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Abstract 
Carbon monoxide (CO) is a gaseous molecule known as the silent killer. It is widely 

believed that an increase in blood carboxyhemoglobin (CO-Hb) is the best biomarker to 

define CO intoxication, neglecting the important fact that CO accumulation in tissues is 

the most likely direct cause of mortality. There is no reliable method other than gas 

chromatography to accurately determine CO content in tissues. Here we report the 

properties and usage of hemoCD1, a synthetic supramolecular compound composed of 

an iron(II)porphyrin and a cyclodextrin dimer, as an accessible reagent for a simple 

colorimetric assay to quantify CO in biological samples. The assay was validated in 

various organ tissues collected from rats under normal conditions and after exposure to 

CO by inhalation. The kinetic profile of CO in blood and tissues after CO treatment 

suggested that CO accumulation in tissues is prevented by circulating Hb, revealing a 

protective role of Hb in CO intoxication. Furthermore, hemoCD1 was used in vivo as a 

CO removal agent, showing that it acts as effective adjuvant to O2 ventilation to eliminate 

residual CO accumulated in organs, including the brain. These findings open new 

therapeutic perspectives to counteract the toxicity associated with CO poisoning. 
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Introduction 
Carbon monoxide (CO) is a diatomic gaseous molecule produced by incomplete 

combustion of carbon-based materials and is mostly known for its toxic properties when 

inhaled in high amounts. CO intoxication, which frequently occurs in suicides, during fires, 

and other accidents, is the most common type of chemical poisoning with an increased 

risk of death (1). In spite of its notorious toxicity, CO is relatively unreactive compared to 

molecular oxygen (O2), nitric oxide (NO), hydrogen sulfide (H2S), and reactive oxygen 

species (ROS) such as superoxide (O2–), hydroxyl radical (•OH), hydrogen peroxide 

(H2O2), and singlet oxygen (1O2). Although other small molecules show various 

reactivities towards proteins, lipids, and nucleic acids, the only recognized reaction of CO 

in the biological system is the binding to low valent metal ions, mostly ferrous heme (2–

5). Due to a specific interorbital interaction, called p-backbonding or p-backdonation, the 

carbon atom of CO forms a particularly strong bond with low valent metal ions such as 

iron(II)heme with a high stability and high binding affinity (6,7). Formation of the stable 

heme-CO complex in vivo is the cause of CO toxicity; once CO is inhaled, it strongly binds 

to heme in hemoproteins that are indispensable for carrying or consuming O2, such as 

hemoglobin (Hb), myoglobin (Mb) and cytochrome c oxidase (CcO) among others, 

leading to their dysfunction (8,9). Levels of CO-bound Hb (CO-Hb) in blood are 

considered an important biomarker to assess CO poisoning (1,10,11). CO-Hb below 10% 

normally circulates in blood due to endogenously produced CO or CO from cigarette 

smoking, with no apparent clinical symptoms. When CO-Hb reaches levels between 20 

to 40% due to CO gas inhalation, symptoms such as dizziness, headache, and nausea 

begin to appear. CO-Hb values exceeding 40% increase the risk of death. Since the 

binding of CO to heme is thermodynamically controlled and thus reversible, CO-Hb levels 

can be reduced by excess O2. O2 ventilation is thus a current major approach for treating 

CO intoxication (12,13). 

 A unique study conducted in dogs and reported in 1975 (14) provides an important 

insight on the mechanism of CO poisoning. When dogs received CO gas by inhalation, 

they all died rapidly within 1 h with CO-Hb levels of 54 to 90%. In contrast, if the animals 

were first bled to reduce blood volume and then transfused with red blood cells (RBC) 

saturated with CO, all dogs survived despite reaching CO-Hb levels of 60% (14). These 
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findings strongly indicate that inhalation of gaseous CO is highly toxic whereas CO-Hb is 

not, ultimately challenging the commonly accepted notion that the percentage of CO-Hb 

is the appropriate marker to establish the toxicity of CO inhalation. Indeed, patients can 

die of CO poisoning even with CO-Hb saturation levels below 30% (13,15), indicating that 

crucial toxicity derives from gaseous CO diffusing into organs/tissues, directly 

compromising the activities of key hemoproteins such as CcO that requires O2 to produce 

energy (8). From the viewpoints of medical diagnosis and toxicology, knowing how much 

CO is accumulated in organs/tissues in subjects affected by CO intoxication would be 

fundamentally important. 

Detection and quantification of CO contained in biological samples have been a 

long-standing challenge. In medical practice, CO-Hb in blood is measured by oximeters, 

which rely on a colorimetric assay to diagnose CO intoxication (10). In addition, gas 

chromatography (GC) techniques are the main methodology used to detect CO contained 

in tissues, as reported by the laboratories of Coburn and Vreman to determine 

endogenous CO distributed in mice (16) and human tissues (17,18). GC is considered to 

be well established as a CO quantifying method (10,19). However, as we investigated 

and discuss in this paper, the headspace analysis by GC tends to underestimate the 

amount of CO, highlighting that a convenient and reliable method for measuring CO 

contained in organs/tissues is needed. 

