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Optimal pathways involved in the treatment of
sevoflurane or propofol for patients undergoing
coronary artery bypass graft surgery
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Abstract. The cardio-protection mechanisms of sevoflurane
and propofol still remain unclear in patients undergoing coro-
nary artery bypass grafting (CABG). We designed the present
study to identify the optimal pathways through integrating
differential co-expressed network (DCN)-based guilt by
association (GBA) principle based on the expression data of
E-GEOD-4386 downloaded from EMBL-EBI. Differentially
expressed genes (DEGs) were firstly identified and then DCN
and sub-DCN were established. The seed pathways were
predicted through GBA principle using the area under the
curve (AUC) for pathway categories, and the pathway terms
with AUC >0.9 were defined as the seed pathways. KEGG
pathway analysis was applied to the DEGs based on DAVIA
to detect significant pathways. The final optimal pathways
were identified based on the traditional pathway analysis
and network-based pathway inference approach. There were
83 common, 99 sevoflurane-specific and 4 propofol-specific
DEGs in the expression profile of artial samples. Finally,
8 and 4 pathway terms having the AUC >0.9 were identified
and determined as the seed pathways in the propofol and sevo-
flurane group, respectively. TNF signaling pathway, NF-kB
signaling pathway, as well as NOD-like receptor signaling
pathway were the common optimal ones in these two groups.
Only the pathway of cytokine-cytokine receptor interaction
was unique to sevoflurane, and no pathway was specific to
propofol. Our results suggested that sevoflurane and propofol
might synergistically possess some cardio-protective proper-
ties in patients undergoing CABG.
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Introduction

Coronary artery bypass grafting (CABG) has become one of the
most common and effective strategies for managing coronary
heart disease in the world (1). Unfortunately, CABG can induce
ischemic injury, especially for patients having poor cardiac
contractile function (2). Intervention methods, for example,
anesthetics, before and after myocardial ischemia, enables
to lessen myocardial ischemic damage to some extent (3.4).
Importantly, both sevoflurane and propofol are frequently
used anesthetics in clinical settings (5,6). Sevoflurane, as an
inhalation anesthetic, plays a myocardial protective role on
low risk patients treated with CABG (7). Sevoflurane has been
found to exert a more remarkable effect on gene expression in
patients undergoing CABG compared with propofol (8). The
myocardial protection effect of sevoflurane might be achieved
by downregulating platelet endothelial cell adhesion mole-
cule-1 (9) and/or troponin I (10). On the contrary, propofol has
performed better in cardiovascular instability, severe ischemia
or acute/urgent surgery patients (11). Additionally, intravenous
anesthetics propofol has been implicated to attenuate myocar-
dial lipid peroxidation and systemic inflammation in CABG
surgery (12,13). Growing evidence has demonstrated that
sevoflurane as well as propofol exert important functions in
cardio protection. Nevertheless, the potential cardio-protection
mechanisms of these anaesthetics still remain unclear, and
which anesthetic is appropriate also needs to be investigated.
Microarray profiles provide a basic starting point in the
detection of mechanistic causes. One standard approach is
extracting differentially expressed genes (DEGs). However,
this approach provides only limited information on the
biological role of the DEGs. Moreover, there is frequently
little overlap between microarray studies (14,15), but
pathway analysis can conquer the weaknesses of the current
single-locus approaches. It has been demonstrated that
pathway-based analysis has the ability of enhancing power and
robustness, as well as extracting biological interaction among
gene pairs (16,17). Investigating biological pathways based on
system biology techniques can provide comprehensive insights
into the components of pathways, thereby facilitating the infe-
rence of novel targets for diseases (18). It has been demonstrated
that network of gene-gene functional interactions is useful
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in predicting biological functions (19,20). There are many
approaches to predict function based on gene-gene networks.
Significantly, the most common method used in the studies is
some variation of the guilt by association (GBA) (21,22). It has
been suggested that GBA can predict pathways in all kinds of
biological networks such as gene co-expression network (19).

