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Aims: Long non-coding RNAs (lncRNAs) contribute to the regulation of vital physiological
processes and play a role in the pathogenesis ofmany diseases. Monocrotaline (MCT) can
cause large-scale outbreaks of toxic liver disease in humans and animals in the form of
hepatic sinusoidal obstruction syndrome (HSOS). Althoughmany experiments have been
carried out to explain the pathogenesis of Monocrotaline-induced hepatic sinusoidal
obstruction syndrome and to develop treatments for it, no studies have examined the role
of Long non-coding RNAs in this condition. This study aimed to investigate the Long non-
coding RNAs–mRNA regulation network in Monocrotaline-induced hepatic sinusoidal
obstruction syndrome in rats.

Main methods: We established a model for MCT-induced hepatic sinusoidal
obstruction syndrome, and then carried out microarray for liver tissues of SD rats in
amodel of early hepatic sinusoidal obstruction syndrome (12 hMonocrotaline treatment
vs. control group) to investigate the differentially expressed Long non-coding RNAs and
mRNAs in early hepatotoxicity. This was followed by RT-PCR analysis of selected Long
non-coding RNAs, which were markedly altered. Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genome analyses were also conducted.

Key findings: 176 Long non-coding RNAs (63 downregulated and 113 upregulated) and
4,221mRNAs (2,385 downregulated and 1836 upregulated) were differentially expressed
in the Monocrotaline-treated group compared to the control group. The biological
processes identified in GO enrichment analysis as playing a role in hepatotoxicity were
positive regulation of guanosine triphosphate phosphohydrolase, liver development, and
the oxidation-reduction process. Pathway analysis revealed that the metabolism
pathways, gap junction, and ribosome biogenesis in eukaryotes were closely related
to Monocrotaline-induced hepatotoxicity. According to these analyses,
LOC102552718 might play an essential role in hepatotoxicity mechanisms by
regulating the expression of inositol 1,4,5-trisphosphate receptor-1 (Itpr-1).

Significance: This study provides a basis for further research on the molecular
mechanisms underlying Monocrotaline-induced hepatotoxicity and its treatment,
especially in the early stage, when successful treatment is critical before irreversible
liver damage occurs.
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1 Introduction

Long non-coding RNAs (lncRNAs) are large clusters of non-
coding transcripts containing more than 200 nucleotides. lncRNAs
and mRNA have an essential function in many biological processes,
including the cell cycle, cell proliferation, cell differentiation, gene
expression, and apoptosis (Geisler and Coller, 2013; Quinn and
Chang, 2016). They act as decoys, scaffolds, and signals (Chen
et al., 2019). High-throughput RNA sequencing (RNA-Seq)
experiments have been conducted to identify and quantify lncRNA
expression in various tissues and cell types. Generally, the expression
of lncRNAs is more tissue- or cell type-specific than that of protein-
coding genes, suggesting that they have distinct functions in different
biological processes (Djebali et al., 2012; Holoch and Moazed, 2015;
Quinn and Chang, 2016). In the domain of liver diseases, many
lncRNAs have been identified, evaluated, and defined in terms of
their effects on disease pathophysiology.

Monocrotaline (MCT) is a toxic retronecine-type pyrrolizidine
alkaloid that occurs in a wide range of species of leguminous Crotalaria
plants. Exposure to MCT through direct ingestion of plant matter or
related foodstuffs, such as honey or milk (Roeder, 1995), has caused
numerous outbreaks of poisoning in livestock and humans worldwide
(Hanumegowda et al., 2003). Dehydromonocrotaline (DHM) is the
toxic metabolite of MCT, which is inactivated by conjugation with
glutathione (GSH) or bound to DNA-associated proteins to form
pyrrole–protein adducts, causing a toxic effect (Yang et al., 2016;
Boehm et al., 2017). The toxicity of MCT affects the liver, lung, and
heart, causing hepatic sinusoidal obstruction syndrome (HSOS),
pulmonary arterial hypertension, and right ventricular hypertrophy
(Amin et al., 2011; Yu et al., 2013; Zhuang et al., 2018).

Sinusoidal endothelial cell (SEC) injury is the crucial initiating step
in MCT-induced HSOS, which means that protection of SECs might
prevent HSOS (Amin et al., 2011). Various studies have been
conducted to explore the mechanisms underlying MCT-induced
liver toxicity, including F-actin depolymerization (DeLeve et al.,
1999), inflammation of the hepatic lobules, and matrix
metalloproteinease 9 (MMP9), which represent the key mediators
in the development of HSOS (Hanumegowda et al., 2003; Yu et al.,
2013).

lncRNAs have been receiving increasing amounts of attention
associated with the rapid growth of the field of molecular biology;
breakthroughs in the development of new high-throughput
sequencing technology, such as RNA-Seq and microarrays, have
provided the basis for an improved understanding of complex
transcriptomic networks and enabled us to identify the
dysregulated expression of various lncRNAs in liver disease
(Takahashi et al. (2014). Recently, lncRNAs have emerged as a star
set of molecules that participate in a wide range of physiological and
pathological processes. They have been reported to be abnormally
expressed in liver diseases and have been recognized as novel
biomarkers and/or key regulators of toxicological responses in
human and animal models (DiStefano and Gerhard, 2022). Mild
HSOS might be resolved within a few weeks, while severe
syndrome is associated with multi-organ damage and a high
mortality rate (>80%) (Coppell et al., 2010); for this reason, a
better understanding of the pathogenesis of HSOS and the
identification of earlier biomarkers could lower the incidence of
complications and prevent the occurrence of potentially life-
threatening severe HSOS.

