced by the liver when iron stores are high and 

is a down regulator of iron absorption by the degrading of ferroportin (Bhagavan, 

2015). Reasons for iron absorption are to replace lost iron from the shedding of skin 

cells, hair, urine, gastrointestinal secretions, menstruation, pregnancy and lactation 

(SACN, 2010).  

 

The reference nutrient intake (RNI) for iron is 8.7mg for males and 14.8mg for 

females aged 19-50 years which can be achieved through diet (Department of 

Health, 1991). The average intake of iron for adults aged 19-64 is 11.6mg per day for 

men and 9.3mg per day for women, showing women are consuming less iron than 

recommended (National Diet and Nutrition Survey (NDNS), 2018). Iron supplements 

made up a small amount of iron intake per day in most groups, with the exception of 

women aged 35-49 years of which 21% used some form of iron supplement (SACN, 

2010). AA is thought to increase the absorption of non-haem iron whilst calcium, 

polyphenols, zinc and fibre are thought to be inhibitors (SACN, 2010).  

 

Supplements do not necessarily resolve the underlying cause of iron deficiency 

anaemia (SACN, 2010). Types of supplements available to the public are ferrous 

sulphate (FeSO4), ferrous fumarate, ferrous gluconate, ferrous glycine sulphate and 

iron polysaccharide (NICE, 2018). The dosages vary from 7-60mg per day, of which 

the higher doses are commonly used but not advised in the United Kingdom (SACN, 

2010). A guidance level of 17mg of iron supplementation per day is recommended 

(SACN, 2010). Side effects of high doses can include constipation, nausea, 

diarrhoea and vomiting (SACN, 2010; Leonard et al, 2014). Despite these 
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recommendations, the clinical practice guideline by NICE (2018) still currently 

recommends high doses for individuals diagnosed with iron deficiency anaemia, 

showing a discrepancy between contemporary policies.  

 

Previous studies have found that iron supplementation can cause a release of NTBI 

in the blood (Brittenham et al, 2014). NTBI is a type of iron that has been associated 

with oxidative damage to lipid membranes of cells, in particular cardiac and hepatic 

cells (Brissot et al, 2012; Roghi et al, 2015). Oxidative damage may occur as NTBI is 

not bound to an iron associated protein, leaving it available to donate or receive 

electrons, which causes the production of reactive oxygen species (Roghi et al, 

2015). This oxidative damage has been suggested to be carcinogenic to the body, 

subsequently increasing cancer risk, in particular colorectal cancer (SACN, 2010). 

NTBI may also be increasing the risk of heart disease by contributing to the 

development of atherosclerosis by oxidising low density lipoproteins or causing 

cardiac cell damage (Roghi et al, 2015). The lack of knowledge surrounding the 

production of NTBI and its activity following iron supplementation advocates the 

need for further investigation.  

 
 
AA, also known as vitamin C, is an essential vitamin used in the body to synthesise 

collagen, L-cartine and neurotransmitters and is involved in protein metabolism and 

immune function (NIH, 2018). Fruits, vegetables and some fortified grains are good 

sources of AA (NIH, 2018). The recommended intake for AA in adults aged 19-50 

years is 40mg per day which is achieved easily by the current population 

(Department of Health, 1991). AA works as an antioxidant as it can readily donate 

electrons to stabilise reactive oxygen species without becoming unstable itself. 

Additionally, it works to regenerate other antioxidants including vitamin E (Lane and 

Richardson, 2014). Once donated its electron, AA becomes oxidised but is rapidly 

converted back to its reduced form intracellularly (Lane and Richardson, 2014). 

Therefore, it has been suggested that AA could reduce NTBI to a stable molecule, 

thus counteracting its effect of oxidative damage (Chakraborty and Jana, 2017). AA 

also enhances non-haem iron absorption (Lane and Richardson, 2014). Thus, 

increased iron absorption may be increasing NTBI production. The ultimate role of 

AA here is unclear, and warrants further investigation.  
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Iron deficiency anaemia is a problematic condition with a treatment method of oral 

iron supplementation that has questionable safety with dosages that may be too 

high. Yet it is still available over the counter without the necessity of a pre-

assessment. Extra to this, discrepancies in current policies need to be addressed. 

The potentially damaging role of NTBI has been explored, but not yet fully 

investigated, as with the association of AA and its antioxidant activity in relation to 

iron. Literature reviews are commonly used to critically analyse the current evidence 

base surrounding a relevant topic which can be applied to policy, practice and future 

research (Baker, 2016). Therefore, a literature review has been carried out to 

critically analyse current literature surrounding this topic. 
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Search Strategy 

The PICO Framework (Williamson and Whittaker, 2017) illustrated in Table 1 was 

used to structure the literature search. Limits were set to ‘humans’. Older research 

was considered to inform this review due to minimal research available from the last 

twenty years. Pubmed, Medline, Cochrane, Web of Science, Cinahl, Embase and 

The Joanna Briggs Institute were searched using the terms illustrated in Table 1. 

Boolean operators ‘OR’ and ‘AND’ were used to connect terms. An additional Google 

Scholar search was carried out to explore a wider selection of literature. The 

literature search ceased when no new articles were found. 

Table 1 Search Criteria 

PICO 

FRAMEWORK 

SEARCH TERMS INCLUSION 

CRITERIA 

EXCLUSION 

CRITERIA 

POPULATION 

(P) 

Healthy, Individuals, 

Adults, Participants, 

Cohort, Men, Women 

Healthy, 

Adults, 18-65 

Years Old 

Chronic or Acute 

Illness, Anaemia, 

Pregnant or Lactating, 

Children, Elderly 

INTERVENTION 

(I) 

Oral iron 

supplementation, Fe, 

FeSO4, iron tablets, 

fortification, iron 

challenge 

Oral Iron 

Supplementa-

tion 

Haemodialysis, 

Intravenous Iron, Iron 

Supplementation with 

Added Medication, 

Alternative 

Supplementation 

OUTCOME  

(O) 

Dietary intake, 

plasma/serum iron, 

total iron binding 

capacity (TIBC), 

transferrin, 

transferrin saturation, 

non-transferrin bound 

iron (NTBI), AA, 

oxidative damage, 

lipid peroxidation, free 

radical, reactive 

oxygen species 

Iron Status, 

NTBI, AA 

(with NTBI or 

oxidative 

damage) 

Absorption Only 

(without NTBI or AA 

consideration) 

AA – Ascorbic Acid, Fe – Iron, FeSO4 – Ferrous Sulphate, NTBI – Non-transferrin Bound 
Iron, TIBC – Total Iron Binding Capacity 
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The screening process is shown in Figure 1. Forty-nine articles were found following 

the removal or duplicates. Forty-three from literature databases and six from other 

sources, including reference searches. Following screening, a total of eight full text 

articles were assessed for their eligibility, following the inclusion and exclusion 

criteria set in Table 1. 

 

 

(The PRISMA Group, 2009) 

Figure 1 PRISMA Flow Diagram 
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Reasons for excluding articles during the screening process included articles that: 

• Did not directly measure NTBI or AA 

• Included pregnant or lactating women 

• Had a lack of information regarding the characteristics of the study 

• Studies that only gave a placebo to healthy subjects 

Table 2 provides a detailed outline of the literature found. The critical analysis of the 

studies are detailed below. Studies investigating oral iron supplementation and NTBI 

are presented first, followed by those investigating oral iron supplementation and AA. 

The review is then summarised in terms of the study findings, overall quality, gaps in 

literature and the contribution of literature within the local and national context. 

Following this are the aims, objectives and research question for future research.  
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Literature Review 
 
Table 2 Summary of Literature 
STUDY TITLE DESIGN PARTICIPANTS METHODS DATA ANALYSIS STATISTICAL 

ANALYSIS  
RESULTS 

R
e

h
m

a
n

 e
t 
a

l 
(1

9
9

8
) 

The effects of iron 
and vitamin C co-
supplementation on 
oxidative damage to 
DNA in healthy 
volunteers 

Longitudinal 
Prospective 
Randomised 
Study 

N = 38 
Males and Females 
English 
21-45 Years Old 
Healthy, No Supplements – 
time not stated, Smoking, 
Medication, High Alcohol 
Intake, Pregnancy, Oral 
Contraceptives 

Twelve-week 
supplementation of FeSO4 
and AA. No control. 
Blood samples taken three 
times throughout the study. 
Dietary analysis completed. 

Gas Chromatography Mass 
Spectrometry (TBD) 
Micro-fluorometry (AA), 
Ultraviolet Visible 
Spectrophotometry 
(Transferrin Bound Iron) 
Calculation – Transferrin 
Bound Iron and UIBC 
(Transferrin Saturation) 

Statistical tests 
not stated 

Participants with higher baseline levels of AA 
had lower TBD. Not statistically significantly 
significant. No statistically significant 
differences in Transferrin Bound Iron in 
participants who had higher baseline AA 
levels. Participants with lower baseline AA 
levels had a significant increase in Transferrin 
Bound Iron and higher but not statistically 
significant initial TBD. 

P
ro

te
g

g
e

n
te

 e
t 

a
l 

(2
0

0
1

) 

Iron 
supplementation 
and oxidative 
damage to DNA in 
healthy individuals 
with high plasma 
ascorbate 

Pre-Post 
Longitudinal 
Prospective 
Experimental 
Study 

N = 37 
Males and Females 
English 
23-46 Years Old, Healthy 
No Supplements – time not 
stated, Medication, Smoking, 
High Alcohol Intake, 
Pregnancy, Oral 
Contraceptives 

Six-week supplementation of 
ferrous glycine sulphate. 
No control. 
Blood samples taken before 
and after supplementation. 
Dietary analysis completed. 

Micro-fluorometry (AA), 
Ultraviolet Visible 
Spectrophotometry (Transferrin 

Bound Iron) 
Calculation – Transferrin Bound 
Iron and UIBC (Transferrin 
Saturation), Gas 
Chromatography Mass 

Spectrometry (TBD) 

ANOVA 
Pearson’s 
Correlations 

Iron supplementation had no effect on 
oxidative damage to DNA in the presence of 
high plasma AA. Effects of AA acting as a pro-
oxidant in the presence or iron appears to be 
minimal. 

C
o

lp
o

 e
t 

a
l 
(2

0
0

8
) 

A single high dose 
of ascorbic acid and 
iron is not 
correlated with 
oxidative stress in 
healthy volunteers 

Experimental 
Crossover 
Study 

N = 9 
Males 
Brazilian 
20-31 Years Old 
Healthy 
No Supplements – time not 
stated, No Smoking 
No High Alcohol Intake 
No Medication 

Three supplementations of 
AA, iron carbonyl or both 
were given over three days 
separated by fifteen days 
washout. No control. Blood 
samples were taken four 
times over twenty-four hours 
following supplementation. No 
dietary analysis.  

Ultraviolet Visible 
Spectrophotometry (TPI), 
Electron Paramagnetic 
Resonance (AA), 
Ultraviolet Visible 
Spectrophotometry (MDA) 

ANOVA Total Plasma Iron (TPI) significantly increased 
in the group supplemented with iron and AA, 
compared to pre-treatment levels. 
MDA levels significantly decreased after AA 
supplementation. 

T
ro

e
s
c
h
 e

t 
a

l 
(2

0
1

1
) 

Fortification iron as 
ferrous sulfate plus 
ascorbic acid is 
more rapidly 
absorbed than as 
sodium iron EDTA 
but neither 
increases serum 
nontransferrin-
bound iron in 
women 

Experimental 
Crossover 
Study 

N = 16 
Females 
Swiss 
18-40 Years Old 
Healthy 
No Supplements – time not 
stated, Pregnancy or 
Lactation, Blood Donation – 4 
Months, Medication 
Adequate C-reactive Protein 
Oral Contraceptives Allowed 

Two supplementations of iron, 
one with FeSO4, with and 
without AA were given over 
two days separated by seven-
day washout. 
No control. 
Blood samples were taken six 
times over eight hours 
following supplementation. No 
dietary analysis. 

Exchange Chromatography 
(Hepcidin), Ultraviolet 
Visible Spectrophotometry 
(TPI, TIBC) Calculation – 
TPI/TIBCx100 (Transferrin 
Saturation), Graphite 
Furnace Atomic Absorption 
Spectrometry (NTBI) 

ANOVA 
Kruskal-Wallis 
Test 
Paired T-Test 
Pearson’s 
Correlation 

Iron was more rapidly absorbed from FeSO4 
and AA than another iron solution without AA. 
Hepcidin increased significantly following the 
FeSO4 and AA supplementation. No significant 
increase in NTBI after either supplementation. 
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S
c
h

u
m

a
n

n
 e

t 
a

l 
(2

0
1

2
a
) 

Impact of oral iron 
challenges on 
circulating non-
transferrin-bound 
iron in healthy 
Guatemalan males 

Longitudinal 
Prospective 
Cohort Study 

N = 8 
Males 
Guatemalan 
23-54 Years Old 
Healthy 
No Supplements – 6 Months 

Nine week bi-weekly FeSO4 
supplementation in increasing 
quantities including control. 
Blood samples taken at 
baseline and hourly for three 
hours following 
supplementation. No dietary 
analysis  

Enzyme Immunoassay 
Spectrophotometry (TPI) 
Calculation – Plasma 
Transferrin and TPI 
(Transferrin Saturation) 
Fluorometric Competitive 
Binding Assay (NTBI) 

ANOVA 
Students T-Test 
Pearson’s 
Correlation 

A dose-dependent progression in NTBI was 
observed with increasing dosages of iron and 
is reflected by TPI. This increase is 
disproportionate. In general, NTBI was not 
detectible in the fasting state. 

S
c
h

u
m

a
n

n
 e

t 
a

l 
(2

0
1

2
b

) 

Oral administration 
of ferrous sulfate, 
but not of iron 
polymaltose or 
sodium 
ironethylenediamine
tetraacetic acid 
(NaFeEDTA), 
results in a 
substantial increase 
of non-transferrin-
bound iron in 
healthy iron-
adequate men 

Experimental 
Crossover 
Study 

N = 10 
Males 
Guatemalan 
18-55 Years Old 
Healthy 
No Supplements – ‘recent 
use’ 
Adequate Haemoglobin 
 

Four forms of iron 
supplementation, including 
FeSO4, given to participants 
over four fays separated by 
seven day intervals including 
control. Blood samples taken 
four times over four and a half 
hours following 
supplementation. No dietary 
analysis. 

