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Summary

We have evaluated the effects of the carbon monoxide-releasing molecule
CORM-A1 [Na2(BH3CO2); ALF421] on the development of relapsing–
remitting experimental allergic encephalomyelitis (EAE) in SJL mice, an
established model of multiple sclerosis (MS). The data show that the pro-
longed prophylactic administration of CORM-A1 improves the clinical and
histopathological signs of EAE, as shown by a reduced cumulative score,
shorter duration and a lower cumulative incidence of the disease as well as
milder inflammatory infiltrations of the spinal cords. This study suggests that
the use of CORM-A1 might represent a novel therapeutic strategy for the
treatment of multiple sclerosis.
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Introduction

During the past decade, numerous studies have shown that
carbon monoxide (CO) exerts pleiotropic activities in vivo
by eliciting various physiological responses that can have
beneficial effects for several pathological conditions, such as
inflammation, transplantation-related hypoxia/reperfusion
damage and pulmonary hypertension (for a comprehensive
review see [1]). CO is produced intracellularly through the
catabolism of haem molecules by haem oxygenase (HO)
enzymes, which are present in several mammalian tissues,
including brain, liver, spleen, vascular endothelium and
smooth muscle [2]. Two isoforms of HO are known, the
inducible enzyme HO-1 and the constitutively expressed
HO-2 [1]. Haem degradation by HO generates three prod-
ucts, CO biliverdin and Fe2+; however, there is good evidence
that CO represents the effector signalling molecule respon-
sible for the anti-inflammatory activity of HO-1. The anti-
inflammatory activity of HO is supported strongly by data
from animal models of HO-1 deficiency [3] and the
described cases of HO-1 deficiency in humans [4]. In a
number of animal studies it has been shown that exogenous
administration of controlled quantities of CO represents an

effective strategy for the treatment of multiple conditions [1]
characterized by inflammatory responses such as endotox-
aemia [5–9], acute pancreatitis [10], lung injury [11–15] and
arteriosclerotic lesions [16].

Recent evidence has shown that CO mitigates microglial
activation in neuroinflammatory diseases [17] and reduces
autoimmune inflammation in a model of relapsing–
remitting experimental allergic encephalomyelitis (EAE) by
inhibiting major histocompatibility complex (MHC) class II
expression, T helper and CD8 T cell accumulation within
the central nervous system (CNS) [18]. In addition, HO-1
activation limits neutrophil infiltration into the CNS by
stabilizing the blood–spinal cord barrier, and decreases
vascular dysfunction in cases of spinal cord injury [19]. Taken
together, these findings open the possibility of using exog-
enous CO for the treatment of autoimmune neuroinflamma-
tory diseases such as multiple sclerosis (MS). Unexpectedly,
however, in a pilot study conducted on human volunteers
[20], inhalation of CO gas [500 parts per million (ppm) CO
for 1 h] upon infusion with lipopolysaccharide (LPS) did not
exert an effect on cytokine production, as had been predicted
from previous animal studies. This may imply that new and
more accurate ways of CO administration are needed
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for the clinical development of such therapeutic strategies.
CO-releasing molecules (CORMs) are a class of compounds
capable of liberating controlled quantities of CO in biological
systems, thus overcoming the limitations of inhaled CO gas
[1,21]. Several CORMs are currently under investigation in
order to tailor potential therapeutic approaches for the pre-
vention of inflammatory disorders, vascular dysfunction and
organ rejection [1].

In this work we tested the efficacy of the water-soluble
compound CORM-A1 on the development of clinical and
histological features of murine relapsing–remitting EAE.
CORM-A1 is a boranocarboxylate with a half-life of
21·4 min that is able to slowly liberate CO from its carboxyl
group through hydrolysis under physiological conditions
[22]. This molecule has already proved to have vasodilatory
[22], renoprotective [23], anti-ischaemic [24] and anti-
apoptotic [25] properties.

Materials and methods

Animals

Female Swiss Jackson Laboratory (SJL) mice ranging in age
from 6 to 7 weeks were purchased from Charles River (Calco,
Italy). The animals were housed in a controlled environment
and provided with standard rodent chow and water. Animal
care was in compliance with Italian regulations on the pro-
tection of animals used for experimental and other scientific
purposes (D.M. 116192), as well as with EEC regulations
(O.J. of E.C. L 358/1 12/18/1986).

