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Abstract

In this article, we review the original findings from MRI and autopsy studies that demonstrated 

brain iron status is insufficient in individuals with restless legs syndrome (RLS). The concept of 

deficient brain iron status is supported by proteomic studies from cerebrospinal fluid (CSF) and 

from the clinical findings where intervention with iron, either dietary or intravenous, can improve 

RLS symptoms. Therefore, we include a section on peripheral iron status and how peripheral 

status may influence both the RLS symptoms and treatment strategy. Given the impact of iron in 

RLS, we have evaluated genetic data to determine if genes are directly involved in iron regulatory 

pathways. The result was negative. In fact, even the HFE mutation C282Y could not be shown to 

have a protective effect. Lastly, a consistent finding in conditions of low iron is increased 

expression of proteins in the hypoxia pathway. Although there is lack of clinical data that RLS 

patients are hypoxic, there are intriguing observations that environmental hypoxic conditions 

worsen RLS symptoms; in this chapter we review very compelling data for activation of hypoxic 

pathways in the brain in RLS patients. In general, the data in RLS point to a pathophysiology that 

involves decreased acquisition of iron by cells in the brain. Whether the decreased ability is 

genetically driven, activation of pathways (eg, hypoxia) that are designed to limit cellular uptake is 

unknown at this time; however, the data strongly support a functional rather than structural defect 

in RLS, suggesting that an effective treatment is possible.

Introduction

The proteins and genes in the iron pathway may be defined in broad or narrow terms. In the 

narrow sense, the products of iron genes are involved in iron transport, iron storage, and 

control of cellular iron metabolism. The latter can be outlined with a two-level scheme [1] 

with hepcidin controlling iron uptake from the gut and iron release into the blood on a 
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systemic level. At the molecular level, there are iron-regulatory proteins (IRP), IRP1 and 

IRP2 intracellularly directing import/export, storage, and functional use of iron in response 

to its availability by binding to transcripts of a group of proteins that contain iron-responsive 

elements (IREs) in their untranslated regions (UTRs). The IRPs can bind to the IREs on the 

mRNA during intracellular iron deficiency. For example, an IRE at the 3’-UTR stabilizes the 

transcript as in case of transferrin receptor 1 (TfR1) or DMT1 (transmembraneous importer 

of divalent iron) while an IRE at the 5’-UTR inhibits translation as in case of ferroportin and 

the iron-storage protein ferritin, ALAS, the controlling enzyme of heme synthesis, or the 

hypoxia-inducible factor HIF2α. The relationship of iron deficiency and the HIF protein 

expression offers an intriguing new look at the biological underpinnings of RLS that are 

discussed in Section 4.

A number of players can be attached to that two-level model of iron homeostasis. These 

include the membranous iron exporter ferroportin that degrades in response to interaction 

with hepcidin, transferrin (Tf) which transports iron in plasma, and the TfR1 and TfR2. 

Beyond iron uptake the latter operate together with the hemochromatosis gene product 

(HFE) in a feedback loop controlling hepcidin expression by plasma iron [2]. These proteins 

and genes are reviewed herein as they relate to iron management in RLS.

1. Pre-clinical and clinical data on effects of iron deficits and iron treatments Introduction

Low brain iron despite normal peripheral iron is the best-established neurobiological 

abnormality in RLS. There are three fundamental scientific questions regarding iron and 

RLS: 1) what are the relations between low peripheral iron and RLS 2) what are the effects 

of increasing peripheral iron on brain iron and on RLS and 3) how does brain iron deficiency 

produce RLS symptoms.

1.1 Low peripheral iron and RLS—CSF and serum ferritin are significantly but poorly 

correlated; moreover the relation differs for RLS compared to controls, with lower CSF for a 

given serum ferritin for RLS shown in two separate studies and populations in Japan and the 

USA [3, 4]. The potential meaning of these findings are discussed in Section 2. The relation 

between serum and CSF ferritin for RLS indicates that very low CSF ferritin occurs with 

very low serum ferritin, particularly those within the diagnosis range of iron deficiency 

anemia (IDA) (Figure 1). Thus for those with genetic risk factors for RLS the normal serum 

ferritin >50 mcg/l will have variable effects on brain iron while iron deficiency levels would 

be expected to produce very low CSF ferritin and presumably, low brain iron. RLS 

prevalence, as expected, occurs aboutfive times more in IDA than in the general population 

[5–8]. It occurs in about 30% of patients with IDA vs. about five to seven percent of the 

general population [6]. However, the IDA patients with RLS do not differ from those 

without RLS in actual levels of peripheral iron or hemoglobin [6]. It is not the iron 

deficiency (ID) alone, but rather the interaction of the IDA with other systemic, presumably 

genetic factors that produces RLS. It appears about one third of the population carries 

factors making them vulnerable to RLS if they become iron deficient or conversely two 

thirds of the population carry genetic factors protecting them from RLS. Some of these 

points are explored in more detail in Section 4. In general all of the conditions that produce 

significant ID appear to produce about a 25 – 40% prevalence of RLS and the data from 
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RLS with IDA indicate this is driven not by the degree of iron deficiency but rather by 

systemic, presumably genetic factors [6]. Trying to extrapolate these data to the general 

population suggests there is a subgroup of people with approximately a 33% risk of 

developing RLS with iron deficiency whereas the rest of the population is resistant to 

developing RLS even with significant ID. It can be expected that there are genetic or 

epigenetic factors contributing to this population difference.

