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Abstract

Background—The mechanisms of general anesthesia by volatile drugs remain largely unknown.
Mitochondrial dysfunction and reduction in energy levels have been suggested to be associated
with general anesthesia status. 2-Deoxy-d-glucose (2-DG), an analog of glucose, inhibits
hexokinase and reduces cellular levels of adenosine triphosphate (ATP). 3-Nitropropionic acid is
another compound which can deplete ATP levels. In contrast, idebenone and L-carnitine could
rescue deficits of energy. We therefore sought to determine whether 2-DG and/or 3-nitropropionic
acid can enhance the anesthetic effects of isoflurane, and whether idebenone and L-carnitine can
reverse the actions of 2-DG.

Methods—C57BL/6J mice (8 months old) received different concentrations of isoflurane with
and without the treatments of 2-DG, 3-nitropropionic acid, idebenone, and L-carnitine. Isoflurane-
induced loss of righting reflex (LORR) was determined in the mice. ATP levels in H4 human
neuroglioma cells were assessed after these treatments. Finally, 31P-magnetic resonance
spectroscopy was used to determine the effects of isoflurane on brain ATP levels in the mice.

Results—2-DG enhanced isoflurane-induced LORR (P = 0.002, N = 15). 3-nitropropionic acid
also enhanced the anesthetic effects of isoflurane (P = 0.005, N = 15). Idebenone (Idebenone +
saline versus Idebenone + 2-DG: P = 0.165, N = 15), but not L-cartinine (L-carnitine + saline
versus L-carnitine + 2-DG: P < 0.0001, N = 15), inhibited the effects of 2-DG on enhancing
isoflurane-induced LORR in mice, as evidenced by 2-DG not enhancing isoflurane-induced
LORR in mice pretreated with idebenone. Idebenone (Idebenone + saline versus Idebenone + 2-
DG: P =0.177, N = 6), but not L-cartinine (L-carnitine + saline versus L-carnitine + 2-DG: P =
0.029, N = 6), also mitigated the effects of 2-DG on reducing ATP levels in cells, as evidenced by
2-DG not decreasing ATP levels in the cell pretreated with idebenone. Finally, isoflurane
decreased ATP levels in both cultured cells and mouse brains (-ATP: P =0.003, N = 10; -ATP/
phosphocreatine: P = 0.006, N = 10; -ATP/inorganic phosphate: P = 0.001, N = 10).

Conclusions—These results from our pilot studies have established a system and generated a
hypothesis that 2-DG enhances anesthetic effects via reducing energy levels. These findings
should promote further studies to investigate anesthesia mechanisms.

Introduction

Volatile anesthetics are widely used clinically. However, their mechanisms of action remain
uncertain1—345, Several studies have suggested that mitochondrial function and energy
levels may regulate sensitivity to anesthetics.6=9 Mutations in complex | of mitochondria
increase sensitivity to volatile anesthetics in Caenorhabditis elegans (C. elegans).®
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Similarly, knockout of a major complex | protein, Ndufs4, sensitizes mice to volatile
anesthetics.19 It has been reported that rates of oxidative phosphorylation and changes in
adenosine triphosphate (ATP) concentrations in the C. elegans gas-1 and other mutants may
also contribute to the altered sensitivity to volatile anesthetics in C. elegans.”:? At the same
time, inhaled anesthetics have been reported to affect mitochondrial function.11-15
Halothane, isoflurane, and sevoflurane can inhibit complex | (NADH:ubiquinone
oxidoreductase) of the electron transport chain of mitochondria in myocytes of guinea
pigs.12 Isoflurane has also been reported to induce opening of the mitochondrial
permeability transition pore, increase levels of reactive oxygen species, and reduce levels of
mitochondrial membrane potential in vitro.1415 However, it still remains largely unknown
whether changes in energy levels could affect sensitivity to general anesthetics.

