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Abstract

Introduction Iron-mediated oxidative damage has been
implicated in the genesis of cerebral vasospasm in animal
models of SAH. We sought to explore the relationship
between levels of non-protein bound iron in cerebrospinal
fluid and the development of brain injury in patients with
aneurysmal SAH.

Methods Patients admitted with aneurysmal subarachnoid
hemorrhage to a Neurointensive care unit of an academic,
tertiary medical center, with Hunt and Hess grades 2—4
requiring ventriculostomy insertion as part of their clinical
management were included in this pilot study. Samples of
cerebrospinal fluid (CSF) were obtained on days 1, 3, and
5. A fluorometric assay that relies on an oxidation sensitive
probe was used to measure unbound iron, and levels of
iron-handling proteins were measured by means of
enzyme-linked immunosorbent assays. We prospectively
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collected and recorded demographic, clinical, and radio-
logical data.

Results A total of 12 patients were included in this ana-
lysis. Median Hunt and Hess score on admission was 3.5
(IQR: 1) and median modified Fisher scale score was 4
(IQR: 1). Seven of 12 patients (58 %) developed delayed
cerebral ischemia (DCI). Day 5 non-transferrin bound iron
(NTBI) (7.88 £ 1 vs. 3.58 £ 0.8, p = 0.02) and mean
NTBI (7.39 £ 0.4 vs. 3.34 4+ 0.4 p = 0.03) were signifi-
cantly higher in patients who developed DCI. Mean redox-
active iron, as well as day 3 levels of redox-active iron
correlated with development of angiographic vasospasm in
logistic regression analysis (p = 0.02); while mean redox-
active iron and lower levels of ceruloplasmin on days 3, 5,
and peak concentration were correlated with development
of deep cerebral infarcts.

Conclusions Our preliminary data indicate a causal
relationship between unbound iron and brain injury fol-
lowing SAH and suggest a possible protective role for
ceruloplasmin in this setting, particularly in the preven-
tion of cerebral ischemia. Further studies are needed to
validate these findings and to probe their clinical
significance.

Keywords Subarachnoid hemorrhage -
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Introduction
Recent evidence suggests that oxidative injury due to

hemoglobin (Hb) and iron overload is a major contributor
to neuronal damage following intracerebral hemorrhage

@ Springer



286

Neurocrit Care (2014) 21:285-293

(ICH) [1], and an iron-chelating drug is being tested as a
potential therapeutic intervention in ICH patients [2, 3]. In
aneurysmal subarachnoid hemorrhage (SAH), erythrocytes
lyse in the subarachnoid space and expose the brain to high
concentrations of Hb [4]. The catabolism of heme, medi-
ated by heme-oxygenase, leads to the release of iron, which
easily overwhelms the homeostatic mechanisms normally
present in the CNS [5].

In humans, iron can be found either tightly bound to
carrier proteins (i.e. transferrin) or liberated/translocated
(also referred to as “free iron”) [6]. The reduction of bound
ferric iron from carrier proteins to its “free” ferrous form is
likely accomplished by the acidic pH and cathecolamines
found in the extracellular fluid following brain injury [7].
In its reduced (i.e. ferrous) form, iron is free to participate
in the Fenton reaction leading to the formation of reactive
oxygen species (ROS) and subsequent lipid peroxidation,
which have been implicated in the etiology of vasospasm
(VSP) and neuronal injury following experimental sub-
arachnoid hemorrhage (SAH) [8].

Non-transferrin bound iron (NTBI) encompasses all
forms of the metal that are not tightly associated with
transferrin. Redox-active iron (REDOX-Fe) represents the
component of NTBI that is both redox-active (ferrous) and
chelatable [9]. No clinical studies have evaluated the role
of non-protein bound iron in SAH and iron-mediated
neurotoxicity following aneurysm rupture represents a
promising therapeutic target that thus far remains unex-
plored. In this pilot study, we set out to examine the
changes in REDOX-Fe and NTBI, as well as the concen-
tration of the main iron-handling and regulating proteins in
the cerebrospinal fluid (CSF) of patients over the first
5 days following SAH.