Ultraviolet Visible 
Spectrophotometry (TPI) 
Fluorometric Competitive 
Binding Assay (NTBI) 

MANOVA 
Pearson’s 
Correlation 

Rise in NTBI following FeSO4 was statistically 
significant compared to water. Correlation (r = 
0.87) of TPI and NTBI. 

S
c
h

u
m

a
n

n
 e

t 
a

l 
(2

0
1

3
) 

Differences in 
circulating non-
transferrin-bound 
iron after oral 
administration of 
ferrous sulfate, 
sodium iron EDTA, 
or iron polymaltose 
in women with 
marginal iron stores 

Experimental 
Crossover 
Study 

N = 10 
Females 
Guatemalan 
22-49 Years Old 
Healthy (Marginal Iron Stores) 
No Supplements – ‘recent 
use’ 
No Pregnancy 
No Abnormal Menstrual 
Cycles 

Four forms of iron 
supplementation, including 
FeSO4, given to participants 
over four fays separated by 
seven day intervals including 
control. Blood samples taken 
four times over four and a half 
hours following supplement-
ation. No dietary analysis. 

Ultraviolet Visible 
Spectrophotometry (TPI) 
Fluorometric Competitive 
Binding Assay (NTBI) 

MANOVA 
Pearson’s 
Correlation 

Statistically significant rise in NTBI following 
FeSO4 supplementation. 
Correlation (r = 0.88) of NTBI and TPI. 

B
ri

tt
e

n
h

a
m

 e
t 

a
l 
(2

0
1

4
) 

Circulating non-
transferrin-bound 
iron after oral 
administration of 
supplemental and 
fortification doses of 
iron to healthy 
women: a 
randomized study 

Experimental 
Crossover 
Study 
 

N = 32 
Females 
Swiss 
18-39 Years Old 
Healthy 
Normal BMI No Supplements 
– 2 Weeks, Pregnancy or 
Lactation, Inflammation, 
Medication, Blood Donations 
– 4 Months 
Oral Contraceptives Allowed 

Three forms of iron 
supplementation, including 
FeSO4, given to participants 
over three days in a 
randomised order. No control. 
Blood samples taken five 
times over eight hours 
following supplementation. No 
dietary analysis. 

Ultraviolet Visible 
Spectrophotometry (TPI, TIBC), 
Calculation – TPI/TIBCx100 
(Transferrin Saturation), 
Graphite Furnace Atomic 
Absorption Spectrometry 

(NTBI) 
Enzyme Immunoassay 
Spectrophotometry (Hepcidin) 

Unpaired T-Test 
Mann-Whitney 
ANOVA 
Pearson’s 
Correlation 
 

With 60mg doses of iron, NTBI increased to 
reach peaks at 4 hours and progressively 
declined until last sample at 8 hours. For this 
dose, the amount of iron absorbed significantly 
correlated with NTBI. Hepcidin increased after 
NTBI peak at 4 hours. 

AA – Ascorbic Acid, FeSO4 – Ferrous Sulphate, MDA - Malondialdehyde, NTBI – Non-transferrin Bound Iron, TBD - Total Base Damage, TIBC 
- Total Iron Binding Capacity, TPI – Total Plasma Iron, UIBC – Unsaturated Iron Binding Capacity 
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This literature review included five experimental crossover studies and three 

longitudinal experimental studies. Five studies investigated NTBI (Troesch et al, 

2011; Schumann et al, 2012a; Schumann et al, 2012b; Schumann et al, 2013; 

Brittenham et al, 2014) whilst three investigated AA (Rehman et al, 1998; 

Proteggente et al, 2001; Colpo et al, 2008). Therefore, NTBI and AA had not been 

investigated using healthy individuals within the same study. Furthermore, there 

were no studies investigating NTBI that supplemented iron long-term. This highlights 

gaps in the literature. The literature was appraised with the assistance of the Critical 

Appraisal Skills Programme (CASP) (2018). Rehman et al (1998), Proteggente et al 

(2001) and Brittenham et al (2014) scored eleven out of twelve using the Cohort 

Study Checklist. Colpo et al (2008) and Troesch et al (2011) scored nine and 

Schumann et al (2012a), Schumann et al (2012b) and Schumann et al (2013) scored 

eight. Overall scores were high indicating reasonable quality literature. 

Critical Appraisal of Non-Transferrin Bound Iron Literature 
 

Experimental Crossover Studies 

 

Troesch et al (2011), Schumann et al (2012b), Schumann et al (2013) and 

Brittenham et al (2014) performed experimental prospective crossover studies to test 

the effects of orally supplemented FeSO4 on NTBI. Troesch et al (2011) found an 

increase in total plasma iron (TPI) but no significant increase in NTBI following 

supplementation of FeSO4 with AA. Hepcidin increased significantly following 

FeSO4. In contrast, Schumann et al (2012b) and Schumann et al (2013) both found 

a statistically significant rise in NTBI following FeSO4 and this correlated with TPI (r = 

0.87; r = 0.88). Brittenham et al (2014) also found an increase in NTBI following 

60mg iron and this correlated with TPI. Hepcidin increased after NTBI peaked at four 

hours post supplementation.  

 

Although randomised controlled trials are considered ‘gold standard’, the crossover 

design allowed for a smaller number of participants to be used, as each participant 

was able to take part in all branches of the study, keeping participant variables 

constant (Parahoo, 2014). Crossover designs can be affected by order effects 

(Parahoo, 2014). Troesch et al (2011), Schumann et al (2012b) and Schumann et al 
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(2013) allowed for a seven-day washout period between study days which is 

considered sufficient (Geisser and Burckhardt, 2011). Brittenham et al (2014) used 

random sequence allocations of their treatment arms therefore any order effects 

should have been carried forward. 

 
Longitudinal Prospective Cohort Study 

 
Schumann et al (2012a) performed a nine-week longitudinal prospective study giving 

participants increasing doses of FeSO4. A dose-dependent progression in NTBI was 

observed and is reflected by a dose-dependent progression of TPI. Despite being 

labelled a longitudinal study, each study day was analysed individually, therefore it 

was not useful in detecting changes over time (Parahoo, 2014). In addition, the 

dose-dependent progression on plasma iron and NTBI may have been a result of the 

accumulation of iron absorbed over time as doses were given in close proximity of 

each other. The results of this study contributed strongly to literature, as dosage of 

supplementation and NTBI have not been studied previously.  

 

Participants 

 

Troesch et al (2011) and Brittenham et al (2014) utilised a power calculation to 

enable them to detect a difference of 30% in iron absorption. This was justified due 

to the absence of data necessary to perform a power calculation for NTBI. No other 

study justified for their sample size. The participants were Guatemalan and Swiss, 

reducing the generalisability to the English population due to potential genetic and 

environmental differences such as diet and exercise (Parahoo, 2014). No study 

looked at both males and females together highlighting a gap in research. Papers 

that used women ensured they were not pregnant or lactating. This was beneficial as 

pregnancy and lactation can increase women’s iron loss and subsequent need to 

absorb more iron from their diet, potentially increasing NTBI production (Geisser and 

Burckhardt, 2011; Lane and Richardson, 2011).  

 

Troesch et al (2011) and Brittenham et al (2014) excluded individuals who had given 

blood donations less than four months prior to the study. This reduced confounding 

effects as blood donations can have a significant effect on iron status due to sudden 
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increased iron loss (Smith et al, 2014). An extensive inclusion and exclusion criteria 

from all studies allowed for increased control of variables which increased 

replicability and validity from reduced participant bias (Parahoo, 2014).  

 
Methods 

 
All studies took careful consideration to standardise each supplementation which 

reduced variables and increased internal validity (Parahoo, 2014). Schumann et al 

(2012a) supplemented participants with high doses of FeSO4, including 120mg and 

240mg which may have been unnecessary. Common supplementation doses are 

rarely above 60mg and doses above 17mg can have serious side effects including 

constipation, nausea, diarrhoea and vomiting (SACN, 2010; Leonard et al, 2014). 

Troesch et al (2011) used incomparable treatment arms of FeSO4 with AA and 

Na57FeEDTA without AA. Therefore, changes in absorption or NTBI production could 

have been attributed to the difference in the type of iron and/or the added AA 

(Parahoo, 2014). Brittenham et al (2014) took samples up to eight hours following 

supplementation and found noteworthy results. Considering this, Schumann et al 

(2012a), Schumann et al (2012b) and Schumann et al (2013) may have 

underestimated the results by only sampling for four and a half hours. No study took 

a dietary analysis from their participants, despite diet being a major influence on iron 

absorption and utilisation (Bhagavan, 2015). 
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 Table 3 Literature Outcome Measures 

STUDY  OUTCOME MEASURES 
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Rehman et al 

(1998) 

- Y Y Y - - Y - Y 

Proteggente et 

al (2001) 

- - Y Y - - Y - Y 

Colpo et al 

(2008) 

Y - - - - - Y Y - 

Troesch et al 

(2011) 

Y Y - Y Y Y - - - 

Schumann et al 

(2012a) 

Y - - Y Y - - - - 

Schumann et al 

(2012b) 

Y - - - Y - - - - 

Schumann et al 

(2013) 

Y - - - Y - - - - 

Brittenham et al 

(2014) 

Y Y - Y Y Y - - - 

AA – Ascorbic Acid, NTBI – Non-transferrin Bound Iron, MDA - Malondialdehyde, TBD - 
Total Base Damage, TIBC - Total Iron Binding Capacity, TPI – Total Plasma Iron 

Multiple different biomarkers have been used by the literature. All studies used TPI 

for at least one biomarker for iron status. Using biomarkers such as TPI alone can 

provide a limited picture of the body’s true iron status and minor changes may have 

little clinical meaning (Geisser and Burckhardt, 2011). However, TPI does not require 

the measurement of CRP or leucocytes to rule out inflammation, which can provide 

an inaccurate picture of iron status in biomarkers such as ferritin (Khan et al, 2016).  

 

Total Iron Binding Capacity (TIBC) is a measure of the capacity of iron associated 

proteins to bind to iron (Zhou et al, 2014). TIBC is a commonly used measure of iron 

status, used in combination with TPI and transferrin saturation for a reliable measure 

of iron status (Nunes et al, 2014). A disadvantage of this biomarker is that it does not 

take into account which proteins are bound to the iron (Eslayed et al, 2016).  

 
Transferrin saturation represents the quantity of iron bound to transferrin in respect 

to the total transferrin in the plasma (Eslayed et al, 2016). It is an important 

biomarker for iron status as it is central to iron homeostasis but is only useful when 
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used alongside other biomarkers such as TPI and TIBC (Eslayed et al, 2016; Porter 

et al, 2016). A disadvantage of transferrin saturation is that simple reporting may 

obscure important trends in results (Porter et al, 2016).  

 
Hepcidin is an important diagnostic biomarker for iron metabolism and homeostasis 

due to its connected role with ferroportin (Ruchala and Nemeth, 2014; Kali et al, 

2015). However, the validation of hepcidin as a biomarker has been criticised due to 

the lack of effective assays to measure it (Miseta et al, 2015). 

 
As the focus of these studies is on NTBI, it is expected that a blood biomarker of 

NTBI will be used. NTBI has been shown to rapidly increase and decrease following 

iron loading (Ito et al, 2017). However, there is still limited knowledge about the 

activity of NTBI, what NTBI is bound to or how many iron complexes make up the 

‘NTBI’ that is currently detected (Maas et al, 2013; De Swart et al, 2016). Therefore, 

there is a lack of confidence to determine whether NTBI is being detected accurately 

and laboratory methods require further improvements (Pfeiffer and Looker, 2017).  
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Laboratory Data Analysis 

 
Table 4 Literature Laboratory Assays 

LABORATORY 

ASSAY 

DESCRIPTION OUTCOME 

MEASURE 

Ultraviolet Visible 

Spectrophotometry 

A measure of light wavelength at 535nm 

from a material or substance in the 

ultraviolet or visible spectrum (NIST), 

2018). 

TPI, TIBC, 

Transferrin 

Bound Iron, 

MDA 

Enzyme 

Immunoassay 

Spectrophotometry 

This method utilises enzyme linked 

reactions to create coloured light. This light 

is then measured by spectrophotometry at 

a particular wavelength (NIST, 2018). 

Hepcidin, TPI 

Exchange 

Chromatography 

This method separates constituents in 

multiple phases through columns based on 

their ion charges which enables them to be 

measured (McMurry, 2015). 

Hepcidin 

Graphite Furnace 

Atomic Absorption 

Spectrometry 

This method vaporises the material or 

substance using a graphite coated furnace. 

Atoms absorb light at specific wavelengths 

which are measured (Taylor et al, 2013).  

NTBI 

Fluorometric 

Competitive 

Binding Assay 

Specific constituents are bound to a ligand 

and a measure of fluorescence is taken by 

exciting the electrons which causes them to 

emit light (Sanderson et al, 2014). 

NTBI 

Gas 

Chromatography 

Mass Spectrometry 

This method uses a carrier gas such as 

helium during one phase and a liquid during 

another and measures constituents 

according to their mass (Pavia et al, 2018). 

TBD 

Micro-fluorometry Micro-fluorometry is a variation of 

fluorometry, with the addition of a 

microscope to detect fluorescence that 

cannot be seen by the human eye 

(Sanderson et al, 2014). 

AA 

Electron 

Paramagnetic 

Resonance 

Spectroscopy 

This process works with materials with 

unpaired electrons, exciting them to enable 

them to be measured (McMurry, 2015). 

