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CHAPTER 1

General Introduction and aim of the Thesis
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Chapter 1

Introduction
The number of organs from extended criteria donors used for transplantation is increasing
worldwide. Furthermore, the quality of allografts further deteriorates at different stages in the
process of transplantation. Therefore, the need for cytoprotective compounds that have the
propensity to mitigate organ allograft damage is increasing in parallel. Carbon monoxide and
dopamine are two of the most promising cytoprotective molecules. Carbon monoxide (CO), a
byproduct of heme degradation, is attracting growing attention from the scientific community
as it plays a prominent role as second messenger, regulating a plethora of physiological
processes. CO releasing molecules are under evaluation in preclinical models for the
management of inflammation, sepsis, ischemia/reperfusion injury, and in particular organ
transplantation. Not only CO but also dopamine and dopamine derivatives that are devoid of
hemodynamic action are highly interested compounds for implementation in transplantation
medicine as they harbor a number of protective properties. These properties seem to be
independent of receptor engagement, but may be governed by the unique chemical
characteristics of the catechol structure. In this thesis a new class of CO releasing molecules is
described and, together with various hydrophobic dopamine derivatives, studied for their
cytoprotective properties. The cytoprotective properties studied herein are mainly related to
transplantation relevant processes, e.g. prevention of cold inflicted injury and inflammation.
This introduction therefore will only describe the current problems in organ transplantation as
framework for implementation of these compounds in transplantation medicine. Carbon
monoxide and N-acyl dopamines will be introduced in chapter 2 and 3.
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1.1

Kidney transplantation and organ quality

General aspects of the organ donor pool

Kidney transplantation is widely accepted as the treatment of choice for patients with end stage
renal disease as it improves quality of life and significantly reduces mortality compared to
patients remained on dialysis [1]. However, organ shortage is the major hurdle in contemporary
transplantation medicine which impedes successful treatment of all patients with end-stage
renal failure. In the last decade, median waiting times for organ transplantation have been
doubled. As an example, the number of patients registered for kidney transplantation has
increased by approximately 260% [2, 3]. Clearly, adequate strategies are warranted to put a halt
to the growing imbalance between organ demand and supply. Over the last years a number of
such strategies have been implemented to expand both the living and deceased donor pool.
Paired kidney exchange programs for blood group incompatible living donor recipient
combinations, the use of deceased extended criteria donors (ECD) and even the use of cardiac
death donors (DCD) are only few examples of how the practice of organ donation has changed
in time.
A significant number of patients in need for renal transplantation are highly sensitized. Because
it is difficult to find a cross-match negative cadaveric donor for such patients, they have the
least chance to obtain an allograft and consequently the time on the waiting list is high. In 2000
Cecka et al demonstrated that five years graft survival rates for patients receiving sibling,
spouse, or living unrelated donor kidneys were well above those for cadaver donor types [4].
In a recent study of Montgomery et al it has been shown that live-donor transplantation after
desensitization provides a significant patient survival benefit for patients with HLA
sensitization, as compared to waiting for a compatible organ. By 8 years this survival advantage
more than doubled [5]. Recent data also revealed that approximately 50% of potential living
donors suitable for organ donation do not proceed because of the presence of circulating donor
specific ABO-antibodies or human leucocyte antigen antibodies [6]. These studies clearly
emphasize that efforts to overcome incompatibility barriers in live-donor renal transplantation
have a large impact. Appropriate clinical measures and optimizing desensitization protocols
made ABO-incompatible living donor kidney transplantation successful with patient and graft
survival rates comparable to ABO-compatible kidney transplantation [7-9] [10]. These
accomplishments in the field of living kidney donation go along with a significant increase in
the number of assigned living donors [11, 12].
13
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Grafts from deceased donors however, still remain the major part that constitutes the potential
donor pool. In an attempt to counteract the increasing disparity between organ supply and
demand, and to reduce excessive waiting times, selection criteria for organ donation have been
extended. These extended donors, also referred as ‘marginal’ donors, are classified brain-dead
donors with a relative risk (RR) for graft loss of >1.7 when compared with kidneys derived
from standard criteria donors. Extended criteria donors (ECD) are defined as donors being
either older than 60 years or older than 50 years with any two of the following criteria: 1.
hypertension, 2. cerebrovascular cause of death, 3. pre-retrieval serum creatinine of >1.6mg/dl.
ECD kidneys are associated with a higher rate of primary non-function, delayed graft function
(DGF), rejection, and are more susceptible to organ preservation injury, drug toxicity, and
complications associated with post-transplant hypertension [13]. Despite the increased relative
risk for graft loss, recipients of renal allografts retrieved from ECD still benefit from
transplantation in terms of survival and quality of life as compared to patients remaining on
dialysis [14]. Likewise, donation after circulatory death, i.e. deceased cardiac death donors
(DCD), has been endorsed by the World Health Organizations in 2011 and is now practiced in
10 of 27 European Union countries. DCD kidneys are comparable to kidneys from brain dead
donors with respect to long-term graft survival, although the former display higher rates of
primary graft non-function and delayed graft function [15, 16].
Risk factors for graft failure in kidney transplantation

In keeping with the current organ shortage, efforts to improve donor organ use should not only
be made on organ supply, but also on improving long term graft survival to prevent re-entry of
patients on the waiting list. Despite enormous improvements in one-year allograft survival [17],
the rate of chronic graft loss has not improved in step. Many factors may contribute to chronic
allograft dysfunction and eventually to graft loss [18, 19]. In general both alloantigen-dependent
and independent factors account for chronic allograft loss. Indisputably, allografts with a history
of acute rejection, either as result of HLA-mismatches or inadequate immunosuppression, are
more prone to chronic rejection and allograft loss [20]. Yet allograft quality can also be
compromised by a plethora of non-immunological factors such as inadequate renal mass,
hypertension, calcineurin inhibitor nephrotoxicity, viral infections, recurrent or de novo
glomerular disease and tissue injury as a consequence of organ procurement, preservation and
transplantation [21-23].
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Tissue injury is inevitable in the transplantation process and occurs at various stages [24]. Brain
death [25, 26], cold ischemia time [27] and ischemia/reperfusion injury [28, 29] are considered
to be the major determinants of pre-transplantation injury, undoubtedly impairing organ quality.
Brain dead patients mostly suffer from neurogenic shock and hypotension, which in turn may
result in organ hypoperfusion [30]. Based on numerous experimental studies, there is now also
general consensus that brain death induces progressive immune activation, reflected by
complement activation, up-regulation of cell adhesion molecules and an increased number of
infiltrating leukocytes in end organs [26, 31]. Ischemia/reperfusion (I/R) injury will further
damage the graft and may contribute to delayed graft function and chronic allograft dysfunction.
I/R injury is more pronounced when cold ischemia time prolongs [29]. The U.S Renal System
Registry data suggested that the risk for delayed graft function increases with 23% for every 6
hours of cold ischemia [32]. Even though prolonged cold preservation impairs allograft quality,
static cold preservation is the most widely used modality for organ preservation and has
contributed to the success of organ transplantation by making organ allocation possible.
Pathophysiology of cold-ischemia reperfusion injury

Because deprivation of oxygen and nutrients switch cell metabolism from an aerobic to
anaerobic state only minimal amounts high-energy phosphates (ATP) are generated.
Hypothermia is an important principle of organ preservation because at low temperature cell
metabolism is retarded, and thus the demand for ATP is decreased. Hypothermic preservation
has been the golden standard for organ preservation since many years, but also has several
limitations [33, 34]. Even though cell’s metabolic activity is strongly diminished at low
temperatures, also at low temperatures cells are in need for ATP to maintain ion homeostasis
via the Na+/K+ ATPase membrane pumps. If ATP is insufficiently available, Na+ starts to
accumulate intracellular thereby increasing osmotic pressure with cellular edema as final
consequence. ATP is not only being consumed but also broken down to hypoxanthine. Because
hypoxanthine cannot be further metabolized in the absence of oxygen it will accumulate
intracellular, and upon oxygen supply during reperfusion reactive oxygen species (ROS) are
generated through the action of xanthine oxidase [33, 35, 36]. At the same time antioxidant
defense mechanisms are not replenished during ischemia [36], making the cell highly
vulnerable to oxidative stress when oxygen supply is restored. It should be emphasized that an
intracellular redox imbalance will increases intracellular [Ca+2] [37], which will further exhaust
ATP concentration as [Ca+2] homeostasis is also ATP dependent.

Mitochondrial ROS

production in conjunction with an increased mitochondrial [Ca+2] will result in mitochondrial
15
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permeability transition (MPT) thereby dissipating the mitochondrial membrane potential. ROS
are also generated due to the increase of free labile iron [38] (Figure 1).

Figure 1: Pathophysiology of cold-ischemia reperfusion injury. MPT: mitochondrial permeability
transition pore.

Nakao et al. have postulated that cytochrome P450 heme proteins are degraded during
hypothermic organ preservation. This causes a critical damaging increased level of intracellular
free heme which subsequently leads to further oxidative injury [39]. In the presence of increased
free iron even low amounts of H2O2 can elicit the production of high amounts of free radicals
through the classical Fenton reaction. In the Fenton reaction Fe+2 reacts with H2O2, producing
Fe+3, hydroxyl radical and hydroxide ion. Fe+2 may be regenerated when Fe+3 accepts an
electron from O2° (2).
Strategies to improve donor organ allograft quality

Since it is now generally accepted that cold preservation and ischemia/reperfusion injury are
important risk factors for primary non function, delayed graft function and chronic dysfunction
of kidney grafts, many strategies have been developed to ameliorate tissue injury. These
strategies include management of the donor, preconditioning of the kidney, improvement of
organ preservation techniques and re-conditioning of the allograft before implantation. In
addition to these strategies, which are already partly implemented in transplantation medicine,
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also experimental studies on post-conditioning therapies involving the recipient are emerging
[40]. These concepts will not be discussed in this paragraph.
Donor management and drug intervention: Early and adequate donor management is of
utmost importance not only for maintaining donor organ quality but also for increasing the
number of retrievable organs from potential donors. In March 2001, a conference consensus
meeting to maximize the number of organs recovered and transplanted from deceased donors
has recommended that 4-drug hormonal resuscitation (T3/T4, methylprednisolone, insulin, and
arginine vasopressin) of donors with a left ventricular ejection fraction of <45%, and/or unstable
hemodynamics, should be initiated. The conference further recommended that the United
Network for Organ Sharing (UNOS) should follow the conference guidelines, a
recommendation that was implemented by UNOS [41, 42]. Recent data from UNOS have
indicated that, when 3-drug hormonal replacement (T3/T4, methylprednisolone, vasopressin)
is administered, there has been a 22.5% greater number of organs transplanted from such donors
than from donors without this treatment [43]. The increased probability of an organ being
transplanted has been estimated to be between 2.8 and 7.3% for all major vascular organs
grafted. A second UNOS study indicated that graft survival of patients whose donors have
received hormonal therapy was significantly greater than those whose donors had not (89.9 vs
83.9%). In particular, early heart graft dysfunction occurred in only 5.6% of patients when the
organ came from a hormone-resuscitated donor, but in 11.6% of patients when the donor had
received no hormonal therapy. Furthermore, if the donor had received hormonal replacement
therapy, significantly improved one-year kidney and heart graft survivals were demonstrated,
although not for recipients of liver grafts [44]. More recently the use of dopamine on potential
donors has been revisited by Schnuelle et al. , showing in a prospective, randomized,
multicenter study that low-dose dopamine treatment of brain death donors has a salutary effect
on early renal graft function in the recipient [45]. This will be discussed in more detail in chapter
3 of this thesis.
Donor management and donor ventilation: Ventilation protocols have been also
standardized, yet if how ventilation strategies affect organ quality of BD donors have not been
thoroughly studied in experimental models. In a randomized control trial Mascia et al [46]
showed that the use of a lung protective strategy (with tidal volumes of 6-8 mL/kg of predicted
body weight, positive end-expiration pressure (PEEP) of 8-10 cm H2O) in potential organ brain
dead donors increased the number of eligible and harvested lungs compared with a conventional
strategy. Nonetheless current guidelines for potential organ donors recommend ventilation with
higher levels of low tidal volume (10-15 mL/kg of measured body weight). (United Network
17
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for Organ Sharing, http://www.unos.org/docs/Critical_Pathway.pdf, Canadian Council for
Donation

and

Transplantation

http://www.ccdt.ca/english/publications/background-

pdfs/Organ-Donor-Guidelines.pdf).
Organ preservation: After removal from the deceased donor, kidneys are usually placed in
a bag of preservation solution in a box of ice, keeping the temperature of the organ around 4°C.
While such static cold storage has the advantage of being simple and facilitating easy transport
of the kidney from donor hospital to recipient hospital, it has been argued that the kidney may
be better preserved if it is placed on a machine where cold preservation solution is pumped
through it, flushing out the small capillaries and the accumulating metabolic products. Particular
attention has focused on cold machine perfusion of kidneys from DCD donors, which
potentially have most to gain from improved storage. However, two recent randomized
controlled trials using the same machines have produced contrary results, so the true value of
cold machine perfusion remains to be determined [47, 48].
Organ reconditioning: It has been suggested that major parts of the post-preservation injury
occur at the time of warm reperfusion but not during ischemic storage. The concept of organ
re-conditioning is based on the concept that deleterious priming of the graft during ischemia
can be abrogated before transplantation by dynamic revitalization techniques at the end of cold
storage. This can be done by either hypothermic machine perfusion [49, 50] or gaseous oxygen
persufflation [51]. Owing to its simplicity and ease of application, oxygen persufflation appears
to be a particularly convenient approach. Even though the optimal treatment interval for
“hypothermic re-conditioning” after conventional cold storage has been experimentally
established [52], oxygen persufflation is still in its infancy and not widely used.
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Aim of the study
The focus of this thesis is mainly on two classes of bioactive molecules, i.e. Enzyme triggered
CO-releasing molecules (ET-CORMs) and N-acyl dopamines (NADDs), which may have a
potential use in transplantation medicine, either as in terms of donor conditioning or recipient
treatment. In Chapter 2 I will therefore first discuss the beneficial effects of carbon monoxide
and how this might be used in transplantation medicine. In Chapter 3 the same will be done
for N-acyl dopamines. In the experimental parts of my thesis (chapters 4 to 8) in vitro
experiments are performed, which show how chemical characteristics of these bioactive
molecules influence biological responses in terms of cytoprotection, inflammation and acquired
immunity. In Chapter 4 we tested 9 structurally different ET-CORMs in respect to cytotoxicity,
their ability to protect against hypothermic preservation damage and their ability to inhibit
VCAM-1 expression on cultured human umbilical vein endothelial cells (HUVEC) and renal
proximal tubular epithelial cells (PTEC) by using a structure-activity approach. To refine, our
finding that the type and the position of the ester moiety play a central role in their biological
effect in Chapter 5 we synthesized and tested as well the biological properties of acyloxydiene-Fe(CO)3 complexes with different lengths of the aliphatic ester side chain R. Because
these complexes are not water soluble, phosphoryloxy-substituted η4-acyloxy-cyclohexadieneFe(CO)3 complexes were subsequent developed and tested if these water soluble compounds
still have the properties to act as ET-CORMs. In Chapter 6 we subsequently focused on three
of these ET-CORMs and show that a different design of ET-CORMs results in quantitative
differences in biological activities in terms of toxicity and inflammation. In Chapter 7 and
Chapter 8 the focus of our in vitro studies was on N-octanoyl dopamine and assessed its
influence on T-lymphocyte activation (Chapter 7) and how it may convey cytoprotection in
human endothelial cells (Chapter 8). In Chapter 9 we show that different chemical moieties
within N-acyl dopamines are responsible for the anti-inflammatory properties and the property
to activate transient receptor potential vanilloid type 1 (TRPV1) channels.
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Carbon monoxide: Friend and Foe
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Carbon monoxide (CO) toxicity
Carbon monoxise (CO) is a colorless, odorless and tasteless gas that occurs as a byproduct of
organic combustion. CO’s toxicity is mainly due to its avid binding to hemoglobin (Hb) and
the formation of COHb with an affinity approximately 220 higher than that of oxygen. This
reduces the oxygen-carrying capacity of the blood thereby leading to tissue hypoxia. In
concordance with this, the serum COHb levels correlate with the severity of symptoms. Thus,
COHb levels ≤ 10% are asymptomatic, whereas levels between 10% to 30% can produce
headache, shortness of breath and dizziness and finally levels above 30% to 50 % can cause
confusion, seizures till coma.
As already mentioned 10% COHb constitutes the safest upper limit as up to this level there are
no symptoms. However an interesting experimental setting in dogs performed many years ago
suggested that CO intoxication may not be a simple function of serum COHb [53]. When dogs
were administrated 13% CO gas by inhalation, they died within an hour with an average HbCO
levels of 65%. In contrast severe anemic dogs that were in addition transfused with red blood
cells containing Hb 80% saturated with CO survived indefinitely. Thus it appears that CO
strictly bound to hemoglobin does not compromise its oxygen carrying capacity. On the
contrary, administration of CO gas found to be detrimental. These results indicate that it is not
the CO bound to hemoglobin that is toxic rather the fraction that escapes it [53, 54]. This
dissolved CO gas can subsequently penetrate the tissue and the cells and bind to intracellular
targets, i.e. numerous heme-containing proteins in the body, thus interfering with their
biological activity.
Against to the dogma that CO is a poisonous gas, Sjöstrand et al found in 1949 that CO is
endogenously produced in humans [55]. In 1968 Tenhunen et al identified heme oxygenase, the
enzyme responsible for intracellular CO generation [56]. Heme oxygenase catalyzes the first
and rate-limiting step in heme degradation yielding equimolar amounts of CO, iron and
biliverdin, which is further converted to bilirubin by biliverdin reductase. This process can be
easily observed as a bruise develops [53]. The release of oxygenated heme give rise to the red
color seen at the beginning. The oxidation of heme by heme oxygenase results in the generation
of biliverdin and thus in turn to the blue color seen afterwards. Finally, the bruise turns yellow
by the conversion of biliverdin to bilirubin through the action of biliverdin reductase.
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Three isoforms of heme oxygenase have been characterized, i.e. HO-1, HO-2 and HO-3. Heme
oxygenase 3 has been recently cloned and is not catalytically active [57]. Although HO-1 and
HO-2 catalyze the same reaction they have different molecular weights and have different
regulation and expression patterns in various tissues. Heme oxygenase 2 is consecutively
expressed in many tissues with high activity in testes, liver, kidney and central nervous system
[58, 59]. HO-1 is the inducible isoform which is up-regulated upon stress, i.e. oxidative stress,
hypoxia, UV-radiation and a variety of physical and chemical stimuli [60-63]. The induction of
HO-1 is mediated primarily by transcriptional regulation [64, 65]. The mouse HO-1 (hmox-1)
gene 5’ regulatory region contains two upstream enhancers that contain sequences homologous
to the antioxidant responsive element (ARE) [66-68]. The NF-E2-related factor-2 (Nrf2)
represents the major transcriptional regulator of hmox-1 in response to many inducing stimuli
[69]. Following cellular stimulation, Nrf2 migrates to the nucleus where it recognizes ARE
binding sites in the hmox-1 promoter. Additionally, a number of diverse transcriptional
regulators can regulate hmox-1 in a cell-type and inducer-specific fashion.
Over the past decade the function of HO-1 has been expanded from a heme degrading enzyme
to a key mediator of tissue protection and host defense and its cytoprotective effects have been
described in vitro and in vivo. Induction of HO-1 and its metabolites has been demonstrated to
be beneficial in a variety of different pathologies i.e. ischemia/reperfusion injury, myocardial
infraction, type 2 diabetes, induction of tolerance, endotoxic shock and sepsis [70, 71].
Specifically in respect to kidney pathophysiology, pharmacological and genetic approaches
aimed at up-regulating HO-1 in renal tissue, have unambiguously proven to be protective in
settings of I/R injury [72]. Polymorphism in the (GT)n microsatellite of HMXO1 promoter is
considered to be a major factor for the variations seen in the human response to different stimuli
and to susceptibility to certain pathologies [73, 74]. Apart from being a fundamental sensor of
cell stress that directly drives towards preventing cell damage, the byproducts of HO-1 activity
actively participate in cell defense mechanisms.

CO biological activity and molecular targets
Given the remarkable affinity of CO for transition metals, metal-containing proteins
compromise the major direct and indirect targets of CO. To this end, typical CO effectors are
heme-containing proteins, i.e. soluble guanylyl cyclase (sGC), NO synthase, mitochondriaproteins, heme-containing transcription factors (such as NPAS2 [75]), and heme-containining
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potassium channels [76]. As an example, binding of CO to sGC alters its conformation thus
positively regulating its activity. Increased sGC activity via CO has been associated with
inhibition of platelet activation and aggregation [77], induction of smooth muscle cell
proliferation [78], smooth muscle cell relaxation [79], effects on neurotransmission [80]. To
this trend, it has been shown that CO is able to inhibit NADPH oxidase thus modulating
superoxide production or cytochrome c oxidase hence interfering with electron transport and
oxidative phosphorylation.
CO has many biological properties that make it an attractive molecule to use in a variety of
pathological conditions. Amongst these, its anti-inflammatory, anti-apoptotic and antiproliferative effects have been demonstrated in both in vitro and in vivo models [58, 81, 82]. In
this context, it has been demonstrated that CO modulates inflammation by reducing the
activation of polymorphonuclear neutrophils and by inhibiting the expression of inflammatory
mediators [83-86], through preservation of mitochondrial respiration and biogenesis [87] and
attenuation of oxidative stress [88-90]. CO imparts both anti-apoptotic and pro-apoptotic
effects. Thus, CO prevents apoptosis of endothelial cells [91-93], hepatocytes [94] and β cells
of pancreas [95]. On the contrary, CO exerts pro-apoptotic effects towards T cells [96], cancer
cells [97] and hypoproliferative smooth muscle cells [98]. CO also has been shown to exert
antiproliferative effects in vitro, with respect to the proliferation of vascular smooth muscle
cells [78].

CO delivery
Throughout current studies, CO has been delivered to cells or tissues either in a gaseous form
or by making use of so-called CO releasing molecules (CORMs). Even though CO inhalation
seems to be an easy, straightforward and cost effective application, safety and practical issues
constitute serious limitations. First of all administration of CO in its gaseous form is
problematic in the clinical setting and in particular for outpatients. In addition no reliable
methods have been established yet to achieve safe and effective concentrations of CO in tissues
or to monitor CO toxicity [53, 99]. Despite the medical practice of monitoring CO intoxication
by serum COHb, it is still not known as mentioned above if COHb constitutes the optimal
measure for CO exposure and if COHb simply reflects CO intoxication. Moreover, conflicting
data in rodents [100, 101] and the lack of a beneficial effect of CO inhalation in human
volunteers on systemic inflammation [102], further discourage the use of CO inhalation and
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suggest large inter species differences, making extrapolations of safe and effective CO
concentrations to humans difficult. Finally, CO inhalation lacks any tissue specificity and
distributes CO throughout the entire body. To this end, the use of CORMs seems to be a more
promising approach, as these molecules do not significantly affect COHb levels in vivo [103].

Carbon monoxide-releasing molecules (CORMs)

Based on the avid affinity of CO to transition metals [104] in 2000 Motterlini and his colleagues
envisioned the development of transition metal carbonyls as prototypic carbon monoxidereleasing molecules (CORMs) [105]. CORMs are bioactive molecules able to carry and deliver
CO to biological systems. These compounds contain a transition metal, such as manganese,
iron, cobalt or ruthenium surrounded by a certain number of carbonyl groups as coordinating
ligands.
The first CORM developed in 2001 under the name of CORM-1. CORM-1 is a lipid-soluble
manganese decarbonyl complex Mn2(CO)10, that requires light to release CO. Isolated rat hearts
perfused in the presence of Mn2(CO)10 displayed a marked attenuation in coronary
vasoconstriction only after stimulation with light [105]. In the same time the second CORM
was developed, namely CORM-2. CORM-2 released CO spontaneously to heme-containing
proteins and it was shown to elicit profound vasodilatation in isolated rat aortae [106] and
prevented the increase in mean arterial pressure in a rat model of acute hypertension [105]. As
organic solvents are not compatible with biological systems, then effort was given for the
development of water-soluble compounds such as CORM-3 [107] and CORMA1 [108].
In the following years several groups studied the anti-inflammatory [109-113], the antproliferative [114] and cytoprotective [115] properties of CORMs in a variety of disease models
i.e. ischemia/reperfusion model [116-121], osteoarthritis [122], sepsis [111, 112, 123], acute
cardiac [124, 125], liver [126] and kidney [127-129] injury.
Despite the large collection of CORMs and their beneficial therapeutic effects in a series of
animal models, these complexes are lacking an assignable pharmacokinetic profile [130, 131],
which hinders their development in the clinic. To mention, most CORMs release CO
immediately after dissolution in aqueous buffer with a half-life time of some minutes. In
addition they present a poorly understood toxicological profile and despite the promising
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preclinical data, current toxicity reports demonstrated contradictory data thus indicating that
more studies are needed to evaluate the safety profile of these compounds and their metabolites
[132, 133]. Binding and interaction of CORMs with proteins and especially plasma proteins
needs also to be further explored [130]. As a tool to help the design of CORMs with the
appropriate pharmaceutical properties, Romao and his group proposed a conceptual model
[131], made up of three components: a) the metal center responsible for the main properties and
the cytotoxic profile of the molecule, b) the coordination sphere (CO and ancillary ligands),
which determines the CO rate and the triggers mechanism required to initiate the liberation of
CO, c) the drug sphere obtained by modifying the ancillary ligands at their distal sites, thus
modulating the desired pharmacological parameters. ALF492, ALF795 and B12-ReCORM-2
are three examples of CORMs with favorable characteristics for in vivo application as described
above [130]. Indeed, ALF492 conferred enhanced water solubility and biocompatibility and
was preferentially distributed in the liver by targeting asialoglycoprotein receptors [134, 135].
ALF795 also displayed a low toxicity with favorable drug property. This compound delivered
also CO in a specific manner of the liver in a model of acetaminophen-induced acute liver
failure [135]. Finally, B12-ReCORM-2 has produced based on cyanocobolamin (B12) and even
showing cytoprotective properties in an ischemia/reperfusion model this molecule had a poor
cellular uptake [136].
In an attempt to achieve tissue targeting, Schmalz and his colleagues introduced acyloxybutadiene-Fe(CO)3 complexes as potential enzyme-triggered CORMs (ET-CORMs). ETCORMs are lipid soluble compounds stable in buffer solution under physiological conditions
and their tissue selectivity is based on potential differences in cellular enzyme expression rates.
Upon exposure of these CO prodrugs to esterases their ester functionality is cleaved, resulting
in the formation of labile dienol-iron carbonyl complexes that subsequently disintegrate under
oxidative conditions to release CO, iron and the corresponding enone (Figure 1).
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Figure 1:
Enzymatic cleavage of Enzyme triggred CO-releasing molecules by esterase

In their initial study Schmalz and his group already shown that ET-CORMs are able to release
CO in an esterase dependent manner and that they exert biological effects. Particularly, these
complexes inhibited iNOS in a cell-based system using RAW267.4 cells [137]. In the studies
presented in this thesis we further investigated the biological properties in relation to their
chemical structure, thus offering a better understanding of these molecules.
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Abstract
Conjugates of fatty acids with ethanolamine, amino acids or monoamine neurotransmitters
occur widely in nature giving rise to so-called endocannabinoids. Anandamide and 2arachidonoyl glycerol are the best characterized endocannabinoids activating both cannabinoid
receptors (CB1 and CB2) and transient receptor potential vanilloid type 1 (TRPV1) channels
(anandamide) or activating cannabinoid receptors only (2-arachidonoyl glycerol). TRPV1 is
also activated by vanilloids, such as capsaicin, and endogenous neurolipins, e.g. Narachidonoyl dopamine (NADA) and N-oleoyl dopamine (OLDA). Because donor dopamine
treatment has shown to improve transplantation outcome in renal and heart recipients, this
review will mainly focus on the biological activities of N-acyl dopamine derivatives (NADD)
as potential non-hemodynamic alternative for implementation in transplantation medicine.
Hence the influence of NADD on transplantation relevant entities, i.e. cold inflicted injury,
cytoprotection, I/R-injury, immune-modulation and inflammation will be summarized. The
cytoprotective properties of endogenous endocannabinoids in this context will be briefly
touched upon.
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Brain death
Donor organ shortage is the major bottle neck in contemporary organ transplantation and
warrants new strategies to increase the donor pool, to diminish the number of organ allografts
that are not suitable for transplantation, to improve post-transplant survival and thus to reduce
the need for re-transplantation. While it is generally considered that the quality of organ
allografts obtained from living donors is superior to that of allografts procured from postmortem donors [138], the latter constitutes the largest part of the donor organ pool. The inferior
quality of post-mortem donor allografts is a consequence of various deleterious events which
occur after the onset of brain death. Brain death is characterized by a massive catecholamine
release, initially leading to an increased blood pressure and subsequently to a sharp decline,
frequently followed by a hemodynamic collapse [139]. In addition, BD is accompanied by
reduced levels of cortisol, insulin, thyroid and pituitary hormones [140], which may have both
a hemodynamic and metabolic impact on donor organs. Moreover, BD is considered to be an
inflammatory condition [141], albeit that the precise mechanism that leads to inflammation in
end-organs is still being discussed. Early and adequate donor management is of utmost
importance not only for maintaining donor organ quality but also for increasing the number of
retrievable organs from potential donors [142]. Thus many transplantation centers and critical
care societies have developed standardized donor management protocols, focusing on
hemodynamic and hormonal resuscitation [42, 143]
For many decades low-dose dopamine (DA) has been applied for prevention and treatment of
acute kidney injury (AKI) in critically ill patients [144, 145]. However, several meta-analyses
and prospective studies have concluded that DA treatment neither prevents nor ameliorates AKI
in these patients [146-149]. This is in sharp contrast to the retro- and prospective studies
performed by Schnuelle et al. which clearly indicate that donor dopamine treatment improves
transplantation outcome in kidney and heart allograft recipients [45, 150]. The mechanism by
which this occurs remains to be determined. Nonetheless, the protective effect cannot be fully
explained by improved hemodynamics, as the mean blood pressure in the DA treated arm was
not significantly different from the untreated arm [45]. Experimental brain dead models
demonstrate that hemodynamic stabilization alone is not sufficient to reduce brain death
mediated inflammation in renal allografts [151].In line with this, Spindler et al recently
demonstrated that N-octanoyl dopamine (NOD) treatment of brain dead donor rats improves
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renal allograft function in recipient rats, despite the fact that it does not affect blood pressure in
the brain dead donor rat [152]

Cold inflicted injury
Experimental in vitro and in vivo studies have delineated numerous potential mechanisms that
collectively explain why dopamine may afford its salutary effect on transplantation outcome
[153-155]. However, it remains to be elucidated which of these effects are responsible for the
clinical findings on donor dopamine treatment as described by Schnuelle et al. [45]. Amongst
the beneficial mechanisms, the finding that catecholamines in general can protect endothelial
cells against cold inflicted injury [156] is highly intriguing and opens the possibility for novel
therapeutic modalities to prevent or limit organ damage during static cold storage [45, 150, 157159]. The mechanism by which catecholamines protect against organ damage during
hypothermic preservation is not completely understood, albeit that involvement of the H2S
pathway [160], the HO-1 pathway [161] and redox activity [156] have been postulated. With
respect to the latter, Lösel et al. have demonstrated that the cryoprotective properties of
catecholamine are mediated via the redox active catechol structure in conjunction with a
minimal degree of hydrophobicity [162]. Importantly synthetic NADD, which also carry a
catechol structure, are by far more protective as compared to dopamine as a consequence of
their increased hydrophobicity. Furthermore octylamide derivatives of all possible dihydroxy
benzoic acids revealed that only the reducing structures were protective while the non-reducing
were ineffective despite comparable hydrophobicity.

Figure 1: Structure of dopamine, NADD and endocannabinoids.
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It thus seems that catecholamines afford cryoprotection due to their reducing properties; their
efficacy is strongly influenced by their relative hydrophobicity.
Inasmuch as the catechol structure plays a pivotal role in cryoprotection independent of receptor
engagement, this offers the possibility of designing compounds that are devoid of hemodynamic
action and yet retain their cryoprotective properties. This might be of particular importance
since approximately 12% of brain dead donors that are treated with low-dose dopamine may
develop tachycardia or hypertension [45]. Also other dopamine-related side effects, e.g.
depression of the respiratory drive or cardiac arrhythmias seem to be receptor-mediated [163,
164]. As demonstrated by Kohli et al. N-substituted dopamine derivatives lack affinity to
dopamine receptors and only possess a weak beta agonistic activity [165]. Hence, NADD may
display protective effects in the setting of donor treatment at much lower concentrations
compared to dopamine, while dopamine-like side effects would occur at much higher
concentrations as required for their protective effect. However, no clinical data on NADD are
yet available, which impedes drawing firm conclusions on dopamine-related side effects or
safety of NADD in humans. .
Nakao et al. have postulated that cytochrome P450 heme proteins are degraded during
hypothermic organ preservation. This causes a detrimental increased level of intracellular free
heme which subsequently leads to oxidative injury [39]. In addition to their reducing properties,
catechol structures also have the propensity to coordinate with iron. Hence, it is at present
unclear if the relevance of the catechol structure in preventing cold inflicted injury resides in
its capacity to scavenge reactive oxygen intermediates or in preventing the formation of these
intermediates via coordination with iron in the heme moiety.

