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Abstract 

 Interactions between cancer cells and the endothelium play a crucial role during 

metastasis. Here we examined the effects of a carbon monoxide-releasing molecule (CORM-

401) and a nitric oxide donor (PAPA NONOate) given alone or in combination on breast 

cancer cell adhesion and transmigration across the lung microvascular endothelium. We 

further explored whether the effects of CO and NO on cancer-endothelial cells interactions are 

linked with changes in cellular bioenergetics in breast cancer or endothelial cells. We found 

that CORM-401 and PAPA NONOate alone or in combination markedly decreased  

transmigration of breast cancer cells across human lung microvascular endothelial cells 

(hLMVEC), while cancer cell adhesion to the endothelium was diminished only by a 

combination of the two compounds. In hLMVEC, CORM-401 decreased glycolysis and 

stimulated mitochondrial respiration, while in breast cancer cells CORM-401 decreased both 

glycolysis and mitochondrial respiration. In contrast, PAPA NONOate decreased 

mitochondrial respiration and slightly stimulated glycolysis in both cell lines. When both 

donors were given together, mitochondrial respiration and glycolysis were both profoundly 

inhibited, and cancer-endothelial cells interactions were additively suppressed. Intercellular 

adhesion molecule-1 (ICAM-1), involved in breast cancer cell adhesion to hLMVECs, was 

downregulated by CORM-401 and PAPA NONOate, when applied alone, while a 

combination of both did not cause any enhancement of ICAM-1 downregulation.  



2 

 

Thus, our findings demonstrate that CO and NO differently affect cellular bioenergetics of 

cancer and endothelial cells and suggest that this phenomenon may contribute to additive anti-

adhesive and anti-transmigratory effects of CO and NO. We suggest that pharmacological 

attenuation of metabolism represents a novel paradigm in effective prevention of cancer cell 

interactions with the endothelium, that is an energy-demanding process.   
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1. Introduction 

Breast cancer is the most common cancer affecting women worldwide and the most 

frequent cause of cancer death, with an annual incidence of approximately 1.4 million, and 

death rate of greater than 450,000 per year [1]. Tumor cell metastasis is responsible for the 

vast majority of cancer patient deaths [2,3]. Metastasis is a multistep process involving 

biochemical and physical interactions of cancer cells with the microenvironment that, due to 

its complexity, is far from being completely understood. During metastatic dissemination, 

cancer cells first detach from the primary tumor to permeate into the bloodstream and then 

extravasate and translocate to target organs, where they adapt to the new microenvironment 

and finally form metastases. Adhesion of metastatic cancer cells to the vascular endothelium 

and their subsequent transendothelial migration are critical steps in metastatic spread [4–7]. A 

number of endothelium-dependent mechanisms are responsible for favoring a pre-metastatic 

microenvironment, including a direct and indirect cross-talk between the two types of cells, 

which may promote the adhesion of cancerous cells to the endothelium. For example, factors 

released from dysfunctional endothelium activate NF-κB and STAT3 signaling pathways 

within cancer cells and promote their invasiveness [8,9]. Still, very little is known about the 

mechanisms by which endothelial cells respond to the cancer cells during tumor progression 

and metastasis [9], as well as how the adhesiveness of cancer cells is affected by endothelial 

vasoprotective mediators including nitric oxide (NO) and carbon monoxide (CO). 

Formation of a premetastatic niche appears to be associated with local endothelial 

dysfunction that precedes the development of systemic inflammation [10,11]. This involves 

impaired production of NO and increased expression of cell adhesion molecules (CAMs) 

[12,13]. One possibility is that cancer cells adhere to the endothelium by mechanisms similar 

to those used by leukocytes under inflammatory conditions, and that CAMs may regulate 

cancer-endothelial adhesion. Indeed, many tumors use also intercellular adhesion molecule 
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(ICAM)-1, vascular cell adhesion molecule (VCAM)-1 and E-selectin expressed by 

endothelial cells to form adhesive bonds with the endothelium [9]. 

Endothelial NO, displaying anti-platelet and vasodilatory effects, inhibits adhesion of 

leukocytes to the endothelium [14,15]. NO also sensitizes tumor cells to chemotherapeutic 

compounds. In addition, various direct and indirect mechanisms have been proposed for the 

antitumor activities of NO [15,16]. Similarly, carbon monoxide (CO), another endothelium-

derived molecule that serves as a signaling mediator eliciting potent anti-apoptotic, anti-

atherosclerotic, and anti-inflammatory effects [17–19], also modulates the polymorphonuclear 

leukocyte (PMN) adhesive phenotype and thus interferes with PMN recruitment to the 

affected organs [20,21]. Accordingly, endothelial NO and CO both inhibit the inflammatory 

and thrombotic mechanisms of the vascular wall [22]; thus their activity could regulate cancer 

cell adhesion to the endothelium in a manner similar to that seen in leukocyte trafficking. 

Given that cancer cell migration and metastasis are energy-demanding processes [23] and that 

both mediators, NO and CO, modulate cellular bioenergetics [24–28], in this study we 

explored whether a carbon monoxide-releasing molecule (CORM-401) and a nitric oxide 

donor (PAPA NONOate), given alone or in combination, modulate breast cancer cell 

adhesion and transmigration across the lung microvascular endothelium in association with 

any change in cellular metabolism, thus providing a mechanistic link for their anti-adhesive, 

anti-cancer properties. 