1.2 Reversing the low peripheral iron to reduce brain iron and treat RLS

Iron formulation to be used: Oral iron treatment is poorly absorbed except for significant 

peripheral iron deficiency. IV iron offers a better method for increasing peripheral iron. Iron 

formulations developed for IV iron differ considerably in the rates at which they release the 

iron and have it taken up into macrophages [9]. Iron is released more slowly into the blood, 

taken up more into macrophages and thus more likely to be transported to the brain when 

given IV using iron dextran, ferric carboxymaltose (FCM) and iron Isomaltoside than iron 

sucrose or ferrous gluconate.

Preclinical data: A fundamental question for Iron treatment: Does increasing peripheral 

iron change brain iron? This was evaluated for a strain of mice that (post-weaning) were 

placed on an iron-deficient diet, thus decreasing iron concentrations in the substantia nigra, 

as observed for RLS patients. These mice were given tail vein IV iron injections of iron 

Isomaltoside equivalent to 1000 mg for humans [10]. The iron deficit in the nigra was 

reversed without increase in other brain areas where brain iron was not low. (Figure 2) Thus 

large increases in peripheral iron can correct brain iron deficiency without any indication of 

producing brain iron overload.

These mice showed a circadian rhythm for extra-cellular striatal iron, with these particular 

iron levels increasing in the inactive period. Moreover, the iron in the extra-cellular space 

rapidly increased after the injection and then decreased over two days to normal levels 

(Figure 3). As noted in Figure 3, however, iron increased in critical regions, persisting for 

three days; further data showed the increase continued for at least 10 days [10].

Clinical data: Patients with RLS from IDA when treated with 1,000 mg IV of Iron dextran 

had a 76% positive response [11]. The 34% who did not respond showed persistent anemia 

(Hgb<12.5 g/dl), indicating possible insufficient doses of IV iron. Patients with RLS (despite 

having normal peripheral iron levels) were first treated with IV iron dextran by Nordlander 

in 1952 [12] and more recently in four separate open-label studies, two to general RLS 

patients [13, 14], one to pediatric RLS [15] and a third to refractory RLS patients [16]. 

FCM, 1000 mg given IV to RLS patients in a double-blinded, placebo-controlled trial 

showed significantly reduced RLS symptoms. All of these studies showed significant benefit 

for ≥ six-weeks in about 40–60% of patients and for > four months for about 20 –30% of 

patients. Two studies treating RLS with about 1000 mg of IV iron sucrose failed to show 

statistically significant benefit, as might be expected given its limited uptake in macrophages 

[9, 13, 17].
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1.3 Iron dopamine relation—This is covered in more detail in another chapter on 

dopamine in RLS, but the preclinical data deserve special note here. Adding iron to the 

ventral midbrain (VMB) by an indwelling cannula produce an increased extra-cellular 

dopamine in the striatum [18]. It has now been well established that RLS occurs with 

increased striatal dopamine [19–22]. Adding iron to the striatum had no effect on its 

dopamine levels. Thus, the increases in iron seen in VMB iron with IV iron treatment would 

be expected to produce the changes in striatal dopamine seen in RLS.

2. Pathophysiology of RLS

One of the key observations from autopsy studies on RLS brain tissue is that the cause of 

RLS is not rooted in pathologies associated with classical neurodegenerative processes [23]. 

For example, there is no noticeable loss of tyrosine hydroxylase neurons in the substantia 

nigra or presence of inclusion bodies as reported in Parkinson’s Disease [23]. As a result of 

the autopsy studies, we have postulated that RLS is a functional disorder of iron acquisition 

by the brain. The data supporting this position are reviewed in this section. The original 

focus on the substantia nigra in RLS was driven by the clinical evidence that RLS patients 

were responsive to dopaminergic agents (discussed in this issue) and also by neuroimaging 

studies that reported an apparent decrease in iron content in the substantia nigra [24]. 

Subsequently, analyses on brain tissue from RLS patients revealed significant decrease in 

iron content in the substantia nigra as well as changes in expression profiles of iron 

management proteins that were consistent with decreased iron content. There was one 

exception to the latter statement regarding expression profile of the iron management 

proteins in the SN, a decrease rather than increase in the TfR expression. This apparent 

discrepancy in the otherwise overwhelming evidence for iron deficiency in the brain in RLS 

potentially indicated the cause of iron deficiency, namely, misregulation of the TfR on 

tyrosine hydroxylase neurons in RLS. This latter observation on the TfR expression led to 

the studies on the activation of hypoxic pathways in the RLS brain (see section 3). As a 

result of the autopsy studies, we concluded that RLS is a functional disorder of iron 

acquisition by the brain. Although most studies have focused on the SN in RLS, additional 

studies have shown that there is a decrease in myelin expression in the RLS brain [25], 

which is consistent with reports of hypomyelination in animal models and human studies of 

iron deficiency and also consistent with the idea of a more wide-spread iron insufficiency in 

RLS brains. The finding of myelin insufficiency in RLS may be relevant to the increased 

incidence of RLS in patients with multiple sclerosis [26].

