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Abstract

Objective—High fat diet (HFD) contributes to the increased prevalence of obesity and 

hyperlipidemia in young adults, a possible cause for their recent increase in stroke. Isoflurane 

post-treatment provides neuroprotection. We determined whether isoflurane post-treatment 

induced neuroprotection in HFD-fed mice.

Design and Methods—Six-week old CD-1 male mice were fed HFD or regular diet (RD) for 5 

or 10 weeks. Their hippocampal slices (400 µm) were subjected to oxygen-glucose deprivation 

(OGD). Some slices were exposed to isoflurane for 30 min immediately after OGD. Some mice 

had a 90-min middle cerebral arterial occlusion and were post-treated with 2% isoflurane for 30 

min.

Results—OGD time-dependently induced cell injury. This injury was dose-dependently reduced 

by isoflurane. The effect was apparent at 1% or 2% isoflurane in RD-fed mice but required 3% 

isoflurane in HFD-fed mice. HFD influenced the isoflurane effects in DG. OGD increased 

carboxyl-terminal modulator protein (CTMP), an Akt inhibitor, and decreased Akt signaling. 

Isoflurane reduced these effects. LY294002, an Akt activation inhibitor, attenuated the isoflurane 

effects. HFD increased CTMP and reduced Akt signaling. Isoflurane improved neurological 

outcome in the RD-fed mice but not in the HFD-fed mice.

Conclusions—HFD attenuated isoflurane post-treatment-induced neuroprotection possibly due 

to decreased prosurvival Akt signaling.

Keywords

Akt; high fat diet; isoflurane; neuroprotection; post-treatment

Users may view, print, copy, and download text and data-mine the content in such documents, for the purposes of academic research, 
subject always to the full Conditions of use:http://www.nature.com/authors/editorial_policies/license.html#terms

Address correspondence to: Dr. Zhiyi Zuo, Department of Anesthesiology, University of Virginia Health System, 1 Hospital Drive, 
PO Box 800710, Charlottesville, Virginia 22908-0710. Tel: 434-924-2283, Fax: 434-924-2105, zz3c@virginia.edu. 

Competing interests: the authors have no competing interests.

HHS Public Access
Author manuscript
Obesity (Silver Spring). Author manuscript; available in PMC 2015 November 01.

Published in final edited form as:
Obesity (Silver Spring). 2014 November ; 22(11): 2396–2405. doi:10.1002/oby.20879.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.nature.com/authors/editorial_policies/license.html#terms


Introduction

We and others have shown that isoflurane application after brain ischemia reduced ischemic 

brain injury (1, 2, 3, 4). This phenomenon is called isoflurane post-treatment-induced 

neuroprotection. However, this effect has only been shown in healthy animals. Brain 

ischemia/stroke often occurs in patients with co-morbidities and risk factors for stroke. 

Thus, experts have recommended to test the effectiveness of neuroprotective strategies in 

animals with co-morbidities and risk factors for stroke in the preclinical stage (5).

Obesity and its associated conditions, such as hyperlipidemia, are significant risk factors for 

stroke. There is an increased prevalence of obesity in recent years. Now about one third of 

American adults and 20% of teenagers are obese (6, 7). High fat diet (HFD) contributes to 

the pandemic of obesity in the USA (8). In fact, increased prevalence of obesity and its 

associated pathological conditions in young adults is considered a major cause for the 

increased stroke in this age group in recent years (9, 10). However, there are very few 

studies on the effectiveness of various neuroprotective strategies under obese condition.

We have shown an important role of activation of Akt (2), a survival protein kinase (11), in 

the isoflurane post-treatment-induced neuroprotection. Recently, it has been found that 

increased carboxyl-terminal modulator protein (CTMP) contributes to the ischemic brain 

cell death/injury (12). CTMP binds and inhibits Akt (13). However, it is not known whether 

neuroprotective strategies can affect the expression of CTMP.

We designed this study to determine whether isoflurane post-treatment induced 

neuroprotection in obese mice and whether isoflurane post-treatment affects CTMP 

expression to provide neuroprotection. We fed 6-week old mice with HFD for 10 weeks to 

simulate teenager onset obesity in humans. Ex vivo and in vivo studies were performed to 

determine the effectiveness of isoflurane post-treatment effects in these mice.

