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Volatile and Intravenous Anesthesia Alter Rat Liver Proteins: Proteomic
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Abstract: Background: Our previous microarray study showed that sevoflurane anesthesia affects the expression of rat
genes in multiple organs including the liver. In this study, we investigated whether liver protein expression was altered
after propofol, sevoflurane, or isoflurane anesthesia. We also investigated differences in the time course of each drug 24
and 72 h after anesthesia.

Methods: Rats were randomly assigned to four groups (non-anesthetized group and three groups anesthetized at each time
point, n = 6 per group). A venous catheter was inserted into the caudal vein of all rats. Rats were anesthetized with each
agent for 6 h, and the liver was obtained immediately after anesthesia. Proteomic analysis was performed.

Results: About 4200 spots in each gel were discriminated, and at least 2619 spots were matched. Using LC-MS/MS, we
identified 47 spots for propofol, 45 spots for sevoflurane, and 21 spots for isoflurane that were differentially expressed (p
< 0.05) 0 h after anesthesia. The numbers of altered proteins were 14 and 19 in the isoflurane and sevoflurane groups,
respectively, 72 h after anesthesia, but alterations in 40 proteins were seen in the propofol group 72 h after anesthesia.

Conclusion: Volatile and intravenous anesthetics affected protein expression in the liver. Alterations were different for
each drug, with isoflurane showing fewer altered proteins 0 h after anesthesia than the other two drugs. The time courses
of those proteins were also different between individual anesthetics, suggesting fewer alterations in rat liver protein

expression with volatile anesthetics than with propofol.
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INTRODUCTION

Volatile anesthetics such as sevoflurane and isoflurane
are widely used in surgery. Propofol, administered as an
alkylphenol in a lipid emulsion [1], is also used in clinical
surgery. These agents are metabolized in the liver [2,3].
Many studies have reported the effects of these anesthetics
on the liver, including hepatotoxicity, hepatitis, organ-
protective effects via antioxidant proteins or enzymes,
changes in lipid metabolism or serum lipid profiles, and
others [4,5]. Hepatotoxic effects of anesthetics occur mainly
due to hypersensitivity reactions, decreased hepatic blood
flow, hypoxia, and free radical production [4,5].

Hepatocellular protective functions of anesthetics
through activation of antioxidant enzymes in the liver in an
ischemic re-perfusion model were also reported [6,7]. Many
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factors such as antioxidant enzymes, hepatic detox enzymes,
heat shock proteins (HSPs), and direct effects of anesthetics
may mediate hepatocellular protection from biological
stresses [7,8]. Other hepatocellular antioxidant enzymes such
as catalase (CAT), glutathione S transferase (GST),
superoxide dismutase (SOD), and aldehyde dehydrogenase-
7Al (ALDH7A1) also show liver protective functions by
scavenging reactive oxygen species (ROS) or in other ways
[9-13]. Intravenous anesthetics such as propofol do not seem
to have comparable protective properties [14].

Statin therapy reduces the risk for perioperative
cardiovascular events. HMG-CoA synthase synthesizes
HMG-CoA from acetyl-CoA. HMG-CoA synthase is also a
substrate for HMG-CoA reductase. HMG-CoA reductase
converts HMG-CoA to mevalonate and is a main target of
statins [15,16]. The process of HMG-CoA synthesis and
conversion from HMG-CoA to mevalonate are well-known
steps in cholesterol biosynthesis.

Apolipoprotein-Al  (Apo-Al) is a major protein
component of high-density lipoprotein and plays an
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important role in maintaining cellular cholesterol
homeostasis [17,18]. Monocytes lead to reduced Apo-Al
production in the liver by releasing cytokines during
biological stress, and serum Apo-Al levels are lowered by
stress from major surgery, multiple trauma, and systemic
inflammatory disease. Apo-Al levels in the intensive care
unit at admission are reported to be associated with
morbidity [18].