Cytoprotective properties
The cytoprotective properties of endogenous NADD have been studied mainly in relation to
brain function and neuroprotection, including positive effects on hypoxic–ischemic injury or
brain inflammatory processes. Their protective effect is mainly attributed to the long-chain
polyunsaturated fatty acids. Apart from the fact that dopamine fatty acid conjugates can act as
cannabinoid receptor ligand [166] and as TRPV1 agonist [167], Shashoua et al. reported that
some of these conjugates also act as carrier to increase brain dopamine content [168]. In line
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with the tendency of docosahexaenoic acid (DHA) to accumulate in brain tissue [169], the DHA
dopamine conjugate is most active in increasing dopamine uptake by the brain. Bobrov et al.
showed that DHA-dopamine exhibited antioxidant activity and produced a dose-dependent
protective effect on cultured granular cells from rat cerebellum under conditions of oxidative
stress. It also decelerated the development of Parkinson's disease-like symptoms in a MPTP (1methyl-4-phenyl-1,2,3,6-tetrahydropyridine) mouse model [170]. The antioxidant properties of
DHA-dopamine is most likely attributed to the catechol structure as it is also present in synthetic
NADD with short saturated fatty acids, e.g. N-octanoyl dopamine (NOD) and N-pivanoyl
dopamine.

Protection against I/R-injury
Even though our understanding in the pathophysiology of I/R-injury has improved to a large
extent in the past decades, there is still a need for novel compounds that minimize the extent of
tissue damage. Ischemic preconditioning (IPC) is a protective procedure accomplished by
exposing the organ to a minor stress, which by itself does not cause noticeable harm. The benefit
of IPC was first demonstrated by Murry et al. in dogs [171]; its protective potential on
reperfusion injury is now widely accepted. When the heart was subjected, to short ischemic
episodes separated by short perfusion periods the myocardium was more tolerant to subsequent
prolonged ischemia. Although IPC is difficult to implement as a clinical strategy, identifying
effective molecules in IPC can lead to new therapeutic treatment modalities. Yet, the underlying
mechanisms of IPC has been equivocally discussed [172-174].
Proteasomal iron-protein degradation has been suggested by Bulvik et al. as important
mechanism of IPC. In this scenario it is postulated that expeditious cytosolic iron release alters
iron homeostasis which subsequently protects the myocardium during I/R [172]. In contrast Wu
et al. proposed that the benefit of IPC was mediated via suppressing excessive endoplasmic
reticulum stress thereby diminishing C/EBP homologous protein (CHOP)-dependent apoptosis
[173]. Also suppression of cardiac progenitor cell apoptosis has been suggested [174]. More
recently Lu et al. suggested a role of TRPV1 in IPC [175]. Their data suggest that IPC
upregulates arachidonate 12-lipoxygenase (ALOX12) and consequently increases the
production of the endovanilloid 12(S)-hydroxyeicosatetraenoic acid (12(S)-HETE), which in
turn activates TRPV1. It is believed that TRPV1 functions as polymodal sensor to detect microenvironmental changes in tissues, e.g. low pH, high temperature, or noxious stimuli [176, 177].
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These changes are likely present in ischemic tissue. Experimental evidence in TRPV1-/- mice
have indicated that tissue damage as a consequence of AKI is much more severe as compared
to that of wild type mice, suggesting that TRPV1 activation may function as feedback loop to
limit ischemic insults. The finding that NOD activates TRPV1 may explain its renoprotective
properties in the setting of ischemia-induced AKI [178], yet the causality of this observation
and its translation to clinical application warrants further supportive evidence.

Immune modulation and inflammation
The main pharmacological functions of the endocannabinoid system include neuromodulation,
controlling motor functions, cognition, emotional responses, homeostasis and motivation. In
the periphery, this system is also an important modulator of immunity [179].
Several studies have unambiguously demonstrated that endocannabinoids modulate
proliferation and apoptosis of T and B lymphocytes, macrophage-mediated killing, cytokine
production, immune cell activation by inflammatory stimuli, chemotaxis and inflammatory cell
migration [180, 181]. Most if not all of these effects have been reported to be primarily mediated
via CB2 receptors causing inhibition of the cAMP/protein kinase A (PKA) pathway.
NADD may modulate the immune system in a similar fashion. Yet there are a number of
biological activities described for NADD related to immune modulation that are neither
mediated via CB receptors nor via TRPV1. Initially NADD were described as potent inhibitors
of 5-lipoxygenase (5-LO) [182]. This enzyme catalyzes two steps in the biosynthesis of
leukotrienes (LT), a group of lipid mediators of inflammation derived from arachidonic acid
(AA). LT antagonists are used in treatment of asthma; more recently a potential role in
neointimal thickening and atherosclerosis has raised considerable interest [183-186].
Cyclooxygenase-2 (COX-2) is an enzyme that plays a key role in inflammatory processes.
Classically, this enzyme is upregulated in inflammatory situations and is responsible for the
generation of prostaglandins (PG) from AA. One lesser-known property of COX-2 is its ability
to metabolize the endocannabinoids, N-arachidonoyl ethanolamine (AEA) and 2-arachidonoyl
glycerol (2-AG), generating PG-glycerol and PG-ethanolamides [187]. Although the formation
of these COX-2-derived metabolites of the endocannabinoids have been known for a while,
their biological effects remain to be fully elucidated. Recently, Alhouayek et al. showed that 2AG through its oxygenation by COX-2 gives rise to the anti-inflammatory prostaglandin D2glycerol ester (PGD2-G) [188].
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Interestingly, Navarrete et al. found that NADA activates a redox-sensitive p38 MAPK pathway
that stabilizes COX-2 mRNA resulting in the accumulation of the COX-2 protein [189].
Moreover, they demonstrated that NADA inhibits the expression of microsomal prostaglandin
E2 synthase 1 (mPGES-1) and thus the production of the inflammatory mediator PGE2. This
was paralleled by the induction of lipocalin-type prostaglandin D synthase (L-PGDS) and
increased production of PGD2. Therefore even though COX-2 is involved in inflammation in
conjunction with NADD, in particular NADA, it may redirect PG synthesis towards formation
of PGD2 [190]. The finding of Patel et al. that selective inhibitors of COX-2 may worsen renal
dysfunction and injury in conditions associated with renal ischemia support this view [191].
Because of their redox active catechol structure NADD have the propensity to inhibit the
activation of redox dependent proinflammatory transcription factors, e.g. NF-κB, AP-1 and
NFAT [192, 193], and therefore they largely inhibit the expression of inflammatory mediators
produced by endothelial cells [194] and proliferation of T cells [192, 193, 195].
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Implementation of NADD in transplantation medicine
While the list of compounds that show beneficial effects at the pre-clinical stage is steadily
increasing, only a limited number of such compounds will find a clinical use. The lack of
venture capital for entering clinical phase studies is amongst others why only a small percentage
of promising compounds will proceed, let alone will obtain FDA approval.
The multitude of beneficial effects of NADD warrants careful considerations on the application
mode, e.g. donor or recipient treatment, additive to preservation solutions, and their associated
ethical hurdles. Particularly donor pre-treatment may raise ethical concerns as to whether
written informed consent of the recipient is required. Waiving informed consent of the recipient
in the randomized donor dopamine treatment trial was justified because it was 1) strictly
observational in the recipient, 2) the intervention was limited to the deceased donor and 3)
limited to a fully approved drug. Clearly, as FDA approval for the use of NADD in human does
not exist, similar studies with the use of NADD are not possible. Although NADD may also
have the propensity to protect allografts when used as additive to the organ preservation
solution, there is no supportive evidence using whole organs, albeit that it has been reported for
experimental models that addition of dopamine to the preservation solutions is protective to
liver [52] and renal allografts [159]. Also the type of NADD for implementation in
transplantation medicine requires careful considerations since some of the beneficial effects of
NADD are meditated by the fatty acid tail and therefore not present in all NADD.

Concluding remarks
This review has summarized the potential protective properties of NADD on transplantation
relevant entities. Based on their propensity to act as agonist of CB receptors and TRPV1
channels, to act as anti-oxidant and to inhibit inflammatory mediators including those derived
from arachidonic acid, NADD may find clinical implementation in transplantation medicine as
a mean of pre-conditioning to prevent brain death-induced inflammation and to prepare donor
organs to cold ischemia. Yet it should be emphasized that most of the potential benefits of
NADD mainly have been studied in vitro and only to a limited extent in transplantation relevant
in vivo models. Nonetheless their potential as new expedient drugs should be further explored
using relevant transplantation models. The composition of the NADD, i.e. the type of fatty acid
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that is required for a specific in vivo biological effect, as well as the pharmacokinetic of these
compounds should be implemented in future studies.
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Abstract
Acyloxydiene-Fe(CO)3 complexes act as enzyme triggered CO releasing molecules (ETCORMs) and can deliver CO intracellular via esterase mediated hydrolysis. The protective
properties of structurally different ET-CORMs on hypothermic preservation damage and their
ability to inhibit VCAM-1 expression were tested on cultured human umbilical vein endothelial
cells (HUVEC) and renal proximal tubular epithelial cells (PTEC) using a structure-activity
approach. Cytotoxicity of ET-CORMs, protection against hypothermic preservation damage,
and inhibition of VCAM-1 expression were assessed. Cytotoxicity of 2-cyclohexenone and
1,3-cyclohexanedione-derived ET-CORMs was more pronounced in HUVEC compared to
PTEC and was dependent on the position and type of the ester (acyloxy) substituent(s) (acetate
> pivalate > palmitate). Protection against hypothermic preservation injury was only observed
for 2-cyclohexenone derived ET-CORMs and was not mediated by the ET-CORM
decomposition product 2-cyclohexenone itself. Structural requirements for protection by these
ET-CORMs were different for HUVEC and PTEC. Protection was affected by the nature of the
ester functionality in both cell lines. VCAM-1 expression was inhibited by both 2cyclohexenone- and 1,3-cyclohexanedione-derived ET-CORMs. 2-cyclohexenone but not 1,3cyclohexanedione, also inhibited VCAM-1 expression. We demonstrate that structural
alterations of ET-CORMs significantly affect their biological activity. Our data also indicate
that different ET-CORMs behave differently in various cell types (epithelial vs. endothelial).
These findings warrant further studies not only to elucidate the structure-activity relation of ETCORMs in mechanistic terms but also to assess if structural optimization will yield ET-CORMs
with restricted cell specificity.
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Introduction
Since the seminal findings that carbon monoxide (CO) not only is a poisonous gas but also
regulates a plethora of biological responses, CO has found its way into preclinical experimental
research as potential therapeutic and cytoprotective tool for numerous pathophysiological
conditions [196]. With respect to possible clinical applications, CO is gaining interest amongst
transplantation physicians and researchers as innovative modality to improve long-term
transplantation outcome [39, 81, 119, 197-204]. The ability of CO to protect organ allografts
against hypothermia induced tissue damage [198, 199, 201], its ability to reduce ischemiareperfusion injury [39, 197, 201] and its ability to limit intimal hyperplasia [200, 203] are only
a few examples that underscore the potential benefit for the use of CO in transplantation
medicine.
Throughout current studies, CO has been delivered to cells or tissues either in a gaseous form
or by making use of so-called CO releasing molecules (CORMs). Even though the most widely
used application form for CO is via inhalation, there are some safety concerns associated with
this, as no reliable methods have been established yet to achieve safe and effective
concentrations of CO in tissues or to monitor CO toxicity [53, 99] . CO mediated toxicity is
either a consequence of CO binding to hemoglobin (Hb) which may cause tissue hypoxia, or
alternatively, CO may bind to heme proteins that are involved in cell respiration [53, 99].
Conflicting data in rodents [100, 101] and the lack of a beneficial effect of CO inhalation in
human volunteers on systemic inflammation [102], further discourage the use of CO inhalation
and suggest large inter species differences, making extrapolations of safe and effective CO
concentrations to humans difficult. The use of CORMs therefore seems to be a more promising
approach, as these molecules do not significantly affect COHb levels in vivo [103].
The first transition metal carbonyls which were explored as CORMs were simple transition
metal carbonyls that were soluble only in organic solvents [105]. Subsequently, novel
compounds were developed, which displayed different rates of CO release and were more
compatible with biological systems [125]. Most of the published CORMs used in biological
studies either spontaneously release CO when dissolved in aqueous solutions, e.g. CORM-3
[125], or require special physical or chemical stimuli to favour CO dissociation from these
complexes [205-209]. It must be emphasized however, that also the use of CORMs does not
preclude CO delivery to other tissues than the target tissue as it freely diffuses in the body once
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released. Yet, tissue specific delivery of CO might be more desirable to avoid or limit potential
adverse effects. One possibility to overcome this hurdle is allowing CORMs to release CO only
intracellularly, which ideally should be triggered by cell-specific enzymes [210]. Recently, we
have introduced acyloxy-butadiene-Fe(CO)3 complexes as enzyme-triggered CORMs (ETCORMs). These compounds are relatively stable under physiological conditions. Once
intracellular, the ester functionality of ET-CORMs is cleaved, resulting in the formation of
labile dienol-iron carbonyl complexes that subsequently disintegrate under oxidative conditions
to release CO, iron and the corresponding enones [137]. In our initial study, we not only could
demonstrate that the acyloxy-substitueted diene-Fe(CO)3 complexes release CO in an esterasedependent manner, but also that these complexes inhibited iNOS in a cell-based system using
RAW267.4 cells. Although it is likely that a wide variety of different esterase enzymes can
hydrolyse ET-CORMs and therefore making cell specific CO delivery difficult to achieve, a
pronounced influence of the structure of the different ET-CORMs on their biological activity
was observed. In a subsequent study we identified a clear structure activity relationship in
RAW267.4 cell [211]. In the present study we further evaluated the biological activity of
structurally different ET-CORMs on cultured endothelial and epithelial cells by using a
structure-activity approach. The biological activity of the ET-CORMs was assessed in regard
to cytotoxicity, their ability to protect against hypothermia associated cell damage and their
ability to inhibit TNF-mediated VCAM-1expression.
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Materials and methods
Synthesis
Synthesis of acyloxydiene complexes (ET-CORMs) rac-1, rac-2, rac-3, rac-4, rac-5, rac-6,
rac-7, rac-8, rac-9, and rac-10 was performed following the protocols described before [137,
211]. With the exception of rac-10, CO release was shown for all complexes using the
myoglobin assay and headspace gas chromatography (GC). The esterase resistant
methoxydiene complex rac-10 was used as a negative control in all experiments. In addition,
2-cyclohexenone, 1,3-cyclohexanedione and enones derived from hydrolysis of 1,3cyclohexanedione derived ET-CORMs (11, 12 and 13) were included to assess, if the biological
activity was mediated via CO release or via byproducts of ET-CORM hydrolysis.

Cell culture
Human umbilical vein endothelial cells (HUVECs) were isolated from fresh umbilical cords as
described previously [156]. The cells were grown in basal endothelial medium supplemented
with 10% FBS and essential growth factors until confluency.
Human proximal tubular epithelial cells (PTECs) were obtained from surgical nephrectomy
specimens, cultured and subcultured according to Detrisac et al. [212].

Cell toxicity
HUVEC and PTEC were cultured in 24- or 96 well plates until confluency and cultured for 24
hrs in the presence of different concentrations of ET-CORMs. Cell toxicity was assessed by
Trypan-blue exclusion and by (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide
(MTT) according to the manufacturer’s instructions (Roche Diagnostics, Mannheim Germany).
Cell viability was expressed as % viable cells relative to the untreated cells. All experimental
conditions were tested in triplicate in at least 4 different experiments.

Cold preservation injury
Tolerance to hypothermia associated cell damage was assessed by lactate dehydrogenase
(LDH) release. To this end, HUVEC and PTEC were seeded in 24-well plates and grown until
confluence. ET-CORMs were added to the preservation medium, without prior pretreatment,
and then the plates were placed on ice for 24h at 4 °C. In some experiments, cells were
pretreated prior to cold storage for two hrs with different concentrations of ET-CORMs (0-200
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µM). Hereafter the medium was replaced by phenol red free medium and the plates were placed
on ice for 24 hrs at. Depending on the experiment, ET-CORMs were either present or not during
cold storage. Cell damage was assessed by LDH release in the supernatant, according to
manufacturer’s instructions (Roche diagnostics, Mannheim, Germany). All experimental
conditions were tested in triplicate in at least 4-6 different experiments.

Intracellular ATP measurement
Intra-cellular ATP concentrations were assessed after 24 hrs of ET-CORM treatment, directly
after cold storage or after cold storage followed by 24 hrs of rewarming at 37 °C. Thereafter,
cells were washed twice with PBS and 200 μL of cell lysis buffer was added (100 mM Tris,
4 mM EDTA, pH = 7.7) to each well. ATP concentration was assessed by a commercial ATP
driven luciferase assay according to the manufacturer’s instruction (Roche diagnostics,
Mannheim, Germany).

Intra-cellular Iron release
For detection of intracellular ferric ion (Fe+3) the Prussian blue staining was used. To this end,
HUVEC or PTEC were cultured on glass cover-slips in 24 well-plates. Upon confluence, the
cells were stimulated for different time periods with 100 µM of ET-CORMs. Unstimulated cells
served as controls. The cover slips were washed twice with PBS, fixed in 90% methanol for 10
minutes, washed in distilled water, briefly dried, stained with freshly made aqueous solution of
potassium ferrocyanide for 10 minutes and counterstained with Nuclear Fast Red Solution for
5 minutes.

Western Blotting
HUVEC cell lysates were generated by lysing in lysis buffer (10 mM Tris, 2% SDS, 0.5%
beta-mercaptoethanol) (all from Sigma-Aldrich, St. Louis, MO). Protein concentrations were
measured using Coomassie-Reagent (Pierce, Rockford, USA). Samples (20 µg protein extract)
were heated to 95 °C for 5 minutes, loaded and separated on 10% SDS-polyacryamide gels
followed by semi-dry blotted onto PVDF membranes (Roche, Mannheim, Germany). The
membranes were blocked with blocking buffer (5% w/v non-fat dry milk in TBS/Tween 0.5%)
and incubated overnight at 4 °C, with polyclonal anti-VCAM-1 (R&D Systems, Wiesbaden,
Germany). Subsequently, the membranes were thoroughly washed with TBS-Tween and
incubated with the appropriate horseradish peroxidase conjugated secondary antibody
(Jackson ImmunoResearch, Baltimore, MD). Proteins were visualized using enhanced chemo
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luminescence technology, according to the manufacturer’s instructions (Pierce, Rockford, IL).
To confirm equal protein loading, membranes were stripped and re-probed with monoclonal
anti-GAPDH antibody (Abcam, Cambridge, UK).

Detection of CO-release using cell lysates
HUVEC and PTEC were harvested, washed twice with cold PBS and lysed in buffer containing
10 mM Tris, 2% SDS and 0.5% beta-mercaptoethanol (all from Sigma-Aldrich, St. Louis, MO).
36 µmol of rac-1, rac-2, rac-3 or rac-4 was dissolved in 0.2 mL of DMSO and 1.0 mL of
phosphate buffer (0.1 M, pH = 7.4) was added. Equal amounts of the different cell extracts were
added and CO release was quantified at different timepoints. Gas chromatograms for COdetection were recorded using a Varian CP-3800 gas chromatograph with helium as the carrier
gas and a 3 m x 2 mm packed molecular sieve 13X 80-100 column. CO was detected using a
thermal conductivity detector (Varian) operated at 150 °C.

Statistical analysis
All data are expressed as the means ± SD from at least three independent experiments.
Statistical significance was assessed by Student’s t-test, and P<0.05 was considered to be
significant. For calculation of EC50 values and curve fitting GraphPad Prism 5 was used.
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Results
Structural characteristics of ET-CORMs
In the present study three groups of ET-CORMs were tested. The first group consists of ETCORMs that are derived from 2-cyclohexenone, i.e. rac-1, rac-2, rac-3, rac-4, rac-5 and rac6, harbouring only one ester functionality at the inner (rac-1, rac-2 and rac-3) or outer (rac-4,
rac-5 and rac-6) position of the diene moiety. The second group consists of ET-CORMs that
are derived from 1,3-cyclohexanedione (rac-7 and rac-8) harbouring two ester functionalities.
The third group consists of only one ET-CORM, i.e rac-9, which harbours two ester groups and
is derived from dimedone (Figure 1).
Within the first and second group, the ET-CORMs differ in the type of ester substituent, being
acetate, pivalate or palmitate. All ET-CORMs released CO in an esterase-dependent manner as
has been demonstrated previously [137, 211]. In addition, two groups of control compounds
were used, i.e. group IV a methoxydiene complex (rac-10, Figure 1) resistant to hydrolysis by
esterase and ET-CORM decomposition products (group V) 2-cyclohexenone and 1,3cyclohexanedione.
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Figure 1: Chemical structure of ET-CORMs and their hydrolysis byproducts used in this study
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Cell toxicity
Cytotxicity of all ET-CORMs was initially tested in dose-response experiments in which the
concentration of ET-CORMs was tested in the range of 1 to 1000 µM. While most if not all
ET-CORMs were toxic when tested at concentrations of 1000 µM, only rac-4 and rac-7 were
consistently toxic in the low µM range as demonstrated by trypan blue exclusion. Depicted in
Table 1 is cell toxicity of ET-CORMs (100 µM) in cultured renal proximal tubular epithelial
cells (PTEC) and human umbilical vein endothelial cells (HUVEC). As can be observed, rac7 was highly toxic for both HUVEC and PTEC, while rac-4 was only toxic for HUVEC but not
for PTEC. All other ET-CORMs did not display significant cell toxicity when tested at the same
concentration (100μM).
Table 1: Cytotoxicity of ET-CORMs in HUVEC and PTEC.
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Interestingly, although rac-1 and rac-4 only differ in the position of the ester functionality, the
former was not toxic in HUVEC at this concentration. Toxicity was abolished for both rac-4
and rac-7 by changing the ester unit from acetate to pivalate; rac-5 and rac-8 respectively. MTT
assays were in concordance to trypan blue exclusion assays as demonstrated in Figure 2a. The
hydrolysis products of ET-CORMs, i.e. 2-cyclohexenone, 1,3-cyclohexanedione or dimedone,
did not reveal cell toxicity (Figure 2a). Dose-response experiments, in the range of 1 to 1000
µM, in both cell lines confirmed that rac-4 and to a lesser extent rac-7 were more toxic in
HUVEC compared to PTEC: ET-CORM rac-4 EC50: 33.9 ± 2.6 vs. 112.2 ± 8 µM (HUVEC vs.
PTEC, P<0.01) and for rac-7 EC50: 35.5 ± 2.2 vs. 52.7 ± 6.9 µM (HUVEC vs. PTEC, P=0.08).
In addition these experiments confirmed that the change in the type of ester substituent from
acetate to pivalate resulted in reduced toxicity (EC50: 33.9 ± 2.6 vs. 136.7 ± 8.4 µM for rac-4
vs. rac-5, P<0.01 and EC50: 35.5 ± 2.2 vs. 113.7 ± 8.2 µM for rac-7 vs. rac-8, P<0.01) (Fig 2b
and c).

Figure 2: Cytotoxicity of ET-CORMs

a.
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b.

c.

Figure 2: Cytotoxicity of ET-CORMs. Cells were stimulated for 24 hrs with 100 µM of different ETCORMs or the mother compounds. Cells that were not stimulated (no treatment) served as control.
Toxicity was assessed by MTT assay (a). Dose-response experiments for rac-4 and rac-7 were performed
in HUVEC and PTEC (upper graphs). To study the influence of the ester composition, dose-response
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experiments for rac-4, rac-5, rac-7 and rac-8 were performed in HUVEC (lower graphs) (b). EC50 values
were calculated by serial dilution of ET-CORMs in at least three independent experiments (c). In a and
b results of representative experiments are depicted. A total of 4 experiments were performed with
essentially the same results. In each experiment all conditions were tested in triplicate. In A the different
ET-CORMs are grouped on the x-axis according to the chemical mother compound from which they
were derived, i.e. 2-cyclohexenone, 1,3-cyclohexanedione or dimedone. *: P<0.01, rac-4, rac-7 vs Med.

Except for rac-4 and rac-7 in HUVEC and for rac-7 in PTEC, intracellular ATP concentrations
were not significantly changed after 24 hrs of ET-CORM treatment (data not shown). Because
hydrolysis of ET-CORMs is accompanied by a release of Fe2+/3+ we assessed the presence of
ferric ions by means of Prussian blue staining. In both HUVEC and PTEC Prussian blue staining
was positive for all the tested ET-CORMs, albeit that in PTEC this was more pronounced with
large differences noted for the various ET-CORMs. In particular for the highly toxic rac-7 cell
treatment rapidly resulted in a blue cytoplasmic and nuclear staining, occurring already within
the first 2 hrs of treatment. For all other ET-CORMs staining was less pronounced and appeared
to be more compartmentalized (rac-1, Figure 3). Although cytotoxicity of rac-4 and rac-7 was
not abrogated by the iron chelator deferoxamine, the intensity of Prussian blue staining was
clearly decreased when cells were treated with these ET-CORMs in the presence of
deferoxamine (Figure 3). In all further studies the concentration of ET-CORMs did not exceed
100 µM, unless otherwise stated.
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Figure 3: Iron-induced cytotoxicity. Release of iron in ET-CORM treated PTEC was assessed by means
of Prussian blue staining at different time-points after ET-CORM treatment. Note that for rac-7
cytoplasmic and nuclear staining increased in time and was already evident 2 hrs after treatment. In
contrast, staining was distinct and appeared to be more compartmentalized (arrows) when PTEC were
treated with rac-4. Treatment with rac-10, a methoxydiene complex resistant to hydrolysis, did not
result in blue staining. Addition of deferoxamine to rac-7 stimulated PTEC diminished Prussian Blue
Staining. In each experiment a negative control, i.e. cells that were not treated, was included. Original
magnification 40x.
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Cytoprotection against hypothermia associated cell damage
We next assessed if ET-CORMs have the propensity to protect PTEC and HUVEC against cold
preservation injury. In untreated HUVEC and PTEC severe cell damage, cell shrinkage and
intercellular gap formation occurred when the cells were subjected to 24 hrs of cold preservation
(Figure 4a). In contrast, cell damage was significantly mitigated when the cells were stored in
the presence of 100 μΜ rac-1 (Fig. 4a). Interestingly, cold preservation damage was mitigated
only by ET-CORMs that were derived from 2-cyclohexenone, while 1,3-cyclohexanedione or
the dimedone-derived ET-CORMs were not protective (Figure 4b). The ET-CORM
decomposition product 2-cyclohexenone was neither protective in HUVEC nor in PTEC
(Figure 4b). For HUVEC only the 2-cyclohexenone-derived ET-CORMs with the ester
functionality at the inner position of the 2-cyclohexenone moiety (rac-1/acetate and rac2/pivalate) were able to protect against cold preservation damage, while for PTEC the position
of the ester functionality did not seem to affect the cytoprotective properties of these ETCORMs (Figure 4b). For all the protective ET-CORMs, pretreatment alone was not sufficient
to protect cells against cold preservation damage, but the presence of these CORMs during
preservation was required (data not shown). Protection was dose-dependent in both HUVEC
and PTEC. Similar as observed for cytotoxicity, the protective effect of ET-CORM rac-1 was
significantly affected by the composition of the ester functionality. This is exemplified by the
finding that exchanging acetate for pivalate, significantly reduced cell protection, HUVEC,
EC50: 29.18 ± 3.8 vs. 56.55 ± 0.9 µM (rac-1 vs. rac-2, P<0.01), PTEC, EC50: 20,59 ± 2 vs. 34.71
± 1 µM (for rac-1 vs. rac-2, P<0.01) and EC50: 65.83 ± 2.9 vs. 90 ± 5.6 µM (for rac-4 vs. rac5, P<0.01) (Fig. 4c). Protection was completely abrogated when the composition of the ester
functionality was exchanged from acetate to palmitate (rac-3 and rac-6, Figure 4b).
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a.

b.

c.
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Figure 4 : Cytoprotection against hypothermia-induced damage. Cultured HUVEC and PTEC were
either treated with rac-1 (100 µM) or left untreated and subsequently stored for 24 hrs at 4 °C. Original
magnification 10x (a). HUVEC (filled bars) and PTEC (open bars) were stored at 4 °C for 24 hrs in the
presence of different ET-CORMs (100µM) or the mother compounds (100µM). Hereafter LDH release
was assessed in the supernatants. Cells to which medium (no treatment) or to which rac-10 was added
served as control. The results expressed as mean LDH release ± SD of a representative experiment (n=5)
are depicted. Note that only 2-cyclohexenone-derived ET-CORMs were protective and that for HUVEC
protection was only observed if the ester functionality was on the inner position of the 2-cyclohexenone
moiety *: P<0.01, compared to no treatment (b). Influence of ester composition on cytoprotection in
HUVEC and PTEC. In three different experiments EC50 (µM) values were assessed by serial dilution
(range 0 – 200 µM) of different ET-CORMs. Each concentration was tested in triplicate in all
experiments. The results of all experiments are depicted as EC50 (µM) values and SD, with each
experiment representing a single dot (c).Influence on TNF- mediated VCAM-1 expression.

Influence on TNF-α mediated VCAM-1 expression
Previously, we have shown that the water soluble CORM-3 is able to inhibit the expression of
VCAM-1 in HUVEC upon TNF stimulation.

Figure 5: Ability of ET-CORMs to inhibit VCAM-1. HUVEC were stimulated for 24 hrs with TNF-α (50
ng/mL). During stimulation various ET-CORMs, the mother compound from which they were derived,
or rac-10 (all in a concentration of 100 µM) were present. Cells neither stimulated with TNF-α nor with
ET-CORMs (M) and cells stimulated with TNF-α alone served as controls. VCAM-1 expression was
assessed by Western blotting, GAPDH was used to demonstrate equal loading. Depicted is a
representative Western blot. At least 6 different experiments have been performed, with essentially the
same results.
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We therefore sought to assess if a similar influence was also observed for ET-CORMs. VCAM1 expression was strongly inhibited by rac-1, rac-5, rac-8 and to a lesser extent by rac-2. The
methoxydiene iron complex rac-10 did not influence VCAM-1 expression (Figure 5).Since 2cyclohexenone itself also inhibited VCAM-1 expression, it cannot be excluded that for the 2cyclohexenone-derived ET-CORMs, inhibition was mediated by 2-cyclohexenone rather than
CO. In fact, in dose response experiments it seemed that 2-cyclohexenone was slightly more
effective compared to the 2-cyclohexenone-derived ET-CORM rac-1 (Figure 6a). ET-CORMs
rac-1 and the 1,3-cyclohexanedione-derived rac-8 seem to be equally effective in inhibiting
VCAM-1 expression, while 1,3-cyclohexanedione itself did not affect the expression hereof
(Fig 6B). Also other possible decomposition products of rac-7, rac-8 and rac-9 i.e. did not
influence VCAM-1 expression (data not shown).

a.

b.

