Int J Clin Exp Med 2016;9(6):11313-11319
www.ijcem.com /ISSN:1940-5901/1JCEM0022685

Original Article

A novel pathway identification analysis based on
attractor of within-pathway effects and crosstalk
inter-pathways on effects of sevoflurane and propofol

Hong Cheng?, Ke Zhang?, Lei Cheng?, Xin Zhou®

1Department of Anesthesiology, Jinan Central Hospital Affiliated to Shandong University, No. 105, Jiefang Road,
Jinan 250013, Shandong, China; 2Department of Medical, Linqing People Hospital, No. 317, Yaokou Road,
Linging 252600, Shandong, China; *Department of Anesthesiology, Shandong Provincial Hospital Affiliated to
Shandong University, No. 324, Jingwuweiqi Road, Jinan 250021, Shandong, China

Received December 25, 2015; Accepted April 11, 2016; Epub June 15, 2016; Published June 30, 2016

Abstract: The gas sevoflurane and the intravenous propofol are widely used inhalation anesthetic for surgery. A novel
pipeline reinforcing of attractor and crosstalk was introduced to identify dysregulated pathways associated with ef-
fects of sevoflurane and propofol. Patients scheduled for off-pump coronary artery bypass graft (CABG) surgery were
grouped in the anesthetic gas sevoflurane (n = 10) and the intravenous anesthetic propofol (n = 10), which were col-
lected from E-GEOD-4386. 300 pathways were obtained from Kyoto Encyclopedia of Genes and Genomes (KEGG)
database and 787896 protein-protein interaction sets were gathered from the Retrieval of Interacting Genes. Then,
attract was used to screen differentially expressed pathways. The pathway crosstalk networks were constructed to
assess interactions inter-pathways. We used impact factor to assess the interactions inter-pathways and RP-value
to evaluate the comprehensive identified ability. Then 7 significantly dysfunctional pathways with strong interactions
which were related to effects of anesthetics were found. Among them, Cytokine-cytokine receptor interaction (KEGG
ID: 04060) was the most significantly different pathway. The effect of propofol on patients undergoing CABG surgery
was better than that of sevoflurane. A novel process was constructed that identified the dysregulated pathways on
effects of two anesthetics, which was based on attractor of within-pathway effects and crosstalk inter-pathways. We
hope the new method will become more prevalent in the identification of candidate pathways in the future.
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Introduction

A classic anesthesia is performed by induction
with an intravenous hypnotic (such as propofol)
and maintenance with a volatile anesthetic
(such as sevoflurane) [1]. The gas sevoflurane
and the intravenous propofol are currently the
most widely used inhalation anesthetic for sur-
gery because of the antiemetic effect of propo-
fol [2] and the myocardial protective effects of
sevoflurane [3, 4]. However, effects of propofol
and sevoflurane on patients undergoing sur-
gery have not been fully investigated and com-
pared in pathways.

Recently, for the sake of potential molecular
and functional insights, it is significant targets
that identifying dysregulated pathways from
high-throughput experimental data [5]. The

identification of differentially expressed genes
(DEG) and pathways involved in the develop-
ment of disease has been concerned subject,
which can contribute to comprehend informa-
tive functions between normal and disease
groups.

It was famous that the attractor can detect
well-defined ensembles of model networks
whose statistical features matched those of
real cells and organisms [6]. Mar et al. [7]
reported that attract was a new approach that
could leverage both existing pathway databas-
es and the DEG among different cell pheno-
types. We employed it to screen attractors
within pathways from vast data of Kyoto
Encyclopedia of Genes and Genomes (KEGG)
pathway database, in order to reduce the num-
ber of correlated pathways.
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Screened differentially expressed pathways are
efficient to identify target functions. However,
they invariably focus on internal effects of sin-
gle pathway and are fail to consider the inher-
ent interdependency inter-pathways. Due to the
fast-growing human interactome knowledge
base, network-based approaches have become
increasingly powerful for the study of disease
mechanisms [8]. Pathway crosstalk refers to
the phenomenon of interaction or cooperation
between pathways. The construction of a path-
way crosstalk network (PCN) inter-pathways is
conductive to understand the comprehensive
interactions [9]. Then a scoring scheme was uti-
lized to comprehensively identify these path-
ways, taking into account both attractors of
internal pathway effects and crosstalk
inter-pathways.

