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General Abstract 

Iron deficiency (ID) is the most prevalent micronutrient deficiency worldwide and is 

defined by systemic haemoglobin (Hb) levels between 95- and 110 g/L in human 

infants. If left untreated, ID can progress to iron deficiency anaemia (IDA) when Hb 

levels are reduced further to <95 g/L. Infants and young children are at particular risk, 

especially in low- and middle-income countries (LMICs), where IDA can ultimately 

result in stunted growth, which has life-long health implications. Oral iron 

supplementation is the most common strategy used worldwide to prevent and treat 

ID/IDA. However, this has been associated with detrimental side effects including 

diarrhoea and increased risk of infectious diseases, although there is limited 

mechanistic understanding in this area. Piglets are valuable models for human 

infants since they share many physiological characteristics with humans. In addition, 

their precocial nature permits early separation from maternal interference so their 

environment and nutrition can be tightly controlled.  Furthermore, if left untreated with 

iron, piglets will reliably develop IDA in the first weeks of life. The aim of this PhD was 

to explore the effects of IDA, and different forms of iron supplementation on growth 

and metabolism in human infants using a neonatal piglet model. Twenty-four 1d old 

piglets were litter-matched into 4 treatment groups (n=6 each). Treatments were 

goup 1, control (no iron); group 2, intramuscular iron (IM, 200mg Fe); group 3, oral 

iron (150mg/Kg of iron sulphate); group 4, oral and IM iron.  Weight gain was 

measured twice a week and sequential blood parameters were analysed using a 

portable haem meter and standard veterinary diagnostic laboratory methods. Host 

systemic metabolites, microbial-derived short chain fatty acids (SCFAs) and lipid 

profiles were assessed using liquid chromatography - mass spectrometry (LC-MS), 

while gut microbiota composition was analysed using 16S Illumina sequencing 

techniques. The results demonstrated that all types of iron treatments prevented 

anaemia by sustaining sufficient concentrations of Hb and other iron-dependent 

blood parameters, and by maintaining host-derived metabolite concentrations. 

However, oral iron supplementation was associated with significant reductions in 

weight gain (~ 0.5Kg, p<0.05) and abundances of Lachnospiraceae (p<0.05) in 

piglets compared to their IM iron treated siblings, and significant reductions in 

lactobacilli (p<0.05) were observed in all iron treated piglets compared to IDA 

siblings. In terms of systemic lipids, IDA was associated with reductions in sphingo- 
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(p<0.05) and a range of phospholipids (p<0.05), which are important for growth and 

development. Taken together, these results demonstrate that both IDA and iron 

supplementation have significant impacts on piglet growth and metabolism both 

directly and via shifts in gut microbiota populations and metabolic outputs. This could 

have important consequences for oral iron supplementation recommendations, 

especially in small-for-age infants in LMICs and is especially relevant for iron-replete 

infant fed iron-rich formula milk.  
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CHAPTER 1  

INTRODUCTION 

 

1.1 Global impact of iron deficiency and iron deficiency anaemia 

Inadequate nutrition is recognized as a major factor in abnormal development during 

early life and has serious implications for long-term health 1, 2, 3. Iron is an essential 

micro-nutrient since it is a key prosthetic component (e.g. for haem and iron-sulphur 

clusters) associated with proteins that have vital roles in a wide range of key 

biochemical processes including oxygen transport 4, the respiratory chain 5, gut 

health and metabolic production, and overall growth and development 6, 7. Iron 

deficiency (ID), where body iron stores are becoming depleted occurs when iron 

requirements exceed intake. Exhaustion of these stores leads to iron deficiency 

anaemia (IDA) which affects around 1.2 billion people worldwide 8, 9. IDA is clinically 

defined as serum haemoglobin (Hb) levels of <105 and <100 g/L in 4- and 9-month-

old infants respectively 10.  

ID and IDA have a significant global economic and societal impact 11. The global cost 

of ID and IDA is difficult to estimate as it is highly dependent on the population 

affected, the severity of the condition and the costs of healthcare in different regions. 

However, a study conducted in 6–59-month-old Pakistani infants and young children 

concluded that the medical cost of micronutrient deficiencies including ID and IDA 

along with zinc, iodine and vitamin A deficiency is in the region of US$ 46 million, 

with a further US$ 0.3 billion of production-associated loses. This is highly significant 

and is equivalent to around 1.44% of GDP in Pakistan 12. Similarly, a study 

conducted in India estimated that the annual costs of IDA in infants and young 

children aged 6-59 months includes costs of US$ 8.3 million disability-adjusted life 

years (DALYs) and production losses of approximately US$ 2.4 billion, which is 

equivalent to 1.3% of India’s GDP 13. The economic burden of IDA extends to 

developed countries where, according to a review by Brookes et al 14 on the 

management of IDA in England from 2012 to 2018, emergency hospital admissions 

cost £42.4 million, while day case admissions cost £46 million, despite treating four 

times as many patients in the outpatient setting. 
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It is important to note that these estimates are likely to be conservative, as they do 

not take into account the long-term consequences of ID and IDA, such as the impact 

on cognitive function and educational attainment, which are likely to also have 

significant economic and societal consequences. A study conducted in Nigeria found 

that the prevalence of IDA in pregnant women was associated with increased 

maternal mortality 15, linked with higher neonate morbidity and mortality. In addition, 

these estimates do not take into account the cost of implementing comprehensive 

strategies to prevent and treat ID and IDA, which may involve a range of 

interventions, including nutritional education, iron supplementation programmes, and 

improved access to healthcare. 

1.2 Development of iron deficiency and iron deficiency anaemia 
In full-term infants born to iron-sufficient mothers, transplacental delivery of iron 

results in high neonatal reserves, around 75mg/kg, primarily as haemoglobin and in 

the form of ferritin and hemosiderin 16, 17. Following birth, excess iron, derived from 

haemoglobin, is immediately transferred to storage compartments and consequently, 

under normal conditions, iron supplied through the diet is not  required during the first 

4-6 months of life 18. This may partly explain why human breastmilk contains such a 

low iron content (~0.35 mg/L; bioavailability of 45–100%) 19. However, after ~6 

months, infant iron stores derived from the mother become depleted whilst the 

developmental demand for iron increases due to higher erythropoietic and brain 

activity, along with increased tissue accretion as a result of high growth rate 20, 21. 

Demand for iron soon exceeds that available from breast milk prompting the need for 

iron from complementary foods and/or supplementation 22.  

Dietary iron requirements during pregnancy are significantly increased. Based on a 

pre-pregnancy weight of 55kg, it is estimated that an additional 1g of iron is required 

during pregnancy, equating to around 3.6mg/day on average 23. This is due to 

increasingly higher demands from the foetus and placenta, and rapid expansion of 

the maternal vascular volume during the latter half of gestation especially 24. 

However, in both poor and affluent societies, a large proportion of women enter 

pregnancy with ID or IDA 25 since around 50% of women of childbearing age in low- 

and middle-income countries (LMICs) are anaemic, although there is significant 

regional variation 26. In both ID and IDA, the iron endowment that neonates receive 

from their mothers is often reduced such that iron reserves are depleted well before 
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4-6 months (when weaning generally commences) leading to the rapid onset of IDA. 

Infants born to anaemic or iron‐deficient mothers, and those with low birth weight, 

begin life with reduced iron stores and are at higher risk of developing ID before 4-6 

months 27, 28. Preterm infants are also at increased risk of developing ID as maternal 

iron transfer to the foetus mostly occurs during the final trimester 29.  

Rapid erythropoiesis, inadequate dietary iron consumption and limited iron 

bioavailability (linked to reduced absorption following enteric infection and/or dietary 

inhibitors) all contribute to increased risk for ID throughout infancy and early 

childhood 30. School‐age children primarily consuming unfortified cereal‐based diets 

are at greater risk of ID owing to low dietary iron intake 31. In addition, non‐haem iron, 

the form derived from plant sources, has lower bioavailability and is more sensitive to 

enhancers (e.g., ascorbic acid) and inhibitors (e.g. phytate) of iron absorption 

compared to haem iron, the form derived from animal sources. 

Non‐nutritional factors, such as infection and inflammation, can also lead to 

conditional anaemia, or ‘anaemia of inflammation’. This response is instigated by the 

host to limit systemic iron availability and thus combat ongoing infection 32 and is 

predominantly mediated through the upregulation of hepcidin 33. This peptide 

hormone acts as a major regulator of iron homeostasis. Hepcidin is secreted 

primarily by hepatocytes in response to various factors including body iron stores and 

plasma iron levels. It controls iron absorption, recycling, and release from stores by 

binding to the cellular iron exporter, ferroportin, causing it to internalise, leading to 

iron retention within cells. This consequently limits iron availability to extra-cellular 

pathogens 34, 35. Hepcidin expression is also responsive to elevated inflammatory 

cytokines including IL-6 and IL-22 36, 37. Therefore, anaemia of inflammation is 

characterised by adequate or high iron stores but low serum iron (bound to the serum 

iron chaperone, transferrin) 37. In contrast to IDA, anaemia of inflammation cannot be 

prevented or resolved by iron supplementation and may even be exacerbated by 

increased dietary iron 34. 

1.3 Iron supplementation to prevent and treat ID and IDA 

Iron supplementation is a widely used strategy to prevent and treat ID and IDA in 

infants and young children 38, 39. While food-based approaches are important for 

improving iron status, iron supplements are often needed to meet daily iron 
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requirements. The WHO report “Daily iron supplementation” endorses iron 

supplementation as a public-health intervention for infants and children aged 6-23 

months across the globe, where the prevalence of IDA in this age group is high 

(>40%). Recommendations are for daily doses of 10-12.5 mg elemental iron for 3 

consecutive months per year for infants and children aged 6-23 months, which 

increases to 30 mg for preschool-aged children 40.  

The efficacy of different types of iron supplementation in preventing and treating ID 

and IDA in infants and young children has been extensively studied. The most 

commonly used iron supplements are ferrous salts, such as ferrous sulphate 

(FeSO4), ferrous fumarate, and ferrous gluconate 41. FeSO4 has been widely used for 

decades in the pig industry as well as in human supplements for a number of 

reasons. For example, it is inexpensive, and available in several forms including 

tablets, powder and paste 42. However, oral supplements are associated with 

gastrointestinal side effects, such as constipation, diarrhoea, and enteric infection, 

which can limit their effectiveness 43, 44. To address these issues, alternative forms of 

iron supplementation are being developed, including haem iron. Haem iron originates 

from animal products such as red meat and poultry and is well-absorbed by the body, 

making it an attractive option for infants and young children 45. It is well-tolerated and 

helps to prevent the gastrointestinal side effects associated with oral iron treatments.  

To mitigate the increased risk of enteric infection and reduce other related side 

effects associated of oral iron supplementation, perhaps an alternative route could be 

parenteral iron 46. Intravenous (IV) iron supplementations have been used as 

alternative methods to oral iron supplementation, especially in children who have 

failed to respond to oral iron supplementation. For example, those who suffer from 

iron malabsorption due to short bowel syndrome or anaemia of inflammation 47. As IV 

iron supplementation involves the infusion of iron sucrose, ferric carboxymaltose or 

iron dextran (FeDex) directly into the bloodstream, it bypasses the hepcidin-

ferroportin pathway that controls iron absorption in the gut (see Figure 1.1) 48. 

Although IV iron can be effective in rapidly correcting IDA, they it is associated with 

several limitations. Primarily, that it requires close monitoring for adverse effects, 

which can increase the cost of treatments. Another limitation of IV iron is the need for 

trained healthcare professionals to administer the supplements and is more 
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expensive compared to oral iron which can limit access to treatment in low-resource 

settings 49. Therefore, IV iron may only be used when oral iron supplementation is not 

feasible or effective, and the benefits of treatment outweigh the risks and costs. 

1.4 Chemical kinetics and absorption of iron from the gut 

Dietary iron mostly occurs in the oxidized, ferric (Fe3+) form with the limited 

bioavailability. For iron absorption to occur, it must either undergo conversion to the 

ferrous (Fe2+) ionic state, or be present as haem or in nanoparticulate form (e.g. 

ferritin cores) 50, 51. A combination of stomach acidity and reducing agents, such as 

ascorbic acid and ferric reductase enzymes (including duodenal cytochrome B; 

DcytB) results in reduction of Fe3+ to Fe2+. Consequently, dietary non-haem iron is 

mainly absorbed across the duodenum and proximal jejunum in the highly soluble 

ferrous form via the divalent metal cation transporter 1 (DMT1, also known as 

NRAMP2) 52, 53. Partial absorption of dietary iron contained in food and supplements 

is a persistent and considerable obstacle in the treatment of ID and IDA 54.  

1.5 The role of iron in the development of the gut microbiota 

The gut microbiota refers to the diverse community of microbes residing in the 

gastrointestinal tract of animals, including humans 55. These microbes include 

bacteria, archaea, viruses, and fungi, which play important roles in digestion, 

metabolism, immunity, and overall health 56. Bacterial numbers and diversity increase 

in relation to distance from the stomach with the largest, most diverse population 

residing in the colon due to relatively more favourable conditions 57. Due to the 

influence of several factors, including pH and the chemical form of iron present, 

predicting the bioavailability of iron to the microbiota for each of the various sections 

of the intestinal tract remains challenging. However, it is estimated that on average 

~85% of dietary iron remains unabsorbed and colonic iron concentrations are in the 

region of 25 mM, of which approximately 0.4 mM is in the form of readily absorbable 

Fe2+ 58. The majority of gut bacteria have essential requirements for iron and thus 

require its availability in the gut. However, the Lactobacillaceae are considered to be 

iron-independent members of the gut microbiota and preferentially utilize manganese 

instead 59. It is likely that iron availability influences microbial succession and the 

developmental stability of the longer-term microbiota.  
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Figure 1. 1 (adapted from Abbas et al 60). Changes in the gut microbiota in response to oral 

iron supplementation and anaemia. Iron supplementation prevents iron-deficiency anaemia 

and aids the generation of appropriate immune responses to invading pathogens. However, 

approximately 90% of unabsorbed iron reaches the colon where most bacteria have 

substantial iron requirements for growth. This excess iron results in decreased abundance of 

beneficial bacteria including lactobacilli and bifidobacteria and increased abundance of 

potential pathogens including E.coli which increase the risk of diarrhoea and enteric infection. 

In addition, oral iron supplementation may result in the generation of reactive oxygen species 

(ROS) causing oxidative stress and epithelial damage (A). Abundance of potential pathogens 

including Bacteroides and Clostridium decrease in response to iron deficiency anaemia and 

promote beneficial bacteria population growth (B). Hepatic cells release hepcidin in response 

to oral iron supplementation which internalizes the ferroportin (iron transport protein), 

reducing iron absorption in the duodenum (C). 

Increased iron availability has also been associated with a raised risk of the 

presence, or virulence potential, of enteric pathogens including Salmonella 

typhimurium, E. coli and Enterobacteriaceae, along with reductions in more beneficial 
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bacteria such as bifidobacteria 61, 62, 63. However, conditionally, ID can protect against 

infection 64 in both humans and animal models. Since iron is crucial for bacterial 

growth, in particular for pathogens such as E. coli 65, 66, it follows that insufficient iron 

availability, achieved by nutritional immunity mechanisms in the host, is an effective 

strategy to limit pathogenic growth and thus reduce infection risk. Also, during 

chronic inflammation and systemic infection by triggering hepcidin production 67. 

Consistent with this, various in vitro studies have reported reduced growth of 

potential enteropathogens, including Campylobacter jejuni and E. coli, within iron-

deprived environments 68, 69. For example, limiting iron availability resulted in 

reductions in E. coli abundance to 0.8% compared to 10.7% in iron-sufficient 

controls. Gut fermentation models inoculated with faecal matter from a child and 

propagated under iron limited conditions (1.56 ± 0.1 mg Fe L−1) showed a relative 

reduction in Roseburia spp., Eubacterium rectale, Clostridium cluster IV members 

and Bacteroides spp. along with relative increases in Lactobacillus spp. and 

Enterobacteriaceae compared to iron sufficient controls 70. Similarly, a pilot study 

assessed the composition of the microbiota in IDA infants and young children 

concluding that ID is associated with distinct microbial signatures with increased 

abundance of Enterobacteriacea and Veillonellaceae, and decreased 

Coriobacteriaceae relative to healthy non-ID controls 71. Consistent with this, several 

large-scale human trials using various doses for different durations (2-18 months) 

have, in general, reported that oral iron supplementation is associated with higher 

risk (1% to 23%) of developing diarrhoea in infants 72, 73, 74. However, the outcomes of 

such studies have been inconsistent 75, 76, which suggests the link is complex and 

that perhaps other factors are at play.  

One theory is that the effects of iron supplementation on the risks of enteric infections 

are highly dependent on the composition and metabolic activity of the underlying 

microbiota 77, which in turn is influenced by iron availability during the earlier 

developmental stages. These studies largely reported compositional changes to the 

microbiota during ID and IDA. However, an important consideration is how sustained 

these effects may be once sufficient iron levels have been attained. A recent early-

life piglet study showed that ID (rapidly progressing to IDA during the trial) reported 

27 bacterial genera differences in faeces following 32 days of iron restriction (from 2 

day of age) compared to iron-sufficient controls. It went on to demonstrate that when 
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both groups received oral iron supplementation (standard 180–300 mg Fe/kg of diet) 

in weaner mix for a further 30 days, no differences in either bacterial populations or 

bacterial products of fermentation (volatile fatty acids) were detected.  

Although normal microbial communities appeared to have been restored following 

this period of ID and IDA, bacterial colonization and succession in the gut is the 

primary driver of metabolic and immune development which occur in a programmed 

and sequential manner and is largely complete by 49 days following birth 78, well 

before the completion of the trial. Therefore, different patterns of microbial 

colonization driven by iron limiting conditions in the gut is highly likely to have had 

considerable impact on metabolic and immune function in later life and could affect 

overall growth and susceptibility to infection. In addition, this study reported findings 

from limited pigs (~n=10/treatment group). Being outbred there are considerable 

inter-litter and inter-individual variations and in the absence of litter-matching to 

accommodate this, treatment differences in gut microbiotas at 61 days resulting from 

earlier ID/IDA would have to have been larger than physiological differences between 

piglets to have been observed.  In addition, the trial was completed using 2 replicate 

groups and it has previously been demonstrated that minor environmental variations 

during the first day of life exerted sustained influences on both the microbiota and 

metabolic phenotype which were of a higher magnitude then differences linked to 

divergent nutrition 79. Taken together, this suggests that important questions of 

longer-term impacts of early-life ID and IDA on the composition and metabolic activity 

of gut microbiota, and wider development, remain unanswered. The majority of 

studies have tended to focus directly on the response of the gut microbiota to iron 

supplementation in ID and IDA infants, rather than underlying mechanisms.  

1.6 Impact of ID and iron supplementation on metabolism 

Iron plays a critical role in various metabolic pathways, including the tricarboxylic acid 

(TCA) cycle, haem synthesis, and oxidative phosphorylation 80. Therefore, ID can 

significantly impact systemic metabolite production, leading to various adverse health 

outcomes 81. The TCA cycle is a crucial metabolic pathway that generates energy by 

oxidizing acetyl-CoA to CO2 
82. ID conditions can significantly impact the TCA cycle 

by decreasing the levels of TCA cycle intermediates. A study conducted in 6- and 12-

month-old Peruvian children (n=200) reported the impaired energy metabolism 
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indicated by reduced levels of TCA cycle intermediates in 6-month-old IDA children 

83.  Iron supplementation has been shown to enhance the activity of TCA cycle 

enzymes. For example, a study in human cell lines (K-562) showed increased activity 

of succinate dehydrogenase and aconitase, and isocitrate dehydrogenase in 

response to iron supplementation 84. The urea cycle is another critical metabolic 

pathway that removes toxic ammonia from the body by converting it to urea 85. ID can 

also impact the urea cycle by decreasing the activity of urea cycle enzymes. A study 

conducted in neonatal piglets (n=16) showed that ID was associated with 

upregulation of urea cycle enzymes in the liver including ornithinetranscarbamoylase 

and argininosuccinate synthetase compared to iron treated counterparts (150mg 

FeDex) 86. IDA can also impact amino acid metabolism by reducing the levels of 

branched chain amino acids (BCAA). A study in Austrian individuals (n=430) 

indicated that IDA caused significant reduction in systemic BCAA concentrations 

including leucin, isoleucine and valine compared to non-IDA subjects, suggesting the 

important role of iron in amino acid metabolism 87.  

In lipid metabolism, iron is involved in the breakdown of fatty acids and in the 

production of cholesterol and other lipids 88. Iron is also an integral part of some 

transporters and enzymes which play important roles in lipid metabolism, as well as 

their interaction with other lipids in the body 89. Iron is known to impact one of the key 

enzymes involved in lipid metabolism, carnitine palmitoyltransferase-1 (CPT1), which 

is responsible for the transport of long-chain fatty acids into the mitochondria for 

energy production. A study in male mice (n=12) by Xiong et al 90 reported reduced 

concentrations of CPT1A in mice on normal diets (45mg Fe/Kg food) compared to 

their counterparts receiving high iron diets (1250mg Fe/Kg food).   

Iron also plays a key role in ferroptosis, a type of regulated cell death that plays a 

significant role in various diseases such as neurodegeneration and organ injury 91. 

