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Neurodegeneration in Parkinson’s disease (PD) includes processes of chronic inflammation and oxidative stress which are
related to dysregulation in the homeostasis of iron metabolism. Hepcidin is a peptide hormone responsible for systemic iron
homeostasis and simultaneously the inflammatory response protein, induced in response to interleukin 6 (IL-6). We assessed
the serum concentration of hepcidin and IL-6 in the groups of patients with PD treated only pharmacologically with optimal
individualized therapy (MT) and treated additionally with deep brain stimulation (DBS), compared to the control group. The
serum concentrations of hepcidin and IL-6 in the group of all PD patients were significantly higher than in the control group. In
the group of PD patients treated with DBS hepcidin and IL-6 concentrations were significantly higher compared to the control
group. Additionally, the positive correlations between serum hepcidin and IL-6 were found in the PD (MT and DBS) and PD-DBS
group. The obtained results may indicate the influence of immunological mechanisms on iron metabolism and oxidative stress,
in particular when the inflammatory process is more active in the DBS-treated group. This effect can be protective as well as

neurodegenerative.
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INTRODUCTION

The pathology of Parkinson’s disease (PD) is consid-
ered to be multifactorial. In addition to causing alter-
ations in protein transformation, genetic defects and
mitochondrial disfunction, the disease also induces
chronic neuroinflammation and elevated oxidative
stress processes. Neurodegeneration in PD is associated
with complex relationships between immune-inflam-
matory pathways and peripheral tissues. Evidence for
peripheral and central chronic inflammation in patients
with PD comes from studies showing elevated levels of
pro-inflammatory cytokines in brain tissue (Nagatsu et
al., 2005), cerebrospinal fluid (Blum-Degen et al., 1995)
and serum (Brodacki et al., 2008), or from the data con-
cerning activated microglia (Joe et al., 2018).
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Published data also indicate the role of iron in in-
ducing oxidative stress, due to its characteristic oxi-
dation reduction properties and participation in the
production of reactive oxygen species (Ke et al., 2003).
Hepcidin is a peptide hormone that regulates system-
ic iron homeostasis (Ruchala et al., 2014). In addition,
hepcidin is known to be widely expressed in the brain,
involved in the regulation of the metabolism of other
iron proteins, and responsible for brain iron homeosta-
sis (Li et al., 2011; Du et al., 2011). Hepcidin decreases
the levels of ferroportin 1 (FPN1), the cellular iron
transporter, thus resulting in an increase of iron con-
centration inside the cells. Excess iron concentration
in the neurons may result in oxidative stress and lead
to neurodegeneration. On the other hand, emerging
evidence suggests a neuroprotective role for hepci-
din (Urrutia et al., 2017). In addition, hepcidin can be
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viewed as a type of mediator between the mechanism
of systemic iron metabolism and immune response
and inflammatory pathways, because it is primar-
ily induced in response to interleukin 6 (IL-6) and is
a type-II acute-phase inflammatory response protein
(Nemeth et al., 2003).

Chronic neuroinflammation is closely associated
with brain iron metabolism and homeostasis; howev-
er, many of its mechanisms, in particular related to
neurodegeneration, are still unclear. A detailed un-
derstanding of the underlying mechanisms could be
important for expanding the knowledge about patho-
genesis of PD and the development of new therapeutic
strategies.

In our previous study, higher concentration of
pro-hepcidin (a 60-amino-acid pro-hormone) was ob-
served in the serum of PD patients treated with DBS,
which was statistically significant when compared to
the concentration in the control group, as well as to the
group of PD patients treated only pharmacologically
(Kwiatek-Majkusiak et al., 2018). Higher concentration
of pro-hepcidin in the PD group of patients undergoing
surgical treatment may be reflective of an overlapping
Parkinsonian pathology and immunomodulatory effect
of DBS at the molecular level. These results, as well as
reports on the possible neuroprotective role of hep-
cidin, were the basis of dividing PD patients into two
groups (treated only pharmacologically and treated
with DBS), as well as the premise for verifying the hy-
pothesis that the concentration of active hepcidin hor-
mone would be higher in the studied PD groups when
compared to the control group, and further validate
the obtained results.

As the purpose of the current study, we aimed to
assess the concentration of active hepcidin hormone
(25-amino-acid peptide) in the serum of PD patients
undergoing only pharmacological treatment and in
those treated with DBS in comparison to the control
group. In addition, in the studied groups, we deter-
mined the serum concentration of IL-6 - a pro-inflam-
matory cytokine that is associated with the induction
of hepcidin secretion.

