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Abstract. Multiple organ dysfunction syndrome (MODS) is 

characterized by the development of progressive physiological 

dysfunction of ≥2 organs or organ systems and is responsible 
for the majority of the morbidity and mortality among patients 

in intensive care units. The aim of the present study was to 

investigate the potential genes and pathways associated with 

MODS. The microarray dataset GSE60088 was downloaded 

from the Gene Expression Omnibus and used to identify 

differentially expressed genes (DEGs) between organ tissues 

(lung, liver and kidney) obtained from a murine model 

of MODS and healthy controls. The interactions between 

DEGs in lungs, liver and kidneys were revealed by Kyoto 

Encyclopedia of Genes and Genomes pathway enrichment 

analysis. Furthermore, protein-protein interaction (PPI) 

data for DEGs were obtained from the Search Tool for 

the Retrieval of Interacting Genes and a PPI network was 

constructed. Additionally, DEGs that were common among 

the three organs were screened and transcription factors that 

regulated them were predicted using the iRegulon plugin. 

A total of 943, 267 and 227 DEGs were identified in lung, 
liver and kidney samples, respectively, between mice with 

MODS and healthy controls. In lung and liver samples, two 

pathways that were enriched with DEGs were identified and 
were common between lung and liver samples, including 

‘cytokine-cytokine receptor interaction’ and ‘Jnk-STAT 

signaling pathway’, and examples of DEGs associated with 

these pathways include C-X-C motif chemokine ligand 

(Cxcl)1 and Cxcl10, and signal transducer and activator of 

transcription (Stat)1, respectively. Furthermore, two common 

pathways were identified in liver and kidney samples, which 
included ‘MAPK signaling pathway’ and ‘p53 signaling 

pathway’, and DEGs associated with these pathways included 

growth arrest and DNA damage-inducible α. A total of 18 

DEGs were common among lung, liver and kidney tissues, 

including CCAAT/enhancer binding protein β (Cebpb) and 

olfactomedin-like 1 (Olfml1). Cebpb modulated various other 

DEGs, such as Cxcl1, and Olfml1 was regulated by Stat5A. 

These genes and pathways may serve roles in the progression 

of MODS and may be considered to be potential therapy 

targets for MODS.

Introduction

Multiple organ dysfunction syndrome (MODS) is characterized 

by the development of progressive physiological dysfunction 

of at least two organs or organ systems that is induced by 

various acute physiological damages, including trauma, burns, 

shock and severe infection (1,2). MODS is responsible for the 

majority of the morbidity and mortality among patients in 

intensive care units (3,4). MODS primarily affects the lungs, 

liver, kidney and heart (3).

Multiple factors contribute to the pathological process of 

MODS; however, the immunoinflammatory system is consid-

ered to serve the most important role in the pathogenesis of 

MODS (5,6). In the early stage of MODS, abundant release 

of proinflammatory cytokines, including tumor necrosis 

factor-α and interleukin (IL)-1β, upregulates the expression 

of vascular cell adhesion molecule 1 and endothelial leuko-

cyte adhesion molecule 1, and enhances the adhesion of 

monocytes and T cells to endothelial cells (7,8). During later 

stages of MODS, damage to the endothelium activates innate 

inflammatory cells in the interstitial region of affected organs 
and parenchymal injury occurs (5). Furthermore, other factors 

have been reported to be closely associated with the patho-

genesis of MODS. For example, mitochondrial dysfunction 

is implicated in organ injury through accelerated secretion 

of oxidants and promotion of cell death (9). Increased heme 

oxygenase-1 and reduced non-specific δ-aminolevulinate 

synthase has been reported in septic animal models of 

MODS (10). A recent study demonstrated that tissue fibrosis 
is a common pathogenic pathway that is implicated in organ 

injury or failure, and multiple molecules are involved in this 

pathway, including mitogen-activated protein kinase (MAPK), 

rho-associated protein kinase and transforming growth factor 

(TGF)-β (11).

