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Highlights 

 Intestinal mucosal barrier damage indicators (diamine oxidase, d-lactic acid, and exotoxin) are 

significantly higher in MA-dependents than healthy controls. 

 MA induced the release of inflammatory cytokine TNF-α and lead to intestinal barrier lesion in 

humans. 

 MA treatment could inhibit miR-181c expression, which can directly target and regulate TNF-α, and in 

turn induce cell apoptosis and intestinal barrier lesion formation in IEC-6 cells. 

 

 

 

Abstract 

An enterogenic infection occurs when intestinal mucosal disruption is followed by the invasion of 

intestinal bacteria into the blood and distant organs, which can result in severe diseases or even death. 

Our previous study using Rhesus monkeys as an in vivo model revealed that methamphetamine (MA) 

induced intestinal mucosal barrier damage, which poses a high risk of enterogenic infection. However, 
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how methamphetamine causes intestinal mucosal barrier damage remains largely unknown. In this 

study, we employed an in vitro model, and found that MA treatment could inhibit the expression of 

miR-181c, which directly targets and regulates TNF-α, and ultimately induces apoptosis and damages 

the intestinal barrier. Moreover, we measured TNF-α serum levels as well as the intestinal mucosal 

barrier damage indicators (diamine oxidase, d-lactic acid, and exotoxin) and found that their levels 

were significantly higher in MA-dependents than in healthy controls (P < 0.001). To the best of our 

knowledge, this is the first report evidencing that miR-181c is involved in MA-induced intestinal 

barrier injury via TNF-α regulation, which introduces novel potential therapeutic targets for 

MA-dependent intestinal diseases. 

 

Abbreviations: DAO, diamine oxidase; DLA, d-lactic acid; ET, exotoxin; HC, healthy control; IBD, inflammatory 

bowel disease; LAP, Listeria adhesion protein; MA, methamphetamine; MDP, MA-dependent patient; miRNA, 

microRNA; MLC, myosin light chain; MLCK, myosin light chain kinase; RT-qPCR, reverse transcription 

quantitative real-time PCR; TEER, transepithelial electrical resistance; TJ, tight junction; ZO-1, zona occludens-1 

 

Key words: Methamphetamine; addiction; intestinal mucosal barrier; microRNA; TNF-α; tight 

junction. 

 

1. Introduction 

Methamphetamine (MA) is a highly addictive psychostimulant that causes increased dopamine 

levels in the brain, thereby leading to behavioural changes. MA is a strong reinforcer, and MA abuse is 

a severe social and health concern worldwide. Currently, MA is the second most widely used illicit 

drug in the world. Mortality due to natural and semisynthetic opioids remains exceedingly high. MA 

causes several adverse effects such as digestive diseases, cardiovascular lesions, and neurological 
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damage (Persons et al., 2018; Gao et al., 2015; Kuehn, 2011). MA has been reported to induce 

abdominal diseases such as gangrenous cholecystitis, small intestinal ischaemia (Zou et al., 2018), and 

non-occlusive mesenteric ischaemia (Anderson et al., 2018). Our previous work showed that MA 

causes intestinal barrier lesions and may even cause severe enterogenic infection or death in Rhesus 

monkeys (Luo et al., 2018). Although many articles reported such clinical effects of MA abuse, a 

comprehensive study on the blood biochemical parameters reflective of intestinal mucosal injury 

among MA abusers has not yet been performed. 

Several pathological processes, such as sepsis and inflammatory bowel disease (IBD), are 

associated with the impairment of the intestinal epithelial barrier. The intestinal epithelium is composed 

of a monolayer of epithelial cells and forms a selectively permeable barrier. Apoptosis and degradation 

of tight junctions (TJs) contribute to the increased permeability of intestinal epithelial cells. On the one 

hand, MA induces blood-brain barrier impairment by mediating NOX-2 activity and then induces 

oxidative and nitrative stress, as well as apoptosis, which causes the impairment of cell integrity (Qie et 

al., 2017). Inflammatory cytokines, for example, tumor necrosis factor-α, IFN-γ, and interleukins are 

the key cytokine effectors in patients of epithelial barrier dysfunction, stimulating epithelial 

cell apoptosis (Demehri et al., 2013). On the other, the barrier function of the intestinal epithelium is 

partly maintained by TJs present in the spaces between adjacent epithelial cells. Disruption 

of TJ function drastically alters paracellular permeability, and the underlying mechanisms were well 

studied. TJ disruption is triggered by the phosphorylation of myosin light chain (MLC), which is a 

mediator of action dynamics, and includes a downregulation in Zona occludens-1 (ZO-1) expression 

and redistribution of Occludin and ZO-1 (Li et al., 2018). Moreover, TNF-α was shown to 

downregulate ZO-1 and contract cells via MLC kinase (MLCK) activation, thereby leading to intestinal 

mechanical barrier lesions and allowing the translocation of bacteria or bacterial products through the 

intestinal mucosa. It was reported that many drugs, as well as bacterial pathogens, could induce 

disruption of the intestinal epithelial barrier. Morphine induced gut epithelial barrier dysfunction and 

inhibition of MLCK blocked the effects of morphine (Meng et al., 2013). Heroin was shown to affect 

the molecular integrity of TJs, as reflected by reduced ZO-1 expression in human, in vitro, or animal 

models (Moretti et al., 2019). Toxins such as Listeria adhesion protein (LAP) promote bacterial 

translocation by causing intestinal epithelial barrier dysfunction via tumor necrosis factor-alpha (TNF-α) 

and IL-6 production (Drolia et al., 2018). TNF-α, an essential pro-inflammatory cytokine, induces 
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apoptosis in epithelial cells and impairs epithelial barrier function by altering the structure and function 

of TJs. However, how MA regulates TNF-α to activate MLCK and downregulate ZO-1, ultimately 

leading to the disruption of the intestinal epithelium, requires further investigation. 

It was reported that microRNAs, lncRNAs, and autophagy were involved in epithelium barrier 

homeostasis by mediating TNF-α production (Zhang et al., 2012; Zhang et al., 2017; Li et al., 2019). 

