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in the presence of gut microbiota, these cells acquired a considerable capacity for iron storage (in the
form of ferritin), and favored its transport towards the body by increasing the expression of ferroportin.
This shows that intestinal cells have a capacity to adapt their ability to distribute and store iron in the
presence of gut microbiota. This notion is further supported with GF studies in rats, showing that the
reduced level of iron uptake increased the loss of iron in their feces compared to specific-pathogen-free
(SPF) rats [77], and they become anemic when fed on a low-iron diet [77]. The authors estimated that
the absorption and net retention of iron decreased by around 25% in the absence of viable intestinal
microbiota [77], in agreement with other studies that found a decreased absorption of iron after antibiotic
treatment in rats [78] and rabbits [79]. Additionally, elevated ferritin expression and epithelial cells
favoring iron storage upon gut colonization in GF mice provide an insight that gut microbes can
establish a specific iron regulation signature for crosstalk with the host intestinal epithelium. Notably,
due to the reduced environment in the colonic lumen, iron can form complex formations with mucins,
certain amino acids, proteins, and other food components. However, we do not entirely know yet how
accessible these insoluble forms of iron are for bacteria [80]. Somehow, ferrous and ferric forms of iron
are be present in the colonic lumen to favor the viability of gut microbiota.

Figure 2. Several iron regulation mechanisms in the colonic lumen. The pH varies along the
gastrointestinal tract (GIT), and food intake can also drive further pH fluctuations in the GIT.
The stomach has a low pH (pH = 1.5-3.5) that favors the solubility of both ferric and ferrous iron
with or without a ligand. Even though the pH is low in the duodenum (pH = 1.5-4.5), the acidic
nature of the environment, mixed with food components, can increase the pH. A higher pH in the
small intestine (pH = 6.2-7.5) decreases the solubility of ferric iron, and within the colon, the pH
can slightly drop due to lactate and short chain fatty acids (SCFAs; acetate, butyrate, and propionate)
produced by the microbiota (pH = 4.5-7.5). In colonic lumen, (1) iron can bind to polyphenols, including
tannins and phytate, that can make iron accessible via the enzymatic degradation or removal of the
iron by siderophores; (2) An insoluble form of iron with phosphate, carbonate, or oxides can be
made soluble again via as-yet unidentified mechanisms that drive bacterial reduction or siderophore
chelation; (3) Host cells and/or gut microbes can utilize the reduced form of iron conjugated with
citrate or ascorbate, and additionally, iron-bound lactate, mucin, or amino acids might be easier
to access compared to an iron ferritin complex by colonic microbiota via unknown mechanism(s);
(4) The low-affinity siderophores, alpha-hydroxyacids and alpha-keto-acids may theoretically assist
with the relatively easier access of iron, and they may also help for the iron cross-feeding by
heterologous siderophores (a phenomenon where certain bacterial strains can compete for each other’s
siderophores) within the colonic microbiota. At last, lipocalin-2 in the colonic lumen may scavenge
iron conjugated to siderophores to prevent uptake by pathobionts.
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We have more information on how the mammalian host cells in the gut are able to deal with
iron; however, we are quite restricted on the roles of the gut microbiota on iron regulation, which
remains speculative [65]. Iron availability for small intestinal microbiota, explicitly in the duodenum,
are likely to be different to that for colonic microbiota, since small intestinal microbiota are home
to a lower density of residing microorganisms compared to the colon. Nevertheless, colonic iron
absorption can contribute more to defence mechanisms, as iron exclusion from the colonic lumen can
contribute to nutritional immunity and restrain the gut pathobiont community [81]. Of note, oral iron
administration can modify gut microbiota due to metabolic changes in the colonic lumen.

5. The Effect of Iron on Gut Microbiota and Pathogens

The human gut microbiota encounters a broad range of unabsorbed luminal iron concentrations
acquired via a diet containing red meat and fortified cereals. Iron as an essential element, is also
extensively required across the domain of bacteria by functioning as a co-factor in iron-containing
proteins for redox reaction, metabolic pathways, and electron transport chain mechanisms [82,83].
These gut residents, just like humans, have evolved a number of mechanisms for obtaining iron from
their human hosts for survival and proliferation.

Iron is critical for the replication and survival of almost all bacteria, with a few exceptions, which
acquired alternative metabolic solutions from evolution. Lactobacillus plantarum was the first identified
iron-independent microbial strain, which contains just one or two iron atoms—a level that is considered
to be too low to provide iron with any conceivable biological function [84]. This feature also explains
their presence in natural gut microbiota and milk, a highly iron-restricted environment due to the
lactoferrin [85]. Another novel microorganism is Borrelia burgdorferi, a well-known pathogen causing
Lyme disease transmitted to humans by the bite of infected ticks of the genus Ixodes. This pathogen
have evolved in an iron-poor but a manganese-rich environment, by substituting Fe with Mn in their
metalloproteins, which is an essential trigger for the activation of SodA superoxide dismutase (SOD),
and which is essential for virulence [86]. This may facilitate infection in iron-free conditions that is
tightly restricted within the host systemic compartment [87].

Alternatively, siderophores are small, high-affinity iron-chelating compounds that are secreted
by bacteria, and they are the most prevalent strategies of aerobic and facultative anaerobic bacteria
families such as Enterobacteriaceae, Streptomycetaceae, and Bacillaceae, in order to scavenge inorganic
iron from the environment [88]. They are vastly produced by bacteria under low iron stress, due to their
high ferric ion-specific chelating capacities [83,89]. There is no shared protein structure of siderophores
due to the ability of the gut bacterial species to produce iron-siderophore complexes with specific
transporters [88].

On the other hand, some gut strains like Bacteroides fragilis are strongly dependent on heme
(or its precursor, protoporphyrin IX), since they have dispensed with the biosynthetic machinery
that is required for heme elaboration. Microbes can take up heme by releasing either hemophores or
expressing high-affinity heme outer membrane transporters [90]. In iron depletion, heme availability
in the GIT is likely to be limited [91]. Thus, iron availability severely influences the gut bacterial
ecosystem. Not surprisingly, different studies have investigated the effect of iron deficiency and/or
supplementation on shaping the composition of the intestinal microbiota, both in animals and humans.
These studies revealed well-defined patterns of microbial alterations in the gut which correlate with
iron-deficient and iron-supplemented diets.

Numerous studies have investigated the effect of iron deficiency and supplementation on the gut
microbiota (summarized in Figure 3). One of the oldest studies back in 1985, showed that infants given
an iron-fortified cow’s milk preparation had lower Bifidobacterium but higher counts of Bacteroides and
E. coli than infants receiving an unfortified cow’s milk preparation [92]. Another study on prolonged
consumption of iron-supplemented biscuits by children from Cote d'Ivoire demonstrated a high
proportion of fecal Enterobacteriaceae family and a low proportion of Lactobacillus, compared to a
control group receiving non-supplemented biscuits [93]. Moreover, iron deficiency in young Indian
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women was associated with low levels of Lactobacillus acidophilus in the gut [94]. In a recent study,
an iron-fortified micronutrient powder provided to Kenyan infants ranging from 6 to 10 months of age
caused an increase of several taxa from Enterobacteriaceae family, especially the pathobiont E. coli, and a
decrease of Bifidobacterium in their intestine [95]. Of note, the researchers also stated on higher levels of
calprotectin in infants supplemented with iron, an indication of increased gut inflammation [95]. A lack
of host factors such as iron status, immune system, and diet fluctuation in the gut might be drawbacks
to studying iron and microbiota. Nevertheless, in vitro studies hint on microbial metabolism in the
presence of iron and nutrients. An in vitro colonic fermentation study using immobilized human
fecal microbiota to show the impact of Fe deficiency and sufficiency showed that during very low
Fe conditions, several taxa, including Roseburia, [Eubacterium] ectale, Clostridium Cluster IV members,
and Bacteroides were decreased, while members of the Lactobacillus and Enterobacteriaceae family were
increased, consistent with a decrease of SCFA, namely butyrate and propionate [96].

Oral Fe administration
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Figure 3. Microbial and metabolic changes in the colonic lumen after oral iron administration. Orally
administered iron has a direct impact on alteration of microbial composition in the gut. It can result
in reduction in the beneficial microbiota and the expansion of pathobionts (A), and this can also
provide an opportunity for the expansion of enteric pathogens (B). The host metabolism is additionally
influenced with an increase in protein fermentation and reduction in carbohydrate metabolism (C).
Importantly, iron can induce the generation of reactive oxygen species (ROS) in the gut (D), which
causes oxidative stress and consequently, intestinal epithelial damage. In turn, the host intestinal
immune system responds with inflammation, intestinal damage, and possible infection.

Experimental animal studies further supported the findings in human studies. These studies
pointed out the similar usual suspects, such as elevated abundance of the Lactobacillus, Enterobacteriaceae
family as well as Enterococcus and reduced abundance of Bacteroides and Roseburia members in
iron-deprived mice and young Sprague Dawley rats [97,98]. Besides, relatively low numbers of
total anaerobes in the colons of iron-supplemented mice suggested that the provision of Fe(III)
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suppressed bacteria, likely by the oxidation of normally reduced environments [97]. In a study where
researchers only assessed Bacteroidetes, the Enterobacteriaceae family, and Firmicutes, the influence
of ferric iron on gut microbiota was investigated, but no effect was found [99]. In rats, iron dose
and a time-dependent study showed changes in these usual suspects with addition of changes in
Clostridium difficile enterotoxin [100]. In a further study with a genetic modification of iron metabolism
in mice, the relative abundance of five lactic acid bacteria were significantly different among the
mouse lines, suggesting that the deletion of iron metabolism-related genes in the host can affect the
intestinal gut composition [101]. It was also shown that a heme-rich diet decreased gut microbial
diversity. Major taxonomic changes included an increase in the relative abundance of Proteobacteria,
and a decrease in the abundance of Firmicutes, similar to Dextran Sulfate Sodium (DSS)-induced
colitis [102]. Additionally, the intestinal lumen may support the growth of bacteria-coding genes that
are related to heme uptake and release from RBCs. In return, gut microbiota can play a critical role
on iron absorption, as shown in a study in which metabolic changes due to prebiotic administration
affected iron absorption [75] via increasing the expression of iron regulatory genes in the colon and
duodenum, and an increase of Lactobacillaceae in the colon [103,104]. Further, a study with GF
rats showed a decrease in iron uptake compared to SPF mice, as mentioned before [77]. Among all
these studies, another important finding is that concentrations of SCFA and branched chain fatty
acids (BCFAs; isobutyrate and isovalerate) were altered in adult fecal microbiota and during in vitro
experimentation [98,105]. Specifically, low levels of butyrate and propionate were observed during
a luminal iron deficiency condition in rats, and luminal iron absorption might be enhanced by
Propionibacteria via the biosynthesis of propionate [106].