Figure 6: VCAM-1 Inhibition. HUVEC were stimulated for 24 hrs with TNF-α (50 ng/mL) in the presence
of different concentration of rac-1 or 2-cyclohexenone (a) or different concentration of rac-8 or 1,3cyclohexanedione (b). VCAM-1 expression was assessed by Western blotting. GAPDH was used to
demonstrate equal loading. Depicted is a representative Western blot. At least 6 different experiments
have been performed, with essentially the same results. Note that 2-cyclohexenone, but not 1,3cyclohexanedione itself is able to inhibit VCAM-1 expression.
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Efficacy of hydrolysis of different ET-CORMs in lysates of HUVEC and PTEC
Since large differences in biological activity between the different 2-cyclohexenone derived
ET-CORMs were noticed for HUVEC and PTEC, we sought to assess if CO release was
influenced by the composition and position of the ester functionality. To this end CO release
was monitored in time when rac-1 vs. rac-2, rac-3 and rac-4 were incubated with lysates of
HUVEC or PTEC as esterase source. In general, CO release was much slower in this
experimental set-up as compared to our previously reported CO assessment using purified pig
liver esterase. Therefore CO-release was monitored over a period of 7 days. CO was not
detected in the absence of cell lysates (data not shown). As depicted in Figure 7, there was a
clear hierarchy in hydrolysis efficacy (rac-4 > rac-1 >> rac-2, rac-3) for both lysates obtained
from HUVEC (Figure 7, graph to the left) and PTEC (Fig 7, graph in the middle). In comparison
to rac-1, hydrolysis of rac-4 started earlier as indicated by a more steep increase in CO increase,
which reach a plateau after approximately 1.5 days in PTEC and 2.5 days in HUVEC. Although
there seems to be a similar kinetic for hydrolysis of rac-4, lysates obtained from HUVEC
yielded more CO release in time compared to lysates obtained from PTEC (Figure 7, graph to
the right). For rac-1, the kinetics of CO release also seemed to differ between the cell lysates,
showing a more linear curve for lysates from PTEC that continued to increase till the end of the
experiment (7 days, data not shown).
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Figure 7 : Hydrolysis of different ET-CORMs in lysates of HUVEC and PTEC. CO release by ET-CORMs
using cell lysates as esterase source. CO release was assessed as described in the method section for
rac-1, rac-2, rac-3 and rac-4 in lysates obtained from HUVEC (left) and PTEC (middle). The graph on the
right depicts CO release by rac-4 in lysates of HUVEC and PTEC. Due to the small amount of experiments
and time frame required for each experiment statistical analysis was not performed
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Discussion
In the present study we evaluated different ET-CORMs in cultured PTEC and HUVEC by using
a structure-activity approach. The biological activity of ET-CORMs was assessed in regard to
cell toxicity, their ability to protect cells against hypothermic preservation damage and their
ability to inhibit TNF-mediated VCAM-1 expression. The main findings of this study are the
following. Firstly, cytotoxicity of ET-CORMs not only depends on the mother compound from
which they were derived, but is also influenced by the position and type of ester substituent.
None of the mother compounds themselves displayed cytotoxicity. For both toxic ET-CORMs,
i.e. rac-4 and rac-7, cytotoxicity was more pronounced in HUVEC compared to PTEC.
Secondly, protection against cold preservation damage was only observed for 2-cyclohexenonederived ET-CORMs, while the decomposition product of these ET-CORMs, i.e. 2cyclohexenone, was neither protective in HUVEC nor in PTEC. For HUVEC protection was
only achieved if the ester functionality was at the inner position of the 2-cyclohexenone moiety,
while for PTEC the position of the ester functionality did not affect the protective properties of
2-cyclohexenone-derived ET-CORMs. The composition of the ester functionality significantly
affected protection, with acetate being more protective compared to pivalate and far more
protective compared to palmitate. Thirdly, both 2-cyclohexenone- and 1,3-cyclohexanedionederived ET-CORMs were able to inhibit TNF- mediated VCAM-1 expression. Inhibition of
VCAM-1 expression was also observed for 2-cyclohexenone itself, but not for
cylcohexanedione.
This study clearly defines a structure-activity relation of ET-CORMs in regard to toxicity, their
ability to protect against hypothermic preservation injury and their ability to inhibit VCAM-1
expression. Moreover, this structure-activity relation was not the same for HUVEC and PTEC.
The most intriguing finding in this context is the difference between rac-1 and rac-4, which
only differ in the position of the ester functionality. This change in position makes rac-4 toxic
in HUVEC but does not affect cell viability in PTEC and results in the loss to protect HUVEC
but not PTEC against hypothermic injury. Although this study did not address why these
structural changes affect the biological activity of ET-CORMs, there are two possibilities to
explain these findings. Firstly, structural changes in ET-CORMs affect their cellular uptake, or
secondly these changes affect the cell’s ability to hydrolyze these compounds. This study does
not allow discriminating either of these possibilities, yet there are three arguments that are in
favour for the latter possibility. Firstly, the biological effects mediated by these compounds are
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in line with published data on hydrolysis efficiency experiments using purified pig liver esterase
[211]. Secondly, in all assays it was found that ET-CORMs composed of pivalate were less
effective compared to those composed of acetate. Based on the geometry of the chemical
structure of pivalate- and acetate- containing ET-CORMs it is conceivable that the former might
be less accessible for hydrolysis by esterase. This is in line with previous publications that have
demonstrated differences in hydrolysis efficiency of acetate and pivalate propanolol prodrugs
[213] and acyloxy nitroso compound [214] and with the slower pig liver esterase induced COrelease from the pivalates compared to the corresponding acetates [211]. Thirdly, one would
assume that the more lipophilic ET-CORMs rac-3 and rac-6 would be taken up by HUVEC
and PTEC more easily compared to the other less lipophilic 2-cyclohexenone-derived ETCORMs. Yet, rac-3 and rac-6 were neither protective against cold preservation injury nor able
to inhibit TNF- mediated VCAM-1 expression. Measurements of intra-cellular CO release in
conjunction with cellular uptake are warranted to formally discriminate between either
possibilities.
Nonetheless, in attempting to better understand the differences in biological activities of ETCORMs in HUVEC and PTEC, we did assess if cell lysates obtained from these cells were able
to release CO when put together with ET-CORMs in a test tube. Although we clearly see that
these lysates are able to release CO to a different extent for various ET-CORMs, there are some
limitations with this approach which makes direct comparisons between the test-tube and
cellular assays difficult and impedes drawing firm conclusions, e.g. the uncertainty on esterase
concentrations in the lysates, the uncertainty on amount and subcellular location of ET-CORMs
and the uncertainty on the amount of intracellular CO that is required for a particular biological
activity. Moreover, due to the small amount of different experiments and the time frame
required for each experiment, statistical analysis was not performed. Therefore, figure 7 only
illustrates that hydrolysis of different ET-CORMs might be different when lysates obtained
from HUVEC and PTEC are used as esterase source.
Since it has been shown that CO is able to protect cells against hypothermic injury and to inhibit
VCAM-1 expression, it is tempting to speculate that the biological activities of ET-CORMs
analysed in this study were caused by CO release. We like to emphasize however that this study
does not provide formal evidence that CO mediates these effect. Cytotoxicity might be equally
mediated by excessive iron release, CO release or the compound itself without the need for
hydrolysis. Even by including the appropriate controls, i.e. a non-hydrolysable methoxydiene
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complex, it can be argued that the methoxydiene complex cannot interact with putative
biological targets as might occur for the ET-CORMs in their non-hydrolyzed form. Also
addition of the iron chelator deferoxamine does not rule out that toxicity was not mediated by
excessive iron release although we observed a significant reduction in Prussian Blue staining
under these conditions.
Evidence has culminated suggesting a pivotal role for iron in cold preservation injury [33, 37,
39, 215-217]. Following cold preservation stress heme proteins undergo denaturation and
subsequently, released heme causes cell injury [39] [218]. As demonstrated by Nakao et al [39]
CO binds to cytochrome P450 heme proteins, stabilizing the heme interaction and thereby
preventing their oxidative denaturation [39]. The finding that ET-CORMs protect against cold
preservation injury was surprising since hydrolysis of ET-CORMs is unmistakably associated
with iron release. Upon hydrolysis however, iron and CO are released in a molar ratio of 1 to 3
in favour of CO. Moreover, based on enzyme thermodynamics it can be argued that only a small
proportion of ET-CORMs will be hydrolysed at low temperatures. Because relatively low CO
concentrations are required for protection [219], hydrolysis of a small amount of ET-CORMs
might generate sufficient amounts of CO to stabilize cytochrome P450 heme proteins, without
causing too much harm to cells through iron release.
There are conflicting data reported as to whether CO is able to inhibit the expression of adhesion
molecules in endothelial cells [86, 220, 221]. Both in the studies from Urquhart et al [86] and
Soares et al [220], CO, either given as CORM-3 or as gas, was not able to inhibit VCAM-1 and
E-selectin expression. More recently we have demonstrated that CORM-3 is able to inhibit the
expression of these adhesion molecules when used in concentrations above 500 µM [221]. Our
present findings indicate that appropriate ET-CORMs, rac-1, rac-5 and rac-8, can inhibit
VCAM-1 expression already in a low µM range. This study was not intended to demonstrate
that inhibition of VCAM-1 expression by ET-CORMs is mediated via CO release. In fact, we
provide evidence that one of the decomposition products of ET-CORMs itself, i.e. 2cyclohexenone, is also able to inhibit VCAM-1 expression. Yet for the 1,3-cyclohexanedionederived ET-CORM rac-8, none of its decomposition products (Figure 1) were affecting
VCAM-1 expression.
In conclusion, we demonstrate that structural alterations of ET-CORMs significantly affect
their biological activity. Our data also indicate that different ET-CORMs behave differently in
various cell types (epithelial vs. endothelial). These findings warrant further studies not only to
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elucidate the structure-activity relation of ET-CORMs in mechanistic terms but also to assess
if structural optimization will yield ET-CORMs with restricted cell specificity.

64

ET-CORMs: Evaluation of biological activity

65

66

CHAPTER 5
Synthesis and characterization of Enzyme-triggered COreleasing molecules (ET-CORMs)
Adapted from:

Synthesis and Performance of Acyloxy-diene-Fe(CO)3
Complexes with Variable Chain Lengths as Enzyme-Triggered
Carbon Monoxide-Releasing Molecules

Svetlana Botova, Eleni Stamellou, Steffen Romanski, Miguel Guttentag, Roger
Alberto, Jörg-Martin Neudörfl, Benito Yard, Hans-Günther Schmalz
Organometallics 32:3587-3544, 2013

and

Iron Dienylphosphate Tricarbonyl Complexes as Water-Soluble
Enzyme-Triggered CO-Releasing Molecules (ET-CORMs)

Steffen Romanski, Hannelore Rücker, Eleni Stamellou, Miguel Guttentag, JörgMartin Neudörfl1 Roger Alberto, Sabine Amslinger, Benito Yard and Hans-Günther
Schmalz
Organometallics 06/2012; 31(16):5800-5809.
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Abstract
Acyloxydiene-Fe(CO)3 complexes can act as enzyme-triggered CO-releasing molecules (ETCORMs). It has been showed that their biological effects depend on the mother compound from
which they derived (cyclohexanone Vs. cyclohexanedione Vs. dimedone), the type of the ester
(acetate>pivalate>palmitate) and the position of the ester (inner or outer) that they harbour. To
refine the emerging structure activity relationship patterns, we synthesized, characterized and
investigated a set of new ET-CORMs with different lengths of the aliphatic ester side chain R.
In addition, in the second part of this study we introduced the first water soluble enzyme-trigged
CO-releasing molecules (ET-CORMs), a series of racemic phosphoryloxy-substituted η4cyclohexadiene-Fe(CO)3, that release CO after activation by a phosphatase. The enzymetriggered CO releasing activity of the compounds was assessed under physiological conditions
by headspace gas chromatography (GC). Biological activity of these compounds was assessed
in respect to their cytotoxic effect, their ability to protect endothelial cells against cold-inflicted
injury

and

their

ability

to

inhibit

TNF-α-mediated

VCAM-1

induction.

It was found that the relative rate of CO release, the amount of liberated CO and the biological
activity of η4-acyloxy-cyclohexadiene-Fe(CO)3 complexes depend on the length of the acyloxy
chain and its position at the diene unit (outer or inner position). Regarding the water-soluble
ET-CORMs, no significant release was observed, and apart from a moderate anti-inflammatory
potential in an assay based on the inhibition of (iNOS-induced) NO production, no other
biological effect was observed.
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Introduction
Despite the high toxicity [222] of carbon monoxide (CO) gas, this very small natural product
plays an essential physiological role as a signaling molecule in humans and other mammals. It
is endogenously produced during oxidative heme degradation by heme oxygenase (HO) [199,
223] and exhibits a variety of beneficial biological activities, such as cytoprotective, antiinflammatory, vasodilatory, and anti-proliferative effects [72, 131]. The obvious biological
potential of CO has induced intense research activities aiming at its use as a therapeutic agent
[131]. In this context, CO-releasing molecules (CORMs) have been developed as attractive
tools to liberate and deliver CO to cellular systems in a controlled fashion [224, 225]. After the
first CORMs had been introduced by Motterlini and co-workers [106, 226] a broad range of
transition metal carbonyl complexes were shown to release CO under certain conditions and
their biological effects were subject of many investigations [105, 106, 136, 227-233]. Because
CORMs of the first generation acted in a rather uncontrolled fashion, it is a major challenge to
develop novel CORMs, which liberate their CO load only after activation of a trigger such as
pH change [234], ligand exchange in the cellular medium [235] or photoactivation [236].
As a new and conceptually different concept, we have recently introduced enzyme-triggered
CORMs (ET-CORMs) [137]. Upon enzymatic ester cleavage (hydrolysis), these compounds
are converted into highly labile dienol complexes (2) which in turn decompose under mildly
oxidative conditions to give the free enone ligand as well as three molecules of CO and an Fe3+
ion [237] (Figure 1).
In our previous studies [237] we have synthesized ET-CORMs of type I and II (with R =
acetate, pivalate, or palmitate) and assessed their CO-releasing properties (Figure 2). For the
detection of CO we used both the myoglobin (Mb)-based assay established by Motterlini et al.
[105] as well as gas chromatographic measurements. In vitro studies showed that the esterasetriggered CO release from the pivalates (R = t-Bu) and palmitates (R = C15H31) was slower than
from the acetates (R = Me). In general, complexes with the ester function at the outer position
of the diene ligand (type II) released CO much faster than those with the ester function at the
inner position (type I). Cellular assays also revealed that the complexes greatly differed in their
cytotoxicity and their ability to suppress NO production (due to iNOS inhibition) [137, 237] To
refine the emerging structure activity relationship (SAR) patterns, the target of the present study
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was to synthesize, characterize and investigate o a set of new ET-CORMs of types I and II with
different lengths of the aliphatic ester side chain R (Figure 1).

Figure 1: Proposed mechanism of action of enzyme-triggered CO-releasing molecules (ET-CORMs).

For the possible application of ET-CORMs in medicine, the development of water-soluble
compounds represented a relevant challenge. CORM-3 and CORM-A1 are the first watersoluble CORMs. CORM-3 exhibits a fast CO release, while CORM-A1 releases CO with slow
kinetic. However both complexes release CO in an uncontrolled manner once diluted in water
solutions. In this context, we envisioned that phosphoryloxy dienyl Fe(CO)3 complexes 4 or 5,
respectively, might be suitable to fulfill this function. As indicated in Figure 3 we intended to
prepare such compounds by deprotection of suitable ester or amide precursors (6/7). Here we
describe the synthesis of the first water-soluble ET-CORMs, which were shown to act in the
expected fashion, i.e. to release CO after activation by a phosphatase.

Figure 2: Regioisomeric acyloxydiene-Fe(CO)3 complexes of types 1 and 2
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Figure 3: Phosphate complexes 4 and 5 and the projected precursors 6 and 7.
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Materials and Methods
Synthesis of the monodeprotected phosphate complexes rac-17 and rac-18
The dimethyl complex rac-6b or rac-7b (500 mg, 1.45 mmol, 1.0 equiv) was dissolved in
acetone (50 mL), and trimethylamine (3.5 mL, 14.5 mmol, 10 equiv, 4.2 M in ethanol) was
added dropwise. The solution was stirred at 40 °C, and the conversion was monitored by RPTLC. In the case of incomplete conversion after 3hrs, an additional 3.5 mL of trimethylamine
was added and stirring was continued. After complete conversion the solvent was evaporated.
The raw product was purified by column chromatography and recrystallized from MeCN to
give the pure ammonium phosphates as slightly yellow hygroscopic powders.
General Considerations:
An Agilent Technologies Model GC 6890N gas chromatograph coupled with an HP5973N
series mass selective detector and an HP 7683 GC autosampler was employed for all GC-MS
analyses. Samples were separated on a 30 m X 0.25 mm HP-5 MS column. The column
temperature was initially held at 50 °C for 2 min, and then the temperature was raised to 300
°C at a rate of 25 °C/min and held for 5 min. The total run time was 17 min. The injector
temperature was maintained at 300 °C, and the injection volume was 1.0 µL in the split mode.
Gas chromatograms for CO detection were recorded using a Varian CP-3800 gas
chromatograph with helium as the carrier gas and a 3 m X 2 mm packed molecular sieve 13X
80-100 column. The gases were detected using a thermal conductivity detector (Varian)
operated at 150 °C. CHN analyses were measured on an Elementar Vario El machine.
Chemicals were purchased from Merck, Sigma Aldrich, Fluka, Acros, Lancaster, or Sterm and
used without further purification. Phosphatases were purchased from Sigma Aldrich as follows:
phosphatase, alkaline from bovine intestinal mucosa, buffered aqueous solution, 2000-4000
DEA units/mg of protein (Sigma); phosphatase, acid from wheat germ, ≥0.4 unit/mg of solid
(Sigma); phosphatase, alkaline from porcine intestinal mucosa, ≥1 unit/mg of solid (in glycine
buffer) (Sigma).

General procedure for CO-release measurements in the presence of Oxygen
(GC)
All reactions were performed in 10mL headspace vials (BGB-analytics, Cat. No. 200410-F).
Prior to the detection of CO release a calibration was done. Calibrations were carried out with
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the solvent mixture (phosphate buffer (1 mL, (0.1 M, pH 7.4)) and DMSO (0.2 mL)) that was
used for the CO-release experiments. For the CO calibration, the consumption of oxygen had
to be included. For this purpose, the reaction vial was filled with the solvent mixture and
completely degassed with nitrogen. Afterwards, 21% of the gas volume was replaced by oxygen
to generate the composition of air (2.250 mL). To generate gas mixtures that are formed when
a particular amount of O2 is consumed in the course of the CO release, the volume of added
oxygen was decreased by the amount that is theoretically needed for the release of the added
CO. For the monitoring of the enzyme-triggered CO release, the particular complex (36 µmol)
was dissolved in phosphate buffer (1.2 mL, (0.1 M, pH7.4)). The particular enzyme (15 mg of
PLE or 20 mg of LCR) was added and the vial was closed with a rubber vial cap. The reaction
mixture was stripped at 37 °C. From time to time samples (50 µL) were taken and the CO
release was quantified. The half-life times were determined directly from an exponential fit of
the CO release (first or second order). The same procedure was repeated without enzyme for
every complex, but there virtually was no CO release without enzyme.

Cells and Cell Culture
Murine macrophages, RAW 264.7, were grown in RPMI medium supplemented with 10% (v/v)
heat inactivated fetal calf serum and 2 mM glutamine. Macrophages were cultured at 37 °C in
humidified air containing 5% CO2.
Human umbilical vein endothelial cells (HUVECs) were isolated from fresh umbilical cords as
described previously. The cells were grown in basal endothelial medium supplemented with
10% FBS and essential growth factors until thez formed a confluent monolayer.
Human proximal tubular epithelial cells (PTECs) were obtained from surgical nephrectomy
specimens following the methods described by Detrisac et al. The cells were cultured in serumfree Dubelco’s modifies Eagle’s medium (DMEM)/Ham’s F12 medium (both from Seromed
Biochem, Berlin, Germany) in 1:1 ratio. The medium was supplemented with insulin (5 μg/mL),
transferrin (5 μg/mL), triidothyronine (4 pg/mL), and epidermal growth factor (10 ng/mL) (all
from Sigma Aldrich, Germany). After outgrowth of PTEC from explanted renal cortical
remnants, which generally occurred within 7-10 days, cells were washed, trypsinised, and
subcultured in tissue flasks.
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Determination of cell Viability by MTT Assay in RAW264
Cell viability was evaluated by determining the mitochondrial function of living cells on the
basis of their ability to reduce a yellow dye, the tatrazolium salt 3- (4,5-dimethylthiazol-2-yl-)2,5-diphenyltetrazolium

bromide

(MTT),

into

violet

formazan

by

mitochondrial

dehydrogonases. Stocj solutions of test compounds were prepared in EtOH (40 and 400 mM)
and stored at °C. Test concentrations were freshly prepared by diluting the stock solution
inculture medium, and the final concentration of EtOH in the medium was ≤0.25%. Ceöös (5 x
103/well) were plated into 96-well plates and allowed to attach for 24hrs. The test compounds
were added to wells in several concentrations (100-1 and 1000-25 µM) in the presence and
absence of LPS (10 ng/mL) and incubated for 20hrs. The total assay volume was 10 µL. 10 µL
of a 4 mg/mL MTT solution in PBS was added to each well. After 4hrs the culture medium was
removed and 100 µL of 10% SDS solution in water was put into each well to solubilize the
formazan product. The absorbance was measured at 550 nm with a microplate reader
(Multiskan Spektrum, Thermo) after 24 hrs incubation in the dark at room temperature. Every
test was performed in triplicates and all experiments have been repeated at least four times.

Determination of cell viability in HUVEC and PTEC
HUVEC and PTEC were cultured in 96-well plates until confluence. Thereafter the cells were
cultured for 24 hrs in the presence of different concentrations (500-15 µM) of the compounds.
Hereafter 10 µL of a 4 mg/mL MTT solution in PBS was added to each well. After 4hrs the 100
µL of 10% SDS solution in water was put into each well to solubilize the formazan product.
The absorbance was measured at 550 nm with a reference wavelength at 690 nm with a
microplate readerafter 24 hrs incubation at 37 °C. Cell viability was also assessed by means of
trypan blue exclusion. HUVEC or PTEC were cultured until confluence and thereafter were
treated with 100 µM of each compound. Cell viability was expressed as percent viable cells
relative to the untreated cells. All experimental conditions were tested in triplicate in at leasr
four different experiments.

Determination of tolerance to hypothermic injury
Tolerance to hypothermia-associated cell damage was assessed by means of a lactate
dehydrogenase (LDH) release assay. Cells were seeded in 24-well plates and grown until
confluence. The medium was replaced by phenol-red-free medium, and the plates were placed
on ice for 24 hrs at 4 °C. ET-CORMs were added to the preservation medium without prior
treatment. Cell damage was then assessed by determining LDH release in the supernatants
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according to the manufacturer’s instructions (Roche Diagnostics). All measurements were
performed in triplicate in four different experiments.

Determination of Cell proliferation by crystal violet staining
Crystal violet was used to stain the nuclei of cells. The photometricallly measured intensity of
the dye directly correlates with the number of cells (ref.). In accord with the MTT assays, cells
were seeded in 96-well plates at a density of 5 x 103 per well and cultured for 24 hrs. Then, the
cells were incubated for another 24 hrs with medium supplemented with the compounds and 10
ng/mL of LPS (Escherichia coli serotype 111:B4, Sigma). Controls received only culture
medium with LPS or solvent LPS, respectively. Afterwards, the supernatants were removed
and cells were stained with 30 µL of crystal violet solution (0.5% crystal violet in 20%
methanol) per well for 10 min. The crystal violet solution was remoived, and then cells were
washed twice with 200 µL of water and air-dried overnight. Afterward, crystal violet was
solubilized by addition of EtOH/Na citrate solution (EtOH + 0.1 Μ Νa citrate, (v/v) 1/1) per
well and absorbance was determined at 560 nm.

Measurement of Nitrite production by Gries assay
To determine the anti-inflammatory activity of the compounds, the inhibition of a proinflammatory protein, i.e. iNOS was measured by determining nitrite accumulation in the
culture medium as an indicator of nitric oxide production in the macrophages. To this end Griess
method was used. RAW264.7 macrophages (8 x 104 cells/well) were plated in 96-well plates,
allowed to attach for 24 hrs, and stimulated with LPS (10 ng/mL) in the presence or absence of
the compounds to be tested (100-1 µM) for 24 hrs. As a negative control cells were incubated
with test compounds only. Then, the culture medium was collected (50 µL/well), mixed with
an equal volume of Griess reagent (0.1 % NED (N-1-naphthylethylenediamine
dihydrochloride), 1% sulfanilamine, 0.35% phosphoric acid and water), and incubated for 15
min at room temperature. The absorbance was measured at 560 nm. The nitrite content was
determined using sodium nitrite as a standard. Every test was performed in quadruplicate, and
all experiments were repeated four times.

Western blotting
HUVEC cell lysates were generated by lysing in lysis buffer (10 mM Tris, 2% SDS, 0.5%
beta-mercaptoethanol) (all from Sigma-Aldrich, St. Louis, MO). Protein concentrations were
measured using Coomassie-Reagent (Pierce, Rockford, USA). Samples (20 µg protein extract)
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were heated to 95 °C for 5 minutes, loaded and separated on 10% SDS-polyacryamide gels
followed by semi-dry blotted onto PVDF membranes (Roche, Mannheim, Germany). The
membranes were blocked with blocking buffer (5% w/v non-fat dry milk in TBS/Tween 0.5%)
and incubated overnight at 4 °C, with polyclonal anti-VCAM-1 (R&D Systems, Wiesbaden,
Germany). Subsequently, the membranes were thoroughly washed with TBS-Tween and
incubated with the appropriate horseradish peroxidase conjugated secondary antibody
(Jackson ImmunoResearch, Baltimore, MD). Proteins were visualized using enhanced chemo
luminescence technology, according to the manufacturer’s instructions (Pierce, Rockford, IL).
To confirm equal protein loading, membranes were stripped and re-probed with monoclonal
anti-GAPDH antibody (Abcam, Cambridge, UK).
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Results
a. Acyloxy-diene-Fe(CO)3 Complexes with variable chain lengths
Structural characteristics of ET-CORMs
In the first part of the present study two groups of ET-CORMs were tested. The first group
(type I) consists of ET-CORMs that harbour the acyloxy chain at the inner position of the diene
unit. The second group (type II) consists of ET-CORMs with the acyloxy chain at the outer
position of the diene moiety. In each group ET-CORMs differ on the length of the aliphatic side
chain R (Table 1).
Table 1: ET-CORMs tested in the first part of this study
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Detection of CO release
CO liberation was monitored in the presence of pig liver esterase (PLE) and lipase from
Candida rugosa (LCR), using two different techniques: (1) the myoglobin (Mb) assay (2)
headspace gas chromatography (GC), which also allows to quantify the amount of released CO.
The results of the CO release study performed with complexes rac-10a-f and rac-13a-f are
summarized in Table 2.
Table 2: Detection and quantification of enzyme-triggered CO release from various of acyloxydieneFe(CO)3 through a the UV-based myoglobin assay and b by GC monitoring (PLE: pig liver esterase, LCR :
lipase from Candida rugosa)

The relative kinetics of the complexes of type I (Figure 4a) and of type II (Figure 4b) are
depicted in Figure 4. These data, reveal the following trends: (A) All complexes of type I (i.e.
rac-10) (Figure 4a) showed a more or less linear time dependency of the amount of CO released,
with the exception of the acetate rac-10a, which almost instantly released the first equivalent
of CO. The rate of CO release depended significantly on the length of the aliphatic ester chain.
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While the palmitate rac-10f reacted most slowly (liberating only small amounts of CO even
after prolonged reaction times), the relative CO releasing rates of the other complexes did not
correlate with the chain lengths. For instance, the hexanoate (rac-10c) was slightly faster than
the octanoate (rac-10d) and the laurate (rac-10e) while the butyrate (rac-10b) proved to react
much slower. (B) Complexes of type 2 (i.e. rac-13) (Figure 4b) generally reacted much faster.
As a characteristic pattern, all these complexes exhibited a nonlinear time dependency of CO
release. With the exception of the longer chain esters rac-13e and rac-13f these complexes
almost instantly released about two equivalents of CO before the reactions continued to proceed
much slower with only minor differences in the relative rates. The acetate (rac-13a) reacted
slightly slower as compared to the octanoate (rac-13d) and the hexanoate (rac-13c).

a.

b.

Figure 4: Monitoring the enzyme-triggered CO release by headspace GC: A: from ET-CORMS of type I
(rac-10) using PLE; B: from ET-CORMs of type II (rac-13) using LCR.

Biological Activity
Because CO is able to down-regulate VCAM-1 expression and is able to protect endothelial
cells against hypothermia mediated cell damage, the biological activity of ET-CORMs of both
series (rac-10 and rac-13) was assessed with respect to their cytotoxicity, their efficiency to
protect human umbilical vein endothelial cells (HUVEC) against hypothermia associated cell
damage, and their ability to inhibit TNF-α mediated VCAM-1 expression. Cytotoxicity was
assessed by means of MTT assay. According to the cytotoxicity profiles of both types of ET79
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CORMs (I and II, Figure 2) a decrease in cytotoxicity could be observed by elongation of the
carbon chain at the ester function (Figure 5

a.

b.

Figure 5: Cytotoxicity of ET-CORMs. Cell toxicity was assessed by means of MTT. HUVEC were grown in
96 well plates until confluence and subsequently stimulated for 24 h with concentrations at 100 µM.
Not treated cells (Medium) served as control. (a) Cell toxicity of ET-CORMs of type I: rac-10b, rac-10c,
rac-10d and rac-10e. (b) Cell toxicity of ET-CORMs of type II: rac-13b, rac-13c, rac-13d, and rac-13e.
The results of a representative experiment are depicted. Four independent experiments have been
performed with essentially the same results.

The position of the ester function in the diene moiety has also a clear influence on cytotoxicity.
In fact, with the exception of rac-13e, complexes of type II with the ester position at the outer
position (rac-13b-d) are more toxic than complexes of type I (rac-10a-e) where the ester
function is located at the inner position (Figure 5).
In our previous studies we demonstrated that rac-1 was able to protect endothelial cells against
hypothermia-induced damage [238]. In a similar fashion, complexes of type 1 (rac-10a, rac10b and rac-10c) were found to protect endothelial cells against hypothermic damage (Figure
6). As a trend, elongation of the carbon chain (rac-10e) seems to decrease the propensity of the
complexes to protect endothelial cells. In contrast, none of type II (rac-13a-e) complexes
exhibited protective properties.
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Figure 6: Abitity to protect against cold-inflicted injury. Inhibition of hypothermic damage was
assessed by lactate dehydrogenase release (LDH). HUVEC were cold stored at 4 °C for 24 h in the
presence of different ET-CORMs (100 µM). Not treated cells (Medium) served as control. The results of
a representative experiment are depicted. Four independent experiments have been performed with
essentially the same results.

We next investigated the ability of ET-CORMs to inhibit TNF-α mediated VCAM-1 expression
With the exception of rac-10e all compounds related to type I (rac-10a, rac-10b, rac-10c,
rac-10d) were able to inhibit TNF-α mediated VCAM-1 expression. For the type II related
compounds, only rac-13e was tested as all other type II related compounds were toxic even
when lower concentrations were used. Similar as shown for most of the type I related
compounds rac-13e also inhibited TNF-α mediated VCAM-1 expression. Inhibition of VCAM1 expression was paralleled by induction of heme oxygenase HO-1 (Figure 7).
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Figure 7: Ability to inhibit TNF-α mediated VCAM induction. HUVEC were treated for 24 hrs with 75
μM rac-10a, rac-10b, rac-10c and with 100 μM rac-10d, rac-10e, rac-13e in the presence of TNF-α
(50 ng/ml). Cells not stimulated (-) or stimulated with TNF-α alone served as control. rac-10a, rac-10b,
rac-10c and rac-10d, and rac-13e inhibit VCAM-1 induction and induce HO-1 expression. Depicted is a
representative Western blot. To confirm equal protein loading, membranes were re-probed with
monoclonal anti-β-actin antibody. The 75 µM concentration for some of the ET-CORMs was chosen as
in previous experiments toxicity was observed at 100 µM when the cells were stimulated with TNF-a.
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b. Iron Dienylphosphate Tricarbonyl Complexes

CO release
To investigate their enzyme-triggered CO-releasing properties, the complexes rac-17 and rac-18 were
stirred with four different commercial phosphatases (alkaline phosphatase from bovine intestinal
mucosa, alkaline phosphatase from porcine kidney, acid phosphatase from potato, and acid
phosphatase from wheat germ) and without phosphatase (control) at 37 °C. The (phosphatasetriggered) CO release was then monitored by headspace GC. The detected CO-release from rac-17 and
from rac-18 is shown in Figure 8 left and right respectively.

Figure 8: CO release. CO-release from rac-17 (left) and of rac-18 (right) as a function of time.  without
phosphatase; alkaline phosphatase from bovine intestinal mucosa;  alkaline phosphatase from porcine
kidney;  acid phosphatase from potato;  acid phosphatase from wheat germ.

Without enzyme and in the presence of alkaline phosphatases from bovine and porcine, no significant
CO release was detected from rac-17. However, the plant phosphatases (from wheat germ or potato)
clearly induced a CO-release. The investigation of rac-18 revealed the same trends with the difference,
that a slow CO-release without enzyme was observed in this case as well as with the bovine and porcine
enzymes (Table 3, Figure 8 right).
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Biological activity
Having demonstrated the general ability of the water-soluble complexes rac-17 and rac-18 to act as
phophatase-triggered CO-releasing molecules we next turned our attention to study their biological
activity using different cell lines. To this end, cytotoxicity, inhibition of VCAM-1 and induction of
HO-1 were assessed. Both compounds did not display any toxicity against human umbilical vein
endothelial cells (HUVEC) or renal proximal tubule epithelial cells (PTEC) (data not shown). They
were not also able to induce HO-1 or to inhibit TNF-α-mediated VCAM-1 expression (data not shown).
The biological effects of the compounds were also assessed in the murine macrophage cell line
RAW264.7 by determining their influence on (1) the cell viability (Figure 9, left graphs and Table 3)
and (2) the lipopolysaccharide (LPS)-induced production of NO by iNOS (Figure 9, right graphs).