Biomimetic chemistry for hemoproteins started in the 1970s. An epoch-making 

model for O2-binding hemoproteins is a picket-fence porphyrin synthesized by Collman 

and co-workers (20–22). After their discovery, many synthetic analogs were synthesized 

to demonstrate the reversible O2/CO bindings in anhydrous organic solvents (21,22). The 

weakness of these synthetic model systems was that even a trace amount of water 

contaminating the solvent was unacceptable due to a water-catalyzed autoxidation of the 

iron(II) to iron(III)porphyrins (23,24). Because of the difficulty in preparing a hydrophobic 

heme pocket similar to native hemoproteins, aqueous biomimetic compounds have been 

scarce (25,26). Nevertheless, our laboratory has succeeded in preparing hemoprotein 

models working in 100% aqueous solutions (27–33). In our model system, the 

iron(II)porphyrin is embedded in hydrophobic per-O-methyl-b-cyclodextrin (CD) cavities, 

thus avoiding a water-catalyzed autoxidation even in 100% water at ambient 
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temperatures. As a result, stable and reversible O2 and CO bindings similar to native Hb 

and Mb have been achieved. 

Among the hemoprotein model complexes synthesized in our laboratory, 

hemoCD1 (Fig. 1A) composed of 5,10,15,20-tetrakis(4-

sulfonatophenyl)porphinatoiron(II) (FeIITPPS) and a per-O-methyl-b-cyclodextrin dimer 

with a pyridine linker (Py3CD), showed the highest CO binding affinity (P1/2CO = 1.5 ×  10–

5 Torr, Kd = 19.2 pM in phosphate buffer at pH 7 and 25°C) (28). This is approximately 

100 times higher than that of Hb in R-state (Hb-R), whereas the O2 binding affinity of 

hemoCD1 is moderate (P1/2O2 = 10 Torr, Kd = 17 µM in phosphate buffer at pH 7 and 

25°C) (28,34), close to that of Hb in the T-state (Hb-T). To the best of our knowledge, the 

CO binding affinity of hemoCD1 is the highest among the reported native CO-binding 

proteins. The administration of hemoCD1 to animals (rats and mice) did not show any 

significant side effect except for endogenous CO scavenging (35–38). Most of the 

administered hemoCD1 is excreted in the urine as CO-hemoCD1 complex within one 

hour. Therefore, we have focused on studying hemoCD1 as a CO scavenging agent in 

vivo and recently described the effects of endogenous CO-depletion on heme oxygenase 

expression (35), ROS production (39), and circadian clock gene expressions (38). For 

years we have recognized that hemoCD1 not only is a powerful tool for elucidating the 

biological role of endogenous CO but could also be useful for detecting and removing 

excessive CO in the living organisms. 

In this paper, we established a new method for CO detection and quantification 

using hemoCD1 in rat tissues. The binding of CO to hemoCD1 is determined by a simple 

colorimetric assay using absorbances at three different wavelengths (422, 427, and 434 

nm) and was evaluated in rats exposed to CO gas compared to untreated animals. 

Importantly, kinetic studies on bio-distribution of CO in tissues after CO gas inhalation 

suggest a protective effect of circulating Hb in CO intoxication. Finally, we describe the 

potential use of hemoCD1 as an antidote for CO poisoning in mammals. 
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Fig. 1. HemoCD1, a CO detecting agent. (A) HemoCD1 is composed of 5,10,15,20-tetrakis(4-
sulfonatophenyl)porphinatoiron(II) (FeIITPPS) and a per-O-methyl-b-cyclodextrin dimer having a 
pyridine linker (Py3CD). The structure of deoxy-hemoCD1 and CO-hemoCD1 complexes is 
shown. (B) UV-vis spectra of hemoCD1 showing the Soret bands typical of deoxy-hemoCD1 (434 
nm) and CO-hemoCD1 (422 nm) in PBS at pH 7.4 and 25°C. (C–E) Competition between 
hemoCD1 and Hb for CO binding. (C) UV-vis spectra of oxy-, and CO-hemoCD1 (5.0 µM each), 
and oxy- (575 nm absorbance peak) and CO-Hb (2.4 µM each). (D) Time-course for changes in 
absorbance at 575 nm, indicative of formation of oxy-Hb, after mixing stock solutions of oxy-
hemoCD1 (0.75 mM, 20 µL in air-saturated PBS) and CO-Hb (0.72 mM, 10 µL in CO-saturated 
PBS) in air-saturated PBS (3 mL) at pH 7.4 and 25°C. Controls are represented by solutions of 
CO-Hb without (w/o) oxy-hemoCD1, and oxy-Hb mixed with CO-hemoCD1. (E) First-order rate 
plot for changes in absorbance at 575 nm over time. The linear regression analysis gave a rate 
constant of k = 0.01 s–1. 
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Results 
HemoCD1 as a suitable and effective CO scavenger 
The structure of hemoCD1 is shown in Fig. 1. In the presence of Na2S2O4, the oxidized 

form of hemoCD1 (met-hemoCD1) is converted to deoxy-hemoCD1 (Fig. 1A), with a 

typical absorption band at 434 nm (Fig. 1B). Upon addition of CO gas, deoxy-hemoCD1 

is smoothly converted into its CO-bound form, CO-hemoCD1 (Fig. 1A), which has a 

distinct absorption band at 422 nm (Fig. 1B). 

Once formed, CO-hemoCD1 is quite stable. In fact, the absorption band of CO-

hemoCD1 was unchanged when the solution was bubbled with pure O2 for 5 min (Fig. 