Not surprisingly, iron can promote the replication and virulence of gut enteric pathogens
including Salmonella, Shigella, and Campylobacter (Figure 3). Iron availability in the colon lumen is
a critical signal for the expression of virulent genes by pathogens and hosts. It has been shown
that a ferroportin-mediated efflux of iron, and consequent changes in the amounts of available
iron to Salmonella typhimurium can decrease the expression of the protein, favoring the growth
of this pathogen [107]. This observation was also investigated with different organisms residing
in macrophages, and it was supported with the general notion that cellular iron concentration is
one of the critical determinants for infectivity [108,109]. Besides the impact of iron availability to
pathogens, hepcidin-mediated iron sequestration also influences the host immune response by altering
macrophage cytokine production and function [110]. An in vitro study demonstrated that moderate
extracellular iron levels can give an advantage for invasion to Salmonella when it is cultured with
intestinal epithelial cells [105]. Furthermore, the survival of this enteric pathogen in the host cell may
partly depend on the host iron status. However, iron does not always elevate the viability and virulence
of pathogens. A recent study with a Citrobacter infection experimental mouse model showed that
dietary iron supplementation induced insulin resistance and increased glucose levels in the intestine
that help to suppress the pathogenicity of this bacterium. Additionally, dietary iron was able to drive
the selection of attenuated Citrobacter strains that can transmit and asymptomatically colonize naive
hosts [111]. In general, iron availability in the gut can have a large impact on the infection cycle of a
pathogen. The increased luminal iron and intracellular iron in enterocytes may exaggerate or reduce
the virulence of enteric pathogens. So far, relatively little is known about a potential link between iron
and intestinal infection, and more research is needed to investigate these concepts in detail.

Overall, oral iron intake can influence the gut microbiota of young and adult populations in the
short-term. However, we have still no idea of what is the potential effect of oral iron supplementation
in a long-term view for health and gastrointestinal-related infection problem. Given the importance
of the microbiota in shaping the development and function of the intestinal immune system [17-19],
iron-dependent changes in gut microbiota could have an impact on infant health and mucosal immune
responsiveness, which need to be further investigated with a larger perspective, with randomized
controlled trials in human patients yielding concrete clinical outcomes.
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6. Iron and Inflammatory Bowel Disease (IBD)

Dysbiosis, or imbalance of the gut microbial consortia disrupting their mutualism with the
host, may cause intestinal or systemic pathology, including chronic inflammatory bowel disease
(IBD) [112-114]. Crohn’s disease (CD) and ulcerative colitis (UC) are the two main forms of IBD,
each with an annual incidence of 10-30 per 100,000 in Europe and North America, and they are usually
diagnosed before age of 35. These are relapsing-remitting immune-mediated, chronic inflammatory
intestinal diseases, each with very diverse sub-phenotypes and heterogeneous responsiveness to
treatment [28,115]. Unfortunately, no treatment is satisfactory in about 30% of patients, leaving
life-long morbidity, malnutrition, and risk of malignancy. Among many complications of the disease,
anemia is the most common one and one third of IBD patients suffer from recurrent anemia. It is
a condition that develops when the human system lacks either enough healthy red blood cells or
hemoglobin. Many people carry on their lives without knowing that they have iron deficiency anemia.
Therefore, people are likely to experience symptoms for years without ever knowing the reason behind
them [116]. Iron deficiency anemia (IDA) and anemia of chronic disease (ACD) are the most common
causes of anemia in these patients, and they often occur simultaneously. Chronic bleeding in the GIT
or unbalanced iron absorption/iron homeostasis due to increased systemic hepcidin levels in the
presence of ongoing inflammation are the main reasons behind iron deficiency [8,117,118]. This has
tremendous impact on the quality of life of IBD patients. Chronic fatigue is commonly instigated by
anemia, and it may debilitate patients as much as abdominal pain or diarrhea. The ultimate therapeutic
goal is to improve the patient’s quality of life by changing the hemoglobin concentration and iron level
in those patients [119].

Iron absorption is down-regulated in IBD patients with the active disease, but it is normal in
quiescent IBD patients [120]. Patients with the active disease generally require iron supplementation.
However, one should be cautious with oral iron supplementation, which often leads to gastrointestinal
side effects such as nausea, abdominal pain, and diarrhea. Several experimental animal model studies
using transgenic models or chemically induced colitis suggested that oral iron administration could
exacerbate intestinal inflammation [121-125]. Mechanistically, this might be due to ferrous forms of oral
iron appearing to be poorly absorbed, and the iron-induced production of reactive oxygen species (ROS)
within the lumen of the gut, or the increased growth of pathobionts in the GIT that thrive on iron and
inflammation (Figure 3). It is well-characterized that the gut microbiota of IBD patients are relatively
different than non-IBD subjects, mostly with an increase of enteropathogenic strains, as shown by
many different groups [126-132]. Dietary iron supplementation leads to disease exacerbation and
a higher risk of infection, and an increased abundance of Enterobacteriaceae. Additionally, it has
been shown that the absence of luminal ferrous iron was associated with key changes in the intestinal
microbiota [125]. Many animal studies that we have also mentioned in Section 5 support the idea that
microbial differences might be enlarged upon iron supplementation into the gut.

In contrast, intravenous iron therapy offers effective alternative management for iron deficiency
anemia, since it does not cause side effects and it is more efficient in restoring the iron status in
patients [133]. This generally is preferred when iron deficiency co-exists with anemia in clinically
active IBD patients. Direct administration of iron into the circulation requires formulations to prevent
the cellular toxicity of iron salts, and hence, intravenous iron is usually administered as ferric gluconate,
iron sucrose, iron dextran, and ferric carboxymaltose. A study with the intravenous administration
of ferric carboxymaltose showed that this therapy was found to be effective and well-tolerated in
IBD patients with iron deficiency [134]. In a complementary study in which iron was supplemented
either orally or intravenously, the researchers analyzed the effect of iron supplementation of the gut
microbiota and metabolites of IBD patients. Even though the route of supplementation did not affect
the species richness in the gut, oral iron changed the abundance of F. prausnitzii and Bifidobacterium [135].
Metabolically, high levels of phosphatidylglycerol (PG), palmitate, and its derivatives in the orally
iron-supplemented group were observed, whereas bile acids, tetrahydrodeoxycorticosterone, and other
cholesterol derivatives were the characteristics of the intravenously iron-supplemented group [135].
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This study identified that CD patients were more prone to iron-supplemented therapy shifts, and oral,
but not intravenous, iron therapy affected the presence of specific bacterial species and their products.

Nowadays, there are many good reasons to pay careful attention to iron metabolism than ever
before, when dealing with specifically IBD patients with anemia. Until we find a better treatment
to IBD, the primary goal is the optimization of supportive care to enhance the patient’s quality of
life. To do that, we need to better understand the fine-tuned balance between iron metabolism and
microbial population residing in the gut of IBD patients.

7. Iron and Colorectal Cancer

Iron is a limiting factor of growth for many pathobiont bacteria. Contrary, it can also promote a
shift in the ratio between pathobionts and gut commensals, with an increase in specific metabolites and
inflammation in the intestines. Therefore, a high concentration of iron in the colon leads us to question
whether or not iron might also be involved in the initiation or promotion of colonic diseases, specifically
colorectal cancer. Despite recent advances in cancer treatment, colorectal cancer still remains one
of the deadliest cancer types, with a significantly increased incidence in developing countries with
Westernized lifestyles. The incidence of colorectal cancer differs broadly between diverse human
populations. It has been suggested that dietary fiber content is of utmost importance, and that it is
inversely related to the occurrence of colonic cancer. Since Graf and Eton’s editorial comment in 1985,
multiple factors that drive the progression from healthy mucosa to colorectal carcinoma have been
identified [136,137]. Accumulating evidences with many in vitro studies and in vivo interventions
have consistently supported the role of iron in colorectal cancer risk via a mechanism of increased
oxygen radical synthesis and the role of phytic acid, a potent inhibitor of iron-mediated generation of
the hazardous oxidant, hydroxy radicals, reversing the augmentation of tumor risk [138-140].

A majority of the strongest studies confirm that both dietary iron and iron storage augment
colorectal cancer risk, as reviewed in these manuscripts [139,141]. A positive association between
iron storage (transferrin saturation) in the host system due to mutation in human hereditary
hemochromatosis (a.k.a. iron overload disorder; a disorder that causes the body to absorb too much iron
from the diet, and excess amount of iron is stored in the body’s tissues and organs, particularly the skin,
heart, liver, pancreas, and joints) gene (C282Y mutation), and the development of precancerous lesions
in the colon, colonic adenomas, or polyps were reported [142,143]. Additionally, five prospective
human cohort studies, including the data of 566,607 individuals and 4,734 cases of colon cancer, showed
that a high intake of heme iron was linked with an increased risk of colon cancer, even though one
cohort did not identify any association [144-148]. Yet, many critical studies hint on the significant role
of diet as a major player in colorectal cancer development [149]. Even though the hemochromatosis
gene probably does not play a major role in the majority of colorectal cancers, two different fields of
research, genetic and nutritional oncology, have united to find out the mechanisms that drive this type
of cancer. The findings that intraluminal iron via interactions with intestinal microbes, promotes of
hydroxy radicals, brings the gut microbiota, the hot subjects over the last 5-6 years, to this unity as a
third key factor, and shift recent investigations in the microbiota field, which have been largely driven
by advances in DNA sequencing (particularly of highly conserved hyper-variable regions of the 165
ribosomal RNA genes in bacteria).