METHODS
Subjects

The present study included 88 subjects. The PD
group comprised 60 patients (27 female and 33 male)
with PD. Among them, 47 patients were treated only
pharmacologically, whereas 13 patients were addi-
tionally treated surgically with DBS. Two drugs are
mainly used for providing pharmacological therapy:
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levodopa and dopamine agonist ropinirole. Levodo-
pa Equivalent Dose Calculator (www.parkinsonsmea-
surement.org) was used to determine the equivalent
dosages of dopaminergic drugs. The target for DBS
electrodes in the group of patients treated surgical-
ly was subthalamic nuclei (bilaterally). The mean
time from implantation of DBS in the group of pa-
tients treated surgically was 30.28+44.16 months.
Twenty-eight healthy volunteers who were age- and
sex-matched to the group of patients with PD served
as control subjects. The UK Parkinson’s Disease Brain
Bank criteria was used for the clinical diagnosis of id-
iopathic PD. A neurologist, specialized in movement
disorders, performed the neurological examination.
Unified Parkinson’s Disease Rating Scale (part III mo-
tor score) was used to measure the parameters like
patient’s functional ability, mobility, and clinical
staging of the disease. Subjects suffering from anemia
and other coexisting diseases of possible inflammato-
ry etiology were excluded from the study. We assessed
clinical data, anti-Parkinsonian treatment, and medi-
cal history of the patients (Table I). The control group
included healthy volunteers with no family history of
anemia and other inflammatory and neurodegenera-
tive disorders. Approval for the study was obtained
from the Ethics Committee of the Medical Universi-
ty of Warsaw and all the study participants provided
written informed consent.

Biochemical and statistical analyses

Peripheral blood samples were aseptically collected
from PD patients and individuals of control group and
were subjected to centrifugation. After separation, the
sera were stored in 4 mL serum separation tubes with
a clot activator at a temperature of -80°C for further
use. All the blood samples were collected at the same
time of the day, that is in the morning between 6 and 8
am, in order to avoid the possible influence of the cir-
cadian rhythm on the obtained results. Later, the phys-
iological and biochemical properties of the collected
blood samples were analyzed by processing at the lab-
oratory. Enzyme-linked immunosorbent assay (ELISA)
kits, Hepcidin 25 bioactive HS (DRG) and Human 11-6
ELISA Kit (PromoKine), were used for the quantitative
measurements of the serum samples obtained from
both the groups.

The R package (version 3.2.4) was used for the sta-
tistical analyses. Shapiro-Wilk test was used to analyze
the compliance schedules showing normal distribu-
tion, whereas variables showing non-normal distri-
bution, as observed in the MT group, were evaluated
using non-parametric tests. The Mann-Whitney U test
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Table I. Clinical features of PD patients divided into three groups: Total-PD group (all PD patients), MT-PD group (PD patients treated only pharmacologically),
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DBS-PD group (PD patients treated with deep brain stimulation) and control group.

Group TOTAL-PD MT-PD DBS-PD Control

Sex 27 females, 21 females, 6 females, 14 females,
33 males 26 males 7 males 14 males

Mean age + SD 58.75+10.74 years 60.17+10.36 years 53.62+10.94 years 58.44+2.35 years

Mean age of onset (years) + SD
Mean disease duration (years) + SD
Mean score in Unifited Parkinson’s
Disease Rating Scale part Ill in ON
phase + SD

Mean score in Unifited Parkinson’s

Disease Rating Scale part Ill in OFF
phase + SD

Levodopa eqivalent daily dose
(LEDD)

Levodopa treatment
Dopamine agonist treatment
Duration of DBS treatment
Dyskinesia

Motor fluctuations

49.88+11.27 years

8.92+7.16 years

12.40£10.03

39.07+£14.52

1,141

58/60 patients = 96.67%

29/60 patients = 48.33%

38/60 patients = 63.33%

40/60 patients = 66.67 %

51.74+11.55 years

8.43+7.69 years

43.08+7.06 years

10.7+4.64 years

12.85+10.99 10.69+5.28 -
35.78+13.15 50.92 +13.37 -
1,309 535 -

47/47 patients = 100%

20/47 patients = 42.55%

26/47 patients = 55.32%

28/47 patients = 59.57%

11/13 patients = 84.62%
9/13 patients = 69.23%
28.47+46.41 months
11/13 patients = 84.62%

10/13 patients = 76.92%

was used to compare the results of the PD group (MT
and DBS combined) and the control group. Compari-
sons between more than two groups were done using
Kruskal-Wallis’ non-parametric test and Dunn’s post hoc
test. A p-value <0.05 was considered to indicate statisti-
cal significance. We also analyzed the correlation of the
obtained results of hepcidin and IL-6 concentrations
between the control group and groups of patients with
PD using Spearman’s rank correlation test.