S1). On the other hand, CO-Hb in solution was easily converted to its O2-bound form 

following addition of O2 (Fig. S1). Once formed, CO-hemoCD1 could not be reconverted 

to its deoxy form despite continuous N2 bubbling for 60 min, while CO-Hb returned to its 

deoxy-form after N2 treatment (Fig. S2). In addition, CO-hemoCD1 remained stable even 

after the solvent was almost evaporated under high vacuum (<10 Torr) over 2 h. The re-

dissolved complex still showed the distinct and typical spectrum of CO-hemoCD1 (Fig. 

S3). In contrast, CO-Hb significantly decomposed after the same treatment (Fig. S3). CO-

hemoCD1 was also resistant against excess H2O2, whereas CO-Hb was degraded by 

H2O2 under the same conditions (Fig. S4). CO-hemoCD1 is also stable over 24 h in the 

presence of biocomponents from cell lysates (Fig. S5). These data demonstrate the high 

stability of the CO-hemoCD1 complex and emphasize that, once bound to hemoCD1, CO 

hardly dissociates even under these extreme conditions. 

To demonstrate the CO-scavenging ability of hemoCD1, CO transfer from CO-Hb 

to oxy-hemoCD1 (an O2-adduct of hemoCD1) was investigated. The spectra of each 

component are shown in Fig. 1C and we note the peak in absorbance at 575 nm 

characteristic of oxy-Hb. After mixing the solutions of oxy-hemoCD1 (0.75 mM, 20 µL in 

air-saturated buffer) and CO-Hb (0.72 mM, 10 µL in CO-saturated buffer where [CO] = 

0.96 mM (40)) in 3 mL air-saturated buffer, a time-dependent increase in the absorbance 

at 575 nm was observed due to the conversion of CO-Hb to oxy-Hb (Fig. 1D). The two 

controls, namely 1) the CO-Hb solution without (w/o) oxy-hemoCD1, and 2) the mixed 

solution of oxy-Hb with CO-hemoCD1, did not reveal any change in absorbance, as 

shown in Fig. 1D. The first- order CO transfer rate constant was determined (Fig. 1E), 
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which is consistent with the dissociation rate constant (koffCO = 0.01 s–1) reported for CO-

Hb (41). In the CO transfer reaction, dissociation of CO from CO-Hb is the rate-limiting 

step, as the on rate for CO to hemoCD1 is much faster (konCO = 4.7 × 107 M–1s–1) (28). 

After ultrafiltration of the mixed solution using a filter of molecular weight cut off = 30,000 

Da, the hemoCD1 and Hb components were separated. The filtrate contained CO-

hemoCD1 whereas the residue contained oxy-Hb (Fig. S6). 

Concerning NO, we have already shown that hemoCD1 is unable to bind NO in 

the presence of Hb, due to its lower NO binding affinity compared to Hb (39). In addition, 

CO-hemoCD1 was not decomposed by the addition of NO, whereas the CO in CO-Hb 

was replaced by NO leading to formation of met-Hb (Fig. S7). The stability of CO-

hemoCD1 even in the presence of NO is an additional advantage for a selective and 

accurate detection of CO in vivo. As for H2S, we previously reported that the coordination 

strength of H2S to iron(II) in hemoCD1 is relatively weak, and the SH– ligand is easily 

replaceable with CO in the hemoCD1 analog (42). 

The intrinsic toxicity of the CD cavity, which was suggested in a recent article (8), 

was not observed because the CD cavity is occupied by FeIITPPS in hemoCD1 (Fig. S8). 

We have already reported that the hemoCD1 components have no effect on 

hemodynamic parameters such as heart rate, blood pressure, and plasma components 

(35,43). It has been demonstrated that biological systems do not recognize meso-

tetraarylporphinatoiron such as FeTPPS in hemoCD1 as a heme cofactor (44,45) and 

thus hemoCD1 cannot be metabolized by heme oxygenase. Moreover, we demonstrated 

that injection of oxy-hemoCD1 in rats results in excretion of CO in the urine (35) and that 

the ferric iron(III) form the hemoCD derivatives function as cyanide-antidotes (32,46,47). 

Altogether, our data support the idea that hemoCD1 is a safe and effective CO scavenger. 

 

Development of a new and sensitive CO quantification method using hemoCD1 
Absorbances of the Soret bands of deoxy-hemoCD1 (434 nm) and CO-hemoCD1 (422 

nm) were used for CO quantification (Fig. 1B). When aqueous CO solutions with different 

CO contents were mixed with deoxy-hemoCD1, the Soret band clearly changed as a 

function of CO showing an isosbestic point at 427 nm (Fig. 2A). Based on the absorbance 
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ratio at 422 and 434 nm (A422/A434), the molar ratio of CO-hemoCD1 in the total hemoCD1 

derivatives in the solution (RCO) was calculated by the following equation: 

 
where edeoxy422, edeoxy434, eco422, and eco434 are the molar absorption coefficients of deoxy- 

and CO-hemoCD1 at 422 and 434 nm, respectively (these coefficients are listed in table 

S1). The derivation of eq 1 is detailed in Supplementary Materials. The total amount of 

hemoCD1 (Ctotal, that is deoxy- and CO-hemoCD1 combined) was determined by the 

absorbance at 427 nm, the isosbestic point of deoxy- and CO-hemoCD (Fig. 2A), and its 

absorption coefficient (e 427, Table S1). The amount of CO (MCO) in the solution was 

calculated by multiplying RCO by Ctotal. We validated our approach by determining the MCO 

values of known CO standards prepared by adding pure CO gas from a gas-tight syringe 

to water contained in a rubber-capped bottle without headspace. As shown in Fig. 2B, the 

amount of CO quantified using hemoCD1 is almost identical to the CO content in the 

standards (y = 0.99x, R2 = 0.999). Due to the limit of absorption detection, approximately 

