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1 | INTRODUCTION

Restless legs syndrome (RLS) is a movement disorder that affects the
sensorimotor system and is characterized by the feeling of discom-
fort and desire to move, especially in the lower extremities, which

often occurs at night, and the relief of symptoms with movement

Introduction: The relationship between restless legs syndrome (RLS) and iron defi-
ciency is a well-known topic. However, the etiology of the disease has not been
determined. As the central iron deficiency is the most critical biological abnormality for
RLS, we planned a study examining the relationship between RLS and hepcidin, which
is the only regulatory hormone of iron metabolism known so far.

Methods: International Restless Legs Syndrome Study Group diagnostic criteria
(2014) were taken as a basis. A total of 40 RLS patients and 40 healthy controls were
included in the study. To avoid the potential variables that might cause secondary RLS,
all the participants were asked to provide hemogram, ferritin, iron, thyroid function
tests, and sedimentation analysis. The hepcidin levels were measured with a Human
Hepcidin (Hepc 25) ELISA kit (MyBioSource).

Results: The statistically significant results of our analysis show that the red blood cell
count, the neutrophil count, the percentage of lymphocytes and neutrophils, and, more
distinctively, hepcidin levels were higher in RLS patients in comparison with the control
group.

Conclusion: In this study, no differences were found in iron and ferritin values. High
levels of hepcidin, the main regulator of iron metabolism, in those with primary RLS
support the possibility that hepcidin may play a role in the pathogenesis of RLS. We

think that larger studies on this subject can give clearer ideas.
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(Allen, Picchietti et al., 2014; Klingelhoefer et al., 2016; Manconi et al.,
2021). RLS can be seen as idiopathic (primary) or secondary. Although
the secondary form has been associated frequently with iron defi-
ciency (Chokroverty, 2015), the etiology of idiopathic RLS has not been
fully elucidated. Studies on the pathophysiology of RLS have focused

on genetics, brain iron metabolism, dysfunction in dopaminergic
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pathways, and glutamate and adenosine-related changes (Ondo, 2014;
Weinstock et al., 2012).

It is well known that iron deficiency predisposes to RLS in both
idiopathic and secondary forms. Nordlander (1954) first described the
relationship between RLS and serum iron (Sl) deficiency. He hypothe-
sized that due to the presence of RLS patients with sufficient iron levels
in the peripheral blood, iron deficiency in tissues is possible despite
normal Sl (Nordlander, 1954). This has prompted researchers to inves-
tigate whether there is central iron deficiency in RLS patients when SI
is sufficient. In the following years, central iron deficiency in idiopathic
RLS was documented by cerebrospinal fluid, magnetic resonance imag-
ing, and autopsy studies (Allen et al., 2001; Clardy et al., 2006; Mizuno
et al., 2005).

Although the discovery of hepcidin, a peptide hormone that is pre-
dominantly expressed in the liver in human studies and released from
the choroid plexus in animal models, initially attracted attention due
to its antimicrobial properties, its effects on iron metabolism were
quickly understood, and this was a breakthrough in the pathophysiol-
ogy and diagnosis of iron metabolism-related diseases (Krause et al.,
2000; Park et al., 2001; Urrutia et al., 2013). Hepcidin level increases
in the case of increased body iron level and infection-inflammation and
decreases in hypoxia, anemia, and erythropoiesis. Increased hepcidin
binds to the ferroportin-1, iron exporter, and inhibits iron release from
enterocytes, macrophages, and hepatocytes (Silva & Faustino, 2015).

Because central iron deficiency is the most critical biological abnor-
mality proven for RLS and chronic inflammation is blamed for the
etiology of RLS (Weinstock et al., 2012), we planned a study examining
the relationship between RLS and hepcidin, which is the only regulatory
hormone of iron known so far, and the synthesis of which is also regu-
lated by inflammation. Although there are studies on RLS and hepcidin
in the literature in recent years, the number of studies on the relation-
ship between idiopathic RLS and hepcidin is very few. As a result of our
study, we aimed at contributing to the literature on the role of hepcidin
in RLS pathogenesis.