Phospholipid peroxidation driven by iron is the main event of ferroptosis 92. Lipid 

metabolism controls ferroptosis by regulating phospholipid peroxidation and various 

cellular processes. Multiple signal transduction pathways communicate with 

ferroptosis by modulating lipid metabolism 93. This crosstalk between ferroptosis and 

lipid metabolism, and related signalling pathways, could be exploited to inform the 

development of therapeutic strategies. 
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1.7 Dietary iron negatively impacts host-pathogen competition 

The universal iron supplementation policy in areas with high prevenance of ID and 

IDA results in the delivery of additional oral iron to significant numbers of children 

who are not iron deficient 94. This is also the case in more affluent societies where 

infant formula milk is consistently fortified with iron. This ‘additional’ oral iron may 

ultimately result in higher concentrations of luminal iron being made available to the 

developing gut microbiota 33. Importantly, an ex vivo study reported considerably 

raised growth of bacteria (including E. coli, Salmonella and Staphylococcus 

epidermis) in the serum of subjects receiving dietary iron supplementation (2 mg of 

iron /kg body weight). A strong correlation was observed between transferrin 

saturation and bacterial growth rates 95. This suggests that even modest levels of oral 

iron supplementation may contribute to bacteraemia and may have implications for IV 

iron delivery. Furthermore, a randomized controlled study in iron deficient and/or 

anaemic Kenyan infants demonstrated that iron supplementation caused deleterious 

shifts in the gut microbial profile which included an increase in pathogenic bacterial 

population levels and decreases in beneficial Lactobacillus and bifidobacterial 

numbers 77, 96. Consistent with this, a study in Swedish infants (non-anaemic) 

demonstrated that the intake of infant formula high in iron (6.6mg/day) was linked 

with a relatively lower population of bifidobacteria than counterparts consuming low 

iron formula (1.2mg/day).  Similarly, a reduction in the abundance of lactobacilli was 

observed in response to the administration of oral iron drops (6.6mg/day) along with 

an increased prevalence of bacterial infection 97. Even modest levels of iron 

supplementation, equivalent to that received by infants in fortified formula milk (150 

mg Fe/day) and substantially below levels considered toxic, was associated with 

significant changes in the gut microbiota in young rats. This excess iron was also 

associated with increased 3-hydroxybutyrate and decreased amino acids, urea 

and myo-inositol. These parameters were linked with adverse cognitive development 

quantified by memory and learning scoring using the passive avoidance test 98. 

Taking the above together, the results suggest that although oral iron 

supplementation is adequate in preventing IDA, it may also cause a detrimental shift 

in bacterial populations which is likely to have long-term effects on microbiota and 

overall growth and development, and possibly on cognitive function. Thus, there 

appears to be a health trade-off whereby treatment with oral iron supplements can 

have deleterious as well as beneficial outcomes.   
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1.8 The piglet model for iron deficiency in human infants 

A suitable animal model would be invaluable in generating mechanistic 

understanding of the multilateral interactions which occur between the gut microbiota, 

metabolism and iron status.  Such a model may also be instrumental in unravelling 

the reasons why oral iron supplementation may increase the risk of infection and thus 

aid the development of novel ID treatment strategies to limit such side effects. 

Rodent models have generated important biomedical information in this field and 

have several advantages over other animal species including transgenicity, rapid 

generation time, and accessibility of targeted reagents 99, 100. However, there are 

important disadvantages to using rodent models for ID which require iron-deficient 

diets over long periods of time, which is problematic for modelling early-life ID and 

IDA 101. Furthermore, mice have not adapted to adsorb haem which could limit the 

translational potential of some studies 101.  

In contrast, in the absence of iron supplementation neonatal piglets start to become 

iron deficient within the first week of life. Since early-life environmental and dietary 

factors can have sustained impact on physiological development 102, 103, it is highly 

desirable that maternal influence is limited from a very young age and environmental 

factors are tightly controlled which is far less challenging in precocial species such as 

the pig; rodents are born relatively underdeveloped and are therefore highly reliant 

on their mothers during infancy. Consequently, the litter is often the unit which 

doesn’t conform to the 3Rs (replacement, reduction, and refinement) required by UK 

legislation, to reduce the number of animals required to generate power.  In addition, 

an outbred, rather than inbred, model better reflects the human population, and the 

piglet model fulfils these criteria.  
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Figure 1. 2 (adapted from Abbas et al 60). Comparison of human, pig and mouse 

characteristics relevant to assessing the effect of iron deficiency anaemia and iron 

supplementation 

It is well established that omnivorous pigs are a valuable and tractable model for 

humans 104 as they share several key features including gastrointestinal immunology, 

physiology, microbiology, pathologies and dietary requirements 105, 106, 107, 108, 109. Full 

genome studies show that there are fewer differences between pigs and humans, 

than rodents and humans 110, 111.  These factors suggest that pigs are valuable 

intermediates between highly reductionist, mechanistic studies in rodents, and 

epidemiological studies and clinical trials in humans. Pup-in-a-cup trials, where rats 

can be individually accommodated from 5 days of age, have been useful for 

assessing the impact of early nutrition on physiological development. However, 

precocial piglets are especially valuable models for early life since their self-

sufficiency permits very early separation from their mothers and individual housing 

within a few hours of birth, thus limiting the maternal influence at this critical period of 

developmental plasticity. Comparative assessment of pig, mouse and human 

genomes demonstrated that structural and functional analyses of murine genes 
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involved in immunity an inflammation shared only 10% similarity with humans for 

measured parameters, whereas in pigs this figure is >80% 112. In pigs and humans, 

gut microbiotas are considerably more stable over the passage of time than in rodent 

models. Additionally, the intra-individual variability is reduced in mice compared to 

that of humans and pigs 113. Generally, the microbiota of pigs and humans also share 

similar diversities and dominant phyla, including Firmicutes and Bacteroides 114, 115.  

For these reasons, there is increased potential for determining the mechanisms 

underlying early microbiota-host interactions in human infants using piglet rather than 

rodent pup models (See Figure 1.2). 

As food animals, there is wide public acceptance of piglet use in research, which can 

be problematic for other non-rodent species such as primates, dogs, and horses. 

Piglets are particularly prone to ID and will consistently and rapidly develop IDA in 

the absence of iron supplements 116, 117. Indeed, iron deficiency has been an 

established issue in the pig industry since the early 20th century 118 when oral 

administration of iron salts, as a preventive measure, was first proposed. However, 

today an early intra-muscular injection of 200mg of iron is standard husbandry 

practice throughout the pig industry to prevent the early onset of ID/IDA 119.  Piglets 

are born with very low iron reserves (35-50 mg) which are only sufficient for 3-4 days 

since daily iron requirements range from 7 to 16 mg 120. Serum iron at day 4 after 

birth reduces by 5-fold in non-supplemented piglets and is barely detectable after 6 

days 121. The situation is exacerbated by the rapid increase in litter size over recent 

years from 12 to 16 piglets 122 thus placing further iron demands on sows. Therefore, 

the sow-piglet dyad provides a highly useful potential model in the exploration of how 

manipulation of maternal feed practices and other interventions may improve iron 

status in offspring. 

Poor efficiency of iron transfer through the placenta is an important contributing factor 

for the relatively low maternal iron endowment received prior to birth in both humans 

123 and pigs 124.  In the study by Colomer et al 125, 156 infants were closely monitored 

during their first postnatal year. The risk of developing anaemia was increased by 

6.57-fold in infants born to mothers with anaemia (<12 ng/ml) at the time of delivery.  

The ‘perfect parasite’ is a phrase often used due to the misconception that the foetus 

is capable of procuring enough iron irrespective of the mother’s iron status. Although 
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iron is transferred to foetal piglets during gestation, iron supplementation in sows 

during pregnancy leads to only limited improvements in iron status in offspring and is 

insufficient to combat the development of IDA in piglets 126. Similarly in anaemic 

humans, while iron supplementation during pregnancy improves maternal iron status 

and may improve pregnancy outcome, including birth weight and reductions in pre-

term births, brief periods of iron supplementation are unlikely to counter anaemia in 

off-spring. Increasing the iron endowment received by infants probably requires 

improved maternal iron status before the pregnancy begins 127.   

A further factor contributing to the development of ID in piglets is the relatively low 

iron content in sow milk (0.2-0.4 mg per Litre) 128.  From this, piglets can absorb ~60-

90% resulting in around 1mg of iron per day which is insufficient to prevent ID in 

suckling piglets 126. This is similar to humans where breast milk contains around 

0.4mg/L 129. However, there is a remarkable capacity for transfer of serum iron to 

milk in rodents resulting in concentrations of ~5mg/litre, sufficient to sustain off-spring 

iron status before weaning 130. Moreover, piglets have the highest growth rates of 

livestock animals typically increasing their plasma volume by 30% as well as 

doubling their weight in the first week of life 131 followed by a 10-fold increase from 

birth weight over the following 5 weeks 132. Most of the functionally active iron (60%) 

resides in the form of haemoglobin and the majority of the remainder is required for 

adequate enzymic function and the generation of myoglobin 120. Liver iron stores and 

sow milk together cannot meet such high iron requirement in piglets.  

The gut of suckling piglets develops very widely with a number of changes happening 

at the same time including increases in crypt depth, reductions in villus height and 

reductions in vacuole size 124. The rate of vacuole disappearance is very much 

relevant to maturation of the gut. However, due to early weaning practices these 

days, piglet gut cannot develop naturally, and this is why, perhaps, pigs lack the 

capacity to cope with the environmental stress and early weaning leads to diarrhoea 

and intestinal damage 133. Besides this, the molecular machinery of iron uptake in 

piglets is relatively immature compared to humans, especially villi length and crypt 

depth, and reduced expression of iron transporters 134.  
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1.9 Hypotheses 

Since piglets have natural potential to become anaemic in the absence of iron 

treatment, here we test the following hypotheses to explore how the different systems 

of this model respond to IDA and different iron treatments.  

Hypothesis 1  

As iron is one of the key factors for growth and development, IDA will result in 

reduced growth and impaired metabolism. Different iron treatments will prevent IDA 

and will have differential impacts on both metabolism and growth. 

Hypothesis 2 

Components of the gut bacterial population have differential iron requirements. Thus, 

iron availability in the gut during the neonatal period will impact the development of 

the gut microbiota in terms of both composition and metabolic output.  

Hypothesis 3 

Since iron has a key role in overall growth and development and lipids play a key role 

in early development. IDA will affect the lipid profile and different iron treatments will 

have distinct impacts on these profiles. 

1.10 Aims 

• To assess the impact of IDA and different types of iron treatments on infant 

growth rate. 

• To evaluate the effect of IDA and iron treatments on haematological 

parameters and systemic metabolite production 

• To analyze the impact of IDA, and oral and IM iron treatments on both the 

composition and metabolic activity of the gut microbiota  

• To assess the impact of IDA, and oral and IM iron treatments on systemic lipid 

profiles 

1.11 Objectives 

• To determine how IDA and different iron treatments affected growth and 

markers of iron status in infants, a neonatal piglet model was used.  

• Haematological parameters were quantified in non-supplemented (IDA) and 

iron supplemented piglets using portable haem meter and standard veterinary 

laboratory methods. 
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• Lipidomic profiles and systemic metabolite production in IDA and iron treated 

piglets were measured using targeted analytical technique, liquid 

chromatography / mass spectroscopy (LC-MS).  

• Gut microbial composition in terminal rectal samples of IDA and iron treated 

piglets were analysed using a next generation Illumina sequencing technique. 
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CHAPTER 2  

Effects of iron deficiency anaemia and different types of 
iron supplementation on growth, blood parameters and 
systemic metabolite production 

 

Abstract 

Iron deficiency (ID) is the primary cause of childhood micronutrient malnutrition worldwide 

and can lead to anaemia, impaired metabolic function, and stunted growth. Oral iron 

supplements are commonly used to prevent or treat ID and iron deficiency anaemia 

(IDA). Neonatal piglets are valuable models for ID in human infants since they rapidly 

develop the condition if they do not receive exogenous iron. This, along with their shared 

physiological characteristics with humans, result in them being useful tools for exploring 

the underlying mechanisms in response to different iron treatments. Twenty-four piglets 

were lotter-matched into 4 sex-balanced treatment groups at 1-day old: 1. Control (no-

iron treatment); 2. Intramuscular iron (IM, 200mgs) injection; 3. Iron supplemented sow 

milk replacer (oral-iron, 150 mg/kg feed); 4. IM & oral iron for 4 weeks. Results showed, 

in the absence of iron supplementation, all piglets rapidly developed IDA as quantified by 

systemic Hb levels (p<0.001). Systemic metabolite production was significantly reduced 

in anaemic piglets. IDA was prevented by all iron treatments with no significant 

differences observed in iron parameters or metabolite production between the iron 

treated groups. Importantly, oral iron supplementation, in the presence or absence of IM 

iron, led to significant reductions in weight gain over the 28-day preweaning period 

(~0.5kg) compared to IM iron treated siblings (p=0.01). In conclusion, our results confirm 

the suitability of piglet models for exploring the physiological effects of IDA and early iron 

treatments.  All forms of iron treatment prevented the development of ID and IDA with no 

significant differences in any of the blood parameters or metabolites we assessed.  

However, reductions in weight gain as a direct consequence of oral iron supplementation 

clearly has important implication for both human infants, and throughout pig industries 

where the use of iron-fortified sow replacer milks is becoming increasingly prevalent as 

litter sizes continue to grow.  
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2.1 Introduction 

Iron deficiency (ID) is caused by insufficient body-iron levels, and this can progress to 

iron deficiency anaemia (IDA) which arise when body iron levels are further reduced such 

that erythropoiesis is compromised 1. The clinical definition of IDA is blood haemoglobin 

(Hb) levels of <120g /L for women, <130 g/L for men 2, and <105 and <100 g/L for 4- and 

9-month-old infants, respectively 3. Red blood cell counts (RBC), mean corpuscular 

volume (MCV) and mean corpuscular haemoglobin (MCH) are considered complimentary 

readouts for defining IDA 4. Being a common form of malnutrition in infants and children, 

IDA can contribute to stunting, a major public health concern particularly in low- and 

middle-income countries 5 6, which results from impairment of the ability of infants to use 

dietary nutrients efficiently 7. Indeed, during ID the use of iron for essential functions is 

prioritized, such as for oxygen transport, over other functions that are necessary for 

growth and development 8. This can lead to a reduction in muscle mass 9 and bone 

density 10, which both contribute to stunting. Stunted children are at increased risk of poor 

physical and cognitive development, as well as poor health outcomes in later life 11. The 

strong association between IDA and stunting was confirmed in Tanzanian children (24–

59 months and 6–59 months) by Msaki et al 12 where 36.6% of 8014 children were 

anaemic together with being stunted or underweight. Similarly, a study in Burmese 

children 13 reported a link between IDA and high prevalence of stunting, low weight, and 

small head circumference. Taken together, these findings show that appropriate iron 

levels are necessary for growth potential to be achieved. 

Under normal circumstances, iron reserves in neonates are depleted by half by 

month 4 of life 14. Infants require at least 0.8 mg of iron per day, of which 75% is used 

for growth. However, breast milk contains only about 0.3 mg/L of iron with 50% 

absorption (0.15 mg/L) in infants up to the age of 6-7 months 15. Considering the 

period between month 4 and 12 of rapid growth and development, ‘external’ iron is 

required to meet optimum growth and development demands of infants 16. During this 

time, mostly oral, and parenteral iron (in special circumstances) are the two main 

forms of supplementation for infants 17. Parenteral iron supplements include iron 

dextran, iron sucrose and ferric carboxymaltose 18, and are administered through a 

direct injection into muscle, or intravenous (IV) drip to bypass the gastrointestinal 

tract. However, these methods of delivery are more likely to cause side effects such 

as pain or infection at the injection site, iron overload, nausea and dizziness 19. 
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These supplements are typically used for those who cannot tolerate oral iron 

supplements, or when oral supplementation has failed to address ID19. An alternative 

mode of delivery is oral iron supplements in the form of liquid drops, syrups or 

crushed tablets that can be mixed with food or formula milk 20. The most common 

oral forms of iron supplementation for infants are ferrous sulphate, ferrous gluconate 

and ferrous fumarate 21. It is important to consider that oral supplements can also 

cause a range of side effects, such as diarrhoea and increased risk of enteric 

infection 22. Iron absorption from commercially available oral supplements is limited, 

at around 10% in infants beyond 6-7 months old 23. Moreover, universal iron 

supplementation policies in areas with a high prevenance of ID and IDA result in the 

delivery of additional oral iron to significant numbers of children who are not iron 

deficient. This is also true in more affluent societies where infant formula milk is 

consistently fortified with iron (1-12 mg/L) 24, 25. The limited absorption of iron 

supplements results in most of the iron reaching the colon where it could significantly 

alter the gut microbiota composition and microbial metabolism, which is thought to be 

linked to increased risks of enteric infection and diarrhoea 26. This change in the gut 

ecosystem will be discussed in detail in chapter 3. 

During the early postnatal years of life, there is a period of rapid growth and development 

27. During this time, high energy and nutrient demands are met by enhanced metabolic 

rates 28 and iron plays an essential role in many metabolic processes, including oxygen 

transport, energy production, and the synthesis of enzymes and hormones 29. During ID 

and IDA, production of adenosine triphosphate (ATP), in particular, is reduced via 

inhibition of metabolic enzymes 30, which is linked with decreased production of specific 

metabolites that are important for cellular metabolism. This has been confirmed in human 

infants where IDA subjects were reported to have reduced systemic concentrations of 

tricarboxylic acid cycle (TCA) intermediates, and some amino acids essential to the TCA 

cycle 31. This can lead to reduced energy levels and poor physical endurance, and 

inhibition of growth and development of muscle and bone tissue 32, resulting in stunted 

growth. Since IDA can also lead to changes in the composition of the gut microbiota, 

production of microbial-derived metabolites can also be altered. Some of these 

metabolites are directly linked to decreases in gut barrier function leading to increased 

translocation of bacterial-derived products including lipopolysaccharides (LPS) 33.  

Immune responses to increased LPS can contribute to the development of systemic 
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inflammation 34, which is linked with reduced nutrient absorption and further reductions in 

intestinal barrier function. Thus, IDA can result in both poor absorption of oral iron and 

stunting, both directly and indirectly.  

As previously detailed in chapter 1, piglets are particularly prone to ID and will rapidly 

develop IDA in the absence of iron supplementation 35, 36. Indeed, ID has been 

established as an issue in the pig industry 37 and an early intra-muscular injection of 

200mg of iron during first 24 postnatal hours is standard husbandry practice throughout 

the industry 38. There are similarities in iron-dependent blood parameters in pigs and 

humans. Although blood Hb thresholds for IDA in piglets can vary, 80-110 g/L is 

generally accepted as defining IDA in suckling piglets 39. In response to ID and IDA, both 

species have low haemoglobin, MCV, MCH and haematocrit levels 40. The use of pigs as 

models for metabolic profiling has shown great potential in advancing the understanding 

of various diseases and the effects of nutrition on metabolism. In addition, Merrifield et al 

41 have reported that the metabolic profiles in different pig organs, including kidney and 

liver, characterized via NMR spectroscopy are qualitatively comparable to those in 

humans. Furthermore, in a recent study, Fanalli et al 42 have reported the impact of 

nutrition on liver related transcription factors (TF) using pigs as models for human 

metabolic diseases. They used 36 immuno-castrated and halothane homozygous-

negative male pigs to show that TF such as EGFR and RXRA are associated with lipid 

balance and inflammatory response in pigs administered different amounts of dietary 

soybean oil. Taken together, these similarities demonstrate that pigs are valuable models 

for studying the effects of different dietary interventions on metabolic outcomes in 

humans. 

2.2 Hypotheses 

The two hypotheses to be tested in this study are indicated below: 

Hypothesis 1 

Since iron is a key factor for normal growth and development, IDA during infancy will 

result in stunted growth and impaired metabolism of piglet, which can be reversed by 

iron treatment.  
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Hypothesis 2 

 The two different forms of iron treatment (oral supplements or IM iron) will both 

prevent the development of IDA but will have distinct metabolic impacts. 

2.3 Aims 
1. To assess the effects of neonatal IDA on systemic metabolites and growth 

using a piglet model for human infants.  

2. To determine whether the two different forms of iron treatment applied (oral 

and IM) rescue piglets from developing IDA similarly or whether differential 

metabolic/physiological effects arise. 

2.4 Objectives 
1. To establish piglets as a model for human infants in exploration of the effects 

of neonatal IDA on growth.  

2. To use the piglet trial above to determine whether different types of iron 

supplementation (oral, IM, and oral & IM combined) affect growth to different 

extents. 

3. To determine the impact of IDA and iron treatment on haematological 

parameters, using a portable haem meter and veterinary diagnostic 

methodologies. 

4. To compare systemic metabolite production in response to IDA and iron 

treatment, using liquid chromatography mass spectrometry (LC-MS). 

 

2.5 Materials and Methods 

 

2.5.1 Animal Model 

Animal housing and experimental procedures were all performed at the Centre for Dairy 

Research (CEDAR), University of Reading, in accordance with local ethical guidelines. All 

experiments were approved by the Reading Animal Welfare and Ethical Review Body 

(AWERB) and were performed under a UK Home Office License. To assess the impact of 

iron deficiency (ID) and different types of iron supplementation, 24 large white F1 hybrid 

piglets from 6 litters were allocated into 4 litter- and sex-matched (3 male & 3 female) 

treatment groups at 1 day old. Treatments were: 
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Group 1, control (no iron supplementation);  

Group 2, intramuscular iron (IM) injection (200mg Fe);  

Group 3, iron supplemented (FeSO4) sow-milk replacer (SMR) (oral iron; 

150mg/kg body weight/day);  

Group 4, IM and oral iron (Figure 2.1).   

Prior to their arrival at CEDAR, the piglets did not receive vaccinations, antibiotics or iron 

injections. 

Initially, upon separation from their mothers, piglets were housed in 2 groups (oral iron 

and no oral iron) and were provided with SMR (in bowls). At 2 days old, piglets were 

housed in separate pens. Throughout the trial piglets, were housed at 30°C on sawdust 

and provided with heat lamps under a 12-hour light and dark cycle and had free access 

to fresh drinking water. Piglets were initially fed with 10% concentration of SMR (Table 

2.1) every 4 hours (5 feeds/day) and this was increased to 15% and then to 20% (4 

feeds/ day) over the following 2 days (standard concentration) in order to reduce the risk 

of scouring.  

 

Figure 2. 1. Schematic of experimental design 
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Following twice-a-week weight measurements, the amount of feed and FeSO4 were 

increased accordingly. SMR given to all piglets was calculated/measured on the bases of 

their latest weights to fulfil their overall growth and nutritional demands. All piglets 

received SMR exclusively throughout the trial (28 days), and the only difference in diet 

was the iron treatments. Haemoglobin (Hb) was measured weekly to monitor systemic 

iron using a portable haem meter (HemoCue® 201+, HemoCue AB ©) throughout the trial. 

Piglets were culled using an overdose of barbiturate (Dolethal®) via the jugular at day 28.  

