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Abstract

Rat hearts were perfused for 30min with buffer equilibrated with CO. Mean data for hearts exposed to 0.01% CO show a 15%

decrease in heart rate (HR) during exposure followed by recovery, with a further 17% decrease post exposure. Examination of time

courses from individual perfusions shows that in 10 hearts exposed to 0.01% CO HR responded in different ways: no response

(5 hearts); decrease during exposure followed by recovery (3 hearts); and decrease post exposure (2 hearts). There was a strong

association between CO-induced HR decrease and release of creatine kinase into the perfusate, both of which were not prevented

by the antioxidants, ascorbate, and Trolox C. Perfusate flow rate declined post exposure (4.9% and 8.9% with 0.01% and 0.05% CO,

respectively) and this was prevented by antioxidants. CO may have two, independent, cardiotoxic effects; these may be mediated by

CO-induced elevation of oxidant production, H2O2 in one case and peroxynitrite in the other.

� 2004 Elsevier Inc. All rights reserved.
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Carbon monoxide (CO) is the most common cause of

fatal poisoning in many Western countries [1,2]. Acute

exposure to CO, e.g., via the incomplete combustion

of domestic gas is well known [3], but chronic exposure

also occurs, e.g., via cigarette smoking [4]. CO can cause
tissue hypoxia by binding with high affinity to haemo-

globin, and indeed the presence of carboxyhaemoglobin

(COHb) is a useful diagnostic tool for CO exposure [2].

However, levels of COHb during acute CO poisoning do

not correlate well with clinical outcome [5], and so it is

clear that the pathophysiology of CO involves addition-

al intracellular mechanisms of toxicity [6].

In skeletal and cardiac muscle, CO can cause cellular
hypoxia by binding with high affinity to myoglobin. Al-

so, in many tissues there is potential for CO to cause

pseudohypoxia by blocking the usage of oxygen via cy-
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tochrome-c oxidase [7]. This raises the possibility that

CO could cause an ischaemia–reperfusion like injury

[6], and indeed there is evidence of oxidative stress in

rat brain following the cessation of CO exposure [8].

In our previous work we showed that exposure of iso-
lated perfused rat hearts to CO caused a depletion of ven-

tricular glutathione levels post exposure [9]. However, it

was argued that this CO-induced oxidative stress could

not arise from an ischaemia–reperfusion like injury be-

cause the levels of CO used were insufficient to cause ei-

ther pseudohypoxia or hypoxia. The work described here

is an extension of our previous study. Here we describe

the effects of CO on heart rate (HR) and coronary flow
rate in isolated perfused rat hearts. In some hearts, CO

induced a decrease in HR that is strongly associated with

release of creatine kinase into the perfusate, whereas all

hearts showed a decrease in perfusate flow rate immedi-

ately post exposure to CO that is prevented by inclusion

of a combination of antioxidants, ascorbate and Trolox

C, in the perfusion buffer. The evidence suggests that
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the cardiotoxicity of CO may arise from two, indepen-

dent, mechanisms.
Fig. 1. Effect of 30min exposure to 0.01% CO (black bar) on the HR

of isolated perfused rat hearts, followed by a period of perfusion with

CO-free medium (see Materials and methods for details). Mean

values ± SEM are shown; n = 3 for the control (no CO exposure) and

n = 10 for the exposure to CO. The asterisks indicate significant

differences (P < 0.05) versus the HR at �2.5min. The mean heart rate

at �2.5min was 146 ± 40min�1 (±SD, n = 13).
Materials and methods

Adult male Sprague–Dawley rats (262 ± 30g body weight;

mean ± SD, n = 35) were maintained with free access to food and

water. All experiments were conducted in accordance with ethical

approval. Unless otherwise stated, reagents were obtained from Sigma

(Poole, UK).

Beating rat hearts (1.48 ± 0.15g; mean ± SD, n = 35) were rapidly

excised following anaesthesia with 60mg intraperitonial sodium pen-

tobarbital (Sagatal, May and Baker, Dagenham, UK) and perfused (at

36.9�C) in a non-recirculating Langendorff apparatus at 6ml/min/g

wet weight of heart as described previously [10]. The perfusion buffer

(118mM NaCl, 4.7mM KCl, 1.2mM KH2PO4, 1.2mM MgSO4,

1.8mM CaCl2, 20mM NaHCO3, and 11mM glucose) was constantly

gassed with 21% oxygen, 5% carbon dioxide (balanced with nitrogen)

to pH 7.4.

