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Abstract

Purpose Hydroxocobalamin, or vitamin B12 (V-B12), is

frequently used to treat smoke inhalation and cyanide

poisoning. Recent reports have also described its use to

treat vasoplegia in cardiac surgery and liver

transplantation. This narrative review discusses this ‘‘off-

label’’ indication for V-B12, focusing on the potential

biochemical mechanisms of its actions.

Source PubMed, Cochrane, and Web of Science databases

were searched for clinical reports on the use of V-B12 for

vasoplegia in cardiac surgery and liver transplantation,

with the biochemical mechanisms discussed being based on

a survey of the related biochemistry literature.

Principal findings Forty-four patients have been treated

with V-B12 for vasoplegia in various isolated case reports

and one series. Although 75% of patients have increased

blood pressure in response to V-B12, there were some ‘‘non-

responders’’. The true efficacy remains unknown because

clinical trials have not been performed, and significant

reporting bias likely exists. Plausible biochemical

explanations exist for the potential beneficial effects of V-

B12 in treating vasoplegia, including binding nitric oxide

and other gasotransmitters. Additional research is required

to clarify if and how these mechanisms are causally involved

in effective clinical responders and non-responders.

Conclusions Although anecdotal reports utilizing V-B12

for vasoplegia are available, no higher-level evidence

exists. Future work is necessary to further understand the

dosing, timing, adverse events, and biochemical

mechanisms of V-B12 compared with other therapies such

as methylene blue.

Résumé

Objectif L’hydroxocobalamine, ou vitamine B12 (V-B12),

est fréquemment utilisée pour traiter l’inhalation à la fumée

et l’empoisonnement au cyanure. Des comptes rendus

récents ont également décrit son utilisation pour le

traitement de la vasoplégie en chirurgie cardiaque et en

greffe hépatique. Ce compte rendu narratif étudie cette

indication « non approuvée » pour la V-B12, en se

concentrant sur les mécanismes biochimiques potentiels

de ses actions.

Source Les bases de données PubMed, Cochrane et Web

of Science ont été passées en revue pour en tirer les

comptes rendus cliniques portant sur l’utilisation de la V-

B12 pour le traitement de la vasoplégie en chirurgie

cardiaque et en greffe hépatique, les mécanismes

biochimiques discutés se fondant sur une étude de la

littérature biochimique associée.

Constatations principales Quarante-quatre patients ont

été traités avec de la V-B12 pour une vasoplégie dans

divers comptes rendus de cas isolés et dans une série de

cas. Bien que la tension artérielle de 75 % des patients
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traités ait augmenté en réponse à l’administration de V-

B12, il y a eu quelques cas de « non-répondants ».

L’efficacité véritable de cet agent demeure inconnue

parce qu’aucune étude clinique n’a été réalisée, et il

existe probablement un biais de publication important. Il

existe des explications biochimiques plausibles des effets

bénéfiques potentiels de la V-B12 pour le traitement de la

vasoplégie, notamment la liaison du monoxyde d’azote et

d’autres gazotransmetteurs. Des recherches

supplémentaires sont nécessaires pour clarifier si et

comment ces mécanismes sont impliqués de manière

causale chez les répondants cliniquement significatifs et

chez les non-répondants.

Conclusion Bien qu’il existe des comptes rendus

anecdotiques sur l’utilisation de la V-B12 pour le

traitement de la vasoplégie, il n’existe aucune donnée

probante de meilleure qualité. Des recherches

supplémentaires sont nécessaires pour mieux comprendre

la posologie, le moment d’administration, les événements

indésirables et les mécanismes biochimiques de la V-B12

par rapport à d’autres traitements tels le bleu de méthylène.