Compounds Concentration 

Ash 6% 

Betain 114.08 mg/ Kg 

Biotin 300 mg/ Kg 

Calcium 0.90% 

Calcium pantothenate 21 mg/ Kg 

Copper  135 mg/ Kg 

Crude fibre 0% 

Crude oil 14% 

Crude protein 22% 

Folic acid 1.1 mg/ Kg 

Iodine  0.25 mg/ Kg 

Lysine 2.10% 

Manganese 40 mg/ Kg 

Niacin  30 mg/ Kg 

Phosphorus 0.70% 

Riboflavin 5 mg/ Kg 

Selenium 0.4 mg/ Kg 

Sodium 0.30% 

Vitamin A 240000 IU/ Kg 

Vitamin B1 5 mg/ Kg 

Vitamin B6 5.2 mg/ Kg 

Vitamin C 0.15 mg/ Kg 

Vitamin D 5000 IU/ Kg 

Vitamin E 125 IU/ Kg 

Vitamin K 5 mg/ Kg 
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Zinc  50 mg/ Kg 

Table 2. 1. Composition of sow milk replacer (SRM) 

2.5.2 Sample collection 

Blood samples were collected weekly from day 1 in EDTA vacutainers (BD Vacutainer®) 

from the jugular vein. On completion of the study, faecal samples were collected directly 

from rectum and stored temporarily on dry ice. All above samples were then stored at -

80°C. 

2.5.3 Analysis 

2.5.3.1 Blood parameters 

In addition to weekly onsite Haemoglobin (Hb) analysis, parameters including white blood 

cells (WBCs), red blood cells (RBCs), platelets, mean corpuscular volume (MCV), mean 

cell haemoglobin (MCH), mean cell haemoglobin concentration (MCHC) and neutrophils 

were quantified by diagnostic Laboratories, Bristol Veterinary School, Langford, 

University of Bristol, UK) from baseline (day 1) and terminal (day 28) blood samples. 

2.5.3.2 Metabolic profiling 

2.5.3.2.1 Sample preparation 

In order to assess primary metabolite production, plasma samples were analysed 

using liquid chromatography mass spectrometry. Plasma from the sequential blood 

(120) samples were aliquoted into Eppendorf tubes (50µL each) and mixed with 

100µL of acetonitrile (Sigma-Aldrich, UK). This mixture was then centrifuged at 

~20000 g for 10 minutes at 4°C to facilitate protein precipitation. A pooled sample 

was used for quality control purposes (QC). Initially, QC and blank (water with 0.1% 

formic acid) were analysed to evaluate the dilution impact on the results. All samples 

were then diluted at 1:4 (sample: water) with 0.1% formic acid. 

2.5.3.2.2 Liquid chromatography mass spectrometry (LCMS) 

The method published by Leung et al. 1 was adopted to assess the primary metabolites in 

plasma samples using pentafluorophenylpropyl (PFPP) as stationary phase. Separation 

of the target analytes in samples was performed using a HPLC (Shimadzu UK Ltd) 

coupled with a triple quadrupole mass spectrometer (MS) (Shimadzu Ltd, Milton Keynes). 

For the analysis of primary metabolites, separation was performed on a Discovery HS 

F5-3 column (2.1 x 150mm, internal diameter x length; 3µm particle size: Sigma-Aldrich, 

UK), with an injection volume of 3µl and the column oven temperature set at 40°C. 
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LabSolutions software (Shimadzu) was used for LCMS data processing including peak 

assignments. Peak area was used to analyse the metabolite concentrations and compare 

between the treatments (see Table 2.2). 

 

Compound name Retention time  

(min) 

Polarity Target ion Confirmation ion 

Cystine 1.908 (+) 241.00>151.95 241.00>73.90 

Asparagine 1.953 (+) 133.10>87.15 133.10>28.05 

Aspartic acid 1.953 (+) 134.00>74.05 134.00>88.10 

Serine 1.960 (+) 105.90>60.10 105.90>60.10   

Alanine 1.972 (+) 89.90>44.10 89.90>44.10 

4-Hydroxyproline 1.991 (+) 132.10>86.05 132.10>68.05 

Cystathionine 2.028 (+) 223.00>88.05 223.00>134.00 

Glycine 2.029 (+) 75.90>30.15 75.90>30.15 

Citicoline 2.045 (+) 489.10>184.10 489.10>264.05 

Glutamine 2.073 (+) 147.10>84.15 147.10>130.10 

Threonine 2.133 (+) 120.10>74.15 120.10>56.05 

Cysteine 2.148 (+) 122.00>76.05 122.00>59.00 

Dimethylglycine 2.189 (+) 104.10>58.05 104.10>44.05 

Methionine sulfoxide 2.206 (+) 166.00>74.10 166.00>55.95 

Glutamic acid 2.253 (+) 147.90>84.10 147.90>56.10 

Cytidine 
monophosphate 

2.260 (+) 324.00>112.05 324.00>95.00 

Citrulline 2.321 (+) 176.10>70.05 176.10>159.05 

Guanosine 
monophosphate 

2.552 (+) 364.00>152.05 364.00>135.00 

Proline 2.609 (+) 116.10>70.15 116.10>28.05 

Ornitine 2.679 (+) 133.10>70.10 133.10>116.05 

2-Aminobutyric acid 2.831 (+) 104.10>58.05 104.10>41.05 

Lysine 2.894 (+) 147.10>84.10 147.10>84.10 

Histidine 2.901 (+) 155.90>110.10 155.90>56.10 

Adenosine 
monophosphate 

2.969 (+) 348.00>136.05 348.00>97.10 

Uracil 2.986 (+) 113.00>70.00 113.00>70.00 

Argininosuccinic acid 3.057 (+) 291.00>70.10 291.00>116.05 
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Thymidine 
monophosphate 

3.070 (+) 322.90>81.10 322.90>207.10 

Homocysteine 3.188 (+) 136.00>90.10 136.00>56.10 

Arginine 3.365 (+) 175.10>70.10 175.10>60.10 

Creatine 3.431 (+) 132.10>44.05 132.10>90.05 

4-Aminobutyric acid 3.690 (+) 104.10>87.05 104.10>45.10 

Cysteamine 3.980 (+) 78.10>61.05 78.10>61.05 

Cytosine 4.044 (+) 112.00>95.10 112.00>95.10 

Nicotinic acid 4.080 (+) 124.05>80.05 124.05>78.05 

Cytidine 3',5'-cyclic 
monophosphate 

4.093 (+) 306.00>112.10 306.00>112.10 

Hypoxanthine 4.251 (+) 137.00>55.05 137.00>110.00 

Homocystine 4.321 (+) 269.00>136.05 269.00>88.00 

Choline 4.436 (+) 104.10>60.05 104.10>45.10 

Uridine 4.444 (+) 245.00>113.05 245.00>113.05 

5-Glutamylcysteine 4.449 (+) 251.10>84.10 251.10>122.10 

Glutathione 4.543 (+) 308.00>179.10 308.00>179.10 

Valine 4.761 (+) 118.10>72.15 118.10>55.05 

Creatinine 4.820 (+) 114.10>44.05 114.10>44.05 

Norepinephrine 4.988 (+) 170.10>152.15 170.10>152.15 

Carnitine 5.284 (+) 162.10>103.05 162.10>60.10 

Methionine 5.304 (+) 149.90>56.10 149.90>104.10 

Niacinamide 5.344 (+) 123.10>80.05 123.10>53.10 

Ophthalmic acid 5.350 (+) 290.10>58.10 290.10>161.10 

Carnosine 5.365 (+) 227.10>110.05 227.10>156.05 

Guanosine 3',5'-cyclic 
monophosphate 

5.393 (+) 346.00>152.05 346.00>135.05 

Thymine 5.448 (+) 127.10>54.05 127.10>110.05 

Histamine 5.803 (+) 112.10>95.05 112.10>41.05 

Thymidine 6.175 (+) 243.10>127.10 243.10>127.10 

Adenosine 3',5'-cyclic 
monophosphate 

6.179 (+) 330.00>136.05 330.00>119.10 

Adenylsuccinic acid 6.183 (+) 464.10>252.10 464.10>162.00 

Guanosine 6.187 (+) 284.00>152.00 284.00>135.00 

Inosine 6.211 (+) 269.10>137.05 269.10>118.95 

FAD 6.213 (+) 786.15>136.10 786.15>348.10 

Pantothenic acid 6.249 (+) 220.10>90.15 220.10>72.05 
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Dopa 6.278 (+) 198.10>152.10 198.10>152.10 

Cytidine 6.393 (+) 244.10>112.05 244.10>95.00 

Adenine 6.460 (+) 136.00>119.05 136.00>65.00 

Tyrosine 6.694 (+) 182.10>136.10 182.10>91.10 

Adenosine 6.764 (+) 268.10>136.05 268.10>119.00 

Symmetric 
dimethylarginine 

6.817 (+) 203.10>70.15 203.10>71.10 

S-Adenosylmethionine 6.939 (+) 399.10>250.05 399.10>136.10 

Epinephrine 7.164 (+) 184.10>166.10 184.10>77.00 

Asymmetric 
dimethylarginine 

7.207 (+) 203.10>70.10 203.10>46.10 

Isoleucine 7.241 (+) 132.10>86.20 132.10>69.15 

Leucine 7.520 (+) 132.10>86.05 132.10>30.05 

Phenylalanine 8.068 (+) 166.10>120.10 166.10>103.10 

Dopamine 8.078 (+) 154.10>91.05 154.10>137.05 

S-
Adenosylhomocysteine 

8.197 (+) 385.10>134.00 385.10>136.05 

Kynurenine 8.340 (+) 209.10>192.05 209.10>94.10 

Acetylcarnitine 8.929 (+) 204.10>85.05 204.10>60.10 

Acetylcholine 9.165 (+) 147.10>87.05 147.10>88.05 

Tryptophan 10.092 (+) 205.10>188.15 205.10>146.10 

Serotonin 10.527 (+) 177.10>160.10 177.10>77.05 

Allantoin 1.927 (-) 157.00>97.10 157.00>42.05 

2-
Morpholinoethanesulfon
ic acid 

2.021 (-) 194.00>80.15 194.00>80.15 

Methionine sulfone 2.184 (-) 180.00>79.20 180.00>79.20 

2-Ketoglutaric acid 2.317 (-) 144.90>101.10 144.90>57.05 

Malic acid 2.358 (-) 133.10>114.95 133.10>71.15 

Isocitric acid 2.358 (-) 191.20>111.10 191.20>73.00 

Pyruvic acid 2.585 (-) 86.90>87.05 86.90>42.95 

Orotic acid 2.588 (-) 155.00>111.10 155.00>42.10 

Lactic acid 2.795 (-) 89.30>89.05 89.30>89.05 

Uric acid 3.159 (-) 167.10>123.95 167.10>96.20 

Citric acid 3.209 (-) 191.20>111.10 191.20>87.05 

Aconitic acid 3.536 (-) 172.90>85.05 172.90>129.10 

NAD 3.882 (-) 663.10>541.05 663.10>540.10 

Succinic acid 4.055 (-) 117.30>73.00 117.30>99.05 
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Xanthine 4.093 (-) 151.00>108.00 151.00>42.00 

Fumaric acid 4.571 (-) 115.00>71.10 115.00>26.95 

Guanine 5.623 (-) 150.00>133.00 150.00>66.10 

FMN 6.193 (-) 455.00>97.00 455.00>78.90 

Oxidized glutathione 6.253 (-) 611.10>306.00 611.10>143.05 

Table 2. 2. List of target analytes with descriptive information, separated by 

pentafluorophenylpropyl Column (PFPP) stationary phase. 

 

2.5.4 Statistical analysis 

Growth rate, haematological parameters and LCMS data (peak area) of primary 

metabolites were refined using MS Excel (Microsoft ®) and analysed with general 

linear modelling in SPSS version 26.0 (IBM SPSS, Inc., Chicago, IL, USA) using 

‘treatment’, and ‘litter’ as factors. Sex was also included as a factor however no 

significant difference was seen between males and females at any level, probably as 

a result of low numbers (n=3). A value of p<0.05 was considered to be significant.  

2.6 Results 
2.6.1 Oral iron supplementation, with and without intramuscular iron 

treatment, caused reduced growth 

At 28 days old (end of trial), mean weights in the oral iron supplemented piglets 

(group 3, 3.40 kg; group 4, 3.54 kg) were significantly lower than their IM iron 

supplemented siblings (group 2, 4.05 kg, p=0.05). In addition, anaemic (group 1) 

piglet weights (3.30 kg) were significantly lower than those piglets which received IM 

iron only (group 2, p=0.01). This represents a significant difference of ~0.5-0.75kg 

between piglets which received IM iron supplementation only (group 2) compared to 

the other three treatment groups (Figure 2.2a). There were no significant differences 

in starting weight between any of the treatment groups. This was reflected in piglet 

total weight gain throughout the trial with group 2 (IM iron only) piglets showing 

significantly increased weight gain of 4.05kg by day 28 compared to group 1 

(anaemic, 3.30kg), group 3 (oral iron only, 3.40kg) and group 4 (oral and IM iron 

supplementation, 3.54kg) (p<0.05, Figure 2.2b).  
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Figure 2. 2. Impact of iron deficiency anaemia (IDA) and different types of iron 

supplementation on growth (weight gained) in piglets between birth and 28 days old. 

Growth rate was significantly higher in piglets receiving intramuscular (IM) iron 

supplementation (200 mg) compared to control pigs which did not receive iron 

supplementation (p=7x10-3), oral iron (p=0.01), and IM & oral iron (p=0.04) respectively (a). 

There was no significant difference in the initial weight of piglets between all four groups (b). 

IM group demonstrated the highest growth rate (4.05 kg). Oral iron supplementation (FeSO4 

at 150mg/kg) with and without IM supplementation, and IDA were associated with reduced 

growth rate. n=6 piglets/treatment group. Error bars = SEM, ** p<0.01, * p<0.05. 

 

2.6.2 Iron supplementation prevented the development of anaemia by 
correcting systemic haemoglobin and haematocrit concentrations  

Since the concentration of Hb in blood is a reliable indicator of iron status in piglets 

and other species it is often used to define IDA. All piglets that received iron 

treatment had significantly higher concentrations of systemic Hb (IM iron 95.17 g/L, 

oral iron 97.5 g/L, and IM and oral iron 104 g/L) than non-iron-treated siblings (52.17 

g/L) by day 28 (p<0.001, Figure 2.3a). Non-iron-treated piglets developed IDA by 

day 8 (Hb concentrations <90 g/L). All iron-treated piglets presented with systemic 

Hb within normal ranges (90 g/L to 110 g/L) (Figure 2.3b). Haematocrit (red blood 

cell volume as a percentage of total blood volume) levels were significantly higher 

(p<0.001) in iron-treated piglets (IM iron 35.2%, oral iron 35.6%, and IM and oral iron 

35.7%) compared to non-iron-treated counterparts (24.1%). No significant differences 

were observed between the three different iron treatment groups (groups 2-4) 

(Figure 2.3c). 
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2.6.3 IDA was associated with reduced red blood cell counts, mean cell 
volume and mean cell haemoglobin concentrations 

Red blood cell (RBCs) counts are an iron-dependent blood parameter that was 

significantly reduced (p<0.001) in non-iron treated piglets (4.74x1012/L) compared to 

iron supplemented siblings (IM iron 5.8x1012/L, oral iron 5.74x1012/L, and IM and oral 

iron 5.86x1012/L) (Figure 2.3d). However, no significant differences were observed 

between the three different types of iron treatment.  

Mean cell volume (MCV) is the measure of the average volume of erythrocyte 

corpuscle and is obtained by multiplying the blood volume by the cellular portion of 

blood and dividing that product by the number of RBCs 2. MCV was significantly 

lower (p<0.001) in non-iron treated piglets (49.9 fL) against their iron treated siblings 

(IM iron, 59.9 fL; oral iron only, 62.0 fL; and IM & oral iron, 60.8 fL) (Figure 2.3e). 

Mean cell haemoglobin (MCH) is the average mass of haemoglobin per RBC in a 

sample 3. MCH was significantly lower (p<0.001) in non-iron-treated piglets (14.6 pg) 

compared to iron treated counterparts (IM iron 17.8 pg; oral iron 18.1 pg; and IM & 

oral iron 18.2 pg) (Figure 2.3f). Unlike growth rate, no significant differences were 

observed between piglets receiving the different types of iron treatment. 
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Figure 2. 3. Impact of iron deficiency anaemia (IDA) and different types of iron 

supplementation on haemoglobin and other iron dependent haematological parameters. 

Levels of Hb gradually declined in the non-supplemented piglets but were maintained in 

piglets receiving oral and/or intramuscular iron supplementation (a). Sequential changes in 

systemic haemoglobin (g/L) from 1 to 28 days in iron supplemented (groups 2-4 in Figure 
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2.1) and non-supplemented (Anaemic, group 1, no iron supplementation), actual Hb values at 

day 28 (b). Haematocrit was found in significantly higher concentrations in all iron 

supplemented groups (treatment groups 2-4) (p=4x10-4, IM; p=3x10-4, oral; p=3x10-4, IM 

and oral) compared to control group (c). Significantly higher concentrations of red blood cells 

(RBC) were observed in all iron supplemented groups (groups 2-4) (p=0.003, IM; p=9x10-3, 

oral; p=4x10-3, IM and oral) were observed compared to non-supplemented siblings (d). A 

significantly higher value of mean cell volume (MCV) was observed in all iron supplemented 

groups (treatment groups 2-4) (p=2x10-5, IM; p=2x10-5, oral; p=9x10-5 respectively, IM and 

oral) against control group (e). Mean cell haemoglobin (MCH) was significantly higher in IM 

(p=2x10-4), oral (p=6x10-5) and IM and oral (p=4x10-5) against anaemic group (f). 

Interestingly, significantly lower platelet counts were observed in all iron supplemented 

groups (treatment groups 2-4) (p=1x10-3, IM; p=1x10-4, oral; p=2x10-4, IM and oral) 

compared to non-supplemented siblings (g). n=6 litter-matched piglets/treatment group. Error 

bars = SEM, ** p<0.01, *** p<0.001. 

2.6.4 Iron supplementation resulted in lower concentrations of platelets  

Iron supplementation over the 28 days significantly reduced the systemic platelet 

count (p<0.001) in all supplemented piglets (IM iron 850x109, oral iron 646x109, IM 

and oral iron 696x109) compared to their anaemic counterparts (1600x109) (Figure 

2.3g). No significant differences were observed between the piglet groups which 

received the three different iron treatment regimes. 

2.6.5 IDA was associated with reduced production of systemic host 
metabolites 

2.6.5.1 Metabolites of the tricarboxylic acid cycle  

The TCA is a series of reactions used by all aerobes to release stored energy via 

oxidation of acetyl-CoA derived from fat, carbohydrates and protein to generate ATP 

and reducing equivalents (e.g. NADH) 
4. It also has a critical anabolic function for 

instance in synthesis of amino acid precursors. Taking all treatments into 

consideration, three consecutive intermediates of the TCA cycle were observed in 

significantly lower concentrations in the anaemic (group 1) piglets compared to iron-

treated siblings (groups 2-4). Firstly, citric acid concentrations were significantly 

higher (~ 8 folds) in the IM-iron only, oral-iron only (p<0.001) and IM- & oral-iron iron 

(p<0.05) treatment groups compared to the anaemic piglets in group 1 (Figure 2.4a). 

Secondly, aconitic acid concentrations were significantly higher (~ 4 folds) in the IM-
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iron only, oral-iron only and the IM- and oral-ron (p<0.001) groups compared to non-

iron treated siblings (Figure 2.4b). The third metabolite of this series, 2-ketoglutaric 

acid, was also significantly higher (~ 1 fold) in IM-iron only (p<0.05), and IM- & oral-

iron (p<0.001) compared to the anaemic counterparts (Figure 2.4c). However, no 

significant differences were observed between the different types of iron 

supplementation for any of these metabolites. 

2.6.5.2 Urea cycle metabolites 

In the anaemic piglets (group 1), mean citrulline concentrations were significantly 

lower (~ 3 folds) compared to the IM, oral and IM & oral (p<0.001) iron treatment 

groups (Figure 2.5a). Arginine, another metabolite resulting from the urea cycle, was 

also significantly lower (~ 3 folds) in anaemic piglets compared to the IM, oral and IM 

& oral iron-treatment groups (p<0.001) (Figure 2.5b). As observed for the TCA cycle 

intermediates, there were no significant differences between piglets receiving the 

threedifferent types of iron treatment.  

 

Figure 2. 4. Impact of iron deficiency anaemia IDA and iron supplementation on 

tricarboxylic acid (TCA) cycle at 28 days. citric acid concentrations were observed 

significantly higher in all iron supplemented groups (treatment groups 2-4, Figure 2.1) 

(p=1x10-3, IM; p=1x10-3, oral; p=0.02, IM and oral) compared to non-supplemented siblings 

(a). Aconitic acid was observed in significantly higher concentrations in all iron supplemented 

groups (treatment groups 2-4) (p=5x10-3, IM; p=4x10-3, oral; p=2x10-3, IM and oral) 

compared to non-supplemented anaemic siblings (b). 2-ketoglutaric acid was also found in 

significantly higher concentrations in oral (p=0.02) and IM+ oral (p=2x10-3) piglets compared 

to control (c). n=6 litter-matched piglets/treatment group. Error bars = SEM, * p<0.05** 

p<0.01. 
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2.6.5.3 Metabolites involved in methylation and phosphorylation, and lactic 
acid 

Methionine and serine are metabolites crucial to the processes of methylation and 

phosphorylation, respectively. Both were significantly reduced in the anaemic piglets 

compared to the iron treated piglets. Methionine (Figure 2.6a) and serine (Figure 

2.6b) were significantly higher (~ 7 folds & ~ 4 folds respectively) in IM (p<0.01and 

p<0.001, respectively), oral (p<0.001) and IM & oral (p<0.001) iron groups, compared 

to their anaemic siblings (group 1). Lactic acid concentrations were significantly 

higher (~ 5 folds) in IM (p<0.05), oral (p<0.001) and IM and oral iron (p<0.001) 

treatment groups, compared to the anaemic piglets (Figure 2.6c). However, there 

were no significant differences between the groups receiving the three different types 

of iron treatment. 

