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Background: Methamphetamine use has become a serious global public health problem and puts 
increasing burdens on healthcare services. Abdominal complications caused by methamphetamine use 
are uncommon and often go ignored by clinicians. The exact intestinal pathological alterations and 
transcriptomic responses associated with methamphetamine use are not well understood. This study sought 
to investigate the transcriptome in a methamphetamine-induced mouse model of inflammatory bowel disease 
(IBD) using next-generation RNA sequencing.
Methods: Tissues from the ileum of methamphetamine-treated mice (n=5) and control mice (n=5) were 
dissected, processed and applied to RNA-sequencing. Bioinformatics and histopathological analysis were 
then performed. The expression profiles of intestinal tissue samples were analyzed and their expression 
profiles were integrated to obtain the differentially expressed genes and analyzed using bioinformatics. Gene 
Ontology and Kyoto Encyclopedia of Genes and Genomes pathway enrichment analyses of the differentially 
expressed genes were performed using Metascape.
Results: A total of 326 differentially expressed genes were identified; of these genes, 120 were upregulated 
and 206 were downregulated. The Gene Ontology analysis showed that the biological processes of the 
differentially expressed genes were focused primarily on the regulation of cellular catabolic processes, 
endocytosis, and autophagy. The main cellular components included the endoplasmic and endocytic vesicles, 
cytoskeleton, adherens junctions, focal adhesions, cell body, and lysosomes. Molecular functions included 
protein transferase, GTPase and proteinase activities, actin-binding, and protein-lipid complex binding. 
The Kyoto Encyclopedia of Genes and Genomes pathway analysis showed that the differentially expressed 
genes were mainly involved in bacterial invasion of epithelial cells, protein processing in the endoplasmic 
reticulum, regulation of the actin cytoskeleton, and T-cell receptor signaling pathways. A set of overlapping 
genes between IBD and methamphetamine-treated intestinal tissues was discovered.
Conclusions: The present study is the first to analyze intestinal samples from methamphetamine-treated 
mice using high-throughput RNA sequencing. This study revealed key molecules that might be involved in 
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Introduction

Methamphetamine abuse has become a serious global 
public health concern. In 2018, over 1.9 million people 
aged 12 years and above used methamphetamine in the 
United States, which equates to about 0.7% of the country’s 
population (1,2). The China: 2019 Drug Situation Report 
reported methamphetamine to be the most widely used 
drug in China, with 1.186 million users.

The production and use of methamphetamine create 
the perfect conditions for adverse medical and social 
complications (3). Methamphetamine use results in 
significant damage to almost all systems in the human body, 
including the neurologic, cardiac, pulmonary, and dental 
systems (3). This damage triggers a series of hyper-acute, 
acute, and chronic complications, including the release 
of the neurotransmitters dopamine, norepinephrine, and 
serotonin, as well as activation of the cardiovascular and 
central nervous systems, vasoconstriction, pulmonary 
hypertension, atherosclerotic plaque formation, cardiac 
arrhythmias, and cardiomyopathy (4-6). As a result, the 
user’s immune system is significantly impacted, rendering 
the body susceptible to infections and exacerbating the 
severity of disease (7). Methamphetamine use is also 
associated with adverse psychological effects, such as 
euphoria, paranoia, agitation, mood disturbances, anxiety, 
psychosis, depression, delusions, and violent behavior (3,8).

The release of dopamine and other neurotransmitters 
induced by methamphetamine can also have multiple 
harmful effects on the gastrointestinal system. However, 
abdominal complications due to methamphetamine 
use are uncommon and often ignored by clinicians (9); 
consequently, the resulting gastrointestinal pathology 
has rarely been reported. Although some cases of 
life-threatening abdominal complications caused by 
methamphetamine-induced mesenteric ischemia have been 
described previously (3,9,10), systematically organized 
domestic studies are lacking. A previous study (11) reported 
that gut dysbiosis impaired the intestinal barrier and 

impaired innate immune function in methamphetamine-
dependent rats, leading to inflammation and infection. 
Another cellular study found that methamphetamine 
can cause NLRP3 inflammasome overexpression and 
severe intestinal inflammatory injury (12). Furthermore, 
inhibiting the expression of microRNA (miRNA) 181c, 
which directly targets and regulates tumor necrosis factor-α, 
has been shown to induce intestinal epithelial apoptosis, 
causing damage to the intestinal barrier (13). However, the 
mechanism of methamphetamine use impairs the immune 
function and the intestinal barrier remains unclear.