As mentioned earlier, examination of protein expression patterns in the CSF are also 

consistent with brain iron insufficiency and these findings also suggest the inadequate brain 

iron extends beyond the SN. For example, Tf, the iron transport protein is elevated in the 

CSF of RLS patients and ferritin levels are decreased [3, 4]. This expression pattern for Tf 

and ferritin when seen in the serum is considered an indicator of systemic iron deficiency. 

Elevated CSF Tf levels also were observed in a developmental non-human primate model of 

iron deficiency, despite supplementation with iron and resolution of hematological iron 

deficiency [27]. The persistence of elevated Tf in CSF despite repletion of systemic iron 

brings up the possibility that a set point for iron status in the brain was altered during 

development that may render the brain sensitive to iron challenges into adulthood. One 
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noteworthy observation has been the decrease in pro-hepcidin in the CSF of RLS patients 

compared to control. Hepcidin is crucial for stopping the export of iron from cells. However, 

it is not known how the expression of pro-hepcidin is related to the functionally active 

hepcidin protein. There have been technical challenges for measuring hepcidin in CSF that 

have precluded revisiting this study. However, if hepcidin activity is decreased in the CSF in 

RLS patients it could indicate that in RLS the brain lacks the ability to maintain normal iron 

levels. This idea is consistent with data showing increased iron in the CSF of RLS patients 

compared to non-RLS controls [3]. It is also consistent with our reports that lymphocytes 

from RLS patients have increased iron export [28].

Lastly, studies involving changes in startle reflex (both visual and auditory) in RLS patients 

versus non-RLS patients argue for brain iron insufficiency in RLS patients because the 

response in RLS is similar to that seen in iron deficiency models [29, 30]. These studies also 

support the concept that brain iron sufficiency extends beyond the nigro-striatal pathway.

One of the outcomes of the studies on RLS brain tissue was the hypothesis and subsequent 

paradigm shifting observation that the blood-brain-barrier (BBB) is not just a passive 

conduit for transport of nutrients but a site of regulation for nutrient uptake into the brain 

[31]. This was a novel concept primarily based on two critical pieces of data: First, because 

of the high density of mitochondria in the endothelial cells forming the brain 

microvasculature and comprising the BBB, it was clear that there was a significant need for 

iron in these cells to meet their oxidative metabolic requirements. Second, the ferritin levels 

in the brain microvasculature indicate that these cells stored iron [32]. Both pieces of data 

made it clear that iron was not simply passed through the endothelial cells to the brain 

parenchyma but rather released to and stored within the endothelial cells. These observations 

raised two fundamental questions: 1) can iron that is stored in endothelial cells of the brain 

be released to the brain parenchyma and 2) what is the protein profile expression of the iron 

management proteins in the microvasculature from RLS patients.

The first question was evaluated in a cell culture model of the BBB using bovine brain 

endothelial cells. The initial study demonstrated that iron transport across the BBB cells is 

influenced by the iron status of the cells. These data suggested there is direct transport of 

iron across endothelial cells but that transport is influenced by the iron status of the 

endothelial cells. This finding suggested that the expression of TfRs on the endothelial cells 

are down-regulated following iron-loading (an event only possible if the iron levels of the 

endothelial cells had increased [33]). In a second experiment in which the endothelial cells 

were first loaded with iron, the amount of iron released from the endothelial cells was 

increased by apo-Tf (iron poor Tf), media from iron deficient astrocytes and by CSF from 

iron deficient monkeys [31]. Iron release from the endothelial cells was decreased by 

hepcidin or from media of iron loaded astrocytes. These data indicate that there are signals 

from the brain that inform the endothelial cells of the BBB regarding brain iron status. These 

signals may be disrupted in the RLS brains. Protein profiles in the CSF, beyond the standard 

iron management proteins are altered in RLS patients [34].

The question of iron management protein expression profiles in RLS at the blood-brain 

interface was addressed by obtaining brain microvasculature and choroid plexus from RLS 
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brain tissue harvested at autopsy. The microvasculature was selected from the motor cortex. 

In the choroid plexus, iron levels were dramatically decreased in the RLS tissue as was 

ferritin. TfR was elevated in RLS. This is a profile consistent with iron deficiency in these 

cells, yet ferroportin (the iron export protein) was elevated. The iron levels in CSF were 

elevated in RLS patients [3], which would be consistent with elevated ferroportin in choroid 

plexus. The data suggest that iron is being passed into the CSF from the choroid plexus at 

rates higher than normal. But it is not known if the iron is getting into the brain or passing 

from the CSF into the systemic circulation. It is reported that CSF and brain extracellular 

space are in a dynamic equilibrium [31]. If so, perhaps elevated iron in the CSF is sending 

the wrong signal to the BBB that brain iron status is normal in RLS. But if CSF iron status is 

normal or even elevated in RLS, why don’t the cells in the brain take up the iron from the 

extracellular space? The data would suggest that the iron in the CSF is not getting access to 

the brain. The bulk of the iron getting to cells in the brain would then be coming from across 

the BBB. In RLS, Tf and the TfR and H-ferritin were all decreased in the endothelial cells of 

the RLS patients [35]. This would suggest decreased uptake and storage of iron within the 

cells of the BBB and would be consistent with elevated iron in the extracellular space in 