AA 

AA – Ascorbic Acid, NIST – National Institute of Standards and Technology, NTBI – Non-
transferrin Bound Iron, MDA = Malondialdehyde, TBD = Total Base Damage, TIBC = Total 
Iron Binding Capacity, TPI – Total Plasma Iron 
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Four studies used Ultraviolet Visible (UV-Vis) Spectrophotometry (Table 4) to 

measure TPI, with the use of ferrozine as the chromogen. Troesch et al (2011) and 

Brittenham et al (2014) also used this assay to measure TIBC. This is a commonly 

used, reliable method which is selective, accurate and reproducible (Elgailani and 

Alsakka, 2016). Ferrozine has been shown to have 25% increased sensitivity in 

comparison to previous chromogens (International Committee for Standardization in 

Haematology (ICSH), 1990). A disadvantage of this assay is that the reagents also 

react with copper, however this influence is predicted to be minor (ICSH, 1978).  

 
Brittenham et al (2014) used Enzyme Immunoassay Spectrophotometry and Troesch 

et al (2011) used Exchange Chromatography (Table 4) to measure hepcidin. 

Enzyme Immunoassay Spectrophotometry is highly reliable as the use of 

monoclonal immunologic reagents provides the user accurate measurement and 

control over the assay with limited interference from blood plasma and background 

absorbance (Flowers et al, 1989; Siemens Healthcare Limited, 2018). Exchange 

Chromatography requires only one interaction for separation of substances which 

reduces the risk of error such as those from multiple stage techniques (Cabanne and 

Santarelli, 2014). Overall, Miseta et al (2015) suggests that both methods are not 

effective to quantify hepcidin. 

 

Troesch et al (2011) and Brittenham et al (2014) used Graphite Furnace Atomic 

Absorption Spectrometry (Table 4) whilst the others used Fluorometric Competitive 

Binding Assay (Table 4) to measure NTBI. Graphite Furnace Atomic Absorption 

Spectrometry can determine the concentrations of a variety of constituents, is 

sensitive, precise and has minimal interference (Taylor et al, 2013). Fluorometric 

Competitive Binding Assay is simple, reliable and also has little interference (Breuer 

and Cabantchik, 2001). It uses fluorescein-labelled apo-transferrin which is 

specifically designed to bind to NTBI. However, this assay is thought to 

underestimate NTBI, be unable to detect it at low levels and be affected by stray light 

(Breuer and Cabantchik, 2001; Sanderson et al, 2014).  
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Statistical Data Analysis 

 

Schumann et al (2012a), Schumann et al (2012b) and Schumann et al (2013) did not 

test for normality. Normality tests are an important part of analysis of data. 

Parametric statistical tests are more sensitive but rely on assumptions, of which may 

not apply to non-parametric data (Bland, 2015). Therefore, the results from the 

statistical testing may not accurately reflect the true findings of these studies. 

Troesch et al (2011), Schumann et al (2012a) and Brittenham et al (2014) used t-

tests to measure the difference between baseline and peak for normally distributed 

data. This test can also provide precise data, as long as the assumptions of the test 

are upheld (parametric data) (McDonald, 2014). All studies used Pearson’s 

Correlation to measure the associations between variables. This is a common 

method used by many researchers because of its efficacy (Currell, 2015). 

Nonetheless, with small sample sizes, the use of Pearson’s Correlation may be 

misleading when outliers are present. A non-parametric test, such as Spearman’s 

Rank Correlation Coefficient may have been more appropriate (Bland, 2015). 
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Critical Appraisal of Ascorbic Acid Literature 
 

Longitudinal Prospective Studies 

 
Rehman et al (1998) and Proteggente et al (2001) used longitudinal prospective 

studies to test the effects of iron supplementation and AA on oxidative damage. 

Rehman et al (1998) supplemented participants with FeSO4 and AA for twelve 

weeks. They found that participants whom had higher baseline levels of AA had 

lower total base damage (TBD) and participants who had lower baseline AA levels 

had a significant increase in transferrin bound iron following six weeks of 

supplementation.  

 

Proteggente et al (2001) supplemented participants with FeSO4 for six weeks. They 

found that participants who had higher baseline AA had no change in TBD. This 

suggested that AA was unlikely acting as a pro-oxidant when it was associated with 

increased iron absorption. Due to the time difference between blood samples, there 

was a chance that differences between pre-post measurements were due to 

maturation effects instead of the independent variable (Parahoo, 2014).  

 
Experimental Crossover Study 

 
Colpo et al (2008) carried out an experimental crossover study over three separate 

days to test the effects of different combinations of iron carbonyl and AA 

supplementation on oxidative damage. They found that TPI increased significantly 

following supplementation and malondialdehyde (MDA) decreased following 

supplementation. The crossover design allowed for different treatments to be tested 

using the same participants as natural levels of oxidative damage can vary with each 

individual (De Lucca et al, 2016). Colpo et al (2008) ensured an acceptable washout 

period of fifteen days between treatments (Geisser and Burckhardt, 2011). The 

results of these studies suggest that baseline AA plays an important role in 

determining iron absorption and oxidative damage. 
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Participants 

 
The studies used samples sizes of 9-38 participants. None of which justified the 

power of their sample to detect changes in variables following supplementation 

(SACN, 2010). All studies used participants with no medical conditions or taking 

medication. This is an important advantage as acute and chronic disease and their 

associated treatments can increase the occurrence of oxidative damage (Rodrigues 

et al, 2018). No study excluded participants who exercise heavily which has been 

shown to increase oxidative stress (Pingitore et al, 2015). In addition, participants 

who had recently donated blood were not excluded. This has been shown to reduce 

iron stores (Smith et al, 2014). These could be confounding factors. 

 
Rehman et al (1998) and Proteggente et al (2001) used English participants, 

increasing the generalisability of the sample to the local population (Parahoo, 2014). 

The studies used an overall age range of 20-46 years old which ruled out 

confounders from the older population who are more likely to have oxidative damage 

(Cencioni et al, 2013). All studies excluded smokers and participants who had a high 

alcohol intake. This increased the validity of the results as smoking and alcohol have 

been shown to increase oxidative damage in the body (Zuo et al, 2014).  

 
Methods 

 

Rehman et al (1998) used a commercial capsule form of FeSO4 which ensured 

standardisation and increased the studies internal validity (Parahoo, 2014). Rehman 

et al (1998) and Proteggente et al (2001) used a validated eight-day food diary and 

validated food frequency questionnaire (FFQ) respectively to assess the dietary 

intake of their participants. Colpo et al (2008) did not consider the dietary influence 

despite diet having an effect on iron absorption and oxidative stress (Bhagavan, 

2015). Proteggente et al (2001) did not use an FFQ specifically designed to measure 

iron intake meaning that the sensitivity of this tool may not be high enough to provide 

an accurate estimation. As well as this it did not measure modifiers of iron intake 

such as phytates and polyphenols, limiting the data provided by this dietary analysis 

tool (Bhagavan, 2015).  
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Rehman et al (1998) and Proteggente et al (2001) used transferrin bound iron as a 

biomarker. TPI is more commonly used than transferrin bound iron in recent studies 

as transferrin bound iron only accounts for about 0.2% of the body’s total iron, 

therefore provided a limited representation of iron status (Geisser and Burckhardt, 

2011).  

 

All three studies used total AA as a biomarker for vitamin C status. Plasma AA is a 

good biomarker of tissue vitamin C levels when interpreted alongside the 

physiological processes that can affect its plasma levels (Pollard et al, 2003). 

However, vitamin C can exist in different forms within the blood including reduced 

and oxidised AA (Lane and Richardson, 2014). Therefore, it can be recognized that 

measuring AA both as a whole and in its different forms can provide a clearer picture 

on its antioxidant activity. Without accurate measurements of these, misleading 

conclusions can be formed (Lykkesfeldt, 2007). 

 

As a marker of oxidative damage, Rehman et al (1998) and Proteggente et al (2001) 

used TBD. Frijhoff et al (2015) describes this measure of oxidative stress as one of 

the best measures when linked to predictors of disease, however states that 

commercial assays used to detect this measure have questionable clinical 

significance. MDA, used by Colpo et al (2008), has been one of the most 

investigated lipid peroxidation end products. However, it has its limitations (Frijhoff et 

al (2015). MDA can be created during the measurement process and the assay used 

is not sensitive enough to measure MDA bound to other proteins (Herrera et al, 

2014; Frijhoff et al, 2015). 

 

Laboratory Data Analysis 

 

Colpo et al (2008) used UV-Vis Spectrophotometry (Table 4) to measure TPI, with 

the use of ferrozine as the chromogen whilst Rehman et al (1998) and Proteggente 

et al (2001) used the chromogen ferene to measure transferrin bound iron. Although 

ferrozine is highly sensitive, ferene is described by ICSH (1990) to be 50% more 

sensitive than other methods. 
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Rehman et al (1998) and Proteggente et al (2001) used Micro-fluorometry (Table 4) 

to measure AA. Micro-fluorometry has the advantage of being able to detect 

constituents at low amounts (Tee et al, 1988). Nonetheless, it requires a lengthy 

procedure, which introduces greater opportunity for human error and interference 

from stray light (Sanderson et al, 2014). Colpo et al (2008) used Electron 

Paramagnetic Resonance Spectroscopy (Table 4) to measure AA. This method is 

useful for measuring and identifying organic radicals with unpaired electrons in 

comparison to fluorescence which only detects them indirectly (Bruker, 2018). 

 

Rehman et al (1998) and Proteggente et al (2001) used Gas Chromatography Mass 

Spectrometry (Table 4) to measure TBD. This method is adequate for the 

measurement of low concentrations of constituents and can positively identify the 

presence of specific substances even in small quantities, however it is a time-

consuming technique (Pavia et al, 2018). Colpo et al (2009) used UV-Vis 

Spectrophotometry to measure MDA with the use of thiobarbituric acid reaction. 

Agarwal and Chase (2002) suggest that this method is not specific enough to 

adequately detect MDA and it is subject to multiple interferences. 

 

Statistical Data Analysis 

 

Rehman et al (1998) did not state which statistical tests were used. This reduces the 

replicability of the study and the reader’s ability to interpret the results. Statistical 

tests used by Proteggente et al (2001) and Colpo et al (2008) have been discussed 

above. 
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Summary and Rationale for Further Research 
 

This literature review found that four out of five studies detected an increase in NTBI 

following supplementation of FeSO4. Additionally, one study recognised a dose-

dependent progression of TPI and NTBI. Two studies found that participants who 

had higher baseline AA had lower TBD. In addition, participants who had a lower 

baseline AA had a significant increase in transferrin bound iron following 

supplementation. Furthermore, MDA reduced following supplementation of iron 

carbonyl and AA. This suggests that NTBI is being produced following oral iron 

supplementation and that AA is acting as an antioxidant always and as a modulator 

of iron absorption only when baseline levels are low. 

 

Overall, a CASP (2018) analysis indicated reasonable quality literature. Strengths of 

the literature were the extensive participant criteria and the ruling out of many 

confounding factors. Careful precautions were taken with biomarkers, such as ruling 

out inflammation. Limitations of the literature were the use of giving increasing doses 

within close proximity of each other, making it unclear if the dose-dependent 

progression was from increasing doses or accumulation of iron over time (Schumann 

et al, 2012a). The two treatment branches used by Troesch et al (2011) were not 

comparable which decreased the internal validity of the study (Parahoo, 2014). 

Rehman et al (1998), Proteggente et al (2001) and Colpo et al (2008) only 

investigated total AA. 

 

This literature review highlighted some significant gaps in literature. No study 

investigated NTBI long term, NTBI and AA together in healthy adults, NTBI alongside 

a dietary analysis and both males and females in one study. Therefore, this provided 

a rationale to investigate the effects of long term oral iron supplementation on 

healthy males and females looking at NTBI and the role of AA as an antioxidant, with 

an additional dietary analysis. Carrying out this study will contribute to current 

literature, policy and practice surrounding the use, safety and dosage of oral iron 

supplementation. This can inform local and national policy surrounding the use of 

iron supplementation as over the counter medication and in healthy individuals who 

are not iron deficient. It may also provide insight into the potential use of AA as an 

antioxidant in the case of iron supplement use.  
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Aims, Objectives and Research Question 
 

Aims: 

 

• To investigate the effect of long-term oral iron supplementation on total 

plasma iron, non-transferrin bound iron and ascorbic acid 

• To investigate any associations between total plasma iron, non-transferrin 

bound iron and ascorbic acid 

• To explore the role of ascorbic acid as an antioxidant for iron related reactive 

oxygen species 

• To analyse the association between diet and total plasma iron, non-transferrin 

bound iron and ascorbic acid 

 

Objectives: 

 

• To give healthy adults oral FeSO4 supplementation on alternate days for 

twenty-eight days 

• To collect data on participant’s dietary intake using a food frequency 

questionnaire 

• To obtain baseline and post supplementation blood samples for the analysis 

of iron related biomarkers, including non-transferrin bound iron and ascorbic 

acid 

• To statistically analyse differences and associations between baseline and 

post supplementation biomarkers 

• To interpret and critically discuss the results and their contribution to current 

literature, policy and practice 

 

Research Question: 

 

Does twenty-eight day oral FeSO4 supplementation have an effect on total plasma 

iron and non-transferrin bound iron in healthy adults with various natural levels of 

ascorbic acid? 
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Methodology 

Research Design and Methodological Considerations 
 
This study adopted a quantitative approach with a prospective, pre-post 

experimental design using a single cohort of participants. A quantitative, 

experimental approach was taken as iron supplementation has not previously been 

studied for its effects on NTBI and associations with natural levels of AA. 

Experimental research is regarded as one of the optimum forms of research to 

inform evidence based practice (Parahoo, 2014). This project facilitated a 

quantitative approach on the assumption that the physiological data obtained can be 

objectively quantified for statistical analysis to determine relationships between 

variables (Parahoo, 2014). The quantitative experimental approached has been used 

and seen to be effective in producing results in previous studies regarding iron 

supplementation, NTBI and AA outlined previously in the literature review. 

