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Abstract. The present study aimed to explore the mecha-
nisms underlying sepsis-induced acute lung injury (ALI)
and identify more effective therapeutic strategies to treat
it. The gene expression data set GSE10474 was down-
loaded and assessed to identify differentially expressed
genes (DEGs). Principal component analysis, functional
enrichment analysis and differential co-expression analysis
of DEGs were performed. Furthermore, potential target
drugs for key DEGs were assessed. A total of 209 DEGs,
including 107 upregulated and 102 downregulated genes
were screened. A number of DEGs, including zinc finger and
BTB domain containing 17 (ZBTBI7), heat shock protein
90 kDa B, member 1 (HSP90BI) and major histocompat-
ibility complex, class II, DR a were identified. Furthermore,
gene ontology terms including antigen processing and
presentation, glycerophospholipid metabolism, transcrip-
tional misregulation in cancer, thyroid hormone synthesis
and pathways associated with diseases, such as asthma were
identified. In addition, a differential co-expression network
containing ubiquitin-conjugating enzyme E2 D4, putative
and tubulin, y complex associated protein 3 was constructed.
Furthermore, a number of gene-drug interactions, including
between HSP90BI and adenosine-5'-diphosphate and
radicicol, were identified. Therefore, DEGs, including
ZBTBI7 and HSP90BI, may be important in the pathogen-
esis of sepsis-induced ALI. Furthermore, drugs including
adenosine-5'-diphosphate may be novel drug candidates to
treat patients with ALIL.
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Introduction

Acute lung injury (ALI) is a life threatening condi-
tion. The major clinical manifestations of ALI include
inflammatory cell infiltration, arterial hypoxaemia and
pulmonary oedema (1). The prognosis of patients with ALI
is poor and the mortality rate of such patients remains high
(35-45%) (2).

ALI is caused by direct lung damage or by indirect
injury, including via bacterial infection of the blood.
Sepsis, which is a severe infection of the bloodstream,
is the most common cause of ALI (3). ALI may also be
caused by collagen vascular diseases, drugs, ingestants,
inhalants, shock, acute eosinophilic pneumonia, immuno-
logically mediated pulmonary hemorrhage and vasculitis
and radiation pneumonitis (4). However, it remains unclear
whether all patients with sepsis develop ALI and studies
are being conducted to determine whether this is the case.
Exaggerated responses to inflammatory stimuli and endo-
thelial dysfunction occur in patients with ALI and in those
with sepsis. In addition, platelets serve an important role in
sepsis-induced lung injury by increasing the expression of
Mac-1 (5). However, the mechanisms underlying the devel-
opment of sepsis-induced ALI remain largely unknown.
Several treatment options for ALI have been developed,
including low tidal volume ventilation, fluid-conservative
therapy and anti-inflammatory drugs (6), however at
present there is no single recommended therapy avail-
able. Thus, it is also important to identify the underlying
cause of sepsis-induced ALI and the most effective method
of treating it.

Although there have been a few studies investigating
the treatment of ALI (6,7), much remains unknown.
Therefore, the current study systematically investigated
the genes that were differentially expressed between
patients with sepsis alone and those with sepsis and ALI.
Genome-wide expression profiling was performed using
methods previously described by Guo et al (8) in order to
identify the genes and mechanisms involved in the patho-
genesis of sepsis-induced ALI. Furthermore, the potential
interactions between drug and differentially expressed gene
(DEG) targets were analyzed, with the aim of identifying
a novel effective therapeutic strategy for patients with
sepsis-induced ALI.
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Materials and methods

Microarray data. The gene expression data set GSE10474,
generated by Howrylak et al (9) were retrieved from the
Gene Expression Omnibus (GEO) database (ncbi.nlm.nih.
gov/geo/). These data were obtained from whole blood of
34 patients, including 13 with ALI and sepsis (6 males and
7 females; mean age, 54.2 years) and 21 patients with sepsis
alone (10 males and 11 females; mean age, 60.1 years) within
48 h of admission. All patients were recruited from the
Medical Intensive Care Unit of the University of Pittsburgh
Medical Center (Pittsburgh, PA, USA) between February
2005 and June 2007.