RLS; this raises the possibility that the problem with neuronal acquisition of iron in the RLS 

lies within the cells of the brain and perhaps the neurons. One additional consideration, 

however, is that the neuronal iron acquisition in RLS is normal but mishandled once it enters 

the cell. It has been reported that mitochondrial ferritin and the number of mitochondria are 

both increased in the neuromelanin containing cells in the substantia nigra in RLS compared 

to control [36]. Overexpression of mitochondrial ferritin is known to induce cytosolic iron 

deficiency which would be consistent with the decreased ferritin reported in the 

neuromelanin cells in RLS tissue [37]. One of the known physiological events that cause an 

increase in mitochondria is hypoxia [38]. Thus it is possible that the activation of hypoxic 

pathways increases mitochondria, which alters the energy metabolism of these cells while 

the increased mitochondrial ferritin within these cells further adds to cytosolic iron 

deficiency. The evidence for activation of hypoxic pathways in RLS is discussed below in 

section 3.

Lastly, to consider proteins which are directly related to risk genes in RLS (this issue), a 

preliminary analysis of MEIS1 expression was undertaken in the brain microvasculature of 

RLS tissue compared to control (Figure 3). MEIS1 protein levels were surprisingly detected 

in the brain microvasculature suggesting an undiscovered function for this protein. 

Moreover, the MEIS1 levels were elevated in the microvasculature isolated from RLS brain 

tissue. In a cell culture model of the BBB (Figure 4), MEIS1 expression could be increased 

by treatment with an iron chelator and decreased by iron loading (Figure 5; data provided by 

Padma Ponnuru). These findings support the concept of brain iron deficiency in RLS in the 

BBB and suggest a novel role for MEIS1 in the BBB that should be explored.

3. Does inadequate brain iron have consequences that may impact beyond the DA system

Iron is an important co-factor in dopamine biosynthesis and is intricately involved in the 

regulation of dopamine levels in the brain. It is also well known that iron acts as a co-factor 

in the regulation of the hypoxia inducible factor (HIF) pathway and that iron deficiency 

inhibits hydroxylation of hypoxia inducible factor-1α (HIF-1α) by the prolyl hydroxylase, 
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which lead to stabilization of HIF-1α and activation of the HIF pathway. The subsequent 

upregulation of the hypoxia response pathway leads to upregulation of proteins that are 

involved in angiogenesis, erythropoiesis, cell survival and proliferation, and glucose and iron 

metabolism.

3.1 Normoxic activation of hypoxic pathways is seen in RLS autopsy samples
—Patients with primary RLS display no symptoms of hypoxia, such as shortness of breath 

or cyanosis. Nonetheless, studies, have consistently indicated cellular hypoxic pathway 

activation in RLS [39]. Several normoxic triggers of hypoxia response pathway activation, 

such as nitric oxide (NO), adenosine, and iron chelation have been described [40, 41]. There 

was a report in which individuals with RLS demonstrate allelic similarities on chromosome 

12q (where the nNOS gene is located) [42], but these data have not been reproduced in 

specific studies [43] or GWAS analyses. The potential role of nitric oxide alterations in the 

pathophysiology of RLS is noteworthy, with respect to peripheral microcirculation. A recent 

pilot study demonstrated reduced daytime tibialis anterior intramuscular blood flow in 

female patients with restless legs syndrome as compared to their age-matched controls [44]. 

Anderson et al [45] also demonstrated impaired microcirculation in RLS patients as 

compared to controls. Gulyani et al reported that a human neuroblastoma cell line treated 

with the iron chelator DFO and an iron-deficient mouse model have increases in Adenosine 

A2A receptors [46]. This local metabolic cellular stress (iron deficiency) could also induce 

an increase in adenosine release which could be involved in the normoxic activation of the 

HIF pathway. Numerous studies support the finding of increased HIF-1α (or HIF-2α) in 

many RLS tissues, including brain, microvasculature and peripheral blood lymphocytes [39]. 

Increased VEGF levels have also been reported in RLS/WED muscle cells, indicating HIF 

pathway activation in RLS/WED [47]. There is also an upregulation of neuronal nitric oxide 

synthase (nNOS) and nitrotyrosine in brain tissue of RLS patients [39]. Nitric oxide is a 

readily diffusible molecule that can affect the permeability of brain microvasculature and 

intracellular HIF activation. nNOS has been proposed as the major source of NO in cerebral 

regulation of blood flow [48]. NO has also been demonstrated to be a potent regulator of the 

dopamine transporter (DAT) [49].

Moreover, we have determined protein profiles in the CSF of RLS patients. In addition to the 

changes in iron management proteins discussed in Section 2, a number of protein 

concentrations were changed and many of these such as Vitamin D binding protein, 

Prostaglandin D2 synthase, cystatin C, β-hemoglobin could be tied to activation of hypoxic 

pathways [50–53].

