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(CORM) for experimental CO based therapeutics†
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The complex fac-[Mo(CO)3(histidinate)]Na has been reported to be an effective CO-Releasing Molecule

in vivo, eliciting therapeutic effects in several animal models of disease. The CO releasing profile of this

complex in different settings both in vitro and in vivo reveals that the compound can readily liberate all

of its three CO equivalents under biological conditions. The compound has low toxicity and cytotoxicity

and is not hemolytic. CO release is accompanied by a decrease in arterial blood pressure following adminis-

tration in vivo. We studied its behavior in solution and upon the interaction with proteins. Reactive

oxygen species (ROS) generation upon exposure to air and polyoxomolybdate formation in soaks with

lysozyme crystals were observed as processes ensuing from the decomposition of the complex and the

release of CO.

Introduction

The use of CO Releasing Molecules (CORMs) to deliver thera-
peutically useful amounts of CO in vivo is now well established
and has been recently reviewed.1,2 This CO delivery process is
triggered by a chemical or biological event that takes place
in vivo, after administration, and its nature depends on the
chemistry and reactivity of the CORM. One of the most impor-
tant advantages assigned to the administration of such pro-
drugs is the possibility of controlling, targeting, and hopefully
minimizing the amount of CO in circulation. The main dis-
advantage is that like any other pro-drug, the release of the
active principle, CO in this case, from a molecular scaffold pro-
duces metabolites, which must be toxicologically safe. Among
all molecules that are able to undergo decarbonylation, that is,
to lose CO upon decomposition, transition metal carbonyls
[M(CO)xLy]

z± (M = transition metal; L = ancillary ligand; z =
charge) have proved to be the more versatile ones.3 In this

area, two fac-[RuII(CO)3L3] derivatives have played a prominent
role: DMSO soluble [Ru(CO)3Cl2]2 (CORM-2)4 and its water
soluble derivative [Ru(CO)3Cl(κ2-H2NCH2CO2)] (CORM-3).5 In
fact, a very large number of in vitro and ex vivo studies using
these complexes resulted in biological and physiological
effects attributed to CO. More remarkable though is the broad
range of beneficial therapeutic effects obtained in vivo in many
animal models of disease pathology (see ref. 1 and 2 and refer-
ences therein). One of the most striking observations in these
in vivo studies is that such molecules are effective at doses
where the values of carboxyhemoglobin (COHb) levels in the
blood are unchanged (ca. 2–5%) or only slightly above base-
line.6,7 Although these CORMs exert biological effects without
changing COHb, we believe that the active molecule is CO
because once such CORMs are depleted from labile CO, by
simple aging in solution, their therapeutic efficacy is lost.
However, the mechanism of CO release and delivery from
these CORMs has remained elusive since they do not release
measurable amounts of CO when solubilized and react rapidly
with plasma proteins, e.g. serum albumin, without releasing
CO. Instead, they form protein–RuII(CO)2 adducts and release
CO2.

8

In contrast to this stealth mode of CO transport and deli-
very, CO inhalation produces dose dependent, highly predict-
able amounts of COHb in circulation, which can be correlated
to the biological effects. Although higher values of COHb in
systemic circulation should be avoided to prevent toxicity,
they are useful in experimental animal models of disease
precisely because, at least in principle, they help identify
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positive therapeutic responses to exogenous CO while
allowing precise pharmacokinetic and pharmacodynamic
evaluation.

Based on the simplicity of administration of a small,
water soluble organic compound,2,3 we decided to develop a
CORM that would somehow mimic inhalation and deliver
CO to the organism in response to a decomposition trigger.
As with CO inhalation, no tissue specificity can be expected
from this approach. However, one may expect the adminis-
tration of a bolus of such a CORM to result in a controlla-
ble, dose-dependent amount of CO to be present in the
circulation and allow a correlation with therapeutic efficacy.
One of the objectives of these attempts would be to see if
controlled decomposition of metal carbonyl complexes
would mimic the therapeutic effects of CO inhalation.
Another would be to probe the therapeutic action of CO in
many animal models of disease using CORM technology
instead.

In this setting, the rationale for the choice of the known
histidinate complex fac-[Mo(CO)3(histidinate)]Na as a leading
experimental CORM is simple.9 The complex is readily pre-
pared and purified. It is soluble and stable in water under an
inert atmosphere but decomposes in solution in the presence
of oxygen. Therefore, this complex is expected to release CO
immediately after intraperitoneal or intravenous adminis-
tration by virtue of the decomposition triggered by molecular
oxygen. As with CO inhalation, CO released from this complex
is transported in the systemic circulation, bound or unbound
to Hb, and carried and distributed to the tissues. The lack of
toxicity of the only ancillary ligand, histidine, and the expected
low toxicity of molybdenum metabolites further supported the
design of such a compound.10–12 This CORM, also known as
ALF186, proved to be a useful experimental tool in CO therapy,
being curative in a number of disease models. Gastric ulcer
protection from NSAIDs,13 inflammatory bowel disease,14 and
more recently neuroprotection against microglia induced
inflammation are reported examples.15 The related complex
[Mo(CO)2(η3-allyl)(histidinate)] is very stable in biological
media and has been derivatized to label the neuropeptide
[Leu5]-enkephalin.16

Very recently, the complex [Mn(CO)3(histidinate)], iso-
electronic with ALF186, has been shown to be stable under
biological conditions, releasing CO only upon activation with
light.17 This property classifies [Mn(CO)3(histidinate)] as a
photoCORM.18

In the following, we describe the characterization of the
experimental CORM fac-[Mo(CO)3(histidinate)]Na (ALF186) in
what regards its CO release profile, and the fate of its inter-
actions with key proteins like serum albumin and hemoglobin
(Hb), which are of fundamental importance to guide the
design of CORMs with pharmacologically acceptable ADME
(administration, distribution, metabolism and excretion) pro-
files. The interaction with HEWL, lysozyme crystals provided
the means to probe the nature of the decomposition products
that result from the aerobic decomposition of ALF186 in bio-
logical compatible media.

Results
Synthesis, stability and oxidative decarbonylation

The complex fac-[Mo(CO)3(histidinate)]Na (ALF186) is an octa-
hedral, zerovalent Mo complex with the structure shown in
Fig. 1.

It can be prepared as a yellow crystalline solid in multi-
gram scale (75% yield) by refluxing Mo(CO)6 with histidine
and NaOH in THF : H2O (15 : 2) overnight. In the solid state,
kept under nitrogen, at room temperature (rt) and in the dark,
ALF186 was found to be stable for three months, as judged by
1H NMR, FTIR and elemental analysis. When kept under nitro-
gen at room temperature it was also found to be stable up to
two months under standard illumination conditions.19,20

Visual inspection suggests it remains stable for longer periods
under these conditions but no analytical control was per-
formed above three months.

Remarkably, the crystalline compound is stable for two
months under normal air, at room temperature (rt) and in the
dark. No tests were done under the simultaneous action of
light and air.

In contrast to its unexpectedly high stability as a solid,
ALF186 decomposes readily when dissolved in aqueous sol-
vents under normoxic conditions. This decomposition is
accompanied by liberation of CO, which was quantified by GC
in the headspace of the solution using a Thermal Conductivity
Detector against a calibration curve for CO (see the Experimen-
tal section).