 

Figure 2. 5. Impact of iron deficiency anaemia (IDA) and iron supplementation on urea 

cycle metabolites at 28 days. Urea cycle metabolite, citrulline, concentrations were observed 

significantly higher in all iron supplemented groups (treatment groups 2-4) (p=8x10-4, IM; 

p=2x10-3, oral; p=2x10-3, IM and oral) compared to non-supplemented siblings (a).  Arginine 

was also found in significantly higher concentration in IM (p=5x10-3) oral (p=4x10-3) and IM 

and oral (p=0.03) groups compared to control (b). N=6 piglets/treatment group. Error bars = 

SEM, * p<0.05, ** p<0.01, *** p<0.001. 
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Figure 2. 6. Impact of iron deficiency anaemia (IDA)and iron supplementation on the 

production of metabolites involved in methylation and phosphorylation, and lactic acid 

at 28 days. Significantly higher concentrations of methionine were observed in all iron 

supplemented groups (treatment groups 2-4) (p=0.01, IM; p=7x10-4, oral; p=2x10-3, IM and 

oral) as compared to non-supplemented siblings (a).  Serine was found in significantly higher 

concentration in IM (p=4x10-3) oral (p=6x10-4) and IM and oral (p=4x10-4) groups compared 

to control which received no iron supplementation and eventually became anaemic (b). Lactic 

acid concentration was also significantly higher in IM (p=0.02), oral (p=2x10-3) and IM and 

oral (p=2x10-3) groups. n=6 piglets/treatment group. Error SEM, * p<0.05, ** p<0.01, *** 

p<0.001. 

2.6.5.4 Non-essential amino acids (asparagine and glycine) 

Both asparagine and glycine are non-essential amino acids 5. Asparagine and glycine 

were both significantly higher (~ 1.5 folds) in IM (p<0.05), oral (p<0.001) and IM & 

oral (p<0.05 and p<0.001, respectively) iron-treatment groups compared to their 

anaemic counterparts (Figure 2.7). 
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Figure 2. 7. Impact of iron deficiency anaemia (IDA)and iron supplementation on 

systemic concentrations of asparagine and glycine in 28-day old piglets. Asparagine was 

observed in significantly higher concentration in all iron supplemented groups (treatment 

groups 2-4, Figure 2.1) (p=0.01, IM; p=5x10-3, oral; p=0.02, IM and oral respectively) 

compared to non-supplemented siblings at day 28. Likewise, significantly higher 

concentrations of glycine were observed in all iron supplemented piglets (treatment groups 2-

4) (p=0.01, IM; p=3x10-3 oral; p=0.02, IM and oral) compared to non-supplemented siblings. 

n=6 piglets/treatment group. Error bars = SEM, ** p<0.01, *** p<0.001. 

2.6.5.5 Glutamic acid, proline creatine, glutamine and acetylcarnitine    

Glutamic acid and proline are amino acids 6, and creatine primarily facilitates the 

recycling of ATP in brain and muscles 7. Glutamic acid, proline and creatine 

concentrations were significantly higher (~ 1, ~ 1.5 and ~ 3 folds respectively) in oral 

(p<0.05, p<0.05, and p<0.001, respectively) and IM & oral (p<0.001, p<0.05, and 

p<0.001, respectively) groups, compared to the anaemic piglets (Figure 2.8).   

Glutamine is a non-essential amino acid 8 and acetylcarnitine is mostly involved in 

brain metabolism 9. Both demonstrated similar trends in concentrations in response 

to IDA and iron treatment. Glutamine and acetylcarnitine were both significantly 

higher (~ 2) in IM, and oral (p<0.05 and p<0.001, respectively) and IM & oral 

(p<0.001 and p<0.05, respectively) groups (~ 3 folds) compared to the control group 

(Figure 2.9). No significant differences were observed between anaemic and only IM 

iron treated piglets for acetylcarnitine nor between the different types of 

supplementations. 
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Figure 2. 8. Impact of iron deficiency anaemia (IDA)and iron supplementation on 

glutamic acid, proline, and creatine concentrations in 28-day old piglets. Significantly 

higher concentrations of glutamic acid, proline and creatine were observed in oral iron 

(p=0.01, p=0.02, and p=0.006) and IM and oral (p=5x10-3, p=0.01, and p=1x10-3) group 

compared to control. n=6 piglets/treatment group. Error bars = SEM, ** p<0.01, *** p<0.001. 

 

Figure 2. 9. Impact of iron deficiency anaemia (IDA)and different types of iron 

supplementation on glutamine and acetylcarnitine concentration at 28 days. Glutamine 

concentration was significantly higher in all iron supplemented groups (treatment groups 2-4) 

(p=0.02, IM; p=0.01, oral; p=2x10-3, IM and oral) compared to non-supplemented siblings. 

Also, significantly higher concentrations of acetylcarnitine were observed in all iron 

supplemented groups except IM (treatment groups 3-4) (p=6x10-3 oral; p=0.02, IM and oral) 
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compared to non-supplemented siblings. n=6 piglets/treatment group. Error bars = SEM, ** 

p<0.01, ** p<0.001. 

 

2.6.5.6 Leucine, iso-leucine, dimethylglycine and methionine sulfoxide  

Leucine is an essential amino acid and iso-leucine is its isomer 10. Both displayed 

similar trends in their concentrations in response to IDA and iron treatment. Leucine 

and iso-leucine were significantly higher (~ 2 folds) in IM (p<0.05), oral (p<0.001) and 

IM & oral (p<0.05) treatment groups compared to the anaemic siblings (Figure 2.10). 

Dimethylglycine and methionine sulfoxide were observed in significantly higher (~ 1 & 

2 folds respectively) concentrations in the oral (p<0.001and p<0.05, respectively) and 

IM & oral (p<0.001) treatment groups compared to the anaemic piglets. The IM iron-

treated piglets displayed a significantly higher concentration (p=<0.05) of dimethyl 

glycine with respect to anaemic siblings (Figure 2.11). However, no significant 

difference was observed between the three different types of iron treatment. 

 

Figure 2. 10. Impact of iron deficiency anaemia (IDA)and iron supplementation on 

leucine and isoleucine concentrations in 28-day old piglets. Concentrations of leucine and 

isoleucine were observed significantly higher in all iron supplemented groups (treatment 

groups 2-4) (IM Iron, p=0.02), (Oral iron, p=0.01), (IM and oral iron, p=2x10-3) for both 

leucine and isoleucine compared to non-supplemented siblings. n=6 piglets/treatment group 

Error bars = SEM, ** p<0.01, *** p<0.001. 
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2.6.5.7 Cystine and Creatinine  

Cystine is a non-essential amino acid 11. Concentrations of cystine were significantly 

(~ 1-fold) higher in the IM (p<0.05), oral (p<0.001) and IM & oral (p<0.05) treatment 

groups compared to the anaemic piglets (Figure 2.12a).  

Creatinine was in significantly higher (~ 7 folds) concentrations in the IM, oral and IM 

& oral (p<0.001) treatments compared to anaemic piglets. No significant differences 

in creatinine levels were observed between the three different types of iron treatment 

(Figure 2.12b).  

 

Figure 2. 11. Impact of iron deficiency anaemia (IDA)and different types of iron 

supplementation on dimethylglycine and methionine sulfoxide concentrations in 28-day 

old piglets. Significantly higher concentrations of dimethylglycine were observed in all iron 

supplemented groups (treatment groups 2-4) (p=0.02, IM; p=2x10-4, oral; p=3x10-4, IM+oral) 

compared to non-supplemented siblings. Also, significantly higher concentrations of 

methionine sulfoxide were observed in all iron supplemented groups except IM (treatment 

groups 3-4) (p=0.02 oral; p=7x10-3, IM+oral) compared to non-supplemented counterparts. 

n=6 piglets/treatment group. Error bars = SEM, * p<0.05, ** p<0.01, ** p<0.001. 
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Figure 2. 12. Impact of iron deficiency anaemia (IDA)and different types of iron 

supplementation on cystine and creatinine concentrations in 28-day old piglets. 

Significantly higher concentrations of cystine were observed in all iron supplemented groups 

(treatment groups 2-4) (p=0.03, IM; p=4x10-3, oral; p=1x10-3, IM and oral) compared to non-

supplemented siblings at day 28 (a). Significantly higher concentrations of creatinine were 

observed in all iron supplemented groups (treatment groups 2-4) (p=4x10-3, IM; p=3x10-4, 

oral; p=1x10-4, IM and oral) compared to non-supplemented siblings at day 28 (b). n=6 

piglets/treatment group. Error bars = SEM, * p<0.05, ** p<0.01, ** p<0.001. 

 

2.7 Discussion  

Due to its key role in several biological processes, iron is an essential micro-nutrient 

required by all mammals. However, iron deficiency anaemia (IDA) is a substantial 

world-wide human health problem, especially for infants, and Iron supplementation is 

commonly used to address this issue. Here we assessed the impact of IDA on 

growth and metabolism using piglet models for human infants. We showed that, as 

expected, lack of iron supplementation was associated with significant reductions in 

growth rates, and that both oral and intra-muscular iron, and combinations of oral and 

intramuscular iron supplementation were all sufficient in preventing the development 

of IDA. We demonstrated that there were no significant differences in any of the 

measured iron dependent blood parameters, or in systemic metabolite production, 

resulting from the different forms of iron supplementation assessed. Interestingly, we 

also showed that administration of oral iron as a single supplement, or in combination 
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with IM iron supplementation, was associated with significant reductions in weight 

gain compared to sibling piglets which received only IM iron supplementation. 

Indeed, the weight of piglets receiving oral iron was comparable to piglets which 

received no iron supplementation and rapidly developed IDA.  

Our data shows that the levels of systemic metabolites in anaemic piglets differed 

significantly from those in piglets which received iron supplementation and thus 

avoided developing IDA. Metabolites associated with the TCA cycle (citric acid, 

aconitic acid, and 2-ketoglutaric acid), urea cycle (citrulline and arginine), methylation 

(methionine) and phosphorylation (serine) processes were significantly reduced in 

anaemic piglets compared to all iron supplemented counterparts. The systemic 

concentrations of three consecutive intermediates of TCA cycle were reduced over 

the period of 28 days in response to IDA. This, in part, is consistent with a study in 

human cell lines (K-562) by Oxele et al 43 who reported decreased activity of TCA 

cycle enzymes when iron chelator (desferrioxamine) was introduced. This perhaps 

could be due to the removal (or unavailability in the case of ID) of labile iron atoms 

from iron-sulphur clusters present in such enzymes. Our data also showed that the 

systemic concentrations of leucine and isoleucine (energy sources during exercise) 

and methionine were significantly reduced in IDA piglets. These results are 

consistent with those reported from an 8-day neonatal piglet trial by Dong et al 44 in 

which non-iron supplemented piglets (n=8) had lower concentrations of leucine, 

methionine, and tyrosine compared to iron-supplemented counterparts (n=8). Taken 

together, this is consistent with iron-dependent early-life metabolic shift occurring in 

anaemic piglets.  However, they also reported higher concentrations of urea cycle 

enzymes which is in contrast with our results where urea cycle metabolites were 

significantly decreased in anaemic piglets. An explanation for these differences could 

be a result of the 8-day trial being of insufficient length for the piglets to develop IDA, 

as evidenced by reported Hb concentrations of (74.3g/L).  Although iron deficient, 

these piglets did not yet develop IDA which is defined by Hb concentrations of <80 

g/L. Glucose metabolism, the TCA cycle and oxidative phosphorylation are central 

biochemical pathways in cellular energy metabolism 45, 46. There is evidence that the 

TCA cycle and iron homeostasis can be linked since iron perturbations modulate the 

expression of the Kreb’s cycle intermediates including urea, citrulline, and ornithine47, 

48. Since decreased production of TCA cycle-associated metabolites is linked with 
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stunting, this perhaps explains, in part, the reduced growth rate in anaemic piglets in 

our trial.   

All forms of supplementary iron we assessed rescued piglets from developing IDA 

whilst, as expected, non-supplemented piglets rapidly developed IDA. Our results, in 

part, are consistent with several findings including Knight et al. 49 in which neonatal 

piglets from day 2 to day 32 consuming an iron deficient diet (equivalent to iron 

present in sow and human milk (~ 0.3mg/L) developed IDA. However, their 

counterparts fed on normal iron diets (21.3 mg/L Fe) did not become iron deficient 

until day 32 after birth. Chen et al. 50, and Mazgaj et al 51 both reported that piglets 

which received an IM injection of 100-150mg Fe (iron dextran) at day 3 after birth did 

not develop IDA for at least the following 25 days. This is consistent with piglets 

being robust models for assessing the effects of different forms of iron 

supplementation, and IDA, in human infants. In this study, consistent and appropriate 

systemic haemoglobin (Hb) levels suggested that having received the IM dose of iron 

at 1-day old, additional oral iron was unnecessary for at least the following 27 days, 

when the trial ended. Therefore ‘extra’ iron from oral supplementation (in addition to 

IM) was not necessary. However, additional oral iron has been linked with having 

negative impact on gut and systemic health parameters, including diarrhoea and 

enteric infection. Iron overload can result in iron deposits occurring in the intestinal 

mucosa which can result in high levels of reactive oxygen species (ROS) leading to 

disruption of epithelial tight cell junctions and even ferroptosis 52. In addition, excess 

dietary iron triggers hepcidin production by hepatocytes which results in the 

internalisation of ferroportin, an iron transport protein.  Consequently, the capacity for 

duodenal iron absorption becomes limited53. increased concentrations of unabsorbed 

iron reaching the colon may promote the development of pathogenic microbial 

populations with high iron requirements. At the same time, high concentrations of 

luminal iron select against some commercial microbes which do not have such high 

iron requirement. This could have important implications for increased enteric 

infection risk in piglets and in infants.  The effects of high concentrations of luminal 

iron on the development of the early gut microbiota is explored in more detail in 

chapter 3.  
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Growth rate is a useful proxy measure of general health in young animals 54. Our 

data shows that the type of iron used to prevent the development of IDA in the pig 

industry requires careful consideration. Whilst there are negative implications 

associated with IM iron injection at 1 day old, including iron overload and 

occasionally inflammation/infection at the site of injection, our results demonstrate 

that the alternative form of iron supplementation, oral iron, was associated with a 

significant reduction in growth rate, even in the presence of additional IM iron. This 

was a substantial reduction over just a 4-week timeframe and represents around a 

12.5% reduction in growth rate which may have considerable implications for the pig 

industry as well as for iron fortified infant formula milk. This difference in weight gain 

in response to oral iron was not apparent at 2 weeks, at which point ID had not 

progressed to IDA. This is consistent with an earlier study in pigs by Chwen et al 55 

which reported that piglets injected with a single dose of 200mg Fe had higher 

growth rates (weigh gain) over the subsequent 4 weeks compared to piglets given 

iron supplemented water (FeSO4). One explanation for this is that luminal iron alters 

the composition of the gut microbiota and correlations have previously been 

observed between obesity and the gut microbiota based on studies in germ-free mice 

56. These mice were raised in a sterile environment and had no microorganisms in 

their guts. Conventionally reared mice had a 40% higher body fat content and 47% 

higher gonadal fat content than germ-free mice even though they consume less food 

than their germ-free counterparts 57, 58.  

Studies in human infants have also demonstrated associations between the intestinal 

microbiota and weight-gain 59. In addition, Firmicutes to Bacteroidetes ratios have 

been shown to have positive correlations with obesity 60. Aktas et al 61 reported 

weight loss and body mass index (BMI) reductions in 21 iron deficiency anaemic 

adult women after iron treatment (oral supplementation) over 6 months. Although the 

cohort size and age of subjects was different from our piglet study, the main outcome 

(weight loss) in response to oral iron supplementation) is consistent with our 

observations. We also observed a reduced growth rate in our non-iron supplemented 

IDA piglets which did not significantly differ in weight from their oral iron 

supplemented siblings. This is consistent with a piglet study reported by Knight et al 

62 where IDA was associated with a significant reduction in growth rate compared to 

their IM iron supplemented counterparts. Overall, our study demonstrates that the 
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type of iron supplementation (IM, oral or IM & oral) was not important in terms of 

systemic iron indicators of iron sufficiency and metabolic activity but was a highly 

significant factor in terms of weight gain. 

2.8 Conclusion 

In conclusion, our study demonstrated that different types of iron supplementation 

had the capacity to prevent the development of IDA without differentially affecting 

either iron dependent haematological parameters including Hb, RBCs, and 

Haematocrit, or systemic metabolite production. However, oral iron was associated 

with reduced growth rates, even when used in combination with IM iron injections. 

Piglets are increasingly being supplemented with sow milk replacers which, until 

recently, were not fortified with iron. However, iron fortification of these formula-type 

milks is now standard practice, despite sow milk containing only limited iron.  Our 

results indicate that this practice may have unforeseen consequences and may not 

address reductions in weight gain, especially if, as is standard practice, piglets have 

already received an IM injection of iron at 1 day old and so are not deficient in iron 

(also demonstrated by our results). This also has important implications for human 

infants.  Again, the majority of bovine-based formula milks targeted at infants are also 

fortified with iron (8-14 mg/L63), despite breast milk containing very little iron (~ 

0.4mg/L64). This could have particularly important implications for low-birth-weight 

infants as iron status of preterm infants receiving non-fortified breast milk starts to 

decline within 1 to 4 months which is long before the recommended weaning age of 6 

months. Our study confirms that the piglet is a valuable model for exploring ID/IDA 

and iron supplementation in more detail. There is a clear need to assess the 

microbiota and its metabolic end products in our trial piglets to explore putative links 

between weight gain, oral iron supplementation and the gut microbiota which is 

highly relevant to both the pig industry and human infant health.  
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CHAPTER 3  

Impact of iron deficiency anaemia, and different iron 
treatments, on gut microbiota composition and metabolic 
activity 

 

Abstract 

Iron deficiency anaemia (IDA) is prevalent worldwide and can have significant 

impacts on growth, which may be linked to the gut microbiota. This is because most 

gut bacteria have essential requirements for iron, and produce metabolic end 

products, such as short chain fatty acids (SCFAs), which are important sources of 

energy. Therefore, the aim of this study was to explore the impacts of IDA, and 

different types of iron treatments, on both the composition and metabolic activity of 

the gut microbiota using a neonatal piglet model for human infants. Twenty-four 

piglets were litter-matched into 4 treatment groups (n=6 each) which were either left 

unsupplemented with iron, or received different iron treatments, as detailed in 

section 2.5.1. During analysis, treatment groups were combined to enable 

comparisons between anaemic (n=6) and iron replete (n=18) piglets, while 

comparisons between oral iron (n=12) and intramuscular iron injection (n=6) were 

also enabled by combining treatment groups. Microbial population assessments were 

achieved via 16S sequencing using Illumina technology, while metabolite production 

was quantified using liquid chromatography / mass spectrometry (LC-MS) 

techniques. The results showed that at 28 days, the abundance of Lachnospiraceae 

family, which are butyrate producers, was significantly reduced (p<0.05) in response 

to oral iron supplementation compared to IM iron treatment alone. The relative 

abundances of Bacilli, Lactobacillales and Lactobacillus were significantly reduced 

(p<0.05) in iron treated piglets compared to their IDA counterparts. In addition, 

Isobutyric acid was negatively correlated (p=0.02) with weight gain in all piglets, 

irrespective of iron treatment. Overall, these findings have important implications for 

formula fed infants, and for pig industries where piglets are increasingly being 

supplemented with iron-rich sow replacer milked due to increasing litter sizes. Further 

research is needed to determine the mechanisms underlying the interplay between 

oral iron, growth, and the developing gut microbiota to inform the development of 
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regimes to prevent IDA whilst also improving growth and the development of 

appropriate microbiotas.  

3.1 Introduction 

Iron deficiency anaemia (IDA), particularly in infants and young children in low- and 

middle-income countries (LMICs), is a major public health concern 1. This is partly 

caused by the high iron demands required for rapid growth and development at these 

ages 2, 3. Universal iron supplementation and fortification are the most common 

strategies used worldwide to prevent and treat IDA 4. Oral iron supplements are 

widely available and easy to administer, making them the preferred option for low-

resource settings 5. However, universal iron programmes, which add iron 

micronutrient powders (Fe-MNPs) directly to home cooked foods (after cooking), are 

not recommended for infants 6 since they have been demonstrated to have adverse 

effects on gut bacteria and there is limited evidence for their efficacy and safety in 

this age group 7.  In addition, providing universal daily iron supplements to all breast-

fed infants is unnecessary since not all children, even those in LMIC, are iron 

deficient. For example, a randomised trial conducted by Dewey et al 8 reported that 

daily universal iron supplementation in breast-fed infants in Sweden (n=101) and 

Honduras (n=131) improved iron status and growth, but increased the risk of 

diarrhoea in the children who had initial systemic Hb concentrations > 110 g/L. 

Similarly, a double-blind randomised trial (n=1958) in Ghanaian infants and pre-

school children (age 6-35 months) by Zoltkin et al 9, reported an increased rate of 

hospitalization due to diarrhoea in response to iron fortification. Furthermore, a trial in 

Zanzibar 10 demonstrated that iron and folic acid supplementation increased the risk 

of severe illness and death from malaria which led to discontinuation of treatment 

with Fe-MNPs in areas with high prevalence of malaria 11. Subsequently, it has been 

suggested by many researchers that ID may provide protection against malaria 12, 13, 

14. Taken together, these findings suggest that careful consideration is required 

before making recommendations to commence iron supplementation interventions 

which should be appropriate for both the target population and environmental 

conditions. 

Humans lack the mechanistic ability to actively remove excess iron 15 and high levels 

of iron can be toxic 16. Consequently, absorption of iron from dietary sources is tightly 
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regulated, and is typically relatively low 17, especially from foods rich in phytic acid, 

such as cereals, which strongly inhibit iron absorption 18. In general, less than 20% of 

iron added to such foods is absorbed 19. Higher prevalence of enteric inflammation 

and infection in rural populations in LMICs further limits iron absorption from the 

lumen due to raised levels of systemic hepcidin 20, as detailed in chapter 1. While 

fortification and supplementation can deliver additional dietary iron, most remains 

unabsorbed. Introducing Fe-MNP (12.5mg of iron 21) can result in significant 

proportions (~10mg) reaching the colon, perhaps over 30 times more than the 

amount provided by breast milk which contains only 0.4mg/L of iron which is also 

absorbed more efficiently 22. 

Iron availability is a key requirement for most gut microbes, including 

enteropathogens such as E. coli and Salmonella 23. Excessive, unabsorbed iron in 

the colon can create an environment that is more favourable to pathogenic bacteria 

growth compared to normal commensal microbes 24. For this reason, several studies 

have reported the effects of oral iron supplementation on gut microbiota 

compositions. For example, a 6-month trial, in 6–14-year-old Ivorian children (n = 

139) by Zimmermann et al 25 showed there were significant increases in populations 

of enterobacteria along with significant decreases in numbers of lactobacilli in 

response to consumption of iron fortified biscuits. Similar changes in gut microbiota 

populations in response to iron treatments have been linked with alterations in the 

production of short chain fatty acids (SCFAs), which are important bacterial end-point 

metabolites that play crucial roles in both gut and overall health 26. Dostal et al 27 

suggested that iron is a strong regulator of butyrate production using in vitro 

fermentation experiments which showed that low iron containing media caused 

significant reductions in butyrate production and that iron supplementation 

ameliorated these effects. These findings suggest that ‘excessive’ iron 

supplementation could have negative impacts on both the composition and metabolic 

activity of residential gut microbes, potentially promoting the growth of gut pathogens 

and reducing the abundance of beneficial bacterial populations. This further 

highlights the necessity for careful consideration of the risks and benefits of iron 

supplementation, particularly in at risk populations, and the importance of monitoring 

the effects of iron supplementation on the gut microbiota. 
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Iron is also an essential nutrient for piglets, and ID is problematic for the pig industry. 