Hydroxocobalamin, one of the naturally occurring forms of

vitamin B12 (V-B12), is approved by the U.S. Food and

Drug Administration for the treatment of cyanide (CN)

poisoning (by smoke inhalation).1-4 Vitamin B12 is also

known to prevent the development of pernicious anemia

and is important in the production of many heme-

containing cytochromes as well as DNA.5 Its ‘‘off-label’’

uses include oral V-B12 treatment for Leber’s optic

atrophy and toxic amblyopia5; CN poisoning is treated

with intravenous therapy, as is carbon monoxide (CO)

poisoning. 1-4 The use of super-reduced V-B12, which

involves adding two electrons to the central cobalt (Co)

atom, treats CO poisoning in animals.6-8 Carbon monoxide

poisoning causes profound hypotension refractory to

therapy (akin to vasoplegia), and treatment with V-B12

has reversed the hemodynamic phenomenon in animals.6-8

Increases in arterial pressure were noted during the four

decades of European experience with V-B12 to treat smoke

inhalation, which has only been available in the United

States since 2006.6 Recently, V-B12 has been used ‘‘off-

label’’ to treat the vasoplegic state in cardiopulmonary

bypass (CPB) and liver transplantation patients.9-19

Vasoplegia is a syndrome (with multiple definitions) of

low systemic vascular resistance (\800 dynes-cm-1�sec-5)

and high cardiac output resistant to catecholamine and

vasopressin infusions; multiple reviews have previously

been published.20-22 It is a critical hemodynamic challenge

that is associated with mortality rates of 25–50%.22-30

Furthermore, the high doses of vasoconstrictors

(phenylephrine, epinephrine, norepinephrine, vasopressin)

used to treat the severe hypotension are themselves

associated with multiple adverse events.20-22 The potential

causes of vasoplegia are discussed later in this article, as they

may explain how V-B12 can treat this syndrome on a

biochemical level, but nitric oxide (NO) overproduction has

often been postulated to be causative. Nevertheless, NO

overproduction has not been proven to be solely responsible,

as it may well be that catecholamine- and angiotensin-

reduced responsiveness, calcium metabolism, and cyclic

nucleotide fluxes may all have interplay. We discuss herein

several gasotransmitters that might be affected by V-B12.

The clinical treatment of vasoplegia has frequently

focused on the most commonly utilized drug, methylene

blue (MB), first reported to treat vasoplegia in Brazil in

1997.31 Since then, MB, an azo dye, has been used ‘‘off-

label’’ to treat vasoplegia during and after CPB and liver

transplantation.31-37 Methylene blue has been extensively

reviewed elsewhere and, unlike with V-B12, randomized

clinical trials do exist regarding its efficacy in the reduction

of both postoperative mortality and renal failure.31-37

Methylene blue does not always increase blood pressure,

having an approximately 40% non-response rate.36,37

Furthermore, it has recently been found to be toxic to the

central nervous system and its use has been linked to

increased mortality in some studies.38-41 The mechanism of

action of MB is hypothesized (though underexplored and

not proven) to inhibit the production of NO via nitric oxide

synthase (NOS) and NO-induced activation of guanylate

cyclase.15,16,31-38 Just as with V-B12, there are no dose-

response or dose-finding studies for MB, and thus

healthcare providers have no guidance on dosing. Recent

studies have shown that in cases where larger doses of MB

([ 5 mg�kg-1) are utilized, MB can be associated with

unacceptable side effects such as delayed awakening from

anesthesia, neuroapoptosis, and postoperative cognitive

dysfunction, as well as hemolysis in patients with glucose-

6-phosphate deficiency and serotonin syndrome in patients

taking serotonin reuptake inhibitors (SSRIs). This is an

important finding, as many cardiac patients take these

medications.16,37-41 Data from the Centers for Disease

Control and Prevention show that 13% of the U.S.

population over the age of 12 use antidepressants, most

of which are believed to be SSRIs.42 The contraindications

(e.g., SSRI use), efficacy constraints, and adverse effects of

MB present a need for alternative therapies. In response to

that need, intravenous V-B12 has been shown to produce

an increase in arterial pressure in CN poisoning, with

minimal adverse side effects.8

In the following text, we first summarize the clinical

literature available on the ‘‘off-label’’ use of V-B12 to treat

vasoplegia in patients who underwent cardiac surgery and
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liver transplantation. We then review the biochemistry of

V-B12 and discuss potential mechanisms of action as they

might pertain to the treatment of vasoplegia. We conclude

by outlining important knowledge gaps and discussing

areas requiring future research.