Hearts were perfused with buffer for about 10min to wash out

blood and to ensure that the HR was stable. A further 15min perfu-

sion, before CO exposure, was used to establish pre-exposure heart and

perfusate flow rates. CO exposure was then started by perfusion with

buffer that was saturated with 0%, 0.01% or 0.05% CO for 30min,

followed by a 90min CO-free period. Gas mixtures (0–0.05% CO in

21% oxygen, 5% carbon dioxide and balanced with nitrogen) were

supplied by BOC (Guildford, UK). In some perfusions antioxidants

were included during the initial equilibration period and during the

exposure to CO, but not during the 90min of perfusion after CO ex-

posure. These were 0.2mM Trolox C ((±)-6-hydroxy-2,5,7,8-tetra-

methylchromane-2-carboxylic acid; Fluka, Poole, UK) and 1mM

sodium ascorbate. The latter was added to the perfusion buffer im-

mediately before the start of the perfusion. Note that the presence of

ascorbate required greater buffering capacity in the perfusion buffer, so

this was supplemented with 10mM Hepes.

The activity of creatine kinase (CK) in 20ll samples of perfusate

was determined by standard enzyme-linked assay using a commercial

kit (hexokinase/glucose-6-phosphate dehydrogenase based; Sigma

product number 4720). Heart rates were determined by manual count

over 30s; measurements were carried out in triplicate. Perfusate flow

rates were measured by collecting timed perfusate fractions and

dividing the volume collected by the time taken to collect it.

SPSS 11.5 for Windows (SPSS) was used to generate pairwise

comparisons of the HRs at different times within the one-way ANOVA

GLM repeated measures procedure. Statgraphics Plus 5.1 (Statistical

Graphics) was used to carry out cluster analysis on the HR data. The

K-means method was used, with Euclidean distance as a measure of

similarity; in this method the number of clusters is defined beforehand.

It was used here as an objective way of grouping hearts according to

their responses to CO exposure based on response types identified by

visual inspection of the data.
Results

Effects of CO on heart rate

Fig. 1 shows the effect of exposure to 0.01% CO on
HR. In controls, where the hearts were perfused with

CO-free buffer throughout, there was no significant

change in HR (repeated measures ANOVA, P > 0.05

for all pairwise comparisons of the HR at �2.5min with

HRs at other times). However, 0.01% CO induced a de-
crease in HR, which reached a minimum of 85% of the

pre-exposure rate by 7.5min of exposure (significant dif-

ference between the rates at �2.5min and 7.5min;

P = 0.042). TheHR then recovered over the rest of the ex-

posure, and was close to the pre-exposure rate by the end
of the exposure. After a lag of 10–15min post exposure

there was a second decrease in HR of similar magnitude

to that seen during the exposure (significant difference be-

tween the rates at �2.5min and 115min; P = 0.043).

It was apparent, from examination of HR time courses

from individual perfusions, that the hearts responded in

several ways to exposure to 0.01% CO, and that the two

periods of HR decrease seen in the mean data in Fig. 1,
i.e., during CO exposure and post CO exposure, were

not associated with the same hearts. When cluster analy-

sis (seeMaterials andmethods)was carried out on theHR

data from 7.5, 12.5, and 17.5min (i.e., during the expo-

sure) two types of response toCO exposure were revealed.

In one group of hearts (Type 1, 3 hearts) there was a CO-

induced decrease in HR during the exposure and in the

other (Type 2, 7 hearts) this response was absent (Fig.
2A). Furthermore, hearts that showed the Type 2 re-

sponse could be separated into two subgroups using clus-

ter analysis of theHRdata from 70, 100, and 115min (i.e.,

post exposure): Type 2A, 2 hearts which showed a CO-in-

duced decrease in HR post exposure, and Type 2B, 5

hearts in which this was absent (Fig. 2A). Hence, there

were five hearts (Type 2B) which showed no CO-induced

change in HR throughout the perfusion.
Eight of the hearts exposed to 0.01% CO showed

periods of arrhythmia either during or after the CO



Fig. 2. Effects of exposure to 0.01% CO on the HR (A) and CK release (B) from perfused isolated rat hearts. (B) Cumulative CK in the perfusate

expressed as a percentage of relative to the amount accumulated in the 15min before the CO exposure (see Materials and methods). The mean

cumulative CK activity in these hearts, at t = 0, was 3.74 ± 1.84IU/g wet tissue, means ± SD, n = 10. The data from the 10 hearts have been grouped

as described in the text. In both panels the black bar marks the period of exposure to CO. The data shown are means ± SEM as appropriate: n = 3 for