2-Deoxy-d-glucose (2-DG), an analog of glucose, is a competitive inhibitor of hexokinase.16
2-DG is phosphorylated by hexokinase to 2-DG-P, which inhibits glycolysis mainly at the
step of phosphorylation of glucose by hexokinase, leading to a depletion of cellular ATP.17
We have previously shown that 2-DG affects isoflurane-induced cellular toxicity in
vitro.18:19 3-Nitropropionic acid (3-NP) inhibits the Krebs cycle and electron transport chain
enzyme succinate dehydrogenase, also leading to ATP depletion.20 In the current study, we
tested a hypothesis that 2-DG enhances the anesthetic effects of isoflurane via reduction in
energy levels.

3-NP inhibits the Krebs cycle and electron transport chain enzyme succinate dehydrogenase,
leading to ATP depletion.29 We therefore assessed whether 3-NP could also enhance the
anesthetic effects of isoflurane.

Coenzyme Q plays an important role as a mobile electron carrier in the respiratory chain
function, and enhances cellular energy.2! Idebenone is a synthetic analog of coenzyme Q,22
and has been reported to mitigate the reduction in ATP levels associated with mitochondrial
dysfunction.21-25 Mitochondrial -oxidation is involved in energy production, and L-carnitine
contributes to -oxidation of quarried fatty acids from the mitochondrial membrane.28 We
therefore also assessed whether idebenone and L-carnitine could regulate the effects of 2-
DG on the action ofisoflurane anesthesia.

Materials and Methods

The study protocol was approved by the Standing Committee on Animals at Massachusetts
General Hospital, Boston, Massachusetts. Wild-type C57BL/6J mice (8 months old, The
Jackson Laboratory, Bar Harbor, ME) were randomly assigned to the anesthesia or control
group, and then were further divided into saline and treatment (e.g., 2-DG) groups. Mice
were housed in a controlled environment (20 — 22°C; 12 hour light: dark on a reversed light
cycle) for 1 week before the studies. The maintenance and handling of mice were consistent
with the guidelines of the National Institute of Health, and all efforts were made to minimize
the number of animals studied. Power analyses used to establish experimental group sizes
are described below in Statistics.
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Mice inhaled different concentrations of isoflurane (0.6% to 1.4%) in 100% oxygen, with
increments of 0.1% introduced every 15 minutes. The anesthetizing chamber temperature
was controlled (DC Temperature Control System; FHC, Bowdoinham, Maine) in order to
maintain rectal temperature at 37+0.5°C during anesthesia. Mice were placed in an empty
home cage after anesthesia for 60-second measurement of loss of righting reflex (LORR),
where there was no heating system. The body temperature of the mice slightly decreased
(less than 2 °C) during the 60-second measurement. A mouse-tail blood pressure cuff (Kent
Scientific Cooperation, Torrington, CT) was used to measure blood pressure, and blood
gases were assayed with a blood gas machine (Trupoint, ITC, Edison, NJ) as described in
our previous studies.27.28

2-DG (1000 mg/kg),2? 3-NP (50 mg/kg),30 or saline was injected [intraperitoneally (ip)] 5
minutes before isoflurane anesthesia. Idebenone (200 mg/kg)3! or L-carnitine (100 mg/kg)32
was injected 15 minutes before isoflurane anesthesia (10 minutes before treatment with 2-
DG or 3-NP).

Mice were put into the empty home cage, and the cage was rotated 180 degrees to place the
mouse on its back. LORR was scored positive if the mouse remained on its back with at
least 3 paws in the air for 60 seconds.

We used H4 human neuroglioma cells in the experiments. The cells were cultured in
Dulbecco's Modified Eagle Media containing 9% heat-inactivated fetal calf serum, 100
units/ml penicillin, 100 g/ml streptomycin, and 2 mM L-glutamine. The cells were treated
with 2% isoflurane for different time periods (30, 60, 90, and 180 minutes) as described in
our previous studies.33 For the interaction studies, the cells were treated with 2-DG (25
mM),34 L-carnitine (50 nM),35 or idebenone (25 nM),38 15 minutes before treatment with
isoflurane.