When ALF186 is dissolved in deoxygenated aqueous media
under an atmosphere of nitrogen, at 37 °C essentially no CO is
liberated and the number of equivalents of CO in the head-
space is typically zero or a value ≈0.1 equiv. (see ESI, Tables S1
and S2†). On the contrary, in similar tests done under nor-
moxic conditions, that is, with non-degassed solutions and
vessels, the amount and rate of CO released to the headspace
is very significant. After 0.5 h ca. 1 equivalent of CO has been
liberated and after 4 h a ceiling of ca. 2.6 equivalents of CO is
already attained. This profile holds for several aqueous media
(see ESI, Tables S1, S2, S4†) but has a slight variation with pH,
being ca. 50% slower at the acidic pH values (2.5) to be found
in the stomach (see ESI, Table S3†). The absolute value
obtained varies with slightly different experimental conditions
that have a direct influence on the oxygenation of the sample
(e.g. headspace volume, sample concentration). No improve-
ment in the precision and accuracy of these measurements
was deemed necessary since they clearly show the essence of

Fig. 1 Structure of ALF186.
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the profile of CO release of the compound and its trigger:
molecular oxygen (O2).

Therefore, ALF186 will start releasing CO into the circulat-
ing blood and other tissues shortly after being administered
intravenously (i.v.), intraperitoneally (i.p.), or even orally. This
classifies ALF186 as an oxygen activated (triggered) CORM,
which replaces inhalation of CO by delivery from a molecular
entity administered either as a solid or as an injectable solu-
tion (see below actual in vivo COHb data).

ALF186 reduces hemoglobin, myoglobin and cytochrome c

Heme proteins have an important redox chemistry, which is
connected to the oxidation states of the central iron ion of the
heme. Since different oxidation states of the heme iron corres-
pond to different reactivities and biological outcomes, the
regulation of these heme oxidation states has important phys-
iological consequences.21 Being an electron-rich, reducing
complex ALF186 is likely to interfere with this regulation.

Indeed, treatment of oxidized horse heart muscle cyto-
chrome c (cytc) solutions with ALF186 leads to the instan-
taneous formation of reduced cytc (ferrocytochrome c) as can
be seen by the UV-Vis spectra (see ESI Fig. S1a†). CO gas alone
or the widely used Ru(II) CORM-3 are unable to make this
reduction (see ESI Fig. S1b†).

Both oxidized hemoglobin (met-Hb) and oxidized myo-
globin (met-Mb) are also instantaneously reduced by ALF186.
The reduced protein immediately picks-up the CO that is
released from oxidized ALF186 with concomitant formation of
COHb (or COMb) as can be seen in the UV-Vis spectra by the
shift of the Soret bands and the formation of the Q bands due
to CO coordination, which are absent in the initial spectrum
of the oxidized proteins (see ESI, Fig. S1c and S1d†). CO gas
cannot effect such reductions and CORM-3 is unable to reduce
met-Mb (ESI, Fig. S1e†). Very recently it was shown that
CORM-3 cannot even carbonylate deoxy-Mb or oxy-Hb.22

Interaction with whole blood in vitro: COHb elevation

The addition of ALF186 to sheep blood at 37 °C followed by
the immediate oximetric quantification of COHb originated
the data collected in Table 1. In agreement with the reducing
ability of ALF186 documented in the preceding section,
oximetry reveals the total absence of met-Hb. However, the
most striking and unexpected information in Table 1 is the
number of equivalents of CO that were liberated from ALF186
at “time zero”, that is, the time of mixing and measuring. In
fact, all three equivalents of CO were “instantaneously” deli-
vered from ALF186 to blood Hb under normoxic conditions in

a bolus like manner. This is much faster than the release of
CO measured by GC in aqueous solutions (Table S1–S4†). One
possible explanation is that the plasma proteins have signifi-
cantly accelerated the release of CO from ALF186. The ratio
ALF186 : serum albumin in these experiments is ca. 1 : 1 since
the blood is acquired diluted (1 : 1) in Alsever’s solution (see
Sigma A3551 for a definition of Alsever’s). Alternatively, the
scavenging effect of Hb is the real cause of this rapid loss of
CO (see below).

In contrast, CORM-3 does not raise the value of COHb
under similar conditions up to 2 h.8

Interaction with human serum albumin

The acceleration of CO release from ALF186 that takes place in
blood prompted a first screening of the interaction of the com-
pound with serum albumin, which is the most abundant
protein in blood plasma (60% of the total plasma proteins) and
functions as a transporter both to endogenous and exogenous
compounds. Moreover, it is well known that the interaction of
small molecule drugs with plasma proteins plays an important
role in the distribution of the drug in the body and affects pro-
perties like toxicity and biological activity by changing several
ADME parameters and pharmacokinetics.23,24 These effects may
even be more important in metal based drugs and pro-drugs
which can be drastically modified upon interaction with pro-
teins as we and others have recently shown.8,25

The UV-Vis spectrum of an anaerobic solution of ALF186
(250 μM) shows slow decay but no important new features are
apparent (ESI, Fig. S3a†). Similar spectra taken in the presence
of HSA (ALF186 : HSA = 5 : 1) also reveal minor initial varia-
tions, namely the appearance of a small, ill defined absorption
at 386 nm which stops growing ca. 1 h after incubation and
remains unchanged up to 4 h (ESI, Fig. S3a†). Experiments
using ALF186 and acid free BSA in a 40 : 1 or 5 : 1 molar ratio
under nitrogen did not reveal release of either CO or CO2 up to
4 h incubation time at rt. Since we are not expecting a large
difference in reactivity between HSA and BSA we can conclude
that the small interaction between HSA and ALF186 that exists
under anaerobic conditions does not induce CO release from
the complex.

As mentioned above, when ALF186 is dissolved in PBS
buffer at pH 7.4 under normoxic conditions a fast and exten-
sive release of CO is observed. Unfortunately, the variation of
the UV-Vis spectra of such a solution with time does not ident-
ify any clear process or intermediates (Fig. 2a). However, when
ALF186 is incubated with HSA (5 : 1 ratio) under normoxic con-
ditions in PBS buffer at pH 7.4 more evident changes take
place, as shown in Fig. 2b.

Immediately after mixing (t0) the absorbance of the peak at
308 nm is much higher than the absorbance of ALF186 alone
at this wavelength and concentration. This shows that new
species are readily formed upon mixing ALF186 and HSA in
the presence of O2, which then decay as shown in Fig. 2b
(inset).

A new band is observed at 386 nm within 10 min of incu-
bation, which stops increasing in absorbance after ca. 1 h.

Table 1 Oximetry results and calculated equiv. CO after incubation of ALF186
in sheep blood (121.9 μg ml−1; 342 μM)

Time
(min)

Total Hb
(g dL−1) %O2-Hb %COHb %met-Hb

Calculated
equiv. CO

0 7.7 76.5 21.3 0.0 2.98
2 7.3 76.2 21.6 0.0 2.86
4 7.3 76.8 21.7 0.0 2.88
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Qualitatively, this spectral variation at 386 nm seems similar
to that observed in the incubation under nitrogen (Fig. S3a†),
but the absorbance is higher under air at the same initial con-
centrations of ALF186 and HSA.

