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Abstract
Background: Anesthetic preconditioning (APC) of the myocardium is mediated in part by re-
versible alteration of mitochondrial function. Nitric oxide (NO) inhibits mitochondrial respira-
tion and may mediate APC-induced cardioprotection. In this study, the effects of isoflurane 
on different states of mitochondrial respiration during the oxidation of complex I-linked sub-
strates and the role of NO were investigated. Methods: Mitochondria were isolated from 
Sprague-Dawley rat hearts. Respiration rates were measured polarographically at 28ºC with 
a computer-controlled Clark-type O2 electrode in the mitochondria (0.5 mg/mL) with complex 
I substrates glutamate/malate (5 mM). Isoflurane (0.25 mM) was administered before or after 
adenosine diphosphate (ADP)-initiated state 3 respiration. The NO synthase (NOS) inhibitor 
L-N5-(1-iminoethyl)-ornithine (L-NIO, 10 μM) and the NO donor S-nitroso-N-acetylpenicilla-
mine (SNAP, 1 μM) were added before or after the addition of ADP. Results: Isoflurane admin-
istered in state 2 increased state 2 respiration and decreased state 3 respiration. This attenu-
ation of state 3 respiration by isoflurane was similar when it was given during state 3. L-NIO 
did not alter mitochondrial respiration or the effect of isoflurane. SNAP only, added in state 
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3, decreased state 3 respiration and enhanced the isoflurane-induced attenuation of state 3 
respiration. Conclusion: Isoflurane has clearly distinguishable effects on different states of 
mitochondrial respiration during the oxidation of complex I substrates. The uncoupling effect 
during state 2 respiration and the attenuation of state 3 respiration may contribute to the 
mechanism of APC-induced cardioprotection. These effects of isoflurane do not depend on 
endogenous mitochondrial NO, as the NOS inhibitor L-NIO did not alter the effects of isoflu-
rane on mitochondrial respiration. © 2018 The Author(s) 

Published by S. Karger AG, Basel

Introduction

Anesthetic preconditioning (APC) is effective as ischemic preconditioning in protecting 
the heart against ischemia-reperfusion injury by decreasing myocardial infarct size and im- 
proving postischemic functional recovery [1–3]. Although the precise mechanisms respon-
sible for APC-induced cardioprotection remain incompletely characterized, the reversible 
alteration of mitochondrial function initiated by volatile anesthetics has been implicated in 
cardioprotection [4]. The effects of volatile anesthetics on mitochondrial respiration and the 
electron transport chain (ETC) has been demonstrated in recent studies [5–7]. Ljubkovic et 
al. [6] showed that APC-treated heart mitochondria exhibited a better preservation of respi-
ration and adenosine triphosphate (ATP) synthesis after hypoxia stress than non-APC treated 
mitochondria did. Hanley et al. [8] found that halothane, isoflurane, and sevoflurane dose-
dependently inhibited NADH:ubiquinone oxidoreductase (complex I) in pig heart submito-
chondrial particles. These studies showed that volatile anesthetics might directly affect mito-
chondria complexes and reactive oxygen species (ROS) production to modulate mitochon-
drial respiration and bioenergetics.

Volatile anesthetics may trigger preconditioning, in part, by inducing the formation of 
ROS and reactive nitrogen species and by the release of nitric oxide (NO) [9, 10]. NO exerts 
a number of actions that are beneficial during myocardial ischemia-reperfusion [10, 11]. 
For example, it may act as a trigger and mediator of isoflurane-induced delayed precondi-
tioning in rabbit myocardium [12]. Furthermore, isoflurane potentiates ischemic postcon-
ditioning via an NO-dependent mechanism [13]. It has been suggested that mitochondria 
contain NO synthase (NOS) and produce NO to regulate respiration [14]. NO inhibits mito-
chondrial respiration by binding to respiratory chain enzymes, and modulates mitochon-
drial ATP-dependent K+ channels [15]. Riess et al. [5] reported that, in isolated heart mito-
chondrial preparation, sevoflurane administered in state 2 attenuated state 3 respiration. 
The attenuation was mediated by ROS but not by mitochondrial KATP channel opening. 
Therefore, the interaction between NO and the ETC may be important in APC-induced 
cardiac protection. 