Search methodology

Literature searches (albeit without a priori methodology or

registration in a public database) from PubMed, Cochrane,

and Web of Science were undertaken for clinical reports

about V-B12 to treat vasoplegia in patients who underwent

cardiac surgery and liver transplantation. English language

articles with the following search terms were examined:

vasoplegic syndrome, vasoplegia, hydroxocobalamin,

V-B12, liver transplantation, CPB, intraoperative

complications, vascular diseases, systemic inflammatory

response syndrome, postoperative complications,

intraoperative care, intraoperative period, and bypass.

These searches were further informed by the author’s in-

depth working knowledge of metal–chemistry principles.

Clinical evidence base

Our search found nine case reports and one case series that,

when combined, comprised 38 male and six female patients

ranging in age from 28 to 83 yr old.9-19 All of the case

reports and series were reported in the anesthesiology

literature either pertaining to CPB or liver transplantation

surgery. There were no randomized trials or protocol-

driven, hypothesis-based research reports. The Table shows

the reports and changes in blood pressure.

Most of the cases described the administration of 5 g of

V-B12 over 15 min. In some cases, V-B12 was infused at

continuous rates of 250 or 500 mg�hr-1 until a 5-g dose

was infused.12 The exceptions are the cases reported by

Gerth et al. and Roderique et al. (Table), which show that

an additional dose of 5 g augmented an improved, though

perhaps not satisfactory (to the practitioners), mean arterial

pressure (MAP).6,8 Some cases reported increased MAP

with doses much lower than 5 g. For example, Green et al.

(Table) reported an immediate increase of 22 mmHg in

MAP with just 125 mg of intravenous V-B12.5 Without

dose-finding trials, there is no evidence for a minimum,

optimal length of effect or repeat dosing. These cases show

the need for a dose-response study.

Vitamin B12 has increased MAP in some cases where

MB therapy has failed.11,14,15 When MB and V-B12

therapies were combined (after failure of MB), the

increases in MAP ranged from 10 to 40 mmHg (mean

increase, 24 mmHg).11 Nevertheless, as that mean was

computed from only those cases that actually reported

increases, it should be interpreted as potentially biased

(because failed responses were not reported).

Conversely, no case report has documented a successful

increase in MAP with MB therapy after failed V-B12

therapy. In addition, Schwertner et al. reported two 5-g

doses each of V-B12 with only a modest MAP increase,4

and Shah et al. reported a case series where nine of 33

patients (27%) had no response to V-B12.11 In this

particular series, V-B12 was administered to patients who

often had not met full criteria for vasoplegia syndrome but

were provided V-B12 prophylactically or presumptively

(e.g., in response to the surgeon’s requests), which may

account for some limited responses.

In Shah’s series, in addition to group 1 (poor responders,

n = 9), patients with other patterns of response to V-B12

were separated into group 2 (responders, n = 8), group 3

(responding/sustainers, n = 9), and group 4 (responding/

rebounders, n = 7). All 26 of the patients in groups 2, 3, and

4 responded to V-B12 treatment.11 The pattern observed in

group 4 showed that the response to V-B12 was a

hypertensive (vasoconstrictive) one, in which the MAP

initially increased to more than 100 mmHg and then

declined to 65 mmHg. Nevertheless, this decline to 65

mmHg may have resulted from reducing or even

discontinuing the use of other vasoconstrictive drugs. No

intraoperative deaths occurred in Shah’s series or the other

cases reported. All patients survived to the intensive care

unit (ICU), with an average postoperative discharge from

the ICU at 15 days. The 30-day mortality rate in Shah’s

series was 12% (four of 33). Note the mortality in untreated

vasoplegia (49%), vasopressin-treated cases (32%), and

MB-treated cases (0–25%).11 Nevertheless, one cannot

infer any mortality effect from these case reports; a

prospective head-to-head trial to compare MB and V-B12

is required for this. Nevertheless, in such a trial, a placebo

group would likely be considered unethical (even in light

of the described rare neuroapoptosis and mortality with

MB at high dosages) with the data existing on MB. A

placebo would be deemed ‘‘no treatment’’ for conditions

with a high known mortality.