Data processing and normalization. Raw array data were
preprocessed using the R Bioconductor package ‘affy’
(version 1.30.0; Affymetrix; Thermo Fisher Scientific, Inc.,
Waltham, MA, USA) as previously described (10) using the
following three steps: Background-adjustment, quantile
normalization and log, transformation. Multiple probe sets
were mapped to a single transcript and the mean expression
value of all probe sets was then calculated.

Differential expression analysis. The differential expression
of genes between patients with ALI and sepsis, and those
with sepsis alone, were detected using the limma package
(version 3.14.0) (11) from R/Bioconductor. If the difference in
expression between genes in the two groups of patients was
P<0.05, they were classed as DEGs.

Principal component analysis (PCA). PCA is a procedure used
to emphasize principal components (uncorrelated variables) in
a multivariate dataset. Raw data with k-dimension subspace
were mapped to n dimensions space (k<n) using SIMCA
version P10.0 (Umetrics; Satorius Stedim, Umea, Sweden) for
DEGs.

Functional enrichment analysis. Clue gene ontology (GO)
(http://apps.cytoscape.org/apps/cluego) (12) and CluePedia
(http://apps.cytoscape.org/apps/cluepedia) (13) are two plug-in
portions of Cytoscape (14), Clue GO was used for GO term
and Kyoto encyclopedia of genes and genomes (KEGG)
pathway enrichment analysis of DEGs. CluePedia was used
to explore the functional network. Terms with P<0.05 and a
k score of 0.4 were regarded as significantly enriched terms.

Differential co-expression analysis. Co-expression networks
(CEN) are typically constructed based on co-expression
between gene pairs. Modules obtained from gene differential
co-expression analysis were assessed using GO biological
process (BP) using the Biological Networks Gene Ontology tool
(psb.ugent.be/cbd/papers/BiNGO/; version 2.3) (15). P<0.05
was defined as the threshold for a differentially expressed
gene. The differential co-expression network (DCEN) was
constructed with the absolute value of correlation coefficient
=0.9. Correlation analysis between genes was measured using
Pearson's correlation coefficient.

Gene and drug interaction analysis. The drug-gene interaction
database (DGIdb; dgidb.org) is a web resource that integrates
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disparate data sources to help researchers to search for
drug-gene interactions (16). The present study analyzed drugs
targeted by genes using this database with default parameter
values.

Results

Normalized data and DEGs. As presented in Fig. 1, gene
expression was uniformly distributed following data normal-
ization. In addition, total 209 DEGs including 107 upregulated
and 102 downregulated genes were screened. In the PCA
diagram, the light blue circles represent samples from patients
with ALI and the pink circles represent samples from patients
with sepsis. The majority of circles are separate, which indi-
cates that all DEGs were able to distinguish between samples
from patients with ALI and sepsis, and those from patients
with sepsis alone (Fig. 2).

Enriched GO-BP term and KEGG pathways. Significantly
enriched GO-BP terms, as well as the enriched genes in
each term, are presented in Fig. 3. DEGs were associated
with the cellular response to unfolded protein and response
to unfolded protein, cell cycle phase, cell adhesion medi-
ated by integrin, B cell proliferation and T cell receptor
signaling as the nodes were notably larger. Furthermore, heat
shock protein family A, Hsp70, member 5 (HSPAS), heat
shock protein 90 kDa , member 1 (HSP90BI), zinc finger
and BTB domain containing 17 (ZBTB17), Golgi SNAP
receptor complex member 2 (GOSR2), TatD DNase domain
containing 2 and hypoxia upregulated 1 (HYOUI) were
differentially regulated to a greater extent than other genes
in the network (Fig. 3).

Fig. 4 indicated that DEGs are primarily involved in
pathways associated with antigen processing and presentation,
glycerophospholipid metabolism, transcriptional misregulation
in cancer, thyroid hormone synthesis and pathways associated
with diseases, such as asthma. In addition, major histocom-
patibility complex, class II, DR a (HLA-DRA) and major
histocompatibility complex, class II, DQ p1 (HLA-DQBI)
were highlighted in the network. Cluster of differentiation 86
(CD86) was associated with several signaling pathways
including, rheumatoid arthritis, autoimmune thyroid disease
and graft-versus-host disease and it was also determined to be
involved in the network.