Methods
Subjects

This study was reviewed and approved by the local insti-
tutional review board and consent for enrollment was
obtained from a next of kin or a legal representative if
patients were deemed unfit to provide informed consent.
Consecutive eligible patients between the ages of 18 and
80 years admitted to the Cleveland Clinic Neurointensive
care unit following aneurysmal SAH were included. Only
patients with Hunt and Hess clinical grades between 2 and
4 at presentation, with a clear time of onset of symptoms,
and requiring insertion of an external ventricular drain
(EVD) were considered for participation in this pilot study.
Clinical management was at the discretion of the neuro-
critical care and neurosurgical teams and consistent with
published guidelines and current standards of care [10, 11].
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Demographic and clinical data were prospectively col-
lected and recorded.

Demographic, Clinical, and Radiographic Data

Age, gender, past medical history, baseline and 90-day
modified Rankin scale (mRS), admission systolic (SBP)
and mean arterial pressure (MAP), core body temperature,
Glasgow coma scale (GCS), Hunt and Hess (HHS), mod-
ified Fisher scale (mFS), and aneurysm location and size
(on its largest axis) were recorded.

Episodes of clinical deterioration secondary to delayed
cerebral ischemia (DCI) defined as any focal neurological
impairment or GCS reduction > 2 points lasting at least 1 h
and not attributable to any other condition [12] were
documented, as was the initiation of hypertensive hyper-
volemic therapy (HHT) in response to DCI. Duration of
EVD and eventual need for ventriculo-peritoneal shunt was
also recorded and subsequent outpatient assessment was
performed at 90 days from hospital admission.

Functional status was assessed by means of the mRS by
certified investigators during an outpatient visit; for the
purpose of the present study an mRS score of 0-2 was
considered good functional outcome, while a score of 3 or
higher, a poor one. Acute cerebral infarcts (CI) present on
diffusion-weighted (DWI) sequences from magnetic reso-
nance imaging (MRI) obtained as part of clinical care were
recorded following a previously validated classification
that has been shown to correlate with clinical outcomes
[37] and that relies on the number and location of positive
DWI lesions [13]. Cerebral angiograms were reviewed by
two interventional neurologists for the presence of radio-
graphic vasospasm, defined as a reduction of at least 50 %
in vessel caliber in one or more vascular axis. Investigators
recording clinical and radiographic data were blinded to
results of CSF analysis.

CSF Samples

Samples were obtained at 24 £+ 8, 72 £+ 8, and 120 £ 8 h
from onset of symptoms. Fluid was obtained from the
burette attached to the EVD system, allowing only sam-
pling of CSF drained during the preceding hour. A total of
6 ml were collected at each time point and immediately
centrifuged at 2,000xg for 10 min. The supernatant was
aliquoted in small polypropylene cryovials and stored at
—80 °C. Protease inhibitor (Halt, Thermo scientific) was
added a priori to the cryovials destined for protein deter-
mination [14].

Samples of CSF obtained from four patients who had
lumbar drain insertion and fluid drainage to rule out the
presence of normal pressure hydrocephalus and that
resulted normal and free from pathological alterations after
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testing analysis were used as controls for the determination
of iron and protein concentrations for comparison
purposes.