We used a bioluminescence-based ATP Determination Kit (Invitrogen, Carlsbad, CA) in the
experiments to detect ATP levels. Briefly, H4 human neuroglioma cells were placed in a 6-
well plate overnight in an incubator. The cells were then exposed to treatments with
isoflurane, 2-DG, L-carnitine, or idebenone, for 3 hours. Treatment with 2% isoflurane for 3
hours did not induce apoptosis.3” At the end of treatment, the amount of fluorescence was
measured and the levels of ATP in the experimental samples were calculated from a
standard curve made from known amounts of ATP.

31P-Magnetic resonance spectroscopy (31P-MRS) was used to measure brain ATP levels as
described in previous studies38-40 with modifications. Briefly, the mice under the control
condition or isoflurane anesthesia were gently restrained to a plastic warm water bag (37 C°)
in prone position, using paper tape. Each mouse was then placed in the MRS machine to
measure brain ATP levels. The measurement took about 5 minutes. Isoflurane anesthesia
was maintained by putting a paper cone breathing device to the mouths of the mice to
continuously provide isoflurane during the MRS studies. 31P-MRS was used to measure the
peak areas of the following metabolites: phosphomonoesters (PME), inorganic phosphate
(Pi), phosphodiesters (PDE), phosphocreatine (Pcr), and ATP (3 peaks: a-, - and y-ATP).
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In the current studies, only B-ATP levels were determined because the signals of a-ATP and
v-ATP could have overlapped with other compounds.

Data are expressed as mean + standard deviation (SD). The number of samples varied from
10 to 15 in each group for the experiments, and 6 in each group for the in vitro studies.

We measured LORR after isoflurane anesthesia in mice (Figure 1 and Figure 2) and
assessed the ATP levels after isoflurane treatment in cultured cells in our preliminary
studies. The power calculation was performed using information we collected from a
preliminary study that was conducted under the same conditions. Based on the preliminary
data, assuming a two-sided Student-t test, a sample of 6 and 10 for each control and
treatment group for ATP measurement and LORR studies, respectively, would lead to 90%
power and 95% significance.

Two-way ANOVA was used to assess the interaction of 2-DG or 3-NP with idebenone or L-
cartinine to test a hypothesis that idebenone and L-cantinine would mitigate the effects of 2-
DG on enhancing isoflurane-induced LORR in the mice. Post hoc analyses were conducted
should the main effects have been found to be statistically significant. The Wald test was
used when examining the hypotheses of whether 2-DG or 3-NP was able to decrease the
EC50 of isoflurane on inducing LORR in mice. The cut-off p-value was Bonferroni adjusted
to correct for sub-set analysis, e.g., comparing EC50 of isoflurane between the treatment of
idebenone plus saline and the treatment of Idebenone plus 2-DG (Figure 3).

Student t-test was used to assess the difference in ATP levels in H4 human neuroglioma
cells and in the brains of mice between isoflurane treatment and the control condition.

Student t-test was also used to assess the difference in ATP levels between the 2 groups: one
group was treated with idebenone plus saline and the other group was treated with
idebenone plus 2-DG. Similarly, Student t-test was used to assess the difference in ATP
levels between treatment with L-carnitine plus saline and treatment with L-carnitine plus 2-
DG. The hypothesis that L-carnitine or idebenone was able to mitigate 2-DG-induced
reduction in ATP levels in cultured cells was tested.

The hypothesis testing was two-tailed. P values less than 0.05 were considered statistically
significant. For the data presented in Figure 4, we performed the Normality test to determine
whether the N = 12 residuals in the studies were normally distributed with unknown
parameters.

SAS software (Cary, NC) and Prism 6 software (La Jolla, CA) were used to analyze the
data.

2-DG enhanced isoflurane-induced LORR in mice

Mice receiving 1.4% isoflurane anesthesia did not show significant changes in blood
pressure and blood gas as compared to mice in the control group (Table 1). The body
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temperature of the mice was maintained at 37 + 0.5°C during anesthesia. The body
temperature of mice only slightly decreased (less than 2 °C) during the 60-second
measurement of LORR in an animal test cage, which did not have a heating system.