RESULTS

The concentration of hepcidin (ng/mL) in the se-
rum of the group including only PD patients (MT and
DBS) was significantly higher than in the control group
(p=0.006). On subgroup analysis by using Kruskal-wal-
lis test, significant differences were observed between
DBS, MT and control groups. Post hoc tests revealed
that hepcidin concentration was significantly higher in
the DBS group when compared with the control group
(p<0.00002). The concentration of hepcidin in the se-
rum of PD patients undergoing only pharmacological
treatment (MT) was higher compared to the control
group, but the difference was not statistically signifi-
cant (p=0.07).

The concentration of IL-6 (pg/mL) in the serum of the
group including all PD patients (MT and DBS) was also
significantly higher than in the control group (p=0.006).
The subgroup analysis using Kruskal-Wallis test also re-
vealed significant differences between DBS, MT and con-
trol groups. Post hoc tests indicated that the level of IL-6
was significantly higher in the group of patients treated
with DBS in comparison to the control group (p=0.007).
The concentration of IL-6 in the serum of PD patients
treated only pharmacologically (MT) was higher when
compared to the control group (p=0.04), but the differ-
ence was much smaller and not statistically significant.
However, no statistically significant difference was ob-
served between the groups of PD patients who under-
went only pharmacological therapy and those who un-
derwent surgical treatment with DBS (p=0.1). Further-
more, positive correlations between serum hepcidin
and IL-6 levels were found in the PD (MT and DBS) and
PD-DBS groups (p<0.0004, p=0.03, respectively).

We performed statistical analyzes regarding the de-
pendence of hepcidin and interleukin 6 levels on the age
and duration of Parkinson’s disease in the studied groups,
but no statistically significant correlations were obtained.

The statistical analysis results of hepcidin and IL-6
concentrations in PD patients and control group are
summarized in Tables II and 111, and Figs 1, 2 and 3.
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Table Il. Means (ng/mL) standard deviations (in the parentheses) and medians of hepcidin concentration in the serum of all PD patients studied (PD), PD
patients treated only by pharmacological therapy (MT), PD patients treated surgically with DBS (DBS) and control group comprising healthy volunteers.

PD (MT+DBS) PD-DBS PD-MT Controls
Mean (SD) Median Mean (SD) Median Mean (SD) Median Mean (SD) Median
188.21 (43.18) 204.08 218.89 (24.56) 222.45 179.72 (43.52) 196.14 165.35 (42.26) 174.02
PD vs. Controls Kruskal-Wallis test Post hoc Dunn's test p-values
p-value p-value DBS vs. Controls MT vs. Controls DBS vs. MT
0.006 0.0001 0.00002 0.07 0.0004
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Fig. 1. Boxplots of hepcidin serum concentration (ng/mL) in all PD patients studied (PD), PD patients treated only by pharmacological therapy (MT), PD
patients treated surgically with DBS (DBS) and control group comprising healthy volunteers.

Table Ill. Means (pg/mL) standard deviations (in the parentheses) and medians of IL-6 concentration in the serum of all PD patients studied (PD), PD
patients treated only by pharmacological therapy (MT), PD patients treated surgically with DBS (DBS) and control group comprising healthy volunteers.

PD (MT+DBS) DBS MT Controls
Mean (SD) Median Mean (SD) Median Mean (SD) Median Mean (SD) Median
3.46 (2.89) 2.34 4.19(3.41) 2.82 3.26 (2.74) 2.08 1.81(0.87) 1.66
PD vs. Controls Kruskal-Wallis test Post hoc Dunn's test p-values
p-value p-value DBS vs. Controls MT vs. Controls DBS vs. MT
0.006 0.006 0.007 0.04 0.1
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Fig. 2. Boxplots of interleukin 6 serum concentration (pg/mL) in all PD patients studied (PD), PD patients treated only by pharmacological therapy (MT), PD
patients treated surgically with DBS (DBS) and control group comprising healthy volunteers.
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Fig. 3. Correlations between serum concentration of hepcidin and IL-6 in PD-DBS group.
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DISCUSSION

The results of our study indicate a probable, inter-
esting connection between the iron-modulation hor-
mone hepcidin and chronic neuroinflammation. Both
hepcidin and IL-6 are mediators that may potentially
be involved in the neurodegeneration mechanisms of
the PD, because they are associated with immune-me-
diated inflammatory processes and oxidative stress, in
which iron plays a recognized role.