Hence, in the present study, in order to provide the foun-
dation to select the appropriate anesthetic, network-based
method and GBA principle were used to further identify
the optimal pathways using the known pathway data and
microarray profile. E-GEOD-4386 data were used to identify
DEGs. Then, a differential co-expressed network (DCN) was
constructed using DEGs, and sub-DCN was extracted relying
on the weight values which were computed using Spearman's
correlation coefficient (SCC). The KEGG pathways for CABG
were collected on the basis of the known confirmed database
as well as DEGs and the seed pathways were predicted through
GBA principle according to the area under the curve (AUC)
of pathway categories, and the pathway terms with AUC >0.9
were defined as the seed pathways. KEGG pathway enrichment
analysis was conducted for the DEGs based on the DAVID tool
to detect the significant pathways. The final optimal pathways
were identified based on the traditional pathway analysis and
network-based pathway inference approach. These pathways
may be helpful for the appropriate selection of propofol or
sevoflurane, thus improving the clinical outcomes of patients
undergoing CABG surgery.

Materials and methods

Gene expression profile and pre-treatment. The expres-
sion data of E-GEOD-4386 was downloaded from the
A-AFFY-44 - Affymetrix GeneChip Human Genome U133
Plus 2.0 platform of ArrayExpress database (http:/www.ebi.
ac.uk/arrayexpress/). The E-GEOD-4386 dataset includes
data of 40 samples: 10 patients who underwent CABG with
intravenous anesthetic propofol treatment, 10 patients who
underwent CABG with anesthetic gas sevoflurane treatment
and 20 baseline samples (23). All the patients underwent
the same procedure except for the anesthesia. The baseline
samples were of the same patients before CABG. The atrial
samples were obtained prior to as well as after CABG to
investigate gene expression. The microarray profiling of the
40 atrial samples were downloaded to further detect DEGs.

Before analysis, E-GEOD-4386 was pre-processed,
including background correction using robust multi-array
average (RMA) (24), quartile normalization (25), and perfect
match (PM)/mismatch (MM) correction by means of MAS 5.0
package (26). Finally, probe data were mapped to human gene
symbols using annotate package (27). Finally, 20,514 genes
were obtained for further investigation.

Identification of DEGs. The LIMMA package (28) with t-test
was used in our work to compare the gene data before and
after sevoflurane or propofol treatment to further achieve
DEGs between two samples. SPSS 17.0 (SPSS, Inc., Chicago,
IL, USA) was used to process the raw data through Log?2 trans-
formation. Then, multiple test was used to adjust the original
P-values relying on Benjamini & Hochberg (29) according
to false discovery rate (FDR). The cut-off criteria of DEGs
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were regarded to be FDR <0.05 as well as llog fold change
(FO)I =0.5.

Establishment of DCN. After identification of DEGs, the
construction of DCN was performed based on DEGs using
Cytoscape software. Then, SCC was applied to measure the
co-expressed strength of each edge in the DCN. In the current
study, the absolute value of SCC of one edge was defined as
the weight of the corresponding interaction. The greater the
weight score was, the more relevant the interaction was to
the disease or clinical effect. Hence, the edges having weight
scores >0.8 were selected to establish the sub-DCN which was
also visualized using Cytoscape software.

KEGG annotation for DEGs. KEGG provides a reference
knowledge base for better understanding the biological
processes. In the current study, overall 300 background
pathways covering 6,919 genes were collected from KEGG
database. Next, the identified DEGs were mapped to the
300 pathway terms to extract the DEG-related pathways.
Finally, the pathway slim set was required in propofol treat-
ment, and sevoflurane treatment groups, consisting of 87 DEGs
and 64 pathways in propofol treatment, and 182 DEGs as well
as 84 pathways in sevoflurane group.

Seed pathways using ‘GBA’ prediction. Then, GBA method
was employed for the DCN to further predict significant
biological pathways in patients undergoing CABG procedure.
In detail, 3-fold cross-validation was utilized to obtain a gene
list sorted using the ranked scoring in the DCN as to how these
genes participated in the known pathway categories. With
regard to every gene of the DCN, we mapped all neighbouring
genes of this gene to each pathway term, and we then calcu-
lated the multifunctionality (MF) value for each gene enriched
in the pathway term.