Table 3: Overview of data gained with LPS-stimulated RAW264.7 murine macrophages. The IC20 value
expresses a reduction of the cell viability of 20% as determined by the MTT assay. The inhibition of NOproduction is measured with the Griess assay.

a

no statistically significant inhibition was found.
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a.

b.

Figure 9: Cell viability and influence of ET-CORMs on NO-production. Results of the in vitro assays performed
with RAW264.7 cells stimulated for 24 h with 10 ng/mL of LPS together with different concentrations of rac-17
and rac-18. Charts on the left side refer to cell viability tests with MTT. Charts on the right display the influence
of ET-CORMs on NO-production (Griess assay). Data represent at least four independent experiments
performed in quadruplicates. Levels of significance: * p ≤ 0.05, ** p ≤ 0.01.
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Discussion
In summary, we have synthesized eight new acyloxy iron carbonyl complexes through a simple
and convenient route and we have characterized them. In the course of our study, using the Mbessay and headspace GC-monitoring, we proved that all of the described complexes are active
and efficiently release CO molecules by enzymatic cleavage of their ester function. The results
of the CO release study might be rationalized in the following fashion:


With the exception of the acetate rac-10a the enzymatic cleavage of complexes of type
I (rac-10x) occurs with a similar (comparably slow) rate as the subsequent
decomposition connected to CO liberation.



Compounds of type II (rac-13x) are rapidly cleaved by the enzyme (LCR) under the
chosen conditions, with the exception of the long chain compounds rac-13e and rac13f, which react a bit slower. The resulting dienol complex intermediate then almost
instantaneously decomposes under release of two equivalents of CO. The third
equivalent of CO is then liberated much slower (if at all) which may indicate a stabilized
intermediate still containing one CO unit.

While future investigations will have to prove (or disprove) these assumptions, the observed
differences of the CO releasing properties of the complexes are connected to pronounced
differences in their biological activities. Regarding cell-mediated toxicity by these compounds
we found that the position of the ester function in the diene moiety has a clear influence on
cytotoxicity and particularly complexes of type II with the ester position at the outer position
(rac-13b-d) are more toxic than complexes of type I (rac-10a-e) with the ester at the inner
position. In addition we also observed a decrease in cytotoxicity by elongation of the carbon
chain at the ester function. This remarkable observation of the biological activity of ET-CORMs
regarding to structural changes can be explained by the relative rate and quantity of released
CO from ET-CORMs with bulky or large substituents at the ester function as described above.
Apparently, the rate of ester hydrolysis can be essential for the toxicity and for diverse
biological effects. Thus, the larger (more lipophilic) or bulkier substituents in the ester function
induced the slowest hydrolysis and as a result a reduction of toxicity. This may also explain
why rac-13e displayed much lower toxicity compared to the related ET-CORMs of type II, as
rac-13e exhibited also the slowest hydrolysis.
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In respect to the ability of these compounds to protect against cold-inflicted injury we found
that all type I ET-CORMs with the exception of rac-10a were able to confer cytoprotection
whereas none of type II ET-CORMs did. Although it can be argued that the higher toxicity of
type II may mask the protective effect of released CO, it should be emphasized that even the
non-toxic rac-13e did not protect HUVECs against cold preservation injury.
The ability of the compounds to inhibit TNF-a-mediated VCAM-1-induction was paralleled by
their propensity to induce HO-1 expression.
In the second part of this study, we introduced phosphoryloxy-substituted (cyclohexadiene) Fe
(CO)3 as potentially water-soluble ET-CORMs. These compounds exhibited reasonable water
solubility and showed the expected CO-releasing properties on activation by means of different
commercial acid phosphatases, derived from plants. Compounds rac-17 and rac-18 were not
active in HUVEC or PTEC with respect to their ability to inhibit TNF-α mediated VCAM-1
induction or to induce HO-1 expression, which may result from a lack of suitable phophatases
in these cells or limited cellular uptake. Nevertheless, rac-17 induced a moderate inhibition of
NO-production in RAW264.7 cells. Compared to the related acyloxy-diene-Fe(CO)3 complexes
[137, 238] the decreased toxicity of the phosphate complexes and their ability to release nearly
three equivalents of CO are potential advantages. While the results disclosed can be regarded
as a first proof of concept, future work will focus on the development of more active
compounds. This might be achieved by variation of the diene ligand and by preparation of
completely deprotected compounds such as 4 and 5. Encouraged by the activity in only one of
three cell lines investigated, the phosphatase-triggered compounds also represent promising
leads for the development of cell-specific ET-CORMs which so far are unknown.
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Abstract
Acyloxydiene-Fe(CO)3 complexes can act as enzyme-triggered CO-releasing molecules (ETCORMs). Their biological activity strongly depends on the mother compound from which they
are derived, i.e. cyclohexenone or cyclohexanedione, and on the position of the ester
functionality they harbour. The present study addresses if the latter characteristic affects CO
release, if cytotoxicity of ET-CORMs is mediated through iron release or inhibition of cell
respiration and to what extent cyclohexenone and cyclohexanedione derived ET-CORMs differ
in their ability to counteract TNF-α mediated inflammation. Irrespective of the formulation
(DMSO or cyclodextrin), toxicity in HUVEC was significantly higher for ET-CORMs bearing
the ester functionality at the outer (rac-4), as compared to the inner (rac-1) position of the
cylcohexenone moiety. This was paralleled by an increased CO release from the former ETCORM. Toxicity was not mediated via iron as EC50 values for rac-4 were significantly lower
than for FeCl2 or FeCl3 and were not influenced by iron chelation. ATP depletion preceded
toxicity suggesting impaired cell respiration as putative cause for cell death. In long-term
HUVEC cultures inhibition of VCAM-1 expression by rac-1 waned in time, while for the
cyclohexanedione derived rac-8 inhibition seems to increase. NFκB was inhibited by both rac1 and rac-8 independent of IκBα degradation. Both ET-CORMs activated Nrf-2 and
consequently induced the expression of HO-1.This study further provides a rational framework
for designing acyloxydiene-Fe(CO)3 complexes as ET-CORMs with differential CO release
and biological activities. We also provide a better understanding of how these complexes affect
cell-biology in mechanistic terms.
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Introduction
Carbon monoxide is endogenously produced in mammalian cells through the action of highly
conserved heme oxygenase enzymes [239, 240], which catalyse the rate-limiting step in
degradation of heme to biliverdin, iron and carbon monoxide (CO) [56, 58, 241, 242]. The CO
system has emerged in recent years as important key component in cell physiology and
pathophysiology. Based on the cytoprotective properties of this system, the therapeutic
potential of CO has been extensively explored in a variety of in vitro and vivo models [81]. Yet
implementation of CO in clinical praxis is hampered by the fact that CO is also a poisonous gas
causing intoxication when used at critical concentrations [101, 102]. CO therefore needs to be
applied in a controllable fashion to avoid unwarranted side effects.
While CO inhalation was the foremost application route in the early days, the use of so called
CO-releasing molecules (CORMs) has become more prominent in recent years. The advantage
being that the latter seems not to interfere with the oxygen carrying capacity of haemoglobin
when used in vivo [81]. Conflicting data in rodents and the lack of a beneficial effect of CO
inhalation in human volunteers on systemic inflammation [101, 102] also questions whether
inhalation is the most effective route for CO delivery.
Initiated by the pioneering work of Motterlini et al. [103], a variety of different CORMs have
subsequently been developed, each of which has different biochemical properties, release rates
and stability [103, 131, 243]. Most of these either spontaneously release CO when dissolved in
aqueous solutions, or require special physical or chemical stimuli to favour CO dissociation
from these complexes [205-209]. It should be noted that CO delivery by these CORMs occurs
via passive diffusion over the cell membrane and hence might require higher concentrations of
the complexes to obtain sufficient intracellular levels of CO in cells or tissue as compared to
devices that allow direct intracellular CO delivery. Intracellular CO delivery can be obtained
by the use of enzyme-triggered CORMs (ET-CORMs) [137, 237]. We have recently introduced
this group of CORMs and shown that their biological properties strongly depend on their
chemical structure, more specifically on the mother compound from which they derive and the
type and position of the ester functionality that they harbour [238]. Because also cell-specific
differences in biological activity for the various ET-CORMs were observed, ET-CORMs may
pave the way towards development of cell or tissue specific CO delivery. ET-CORMs have
been tested in RAW267.4 cells, human umbilical vein endothelial cells (HUVEC) and renal
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proximal tubular epithelial cells (PTEC) for their toxicity, inhibition of iNOS, protection
against cold-inflicted cell injury and their propensity to inhibit VCAM-1 expression [237, 238].
Yet, it remains to be addressed to what extent differences in cellular uptake or CO release itself
are responsible for the differences in biological activity amongst ET-CORMs. Likewise, the
role of the mother compounds, i.e. cyclohexenone or cyclohexanedione, in mediating or
contributing to the biological action of ET-CORMs needs further attention.
In the present study we further evaluated in a more detailed manner the properties of two
cyclohexenone-derived ET-CORMs, i.e. rac-1 and rac-4, and one derived from
cyclohexanedione (rac-8). Since rac-1 and rac-4 only differ in the position of the ester
functionality, being either at the inner (rac-1) or outer position (rac-4), we first assessed if
differences in cytotoxicity between these ET-CORMs were reflected by differences in CO
release and if toxicity was mediated through the concomitant release of iron or inhibition of cell
respiration. Secondly, we assessed if the cyclohexenone and cyclohexanedione derived ETCORMs (rac-1 and rac-8 respectively) differ in their propensity to inhibit VCAM-1 expression
in long term cultures, if the mother compound itself contributes to this, and if activation or
inhibition of putative transcription factors for regulation of VCAM-1 expression are involved.
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Materials and methods
Reagents
Reagents were obtained from the following sources: endothelial cell culture medium (Provitro, Berlin,
Germany), PBS, trypsin solution, ethanol (GIBCO, Invitrogen, NY, USA), FBS Gold (PAA
laboratories GmbH, Pasching, Austria), bovine serum albumin (SERVA, Heidelberg, Germany), 2,2’pyridyl (2,2-DPD), β-mercaptoethanol, ethidium bromide, EDTA solution, DMSO, Tween 20,
phosphatase inhibitor cocktail 2, collagenase, HEPES, Triton X-100, DTT, sodium deoxycholate, Trisbase, ammonium persulphate, SDS, TEMED, glycine, MTT, hexadimethrine bromide, acrylamide
40%, gelatine (Sigma, Taufkirchen, Germany), protease inhibitor cocktail, first strand cDNA synthesis
Kit (Roche Diagnostic, Mannheim, Germany), Dual-Glo Luciferase Assay System (Promega,
Mannheim, Germany), Coomassie protein assay reagent (Pierce, Rockford, IL, USA), Trizol
(Invitrogen, Carlsbad, CA, USA), chloroform, isopropanol, tetrahydrofuran (Merck, Darmstadt,
Germany), deferoxamin (Roche Diagnostics, Mannheim, Germany), anti-VCAM-1 (Cell Signalling,
Boston, USA), anti-HO-1 (Enzo, Lörrach, Germany), anti-β-actin (Sigma, Taufkirchen, Germany),
Cignal Lenti NfκB/Nrf2/positive control Reporter (luc) kit (Qiagen, Düsseldorf, Germany), Lysis
Buffer 5x (Promega, Mannheim, Germany). Secondary antibodies conjugated with horseradish
peroxidase and anti-IκΒa were purchased from Santa Cruz Biotechnology (Heidelberg, Germany).
Chemiluminescence reagent was purchased from PerkinElmer LAS Inc. (Boston, MA, USA).

Cell culture
Human umbilical vein endothelial cells (HUVECs) were purchased from Promo Cell, Heidelberg,
Germany and cultured in basal endothelial medium supplemented with 10% fetal bovine serum (FBS),
essential growth factors and antibiotics. Cultures were maintained at 37ºC in a 5% CO2-humidified
atmosphere and experiments were conducted on cells in passage 4–6 at approximately 80-90%
confluence.

Synthesis
Acyloxydiene complexes (ET-CORMs) rac-1, rac-4 and rac-8 were synthesized and characterized as
described previously [137, 238]. Esterase-triggered CO release was shown for all complexes using the
myoglobin assay and headspace gas chromatography (GC). The parent ligands of the ET-CORMs
used, i.e. 2-cyclohexenone (L1), 1,3-cyclohexanedione (L2) and compound L3 (formally derived from
mono-hydrolysis and decomplexation of rac-8) were included to assess whether the biological activity
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was mediated via CO release or via the organic by-products of ET-CORM cleavage. The chemical
structures and annotation of the compounds used in this study are shown in figure 1.
In cell culture experiments rac-1 and rac-4 were used in different formulation, either dissolved in
DMSO or prepared as randomly methylated-beta-cyclodextrin (RAMEB) complexes. For the latter
2.4 mg (8.75 µmol) of rac-1 or 2.8 mg (10 µmol) rac-4 were added to a water solution of 41.25 mM
(or 40 mM, respectively) of RAMEB. The formation of complexes was achieved by treating samples
in an ultrasonic bath at 80 °C for 30 min.
“CO probe 1” (COP-1) was synthesized as reported [244] and was used to assess if ET-CORM
RAMEB complexes were still able to release CO. To this end, COP-1 (10μΜ), the ETCORM/RAMEB complexes (RAMEB@rac-1 and RAMEB@rac-4) (100 µM for both) and pig liver
esterase (3U/1ml) were incubated in 96-well plates for various time points. In some experiments pig
liver esterase was exchanged for cell lysates from HUVEC (10 µg/ml) as esterase source. Cell lysates
were prepared by repeated cycles of freeze thawing in PBS. In all experiments controls were included
by ommiting pig liver esterase or cell lysate. Fluorescence intensity was measured at an excitation/
emission-wavelength of 475/510nm. For each condition the fluorescence intensity of the controls was
subtracted.

Cell toxicity
HUVEC were cultured in 96-well plates until confluence and subsequently treated for 24 hrs with
different concentrations of rac-1 or rac-4 either dissolved in DMSO or as RAMEB complex. In some
experiments, HUVEC were treated for 24 hrs with serial dilutions of FeCl2 or FeCl3 or rac-4 (100 µM)
in the presence or absence of deferoxamin (80 µM) or 2,2-DPD (100 µM). Cell toxicity was assessed
by MTT (i.e. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide). At the indicated times,
10µl of 5 mg/ml MTT solution in destiled water were added to each well for 4 h. Hereafter 100µl of
solubilisation solution (10% SDS in 0.01M HCl) were added in each well to dissolve the formazan
crystals. Next day absorbance was measured at 550 nm with a reference wavelength 690nm. Cell
viability was expressed as % viable cells relative to the untreated cells. All experimental conditions
were tested in triplicate in at least 4 different experiments.

Intracellular ATP measurement
Cells were cultured in 24-well plates and upon confluence treated with different concentrations of rac1 or rac-4. Depending on the specific experiment 200 µl of lysis buffer (100 mM Tris, 4 mM EDTA,
pH 7.7) was added to each well after 15 and 60 minutes or after 24 hrs of treatment. Lysates were
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collected and ATP concentrations were assessed directly hereafter using a commercially available
ATP-driven luciferase assay according to the manufacturer’s instruction (Roche Diagnostics,
Mannheim, Germany). All experimental conditions were tested in triplicates in at least 3 different
experiments.

Protein extraction and Western blot Analysis
HUVEC were resuspended in lysis buffer (10 mM Tris-HCl, 150 mM NaCl, 5 mM EDTA, 1% Triton
X-100, 0.5% sodium deoxycholate, 1 µM dithiothreitol (DTT), proteinase inhibitor cocktail and
phosphatase inhibitor). Protein concentrations were measured using Coomassie-Reagent (Pierce,
Rockford, USA). Samples (20 μg protein extract) were heated to 95 °C for 5 min, loaded and separated
on 10% SDS-polyacrylamide gels followed by semi-dry blotting onto PVDF membranes (Roche,
Mannheim, Germany). The membranes were incubated with 5% w/v non-fat dry milk or bovine serum
albumin in TBS/Tween 0.1% to block unspecific background staining and hereafter incubated
overnight at 4°C with specific polyclonal antibodies, depending on the experiment that was performed.
Subsequently, the membranes were thoroughly washed with TBS-Tween 0.1% and incubated with the
appropriate horseradish peroxidase conjugated secondary antibody, followed by five times wash in
TBS/Tween 0.1%. Proteins were visualized using enhanced chemoluminescence technology,
according to the manufacturer’s instructions (Pierce, Rockford, IL, USA). To confirm equal protein
loading, membranes were stripped and re-probed with monoclonal anti-β-actin antibody.

Reporter Assays
HUVEC were grown in 96-well plates and transduced with commercially available lentiviral particles
containing an inducible NFκB or Nrf2 luciferase reporter. To control for transduction efficiency for
each condition HUVEC were also transduced with lentiviral particles containing a constitutively
expressed luciferase construct. Transduction and luciferase activity measurements were performed as
recommended by the manufacturer.

RNA isolation, PCR and RNA stability
Total RNA was isolated as described above. 1 µg of total RNA was reverse-transcribed into cDNA
using the 1st Strand cDNA Synthesis Kit. cDNA was diluted in 20 µL DEPC-treated water and stored
at −20°C until use. qPCR was performed on an ABI-Prism 7700 sequence detection system using
TaqMan universal PCR master mix No AmpErase UNG (part no. 4324018). The following Taqman
assays were used: hmxo1 (part No. Hs01110250) and gapdh (part No. Hs02758991_g1). Samples were
run under the following conditions: initial denaturation for 10 min at 95°C followed by 40 cycles of
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15 s at 95°C and 1 min at 60°C. The levels of gene expression in each sample were determined with
the comparative cycle threshold method. PCR efficiency was assessed from the slopes of the standard
curves and was found to be between 90% and 100%. Linearity of the assay could be demonstrated by
serial dilution of all standards and cDNA. All samples were normalized for an equal expression of
GAPDH.

Statistical analysis
Data is expressed as the means ± standard deviation (SD) from at least three independent experiments.
Statistical significance was assessed by One-way-ANOVA, and a P-value of P<0.05 was considered
as significant. GraphPad Prism was used for calculation of EC50 values and curve fitting.
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Results
CO release, toxicity and intracellular ATP concentrations
Although the cyclohexenone derived ET-CORMs rac-1 and rac-4 (Figure 1) display a minor structural
difference, i.e. the position of the ester functionality, they strongly differ with respect to cytotoxicity
[238].

Figure 1: Chemical structure of the compounds used in the study.

Because cellular uptake of cyclodextrin-formulated compounds predominantly depends on structural
entities of the cyclodextrin polymer rather than that of the compound itself, rac-1 and rac-4 were
prepared as such RAMEB@rac-1 and RAMEB@rac-4 respectively, to assess if the difference in
cytotoxicity is caused by quantitative differences in cellular uptake or CO release. CO was still released
from the cyclodextrin formulated compounds, as demonstrated by a time dependent increase in
fluorescence intensity when COP-1 was incubated with RAMEB@rac-1 and RAMEB@rac-4 in the
presence of pig liver esterase or lysates of HUVEC as esterase source (Figure 2a). CO release in this
assay was significantly higher for RAMEB@rac-4 as compared to RAMEB@rac-1 and was more
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pronounced when lysates from HUVEC were used. When HUVEC were cultured for 24 hrs with
different concentrations of rac-1 and rac-4, either dissolved in DMSO or used as cyclodextrin
formulation, rac-4 was consistently more toxic compared to rac-1 irrespective of the formulation (EC50
[µM] rac-1 vs. rac-4: 448.9 ± 50.23 vs. 8.2 ± 1.5, EC50 [µM] RAMEB@rac-1 vs. RAMEB@rac-4:
457.3 ± 8.23 vs. 7.22 ± 1.12) (Figure 2b).
Cell toxicity was also observed when HUVEC were incubated with FeCl2 or FeCl3 (Figure 2c, graph
to the left), indicating a potential deleterious role for the concomitantly released iron upon ET-CORM
hydrolysis. However, EC50 values for rac-4 were significantly lower compared to FeCl2 or FeCl3 (EC50
FeCl3 vs. rac-4, ~120 vs. 8.2 ± 1.5 [µM]) and were neither influenced by deferoxamin (Figure 2c,
graph to the right) nor by the more cell membrane permeable 2,2’-dipyridyl (2,2-DPD) iron chelator
(data not shown). Interestingly, intracellular ATP concentrations were slightly increased at low
concentrations of either rac-1 and rac-4, while at high concentrations intracellular ATP strongly
diminished in HUVEC that were treated with rac-4 but not with rac-1 (Figure 2d, graph to the left).
When 100 µM of rac-4 was added to HUVEC, ATP concentrations already diminished within 15
minutes (Figure 2d, graph to the right).
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Figure 2

a.

b.

c.

d.

Figure 2: CO release. (a) CO release from rac-1 and rac-4 in cyclodextrin formulation RAMEB@rac-1
and RAMEB@rac-4 respectively was assessed by measuring COP-1 fluorescence intensity. To this end,
COP-1 (10μΜ), RAMEB@rac-1 and RAMEB@rac-4 (100 µM for both) and pig liver esterase (3U/1ml)
(graph to the left) or cell lysates from HUVEC (10 µg/ml) (graph to the right) were incubated in 96-well
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plates for various timepoints. In all experiments controls were included by omitting pig liver esterase or
cell lysate. Fluorescence intensity of the controls was subtracted from the fluorescence intensity of each
condition. The results of three independent experiments are depicted as mean fluorescence intensity in
arbitrary units ± SD, * P<0.05, **P<0.01. (b) HUVEC were stimulated for 24 hrs with different
concentrations (0 μΜ to 200 μM) of rac-1, or rac-4 either dissolved in DMSO (graph to the left) or as
cyclodextrin formulation RAMEB@rac-1 and RAMEB@rac-4) (graph to the right). Toxicity was assessed
by MTT assay, each concentration was tested in triplicate in all experiments. The results of 3
independent experiments are expressed as mean % of cell viability ± SD, relative to the untreated
HUVEC. The corresponding EC50 [µM] were: rac-1 vs. rac-4: 448.9 ± 50.23 vs. 8.2 ± 1.5, EC50 [µM]
RAMEB@rac-1 vs. RAMEB@rac-4: 457.3 ± 8.23 vs. 7.22 ± 1.12. (c) Serial dilutions of FeCl2 (open circles,
dotted line) or FeCl3 (closed circles) and rac-4 (closed squares) were added to HUVEC grown in 96-well
plates and toxicity was measured similar as described above. To test if iron-mediated toxicity was
abrogated in the presence of deferoxamine, cells were stimulated with 125µM of FeCl2, FeCl3 or rac-4
in the presence (filled bars) or absence (open bars) of deferoxamine (80 µM) (graph to the left). The
plates were incubated for 24 hrs and cell viability was assessed by MTT assay as described. The results
of 3 independent experiments are expressed as mean % of cell viability ± SD, relative to the untreated
HUVEC. (d) HUVEC were treated with rac-4 or rac-1 for 24 hrs. Subsequently intracellular ATP was
measured (graph to the left). In separate experiments, 50 μM of rac-4 was added to HUVEC and ATP
was measured at 0, 15 and 60 minutes after addition of ET-CORM (graph to the right). ATP was
measured using an ATP-driven luciferase assay as described in the methods section. The results of 4
independent experiments are expressed as mean relative light units (RLU) ± SD. In all experiments each
condition was tested in triplicates. * P<0.05, **P<0.01 vs. the untreated HUVEC.

VCAM-1 inhibition and long term ET-CORM treatment
We have previously reported that rac-1 and rac-8 inhibit TNF-mediated VCAM-1 expression
[238]. Also rac-4 inhibits VCAM-1 at low non-toxic concentrations, i.e. [rac-4] < 3 µM (data
not shown). We performed a more detailed analysis of VCAM-1 inhibition and cell toxicity in
long-term experiments only for rac-1 and rac-8, because they display comparable levels of
toxicities and the structural difference between rac-1 and rac-8 is much larger as compared to
rac-1 and rac-4. At 100 µM cell viability clearly decreased over a time period of 3 days when
HUVEC were cultured in the presence of either rac-1 or rac-8 (Figure 3a). Since at 50 µM cell
viability remained above 95 % throughout the culture period, in all long-term cultures for
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VCAM-1 analysis ET-CORM concentrations were 50 µM or lower. While inhibition of
VCAM-1 expression by rac-1 slightly waned in time, VCAM-1 inhibition by rac-8 seems to
increase (Figure 3b). Inhibition of VCAM-1 expression was also observed for 2-cyclohexenone,
but not for 1,3-cyclohexanedione, the hydrolysis products of rac-1 and rac-8 respectively. To
further substantiate that in long-term cultures the inhibitory effect on VCAM-1 expression is
much larger for rac-8 as compared to rac-1, HUVEC were cultured for 5 days in the presence
of 25 or 12.5 µM of either rac-1 or rac-8. Cell toxicity was not observed under these conditions
(data not shown). VCAM-1 expression was inhibited by both in a dose-dependent manner, yet,
rac-8 was clearly more effective as at both concentration the inhibitory effect was more
pronounced for rac-8 (Figure 3c).
The propensity of rac-1 (Figure 3d) and rac-8 (data not shown) to down-regulate VCAM-1
expression was also present when HUVEC were stimulated with TNFα one day prior to the
addition of these ET-CORMs (Figure 3d, panels to the left). However, down-regulation of
VCAM-1 expression required the continuous presence of ET-CORM, as VCAM-1 reappeared
upon removal of the ET-CORM (Figure 3d, panels to the right).
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a.

b.

c.

d.

Figure 3: VCAM inhibition. (a) HUVECs were incubated for 24 hrs with serial dilutions (0 to 400 µM) of
rac-1 (left) or rac-8 (right). Cell viability was assessed at different time points (24, 48 and 72 hrs) by
MTT as described. All experimental conditions were tested in triplicates in at least 5 independent
experiments. **P< 0.01 with respect to untreated cells (b) Cells were stimulated with TNF-α for the
indicated time periods in the presence or absence of 50 µM of rac-1, L1 (left), rac-8 or L2 (right).
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Compound L3 (Figure 1) as additional another possible hydrolysis/disintegration product of rac-8 was
tested in various experiment and gave similar results as L2 (data not shown). (c) Cells were stimulated
with TNF-α for 5 days in the presence or absence of 25 or 12.5 µM of rac-1 or rac-8. (d) HUVECs were
stimulated for 24 hrs with TNF-α. Hereafter, 50 µM of rac-1 was added without changing the medium
and the cells were cultured for additional 24 hrs. VCAM-1 expression was assessed at 24 hrs of TNF-α
stimulation to assure that it was present before addition of rac-1 and after 48 hrs to test if addition of
rac-1 was still able to affect VCAM-1 expression. Cells that did not receive rac-1 served as control. Cells
that were not stimulated with TNF-α were included to demonstrate VCAM-1 induction (panels to the
left). In separate experiments cells were stimulated for 24 hrs with TNF-α in the presence or absence of
50 µM of rac-1. After 24 hrs in separate wells the medium was exchanged for medium that only
contained TNF-α (removal) or medium that contained both TNF-α and rac-1 (presence) and cells were
allowed to grow for additional 24 hrs. VCAM-1 expression was assessed at 24 hrs to demonstrate that
rac-1 inhibits VCAM-1 expression and after 48 hrs to demonstrate that VCAM-1 expression reappeared
after removal of rac-1. Cell cultures grown for 48 hrs in the continuous presence of TNF-α (c) and cells
that were not stimulated with TNF-α were also included (panels to the right). For b to d data of a
representative experiment are shown. At least 4 independent experiments have been performed with
essentially the same results. β-actin was used as loading control. For b and c cells that were not
stimulated with TNF-α served as control.

Inhibition of NFκB and activation of Nrf-2
In line with inhibition of TNFα-mediated VCAM-1 expression it was found that both rac-1 and
rac-8 inhibit NFκB activation as demonstrated by reporter assay. Also 2-cyclohexenone (L1),
but not 1,3-cyclohexanedione (L2), was able to inhibit NFκB (Figure 4a). Inhibition of NFκB
was not caused by impaired IκBα degradation, in fact, reappearance of IκBα in the cytoplasm
was consistently found to be slightly retarded for both ET-CORMs (Figure 4b). Apart from
inhibition of NFκB we also observed a significant activation of Nrf-2 for both ET-CORMs
(Figure 5a), which was paralleled by the induction of HO-1 at the mRNA- and protein level
(Figure 5b and c). Similar as observed for NFκB, only the hydrolysis product of rac-1 but not
of rac-8, affected Nrf-2 activation and consequently HO-1 expression.
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a.

b.

Figure 4: NFκΒ inhibition. (a) HUVECs were transduced by lentiviral particle with an inducible promotor
construct containing dual NFκB-consensus motifs and with a constitutively active CMV-driven promoter
construct both cloned behind luciferase cDNA. Two days after transduction the cells were stimulated
for 24 hrs with TNF-α (10 ng/ml) in the presence or absence of 50 μΜ rac-1, rac-8, 2-cyclohexenone
(cy/enone) or 1,3-cyclohexanedione (cy-dione) respectively. Hereafter luciferase expression was
measured as described in the methods section. Inducible luciferase expression was normalized for
constitutively expressed luciferase to control for differences in transduction efficiency. The data of 4
independent experiments are expressed as mean fold increase ± SD relative to TNF-α stimulated cells.
ns: not significant, **P< 0.01 vs. TNF-α stimulated cells. (b) HUVECs were treated for 4 hrs with 50 μM
rac-1 or rac-8 before stimulation with TNF-α. ET-CORM were present during stimulation. Cell lysates
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were directly prepared after 15, 30, 45 and 60 min of TNF-α stimulation and subjected to
electrophoresis and Western blotting for analysis of ΙκBα expression and β-actin as loading control.
Cells that were not stimulated with TNF-α were included to assess constitutive levels of ΙκBα. The data
of a representative experiment is depicted. At least 4 independent experiments have been performed
with essentially the same results.

a.

b.