Chromaturia and discolouration of body fluids, such as

pink-tinged effluent, discovered during hemodialysis or

ultrafiltration with CPB, is described as a side effect of V-

B12. Study number 13 described in the Table showed that

this effluent colouration produced a false alarm and

automatic hemodialysis machine shutdown, which

continued for nine days.13,17

Five cases of V-B12 administered for CN toxicity (not

included in our analysis) similarly caused false blood leak

alarms with pink or purple pigmentation of body fluids.13,17

Although no other major side effects (other than

hypertension) are noted, physicians should be aware of

less commonly reported effects, including rash, skin
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reddening, headache, nausea, pruritus, chest discomfort,

decreased lymphocytes, and dysphagia.10,14,17 Nurses,

support personnel, and family members must be informed

that the discolouration of urine and body fluids is expected

and not harmful.

Chemical activity of V-B12

Metabolic effects

Cobalamins are essential in two main cellular reactions: i)

connecting lipid and carbohydrate metabolism via the

mitochondrial methylmalonyl-CoA mutase conversion of

methylmalonic acid to succinate, and ii) activating

methionine synthase (synthesizes methionine from

homocysteine and 5-methyltetrahydrofolate).43 As such,

they are required for both heme and DNA synthesis.

Cobalamins are transported and utilized in the bone

marrow or places wherein active cell division is ongoing.44

Vitamin B12 is exclusively synthesized by gut

microorganisms through the breakdown of animal

proteins,45 and is not available from a vegetarian diet.44,45

Humans cannot synthesize V-B12; it is absorbed bound to

an intrinsic factor (IF) in the distal third of the ileum using

receptors that bind selectively to the newly formed complex

(B12-IF). Once absorbed, two main transport proteins,

transcobalamin I and II, carry it through the plasma to the

liver where V-B12 is stored.43-45 Vitamin B12 has a half-

life of plasma elimination of about 26–31 hr with 50–60%

of it excreted in the urine.43-46

Molecular structure of V-B12

The Co ion in the 1?, 2?, or 3? oxidation state bound

within the corrinoid ring (Fig. 1) forms the unique structure

of cobalamins. Nitrogen atoms chelate CO at four

equatorial/in-plane coordination sites. One of the two

remaining or axial sites on CO is occupied by a nitrogen

atom from a dimethyl-benzimidazole group, linked to the

corrinoid ring by a pendant nucleotide. The oxidation state

and the identity of the donor in the remaining axial site are

variable (Fig. 1), with the latter providing the prefix for the

name of the specific cobalamin derivative. For example,

axial ligands of hydroxide (–OH) and –CN afford the

derivatives hydroxocobalamin and cyanocobalamin,

respectively. The oxidation state of the Co centre (as

absorbed from the gut) is 3? as in hydroxocobalamin,

although reduced states, such as the 2? or 1?, are known

to be biologically relevant and well tolerated. The corrinoid

ring of V-B12 bears similarities to the porphyrinoid ring of

hemoglobin (Hb), myoglobin, and cytochromes (Fig. 2).

For example, both porphyrins and corrins are anionic

macrocycles that provide four N atoms as ligands to the

metal centres. The major difference is the contraction of

the ring in the corrinoid vs the porphyrin analogue and the

charge of the ring (i.e., -1 for the corrinoids vs -2 for the

porphyrinoids; Fig. 2).