 

Despite randomised controlled trials being the gold standard within scientific 

research, the pre-post design was considered appropriate for the nature of the study 

as it can measure the degree of change from the long-term supplementation, 

satisfying the aims and objectives whilst providing feasibility within time and cost 

restraints (Parahoo, 2014). This approach has been described as deterministic when 

used with experimental studies, as it looks at cause and effect, therefore appropriate 

for the use with this particular project (Parahoo, 2014). The design enabled the 

participants to act as their own controls which maximised the potential number of 

participants for testing as well as increasing the internal validity due to minimisation 

of participant variables (Parahoo, 2014). In addition, the approach allowed for ethical 

reduction where the total number of participants involved was reduced (Parahoo, 

2014). A criticism of the quantitative approach is the view that human phenomena 

cannot be quantified, and observations often lack the full picture, only taking into 

account what is being observed (Parahoo, 2014). Also, maturation effects or 

behaviour change between the baseline and post supplementation data can cause a 

change in the results unrelated to the intervention (Parahoo, 2014). 

 

The independent variable was the consumption of oral iron supplementation and the 

dependent variables were the levels of blood biomarkers associated with iron. This 
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approach did not support randomisation and blinding which are useful tools in 

scientific research (Parahoo, 2014). The non-randomised and blinded approach 

mimicked the natural environment where healthy participants may knowingly choose 

to take iron supplementation as part of their every diet and lifestyle increasing 

ecological validity. 

Participant Recruitment 
 

Inclusion and Exclusion Criteria 

 
The participant sample was carefully selected to ensure that variables were 

minimised. While this narrow selection was beneficial for demonstrating cause and 

effect in experimental design, the generalisability to the wider population was 

reduced (Parahoo, 2014). The inclusion and exclusion criteria outlined in Table 5 

was strictly followed to increase reliability and replicability of the study. The criteria 

were based on that used by previous literature outlined in the literature review, as 

well as to reduce variables foreseen by the researchers.  

 

 

Healthy adults were chosen as no previous study supplemented healthy adults with 

iron and tested both NTBI and AA. In addition, abnormal menstrual cycles, abnormal 

BMI, anaemia, infection, acute and chronic illness and the use of some medications 

have been shown to be problematic confounders in previous studies, therefore 

excluded for this study (SACN, 2010). No previous study has investigated the effects 

of iron supplementation on NTBI in both males and females. Yet both sexes take iron 

Table 5 Participant Criteria 

INCLUSION CRITERIA EXCLUSION CRITERIA 

Male and Females Pregnancy or Lactation  

18-55 Years Old Anaemia or Low Iron Stores 

Regular Menstrual Cycles Acute or Chronic Illness 

Acceptable BMI Eating Disorders   

Use of Contraceptives (if applicable 

and not necessary) 

Use of Medication or Supplements 

(previous two weeks) 

 Blood Donation (previous six months) 

BMI – Body Mass Index 
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supplementation, exposing them to the potential damaging effects (Low et al, 2016). 

Therefore, both were included in this study. An age range of 18 to 55 was set in line 

with previous studies, to include only young to middle aged adults as iron status can 

fluctuate naturally with age (Geisser and Burckhardt, 2011; Stucchi et al, 2018). The 

use of contraceptives has been allowed in previous literature as they help to regulate 

women’s menstrual cycles preventing increased iron loss (Halie et al, 2016). 

Pregnancy and lactation have been shown to decrease women’s iron stores 

following the increased loss of iron, therefore the increased absorption of iron may 

have confounding effects on the results (Pena-Rosas et al, 2015). Eating disorders 

may result in a dietary deficiency of iron or AA which could increase the risk of iron 

deficiency anaemia (NICE, 2018). Lastly, individuals who have donated blood in the 

last six months were excluded due to the dramatic loss of iron stores which will result 

in the body increasing its iron absorption in response to the demand (Smith et al, 

2014). 

 
Recruitment Strategy 

 
The sampling method to recruit participants involved a volunteer technique, with the 

use of advertisement within the setting of the university aimed at students, lecturers, 

and other members of the population working in and around the university. Volunteer 

sampling has been described as the weakest type of sampling as researchers have 

little control over the sample composition (Parahoo, 2014). However, this technique 

was chosen as it was feasible, inexpensive, could be done easily within time 

restraints and reached a broad range of individuals. When individuals showed 

interest in taking part, they were sent a Participant Information Sheet (Appendix 1) 

with the inclusion and exclusion criteria, which they were asked to look over before 

continuing. Participants were then invited to attend a baseline data collection day. 

 

Sample Size 

 
A power calculation using previous literature was attempted to determine the number 

of participants needed to calculate statistical significance. However, there was a lack 

of sufficient data to carry out the calculation as no previous study has tested the 

effects of twenty-eight day iron supplementation on NTBI. Instead an aim of twenty 



 

10407047 33 

participants was used based on feasibility and previous literature, two of which had 

adequate justifications for their sample size.  

Data Collection 
 

Data Collection Days 

 

Participants attended a total of two morning data collection days. They attended the 

Clinical Assessment Laboratory at the university site in a fasted state, were briefed 

and asked if they had any questions before signing a Consent Form (Appendix 2). 

They each completed a FFQ (Appendix 3) and an information questionnaire 

(Appendix 4) whilst waiting to have their blood sampled.  

 

The qualified and experienced phlebotomist used sterile needles and lithium heparin 

vacutainers to extract six millilitres of blood from each participant. The phlebotomist 

received ‘Venepuncture Training’ by S. Frost, R.G.N, R.S.C.N, DipN Cert, Ed on 

02/07/2009 and passed their ‘Venepuncture Practical Assessment’ with R. Ellis, Sato 

– Phlebotomy Training Officer on 12/08/2009 and has been in regular practice since. 

Lithium heparin vacutainers are used commonly in clinical practice for the 

determination of constituents in plasma due to the anticoagulation factor and are 

acceptable to use for total AA measurement (Lykkesfeldt, 2012).  

 

AA is instable if left unprocessed as it has a high tendency to oxidise (Lykkesfeldt, 

2012). Therefore, blood samples were centrifuged at 5000g for ten minutes and 

plasma extracted less than twenty minutes following venepuncture. 200μl was then 

extracted and re-centrifuged at 20,000g for ten minutes at 4oC. Samples were then 

stored at -80oC for future use. All collected blood was processed to plasma on the 

day of collection. No whole blood or material classed a ‘relevant human material’ in 

the Human Tissue Act (2004) were stored. Samples were allowed to thaw naturally 

at room temperature before laboratory analysis.  

 

Once samples were taken, participants were immediately offered breakfast which 

consisted of a glass of water alongside toast with a choice of olive spread, honey or 

strawberry jam. Participants were required to take 60mg FeSO4 in tablet form on 
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alternate days of twenty-eight days. FeSO4 is one of the most common forms or iron 

used as a supplement (SACN, 2010). It has been shown to produce a large increase 

in TPI concentrations following supplementation, which has been associated with 

NTBI, making it particularly useful for this study (Schumann et al, 2012a; Schumann 

et al, 2012b; Schumann et al, 2013; Brittenham et al, 2014).  

 

Participants were then checked to ensure they did not feel unwell and given another 

opportunity to ask questions before they left, with encouragement to contact the 

researchers at any point should they need to. A ‘check-up’ email was sent to the 

participants midway through the study, which also detailed the requirements for the 

second data collection day and reminded them to bring with them their empty tablet 

strips so that compliance with the supplementation could be assessed.  

 

The second data collection day ran similar to the first, with the absence of the 

completion of questionnaires. Samples took slightly longer to process on the first day 

compared to the second due to researchers becoming more comfortable with the 

process. Participants were debriefed before leaving the second data collection day 

and informed that results can be emailed to them should they wish. The researchers 

contact details were provided to the participants should they have any concerns 

following the project. 

 
Outcome Measures 

 
Quantitative blood plasma biomarkers and nutrient intakes have been used. These 

outcome measures are objective which provided increased validity and reliability 

(Parahoo, 2014). TPI is a measure of all iron contained in plasma and was used as a 

representation of iron status (Porter et al, 2016). Multiple studies in the literature 

review used TPI for at least one biomarker for iron status. To directly measure iron 

absorption from supplementation, TPI is a more useful biomarker than haemoglobin 

and ferritin which are used for diagnosis (NICE, 2018). In addition, the need to rule 

out inflammation or infection was not necessary with TPI, as it is with a biomarker 

such as ferritin (Khan et al, 2016). 

 
TIBC a measure of the capacity of iron associated proteins to become saturated with 

iron (Zhou et al, 2014). TIBC is a commonly used measure of iron status (Nunes et 
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al, 2014) and has been used by previous studies in the literature review. TIBC can 

provide a better clinical understanding on the activity of iron and iron absorption from 

the diet (Zhou et al, 2014). A disadvantage of this biomarker when used alone is that 

it does not take into account which proteins are bound to the iron (Eslayed et al, 

2016). 

 

Transferrin saturation is the percentage of iron bound to transferrin in relation to total 

transferrin in plasma (Eslayed et al, 2016) and has been used by previous studies. 

Transferrin saturation can provide clarity on iron homeostasis but is only useful when 

used in conjunction with other biomarkers, such as TPI and TIBC (Eslayed et al, 

2016). Transferrin saturation can be affected by physiological conditions such as 

infection and inflammation, which were ruled out in this study by extensive 

participant criteria (Eslayed et al, 2016).  

 
NTBI is a measure of any iron within the blood that is ‘unbound’ or bound to smaller 

(low molecular weight) proteins and has been described as a unique but potential 

marker of iron metabolism (Ito et al, 2017). The exact chemical makeup of NTBI is 

yet to be known (Maas et al, 2013; De Swart et al, 2016). Due to this, there is a lack 

of confidence that laboratory assays are correctly identifying NTBI (Pfeiffer and 

Looker, 2017). However as NTBI was the focus of this study, the use as a biomarker 

was essential.  

 

AA was measured in three forms, total, oxidised and reduced. Total AA is a measure 

of all AA present in a blood plasma sample and a good biomarker for vitamin C 

tissue levels (Pollard et al, 2003). Reduced AA is absorbed from food and is 

available in the body for use. Oxidised AA is the AA that has donated an electron via 

antioxidant activity (Lane and Richardson, 2014). Multiple measurements of AA have 

not been taken in previous studies concerning oral iron supplementation in healthy 

participants. Therefore, this study provided a clearer picture of AA activity not seen in 

previous literature (Lykkesfeldt, 2011).  

 

Dietary analysis was taken as diet has an effect on iron absorption and oxidative 

stress (SACN, 2010). Specific dietary components were considered for analysis. 

These included iron and vitamin C intake, as these are direct mediators of iron 
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absorption (Lane and Richardson, 2014). Zinc, fibre and calcium were taken as they 

have been shown to reduce iron absorption (Olivares et al, 2013). The mechanism 

for calcium as an inhibitor is unknown, however thought to be due to calcium 

competing of binding to substances in the absorption pathway (SACN, 2010). 

Additional dietary antioxidants included were vitamin A, D and E as these are 

commonly known antioxidants in the body (Madhikarmi and Murthy, 2014). AA has 

been found to regenerate other antioxidants, in particular vitamin E which is 

important for protection of lipid membranes against oxidative stress (Lane and 

Richardson, 2014). Polyphenols have also been shown to reduce dietary iron 

absorption, however the FFQ did not measure polyphenol intake (SACN, 2010; 

Cercamondi et al, 2014).  

Data Analysis 
 
Laboratory Data Analysis 

 
Table 6 shows a description of the laboratory assays used to measure the blood 

biomarkers which were the most recent tested and developed assays available for 

use within the limits of the university laboratory. All baseline and post 

supplementation samples were ran side by side to reduce variables and keep 

potential errors constant. Standards received the same treatment as biological 

samples to reduce variability. To reduce the risk of pipetting errors, the same 

pipettes were used throughout the analysis and two researchers worked together 

when working on a set of samples, visually ensuring all samples were identical. 
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Total Plasma Iron and Total Iron Binding Capacity 

 
UV-Vis Spectrophotometry was used to measure TPI and TIBC following the method 

by (ICSH, 1990). This is a common method used in clinical laboratories to perform 

quantitative analysis due to its universal application (Vo, 2015) and was used 

multiple times by studies outlined in the literature review. It is a selective, accurate 

and reproducible method to measure TPI and TIBC (Elgailani and Alsakka, 2016). 

Table 6 Laboratory Data Analysis 

LABORATORY 

ASSAY 
DESCRIPTION REAGENTS 

Ultraviolet Visible 

Spectrophotometry 

using the CamSpec 

M302 Ultraviolet 

Visible 

Spectrophotometer 

for TPI and TIPC 

A measure of light wavelength in the 

ultraviolet and visible spectrum from 

a substance (NIST, 2018). Uses a 

wavelength of 593nm. The value 

obtained will be used to calculate 

TPI and TIBC values as follows:  

Plasma Specimen – (Blank x 200 

Standard – Blank) 

TPI - Trichloroacetic 

Acid and Thioglycollic 

Acid, Ferene in Sodium 

Acetate. TIBC - Ferric 

Chloride, Iron Saturating 

Solution, Magnesium 

Carbonate, Ferene in 

Sodium Acetate 

 Transferrin saturation was calculated 

using as per the calculation by 

(Beilby et al, 1992) which is: 

(TPI x 100) / TIBC  

 

Ultraviolet Visible 

High-Performance 

Liquid 

Chromatography 

using the  

Dionex UVD170S 

Detector for NTBI 

Separation of mixture through speed 

of travel. A nitrilotriacetic acid ligand 

forms a complex with NTBI. Larger 

proteins removed by centrifugation 

using Millipore Amicon ultra filters 

(Kime et al, 1996). Uses wavelength 

of 450nm (McMurry, 2015). 

Phosphate Buffered 
Saline 
Nitrilotriacetic Acid 
Dihydropyran Iron 
Chromophore 
Ferric Iron 
 

Electrochemical 

High-Performance 

Liquid 

Chromatography 

using the BAS LCD 

40 Electrochemical 

Detector for Total 

AA, Reduced AA 

and Oxidised AA 

Measurement using an electrical 

column, where substances undergo 

electrochemical oxidation or 

reduction reactions which creates a 

current which is measured (Mitton 

and Trevithick, 1994). AA values 

were calculated as follows: 

Curve Measure (mm) / (Curve 
Standard Thirty (mm) / 30) 

Standard Ascorbate 

Metaphosphoric Acid 
and 
Ethylenediaminetetraace
tic Acid 
Tris(2-
carboxyethyl)phosphine 

AA – Ascorbic Acid, NIST – National Institute of Standards and Technology, NTBI – Non-
transferrin Bound Iron, TIBC - Total Iron Binding Capacity, TPI – Total Plasma Iron 
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Ferene was used for the chromogen for this assay as this has been shown to 

increase sensitivity by 50% (ICSH, 1990).  

