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Intestinal transplantation has become an established therapeutic option that provides improved quality of life to
patients with end-stage intestinal failure when total parenteral nutrition fails. Whereas this challenging life-
saving intervention has shown exceptional growth over the past decade, illustrating the evolution of this com-
plex and technical procedure from its preclinical origin in the mid-20th century to become a routine clinical
practice today with several recent innovations, its success is hampered by multiple hurdles including technical
challenges such as surgical manipulation during intestinal graft procurement, graft preservation and reperfusion
damage, resulting in poor graft quality, graft rejection, post-operative infectious complications, and ultimately
negatively impacting long-term recipient survival. Therefore, strategies to improve current intestinal trans-
plantation protocol may have a significant impact on post-transplant outcomes. Carbon monoxide (CO), previ-
ously considered solely as a toxic gas, has recently been shown to be a physiological signaling molecule at low
physiological concentrations with therapeutic potentials that could overcome some of the challenges in intestinal
transplantation. This review discusses recent knowledge about CO in intestinal transplantation, the underlying
molecular mechanisms of protection during intestinal graft procurement, preservation, transplantation and post-
transplant periods. A section of the review also discusses clinical translation of CO and its challenges in the field
of solid organ transplantation.

1. Introduction

Intestinal transplantation is solely reserved for patients with intes-
tinal failure or those with underlying gastrointestinal disease, and
depend permanently on total parenteral nutrition due to their inability
to maintain normal nutritional support [1,2]. It is the latest on the list of
clinical transplantation operations, requiring appropriate graft selec-
tion, procurement and preservation to ensure optimal graft function and
recipient survival after transplantation. Immediately after procurement
of the intestinal graft from donation after brain death (DBD) or donation
after cardiac death (DCD), it is cold-stored at 4 °C in clinically standard
solutions such as University of Wisconsin (UW) solution, Celsior solu-
tion, hystidine-tryptophan-ketoglutarate (HTK) solution or Euro-Collins
solution to reduce its metabolic demand [3,4]. These preservation so-
lutions contain impermeant agents and other important pharmacolog-
ical supplements to sustain the low metabolic demand of the graft,
prevent cold ischemic/hypoxic injury and improve histocompatibity
matches prior to transplantation and prevent delayed graft function

following transplantation [5,6]. Such a method of cold preservation,
called static cold storage (SCS), which is the preferred method of hy-
pothermic preservation and considered the current gold standard, is
followed by reperfusion of the graft, during which warm oxygenated
blood is restored in the graft.

Although advances made in intestinal transplantation have so far
improved patient outcomes significantly, illustrating the evolution of
this complex and technical procedure from its experimental origin in the
mid-20th century to become a routine clinical practice today, SCS and
reperfusion contribute to graft injury in a paradoxical phenomenon
referred to as cold ischemia-reperfusion injury (IRI) [4,7]. Thus, cold
IRI, which is unavoidable in intestinal transplantation, limits the success
of this complex and life-saving procedure, and causes poor intestinal
graft quality together with compromised barrier function [8-11]
(Fig. 1). The compromised barrier function of the intestinal graft, for
example, activates inflammatory and apoptotic pathways and increases
bacterial translocation, which ultimately leads post-transplant infec-
tious complications, graft rejection, delayed graft function and
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Fig. 1. Simplistic view of intestinal graft transplantation protocol in
relation to post-transplant outcome. Intestinal graft procured from donation
after brain death (DBD) or donation after cardiac death (DCD) is subjected to
static cold storage (SCS) and subsequent reperfusion during which the graft
suffers cold ischemia-reperfusion injury (IRI). Cold IRI causes poor intestinal
graft quality together with compromised barrier function, which activates in-
flammatory and apoptotic pathways and enhances bacterial translocation, and
ultimately leads post-transplant infectious complications, graft rejection,
delayed graft function and decreased graft and recipient survival.

decreased graft and recipient survival (Fig. 1). Also, the intestine is
known to be extremely sensitive to SCS [7,12] and aggravates cold IR,
and thereby rendering the outcome of intestinal transplantation inferior
compared to transplantation of other solid organ grafts. Moreover, the
preservation solutions for SCS of intestinal grafts were developed to
effectively protect kidney, pancreas and other organ grafts but less
sufficiently protects intestinal grafts [13-15], notwithstanding the good
preclinical and clinical preservation data for these organ grafts. The lack
of ideal preservation solution and strategy for intestinal graft allows only
a short SCS time (6-10 h) in this these suboptimal preservation solu-
tions, and induces various degrees of intestinal injury [16], thereby
hampering the success of intestinal transplantation. Hence, improve-
ment in intestinal transplantation protocol to include modification of
graft procurement procedure, preservation and reperfusion techniques
is a “holy grail” to improve the outcomes of intestinal transplantation.

Carbon monoxide (CO), a gas that was previously considered solely
to be as a toxic and an environmental hazard, has recently been shown to
be a physiological signaling molecule with therapeutic potentials
[17-21] that could overcome the inevitable obstacle of cold IRI in in-
testinal transplantation. This review discusses recent knowledge about
CO in intestinal transplantation, the underlying molecular mechanisms
of protection during intestinal graft procurement, preservation, trans-
plantation and post-transplant periods. A section of the review also
discusses clinical translation of CO in the field of solid organ trans-
plantation along with current challenges in this translation.

2. Endogenous and exogenous sources of carbon monoxide

CO is endogenously produced in the body by heme oxygenase (HO)
enzyme during heme degradation [22,23]. There are two main isoforms
of HO: HO-1 and HO-2. HO-1 is the inducible isoform that is activated
under pathological conditions [24] while HO-2 is the constitutively
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expressed isoform [25]. Emerging evidence indicates that at low phys-
iological concentrations, CO modulates several molecular pathways that
are beneficial in intestinal transplantation — protecting intestinal grafts
against cold IRI and improving post-transplant outcomes [26-28].
Indeed low physiological concentrations of CO have been shown to
activate the heme-containing protein, soluble guanylate cyclase (sGC),
an enzyme that converts guanosine triphosphate (GTP) to cyclic gua-
nosine monophosphate (cGMP), which mediates vascular effects of CO,
with vasodilation being the downstream effects [29-32]. Such a
downstream effect is very crucial during reperfusion phase of intestinal
transplantation. There is also evidence that treatment of vascular
smooth muscle cells with CO produces cGMP, leading to increased tissue
perfusion and cytoprotection during hypoxia and IRI [29-32], which is
also very important in intestinal graft protection during transplantation.
Furthermore, CO has been found to possess potent anti-inflammatory,
anti-apoptotic, anti-proliferative, anti-fibrotic, anti-thrombotic and
antioxidant properties [17-21]. These properties make CO an ideal
candidate molecule to prevent or limit cold IRI in intestinal
transplantation.

In addition to its endogenous production, CO can also be adminis-
tered exogenously in its gaseous form and also via compounds referred
to as CO-releasing molecules (CO-RMs) to augment endogenous levels.
CO-RMs are chemical compounds that form carbonyl complexes with
central transition metals such as iron, manganese, ruthenium, and are
designed to ensure controlled release of CO and keep carbox-
yhemoglobin levels stable in blood [33,34], and thereby preventing any
potential danger associated with CO gas inhalation protocols. The for-
mation of CO-RMs with these transition metals generates various types
of CO-RMs such iron-containing CO-RMs (e.g. CORM-307, CORM-308,
CORM-314, CORM-319), manganese-containing CO-RMs (e.g. CORM-1
and CORM-401) and ruthenium-containing CO-RMs (e.g. CORM-2 and
CORM-3) [35-39]. There are also non-metallic CO-RMs such as
CORM-A1, which release CO at a slower rate than some metallic CO-RMs
[40,41]. CO-RMs such as CORM-Al and CORM-3 exhibit
anti-thrombotic effect characterized by decreased platelet activation
and aggregation and fibrin generation in rats [82,83] while other
CO-RMs such as CORM-2 exhibit prothrombotic effect through interac-
tion with key coagulation and fibrinolytic processes, and thereby
enhancing plasmatic coagulation and attenuating fibrinolysis in human,
rabbit and dog plasma [84-88]. Burgeoning laboratory evidence shows
that administration of CO-RMs attenuates IRI in various intestinal con-
ditions [42-45], and could be applied in intestinal transplantation to
improve graft quality and post-transplant outcomes.