Investigation of the role of lncRNAs in MCT-induced HSOS will
help in the formation of a new hypothesis regarding disease
pathogenesis, which will ultimately lead to new clinical
applications. In this study, we performed microarray analysis on
liver tissues of SD rats treated with MCT to identify the
differentially expressed lncRNAs, examine their possible
mechanisms in the pathogenesis of liver injury, and identify the
roles of lncRNAs in HSOS; an understanding of these roles is
pivotal for the ability to treat it successfully before irreversible liver
damage occurs.

2 Materials and methods

2.1 Materials

Monocrotaline (CAS number 315-22-0, purity 99.48%) was
purchased from Chengdu Must Bio-Technology Co., Ltd. (Sichuan,
China). All other chemicals and reagents were of analytical grade.

2.2 Animal experiment

Sixty male SD rats, aged 7–9 weeks, were used in the experiment.
These were purchased from Vital River Laboratory Animal
Technology Co., Ltd. (Beijing, China). The rats were housed in
standard laboratory cages under a 12 h light–12 h dark cycle and at
a constant ambient temperature (20°C–25°C) and humidity (30%–
50%). The rats were provided with ad libitum access to water and food.
In order to construct a dose-dependent curve model, 30 SD rats were
randomly assigned to five groups (6 rats/group). The control group
was gavaged orally with normal saline, and the other groups were
exposed to different doses of MCT (40, 80, 160, and 240 mg) for 24 h;
after 24 h, the rats were euthanized. For the HSOS model, another
30 SD rats were randomly assigned to five groups (6 rats/group). A
single dose of MCT (160 mg/kg) was administered orally to each of
these groups for different periods of time (12, 24, 48, and 72 h), and the
animals were subsequently euthanized, as has been previously
described as a reproducible model of HSOS (DeLeve et al., 1999).

The experimental protocol was approved by the Ethics Committee
of China Pharmaceutical University (Approval No. 2020-03-005) and
was conducted in compliance with the guidelines of the Laboratory
Animal Management Committee of Jiangsu Province.

2.3 Serum alanine and aspartate
aminotransferase levels

Blood was collected from the rats immediately before euthanasia.
Serum was obtained by centrifuging the blood at 10,000 x g for 10 min,
and commercial ALT and AST kits (Whitman Biotech, China) were
then used to measure the levels of alanine and aspartate transferase
enzymes, following the manufacturer’s instructions.

2.4 Histopathological examination

Each rat’s liver was collected immediately following euthanasia.
The liver was fixed in 4% paraformaldehyde and stained with
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hematoxylin and eosin. Histological analysis was performed using an
Olympus BX-53 light microscope (Olympus, Japan).

2.5 Western blot

Total protein extracts were obtained by homogenizing liver tissue
in RIPA buffer (Beyotime, China) supplemented with protease and
phosphatase inhibitors (Thermo, United States). Cell debris was
removed by centrifugation, and the supernatant was collected and
stored at −80°C. Protein concentration was measured using a BCA
protein assay kit (Beyotime, China), and 50 μg of protein from
different samples was electrophoresed using 10% SDS–PAGE and
transferred to a PVDF membrane. Immunoreactive bands were then
visualized via enhanced chemiluminescence. The following antibodies
were used in this study: cleaved caspase-9, cleaved caspase-3,
cytochrome c, Bax 2772s (Cell signaling technology, United States),
and β-actin as a reference protein (Santa Cruz Biotechnology,
United States).

2.6 RT-PCR

Trizol reagent was used to extract total RNA from liver tissue in
accordance with the manufacturer’s instructions. 2 µg of RNA was
reverse-transcribed into cDNA using the HiScript II Q RT SuperMix
for qPCR (+gDNA wiper). The SYBR Green Master Mix Kit (Vazyme
Biotech, China) was used to amplify cDNA using the Step One real-
time PCR system (Applied Biosystems, Thermo Fisher Scientific,
United States); final results were all subsequently normalized in
terms of fold changes with respect to the target gene or
housekeeping gene. The primer sequences are listed in
Supplementary Table S1.