2. Material and methods 

2.1. Reagents 

Reagents for cell culture, RPMI1640 GlutaMAX Medium, fetal bovine serum (FBS) were 

purchased from Gibco (Thermo Fisher Scientific). Microvascular Endothelial Cell Growth 

Medium was purchased from Cell Applications, Inc. Antibiotic Antimycotic Solution (AAS), 

2-Deoxy-D-glucose (2-DG), (2E)-3-(3-Pyridinyl)-1-(4-pyridinyl)-2-propen-1-one (3 PO), 

carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP), rotenone, antimycin A, 

glutamine, sodium pyruvate and trypsin were obtained from Sigma-Aldrich. Seahorse XF 

Base Medium Minimal DMEM was obtained from Agilent Technologies (USA). Oligomycin 

was obtained from Calbiochem. Glucose was obtained from Merck. Monoclonal anti-human 

CD54 (ICAM-1), anti-human CD106 (VCAM-1) and anti-human CD62E (E-selectin) were 

purchased from Ancell. Human interleukin-1 beta (IL-1β) was obtained from Cell Signaling 

Technology. Calcein-AM, FITC Annexin V Apoptosis Detection Kit I, mouse anti-human 



4 

 

CD54-PE, mouse anti-human CD106-PE-Cy5, mouse anti-human CD62E-APC antibody, PE 

mouse IgG1κisotype control, PE-Cy5 mouse IgG1κisotype control and APC mouse 

IgG1κisotype control were purchased from BD Pharmingen. PAPA NONOate was purchased 

from Cayman. Stock solutions were prepared in 0.01 M NaOH and stored at -80
º
C. 0.01 M 

NaOH was used as a vehicle in control experiments conducted with PAPA NONOate. Carbon 

monoxide-releasing molecule-401 (CORM-401), synthesized as described previously [29,30] 

was dissolved in PBS. Stock solutions were stored at -80
º
C and protected from light in all 

experiments. PBS was used as a vehicle in control experiments conducted with CORM-401. 

2.2. Cell lines and cell culture 

Human lung microvascular endothelial cell line (hLMVEC) was purchased from the European 

Cell Culture Collection (Cell Applications, San Diego, CA, USA), human breast 

adenocarcinoma MDA-MB-231-luc2-tdTomato cell line stably expressing the firefly 

luciferase gene and tdTomato fluorescent protein was kindly provided by Prof. Joanna 

Wietrzyk (Ludwik Hirszfeld Institute of Immunology and Experimental Therapy, Polish 

Academy of Sciences). hLMVEC cells were maintained in Microvascular Endothelial Cell 

Growth Medium (Cell Applications), MDA-MB-231-luc2-tdTomato cells were cultured in 

RPMI1640 GlutaMAX Medium (Gibco) with 10% FBS (Gibco), AAS (Sigma-Aldrich) 

containing 20 units of penicillin, 20 mg streptomycin and 0.05 mg amphotericin B. Cells were 

regularly tested for Mycoplasma contamination using the MycoAlert Mycoplasma 

DetectionKit (Lonza). Cells were cultured at 37°C in an atmosphere of 5% CO2. In all 

experiments, cells between third and seventh passage were used.  

2.3. Flow cytometric phenotyping of hLMVECs 

hLMVEC cells were grown to confluence on 6-well tissue culture plates in fresh medium. 

Each well was stimulated differently with TNF-α (10 ng/mL), IL-1β (10 ng/mL) for 3, 6 and 

24 h. Cells were collected at the indicated time points using Accutase solution (Sigma-

Aldrich). For each staining, expression of cell-surface ICAM-1 (intercellular adhesion 

molecule-1, CD54), E-selectin (CD62E) and VCAM-1 (vascular cell adhesion molecule-1, 

CD106) was measured by flow cytometry. hLMVECs were incubated with mouse anti-human 

CD54-PE (BD Pharmingen), mouse anti-human CD106-PE-Cy5 (BD Pharmingen) and mouse 

anti-human CD62E-APC antibody (BD Pharmingen), respectively. Background staining was 

performed by staining endothelial cells with PE mouse IgG1κisotype control, PE-Cy5 mouse 
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IgG1κisotype control and APC mouse IgG1κisotype control (BD Pharmingen). Experiments 

were conducted in triplicate and repeated three times. Flow cytometric analysis was 

performed on a BD LSR II (BD Biosciences) with 488 and 633 nm laser excitation. The BD 

FACSDiva software was employed for data acquisition and data analysis. Forward versus side 

scatter dot plots were used to gate on single intact cells. 10,000 cells were examined per one 

sample. PE and PE-Cy5 dyes were excited by a 488 nm laser and APC dye was excited by a 

633 nm laser.  

2.4. Expression of ICAM-1 

hLMVECs were seeded into 96-well plates (3×10
4
 cells/well), in 100 µL of medium per well 

and left to grow to confluence for 24–48 h, and then incubated with IL-1β (10 ng/mL) for 6 h. 