3. Carbon monoxide in intestinal transplantation
3.1. Carbon monoxide gas in intestinal transplantation

In a rat model of orthotopic syngeneic small intestinal trans-
plantation, 6 h of SCS of entire small intestinal grafts in 4 °C UW solu-
tion bubbled with 5% compressed CO gas resulted in marked
improvement in intestinal barrier function (gut permeability) with less
mucosal denudation, which correlated with significant downregulation
in the expression of pro-inflammatory genes (tumor necrosis factor-
alpha [TNF-a], inducible nitric oxide synthase [iNOS], interleukin-
1beta [IL-1p], IL-6, cyclooxygenase-2 [COX-2] and intercellular adhe-
sion molecule-1 [ICAM-1]), and upregulation of the anti-inflammatory
gene IL-10 and simultaneously preventing coagulation through inhibi-
tion of the clot-promoting factor, plasminogen activator inhibitor-1
(PAI-1), compared to control grafts preserved in UW without CO sup-
plementation [26] (Fig. 2). The improvement in the intestinal barrier
function by CO implies that cold IRI altered important factors such as
absorptive surface area, epithelial enzyme function, intraluminar
milieu, and humoral factors (autocrine, paracrine, and juxtacrine ef-
fectors), and that CO preserved these factors which are necessary to
facilitate absorption and ultimately prolonged transplant recipient
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survival. In addition, CO drastically reduced vascular resistance and
improved intestinal blood flow 1 h after transplantation and ultimately
prolonged survival of recipient rats in comparison with control group
[26]. It is important to note that the intestinal mucosa is highly
vulnerable to ischemic injury [46,47]. Therefore, the improved intesti-
nal flow soon after transplantation strongly suggests involvement of the
vasodilation property of CO, contributing to graft protection. To mimic
transplant-induced cold IRI, the authors performed in vitro experiment
with murine vascular endothelial cell line MS1, in which they subjected
the MS1 cells to 24 h of cold storage at 4 °C in UW solution with or
without 5% CO supplementation followed by reoxygenation at 37 °C. As
was expected, MS1 cell viability markedly decreased by 30% with
reduced adenosine triphosphate (ATP) levels after reoxygenation
compared to UW + CO-preserved cells [26]. The 5% CO in the UW so-
lution used in both ex vivo and in vitro studies was similar to low-dose CO
(250 ppm) inhalation in other models of intestinal transplantation [27,
28]. However, it is yet to be investigated whether a higher CO concen-
tration will provide superior graft protection. Such a higher concentra-
tion could be obtained with the same 5% CO but with a longer period of
SCS or higher calculated CO concentration in UW solution with the same
or shorter SCS period.

From a mechanistic perspective, the levels of cGMP in intestinal
grafts preserved in UW solution without CO supplementation decreased
significantly after 1 h of reperfusion compared to CO-treated grafts.
Also, preservation of intestinal grafts in cold UW solution supplemented
with 50 pM of ODQ (a selective inhibitor of sGC) together with 5% CO
gas completely reversed the protective effect of CO. As CO is a known
activator of sGC (a heme-containing protein) in vascular smooth muscle
cells with cytoprotection against hypoxia and IRI [29-32], it is likely
that CO in the UW solution binds to the heme motif of sGC during SCS of
the intestinal graft, generating cGMP in the intestinal vascular smooth
muscle cells with vasodilation as the downstream effect. In addition, SCS
of intestinal grafts in CO-supplemented solution activated p38 MAPK
(mitogen-activated protein kinase; a mediator of cell survival or cell
death) at the end of the 6-hour preservation and at 1 h after reperfusion
[26]. The involvement of p38 MAPK in the intestinal graft protection
was later confirmed in in vivo experiments in which intraperitoneal
administration of 250 ppm of CO significantly reduced apoptotic and
inflammatory mediators and increased intestinal antioxidant capacity
via the activation of p38 MAPK in a rat model of intestinal injury
induced by lipopolysaccharide (LPS; a potent inducer of inflammation)
[48-50]. Interestingly, a study by Otterbein et al. [51] suggests that
c¢GMP interacts with and activates p38 MAPK, leading to protection
against vascular injury (atherosclerosis lesion) after aorta trans-
plantation. Although this interactive mechanism between cGMP and
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P38 MAPK has not been investigated in transplantation of the intestinal
and other solid organ grafts, it is possible that the same interaction ac-
counts for the CO-mediated intestinal graft protection. However, such
but it remains unclear whether it is involved in the effects observed in
this model. These observations suggest that activation of sGC/cGMP and
p38 MAPK signaling pathways and other mechanisms derived from CO
contribute to preservation of intestinal vascular architecture and early
intestinal graft protection. Thus, supplementation of UW solution with
CO could represent a simple and innovative pharmacological interven-
tion to prevent or minimize transplant-induced cold IRI and improve the
outcomes of intestinal transplantation (Fig. 2).

Apart from CO delivery into preservation solution, there are studies
also showing that exposure of transplant recipients to CO gas before and
after transplantation is another innovative technique that provides in-
testinal graft protection with improved transplantation outcomes. In a
rat model of syngeneic orthotopic small intestinal transplantation, 6 h of
SCS of intestinal grafts in 4 °C UW solution followed by transplantation
into recipient rats exposed to 250 ppm of CO gas 1 h before and 24 h
after transplantation prevented intestinal hemorrhage, preserved intes-
tinal ultrastructure and cellular integrity, attenuated intestinal tissue
injury (loss of intestinal epithelial cells) and improved instestinal blood
flow with intact HO-1 activity and prolonged recipient survival
compared to air-treated control grafts [27]. The authors further reported
significant downregulation of mRNA levels for inflammatory mediators
such as IL-6, COX-2, iNOS, ICAM-1 and reduced inflammatory infiltrates
with intact intestinal epithelial cells in grafts transplanted into
CO-exposed recipients compared to those of air-exposed recipients [27]
(Fig. 2). This finding supports the observation from the study in which
intestinal grafts were cold-stored in UW-CO preservation [26]. It is also
in agreement with another study by the same research team in which
intestinal grafts transplanted into CO-exposed recipient rats inhibited
inflammation and apoptosis (Bax) and upregulated the expression of
anti-apoptotic gene Bcl-2 via activation of sGC/cGMP system [28]
(Fig. 2). Taken together, supplementation of conventional preservation
solution with CO gas during SCS of intestinal grafts and administration
to the graft recipient before and after transplantation is a unique phar-
macological approach to prevent or mitigate cold intestinal IRI, improve
graft quality and minimize transplant-associated complications.

3.2. Carbon monoxide-releasing molecules in intestinal IRI for
transplantation

While administration of CO gas has been shown to be protective in
intestinal grafts against cold IRI and improve graft quality and post-
transplant outcome, there is currently no data on the use of CO-RMs
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against cold IRI in intestinal transplantation. However, a number of
studies have reported protective effect of CO-RMs against warm intes-
tinal IRI, in which the pathophysiological pathway is the same as cold
IRI and applicable in intestinal transplantation. In a mouse model of
intestinal IRI to assess the effects and potential mechanisms of CORM-2
in modulating inflammation in small intestine, Katada et al. [42] re-
ported that intravenous administration of 8 mg/kg of CORM-2 imme-
diately before 45 min of superior mesenteric artery occlusion (ischemia)
and subsequent reperfusion significantly decreased intestinal tissue
levels of TNF-a, E-selectin and ICAM-1 proteins as well as reduced
activation of the inflammation-related transcription factor, nuclear
factor-kappaB (NF-kB) and myeloperoxidase (MPO) activity compared
to sham control group (Fig. 2). Similarly, treatment of cultured intestinal
epithelial cells with 100 pM of CORM-2 before stimulation with
50 ug/mL of LPS markedly decreased LPS-induced secretion of the in-
flammatory cytokines TNF-o and IL-1p, and attenuated LPS-induced
reduction of tight junction proteins and increased myosin light chain
phosphorylation compared to control group [43]. Additionally, CORM-2
prevented reduction in electron-dense material and disruption of tight
junction and desmosomes between apical lateral margins of adjoining
cells, an effect which was reversed by inactive variant of CORM-2
(iCORM-2) [43]. The result of this study was confirmed by Zhang
etal. [44], in which intravenous administration of 8 mg/kg CORM-2 but
not iCORM-2 produced the same salutary effects on LPS-induced intes-
tinal epithelial permeability and provided additional evidence that
CORMS-2 increases survival in a rat model of cecal ligation and puncture.
All these observations show that CORM-2 protects and preserves the
barrier function of intestinal epithelial cells from inflammation, which
supports the report by Nakao et al. [26] showing that preservation of
intestinal grafts in cold CO-supplemented UW solution improves intes-
tinal barrier function and prolongs transplant recipient survival through
its anti-inflammatory action.