To the best of our knowledge, no previous study
has constructed a pipeline based on dysregu-
lated pathways in anesthesics using attractor
and crosstalk methods. We propose a novel
process based on attractor of within-pathway
and crosstalk inter-pathways associated with
effects of sevoflurane and propofol. Ultimately
several significantly dysfunctional pathways
with strong interactions were found for further
analysis. Attractor and crosstalk were designed
to complement each other in order to increase
integrity of the assessment. We applied the
new approach on sevoflurane and propofol
demonstrated its ability to produce biologically
meaningful outcomes.

Material and methods
Gene expression datasets

The transcription profile was obtained from
EMBI-EBI Array Express [10]. Anesthetic gases
elicit organ protection in patients undergoing
coronary artery bypass graft (CABG) surgery.
Patients scheduled for off-pump CABG were
randomized into a group with the anesthetic
gas sevoflurane (n = 10) and the intravenous
anesthetic propofol (n = 10), which were col-
lected from E-GEOD-4386 [11]. The platform
was A-AFFY-44-Affymetrix GeneChip Human
Genome U133 Plus 2.0 [HG-U133_Plus_2].

Data of the gene chip was read in the affy [12].
The Linear Models for Microarray Data (LIMMA)
[13] was then used to preprocess data.
Background adjustment and quantile data nor-
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malization were performed by robust multi-
array average [14]. To protect against outlier
probes we used a robust procedure, median
polish [15], to estimate model parameters. The
average value of a gene symbol with multiple
probes was calculated.

All analyses were performed in the bioinformat-
ics platform from Honghui biotech Co. Ltd
(Jinan, China).

Pathway data

Information from gene sets representing bio-
logical pathways of human was obtained from
KEGG database [16] which provides copious
pathway information [17, 18]. A set of pathways
of which gene set size is >100 or <5 were fil-
tered. After these size cutoffs were set up, 300
pathways were obtained for downstream
analysis.

Protein interaction data

The human protein-protein interaction (PPI)
sets representing biological genes were
obtained from the Retrieval of Interacting
Genes (STRING; v 9.0) [19]. After removing self
interactions, we ended up with 787896 PPI
sets.

Attractor analysis within pathways

Based on attractor theory [6], attract was used
to screen differentially expressed pathways
related to anaesthetics from 300 KEGG
pathways.

To test data of 300 KEGG pathways, GSEA-
ANOVA was employed as a gene set enrichment
algorithm, which was different from other meth-
ods in multiple classes [7]. Obtained differenc-
es among the expression profile of samples
were identified as attractors. From the ANOVA
model, we compute the F-statistic for gene i

i) - M SS[
F RSS;
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Where MSS, represents the mean treatment
sum of squares, and captures the amount of
variation due to group-specific effects:
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And RSS, represents the residual sum of
squares:

3)

Where N is the total number of samples, and
the overall mean is given by:
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The F-statistic captures the strength of differ-
ent expression observed in genes of patients
which toke two kinds of anaesthetics after sur-
gery. Large values of the F-statistic mean a
strong association with anaesthetic-specific
expression changes.

For pathway P consisting of g genes, the
T-statistic takes the following form:
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Where G represents the total number of genes
with a pathway annotation and the sample vari-
ances . and s. are defined as:
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and the degrees of freedom are specified by
the Welch-Satterwhaite equation:
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Attractors were ranked according to the signifi-
cance of difference.

Crosstalk analysis of inter-pathways

Background analysis: The PCN of control group
was constructed in Li et al. [9] method. The
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value of weight of the background PCN was
defined as the number of PPI sets.

(1) Fish Exact test was performed to evaluate
gene overlap between any pair of 300 path-
ways [20]. Raw P-values were adjusted by false
discovery rate (FDR) [21]. Pathway pairs with
adjusted P<0.05 were removed.

(2) The number of PPl sets was counted
between any pair of pathways. For each path-
way pair, count all interactions after removing
genes shared in both pathways.

(3) Background distribution of PPI sets counted
in each pair of pathways was estimated. Every
pathway was randomized repeating 1000
times. When a gene in the pathway has interac-
tions, it is considered that there is crosstalk
between pathways. First count the number of
genes it interacts with, and randomly draw a
gene from the PPl data base which interacts
with similar number of genes. Then the original
gene was replaced with this newly selected
gene. Once both pathways were randomized,
Step 2 was performed to count the number of
interactions between them.