Afterwards, we calculated the AUC value for each pathway
category using support vector machine (SVM), and the mean
value of the AUC across all pathway categories was obtained.
Thus, the pathway terms were ranked relying on the AUC
scores. In the literature related to the gene functions, AUC
values >0.7 were considered good (30). In this study, the
pathway terms of AUC >0.9 were regarded to be the seed
pathways.

Pathway analyses for DEGs using DAVID. KEGG provides a
reference knowledge base for better understanding biological
processes. DAVID (http://david.abcc.nciferf.gov/) is an
analytical tool used to analyze a large number of genes (31).
To further explore the biological functions of DEGs, DAVID
was utilized to conduct the traditional pathway analysis
using the Expression Analysis Systematic Explorer (EASE)
test (32) based on KEGG pathway database. The significant
pathways were extracted when FDR was set at 0.001, and
gene count >5.

Results
Sevoflurane influences more DEGs compared with propofol.

Before DCN construction, DEGs in propofol and sevoflurane
treatment were screened out. When the threshold was set at
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Figure 1. Venn diagram demonstrating the count of differentially expressed
genes (DEGs) between propofol and sevoflurane groups.
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Figure 2. Degree distribution of the nodes in the differentially co-expressed
network (DCN) between the two groups.
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FDR <0.05 and llog FCI =0.5, compared with the baseline
group, there were respectively 87 and 182 DEGs in patients
treated with propofol and sevoflurane (Fig. 1). The expression
levels of the DEGs in propofol and sevoflurane groups are
available in Tables SI and SII, respectively (supplementary
material). Then, it was found that 83 DEGs were common
between the two groups. Significantly, 99 DEGs were unique
to sevoflurane treatment, while 4 DEGs were specific to the
patients who received propofol treatment.

To further reveal the DEG-biological activities, a DCN
was established for propofol and sevoflurane groups relying
on the above-identified DEGs. There were 87 nodes within
the DCN of propofol group and 182 DEGs in the DCN of the
sevoflurane group. These demonstrated that all DEGs were
mapped to the DCN. In the network, degree can explain the
network structure. Thus, we analyzed the topological degree
for each node in the DCN, and the degree distribution for each
node is shown in Fig. 2. The degrees in sevoflurane group
were higher than those in propofol group. Then, SCC was
utilized to calculate the weight score of each edge, and the
interactions having weight values >0.8 were selected to build
the sub-DCN (Fig. 3). Overall, 81 nodes and 728 interactions
were involved in the sub-DCN of the propofol group, and
175 nodes and 3,286 interactions were in the sub-DCN of the
sevoflurane group.

Seed pathways using GBA prediction. The AUC distribution
for pathway terms is displayed in Fig. 4. The AUC for most
pathways ranged from 0.4 to 0.8 in these two groups. Together,
38 and 28 pathway terms were respectively identified in
the propofol and sevoflurane groups based on AUC >0.7.
Significantly, among these pathways, the AUC value of 8 path-
ways in the propofol group and 4 pathways in the sevoflurane
group was higher than 0.9, and these pathways were deter-
mined as the seed pathways. Specific information on the seed
pathways is listed in Table 1.

Pathway enrichment analysis for DEGs. Relying on FDR
<0.001 as well as gene count >5, 8 significant pathways were
identified in the propofol group, and 10 significant pathways
were detected in the sevoflurane group. The list of differential
pathways in the two groups is shown in Table II. From the
Table, we found that most of the differential pathways were
the same in these two groups (NF-«B signaling pathway,

Table I. The seed pathways in the propofol and sevoflurane groups.

Propofol-specific pathways AUC Sevoflurane-specific pathways AUC

hsa04064:NF-kB signaling pathway 0.9921 hsa04060:Cytokine-cytokine receptor interaction 0.9315
hsa04623-Cytosolic DNA-sensing 0.9921 hsa04064:NF-«B signaling pathway 0.9249
hsa05321-inflammatory bowel disease 0.9922 hsa04621:NOD-like receptor signaling pathway 0.9181
hsa05332- graft-versus-host disease 0.9843 hsa04668:TNF signaling pathway 09111
hsa05133-Pertussis 0.9715

hsa05203-Viral carcinogenesis 0.9325

hsa04621-NOD-like receptor signaling pathway 0.9104

hsa04668:TNF signaling pathway 0.9002
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Figure 3. Sub-DCN establishment for the two groups according to the weight value >0.8. (A) Sub-DCN composition for propofol group. (B) Sub-DCN

composition for sevoflurane group.
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Figure 4. Pathway prediction relying on guilt by association (GBA). Histogram of AUCs across all pathway terms which are gained on the basis of a single
list constructed from a number of co-expression genes. (A) The AUC distribution for pathway terms of propofol group. (B) The AUC distribution for pathway

terms of sevoflurane group.

