
There may be a relationship between proton pump inhibitors (PPIs) and iron absorption. PPIs 
may decrease the amount of iron absorbed gastrointestinally specifically due to alteration of 
the pH in the duodenum. Restless legs syndrome (RLS) is a sensorimotor disorder that includes 
an urge to move legs, accompanied or caused by uncomfortable and unpleasant sensations 
in the legs; the urge to move begins or worsens during periods of rest or inactivity, the urge 
to move is partially or totally relieved by movement, and the urge is worse or only occurs at 
night. In the majority of the restless leg syndrome population, the sensation is deep seated, 
often described as being in the shin bones, and most commonly felt between the knee and 
ankle. It may be described as a creepy, shock-like, tense, electric, buzzing, itchy, or even 
numb sensation. A subpopulation of this restless leg syndrome patient population experiences 
restless leg syndrome associated pain (RLSAP) that has been described as a deep “achy pain.” 
This pain has not been found to be relieved by many of the typical over the counter analgesics. 
Often, constant movement of the legs appears to be the only remedy, as these sensations 
usually appear during periods of rest.

Furthermore, there appears to be an association between iron deficiency and those suffering 
from Restless Leg Syndrome (RLS). The authors theorize that there may be a possible correlation 
between PPIs and the symptoms (e.g. pain) associated with RLS. The authors propose that 
PPIs, such as omeprazole, may interfere with iron absorption in certain patients and that a 
subpopulation of patients who develop significant iron deficiency characterized by low serum 
ferritin levels while on PPIs may also develop RLS-like symptoms (including RLSAP). While 
there is no robust direct evidence to support any associations of PPIs and iron deficiency or 
PPIs associated with RLS-like symptoms (including RLSAP), it is hoped that this manuscript may 
spark research efforts on this issue.
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Restless legs syndrome (RLS) is a fairly common 
neurological disorder where one suffers from 
symptoms of spontaneous and continuous leg 

movements that can be associated with unpleasant 
paresthesias. Many sufferers describe this condition as 
tingling, crawling, and pulling in the lower part of the 
legs (1). In fact, many of these sensations can also occur 
in the thighs, feet, and upper body. In the majority 
of the RLS population, the sensation is deep seated, 

often described as being in the shin bones, and most 
commonly felt between the knee and ankle. It may 
be described as a creepy, shock-like, tense, electric, 
buzzing, itchy, or even numb sensation. A portion of 
this patient population may experience a deep “achy 
pain” referred to as RLS associated pain (RLSAP). This 
pain is generally refractory to simple conservative 
therapy and over the counter analgesics. Constant 
movement of the legs appears to be the only 
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The RLS Center at Johns Hopkins developed and 
validated the Hopkins telephone diagnostic interview 
(HTDI) (5). Diagnosis was made primarily on the basis 
of questions which examined 6 features of RLS:
1.	 leg discomfort and;
2.	 an urge to move;
3.	 that are present at rest;
4.	 occur frequently when lying down as well as when 

sitting;
5.	 symptoms are relieved by movement; and
6.	 demonstrate a circadian pattern with peak symp-

toms occurring at night or in the evening (5). 
Definite RLS required that the subject affirm all 6 
features except either 1 or 4 (6). Neither of these 
2 features forms part of the necessary diagnostic 
criteria for RLS (4).
Symptoms of RLS have been seen in up to 15% 

of the population (7). Although the primary etiol-
ogy of RLS is unknown, a positive family history has 
been found in over 40% of patients suffering from 
idiopathic RLS, suggesting a genetic basis for this syn-
drome (8). RLS may be primary (genetic or idiopathic), 
secondary (i.e., related to other medical or neurologi-
cal disorders), or arise from a combination of factors 
(e.g., positive family history, iron deficiency, uremia). 
The most important associations of secondary RLS 
are with end-stage renal disease or iron deficiency 
(9). Nevertheless, the pain associated with RLS can be 
significant, as one of the main hallmarks of RLS is ex-
treme discomfort in the legs, most often bilaterally. 
Some patients suffering from RLS have described this 
discomfort as frank pain. 