Figure 5: Activation of Nrf2. (a) HUVECs were transduced by lentiviral particle with an inducible
promotor construct containing dual ARE motifs and with a constitutively active CMV-driven promoter
construct both cloned behind luciferase cDNA. Two days after transduction the cells were treated for
24 hrs with 50 μΜ rac-1, rac-8, L1 (cyclohexenone) or L2 (cyclohexanedione) respectively. Hereafter,
luciferase expression was measured as described in the methods section. Inducible luciferase expression
was normalized for constitutively expressed luciferase to control for differences in transduction
efficiency. The data of 4 independent experiments are expressed as mean fold increase ± SD relative to
untreated cells (medium). ns: not significant, **P< 0.01, vs. untreated cells (medium). (b) HUVECs were
treated for 24 hrs with 50µM rac-1 or rac-8 or left untreated. Hereafter, total RNA was isolated and the
expression of HO-1 (hmxo1) was quantitated by qPCR and normalized for equal GAPDH expression.
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Normalized hmxo1 mRNA levels are expressed as mean fold increase ± SD relative to untreated cells
(medium), **P< 0.01, vs. untreated control. (c) HUVECs were treated for 24 hrs with the indicated
concentrations of rac-1, L1, rac-8 or L2. Hereafter, proteins extracts were made and HO-1 expression
was assessed by western blotting, β-actin was used as loading control. The data of a representative
experiment are depicted. At least 4 independent experiments have been performed with essentially the
same result.
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Discussion
The biological activity of ET-CORMs strongly depends on their design. With respect to the 2cyclohexenone (L1) derived ET-CORMs the position of the ester functionality seems to be of
critical importance for the CO release behaviour and hence for the efficacy to mediate biological
activity. In general, CO release from ET-CORMs is a two-step process in which first the ester
functional group is hydrolysed followed by oxidation of the resulting dienol-Fe(CO)3 moiety to
liberate carbon monoxide, Fe-ions and the corresponding cyclohexenone ligand [137]. As rac1 and rac-4 both contain an acetate ester as functional group, it seems unlikely that the
differences in their biological activity only result from differences in the hydrolysis efficiency.
We therefore assume that the different biological activity reflects the ease by which the dienolFe(CO)3 intermediates derived from rac-1 and rac-4 are oxidized. As separate mechanistic
studies (S. Romanski, Dissertation Universität zu Köln, 2012) indicate, the oxidative (CO
relasing) step occurs much easier for rac-4 as compared to rac-1. Indeed we could demonstrate
that CO release from rac-4 is significantly higher as compared to rac-1. These data are in line
with previous findings using the myoglobin assay and headspace gas chromatography [137,
238]. In keeping with the fact that esterase-triggered disintegration of the rac-4 complex occurs
faster than for rac-1, as indicated by CO release from these complexes, this might explain the
large difference in toxicity between the two ET-CORMs. A differential cellular uptake of rac1 and rac-4 is most likely not underlying the differences in cytotoxicity as these differences
remained even though both compounds were made as cyclodextrin formulation. The chemical
properties of RAMEB, but not of the ET-CORMs, are expected to mainly determine the cellular
uptake of such a formulation. In contrast to the mono-acetate rac-1 derived from 2cyclohexenone (L1), complex rac-8 (derived from 1,3-cyclohexanedione (L2) and containing
two pivalate ester functionalities) displays a significantly higher toxicity, as previously reported
[237, 238]. The hydrolysis of the sterically demanding pivalate ester (rac-8) is expected to be
comparably slow as it has been demonstrated for other ester-containing prodrugs [213, 214].
Hence this may explain why the levels of toxicity between rac-1 and rac-8 were comparable
even if the former contains an easier hydrolysable acetate ester.
Toxicity was not mediated by the organic ligands liberated from the ET-CORMs upon ester
cleavage and oxidative disintegration. Thus, no toxicity was observed for 2-cyclohexenone
(L1), 1,3-cyclohexanedione (L2) or for the enolpivalate (L3) expected to be formed from rac-
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8 (Figure 1) (data not shown). Also the Fe-ions, which are concomitantly released upon
hydolysis/oxidation of the ET-CORMs, do not seem to make a large contribution to cell toxicity
for the following reasons. Firstly, toxicity for FeCl2 or FeCl3 was observed only at much higher
concentration as compared to rac-4 and, secondly, FeCl2/FeCl3-mediated toxicity was abrogated
by iron chelators, whereas this was not observed for rac-4. It thus seems that the toxicity of ETCORMs primarily depends on the speed or extent of CO release, which may impede cell
respiration via inhibition of cytochrome c oxidase [245]. The finding that impaired ATP
production proceeds cell death further supports the assumption that toxicity of ET-CORMs
might be causally linked to cell respiration.
Interestingly, at low concentrations ET-CORMs significantly increased ATP levels. Previous
studies also have reported on increased ATP production when using low CO concentrations
either as CO gas or CORM-3. It seems that this is mediated by activation of soluble guanyl
cyclase (sGC) [246, 247] and that this is accompanied by increased specific oxygen
consumption (state 2 respiration) [248, 249]. In contrast, high CO concentration can impair cell
respiration.
The inhibitory properties of CO on the expression of adhesion molecules or its antiinflammatory action in general have unambiguously been demonstrated in vitro and vivo [119,
221, 250, 251]. Likewise the induction of HO-1 by CO and its contribution to inhibition of
inflammatory mediators has been extensively discussed [252, 253]. In line with these published
data, it seems that ET-CORMs do not differ in this respect as they are able to inhibit VCAM-1
and induce HO-1 [238]. As suggested in the present study, ET-CORMs may mediate these
effects through their propensity to inhibit NFκB in an IκBα independent manner and to activate
Nrf-2. We also show evidence that ET-CORMs can down-regulate existing VCAM-1
expression and that inhibition is reversible, as it is no longer observed once ET-CORMs are
removed from the cultured medium.
Even though TNF-mediated VCAM-1 was inhibited by both 2-cyclohexenone (L1) and 1,3cyclohexadione (L2) derived ET-CORMs, two major differences were found: firstly, inhibition
of VCAM-1 expression and induction of HO-1 was also observed for L1 itself but not L2, and
parallel the findings of NFκB inhibition and Nrf-2 activation. Secondly, it seemed that VCAM1 inhibition by the L2-derived rac-8 was slower and lasted longer as compared to rac-1. This
might reflect a slower CO release for rac-8 as a consequence of its higher resistance to
hydrolysis. Due to a high background fluorescence of COP-1 labelled HUVEC we were not
108

Different design of ET-CORMs reveals quantitative differences in biologival activity

able to convincingly confirm that intracellular CO release by rac-8 is indeed slower as compared
to rac-1. Therefore better CO probes for monitoring intracellular CO levels are required to
address this issue. Alternatively, the differences of VCAM-1 inhibition kinetics might also be
explained by the fact that L1 itself contributes to VCAM-1 inhibition, while L2 does not.
The growing awareness that CO not only is a poisoneous gas but also displays a variety of
benefits and the finding that CO as therapeutic gas has intrinsic limitations, have significantly
paved the way for developing pro-drugs acting as CO-releasing molecules [103, 131, 243]. Preclinical studies with the most widely used CORMs, i.e. CORM2A and CORM-3, clearly have
demonstrated their therapeutic efficacy in settings of fibrosis [203], inflammation [113, 221,
254, 255], vascular dysfunction [203, 256] and oxidative damage [256]. Yet, it should be
underscored that these CORMs predominantly deliver CO to cells and tissue via passive
diffusion once CO is released rather than a direct intracellularly delivery of CO. This is in strong
contrast to ET-CORMs which deliver CO only intracellularly through the action of esterases.
ET-CORMs may offer certain advantages over the existing CORMs as lower concentrations of
ET-CORMs might be required for similar biological activities. Even though a direct comparison
between e.g. CORM-3 and ET-CORMs was not performed, previously published data have
shown that 1 mM of CORM-3 was required for complete inhibition of TNF-mediated VCAM1 expression [221] while in the current study complete inhibition was observed for rac-1 at 50
µM (Figure 3) and for rac-4 at 3 µM (data not shown). Secondly, ET-CORMs may also be
synthesized as bifunctional complexes in which both CO and the hydrolysis by-product may
exert synergistic or complementary biological activities. Bifunctional gasotransmitter-based
molecules have already been reported for NO, i.e. naproxcinod, a derivative of naproxen with
a nitroxybutyl ester allowing it to also act as a nitric oxide (NO) donor [257], and for H2S, i.e.
ATB-346 and ATB-337 containing H2S-releasing moieties on naproxen and diclofenac
respectively [258-260]. Thirdly, ET-CORMs may also be designed as complexes containing
peptide sequences that can be recognized by cell specific peptidases, making a cell restricted
CO delivery even more realistic.
In conclusion the present study confirms and extents previous findings [238] on ET-CORMs,
and warrants further in vivo studies to assess their therapeutic efficacy. Although their chemical
design may offer certain advantages over existing CORMs this needs to be further explored.
The question whether bifunctional ET-CORMs and those that may be triggered by cell-specific
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peptidase enzymes can be synthesized with expected biological activity is intriguing but
requires further exploration.
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Abstract
Recently, we developed a non-hemodynamic dopamine derivative N-octanoyl dopamine
(NOD) which has profound anti-inflammatory effects in vitro. Since NOD also protects rats
from ischemic acute kidney injury (AKI), the present study tested if NOD is able to modulate
cellular immunity for potential use as T cell suppressive agent. To this end, T cells were
stimulated by anti-CD3/CD28 or PMA/ionomycin in the presence or absence of different
concentrations of NOD. T cell proliferation, activation markers, intracellular cytokine
expression and activation of transcription factors were assessed.
While T cell proliferation was significantly inhibited by NOD at day 3, proliferation was
restored at day 7 or later depending on the NOD concentration used. Inhibition of proliferation
was reflected by a diminished CD25 expression and switch from naive to memory T cells. Early
T cell receptor activation events were unaffected, yet NF-κB and AP-1 were strongly inhibited
by NOD. The inhibitory effect of NOD seemed to be dependent on its redox activity since Noctanoyl tyramin, a redox inactive NOD derivative, did not influence proliferation. NOD
displayed synergistic effects with calcineurin inhibitors on T cell proliferation. Our data
demonstrate that NOD displays T cell suppressive activity. In keeping with its antiinflammatory action and its beneficial effect on ischemia-induced AKI, NOD may be an
interesting drug candidate to prevent calcineurin inhibitor related side effects.
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Introduction
The introduction of new immunosuppressant drugs in recent years has allowed for a reduction
in acute rejection rates paralleled by a highly significant improvement in short-term kidney graft
survival. Yet, this improvement has not translated into significant changes in chronic graft loss
[261, 262], and hence, late graft failure continues to be a frequent cause of readmission onto
dialysis programs and re-entry onto the waiting list.
Acute vascular rejection and chronic rejection, i.e. interstitial fibrosis and tubulus atrophy
(IFTA), are the main causes for renal graft failure and loss [263]. IFTA is a clinicopathological
entity characterized by fibrosclerosis of the different renal structures leading to progressive
decline of renal function after kidney transplantation [264]. Although the molecular
mechanisms that underlie the pathophysiology of IFTA remain far from clear, it seems to result
from the concerted action of immunological and non-immunological factors [265]. The use of
calcineurin inhibitors (CNI) are amongst others identified as a non-immunologic risk factor,
associated with nephrotoxic [266] and neurotoxic [267] side effects. Attempts to minimize or
wean patients off of CNI have shown that improvement in renal function is often obtainable but
only at the expense of increased alloimmune reactions [268]. Developing a calcineurin
inhibitor-based long-term maintenance immunosuppressive drug regimen with improved longterm tolerability is therefore a highly desirable endeavor.
In a prospective randomized multicenter trial we have shown that donor treatment with lowdose dopamine has a salutary effect on immediate kidney graft function [45]. In a subgroup
analysis this was translated into a better graft survival for recipients who obtained a renal
allograft with prolonged cold preservation time. Graft survival was also improved in heart
allograft recipients [150] but did not affect outcome after liver transplantation [45]. Based on
in vitro experiments, we have postulated that this protective effect is independent of the
hemodynamic action of dopamine and requires the redox-active catechol structure [156].
Moreover we have shown that conjugation of n-octanoic acid to the amine side chain of
dopamine, which likely impairs adrenergic and dopaminergic receptor engagement, results in a
far more protective compound [162]. N-octanoyl dopamine (NOD) not only protects cells and
tissues against prolonged hypothermic preservation, it also strongly inhibits platelet function
[269] and activation of NF-κB in vitro and improves acute kidney injury (AKI) in vivo [178].
In keeping with the notion that NF-κB plays a pivotal role in cellular immunity, in the present
study we further investigated the potential benefit of NOD in transplantation medicine by
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assessing the influence of NOD on T cell activation in vitro. To this end, we tested if NOD
inhibits T cell proliferation, how this is accomplished in mechanistic terms and if NOD can
decrease CNI concentrations without reducing T cell suppression.
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Materials and Methods
Isolation of human PBMC, T cells and T cell subsets
Human peripheral blood mononuclear cells (PBMC) from healthy adult volunteer donors were isolated
by centrifugation of venous blood on Ficoll-Hypaque density gradients (GE Healthcare Bio-Sciences
AB, Uppsala, Sweden). T cells were enriched from human PBMCs applying Miltenyi Biotec’s PAN
T cell Isolation kit II according to manufacturer’s instructions (Miltenyi Biotec, Bergisch Gladbach,
Germany). Untouched CD 4+ cells were further purified using positive CD8+ selection (CD8
microbeads) and naive and memory populations were obtained by positive selection with CD45RO
microbeads. Purity of more than 98% was controlled by FACS-analysis. T cells or PBMCs were
cultured with RPMI 1640 supplemented with 10% fetal bovine serum (PAA Laboratories GmbH,
Pasching, Austria) and 1% penicillin and streptomycin (Sigma-Aldrich, Munich, Germany).

N-octanoyl dopamine and N-octanoyl tyramine synthesis
N-octanoyl dopamine (NOD) and N-octanoyl tyramine (NOT) were synthesized from commercially
available precursors as previously described [162]. Briefly, octanoic acid was dissolved in
tetrahydrofuran and N-ethyldiisopropylamine before conversion to their mixed anhydride by the
reaction with ethyl chloroformate. For coupling the crude mixed anhydride and dopamine
hydrochloride were dissolved in N,N-dimethylformamide in the presence of diisopropylamine.
Sodium hydrogen carbonate and sodium sulfite were added and after evaporation of the solvent the
product was obtained. N-octanoyl tyramine was synthesized according to NOD using the analog mixed
anhydride coupled to tyramine as reaction component. Both products were purified by two-fold
recrystallization from dichloremethane which was proved by thin layer chromatography. Samples were
dissolved in ethanol, investigated by 1H-NMR spectroscopy (Bruker AC250) and yielded spectra in
accordance with the expected structure. Vehicle concentration in cell culture was less than 0.1 ‰ and
had no influence on results (vehicle control not shown).

T cell proliferation assay
Human PBMCs (106 cells/ml) were cultured in 200 µl of complete medium in 96-well, U-bottom
microtiter plates (CELLSTAR-greiner bio-one, Kremsmünster, Austria). The cells were stimulated for
various time intervals with anti-CD3/CD28 Dynabeads (Invitrogen Dynal AS, Oslo, Norway) in the
presence of different concentrations of NOD or NOT and pulsed with 0.2 µCi of [6-3H]thymidine/well
(Perkin Elmer, Groningen, The Netherlands) during last 16 h of culture. All conditions were tested on
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six plicate culture wells. Incorporated 3H-thymidine was assessed by scintillation counting in a liquid
scintillation counter (LS 6500, Beckman Coulter, Krefeld, Germany).

Flowcytometric analyses
For cytotoxicity assays, measurement of CD4, CD25 and CD45RO expression and reactive oxygen
species (ROS)-production PBMC (106 cells/ml) were stimulated in 24-well plates with antiCD3/CD28 Dynabeads (Invitrogen Dynal AS, Oslo, Norway) in the presence of different
concentrations of NOD. Following 3 or 7 days of culture the cells were harvested and stained for CD3,
CD4, CD25, CD45RO using a specific mAb (all BD Biosciences, San Jose, CA, USA) or with mAb
against Annexin V and the death cell indicator 7AAD (both Biolegend, Fell, Germany).
To evaluate ROS production, cells were loaded with 8 μM 6-carboxy-2',7'-dichlorodihydrofluorescein
diacetate, di(acetoxymethyl ester) (H2-DCFDA) according to the supplier’s instruction (Invitrogen,
Karlsruhe, Germany). Cells were stimulated with anti-CD3/CD28 Dynabeads (Invitrogen Dynal AS,
Oslo, Norway) in the presence or absence of 100 µM NOD. Fluorescence recordings were performed
by FACS directly after 5 or 20 minutes of stimulation. ROS was defined as increased mean
fluorescence intensity relative to control cells not stimulated with anti-CD3/CD28.
For measurement of intracellular cytokines cells were stimulated with PMA (50 ng/ml)/ionomycine
(1µg/ml) (both from Sigma-Aldrich, St. Louis, MO, USA) for 4 h in the presence or absence of 100
µM of NOD. GolgiPlug (BD Bioscience, Heidelberg, Germany) was used to prevent cytokine
secretion. Cells were fixed and permeabilized using Cytofix/Cytoperm (BD Bioscience, Heidelberg,
Germany) before staining with specific mAb (all BD Biosciences, San Jose, CA, USA).
Cell cycle analysis was assessed after 3 days of anti-CD3/CD28 stimulation. DRAQ5 (Biostatus Lim.,
Shepshed, UK) staining was used at a final concentration of 10 µM according to the supplier’s
protocol. For all experiments cells were analyzed on a FACS Calibur flow cytometer (BD Biosciences,
Heidelberg, Germany). At least 50,000 gated events were collected per sample and data were analyzed
by Flowjo software (Tree Star, Inc., Ashland, OR, USA). T cells were gated either by CD3 positivity
in the fluorescence/SSC-dotplot or by their typical location in the FSC/SSC-dotplot.

Cellular staining and fluorescence microscopy
Human T cells (2 x 104 cells/slide) were seeded on adhesive slides (Marienfeld-superior, LaudaKönigshofen, Germany). Cells were stimulated with Dynabeads anti-CD3/CD28 (Invitrogen Dynal
AS, Oslo, Norway) in the presence or the absence of 100 µM NOD for 2 h and subsequently fixed
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with 4% paraformaldehyde and stained with mouse anti-human CD3 clone UCHT1 (eBioscence,
Frankfurt am Main, Germany) and goat anti-mouse IgG1 FITC (BD Bioscience, Heidelberg,
Germany). Cells were analyzed using a laser-scanning-microscope TCS SP2 (Leica, Mannheim,
Germany).

Western blots
Human T cells (106 cells/ml) were stimulated for various time intervals with anti-CD3/CD28
Dynabeads (Invitrogen Dynal AS, Oslo, Norway) in the presence or the absence of 100 µM of NOD.
Cells were then washed with PBS and proteins were extracted in 100 µl of lysis buffer (10 mM HEPES
(pH 7.9 at 25°C), 10 mM KCl, 1.5 mM MgCl2, 1 mM EDTA, 0.5 mM DTT, 200 µM PMSF (dissolved
in ethanol). Samples were subjected to electrophoresis on 10% SDS-polyacrylamide gels. Separated
proteins were transferred to nitrocellulose membranes (0.5 A at 100 V, 6°C) for 1 h. Blots were blocked
in Tris buffered saline (TBS) containing 0.1% Tween 20 and 5% BSA overnight at 6°C. Staining of
blots was performed by standard operating procedures using anti-cyclin D1 (Santa Cruz
Biotechnology, Heidelberg, Germany), anti-pLck and anti-pZAP70 monoclonal antibodies (both Cell
Signaling Technology, Inc., Beverly, MA, USA). To confirm equal protein loading, membranes were
stripped and re-probed with monoclonal anti-β-actin (Abcam, Cambridge, UK) for cyclin D or antiLck and anti-ZAP70 (both Cell Signaling Technology, Inc., Beverly, MA, USA) antibodies. Detection
of immunoreactive bands was performed using an ECL-system (Cell Signaling Technology, Inc.,
Beverly, MA, USA).

Nuclear protein extraction and electrophoretic mobility shift assay (EMSA)
Human T cells (106 cells/ml) were stimulated for various time intervals with 50 ng/ml PMA and 1
µg/ml ionomycin (Sigma-Aldrich, St. Louis, MO, USA) in the presence or absence of 100 µM NOD.
Nuclear extracts were prepared as previously described [270] and protein concentrations were
determined by Bradford assay. NF-κB (5’-AGTTGAGGGGACTTTCCCAGGC-3’) or AP-1 (5'CGCTTGATG ACTCAGCCGGAA-3') double-stranded consensus oligonucleotide (both Promega
Corp., Madison, WI, USA) were end-labeled with γ-32P-ATP using T4-polynucleotide kinase, ethanol
precipitated and finally dissolved in 20 µl of distilled water. 1 µl of 32P-labeled probe (~30,000 cpm)
and 15 μg of nuclear extracts were added to a binding reaction mixture containing: 10 mmol/l HEPES
(pH 7.5), 0.5 mmol/l EDTA, 70 mmol/l KCl, 2 mmol/l DTT, 2% glycerol, 0.025% NP-40, 4% Ficoll,
0.1 mol/l PMSF, 1 mg/ml bovine serum albumin and 0.1 mg/ml poly di/dc and incubated for 30 min
at room temperature. DNA–protein complexes were separated by electrophoresis through a 5% nondenaturing acrylamide: bis-acrylamide gel in 0.5 × Tris–borate (TBE) /EDTA for 3 h at 220 V. Gels
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were analyzed by autoradiography using an Amersham Hyperfilm ECL (GE Healthcare Bio-Sciences
AB, Uppsala, Sweden). In each experiment, specificity of binding was demonstrated by preincubation
with cold consensus (100x excess of unlabeled oligonucleotides) or mutated NF-κB or AP-1
oligonucleotides to the nuclear extracts. In addition, supershifts were performed by adding p50, p52,
p65, RelB, c-Rel, c-jun and c-fos antibodies to the samples (all Santa Cruz Biotechnology, Heidelberg,
Germany).

Luminol oxidation assay
To test the anti-oxidant capacity of NOD and NOT the luminol oxidation assay was used. To this end,
serial dilutions of NOD or NOT were added to a complete volume of 200 µl of reaction mixture
containing 0.005 U horseradish peroxidase (HRP) and 20 µM of luminol. The reaction was
immediately recorded in a luminometer (Lumat LB9507, Berthold, Bad Wildbad, Germany) after
addition of 0.01% H2O2.

Statistics
Data is expressed as mean ± standard deviation (SD). For proliferation assays, cell cycle analysis, cap
formation and ROS measurements statistical analysis were performed using Student’s t-test with
previous testing of equality of variances (SigmaPlot 11.0, Systat Software GmbH, Erkath, Germany).
If equality test failed the Kruskal-Wallis-test was performed. For western blot average optical densities
of bands of all blots were assessed using ImageJ 1.46 and Student’s t-test was performed on ratio of
cyclin D/β-actin or phosphorylated/total protein as mentioned above. A p-value of less than 0.05 was
considered as significant.
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Results
NOD inhibits T cell activation transiently
PBMC were stimulated with anti-CD3/CD28 for 3 days in the presence of different
concentrations of NOD (range 0 – 200 µM). As shown in Figure 1a, NOD inhibited T cell
proliferation in a dose-dependent fashion. Similar results were obtained when purified CD3+ T
cells were used or when PMA/ionomycin was used as mitogen (data not shown). NOD inhibited
naive and memory CD4+ T cells (Figure 1b and c) as well as CD8+ T cells to similar degrees
(Figure 1d). To assess if T cell proliferation was consistently inhibited in time, 3H-thymidine
was added at different time points following anti-CD3/CD28 stimulation. While in the absence
of NOD T proliferation peaked much later as indicated by a shift in the kinetic curves (Figure
1e), which was clearly dependent on the NOD concentration (Peak proliferation: NOD 50 µM
at day 7, NOD 100 µM at day 11, NOD 200 µM at day 15). The extent of T cell proliferation,
as assessed by the height of the proliferation peak, was not affected by the lower NOD
concentration, but was significantly reduced when 200 µM of NOD was used (Figure 1e). Since
at 200 µM of NOD T cell proliferation was consistently impaired in time and was associated
with an increase in trypan blue positive cells (data not shown) a direct toxic effect at this
concentration could not be excluded. Although this was not observed when lower
concentrations were used. Annexin V/7AAD stainings were performed to formally exclude that
low concentrations of NOD were also toxic (Figure 1f). For all further experiments NOD
concentrations did not exceed 100 µM.
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a.

c.

b.

d.

e.

f.

Figure 1: Influence of NOD on T cell proliferation and activation. PBMCs. (a) purified naive (b) and
memory (c) CD4+ , as well as CD8+ (d) T cells were stimulated for three days with anti-CD3/CD28 in the
presence of different concentrations of NOD and pulsed with 0.2 µCi [3H]-thymidine for the last 16 hours
of culture. The results of a representative experiment are depicted and expressed as mean [3H]thymidine incorporation in counts per minute (cpm) ± SD of 6 replicate wells for each condition. A total
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of 6 experiments were performed with essentially similar results. Significance was defined as p<0.05 (*
p<0.001 compared to the medium control). (e) PBMCs were treated as described in (a) and proliferation
was assessed at different time points following anti-CD3/CD28 stimulation. The results of a
representative experiment are depicted and expressed as mean [3H]-thymidine incorporation in counts
per minute (cpm) ± SD of 6 replicate wells for each condition. A total of three different experiments
were performed. (f) PBMCs were stimulated as described in (a) for 7 days in the presence or absence of
100 µM of NOD. Cell death was assessed by FACS using Annexin V/7AAD staining. Note that no
significant difference in double positive cells between medium and NOD treated cells was observed.
Similar findings were obtained after 1 and 3 days of stimulation.

In line with a transient inhibition of T cell proliferation we observed that the T cell activation
marker CD25 and the switch from naive CD45RA to memory CD45RO cells were affected
when cells were stimulated in the presence of NOD. After 3 days of anti-CD3/CD28 stimulation
both the amount of CD3+ T cells expressing CD25 or the memory marker CD45RO were
diminished in the presence of NOD, but this was normalized at day 7 (Figure 2a). To assess if
cell cycle progression was involved in NOD-mediated delay in T cell proliferation, cell cycle
analysis was performed. While cell cycle progression in the absence of NOD revealed that three
days after stimulation approximately 42%, 34% and 24% of the cells were in the G0/G1-phase,
S-phase and G2/M-phase respectively, in the presence of NOD there was a dose dependent
increase of T cells that did not pass beyond the G0/G1-phase (Figure 2b). G1-arrest in NODtreated cells was further confirmed by cyclin D1 expression, which significantly declined within
10 h of NOD-treatment and was hardly detectable at 24 h (Figure 2c).
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a.

b.

c.

Figure 2: NOD mediates cell cycle arrest in T cells. (a) T cells were stimulated for 3 or 7 days with antiCD3/CD28 in the presence of different concentrations of NOD. CD25 and CD45RO expression was
assessed by FACS analysis. The table below each histogram shows the percentage of positive cells for
CD25 and CD45RO respectively. The filled histogram represents cells directly stained and analysed after
isolation. Depicted is one representative experiment out of four. (b) T cells were stimulated with antiCD3/CD28 in the presence of different concentrations of NOD and stained with DRAQ5 at day 3. Cell
cycle phases were defined by nuclear volume as shown. A total of three different experiments were
performed. In the bar diagram mean percentage of cells in G0/1-, S- and G2/M phase of all experiments
are depicted. Statistics was performed on all experiments and significance was defined as p<0.05 (*
p<0.001 compared to medium control). (c) T cells were stimulated for 2, 10 or 24 hours with antiD3/CD28 in the presence (+) or absence (-) of 100 µM NOD. Cyclin D1-expression was assessed by
westernblotting. The result of a representative experiment out of four is shown.
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NOD does not impair early T cell activation events
To evaluate whether the inhibitory effects of NOD on T cell activation was also noticed at the
level of early cytokine production, intracellular cytokine staining was performed after 4 h of
PMA/ionomycin stimulation. Expression of IL-2, TNF-α and INF-γ was more pronounced in
the memory CD45RO population and was not largely affected by NOD (Figure 3a). It therefore
seemed that NOD did not prevent early T cell activation events. To further substantiate this
finding cap formation following anti-CD3/CD28 stimulation of purified CD3+ cells was
assessed. Cap formation was defined as a clear local enrichment of CD3 on the surface of the
cells (Figure 3b).

a.

b.

c.

Figure 3: Influence of NOD on early T cell activation events. (a) CD4+ T cells were pretreated with
brefeldin A to block protein transport to golgi and subsequently stimulated for 4 hours with
PMA/ionomycin in the presence or absence of 100 µM NOD. Intracellular cytokine expression (IL-2, TNF-
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α or INF-γ) was assessed by FACS analysis in CD45RO+ and CD45RO- cells as described in the method
section. In each experiment a negative control (neg ctrl) was included. The results of a representative
experiment are depicted. A total of three independent experiments were performed with essentially the
same results. (b) CD3+ T cells were placed on adhesive slides and subsequently stimulated for 2 hours
with anti-CD3/CD28 beads in the presence or absence of 100 µM NOD. The cells were fixed and stained
for CD3. Cap formation was assessed by fluorescence microscopy and defined as shown in the pictures
to the left. The bar diagram represent mean percentage ± SD of cells that displayed cap formation in
five random microscopic fields. A total of three independent experiments were performed. (c) T cells
were stimulated for various time intervals with anti-CD3/CD28 in the presence (+) or absence (-) of 100
µM of NOD. Activation of Lck and ZAP70 was assessed by westernblotting using specific antibodies
against phosphorylated Lck (p-Lck) or ZAP70 (p-ZAP70) respectively. The blots were stripped and reprobed with anti-Lck or anti-ZAP70 monoclonal antibodies. A total of three independent experiments
with essentially the same results were performed.

While in CD3+ cells that were not stimulated with anti-CD3/CD28 cap formation was almost
not detected, in stimulated cells approximately 50 to 60% of the cells displayed cap formation.
No significant differences between cells that were stimulated in the presence or absence of NOD
were noticed (Figure 3b). Phosphorylation of the T cell receptor (TCR) signaling proteins
ZAP70 and Lck occurred within 5 minutes of anti-CD3/CD28 stimulation and maintained to be
phosphorylated over the observation period of 1 h. In line with the notion that NOD did not
impair early activation events in T cells, no significant changes in the phosphorylation of
ZAP70 or Lck were observed in the presence of NOD (Figure 3c).

NOD inhibits both NF-B and AP-1 activation
To elucidate if activation of transcription factors NF-B and AP-1 was impaired by NOD,
nuclear proteins of PMA/ionomycin stimulated T cells were analyzed for binding activity to
NF-κB or AP-1 consensus DNA oligonucleotides by EMSA. Already 3 h after stimulation an
increase in NF-κB activation was observed and maximal activation occurring after 24 h of
stimulation (Figure 4a, panel to the left). Based on competition with unlabeled NF-κB
consensus oligonucleotides it seemed that two bands were retarded in EMSA. While the upper
band was further shifted in the presence of NF-κB p50 antibody, and to a lesser extent by NF126
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κB p65 antibody, the lower band was not (Figure 4a, panel to the right). Nonetheless, when T
cells were stimulated in the presence of 100 µM of NOD, both bands were clearly diminished
(figure 4A, panel to the left). Similar as for NF-B also activation of AP-1 was impaired in the
presence of NOD. The specificity and identity of the AP-1 retarded bands in EMSA was
demonstrated by competition with unlabeled AP-1 oligonucleotides and supershifts using antic-Fos or anti-c-Jun antibodies (Figure 4b).

a.

b.

Figure 4: NOD impairs NF-κB- and AP-1-activation. T cells were stimulated for different time intervals
with PMA/ionomycin in the presence (+) or absence (-) of 50 µM NOD. Nuclear protein extracts were
incubated with 32P-labeled consensus oligonucleotie specific for NF-κB (a) or AP-1 (b). DNA–protein
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complexes were separated by electrophoresis. Specificity of the bands was assessed by incubation with
a 100x excess of unlabeled (cold) consensus and by incubation with specific monoclonal antibodies to
induce a supershift (n.s. not specific). A total of three different experiments with essentially the same
results were performed.
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Requirement of redox activity
Because both NF-B and AP-1 are redox-dependent transcription factors we assessed to what
extent redox-active moieties in NOD could account for its effect on T cell activation. To this
end we synthesized N-octanoyl tyramin (NOT), which, compared to NOD, lacks one hydroxyl
group at the aromatic ring (Figure 5a). As indicated in Figure 5b, NOD dose-dependently
quenched the chemiluminescence signal that occured as a consequence of peroxidase-mediated
oxidation of luminol. In contrast, NOT did not significantly change the chemiluminescence
signal over a wide range of different concentration, suggesting that NOT cannot act as reducing
agent. Inasmuch as NOT was not able to inhibit T cell proliferation (Figure 5c) it seemed that
the inhibitory effect of NOD was likely mediated via its redox-active catechol structure. To
further substantiate that reactive oxygen species (ROS) are generated during T cell activation
and to assess if this was influenced by NOD, we measured intracellular ROS production by
means of 6-carboxy-2',7'-dichlorodihydrofluorescein diacetate, di(acetoxymethyl ester) (H2DCFDA). Upon anti-CD3/CD28 stimulation H2-DCFDA fluorescence intensity increased
already after 5 minutes of stimulation and further increased at 20 minutes. In the presence of
NOD the increase in fluorescence intensity was significantly inhibited (Figure 5d).

a.

Figure 5a: NOD’s redoxactive properties are required for its antiproliferative effects on T cells. a)
Molecular structure of NOD and its redox inactive derivative N-octanoyl tyramine (NOT)
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b.

c.

d.

Figure 5(b-d): NOD’s redoxactive properties are required for its antiproliferative effects on T cells (b)
To test the anti-oxidant capacity of NOD and NOT the luminol oxidation assay was used. Serial dilutions
of NOD or NOT were added to 200µl of reaction mixture containing 0.005 U of horseradish peroxidase
(HRP) and 20 µM of luminol. After addition of 0.01 % of H2O2, chemiluminescence was measured in
relative light units (RLU) and is given as mean ± SD. (c) T cells were stimulated for three days with antiCD3/CD28 in the presence or absence of different concentrations of NOD or NOT. [3H]-thymidine
incorporation was assessed as described in the method section. The results are expressed as mean [3H]thymidine incorporation in counts per minute (cpm) ± SD of 6 replicate wells for each condition. A total
of three different experiments were performed with essentially the same results. (d) T cells were
preincubated with H2DCFDA for 5 min and subsequently stimulated with anti-CD3/CD28 in the presence
or absence of 100 µM NOD. FACS analysis was performed after 5 or 20 minutes (histogram to the right)
following anti-CD3/CD28 stimulation. Basal fluorescence was measured in T cells that were not
stimulated with anti-CD3/CD28 (medium, filled histogram). To the left, results are expressed as mean
increase of fluorescence intensity relative to cells not stimulated with anti-CD3/CD28 ± SD of four
independent experiments.
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Synergistic effect of NOD and calcineurin inhibitors on T cell proliferation
To investigate if NOD may have a synergistic effect with calcineurin inhibitors (CNI) on T cell
proliferation, dose-response experiments were performed with NOD alone or in combination
with two concentrations of FK506 (Figure 6) or cyclosporine A (data not shown). As indicated
in Figure 6 T cell proliferation was inhibited by FK506 when used either at 1 or 10 nM
concentrations. Addition of 25 µM of NOD further decreased T cell proliferation compared to
FK506 or NOD alone. Similar results were obtained when cyclosporine A was used (data not
shown).