MicroRNAs (miRNAs) are small (20–25 nucleotides) non-coding RNA molecules that play vital roles 

in the posttranscriptional repression of target gene expression by binding to the 3′-untranslated regions 

(3′UTRs) of mRNAs (Treiber et al., 2019). These small RNAs, which form complex networks with 

essential functions, are involved in several biological processes, including proliferation, apoptosis, 

invasion, and metastasis of cells and differentiation of stem cells. Altered miRNA function is associated 

with an increasing number of human diseases (Gebert and MacRae, 2018). For example, increased 

miR-181c expression was significantly associated with the outcome of patients with cancer (Pop-Bica 

et al., 2018). Moreover, miR-200b was downregulated and involved in the progression of IBD patients 

(Shen et al., 2017). Mir-181, which was early identified to be highly expressed in hematopoietic cells, 

may act as regulators of nuclear factor κB (NF-kB)-mediated endothelial cell activation and the 

inflammatory response to pro-inflammatory stimuli (Pop-Bica et al., 2018). Studies have reported that 

miR-181 was demonstrated to repress TNF-α in microglia-mediated neuronal apoptosis, chronic 

lymphocytic leukemia, and sepsis-induced immunoparalysis (Zhang et al., 2012; Srivastava et al., 2016; 

Cao et al., 2015). Although several microRNAs were documented to regulate TNF-α, the intracellular 

mechanisms by which miRNAs mediate the disturbance of intestinal mucosal barrier in MA-dependent 

cells, as well as the related underlying mechanisms are unknown. 

Anti-TNF-α therapy is effective in inducing remission in intestinal barrier disruption 

patients. However, these drugs often have adverse side effects thus warranting the search for 

alternatives. In comparison to the currently available drugs that target proteins, a subset of the miRNAs 

has shown therapeutic promise and that are currently actively being pursued as clinical candidates for 

various disease indications (van Rooij et al., 2012). Recently, microRNA-143 silencing was shown to 

protect the integrity of the blood-brain barrier in MA abuse patients (Bai et al., 2016). MiR-320a 

strengthens intestinal barrier function in vitro and has the potential to monitor disease activity of colitic 

mice has been proved (Cordes et al., 2016). MicroRNAs are more promising in developing future 

therapeutic strategies to prevent intestinal barrier function disturbance. Advances in RNA chemistry 
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and delivery technologies, including nanoparticle systems, have now enabled the miRNA-based agents 

to move into the clinic (Rupaimoole and Slack, 2017). Nanoparticle based drugs may be magic bullet 

drugs for gene-diseases treatment (Ali, 2011). Recently, a study showed that after mucosal damage, 

loading miR-146b mimic on mannose-modified trimethyl chitosan-conjugated nanoparticles 

dramatically restored mucosal barrier function in mice (Deng et al., 2019). We believe that drugs of 

miRNA-targeted therapeutics will be used in clinical in the near further. 

Given clinical case reports of intestinal complications in MA abusers, we hypothesised that MA 

damaged the intestinal mucosal barrier. In this study, we compared the biochemical parameters 

reflective of intestinal mucosal injury in MA-dependent patients (MDPs) and healthy controls (HCs) 

and elucidated the mechanism underlying intestinal barrier lesion formation due to MA abuse. 

Furthermore, by investigating the effect of MA treatment in the IEC-6 cell line, for the first time, we 

profiled the potential pathogenic role of TNF-α in MA-induced intestinal lesion formation and verified 

TNF-α regulation by miRNAs in MA-treated IEC-6 cells. Therefore, our results unveiled that 

TNF-α–targeting miRNAs may be used to develop new strategies for the diagnosis or ameliorate 

MA-induced intestine barrier damage. 

2. Materials and Methods 

2.1 Study participants and ethical statement 

We enrolled 207 MDPs (193 men and 14 women) from the Kunming 5th drug rehabilitation 

centres (Kunming, China) before detoxification treatment. We also enrolled 200 individuals (187 men 

and 13 women, age: 18–55 years) as HCs from the First Affiliated Hospital of Kunming Medical 

University (Kunming, China) between 2017 and 2018 (Table 2). The social characteristics and 

drug-dependence history (duration of MA use, routes of drug administration, and daily dose) of the 

participants were recorded. The participants were examined and identified as HIV negative and without 

active infections, inflammatory diseases, or chronic systemic diseases. Ethical approval was obtained 

from the Clinical Research Ethics Committee, the First Affiliated Hospital of Kunming Medical 

University; the study protocols were approved by the First Affiliated Hospital of Kunming Medical 

University, and all the methods were performed per the approved Institutional Review Board protocols. 

All the methods were performed in accordance with the relevant guidelines and regulations. The 

experimental procedures were explained to the participants, and voluntary written informed consent 

was obtained from all the participants. 

Jo
ur

na
l P

re
-p

ro
of



2.2 Blood sample collection and preparation 

The participants were requested to fast overnight (14–16 h), and 2-mL blood samples were 

collected in coagulation-promoting tubes. The samples were centrifuged at 3,000 rpm for 10 min, and 

the sera were collected for the following biochemical analysis. Remaining sera were stored in the First 

Affiliated Hospital Kunming Medical University Biobank as required. 

2.3 Detection of intestinal barrier function 

Intestinal mucosal injury, intestinal wall permeability, and bacterial translocation was assessed by 

determining the serum levels of diamine oxidase (DAO), D-lactic acid (DLA), and endotoxin (ET), 

according to the test developed by the Institute of Biophysics, Chinese Academy of Sciences (Beijing, 

China), and the manufacturer’s protocol. DAO > 10 U/L indicated intestinal mucosal damage and 

increased intestinal permeability; DLA > 15 mg/L indicated abnormal intestinal permeability, and ET > 

20 U/L indicated intestinal bacterial translocation. Thus, abnormal levels of any of these indicators 

reflect intestinal mechanical barrier dysfunction. 

