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A B S T R A C T   

Cannabis-based biomaterials have the potential to deliver anti-inflammatory therapeutics specifically to desired 
cells, tissues, and organs, enhancing drug delivery and the effectiveness of anti-inflammatory treatment while 
minimizing toxicity. As a major component of Cannabis, Cannabidiol (CBD) has gained major attention in recent 
years because of its potential therapeutic properties, e.g., for restoring a disturbed barrier resulting from in
flammatory conditions. The aim of this study was to test the hypothesis that CBD has beneficial effects under 
normal and inflammatory conditions in the established non-transformed intestinal epithelial cell model IPEC-J2. 
CBD induced a significant increase in transepithelial electrical resistance (TER) values and a decrease in the 
paracellular permeability of [3H]-D-Mannitol, indicating a strengthening effect on the barrier. Under inflam
matory conditions induced by tumor necrosis factor alpha (TNFα), CBD stabilized the TER and mitigated the 
increase in paracellular permeability. Additionally, CBD prevented the barrier-disrupting effects of TNFα on the 
distribution and localization of sealing TJ proteins. CBD also affected the expression of TNF receptors. These 
findings demonstrate the potential of CBD as a component of Cannabis-based biomaterials used in the devel
opment of novel therapeutic approaches against inflammatory pathogenesis.   

1. Introduction 

In recent years, cannabidiol (CBD), one of the main secondary plant 
compounds of Cannabis sativa L., has been established as a novel com
pound for intestinal drug targeting and development [1–3]. Moreover, a 
combination of CBD with other biomaterials such as chitosan and 
alginate-based hydrogel has gained major attention [4,5]. The historical 
use of Cannabis sativa for various ailments, such as nausea, vomiting, 
diarrhea, and pain, dates back to antiquity [6]. Cannabinoids exert their 
effects by binding to specific cannabinoid receptors, namely cannabi
noid receptor 1 (CBR-1) and cannabinoid receptor 2 (CBR-2), which are 
part of the endocannabinoid system [7]. Additionally, cannabinoids can 
interact with non-cannabinoid receptors, such as the transient receptor 
potential vanilloid subtype 1 (TRPV1; [8], the orphan receptor GPR55 
[9,10], the peroxisome proliferator-activated receptors (PPARs; [11], 
and the serotonin receptor 5-HT1A [12]. The endocannabinoid system, 
comprising receptors and endogenous ligands, plays a crucial role in 
controlling numerous physiological processes, such as food intake, cell 

metabolism, memory, gastrointestinal motility, and barrier function [7, 
13] making it a potential therapeutic target for pathophysiological 
processes, including inflammation, pain, and depression. 

The intestinal barrier, as the first line of defense against antigens, 
toxins, and pathogens in the environment, plays a pivotal role in im
mune defense due to its large surface area [14]. However, disruptions in 
the integrity of the intestinal barrier have been linked to various dis
eases, including inflammatory bowel disease (IBD) and celiac disease. 
Therefore, the targeting of intestinal barrier defects represents a viable 
therapeutic approach in managing these diseases [15]. The integrity of 
the intestinal barrier is maintained by transmembrane tight junction 
(TJ) proteins, which form a belt-like connection between the apico
lateral membranes of neighboring cells [16]. Members of the protein 
family of claudins and occludin primarily form the TJ between two 
neighboring cells to provide a selective paracellular barrier [17–19]. 
These TJ proteins are crucial for the paracellular permeability of the 
epithelium, thereby preventing the entry of harmful substances into the 
bloodstream [20]. Numerous endogenous and exogenous factors (e.g., 
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TNFα [21] and natural bioactive compounds, e.g., chitosan [22], caprate 
[23], laurate [24], quercetin [25], and berberine [26,27]) have been 
found to impact epithelial resistance and paracellular permeability, thus 
affecting the integrity of the barrier. 

Because of its anti-inflammatory, analgesic, and anticonvulsant ef
fects [28] without psychotropic properties [29], CBD has emerged as a 
promising candidate for the treatment of inflammatory disorders. The 
positive effects of CBD on the epithelial barrier function have been 
verified in various studies in vitro. In Caco-2 cells, CBD has been shown 
to prevent the decrease of transepithelial resistance (TER) and the in
crease of paracellular permeability caused by EDTA, oxidative stress, or 
inflammation [29–31]. Moreover, CBD has been demonstrated to impact 
TJs, although the exact mechanism remains unknown [31,32]. The 
positive effects of CBD have been confirmed in vivo. In a mouse model, 
CBD has been revealed to reduce colon injury induced by 2,4,6-dinitro
benzene sulfonic acid administration and to lower the expression of 
inducible nitric oxide synthase and the levels of interleukin-1 and -10 
[33]. 