Redox-Active Iron and Non-transferrin Bound Iron
Determination

Both REDOX-Fe and NTBI were determined by a modifi-
cation of protocol previously described for labile plasma iron
[15]. Briefly, quadruplicates of 10 pl of CSF were trans-
ferred to clear-bottom, 384-well plates (ThermoFisher
Scientific, USA). Iron-free HEPES-buffered saline (90 pl;
HBS; HEPES 20 nM, NaCl 150 mM, pH 7.4) containing
40 uM ascorbate and 50 M DHR (dihydrorhodamine 123,
di-hydrochloride salt, Sigma-Aldrich, St Louis, MO, USA)
was added to two of the wells. Ninety microliters of the same
solution containing 50 pM of the iron chelator deferiprone
(L1; Sigma-Aldrich, St Louis, MO) was added to the other
two wells. Following reagent addition, the kinetics of fluo-
rescence increase were followed at 37 °C in a Spectramax
M2e microplate reader (Molecular Devices, Sunnyvale, CA)
with a 485/538 nm excitation/emission filter pair, for
40 min, with readings every two minutes. The slopes (7) of
DHR fluorescence intensity with time were calculated from
measurements taken between 15 and 40 min and were
recorded as FU/min (fluorescence units per minute). The
duplicate values of r in the presence and absence of L1, r;;
and r, respectively, were averaged and the redox-active CSF
iron (REDOX-Fe) concentration was determined from cal-
ibration curves relating the difference in slopes with and
without L1 against Fe concentration: REDOX-Fe = Ar/
rg = (r — rp)/ry, where Ar and ry, denote the L1 sensitive
component of r and the calibration factor relating Ar to the
Fe concentration, respectively. Calibration curves were
prepared by serial dilutions of Fe:nitriloacetate, (1:7, mol:-
mol) to give final concentrations of 5, 2.5, 1.25, 0.625, 0.313,
0.156, and 0.078 puM Fe in HBS buffer containing 0.3 mg/ml
bovine serum albumin.

For the calculation of NTBI, the process described
above was repeated, but nitriloacetic acid (NTA; 0.5 pM;
Sigma-Aldrich, St Louis, MO), a weak iron mobilizer was
added to the well prior to the measurement of the kinetics
of fluorescence. Cerebrospinal fluid REDOX-Fe and NTBI
are expressed in micromolar (UM).

Iron-Handling Proteins Determination

Measurements of ferritin, transferrin, lactoferrin, cerulo-
plasmin, (Abcam ELISA kits; Cambridge, MA), and pro-
hepcidin (MyBiosource, San Diego, CA) in CSF were
performed using enzyme-linked immunosorbent assays and
the concentrations expressed following the standards set by
the International System of Units (SI Units).

Statistical Analysis

All values for CSF tests are expressed as mean + standard
error of the mean. Comparison between SAH patients and
control subjects and between patients who developed DCI
and those who did not was made using the Wilcoxon Rank
Sum test (assuming a non-parametric distribution of data)
and intergroup comparisons among the 3 groups were
determined by 1-way analysis of variance (ANOVA).
Student’s 7 test was used to compare means of normally
distributed data, bivariate analysis, and logistic regression
to explore relationships between continuous variables and
Fisher’s exact test for analysis of categorical datasets. For
statistical purposes, the 90-day mRS was dichotomized
to < 2 to define favorable functional outcome and > 2
for unfavorable outcome. A p value of < 0.05 was con-
sidered statistically significant. All the computations were
done using JMP 10.0 and SAS 9.2 (SAS Institute, INC.)

Results
Demographic and Clinical Data

Fourteen patients with SAH were initially consented, but
only 12 are included in the present analysis. One patient
was made comfort care status within 24 h of admission and
another had malfunction of the ventriculostomy system that
lead to early discontinuation of the EVD system. Table 1
summarizes the demographic and clinical characteristics of
our patients overall and by DCI status. The majority of
patients were women (83 %) with a mean age of
57.5 4+ 6.3 years. The prevalence of history of hyperten-
sion and smoking was high in this cohort (83 %). Four of
12 patients were comatose on admission; the median HHS
score at presentation was 3.5 (IQR 1), while the median
mFS score on admission was 4 (IQR 1). Most aneurysms
were located in the anterior circulation (75 %). Eleven
patients (92 %) underwent aneurysm coiling, while only
one patient was treated with craniotomy and clipping.