The Mice were pretreated with saline or 2-DG (1000 mg/kg). The mice were then exposed
to different concentrations of isoflurane (0.6% to 1.4%). The relationship curve between the
percentage of mice with LORR and the concentrations of isoflurane was determined in the
mice pretreated with saline or 2-DG. 2-DG treatment shifted the curve to the left. The Wald
test showed that there was a significant difference between 2 EC50s (P = 0.002) (Figure 1).
These data suggested that 2-DG was able to enhance the anesthetic effects of isoflurane by
enhancing isoflurane-induced LORR.

3-NP enhanced isoflurane-induced LORR in mice

Both 2-DG17 and 3-NP20 have been reported to decrease ATP levels. Therefore, we asked
whether 3-NP was also able to affect the anesthetic effects of isoflurane. Treatment with 3-
NP (50 mg/kg) shifted the relationship curve between the percentage of mice with LORR
and the concentration of isoflurane to the left. The Wald test showed that the difference
between 2 EC50s was significantly different (P = 0.005) (Figure 2). These data suggested
that 3-NP was also able to enhance the anesthetic effects of isoflurane by enhancing
isoflurane-induced LORR in mice. Collectively, these findings suggested that a reduction of
energy levels could enhance the anesthetic effects in mice.

Idebenone inhibited the effects of 2-DG on isoflurane-induced LORR in mice

Idebenone is an analogue of coenzyme Q10 and has been reported to rescue ATP levels in
mitochondrial dysfunction.21-25 Next, we assessed whether idebenone was able to inhibit
the effects of 2-DG on the anesthetic effects. The relationship curve between the percentage
of mice with LORR and the concentrations of isoflurane was determined in the mice
pretreated with idebenone plus saline or idebenone plus 2-DG. We were able to show that
idebenone inhibited the enhancing effects of 2-DG on isoflurane-induced LORR (Figure
3A). Two-way ANOVA showed a significant interaction among the treatments with
idebenone, 2-DG, and saline on isoflurane-induced LORR in mice (F = 63.087, P < 0.0001).
However, a post hoc test suggested that there was no significant difference between
idebenone plus saline and idebenone plus 2-DG on isoflurane-induced LORR in mice (P =
0.165). There was a significant difference between saline plus 2-DG and saline plus saline
(P < 0.0001), idebenone plus saline (P < 0.0001) or idebenone plus 2-DG (P = 0.0003) on
isoflurane-induced LORR.

Two-way ANOVA showed significant interaction among the treatments with L-carnitine, 2-
DG, and saline on isoflurane-induced LORR in the mice (F = 54.461, P < 0.0001). A post
hoc test suggested that there was a significant difference between L-carnitine plus saline and
L-carnitine plus 2-DG on isoflurane-induced LORR (P = 0.0002). These data suggested that
L-carnitine, which contributes to f-oxidation of quarried fatty acid from the mitochondrial
membrane,26 was not able to inhibit the effects of 2-DG on isoflurane anesthesia because 2-
DG was still able to shift the relationship curve to the left compared to saline in the mice
pretreated with L-carnitine (Figure 3B). Collectively, these data suggested that idebenone,
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but not L-carnitine, was able to inhibit the enhancing effects of 2-DG on isoflurane-induced
LORR.

Idebenone, but not L-carnitine, preserved ATP levels in H4 human neuroglioma cells
exposed to 2-DG

Given the findings that idebenone, but not L-carnitine, was able to attenuate the 2-DG
effects on enhancing isoflurane-induced anesthesia, we next asked whether idebenone and
L-carnitine might differently affect the effects of 2-DG on ATP levels in cultured cells. We
found that 2-DG did not decrease ATP levels in the cells pretreated with idebenone (Figure
4A), but 2-DG still decreased ATP levels in the cells pretreated with L-carnitine (Figure
4B). Thus, similar interactions between 2-DG and idebenone versus L-carnitine were
observed in both LORR studies and cellular ATP assays. Taken together, these findings
suggested that 2-DG might enhance isoflurane-induced anesthetic effects via reduction in
energy (e.g., ATP) levels.