Because mitochondrial O2 consumption is different in each respiratory state, it is im- 
portant to understand the effects of volatile anesthetics on the different states of mitochon-
drial respiration. The difference in O2 consumption in each state is tightly linked to the regu-
lation of tissue O2 levels [16]. In addition, the respiration rate of mitochondria is one of the 
main factors for the regulation of mitochondrial ROS generation [17, 18]. To date, the role of 
volatile anesthetics on different states of mitochondrial respiration (i.e., states 2–4) has not 
been addressed in detail. It is also unclear whether NO, like mitochondrial ROS, is involved in 
the effect of isoflurane on mitochondrial respiration. This study was designed to explore: (1) 
the effect of isoflurane on different mitochondrial respiration states during the oxidation of 
complex I-linked substrates, and (2) whether mitochondrial NO is involved in the effect of 
isoflurane on different mitochondrial respiratory states. 
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Materials and Methods

Isolation of Mitochondria
Male SD rats at 8–10 weeks of age maintained on a standard diet were used. Animals used in this study 

were approved by the Suzhou Science and Technology Town Hospital Institutional Animal Care and Use 
Committee. They were anesthetized with pentobarbital sodium (50 mg/kg i.p.) and following decapitation, 
the hearts were quickly excised and plunged into an ice-cold isolation buffer containing (in mM) mannitol 
200, sucrose 50, KH2PO4 5, EGTA 1, 3-(N-morpholino)propanesulfonic acid (MOPS) 5, and 0.1% bovine 
serum albumin (pH 7.3, adjusted with potassium hydroxide). Large vessels and auricles were discarded and 
remaining blood was removed. The ventricles were minced into 1-mm3 pieces. The isolation of mitochondria 
was performed at 4ºC as described previously [6]. The tissue was homogenized 4 times for 15 s each time 
with 30 s intervals. The homogenate was centrifuged at 800 g for 10 min and the obtained pellet was 
rehomogenized and recentrifuged. The resulting supernatants were centrifuged at 6,000 g for 10 min, the 
pellets resuspended in 25 mL isolation buffer, and the suspension was then centrifuged at 800 g for another 
10 min. The supernatant containing the mitochondrial fraction was further centrifuged at 8,000 g for 10 
min. This final pellet was resuspended in 1 mL isolation buffer without EGTA and kept on ice. The total 
protein concentration was determined by bicinchonicic acid protein assay with bovine serum albumin as a 
standard. 

Measurement of Mitochondrial Oxygen Consumption 
Mitochondrial respiration was measured polarographically at 28  ° C with a computer-controlled Clark-

type O2 electrode (Hansatech Instruments Ltd, Norfolk, UK) in 0.5 mL respiratory buffer containing (in mM): 
KCl 130, K2PH4 5, MOPS 20, EGTA 2.5, Na4P2O7 0.001 EDTA, and 0.1% BSA (pH 7.2 adjusted with potassium 
hydroxide). Mitochondrial suspension (0.5 mg/mL) were added in respiratory buffer in the presence of 
complex I substrate glutamate (5 mM) plus malate (5 mM).

Experimental Protocols 
To study the actions of isoflurane and NO on mitochondrial respiration, isoflurane (0.25 mM), the NO 

donor S-nitroso-N-acetylpenicillamine (SNAP, 1 μM), or the NOS inhibitor L-N5-(1-iminoethyl)-ornithine (L-
NIO, 10 μM) were added according to the protocols in Figure 1. Glutamate (5 mM) and malate (5 mM) were 
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Fig. 1. Experimental protocols 
used to measure mitochondrial 
respiration. State 2 respiration 
was initiated by the addition of  
5 mM glutamate and malate; state 
3 respiration was initiated by the 
addition of 250 μM ADP. a Isoflu-
rane (0.25 mM) was added in state 
2 or state 3 after applying the 
complex I substrates glutamate 
and malate. b The NOS inhibitor 
L-NIO or the NO donor SNAP was 
added in state 1, 2, or 3 with or 
without isoflurane. CTL, control 
group; ISO, isoflurane; GM, glu-
tamate and malate; Mito, mito-
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added at 2 min and adenosine diphosphate (ADP, 250 μM) was added at 4 min. Isoflurane was added at 3 min 
or after ADP was administered (Fig. 1a). L-NIO or SNAP was added before substrates were administered  
(1 min, Fig. 1b) or after ADP-initiated state 3 respiration (4.5 min, Fig. 1c). 