2.7 Differential lncRNA and mRNA screening
and hierarchical clustering

Liver tissues were collected from rats of the control and 12 h
MCT treatment groups, and RNA was extracted. Total RNA was
quantified using the NanoDrop ND-2000 (Thermo Fisher Scientific
Inc., Boston, MA), and RNA integrity was assessed using the Agilent
Bioanalyzer 2,100 (Agilent Technologies, Inc., Santa Clara, CA).
Total RNA was transcribed to double-strand cDNA, then
synthesized into cRNA and labeled with Cyanine-3-CTP. The
labeled cRNAs were hybridized into the microarray. After
washing, the arrays were scanned using the Agilent Scanner
G2505C (Agilent Technologies). Array images were analyzed
using Feature Extraction software (version 10.7.1.1, Agilent
Technologies) to obtain raw data. Finally, GeneSpring (version
14.8, Agilent Technologies) was employed to complete basic
analysis of the raw data. Differentially expressed genes were
identified in terms of fold change, with corresponding p-values
calculated via t-test. The threshold set for up- and downregulated
genes was fold changes ≥2.0 and an associated p-value ≤0.05.
Subsequently, hierarchical clustering was carried out to visualize
the distinct gene expression patterns occurring among the samples;
this analysis was implemented using the clustermap function of the
Python package Seaborn. Arrays were run in triplicate. Agilent-

“085628” was used in this experiment, and analysis of the samples
was conducted by OE Biotechnology Co., Ltd. (Shanghai, China).

2.8 GO and KEGG enrichment analyses

Differentially expressed genes were analyzed via gene ontology
(GO) (Ashburner et al., 2000; The Gene Ontology Consortium, 2019)
to describe their functions. The number of differentially expressed
genes included in each GO entry was counted, and the significance of
enrichment was calculated in each case using a hypergeometric
distribution algorithm (Mi et al., 2017).

Pathway analysis of differentially expressed genes was performed
using KEGG data, and the hypergeometric distribution algorithm was
used to calculate the significance of differential gene enrichment in
each pathway.

2.9 Co-expression analysis of differentially
expressed lncRNAs and genes

A Pearson correlation test was conducted to quantify correlations
between the differential expression of lncRNAs and genes. Correlated
pairs with a correlation coefficient ≥0.8 and p-value ≤0.05 were identified.

2.10 Target gene analysis of trans- and cis-
acting lncRNAs

In order to determine whether each lncRNA might regulate its
target gene in a cis or trans manner, the RNA interaction software
package RIsearch-2.0 (Alkan et al., 2017) and the FEELnc software
package (Wucher et al., 2017) were applied to assess trans function and
cis function, respectively. Trans function analysis was based on the use
of differential co-expression results to predict the combined co-
expression of candidate lncRNAs and genes at the nucleic acid
level and the base binding free energy (Alkan et al., 2017). Cis
function analysis was based on a search for all mRNAs within the
range of 100 K upstream and downstream of differentially expressed
lncRNAs and intersecting with differentially expressed genes with a
significant correlation coefficient (Wucher et al., 2017).

2.11 Statistical analysis

Groups were compared via one-way analysis of variance
(ANOVA) or via unpaired two-tailed t-test, when appropriate,
using GraphPad Prism 6 (GraphPad Software, Inc., San Diego, CA,
United States). Data are reported in the form mean ± SEM, and
p-values <0.05 are considered to represent significance.

3 Results

3.1 Monocrotaline-induced HSOS model

The dose-dependent model was constructed using doses of 40, 80,
160, and 240 mg/kg of monocrotaline administered orally over 24 h.
The model showed an increase in liver enzymes (AST and ALT) at
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160 and 240 mg/kg; however, this increase was significant only at
240 mg/kg. Histological examination results are presented in the form
of HE images (Figure 1F); these demonstrate that there was no clear

change in the case of 40 and 80 mg/kg doses, while extravasation of red
blood cells into the perivenular space and the perisinusoidal space of
Disse was clearly evident in the case of 160 and 240 mg/kg doses.

FIGURE 1
Dose-dependent monocrotaline model. Different concentrations of MCT (40, 80, 160, and 240 mg/kg) were administered orally to SD rats for 24 h.
Panels show level or relative expression of (A) ALT, (B) AST, (C) Stab2, (D)CD32, and (E) Lyve1. (F)HE images for liver tissue exposed to different concentrations
of MCT. MCT, monocrotaline; ALT, alanine transferase; AST, aspartate transferase enzyme; LSEC, liver sinusoidal endothelial cell; CD31, cluster of
differentiation 31; Lyve1, lymphatic vessel endothelial hyaluronan receptor 1; Stab2, stabilin 2; HE, hematoxylin and eosin stain. Data are presented in the
form mean ± SD (n = 6 rats). *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001 in comparisons of the MCT-treated group against the control group. Scale bars = 100 mm.
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Furthermore, RT-PCR of stab2 revealed a significant decrease in
expression in the group receiving both 160 and 240 mg/kg
(Figure 1C). In addition, CD32 and lyve-1 were decreased after
MCT administration but it is not significantly (Figures 1D–E).
Based on the above results, 160 mg/kg of monocrotaline was
selected as the dose for establishment of the HSOS model.

