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ABSTRACT

Background

Globally, iron deficiency is the most common nutrient deficiency and can lead to various adverse
health consequences. Iron absorption, circulation and storage are regulated by the hormone
hepcidin, which is expressed by the HAMP gene in the liver. Iron cannot be actively excreted by
the human body, thus hepcidin is released to decrease iron absorption and recycling to prevent
iron overload. Hepcidin expression is activated by high iron stores and by inflammation via the
inflammatory cytokine interleukin-6 (IL-6). This occurs via two main pathways known as the bone
morphogenetic protein—small mothers against decapentaplegic (BMP/SMAD) pathway (induced
by iron levels) and the JAK/STAT3 pathway (induced by IL-6).

Long chain omega-3 (n-3) fatty acids can resolve inflammation by acting as a precursor for the
synthesis of anti-inflammatory and pro-resolving lipid mediators. Low n-3 fatty acid status can
lead to a decreased ability by the host to resolve inflammation and sets off pro-inflammatory
signalling and increased IL-6 levels. Multiple nutrient deficiencies, such as a combined iron and
n-3 fatty acid deficiency, often co-exist in populations and individuals. The presence of a
combined iron deficiency with a low n-3 fatty acid status may lead to an inability to effectively
resolve inflammation and increased circulating IL-6 levels, therefore potentially leading to the
upregulation of hepcidin in an already iron deficient state, further hindering mechanisms to

improve iron status.

Aim and Objectives

Therefore, the aim of this study was to determine the effects of n-3 fatty acid and iron deficiency,
alone and in combination, on hepcidin regulation and lipid mediator (docosahexaenoic acid

(DHA)-, eicosapentaenoic acid (EPA)- and arachidonic acid (ARA)- derived) signalling in rats.

The objectives of this study were to investigate the effects of n-3 fatty acid and iron deficiency,
alone and in combination, on
A) Expression of the hepcidin regulatory pathway genes HAMP, BMP2 and TFR2 in rat liver.
B) ARA-derived 5-, 8-, 11-, 12- and 15- hydroxyeicosatetraenoic acid (HETE); EPA-derived
12-hydroxyeicosapentaenoic acid (HEPE) and DHA-derived 17-hydroxydocosahexaenoic
acid (HDHA) lipid mediators in rat plasma.
C) To determine the correlations of HAMP, BMP2 and TFR2 expression with plasma lipid

mediator concentrations in rats.



Design

Female Wistar rats were fed a standard or n-3 fatty acid deficient (FAD) diet. The female rats
were mated, and 39 male rats were included in the study with a 2x2 factorial. At weaning
(postnatal day 21), the male rats were fed either a 1) control, 2) iron deficient (ID), 3) n-3 FAD or
4) ID + n-3 FAD diet for five weeks. Expression of HAMP and the HAMP regulatory genes BMP2
and TFR2 was analysed in hepatic tissue using quantified real time polymerase chain reaction
(RT-gPCR). Peripheral lipid mediators such as ARA-derived pro-inflammatory lipid mediators, 5-
, 8-, 11-, 12- and 15-hydroxyeicosatetraenoic acid (HETE), EPA-derived anti-inflammatory 12-
hydroxyeicosapentaenoic acid (HEPE), and DHA-derived pro-resolving lipid mediator 17-
hydroxydocosahexaenoic acid (HDHA) were measured in plasma using liquid chromatography-

tandem mass spectrometry (LCMSMS).

Results

HAMP expression was significantly upregulated by ID, whilst BMP2 and TFR2 expression were
both downregulated. There was a significant effect of ID for higher ARA-derived 15-HETE, but
lower 5-HETE. Furthermore, there was a significant effect of ID for higher DHA-derived 17-HDHA,
whereas 17-HDHA was lowered by n-3 FAD. When compared to the control group, 17-HDHA was
significantly higher in the ID group but lower in the n-3 FAD group. 17-HDHA concentrations in
the ID+n-3 FAD group did not differ from the control group (p = 0.99). HAMP expression correlated
positively with 15-HETE and 17-HDHA and negatively with 5-HETE.

Conclusion

As expected, both iron level-dependent genes BMP2 and TFR2 were downregulated by ID.
However, the upregulation of HAMP expression by ID was unexpected and suggestive of
inflammation. The presence of inflammation in an ID state was confirmed by the effect of ID for
increased ARA-derived pro-inflammatory lipid mediators and DHA-derived inflammation-
resolving 17-HDHA levels. N-3 FAD alone did not induce HAMP expression, but may compromise

the inflammation-resolving capacity of rats with a concomitant ID.

Key terms

Hepcidin, HAMP, Iron, Iron deficiency (ID), Omega-3 polyunsaturated fatty acids (n-3 PUFA),
Fatty acid deficiency (FAD), Lipid mediators, Inflammation, Eicosapentaenoic acid (EPA),

Docosahexaenoic acid (DHA).
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CHAPTER 1: INTRODUCTION

Background and rationale

The global anaemia prevalence in 2011 was 32.9%, remaining a major public health burden. Iron
deficiency (ID) is the main cause of anaemia and an estimated 25% of the world’s population is
suffering from iron deficiency anaemia (IDA) (WHO, 2015). Low- and middle- income countries
have the highest prevalence (Kassebaum et al., 2014, Poggiali et al., 2014; Zimmerman & Hurrell,
2007). Iron is crucial to multiple biological functions in the body. Inadequate iron intake and
availability could lead to impaired oxygen transport to tissue via haemoglobin (Hb), oxygen
storage (as myoglobin) and erythropoiesis (synthesis of red blood cells (erythrocytes)). Iron is
also a component of various enzymes involved in metabolic processes, such as electron
transport, DNA synthesis and repair, as well as cell proliferation (Haas and Fairchild, 1988, Aisen
& Wessling-Resnick, 2001; Hentze et al., 2010, Kroot et al., 2011; Puig et al., 2017). Conversely,
increased iron levels can also be detrimental, resulting in increased reactive oxygen species
(ROS) that can oxidise lipids, proteins and DNA, leading to cell damage. Therefore, iron
metabolism is strictly regulated to prevent iron deficiency (ID) or iron overload (Ganz, 2013).

ID can develop due to inadequate dietary intake and/or absorption. The master regulator of iron
absorption and storage was found to be hepcidin, previously known as liver-expressed
antimicrobial peptide (LEAP-1) (Krause et al., 2000; Weinstein et al., 2002; Schibli et al., 2002;
Park et al., 2001; Flemming & Sly 2001). The hormone hepcidin decreases iron availability by
inhibiting intestinal absorption of dietary sources as well as the release of recycled iron already
available (from macrophages) resulting in reduced iron delivery to bone marrow for erythropoiesis
(Nicolas et al., 2001; Nicolas et al., 2002). Hepcidin is expressed by the HAMP gene and
expression is mediated by several processes, including iron levels and inflammation. Hepcidin
regulation mediated by inflammation (pro-inflammatory cytokines) is conducted via JAK/STAT3
signalling, whereas regulation via iron status (iron-mediated) in hepatocytes occurs via the bone
morphogenetic protein-small mothers against decapentaplegic (BMP-SMAD) pathway (Hunter et
al., 2002; Nicolas et al., 2001).

Similar to iron, studies also found that dietary intake of long chain polyunsaturated fatty acids

(LCPUFAS) are lower than the recommended adequate intake in low- and middle- income

countries (Briend et al., 2011; Forsyth et al., 2016; WHO/FAQO, 1994). Omega-3 (n-3) LCPUFAs

play vital roles in the structure and function of cell membranes, brain and nervous system

development and functioning, as well as the production of bioactive lipid mediators (Brenna et al.,

2009; Davis & Kris-Etherton, 2003; Calder, 2015a). As illustrated in figure 1-1, Eicosapentaenoic
12



acid (EPA; 20:5n-3), docosapentaenoic acid (DPA; 22:5n-3) and docosahexaenoic acid (DHA;
20:6n-3) are metabolically related and can be synthesised from plant-derived alpha-linolenic acid
(ALA; 18:3n-3), but this does not appear to happen effectively in humans (Brenna et al., 2009;
Burge & Calder, 2006; Adkins & Kelley, 2010). Therefore, dietary intake of sea food sources
(specifically fatty fish) are important to ensure EPA and DHA requirements are met. Diets high in
omega-6 (n-6) fatty acids (FAs), namely plant-derived linoleic acid (LA; 18:2n-6), above the
recommended 10% of total energy, can decrease the conversion rate of ALA to DHA. This was
observed in several animal studies and notably occurs even though dietary intake of ALA is above
the recommended level. Thus, due to competition at the desaturase level to convert n-6 LA to
arachidonic acid (ARA; 20:4n-6) or n-3 ALA to EPA and DHA, a diet very high in n-6 FAs can lead
to an EPA and DHA deficiency (Brenna, 2011; Gibson et al., 2011; Lands et al., 1990; Baker et
al., 2016).

Al5-desaturase

Linoleic acid (18:2n-6) _— a-Linolenic acid (18:3n-3)
(Plants only)
A6-desaturase l AB-desaturase
v
y-Linolenic acid (18:3n-6) Stearidonic acid (18:4n-3)
Elongase l Elongase
A\ 4
Dihomo-y-linolenic acid (20:3n-6) Eicosatetraenoic acid (20:4n-3)
A5-desaturase A5-desaturase
v
Arachidonic acid (ARA; 20:4n-6) Eicosapentaenoic acid (EPA; 20:5n-3)
Elongase
v

Docosapentaenoic acid (DPA; 22:5n-3)

Elongase
A6-desaturase

B-oxidation

Docosahexaenoic acid (DHA; 22:6n-3)

Figure 1-1: Metabolic elongation pathways with responsible enzymes of linoleic acid (n-
6) and a-linolenic acid (n-3) to long chain polyunsaturated fatty acids (PUFAS)

(Calder, 2015b). Printed with permission from the original author.
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The n-3 LCPUFAs, EPA and DHA are involved in resolving inflammation as precursors in the
synthesis of bioactive lipid metabolites that function as inflammation antagonists with potent anti-
inflammatory properties (Serhan et al., 2000; Calder, 2008; Khalfoun et al., 1997; Groeger et al.,
2010). An experiment analysing erythrocyte composition of rats fed a diet rich in ALA vs a diet
poor in ALA found that DHA was inversely correlated with plasma levels of pro-inflammatory
cytokines interleukin-6 (IL-6), tumour necrosis factor-alpha (TNF-a) and C-reactive protein (CRP)
(McNamara et al. 2010). Multiple studies found the same inverse correlation between serum n-3
FA levels and serum pro-inflammatory cytokine levels (Ferrucci et al., 2006; Micallef et al., 2009).

This can be due to altered inflammatory resolving in an n-3 fatty acid deficient (FAD) state.

Pro-inflammatory cytokine treatment of hepatocytes, specifically with IL-6, results in the
transcriptional induction of hepcidin (HAMP) expression via the JAK/STAT3 pathway (Nemeth et
al., 2003; Nemeth et al., 2004; Nicolas et al.,, 2001). Lee and colleagues found that the
combination of IL-1 and IL-6 further enhanced hepcidin expression significantly in hepatocytes
(Lee et al., 2005). In low- and middle-income countries, individuals can present with multiple
nutrient deficiencies simultaneously (Miiller & Krawinkel, 2005). Individuals might present with 1D
and n-3 FAD concurrently, which might lead to altered hepcidin expression in an iron deficient
state due to increased plasma cytokine levels. Furthermore, the combination of deficiencies can
also interact due to the role that iron plays in the enzymes (co-factor of the catalytic sites)
responsible for the synthesis of EPA-and DHA-derived lipid mediators. Thus, ID may lead to
impaired synthesis of these inflammation regulatory modulators (Gilbert et al., 2011; Kuhn et al.,
2005; Nakamura & Nara, 2004).

To our knowledge, the investigation of the effect of n-3 fatty acid deficiency (FAD), alone and in
combination with iron deficiency (ID), on hepcidin regulation is novel. Inadequate n-3 FA status
may lead to a potential upregulation of hepcidin due to increased levels of circulating pro-
inflammatory cytokines or a decrease of EPA-and DHA-derived anti-inflammatory lipid mediators
potentially further hindering mechanisms to improve iron availability. In this study, we will further
evaluate whether an n-3 FA deficiency may also lead to the upregulation of hepcidin in an already

ID state, where downregulated hepcidin transcription is expected.

14



Aim, objectives and hypothesis
Aim

The aim of this study was to determine the effects of n-3 fatty acid and iron deficiency, alone and
in combination, on hepcidin regulation and lipid mediator (docosahexaenoic acid (DHA)-,
eicosapentaenoic acid (EPA)- and arachidonic acid (ARA)- derived) signalling in rats.

Objectives

To investigate the effects of n-3 fatty acid and iron deficiency, alone and in combination, on
A) Expression of the hepcidin regulatory pathway genes HAMP, BMP2 and TFR2 in rat liver.
B) ARA-derived 5-, 8-, 11-, 12- and 15- hydroxyeicosatetraenoic acid (HETE); EPA-derived
12-hydroxyeicosapentaenoic acid (HEPE) and DHA-derived 17-hydroxydocosahexaenoic
acid (HDHA) lipid mediators in rat plasma.
C) To determine the correlations of HAMP, BMP2 and TFR2 expression with plasma lipid

mediator concentrations in rats.

Hypotheses

A) n-3 fatty acid deficiency, alone and in combination with iron deficiency, will lead to
upregulated HAMP in rat liver tissue.

B) n-3 fatty acid deficiency, alone and in combination with iron deficiency, will decrease DHA
and EPA-derived lipid mediators whilst increasing ARA-derived lipid mediators in rat
plasma. Due to the role that iron plays as cofactor in the synthesis of n-3 and n-6 derived
lipid mediators, ID rats will show decreased DHA, EPA and ARA-derived lipid mediators.

C) EPA-and-DHA-derived lipid mediator concentrations will be inversely correlated, whilst
ARA-derived lipid mediator concentrations will be positively correlated with the expression

of HAMP in the hepcidin-regulatory pathways in liver tissue in rats.
Structure of the dissertation

This dissertation is presented in the form of four chapters and relevant annexures. Chapter One
serves as an introduction and Chapter Two consists of a literature review focussing on the iron
metabolism and the regulating pathways of hepcidin. In addition, the role of inflammation on
hepcidin expression, as well as the role of various mechanisms leading to the anti-

inflammatory/inflammation resolving potential of n-3 LCPUFAs and their lipid mediators are
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presented. Lastly, the potential interactive mechanisms of iron and n-3 PUFAs on hepcidin

expression are introduced.

Chapter Three is a manuscript entitled: “The effects of n-3 fatty acid and iron deficiency, alone
and in combination, on hepcidin pathway gene expression and plasma lipid mediators in rats”,
prepared according to the author guidelines of the Journal of Nutritional Biochemistry. Chapter

Three is written and referenced in accordance with the journal’s guidelines.

Chapter Four will summarise the main findings, as well as the implications and recommendations
for future research. Chapters One, Two and Four are written in accordance with the technical,

language and referencing requirements stipulated by the North-West University.

Research team

The primary research team consisted of Mrs Anneen Middel, Dr Lizelle Zandberg (Supervisor)
and Dr Jeannine Baumgartner (Co-Supervisor). By signing below, each contributor accepted their
indicative involvement as true and approved the inclusion of this resultant manuscript in this

dissertation.
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CHAPTER 2 LITERATURE REVIEW

2.1 Iron metabolism

Iron is an essential element for human beings as it plays a vital role as a cofactor for many
haemoproteins and non-haem iron-containing proteins. Haemoproteins include haemoglobin (Hb)
and myoglobin (Mb), which are found in enterocytes and muscle cells respectively, and are
responsible for the binding and transport of oxygen. Iron is found within the haem group and binds
oxygen. Other haemoproteins include enzymes that are involved in oxygen metabolism, as well
as cytochromes, which are involved in electron transport and mitochondrial respiration. Non-haem
iron-containing proteins play a role in DNA synthesis, cell proliferation and differentiation, gene
regulation, drug metabolism, and the synthesis of steroid (Pantopoulos et al., 2012; Hentze et al.,
2010, Kroot et al., 2011; Puig et al., 2017).

2.2.1 Iron absorption

A 70-kilogram adult male has roughly 4 g iron in his body. Most of which, is the iron found in
erythrocytes, whereas 600 mg is found in macrophages and 300 mg in myoglobin. Iron from
erythrocytes and macrophages are recycled (about 20 - 25 mg/day) whilst only 1-2 mg of the daily
iron supply is derived from dietary intake via absorption in the intestine. Serum iron binds the
glycoprotein transferrin, where it is prioritised for erythropoiesis in bone marrow whilst excess iron
is stored in the liver (Gudjoncik et al., 2014; Rochette et al., 2015; Ganz, 2013).

Body iron levels are strictly regulated according to iron availability. The main tissues that form
part of the regulation of iron are illustrated in figure 2-1. The duodenum plays an important role in
the homeostasis of iron. Cells responsible for the absorption of iron obtained from the diet
(duodenal enterocytes) are found mostly in the duodenum, whilst lesser amounts are absorbed
in the jejunum (Yiannikourides et al., 2019; Munoz et al., 2011). Only approximately 10% of dietary
iron is absorbed (Munoz et al., 2011). Dietary iron from plant sources, non-heme iron, mostly
occurs in the ferric form (Fe**) that is insoluble and not easily absorbed. Fe** needs to be reduced
via membrane ferrireductase enzyme, duodenal cytochrome b (Dcytb), and dietary reducing
agents (low pH) to the ferrous form (Fe?*) before absorption by duodenal enterocytes occurs
(Gulec et al., 2014; McKie et al., 2001). Animal sources of iron, namely haem iron, are more easily
absorbed than non-heme iron and absorbed through a proton-coupled folate transporter (PCTF)
localised in the membrane of duodenal enterocytes (Shayeghi et al., 2005; Qui et al., 2006). Iron
is transported into the enterocyte through divalent metal transporter 1 (DMT1), which is
transcribed by the SLC11A1 gene, where it is stored by ferritin (Hentze et al. 2010). DMT1
18



expression is regulated by hypoxia inducible factor 2-a (HIF2- a). HIF2- a expression is regulated
by the EPASI1 gene. DMT1 production is increased in a hypoxic gut or environment (low oxygen
saturation) to increase the transport of iron into enterocytes (Mastrogiannaki et al., 2013). Even
though iron cannot be actively excreted by the body as there is no mechanism, approximately 1-
2 mg of iron is lost every day through enterocyte and skin desquamation, blood loss as well as

parasitic infections (Waldvogel-Abramowski et al., 2014).
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Figure 2-1: The main tissues involved in the regulation of iron homeostasis.
Illustrated from absorption of dietary intake in the intestine via the mucosal cells to transport via transferrin
in the blood and storage in the liver (Yiannikourides et al., 2019). Printed with permission from the original

authors.

2.2.3 Cellular and plasma iron regulation

As seen in figure 2-2, cellular iron uptake, utilisation and export are mediated via multiple
intracellular processes as well as extracellular stimuli. After iron is absorbed into the enterocyte
and stored by ferritin it is released into circulation via ferroportin (iron export protein) where it
binds transferrin (McKie et al., 2001; Gudjoncik et al., 2014; Munoz et al., 2011;). Poly (rC)-binding
protein 2 (PCBP2) assists in iron transport after receiving iron from DMT1 or addresses iron to
ferroportin for cell export. PCBP2 also aids the release of iron from haem by binding haem

oxygenase 1 (Yanatori et al., 2017; Yanatori et al., 2016).
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Figure 2-2: Schematic presentation of intracellular iron uptake, utilisation and export
Iron moves into the cell through DMT1, after which it is stored in the cytoplasm via ferritin or can be utilised
in the mitochondria. Stored iron can also be exported by the cell via ferroportin (Camashella & Pagani,

2018). Printed with permission from the original authors.
Abbreviations: DMT1: divalent metal transporter 1

Iron is stored by the protein ferritin in the body. Ferritin is found in the cytoplasm (primarily stored
in the cytoplasm), nucleus and mitochondria (uses metabolically active iron) of cells (Alkhateeb &
Connor, 2013; MacKenzie et al., 2008). Poly (rC)-binding protein 1 (PCBP1) found in the
cytoplasm aids in protecting the cell against redox activity by delivering excess iron to ferritin to
store (Ryu et al., 2017; Camashella & Pagani, 2018). The nuclear receptor coactivator 4 (NCOA4)
plays a role in the release of iron from ferritin via degradation by autophagosomes (ferritinophagy)
(Dowdle et al., 2014; Mancias et al., 2014). This process is essential in ID states to release stored
iron in order to maintain cellular requirements, specifically by macrophages responsible for iron
recycling. NCOA4 expression is upregulated during erythropoiesis (enterocyte synthesis) (Ryu et
al., 2017). In iron excess states NCOA4 is transported to and degraded by cellular proteasomes

by the E3 ubiquitin ligase HERC2.
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Iron homeostasis in the cell is upheld by the synchronised expression of various proteins including
ferritin and transferrin. Cells have transferrin receptors (TFRs) that mediate cellular iron
metabolism. In the cells (other than erythrocytes) iron is transported into the mitochondria inner
membrane by mitoferrin-1. Iron can then be used to synthesise haem and iron sulphur clusters
that form part of the prosthetic groups of enzymes or essential proteins. Iron can also be
exchanged from the endosomes to mitochondria through direct inter-organelle contact (Paradkar
et al., 2009; Hamdi et al., 2016).