RLS is an important condition because it is common, 
it causes significant distress to sufferers, it may be the 
presenting feature of serious underlying conditions, and 
it is treatable. The following drugs are considered effi-
cacious for the treatment of RLS: levodopa, ropinirole, 
pramipexole, cabergoline, pergolide, and gabapentin 
(10). Drugs considered likely efficacious are rotigotine, 
bromocriptine, oxycodone, carbamazepine, valproic acid, 
and clonidine. Drugs that are considered investigational 
are dihydroergocriptine, lisuride, methadone, tramadol, 
clonazepam, zolpidem, amantadine, and topiramate. 
Magnesium, folic acid, and exercise are also considered 
to be investigational (10). Intravenous iron dextran is 
likely efficacious for the treatment of RLS secondary to 
end-stage renal disease and investigational in RLS sub-
jects with normal renal function (10). The efficacy of oral 
iron is considered investigational; however, its efficacy 
appears to depend on the iron status of subjects (10).

reliable nonpharmacologic maneuver which results 
in resolution of these sensations (1). RLS and RLSAP 
appear to be related to iron deficiency. The authors 
propose that proton pump inhibitors (PPIs), such as 
omeprazole, may interfere with iron absorption in 
certain patients and that a subpopulation of patients 
who develop significant iron deficiency with low 
serum ferritins while on PPIs may also develop RLS-
like symptoms or exacerbation of pre-existing RLS 
symptoms.

Restless Leg Syndrome

Restless legs syndrome is a sensorimotor disorder 
that often has a profound impact on sleep (2). The 
severity of the symptoms varies widely, ranging from 
occurring only occasionally in a stressful situation to 
nightly and severe, with almost total disruption of 
sleep. An RLS severity rating scale has been developed 
by the International RLS Study Group (IRLSSG) to eval-
uate this wide range of symptom severity (3).

All 4 National Institute of Health (NIH) criteria are 
essential to the diagnosis of RLS. The 4 diagnostic cri-
teria are:
•	 Criterion 1 — An urge to move the legs, usually 

accompanied or caused by uncomfortable and 
unpleasant sensations in the legs. (Sometimes the 
urge to move is present without the uncomfort-
able sensations and sometimes the arms or other 
body parts are involved in addition to the legs.)

•	 Criterion 2 — The urge to move or unpleasant 
sensations begin or worsen during periods of rest 
or inactivity such as lying or sitting.

•	 Criterion 3 — The urge to move or unpleasant 
sensations are partially or totally relieved by 
movement, such as walking or stretching, at least 
as long as the activity continues.

•	 Criterion 4 — The urge to move or unpleasant 
sensations are worse in the evening or night than 
during the day or only occur in the evening or 
night. (When symptoms are very severe, the wors-
ening at night may not be noticeable but must 
have been previously present) (4).
The clinical diagnostic criteria for RLS reviewed in 

2003 by the International Restless Legs Study Group 
included an urge to move legs accompanied or caused 
by uncomfortable and unpleasant sensations in the 
legs, the urge to move begins or worsens during pe-
riods of rest or inactivity, the urge to move is partially 
or totally relieved by movement and the urge is worse 
or only occurs in the night. 
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RLS and Pain

Patients with RLS may show some features also 
seen in neuropathic pain. Peripheral neuropathy is 
present in up to 36% of late-onset RLS patients and 
RLS patients may have abnormalities in central sensory 
processing (11). Furthermore, the sensations experi-
enced by RLS patients have been shown to be relieved 
by treating the patients with analgesic medications, 
such as opiates and gabapentin, to which neuropathic 
pain also responds (12). 

Stiasny-Kolster et al (13) evaluated pain sensitiv-
ity in 11 patients (age 60 ± 10 years) with “primary” 
RLS (disease duration 18 ± 15 years) and 11 age- and 
gender-matched healthy control subject. Pin-prick pain 
ratings in RLS patients were significantly elevated by a 
factor of 5.3 in the upper limb and by a factor of 6.4 in 
the lower limb indicating a significant generalized static 
hyperalgesia more pronounced in the lower limb (13). 
Acute single-dose dopaminergic treatment with 100 mg 
levodopa + 25 mg benserazide, 90 minutes prior to the 
evening measurements largely resolved patients’ RLS 
symptoms, but had no effect on pin-prick pain. Static 
hyperalgesia to pinprick, however, was significantly re-
versed (median reduction -74%) by long-term individu-
ally tailored dopaminergic treatment (13). 

Secondary RLS is known to be associated with poly-
neuropathy (14), and in particular with small fiber sen-
sory neuropathy (SFSN) (15-17), possibly representing a 
peculiar form of neuropathic pain (15). The relationship 
between pain and RLS has been investigated mainly in 
primary, non-neuropathic RLS patients (13). To investi-
gate the relationship between pain and RLS, Gemignani 
et al (18) evaluated retrospectively a series of patients 
with polyneuropathy and neuropathic pain or dyses-
thesia as main symptoms, using a tentative mechanism-
based classification of neuropathic pain (19,20).

