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研究成果の概要（和文）：心筋虚血再灌流の過程ではCl-/HCO3-交換の関与が重要な役割を果たしている。血液心筋保
護を用いた開心術における心筋細胞および赤血球CO2の移動（HCO3-としてCl-/HCO3-交換による細胞外排出）を検討し
た。開心術症例を対象とし大動脈遮断解除時の冠静脈洞液を採取した。赤血球のみのイオン移動を推定するため、in-v
itroで無O2高CO2灌流下における血液心筋保護液のイオン濃度を測定した。血液心筋保護法では大動脈遮断中でも好気
的代謝が残存しCO2が産生されるが、CO2が赤血球内緩衝系でHCO3-に変化後、Cl-/HCO3-交換系を介し赤血球外に排出さ
れ心筋細胞緩衝系に影響している。

研究成果の概要（英文）：We investigated the acid-base characteristic alterations of blood cardioplegia (BC
P) during aortic cross-clamping in hearts arrested with BCP and during in vitro simulated ischemia. In 40 
patients undergoing cardiac surgery following an aortic cross clamp, hearts were infused with a hypothermi
c BCP intermittently and lastly with a normothermic BCP prior to aortic cross clamp release. We measured p
H, pCO2, [HCO3-], and [Cl-] of the coronary sinus effluent in the final BCP. BCP was assessed under in-vit
ro gassing at with 95% N2 + 5% CO2 (n = 6), 50% N2 + 50% CO2 (n = 3), or 100% CO2 (n = 6). The coronary si
nus effluent, compared with the pre-infused BCP, exhibited significantly lower pH and greater pCO2 with no
 change in the [HCO3-] level. In vitro, the 100% CO2 gassing groups exhibited a significant increase in [H
CO3-] under high pCO2-induced acidification. Under anoxia and CO2 retention during aortic cross-clamping, 
BCP can be a bicarbonate donor to the myocardium.
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１．研究開始当初の背景 
開心術における心筋虚血再灌流傷害の病態は
細胞内Ca2+過負荷であり、大動脈遮断中（虚血
中）の細胞内アシドーシス（H+産生）がNa+/H+

交換によるNa+流入とNa+/Ca2+交換を介する
Ca2+流入と関連する。また大動脈遮断中にも残
存酸素を利用した好気的代謝で低O2とCO2貯留
が生じている。細胞内CO2は拡散によって、ま
たはH+とHCO3

-としてそれぞれNa+/H+交換と
Cl-/HCO3

-交換によって細胞外に排出される。
酸素化血液心筋保護液（OBC）使用時の冠静脈
洞（CS）液のイオン濃度を評価した。 
 
２．研究の目的 
心筋細胞内 CO2の Cl-/HCO3

-交換による細胞外
排出に対する赤血球 Cl-/HCO3

-交換の影響に
関する検討 
 
３．研究の方法 
開心術症例を対象とし大動脈遮断解除(OBC再
灌流)時のCS液を採取した。CS液のイオン濃度
は心筋細胞膜と赤血球膜における細胞内外の
イオン移動が同時に関与するため、赤血球の
みのイオン移動も別箇に考慮する必要がある。
そのため虚血に暴露された赤血球のみのイオ
ン移動を推定するため、in-vitroで無O2高CO2

灌流下（虚血シミュレーション）における血
液心筋保護液のイオン濃度を測定した。 
 
４．研究成果 
CS 液の Cl-濃度は虚血前（正常 O2正常 CO2）
のCS液では変化なく、大動脈遮断解除時(OBC
再灌流)の CS 液では有意に低下し（心筋+赤
血球）、虚血シミュレーション（赤血球のみ）
でも有意な低下を示し、大動脈遮断中の
Cl-/HCO3

-交換の関与が示唆された。また CS
液の HCO3

-濃度は虚血前（正常 O2正常 CO2）の
CS 液ではわずかに上昇しており、大動脈遮断
解除時(OBC再灌流)のCS液では濃度の変化が
なく（心筋+赤血球）、虚血シミュレーション
（赤血球のみ）では有意な上昇を示した。＜
結論＞心筋虚血再灌流の過程では Cl-/HCO3