Whereas these studies were done using a metallic CO-RM, Babu et al.
[45] also reported protection of intestinal epithelial cells by the
non-metallic CO-RM, CORM-A1l. In their in vitro mouse model of
post-operative ileus (cessation of intestinal peristalsis due to painful
obstruction of part of the intestine), they observed that pretreatment of
MODE-K cells (intestinal epithelial cell line) with CORM-A1 followed by
exposure to different concentrations of TNF-a/cycloheximide (CHX)
prevented TNF-a/CHX-induced oxidative stress and apoptosis by
inhibiting increased production of intracellular reactive oxygen species
(a destructive mediator in tissue injury) and activities of caspases-3/7
(executioner caspases in apoptosis) respectively [45]. In conclusion,
the protective effects of CORM-2 and CORM-AL1 in these in vitro and in
vivo studies suggest that CO released from these CO-RMs exerts the same
effects observed in the intestinal transplant models discussed above, and
therefore their beneficial effects (especially protection of the epithelial
barrier) and those of other CO-RMs should be studied in the context of
intestinal transplantation.

4. Roadblock to the promises to clinical translation and the way
forward

The unavoidable challenge of cold IRI of intestinal grafts procured
from DBD or DCD together with current transplantation protocol
including the lack of adequate preservation solution for SCS negatively
impacts intestinal graft quality, post-transplant patient care and trans-
plantation outcomes. This has led to the search for novel techniques to
improve current intestinal transplantation protocol. It is now emerging
that supplementation of existing preservation solution with CO gas or
exposure of transplant recipients to CO gas before and after trans-
plantation is an innovative technique that provides intestinal graft
protection and other solid organ grafts with improved transplantation
outcomes in experimental setting [80,81]. While the few findings from
this novel strategy are very promising at the preclinical stage and has
also shown good results in other solid organ grafts so far [52-59], its

Biomedicine & Pharmacotherapy 143 (2021) 112237

clinical translation is decades away, with several challenges that need to
be addressed. First of all, this new technique of intestinal graft protec-
tion, which has been reported by only one research team so far, needs to
be studied extensively by other research groups to confirm their results
and also determine important factors such as timing of CO delivery into
the preservation solution and administration to the graft recipient before
and after transplantation. Also, as CO administration to intestinal graft
recipients proved beneficial, future studies should investigate whether
CO administration to organ donors prior to intestinal graft procurement
will provide additional protection to the graft against cold IRI. Such
extensive studies by other research groups will also provide a broader
insight into the molecular evidence of graft protection such as reperfu-
sion injury salvage kinase pathway, hypoxia-inducible factor/vascular
endothelial growth factor system, JNK-ERK1/2-MEK1/2 pathway, heat
shock protein family, autophagy pathway, TGF-p/Smad pathway, as
well as the impact of CO in the mitochondrial electron transport chain
and other heme proteins such as cytochrome P450 and myoglobin in
transplantation of the intestine and other transplantable solid organs.

In addition to these challenges in translating this novel pharmaco-
logical technique from bench to bedside, other hurdles such as obtaining
proper therapeutic doses and duration of CO exposure raise logistical
and staff safety concerns in routine use, as it is difficult to ensure an
optimal gaseous CO concentration. Moreover, two recent clinical studies
showed no beneficial effect of CO in phases I and II clinical trials of low-
dose inhaled CO in patients with sepsis-induced acute respiratory
distress syndrome and idiopathic pulmonary fibrosis respectively
compared to placebo-treated subjects [60,61]. In fact, the latter study
reported increased carboxyhemoglobin level, which raises a toxicity
concern, as it compromises oxygen-carrying capacity of blood via inhi-
bition of cytochrome c oxidase (complex IV) of the mitochondrial elec-
tron transport chain and cytochrome P450-dependent monooxygenases
as well as myoglobin, which ultimately inhibits oxidative phosphory-
lation, alters energy metabolism with increased production of reactive
oxygen species [62-64]. This mechanism has been established to ac-
count for the known toxicity of CO gas. Hence, therapeutic gas delivery
systems such as membrane-controlled extracorporeal CO-releasing sys-
tem, therapeutic gas-releasing system intended for quality-improved
preservation and perfusion solutions and organ transplant, and oral
CO-saturated liquids which will allow self-administration to organ do-
nors prior to organ procurement and to organ recipients before and after
transplantation [65-67] without exposing the transplant donor, recip-
ient and transplant team to toxic components of CO, should be
developed.

The challenges associated with the use of CO gas protocol was
partially overcome following the development of CO-RMs. Although
there is currently no studies on the use of CO-RMs in intestinal trans-
plantation, there are studies showing salutary effects of various CO-RMs
in experimental transplantation of kidney, heart, lung, liver and
pancreatic islets [68-72]. These studies should be expanded to cover the
use of CO-RMs in intestinal transplantation. This will help provide a
comprehensive understanding of the biology and pharmacokinetics of
CO in intestinal transplantation, and will further harness its therapeutic
potential. While CO-RMs seem to produce beneficial effects in organ
transplantation, it is emerging that metallic CO-RMs produce cytotox-
icity due to reactive nature of their central transition metal carbonyl
complexes [39]. This could partly explain why CO-RMs were not pushed
forward in clinical development of improved transplants since their
introduction about two decades ago. Also, newer evidence from exper-
imental studies shows that metallic CO-RMs produce various
CO-independent effects, and therefore all the biological effects of
CO-RMs including cyto- and organ protection in transplantation cannot
be attributed to CO alone [73-76]. In the light of the above findings,
developments of transition metal-free CO-RMs and organic CO prodrugs
are underway [41,77,78], which could address the potential cytotoxicity
concern associated with metallic CO-RMs, and could advance transition
from preclinical to clinical development of improved human transplant
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in the future. In addition, a technique should be developed in the future
to track CO release from CO-RMs, which will help differentiate the
biological effects of CO released from CO-RMs and CO-RMs themselves.
Despite all these roadblocks to clinical translation, a recent study
showed that preservation of human pancreatic islets in
CO-supplemented medium and autotransplanted through the portal vein
into the liver of chronic pancreatitis patients significantly improved islet
quality, and increased insulin independence compared to control human
islets preserved in normal medium without CO supplementation [79].
Interestingly, the authors further reported that preservation of the
pancreatic islets in CO-supplemented medium did not produce any
CO-related adverse events. Compared to existing organ transplantation
protocols, this fascinating clinical outcome together with the positive
experimental findings suggests that circumvention of the challenges and
hurdles in the clinical translation of CO would produce a safer, more
effective and inexpensive transplantation protocol to improve the
quality and function of intestinal grafts and other transplantable organs,
limit post-transplant complications and prolong transplant recipient
survival.

Funding
There was no funding received for this article.
CrediT authorship contribution statement

GJD conceived and designed the research. GJD drafted the manu-
script. GJD prepared the figures. GJD edited the manuscript. GJD
approved the final version of the manuscript.

Conflict of interest
None.

References

[1] W.L. Campbell, K. Abu-Elmagd, H. Furukawa, S. Todo, Intestinal and multivisceral
transplantation, Radio. Clin. N. Am. 33 (3) (1995) 595-614.

[2] @.H. Bentdal, A. Foss, A.B. @stensen, K. Lundin, L.N. Farstad, P.D. Line, Intestinal
and multivisceral transplantation in patients with chronic intestinal failure,
Tidsskr. Nor. Laege 132 (6) (2012) 650-654, https://doi.org/10.4045/
tidsskr.11.0817.

[3] A. DeRoover, L. De Leval, J. Gilmaire, O. Detry, C. Coimbra, J. Boniver, P. Honoré,
M. Meurisse, Luminal contact with University of Wisconsin solution improves
human small bowel preservation, Transpl. Proc. 36 (2) (2004) 273-275, https://
doi.org/10.1016/j.transproceed.2004.01.073.