Unbound Iron and Iron-Handling Proteins
Concentration

We were able to obtain CSF on day 1 in only 6 patients due
to either initially low ventriculostomy output, admis-
sion > 24 h from onset of symptoms or emergent surgery
or endovascular intervention precluding proper sample
collection. For subsequent days (i.e., days 3 and 5), CSF
was available for all 12 patients. Figure 1 depicts the
change in unbound iron (i.e., NTBI and REDOX-Fe)
concentration in CSF over the first 5 days following SAH.
Values for NTBI and REDOX-Fe in control CSF were
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Table 1 Demographic and clinical characteristics of SAH patients
by delayed cerebral ischemia status

Total (12) DCI (7) No DCI (5) p

Demographics

Age (years) 575463 558437 60+ 87 0.3

Gender: female 10 (83) 51D 5 (100) 0.4

(%)
Medical Hx

HTN (%) 10 (80) 6 (86) 4 (80) 1

Tob. (%) 10 (80) 6 (86) 4 (80) 1

DM (%) 1(8) 1(14) 0 1

Hx IA (%) 1(8) 0 1 (20) 0.4

Fam. Hx 1A (%) 1 (8) 1(14) 0 0.4
Admission data

Temp. (°C) 369404 37404 369404 0.7

MAP (mmHg) 959 4 15.1 1004 4+ 163 89.6 4+ 12 0.2

GCS < 8(%) 4(33) 3 (43) 1 (20) 0.5

Median HHS 35() 3(2) 4 (1.5) 0.2

(IQR)

Median mFS 4(1) 4(1) 4 (1) 0.4

(IQR)

Hb (g/dl) 137+19 142 +21 13.04 + 0.6 0.2

EF (%) 56.7 4+ 10.8 57.5 4+ 108 55.6 4 12.1 0.6
In-hospital

interventions

HHT days - 6.1 455 0 0.01*

M vent. (%) 11 (92) 7 (100) 4 (80) 0.4

Days M. Vent. 9254 7.1 124+75 48+34 0.04*

EVD days 165 +63 174175 156 +47 0.6

VPS (%) 6 (50) 3 (43) 3 (60) 1
Imaging data

Aneurysm size 6.15 +23 7.3 4 20 44416  0.02%

(mm)

Aneurysm 9 (75) 6 (86) 3 (60) 0.5

location: AC

(%)

CI (%) 8 (66) 5(71) 3 (60) 1

Deep CI (%) 4 (44) 3 (60) 1(25) 0.5
Functional

outcome

90-day 7 (58) 3 (43) 4 (80) 0.2

mRS < 2 (%)

Data given in mean 4 SD, unless otherwise indicated

HTN hypertension, Tob tobacco, IA intracranial, aneurysm, mRS
modified Rankin scale, IQR interquartile range, GCS Glasgow coma
scale, HHS Hunt and Hess scale, mFS modified Fisher scale, AC
anterior circulation, SBP systolic blood pressure, MAP mean arterial
pressure, Hb hemoglobin, CI cerebral infarct, HHT hypertensive,
hypervolemic therapy, M. Vent mechanical ventilation, EF ejection
fraction, EVD ventriculostomy drain, LOS length of stay

* Statistically significant results

0.12+ 005 and 0.07 +0.02 pM  (mean 4+ SEM),
respectively. A significant increase in both NTBI and
REDOX-Fe levels was observed over time, with a peak
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Fig. 1 Unbound CSF iron over first 5 days following SAH.
Mean + standard error of the mean depicted. Values for concentra-
tion of NTBI and REDOX-Fe in controls also provided. NTBI: non-
transferrin bound iron; REDOX-Fe: redox-active iron

level that was about tenfold that of control subjects
(0.69 4+ 0.07 vs. 0.07 + 0.02 pM for REDOX-Fe and
1.07 4+ 0.03 vs. 0.1 + 0.03 pM for NTBI, p = 0.01), and a
change in magnitude in concentration ranging between 120
and 170 % from days 1 to 5 (0.41 4 0.05 vs. 0.69 +
0.07 pM for REDOX-Fe, p = 0.008; and 0.91 4 0.28 vs.
1.07 4+ 0.16 uM for NTBL p = 0.08)