-

交換の関与が重要な役割を果たしている。血
液心筋保護法では大動脈遮断中でも好気的
代謝が残存し CO2が産生されるが、CO2が赤血
球内緩衝系で HCO3

-に変化後、Cl-/HCO3
-交換系

を介し赤血球外に排出され心筋細胞内緩衝
系に影響している可能性が示唆された。 
 
発表論文（査読あり）抜粋 
 

Introduction 
 
Blood cardioplegia (BCP) has been demonstrated 
to have potent protective effects against 
myocardial damage during ischemia and 
reperfusion, the mechanisms of which have been 
shown to provide the myocardium with 
physiological conditions including greater 
oxygen-supply capacity, higher osmotic pressure, 

greater acid-base balance capacity, and other 
numerous positive effects as compared with 
crystalloid cardioplegia.1 Meta-analyses of 
randomized controlled trials dealing with 
comparison between blood and crystalloid 
cardioplegia have revealed the superiority of 
blood cardioplegia to crystalloid cardioplegia in 
terms of clinical outcomes or enzyme release.2,3 
Although the cardioprotective effects of BCP 
have been rationalized by theoretical and 
experimental hypotheses that the oxygen-supply 
capacity of erythrocytes contributes substantially 
more to aerobic metabolism as compared with 
crystalloid cardioplegia, the interaction between 
the myocardium and BCP in elimination 
processes of the carbon dioxide (CO2) produced 
during aortic cross-clamping has not been 
elucidated. 

During aerobic metabolism, CO2 is 
produced through oxidative decarboxylation in 
the tricarboxylic acid cycle of the myocardial 
mitochondria. The CO2 is simply diffused to the 
extracellular space (plasma in the capillary 
vessels) in the form of dissolved CO2 and enters 
into the erythrocyte. Because of the absence of 
carbonic anhydrase (CA) in plasma,4 the CO2 is 
hydrated by erythrocyte CA to yield HCO3

- and 
H+ in the erythrocyte. The HCO3

- 
(intra-erythrocyte HCO3

-) is extruded to the 
extracellular space in exchange for Cl- through 
the erythrocyte Cl-/HCO3

- exchange, and the H+ 
(intra-erythrocyte H+) is bound to hemoglobin 
(Hb) to yield the reduced form of Hb (HHb). 
Both HCO3

- (in plasma) and HHb (in 
erythrocytes) are transported in the blood stream 
to the lungs for external respiration.  

Myocardial ischemia is defined as a 
pathology characterized by anoxia and metabolite 
accumulation as a result of coronary artery 
occlusion (cessation of the bloodstream), causing 
intra-myocyte acidosis and CO2 retention. 
Intra-myocyte acidosis under ischemic conditions 
is mainly due to ATP breakdown with 
concomitant anaerobic glycolysis,3 which 
subsequently leads to intra-myocyte Na+ increase 
and resultant myocardial damage due to 
intra-myocyte Ca2+ overload during reperfusion.6 
This intra-myocyte Na+ increase is known to be 
caused by activation of alkalization systems (eg, 
Na+/H+ exchange; Na+/ HCO3

- cotransport) in 
response to increased intra-myocyte H+ or 
decreased intra-myocyte HCO3

-. Activation of the 
myocyte Cl-/HCO3

- exchange, an acidification 
system (HCO3

- extrusion and Cl- intrusion), has 
been demonstrated to induce intra-myocyte 
acidosis by reducing HCO3

- during ischemia.7 
Prevention of intra-myocyte HCO3

- reduction, 
which is accomplished by inhibiting the myocyte 
Cl-/HCO3

- exchange, may protect against 
myocyte damage during ischemia and 



reperfusion. The CO2 retention during ischemia 
results from failing to transport the CO2 produced 
by the remaining aerobic metabolism during 
cessation of coronary perfusion. This increases 
the amount of intra-erythrocyte CO2 and 
enhances intra-erythrocyte HCO3

- production, 
followed by an increase of HCO3

- extrusion via 
the erythrocyte Cl-/HCO3

- exchange. Therefore, 
the enhanced HCO3

- extrusion in the erythrocyte 
under CO2 retention may be related to 
cardioprotective effects of BCP by inhibiting the 
myocyte Cl-/HCO3

- exchange during an aortic 
cross clamp. 

We hypothesized that under anoxia and 
hypercapnia during BCP cardioplegia, CO2 
retention results in elevation of the extracellular 
HCO3

- concentration by activating the 
erythrocyte Cl-/HCO3

- exchange, which may be 
related to cardioprotective effects of BCP by 
enhancing buffering capacity against 
ischemia-induced intra-myocyte acidosis. 
However, the effect of CO2 retention under 
anoxic conditions on acid-base characteristics of 
BCP (eg, Cl- and HCO3

- concentrations) has not 
been investigated clinically or experimentally. To 
test this, the present study was designed to 
examine the characteristics of BCP (1) during an 
aortic cross-clamping in hearts arrested with BCP 
in a clinical setting and (2) during in vitro 
simulated ischemia (anoxia and hypercapnia). 