These experiments used the conventional definitions for mitochondrial respiration states. State 2 is the 
state of O2 consumption in the presence of substrates without added ADP. State 3 is the state of maximal O2 
consumption after the addition of ADP (ADP phosphorylation). State 4 is the state of minimal O2 consumption 
after the added ADP is depleted. The representative traces of respiration are shown in Figure 2. The traces 
indicate a high functional quality and structural integrity of mitochondria after the isolation procedure, as 
shown by the respiratory control ratio (RCR, state 3/state 4) of 9.8 ± 1.5 with the substrates glutamate and 
malate. 
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Fig. 2. Representative recording 
traces of mitochondrial respira-
tion. Isoflurane (0.25 mM) was 
added in state 2 (a) or state 3 (b). 
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Drugs and Chemicals 
Isoflurane was purchased from Abbot Laboratories (Abbott Park, IL, USA). L-NIO was obtained from 

Calbiochem (San Diego, CA, USA). ADP, glutamate, malate, SNAP, and protease were obtained from Sigma (St. 
Louis, MO, USA). Isoflurane (10 μL) stock solution was made by putting 10 μL of anesthetic in 1 mL respi-
ration buffer, and then sonicating for 10 min; 5 μL of this stock solution was added into the chamber containing 
500 μL of mitochondrial suspension. The concentration of isoflurane was analyzed by gas chromatography 
(Schimadzu, Kyoto, Japan). The average concentration of isoflurane was 0.25 ± 0.02 mM. L-NIO was dissolved 
in respiration buffer at 1 mM and SNAP was dissolved in DMSO at 100 mM, and they were then diluted to 100 
μM by respiration buffer as a stock solution before the experiment. The stock solution of L-NIO or SNAP was 
added to 500 μL mitochondrial suspension. 

Statistical Analysis 
All data are expressed as means ± SD. A two-way analysis of variance was used to assess the overall 

difference between groups. The Student Newman Keuls’ multiple-comparison post hoc test was used to 
differentiate within-group differences. Differences between means were considered significant when p < 
0.05 (two-tailed). 

Results

Effect of Isoflurane on State 2 and State 3 Respiration
In this protocol, isoflurane administered in state 2 increased the state 2 respiration rate 

and significantly attenuated state 3 respiration compared to the control group (Fig. 3a). 
Consequently, the RCR was lower in the isoflurane group than in the control group (Fig. 3b). 
To observe the direct effect of isoflurane on state 3 respiration, the anesthetic was applied 
shortly after ADP was added, and isoflurane also attenuated the state 3 respiration (Fig. 3a). 
In this case, the RCR was also lower than in the control group.

Role of NOS Inhibitor L-NIO in the Effect of Isoflurane
To study the role of NO in the effect of isoflurane on mitochondrial respiration, the NOS 

inhibitor L-NIO was added before the administration of substrates and isoflurane (Fig. 1b) or 
after ADP application in state 3 (Fig. 1c). L-NIO did not alter state 3 respiration and did not 
affect the isoflurane-induced increase in state 2 respiration or decrease in state 3 respiration 
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(Fig. 4). L-NIO given in state 3 with or without isoflurane treatment did not have any signif-
icant effect on mitochondrial respiration when compared to the control group or the 
isoflurane-only group (data not shown).

Role of Exogenous NO in the Effect of Isoflurane
To observe the effect of exogenous NO on mitochondrial respiration, the NO donor SNAP 

was added before (Fig. 1b) or after ADP-initiated state 3 respiration (Fig. 1c). SNAP alone 
added before substrate administration (state 2) did not alter mitochondrial respiration and 
did not affect isoflurane-induced respiration changes (data not shown). However, SNAP 
administered in state 3 attenuated state 3 respiration compared to in the control (Fig. 5a; 86.2 
± 6.3 vs. 108.8 ± 9.3 nmol O2/min/mg protein, p < 0.05). In the presence of isoflurane, SNAP 
further enhanced the attenuation of state 3 respiration (78 ± 11 vs. 61 ± 5%, nmol O2/min/
mg protein, p < 0.05), but did not alter the increase in state 4 respiration by isoflurane. The 
decrease of RCR with SNAP in the presence of isoflurane was greater than in the isoflurane 
group or the SNAP-only group (Fig. 5b). 
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Discussion

A better understanding of how isoflurane and other volatile anesthetics mediate cardio-
protection against ischemia and reperfusion injury could have clinical implications. The 
cardioprotective effects of volatile anesthetics, including isoflurane, have, in part, been at- 
tributed to the direct inhibition of mitochondrial electron transport system complexes, and 
altered mitochondrial bioenergetics in hearts [5–8]. Although an attenuation of mitochon-
drial state 3 respiration by volatile anesthetics and the role of ROS have been reported [5], 
the effect of isoflurane administered in different states of mitochondrial respiration and the 
role of NO in this process have not been investigated.