Methods

The animal protocol was approved by the Institutional Animal Care and Use Committee at 

the University of Virginia, Charlottesville, VA, USA. All animal experiments were carried 

out in accordance with the National Institutes of Health Guide for the Care and Use of 

Laboratory Animals (NIH publication No. 80-23) revised in 2011.

Animals and diet feeding

Male 6-week old CD1 mice were randomly assigned to two dietary groups: animals in the 

regular diet (RD, 4.5% calories supplied by fat) group and those in the high fat diet (HFD, 

45% calories supplied by fat) group received a diet containing 1% cholesterol, 10% egg yolk 

powder, 5% lard, 0.5% sodium cholate and 83.5% RD for 10 weeks.

Preparation of hippocampal slices

Similar to our previous method (1, 14), hippocampal coronal slices at 400 µm thickness 

were freshly prepared from the brains of male CD1 mice fed with RD or HFD for 10 weeks. 
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They were placed into a tissue holder and immersed in circulating artificial cerebrospinal 

fluid (aCSF) continuously bubbled with 5% CO2 and 95% O2 (oxygenated aCSF) at room 

temperature for at least 1 h for recovery of the synaptic function [4] and then transferred to 

oxygenated aCSF at 37°C for 15 min before used for experiments. The aCSF contained 116 

mM NaCl, 26.2 mM NaHCO3, 5.4 mM KCl, 1.8 mM CaCl2, 0.9 mM MgCl2, 0.9 mM 

NaH2PO4, and 5.6 mM glucose, pH 7.4.

Oxygen-glucose deprivation (OGD)

Ischemia was simulated in vitro by OGD at 37°C. This was performed as we described 

previously.1,13 After the OGD, slices were recovered in circulating oxygenated aCSF at 

37°C for 5 h to allow cell injury and death that may not be evident immediately after the 

OGD episode to become apparent.

Isoflurane post-treatment

Isoflurane post-treatment was performed immediately after a 20-min OGD. Isoflurane was 

delivered by the carrier gases (5% CO2 and 95% O2) through an isoflurane vaporizer. 

Isoflurane concentrations in the aCSF were determined by gas chromatography as we 

described before (15, 16, 17). The aqueous isoflurane concentration was approximately 0.22, 

0.44 and 0.66 mM, respectively, for 1, 2 and 3% isoflurane in the gas phase.

Administration of LY294002

LY294002, an Akt activation inhibitor, was added to make the final concentration at 50 µM 

in the aCSF. LY294002 was present for 50 min started immediately before the OGD 

application.

Quantification of cell injury in hippocampal slices

As we described before (14), cell injury was detected by incubating the slices with 

fluorescent propidium iodide (PI, 2.3 µM) for 20 min. PI binds to DNA in cells with 

significant membrane damage and PI binding has been used to measure cell injury in 

hippocampal slices (14, 18, 19). PI fluorescence emission from the CA1, CA3 and dental 

gyrus (DG) was viewed using a fluorescence microscope (Nikon, Tokyo, Japan) with a 10 × 

lens coupled to a camera (Diagnostic Imaging, Spot II, San Carlos, CA). PI image optical 

density was measured with Image J software (National Institutes of Health, Bethesda, MD). 

All slices were analyzed at the same time by a blinded observer. For each slice, randomly 

selected 10 areas from CA1, CA3 and DG were analyzed.

Hippocampal tissue sampling and preparation of cytosolic fraction

Mice on RD or HFD for 5 and 10 weeks were euthanized by 5% isoflurane and 

transcardially perfused with saline. The hippocampus was harvested. The cytosolic fraction 

of the whole hippocampus or hippocampal slices after being exposed to various 

experimental conditions was prepared as we previously described (20, 21). Briefly, brain 

tissue was placed in a ice-cold buffer (10 mM HEPES, 1.5 mM MgCl2, 10 mM KCl, 0.5 

mM dithiothreitol, and 0.05% NP40; pH 7.9) containing protease and phosphatase inhibitor 

cocktails and homogenized by 30 strokes of gentle pounding in a glass tissue grinder. 
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Homogenates were centrifuged at 13,000 rpm for 15 min at 4°C. The supernatants were 

cytosolic fractions.