3.2 Activation of hypoxic pathways can contribute to observations and help 
explain some of the mismatches in expected iron homeostatic pathways in 
RLS—A number of unexpected observations regarding iron homeostasis have been detected 

in the brains of patients with RLS and many of these alterations are also observed under 

hypoxia pathway or nitric oxide pathway activation. Total (IRP) activity, IRP1 activity and 

IRP1 protein levels are decreased in RLS as compared to controls [54] and this finding has 

also been observed in HepG2 cells under conditions of hypoxia [55]. H-ferritin is down 

regulated in substantia nigra, choroid plexus and microvasculature of patients with RLS [35, 
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54] and has also been reported to be reduced in human K562 and B6 fibroblast cells upon 

exposure to endogenously expressed nitric oxide [56, 57] and exogenously sources of nitric 

oxide in human B6 fibroblasts [57]. TfR was reported to be down regulated in the substantia 

nigra and microvasculature [35, 54] which can occur under conditions of hypoxia through 

miRNA210 [58].

Further evidence for activation of the hypoxia response pathway is observed in the BBBs of 

patients with RLS. In microvasculature preparations, elevations of HIF-2α as well as 

vascular endothelial growth factor (VEGF) have been reported [39].

There is mounting evidence suggesting a correlation between decreased oxygen status and 

Restless Legs Syndrome (RLS). Epidemiologic studies have demonstrated a higher 

prevalence of RLS in patients residing in higher altitudes [59, 60]. RLS prevalence has been 

reported to be increased in patients with pulmonary disease, including chronic obstructive 

pulmonary disease (COPD) [61] and obstructive sleep apnea (OSA) [62]. In addition to the 

epidemiological studies, physiological studies on patients with RLS have demonstrated 

altered skeletal muscle morphology, suggesting significantly lower predicted maximal 

oxygen uptake [63], as well as decreased oxygen partial pressure in the legs of RLS patients 

[64]. A recent pilot study (unpublished data) where patients with RLS and their age-matched 

controls were exposed to hypoxia for 10 minutes and they showed trends for alterations in 

femoral artery blood flow, heart rate and minute ventilation that further supported hypoxia 

pathway activation (Figures 6–8).

4. Given the impact of iron in RLS are there genetic mutations in iron genes in RLS?

The number of gene products involved in iron regulation goes far beyond those discussed in 

the introduction and also includes miRNAs [65]. Moreover, various relations between iron 

and lipid metabolism have been identified recently by several lines of evidence, eg, by 

GWAS [66] on serum iron parameters, by the association of CSF ferritin with CSF 

apolipoprotein E and independently with the APOE ε4 genotype [67], or by the 

identification of gentisic acid (2,5-DHBA) as a siderophore for intracellular iron transport 

[68, 69].

Looking at iron genes in a wider sense (ie, at genes whose products interact with iron in one 

way or another), increases the number even more. Iron genes particularly relate to oxygen 

and mitochondrial energy metabolism, since iron is involved in enzymatic redox reactions 

and electron transport. In the citric acid cycle step catalyzed by the iron-containing 2-

oxoglutarate dependent dioxygenases (2- OGDOs) the oxidation of 2-oxoglutarate may be 

combined with the hydroxylation or demethylation of other substrates [70, 71]. There are 

more than 60 2-OGDOs operating in various domains including connective tissue maturation 

by collagen hydroxylases, epigenetic regulation by DNA or histone demethylases, and 

reaction to hypoxia or iron-deficiency by HIFα hydroxylation (see below), leading back to 

the iron genes in the narrow sense. The number of iron genes is growing steadily. Recently, 

for instance, the chaperone PCBP2 has been found to form an iron-transport pipeline with 

DMT1, possibly being only a component of a postulated Fe-channeling metabolon [72].
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In 2011 [73] a set of 111 iron management genes [1, 74, 75] were tested for association with 

RLS in a sample of 922 cases and 1526 controls with age and sex as covariates. Vice versa, 

the six RLS genes known at that time were tested for associations with serum iron 

parameters in a population sample of 3447 individuals; both analyses had negative results. 

Notably, this included MEIS1, which has been linked to thalamic ferritin expression [76] 

and BTBD9 (has been assumed to be associated with serum ferritin) [77]. The latter 

assumption also could not be reproduced in a recent meta-analysis on 5 × 104 individuals 

(courtesy of B. Benyamin, Queensland, Australia). In fact, while the RLS risk allele in 

BTBD9 seemed to decrease serum ferritin [78], homozygous knockout of Btbd9 produced 

mice with RLS-like phenotype but increased serum iron and normal striatal iron [79] adding 

further questions to the assumed relation between BTBD9 and RLS. Of course, these GWAS 

results analyses mentioned here do not exclude tissue-specific associations that are not 

apparent in relation to serum parameters. Moreover, they do not exclude the possibility that 

more recently discovered iron genes are associated with RLS.