 

TPI was measured by adding 300µl plasma to 350µl protein precipitation solution 

and mixing thoroughly for precisely one minute. Samples were heated at 56oC for 15 

minutes in a dry water bath. Following this, samples were centrifuged at 1000g for 

five minutes. 400µl of the supernatant was extracted and 400µl of ferene was added. 

Samples were incubated for five minutes at room temperature before being read in 

the UV-Vis Spectrophotometer.  

 

TIBC was measured by adding 350µl plasma to 350µl iron saturating solution and 

mixing thoroughly before standing for five minutes. 36mg of light magnesium 

carbonate was added and the solution was agitated frequently over a 60-minute 

period. The samples were then centrifuged at 1000g for five minutes before having 

the supernatant removed and being re-centrifuged for a further five minutes. The 

supernatant was removed again and read in the UV-Vis Spectrophotometer. 

Standards were used for this method with a strong r-value for both biomarkers (TPI - 

y = 0.0054x - 0.007, R² = 0.92297; TIBC - y = 0.0055x - 0.0017, R² = 0.99779). 

 
NTBI 

 
UV-Vis (High-Performance Liquid Chromatography) (HPLC) was used to measure 

NTBI following the method by Kime et al (1996). This method is the gold standard 

method for measuring NTBI, due to its sensitivity (Sasaki et al, 2011). The highly 

sensitive HPLC system has the potential to detect values as low as 0.02μmol/l with a 

good level of precision (Kime et al, 1996). The risk of contaminants was reduced with 

the use of non-metallic polyether-ethyl ketone tubing throughout the HPLC system 

(Sasaki et al, 2011; Ito et al, 2014).   

 
NTBI was measured by extracting 150µl plasma to 15µl nitrilotriacetic acid and 

incubating the solution at room temperature for 20 minutes. 150 µl of phosphate 

buffered saline was added and the solution was mixed well before being placed in 

the millipore amicon ultra filters. The units were centrifuged at 13,000g for 30 

minutes at 4oC. 150µl of the ultra-filtrate was added to 15µl of dihydropyran iron 

chromophore and incubated at room temperature for five minutes before being 
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injected into the HPLC system. The blank sample had a very minimal value of 0.009 

which suggests that there was minimal contamination from outside sources of iron. A 

strong standard suggests minimal error in measurement (y = 0.0049x + 0.015, R² = 

0.9959). 

 
Ascorbic Acid 

 
Electrochemical HPLC was used to measure total and reduced AA, based on the 

method by Sato et al (2010). The method is fast, simple, selective and sensitive for 

use with biological samples (Sato et al, 2010). An advantage of this method is that 

the MPA/EDTA solution has been shown to stabilise AA (Sato et al, 2010). HPLC 

grade H2O was used to decrease the risk of impurities contaminating the sample. 

 
Plasma was added to metaphosphoric acid and ethylenediaminetetraacetic acid 

(MPA and EDTA) and centrifuged at 20,000g at 4oC for ten minutes. The 

supernatant was removed and diluted with MPA and EDTA and inserted into the 

HPLC for measurement of reduced AA. A further aliquot of supernatant was added 

to tris(2-carboxyethyl)phosphine in MPA and EDTA, incubated at room temperature 

for twenty minutes before adding more MPA and EDTA and insertion into the HPLC 

for measurement of total AA.  

 
Food Frequency Questionnaire 

 

To analyse dietary intake, an FFQ (Appendix 3) was used similar to previous 

literature (Proteggente et al, 2001). FFQs can be used to assess micronutrients, 

such as iron and vitamin C, when longer dietary analysis tools are not available 

(Emmett, 2009). It was chosen specifically as it captured a variation of diet 

throughout time which other dietary analysis tools do not provide and allows a 

standardisation of responses (Medical Research Council, 2015). It was easy for 

participants to use and only one completed FFQ was required per participant, 

reducing participant burden (Medical Research Council, 2015). A disadvantage of 

this tool is that it is subject to response bias from social desirability which has been 

shown previously with the use of doubly labelled water (Rhee et al, 2015). The FFQ 

and its associated analysis software was used and validated by Bingham et al 

(1997).   
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Statistical Data Analysis  

 

All data has been analysed using the Statistics Package for the Social Sciences. 

Data was tested for normality using the Shapiro-Wilk test, used previously by 

Troesch et al (2011) and Brittenham et al (2014) however due to the small sample 

size, most data was analysed using non-parametric tests. Baseline participant 

characteristics and data will be presented using median +/- range, mean (standard 

deviation (SD)) or percentage where appropriate. A paired t-test was used to test 

each variable for differences between baseline and post supplementation data. This 

test is simplistic but can provide precise data, as long as the assumptions of the test 

are upheld (McDonald, 2014). Spearman’s Rank Correlation Coefficient was 

considered an appropriate test for a small sample (McDonald, 2014). A p-value of p 

< 0.05 was considered statistically significant. 

Ethical Considerations  
 

Approval 

 
Ethical approval was obtained from the university’s Ethics Committee of the Faculty 

of Health, Education and Society prior to the commencement of the project (Ref: 

17/18-362, Appendix 5). All research was carried out in accordance with World 

Medical Association (2013) guidelines. 

 

Consent  

 
To ensure that informed consent was gained, a simple but extensive brief was given 

to the participants before data was collected. Informed consent is essential so that 

participants know the risks and benefits of the study before deciding whether to take 

part (Williamson and Whittaker, 2017). Briefing followed comprehensive criteria to 

ensure consistency between participants. This included: 

• A brief explanation of the project, with reference to the Participant Information 

Sheet (Appendix 1) 

• An explanation of the role of the participants and researchers 

• Specific timings of when the iron supplementation should be consumed 
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• A reminder that the blood test may cause minimal pain and bruising 

afterwards 

• A reminder that taking the iron supplementation has a risk of causing 

gastrointestinal problems 

• A reminder that the participant has a right to withdraw at any time without 

giving a reason and that this would not affect their relationship with the 

researchers or the university. 

• A request for the participants to bring back their tablet test strips and inform 

the researchers of any problems with taking the supplementation as this 

information could be valuable to the analysis of the study results 

• An open opportunity to ask questions 

 

All the participants were healthy independent adults who appeared to have capacity. 

Not blinding the participants had the ethical advantage of providing openness and 

honesty to the participants. However, participants were asked not to change their 

diet and lifestyle throughout the study as a result of the information they received 

from participating in the study (Parahoo, 2014).  

 

Professional Issues 

 
The researchers were familiar with many of the participants outside of the setting of 

the study due to the nature of the sampling technique. Actions were taken to ensure 

work on the project that could involve participant details were always carried out in a 

safe quiet place to ensure confidentiality. In addition, researchers never talked about 

participants in regard to the study to other participants or the public. All findings were 

discussed in an anonymised manner where coded data was used for confidentiality. 

 

Participant Burden 

 
Participant burden was minimised as much as possible. Participants were sent all 

information via email to read at their own convenience, including the questionnaires 

should they wish to bring to the sampling days to reduce their time at the laboratory. 

They were given staggered times to attend the lab to ensure they would not be 

waiting around longer than necessary. In addition, as participants were required to 
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attend the data collection days fasted for a minimum of eight hours, all sessions 

began at 9am so they could fast overnight, and a small breakfast was provided after 

venepuncture.  

 

Data Protection and Confidentiality 

 
At the time of blood sampling, the participant’s names were coded confidentially by 

one of the researchers, the codes and names of the participants were kept in an 

encrypted pass-worded file on a pass-worded computer. All other participant 

information was kept on a separate computer in a different, safe location with only 

the identifying participant codes. In addition, hard copies of data were kept secure in 

a locked cabinet at the Clinical Assessment Laboratory. This was to ensure data 

protection and confidentiality were upheld and reduce researcher bias when 

analysing the results. Participant contact details were not passed on to anybody 

else. As per policy, data will be kept securely for ten years following the study 

completion by the university. The Data Protection Act (2018) was followed and 

upheld for the whole process.  

 

Risks and Hazards 

 
Both the University Codes of Practice for Control of Substances Hazardous to Health 

and the Control of Substances Hazardous to Health (COSHH) Regulation (2002) 

were followed rigorously. Waste and used whole blood fractions and derivatives 

were disposed of according to the university health and safety policies and the 

requirements of the Human Tissue Act (2004). Human tissue derived waste and 

contaminated equipment were bagged separately to other laboratory waste and 

disposed of through the local laboratory disposal route. A qualified first aider was 

available at all times in case of an adverse event. 

 

NTBI has been associated with oxidative damage, posing a risk to the participants, 

however eight-week oral iron supplementation in anaemic women has shown no 

negative long-term effects in previous literature (King et al, 2008). Therefore, a 

twenty-eight day supplementation period was deemed safe for this project.  
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The iron supplementation tablets can increase the risk of constipation, 

gastrointestinal upset and discoloured faeces (Leonard et al, 2014). It is unethical to 

put participants at risk of harm (Parahoo, 2014). Therefore, supplementation was 

given every other day as it has been shown by evidence to reduce negative side 

effects without compromising iron absorption (Stoffel et al, 2017).  

 

Venepuncture, a commonly used but invasive technique used to sample the blood 

also posed a minor risk to the participants, such as bruising, bleeding or infection 

(Assi and Baz, 2014). Venepuncture was performed by a qualified and experienced 

phlebotomist wearing a protective coat and disposable gloves, using sterile 

equipment to minimise infection risk. Bruising was minimised with the use of 

pressure at the venepuncture site for one minute before the application of an allergy-

sensitive plaster. To reduce the risk of sharps injury to the phlebotomist or the 

participants, standard precautions were taken as per the risk assessment for the 

laboratory. No injuries or adverse events occurred during this study. 
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Results 
 

Descriptive statistics have been used to demonstrate the baseline characteristics of 

the participants with median ± range used for non-parametric data and mean 

(standard deviation (SD)) used for parametric data. Inferential statistics have been 

used to explore differences and correlations between baseline and post 

supplementation outcome measures. The results are presented below in terms of the 

aims of the study: 

• To investigate the effect of long-term oral iron supplementation on total 

plasma iron, non-transferrin bound iron and ascorbic acid 

• To investigate any associations between total plasma iron, non-transferrin 

bound iron and ascorbic acid 

• To explore the role of ascorbic acid as an antioxidant for iron related reactive 

oxygen species 

• To analyse the association between diet and total plasma iron, non-transferrin 

bound iron and ascorbic acid 

Participant Characteristics 
Table 7 Characteristics of Participant Sample 

CHARACTERISTICS PARTICIPANTS 

 
Baseline TPI 

(<30μmol/l) 

Baseline TPI 

(>30μmol/l) 
All 

Age (y) (median ± range) 23.0 (21-26) 37.0 (22-52) 23.0 (21-52) 

Height (cm) (median ± 

range) 
167.5 (158-195) 178.0 (163-182) 

177.0 (158-

195) 

Weight (kg) (median ± 

range) 
68.8 (49-92) 75.0 (58-82.5) 69.7 (49-92) 

BMI (median ± range) 23.9 (18.6-24.9) 23.1 (18.5-26) 
23.7 (18.5-

26) 

Gender 

Male (n (%)) 

Female (n (%)) 

 

n = 4 (36) 

n = 2 (18) 

 

n = 3 (27) 

n = 2 (18) 

 

n = 7 (64) 

n = 4 (36) 

Previous Supplement Use 

(n (%)) 
n = 4 (36) n = 3 (27) n = 7 (64) 

Occupation 

Student (n (%)) 

Other Employment 

(n (%)) 

 

n = 5 (45) 

n = 1 (9) 

 

n = 3 (27) 

n = 2 (18) 

 

n = 8 (73) 

n = 3 (27) 

BMI – Body Mass Index, TPI – Total Plasma Iron 
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Table 7 shows the baseline characteristics of the participants. The participants were 

analysed as a whole and in two groups for those who had TPI above 30μmol/l and 

those who had TPI below 30μmol/l. The reason for this was to see if there was any 

correlation in absorption of iron, its subsequent effect on NTBI and association with 

natural levels of AA in terms of baseline iron status. However only participants who 

had baseline levels of TPI below 30μmol/l had a statistically significant increase in 

post supplementation TPI (p = 0.03) (Table 9). The 30μmol/l cut off was based on 

the recommended SACN (2010) reference values for TPI, with healthy values from 

10-30μmol/l. As five out of eleven participants had values well above the upper end 

of this reference, it was deemed appropriate to use this as a cut off value.  

 

Originally, twenty participants were recruited for the project. Five dropped out before 

the commencement of the study due to time commitments, recent blood donation 

and suspicion of anaemia. Three participants were unable to continue with the 

project as venepuncture was unsuccessful. One participant withdrew from the project 

midway due to personal crisis. Eleven participants, seven males and four females, 

completed the project with an age range of 21-52 years old. The mean age of 

participants was 29.4y (males 29.4y and females 29.3y). The average height of 

participants was 174.1cm with a range of 158cm to 195cm. The average weight was 

69.9kg and BMI 22.7, however females had an average BMI of 20.0 whilst males 

had an average of 24.2. One male participant was marginally overweight (BMI 26) 

but still considered to be healthy.  