IL-6 is a pro-inflammatory cytokine classified as an
acute phase protein and it is responsible for control of
maturation and differentiation of immune cells, which
also participate in the neurogenesis and maturation of
neurons and glial cells. Data from the literature indi-
cate that dysregulation in its synthesis and signaling
pathways lead to various neurodegenerative disorders,
including PD. Elevated concentrations of IL-6, beside
other cytokines like tumor necrosis factor (TNF-a), were
demonstrated to be present in both brain tissue and se-
rum of PD patients (Mogi et al., 1996; Reale et al., 2009).

Many studies have indicated that during inflamma-
tion, IL-6 regulates the secretion of hepcidin. IL-6 was
shown to induce the secretion of hepcidin in mono-
cytes and macrophages (Nemeth et al., 2003, 2004). The
inflammatory process is associated with the presence
of activated microglia, which release numerous pro-in-
flammatory cytokines, including I1L-6. This inflamma-
tory cytokine regulates the hepcidin directly through
phosphorylation and induction of cytoplasmic signal
transducer and activator of transcription 3 (STAT3)
(Wrighting et al., 2006; Verga Falzacappa el al. 2007; Pi-
etrangelo et al., 2007). The upregulation of the hepcidin
expression in both periphery and central nervous sys-
tem requires the activation of IL-6 and STAT3 pathway
(Qian et al., 2014). The inflammatory stimuli generated
in the brain tissue induce the expression of hepcidin in
astrocytes, microglia or epithelial cells (Marques et al.,
2009; Wang et al., 2008, 2010).

In our study the concentration of IL-6 were found to
be higher in the serum of PD patients when compared to
healthy controls. The results are consistent with those
reported by prior studies which pointed to elevated se-
rum levels of IL-6 in PD patients (Reale et al., 2009; Qin
et al., 2016). However, it is noteworthy that the differ-
ence in the IL-6 concentration, compared to the con-
trol, was more statistically significant in the group of
PD patients treated surgically with DBS when compared
to the group treated only pharmacologically. The dif-
ferences suggest that dysregulations in the immune or
inflammatory pathways may be involved in the neuro-
degeneration mechanisms characteristic of PD disease
and also indicate the putative, additional effect of DBS
therapy on these processes.
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In the available literature we did not find any studies
that evaluated the serum hepcidin concentration in PD
patients, but the concentration of active hepcidin hor-
mone obtained in our study conformed to the results
of our previous studies that assessed the pro-hepcidin
(prohormone) concentration in the serum of patients
with PD. It seems intriguing that hepcidin concentra-
tion was significantly higher in the group of patients
treated with DBS in comparison to the control group,
as well as when compared to the control group of PD
patients treated only pharmacologically.

An interesting issue is the possibility of induction
of immunomodulatory effects following DBS therapy,
which involves constant high-frequency stimulation
(HFS) and also consists in the implantation of electrodes
into the brain tissue (most often subthalamic nucleus
is the target). The question pertaining to whether DBS
treatment would lead to any kind of systemic effect
seems to be potentially important. Data from animal
studies indicate the presence of neuroinflammation in
the brain tissue, following intracranial implantation
of electrodes (Hirshler et al., 2010). Some studies also
reported the presence of reactive astrogliosis and mi-
crogliosis around the electrodes and also in the distant
brain regions like cortex, as well as in the early period
after the DBS implantation and also many years later
after the surgery (Kang et al., 1998; Griffith et al., 2006;
DiLorenzo et al., 2010).

The duration of DBS therapy from the time of elec-
trode implantation to STN till the time of hepcidin and
interleukin 6 measurements was in the range between
28.47 and 46.41 months. In the available literature we
have not found any studies on the potential immuno-
modulatory effects of DBS in humans, but some data
from animal studies have indicated a complex brain
tissue reaction to DBS neurostimulation: more severe
in the first 6 months and less intense after 12 months
after the implantation of the electrodes (Orlowski et
al., 2017).

