
trol) showed the initial stage of ECM (ECM score, 1) (Fig. 4c). All
infected nontreated mice died of ECM by day 6 after infection
(Fig. 4a and c). The effect of antimalarial treatment with AS alone
was shown by the decrease of parasitemia from 6.8% � 0.3% to
0.59% � 0.06% (at days 5 and 9 postinfection, respectively). AS

treatment alone delayed, but in most cases did not prevent, death
by CM (Fig. 4b and c). Nine out of 11 (82%) AS-treated mice died
with ECM between days 12 and 13 after infection (Fig. 4a). Mice
treated simultaneously with AS and ALF492 under the adjunctive
protocol showed a significant increase in survival (83%) com-

FIG 2 ALF492 reduces parasite accumulation in the brain and neuroinflammation. BBB permeability (a), parasite 18S rRNA (b), CD8-� (c), IFN-� (d), and
ICAM-1 (e) mRNA expression were quantified by qRT-PCR. NI mice, n � 4; infected and ALF466-treated mice, n � 4; and infected and ALF492-treated mice,
n � 5. Evans blue quantification is shown as the mean �g of EB per g of brain tissue � standard error of the mean. NI mice, n � 4; ALF466-treated mice, n � 5;
and ALF492-treated mice, n � 5. NI mice, infected and ALF466-treated mice, and ALF492-treated mice were sacrificed when the control group, ALF466-treated
mice, showed signs of ECM, and brains were harvested after intracardiac perfusion. (f to i) Semiquantification of histological findings in hematoxylin and
eosin-stained brain sections analyzed at the same time that the data for panels a to e were analyzed, using a blinded score system. Dot plots compare the number
of animals assigned severity scores from 1 (less severe) to 3 (most severe) in infected, infected and ALF466-treated, and ALF92-treated mice. Images are
representative of 3 to 8 mice. Bar, 100 �m.
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pared with the AS-treated group (18%) (P � 0.01) (Fig. 4a). The
infected group treated with the AS and ALF492 combination un-
der the adjuvant protocol showed an improved survival from
ECM of 67% (P � 0.01 versus AS-treated mice) (Fig. 4a). Since no
antimalarial agents were administered after day 7, mice that did
not have ECM still developed hyperparasitemia and anemia
(�30% parasitemia) and were sacrificed 3 weeks after infection
(Fig. 4a). During the administration of AS, between days 5 and 6,
ALF492 did not interfere with the action of AS in vivo (Fig. 4b).
These results show that this combination therapy (AS-ALF492)
used as an adjunctive/adjuvant therapy after the onset of ECM can
significantly improve survival compared to that for AS-treated
mice.

DISCUSSION

We have previously shown that administration by inhalation of the
potent anti-inflammatory molecule CO suppresses the pathogenesis
of CM and M-AALI in mice (11, 30, 32). In this study, we report the
development of a novel, water-soluble, drug-like CO-RM, tricarbon-
yldichloro(thiogalactopyranoside)Ru(II) (ALF492), its protective ef-
fect on CM and M-AALI, and its effect as an adjunctive/adjuvant
agent when used in combination with the antimalarial AS for the
treatment of ECM.

By changing the nature of the ligand in the Ru core scaffold and
metal-ligand linkage, we succeeded in synthesizing an alternative
CO-RM, ALF492, which is water soluble and capable of transferring

FIG 3 ALF492 protects mice from M-AALI. (a) Survival of P. berghei ANKA-infected DBA-2 mice receiving no treatment or treated i.v. with ALF466 and ALF492
between day 2 and day 3 after infection (2 times/day). Infected mice, n � 5; infected and ALF466-treated mice, n � 9; infected and ALF492-treated mice, n � 7.
Parasitemias are shown as the mean � standard error of the mean. (b) Levels of VEGF protein in the plasma of P. berghei ANKA-infected DBA-2 mice with ALI
symptoms, ALF466-treated mice, and ALF492-treated mice compared to NI mice. NI mice, n � 3, infected mice with ALI, n � 3; infected and ALF466-treated
mice, n � 5; and infected and ALF492-treated mice, n � 5. Results are shown as the mean concentration � standard error of the mean. (c to e) Semiquantification
of the histological findings in hematoxylin and eosin-stained lung sections, analyzed at the same time that the data for panel b were analyzed, using a blinded score
system. Dot plots show the number of infected (ALI), infected and ALF466-treated (ALI), and ALF492-treated mice assigned severity scores from 1 (less severe)
to 3 (most severe). Images are representative of 4 to 6 mice. Bar, 100 �m.
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CO to heme proteins and protects mice from death caused by severe
malaria. In contrast, the known water-soluble CORM-3 was less ac-
tive and could protect only 50% of mice from ECM (data not shown).
CO inhalation suppressed the pathogenesis of CM and M-AALI in
mice but produced unacceptable levels of COHb (11, 32). COHb is
routinely used to assess CO toxicity in humans, and transient levels of
10% or less are considered safe (28). In contrast, we showed that
ALF492, at therapeutic concentrations, did not induce the formation
of measurable levels of COHb while preserving the protective effects
seen with inhaled CO (32).