2.2.4 Ferroportin and iron homeostasis

Ferroportin mediates the iron released into plasma from the duodenal enterocytes responsible for
iron absorption obtained from the diet, from macrophages responsible for recycling iron, from
senescent enterocytes as well hepatocytes responsible for storing iron (Nemeth et al., 2004). The
ferroportin promoter consist of an antioxidant response element (ARE) supressed by BACH, BTB
and CNC homology protein and activated by nuclear erythroid factor 2 (NRF2). Ferroportin is
highly expressed in enterocytes, hepatocytes and macrophages (Drakesmith et al., 2015). Haem
increases expression through the suppression of BACH. Whereas inflammation suppresses the
expression of ferroportin. Expression in duodenal enterocytes is also enhanced by HIF2-a binding
a 5 Hypoxia-response element (HRE) (Mastrogiannaki et al., 2013). Serum iron bound to
transferrin after it is exported by ferroportin is prioritised for erythropoiesis (Hb synthesis in
erythrocytes) in bone marrow whilst the liver stores excess iron (Gudjoncik et al., 2014; Rochette
et al., 2015; Ganz, 2013).

As illustrated in figure 2-3, ferroportin, ferritin (light and heavy chain) and HIF-2a are regulated
via transcription. This occurs via the 5’ untranslated region (UTR), the iron responsive element
(IRE) and iron regulatory proteins (IRPs). With the binding of IRPs on the IREs located in the UTR
of the mRNAs (5" and 3’ region) encoding for specific iron regulating proteins, post transcriptional
regulation helps to maintain cellular iron homeostasis. In ID, ferroportin protein synthesis is
suppressed by active IRP1 and IRP2 that binds IRE in the 5 UTR of mRNAs to inhibit translation.
IRPs bound to the 3’ UTR protects mMRNA from degradation via RNAse of TFR1 and DMT1. With
iron overload, IRP1 forms a FeS-cluster, thus cannot bind with IRE. IRP2 is degraded by
mitochondrial aconitase. When iron availability increases the lack of IRPs binding IRE and allows
for the mRNA translation of ferroportin, ferritin as well as HIF-2 a (Anderson et al., 2013; Ghosh
et al., 2013; Aschmeyer et al., 2018; Anderson et al., 2012).
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Figure 2-3: Cellular iron homeostasis in iron deficient cells (left) and cell repletion of iron
(right)

IRP1 and IRP2 are active in iron deficient state and bind with the IRE in the 3'UTR to increase TFR1 and
DMT1 transcription, whilst inhibiting the transcription of Fpn, FtL/FtH and HIF-2a by binding the 5’UTR.
During iron repletion IRP1 forms a FeS-cluster and IRP2 is degraded to, thus the IRE in the 3UTR is
open causing the degradation of TFR1 and DMT1. However, the IRE in 5’UTR is open to increase Fpn,
FtL/FtH and HIF-2a transcription (Neves et al., 2019). Printed with permission from the original authors.
Abbreviations: DMT1: divalent metal transporter; Fpn: ferroportin; FtL: ferritin light chain; FtH: ferritin
heavy chain; HIF-2a: hypoxia inducible factor 2-a; IRE: iron responsive element; IRP1: Iron regulatory

proteinl; IRP2: Iron regulatory protein2; TFR1: transferrin 1; UTR: untranslated region.
2.2 Therole of hepcidin in systematic iron homeostasis

Iron is not only stored in the liver, iron absorption is also regulated by the liver via hepcidin and
ferroportin expression (Nemeth et al., 2004). Hepcidin (25 amino acid peptide) is predominantly
transcribed by hepatocytes and secreted into circulation to regulate dietary uptake of iron in a

negative feedback loop. Iron homeostasis is maintained with a feedback loop stimulated by iron
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stores on hepatic hepcidin, whilst iron plasma levels are regulated by the stimulation of hepcidin
production by transferrin-bound iron feedback (Park et al., 2001; Kemna et al., 2007; Kroot et al.,
2010, Anderson & Shah, 2013). Both the transferrin-bound iron as well as the concentration of
iron stores, regulates hepcidin production via the bone morphogenetic protein receptor (BMPR)
pathway. Further amino-terminal processing of the 25 amino acid peptide results in two smaller
hepcidin isoforms of 22 and 20 amino acids (Jordan et al., 2009). Hepcidin-25 mediates iron
homeostasis by binding with the iron exporter ferroportin (encoded by the gene SLC40A1), which
induces internalisation and degradation of ferroportin in the membrane of macrophages and
hepatocytes, as well as the basolateral site of enterocytes. This leads to decreased intestinal iron
absorption as well as macrophage iron recycling (Nemeth et al., 2004; De Domenico et al., 2005;
Delaby et al., 2005; Aschemeyer et al., 2018; Ramey et al., 2010). Hepcidin further physically
blocks the site of iron export in the central cavity of ferroportin to reduce iron availability
(Aschemeyer et al, 2018). The smaller isoforms (hepcidin-20 and hepcidin-22) do not cause a

similar hypoferraemic response via ferroportin (Gerardi et al., 2005; Farnaud et al., 2006).

An increased need for circulating iron (as in the condition of ID and anaemia, as well as hypoxia)
leads to increased erythropoietic activity downregulating hepcidin expression in a healthy model,
whereas decreased circulating hepcidin results in the release of stored iron (increased recycling
rate) as well as an increase in iron absorption. In fact, in ID states iron absorption by enterocytes
can increase up to ten-fold (Hentze et al., 2010; Finch, 1994). Impaired iron homeostasis (excess
iron and ID) leads to cellular and organ dysfunction. ID decreases erythropoiesis leading to
decreased Hb synthesis and consequently anaemia. ID also influences the synthesis of
ferroproteins which may lead to muscle weakness and an increased epithelia cell turnover rate
(Ganz, 2013). Conversely iron overload, as seen in patients with hemochromatosis (mutation in
HFE gene), leads to plasma iron levels greater than the iron binding capacity of transferrin thus
non-transferrin bound iron (NTBI). NTBI moves into and accumulates in hepatocytes and other
parenchymal cells potentially leading to tissue injury and increases the risk and severity of
infections with gram-negative organisms (Roetto et al., 2003; Nicolas et al., 2001, Feder et al.,
1996; Ganz, 2013; Stefanova et al., 2018).

2.2.1 Hepcidin regulation via iron availability: the bone morphogenetic protein-small

mothers against decapentaplegic pathway

Iron-mediated hepcidin regulation in hepatocytes occurs via the bone morphogenetic protein-

small mothers against decapentaplegic (BMP/SMAD) pathway, specifically the extracellular

modulators hepatocyte transferrin receptor 1 (TFR), TFR2, human hemochromatosis protein
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(HFE), hemojuvelin (HJV), bone morphogenetic protein 6 (BMP6), BMP2 and sensing transferrin-
bound iron (iron-TF) concentration (see figure 5 for illustration of the BMP/SMAD pathway)
(Kawabata et al., 2005; Niederkofler et al., 2005; Meynard et al., 2009; Spasi¢ et al., 2008).
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Figure 2-4: Major mechanisms for hepcidin regulation via iron availability (BMP/SMAD
pathway) and inflammation (JAK/STAT3 pathway).

Iron mediated signalling of HAMP expression is activated by Tf binding TFR2 as well as BMP2 and BMP6
binding to the BMP receptors. This leads to SMAD 1/5/8 phosphorylation allowing SMADA4 to bind to SMAD
1/5/8. The SMAD 1/5/8 and SMAD 4 complex binds to the SMAD binding site to induce HAMP transcription.
Inflammatory signalling occurs by IL-6 binding the IL-6 receptor and phosphorylates STAT3 to activate the
STAT3 binding site and induce HAMP transcription (Katsarou & Pantopoulos, 2018). Printed with
permission from the original authors.

Abbreviations: BMP2: bone morphogenetic protein 2; BMP6: bone morphogenetic protein 6; BMP/SMAD:
bone morphogenetic protein-small mothers against decapentaplegic; IL-6: interleukin-6; SMAD: small

mothers against decapentaplegic; Tf: transferrin; TFR2: transferrin receptor 2.

2.2.2 Bone morphogenetic protein 2 and 6

Several BMPs are transcribed in the liver, but only BMP2 and BMP6 (mainly transcribed in the

liver sinusoidal endothelial cells (LSECs)) have been shown to play a fundamental role in the

regulation of hepcidin in vivo (Zhang et al., 2011; Canali et al., 2017; Rausa et al., 2015). BMPs

(various forms are known) are dimeric ligands that act on activin receptor-like kinases (ALK) and

are serine-threonine kinase receptors (classified as type 1 (BMPR1) and type 2 (BMPR2)
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receptors). BMPR1 needs to be activated by BMPR2 through phosphorylation (Yang et al., 2014).
Two BMPR 1 and two BMPR 2 receptors, as well as a BMP ligand, is needed to activate signalling
within the cell (Antebi et al., 2017).

BMP6 production is increased by tissue iron loading, binding BMPR1 and BMPR2 to activate
hepcidin transcription factors (Canali et al., 2017; Wang & Babitt, 2016). Acute iron loading
(without tissue loading) does not increase BMP6 expression although the downstream cascade
is still signalled to induce hepcidin expression (Corradini et al., 2011a).

BMP2 also plays an important role in hepcidin regulation. Babitt and colleagues (2007) found the
treatment of mice with BMP2 increased the liver hepcidin levels. BMP2 expression seems to be
regulated by chronic dietary iron modifications, although less so compared to BMP6. Wang and
colleagues (2019) found BMP2 mRNA significantly reduced in mice treated with a low iron diet,
and expression increased in mice treated with a high iron diet although liver BMP2 protein was
not increased. The authors noted this might be due to rapid protein secretion or utilisation in the
liver under iron loading conditions. LPS decreases BMP2 liver expression as well as BMP6 (Wang
et al., 2019).

2.2.3 Bone morphogenetic proteins and Hemojuvelin

As illustrated in figure 2-4 HJV (expressed in multiple tissues including hepatocytes) acts as a
BMP co-receptor with a high binding affinity for the BMP receptors. HJV binding to the BMP
receptors (mainly by BMP2 and BMP6) upregulates hepcidin transcription via BMP/SMAD
signalling. Notably, BMP6 can also signal for increased hepcidin expression in the absence of
HJV (Babitt et al., 2006; Wu et al., 2012; Xia et al., 2008). In vitro, the cleavage of HJV is triggered
by hypoxia and ID to down regulate hepcidin expression. Neither BMP2 nor BMP6 have
redundant function; knock out (KO) studies show each ligand compensated to some degree for
the lack of the other, although both are required for optimal hepcidin induction (Wang et al., 2019).
In basal conditions, BMP2 is expressed in noteworthy higher levels than BMP6 (Canali et al.,
2017).

2.2.4 Transferrin receptor2 and Human hemochromatosis protein

Together with HJV, HFE and TFR2 (also found in the membrane and expressed in hepatocytes)

play a role in the activation of hepcidin via the regulation of SMAD1/5/8 phosphorylation. HFE and

TFR2 respond to acute iron loading sensing serum diferric transferrin, inducing hepcidin

expression via the BMP/SMAD pathway (Gao et al., 2009; Corradini et al., 2011b). Mutations in
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HFE and TFR2 leads to a host iron overload, although this is less severe than mutations in HJV
(Brissot et al., 2018). Similar to HJV, BMP6 inactivation in HFE KO and TFR KO mice lead to
further downregulated hepcidin compared to HJV KO indicating that BMP6 can activate hepcidin
expression without the three co-regulators, thus neither are redundant in the BMP-SMAD pathway
(Latour et al., 2016; Latour et al., 2017).

2.2.5 Regulatory small mothers against decapentaplegic

Regulatory small mothers against decapentaplegic (R-SMADs), namely SMAD1, SMAD5 and
SMADS, are directly phosphorylated by BMPR1 when activated (phosphorylated by BMPR2 in
response to the BMP ligand) and acts as a link between BMPR1 and activation specific
transcription in the cell nucleus (Massagué & Wotton, 2000; Kretzschmar et al., 1997; Yang et al.,
2014). Notably SMADS8 (also known as SMAD9) acts as a weak activator and Tsukamoto and
colleagues found that it acts as a dominant negative by binding SMAD1 and reducing its
transcriptional activation strength (Tsukamoto et al., 2014). Wang and colleagues investigated
the role of SMADA4 in hepcidin expression and found that by conditionally inactivating SMAD4 in
hepatocytes, hepcidin expression was inhibited causing systemic iron overload (Wang et al.,
2005). The study also concluded that both BMPs and Transforming Growth Factor-f (TGF-B)
participated in the regulation of hepcidin expression. SMAD4 translocates to the nucleus in a
complex with the R-SMADs to induce expression of a wide range of target genes (including
HAMP) regulated by BMP-responsive elements (BRE) whilst SMAD6 and SMAD7 (also BMP
responsive genes) inhibits the R-SMADS in a self-limiting negative feedback loop (Yang et al.,
2014; Anderson & Darshan, 2008). Although the role of SMADG is not yet well understood, both
SMAD6 and SMAD?7 are also activated by BMPs (BMP2, BMP6 and BMP7) as well as TGF- 3
ligands to decrease BMP-SMAD signalling (thus decreasing hepcidin transcription) in response
to iron availability by inhibiting SMAD4 binding to SMAD responsive motifs on the hepcidin
promotor (Mleczko-Sanecka et al., 2010; Lai et al., 2018). Transferrin concentration can modulate
the sensitivity of the receptors to the ligands (mainly BMP2 and BMP6) whilst iron stores in the
liver influence the effective amount of the ligands (Corradini et al., 2011a; Canali et al., 2017;
Koch et al., 2017; Ramos et al., 2011).

2.2.6 Hepcidin inhibition in the bone morphogenetic protein-small mothers against

decapentaplegic pathway

Hepcidin is downregulated in ID states by transmembrane serine protease 6 (TMPRSS6).

Erythropoietin (EPO), hypoxia and acute ID activate TMPRSS6 transcription (Lee, 2009).

TMPRSS6 is mainly expressed in hepatocytes and inhibits the BMP-SMAD pathway by cleaving
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the membrane HJV, although Wahedi and colleagues found overexpression of TMPRSS6 in vitro
cleaves multiple other substrates including HFE, TFR2, BMPR1 and BMPR2 (Silvestri et al.,
2008a; Silvestri et al., 2008b; Wahedi et al., 2017). Notably the genes encoding HFE and TFR2
are found upstream from TMPRSS6 and do not affect TMPRSS6 in vivo (Finberg et al., 2011; Nai
et al., 2014). Schmidt and colleagues demonstrated that the treatment of HFE KO mice with
TMPRSS6 siRNA increased hepcidin expression tapering iron loading (Schmidt et al., 2013).

Hepcidin expression is also supressed by erythroid-released hormone, erythroferrone (ERFE)
(Kautz et al., 2014; Camashella & Pagani, 2018). Erythropoietin (EPO) and ERFE inhibits
hepcidin expression by decreasing SMAD 1/5/8 phosphorylation in hepatocytes. However,
hepcidin expression was not inhibited by EPO and ERFE in SMAD1/5 conditionally knockout
(CKO) mice (Wang et al., 2017b).

2.2.7 Hepcidin regulation via inflammation: The JAK/STAT pathway

Infection and inflammation can lead to an iron deficiency, resulting in anaemia of inflammation.
Inflammation causes a hostile environment for pathogens making it a key part of the host’s
defence mechanism and as mentioned earlier hepcidin was initially discovered as an antimicrobial
peptide linked to this defence (Krause et al., 2000; Weinstein et al., 2002; Park et al., 2001;
Flemming & Sly 2001). Iron is necessary for microbial growth and studies suggest that bacteria
form biofilms without much difficulty if iron is readily available, thus reductions in plasma iron
brought on by hepcidin aids in static pathogen growth and improves the host defence (Jurado,
1997; Collins, H.L., 2003; De Domenico et al., 2010; Gangaidzo et al., 2001). Hepcidin regulation
is also strongly influenced by an abundant outer membrane component present on Gram-
negative bacteria namely lipopolysaccharide (LPS) which stimulates the production of several
inflammatory cytokines (Kanamori et al., 2017; Lee et al., 2005; Nemeth et al., 2003). Excess
hepcidin transcription in chronic inflammatory diseases leads to iron restricted erythropoiesis and
the development of ACD (Wang & Rabitt, 2016).

2.2.8 Pro-inflammatory cytokines and the JAK/STAT pathway

Hepcidin was initially discovered as an anti-microbial peptide as transcription increases as pro-

inflammatory cytokines are released in response to infections (Hentze et al, 2010). Chronically

increased hepcidin expression contributes to the development of anaemia of inflammation, which

is characterised by inhibiting the release of iron from macrophages, decreasing the absorption of

iron as well as iron restricted erythropoiesis, to ultimately decrease iron availability (Weiss &

Goodnough, 2005). Shortly after an infection leading to inflammatory stimuli, plasma iron
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concentrations decrease (Pigeon et al., 2001; Nicolas et al., 2002). This response includes the
expression and secretion of IL-6, which was found to be essentially responsible for the
upregulation of hepcidin (Nemeth et al., 2004b; Nemeth et al., 2003; Lee et al., 2005; Inamura et
al., 2005). Nemeth and colleagues conducted a study where they treated human hepatocyte
culture with IL-6, IL-1 and TNF- a and only found transcriptional induction of hepcidin with
exposure to IL-6 (Nemeth et al., 2003). IL-6 mediated regulation of hepcidin expression is
hepatocyte specific (Wrighting & Andrews, 2006).

The JAK/STAT pathway was also later found to be used by other cytokines (such as oncostatin
M, Interleukin-22 (IL-22) or Interferon- a (IFN-a) for hepcidin induction (Lee et al., 2005; Armitage
et al., 2011; Ryan et al., 2012). The general inflammatory response to an infection (pathogen) or
local tissue injury is also induced by interleukin 1 (IL-1) responsible for activating the nuclear
factor kB (NF-kB) family of transcription factors. IL-1 studies also found that IL-1 induces hepcidin
transcription in primary hepatocytes for both wild-type and IL-6 KO mice indicating that IL-1 may
play an IL-6-independent role in the upregulation of hepcidin by inflammation. Lee et al. (2005)
also found that the combination of IL-1 and IL-6 enhanced hepcidin expression significantly in

primary hepatocytes.

2.2.9 STAT3 and HAMP activation

As illustrated in figure 2-4 the expression of hepcidin induced by IL-6 is conducted via JAK/STAT3
signalling. IL-6 is recognised and binds to GP130 complexes initiating JAK 1/2-mediated
phosphorylation of the transcription factor STAT3 which binds to a STAT3 responsive element
(STAT3-RE) in the proximal HAMP promoter activating hepcidin transcription (Pietrangelo et al.,
2007; Falzacappa et al., 2007; Wrighting & Andrews, 2006). Optimal induction of hepcidin
expression via inflammation also requires BMP and SMAD4 signalling (Wang et al, 2005).