In the second model, 160 mg/kg MCT was administered and
samples were collected for analysis after different periods of time

(12, 24, 48, and 72 h). Liver weight and serum ALT and AST levels
were elevated at multiple time points following administration of
MCT (Figure 2A). AST levels were significantly elevated after 12 h and
showed time-dependent elevation (Figure 2B), while ALT level was
increased significantly after 24 h of monocrotaline administration
(Figure 2C). Histopathological examination of the liver tissue after
12 h revealed early signs of hepatotoxicity, such as liver inflammation
and extravasation of red blood cells into the perivenular space and the

FIGURE 2
Model of hepatotoxicity induced byMCT. 160 mg/kg of MCTwas administered orally to rats for different periods of time (12, 24, 48, and 72 h). Features of
HSOS were observed after 48 h, while earlier features of hepatotoxicity occurred at 12 h of MCT treatment. (A) Change in rat liver weight after MCT treatment
(normalized to total body weight). (B,C) Blood serum levels of liver enzymes (AST, ALT). (D) Relative expression of mRNAs related to LSEC-specific gene Stab2.
(E) Relative mRNA expression of CD31 and Lyve1. (F) HE images of liver sections. (G) Western blot images indicating expression of cyt c, Bax, cleaved
casp-9 and -3, and β-actin protein. (H)Quantification of immunoblotting results for apoptotic proteins. Data are presented in the formmean ± SD (n = 6 rats).
*p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001 in comparisons of the MCT-treated group against the control group. Scale bars = 100 mm.
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perisinusoidal space of Disse, while severe hepatotoxicity signs that
might indicate the development of HSOS, including loss of perivenular
hepatocytes, damage to the endothelial cells of the central venule,
sinusoidal hemorrhage, dilatation, and coagulative necrosis of
hepatocytes, were observed after 48 h (Figure 2F). Moreover, the
genetic expression of various sinusoidal endothelial cell-specific genes,
such as a cluster of differentiation 32 (CD32), lymphatic vessel endothelial

hyaluronan receptor 1 (Lyve1), and stabilin-2 (Stab2), was decreased in
the liver tissues after MCT treatment; this further confirmed the damage
to the liver SECs and induction of HSOS by MCT (Figures 2D, E). In
addition to all the above effects, the levels of apoptotic proteins, such as
Bax and cyt c, and cleaved caspase-3 and -9 were increased after exposure
to MCT (Figures 2G, H), indicating that induction of apoptosis is a
potential mechanism in this model.

FIGURE 3
Profiles of lncRNAs and mRNAs differentially expressed during early hepatotoxicity induced by MCT. (A,B) Scatter plots of differentially and non-
differentially expressed mRNAs and lncRNAs, respectively. (C,D) Volcano maps of differentially and non-differentially expressed mRNAs and lncRNAs,
respectively. Each point on the graph corresponds to one mRNA/lncRNA; the abscissa corresponds to its expression in the control group, and the ordinate
corresponds to its expression in the MCT treatment group. (E,F) Cluster heat maps of mRNAs and lncRNAs, respectively, in the control and MCT-treated
groups. Each row corresponds to a differentially expressed mRNA/lncRNA, and each column corresponds to a sample. Color indicates the relative change to
the corresponding mRNA/lncRNA in each sample: red corresponds to high expression, blue corresponds to low expression, and gray (in volcano and scatter
plots) represents an mRNA/lncRNA that does not meet the corresponding threshold. C, control group; M, monocrotaline-treated group.
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3.2 Differential expression of lncRNAs and
mRNAs during early hepatotoxicity

Microarray analysis showed that 176 lncRNAs and 4,221 mRNAs
were differentially expressed among the MCT-treated group, using
cut-off criteria of fold change ≥2.0 and p-value ≤0.05. Of the
176 lncRNAs, 113 were upregulated and 63 were downregulated,
while of the 4,221 mRNAs, 1836 were upregulated and 2,385 were
downregulated (Supplementary Table S2). Microarray data were
deposited in the Gene Expression Omnibus database (https://www.
ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE213031).

Differential expression of lncRNAs and mRNAs is presented on a
scatter plot to illustrate the differences in gene expression between the
two sets of data (Figures 3A, B). Additionally, a volcano plot was
produced to evaluate the distribution of differences in levels of
expression and corresponding p-values across many lncRNAs and
mRNAs, as well as the distribution of differentially expressed genes
after final selection of the most relevant (Figures 3C, D). Hierarchical
clustering analysis illustrates the differentially expressed signatures of
both lncRNAs and mRNAs (Figures 3E, F), in which distinguishable
gene expression patterns are evident among the samples.

Based on the results of the gene differential expression analysis, we
found that the most upregulated gene in the MCT treatment group was
ATP-binding cassette, subfamily B (MDR/TAP), members 1B (Abcb1b),
Abcb1b-X2, and Abcb1b-X1, with fold changes 60 (p-value = 0.00002), 64
(p-value = 0.00008), and 53 (p-value = 0.00004), respectively, while the
most downregulated genes were glial cell line-derived neurotrophic factor
receptor alpha-1 (GDNF family receptor alpha-1, transcript variant X2;
Gfra1) and LARGE xylosyl- and glucuronyltransferase 1, transcript

variant X1 (Large1), with fold changes of −19 (p-value = 0.016)
and −16 (p-value = 0.005), respectively.