Gene microarrays have been widely used to investigate 

the nosogenesis of various diseases, including psychiatric 

disorders, eczema, sepsis and multiple cancer types (12-16). 
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A recent study by Gharib et al (17) focused on processes 

that were frequently activated in at‑risk organs and identified 
various putative factors implicated in early MODS based on 

a microarray analysis. However, numerous genes associated 

with the progression of MODS have not yet been identified 
and underlying gene regulatory mechanisms remain to be 

elucidated. In the present study, a gene expression profile 

(GSE60088) submitted by Gharib et al (17). was used to iden-

tify differentially expressed genes (DEGs) in lung, liver and 

kidney tissues of mouse models of MODS. The functions of, 

and interactions between, DEGs were subsequently analyzed. 

Furthermore, DEGs that were common among lung, liver 

and kidney tissues were determined, and the transcription 

factors (TFs) regulating them were predicted. The results of 

the present study may contribute to the understanding of the 

molecular mechanisms underlying MODS.

Materials and methods

Affymetrix microarray data. The raw gene expression 

profile dataset GSE60088 was downloaded from the public 
Gene Expression Omnibus database (http://www.ncbi.nlm 

.nih.gov/geo/) (17). Microarray data were generated by 

the Affymetrix Mouse Genome 430 2.0 Array platform 

(accession no. GPL1261; Affymetrix; Thermo Fisher Scientific, 
Inc., Waltham, MA, USA). A total of 27 tissue samples from 

a murine model of sepsis-induced MODS or controls were 

included in the dataset, including 5 lung samples from mice 

with MODS, 4 healthy lung samples, 5 liver samples from 

mice with MODS, 3 healthy liver samples, 5 kidney samples 

from mice with MODS and 5 healthy kidney samples. The 

murine model of sepsis-induced MODS was established by 

exposure to a combination of mechanical ventilation and 

Staphylococcus aureus pneumonia (17).

CEL files and probe annotation files were downloaded 
from the Affymetrix database. Gene expression data from 

all samples were preprocessed with background correc-

tion, quantile normalization and calculation of gene 

expression using the robust microarray analysis algorithm of 

the Affy package (v1.54.0) (18) downloaded from Bioconductor 

(http://www.bioconductor.org/). Subsequently, annotations 

file org.Mm.eg.db and mouse4302.db in R language (v3.1.3) 
were downloaded from Bioconductor, and were used for the 

conversion of probe IDs to gene symbols (19,20). If one gene 

symbol was matched by multiple probe IDs, then the mean 

expression value was selected as the expression level of this 

gene.

Identification of DEGs. The linear models for microarray data 

(Limma; v3.32.2) package (21) in R language (v3.1.3) was used 

to identify DEGs between samples from mice with MODS and 

healthy lung, liver and kidney control samples. The P-value 

for the differential expression of each gene was calculated 

using an unpaired t-test and adjusted to the false discovery 

rate (FDR) using the Benjamini-Hochberg method (22). Only 

genes with FDR<0.05 and |log2fold change|≥1 were selected 
as DEGs. Additionally, DEGs identified in each type of tissue 
were clustered using gplots package (v3.5.0) in the R software 

(v3.1.3) (23). Ultimately, heatmaps were generated with the 

pheatmap (24) package in R language (v3.1.3).

Pathway enrichment analysis. Kyoto Encyclopedia of Genes 

and Genomes (KEGG) pathway enrichment analysis of 

DEGs in lung, liver and kidney samples was performed using 

the Database for Annotation, Visualization and Integrated 

Discovery (DAVID; http://david.abcc.ncifcrf.gov/) (25). The 

P‑value was calculated by Fisher's exact test, and P<0.05 and 
gene count >2 were set as the cut-off criteria.

Construction of protein‑protein interaction (PPI) networks. 