Piglets have emerged as an important model for studying the effects of IDA, and iron 

supplementation, as detailed in chapter 1. In addition, the gut microbiota of humans 

and pigs are considerably more stable over time than in rodent models 28. Moreover, 

pigs and humans share similar diversities and dominant phyla, including Firmicutes 

and Bacteroides 29. These similarities make the piglet a more suitable model for 

investigating the mechanisms underlying early microbiota-host interactions in human 

infants than rodent models do. Piglets have also been shown to exhibit responses to 

dietary interventions that are more similar to humans than rodents 30. Furthermore, 

piglets can be fed a range of diets, including human breast milk, and can be readily 

colonized with human-derived microbiota 31. Reflecting the value of the pig model in 

this area, the impacts of IDA and iron supplementation on gut microbiotas in piglets 

have been explored in the past. For example, a study by Ding et al 32 found that the 

upper limit (3000mg/Kg feed) of iron supplement (FeSO4) caused significant 

reductions in Clostridium spp. and Faecalibacterium in 28 days old weaned piglets. 

Overall, the piglet model provides a unique opportunity to study the gut microbiota 

and its interactions with the host in a manner that more closely resembles human 

physiology than rodent models do. 

Since the gut microbiota is largely unstable during the first 3 years in humans33, early 

life is a critical period for the establishment of a healthy gut microbiota, and any 

disruptions at this stage can have lasting impacts 34. Iron availability could be a key 

factor for gut microbiota development since it is an essential nutrient for most 

bacterial growth 35. Therefore, early exposure to iron or IDA could disrupt the normal 

pattern of microbiota development, potentially leading to long-term alterations in gut 

microbial composition and functionality 36. Thus, understanding the development of 

the gut microbiota and the factors that influence it is crucial for promoting long-term 

health and preventing disease. 

3.2 Hypotheses 

The two hypotheses to be tested in this study were: 

Hypothesis 1: Since different components of the gut microbiota have differential iron 

requirements for growth, iron availability in the lumen will impact gut microbiota 

composition during infancy.  
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Hypothesis 2: Bioavailability of iron in the gut will alter the production of bacterial-

derived metabolic end products by either altering the populations of bacteria present, 

or by altering metabolic activity of the residential microbes without altering 

composition. 

3.3 Aim 
To assess the effects of IDA and different forms of iron treatments on both the 

composition and metabolic activity of the gut microbiota in piglet models for 

human infants. 

3.4 Objectives 
1. To determine the effects of IDA on the composition of the gut microbiota 

using faecal samples collected from piglets used in the trial detailed in 

chapter 2. 

 

2. To determine the effects of IDA, along with oral and intramuscular iron 

supplementation, on gut bacterial population in early life, using next 

generation sequencing techniques. 

 

3. To assess the impacts of IDA, and different forms of iron supplementation, 

on bacterial metabolic end-product concentrations using gas 

chromatography / mass spectroscopy techniques. 

 

3.5 Materials and Methods 
3.5.1   Animal trial 

To assess the impact of iron deficiency anaemia (IDA) and different types of iron 

treatments on gut microbial profiles and systemic concentrations of microbial-derived 

short chain fatty acids (SCFA), 24 large white F1 hybrid piglets from 6 litters were 

allocated into 4 litter- and sex-matched (3 male and 3 female) treatment groups at 1 day 

old. Treatments were group 1, control (no iron treatment); group 2, intramuscular iron 

(IM) injection (200mg Fe); group 3, iron supplemented (FeSO4) sow milk replacer (SMR) 

(oral iron; 150mg/kg body weight/day); and group 4, IM and oral iron, as detailed in 

Figure 2.1. 
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The original treatments were allocated into two different analytic groupings to determine 

whether overall iron treatment and/or different forms of iron treatment influenced both the 

composition of the gut microbiota, and subsequent microbial metabolic activity. 

Specifically, the piglets from the four original treatment groups (Figure 2.1) were 

reassigned into two groups for gut microbiota and SCFA analysis. Thus, groups 2, 3 and 

4 (n=18) were combined to generate one iron treatment group (Iron treated) which 

received IM iron (200mg, one dose) and/or oral iron (FeSO4 150mg/day). The control (no-

iron treatment, which received no iron treatment, n=6) was used as the comparator 

(Figure 3.1). A further analytical grouping was formed to compare the impact of IM iron 

and oral iron treatments: the IM-only group, IM iron (n=6); and the group, oral iron (with 

and without IM iron, n=12) (Figure 3.2).  

 

Figure 3. 1. Schematic of experimental design of combined treatments (anaemic vs 

overall iron supplementation). Schematic of experimental design of combined treatments 

(anaemic vs overall iron supplementation).  For analytic purposes, treatments groups were 

reallocated to all iron treated piglets (n=18) against their non-iron treated siblings (n=6). 
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Figure 3. 2. Schematic of experimental design combined treatments (IM iron vs oral 

iron). For analytic purposes, treatments groups were reallocated to all oral iron treated piglets 

(n=12) against their IM iron treated siblings (n=6). 

3.5.2 Sample collection 

Blood samples were collected weekly from day 1 into EDTA vacutainers (BD 

Vacutainer®). These samples were centrifuged at ~ 1900 g for 10 min at 4oC, and plasma 

from all samples was separated. Content was directly collected from the rectum of each 

euthanised piglet. All samples were stored at -80oC. 

3.5.2.1 DNA extraction method ‘M’ adopted from Tang et al 37 

3.5.2.1.1 Pre-treatment 

In order to disrupt bacterial cells, this pre-treatment was applied as described by 

Thiel and Blaut (2005), with some modifications. Briefly, frozen samples (1.6 g) were 

transferred to sterile tubes (50 ml), diluted in 10 ml of ice-cold 0.05 M PBS buffer 

(150 mM NaCl, 10 mM Na2HPO4, 20 mM NaH2PO4, pH 7.4) and homogenized using 

ten sterile glass beads (3 mm in diameter; Sigma-Aldrich, Cat no. 1040150500) and 

vortexed for 3 min. Subsequently, the samples were centrifuged at 400 g for 2 min to 

remove glass beads and cell debris. All the suspension was transferred to a new 50-

ml sterile tube and mixed with 3 vol of 4% formaldehyde and incubated on ice for 1 h. 
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Following that, centrifugation was done at 8000 ×g for 3 min and the cell pellet was 

resuspended in 4 ml PBS buffer, mixed with 4 ml absolute ethanol, and stored at 

−20 °C for 20 min. Subsequently, the cell pellet was harvested by centrifugation at 

8000 g for 3 min and resuspended in 4 ml of TE buffer (pH 8.0) for use. 

3.5.2.1.2 Microbial DNA extraction from pre-treated rectal samples 

The chemical-enzymatic method of Niemi et al. (2001) was used, however, it was 

optimised with the following modifications (particularly varying phenol-chloroform 

concentration and ratios). A 500 μl volume of pre-treated sample was transferred into 

new 2.0 ml tubes. Bacterial cells were disrupted using 25 μl lysozyme (20 mg/ml) at 

37 °C for 30 min. Subsequently, 50 μl 10% sodium dodecyl sulfate (SDS), and 15 μl 

proteinase K (10 mg/ml) were added in alkaline (pH 8.0) TE buffer and incubated at 

55 °C for 2 h. Microbial DNA was extracted using phenol:chloroform (1:1, v/v), 

Phenol-choloroform layer was separated and isopropanol was added to precipitate 

theDNA. Finally, the DNA pellet was suspended in 50 μl of sterile ultra-filtered water.  

3.5.2.1.3 PCR Amplification V4 and V5 regions and DNA Sequencing 

In order to perform PCR amplifications, extracted microbial DNA was amplified with 

universal primers for the V4 and V5 regions of the 16S rRNA gene. The primers 

U515F (5’-GTGYCAGCMGCCGCGGTA) and U927R (5’-

CCCGYCAATTCMTTTRAGT) 38 were used to amplify both bacterial and archaeal 

ribosomal RNA encoding gene regions, whilst providing optimal taxonomic resolution 

based on published information 39, 40. 16S rRNA gene amplicon-based sequencing 

was performed by Novogene (Uk) company ltd. using an Illumina MiSeq instrument 

to generate paired-end reads. The data output was demuliplexed using the in-built 

WBI software on the instrument. Forward and reverse fusion primers consisted of the 

Illumina overhang forward (5’-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG) 

and reverse adapter (5’-GTCTCGTGGGCTCGGAGATGTGTAATAAGAGACAG) 

respectively.  Amplification was achieved using FastStart HiFi Polymerase (Roche 

Diagnostics Ltd, UK) under the following cycling conditions: 95°C for 3 min; 25 cycles 

of 95°C for 30 s, 55 °C for 35 s, 72 °C for 1 min; followed by a final step 72 °C for 8 

min. Amplicons were purified using 0.8 volumes of Ampure XP magnetic beads 

(Beckman Coulter). Each sample was then tagged with a unique pair of indices and 

the sequencing primer, using Nextera XT v2 Index kits, and 2x KAPA HiFi HotStart 
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ReadyMix using the following cycling conditions: 95 °C for 3 min; 10 cycles of 95 °C 

for 30 s, 55 °C for 30 s, 72 °C for 30 s; followed by 72 °C for 5 min. Index-tagged 

amplicons were purified using 0.8 volumes of Ampure XP magnetic beads (Beckman 

Coulter). The concentration of each sample was measured using the fluorescence 

based Quantifluor assay (Promega). Concentrations were normalized before pooling 

all samples, each of which would be subsequently identified by its unique index 

combination. Sequencing was performed on an Illumina MiSeq with 2 × 300 base 

reads using V3 chemistry according to the manufacturer’s instructions (Illumina 

Cambridge UK).  The data output was demuliplexed using the in-built RTA software 

on the instrument. 

3.5.3 Short chain fatty acids (SCFAs) in plasma 

SCFAs are the metabolic end products of gut bacteria which provide energy, and 

quantifying these in plasma would reflect the amount of gut bacterial metabolites in 

the system, instead of just produced in the gut. To quantify microbial-derived end-

product metabolites including SCFAs, Richardson’s 41 method of derivatization was 

used which uses gas chromatography (GC) which was originally optimized for 

bacterial cultures. However, this method failed to detect any SCFAs in plasma 

samples. This could be due to the high protein content in plasma which potentially 

caused signal suppression in GC. To resolve this issue, an acidification method was 

used which again failed to detect any SCFA other than standards. Samples were 

also sent to a commercial lab based in UK (SOCOTEC, Trent, UK). However, this 

method failed to detect any SCFA due to high detection limits. Finally, another 

commercial analytical service (Percion Labs, NC, US) was able to detect and 

quantify the SCFA in plasma samples. 

3.5.3.1 SCFA detection and quantification (as provided by Percion Labs, US) 

Plasma/serum samples were analysed quantitatively by LC-MS/MS using Precion’s 

Short-Chain Fatty Acid Panel Method for Plasma/Serum (Analytical Test Method 

ATM004).Individual analytes and their respective calibration ranges are listed in 

Table 3.1.A solution of stable labelled internal standards (sodium acetate-d3, sodium 

propionate-d5, Isobutyric acid-d3, sodium butyrate-d3, 2-methylbutyric acid-d3, 

isovaleric acid-d7, valeric acid-d3, hexanoic acid-d3) was added to 50 ul of plasma 

sample followed by protein precipitation using methanol. After centrifugation, a 
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portion of the supernatant was removed and derivatized with a substituted hydrazine 

to form the corresponding acid hydrazides. An aliquot of the resulting mixture was 

analysed on a Sciex Exion LC/Sciex 5500+ Triple Quadrupole Mass Spectrometer 

LC-MS/MS system in ESI and multiple reaction monitoring mode (MRM) using C18 

reversed phase chromatography. 

The peak areas of the respective parent to product ion transitions were measured 

against the peak areas of the parent to product ion transitions of the corresponding 

labelled internal standards. Stable labelled versions of each of the analytes were 

used as internal standards. Quantitation was performed using a weighted linear least 

squares regression analysis generated from fortified calibration standards (8 to 10 

concentration levels, depending on analyte) prepared concurrently with study 

samples and quality control samples in each analytical run. 

 

  

Plasma/Serum 

Component 

Name 

LLOQ 

(ug/mL) 

ULOQ 

(ug/mL) 

2-

methylbutyrate 0.0250 2.00 

acetate 1.00 160 

butyrate 0.0200 1.60 

caproate 0.100 8.00 

isobutyrate 0.0250 2.00 

isovalerate 0.0250 2.00 

propionate 0.0800 6.40 

valerate 0.0200 1.60 

Table 3. 1. Analytes and Calibration Ranges for Plasma/Serum 
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3.5.4 Data and statistical analysis 

Data from 16S rRNA gene sequencing was analysed using the Microbiology module 

(PERMANOVA performing 99,999 permutations) of QIAGEN CLC Workbench CLC 

Genomic Workbench was used to further analyse the sequence data including 

taxonomic assignments and operational taxonomic unit (OTU) clustering. The 

metadata was merged with the OTU tables for proper aggregation and differentiation. 

The final taxonomic level of 16S rRNA amplicon sequencing was to show the 

important changes in the microbiome, the data was presented at different taxonomic 

levels. Also, data was retrieved and analysed using general linear model, SPSS 26.0 

(IBM SPSS, Inc., Chicago, IL, USA). SCFA data were refined using MS Excel 

(Microsoft®) and analysed with general linear modelling in SPSS version 26.0 using 

‘treatment’ and ‘litter’ as factors. A value of p<0.05 was considered to be significant.  

3.6 Results 

3.6.1 DNA extraction from rectal contents of neonatal piglets from all 
treatment groups  

The optimized method ‘M’ resulted in good quality gDNA with distinct bands at ≥10 kb 

with limited degradation. In addition, there was a higher PCR product yield. This 

confirmed the suitability of this pre-treatment - extraction method ‘M’ for isolation of 

gDNA from piglet gut microbiota samples (Figure 3.4 a & b). The gDNA quality and 

quantity were also analysed by UV-spectroscopy using a NanoDrop and/or DeNovex 

system.   

 

Figure 3. 3. Agarose gel (1%) of microbial gDNA extracted from rectal content of piglets 

using method ‘M’ at day 28. Lane 1 represents a 10Kbp DNA ladder.Each lane from S1-S5 

represents pooled a sample (homogenized mix of 5 sample of rectal content from 5 different 
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piglets used for both methods of extraction to minimize the chances of any variable other than 

extraction method). The microbial gDNA samples extracted using standard QIamp kit method 

designed for human stool samples (a). A standard RT-PCR was performed to validate the 

quality of PCR product (regions V4-V5) from gDNA samples (b). Expected and observed 

gDNA band at ~ 10Kbp, and PCR product at 500bp. 

3.6.2 Impact of iron regime on piglet growth and gut microbiota 

As a result of 16S sequencing, the total number of reads in OTUs were 742422 and 

average number of reads per sample was 30934, and in total, 13 phyla, 22 families, 

52 genera were detected. Overall treatments were compared using PERMANOVA in 

Qiagen CLC-workbench to determine the impact on gut microbiota composition using 

Bonferroni corrections for p-values. Principal coordinates of Weighted Unifrac 

distances (β-diversity) are presented in Figure 3.5 between non-iron treated and iron 

treated, between all four treatments, and between IM iron and oral iron treatments. 

Alpha diversity, the diversity within the treatments (Shannon) is presented in Figure 

3.6. There were no significant differences between all four treatments at phylum and 

class levels (Figure 3.7).  

 

Figure 2.2 (from chapter 2): Impact of iron deficiency anaemia (IDA) and different types 

of iron treatment on growth (weight gained) in piglets between birth and 28 days old. 

Growth rate was significantly higher in piglets receiving intramuscular (IM) iron treatment 

(200 mg) compared to control pigs which did not receive iron treated (p=7x10-3), oral iron 

(p=0.01), and IM & oral iron (p=0.04) respectively (a). Sequential growth chart of piglets (b). 

n=6 piglets/treatment group. Error bars = SEM, ** p<0.01, * p<0.05. 
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Figure 3. 4. Effect of iron deficiency anaemia (IDA, no iron) and different iron treatments (with 

different combinations) on beta diversity. Microbiota composition was determined by NGS of 16S 

rRNA gene amplicons. Principal coordinates of Weighted Unifrac distances (β-diversity) for the 

corresponding microbiota samples (at the 97% sequence similarly level). Comparing the impact of no-

iron and all iron treated (a), all four treatments (b), and oral iron and non-oral iron treated (c) on rectal 

content samples from piglets. 

 

Figure 3. 5. Alpha diversity showing diversity within the treatments using Shannon 

index. No statistical difference was observed between the samples (Kruskal-Wallis p-

value>0.05). 
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Figure 3. 6. Impact all four treatments on bacterial abundance in rectal content of 

piglets at different taxa levels at day 28. Control group piglets were not treated with iron 

and developed IDA (section 2.6.2) however iron-treated litter-matched piglets were given 

intramuscular iron injection (200mg, one dose) and/or oral iron supplement (FeSO4, 

150mg/day). The stacked bar charts display the average relative microbiota abundance 

compositions in rectal content from control (no-iron) and all iron treated piglets, at phylum 

(a), and class (b) taxonomic level. 

3.6.2.1 Iron treatments resulted in reductions in the abundance of Bacilli, 
Lactobacillales and Lactobacillus compared to IDA 

Abundance of Bacilli was significantly reduced (p<0.01) in iron treated piglets (0.022) 

compared to their IDA siblings (0.083) at day 28 (Figure 3.8a & d). Lactobacillales 

abundance was reduced (p<0.05) in piglets which received any form of iron treatment 

(0.02) compared to their anaemic counterparts (0.071) (Figure 3.8b & e). 

Abundances of Lactobacillus were significantly reduced in piglets which received any 

form of iron treatment (0.02) compared to their anaemic siblings (0.071) at day 28 

(Figure 3.8c & f). 

3.6.2.2 Oral iron supplementation with and without intramuscular iron 
supplementation was linked with reduced abundance of 
Lachnospiraceae 

Abundance of Lachnospiraceae was significantly reduced (p<0.05) in response to 

oral iron treatment with or without IM iron compared to only IM iron treatment. IM iron 

treated piglets had significantly higher abundance of Lachnospiraceae (0.2) 
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compared to oral (0.14) and oral with IM iron treated counterparts (0.12) at day 28 

(Figure 3.9). Oral iron treated groups (when combined according to Figure 3.2) 

showed significantly reduced abundance (0.13) of Lachnospiraceae against IM iron 

treated group (0.21) at day 28.  

 

Figure 3. 7. Impact of iron deficiency anaemia (IDA, Control) and iron treatment on 

bacterial abundance in rectal content in piglets at different taxa levels at day 28. Control 

group piglets were not treated with iron and developed IDA (section 2.6.2) however iron-

treated litter-matched piglets were given intramuscular iron injection (200mg, one dose) 

and/or oral iron supplement (FeSO4, 150mg/day). The stacked bar charts display the average 

relative microbiota abundance compositions in rectal content from control (no-iron) and all 

iron treated piglets, at class (a), order (b), and genus (c) taxonomic level. Bar graphs showing 

the specific average abundance of Bacilli (d); Lactobacillales (e); Lactobacillus (f). Control 

group, n=6 litter-matched piglets receiving no iron treatment; iron supplemented group, n=18 

litter-matched piglets receiving IV-Fe, oral Fe or both oral- and IV-Fe. Error bars = SEM, * 

p<0.05; ** p<0.01. 
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Figure 3. 8. Impact of iron deficiency anaemia (IDA, control) and different types of iron 

treatments on the abundance of Lachnospiraceae in rectal content in piglets at day 28. 

Control group piglets were not iron treated and developed IDA however treated litter-matched 

piglets were given intramuscular iron injection (200mg, one dose) and/or oral iron supplement 

(FeSO4, 150mg/day). The stacked bar charts display the average relative microbiota 

abundance compositions for all four treatments, at family taxonomic level (a). (b) Specifically 

comparing the impact of different types of iron treatment and the no iron treatment on 

Lachnospiracea abundance; n=6 litter-matched piglets in each group Error bars = SEM, * 

p<0.05; ** p<0.01. 

3.6.2.3 Iron treatment affects the abundance of Clostridium, Ruminococcus, 
and Coprococcus 

Abundance of Clostridium was significantly reduced (p<0.05) in iron treated piglets 

(0.00005) compared to their IDA siblings (0.0002) at day 28 (Figure 3.10a). 

Ruminococcus abundance was reduced (p<0.05) in piglets received oral iron 

treatment with or without IM iron (0.01) compared to IM treated counterparts (0.03) 

(Figure 3.10b). Abundance of Coprococcus was reduced in oral iron treated piglets 

(0.001) compared to their IM treated siblings (0.004) at day 28 (Figure 3.10b). 
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Figure 3. 9. Impact of iron treatments on bacterial abundance in rectal content in piglets 

at different taxa levels at day 28. (a) abundance of Clostridium, control group piglets were 

not iron treated and developed IDA however iron treated litter-matched piglets were given 

intramuscular iron injection (200mg, one dose) and/or oral iron supplement (FeSO4, 

150mg/day). n=6 litter-matched piglets in control group; n=18 litter-matched piglets in iron 

treated groups. (b) abundance of Ruminococcus and Coprococcus, IM iron treated piglets 

were given intramuscular iron injection (200mg, one dose), and oral iron treated group 

received FeSO4, 150mg/day with or without IM iron. n=6 litter-matched piglets in IM treated 

group, and n=12 litter-matched piglets in oral iron treated group. Error bars = SEM, * p<0.05.  