Recent reports showed that Bacteroides/Prevotella, Clostridum, Streptococcus bovis, and Enterococcus
faecalis can produce genotoxic metabolites, such as hydrogen sulphide and secondary bile salts, which
likely promote inflammation and carcinogenesis [150-153]. In defence, B. longum and L. acidophilus are
gut-protective commensals [154,155]. They form a protective barrier against colonization by pathogenic
bacteria, and they produce butyrate that act as an anti-carcinogenic agent [156]. Additionally, strains
of Bifidobacteriaceae family can affect free radical formation by binding iron to their surface, and they
promote daily renewal of the colon epithelium, while strains of Lactobacillus can reduce the mutagenic
effect of bile acids [154,155]. Moreover, antibiotic-based clearance of gut pathobionts reduced the
incidence of colon cancer, and altered gut microbiota in mice [157]. These findings were supported
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with human studies. Advanced colorectal adenoma or carcinoma patients were shown to be deficient
in lactic acid-producing commensals [158]. Whether reverting this microbial profile in the patient’s
gut might have an effect on disease progression is the one burning question, and even though gut
microbiota-dependent dietary changes are promising against colorectal carcinoma, these methods still
require further investigation.

8. Concluding Remarks

Iron deficiency is a globally serious problem, and it can be corrected to avoid any serious health
issues in individuals suffering from it. In this review, we discussed the multi-faceted effects of iron,
its administration, and its role on host-microbiota interaction(s) in health and disease (Figure 3).
So far, we have a clear view that oral iron administration may impact the gut microbiota profile,
and it is the main preferable therapy, even though this has serious gastrointestinal problems including
diarrhea, morbidity, and mortality in children, mainly in Africa. From this, the “chicken-egg” question
arises, as scientists struggle to find better explanations for iron homeostasis based on iron-dependent
fluctuations in the host response, and the growth of gut bugs in the presence of inflammation. It is
likely that intestinal microbiota and iron homeostasis are the key parts, but not the only parts, of a
more complex interplay that triggers the inflammatory response in the intestines, which can lead to
IBD or colorectal cancer. Impressive advancements have been made during the past few years in
biomedical science and computation biology, and we are now at a level of better characterization of
gut microbiota-dependent inflammatory responses and its direct connection to iron metabolism.
Until today, many human studies have only reported observed correlations, and more work is
necessary to prove a causal relationship between iron-gut bacteria interactions and the development
of gut inflammatory diseases and colorectal cancer. Experimental animal models have assisted in
understanding how the gut microbiota interact with excessive amounts of unabsorbed luminal iron,
and modern iron therapeutic administration methods for iron deficient populations [159].
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Abbreviations

ACD Anaemia of chronic disease
BCFA Branched chain fatty acids
BMPs Bone morphogenetic proteins
CD Crohn’s disease

DCYTB Duodenal Cytochrome B
DMT1 Divalent Metal Transporter 1
GF Germ-free

GI Gastrointestinal

H,0, Hydrogen peroxide

HEPH Hephaestin

HMOX1 Heme Oxygenase 1

IBD Inflammatory bowel disease
IBS Irritable bowel syndrome
IDA Iron deficiency anemia
Nrampl Natural Resistance-Associated
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PG Phosphatidylglycerol

RBC Red blood cell

ROS Reactive oxygen species

SCFA Short-chain fatty acids

SLC40A1 Solute Carrier Family 40 Member 1

SLC46A1 Solute Carrier Family 46 Member 1

SNP Single nucleotide polymorphisms

SOD Superoxide dismutase

SPF Specific pathogen-free

ucC Ulcerative colitis
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Abstract: Over the last decade, increasing evidence has reinforced the key role of metabolic
reprogramming in macrophage activation. In addition to supporting the specific immune response
of different subsets of macrophages, intracellular metabolic pathways also directly control the
specialized effector functions of immune cells. In this context, iron metabolism has been recognized
as an important component of macrophage plasticity. Since macrophages control the availability
of this essential metal, changes in the expression of genes coding for the major proteins of iron
metabolism may result in different iron availability for the macrophage itself and for other cells
in the microenvironment. In this review, we discuss how macrophage iron can also play a role
in immunometabolism.

Keywords: macrophages; iron; metabolism; inflammation

1. Introduction

Over the last decade, interest in immunometabolism—the interaction between immunological
and metabolic systems at both the body and cellular levels—has grown considerably. Although the
metabolic pathways of several types of immune cells, such as T cells—which contribute to immune
modulation in cancer through their metabolic connection with tumor cells [1]—have received attention,
most studies have focused on macrophage immunometabolism. In fact, it is increasingly appreciated
that the functions of these cells extend beyond immune defense. Indeed, metabolism is not only a
system to produce energy, but also a source of a variety of intermediates with relevant biological
function in innate immunity and inflammatory response. Under the influence of signals from the
microenvironment, cells of the monocyte—-macrophage lineage undergo a complex reprogramming
toward distinct functional phenotypes [2]. Emerging evidence has shown that immunometabolism is an
important factor of the functional phenotype that characterizes the different macrophage populations,
such as those present in sites of infections, tissue injury, tumors, atherosclerotic plaques, adipose
tissue, etc. In this review, we address the cell-intrinsic metabolic functions that contribute to determine
the functional activity of macrophages focusing in particular on iron metabolism, which has been
recognized as one of the selected metabolic features of different classes of macrophages [3].

2. Macrophage Polarization

Macrophages play a variety of distinct roles both in pathological conditions, such as inflammation,
and physiological tissue homeostasis. To fulfil these tasks, macrophage populations are able to
acquire different phenotypes depending on environmental and immune signals, which polarize
macrophages to a range of activation states classified in two major groups: classical pro-inflammatory
(M1) macrophages endowed with cytotoxic and microbicidal functions, which are typically induced
following activation of toll-like receptors (TLR) by pathogen products such as lipopolysaccharide (LPS),
or alternative anti-inflammatory (M2) macrophages, which respond to anti-inflammatory cytokines
like interleukin 4 (IL-4) and are involved in cell growth and tissue remodelling [4] (Figure 1). In spite of
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the oversimplification, this classification faithfully represents the polarization of macrophages in most
pathophysiological settings. The behaviour and the gene expression profile of differently polarized
macrophages show considerable differences, but recent studies have shown that several divergences
in cellular metabolism also contribute significantly to the diversity of the M1 and M2 populations.
Notably, the metabolic changes, which are influenced by signals from the microenvironment, in turn
support the specialized functions of macrophage subsets [5]. In addition, recent studies showed that
altering macrophage metabolism can also reshape their functions [6]. This may offer the possibility to
exploit metabolic pathways to alter the role of macrophages in a variety of pathologic conditions in
which myelomonocytic cells are a key component, such as tumors, obesity, atherosclerosis.

Tissue damage Tissue remodelling

Inflammatory cytokines

Immunomodulation
Intracellular pathogens

Angiogenesis

Iron retention

l

Iron release
Tumor resistance Tumor promotion
Glycolysis Oxidative phosphorylation

Figure 1. M1 and M2 macrophages represent the extremes of a spectrum. The major properties and
functions of polarized macrophages are summarized in the boxes. The differential expression of
representative molecules and effectors is also shown.

3. Macrophage Diversity and Metabolism

3.1. Amino Acid Metabolism

Macrophage plasticity includes changes in amino acid metabolism (Figure 1); in fact, a well-known
distinctive feature of M1 macrophages is the inducible conversion of arginine into nitric oxide (NO),
a reactive compound important for microbial killing. Conversely, arginase-dependent metabolism
of arginine in M2 cells on the one hand depletes arginine required for NO synthesis in macrophages
and for T cell immunity [7]; on the other hand leads to the production of ornithine, thus possibly
contributing to collagen synthesis, consistent with the healing function of M2 [3,5].

The metabolism of tryptophan which can be converted in different compounds along two main
pathways represents another example of the connection between immune function and amino acid
metabolism. Tryptophan can be metabolized by the heme-containing indoleamine 2,3-dioxygenase
1 (IDO1) or tryptophan mono-oxygenase: IDO1 catalyzes the initial reaction of the pathway that
transforms tryptophan into kynurenine, a product that exerts major immunosuppressive effects by
inhibiting T cell immunity and impairing chemotaxis of neutrophils [7] (Figure 2). IDO1 can be induced
in several types of myeloid cells, including macrophages [8], in response to stimulation of innate
immunity [9]. The immunosuppressive activity of IDO1, which is also considered a marker of M2
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polarization, has been ascribed to its ability to deplete the microenvironmental tryptophan pools for
T cells while favoring the accumulation of kynurenine and the production of ligands for the aryl
hydrocarbon receptor with ensuing synthesis of pro-inflammatory cytokines [10]. Consistent with the
inhibitory role of kynurenine, lack of tetrahydrobiopterine (BH4), which is a cofactor for tryptophan
mono-oxygenase, favored tryptophan metabolism by IDO], thus repressing T cells proliferation and
impairing mitochondrial respiration and energy production [11].

tryptophan

mono oxygenase .
* Increased iron content

Tryptophan = —— 5-hydroxy-tryptophan —— . .
— * mitochondrial ATP
BH4 production

|
|
|
|
v

Kynurenine

————

Picolinic acid
(iron chelator)

Figure 2. Schematic diagram of different tryptophan metabolism pathways. According to results
found in T cells lacking tetrahydrobiopterin (BH4) (see text), it is conceivable that the conversion of
tryptophan by tryptophan mono-oxygenase results in high iron levels and efficient mitochondrial
activity, whereas the kynurenine pathway initiated by IDO1 activity leads to the formation of the iron
chelator picolinic acid.