The clinical severity of RLS was graded on the 
Johns Hopkins RLS Severity Scale (JHRLSSS) (21), based 
on the reported time of usual symptom onset: 1 for 
mild, defined as usual symptom onset at bedtime; 2 for 
moderate, defined as after 6 pm but before bedtime; 
or 3 for severe, defined as before 6 pm. 

Gemignani et al (18) evaluated the occurrence of 
RLS in 102 consecutive patients with polyneuropathy 
manifesting with neuropathic pain or dysesthesia. The 
patients were classified in subgroups characterized 
respectively by allodynia (“hyperphenomena”) with 
reported unpleasant sensations evoked by tactile stim-
uli, and hypoalgesia (“hypophenomena”) with absent 
pain sensation to pinprick. RLS was present in 41/102 

patients (40.2%). It was significantly more frequent 
in the hypoalgesia (23/37) than in the allodynia sub-
group (9/31; P = .008) and in the not classifiable cases 
(9/34; P = .004).

Iron Absorption 
The average adult stores about 1 to 3 grams of 

iron in his or her body. There is a precise balance be-
tween the dietary uptake and loss (22). However, due 
to the fact that there are not any physiologic mecha-
nisms of iron excretion that exist, it is the absorption 
alone that regulates body iron stores (23). Absorbed 
iron is bound in the bloodstream by the glycoprotein 
named transferrin. Normally, about 20% to 45% of 
transferrin binding sites are occupied. 

Iron absorption occurs predominantly in the 
duodenum and upper jejunum. However, it is the 
physical state of iron that enters the duodenum 
that greatly influences its absorption. The majority 
of non-heme iron is in the ferric form (Fe3+) supplies 
at least 2/3 of dietary iron requirements and the 
availability of iron in this pool. This iron is critically 
dependent on the stomach and duodenum. The 
gastric hydrochloric acid is one of the most impor-
tant factors that assist optimal absorption of iron 
(24). In vitro experiments investigating the capacity 
of gastric juice produced by pentagastrin challenge, 
to release radioiron through solubilization from 
biosynthetically labeled bread, showed that be-
low pH 2.5 there was a linear relation between pH 
and percentage solubility (25). In contrast, samples 
of gastric juice with pH values above 2.5 released 
negligible amounts of iron, whereas in linked in 
vivo studies a close correlation was demonstrated 
between iron absorption and the capacity of gas-
tric juice to release food iron in both controls and 
patients. The finding that above pH 2.5 there was a 
failure to solubilize and absorb non-heme iron (25) 
is highly relevant to the current study because PPIs 
are potent inhibitors of gastric acid. For example, 
the administration of 20 mg omeprazole daily leads 
to an intragastric pH of > 4 for at least 8 hours in 
67% of individuals and a median intragastric pH 
over 24 hours of > 3.6 (26). At these levels of gas-
tric acidity, negligible amounts of non-heme iron 
would be released from dietary components (25) 
and reduction of ferric iron and formation of ferric 
chelates would be impaired (27). This would have 
a major impact on iron absorption because ferrous 
iron and ferric chelates normally remain soluble in 
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the alkaline environment of the bulb/post bulbar re-
gions (28,29) facilitating the transport of iron across 
the intestinal epithelium by mucosal iron transport-
ers and accessory proteins (30). 

Iron absorption consists of an uptake step in which 
iron is transported across the apical membrane of the 
enterocyte, and transfer, the movement of iron across 
the basolateral membrane into the portal circulation 
(30). Ferric iron in the duodenal lumen is reduced to 
the insoluble ferrous (Fe2+) form via a duodenal cyto-
chrome B. Ferrous iron (Fe++) is then taken up by trans-
porters. The apical and basolateral transporters have 
been identified as divalent metal transporter 1 (DMT1) 
and ferroportin 1 (FP1) respectively and, furthermore, 
the duodenal expression of both carriers is increased 
in Hereditary Hemochromatosis (HH) (31-33). DMT1 
and FP1 are centrally involved in iron uptake/transfer 
in the duodenum and in the adaptive changes of iron 
homeostasis to iron deficiency and overload (31). The 
increase in ferroportin expression is caused by a rela-
tive lack of the iron regulatory hormone hepcidin, a 
peptide that regulates cellular iron efflux by binding 
to ferroportin and inducing its internalization (34). 
Hepcidin is deficient in both treated and untreated HH 
(35,36), resulting in uncontrolled activity of ferropor-
tin and increased efflux of iron from the enterocyte. 
While low levels of intracellular iron in the entero-
cyte could result in increased expression of the apical 
transporter, by stabilizing mRNA transcripts through 
enhanced binding of iron-responsive protein to the 3’ 
iron-responsive element, this is not known with cer-
tainty (31). The uptake of the ferrous ion depends on 
a variety of factors, and one of the major contributors 
is the solubility of the ferric iron. The solubility and 
uptake of ferric iron is increased when exposed to a 
lower pH in the proximal duodenum (31). This lower 
pH environment is accomplished by hydrochloric acid. 
In fact, the absorption of other various nutrients such 
as vitaminutes B12 and calcium are also affected by 
the pH in the duodenum. Thus it can be seen that gas-
tric acid may enhance the uptake of ferric iron due to 
the lowering of pH (37). 