Tumor necrosis factor alpha (TNFα), an endogenous cytokine, is 
strongly involved in inflammation and the pathogenesis of various dis
eases, making it a relevant choice for representing inflammatory con
ditions [34]. The dysregulation of TNFα has been implicated in the 
development of autoimmune disorders, such as rheumatoid arthritis, 
inflammatory bowel disease, and psoriasis [35]. TNFα signaling is 
mediated by its two specific receptors, Tumor necrosis factor receptor 1 
(TNFR-1) and Tumor necrosis factor receptor 2 (TNFR-2), which acti
vate different downstream signaling pathways. TNFR-1 is the primary 
receptor for TNFα and is involved in the induction of apoptosis, 
inflammation, and immune responses, whereas TNFR-2 primarily reg
ulates cell survival and proliferation [36]. Recently, TNFα-induced 
barrier disruption in IPEC-J2 cells has been shown to result in the 
decreased expression of sealing TJ proteins, leading to increased para
cellular permeability and a reduction in TER [37]. 

The non-transformed porcine intestinal epithelial cell line IPEC-J2 
used in our study serves as an appropriate in vitro model for investi
gating epithelial transport and barrier properties. An advantage of the 
IPEC-J2 cell line is its morphological and functional similarity to intes
tinal epithelial cells in vivo [38]. Among the non-human cell lines, 
IPEC-J2 mostly resembles the human physiology of the intestine [39, 
40]. 

The goal of our study has been to investigate the impact of CBD on 
the integrity and function of the intestinal barrier by utilizing the IPEC- 
J2 cell line as an in vitro model. Specifically, we sought to elucidate 
whether CBD has the potential to mitigate or prevent the barrier- 
disrupting effects of TNFα. By exposing IPEC-J2 cells to TNFα in the 
presence or absence of CBD, we have aimed to evaluate the therapeutic 
potential of CBD in ameliorating TNFα-induced barrier disturbances and 
to shed light on its underlying mechanisms of action for applications in 
health and disease. 

2. Material and methods 

2.1. Cell culture 

The non-transformed intestinal porcine enterocyte cell line IPEC-J2 
(DSMZ, Braunschweig, Germany) was used as a model to investigate 
the porcine epithelial barrier function. The cells were cultured in Dul
becco’s MEM/Ham’s F-12 (Biochrom, Berlin, Germany) containing L- 
glutamine, 10% fetal bovine serum, and 1% penicillin and streptomycin 
(Sigma Aldrich, Munich, Germany). Cells were incubated at 37 ◦C and 
under 5% CO2 in a humified atmosphere. The medium was changed 
every second to third day. Every 7 days, the cells were passaged by 
trypsinization (0.05 g/L porcine trypsin, 0.02 g/L EDTA, Sigma-Aldrich 
Chemie GmbH, Taufkirchen, Germany) and split at a ratio of 1:3. For the 
experiments, cells were seeded on semipermeable Millicell® cell culture 
plate inserts with a diameter of 12 mm and 0.45 μm pore size (Millipore, 

Darmstadt, Germany). Cells were seeded at a density of 1 × 105 cells/ 
insert and placed into 12-well cell culture plates. Incubation experi
ments started when the cells reached confluency and showed similar 
resistance values, which was generally between day 14–21 after seeding. 
Cell passages from 8 to 9 were used for the experiments. 

2.2. Chemicals 

Cannabidiol (CBD; Tocris, Bristol, United Kingdom) was dissolved in 
ethanol to give a stock concentration of 10 mM, 0.4% ethanol in culture 
medium was used as a control. As shown in the supplemental figure, 
transepithelial resistance (TER) is not affected by ethanol, indicating 
that the final concentration of 0.4% ethanol is not cytotoxic (Suppl. 
Fig. 1). Recombinant human tumor necrosis factor alpha (TNFα; 
PeproTech, Hamburg, Germany) was diluted in autoclaved H2O to give a 
concentration of 0.1 mg/mL; 0.05% autoclaved H2O in culture medium 
served as control application. 