Isoflurane decreases ATP levels in H4 human neuroglioma cells and in mouse brains

Given the findings that 2-DG might enhance isoflurane-induced anesthetic effects via
reduction in energy (e.g., ATP) levels, we then determined the effects of isoflurane on ATP
levels in vitro and in vivo. Treatment with 2% isoflurane for 60 minutes (Figure 5B, P =
0.001), 90 minutes (Figure 5C, P = 0.001), and 180 minutes (Figure 5D, P = 0.001), but not
30 minutes (Figure 5A, P = 0.809), significantly decreased ATP levels in H4 human
neuroglioma cells.

In the in vivo studies, we measured the effects of isoflurane on brain ATP levels.31 P-MRS
was used to assess ATP levels in brains (Figure 6A) of both control mice (Figure 6B) and
mice anesthetized with 1.4% isoflurane (Figure 6C). The brain ATP levels were then
determined by the area under the3! P-MRS curves (Figure 6). These studies revealed a
significant difference in the levels of B-ATP (P = 0.003), B-ATP/Pcr ratio (P = 0.006), and -
ATP/Pi ratio (P = 0.0001) between control and anesthetized mice (Table 2, Student’s t-test).
These data suggested that isoflurane could reduce ATP levels in brain tissues of mice.

Discussion

In this proof of concept study, we assessed whether inhibition of energy (e.g., ATP) levels
could enhance isoflurane-induced LORR in mice. We found that both 2-DG and 3-NP made
mice more sensitive to isoflurane-induced LORR (Figures 1 and 2). 2-DG is a competitive
inhibitor of hexokinase® and decreases intracellular ATP levels.1” 3-NP is an inhibitor of
succinate dehydrogenase in the Krebs cycle and electron transport chain, and also depletes
ATP.20 Therefore, our data showed that acute reduction of energy levels might sensitize
mice to isoflurane-induced LORR. These results are in agreement with evidence from
animal models and patients with chronic mitochondrial complex I dysfunction,6-9.11-13

In addition to inhibiting hexokinase and decreasing ATP levels, 2-DG produces many other
effects. These include decreasing reactive oxygen species generation, increasing cytosolic
calcium,*142 cytotoxicity,*! and endoplasmic reticulum stress.#344 Therefore, 2-DG could
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enhance isoflurane-induced LORR via 1 or more of these other cellular and molecular
mechanisms in addition to reducing energy (e.g., ATP) levels.

Idebenone, an analogue of coenzyme Q10, that can rescue depletion of ATP levels
associated with mitochondrial dysfunction,21-2° reversed the effects of 2-DG on isoflurane-
induced LORR (Figure 3A). Interestingly, L-carnitine, a compound which contributes to p-
oxidation of quarried fatty acid from mitochondrial membrane,28 did not reverse the effects
of 2-DG on isoflurane-induced LORR (Figure 3B). Consistent with the LORR results,
idebenone, but not L-carnitine, inhibited 2-DG-induced reduction in ATP levels in cultured
cells (Figure 4A and 4B). Both L-carnitine and idebenone have been shown to sustain
mitochondrial function. Why idebenone but not L-carnitine attenuated the effects of 2-DG in
enhancing isoflurane-induced LORR remains uncertain. We speculate that idebenone better
restores the glycolitic pathway that is inhibited by 2-DG than L-carnitine. Idebenone and L-
carnitine may also have different effects on regulating ATP or other metabolite levels.#546
Future studies to test these hypotheses are needed.

We also found that isoflurane reduced ATP levels in cultured neural-derived cells (Figure 5)
and in the brains of mice (Figure 6 and Table 2). These results suggested that reducing brain
energy (ATP) levels might sensitize the effects of isoflurane anesthesia in the mice.
However, neither idebenone nor L-carnitine affected isoflurane-induced LORR in the
absence of 2-DG. These findings implied that mitochondria might not be directly involved
in isoflurane-induced LORR. Further examination of the cellular and brain metabolic effects
of isoflurane combined with idebenone or L-carnitine are needed to address whether
mitochondrial metabolism contributes to isoflurane anesthesia.