To better understand the integrated mechanism of 
immune function and intestinal barrier, we established a 
mouse model to evaluate the effects of methamphetamine 
use on pathological alterations and transcriptomic responses 
in the gastrointestinal system, and demonstrated that 
methamphetamine causes a specific type of inflammatory 
bowel disease (IBD). The results of this study provide a 
greater understanding of the molecular mechanisms in 
response to methamphetamine use in mice.

We present the following article in accordance with the 
ARRIVE reporting checklist (available at http://dx.doi.
org/10.21037/atm-20-7741).

Methods

Animals and drugs

Experiments were performed under a project license 
(2018NS0083)  granted by Animal  Care  and Use 
Committee of Kunming Medical University, in compliance 
with the National guidelines for the care and use of 
animals. Ten male specific-pathogen-free C57BL/6 mice  
(8-week, weight, 23.56–25.49 g) were supplied by the Jingda 
Laboratory Animal Co., Ltd. (cat. no. 1107271911003159). 
The mice were housed in ventilated cages with 5 animals 
per cage and given ad libitum access to rodent chow and 
water. All experiments were conducted during the light 
period (between 07:00 a.m. and 07:00 p.m.)
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The mice were divided into two groups and were 
randomly allocated to receive either methamphetamine 
(treatment group, n=5) or saline vehicle solution (0.9% 
sodium chloride;  control group, n=5).  Treatment 
commenced when the mice reached 6 months old. The 
treatments were administered in the mouse housing room 
via intraperitoneal injection following an escalating dosing 
regimen to mimic patterns of drug abuse in humans 
(Figure 1A). During the first week of treatment, mice in the 
treatment group were injected once daily  with 2.5 mg/kg  
of methamphetamine in the morning (between 8 and  
10 a.m.). During the second week of treatment, the mice 
were injected twice daily with 5 mg/kg methamphetamine 
in the morning (between 8 to 10 a.m) and afternoon. 
In the third week of treatment, the mice were injected 
twice daily (Monday through Friday) with 10 mg/kg 
methamphetamine. For all 3 weeks, the control group was 
administered saline vehicle injections at the same frequency 
as the methamphetamine treatments. After the experiment, 
the mice were anesthetized and euthanized.

Tissue collection, histopathological analysis, and total RNA 
isolation

All intestinal tissues were harvested from the mice at 9:00 AM. 
The tissue samples were collected according to a standard 
protocol, and histopathological analysis was performed as 
described previously (14,15). The ileum was fixed in 10% 
buffered formalin for 24 hours, embedded in paraffin, and 
stored at 4 ℃. The tissue blocks were then serially cut into 
4-µm sections and mounted on glass slides. Hematoxylin and 
eosin (HE) staining was performed to examine the ileum for 
histopathological abnormalities, and the results were evaluated 
by a histopathologist (15). Immunohistochemical staining 
was performed using the standard method. Anti-ZO1 (cat.
no.ab96587; 1:500) and anti-claudin 1 (cat.no.ab15098; 1:500) 
antibodies were purchased from Abcam.

Total RNA was isolated from the tissues using RNA-
Bee reagent following the manufacturer’s protocol. The 
RNA purity was examined using a NanoPhotometer® 
spectrophotometer (IMPLEN, CA, USA). Then, the total 
RNA concentration in each sample was measured with the 
Qubit® RNA assay for the Qubit®2.0 Fluorometer (Life 
Technologies, CA, USA). After that, the integrity of the 
RNA was assessed using the RNA Nano 6000 Assay Kit 
with the Bioanalyzer 2100 system (Agilent Technologies, 
CA, USA). Samples with RNA integrity numbers <7.0 were 
excluded from subsequent experiments.

cDNA library preparation and sequencing

Sequencing libraries were generated using the NEB 
Next® UltraTM RNA Library Prep Kit for Illumina® 
(NEB#E7530, USA), following the manufacturer’s 
recommendations. Messenger RNA (mRNA) was purified 
using poly-T oligo-attached magnetic beads and then 
fragmented with divalent cations in reaction systems [NEB 
Next First Strand Synthesis Reaction Buffer (5X)] under 
elevated temperatures. Synthesis of first-strand cDNA 
was performed using the random hexamer primers with 
M-MuLV Reverse Transcriptase (RNase H), followed by 
second-strand cDNA synthesis (DNA Polymerase I and 
RNase H). The remaining overhangs were converted 
into blunt ends (exonuclease/polymerase). The NEB 
Next Adaptor, which has a hairpin loop structure, was 
ligated to the 3' ends of the DNA fragments. The library 
fragments were purified using the AMPure XP system 
(Beckman Coulter, Beverly, USA), and cDNA fragments of  
250–300-bp in length were selected. Next, 3 µL of USER 
Enzyme (NEB) was incubated with size-selected, adaptor-
ligated cDNA [37 ℃ for 15 minutes followed by 5 minutes 
at 95 ℃ before polymerase chain reaction (PCR)] with 
Phusion High-Fidelity DNA polymerase, universal PCR 
primers, and Index (X) Primer. At last, the products were 
purified and assessed using the AMPure XP and Agilent 
Bioanalyzer 2100 systems. The index-coded samples 
were clustered with the cBot Cluster Generation System 
using a TruSeq PE Cluster Kit v3-cBot-HS (Illumina), 
and then sequenced on an Illumina HiSeq platform, with 
125-bp/150-bp paired-end reads.