Induction of EAE

Proteolipid protein (PLP) (139–151) was synthesized by
Genemed Synthesis (San Francisco, CA, USA). EAE was
induced as described previously [26]. Briefly, mice were
immunized with 75 mg PLP emulsified in complete Freund’s
adjuvant (CFA) with 6 mg/ml Mycobacterium tuberculosis
H37RA (Difco, Detroit, MI, USA) to make a 1:1 emulsion.
Each mouse received subcutaneous injections of 200 ml
emulsion divided among four sites draining into the axillary
and inguinal lymph nodes. Pertussis toxin (Calbiochem,
Nottingham, UK) was used as a co-adjuvant, and was
administered intraperitoneally (i.p.) at a dose of 200 ng/
mouse on day 0 and again on day 2.

Drug

CORM-A1 (ALF421) was synthesized as described elsewhere
[22]. It was dissolved in sterile phosphate-buffered saline
(PBS) and administered i.p. to mice at a dose of 2 mg/kg in
a final volume of 200 ml. Dexamethasone (Soldesan, Labora-
torio Farmacologico Milanese, varese, Italy) was bought
from a local pharmacy and used as the positive control drug.
It was administered at a dose of 0·3 mg/kg body weight i.p. in
a final volume of 200 ml.

CO determination in the blood

CD-1 female mice from Charles River (6–8 weeks old) were
treated with 3, 10 or 40 mg/kg CORM-A1 (i.p.). After the
respective times (10, 40 or 70 min) blood was collected and
diluted 50 times in ice-cold MilliQ water (non-treated mice
were used as control – time 0 min). For CO quantification,
the protocol described by Vreman et al. [27] was followed.
Briefly, CO was liberated as gas in a closed vial by adding
25 ml of water and 5 ml of sulphosalicylic acid [SSA, 30%
(wt/vol)] to 30 ml of diluted blood sample. The vials were
incubated on ice for at least 10 min before being analysed.
The gas in the headspace of the vials was analysed quantita-
tively with a gas chromatograph (GC) equipped with a
reducing-compound photometry detector (RCP detector)
(Peak Laboratories, Mountain View, CA, USA), which allows
quantification of CO in gas at concentrations as low as 1–2
parts per billion (ppb). The amount of CO was calculated
using a calibration curve prepared from CO standards. The
COHb was determined using a AVOXimeter 4000 (A-VOX
Systems, Inc., San Antonio, TX, USA).

Experimental design

Different treatment regimens were used to evaluate the
influence of CORM-A1 on the development of EAE. In one
experiment, CORM-A1 was administered using an‘early pro-
phylactic regimen’ for 30 consecutive days starting from the
day of immunization. The mice were observed for an addi-
tional 15 days to evaluate the possible rebound effects after
termination of the treatment. In a second set of studies, the
mice were treated with either CORM-A1 or its vehicle under
a ‘late prophylactic regimen’ starting from day 10 post-
immunization for 20 consecutive days. None of the mice had
developed clinical signs of EAE at initiation of the treatment
(see Table 1). Finally, another study was performed where the
mice were treated for only 16 consecutive days from immu-
nization in order to verify whether this short-term treatment
was sufficient to prevent EAE development. These mice were
observed until day 30 post-immunization. Control animals
were treated with sterile PBS under the same experimental
conditions. For only the early prophylactic regimen, an addi-
tional group of mice was included that were treated with the
positive control drug dexamethasone (Soldesan) adminis-
tered daily at the dose of 0·3 mg/kg from day 0 to day 30. We
and others have shown previously that dexamethasone can
prevent clinical and histological signs of PLP-induced EAE in
SJL mice under this prophylactic regimen [28].

Clinical scoring

Animals were observed daily by measuring their body weight
and assessing clinical signs of EAE. They were assigned one
of the following clinical grades by an observer who was
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blinded to the treatment: 0, no illness; 1, flaccid tail; 2, mod-
erate paraparesis; 3, severe paraparesis; 4, moribund state;
and 5, death.

A cumulative clinical score was calculated for each mouse
by adding the daily scores from the day of onset (score
disease � 1) until the end of the experiment. The duration of
disease was calculated each day by assigning the animal a
score of 0 for a clinical score of 0 and 1 for any higher clinical
score.