Fig. 1 Structures of cobalamin derivatives of interest. The cobalt ion

is depicted in purple, the corrinoid ring or macrocycle with its four N-

atom donors bonded to the Co3? centre is depicted in green, the axial

benzimidazole is depicted in blue, and the variable axial ligand (viz,

hydroxide = OH–, cyanide = CN–, or nitric oxide = NO) is depicted in

red (Color figure online)
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Proposed mechanism of action of V-B12 in vasoplegia

Vasoplegia may result from an unregulated and

exaggerated inflammatory response with overwhelming

production of endogenous vasodilators that are signalling

gases, or so-called gasotransmitters.9-41 The mechanisms

and biochemistry of reduced responsiveness to

catecholamines, angiotensin, and cyclic guanosine

monophosphate/calcium are complex. No animal models

of vasoplegic shock exist in CPB or liver transplantation.

Explanations of the paralytic vascular effects of both septic

and hemorrhagic shock all have similarities. Although this

focuses on the gasotransmitters, it may be both an

overproduction and lack of binding/natural buffering of

their production that might lead to the vasoplegia. The

gasotransmitters currently identified are NO, hydrogen

sulfide (H2S), and CO. Vitamin B12 interferes with the

production and cell signalling of all three gasotransmitters.

We will discuss each of these gasotransmitter’s effects and

relationships to vasoplegia, as well how V-B12 affects

them. They each have interplay with inflammation and

although the most is known about NO, that does not mean

it is the most important, only that it has been the most

extensively investigated.

Nitric oxide

The action of V-B12 with NO depends on two important

chemical parameters: 1) the rate constant for the

substitution of the axial ligand for NO, and 2) the

dissociation constant for the formation of the NO adduct.

To review, the reaction rate is the speed at which a

chemical reaction occurs. The rate constant correlates to

the overall rate and plays a role in determining the reaction

rate. The sequence of reactants is reflected in changes in

the reaction rate. The dissociation constant for a ligand

from a metal centre relates to the energy required to break

the metal–ligand bond to liberate the free unassociated

ligand in solution. The dissociation constant, therefore,

provides information on the relative stability of the metal–

ligand species, with smaller dissociation constants

corresponding to greater stability or inertness. Because

Hb and corrin ring structures have different metals, and

therefore different nuclear structures, the understanding of

reaction constants is important.

Vitamin B12 acts as an NO sponge by scavenging free NO

in the blood. This effective scavenging of NO is consistent

with the near diffusion-limited rate constant (2-8 9 107

M-1�sec-1) for substituting hydroxide for NO.47-49 The

diffusion-controlled rate (i.e., the rate at which two species in

solution can diffuse in order to react) is 109 to 1011

M-1�sec-1. Moreover, the rate constant for loss of NO

from nitrosylcobalamin is exceedingly slow (\10-5 sec-1),

ultimately translating into a very small dissociation constant

for NO loss once bound to V-B12.47 Thus, freely diffusing

and water-soluble V-B12 can effectively sequester NO that

is liberated near the endothelial cells either within blood

vessels or diffusing into the perivascular space. A similar

reactivity toward NO is also true for heme cofactors in

proteins such as Hb; therefore, other factors must preclude

endogenous NO sequestration by heme cofactors involved in

oxygen transport.49

In addition to scavenging free NO, V-B12 dampens the

NO signal, decreasing vasodilation by means of

oxygenation. Reduced states of cobalamin (i.e., ?2 and

?1) react with dioxygen rapidly to generate a

superoxocobalamin.50,51 This species bears analogy to the

early intermediates in cytochrome P450 chemistry in which

reactive metal–oxygen species catalyze the oxidation of

pharmaceuticals and other compounds. This

superoxocobalamin can ultimately oxygenate NO to

generate nitrate and nitrite through a peroxynitrite

pathway.51,52 In essence then, cobalamin may operate as

a catalyst in the presence of O2 and reducing agents (e.g.,

ascorbic acid, which was recently reported to treat

vasoplegia to inactivate or suppress NO signalling).53

Nevertheless, there remains ongoing debate regarding

whether nitrite and nitrate can be considered functionally

as stores of NO—that is, whether nitrate or nitrite can be

reduced to release NO at a later time point.48

Nitric oxide synthase is responsible for the production of

NO and exists in at least three forms known today (an

inducible form and two calmodulin-dependent forms—

nNOS and eNOS).52 Inducible NOS is expressed in

Fig. 2 The heme cofactor in

hemoglobin in the iron(II)

deoxygenated form (left) and

the oxygenated iron(III) state

after O2 uptake (right). Note the

related macrocyclic structure of

the porphyrinoid ring and the

corrinoid ring of cobalamin,

with the differences being the

loss of aromaticity and the ring

contraction of the latter
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vascular smooth muscle cells and cardiac myocytes.54