Table II. List of the differential pathways in the propofol and sevoflurane groups.

Gene Gene
Propofol-specific differential pathways FDR count Sevoflurane-specific pathways FDR count
hsa04668:TNF signaling pathway 2.04E-13 14 hsa04668:TNF signaling pathway 4.38E-13 16
hsa05144:Malaria 1.03E-06 7 hsa05144:Malaria 2.65E-09 10
hsa05134:Legionellosis 1.85E-06 7 hsa05134:Legionellosis 2.86E-05 7
hsa05132:Salmonella infection 2.32E-05 7 hsa05132:Salmonella infection 3.71E-05 8
hsa05166:HTLV-I infection 6.40E-05 10 hsa04060:Cytokine-cytokine 4.76E-05 12
receptor interaction
hsa04064:NF-«B signaling pathway 348E-04 6 hsa04064:NF-«B signaling pathway  5.04E-05 8
hsa05323:Rheumatoid arthritis 3.67E-04 6 hsa05323:Rheumatoid arthritis 542E-05 8
hsa04621:NOD-like receptor signaling pathway  5.84E-04 7 hsa04621:NOD-like receptor 3.60E-04 6
signaling pathway
5 hsa05143: African trypanosomiasis  4.80E-04 6
hsa05166:HTLV-I infection 5.57E-04 11

NOD-like receptor signaling pathway and TNF signaling
pathway). Only the pathway of cytokine-cytokine receptor

interaction, and African trypanosomiasis were unique to sevo-

flurane. However, no pathway was unique to propofol.
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Identifying the optimal pathways. The final optimal pathways
were identified based on the traditional pathway analysis and
network-based pathway inference approach. Finally, 3 optimal
pathways were identified in the propofol group, including
NF-kB signaling pathway, TNF signaling pathway, and
NOD-like receptor signaling pathway. Moreover, 4 optimal
pathways were identified in the sevoflurane group, including
cytokine-cytokine receptor interaction, NOD-like receptor
signaling pathway, NF-«kB signaling pathway, and TNF
signaling pathway. Based on these results, we observed that
NOD-like receptor signaling pathway, NF-kB signaling
pathway, and TNF signaling pathway is the common optimal
one in these two groups. Cytokine-cytokine receptor interac-
tion was unique to sevoflurane.

Discussion

Previous studies have reported that sevoflurane and propofol
are the two most common and effective anesthetic agents
in CABG surgery (33). Nevertheless, the underlying cardio-
protection mechanisms of the two anaesthetics still remain
unclear, and which anesthetic is appropriate also need to be
investigated. Compared to studying single gene biomarkers,
investigating biological functions appears more promising
in understanding the disease-related insights (34). Network
analysis has been broadly utilized in many diseases to compre-
hend the biological processes of diseases, and to further obtain
clinical insights (35). In recent years, GBA method has been
proposed to predict gene functions based on the indirect
connections (36,37). Nevertheless, integration of gene-related
pathway prediction and network modeling are sparse.
Therefore, herein, GBA method combined with DCN-based
analysis were used to further investigate the optimal pathways
for patients treated by CABG surgery plus propofol or sevo-
flurane management, relying on the known KEGG pathway
data and microarray profile. In the current work, 83 common,
99 sevoflurane-specific as well as 4 propofol-specific DEGs
from the expression profile of atrial samples were found.

Finally, there were 8 and 4 pathway terms having AUC
>0.9 and these pathways were considered as the seed path-
ways. Traditional pathway analysis demonstrated that most of
the differential pathways were the same in these two groups.
Only cytokine-cytokine receptor interaction was unique to
sevoflurane, and no pathway was specific to propofol.