2.3 Therole of omega-3 polyunsaturated fatty acids in inflammation

EPA and DHA were mainly thought in the past to primarily have an anti-inflammatory effect due
to the role they play compositionally in the cell membrane phospholipids, specifically of the cells
involved in inflammation like lymphocytes, macrophages or neutrophils. But throughout the past
year’s, multiple other mechanisms have been described in research (Burdge & Calder, 2015;
Calder, 2008; Peterson et al., 1998; Chapkin et al., 1991).
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2.3.1 Polyunsaturated fatty acid synthesis, dietary sources

As described in figure 1, n-6 and n-3 FA are derived from linoleic acid (LA:18:2n-6) and ALA,
respectively, which are found in plant sources like seeds, nuts and plant oils (sunflower oil and
canola oil are some of the sources). Neither LA nor ALA can be synthesised by the human body
and therefore they are essential fatty acids (EFA) (Burge & Calder, 2015). Fatty fish sources like
salmon, herring and mackerel are dietary sources of EPA and DHA. DHA is also considered a
conditional EFA, specifically during a child’s early developmental years (Gibson et al., 2011). This
pathway of desaturation and elongation to covert LA and ALA into their respective metabolites
occurs mainly in the liver. The conversion of ALA to EPA involves three enzymes namely, delta-
6 desaturase (D6D), elongase-5 and delta-5 desaturase (D5D) (shown in figure 2-5). D5D and
D6D are transcribed mostly in the brain, liver, heart and lung and encoded by the FADS1 and
FADS2 genes respectively (Cho et al., 1999; Lemaitre et al., 2011; Tanaka et al., 2009). Activity
of the enzymes are regulated by nutritional status, hormones (insulin) as well as a feedback
inhibition, by the end-products (Brenner, 2003; Calder, 2017). The enzymes are shared (and
compete) between the parallel n-3 and n-6 biosynthetic pathway converting ALA and LA to EPA
and ARA respectively (Calder, 2015b).

Al5-desaturase
Linoleic acid (18:2n-6) _— a-Linolenic acid (18:3n-3)
(Plants only)
A6-desaturase l A6-desaturase
\ 4
y-Linolenic acid (18:3n-6) Stearidonic acid (18:4n-3)
Elongase l Elongase
\ 4
Dihomo-y-linolenic acid (20:3n-6) Eicosatetraenoic acid (20:4n-3)
A5-desaturase A5-desaturase
v
Arachidonic acid (ARA; 20:4n-6) Eicosapentaenoic acid (EPA; 20:5n-3)
Elongase
v
Docosapentaenoic acid (DPA; 22:5n-3)
Elongase
A6-desaturase
B-oxidation
Docosahexaenoic acid (DHA; 22:6n-3)

Figure 2-5: Metabolic elongation pathways with responsible enzymes of linoleic acid (n-
6) and a-linolenic acid (n-3) to long chain polyunsaturated fatty acids (PUFAS)

(Calder, 2015b). Printed with permission from the original author.
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2.3.2 Polyunsaturated fatty acids and the cell membrane.

The cell membrane is a functional barrier between the subcellular compartments, the cell and its
environment. Cellular membranes consist largely of phospholipids with a hydrophilic head and a
hydrophobic tail. The phospholipids are arranged in a lipid bilayer composed of hydrophobic tails
turned inwards leaving the heads turned outwards towards the aqueous region, the outer cell
region, namely interstitial fluid and the cytoplasm within the cell membrane. Lipids have numerous
functions in the cells apart from the membrane structural component, including signalling
molecules, protein recruitment and post-translational protein-lipid modification (Nakamura et al.,
2014; Shimizu, 2009; Saliba et al., 2015). Apart from the phospholipids the membrane also

contains imbedded proteins like receptors, ion channels and transporters (Lodish, 2008).

Changes in the lipid composition of the membrane results in changes in the membrane properties
and functionality. Lipids in the membrane also affect the imbedded proteins as well as additional
proteins not found in the membrane with an affinity for specific lipids. Different cell membranes
contain a specific ratio of the phospholipid species and cell-specific proteins incorporated into the
membrane. This depends on the cell type and function. Lipids influence the physiochemical
properties of the membrane. The saturation and order of the lipids incorporated in the membrane
influences the functionality and fluidity of the membrane. Saturated fatty acids decrease the
fluidity and make the membrane thick due to stronger lipid-lipid interactions. Conversely, due to
the acyl-chain kinks unsaturated lipids prevent tight packaging leading to an increased membrane
permeability (Van Meer et al., 2008; Sezgin et al., 2017). Different lipids are also vulnerable to
different modifications. The ratio of fatty acids influence the functionality of the cell. PUFAs are
more prone to oxidation which can lead to ferroptosis, which is a non-apoptopic cell death
triggered by over accumulation of peroxidised lipids (Stockwell et al., 2017). Ferroptosis is
dependent on iron (Dixon et al., 2012).

n-3 and n-6 PUFAs form an important part of membrane phospholipids with biological activities
that influence the function and responsiveness of cell membranes as well as tissue metabolism
in response to hormonal and other signals. The functions of n-3 and n-6 PUFAs include the
regulation of membrane structure and function, regulation and actions of intracellular signalling
pathways, regulation of gene expression as well as the regulation of the production of bioactive
lipid mediators (Calder, 2015a). In most cell types the n-6 PUFA ARA is the most abundant PUFA
found in the membrane but studies found that by increasing EPA and DHA intake, ARA decreases

whilst EPA and DHA found in the membrane composition increases (Walker et al., 2015).
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Phospholipase (PL) enzymes are responsible for the hydrolysation of the phospholipid by the
release of free fatty acid and lysophospholipid. PUFAs are moved from the cell membranes into
the cytosol by phospholipase A2 (PLA2) (Dennis, 2000). ARA released from cell membrane acts
as a mediator for the cyclooxygenase (COX) pathway, lipoxygenase (LOX) pathway, cytochrome
P450 (CYTP450) pathway and hydroxyeicosatetraenoic acid (HETE) pathway enzymes (figure 2-
6) (Lewis et al., 1990; Tilley et al., 2001; Kalinski, 2012). Notably, in addition to these, the enzymes
listed in table 2-1 can also be involved. These enzymes lead to the activation of eicosanoids
including prostaglandins (PGs), thromboxanes and leukotrienes (LTs). Thus, fatty acid membrane
composition modifications brought on by the increased dietary intake of EPA and DHA also
modifies the production of lipid mediators which are generated from membrane phospholipids and
decreases the efficiency of the arachidonic cascade (Buczynski et al., 2009; Funk, 2001; Lee et
al., 1985; Yaqoob et al., 2000; Healy et al., 2000; Rees et al., 2006; Faber et al., 2011; Browning
et al., 2012).

Table 2-1: Enzymes involved in the activation of prostaglandins, thromboxanes and
leukotrienes?.

Enzymes Abbreviations
Cytochrome Hydrolase CyPh
Cytochrome Epoxygenase CyPe
Desaturases and Elongases D&-
Prostaglandin Synthases PGsy
Thromboxane synthase TXsy
Glutathione Peroxidases GPX
Glutathione Transferase GPT
Dehydrogenases DHO
Soluble Epoxide Hydrolases sEH
y-Glutamil Transferase GGT
Dipeptidase CN2
Hydroperoxidase PGH

1Compiled from Dasilva et al., 2019

The metabolic functions of membrane phospholipid EPA are similar to that of ARA and can also
be used as a substrate for the COX, LOX and CYTP450 enzymes that produce eicosanoids less
biologically effective than the ARA-derived eicosanoids (Goldman et al., 1983; Lee et al., 1984;
Bagga et al., 2003). This was illustrated in a study conducted by Bagga and colleagues who
treated macrophages with prostaglandin E2 (PGEZ2) derived from ARA and prostaglandin E3
(PGE3) derived from EPA and found that although both stimulate the secretion of IL-6, PGE3
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induction was significantly less effective compared to PGE2 (Bagga et al., 2003). This is due to
eicosanoid receptors typically having a lower affinity for EPA-derived mediators than that derived
from ARA (Wada et al., 2007).

Arachidonic acid in membrane phospholipids

2 -series prostaglandins
Many different HETEs Free arachidonic aC|d P 8

and thromboxanes

5-HETE and 12-HETE 15-HETE and
4-series leukotrienes lipoxins

Figure 2-6: Outline of the pathway of conversion of arachidonic acid into eicosanoids via
CytP450, LOX and COX to synthesise lipid mediators, prostaglandins and thromboxanes
involved in inflammation.

(Calder, 2017). Printed with permission from the original authors.
Abbreviations: COX: Cyclooxygenase; LOX: Lipoxygenase; HETE: Hydroxyeicosatetraenoic acid.

2.3.3 Eicosapentaenoic acid, Docosahexaenoic acid and Arachidonic acid, lipid mediators

involved in inflammatory processes

Lipid mediators (eicosanoids and docosanoids) have been linked to various processes including
regulating inflammatory processes, cell signalling and gene expression as well as lipid
metabolism (Massey & Nicolauo, 2013; Waddington et al., 2001, Serhan et al., 2006; Gao et al.,
2006). There are multiple subfamilies of eicosanoids, including most prominently the
prostaglandins, thromboxanes, leukotrienes and lipoxins. Bioactive lipid mediators are
categorised by the specific oxidation and functional group. Each group contains multiple isomers
(Serhan et al., 1996). This study will focus on lipid mediators derived from ARA, EPA and DHA.
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Figure 2-7: Biosynthesis of resolvins from EPA and DHA (E-series and D-series) via 18-
HEPE and 17-HDHA.

Resolvins responsible for resolving inflammation is derived from EPA and DHA (Echeverria et al., 2019).
Printed with permission from the original authors.
Abbreviations: DHA: Docosahenoic acid; EPA: Eicosapentanoic acid; HDHA: Hydroxydocosahexaenoic

acid; HEPE: hydroxyeicosapentaenoic acid; RvD: Resolvins D-series; RVE: Resolvins E-series

As seen in figure 2-7 the lipid mediators derived from ARA include leukotrienes, prostaglandins
and thromboxanes as well as 5-- hydroxyeicosatetraenoic acid (5-HETE), 8-HETE, 11-HETE, 12-
HETE and 15-HETE. The lipid mediators derived from ARA have been associated with conditions
like cardiovascular diseases and type-2 diabetes related to chronic inflammation (Gopaul et al.,
1995; Sears et al., 2012). ARA-derived lipid mediators can link to membrane receptors coupled
to membrane G-protein and activate the cAMP complex pathway. This leads to higher
transcription levels of cytokines involved in inflammation as well as decreased phagocytosis of
microorganisms (pathogens) by leukocytes (Hirai et al., 2001; Aronoff et al., 2006; Aronoff et al.,
2004). These molecules are also known to play an important role in metabolites leading to artery
vasodilation and vasoconstriction. The parallel EPA-derived metabolites, PGE3 and TXA3. LTB6,
5-hydroxyeicosapentaenoic acid (HEPE), 11-HEPE, 12-HEPE, 15-HEPE and 18-HEPE. 18-
HEPE which compete with ARA for the same COX-enzyme have been shown to be less harmful
than the n-6 derived mediators (Fitzgerald, 2003; Medina et al., 2012)
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Figure 2-8: An overview of the main pathways involved in the production of polyunsaturated fatty acid-derived lipid mediators

ARA, DHA and EPA are released from the cell membranes into the cytosol by PLA2 where the act as a precursor for the COX, LOX and CYTP450
enzymes (indicated with the arrows) that produce various lipid mediators (Zandberg et al., 2018). Printed with permission from the original author.
Abbreviations: ALOX: arachidonate lipoxygenases; COX: cyclooxygenase; HDHA: hydroxy docosahexaenoic acid; HEPE: hydroxyeicosapentaenoic

acid; HETE: hydroxy-eicosatetraenoic acid; LOX: lipoxygenase; LT: leukotriene; PG: prostaglandin; TX: thromboxane)
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It should be noted that not all n-6 lipid mediators are pro-inflammatory. ARA lipoxins also play a
role in the resolution of inflammation by competing with the enzymes that synthesise leukotrienes
and inhibits interleukins (produced by leukocytes for regulating inflammatory response) and the
pro-inflammatory cytokine TNF-a (Serhan, 1994, Jozsef et al., 2002; Pouliot & Serhan, 1999).
Iron also play a role in COX and LOX enzymes (co-factor of the catalytic sites) thus ID may lead
to impaired synthesis of these regulatory modulators (Gilbert et al., 2011; Kuhn et al., 2005).

EPA and DHA were later found to be biosynthesised into lipid mediators with potent actions in
controlling the resolution of inflammatory substrates (illustrated in figure 2-7 and 2-8) (Serhan et
al., 2000; Serhan et al., 2002; Hong et al., 2003). These EPA and DHA metabolites/lipid mediators
are known as resolvins (E-series and D-series derived from EPA and DHA respectively),
protectins and maresins. E-series and D-series resolvins can further be categorised as resolvin
E1l (RVEL), resolvin E2 (RVE2), resolvin D1 (RvD1) and resolvin D2 (RvD2) as described in figure
2-8. 18-HEPE is the precursor used to synthesise (via epoxidation and reduction) the E-series
resolvins. DHA-derived lipid mediators include 17- Hydroxydocosahexaenoic acid (17-HDHA)
which act as the precursor of the D- series resolvins and protectins, and 14- HDHA, which is the

precursor of the maresins (Calder, 2015b).

Resolvins actively facilitate the resolving phase of acute inflammation, by actively stimulating the
recruitment of non-inflammatory monocytes. The synthesis of resolvins, protectins and maresins
also involve the COX and LOX pathways (Serhan, 2007; Bannenberg & Serhan, 2010; Serhan &
Chiang, 2013). Hudert and colleagues found a diet rich in marine FA increased resolvin synthesis
in mice (Hudert et al., 2006). This was also found in the serum taken from humans consuming

increased levels of n-3 FA (Mas et al., 2012).

The effects of EPA and DHA, on the above-mentioned cytokines (TNF- a, IL-1) and specifically
IL-6 has been the focus of multiple studies. Various studies have shown resolvins, protectins and
maresins to be anti-inflammatory and inflammation resolving. Examples include RvE1, RvD1 and
protectin D1 all inhibited trans endothelial migration of neutrophils, so preventing the infiltration of
neutrophils into sites of inflammation whilst resolvin D1 inhibited IL-13 production; and protectin
D1 inhibited TNF-a and IL-1 production (Bannenberg & Serhan, 2010; Serhan et al., 2008a;
Serhan et al., 2008b; Serhan & Chiang, 2013). Recently a study conducted by Xia et al., (2019)
studying the effects of RvD1 on ventilator-induced lung injury in mice found that RvD1 decreased

the levels of IL-18, TNF-a, IL-6 found in bronchoalveolar lavage fluid (BALF) cells.
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2.3.4 PUFAs — derived lipid mediators and altered gene expression

n-3 and n-6 derived lipid mediators (eicosanoids and pro-resolving lipids) target transcription
factors to regulate the expression of genes involved in inflammatory responses and diseases. As
shown in figure 2-8 fatty acids can target the transcription factor nuclear factor kappa-B (NF-zB),
that regulates numerous genes involved in inflammatory processes namely cytokines,
chemokines, adhesion molecules, and matrix metalloproteinases (MMP). NF-xB is inhibited by
the protein IxB in the cell cytosol. When IxB is phosphorylated and degraded into the proteasome,
free NF-xB can translocate into the cell nucleus and target and induce pro-inflammatory genes
(Hassan et al., 2010; Marion- Letellier et al., 2015). Diets rich in ALA inhibited NF-xB activation
as well as adhesion molecules in rats presenting with colitis rats (Hassan et al., 2010; Ibrahim et
al., 2012).

This process was investigated in numerous studies using Fat-1 mice (Hudert et al., 2006; Liu et
al., 2013; Bellenger et al., 2011; Kim et al., 2012). Although the conversion of n-6 to n-3 fatty acids
cannot occur in mammals due to the lack of enzyme expression (gene), some lower life forms
such as the roundworm C. elegans has a gene called fat-1, which encodes an enzyme, n-3 fatty
acid desaturase. The enzyme can introduce a double bond into n-6 fatty acids at the n-3 position
of their hydrocarbon chains to form n-3 fatty acids leading to endogenously n-3 PUFA rich mice,
even with an n-6 FA rich/n-3 FA poor diet (Spychalla & Kinney,1997; Kang et al., 2001; Kang et
al., 2004; Kang, 2007). Hudert and colleagues (2006) found fat-1 mice with chemical colitis
induction presented with decreased NF-xB activation and consequently decreased cytokine

expression (IL-1R and TNFa) in the colon.

The nuclear receptor family PPAR are activated by fatty acids, endocannabinoids and their
derivatives PPARy, which inhibits NF-xB and consequently exerts an anti-inflammatory effect
(Hou et al., 2012). Chen and colleagues (2014) found PPARy activation decreased the
expression of pro-inflammatory cytokines, decreased IkB degradation, and therefore decreased

NF-kB activation.
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Figure 2-9: n-3 PUFAs reduces the expression of pro-inflammatory cytokines via PPARy
activation.

PPARy activation decreases IKB degradation therefore inhibits NF-KB translocation into the nucleus
leading to the activation of cytokine expression. (Marion-Letellier et al., 2015). Printed with permission from
the original authors.

Abbreviations: NF-kKB; Nuclear factor kappa-B; PPARy: Peroxisome proliferator-activated receptor y
2.4 Interactions between iron and omega-3 polyunsaturated fatty acids

Multiple animal studies have found ID alters lipid metabolism (Sherman et al., 1982; Tichelaar et
al., 1997; Kwik-Uribe et al., 2000). As described above n-3 LCPUFA synthesis from the precursor
LA is dependent on desaturase enzymes. Iron acts as a cofactor for the desaturases thus ID can
further exacerbate a pro-inflammatory state in individuals with n-3 FAD. ID was shown to
specifically impair the conversion of ALA to EPA via D5D and the conversion of DPA to DHA via
D6D (Smuts et al., 2005; Krajcovicova-Kudlackova et al., 2004).

Cunnane and colleague found rats fed mildly ID diets for 12 weeks had decreased ARA plasma

phospholipid levels whilst the LA and triacylglycerol was increased compared to groups with

higher dietary iron intake. These changes were not replicated in the liver fatty acid and lipid
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composition analysis. The authors concluded the data shows mild ID leads to significant essential
FA metabolism changes (Cunnane and McKadoo, 1987).

Stangl and colleague also investigated the effects of an ID diet for 5 weeks on the FA metabolism
in rat serum and liver tissue. The authors found that moderately iron deficient rats also presented
with a decreased serum phospholipid level, whilst hepatic phosphatidylcholine (PC) and
phosphatidylethanolamine (PE) levels were higher compared to rats fed higher iron diets. The PC
and PE fatty acid composition also differed significantly with moderate ID which the authors
concluded, point to compromised desaturation by A-9 and A-6 desaturases of saturated and

essential fatty acids (Stangl & Kirchgessner, 1998).

Human studies investigating the effects of n-3 FA supplementation on iron status found different
functional outcomes. Perunicic- Pekovic and colleagues found daily n-3 FA supplementation of
2.4 g for 8 weeks in patients undergoing haemodialysis (HD) significantly increased blood
haemaoglobin levels (Perunicic- Pekovic et al., 2007). Conversely, Donnelly and colleagues found
daily supplementation of 3.6 g n-3 fatty acids in patients with HD for 4 weeks resulted in no
significant alteration of blood haemoglobin concentration (Donnelly et al., 1992). Notably these
results may be influenced by the role the kidneys play in RBC synthesis.

Similar studies on healthy and diseased humans of various age groups were also conducted,
measuring the effects of supplementing EPA together with DHA on plasma inflammatory
biomarkers (IL-6, TNF-a and CRP) found an association between low EPA and DHA levels and
circulatory cytokine levels present (Itariu et al., 2012; Rangel-Huerta et al., 2012; Haghiac et al.,
2015).

Jamieson and colleagues observed Canadian Inuit women who commonly present with ID and
anaemia although animal derived iron sources are traditionally consumed. They found the
participants presented with a high prevalence of H. pylori exposure as well as adequate dietary
iron intake, thus the ID and anaemia are likely caused by hepcidin expression via inflammation.
Furthermore, increased LCPUFA percentage of red blood cells was associated with a decreased
risk of iron depletion among food insecure women. The authors concluded the findings indicated
the anti-inflammatory effects of LCPUFAs may improve iron availability in this population

(Jamieson et al., 2013).

The effects of n-3 LCPUFA supplementation, using a 500 mg fish oil capsule containing 45 mg
EPA and 225 mg DHA, in obese children with low grade inflammation was investigated by

Sidiartha and colleagues in a double-blind randomised clinical control trial. Serum IL-6, hepcidin,
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iron, ferritin and transferrin saturation levels were investigated compared to 500 mg coconut oil.
Apart from the supplementation no dietary changes were implemented but dietary intake was
analysed using a three-day food record. Supplementation with EPA and DHA for 8 weeks lead to
significantly decreased serum IL-6, hepcidin and ferritin. Serum iron and transferrin saturation

were increased (Sidiartha et al., 2017).