 
Methods 

 
 In the clinical study, 40 consecutive adult 
patients who underwent cardiac surgery (47 ± 4 
years old; 22 men and 18 women) were included 
in the study. Consecutive patient sampling was 
used to avoid selection bias in terms of disease 
type, sex, and age. Inclusion criteria included the 
following: patients 15 years or older and patients 
with heart disease requiring cardioplegic arrest 
during cardiac surgery. Exclusion criteria 
included the following: patients requiring 
emergency operations (eg, acute myocardial 
infarction and acute aortic dissection) and 
patients with chronic obstructive pulmonary 
disease. Acid-base characteristics of BCP and the 
coronary sinus effluent sampled during the 
infusion of terminal BCP prior to aortic cross 
clamp release were examined using a blood gas 
analyzer. Informed consent was obtained from 
each patient. A catheter for the antegrade infusion 
of cardioplegic solution was inserted into the 
ascending aorta and a catheter for retrograde 
infusion of cardioplegic solution was inserted 
into the coronary sinus. Circuit blood and 
coronary sinus effluent were sampled, and then 
the aorta was cross-clamped. Subsequently, the 
heart was arrested with an antegrade infusion of 
Young’s solution (2 ml/kg body weight) and then 

infused with oxygenated potassium BCP 
(antegrade and retrograde, at 18°C every 30 
minutes, 15 ml/kg body weight/infusion). Prior to 
release of the aortic cross clamp, the heart was 
normothermically (34°C - 36°C) infused with 
oxygenated BCP (antegrade, 10 ml/kg body 
weight), and coronary effluent during the BCP 
infusion was sampled through the retrograde 
cardioplegic infusion catheter. Young’s solution 
contained 145.4 mM NaCl, 25.0 mM CH2OHCH2 
(COOK) 3•H2O, and 99.8 mM MgSO2•7H2O. 
Oxygenated BCP was prepared by mixing circuit 
blood with crystalloid stock solution (one-to-one 
volume ratio) through a Y-shaped tubing set in 
the roller pump. The crystalloid stock solution 
contained 120.3 mM NaCl, 24.0 mM KCl, 1.2 
mM KH2PO4, 1.2 mM CaCl2•2H2O, 1.3 mM 
MgSO2•7H2O, 10.0 mM MgCl2•6H2O, and 25.0 
mM NaHCO3. 
 In the in vitro study, one liter of the 
pre-infused BCP solution for 15 patients was 
gassed in a thermostatically-controlled beaker for 
10 minutes with 95% N2 + 5% CO2 (n = 6), 50% 
N2 + 50% CO2 (n = 3), or 100% CO2 (n = 6) to 
assess the effect of simulated ischemia (anoxia 
and hypercapnia) on acid-base characteristics of 
BCP (in vitro CO2 gassing). The temperature of 
the beaker was kept constant at 34°C. 
 Using a blood gas analyzer (Radiometer 
ABL 2, Copenhagen), we measured Hb 
concentration, oxygen saturation (SO2), pO2, 
pCO2, pH, Na+ concentration ([Na+]), K+ 
concentration ([K+]), Cl- concentration ([Cl-]) and 
calculated the HCO3

- concentration ([HCO3
-]). 

Oxygen content (CO) of the circuit blood, BCP, or 
coronary sinus effluent was calculated using the 
following equation: 

CO = 1.39 × Hb concentration × SO2/10 (ml/l 
sample volume) 

The amount of dissolved oxygen in solution was 
ignored, because it is much smaller than the 
amount of Hb-bonded oxygen. 
In the clinical study, a pCO2-pH relation of the 
coronary sinus effluent sampled before aortic 
cross clamp release was constructed to assess the 
effect of BCP on the Henderson-Hasselbalch 
relationship in the ischemic environment. 
 
Statistical analysis 
 Data are reported as means ± standard 
errors of the means. Comparisons between the 
two groups were performed using the paired 
Student’s t-test. A probability of less than 5% (p 
< 0.05) that a difference between groups occurred 
by chance was accepted as being statistically 
significant. 

 
Results 

 
Patient characteristics 



 Valvular disease was diagnosed in twenty 
patients, coronary artery disease in seven, 
congenital disease in ten, and cardiac tumors 
were found in two. The aortic cross clamp time 
varied from 23 to 214 minutes (mean time, 107.9 
± 7.9 minutes). There was no hospital mortality 
or morbidity, and all the patients had uneventful 
postoperative courses. 
 