3.3 Validation of microarray results via
RT-PCR

The expression of several randomly selected lncRNAs and mRNAs
was examined via RT-PCR in order to validate the results of the lncRNA
and mRNA microarray analysis. Similar patterns of expression as in the
microarray results were revealed for three upregulated lncRNAs
(LOC0960120, LOC108350110, and LOC102554284) and three
downregulated lncRNAs (LOC102553561, LOC102552718, and
LOC103692937) (Figures 4A, B). In addition, the same changes as
identified in the microarray findings were also observed for two
upregulated mRNAs, namely WD repeat domain 74 (Wrd74) and
solute carrier family three member two (Slc3a2), and for two
downregulated mRNAs (Itpr-1 and Itpr-2) (Figures 4C, D).

3.4 GO and KEGG pathway analysis

GO analysis of the differentially expressed genes was conducted in
order to describe their functions. A total of 4,221 genes were entered
into this analysis, of which 1759, 1833, and 1,694 genes were annotated
for association with a biological process (BP), cellular component
(CC), or molecular function (MF), respectively. Based on GO class
(Figure 5A), the top 10 classifications for genes associated with a
biological process among all dysregulated mRNAs were: positive

FIGURE 4
Validation of microarray results using RT-PCR. (A) Relative expression of upregulated lncRNAs LOC0960120, LOC108350110, and LOC102554284. (B)
Relative expression of downregulated lncRNAs LOC192553561, LOC102552718, and LOC103692937. (C) Relative expression of upregulated mRNAs
(Wrd74 and Slc3a2). (D) Relative expression of downregulated mRNAs (Itpr1 and Itpr2). Itpr1: inositol 1,4,5-trisphosphate receptor type 1; Wdr74: WD repeat
domain 74; Slc3a2: solute carrier family threemember 2. Data are presented in the formmean ± SD. n= 6 rats per time point. *p ≤ 0.05; **p ≤ 0.01; ***p ≤
0.001 in comparisons of the MCT-treated group against the control group.
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regulation of GTPase activity; liver development; oxidation-reduction
process; neutrophil chemotaxis; response to drugs; response to
lipopolysaccharide; positive regulation of the apoptotic process;
cellular response to drugs; cellular response to interleukin-1; and
negative regulation of the extrinsic apoptotic signaling pathway.
The top 10 molecular functions consisted of: RNA binding; ATP
binding; protein binding; transcription factor binding; FAD-binding;
flavin adenine dinucleotide binding; transcriptional cofactor binding;
GTPase activator activity; protein homodimerization activity; and
enzyme. Finally, the top 10 cellular components identified as
functions of up- and downregulated lncRNAs were the cytosol,
nucleus, cytoplasm, mitochondrion, nucleoplasm, membrane,
nucleus, extracellular exosome focal adhesion, and the cytoskeleton.

895 genes were annotated for their KEGG pathway. Among these,
there were 77 pathways with a p-value ≤0.05. The topmost enriched
pathways corresponding to downregulated mRNAs were the
metabolic process, the Rap1 signaling pathway, arginine
biosynthesis, drug metabolism, complement and coagulation
cascades, oxytocin signaling pathways, and gap junction
(Figure 5B). The topmost enriched pathways for upregulated
mRNAs were ribosome biogenesis in eukaryotes, DNA replication,
spliceosome, apoptosis, the p53 signaling pathway, RNA transport,
and pyrimidine metabolism (Figure 5C).

3.5 lncRNA–mRNA co-expression network
and cis/trans pattern analysis

The top 500 correlations on the basis of p-values were identified,
and Cytoscape was used to visualize the lncRNA–mRNA correlation
co-expression network (Figure 6A). Interestingly, we found that
LOC102552718 was co-expressed to a significant extent with Itpr-1
(correlation coefficient = 0.99, p-value = 0.0000007). Furthermore, co-
expression data and causal interactions between these lncRNAs and
their gene targets were assessed in association with information on
chromosomal location (cis/trans). The top 20 lncRNA−mRNA cis
interactions and trans interactions are presented in Figures 6B, C.
According to the analysis, the most significant cis interaction was
between LOC102548189 and Itpk1 (correlation coefficient = 0.98,
p-value = 0.0004), with both being located on chromosome 6. In
contrast, the Itpk1 gene was found to be regulated by
LOC102555010 in a trans manner (correlation coefficient = 0.99,
p-value = 0.00002, and free energy = −102.33).