4.1 Does the HFE gene variant protect in RLS?—The analysis referred to above [73] 

also included the common HFE variant C282Y (rs1800652, minor allele frequency 5%) 

which is the leading cause of hemochromatosis. Although C282Y is the variant with the 

largest single influence on the variance of serum ferritin (explaining 0.5% of the variance of 

log(ferritin)) [66], it was not found (not even nominally) to be associated with RLS. The 

same result (p = 0.57) was found when the analysis was repeated with a 10× larger sample 

size (11519 cases, 69783 controls, courtesy of J. Winkelmann, München, Germany).

4.1.1 If no, then what does this suggest?: The analysis for association between HFE 
C282Y and RLS can be regarded as a Mendelian randomization study on serum ferritin as a 

causal factor in RLS. The negative result is consistent with several previous studies on 

ferritin and RLS, as well as the association of RLS with ferritin appears to depend on cases 

where iron deficiency is so severe that it has functional consequences ie, anemia) [6, 83] 

while the association of HFE C282Y with iron-deficient anemia appears to be smaller than 

expected [84]. Moreover, it cannot be excluded that the HFE C282Y variant has an effect on 

RLS disposition that is antagonistic to its effect on serum ferritin, which would impair the 

overall association of this HFE variant with RLS.

4.2 Do we know the incidence of RLS in people with HFE gene variants

Anecdotally we know people with HC have RLS: RLS patients with the HFE C282Y 

mutation have been observed. Barton et al [85] reported on a homozygous male patient with 

a serum ferritin concentration of 658 ng/ml. Shaughnessy et al [86] diagnosed RLS in 10 of 

61 patients with hemochromatosis due to HFE mutation (mainly C282Y homozygosity) who 

received therapeutic phlebotomy. Five of them had RLS before already which deteriorated in 

three but improved in one after treatment was started. Haba-Rubio et al [87] reported two 

unrelated patients homozygous for C282Y who needed phlebotomy. The female patient had 

RLS before, the male patient developed RLS while on a phlebotomy regime. In both, brain 

MRI showed reduced iron levels in substantia nigra, red nucleus, and pallidum although 

serum ferritin was elevated or normal, respectively, indicating that HFE C282Y is not a 

reliable predictor of elevated brain iron.
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4.3 Epigenetics and iron in RLS

4.3.1 Would activation of hypoxic pathways alter epigenetics?: As mentioned in Section 

3, there is upregulation of hypoxic pathways in the brain in autopsy samples from RLS 

patients. Hypoxia inflicts epigenetic changes at the chromatin level [70, 71]. Many of these 

changes are mediated by hypoxia-inducible transcription factor (HIF) acting on the 

expression of chromatin-modifying enzymes [88–91] but direct effects of oxygen tension on 

histone-modifying demethylase activities have also been observed [92, 93]. Hypoxia-sensing 

of the HIF pathway involves oxygen-dependent HIF hydroxylases (prolyl hydroxylases, 

PHD1–3, and factor inhibiting HIF, FIH) that modify the HIFα subunit and thus induce its 

degradation [94, 95].

HIF hydroxylases also appear to be entry points for the action of nitric oxide (NO). Under 

normoxic conditions PHD activity was found to be inhibited by NO [96]. In contrast under 

hypoxia, NO reduces HIFα levels due to induction of PHD2 expression [97]. The HIF 

hydroxylases themselves as well as a large group of epigenetically modifying enzymes 

belong to the 2-OGDO class of enzymes (see above). The latter includes the histone 

demethylases KDM6A, -B, and -C which specifically remove dimethyl and trimethyl 

residues from lysine 27 of histone 3 (K27H3me2/3) and thus have a chromatin opening and 

gene activating effect. They are of special interest in neurobiology due to their key roles in 

pre- and postnatal differentiation of neurons including dopaminergic neurons [98–101]. 

Haploinsufficiency of KDM6A is a cause of mental retardation in Kabuki syndrome (MIM 

147920). Interestingly, the preponderance of open chromatin marks in Kabuki syndrome 

appears to be amenable to inhibitors of histone deacetylation [102] such as β-

hydroxybutyrate generated by ketogenic diet [103].

Being dependent on iron for their enzymatic activity, 2-OGODs may act as sensors not only 

of hypoxia but also of iron deficiency. The HIF PDHs are sensitive to iron chelators and 

activated by iron chaperones [104]; thus iron seems to exert epigenetic influence via the 

hypoxia pathway as indicated above. Since the affinity of iron to the active site of PHD is 

very high, the physiological response to iron deficiency probably requires protein turnover 

[70]. By that route, of course, iron could potentially influence the activity of any 

epigenetically relevant 2-OGOD directly. Their turnover rates would then attain differential 

relevance.