The pathways of NF-kB signaling pathway, TNF signaling
pathway, and NOD-like receptor signaling were common in
the protofol and sevoflurane groups, which were associated
with immune responses. Myocardial ischaemia activates
NF-«kB causing the generation of inflammatory mediators such
as TNF-a and IL-1 (38). Furthermore, sevoflurane has been
demonstrated to reduce the levels of inflammatory cytokines
and to inhibit NF-«kB activation (39). Moreover, inhibiting
NF-«B has been suggested to provide the protection against
myocardial ischaemia in sevoflurane preconditioning (40).
Another study has reported that propofol can effectively atten-
uate the inflammation through NF-kB signal pathway (41).
NOD-like receptor is involved in the innate immunity and
inflammation (42,43). It has been suggested that cardiac surgery
produces a systemic inflammatory response, which was caused
by surgical trauma (44). Consequently, understanding the
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inflammatory condition of patients prior to CABG surgery is
crucially significant to reduce the postoperative complications.

The pathway of cytokine-cytokine receptor interaction
was unique to sevoflurane in our study. Another study also
has demonstrated that the pathway associated with cytokine-
cytokine receptor interaction is unique to sevoflurane (8).
Cytokines are a group of molecules that transmit intercellular
signals, and they induce responses through binding to specific
receptors on the cell surface (45). Moreover, injured endo-
thelial cells give rise to cytokines (for example, interleukin)
that stimulate the expression of adhesion proteins and cell
adhesion molecules (46). It has been implicated that elevated
level of IL-8 is related to an increased risk of coronary artery
disease (47). Accordingly, this result further meant that the
anesthetic sevoflurane might provide the patients with more
protection in inflammatory diseases.

Of course, there were several limitations in this study.
Limited samples were used to predict the pathway biomarkers,
which might result in biased estimates. Moreover, given
that only bioinformatics methods were used in our study,
the conclusions have not been confirmed based on any lab
experiment. Despite these shortcomings, our study provided
important implications for the molecular mechanisms of
cardio-protection of sevoflurane and propofol in CABG
surgery, but a further study is needed to validate our findings
relying on lab techniques.

In the current work, the data were recruited from the
E-GEOD-4386 which was produced by Lucchinetti et al (23).
Based on the study of Lucchinetti et al, DEGs between the
two groups were detected in our study, and pathway enrich-
ment analyses were also conducted to examine the underlying
mechanism of the two anaesthetic agents. Nevertheless,
certain discrepancies also exist. Few studies have identified
potential pathways based on the traditional pathway analysis
and network-based pathway inference approach using AUC
indicator. According to the study of Lucchinetti er al, further
analyses relying on bioinformatics were implemented in the
current study, including the construction of DCN, seed pathway
identification, and AUC calculation. Although Bu et al (48)
and Li er al (8) have also analyzed the effect of sevoflurane
and propofol on gene expression based on the E-GEOD-4386
dataset, the methods used and the outcomes in their research
are different from our study. A GBA method combined with
DCN-based analysis was used to identify optimal pathways in
our study, while Bu ef al (48) used module topological analysis
to evaluate significant pathway-related modules and Li ez al (8)
only identified the DEGs and performed GO and KEGG
pathway enrichment analyses for DEGs. Compared with the
previous studies, some novel seed pathways were found in our
study, such as NF-kB signaling pathway, inflammatory bowel
disease, graft-versus-host disease and TNF signaling pathway.
Hence, our results provide new insights into the understanding
of cardio-protection mechanisms of sevoflurane and propofol.

Taken together, sevoflurane and propofol might syner-
gistically decrease myocardial reperfusion injury of patients
treated by CABG, because similarity and particularity were
all found in the pathway alterations caused by propofol and
sevoflurane. Our present study deepens the understanding
of cardio protective mechanism of sevoflurane and propofol.
The optimal pathways in our study may be helpful for
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the appropriate selection of propofol or sevoflurane, thus
promoting improvement in the clinical outcomes of patients
undergoing CABG surgery. Further efforts will be made to
investigate the underlying cardio-protection mechanisms of
anaesthetics in animal models.
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