2.4 Cell culture 

IEC-6 cells (rat small intestine epithelial cells; ScienCell Research Laboratories, Shanghai, China) 

were cultured in DMEM containing 10% fetal bovine serum (GIBCO®, Victoria, Australia), 100 /L 

insulin (Solarbio, Beijing, China) and 1% penicillin-streptomycin (GIBCO®) at 37 °C in a humidified 

5% CO2 atmosphere. Cells were harvested by trypsinization, and fresh culture medium was added to 

generate single-cell suspensions for use in the subsequent experiments. To explore the effects of MA in 

epithelial cells, adherent cells were incubated with 0.25 M MA in DMEM for 48 h and harvested for 

further analysis. 

2.5 Enzyme-linked immunosorbent assay (ELISA) 

TNF-α levels in the sera of participants and the TNF-α, IL-1β, IL-8, and IFN-γ levels in the cell 

culture supernatants were measured using the respective ELISA kits purchased from Meimian 

Biotechnology (Yancheng, Jiangsu, China), according to the manufacturer’s instructions.  

2.6 Transepithelial electrical resistance (TEER) measurement 

IEC-6 cells were cultured in DMEM containing 10 % fetal bovine serum, 100 μg/L insulin, and 1% 

penicillin/streptomycin. Cells were added to the upper layer of 0.33-cm2 Transwell clear polyester 

permeable membranes (Corning Costar, NY, USA) at a density of 1 × 105 cells/well in 250 μL of 

medium. Fresh medium (1150 μL) was then added to the lower layer. Plates were stored at 37 °C in 95% 
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air, 5% CO2 for the duration of the study. The medium was replaced daily. Cell monolayer integrity was 

assessed by measuring TEER using a Millicell-ERS voltammeter (Millipore, MA, USA). The unit area 

of resistance was calculated by multiplying the blank-corrected resistance value with the effective 

surface area of the Transwell filter insert: Resistance of a unit area (Ω/cm2) = Resistance (Ω) × 

Effective membrane area (cm2). TEER measurements were recorded daily. Cells were allowed to 

adhere to the plate for 8 days post confluence. Cells grown on Transwell inserts were treated with 0.25 

mM MA and/or 5 ng/mL TNF-α (Abmol, Houston, USA) or 10 μg/mL adalimumab (Novoprotein, 

Shanghai, China). The cells were subjected to each treatment and the medium was added to the upper 

layer of each well daily for 2 days. Treatments were performed in triplicate. 

2.7 Relative quantification of mRNA using reverse transcription-quantitative real-time PCR (RT-qPCR) 

Total RNA was extracted from IEC-6 cells using an RNeasy kit (Qiagen, Hilden, Germany) 

according to the manufacturer’s protocol. The total RNA concentration was determined by measuring 

the absorbance at 260/280 nm using a spectrophotometer (BioTeke Corporation, Beijing, China). One 

microgram of total RNA was reverse-transcribed using the High-Capacity cDNA reverse transcription 

kit (Thermo Fisher Scientific, Waltham, USA). Quantitative real-time PCR (qPCR) was performed 

using an ABI Prism 7900 sequence detection system and a 2 × T5 Fast qPCR Mix (SYBR Green I) 

reagents (Beijing TsingKe Biotech Co., Ltd., Beijing, China). Gapdh gene was utilised as a 

housekeeping gene for normalizing DNA expression in qPCR. Each qPCR reaction contained 10 μL of 

2 × T5 Fast qPCR Mix, 0.8 μL of primers (10 μM; Table 1), 0.4 μL of 50 × ROX Reference Dye I, 1 µL 

DNA template (20 ng/µL), and PCR-grade water to obtain a final volume of 20 μL. The thermal cycler 

conditions were as follows: hold for 10 min at 95 °C, 40 cycles of a two-step PCR consisting of a 95 °C 

step for 10 s followed by a 60 °C step for 30 s. For each sample, qPCR reactions were performed in 

triplicate, and the average CT was calculated. The CT values of the different samples were compared 

using the 2-ΔΔCT method (Williamson et al., 2013). 

 

2.8 Western blotting 

Total protein was isolated from IEC-6 cells following the various treatments. Briefly, cells were 

lysed in RIPA buffer (Solarbio) with a protease inhibitor cocktail (Solarbio). The concentration of the 

protein samples was determined using the BCA Protein Assay Kit (TaKaRa, Shiga, Japan). Proteins 

were separated using sodium dodecyl sulphate polyacrylamide gel electrophoresis and electroblotted 
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onto a polyvinylidene fluoride membrane (Roche, Basel, Switzerland) using standard procedures. The 

transferred blots were incubated sequentially with primary antibodies, including rabbit TNF-α (1:1000; 

Abcam, Cambridge, UK), rabbit anti-MLCK antibody (1:750; Abcam), rabbit anti-ZO-1 (1:500; 

Proteintech, IL, USA), and rabbit anti--actin (1:1000; Abcam) antibodies, and HRP-conjugated 

secondary antibodies (1:1000; Abcam). Protein bands were visualized using an enhanced 

chemiluminescence detection kit (TIANGEN Biotech, Beijing, China) and recorded on a radiographic 

film (Bio-Rad, California, USA); band intensity was quantified using Image Lab™ Software 

(Bio-Rad). 

2.9 miRNA quantification using RT-qPCR 

The levels of miR-211, 204, and 181 were determined using the bulge-loop miRNA qPCR primer 

set (RiboBio, Guangzhou, China) and the miRNA RT-qPCR starter kit (RiboBio). U6 expression levels 

were used as an internal reference. 

2.10 Plasmid construction and transfections 

Vectors for Tnf overexpression were designed using the sequence from GenBank (accession no. 

NM_012675). The Tnf gene was inserted into the pGV146 vector at the XhoI/EcoRI sites. The 

wildtype or mutated Tnf gene was inserted into the firefly luciferase reporter pGV272 vector at the 

XbaI/XbaI sites. The shRNA targeting the Tnf sequence was cloned in the pGV102 vector at the 

BamH1/HindIII sites. IEC-6 cells were transfected with 4 µg of the target gene-specific plasmid using 

5 µL Lipofectamine 2000 (Invitrogen Co., CA, USA) per well in a 6-well plate according to the 

manufacturer’s instructions. The miR-181c-5p overexpression plasmids were constructed using 

pGPH1/GFP/Neo (pre-miR-181c-5p; GenePharma, Shanghai, China). pGCMV/MCS/T2A/EGFP/Neo 

[p70S6K(+)] (GenePharma) DNA plasmid vector was stably transfected, and cells were selected using 

culture medium containing 0.4 mg/mL G418 (Sigma–Aldrich, St. Louis Missouri, USA) at 3 or 4 

weeks after transfection. 