3.6.3 Oral and IM iron treatment caused reduction in the systemic 
concentrations of SCFAs such as propionic, valeric, and caproic acid 

Plasma concentration of propionic acid was significantly reduced (p<0.05) in oral iron 

(-0.05 ug/mL), IM iron (-0.12 ug/mL), and anaemic piglets (-0.0675 ug/mL) compared 

to IM with oral iron treated siblings (0.12 ug/mL), over the period of 28 days (Figure 

3.11a). Systemic concentration of valeric acid was significantly reduced (p<0.05) in 

oral iron (-0.009 ug/mL), IM iron (-0.02 ug/mL), and anaemic piglets (-0.02 ug/mL) 

compared to IM with oral iron treated siblings (0.014 ug/mL), over the period of 28 

days (Figure 3.11b). Systemic concentration of caproic acid was significantly 

reduced (p<0.05) in IM iron (-0.38 ug/mL), and anaemic piglets (-0.35 ug/mL) 

compared to IM and oral iron treated siblings (0.043 ug/mL), over the period of 28 

days (Figure 3.11c). Moreover, change in isobutyric concentration over the period of 

28 days had significant (p<0.05) negative correlation (R2=0.199) with weight gain of 

all piglets (Figure 3.12).  
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Figure 3. 10. Impact of IDA and different types of iron treatments on systemic 

concentrations of short chain fatty acids (SCFA) in piglets between day 1 and day 28. 

Control group piglets were not iron treated and developed IDA however iron treated litter-

matched piglets were given intramuscular iron injection (200mg, one dose) and/or oral iron 

supplement (FeSO4, 150mg/day). (a) change in propionic acid concentration in plasma 

samples, (b) change in valeric acid concentration in plasma samples, (c) change in valeric acid 

concentration in plasma samples. n=6 litter-matched piglets in each group. (d) correlation 

between Enterobacteriaceae and change in propionate over the period of 28 days, X-axis 

represents the change in propionate concentration between day 1 and 28, and Y-axis 

represents the abundance of Enterobacteriaceae in rectal microbiota at day 28. Error bars = 

SEM, * p<0.05. 
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Figure 3. 11. Correlation between weight gain and change in systemic concentration of 

isobutyric acid between day 1 and day 28. Y-axis represents the change in weight (weight 

gain/growth) in piglets over the period of 28 days. X-axis represents the change in plasma 

concentration (increase/decrease) of isobutyric acid between day 1 and 28. Weight gain had 

significant negative correlation with change in isobutyric acid concentration in plasma over 

the period of 28 days. 

3.7 Discussion 

Since iron deficiency anaemia (IDA) is a significant worldwide challenge affecting 

high proportions of infants and children in low- and middle-income countries (LMIC), 

42, a universal iron supplementation approach is the most common and cost-effective 

method used to combat this debilitating condition 43. In this chapter, the effects of 

IDA, and different types of iron treatments, on gut microbiota composition and 

subsequent metabolic activity (systemic levels of SCFAs) were assessed using piglet 

models for human infants. Results showed significant impact of IDA and iron 

treatments on gut microbiota composition; however, this impact was observed only 

on few, yet important, bacterial taxa. As expected, results showed significant 

reductions in the abundance of Lactobacillus, and Clostridium in all iron treated 

piglets compared to their anaemic siblings. The results also show that oral iron as a 

sole iron treatment, and in combination with IM iron, caused significant reductions in 

the abundance of Lachnospiraceae compared to the levels recorded in their solely IM 

iron treated counterparts. Indeed, abundance of Lachnospiraceae in oral iron treated 

piglets were comparable to those which received no iron treatment and naturally 

became anaemic. When comparisons were made between oral iron and IM iron 
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treated piglets, oral iron caused reductions in abundances of Ruminococcus and 

Coprcoccus. In terms of SCFA production, oral iron, and IM iron caused significant 

reductions in systemic levels of propionic, valeric, and caproic acids in piglets 

compared to their counterparts who received oral iron in combination with IM iron 

treatment (group 4). Indeed, the levels of these SCFAs in IM iron and oral iron 

treated (group 2 & 3) piglets were comparable to their anaemic siblings. Furthermore, 

isobutyric acid was found to be negatively correlated with weight gain in all piglets, 

regardless of iron status. Taken together, our results demonstrate that there are 

significant effects of IDA, and different forms of iron treatments, on gut microbiota 

composition and their subsequent metabolic activity. 

The data indicate that the abundances of the beneficial bacteria genus Lactobacillus, 

order lactobacillales and class Bacilli, were significantly reduced in response to all 

iron treatments (IM and oral). Our results are consistent with the outcomes of a 

randomised, placebo-controlled intervention trial by Dostal et al 44, in 6–11-year-old 

ID children who received either oral iron tablets (50 mg Fe) as FeSO4 (n=22) or 

placebos (n=27) for 4 d/week (for 38 weeks), which reported significant overall 

decreases in lactobacilli populations (p<0.05) in response to the iron treatment. In 

another double-blind trial in 6-month-old Kenyan children (n=115), Tanja et al 45 

reported significant increases in pathogenic E. coli (p=0.029) and faecal calprotectin 

(a gut inflammatory marker) (p=0.002), and also a border significant increase 

(p=0.055) in enterobacteria to lactobacilli ratio in response to administration of 

12.5mg Fe-MNP.  Knight et al 46 have demonstrated similar outcomes in a piglet trial 

(n=42) where those receiving iron (21.3 mg Fe/L) in sow milk replacer had 

significantly lower abundances of lactobacilli (p=0.012) compared to counterparts 

which received only 2.72 mg Fe/L) over 32 postnatal days. This, perhaps, is because 

lactobacilli are known to have a limited ability to utilize iron, which is an important 

nutrient for the majority of gut bacteria (including potential pathogens) 47, as they 

utilize manganese instead 48. This is advantageous for lactobacilli under normal 

circumstances since breastfed infants have very low levels of iron in their gut 49. By 

not competing for iron, lactobacilli in breastfed infants can outcompete other bacteria 

that require iron to grow, thereby helping to establish a healthy gut microbiome 50. 

Since lactobacilli have evolved to use manganese as an alternative to iron, perhaps, 

it suggests that using manganese instead of iron (in the absence of IDA) may provide 
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certain advantages for lactobacilli in the gut. Manganese has also been shown to 

reduce oxidative stress and inflammation, which can be beneficial for gut health 51. 

Manganese deficiency can occur in LMIC where children often have limited access to 

balanced diets 52, and across more developed populations where certain disorders 

can affect nutrient absorption, such as celiac disease and inflammatory bowel 

disease (IBD) 53, 54. It is therefore possible that, manganese deficiency may further 

exacerbate the detrimental effects of oral iron treatments on lactobacilli populations. 

Lactobacilli are known to aid in the maintenance of gut barrier integrity by enhancing 

mucin production 55 which contributes to preventing harmful substances permeating 

through to the host 56, including translocation of enteric pathogens into host tissues 

57. This could be a mechanism by which oral iron treatments are associated with 

increased risk of infection 58. Furthermore, lactobacilli are lactic acid producers and 

help to maintain a slightly acidic environment (pH 5.4-6.6) in the gut lumen 59. This 

acidic environment disrupts the cell wall of Gram-negative bacteria, such as E. coli 

O157:H7, and increases their susceptibility to host-derived antimicrobial peptides 

including defensins and cathelicidins 60, 61. In this way, Gram-positive lactobacilli 

populations may help to maintain a healthy gut microbiota by generating 

environments inhospitable to enteropathogens and limiting pathogenic colonization of 

the gut 62. Taken together, there appear to be several mechanisms by which 

increased luminal iron availability impacts on gut health by reducing lactobacilli 

populations, either directly or indirectly.   

We show that there were significant reductions in Lachnospiraceae in response to 

oral iron, with and without IM iron treatment. When comparing oral iron against IM 

iron treatment in our piglets, abundances of Ruminococcus and Coprcoccus were 

significantly reduced in response to oral iron treatment. It is important to note that 

Coprcoccus are part of the Lachnospiraceae, and this family is known to play 

important roles in the gut microbiome, including the production of certain SCFAs 63. 

Systemic concentration of propionic, valeric, and caproic acids were reduced in 

response to oral iron with- and without IM iron treatment when compared against IM 

iron treatment alone. Reductions in Lachnospiraceae in our in vivo study is consistent 

with the findings of Dostal et al 27 in an in vitro colon model inoculated with 

immobilized gut microbiota from a 2.5-year-old child with diversified gut microbiota 

(and no antibiotics 3 months before sample collection). Here, a shift towards lower 
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abundance of Lachnospiraceae and Ruminococcae were observed under high iron 

(217mg/L) conditions compared to low iron conditions mimicked by feeding a medium 

containing 200 µM 2,2′-dipyridyl (chelator). They also reported significant increases in 

propionate and decreases in butyrate production. These specific shifts in SCFA 

production could be due to reductions in the abundance of Lachnospiraceae which 

are major butyrate producers 64, and Enterobacteriaceae are major producers of 

propionate 65. Interestingly, results of our study show significant positive correlation 

between the abundance of Enterobacteriaceae and propionate concentrations over 

28 days. However, there were no significant differences observed in 

Enterobacteriaceae abundances between any of the different forms of iron 

treatments we used. This means, perhaps, iron availability does not affect 

Enterobacteriaceae populations within gut microbiotas. However, it does suggest that 

metabolic activity of this population is influenced by iron availability. Including 

production of propionate as a metabolic end product, Knight et al 46 also reported 

significantly higher concentration of propionate along with lower concentrations of 

acetate in dry colonic matter from iron supplemented pigs compared to ID pigs. 

Taken together, our results are consistent with luminal iron availability affecting levels 

of certain components of the gut microbiota, whilst impacting on metabolic activity in 

others. Since the neonatal period is a critical time for establishment of health gut 

microbiotas 66, iron-induced disruptions to normal patterns of development could 

have sustained effects on its composition and functionality in later life, even after ID 

and IDA has been resolved.  

Microbial-derived SCFAs are known to play important roles in overall growth and 

development in mammals 67, 68. For example, a study conducted in young Indonesian 

children (aged 3-5 years) by Surono et al 69 reported higher concentrations of faecal 

SCFAs (including, butyrate, propionate, acetate and valerate) in stunted children 

(n=78) compared to counterpart children with normal nutritional status (n=53). This 

trial also reported that the abundance of Lachnospiraceae was higher in children 

undergoing normal growth compared to stunted counterparts, and that fibre intake 

was positively correlated with Lachnospiraceae abundance 70. These links have been 

reported in a prospective study, conducted in 1-4 years old Pakistani children (n=60 

stunted; 4 with normal growth), by Aziz et al who reported positive associations 

between weight and Lachnospiraceae abundance 71. This is consistent with our study 
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where IM iron treated piglets (with the highest weight gain) were observed with the 

highest abundance of Lachnspiraceae compared to their oral iron supplemented 

siblings which, perhaps, highlights the important role of Lacnospiraceae in growth. 

This may be the mechanism by which oral iron consumption significantly inhibited 

weight gain in our piglets.  

3.8 Conclusion 

In conclusion, outcomes from our study are consistent with piglets being valuable 

models for human infants in regard to assessing the impacts of IDA and iron 

treatments on both gut microbiota composition and production of metabolic end 

products. The results in this chapter highlight the links between the developing gut 

microbiota and host growth during the neonatal period. Specifically, it further 

promotes the existence of positive associations between weight and 

Lachnospiraceae abundance, possibly as a consequence of butyrate production. 

This could be the mechanism by which increasing iron availability in the gut leads to 

reductions in weight gain. This is likely to have important implications for formula-fed 

infants, compared to those who are exclusively breastfed, since they have very high 

levels of unabsorbed iron in their gut lumens because the majority of bovine-based 

formula milks are highly fortified with iron. This iron is available to gut bacteria and 

could not only skew microbiota development, but also lead to reductions in weight 

gain. As a direct result of increased iron availability, formula fed infants are also 

highly likely to have significant reductions in lactobacilli, which are highly abundant in 

breast-fed infants. These populations provide competitive inhibition of bacterial 

populations which are detrimental to infant health including, potentially, 

enteropathogens. Indirectly, lactobacilli-induced reductions in luminal pH can also be 

reversed in the presence of high iron concentrations which also promotes pathogen 

growth, whilst lactobacilli-induced promotion of intestinal barrier function is also 

reduced, increasing bacterial translocation into the underlying tissue which may 

promote inflammatory immune responses. This study also has important implications 

for universal iron programmes in LMICs where over half of infant and child 

populations are not iron deficient and therefore do not benefit from iron treatments. 

Indeed, such unnecessarily increasing luminal iron may have overall negative 

impacts on these populations, especially in terms of reductions in weight gain and 

increased risks of enteric infections. Our results suggest that careful consideration 
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should be taken when developing iron treatment interventions to both iron deficient 

and iron replete populations. 
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CHAPTER 4  

Impact of iron deficiency anaemia and different iron 
treatments on systemic lipidomic profiles 

Abstract 

The effects of iron deficiency anaemia (IDA) extend beyond well-established 

detrimental impacts on blood oxygenation and emerging evidence suggests that IDA 

has the potential to affect systemic lipids, although there is a paucity of knowledge in 

this field. However, differences have recently been reported between systemic 

lipidomic profiles in formula-fed and breast-fed infants, and iron content is an 

important difference between these two forms of infant nutrition. This chapter aimed 

to directly explore the impact of IDA on plasma lipidomic profiles, and to determine 

whether different forms of iron treatments influenced these profiles in differential 

manners. Twenty-four, 1 day old, piglets were assigned to 4 litter-matched treatment 

groups as detailed in section 2.5.1 Treatment groups were then combined to assess 

the effects of IDA (n=6) on systemic lipids profiles compared to those in iron replete 

siblings (n=18). Treatment groups were also combined to compare the effects of oral 

iron (n=12) compared to intramuscular iron treatments (n=6) on systemic lipids using 

liquid chromatography / mass spectrometry (LC-MS). Results showed that IDA was 

associated with significant reductions in sphingolipids gangliosides (GM1), 

phospholipids especially lysophoshatidycholines (LPC), sphingomyelins SM, and 

sulfatides (p<0.05). When comparisons between IM iron and oral iron treatments 

were made, oral iron caused reductions in ceramides (Cer) (p<0.05), and IM iron 

caused reduction in phosphatidylglycerols (PG) (p<0.05). These findings suggest that 

IDA can significantly impact the metabolism of certain lipid subclasses (GM1, SM, 

sulfatides), which may directly, or indirectly, impact overall growth and 

neurodevelopment. Type of iron treatment can have differential impact on lipids 

especially involved in growth (Cer, PG), therefore selection of iron treatment should 

be given careful consideration. This is the first study, to the best of our knowledge, to 

explore the iron-lipidomics axis in piglets. Further research is needed to fully 

understand underlying mechanisms involved and to determine the optimal iron 

treatment strategies for restoring normal lipidomic profiles in infant populations.  
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4.1 Introduction 

Lipidomic profiling is a comprehensive analysis of the types and concentrations of 

lipids present in a biological sample, such as plasma 1. This includes triglycerides, 

cholesterol and its derivatives, phospholipids, sphingolipids, glycolipids, and steroids 

2. These lipids play critical roles in various biological processes including energy 

storage 3, cell membrane formation 4, regulation of signalling pathways 5, and overall 

growth and development 6. In general, healthy systemic lipid profiles in humans are 

characterized by normal levels of cholesterol, triglycerides and other lipids 7 whereas 

in disease states these lipid profiles can be disrupted. In addition to cardiovascular 

disease, changes in lipid profiles have been linked to diseases such as inflammatory 

conditions, impaired brain development and diabetes. High levels of triglycerides and 

low levels of high-density lipoprotein (HDL) are often observed in diabetic patients 8. 

This has been confirmed in an 8-year retrospective cohort study in Chinese adults by 

Zhao et al 9 where they concluded that there were significant associations between 

high levels of triglycerides and type-2 diabetes which suggests the importance and 

diverse role of lipid metabolism in health and disease. 

Lipid profiles in early life are crucial as adequate amounts and balances of lipids are 

necessary for normal growth and development. Lipid profiles in breast-fed and 

formula-fed infants have been shown to differ significantly. For example, Acharjee et 

al 10 have reported specific types of sphingo- and phospholipids as robust biomarkers 

to differentiate between formula- and breastfed infants. Iron, in part, makes an 

important difference between breast milk and formula milk, as breast milk contains 

very low concentrations of iron (~ 0.3mg/ L) compared to formula (1-12mg/ L) 11. In 

addition, iron and lipid metabolism are closely related since changes in systemic iron 

levels can affect systemic lipid profiles 12. An 1H NMR spectroscopy-based report by 

Rao et al 13 has shown significant differences in compositions of cerebrospinal fluid 

between anaemic and iron sufficient 7-month-old rhesus monkeys. Since lipids are a 

major part of brain structure, Vlasova et al 14 have observed the negative impact of 

IDA on brain development in non-human primate infants. More importantly they 

reported significant differences in anaemic subjects following iron repletion, 

compared to those having sustained normal iron status. This emphasises the 

importance of early diagnosis of iron deficiency, and subsequent iron 
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supplementation, in early life to limit the negative consequence of IDA on lipid 

profiles, and indirectly on brain development, as infants age.  

Iron supplements, including oral iron and intravenous iron therapy, are commonly 

used to treat IDA 15. These supplements can have a direct, as well as indirect, impact 

on lipid profiles. Directly, iron supplements can increase levels of iron storage 

markers in the body such as transferrin saturation and ferritin 16. High levels of these 

markers are associated with increased peroxidation of lipids leading to increased 

risks of cardiac diseases 17. A study in Iranian men (age 50-58) by Pourmoghaddas 

et al 18 has shown a strong association between high serum ferritin levels and 

coronary heart disease. Indirectly, Iron supplements can alter the composition and 

diversity of the gut microbiota 19 which plays a critical role in lipid metabolism 20. One 

way in which the gut microbiome can affect lipid metabolism is through the 

production of short-chain fatty acids (SCFAs) 21. These SCFAs, particularly acetate, 

propionate, and butyrate, can affect the expression of genes involved in lipid 

metabolism and reduce the absorption of lipids from the gut 22. Additionally, the gut 

microbiome can affect the absorption and metabolism of bile acids, which are 

essential for the digestion and absorption of lipids 23. In mice, Besten et al 24 have 

observed that propionate, butyrate and acetate can affect the expression of genes 

associated with hepatic metabolic pathways. For example, they concluded that 

caecal acetate and butyrate were crucial SCFA for mammalian lipid metabolism, 

while propionate is mainly involved in glucogenesis.  

As previously detailed in chapter 1, pigs have been widely used as models for 

humans in a considerable range of nutritional studies 25, 26. In relation to our study, 

lipid metabolism in pigs is  largely comparable to that in humans, with  similar fatty 

acid compositions in cell membranes between the two species 27, This is consistent 

with pigs being suitable models for exploring lipid-related bioprocesses such as the 

role of different types of lipids in overall growth performance 28. In addition to being a 

natural IDA model 29, pigs have similar responses to diet 30 and genetic manipulation 

as humans do 31. Consequently, pigs are valuable models for determining the effects 

of iron deficiency and iron supplementation on lipid metabolism, thus providing 

valuable insights into human lipid metabolism and potential therapies for lipid-related 

disorders. However, there is currently a paucity of knowledge of lipid profiling in infant 
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pigs, especially in in relation to the impact of iron status on these profiles. However, 

Shao et al 32 have reported the impact of abrupt weaning on lipid composition in 

jejunal crypt cells, where they established that certain types of phospho- and 

sphingolipids were reliable biomarkers for weaning stress. To the best of our 

knowledge, lipidomic profiles have not been explored in relation to IDA and iron 

supplementation in humans, or other species.  

4.2 Hypotheses 

Hypothesis 1 

Since iron has both direct and indirect roles in overall growth, and lipids are basic 

building blocks for these processes, IDA will result in disruptions in systemic lipidomic 

profiles.  

Hypothesis 2 

Depending on microbial requirements, iron availability will generate selective 

advantages and disadvantages for different bacterial taxa present in gut microbiotas. 

Different types of iron supplementation will result in differential lipidomic profiles. 

4.3 Aim 

The aim of this study was to identify disruptions in lipidomic profiles in response to 

IDA, and how different types of iron supplementations could correct or/and change 

these profiles using piglet models for human infants.  

4.4 Objectives 
4. To determine whether IDA disrupts systemic lipid profiles in infants using 

piglet models. 

5. To quantify the impact of different types of iron supplementation on 

lipidomic profiles, use liquid chromatography mass spectrometry (LC-MS). 

4.5 Materials and Methods 
4.5.1 Animal Model 

To assess the impact of iron deficiency anaemia (IDA) and different types of iron 

treatments on systemic lipid profiles, 24 large white F1 hybrid piglets from 6 litters were 

allocated into 4 litter- and sex-matched (3 male + 3 female) treatment groups at 1 day 
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old. Treatments were group 1. Control (no iron treatment): 2. Intramuscular iron (IM) 

injection (200mg Fe): 3. Iron supplemented (FeSO4) sow milk replacer (SMR) (oral iron; 

150mg/kg body weight/day): 4. IM and oral iron, as detailed in Figure 2.1.  

Additionally, we distributed the treatments in two different manners for analysis purposes 

to see whether overall supplementation or different type of iron supplementation 

influence the lipidomic profiles. The second set of treatments was group 1. Control (no 

iron supplementation, n=6): group 2. Iron supplementation (IM iron or/and oral iron, n=18) 

(figure 3.1). The third set of treatments was group 1. IM iron (n=6): groupv2. Oral iron 

(with and without IM iron, n=12) (figure 3.2).  

4.5.2 Sample collection 

Blood samples were collected weekly from day 1 in EDTA vacutainers (BD Vacutainer®). 

These samples were centrifuged at centrifuged at 15000 g for 10 minutes at 4oC. All 

above samples were then stored at -80oC.  

4.5.3 Analysis 

4.5.3.1 Systemic lipid profile 

We quantified 360 lipids (of 20 different types) in plasma samples using LC-MS. Those 
twenty types are given below.  