These data indicate that HSA interacts with ALF186 under
O2 in a different manner than it does under N2. Importantly,
however, this interaction is not responsible for the acceleration
of CO release. Independent experiments with ALF186 and BSA
in a 5 : 1 molar ratio under air show that the rate of CO release
is slightly retarded in the presence of BSA at similar values of
[ALF186] and headspace volume as shown in Fig. 3.

Therefore, the acceleration of CO release in blood is not
due to the presence of serum albumin but is most likely due to
the scavenging action of Hb.

Interaction with the model protein HEWL (hen egg white
lysozyme): X-ray crystallography

Since the above data suggest the presence of an interaction
between HSA and ALF186 we attempted to go further into the

clarification of these new entities by means of X-ray crystallo-
graphy. However, in spite of multiple attempts we were unable
to obtain any useful crystallographic data from the experi-
ments of co-crystallization of HSA and ALF186. Therefore, we
turned to the study of the interaction of ALF186 with crystals
of the model protein HEWL (hen egg white lysozyme).

The HEWL crystals soaked with ALF186 diffracted up to
1.7 Å resolution, and belong to the same space group (P43212)
as the native HEWL structure (pdb code 193L). Apart from the
protein moiety there is a sodium and a chloride ion present in
the structure. After detailed structure analysis, no metal atom
was found bound to the usual metal binding sites of lysozyme
(histidines, aspartates or arginines at the protein surface) as
observed in the numerous lysozyme–metal structures depo-
sited in the PDB. However, a site with strong electron density
was found near loop 43–48 and modeled as the well character-
ized polyoxomolybdate cluster [PMo12O40]

3−, also known as
Keggin’s ion. The cage shaped structure of the molybdenum
cluster is sitting on the fourfold axis, surrounded by three
other symmetry related molecules of lysozyme. The cluster is
hydrogen bonded to the Arg45 residue via one of the terminal
oxygen atoms. The presence of the molybdenum atoms was
confirmed by calculating an anomalous map (Fig. 4). Even
though the diffraction data were collected far from the molyb-
denum K edge, the large peaks obtained facilitated positioning
the cluster and only six molybdenum atoms are present in the
asymmetric unit. Even though the electron density for all 40
oxygen atoms is not well defined, it is very clear for the phos-
phorus atom, located in the center of the cluster. Although we
did not use phosphate to prepare the crystallization buffer, the
phosphate ion present in the water used for the crystallization

Fig. 2 Time evolution of the UV-Vis absorption spectrum of ALF186 in PBS
buffer at pH 7.4 at rt under aerobic conditions. (a) Decay in absorbance
measured at 294 nm and 309 nm with ALF186 alone (250 μM). (b) Decay in
absorbance measured at 308 nm and 386 nm with ALF186 and HSA (250 μM
and 50 μM, respectively; HSA spectrum subtracted). The variation of the absor-
bance with time is given in the insets.

Fig. 3 Plot of equivalents of CO released versus time from a solution of pure
ALF186 in PBS buffer at pH 7.4 (X) and from a solution of a 5 : 1 molar ratio
mixture of ALF186 : BSA (Ο). Experiments done at rt with GC-TCD detection of
CO. The solution and headspace volume, as well as the mass and concentration
of ALF186 (10 mM), was the same in both experiments. The amount of CO2

released after 4 h is only 0.04 equivalents.
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experiment and the acidic nature of the solution (pH ∼ 4.5)
helped to form the polyoxomolybdate cluster in the crystal.
The homogeneous B-factor variance of all the atoms of the
cluster indicates the quality of fit. The blue coloration after
soaking is consistent with the cluster being partially reduced.

The FTIR spectrum of crystals of HEWL soaked with
ALF186 (ground and deposited on KBr pellets) shows bands at
around 820 cm−1, corresponding to the Mo–O–Mo stretching,
and does not show the characteristic Mo–CO bands at ca.
2000 cm−1, as observed for protein–CORM-3 adducts.8 These
results confirm that all CO has been released from ALF186
upon its interaction with the protein and reveal that
the initially zerovalent molybdenum atom is oxidized to the
heteropolyoxomolybdate cluster during its interaction with the
protein in a normoxic atmosphere. These crystallographic data
provide circumstantial evidence for the type of metal meta-
bolites that are expected to form from this kind of zerovalent
molybdenum CORM in acidic solution. At higher values of pH
the degree of polymerization is likely to be different and other
clusters may be favored. Importantly, though, is the fact that
such clusters or oligomers do not form covalent bonds to the
surrounding protein chains.

To the best of our knowledge this is the first structural
example of the interaction of a [PMo12O40]

3− cluster with a
protein. The tungsten analog of Keggin’s ion has been found
in the crystal structure of human small CTD-phosphatase
protein.26 Another isopolymolybdate cluster consisting of
seven molybdenum atoms has been found in the structure of
CitA periplasmic sensor domain protein.27

Cytotoxicity

The cytotoxicity of ALF186 was evaluated in 3 cell lines: a liver
cell line – HepG2, a kidney cell line – LLC-PK1, and a macro-
phage cell line – RAW264.7. ALF186 was tested up to a concen-
tration of 100 μM. ALF186 showed no toxicity to LLC-PK1 and

RAW264.7 cells after 24 h incubation (Fig. 5). However, some
toxicity was observed on the human liver cells HepG2. ALF186
at a concentration of 100 μM reduced the survival of HepG2
cells by approximately 30%.

In vivo toxicity

The in vivo toxicity of ALF186 was tested in healthy mice.
No gross abnormalities in behavior, as well as in the external
or internal organs were observed in mice that were treated for
up to 40 days with ALF186 in PEG300–water (1 : 4) with daily
i.p. injections of 20 mg kg−1. At 137.5 mg kg−1 (i.p.) no signs
of toxicity were observed. Acute toxicity was observed at a dose
of 500 mg kg−1 administered intraperitoneally. This dose,
much higher than that needed for therapeutic action in most
disease models tested, and still safe when administered orally

Fig. 4 Structure of polyoxomolybdate cluster [PMo12O40]
3− hydrogen bonded to HEWL. For clarity, only molybdenum (brown) and phosphorus (yellow) atoms are

shown; (a) cartoon representation of the crystal packing with the Keggin’s ion surrounded by four protein molecules; (b) 2mFo-DFc maps (contoured at 1.5σ, in
blue) and anomalous peaks (contoured at 2.5σ, in yellow) obtained after model building and refinement. In the inset is a representation of the structure of the
Keggin’s ion from the Cambridge Structural Database.28

Fig. 5 Toxicity of ALF186 in vitro: HepG2, LLC-PK1 and RAW264.7 cell lines.
Cells were incubated for 24 h (37 °C, 5% CO2) in the presence of ALF186 at con-
centrations up to 100 μM. The percentage of cell survival was calculated consi-
dering 100% survival for control cells.
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(see Fig. 6b), caused death after ca. 8 min post injection. The
values of %COHb were above the higher scale limit of the oxi-
meter (70%).

Hemolysis

In order to be a useful molecule, even at the experimental
level, a CORM must avoid the deleterious effects of hemolysis.
Moreover, the control read-out of blood COHb may be
altered upon release of free Hb in circulation by RBC
hemolysis.

