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Abstract Despite advances in diagnosis and treatment of sub-
arachnoid hemorrhage (SAH), combined morbidity and mortal-
ity rate in SAH patients accounted for greater than 50%. Many
prognostic factors have been reported including delayed cerebral
ischemia, cerebral vasospasm-induced infarction, and shunt-
dependent hydrocephalus as potentially preventable or treatable
causes. Recent experimental studies emphasize that early brain
injury, a concept to explain acute pathophysiological events that
occur in brain before onset of cerebral vasospasm within the first
72 h of SAH, may be more important than cerebral vasospasm, a
classically important determinant of poor outcome, in post-SAH
outcome. Galectin-3 is known for one of matricellular proteins
and a mediator of inflammation in the central nervous system.
Galectin-3 was also reported to contribute to poor outcomes in
SAH patients, but the role of galectin-3 after SAH has not been
determined. We produced experimental SAH mice, of which the
top of the internal carotid artery was perforated by 4-0 monofila-
ment, and evaluated effects of a galectin-3 inhibitor. We assessed
neurological scores and brain water content at 24 h. The admin-
istration of a galectin-3 inhibitor significantly ameliorated brain
edema and neuronal score in experimental SAH mice.
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Introduction

Early brain injury (EBI) is thought to be a pivotal determinant
for poor outcome after subarachnoid hemorrhage (SAH). EBI is
defined as acute pathophysiological events that occur in the
brain before onset of cerebral vasospasm within 72 h of SAH
and consists of any pathophysiological mechanisms except for
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iatrogenic brain injury [1]. We previously reported the possible
mechanisms of EBI, focusing on inflammation and microcircu-
latory disturbance [2—4]. SAH not only induces transient global
brain ischemia secondary to elevated intracranial pressure and
mechanical stress but also produces various substances includ-
ing heme, fibrinogen, intracellular components, and inflamma-
tion-related proteins. These substances stimulate cell surface
receptors including toll-like receptor 4 and induce several
inflammatory pathways [5]. Mitogen-activated protein kinase
(MAPK) pathway seems to be a major inflammatory pathway
related with early brain injury [2-4]. Finally, proinflammatory
substances such as matrix metalloproteinase-9 (MMP-9) and
tenascin-C (TNC) cause and exacerbate cerebral vasospasm,
neuronal apoptosis, and blood-brain barrier disruption [2—-4, 6].

Galectin-3 belongs to galectin family, which consists of
[-galactoside-binding lectins participating in a wide range of
biological processes including immune responses, cell—cell/
extracellular matrix interaction, and apoptosis. Galectin-3 is the
only chimera-type galectin and reported to be involved in brain
inflammatory responses [7]. We previously reported that plasma
galectin-3 levels in non-severe SAH patients were significantly
correlated with the occurrence of delayed cerebral ischemia
(DCI) and delayed cerebral infarction [8]. In this study, first, we
elucidated whether a high concentration of plasma galectin-3 in
SAH patients, including those with severe World Federation of
Neurological Surgeons (WFNS) grade, was associated with poor
outcome. Then, we evaluated whether inhibition of galectin-3
reduced brain edema in experimental SAH models.

Materials and Methods

Clinical Measurements of Plasma Galectin-3
Levels in SAH Patients

We collected blood samples from patients who participated in
the Prospective Registry for Searching Mediators of
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Neurovascular Events After Aneurysmal SAH [pSEED] per-
formed at eight tertiary referral centers in Mie prefecture in
Japan between September 2013 and December 2015 [8].
Inclusion criteria were as follows: >20 years of age at onset,
SAH on computed tomography (CT) scans or lumbar puncture,
saccular aneurysm as the cause of SAH confirmed on three-
dimensional CT angiography, magnetic resonance (MR) angi-
ography, digital subtraction angiography, aneurysmal
obliteration by clipping or endovascular coiling within 48 h of
onset, and post-clipping or post-coiling blood sampling on days
1-3 after onset [8]. SAH that was not due to a ruptured saccular
aneurysm, patients who underwent parental artery occlusion,
patients who had angiographic or treatment-related complica-
tions, patients with pre-onset modified Rankin scale (mRS) 3-5,
patients who could not receive enough anti-DCI therapy due to
severe medical complications, and patients who had past medi-
cal history of concomitant inflammatory diseases that are known
to upregulate galectin-3 were excluded [8]. All blood samples
were centrifuged for 5 min at 3000 x g, and the supernatant fluid
was stored at —78 °C until assayed. Plasma galectin-3 levels
were blindly determined by enzyme-linked immunosorbent
assay kit for human galectin-3 (code no. 27755; Immuno-
Biological Laboratories, Fujioka, Japan) [8] . We defined poor
outcome as mRS 3-6 at 3 months of post-SAH.