Furthermore, the membrane fluidity influenced by dietary FA intake can influence iron uptake by
cells. This was investigated by Rodriguez and colleagues in rats to determine whether dietary FA
intake affects iron absorption in relation to lipid peroxidation in the erythrocyte membranes. Rats
were divided into three dietary groups (8 rats per group) and fed either a low n-3 PUFA/high LA
diet (control), high n-3 PUFA diet (sardine oil) or a diet high in saturated FAs (tripalmitin).
Radiolabelled ferrous sulphate (FeSO4) was used to monitor iron status and lipid peroxidation.
Iron absorption was significantly higher in the rats fed sardine oil, compared to the control diet.
However, compared to the control group, iron absorption was significantly lower in the rats fed
the tripalmitin diet (Rodriguez et al., 1996).

2.5 Effects of combined iron and fatty acid deficiencies on hepcidin expression

To our knowledge studies investigating the effects of the combination of FAD and ID on hepcidin
regulation are scarce. Studies focusing on cognitive outcomes have found accumulative effects
of the combined deficiencies on cognitive outcomes. Baumgartner and colleagues investigated
the effects of combined ID and FAD on cognitive outcomes in an animal model (Baumgartner et
al., 2012a; Baumgartner et al., 2012b; Baumgartner et al., 2012c). The combined deficiencies in
male rats altered brain monoamine metabolism and caused a memory deficit. The effects of the
combined deficiencies were greater than ID or n-3 FAD alone (Baumgartner et al., 2012a). In this
model, we will study the effects of both ID and n-3 FAD as well as the combined deficiencies on

the expression of hepcidin.
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Abstract

Background: Hepcidin is the master regulator of iron absorption and storage. Hepcidin is
encoded by the HAMP gene and the expression in the liver is regulated by two main pathways
activated by iron levels (BMP/SMAD pathway) and inflammation (JAK/STAT3 pathway). HAMP
transcription is downregulated by iron deficiency (ID) and upregulated by inflammation. Omega-
3 polyunsaturated fatty acids (n-3 PUFAS) act as precursors for the synthesis of anti-inflammatory
and inflammation-resolving lipid mediators. It is known that inadequate n-3 fatty acid intake can
lead to a decreased ability by the host to resolve inflammation and sets off pro-inflammatory
signalling. This may lead to the induction of upregulated HAMP expression due to pro-
inflammatory signalling. Therefore, a combined n-3 fatty acid deficiency (n-3 FAD) and ID may
lead to the upregulation of HAMP transcription via inflammation, although downregulated

transcription is expected in an ID state.

Study design: Thirty-nine male Wistar rat pups born to females fed n-3 FAD or control diet, were
included into the 2x2 factorial study and fed either a 1) control, 2) ID, 3) n-3 FAD or 4) ID + n-3
FAD diet. HAMP, BMP2 and TFR2 expression was analysed using quantitative real-time
polymerase chain reaction (RT-qgPCR). Lipid mediator concentrations in plasma were analysed
using liquid chromatography-tandem mass spectrometry (LCMSMS).

Results: HAMP expression was significantly upregulated by ID, whilst BMP2 and TFR2
expression were both downregulated. There was a significant effect of ID for higher ARA-derived
15-HETE, but lower 5-HETE. Furthermore, there was a significant effect of ID for higher DHA-
derived 17-HDHA, whereas 17-HDHA was lowered by n-3 FAD. When compared to the control
group, 17-HDHA was significantly higher in the ID group but lower in the n-3 FAD group. 17-
HDHA concentrations in the ID+n-3 FAD group did not differ from the control group (p = 0.99).
HAMP expression correlated positively with 15-HETE and 17-HDHA and negatively with 5-HETE.

Conclusion: We showed that ID upregulated HAMP expression seemingly via inflammation, as
the expression of BMP2 and TFR2 responsible for inducing HAMP transcription via host iron
availability was downregulated. The presence of an inflammatory state was also reflected in the
increased pro-inflammatory 15-HETE and pro-resolving 17-HDHA levels, as a need for resolving
lipid mediators occurs in a response to inflammation. N-3 FAD alone did not induce HAMP
expression, but may compromise the inflammation-resolving capacity of rats with a concomitant
ID.
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1. Introduction

Iron deficiency (ID) is the most common nutrient deficiency globally. Young children have a higher
risk for the devolpment of ID due to increased needs for growth and development [1-2]. ID in early
childhood can lead to impaired physical and cognitive development, as well as altered immune
function [3-5]. Inadequate intake of iron from dietary sources, poor and or altered iron absorption,
blood loss, as well as haemoglobinuria (iron loss through urine) can lead to the development of
ID [6].

The presence of inflammatory cytokines can alter tissue iron availability. Iron absorption is
influenced by the presence or absence of the regulatory hormone hepcidin. Hepcidin is
synthesised in the liver to decrease iron availability by inhibiting absorption in the gut and inhibiting
the release of the already absorbed iron available from macrophages through recycling. Hepcidin
is encoded by the HAMP gene (previously known as LEAP-1) and its expression is regulated via
iron levels, inflammation, hypoxia or erythropoiesis (erythrocyte synthesis) by two pathways,
namely JAK/STAT3 and BMP/SMAD. If iron stores are adequate and with a lack of hypoxic
stimulation, HAMP transcription is upregulated to prevent iron overload via the BMP/SMAD
pathway. Conversely, host inflammation signalling also upregulates HAMP transcription via the
JAK/STAT3 pathway [7-9]. Iron mediated signalling occurs by TFR2, BMP2 and BMP6 bound
receptors leading to SMAD 1/5/8 phosphorylation allowing SMAD4 to bind to SMAD 1/5/8.
Hereby, HAMP transcription occurs via the SMAD binding site [10-11]. HAMP transcription can
also be activated via the STAT3 binding site of the JAK/STAT3 pathway where interleukin 6 (IL-
6) binds to the IL-6 receptor and phosphorylates STAT3 [12-15].

In turn, the long chain polyunsaturated fatty acid (LCPUFA) status can affect IL-6 signalling
cascades. The n-3 LCPUFAs eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA),
are derived from the precursor n-3 PUFA, a-linolenic acid (ALA) [16]. Both EPA and DHA act as
precursors for bioactive lipid metabolites and acts as anti-inflammatory mediators by inhibiting the
production of cytokines and decreases the recruitment of leukocytes. Some of the lipid mediators
derived from EPA include 5-hydroxyeicosapentaenoic acid (HEPE), 11-, 12 -, 15 - and 18-HEPE.
17- hydroxydocosahexaenoic acid (17-HDHA) is derived from DHA. Whereas mainly pro-
inflammatory hydroxyeicosatetraenoic acid (HETE) lipid mediators are derived from arachidonic
acid (ARA) (metabolite of omega-6 (n-6), Linoleic acid (LA)) [17-22]. n-3 PUFAs plays an
antagonising role in the n-6 metabolism by competing for the same enzymes. Inclusion of EPA

and DHA in the phospholipid membrane also occurs at the expense of ARA, thus decreases the
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availability of ARA as a precursor for pro-inflammatory lipid mediator production, therefore
attenuating inflammation [22].

McNamara and colleagues found the DHA erythrocyte composition of rats fed a diet rich in or a
diet deficient in ALA was inversely correlated with plasma cytokines including IL-6. Thus, an n-3
FA deficiency (FAD) presented with significantly increased pro-inflammatory cytokine levels,
whilst a diet rich in (sufficient in) n-3 decreased cytokine levels [23]. Consequently, inadequate n-
3 FA status may lead to a potential upregulation of HAMP expression due to increased levels of
circulating pro-inflammatory cytokines. Furthermore, iron plays an important role as a co-factor of
the catalytic sites of the enzymes responsible for synthesis of EPA-and DHA-derived bioactive

lipid mediators potentially decreasing the resolving of inflammation [24-26].

Nutrient deficiencies rarely occur in isolation [27], thus ID and n-3 fatty acid deficiency (FAD) may
occur within the same population or individual. It is not known whether n-3 FAD alone can lead to
the upregulation of hepcidin, and if so, whether this upregulation would remain in an already 1D
state where downregulated hepcidin transcription via the BMP/SMAD pathway is expected. Using
a 2x2 design, we therefore determined the effects of n-3 FAD and ID, alone and in combination,

on hepcidin regulation and lipid mediator signalling in rats.

2. Materials and methods
All experimental procedures were approved by the Veterinary Office of the Department of Health
of the Canton of Zirich (No:60/2008) as well as the AnimCare Ethics Committee of the Faculty of
Health Sciences of the North-West University (NWU-00587-19-A5) [28].

2.1 Animals, housing, diets and study design
Female Wistar rats (3wk old) were fed a standard (Teklad Global Diet 2018S) or an n-3 FAD diet
at a commercial animal breeder (RCC Ltd. Biotechnology and Animal Breeding Division,
Fullinsdorf, Switzerland). The female rats were mated at 11 weeks old with male breeders (12
weeks old) of the same strain. The pregnant females continued to consume their respective diet
and the rat pups were kept with their dams until weaning. In total, 39 male rat pups were included
into the study at 21+ 3 days of age (postnatal day (PND) 21). All rats were housed individually in
stainless steel cages at 21 + 2°C and 55 + 5% relative humidity, and at a 12-h reversed light/-
dark-cycle (lights off 08:00-20:00). The rats were handled daily to acclimatise them to human
touch and body weights were recorded 3 times/wk. Individual food intake was recorded daily by
subtracting the amount of food left in the food bowl from the amount of food provided the previous

day, considering the amount of food spilt on a paper, lined underneath the wired cage floor.

43



Females (3wk)
Standard diet

Females (3wk)
n-3 FAD

Females (11wk)
Mated

Females (11wk)
Mated

Male rats at PND 21 (n=19) Male n-3 FAD rats at PND 21 (n=20) éu'
| o

=

&

n-3 ID+n-3 3

C(ﬁztgr;" (n'ﬁ 0 FAD FAD )
(n=10) (n=10) S

°

o

>

o

A 4 A 4 A 4 h 4

PND 56/57 killed, blood draw, tissue collection

Figure 3-1: Flow diagram of the experimental design; n indicates the numbers in each
group.

Boxes in dashes indicate that these parts of the experiment were done at a commercial animal breeding
centre. (n - 3) FAD, (n - 3) fatty acid deficient; ID, iron deficient.
Abbreviations: FAD: fatty acid deficient; ID: iron deficient; PND: postnatal day.

The study had a 2 x 2 design and, as described by Baumgartner and colleagues (2012), male
Wistar rats born to females receiving a standard diet (n = 19) were randomly allocated to a control
(n=9) and iron deficient (ID) (n = 10) group (28). lllustrated in figure 3-1, male rats born to females
receiving the n-3 FAD diet (n = 20) were randomly allocated into two groups either receiving an
n-3 FAD (n = 10) or an ID + n-3 FAD diet (n = 10).

Commercially (Dyets Inc., Bethlehem, USA) obtained purified experimental diets were based on

the AIN-93G [29] formulation (Table 3-1) with modifications in iron content and fat source. The

basal AIN-93G formulation included soybean oil at 70 g/kg diet and hydrogenated coconut oil at

30 g/kg diet, thus adding up to 10% fat. The n-3 FAD diets also contained 10% fat, but included

81 g/kg diet hydrogenated coconut oil and 19 g/kg diet safflower oil. Based on the FA composition

of the oils in the basal and n-3 FAD diet, the basal diet (control and ID) was estimated to provide
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35 g/kg diet LA and 5 g/kg diet ALA, and the n-3 FAD diet 15 g/kg diet linoleic acid and 0.04 g/kg
diet ALA. The iron-sufficient diets contained 35 mg Fe/kg and the ID diets during the depletion
period contained 3.0 mg Fe/kg. Spot samples were used to confirm the iron concentration in the
different diets using atomic absorption spectrometry. Individual food intake was recorded. Their
respective rat diet and Millipore water (Milli-Q UF Plus, Millipore) was provided ad libitum.

Table 2-1: Composition of diet

Ingredients? g/kg diet
Casein, vitamin free 200.0
Carbohydrate 600.0
Cornstarch 368.0
Sucrose 100.0
Deytrose 132.0
Cellulose 50.0
Mineral mix? 35.0
Vitamin mix 10.0
L-Cysteine 3.0
Choline bitartrate 2.5
TBHQ 0.02
Fat 100.0
n-3 FAD? n-3 FA sufficient*
Coconut oil (hydrogenated) 81.0 30.0
Soybean oil 0.0 70.0
Safflower oil 19.0 0.0

1Experimental diets were based on the AIN-93G formulation with modifications in iron content and fat
source.?The mineral mix provided 35 mg iron/kg diet in the iron sufficient diets and 3 mg iron/kg diet in the
iron deficient diets. 3Providing approximately 15.1 g/kg diet linoleic acid (LA) and 0.04 g/kg diet a-linolenic
acid (ALA).*Providing approximately 35.7 g/kg diet LA and 4.8 g/kg diet ALA.

At the end of the depletion period (PND 56 and 57), the rats were exposed to CO; to induce
unconsciousness for blood collection by cardiac puncture and then killed by decapitation. Blood

was collected in EDTA coated vacutainers and separated by centrifugation. Plasma, red blood
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cells and buffy coat were collected and stored for analysis. Tissue samples, such as liver, were
collected and snap frozen with liquid nitrogen. Amongst other, liver and plasma aliquots were
shipped to the North-West University on dry ice in smaller aliquots allocated to the different
analysis and stored at -80°C until use. A study conducted by Andreasson and colleagues found
that long term storage of tissues in -80°C for nearly three decades does not adversely affect the
quality of the RNA extracted from the stored tissues [30].

2.2 Iron status and red blood cell total phospholipid fatty acid composition
2.2.1 Iron status

Haemoglobin concentrations were measured in whole blood directly after euthanisation using a

Scil vet abc counter (Scil Animal Care Company, Viernheim, Germany).

2.2.2 Total phospholipid fatty acid composition

Red blood cell total phospholipid fatty acid analyses were performed with gas chromatography-
tandem mass spectrometry (GCMSMS). In brief, phospholipids were extracted from RBC with
chloroform: methanol (2:1 vol: vol; containing 0.01% butylated hydroxytoluene) by using a
modification of the method described by Baumgartner and colleagues as well as Folch and
colleagues [28,31]. Lipid extracts were concentrated, and thin-layer chromatography was used to
separate the neutral lipids from the phospholipids (silica gel 60 plates, 10x 20 cm; Merck) and
eluted with diethyl ether: petroleum, ether: acetic acid (30:90:1 vol: vol: vol). The lipid bands
containing the phospholipids were removed from the thin-layer chromatography plate and
transmethylated with methanol: sulphuric acid (95:5 vol: vol) at 70 °C for 2 hours to yield fatty acid
methyl esters (FAMES).

The resulting FAMEs were extracted with water and hexane. The organic layer was evaporated
and re-dissolved in hexane. FAMEs were analysed with chemical ionization on an Agilent
Technologies 7890A Gas Chromatograph system equipped with an Agilent Technologies
7000GC/MS triple quad mass selective detector (Agilent Technologies, Santa Clara, United
States of America). The gas chromatography separation of FAMEs was carried out on an HP88
capillary column (100 m x 0.25 mm x 0.20 um; Agilent) by using helium as the carrier gas at a
flow rate of 2.2 mL/min. The gas chromatography injector was held at a temperature of 270 °C,
and the mass spectrometry source at 250 °C. The injection volume of the sample solution was 1
ML by using a split ratio of 1:10. The oven temperature was programmed to rise from 50 °C to 170
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°C at 30 °C/min, then from 170 °C to 215 °C at 2 °C/min, and lastly at 4 °C/min to 230 °C. After
that, the temperature was held isothermally at 230 °C for 7 min. The total analysis time was 38.25
min. Mass spectrometry was carried out in multiple reactions monitoring mode, with at least two
transitions per compound. Quantification of FAMEs was performed with Masshunter (B.06.00).
FAME peaks were identified and calibrated against a standard reference mixture of 33 FAMEs
(Nu-Check-Prep) and two single FAME standards (Larodan Fine Chemicals AB). Relative
percentages of fatty acids were then calculated by taking the concentration of a given fatty acid
derivative as a percentage of the total concentration of all fatty acids identified in the sample.

2.3 Gene expression analysis

2.3.1 RNAsolation and quality assessment

Liver tissue samples of all rats from the four diet groups were homogenised and digested using a
method as described by Erikson and colleagues [32]. Total RNA was isolated using Trizol reagent
(Invitrogen) according to the manufacturer prescription. In short, 100 mg tissue in 500 pl Trizol
samples were kept on ice. Chloroform (100 pl) was added and the mixture and vigorously mixed
for 5 seconds followed by 5 min incubation (on ice) and centrifugation at 12 000 g for 5 minutes
at 4 °C. The supernatant was carefully transferred to a clean 1.5 ml Eppendorf tube followed with
the addition of 200 pl ice cold isopropanol. The content was mixed through inversion and then
centrifuged for 20 min at 12 000 g and 4 °C. The supernatant was carefully discarded, and the
pellet was washed twice, firstly with 80 % ethanol and secondly with 70 % ethanol and
centrifugation. The supernatant was discarded, and the pellet was air-dried after which it was
suspended in 50 pl nuclease-free water. The concentration and quality of the RNA was assessed
with spectrophotometry using a ND-1000 spectrophotometer (NanoDrop Products, Wilmington,
USA). Good quality isolated total RNA with a 260:280 ratio of 2 was included for downstream

analysis.

2.3.2 cDNA synthesis

cDNA was synthesised using the M-MLV reverse transcriptase (Promega) as prescribed by the
manufacturer. Briefly, 1 pg of good quality total RNA from each sample was reverse transcribed
using 50 yM Oligo d(T)2omer, and nuclease-free water in a total of 12 yl. The reaction was heated
at 65 °C for 5 minutes and cooled on ice for 5 minutes. The reverse transcription reaction total
volume of 25 ul was prepared by mixing 5 pl 5X SIV Buffer, 1 yl 100mM DTT, 0.2 pl (200 Units)
RNaseOUT™ Recombinant RNase Inhibitorand 0.2 uL Promega® M-MLV Reverse
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Transcriptase (200 U/ul). The reverse transcription reaction was added to the annealed RNA.
This reaction mix was then incubated at 50-55 °C for 10 minutes and inactivated by incubation
at 80 °C for 10 minutes.

2.3.3 Gene expression analysis

Gene expression was analysed with independent quantitative real-time PCR (gPCR) analysis
using the Bio-Rad CFX96 cycler and TagMan® hydrolysis probe chemistry-based gene
expression assays. Relative expression was done for three target genes coding for
hepcidin antimicrobial peptide (HAMP;Rn00584987_m1), bone morphogenetic protein 2
(BMP2;RN00567818 _m1) and transferrin receptor (TFR2;Rn01056398 m1l) to the reference
genes mammalian 18S ribosomal RNA (18S rRNA;Hs99999901 sl1) and beta actin (actB;
Rn00667869 _m1). The analysis was conducted following the standard Tagman® protocol. In
short, 100 ng cDNA was analysed in duplicate of 10 ul reactions. The assay 10 ul reaction mix
consists of 0.2uL 20X TagMan® Gene Expression Assay, 5 ul 2X TagMan® Gene Expression
Master Mix and 5 yl RNase-free water. The cycling conditions were as per the manufacturer’s

recommendations.

Relative gene expression ratios were normalised to the average of the reference genes of 18S
rRNA and beta actin (actB) and relative mRNA expression were represented as ACT [33].

2.4 Lipid mediator extraction and analysis by LCSMS

Plasma samples were prepared and analysed with liquid chromatography tandem mass
spectrometry (LCMSMS) at the North-West University. Plasma concentrations of 17-
hydroxydocosahexaenoic acid (17-HDHA); 12-hydroxyeicosapentaenoic acid (HEPE); 5-, 8-, 11-

, and 12- hydroxyeicosatetraenoic acid (HETE) were measured.

