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Abstract 

 

Acyloxydiene-Fe(CO)3 complexes act as enzyme triggered CO releasing molecules (ET-

CORMs) 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 2-

cyclohexenone- and 1,3-cyclohexanedione-derived ET-CORMs. 2-cyclohexenone but not 1,3-

cyclohexanedione, 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 ET-

CORMs 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 ischemia-

reperfusion 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 (ET-

CORMs). 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 esterase-

dependent 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 1,3-

cyclohexanedione 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 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. 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 ET-

CORMs that are derived from 2-cyclohexenone, i.e. rac-1, rac-2, rac-3, rac-4, rac-5 and rac-

6, 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 1,3-

cyclohexanedione.  
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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, rac-

7 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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Figure 2: Cytotoxicity of ET-CORMs. Cells were stimulated for 24 hrs with 100 µM of different ET-

CORMs 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 

b. 

c.  
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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. 

 

 



ET-CORMs: Evaluation of biological activity 

55 

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 rac-

2/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 ET-

CORMs (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. rac-

5, 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. VCAM-

1 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 2-

cyclohexenone itself also inhibited VCAM-1 expression, it cannot be excluded that for the 2-

cyclohexenone-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). 

 

 

 

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 1,3-

cyclohexanedione (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 1,3-

cyclohexanedione itself is able to inhibit VCAM-1 expression.   

 

a. b. 
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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-cyclohexenone-

derived ET-CORMs, while the decomposition product of these ET-CORMs, i.e. 2-

cyclohexenone, 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-cyclohexanedione-

derived 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 CO-

release 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 ET-

CORMs. 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 ET-

CORMs 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. 2-

cyclohexenone, is also able to inhibit VCAM-1 expression. Yet for the 1,3-cyclohexanedione-

derived 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.   

 

 

 

 



ET-CORMs: Evaluation of biological activity 

65 

 

 

 

 

 

 

 

 

 

 



 

66 

 

 