Thus, there are many studies on liver proteins, but these
proteins were assessed individually, and few reports have
investigated the comprehensive influences of general
anesthetics. Further, no reports have comprehensively
evaluated alterations in liver protein expression due to
anesthesia. Previously, we comprehensively showed changes
in gene expression in multiple organs including the liver
with sevoflurane anesthesia using microarray analysis [19].
Here, we undertook a comprehensive study to clarify the
alterations in expression of rat liver proteins by general
anesthetics such as propofol, isoflurane, and sevoflurane. We
used proteomic analysis followed by liquid chromatography-
mass spectrometry (LC-MS) to analyze protein expression.
This is the first comprehensive report to demonstrate
alterations by general anesthetics at the protein level. The
aim of our current study was to investigate whether general
anesthetics alter rat liver protein expression and to compare
differences in the time course of protein expression induced
by each drug. We also investigated the relationship between
the protein expression changes observed here and the gene
expression changes we previously reported [19].

MATERIALS AND METHODS
Animal Preparation

Approval for this study and the procedures performed
(notably the method of euthanasia) was obtained from the
Animal Experimental Ethics Review Committee of Nippon
Medical School (review number: 23-159). Nine-week-old
male rats (specific pathogen-free Wistar rats; Saitama
Experimental Animals) weighing 290 + 10 g were kept under
temperature-controlled conditions on a 12:12-h light-dark
cycle with free access to food and water.

Administration of Anesthetic and Termination

Rats were randomly assigned to four groups (n = 6 per
group). Rats undergoing volatile anesthesia were placed in a
plastic box supplied with sevoflurane (Abbott Japan, Tokyo,
Japan; 4.0% gas-air mixture) [20] or isoflurane (Abbott
Japan; 2.5% gas-air mixture) [21], and normal saline was
administered via a venous catheter (1 mL/h). Rats
undergoing intravenous anesthesia were housed in a plastic
box and administered propofol (AstraZeneca, Osaka, Japan;
600 pg/kg/min) [22]. In the control group, rats were not
given any anesthetics and were immediately sacrificed. Rats
in the anesthetized groups (sevoflurane: group S-0, S-24, S-
72; isoflurane: group I-0, I-24, I-72; or propofol: group P-0,
P-24, P-72) received anesthetics for 6 h and were killed by
decapitation 0, 24, or 72 h after anesthesia. A venous
catheter was inserted into the caudal vein of all rats in the
anesthetized groups, and each rat was housed in an
individual plastic box. All animals anesthetized with volatile
or intravenous agents received 30% oxygen over the same
time period and were allowed to breathe spontaneously.
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Body temperature was maintained at a constant 37°C. The
left lateral lobe of the liver was removed from each rat
within 3 min of death, immediately lysed in ISOGEN
reagent (Nippon Gene, Tokyo, Japan), and frozen in liquid
nitrogen. All liver samples were stored at —80°C until
proteome analysis.

Physiological Parameters

Physiological variables were measured in the following
four groups not used for proteomic evaluation: a group
treated with sevoflurane (4.0% gas-air mixture), a group
treated with isoflurane (2.5% gas-air mixture), a group
treated with propofol (600 pg/kg/min), and a control (not
anesthetized) group (n = 5 in each group) [23]. A catheter
was inserted into the tail vein of all rats, and normal saline
was administered (1 mL/h). During the experiment, each rat
was maintained in the same conditions (body temperature,
O, supply, breathing, dose of anesthetics). We anesthetized
the rats and cannulated the left femoral artery to measure
heart rate and arterial blood pressure, and to draw blood
samples for measuring arterial PaO,, arterial PaCO,, arterial
blood pH, and the plasma glucose concentration. After
surgery, the rats were placed in a rat tunnel and allowed to
recover from anesthesia. In the control group, blood samples
were taken when awake. In the treated groups, anesthesia
was maintained for 6 h, and samples were taken before
anesthetics were turned off. The experimental protocol is
shown in Fig. (1).