The PPI networks of DEGs in lung, liver and kidney tissues 

were identified using the Search Tool for the Retrieval of 

Interacting Genes (STRING; http://string-db.org/) database, 

which integrates various known and predicted protein asso-

ciations (26). A combined score >0.7 was set as the cut-off 

criterion. Subsequently, the PPI network was visualized by 

Cytoscape software (v3.3.0; http://cytoscape.org/) (27). In the 

network, a node represents a protein product of a gene and 

lines represent interactions between proteins. The degree of 

each node represents the number of nodes that interact with a 

given node. The greater the degree, the closer the connection 

to other nodes.

Analysis of the DEGs identified in lung, liver and kidney 
tissues. Upregulated and downregulated DEGs that were 

common among lung, liver and kidney tissues were identi-

fied using the online tool Venny (v2.0; http://bioinfogp .cnb.

csic.es/tools/venny/index.html) and Venn diagrams were 

constructed based on the data.

Subsequently, TFs regulating DEGs in all samples were 

analyzed using the plugin iRegulon (v1.3) in Cytoscape (28). 

Minimum identity between orthologous genes was set at 0.05 

and maximum FDR on motif similarity was set as 0.001. The 

larger the normalized enrichment score (NES) for the output, 

the more reliable the regulatory association. In the present 

study, regulatory associations with NES>5 were selected to 

construct the regulatory network visualized by Cytoscape.

Results

Identification of DEGs. Following data normalization, 

median gene expression in each sample was similar (Fig. 1), 

confirming that the normalized data was suitable for further 
analyses. Based on the cut-off criteria, a total of 943 DEGs 

(618 upregulated and 325 downregulated) were identified in 
lung samples from mice with MODS, 267 DEGs (185 upregu-

lated and 82 downregulated) were identified in liver samples 
from mice with MODS and 227 DEGs (161 upregulated and 

66 downregulated) were identified in kidney samples from 
mice with MODS. Clustering heatmaps demonstrated that 

samples from mice with MODS were different compared with 

the healthy controls (Fig. 2).

KEGG pathway enrichment analysis of DEGs. To investi-

gate the biological functions of the identified DEGs, KEGG 
pathway enrichment analysis was conducted for DEGs in 

lung, liver and kidney samples. According to the pathway 

enrichment analysis, in lung samples from mice with MODS, 

upregulated DEGs were primarily involved in the following 

pathways implicated in immunity: ‘Cytokine-cytokine 

receptor interaction’, including C-X-C motif chemokine 
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Figure 2. Heat maps of DEGs in tissue samples from mice with MODS and healthy controls. DEGs in (A) lung (B) liver and (C) kidney samples from mice 

with MODS compared with the healthy controls. Each row represents a gene and each column represents a sample. Red color represents upregulation and green 

represents downregulation of genes. DEGs, differentially expressed genes; MODS, multiple organ dysfunction syndrome; MV+SA, murine model of MODS 

induced by exposure to a combination of mechanical ventilation and Staphylococcus aureus pneumonia.

Figure 1. Boxplots of gene expression profiles of lung, liver and kidney samples. (A) Gene expression profile of each sample prior to the data normalization. 
(B) Gene expression of each sample following data normalization. The ordinate represents total gene expression value and the abscissa represents tissue 

samples of lungs, liver and kidneys from a murine model of MODS and healthy mice. The black line in the rectangular block represents the median gene 

expression. MODS, multiple organ dysfunction syndrome; MV+SA, murine model of MODS induced by exposure to a combination of mechanical ventilation 

and Staphylococcus aureus pneumonia.
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ligand (Cxcl)1, Cxcl10 and IL-6 DEGs; ‘toll-like receptor 

signaling pathway’, including Cxcl10, IL-6 and signal 

transducer and activator of transcription (Stat)1 DEGs; and 

‘Jak-STAT signaling pathway’, including colony-stimulating 

factor 3, IL-6 and Stat1 DEGs. The downregulated DEGs 

in lung samples from mice with MODS were involved in 

the following pathways: ‘Metabolism of xenobiotics by 

cytochrome P450’, including glutathione S-transferase α2, 

aldehyde dehydrogenase 3 family member A1 (Aldh3A1) and 

cytochrome P450 family 1 subfamily A member 1 DEGs; 

‘ECM-receptor interaction’, including laminin subunit α2 

and collagen type IV α4 chain DEGs; and ‘histidine metabo-

lism’, including histamine N-methyltransferase and Aldh3A1 

DEGs (Table I).