Western blotting

Proteins of 30 to 50 µg per lane were subjected to 10% sodium dodecyl sulfate-

polyacrylamide gel electrophoresis and then transferred onto a polyvinylidene fluoride 

membrane. Membranes were incubated with the following primary antibodies overnight at 

4°C: the anti-CTMP antibody (1:1000, catalog number: SAB3500057; Sigma-Aldrich, St. 

Louis, MO), anti-Akt antibody (1:1000, catalog number: 9272; Cell Signaling Technology, 

Danvers, MA), anti-phospho-Akt (Ser473) antibody (1:1000, catalog number: 9271; Cell 

Signaling Technology), anti-glycogen synthase kinase 3β (GSK-3β) antibody (1:1000, 

catalog number: 9315; Cell Signaling Technology), anti-phospho-GSK-3β (Ser9) antibody 

(1:1000, catalog number: 9336, Cell Signaling Technology), anti-Forkhead box O3 

(FoxO3a) antibody (1:1000, catalog number: 2497; Cell Signaling Technology), anti-

phospho-FoxO3a (Ser253) antibody (1:1000, catalog number: 9466; Cell Signaling 

Technology), anti-β-actin polyclonal antibody (1:2000; catalog number: A2228; Sigma-

Aldrich), and anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH) antibody (1:5000, 

catalog number: G9545; Sigma-Aldrich). The protein bands were visualized with the 

enhanced chemiluminescence method using a Genomic and Proteomic Gel Documentation 

Systems from Syngene (Frederick, MD, USA). The densities of interesting protein bands 

were normalized to those of GAPDH or actin. The phospho-Akt, phospho-GSK-3β and 

phospho-FoxO3a were normalized by the total Akt, GSK-3β and FoxO3a. The results from 

animals under various dietary conditions and durations were then normalized by those from 

animals fed with RD for 5 weeks. The results from hippocampal slices exposed to various 

experimental conditions were then normalized to the corresponding data of the control slices 

from the same animals. Samples from the same animals were always run on the same 

Western blots.

Transient middle cerebral arterial occlusion (MCAO) and the neurological outcome 
assessment

As we described previously (20), MCAO in mice was achieved by an intraluminal filament 

under isoflurane anesthesia. The animal was allowed to wake-up immediately after MCAO 

was achieved. They were re-anesthetized briefly 90 min later to withdraw the suture. Mice 

assigned randomly to the MCAO only group were allowed to wake-up immediately and then 

placed in a chamber with pure oxygen for 30 min. Mice in the isoflurane post-treatment 

group were placed in a box filled with 2% isoflurane in oxygen for 30 min immediately after 

the onset of reperfusion. During surgery to create MCAO and isoflurane exposure, 

temporalis muscle temperatures of mice were strictly maintained at 37 ± 0.2°C. Their pulse 

oximeter oxygen saturation (SpO2) was monitored continuously.

The neurological deficit scores of mice were evaluated 24 h after the MCAO as we 

described before (3, 20). Mice were then sacrificed by 5% isoflurane. Their brains were cut 

into 1-mm thick coronal slices. Slices were stained with 1% 2,3,5-triphenyltet-razolium 

chloride solution to evaluate edema index and infarct volume. The infarct area, the left and 

right cerebral hemispheres in each brain slice were quantified using Image J. Edema index = 
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right hemisphere volume/left hemisphere volume. Corrected brain infarct volume in 

percentage = [left hemisphere volume − (right hemisphere volume − right infarction 

volume)] × 100 /left hemisphere volume.

Statistical analysis

Data are means ± S.E.M. (n ≥ 5 for each experimental condition). Comparison of the data of 

age-matched RD-mice with those of HFD-fed mice was performed by t-test. Time-course 

and dose-response data from RD- or HFD-fed mice were analyzed by repeated measures 

one-way analysis of variance followed by the Tukey test after confirmation of normal 

distribution of the data or by repeated measures one-way analysis of variance on ranks 

followed by the Tukey test when the data were not normally distributed. This analysis was 

chosen because slices from the same mouse were used for various experimental conditions 

on that day. Comparison of dose-response data of RD-fed mice with those of HFD-fed mice 

was performed by two-way repeated measures analysis of variance. Other data were 

analyzed by one-way analysis of variance followed by the Tukey test or by one-way analysis 

of variance on ranks followed by the Tukey test. P value < 0.05 was considered significant.

