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Abstract
Vecuronium bromide is a non-depolarizing neuromuscular blocking agent and an important muscle relaxant that is cardiovascularly safe and is widely and typically utilized as an adjunct to general anaesthesia. This study sought to examine cellular activity in
the heart in response to vecuronium bromide. This study analysed expression profiles in the rat heart after three and five days
of exposure to vecuronium bromide. Differentially expressed genes (DEGs) were identified, and functional enrichment analyses
were then performed. Three days of exposure to vecuronium bromide altered the expression of 36 genes, many of which are
associated with the ubiquitin-proteasome system and steroid response. However, no specific biological process or pathway was
enriched. Five days of exposure resulted in 203 DEGs, with the enrichment of genes in biological processes associated with
stimulus response and cellular/organism processes and in KEGG pathways associated with the T cell receptor signalling pathway,
neuroactive ligand-receptor interaction and the ErbB signalling pathway. We compared expression patterns in the rat heart with
those observed in the rat liver, where a different pattern of DEGs involving enrichment in lipid metabolism-associated biological
processes and KEGG pathways was detected after five days of vecuronium bromide exposure. Long-term exposure to vecuronium bromidecan lead to stimulus response in the heart but produces a lipid metabolism response in the liver, a metabolic organ.
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Introduction
Vecuronium bromide is a widely used muscle relaxant. It is typically administered via intravenous injection as an adjunct to general anaesthesia to aid endotracheal intubation or for muscle
relaxation during surgery. Vecuronium bromide is derived from
pancuronium [1] and is categorized as a non-depolarizing neuromuscular blocking agent [2] that competes with acetylcholine for
cholinoceptors at the motor end plate to prevent depolarization
and thereby exerts muscle-relaxing properties [3]. It has an intermediate duration of effect compared with other non-depolarizing
blocking agents [2]. Vecuronium bromide has few side effects. It
may cause skeletal muscle weakness, paralysis or respiratory insufficiency. However, it has minimal adverse cardiovascular effects,
even in doses far greater than those used clinically [4-7]. Vecuronium bromide is a bisquaternary nitrogen compound in the steroid
ester class of organic compounds that features a steroid moiety
with a carboxylic acid ester group. The liver is amajor organ in the

elimination of vecuronium bromide. In particular, the liver takes
up this compound rapidly and excretes both unaltered and metabolized vecuronium [8]. The unchanged drug and its metabolites
are eventually removed via renal and faecal elimination.
Recently, the effects of anaesthesia on cells and tissues have been
investigated. Gene expression profiling has been used to study the
influence of anaesthetics such as isoflurane [9, 10] and sevoflurane [11] in certain organs and tissues. The neuromuscular blocking mechanism of vecuronium has been well-documented [2].
Recent research in rat models has demonstrated that vecuroniumrelated pharmacodynamic changes in sepsis are associated with
the expression of α7- and γ-nicotinic acetylcholine receptor in
skeletal muscle [12]. However, molecular mechanisms involved in
other vecuronium bromide-related biological activities have rarely
been described. No reports have addressed alterations in gene
expression profiles following vecuronium bromide exposure. In
this investigation, given the availability of gene expression pro-
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files in vecuronium bromide-treated rats, we analysed vecuronium
bromide-associated changes in gene expression to reveal relevant
biological processes and pathways in the rat heart, which were
compared with those found in the rat liver. This study may shed
light on the mechanisms underlying the biological activities of different organs/tissues in response to vecuronium bromide.

Materials and Methods
Gene Expression Profiles
Expression profiles for the rat (Rattus norvegicus) heart and rat liver (accession numbers GSE59905 and GSE59923, respectively)
after exposure to vecuronium bromide were retrieved from the
Gene Expression Omnibus (GEO) repository. These data had
been profiled using the CodeLink™ UniSet Rat I Bioarray and
provided via the DrugMatrix database (https://ntp.niehs.nih.
gov/drugmatrix/). The tested rats underwent daily intravenous
administration of 0.05 mg/kg of vecuronium bromide in saline.
The corresponding control was daily intravenous administration
of saline. Three vecuronium bromide-treated and seven control
treated heart samples after three days of exposure, six vecuronium bromide-treated and eleven control-treated heart samples after five days of exposure, and three vecuronium bromide-treated
and five control-treated liver samples after five days of exposure
were assessed. All retrieved expression profile data had already
been quantile normalized.
Identification of Differentially Expressed Genes (DEGs)
DEGs were identified using the limma package [13] with a
threshold of p<0.05, |log2 (FC)|>0.5 (where FC represents
fold change) and a false discovery rate (FDR)<0.05. An in-house
script was used to convert probe IDs to gene symbols and to
delete redundancies. Probes with no matching gene information
available in the NCBI were excluded.
Protein-Protein Interaction (PPI) Analysis
PPIs of DEGs were analysed using an online tool for the STRING
database (version 10) [14] with a medium confidence threshold
(combined score > 0.4). The PPI network was then visualized using Cytoscape [15]. The degree of connectivity of each node was
calculated as the number of interactions with surrounding nodes.
Functional Enrichment Analysis
Gene ontology (GO) enrichment analysis for biological processes
was conducted online using the PANTHER classification system
[16], with a threshold of p<0.05. KEGG pathway enrichment
analysis was performed using an online tool facilitated by the DAVID database [17], with a threshold of p<0.05.