Two-dimensional Gel Electrophoresis

We used the same differential in-gel electrophoresis
(DIGE) design and protocol for two-dimensional gel
electrophoresis (sample preparation, sample labeling, two-
dimensional electrophoresis) as in our previous study [24].
Each gel contained three different samples that were
fluorescently labeled (CyDye DIGE Fluor Cy2, Cy3, and
Cy5; GE Healthcare UK Ltd., Buckinghamshire, England)
with the minimal labeling protocol [25]. First-dimension gel
electrophoresis was performed using isoelectric focusing
(IEF) gradient strip gels (24 cm pH 4-7) (GE Healthcare UK
Ltd.) and an IPFphor IEF unit (GE Healthcare UK Ltd.). The
second dimension, SDS-PAGE, was performed on 20 cm %
24 cm 12.5% polyacrylamide gels. Electrophoresis was
carried out using an Ettan DALTsix system (GE Healthcare
UK Ltd.). Gels were scanned immediately using a Typhoon
9400 Variable Mode Imager (GE Healthcare UK Ltd.) with
the same settings in all cases. The differential in-gel analysis
module was used to identify protein spots and quantitatively
compare the expression ratio of each individual protein spot
feature between Cy5- and Cy3-labeled samples on a given
gel after normalization to the Cy2 signal [26]. The biological
variation analysis (BVA) module was used to collectively
analyze individual matched gels.

Spot Picking and In-gel Digestion

Two-dimensional gels were stained with Deep Purple
Total Protein Stain (GE Healthcare UK Ltd.). Proteins of
interest were robotically excised in a 96-well plate format
using Ettan Spot Picker and Digester workstations (GE
Healthcare UK Ltd.). We then manually performed in-gel
digestion as described [24].
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Fig. (1). Flow chart of the experimental protocols for physiological and proteomics analysis.

Mass Spectroscopic Identification

To investigate proteins that were changed during
anesthesia, only proteins altered 0 h after anesthesia by at
least one drug for mass spectroscopic identification were
further examined 24 and 72 h after anesthesia. The resulting
digested proteins were subjected to high-pressure liquid
chromatography separation on a chromatography system
(Paradigm Home 2009 R1, AMR Inc., Tokyo, Japan), which
was coupled via an HTS-PAL (CTC Analytics, Zwingen,
Switzerland) to an ion trap MS (amaZON ETD, Bruker
Daltonics Inc., Billerica, MA, USA). The resulting MS and
MS/MS spectra of peptide ions were searched using
MASCOT software (www.matrix-science.com). The peptide
species count is the number of peptides used for the
MASCOT scoring report. Any MASCOT score >70 was
considered significant. When multiple proteins were
identified in a single spot, those with the highest numbers of
peptides were considered to correspond to the spots. When

multiple protein candidates were listed with an equal number
of identified peptides, those with the higher MASCOT
scores were selected.

Statistical Analysis

Data processing and analysis were performed with
DeCyder v5.0 software (GE Healthcare Biosciences) [25].
We evaluated the matched spots with expression changes in
spot volumes that were >2.0-fold and <-2.0-fold with one-
way ANOVA; P < 0.05 was considered significant. The
mean expression ratio was obtained by comparing the
expression value of the treated group to the mean value of
the control group [27]. We examined each protein with
Tukey’s post-hoc test using the KyePlot v5.0 analysis
software package (KyensLab Inc., Tokyo, Japan) to evaluate
the significance of the association between the groups of all
time points or all anesthetics.
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Table 1. Physiological Parameters in Control and Anesthetized Rats
Control Propofol Isoflurane Sevoflurane

pH 7.45+0.01 7.40+0.04 7.41+0.02 7.44 +0.02
PaO, 109.1+6.9 108 £10.0 99+7.8 102+£5.6
PaCO, 369+14 454 +5.1 41.2+4.2 415+£29
HR 31125 289 +£25 308 £ 25 315+44
MAP 107 £6.0 95+17 1019 96 +8.5
GLU 123 +£27.0 155+ 18.0 141+£12.9 141 +£10.6

Data represent the means + standard deviation for five animals in each group. PaO,: partial pressure of arterial oxygen (mmHg), PaCO,: partial pressure of arterial carbon dioxide
(mmHg), HR: heart rate (beats/min), MAP: mean arterial pressure (mmHg), GLU: plasma glucose concentration (mg/dl). There were no significant differences in any of these

parameters among the groups.
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Fig. (2). Number of statistically significant, differentially expressed proteins (one-way ANOVA with Tukey’s post-hoc test, P < 0.05) at each
time point. Fewer proteins were altered by isoflurane compared to propofol or sevoflurane immediately after anesthesia. Seventy-two hours
after anesthesia, more proteins remained altered in the propofol group than in the isoflurane or sevoflurane groups.