Lipid mediators were extracted from plasma with solid phase extraction (SPE) using Strata-X
(Phenomenex, Torrance, United States of America) as described by Malan and colleagues [34].
The plasma samples (1 ml) were diluted with water and adjusted with 15 % methanol to a final
volume of 1 ml. 12-HETE-d8 (500 pg of each), was added to each sample for internal standards.
After incubation (30 min on ice) the samples were centrifuged at 3 000 rpm for 8 min to remove
any precipitated proteins. The resulting clear supernatants were acidified with 1 N hydrochloric
acid to pH 3.0 and immediately applied to SPE cartridges that had been pre-conditioned with 2
ml methanol and 4 ml water. The cartridges were then washed with 10 ml 15% (v/v) methanol, 10
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ml water, and 4 ml hexane in succession. Lastly, the lipid mediators were eluted with 6 ml methyl
formate. A vacuum manifold (Phenomenex) was used to perform the SPE and the vacuum was
regulated by the visibility of single drops from each cartridge. Methyl formate was evaporated
under a fine stream of nitrogen and the residue was dissolved in 20 pl acetonitrile, flushed with
nitrogen and stored, at the most, for four days at —20 °C before LCMSMS analysis.

Samples were analysed with an Agilent Technologies 6410 MSMS, coupled to an Infinity 1260
HPLC pump (Agilent Technologies, Santa Clara, United States of America). The mass
spectrometer used had a mass range of 15-1650 m/z, minimum multiple reaction monitoring
(MRM) dwell time of 5 ms with 10 MRMs and a maximum of 99 MRM transitions per time segment.
The instrument was operated in negative electrospray ionisation mode. At least two transitions
were monitored for each compound, using a dynamic MRM method. The collision and fragment
or voltages were optimised with flow injection analysis. The gas temperature and flow was set at
350 °C and 12 I/min respectively, and the capillary voltage at 4000 V. Chromatographic analyses
was performed on a C18 column (Poroshell, 2.7 4, 100 x 2.1 mm?; Agilent Technologies) with a
flow rate of 0.4 ml/min and column temperature of 50 °C. Sample injections were performed with
an Agilent G1367B autosampler. The sample chamber temperature was set at 5 °C and the
injection volume at 15 pl, subsequent to mixing 5 pl of sample (in acetonitrile) with 10 pl water in
the autosampler, just before injection. The analysis was performed using an acetonitrile-based
system with a flow program, by mixing two solvents (A and B) with programmed ratio changes for
optimal separation of compounds. Solvent A was water/glacial acetic acid, 99:1 (v/v) and solvent
B 100% acetonitrile. Data were quantified with Masshunter BO5 02, using external calibration for
each compound and two internal standards to correct for losses and matrix effects during sample

preparation and analysis.

2.5 Statistical analysis

Goodness of fit to normal distributions was visualised using both Q-Q plots and histograms. Non-
normally distributed data were transformed prior to inferential statistical analysis. Data are

presented as mean + standard error (SE).

To determine the effects of ID and n-3 FAD, as well as their interactions, on DHA-, EPA- and
ARA-derived lipid mediators a 2 x 2 ANOVA (iron [sufficient vs. deficient] x n-3 FA [sufficient vs.
deficient]) was performed. In the presence of a significant main effect or interaction, the between-

group differences were determined using one-way ANOVA with Tukey’s post hoc tests. These
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steps were repeated to evaluate the effects of n-3 FAD and ID, alone and in combination, on the

expression of HAMP, BMP2 and TRF2 genes in rat liver tissue. The dCT values were used as

the gene expression variables in a 2x2 factorial design.

The Pearson correlation test was used to evaluate the correlations between the log transformed

plasma lipid mediator concentrations and the expression of HAMP, BMP2 and TRF2 genes in rat

liver tissue

Data were analysed by using the Statistical Package for the Social Sciences (SPSS) version 25.0
(IBM Corp, Armonk, NY, USA and Excel Office 2016 (Microsoft Corp, Redmond, Washington,
USA). Type-1 error (a) was set at 0.05 (5%).

3. Results

The following observations was made as a result of the experimental procedures described

above.

Weight gain and food intake

There was a main effect for both ID and n-3 FAD for lower food intake and body weight gain

across the 35-day experimental period (Table 3-1). However, only the ID and ID+n-3 FAD groups

had significantly lower food intake and body weight gain when compared to the control group.

Table 3-3: Weight gain and food intake of male rats fed an ID, n-3 FAD, ID + n-3 FAD or a

P value?
Control ID n-3 FAD ID+n-3 ID n-3 FAD ID+n-3
FAD FAD
Total body weight 222+9.7, | 149+3.6, | 200+ 7.65 | 131 £6.5, | <0.001 0.008 0.82
gain (g/35d)
Mean food intake 564 + 423 £ 9.6y 512 + 402 + <0.001 0.050 0.14
(9/35d) 15.4, 15.4, 11.3p

control diet for 5 weeks?

1Two-way ANOVA was used to test effects of dietary iron (deficient vs. sufficient) and dietary n-3 FA (deficient vs. sufficient), and iron x n-3 FA interactions and
significance indicated by the p-value.
2Between-group differences were determined using one-way ANOVA followed by Tukey’s post hoc test) and significant differences indicated by superscript

lowercase letters.

All data expressed as means + SEM.
Abbreviations: g/35d: gram/35 days; ID: iron deficiency; n-3 FAD: omega-3 fatty acid deficiency.

Iron status and red blood cell total phospholipid fatty acid composition

We found a significant interaction of ID and n-3 FAD with haemoglobin concentrations (Table 3-

2). Both, the ID and ID + n-3 FAD groups had significantly lower Hb concentrations than the
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controls, with even lower Hb concentrations in the ID + n-3 FAD compared to the ID group. ID
significantly reduced plasma iron levels and increased total iron binding capacity. ID resulted in
lower transferrin saturation, resulting in significantly lower transferrin saturation in the ID and ID
+ n-3 FAD groups compared to the control. Transferrin saturation was also significantly lower in
the n-3 FAD group compared to the controls, but did not result in a further decrease in the ID+n-
3 FAD group.

ID resulted in significantly lower red blood cell composition of ARA (p <0.001), whilst n-3 FAD
showed a tendency towards higher ARA (p=0.08). Both ID and n-3 FAD resulted in significantly
lower red blood cell composition of EPA and DHA.

Lipid mediators

There was a significant effect of ID for higher ARA-derived 15-HETE, but lower 5-HETE (Table 3-
3). There was a significant effect of n-3 FAD for lower EPA-derived 12-HEPE concentrations.
There was a significant effect of ID for higher DHA-derived 17-HDHA, whereas 17-HDHA was
lower for n-3 FAD. When compared to the control group, 17-HDHA was significantly higher in the
ID group but lower in the n-3 FAD group. 17-HDHA concentrations in the ID+n-3 FAD group did
not differ from the control group (p = 0.99).
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Table 3-4: Iron status and erythrocyte total phospholipid fatty acid composition of male rats fed and ID, n-3 FAD, ID+ n-3
FAD or a control diet for 5 weeks!

P value?
Control ID n-3 FAD ID+n-3 FAD ID n-3 ID + n-
FAD 3 FAD

Iron status
Hb (g/dl) 148 £ 2.5, 56 + 0.8y 146 £ 2.2, 45 + 1.6 <0.001 | 0.001 0.028
Plasma iron (umol/L) 52 + 2.0, 15.3+ 1.0y 47 + 2.8, 16 £ 0.7y <0.001 0.26 0.10
TIBC (umol/L) 119 £ 5.6p 204 + 10, 127 + 4.8y 199 + 15, <0.001 0.86 0.53
TS (%) 45 £ 2.9, 7.6 £0.5¢ 37 +2.4 8.6 +0.7. <0.001 | 0.093 0.03
Erythrocyte total phospholipid fatty acid composition (% of total fatty acids)
n-6 PUFA
Arachidonic acid | 31.3+06ap | 27.1%08, | 346+17. [ 279+13, [<0.001 | 008 | 0.28
n-3 PUFA
Eicosapentaenoic acid 0.410+0.020, | 0.15%+0.0, | 0.007 £0.006¢ | 0.007 + 0.007. | <0.001 | <0.001 | <0.001
Docosahexaenoic acid 3.48 £ 0.104 1.77 £ 0.21; 0.34 £ 0.09. 0.03+£0.02; | <0.001 | <0.001 | <0.001

1Two-way ANOVA was used to test effects of dietary iron (deficient vs. sufficient) and dietary n-3 FA (deficient vs. sufficient), and iron x n-3 FA interactions and significance indicated by the p-value.

2Between-group differences were determined using one-way ANOVA followed by Tukey’s post hoc test) and significant differences indicated by superscript lowercase letters.

All data expressed as means + SEM.

Abbreviations: Hb: Haemoglobin; ID: iron deficiency; n-3 FAD: omega-3 fatty acid deficiency; TIBC: Total iron binding capacity; TS: Transferrin saturation.
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Table 3-5: Plasma lipid mediators and expression of iron metabolism genes in male rats fed an ID, n-3 FAD, ID + n-3
FAD or a control diet for 5 weeks!

P value?
Control ID n-3 FAD ID+n-3 FAD ID n-3 FAD ID +
n-3 FAD
Plasma lipid mediators: ARA- derived
15-HETE | 1.06 + 0.06 1.25+0.11 0.99 + 0.07 1.27+0.13 0.019 0.83 0.63
12-HETE | 1.99 +0.10 2.11+0.08 1.98 + 0.09 2.07+0.09 0.23 0.76 0.91
11-HETE | 0.99+0.12 0.87 £ 0.18 0.69 + 0.09 0.93+0.21 0.71 0.43 0.26
8-HETE | 0.58+0.14 0.61+0.17 0.40 + 0.16 0.62+0.21 0.46 0.61 0.58
5-HETE | 2.86 + 0.04a 2.67 £ 0.03p 2.83 + 0.04a 2.70 £ 0.02b <0.001 0.99 0.45
Plasma lipid mediators: EPA- derived
12-HEPE| 1.40+0.04a | 1.33+0.06a | 1.02+0.05 | 093+001, | 0.08 | <0.001 | 0.82
Plasma lipid mediators: DHA- derived
17-HDHA| 1.39+0.05 | 1.90+0.14a | 1.03+0.05c | 1.43+0.11» | <0.001 | <0.001 | 0.54
Expression of iron metabolism genes
HAMP | -9.05 (+ 1.16), | 0.11 (#1.01)a | -8.02 (+0.74), | 2.40(x1.52). | <0.001 0.19 0.61
BMP2 | 10.18 (x0.76) | 7.18(+ 1.35) 9.85 ( 0.68) 8.00 (z 1.40) 0.050 0.84 0.63
TFR2 | 7.54 (+0.84)ap | 5.51(20.87), | 9.16(x0.80)a | 6.91(x0.77)ap | 0.020 0.09 0.90

1Two-way ANOVA was used to test effects of dietary iron (deficient vs. sufficient) and dietary n-3 FA (deficient vs. sufficient), and iron x n-3 FA interactions and significance indicated by the p-value.
2Between-group differences were determined using one-way ANOVA followed by Tukey’s post hoc test) and significant differences indicated by superscript lowercase letters.

Data expressed as means + SEM

LAll the lipid mediators were measured in picogram (pg) per microliter (uL) normalised to 50 milligram (mg) plasma [pg / uL / 50 mg tissue]

Gene expression expressed as ACT.

Abbreviations: HDHA: Hydroxydocosahexaenoic acid; HEPE: Hydroxyeicosapentaenoic acid; HETE: Hydroxyeicosatetraenoic acid; ID: iron deficiency; n-3 FAD: omega-3 fatty acid deficiency
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Figure 3-2: Bar chart of the gene expression for the 4 diet groups a) HAMP; b) BMP2; c) TFR2 in liver tissue

Two-way ANOVA was used to test effects of dietary iron (deficient vs. sufficient) and dietary n-3 FA (deficient vs. sufficient), and iron x n-3 FA interactions and significance indicated by the p-value.
2Between-group differences were determined using one-way ANOVA followed by Tukey’s post hoc test) and significant differences indicated by superscript lowercase letters.

All data expressed as means + SEM.

Gene expression expressed as ACT.

Abbreviations: ID: iron deficiency; n-3 FAD: omega-3 fatty acid deficiency.
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Gene expression

There was a main effect of ID for significantly higher HAMP expression (Figure 3-2, p<0.001).
HAMP expression was significantly higher in both the ID and ID + n-3 FAD groups compared to
controls. Furthermore, there was a main effect of ID for lower expression of TFR2 (p = 0.020),
whereby the ID alone group had lowered TFR2 compared to the n-3 FAD alone group, but did not
differ significantly from the control and ID + n-3 FAD group. There was also a trend for ID to lower
BMP2 expression (p = 0.050). There was no significant effect of n-3 FAD on gene expression.

Table 3-6: Pearson correlation coefficient for TFR2, BMP2 and HAMP gene expression,
ARA-derived 15-HETE and EPA- derived 17-HDHA across the Control, ID, n-3 FAD and ID

+n-3 FAD.

Gene expression and plasma lipid Correlation p-Value

mediator concentration coefficient (r)

TFR2 17-HDHA -0.485 0.007
BMP2 0.513 0.001
15-HETE 0.381 0.041

HAMP 17-HDHA 0.430 0.017
5-HETE -0.543 0.002

15-HETE 17-HDHA 0.745 <0.001

Abbreviations: ARA: Arachidonic acid; EPA: Eicosapentanoic acid; HDHA: Hydroxydocosahexaenoic acid; HEPE: Hydroxyeicosapentaenoic acid;

HETE: Hydroxyeicosatetraenoic acid; ID: iron deficiency; n-3 FAD: omega-3 fatty acid deficiency

Correlations between lipid mediators and gene regulations

Across diet groups TFR2 expression correlated positively with BMP2 expression (r=0.513,
p<0.001), whilst correlating negatively with 17-HDHA plasma levels (r = -0.485, p<0.001)
(Table 3-4). HAMP expression correlated positively with 15-HETE and 17-HDHA plasma
levels (r=0.381, p<0.05 and r=0.439, p<0.05 respectively) and negatively with 5-HETE plasma
levels (r= -0.543, p<0.01). 15-HETE correlated positively with 17-HDHA plasma levels
(r=0.745, p<0.001).
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4. Discussion

To our knowledge, this is the first study investigating the effects of ID and n-3 FAD, alone and in
combination, on HAMP regulation and plasma lipid mediators. We expected ID to downregulate
HAMP expression via the BMP/SMAD pathway and hypothesized that n-3 FAD may upregulate
HAMP expression via the JAK/STAT3 pathway by inducing a pro-inflammatory state. However,
in contrast to our hypothesis, we found that the provision of an ID diet for five weeks to growing
male rats resulted in a significant upregulation of HAMP expression, both alone and in
combination with n-3 FAD. However, the expression of BMP2 and TFR2 were both downregulated
by ID. The upregulation of HAMP may therefore be explained by the presence of inflammation,
which may have led to the upregulation of HAMP expression via the JAK/STAT3 pathway [35-
36]. We were able to confirm the presence of an inflammatory state in the 1D groups by showing
that ID resulted in significantly higher plasma levels of ARA-derived and pro-inflammatory 15-
HETE, as well as inflammation-resolving 17-HDHA derived from DHA in response to inflammation
[37]. This is in agreement with a previous study by Pagani and colleagues who found that ID in
mice caused a pro-inflammatory state indicated by high white blood cell count and increased
expression of inflammatory cytokines (IL-6 and TNF-a) [38]. In our study, both 15-HETE and 17-
HDHA correlated positively with HAMP expression. 15-HETE and 17-HDHA also correlated
positively with each other therefore, as the pro-inflammatory 15-HETE increased, 17-HDHA

synthesis is also increased in response to resolve inflammation.

Several studies have investigated the effects of ID on immune function, more specifically cellular
immune function. Apart from the role iron plays in LOX enzymes synthesis, ID also impairs
lymphocyte activation and proliferation as well as macrophage differentiation [39-40]. In this study
as shown by the haemoglobin concentration, the rats in the ID group were severely anaemic
which could compromise the oxygen availability thus leading to a hypoxic state. Hypoxia can
regulate the expression of various genes by hypoxia-inducible transcription factor (HIF) and
studies have shown localised hypoxia activates the transcription factor Nuclear factor kappa B
(NF-kB), which in turn increases the presence of inflammatory cytokines leading to an
inflammatory state [41-42]. Due to the increased metabolic needs (oxygen) during inflammatory
processes studies also show localised hypoxia in areas with inflammation, further increasing the

need for oxygen [43-44].

Conversely to our study, Stoffel and colleagues investigated the effects of inflammation on the

serum hepcidin levels in healthy women and women with iron deficient anaemia (IDA). Acute
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inflammation was introduced with an influenza vaccine and serum IL-6 levels were measured.
They found mild acute inflammation did not increase serum hepcidin in women with IDA,
suggesting low iron status and a need for erythropoiesis offsets the upregulation of hepcidin via
inflammation (JAK/STAT3 pathway) [45]. Although our study found different results, the rats in
our study were severely iron deficient anaemic (haemoglobin < 60g/L) [46]. This may indicate that
the need for erythropoiesis (and inhibition of hepcidin via the BMP/SMAD pathway) may be
overpowered by the inflammatory stimuli to increase hepcidin expression further down in the
development of ID to severe IDA. Thus, indicating the dynamic mechanism of hepcidin regulation
via two main pathways interact with different stimuli. In our study, ID was also introduced over a
5-week period thus the inflammatory response was not acute. It should also be noted that hepcidin
serum levels are not only dependant on HAMP mRNA synthesis (transcription) but the translation
of the protein and activity as well, that is dependent on non-transcriptional events, such as protein
expression and modifications. Therefore, although our study found an increase in HAMP

expression this may not necessarily indicate serum hepcidin levels were also increased.

We were not able to show that n-3 FAD alone leads to inflammation and a subsequent
upregulation of HAMP via the JAK/STAT3 pathway. However, n-3 FAD resulted in lower plasma
levels of EPA-derived 12-HEPE and inflammation-resolving 17-HDHA, which can be explained
by the markedly reduced EPA and DHA levels in red blood cells. This may compromise the
response to inflammatory stimuli, such as ID. We showed here that, while ID resulted in
significantly higher plasma 17-HDHA concentrations compared to the control group, this increase
seemed to be attenuated in the ID + n-3 FAD group despite the presence of increased 5-HETE
levels, indicating a poor inflammation resolving capacity. Between group differences also showed

HAMP expression was increased in the ID+ n-3FAD group.

Similar to previous studies, this study also found that ID plays a role in the fatty acid erythrocyte
composition [47-48]. ID resulted in statistically lower red blood phospholipid levels of n-6 derived
ARA and n-3 derived EPA and DHA. Although all the diets maintained the same n-6 PUFA intake,
the incorporation of ARA was still decreased in the ID group compared the control group. This
may be explained by the role that iron plays as a cofactor in the elongase and desaturase enzyme

activity responsible for ARA synthesis from LA (A5-desaturase and A6 desaturase) [19, 23].

A limitation of this study was that HJV acts as a BMP co-receptor with a high binding affinity
(mainly by BMP2 and BMP6) upregulating HAMP through BMP-SMAD although BMP6 can also
signal in the absence of HIJV. TMPRSSS6 is also expressed in response to iron deficiency and

responsible for inhibiting the BMP-SMAD pathway by cleaving the membrane HJV. Thus, BMP6
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and TMPRSS6 expression might give a better indication of HAMP expression in the ID states.
Furthermore, IL-6 and other markers of acute and chronic inflammation were not measured.
Therefore, it was not possible to confirm the presence or absence of inflammation in the different
diet groups indicated by the analysis of lipid mediators. Furthermore, the analysis of the
expression of genes active in the JAK/STAT3 pathway would have enabled us to confirm whether
HAMP upregulation by ID was indeed regulated via the JAK/STAT3 pathway induced by

inflammation.

In conclusion, although n-3 FAD may lead to a compromised inflammation resolving capacity, it
did not seem to induce inflammation and subsequent upregulation of HAMP expression. HAMP
expression was, however, significantly increased in the 1D group with decreased BMP2 and TFR2,
although decreased HAMP expression was expected and increased expression was expected in
the combined deficiency group. This can, however, mean that the effect of inflammation on HAMP
transcription (via the JAK/STAT3 pathway) is stronger than that of iron levels (via the BMP/SMAD
pathway) induced by TFR2 and BMP2. Inflammation as a response to iron deficiency will also
further complicate intervention strategies to improve iron status as the increased hepcidin levels

lead to the inhibition of ferroportin which is responsible for releasing absorbed iron into circulation.