2.11 Luciferase reporter assay 

HEK293T cells were maintained in DMEM supplemented with 10% fetal bovine serum. Cells 

were cultured in a 24-well plate for 1 day and transfected with pGV272-TNF-α-UTR or 

pGV272-TNF-α-UTR-mut (500 ng), pRL-TK (Renilla luciferase normalization control; 50 ng; 

Promega, Madison, USA) and miR-181c mimic (50 pM; RiboBio) using Lipofectamine 2000; a 

scrambled sequence was used as the negative control (NC). Cells were collected 48 h after transfection, 
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and luciferase activity was measured using a dual-luciferase reporter assay system (VICTOR Nivo, 

PerkinElmer). Each transfection was repeated twice and performed in triplicate. 

2.12 Cell viability assay 

Cell viability assays were performed using cell counting kit-8 (CCK-8; Dojindo, Kumamoto, 

Japan). Cells were plated in 96-well plates in triplicate at approximately 1  104 cells per well and 

cultured in the growth medium. The cells were divided into six groups and treated with MA for 0, 24, 

48, or 72 h. Then, 10 µL of CCK-8 solution was added to each well, and the cells were incubated at 

37 °C for a further 2 h. Optical density at 450 nm was measured using a multi-detection microplate 

reader (PerkinElmer). 

2.13 Cell apoptosis assays 

Cell apoptosis was measured using the Annexin V-APC/7-AAD apoptosis detection kit (KeyGEN 

Biotech, Nanjing, China) and a flow cytometer (Beckman Coulter, California, USA). The cells were 

seeded in 12-well plates at a density of 1  105 cells and cultured for 24 h. The cells were subjected to 

different treatments for 48 h. The cells were collected by centrifugation at 2000 rpm for 5 min and 

washed two times with cold PBS. Each cell sample was stained with 5 µL Annexin V-APC and 5 µL 

7-AAD, according to the manufacturer’s instructions, and incubated in the dark at 25 °C for 10 min. 

The stained cells were analyzed using flow cytometry. All the treatments were performed in triplicate. 

Cells positive for both 7-AAD and Annexin V-APC were considered late apoptotic cells, and those 

negative for both Annexin V-APC and 7-AAD were live cells. 7-AAD–positive and Annexin 

V-APC–negative cells were considered necrotic cells, whereas 7-AAD–negative and Annexin 

V-APC–positive cells were considered early apoptotic cells. 

2.14 Statistical analysis 

All analyses were performed using GraphPad Prism 6.0. Results were presented as mean ± s.e.m. 

An unpaired, two-tailed Student’s t-test was used for comparisons between two groups. Data of 

multiple groups were compared using one-way ANOVA, followed by Tukey’s multiple comparisons 

test. For all data, P < 0.05 indicated statistical significance. 

3. Results 

3.1 MA alters intestinal mucosal barrier function in humans 

3.1.1 Characteristics of study participants 

The participants were enrolled between July 2017 and June 2018. During this period, 407 
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individuals, including 207 MDPs and 200 HCs within the comparable age range (18–55 years; Table 2), 

were assessed for eligibility. The MDPs were registered at Kunming 5th rehabilitation centre, and their 

history of MA intake was recorded using a questionnaire during their admission at the centre. The 

demographic data of all the participants are summarised in Table 2.. 

 

The HCs included 187 (93.5%) men and 13 (6.5%) women, whereas the 207 MDPs included 193 

(93.23%) men and 14 (6.76%) women (Table 2); thus, the age and sex of the HCs and MDPs were 

similar. Compared with HCs, MDPs showed lower BMI (23.7 ± 0.3247 vs 21.89 ± 0.3279 kg/m2, P < 

0.05). The smoking and intranasal routes account for an overwhelming majority in this study. The 

duration of MA use ranges from 1 to 228 months, and daily dose ranges from 0.001 to 1.25g/d. 

3.1.2 Effects of MA intake on mucosal barrier damage indexes in humans 

We measured the intestinal mucosal barrier indexes DAO, DLA, and ET, as markers of intestinal 

mucosal barrier damage, in the 207 MDPs and 200 HCs. The serum levels of DAO, DLA, and ET in 

MDPs were significantly higher than those in HCs [6.386 ± 0.3116 U/L vs 12 ± 1.063 U/L; 8.749 ± 

0.4289 mg/L vs. 13.58 ± 1.164 mg/L; 7.815 ± 0.3372 U/L vs 14.42 ± 1.358 U/L, respectively; P < 

0.001; Fig. 1A]. 

The levels of DAO, DLA, and ET were used as dependent variables separately, and BMI and 

historical parameters of MA dependency (duration of MA use, routes of MA administration, and daily 

dose) were used as independent variables in the stepwise multiple regression analysis for MDPs. The 

historical parameters of MA dependency or BMI were not associated with the levels of DAO, DLA, or 

ET (all |r| < 0.3, P > 0.05). Results suggest that MA-induced intestinal injury is independent of the 

administration route, daily dose, or duration of MA use. 

3.1.3 Effects of MA on blood parameters in humans 

It has been reported that TNF-α pays a key role in the MA-induced blood-brain barrier breakdown 

(Zhang et al., 2012). However, nothing is known regarding the role of TNF-α on MA-induced intestinal 

barrier dysfunction. Thus, we started by testing the serum level of TNF-α. We observed that the 

expression of TNF-α in the MDPs (18.84 ± 2.149 U/mL, N = 207) was higher than that in HCs (7.815 

± 0.337 U/mL, N = 200; Fig. 1B). Collectively, these results suggest that MA-induced the release of 

inflammatory cytokine TNF-α and lead to intestinal barrier lesion in humans. 