RESULTS

All rats survived until sacrifice, and the data from all
were used. There were no statistically significant differences
in physiological parameters between the treated groups and
the control group (Tukey’s test, P < 0.05) (Table 1).

Approximately 4200 spots were discriminated in each
gel. In the anesthetized groups, at least 2619 matched spots
were seen. Of these, 256 spots were identified with the BVA
module, and 109 spots were differentially expressed with at
least one drug 0 h after anesthesia. Of those 109 proteins, the
numbers of spots differentially expressed were 69 in P-0, 35
in P-24, and 40 in P-72. In the isoflurane groups, the
numbers of spots differentially expressed were 22 in 1-0, 21
in 1-24, and 14 in I-72. In the sevoflurane group, the numbers
of spots differentially expressed were 57 in S-0, 38 in S-24,
and 19 in S-72 (Fig. 2). All proteins were identified by LC-
MS/MS analysis, yielding 50 different proteins.

Based on their physiologic functions, these proteins were
roughly subdivided into fundamental categories, including
antioxidant proteins (antioxidant enzymes), HSPs or
chaperones, cholesterol metabolism-related proteins, and

other hepatocellular metabolism and homeostasis proteins.
Proteins categorized as HSPs or chaperones were HSP70,
HSP75, Dnaj homolog subfamily A member 3 precursor
(HSP40), and protein disulfide isomerase (PDI) A4. HMG-
CoA synthase, Apo-Al, and estrogen sulfotransferase isoform
1 (EST-1) were categorized as cholesterol metabolism-
related proteins. CAT, Cu-Zn SOD, ALDH7A1, ALDH2,
sarcosine dehydrogenase, and GST-alpha3 were categorized
as antioxidant enzymes. The protein name, pick spot no.,
MASCOT score, NCBI identifier, and the mean expression
ratios at O h after anesthesia of all proteins are shown in
Table 2.