Type 1, n = 2 for Type 2A, and n = 5 for Type 2B.
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exposure, or at both times. Two hearts exposed to 0.01%

CO showed no arrhythmia; these showed a Type 2B re-

sponse in terms of HR as defined above, i.e., they

showed no CO-induced changes in HR.

In hearts exposed to 0.05% CO there was a slight

indication of a decrease in HR during the exposure
(Fig. 3A) relative to the rate at �2.5min, but this was

not statistically significant (repeated measures ANOVA,

P > 0.05 for all pairwise comparisons of the HR at

�2.5min with HRs at other times). However, all hearts

exposed to 0.05% CO showed periods of arrhythmia

either during the exposure or after, or both during and

after.
Fig. 3. Effects of the antioxidants ascorbate and Trolox C (AO) on HR (A)

CO. The cumulative CK in the perfusate is expressed as a percentage of relat

Materials and methods). In both panels the black bar marks the period of ex

exposed to 0.05% CO only and n = 4 for those exposed to 0.05% CO plus a
Effect of CO on coronary flow

Coronary flow was monitored during and after ex-

posure of perfused rat hearts to 0.01% or 0.05% CO.

Table 1 shows the mean perfusate flow rates during ex-

posure (0–30min) and post exposure (30–120min) ex-
pressed as percentages of the flow rates pre exposure

(�15–0min). CO at 0.01% or 0.05% caused no signifi-

cant change in perfusate flow rate during the exposure,

but there was a dose-dependent decline post exposure

of 4.9% and 8.9% with 0.01% and 0.05% CO, respec-

tively. In control hearts over the same period the

decline was only 1.2%. In addition to the decline in
and CK release (B) from perfused isolated rat hearts exposed to 0.05%

ive the amount accumulated in the 15min before the CO exposure (see

posure to CO. The data shown are means ± SEM: n = 5 for the hearts

ntioxidants.



Table 1

The effects of CO exposure on perfusate flow rate

CO exposure (%) During (%) Post (%) n

0 99.9 ± 0.4 98.7 ± 0.4 3

0 + AO 99.5 ± 1.1 98.7 ± 1.5 3

0.01 98.9 ± 0.6 94.0 ± 0.5a,b 10

0.05 99.3 ± 0.6 90.5 ± 2.1a,b,c,d 6

0.05 + AO 100.2 ± 0.9 97.9 ± 1.0 5

The initial perfusate flow rate for each heart was set at 6ml/min/g wet

weight of heart. Data shown are means ± SEM (n values as indicated)

expressed as a percentage of the pre CO flow rate.
a Significantly different to �during;� 95% confidence level.
b Significantly different to �0%, post;� 95% confidence level.
c Significantly different to �0.05% + AO, post;� 95% confidence level.
d Significantly different to �0.01%, post;� 95% confidence level.
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perfusate flow immediately post exposure, hearts ex-

posed to CO showed signs of swelling particularly of

the vasculature close to the cannula.

Effect of antioxidants on CO-induced changes in HR and

coronary flow

Inclusion of a combination of water-soluble antioxi-
dants, ascorbate and Trolox C, in the perfusion buffer in

the equilibration period before exposure and during the

exposure to 0.05%COdidnot prevent theCO-inducedde-

crease in HR (Fig. 3A). All four hearts exposed to 0.05%

CO in the presence of antioxidants showed a decline in

HR immediately after the start of theCOexposure.More-

over, there was no recovery of the HR in this case.

Despite the lack of a protective effect against HR de-
crease the antioxidants did, however, have a significant

protective effect on the CO-induced decline in perfusate

flow rate seen with 0.05% CO (Table 1), such that this

fell by only 2.0%, not significantly different to the de-

crease (0.8%) seen in the control (0% + AO, Table 1).