After stimulation, endothelial cells were treated with CORM-401 and PAPA NONOate at 

various concentrations for 24 h (10, 50, 100 µM), or a combination of the NO-donor with 

CORM-401 (50 µM) was performed as described above. Then, hLMVECs were incubated in 

the dark with mouse anti-human CD54-PE (BD Pharmingen) according to the manufacturer's 

protocol and stained with Hoechst 33342 (Life Technologies) for 10 minutes. The expression 

of surface ICAM-1 molecule was observed by fluorescence microscopy (ScanR screening 

system) in ten randomly selected visual fields for each well. The images were analyzed using 

Columbus 2.4.2 Software (Perkin Elmer). Experiments were performed in triplicate and 

repeated three times. 

2.5. Adhesion assay 

The hLMVECs were transferred into 96-well (seeding density 3×10
4
 cells/well) plates and left  

to grow to confluence for 24–48 h. Endothelial cells were stimulated with 10 ng/mL IL-1β for 

6 h. Prior to their use for the cell adhesion assay, MDA-MB-231-luc2-tdTomato were 

stimulated with 10 ng/mL IL-1β for 30 minutes and stained with Calcein-AM (BD 

Pharmingen) according to the manufacturer’s instruction. Then, cancer cells were pre-

incubated with various concentrations of CORM-401 and PAPA NONOate for 20 minutes. In 

combination experiments, cells were incubated with CORM-401 (50 µM) in the presence of 

PAPA NONOate at various concentrations (10, 30, 50 µM). Alternatively, cells were co-

incubated with 50 µM PAPA NONOate in the presence of CORM-401 at different 

concentrations (10, 30, 50 µM). Afterwards, labeled MDA-MB-231-luc2-tdTomato were left 

to adhere to the endothelial layer with CO-RM and NO-donor, given alone or in combination, 
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for 30 minutes at 37 °C. Non-adherent cells were gently washed twice with Dulbecco’s 

phosphate-buffered saline (DPBS). 

Adhesion blockade by specific monoclonal antibodies was performed to determine the 

contribution of ICAM-1, VCAM-1 and E-selectin to the MDA-MB-231-luc2-tdTomato cell 

adhesion to IL-1β-treated hLMVECs. After stimulation of endothelial cells with IL-1β 10 

ng/mL for 6 h, monoclonal antibodies anti-ICAM-1, anti-VCAM-1 and anti-E-selectin 

(Ancell Immunology Research Products) at concentration 5 µg/mL, were applied to the cells 

for 45 minutes. Then, cells were washed twice and labeled MDA-MB-231-luc2-tdTomato 

cells were added to the monolayer, and the assay performed as above. 

In both assays, the attached cells were counted in ten randomly selected visual fields for each 

well. Pictures were taken using the ScanR screening system, containing a fully automated 

inverted fluorescence microscope (Olympus IX81), placed in an incubator with a system 

allowing for long-term microenvironment maintenance, appropriate for cell culturing (Life 

Imaging Services). Experiments were conducted in triplicate and repeated three times.  

The images were analyzed using Columbus 2.4.2 Software (Perkin Elmer). The mean 

inhibition of adhesion for ten visual fields was calculated by using the equation: % of control 

=[the number of adhered cells in treated samples/the number of adhered cells in the control 

group]×100%.  

2.6. Transendothelial Migration Assay 

Cell migration was assayed in 24-well, 6.5-mm internal-diameter Transwell plates (8.0 μm 

pore size; BD Pharmingen). hLMVECs (seeding density 5×10
4
 cells/insert) were first cultured 

for 24-48 h on the upper side of the filter. After confluent monolayer formation, hLMVECs 

were pretreated with 10 ng/mL IL-1β for 6 h. Prior to use in transmigration assay, cancer cells 

were stimulated with 10 ng/mL IL-1β for 30 minutes. Then, MDA-MB-231-luc2-tdTomato 

cells (each 2.5×10
4
 per well) were placed into upper chambers and CO-RM and NO-donor (5, 

10, 50 µM) were given alone or in combination, as described above. Furthermore, cells were 

co-incubated with oxidative phosphorylation inhibitor, oligomycin (0.03 µg/mL) and two 

glycolysis inhibitors, 2-Deoxy-D-glucose (2-DG, 50 mM) and (2E)-3-(3-Pyridinyl)-1-(4-

pyridinyl)-2-propen-1-one (3PO, 30 µM) alone or together. Lower chambers were filled with 

medium (20% FBS) containing supernatants of tumor cell lines. After 24 h of co-culture, 

hLMVEC monolayers and non-migrating cancer cells on the upper surface of the membrane 

were removed by wiping with a cotton swab. Migrated cells on the undersides of the 
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Transwell membranes were fixed with 0.5% glutaraldehyde in PBS for 10 minutes and 

stained with crystal violet solution according to the manufacturer’s protocol. The number of 

cells on the lower face of the filter was counted in ten randomly selected visual fields under 

200x magnification using light microscopy. Experiments were performed in triplicate and 

repeated three times. 

2.7. Annexin V-FITC/PI assay 

Dual staining of hLMVEC and MDA-MB-231-luc2-tdTomato cells with fluoresceinated 

annexin V (annexin V-FITC) and propidium iodide (PI) was performed using FITC Annexin 

V Apoptosis Detection Kit I (BD Pharmingen), according to the manufacturer's instruction. 