Among these proteins, 10 were downregulated by all
drugs immediately after anesthesia including Apo-Al, inner
membrane protein mitochondrial isoform, nucleobinding 1
isoform 2, selenium binding protein precursor, vitamin D
binding protein precursor, PDI, EST-1, neutral alpha-
glucosidase AB, pyruvate kinase isozymes R/L isoform, and
HMG-CoA synthase. Some proteins downregulated by all
agents 0 h after anesthesia returned to control levels 24 or 72
h after anesthesia, and some remained downregulated. The
expression ratios of Apo-Al, HMG-CoA synthase, EST-1,
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Table2. Identified Proteins
Protein Name Pick Spot No. | MASCOT Score | NCBI Identifier | P-0 Group 1-0 Group S-0 Group
aldehyde dehydrogenase-7Al 1227 82 0i|149064287 0.40+£0.086* | 1.15+0.13 0.31+0.067*
aldehyde dehydrogenase-2 1432 286 gi|6753036 1.18 £0.023* | 1.00+0.23 1.06 £0.061
aldehyde dehydrogenase-1L1 495 539 gi|57921067 0.65+0.34 0.86 + 0.091 0.50 + 0.30*
aldehyde dehydrogenase-4al 1094 85 0i|195540087 0.42 +0.21* 1.07£0.29 0.36 +0.18*
sarcosine dehydrogenase,
mitochondrial precursor 536 373 gi|25742657 2.07 £0.16* 1.11+047 2.58+0.23*
Catalase 1087 100 0i|115704 0.40 +0.21* 1.16 £0.29 0.32 £ 0.15*
estrogen sulfotransferase isoform1 1998 112 gi|1711600 0.70 £0.16 0.90£0.12 0.39+0.13*
carbamoy| phosphate synthase,
mitochondrial isoform b precursor 224 117 0i|21361331 0.69 £0.083* | 1.18 +0.20 1.34+0.10
Cu-Zn superoxide dismutase 2506 108 0i|203658 0.94 £0.034 1.25+0.078* 0.87 £0.033
3(2)5-bisphosphate nucleotidasel 1781 314 gi|25282455 1.40 £0.11* 1.95+0.16* 0.96 +0.12
CAMP dependent protein kinase
type-2-alpha regulatory subunit 1233 70 022550094 0.97+£0.091 | 1.13+0.085 0.77 £0.083*
fructose-1,6-bisphosphatasel 1690 663 0i|51036635 1.16 £0.048 1.13 +£0.050 1.17 £0.033*
neutral alpha-glucosidase AB 497 152 gi|6679891 0.65 £ 0.14* 0.86 £ 0.091* 0.50 £ 0.13*
phenylalanine-4 hydroxylase 1303 72 0i|129974 0.97 £0.091 1.13+0.085 0.77 £0.083*
pyruvate kinase isozymes R/L isoform1 1090 184 0i|153792131 0.90 £0.20 0.86 £0.16 0.70 £0.077*
succinate dehydrogenase 833 71 0i|18426858 1.30 £ 0.012* | 0.91+0.035 1.07 £0.091
carboxymethylenebutenolidase 2285 99 0i|56912206 0.61 £0.13* 1.11+0.029 0.55 £ 0.030*
glutathione S transferase alpha3, 2279 99 0i|13928688 0.54 £0.12* 0.98 +0.025 0.43 £0.043*
prostaglandin reductase2 1780 97 0i|206558239 1.34+0.13* 1.15+0.085 152+0.11*
HMG CoA synthase 1278 72 0i|555835 0.38 +£0.13* 0.18 +0.083* 0.69 +0.23
Heat shock protein 70 820 124 0i|148923322 0.40+0.12* 1.02 £0.030 0.29 + 0.051*
heat shock protein 75,
mitochondrial precursor 764 263 0i|84781723 0.74 £0.27* 1.01+0.041 0.31£0.038*
Heat shock protein 40 1140 112 0i|16758338 0.89+0.10 0.89 +0.071* 1.01 +£0.090
protein disulfide isomerase 1145 97 gi|129729 0.78 £0.54 0.94 £0.080 0.72 £0.028*
protein disulfide isomerase A4 817 357 gi|78099786 0.86 +0.097 0.55 £0.13* 0.71 £ 0.060*
alpha 1 inhibitor 3 precursor 247 126 0i|83816939 0.63+£0.083* | 0.97 £0.060 0.94 +0.044
alpha 2u globin 2469 61 0i|202610 0.75+0.047* | 1.14+0.042 0.40 £ 0.030*
annexin A5 2025 180 0i|51858950 2.30 £0.33* 3.05 +0.24* 2.33+0.21*
antidepressant related protein 1580 71 0i|18478482 0.73+0.075* | 1.01+£0.099 1.10+0.14
Apolipoprotein Al 2389 75 0i|2145143 0.62 +0.028* | 0.70 +0.048* 0.67 +0.048*
Bal-647(haptoglobin) 1879 127 0i|33086640 1.44 +£0.082* | 0.86 +0.082 1.21 +£0.087
cytochromeb5 2501 87 gi|2257955 0.96 + 0.061 0.77 £0.079 0.85 + 0.025*
DNA damage binding protein 337 76 0i|418316 0.94 +0.060 1.18 £0.031 0.76 + 0.025*
EPRS protein 995 91 0i|66267550 0.63+0.21* 1.11 £0.046 0.42 +0.091*
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Table 2. contd....