2 | MATERIALS AND METHODS

Patients who applied to the neurology clinic of Sakarya University
Training and Research Hospital and were diagnosed with idiopathic
RLS according to the consensus criteria of the International RLS Study
Group (IRLSSG) published in 2014 (Allen, Picchietti et al., 2014);, did
not have any other disease, did not use medication, had normal neuro-
logical examinations, and were over 18 years of age were included in
the study. As the control group, 40 volunteers who applied to the hos-
pital for blood donation were matched with the patient group in terms
of age-sex and did not have a known disease or drug use included.
The World Medical Association (WMA) Helsinki Declaration was com-
plied with in all stages of this study. Approval was obtained from the
Sakarya University Clinical Research Ethics Committee before start-
ing the study. The written informed consent form was obtained from
all participants. In both groups, conditions that could lead to secondary

RLS, such as pregnancy, diabetes mellitus, end-stage renal failure,

iron deficiency and iron deficiency anemia, rheumatological diseases,
multiple sclerosis, neurological diseases such as Parkinson’s disease,
hypo-hyperthyroidism, and the use of drugs that could cause RLS, were
excluded.

RLS severity was measured with the disease severity scale deter-
mined by the IRLSSG. Body mass indexes (BMls) of the patient and
control groups, disease duration, and family history of the patient
group were noted. In this study, serum hepcidin level, complete blood
count, ferritin, SI, comprehensive biochemistry, thyroid function tests,
and erythrocyte sedimentation rate were studied for all participants.

Venous blood samples of all patients were taken in the morning
after the overnight fast. Complete blood counts were studied immedi-
ately by placing 2 cm3 of blood into a tube containing EDTA. Complete
blood count parameters were measured with a CELL-DYN 3700 blood
counter (Abbott Diagnostics). According to WHO criteria, hemoglobin
values below 12 mg/dL in women and 13 mg/dL in men were consid-
ered anemia (Beutler & Waalen, 2006). For serum samples, 6 cm? of
blood was taken into an empty tube, prepared at room temperature
for 30 min, then centrifuged at 4000 rpm for 10 min. All serum sam-
ples were stored at —80°C until working in the laboratory. Sl and other
biochemistry parameters were analyzed by photometric method with
an Abbott Architect C16000 (Abbott Diagnostics) device. Our labo-
ratory’s normal range of Sl levels was 40-145 ug/dL for women and
65-175 pg/dL for men. Serum ferritin and TSH values were analyzed by
chemiluminescent microparticle immunoassay using the Abbott Archi-
tect |1 2000 (Abbott Diagnostics) device. The normal range for serum
ferritin in our laboratory was 4.63-204 ng/mL in women and 21.81-
274 ng/mLin men. Patients whose Sl and ferritin values were not within
the specified range and patients with anemia were excluded from the
study. Hepcidin was measured with the Human Hepcidin 25 (Hepc25)
ELISA kit (MyBioSource; Cat No: MBS269929) by the manufacturer’s
instructions. The detection range for the kit was 200-3.12 ng/mL. The
lowest detectable human hepcidin 25 level was 0.6 ng/mL.

Statistical evaluation was performed using the SPSS (Statistical
Package for Social Sciences) 21.0 package program. Mean, standard
deviation, median, lowest and highest value, frequency, and ratio values
were used in the descriptive statistics of the data. The Kolmogorov-
Smirnov test measured whether the distribution of continuous and
discrete numerical variables conformed to normal distribution. Mann-
Whitney U test and independent sample t-test were used to analyze
quantitative data. The chi-square test was used in the analysis of cate-
gorical data. The effect level and cut-off value were investigated with
the receiver operating characteristic (ROC) curve. The relationship
among hepcidin and hemoglobin, ferritin, and iron was evaluated by the
Spearman correlation analysis. The effect level was analyzed by uni-
variate and multivariate logistic regression. The statistical significance

level was accepted as p <.05.

3 | RESULTS

The study included 30 females and 10 males with a mean age of
46.85 + 8.6 years, 40 RLS patients, and 26 females and 14 males with
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TABLE 1

Patient group
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Demographic and clinical characteristics of restless legs syndrome (RLS) patients and control group.

Control group

Median
48

30

10

27

0

10

20

8

2

Min-max
Age 27-64
Gender Female
Male
BMI 20-48
Underweight
Normal
Overweight
Obese
Morbid obesity

Duration of illness

(years) 11.1+6.