Carn = acyl-carnitines 

Cer = ceramides 

CL = cardiolipins 

GM1 = gangliosides 

Hex-cer = hexosylceramides 

LPC = lysophoshatidycholines 

LPE = lysophosphatidylethanolamines 

LPI = lysophosphatidyinositols 

PI = phosphatidyinositols 

PS = phosphatidylserines 

Mono-lyso_CL = monolyso cardiolipins 

DG = diacylglycerides 
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MG = monoacylglycerides 

PA = phosphtidic acids 

PC = phosphatidylcholines 

PE = phosphatidylethanolamines 

PG = phosphatidylglycerols 

SM - sphingomyelins 

S - sulfatides 

TG – triacylglycerides 

 

4.5.3.1.1 Sample preparation 
The protein-precipitation liquid extraction protocol has previously been described. 

(Jenkins et al., 2020)33. Briefly, 50 µL of plasma was transferred into 2 mL screw cap 

Eppendorf plastic tube (Eppendorf, Stevenage, UK). Immediately, 650 µL of chloroform was 

added to each sample, followed by thorough mixing. Then, 100 µL of the LIPID-IS (5 µM in 

methanol), 100 µL of the CARNITINE-IS (5 µM in methanol) and 150 µL of methanol was 

added to each sample, followed by thorough mixing. Then, 400 µL of acetone was added to 

each sample. The samples were vortexed and centrifuged for 10 minutes at ~20,000 g to 

pellet any insoluble material. The supernatant was pipetted into separate 2 mL screw cap 

amber-glass auto-sampler vials (Agilent Technologies, Cheadle, United Kingdom). The 

organic extracts were dried down to dryness using a Concentrator Plus system (Eppendorf, 

Stevenage, UK) run for 60 minutes at 60 degrees Celsius. The samples were reconstituted in 

100 µL of 2: 1: 1 (propan-2-ol, acetonitrile and water, respectively) then thoroughly vortex. 

The reconstituted sample was transferred into a 250 μL low-volume vial insert inside a 2 mL 

amber glass auto-sample vial ready for liquid chromatography with mass spectrometry 

detection (LC-MS) analysis. 

 

4.5.3.1.2 Liquid chromatography mass spectrometry  
Full chromatographic separation of intact lipids was achieved using Shimadzu HPLC 

System (Shimadzu UK Limited, Milton Keynes, UK) with the injection of 10 µL onto a Waters 

Acquity UPLC® CSH C18 column (Waters, Hertfordshire, UK); 1.7 µm, I.D. 2.1 mm X 50 

mm, maintained at 55 degrees Celsius. Mobile phase A was 6:4, acetonitrile and water with 

10 mM ammonium formate. Mobile phase B was 9:1, propan-2-ol and acetonitrile with 10 

mM ammonium formate. The flow was maintained at 500 µL per minute through the following 

gradient: 0.00 minutes_40% mobile phase B; 0.40 minutes_43% mobile phase B; 0.45 
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minutes_50% mobile phase B; 2.40 minutes_54% mobile phase B; 2.45 minutes_70% 

mobile phase B; 7.00 minutes_99% mobile phase B; 8.00 minutes_99% mobile phase B; 8.3 

minutes_40% mobile phase B; 10 minutes_40% mobile phase B. The sample injection 

needle was washed using 9:1, 2-propan-2-ol and acetonitrile. The mass spectrometer used 

was the Thermo Scientific Exactive Orbitrap with a heated electrospray ionisation source 

(Thermo Fisher Scientific, Hemel Hempstead, UK). The mass spectrometer was calibrated 

immediately before sample analysis using positive and negative ionisation calibration 

solution (recommended by Thermo Scientific). Additionally, the mass spectrometer scan rate 

was set at 4 Hz, giving a resolution of 25,000 (at 200 m/z) with a full-scan range of m/z 100 

to 1,800 with continuous switching between positive and negative mode.  

 

4.6 Statistical analysis 

LCMS data (absolute values in uM) were refined using MS Excel (Microsoft ®) and 

analysed with general linear modelling in SPSS version 26.0 (IBM SPSS, Inc., 

Chicago, IL, USA) using ‘treatment’, and ‘litter’ as factors. A value of p<0.05 was 

considered to be significant.  

4.7 Results 
4.7.1 Impact of iron deficiency anaemia on cellular lipid molecular species 

4.7.1.1 Iron deficiency anaemia was associated with reduced systemic 
ganglioside (GM1), lysophosphatidylcholines (PC), and 
phosphatidylcholine (LPC) concentrations 

Systemic concentrations of four GM1 (34:1, 34:1-OH, 34:0, 36:0) were significantly 

reduced in anaemic piglets (p<0.05) compared to their siblings which received iron 

supplementation (IM or/and oral iron), between the day 7 and day 28 (Figure 4.1).  

Systemic concentrations of different isoforms of lysophosphatidylcholines (LPC) 

(16:0, 17:0, 18:0, 19:0, 20:3) in piglets not receiving iron were significantly reduced 

(p<0.05) compared to their siblings which received iron treatment (IM or/and oral 

iron), between the day 7 and day 28 (Figure 4.2a-e). Similarly, PC (38:0) 

concentration was significantly reduced (p<0.05) in non-supplemented piglets 

compared to their iron supplemented counter parts over the period of 21 days 

(Figure 4.2f). 
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Figure 4. 1. Impact of iron deficiency anaemia (IDA) and iron treatment on systemic 

concentrations of ganglioside (GM1) between day 7 and 28. Control group piglets were not 

iron treated and developed IDA however iron-treated litter-matched piglets were given 

intramuscular iron injection (200mg, one dose) and/or oral iron supplement (FeSO4, 

150mg/day). (a), GM1 (34:1); (b), GM1 (34:1-OH); (c), GM1 (34:0), and (d), GM1 (36:0). 

n=6 litter-matched piglets in control group; n=18 litter-matched piglets in iron treated groups. 

Error bars = SEM, * p<0.05. 
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Figure 4. 2. Impact of iron deficiency anaemia (IDA) and iron treatments on systemic 

concentrations of lysophoshatidycholines (LPC) and phoshatidycholine (PC) by 21 days 

old. Control group piglets were left non-iron treated and IDA, however iron treated pigs were 

given intramuscular iron injection (200mg, one dose) or/and oral iron supplement (FeSO4
, 

150mg/day) (Figure 3.1). (a), LPC (16:0); (b), LPC (17:0); (c), LPC (18:0); (d), LPC (19:0); 

(e), LPC (20:3); (f), PC (38:0). n=6 litter-matched piglets in control group; n=18 litter-

matched piglets in iron treated groups. Error bars = SEM, * p<0.05. 

4.7.1.2 Cognitive maturation may be influenced by the iron status 

Non-supplemented piglets were observed with significantly reduced systemic 

concentrations (p<0.05) of two different isoforms of SM (42:2, 40:1) compared to their 

iron supplemented siblings (figure 4.3). Similarly, Systemic concentrations of 

different isoforms of S (33:0-OH, 34:0, 34:1-OH, 36:1-OH, 38:1-OH) in piglets 

receiving no-iron treatment were significantly reduced (p<0.05) compared to their 



100 
 

siblings which received iron treatment (IM or/and oral iron), between the day 7 and 

day 28 (Figure 4.4). 

 

Figure 4. 3. Impact of iron deficiency anaemia (IDA) and iron treatments on 

concentrations of sphingomyelins (SM) between day 7 and day 28. Control group piglets 

remained non-iron treated and developed iron deficiency (IDA), however iron treated pigs 

were given intramuscular iron injection (200mg, one dose at 24h) or/and oral iron supplement 

(FeSO4, 150mg/day) (Figure 3.1). (a), SM (42:2); (b), SM (40:1). n=6 litter-matched piglets 

in control group; n=18 litter-matched piglets in iron treated group. Error bars = SEM, * 

p<0.05. 

4.7.1.3 Iron deficiency anaemia and iron supplementation, both were linked 
with reduction in certain isoforms of hexosylceramides  

Systemic concentration of Hex-cer (34:2) in piglets not receiving iron was significantly 

reduced (p<0.05) compared to their siblings which receiving iron treatment (IM or/and 

oral iron), between the day 7 and day 28. However, Hex-cer (35:0) concentration was 

significantly reduced in response to iron treatment against their non-supplemented 

siblings (Figure 4.5). 
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Figure 4. 4. Impact of iron deficiency anaemia (IDA) and iron treatments on systemic 

concentrations of sulfatides (S) between day 7 and 28. Control group piglets were left non-

iron treated and developed iron deficiency (IDA), however iron treated pigs were given 

intramuscular iron injection (200mg, one dose) or/and oral iron supplement (FeSO4, 

150mg/day) (Figure 4.1). (a), S (33:0-OH); (b), S (34:0); (c), S (34:1-OH); (d), S (36:1-OH); 

(e), S (38:1-OH). n=6 litter-matched piglets in control group; n=18 litter-matched piglets in 

iron treated groups. Error bars = SEM, * p<0.05, ** p<0.01. 
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Figure 4. 5. Impact of iron deficiency anaemia (IDA) and iron treatments on systemic 

concentrations of different hexosylceramides (Hex-cer) between day 7 and 28. Control 

group piglets were left non-iron treated and developed iron deficiency (IDA), however iron 

treated pigs were given intramuscular iron injection (200mg, one dose) or/and oral iron 

supplement (FeSO4, 150mg/day) (Figure 4.1). (a), Hex-cer (34:2); (b), Hex-cer (35:0). n=6 

litter-matched piglets in control group; n=18 litter-matched piglets in iron treated groups. 

Error bars = SEM, * p<0.05. 

4.7.2 Type of iron supplementation may influence the lipidomic profiles  

4.7.2.1 Oral iron supplementation is associated with reduction in ceramide, 
phoshatidycholine and lysophoshatidycholines levels 

Systemic concentrations of two isoforms of Cer (40:0, 41:0) in piglets receiving oral 

iron treatment (with or without IM iron treatment) were significantly reduced (p<0.05) 

compared to IM iron treated siblings, over the period of three weeks (Figure 4.6).   

Systemic concentration of PC (38:0) in piglets receiving oral iron treatment (with or 

without IM iron treatment) were significantly reduced (p<0.05) compared to IM treated 

counterparts, between the day 7 and day 28 (Figure 3.2). Similarly, LPC (20:3) 

concentration was significantly reduced in response to oral iron treatment compared 

to IM iron treatment (Figure 4.7). 

4.7.2.2 Intramuscular iron caused reduction in phosphatidylglycerol (PG), 
cardiolipins (CL), and phosphatidylserine (PS) concentrations 

Systemic concentrations of two isoforms of PG (40:4, 32:0) in piglets receiving IM 

iron were significantly reduced (p<0.05) compared to oral iron treated siblings (with or 

without IM iron treatment) siblings, over the period of 21 days (Figure 4.10).   

CL (66:7) concentration in plasma was significantly reduced (p<0.05) in IM iron 

treated piglets compared to oral iron treatment, between the day 7 and day 28 



103 
 

(Figure 4.2). Similarly, Mono-lyso-CL (53:5) concentration was significantly reduced 

(p<0.05) in response to IM iron treatment compared to oral iron treatment (Figure 

4.11). 

IM iron treated piglets were observed with significantly reduced systemic 

concentrations (p<0.05) of PS (40:2) compared to their oral iron treated siblings 

(figure 4.3). On the contrary, GM1 (34:0) concentration was significantly reduced 

(p<0.05) in response to oral iron treatment compared to IM iron treated piglets 

(figure 4.12). 

Analysing the lipidomic data as per treatment plan shown in figure 2.1 did not result 

in any significant results between all four treatments. Additionally, the data was also 

analysed using ‘sex’ as a factor which did not show significant differences between 

male and female piglets. 

 

Figure 4. 6. Impact of IM iron and oral iron treatments on systemic concentrations of 

ceramides (Cer) between day 7 and 28. IM iron group piglets were administered 200mg 

iron injection and oral iron group was given FeSO4 (150mg/day) in sow milk replacer (Figure 

3.2) with or with IM iron injection. (a), Cer (40:0); (b), Cer (41:0). n=6 litter-matched piglets 

in IM iron group; n=12 litter-matched piglets in oral iron supplemented group. Error bars = 

SEM, * p<0.05. 
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Figure 4. 7. Impact of IM and oral iron treatments on Systemic concentrations of 

phoshatidycholine (PC) and lysophoshatidycholines (LPC) over the period of 21 days. 

IM iron group piglets were administered 200mg iron injection and oral iron group was given 

FeSO4 (150mg/day) in sow milk replacer (Figure 3.2) with or with IM iron injection. (a), PC 

(38:0); (b), LPC (20:3). n=6 litter-matched piglets in IM iron group; n=12 litter-matched 

piglets in oral iron supplemented group. Error bars = SEM, * p<0.05. 

 

 

Figure 4.8: Impact of IM and oral iron treatments on systemic concentrations of two 

different types of phosphatidylglycerols (PG) between day 7 and 28. IM iron group piglets 

were administered 200mg iron injection and oral iron group was given FeSO4 (150mg/Kg) in 

sow milk replacer (Figure 3.2) with or with IM iron injection. (a), PG (40:4); (b), PG (32:0). 

n=6 litter-matched piglets in IM iron group; n=12 litter-matched piglets in oral iron 

supplemented group. Error bars = SEM, * p<0.05. 
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Figure 4.9: Impact of IM and oral iron treatments on systemic concentrations of 

cardiolipin (CL) and monolyso-cardiolipins (Mono-lys-cl) in 3-week time. IM iron group 

piglets were administered 200mg iron injection and oral iron group was given FeSO4 

(150mg/Kg) in sow milk replacer (Figure 4.2) with or with IM iron injection. (a), CL (66:7); 

(b), Mono-lys-cl (53:5). n=6 litter-matched piglets in IM iron group; n=12 litter-matched 

piglets in oral iron supplemented group. Error bars = SEM, * p<0.05. 

 

Figure 4.10: Impact of IM and oral iron treatments on systemic concentrations of 

phosphatidylserine (PS) and gangliosides (GM1) between day 7 and 28. IM iron group 

piglets were administered 200mg iron injection and oral iron group was given FeSO4 

(150mg/Kg) in sow milk replacer (Figure 4.2) with or with IM iron injection. (a), PS (40:2); 

(b), GM1 (34:0). n=6 litter-matched piglets in IM iron group; n=12 litter-matched piglets in 

oral iron supplemented group. Error bars = SEM, * p<0.05. 

 

4.8 Discussion 

Systemic lipids not only help to address high energy demands in mammals, but also 

perform several metabolic and physiological functions which contribute to normal 
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growth and development in infants and young children 34, 35. This includes brain 

development 36 and changes in systemic lipid profiles have been shown to affect 

cognitive function 37, 38. Here, the impact of IDA and different types of iron treatments 

on lipidomic profiles during infancy were assessed. This study demonstrated that IDA 

was associated with significantly reduced levels of gangliosides (GM1), 

lysophosphatidylcholines (LPC), phosphatidylcholine (PC), and certain isoforms of 

hexosylceramides (Hex-cer) in plasma in 28-day old piglets compared to their iron 

replete siblings. We also demonstrated that the type of iron treatment appears to play 

an important role in modulating lipidomic profiles in neonatal piglets; oral iron 

supplementation was associated with significant reductions in concentrations of 

specific ceramides (Cer), PC, LPC levels, while intramuscular iron treatment caused 

a reduction in phosphatidylglycerol (PG) and phosphatidylserine (PS) concentrations. 

To the best of our knowledge, this is the first time different types of iron 

supplementation have been linked to changes in systemic lipid profiles in neonates. 

Sialic acid residue containing gangliosides (GM) are complex glycol-sphingolipids 39 

found in high concentrations in the nervous system in mammals, particularly in the 

brain 40. Breast milk is a rich source of GMs, and nutrition has been shown to 

influence systemic levels of GM 41. This was demonstrated in a study conducted by 

Wang et al 42 in infants who died of sudden infant death syndrome. These infants 

were observed to have had higher levels (32%) of sialic acid bound GMs present in 

brain (frontal cortex grey matter) of breastfed infants (n=12) compared to their 

formula-fed counterparts (n=10). In addition, a recent observational study conducted 

in Chinese pre-term infants (approximately 32-week gestation) by Zhang et al 43 

where those fed breastmilk (n=34) had greater regional grey matter development and 

subsequent function compared to formula-fed counterparts (n=22). Grey matter is 

responsible for movement control, memory and emotions 44. Although this is not 

direct evidence confirming the impact of iron on GMs, iron concentration is an 

important difference between breast milk (~0.4mg/L) and formula milk (8-14mg/L). 

This means, perhaps, higher dietary iron concentrations may, in parts, play a 

negative role in GM metabolism. Another explanation for this, perhaps, could be that 

GM metabolism is independent of iron, and IDA or iron supplementation may not 

influence the GM metabolism as breastmilk contains very low amount of iron. An 

important consideration is that all piglets in our study were fed sow milk replacer 
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(SMR) in the absence of sow milk. Consequently, in relation to iron concentration, 

our findings are inconsistent with the finding of Wang et al who showed that 

breastmilk fed infants (low iron concentration) had higher concentrations of sialic acid 

bound GMs, while 66% of piglets with higher levels of GM1s in our study were iron 

treated (fed on oral iron supplement at 150mg/day), if compared to iron 

concentrations of human formula milk. However, they did not report the iron status of 

subjects, which is a limitation.  

A study in 630 first-time mothers by Henly et al 45 showed that IDA during lactation 

can result in a decreased milk production and quality. Although there is currently no 

direct evidence regarding the role of iron in GM metabolism, this may suggest that, 

perhaps, GM concentration may be indirectly influenced by iron status as GM are 

significant proportion of human milk lipid profile. Some studies have suggested that 

overall dietary supplementation with gangliosides may have benefits for brain 

development and cognitive function. For example, not specifically GM1, but impacts 

of overall GM consumption on brain and cognition development has been confirmed 

in piglets where Liu et al 46 reported the improved spatial learning and brain growth in 

response to formula feeding supplemented with gangliosides and phospholipids. 

Clearly, further research is required to fully understand the relationship between IDA 

and GM1 metabolism, as well as the potential benefits of iron treatment on systemic 

GM1 concentrations. 

Phospholipids such as LPC have been shown to play a significant role in the 

modulation of inflammation. LPC is formed by the hydrolysis of PC, which is a major 

component of cell membranes. Although we did not assess markers of inflammation 

in our piglets in response to IDA and iron supplementation, we have previously 

shown that systemic hepcidin, an inflammatory marker released by hepatocytes, is 

significantly increased in oral iron supplemented piglets 47. Systemic levels of 

hepcidin are raised during inflammation and is part of a key protective mechanism by 

internalizing ferroportin to limit further influx of iron into the system. Trovato et al 48 

reported that LPC (18:0) and LPC (16:1) were significantly high in adult patients with 

acute liver failure (n=96) compared to healthy controls (n=71). This may, in part, be 

consistent with our study as we have demonstrated increased levels of these LPC in 

iron supplemented piglets and reported higher levels of hepcidin in our published 
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work 47, especially in oral iron supplemented piglets at day 28. However, the overall 

role of LPC in inflammation is complex and context dependent; while it can act as 

both a pro-inflammatory and an anti-inflammatory mediator, the balance between 

these effects may depend on the specific cell types and signalling pathways involved. 

Understanding the mechanisms underlying the role of LPC in inflammation may 

provide new opportunities for the development of therapeutic interventions for 

inflammatory diseases. 

Around 36% of the complex lipids present in human milk are sphingomyelins (SM) 49, 

a sphingolipid crucial for the formation of myelin sheaths, the fatty layer which 

insulates nerve fibres resulting in increased efficiency of impulse transmission 50,51. 

Myelin is around 70% lipid 52, of which 7% are sulfatides (S) 53. Iron is required for the 

synthesis of myelin as it is a critical component of the enzymes involved in myelin 

assembly 54. Specifically, iron is involved in the maturation and differentiation of 

oligodendrocytes, the cells responsible for myelin production in the central nervous 

system 55. ID can impair myelin synthesis and result in abnormal myelin composition, 

including decreased levels of associated lipids such as S and SM 56. Here we report 

significant reductions in concentrations of systemic SM and S in anaemic piglets 

compared to their iron treated siblings. Studies have shown that ID can lead to 

impaired myelination 57, which can result in delayed cognitive development and 

reduced cognitive function 57. Additionally, iron is required for oxidative metabolism, 

which occurs at a higher rate in oligodendrocytes than other cells in the brain 58. 

However, certain factors such as cytokines and conditions like ID may decrease iron 

acquisition by oligodendrocytes. These cells have high levels of iron in their 

cytoplasm, making them more susceptible to oxidative injury which can have 

negative effects on myelin production and the survival of oligodendrocytes 59. Overall, 

this is consistent with iron being essential for myelination and cognitive development, 

and that maintaining adequate iron levels is crucial for optimal neurodevelopmental 

outcomes. 

4.9 Conclusion 

In conclusion, to the best of our knowledge, we present the first study to explore the 

direct impact of IDA and iron treatments on systemic lipidomic profiles. IDA may, 

directly or indirectly, affect phospho- and sphingolipid metabolism which contribute to 
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brain growth and cognitive development. There is currently a paucity of knowledge in 

this area, despite the recognised detrimental effects IDA has on neurodevelopment. 

Iron modulates lipid metabolism through its interaction with several key enzymes and 

regulatory proteins involved in lipid synthesis and transport. These findings have 

implications for understanding the role of iron in cellular function and metabolism and 

may inform future research on the effects of ID and iron supplementation on health 

outcomes. Lipids play key roles in neurodevelopment and lack of iron during ID and 

IDA may disrupt lipid metabolism via downregulation of the specific enzymes 

involved in this process. Further research is required to identify potential links 

between lipid concentrations and inflammation to determine the mechanisms 

involved. 
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CHAPTER 5  

General Discussion 

Iron is an essential micronutrient required for many physiological processes in the 

body, including the formation of red blood cells, transport of oxygen, and overall 

growth and development 1. Iron deficiency (ID) is a common problem worldwide, 

particularly among infants and young children 2. Globally, an estimated 273 million 

infants and young children (<5 years) suffer from iron deficiency anaemia (IDA) 3, 

which can lead to impaired physical and cognitive development, and increased 

morbidity and mortality 4. To address this major public health concern, universal iron 

treatment programmes for infants and young children in low- and middle-income 

countries (LMICs) are widespread. However, the success of these programmes has 

been questioned because of several associated challenges 5. These programmes are 

usually untargeted and therefore include high percentages of non-ID individuals. In 

addition, universal iron-associated challenges include limited iron absorption across 

the intestinal tract 6 and whether iron status of the subject is in relation to specific 

inflammatory gut conditions which are known to interfere with iron absorption 

pathways 7.  Oral iron supplementation is also commonly linked with negative side 

effects, including gastrointestinal distress, nausea, constipation, and diarrhoea 8. Oral 

iron supplementations have also been linked to increased risks of enteric infections 9 

and even increased morbidity and mortality from malaria 10.  