Protein Name Pick Spot No. | MASCOT Score | NCBI Identifier | P-0 Group 1-0 Group S-0 Group
Fatty acid-binding protein, brain 2544 76 0i|13540630 234+0.19* 1.09 + 0.025 2.81+0.15*
fibrinogen gammachain 1335 117 0i|61098186 1.23£0.080* | 1.31+0.054* 1.24 £0.068*
GTP binding protein Gh 737 355 0i|743818 0.78 £0.052* | 2.51 £0.22* 0.92 +0.052
Ifi47 protein 1444 130 0i|44890246 148+0.11 1.16+0.16 179 £0.32*
inner membrane protein mitochondrial

isoform CRA-a 690 130 0i]149036390 0.66 +0.047* | 0.67 +0.085* 0.78 £ 0.074*
mu-cristallin 1941 116 0i|16758840 1.98 £0.23* 0.87 £ 0.097 1.47 £0.39*
murine balosin containing protein 569 78 gi|55217 1.16 £ 0.077 0.84 +0.010* 0.96 £ 0.049
Na,H exchange regulatory cofactor 1350 81 0i|11024674 4.18 £ 0.52* 1.26 +0.34 1.82 +0.28*
non-muscle caldesmon 713 88 0i|227429 2.24 +0.39* 1.31+0.091* 0.87 £0.024
NSFL cofactor p47 1495 203 0i|14010837 3.52+0.29* 1.15+0.10 3.49+0.14*
Radxin 715 81 0i|40804379 418 +0.52* 1.26+0.38 1.82 +£0.28*
Regucalcin 1938 264 gi|408807 3.14+£0.70* 0.67 £ 0.020* 1.03+0.22
selenium binding protein 1218 305 0i|18266692 0.54 +0.022* | 0.73+0.071* 0.56 + 0.039*
serine protease inhibitor 1346 161 0i|13928716 4.18 £ 0.52* 1.26 +0.39 1.82+0.28*
Vinculin 284 245 0i]149031250 0.61 +0.14* 0.44 +0.0090* | 0.66 £0.13*
Vitamin D binding protein precursor 1201 239 0i|203941 0.68+0.082* | 0.87 +0.033 0.49 +0.061*

The values are the mean expression ratio * standard deviation. (*P < 0.05 vs. control)

and vitamin D binding protein precursor were downregulated
0 h after anesthesia and remained low 72 h after anesthesia.

We identified another pattern in which the time courses
of the propofol and sevoflurane groups were similar.
ALDH1L1, ALDH4Al, ALDH7Al, CAT, EST-1, Cu-Zn
SOD, PDI, GST alpha3, annexin A5, brain-type fatty acid
binding protein, EPRS protein, alpha 1 inhibitor 3 precursor,
DNA damage binding protein, GTP binding protein,
fibrinogen gamma chain, murine globulin 1 precursor,
nucleobindingl isoform2, HSP70, and HSP75 fit this pattern.
In this pattern, some proteins were categorized as antioxidant
proteins. The expression ratio of many antioxidant proteins
was also downregulated in P-0 and S-0, but the expression
ratios of proteins in 1-0 remained similar to control levels or
were slightly upregulated. The time courses of some
antioxidant proteins and cholesterol metabolism-related
proteins in which we are interested are shown in Fig. (3).

DISCUSSION

Herein, we demonstrated expression changes in rat liver
proteins induced by clinically used anesthetics such as
sevoflurane, isoflurane, and propofol. We also showed
differences in the time course of the expression ratio for each
drug. Alterations were different for each drug, and we
observed fewer alterations in rat liver protein expression
with volatile anesthetics than with propofol at each time
point. However, we were able to correlate few proteins
induced by sevoflurane anesthesia with gene expression
changes we had reported in our previous microarray study

[19]. The proteins we could consistently identify with gene
expression in our previous study were HSP70, GST, and
EST. Although gene expression changes do not necessarily
correspond to protein production, we believe that the reasons
we could not consistently identify other proteins and genes
are as follows. First, there may be time delays needed for
translation of the affected genes to proteins. In our current
study, we aimed to identify proteins that were altered
immediately after anesthesia; therefore, we did not
investigate proteins at later time points if they were not
altered 0 h after anesthesia. If we had investigated the
proteins at later time points, we may have been able to
identify other relationships between proteins and gene
expression. Second, gene expression levels may not be
correlated with protein expression levels, so we may have
incorrectly excluded important proteins. Although the
reasons we could not consistently identify other proteins and
genes are unclear, our findings may suggest that some
protein expression changes are related to gene expression
changes. Further study will be needed to investigate this
idea.