 

Seven participants had previously used supplements, however all were stopped a 

minimum of one week prior to the beginning of the project. Eight participants were 

students known to the university, from various courses, whilst three worked in 

general employment. Two participants stated they had low activity levels (less than 

one hour per week), two stated they had high activity levels (above three hours per 

week) and seven stated they had medium activity levels (one to three hours per 

week). Participant characteristics did not differ significantly between baseline TPI 

above and below 30μmol/l. Age was slightly higher (23.5 to 36.4y) in participants 

who had a higher baseline level of TPI, however this was not significant. 
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Blood Biomarkers 
 
Table 8 Baseline and Post Intervention Blood Biomarkers (All Participants) 

BIOMARKER BASELINE (Day 0) 
POST INTERVENTION 

(Day 28) 

TPI (μmol/l) (mean (SD)) 29.33 (14.55) 32.05 (11.53) 

TIBC (μmol/l) (mean (SD)) 58.51 (25.47) 50.20 (17.37) 

Transferrin Saturation (%) 

(mean (SD)) 
59.37 (31.69) 70.49 (33.89) 

NTBI (μmol/l) (median ± 

range) 
0.52 (0-2.73) 0.26 (0-1.04) 

Total AA (μmol/l) (mean 

(SD)) 
26.69 (3.12) 25.58 (6.25) 

Reduced AA (μmol/l) (mean 

(SD)) 
0.88 (0.34) 1.00 (0.37)* 

Oxidised AA (μmol/l) (mean 

(SD)) 
25.82 (3.17) 24.58 (6.53) 

*Value significantly different than baseline (p < 0.05), AA – Ascorbic Acid, NTBI – 
Non-transferrin Bound Iron, SD – Standard Deviation, TIBC – Total Iron Binding 
Capacity, TPI – Total Plasma Iron 

 

Table 8 shows the baseline and post intervention blood biomarkers for all 

participants. One participant had baseline TI levels below the recommended 

reference values by SACN (2010). Five participants had adequate baseline TI levels 

and five had TI levels above the higher threshold. All participants had total AA levels 

below the recommended reference values (<50μmol//) (European Food Safety 

Authority (EFSA), 2013). TPI increased slightly from baseline to post 

supplementation, however this increase was not statistically significant. TIBC 

reduced overall after supplementation. However, this was highly variable, with some 

participants having increased TIBC, some having decreased and some not 

changing. Transferrin saturation was higher than normal values (20-45%) (Elsayed 

et al, 2016) and increased non-significantly following supplementation, again this 

was highly variable. NTBI decreased non-significantly, and once again was highly 

variable.  

 

Total AA remained approximately the same, with slightly more variability post 

supplementation than at baseline. Reduced AA increased significantly from baseline 

to post supplementation (p = 0.03). A visual representation of this can be seen in 

Figure 2, which includes standard deviation bars.  
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Figure 2 Baseline and Post Supplementation Reduced 
Ascorbic Acid 

 

Lastly, oxidised AA remained approximately the same, once again with more 

variability in levels following supplementation. A visual representation of the changes 

in all measures of AA can be seen in Figure 3. This graph shows that in total, AA 

reduced non-significantly, however the proportion of reduced AA increased 

significantly and this can be seen against oxidised AA changes. 

 

 

Figure 3 Baseline and Post Supplementation Ascorbic 
Acid 
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Table 9 Baseline and Post Intervention Blood Biomarkers (Separated by Plasma 

Total Iron) 

BIOMARKER BASELINE (Day 0) 
POST INTERVENTION  

(Day 28) 

 

Baseline 

TPI 

(<30μmol/l) 

Baseline 

TPI 

(>30μmol/l) 

Baseline 

TPI 

(<30μmol/l) 

Baseline TPI 

(>30μmol/l) 

TPI (μmol/l) (mean 

(SD)) 
19.0 (9.5) 41.8 (7.9) 30.1 (13.0)* 34.4 (10.5) 

TIBC (μmol/l) (mean 

(SD)) 
57.4 (24.5) 59.8 (29.5) 56.6 (10.2) 42.5 (22.1) 

Transferrin Saturation 

(%) (mean (SD)) 
44.0 (31.8) 77.8 (21.6) 51.8 (20.6) 92.9 (34.4) 

NTBI (μmol/l)  

(mean (SD)) 
1.02 (1.02) 0.36 (0.38) 0.26 (0.36) 0.39 (0.41) 

Total AA (μmol/l) 

(mean (SD)) 
27.7 (3.4) 25.5 (2.5) 24.2 (6.5) 27.3 (6.2) 

Reduced AA (μmol/l)  

(mean (SD)) 
0.89 (0.38) 0.86 (0.34) 1.01 (0.42) 0.99 (0.34) 

Oxidised AA (μmol/l) 

(mean (SD)) 
26.8 (3.4) 24.6 (2.7) 23.2 (6.7) 26.3 (6.6) 

*Value significantly different than baseline (p < 0.05), AA – Ascorbic Acid, NTBI – Non-
transferrin Bound Iron, SD – Standard Deviation, TIBC – Total Iron Binding Capacity, TPI – 
Total Plasma Iron 

 

Table 9 shows the baseline and post supplementation blood biomarkers separated 

by TPI above and below 30μmol/l. Participants with lower mean baseline levels of 

TPI (19.0μmol/l), had a statistically significant increase in TPI following 

supplementation (p = 0.03) compared to participants who had higher mean baseline 

levels (41.8μmol/l) whose TPI levels did not increase following supplementation (p = 

0.13). This is shown in Figure 4 below. In addition, TIBC did not change following 

supplementation in participants with lower levels of baseline TPI, however decreased 

non-significantly in participants with higher baseline TPI (51.8 to 42.5μmol/l). NTBI 

was higher at baseline in people with lower baseline TPI levels (1.02μmol/l) than with 

people with higher baseline TPI levels (0.36μmol/l), however this result was not 

significantly different. NTBI levels decreased non-significantly in these participants 

following supplementation. None of the AA biomarkers appeared to be different 

between both groups.  
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Figure 4 Baseline and Post Supplementation Total Plasma 
Iron (<30μmol/l) and (>30μmol/l) 

 

Nutrient Intake 
 
Table 10 Nutrient Intake from Food Frequency Questionnaire 

NUTRIENT PARTICIPANT INTAKE (estimates per day) 

 
Baseline TPI 

(<30μmol/l) 

Baseline TPI 

(>30μmol/l) 
All 

Iron (mg)  

(mean (SD)) 
9.7 (4.0) 10.6 (4.3) 10.1 (4.0) 

Vitamin A (μg)  

(mean (SD)) 
871.3 (665.0) 819.4 (486.5) 847.7 (562.6) 

Vitamin C (mg)  

(mean (SD)) 
101.0 (64.5) 116.2 (65.5) 108.0 (62.1) 

Vitamin D (μg)  

(mean (SD)) 
2.0 (1.3) 3.0 (2.4) 2.5 (1.8) 

Vitamin E (mg)  

(mean (SD)) 
10.1 (3.9) 10.3 (4.4) 10.2 (3.9) 

Zinc (mg)  

(mean (SD)) 
8.2 (3.8) 8.9 (2.7) 8.5 (3.2) 

Calcium (mg)  

(mean (SD)) 
1021.1 (472.7) 1019.0 (387.5) 1020.1 (414.5) 

Fibre (g)  

(mean (SD)) 
14.3 (6.7) 17.3 (8.9) 15.7 (7.6) 

SD – Standard Deviation, TPI – Total Plasma Iron 
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Table 10 shows the participant nutrient intakes per day. Results from the dietary 

analysis show that on average, participants consumed 10.1mg iron per day which is 

acceptable according to (Department of Health, 1991) for males, however females 

should be consuming 14.8mg per day. Vitamin C intake was 108.0mg per day on 

average, with the recommended consumption at 40mg (Department of Health, 

1991). Alternatively, vitamin D intake was 2.5μg per day. No participant was 

achieving the recommended dietary intake of 10μg per day (SACN, 2016). Vitamin 

A, vitamin E, zinc and calcium intake were adequate for this age group (Department 

of Health, 1991). Fibre intake was 15.7g whereas the updated recommendation by 

SACN (2015) is 30g. Nutrient intakes did not differ significantly between participants 

who had baseline TPI below and above 30μmol/l. However, iron and vitamin C 

intake was slightly higher in the group who had higher baseline TPI levels.  

Correlations 
 

Blood Biomarkers 

 

Baseline TIBC had a statistically significant negative correlation with baseline 

transferrin saturation, total AA and oxidised AA (p = 0.01, r = -0.75; p = 0.02, r = -

0.71; p = 0.02, r = -0.67). Post supplementation TPI had a statistically significant 

positive correlation with post supplementation TIBC (p = 0.01, r = 0.74). 

 

Blood Biomarkers and Nutrient Intakes 

 

Baseline and post supplementation TPI and NTBI did not correlate significantly with 

any of the nutrient intakes. Baseline reduced AA had a statistically significant 

negative correlation with iron intake, vitamin C intake and fibre intake (p = 0.02, r = -

0.68; p = 0.04, r = -0.63; p = 0.01, r = -0.73).  
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Nutrient Intakes 

 

Table 11 Correlations of Nutrient Intakes 

NUTRIENT 

F
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 (

g
) 
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iu

m
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Z
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 (
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) 

V
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) 
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 D
 

(μ
g

) 

V
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(m
g

) 

V
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a

m
in

 A
 

(μ
g

) 

Iron (mg)  

(p-value, r-value) 

C 

(0.003, 

0.80) 

C 

(0.001, 

0.86) 

C 

(0.005, 

0.77) 

C 

(0.00, 

0.90) 

C 

(0.003, 

0.80) 

C 

(0.01, 

0.73) 

C 

(0.004, 

0.79) 

Vitamin A (μg)  

(p-value, r-value) 

C 

(0.04, 

0.64) 

C 

(0.002, 

0.82) 

- - - 

C 

(0.02, 

0.69) 

 

Vitamin C (mg) 

(p-value, r-value) 

C 

(0.00, 

0.93) 

- - 

C 

(0.02, 

0.68) 

-   

Vitamin D (μg)  

(p-value, r-value) 
- 

C 

(0.02, 

0.71) 

C 

(0.003, 

0.80) 

C 

(0.002, 

0.83) 

   

Vitamin E (mg) 

(p-value, r-value) 

C 

(0.003, 

0.80) 

C 

(0.16, 

0.70) 

C 

(0.01, 

0.75) 

    

Zinc (mg)  

(p-value, r-value) 
- 

C 

(0.01. 

0.74) 

     

Calcium (mg)  

(p-value, r-value) 
-       

C = statistically significant correlation (p < 0.05) 

 

Table 11 shows the correlations between nutrient intakes with their respective p-

values and r-values. Iron intake correlated positively with all other nutrient intakes (p 

< 0.05). 
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Results Summary 
 

Participant characteristics did not differ significantly between groups who had 

baseline TPI above and below 30μmol/l. All participants had total AA levels below 

the recommended reference values (EFSA, 2013). Mean reduced AA increased 

significantly from baseline to post supplementation (0.88-1.00μmol/l, p = 0.03) in the 

cohort as whole. Mean TPI did not increase significantly in the whole cohort following 

supplementation, but increased significantly in the group with lower baseline TPI 

levels (19.0-41.8μmol/l, p = 0.03). There were no significant changes in other blood 

biomarkers.  

 

For the whole cohort, men were achieving the recommended iron intake per day but 

not women. Vitamin C intake per day was higher than recommended whereas 

vitamin D intake was lower than recommended. Baseline TIBC had a statistically 

significant negative correlation with total AA and oxidised AA (p = 0.02, r = -0.71; p = 

0.02, r = -0.67). Baseline reduced AA had a statistically significant negative 

correlation with iron intake and vitamin C intake (p = 0.02, r = -0.68; p = 0.04, r = -

0.63). Multiple nutrients correlated with each other, as seen in Table 11. Iron intake 

correlated positively with all other nutrient intakes (P < 0.05). 
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Discussion 
 
The main results summarised at the end of the previous section will be discussed in 

terms of the aims of the study with respect to the research question. The discussion 

will consider the results in light of biological and biochemical theory and previous 

literature. It will go on to discuss this in terms of limitations and strengths of the 

study, contribution to current policy and practice and discuss questions posed for 

future research. The aims of this study were: 

 
• To investigate the effect of long-term oral iron supplementation on total 

plasma iron, non-transferrin bound iron and ascorbic acid 

• To investigate any associations between total plasma iron, non-transferrin 

bound iron and ascorbic acid 

• To explore the role of ascorbic acid as an antioxidant for iron related reactive 

oxygen species 

• To analyse the association between diet and total plasma iron, non-transferrin 

bound iron and ascorbic acid 

 
Research Question: 

 
Does twenty-eight day oral FeSO4 supplementation have an effect on total plasma 

iron and non-transferrin bound iron in healthy adults with various natural levels of 

ascorbic acid? 

Biological and Biochemical Theory in Relation to Previous Literature 
 

Effect of Oral Iron Supplementation  
 
The first aim of the study was to investigate the effect of long-term oral iron 

supplementation on TPI, NTBI and AA. The study found that mean TPI did not 

increase significantly in the whole cohort following supplementation, but increased 

significantly in the cohort with lower baseline TPI levels (<30μmol/l) (19.0-41.8μmol/l, 

p = 0.03). SACN (2010) recommends that a TPI level between 10-30μmol/l is 

indicative of a good iron status. Iron absorption is tightly controlled by hepcidin and 

ferroportin in response to systemic iron status (Bhagavan, 2015). Subsequently, it is 

unlikely that an observable amount of iron will be absorbed following 
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supplementation in healthy individuals who have an adequate iron status as hepcidin 

is likely degrading ferroportin (Bhagavan, 2015). This could explain the significant 

increase in TPI in participants who had baseline TPI below 30μmol/l but not in 

participants who had baseline TPI above 30μmol/l.  

 

Another reason for lack of significant increase in TPI could be due to enterocytes 

developing a mucosal block to prevent the absorption of excess iron following a large 

intake of dietary iron, in this case from the oral supplementation (SACN, 2010). 

Previous literature found that healthy adults who had adequate TPI levels had a 

significant increase in TPI following FeSO4 supplementation (Troesch et al, 2011; 

Schumann et al, 2012a; Schumann et al, 2012b; Schumann et al, 2013; Brittenham 

et al, 2014). Brittenham et al (2014) found a larger TPI increase in participants who 

had slightly reduced baseline TPI in line with the results in this study.  