400 pmol was the minimum value for detection of CO. The slope of the standard curve 

was 1 with intercept 0; therefore, the amount of CO in solution can be directly determined 

using eq 1 without preparing a standard curve for each detection assay. 
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Fig. 2. Spectroscopic quantification of CO in aqueous solution using hemoCD1. (A) UV-
vis spectra of hemoCD1 (6.0 µM) after exposure to various amounts of CO in PBS (1 mL) at pH 
7.4 and 25°C. RCO values were calculated using eq 1. (B) The plot of known amounts of CO 
dissolved in water versus the quantified values of CO determined by the hemoCD1 assay. Data 
are shown as mean ± SE (n = 3). 
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Using the new hemoCD1 assay to quantify endogenous CO levels in tissues 
We next applied our new assay to determine the amount of endogenous CO contained in 

rat tissues. Samples (5–20 mg) collected from different organs/tissues were homogenized 

in PBS (0.5 mL). Then, deoxy-hemoCD1 was added to the tissue suspension followed by 

sonication (10 s x 2) (see Fig. 3A for methodological details). After sonication, samples 

were centrifuged for 15 min to obtain a clear supernatant (see picture in Fig. 3A), which 

was filtered through a 0.45 µm filter. Samples were then measured by UV-vis absorption 

spectrometry, yielding a clear Soret band as exemplified by the liver sample shown in Fig. 

3B (red line). Controls were treated in the same manner without adding deoxy-hemoCD1 

and their absorbances at 422 and 434 nm (Fig. 3B, blue line) were subtracted from the 

absorbances of samples added with deoxy-hemoCD1. From these values, RCO was 

calculated using eq 1. The total content of hemoCD1 (Ctotal) determined from the 

absorbance of the isosbestic point at 427 nm was consistent with the amount of deoxy-

hemoCD1 initially added to the sample. This indicates that hemoCD1 was not lost during 

sample treatment, i.e., during sonication, centrifugation, and filtration. From RCO and Ctotal, 

the amount of CO contained in the tissues (MCO) was determined. 

Because tissue samples contain blood, some residual CO-Hb could still be present 

in our samples leading to overestimation of CO levels in tissues. Therefore, we compared 

the CO content without and with flushing organs and tissues with saline. As shown in Fig. 

3C and Fig. S9, along with a discoloring of tissues as flushing was conducted, the amount 

of detected CO decreased (see Fig. 3C for liver, and Fig. S9 for lung, muscle, and brain). 

Even though the CO content was unchanged after flushing with 100 or 200 mL saline, 

200 mL saline was chosen to ensure complete flushing of organs. The varying amounts 

of endogenous CO (pmol/mg tissue, wet weight (ww)) measured in the different organs 

are reported in Fig. 3D. The amount of CO showed a linear correlation with the mass of 

tissues (Fig. 3E and Fig. S10), supporting the accuracy of the method quantifying CO. As 

for the spleen, the amount of CO could not be accurately estimated because of 

interference with endogenous heme-related pigments which could not be adequately 

removed by the treatment with Na2S2O4 and affected the hemoCD1 spectrum. Because 

hemoCD1 is stable at different pH (pH 4–10) (28), under room light, and in the presence 
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of biological reactive species such as ROS, NO, H2S, and glutathione, the amount of CO 

in tissues quantified by hemoCD1 was unaffected by these external factors (Fig. S11). 

We also compared our CO detection assay with a GC technique equipped with a 

thermal conductivity detector (TCD), following a methodology described in the literature 

(16). In GC analysis, processed tissue samples need to be oxidized by sulfosalicylic acid 

to liberate CO before measuring gaseous CO in the headspace (16–19). As shown in Fig. 

S12, 17.5 ± 0.6 and 12.1 ± 3.1 pmol/mg of CO were detected in liver tissue without or 

with flushing of the organ with 200 mL saline, respectively. The amount of CO detected 

in tissue by GC was consistent with data previously reported (48). On the other hand, we 

detected considerably more CO using hemoCD1 (98.7 ± 17.5 and 57.8 ± 3.0 pmol/mg). 

The underestimation of CO by the GC method is probably due to residual CO that is 

strongly bound to the tissue and can be hardly released by the denaturating agent. The 

assay using hemoCD1 is capable of detecting more CO in tissues than GC, even though 

there is still no evidence that all of CO in the tissue was detected by the assay. 
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Fig. 3. Quantification of CO in rat tissues. (A) Experimental procedure describing the various 
steps of the hemoCD1 assay for measuring CO in tissue samples collected from different rat 
organs. The picture shows clear supernatant solutions of tissue sonicates without (control) and 
with deoxy-hemoCD1. (B) Typical representative spectra of supernatant solutions of liver sample 
and control obtained at the end of the hemoCD1 assay. (C) Amounts of CO quantified in liver 
tissues without (–) or following flushing with 25–200 mL saline. Each bar represents the mean ± 
SE (n = 3–6). Statistical significance, *p < 0.05 versus 200 mL flushed organs; not significant, n.s. 
(D) Content of endogenous CO (pmol/mg, wet weight) detected in different organs using the 
hemoCD assay. Each bar represents the mean ± SE (n = 3–6). (E) Plot of the wet weight of liver 
tissue versus the amount of CO detected. 
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Using the hemoCD1 assay to assess the temporal distribution of CO in blood and 
tissues after administration of CO gas 
CO present in blood and organs was measured at 5, 10, and 20 min after exposure of 

rats to air containing 400 ppm CO gas by inhalation (see protocol in Fig. 4A and Fig. S13). 