3.2 MA induces intestinal mucosal barrier disruption 
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Our previous histological results in Rhesus monkeys showed that MA caused epithelia erosion，

glandular destroyed or disappeared in mucosa lamina propria, degeneration, and necrosis of intestinal 

villus (Luo et al., 2018). To reveal the potential mechanism of MA-induced intestinal mucosal barrier 

alterations, we choose IEC-6, which is a well-established rat cell line with characteristics similar to 

those of intestinal epithelial cells and is extensively used as surrogate for intestinal epithelial cells, for 

the in vitro studies. First of all, whether MA affects intestinal mucosal barrier in IEC-6 cells should be 

verified. The integrity of intestinal epithelial barrier, which was treated with different concentrations of 

MA (0.01 to 2 mM) and different time (0 to 72 hours), was monitored by measuring TEER values. We 

observed a significant decrease after exposure to an MA concentration of 0.25 mM or higher for 24 

hours. TEER values continued to decrease with time and maintained until 48 hours（Fig. 2A）. Further, 

CCK8 assay was performed to determine the cytotoxicity. The treatment of IEC-6 cells with MA 

concentrations ranging from 0.01 to 0.25 mM showed mild growth inhibitory activity with a 10% 

decrease in cell viability at 0.1 mM and exhibited toxicity at 0.5 mM, 24 hours (80%). After 48 hours 

of MA exposure, the viability of cells in the 0.25 mM MA treatment group showed a significant 

decrease (about 50%), compared to that of control cells. Substantially higher doses of MA showed 

overwhelming toxicity towards the cells (Fig. 2B). Accordingly, the optimal MA concentration for 

subsequent experiments was chosen as 0.25 mM, and treatment time was 48 hours. Endothelial cell 

apoptosis, gene expression changes, and alteration of the microenvironment are important in initiation 

and progression of epithelial barrier injury. Then, flow cytometry assay was performed to observe the 

apoptosis rate of cells treated with MA. We found that MA group had a dramatic higher apoptosis rate 

compared with normal group (Fig. 2C). Moreover, TJ-related gene and protein expression changes are 

assessed. TNF-α and MLCK are upregulated, with ZO-1 downregulated in the MA group (Fig. 2D). In 

all, we proved that MA induces intestinal mucosal barrier disruption both by cell apoptosis and TJ 

damage. 

 

 

3.3 MA promotes TNF-α release in epithelial cells 

The expression of TNF-α protein in serum is increased in MDPs, and it has been documented that 

MA-mediated increased expression of pro-inflammatory cytokine TNF-α involved in 

neuroinflammation，neurotoxicity (Moretti et al., 2019), and blood-brain barrier(Zhang et al, 2012). We 
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assessed permeability using TEER measurements and the induction of TNF-α, MLCK, and ZO-1 

expression using RT-qPCR and western blotting in IEC-6 cells exposed to MA for 48 h. TNF-α mRNA 

expression and protein secretion were significantly increased in MA-stimulated IEC-6 cells. Tnf 

overexpression strengthens the effects of MA. On the contrary, Tnf silencing weakens it (Fig. 3A). 

TEER of IEC-6 monolayers peaks at 250–260 Ω/cm2 at 8 days post confluence, indicating the 

successful establishment of the intestinal epithelial barrier model in vitro. Then, the cells were treated 

with MA (0.25 mM) and/or TNF-α (5 ng/mL) or adalimumab (TNF-α antagonist, 10 μg/mL) for 48 h, 

and TEER was determined. Compared to the control cells, MA-treated cells showed significantly lower 

TEER value (P < 0.0001; Figure 3B). The TEER value in cells treated with MA and recombinant 

TNF-α was significantly lower than the TEER values in cells treated with MA or recombinant TNF-α 

alone. Furthermore, TEER value in the cells treated with MA and adalimumab was significantly lower 

than that in the cells treated with adalimumab alone but higher than that in cells treated with MA alone 

(P < 0.05; Fig. 3B). Thus, adalimumab partly reverses MA-induced effect on TEER. This result is 

consistent with previous reports that TNF-α induces intestinal mucosal barrier damage. When it 

comes to the TJs, compared to the control cells, MA-treated IEC-6 cells showed significantly 

increased mRNA expression and protein levels of MLCK and decreased ZO-1 mRNA and protein 

levels (Fig. 3C). Tnf overexpression further increased the mRNA and protein levels of MLCK and 

decreased those of ZO-1, thereby enhancing the effects of MA. In contrast, Tnf silencing increased 

ZO-1 expression and decreased MLCK expression at the mRNA and protein level (Fig. 3C). These 

results suggest that MA induces intestinal mucosal barrier damage via the release of the 

pro-inflammatory cytokine TNF-α. 

 

3.4 MA downregulates miR-181c expression in IEC-6 cells 

It has been proved that microRNA involved in intestinal barrier function dysregulation (Shen et al., 

2017) and miR-181c controls microglia-mediated neuronal apoptosis by suppressing tumor necrosis 

factor (Zhang et al., 2012). Our previous study found that MA-induced intestinal barrier damage is 

dependent on Tnf-α. To verify this hypothesis that the expression of microRNA, which targets TNF-α, 

is altered following MA-induced intestinal injury, we screened the TargetScan database 

(www.targetscan.org), miRDB (www.mirdb.org), and microRNA website (www.microrna.org) for 

Tnf-α targeting miRNAs (Fig. 4A). We found that rat TNF-α 3′-UTRs have conserved sites for 
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rno-miR-211-5p, rno-miR-204-5p, rno-miR-181a-5p, rno-miR-181b-5p, rno-miR-181c-5p, 

rno-miR-181d-5p, rno-miR-27a-3p, and rno-miR-27b-3p. Therefore, we further performed RT-qPCR 

analysis and evaluated whether MA treatment affects the expression of these eight miRNAs in IEC-6 

cells. The MA-treated IEC-6 cells showed a significant reduction in the expression of rno-miR-181c 

(Fig. 4B). 