Validation of the RNA sequencing profiles by quantitative 
PCR (qPCR)

To validate the DEGs identified through RNA sequencing 
(RNA-seq) ,  7  genes  with di f ferent ia l  express ion 
patterns were selected for qPCR using the same RNA 
samples used for transcriptome profiling. The mouse 
CDC73 gene was used as an internal control. Gene-
specific qPCR primers were designed using Primer 
Premier 5.0 software (Table S1), and the efficiency was 
evaluated with an amplification plot and a melting curve. 
Reverse transcription of total RNA into cDNA (1 µg) 
was performed using a PrimeScript™ RT reagent kit, 
following the manufacturer’s protocol. Finally, real-time 
qPCR was conducted using an SYBR® Premix Ex Taq™ II 
kit and a LightCycler 480 system.

https://cdn.amegroups.cn/static/public/ATM-20-7741-Supplementary.pdf
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Statistical analysis

Raw data (raw reads, “fastq” format) were processed through 
in-house Perl scripts. The percentages of duplicates, total 
sequences, and GC content of the clean data (removing 
reads containing adapters, reads containing ploy-N, and 
low-quality reads from the raw data) were calculated  
(Table 1). All the following analyses were performed on 
high-quality, clean data.

Hisat 2v2.0.5 was used to align paired-end clean reads to 
the reference genome. The read numbers mapped to each 
gene were counted using FeatureCounts v1.5.0-p3. The 
number of fragments per kilobase of transcript sequence 
per million (FPKM) of base pairs sequenced was calculated 
based on the gene length and the read counts mapped to 
this gene; currently, this is the most popular method for 
estimating gene expression levels.

Differentially expressed genes (DEGs) between the 
control and methamphetamine-treated groups were 
identified. Differential expression analysis of the groups 
was performed using the DESeq2 R package (1.16.1). 
The resulting P values were adjusted using the Benjamini-

Hochberg method. Genes with an adjusted P value <0.01 
and |log2 fold-change| >2 were considered to be DEGs. 
The DEGs were visualized with TBtools (16). The web 
tool Metascape (http://metascape.org) (17-23) was used to 
perform functional enrichment analysis of the DEGs.

Results

Methamphetamine-treated intestinal damage mice model

Ten ileum samples, one from each of the mice (Figure 1A), 
were collected for HE and immunohistochemical 
staining. Intestinal epithelial damage (14), intestinal 
barrier permeability (24), and the inflammation scores 
were assessed. The methamphetamine-treated mice 
displayed epithelial ulceration, and the epithelial damage 
was more pronounced than that of the control mice 
(Figure 1B,C). The intestinal barrier permeability of the 
methamphetamine-treated mice was also significantly 
decreased. The expression of the tight junction proteins 
ZO-1 and claudin-1 was significantly decreased in the 
methamphetamine-treated mice (Figure 2).

Figure 1 Methamphetamine-treated intestinal damage mouse model. (A) Protocol for establishing the methamphetamine-induced mouse 
model; (B) methamphetamine damage to the small intestine; (C) epithelial damage score. (Wilcoxon rank test, *, P<0.05), Con: control 
group; Meth: Methamphetamine-treated group. Scale bar =50 µm.
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The identification and characterization of DEGs in the 
methamphetamine-treated mouse model

Ten ileum samples from the control and methamphetamine-
treated mice were sequenced as described. After the removal 
of low-quality reads and reads containing adapters or 
ploy-N, 510554764 clean reads were obtained (Table 1).

The principal component analysis (PCA) showed that 
the global transcriptome between the two groups were 
significantly different (Figure 3A). In the methamphetamine 
group, 322 differentiated expressed genes (|log2 fold-
change| >2 and adjusted P value <0.01) were identified, 
including 119 upregulated genes and 203 downregulated 
genes (Figure 3B). The gene expression patterns of both the 
methamphetamine-treated and control mice were mainly 
clustered and showed distinct patterns (Figure 3C).