In liver samples from mice with MODS, the upregulated 

DEGs were primarily enriched in the following pathways: 

‘Jak-STAT signaling pathway’, including Stat1 and Stat3 

DEGs; ‘cytokine-cytokine receptor interaction’, including 

IL-17 receptor A and Cxcl10 DEGs; ‘p53 signaling pathway’, 

including serpin family E member 1 and growth arrest and 

DNA damage-inducible (Gadd)β (Gadd45B) DEGs; and 

‘MAPK signaling pathway’, including Jun proto-oncogene, 

AP-1 transcription factor subunit (Jun) and Gadd45B 

DEGs. The downregulated DEGs were primarily involved 

in the following pathways: ‘Steroid hormone biosynthesis’, 

including hydroxy‑∆‑5‑steroid dehydrogenase, 3 β- and 

steroid ∆‑isomerase 2 (Hsd3B2) and steroid 5 α-reductase 1 

(Srd5A1) DEGs; ‘nitrogen metabolism’, including carbonic 

anhydrase (Car)5A and Car1 DEGs; and ‘androgen and 

estrogen metabolism’, including Hsd3B2 and Srd5A1 DEGs 

(Table II).

In kidney samples from mice with MODS, upregulated 

DEGs were primarily involved in the following pathways: 

‘MAPK signaling pathway’, including dual‑specificity phos-

phatase 1 and Jun DEGs; ‘TGF-β signaling pathway’, including 

inhibin β B subunit and SMAD family member 1 DEGs; 

and ‘p53 signaling pathway’, including thrombospondin 1 

and Gadd α (Gadd45A) DEGs. The downregulated DEGs 

were primarily implicated in ‘PPAR signaling pathway’, 

including uncoupling protein 1, adiponectin, C1Q and collagen 

domain-containing, and fatty acid-binding protein 5 DEGs, 

and ‘terpenoid backbone biosynthesis’, including mevalonate 

diphosphate decarboxylase and isopentenyl-diphosphate 

∆ isomerase 1 DEGs (Table III).

Analysis of PPI networks. To investigate the interactions 

between DEGs, PPI networks for the DEGs in lung, liver and 

kidney samples were constructed. For DEGs in lung samples 

from mice with MODS, the PPI network consisted of 524 

nodes and 2,703 interactions (Fig. 3A). In particular, Stat1 

Table I. Pathways enriched with DEGs in lung samples from mice with MODS compared with healthy controls.

A, Pathways that upregulated DEGs in lung samples from MODS mice were enriched in

Pathway P-value Gene count DEGs

mmu04060: Cytokine-cytokine receptor 7.75x10-22 52 Il17Ra, Cxcl10, Il18Rap, Cd40, Osm, Inhba, Tnfrsf9,

interaction   Ccr7, Cxcl1, IL-6…

mmu04062: Chemokine signaling pathway 2.32x10-16 39 Cxcl1, Cxcl10, Stat1, Ccr5, Cxcl13, Cxcl16, Ccr2,

   Jak2, Jak3, Xcl1…

mmu04620: Toll-like receptor 4.06x10-12 25 Ccl3, Tnf, Cxcl10, Myd88, IL-6, Cd40, Stat1, Ripk1,

signaling pathway    Irf7, Cd14…

mmu04621: NOD-like receptor 8.60x10-11 19 Cxcl1, IL-6, Tnf, Ccl2, Cxcl2, Ccl8, Nfkbia, Nlrp3,

signaling pathway   Ccl5, Ccl7…

mmu04630: Jak-STAT signaling pathway 7.80x10-7 23 Csf3, Socs1, Pim1, Stat1, Il7R, Stat2, Csf2Rb, Jak2, 