PPIs and Iron Deficiency
If the acidic environment in the stomach plays 

such a prominent role for iron absorption, perhaps 
a hypochlorohydric state can lead to iron deficiency. 
Thus if the production of gastric acid production is 
impaired by a PPI such as omeprazole, then the pH 
will not be low enough to enhance the ferric iron up-

take, ultimately leading to a reduction in the amount 
of iron absorbed (31,37). It is important to note that 
iron deficiency has been described in various studies 
in patients with a partial or total gastrectomy or with 
atrophic gastritis. Nevertheless, there have been no 
large controlled trials to actually give a definitive rela-
tionship between PPI therapy and iron absorption. 

Long-term use of PPIs has not been reported to 
compromise iron status in normal subjects (39,40), pos-
sibly because many individuals with intact regulatory 
mechanisms of iron absorption are able to adapt to im-
paired bioavailability of non-heme iron, however, these 
studies are small and do not provide robust evidence 
that long-term PPI therapy do not compromise iron sta-
tus. One interpretation of the results of Hutchinson and 
colleagues (40) is that such adaptation does not occur 
in HH. These patients demonstrate an expression pro-
file of mucosal iron transporters (31) and iron absorp-
tion kinetics more in common with iron deplete than 
with iron replete individuals (41-43), and, as a result 
may not be able to further increase iron absorption. 
Nevertheless, the finding that patients with HH who 
were taking a PPI still required the removal of 0.5 (0.2) 
liter of blood annually to maintain normal iron balance 
suggests that an additional source of iron was available 
in the habitual diet. Hutchinson et al have argued that 
this was likely to be heme iron because absorption of 
this form of iron is not dependent on gastric HCl (41,44) 
and furthermore, is increased in hemochromatosis (41). 
It is also possible that absorption of heme iron plays an 
important role in ensuring dietary iron availability in 
normal subjects on a long-term PPI. The authors postu-
late that there exists a subpopulation of patients (per-
haps those without robust compensatory mechanisms) 
that may develop iron deficiency due to long-term high 
dose PPI therapy.

A subpopulation of patients may exist in which 
proton pump inhibitors (PPI) may contribute towards 
iron deficiency. This subpopulation of patients may re-
quire a low pH environment in order to optimally and 
effectively absorb iron. We refer to these patients as 
strongly pH-dependent iron absorbers. Some of these 
patients may also develop low ferritin levels during 
long-term high dose therapy with H2 receptor antago-
nists. In particular, it has been shown that patients suf-
fering from hereditary hemochromatosis (HH) have 
been able to suppress their dietary non-heme iron with 
PPIs. Hereditary hemochromatosis, the most common 
inherited single gene defect disorder in those of the 
Northern European descent, is a condition where there 
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is increased intestinal absorption of iron, with deposi-
tion of iron in multiple organs (45,46). It was suggested 
by Hutchinson et al (40) that administration of a PPI to 
a patient suffering from HH can actually inhibit absorp-
tion of the dietary non-heme iron and ultimately limit 
the accumulation of iron in tissue stores. In their study 
(40), there was a significant reduction (P > 0.001) in the 
volume of blood removed annually before (2.5 (0.25) I) 
and while taking (0.5 [0.25] I) PPIs. Administration of a 
PPI for 7 days suppressed absorption of non-heme iron 
from the meal as shown by a significant reduction (all P 
<0.01) in: area under the serum curve (2145 [374] versus 
1059 [219], % recovery of administered iron at peak se-
rum iron (20.5 [3.2] versus 11.0 [2.0] %) and peak serum 
iron (13.6 [2.4] vs. 6.1 [1.2] μmol/l) (all values are before 
vs. during PPI). The authors found that the administra-
tion of a PPI for 7 days suppressed absorption of non-
heme iron from the test me al. This further supports the 
role of PPIs in decreasing iron absorption (40). 