Inflammatory mediators (interferon gamma and tumor

necrosis factor a) activate the expression of inducible

NOS.52

Nitric oxide causes vasodilatation by inducing smooth

muscle-soluble guanylate cyclase to increase the production

of cyclic guanosine monophosphate.32,48,54,55 This results in

a reduction of intracellular calcium concentrations, leading

to smooth muscle relaxation.54,55 As noted previously, V-

B12-induced hypertension is suggested to arise from NO

scavenging. Gerth et al. showed that V-B12, but not its CN-

bound analogue (cyanocobalamin), was responsible for the

increase in arterial blood pressure.6 The loss of the

hypertensive effect of V-B12 by the non-selective NOS

inhibitor L-Nx-nitro-L-arginine methyl ester further

corroborates the finding that NO scavenging is a

mechanism for elevating blood pressure.10 Vitamin B12

has also been suggested to interfere with the production of

NO; cobalamin derivatives and related precursors inhibit

inducible NOS in vitro and in vivo.6,55 Vitamin B12 inhibits

NOS by binding to the active site of the enzyme.55

Similarly, V-B12 blocks NO-induced activation of

guanylate cyclase, although intercepting the NO signal by

V-B12 cannot be excluded.9 Cobalamins such as V-B12

exert their hypertensive effects through a multitude of

mechanisms. Detecting the principal mechanism could be

useful for further development of these analogues in the

treatment of vasoplegia.

Hydrogen sulfide

Hydrogen sulfide is an endothelial-derived hyperpolarizing

factor of vascular smooth muscle independent of NO.56

Both NO and H2S bind covalently to regulatory sites found

on ion channels involved in vasodilation. Hydrogen sulfide

targets the adenosine triphosphate-sensitive potassium

channels, leading to vascular smooth muscle

hyperpolarization (paralysis of calcium influx to smooth

muscle), resulting in vasodilation and a lack of response to

vasoconstrictor stimuli.56

Hydrogen sulfide is produced by cystathionine gamma-

lyase found in endothelial cells.56 It affects small arterioles

(resistance). Consequently, H2S has been shown to have a

greater effect in the mesenteric arteries than the aorta.46

Hydrogen sulfide also causes relaxation via a muscarinic

cholinergic-dependent pathway and may stop the

conversion of angiotensin I to II.56

Hydrogen sulfide is implicated in septic shock, during

which the endothelium produces H2S in response to

cytokine- or inflammatory-mediated overstimulation.56,57

The role of H2S in CPB is unexplored and should be an

area of future research. It has been suggested that H2S is

important in liver transplantation scenarios, as patients with

liver failure cannot break down endogenous or dietary-

derived sulfides.56 Vitamin B12 scavenges H2S in vitro to

generate a reduced cobalamin derivative with soluble

sulfites, which presumably can be cleared by the kidney if

similar chemistry occurs in vivo.10,56 Animals exposed to

H2S poisoning and treated with V-B12 show better survival

rates.56 Vitamin B12 (3?) is the form that effectively binds

H2S as opposed to its reduced or super-reduced forms.58 In

vitro, cobalamin derivatives react with H2S to create

persulfides, providing one mechanism for influencing H2S

signalling.58 The US Department of Defense has expressed

interest in using V-B12 as an antidote for H2S, a gas that

can potentially be used as a weapon for chemical

warfare. Again, the overproduction of H2S in CPB and

liver transplantation is an area for future research.