[4] A. DeRoover, L. de Leval, J. Gilmaire, O. Detry, J. Boniver, P. Honoré, M. Meurisse,

A new model for human intestinal preservation: comparison of University of

Wisconsin and Celsior preservation solutions, Transpl. Proc. 36 (2) (2004)

270-272, https://doi.org/10.1016/j.transproceed.2003.12.003.

F. Miihlbacher, F. Langer, C. Mittermayer, Preservation solutions for

transplantation, Transpl. Proc. 31 (5) (1999) 2069-2070, https://doi.org/

10.1016/50041-1345(99)00265-1.

[6] T.S. Yves, P.O. Delpech, S. Giraud, R. Thuillier, T. Hauet, Additives to preservation
solutions, Prog. Urol. 24 (Suppl. 1) (2014) S31-S36, https://doi.org/10.1016/
S$1166-7087(14)70061-2.

[7] T. Lysyy, M. Finotti, R.M. Maina, R. Morotti, A.S. Munoz-Abraham, A. Bertacco,
C. Ibarra, M. Barahona, R. Agarwal, F. D’Amico, M.I. Rodriguez-Davalos,

D. Mulligan, J. Geibel, Human small intestine transplantation: segmental
susceptibility to ischemia using different preservation solutions and conditions,
Transpl. Proc. 52 (10) (2020) 2934-2940, https://doi.org/10.1016/j.
transproceed.2020.06.031.

[8] D. Dragun, U. Hoff, J.K. Park, Y. Qun, W. Schneider, F.C. Luft, H. Haller, Prolonged

cold preservation augments vascular injury independent of renal transplant

immunogenicity and function, Kidney Int. 60 (3) (2001) 1173-1181, https://doi.
org/10.1046/j.1523-1755.2001.0600031173.x.

A K. Salahudeen, N. Haider, W. May, Cold ischemia and the reduced long-term

survival of cadaveric renal allo-grafts, Kidney Int. 65 (2) (2004) 713-718, https://

doi.org/10.1111/§.1523-1755.2004.00416.x.

[10] I. Quiroga, P. McShane, D.D. Koo, D. Gray, P.J. Friend, S. Fuggle, C. Darby, Major
effects of delayed graft function and cold ischaemia time on renal allograft
survival, Nephrol. Dial. Transplant. 21 (6) (2006) 1689-1696, https://doi.org/
10.1093/ndt/gfl042.

[11] L.K. Kayler, J. Magliocca, 1. Zendejas, T.R. Srinivas, J.D. Schold, Impact of cold
ischemia time on graft survival among ECD transplant recipients: a paired kidney

[5

—

[9

—

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

Biomedicine & Pharmacotherapy 143 (2021) 112237

analysis, Am. J. Transplant. 11 (12) (2011) 2647-2656, https://doi.org/10.1111/
j.1600-6143.2011.03741.x.

M. Guo, C. Lu, Y. Gao, H. Zhang, D. Chen, Y. Li, Lifor solution: an alternative
preservation solution in small bowel transplantation, Gastroenterol. Res. Pract.
2016 (2016), 3925751, https://doi.org/10.1155/2016/3925751.

Y. Kokudo, T. Furuya, I. Takeyoshi, K. Nakamura, S. Zhang, N. Murase, S. Todo,
Comparison of University of Wisconsin, Euro-Collins, and lactated Ringer’s
solutions in rat small bowel preservation for orthotopic small bowel
transplantation, Transpl. Proc. 26 (1994) 1492-1493.

E. Schweizer, A. Gassel, E. Deltz, P. Schroeder, Morphologic and histologic
alterations after small-bowel transplantation — a comparison of different perfusion
solutions, Transpl. Proc. 24 (1992) 1087.

Y. Chen, J. Shi, T.C. Xia, R. Xu, X. He, Y. Xia, Preservation solutions for kidney
transplantation: history, advances and mechanisms, Cell Transpl. 28 (12) (2019)
1472-1489, https://doi.org/10.1177/0963689719872699.

D.L. Bigam, D. Grant, Small bowel transplantation, in: P.J. Morris, W.C. Wood
(Eds.), Oxford Textbook of Surgery, 2nd edn., Oxford University Press, Oxford,
2000, pp. 719-726.

J.P. Berne, B. Lauzier, L. Rochette, C. Vergely, Carbon monoxide protects against
ischemia-reperfusion injury in vitro via antioxidant properties, Cell. Physiol.
Biochem. 29 (3-4) (2012) 475-484, https://doi.org/10.1159/000338501.

T. Fujita, K. Toda, A. Karimova, S.F. Yan, Y. Naka, S.F. Yet, D.J. Pinsky, Paradoxical
rescue from ischemic lung injury by inhaled carbon monoxide driven by
derepression of fibrinolysis, Nat. Med. 7 (2001) 598-604, https://doi.org/
10.1038/87929.

T. Abe, K. Yazawa, M. Fujino, R. Imamura, N. Hatayama, Y. Kakuta, K. Tsutahara,
M. Okumi, N. Ichimaru, J.Y. Kaimori, Y. Isaka, K. Seki, S. Takahara, X.K. Li,

N. Nonomura, High-pressure carbon monoxide preserves rat kidney grafts from
apoptosis and inflammation, Lab. Invest. 97 (4) (2017) 468-477, https://doi.org/
10.1038/labinvest.2016.157.

L. Shao, Y.Y. Gu, C.H. Jiang, C.Y. Liu, L.P. Lv, J.N. Liu, Y. Zou, Carbon monoxide
releasing molecule-2 suppresses proliferation, migration, invasion, and promotes
apoptosis in non-small cell lung cancer Calu-3 cells, Eur. Rev. Med. Pharm. Sci. 22
(7) (2018) 1948-1957, https://doi.org/10.26355/eurrev_201804_14720.

W. Adach, B. Olas, A comparison of multifunctional donors of carbon monoxide:
their anticoagulant, antioxidant, anti-aggregatory and cytotoxicity activities in an
in vitro model, Nitric Oxide 97 (2020) 20-26, https://doi.org/10.1016/j.
niox.2020.01.010.

R.K. Kutty, M.D. Maines, Selective induction of heme oxygenase-1 isozyme in rat
testis by human chorionic gonadotropin, Arch. Biochem. Biophys. 268 (1) (1989)
100-107, https://doi.org/10.1016,/0003-9861(89)90569-9.

M.D. Maines, G.M. Trakshel, Purification and characterization of human biliverdin
reductase, Arch. Biochem. Biophys. 300 (1) (1993) 320-326, https://doi.org/
10.1006/abbi.1993.1044.

M. Li, J. Jang, H. Na, Y. Cha, Y. Surh, Carbon monoxide production by heme
oxygenase-1 in response to nitrosative stress induces expression off glutamate-
cysteine ligase in PC12 cells via activation of phosphatidylinositol 3-kinase and
Nrf2 signaling, J. Biol. Chem. 282 (39) (2007) 28577-28586, https://doi.org/
10.1074/jbc.M701916200.

W.K. McCoubrey Jr., J.F. Ewing, M.D. Maines, Human heme oxygenase-2:
characterization and expression of a full-length ¢cDNA and evidence suggesting that
the two HO-2 transcripts may differ by choice of polyadenylation signal, Arch.
Biochem. Biophys. 295 (1) (1992 15) 13-20, https://doi.org/10.1016/0003-9861
(92)90481-b.

A. Nakao, H. Toyokawa, A. Tsung, M.A. Nalesnik, D.B. Stolz, J. Kohmoto, A. Ikeda,
K. Tomiyama, T. Harada, T. Takahashi, R. Yang, M.P. Fink, K. Morita, A.M. Choi,
N. Murase, Ex vivo application of carbon monoxide in University of Wisconsin
solution to prevent intestinal cold ischemia/reperfusion injury, Am. J. Transpl. 6
(10) (2006) 2243-2255, https://doi.org/10.1111/j.1600-6143.2006.01465.x.