HemoCD1 was used to assess CO in tissues. Blood CO-Hb levels were measured by a 

blood analyzer (49). As expected, during the 20 min exposure to CO gas, CO-Hb in blood 

linearly increased to 15.3% and 12.1% in arterial and venous blood from left (LV) and 

right ventricles (RV), respectively (Fig. 4B). Conversely, the amounts of CO in tissues 

rapidly increased after 5 min exposure to CO and then reached a plateau at 10 min (Fig. 

4C). Thus, it appears that, compared to Hb, the tissue has a limited capacity to store CO. 

We then took the same tissue samples from rats inhaled with CO gas, placed them ex 

vivo under a CO atmosphere for 1 h, and quantified the CO content. As shown in Fig. 4D, 

the tissues could store more CO by adding CO ex vivo. These results indicate that the 

capacity of the tissues to store CO did not reach saturation during continuous CO 

inhalation in vivo. Intriguingly, these data also suggest that the high capacity of Hb for CO 

storage during inhalation may confer protection of tissues against CO toxicity. This may 

be due, among other possibilities, to the ability of Hb to extract CO from the tissues. 

To demonstrate this hypothesis, we measured CO accumulated in hepatocytes 

incubated for 2 h with a CO-releasing molecule (CORM-401E), followed by replacement 

of medium in the presence or absence of Hb (Fig. S14). Notably, hepatocytes exposed 

to CORM-401E exhibited a significant increase in intracellular CO, whereas CO levels 

were equivalent to control values after treatment with CORM401-E followed by oxy-Hb, 

indicating that CO initially accumulated in cells was subsequently transferred to Hb. 

These results suggest that Hb is capable of removing CO stored in cells, which was 

confirmed by the CO quantification assay using hemoCD1, and that this mechanism could 

also occur in vivo, supporting a possible protective role of Hb against CO intoxication (see 

Discussion for detail). 

Next, the kinetic profiles of CO levels in blood and tissues were studied in rats first 

exposed to 400 ppm CO for 5 min followed by ventilation with air or pure O2 for 60 min 

(Fig. 5A). As expected, CO-Hb levels in arterial (LV) and venous blood (RV) gradually 
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decreased after the two treatments, with O2 ventilation being more effective than air (Fig. 

5B). However, a significant amount of CO still remained in several tissues, especially in 

the brain (cerebrum and cerebellum), even after ventilation with O2 (Fig. 5C). Thus, once 

CO is accumulated in tissues it is not easily eliminated by standard treatments used 

against CO intoxication. 

 
Fig. 4. Kinetic studies of CO levels in blood and tissues after exposure to CO in rats. (A) 
Anesthetized rats were exposed to CO inhalation (400 ppm) and samples collected at different 
times as shown. (B) Changes in CO-Hb (%) in arterial and venous blood as a function of time. 
(C) Tissue CO contents as a function of time. Each plot represents the mean ± SE (n = 3–6). 
Statistical significance, *p < 0.05, **p < 0.01 versus t = 0. (D) Amount of CO in muscle and 
cerebrum before and after purging CO gas ex vivo. Samples collected at 5 or 20 min were placed 
under CO atmosphere for 1 h and then assayed for CO content. Each bar represents the mean ± 
SE (n = 3). Statistical significance, *p < 0.05, **p < 0.01; not significant, n.s. 
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Fig. 5. Effect of normobaric air/O2 ventilation on CO levels in blood and tissues after 
exposure to CO in rats. (A) Anesthetized rats were exposed to CO inhalation (400 ppm) for 5 
min followed by either air (black) or O2 ventilation (blue) as indicated. (B) Changes in CO-Hb (%) 
in arterial and venous blood as a function of time. Each plot represents mean ± SE (n = 5–14). 
Statistical significance, *p < 0.05, versus air ventilation. (C) Amounts of CO measured under the 
experimental conditions described in (A). The plots connected by black and blue lines represent 
the data obtained under air and O2 ventilation, respectively. Each bar represents mean ± SE (n = 
3–6). Statistical significance, *p < 0.05, **p < 0.01; not significant, n.s. versus t = 0. 
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pharmacokinetic study on oxy-hemoCD1 has been reported elsewhere (27,36). The data 

in Fig. 6A show that oxy-hemoCD1 infusion during air ventilation (I) fastens the return of 

CO-Hb to basal levels, while during O2 ventilation (II) the effect of hemoCD1 infusion is 

less pronounced. On the other hand, the infusion of oxy-hemoCD1 elicited a marked 

reduction in CO accumulation in the brain (cerebrum and cerebellum, see Fig. 6A) and 

other tissues (Fig. S16). The combination of oxy-hemoCD1 with O2 ventilation (II and III) 
was especially effective in removing CO from the brain. 

To simulate more closely a state of severe CO intoxication, the effect of oxy-

hemoCD1 administration was further tested in rats after inhalation of 400 ppm CO for 80 

min. Under these conditions, CO-Hb levels reached 30% (Fig. 6B). Unexpectedly, the 

amount of CO accumulated in tissues was not significantly increased compared to that 

measured after shorter CO inhalation times (5 and 20 min) (Fig. 6A, 6B, and Fig. S17). 