The hemolytic index of ALF186 was evaluated using sheep
RBC and the compound was found to be not hemolytic at con-
centrations up to 1 mg mL−1 (Fig. S4 in ESI†). Note that this
concentration is ca. 8 times higher than the concentration
used in the in vitro experiments with whole blood, summar-
ized in Table 1.

COHb elevation in vivo

The kind of “bolus like” delivery of CO seen in the in vitro test
with sheep blood was confirmed with administration of
ALF186 to mice in vivo. As can be seen in Fig. 6a, i.p. adminis-
tration of ALF186 at doses of 20 or 40 mg kg−1 to Balb/C mice
led to the increase in COHb to 15% and 25%, respectively,
within 10–15 min. COHb steadily decreases thereafter return-
ing to baseline values within 3 h. The values of COHb
measured at the peak correspond to those expected for the

delivery of an amount of CO corresponding to the three equiva-
lents of CO carried in the injected dose (bolus). When ALF186
was administered orally, the rise in COHb was much slower
with a more prolonged plateau of elevated COHb (Fig. 6b).
Indeed, when 500 mg kg−1 of ALF186 are administered orally,
the COHb levels peaked at 50–70 min with the maximum
COHb levels reaching 35–40%, which correspond to roughly
one half of those obtained by i.p. administration at the same
dose.

Hemodynamic effects of inhaled CO and ALF186, in
anesthetized mice

We next compared the effects of ALF186 and inhaled CO on
hemodynamics. CO is a poor vasorelaxing molecule, unlike
nitric oxide. Fig. 7 shows the results of a direct comparison
between inhaled CO (iCO) at 250 ppm continuously versus
ALF186 (20 mg kg−1, i.p.) in mice. Air control animals were
treated exactly the same as the inhaled CO animals. Mean
arterial blood pressure (MABP) was measured continuously
through a femoral artery catheter. The %COHb was measured
at t 0, 10, 60 and 120 min after the start of administration
of gas or ALF186. N = 3–5 animals per group. Results are
mean ± SD of 3–5 animals per group. We observed a rapid
increase in COHb in animals treated with ALF186 within
10 min unlike inhaled CO, which was much slower. The rapid
increase in COHb in the ALF186-treated mice was
accompanied by a rapid decline in MABP that was not
observed in air or inhaled CO treated mice. We speculate that
the speed of CO entry into the bloodstream elicited either a
rapid rise in cGMP as CO binds to the hemeprotein guanylate
cyclase in vascular smooth muscle cells or that ALF186 non-
specifically activates a systemic anaphylactic-like response
driven by a sudden release of nitric oxide (NO) or histamine.

Fig. 6 (a) %COHb levels after i.p. administration of 20 mg kg−1 and 40 mg
kg−1 of ALF186 in Balb/C mice, in PEG300–water (1 : 4). Average of three mice
for each dose. (b) %COHb levels after oral administration of 500 mg kg−1 of
ALF186 in Balb/C mice, in PEG300–water (1 : 4). %COHb at each time point is
the average of three different mice.

Fig. 7 Bottom plot (dashed lines): time evolution of the %COHb levels in mice
treated with inhaled CO (250 ppm) and with ALF186 (20 mg kg−1, i.p. adminis-
tration). Top plot (solid lines): time evolution of the mean arterial blood pressure
(mmHg) for mice treated with inhaled CO (iCO) as in the bottom plot. Both
plots include the control values for mice breathing normal air. These are similar
to the controls for i.p. administration of inactivated ALF186 (not shown).

Paper Dalton Transactions

Dalton Trans. This journal is © The Royal Society of Chemistry 2012

D
ow

nl
oa

de
d 

by
 I

N
ST

IT
U

T
O

 D
E

 T
E

C
N

O
L

O
G

IA
 Q

U
IM

IC
A

 E
 B

IO
L

O
G

IC
A

 o
n 

07
 D

ec
em

be
r 

20
12

Pu
bl

is
he

d 
on

 1
6 

N
ov

em
be

r 
20

12
 o

n 
ht

tp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
2D

T
32

17
4B

View Article Online

http://dx.doi.org/10.1039/c2dt32174b


CO is known to be a poor vasodilator unlike NO, but perhaps
if COHb levels are increased very rapidly (independent of res-
piration) the effects on cGMP under these conditions are more
dramatic. The MABP returned to baseline levels by 60 min in
the ALF186 treated animals. Interestingly, the COHb levels in
the single i.p. bolus, ALF186-treated mice did not return to
baseline by 120 min suggesting the potential for a slow release
of CO from the abdomen into the circulation. Gas-treated
animals achieved a steady state COHb as expected, which dissi-
pated with a t1/2 of 15 min once the CO administration was
stopped.

It is important to note that the active form of ALF186
begins to decrease blood pressure and raise COHb 10 min
after injection.

Discussion
ALF186: a useful experimental CORM

Our choice of ALF186 as a CORM candidate to deliver CO to
tissues intended to explore its instability under oxic conditions
to enable the delivery of pre-established amounts of CO at a
controlled rate following administration to a rodent.

The experimental results reported above confirm this possi-
bility. ALF186 in aqueous media is readily decomposed by
atmospheric oxygen (O2) liberating ≈75% of its total CO load
(2.26 equivalents), in the dark at 37 °C after 2 h and 1 equi-
valent after ca. 0.5 h. Importantly, under similar anaerobic
conditions no CO is released. This reaction is faster at higher
pH (Table 2), an observation common to many substitution
reactions of complexes with ammine and amine ligands both
in carbonyl and Werner type coordination chemistry.29,30

Regardless of mechanistic details, which were not investigated,
the important finding is that the CO release rate and extension
(yield of free CO) from ALF186 is relatively constant in all bio-
logical media at pH ≈ 7.4 including those usually used as
injectable vehicles for in vivo administration (e.g. saline, PBS).

In this manner, ALF186 is classified as an oxygen activated
or triggered CORM, which inevitably decomposes and liberates
CO in aerobic biological settings. Indeed, the swift release of
CO from ALF186 becomes even more impressive when the
compound is incubated with sheep whole blood in vitro. As
seen in Table 1, the release of CO is virtually instantaneous
and quantitative as measured by the value of COHb formed.
The possibility that this fast reaction is caused by lysis of red
blood cells and the fast reaction of free Hb with ALF186 is
ruled out because the standard test procedures showed that
ALF186 is not hemolytic up to 1 mg mL−1, a concentration ≈8
times higher than the concentration of 0.122 mg mL−1 used
for the COHb measurements in Table 1.

This fast reaction of CO with hemoglobin in the blood
in vitro translates in vivo where we observed a rapid rise in
COHb over time following either an oral or intraperitoneal
dosing of ALF186 (Fig. 6a). Not unexpectedly, oral adminis-
tration resulted in a much slower increase of COHb as CO is
absorbed through the stomach into the circulation. The slower

oral delivery probably also reflects the slow rate of CO release
observed at pH 2.5 (Table S3†) when compared to the instan-
taneous release in blood which follows i.p. administration.