   Pik3R5, Jak3…

B, Pathways that downregulated DEGs in lung samples from MODS mice were enriched in

Pathway P-value Gene count DEGs

mmu00982: Drug metabolism 5.02x10-8 12 Gstm1, Gsta2, Gsta3, Cyp2D22, Adh1, Fmo1, Fmo2, 

   Fmo3, Maob, Aldh3A1…

mmu00980: Metabolism of xenobiotics 1.68x10-6 10 Gstm1, Gsta2, Gsta3, Cyp2F2, Cyp1A1, Adh1, Gstt1,

by cytochrome P450   Ephx1, Cyp2E1, Aldh3A1

mmu04512: ECM-receptor interaction 5.56x10-4 8 Lama2, Col4A4, Tnxb, Npnt, Itga8, Vtn, Thbs3, Chad

mmu05414: Dilated cardiomyopathy 1.03x10-3 8 Lama2, Actc1, Adrb1, Adcy8, Pln, Itga8, Myh7, Tnni3

mmu00340: Histidine metabolism 8.94x10-3 4 Hnmt, Acy3, Maob, Aldh3A1

DEGs, differentially expressed genes; MODS, multiple organ dysfunction syndrome. DEGs were listed in the table based on P-value and |log2 

FC| value of these DEGs.
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(degree=99), IL-6 (degree=4) and Cxcl10 (degree=54) with 

higher degrees were identified (Table IV).
A total of 99 nodes and 179 interactions were included 

in the PPI network of DEGs from liver samples of mice with 

MODS (Fig. 3B). Notably, Jun (degree=16), Stat3 (degree=16), 

Stat1 (degree=16) and Cxcl10 (degree=11) with higher degrees 

were identified (Table IV).
Analysis of DEGs in kidney samples from mice with 

MODS revealed that the PPI network contained 100 nodes and 

229 interactions (Fig. 3C). Especially, Jun (degree=28), IL-6 

(degree=23) and Stat3 (degree=17) with higher degrees were 

identified (Table IV).

DEGs that are common among lung, liver and kidney samples. 
The present study identified 17 upregulated DEGs that were 

common among lung, liver and kidney samples: ChaC gluta-

thione‑specific γ-glutamylcyclotransferase 1; predicted gene 

Gm20186; growth differentiation factor 15; lipocalin 2 (Lcn2); 

Table III. Pathways enriched with DEGs in kidney samples from mice with MODS compared with healthy controls.

A, Pathways that upregulated DEGs in kidney samples from MODS mice were enriched in

Pathway P-value Gene count DEGs

mmu04010: MAPK signaling pathway 8.18x10-4 10 Dusp5, Fos, Dusp4, Dusp1, Jun, Nr4A1, Fgf21, 

   Gadd45A, Myc, Ddit3

mmu04350: TGF-β signaling pathway 9.34x10-3 5 Inhbb, Smad1, Thbs1, Myc, Bmp6

mmu04115: p53 signaling pathway 2.80x10-2 4 Cdkn1A, Pmaip1, Thbs1, Gadd45A

mmu05200: Pathways in cancer 3.33x10-2 8 Fos, Cdkn1A, IL-6, Ptgs2, Jun, Fgf21, Myc, Stat3

mmu04610: Complement and 3.46x10-2 4 Fgg, Thbd, Fga, F3

coagulation cascades   

B, Pathways that downregulated DEGs in kidney samples from MODS mice were enriched in

Pathway P-value Gene count DEGs

mmu03320: PPAR signaling pathway 2.75x10-2 3 Ucp1, Adipoq, Fabp5

mmu00900: Terpenoid backbone 4.54x10-2 2 Mvd, Idi1

biosynthesis   

DEGs, differentially expressed genes; MODS, multiple organ dysfunction syndrome.

Table II. Pathways enriched with DEGs in liver samples from mice with MODS compared with healthy controls.