This study shows that (1) isoflurane administrated in state 2 increased state 2 respi-
ration and decreased state 3 respiration, (2) the decrease in state 3 respiration was greater 
when isoflurane was applied in state 3 than in state 2, (3) the NOS inhibitor L-NIO did not alter 
the effect of isoflurane on respiration, and (4) the NO donor SNAP administered during state 
3 respiration enhanced the isoflurane-induced attenuation of state 3 respiration.

We found that isoflurane induced an increase in state 2 respiration and a decrease in RCR 
compared to the control group. These results suggest that isoflurane may cause a small proton 
leak through the inner mitochondrial membrane, and partially uncouple respiration, resulting 
in increased respiration. It has been reported that isoflurane attenuated the magnitude and 
increased the duration of state 3 NADH oxidation. These effects are likely due to restricted 
proton pumping by complex I causing a slowed and prolonged proton entry into complex V 
after adding ADP [7].

Ischemic preconditioning also induces a mild proton leak that is involved in the mech-
anism of cardioprotection [19]. This uncoupling effect of isoflurane during state 2 or state 4 
respiration may contribute to the mechanism of APC-induced cardioprotection. Uncoupling 
decreases proton driving force (ΔμH+) to facilitate the electron flow and reduce the toxic 
increase of superoxide production [20]. It has been confirmed that isoflurane preconditioning 
elicits partial mitochondrial uncoupling, with preserved respiration and ATP synthesis and a 
reduced mitochondrial Ca2+ uptake [6]. 

Isoflurane administered in state 2 attenuated state 3 respiration and decreased RCR 
during the oxidation of the complex I-linked substrates glutamate and malate. This effect of 
isoflurane is consistent with the findings of the studies by Agarwal et al. [7] and Riess et al. 
[5]. Riess et al. [5] found that sevoflurane reduced state 3 respiration when applied in state 
2. To observe the direct effect of isoflurane on state 3 respiration independent of its effect  
on state 2 respiration, we added isoflurane in state 3. We observed that the attenuation of 
respiration by isoflurane was greater when it was added in state 3 than when it was added  
in state 2.

Although the mechanism causing this different effect of isoflurane on different respi-
ratory states is not known, isoflurane may inhibit enzyme activity in the respiring state (state 
3) more effectively than in the quiescent state (state 2). Cytochrome c oxidase (complex IV) 
is known as the terminal enzyme in the mitochondrial respiratory chain. It reduces dioxygen 
to water, using reducing equivalents supplied by ferrocytochrome c [16, 21]. It limits the 
respiration rate in the different respiring states. The control coefficient of cytochrome c 
oxidase over mitochondrial respiration is higher in state 3 than in state 4 [22]. Therefore, the 
inhibition of isoflurane on cytochrome c oxidase could be more significant when it is applied 
in state 3. Cytochrome c oxidase is more active during ADP-initiated phosphorylation. In 
addition, the increase of state 2 respiration by isoflurane may also contribute to the further 
decrease in state 3 respiration than when isoflurane was administered in state 3.

Recent studies have proposed that mitochondria contain NOS and can produce signif-
icant amounts of NO to regulate respiration [9, 19]. Therefore, NO may modulate the effects 
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of volatile anesthetics on mitochondrial respiration. NO acts as a multisite inhibitor of the 
mitochondrial ETC. The most sensitive and widely studied target for NO in mitochondria is 
the terminal enzyme of the ETC, cytochrome c oxidase [9, 23, 24]. NO competes with O2 at the 
binuclear CuB/cytochrome a3 site. This competition with O2 results in the inhibition of the 
enzyme, suggesting that NO is an important physiological regulator of mitochondrial oxidative 
phosphorylation [9, 23, 24]. Reports [25, 26] that the presence of the mitochondrial NOS 
isoenzyme is a constitutive protein in the mitochondrial inner membrane support a potential 
physiological role for NO in mitochondrial respiration. Mitochondrial NOS activity has been 
shown to be susceptible to pharmacological regulation and metabolic states [27]. Volatile 
anesthetics may activate mitochondrial NOS to produce NO, which leads to the isoflurane-
induced alteration of respiration. To test this hypothesis, the NOS inhibitor L-NIO was given 
before or after the administration of isoflurane. Our results showed that L-NIO did not affect 
mitochondrial respiration and did not alter the effect of isoflurane on mitochondrial respi-
ration. This suggests that the effect of isoflurane on mitochondrial respiration is independent 
of endogenous mitochondrial NO generation. 