The constructed DCEN. The DCEN, which was composed
of 2,482 edges and 2,109 nodes was obtained following the
comparison of the ALI.CEN and the Sepsis.CEN (Fig. 5).
Ubiquitin-conjugating enzyme E2D 4 (UBE2D4; puta-
tive; degree=529), (tubulin, y complex associated protein 3,
(TUBGCP3; degree=271) and centromere protein O (CENPO,;
degree=269) which were co-expressed in ALI samples, were
the top three genes in the network.

GO-BP enrichment analysis revealed that UBE2D4 and
TUBGCP3 were primarily associated with cell differentiation,
phylogeny and RNA stability, whereas CENPO may partici-
pate in intercellular communication (data not shown).

Interactions between DEGs and different drugs. Interactions
between target DEGs and drugs are presented in Table I. These
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Figure 1. Boxplot of gene profiles across samples. Light blue bars indicate samples from patients with acute lung injury (ALI) and pink bars indicate samples

from patients with sepsis.
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Figure 2. The results of principal component analysis of differentially
expressed gene profiles. The light blue circles represent samples from
patients with acute lung injury samples and pink circles represent samples
from patients with sepsis. Numbers on each axis represent eigenvectors for
each dimension after dimensionality reduction.

included interactions between HSP90BI and adenosine-5'-di-
phosphate and radicicol; HLA-DQBI and amoxicillin,
HLA-DQBI and insulin, porcine; HSPA5 and antihemophilic
factor; and CD86 and abatacept as well as antithymocyte
globulin. Interactions mean that these DEGs may target the
corresponding drugs.

Discussion

ALI is a rapidly progressive disease and the mortality rate
of patients with this condition is high. Systemic sepsis may
be a predisposing factor for the onset and development of
ALI The current study investigated the mechanism by which
sepsis-induced ALI progresses and identified the genes involved
in this process. A total of 209 DEGs, including 107 upregulated
and 102 downregulated genes, were screened. DEGs, including
HSPA5, HSP90BI and HLA-DRA, and GO terms including
unfolded protein response and cell adhesion, as well as pathways
of transcriptional misregulation in cancer and thyroid hormone
synthesis were identified. In addition, a DCEN containing
UBE2D4 and TUBGCP3 was constructed. Certain DEG-drug
interactions, including between HSP90BI and adenosine-5'-di-
phosphate, were identified. This may help to clarify the complex
mechanisms underlying the progression of sepsis-induced ALI.

It has been demonstrated that HLA-DRA and HLA-DRB,
which are associated with antigen processing and presentation,
are expressed at low levels in patients with ALI (17). In the
current study, HLA-DRA and HLA-DQBI were downregu-
lated in patients with ALI and enriched in pathways associated
with antigen processing and presentation, metabolism and
the immune response. It has been previously confirmed that
CD&6 is downregulated in a monkey model of ALI (18). It has
been demonstrated that systemic and pulmonary inflamma-
tion occur in ALI (19), the results of the current study are in
accordance with those of previous studies.

ZBTBI17 encodes the zinc finger protein Miz-1 required for
cell cycle progression (20,21). It also serves arole in lymphocyte



4692

Eelbctivity

| \ . I*‘i;:-'ls,_ to
‘(/’;‘Z//')(' asmic

———

o
topoloy
oy

nucleasa activity

activation of
signaling protein
activity involved in
unfolded protein
response

e to unfolded
protein

ER-associated

ubiquitin-dependent
protein catabolic

process 1

mitotic

7

Ar transition

Li’
cell
TYRCTa WO

ol igipmeostagids
-

protein folling Gl

'de nity’ protein

O== |

msociative
1 of prafein
gfne kinasa,
clivity

Intrinsic apoplolic

o A i e
. @r response to
e b

VE le phase 1&

.
=

| s
f e ANKE 1B

O..,.:%

EFBLILY

XU et al: MECHANISM OF ACTION OF DRUGS TO TREAT ALI

ally incorrect
protein

protein
homotetramerization

hexose biosynthetic
process

o /
v} e L)
signaling pathway by f regulation of CSFIR — __19‘-.________. 7 7 O reg
p53 class mediatef / "h‘m"l‘f“‘ . — - o
production roauiston ST -~ - ;E? by integrin
o regulation|of B cell o /™
roliferation e
P \ ~
\\ |II positive nigulation of W;’u—m Q COCzER?
| © / FLT4
| 8,