Figure 2 depicts the changes in iron handling and reg-
ulating proteins over time. The mean ceruloplasmin (Cp)
concentration in CSF samples from SAH patients on day 1
was almost 80 times higher than that of control subjects
(1349 + 272 vs. 1.7+ 0.7 mg/L; p = 0.04), but it
decreased by the third day (55.3 4+ 9.4 mg/L) and
remained virtually unchanged through day 5 (55.5 4+
7.8 mg/L). The levels of REDOX-Fe were inversely related
to the Cp concentration in a simple linear regression ana-
lysis (p = 0.03)

The mean CSF ferritin (Ft) on day 1 in SAH patients was
877.6 4+ 163.8 pmol/L, compared to 408.9 4 87.6 pmol/L
in controls (p = 0.1). Ferritin steadily increased and
quadrupled by day 5 reaching a concentration of
3,534.5 4+ 826.9 pmol/L (p = 0.01). Similarly, mean lac-
toferrin (Lf) levels were significantly higher in patients
compared to controls (398 4 77 vs. 0 pg/L; p = 0.004), and
Lf spiked on day 3 in SAH patients and exhibited a small
decrement in subsequent sampling. Transferrin (Tf) was also
significantly elevated on the first day (0.02 4 0.007 vs.
0.005 + 0.001 g/L;p = 0.01), but CSF levels trended down
over time and by day 5 they were similar to that of control
subjects (0.007 4 0.002 vs. 0.005 + 0.001 g/L; p = 0.8);
whereas Pro-hepcidin (Ph) levels were initially similar to
those of control subjects, but progressively increased over
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Fig. 2 Concentration of (a) ceruloplasmin, (b) ferritin, (c) transferrin, (d) lactoferrin, and (e) pro-hepcidin in cerebrospinal fluid over time.
Values represented as mean + standard error of the mean. Corresponding values in control CSF also provided
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Table 2 Cerebrospinal fluid levels of unbound iron and iron-handling proteins in patients with SAH by delayed cerebral ischemia status

SAH (12) Control (4)
(Mean + SEM) (Mean + SEM)
REDOX-Fe D1 (uM) 0.42 £ 0.05 -
REDOX-Fe D3 (uM) 0.65 + 0.07 -
REDOX-Fe D5 (uM) 0.71 + 0.08 -
Mean REDOX-Fe (uM) 0.64 + 0.05 0.08 4+ 0.01
NTBI D1 (uM) 0.91 + 0.29 -
NTBI D3 (uM) 0.98 + 0.14 -
NTBI D5 (uM) 1.09 £ 0.16 -
Mean NTBI (uM) 1.01 £ 0.14 0.12 + 0.05
Mean Cp (mg/L) 69.4 £ 7.97 1.72 + 0.72
Mean Ferritin (pmol/L) 2323 + 388 408.9 + 87
Mean Transferrin (g/L) 0.01 £ 0.003 0.005 + 0.001
Mean Lactoferrin (pg/L) 398 £ 77 0
Mean Pro-hepcidin (pg/L) 74 + 14 82 +32

P DCI No DCI

(Mean + SEM) (Mean + SEM)
- 0.48 £ 0.03 0.35 £ 0.1 0.6
- 0.69 £ 0.08 0.55 £ 0.08 0.4
- 0.75 £ 0.07 0.6 + 0.1 0.4
0.01* 0.68 £ 0.07 0.55 £+ 0.07 0.5
- 1.36 + 0.4 044 £ 0.2 0.1
- 1.16 £ 0.2 0.7 £ 0.1 0.2
- 14 4+0.1 0.6 + 0.1 0.02*
0.01* 1.27 £ 0.1 0.6 + 0.08 0.03*
0.04* 60.8 £ 11.4 81.37 +£9.09 0.1
0.004* 2864 + 532 1566 + 400 0.2
0.3 0.01 £ 0.004 0.01 £0.004 0.7
0.004* 416 £+ 123 372 + 83 1
0.04* 92 £+ 21 50 + 17 0.3

REDOX-Fe redox active iron, NTBI non-transferrin bound iron, Cp ceruloplasmin

* Statistically significant results

the first five days after SAH (151 4+ 29 Vs. 8.2 4 3.2 png/L
in controls; p = 0.01).