A, Pathways that upregulated DEGs in liver samples from MODS mice were enriched in

Pathway P-value Gene count DEGs

mmu04630: Jak-STAT signaling pathway 1.36x10-2 6 Irf9, Osmr, Socs3, Il13Ra1, Stat1, Stat3

mmu04060: Cytokine-cytokine receptor 2.60x10-2 7 Inhbb, Cxcl1, Tnfrsf1A, Osmr, Il13Ra1, Il17Ra,

interaction   Cxcl10

mmu04115: p53 signaling pathway 2.67x10-2 4 Rrm2, Serpine1, Gadd45B, Gadd45A

mmu04010: MAPK signaling pathway 3.70x10-2 7 Tnfrsf1A, Jun, Pla2G12A, Fgf21, Gadd45B,

   Gadd45A, Dusp6

B, Pathways that downregulated DEGs in liver samples from MODS mice were enriched in

Pathway P-value Gene count DEGs

mmu00140: Steroid hormone biosynthesis 5.43x10-4 4 Hsd3B2, Cyp7A1, Hsd3B5, Srd5A1

mmu00910: Nitrogen metabolism 3.08x10-3 3 Car5A, Car1, Car3

mmu00150: Androgen and estrogen metabolism 6.29x10-3 3 Hsd3B2, Hsd3B5, Srd5A1

DEGs, differentially expressed genes; MODS, multiple organ dysfunction syndrome.
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metallothionein (Mt)2; suppressor of cytokine signaling 3; 

JunB proto-oncogene, AP-1 transcription factor subunit 

(Junb); tribbles pseudokinase 3; CCAAT/enhancer binding 

protein β (Cebpb); nocturnin; methylenetetrahydrofolate dehy-

drogenase (NADP+ dependent)2, methenyltetrahydrofolate 

cyclohydrolase; Cxcl1; basic helix-loop-helix family member 

e40; Mt1; intercellular adhesion molecule 1; NLR family 

CARD domain-containing 5; and immunity-related GTPase 

family M member 2 (Fig. 4A). However, only 1 downregulated 

DEG, olfactomedin‑like 1 (Olfml1), was identified in all three 
tissue types (Fig. 4B).

iRegulon analysis revealed that 6 TFs were predicted to 

regulate DEGs that were common among all three tissue 

types, including Cebpb (NES=8.957), Stat5a (NES=6.51), 

metal regulatory transcription factor 1 (NES=5.431), REL 

proto-oncogene, nuclear factor-κB subunit (NES=5.177), 

ETS variant 6 (NES=5.154) and Sp1 transcription factor 

(NES=5.119). Cebpb and Stat5a were indicated to modulate 

10 DEGs, including Lcn2 and Cxcl1, and Olfml1, Cxcl1 and 

Junb, respectively (Fig. 4C).

Discussion

MODS is a major cause of morbidity and mortality among 

patients with acute physiological damages (3,4). In the present 

study, based on the analysis of the gene expression profile 
of mice with MODS compared with healthy controls, 943, 

267 and 227 DEGs were identified in lung, liver and kidney 
samples, respectively. Pathway enrichment analysis of DEGs 

revealed that several DEGs that were common among lung and 

liver tissues were implicated in ‘cytokine-cytokine receptor 

interaction’ and the ‘Jak-STAT signaling pathway’.

Cxcl1 and Cxcl10, DEGs that were identified in lung and 
liver tissue, are implicated in the ‘cytokine-cytokine receptor 

interaction’ pathway. During the immune response in MODS, 

cytokine secretion is reported to cause universal endothelial 

injury in organs, a pathological process that results in MODS (5). 

Cxcl1 and Cxcl10 encode CXC subfamily inflammatory chemo-

kines (29,30). Upon binding to CXC receptor (CXCR) 3, Cxcl10 

induced the recruitment of natural killer effectors, including T 

cells and dendritic cells (31). During the early stages of multiple 

organ failure (MOF), Cxcl10 expression was significantly 

increased compared with the non-MOF control (32), which 

is consistent with the results of the present study. In the PPI 

network of DEGs in the lungs and liver, Cxcl10 exhibited one of 

the highest degrees and interacted with Cxcl1. The receptor for 

Cxcl1, CXCR2, is hypothesized to act as a potential therapeutic 

target in sepsis, and the outcomes of the disease were improved 

in CXCR2-knockout mice with severe sepsis (33). There is 

evidence indicating that a CXCR2 chemokine receptor antago-

nist protected mice from acute pancreatitis and lung injury (34). 