After 6 h of anesthesia, there were no significant
differences in physiological parameters between the treated
groups and the control group. Sufficient fluid infusion
maintains hemodynamic stability in patients with no
cardiovascular complications during general anesthesia.
Further, positive pressure ventilation can easily increase the
intrapleural pressure and affect the hemodynamic stability.
We believe that hemodynamic stability was maintained in
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Fig. (3). The time course of proteins in which we were interested. Some proteins related to cholesterol metabolism, such as HMG-CoA
synthase, Apo-Al, and EST-1, were downregulated immediately after anesthesia. Interestingly, this group of proteins remained
downregulated at 72 h after anesthesia. The time course of some other proteins, such as organ protective enzymes related to the antioxidant
systems and heat shock proteins, were similar in the propofol group and sevoflurane group, and the expression of these proteins in the
isoflurane group was different from that in the other two groups. The changes in expression of antioxidant proteins and heat shock proteins
returned to control levels for each protein at 24 or 72 h after awaking from anesthesia.

this study because the rats were administered sufficient
amounts of intravenous fluids and allowed to breathe
spontaneously. Consequently, protein expression changes
should reflect pharmacological effects of anesthetics that are
not due to physiological parameters.

HMG-CoA synthase was downregulated by all three
drugs 0 h after anesthesia. The expression ratios of HMG-
CoA remained significantly low 24 and 72 h after anesthesia
(Fig. 3). Downregulation of HMG-CoA synthase may reduce
HMG-CoA in hepatocytes and may reduce cholesterol
synthesis. Lindenauer et al., suggested that the effect of
short-term inactivation of the cholesterol metabolism
pathway by statins, such as for 2 days, may alter post-
operative lipid metabolism [28]. In our current study,
significant downregulation of HMG-CoA synthase lasted
until 72 h after anesthesia, and thus, general anesthesia itself
may alter post-operative lipid metabolism.

We also found decreased Apo-Al expression in the liver
with all drugs and at all time points. Apo-Al plays an
important role in cholesterol metabolism, and serum Apo-Al
levels are known to decrease with surgical operations. Our
findings suggest that general anesthesia itself alters lipid
metabolism, and downregulation of Apo-Al after surgery
may be partially due to anesthetics.

EST-1 is an important enzyme in the deactivation
pathway of estrogens, which are essential sex hormones for
mammalian reproduction that circulate systemically and bind
to the estrogen receptor. Sulfonated estrogens cannot bind or

activate the estrogen receptor, and thus EST-1 plays a role in
controlling the deactivation pathway of estrogen [29].
Estrogen is synthesized from cholesterol, and inactivation of
the cholesterol synthesis pathway may therefore also alter
estrogen synthesis and EST-1 regulation. Proteins such as
those involved in estrogen or cholesterol metabolism are
essential in mammals, and there may be major effects of
volatile or intravenous anesthetics.

Propofol itself may alter lipid metabolism because it is
formulated as a lipid emulsion, but there were few differences
between the expression ratios of altered proteins by the three
agents. Our findings suggested that general anesthetic agents
may reduce lipid metabolism, and the reduction may not
depend on the type of agent. Changes in the lipid profile
have been reported in several acute inflammatory states [30]
and post-operative states [31], but no reports have evaluated
alterations in cholesterol metabolism by anesthetics. In this
study, we did not investigate changes in serum lipid profiles
over time, and thus could not show further alterations in lipid
profiles by anesthetics. However, the results suggest the
possibility of various alterations in lipid profiles during and
after anesthesia.