Future research can investigate this mechanism further by analysing genes involved in the
JAK/STAT3 pathway, as well as IL-1 and IL-6 plasma levels. Future studies can also investigate
the effects of mild IDA compared to severe IDA as severe hypoxia can further exacerbate the
inflammatory effect of iron deficiency. mRNA levels present only gives an indication of HAMP
transcription thus, measuring serum hepcidin levels might also give additional insight into the

activity of hepcidin in an already ID state or in the presence of n-3 FAD.
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CHAPTER 4: OVERALL CONCLUSION

Summary

The overall aim of this study was to determine the effects of n-3 fatty acid and iron deficiency,
alone and in combination, on hepcidin regulation and lipid mediator (docosahexaenoic acid

(DHA)-, eicosapentaenoic acid (EPA)- and arachidonic acid (ARA)- derived) signalling in rats.

More specifically we investigated the effects of n-3 fatty acid and iron deficiency, alone and in
combination, on A) expression of the hepcidin regulatory pathway genes HAMP, BMP2 and TFR2
in rat liver; B) ARA-derived 5-, 8-, 11-, 12- and 15- hydroxyeicosatetraenoic acid (HETE); EPA-
derived 12-hydroxyeicosapentaenoic acid (HEPE) and DHA-derived 17-hydroxy-
docosahexaenoic acid (HDHA) lipid mediators in rat plasma and C) determined the correlations
of HAMP, BMP2 and TFR2 expression with plasma lipid mediator concentrations in rats.

Conclusion

In contrast to our hypothesis n-3 FAD, alone and in combination with ID did not upregulate HAMP.
Our study did, however, find that ID increases the expression of HAMP whilst decreasing the
expression of BMP2 and TFR2. This leads to the assumption that HAMP expression was
activated by the JAK/STAT3 pathway in response to a pro-inflammable state. To further
strengthen our findings JAK/STATS3 activation should be investigated in future studies. A probable
ID induced pro-inflammatory signalling is supported by the increased synthesis of the pro-
inflammatory ARA-derived 15-HETE as well as pro-resolving DHA-derived 17-HDHA. 17-HDHA
synthesis is activated in response to inflammation. This is also reflected in the results by the
positive correlation between 15-HETE and 17-HDHA. Therefore, as the pro-inflammatory 15-
HETE increases, 17-HDHA synthesis increased in response to resolve inflammation. n-3 FAD
presented with decreased 17-HDHA levels; however, the combined deficiencies attenuated the
effects of ID and n-3 FAD in isolation on 17-HDHA synthesis.

As hypothesised, n-3 FAD alone did decrease DHA-and EPA-derived lipid mediators; however,
ARA-derived lipid mediators were not significantly increased. Furthermore, we hypothesised that
EPA-and DHA-derived lipid mediator concentrations will be inversely correlated with HAMP
expression, which did not occur, but ARA-derived pro-inflammatory 15-HETE did significantly
correlate with HAMP expression, further supporting the probable pro-inflammatory state induced
by ID.
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These results give novel information about the regulation of HAMP. Although the JAK/STAT3
pathway is dependent on BMP and SMAD4 signalling for optimal HAMP transcription induction
(Wang et al., 2005), HAMP expression was still increased with decreased BMP2 and TFR2
expression. Thus, inflammation induced by severe ID anaemia may have had a stronger effect
on the downregulation of hepcidin than ID anaemia had on its upregulation, which would make

interventions to improve iron availability more challenging.

Strengths

The strengths of this study include the 2 x 2 factorial design investigating the effects of ID and n-
3 FAD both alone and in combination, on hepcidin, and regulatory genes (HAMP, BMP2 & TFR2)
involved in HAMP expression as well as fatty acid derived lipid mediators. This study design
makes it ideal to study the main effects of both ID and FAD as well as the interactions between

the two deficiencies.

The effects were studied using a rat model, as in vitro models would not consider the complex
physiological and biochemical nature of the HAMP gene cascade. HAMP and the regulatory
genes involved in HAMP expression (TFR2 & BMP2) are primarily transcribed in the liver, and to
obtain human liver tissue would not be possible. Inducing nutrient deficiencies will also not be

ethical in human trials.

The use of RT-qPCR is a recognised method for gene expression (RNA) analysis. This study
used two verified reference genes (Actb & Rn18s) that are deemed stable in hepatic tissue to
measure HAMP and the regulatory genes involved in HAMP expression (BMP2 & TFR2) (Svingen
et al., 2015). LCMSMS is an advanced technique to measure lipid mediators derived from PUFAs
(Jénasdottir et al., 2015; Le Faouder et al., 2013). The red blood cell phospholipid composition
data contributes to the lipid mediator measurements as PUFAs that are released from cell
membranes into the cytosol by PLA; acts as a substrate (precursor) for the COX, LOX and
CYTP450 enzymes that produce lipid mediators (Dennis, 2000; Tilley et al., 2001; Goldman et
al., 1983; Bagga et al., 2003). Therefore, it gives additional perspective to the lipid mediator level
measurements (increased or decreased) as it gives an indication of the variety of precursor

availability between the diet groups.
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Limitations

Limitations in this study include that only male rats were included, as well as the severe iron
deficient anaemia that was induced (haemoglobin < 60g/L), which may not be translatable to the
human situation (Davis et al., 2012).

It is known that gene expression in the liver may vary between male and female rats (Laz et al.,
2004). Kong and colleagues investigated the differences in iron status as well as hepcidin
expression between male and female rats (up to the age of 4 months) and found hepcidin
expression was lower in male rats compared to female rats. This occurred with higher TS levels
and hepatic iron storage in the females that may be responsible for the increased hepcidin
expression (Kong et al., 2014). This might be explained by the study conducted by lkeda and
colleagues that found that the female sex hormone, oestrogen, stimulates hepcidin expression
(via the BMP/SMAD pathway) whereas the male sex hormone, testosterone, inhibits hepcidin
expression (Ikeda et al., 2012; Guo et al., 2013). Therefore, the use of female rats might give

different results from that found in male rats.

FAD was introduced in the mother whilst iron deficiency was only introduced later after birth in
the offspring. Serum inflammatory markers were not measured and can also give insight to the
symptomatic effect of altered lipid mediator concentrations. Although hepcidin expression is
regulated by BMP/SMAD and JAK/STAT, the regulatory genes analysed only form part of the
BMP/SMAD pathway. Thus, induction by inflammation through the JAK/STAT pathway cannot be
confirmed, only assumed. Apart from the mRNA levels present, hepcidin activity is also dependent
on non-transcriptional events, such as protein expression and madifications. Therefore, the
measurement of serum hepcidin levels can also give more insight into the activity of hepcidin in

an already ID state or in the presence of n-3 FAD.

Future research

This MSc affiliated study was nested within a larger rat project with the aim to determine the
effects of maternal iron and n-3 FA depletion and repletion, and potential iron and n-3 FA
interactions, on offspring neurodevelopment. The effect of repletion on hepcidin expression and
lipid mediator concentrations might give more insight into the role of iron in lipid mediator
signalling and hepcidin regulation. The mRNA expression of both enzymes can also give insight

to the effect of ID on altered expression.
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Genes analysed were only from the BMP/SMAD pathway, and therefore future research should
also analyse genes in the JAK/STAT3 pathway considering the role that ID plays in lipid mediators
responsible for resolving inflammation. Regarding the JAK/STAT3 pathway serum IL-6 tests can
provide more information about an acute inflammatory state and the possible role of inflammation
in the expression of HAMP in an ID state. Measurement of serum hepcidin levels can also give
additional insight into the activity of hepcidin in an already ID state.
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ANNEXURES

Annexure A: Methodology and Ethical Considerations

As described in the original study (Baumgartner et al., 2012), all experimental procedures were
approved by the Veterinary Office of the Department of Health of the Canton of Zurich as well as
the ethical committees of North-West University. This annexure was included to give more in

depth information regarding the methodology and ethical considerations.

Animals and housing

Female Wistar rats (3wk old) were fed a standard (Teklad Global Diet 2018S) or an n-3 FAD diet
at a commercial animal breeder (RCC). The female rats were mated (11 weeks old) with the same
strain male breeders (12 weeks old). The females continued to consume their respective diet and

the rat pups were kept with their dams until weaning.

The male rat pups born were brought to ETH Zirich animal facility (Schwerzenbach) and were
included into the study at 21+ 3 days of age (postnatal day (PND) 21). The rats were individually
housed in stainless steel cages, kept under a 12-h reversed light/-dark-cycle (lights off 08:00-
20:00h) at 21+ 2°C and 55 * 5% relative humidity. To acclimatize them to human touch, the rats
were handled daily and body weights were recorded 3 times/wk. Individual food intake was
recorded daily by subtracting the amount of food left in the food bowl from the amount of food
provided the previous day, considering the amount of food spilled on a paper-lined underneath
the wired cage floor.

Male Wistar rats born to females receiving a standard diet and was randomly divided into a control
(n=9) and iron deficient (ID) (n=10) group. 20 male rats born to females receiving the (n-3) FAD
diet (n = 20) were also randomly allocated into 2 groups receiving an n-3 FAD (n =10) oran ID +
n-3 FAD diet (n = 10). Commercially obtained purified experimental diets (Dyats, Bethlehem, PA
USA) were based on the AIN-93G formulation (Reeves et al., 1993) with modifications in the iron
content and fat source. The basal AIN-93G formulation included 70 g/kg soybean at and
hydrogenated coconut oil at 30 g/kg diet, thus adding up to 10% fat. The n-3 FAD diets also
contained 10% fat, but this included 81 g/kg hydrogenated coconut oil and 19 g/kg safflower oil
(Salem et al., 2001; Harauma et al., 2010; Moriguchi et al., 2013). The estimated FA composition
of both the basal and FAD diet was estimated to provide 35 g/kg diet LA and 5 g/kg diet ALA and
15 g/kg diet linoleic acid and 0.04 g/kg diet ALA respectively. The iron-sufficient diets contained
35 mg Fe/kg and the ID diets during the depletion period contained 3.0 mg Fe/kg (Erikson et al.,
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2002; Fitsanakis et al., 2009). Spot samples were used to confirm the iron concentration in the
different diets using atomic absorption spectrometry (AAS). To avoid lipid oxidation all diets were
custom prepared in powdered form and vacuum packed in bags of 2 kg, after which it was stored
at - 20°C until use. Diets were thawed in a refrigerator at 4 °C (in batches as needed) and kept
in an airtight container once opened. The rats had ad libitum access to their respective rat diet
and Millipore water (Milli-Q UF Plus, Millipore, Bedford, USA).

Study design, tissue collection and sample storage

The study was a 2 x 2 Design (n=19) during a 5 week period the Wistar rats born to females
receiving a standard diet (described above/of ek kan ‘n table in sit) were randomly divided into a
control (n=9) and ID (n=10) group. The male rat pups born to females receiving the (n-3) FAD
diet (n = 20) were also randomly allocated into 2 groups receiving an n-3 FAD (n = 10) or an ID +
n-3 FAD diet (n = 10) (Ricci et al., 2019).

The rats were exposed to CO2 to induce unconsciousness for blood collection by cardiac
puncture and then killed by decapitation at the end of the depletion period (PND 56 and 57) for
tissue collection. Liver tissue were collected and shap frozen with liquid nitrogen and stored at -
80°C. The frozen samples were transported and stored at North-West University in smaller
aliquots allocated to the different analysis.

Gene expression analysis

RNA isolation

A study conducted by Andreasson and colleagues found that long term storage of tissues in -
80°C for nearly three decades does not adversely affect the quality of the RNA extracted from the
stored tissues (Andreasson et al., 2013).

Liver tissue samples of all rats from the four diet groups were homogenized and digested using a
method according to Erikson and colleagues (Erikson et al., 1997). 100 mg liver tissue was
homogenized in 500 pL Trizol reagent using the Qiagen TissuelLyser Il and glass beads.
Homogenization occurred at 25 Hz for 10 minutes. Samples were kept on ice between steps, at
all times. After, the tissue was completely homogenised, chloroform (100 yL) was added and the
mixture was vigorously mixed for 5 seconds followed by 5 min incubation on ice. Phase separation
was achieved by centrifugation at 12000 g for 5 minutes at 4 °C. The supernatant was carefully

transferred to a clean 1.5 ml Eppendorf tube followed with the addition of 200 pL ice cold
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isopropanol. The content was mixed through inversion. Centrifuged for 20 min at 12 000 g and 4
°C, until a small transparent/white pellet was visible in the bottom of the tube. The supernatant
was carefully discarded without disrupting or losing the pellet. The pellet was washed twice, firstly
with 80 % ethanol and secondly with 70 % ethanol and centrifugation. The supernatant was
discarded and the pellet was air-dried after which it was suspended in 50 pL nuclease-free water.

RNA guality assessment

The concentration and quality of the RNA was assessed with spectrophotometry using a ND-1000

spectrophotometer (NanoDrop Products, Wilmington, USA).

cDNA synthesis

cDNA was synthesized using the M-MLYV reverse transcriptase protocol (Promega, Madison, WI,
USA) as prescribed by the manufacturer. The concentration derived from spectrophotometry was
used to calculate the concentration for master mix 1. Briefly, 1 ug of total RNA of each sample
was reverse transcribed by adding and thoroughly mixing 1 pl 50 yM Oligo d(T) 20 primer, 10 pg
Template RNA per 5 ug total RNA and 12 pl nuclease-free water. The reaction was heated at 65

°C for 5 minutes and cooling it down on ice for 5 minute.

Thereafter, the reverse transcription reaction was prepared by mixing 5 yl SIV Buffer, 1 yul 1200mM
DTT, 0.2 yl RNaseOUT™ Recombinant RNase Inhibitor and 0.2 pl Promega® M-MLV Reverse
Transcriptase (200 U/pl). The 5X SSIV Buffer was vortexed before use. The reaction tubes were
mixed and centrifuged briefly. The reverse transcription reaction was added to the annealed RNA.
This reaction mix was then be incubated at 50-55°C for 10 minutes and inactivated by incubation
at 80°C for 10 minutes.

gPCR analysis

HAMP (Rn00584987_m1), BMP2 (Rn00567818 ml)and TFR2 (Rn01056398 m1l), was
analysed using independent guantitative real-time PCR (gPCR) analysis. The analysis was
performed using the Bio-Rad CFX96 cycler (Bio-Rad, Hercules, Ca, USA) and TagMan®
(Thermofisher, Waltham, MA, USA) hydrolysis probe chemistry-based gene expression assays

according to the supplier’s specifications.

1.0uL of the cDNA samples were used and each reaction was done in duplicate. 1 pL 20X
TagMan® Gene Expression Assay, 10 yL 2X TagMan® Gene Expression Master Mix and 5 pL

RNase-free water as added per 1.0uL cDNA sample to a 1.5 mL nuclease free micro-centrifuge
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tube, mixed thoroughly and centrifuged briefly. The gPCR TagMan Gene Expression Assays
(20x) was thawed on ice and mixed by gently swirling the tube. The 9uL reaction mix of each
sample was loaded onto 96-well PCR plates, sealed and loaded into the instrument. The cycling

conditions applied was as per the manufacturer’'s recommendation.

Quantification cycle (Cq) was determined for each sample using the comparative Cq method
(Pfaffl, 2001). Relative gene expression ratios were normalized to the average of the reference
genes such as 18S rRNA and beta actin (actB). Relative mRNA expression was represented as
the fold change of the target group (intervention group) over the calibrator sample (control group).
The fold change calculations or gene expression ratio was calculated using the well- established
AACT method (Livak & Schmittgen, 2001). The differential expression between groups was tested
with the Bonferroni multiple comparisons post-hoc test. Differential gene expression was

considered statistically significantly when adjusted P < 0.05 was obtained.

Lipid mediator extraction and analysis using LCSMS

Samples were prepared and analysed with liquid chromatography tandem mass spectrometry
(LCMSMS) at the North-West University. Tissuel7-hydroxydocosahexaenoic acid (17-HDHA);
12-hydroxyeicosapentaenoic acid (HEPE) and 5-, 8-, 11-, and 12- hydroxyeicosatetraenoic acid
(HETE) were measured.

Lipid mediators were extracted from plasma with solid phase extraction (SPE) using Strata-X
(Phenomenex, Torrance, CA, USA) as described by Malan and colleagues (Malan et al., 2016).
The plasma samples (1 ml) were diluted with water and adjusted with 15% methanol to a final
volume of 1 ml.12-HETE-d8 (500 pg of each), was added to each sample for internal standards.
After incubation (30 min on ice) the samples were centrifuged at 3000 rpm for 8 min to remove
any precipitated proteins. The resulting clear supernatants were acidified to pH 3.0 with 1 N
hydrochloric acid and immediately applied to SPE cartridges, preconditioned with 2 ml methanol
and 4 ml water. The cartridges were then washed with 10 ml 15% (v/v) methanol, 10 ml water,
and 4 ml hexane in succession. Lastly, the lipid mediators were eluted with 6 ml methyl formate.
A vacuum manifold (Phenomenex) was used to perform the SPE and the vacuum was regulated
by the visibility of single drops from each cartridge. Methyl formate was evaporated under a fine
stream of nitrogen and the residue was dissolved in 20 pl acetonitrile, flushed with nitrogen and

stored, at the most, for four days at —20 °C before LCMSMS analysis.

Samples were analysed with an Agilent Technologies 6410 MSMS, coupled to an Infinity 1260

HPLC pump (Santa Clara, United States of America). The mass spectrometer used had a mass
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range of 15-1650 m/z, minimum multiple reaction monitoring (MRM) dwell time of 5 ms with 10
MRMs and a maximum of 99 MRM transitions per time segment. The instrument was operated in
negative electrospray ionisation mode. At least two transitions were monitored for each
compound, using a dynamic MRM method. The collision and fragment or voltages were optimised
with flow injection analysis. The gas temperature and flow was set at 350 °C and 12 |/min
respectively, and the capillary voltage at 4000 V. Chromatographic analyses was performed on a
C18 column (Poroshell, 2.7 py, 100 x 2.1 mm?; Agilent Technologies) with a flow rate of 0.4 ml/min
and column temperature of 50 °C. Sample injections were performed with an Agilent G1367B
autosampler. The sample chamber temperature was set at 5 °C and the injection volume at 15
ul, after mixing 5 ul of sample (in acetonitrile) with 10 pl water in the autosampler, just before
injection. The analysis was performed using an acetonitrile-based system with a flow program, by
mixing two solvents (A and B) with programmed ratio changes for optimal separation of
compounds. Solvent A was water/glacial acetic acid, 99:1 (v/v) and solvent B 100% acetonitrile.
Data were quantified with Masshunter BO5 02, using external calibration for each compound and
two internal standards to correct for losses and matrix effects during sample preparation and

analysis.

Statistical analysis

Goodness of fit to normal distributions will be visualised using both Q-Q plots and histograms
Normally distributed data will be presented as mean + standard deviation (SD) whereas; data not
normally distributed will be transformed for analysis and to improve normality and will be reported

as medians (25th - 75th percentiles).

To determine the effects of ID and n-3 FAD, as well as their interactions, on DHA-, EPA- and
ARA-derived lipid mediators will perform a 2 x 2 ANOVA (iron [sufficient vs. deficient] x n-3 FA
[sufficient vs. deficient]). In the presence of a significant main effect or interaction, between-group
differences will be determined using one-way ANOVA with Bonferroni’s post hoc tests. These
steps will be repeated for objective 2 to evaluate the effects of n-3 FA and ID, alone and in
combination, on the expression of hepcidin and its regulatory genes in rat liver tissue. The delta

Cq values will be used as the gene expression variable in a 2x2 factorial design.

To determine the correlations between HAMP, TFR, BMP2 and the lipid mediators Pearson

correlation was used.
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Data were analysed by using the Statistical Package for the Social Sciences (SPSS) version 25.0
(IBM Corp, Armonk, NY, USA) and Excel Office 2016 (Microsoft Corp, Redmond, Washington,
USA). Type-1 error (a) was set at 0.05 (5%).
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without the necessary approval of such amendments, the ethics approval is immediately and
automatically forfeited.
* Annually a number of studies may be randomly selected for active monitoring.
* The date of approval indicates the first date that the study may be started.
* [n the interest of ethical responsibility, the NWU-AnimCareREC reserves the right to:
- request access to any information or data at any time during the course or after completion of the
study;
- to ask further questions, seek additional information, require further modification or monitor the
conduct of your research or the informed consent process;
- withdraw or postpone approval if:
- any unethical principles or practices of the study are revealed or suspected;
- it becomes apparent that any relevant information was withheld from the NWU-AnimCareREC or
that information has been false or misrepresented;
- submission of the annual monitoring report, the required amendments, or reporting of adverse
events or incidents was not done in a timely manner and accurately; and/or
- new institutional rules, national legisiation or international conventions deem it necessary.