(4) The one-sided Fisher Exact test on all path-
way pairs was performed using the 2x2 contin-
gency table. P-values of Fisher exact test were
adjusted using FDR BH procedure [21] and
empirical P-value was calculated by counting
the number of permutations in which the count
of random interactions is higher than or equal
to that of true interactions.

(5) All pathway pairs with adjusted Fisher
P<0.05 were used to construct the PCN, where
a node represents a pathway and an edge is
crosstalk between two pathways. To clean up
the network, two types of ‘redundant’ edges
were removed: (a) Edges with significant gene
overlap identified in Step 1 were removed from
the network. (b) The two edges between two
overlapping pathways were considered re-
dundant.

Network of anesthetics: Base on the original
method of crosstalk [9], the network of two
kinds of anesthetics can be constructed. In
Step 3, we modified it to narrow down the num-
ber of edges in the network.

A gene in the pathway has interactions when it
met one of the two conditions: (1) Spearman
correlation coefficients of every PPl set were
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Figure 1. The crosstalk difference of background and two anesthetics.

calculated in control and normal group. When
the absolute value of different value between
them >0.7, the edge was remained. Geometric
mean of the absolute value was defined as the
value of weight between the two pathways. (2)
The two genes in an interaction were DEG.
P<0.01 and |log fold change (FC)|>1 were set
as the threshold levels for the identification of
DEG.

Important crosstalk pathways: The PCN was
performed in topology analysis. Pathways were
ordered by the degree of nodes. The scores of
pathways were calculated.

Score = degree of the anesthetic/degree of
background 9)

Comprehensive analysis

Impact factor was used to assess the interac-
tions between a pathway with other pathways.

Impact factor = outer x (1-p) (10)

Outer means the degree of interactions from
crosstalk analysis and p represents the p-value
of the attractor.

RP-value was used to evaluate the comprehen-
sive identified ability within pathways and
between pathways [22].

RP-value = (rank inter/total) x (rank outer/
total) (11)

Rank inter represents the ranking of attractor’s
p-value and rank outer means the ranking of
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interactions. Total means the sum of within and
outer degree.

Results
Crosstalk of the anesthetics related pathways

The PCNs of background and anesthetics were
generated with gene expression profiling of 10
patients with sevoflurane and 10 patients with
propofol, respectively. The detail of PCNs was
showed in the supplement material. The cross-
talk difference of background and two anes-
thetics was shown in Figure 1. In control group,
a majority of degrees in 300 pathways were
between 255 and 300. The two anesthetic
groups were significantly different with the
background. This result gives evidence for the
strong relationship between these pathways
with the effects of two anesthetics.

Bigger value of scores indicated more impor-
tant crosstalk pathways. The top 3 important
pathways of propofol were Carbon metabolism
(KEGG ID: 01200), PI3K-Akt signaling pathway
(KEGG ID: 04151) and Viral carcinogenesis
(KEGG ID: 05203). The top 3 important path-
ways of sevoflurane were PI3K-Akt signaling
pathway (KEGG ID: 04151), Pathways in cancer
(KEGG ID: 05200) and Hepatitis B (KEGG ID:
05161). They provided valuable information for
effects of the propofol and sevoflurane on atrial
tissues undergoing CABG surgery.

Identification of KEGG pathways

A total of 300 KEGG pathways were evaluated
comprehensively by Kauffman’ attractor, Im-
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Figure 2. 300 KEGG pathways were evaluated by Kauffman’ attractor and RP-value.
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Figure 3. Interactions inter-pathways were assessed by impact factor.

pact factor and RP-value. There were 16 attrac-
tors with P<0.05 and 10 attractors with P<0.01
in two anesthetics (Figure 2), which indicated
these 16 attractors were significantly different
in patients taking the anesthetics after surgery.
There were some molecular alterations existed
in pathways themselves, which showed they
were differentially expressed pathways. The
attractor results indicated that the effects of
propofol and sevoflurane were same on altera-
tions within pathways.