As MA upregulated TNF-α and downregulated miR-181c expression, we hypothesized that 

increased TNF-α production might result from miR-181c downregulation. To identify whether TNF-α 

is the target of miR-181c, we further performed dual-luciferase reporter assays and investigated 

whether miR-181c mimic suppressed the endogenous expression of TNF-α (Fig. 4C). HEK293T cells 

were transfected with plasmids containing wildtype (pGV272-TNF-α-UTR) or mutated 

(pGV272-TNF-α-UTR-mut) miR-181c–binding sites and miR-181c mimic or NC plasmid and 

harvested at 48 h after transfection. Only the cells co-transfected with the wildtype Tnf and miR-181c 

mimic significantly suppressed the firefly luciferase reporter activity (P < 0.05). Although the mutation 

did not reverse the effect, these results confirm that miR-181c targets TNF-α and regulates its 

endogenous expression in HEK293T cells (Fig. 4D). 

Furthermore, the TNF-α mRNA and protein levels in HEK293T cells transfected with miR-181c 

or NC were assessed using RT-qPCR and ELISA, respectively. Both mRNA and protein expression of 

TNF-α in the miR-181c group was lower than those in the miR-181c-NC group (Fig. 4E, F). 

Collectively, these results suggest that miR-181c suppresses TNF-α expression by binding to the 

3′-UTR of Tnf mRNA and that Tnf mRNA is a direct target of miR-181c. 

 

3.5 miR-181c is involved in MA-induced intestinal barrier disruption when targeted by TNF-α. 

It has been proved that miR-181c targets Tnf-α in MA-treated intestinal epithelial cells; 

nevertheless, the effect of miR-181c on epithelial permeability is unknown. Hence, we are interested in 

examining its effects. IEC-6 cells were transfected with miR-181c overexpression plasmids. After 

stable miR-181c overexpression and successful establishment of epithelial TJ models, the TEER value 

was measured. The MA-induced decrease in TEER was significantly inhibited by miR-181c 

overexpression, and TEER in the TNF-α–stimulated monolayer was significantly lower than that in the 

control monolayer (Fig. 5A). The CCK8 assay revealed that relative proliferation rate of MA-treated 
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IEC-6 cells was considerably lower than that of the control cells (Fig. 5B). TNF-α aggravated this 

decrease in proliferation, whereas miR-181c reversed it. 

Cell apoptosis percentages were evaluated by flow cytometry. Annexin APC/7-AAD staining 

showed that the apoptosis rates in MA-treated cells were significantly higher than those in control cells 

(Fig. 5C), suggesting that MA induced apoptosis in IEC-6 cells. Moreover, TNF-α overexpression 

increased the apoptosis, and miR-181c overexpression partly inhibited this increased apoptosis (Fig. 

5C). 

TJ disruption is an essential aspect of altered intestinal epithelial barrier function (Su et al., 2009). 

Therefore, to further study the potential function of miR-181c in the injury, we investigated the role of 

MA, TNF-α, and miR-181c in regulating the TJ-related proteins. As described in section 3.2, MA 

treatment increased the TNF-α and MLCK expression and decreased the ZO-1 expression, and this 

effect was further enhanced in MA-treated Tnf-overexpressing IEC-6 cells, compared to that in the 

control cells. In contrast, miR-181c overexpression inhibited the MA-induced increase in TNF-α and 

MLCK expression and the MA-induced decrease in ZO-1 expression at the mRNA and protein levels 

(Fig. 5D). These results indicate that MA induces cell apoptosis and decreases viability. 

Inflammatory response is also the primary phenotype of intestinal barrier injury. Therefore, to 

further confirm whether the MA could induce intestinal inflammation, we measured the levels of the 

inflammatory factors IFN-γ, IL-1β, and IL-8 in each treatment group using ELISA. MA significantly 

increased the expression of IFN-γ, IL-1β, and IL-8, and TNF-α overexpression further increased the 

levels of IFN-γ, IL-1β, and IL-8 (Fig. 5E). Conversely, Tnf silencing and miR-181c overexpression 

decreased the levels of these inflammatory cytokines. This suggests that MA facilitates the release of 

inflammatory factors is another way for intestinal barrier injury. 

 

4. Discussion 

Neotype drugs spread among the habitual drug abusers and new drug users, and MA is considered 

as a representative neotype drug. Although previous studies have provided an insight into the nerve 

injury associated with MA abuse, much less is known about the MA-associated damages in the 

intestine and the underlying mechanisms. In this study, we report the potential mechanism responsible 

for MA-induced intestine mucosal lesion formation. 

First, we studied the effect of MA on BMI and intestinal mucosa barrier function, as reflected by 
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the levels of DAO, DLA, ET in a group of MDPs, and HCs. Detection of intestinal mucosal barrier 

functions mainly includes the determination of serum levels of DAO, DLA, and ET. DAO is an 

intracellular enzyme with high activity in the intestinal mucosal villi epithelium of all mammals and is 

expressed at the highest level in the small intestine. DLA is a bacterial metabolite produced by several 

kinds of intestinal bacteria. Serum DLA levels can reflect the degree of intestinal mucosal injury and 

permeability changes in a timely manner. Similarly, ET is mainly derived from the metabolism of 

intestinal flora; when intestinal barrier is injured, ET enters the circulatory system. Thus, the intact 

intestinal mucosa provides a physical barrier to prevent DAO, DLA, and ET from infiltrating the portal 

circulation, and the serum levels of DAO, DLA, ET can be used to assess intestinal mucosal barrier 

function quantitatively (Li et al., 2016). In this study, as compared to the HCs, the MDPs showed lower 

BMI, which, for the first time, represents evidence of significantly increased levels of DAO, DLA, and 

ET; however, these increases were not significantly associated with low BMI. Our findings are 

consistent with previous clinical reports that MDPs have significantly lower BMI, suggesting that MA 

can damage the intestinal barrier function, leading to reduced permeability and a decrease in BMI. 

Moreover, it has been documented that MA increased pro-inflammatory cytokine TNF-α expression in 

the human (Moretti et al., 2019). As expected, we revealed that serum TNF-α level in MDPs was 

significantly higher than that in HCs, as quantified by ELISA, suggesting that MA abuse induces the 

release of the inflammatory factor TNF-α in the blood. 