Briefly, cells were grown to confluence on 24-well plates. Then, cells were incubated with 

CORM-401 and PAPA NONOate alone or in combination for 24 h. Moreover, both cell lines 

were treated with oligomycin, 2-DG and 3PO, alone or together for 24 h. Treated and control 

cells were harvested by Accutase solution (Sigma-Aldrich), washed twice with cold PBS and 

resuspended in 100 μl of binding buffer. Then, 5 μl of annexin V-FITC and 5 μl of PI staining 

solution were added to the cell suspension and cells were incubated in the dark for 15 

minutes, at room temperature. Following the incubation, 400 μl of binding buffer was added 

to each tube. Cell samples were placed on ice, away from light, and FITC and PI fluorescence 

were immediately measured using a BD LSR II flow cytometer. The frequency of viable cells, 

early apoptotic cells, late apoptotic and necrotic cells, were determined using BD FACSDiva 

software. The data were determined by three independent experiments. 

2.8. Analysis of Cellular Bioenergetics by Extracellular Flux Technology 

To measure mitochondrial function and glycolysis in adherent endothelial hLMVEC and 

cancer MDA-MB-231-luc2-tdTomato cells, a Seahorse Bioscience XFe 96 Analyzer was 

used. Cells were seeded into Seahorse XFe 96-well plates approximately 24 h before the 

experiment, according to the Seahorse protocol. For both cell lines, densities of 20,000 cells 

per well were selected in preliminary experiments as optimal. One day before the experiment, 

sensor cartridges were hydrated in XF calibrant and maintained at 37 °C in air without CO2. 

On the day of the experiment, cells were washed twice and incubated with bicarbonate-free 

low buffered assay medium for 1 h at 37 °C in air without CO2 prior to the beginning of the 

assay. The assay medium was freshly prepared on the day of the experiment by 

supplementation of XF Base Medium Minimal DMEM with metabolic substrates as in culture 
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media used for propagation of these cell lines: glucose (1 g/L for hLMVEC, 2 g/L for MDA-

MB-231-luc2-tdTomato), glutamine (2 mM for both cell lines) and sodium pyruvate (1 mM 

for hLMVEC, 2 mM for MDA-MB-231-luc2-tdTomato); pH was adjusted to 7.4 with NaOH. 

Changes in oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) were 

assessed over time by sequential injections of vehicles, CORM-401 or PAPA NONOate in 

port A, 1 µg/mL oligomycin in port B, 0.8 µM FCCP in port C and 0.5 µM/0.5 µM 

rotenone/antymycin A in port D. Concentrations of oligomycin, FCCP, rotenone and 

antymycin A were optimized separately for both cell lines in preliminary experiments (data 

not shown). From the mitochondrial stress test, we determined key parameters of 

mitochondrial function by using a Seahorse XF Cell Mito Stress Test Report Generator for 

calculation of OCR values linked to: basal respiration, acute response, proton leak, maximal 

respiration, spare respiratory capacity, ATP production and non-mitochondrial respiration. 

Metabolic activity correlated with mitochondrial respiration or glycolysis was calculated as a 

sum of, respectively, OCR or ECAR values obtained during 1 h of measurement (ten time 

points) after injection of analyzed compounds from port A and before injection of oligomycin. 

2.9. Statistical analysis 

All results are presented as the mean value ± standard deviation (SD). Statistical analysis was 

performed using GrapPad Prism 6 (San Diego, CA, USA). Statistical significance for the data 

was evaluated by one-way analysis of variance (ANOVA) followed by Tukey's significant 

differences multiple range test. P values < 0.05 were considered statistically significant. 

3. Results 

3.1. Involvement of ICAM-1 in the adhesion of cancer cells to the endothelium 

The potency of the proinflammatory cytokine IL-1β in comparison with TNF-α to stimulate 

ICAM-1, VCAM-1 and E-selectin expression in hLMVEC cells was determined by flow 

cytometry. In the non-stimulated hLMVECs, expression of ICAM-1 and VCAM-1 was 

present, but E-selectin was absent. Following stimulation of hLMVECs by IL-1β (10 ng/mL) 

or TNF-α (10 ng/mL) for 3, 6 and 24 h, expression of ICAM-1 was substantially up-regulated 

(Fig. 1a), while the expression of E-selectin and VCAM-1 was only slightly increased (Fig. 

1b, c). As shown in Fig. 1a, the maximal induction of ICAM-1 was obtained 3 h after IL-1β or 

TNF-α stimulation of hLMVECs and persisted over time. The highest expression of VCAM-1 

was observed 3-6 h after exposure of hLMVECs to IL-1β or TNF-α and slightly decreased 
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thereafter (Fig. 1c). Similarly, the maximum level of E-selectin expression was detected 3 h 

after stimulation of endothelial cells by IL-1β and TNF-α but decreased over a longer period 

of time (Fig. 1b). In the functional adhesion assay, stimulation with IL-1β (10 ng/mL) 

increased adhesion of breast cancer cells to endothelial cells to a greater extend as compared 

with TNF-α (10 ng/mL) (unpublished data). According to our results, IL-1β was chosen as a 

tool molecule to investigate the effect of CORM-401 and PAPA NONOate on the interaction 

between cancer and endothelial cells. In all experiments, hLMVECs were pretreated with IL-