3.2. Glucose Metabolism

The differences in amino acid metabolism described above are well-known and have long
been used to define macrophages subsets, but recently a growing interest highlighted the role of
glucose metabolism in this context (reviewed in Reference [12-14]) (Figure 1). M1 macrophages
produce ATP mainly through aerobic glycolysis, i.e., the metabolism of glucose to lactate despite
oxygen availability. Reactive oxygen species-mediated hypoxia inducible factor 1 « (HIF1x) induction
results in glycolysis upregulation [15]. This pathway is less efficient in generating ATP than the
mitochondrial respiration, but it allows the cells to generate building blocks needed for the synthesis
of nucleotides, amino acids and lipids. Moreover, the higher levels of glucose 6-phosphate generated
by increased glycolysis can stimulate the pentose phosphate pathway, thus also providing more
of the reduced form of nicotinamide adenine dinucleotide phosphate (NADPH), a key cofactor for
a variety of biosynthetic processes, including lipid synthesis. Therefore, M1 macrophages adapt
their energy metabolism to secure enough ATP, while also supporting biosynthetic functions needed
to sustain proliferation and synthesis of cell structures and inflammatory molecules. At the same
time, the other metabolic process observed in M1 macrophages is the inhibition of mitochondrial
oxidative phosphorylation [12]. This is attained by suppressing the tricarboxylic acid (TCA) cycle at
two distinct levels, with concomitant generation of intermediates that are used for protein and lipid
synthesis. The block of isocitrate dehydrogenase (IDH) results in the accumulation of acetyl CoA
and citrate, which is then exported from the mitochondria to the cytosol where it can be converted
by acetyl-CoAcarboxylase (ACC) to malonyl-CoA, which is then used to synthesize fatty acids,
important precursors for the expansion of membranes, such as the endoplasmic reticulum. Suppression
of succinate dehydrogenase (SDH) is obtained through a recently discovered pathway based on
TLR4-mediated induction of cis-aconitic acid decarboxylase/immune-responsive gene 1 (CAD/Irgl),
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an enzyme that drives the conversion of cis-aconitate, the intermediate between citrate and isocitrate
in the TCA cycle, to itaconate, a metabolite possessing both anti-inflammatory and anti-microbial
properties [16] (Figure 3). It has been shown that itaconate, known as industrial polymer since almost
a century [17], inhibits SDH activity, thereby decreasing fumarate production. Since SDH is also a
component of the complex II of the electron transport chain, induction of CAD/Irg] activity affects two
key steps of cellular oxidative energy production. Moreover, by inhibiting the prolyl hydroxylases
involved in HIF1a degradation pathway, succinate accumulation may concur to the induction of
glycolysis reported above. The latter effect is also achieved by itaconate-mediated repression of fatty
acid biosynthesis from glucose. Interestingly, itaconate is also endowed with antimicrobial properties
against a variety of microorganisms, as it is transported from the mitochondria, where CAD/Irgl
is located, to phagosomes in which it inhibits microbial isocitrate lyase, an enzyme involved in the
glyoxylate pathway required for survival when glucose availability is limited [16]. Itaconate is also
secreted [17], as revealed by its presence in serum, and hence it also traverses the cytoplasm. Therefore,
mitochondrial or cytosolic itaconate might play regulatory roles while phagosomal and extracellular
itaconate participates in anti-microbial action. A recent study [18] reported that the activity of one
isoform (BCAT1) of branched chain aminotransferases, multi-level regulators of the TCA cycle and
oxidative phosphorylation, is required for itaconate production and metabolic reprogramming in
human macrophages, thus showing the interaction of different nutrient metabolism (amino acids and
glucose) in pro-inflammatory macrophage function.

e
Citrate i e S/ \
/ l/Fe 5

aconitase 7
[ S Fe
N

Cis-aconitate —_— Isocitrate
s
Fe/
CAD/Irgl l ‘4"5
Fe
iz
7 s
Itaconate s T Fe

Figure 3. Alternative pathways of cis-aconitate metabolism. Iron availability and reactive molecules
produced under inflammatory condition like nitric oxide (NO) can target the iron-sulfur cluster and
alter aconitase activity, thus affecting the amount of cis-aconitate available for the decarboxylating
activity of CAD/Irgl and the production of itaconate.

Notably, the link between macrophage metabolism and functionality is underlined by the
evidence that metabolic pathways of M1 macrophages contribute specifically to their pro-inflammatory
role. Moreover, metabolites can also be employed as immunoregulators in order to control the
extent and duration of the inflammatory response. For example, the lactate produced by activated M1
macrophages through glycolysis accumulate and exerts an immunosuppressive function by stimulating
M2 polarization of macrophages. Interestingly, lactate appears to be one of the factors produced by
tumor cells that promote the formation of M2-like tumor associated macrophages (TAM) [19].
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On the other hand, M2 cells show high levels of oxidative phosphorylation and mitochondrial
activity. The TCA cycle is fueled by consumption of fatty acids undergoing beta oxidation and also by
glutamine utilization to form o-ketoglutarate. To support these reactions, mitochondrial biogenesis
is also induced. Interestingly, the key metabolic regulator mechanistic target of rapamycin (mTOR)
is involved also in macrophage metabolism and activation. In fact, inducers of M2 polarization
like IL-4 signal through the mTOR pathway to promote fatty acid oxidation (FAO) and glucose
consumption for oxidative phosphorylation, two metabolic changes that are critical for macrophage
alternative activation [20]. A recent study has demonstrated that upregulating FAO in macrophages
of hypercholesterolemic mice via miR-33 inhibition drives macrophages toward an M2 state and
reduces atherosclerosis [21]. This study emphasizes how metabolic reprogramming of macrophages
can influence disease outcome.

The anti-inflammatory and pro-resolving function of M2 macrophages is involved also in
efferocytosis, the process by which apoptotic cells are cleared by phagocytes, primarily resident
macrophages. Recent findings have shown that two distinct metabolic pathways are required to prevent
unwanted inflammation and promote repair by creating an anti-inflammatory tissue environment.
One study showed the importance of glycolysis and lactate release [22], whereas Zhang et al. [23]
described how FAO starts a mechanism leading to the production of anti-inflammatory IL-10. These
results indicate that macrophages adopt separate but converging mechanisms to alter their metabolism
and thus drive an anti-inflammatory response.

Amino acid and glucose metabolism are linked in reprogramming macrophage function. In fact,
recent findings have shown that NO also impacts on mitochondrial cell bioenergetic pathways, probably
thanks to its reactivity against iron-containing Fe-S clusters and heme moieties that are present in
several proteins of the electron transport chain and TCA cycle. In fact, knock down of iNOS restored
mitochondrial ATP production through oxidative metabolism in M1 macrophages. These forces
activated macrophages to bring in glucose and use glycolytic metabolism to produce energy [12].
Notably, both the accumulation of citrate described above and the generation of glucose 6-phosphate
by glycolysis, with consequent stimulation of the pentose phosphate pathway, favor NO production,
thereby inducing a feedforward loop of inflammatory activation.

Despite our increased understanding of macrophage immunometabolism as an important
determinant of the pathophysiological conditions in which macrophages are involved, it should
be kept in mind that several issues remain to be explored and clarified. Some of the major challenges
and concerns are reported below. In the same way as the distinction of M1 and M2 macrophages
between pro- and anti-inflammatory, respectively, is an oversimplification, also describing their
metabolism as glycolytic or depending on oxidative phosphorylation does not reflect the variety of
phenotypes and metabolic profiles that can be obtained by in vitro exposure to different stimuli or,
even more, to the distinct macrophage subsets occurring in vivo. An example of the diverse effects
on metabolism of different M1 polarizing stimuli is represented by the response of mitochondrial
metabolism to LPS, which is downregulated in bone marrow-derived macrophages and upregulated
in peritoneal macrophages, despite a similarly strong inflammatory response [24]. Another striking
example is provided by TAM, which are usually considered M2-like but show a glycolytic metabolism
similar to that of in vitro polarized M1 cells (discussed in Reference [14]). Moreover, IRG1-itaconic
acid production, which is typical of M1 cells, has been shown to be linked to the modulation of M2-like
macrophage polarization in the revascularization of ischaemic muscle [25]. It should be also kept in
mind that most studies investigating immunometabolism were performed in mouse models and in
several instances the maintenance of the observed effects in humans remains to be investigated and
demonstrated. Indeed, several differences exist between mouse and human macrophages, such as
the inability of human macrophages to produce significant amounts of a key regulator of metabolic
reprogramming like NO.
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4. Macrophages and Iron Metabolism

Iron is a redox-active metal required for the activity of essential enzymes involved in a variety
of cellular functions, but excess iron is potentially toxic as a catalyst of oxidative stress. Therefore,
the appropriate iron concentration in the cells and organisms is homeostatically maintained by several
mechanisms. The role of macrophages in iron metabolism has been covered extensively in this
Special Issue [26]. At the systemic level, macrophages are key regulators of iron trafficking [27,28].
Spi-C-dependent splenic reticuloendothelial cells clear senescent erythrocytes and release iron back
to circulation, thus providing iron needed for erythroid precursors proliferation and hemoglobin
synthesis [29]. On the other hand, iron sequestration by pro-inflammatory macrophages represents a
recognized and efficient bacteriostatic response [30,31]. Moreover, iron is required for hemoproteins
essential for macrophage activity in inflammation, such as NADPH oxidase 2, cyclooxygenases 1 and
2, inducible nitric oxide synthase, etc. [29]. Consistent with their different functions in homeostatic and
inflammatory conditions, polarized macrophages also show a distinct expression of genes involved
in iron homeostasis [28,32], in which M1 cells withhold iron whereas M2 are prone to iron release to
tissues (Figure 1). High expression of the iron storage protein ferritin correlates with iron retention
by in vitro polarized M1 macrophages. On the other hand, alternatively activated M2 macrophages
show an elevated capacity for CD163-dependent uptake and heme oxygenase-mediated catabolism of
heme-associated iron, as well as high expression of ferroportin (FPN), the only known mammalian
iron exporter [33]. This FPN-mediated sustained iron release may significantly contribute to the role
of M2 macrophages in various pathophysiological conditions, such as tissue repair, and also tumor
growth [28], as TAM acquire a M2-like phenotype [34]. However, the effect of iron on TAM polarization
remains to be fully understood. In fact, it has been shown that high doses of iron can shift TAM,
which usually have a pro-tumor activity, to the anti-tumor M1 phenotype [35]. Conversely, it has
been described that an intracellular iron-chelator can switch TAM from their iron-release phenotype
toward iron storage [36]. In this context, it is interesting that TAM macrophages can also be a source of
extracellular ferritin in the tumor microenvironment and ferritin was able to stimulate the growth of
cancer cells in an iron-independent way, at least in vitro [37].

Moreover, we recently demonstrated that macrophage FPN-dependent supply of iron to the
microenvironment is necessary for stromal and parenchymal cells multiplication, differentiation and
activity, both in the physiological context of hair follicle growth and in the pathophysiological setting
of wound healing, two conditions sharing many similarities including fast cell replication [38]. In fact,
loss of macrophage FPN causes hair follicle alterations and alopecia by inhibiting the proliferation
of neighbouring hair follicle cells. Similarly, iron retention in macrophages delayed wound healing
in mice lacking FPN in macrophages by affecting stromal cells proliferation, blood and lymphatic
vessels formation and fibrogenesis. These findings indicated that iron should be included in the
list of trophic mediators produced by macrophages that are required for tissue homeostasis and
repair. Although in these settings iron retention in macrophages had no impact on the inflammatory
processes accompanying wound healing [38], other studies suggested that under conditions of massive
iron deposition caused by hemolysis iron accumulation in macrophages can activate them to a
pro-inflammatory M1 phenotype [39-41]. The conflicting results may be related to the amount of iron
stored as well as to the exposure to different iron sources, as heme iron is highly toxic [42].