This observation is consistent with the scenario that a high capacity for CO storage of 

circulating Hb impedes accumulation of excess CO in tissues (see Discussion for detail). 

Also in this case, the significant amount of residual CO detected in the brain after O2 

ventilation for 60 min (IVctl/Vctl) was effectively reduced by i.v. injection with oxy-

hemoCD1 (IV and V). 
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Fig. 6. Effect of normobaric air/O2 ventilation in combination with hemoCD1 injection on 
CO levels in blood and tissues after exposure to exogenous CO in rats. (A) Anesthetized 
rats were exposed to CO inhalation (400 ppm) for 5 min followed by either air or pure O2 ventilation 
in combination with intravenous hemoCD1 infusion (1.4 ± 0.2 mM, 2.5 mL in PBS) as indicated 
by the three different protocols: I, oxy-hemoCD1 was infused for 30 min under room air ventilation; 
II: oxy-hemoCD1 was infused for 15 min under pure O2 ventilation; III: O2 ventilation was 
conducted for 30 min before infusion of oxy-hemoCD1 for 15 min. The right panels show the 
changes in CO-Hb (%) in arterial (LV) and venous (RV) blood and the CO levels detected in the 
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cerebrum and cerebellum samples collected as indicated. (B) Anesthetized rats were exposed to 
CO inhalation (400 ppm) for 80 min followed by O2 ventilation in combination with intravenous 
hemoCD1 infusion (3.0 ± 0.2 mM, 2.5 mL in PBS) as indicated by the two different protocols: IV, 
oxy-hemoCD1 was infused for 15 min under pure O2 ventilation; V: O2 ventilation was conducted 
for 30 min before infusion of oxy-hemoCD1 for 15 min. The right panels show the changes in CO-
Hb (%) in LV and RV blood and the CO levels detected in the cerebrum and cerebellum samples 
collected as indicated. Each plot for CO-Hb (%) represents mean ± SE (n = 3–14). Each bar for 
CO (pmol/mg) represents the mean ± SE (n = 3–6). Statistical significance, *p < 0.05, **p < 0.01; 
not significant, n.s. versus t0. 
 

Discussion  
In this study, we report on the ability of hemoCD1 to effectively remove CO from tissues 

following CO exposure in rats. Our data show that inhalation of CO gas rapidly increases 

CO-Hb and CO accumulation in tissues in vivo. While air or O2 ventilation is capable of 

restoring CO-Hb to basal levels, elimination of CO from tissues is hard to achieve, 

especially in the brain. However, infusion of hemoCD1 during the ventilation treatments 

efficiently eliminates CO from tissues, uncovering a very useful property of hemoCD1 as 

a CO removing agent to combat CO intoxication. We further reveal how tissues rapidly 

reach a plateau in CO content during CO exposure while CO-Hb levels in blood continue 

to rise over time. This phenomenon raises important questions on the role of Hb as a 

potential molecular shield that defends tissues against accumulation of dangerous levels 

of CO. The data on CO content in tissues and organs were generated using a new and 

simplified CO detection method based on hemoCD1, which was thoroughly investigated 

and validated in the present study. 

Our data show that the CO-hemoCD1 complex, unlike CO-Hb, is extremely stable 

and hardly decomposes under extreme conditions such as high pressures of N2 and O2, 

or in the presence of oxidants (H2O2). The facts that hemoCD1: 1) is not cell-permeable 

(39) and not easily denatured by other chemicals; 2) can be isolated from other 

biocomponents; and that 3) its O2 binding affinity is moderate (Table 1) enabling CO to 

easily replace O2, make it a unique molecule with suitable properties as a CO scavenging 

agent in the biological environment. Another important property is that hemoCD1 also 

exhibits a much higher CO binding affinity compared to NO and H2S. 
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Table 1. Kinetic and thermodynamic parameters for O2 and CO bindings of hemoCD1 and related 

hemoproteins and model compounds.a 
 konCO 

(M–1s–1) 

koffCO 

(s–1) 

KdCO 

(M) 

konO2 

(M–1s–1) 

koffO2 

(s–1) 

KdO2 

(M) 

KdO2/KdCO 

(= M) 

Hb-Rb,c (4.6-6.0) × 

106 

(0.9-1.9) × 

10–2 

(1.7-4.1) × 

10–9 

(3.3-5.0) 

× 107 

15-22 (3.0-6.7) × 

10–7 

150–400 

Hb-Tb 8.3 × 104 9.0 × 10–2 1.1 × 10–6 4.5 × 106 1.9 × 103 4.2 × 10–4 380 
Mbd 5.1 × 105 1.9 × 10–2 3.7 × 10–8 1.7 × 107 15 8.8 × 10–7 25 

CcOe (7.0-12) × 

104 

2.2 × 10–2 (1.8-3.1) × 

10–7  

(1.0-6.0) 

× 108 

10 (1.7-10) × 

10–8 

0.1–0.6 

Cyt P450sccf 2.2× 104 0.15 7.0 × 10–7 5.3 × 106 120 2.3 × 10–5 33 

NPAS2 (PASA 
domain)g 

3.7 × 105 0.37-0.74 (1-2) × 10–6 - - - - 

hNgbh 6.5 × 107 1.4 × 10–2 2.2 × 10–10 2.5 × 108 0.8 3.2 × 10–9 15 

CooA5c-hemei 3.2 × 107 0.02 6.3 × 10–10 - - - - 

RcoM-2j > 104 < 10–6 < 10–10 - - - - 

MbH64Gd 5.8 × 106 3.8 × 10–2 6.6 × 10–9 1.4 × 108 1.6 × 103 1.1 × 10–5 1.3 × 103 

MbH64Ld 2.6 × 107 2.4 × 10–2 9.1 × 10–10 9.8 × 107 4.1 × 103 4.3 × 10–5 4.8 × 104 