Figure 6: Synergy between NOD and calcineurin inhibitors on T cell proliferation. T cells were
stimulated for 3 days with anti-CD3/CD28 in the presence of different concentrations of NOD and/or
FK506. [3H]-thymidine incorporation was assessed as described in the methods section. Results are
expressed as mean [3H]-thymidine incorporation in counts per minute (cpm)) ± SD of 6 replicate wells
for each condition. A total of four different experiments were performed with essentially the same
results. Significance was defined as p<0.05 (# p<0.05; * p<0.001 compared to stimulated control).
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Discussion
N-acyl dopamine derivatives (NADD) have gained prominence with the identification that these
structures have the propensity to activate the endocannabinoid and endovanilloid systems [271].
Endogenous NADD, e.g. N-arachidonoyl-, N-oleoyl-, N-palmitoyl- and N-stearoyl dopamines
are predominantly found in the brain with the highest levels in the striatum and low levels
elsewhere [272]. In contrast to the endogenous NADD, NOD contains a short fatty acid but
similar to endogenous NADD activates transient receptor potential vanilloid 1 receptors
(TRPV1) [178]. This may at least partially explain the beneficial effect of NOD in ischemiainduced acute kidney injury (AKI) [273, 274]. Apart from the activation of the endocannabinoid
and endovanilloid systems it should also be noted that NADD have anti-inflammatory
properties [179, 275] and, as such, are gaining interest as potential therapeutics for the treatment
of a variety of inflammatory diseases. Since NOD has the ability to inhibit NF-κB activation
[178] in the present study we assessed immunosuppressive properties of NOD by studying if
NOD is able to suppress T cell activation, and more importantly, if it has synergistic effects
with CNI on T cell proliferation. This study reveals the following findings: Firstly, NOD
transiently inhibits T cell proliferation in a dose dependent fashion. This was reflected by a
decreased percentage of T cells that became CD25 positive or started to express the memory
marker CD45RO upon mitogen activation. NOD also caused G1-arrest in cell cycling, which
was paralleled by a diminished cyclin D expression. Secondly, the T cell suppressive properties
of NOD were most likely depending on the redox-active dopamine moiety, as NOT did not
inhibit T cell proliferation. Thirdly, NOD did not affect early TCR signaling, e.g.
phosphorylation of Lck and ZAP70 and CD3 capping. In contrast, activation of the redoxdependent transcription factors NF-κB and AP-1 was profoundly impaired. Last but not least,
NOD and CNI display a strong synergy to suppress T cell proliferation.
Activation of the TCR/CD3 complex in T cells leads to the immediate activation of transcription
factors that regulate a variety of activation-associated genes, e.g. cytokines and surface
receptors. Oligomerisation of the TCR/CD3 complex and subsequent activation of
phospholipase C-γ by specific tyrosine kinases at the lipid rafts are believed to be the initiating
steps that finally culminate in full T cell activation [276-278]. We provide three lines of
evidence that NOD does not impair these events. Firstly, CD3 cap formation was not prevented
by NOD. Hence, the immunoreceptor tyrosine-based activation motif (ITAM) elements in the
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cytoplasmic tails of the associated CD3 subunits would still be able to couple with critical
tyrosine kinase pathways involving Lck and ZAP70 [279]. Secondly, indeed activation of both
Lck and ZAP70 was not affected in the presence of NOD and, thirdly, cytokine production
within the first 4 hours following T cell stimulation appeared to be normal.
Although NOD did not impair these initial T cell activation events, activation-induced ROS
production was significantly inhibited by NOD. Because the redox-inactive NOT neither
quenched HRP-mediated luminol oxidation nor inhibited T cell proliferation, it seems that the
redox-active moiety of NOD is required for the suppressive effect on T cell proliferation.
Studies performed by Kaminski et al. [280] clearly have demonstrated the importance of
mitochondrial-derived ROS for gene expression upon TCR stimulation. TCR-triggered gene
expression is controlled by both redox-dependent (NF-B, AP-1) and redox-independent
transcription factors (NF-AT, SP-1, Oct-1, or CREB). Activation of NF-B and AP-1 was
strongly diminished in the presence of NOD, albeit that the kinetics and degree of inhibition by
NOD for each transcription factor was different. This might explain why early cytokine
expression, e.g. IL-2, TNF-α and INF-γ, was still observed. Impaired activation of redoxindependent transcription factors in activated T cells has also been reported for other NADD
[192], but was not studied for NOD in our study.

We are aware of the studies performed by Sancho et al. [192, 193] who demonstrate that Noleoyl- and N-arachidonoyl dopamine inhibit proliferation of Jurkat T cells. In contrast to our
study they did not observe inhibition of NF-B binding in EMSA. In addition they observed a
dose dependent impairment of transcriptional activity of luciferase reporter constructs under the
control of the IL-2 or TNF-α promoter. This is also in contrast to our findings that NOD did not
affect early IL-2 and TNF-α expression in activated T cells. Whether these differences can be
explained by the different cells used in both studies (Jurkat T cells vs. primary T cells or
PBMCs) or by the different composition of the NADD (long chain vs. short chain fatty acid) is
at present unclear. Other reports also have shown that TRPV1 activation inhibits both early and
late events in TCR-mediated T cell activation, e.g. calcium mobilization, NF-AT activation, IL2 gene transcription, IL-2R expression, and cell-cycle progression [281, 282]. It therefore also
remains to be assessed to what extent TRPV1 activation is contributing to the T cell suppressive
effect of NOD or NADD in general.
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NOD does not bind to dopaminergic receptors, yet once it is internalized it might be subjected
to hydrolysis resulting in dopamine and octanoic acid. This therefore raises the question as to
whether NOD mediated inhibition of T cell proliferation is due to the release of dopamine and
engagement of dopaminergic receptors. Indeed there is clear evidence that engagement of
dopamine (D1 and D2) receptors on T-lymphocytes result in inhibition of T cell proliferation
[283]. Yet, in contrast to our present findings this is ZAP70 depended process, in which
engagement of these receptors inhibits ZAP70 phophorylation. It is also noteworthy that NADD
inhibit proliferation of Jurkat cells [28, 29] while this is not observed for dopamine [284].
Even though much controversy on the exact mechanism by which NADD inhibit T cell
activation remains, endowed with a unique combination of TRPV1 agonistic-,
immunosuppressive-, and NF-B-inhibitory properties, these compounds may find a potential
use for the treatment of inflammatory condition, e.g. autoimmune diseases or transplant
rejection. Although the latter can be successfully treated with CNI, the use of CNI has been
identified as risk factor for IFTA. Consequently, immunosuppressive regimens that allow low
CNI dosage without an increased risk for transplant loss are increasingly being studied to
prevent or delay the rate of chronic transplant loss [285, 286]. Retrospective analyses have in
addition demonstrated that early renal dysfunction is a predictor of IFTA, diminished graft
survival [287] and a risk factor for post-transplant cardiovascular death [288]. Therefore any
improvement of immunosuppressive therapy not only should focus on prevention of acute
rejection, but also should aim at improving early renal function and prevention of IFTA. In a
clinically relevant model of ischemia-induced AKI the use of NOD already showed a clear
beneficial effect on renal function [289]. Yet, it still needs to be experimentally tested if NOD
treatment of renal allograft recipients also improves renal function. Nonetheless, in keeping
with the nephrotoxic side effects of CNI and the synergy between NOD and CNI on T cell
suppression, NOD seems to be an interesting drug candidate for renal transplant recipients in
this regard. Our findings clearly warrant further studies on NOD in relevant inflammatory
models to further evaluate its potential clinical use as immunosuppressive drug.
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N-octanoyl dopamine treatment of endothelial cells induces the
unfolded protein response and results in hypometabolism and tolerance
to hypothermia
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Abstract
N-acyl dopamines (NADD) are gaining attention in the field of inflammatory and neurological
disorders. Due to their hydrophobicity, NADD may have access to the endoplasmic reticulum
(ER). We therefore investigated if NADD induce the unfolded protein response (UPR) and if
this in turn influences cell behaviour.
Genome wide gene expression profiling, confirmatory qPCR and reporter assays were
employed on human umbilical vein endothelial cells (HUVEC) to validate induction of UPR
target genes and UPR sensor activation by N-octanoyl dopamine (NOD). Intracellular ATP,
apoptosis and induction of thermotolerance were used as functional parameters to assess
adaptation of HUVEC.
NOD, but not dopamine dose dependently induces the UPR. This was also found for other
synthetic NADD. Induction of the UPR was dependent on the redox activity of NADD and was
not caused by selective activation of a particular UPR sensor. UPR induction did not result in
cell apoptosis, yet NOD strongly impaired cell proliferation by attenuation of cells in the SG2/M phase. Long-term treatment of HUVEC with low NOD concentration showed decreased
intracellular ATP concentration paralleled with activation of AMPK. These cells were
significantly more resistant to cold inflicted injury.
We provide for the first time evidence that NADD induce the UPR in vitro. It remains to be
assessed if UPR induction is causally associated with hypometabolism and thermotolerance.
Further pharmacokinetic studies are warranted to address if the NADD concentrations used in
vitro can be obtained in vivo and if this in turn shows therapeutic efficacy.
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Introduction
The endoplasmic reticulum (ER) can be considered as the gatekeeper for protein synthesis,
assuring appropriate protein folding and maturation of secreted and transmembrane proteins.
These functions are highly regulated and require checkpoint for allowing that only correctly
folded proteins can leave the ER. Whenever the folding capacity of the ER is too low to meet
the cellular demand for newly synthesized proteins, unfolded or misfolded proteins start to
accumulate in the ER, which in turn, triggers a set of responses known as the unfolded protein
response (UPR) [290-293]. The function of the UPR can be divided into two major objectives,
i.e. restoration of ER homeostasis and secondly induction of apoptosis if the first objective fails.
The UPR accomplishes its function by increasing the expression of chaperone proteins to assist
in protein folding, transient inhibition of mRNA translation to decrease protein influx into the
ER, increasing ER associated degradation to remove misfolded proteins and induction of
apoptotic genes to eliminate cells that are beyond repair.
The UPR consist of three different branches, each of which containing a specific transmembrane
ER sensor protein that, upon activation, sets a series of responses in motion resulting in the
transcription of typical UPR target genes [292, 293]. These so called UPR sensor proteins are
the inositol requiring kinase 1 (IRE1), double-stranded RNA-activated protein kinase (PKR)like ER kinase (PERK) and activating transcription factor 6 (ATF6) [290-292], all of which are
associated with the ER chaperone glucose-regulated protein BiP. If misfolded proteins
accumulate, BiP dissociates from the ER sensors, leading to their activation [290-292, 294].
UPR sensor activation is characterized by cleavage of X-box- binding protein 1 (Xbp1) mRNA
(IRE1), phosphorylation of the translation initiation factor 2 α subunit (eIF2α) (PERK) and
processing of ATF6 in the Golgi apparatus [295-301] The UPR has been implicated in a variety
of diseases including cancer, metabolic, neurodegenerative and inflammatory diseases [302].
In addition it might be an integral part of the protective strategies used by hibernating mammals
for long term survival in a state of cold torpor [303]. Signalling components of the UPR are
emerging as potential targets for intervention and treatment of human disease [304].
Long chain polyunsaturated fatty acids are able to form conjugates with amines, e.g.
ethanolamine, serotonin or dopamine. Since these conjugates can influence a variety of
biological systems, they are gaining increased attention as promising new leads in the field of
inflammatory and neurological disorders and for other pharmacological applications [305].
Endogenous N-acyl dopamines (NADD), e.g. N-arachidonoyl-, N-oleoyl-, N-palmitoyl- and N139
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stearoyl-dopamine are present in brain tissue and are known to modulate the endocannaboid
system. It has also been reported that NADD are able to activate transient receptor potential
(TRP) vanilloid subfamily member 1 (TRPV1) [306, 307]. We recently described N-octanoyldopamine (NOD), a short synthetic NADD, as a potent protective compound in acute kidney
injury [178]. In addition it prevents hypothermic preservation injury [162, 308], strongly
inhibits platelet function [309] and impairs NFκB activation [194]. Yet, it should be
underscored that its increased hydrophobicity, as compared to dopamine, may allow NOD to
cross intracellular membranes much easier where it may severely change the redox milieu
within subcellular compartments [162]. Changes in redox milieu are either caused by donation
of reduction equivalents as a consequence of quinone formation or by the iron chelating
properties of the catechol structure [310]. In keeping with the importance of redox homeostasis
in the ER for oxidative protein folding [311, 312], the present study was conducted to assess if
synthetic N-acyl dopamine derivatives are able to activate the UPR. In addition we sought to
identify the structural entities within NOD that might be important for UPR activation. To this
end we made use of synthetic NADD that were either changed at the aromatic ring or in the
aliphatic chain. We also sought to address if activation of the UPR by NOD compromises cell
viability or if it represents a protective response, allowing cells to adapt to more aggravating
conditions such as hypothermic preservation.
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Material and Methods
Reagents
Reagents were obtained from the sources as indicated: endothelial cell culture medium
(Provitro, Berlin, Germany), PBS, trypsin solution, ethanol (GIBCO, Invitrogen, NY, USA),
FBS Gold (PAA laboratories GmbH, Pasching, Austria), Actinomycin D, β-mercaptoethanol,
tunicamycin, ethidium bromide, EDTA solution, DMSO, Tween 20, phospahatase inhibitor
cocktail 2, Igepal 10%, collagenase, HEPES, Triton X-100, DTT, sodium deoxycholate, Trisbase, ammonium persulphate, SDS, TEMED, glycine, MTT, hexadimethrine bromide,
acrylamid 40%, gelatine (Sigma-Aldrich, Taufkirchen, Germany), bovine serum albumin
(SERVA, Heidelberg, Germany), protease inhibitor cocktail, first strand cDNA synthesis Kit
(Roche Diagnostic, Mannheim, Germany), Dual-Glo Luciferase Assay System (Promega,
Mannheim, Germany), Coomassie protein assay reagent (Pierce, Rockford, IL, USA), Trizol
(Invitrogen, Carlsbad, CA, USA), chloroform, isopropanol, tetrahydrofuran, (Merck,
Darmstadt, Germany), anti-eIF2α, anti-phospho-eIF2α (Cell Signalling, Boston, USA), anti-βactin (Sigma, Taufkirchen, Germany), Proteostat PDI assay kit (Enzo, Lörrach, Germany),
Cignal Lenti ERSE/ATF6/positive control Reporter (luc) kit (Qiagen, Düsseldorf, Germany).
Chemiluminescence reagent was purchased from PerkinElmer LAS Inc. (Boston, MA, USA).
Primers and all reagents were purchased for TaqMan PCR (ABI, Darmstadt, Germany).
Secondary antibodies conjugated with horseradish peroxidase, anti-CHOP and anti-phosphoAMPK were purchased from Santa Cruz Biotechnology (Heidelberg, Germany).

Cell culture
Human umbilical vein endothelial cells (HUVECs) were purchased from Promo Cell,
Heidelberg, Germany and cultured in basal endothelial medium supplemented with 10% fetal
bovine serum (FBS), essential growth factors and antibiotics. Cultures were maintained at 37ºC,
5% CO2 humidified atmosphere and experiments were conducted on cells in passage 2–6 at
approximately 80-90% confluence.

Synthesis of N-acyl dopamines (NADD)
N-octanoyl dopamine (NOD), N-pivloyl dopamine (NPD) and N-octanoyl tyramine (NOT)
were synthesized from commercially available precursors as previously described [162] and
purified by twofold recrystallization from dichloromethane as demonstrated by thin layer
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chromatography (TLC). Octanoic or pivalic acid were converted to their mixed anhydride
derivative by reaction with ethyl chloroformate in the presence of N-ethyl diisopropylamine.
The crude mixed anhydrides were incubated with dopamine hydrochloride (Sigma-Aldrich,
Taufkirchen, Germany) in N,N-dimethylformamide and N-ethyl diisopropylamine to form
NOD or NPD. NOT was synthesized according to NOD using the analog mixed anhydride
coupled to tyramine as reaction component. After aqueous preparation and evaporation of the
organic solvent NOD in an overall yield of approximately 60% is obtained. The sample
investigated by NMR (Bruker AC250) yielded spectra in accordance with the expected
structure. Acetylation of NOD (A-NOD) was performed by suspending two grams of NOD in
5 ml acetic anhydride under magnetic stirring. When two drops of sulphuric acid were added,
the suspension turned clear and stirring was continued for one hour. Diluted hydrochloric acid
(5 mL) was added and 30 min later the reaction mixture was poured into 200 ml ice water. The
precipitated product was collected by vacuum filtration and dried under vacuum to yield ANOD, pure as judged by thin layer chromatography (TLC).

Gene expression profiling
Sample preparation and processing was performed according to the Affymetrix GeneChip
Expression Analysis Manual (http://www.Affymetrix.com). Total RNA was isolated from
HUVECs using Trizol®-Reagent (Life Technologies, Inc., Rockville, MD, USA). DNase
treatment was carried out, using RNase free DNase I (Ambion, Woodward, Austin, TX, USA).
RNA concentration and quality were assessed by RNA 6000 nano assays on a Bioanalyser 2100
system (Agilent, Waldbronn, Germany). 5 μg of RNA was converted into cDNA using T7(dT)24 primers and the SuperScript Choice system for cDNA synthesis (Life Technologies,
Inc., Rockville, MD, USA). Biotin-labelled cDNA was prepared by in vitro transcription using
the BioArray high yield RNA transcript labeling kit (Enzo Diagnostics, Farmingdale, NY,
USA). The resulting cDNA was purified, fragmented and hybridized to U133A gene chips
(Affymetrix, Santa Clara, CA, USA). After hybridization the chips were stained with
streptavidin–phycoerythrin (MoBiTec, Goettingen, Germany) and analysed on a GeneArray
scanner (Hewlett Packard Corporation, Palo Alto, CA, USA).

Microarray processing and statistical analysis
Gene expression profiling was performed using arrays of HG_U133A 2.0-type from
Affymetrix. A Custom CDF Version 13 with Entrez based gene definitions was used to annotate
the arrays. The Raw fluorescence intensity values were normalized applying quantile
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normalization. Differential gene expression was analysed OneWay-ANOVA using a
commercial software package SAS JMP7 Genomics, version 4, from SAS (SAS Institute, Cary,
NC). A false positive rate of α= 0.05 with FDR correction was taken as the level of significance.
The raw and normalized data are deposited in the Gene Expression Omnibus database
(http://www.ncbi.nlm.nih.gov/geo/; accession No. GSE- 56285).

RNA isolation, PCR and RNA stability
Total RNA was isolated as described above. 1 µg of total RNA was reverse-transcribed into
cDNA using the 1st Strand cDNA Synthesis Kit. cDNA was diluted in 20 µL DEPC-treated
water and stored at −20°C until use. qPCR was performed on a ABI-Prism 7700 sequence
detection system using TaqMan universal PCR master mix AmpErase UNG (part no. 4324018).
The following Taqman assays were used: BiP (part No. Hs00607129_gH), CHOP (part No.
Hs00358796_g1), PDIA4 (part No. Hs00202612_m1), ERO1L (part No. Hs00205880_m1) and
GAPDH (part No. Hs02758991_g1). Samples were run under the following conditions: initial
denaturation for 10 min at 95°C followed by 40 cycles of 15 s at 95°C and 1 min at 60°C. The
levels of gene expression in each sample were determined with the comparative cycle threshold
method. PCR efficiency was assessed from the slopes of the standard curves and was found to
be between 90% and 100%. Linearity of the assay could be demonstrated by serial dilution of
all standards and cDNA. All samples were normalized for an equal expression of GAPDH. For
RT-PCR 1 µL of cDNA was amplified in a 20 µL reaction mix containing 2,5 mmol·L−1
dNTPs, 25 pmol·L−1 of each primer, 0,125 units Taq polymerase and 0,5mmol·L−1 MgCl2.
The following primers were used: : GAPDH forward: 5′- GTC TTC ACC ACC ATG GAG AA3′ and reserve: 5′- ATC CAC AGT CTT CTG GGT GG-3′, Xbp1 forward: 5′- CCT TGT AGT
TGA GAA CCA GG -3′ and reverse 5′-GGG GCT TGG TAT ATA TGT GG-3′ . The cycling
conditions used for various primers were as follows: 4 min of denaturation at 94°C, followed
by 30 (Xbp1) or 25 (GAPDH) cycles of amplification, each consisting of denaturation for 30 s
at 94°C, annealing for 30 s at 58°C (Xbp1) and 55°C (GAPDH) and extension for 1 min at
72°C. In all experiments GAPDH was used as housekeeping gene, no differences were found
for the conditions tested when ß-actin was used. After the last amplification a final extension
for 10 min at 72°C was performed for each reaction. PCR products were analysed on a 4%
NuSieve agarose gel containing ethidium bromide and run at 50V for 6 hrs.

Lentiviral transduction and reporter assays
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To evaluate activation of UPR pathways, cells were transfected with commercially available
reporter constructs as ready-to use transducer lentiviral particles (Qiagen, Düsseldorf,
Germany). One day before transduction cells were seeded in 96-well plates (104 /well) and
cultured overnight. Hereafter, the cells were transduced at an MOI of 5 using 8% polybrene.
Five hrs after transduction 3 volumes of fresh cell growth medium was added and the cells were
incubated overnight. Cell growth medium was replaced the next day and 24 hrs hereafter the
cells were treated with NADD according to the specific experiment. Luciferase activity was
evaluated by a commercially available luciferase assay system (Promega, Mannheim,
Germnay) according to the manufacturer’s protocol.

Protein extraction and Western blot Analysis
HUVEC lysed in 20mM Tris-HCl, 150mM NaCl, 5mM EDTA, 1% Triton X-100, 0.5% sodium
deoxycholate, 1µM dithiothreitol (DTT) buffer containing proteinase and phosphatase
inhibitors. In some experiments, nuclear proteins were isolated as previously described [313].
Protein concentrations were measured using Coomassie-Reagent (Pierce, Rockford, USA).
Samples (20 μg protein extract) were heated to 95 °C for 5 minutes, loaded and separated on
10% SDS-polyacryamide gels followed by semi-dry blotting onto PVDF membranes (Roche,
Mannheim, Germany). The membranes were incubated with 5% w/v non-fat dry milk or bovine
serum albumin in TBS/Tween 0.5% to block unspecific background staining and hereafter
incubated overnight at 4°C with the specific mono- or polyclonal eIf2α and p-eIf2α (Cell
Signaling, Boston, USA), anti- CHOP and anti-pAMPK (Santa Cruz, Heidelberg, Germany).
Subsequently, the membranes were thoroughly washed with TBS-Tween 0.1% and incubated
with the appropriate horseradish peroxidise conjugated secondary antibody (Santa Cruz,
Heidelberg, Germany), followed by five times wash in TBS/Tween 0,1%. Proteins were
visualized using enhanced chemo luminescence technology, according to the manufacturer’s
instructions (Pierce, Rockford, IL). To confirm equal protein loading, membranes were stripped
and re-probed with monoclonal anti-β-actin antibody (Sigma, Taufkirchen, Germany).

PDI activity assay
PDI activity was assessed in a test tube using a commercially available assay ProteoStat™ PDI
assay kit (Enzo Life Sciences, Lörrach, Germany). The assay was performed as recommended
by the manufacturer.
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FACS anaylsis
Cell apoptosis and cell cycle analysis were assessed by FACS. For cell apoptosis HUVEC were
stimulated with NOD (100µM) or Tunicamycin (1µg/ml) for 24 hrs followed by Annexin V/PI
staining (Life Technologies, Darmstadt, Germany). For cell cycle analysis HUVEC were
stimulated with NOD (100µM) for 24 hrs. After stimulation the cells were harvested by trypsin,
washed three times with phosphate-buffered saline (PBS), and stained for 15 min at room
temperature with 5 µl of Annexin V–FITC and 10 µl of PI (5 µg/ml) in 1

binding buffer

(10 mM HEPES, pH 7.4, 140 mM NaOH, 2.5 mM CaCl2). For cell cycle analysis the cells were
stained with DRAQ5 (Biostatus Lim., Shephsed, UK) at a final concentration of 10μM
according to the supplier’s protocol.

For all experiments cells were analyzed on a FACS

Calibur flow cytometer (BD Biosciences, Heidelberg, Germany). At least 50,000 gated events
were collected per sample and data were analyzed by Flowjo software (Tree Star, Inc., Ashland,
OR, USA).

Proliferation assay
HUVECs were seeded in multiple cell densities (2 x 103-8 x 103) in a 96-well plate and cultured
in 100 μl of complete medium for 24 hrs. Hereafter cells were treated with different
concentrations of NOD for 24 hrs and pulsed with 0.2 μCi of [6-3H]thymidine/well (Perkin
Elmer, Groningen, The Netherlands) during the last 16 h of culture. All conditions were tested
on six replicates culture wells. Incorporated 3Hthymidine was assessed by scintillation counting
in a liquid scintillation counter (LS 6500, Beckman Coulter, Krefeld, Germany).

Intracellular ATP measurement
Cells were cultured from passage 2 till passage 6 in the presence or absence of NOD (1 µM).
At passage 6 the cells were seeded in 6-well plates and were cutured for additional 2days.
Hereafter cells were harvested by trypsin, counted and 500.000 cells pro condition were lysed
in 200 µl of lysis buffer (100 mM Tris, 4 mM EDTA, pH 7.7). Lysates were collected and ATP
concentrations were assessed directly hereafter using a commercially available ATP-driven
luciferase assay according to the manufacturer’s instruction (Roche Diagnostics, Mannheim,
Germany). All experimental conditions were tested in triplicates in at least 3 different
experiments.

LDH assay
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Tolerance to hypothermia associated cell damage was assessed by lactate dehydrogenase (LDH)
release. To this end, HUVEC were cultured from passage 2 till passage 6 in the presence or
absence of NOD (1 µM). At passage 6 the cells were seeded in 24-well plates and were cultured
for additional 2 or 5 days in the absence of NOD. Shortly before subjecting the cells to cold
storage the medium was changed to phenol red free and cells were stored for 24 hrs at 4 ºC.
Cell damage was assessed by LDH release in the supernatant, according to manufacturer’s
instructions (Roche diagnostics, Mannheim, Germany). All experimental conditions were tested
in triplicate in at least 3 different experiments.

Statistical analysis
All data are expressed as the means ± SD from at least three independent experiments. Statistical
significance was assessed by one-way ANOVA (Dunnett’s and Tukey test) and P<0.05 was
considered to be significant.
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Results
Induction of the UPR by NOD
To investigate if N-octanoyl dopamine (NOD) induces the UPR, we screened by genome wide
gene expression profiling in HUVECs for genes that were up regulated by NOD. To this end,
three different primary cultures of HUVECs were treated with 100µM NOD for 24 hrs or left
untreated. The results of the top 30 genes that showed up-regulation are depicted in Table 1.
Thirteen out of these have been reported to be UPR target genes [292, 300, 314]. Up-regulation
of the 5 most influenced UPR target genes was confirmed in independent experiments by qPCR
(data not shown). The raw and normalized data are deposited in the Gene Expression Omnibus
database (http://www.ncbi.nlm.nih.gov/geo/; accession No. GSE- 56285).
To further substantiate our affymetrix findings and to confirm that NOD treatment induces the
UPR we made use of a cis acting ER-stress response element (ERSE) - containing luciferase
reporter construct. Luciferase expression increased upon NOD treatment in lentiviral
transduced HUVEC in a dose-dependent fashion (Figure 1a). Since these cis acting elements
are present in the promoter of BiP, we assessed the influence of NOD on BiP mRNA expression.
In line with the ERSE reporter assay it was found that BiP mRNA transiently increased upon
NOD treatment, with maximal expression occurring at 8 hrs of stimulation (Figure 1b).
NOD did not selectively activate one particular proximal UPR sensor as PERK, IRE1 and ATF6
were all transiently activated. Phosphorylation of eIF2α was in most experiments evident after
24 hrs of NOD treatment. In some experiments phosphorylation was also noted at 8 hrs, but
was persistently absent at later time points (Figure 1c). Similarly, IRE1 and ATF6 were
transiently activated upon NOD treatment. Xbp1 splicing (Figure 1d) and ATF6 induced
luciferase expression (Figure 1e) were maximal at 4 and 8 hrs respectively, with decreasing
tendency at later time points.
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a.

b.

c.

d.

e.

Figure 1: Induction of the UPR by NOD. (a) HUVECs were transduced by lentiviral particles containing
either an ERSE- luciferase reporter or a luciferase construct under control of a CMV driven promoter as
transduction efficiency control. The cells were stimulated for 8 hrs with 25µM, 50µM and 100µM of
NOD as indicated. Luciferase activity was assessed as described in materials and methods and
normalized for constitutively expressed luciferase. The results are expressed as normalized ESRE
luciferase activity relative to untreated (0 µM) cells. Values represent mean ± SD from three
independent experiments. *P< 0.05, **P< 0.01 vs. untreated control. (b) HUVECs were treated with
100µM NOD for the indicated time periods. Total RNA was isolated and the expression of BiP and
GAPDH was assessed by qPCR. The results are expressed as BiP mRNA levels, normalized for GAPDH
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and relative to cells that were not treated. *P< 0.05, **P< 0.01 vs. untreated control. (c) HUVECs were
treated with 100μM NOD for the indicated time periods. Hereafter protein extracts were made and
phosphorylation of eIF2α was assessed by Western blotting. The blots were stripped and re-probed
with antibodies directed against total eIF2α and ß-actin to test for equal loading. The results of a
representative blot are depicted, a total of 4 independent experiments were performed. (d) HUVECs
were treated for 4 and 24 hrs with 100μM of NOD before total RNA was isolated. Cells that were not
treated (Med.) served as control. Spliced and unspliced xbp-1 mRNA were detected by PCR. The spliced
and unspliced amplification products differ by 26bp. (e) Cells were transduced with lentiviral particle
containing an ATF-6-driven luciferase reporter or a luciferase construct under control of a CMV driven
promoter as transduction efficiency control. The cells were stimulated for different time periods with
NOD 100μM. Luciferase activity was assesses as described in materials and methods and normalized
for constitutively expressed luciferase. The results are expressed as normalized ATF6 luciferase activity
relative to timepoint 0. Values represent mean ± SD from three independent experiments. **P< 0.01,
* P< 0.05 vs. untreated control, ns: no significant.

Structural requirements of NOD for UPR induction
To assess the structural requirements for UPR induction by NOD we used NOD as lead
compound and subsequently changed the functional groups at the aromatic ring or exchanged
the octanoyl - for the more bulky pivaloyl moiety. The changes at the aromatic ring included,
omission of one hydroxyl group (N-octanoyl tyramine (NOT) and acetylation of the hydroxylgroups (A-NOD). While NOT has a significant lower redox activity compared to NOD, in ANOD oxidation of the masked catechol structure can only occur intracellular. Moreover
acetylation of the hydroxy groups makes the molecule more polar which may facilitate cellular
uptake. The presence of the bulky pivaloyl moiety in N-pivaloyl dopamine (NPD) makes the
ester more resistant to hydrolysis [213] (Figure 2).
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Figure 2: Molecular structure of NADD used in the study.

Using the ERSE- containing luciferase reporter construct, it was shown that only the redox
active compounds NOD, A-NOD and to a lesser extent NPD were able to increase luciferase
expression in lentiviral transduced HUVEC, while the redox inactive NOT showed no effect
(Figure 3a). In line with these findings, increased BiP mRNA expression and ER-sensor
activation (Figure 3b-e) only occurred by the redox active NADD variants. It should be
mentioned however that with exception of the ATF6 reporter assay, in all other assays NPD
was consistently weaker compared to NOD and A-NOD. In contrast to the NADD variants,
equimolar concentrations of dopamine were not able to activate the UPR (Figure 3a and b).
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a.

b.

c.

d.

e.

Figure 3: Induction of the UPR by NADD variants. (a) HUVECs were transduced by lentiviral particles
containing either an ERSE- luciferase reporter or a luciferase construct under control of a CMV driven
promoter as transduction efficiency control. The cells were stimulated for 8 hrs with 100 µM of different
NADD as indicated. Equimolar concentrations of dopamine were also included to assess if dopamine
induces the UPR. ERSE dependent luciferase activity was assessed as described in materials and
methods and normalized for constitutively expressed luciferase. The results are expressed as
normalized ESRE luciferase activity relative to untreated (Med.) cells. Values represent mean ± SD from
three independent experiments, *P< 0.05, **P< 0.01 vs. untreated control, ns: not significant. (b)
HUVECs were treated with 100µM NADD for 8 hrs. Cells that were not treated (Med.) served as control.
Hereafter total RNA was isolated and the expression of BiP and GAPDH were quantitated by qPCR. The
results are expressed as BiP mRNA levels, normalized for GAPDH mRNA expression and relative to cells
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that were not treated (Med), *P< 0.05, **P< 0.01 vs. untreated control, ns: not significant. (c) HUVECs
were stimulated for 8 hrs with 100 μM of different NADD, or left untreated (Med). Hereafter protein
extracts were made and phosphorylation of eIF2α was assessed by Western blotting. The blots were
stripped and re-probed with antibodies directed against total eIF2α and ß-actin to test for equal
loading. The results of a representative blot are depicted, a total of 4 independent experiments were
performed. (d) HUVECs were stimulated for 8 hrs with different NADD (100μM) before total RNA was
isolated. Cells that were not treated (Med.) served as control. Spliced and unspliced xbp-1 mRNA were
detected by PCR. The spliced and unspliced amplification products differ by 26bp. (e) Cells were
transduced with lentiviral particle containing an ATF-6-driven luciferase reporter or a constitutively
expressed luciferase construct. The cells were stimulated for 8 hrs with different NADD (100 μM).
Luciferase activity was assessed as described in materials and methods and normalized for
constitutively expressed luciferase activity. The results are expressed as normalized ATF6 luciferase
activity relative to untreated (Med.) cells. Values represent mean ± SD from three independent
experiments, *P< 0.05, **P< 0.01, vs. untreated control, ns: no significant.