2.3. Incubation experiments 

500 μL medium containing CBD at increasing concentrations (in μM: 
2.5, 5, 10, 20, or 40) were added to the apical side of the cell culture 
inserts, with 1 mL medium without CBD being added to the basolateral 
side. These concentrations have been studied previously for their cyto
toxicity (Suppl. Fig. 2). To study the effects of CBD under inflammatory 
conditions, IPEC-J2 cells were concurrently treated with 1000 U/mL 
TNFα basolaterally and CBD as described above for 48 h. 

2.4. Transepithelial resistance measurements 

Transepithelial resistance (TER), representing the epithelial barrier 
function, was measured using an Epithelial Volt/Ohm Meter (EVOM, 
World Precision Instruments, Sarasota, FL, USA). The TER was measured 
every hour for the first 10 h, and then again after 24 h and 48 h. The 
measurements were corrected to the resistance of the blank values of the 
filter supports and calculated with regard to the membrane area. 

2.5. Protein extraction and quantification 

The medium was removed at the end of the incubation experiments. 
The inserts were washed with PBS, following which the cells were lysed 
for protein extraction in RIPA buffer comprising 25 mM HEPES pH 7.6, 
25 mM NaF, 2 mM EDTA, 1% sodium dodecyl sulfate (10%), H2O, and 
enzymatic protease inhibitors (Complete EDTA-free, Boehringer, Man
nheim, Germany). The RIPA buffer (150 μL) was pipetted onto each 
insert and the cells were carefully scraped off and transferred into 
Eppendorf tubes. After 30 min of incubation on ice, the samples were 
homogenized in an ultrasonic bath. Protein quantification was carried 
out by using the Bio-Rad DC Protein Assay (Bio-Rad Laboratories GmbH, 
Munich, Germany). 

2.6. Immunoblots and densitometry 

Polyacrylamide gel electrophoresis (PAGE) was used to separate the 
isolated proteins according to their charge and molecular size. A sample 
containing 20 μg protein was mixed with Laemmli buffer (Bio-Rad 
Laboratories GmbH, Munich, Germany) and β-mercapthoethanol 
(AppliChem, Darmstadt, Germany) and heated at 95 ◦C for 5 min. The 
protein lysates were loaded onto 10% TGX Stain-Free FastCast gels (Bio- 
Rad Laboratories GmbH, Munich, Germany), and electrophoresis was 
carried out for 60 min at 150 V. The proteins were then transferred by 
electroblotting for 90 min at 100 V to PVDF membranes (Bio-Rad Lab
oratories GmbH, Munich, Germany) and then blocked in 5% milk (in 
Tris-buffered saline with 0.1% Tween 20) for 60 min. After incubation 
overnight at 4 ◦C with specific antibodies (all from Thermo Fisher Sci
entific, at concentrations according to the manufacturers 
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recommendations) against claudin-1 (cat. #51-9000), claudin-3 (cat. 
#34-1700), claudin-4 (cat. #32-9400), claudin-5 (cat. #34-1600), 
occludin (cat. #33-1500), or Zonula occludens 1 (ZO-1; cat. #33-9100), 
the membrane was then incubated with secondary horse anti-mouse IgG 
antibody conjugated to horseradish peroxidase (Cell Signaling Tech
nology, cat. #7076) and goat anti-rabbit IgG (cat. #7074) at room 
temperature for 45 min. Subsequently, antibodies were detected by the 
Clarity Western ECL Blotting Substrate (Bio-Rad Laboratories GmbH, 
Munich, Germany) by using a ChemiDoc MP Luminescence imager 
(ChemiDoc MP, Munich, Germany). Densitometrical analysis of the 
immunoblotting bands was subsequently carried out using Image Lab, 
the software compatible with the imager (ImageLab, BioRad, Hercules, 
CA, USA). Bands were normalized based on the total protein amount and 
compared with the control group. 