 
The study found no change in NTBI from baseline to post supplementation. At face 

value, this suggests that NTBI was not produced as a result of long-term oral iron 

supplementation. A previous short-term study found that NTBI increased significantly 

in the eight hours following ingestion of FeSO4 and reached its peak at four hours 

(Brittenham et al, 2014). In this study, hepcidin increased significantly from four to 

eight hours post supplementation as NTBI decreased, which is suggestive that 

hepcidin is taking up NTBI from blood to the liver (Lane and Richardson, 2014). This 

gives rise to the possibility that NTBI is only circulating the body for a short-term 

period following supplement ingestion, which would give an explanation as to why no 

change was found in this study, with venepuncture sample taken over twenty-four 

hours following the last FeSO4 ingestion. Therefore, this study postulates that NTBI 

is transient. This finding warrants further investigation as it is a new phenomenon not 

found in previous literature.  

 
Participants had mean total AA level (26.69μmol/l) below the recommended 

reference values indicative of an inadequate vitamin C status (EFSA, 2013). A lack 

of vitamin C in the whole cohort could be an explanation for the minimal increase in 

TPI following supplementation. A low total AA level may result in a reduced non-

haem iron absorption through the lack of reduction of Fe3+ to Fe2+ preventing iron 

from being taken up by enterocytes (Lane and Richardson, 2014). In addition, low 
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AA levels may reduce the possibility of AA binding to iron to create a complex that is 

more soluble for absorption (Lane and Richardson, 2014). In comparison to previous 

literature, participants had ranges of approximately 50-70μmol/l (Rehman et al, 

1998; Proteggente et al, 2001) and approximately 10μmol/l (Colpo et al, 2008). This 

shows that despite finding low values for this study, previously literature has a wide 

range of acceptable values. It must be noted that Colpo et al (2008) used a different 

laboratory assay to Rehman et al (1998) and Proteggente et al (2001). Therefore, 

lower values could be attributed to an underestimation from the analysis technique. 

 
TPI only appears to increase in participants who have low to adequate baseline 

levels of TPI and increases are small in comparison to the 60mg dosage. In addition, 

NTBI appears to only be circulating the blood short-term following supplementation. 

This is suggestive that any risks of oxidative damage from oral iron supplementation 

are associated short-term in healthy individuals who have a low-adequate iron 

status. Should these individuals feel the need to take oral iron supplementation, a 

suggestion from this study is that they should be pre-assessed to ensure they are 

not undergoing any unnecessary risks and to ensure that any symptoms they have 

are not associated with another underlying disease (NICE, 2018). In addition, risks 

could be reduced by a reduction in common dosage from 60mg, as used in this 

study, to 17mg as recommended by SACN (2010).  

 

Individuals who have a high iron status are unlikely to be affected by the damaging 

effects of NTBI, however these participants still have the opportunity to buy this 

supplementation over the counter, the use of which is unnecessary. As shown 

previously, the use of iron supplementation can result in many negative 

gastrointestinal side effects including associations with colorectal cancer, likely due 

to the exposure of the gut to iron associated reactive oxygen species (Leonard et al, 

2014). This gives a rationale for the reduction dosage in common oral iron 

supplementation and a revision of policy that allows oral iron supplementation to be 

sold over the counter without previous assessment of iron status. 
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Associations between Blood Biomarkers 

 
A second aim of the study was to investigate any associations between TPI, NTBI 

and AA. The study found that baseline TIBC had a statistically significant negative 

correlation with total AA and oxidised AA (p = 0.02, r = -0.71; p = 0.02, r = -0.67) but 

no other correlations between blood biomarkers. TIBC increases following transferrin 

synthesis and release from the liver in response to an increased systemic need for 

iron (Bhagavan, 2015). This suggests that as total AA is lower, absorption of dietary 

iron is less, resulting in a higher systemic need for iron and subsequently an 

increase in TIBC. It is common knowledge that AA assists with non-haem iron 

absorption (Lane and Richardson, 2014). Nonetheless, this provides confidence that 

ascorbic acid is playing an important role in iron absorption despite the minimal 

increase in TPI following supplementation in this study. No previous literature 

measured TIBC alongside AA. 

 
Antioxidant Activity of Ascorbic Acid 
 
The third aim of the study was to explore the role of AA as an antioxidant for iron 

related reactive oxygen species. The study found that mean reduced AA increased 

significantly from baseline to post supplementation (0.88-1.00μmol/l, p = 0.03) in the 

cohort as whole. However total and oxidised AA did not change. No change in total 

AA provides confidence that participants did not change their diet throughout the 

study and is in line with previous literature (Proteggente et al 2001, Colpo et al, 

2008).  

 

No change in oxidised AA overall reduces the likelihood that AA was acting as an 

antioxidant as AA becomes oxidised following its donation of an electron in 

antioxidant activity (Lane and Richardson, 2014). However, the significant increase 

in reduced AA puts doubt in this theory. The study postulates that reduced AA 

increased significantly as a result of increased AA recycling following antioxidant 

activity, possibility related to the production of NTBI (Lane and Richardson, 2014). 

Previous literature states that oxidised AA is rapidly converted back to reduced AA 

and maintained in this form within intracellular and extracellular fluid (Lane and 

Richardson, 2014). As previous literature did not measure reduced AA, this is the 
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first study of its kind to receive this finding. This unusual finding poses questions for 

further investigation into this topic. 

 
The negative correlation between TIBC and oxidised AA is suggestive that a high 

oxidised AA results from high systemic iron (a low TIBC and transferrin synthesis is 

being inhibited) as AA is becoming oxidised from iron related reactive oxygen 

species, such as NTBI (Lane and Richardson, 2014). This proposal is supported by 

previous studies who found that participants who had higher baseline total AA had 

higher transferrin bound iron. These studies also found that participants with higher 

baseline total AA had lower levels of TBD as AA was likely working as an antioxidant 

(theoretically becoming oxidised should this biomarker have been measured) 

(Rehman et al, 1998; Proteggente et al, 2001). 

 

Overall it still remains unclear as to the activity of AA as an antioxidant in relation to 

iron related reactive oxygen species due to minimal increase in TPI, no change in 

NTBI and subsequently no possible correlation with NTBI and AA post 

supplementation. The finding that reduced AA increase significantly is unusual and 

warrants further investigation. Previous literature has suggested that AA is unlikely to 

be working as a pro-oxidant. The evidence here points towards AA working as an 

antioxidant but the findings are speculative and warrant further investigation.  

 
Associations between Blood Biomarkers and Dietary Intake 
 
The last aim of the study was to analyse the association between diet and TPI, NTBI 

and AA. The study found that men were achieving the recommended iron intake per 

day but not women. Women were receiving 10.9mg dietary iron on average, 

whereas the recommendation for their age group is 14.8mg per day (Department of 

Health, 1991). The implications for this are that women were at risk of iron deficiency 

anaemia, however this did not appear to be the case when considering baseline TPI. 

All females had TPI above 10μmol/l and two females had TPI above 30μmol/l. The 

dietary intakes were in line with results from previous studies (Rehman et al, 1998; 

Proteggente et al, 2001).  

 

In addition, mean vitamin C intake per day was higher than recommended 

(108.0mg/day) yet this was not reflected in the total AA levels which appeared to be 
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low. Pollard et al (2003) suggests that this may be due to many physiological 

processes that vitamin C is involved in, causing it to appear uncorrelated. Previous 

studies also found high intakes of vitamin C (29-290mg and 24-131mg) (Rehman et 

al, 1998; Proteggente et al, 2001). It was suggested previously that the low levels of 

total AA were the cause of the minimal increase in TPI, however the high dietary 

intake of vitamin C counteracts this theory, promoting the conclusion that a minimal 

increase was seen post supplementation simply due to the participants having an 

adequate baseline iron status. 

 

There was no correlation between TPI and iron intake. This is unsurprising as the 

relationship between iron status and iron intake can be affected by age, metabolic 

responses, genetics and menstrual losses (Bhagavan, 2015). As well as this, as iron 

is tightly controlled in the body, an individual with adequate iron stores is unlikely to 

absorb much iron from the diet, even when dietary iron intake is high, thus iron 

status does not always reflect intake in its entirety, possibly accounting for the lack of 

correlation (SACN, 2010; NDNS, 2018).  

 
Baseline reduced AA had a statistically significant negative correlation with iron 

intake and vitamin C intake (p = 0.02, r = -0.68; p = 0.04, r = -0.63). When dietary 

iron and vitamin C are high, iron status is also likely to be high. This suggests that 

the higher dietary iron intake and vitamin C reduced AA may be lower as it is acting 

to reduce iron for cellular uptake and/or donating electrons following a subsequent 

rise in NTBI. Thus becoming oxidised (Lane and Richardson, 2014). This is 

suggesting that not only is AA increasing absorption but it is then acting against the 

reactive oxygen species subsequently created. This is only a speculation on the 

complex physiology interplay of AA that is still under investigation (Lane and 

Richardson, 2014). Overall AA may be working simultaneously as a modulator of 

iron absorption but also as an antioxidant, ultimately in a protective manor.  

 

Multiple nutrients correlated with each other, as seen in Table 11. Iron intake 

correlated positively with all other nutrient intakes (P < 0.05). This meant that the 

higher iron intake, equally high were inhibitors of iron absorption, such as fibre, zinc 

and calcium. Despite this, mean baseline TPI (29.33μmol/l) appeared to be 

adequate in participants (SACN, 2010) suggesting that dietary inhibitors were not 
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affecting iron absorption and subsequently the results. Previous literature did not 

measure intake of modulators of iron absorption.  

 
Vitamin D intake was lower than recommended (2.5μg/day), however this does not 

take into account vitamin D synthesised by the sun (SACN, 2016). This low intake 

provides confidence that vitamin D was not acting as an antioxidant in place of 

vitamin C. Iron intake correlated with vitamins A and E, suggesting that these could 

have been acting as antioxidants alongside vitamin C. This suggestion is supported 

by Madhikarmi and Murthy (2014) who found a significant decrease in lipid 

peroxidation following supplementation of vitamins A, C and E. No study in the 

literature review measured intakes of other dietary antioxidants. This finding needs to 

be investigated further. 

 

Despite dietary intake of iron being low for women, iron status appeared to be 

adequate in participants. The high vitamin C intake was suggestive that minimal 

increase in TPI following supplementation was not due to low total AA levels, but due 

to participants having an adequate baseline systemic iron. The statistically significant 

negative correlation of baseline reduced AA and iron and vitamin C intake is 

suggestive that AA may be working simultaneously as a modulator of iron absorption 

but also as an antioxidant, ultimately in a protective manor. Iron intake was shown to 

correlate with its inhibitors of absorption, however this is unlikely to have majorly 

affected absorption due to participants having adequate iron status. Lastly, vitamins 

A and E may be working alongside vitamin C as an antioxidant due their correlation 

with iron intake. This needs to be investigated further. 
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Strengths and Limitations of Study 
 

Limitations 

 
The research design did not account for maturation effects or behaviour change. 

Participants were asked not to change their diet or lifestyle in any way, however the 

possibility of this cannot be ruled out and must be considered in the results. Possible 

actions that participants may have taken were to decrease their dietary iron intake as 

a result of learning about its associated risks. This is unlikely, but could have 

reduced the overall measure of TPI post supplementation and have resulted in the 

minimal increase seen baseline to post supplementation. In addition, the study relied 

heavily on compliance of the participants to take the supplementation. Participants 

consumed all supplementation to the researcher’s knowledge.  

 

The external validity of this design is compromised due to the small sample size 

(Parahoo, 2014). A larger sample size may have been more beneficial to detect 

changes and stronger correlations between biomarkers (SACN, 2010). The use of 

the volunteer technique could have resulted in a biased sample of participants, thus 

reducing the generalisability to the wider population (Parahoo, 2014).  

 

The use of healthy individuals was purposeful for this project, as no previous 

research has investigated the effect of oral iron supplementation on NTBI and its 

association with natural levels of AA in this population. However, it can be seen as a 

limiting factor as the absorption of supplemented iron by individuals with adequate 

iron status was likely smaller than individuals with low iron status (SACN, 2010). A 

large age range reduced the generalisability of the results to a specific age group. 

 

Blood samples took longer to process on the first data collection day in comparison 

to the second, this could have resulted in changes in AA from baseline to post 

supplementation due to the instability of AA and its tendency to oxidise following 

venepuncture. This could explain the statistically significant increase in reduced AA 

following supplementation, as baseline AA was left longer some reduced AA may 

have oxidised following venepuncture. 
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It appears that the participants included in this study had suboptimal levels of total 

AA. However dietary intakes show that mean vitamin C intake (108.0mg/day) was 

above the recommendations by the Department of Health (1991). Previous literature 

has shown fluctuations in total AA measurement depending on the laboratory assay 

used (Rehman et al, 1998; Proteggente et al, 2001; Colpo et al, 2008). The 

laboratory assay used in this study could have underestimated the measurement of 

total AA giving an explanation for the unusual low levels in all participants. This 

underestimation could be due to the electrode used in this assay drifting over time, 

which is common and requires more frequent calibration with standards (Mitton and 

Trevithick, 1994). The FFQ used was not specifically designed to measure iron 

intake which is a limitation in many studies highlighted by SACN (2010). In addition, 

the FFQ did not measure polyphenols which have been shown to influence dietary 

iron absorption (Cercamondi et al, 2014). 

 
Strengths 

 

The strict adhesion to participant criteria ensured the reduction of confounding 

factors and provided confidence that the results were without participant bias, giving 

the results increased validity and improving the replicability of this study. The lower 

number of participant allowed more attention to detail regarding the participants 

individual characteristics (Parahoo, 2014). As the first study considering NTBI long 

term, a power calculation was not possible, however data provided by this study can 

be used to inform future studies.  

 

A strength of the study was the use of three forms of AA biomarker. Multiple forms of 

AA provide a clearer picture of AA antioxidant activity and this has not been seen in 

previous literature regarding oral iron supplementation. Furthermore, the dietary 

analysis was not previously carried out in studies looking at the effects of oral iron 

supplementation and NTBI. In addition, studies that looked at oral iron 

supplementation and AA only considered iron and vitamin C intake, despite there 

being many other modulators of iron. No study outlined in the literature review 

considered the influence of other antioxidants and iron.  
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Another strength of this study was the use of more up to date laboratory techniques 

to measure NTBI and AA. The techniques used in the assay were not used in 

pervious literature studying healthy adults outlined in the literature review. This 

implies that results may be more accurate and precise that previous studies. A major 

strength of this study is that it addresses multiple gaps in literature previously 

identified. These will be discussed below in terms of the study’s contribution to 

literature, policy and practice. 