Next, Gene Ontology (GO) enrichment analysis of 
the DEGs was conducted; 418 GO terms were identified, 
including 292 biological processes, 74 cellular components, 
and 53 molecular functions. Of these terms, “cellular 
protein catabolic process” (GO:0044257), “IRE1-mediated 
unfolded protein response” (GO:0036498), and “response 
to incorrect protein” (GO:0035966) were the most enriched 
terms for biological processes. The most enriched terms 
for cellular components were “lysosome” (GO:0005764), 
“lytic vacuole” (GO:0000323), and “vacuolar membrane” 
(GO:0005774), while the most enriched terms for molecular 
functions included “ubiquitin-like protein transferase 
activity” (GO:0019787), “ubiquitin-protein ligase activity” 
(GO:0061630), and “ubiquitin-protein transferase activity” 
(GO:0004842) (Figure 4A).

DEGs can be used to study genetic fingerprints and to 
select treatments; therefore, we further conducted Kyoto 
Encyclopedia of Genes and Genomes (KEGG) pathway 
enrichment analysis. Using a cutoff of P<0.05, the DEGs 
in the methamphetamine-treated mice were found to 
be significantly correlated with 29 KEGG pathways. 
According to the KEGG pathway annotation analysis 
(Table S2, Figure 4B), the DEGs from the comparison 
between methamphetamine-treated mice and controls were 
significantly correlated with immune processes, vascular 
smooth muscle, glutamatergic and dopaminergic synapses, 
protein processing, and type II diabetes mellitus, indicating 
that these processes show differential activity in response 
to methamphetamine use. These results suggested that the 
ileum tissue of the methamphetamine-treated mice displayed 
substantial more DEGs with dramatic mRNA expression 
changes compared with that of the control group.

The enrichment analysis of the DEGs

All statistically enriched terms in the GO and KEGG 
analyses were filtered with accumulative hypergeometric P 
values and enrichment factors, and the remaining significant 
terms with similarities >0.3 (Kappa-test score) were clustered 
into a tree (17). The network was visualized with Cytoscape 
(v3.1.2) with a “force-directed” layout and with the edge 
bundled for clarity. The term with the lowest P value in 
each cluster was selected, and its term description is shown 
as a label (Figure 5). The following 20 clusters were selected: 
regulation of cellular catabolic process (GO:0031329), 
cellular protein catabolic process (GO:0044257), vesicle-

Table 1 Quality of the sequencing data

Sample Duplicates (%) GC content (%) Total sequences

Meth-1 83.52720737 43 47487070

Meth-2 80.66253618 45 54404054

Meth-3 85.30245358 46 42477264

Meth-4 79.89263769 44 39291162

Meth-5 88.19538865 43 46419596

N-1 64.46656187 49 64968278

N-2 65.07413044 49 58394716

N-3 63.48395538 49 53561904

N-4 61.92293269 50 54444518

N-5 63.11945427 49 49106202
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mediated transport (R-MMU-5653656), response to metal 
ion (GO:0010038), vacuole (GO:0005773), autophagosome 
maturation (GO:0097352), low-density lipoprotein 
particle binding (GO:0030169), cell body (GO:0044297), 
calcineurin activates nuclear factor of activated T cells 
(NFAT, R-MMU-2025928), bacterial invasion of epithelial 
cells (mmu05100), response to anesthetic (GO:0072347), 
autophagy (GO:0006914), regulation of cellular protein 
catabolic process (GO:1903362), circadian rhythm 
(GO:0007623), endoplasmic reticulum (ER)-localized 
multiprotein complex, in absence of Ig heavy chains 
(CORUM:414), regulation of cellular carbohydrate 
metabolic process (GO:0010675), optic nerve development 
(GO:0021554), calcium-dependent protein binding 
(GO:0048306), protein quality control for misfolded or 
incompletely synthesized proteins (GO:0006515), and 
histone deacetylation (GO:0016575).

Validation of the DEGs

To verify the expression profiles of DEGs identified through 
RNA-seq, 7 genes were randomly selected for qPCR 
analysis. The results showed that the abundance patterns of 
the selected DEGs mRNA were generally similar (Figure 6).

Discussion

This study is the first to use RNA sequencing to document 
high-resolution gene expression in intestinal tissues from 
methamphetamine-treated mice. Previous studies of 
methamphetamine-treated intestinal tissues concentrated 
primarily on the mechanisms involved in amphetamine 
transport and efflux (25). A handful of recent studies 
reported that the administration of methamphetamine 
causes gut dysbiosis and activates proinflammatory 
factors in the epithelium (11-13). Alternatively, release 
of dopamine and other neurotransmitters induced by 
methamphetamine can also have multiple harmful effects 
on the gastrointestinal system. Case reports have also 
indicated that methamphetamine induces ischemic colitis 
through exerting a vasoconstrictive effect (26). However, no 
transcriptomic study had previously been conducted, and 
the gene expression patterns in methamphetamine-treated 
intestinal tissues was unclear. Therefore, we investigated 
the transcriptomic changes in the intestinal tissue of mice 
treated with methamphetamine.