1β (10 ng/mL) for 6 h prior to co-incubation with fluorescence-labeled MDA-MB-231-luc2-

tdTomato cancer cells. To examine the adhesion molecules involved in the adhesion of MDA-

MB-231-luc2-tdTomato cancer cells to the endothelium, monoclonal bloc ing antibodies    

anti-ICAM-1, anti-VCAM-1 or anti-E-selectin, were used. Incubation of hLMVECs with anti-

ICAM-1 antibody effectively decreased the adhesion of MDA-MB-231-luc2-tdTomato to the 

endothelial monolayer. As shown in Fig. 2, anti-ICAM-1 at a concentration 5 µg/mL inhibited 

breast cancer cell adhesion by ~40%, whereas the anti-VCAM-1 and anti-E-selectin 

antibodies did not reduce breast cancer cell adhesion (Fig. 2). 

3.2. Effect of CORM-401 and PAPA NONOate on ICAM-1 expression  

In order to verify whether CORM-401 and PAPA NONOate interfere with ICAM-1 

expression, hLMVEC cells were pretreated with 10 ng/mL IL-1β for 6 h, followed by 

treatment with CORM-401 and PAPA NONOate alone or combined for 24 h. Expression of 

ICAM-1 was detected by fluorescence microscopy. Incubation with CORM-401 or PAPA 

NONOate alone caused a decrease in ICAM-1 expression (Fig. 3a, b, d). The combined 

treatment with CORM-401 and PAPA NONOate did not enhance the down-regulation of 

ICAM-1 induced by one of the compounds given alone (Fig. 3c, d). 

3.3. Effect of CORM-401 and PAPA NONOate on adhesion of cancer cells to the endothelium 

To explore the effect of CORM-401 and PAPA NONOate, given alone or in combination, on 

breast cancer cell adhesion to the endothelial monolayer, a functional adhesion assay was 

used, which was based on quantification of MDA-MB-231-luc2-tdTomato cells adhering to 

lung microvascular endothelium by fluorescence-labeled cell counts. Either CORM-401 or 

PAPA NONOate given alone, did not interfere with the adhesion of MDA-MB-231-luc2-

tdTomato to hLMVECs (Fig. 4a, b, d). However, combined treatment with CORM-401 and 

PAPA NONOate resulted in inhibition of breast cancer cell adhesion (Fig. 4c, d). 
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3.4. Effect of CORM-401 and PAPA NONOate on transmigration of cancer cells across the 

endothelium 

In order to assess the effect of CORM-401 and PAPA NONOate, given alone or in 

combination, on transmigration of cancer cells across lung microvascular endothelium, the 

Transwell assay was used. As shown in Fig. 4e, f, CORM-401 and PAPA NONOate given 

alone, significantly decreased transendothelial migration of MDA-MB-231-luc2-tdTomato 

cancer cells, in a dose-dependent manner. CORM-401 appeared to be more active in 

suppression of MDA-MB-231-luc2-tdTomato cell migratory activity (54.1±15.6% for 5 µM; 

46.9±15.5% for 10 µM; 25.8±6.7% for 50 µM as compared to the control value), while PAPA 

NONOate was slightly less effective (62.5±14.3% for 5 µM; 55.9±15.3% for 10 µM; 

52.9±13.9% for 50 µM, of control value). We next examined the additive anti-transmigratory 

effect after combination of CORM-401 with PAPA NONOate. As shown in Fig. 4g, the 

application of CORM-401 (50 µM) with PAPA NONOate (10, 50 µM), enhanced the 

inhibition of MDA-MB-231-luc2-tdTomato transmigration to 14.8±3.9% and 8.8±1.9%, 

respectively. In comparison, the inhibition afforded by either compound alone was 25.8±6.7% 

for 50 µM CORM-401 and 55.9±15.3% (10 µM), 52.9±13.9% (50 µM) for PAPA NONOate, 

respectively.  

3.5. Effect of CORM-401 and PAPA NONOate on hLMVECs and MDA-MB-231-luc2-

tdTomato cell death induction 

To exclude that the observed effects of CORM-401 and PAPA NONOate on cancer cell 

adhesion and transendothelial migration were related to cytotoxic activity of the tested 

compounds, an annexin V-FITC/PI assay was performed. The percentage of viable cells 

(annexin V-/PI-), early apoptotic (annexin V+/PI-), late apoptotic and necrotic (annexin 

V+/PI+) cells upon treatment with CORM-401 and PAPA NONOate were determined (Fig. 