A. Nakao, K. Kimizuka, D.B. Stolz, J. Seda Neto, T. Kaizu, A.M. Choi, T. Uchiyama,
B.S. Zuckerbraun, A.J. Bauer, M.A. Nalesnik, L.E. Otterbein, D.A. Geller, N. Murase,
Protective effect of carbon monoxide inhalation for cold-preserved small intestinal
grafts, Surgery 134 (2) (2003) 285-292, https://doi.org/10.1067/msy.2003.238.
A. Nakao, K. Kimizuka, D.B. Stolz, J.S. Neto, T. Kaizu, A.M. Choi, T. Uchiyama, B.
S. Zuckerbraun, M.A. Nalesnik, L.E. Otterbein, N. Murase, Carbon monoxide
inhalation protects rat intestinal grafts from ischemia/reperfusion injury, Am. J.
Pathol. 163 (4) (2003) 1587-1598, https://doi.org/10.1016/50002-9440(10)
63515-8.

B. Brune, V. Ullrich, Inhibition of platelet aggregation by carbon monoxide is
mediated by activation of guanylate cyclase, Mol. Pharmacol. 32 (1987) 497-504.
K.S. Ramos, H. Lin, J.J. McGrath, Modulation of cyclic guanosine monophosphate
levels in cultured aortic smooth muscle cells by carbon monoxide, Biochem.
Pharmacol. 38 (1989) 1368-1370, https://doi.org/10.1016/0006-2952(89)90347-
X.
J. Utz, V. Ullrich, Carbon monoxide relaxes ileal smooth muscl through activation
of guanylate cyclase, Biochem. Pharmacol. 41 (1991) 1195-1201, https://doi.org/
10.1016/0006-2952(91)90658-r.

I.A. Sammut, R. Foresti, J.E. Clark, D.J. Exon, M.J. Vesely, P. Sarathchandra, C.
J. Green, R. Motterlini, Carbon monoxide is a major contributor to the regulation of
vascular tone in aortas expressing high levels of haeme oxygenase-1, Br. J.
Pharmacol. 125 (1998) 1437-1444, https://doi.org/10.1038/sj.bjp.0702212.

J. Varadi, I. Lekli, B. Juhasz, I. Bacskay, G. Szabo, R. Gesztelyi, L. Szendrei,

E. Varga, I. Bak, R. Foresti, R. Motterlini, A. Tosaki, Beneficial effects of carbon
monoxide-releasing molecules on post-ischemic myocardial recovery, Life Sci. 80
(17) (2007) 1619-1626, https://doi.org/10.1016/.1fs.2007.01.047.


http://refhub.elsevier.com/S0753-3322(21)01021-0/sbref1
http://refhub.elsevier.com/S0753-3322(21)01021-0/sbref1
https://doi.org/10.4045/tidsskr.11.0817
https://doi.org/10.4045/tidsskr.11.0817
https://doi.org/10.1016/j.transproceed.2004.01.073
https://doi.org/10.1016/j.transproceed.2004.01.073
https://doi.org/10.1016/j.transproceed.2003.12.003
https://doi.org/10.1016/s0041-1345(99)00265-1
https://doi.org/10.1016/s0041-1345(99)00265-1
https://doi.org/10.1016/S1166-7087(14)70061-2
https://doi.org/10.1016/S1166-7087(14)70061-2
https://doi.org/10.1016/j.transproceed.2020.06.031
https://doi.org/10.1016/j.transproceed.2020.06.031
https://doi.org/10.1046/j.1523-1755.2001.0600031173.x
https://doi.org/10.1046/j.1523-1755.2001.0600031173.x
https://doi.org/10.1111/j.1523-1755.2004.00416.x
https://doi.org/10.1111/j.1523-1755.2004.00416.x
https://doi.org/10.1093/ndt/gfl042
https://doi.org/10.1093/ndt/gfl042
https://doi.org/10.1111/j.1600-6143.2011.03741.x
https://doi.org/10.1111/j.1600-6143.2011.03741.x
https://doi.org/10.1155/2016/3925751
http://refhub.elsevier.com/S0753-3322(21)01021-0/sbref13
http://refhub.elsevier.com/S0753-3322(21)01021-0/sbref13
http://refhub.elsevier.com/S0753-3322(21)01021-0/sbref13
http://refhub.elsevier.com/S0753-3322(21)01021-0/sbref13
http://refhub.elsevier.com/S0753-3322(21)01021-0/sbref14
http://refhub.elsevier.com/S0753-3322(21)01021-0/sbref14
http://refhub.elsevier.com/S0753-3322(21)01021-0/sbref14
https://doi.org/10.1177/0963689719872699
http://refhub.elsevier.com/S0753-3322(21)01021-0/sbref16
http://refhub.elsevier.com/S0753-3322(21)01021-0/sbref16
http://refhub.elsevier.com/S0753-3322(21)01021-0/sbref16
https://doi.org/10.1159/000338501
https://doi.org/10.1038/87929
https://doi.org/10.1038/87929
https://doi.org/10.1038/labinvest.2016.157
https://doi.org/10.1038/labinvest.2016.157
https://doi.org/10.26355/eurrev_201804_14720
https://doi.org/10.1016/j.niox.2020.01.010
https://doi.org/10.1016/j.niox.2020.01.010
https://doi.org/10.1016/0003-9861(89)90569-9
https://doi.org/10.1006/abbi.1993.1044
https://doi.org/10.1006/abbi.1993.1044
https://doi.org/10.1074/jbc.M701916200
https://doi.org/10.1074/jbc.M701916200
https://doi.org/10.1016/0003-9861(92)90481-b
https://doi.org/10.1016/0003-9861(92)90481-b
https://doi.org/10.1111/j.1600-6143.2006.01465.x
https://doi.org/10.1067/msy.2003.238
https://doi.org/10.1016/S0002-9440(10)63515-8
https://doi.org/10.1016/S0002-9440(10)63515-8
http://refhub.elsevier.com/S0753-3322(21)01021-0/sbref29
http://refhub.elsevier.com/S0753-3322(21)01021-0/sbref29
https://doi.org/10.1016/0006-2952(89)90347-x
https://doi.org/10.1016/0006-2952(89)90347-x
https://doi.org/10.1016/0006-2952(91)90658-r
https://doi.org/10.1016/0006-2952(91)90658-r
https://doi.org/10.1038/sj.bjp.0702212
https://doi.org/10.1016/j.lfs.2007.01.047

G.J. Dugbartey

[34]

[35]

[36]

371

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

M.J. Alcaraz, M.I. Guillen, M.L. Ferrandiz, J. Megias, R. Motterlini, Carbon
monoxide-releasing molecules: a pharmacological expedient to counteract
inflammation, Curr. Pharm. Des. 14 (5) (2008) 465-472, https://doi.org/10.2174/
138161208783597362.

J.E. Clark, P. Naughton, S. Shurey, C.J. Green, T.R. Johnson, B.E. Mann, R. Foresti,
R. Motterlini, Cardioprotective actions by a water-soluble carbon monoxide-
releasing molecule, Circ. Res. 93 (2) (2003) e2-e8, https://doi.org/10.1161/01.
RES.0000084381.86567.08.

R. Motterlini, J.E. Clark, R. Foresti, P. Sarathchandra, B.E. Mann, C.J. Green,
Carbon monoxide-releasing molecules: characterization of biochemical and
vascular activities, Circ. Res. 90 (2) (2002) E17-E24, https://doi.org/10.1161/
hh0202.104530.

R. Motterlini, B.E. Mann, R. Foresti, Therapeutic applications of carbon monoxide-
releasing molecules, Expert Opin. Invest. Drugs 14 (11) (2005) 1305-1318,
https://doi.org/10.1517/13543784.14.11.1305.

S.H. Crook, B.E. Mann, A.J.H.M. Meijer, H. Adams, P. Sawle, D. Scapens,

R. Motterlini, [Mn(CO)4{S2CNMe(CH,CO-H)}], a new water-soluble CO-releasing
molecule, Dalton Trans. 40 (16) (2011) 4230-4235, https://doi.org/10.1039/
c1dt10125k.

R. Motterlini, P. Sawle, J. Hammad, B.E. Mann, T.R. Johnson, C.J. Green,

R. Foresti, Vasorelaxing effects and inhibition of nitric oxide in macrophages by
new iron-containing carbon monoxide-releasing molecules (CO-RMs), Pharm. Res.
68 (1) (2013) 108-117, https://doi.org/10.1016/j.phrs.2012.12.001.

R. Motterlini, P. Sawle, J. Hammad, S. Bains, R. Alberto, R. Foresti, C.J. Green,
CORM-A1: a new pharmacologically active carbon monoxide-releasing molecule,
FASEB J. 19 (2) (2005) 284-286, https://doi.org/10.1096/1].04-2169fje.