Since oxidative folding in the ER is catalyzed by protein disulfide isomerase (PDI) we assessed
in a test tube assay if PDI activity was impaired by NOD. The known PDI inhibitor bacitracin
was included to validate the assay and showed inhibition of 65 and 15 % at a concentration of
1 and 10 mM respectively (Figure 4a).
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a.

b.

Figure 4: NOD inhibits PDI activity. (a) PDI activity was assessed by monitoring PDI-catalyzed reduction
of insulin in the presence of Dithiothreitol (DTT) and different concentrations of NOD. Bacitracin in
concentrations of 1 and 10 mM was used to validate the assay. (b). Different NADD were tested for
inhibition of PDI activity in a similar manner as described in (a). The results from three independent
experiments are expressed as mean % PDI activity ± SD, using PDI activity in the absence of inhibitors
(-) as 100 %, *P< 0.05, **P< 0.01 vs. untreated control, ns: no significant.

Although NOD was clearly less effective compared to bacitracin, NOD inhibited PDI in a dose
dependent manner with an almost 50 % inhibition at 10 mM. A-NOD and NPD did not inhibit
PDI activity (Figure 4b).

NOD does not impair cell viability
In keeping with the fact that induction of the UPR may result in apoptosis, we sought to address
if NOD treatment affects cell viability. Cell viability was assessed by means of FACS analysis
using Annexin V/7-ADD (Figure 5a). While tunicamycin, a known UPR inducer, clearly
increased the percentage of 7-AAD single and Annexin V/7-ADD double positive cells, this
was not observed for NOD (Figure 5a). Interestingly, when HUVEC were treated with NOD 3
hrs prior to the addition of tunicamycin, the number of both 7-AAD single and Annexin V/7AAD double positive cells decreased (Figure 5a). Transient induction of CHOP mRNA was
observed for both NOD and tunicamycin, albeit that CHOP mRNA expression was significantly
higher for the latter condition (Figure 5b, left panel). No significant difference in CHOP –
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mRNA stability was observed between NOD and tunicamycin treated cells (Figure 5c, middle
panel). However, BiP mRNA was more stable in NOD treated cells than tunicamycin-treated
cells (Figure 5c, right panel).
Legend to Figure 5: NOD does not impair cell viability. (a) HUVECs were treated for 24 hrs with NOD
(100 μM) or tunicamycin (TM, 1µg/ml). In addition cells were treated for 3 hrs with 100 µM of NOD
prior to tunicamycin treatment. Cells that were not treated (Med.) served as control. Both floating and
adherent cells were harvested, stained for Annexin V and 7-AAD and analysed by flow cytometry. (b)
HUVECs were treated with 100µM NOD or TM (1µg/ml) for the indicated time periods. Total RNA was
isolated and expression of CHOP mRNA was assessed by qPCR and normalized for GAPDH (left panel).
Cells were pre-treated either with NOD or with tunicamycin and then chased for 0, 2, 4 and 8 hrs with
AcD 50ng/ml. Total RNA was isolated and the expression of CHOP (middle panel) and BiP (right panel)
mRNA were assessed by qPCR and normalized for GAPDH. The results of three different experiments
are expressed as mean mRNA levels ± SD, ** P< 0.01 vs. untreated cells.

a.

b.
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Growth arrest, hypometabolism and thermotolerance
In the course of performing this study we consistently observed that the time to confluence was
much longer when HUVEC were seeded in culture plates and treated with NOD. Consequently
we assessed if NOD affects cell proliferation. As demonstrated in 3[H] thymidine incorporation
assays, NOD dose dependently inhibited cell proliferation (Figure 6a). NOD treatment changed
cell cycle phase distribution, with a relative increase of cells in the S-G2/M phase (Figure 6b),
suggesting that cell cycle progression was attenuated at the S-G2/M phase. Importantly,
affymetrix analysis also showed a significant decreased mRNA expression for genes involved
in S-G2/M progression (table 2), which was confirmed by qPCR (Figure 6c).

a.

b.

c.

Figure 6: Growth arrest, hypometabolism and thermotolerance. (a) HUVECs were seeded in different
cell densities in 96 well plates and the next day treated for 48 hrs with different concentrations of NOD.
During the last 16 hrs the cells were pulsed with 0.2µCi 3[H] thymidine and subsequently harvested.
The results of a representative experiment are depicted and expressed as mean 3H-thymidine
incorporation in counts per minute (cpm) ± SD of 6 replicate wells for each condition. A total of 6
experiments were performed with essentially similar results. Significance was defined as *P< 0.05 and
**P< 0.01 compared to untreated cells, ns: not significant. (b) In separate experiments HUVECs were
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stimulated with 100 µM of NOD or left untreated. One part of the cells was used for cell cycle analysis,
for the other part total RNA was isolated and the expression of AUROKA, CCNB1, CCNA2 and CDK1 was
assessed by qPCR (c). A total of three experiments were performed. The results in graph (b) are
expressed as mean percentage of cells in G0/1-, S- and G2/M- phase. *P < 0.05, NOD vs. untreated. The
results in graph (c) are expressed as normalized mRNA levels relative to the untreated medium control
cells. ** P< 0.01 vs. untreated control.

With exception of CHOP, all other UPR target genes tested in this study were up-regulated in
a dose dependent manner when HUVEC were treated with low concentrations of NOD (0.1 and
1 µM) form the 2nd passage on until the 6th passage (P2 to P6) (Figure 7a and b). In cells that
were treated over this long period of time with NOD, intracellular ATP concentrations were
significantly lower as compared to cells from a similar passage without treatment (Figure 7c).
The lower intracellular ATP concentration was paralleled by an increased phosphorylation of
AMPK (Figure 7d), and was still noted when NOD was removed from the culture 2 or 5 days
prior to analysis. In addition to this apparent hypo-metabolic state, cells were also more resistant
to cold inflicted injury as determined by LDH release (Figure 7e).
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a.

b.

c.

d.

e.

Figure 7: Long-term NOD treatment results in hypometabolism and thermotolerance. Three different
primary HUVEC isolations were cultured from P2 until P6 in the absence or presence of the indicated
NOD concentrations. (a) BiP mRNA expression for cells cultured in the presence of 0.1 and 1 µM NOD
was assessed by qPCR. (b) CHOP, BiP, PDI4, and ERO1L mRNA expression for cells cultured in the
presence of 0.1 µM NOD was assessed by qPCR. The results in a and b are expressed as normalized
mean mRNA levels relative to untreated controls (0, Med) ± SD of 3 replicates for each condition and
for all 3 HUVEC isolations. ** P< 0.01, *P< 0.05 vs. untreated cells. (c) Intracellular ATP concentration
was assessed in HUVEC at P6 upon long-term culture in the absence (medium) or presence of NOD (1
µM). The results are expressed as mean ATP concentration (pmol/5*105 cells) ± SD of 3 replicates for
each condition and for all 3 HUVEC isolations. **P< 0.01 vs. untreated cells (d,e). In separate
experiments NOD ( 1µM) containing medium was exchanged for normal cell culture medium at P6 and
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the cells were cultured for 2 (2d) or 5 (5d) days in the absence of NOD. Cells that were continuously
cultured in normal cell culture medium (Med.) were used as control. In (d) protein extracts were made
and assessed for phosphorylation of AMPK (p-AMPK) by Western blotting. The blots were stripped and
re-probed with antibodies directed against ß-actin to test for equal loading. The results of a
representative blot are depicted, a total of 3 independent experiments were performed. In (e) the cells
were subjected to cold storage (4°C) for 24 hrs. Hereafter LDH release was assessed in the supernatants.
Each condition was tested in triplicate in 2 independent experiments. The results are expressed as mean
LDH release (OD490) ± SD, **P< 0.01 vs. (Med.) control.
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Discussion
In the present study we demonstrate that synthetic NADD transiently activate the UPR. This
property seems to be dependent on the redox activity of these compounds. NOD did not affect
cell viability, but strongly impaired cell proliferation of HUVEC, most likely by attenuation of
cells in the S-G2/M phase. In concordance to this, mRNA expression for a number of genes
involved in S-G2/M progression was significantly down-regulated by NOD. Interestingly, longterm NOD treatment resulted in hypometabolism and thermotolerance, as suggested by a
decreased intracellular ATP concentration, activation of AMPK and increased resistance to cold
inflicted cell injury.
Sensing, responding, and adapting to environmental insults are essential for all living organisms
and are originating from evolutionarily conserved unique signal transduction pathways. Being
one such a pathway, the role of the UPR is to alleviate ER stress and, paradoxically, to activate
apoptosis, depending on the nature and severity of the stressor [315]. NADD are able to activate
the UPR mainly due to their redox active catechol structure, albeit that at high NOD
concentrations (10 mM) PDI activity was also inhibited in a test tube assay. The latter seems to
be a highly unlikely explanation for UPR induction in HUVEC, since low NOD concentrations
(25 µM) already induced the UPR. It is therefore more conceivable that oxidation of the
catechol containing NADD leads to donation of reduction equivalents, thereby changing an
oxidizing ER environment to a more reducing one. This assumption is supported by the finding
that for NOT, which contains a low redox active tyramine moiety, UPR induction was not
observed. It should also be mentioned that the hydrophobic fatty acid of NADD may facilitate
UPR induction by providing an easier access to the ER, in line with the observation that despite
its catechol structure dopamine was not able to induce the UPR. We are aware that no definite
proof that NOD indeed has access to the ER is provided. However previous published studies
in which dopamine uptake was compared to that of NOD [162] revealed that both dopamine
and NOD were found in the membrane fraction, which predominantly contains the ER
compartment, as well as in the mitochondrial- and cytosolic fraction. Hence, NOD may also
impair the redox milieu in other cellular compartments than the ER. It should be emphasized
that the ER enriched fraction also contained small amount of mitochondrial proteins, and hence
formal proof that NOD has access to the ER compartment is still lacking.
The lower efficacy of NPD for UPR induction might reflect a more limited access of NPD to
the ER as a consequence of the bulky pivanoyl fatty acid. Recently, Achard et al demonstrated
159

Chapter 8

that the long-chain saturated palmitate (C16:0) fatty acid activates the UPR [316], questioning
as to whether UPR induction as observed in our study could be mediated via intracellular
hydrolysis of NADD. This scenario is however unlikely because hydrolysis of NOT would
result in the release of octanoic acid (C8:0), yet UPR induction was not observed when
equimolar concentrations of NOT were applied to HUVEC. The concentrations of palmitate
used by Achard et al were significantly higher compared to concentration of NOD at which
UPR induction was already noted (750 vs. 25 µM).
The decision mechanisms for switching the UPR from adaptive response to apoptosis have so
far been poorly understood. Cojocari et al [317] recently suggested that the PERK signaling
arm is uniquely important for promoting adaptation and survival during hypoxia-induced ER
stress. Yet, other reports suggest that UPR mediated cell adaptation is not due to selective UPR
sensor activation, but most likely reflects changes in protein composition or mRNA stability of
adapted cells [318]. Compared to tunicamycin, NOD mediated induction of both CHOP and
BiP mRNA was modest, and may explain why tunicamicin, but not NOD treated HUVEC went
into apoptosis. Interestingly, in long-term NOD (1 µM) treated HUVEC CHOP mRNA was
down-regulated while that of BiP was persistently up-regulated. This is in line with the
observation by Rutkowski et al [318] that over a long time course of low ER stress CHOP upregulation diminishes, despite persistent up-regulation of the UPR-responsive ER chaperones
BiP. It remains to be assessed why prior NOD treatment of HUVEC, abrogates tunicamycin
mediated apoptosis, but it may well be a consequence of altered UPR signaling [318-321].
Similar as reported by Rutkowski et al for tunicamycin [318], we also observed that cell growth
was retarded when cells were continuously cultured in the presence of low NOD concentrations,
as suggested by an increased time to confluence. It has been reported that phenolic compounds
significantly affect cell proliferation by arresting cells in the G2/M phase [322-325]. Therefore
it is at present unclear if growth inhibition by NOD is causally related to UPR induction or if
this is independent of the UPR.
AMP-activated protein kinase (AMPK) is a cellular energy sensor that responds to low
endogenous energy by stimulating fatty acid oxidation. It acts as a low-fuel warning system
that is activated by depletion of ATP or, alternatively, by increased levels of AMP, to induce
an energy-saving state and to prevent lactate accumulation and cell injury [326]. Since long
term NOD treatment resulted in decreased intracellular ATP concentrations it is conceivable
that this might have triggered the activation of AMPK as observed in our study. More
importantly, we also observed that long term NOD treated HUVEC were more resistant to cold
inflicted injury. This effect was still apparent when NOD was removed from the culture medium
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and cells were grown for additional 2 or 5 days. These findings have important implications as
pre-conditioning strategies to improve organ functioning after cold storage are primarily
focused on influencing cellular metabolism or energy status and reduction of inflammation
[327]. Mamady H et al, have suggested that the UPR might be integral to long term survival in
a state of cold torpor by coordinating gene expression responses that support the hibernating
phenotype [303]. However, it would be prudent to be cautious in concluding that the apparent
hypometabolism and thermotolarance mediated by NOD are linked to UPR induction.
We have previously demonstrated that NOD has therapeutic efficacy in ischemia induced acute
kidney injury [178]. Induction of the UPR has been suggested to be protective in a variety of
ischemia/reperfusion models [328-330]. It therefore remains to be assessed if therapeutic
concentrations of NOD are able to activate UPR in vivo and to what extent this contributes to
the reno-protective effect of NOD in ischemia induced AKI.
NADD were first described as potent inhibitors of 5-lipoxygenase [166, 182] and through the
discovery that NADD are highly expressed in brain tissue, subsequent function have been
revealed. Now these conjugates have come to prominence because of their potential roles in the
nervous system, vasculature and the immune system and are being explored as potential lead
compounds in drug development. The present finding that NADD have the propensity to induce
hypometabolism and thermotolerance, irrespective as to whether this is mediated by UPR
induction, opens new perspectives in this regard.
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Abstract
N-octanoyl dopamine (NOD) activates transient receptor potential channels of the vanilloid receptor
subtype 1 (TRPV1) and down-regulates inflammatory mediators. We sought to delineate the chemical
entities within NOD that are responsible for these effects by synthesizing compounds that slightly
differ from NOD at the aromatic- , amide linker- and fatty acid moieties.
While the EC50 for TRPV1 activation by NOD was 12.7µM, the absence of one hydroxyl group at the
aromatic ring (N-octanoyl tyramine (NOT) or the use of a bulky fatty acid as ester functionality (Npivaloyl dopamine (NPiD) significantly impaired TRPV1 activation. In contrast, acetylation of the
ortho-dihydoxy groups (acetylated (A-) NOD) or shortening of the amide linker (ΔNOD) slightly
decreased the efficacy for TRPV1 activation. For the latter compound efficacy further decreased by
interchanging the position of the carbonyl and amide groups (ΔNODR). Docking studies and sitedirected mutagenesis revealed similar anchor residues for interaction of capsaicin and NOD with
TRPV1. However, mutagenesis of R491 to A in TRPV1, only affected TRPV1 activation by NOD.
With exception of ΔNODR the presence of an intact catechol structure was obligatory for inhibition
of VCAM-1 and induction of HO-1 expression. NPiD and A-NOD both displayed similar antiinflammatory properties as NOD.
We demonstrate that structural requirements for TRPV1 activation and inhibition of inflammation are
different in NOD, and possibly also in other N-Acyl dopamines. Hence our findings may provide a
framework for the rational design of TRPV1 agonists with improved anti-inflammatory properties for
the treatment of neuropathic pain caused by inflammation.
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Introduction
N-acyl dopamines (NADDs), first synthesized by Tseng et al. to inhibit the leukotriene biosynthesis
in-vitro [182], are condensation products of fatty acids linked to dopamine at the amino group.
Although the existence of endogenous NADDs in mammals was hypothesized [331], it was with the
discovery of N-arachidonoyl-dopamine (NADA) in bovine and rat nervous tissue that the presence of
endogenous NADDs could be substantiated [167]. Since then a number of endogenous NADDs have
been reported [332] and a variety of synthetic NADDs have been introduced in in vitro and in vivo
studies [166, 178]. In analogy to capsaicin, their structure can be divided into three parts, i.e. the
aromatic moiety (A-region), the linker region containing the amide bond (B-region) and the
hydrophobic aliphatic side chain (C-region) [333-335]. They show agonistic properties at the TRPV1
channel, are capable of activating the cannabinoid receptors CB1 and CB2 and show anti-inflammatory
and immune modulatory effects [189, 192].
TRPV1 is mainly expressed in the unmyelinated C-fibers and thinly myelinated Aδ-afferent nerve
[336, 337] and significantly contributes to the generation of pain signals, i.e. nociception, in patients
with neuropathic - or chronic neuropathic–inflammatory pain. The treatments that currently exist for
these patients are only moderately effective and are based on a plethora of targets and their postulated
mechanistic pathways, e.g. inhibition of inflammation [338, 339] TRPV1 modulation [340-342],
inhibition of microglial activation [343] or inhibition of spinal synaptic transmission[344]. For topical
application lidocaine[345], nitrate [346] and capsaicin [347] have been extensively studied for their
efficacy in the treatment of diabetic peripheral neuropathy. Most of these studies have reported a
significant reduction of pain intensity, albeit that the routine use of capsaicin is not recommended as
it is associated with complete or near complete epidermal denervation and subsequent impaired nerve
regeneration [348].
There is growing evidence that supports a prominent role of inflammation in the development and
maintenance of neuropathic pain. TRPV1 activation by NADDs has been reported to modulate
nociceptive signaling in inflammatory pain [349-351]. Independent hereof, NADDs also exhibit antiinflammatory properties on their own, by virtue of their ability to inhibit signaling pathways involved
in inflammation, e.g. NFκB, NFAT and activator protein 1 signaling [10, 11, 21]. We have recently
demonstrated that N-octanoyl dopamine (NOD) shows profound cyto-protective properties in terms of
reducing cold inflicted injury [162, 308, 309], down-regulation of inflammatory mediators [194] and
inhibition of platelet function [309]. In vivo NOD has a salutatory effect on ischemia induced acute
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kidney injury (AKI) in rats [178]. NOD differs from capsaicin in that it contains a catechol moiety (the
A-region), it is a CH2 shorter (the B-region) and it contains a completely saturated aliphatic chain (the
C-region). To assess if these differences would explain the lower TRPV1 agonistic, but superior antiinflammatory properties of NOD relative to that of capsaicin, in the present study we used NOD as a
lead compound and subsequently made changes in the A-,B- and C-region to delineate to what extent
this affects TRPV1 activation and the anti-inflammatory properties.
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Materials and methods
Chemicals
All chemical reagents were purchased from Sigma Aldrich (Sigma-Aldrich Chemie GmbH, Munich,
Germany) unless otherwise indicated.

N-acyl dopamine synthesis
N-acyl dopamines viz. N-octanoyl dopamine (NOD), N-pivloyl dopamine (NPiD) and N-octanoyl
tyramine (NOT) were prepared from commercially available precursors as described previously[162]
and were purified by two fold recrystallization from dichloromethane as demonstrated by thin layer
chromatography (TLC). Briefly, octanoic acid was converted to its mixed anhydride derivative by
reaction with ethyl chloroformate in the presence of N-ethyl diisopropylamine. The crude mixed
anhydride was incubated with dopamine hydrochloride in N,N-dimethylformamide and N-ethyl
diisopropylamine to form NOD. After aqueous preparation and evaporation of the organic solvent
NOD in an overall yield of approximately 60% is obtained. The sample investigated by NMR (Bruker
AC250) yielded spectra in accordance with the expected structure. Acetylation of NOD (A-NOD) was
performed by suspending 2g of NOD in 5 ml acetic anhydride under magnetic stirring. When two
drops of sulphuric acid were added, the suspension turned clear and stirring was continued for one
hour. Diluted hydrochloric acid (5 mL) was added and 30 min later the reaction mixture was poured
into 200 ml ice water. The precipitated product was collected by vacuum filtration and dried under
vacuum to yield A-NOD, pure as judged by thin layer chromatography (TLC).
Synthesis of ΔNOD: The general procedure [162] was followed. Briefly, 2.3 mmoles (0.506 g) 3,4Dihydroxybenzylamine hydro bromide salt were dissolved under nitrogen in 7.5 mL
Dimethylformamide and the twofold stoichiometric amount of octanoic acid mixed anhydride (see
above) in ethyl acetate was added, followed by 2.5 mmoles triethyl amine (0.35 mL). After stirring
overnight in the dark and aqueous workup, the crude product was recrystallized from 12 mL 60%
aqueous ethanol to yield 71% (0.435 g) of product as fine white crystals (m.p. 108-110 °C). The
product purity was confirmed by TLC (silica 60, eluent cyclohexane/ethyl acetate 3:2).
Synthesis of ΔNODR: 0.5 g (3 mmoles) of 3, 4 dihydroxyphenyl acetic acid was dissolved in 7.5 mL
tetrahydrofuran (THF) under nitrogen. Triethyl amine (0.415 mL, 3 mmoles) and ethyl chloroformate
(0.275 mL, 3 mmoles) were added and the mixture was stirred in the dark for 3 hours. Then, 0.270 mL
(3 mmoles) N-octyl amine was added and stirring continued. After 4 hours, another 5 mL THF and 0.2
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mL triethyl amine were added and stirred for another 10 hours. After aqueous workup, the product
dissolved in ethyl acetate was purified by dry column flash chromatography with elution by a step
gradient of cyclohexane and ethyl acetate. The product was obtained as white powder, pure as judged
by TLC.
Synthesis of dihydroxy capsaicin: Solution of capsaicin (50 mg, 0.16 mmol) in CH2Cl2 (10 mL) was
slowly added to a solution of BBr3 (0.5 mL, 0.5 mmol) in CH2Cl2 at -12°C in 5 min. The mixture was
stirred for 135 min at -10°C and was allowed to reach room temperature for 60 min. 3 mL water was
added for quenching the reaction and the mixture was extracted with CH2Cl2 (1x) and EE (2x). The
combined organic phases were dried with MgSO4, concentrated under reduced pressure and the crude
product was purified by column chromatography (PE  PE: EE 1:1) to obtain compound MP249 as
pale yellow oil (16 mg, 34%). Rf = 0.46 (PE:EE 1:3).

Cell culture
HEK 293 cells (obtained from ATCC, LGC Standards, Teddington, UK) were cultured in T25cm2
flask with Dulbecco’s modified Eagle’s medium (DMEM; PAA, Pasching, Austria) supplemented
with 10% fetal calf serum (FCS Gold, ;PAA), 100 U/l penicillin and 100 µg/ml streptomycin (PAA)1%
Penicillin Streptomycin at 37°C with 5% CO2 humidified atmosphere. 24 h prior to transfection, 4.0 x
105 cells per well were plated on poly-D-lysine (10 µg/ml) coated round (Ø 15 mm) coverslips and
transfected with 1 µg pcDNA3-rTRPV1 and 3 µl Metafectene (metafectene® pro - Biontex
Laboratories GmbH).
Human umbilical vein endothelial cells (HUVECs) were received in collaboration with the Institute of
Transfusion Medicine and Immunology, Medical Faculty Mannheim, Heidelberg University.
Permission for isolation and propagation of endothelial cell from umbilical cords for research purposes
was granted by the local ethic committee of the Clinical Faculty Mannheim, University of Heidelberg
with informed consent in writing.
Human umbilical vein endothelial cells (HUVECs) were isolated from the freshly available umbilical
cord. Cells were grown in basal endothelial cell growth medium (Provitro GmbH, Berlin Germany),
supplemented with 2% fetal bovine serum, without antibiotics at 37º C in a 5% CO2 humidified
atmosphere and experiments were conducted on cells at approximately at 80-90% confluence.
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Site directed mutagenesis
A pcDNA3-rTRPV1 construct was used to generate rTRPV1-R491A (5'-GCA GGA AAT ATT GAA
TCC CTG CGA AGA AGA AGT AGA CTC CTC-3'; 5'-GAG GAG TCT ACT TCT TCT TCG CAG
GGA TTC AAT ATT TCC TGC-3); T511A (5'-GTA CAA AGA AAA GTA TCT CAC TGG CGC
TGT CCA CAA ACA AAC TCT TGA-3', 5'-TCA AGA GTT TGT TTG TGG ACA GCG CCA GTG
AGA TAC TTT TCT TTG TAC-3');S512A (5'CTG TAC AAA GAA AAG TAT CTC ATA GGC
GCT GTC CAC AAA CAA ACT-3', 5'-GAG TTT GTT TGT GGA CAG CGC CTA TGA GAT ACT
TTT CTT TGT ACA-3'); T550A (5'-GTA GAG CAT GTT GGC CCA GCC CAT GGC CA-3', 5'TGG CCA TGG GCT GGG CCA ACA TGC TCT AC-3'); and E570A (5'-CTG TAC AAA GAA
AAG TAT CTC AGC GTA GCT GTC CAC AAA CAA ACT C-3', 5'-GAG TTT GTT TGT GGA
CAG CTA CGC TGA GAT ACT TTT CTT TGT ACA G-3') mutations using QuikChange SiteDirected Mutagenesis Kit (Agilent Technologies) as per manufactures’ protocol. Sequence of all the
clones was verified by using BigDye® Terminator v3.1 Cycle Sequencing Kit at Department of
Pathology by Dr. Christian Saur.

Calcium Imaging
48 hours post transfection cells were transferred into extracellular solution containing NaCl 137.6 mM,
KCl 5.4 mM, MgCl 0.5 mM, CaCl2 1.8 mM, glucose 5 mM and HEPES 10 mM (Roth, Karlsruhe,
Germany), loaded with the fluorescent dye FURA-2AM (3µM; Biotrend, Köln, Germany) with
Pluronics F-127 3µM or 45 mins at RT in dark. Followed by 20 min washout in extracellular solution,
fluorescence was measured using an inverted microscope (IX-81 with Cell^R, Olympus, Hamburg,
Germany) and an ORCA-R2 CCD camera (Hamamatsu Corp., Bridgewater, NJ, USA). After
alternating excitation with light of 340 nm and 380 nm wavelength, the ratio of the fluorescence
emission intensities at 510 nm (340nm/380nm [510nm]) was calculated and digitized at 0.5 Hertz.
This fluorescence ratio is a relative measure of intracellular calcium concentration [352]. Analysis was
done using cell^R software (Olympus). All capsaicin responding cells constituted region of interest
and each coverslip was considered as an independent experiment. Absolute change in ratio was
determined by subtracting baseline value from the peak.

Protein isolation and Western Blotting
HUVEC lysates were generated by using a buffer containing 10mM Tris-HCl, 150 mM NaCl, 5 mM
EDTA, 1% Triton X-100, 0.5% sodium deoxycholate, 1 µM dithiothreitol (DTT), proteinase inhibitor
cocktail and phosphatase inhibitor (. Protein concentration was measured using Coomassie-Reagent
(Pierce, Rockford, USA). Samples (15 μg protein extract) were heated to 95 °C for 5 minutes, loaded
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and separated on 10% SDS-polyacrylamide gel followed by semi-dry blotting onto PVDF membranes
(Roche, Mannheim, Germany). The membranes were incubated with 5% w/v non-fat dry milk in
TBS/Tween20 0.5% to block unspecific background staining and hereafter incubated overnight at 4°C
with anti-VCAM-1 (1:1000, R&D Systems, Wiesbaden, Germany) or HO-1 (1:2000, Enzo, Biochem
Inc.). Subsequently, the membranes were thoroughly washed with TBS-Tween 0.1% and incubated
with the appropriate horseradish peroxidase conjugated secondary antibody, followed by five times
wash in TBS/Tween20 0.1%. Proteins were visualized using enhanced chemiluminescence
technology, according to the manufacturer’s instructions (Pierce, Rockford, IL). To confirm equal
protein loading, membranes were stripped and re-probed with monoclonal anti-β-actin antibody
(1:10,000, Abcam plc, UK).

Luminol Assay
The redox activity of the compounds was measured using luminol assay. Serial dilutions of the
compounds were prepared in distilled water and were added to Luminol reaction mix (luminol 2.5mM,
p-Coumaric acid 0.9mM and 0.3% H2O2). HRP (0.1µg/µl) was added to the reaction mix and
quenching of chemiluminescence was measured immediately using infinite® 200 PRO – Tecan
microplate reader. The measurements were performed in triplicates.

Molecular modeling
Because of structural similarity between the NOD and capsaicin the structure of TRPV1 PDB 3J5R
[353], in which TRPV1 forming complex with capsaicin was taken. This structure is a reconstruction
of the above mentioned complex by single particle cryo-microscopy [354] ICM software was used for
performing docking [355]. The structures of the different NADDs were sketched by using the
Molecular Editor of ICM software. Protein and inhibitor structures were converted into ICM objects.
During protein conversion process, hydrogens were added and the full structure was optimized.
Meanwhile, during ligand conversions, two-dimensional representations were converted into threedimensional ones, partial charges were assigned, and rotatable bonds were identified.
ICMPocketFinder [356] program was used to identify the main cavity in the structure 3j5r; the default
tolerance value of 4.6 was used for the definition of the limits of the pocket. Box position and size,
were kept according to the values suggested by the program. The best docked position for each
complex was determined by considering the total energy value after ten runs.
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Statistical analysis
All data are expressed as the means ± SEM from at least three independent experiments. Statistical
significance of results was assessed by one- or two-way ANOVA (main effects: substance or receptor
variant and concentration) followed by LSD post-hoc tests (STATISTICA for Windows 4.5, StatSoft
Inc., Tulsa Oklahoma, USA), p<0.05 was considered to be significant. EC50 calculations were done
using graphpad prism 5.0.
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Results
Structural characteristics of NADDs essential for TRPV1 Activation
In order to assess the molecular entities within NOD that are required for TRPV1 activation NOD was
used as a lead structure and subsequently compounds were synthesized that slightly differ from NOD
at the aromatic moiety (A-region), the linker region (B-region) or the aliphatic chain (C-region).

Figure 1: Chemical Structures of NADDs. (a) Chemical structure of NOD and Capsaicin and Similartity in their
chemical structures along with the functional groups. (b) Chemical structures of NADDs and NOD analogs.
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These changes included acetylation of the catechol structure, (A-NOD), omitting one hydroxyl
functional group from the benzene nucleus (N-octanoyl tyramine (NOT)), exchanging octanoyl for the
branched pivaloyl as ester functionality (N-pivaloyl dopamine (NPiD)) and shortening of the linker
region by one CH2. The later was made in two variants in which the positions of the carbonyl group
were interchanged relative to the position of the amide group (ΔNOD and ΔNODR). In addition the
vanilloid moiety of capsaicin was changed to a catechol structure (CAP-OH) (Figure 1).

TRPV1 Activation
TRPV1 activation capability of the synthetic NADDs was assessed using the calcium imaging
technique on rTRPV1 transfected HEK cells. Neither one of the synthetic NADDs nor capsaicin
induced a significant change of intracellular calcium in the untransfected HEK cells (data not shown).
Calcium imaging was performed in single dishes of rTRPV1 transfected HEK cells in a step-increase
manner to estimate the concentration range at which calcium transients appeared upon stimulation with
each of the compounds. Capsaicin induced concentration-dependent increases of intracellular calcium
with an EC50 of about 300 nM (log 10 EC50 -6.5 ± 0.46; Fig. 2a, B, Table 1). The same was true when
applying NOD (Fig. 2a-c) but NOD was significantly less potent and effective at TRPV1 as compared
to capsaicin (log 10 EC

50

of -4.91 ± 0.15; main effect of substance: F (1,40) = 98.34; p < 0.001;

ANOVA).
NOD mediated calcium transients displayed marked tachyphylaxis from stimulus to stimulus and were
completely abrogated when the cells were stimulated with NOD in the presence of the TRPV1
antagonist capsazepine (CPZ) (Figure 3). Interestingly, NOD responses were persistently reduced after
wash-out of CPZ, while the response to capsaicin did occur after thoroughly washes-out of CPZ.
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Table 1: Activation of TRPV1

Table 1: EC50 of the compounds. The EC-50 value defined as the concentration of the compound needed to
evoke the response corresponding to the 50% of the maximum produced by that compound. The increase in
(𝑇𝑜𝑝−𝑏𝑜𝑡𝑡𝑜𝑚)

ratio was fitted in 𝑦 = 𝐵𝑜𝑡𝑡𝑜𝑚 + (1+10(𝐿𝑜𝑔𝐸𝐶50−𝑋)×𝐻𝑖𝑙𝑙𝑠𝑙𝑜𝑝𝑒 equation to obtain LogEC50 values. Bottom was
constrained to 0 since the baseline was subtracted from the response as per recommendation of the software.