5. Macrophage Iron and Immunometabolism

The differences in iron metabolism existing in the various macrophage subsets can be relevant
also for immunometabolism. As reported above, in pro-inflammatory macrophages CAD/Irgl
decarboxylates cis-aconitate to generate itaconate, a compound with antimicrobial functions [16,17].
Cis-aconitate, an intermediate in the conversion of citrate to isocitrate, is the substrate of both
mitochondrial and cytosolic aconitases. The latter represents an alternative form of iron-regulatory
protein 1 (IRP1), an RNA-binding protein which controls the synthesis of proteins involved in
intracellular iron usage, storage or transport [43]. The availability of iron to assemble the iron-sulfur
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cluster dictates the switch between the enzymatically active holoprotein endowed with aconitase
activity and the RNA-binding apoform which controls iron homeostasis [44] (Figure 3). We have
shown that in macrophages NO is able to induce concomitant inactivation of cytosolic aconitase
and activation of IRP1, attributable to disassembly of the Fe-S cluster [45]. This switch should
result in cis-aconitate accumulation and increased availability of this substrate to CAD/Irgl-mediated
conversion to itaconate. Therefore, this process could represent a still unexplored pathway used by
NO-producing inflammatory macrophages to favor the generation of an antimicrobial compound.
In addition, by targeting iron-sulfur clusters the generation of NO can also affect macrophage metabolic
activities [46]. In fact, in Toll-like receptor-activated mouse macrophages, NO-mediated damage
to iron-sulfur proteins compromises mitochondrial oxidative metabolism and thus constitutes an
additional mechanism contributing to the shift toward the glycolytic pathway that characterizes M1
cells. Notably, genes involved in iron-sulfur cluster biogenesis, such as ISCU and NSF1, were found to
be preferentially expressed in M2 polarized human macrophages [32], which rely on mitochondrial
oxidative phosphorylation for energy production. In the same context, by influencing the formation of
the iron-sulfur cluster of mitochondrial aconitase, iron availability in the mitochondria could determine
whether cis-aconitate is decarboxylated by CAD/Irgl or converted to isocitrate by aconitase (Figure 3).

Iron may be involved also in amino acid catabolism. Tryptophan mono-oxygenase-mediated
tryptophan metabolism contributes to maintain high iron levels and efficient mitochondrial
respiration [11], whereas tryptophan degradation by IDO1 through the kynurenine pathway leads
to formation of picolinic acid, which is an iron chelator [47] (Figure 2). By depleting the cells of
iron, which is essential for enzymes involved in DNA synthesis like ribonucleotide reductase [48],
iron sequestration by picolinic acid may contribute to the immunosuppressive activity of the kynurenine
pathway, which impairs T cells proliferation and activity [49]. Moreover, the ability of picolinic acid to
amplify IFN-y-mediated NO production in macrophages, an event connecting arginine and tryptophan
metabolism [50], may depend on the induction of nitric oxide synthase (NOS) mRNA expression by the
hypoxia inducible transcription factor (HIF), which is also induced by iron deficiency [51]. Therefore,
iron may contribute to the immunosuppressive activity that renders IDO1 an interesting target of
pharmacological inhibitors for cancer therapy [52].

A link between metabolic, inflammatory, and iron-regulatory pathways has been provided by
evidence showing that mTOR regulates iron homeostasis by decreasing transferrin receptor (TfR1)
stability and hence iron uptake. mTOR activates tristetraprolin (TTP), a protein involved in suppression
of immune responses, which binds to TfR1 mRNA and enhances its degradation [53]. At the same time,
TTP, which is induced by iron deficiency, promotes downregulation of iron-requiring genes, in particular
those coding for mitochondrial proteins involved in energy production, thus facilitating survival
when iron is scarce. Although these results were found in fibroblasts and myoblasts, it is tempting
to speculate that a similar process can occur in macrophages, consistent with the demonstration that
metabolic reprogramming mediated by the mTOR pathway is required for macrophage alternative
activation [20].

Another example of the interaction between iron and immunometabolism was provided by
the comparison of differences in gene expression profiles between mouse non-activated bone
marrow-derived macrophages and non-activated peritoneal macrophages, which highlighted a
differential expression of genes involved in heme biosynthesis [24], thus confirming a previous
observation in human in vitro polarized macrophages [32].

6. Concluding Remarks

Recent advances in the availability of molecular and biochemical methods have highlighted that
intracellular metabolic pathways control the effector functions of macrophages, as exemplified by the
distinct metabolic signature of differently polarized macrophages, which show significant differences
in pathways of energy production, amino acid metabolism and iron homeostasis. These processes are
intertwined and we have tried to draw attention to the role of iron in these settings.
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In particular, the effect of variations in iron availability on immunometabolism may impinge
on the relevant role played by macrophages in several pathologic conditions like obesity, diabetes,
cardiovascular diseases, tumors. Indeed, iron homeostasis is altered in adipose tissue associated
macrophages, which have a pathogenetic role in obesity favoring insulin resistance [54], and macrophage
iron is key in the development and progression of atherosclerotic plaques (discussed in Reference [55]).
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Abstract: Ribonucleotide reductase (RR) is the rate-limiting enzyme that controls the deoxynucleotide
triphosphate synthesis and it is an important target of cancer treatment, since it is expressed in
tumor cells in proportion to their proliferation rate, their invasiveness and poor prognosis. Didox,
a derivative of hydroxyurea (HU), is one of the most potent pharmaceutical inhibitors of this enzyme,
with low in vivo side effects. It inhibits the activity of the subunit RRM2 and deoxyribonucleotides
(dNTPs) synthesis, and it seems to show iron-chelating activity. In the present work, we mainly
investigated the iron-chelating properties of didox using the HA22T/VGH cell line, as a model of
hepatocellular carcinoma (HCC). We confirmed that didox induced cell death and that this effect
was suppressed by iron supplementation. Interestingly, cell treatments with didox caused changes
of cellular iron content, TfR1 and ferritin levels comparable to those caused by the iron chelators,
deferoxamine (DFO) and deferiprone (DFP). Chemical studies showed that didox has an affinity
binding to Fe?* comparable to that of DFO and DEFP, although with slower kinetic. Structural
modeling indicated that didox is a bidentated iron chelator with two theoretical possible positions for
the binding and among them that with the two hydroxyls of the catechol group acting as ligands is
the more likely one. The iron chelating property of didox may contribute to its antitumor activity not
only blocking the formation of the tyrosil radical on Tyr122 (such as HU) on RRM2 (essential for its
activity) but also sequestering the iron needed by this enzyme and to the cell proliferation.

Keywords: didox; iron chelators; antitumor compound; iron metabolism; RRM2

1. Introduction

Ribonucleotide reductase (RR) is one of the fifty genes reported to be overexpressed in highly
malignant tumors with poor prognosis [1-5]. RR is essential for DNA synthesis during cell division
encoding the rate-limiting enzyme that catalyzes the conversion of ribonucleotides (NTPs) into
deoxyribonucleotides (ANTPs) [3,6-8]. The enzyme is composed of two catalytic (RRM1) and two
regulatory (RRM2 or p53R2) subunits [9]. RRM1 expression is detectable throughout the cell cycle
in all tissues [10], while RRM2 and p53R2 are preferentially expressed during cell mitosis and in
response to DNA damage, respectively. The reductase activity of RRM2 subunit requires two Fe3+
ions for the formation of the tyrosil radical on Tyr122 that has a key role in the enzyme activity [6].
Hydroxyurea (HU), gemcitabine, fludarabine and chlorodeoxydenoside are compounds targeting
RRM2 activity that showed effects in cancer therapy in vitro, but with some side effects in vivo. In order
to improve their efficacy in the inhibition of RRM2 and reduce the side effects, some derivatives of
polyhydroxy-substituted benzohydroxamic have been synthesized [3,11,12] and among them there
is 3,4 dihydroxybenzohydroxamic acid (didox) in which the amino group of HU is substituted by a
catechol group (Figure 1A,B).
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Figure 1. Chemical structure of hydroxyurea and its derivative didox. The structure of hydroxyurea
(HU) (A) has been modified to obtain that one of didox (B) in which the amino group of HU has been
substituted by a catechol group.

This compound, targeting RRM2 subunits, was found to trigger cell apoptosis with a different
extent depending on the cell types [13-15] by increasing the levels of the pro-apoptotic protein Bax and
release of cytochrome C from the mitochondria [16]. Didox revealed good efficacy against multiple
myeloma cells [15], prostate tumor [16], breast cancer cells [17] and acute and chronic myeloid leukemia
HL-60 and K562 cell lines [14]. Mouse models have shown that didox significantly caused growth
inhibition of breast cancer [17] and human leukemia [18]. Furthermore, in phase I/II clinical trials,
didox showed minimal toxicity in cancer patients [19,20].

Interestingly, it was also reported that didox forms iron complexes recognized by photometric
methods [21]. The finding that the antiproliferative effect of didox was partially inhibited by iron
suggested that iron chelation may be important for its pharmacological activity [21]. Tumor cells are
often characterized by an “iron addiction” status requiring abundant iron to sustain proliferation [22,23],
thus it has been indicated that iron chelators may improve the chemotherapeutic effects [24-28].
The potential clinical impact of the new generation of iron chelators has increased recently due to the
improvement of their pharmacokinetic and pharmacodynamic properties [29]. Iron chelators act to
inhibit cell proliferation, by subtracting the iron needed for cellular metabolism, by inducing apoptosis
and also by contributing to the generation of reactive oxygen species. This depends largely by the
coordination of the chelant, deferoxamine (DFO; Desferal ®) is a hexadentate iron chelator that blocks
the interaction of iron with oxygen, making it inert. Instead, bidentate chelators such as deferiprone
(DFP; Ferriprox ®), or the tridentate deferasirox bind iron in a 3:1 or 2:1 chelator to iron ratio, resulting
in a less stable iron complex, thus allowing the formation of potentially toxic free radicals [30,31].

The iron binding properties of didox have been described only by Fritzer-Szekeres [21] but its
pharmacological effects and its impact on iron metabolism have not been further studied. In the
present work we studied the effect of didox on the proliferation of the hepatocellular carcinoma
HA22T/VGH cell line and we characterized the iron-chelating properties of didox in vitro and in cells,
specifically focusing our study to determine the iron binding capacity of didox and its effect on iron
related proteins.