2.7. Immunocytochemistry 

After the incubation experiments, the medium was removed, and the 
inserts were washed with PBS. The cells were fixed with ice-cold 
methanol for 10 min at -20 ◦C and then washed again with PBS. Per
meabilization was performed in Triton X-100 (Roth, Karlsruhe, Ger
many) for 10 min at room temperature. After another washing step with 
PBS, the cells were blocked by incubation with a blocking solution (PBS 
with 1% bovine serum albumin and 5% goat serum) for 60 min at room 
temperature. The cells were next incubated with antibodies against 
claudin-1, -3, -4, -5, Zonula occludens 1 (ZO-1), and occludin (according 
to the manufacturer, as described above) for 60 min at 37 ◦C. Subse
quently, cells were washed again and stained with secondary goat anti- 
rabbit Alexa Fluor-488 (1:1000, Thermo Fisher Scientific, cat. #A- 
11034) and goat anti-mouse Alexa Fluor-594 (cat. #A-11032) for 60 min 
at 37 ◦C. The cell nuclei were stained by DAPI (1:2000) for 5 min at room 
temperature followed by another wash with PBS. The filters were 
mounted on microscope slides by using ProTaqs Mount Fluor (Biocyc, 
Luckenwalde, Germany) and examined by means of a Zeiss 710 confocal 
laser scanning microscope (Zeiss, Oberkochen, Germany). 

2.8. Investigation of distribution and amount of cannabinoid and TNF 
receptors after incubation with TNFα and CBD 

To study the effects of CBD and the co-incubation with TNFα on their 
specific receptors, the cells were stained with antibodies (from 
antibodies-online, if not declared otherwise) against Cannabinoid Re
ceptor 1 (CBR-1; cat. #ABIN3183698), Cannabinoid Receptor 2 (CBR-2; 
cat. #ABIN680168), and TNF receptor 1 (TNFR-1; Abcam, cat. 
#AB19139) and 2 (TNFR-2; cat. #ABIN2789622) for immunoblotting 
and immunocytochemistry as described above. 

2.9. Paracellular permeability 

IPEC-J2 cells were treated with CBD alone or in combination with 
TNFα for 48 h as previously described. Mannitol was used as a para
cellular flux marker from the apical to the basolateral side: 1 μM (6330 
Bq) of [3H]-D-Mannitol (PerkinElmer, Waltham, MA, USA) was added to 
the apical side of the semipermeable inserts. Aliquots of 50 μL from the 
apical side, representing “hot” samples, were taken at the beginning and 
at the end of the experiment. These samples were made up to 300 μL 
with the appropriate medium. Samples of 300 μL from the basolateral 
side were taken either after 4 h and 8 h or/and after 24 h and 48 h. This 
resulted in either two or four flux periods, respectively. Fresh medium 
with the appropriate concentration of CBD and/or TNFα was replen
ished directly. Samples were mixed with 300 μL Aquasafe 300 plus 
liquid scintillation cocktail (Zinsser Analytic, Frankfurt, Germany) for 
10 min and then counted in a TriCarb 4910 TR liquid scintillation 
counter (PerkinElmer, Waltham, MA, USA). 

2.10. ApoTox-Glo™ triplex assay 

An ApoTox-Glo™ assay (Promega GmbH, Walldorf, Germany) was 
performed to investigate apoptosis (caspase-3/-7 activity), cytotoxicity, 
and the cell viability of IPEC-J2 after incubation with CBD. To accom
plish this, 2 × 105 cells per mL were seeded onto 24 multiwell plates 
with polyester membrane inserts having a diameter of 6.5 mm and a 
pore size of 0.4 μm (Costar, Corning Incorporated, Kennebunk, ME, 
USA). Following a growing period of 14 days, cells were incubated for 
48 h with CBD concentrations of 20 μM and 40 μM. After 48 h, 20 μL 
viability/cytotoxicity reagent containing GF-AFC substrate and bis-AFF- 
R110 substrate was added to each well and gently shaken for 30 s. 
Subsequently, after 30 min of incubation at 37 ◦C, the fluorescence was 
measured at 400EX/505 EM for viability and at 485EX/520 EM for 
cytotoxicity by means of an EnSpire Multimode Plate Reader (Perkin 
Elmer, Waltham, MA, USA). Subsequently, 100 μL Caspase-Glo 3/7 re
agent was added to each well and briefly mixed again for 30 s. The 
luminescence measurement of apoptosis was carried out after 30 min of 
incubation at room temperature. 