EC50 values of the compounds for TRPV1 were assessed in dose-response experiments, in which
rTRPV1 transfected HEK cells were only once stimulated in multiple dishes for each concentration
(Table 1). Several of synthetic NADDs were also capable to activate TRPV1 in a concentrationdependent manner (F (4, 59) = 34.21; p < 0.001; ANOVA), NOD was most and A-NOD least efficacious
at TRPV1 (main effect of variant F (3, 59) = 5.89; p < 0.01; ANOVA). Capsaicin was significantly more
potent in activation of TRPV1 as compared to NOD (Figure 2d, EC50 300nM vs 12.21µM), while the
potencies of NOD EC50 12.21 µM and ΔNOD EC50 20.8 µM to activate TRPV1 were approximately
similar but significantly higher as compared to ΔNODR 187.7 µM (Figure 2e). The efficacy of CAPOH EC50 736 µM was slightly lower as compared to capsaicin 304.6 nM, but still significantly higher
than NOD (Table 1).
Because in step-increase experiments for NOT and NPiD these compounds precipitated at high
concentrations (1 mM) at which calcium transients were only 38 and 51% of the capsaicin response,
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EC50 values could not be determined. It should be mentioned however that a slight calcium transients
for NOT and NPiD were observed at 100 and 500 µM respectively (data not shown).

Legend to Figure 2: rTRPV1 activation (a) Representative example of a calcium imaging experiment using
rTRPV1 transfected HEK cells. The ratio 340/380 at 510 nm – a measure proportional to free intracellular
calcium – is false color coded where warmer colors indicate increasing calcium values. (b) A single dish of
rTRPV1 transfected HEK cells which were stimulated with increasing concentrations (100pm, 1nM, 10nM,
100nM, 1µM, 10 µM) of capsaicin. At the end of the experiment cells were stimulated with 10µM of Ionomycin.
The results are expressed as average ratio 340/380 at 510 nm using at least 100 regions of interest (ROI) with
each ROI containing approximately 4 or more cells. The result of a representative experiment from a total of
three is depicted. (c) rTRPV1 transfected HEK cells were stimulated with increasing concentrations of NOD
(0.5µM, 5µM , 10µM, 100µM, 178µM, 562µM and 1mM) At the end of the experiment cells were stimulated
with 10µM of Ionomycin. The results are expressed as average ratio 340/380 at 510 nm least 100 regions of
interest (ROI) with each ROI containing approximately 4 or more cells. The result of a representative experiment
from a total of three is depicted. (d) Dose response curves of NOD and capsaicin; *** p < 0.001, LSD post-hoc
test. (e) Dose response curves obtained with different NADDs; n.s. p > 0.3, * p < 0.05, ** p <0.01, *** p < 0.001,
LSD post-hoc test for main variable. The results are expressed as average ratio 340/380 at 510 nm ± SEM of all
measurements.
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Figure 3: A representative experiment showing increases in free intracellular calcium in rTRPV1 transfected
cells in response to repetitive application of 30µM NOD. The response displayed marked tachyphylaxis from
stimulus to stimulus (grey trace). Application of equimolar concentration of competitive TRPV1 antagonist
capsazepine before and during the 2nd stimulus (CPZ; black trace) abolished the NOD response. Bar graph shows
the maximum increase in the in free intracellular calcium upon response to repetitive application of 30µM NOD
with or without equimolar concentration of capsazepine (Figure to the right).

Interaction of NOD with TRPV1
Based on the electron cryo-microscopy structure of the rTRPV1 ion channel [353] docking studies
with NOD and capsaicin were done to understand the interaction between the agonist and the channel.
Docking studies revealed potential interactions for capsaicin with three amino acids Y511, T550 and
E570 in the TRPV1 binding pocket. For NOD two of these interactions were the same, i.e. T550 and
E570, while no interaction with Y511 was suggested (Figure 4). To further evaluate the interactions
revealed by the docking model and previously published data for S512 and R491 [357] interacting
amino acids in rTRPV1 were changed to alanine by site-directed mutagenesis. No difference in
expression level for the rTRPV1 variants was observed two days post transfection, as confirmed by
immunofluorescence. The effect of these mutations on TRPV1 activation was studied at three different
concentrations of NOD (15µM, 50µM and 200µM) and capsaicin (300nM, 1µM, and 10µM)
corresponding to approximately 1, 3 and 13 (for NOD) or 30 (for capsaicin) times the EC50 value
(Figure 5).
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Figure 4: Docking of capsaicin and NOD in TRPV1 channel. (a) A zoomed in view of the capsaicin binding
pocket (filled object) as defined by the docking calculation done using ICMPocketFinder is shown. (b) A
representative configuration of the interactions of capsaicin (pink color) within the binding pocket of TRPV1 is
shown. Capsaicin interacts with three amino acids Y511, T550 and E570 in the TRPV1 binding pocket. This
occurs by making hydrogen bridges between the hydroxyl group attached to aromatic ring of capsaicin and
amino acid residue E570, with the hydrogen of the amine group of capsaicin and T550 and with the carbonyl
group of capsaicin and Y511. (c) A representative configuration of the interactions of NOD (cyan color) within
the binding pocket of TRPV1 is shown. Both hydroxyl groups on the catechol moiety of NOD interact with E570
via hydrogen bridges. Similar as for capsaicin the hydrogen of the amine group interacts with T550.
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Figure 5: Point mutation of the identified binding sites dramatically changes the TRPV1 channels sensitivity
to capsaicin and NOD. HEK cells were transfected with different mutants of TRPV1 and allowed an expression
time of two days. Hereafter, cells were challenged (n=3) with different concentration of either capsaicin
(300 nM, 1 µM, 10 µM; upper graph) or NOD (15 µM, 50 µm, 200 µM; lower). n.s. p > 0.01, (+) p < 0.1, ** p <
0.01, *** p < 0.001, Anova with LSD post-hoc test versus wild-type tested at the same concentration.

At the EC50 - and three times EC50 concentrations TRPV1 activation was completely abrogated for the
Y511A and E570A mutations upon capsaicin and NOD stimulation and remained significantly
diminished even when using excessively high concentration. Also the T550A significantly diminished
TRPV1 activation, which seemed to be more pronounced in the case of NOD stimulation at EC50 and
three times EC50 concentrations. TRPV1 activation for the R491A variant was only diminished by
NOD when using EC50 concentrations. Changing of S512A completely abolished TRPV1 activation
by capsaicin, NOD or resiniferatoxin (RTX) when tested over a range of concentration (data not
shown).
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Anti-inflammatory property of NADDs
To assess if the structural changes in the synthetic compounds would also affect their antiinflammatory properties, we screened all compounds for down-regulation of TNF-α mediated VCAM1 expression and induction of HO-1 in HUVECs (Figure 6a). Except for ΔNODR all catechol
containing structures were able to inhibit TNF-α mediated VCAM-1 expression, while this was neither
observed for capsaicin nor for NOT. Inhibition of VCAM-1 expression was paralleled by a
concomitant induction of HO-1 expression. Dose-response experiments for direct comparison of NOD
vs NOT, capsaicin vs CAP-OH and ΔNOD vs. ΔNODR are depicted in Figure 6b-c. In considering
that catechols contain a high redox activity which may contribute to the anti-inflammatory effects of
NADDs [194], we assessed for each compound the quenching properties in a peroxidase mediated
luminol chemiluminescence reaction (Figure 7). When tested at 125 µM the redox activities of NOT
and ΔNOD were low as compared to that of the other compounds (Figure 7a). CAP-OH was slightly
but significantly better in its quenching properties compared to capsaicin. Since ΔNOD and ΔNODR
both contain a catechol moiety and the latter neither inhibited VCAM-1 expression nor induced HO1, we performed a dose response of ΔNOD and ΔNODR for direct comparison of their redox activity
(Figure 7b). The quenching properties of ΔNODR were approximately 100 times higher as compared
to ΔNOD.

Figure 6: VCAM-1 inhibition and induction of HO-1 by the test compounds (A) HUVECs were stimulated
overnight with 10 ng/ml of TNF alpha in the presence of 100µM of the various compounds. The expression of
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VCAM-1 and HO-1 was assessed by western blotting. (B-D) Dose-response experiments for direct comparison
of NOD vs NOT (B), Capsaicin vs. CAP-OH (C) and ΔNOD vs. ΔNODR (D). For all the blots equal loading of protein
was ensured with ß-actin. The results of representative experiments are shown, a total of at least 4
independent experiments were performed.

a.

b.

Figure 7: Redox activity of test compounds. (a) The ability to quench peroxidase mediated luminol
chemiluminescence was tested. To this end, 125µM was added to 100µl of reaction mixture containing 0.005
U of horseradish peroxidase (HRP) and 10 µM of luminol.t. (b) Serial dilutions of ΔNOD vs. ΔNODR were added
to 100µl of reaction mixture containing 0.005U of horseradish peroxidase (HRP) and 10 µM of luminol. In A and
B chemiluminescence was measured directly after addition of 0.01% H2O2.
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Discussion
We have previously demonstrated that apart from TRPV1 activation NOD shows profound cytoprotective properties in terms of reducing cold inflicted injury [162, 308, 309], down-regulation of
inflammatory mediators [194] and inhibition of platelet function. In the present study we sought to
dissect the molecular entities within NOD that govern TRPV1 activation and are responsible for the
anti-inflammatory effect as defined by down-regulation of TNF-α mediated VACM-1 expression and
induction of HO-1. The major findings of this study are as follows, Firstly, alterations in the A-, Band C-regions of NOD may all affect the potency to stimulate TRPV1. While this was most profound
when a short branched fatty acid was used as ester functionality in the C-region (NPiD) or when a
hydroxyl group was omitted in the A region (NOT), shortening of the linker region by one CH2 (ΔNOD
and ΔNODR) or acetylation of both hydroxyl groups in the A-region (A-NOD) impaired TRPV1
activation to a much lesser extent. Secondly, docking studies suggested that amino acids (aa) Y511,
E570 and T550 in TRPV1 may interact with capsaicin, while only E570 and T550 are interacting with
NOD. In addition to these putative interacting aa, site directed mutagenesis also revealed the
importance of S512 for TRPV1 activation by capsaicin or NOD and of R491 for activation by NOD.
Thirdly, the anti-inflammatory effects of the compounds were not significantly affected by changes in
the A-, B- and C-regions of NOD as long as the catechol moiety in the A-region was maintained.
Acetylation of the ortho-dihydroxy groups (A-NOD) was equally effective as compared to NOD. The
only exception found in this study was ΔNODR which was not able to inhibit VCAM-1 expression
despite the fact that carries an intact catechol structure.
The capsaicin-bound TRPV1 structure was previously resolved by making use of cryo-EM [353, 354])
and iterative computation in conjunction to systematic site-specific functional tests [358]. From these
data it has been postulated that capsaicin takes a ‘tail-up, head-down’ configuration in which the
vanillyl and amide groups form specific interactions with residues T570 and T550 by hydrogen bonds
to anchor its bound position. The aliphatic chain interacts with the channel through nonspecific Van
der Waals (VDW) forces and contributes to the binding affinity. This is followed by a series of
structural rearrangements to stabilize the activated conformation mainly by ‘pulling’ at E570 through
hydrogen bonding and VDW forces. The Y511 residue seems not to play a role in hydrogen bounding
but closes the mouth of the binding pocket and thereby cradling the capsaicin molecule inside [358].
This model thus explains why the Y511A mutation leads to impaired TRPV1 activation, but neither
addresses the importance of S512 for TRPV1 activation by capsaicin [357] and NOD, nor does it
explains the role of R491 for TRPV1 activation by NOD.
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Our docking studies suggest similar interactions for NOD and TRPV1 as described for capsaicin, i.e.
the catechol group interacts with E570 while the amide interacts with T550. We did not see an
interactions with M547 as proposed by Gavva et al [359] nor did we observe Pi-stacking between the
aromatic rings of the Y511 and the TRPV1 ligands [357].
Amongst the different NADDs, NOD proved to be the most potent in TRPV1 activation. A-NOD
slightly differed in this respect from NOD and might interact with TRPV1 either in its acetylated form
or after conversion to NOD by esterase activity. Strikingly, the EC50 values for ΔNOD and ΔNODR
were significantly different although the docking study suggested that both compounds do not differ
in the number of interactions with TRPV1. This can be explained on the basis of a lower cellular uptake
of ΔNODR as compared to ΔNOD. Both NPiD and NOT were extremely poor TRPV1 agonists. In
comparison to NOD, NPiD contains a short bulky fatty acid tail which may not provide sufficient
VDW forces in the interaction with the hydrophobic core of the channel [358]. Similarly NOT would
only allow one hydrogen bond with E570, as opposed to two bonds for NOD, resulting in a relative
loss of binding affinity and thus impaired TRPV1 activation.
The anti-inflammatory effect of NADDs, i.e. the ability to inhibit VCAM1 expression and to induce
HO-1, seems to depend on the presence of the catechol structure which acts as an anti-oxidant able to
inhibit NFĸB [194] and to activate the Nrf2-keap1 pathway [360]. This also explains why CAP-OH is
more superior as compared to capsaicin in this regard. However, a direct comparison between ΔNOD
and ΔNODR reveal a significant higher redox activity of the latter despite the fact that it was neither
able to inhibit VCAM1 expression nor to induce HO-1. One explanation for this paradoxical finding
could be the ease of undergoing enolization under basic and acidic conditions as a consequence of a
keto-enol tautomerism (Figure 8). The formation of an enol structure allows conjugation of electron
lone pairs of nitrogen and oxygen with the aromatic system and thus considerably increases the
electron density at the aromatic head. Therefore, the redox potential, i.e. the affinity for electrons,
becomes lower and is more easily oxidized. Although both NOD and ΔNOD may display keto-enol
tautomerism, the newly formed enol double bonds are not in conjugation with the aromatic pi-system
and thermodynamically less favorable (Figure 8).
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a.

b.

Figure 8: Keto-enol tautomerism of ΔNODR and NOD. (a)Keto-enol-tautomeric structures of ΔNODR. For
NODR, there is formation of conjugated double bond in the enol form. A negative charge at the hydroxyl group
would therefore be stabilized over the whole ring and to the oxygen of the amide, which accounts for high
potential of oxidation of the ΔNODR. (b) Keto-enol-tautomeric structures of NOD. For the enol form of NOD
there is no possibility of conjugation of double bond.

This is in contrast to ΔNODR in which the enol double bond is in conjugation with the aromatic pisystem. Hence ΔNODR might have a higher electron density at the aromatic head and thus more easily
oxidized as compared to NOD or ΔNOD. The higher electron density however may also impair its
ability to cross the negatively charged phospholipid membrane, supporting our finding that the EC50
value for TRPV1 activation was significantly higher for ΔNODR as compared to ΔNOD even though
the docking studies did not reveal a difference between both for interacting with TRPV1.
In conclusion, we demonstrate that the molecular entities that govern TRPV1 activation by NOD, and
presumably NADDs in general, are different from the ones that provide NADDs their antiinflammatory properties. In keeping with the close relation between inflammation and pain,
compounds that can desensitize TRPV1 and have anti-inflammatory properties, may offer new
therapeutic avenues for the treatment of inflammatory pain. Topical application of capsaicin has long
been clinically used to treat persistent pain, such as osteoarthritic pain, post-herpetic neuralgia of the
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trigeminal nerve, migraine prophylaxis, diabetic neuropathy, HIV-associated distal sensory
neuropathy, and intractable pain in cancer patients [340, 361-364],. Nonetheless its use is associated
with complete denervation and impaired nerve regeneration [348] as a consequence of strong TRPV1
activating properties. Moreover, it may not, or only indirectly, address the inflammatory component
of pain. Our findings may thus provide a framework for the rational design of moderate TRPV1
agonists with improved anti-inflammatory properties for the treatment of neuropathic pain caused by
inflammation.
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Summary, general discussion and future perspectives
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Summary
The introduction of new powerful immunosuppressive agent in clinical practice did parallel a
significant reduction of acute rejection episodes and improved short-term graft survival. Yet, late graft
loss did not change equally. Chronic allograft nephropathy, interstitial fibrosis and tubular atrophy
(IF/TA) continues to be a major cause for late graft loss and readmission onto the waiting lists. Now
that important risk factors for chronic allograft nephropathy, IF/TA have been identified, i.e. brain
death, ischemia-reperfusion injury, cold static organ preservation and calcineurin inhibitors, new
therapeutic modalities are warranted to counteract the gradual decline in long term graft survival. The
studies performed in the first part of this thesis describe a new group of compounds able to release CO
through an enzyme-triggered mechanism, while in the second part N-acyl dopamines, in particular Noctanoyl-dopamine, have been tested for their cytoprotective properties and the mechanisms by which
they convey protection. As elaborated in chapter 2 and chapter 3 CO releasing molecules (CORMs)
and N-acyl dopamines are promising compounds for use in transplantation medicine as they have the
ability to protect cells against the deleterious event of static cold preservation and are able to inhibit
tissue inflammation.
The introduction of CO-releasing molecules (CORMs) by Motterlini significantly paved the way in
the field of CO research and contributed to a large understanding of how CO may exert its salutary
effects in a number of pathological conditions [103, 105, 106]. While initially a variety of organic
compounds were explored for their potential use as CORMs, e.g. haloalkanes, aldehydes, oxalates and
silacarboxylic acids, it turned out that their CO release rate and toxicity profile did not justify further
development [131]. Due to the strong coordinating properties of transition metals with CO attention
subsequently shifted to the use of metal carbonyl complexes as potential CORMs. The first transition
metal carbonyls which were explored as CORMs were simple transition metal carbonyls that were
soluble only in organic solvents [105]. Subsequently, novel compounds were developed, which
displayed different rates of CO release and were more compatible with biological systems [125]. Most
of the published CORMs used in biological studies either spontaneously release CO when dissolved
in aqueous solutions, e.g. CORM-3 [125], or require special physical or chemical stimuli to favour CO
dissociation from these complexes [205-209]. It must be emphasized however, that also the use of
CORMs does not preclude CO delivery to other tissues than the target tissue as it freely diffuses in the
body once released. Yet, tissue specific delivery of CO might be more desirable to avoid or limit
potential adverse effects. One possibility to overcome this hurdle is allowing CORMs to release CO
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only intracellularly, which ideally should be triggered by cell-specific enzymes [210]. In Chapter 4
we introduce so called enzyme-triggered carbon monoxide releasing molecules (ET-CORM) as
bioactive compounds able to release CO in biological systems. These molecules are hydrolyzed by
tissue esterases allowing delivering CO only intracellular. We have demonstrated that structural
alterations of ET-CORMs significantly affect their biological activity. Our data also indicate that
different ET-CORMs behave differently in various cell types (epithelial vs. endothelial). In general
cytotoxicity of 2-cyclohexenone and 1,3-cyclohexanedione-derived ET-CORMs was more
pronounced in HUVEC compared to PTEC and was dependent on the position and type of the ester
(acyloxy) substituent(s) (acetate > pivalate > palmitate). Protection against hypothermic preservation
injury was only observed for 2-cyclohexenone derived ET-CORMs and was not mediated by the ETCORM decomposition product 2-cyclohexenone itself. Structural requirements for protection by these
ET-CORMs were different for HUVEC and PTEC. For the former ET-CORM the decomposition
product 2-cyclohexenone also inhibited VCAM-1 expression.
Further in vitro studies presented in Chapter 5 confirm that the type and the position of the ester
determine CO release and thus the biological activity. In particular, esterase-triggered CO release from
the pivalates (R = t-Bu) and palmitates (R = C15H31) was slower than from the acetates (R = Me) and
this was in accordance with the observed biological effect. In addition ET-CORMs with the ester in
the outer position were more active than the same with the ester in the inner position of the 2cyclohexenone moiety. Although both studies indicate a clear structure-activity relation of ETCORMs, our data do not unambiguously demonstrate that their biological effect directly relates to their
CO releasing properties. It might be that differences in cellular uptake also may explain the differences
in biological effect amongst the ET-CORMs.

Yet, it would be expected that the more lipophilic

compounds would have a better cellular uptake and thus a better hydrolysis and a biological effect.
Against this assumption are the experiments presented in Chapter 5 where we showed that the more
lipophilic compounds barely release CO and do not exert a significant biological effect. It thus seems
that the efficiency of ET-CORM hydrolysis is the main determinant for their biological effect. Based
on the geometry of the chemical structure of pivalate- and acetate- containing ET-CORMs it is
conceivable that the former might be less accessible for hydrolysis by esterase. This is in line with
previous publications [213, 214] that have demonstrated differences in hydrolysis efficiency of acetate
and pivalate containing pro-drugs and our own data with respect to CO release as measured by Mb
assay or headspace gas chromatography [137, 237, 238, 365]. It should be emphasized that CO release
from ET-CORMs is a two-step process in which first the ester functional group is hydrolyzed followed
by oxidation of the resulting dienol-Fe(CO)3 moiety. Hence the ease by which the dienol-Fe(CO)3
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moiety becomes oxidized will influence the rate of CO release from ET-CORMs. Since the ease of
oxidation seems to depend on the position of the ester functional group, this may underlie the
differences in both CO release and biological effect of the 2-cyclohexenone-derived ET-CORMs rac1 and rac-4. Indeed we could demonstrate in Chapter 5 that CO release from rac-4 is significantly
higher as compared to rac-1. In Chapter 6 we further demonstrated that the differences in biological
activity between rac-1 and rac-4 remained even when both compounds were made as cyclodextrin
formulation. This also strongly supports the notion that differences in cellular uptake between rac-1
and rac-4 unlikely were responsible for the differences in their biological effects. Importantly, we
demonstrate that ET-CORMs have potent anti-inflammatory actions and are able to inhibit TNFinduced VCAM-1 expression. Inhibition of VCAM-1 expression is mostly accompanied by the
induction of HO-1, albeit that a causal relation between both phenomena has not been studied.
Nonetheless, our data are compatible with inhibition of the NFκB and activation of Nrf2 pathways
respectively to explain the influence of ET-CORMs on VCAM-1 and HO-1 expression. In addition,
their ability to release CO intracellularly makes them more potent compounds, as they exert their
biological effect at a low µM concentration range in comparison with other CORMs. In particular, our
group has shown that CORM-3 is able to inhibit TNF-a mediated VAM-1 induction first at a 0,5mM
[221] concentration. In the studies presented in this thesis we demonstrated that ET-CORMs are able
to inhibit VCAM-1 at a µM range concentration [238, 365]. Interestingly, rac-4 shown to be active at
a 1µM.
A consequence of static cold preservation is the release of heme from heme containing proteins. This
causes an increase in oxidative stress and consequently damage to the cells. As proposed by Nakao et
al [39, 199], CO confers its protective effect against hypothermia mediated cell damage by binding to
cytochrome P450 heme proteins thereby stabilizing the heme interaction. It was therefore unexpected
that ET-CORMs are able to protect against cold-inflicted injury as they concomitantly release iron,
which plays a central role in the pathophysiology of cold preservation injury [38, 366]. However upon
hydrolysis of ET-CORMs, iron and CO are released in a molar ratio of 1 to 3 in favor of CO. Moreover,
based on enzyme thermodynamics it can be argued that only a small proportion of ET-CORMs will be
hydrolysed at low temperatures. Because already small quantities of CO are able to protect cells against
cold inflicted injury, under low temperatures hydrolysis of a small amount of ET-CORMs might
generate sufficient amounts of CO to stabilize cytochrome P450 heme proteins, without causing too
much harm to cells through iron release.
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Although ET-CORMs compromise a promising new group of CO releasing molecules able to release
CO intracellular through a more controlled mechanism, the clinical applicability still requires more
pre-clinical testing particularly in in vivo models.
In the second part of this thesis we focused on N-acyl dopamine derivatives, and particular on Noctanoyl dopamine (NOD). Since the initial study published in 2009 by our group on the salutary effect
of donor dopamine treatment on transplantation outcome of renal allograft recipients [45], a series of
further studies confirmed the central role of dopamine in transplantation medicine and proposed
possible mechanisms to explain these effects [151, 367-369]. Based on these findings we developed a
non-hemodynamic dopamine derivative, i.e. N-octanoyl dopamine (NOD), to avoid adverse blood
pressure and cardiac effects when applied to brain dead donors. Due to its increased hydrophobicity
NOD is taken up by cells much better as compared to dopamine and displays superior protective effects
in terms of prolonged hypothermic preservation [162], inhibition of platelet activation [309] inhibition
of NF-κB [194] and acute kidney injury [178]. In Chapter 7 we tested if NOD is able to modulate
cellular immunity for potential use as a T cell suppressive agent. Indeed we found that NOD transiently
suppressed T cell proliferation and activation. Notably NOD showed a strong synergy with CNI to
inhibit T cell activation, providing a possible rational for using combinations of CNI with NOD to
lower the nephrotoxic effect of CNI without impairing effective immunosuppression. Most of the
protective effects that have been described for NOD are mediated by the aromatic structure, and thus,
to its redox reactivity [162, 178, 194, 309, 370]. The catechol structure is widely distributed in nature
and contains two important chemical entities; its ability to act as reductant and to chelate iron [310,
371]. Because of its increased hydrophobicity we speculated that NOD would be able to cross
intracellular membranes and severely change the redox milieu within subcellular compartments.
Indeed, as presented in Chapter 8 we found that NOD and all redox active tested N-acyl dopamine
derivatives (NADD) induce the unfolded protein response possibly through oxidation of the catechol
structure and thus in turn donation of reduction equivalents. NOD did not affect cell viability but
strongly impaired cell proliferation, most likely by attenuation of cells in the S-G2/M-phase.
Interestingly, long-term NOD-treatment resulted in hypometabolism and thermotolerance, as
suggested by a decreased intracellular ATP-concentration, activation of AMPK and increased
resistance to cold-inflicted cell injury. Activation of the UPR via NOD compromises a rather intriguing
finding as UPR supposed to activate apoptosis under ER stress conditions. It should be emphasized
however that the UPR first induces a series of adaptive events, e.g. increasing the ER-associated
degradation system to get rid of inappropriately folded proteins and decreasing de novo protein
synthesis to minimize protein load in the ER. Apoptosis mostly occurs if all these protective measures
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fail and the cell is beyond repair. Based on the assumption that UPR activation might be integral to
long-term survival in the state of cold torpor in hibernating animals [303, 372], apart from its direct
chemical properties NOD may convey protection against cold inflicted cell injury by UPR activation.
Also its anti-inflammatory effect may, at least partly underlie UPR activation. A recent review nicely
highlighted that even though ER stress triggers activation of NF-κB in the early phase, UPR activation
has the potential to inhibit NF-κB activation in the later phase [373, 374]. C/EBP is a family of
transcription factors required for development and responses to injury in various tissues and organs.
Interestingly, C/EBPβ is also induced by ER stress and is able to inhibit NFκB activation through a
direct p65 subunit interaction [375-377]. Unpublished data from our group support that NOD treatment
is associated with an upregulation of C/EBPβ at the mRNA level and a concomitant decrease in the
cytoplasmic fraction of CEBP/β, suggesting sequestration to the nucleus. The latter however has not
unequivocally been demonstrated.
In Chapter 9 we finally studied the molecular entities within N-acyl dopamines that are responsible
for their TRPV1 activating and anti-inflammatory properties. The main findings of this study are the
following. Firstly, the propensity of NADD to activate TRPV1 most likely relies on their ability to
interact with the anchor residues Y511 and S512 on the TRPV1 protein. This might be accomplished
by pi-stacking of the aromatic rings of Y511 and NADD and further stabilization via hydrogen bridges.
Secondly, adequate projection of the hydorphobic tail of NADD seems to be required for effective
TRPV1 activation. Thirdly, the anti-inflammatory effects of NADDs dependent on the ability of these
compounds to donate reduction equivalence in different cellular compartments. Therefore, a balance
is needed between cellular uptake and redox activity of the compounds.
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Conclusion and future perspectives
Although ET-CORMs are emerging as an attractive system to controlled, enzyme-triggered CO
release, there are some issues that have to be studied in more detailed in the future. Firstly, thus far
ET-CORMs have been tested in vitro. Depending on the mode of application they may strongly differ
in toxicity and their anti-inflammatory properties as compared to the in vitro results. In addition, the
fate of released iron and α,β-unsaturated ketones needs to be addressed to exclude accumulation of
these by-products in critical organs such as liver. Hence pharmacokinetic studies are needed to assess
and improve their biocompatibility and pharmacokinetic profile.
Secondly, to avoid toxic adverse effects it would be preferable to obtain tissue specific CO-release.
For ET-CORMs, selective CO release and thus tissue targeting would strongly depend on differences
in tissue expression of esterases between different organs as well as between healthy and disease states.
Even though our study indicates that ET-CORMs evoke different responses in endothelial and
epithelial cells they are far from being tissue specific. Nonetheless the oxydiene-Fe(CO)3 may still
serve as CO delivery platform. When coupled to specific ligands that are selectively taken-up by cell
via specific cellular transporters this platform could potentially lead to tissue specific CO delivery.
Also the use of other enzymes with a more restricted expression pattern could be used for activation
of ET-CORMs. Recently the viability of the latter approach was demonstrated through the synthesis
of compounds consisting of an η4 -oxydiene-Fe(CO)3 moiety connected to a penicillin G amidase
(PGA)-cleavable unit [378].
In this thesis ET-CORMs are presented as pharmaceutical candidates in the field of transplantation.
As already mentioned pharmacological intervention can be done in the donor, during allograft
preservation or in the recipient. We favor the application of these molecules during cold preservation
to limit damage associated with prolonged preservation. Yet, based on the strong anti-inflammatory
properties of ET-CORMs, and the strong inflammatory cascade that is initiated upon reperfusion,
application of ET-CORMs to the recipient could also be envisaged. In contrast, ET-CORMsapplication to the donor may raise some concerns. Even though we could consider this application as
a precodioting strategy [372, 379] to increase HO-1 expression [238] and to induce the UPR [380], the
strong vasodilatation caused by CO [81, 107] may worsen hemodynamic instability of brain dead
donors.
N-acyl dopamine derivatives and especially NOD have emerged in the last years as promising
compounds in the field of transplantation. However, even though the efficacy of NOD has already
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been shown in in vivo models of heart transplantation [152] and acute kidney injury [178], its clinical
application cannot be yet considered. First of all, pharmacokinetic and biocompatibility studies are still
lacking. Thus data related to absorption, distribution and metabolism (ADME) are still missing. In
addition, due to its hydrophobicity its LogP value is relative high making intravenous application
problematic. This problem can be overcome by making NOD emulsion. These emulsions have been
used in animal models and clearly showed the efficacy of NOD to improve AKI. It should be
emphasized however that emulsions require tensides which may have adverse effects on their own.
Finally, even though a series of potential targets and mechanism by which NOD confer its protective
effects have been proposed and described in this thesis, it is not clear if in vivo the same mechanisms
will be relevant. To this point, we unexpectedly found that in acute kidney injury the anti-inflammatory
properties of NOD are modest in contrast to our in vitro data. NOD was able to mitigate acute kidney
injury and improve renal function possibly due to TRPV1 activation. One explanation could be that
the high in vitro intracellular concentrations cannot be achieved in vivo. These discrepancies between
the in vitro and in vivo properties have to be studied and better elucidated in future.
The use of NOD was primarly envisioned as a donor preconditions modality based on the beneficial
effects of dopamine-treated donors. NOD is endowed with properties that are not present in dopamine,
such as its TRPV1 activating propensity. It remains to be assessed if NOD could act in vivo as a
vasodilator of the intestinal vascular bed thereby improving mesenteric perfusion and thus reducing
mesenteric ischemia. , possibly through TRPV1 acivation. Based on the notion that intestinal ischemia
leads to loss of gut barrier function, which in turn may cause activation of the gut associated lymphoid
tissue (GALT) [381-383], an intriguing question is as to whether improvement in mesenteric perfusion
at the time of brain dead would mitigate immune activation in end-organs. Since the intestine is heavily
innervated by TRPV1 sensory nerves and preliminary in vitro data have shown that NOD is able to
induce vasodilation of mesenteric arteries, the beneficial effect of donor NOD treatment in
experimental models might well be mediated via improvement of mesenteric perfusion. However, the
role of mesenteric perfusion in brain death induced immune activation has not been thoroughly
addressed and thus requires further detailed in vivo experiments.
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