Heart rate changes and creatine kinase release

In our previous report [9] we noted that isolated per-

fused rat hearts exposed to 0.01% CO showed different

responses in terms of the release of CK into the perfus-

ate, an indication of CO-induced tissue damage. In some

hearts there was no CO-induced damage, whereas in

others there was damage either immediately after the

start of exposure or lagging 10–15min after the end of

the exposure. Fig. 2B shows the cumulative perfusate
CK data for hearts exposed to 0.01% CO grouped ac-

cording to the cluster analysis of the HR data described

earlier. It is clear from comparison of Figs. 2A and B

that there is a strong association between the occurrence

of CO-induced HR changes and of CO-induced CK re-

lease. A similar relationship can be seen in Figs. 3A and

B: hearts exposed to 0.05% CO showed little or no

change in HR (Fig. 3B) and correspondingly no CO-in-
duced CK release (Fig. 3B) whereas those exposed to
0.05% CO in the presence of antioxidants showed a de-

crease in HR (Fig. 3A) and a corresponding increase in

CK release (Fig. 3B) although interestingly there was a

lag of about 10 min before this occurred.
Discussion

In the work described here the effects of exposure of

isolated perfused rat hearts to CO on HR and perfusate

flow were examined. The data presented suggest that CO

has at least two, possibly independent, toxic effects.

There was a dose-dependent decrease in perfusate flow

post exposure to CO, which was seen in all hearts ex-
posed to CO and which is prevented by inclusion of

the antioxidants ascorbate and Trolox C in the perfu-

sion buffer (Table 1). However, there were also CO-in-

duced decreases in HR in some, but not all hearts,

either immediately after the start of the exposure or lag-

ging 10–15min after the end of the exposure (Fig. 2),

that do not appear to be prevented by ascorbate and

Trolox C in the perfusion buffer (Fig. 3).
The idea that CO has two independent effects on per-

fused rat hearts is supported by the data on perfusate

CK levels (Figs. 2 and 3) and the data on ventricular

glutathione in our previous report [9]. Some of the

hearts exposed to CO showed episodes of tissue damage

as indicated by the release of CK into the perfusate, and

it is clear that there is a strong association between CO-

induced CK release and CO-induced HR decrease (Figs.
2 and 3). For example, those hearts that showed CO-in-

duced CK release immediately after the start of the ex-

posure to 0.01% CO also showed a concomitant

decrease in HR (Type 1 in Fig. 2). In contrast, we

showed previously [9] that all hearts exposed to 0.01%

or 0.05% CO showed a severe decline in ventricular glu-

tathione post exposure, and that this could be mostly

prevented by ascorbate/Trolox C.
The HR data suggest that the CO levels used here

(0.01% and 0.05% CO) were insufficient to cause tissue

hypoxia (via binding to myoglobin) or pseudohypoxia

(via inhibition of cytochrome-c oxidase). If the CO

had an effect analogous to ischaemia then we would ex-

pect to see a progressive decline in HR in all hearts dur-

ing the exposure. For example, Allibardi et al. [11]

reported a decline in HR to less than 40% of the control
after 30min of low-flow ischaemia in isolated rat heart

perfusions whereas Hammad et al. [12] observed a pro-

gressive decline in HR during global ischaemia with

complete cessation of beating after 15min. However,

not only did some hearts show no CO-induced HR

change at all, but those that showed a CO-induced de-

crease during the 0.01% CO exposure also showed al-

most complete recovery by the end of the 30min
exposure (Fig. 2). Neither observation is consistent with

CO causing substantial tissue hypoxia/pseudohypoxia,
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providing further support for our previous conclusion

that glutathione depletion post CO exposure could not

be caused by oxidative stress resulting from an ischae-

mia–reperfusion-like injury [9].

Does CO induce H2O2 production post exposure?

Although we rule out an ischaemia–reperfusion-like

injury in our experiments, nevertheless, the severe de-

cline in glutathione [9], together with the antioxidant

protection of the decrease in perfusate flow described

here (Table 1), suggests the generation of an oxidant

post CO exposure. A candidate for this oxidant is hy-

drogen peroxide (H2O2) as it is known that perfusion
of isolated rat hearts with H2O2 causes glutathione de-

pletion [13]. This could occur through oxidation of re-

duced glutathione (GSH) and the subsequent loss of

oxidised glutathione (GSSG) into the perfusate [14]. In

the myocardium both glutathione peroxidases and myo-

globin [15] could catalyse the oxidation of GSH by

H2O2. Dulchavsky et al. [13] found that there was a sub-

stantial release of glutathione (GSH + GSSG) but not
LDH into the perfusate from hearts perfused for

30min with 200lM H2O2. LDH release was only ob-

served when higher concentrations of H2O2 were used.