3.6 Hypothesized regulatory role of
LOC102552718 in hepatotoxicity induced by
monocrotaline

Based on the co-expression analysis, we found that
LOC102552718 might play an essential role in MCT-induced
hepatotoxicity. Thus, we further explored its possible regulatory
role in the model established in this study. RT-PCR results
revealed that LOC102552718 was significantly downregulated
following treatment with MCT (Figure 7A). Pearson correlation
analysis was conducted to identify and quantify correlations
between LOC102552718 and differentially expressed genes
(Supplementary Table S3). Several variants of inositol 1,4,5-
trisphosphate receptor type 1 (Itpr1) were found to be correlated

with LOC102552718; of these, the Itpr1-X6 variant had the highest
correlation coefficient of 0.99, with a p-value of 0.0000007. Moreover,
GO and KEGG enrichment analysis was performed for each
differentially expressed gene co-expressed with LOC102552718
(Figures 7B, C); these analyses revealed that gap junction and
apoptosis were the most significantly enriched cellular processes,
with p-values of 0.00001 and 0.001, respectively, while the
Rap1 signaling and MAPK signaling pathways were enriched
within the category of environmental information processing (EIP),
with p-values of 0.00006 and 0.0004, respectively. Based on the
gene–transcription factor pairs provided by the Gene Transcription
Regulation Database (GTRD) (Yevshin et al., 2017), the differentially
expressed gene corresponding to each transcription factor (TF) was
calculated using the database for LOC102552718 and the
clusterProfiler software package (Figure 7D). This analysis
indicated that Jun proto-oncogene and the AP-1
transcription factor subunit (Jun) were highly correlated with
LOC102552718.

4 Discussion

Liver sinusoidal endothelial cells (LSECs) have been identified as
the first target of injury for some hepatotoxins, including MCT
(Caldwell-Kenkel et al., 1988; McKeown et al., 1988). This can be
observed clearly in the expression of Stab2, a gene related to LSECs
(Figure 2D); additionally, the depletion of glutathione represents the
main reason for this (DeLeve et al., 1999; Neuman et al., 2015). In the
present study, we constructed a dose-dependent curve to determine
the appropriate dose for the establishment of an HSOS model. This
was carried out via oral gavage of 40, 80, 160, and 240 mg/kg of MCT
in rats for 24 h. Based on the resulting HE images and liver enzymes
(Figure 1), 160 mg/kg MCT was selected as the recommended dose for
establishment of the HSOS model.

In this HSOSmodel, the levels of liver enzymes ALT and AST were
found to be elevated after 12 h MCT treatment; additionally, liver
inflammation and extravasation of red blood cells into the perivenular
spaces appeared in the liver tissue under histopathological
examination. Based on these results, hepatic sinusoidal obstruction
syndrome features were observed clearly after 48 h of MCT
administration. Loss of perivenular hepatocytes, damage to the
endothelial cells of the central venule, sinusoidal hemorrhage,
dilatation, and coagulative necrosis of the hepatocyte were observed
in HE images (DeLeve et al., 2003). Furthermore, immunoblotting
results for apoptotic proteins, in which cyt c, Bax, and cleaved caspase-
3 and -9 levels were increased, revealed that apoptosis was induced
upon treatment with MCT.

The roles played by lncRNAs in liver physiology and toxicity have
been identified in various types of research. Although multiple studies
have been performed to elucidate the pathogenesis of MCT-induced
HSOS, no studies have been conducted on lncRNAs and their role in
the pathogenesis, diagnosis, and treatment of MCT-induced
hepatotoxicity. In this study, 4,221 genes and 176 lncRNAs were
differentially expressed, and several biological pathways relating to
these and involved in early hepatotoxicity induced by MCT have been
described; additionally, the RT-PCR results showed an excellent
degree of concordance with the microarray results. Furthermore,
we have identified several lncRNAs that were altered during
application of the HSOS model.
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In order to explore these new insights into the biological and
cellular mechanisms involved in MCT-induced hepatotoxicity, GO
and KEGG analyses were conducted; according to the results, many
pathways were activated in this model, while others were inhibited.
Metabolic pathways were the most significantly downregulated
(p-value = 1.72E-11), with many related genes being downregulated
upon exposure to MCT, such as lipase, glutaminase-2, 4-hydroxy-2-
oxoglutarate aldolase (Hoga1), and inositol-tetrakisphosphate 1-
kinase (Itpk1). These changes in metabolic pathways may affect
mitochondrial functions (the TCA cycle and ATP production), lead

to an increase in the release of cyt c from the mitochondria, and
activate apoptotic cascades culminating in liver cell apoptosis.
Furthermore, apoptosis (p-value = 1.48E-06) and the TNFα
signaling pathways (p-value = 0.00143) were upregulated in the
monocrotaline treatment group.

Additionally, the calcium signaling and phosphatidylinositol
signaling pathways were altered significantly in early hepatotoxicity
(p-values = 0.000393 and 0.003046, respectively). Calcium is a crucial
secondary messenger that participates in many hepatic processes.
Consequently, changes in calcium signaling have been detected in

FIGURE 5
GO and KEGG pathway analyses of the biological functions of mRNAs co-expressed with differentially expressed lncRNAs. (A) GO enrichment for all
differentially expressed mRNAs. The Y-axis represents -log10 (p-value), with higher bars therefore representing smaller corresponding p-values. Colors
differentiate BPs, CCs, and MFs. (B,C) KEGG bubble charts for the top 30 pathways associated with downregulated and upregulated mRNAs, respectively. The
X-axis represents degree of enrichment, and the Y-axis represents the path of enrichment. The larger the bubble, the more genes fell into this pathway,
and the greener the color, the greater the significance of the enrichment. GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; BP,
biological process; CC, cellular component; MF, molecular function.
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mechanistically distinct liver injury conditions, and dysregulation of
calcium signaling is an indicator of both acute and chronic liver
diseases (Oliveira et al., 2015; Oliva-Vilarnau et al., 2018).