FePiv35CImk 3.6 × 107 7.8 × 10–3 2.2 × 10–10 4.3 × 108 2.9 × 103 6.7 × 10–6 2.7 × 104 

hNgbH64Q-CCCh 1.6 × 108 4.2 × 10–4 2.6 × 10–12 7.2 × 108 18 2.5 × 10–8 9.7 × 103 
hemoCD1 1.3 × 107 2.5 × 10–4 1.9 × 10–11 4.7 × 107 800 1.7 × 10–5 8.9 × 105 

aThese parameters were determined in aqueous solutions at ambient temperatures (20–25°C), except for FePiv35Cim, 

which parameters were determined in absolute toluene. bRef (41). cRef (22). dRef (50). eRef (52). fRef (53). gRef (54). 
hRef (55). iRef (56), where the CO-binding site in CooA is blocked by a distal proline residue in the native form (6-

coordineted heme), thus the actual CO-binding affinity of CooA is smaller (KdCO ~ 10–6 M). jRef (57). kRef (22,51), where 

FePiv35Cim is a picket-fence porphyrin whose iron center is intramolecularly coordinated by an imidazole. 
 

Notably, hemoCD1 binds CO with much stronger affinity than Hb, Mb, CcO, and 

other hemoproteins found in nature (Table 1). The CO binding affinity tends to be higher 

in CO-sensing proteins such as neuroglobin (Ngb), NPAS2, CooA, and RcoM; in the case 

of hemoCD1, the CO affinity is still one order of magnitude higher than that of CO-sensing 

proteins. The kinetic parameters indicate that the high CO binding affinity of hemoCD1 is 

ascribed to the slow CO off rate (koffCO = 2.5 × 10–4 s–1). The hydrophobic environment 

provided by per-O-methyl-b-CD in CO-hemoCD1 tightly holds a hydrophobic CO 

molecule on the iron(II) center of hemoCD1 as discussed elsewhere (28). In native Hb 

and Mb, O2/CO binding sites are surrounded by a steric and polar amino acid residue, 
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called distal His, which reduce the CO binding affinities relative to O2 (22,41). Distal 

mutants such as H64G and H64L Mb showed much higher CO affinity than that in native 

Mb, resulting in large M values (see Table 1) (50). In synthetic iron(II)porphyrins such as 

hemoCD1 and FePiv35Cim (51), which have no distal functional groups, the CO binding 

affinity is much higher than that of Mb and Hb (22), although the lipophilic model cannot 

be used as CO-scavengers in biological media. 

In the present study, we refined and optimized an assay using hemoCD1 for the 

specific detection of CO in tissues and organs. We previously measured CO in cells using 

oxy-hemoCD1 (39), which can detect CO via ligand exchange reaction from O2 to CO but 

necessitated three troublesome processes: 1) a gel filtration step to remove excess 

reductant (Na2S2O4) for the preparation of oxy-hemoCD1; 2) an ultrafiltration process to 

separate hemoCD1 from biological contaminants; and 3) a CO gas bubbling step to 

convert all the hemoCD1 forms to CO-hemoCD1 for determining the final concentration 

of hemoCD1 (Ctotal) in the sample. Here we have improved our method by eliminating the 

gel filtration step since the amount of CO in tissues is determined based on the 

absorbance ratio at 422 and 434 nm in the presence of excess dithionite. Dithionite does 

not affect the CO scavenging properties of hemoCD1 and facilitates the precipitation of 

bio-components present in tissue samples, allowing to obtain clear solutions for 

absorbance measurements after centrifugation. The ultrafiltration process was thus also 

omitted. Furthermore, the ratiometric assay using A422/A434 and A427 enables to determine 

MCO in a single spectrum measurement, eliminating the final CO bubbling step. We also 

confirmed that the new assay can be used for cultured cells in vitro, measuring the same 

amount of endogenous CO as previously reported (38). Therefore, the new assay using 

hemoCD1 is accurate and represents a convenient method to determine the amount of 

CO stored in biological samples such as cells/tissues/organs. We note that different 

methods to detect CO in tissues and cells have been developed by several groups 

(10,16–19,58–66). CO detection in cells has been first achieved with the fluorescent 

probe COP-1 (58) and subsequently other Pd-based CO sensitive probes were 

synthesized (60–63) but none of them can quantify CO in samples. Although laser 

spectroscopy and radio-isotope methods have been reported (64–66), GC remains the 

most accessible and common technique to quantify CO. As we demonstrated in this study, 
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CO quantification in tissues was underestimated by GC analysis compared to our method, 

highlighting once more the sensitivity of the hemoCD1 assay. 

Our study on the kinetic profiles of CO in tissues and blood reveals interesting 

dynamics of CO distribution. First, the amount of CO stored in tissues quickly reached a 

plateau during CO inhalation but the ex vivo experiments revealed that tissue samples 

can store more CO. Secondly, despite the plateau observed in tissues, CO-Hb in blood 

linearly increased during CO exposure. What kind of mechanism could explain this 

dynamic? We postulate a scenario according to which CO reaching the tissues would 

gradually transfer to Hb in RBC where it would be stored as CO-Hb before elimination 

through the lungs. The schematic representation of uptake and elimination of CO is 

proposed in Fig. 7. In normal conditions, endogenous CO is continuously produced in 

every cell, some of which is stored in tissues and gradually eliminated through RBC (Fig. 