S1). As shown in Fig. S1, after CORM-401 and PAPA NONOate application alone (Fig. S1a, 

b, d, e) or in combination (Fig. S1c, f), the percentage of early apoptotic and also apoptotic 

and necrotic hLMVEC and MDA-MB-231-luc2-tdTomato cells were increased only after a 

very high concentration of CORM-401 and PAPA NONOate (500 µM, for CORM-401, 

>1mM for PAPA NONOate (data not shown), respectively). Therefore, the effects of CORM-

401 and PAPA NONOate given at concentrations below 100 µM to investigate the effects of 

CO- and NO-donor on breast cancer cell adhesion to and transmigration across endothelial 

cells could not be related to cytotoxic and pro-apoptotic effects of these compounds. 
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3.6. Effect of CORM-401 and PAPA NONOate on mitochondrial respiration and glycolysis 

CO and NO are known to modulate mitochondrial respiration and glycolysis [25,27,31,32]. In 

order to analyze whether the effects of CORM-A1, CORM-401 and PAPA NONOate on the 

interactions between MDA-MB-231-luc2-tdTomato and hLMVECs cells are correlated with 

their effects on oxygen consumption rate (OCR) and extracellular acidification rate (ECAR), a 

Seahorse XF technique was used. In hLMVECs, CORM-401 induced a dose-dependent and 

transient increase in OCR accompanied by a stable decrease in ECAR (Fig. 5a, b), reflecting 

transiently increased mitochondrial respiration and profoundly decreased glycolysis. A 

mitochondrial stress test (MST) also revealed an increased proton leak (seen as higher OCR 

after oligomycin administration in CORM-401 pretreated cells as compared to the control, 

Fig. S2). PAPA NONOate induced a dose-dependent and transient decrease in OCR, 

accompanied by an increase in ECAR (Fig. 5c, d), but almost did not affect overall cellular 

bioenergetics encompassing both ATP-generating processes, analyzed as OCR and ECAR. 

When PAPA NONOate (50 µM) was applied in combination with CORM-401 (50 µM), then 

their effects on mitochondrial bioenergetics were comparable to those for CORM-401 given 

alone, whereas the effects on glycolytic bioenergetics clearly resulted from a combination of 

these compounds (PAPA NONOate given alone increased ECAR, CORM-401 given alone 

decreased ECAR, both compounds given in combination decreased ECAR, but to a lesser 

extent than CORM-401 given alone). Overall, mitochondrial and glycolytic cellular 

bioenergetics in hLMVEC cells were reduced by combined treatment with CORM-401 and 

PAPA NONOate (Fig. 5e, f). The effects of CORM-401 and PAPA NONOate on OCR and 

ECAR in hLMVEC non pre-incubated with IL-1β were comparable to cells pre-treated with 

L-1β, and IL-1β alone did not modify either basal OCR or ECAR (Fig. 5g, h).   

In MDA-MB-231-luc2-tdTomato cancer cells, all of the applied donors inhibited oxygen 

consumption in a dose-dependent manner but with different dynamics: CORM-401 induced a 

decrease in OCR, which was substantial and progressed over time (clearly seen also after 

FCCP application, Fig. 6a, b), reflecting decreased mitochondrial bioenergetics; PAPA 

NONOate induced a decrease in OCR, which was rapid and transient (Fig. 6c, d), relatively 

strongly decreasing mitochondrial bioenergetics. ECAR, which reflects glycolytic 

bioenergetics, was in MDA-MB-231-luc2-tdTomato cells, only mildly affected by PAPA 

NONOate, but more strongly by CORM-401. When PAPA NONOate (50 µM) was applied in 

combination with CORM-401 (50 µM), then the effect on mitochondrial bioenergetics was 

slightly lower than for the compounds given alone, whereas the effect on glycolytic 
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bioenergetics was almost as strong as for CORM-401 given alone (Fig. 6e, f). Altogether, 

PAPA NONOate and CORM-401 in combination induced a stronger inhibitory effect on 

cellular bioenergetics in MDA-MB-231-luc2-tdTomato cancer cells when compared to each 

compound alone. IL-1β alone did not modified basal OCR and ECAR and the responses of 

MDA-MB-231-luc2-tdTomato cells to CORM-401 and PAPA NONOate in MDA-MB-231-

luc2-tdTomato cancer cells that were not stimulated by IL-1β  were similar (Fig. 6g, h). 

3.7. Effect of inhibitors of mitochondrial respiration and glycolysis on transmigration of 

cancer cells across the endothelium 

In order to confirm whether the modulation of glycolysis and oxidative phosphorylation by 

CORM-401 (50 µM) and PAPA NONOate (50 µM) could indeed contribute to the inhibition 

of breast cancer cells, we assessed the effect of inhibitors of glycolysis and oxidative 

phosphorylation (Fig. 7a, b) on transendothelial migration. Oligomycin, 3PO and particularly 

2-DG given alone decreased transendothelial migration of breast cancer cells (87.3±17.1% for 

oligomycin 0.03 µg/mL, 63.9±13.6% for 3PO 30 µM, 45.4±11.6% for 2-DG 50 mM as 

compared to the control value). Moreover, combined application of 2-DG with oligomycin or 

3PO with oligomycin did not enhance inhibition of MDA-MB-231-luc2-tdTomato 

transendothelial migration, compared with the values obtained after a single application of 

these compounds (Fig. 7c, d).  

3.8. Effect of inhibitors of mitochondrial respiration and glycolysis on cell death induction  

To explore whether the inhibition of metabolism was linked with cell death induction, the 

effects of the inhibitors of cellular bioenergetics on triggering apoptosis were assessed. The 

exposure of hLMVECs and MDA-MB-231-luc2-tdTomato cells to 2-DG, 3PO or oligomycin 

given alone significantly triggered apoptosis in both cell lines (Fig. S3a, b, c, d). The 

combination of 2-DG with oligomycin was more effective in apoptosis-induction than the 

combination of 3PO with 2-DG in both cell lines as compared with the percentage values 

found after a single application of the tested agents. Moreover, MDA-MB-231-luc2-tdTomato 

cells appeared to be more sensitive than hLMVEC cells to 2-DG, 3PO and oligomycin. 