There is growing evidence that dietary iron may impact on the gut microbiota, 

resulting in dysbiosis 11. Since normal patterns of microbial colonisation of the gut 

during early-life are essential for healthy physiological development, deviations from 

this can have longer-term health implications, especially for later immune and 

metabolic functionality. In practice, implementing successful iron supplementation 

programmes, where appropriate levels of iron are administered at the appropriate 

time to appropriate individuals can be problematic, especially in LMICs. This is due to 

limited coverage and uptake, infrastructure and high prevalence of additional health 

conditions. Clearly, better understanding of IDA in early life would inform the 

development of improved strategies to reduce the health and economic burden of 

this global issue without the current debilitating side effects. This body of work 

explored the impact of IDA on the gut microbiota, metabolism and lipid profiles in 
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neonatal piglet models for human infants. It then assessed the efficacy of different 

iron treatments in reducing IDA whilst focusing on how they effected early microbial 

colonisation in the gut, metabolic development and their impact on systemic lipid 

profiles.   

Partial absorption of dietary iron contained in food and supplements is a persistent 

and considerable obstacle in the treatment of ID and IDA. Typically, oral iron salt 

absorption is highly inefficient and varies between 2% and 13% under normal 

conditions but can be improved, to some extent, to between 5% and 28% if 

administered following fasting 12. However, a recent  randomized, single-blind, 

crossover study in ID women demonstrated that coadministration of 15g of galacto-

oligosaccharides (GOS) or  fructo-oligosaccharides (FOS) and a single 100 mg Fe 

tablet, labelled with 4 mg 57Fe or 58Fe, resulted in 45% and 51% increases in 

absorption respectively compared to counterparts who received carbohydrate-based 

placebos 13. Similarly, a 4 week study in iron-sufficient adult Sprague-Dawley rats 

demonstrated an 8% increase in iron adsorption from standard feed when fortified 

(5g/100g feed) with GOS 14. The disparities in efficacy between these human and 

rodent trials could be linked with iron status, or species differences. Some probiotic 

strains have also been demonstrated to improve iron uptake, as recently reviewed by 

Rusu et al 15. For example, meta-analysis of 15 studies found significant 

improvements in iron uptake in response to co-administration with Lactobacillus 

plantarum 299v (Lp299v), but not for other probiotic lactobacilli strains 16. Consistent 

with these findings, a clinical trial conducted in pre-school children (n=190) by Silva 

et al 17 concluded that children who received iron-fortified fermented milk containing 

Lactobacillus acidophilus presented with higher increases in systemic haemoglobin 

(Hb) compared to counterparts who received iron-fortified, non-fermented milk. 

Similarly, a  study in 66 Indonesian children (5-12 years) by Manoppo et al 18 

indicated that the children administered Lactobacillus reuteri DSM 17938 alongside 

oral iron supplementation were observed with higher reticulocyte haemoglobin 

equivalent compared to those receiving iron supplement alone. The mechanism 

appears to be largely via probiotic-induced reduction of luminal Fe3+ to Fe2+ and thus 

promotion of iron uptake by enterocytes 15. Although further work in this area is 

required, taken together the findings above suggest that co-administration of specific 

pre- or probiotics with oral iron treatments offers promise in reducing the amount of 
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oral iron required to address ID and IDA, which could limit the associated side-effects 

whilst also reducing the amount of non-absrbed iron available to the gut microbiota.  

Since both GOS and FOS are established prebiotics known to selectively stimulate 

growth and activity of beneficial microbial strains residing in the gut 19, 20, there is 

potential for both supplements to reduce the impact of increased luminal iron 

availability on microbial population skewing to a less beneficial phenotype. This could 

be especially relevant for Lactobacillaceae which are abundant in healthy infant guts 

21. This is because, as previously mentioned, Lactobacillaceae have very limited 

requirements for iron and so are disadvantaged under iron-rich conditions. Along with 

specific pre- and probiotics appearing to increase iron absorption in infants and 

young children, there is also potential for these supplements to further promote gut 

health during oral iron supplementation at critical early stages of gut microbiota 

development. For example, Lp299v has been shown to reduce the incidence and/or 

severity of a range of enteric infections, and to prevent E. coli attachment to 

enterocytes and the associated tight cell junction disruption in Caco-2 monolayers 22, 

23, 24, 25, which occur under high iron availability conditions. Consistent with this, a 

randomized, double blind, controlled trial conducted in 155 Kenyan infants (age 6.5-

9.5 months) by Paganini et al 26 determined that GOS helped to improve a number of 

negative side-effects associated with oral iron treatments. Specifically, the infants 

who received GOS in combination with iron containing micronutrient powder (Fe-

MNP) had significantly higher abundances of Lactobacillus and Bifidobacterium along 

with decreased expression of toxin-encoding and other virulence-factor associated 

genes, and reductions in biomarkers of enterocyte damage compared to those 

children who received Fe-MNP in the absence of GOS. Given that oral iron 

availability is also associated with increased enteric infection, such probiotics and 

prebiotics may be beneficial in limiting some of the side-effects associated with oral 

iron treatments in addition to their roles in increasing iron adsorption.  

Nano encapsulation involves the packaging of target nutritional or pharmacological 

elements, such as iron, within a protective coating or matrix 27. This technique has 

recently been explored as a means of reducing the negative effects of oral iron 

supplementation on gut microbiotas. For example, the research published by Pereira 

et al 28, which involved a randomized, double-blind, placebo-controlled trial in mild-
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moderately ID, pre-menopausal females, along with a pilot study in rats, investigated 

the use of nano-iron (nano-Fe) compared to conventional soluble iron supplements 

(FeSO4). They reported that the nano-Fe supplement was well-tolerated as it did not 

accumulate in intestinal mucosa and resulted in significantly higher iron bioavailability 

(~ 80%) than FeSO4 in humans and was observed to be 14-fold less toxic than 

FeSO4. In their rat study, they reported higher abundances of Lactobacillus and lower 

abundances of Escherichia in subjects receiving nano-Fe, compared to FeSO4 

supplemented counterparts. This suggests that nano techniques may help to protect 

the active element within oral iron supplements whilst reducing the negative effects 

on gut microbiotas. Application of such technologies may have important implications 

for the quality of iron formulations and treatment of ID and IDA, particularly in 

vulnerable populations such as infants and young children. 

The program of work in this PhD has focused on ID and IDA, along with different 

forms of iron supplementation, in piglets as models for human infants.  However, as 

outlined in the introduction (chapter 1), ID and IDA are significant problems for pig 

industries worldwide. The pork exports from the UK were valued at £339M in 2021 

and thus make significant contributions to the British Agrifood industry 29.  

Commercially, piglets are weaned at 24-26 day old 30 which involves separation from 

sows, mixing in large unfamiliar groups and exposure to novel feed, environments 

and pathogens. This imposes abrupt and simultaneous stressors leading to various 

negative physiological changes in the gastro-intestinal tract. Consequently, piglets 

are extremely vulnerable to enteric infection leading to diarrhoea and increased 

morbidity and mortality at this time. In addition, piglets that fail to gain weight (or 

indeed lose weight) during the first 10 days post-weaning require an additional 

10 days to reach market weight 31. Post-weaning diarrhoea (PWD) is the most 

frequent cause of economic loss in the industry and novel approaches are urgently 

required to improve both productivity and welfare around weaning.  

At weaning, piglet diets are supplemented with high levels of zinc oxide (ZnO) since it 

stimulates weight gain32; this effect is largely achieved through its antimicrobial 

properties resulting in reductions in PWD caused by enteropathogens. However, the 

mechanisms of ZnO action are unknown. ZnO use in pigs increased following the 

ban on growth promoter antibiotics in 2006.  However, it is now thought that since 
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genes encoding antibiotic resistance and genes encoding zinc resistance often occur 

on the same plasmids, ZnO could actively promote the generation of antibiotic 

resistant microbes32, 33.  Zinc from pig farms is an established environmental pollutant 

and the prophylactic use of ZnO was banned in the EU in 2022, although use of 

current stocks is still permitted 34. It is highly likely that the UK will comply with this 

due to the desire for continued trade following Brexit.  According to the National Pig 

Association, this is the most urgent issue facing the pig industry as there are 

currently no reliable alternatives to ZnO administration in place.  Thus, there is a 

pressing need to find alternative approaches to using ZnO at weaning. 

This PhD has focused on the neonatal stage of development as changes at this 

critical time can have sustained effects on later health and physiological systems 

functionality. However, weaning is also a fundamental phase of development for the 

gut microbiota, and the microbiota is the primary driver of immune development35. 

Deviation from normal microbial colonisation may have a major impact on later 

immune functionality36 and is thus associated with a reduced ability to combat 

infection, as discussed in chapter 3.  Under normal conditions, the pre-weaned pig 

gut is largely iron-free since sow-milk contains limited iron (0.2-4mg/L) 37, as 

described in chapter 1. However, the introduction of iron at weaning (375mg/Kg) 

generates an abrupt iron-rich environment. As in humans, this promotes the growth 

of enteropathogenic populations with high-iron requirements whilst disadvantaging 

beneficial bacteria that have low-iron requirements. Following birth, piglets rapidly 

develop iron-deficiency anaemia, which we have exploited to generate valuable 

models of ID and IDA for human infants. In the pig industry, this is extremely 

problematic, and it is standard husbandry practice for piglets to receive an IM 

injection of 200mg of iron sulphate to alleviate this issue. Following this initial dose of 

IM iron, our piglets were not anaemic at weaning, while non-anaemic iron deficiency 

does not impair growth in pre-weaned piglets 38.  Given this, and the other findings 

reported from this PhD, it is questionable whether piglets should be exposed to high 

dietary iron levels at a time when their guts are already undergoing considerable 

disruption due to weaning and are at higher risk of enteric infections. Indeed, dietary 

iron within tolerable upper intake limits is associated with considerable physiological 

GI tract damage and diarrhoea 39 and could result from non-ID piglets receiving high 

dietary iron at weaning. In addition, our study showed that oral iron, with and without 
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IM iron, drove significant decreases in weight gain in pre-weaned piglets. It is not yet 

clear if this is also the case in weaner piglets. If it is, then this clearly has implications 

for pig industries where profit margins are already small and reduced further if piglets 

take longer to reach market weight.  Since ZnO reduces enteric infection at weaning 

partly by inhibiting microbial iron uptake, thus reducing pathogenic expansion, then 

initially weaning piglets onto iron-free diets could reduce enteropathogen growth and 

thus negate the need for ZnO. This could also reduce microbiota skewing during this 

important phase of development whilst reducing the prevalence of antibiotic 

resistance in pig industries. As there are no current strategies to replace ZnO once 

UK reserves are depleted, it follows that limiting iron at weaning could provide an 

effective and cost-efficient method to limit PWD whist also increasing weight gain. 

 

Malnutrition, the primary cause of death and disease worldwide, is a complex issue 

and fuelled by worsening dysfunctional global food systems. Malnutrition contributes 

to the development of environmental enteric dysfunction (EED) which has 

devastating consequences for development and effects 200 million children LMICs 

each year. The syndrome is defined by intestinal inflammation, reduced barrier 

function, increased susceptibility to enteric infection and reduced absorptive capacity. 

Development of the gut microbiota appears to be impaired in EED, and the 

inflammatory nature of this condition is highly likely to impair iron uptake from the gut, 

as described in chapter 1. There is currently no satisfactory animal model of human 

EED and biopsies from children are scarce, while early ID is difficult to model in very 

young animals due to their reliance on their mothers. Consequently, there is little 

understanding of the underlying cause, or the development of pathology in EED, nor 

how this common condition could reduce iron absorption which is especially relevant 

to LMICs. As detailed in chapter 1, pigs share many features of immunology, 

gastrointestinal physiology, metabolism, microbiology, and dietary requirements with 

humans 40, 41, 42, and are therefore valuable translatable models 43.  Additionally, 

precocial piglets are important models for studies of the impact of early nutrition on 

physiological development since their self-sufficiency permits early separation from 

their mothers, thus limiting the maternal influence at this critical period of 

developmental plasticity.  Importantly, many of the characteristic features of EED are 

routinely observed in piglets subjected to early, abrupt weaning. This causes 
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disruption of gut function with induced morphology similar to EED, and results in a 

‘growth check’ and increased susceptibility to a range of infectious diseases. Under 

normal conditions, the gut recovers within 2 weeks and piglets ‘catch up’ with 

gradually weaned counterparts in terms of weight gain. However, affected piglets 

later show distinct physiological ‘clustering’ compared to gradually weaned 

littermates. It could be that abrupt, early weaning triggers symptoms of EED and 

subsequent malnutrition, as occurs in some LMIC population, could prevent recovery, 

and thus generate a novel model for EED in human infants. Since piglets are also 

prone to developing dietary iron deficiency, there is potential to generate a combined 

model of both EED and IDA. Our results showed that oral iron drives reductions in 

weight gain in otherwise healthy neonatal piglets. This could have huge implications 

for infants with EED who already under-absorbing nutrients are. Therefore, this 

putative model of EED and IDA could be used not only to further understanding of ID 

and EED commodities, but also informing the development of strategies and 

intervention to improve iron absorption and decrease the negative side effects in 

extremely vulnerable children with EED.  

Conclusion 

In conclusion, this PhD has demonstrated that IDA has significant impacts on the 

developing microbiota, and both microbial- and host-derived metabolism using a 

piglet model for human infants. It also demonstrates that oral and IM iron treatments 

prevent the development of IDA with no discernible differences on parameters of 

anaemia or the production of host-derived systemic metabolic end products. 

However, oral iron, in comparison to IM iron, is linked with significant reductions in 

growth rates, disruptions to normal patterns of microbial colonisation in the gut and 

altered systemic lipid profiles, all of which have important consequences for human 

health and agrifood industries.  

Future Work 

Since oral iron supplementation is associated with side effects which includes gut 

microbial dysbiosis, diarrhoea, eneteric infection and even causing reduction in 

growth rate. In future, using certain pre- and probiotics with oral iron supplementation 

may help to mitigate the side effects of oral iron along with increased bioavailability of 

iron.  
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Appendices 

 

 

 

Table 3.1: Impact of iron deficiency anaemia and different types of iron supplementation on gut 

microbial profiles in rectal samples from 28 days old piglet, at phylum level. This table shows the 

microbial relative abundances (%) assessed through 16S rRNA sequencing. No significant differences 

were found between the different types of iron supplementation. Ordinary one-way ANOVA test was 

used for the statistical analysis among the different groups. Data presented as mean ± SEM, n=6 

piglets/treatment group.  
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Table 3.2: Impact of iron deficiency anaemia and iron supplementation on gut microbial profiles 

in rectal samples from 28 days old piglet, at phylum level. This table shows the microbial relative 

abundances (%) assessed through 16S rRNA sequencing. No significant differences were found 

between anaemic (control) and iron supplemented piglet siblings. Ordinary one-way ANOVA test was 

used for the statistical analysis among the different groups. Data presented as mean ± SEM, n=6 

(control); n= 18 (iron supplemented) piglets/treatment group.  
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Table 3.3: Impact of intramuscular iron (IM iron) and oral iron supplementation on gut 

microbial profiles in rectal samples from 28 days old piglet, at phylum level. This table shows the 

microbial relative abundances (%) assessed through 16S rRNA sequencing. No significant differences 

were found between IM, and iron supplemented piglet siblings. Ordinary one-way ANOVA test was 

used for the statistical analysis among the different groups. Data presented as mean ± SEM, n=6 (IM 

iron); n= 12 (oral iron) piglets/treatment group.  
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Table 3.4: Impact of iron deficiency anaemia and different types of iron supplementation on gut 

microbial profiles in rectal samples from 28 days old piglet, at class level. This table shows the 

microbial relative abundances (%) assessed through 16S rRNA sequencing. No significant differences 

were found between the different types of iron supplementation. Ordinary one-way ANOVA test was 

used for the statistical analysis among the different groups. Data presented as mean ± SEM, n=6 

piglets/treatment group.  
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Table 3.5: Impact of iron deficiency anaemia and iron supplementation on gut microbial profiles 

in rectal samples from 28 days old piglet, at class level. This table shows the microbial relative 

abundances (%) assessed through 16S rRNA sequencing. At class level, iron supplementation was 

associated with reduced abundance of Bacilli (0.02176; p=0.011), compared to anaemic counterparts 

(0.0833). Ordinary one-way ANOVA test was used for the statistical analysis among the different 

groups. Data presented as mean ± SEM, n=6 (control); n= 18 (iron supplemented) piglets/treatment 

group.  
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Table 3.6: Impact of intramuscular iron (IM iron) and oral iron supplementation on gut 

microbial profiles in rectal samples from 28 days old piglet, at class level. This table shows the 

microbial relative abundances (%) assessed through 16S rRNA sequencing. No significant differences 

were found between IM, and iron supplemented piglet siblings. Ordinary one-way ANOVA test was 

used for the statistical analysis among the different groups. Data presented as mean ± SEM, n=6 (IM 

iron); n= 12 (oral iron) piglets/treatment group.  
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Table 3.7: Impact of iron deficiency anaemia and different types of iron supplementation on gut 

microbial profiles in rectal samples from 28 days old piglet, at order level. This table shows the 

microbial relative abundances (%) assessed through 16S rRNA sequencing. No significant differences 

were found between the different types of iron supplementation. Ordinary one-way ANOVA test was 

used for the statistical analysis among the different groups. Data presented as mean ± SEM, n=6 

piglets/treatment group.  
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Table 3.8: Impact of iron deficiency anaemia and iron supplementation on gut microbial profiles 

in rectal samples from 28 days old piglet, at order level. This table shows the microbial relative 

abundances (%) assessed through 16S rRNA sequencing. Iron supplementation was associated with 

reduced abundance of Lactobacillales (0.02172; p=0.010), compared to anaemic siblings (0.0833). 

Ordinary one-way ANOVA test was used for the statistical analysis among the different groups. Data 

presented as mean ± SEM, n=6 (control); n= 18 (iron supplemented) piglets/treatment group.  

 

 

Table 3.9: Impact of intramuscular iron (IM iron) and oral iron supplementation on gut 

microbial profiles in rectal samples from 28 days old piglet, at order level. This table shows the 

microbial relative abundances (%) assessed through 16S rRNA sequencing. No significant differences 

were found between IM, and iron supplemented piglet siblings. Ordinary one-way ANOVA test was 

used for the statistical analysis among the different groups. Data presented as mean ± SEM, n=6 (IM 

iron); n= 12 (oral iron) piglets/treatment group.  
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Table 3.10: Impact of iron deficiency anaemia and different types of iron supplementation on 

gut microbial profiles in rectal samples from 28 days old piglet, at family level. This table shows 

the microbial relative abundances (%) assessed through 16S rRNA sequencing. Lachnospiraceae 

abundance was significantly higher (p=0.039) in IM supplemented (0.20667) piglets compared to 

anaemic (0.14833) and oral supplemented without- and with IM iron injected siblings (0.13833 and 

0.115 respectively). Ordinary one-way ANOVA test was used for the statistical analysis among the 

different groups. Data presented as mean ± SEM, n=6 piglets/treatment group.  
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Table 3.11: Impact of iron deficiency anaemia and iron supplementation on gut microbial 

profiles in rectal samples from 28 days old piglet, at family level. This table shows the microbial 

relative abundances (%) assessed through 16S rRNA sequencing. Iron supplementation was associated 

with reduced abundance of Lactobacillaceae family (0.02085; p=0.040), compared to anaemic siblings 

(0.07126). Ordinary one-way ANOVA test was used for the statistical analysis among the different 

groups. Data presented as mean ± SEM, n=6 (control); n= 18 (iron supplemented) piglets/treatment 

group.  
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Table 3.12: Impact of intramuscular iron (IM iron) and oral iron supplementation on gut 

microbial profiles in rectal samples from 28 days old piglet, at Genus level. This table shows the 

microbial relative abundances (%) assessed through 16S rRNA sequencing. Lachnospiraceae 

abundance was significantly reduced (p=0.013) in iron supplemented (0.12667) piglets compared to 

IM injected siblings (0.20667). Ordinary one-way ANOVA test was used for the statistical analysis 

among the different groups. Data presented as mean ± SEM, n=6 (IM iron); n= 12 (oral iron) 

piglets/treatment group.  
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Table 3.13: Impact of iron deficiency anaemia and different types of iron supplementation on 

gut microbial profiles in rectal samples from 28 days old piglet, at Genus level. This table shows 

the microbial relative abundances (%) assessed through 16S rRNA sequencing. Mogibacterium 

abundance was significantly higher (p=0.013) in anaemic piglets (0.00019) compared to IM 

supplemented (0.00002) and oral supplemented without- and with IM iron injected siblings (0.00007 

and 0.00002 respectively). Escherichia was also found in significantly higher abundance (p=0.041) in 
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IM injected piglets (0.0006) and oral & IM supplemented group (0.00078) compared to anaemic 

(0.00024) and oral supplemented siblings (0.00014). Ordinary one-way ANOVA test was used for the 

statistical analysis among the different groups. Data presented as mean ± SEM, n=6 piglets/treatment 

group.  

 

 

Table 3.14: Impact of iron deficiency anaemia and iron supplementation on gut microbial 

profiles in rectal samples from 28 days old piglet, at phylum level.  

This table shows the microbial relative abundances (%) assessed through 16S rRNA sequencing. Iron 

supplementation was associated with reduced abundance of Lactobacillus Genus (0.02085; p=0.040), 

compared to anaemic siblings (0.07126). Iron supplementation caused highly significant reduction in 

Mogibacterium abundance (0.00004; p=0.002) compared to anaemic siblings (0.00019). Clostridium-

1, and Clostridium-3 were also significantly reduced (p=0.05 and p=0.023) in response to iron 

supplementation. Ordinary one-way ANOVA test was used for the statistical analysis among the 

different groups. Data presented as mean ± SEM, n=6 (control); n= 18 (iron supplemented) 

piglets/treatment group.  
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Table 3.15: Impact of intramuscular iron (IM iron) and oral iron supplementation on gut 

microbial profiles in rectal samples from 28 days old piglet, at phylum level. This table shows the 

microbial relative abundances (%) assessed through 16S rRNA sequencing. Oral iron supplementation 

was associated with reduced abundance of Coprococcus Genus (0.00129; p=0.047), compared to IM 

injected siblings (0.00375).  Ordinary one-way ANOVA test was used for the statistical analysis 

among the different groups. Data presented as mean ± SEM, n=6 (IM iron); n= 12 (oral iron) 

piglets/treatment group.  

 