It is likely that volatile anesthetics act via a number of other molecular targets. Many studies
show that these anesthetics both inhibit excitatory synaptic transmission and enhance
inhibitory signaling.4”484 In particular, y-aminobutyric acid type A and N-methyl-D-
aspartate receptors are potential targets [#%4]. Based on transgenic animal studies, potassium
channels®0 and subunits of mitochondrial complex 119 have also been suggested as volatile
anesthetic targets. However, the precise role of mitochondrial defects in anesthesia is
unclear. In a study of C. elegans’, Kayser et al. reported that 4.9% halothane (EC50) only
modestly decreased ATP levels in wild-type animals, while in anesthetic-sensitive
gas-1(fc21) mutant worms, 1.9% halothane produced a much larger decrease in ATP levels.’
Compared with wild-type C. elegans in halothane, we found significantly larger effects of
isoflurane on ATP levels in neuronal-derived cells and brain tissue. This might reflect the
different anesthetic used or that our measurements were made in neural cells and tissue,
rather than whole worms.

Our study has several limitations. First, we did not measure whether 2-DG altered the
concentration of isoflurane in mouse brains in the current studies. It remains possible that 2-
DG could enhance isoflurane-induced LORR via a pharmacokinetic mechanism rather than
a pharmacodynamic mechanism. We therefore did not conclude that 2-DG enhanced the
anesthetic effects of isoflurane exclusively through reduction in brain ATP levels. Second,
we did not assess the dose-dependent effects of 2-DG, 3-NP, idebenone, or L-carnitine on
isoflurane-induced LORR. We chose fixed doses previously reported in the literature for
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these exploratory studies, and plan to examine dose-dependent effects in future studies.
Third, by reducing metabolism, 2-DG treatment can decrease body temperature in rodents,!
enhancing sensitivity to anesthetics. However, we maintained animal temperatures near
normal in LORR experiments. The slight hypothermia (less than 2 °C) could still occur
during the 60-second measurement of LORR. Nevertheless, future studies need to
investigate whether 2-DG can enhance anesthesia via 2-DG-induced hypothermia or via 2-
DG-induced reduction in energy (e.g., ATP) levels.

In conclusion, we found that 2-DG and 3-NP enhanced isoflurane-induced LORR in mice.
Idebenone, but not L-carnitine, inhibited the effects of 2-DG on enhancing isoflurane-
induced LORR and on reducing ATP levels. Neither idebenone nor L-carnitine alone altered
isoflurane-induced LORR. Finally, isoflurane significantly reduced ATP levels in cultured
neural-derived cells and in brains of mice. These results suggested that acute metabolic
inhibition of energy (e.g., ATP) levels might sensitize animals to general anesthetics. While
our current results do not directly address the role of mitochondrial inhibition as a
mechanism of isoflurane anesthesia, more studies on the metabolic effects of anesthetics
combined with mitochondrial inhibiting and enhancing drugs could address this important
hypothesis. These findings will hopefully promote more studies investigating anesthetic
mechanisms.
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Figure 1. 2-DG enhancesisoflurane-induced loss of righting reflex (LORR) in mice
Concentration effect relationship curve for the interaction of 2-DG or saline with isoflurane.

Open circle indicates the mice after the treatment with saline plus isoflurane, and closed
circle indicates mice received treatment with 2-DG plus isoflurane. 2-DG significantly shifts
the isoflurane-induced LORR curve to the left as compared to saline (P =0.002). N = 15 per
group. 2-DG, 2-Deoxyglucose.
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Figure 2. 3-NP enhances isoflurane-induced LORR in mice
Concentration effect relationship curve for the interaction of 3-NP or saline with isoflurane.