4. Discussion 

The adhesion of cancer cells to the endothelium and their transendothelial migration represent 

a critical and an energy-demanding process in the metastatic cascade. In the present study we 
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reported that both CO and NO delivered from a CO-RM (CORM-401) and a NO-donor 

(PAPA NONOate), respectively, prevented the adhesion of breast cancer cells and their 

transmigration across the lung microvascular endothelium, and exhibited additive effects in 

combined treatment. We report here that the additive effects of CORM-401 and PAPA 

NONOate on breast cancer cell interactions with the endothelium involve complementary 

attenuation of cellular bioenergetics. Despite the fact that ICAM-1 was involved in the 

adhesive interactions between breast cancer and endothelial cells, due to the fact that 

treatment with both CORM-401 and PAPA NONOate  resulted in its downregulation, this still 

does not explain the additive effects of CORM-401 and PAPA NONOate. In turn, inhibitors 

of glycolysis and mitochondrial respiration efficiently inhibited transendothelial migration of 

cancer cells across the endothelium, supporting the notion that the cellular bioenergetics may 

be an important target for the anti-adhesive and anti-cancer actions of CO and NO. 

In the present work, we used functional adhesion and transendothelial migration assays to 

study the effects of CORM-401 and PAPA NONOate on the interactions between breast 

cancer MDA-MB-231-luc2tdTomato cells and IL-1β-activated hLMVECs. We demonstrated 

that the adhesion of breast cancer cells to hLMVECs was significantly inhibited after blocking 

ICAM-1, but not VCAM-1 nor E-selectin, which were also upregulated. These results suggest 

that ICAM-1 is an important player in breast cancer cell interactions with lung microvascular 

endothelial cells, consistent with other findings indicating that ICAM-1 is required for 

invasion of metastatic breast cancer cells [33]. However, it is worth mentioning that ICAM-1 

is one of many various mechanisms involved in interactions between cancer and endothelial 

cells. Herein, we showed that CORM-401 and PAPA NONOate given alone down-regulated 

the expression of ICAM-1 on the hLMVECs’ surface after IL-1β stimulation. Our results 

confirm that exogenous CO liberated from CO-RMs and NO released from NO-donors inhibit 

the pro-inflammatory response of the endothelium [17,34,35]. The experiments using a 

combination of CO-RM with the NO-donor did not enhance the down-regulation of surface 

ICAM-1 expression in endothelial cells when compared with either compounds used alone. 

The lack of additive effects of CO and NO on ICAM-1 expression excludes the possibility 

that the complementary effects of CO and NO, seen in adhesion and in particular 

transendothelial migration assays, depends on additive effects of CO and NO on ICAM-1 

expression. This observation indicate that there must be something else as a target for CO and 

NO than only ICAM-1. At the same time this observation may suggest that both CO and NO 

target the same mechanism, which leads to down-regulation of ICAM-1 [36]. In fact, it was 
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demonstrated that both CO [37] and NO [38] downregulate ICAM-1 through the inhibition of 

the NF-κB signaling pathway. Although CO and NO may affect multiple pathways apart from 

the NF-κB, e.g. guanylyl cyclase, calcium-activated potassium channels, mitochondrial 

respiratory chain or p38 mitogen-activated protein kinases (p38 MAPK) [17,39], in the 

present work we focused on the effects of CO and NO on bioenergetics of cancer cells and the 

endothelium. We demonstrated that in endothelial cells, CORM-401 caused stable attenuation 

of glycolysis in contrast to transient stimulation of mitochondrial respiration, while PAPA 

NONOate decreased mitochondrial respiration with sustained stimulation of glycolysis. 

Treatment of endothelial cells with a combination of CORM-401 and PAPA NONOate 

efficiently inhibited both pathways of ATP-generation, leading to quiescence of cells. 

Similarly, in MDA-MB-231-luc2-tdTomato cancer cells, complementary effects of CORM-

401 and PAPA NONOate on metabolism were demonstrated: CORM-401 mildly decreased 

mitochondrial respiration with a pronounced effect on glycolysis while PAPA NONOate 

decreased mitochondrial metabolic activity and slightly increased glycolysis. The effects 

induced by PAPA NONOate on mitochondrial respiration were reversible, whereas those 

induced by CORM-401 on glycolysis were irreversible. When the donors of CO and NO were 

applied in combination (PAPA NONOate+CORM-401), mitochondrial respiration and 

glycolysis in cancer cells were both profoundly inhibited and cancer-endothelial cell 

interactions were additively inhibited. Based on these results, we suggest that inhibition of 

mitochondrial respiration and glycolysis in cancer cells accompanied by the inhibition of 

glycolysis linked to an anti-inflammatory effect in endothelial cells – afforded by combined 

treatment with donors of CO and NO (CORM-401, PAPA NONOate) – provide the 

mechanistic explanation for the additive effect of these compounds on cancer cell interactions 

with the endothelium. 