Results

HFD feeding significantly increased the body weights

HFD feeding for 5 weeks increased the body weights from 37.2 ± 0.5 g of RD-fed mice to 

43.2 ± 1.0 g (n = 6 for each group, P < 0.05). HFD feeding for 10 weeks increased the body 

weights from 41.0 ± 1.1 g of RD-fed mice to 57 ± 1.3 g (n = 6 for each group, P < 0.05).

Isoflurane post-treatment dose-dependently attenuated OGD-induced cell injury

Slices from RD- and HFD-fed mice had increased PI staining in the CA1, CA3 and DG 

regions after 20-min OGD, suggesting that a 20-min OGD causes significant cell injury. The 

injury in RD- and HFD-fed mouse slices was maximized by 30-min OGD (Figs. 1A and 

1B). Thus, a 20-min OGD was used in other experiments.

Isoflurane post-treatment dose-dependently reduced injury in the hippocampal slices of RD- 

and HFD-fed mice. The effects were significant at 1% isoflurane in the CA1 and CA3 and at 

2% isoflurane in the DG of RD-fed mice (Figs. 2A and 2B). However, the protective effects 

in the hippocampal slices of HFD-fed mice were not significant until 3% isoflurane (Figs. 

2A and 2C). These results suggest that isoflurane post-treatment-induced neuroprotection is 

easier to be induced in the RD-fed mouse hippocampal slices than that in the HFD-fed 

mouse slices. To further determine the role of HFD feeding in the isoflurane effect, 

isoflurane post-treatment-induced percentage decrease of OGD-caused cell injury was 

analyzed. HFD had a significant effect on isoflurane post-treatment-induced protection in 

DG [F(1,8) = 5.501, P = 0.047], while the HFD effect in the CA1 and CA3 did not reach 

significance yet [F(1,8) = 1.379, P = 0.274 for CA1; F(1,8) = 2.378, P = 0.162 for CA3] 

(Figs. 2D to 3F). Together, these results suggest that HFD attenuates isoflurane post-

treatment-induced neuroprotection, especially in the DG.
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Isoflurane post-treatment attenuated OGD-induced reduction of Akt signaling

We focused on Akt signaling, a prosurvival pathway (11), for our mechanism study. OGD 

significantly increased CTMP and decreased phospho-Akt, the active form of Akt, in the 

hippocampal slices of RD- and HFD-fed mice (Figs. 3A to 3D). These changes were dose-

dependently attenuated by isoflurane. Similar to the protective effects, 1% or 2% isoflurane 

significantly attenuated the OGD-induced increase of CTMP and decrease of phospho-Akt 

in the RD-fed mouse slices (Figs. 3A and 3B) but 2% or 3% isoflurane was needed to 

achieve these effects in the HFD-fed mouse slices (Figs. 3C and 3D). OGD significantly 

decreased the expression of total Akt in the hippocampus of RD-fed mice and HFD-fed mice 

(Figs. 3B and 3D). This effect was not changed by isoflurane.

HFD feeding inhibited Akt signaling

HFD feeding for 5 or 10 weeks significantly increased CTMP expression and decreased the 

amount of phospho-Akt (Figs. 4A and 4B). The amount of phospho-GSK-3β at Ser9 and 

phospho-FoxO3a, two Akt target proteins, was reduced by HFD feeding (Figs. 4C and 4D). 

HFD feeding did not affect Akt and GSK-3β expression but decreased FoxO3a. When the 

amount of phospho-FoxO3a was normalized by that of FoxO3a, 5- and 10-week HFD 

feeding still reduced the amount of phospho-FoxO3a (Fig. 4D).