4.4 Neurodegenerative Diseases and RLS

What is the prevalence of RLS in diseases such as AD, PD and ALS that are thought to 
involve excess brain iron?: Assuming that RLS relates to brain iron deficiency, it is of 

interest to know the prevalence of RLS in patients with neurodegenerative disorders that are 

thought to involve aberrant brain iron homeostasis. In Alzheimer’s disease (AD) about four 

precent of the patients also had RLS [105] which appears to be somewhat less frequent than 

in the general population. Periodic leg movements in sleep (PLMS) have been found to be 

significantly more frequent in patients with Parkinsonism (PD) not receiving levodopa than 

in controls, AD patients, or PD patients receiving levodopa [106]. Concerning amyotrophic 

lateral sclerosis (ALS) RLS was substantially more frequent in patients than in controls 

(25% vs. 8%) [107]. A similar high rate (19%) of RLS in ALS patients was observed in 
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another European population [108]. If RLS is supposed to relate to neuronal iron deficiency 

and low serum ferritin, these findings need to be reconciled with the results on increased 

intracellular iron of substantia nigra neurons in PD [109] and on increased serum ferritin in 

ALS patients [110, 111]. Of course, in the neurodegenerative process, serum ferritin levels 

are likely reflective of the inflammatory status associated with the disease and activation of 

the microglia in general. Because there is no evidence of inflammation or microglial 

activation in RLS, the relationship between serum ferritin in neurodegenerative diseases and 

RLS is very likely a different process.

4.5 Prion disease changes brain iron status—There is considerable evidence that for 

the major neurodegenerative diseases AD, PD, and ALS, the pathogenesis involves prion-

like seeding, propagation, and pathological aggregation of proteins such as β-amyloid (Aβ) 

and tau in AD, α-synuclein in PD, and a number of RNA-binding proteins like in ALS 

[112–115]. The pathogenicity of these protein aggregates may be due to their specific 

toxicity or to the deficiency of the proteins’ normal functions such as intracellular liquid-like 

compartment generation [116].

The prion protein PrPc appears to have a role in iron uptake across membranes by its 

function as a ferrireductase [117] analogous to dcytb and steap3. In knockout mice the iron 

content of major systemic organs, hematopoietic cells, and the brain is reduced [118]. 

Conversion of PrPc into the infectious scrapie molecule PrPsc likely interferes with that 

function. Moreover, PrPsc aggregates with ferritin thus sequestering iron into a non-

accessible form. As a consequence, there is evidence of neuronal iron deficiency in PrPsc-

induced neurodegeneration [119]. The Connor group examined RLS autopsy material for the 

presence of prions, but none were detected (unpublished observations). Incidentally, amyloid 

precursor protein (APP) also is involved in cellular iron-metabolism. It stabilizes the iron 

exporter ferroportin [120] and shows reduced expression in response to intracellular iron-

deficiency due to an IRE in the 5’-UTR of its mRNA [121]. The cleavage of APP has also 

recently been shown to be regulated by nitric oxide levels [122]. The iron-associated 

neurodegeneration in PD which does not involve Aβ plaque formation has been related to 

nitric oxide mimicking iron-deficiency and inappropriately suppressing APP translation 

[109]. The increased expression of nitric oxide in RLS could impact the expression of APP 

and through stabilization of ferroportin contribute to intracellular iron deficiency in RLS.

Summary conclusions

Murine striatal brain iron has a significant circadian rhythm, and when nigra iron is low it 

can be increased by peripheral IV iron injections without producing iron overload in other 

brain regions. It is presumed this may apply to humans.

Increasing VMB iron increases dopamine in the striatum in animals, matching the increased 

dopamine seen with RLS.

It appears that about one third of the general population carries the genetic or systemic 

factors making them susceptible to RLS when the peripheral iron is reduced. Presumably the 
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reduced peripheral iron results in reduced nigra and probably thalamic iron that are 

associated with RLS, although this critical concept has not been adequately evaluated.

IV iron treatment reverses RLS for some patients for several months, but not for all. It is 

unclear if this is a dose issue or if this reflects either difference in iron transport to the brain 

or in the role of iron for RLS.

Some patients with IDA and RLS may have a persisting RLS suggesting that iron deficiency 

may produce in some patients long lasting changes not corrected when the ID is resolved. 

Perhaps the iron transport to the brain is altered, but this remains to be studied.

Finally, IV iron that has a slow release, such as FCM, needs to be evaluated in appropriate 

large clinical trials to determine if it provides a safe and effective treatment for RLS.

RLS brains have lower than normal levels of iron and the iron insufficiency is not limited to 

the nigro-striatal pathway.

There are alterations in iron management protein profiles in the brain microvasculature in 

RLS patients that suggests the iron insufficiency in the RLS brains begins at the BBB with 

altered iron acquisition.

MEIS1, a RLS risk gene, is expressed at the protein level in the BBB and is elevated in RLS 

tissue. This elevation can be induced by iron deficiency supporting the concept that the brain 

is iron deficient in RLS.

Future studies regarding brain iron acquisition are key to understanding why some RLS 

patients respond to IV iron status and some don’t.

RLS brains and brain microvasculature demonstrate a protein profile of hypoxia pathway 

activation.

RLS patients demonstrate measureable alterations in peripheral hypoxia markers in 

lymphocytes and physiological parameters such as femoral artery blood flow, heart rate and 

minute ventilation.

RLS patients demonstrate alterations in their CSF proteomic profile in proteins that is 

consistent with iron deficiency, hypoxia activation and dopamine dysregulation.

The overall association between serum ferritin and RLS is inconsistent but probably non-

linear so that very low serum ferritin appears to be a relevant risk factor for RLS.