Duration of 3.2

diagnosis (years)

RLS family history 26/14

(yes/no)

IRLSSG severity
score

10-36 25

Mean + sd/n (%)

46.9
75%
25%
28.5
0%

25%
50%
20%
5%

254

Note: !, independent sample t test;¥2, chi-square test; ™, Mann-Whitney U test.
Abbreviations: IRLSSG, International Restless Legs Syndrome Study Group; SD, standard deviation.

a mean age of 44.83 + 9.8 years, 40 healthy controls. The age, gender
distribution, and BMI values of the patients in the patient and control
groups did not show a statistically significant difference. Although the
mean disease duration in the RLS group was 11.1 + 6.8 years, the mean
time after diagnosis was 3.2 years. In the patient group, 36 people had a
positive family history for RLS. In terms of RLS severity, the mean score
in the patient group was 25.4 + 6.8 (Table 1).

Ferritin, iron, white blood cell, hemoglobin, hematocrit, platelet val-
ues, lymphocyte count, percentage of monocytes, and monocyte count
did not differ significantly between the patient and control groups. Red
blood cell count, neutrophil count, lymphocyte percentage, and, more
particularly, neutrophil percentage and hepcidin values were signifi-
cantly higher in the patient group than in the control group (p <.05)
(Table 2).

In the univariate model, neutrophil and lymphocyte percentage and
hepcidin level were observed in the separation of the patient and con-
trol groups (p <.05). In addition to that, in the multivariate regression
model, hepcidin level was observed in the distinction between the
patient and control groups (p < .05). A significant predictive effect of
hepcidin level was found in the differentiation of patient and control
groups. The highest hepcidin value (cut-off value) was 10.45 ng/mL in
the area under the curve (AUC: 0.712[0.596-0.828]) in the differenti-
ation of patient and control groups. Sensitivity was 87.5%; the positive
predictive value was 66%; specificity was 55%; the negative predictive
value was 81.5% (Figure 1, Table 3).

In the correlation analysis between hepcidin and iron, the r value
was found to be —.263, and there was a statistically significant weak
negative correlation found (p: .018). There was a weak negative

Median
46

26

14

28

1

6

19

12

2

Mean + sd/n (%)
448 +9.8

65%

35%

284 +5.6

Min-max

27-61

[
.330¢
.329%2

+8.6

4= 5.7 16-45 .795™
3%

15%

48%

30%

5%

0/40

+6.8

ROC Curve

08

0,64

Sensitivity

0,44

0,249

T T
04 06
1 - Specificity

08

:Hepcidin

: Reference

FIGURE 1 ROC (Receiver operating characteristic) analysis of the
relation between serum hepcidin levels and restless legs syndrome
(RLS). A significant predictive effect of hepcidin level was observed in
the differentiation of patient and control groups.
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TABLE 2 Laboratory results of the patient and control group.
Patient group Control group
Min-max Median Mean + sd/n (%) Min-max Median Mean + sd/n (%) pm
Ferritin (ng/mL) 7-167 39 46.7 +38.7 7-154 36 49.9+39.0 .607
Iron (ug/dL) 40-195 79 85.9 +36.1 50-208 86 96.6 +36.5 .09
WBC 3.5-11.7 6.9 70+18 1.4-11.7 5.8 65+20 186
RBC 4.1-5.8 4.7 47+0.3 3.8-5.8 4.5 4.6 +0.5 .031
Hemoglobin (g/dL) 12-16 14 137+ 11 12-17 14 137+ 14 .84
Hematocrit 34-48 40 40.2 +3.2 34-51 39 40.0+4.1 .535
Platelet 178-464 271 276 +73 191-447 279 282+ 57 45
Neu (%) 47-71 59 58.6 +6.6 39-74 55 540+74 .008
Neu 1.7-7.8 4 41+13 0.7-6.5 3.1 35+13 .021
Lym (%) 20-43 31 31.1+6.1 20-49 34 350+ 6.7 .013
Lym 1.1-3.38 20 21+0.6 0.5-4.5 22 23+0.8 567
Monocytes (%) 2.8-10.3 7.0 67+17 3.1-10.9 7 6.6+18 564
Monocytes 0.2-1.0 0.5 05+0.1 0.1-0.7 0.4 04+0.1 292
Hepcidin (ng/mL) 10-14 11 11.5+0.9 10-15 11 11.0+ 1.0 .001

Note: ™, Mann-Whitney U test.