Our measurements were made after a period of more
than 2 years after implantation of DBS, which reduces
the likelihood of the effect of the reaction associated
with the surgery itself on the results obtained.

We conducted statistical analyzes, but we did not
find a relationship between the duration of DBS ther-
apy and the concentration of hepcidin and interleukin
6. However positive correlations between serum hepci-
din and IL-6 levels were found in the PD (MT+DBS) and
PD-DBS groups. Simultaneously the limitation of our
study is a small group of patients treated with DBS.

Hepcidin could play a multifunctional role in the
brain (Su et al., 2010) and its effects in the brain tis-
sue are complex. Consistent with our hypothesis and
other reports, our study found significantly higher
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concentrations of hepcidin in the group of patients
treated with DBS, which indicates that hepcidin may
also induce an anti-inflammatory effect. This effect
of hepcidin, different from the previously proven
pro-inflammatory role, was reported by Urrutia et al.
(2017). The authors showed anti-inflammatory role
of hepcidin in the inflammatory response induced by
p-amyloid protein (AP), a histopathological hallmark
of neurodegeneration in Alzheimer’s disease. In the
primary culture of microglia and astrocytes treated
in vivo with AB with hepcidin, the expression and se-
cretion of IL-6 and TNF-a were significantly reduced,
when compared to analogous population of glial cells
treated with AP without hepcidin. Additionally, ste-
reotactic intracerebral injections of hepcidin in rats
reduced astrocyte and microglial activation and IL-6
secretion triggered by AP, which according to the
authors results in the protection of the surrounding
neurons. Anti-inflammatory effects of hepcidin were
also reported in macrophages in animal models, the
binding of hepcidin to FPN1 resulted in a reduction
of IL-6 and TNF-a secretion during the inflammatory
response to lipopolysaccharide (De Domenico et al.,
2010; Huang et al., 2012).

The established anti-inflammatory and neuropro-
tective effects of hepcidin can be considered to be con-
sistent with the significantly higher hepcidin concen-
tration obtained in our previous pro-hepcidin study
conducted in a group of PD patients treated with DBS,
compared to the group treated only pharmacological-
ly. The results suggest that hepcidin may have a ben-
eficial influence on attenuating iron-related process-
es of neurodegeneration. Simultaneously, the findings
in relations to the effects of DBS on the pathogenesis
of the PD clearly proved that performing DBS at STN
improved the quality of life, reduced motor symptoms
and allowed reduction of the daily dose of levodopa
(Deuschl et al., 2006; Weaver et al., 2009; Williams et
al., 2010). The statistically significant higher concen-
tration of hepcidin, with a possible neuroprotective
effect, found in the PD-DBS group remains in compli-
ance with the clinical benefits achieved in PD patients
treated with DBS.

The mechanism of DBS is very complex and the pro-
cedure involves insertion of microelectrodes in brain
tissue, HFS and micro-inflammation. It is possible that
the increase in hepcidin concentration in the DBS group
following surgery may have a neuroprotective effect,
analogous to the aforementioned studies with Af.

The limitation of the study is the lack of data re-
garding hepcidin and IL-6 concentrations before the
DBS implantation, which may be more relevant to
confirm their possible increase after surgery. Addi-
tionally, although hepcidin and IL-6 concentrations
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were statistically significantly higher, the weakness of
the study is that only a small group of patients treated
with DBS were included. Moreover, the levels of pe-
ripheral biomarkers may not reflect their levels on the
brain tissue. However, according to some reports, cy-
tokines produced in the brain tissue in response to an
inflammation reaction may disseminate through the
blood-brain barrier into the peripheral blood (Sawada
et al., 2006), so the observed symptoms may be a result
of the complex effects associated with dysregulation
of immunological processes in the brain and periph-
eral tissues.

CONCLUSIONS

The results of our study revealed elevated serum
concentrations of IL-6 and hepcidin and confirmed
the presence of chronic inflammation and dysregu-
lation in the homeostasis of iron metabolism in pa-
tients with PD. This study for the first time showed
that a significantly higher concentration of hepcidin
is found in the serum of PD patients treated with DBS,
compared to control, which suggests its anti-inflam-
matory role in this method of treatment and also the
neuromodulatory effect of DBS. The increase in hep-
cidin levels correlates with the elevated levels of IL-6
in the patients treated with DBS, but the underlying
mechanism remains unclear and necessitates further
investigation.
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