The expression ratios of some antioxidant proteins or
antioxidant-related proteins in P-0 and S-O were similar.
Oxygen-derived free radicals are produced during organ
injury including in the liver, and ROS may be involved in
oxidative tissue injury [11]. Although oxygen therapy is a
widely performed procedure, including during general
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anesthesia, production of ROS, the superoxide anion O,
hydrogen peroxide H,0,, and the hydroxyl radical HOs from
partially reduced O, is an unavoidable consequence of
oxygen therapy. During oxidative stress, the intracellular
redox balance is disrupted with increased production and
accumulation of ROS, which may lead to mitochondrial
dysfunction and subsequent ATP production [32]. Such
species are scavenged by the catalytic activities of Cu-Zn
SOD and CAT and non-enzymatically by GST [11].
Mitochondria are the major source of ROS and contain
many antioxidant and detoxifying enzymes and proteins
[12,13,33,34]. ALDH7AL1 is located in mitochondria where
it mainly metabolizes betaine aldehyde to betaine.
ALDH7AL was recently reported to protect hepatic cells
from oxidative stress by metabolizing lipid peroxidation
molecules [9,10]. In this study, expression of CAT, Cu-Zn
SOD, GST, and ALDH7A1 was significantly downregulated
in P-0 and S-0, and their expression ratios returned to control
levels 72 h after anesthesia. In contrast, the expression ratio
of these proteins remained at control levels or was
upregulated in 1-0, and then returned to control levels 72 h
after anesthesia. Thus, propofol or sevoflurane anesthesia
may limit the liver protective effects of the antioxidant
systems. Conversely, isoflurane anesthesia may activate
antioxidant systems, or it may not inactivate the hepato-
protective pathway. Volatile anesthetics such as isoflurane
and sevoflurane were reported to have pre-conditioning or
protective effects on the liver in ischemic re-perfusion or
liver surgery models, but there are no reports regarding the
pre-conditioning effect of propofol injection on hepatic
surgery [6,35-37]. In those studies, changes in expression of
antioxidant proteins such as CAT, Cu-Zn SOD, and GST
after anesthesia were not evaluated [36,38]. Antioxidant
systems have not been sufficiently examined at molecular
levels, and our findings suggest the presence of alterations in
the liver protective effect of antioxidant proteins by general
anesthetics.

There are some limitations to our study. First, we did not
perform other assays such as western blotting to investigate
the influences of anesthetic agents on individual proteins.
We aimed to comprehensively investigate alterations caused
by anesthetic agents, but further analysis with other assays
will be necessary to further interpret our findings. The agents
we used in this study may be another limitation. Propofol is
an alkylphenol formulated in a liquid emulsion and
metabolized in the liver. We chose the administration
durations and the times for taking samples based on our
previous studies [19,25,39]; however, liquid emulsion itself
may affect lipid profiles during or after propofol anesthesia.
In clinical situations, propofol is usually injected with a lipid
emulsion. Further, we aimed to compare the differences in
altered proteins among anesthetic agents used in clinical
practice, so we did not investigate a possible control for
propofol administration. Third, we did not investigate
changes in serum lipid profiles or blood biochemical values
over time. Although we found several proteins that were
altered by anesthetic agents, we could not compare them to
changes in serum profiles over time after anesthesia.

In conclusion, we show exhaustively for the first time
changes in liver protein expression by general anesthetics
such as sevoflurane, isoflurane, and propofol. We also
compared expression of proteins and the time course of
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changes in the proteins we identified. General anesthetics
altered many hepatic cellular proteins, and the alterations
in some proteins lasted 72 h after anesthesia. Volatile
anesthesia altered fewer proteins than propofol. The number
of proteins that were still affected by anesthetics 24 and 72 h
after anesthesia was larger in the propofol group than in the
sevoflurane or isoflurane groups. Identifying altered proteins
and the time course of each drug may aid the clinical choice
of anesthetic agents in surgery, especially in patients who
have liver function complications, who undergo hepatic
surgery, or who are anesthetized several times in a short
period.
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