E. Palao, T. Slanina, L. Muchova, T. Solomek, L. Vitek, P. Klan, Transition-metal-
free CO-releasing BODIPY derivatives activatable by visible to NIR light as
promising bioactive molecules, J. Am. Chem. Soc. 138 (1) (2016) 126-133,
https://doi.org/10.1021/jacs.5b10800.

K. Katada, A. Bihari, S. Mizuguchi, N. Yoshida, T. Yoshikawa, D.D. Fraser, R.

F. Potter, G. Cepinskas, Carbon monoxide liberated from CO-releasing molecule
(CORM-2) attenuates ischemia/reperfusion (I/R)-induced inflammation in the
small intestine, Inflammation 33 (2) (2010) 92-100. Inflammation. 2010; 33(2):
92-100.

X. Mu, C. Pan, S. Zheng, Y. Alhamdi, B. Sun, Q. Shi, X. Wang, Z. Sun, C. Toh,

G. Wang, Protective effects of carbon monoxide-releasing molecule-2 on the barrier
function of intestinal epithelial cells, PLoS One 9 (8) (2014), 104032, https://doi.
org/10.1371/journal.pone.0104032.

S. Zhang, S. Zheng, X. Wang, Q. Shi, X. Wang, S. Yuan, G. Wang, Z. Ji, Carbon
monoxide-releasing molecule-2 reduces intestinal epithelial tight-junction damage
and mortality in septic rats, PLoS One 10 (12) (2015), 0145988, https://doi.org/
10.1371/journal.pone.0145988.

D. Babu, S.J. Soenen, K. Raemdonck, G. Leclercq, O. De Backer, R. Motterlini, R.
A. Lefebvre, TNF-a/cycloheximide-induced oxidative stress and apoptosis in
murine intestinal epithelial MODE-K cells, Curr. Pharm. Des. 18 (28) (2012)
4414-4425, https://doi.org/10.2174/138161212802481291.

C.J. Chiu, A.H. McArdle, R. Brown, H.J. Scott, F.N. Gurd, Intestinal mucosal lesion
in low-flow states. 1. A morphological, hemodynamic, and metabolic reappraisal,
Arch. Surg. 101 (1970) 478-483, https://doi.org/10.1001/
archsurg.1970.01340280030009.

P.O. Park, U. Haglund, G.B. Bulkley, K. Falt, The sequence of development of
intestinal tissue injury after strangulation ischemia and reperfusion, Surgery 107
(1990) 574-580.

S.H. Liu, K. Ma, X.R. Xu, B. Xu, A single dose of carbon monoxide intraperitoneal
administration protects rat intestine from injury induced by lipopolysaccharide,
Cell Stress Chaperones 15 (5) (2010) 717-727, https://doi.org/10.1007/512192-
010-0183-0.

S.H. Liu, K. Ma, B. Xu, X.R. Xu, Protection of carbon monoxide intraperitoneal
administration from rat intestine injury induced by lipopolysaccharide, Chin. Med.
J. 123 (8) (2010) 1039-1046.

S.H. Liu, K. Ma, B. Xu, X.R. Xu, Effects of p38 mitogen-activated protein kinase in
protection of carbon monoxide against lipopolysaccharide induced rat small
intestine injury, Zhongguo Ying Yong Sheng Li Xue Za Zhi 25 (2) (2009) 277-281.
L.E. Otterbein, B.S. Zuckerbraun, M. Haga, F. Liu, R. Song, A. Usheva, C. Stachulak,
N. Bodyak, R.N. Smith, E. Csizmadia, S. Tyagi, Y. Akamatsu, R.J. Flavell, T.

R. Billiar, E. Tzeng, F.H. Bach, A.M. Choi, M.P. Soares, Carbon monoxide
suppresses arteriosclerotic lesions associated with chronic graft rejection and with
balloon injury, Nat. Med. 9 (2003) 183-190, https://doi.org/10.1038/nm817.
Epub 2003 Jan 21.

J.S. Neto, A. Nakao, K. Kimizuka, A.J. Romanosky, D.B. Stolz, T. Uchiyama, M.
A. Nalesnik, L.E. Otterbein, N. Murase, Protection of transplant-induced renal
ischemia-reperfusion injury with carbon monoxide, Am. J. Physiol. Ren. Physiol.
287 (5) (2004) F979-F989, https://doi.org/10.1152/ajprenal.00158.2004.

G. Faleo, J.S. Neto, J. Kohmoto, K. Tomiyama, H. Shimizu, T. Takahashi, Y. Wang,
R. Sugimoto, A.M. Choi, D.B. Stolz, G. Carrieri, K.R. McCurry, N. Murase, A. Nakao,
Carbon monoxide ameliorates renal cold ischemia-reperfusion injury with an
upregulation of vascular endothelial growth factor by activation of hypoxia-
inducible factor, Transplantation 85 (12) (2008) 1833-1840, https://doi.org/
10.1097/TP.0b013e31817c6f63.

A. Nakao, H. Toyokawa, M. Abe, T. Kiyomoto, K. Nakahira, A.M. Choi, M.

A. Nalesnik, A.W. Thomson, N. Murase, Heart allograft protection with low-dose
carbon monoxide inhalation: effects on inflammatory mediators and alloreactive T-
cell responses, Transplantation 81 (2) (2006) 220-230, https://doi.org/10.1097/
01.tp.0000188637.80695.71.

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

Biomedicine & Pharmacotherapy 143 (2021) 112237

N. Fyjisaki, K. Kohama, T. Nishimura, H. Yamashita, M. Ishikawa, A. Kanematsu,
T. Yamada, S. Lee, T. Yumoto, K. Tsukahara, J. Kotani, A. Nakao, Donor
pretreatment with carbon monoxide prevents ischemia/reperfusion injury
following heart transplantation in rats, Med. Gas Res. 6 (3) (2016) 122-129,
https://doi.org/10.4103/2045-9912.191357.

R. Song, M. Kubo, D. Morse, Z. Zhou, X. Zhang, J.H. Dauber, J. Fabisiak, S.

M. Alber, S.C. Watkins, B.S. Zuckerbraun, L.E. Otterbein, W. Ning, T.D. Oury, P.
J. Lee, K.R. McCurry, A.M. Choi, Carbon monoxide induces cytoprotection in rat
orthotopic lung transplantation via anti-inflammatory and anti-apoptotic effects,
Am. J. Pathol. 163 (1) (2003) 231-242, https://doi.org/10.1016/50002-9440(10)
63646-2.

J. Kohmoto, A. Nakao, T. Kaizu, A. Tsung, A. Ikeda, K. Tomiyama, T.R. Billiar, A.
M. Choi, N. Murase, K.R. McCurry, Low-dose carbon monoxide inhalation prevents
ischemia/reperfusion injury of transplanted rat lung grafts, Surgery 140 (2) (2006)
179-185, https://doi.org/10.1016/j.surg.2006.03.004.

A. Ikeda, S. Ueki, A. Nakao, K. Tomiyama, M.A. Ross, D.B. Stolz, D.A. Geller,

N. Murase, Liver graft exposure to carbon monoxide during cold storage protects
sinusoidal endothelial cells and ameliorates reperfusion injury in rats, Liver
Transpl. 15 (11) (2009) 1458-1468, https://doi.org/10.1002/1t.21918.

L.Y. Lee, T. Kaizu, H. Toyokawa, M. Zhang, M. Ross, D.B. Stolz, C. Huang,

C. Gandhi, D.A. Geller, N. Murase, Carbon monoxide induces hypothermia
tolerance in Kupffer cells and attenuates liver ischemia/reperfusion injury in rats,
Liver Transpl. 17 (12) (2011) 1457-1466, https://doi.org/10.1002/1t.22415.

L.E. Fredenburgh, M.A. Perrella, D. Barragan-Bradford, D.R. Hess, E. Peters, K.

E. Welty-Wolf, B.D. Kraft, R.S. Harris, R. Maurer, K. Nakahira, C. Oromendia, J.
D. Davies, A. Higuera, K.T. Schiffer, J.A. Englert, P.B. Dieffenbach, D.A. Berlin,
S. Lagambina, M. Bouthot, A.L. Sullivan, P.F. Nuccio, M.T. Kone, M.J. Malik,

M. Porras, E. Finkelsztein, T. Winkler, S. Hurwitz, C.N. Serhan, C.A. Piantadosi, R.
M. Baron, B.T. Thompson, A.M. Choi, A phase I trial of low-dose inhaled carbon
monoxide in sepsis-induced ARDS, JCI Insight 3 (23) (2018), €124039, https://doi.
org/10.1172/jci.insight.124039.