The above studies indicate that CXCR2 and its ligand Cxcl1 

may serve a role in the immune response in sepsis and organ 

failure. Taken together, Cxcl1 and Cxcl10 may exert functions 

in the progression of MODS.

Stat1, implicated in the Jak-STAT signaling pathway, 

demonstrated the highest degree in the PPI network for lung 

and liver tissue. Stat1 encodes a protein member of the STAT 

family, which mediates cellular responses to cytokines and 

growth factors (35). Stat1 is activated by various cytokines 

and is associated with proinflammatory signaling and the 

development of inflammatory tissue damage (36). In severe 

acute pancreatitis with organ failure, Stat1 was reported to 

be activated in monocytes (37). Furthermore, the Jak-STAT 

signaling pathway has been reported to be implicated in heart 

failure through the activity of the Stat3 protein (38). In the PPI 

network of DEGs in the lungs and liver, Stat1 interacted with 

Cxcl10. Therefore, Stat1 may serve a role in the progression of 

MODS via regulation of the Jak-STAT signaling pathway or 

interaction with Cxcl10.

Two signaling pathways, MAPK and p53 pathways, 

were common to liver and kidney samples. The results of 

the present study demonstrated that the DEG Gadd45A was 

enriched in both pathways. Gadd45A is a p53-regulated 

stress response protein and its transcription is stimulated by 

Figure 3. Protein-protein interaction network of DEGs compared with the 

healthy controls. The network of DEGs in (A) lung (B) liver and (C) kidney 

samples from mice with multiple organ dysfunction syndrome. Pink nodes 

represent upregulated genes and green nodes represent the downregulated 

genes. DEGs, differentially expressed genes.
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stress-associated conditions inhibiting growth and by expo-

sure to DNA-damaging agents (39,40). Gadd45A has been 

demonstrated to be highly expressed in a mouse model of 

lung injury (41). In addition, upregulated Gadd45A has been 

detected in autoimmune diseases and contributed to autoim-

munity by promoting DNA demethylation in T cells (39). 

Gadd45A is able to activate MEK kinase 4, which results in the 

phosphorylation and activation of the MAPKs p38 and c-Jun 

N‑terminal kinase during an inflammatory response (42,43). It 

has been reported that MAPKs are upregulated in the toll-like 

receptor 4-mediated progression of multi-organ failure (44). 

Furthermore, p53 has been demonstrated to serve a role in 

inflammation (45). Therefore, Gadd45Amay function in the 

progression of MODS through regulation of the MAPK and 

p53 signaling pathways.

In lung, liver and kidney samples, there were 18 common 

DEGs, including 17 upregulated genes and 1 downregulated 

gene. Among the 17 upregulated genes, Cebpb was identi-

fied as a TF and regulated multiple DEGs that were common 
among the three tissue types, including Cxcl1. Cebpb encodes 

a transcription factor that contains a basic leucine zipper 

domain and functions in the regulation of genes associated 

with immune and inflammatory responses (46). It has been 

Table IV. Continued.

C, Top 20 DEG nodes with the highest degrees in the kidney 

PPI network

Node Degree

Jun 28

Fos 27

IL-6 23

Myc 20

Egr1 20

Stat3 17

Atf3 14

Sirt1 14

Ptgs2 14

Adipoq 13

Cdkn1a 12

Zfp36 11

Btg2 10

Hmox1 10

Cebpb 10

Junb 9

Egr2 9

Icam1 8

Ddit3 8

Retn 7

Klf4 7

DEGs, differentially expressed genes; MODS, multiple organ 

dysfunction syndrome; PPI, protein-protein interaction.