Clinical and Radiographic Outcomes
Delayed Cerebral Ischemia

A total of 7 patients (58 %) met the pre-specified criteria
for DCI. Development of DCI was associated with larger
aneurysm size (p = 0.02), and expectedly longer duration
of HHT (p = 0.01) and prolonged mechanical ventilation
(P = 0.04) (Table 1). As Table 2 illustrates, these patients
also had a significantly higher CSF NTBI on day 5 and
mean NTBI than those who did not develop DCI
(139 +0.17 vs. 0624 0.12pM; p=0.02 and
1.27 4 0.17 vs. 0.62 4+ 0.08 pM; p = 0.03, respectively).
In an univariate logistic regression analysis, day 5 NTBI,
peak NTBI, mean NTBI, day 3 Ft, day 1 Ph, and day 3 Ph
was significantly associated with the development of DCI,
however, in a multivariate analysis only day 5 NTBI, mean
NTBI, and peak NTBI remained significant (p = 0.001).

Angiographic Vasospasm

Five patients (41.6 %) developed angiographic evidence of
vasospasm. Only day 3 REDOX-Fe and mean REDOX-fe
correlated with the development of VSP on cerebral
angiogram in a regression analysis (p = 0.02).

Cerebral Ischemia

Nine patients (75 %) underwent MRI scans and evidence of
acute ischemia on DWI sequences was identified in 8 of them.
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Most strokes involved deep brain structures (50 %), and only
one instance of exclusive cortical involvement was identified,
while the rest were a combination of cortical and deep strokes.
Day 1 REDOX-Fe, day 1 Cp, day 3 Lf ,and change in Cp
concentration between days 3 and 5 correlated with devel-
opment of cerebral ischemia in univariate logistic regression,
however, only day 1 REDOX-Fe and change in Cp between
days 3 and 5 remained significant in multivariate regression
analysis (p = 0.02). Patients who developed deep cerebral
infarcts had a significant lower level of Cp on day 3, compared
to those who did not (34.1 + 11.9 vs. 81.4 + 14.2 mg/L;
p = 0.03). The development of deep-seated strokes was
associated with mean REDOX-Fe, day 3, day 5, and peak Cp,
and day 5 and mean Tf in univariate logistic regression, but
only mean REDOX-fe, day 3 Cp, day 5 Cp, peak Cp, and mean
Tf remained significant in multivariate regression (p = 0.03).

Functional Outcomes (Dichotomized 90-Day mRS)

A total of 7 patients (58 %) had a mRS score of 2 or less at
90 4 18 days. Patients who developed DCI were more
likely to have poor functional outcomes (i.e., 90-day
mRS > 2) than patients who did not (57 % vs. 20 %; p
0.2), but this difference did not reach statistical significance
(Table 1). Overall, patients in the favorable outcome group
had lower mean REDOX-Fe concentrations in CSF
(0.53 + 0.05 vs. 0.77 + 0.05 pM; p = 0.05). Subjects in
the favorable outcome group also had lower levels of Lf
(320 +60 vs. 532+ 153 pug/L; p=0.1) and Ft
(1,804.3 + 478.6 vs. 3,051.4 + 541.5 pmol/L; p = 0.1),
and higher mean Cp concentration in CSF (80.2 4- 5.9 vs.
54.3 4+ 15.8 mg/L; p = 0.1), but none of these differences
were statistically significant.
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Discussion