1.0. Rosas, H.J. Goldberg, H.R. Collard, S. El-Chemaly, K. Flaherty, G.

M. Hunninghake, J.A. Lasky, D.J. Lederer, R. Machado, F.J. Martinez, R. Maurer,
D. Teller, 1. Noth, E. Peters, G. Raghu, J. Garcia, A. Choi, A phase II clinical trial of
low-dose inhaled carbon monoxide in idiopathic pulmonary fibrosis, Chest 153 (1)
(2018) 94-104, https://doi.org/10.1016/j.chest.2017.09.052.

D. Pankow, W. Ponsold, Effect of carbon monoxide exposure on heart cytochrome ¢
oxidase activity of rats, Biomed. Biochim. Acta 43 (1984) 1185-1189.

B.S. Zuckerbraun, B.Y. Chin, M. Bilban, J.C. D’avila, J. Rao, T.R. Billiar, L.

E. Otterbein, Carbon monoxide signals via inhibition of cytochrome c oxidase and
generation of mitochondrial reactive oxygen species, FASEB J. 21 (2007)
1099-1106, https://doi.org/10.1096/1j.06-6644com.

T. Leemann, P. Bonnabry, P. Dayer, Selective inhibition of major drug metabolizing
cytochrome P450 isozymes in human liver microsomes by carbon monoxide, Life
Sci. 54 (1994) 951-956, https://doi.org/10.1016/0024-3205(94)00496-x.

J. Wollborn, C. Hermann, U. Goebel, B. Merget, C. Wunder, S. Maier, T. Schafer,
D. Heuler, K. Miiller-Buschbaum, H. Buerkle, L. Meinel, M.A. Schick, C. Steiger,
Overcoming safety challenges in CO therapy — extracorporeal CO delivery under
precise feedback control of systemic carboxyhemoglobin levels, J. Control Release
279 (2018) 336-344, https://doi.org/10.1016/j.jconrel.2018.04.017.

C. Steiger, J. Wollborn, M. Gutmann, M. Zehe, C. Wunder, L. Meinel, Controlled
therapeutic gas delivery systems for quality-improved transplants, Eur. J. Pharm.
Biopharm. 97 (Pt A) (2015) 96-106, https://doi.org/10.1016/j.ejpb.2015.10.009.
J.D. Belcher, E. Gomperts, J. Nguyen, C. Chen, F. Abdulla, Z.M. Kiser, D. Gallo,
H. Levy, L.E. Otterbein, G.M. Vercellotti, Oral carbon monoxide therapy in murine
sickle cell disease: beneficial effects on vaso-occlusion, inflammation and anemia,
PLoS One 13 (10) (2018), 0205194, https://doi.org/10.1371/journal.
pone.0205194.

A. Sener, K.C. Tran, J.P. Deng, B. Garcia, Z. Lan, W. Liu, T. Sun, J. Arp, M. Salna,
P. Acott, G. Cepinskas, A.M. Jevnikar, P.P. Luke, Carbon monoxide releasing
molecules inhibit cell death resulting from renal transplantation related stress,

J. Urol. 190 (2) (2013) 772-778, https://doi.org/10.1016/j.juro.2012.12.020.
M.D. Musameh, C.J. Green, B.E. Mann, B.J. Fuller, R. Motterlini, Improved
myocardial function after cold storage with preservation solution supplemented
with a carbon monoxide-releasing molecule (CORM-3), J. Heart Lung Transplant.
26 (11) (2007) 1192-1198, https://doi.org/10.1016/j.healun.2007.08.005.

T. Ohtsuka, K. Kaseda, T. Shigenobu, T. Hato, I. Kamiyama, T. Goto, M. Kohno,
M. Shimoda, Carbon monoxide-releasing molecule attenuates allograft airway
rejection, Transpl. Int. 27 (7) (2014) 741-747, https://doi.org/10.1111/tri.12314.
M.D. Pizarro, J.V. Rodriguez, M.E. Mamprin, B.J. Fuller, B.E. Mann, R. Motterlini,
E.E. Guibert, Protective effects of a carbon monoxide-releasing molecule (CORM-3)
during hepatic cold preservation, Cryobiology 58 (3) (2009) 248-255, https://doi.
0rg/10.1016/j.cryobiol.2009.01.002.

X.H. Cai, G.Q. Wang, R. Liang, L. Wang, T.L. Liu, J.Q. Zou, N. Liu, Y. Liu, S.

S. Wang, Z.Y. Shen, CORM-2 pretreatment attenuates inflammation-mediated islet
dysfunction, Cell Transpl. 29 (2020), https://doi.org/10.1177/
0963689720903691 (963689720903691).

G. Gessner, N. Sahoo, S.M. Swain, G. Hirth, R. Schonherr, R. Mede,

M. Westerhausen, H.H. Brewitz, P. Heimer, D. Imhof, T. Hoshi, S.H. Heinemann,
CO-independent modification of K* channels by tricarbonyldichlororuthenium(II)
dimer (CORM-2), Eur. J. Pharmacol. 815 (2017) 33-41, https://doi.org/10.1016/j.
ejphar.2017.10.006.

H.M. Southam, T.W. Smith, R.L. Lyon, C. Liao, C.R. Trevitt, L.A. Middlemiss, K.
L. Cox, J.A. Chapman, S.F. El-Khamisy, M. Hippler, M.P. Williamson, P.J.

F. Henderson, R.K. Poole, A thiol-reactive Ru(II) ion, not CO release, underlies the


https://doi.org/10.2174/138161208783597362
https://doi.org/10.2174/138161208783597362
https://doi.org/10.1161/01.RES.0000084381.86567.08
https://doi.org/10.1161/01.RES.0000084381.86567.08
https://doi.org/10.1161/hh0202.104530
https://doi.org/10.1161/hh0202.104530
https://doi.org/10.1517/13543784.14.11.1305
https://doi.org/10.1039/c1dt10125k
https://doi.org/10.1039/c1dt10125k
https://doi.org/10.1016/j.phrs.2012.12.001
https://doi.org/10.1096/fj.04-2169fje
https://doi.org/10.1021/jacs.5b10800
http://refhub.elsevier.com/S0753-3322(21)01021-0/sbref42
http://refhub.elsevier.com/S0753-3322(21)01021-0/sbref42
http://refhub.elsevier.com/S0753-3322(21)01021-0/sbref42
http://refhub.elsevier.com/S0753-3322(21)01021-0/sbref42
http://refhub.elsevier.com/S0753-3322(21)01021-0/sbref42
https://doi.org/10.1371/journal.pone.0104032
https://doi.org/10.1371/journal.pone.0104032
https://doi.org/10.1371/journal.pone.0145988
https://doi.org/10.1371/journal.pone.0145988
https://doi.org/10.2174/138161212802481291
https://doi.org/10.1001/archsurg.1970.01340280030009
https://doi.org/10.1001/archsurg.1970.01340280030009
http://refhub.elsevier.com/S0753-3322(21)01021-0/sbref47
http://refhub.elsevier.com/S0753-3322(21)01021-0/sbref47
http://refhub.elsevier.com/S0753-3322(21)01021-0/sbref47
https://doi.org/10.1007/s12192-010-0183-0
https://doi.org/10.1007/s12192-010-0183-0
http://refhub.elsevier.com/S0753-3322(21)01021-0/sbref49
http://refhub.elsevier.com/S0753-3322(21)01021-0/sbref49
http://refhub.elsevier.com/S0753-3322(21)01021-0/sbref49
http://refhub.elsevier.com/S0753-3322(21)01021-0/sbref50
http://refhub.elsevier.com/S0753-3322(21)01021-0/sbref50
http://refhub.elsevier.com/S0753-3322(21)01021-0/sbref50
https://doi.org/10.1038/nm817
https://doi.org/10.1152/ajprenal.00158.2004
https://doi.org/10.1097/TP.0b013e31817c6f63
https://doi.org/10.1097/TP.0b013e31817c6f63
https://doi.org/10.1097/01.tp.0000188637.80695.7f
https://doi.org/10.1097/01.tp.0000188637.80695.7f
https://doi.org/10.4103/2045-9912.191357
https://doi.org/10.1016/S0002-9440(10)63646-2
https://doi.org/10.1016/S0002-9440(10)63646-2
https://doi.org/10.1016/j.surg.2006.03.004
https://doi.org/10.1002/lt.21918
https://doi.org/10.1002/lt.22415
https://doi.org/10.1172/jci.insight.124039
https://doi.org/10.1172/jci.insight.124039
https://doi.org/10.1016/j.chest.2017.09.052
http://refhub.elsevier.com/S0753-3322(21)01021-0/sbref62
http://refhub.elsevier.com/S0753-3322(21)01021-0/sbref62
https://doi.org/10.1096/fj.06-6644com
https://doi.org/10.1016/0024-3205(94)00496-x
https://doi.org/10.1016/j.jconrel.2018.04.017
https://doi.org/10.1016/j.ejpb.2015.10.009
https://doi.org/10.1371/journal.pone.0205194
https://doi.org/10.1371/journal.pone.0205194
https://doi.org/10.1016/j.juro.2012.12.020
https://doi.org/10.1016/j.healun.2007.08.005
https://doi.org/10.1111/tri.12314
https://doi.org/10.1016/j.cryobiol.2009.01.002
https://doi.org/10.1016/j.cryobiol.2009.01.002
https://doi.org/10.1177/0963689720903691
https://doi.org/10.1177/0963689720903691
https://doi.org/10.1016/j.ejphar.2017.10.006
https://doi.org/10.1016/j.ejphar.2017.10.006