Histological analyses of brain and spinal cord

At the end of the study (day 30), animals were anaesthetized
with tri-bromo-ethanol (300 mg/kg) and then perfused
through the left ventricle with cold PBS (4°C) for 3–5 min
followed by 4% paraformaldehyde (Sigma-Aldrich, Milan,
Italy) for 10 min. The brain and spinal cord were resected
and stored in 10% paraformaldehyde at 4°C. Serial 5-mm
thick cross-sections were prepared and were stained with
haematoxylin and eosin to assess inflammation [29–31]. In
each group, at least 10 sections per mouse distributed over
the whole length of the spinal cord were examined histologi-
cally and quantified. Inflammation was scored as described
previously [30] using a semi-quantitative scale: 0 = no
inflammatory cells; 1 = a few cells; 2 = moderate, perivascu-
lar cuffing; 3 = dense inflammatory cell infiltrates, parenchy-
mal necrosis.

Statistical analysis

The clinical results are shown as mean � standard deviation,
which was calculated based on data from two independent
experiments. As the experiments were highly reproducible
and with variability lower than 5%, the data were merged
and are shown as a single study. Statistical analysis for sig-
nificant differences on clinical scores was performed with the
non-parametric Mann–Whitney test for the clinical course
of EAE and the histopathological parameters.

Results

CORM-A1 releases CO in vivo in a controlled manner

The amount of CO released by CORM-A1 in vivo was moni-
tored in blood samples obtained after i.p. administration in
CD-1 mice and measured by the GC-RCP method [28]. As
seen in Fig. 1, for the non-toxic doses of 3 and 10 mg/kg the
values of CO measured in the blood have their maximum
around 10 min post-administration and correspond roughly
to COHb levels of 3% and 6%, respectively. A slow decay of
the CO in circulation is then observed, and after 70 min
post-administration the value of COHb is still slightly above

Table 1. Clinical features of proteolipid protein (PLP)-induced experimental allergic encephalomyelitis (EAE) in Swiss Jackson Laboratory (SJL) mice

upon treatment with carbon monoxide-releasing molecule (CORM)-A1, dexamethasone or vehicle.

Experimental groups

Cumulative

score 0–30

Cumulative

score 31–45 Onset Duration

Incidence

%

Incidence after

interr. (%)

CORM-A1 early prophylaxis (0–30) 4·3 � 7·3 2·8 � 7·8 16·7 � 1·5 2 � 3·2 37·5 37·5

CORM-A1 prophylaxis (0–16) 15·3 � 11·2 22·9 � 4·6 10·9 � 6·5 88·9

CORM-A1 late prophylaxis (10–30) 4·8 � 9·4 20·7 � 5·5 2·2 � 4·2 30·0

Dexamethasone 6 � 6·9 11·4 � 11·6 18·4 � 4·3 3·3 � 3·2 62·5 75·0

Vehicle 19·6 � 16 17·4 � 14·1 17·5 � 3·9 8·3 � 6·0 85·7 85·7

Mann–Whitney

CORM-A1 early prophylaxis (0–30) 0·04 0·03 0·90 0·03

CORM-A1 prophylaxis (0–16) 0·94 0·71 0·31

CORM-A1 late prophylaxis (10–30) 0·05 0·36 0·05

Dexamethasone 0·07 0·34 0·65 0·06
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Fig. 1. Carbon monoxide levels in blood of mice treated with carbon

monoxide-releasing molecule (CORM)-A1 (a) measured by gas

chromatograph-reducing compound photometry detector (GC-RCP);

(b) measured by oximetry. The GC-RCP results are expressed as

mean � standard deviation of two independent measurements.
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the basal level. In the case of the higher dose (40 mg/kg), a
similar slow decay of CO levels in the blood (or COHb
levels) is also recorded.