In this small pilot study, we found that measures of
unbound iron (NTBI and REDOX-Fe) in the CSF of
patients with SAH were higher than in controls, and that
their concentrations rose over the first 5 days following
ictus. We also found that development of DCI, angio-
graphic vasospasm, and presence of cerebral ischemia on
DWI-MRI was associated with higher concentration of
non-protein bound iron in CSF, while patients who devel-
oped ischemic strokes had lower CSF ceruloplasmin levels.
Following aneurysm rupture, phagocytosis, and break-
down of red blood cells (RBCs) occur and hemoglobin
rapidly distributes over the entire brain and easily pene-
trates the deeper layers of the cortex [16—18]. ITron, a
byproduct of heme degradation by heme-oxygenase 1, can
react with H>O, via the Fenton reaction to form ROS [19]
that have been shown to mediate vasoconstriction, arterial
structural damage, microcirculatory derangement, and
neurotoxicity in experimental SAH [8, 17, 20]. While the
mechanisms normally responsible for iron homeostasis in
the CNS have not been fully elucidated [38], considering
the amount of iron released after RBCs lysis, it is likely
that many of these become quickly saturated. For instance,
CSF has a low iron-binding capacity that is close to satu-
ration under normal conditions [5] and the increase in the
labile iron pool following brain injury has been shown to
be too large to be sequestered by cellular ferritin [19].
Coexistence of ROS and iron deposits in periarterial
spaces, the tunica adventicia of cerebral arteries and infil-
trating neutrophils in experimental SAH supports the
hypothesis that iron-mediated generation of ROS results in
cerebral vasospasm [8]. Furthermore, iron may facilitate
the formation of bilirubin oxidation products (BOXes)
which have been postulated to play a role in arterial
vasoconstriction [21]. Iron and ROS have also been linked
to blood brain barrier dysfunction and brain edema for-
mation through activation of matrix metalloproteinase-9
[22]. A progressive increase in brain non-heme iron fol-
lowing SAH leading to increased intracellular deposits has
been implicated in oxidative DNA injury and activation of
autophagic and apoptotic cell death pathways [16, 23], and
prolonged ferritin elevation within neurons is known to
lead to cell death [24]. In contrast, the use of iron-chelating
agents can effectively prevent the development of cerebral
vasospasm following experimental SAH [25, 26]. We
decided to examine the role of unbound and redox-active
iron, as opposed to total CSF iron, since in a previous
investigation it did not correlate with the development of
cerebral vasospasm [27], and because preliminary data
from animal studies suggest that redox-active iron-medi-
ated production of superoxide anion strongly correlated
with development of vasospasm [8]. Our findings add to

the accumulating evidence implicating iron-mediated tox-
icity as a major contributor to the pathophysiology of acute
brain injury following SAH.

The prevention of vasospasm through ferritin-mediated
iron detoxification has been postulated recently [27]. While
it is primarily an intracellular protein, in pathological
conditions Ft is secreted into the CSF where it may help
clear iron released following red cell lysis. The Ft con-
centration in CSF of SAH patients in our study was very
similar to that reported previously (3,534.5 4 826.9 vs.
3,509.8 + 563.9 pmol/L), however, we did not observe a
significant difference between DCI and no DCI groups.
This lack of correlation may be due to the small number of
patients included in our study, but also to the use of dif-
ferent endpoints (DCI versus transcranial Doppler and
Xenon CT scan) between our investigation and the one
reported by Suzuki et al. [27]. The exact role that Ft plays
in the metabolism of iron following SAH remains to be
firmly established.

Earlier studies had implicated a role for Tf in the
pathogenesis of cerebral vasospasm through a mechanism
involving increased cytosolic free calcium in smooth
muscle cells. Moreover, significantly elevated CSF levels
have been recently described in patients who developed
this condition [28, 29]. We could not replicate these find-
ings and CSF Tf, while elevated in SAH patients, trended
down over time and no significant difference by DCI status
was observed. It is important to note that we measured Tf
levels at an earlier time frame and that may at least par-
tially account for this discrepancy. Also, our study was
likely underpowered to demonstrate such an effect. Whe-
ther transferrin plays any significant role in the
pathogenesis of brain injury following aneurysmal SAH
remains to be elucidated.