G.J. Dugbartey

[75]

[76]

[771

[78]

[79]

[80]

[81]

potent antimicrobial and cytotoxic properties of CO-releasing molecule-3, Redox
Biol. 18 (2018) 114-123, https://doi.org/10.1016/j.redox.2018.06.008.

V.G. Nielsen, The anticoagulant effect of Apis mellifera phospholipase A2 is
inhibited by CORM-2 via a carbon monoxide-independent mechanism, J. Thromb.
Thrombolysis 49 (2020) 100-107, https://doi.org/10.1007/s11239-019-01980-0.
D. Stucki, H. Krahl, M. Walter, J. Steinhausen, K. Hommel, P. Brenneisen, W. Stahl,
Effects of frequently applied carbon monoxide releasing molecules (CORMs) in
typical CO-sensitive model systems — a comparative in vitro study, Arch. Biochem.
Biophys. 687 (2020), 108383, https://doi.org/10.1016/j.abb.2020.108383.

Z. Pan, V. Chittavong, W. Li, J. Zhang, K. Ji, M. Zhu, X. Ji, B. Wang, Organic CO
prodrugs: structure-CO-release rate relationship studies, Chemistry 23 (41) (2017)
9838-9845, https://doi.org/10.1002/chem.201700936.

X. Ji, B. Wang, Strategies toward organic carbon monoxide prodrugs, Acc. Chem.
Res. 51 (6) (2018) 1377-1385, https://doi.org/10.1021/acs.accounts.8b00019.
H. Wang, W. Gou, C. Strange, J. Wang, P.J. Nietert, C. Cloud, S. Owzarski,

B. Shuford, T. Duke, L. Luttrell, A. Lesher, K.K. Papas, K.C. Herold, P. Clark,

S. Usmani-Brown, J. Kitzmann, C. Crosson, D.B. Adams, K.A. Morgan, Islet harvest
in carbon monoxide-saturated medium for chronic pancreatitis patients
undergoing islet autotransplantation, Cell Transpl. 28 (S1) (2019) 255-36S,
https://doi.org/10.1177,/0963689719890596.

G.J. Dugbartey, K.K. Alornyo, P.P.W. Luke, A. Sener, Application of carbon
monoxide in kidney and heart transplantation: a novel pharmacological strategy
for a broader use of suboptimal renal and cardiac grafts, Pharm. Res. 173 (2021),
105883, https://doi.org/10.1016/j.phrs.2021.105883.

G.J. Dugbartey, Carbon monoxide as an emerging pharmacological tool to improve
lung and liver transplantation protocols, Biochem. Pharm. 193 (2021), 114752,
https://doi.org/10.1016/j.bcp.2021.114752.

[82]

[83]

[84]

[85]

[86]

[87]

[88]

Biomedicine & Pharmacotherapy 143 (2021) 112237

H. Soni, M. Jain, A.A. Mehta, Investigation into the mechanism(s) of
antithrombotic effects of carbon monoxide releasing molecule-3 (CORM-3),
Thromb. Res. 127 (6) (2011) 551-559, https://doi.org/10.1016/].
thromres.2011.02.009.

K. Kramkowski, A. Leszczynska, A. Mogielnicki, S. Chlopicki, A. Fedorowicz,

E. Grochal, B. Mann, T. Brzoska, T. Urano, R. Motterlini, W. Buczko,
Antithrombotic properties of water-soluble carbon monoxide-releasing molecules,
Arterioscler. Thromb. Vasc. Biol. 32 (9) (2012) 2149-2157, https://doi.org/
10.1161/ATVBAHA.112.253989.

V.G. Nielsen, M.R. Arkebauer, K.A. Wasko, S.N. Malayaman, K. Vosseller, Carbon
monoxide-releasing molecule-2 decreases fibrinolysis in vitro and in vivo in the
rabbit, Blood Coagul. Fibrinolysis 23 (1) (2012) 104-107, https://doi.org/
10.1097/MBC.0b013e32834ea012.

D. Donaghy, S. Yoo, T. Johnson, V. Nielsen, C. Olver, Carbon monoxide-releasing
molecule enhances coagulation and decreases fibrinolysis in normal canine plasma,
Basic Clin. Pharm. Toxicol. 123 (3) (2018) 257-262, https://doi.org/10.1111/
bept.13015.

T.E. Johnson, R.J. Wells, A. Bell, V.G. Nielsen, C.S. Olver, Carbon monoxide
releasing molecule enhances coagulation and decreases fibrinolysis in canine
plasma exposed to Crotalus viridis venom in vitro and in vivo, Basic Clin. Pharm.
Toxicol. 125 (4) (2019) 328-336, https://doi.org/10.1111/bept.13242.

V.G. Nielsen, J.I. Garza, Comparison of the effects of CORM-2, CORM-3 and CORM-
Al on coagulation in human plasma, Blood Coagul. Fibrinolysis 25 (8) (2014)
801-805, https://doi.org/10.1097/MBC.0000000000000146.

V.G. Nielsen, J.K. Kirklin, J.F. George, Carbon monoxide-releasing molecule-2
decreases fibrinolysis in human plasma, Blood Coagul. Fibrinolysis 20 (6) (2009)
448-455, https://doi.org/10.1097/MBC.0b013e32832f4335.


https://doi.org/10.1016/j.redox.2018.06.008
https://doi.org/10.1007/s11239-019-01980-0
https://doi.org/10.1016/j.abb.2020.108383
https://doi.org/10.1002/chem.201700936
https://doi.org/10.1021/acs.accounts.8b00019
https://doi.org/10.1177/0963689719890596
https://doi.org/10.1016/j.phrs.2021.105883
https://doi.org/10.1016/j.bcp.2021.114752
https://doi.org/10.1016/j.thromres.2011.02.009
https://doi.org/10.1016/j.thromres.2011.02.009
https://doi.org/10.1161/ATVBAHA.112.253989
https://doi.org/10.1161/ATVBAHA.112.253989
https://doi.org/10.1097/MBC.0b013e32834ea012
https://doi.org/10.1097/MBC.0b013e32834ea012
https://doi.org/10.1111/bcpt.13015
https://doi.org/10.1111/bcpt.13015
https://doi.org/10.1111/bcpt.13242
https://doi.org/10.1097/MBC.0000000000000146
https://doi.org/10.1097/MBC.0b013e32832f4335

	Emerging role of carbon monoxide in intestinal transplantation
	1 Introduction
	2 Endogenous and exogenous sources of carbon monoxide
	3 Carbon monoxide in intestinal transplantation
	3.1 Carbon monoxide gas in intestinal transplantation
	3.2 Carbon monoxide-releasing molecules in intestinal IRI for transplantation

	4 Roadblock to the promises to clinical translation and the way forward
	Funding
	CrediT authorship contribution statement
	Conflict of interest
	References