In terms of interactions inter-pathways, impact
factor was used to assess their contact. There
were different values varied 0 to 283 showed in
Figure 3, which indicated that there were di-
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fferent degree of interactions inter-pathways.
There were 58 pathways >200 in sevoflurane
and 52 pathways >200 in propofol.

RP-value was used to comprehensively assess
300 pathways, including within pathways and
inter-pathways. There were 25 pathways with
RP<0.01 in propofol (Figure 2). Among them,
there were 4 pathways (KEGG: 05414, 04261,
05410, 05133) related to cardiopulmonary
functions. There were 20 pathways with
RP<0.01 in sevoflurane and 3 pathways (KEGG:
05414, 05410, 05133) were related to cardio-
pulmonary functions. Therefore, the effect of
propofol on patients undergoing CABG surgery
was better than that of sevoflurane.

Int J Clin Exp Med 2016;9(6):11313-11319
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Table 1. Significant pathways identified by Kauffman’ attrac-

tor, Impact factor and RP-value

KEGG ID KEGG Pathway

Attractor P-value

04060 Cytokine-cytokine receptor interaction
05414  Dilated cardiomyopathy (DCM)

05016  Huntington’s disease

04668  TNF signaling pathway

04261  Adrenergic signaling in cardiomyocytes
03040 Spliceosome

05410  Hypertrophic cardiomyopathy (HCM)

0.000876654
0.000876654
0.006806562
0.006806562
0.006806562
0.000876654
0.006806562

Finally screened from 16 attractors, 7 path-
ways matched with conditions that attractor
P<0.01, big value of impact factor and RP-value
<0.01 (Table 1). They were considered to be
significantly dysfunctional pathways with strong
interactions which directly related to effects of
anesthetics. Among them, Cytokine-cytokine
receptor interaction (KEGG ID: 04060) was the
most significantly different pathway.

Discussion

Attractor theory was famous as a knowledge-
driven analytical way to distinguish and anno-
tate the gene-sets [6]. It was used to evaluate
expression across pathways in embryonic stem
cells [7]. The results with pathways will be more
complete instead of traditional DEG analysis
due to narrowing down the number of correlat-
ed dysregulated pathways.

In this study, 16 attractors (P<0.05) with statis-
tically significant alteration were screened from
300 KEGG pathways in response to effects of
two anesthetics. We found that most of them
were related to cardiopulmonary diseases,
such as Dilated cardiomyopathy (KEGG ID:
05414), Arrhythmogenic right ventricular car-
diomyopathy (KEGG ID: 05412) and Hyper-
trophic cardiomyopathy (KEGG ID: 05410). They
were differentially expressed pathways in
patients undergoing CABG surgery; however,
the integral influence to the system was absent.
From Figure 2, we can see that the variation
trend of attractor were not absolutely consis-
tent with that of RP-value. Therefore, crosstalk
was employed to assess the interactions inter-
pathways. Pathways with big value of impact
factor were considered to have strong contact
with other pathways. Interestingly, many attrac-
tors with P>0.05 were with big values of impact
factor (Impact factor >190). Meanwhile, in 10
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pathways (P<0.01), RP-values of
some of them were >0.01. It
claimed that pathways screened by
attractor were not exactly dysregu-
lated and influential ones. Those
pathways with attractor P<0.05 and
small values of impact factor were
considered to have small effect and
should be filtered.

After assessing the interactions

inter-pathways by crosstalk, the
novel approach enhanced attractor
to identify dysregulated pathways. Recently,
ways to comprehensively identify dysregulated
pathways have become a major focus [5]. The
novel pipeline combined attractor and cross-
talk is hoped to be further applied to other
diseases.

We applied RP-value to evaluate the compre-
hensive identified ability both within pathways
and inter-pathways. What we want is influential
dysregulated pathways which with attractor
P<0.01, big value of impact factor and RP-value
<0.01. Screened from 10 attractors, 7 path-
ways matched with conditions. Further evalua-
tion of how the pathways interacting each other
would be worthwhile. Among 7 pathways,
Cytokine-cytokine receptor interaction (KEGG
ID: 04060) owned minimum RP-value and max-
imal impact factor. Cytokines are released in
response to an activating stimulus, and they
induce responses through binding to specific
receptors on the cell surface [23]. Therefore,
the pathway Cytokine-cytokine receptor inter-
action was considered to be important in the
effects of anesthetics.
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