Results
DEGs
A comparison of the test and control groups after three days
of vecuronium bromide exposure led to the identification of
36 DEGs in the heart, including 11 up-regulated genes and 25
down-regulated genes (Supplementary Table 1). A comparison of
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the test and control groups afterfive days of vecuronium bromide exposure resulted in the identification of 203 DEGs in the
heart, including 60 up-regulated genes and 143 down-regulated
genes (Supplementary Table 2). Eight up-regulated genes and
23 down-regulated genes were detected in the heart after both
three and five days of exposure. No significant DEGs in the heart
were identified in a comparison of the three-day and five-day test
groups. A comparison of the test and control groups after five
days of vecuronium bromide exposure led to the identification
of 44 DEGs in the liver, including 19 up-regulated genes and 25
down-regulated genes (Supplementary Table 3).
PPI Networks
DEG-related PPI networks were constructed (Figure 1). The PPI
network constructed based on the 36 heart DEGs identified after
three days of exposure contained only three gene pairs (Figure
1A). The PPI networks for heart and liver DEGs identified after
five days of exposure included 145 gene pairs (Figure 1B) and 22
gene pairs (Figure 1C), respectively. Hub genes with a degree of
connectivity > 4 in the latter two networks were identified; there
were 14 hub genes in the heart and 1 hub gene in the liver (Table
1).
Functional Enrichment Analysis
DEGs in the constructed PPI networks were selected for functional enrichment analysis. The selected DEGs in the heart after
fivedays of exposure were enriched in GO biological processes
that were mainly associated with stimulus response and cellular/
organism processes (Table 2). Genes in five KEGG pathways
were also significantly enriched (Table 3). In contrast, selected
DEGs in the liver after five days of exposure were enriched in
GO biological processes associated with metabolism (Table 2).
Genesin two KEGG pathways were also significantly enriched
(Table 3). DEGs in the PPI network for the heart after three days
of exposure did not exhibit enrichment in any particular GO biological process or KEGG pathway.

Discussion
Vecuronium bromide has minimal adverse cardiovascular effects.
Cellular activities in the heart in response to vecuronium bromide
have seldom been studied. In this study, we analysed gene expression profiles of the rat heart to investigate relevant cellular activities. The observed pattern was then compared with that of the rat
liver, the organ that metabolizes vecuronium bromide.
Vecuronium bromide has exhibited cardiovascular safety. Little is
known regarding the biological response in the heart to vecuronium bromide. Research has demonstrated that vecuronium does
not affect creatine phosphokinase releasein the heart [18], which
can be used to assess heart damage. This study demonstrated the
existence of DEGs in the rat heart following vecuronium bromide exposure. DEG patterns for the heart after three and five
days of exposure differed. A limited number of DEGs were identified after short-term exposure (three days), whereas longer-term
exposure (five days) altered the expression of many more genes.
The Pggt1b gene, which encodes the beta subunit of protein geranylgeranyl transferase type I, is one of the most up-regulated
genes after three days of vecuronium bromide exposure. Protein
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Figure 1. PPI networks of DEGs in response to vecuronium bromide in the heart after three (A) and five days of exposure
(B) and in the liver after five days of exposure (C). Nodes represent proteins. Edges represent interactions between proteins. Red nodes represent proteins produced by up-regulated genes. Green nodes represent proteins produced by downregulated genes. PPI, protein-protein interaction. DEG, differentially expressed gene.

Table 1. Hub genes in PPI networks.
Gene
Heart after five days of exposure
Jun
Stat5a
Mapk12
Ifng
Met
Ets2
Ccnd2
Cdkn1c
Casr
Cd8a
Camk2b
Plcg1
Sp1
Cd44
Liver after fivedays of exposure
Acly

Up/down

Degree of connectivity

+
+
+

19
14
12
10
10
9
9
8
8
7
7
6
6
5

+

8

PPI: protein-protein interaction. +: upregulated; -: downregulated.
geranylgeranyltransferase type I catalyses lipid modification of
proteins, and research has demonstrated that Pggt1b is involved
in steroid response [19]. The expression of ubiquitin-associated
genes, such as Ubr2, Fbxo2, Fbxw5, Mycbp2, and Usp42, was also
differentially regulated after vecuronium bromide exposure. The
up-regulated gene Ubr2 encodes the ubiquitin protein ligase E3
component n-recognin 2. The E3 ligase plays a vital role in the
regulation of the ubiquitin-proteasome system, which is reportedly altered in cardiac disease [20, 21]. However, DEGs after three
days of vecuronium bromide exposure were not enriched in any