Carbon monoxide

Carbon monoxide is a potent vasodilator and promotes NO

release.59 Endogenously, the production of CO results from

the breakdown of senescent erythrocytes through the heme

oxidase pathway (a process known as iron scavenging).60

In vitro, not only does V-B12 bind CO, but reduced V-B12

also catalyzes an oxidation of CO to carbon dioxide using

ascorbate as a cofactor.7,8 Ascorbic acid can rapidly

reduce/supply electrons to V-B12 to generate the reduced

or Co2? state and super-reduced or Co1? forms. Native

circulating erythrocytes (not having undergone CPB) have

a high concentration of ascorbic acid, which works as a

reducing agent together with glutathione (not with V-B12)

to neutralize reactive oxygen species (peroxides) generated

by heme cofactors.7,8 Reduced V-B12 may be a viable

separate drug for the treatment of CO poisoning, which

manifests with vasoplegia, although it should be noted that

only animal studies have been performed to explore this.7,8

Cobalt in hydroxocobalamin and iron in heme

Heme proteins with iron in the ?2 oxidation state (i.e., Hb,

myoglobin, cytochrome c oxidase) have near diffusion-

limited rate constants for NO coordination, as well as

extraordinarily small dissociation constants (e.g., 10-10–

10-11 M) for the NO adducts.54 Similar to the reaction of

V-B12 with NO, Hb binding NO is nearly irreversible in

the body. Consequently, other factors must limit the

reaction of NO with Hb (and other heme proteins) to

permit NO to be a useful signalling molecule for normal

homeostasis. Nitrate and nitrite production and

biotransformation is complex.61 Hemoglobin and other

iron or molybdenum proteins can reduce nitrite to NO,

especially in the presence of hypoxia.61 These complex

interactions are thought to have effects upon ischemia and

reperfusion injury.
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One difference relates to the spatial distribution of O2

carrier proteins (in particular, Hb) vs intravenous-

administered V-B12. Hemoglobin is compartmentalized

within red blood cells in normal physiology, but in CPB

and transfusion, significant free Hb occurs.62,63 This

erythrocyte containment of Hb leads to two effects: 1)

NO must diffuse through the cell membrane to bind to Hb,

and 2) the site of NO production (endothelial cells) is now

spatially separated from the red blood cells as a result of

fluid dynamics (i.e., red blood cells traverse the centre of

blood vessels under positive flow rather than adhering to

the vessel walls).54–56 In contrast, intravenous

administration of V-B12 allows the drug to dissolve in

plasma, equating to greater contact with endothelial cell

membranes compared with Hb compartmentalized in

erythrocytes. As a result, V-B12 can encounter NO

released by endothelial cells before Hb does, with the

overall efficacy dictated by the relative concentrations of

V-B12 and NO near the endothelial cells. Intravenous

concentration of administered V-B12 should be studied

pharmacodynamically to understand NO production and V-

B12 binding.

The chemistry of Hycob and Cycob can help explain

the properties of V-B12

In CN poisoning, the Co ion in V-B12 binds CN, resulting

in the formation of cyanocobalamin (Cycob; nontoxic,

renal excretion). We postulate that the primary mechanism

for V-B12-induced hypertension is NO scavenging by the

Co ion to generate nitrosylcobalamin.61 The oxidation state

of Co is critical to sequester NO. Vitamin B12 is thought to

be most reactive in the 2? (reduced) or super-reduced (1?)

forms, with the 3? form (as sold and isolated) being much

less reactive.59–67 Roderique et al. noted that super-reduced

and reduced V-B12 were the only effective redox-states of

V-B12 for CO removal, though they could not distinguish

which species was more important.7

The importance of the second axial ligand for these

chemical reactions in V-B12 contrasted to cyanocobalamin

is important. These two molecules share the corrinoid and

axial benzimidazole ligands and differ only at the sixth

coordination site on the central Co atom, wherein the

hydroxyl (-OH) group of V-B12 is replaced with the -CN.