Hutchinson et al (40) demonstrated a significant 
PPI-related reduction in the absorption of non-heme 
iron in patients with HH, and this, together with the 
observation that there was a significant reduction in 
phlebotomy requirements in patients taking PPIs over 
a long period, suggests that gastric acid suppression 
can inhibit the absorption of non-heme iron from the 
habitual diet in HH. 

In only one group of patients has it been found 
that long-term PPI use does not significantly cause 
iron deficiency and that it is patients suffering from 
Zollinger-Ellison Syndrome. These patients produce 
increased levels of gastrin leading to excess gastric 
hydrochloric acid, and may exhibit alterations in the 
absorption of iron. Thus, these patients often are 
put on continuous treatment with omeprazole or 
other various gastric antisecretory drugs. It has been 
shown that in this population, the long-term use of 
PPIs did not cause decreased body iron stores or iron 
deficiency. However we must keep in mind that these 
patients may have had altered absorption of iron to 
begin with prior to PPI treatment due to their condi-
tion (39). Furthermore, these patients do not repre-
sent the typical population and with so much excess 
gastric hydrochloric acid, it is not surprising that PPIs 
did not lead to decreased iron stores in this subpop-
ulation. A definitive answer about the relationship 
between PPI therapy and iron absorption can be 
provided only through a large, multicenter, well-de-
signed controlled trial with simultaneous studies of 
iron absorption.

Iron Deficiency and Restless Legs 
Syndrome

When Ekbom (47) provided the first modern med-
ical descriptions of RLS, he noted a high prevalence of 
iron deficiency among patients with RLS. This striking 
relation led a contemporary of Ekbom, another Swed-
ish neurologist Nordlander (48,49), to not only pro-
pose that iron deficiency in some body tissue caused 
RLS but also to successfully treat 21 of 22 patients with 
RLS with relatively large doses of intravenous (IV) iron. 
Since 2000, investigators have gained a greater under-
standing of the pathophysiology of RLS, particularly in 
relation to the importance of iron metabolism (50).

The improvement in RLS with dopaminergic ago-
nists and the worsening of symptoms with dopami-
nergic antagonists suggest an important role for the 
dopamine neurotransmitter system in the central ner-
vous system in the pathogenesis of RLS. Positron emis-
sion tomography and single photon emission comput-
ed tomography studies have found decreased activity 
of the dopamine D2-receptor in the striatum of RLS 
patients, consistent with a role for a subcortical dys-
function of the dopaminergic system in RLS (50). Iron 
is an essential cofactor for tyrosine hydoxylase, which 
is the rate-limiting enzyme for dopamine synthesis. In 
animal studies, iron deficiency is associated with hypo-
function of dopamine D2 receptors that is corrected 
by iron replacement (51). The fact that many of the 
established secondary causes of RLS share disturbance 
of iron metabolism as a common feature, that the de-
gree of iron deficiency correlates well with symptoms, 
and that iron is an effective therapy, at least in iron-
deficient patients, provide clinical support for the im-
portance of iron deficiency in the pathogenesis of RLS 
(52). Thus, the current hypothesis is that RLS involves 
a functional disturbance of dopamine neurotransmis-
sion in subcortical areas of the brain, provoked by re-
gional iron deficiency or by genetic factors or both, 
resulting in decreased inhibition of the sensorimotor 
cortical system and (particularly during sleep) of the 
spinal system (52).