Abbreviations: WBC: White Blood Cell RBC: Red Blood Cell. Statistically significant p<0.05 values are shown in bold and italic.

TABLE 3 ROC (Receiver operating characteristic) analysis of the relation of serum hepcidin levels and restless legs syndrome (RLS).

AUC
Hepcidin (cut off 10,445 ng/mL) 0.712

%95 ClI P
0.596-0.828 .001
Sensitivity 87.50%
Positive predictive value 66.00%
Specificity 55.00%
Negative predictive value 81.50%

Abbreviation: AUC, area under the curve. Cl: Confidence Interval. Statistically significant p<0.05 values are shown in bold and italic.

correlation between hepcidin and hemoglobin and ferritin, and this

correlation was not statistically significant (p > .05).

4 | DISCUSSION

The prominent result of our study is that serum hepcidin level, which
plays an important role in iron metabolism, is significantly higher in
idiopathic RLS patients compared to healthy controls. It has been
known since the 1900s that iron metabolism disorder plays a role
in the pathophysiology of RLS. Iron deficiency is currently the best
proven risk factor for secondary RLS (Nordlander, 1954). Moreover,
aggressive iron deficiency treatment has been reported to reduce
the severity of RLS in these cases. However, most RLS patients have
normal serum ferritin, and their peripheral iron stores seem suffi-
cient. This suggests that RLS is related to central nervous system
iron status instead of peripheral (Allen, 2015; Trenkwalder et al.,
2016).

In recent years, the number of studies investigating markers that
may be associated with RLS has been increasing. Although RLS has
been a known disease for many long years, the diagnosis is pre-
dominantly made clinically, and the absence of a method to confirm
the diagnosis causes underdiagnoses or misdiagnoses (Bellei et al.,
2018). It is seen that some of the studies focused on RLS-related
inflammatory factors such as CRP and neutrophil-lymphocyte ratio,
whereas another part focused on iron metabolism factors (Jiménez-
Jiménezetal., 2023; Karadeniz et al., 2023). The underlying mechanism
of reduced iron concentration in the brains of RLS patients is not
yet understood. Still, studies support that the source of brain iron
deficiency is the blood-brain barrier interface (Dauvilliers & Winkel-
mann, 2013). Blood-brain barrier epithelial cells serve as the brain’s
iron reservoir. In RLS, a loss of iron-regulating protein activity in the
microcirculation may cause the impairment of iron transport to the
blood-brain barrier and the insufficiency of iron stores in endothe-
lial cells (Connor et al.,, 2011). In a study conducted with 12 early,
13 late-onset idiopathic RLS patients, and a control group of 14 in
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which pro-hepcidin levels were measured in the CSF (Cerebrospinal
Fluid), pro-hepcidin levels in the CSF of early-onset RLS patients
were reported to be significantly decreased compared to the control
group. In the autopsy examination performed with eight idiopathic
RLS patients and a control group consisting of eight people, it was
reported that the concentration of pro-hepcidin in the neuromelanin
cells, substantia nigra, and putamen of the patients with RLS increased
compared to the control group. In the same study, immunohistochem-
ical evidence was obtained indicating that ferroportin was secreted
in ependymal cells surrounding the ventricles and in choroid plexus
epithelial cells. In this case, it could not be differentiated whether the
decrease in pro-hepcidin levels in the CSF occurs in response to the
decrease in brain iron or is the result of faulty signaling in RLS (Clardy
etal., 2006).