Given the donor strength differences for hydroxide vs CN,

the ease of substitution of this variable ligand differs

greatly between Cycob and V-B12, with V-B12

undergoing facile exchange of the hydroxide with other

potential ligands and Cycob being orders of magnitude

slower for exchange of the CN. Unlike the postulated NO

scavenging or sequestration mechanism of V-B12, Cycob

is unable to produce an analogous increase in blood

pressure and systemic vascular resistance as seen with V-

B12, consistent with the slower kinetics for NO

substitution of CN compared with hydroxide.14,60 In

summary, V-B12 is likely much more effective than

Cycob at binding NO because the substitution kinetics and

dissociation constants substantially favour loss of

hydroxide compared with CN. This mechanism is

predicated on the sixth ligand dissociating or leaving to

provide an open coordination site on the metal centre prior

to NO binding (Fig. 2).

Vitamin B12 use in sepsis and hemorrhage

In addition to the possible role in the treatment of

vasoplegia, V-B12 may also be useful in hemorrhagic

shock/trauma. Severe hemorrhage is associated with high

NO levels.67,68 Thus, V-B12 may be a viable, temporary

resuscitation treatment option when blood is unavailable,

but it has not been tested in a trial.67 The increase in NO in

hemorrhagic shock (and septic shock) results from

upregulation of NOS by inflammatory cytokines, as well

as the release of H2S.66 Bebarta et al. noted V-B12

increased blood pressure and systemic vascular resistance

in a hypovolemic hemorrhage swine model.68

Xu et al., noted that vascular reactivity (i.e., vascular

responsiveness to vasoconstrictors and vasodilators)

increased in the early stage of trauma shock and

decreased in late stages.69 Angiopoietin-1 and -2 may

regulate this biphasic change. While angiopoietin-1 causes

hyperactivity in early stages of shock via the Tie2-Akt-

eNOS pathway, it leads to an appropriate release of NO.

Nevertheless, it is believed that angiopoietin-2 is the main

culprit for the hypo-reactivity in the late stages of shock via

the Tie2-Erk-iNOS pathway, as it leads to the release of

extensive amounts of NO.69 This increase in NO during

hemorrhagic shock has been the primary driver for the

increased scientific interests in NOS inhibitors and NO

scavengers, and thus, V-B12. Although this example

discusses the possible synergy of mechanisms in trauma

rather than CPB or liver transplantation, these mechanisms

may be an important point of focus for researchers.

Future directions and conclusions

A summary of the clinical cases reported to date show that

the ‘‘off-label’’ use of V-B12 often, but not always,

increases blood pressure when vasoplegia is suspected in

cardiac surgery and liver transplantation. Vitamin B12

inhibits, binds, and in certain instances, removes all three

gasotransmitters that are potentially involved. There are

animal models of septic and hemorrhagic shock, so

mechanisms can be investigated in laboratories. But there
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are no models of CPB or liver transplantation vasoplegic

shock.

Importantly, however, serious reporting bias likely

exists for these cases; i.e., if V-B12 was utilized for what

was thought to be vasoplegia and it failed to produce a

response, this was likely not reported. In the case series

presented herein, ‘‘non-responders’’ existed, but we do not

know if they were anticipated to develop a response and

did not.

This article is put forward to promote hypothesis

generation and ideally to stimulate future randomized

trials. The knowledge gaps are large. Although V-B12 use

presented herein sounds promising, cautionary words need

to be put forth. A clinical trial of a NOS inhibitor (546C88)

was terminated early because of unexpected numbers of

deaths in the group that received the drug.70 Thus, caution

maybe needed in the use of blanket inhibition of NO, CO,

or H2S as this may well have unintended consequences.

Research to determine appropriate dosing range

(minimum, maximum, and average effective dose) is now

called for. It is reported that the use of MB concomitantly

with V-B12 may produce a better side effect profile when

compared with high doses of catecholamines in situations

such as vasospasm, although level 1 evidence is lacking.16

The biochemistry of V-B12 reviewed here should be

considered by researchers as they design future studies,

perhaps looking for biomarkers of sulfites and NO–

cobalamin derivatives. Benchtop research needs to be

conducted based on the knowledge of binding constants

and other related factors. Although early in clinical practice

and with much research yet to be done, we propose that V-

B12 should undergo expanded trials.
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