« NWU-AnimCareREC can be contacted for further information via Ethics-AnimCare@nwu.ac.za or
018 299 1208

NWU-AnimCareREC would like to remain at your service and wishes you well with your study. Please do not
hesitate to contact the NWU-AnimCareREC for any further enquiries or requests for assistance.

Yours sincerely,

Digitally signed by
Christiaan B Brink
Date: 2019.11.25
09:29:17 +02'00'

Chairperson: NWU-AnimCareREC

Current details:(23230522) G:\My Dive'd. Research and Postgraduate Education\8.1.5.4 Templates'0.1.5.4.2 NWU-AC_EAL docm
20 August 2018

File Reference: 0.1.5.4.2
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Annexure C: Author guidelines for the Journal of nutritional Biochemistry

THE JOURNAL OF NUTRITIONAL
- BIOCHEMISTRY

TABLE OF CONTENTS

(] Description p-1
. Audience p.1
° Impact Factor p-1
° Abstracting and Indexing p.2
° Editorial Board p.2
. Guide for Authors p.5
ISSN: 0955-2863
DESCRIPTION

Devoted to advancements in nutritional sciences, The Journal of Nutritional Biochemistry presents
experimental nutrition research as it relates to: biochemistry, molecular biology, toxicology, or
physiology.

Rigorous reviews by an international editorial board of distinguished scientists ensure publication of
the most current and key research being conducted in nutrition at the cellular, animal and human level.
In addition to its monthly features of critical reviews and research articles, The Journal of Nutritional
Biochemistry also periodically publishes emerging issues, experimental methods, and other types of
articles.

Benefits to authors

We also provide many author benefits, such as free PDFs, a liberal copyright policy, special discounts
on Elsevier publications and much more. Please click here for more information on our author services.
Please see our Guide for Authors for information on article submission. If you require any further
information or help, please visit our Support Center

AUDIENCE

Nutritionists, Physicians, Cell and Molecular Biologists, Biochemists, Dietitians.

IMPACT FACTOR

2018: 4.490 © Clarivate Analytics Journal Citation Reports 2019
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ABSTRACTING AND INDEXING

PubMed/Medline
BIOSIS Citation Index
Elsevier BIDBASE
Web of Science
Science Citation Index
Research Alert
Current Contents
Embase

Scopus

EDITORIAL BOARD

Editor-in-Chief

Bernhard Hennig, University of Kentucky, Lexington, Kentucky, United States

Associate Editors

Kristina Martinez-Guryn, Midwestern University, Downers Grove, Illinois, United States

Steven Post, University of Arkansas for Medical Sciences, Arkansas Nanomedicine Center, Little Rock, Arkansas,

United States
Michal Toborek, University of Miami, Miami, Flonda, United States

Editorial Manager

Joseph Ryan Richardson, University of Kentucky, Lexington, Kentucky, United States

Founding Editor

Steven H. Zeisel, University of North Carclina at Chapel Hill, Chapel Hill, North Carolina, United States
Board of Editors

Ludwig Aigner, Paracelsus Medical Private University, Salzburg, Austria

G. Harvey Anderson, University of Toronto, Toronto, Ontario, Canada

Xabier Arzuaga, !5 Environmental Protechion Agency, Washington, District of Columbia, United States
Reto Asmis, Wake Forest University School of Medicine, Winston-Salem, North Carolina, United States
Fariba M. Assadi-Porter, University of Wisconsin Madison, Madison, Wisconsin, United States
Hans-Christian Bauer, University of Salzburg, Salzburg, Austria

Ina Bergheim, University of Vienna, Wien, Austria

Sarah Berry, King's College London, London, United Kingdom

Jesse Bertinato, Health Canada, Ottawa, Ontano, Canada

Amanda Bird, OHIO STATE UNIVERSITY, Columbus, Ohio, United States

Chris Blesso, University of Connecticut, Storrs, Connecticut, United States

Peggy R. Borum, UNIVERSITY OF FLORIDA, Gainesville, Florida, United States

Richard 5. Bruno, OHIO STATE UNIVERSITY, Columbus, Ohio, United States

Margherita Cantorna, Pennsylvania State University, University Park, Pennsylvania, United States

Jay 1. Cao, USDA-ARS Grand Forks Human Mutrition Research Center, Grand Forks, North Dakota, United States
Matthew C. Cave, University of Louisville Health Sciences Center, Louisville, Kentucky, United States
Jin-Ran Chen, University of Arkansas for Medical Sciences, frkansas Nanomedicne Center, Little Rock,
Arkansas, United States

Yan Chen, Chinese Academy of Sciences (CAS), Shanghai Institute of Nutrition and Health, Shanghai, China
Zhiyong Cheng, Virginia Polytechnic Institute and State University, Blacksburg, Virginia, United States
Adam J. Chicco, Colorado State University, Fort Collins, Colorado, United States

Chia-Chi Chuang Key, Wake Forest University School of Medicine, Winston-Salem, North Carolina, United States
Kate ] (Claycombe) Larson, USDA-ARS Mortheast Area, Beltsville, Maryland, United States

Jimmy W. Crott, Tufts University, Boston, Massachusetts, United States

Juan Cui, University of Nebraska-Lincoln, Lincoln, Nebraska, United States

Dana Dolinoy, UNIVERSITY OF MICHIGAN, Ann Arbor, Michigan, United States

Sarah Egert, University of Bonn, Bonn, Germany

Ahmed El-Sohemy, University of Toronto, Toronto, Ontario, Canada

Jenifer I. Fenton, Michigan State University, East Lansing, Michigan, United States

Jan Frank, University of Hohenheim, Stuttgart, Germany

Kevin L. Fritsche, University of Missouri, Columbia, Missouri, United States

Wenjiang J. Fu, University of Houston, Houston, Texas, United States

Naomi K. Fukagawa, University of Vermont, Burlington, Vermont, United States

Ying Gao, Shanghai Institutes for Biological Sciences Chinese Academy of Scences, Shanghai, China
Christopher L. Gentile, Colorado State University, Fort Collins, Colorado, United States
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Zhenlomg Wu, China Agricultural University, Beijing, China

Hang Xiao, University of Massachusetts Amherst Department of Food Science, Amherst, Massachusetts, United
States

Michael B. Zemel, University of Tennessee, Knoxville, Tennessee, United States
Janos Zempleni, University of Nebraska-Lincoln, Lincoln, Nebraska, United States
Chen-Yu Zhang, Nanjing University, Manjing, China

Ling Zhao, University of Tennessee, Knoxville, Tennessee, United States

Wey-un Zhu, Nanjing Agncultural University, Nanjing, China
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GUIDE FOR AUTHORS

INTRODUCTION

The editors of The Journal of Nutritional Biochemistry (IJNB) welcome the submission of original
manuscripts on experimental and clinical nutrition as it interfaces with biochemistry, molecular
biology, physiology, and toxicology. The scope of the journal includes the broad area of in vitro
and in vivo studies of mechanistic aspects of nutrtional sciences. The criteria for acceptance of
papers submitted for publication are originality, guality and clarity of the content. Each manuscript is
internally reviewed and prionitized before a full external review takes place. All contributions must be
based on original, unpublished research and will be peer reviewed. All authors bear responsibility for
ensuring the integrity and quality of their reported research. It is the author's responsibility to secure
permission to use figures or tables that have been published elsewhere.

Contributions may be classified as original research or review articles. Most review articles are invited
by the editor. Authors interested in submitting a review article should contact the editorial office.
The rapid publication of original manuscripts i1s a goal of the journal. Manuscripts must be written in
English. Each manuscript is considered for publication with the understanding that it has not been
submitted to any other journal. Upaon acceptance for publication, papers are subject to editorial review
and revision.

All manuscripts submitted to JNB are checked for plagiarism. Any suspect of plagiarism or data
manipulation will result in automatic rejection of a manuscript, independent of stage of review or
publication process. JNB does not have any page charges.

Dr. Bernhard Hennig, Editor-in-Chief

The Journal of Nutritional Biochemistry
University of Kentucky

900 Limestone Street

Rm. 599, Wethington Health Sciences Building
Lexington, KY 40536-0200

E-mail address: INB@uky.edu

Fax: 859-257-1811

You can use this list to carry out a final check of your submission before you send it to the journal for
review. Please check the relevant section in this Guide for Authors for more details.

Ensure that the following items are present:

One author has been designated as the corresponding author with contact details:
= E-mail address
« Full postal address

All necessary files have been uploaded:

Manuscript:

« Include keywords

= All figures (include relevant captions)

« All tables (including titles, description, footnotes)

= Ensure all figure and table citations in the text match the files provided
= Indicate clearly if color should be used for any figures in print
Graphical Abstracts / Highlights files (where applicable)

Supplemental files (where applicable)

Further considerations

= Manuscript has been "spell checked' and "grammar checked’

= All references mentioned in the Reference List are cited in the text, and vice versa

« Permission has been obtained for use of copynghted matenal from other sources (including the
Internet)

= A competing interests statement is provided, even if the authors have no competing interests to
declare

« Journal policies detailed in this guide have been reviewad
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= Referee suggestions and contact details provided, based on journal requirements

For further information, visit our Support Center.

BEFORE YOU BEGIN

Please see our information pages on Ethics in publishing and Ethical guidelines for journal publication.

All authors must disclose any financial and personal relationships with other people or organizations
that could inappropriately influence (bias) their work., Examples of potential competing interests
include employment, consultancies, stock ownership, honoraria, paid expert testimony, patent
applications/registrations, and grants or other funding. Authors must disclose any interests in two
places: 1. A summary declaration of interest statement in the title page file (if double-blind) or the
manuscript file (if single-blind). If there are no interests to declare then please state this: 'Declarations
of interest: none’. This summary statement will be ultimately published if the article is accepted.
2. Detailed disclosures as part of a separate Declaration of Interest form, which forms part of the
journal’s official records. It is important for potential interests to be declared in both places and that
the information matches. More information.

All authors must disclose any financial and personal relationships with other people or organizations
that could inappropriately influence (bias) their work. Sources of funding for the article should
be acknowledged in a footnote on the title page. Affiliations of authors should include corporate
appointments relating to or in connection with products or companies mentioned in the article,
or otherwise bearing on the subject matter thereof. Other pertinent financial relationships, such
as consultancies, stock ownership or other equity interests or patent-licensing arrangements,
should be disclosed to the Editor-in-Chief in the cover letter at the time of submission.
Such relationships may be disclosed in the Journal at the discretion of the Editor-in-Chief
in footnotes appearing on the title page. Examples of potential conflicts of interest include
employment, consultancies, stock ownership, honoraria, paid expert testimony, patent applications/
registrations, and grants or other funding. See also https://fwww.elsevier.com/conflictsofinterest.
Further information and an example of a Conflict of Interest form can be found at:
http://service.elsevier.com/appfanswers/detail/a_id/286/supporthub/publishing.

Submission of an article implies that the work described has not been published previously (except in
the form of an abstract, a published lecture or academic thesis, see 'Multiple, redundant or concurrent
publication' for more information), that it is not under consideration for publication elsewhere, that
its publication 1s approved by all authors and tacitly or explicitly by the responsible authorities where
the work was carried out, and that, if accepted, it will not be published elsewhere in the same form, In
English or in any other language, including electronically without the written consent of the copyright-
holder. To verify originality, your article may be checked by the originality detection service Crossref
Similarity Check.

If the work invelves the use of animal or human subjects, the author should ensure that the
manuscript contains a statement that all procedures were performed in compliance with relevant
laws and institutional guidelines and that the appropriate institutional committee(s) have approved
them. Authors should include a statement in the manuscript that informed consent was obtained for
experimentation with human subjects. The privacy rights of human subjects must always be observed.

For human subjects, the author should ensure that the work described has been camied out in
accordance with The Code of Ethics of the World Madical Association (Declaration of Helsinki) for
expenments involving humans. All animal expenments should comply with the ARRIVE guidelines
1, and authors should clearly indicate in the manuscript that such guidelines have been followed.
Animal experiments should be carried out in accordance with the UK. Animals (Scientific Procedures)
Act 1986 and associated guidelines, or the EU Directive 2010/63/ EU Directive 2010/63/EU on the
protection of animals used for scientific purposes or the U.S. Public Health Service Policy on Humane
Care and Use of Laboratory Animals and, as applicable, the Animal Welfare Act.
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Preprints

Please note that preprints can be shared anywhere at any time, in line with Elsevier's sharing policy.
Sharing your preprints e.g. on a preprint server will not count as prior publication (see "Multiple,
redundant or concurrent publication' for more information).

Inclusive language acknowledges diversity, conveys respect to all people, is sensitive to differences,
and promotes equal opportunities. Articles should make no assumptions about the beliefs or
commitments of any reader, should contain nothing which might imply that one individual is superior
to another on the grounds of race, sex, culture or any other charactenstic, and should use inclusive
language throughout. Authors should ensure that writing is free from bias, for instance by using 'he
or she', 'his/her' instead of "he' or "his’, and by making use of job titles that are free of sterectyping
(e.g. 'chairperson’ instead of 'chairman’ and ‘flight attendant’ instead of "stewardess’).

The cover letter must state that: all authors listed have contributed to the work, all authors have read,
approved and agreed to submit the manuscript to JNB, no part of the work has been published before,
except in abstract form, and all human and animal studies have been reviewed by the appropriate
ethics committees. All authors listed in @ manuscript submitted to JNB must have contributed
substantially to the work, participated in the writing of the manuscript, and seen and approved the
submitted version. All individuals who have contributed to the writing of the manuscript must be listed
as authors. The editor reserves the right to reject manuscripts that do not comply with the above-
mentioned requirements

All authors should meet the following criteria:

(1) Authors must have been involved in the the conception and design of the study, or acguisition of
data, or analysis and interpretation of data,

(2) Authors must have drafted the article or revised it critically for important intellectual content,
(3) Authors must have given final approval of the version to be submitted,

(4) Authors must agree to be accountable for all aspects of the work in ensuring that questions that
may arise related to the accuracy or integnty of any part of the work are appropnately investigated
and resolved.

Authors are expected to consider carefully the list and order of authors before submitting their
manuscript and provide the definitive list of authors at the time of the original submission. Any
addition, deletion or rearrangement of author names in the authorship list should be made only
before the manuscript has been accepted and only if approved by the journal Editor. To request such
a change, the Editor must receive the following from the corresponding author: (a) the reason
for the change in author list and (b) wrtten confirmation (e-mail, letter) from all authors that they
agree with the addition, removal or rearrangement. In the case of addition or removal of authors,
this includes confirmation from the author being added or removed.

Only in exceptional circumstances will the Editor consider the addition, deletion or rearrangement of
authors after the manuscript has been accepted. While the Editor considers the request, publication
of the manuscript will be suspended. If the manuscript has already been published in an online issue,
any requests approved by the Editor will result in a corrigendum,.

Upon acceptance of an article, authors will be asked to complete a "Journal Publishing Agreement’ (see
more information on this). An e-mail will be sent to the corresponding author confirming receipt of
the manuscript together with a "Journal Publishing Agreement” form or a link to the online version
of this agreement.

Subscribers may reproduce tables of contents or prepare lists of articles including abstracts for internal
circulation within their institutions. Permission of the Publisher is required for resale or distribution
outside the institution and for all other derivative works, including compilations and translations. If
excarpts from other copyrighted works are included, the author(s) must obtain written permission
from the copyright owners and credit the source(s) in the article. Elsevier has preprinted forms for
use by authors in these cases.
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For gold open access articles: Upon acceptance of an article, authors will be asked to complete an
'Exclusive License Agreement’ (more information). Permitted third party reuse of gold open access
articles is determined by the author's choice of user license.

Author rights
As an author you (or your employer or institution) have certain rights to reuse your work. More
information.

Elsevier supports responsible sharing
Find out how you can share your research published in Elsevier journals.

You are requested to identify who provided financial support for the conduct of the research and/or
preparation of the article and to briefly describe the role of the sponsor(s), if any, in study design; in
the collection, analysis and interpretation of data; in the wrting of the report; and in the decision to
submit the article for publication. If the funding source(s) had no such involvement then this should
be stated.

Funding body agreements and policies

Elsevier has established a number of agreements with funding bodies which allow authors to comply
with their funder's open access policies. Some funding bodies will reimburse the author for the gold
open access publication fee. Details of existing agreements are available online.

After acceptance, open access papers will be published under a noncommercial license. For authors
requiring a commercial CC BY license, you can apply after your manuscript is accepted for publication.

This journal offers authors a choice in publishing their research:

Subscription

= Articles are made available to subscribers as well as developing countries and patient groups through
our universal access programs.

= No open access publication fee payable by authors.

= The Author is entitled to post the accepted manuscript in their institution's repository and make this
public after an embargo period (known as green Open Access). The published journal article cannot be
shared publicly, for example on ResearchGate or Academia.edu, to ensure the sustainability of peer-
reviewed ressarch in journal publications. The embarge perioed for this journal can be found below.
Gold open access

» Articles are freely available to both subscribers and the wider public with permitted reuse.

= A gold open access publication fee is payable by authors or on their behalf, e.g. by their research
funder or institution.

Regardless of how you choose to publish your article, the journal will apply the same pesr review
criteria and acceptance standards.

For gold open access articles, permitted third party (re)use is defined by the following Creztive
Commons user licenses:

Creative Commans Attribution-NonCommercial-NoDerivs (CC BY-NC-ND)

For non-commercial purposes, lets others distribute and copy the article, and to include in a collective
work (such as an anthology), as long as they credit the author(s) and provided they do not alter or
modify the article.

The gold open access publication fee for this journal is USD 3400, excluding taxes. Learn more about
Elsevier's pricing policy: https://www.elsevier.com/openaccesspricing.

Green open access

Authors can share their research in a vanety of different ways and Elsevier has a number of green open
access options available. We recommend authors see our cpen access page for further information.
Authors can also self-archive their manuscripts immediately and enable public access from their
institution's repository after an embargo period. This is the version that has been accepted for
publication and which typically includes author-incorporated changes suggested during submission,
peer review and in editor-author communications. Embargoe period: For subscription articles, an
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appropriate amount of time is needed for journals to deliver value to subscribing customers before
an article becomes freely available to the public. This is the embargo period and it begins from the
date the article is formally published online in its final and fully citable form. Find out more.

This journal has an embarge peried of 12 months.

Elsevier Researcher Academy

Researcher Academy is a free e-learming platform designed to support early and mid-career
researchers throughout their research journey. The "Leamm” environment at Researcher Academy
offers several interactive modules, webinars, downloadable guides and resources to guide you through
the process of writing for research and going through peer review. Feel free to use these free resources
to improve your submission and navigate the publication process with ease.

Language (usage and editing services)

Please write your text in good English (American or British usage is accepted, but not a mixture of
these). Authors who feel their English language manuscript may require editing to eliminate possible
grammatical or spelling errors and to conform to correct scientific English may wish to use the English
Language Editing service available from Elsevier's Author Services.

Our online submission system guides you stepwise through the process of entering your article
details and uploading your files. The system converts your article files to a single PDF file used in
the peer-review process. Editable files (e.g., Word, LaTeX) are required to typeset your article for
final publication. All correspondence, including notification of the Editor's decision and requests for
revision, is sent by e-mail.

Submit your article
Please submit your article via https://www.evise.com/profile/api/navigate/INE.

Please submit with the manuscript, the names, addresses and e-mail addresses of 4 to 6 potential
reviewers. Please be sure to give complete contact information with the e-mail address being the
most important. Mote that the editor retains the sole right to decide whether or not the suggested
reviewars are used.

PREPARATION

This journal operates a single blind review process. All contributions will be initially assessed by the
editor for suitability for the journal. Papers deemed suitable are then typically sent to 2 minimum of
two independent expert reviewers to assess the scientific quality of the paper. The Editor is responsible
for the final decision regarding acceptance or rejection of articles. The Editor's decision is final. More
information on types of peer review.

Use of word processing software

It is important that the file be saved in the native format of the word processor used. The text
should be in single-column format. Keep the layout of the text as simple as possible. Most formatting
codes will be removed and replaced on processing the article. In particular, do not use the word
processor's options to justify text or to hyphenate words. However, do use bold face, italics, subscripts,
superscripts etc. When preparing tables, if you are using a table gnid, use only one grid for each
individual table and not a grid for each row. If no grid is used, use tabs, not spaces, to align columns.
The electronic text should be prepared in a way very similar to that of conventional manuscripts (see
also the Guide to Publishing with Elsevier). Note that source files of figures, tables and text graphics
will be required whether or not you embed your figures in the text. See also the section on Electronic
artwork.