2. Results

2.1. Didox Suppresses the Viability of Hepatocellular Carcinoma HA22T/VGH Cell Line

The hepatocellular carcinoma (HCC) HA22T/VGH cell line was chosen as a model to study
didox antitumor activity. It has a detectable level of RRM2 and high levels of intracellular iron and
iron-related proteins, in line with its hepatic origin (not shown). The cells were incubated with different
concentrations of didox (1, 10, 25, 50, 100, 200 and 500 uM) for 24-48 and 72 h and then their viability
analyzed by an MTT assay. Didox reduced cell viability in dose- and time-dependent manner (Figure 2)
with increasing potency at the concentration of 100, 200 and 500 uM and after 48 and 72 h (Figure 2).
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The half maximal inhibitory dose (ICs() at 48 h was 283.36 + 18.82 uM and at 72 h was 132.98 + 7.97 uM,
indicating that time of exposure is important in this cell line (Table S1).

We confirmed the results with a second HCC cell line, HuH7, with the same doses and time
of exposure used for HA22T/VGH and we observed that the sensitivity to the drug was similar in
the two HCC cells (Figure 2 and Figure S1) with an ICs for HuH? similar to that of HA22T/VGH
(329.31 + 31.55 uM at 48 h and 122.92 + 13.21 uM at 72 h), confirming that time exposure is important
in both cell lines (Table S1).
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Figure 2. Didox reduced cell viability in HA22T/VGH cell line in time and a dose-dependent manner.
HA22T/VGH were treated with 0, 1, 10, 25, 50, 100, 200 and 500 M of didox for 24 (triangle, blue line),
48 (diamond, blue-sky line) and 72 (circle, light blue line) hours. An MTT assay was performed to
verify cell viability after treatment. The values are expressed as % of viable cells over the not treated
cells (0) at the indicated time point. The black dot line is drawn in correspondence to the half maximal
inhibitory dose (ICsp). The graph represents the means of three independent experiments (N = 3) with
three internal values for each experiment. The black stars correspond to the comparison between 24
and 48 h; the grey stars between 24 and 72 h and the light grey stars between 48 and 72 h. * p < 0.05;
**p <0.01; *** p < 0.001; **** p < 0.0001.

2.2. Didox Induces Apoptosis and Increases Mitochondrial ROS

Didox was previously shown to cause cell death by an apoptotic mechanism with an increase of
AnnexinV positive cells of about 30-50% after 24-48 h at 250 uM and only at high concentration to
cause a little induction of caspase8 and 9 in HL-60 and K562 cells [14,16]. To verify this, we treated
HA22T/VGH with 200 uM didox for 24, 48 and 72 h. Then the cells were labeled for AnnexinV-FITC
and with propidium iodide (PI) and analyzed with flow-cytometry. Staining cells simultaneously
with AnnexinV-FITC and PI allows the discrimination of intact cells (AnnexinV-FITC negative and PI
negative), early apoptotic (AnnexinV-FITC positive and PI negative) and late apoptotic or necrotic cells
(AnnexinV-FITC positive and PI positive). Didox caused a time dependent increase of apoptotic cells
(considering early and late apoptosis) to about 8% after 72 h (Figure 3A).

To detect the level of mitochondrial ROS the HA22T/VGH cells were treated with 200 uM didox
for 24, 48 and 72 h and then labeled with a MitoSOX probe and the fluorescence measured on
flow-cytometry. This probe is used for the selective detection of superoxide in the mitochondria in fact,
once in the mitochondria; it is oxidized by superoxide and shows red fluorescence. Didox caused an
increase of MitoSOX fluorescence of about 10-12% after 48-72 h meaning an increase of mitochondrial
ROS levels (Figure 3B). In parallel experiments, we found that the iron (III) chelator DFO induced
similar increases of AnnexinV positive cells and mitochondrial ROS in this cell line (not shown).
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Figure 3. Didox induced apoptotic cell death and mitochondrial oxidative stress in HA22T/VGH cell
lines. Cells were untreated or treated with 200 uM of didox for 24, 48 and 72 h. At each time point,
cells were analyzed for apoptotic cell death combining AnnexinV/FITC/PI (A) or using MitoSOX Red
mitochondrial superoxide indicator (B) and analyzed by flow-cytometry. The histograms show the
percentage of apoptotic cell death, positive to AnnexinV (A) or fluorescent cells positive to MitoSOX

mitochondrial superoxide indicator (PE-A,) (B).

2.3. Didox Inhibits Cell Viability Similarly to DFO and DFP

It is known that the iron chelators cause cell death sequestering the iron essential for the cell
proliferation. To compare the potency to inhibit cell viability of didox to its precursor (HU) and
other well known chelators (such as DFO and DFP), HA22T/VGH cells were treated with increasing
concentrations of didox, HU, DFO and DFP (1, 10, 25, 50, 100, 200 and 500 uM) for 24-48 and 72 h, and
then cell viability was monitored using MTT assay. HU was the least potent of the four compounds
with an ICsj of about 400 uM at 72 h, that was about four-fold higher than that of didox, DFO and DFP
(of about 100 1M at 72 h; Figure 4A-C). Didox, DFO and DFP showed a very similar time-dependent
activity that is possibly due to the progressive chelation of intracellular iron and the inhibition of

different cellular activity.
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Figure 4. Didox was more effective than hydroxyurea in reducing cell viability in HA22T/VGH.
HA22T/VGH cells were treated with 0, 1, 10, 25, 50, 100, 200 and 500 uM of didox (blue lines) or HU
(grey lines) or deferoxamine (DFO; red lines) or deferiprone (DFP; green lines) for 24 (A), 48 (B) and
72 h (C). MTT assay was performed to verify cell viability after treatment. The values are expressed
as % of viable cells over the not treated cells (0) at the indicated time point. The graphs represent
the means of three independent experiments (N = 3) with three internal values for each experiment
and statistic obtained comparing with each other the efficacy of the compounds at a certain dose of
treatment. The black dot line is drawn in correspondence to the half maximal inhibitory dose (ICsp).

416



Pharmaceuticals 2019, 12, 129

2.4. Didox Binds Fe* in a Time-Dependent Manner

As shown in the Figure 4, didox had higher efficacy than HU in inhibiting HA22T/VGH cell

viability, a property that may be due to the didox iron-binding capacity, which seems to be absent in HU
(Figure 4A-C). To elucidate this point, we used the in vitro calcein assay. Calcein is a fluorescent probe,
which its signal is quenched by the binding to iron (II) as is well reported in the paper of Breuer W. [32].
Only the addition of iron (III) chelators (such as DFO and DFP) can restore the fluorescence of the
probe, removing iron from the iron-calcein complex [32].

Iron (II) as ferrous ammonium sulfate (1 tM) was added to calcein (1 uM) at a 1:1 molar ratio

causing 60% fluorescence quenching. Then the chelators were added. The well-characterized iron (III)
chelators DFO and DFP (100 uM) caused a fast and complete dequenching, while HU (100 uM) and
also bathophenantroline disulfonic acid (BPS, 100 uM) had no evident effect and didox (100 uM) had
an intermediate behavior, slowly causing fluorescence dequenching that was almost complete after

one hour (Figure 5A).
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Figure 5. Didox retains the capacity to dequench the fluorescence of calcein forming a complex with
iron (III). (A) The fluorescence of 1 uM calcein was determined, to set the basal level of the fluorescence
at the beginning of the assay. Iron (II), as 1 uM FAS (ferrous ammonium sulfate), was added and
allowed to equilibrate and form calcein-iron complexes for 8 min. Subsequently, 100 (M iron (III)
chelators (such as DFO, red lines; DFP, green line), 100 uM iron (II) chelator (BPS, orange line), 100 uM
didox (blue line) or 100 uM HU (pink line) were added. The fluorescence was measured after 1, 2, 3, 4,
5,15, 25, 35, 45, 55 and 65 min after the addition of the compounds. (B) UV-vis spectra for complexes
formed by base titration at constant concentration FeCl3 (300 uM) with increasing concentrations
(0-900 uM) of didox in 25 mM Tris-HCl pH 7.2 buffer. (C) Left: Didox complexed with iron in the
hydroxamic type of chelate (a) and catechol type of chelate (b). Right: Calculated UV-vis spectra of
didox-iron complex a and b.
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Then we incubated the colorless didox with increasing amounts of iron (III) salts. This produced
a colored component with a maximum absorbance at 510 nm attributed to the didox-iron complex
(Figure 5B). Next we carried out density functional theory (DFT) calculations to test the possible
structures, as done before in the study of similar ferric complex structures [33]. The results indicate that
didox acts as a bidentate ligand that can chelate iron either through the hydroxaminic group (complex
a in Figure 5C) or through the catechol moiety (complex b in Figure 5C). Modeling (C3 point group
symmetry) and optimization calculations were carried out for low, intermediate and high spin states.
The high spin complex was the one with the lowest energy in both models. The calculated UV-Vis
spectra are shown in Figure 5B. TD-DFT calculations predicted absorption spectra presenting a band
centered at 510 nm of absorbance, for both the a and b complex, originated from a metal to ligand
charge transfer transition, in good correspondence with the experimental spectra. Thus, calculations
confirmed that both complexes didox-iron are stable but the hydroxaminic group is also present in
HU that has no binding affinity, while the catechol moiety is present in DFP that has high iron affinity
binding. Thus b seems to be the likely complex.

2.5. Didox Alters the Iron Status of HA22T/VGH Cells Similarly to DFO and DFP

It is well known that an iron chelator causes the reduction of both L- and H-ferritin and the labile
iron pool (LIP) and the increase of transferrin receptor 1 (TfR1) expression. Thus to verify how didox
modifies the iron status of the HCC cells in comparison with DFP and DFO, HA22T/VGH cells were
treated with 100 uM Didox, or DFP or DFO for 4, 8, 24 and 48 h and analyzed for L- and H-ferritin
content by an ELISA assay (Figure 6A,B) and for TfR1 by western blotting (Figure 6C).

DFO and didox caused a significant and parallel time-dependent reduction of H-ferritin that was
maintained up to 48 h, whereas DFP started losing its efficacy at 48 h (Figure 6A). A similar behavior
was evident for L-ferritin (Figure 6B). TfR1 increased of about two-fold during the time, in DFO, DFP
and didox treated cells, as expected, due to the effect of iron chelation (Figure 6C). LIP was determined
by calcein-AM fluorescent assay after 4h of treatment and the values expressed as fluorescence fold
change over the untreated cells (Figure 6D). Didox, DFP and DFO caused a similar increase of calcein
fluorescence, which indicated a significant and comparable reduction of LIP (Figure 6D). These results
suggested that didox iron-chelating activity in the cells is comparable to that of DFO and DFP.