Therefore, we further investigated the changes in barrier damage induced by increased TNF-α in 

MA-treated rat epithelial cells. TEER, which is direct evidence for barrier injury, was used to assess 

intestinal barrier function impairment in the MA-treated cell model. We found decreased TEER in 

MA-treated IEC-6 cells, as compared to that in the control group, indicating that MA damaged the 

intestinal mucosa barrier. Diseases of the digestive system are closely related to or caused by intestinal 

permeability disorder, and defective intestinal TJ barrier allows paracellular permeation of luminal 

antigens; this can induce or propagate inflammatory response. TNF-α causes an increase in intestinal 

epithelial TJ permeability by activating the MLCK gene (Li et al., 2018). Moreover, it is well known 

that aberrant expression of TNF-α and ZO-1 alters the intestinal mucosal barrier. Herein, we found 

increased TNF-α and MLCK expression and decreased ZO-1 expression at the mRNA and protein level 

in MA-treated cells. TNF-α overexpression further increased the MLCK mRNA and protein levels, and 

further decreased the ZO-1 mRNA and protein level. On the other hand, treatment with TNF-α agonists 
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inhibited the MA-induced decrease in TEER, and TNF-α silencing reversed the effects on MLCK and 

ZO-1 expression. These results indicate that MA upregulated TNF-α, and sequentially altered the 

expression of TJ-related proteins MLCK and ZO-1. Thus, TNF-α is an essential factor in MA-induced 

barrier injury. It is a potential new strategy to control the MA relative gut-derived infection by reducing 

the release of TNF-α. 

Expectedly, TNF-α downregulates the expression of target proteins. Perfect complementarity 

between a miRNA and its target mRNA often destabilizes the latter, which is then rapidly degraded. 

Binding of the miRNA to the 3′-UTR inhibits the translation of the target mRNA. Several miRNAs 

have been reported to interact with TNF-α in different diseases. For example, miR-181c regulates 

TNF-α expression after ischaemia/hypoxia and microglia-mediated neuronal injury (Zhang et al., 2012), 

and miR-181 modulates TNF-α mRNA stability in sepsis-induced immunoparalysis (Cao et al., 2015). 

Moreover, miRNAs are master regulators controlling the expression of TJ-related proteins, which 

modulates the intestinal epithelial barrier function in diarrhoea-predominant IBS (Shen et al., 2017). As 

miRNAs regulate the function of intestinal epithelial cells and play an essential regulatory role in MA 

addiction, it is considered that many of the MA-associated gastrointestinal complications may occur via 

similar mechanisms. Intestinal barrier lesions may be caused by the aberrant expression of certain 

miRNAs. We further investigated the relation between miR-181c and TNF-α in the MA-mediated 

dysregulation of intestinal mucosal barrier function. In this study, we searched the three main miRNA 

databases to identify rat Tnf-targeting miRNAs. Eight miRNAs were identified. Only miR-181c was 

downregulated in MA-treated IEC-6 cells. Additionally, miR-181c overexpression decreased TNF-α 

mRNA and protein levels, whereas the dual-luciferase reporter gene assays showed that co-transfection 

with wildtype Tnf-containing plasmid and miR-181c suppressed the firefly luciferase reporter activity 

in HEK293T cells. These findings confirm that miR-181c directly targets and decreases Tnf mRNA 

expression. Our results are consistent with the conclusion of a previous study (Zhang et al., 2012). 

miRNAs reportedly inhibit TNF-α–induced disruption of the TJs of intestinal epithelial cells 

(Shen et al., 2017). Whether this relationship influences the following MA-mediated dysregulation of 

intestinal barrier is unknown. The miRNA-mediated regulation of ZO-1 has been intensively 

investigated. ZO-1 was positively regulated by miR-126, miR-107, and miR-21 in different 

models. Conversely, ZO-1 was negatively regulated by miR-181a, miR-98, and miR-150 (Zhuang 

et al., 2016). The upregulation of microRNAs has also been found to reduce MLCK expression in 
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various tissues (Xiong et al., 2017). In this study, we confirmed that miR-181c protected the intestinal 

and showed a higher viability rate; miR-181c overexpression increased TEER decreased TNF-α and 

MLCK expression, and increased ZO-1 expression in IEC-6 cells. 

As everyone knows cell apoptosis contributes to barrier defects in the intestinal mucosa. To 

comprehensively understand this regulatory relationship in the epithelium barrier function, we 

investigated the role of miR-181c in the regulation of cell apoptosis. Flow cytometry analysis showed a 

marked accumulation of early and late apoptotic cells after MA treatment. In comparison with control 

cells, cells transfected with miR-181c showed a significant decrease in apoptosis rate. Thus, miR-181c 

downregulation may accelerate apoptosis in MA-treated IEC-6 cells, thereby further contributing to the 

intestinal barrier damage. 

Furthermore, we quantified the inflammation-related factors, including TNF-α, IFN-γ, IL-1β, and 

IL-8, using ELISA. As expected, the levels of these cytokines were increased in the MA-treated and 

Tnf-overexpressing cells, as compared with the control, Tnf-silenced, and miR-181c–overexpressing 

cells. Thus, MA and TNF-α induce the release of inflammatory cytokines, suggesting that they are both 

involved in intestinal barrier injury, eventually leading to chronic inflammation. Collectively, our 

results suggest that miRNAs act upstream of the inflammatory cytokines and govern endogenous 

functional molecules that respond to ischaemia and are crucial to building a protective barrier 

phenotype in epithelial cells. Therefore, miRNA overexpression may alleviate the MA-induced 

intestine barrier injury, especially the progression of chronic inflammation. 

There are significant advantages to miRNAs for becoming a new class of drug targets. 

Nanopartical, As one of the microRNA delivery system, are cell-specific, targeted that show few side 

effects (Ali et al., 2018). Mir-181c was found to be the directly target to TNF-α in vitro MA-treatment 

IEC-6 cells by systematic selection. With the help of nanopartical delivery system, miR-181c can reach 

the target area exactly and finish it’s intestinal barrier function with limit side effects. Additionally, 

silencing TNF-α and miR-181c overexpression partly reversed this effect. miR-181c overexpression 

showed a weaker effect than TNF-α overexpression or silencing, indicating that factors other than 

miRNAs may be involved in regulating TNF-α in MA-dependent individuals. 