Lactoferrin is a small iron-binding glycoprotein found in
various secretory fluids, where it serves primarily an anti-
microbial function [39]. It has also been found to have anti-
inflammatory, anti-oxidant, anti-tumorigenic, and tran-
scription effects [41], which seem to be modulated by its
ability to donate and sequester iron. Moreover, CSF lac-
toferrin levels were found to be elevated in patients
following both ischemic and hemorrhagic stroke [40]. In
our study, Lf levels did not correlate with any of the out-
comes studied, and therefore, seems unlikely to play a
major role in the body’s response to SAH.

We also sought to explore whether hepcidin played a
role in brain iron metabolism following SAH. Hepcidin is
secreted primarily by hepatocytes in response to inflam-
matory stimuli, iron, and hypoxia and is responsible for the
regulation of body iron balance. It has also been shown to
be widely expressed in the murine brain [43]. It is initially
synthesized as a prepropeptide, which is in turn processed
into a 60- to 64-residue pro-hepcidin peptide, and then
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finally into the mature and biologically active 25-amino
acid hepcidin. We chose to determine pro-hepcidin levels
due to the ubiquitous availability of enzyme-linked
immunoassays [42]. In our small pilot study pro-hepcidin
did not correlate with any of the outcomes explored. It
remains to be seen whether determination of hepcidin-25
levels with recently available immunoassays affects the
development of DCI, vasospasm or cerebral infarcts fol-
lowing aneurysmal SAH.

Ceruloplasmin is a serum alpha-2 glycoprotein that
belongs to the family of multi-copper oxidase enzymes
[30]. It is an acute phase reactant with a number of
attributed functions including, ferroxidase activity; [31]
anti-oxidant functions and the prevention of the formation
of free radicals; [32] inhibition of neutrophil myeloperox-
idase; [33], and protective anti-inflammatory roles, among
others [34]. Interestingly, patients with aceruloplasmin-
emia, an autosomal recessive disorder characterized by
mutations that abolish functional Cp and impair iron
homeostasis, exhibit abundant iron deposition in microglia
and neurons, selective neuronal loss and evidence of
increased ROS generation in the CNS [35]. Moreover,
brains of adult transgenic Cp”" mice show evidence of
increased lipid peroxidation and free radical-mediated
injury, intracellular iron accumulation and increased sus-
ceptibility to free radical injury [36]. We found Cp levels to
be significantly and inversely correlated with REDOX-Fe
concentration in CSF. Also, lower CSF ceruloplasmin
levels were associated with higher likelihood of ischemic
strokes, particularly in deep locations. To our knowledge, a
potential protective effect of Cp in SAH has not been
explored before.

This study has some limitations. First, given the small
number of patients included, these findings need to be
considered preliminary and require further validation in a
larger cohort of patients; furthermore, the sample size
significantly limits the validity of multivariate analysis.
Second, CSF on day 1 was only available in half of the
patients in our analysis, considerably diminishing the
number of samples available for testing. Third, control CSF
was obtained from patients as part of the work up for
normal pressure hydrocephalus and may not represent truly
normal CSF. Furthermore, we do not have demographic
data available for this cohort. Nonetheless, the levels of
REDOX-active iron measured in control CSF were very
similar to levels reported recently in another cohort of
normal subjects [44]. Finally, We were unable to obtain
serial MRI-DWI imaging in this cohort and instead
reviewed MRIs obtained as part of clinical care, which
could potentially have introduced biases.

In conclusion, our preliminary data indicate a causal
relationship between unbound iron and brain injury fol-
lowing SAH and suggest a possible protective role for

@ Springer

ceruloplasmin in this setting, particularly in the prevention
of cerebral ischemia. Further studies are needed to validate
these findings and to probe their clinical significance.
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