These results show that ALF186 is very effective for the
rapid delivery of “solid CO”. Successive administrations or a
continuous infusion can modulate overall profiles with
extended elevation plateaus of COHb. So, ALF186 is a very
useful tool to precisely manipulate levels of CO in the circula-
tion. The favorable characteristics of ALF186 include its low
cytotoxicity (Fig. 5) and low in vivo acute toxicity. Although no
full studies of sub-acute toxicity have been deemed necessary,
a 40-day long treatment with daily i.p. administration of 20 mg
kg−1 doses of ALF186 to mice did not reveal any gross abnor-
malities (data not shown).

Due to this versatility, ALF186 has been successively used in
several important animal models of disease, including gastric
protection from adverse effects of NSAIDs,13 inflammatory
bowel disease,14 vascular injury31 and protection against
microglia induced neuroinflammation15 as well as in in vitro
studies.32

The reason we classify ALF186 as an experimental CORM
stems from the fact that many of its physicochemical proper-
ties are far from those usually considered as drug-like in the

Table 2 Data collection and refinement statistics

Dataset Lys-186

X-ray source ID14-1 (ESRF)
Crystal data
Space group P43212
Unit cell parameters (Å) a = 77.96

b = 77.96
c = 36.41

Molecules per ASU 1
Mosaicity 0.83
Matthews coefficient (Å3 Da−1) 1.91
Solvent content (%) 35.5
Max. resolution (Å) 1.67
Data collection and processing
Wavelength (Å) 0.934
Resolution limits (Å) 30.38–1.67 (1.76–1.67)
No. of observed reflections 182 638 (25 983)
No. of unique reflections 13 544 (1940)
Redundancy 13.5 (13.4)
Rpim

a 0.015 (0.105)
Completeness (%) 99.6 (100)
<I/σI> 29.7 (6.4)
Refinement statistics
Resolution (Å) 30.38–1.67
Reflections used 12 793
Rwork

b (%) 21.50
Rfree

c (%) 26.66
Number of water molecules 104
Ramachandran plot:d

Residues other than Gly and Pro in:
Most favored regions (number) 124
Additional allowed regions (number) 5
Disallowed regions (number) 0
PDB code 4B1A

a Rpim = Σhkl [1/(N-1)]
1/2 Σi|Ii(hkl) - ‹I(hkl)›|/Σhkl Σi Ii(hkl), where N is the

redundancy measured. b Rwork = Σ||Fcalc| - |Fobs||/Σ|Fobs| × 100, where
Fcalc and Fobs are the calculated and observed structure factor
amplitudes, respectively. c Rfree is calculated for a randomly chosen 5%
of the reflections for each dataset. dCalculated using COOT validation.
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common pharmacological sense (see ref. 3 for a discussion on
this topic). Rather than achieving a tissue targeted delivery of
CO this CORM mimics CO delivery by inhalation and is not
tissue specific. In contrast to ALF186, fac-[Ru(CO)3L3] com-
plexes like CORM-2 and CORM-3 that have been dominating
the literature on CORMs since their introduction by Motterlini,
Mann and coworkers in 2002–20034,5,33,34 do not release CO to
the headspace of their solutions, under aerobic or anaerobic
conditions. This observation has been carefully quantified for
CORM-3 even to very low limits of CO detection,8 but is true
for CORM-2 and more than ten other related complexes with
different L3 sets of ligands with N, O, S and P donors.35

CORM-2 and CORM-3 produce no COHb elevation after incu-
bation with whole blood in vitro or after administration to a
rodent in vivo yet impart important biological effects. In this
manner, they cannot be qualified as CO releasers in the same
chemical sense as ALF186.

More importantly though, both types of experimental
CORMs, ALF186 and fac-[Ru(CO)3L3] complexes, with proper-
ties that are still far from those of drug-like substances, have
produced impressive therapeutic results that have been attri-
buted to their ability to release CO. A detailed understanding
of the mode of action of these CORMs is still unclear, but
seems to model the data with CO gas.

ALF186: contributions for the study of metal carbonyls under
biological conditions

Studies of ALF186 also contributed valuable information
towards the development of CO releasing drugs based on
metal carbonyl complexes (MCC). Indeed, the rational prepa-
ration of such drug-like CORMs requires a deeper knowledge
of the reactivity and fate of MCCs in the presence of biological
molecules, an area where not much is yet known.3

At the outset of this work we were aware of the susceptibility
of ALF186 to oxidation by molecular oxygen (O2) and we
intended to take advantage of this fact to achieve fast delivery
of CO into the blood stream. However, these experiments led
us to identify an important drawback of this type of initiation
of CO release from MCCs: the formation of reactive oxygen
species (ROS). In fact, as described elsewhere,32 the use of EPR
spectroscopy and a spin trap (BMPO) led to the identification
of the formation of hydroxyl radicals (˙OH) as the sole ROS
species emerging from the interaction of ALF186 with O2.
Later studies showed that the formation of HO radicals seems
to be a feature of the interaction of several CORMs with O2

including [Mo(CO)5Br][NEt4], CORM-2,36 and CORM-3.32 Since
the stabilization of the M–CO bonds requires reduced species
most MCCs are prone to react with O2 to generate ROS. Even
when they are air stable, like CORM-2 and CORM-3, side reac-
tions may lead to the formation of ROS species as long as O2 is
present.

The easy formation of ROS species and the importance of
their biological activity must always be kept in mind when
attempting to understand the mechanisms of action of
CORMs since ROS are particularly important in cellular signal-
ing and function including those involving CO signaling.37

This, of course, results in a much more difficult interpretation
of the biological effects elicited by CORMs as discussed
à propos the ROS mediated biocide activity of [Mo(CO)5Br]-
[NEt4] and CORM-236 and the effects of CORM-2, CORM-3 and
several Mo0 CORMs in vascular tissues.32

Another important consequence of the reducing nature of
ALF186 and several other CORMs is their capacity to reduce
heme proteins thereby enhancing their affinity for CO. ALF186
proved to be rather active in this context, and, as shown in
Fig. 2, is able to reduce oxidized cytc, met-Hb and met-Mb. In
the case of Hb and Mb this reduction leads to the carbonyla-
tion of the protein, which does not happen with CORM-3.
Therefore, a compound like ALF186 is a much stronger donor
of CO to heme proteins than CORM-3, which was recently
shown to be unable to carbonylate even the fully reduced
deoxy-Mb, contrary to previous and widespread belief.22

Importantly, the capacity of CORMs to reduce met-Hb may
permit its use in the treatment of injuries resulting in high
met-Hb levels. The interaction of ALF186 and CORM-3 with
serum albumin (HSA and BSA) also provides an interesting
comparison of different reactivity profiles and CO release out-
comes from apparently similar metal carbonyl complexes.
From the point of view of CO release, ALF186 only seems to
have a relevant interaction with albumin under aerobic con-
ditions. Under these conditions the UV-Vis spectrum shows
that new species are rapidly formed in solution upon mixing
of HSA and ALF186. However, in comparison to an assay in
protein free PBS solution, CO release is not affected in the
beginning of the reaction but is retarded at longer times at a
5 : 1 ratio of ALF186 to BSA (Fig. 5). Raising this ratio to 41 : 1
the influence of the presence of BSA is no longer visible (see
ESI, Fig. S3†). The formation of CO2 is only marginal in the
whole process. In contrast, CORM-3 and similar compounds
react rapidly with HSA independently of the presence of O2, to
release 1 equivalent CO2 and form HSA–Ru(CO)2 adducts that
are very slow releasers of CO.8,38–40 Clearly, the reaction of
MCCs with serum albumin can lead to quite different results
and deserves more careful study. In fact, the interaction of
small molecule drugs and metal complexes with serum
albumin41 is prominent in ADME analysis as well as the phar-
macokinetic and pharmacodynamic properties of transition
metal based compounds.25,42,43