2.11. Statistical analysis 

Statistical analysis of the data was performed using JMP Pro 16. 
Experimental results are shown as average values ± standard error 
mean (SEM). The number of filters is specified as n. Normally distributed 
data were compared by using one-way ANOVA, and statistical signifi
cance was determined by Dunnett’s post hoc test or Tukey Kramer. For 
non-normally distributed data, the Kruskal-Wallis test was applied as a 
non-parametric test with Tukey Kramer for the post hoc test or Dunnett’s 

Fig. 1. Effects of CBD on transepithelial electrical resistance and paracellular permeability. A Transepithelial electrical resistance after incubation with various 
concentrations of CBD for 48 h (Kruskal-Wallis test; one-way ANOVA (Analysis of Variance); n = 15–16; *p < 0.05, **p < 0.01). B Measurement of paracellular 
permeability of [3H]-D-Mannitol for 48 h, over four time periods (Kruskal-Wallis test; n = 5–6; *p < 0.05, **p < 0.01). Data are presented in mean ± SEM. 
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Fig. 2. Effects of CBD on the expression of tight junction proteins. A Densitometry and B Western blots of tight junction proteins after incubation with CBD for 48 h 
(one-way ANOVA, n = 6; *p < 0.05). Immunofluorescent staining of C claudin-1 (green) and Zonula occludens 1 (ZO-1; red), D claudin-4 (green) and claudin-5 (red) 
after 48 h of incubation. Nuclei were stained in blue (DAPI; scale bar: 20 μm; n = 4; representative images). 
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post hoc test. Statistical significance was assumed at values below p =
0.05. 

3. Results 

3.1. Effects of CBD on transepithelial barrier function 

Measurements of transepithelial resistance (TER) and paracellular 
permeability of Mannitol were conducted to investigate the effects of 
cannabidiol (CBD) on the epithelial barrier of IPEC-J2 cells. After 4 h 
and 8 h of incubation, cells treated with 40 μM CBD showed increased 
TER values compared with controls (4 h: ctrl: 100.2 ± 2.64%; 40 μM: 
113.12 ± 3.92%, p < 0.05; 8 h: ctrl: 95.07 ± 2.12%; 40 μM: 105.42 ±
2.92%, p < 0.01; n = 16; Fig. 1A). However, resistance at 20 and 40 μM 
decreased after 48 h (ctrl: 88.42 ± 0.80%; 20 μM: 81.58 ± 1.74%, p <
0.05; 40 μM: 80.83 ± 2.09%, p < 0.01; n = 15–16; Fig. 1A). 

TER was not significantly affected by lower concentrations of CBD 
throughout the entire study period. As a result, paracellular perme
ability measurements, immunoblots, and immunocytochemical images 
were only undertaken for higher concentrations of CBD. 

The paracellular permeability from the apical to basolateral sides 
was measured using the flux marker [3H]-D-Mannitol. The flux rates of 
the control group were set to 100% and compared with those of the CBD- 
treated cells. Measurements were conducted at four different time pe
riods (4, 8, 24, and 48 h). The results showed that the permeability of 
[3H]-D-Mannitol was markedly lower following incubation of 20 and 40 

Fig. 3. Apotox-Glo™ assay. Impact of a 48 h CBD treatment on cellular 
viability, cytotoxicity, and apoptosis of IPEC-J2 cells (one-way ANOVA; n = 4; 
*p < 0.05). 

Fig. 4. Effects of CBD on the transepithelial barrier function under inflammatory conditions. A Transepithelial electrical resistance after incubation with 1000 U/mL 
TNFα and CBD for 48 h (Kruskal-Wallis test, n = 20; *p < 0.05, ***p < 0.001). B Paracellular permeability of [3H]-D-Mannitol for 48 h, over two time periods (one- 
way ANOVA; n = 5–6; **p < 0.01, ***p < 0.001 compared with control; §p < 0.05 compared with TNFα treated cells). 

Fig. 5. Effects of co-incubation of TNFα and CBD on TJ protein expression. A Densitometry and B Western blots of tight junction proteins after incubation with 1000 
U/mL TNFα and CBD for 48 h (one-way ANOVA; n = 7–8; *p < 0.05, **p < 0.01, ***p < 0.001). 
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μM CBD compared with that of controls in the last flux period of 48 h 
(20 μM: 89.16 ± 1.95%, p < 0.01; 40 μM: 91.78 ± 2.79%, p < 0.05; n =
5–6; Fig. 1B). 