GO biological process or KEGG pathway. In contrast, longer exposure made alterations in gene expression more evident. In addition to genes that already exhibited altered expression, many more
DEGs were identified. In particular, the pool of ubiquitin-associated DEGs expanded. Interestingly, the protein Jun encoded by
the hub gene Jun can be degraded via the ubiquitin-dependent
proteolysis system [22, 23]. Jun is auto-regulated, and its product
increases its own transcription. Therefore, the down-regulation
of Jun observed here maybe partially associated with ubiquitinrelated biological activities. As a transcription factor that responds
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Table 2. The Ten Most Significantly Enriched GO Biological Processes.
Term (GO Accession)
Heart after fivedays of exposure
Response to endogenous stimulus (GO:0009719)
Single-organism process (GO:0044699)
Response to stimulus (GO:0050896)
Response to external stimulus (GO:0009605)
Single-organism cellular process (GO:0044763)
Response to organic substance (GO:0010033)
Multicellular organismal process (GO:0032501)
Single-organism developmental process (GO:0044767)
Biological_process (GO:0008150)
Response to organonitrogen compound (GO:0010243)
Liver after fivedays of exposure
Lipid metabolic process (GO:0006629)
Monocarboxylic acid metabolic process (GO:0032787)
Cellular lipid metabolic process (GO:0044255)
Fatty acid metabolic process (GO:0006631)
Small molecule metabolic process (GO:0044281)
Small molecule biosynthetic process (GO:0044283)
Lipid biosynthetic process (GO:0008610)
Acetyl-CoA metabolic process (GO:0006084)
Single-organism metabolic process (GO:0044710)
Cellular metabolic process (GO:0044237)

DEG Count

p

32
87
68
33
80
37
61
52
96
23

2.88E-10
5.29E-10
7.88E-10
9.66E-10
1.05E-08
1.82E-08
2.37E-08
2.88E-08
3.34E-08
3.77E-08

9
7
8
6
10
6
6
3
13
17

4.37E-04
9.73E-04
9.85E-04
1.40E-03
1.62E-03
3.35E-03
6.49E-03
1.52E-02
2.04E-02
2.16E-02

DEG: differentially expressed gene.
Table 3. Significantly Enriched KEGG Pathways.
Term (KEGG accession)
Heart after fivedays of exposure
T cell receptor signalling pathway (rno04660)
ErbB signalling pathway (rno04012)
Neuroactive ligand-receptor interaction (rno04080)
Haematopoietic cell lineage (rno04640)
Jak-STAT signalling pathway (rno04630)
Liver after fivedays of exposure
PPAR signalling pathway (rno03320)
Primary bile acid biosynthesis (rno00120)

DEG count

p

6
5
7
4
5

2.71E-03
6.74E-03
2.82E-02
3.20E-02
3.49E-02

3
2

1.30E-02
3.70E-02

DEG: differentially expressed gene
to extracellular stimuli, Jun might further regulate the expression
of relevant DEGs. In addition, many hub genes are involved in
transcription and transduction regulation. Consistently, DEGs
after five days of vecuronium bromide exposure were enriched
in biological processes associated with stimulus response and
cellular/organism processes. With respect to KEGG pathways,
DEGs were enriched in the T cell receptor signalling pathway,
neuroactive ligand-receptor interaction and the ErbB signalling
pathway. Researchers have suggested that the T cell receptor signalling pathway and neuroactive ligand-receptor interaction are
often disease-related [24]. Interestingly, a comparison of the gene

expression profiles for short- and long-term vecuronium bromide
exposure revealed no significant DEGs; this phenomenon may
have occurred because the gene expression profile for short-term
exposure reflected an intermediate status. It is likely that only
long-term vecuronium bromide exposure influences biological
activities in the heart. This result confirmed the cardiovascular
safety of vecuronium bromide. The effects of affected biological
activities require additional investigation.
The liver displayed a different pattern from the heart. Many upregulated DEGs in the liver are associated with metabolism and
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liver disease. The up-regulated Elovl6 gene is a major target for
sterol regulatory element-binding proteins. Research has demonstrated that Elovl6 over expression in the liver induces hepatic
inflammation and liver injury [25]. In accordance with the known
liver function of metabolizing vecuronium bromide, liver DEGs
were enriched in biological processes associated with lipid metabolism. Moreover, enrichment was observed in the PPAR signalling pathway and primary bile acid biosynthesis. The PPAR signalling pathway is important for the regulation of lipid metabolism
in the liver [26], and bile acids are important signalling molecules
that coordinately regulate lipid metabolism [27, 28].
Previous studies have indicated that vecuronium bromide is safe
for the heart and liver. This study analysed gene expression profiles following exposure to vecuronium bromide to investigate vecuronium bromide-induced molecular activities in the heart and
liver, which may shed light on this agent’s mechanisms of action.
However, further investigation is required. The understanding of
those mechanisms may aid drug development with respect to improving cardiovascular and liver safety.

Conclusion
In the rat heart, DEGs in response to vecuronium bromide were
enriched in biological processes associated with stimulus response and cellular/organism processes and in KEGG pathways
associated with the T cell receptor signalling pathway, neuroactive ligand-receptor interaction and the ErbB signalling pathway.
A different pattern was observed in the rat liver, where DEGs
were enriched in metabolism-associated biological processes and
KEGG pathways.
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