In our hands retrograde perfusion of rat hearts with

430lM H2O2 caused no release of LDH until about

15min into the perfusion (Patel, A.P., Moody, A.J.

Sneyd, J.R. and Handy, R.D., unpublished observa-

tion). Hence, exposure to H2O2 can cause a depletion
of glutathione, but not necessarily release of LDH. This

is consistent with our finding that there is no correlation

between CO-induced LDH or CK release and glutathi-

one loss [9].
Fig. 4. Schematic diagram showing hypothetical connection betw
Can low CO:O2 ratios lead to the generation of super

oxide or a derivative of superoxide?

As noted above, there is an association betweenCO-in-

duced CK release and decrease in HR (Figs. 2 and 3). It is

possible that both these aremediated by superoxide ðO��
2 Þ

or a derivative of O��
2 , for example peroxynitrite

(ONOO�) [16]. Exposure of isolated and in situ mamma-

lian hearts to O��
2 generated exogenously, e.g., by perfu-

sion with xanthine/xanthine oxidase, causes a decline in

contractility, including a decrease inHR,which canmost-

ly be eliminated by superoxide dismutase [17]. Perfusion

of isolated rat hearts with H2O2 is also known to cause

a depression in HR, and eventual heart failure
[13,18,19] but heart contractility is much more sensitive

to O��
2 than H2O2. For example, in the work by Prasad

et al. [17] themaximum ½O��
2 � that could have been present

in the perfusion buffer was about 23lM, i.e., 2· the initial
[xanthine] in the perfusion buffer. Most studies in which

rat hearts have been perfused with H2O2 involve concen-

trations about an order of magnitude higher than this.

The mechanism by which O��
2 affects HR may involve

O��
2 -induced Ca2+ release from the sarcoplasmic reticu-

lum via ryanodine-sensitive Ca2+ channels [20]; Ca2+

release from sarcoplasmic reticulum contributes to pace-

making in the sino-atrial node [21].

What could be the sources of CO-induced oxidant

production?

As discussed above, it is possible to rationalise the

observed cardiotoxic effects of CO in terms of produc-

tion of H2O2 and O��
2 or a derivative of O��

2 , although

it is less clear how CO could induce their production.
een low CO:O2 ratios, CK release, and depression of HR.
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On one hand, the putative H2O2 production occurs post

CO exposure, and so presumably involves the accumula-

tion of a substrate/precursor during the CO exposure.

On the other hand, the putative O��
2 production must

be transient, since the toxic effects are mostly transient

(Fig. 2). In our previous report [9] we speculated that
low CO:O2 ratios, seen transiently at the start of the

CO exposure, and again after the end of the exposure,

could be responsible for this. Thom et al. [22] showed

that exposure of endothelial cells to low levels of CO

(10–110nM, i.e., in part below the lowest concentration

used here) caused an increase in steady-state nitric oxide

(NO) and NO-derived oxidants, e.g., peroxynitrite. They

suggested that competition from CO for intracellular
NO-binding sites contributes to elevation of the NO lev-

els. Another possibility is inhibition by CO of NO detox-

ification [23,24]. Although low concentrations of CO can

stimulate endothelial NO production, higher concentra-

tions could inhibit NO production by blocking the cyto-

chrome P450-like oxygenase domain of endothelial

nitric oxide synthase (eNOS) (e.g., [25]), thereby provid-

ing an explanation for the transiency of some of the car-
diotoxic effects of CO described here (Fig. 4).

In conclusion, the evidence presented in this paper to-

gether with that in our previous report [9] suggests that

CO has two, possibly independent, cardiotoxic effects.

We propose that these effects are mediated by the CO-

induced production of the oxidants, H2O2 and peroxyni-

trite (ONOO�). Elevated peroxynitrite production could

arise from perturbation of endothelial NO metabolism.
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