It has been reported in cells of diverse origins that CO and NO affect cellular metabolism 

[24–28,39]. Wegiel et al. [24] showed that in cancer cells, CO modulates mitochondrial 

respiration and glycolysis, leading to metabolic exhaustion. Recently, we demonstrated in 

endothelial cells that CO liberated from CORM-401 activates mitochondrial respiration with a 

mild uncoupling effect while reducing glycolysis, thus shifting ATP production from 

glycolysis to oxidative phosphorylation [25,26]. Yamamoto et al. [28]  demonstrated in 

cancer cells that CO, by the inhibition of cystathionineβ-synthase (CBS), modulates activity 

of phosphofructokinase/fructose bisphosphatase type-3 (PFKFB3) and shunts glucose from 

glycolysis towards the pentose phosphate pathway, which can be important in anti-oxidative 
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defense. Dranka et al. [27] showed in endothelial cells that NO released from DETA 

NONOate reversibly decreases mitochondrial respiration. Both CO and NO are capable of 

inhibiting mitochondrial cytochrome oxidase, but their physiological importance strongly 

depends on kinetics of release and local oxygen conditions [31]. Here we observed in our 

models that the effects on mitochondrial bioenergetics were dominated by a molecule which 

was delivered more quickly and in higher amount - CO from CORM-401 over NO from 

PAPA NONOate. Despite a number of reports demonstrating the effects of CO and NO on 

cellular metabolism, we show here for the first time that the anti-adhesive and anti-

transmigratory effects of CO and NO on cancer-endothelium interactions may be mediated by 

their effects on cellular bioenergetics. Lung microvascular endothelial cells, treated by 

combined CORM-401 and PAPA NONOate, displayed moderately decreased bioenergetics 

that could explain the anti-adhesive phenotype of endothelial cells. Bioenergetic activity of 

breast cancer cells was decreased more substantially, resulting in reduced transmigratory 

potential. Cancer cells are usually considered as mainly glycolytic for ATP production; 

however, it is important to stress that cancer cells also contain functional mitochondria and 

mitochondrial metabolism is not only an alternative source for production of ATP, but it is 

required for cancer growth [40,41]. Transmigration of cancer cells across the endothelium is 

an energy-demanding process, both from the side of the cancer cell as well as the 

endothelium. An invasive cancer cell, in order to reorganize and reassemble its cytoskeleton 

as well as to produce proteases to penetrate across the endothelium, needs ATP, which is 

generated mainly in mitochondria [42–44]. On the other side, an activated endothelial cell 

needs ATP derived from glycolysis for the activation of a pro-inflammatory response and the 

interaction with cancer cells [45]. Indeed, it was shown that inhibition of glycolysis at the 

level of PFKFB3 decreased the expression of adhesive molecules in endothelial cells, 

resulting in reduced adhesion and transmigration of cancer cells across the endothelium [46].  

To support the notion that the inhibition of cellular bioenergetics results in the 

suppression of cancer-endothelial cell interactions, we demonstrated that 2-DG and 3PO, 

inhibitors of hexokinase 2 and 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3 

(PFKFB3), respectively, and oligomycin, an inhibitor of ATP synthase, diminished 

transendothelial migration of breast cancer cells. However, all inhibitors showed a clear 

proapoptotic effect, and their cytotoxicity towards cancer cells seems to be potentiated by the 

combination of inhibition of glycolysis and mitochondrial respiration. Interestingly, the effect 

of CO and NO on cellular metabolism was comparable to effect exerted by inhibitors of 
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glycolysis or oligomycin, but the anti-transmigratory effect was strongly additive without 

evident cytotoxicy of the single and combined treatment. The results clearly show that 

suppression of cellular metabolism results not only in the inhibition of transendothelial 

migration of cancer cells, but also triggers apoptosis. Nevertheless, results with the inhibitors 

of metabolism confirm our hypothesis that the inhibition of cellular bioenergetics can inhibit 

transendothelial migration of cancer cells. On the other hand, these results also suggest that 

the inhibition of metabolism can trigger cell death not only in cancer cells but also host cells. 

Thus, it is tempting to speculate that it is better to design the strategy to inhibit cancer-

endothelium interactions based on endogenous mediators such as NO or CO, which mildly 

and/or transiently modulate metabolism, rather than on potent inhibitors of oxidative 

phosphorylation and glycolysis.  

 

5. Conclusions 

Recently, cellular metabolism has been emerging as a potent target for cancer 

therapies, because it supports cancer progression and metastasis by delivering multiple 

metabolites and metabolic by-products [47–49]. Understanding the similarities and 

differences in metabolism between endothelial cells and cancer cells, and the role of CO and 

NO in metabolic regulation of different cell types, implies that cellular metabolism could be 

an attractive target for antitumor strategies. In view of the data presented here, we suggest that 

complementary effects of CO and NO on cancer cell metabolism may contribute to additive 

anti-adhesive and anti-transmigratory effects, particularly clearly seen in transendothelial 

migration assays. Accordingly, our data point out that pharmacological attenuation of 

metabolism of cancer cells and the endothelium by CO- and NO-donors, and possibly other 

molecules, represent an attractive target for preventing the interaction between cancer and 

endothelial cells. 
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