The extracellular matrix (ECM) provides physical protection and
structural support for cells; it also regulates the adhesion, migration,
differentiation, proliferation, and survival of cells (Cox and Erler,
2011). ECM production and function are altered with the development

of liver disease (Friedman et al., 2000). Hanumegowda et al. have
demonstrated that matrix metalloproteinases (MMPs) play a role in
the endothelium damage caused byMCT (Hanumegowda et al., 2003).
Generally, MMP-2, MMP-3, MMP-8, MMP-10, MMP-12, and MMP-
13, among other MMPs, are significantly upregulated during hepatic
IRI (Cursio et al., 2002; Hamada et al., 2008); MMP-8 appears to be
among the candidates for anti-fibrotic function, and overexpression of

FIGURE 6
Visualization of mRNA–lncRNA co-expression network. (A) Network of mRNA–lncRNA co-expression drawn using Cytoscape 3.7.2. (B) Cis-regulated
mRNA–lncRNA correlations. Number of asterisks indicates the level of significance: ***0 < p < 0.001; **0.001 < p < 0.01; *0.01 < p < 0.05. The left and right
Y-axes represent mRNAs and lncRNAs, respectively; the X-axis represents the distance between the mRNA and lncRNA, with negative values indicating
upstream distance and positive values downstream. Bars of the same color represent the same lncRNA. (C) Network diagram of mRNA–lncRNA trans
target interaction, also drawn using Cytoscape 3.7.2. Red nodes represent lncRNAs; green nodes represent genes.
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this has been found to correlate with enhanced hepatocyte
proliferation and a reduction in liver fibrosis (Iimuro et al., 2003;
Harty et al., 2005; Endo et al., 2011). MMP-19 has also been found to
be associated with hepatic fibrosis, and deficiency inMMP-19 has been
shown to be associated with impaired TGF-β signaling and reduced
liver fibrosis in the CCl4 murine model (Jirouskova et al., 2012).

In this study, matrix metallopeptidase-8 (MMP-8) was
upregulated 3-fold in the MCT treatment group (p-value =
0.001624). Moreover, it was co-expressed with LOC102554284
(nucleolar protein 56-like), with a correlation coefficient of
0.999,026 (p-value = 0.00000146). Based on the above studies and
information, LOC102554284 could represent a novel regulator for

FIGURE 7
Hypothesized function of LOC102552718 in hepatotoxicity induced by MCT. (A) Relative expression of Itpr1, Itpr2, and LOC102552718 in control and
MCT-treated liver tissue. Data are presented in the form mean ± SD. n = 6 rats per time point. (B) Bubble chart of the top 20 enriched transcription factors
associated with LOC102552718. The X-axis represents enrichment score. The larger the bubble, the higher the number of differentially expressed genes
encoding the protein. Bubble color indicates the p-value for enrichment: the smaller the p-value (i.e., the greater the significance), the further the color
along the scale from purple to blue to green to red. (C) Top 10 GO enrichment scores for LOC102552718. The Y-axis represents -log10 (p-value); the longer
the bar, the smaller the corresponding p-value. (D) Top 10 KEGG enrichment results for differentially expressed genes co-expressed with LOC102552718,
highlighting the top 10 entries with the smallest p-values for several KEGG primary classifications (Cellular Processes, Environmental Information Processing,
Genetic Information Processing, Human Diseases, Metabolism, and Organismal Systems). The X-axis represents enrichment score. The larger the bubble, the
higher the number of differentially expressed genes. Bubble color ranges from gray to red as the p-value representing enrichment decreases (i.e., as
significance level increases). *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001 in comparisons of the MCT-treated group against the control group. Colors differentiate BPs,
CCs, and MFs. BP, biological process; CC, cellular component; MF, molecular function.

Frontiers in Genetics frontiersin.org11

Ismail et al. 10.3389/fgene.2023.1041266

https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2023.1041266


MMP-8 and a target to enhance liver cell proliferation; however,
further experiments would be required to confirm this hypothesis.

The functional roles of individual lncRNAs and their downstream
causal implications for responses to MCT-induced hepatotoxicity
have been examined here using lncRNA–mRNA co-expression
analysis, which has provided a basis for future hypothesis-driven
experimental studies. LOC102552718 was one of the most
downregulated lncRNAs following MCT treatment.
LOC102552718 is an uncharacterized lncRNA that was found to be
heavily enriched here, and it exhibits high liver specificity relative to
other organs (Yu et al., 2014). Moreover, co-expression analysis
indicated a significant correlation of LOC102552718 with Itpr1 in a
trans pattern (Table 2), and Itpr1 and Itpr2 were significantly
downregulated in the MCT treatment group according to the
microarray and RT-PCR results (Itpr1: fold change = −3.52875,
p-value = 0.001393; Itpr2: fold change = −11.0638, p-value =
0.008441).