As of yet, GWAS data neither have indicated an association of iron genes with RLS nor an 

association of RLS genes with serum iron parameters.

The role of iron in RLS may relate to a gene-environment interaction, possibly involving 

epigenetic regulation.
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Recommended Future Directions

Despite significant progress and clearly establishing a role for iron insufficiency in the brain 

in RLS, multiple areas of investigation of significant clinical importance remain. A key 

finding in the preclinical studies has been the circadian rhythm for brain iron. This finding 

highlights that almost nothing is known about the efflux mechanism for iron from the brain, 

which has tremendous relevance to RLS.

The observation that some but not all RLS patients respond to IV iron provides a key 

opportunity to interrogate biomarkers and genetics that may likely predict responders versus 

non-responders. The same is true for treatment refractory RLS versus RLS that is more 

responsive to medical management in general. Similarly study of the differences in response 

to iron deficiency anemia and response to IV iron treatment A key question from the data 

indicating hypoxia activation in RLS brains (and perhaps the periphery) is whether this 

observation identifies a novel pathway for therapeutic targeting.

More preclinical studies are necessary to determine the functions of proteins associated with 

RLS risk genes. For example, the observation reported in this chapter for MEIS1 expression 

in microvasculature and that MEIS1 is iron responsive suggest novel research directions.

The effects of iron in treatment of RLS deserve further scientific study since non-efficient 

treatment and potential adverse effects must be avoided. The appropriate role of IV iron for 

RLS treatment should be better defined by clinical and animal studies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• RLS brains have lower than normal levels of iron and the iron insufficiency is 

not limited to the nigro-striatal pathway.

• About 1/3rd of the population carries the genetic or systemic factors making 

them susceptible to RLS when the peripheral iron is reduced.

• There is activation of hypoxic pathways in RLS brains and peripheral tissues.

• Studies on acquisition of brain iron in RLS led to paradigm shifting studies on 

regulation of iron uptake at the blood-brain-barrier.
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Figure 1. 
CSF ferritin vs serum ferritin for RLS patients (black circles) and controls (open boxes). 

(adapted from Earley CJ et al NEUROLOGY 2000;54:1698–1700)
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Figure 2. 
Tissue iron concentration at 3 days after tail vein injection of 1000 mg iron isomlatoside or 

vehicle only compared to animals without any iron deficiency. Note the increased peripheral 

iron corrects the iron deficiency in the ventral mid-brain and nucleus accumbens without 

increasing iron in the brain regions without iron deficiency. Iron overload in the brain does 

not seem to occur. (from Unger, et al, Neuroscience (2013) 246c:179-85)
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Figure 3. Striatal microdialysis assessment of extra-cellular non-transferrin bound iron in mice
This figure describes the average iron content from ventral midbrain (VMB) for eight mice 

with iron isomaltoside 1000 and nine with saline injections.

Bars indicate standard errors. Red arrow is the first measure after the injection, which was 

about 3 h before this measure. Dark periods (18:00–06:00) are indicated by shaded 

background. Marks at the bottom correspond with Microdialysis samples taken every 3 h 

starting at 24 h before injection. (from Unger, et al, Neuroscience (2013) 246c:179-85)
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Figure 4. MEIS1 is elevated in microvasculature isolated from RLS brains compared to control
These data on 3 samples of RLS and control brain tissue establish that MEIS1 is expressed 

in brain microvasculature. In combination with the data in Figure 5, the elevation of MEIS1 

in RLS is consistent with the concept of brain iron deficiency in RLS. The elevation of 

MEIS1 is RLS microvasculature is also consistent with activation of hypoxic pathways.
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Figure 5. Iron status regulates MEIS1 expression in BREC cultures
These data on 3 sets of BREC cultures demonstrates that iron-deficient BREC cultures have 

an increased MEIS1 expression while iron-loaded BREC cultures have decreased MEIS1 

expression compared to the control cultures.
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Figure 6. Alterations in Femoral Artery Blood Flow
This figure demonstrates the femoral artery blood flow in RLS (blue) and control (orange) 

subjects. Error bars are standard error of the mean. n=18 (9 RLS; 9 age- and gender-matched 

controls). Baseline femoral artery blood flow is increased 22.5% in RLS subjects. RLS 

subjects demonstrate only a 1.7% increase in blood flow following exposure to hypoxia, 

whereas control subjects demonstrate a 7.2% increase in blood flow following hypoxia. 

(unpublished data)
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Figure 7. Alterations in Heart Rate
This figure demonstrates the heart rate measurements in RLS (blue) and control (orange) 

subjects. As shown in this figure, a trend towards increased baseline heart rate is present in 

RLS subjects as compared to their age-matched controls. Error bars are standard error of the 

mean. n=14 (7 RLS; 7 age-matched controls) (unpublished data).
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Figure 8. Alterations in Minute Ventilation
This figure demonstrates the minute ventilation measurements in RLS (blue) and control 

(orange) subjects. Error bars are standard error of the mean. n=14 (7 RLS; 7 age-matched 

controls). Male RLS subjects had a slightly elevated minute ventilation rate at baseline. Male 

RLS subjects had a 65% increase in minute ventilation with hypoxic insult.(unpublished 

data)
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