Characteristics of the coronary sinus effluent 
before placement and release of the aortic 
cross clamp (clinical study) 
 Both circuit blood and coronary sinus 
effluent were sampled before placement of the 
aortic cross clamp (ie, post-ischemic sampling) in 
15 of the 40 patients. The coronary sinus effluent 
exhibited significantly lower SO2, CO, pH, and 
[K+] but significantly greater pCO2 and [HCO3

-] 
compared with the circuit blood. However, there 
was no difference between the circuit blood and 
coronary sinus effluent in terms of [Na+] or [Cl-]. 
The composition of the BCP used is shown in 
Table 2. In the post-ischemic period (ie, prior to 
aortic cross clamp release), the coronary sinus 
effluent exhibited significantly lower SO2, CO, 
pH, [K+], and [Cl-] values but significantly higher 
pCO2, and [Na+] values compared with the 
pre-infused BCP (Table 2). The [HCO3

-] was the 
same as that of the pre-infused BCP. The 
pCO2-pH relationship of the coronary sinus 
effluent did not shift downward. 
Effects of in vitro CO2 gassing on the 
characteristics of BCP (Table 3) 
 In the 95% N2 + 5% CO2 gassing group, 
the pCO2, pH, [Na+], and [K+] values remained 
the same before and after gassing. This group, 
however, showed a slight but significant increase 
in [HCO3

-] and [Cl-] with a significant decrease 
in SO2 and CO after gassing. Conversely, the 50% 
N2 + 50% CO2 gassing group and the 100% CO2 
gassing group exhibited a significant increase in 
[HCO3

-] and [Na+] with an elevated pCO2 and 
lowered pH after gassing, which was 
accompanied by a significant decrease in SO2, CO, 
and [Cl-] (Figure 2). The Hb and [K+] values 
remained the same before and after gassing in all 
groups. 

 
Discussion 

 
 In the present study, prior to aortic cross 
clamp release, the postischemic coronary effluent 
showed no downward shift of the pCO2-pH 
relationship (ie, no decrease in [HCO3

-]), and the 
simulated ischemic BCP condition (ie, anoxic 
CO2 gassing to blood cardioplegia) resulted in a 
significant increase in [HCO3

-] under high 
pCO2-induced acidification (low pH). This 
suggests a HCO3

--supplying effect of blood 

cardioplegia to the myocardium in response to 
anoxia and hypercapnia.  
 In the aerobically perfused myocardium, 
the characteristics of the coronary sinus effluent 
reflect the normal interaction between the 
myocardium and blood, which includes O2 and 
CO2 transport, metabolite elimination, pH 
regulation, and ion homeostasis. The preischemic 
baseline characteristics of the coronary sinus 
effluent in the present (clinical) study 
demonstrated that a decrease in oxygen content 
of coronary sinus effluent, as a result of O2 
delivery to the myocardium, was accompanied by 
an increase in pCO2, a decrease in pH, and an 
increase in HCO3

-. The increase in HCO3
- of the 

coronary sinus effluent may be associated with 
intra-erythrocyte CO2 hydration in response to 
myocardial CO2 production during aerobic 
metabolism. In the ischemic myocardium under 
the protection of BCP, however, the myocardium 
and BCP are exposed simultaneously to anoxia 
and hypercapnia in a confined coronary vascular 
bed, which may result in altered interaction 
between the myocardium and BCP. Coronary 
sinus effluent sampled prior to aortic cross clamp 
release in the present (clinical) study showed that 
a decrease in oxygen content was accompanied 
by an increase in pCO2 and a decrease in pH. It 
was not, however, accompanied by an increase in 
HCO3

- suggesting more HCO3
- consumption 

during myocardial ischemia than during normal 
aerobic coronary perfusion to buffer the H+ 
produced by myocardial ATP breakdown during 
ischemia. The amount of HCO3

- was constant 
despite a pH decrease associated with an 
unphysiological CO2 accumulation, which is 
evidenced by no downward shift of the pCO2-pH 
relationship in the coronary effluent during 
myocardial ischemia. Such an unphysiological 
CO2 accumulation under hypoxic conditions may 
be indicative of the potential role of BCP as a 
HCO3

- supplier to compensate for the 
ischemia-induced myocyte H+ production. We 
investigated acid-base characteristic alterations of 
BCP in response to simulated ischemic 
conditions (ie, anoxia, hypercapnia, and acidosis) 
in the in vitro CO2 gassing model, because the 
results can be clearly demonstrated by 
unphysiologically low O2 and high CO2 
conditions. 
 Erythrocyte pH has been reported to 
increase with a decrease in oxygen saturation 
(hypoxia),8 the mechanism of which may be 
related to H+ extrusion with the erythrocyte 
Na+/H+ exchange because it is oxygen-sensitive 
and activated at low pO2.9 An increase in 
erythrocyte pH promotes erythrocyte HCO3