Inhibition of Akt signaling reduced isoflurane post-treatment-induced neuroprotection

To determine the role of Akt in the isoflurane post-treatment-induced neuroprotection, the 

Akt activation inhibitor LY294002 was used. Similar to the above results, 3% isoflurane 

reduced OGD-induced cell injury in the CA1, CA3 and DG of the hippocampal slices from 

RD-fed mice. This reduction was attenuated by LY294002 (Figs. 5A and 5B). Also, 3% 

isoflurane decreased OGD-induced cell injury in the CA1 and DG of HFD-fed mice. This 

decrease was attenuated by LY294002 (Figs. 5A and 5C). The reduction of cell injury in the 

CA3 of HFD-fed mice by isoflurane did not reach statistical significance in this set of 

experiment. The effect of LY294002 on this reduction was also not apparent (Fig. 5C).

Consistent with cell injury results, OGD increased CTMP expression and decreased the 

amount of phospho-Akt and phospho-GSK-3β in the hippocampal slices of RD- and HFD-

fed mice. These changes were reduced by 3% isoflurane post-treatment. These isoflurane 

effects were attenuated by LY294002 (Figs. 6 and 7). While OGD did not affect the amount 

of phospho-FoxO3a, isoflurane significantly increased phospho-FoxO3a in the hippocampus 

of RD-fed mice. Similar effect on phospho-FoxO3a was not shown in the HFD-fed mouse 

hippocampus (Figs. 6D and 7D). OGD significantly reduced Akt in the RD- and HFD-fed 

mouse hippocampus and this effect was not affected by isoflurane or LY294002 (Figs. 6B 

and 7B). Overall, these results suggest that LY294002 inhibits isoflurane post-treatment-

preserved activation of Akt signaling after OGD in both RD- and HFD-fed mouse 

hippocampal slices.

Isoflurane post-treatment induced neuroprotection after brain ischemia in RD-fed mice but 
not in HFD-fed mice

No animals had an episode of hypoxia (SpO2 < 90%) during the surgery to create MCAO 

and the isoflurane post-treatment period. Post-treatment with 2% isoflurane reduced brain 
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infarct volume and edema and improved neurological deficit scores after MCAO in the RD-

fed mice (Figs. 8A – 8D), suggesting that post-treatment with 2% isoflurane provides 

neuroprotection in the RD-fed mice. However, 2% isoflurane neither reduced infarct volume 

and brain edema nor improved the neurological deficit scores of HFD-fed mice (Figs. 8A – 

8D). Consistent with our previous study (22), HFD-fed mice had a bigger brain infarct 

volume and worse neurological deficit scores than RD-fed mice (Figs. 8A – 8D).

Discussion

Consistent with our previous studies in rats (1, 3), this study showed that isoflurane post-

treatment induced neuroprotection. Isoflurane at 1 or 2% provided neuroprotection in all 

three hippocampal brain regions of RD-fed mice. However, 3% isoflurane was needed to 

induce neuroprotection in the hippocampus of HFD-fed mice. Also, HFD was a significant 

factor to influence the isoflurane post-treatment effect in the DG region. In addition, post-

treatment with 2% isoflurane improved neurological outcome after a 90-min MCAO in the 

RD-fed mice but not in the HFD-fed mice. These results suggest that isoflurane post-

treatment-induced neuroprotection was attenuated in the HFD-fed obese mice.

Our previous study has suggested a role of Akt in the isoflurane post-treatment-induced 

neuroprotection (2). Consistently, we showed here that isoflurane post-treatment increased 

the phosphorylated/activated Akt and that LY294002, an inhibitor of Akt activation, 

attenuated isoflurane post-treatment-induced neuroprotection. Also, isoflurane inhibited 

OGD-induced CTMP increase, which extends the isoflurane effects on Akt signaling to 

events upstream of Akt. This effect on CTMP expression, together with the increased 

phosphorylated/activated Akt, lead to the increased phosphorylation of GSK-3β at Ser9 and 

FoxO3a, two proteins downstream of Akt (12, 23). Phosphorylation of GSK-3β at Ser9 

inhibits GSK-3β, which reduces the formation of mitochondrial permeability transition pore 

and the mitochondrial membrane permeation (2, 24). Phosphorylation of FoxO3a induces its 

translocation away from nuclei, which reduces the capability of FoxO3a to induce 

proapoptotic protein expression (23). These effects after isoflurane post-treatment result in 

reduced cell injury/death. Thus, our current study provides evidence to suggest events/

proteins upstream (CTMP) and downstream (GSK-3β and FoxO3a) of Akt for isoflurane 

post-treatment-induced neuroprotection.