3.2. Immunoblotting 

Immunoblots of tight junction (TJ) proteins were conducted to 
elucidate the underlying molecular mechanism of the alteration in 
transepithelial resistance and paracellular permeability. CBD at 40 μM 
markedly increased the expression of claudin-4 compared with that of 
the control group (ctrl: 100%; 40 μM CBD: 158.75 ± 20.94%, p < 0.05, 
n = 6), whereas no significant alteration was observed in the expression 
of the TJ proteins claudin-1, -3, and -5 (n = 6, respectively, Fig. 2A and 
B). 

3.3. Confocal laser scanning microscope 

Following the TER experiments, the cells were immunocytochemi
cally stained for specific TJ proteins. Upon incubation with CBD, the 
immunofluorescence images exhibited an enhanced signal for claudin-1 
(green) and ZO-1 (red; Fig. 2C) as compared with the control. Similar 
observations were made for claudin-4 (green) and claudin-5 (red; 
Fig. 2D) after incubation with CBD. The immunofluorescence images 
demonstrated a stronger signal for both claudins compared with the 
control (Fig. 2D). 

3.4. Apotox-Glo™ assay 

The effect of CBD on cell viability, cytotoxicity, and apoptosis was 
determined using the Apotox-Glo™ assay. CBD-treated cells were 
compared with control cells that were set at 100%. After 48 h of incu
bation with 40 μM CBD, the apoptosis rate was marginally increased 
(109.73 ± 2.77%, p < 0.05, n = 4; Fig. 3). On the other hand, 20 μM CBD 
did not show significant effects on apoptosis (104.32 ± 3.01%, p =
0.272, n = 4; Fig. 3). Viability and cytotoxicity also did not differ 
significantly between the groups. 

3.5. Effects of CBD on transepithelial barrier function under 
inflammatory conditions 

Incubation with 1000 U/mL TNFα resulted in a significant decrease 
in transepithelial resistance over 48 h compared to control cells (ctrl: 
88.37 ± 1.76%; TNFα: 68.24 ± 2.54%, p < 0.001, n = 20; Fig. 4A). 
However, when co-incubated with 40 μM CBD, the TNFα-induced effect 
was prevented (TNFα + 40 μM CBD: 81.51 ± 3.99%, p < 0.05, n = 20; 
Fig. 4A). Thus, after 48 h, no significant difference in terms of TER was 
observed between control cells and those treated with TNFα +40 μM 
CBD (p = 0.649). 

Flux measurements of mannitol after 24 h revealed a significant in
crease in permeability for cells treated with TNFα and TNFα in combi
nation with CBD compared to control cells (ctrl: 100%; TNFα: 149.97 ±
12.63%, p < 0.05; TNFα + 20 μM: 185.94 ± 18.74%, p < 0.001; TNFα +
40 μM: 182.8 ± 10.35%, p < 0.001, n = 5–6; Fig. 4B). Compared with 
TNFα alone, co-incubation with 40 μM CBD resulted in a significant 
lower permeability in the second flux period from 24 h to 48 h (ctrl: 
100%; TNFα: 169.81 ± 8.41%, p < 0.001 compared with control; TNFα 
+ 40 μM: 142.22 ± 3.30%, p < 0.05 compared with TNFα-treated cells; 
n = 6; Fig. 4B). However, co-incubation with CBD still resulted in 
increased permeability compared with control cells (ctrl: 100%, TNFα +
20 μM: 153.73 ± 10.01%, p < 0.001; TNFα + 40 μM: 142.22 ± 3.30%, p 
< 0.01, n = 5–6; Fig. 4B). 