There have been an increasing number of studies 
suggesting a causal association between iron deficien-
cy and RLS. Early et al (53) showed that serum ferritin 
levels inversely correlated with RLS severity. High dos-
es of IV iron reduce the RLS symptoms in patients with 
end stage renal disease (54). Similarly, the decreased 
blood volume that occurs with delivery provides a rap-
id improvement in access to iron stores and there is a 
corresponding rapid remission of any RLS symptoms 
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(55). Increasing the body iron stores in patients with 
RLS and iron deficiency can provide complete relief 
from all RLS symptoms in some patients (56). These 
considerations led to our hypothesis: All conditions 
that compromise iron availability and/or promote 
iron deficiency may increase the risk of developing 
RLS-like symptoms. This hypothesis has been shown 
for multiple conditions with diminished iron stores/
availability, (e.g.; gastric surgery [57] and low-density 
lipoprotein apheresis [58,59]). It is interesting that the 
serology measures of iron status most frequently used 
have limitations. They neither provide a direct mea-
sure of cellular or bone marrow iron status nor an ac-
curate measure of neuronal iron status. Despite these 
problems, one community based study found higher 
serum transferrin receptor indicating iron compromise 
for RLS compared to control subjects (60) but this was 
not found in another similar study (61). Serum ferritin 
provides the generally accepted best single measure 
of iron stores (62,63). The phase-reactive property of 
ferritin, however, sometimes produces falsely elevated 
values even in the face of iron deficiency (e.g., ferri-
tin is an acute phase reactant and will be increased 
with significant inflammation). Given the ferritin 
measurement problems, it has been recommended 
that patients with RLS with ferritin of 50 mcg/L or less 
be considered for iron treatment (64). An un-blinded 
study (65) as well as a double-blind controlled study 
(67) found that oral iron treatment in patients with 
RLS and iron deficiency reduces RLS symptoms particu-
larly for those with lower ferritin values. Serum fer-
ritin somewhat indirectly reflects body iron stores and 
in 2 studies correlated with RLS severity (65,66). More-
over, patients with RLS who develop iron deficiency 
show marked exacerbation of their symptoms. Thus, 
any sudden worsening of RLS symptoms unrelated to 
medication changes has to be considered as likely indi-
cating blood loss or another cause of iron deficiency.

Two MRI studies using the GESFIDE (gradient-
echo sampling of free induction decay and echo) se-
quence (a reasonably efficient means of assessing 
various transverse relaxation rates via sampling a train 
of echoes which correlates with iron content) have 
found significantly reduced iron content in the sub-
stantia nigra more marked for those patients with RLS 
whose symptoms started before they were 45 years 
old (“early-onset RLS”) (68,69). In both of these stud-
ies the MRI measurement of nigral iron concentration 
correlated inversely with clinical ratings of disease 
severity (68,69). An independent study using B-mode 

transcranial ultrasound imaging showed marked hy-
poechogenicity for the nigra area in patients with RLS 
compared to controls consistent with reduced nigral 
iron (70). Thus, we have independent studies using dif-
ferent methods indicating nigral iron compromise in 
patients with RLS.

Autopsy studies from 7 patients with RLS (ages 
53, 65, 76, 77, 83, 84, 85) compared to 5 control indi-
viduals with no neurologic history (ages 48, 66, 67, 74, 
84) provide strong confirmation of the brain iron de-
ficiency in RLS and also give an interesting picture of 
the nature of this deficiency. Examination of stained 
sections from the substantia nigra of patients with 
RLS and matched controls showed decreased iron and 
ferritin along with increased transferrin suggesting a 
potential defect in the regulation of transferrin recep-
tors (71).

RLS may result from a defect in iron regulatory 
protein 1 in neuromelanin cells that promotes desta-
bilization of the transferrin receptor mRNA, leading 
to cellular iron deficiency (72). Examination of the 
homogenates of only the isolated neuromelanin cells 
showed that RLS compared to controls exhibited de-
creased levels of ferritin, divalent metal transporter 
1, ferroportin, and transferrin receptor as well as in-
creased iron regulatory protein 2 (IRP2) consistent 
with cellular iron deficiency but also an unexpected 
decreased IRP1 both in its active and aconitase form 
(72). The marked decrease in IRP1 may explain at least 
in part the decreased transferrin receptor expression, 
possibly limiting cellular iron access and contributing 
to the brain iron deficiency or even to reduced trans-
port across the blood brain barrier. The decreased IRP1 
may be secondary to the lack of availability of iron or 
reflect a primary pathology of RLS (72).

Nordlander (48,49) suspected that iron deficiency 
may contribute to RLS since iron deficiency anemia 
was identified in 25% of the RLS patients that Karl Ek-
bom (49) originally described in 1945; and conducted 
the first published trial of IV iron treatment of RLS. 
Nordlander reported that IV iron therapy produced 
complete and fairly lasting relief from RLS symptoms 
for all but one of 22 subjects treated. Earley et al (73) 
recently did a careful evaluation of response to a sin-
gle dose of 1,000 mg of IV iron dextran using both 
clinical ratings and objective measures of leg move-
ments during the sleep period. They reported that 6 of 
10 patients with RLS had almost, if not, complete re-
lief from all RLS symptoms for at least 2 weeks and for 
most patients the relief lasted longer than 2 months. 
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This relief was documented both on subjective scales 
and also on the objective measure of leg movements.