Methamphetamine is considered to be a neurotoxin drug, 
and as it is mostly taken orally (27), the gastrointestinal 
tissue is the first tissue to be affected. Case reports have 

Figure 2 Methamphetamine downregulates the tight junction proteins Claudin-1 and ZO-1. Scale bar =50 µm.
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Figure 3 Identification of differentially expressed genes (DEGs) in a methamphetamine-treated mouse model. (A,B) Principal component 
analysis (PCA) plot and volcano diagram of the DEGs in the intestine of methamphetamine-treated mice. (A) PCA plot. (B) Volcano 
plot: the x-axis and y-axis indicate the log2 fold-change and -log10 P value, each dot represents a specific gene. The red dots represent 
significantly upregulated genes (n=119); the blue dots represent downregulated genes (n=203), and the grey dots represent genes without 
statistically significant differential expression. Con: control group; Meth: methamphetamine-treated group. (C) The expression pattern 
cluster diagram of the DEGs in the intestinal tissue of methamphetamine-treated mice. The x-axis and y-axis indicate the samples and genes, 
respectively.
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confirmed that methamphetamine has detrimental 
effects on the digestive system; however, no systematic 
experiments have verified whether methamphetamine 
induces intestinal dysfunction. In this study, a mouse 
model was used to comprehensively and quantitatively 
assess the small intestinal tissue of mice after treatment 

with methamphetamine. Histopathology revealed that 
methamphetamine treatment resulted in inflammatory 
infiltration and epithelial damage. Further, DEGs 
related to the immune system were identified from the 
tissue samples, and function enrichment analysis showed 
these genes to be involved in many biological processes. 

Figure 4 Characterization of differentially expressed genes (DEGs) in a methamphetamine-treated mouse model. (A) The top 10 enriched 
GO terms for the DEGs. (B) Significantly enriched pathways of the DEGs in the intestinal tissue of the methamphetamine-treated mice.
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A previous animal model (7) also revealed increased 
permeability and endotoxins, and indicated epithelial 
ulceration after inducing inflammation in mice. Both the 
permeability of and endotoxins in the intestinal tissue 
of methamphetamine-treated mice were preceded by 
histological evidence of inflammation in the ileum colon 
junction. Another study reported that methamphetamine 
caused intestinal barrier lesions in a monolayer cell 
model and in methamphetamine-dependent people with 
inflammatory cytokine tumor necrosis factor-α release (13). 
A previous study (12) reported that methamphetamine 
administration can lead to severe intestinal inflammatory 
injury via NLRP3 inflammasome overexpression. A rhesus 
macaque model of chronic methamphetamine abuse (28) 
showed that methamphetamine enhanced the expression of 
genes associated with chemokines and chemokine receptors, 
promoting the apoptotic and proinflammatory pathways in 
immune cells in the brain. Conversely, another study (29) 
reported that methamphetamine inhibits mast cell activation 
and lipopolysaccharide-induced cytokine/chemokine 

production in C57BL/6J mice, and clinical studies (8,30) 
have also revealed that methamphetamine has a negative 
impact on the immune response. These conclusions suggest 
that methamphetamine significantly affects the immune 
system via a complex regulatory network.

Methamphetamine may cause a special type of IBD

In this study, RNA-seq analysis yielded 322 DEGs, 
including 119 that were downregulated and 203 that 
were upregulated, which shows that methamphetamine 
significantly affected the intestinal transcriptome of the 
mice. To further characterize the gene expression data from 
the RNA-seq, we found that the DEGs were known to be 
associated with IBD. To date, approximately 240 single 
nucleotide polymorphisms (SNPs) have been found to be 
associated with IBD through genome-wide association 
study (GWAS) (31-35). Among the DEGs in this study, 
G protein-coupled receptor 137 (Gpr137), MOB family 
member 4, protein (Mob4), MUS81 structure-specific 