Recent findings on the modulation of the mode of action
of the Ru(III) anti-tumoural drug NAMI-A by HSA have just
provided another outstanding example of the importance of
these interactions.25 It is therefore surprising to realize that
studies of the reactivity of metal carbonyl complexes with pro-
teins are very scarce and consider only a handful of
examples.8,44–46

The biological influence of the structure of the metal
scaffold of a CORM as well as the fate and possible toxicity of
the metal products generated by its decomposition are points
of major concern that rapidly emerge in any discussion on the
use of MCC based CORMs. Two topics assume particular
relevance: (a) distinguish the biological effects of a CORM
from those of its released CO; (b) assess the nature of the
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metal decomposition products. Indeed, besides the biological
effects resulting from the release of CO, the scaffold of one
CORM may also induce other biological responses, through its
structure or the nature of the other ancillary ligands. So, the
biological effects due to the release of CO from a CORM
should be compared to those obtained in response to the
administration of an isostructural complex where the labile CO(s)
was replaced with a biologically innocuous ligand like water
or chloride. Such a control complex would then be called in-
activated CORM (iCORM), a concept introduced in the early
experiments reported on CORM-35 and always present in the
mind of the biologists experimenting with CORMs.

However, real iCORMs are exceedingly rare due to the fact
that the structures stabilized by the CO ligand become very
unstable when this ligand is replaced by classical σ-donor
ligands like water, amines, halides, and the like. Since, in con-
trast to CO, such ligands are unable to accept the excess elec-
tronic charge of the reduced central ions or atoms of MCCs,
their derivatives become very reactive. We believe that the
recently reported complexes of formula [Fe(CO)(N5)]2+ (N5 =
pentacoordinated nitrogen ligand) are the first CORMs that
have a real iCORM counterpart: the complex [Fe(H2O)(N5)]

2+

which readily forms when [Fe(CO)(N5)]2+ is dissolved in
aqueous media.47 Most likely, the fast expansion of the field of
photoCORMs will produce other examples due to the precise
control of the M–CO bond excision resulting from
photoactivation.18

Avoiding these difficulties, iCORMs of experimental CORMs
like CORM-3 or ALF186 have been defined as the species gen-
erated by dissolving such CORMs in physiological compatible
buffer until complete loss of CO release activity of such solu-
tions is attained. These are mixtures of still uncharacterized
products. Although iCORM-3 still retains inert CO ligands,5,8

iALF186 does not.14 When Mo(0) is exposed to O2, oxidation is
very fast and CO is lost, an effect first shown in low tempera-
ture matrices to lead to Mo–oxo species.48

In fact, when we selected ALF186 as a potential experimen-
tal CORM, it was our initial contention that the final fate of
molybdenum would be MoVI–oxo species, namely molybdate,
[MoO4]

2−, or oligomers thereof. In contrast to its CrVI ana-
logues that have devastating toxic and oxidizing effects, molyb-
date behaves as a source of natural molybdenum which has a
well established biological role in a number of oxido-reductase
and oxo-transferase enzymes in animals, plants and bacteria.49

It is an essential metal in all forms of life crucial to human
health.50 Molybdate is a freely water soluble ion that is trans-
ported into the cells of mammals by a still unknown mechan-
ism.10 Stable as a tetrahedral ion at alkaline pH, it starts
oligomerizing as pH decreases forming isopolymolybdates
[MoxO3x+1]

2−. The reaction can be reversed by raising the pH.
In the presence of a wide variety of oxyanions [XO4]

n−, e.g.
[PO4]

3−, [SiO4]
4−, heteropolyoxomolybdates are formed of

which the most famous one is phosphomolybdate [PMo12O40]
3−.

Either molybdate or some of its oligomers51,52 and polyoxomo-
lybdates have been found to have therapeutic potential in
several animal models of disease and are thus deemed

potentially valuable as medicinal agents.11 The analogue tetra-
thiomolybdate, [MoS4]

2−, administered as the ammonium salt,
slowly hydrolyses to [MoO4]

2− in vivo, and has been used in
humans as an anti-tumor therapy without visible toxicological
concerns.53 Its extraordinary ability to coordinate Cu ions
bound to their chaperones54 has granted [MoS4]

2− Orphan
Medicinal Product status by EMEA55 for the treatment of
Wilson’s disease.56

While attempting to elucidate possible interactions of
ALF186 with proteins by X-ray crystallography, we showed that
crystals of the model protein HEWL soaked with the com-
pound, under normoxic conditions, led to the formation of
phosphomolybdate within the protein crystal. In other words,
the crystal just captured the final product of the decompo-
sition of ALF186, which adopts a rather stable oligomeric
structure known as Keggin’s ion. The interaction between this
polyoxometallate anion and the protein is essentially electro-
static and hydrogen bonded in nature and does not involve or
form any covalent or coordination bond to the protein resi-
dues, suggesting that it may be readily mobilized as a solute.
Of course, the polymerization process that leads to such poly-
oxometallates is highly dependent on the nature of the solu-
tion, the presence of other solutes and the pH.57,58 Therefore,
it is possible that under slightly different circumstances, par-
ticularly in vivo, other oligomers and even the monomer would
have been found. In any case, our initial contention proved to
be correct and the tendency of MoVI to form these terminal
MovO and bridging Mo–O–Mo bonds disfavors its interaction
with the surrounding biological molecules, namely the coordi-
nation to proteins.

Conclusion

The simple zerovalent molybdenum carbonyl anionic complex
fac-[Mo(CO)3(his)]Na, ALF186, has proven to be both a good
model for the study of some fundamental interactions of
metal carbonyl complexes with biological media, and a useful
experimental CORM that can readily deliver free CO in biologi-
cal media. Decarbonylation of ALF186 takes place following
oxidation of the metal by O2, which is the trigger for the deli-
very of CO, to rapidly diffuse into the blood stream after
administration in vivo. Surprisingly, this CO delivery is extre-
mely fast in blood both in vitro and in vivo. Thus, its effect on
the rise of COHb in circulation is very predictable allowing the
use of this CORM as a very useful tool to generate predefined
values of COHb in the circulation under well-defined and pre-
dictable kinetics. In this setting the therapeutic effects
observed in vivo may be correlated to the COHb values in circu-
lation in a close mimic of CO inhalation therapy. The reactivity
of ALF186 with heme proteins and human serum albumin, its
formation of ˙OH radicals upon oxidation and the generation
of polyoxometallates as decomposition products in biological
media are other important conclusions that improve the
knowledge of fundamental bioorganometallic chemistry.
Besides its use as an experimental CO delivery tool, its
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chemistry and biology are useful to assist the development of a
second generation of drug-like CORMs, with increased stability
and specific tissue targeting that enable the harnessing of the
tremendous therapeutic potential of this simple diatomic gas.