2.6. Iron Supplementation Suppresses the Cell Toxicity of Didox in HA22T/VGH

If didox acts as an iron chelator, the addition of iron could decrease or completely abolish the
activity of the compound in inhibiting cell viability. To prove that, HA22T/VGH cells were treated with
100 uM didox together with different concentrations of ferric ammonium citrate (FAC, 25, 50, 100, 200
and 400 pM), and the cell viability evaluated after 48 and 72 h with an MTT assay. FAC reduced didox
cell toxicity in a dose-dependent manner starting at a concentration of 50 uM at 48 h and of 100 uM at
72 h abolishing the inhibitory activity of didox (Figure 7A,B). With a similar trend, FAC reduced the
cell mortality induced also by DFO and DFP starting at concentration of 25 uM both at 48 and 72 h for
DFO and DFP (Figure S2A,B). On the opposite, the inhibitory activity of HU was not affected by the
iron addition of FAC at all the concentrations and time points tested (Figure S2A,B).
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Figure 6. Didox reduced the ferritin level and labile iron pool (LIP) and induced a TfR1 increase in
HA22T/VGH cells. (A) and (B) An ELISA assay for H- and L-ferritin in HA22T/VGH cells treated with
didox, DFP and DFO 100 uM at 4, 8, 24 and 48 h; (C) TfR1 and tubulin western blotting analysis with
didox, DFO and DFP 100 uM at 4, 8, 24 and 48 h; (D) calcein-AM assay in cells treated with didox, DFP
and DFO 100 uM at 4 h. The graphs are means of three independent experiments (N = 3). p-values,
showed in the graphs, were obtained by an ordinary one-way ANOVA.

In other experiments the cells were pre-treated with 200 uM didox for 16 h and then 400-800 uM
FAC was added and the cells collected after another 48 and 72 h (pre-treatment, in Figure 7C,D),
as control didox and FAC were added together (combined, in Figure 7C,D). The iron supplementation
suppressed didox activity when added together and also when added after 16 h didox (pre-treatment)
with a rescue of about 50-60% at 48 h and 60-70% at 72 h (Figure 7C,D).
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Figure 7. Treatment with equimolar concentration of iron rescued didox-induced cell death.
HA22T/VGH cells were untreated or treated with: 100 uM didox alone or in combination with
increasing concentration of FAC (25, 50, 100, 200 and 400 1M) for 48 (A) and 72 h (B). (C,D) HA22T/VGH
cells were untreated or treated with 400-800 uM FAC, 200 uM didox for 48 and 72 h, in combination
FAC plus didox (combined) or HA22T/VGH cells were pre-treated with 200 uM didox (for 16 h) and
then 400-800 uM FAC was added to the cells (pre-treated) for 48-72 h. Cell viability was verified by an
MTT assay and the values expressed as % of viable cells over the untreated cells at the indicated time
point. The graphs are means of three independent experiments (N = 3) with three internal values for

each experiment.

To verify if the iron supplementation inhibits didox activity restoring the proper level of iron
related proteins (such as ferritins and TfR1), the HA22T/VGH cells were treated with 100 uM didox
or with 100 uM FAC alone or in combination. Didox alone caused a reduction of both H- and
L-ferritins (Figure 8A,B) and an increase of TfR1 (Figure 8C) after 48 and 72 h (as previously shown
in Figure 6A-C), FAC alone treatment caused ferritin to increase and TfR1 to decrease, as expected.
Interestingly, the co-treatment with FAC and didox restored the basal levels of ferritins and TfR1,
demonstrating an effect also on iron related proteins connected to the iron binding activity of didox.
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Figure 8. Treatment with equimolar concentration of iron restored iron-related protein content.
HA22T/VGH cells were untreated or treated with: 100 uM didox alone or in combination with FAC
(100 uM) for 48 and 72 h. Protein extracts were analyzed for H- and L-ferritin content (A,B) by an
ELISA assay and for TfR1 by western blotting (C), using tubulin as a loading control. The graphs are
the mean of three independent experiments (N = 3). p-values, showed in the graphs, were obtained by
an ordinary one-way ANOVA.

3. Discussion

Didox has been used for many years as an antitumor agent [14-17]. It targets and inhibits RRM2,
the enzyme involved in the critical conversion of ribonucleotides to deoxyribonucleotides, essential
in DNA replication and one of the most expressed enzymes in tumor cells. Didox is a derivative of
HU that is known to inhibit RRM2 activity by quenching the tyrosyl free radical at the active site
of the enzyme that is essential for the reductase activity [34]. The free radical quenching moiety of
HU is partially conserved in didox, and it contains an additional catechol group that is known to
have iron-chelating properties. In fact, a major class of bacterial siderophores uses catechol as an iron
ligand [35]. The iron-chelating properties of didox were previously studied to define the formation
of the iron complex and to show that iron supplementation reduced the cellular toxicity of didox in
L1210 leukemia cells [21]. We used the hepatocellular carcinoma (HCC) cell lines, as a cellular model
to study didox antitumor activity since HCC is the most common type of liver cancer. HCC are solid
tumors, with a large angiogenic capacity and are often resistant to apoptosis and they are classified on
the degree of malignancy and the level of differentiation [36]. HCC cells derive from liver, which has
a high intracellular iron level, and high expression of iron-related proteins, detectable RRM2 levels
and normal proliferation rate. The HuH?7 cells are highly differentiated while HA22T/VGH cells are
poorly differentiated. We found that these cells are similarly sensitive to didox with an ICs) as low
as 132 uM in HA22T/VGH and 122 uM in HuH?7 after 72 h of incubation. We concluded that the
differentiation state did not modify cell sensitivity to the drug, thus we continued the study on the
HA22T/VGH cells. We confirmed that didox induced apoptosis also in HA22T/VGH cells with an
increase of AnnexinV and mitochondrial ROS production, similar to previous studies reported in
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multiple myeloma cells [15]. We compared the antitumor activity and iron binding capacity of didox
with those of the two clinically used iron chelators, DFP, which is a catechol bidentate structurally
similar to didox, and DFO a hexadentate structurally unrelated to didox. When given to the cells,
didox caused modifications of the iron status that were very similar in extent to those caused by the
two chelators: changes in the level of TfR1 and ferritins and of the intracellular labile iron. Moreover
we found that DFO and DFP had a cytotoxic effect on our cells that was comparable to that of didox,
and that was relieved by iron supplementation to the cells at concentrations in the same range of that
of the chelators. The cytotoxic potency of HU was lower and, more important, not affected by iron
supplementation, indicating a different mechanism of action. Iron is essential for many tumor cells,
that require it to proliferate, the so-called “iron addition”, thus the iron chelation activity promoted by
didox, DFO and DFP inhibits the growth capacity of tumor cells. For example, sub-lethal concentrations
of didox affected the capacity of HCC to close the wound (not shown), showing that iron is important
also in this process. Our modeling studies indicate that didox binds iron as a bidentate to form a
complex didox-iron of 3:1 and the binding probably occurs through the catechol moiety as it occurs
in DFP. Didox seems to combine the free-radical scavenging activity of HU that blocks the tyrosil
radical of RRM2 with an iron chelating activity of DFP and DFO, which sequesters iron from many
key enzymes, among which RRM2 is central. Thus the observation that didox targets RRM2 with two
different mechanisms should make it superior to the iron chelators or HU as antitumor agent.

The published data on the use of didox to treat different tumors and our results on HCC
in vitro are promising. In vivo studies on HCC, using didox alone or in combination with different
chemotherapeutic drugs, could be an interesting point to be defined in the future to finalize the use of
this compound as an antitumor drug.

4. Materials and Methods

4.1. Antibodies and Chemicals

Antibodies used were anti-TfR1 (no. 136800, Thermo Scientific, Waltham, MA, USA) and
anti-tubulin (no. T5168, Sigma-Aldrich, Saint Louis, MO, USA). HRP-conjugated secondary antibodies
used were anti-mouse (no. sc-516102) and anti-rabbit (no. sc-2357; Santa Cruz Biotechnology, Dallas,
TX, USA). The chemicals used in this study were: Didox (3,4 dihydroxybenzohydroxamic acid; no.
10009081, Cayman Chemicals, MI, USA) and hydroxyurea (no. H8627, Sigma-Aldrich, Saint Louis,
MO, USA) dissolved in dimethylsulfoxide (DMSO), three different well known iron chelators such as
DFO (deferoxamine; no. SO080A, Novartis, Basel, Switzerland), DFP (deferiprone, kind gift of Prof. P.
Ponka, University, Montreal, QC, Canada) and BPS (batophenantroline disulfonic acid, no. B1375);
FAC (ferric ammonium citrate, no. F5879); FAS (ferrous ammonium sulfate, no. F2262); FeCl; (ferric
chloride, no. 157740) and ascorbic acid (no. A4034; Sigma-Aldrich, Saint Louis, MO, USA) all dissolved
in water. Calcein (no. 21030 Sigma-Aldrich, Saint Louis, MO, USA), calcein-AM (no. ALX-610-026
Calcein-acetoxymethyl ester, Enzo Life, Lausen, Switzerland) and MTT (thiazolyl blue tetrazolium
bromide, no. M5655 Sigma-Aldrich, Saint Louis, MO, USA) were also used.

4.2. Cell Culture

The human hepatoma cell lines, HuH7 (from IZSLER, Brescia, Italy), were cultured in Dulbecco
modified eagle medium (DMEM,; Gibco, Life Technologies, Carlsbad, CA, USA) supplemented with
10% endotoxin-free fetal bovine serum (Gibco, Life Technologies, Carlsbad, CA, USA), 0.04 mg/mL
gentamicin (Gibco, Life Technologies, Carlsbad, CA, USA), 2 mM L-glutamine (Gibco, Life Technologies,
Carlsbad, CA, USA) and 1 mM sodium pyruvate (Carlo Erba, Milan, Italy). The HA22T/VGH cell lines,
a kind gift of Dr. A. Salvi and Prof. G. De Petro (University of Brescia, Brescia, Italy), were maintained
in RPMI-1640 (Gibco, Life Technologies, Carlsbad, CA, USA) supplemented with 10% endotoxin-free
fetal bovine serum, Fungizone (Gibco, Life Technologies, Carlsbad, CA, USA), 0.04 mg/mL gentamicin
(Gibco, Life Technologies, Carlsbad, CA, USA), 2 mM L-glutamine (Life Technologies, Carlsbad, CA,
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USA) and 1 mM sodium pyruvate (Carlo Erba, Milan, Italy). The cell lines were maintained at 37 °C in
a 5% CO, incubator.