Experimental Study as to the Role
of Galectin-3 in SAH

All procedures were approved by the Animal Ethics Review
Committee of Mie University and followed the institution’s
Guidelines for Animal Experiments. C57BL/6 wild-type
(WT) male adult mice (weight, 25-30 g) were used for this
study. To make SAH, endovascular filament perforation was
performed as previously described [9]. Briefly, after midline
skin incision of neck, the left external carotid artery (ECA)
was exposed, and ECA was cut to insert 4-0 nylon monofila-
ment, perforating the bifurcation of internal carotid artery. At
30 min after modeling, an intraventricular injection of 4 ng
modified citrus pectin (MCP), which is known to be a galec-
tin-3 inhibitor [10, 11], or vehicle (sterile phosphate-buffered
saline [PBS]), was performed as previously described [9].
To assess the effect of MCP on EBI, 26 WT mice were
randomly divided into 3 groups: sham + vehicle (n = 7),
SAH + vehicle (n = 10), and SAH + MCP (n = 9) groups.
Neurological score, SAH severity, and brain water content
were evaluated at 24 h after modeling. Neurological score was
blindly evaluated by modified Garcia’s scale as previously
described [4]. Animals were given a total score of 2 to 18 in
I-number steps, and higher scores indicated better function.
SAH severity was blindly evaluated using high-resolution pic-
tures of the base of the brain taken at each sacrifice as previ-

ously reported [4], and mice with moderate severity of SAH
were enrolled in this study. Brain water content was measured
by the wet/dry method for assessing brain edema. In brief, the
brain of sacrificed mice under deep anesthesia was quickly
removed and separated into the left and right hemispheres,
cerebellum, and brain stem. Each part of the brain was weighed
as wet weight, and then they were dried for 24 h at 105 °C and
weighed again as dry weight. The percentage of water content
was calculated according to the following formula: [(wet
weight — dry weight)/wet weight] x 100%.

Statistical Analysis

Categorical variables were reported as the number and per-
centage, and continuous variables were reported as the
mean + standard deviation (SD) and compared between two
groups using the unpaired #-test or among three groups using
one-way analysis of variance with Tukey-Kramer post hoc
tests. A P value <0.05 was considered significant.

Results

High Concentrations of Plasma Galectin-3
Associated with Poor Outcome in SAH
Patients

249 patients were registered in pSEED between September
2013 and December 2015, and 149 patients were eligible for
inclusion criteria. Mean age was 63.9 = 13.5, and there were
107 females. Fifty-four patients developed poor outcome
defined as mRS 3-6. Plasma concentrations of galectin-3 on
days 1-3 were significantly higher in patients with poor out-
comes than those with good outcomes (5.43 * 3.39 vs.
3.77 £2.24 ng/mL, P < 0.001; Fig. 1).

Inhibition of Galectin-3 Ameliorates Brain
Edema in Experimental SAH Mice

No sham-operated mice died, and the mortality rate was not
significantly different between the SAH + vehicle group
(30%) and SAH + MCP group (22%). SAH grade was simi-
lar between the SAH + vehicle group and SAH + MCP group
(Fig. 2a). The SAH-MCP group showed significant improve-
ment of neurological score and brain water content in the left
hemisphere compared with the SAH-vehicle group
(P <0.001, P=0.020, respectively, Fig. 2b, c).
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Fig. 1 Relationships between acute-stage plasma galectin-3 levels and
outcomes. The patients with poor outcome show significantly higher
levels of plasma galectin-3 compared with good outcome. Data,
mean + SD; P value, unpaired 7-tests
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Discussion

Clinically, elevated plasma galectin-3 levels were reported
to be correlated with the severity and poor outcome in
spontaneous brain hemorrhage and traumatic brain injury
[12, 13], and these results suggested the possibility of the
linkage between galectin-3 and inflammation [12, 13]. Our
previous study elucidated that elevated plasma galectin-3
levels in non-severe SAH patients were significantly cor-
related with the incidence of DCI and delayed cerebral
infarction without cerebral vasospasm and consequently
might contribute to poor outcome [8]. However, the former
study did not include severe SAH patients defined as WFNS
grade 4-5 because of the difficulty in detecting neurologi-
cal worsening due to its severe state [8]. Therefore, in this
preliminary study, we first demonstrated that higher con-
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Fig.2 Effects of modified citrus pectin (MCP) treatment on the severity of subarachnoid hemorrhage (a), neurological scores (b), and brain water
content in the left hemisphere (¢). Data, mean + SD; P value, one-way analysis of variance with Tukey-Kramer post hoc tests
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centrations of plasma galectin-3 were significantly associ-
ated with poor outcome in SAH patients, including those
with worse WENS grades.

Our preliminary experimental study showed that adminis-
tration of MCP ameliorated both neuronal score and brain
edema in experimental SAH mice. In the process of develop-
ment of the central nervous system, galectin-3 is expressed
in various glial cells and induces migration of neural stem
cell and myelination of oligodendrocyte [14]. However, in
rodent brain-resident immune cells, correlating with Janus
kinase/signal transducers and activator of transcription
(JAK-STAT) pathway, galectin-3 acts as an inflammatory
mediator [15]. Buruguillos et al. reported that galectin-3
induces sustained microglial activation and prolonged
inflammatory response through binding to toll-like receptor
4 (TLR4) [7, 16]. Yip et al. demonstrated that galectin-3,
binding to TLR4, promotes inflammation and neuronal death
in traumatic brain injury models of mice [17]. On the other
hand, neuroinflammation after SAH, which is included in the
mechanisms of EBI, induces brain permeability and neuro-
nal apoptosis [1]. Therefore, galectin-3 might induce the
brain permeability as an inflammatory mediator.

The limitations of this study are as follows: the number of
rodent models was too small, and the mechanism how galec-
tin-3 caused brain edema was undetermined. Therefore, fur-
ther studies are needed to elucidate the role of galectin-3
after SAH.
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