Experimental section

All work involving animals performed in the Lisbon labora-
tories of Alfama was done according to the guidelines of the
Portuguese animal protection law and derived guidelines on
the ethical use of animals. All animal studies performed in the
Beverly, Massachusetts, laboratories of Alfama were carried out
in accordance with the Guide for the Care and Use of Labora-
tory Animals of the U.S. National Institutes of Health.

Chemical synthesis

The complex fac-[Mo(CO)3(histidinate)]Na (ALF186) was pre-
pared and purified according to the literature,9 and character-
ized by FTIR, 1H NMR, and elemental analysis (C,H,N). The
compound was kept as a solid under a nitrogen atmosphere in
the dark.

Microanalyses for CHN were performed at the Instituto de
Tecnologia Química e Biológica (by C. Almeida). NMR spectra
were recorded on a Bruker Avance II 400 MHz spectrometer.
FTIR spectra (KBr pellets) were taken in a Unicam-Mattson
7000.

Stability studies

Room temperature stability experiments: ALF186 was aliquoted
into individual vials. These were deoxygenated, closed with a
rubber septum and stored inside a cardboard box to guarantee
the absence of light. At chosen times samples were analyzed
by 1H NMR, FTIR, and elemental analysis. The samples stored
under N2, in the dark or in light and at room temperature were
analyzed at the time of sampling, 1 week, 1.5 months and
3 months later. For samples stored in air, in the dark and at
room temperature the compound was analyzed at the time of
sampling and after 1 week, 1 month and 2 months. No test
was done under the simultaneous presence of both air and
light.

Photostability experiments: These tests were carried out
according to the instructions in the literature.19,20

ALF186 was aliquoted into individual vials which were
deoxygenated, closed with a rubber septum and put in a clear
view of a window. A 2% (w/v) aqueous quinine solution was
used as a standard. The absorbance of the quinine solution
was followed until it reached Abs > 0.5 (it took two months for
the quinine solution to reach this value). Samples were then
stored in the dark at −30 °C for 8 days after which they were
analyzed by 1H NMR, FTIR and elemental analysis.

Air stability experiments: ALF186 was aliquoted into indi-
vidual vials, which were closed with a punctured rubber
septum and stored inside a cardboard box to guarantee the
absence of light. At chosen times samples were analyzed by
1H NMR, FTIR and elemental analysis.

Spontaneous CO release in vitro: quantification via gas
chromatography

The CO release assays were performed in 7.5 mL Roth®
sample vials equipped with a magnetic stirrer inside and
capped with a PTFE rubber or silicone septum and an alumi-
num cap. PTFE rubber septa were acquired from Sigma
Aldrich® and silicone septa from Roth®. The assays were per-
formed in the medium selected, in the dark or with light, at
room temperature or 37 °C, under normal atmospheric air or
under N2. The concentration of ALF186 was ≈10 mM. Samples
(250 μL) of the headspace were taken with a Gastight
Hamilton® syringe and injected in a Thermo Finnigan Trace
GC equipped with a CTR1 column from Alltech™ and a
Thermal Conductivity Detector. The column was inside an
oven at 36 °C, and the GC was operated at a constant pressure
mode (111 kPa) with He as the carrier and reference gas with a
30 mL min−1 flow. The detector was set at constant tempera-
ture (150 °C) and the filament at 250 °C. Injections were made
through a packed column injector (PKD) set at 47 °C and
111 kPa. CO was quantified using a calibration curve recorded
prior to the reaction course. Standards were prepared by inject-
ing 250 μL increments of CO up to a final total amount of
2 mL of pure CO gas (Carbon Monoxide 3.7, purity ≥ 99.997%)
in closed vials with 2 mL of distilled water, using a Gastight
Hamilton® syringe. Gas samples (250 μL) were taken and
analyzed by GC.

Redox reactions with heme proteins

In the following experiments ALF186 solutions were prepared
in degassed PBS buffer at pH 7.4 and added to the protein
solutions prepared in the same buffer under normoxic
conditions.

Reaction between ALF186 and cytochrome c: A solution of
cytochrome c (5 μM) from horse heart muscle (Sigma Aldrich)
was mixed with the ALF186 (50 μM) in PBS buffer at pH 7.4.
The UV-Vis absorbance spectrum was recorded immediately
after mixing the sample, using quartz cuvettes (b = 10 mm).
As a control, CO gas was bubbled into a cytochrome c
solution for 20 min and no changes were observed in the
spectrum.

Reaction between ALF186 and myoglobin: A solution of
myoglobin (11 μM) from equine skeletal muscle (95–100%,
essentially salt free lyophilized powder from Sigma) was
prepared by dissolving the protein in PBS buffer at pH 7.4
and ALF186 (50 μM) was added into PBS buffer at pH 7.4.
The UV-Vis absorbance spectrum was recorded immediately
after mixing the sample, using quartz cuvettes (b = 10 mm).

Reaction between ALF186 and hemoglobin: a solution of
bovine hemoglobin (5 μM) was prepared by dissolving the
protein in PBS buffer at pH 7.4 and ALF186 (50 μM) was added
into PBS buffer at pH 7.4. The UV-Vis absorbance spectrum
was recorded immediately after mixing the species, using
quartz cuvettes (b = 10 mm).
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CO release in blood (in vitro)

A solution of ALF186 was prepared in PBS buffer at pH 7.4 and
50 μL were added to 1 mL of sheep whole blood in Alsever’s
solution (Innovative Research cat no. IR1-020N) and incubated
at 37 °C. Samples were kept inside closed plastic culture tubes
with closures (5 mL; 12 × 75 mm) and analyzed over time in
the oximeter (Avoximeter 4000 from A-vox Instruments Inc.;
disposable cuvettes for Avoximeter 4000 from A-vox Instru-
ments Inc.) to follow the increase in COHb levels.

The amount of CO liberated was calculated based on the
amount of compound initially added, total amount of hemo-
globin and %COHb (both given by the oximeter). The compound
was tested in a concentration calculated in order to mimic rele-
vant in vivo doses. Assuming a 20 g mouse with 8% blood
volume (1.6 mL), 10 mg kg−1 correspond to 0.2 mg of com-
pound/animal, therefore 0.2 mg/1.6 mL of blood, which corres-
ponds to a final concentration of 0.125 mg mL−1 of ALF186.
Control spectra of the free medium were always recorded.

Hemolytic index

Red blood cells (RBC) obtained upon centrifugation of sheep
whole blood (in Alsever’s solution; Innovative Research Cat no.
IR1-020N) were used in the assays to evaluate the potential of
ALF186 to induce RBC hemolysis.

A 2% RBC suspension in PBS (100 μL) was distributed in
the wells of a 96-well plate. The effect of ALF186 was evaluated
in concentrations between 0.0078 to 1 mg mL−1. A 2 mg mL−1

solution of ALF186 in PBS was prepared followed by 1
2 serial

dilutions in PBS. ALF186 prepared solutions were added
(100 μL) to the RBC suspension. The ALF186-RBC suspension
was then incubated for 1 h at 37 °C. As a positive control of
the experiment, a 2% RBC solution in water was prepared.