interlaukin-2
production T cell costimulation
lymphocyte

- costimulation
regulation of

interieukin-2
production

&1l DNA,
ption

production

e

& receptors via
germling
recombination within
a single locus

somatic
diversilication of oo owe
mmunoglobulfiGersification of

immune receptors

Figure 3. BP categories of Gene Ontology and genes in the biological network. The size of BP nodes represents the significance of gene enrichment; bigger
nodes indicate a smaller P-value. Different colored nodes represent the different functional classes of genes. The node names with the corresponding color
represent the names of the functional classes in each color class. The small white circles represent gene nodes. All gene nodes in the network were the
same size. Edges between BP nodes and gene nodes represent their ownership. Highlighted terms represent the most significantly enriched annotations. BP,

biological process.

development and lymphomagenesis (22). In addition, ZBTB24
is associated with centromere instability (23). This may indi-
cate a connection between ZBTBI7 and the centromere. Other
cell cycle-associated DEGs were obtained in the current study.
CENPO is required for bipolar mitotic spindle assembly and
segregation of chromosome during mitosis (24). TUBGCP3 is
required for gamma-tubulin binding and microtubule nucle-
ation at the centrosome (25,26). Cell proliferation is directly
correlated with enhancing endothelial barrier integrity and
repairing leaking microvessels (27). Therefore, ZBTB17 not
only participates in the development of lymphocytes, but may

also be important in the maintenance of endothelial cell integ-
rity in sepsis-induced ALI.

UBE2D4 was determined to be a significant node in
the DCEN. The protein encoded by UBE2D4 introduces
covalent attachment of the E1 complex to other proteins and
promotes polyubiquitination (28). The results of the current
study indicated that protein misfolding and the unfolded
protein response were enriched by DEGs, including HSPAS5,
HSP90BI and HYOUI. The results of previous studies
suggested that the endoplasmic reticulum-located HSPAS5
is involved in protein folding and protein assembly (29) and
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may be critical for the intercellular transport of proteins (30).
It has also been demonstrated that the protein Grp94,
which is encoded by HSP90BI, induces similar effects (31).
HYOUI functions as a molecular chaperone and participates
in protein folding and secretion (32). In a previous study,
certain DEGs associated with membrane protein transport,
such as GOSR?2 (33) were also obtained. All these DEGs may
participant in sepsis-induced ALI through protein folding,
assembly and secretion.

Several potential drug targets, including HSP90BI,
HLA-DQBI, CD86 and HSPA5 were identified in the
current study. Adenosine-5'-diphosphate, which participates
in the aggregation of human blood-platelets and myocardial
infarction (34), was found to target HSP90BI. HLA-DQBI
was targeted by amoxicillin, clavulanate and insulin.
Amoxicillin and clavulanate are widely used as anti-inflam-
matory drugs and it is thought that insulin may also exhibit
anti-inflammatory activity (35). Previous study showed that
ALI was associated with inflammation (36). Antihemophilic
factor was found to target HSPAS, whereas abatacept, which
inhibits T lymphocyte activation (37), was found to target
CDS86.

In conclusion, the results of the current study indicate that
ZBTBI7, which is associated with the cell cycle and lympho-
cyte development, and UBE2D4, HSPAS and HSP90BI, which
are associated with protein folding and secretion, may be
involved in the pathomechanism of sepsis-induced ALI. Drugs
targeting DEGs, including adenosine-5'-diphosphate that acts
on HSP90BI, may be developed as a novel therapeutic agent
to treat patients with ALI induced by sepsis. However, the
small sample size included in the current study was a major
limitation and further experiments are required to confirm the
results of the current study.
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