Figure 5 The network of enriched terms of the enrichment analysis of DEGs. Each term is represented by a circular node, where the size is 
proportional to the number of genes that fall into that term, and the color represents its cluster identity. Terms with a similarity score >0.3 
are linked by an edge (the thickness of the edge represents the similarity score). DEG, differentially expressed gene.
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endonuclease subunit (Mus81), ash1 (absent, small, or 
homeotic)-like (Ash1l), chemokine (C-C motif) receptor 
5 (Ccr5), decapping exoribonuclease (Dxo), glutathione 
peroxidase 4 (Gpx4), guanine nucleotide-binding protein 
(G protein), beta 2 (Gnb2), leucyl/cysteinyl aminopeptidase 
(Lnpep), mutS homolog 5 (Msh5), peptidase (mitochondrial 
processing) alpha (Pmpca), pyruvate kinase liver and red 
blood cell (Pklr), ras homolog family member A (Rhoa), ring 
finger protein 5 (Rnf5), stromal cell-derived factor 2-like 
1 (Sdf2l1), Ski2 like RNA helicase (Skiv2l), and ubiquitin-
specific peptidase 4 (Usp4) were located near SNPs that 
are strongly associated with IBD. In the tissues of the 
methamphetamine-treated mice, the gene expressions of 
Gpx4, Msh5, Mus81, Dxo, Gpr137, Usp4, Gnb2, Mob4, and 
Skiv2l were upregulated, and Rnf5, Rhoa, Ash1l, Ccr5, Pmpca, 
Pklr, Sdf2l1, and Lnpep were downregulated (Figure 7).

In this study, the pathology and transcriptome results 
suggest that methamphetamine may result in a special type 
of IBD. However, in this study, no further experiments were 

conducted and additional studies are needed to investigate 
this possibility. Furthermore, the human intestine is 
complex and comprises many different cell types, including 
intestinal and inflammatory cells. The “canonical” RNA-seq 
analyses performed in this study have notable limitations, 
and single-cell RNA-seq experiments are needed to confirm 
and expand our findings.

Methamphetamine downregulates the tight junction 
proteins by regulating autophagy and cellular catabolic 
processes

Increased intestinal permeability and intestinal mucosal 
barrier damage are major characteristics of IBD (36). The 
mucosal barrier is an important part of innate immunity, 
and the intestinal barrier plays a significant role in 
protecting the intestines from pathogenic infection (37,38). 
The intestinal mechanical barrier is formed by intestinal 
epithelial cells through a complex interaction with tight 

Figure 6 Quantitative PCR verification of the DEGs in the intestinal tissue of methamphetamine-treated mice. The y-axis indicates the fold 
change of genes. DEG, differentially expressed gene.
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junction proteins, which defend the lumen from microbes, 
toxins, and molecules (39-41). Claudin 1, which is mainly 
localized in intestinal epithelial cells, regulates paracellular 
diffusion, and seals the epithelial monolayer along with 
adapter and scaffolding protein (42). The reduction of 
Zonula occludes 1 (ZO1) expression disintegrates tight 
junctions causing the breakdown of the barrier, which is 
composed of scaffolding proteins that bind and anchor 
claudin proteins to form a seal to regulate paracellular 
diffusion (43).

In this study, pathways such as “bacterial invasion 
epithelial cells (mmu05100)” were clustered, which 
suggests that gut microbiota dysbiosis is associated 
with methamphetamine-induced intestinal dysfunction. 
Notably, the related genes RhoA, Vcl, Arpc1a, Arpc4, 

Myh9, Pik3ca, and Ssh2 are shown to be associated 
with focal adhesion and actin stabilization. A previous 
study (7) also reported that methamphetamine reduced 
claudin-1 and ZO-1 immunofluorescence in rats. Actin 
cytoskeleton rearrangement and membrane remodeling 
is a significant process of reduction or morphological 
redistribution in sealing tight junction proteins (44). It 
leads to intestinal hyperpermeability, in which contents 
normally restricted to the lumen may translocate into the 
lamina propria and circulatory system to promote systemic  
inflammation (45,46).

Actin cytoskeleton remodeling is also crucial for 
the maturation of nascent phagosomes, which involves 
lysosome fusion and the digestion of engulfed materials 
in phagosomes. In this study, GO biological processes, 
such as “autophagy (GO:0006914)” and “autophagosome 
maturation (GO:0097352)”, GO cellular components, such 
as “vacuole (GO:0005773)”, and the Reactome Pathways 
gene set “Vesicle-mediated transport (R-MMU-5653656)” 
were clustered. The cellular processes “regulation of 
cellular catabolic process (GO:0031329)”, “cellular protein 
catabolic process (GO:0044257)”, “regulation of cellular 
protein catabolic process (GO:1903362)”, and “protein 
quality control for misfolded or incompletely synthesized 
proteins (GO:0006515)” were also clustered. These 
findings suggest that methamphetamine might participate 
in the regulation of autophagy and protein catabolic 
processes. However further experiments are needed for 
verification.