The isoflurane concentrations to induce neuroprotection are similar to those to cause 

changes in the amount of CTMP and phospho-Akt in the RD- and HFD-fed mice, 

respectively. Also, we showed for the first time that mice fed with HFD for 5 or 10 weeks 

had higher CTMP levels and lower levels of phosphorylated Akt, GSK-3β at Ser9 and 

FoxO3a than the age-matched mice on RD. These novel results suggest that HFD decreases 

the prosurvival Akt signaling in the brain. These biochemical changes may explain the 

phenomenon that a higher isoflurane concentration is needed in the HFD-fed mice to 

increase the Akt signaling to a threshold for neuroprotection than that needed for RD-fed 

mice.

A previous study has shown that brain ischemia increases CTMP in rat hippocampus (12). 

We showed here that OGD increased CTMP in the hippocampal slices. However, phosphor-
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Akt was increased but the phosphorylation of GSK-3β at Ser9 and FoxO3a was not changed 

in the ischemic hippocampus in the previous study (12). The authors consider that this 

situation (increased Akt phosphorylation but no change in the phosphorylation of its target 

proteins) may be due to the inhibition of CTMP on Akt activity. Our study showed that 

OGD inhibited the phosphorylation of Akt. This decreased phosphorylated/activated Akt, 

together with increased CTMP, lead to decreased phosphorylation of GSK-3β at Ser9 and 

FoxO3a in our study. The reasons for the different findings on Akt signaling in the previous 

study and our study are not known. Different models (OGD vs. brain global ischemia) and 

species (mice vs. rats) may contribute to these different findings.

We used LY294002 to imply the involvement of Akt in the isoflurane post-treatment-

induced neuroprotection. It is not surprised to see that LY294002 reduced the isoflurane 

post-treatment-induced increase of phosphorylated Akt, GSK-3β at Ser9 and FoxO3a 

because LY294002 is a known Akt activation inhibitor (2). Demonstration of these intended 

effects facilitates the interpretation of the effects of LY294002 on isoflurane post-treatment-

induced neuroprotection. LY294002 also attenuated isoflurane post-treatment-induced 

inhibition of CTMP increase in the ischemic hippocampus. This effect, coupled with the 

inhibition of Akt activation, should significantly decrease Akt activity. Consistent with this 

possibility, isoflurane post-treatment-induced phosphorylation of GSK-3β at Ser9 and 

FoxO3a was significantly inhibited by LY294002.

The mechanisms for the effects of LY294002 on CTMP expression are not known. One 

possibility is that CTMP expression is regulated by Akt signaling. In supporting this 

possibility, isoflurane post-treatment increased Akt phosphorylation and also decreased 

CTMP expression. Similarly, OGD decreased Akt phosphorylation but increased CTMP 

expression. These three lines of evidence suggest a reciprocal relationship between CTMP 

and Akt phosphorylation/activation. Further studies are needed to determine the mechanisms 

for this relationship.

Hippocampal CA1 region is known to be very sensitive to ischemia (25). In our study, we 

measured cell injury in CA1, CA3 and DG to determine whether there was a difference in 

cell damage and isoflurane effects among these three regions. We showed that cell damage 

in the DG was as severe as in CA1 or might be more severe than that in CA1. Results 

similar to our findings have been reported in previous studies in which rat hippocampal 

slices were subjected to hypoxia or OGD (18, 19). The reasons for this different sensitivity 

among hippocampal regions are not known yet.

Despite variation in cell types and possible difference in sensitivity to ischemia among the 

regions of hippocampus, we used whole hippocampus for Western analysis. This practice 

was chosen because harvesting enough region-specific tissues with great accuracy in the 

hippocampal slices after incubation is very difficult. Dissecting specific hippocampal 

regions under microscope is time-consuming and may introduce selection bias. In addition, 

3% isoflurane induced a postconditioning effect in all hippocampal regions. This 

concentration was used in the experiments to prepare tissues for Western blotting.
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We used isoflurane to anesthetize mice for brain harvesting (~2 min exposure). This 

exposure time in the in vitro experiment may be too short to induce a protective effect (26).