Table IV. Top 20 DEG nodes from mice with MODS demon-

strating the highest degrees in PPI networks.

A, Top 20 DEG nodes with the highest degrees in the lung PPI 

network

Node Degree

Stat1 99

Tnf 71

IL-6 64

Ccr7 57

Cxcl10 54

Irf1 50

Mmp9 47

Irf7 46

Cxcr2 46

Gbp2 45

Ccr5 44

Ifit1 43
Ccr1 43

Ifit3 42
Ccr2 42

Oasl2 41

Cxcr6 41

Icam1 41

Oasl1 40

Tyrobp 40

B, Top 20 DEG nodes with the highest degrees in the liver PPI 

network

Node Degree

Jun 16

Stat3 16

Stat1 16

Icam1 12

Gbp2 11

Cxcl10 11

Irf9 10

Egr1 9

Cyp7a1 9

Sirt1 8

Ifit1 8
Usp18 8

Ifit3 8
Hsd3b5 8

Cyp2b10 8

Cyp3a13 7

Rsad2 7

Irgm2 7

Saa1 7

Saa2 7
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demonstrated that Cebpb in the lung epithelium contributed 

to lipopolysaccharide-induced Cxcl1 expression. There is 

no direct evidence to confirm a role for Cebpb in MODS. 

Therefore, the present study hypothesized that Cebpb may 

serve a role in the progression of MODS as a TF regulating the 

expression of Cxcl1 and other genes.

Additionally, in the three organs analyzed in the present 

study, the only common downregulated gene, Olfml1, is a 

glycoprotein containing the olfectamine domain. In neural 

tissues, olfactomedin was associated with the growth and 

differentiation of chemosensory cilia (47). To the best of our 

knowledge, an association between Olfml1 and MODS has 

not been previously reported. In the present study, Olfml1 was 

regulated by Stat5a, a member of the STAT family transcrip-

tion factors. Stat5a functions in immunity by regulating the 

development and maintenance of T regulatory cells (48-50). 

Therefore, Olfml1 may be implicated in the progression of 

MODS through regulation by Stat5a.

There were several limitations of the present study. The 

predicted results should be confirmed by laboratory data. 

Furthermore, in the present study, a limited number of samples 

were used, which should be increased to improve the reliability 

of the conclusions drawn. In future studies, a higher number 

of organ samples from mice with MODS will be included to 

validate the expression levels of potentially implicated genes 

and to elucidate their functions.

In conclusion, 943, 267 and 227 DEGs were identified in 
lung, liver and kidney samples from mice with MODS, respec-

tively, compared with the normal healthy controls. Certain 

DEGs were implicated in pathways that were common to both 

lung and liver samples, including ‘cytokine-cytokine receptor 

interaction’ (such as Cxcl1 and Cxcl10) and the ‘Jak-STAT 

signaling pathway’ (such as Stat1). In addition, several DEGs, 

including Gadd45A, were common to two signaling pathways 

in liver and kidney samples. Furthermore, 18 DEGs were 

common to all three types of tissues analyzed in the present 

study, including Cebpb and Olfml1. Cebpb regulated multiple 

DEGs, such as Cxcl1, and Stat5a regulated the expression of 

Olfml1. The genes and pathways identified in the present study 
may be implicated in the progression of MODS. Therefore, 

the results of the present study may provide potential therapy 

targets for the treatments of MODS.

Figure 4. Diagrams representing DEGs in lung, liver and kidney samples, and a regulatory network of common genes and TFs. Venn diagrams presenting 

(A) upregulated and (B) downregulated DEGs in lung, liver and kidney samples from mice with MODS. (C) Regulatory network of DEGs and TFs that were 

common among the three types of organ samples. MODS, multiple organ dysfunction syndrome; DEGs, differentially expressed genes; TFs, transcription 

factors; MODS, multiple organ dysfunction syndrome; up, upregulated genes; down, downregulated genes.
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