Methamphetamine use impairs mesenteric vasodilator 
function

Methamphetamine can have adverse and potentially fatal 
effects on arteries and blood vessels; these include elevated 
blood pressure, acute vasospasm, and atherosclerotic 
cardiovascular disease (4-6). Methamphetamine may lead 
to cardiovascular complications through catecholamine 
toxicity, due to its high-affinity interactions with binding 
sites on the dopamine, norepinephrine, and serotonin 
receptors (47). Several clinical and postmortem studies 
have reported an association between amphetamine 
use and cardiovascular disease (4-6,48,49), and several 
clinical case reports (9,10,26,50,51) have reported that 
methamphetamine use may be a cause of nonobstructive 
i n t e s t i n a l  i s c h e m i a .  O n e  s t u d y  r e p o r t e d  t h a t 
methamphetamine use may be associated with significant 
microvascular compromise, which increases the risk of 

Figure 7 Expression pattern cluster diagram of the IBD-related 
DEGs in methamphetamine-treated mice. The x-axis and y-axis 
indicate the samples and genes. Colors represent gene expression 
and range from green (lower expression) to red (higher expression) 
corresponding to log10 FPKM values. Con: control group; Meth: 
methamphetamine-treated group. IBD, inflammatory bowel 
disease; DEG, differentially expressed gene.
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mesenteric ischemia (50); however, the mechanisms of 
these pathological responses in the intestinal tissue of 
methamphetamine users are still largely unknown (4). In 
this study, enrichment analysis revealed that the DEGs 
were predominantly enriched in pathways associated 
with the hormone and cardiovascular systems, including 
adrenergic signaling in cardiomyocytes (mmu04261), 
renin secretion (mmu04924), cardiac muscle contraction 
(mmu04260),  aldosterone synthesis and secretion 
(mmu04925), and vascular smooth muscle contraction 
(mmu04270). Furthermore, the “calcineurin activates 
nuclear factor of activated T cells (NFAT)” pathway was 
clustered, which plays a crucial role in cardiovascular and 
skeletal muscle development in vertebrates (52). To some 
extent, these findings verify the previous conjecture that 
methamphetamine causes intestinal vascular vasospasm, 
vasoconstriction, ischemia, with chronic methamphetamine 
resulting in impaired mesenteric vasodilator function.

The other DEG-enriched pathways were associated 
with amphetamine addiction (mmu05031), glutamatergic 
synapses (mmu04724), long-term potentiation (mmu04720), 
dopaminergic synapses (mmu04728), nervous system 
diseases such as Alzheimer’s disease (mmu05010) and 
amyotrophic lateral sclerosis (mmu05014), type II diabetes 
mellitus (mmu04930), the insulin signaling pathway 
(mmu04910), protein processing in the endoplasmic 
reticulum (mmu04141), ubiquitin-mediated proteolysis 
(mmu04120), oocyte meiosis (mmu04114), the hedgehog 
signaling pathway (mmu04340), N-glycan biosynthesis 
(mmu00510), and inflammatory mediator regulation of 
transient receptor potential (TRP) channels (mmu04750). 
A previous study reported that amphetamine-regulated 
transcription in the central nervous system modulates 
behavioral motor function via a central corticotropin-
releasing factor receptor-dependent mechanism and 
peripheral cholinergic pathways (53). These results suggest 
that methamphetamine may induce sensitivity in both the 
central nervous system (54,55) and the autonomic nervous 
system, as well as sensitivity to stimulation, rendering 
responses more dependent on enteric nerves.

Conclusions

In conclusion, this study has uncovered new molecules 
that are potentially important in the pathogenesis of a 
special type of methamphetamine-associated IBD. It is 
also the first study to subject intestinal tissue samples from 
methamphetamine-treated mice to RNA-seq technology. 

These discoveries may offer new insights for future studies 
on methamphetamine abuse and IBD, and emphasize 
the association between intestinal complications and 
methamphetamine abuse.
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Supplementary

Table S1 List of primers used for qPCR 

Gene Sense Antisense Product lenth

Rhoa CTCATAGTCTTCAGCAAGGA GCAGGCGGTCATAATCTT 145

Shc1 ATCATTGCCAACCATCACA GCTCTTCTTCCTCCTCATC 280

Vcl CCACCAGACCTTGAACAG CTTACCAGCCGAGACATC 278

Cblc CAGATTCAGGCGACAACT TACAGGTGAGGTCCAAGG 263

myh9 GCCAAGACGGTGAAGAAT AGACAGCAGGTAGTAGAAGA 177

ppp1ca TCACTGACTGCTTCAACTG ACGCCTAATCTGCTCCAT 110

prkce GATGAAGTCTACGCTGTGA CCGCTGAATCTGGAACAT 210

CDC73 AAGAAGGAGATTGTGGTGAA CTATACTTGCCGATGTTGAC 283



Table S2 The enriched KEGG pathway

pathway pathwayID Gene In term(20322) DEGs in term(291) % of DEGS In Term genes

Glycan biosynthesis mmu00510 49 3 1 Ganab, Alg5, Stt3b

Calcium signaling pathway mmu04020 183 6 2.1 Bdkrb2, Cacna1d, Calm1, Ppp3ca, Ppp3r1, Atp2b4