CORM-A1 protects from EAE in both early and late
prophylactic regimens

The treatment with CORM-A1 was well tolerated as judged
by the clinical status of mice and by the steady increase in
their body weight (Fig. 2). In contrast to the mice treated
with CORM-A1, a significant reduction of body weight
gain was observed both in the control mice treated with the
vehicle and in those treated with the positive control
drug dexamethasone. Reduced body weight gain during
EAE or upon prolonged dexamethasone treatment are well-
documented events [28,32]. In agreement with the estab-
lished model of EAE in the SJL mouse strain, clinical signs
of disease in the vehicle-treated mice appeared between 13
and 23 days post-immunization and the first attack was fol-
lowed by variable relapses, with some mice exhibiting up to
three relapses (Table 1, Fig. 3a–c). The early prophylactic
treatment with CORM-A1 significantly reduced both the
cumulative score and the duration of the disease compared
to vehicle-treated controls (cumulative score P = 0·036;
duration P = 0·027). CORM-A1-treated mice also exhibited
a lower cumulative incidence of EAE than controls (38%
versus 86%) (Table 1, Fig. 3a and b). Furthermore, the inci-
dence of the disease in the mice treated with CORM-A1
was lower than in the vehicle-treated mice (Table 1, Fig. 3a
and b). These results were rendered even more significant
by the observation that these protective effects were main-
tained for a significant period of time after termination of
the treatment; i.e. during the following 15 days the CORM-
A1-treated mice showed a significantly lower cumulative
disease score (P = 0·026) and maintained a lower incidence
of disease compared to the vehicle-treated mice (3% vs.
17%) (Table 1, Fig. 3a). In contrast, when the treatment
was interrupted on day 16 (6 days after the beginning of

the disease in the controls) the mice developed the disease
and showed a clinical course similar to that of the vehicle-
treated mice (Fig. 3c). Of relevance is the observation
that the degree of protection exerted by prolonged prophy-
lactic treatment with CORM-A1 was superior to that
afforded by the reference compound dexamethasone
(Table 1, Fig. 3).
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A trend towards reduced cumulative scores, shorter dura-
tion of the disease and a reduction in the cumulative inci-
dence (30% versus 86%) was also observed in the mice
treated with CORM-A1 under the late prophylactic regimen
(Table 1, Fig. 3a and b).

CORM-A1 improves histopathological changes in
the spinal cord

Histopathological features were detectable only in the spinal
cords of the mice that showed clinical symptoms, while few
or no signs of inflammation were evident in the mice treated
with the reference compound dexamethasone.

Histopathological examination of the spinal cords from
the mice treated with the vehicle revealed an evident infil-
tration of polymorphonucleated cells (PMNC). This PMNC
infiltration was clearly reduced in the mice prophylactically
(days 0–30) treated with CORM-A1 (Fig. 4). Improved his-
tological signs were also evident in the group treated with the
‘late prophylactic’ regimen (days 10–30), although these dif-
ferences did not reach statistical significance in comparison
to the vehicle group. No differences with the vehicle group
were observed in the group of mice treated with the short
prophylactic course (days 0–16), thus confirming the clinical
course of the disease (Fig. 4).

Discussion

Unlike the first prototypic molecule CORM-3, CORM-A1 is
a water-soluble CO-releasing molecule that does not
contain a transition metal. CORM-A1 liberates CO to
deoxymyoglobin in a pH- and temperature-dependent
manner with a half-life of approximately 21 min at 37°C
and pH 7·4, which corresponds to a slower rate of CO
release under physiological conditions than that published

for CORM-3 [22]. In isolated aortic rings CORM-A1 pro-
voked a gradual but profound vasorelaxation over time.
When administered in vivo intravenously, CORM-A1
exerted a mild decrease in mean arterial pressure over time.
These pharmacological features, as well as the values of
COHb obtained after administration in vivo, characterize
CORM-A1 as a slow releaser of CO, which may be useful for
the treatment of conditions that may benefit from con-
trolled, slow CO release such as chronic immunoinflamma-
tory diseases. Systemic treatment with CORM-A1 has been
shown to exert cerebroprotective effects against seizure-
induced neonatal vascular injury in pigs by delivering CO
to the brain, eliciting the vasodilator and cytoprotective
effects of CO in the cerebral circulation [33], but the com-
pound has not been tested so far in preclinical models of
immunoinflammation and autoimmune diseases. However,
CORM-3 was shown to have beneficial effects in immu-
noinflammatory conditions such as murine arthritis
[34,35]. We have therefore demonstrated for the first time
that CORM-A1 exerts powerful immunomodulatory effects
in PLP-induced EAE in SJL mice. The prolonged prophy-
lactic treatment with CORM-A1 powerfully counteracted
clinical and histological signs of relapsing–remitting EAE.
This entailed reduced cumulative scores, shorter duration
and lower cumulative incidence of the disease and milder
inflammatory infiltration of the spinal cords compared to
vehicle-treated controls. The duration of treatment with
CORM-A1 appeared to be important for its beneficial
action, as statistical significance was achieved only in the
group of mice that were treated with CORM-A1 for 30 con-
secutive days from the day of immunization. Twenty con-
secutive days of treatment from day 10 after immunization
only demonstrated a trend toward a milder course of EAE
and a lower cumulative incidence compared to controls.
Finally, mice treated with CORM-A1 for 16 consecutive
days starting from the day of immunization developed a
form of EAE indistinguishable from that of controls.