MRI studies and a transcranial ultrasound study 
showed reduced amount of nigral iron in those with 
RLS, compared to the controls (53). Thus there has 
been evidence gained using both peripheral and cen-
tral measures that supports a correlation between iron 
deficiency and RLS. Earley et al (52) have proposed 
that iron deficiency leads to increased dopamine pro-
duction and more extracellular dopamine levels. The 
postsynaptic receptors may not adjust to the large 
variation in dopamine levels and thus produce an ab-
normally decreased dopamine stimulation during the 
circadian trough of dopamine activity. This trough, as 
proposed by Earley and colleagues (52), roughly cor-
responds to the period of RLS symptoms. 

Evidence on iron deficiency in RLS is now well 
documented. Two studies showed that serum ferritin 
levels inversely correlated with RLS severity (65,66). 
Researchers in this field have gained further insight 
using MRI to estimate iron levels in the brain. Two MRI 
studies (68,69) and a B-mode transcranial ultrasound 
imaging study (70) showed reduced nigral iron in pa-
tients with RLS compared to controls. Furthermore, 
two cerebral spinal fluid (CSF) studies (53,74) reported 
that patients with RLS, compared to matched controls, 
had significant decreases in CSF ferritin. Finally, de-
creased iron and ferritin have been reported in stained 
sections of substantia nigra of patients with RLS (71). 
Therefore, there is evidence, both from peripheral 
and central measures, supporting a significant iron 
deficiency in patients with RLS.

Additionally, Zhao et al (75) showed that loco-
motor activities were increased significantly in mice 
treated with an iron deficient diet, and also found a 
change in the expression of the different dopamine 
receptors. Connor et al (72) showed that RLS may re-
sult from a defect in the iron regulatory protein 1 in 
neuromelanin cells that promote destabilization of 
transferrin receptor mRNA, leading to cellular iron 
deficiency. Behavioral tests showed that the locomo-
tor activities were increased significantly in the mice 
treated with iron deficiency diet and 6-hydroxydo-
pamine (6-OHDA) lesions, which were reversed by 
the D2/D3 mRNA and protein levels as well as their 
biding capacity in the spinal cord were decreased 
significantly by 6-OHDA lesions. Iron deficiency with 
6-OHDA lesions produced a synergistic greater de-
crease of D2 binding (75).

Increasing evidence has suggested RLS may be 

comorbid with Tourette’s syndrome and attention-
deficit/hyperactivity disorder (ADHD) as it has been 
hypothesized by Cortese et al (76) that iron deficiency 
contributes to the pathophysiology underlying the 
spectrum of these 3 disorders. It has been proposed 
that iron deficiency may lead to ADHD, RLS, and To-
urette’s syndrome symptoms via its impact on the me-
tabolism of dopamine which has been implicated in 
the pathophysiology of all of these disorders. In 2005, 
published clinical reports that 44% of subjects in with 
ADHD were also found to have had RLS or RLS symp-
toms. Lesperance et al (77) reported that RLS was pres-
ent in 10% of patients with Tourette’s syndrome and 
23% of their parents. Although these studies had their 
limitations, these potential co-morbidities further sug-
gest iron deficiency contributes to the pathophysiol-
ogy underlying this spectrum that includes RLS. 

Further support comes from Konofal et al (78) 
where they found data showing a trend for lower se-
rum ferritin in children with ADHD + RLS compared to 
children with ADHD only. Oner et al (79) also showed 
that the rate of iron deficiency was significantly higher 
in ADHD subjects with RLS when compared to ADHD 
subjects without RLS, thus their results showed that 
depleted iron stores may actually increase the risk of 
having RLS in patients with ADHD. 

Some of the most supportive evidence of iron 
deficiency being a potential cause of RLS can be seen 
in the therapy of RLS related to iron deficiency. Iron 
supplementation has actually been shown to improve 
RLS in patients with iron deficiency but not in patients 
with normal iron levels (54,67,73,80). In a small place-
bo-controlled trial in RLS secondary to uremia (n = 11), 
RLS symptoms significantly, but transiently, improved 
with 1000-mg iron dextran (54). In an open trial with 
10 patients of whom 4 patients had ferritin levels 
below 50 mcg/L, a single infusion of 1000-mg iron 
dextran led to a dramatic improvement of RLS symp-
toms as assessed on a visual analog scale in 6 patients, 
whereas 4 patients did not respond to treatment (80). 
It has been proposed that more frequent smaller doses 
may be more effective than a single larger dose (81). 
Oral iron supplementation would not be expected to 
be all that helpful when there is no iron deficiency or 
in conditions where iron absorption is impaired (e.g. 
perhaps during PPI therapy).