In isolated mitochondria from cardiac myocytes, exogenous NO inhibited respiration and 
reduced the NAD(P)H redox state [28]. NO is able to inhibit the ETC, mainly at complex IV, 
regulating oxygen consumption and ATP generation [29]. The respiratory chain is inhibited 
by NO, either supplied exogenously or produced endogenously via NOS activation. The inhi-
bition of respiration is reversible, although its dependence on concentration and time of 
exposure to NO is not clear [30]. We also tested whether exogenous NO modulates mitochon-
drial respiration in the presence of isoflurane. When the NO donor SNAP was added in state 
3 respiration, we found that it attenuated state 3 respiration, consistent with other studies 
[14, 31]. The results also showed that the attenuation of state 3 respiration by isoflurane was 
enhanced by presence of SNAP. This suggests that extramitochondrial NO attenuates state 3 
respiration and has a synergistic action with isoflurane on mitochondrial respiration. Boru-
taite and Brown [32] found that the reversible inactivation of mitochondrial enzymes by 
SNAP in isolated heart mitochondria resulted in a significant increase in H2O2 production. 
Therefore, SNAP may increase H2O2 production, which may further inhibit complex I, poten-
tially contributing to the attenuation of state 3 respiration. It has been reported that H2O2 
inhibits oxygen consumption in state 3, and further increases ROS production with complex 
I substrates. It does not associate with complex II substrate [33]. In the rat brain mitochondria, 
the NO substrate L-arginine was shown to decrease state 3 respiration when administered 
after ADP-initiated state 3 respiration [34]. It has been confirmed that, under physiological 
conditions, respiration is more sensitive to NO in state 3 than in state 4, due to there being 
greater control over respiration by cytochrome c oxidase in state 3 [16]. Taking previous 
studies into account, our finding of an enhancing effect of SNAP on the isoflurane-induced 
attenuation of state 3 respiration suggests that exogenous NO is involved in the modulation 
of mitochondrial respiration, and that isoflurane enhanced the inhibition of mitochondrial 
respiration in the presence of exogenous NO. 

One limitation of our study is that the production of NO and ROS was not measured. The 
effects of endogenous NO on mitochondrial respiration with or without isoflurane need to be 
clarified. A study showed that mitochondrial KATP channel opening increased ROS production 
in isolated heart and liver mitochondria. The location of ROS generation is in complex I of the 
ETC [35]. Volatile anesthetics could increase the formation of ROS at complex I and/or 
complex III of the ETC by the reversible attenuation of mitochondrial electron transport [4]. 
The ROS generation then affects the mitochondrial respiration by acting on downstream 
effectors, including mitochondrial KATP channels that are normally closed at physiologic ATP 
levels [36]. We cannot exclude the relative contributions of KATP channel or other potassium 
channel opening in the isoflurane-induced effect on different mitochondrial respiration 
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states. In addition, our in vitro experiments were generally carried out at atmospheric O2 
concentrations. This gives an O2 concentration of about 150–200 μM in the chamber, which is 
above the concentrations that cells are exposed to in vivo. Whether O2 limitation of mitochon-
drial respiration occurs in vivo over the range of O2 (1–20 µM) remains to be determined [16]. 
Therefore, the role of exogenous or endogenous NO in the effect of isoflurane on mitochon-
drial respiration may depend on O2 tension. 

Conclusion

Isoflurane has different effects on different states of mitochondrial respiration during the 
oxidation of the complex I substrates glutamate and malate. The uncoupling effect during 
state 2 respiration and the attenuation of state 3 respiration by isoflurane may contribute to 
the mechanism of APC-induced cardioprotection. Endogenous mitochondrial NO is not 
involved in the effect of isoflurane on mitochondrial respiration.
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