To avoid unnecessary errors you are strongly advised to use the "spell-check’ and 'grammar-check’
functions of your word processor.

Graphical abstract

Although a graphical abstract is optional, its use is encouraged as it draws more attention to the online
article. The graphical abstract should summarize the contents of the article in a concise, pictorial form
designed to capture the attention of a wide readership. Graphical abstracts should be submitted as a
separate file in the online submission system. Image size: Please provide an image with a minimum
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of 531 = 1328 pixels (h x w) or proportionally more. The image should be readable at a size of 5 =
13 cm using a2 regular screen resolution of 96 dpi. Preferred file types: TIFF, EPS, PDF or MS Office
files. You can view Example Graphical Abstracts on our information site.

Authors can make use of Elsevier's Illustration Services to ensure the best presentation of their images
and in accordance with all technical requirements.

« Title. Concise and informative. Titles are often used in information-retrieval systems. Avoid
abbreviations and formulae where possible.

= Author names and affiliations. Where the family name may be ambiguous (e.g., a double name),
please indicate this clearly. Present the authors' affiliation addresses (where the actual work was
done) below the names. Indicate all affiliations with a lower-case superscript letter immediately after
the author's name and in front of the appropriate address. Provide the full postal address of each
affiliation, including the country name and, if available, the e-mail address of each author,

= Corresponding author. Clearly indicate who will handle correspondence at all stages of refereeing
and publication, also post-publication. Ensure that phone numbers (with country and area
code) are provided in addition to the e-mail address and the complete postal address.
Contact details must be kept up to date by the corresponding author.

= Present/permanent address. If an author has moved since the work described in the article was
done, or was visiting at the time, a "Present address' (or 'Permanent address') may be indicated as
a footnote to that author's name. The address at which the author actually did the work must be
retained as the main, affiliation address. Superscript Arabic numerals are used for such footnotes.

= A running title of up to 50 characters;

= Grants, sponsors, and funding sources;

= Up to six key words

A concise and factual abstract is required. The abstract should state briefly (up to 250 words) the
purpose of the research, the principal results and major conclusions. &n abstract is often presented
separately from the article, so it must be able to stand alone. For this reason, References should
be avoided, but if essential, then cite the author(s) and year(s). Also, non-standard or uncommaon
abbreviations should be avoided, but if essential they must be defined at their first mention in the
abstract itself.

Highlights are a short collection of bullet points that convey the core findings of the article. Highlights
are optional and should be submitted in a separate editable file in the online submission system.
Please use 'Highlights' in the file name and include 3 to 5 bullet points (maximum 85 characters,
including spaces, per bullet point). You can view example Highlights on our information site.

Immediately after the abstract, provide a maximum of 6 keywords, using American spelling and
avoiding general and plural terms and multiple concepts (aveid, for example, 'and’, "'of"). Be sparing
with abbreviations: only abbreviations firmly established in the field may be eligible. These keywords
will be used for indexing purposes.

Divide your article into clearly defined and numbered sections consisting of Introduction, Materials
and Methods, Results, and Discussion. Subsections should be numbered 1.1 (then 1.1.1, 1.1.2, ...},
1.2, etc. (the abstract is not included in section numbering). Use this numberng also for intermal
cross-referencing: do not just refer to ‘the text’. Any subsection may be given a brief heading. Each
heading should appear on its own separate line.

Appendices

If there is more than one appendix, they should be identified as A, B, etc. Formulae and equations in
appendices should be given separate numbering: Eq. (A.1), Eq. (A.2), etc.; in a subsequent appendix,
Eq. (B.1) and so on. Similarly for tables and figures: Table A.1; Fig. A.1, etc.

Formatting of funding sources
List funding sources in this standard way to facilitate compliance to funder's requirements:
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Funding: This work was supported by the National Institutes of Health [grant numbers oo, yyyyl;
the Bill & Melinda Gates Foundation, Seattle, WA [grant number zzzz]; and the United States Institutes
of Peace [grant number aaaal.

It is not necessary to include detailed descriptions on the program or type of grants and awards. When
funding is from a block grant or other resources available to a university, college, or other research
institution, submit the name of the institute or organization that provided the funding.

If no funding has been provided for the research, please include the following sentence:

This research did not receive any specific grant from funding agencies in the public, commercial, or
not-for-profit sectors.

Units
Follow internationally accepted rules and conventions: use the international system of units (SI). If
other units are mentioned, please give their equivalent in SI.

Math formulae

Please submit math equations as editable text and not as images. Present simple formulae in
line with normal text where possible and use the solidus (/) instead of a horizontal line for small
fractional terms, e.qg., X/¥. In principle, variables are to be presented in italics. Powers of e are often
more conveniently denoted by exp. Number consecutively any eguations that have to be displayed
separately from the text (if referred to explicitly in the text).

Embedded math equations
If you are submitting an article prepared with Microsoft Word containing embedded math equations
then please read this (related support information).

All laboratory data should be presented in SI units. See Young, DS. Implementation of SI units for
clinical laboratory data. J Nutr Biochem 1990; 1: 599-633.

Footnotes

Footnotes should be used sparingly. Number them consecutively throughout the article. Many word
processors can build footnotes into the text, and this feature may be used. Otherwise, please indicate
the position of footnotes in the text and list the footnotes themselves separately at the end of the
article. Do not include footnotes in the Reference list.

Electronic artwork

General points

= Make sure you use uniform lettering and sizing of your original artwork.

=« Embed the used fonts if the application provides that option.

= Aim to use the following fonts in your illustrations: Arial, Courier, Times New Roman, Symbal, or
use fonts that look similar.

= Number the illustrations according to their sequence in the text.

= Use a logical naming convention for your artwork files.

= Provide captions to illustrations separately.

= Size the illustrations close to the desired dimensicns of the published version.

= Submit each illustration as a separate file.

A detailed guide on electronic artwork is available.

You are urged to visit this site; some excerpts from the detailed information are given here.
Formats

If your electronic artwork is created in a Microsoft Office application (Word, PowerPoint, Excel) then
please supply 'as is' in the native document format.

Regardless of the application used other than Microsoft Office, when your electronic artwork is
finalized, please 'Save as' or convert the images to one of the following formats (note the resolution
requirements for line drawings, halftones, and ling/halftone combinations given below):

EPS (or PDF): Vector drawings, embed all used fonts.

TIFF (or JPEG): Color or grayscale photographs (halftones), keep to a minimum of 300 dpi.

TIFF {or JPEG): Bitmapped (pure black & white pixels) line drawings, keep to a minimum of 1000 dpi.
TIFF {or JPEG): Combinations bitmapped linefhalf-tone (color or grayscale), keep to a minimum of
500 dpi.
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Please do not:

= Supply files that are optimized for screen use (e.g., GIF, BMP, PICT, WPG); these typically have a
low number of pixels and limited set of colors;

= Supply files that are too low in resclution;

» Submit graphics that are disproportionately large for the content.

Color artwork

Please make sure that artwork files are in an acceptable format (TIFF (or JPEG), EPS (or PDF), or
MS Office files) and with the correct resclution. If, together with your accepted article, you submit
usable color figures then Elsevier will ensure, at no additional charge, that these figures will appear
in color online (e.q., ScienceDirect and other sites) regardless of whether or not these illustrations
are reproduced in color in the printed version. For color reproduction in print, you will receive
information regarding the costs from Elsevier after receipt of your accepted article. Please
indicate your preference for color: in print or online only. Further information on the preparation of
electronic artwork.

Hllustration services

Elsevier's Author Services offers Illustration Services to authors preparing to submit a manuscript but
concerned about the guality of the images accompanying their article. Elsevier's expert illustrators
can produce scientific, technical and medical-style images, as well as a full rmnage of charts, tables
and graphs. Image 'polishing’ is also available, where our illustrators take your image(s) and improve
them to a professional standard. Please visit the website to find out more.

Figure captions

Ensure that each illustration has a caption. Supply captions separately, not attached to the figure. A
caption should comprise a brief title (not on the figure itself) and a description of the illustration. Keep
text in the illustrations themselves to a minimum but explain all symbols and abbreviations used.

Please submit tables as editable text and not as images. Tables can be placed either next to the
relevant text in the article, or on separate page(s) at the end. Number tables consecutively in
accordance with their appearance in the text and place any table notes below the table body. Be
sparing in the use of tables and ensure that the data presented in them do not duplicate results
described elsewhere in the article. Please avoid using vertical rules and shading in table cells.

Citation in text

Please ensure that every reference cited in the text is also present in the reference list (and vice
versa). Any references cited in the abstract must be given in full. Unpublished results and personal
communications are not recommended in the reference list, but may be menticnad in the text. If these
references are included in the reference list they should follow the standard reference style of the
journal and should include a substitution of the publication date with either "Unpublished results’ or
'Personal communication’. Citation of a reference as 'in press’ implies that the item has been accepted
for publication.

Reference style

Text: Indicate references by number(s) in square brackets in line with the text. The actual authors
can be referred to, but the reference number(s) must always be given.

List: Number the references (numbers in square brackets) in the list in the order in which they appear
in the text.

Examples:

Reference to a journzl publication:

[1] Van der Geer 1, Hanraads JAJ, Lupton RA. The art of wrting a scientific article. 1 Sci Commun
2010;163:51-9, https://dol.orgf10.1016/7.5c.2010.00372.

Reference to a journal publication with an article number:

[2] Van der Geer ], Hanraads JAJ, Lupton RA. The art of wrting a scientific article. Heliyon.
2018;19:200205. https://doi.org/10.1016/7.heliyon.2018.200205

Reference to a book:

[3] Strunk Ir W, White EB. The elements of style. 4th ed. New York: Longman; 2000.

Reference to a chapter in an edited book:

[4] Mettam GR, Adams LB. How to prepare an electronic version of your article. In: Jones BS, Smith
RZ, editors. Introduction to the electronic age, New York: E-Publishing Inc; 2009, p. 281-304.
Reference to a website:
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[5] Cancer Research UK. Cancer statistics reports for the UK, http://www.cancerresearchuk.org/f
aboutcancerfstatistics/cancerstatsreport/: 2003 [accessed 13 March 2003].

Reference to a dataset:

[dataset] [6] Oguro M, Imahiro S, Saito S, Nakashizuka T. Mortality data for Japanese oak wilt
disease and surrounding forest compositions, Mendeley Data, v1; 2015. https://doi.org/10.17632/
¥W)98nb39r.1.

MNote shortened form for last page number. e.0., 51-9, and that for more than & authors the first &
should be listed followed by et al.” For further details you are referred to "Uniform Requirements for
Manuscripts submitted to Biomedical Journals’ (1 Am Med Assoc 1997;277:927-34) (see also Samples
of Formatted References).

Reference links

Increased discoverability of research and high quality peer review are ensured by online links to
the sources cited. In order to allow us to create links to abstracting and indexing services, such as
Scopus, CrossRef and PubMed, please ensure that data provided in the references are correct. Please
note that incorrect surnames, journal/book titles, publication year and pagination may prevent link
creation. When copying references, please be careful as they may already contain errors. Use of the
DOT is highly encouraged.

A DOI is guaranteed never to change, so you can use it as a permanent link to any electronic article.
An example of a citation using DOI for an article not yet in an issue is: VanDecar 1.C., Russo R.M.,
James D.E., Ambeh W.B., Franke M. (2003). Aseismic continuation of the Lesser Antilles slab beneath
northeastern Venezuela. Journal of Geophysical Research, https://doi.orgf10.1029/20011B000884.
Please note the format of such citations should be in the same style as all other references in the paper.

Data references

This journal encourages you to cite underlying or relevant datasets in your manuscript by citing them
in your text and including a data reference in your Reference List. Data references should include the
following elements: author name(s), dataset title, data repository, version (where available), year,
and global persistent identifier. Add [dataset] immediately before the reference so we can properly
identify it as a data reference. The [dataset] identifier will not appear in your published article.

Reference management software

Most Elsevier journals have their reference template available in many of the most popular reference
management software products. These include all products that support Citation Style Language
styles, such as Mendeley. Using citation plug-ins from these products, authors only need to select
the appropriate journal template when preparing their article, after which citations and bibliographies
will be automatically formatted in the journal's style. If no template is yet available for this journal,
please follow the format of the sample references and citations as shown in this Guide. If you use
reference management software, please ensure that you remove all field codes before submitting
the electronic manuscript. More information on how to remove field codes from different reference
management software.

Users of Mendeley Desktop can easily install the reference style for this journal by clicking the following
link:

http://open.mendeley.com/use-citation-style/the-journal-of-nutritional-biochemistry

When preparing your manuscript, you will then be able to select this style using the Mendeley plug-
ins for Microsoft Word or LibreOffice.

Web references

As a minimum, the full URL should be given and the date when the reference was last accessed. Any
further information, if known (DOI, author names, dates, reference to a source publication, etc.),
should also be given. Web references can be listed separately (e.g., after the reference list) under a
different heading if desired, or can be included in the reference list.

Journal abbreviations source
Journal names should be abbreviated according to the List of Title Word Abbreviations.

Elsevier accepts video material and animation sequences to support and enhance your scientific
research. Authors who have video or animation files that they wish to submit with their article are
strongly encouraged to include links to these within the body of the article. This can be done in the
same way as a figure or table by referring to the video or animation content and noting in the body
text where it should be placed. All submitted files should be properly labeled so that they directly
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relate to the video file's content. . In order to ensure that your video or animation material is directly
usable, please provide the file in one of our recommended file formats with a2 preferred maximum
size of 150 MB per file, 1 GB in total. Video and animaticn files supplied will be published online in
the electronic version of your article in Elsevier Web products, including ScienceDirect. Please supply
‘stills" with your files: you can choose any frame from the video or animation or make a separate
image. These will be used instead of standard icons and will personalize the link to your video data. For
more detailed instructions please visit our video instruction pages. Note: since video and animation
cannot be embedded in the print version of the journal, please provide text for both the electronic
and the print version for the portions of the article that refer to this content.

Include interactive data visualizations in your publication and let your readers interact and engage
more closely with your research. Follow the instructions here to find out about available data
visualization options and how to include them with your article.

Supplementary material such as applications, images and sound clips, can be published with your
article to enhance it. Submitted supplementary items are published exactly as they are received (Excel
or PowerPoint files will appear as such online). Please submit your material together with the article
and supply a concise, descriptive caption for each supplementary file. If you wish to make changes to
supplementary material during any stage of the process, please make sure to provide an updated file.
Do not annotate any corrections on a previous version. Please switch off the Track Changes' option
in Microsoft Office files as these will appear in the published version.

This journal encourages and enables you to share data that supports your research publication
where appropriate, and enables you to interlink the data with your published articles. Research data
refers to the results of observations or expenmentation that validate research findings. To facilitate
reproducibility and data reuse, this journal also encourages you to share your software, code, models,
algorithms, protocols, methods and other useful materials related to the project.

Below are a number of ways in which you can associate data with your article or make a statement
about the availability of your data when submitting your manuscript. If you are sharing data in one of
these ways, you are encouraged to cite the data in your manuscript and reference list. Please refer to
the "References” section for more information about data citation. For more information on depositing,
sharing and using research data and other relevant research materials, visit the research data page.

Data linking

If you have made your research data available in a data repository, you can link your article directly to
the dataset. Elsevier collaborates with a number of repositories to link articles on ScienceDirect with
relevant repositories, giving readers access to underlying data that gives them a better understanding
of the research described.

There are different ways to link your datasets to your article. When available, you can directly link
your dataset to your article by providing the relevant information in the submission system. For more
information, visit the database linking page.

For supported data repositories a repository banner will automatically appear next to your published
article on ScienceDirect.

In addition, you can link to relevant data or entities through identifiers within the text of your
manuscript, using the following format: Database: oo (e.g., TAIR: AT1G01020; CCDC: 734053;
PDB: 1XFN).

Mendeley Data

This journal supports Mendeley Data, enabling you to deposit any research data (including raw and
processed data, video, code, software, algorithms, protocols, and methods) associated with your
manuscript in a free-to-use, open access repository. During the submission process, after uploading
your manuscript, you will have the opportunity to upload your relevant datasets directly to Mendeley
Data. The datasets will be listed and directly accessible to readers next to your published article online.

For more information, visit the Mendeley Data for journals page.
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Data in Brief

You have the option of converting any or all parts of your supplementary or additional raw datza into
one or multiple data articles, a new kind of article that houses and describes your data. Data articles
ensure that your data is actively reviewed, curated, formatted, indexed, given a DOI and publicly
available to all upon publication. You are encouraged to submit your article for Data in Brief as an
additional item directly alongside the revised version of your manuscript. If your research article is
accepted, your data article will automatically be transferred over to Data in Brief where it will be
editorially reviewed and published in the open access data journal, Data in Brief. Please note an open
access fee of 6800 USD is payable for publication in Data in Brief. Full details can be found on the Data
in Brief website. Please use this template to write your Data in Brief.

Data statement

To foster transparency, we encourage you to state the availability of your data in your submission.
This may be a requirement of your funding bedy or institution. If your data is unavailable to access
or unsuitable to post, you will have the epportunity to indicate why during the submission process,
for example by stating that the research data is confidential. The statement will appear with your
published article on ScienceDirect. For more information, visit the Data Statement page.

Revised Manuscripts

Please provide a separate file that clearly addresses the reviewers concerns. Authors should use a red
colored font to mark any changes to the text in the revised manuscript. Once a revised manuscript
is accepted for publication, a proof is prepared and submitted for final review to the corresponding
author. Subsequently, the corrected proof will be published in JNB online as an ‘article-in-press’
available for immediate citation. The authors are solely responsible for the accuracy of their articles.
Once a manuscript 1s selected for inclusion in an issue, the article will be updated with volume, issue,
and page information.

Scientific Correspondence
Letters to the Editor will be considerad for publication at the discretion of the editor. Submission of a
letter constitutes permission for publication. Letters are subject to editing and abridgement.

AFTER ACCEPTANCE

Corresponding authors will receive an e-mail with a link to our online proofing system, allowing
annotation and correction of proofs online. The environment is similar to MS Word: in addition to
editing text, you can also comment on figures/tables and answer questions from the Copy Editor.
Web-based proofing provides a faster and less error-prone process by allowing you to directly type
your corrections, eliminating the potential introduction of errors.

If preferred, you can still choose to annotate and upload your edits on the PDF version. All instructions
for proofing will be given in the e-mail we send to authors, including alternative methods to the online
version and PDF.

We will do everything possible to get your article published quickly and accurately. Please use this
proof only for checking the typesetting, editing, completeness and correctness of the text, tables and
figures. Significant changes to the article as accepted for publication will only be considered at this
stage with permission from the Editor. It is important to ensure that all corrections are sent back
to us in one communication. Please check carefully before replying, as inclusion of any subsequent
corrections cannot be guaranteed. Proofreading is solely your responsibility.

The corresponding author will, at no cost, receive a customized Share Link providing 50 days free
access to the final published version of the article on ScienceDirect. The Share Link can be used for
sharing the article via any communication channel, including email and social media. For an extra
charge, paper offprints can be ordered via the offprint erder form which is sent once the article is
accepted for publication. Both corresponding and co-authors may order offprints at any time via
Elsevier's Author Services, Corresponding authors who have published their article gold open access
do not receive a Share Link as their final published version of the article is available open access on
ScienceDirect and can be shared through the article DOT link.

AUTHOR INQUIRIES

Visit the Elsevier Support Center to find the answers you need. Here you will find everything from
Frequently Asked Questions to ways to get in touch.
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Annexure D: Editor’s certificate

Statement by Language Editor

To whom it may concern

| hereby declare that | have proofread and language edited (English) the thesis, Effects of n-3 fatty
acid and iron deficiency, alone and in combination, on hepcidin requlation and lipid mediators in rats,
submitted for the degree Magister Scientiae in Nutrition at the North-West University by A Middel,
student number: 25196812, to the best of my ability.

However, it remains the client’s responsibility to effect the suggested changes.

| remain available for confidential confirmation at the contact details below.

Yours faithfully

- o i

b Pt _ I
f’f‘ = - ’,f /7..1_'.' A i3 -

TED TOWNSEND

MA Semiotics (RAU)

5 June 2020

E-mail: hampton2lcottage@gmail.com
WMobile: 076 401 0342
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