PKG signaling pathway mmu04022 168 9 3.1 Rhoa, Bdkrb2, Cacna1d, Calm1, Prkce, Ppp1ca, Ppp3ca, Ppp3r1, Atp2b4

AMP signaling pathway mmu04024 197 8 2.7 Rhoa, Cacna1d, Calm1, Pik3ca, Ppp1ca, Tnni3, Ffar2, Atp2b4

Oocyte meiosis mmu04114 116 6 2.1 Btrc, Calm1, Ppp1ca, Ppp3ca, Ppp3r1, Fbxw11

Ubiquitin mediated proteolysis mmu04120 140 9 3.1 Btrc, Ube2m, Ube3a, Huwe1, Cul7, Ube2r2, Uba7, Cblc, Fbxw11

Protein processing in endoplasmic reticulum mmu04141 167 9 3.1 Ganab, Hspa5, Ssr4, Xbp1, Rnf5, Ubqln1, Stt3b, Txndc5, Sec63

Endocytosis mmu04144 286 11 3.8 Arf5, Rhoa, Capza2, Ccr5, Epn1, Ldlr, Arpc1a, Vps35, Arpc4, Cblc, Ap2s1

Cardiac muscle contraction mmu04260 78 4 1.4 Cacna1d, Tnni3, Uqcrq, Cacng4

Adrenergic signaling in cardiomyocytes mmu04261 147 6 2.1 Cacna1d, Calm1, Ppp1ca, Tnni3, Cacng4, Atp2b4

Vascular smooth muscle contraction mmu04270 129 5 1.7 Rhoa, Cacna1d, Calm1, Prkce, Ppp1ca

Wnt signaling pathway mmu04310 146 6 2.1 Rhoa, Btrc, Ppp3ca, Ppp3r1, Csnk1a1, Fbxw11

Hedgehog signaling pathway mmu04340 44 3 1 Btrc, Csnk1a1, Fbxw11

T cell receptor signaling pathway mmu04660 103 5 1.7 Rhoa, Pik3ca, Ppp3ca, Ppp3r1, Cblc

R-mediated phagocytosis mmu04666 87 4 1.4 Pik3ca, Prkce, Arpc1a, Arpc4

Long-term potentiation mmu04720 67 4 1.4 Calm1, Ppp1ca, Ppp3ca, Ppp3r1

Glutamatergic synapse mmu04724 114 6 2.1 Cacna1d, Gnb2, Grik5, Ppp3ca, Ppp3r1, Homer1

Dopaminergic synapse mmu04728 134 5 1.7 Cacna1d, Calm1, Gnb2, Ppp1ca, Ppp3ca

TRP channels mmu04750 125 5 1.7 Bdkrb2, Calm1, Pik3ca, Prkce, Ppp1ca

Regulation of actin cytoskeleton mmu04810 214 9 3.1 Rhoa, Bdkrb2, Myh9, Pik3ca, Ppp1ca, Vcl, Arpc1a, Arpc4, Ssh2

Insulin signaling pathway mmu04910 141 8 2.7 Calm1, Pik3ca, Pklr, Ppp1ca, Shc1, Exoc7, Tsc1, Cblc

Oxytocin signaling pathway mmu04921 153 7 2.4 Rhoa, Cacna1d, Calm1, Ppp1ca, Ppp3ca, Ppp3r1, Cacng4

Renin secretion mmu04924 72 4 1.4 Cacna1d, Calm1, Ppp3ca, Ppp3r1

Aldosterone synthesis and secretion mmu04925 86 4 1.4 Cacna1d, Calm1, Ldlr, Prkce

Type II diabetes mellitus mmu04930 48 4 1.4 Cacna1d, Pik3ca, Prkce, Pklr

Alzheimer's disease mmu05010 175 6 2.1 Apaf1, Cacna1d, Calm1, Ppp3ca, Ppp3r1, Uqcrq

ALS mmu05014 52 3 1 Apaf1, Ppp3ca, Ppp3r1

Amphetamine addiction mmu05031 68 5 1.7 Cacna1d, Calm1, Ppp1ca, Ppp3ca, Ppp3r1

Bacterial invasion of epithelial cells mmu05100 76 7 2.4 Rhoa, Pik3ca, Shc1, Vcl, Arpc1a, Arpc4, Cblc
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