Open circle indicates the mice after treatment with saline plus isoflurane, and closed circle
indicates mice received treatment with 3-NP plus isoflurane. 3-NP significantly shifts the
isoflurane-induced LORR curve to left as compared to saline (P = 0.005). N = 15 per group.
2-DG, 2-Deoxyglucose.
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Figure 3. Idebenone, but not L-car nitine, inhibits the effects of 2-DG on the isoflurane-induced

LORR

Concentration effect relationship curve of isoflurane in the mice with treatment of idebenone
or L-carnitine plus 2-DG or saline. Open circle indicates the mice after treatment with
idebenone or L-carnitine plus isoflurane and saline, closed circle indicates mice received
treatment with idebenone or L-carnitine plus isoflurane and 2-DG; closed triangle indicates
mice received treatment with saline and 2-DG, and open triangle indicates mice received
treatment with saline plus saline. The hill slope of each curve is demonstrated after the
legend of each of the treatments. Two-way ANOVA with post-hoc test shows that: A. In
mice pretreated with idebenone, the 2-DG treatment does not shift the curve to left as
compared to saline treatment: P = 0.165. B. In mice pretreated with L-carnitine, 2-DG
treatment still shifts the curve to left as compared to saline treatment: ** P < 0.001. N = 15
per group. ANOVA, Analysis of variance; 2-DG, 2-Deoxyglucose.
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Figure 4. Idebenone, but not L-carnitine, inhibits the effects of 2-DG on ATP levelsin H4 human

neuroglioma cells

A. 2-DG does not decrease ATP levels in cells pretreated with idebenone. The N=12
residuals are normally distributed (P = 0.948). B. 2-DG decreases ATP levels in cells

pretreated with L-carnitine. The N=12 residuals are normally distributed (P =0.991). N =6

per group. 2-DG, 2-Deoxyglucose
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Figure5. I soflurane decreases ATP levelsin H4 human neuroglioma cells
A. Treatment with 2% isoflurane for 30 minutes does not reduce ATP levels as compared to

control conditions. B. Treatment with 2% isoflurane for 60 minutes reduces ATP levels as
compared to control conditions. C. Treatment with 2% isoflurane for 90 minutes reduces
ATP levels as compared to control conditions. D. Treatment with 2% isoflurane for 180
minutes reduces ATP levels as compared to control condition. N = 6 per group.
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1.4% Isoflurane

Figure 6. I soflurane decreases brain ATP levelsin mice
31P magnetization transfer spectroscopy (A) was used to detect brain ATP levels in mice in

control conditions (B) and 1.4% isoflurane (C). ATP levels are represented by the area
under the curve. N = 10 per group.
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Table 1

Blood pressure and blood gas in mice under isoflurane anesthesia

Control” 1.4% Isoflurane
(N=15)
MAP 107.7 £ 2.5 mmHg 94 + 11 mmHg
pH 7.31+0.04 7.40+0.2
PvO2 226 + 55 mmHg 210 + 27.1 mmHg
PvCO2 | 422+41mmHg | 47.7 +12.6 mmHg

*
Baseline blood pressure in C57 mice with 21% O2 (Campen et al., 2005) and baseline blood gas in C57 mice with 100% O2.

* %
Blood pressure and blood gas in C57 mice during the 1.4% isoflurane anesthesia in 100% O2.
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MAP, mean arterial blood pressure; PvO2, partial pressure of oxygen in venous blood; PvCO2, partial pressure of carbon dioxide in venous blood.
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Table 2

Isoflurane decreases brain ATP levels in mice
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Control Isoflurane | Pvalues
(N =10) (N = 10)

Body weight 24.2 +2.90 24.4 257 0.822

Pcr 17.3+3.72 19.6 +4.13 0.211

Pi 1.3+0.21 1.4+0.18 0.05
B-ATP 112.8+2352 | 23.1+4.37 | P=0.003
B-ATP/Pcr 55+1.32 1.3+0.45 P=0.006
B-ATP/Pi 68.7+13.6 264 +4.7 P=0.001

Body weight is not significantly different between the mice in control conditions and mice under isoflurane anesthesia. There is a significant
difference in the levels of B-ATP, B-ATP/Pcr and 3-ATP/Pi between mice in control conditions and mice under isoflurane anesthesia. Isoflurane
anesthesia decreases brain ATP levels as compared to control conditions in mice. ATP, adenosine triphosphate; Pcr, phosphocreatine; Pi, inorganic

phosphate.
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