In our in vivo study, we used 2% isoflurane that failed to induce neuroprotection in the 

HFD-fed mice. This in vivo result is consistent with our ex vivo hippocampal slices 

subjected to the OGD. Post-treatment with 3% isoflurane resulted in neuroprotection in the 

hippocampal slices from HFD-fed mice. However, it is difficult to use this high 

concentration of isoflurane to postcondition the mice due to the concerns of respiratory and 

circulatory inhibition.

In summary, we have shown that isoflurane post-treatment-induced neuroprotection is 

attenuated in the HFD-fed mice. Reducing CTMP expression and activating Akt signaling 

play an important role in the isoflurane post-treatment-induced neuroprotection in both RD-

fed and HFD-fed mice. Decreased Akt signaling under baseline condition may contribute to 

the attenuated isoflurane post-treatment-induced neuroprotection.
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What is already known about this subject?

• Isoflurane post-treatment induces neuroprotection in healthy rodents

• Isoflurane post-treatment-induced neuroprotection may be mediated by Akt.

• Carboxyl-terminal modulator protein is an Akt inhibitor

What does this study add?

• High fat diet (HFD) feeding decreases Akt signaling

• Isoflurane post-treatment-induced neuroprotection is attenuated in HFD-fed 

mice

• Attenuated Akt signaling contributes to decreased isoflurane post-treatment 

effects in the HFD-fed mice
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Fig. 1. 
Time-course of OGD. Hippocampal slices were freshly prepared from 16-week old CD-1 

mice that fed HFD or RD for 10 weeks. The slices were subjected to various lengths of 

OGD and then PI staining at 5 h after the OGD. A: data of RD-fed mice. B: data of HFD-fed 

mice. Results are mean ± S.E.M. (n = 5). * P < 0.05 compared with control.
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Fig. 2. 
Dose-response of isoflurane post-treatment-induced neuroprotection in hippocampal slices. 

Slices were freshly prepared from 16-week old CD-1 mice that fed HFD or RD for 10 

weeks. The slices were subjected to a 20-min OGD and then exposed to various 

concentrations of isoflurane for 30 min. PI staining was performed at 5 h after the OGD. A: 

representative images of PI staining. B: data of RD-fed mice. C: data of HFD-fed mice. 

Based on the data presented in panels B and C, the isoflurane post-treatment-induced 

percentage decrease of PI fluorescence intensity in the presence of OGD was calculated with 
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the following formula: (X – Y) 100/Y. X was the PI fluorescence intensity of the slices 

under any experimental condition. Y is the fluorescence intensity of the slices with OGD 

only. The slices to provide X and Y were from the same mouse. Those results are presented 

in panels D to F. D: CA1 region. E: CA3 region. F: DG region. Results are mean ± S.E.M. 

(n = 5). * P < 0.05 compared with control; ^ P < 0.05 compared with OGD; # P < 0.05 for 

the comparison between RD- and HFD-fed mice by two-way repeated measures analysis of 

variance.
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Fig. 3. 
Attenuation of OGD-induced inhibition of Akt signaling by isoflurane. Slices were freshly 

prepared from 16-week old CD-1 mice that fed HFD or RD for 10 weeks. The slices were 

subjected to a 20-min OGD and then exposed to various concentrations of isoflurane for 30 

min. Slices were harvested at 5 h after the OGD for Western blotting. A representative 

Western blotting image is presented at the top panel and the pooled results are presented in 

the bottom panel for each protein. A: CTMP from RD-fed mice. B: Akt and phospho-Akt 

(P-Akt) from RD-fed mice. C: CTMP from HFD-fed mice. D: Akt and P-Akt from HFD-fed 
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mice. Results are mean ± S.E.M. (n = 6). * P < 0.05 compared with control; ^ P < 0.05 

compared with OGD. Con: control, Iso: isoflurane.
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Fig. 4. 
HFD-induced reduction of Akt signaling. Hippocampus was harvested from 11- or 16-week 

old CD-1 mice that fed HFD or RD for 5 or 10 weeks, respectively. The hippocampus was 

used for Western blotting. A representative Western blotting image is presented at the top 

panel and the pooled results are presented in the bottom panel for each protein. A: CTMP. 