Data suggest that immune-inflammatory mechanisms may play
a role in some patients evaluated for idiopathic RLS. Chronic
inflammation that may be responsible for RLS pathophysiology may
lead to increased circulating hepcidin levels. IL-6, which occurs in
inflammation, can stimulate hepcidin production, and hypoxia and
LPS (lipopolysaccharide) production also increase hepcidin levels.
Increased hepcidin may also bind to the choroid plexus-related ferro-
portin, reducing the amount of iron available for the central nervous
system (Weinstock et al., 2012). We included patients with normal
WABC (white blood cell) and erythrocyte sedimentation rate values in
our patients and control group to rule out the active inflammatory
process. Although secondary causes such as anemia and inflammatory
processes were excluded, the red blood cell value, neutrophil count
and percentage, lymphocyte percentage, and hepcidin value were
significantly higher in RLS patients compared to the control group.

In our study, the mean age of RLS patients was 46.85 + 8.6 (years).
The late diagnosis of RLS may be due to the fact that the patients
downplayed their complaints when their symptoms were mild at the
beginning, consulted the doctor late and the doctors did not have
enough information about RLS. The patients with RLS had worse sleep
quality and were more depressed, in line with the literature (Allen,
Chen et al., 2014; Picchietti & Winkelman, 2005).

In our study, S| levels and ferritin levels, indicators of iron
metabolism in the peripheral circulation, were evaluated, and patient
controls within normal limits were included. In this way, secondary
etiologies related to peripheral iron deficiency were ruled out. In the
study conducted by Dauvilliers et al. (2018), serum hepcidin level in
idiopathic RLS patients without drug use was higher than in the con-
trol group, as in our study. In a study conducted with RLS patients with
chronic hemodialysis disease, serum hepcidin levels were found to be
higher than in the control group; in addition, there was a positive cor-
relation between RLS severity and serum hepcidin levels (Tufekci &
Kara, 2021). In another study conducted in 2020, there was no signif-
icant difference in the levels of hepcidin among patients who had not
been treated for RLS and controls, but there were 18 patients and 15
healthy control groups and the number of patients was very low (Im
et al., 2020). In the study of 466 RLS and 9242 control groups from

Danish Blood Donors, there was no significant difference in serum hep-
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cidin levels between groups, but RLS patients were not classified as
idiopathic or secondary (Dowsett et al., 2021).

In the study conducted with 2998 participants, who investigated
the relationship between serum hepcidin value reference ranges and
serum hepcidin values in biochemical parameters in the general popu-
lation, serum hepcidin concentration in men does not change with age
and is in the reference range of 1674-65,007 ng/mL; It is in the refer-
ence range of 1116-54,963 ng/mL in women under the age of 55, and
3348-69,112 ng/mL in women aged 55 and over. Although the mean
value in men did not change with age, it was higher in postmenopausal
women than in women in the premenopausal period. In the same study,
serum hepcidin values in the morning (before 12:00 p.m.) were lower
than in the evening (after 5:00 p.m.) for both genders. A positive cor-
relation was found between serum ferritin values and serum hepcidin
values (Galesloot et al., 2011). Our study showed no statistically signif-
icant correlation between serum ferritin and serum hepcidin values. In
contrast, there was a weak negative correlation between Sl and serum
hepcidin levels. The reason for this difference is that in our study, unlike
the general population, secondary RLS causes were excluded, that is,
we worked with a population without peripheral iron deficiency. In
our study, the cut-off value of hepcidin for ROC diagnosis was found
to be 10.45 ng/ml in the analysis performed using the ROC curve to
investigate the sensitivity and specificity in diagnosing RLS (Table 3).

In the study by Chenini et al., hepcidin level was higher in RLS
patients with normal ferritin levels compared to the control group.
In the same study, high hepcidin levels were associated with older
age, older age at RLS onset, less daytime sleepiness, and idiopathic
RLS. They reported that hepcidin levels in RLS patients were higher
independent of treatment and history of augmentation (Chenini et al.,
2020).

In conclusion, no differences were found in iron and ferritin val-
ues. High levels of hepcidin, the main regulator of iron metabolism,
those with primary RLS support the possibility that hepcidin may play a
role in the pathogenesis of RLS. In our study, the lack of cerebrospinal
fluid examination to compare the central nervous system and periph-
eral iron status, and the inability to obtain morning and evening serum
hepcidin levels separately due to the circadian rhythm feature are
important shortcomings. We think that larger studies on this subject, in
which cerebrospinal fluid measurements are also carried out, can give

clearer ideas about the relation between hepcidin and RLS.
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