 

Contribution of Study to Literature, Policy and Practice 
 

This study contributes to current literature surrounding the topic of oral iron 

supplementation and NTBI production. Previous to this study, there was no literature 

investigating the effects of oral iron supplementation on NTBI with consideration of 

AA. In addition, there was no literature investigating the effects of long term oral iron 

supplementation in healthy individuals with the use of a dietary analysis.  

 

The small increase in TPI following 60mg FeSO4 supplementation as well as its 

associated negative side effects suggest that the dosage should be lowered in line 

with recommendations by SACN (2010). The study suggests that risks of oxidative 

damage from oral iron supplementation are associated short-term in healthy 

individuals who have a low-adequate iron status. Due to these risks, a medical 

assessment could be beneficial before oral iron supplementation is taken to reduce 

the possibility of individuals causing themselves unnecessary harm. Furthermore, 

this may help to rule out health problems with similar symptoms to iron deficiency 

anaemia. This medical assessment can be in conjunction with a revised policy of the 

availability of oral iron as an over the counter medication. The combination of 

previous literature, the significant increase in reduced AA, the correlation with total 

and oxidised AA and TIBC and the correlation of baseline reduced AA and iron and 

vitamin C intake are suggestive of AA antioxidant activity with an overall protective 

behaviour. Vitamins A and E may also be working as antioxidants. These findings 

contribute to literature but it is stressed that further investigation needs to be carried 

out on this subject.  
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This knowledge can help to improve policy and practice surrounding risks and use of 

oral iron supplementation as a treatment of suspected iron deficiency anaemia. 

Policies such as SACN (2010) could be updated to include new found knowledge 

and this could work in harmony with clinical practice guidelines such as NICE (2018). 

Suggestions for dosage, over the counter availability and medical assessment have 

been made. Before this knowledge can be translated into policy and subsequently 

practice, further investigations are required. These are discussed below. 

Future Research 
 

It is common that experimental research opens up more questions than answers 

them (Parahoo, 2014). This project is the first of its kind to look at these particular 

variables and it can provide a valuable insight for future research (Parahoo, 2014). 

Future research could study healthy participants with lower baseline levels of TPI to 

ensure absorption is seen. To improve upon the limitations of this study, future 

studies should aim for a larger sample size and utilise a FFQ that is specifically 

designed and validated for the use with iron supplementation and its associated 

modulators. The finding that NTBI may be transient warrants further research to find 

out exactly how long NTBI circulates the blood and how long the resulting oxidative 

damage is present. In addition, the significant increase in reduced AA was an 

unusual finding and warrants further research. The theory that AA is working as an 

antioxidant against iron related reactive oxygen species remains mostly unanswered. 

As NTBI was not detected, it was unable to be correlated with AA. Consequently this 

should be further investigated. The potential activity of vitamins A and E as 

antioxidants against iron related reactive oxygen species is a rationale for further 

research on not only vitamin C but multiple known antioxidants. 
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Conclusion 

 
Does twenty-eight day oral FeSO4 supplementation have an effect on total plasma 

iron and non-transferrin bound iron in healthy adults with various natural levels of 

ascorbic acid? 

 
In conclusion, this study found that TPI only appears to increase in participants who 

have lower baseline TPI levels due to adequate systemic iron status reducing the 

need for absorption. NTBI appears to be transient, only being produced in circulating 

blood short-term following ingestion of oral iron supplementation. Study findings are 

suggestive of the activity of AA as a protective antioxidant but further investigation is 

necessary before conclusions can be drawn. Dietary analysis provided valuable 

information towards the results of this study and highlighted the possibility of 

vitamins A and E also working as an antioxidant against iron related reactive oxygen 

species, such as NTBI. 

 

Carrying out this study has contributed to current knowledge surrounding the risks of 

oral iron supplementation and questioned its dosage and availability as an over the 

counter medication, with a suggestion that it only be taken following medical 

assessment. The use of AA as an antioxidant in relation to iron related reactive 

oxygen species remains unclear. Findings are speculative but promising and 

contribute to current literature. Multiple recommendations for future research were 

made, including the use of participants with lower baseline TPI values, a study 

design that allows transient NTBI to be detected and further investigation of the 

antioxidant activity AA. 
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Appendix 1 Participant Information Sheet 

 
 
 
PARTICIPANT INFORMATION SHEET           
STUDY TITLE: The effect of FeSO4 iron supplementation on lipid peroxidation and 
redox active plasma iron in humans. 
 
Invitation to participate 
We would like to invite you to participate in a new research study. Before you decide 
whether or not to participate, it is important for you to understand why the research is 
being done and what it will involve. This information sheet explains the background 
and aims of the study. Please take time to read it carefully and discuss it with others 
if you wish. If there is anything that is unclear, or if you would like more information, 
please ask us. Your participation in this study is entirely voluntary. 
 
What is the overall aim of the study? 
To investigate the relationship between iron supplementation and levels of non-
transferrin bound iron (NTBI) in the blood and natural levels of vitamin C. NTBI is a 
type of free iron and has been shown to cause damage in the body and vitamin C 
has been shown to work as an antioxidant, potentially counteracting this damage. 
Blood will be measured for iron in three forms, NTBI, vitamin C and malondialdehyde 
(MDA) which is a product of this damage.  

 
What would I have to do if I took part in this study? 
If you decide to take part you will be required to provide 4ml of venous blood, 
conducted by an experienced sympathetic phlebotomist. You will also be required to 
fill in a three-day food frequency questionnaire prior to arrival and a short question 
sheet on the day. 
 

Participant Inclusion and Exclusion Criteria 

Inclusion: 

• Male or female 
• 18-55 Years Old 
• Regular Menstrual Cycles (if applicable) 
• BMI in healthy range 
• Contraceptives accepted (if applicable) 

Exclusion: 

• Pregnancy or Lactation  
• Anaemia or Low Iron Stores 
• Acute or Chronic Illness 

• Eating Disorders  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• Use of Medication or Supplements (previous two weeks) 
• Blood Donation (previous six months) 

Will any expenses be paid? 
We are unable to pay expenses for this project. However, breakfast will be provided 
after the collection of blood samples.  
 

Do I have to take part? 
No. It is entirely up to you whether or not to take part. If you decide to take part you 
may choose to withdraw at any time without giving any reason. If you decide not to 
take part your usual healthcare will not be affected in any way. 
If you decide to take part you will be asked to sign a consent form. 
 

Will my records be confidential? 
All information collected about you during the course of this research will be kept 
strictly confidential. All information will be stored electronically on a computer which is 
password protected, in a document file that is also password protected.  The data will 
be stored for a maximum of 10 years, after which it will be destroyed. 
All information will be handled in compliance with the Data Protection Act (2018). 
Your name and address (which we need in order to contact you) will be stored 
separately from the other information you supply during the project so that you cannot 
be identified from your study records. 
 

What are the possible benefits of taking part in this study? 
You will be able to contribute to research that will influence the control and the usage 
of iron supplements, to reduce the risk of oxidative stress in the healthy population. 
 

What are the possible disadvantages of taking part in this study? 
There are no known disadvantages of taking part in the study other than the risks 
below, inconvenience of giving a blood sample and the time taken to complete a 
food diary. 
 
Risks: 
Iron Supplementation:  
Common: Constipation dark stools, abdominal pain (mild) 
Rare: Nausea, vomiting, diarrhea, 
Venipuncture: 
Mild pain, bruising, bleeding, infection, dizziness, fainting 
 

Who is organizing the study? 
The research is being organized by the  
 

Who has reviewed this research study? 
The study has been reviewed by the Ethics Committee of the Faculty of Health, 
Education and Society. 
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What will happen to the data obtained from this study? 
The results of the study will be written up in our dissertations with the potential for 
publishing in a journal.  
 
How will I hear about the results of the study? 
When the results of the whole study are completed, those who wish to find out how it 
went will be provided with a summary of the major findings and what they mean for 
future research and potential future treatment. This will be discussed with you when 
you attend the lab to provide your blood samples.  We will make a note of all who 
would like a report and provide a summary of the major findings in layman’s terms at 
the end of the study. 
 
Your rights 
Your participation in this study is entirely voluntary.  You may withdraw at any time 
without it affecting your relationship with the. If you withdraw after we have taken 
blood from you, all data from your samples will be withdrawn from the study. 
 
Contact for further information 
If you require any further information about this study, or have any questions please 
contact either:  
 
Maria-Anne Gaitanou   
maria-anne.gaitanou@students.plymouth.ac.uk 
 
Charlotte Woods 
charlotte.m.woods@students.plymouth.ac.uk 
 
If you have any concerns or complaints as to how the study was conducted, please 
contact: 
 
Project supervisor:  
Dr Desley White desley.white@plymouth.ac.uk 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

mailto:charlotte.m.woods@students.plymouth.ac.uk
mailto:desley.white@plymouth.ac.uk
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Appendix 2 Consent Form 
 
 

 
 
 
Title of project: The effect of FeSO4 iron supplementation on lipid peroxidation and 
redox active plasma iron in humans. 
 
Name of researchers:  
Charlotte Woods 
 
 
Please initial boxes below: 
 

1. I confirm that I have read and understand the information sheet for the 
above study and that I am able to ask any questions.  
 

2. I confirm that I satisfy the participant inclusion and exclusion criteria in 
the Participation Information Sheet.  

 

3. I understand that my participation is voluntary and that I am free to 
withdraw at any time. 

 
4.  I understand and am aware that:  
• 4 mL of my blood will be taken by a trained phlebotomist 
• My blood will be used for research in the above study.  
• Any information given E.g. Food diary, Personal information will be 

analyzed and used in the above study.  
 

5. I understand that all sample and data information will be recorded 
anonymously and will not be used for anything other than the above 
study.  

 
6. I agree to take part in the above study.  

 
 
Name of participant …………………. Signature…………….. Date…………… 
 
 

Name of investigator………………….. Signature……………...Date…………. 
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Appendix 3 Food Frequency Questionnaire 
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Appendix 4 Participant Questionnaire  
 

 
 
PARTICIPANT INFORMATION 
  
STUDY TITLE: The effect of FeSO4 iron supplementation on lipid peroxidation and 
redox active plasma iron in humans. 
 
Name: 
 
………………………………………………………………………………………………….. 
 
Date of Birth: 
 
………………………………………………………………………………………………….. 
 
Preferred Email: 
 
……………………..…………………………………………………………………………… 
 
Height (m): …………… 
 
Weight (kg): …………... 
 
Job Title/Degree Studying: 
 
………………………………………………………………………………………………….. 
 
Physical Activity Levels: 
 
Low (less than 1 hour per week)      
Medium (1-3 hours per week) 
High (more than 3 hours per week) 
 
………………………….. 
 
If you have previously taken supplements, when did you last take them? 
 
………………………………………………………………………………………………….. 
 
Females - Do you currently take contraceptives?  
 
………………………………………………………………………………………………….. 
 
Any other information about you that you believe would be relevant to the 
study? 
 
………………………………………………………………………………………………….. 
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Appendix 5 Ethical Approval 
 

 
Plymouth University 

Faculty of Health and Human Sciences and Peninsula Schools of Medicine and 
Dentistry Student Ethics Committee 

APPLICATION FOR ETHICAL APPROVAL OF RESEARCH 
Review Panel; Andrew Wills; Miriam McMullan; Garry Farnham 

25/04/2018 
Title of research: The effect of FeSO4 iron supplementation on lipid peroxidation and 
redox active plasma iron in humans. 
 
Ref. Number: 17/18-362 and 17/18-363 
 
Student Names: Charlotte Woods, Maria-Anne Gaitanou 
Course/Programme for which project is being carried out: MSc Human Nutrition 
Email address and other contact details:  
maria-anne.gaitanou@students.plymouth.ac.uk; 
charlotte.m.woods@students.plymouth.ac.uk  
Supervisor/Chief Investigator/Independent researcher Name: Desley White 

 
 
Dear Charlotte, Dear Maria-Anne, 
Thank you for your Ethics application. 
 
Decision: Supervisor to be given delegated responsibility to check the revised 
submission. When your supervisor is happy with the proposal you have permission 
to proceed. You do not need to resubmit a proposal to the committee. 
 
 
Comments:  
a) In methodology section include a statement that:  
 
“all collected blood will be processed to plasma within 7 days (or on the day) of 
collection. No whole blood or material classed a “relevant human material” in the 
Human Tissue Act 2004 will be stored in this project”.  
 

(Contd.) 
Also include:  
 
“Waste and used whole blood fractions and derivatives will be disposed of according 
to the University health and safety policies and the requirements of the Human 
Tissue Act 2004. Specifically Human Tissue derived waste and contaminated 
equipment will be bagged separately to other laboratory waste and subsequently 
disposed of through the local laboratory disposal route.” 

mailto:maria-anne.gaitanou@students.plymouth.ac.uk
mailto:charlotte.m.woods@students.plymouth.ac.uk
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b) Additional info needed concerning Phlebotomy qualifications 
 
c) Inclusion of possible Iron sulphate side effects in Patient information sheet, and 
also possible side effects of taking blood (i.e., fainting). Include a section on “Risks” 
 
d) In the information sheet the researchers still need to add a contact to whom a 
complaint about the conduct of the research can be directed. 
 
e) In the consent form (for number 3) there needs to be a tick box for every 
statement made. There are 3 statements there presently with only one tick box. 
 
f) The PIS should be revised to give a layperson’s account of the overall aim of the 
study. 
 
g) The PIS and consent form should contain a declaration that participants have 
none of the specific exclusion criteria. 
 
 
Wishing you every success with your studies. 
 
 
Kind Regards 
  
Sylvia 
Dr Sylvia Terbeck (Assistant Professor/Lecturer in Psychology) 
Chair, Faculty of Health and Human Sciences and Peninsula Schools of Medicine 
and Dentistry Student Ethics Committee 
Email : sylvia.terbeck@plymouth.ac.uk  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

mailto:sylvia.terbeck@plymouth.ac.uk
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