- 
formation at a given pCO2.10 The 95% N2 + 5% 
CO2 gassing group in the present study, which 
was examined in an anoxic environment without 



hypercapnia, showed an increase in extracellular 
[HCO3

-] suggesting the possibility of 
hypoxia-induced erythrocyte HCO3

- formation. 
Also, pCO2 elevation (hypercapnia) enhances 
CO2 supply to erythrocytes because their 
membranes are permeable to CO2. This elevation 
increases the amount of erythrocyte 
CA-catalyzed CO2 hydration thus producing 
HCO3

- and H+ in the erythrocyte. The H+ 
produced is buffered by being bound to Hb, 
whereas the HCO3

- produced is easily extruded to 
the outside of the erythrocyte because the 
erythrocyte membrane is known to be permeable 
to Cl- and HCO3

- through the Cl-/HCO3
- 

exchange.11 In support of these experimental 
findings, the present study demonstrated that the 
CO2 gassing (50% N2 + 50% CO2; 100% CO2) 
groups exhibited a significant [HCO3

-] increase 
and [Cl-] decrease with concomitant anoxia and 
hypercapnia after gassing. This suggests the 
ischemic environment in the confined coronary 
vascular bed may, by increasing extracellular 
[HCO3

-], enhance the ability of blood 
cardioplegia to alleviate extracellular acidosis, 
resulting in the intra-myocyte HCO3

- elevation 
caused by inhibition of myocyte Cl-/HCO3

- 
exchange (Figure 3). 
 Relative contribution of the myocardium to 
the [Cl-] decrease of coronary sinus effluent 
during myocardial ischemia has not been 
determined. In a myocyte, intracellular acid-base 
balance is regulated by alkalization systems (eg, 
Na+/H+ exchange, Na+/HCO3

- cotransport) and 
acidification systems (eg, Cl-/HCO3

- exchange, 
Cl-/OH- exchange).12-14 Transsarcolemmal Cl- 
intrusion and HCO3

- extrusion via the Cl-/HCO3
- 

exchange has been reported to play an important 
role in the intracellular acidification during pH 
regulation and be responsible partly for 
intracellular acidosis during ischemia. 
Hypercapnia-induced extracellular acidosis has 
been reported to activate the Cl-/HCO3

- exchange 
to promote intracellular acidosis by extruding 
HCO3

-, thus leading to an increase in intracellular 
Na+ through the Na+/H+ exchange.15 Stilbene 
derivatives, 
4-acetamido-4’-isothiocyanatostilbene-2,2’-disulf
onic acid (SITS) and 
4,4’-diisothiocyanostilbene-2,2’-disulfonic acid 
(DIDS), known as Cl-/HCO3

- exchange blockers, 
have been demonstrated to suppress the 
development of intracellular acidosis during 
myocardial ischemia and exert a protective effect 
against ischemia and reperfusion-induced 
myocardial injury.7,16 Activation of the Cl-/HCO3

- 
exchange may result in intracellular Cl- increase 
with concomitant intracellular acidosis. This 
possibility is suggested in several studies dealing 
with intracellular acidosis in a ventricular 
papillary muscle tissue subjected to simulated 

(paraffin oil) ischemia17 or coronary 
occlusion-induced ischemia.18 In the present 
study, the coronary sinus effluent exhibited a 
substantial [Cl-] decrease prior to aortic cross 
clamp release and the extent of the [Cl-] decrease 
was much greater in the coronary sinus effluent 
than that in the CO2-gassed BCP suggesting 
partial involvement of myocardial Cl- uptake in 
the [Cl-] decrease of the coronary sinus effluent 
during ischemia. 
 Changes in extracellular cation (Na+ and 
K+) concentrations during aortic cross-clamping 
may reflect the interaction between the 
myocardium and BCP. In the present study, the 
coronary sinus effluent prior to releasing the 
aortic cross clamp, showed a significant [Na+] 
increase and [K+] decrease. The [Na+] increase of 
the coronary sinus effluent may be attributed to 
the response of erythrocytes to anoxia and 
hypercapnia, because BCP resulted in a 
significant [Na+] increase when gassed in vitro 
with a 50% N2 + 50% CO2 gas or a 100% CO2 
gas. However, the [K+] decrease of coronary 
sinus effluent could be partially involved in 
myocardial K+ uptake, because [K+] did not 
decrease in any CO2 gassing groups. 
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