An important unanswered question is the consid-
eration of what level of iron deficiency has physiologi-
cal significance. Although the widely accepted cutoff 
for serum ferritin is 12mcg/L, it has been found that 
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peripheral iron stores are not fully replenished until 
a much higher serum ferritin level is present (50–100 
mcg/L) (82). Wang and colleagues (83) performed a 
randomized, placebo-controlled double-blinded study 
of oral iron therapy in patients with RLS and serum fer-
ritin levels between 15 and 75 mcg/L, using a validated 
RLS symptom severity scale as an outcome measure. 
There were 11 subjects taking iron (ferrous sulfate 325 
mg twice a day for 3 months) and 7 taking placebo. 
Both groups were well matched on the International 
RLS Severity Score and on serum ferritin at baseline. 
In this study, the iron treatment group had a statis-
tically significant improvement in the RLS symptoms 
compared to the placebo group, and more impor-
tantly, the serum ferritin levels increased by over 60% 
in the iron treatment group (83). Earley (84) opined 
that there is sufficient data from case reports, open-
label trials, and a randomized, double-blinded trial 
(83) to conclude that patients with RLS should have 
their serum ferritin levels checked, and even those 
with low “normal” levels should be treated with oral 
iron agents to try to raise their ferritin levels to at least 
75 mcg/L.

Endogenous Opioids and RLS
Opioids effectively treat RLS as shown in a double-

blind and long-term studies (85, 6). Opioid receptor 
PET scans show post-synaptic binding of ligand that 
is inversely proportional to the severity of RLS symp-
toms in areas serving the medial pain system including 
the thalamus (87). If naloxone, an opioid antagonist, is 
given in a double-blind fashion to opioid treated RLS 
patients, the motor and sensory signs and symptoms 
return in a qualitative and quantitative fashion (88, 
89). Additional receptor blocking studies indicate that 
opioids have their impact on RLS symptoms by modu-
lating the dopamine system.

In a pilot post-mortem study, Walters et al (90) 
measured Beta endorphin, Met-enkephalin, and Leu-
enkephalin levels in thalamus and substantia nigra of 
RLS patients (5 F — average age 80.2 years) compared 
to controls (5 F, 1 M — average age 76.3 years) . In 
the thalamus, there were reductions of Beta-endor-
phin and Met-enkephalin positive cells by 37.5% (P = 
.006, effect size 2.16) and 26.4% (P = .028, effect size 
1.58), respectively, in RLS patients compared to con-
trols. There was no difference in Leu-enkephalin, in 

the thalamus or changes in Beta endorphin, Met-en-
kephalin, Leu-enkephalin, or Tyrosine Hydroxylase in 
the substantia nigra (90). Walters and colleagues (90) 
concluded that their results suggested that there may 
be altered central processing of pain in RLS and these 
data further implicate the endogenous opioid system 
(likely the mμ opioid receptor) in the pathogenesis of 
RLS. 

As above, the most convincing pathological evi-
dence to date is that iron is profoundly decreased in 
RLS brains as determined by cerebrospinal fluid (CSF), 
MRI, and autopsy studies (90,91). It is known that iron 
impacts opioid activity (90). Iron deficient rats have a 
decreased pain threshold which can be modified by 
Beta-endorphin administration which has analgesic 
effects (92). It is therefore possible that decreased iron 
levels directly lead to thalamic opioid hypofunction 
(90,91). 

PPIs and RLS
There is no direct evidence linking PPI and RLS. 

In fact, there is not even any significant indirect evi-
dence of such a link, however, over the past 2 years 
of patients on PPIs, the authors have been involved 
with the health care of 29 patients taking with PPIs 
who also had iron deficiency and 23 of these patients 
had RLS-like symptoms. One patient on PPI therapy 
had a serum ferritin of 4 and significant RLSAP. She 
stopped taking her PPI, and within 5 weeks of PPI ces-
sation, her RLSAP/RLS symptoms resolved completely 
and her serum ferritin increased to 153. In a study of 
medication use obtained from 110 RLS patients and 
54 control subjects matched for age, race, and gender, 
significantly more of the RLS patients than controls 
used PPIs (93).

Summary

The authors have postulated a relationship be-
tween PPIs and iron deficiency as well as the corre-
lation between iron deficiency and RLS and between 
PPIs and RLS/RLSAP. Thus, the authors suggest that 
large multicenter studies exploring what happens 
to iron/ferritin compared to baseline over time with 
long-term high dose therapy with potent PPIs as well 
as if a subpopulation exists who develop low serum 
ferritin values, and also eventually develop RLS-like/
RLSAP-like symptoms.
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