The plate was then centrifuged and the absorbance of the
supernatant was measured at 550 nm in a microplate reader
(Bio-Rad). The hemolytic index (HI) was determined using the
following formula:

HI %ð Þ ¼ OD ALF186 sampleð Þ � OD ALF186 referenceð Þ
OD positive controlð Þ � OD negative controlð Þ
� 100

OD (ALF186 reference) − OD of the corresponding ALF186
solution (endogenous abs). OD (positive control) − OD of the
solution obtained by lysis of the RBC (1% RBC). OD (negative
control) − OD of the 1% RBC suspension in PBS after
centrifugation.

A hemolytic index above 10% indicates hemolysis.

Interaction with human serum albumin

A stock solution of ALF186 was prepared in PBS buffer at pH
7.4. An aliquot from this solution was added to a cuvette in
order to obtain a 250 μM final concentration and PBS buffer at
pH 7.4 added to make a 1 mL total volume. Absorbance
spectra were recorded between 250 nm and 800 nm
with 10 min intervals in a Perkin Elmer Lambda35
spectrophotometer.

A similar experiment was performed but where HSA (50 μM
final concentration) in PBS buffer at pH 7.4 was added to the
solution. Absorbance spectra were recorded between 250 nm
and 800 nm with 10 min intervals in a Perkin Elmer
Lambda35 spectrophotometer.

For the experiments under N2, the PBS solution was
bubbled with N2 for 1 h and all the solutions prepared inside
Schlenk tubes.

Interaction with HEWL and X-ray crystallography

Crystals of hen egg white lysozyme (HEWL) from Merck were
grown at 20 °C using the hanging drop vapor diffusion
method. The best crystallization conditions were 2–10% (m/v)
NaCl and 0.1 M acetate buffer pH 4.5 (the protein : well solu-
tion ratio in the drop was 1 : 1 with the final drop volume of
4 μL) using a protein stock concentration of ∼50 mg mL−1.
Crystals of 0.2 mm size appeared within 24 h and were stabi-
lized overnight with a harvesting solution containing 12%
(m/v) NaCl in the same buffer. A solution of ALF186 was pre-
pared in water and added to the crystal drops to a final concen-
tration of 0.1 M. After 24 h, crystals had turned blue and were
flash frozen using Paratone oil as the cryoprotector.

Diffraction data were collected at beamline ID14-1 at the
ESRF (Grenoble, France) using an ADSC Q210 CCD detector.
The data set was processed and scaled using MOSFLM59 and
SCALA from the CCP4 suite.60 Details of data collections and
processing are presented in Table 2.

The structure was solved by rigid body refinement in
Refmac 5,61 using pdb entry 193L as a model. Data in the
resolution range 30.38–1.67 Å were used for refinement. Itera-
tive model building with COOT guided by 2mF0-DFc and mF0-
DFc maps, together with restrained refinement in REFMAC
resulted in a good final model (as judged by the validation
tools in COOT62). The final model contains amino acid resi-
dues 1–129, a [PMo12O40]

3− cluster, a Na+ and a Cl− ion from
the crystallization solution. Oxygen atoms of the [PMo12O40]

3−

were not included in the final model.
Refinement statistics are summarized in Table 2. The co-

ordinates and structure factor have been deposited in PDB
with accession number 4B1A.

Cytotoxicity

The cytotoxicity of ALF186 was evaluated in three different cell
lines: murine macrophage RAW264.7 (ECACC 91062702);
porcine kidney epithelial LLC-PK1 (ECACC 86121112); and
human hepatoma HepG2 (ECACC 85011430).

For each cell line a cell suspension of approximately 1.5 ×
106 cells per mL in a culture medium [DMEM (GIBCO, Cat. no.
41966) for RAW264.7 and LLC-PK1; or MEM (GIBCO, Cat. no.
41090) for HepG2] supplemented with 10% FBS (GIBCO, Cat.
no. 10500) was seeded (100 μL) into the wells of a 96-well plate.
The cytotoxicity was evaluated by incubating the cells for 24 h
at 37 °C, 5% CO2, in the presence of 1, 3, 10, 30 and 100 μM of
ALF186.

Cell survival was determined using the colorimetric MTT
assay, which involves the metabolization of the 3-(4,5-
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dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT),
a yellow tetrazole, into the purple formazan crystals.

After 24 h, the culture medium was removed and replaced
by a fresh medium supplemented with 1 mg mL−1 MTT. The
cells were incubated for 1 h at 37 °C, 5% CO2. The formazan
crystals produced were solubilized with DMSO and the absor-
bance of the final solution was determined at 550 nm (BioRad
microplate reader).

Toxicity is indicated by a reduced purple color compared to
the control.

CO release in vivo

Balb/C mice from Charles River (6–8 weeks old) were treated
with ALF186 (20 or 40 mg kg−1, i.p.) dissolved in PEG300–
water (1 : 4). Blood samples were collected after 2, 5, 10, 30, 60,
120 and 180 min and COHb was determined using an AVOXi-
meter 4000 (A-VOX Systems, Inc., San Antonio, TX, USA).
Percent COHb at each time point is the average of 3 different
mice.

Balb/C mice (6–8 weeks old) were treated orally with ALF186
by gavage at a dose of 500 mg kg−1 in PEG300–water (1 : 4).
Blood samples were collected after 2, 5, 10, 30 and 60 min,
and COHb was determined using an AVOXimeter 4000.
Percent COHb at each time point is the average of 3 different
mice.

Hemodynamic measurements

The effect of ALF186 on blood pressure was measured by can-
nulating the femoral arteries of C57BL/6 mice 8–9 weeks of
age. A combination of ketamine 100 mg kg−1 and xylazine
20 mg kg−1 was used as the anesthetic due to its limited
effects on respiration and cardiac output. After mice were can-
nulated an initial blood pressure was taken using an AD
Instrument blood pressure monitoring system. The average
baseline blood pressure in an anesthetized animal ranged
between 75–80 mmHg. Since both femoral arteries were can-
nulated it was possible to continuously monitor blood
pressure and measure COHb throughout the experiment,
which lasted up to 120 min. ALF186 and the inactive ALF186
at 20 mg kg−1 were injected i.p. The inactive form of ALF186
was created by allowing the compound to incubate in solution
at room temperature for at least 24 h. During this time period,
the compound turned from yellow to brown indicating a loss
of CO. After injection, blood pressure and COHb levels were
measured every 20 min. Similar experiments were done with
inhaled CO (iCO) where mice were exposed to a concentration
of 250 ppm CO continuously throughout the experiment. Air
control animals were treated exactly the same as the iCO
animals but under normal atmosphere.

Notes

J. D. Seixas, L. E Otterbein, D. J. Gallo, S. S. Rodrigues,
B. H. Guerreiro, A. M. L. Gonçalves, N. Penacho,
A. R. Marques, P.M. Reis and C. C. Romão worked for and hold
financial interests in Alfama Inc.

Abbreviations

rt room temperature.
NMR nuclear magnetic resonance.
FTIR Fourier transform infrared spectroscopy.
RPMI Roswell Park Memorial Institute medium.
PBS phosphate buffered solution.
BSA bovine serum albumin.
COHb carboxyhemoglobin.
COMb carboxymyoglobin.
cyt cytochrome.
GC gas chromatography.
Hb hemoglobin.
HEWL hen egg white lysozyme.
his histidinate.
HAS human serum albumin.
i.p. intraperitoneal.
i.v. intravenous.
p.o. per os, orally.
RBC red blood cell.
MABP mean arterial blood pressure.
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