Inositol 1,4,5-trisphosphate receptors are intracellular calcium
channels that are activated by IP3 to release Ca2+ from intracellular
stores, as well as modulating Ca2+ levels (Ivanova et al., 2014). In
hepatocytes, the principal intracellular calcium release channel is the
Ca2+ signaling that results from the activation of Itpr1 and Itpr2
(Khamphaya et al., 2018). Itpr1 plays an essential role in cell
proliferation and liver regeneration (Rodrigues et al., 2007); it also
regulates liver cell apoptosis (Hanson et al., 2004; Guerra et al., 2011).

Various feedback mechanisms have been proposed, which allow Itpr
to play a role in amplifying or inhibiting the calcium-dependent
apoptotic pathways (Joseph and Hajnóczky, 2007; Rezuchova et al.,
2019). For instance, during apoptosis, caspase-3 binds with Itpr1 and
cleaves it, leading to suppression of IP3-induced Ca2+ release and
potentially interfering with the IP3/Ca2+ signaling pathway and
intracellular Ca2+ homeostasis within cells undergoing apoptosis.
Moreover, Itpr1 knockout impairs mitochondrial calcium signaling
and reduces hepatic triglycerides and lipid droplet formation (Feriod
et al., 2017); inhibiting Itpr1 will abrupt these Ca2+ signals, thereby
weakening mitochondrial functions and lowering ATP production,
causing an increase in AMP/ATP ratio, and consequently activating
autophagy via AMP-activated protein kinase (AMPK) (Kania et al.,
2017). Based on the above results, LOC102552718 might play a role in
controlling Itpr1 expression in hepatotoxicity induced by MCT
(Figure 8). In particular, the microarray results indicated that
inositol-tetrakisphosphate 1-kinase (Itpk1) was downregulated, with
3-fold change (p-value = 0.0067), upon exposure toMCT at 160 mg/kg
for 12 h. In addition, it was co-expressed with LOC102555010 in a
trans pattern and with LOC102548189 in a cis pattern.

LOC102548189 (XR_001838555.1) was downregulated 6-fold
(p-value = 0.0057). It was correlated with Itpk1 in a cis manner,
with a correlation coefficient of 0.98. As shown in Figure 9A, RT-
PCR for LOC102548189 confirmed the microarray results, in which
its level decreased from 12 h MCT treatment onward and remained

FIGURE 8
Hypothesized role of LOC102552718 with Itpr1 in hepatotoxicity induced by monocrotaline.
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significantly reduced even at 48 h MCT (HSOS). Based on the
functional analysis, one of the topmost enriched pathways
corresponding to the mRNAs correlated with LOC102548189 was
the phosphatidylinositol 3-kinas/protein kinase (PI3/AKT) pathway.
There is evidence that the PI3K/AKT pathway plays a role in the
regulation of cell proliferation, the cell cycle, and apoptosis (Rodon
et al., 2013). Activation of the PI3K/AKT signaling pathway may
regulate antioxidant stress, apoptosis, autophagy, and inflammation

via downstream related targeted pathways and proteins (Wang et al.,
2021). The PI3K/AKT signaling pathway is also activated as a
compensatory response to changes in ROS level during liver
injury (Ke et al., 2013; Li et al., 2018). In conclusion,
LOC102548189 may represent a target for regulation of the PI3K/
AKT pathway, thereby helping in the treatment of liver injury
induced by MCT; however, further experiments should be carried
out to confirm this.

FIGURE 9
Analysis of LOC102548189 functions in MCT-treated rats. (A) Relative expression of LOC102548189 in control and MCT-treated liver tissues (after 12 h
and 48 h). Data are presented in the form mean ± SD. n = 6 rats per time point. (B) Bubble chart of the top 20 enriched transcription factors associated with
LOC102548189. (C) Top 10 GO enrichment scores for LOC102548189. (D) Top 10 KEGG enrichment results for differentially expressed genes co-expressed
with LOC102548189. As the p-value corresponding to enrichment decreases, the significance level of the enrichment increases. *p ≤ 0.05; **p ≤ 0.01;
***p ≤ 0.001 in comparisons of the MCT-treated group against the control group. Colors differentiate BPs, CCs, and MFs. BP, biological process; CC, cellular
component; MF, molecular function.
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This study provides a foundation for future experiments; the
implementation of such future experiments is strongly
recommended in order to prove the mechanism proposed here and
to determine whether there is translatability from animals to humans,
where the lncRNA highlighted here might function as a biomarker for
early diagnosis of HSOS caused by monocrotaline.

5 Conclusion

In this study, a molecular investigation using microarray and RT-
PCR analysis revealed that many essential genes and lncRNAs are
altered during MCT-induced hepatotoxicity, especially in early liver
injury and HSOS. Although LOC102552718 showed promise as
potentially having a regulatory function with Itpr1 in hepatotoxicity,
further experiments are recommended to determine the exact
mechanisms and biological action of LOC102552718 in this model.
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