Although the mechanistic mode of action(s) by which
CORM-A1 exerted its beneficial effects in this EAE model
have not been currently ascertained, we attribute the action to
the released CO and its pharmacological mode of action. The
persistent protection against EAE development after drug
withdrawal may hint at immunological effects, such as the
induction of long-lasting regulatory T cells (Treg) cells and/or
elimination of autoreactive encephalytogenic T cells.Further-
more, a modulation of T cell responses in the treated mice
towards anti-inflammatory type 2–type 3 cytokine profiles
may also be considered based on the previously described
capacity of CO therapy to modulate dendritic cell function
[36]. In addition, by releasing CO, CORM-A1 may have
down-regulated immunoinflammatory pathways contribut-
ing to EAE development, such as lymphocyte proliferation
[18,37], the production of proinflammatory cytokines from
peripheral immune cells [10,34,38,39], dendritic cell activa-
tion [18,36,40], the expression of adhesion molecules [34,41]
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and the suppression of leucocyte infiltration [6]. Studies are
in progress to dismantle the precise mode of action of
CORM-A1 in this and possibly other rodent models of EAE.

The value of COHb attained at the dose of 2 mg/kg used
in the present EAE study never exceeded 3% COHb levels,
which are relatively safe and only slightly above basal values,
indicating that CORM-A1 can exert its therapeutic activity
within a range of COHb levels far lower from those consid-
ered to be toxic to humans [42].

Comparisons of the protective effects of CORM-A1 with
those of the positive control drug dexamethasone in the
model of EAE in SJL mice allows appreciation of the potency
of its effects, as well as the different impacts of CORM-A1
and dexamethasone on the development of EAE. CORM-A1
treatment under the ‘early prophylactic’ regimen was supe-
rior to dexamethasone in the clinical disease score, the his-
topathological score, the time and degree of relapse after
cessation of the treatment and the treatment-associated
toxicity. CORM-A1 treatment seemed not to be associated
with any significant toxicity, as indicated by the steady
increase in the body weights of the animals. In fact, the
transient decrease in the body weight by CORM-A1 between
days 15 and 23 correlates with the transient increase in the
disease score. In contrast, dexamethasone inhibited body
weight gain or caused a drop in body weights during the
entire treatment period.

Perhaps most remarkable was the protection afforded by
CORM-A1 after cessation of treatment, whereas dexametha-
sone withdrawal led to rapid relapse of EAE. This may indi-
cate that CORM-A1 and dexamethasone prevent EAE by
interfering at different places or stages in the immunopatho-
genic pathway and that they possess distinct immunophar-
macological modes of action in this model. If these
differences can also be confirmed in other in vivo settings,
then it might be hypothesized that CORMs and steroids
could display additive or synergistic effects in combination
treatments. Our present study supports previous findings by
Chora et al., which demonstrated an important role for CO
in counteracting immunoinflamatory demyelinating path-
ways in vivo [18]. In that study the genetic deficiency of
HO-1 was associated with more severe forms of EAE com-
pared to wild-type mice and the induction of HO-1 by cobalt
protoporphyrin after EAE onset reversed paralysis in both
C57BL/6 and SJL mice affected with EAE [18]. Exogenous
CO mimicked these effects, suggesting its important role in
the protective effects of HO-1.

Recent and important progress has been achieved in the
treatment of different forms of MS by using disease-
modifying agents such as interferon (IFN)-b, glatiramer
acetate, natalizumab and mitoxantrone, and the introduc-
tion of new therapies such as fingolimod is expected to
further the management of the disease. None the less, many
of these drugs have limitations, such as the high cost, the
association with severe adverse events and the development
of neutralizing antibodies [43].

Building upon the previously reported beneficial effects of
CO exposure in murine EAE [18], in this study we observed
the ability of a water-soluble CO releaser to prevent the
development of clinical and histological signs of disease in a
well-known preclinical model of MS. Indeed, the PLP-
induced EAE in SJL mice represents an important proof of
concept, indicating the feasibility and conceptual validity of
developing CORMs for the treatment of MS. In contrast to
CO gas exposure, such molecules, once pharmacologically
improved, could provide a safe mode for the delivery of
therapeutic doses of CO.
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