4.3. Cell Treatments and Cell Viability Analysis

The cells were seeded in a 96-well plate (at a density of 2 x 103 cells for HA22T/VGH; 1.5 x 103 cells
for HuH?) and exposed to various concentrations of didox and only HA22T/VGH also to hydroxyurea,
DFO or DFP (0, 1, 10, 25, 50, 100, 200 and 500 uM) for 24, 48 and 72 h. In other experiments, HA22T/VGH
were seeded in 96-well plates and treated with a single dose of didox, HU, DFO, DFP alone or in
combination with increasing doses of FAC (25, 50, 100, 200 and 400 uM) for 48-72 h. In other type of
treatment, HA22T/VGH cells were or pre-treated for 16 h with a single dose of didox (200 uM) and
then treated in combination with FAC (400-800 uM) or directly in combination didox-FAC for 48-72 h.

Cell viability was evaluated with an MTT assay (Sigma-Aldrich, Saint Louis, MO). After the
indicated time points and treatments, the supernatant was removed and 100 uL of the MTT solution
(0.5 mg/mL) diluted in the cell medium was added to the wells. After 3.5 h of incubation at 37 °C and
5% CO,, the MTT medium was removed and 75 puL. of DMSO was added to each well. Plates were
shaken for 15 min at 37 °C until complete dissolution and absorbance was measured at 540 nm emission
wavelengths using a Multiskan®EX plate reader (Thermo Scientific, Waltham, MA, USA). Average
percentage of cell viability at each concentration was calculated using Microsoft Excel 2016 software.

4.4. Protein Extraction

Cells extracts were prepared using a lysis buffer (200 mM Tris-HCI pH 8, 100 mM NaCl, 1 mM
EDTA, 0.5% NP-40, 10% glycerol, 1 mM sodium fluoride and 1 mM sodium orthovanadate; Complete
Protease Inhibitor Cocktail; Sigma-Aldrich). The protein concentration was quantified using Micro
BCA™ Protein Assay Kit (Sigma-Aldrich, Saint Louis, MO, USA) and used for different analysis by
western blotting and ELISA assays.

4.5. Western Blot Analysis

Western blot was used to analyze protein expression. In brief, after extraction, equal amounts
of protein homogenates were boiled at 99 °C for 5 min before separation by SDS—polyacrylamide
gel electrophoresis and transferred to a polyvinylidene fluoride (PVDF) membrane (GE healthcare,
Little Chalfont, UK). Membranes were blocked for 30 min at 37 °C with Tris-buffered saline with 1%
Tween-20 (TBS-T) with 2% milk and incubated overnight at 4 °C or 2 h at 37 °C with the primary
antibodies (reported in the material and methods paragraph). Following the TBS-T wash, membranes
were incubated with HRP-conjugated secondary antibodies for 1 h and 30 min at RT. Membranes
were washed again in TBS-T prior to signal visualization using enhanced chemiluminescence (PDS kit,
Protein Detection System, GeneSpin, Milan, Italy). The signal was visualized with a Lycor Odyssey
instrument and densitometric analysis was performed using Image] software (NIH, Bethesda, MD,
USA) and normalized against tubulin, as a loading control.

4.6. ELISA Assay

The plates (96 wells) were coated with 0.1 mL of primary antibody against L-ferritin (LFO3) or
H-ferritin (RHO02; 10 pg/mL diluted in 50 mM carbonate buffer pH 9.6) for 18 h at 4 °C. After three
washes with PBS-T (phosphate buffer saline with 0.05% Tween20), the wells were over-coated by
adding 0.1 mL of 3% bovine serum albumin (BSA) diluted in PBS for 30 min at 37 °C. After washing
with PBS-T, 20 ug of protein extract for L-ferritin and 5 g of protein extract for the H-ferritin analysis
were aliquot in duplicate, diluted in 1% BSA-PBST and incubated at 37 °C for 2 h. A standard curve
using recombinant human L- or H-ferritin was added into the plate, as a calibrator. After three
washings in PBST, 0.1 mL of anti-L- or H-ferritin antibody HRP labeled (diluted 1:500 in 1% BSA-PBS,
respectively) were added and plate incubated for 1 h at 37 °C. After three washings in PBS-T, HRP
activity was detected using 1 mg/mL tetramethylbenzene (TMB) dissolved in dimethyl sulfoxide
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(DMSO) and diluted 1:10 in phosphate-citrate buffer pH 5 with added fresh hydrogen peroxide to
a final concentration of 0.006% and the absorbance read at 620 nm by Multiskan®EX plate reader.
The reaction was stopped by adding 1 N sulphuric acid and the absorbance was measured at 405 nm.
The concentration of ferritins was extrapolated from the calibrator curve and expressed as ng of
ferritin/mg of protein extract.

4.7. Labile Iron Pool Assay and Calcein-AM Assay

The cellular LIP was measured as described elsewhere, with minor modification [37]. Briefly,
HA22T/VGH cells (3 x 10*) were seeded on 96-well plates and treated with 100 uM DFO, DFP or didox
for 4 h. The cells were incubated with 0.25 uM calcein-AM in MEM with 1 mg/mL BSA for 30 min
at 37 °C. After washing with 1X phosphate-buffered saline (PBS), 100 uL of 1X Hank’s Balanced Salt
Solution (HBSS) was added to the cells and the fluorescence was monitored at an excitation of 488 nm
and an emission of 517 nm using an EnSight Multimode plate reader (Perkin Elmer). Cells were then
fixed in 4% PFA, stained with crystal violet solution (0.1% crystal violet, 20% methanol) for 15 min.
After washings, 100 uL of 10% acetic acid was added and absorbance was detected at 540 nm using a
Multiskan©EX plate reader (Thermo Scientific, Waltham, MA, USA). The data were expressed as fold
change over the not treated cells (ratio of fluorescence of calcein-AM/absorbance at 540 of crystal violet).
The quenching of calcein-AM is inversely proportional to the concentration of intracellular iron.

4.8. MitoSOX™ Red Mitochondrial Superoxide Indicator Assay

HA22T/VGH cells were seeded in six-well plates and 24 h after seeding, treated with 200 uM
didox, respectively. After 24, 48 and 72 h, cells were collected and labeled with 5 uM MitoSOX™
(Molecular Probes) diluted in medium and incubated in the dark for 20 min at 37 °C. Cells were
then washed and suspended in medium and fluorescence detected by a citofluorimeter instrument
(MACSQuant Analyzer, Miltenyi Biotec, Germany).

4.9. AnnexinV/Propidium lodide Assay

HA22T/VGH cells were seeded in six-well plates (250 x 10° cells/well). Twenty-four hours after
the seeding, cells were untreated or treated with 200 tM didox and the apoptotic cell death analyzed
after 24, 48 and 72 h using the commercial kit AnnexinV-FITC Apoptosis Detection (Immunostep) and
following the manufacturer’s instructions. Briefly, cells were harvested, washed with 1X PBS and
resuspended in 1X Annexin-binding buffer followed by the addition of 5 uL of AnnexinV-FITC and 5 uL
of propidium iodide (PI). The cells were then incubated at RT for 15 min in darkness. After incubation,
400 pL of 1X Annexin-binding buffer was added and cells analyzed by flow cytometry within one hour,
using the MACSQuant Analyzer (Miltenyi Biotec). Analysis of apoptosis was performed by counting
cells stained simultaneously with AnnexinV-FITC and PI, to discriminate intact cells (AnnexinV-FITC
and PI negative) from cells in the early apoptotic state (AnnexinV-FITC positive and PI negative) and
late apoptotic state (AnnexinV-FITC and PI positive). The percentage of cells positive to each dye was
represented in the plot, whereas the histogram showed the cells positive to AnnexinV-FITC (the sum
of the percentage of cells in early and late apoptosis).

4.10. Dequencing of Calcein Fluorescence In Vitro

Calcein fluorescence (excitation 488 nm; emission 517 nm) was detected by an EnSight Multimode
plate reader (Perkin Elmer), following the protocol from Breuer W. et al. (1995) [32]. Briefly, 1 uM of
calcein (Sigma-Aldrich, Saint Louis, MO, USA) was incubated with an equimolar concentration of iron
(I), as 1 uM FAS (ferrous ammonium sulfate) and allowed to equilibrate for 8 min before analyzing the
quenching of fluorescence. Iron (III) chelators such as DFO and DFP, or iron (II) chelator such as BPS,
or didox or HU were subsequentially added at the final concentration of 100 uM. The dequenching of
calcein fluorescence was analyzed after 1, 2, 3, 4, 5, 15, 25, 35, 45, 55 and 65 min.
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4.11. UV-Vis Spectroscopy

The absorption spectra of didox combined with iron (III) were measured with a Jasco 815SE
instrument. Conditions were 2-nm resolution, 200 nm/min scan speed and 1 cm quartz cuvette.
A solution of 300 uM of ferric chloride was prepared in the Tris-HCI buffer, 25 mM, pH 7.2. Increasing
amounts of didox (from 0 to a final concentration of 900 uM) were added to the solution. After each
addition of didox, the solution was left for 30 min at 25 °C, then UV-vis spectra were recorded.

4.12. Computational Method

Geometry optimizations and UV-vis spectra calculations were performed with the use of the
Gaussian16 program (Gaussian 16, Revision B.01, M. J. Frisch 2016), with CAM-B3LYP functional and
6 — 31 + G** basis set and MDF10 pseudopotential in the IEF-PCM approximation for the solvent.
The 0.2 eV broad Gaussian band-shape was used.

4.13. Statistical Analysis

Data are presented as mean + standard error of mean (SD). Statistical significance was assessed
by a two-way ANOVA, unless otherwise indicated in the figure legends, and performed by GraphPad
Prism 5 (GraphPad Software, Inc., La Jolla, CA). p-values < 0.05 were considered significant.

Supplementary Materials: The following are available online at http://www.mdpi.com/1424-8247/12/3/129/s1,
Figure S1: Didox reduced cell viability in the HCC cell line in time and a dose-dependent manner. Table S1:
Calculation of ICs, Figure S2: Treatment with an equimolar concentration of iron rescued DFO- and DFP- but not
HU-induced cell death.
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