5. Conclusions 

miR-181c affects intestinal barrier lesion via the TNF-α/MLCK/ZO-1 axis in MA-dependent 

individuals, and MA-induced release of inflammatory factors and epithelial cell apoptosis contribute to 
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the intestinal barrier injury. miR-181c may be considered as a candidate for developing novel 

therapeutic strategies and therapy based on miR-181c may be used in clinical on MA-dependents with 

intestinal barrier lesions.  
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Figure 1. Effect of methamphetamine (MA) intake in humans. (A) The serum levels of diamine oxidase (DAO), 

D-lactic acid (DLA), exotoxin (ET) in MA-dependent patients (MDPs), and healthy controls (HCs). (B) Serum 

TNF-α level was detected using ELISA. The results represent mean ± SD from three independent experiments 

(****P < 0.0001, compared with HCs). 

 

 
Figure 2. Effect of methamphetamine (MA) on IEC-6 cells. (A) Transepithelial electrical resistance (TEER) values 

for cells treated with different MA concentrations and different treatment times. (B) CCK-8 assay was used to 

assess IEC-6 cell viability after treatment with different MA concentrations and different treatment time. (C) 
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Annexin V-APC/7-AAD analysis by flow cytometry. Apoptosis rates are displayed as histograms. Each bar 

represents the mean ± SD. (D) mRNA and protein expression of TNF-α, MLCK, and ZO-1 in normal and 

MA-treated IEC-6 cells. Data represent mean ± SD from three independent experiments (*P < 0.05; **P < 0.01; 

***P < 0.001; ****P < 0.0001, compared with control). 

 

 

 

 

Figure 3. Tnf-α induced by methamphetamine (MA) disrupted the intestinal mucosal barrier in IEC-6 cells. (A) 

The change of TNF-a mRNA and protein after TNF-a overexpression or knockdown in intestinal epithelial cells. 

(B) Transepithelial electrical resistance (TEER) values for cells treated with MA (0.25 mM) and/or TNF-α (5 

ng/mL) or adalimumab (10 μg/mL) for 48 h. (C) The mRNA and protein expression of MLCK and ZO-1 in normal 

IEC-6 cells, Tnf-overexpressing IEC-6 cells, and Tnf-silenced IEC-6 cells treated with MA at a concentration of 

0.25 mM for 48 hours. Data represent mean ± SD from three independent experiments (*P < 0.05; **P < 0.01; 

***P < 0.001; ****P < 0.0001). 
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Figure 4. Methamphetamine (MA) downregulates microRNA-181c (miR-181c) expression in IEC-6 cells. (A) 

Three microRNA target prediction databases were searched to identify the potential miRNAs that target the Rattus 

norvegicus Tnf gene (NM_012675). (B) Relative expression of microRNAs after IEC-6 cells were treated with MA 

for 48 h. Values represent mean ± SD (**P < 0.01, compared with control.) (C) Tnf mRNA is the direct target of 

miR-181c. A rat Tnf 3′-UTR fragment containing wildtype or mutated miR-181c–binding sites was cloned 

downstream of the luciferase reporter gene. Mutations were generated in the Tnf 3′-UTR sequences 

complementary to the seed region of miR-181c. (D) HEK293T cells were co-transfected with miR-181c mimic or 

NC and plasmid with wildtype or mutant rat Tnf 3′-UTR, and luciferase activity was determined. The luciferase 

activity of the NC transfection in each experiment was used to normalize the data; the luciferase activity of the NC 

transfection was set to 1. (E,F) HEK293T cells were transfected with miR-181c mimic or NC. The cells were 

harvested after 48 h, and the (E) mRNA and (F) protein levels of TNF-α were evaluated using RT-qPCR and 

ELISA, respectively. The results are presented as the mean ± SD from three independent experiments. *P < 0.05. 

***P < 0.001. NS, not significant. 
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Figure 5. miR-181c suppresses TNF-α expression in MA-treated IEC-6 cells. (A) Overexpression of miR-181c 

partly reversed the MA-induced decrease in TEER. (B) Cell viability after treatment with MA for 48 h. The 

CCK-8 assay was used to assess IEC-6 cell proliferation. (C) Annexin V-APC/7-AAD analysis by flow cytometry 

showing respective cell percentages in early and late apoptosis for different treatments. Results are displayed as 

histograms. Each bar represents the mean ± SD. (D) miR-181c suppressed Tnf-α , MLCK, ZO-1 mRNA and MLCK, 

ZO-1protein levels in MA-treated IEC-6 cells. (E) Changes in expression of some inflammation-related factors 

TNF-α, IFN-γ, IL-1, and IL-8 in the supernatants of IEC-6 cell cultures. Values represent mean ± SD from three 

independent experiments. (•, compared with control; ▼, compared with MA+TNF-α; ▲, compared with 

MA+miR-181c; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.) 
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Table 1: Primers used in reverse transcription-quantitative real-time PCR 

Gene Primer Sequence 

GAPDH-F AGGTCGGTGTGAACGGATTTG 

GAPDH-R GGGGTCGTTGATGGCAACA 

TNF-alpha-F GATCGGTCCCAACAAGGAGG 

TNF-alpha-R GCTTGGTGGTTTGCTACGAC 

ZO-1-F GCCGCTAAGAGCACAGCAA 

ZO-1-R GCCCTCCTTTTAACACATCAGA 

MLCK-F GTGTGCCAAGGCATGGATCA 

MLCK-R ACCCTACCAAAGTAATAGCCCTG 

. 

 

 

Table 2. Characteristics of healthy controls (HCs) and methamphetamine (MA)-dependent patients (MDPs). 

Characteristics HCs MDPs P-Value 

No. 200 207 NA 

Sex 187 M/13 F 193 M/14 F NA 

Age, years 38.29 ± 1.281 34.64 ± 1.46 0.0955 

BMI, kg/m2 23.7 ± 0.3247 21.89 ± 0.3279 0.0002 

Route of MA administration    

Smoking, %  35.27  

Intranasal, %  55.07  

Intravenous injection, %  3.38  

Oral, %  1.45  

Others, %  4.83  

Duration of MA dependency, months  
114.37 ± 

106.752 
 

Daily dose of MA, g  
0.236 ± 

0.27557 
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