B: Akt and phospho-Akt (P-Akt). C: GSK-3β and phospho-GSK-3β (P-GSK-3β). D: FoxO3a 

and phospho-FoxO3a (P-FoxO3a). Results are mean ± S.E.M. (n = 6 – 8). * P < 0.05 

compared with age-matched RD-fed mice.
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Fig. 5. 
Attenuation of isoflurane post-treatment-induced neuroprotection by inhibition of Akt 

activation. Hippocampal slices were freshly prepared from 16-week old CD-1 mice that fed 

HFD or RD for 10 weeks. The slices were subjected to a 20-min OGD and then exposed to 

3% isoflurane for 30 min. LY 294002 (LY) was presented from the beginning of OGD to the 

end of isoflurane exposure. PI staining was performed at 5 h after the OGD. A: 

representative images of PI staining. B: data of RD-fed mice. C: data of HFD-fed mice. 
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Results are mean ± S.E.M. (n = 5). * P < 0.05 compared with control; ^ P < 0.05 compared 

with OGD.
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Fig. 6. 
Attenuation of isoflurane post-treatment-induced Akt signaling by inhibition of Akt 

activation in RD-fed mouse hippocampus. Hippocampal slices were freshly prepared from 

16-week old CD-1 mice that fed RD. The slices were subjected to a 20-min OGD and then 

exposed to 3% isoflurane (Iso) for 30 min. LY 294002 (LY) was presented from the 

beginning of OGD to the end of isoflurane exposure. Slices were harvested at 5 h after the 

OGD for Western blotting. A representative Western blotting image is presented at the top 

panel and the pooled results are presented in the bottom panel for each protein. A: CTMP. 
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B: Akt and phospho-Akt (P-Akt). C: GSK-3β and phospho-GSK-3β (P-GSK-3β). D: FoxO3a 

and phospho-FoxO3a (P-FoxO3a). Results are mean ± S.E.M. (n = 8). * P < 0.05 compared 

with control; ^ P < 0.05 compared with OGD; # P < 0.05 compared with OGD plus 

isoflurane post-treatment.
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Fig. 7. 
Attenuation of isoflurane post-treatment-induced Akt signaling by inhibition of Akt 

activation in HFD-fed mouse hippocampus. Hippocampal slices were freshly prepared from 

16-week old CD-1 mice that fed HFD for 10 weeks. The slices were subjected to a 20-min 

OGD and then exposed to 3% isoflurane (Iso) for 30 min. LY 294002 (LY) was presented 

from the beginning of OGD to the end of isoflurane exposure. Slices were harvested at 5 h 

after the OGD for Western blotting. A representative Western blotting image is presented at 

the top panel and the pooled results are presented in the bottom panel for each protein. A: 
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CTMP. B: Akt and phospho-Akt (P-Akt). C: GSK-3β and phospho-GSK-3β (P-GSK-3β). D: 

FoxO3a and phospho-FoxO3a (P-FoxO3a). Results are mean ± S.E.M. (n = 8). * P < 0.05 

compared with control; ^ P < 0.05 compared with OGD; # P < 0.05 compared with OGD 

plus isoflurane post-treatment.
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Fig. 8. 
Isoflurane post-treatment-induced neuroprotection under in vivo condition. Sixteen-week old 

CD-1 mice that fed HFD or RD for 10 weeks were subjected to a 90-min right MCAO. Mice 

in the isoflurane post-treatment group were exposed to 2% isoflurane for 30 min 

immediately after the MCAO (Iso-post). The neurological outcome was evaluated at 24 h 

after the MCAO. A: representative brain slices stained by 2,3,5-triphenyltet-razolium 

chloride. B: Infarct volume. C: edema index. D: neurological deficit score. Results are mean 

± S.E.M. for infarct volume and edema index and in box plot for neurological deficit scores 

(n = 6 – 7). * P < 0.05 compared with MCAO group of the RD-fed mice.
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