This work also provides evidence that ALF492 treatment in the
ECM model induces the expression of HO-1. We have previously
shown that the induction of HO-1 protected mice from develop-
ing ECM (32). Additionally, in a model of chronic intestinal in-
flammation, it was shown that CO could ameliorate chronic mu-
rine colitis through an HO-1-dependent pathway (18). Our data
strongly suggest that HO-1 mediates a significant component of
the anti-inflammatory action of ALF492 in ECM. ECM is charac-
terized not only by an exacerbated parasite-mediated inflamma-

tory response but also by pRBCs, unparasitized RBCs sequestered
in the microvasculature of the brain, and coagulation and micro-
circulation dysfunction (42).

Despite the introduction of new antimalarial agents, such as
artemisinin derivatives (e.g., artesunate), these drugs take at least
12 to 18 h to kill parasites (27). Still, deaths from severe malaria
may occur within the first 24 h after hospital admission (19). Thus,
administration of adjunctive therapies in the first 24 h is critical to
reduce mortality. Children who survive the acute episode of CM
often have long-term cognitive (�25%) and neurological (1.1 to
4.4%) deficits (19, 41). The use of adjunctive therapies that would
reduce neurological injury may prove essential to reduce this bur-
den. A series of adjunctive therapies such as anti-tumor necrosis
factor alpha agents, iron chelators (such as desferrioxamine), and
dichloroacetate (which stimulates pyruvate dehydrogenase and so
reduces lactate) has been assessed in randomized clinical trials
(reviewed in reference 21).

ALF492 is an effective adjunctive and adjuvant agent when
used in combination with the antimalarial AS for the treatment of

FIG 4 ALF492 is a potential adjunctive/adjuvant therapy for ECM. Survival (a) and parasitemia (b) of C57BL/6 mice infected with P. berghei ANKA expressing
GFP, treated with AS (d5 to d6) (AS), AS (d5 to d6) and ALF492 (d5 to d9) (AS � ALF492), or AS (d5 to d6) and ALF492 (d8 to d9) (AS ¡ ALF492) are shown.
Survival was monitored over a 24-day period. Data are representative of 2 independent experiments. The treatment with AS started when the infected mice
(control) showed a score of 1 (ruffled fur), the initial stage of ECM. Overall survival was significantly improved by ALF492 treatment (P � 0.01). Data represent
the mean � standard error of the mean. (c) Each ECM clinical stage (no detectable symptoms, ruffled fur, ruffled fur and motor impairment, respiratory distress,
and convulsions and/or coma) was given a score (0, 1, 2, 3, and 4). Mice were graphically ranked on the basis of symptoms presented after day 5 of infection.
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ECM. Furthermore, treatment with ALF492 protected mice from
M-AALI, decreasing significantly the levels of VEGF in the circu-
lation. Therefore, we should not exclude the possibility that
ALF492 may also be used as an adjunctive/adjuvant therapy in this
pathology, since the only treatments shown to improve survival
and reduce mortality for patients with ALI have been supportive
care strategies (20).

In summary, the present study discloses the anti-inflammatory
and cytoprotective effects of a novel Ru tricarbonyl CO-RM in
ECM and M-AALI models. This study highlights the therapeutic
potential of ALF492 in targeting pharmacologically the expression
of HO-1, which has been shown to play crucial cytoprotective,
immunomodulatory, and anti-inflammatory roles. Our work
clearly demonstrates that CO delivered from a Ru tricarbonyl
water-soluble molecule can induce protection similar to that seen
with CO gas therapy, but without its toxic effects (elevated COHb
levels). Altogether, this work represents an important preclinical
proof of principle for CO-RMs as a new class of drugs to treat
severe forms of malaria. Thus, we should stress that transfer of
knowledge on the cytoprotective role of ALF492 or other CO-RMs
to a potential therapeutic application in human severe malaria
should be made with the adequate cautions.
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