7A). Following inhalation, CO distributes in the body: 95% readily binds to Hb in blood 

(11) and the rest that is not captured by RBC diffuses to tissues (Fig. 7B). As the CO 

binding affinity of Hb is much higher than those of Mb and CcO (Table 1), which are the 

major CO storage components in tissues, it is reasonable to assume that CO flows from 

tissues to Hb in RBC. Thus, continuous CO inhalation leads to a further increase in CO-

Hb, while CO in tissues reaches a certain plateau, i.e. an equilibrium state (Fig. 7C). This 

is corroborated by our two CO exposure protocols, since the amount of CO accumulated 

in tissues was very similar but CO-Hb reached levels of 10 and 30% after inhalation of 

CO for 5 and 80 min, respectively. The CO flow mechanism suggests that Hb in RBC 

plays a role in protecting surrounding tissues from CO toxicity. In fact, as demonstrated 

in the dog study (14) mentioned in the Introduction, high CO-Hb itself is not toxic to the 

animals and several studies highlight that it is the CO diffused to the tissues and not the 

fraction bound to Hb that is the principal cause of CO poisoning (8,14,55). Our data 

showing that exogenous Hb can capture CO previously accumulated in hepatocytes in 

vitro support this proposed mechanism. Likewise, the fact that CO accumulation in organs 

ex vivo is higher than that measured after CO exposure in vivo indicates that, in the 

absence of Hb, more CO can reach the tissue. Our results also show that O2 ventilations 

after CO inhalation is more efficient than air in removing CO from blood. However, 

significant amounts of CO still remained in several tissues even after 60 min O2 ventilation. 
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In particular, the residual CO in the brain might be the cause of CO-associated delayed 

neurological sequelae (DNS) (8,67) as up to 40% of subjects surviving acute CO 

poisoning may develop DNS in 2 to 40 days. This may lead to memory loss, movement 

disorders, and Parkinson-like syndrome among others (67). The pathophysiology of CO 

poisoning and subsequent DNS is poorly understood, although CO-induced mitochondrial 

dysfunction is likely a cause of brain injury (8,68–70). Our data on CO quantification 

indicates that CO, once stored in the brain, is relatively hard to eliminate and normobaric 

O2 ventilation is insufficient to completely remove CO from this tissue. 

 

Fig. 7. Proposed mechanism of CO compartmentalization under normal conditions and 
during CO inhalation. (A) Normal conditions. Endogenous CO continuously produced in cells 
is stored in tissues, diffuses to Hb, and is exhaled. (B) Initial stage of CO inhalation. Inhaled CO 
forms CO-Hb in RBC and diffused to tissues. (C) Equilibrium state during CO inhalation. CO 
accumulated in tissues gradually transfers to Hb in RBC based on the higher CO affinity of Hb 
versus intracellular CO targets (see Table 1 and text for details). The compartment models are 
based on our data and Refs (9) and (17). 
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Thus, in the last part of our study we tested the potential use of hemoCD1 as an 

antidote for CO intoxication considering that O2 ventilation is the only method practically 

used as a therapy. Recently, a neuroglobin mutant (Ngb-H64Q-CCC) (52,55), which 

showed much higher CO binding affinity than Hb and hemoCD1 (Table 1), has been 

proposed as an injectable type of CO antidote. Our data demonstrate that i.v. injection of 

oxy-hemoCD1 was effective in decreasing CO levels in the brain of CO-treated rats. Since 

our previous study (38) showed no evidence that hemoCD1 diffuses through the blood 

brain barrier, we speculate that an equilibrium diffusion of CO to hemoCD1 in plasma 

effectively reduces CO in the brain. In any case, oxy-hemoCD1 injection reduced CO-Hb 

in blood (36), which may boost the elimination of CO in tissues by circulating Hb. 

In conclusion, we propose the use of hemoCD1 as a useful CO scavenger for 

quantifying and removing exogenous CO in tissues. Our study emphasizes: (1) the high 

affinity of hemoCD1 for CO and the chemical stability of the CO-hemoCD1 complex, 

demonstrating the suitability of hemoCD1 as a sensitive CO scavenger; (2) that the 

ratiometric absorbance assay using hemoCD1 in the presence of dithionite is a very 

simple and sensitive method for quantifying CO contained in tissues; (3) an unrecognized 

role of Hb as a predominant CO storage system in vivo, preventing accumulation of 

excess CO in tissues; (4) that injection of oxy-hemoCD1 to CO-exposed rats acts as 

adjuvant to air/O2 ventilation to effectively and rapidly remove CO accumulated in tissues, 

including the brain. We believe that the data presented herein will stimulate further 

discussions on the mechanisms underlying CO poisoning. 
 

Materials and Methods 

FeIITPPS and Py3CD are synthesized in our laboratory according to the literature method 

(27,28). All animal experiments were approved by the Institutional Review Board of Tokai 

University and the Guidelines for Animal Experiments of Doshisha University. An 

extended materials and methods section is available in Supplementary Information. This 

includes details on sample preparation, animal experiments, and the assay for 

quantification of CO using hemoCD1. 
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