3.6. Influence on TJ protein expression by co-incubation with TNFα and 
CBD 

The protein level of control groups was set to 100%. Values are the 

Fig. 6. Confocal laser microscopy studies of various tight junction proteins 
after co-incubation of TNFα and CBD. Immunofluorescent staining of A claudin- 
1 (green) and Zonula occludens 1 (ZO-1; red), B claudin-4 (green) and claudin-5 
(red), C claudin-3 (green) and occludin (red) after 48 h of incubation. Nuclei 
were stained in blue (DAPI; scale bar: 20 μm; n = 4; representative images). 
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percentage of the control group. The cells treated with TNFα were sta
tistically compared with control cells, whereas the cells co-incubated 
with TNFα and CBD were compared with TNFα treated cells. Sole 
TNFα incubation led to a significant decrease in the expression level of 
claudin-1 over 48 h compared to the controls (TNFα: 64.73 ± 7.61%, p 
< 0.05, n = 6; Fig. 5A and B). However, co-incubation of TNFα-treated 
cells with 20 μM or 40 μM CBD prevented the decrease in claudin-1 
expression (TNFα + 20 μM CBD: 99.3 ± 11.15%, p < 0.05; TNFα +
40 μM CBD: 109.46 ± 10.53%, p < 0.01; n = 6; Fig. 5A and B). Similar 
results were observed for claudin-3 expression, with TNFα leading to a 
reduced expression (TNFα: 77.94 ± 5.31%, p < 0.05, n = 8; Fig. 5A and 
B), which was prevented by co-incubation with 20 μM CBD (TNFα + 20 
μM CBD: 107.15 ± 7.51%, p < 0.01, n = 8; Fig. 5A and B). Claudin-4 was 
not significantly changed (TNFα: 96.42 ± 11.46%, n = 7; TNFα + 40 μM 
CBD: 151.55 ± 34.71%, n = 8). The expression of claudin-5 showed a 
marked increase in co-incubated cells with 40 μM CBD compared with 
controls and with sole TNFα incubation (TNFα: 125.28 ± 13.22%; TNFα 
+ 40 μM CBD: 213.70 ± 17.22%, p < 0.001 compared with controls, p <
0.01 compared with TNFα-treated cells; Fig. 5A and B). However, the 
expression of ZO-1 and occludin was not significantly altered by TNFα or 
co-incubation with CBD (data not shown). 

In addition, confocal laser microscopy studies were performed to 
investigate the distribution and localization of specific TJ proteins. After 
48 h of TNFα treatment, a faint signal for claudin-1 (green; Fig. 6A) was 
observed, in contrast to the junctional signal observed in the control 
group (Fig. 6A). However, in combination with 40 μM CBD, a stronger 
paracellular signal could be seen for claudin-1. Similarly, a loss of signal 
for claudin-4 (green; Fig. 6B) and claudin-5 (red; Fig. 6B) was detected 
after TNFα treatment, which was protected by CBD, as shown by the 
preserved signal in co-incubation with CBD (Fig. 6B). Furthermore, 
TNFα treatment resulted in a loss of continuous signal for claudin-3 

(green; Fig. 6C) at the apicolateral part of the cells, a loss that was 
also prevented by CBD (Fig. 6C). ZO-1 (red; Fig. 6A) and occludin (red; 
Fig. 6C) were not significantly affected. 

3.7. Cannabinoid- and TNF receptor expression 

To investigate whether CBD alone or in combination with TNFα 
affected the expression of specific TNF and CBD-receptors, Western blot 
and immunocytochemical staining analyses were performed. Incubation 
with 40 μM CBD resulted in a significant decrease in TNFR-1 expression 
compared with the control group (ctrl: 100%; 40 μM CBD: 56.85 ±
9.54%, p < 0.01, n = 6; Fig. 7A and B). On the other hand, TNFR-1 
expression increased following the sole incubation of TNFα (TNFα: 
147.67 ± 20.83%, n = 12; Fig. 8A and B) but decreased when cells had 
been co-incubated with CBD (TNFα + 20 μM CBD: 131.47 ± 23.35%, n 
= 9; TNFα + 40 μM CBD: 98.8 ± 15.13%, n = 11; Fig. 8A and B). The 
expression of TNFR-2 significantly decreased with incubation in 20 μM 
CBD compared with the control group (20 μM CBD: 46.36 ± 7.66%, p <
0.05, n = 5; Fig. 7A and B). However, the opposite effect was observed 
when CBD was co-incubated with TNFα (TNFα: 96.35 ± 17.68%, TNFα 
+ 40 μM CBD: 117.98 ± 18.22%, n = 12; Fig. 8A. B). 

Immunofluorescent staining, including z-stack images of TNFR-1, 
showed that the receptor was primarily located on the basolateral 
membrane under normal conditions. However, when cells were incu
bated with TNFα, a notable increase in signal intensity was observed 
throughout the cells. The co-incubation with CBD markedly attenuated 
this intense signal (Fig. 8C, E). In contrast, the signal for TNFR-2 was 
weaker upon incubation with TNFα alone, whereas co-incubation with 
CBD resulted in a marked increase in the signal (Fig. 8D, F). 

Although CBD tended to increase the expression of CBR-2 slightly 
compared with that of the control group, as indicated by immunoblots 

Fig. 7. Influence on TNF receptor expression by incubation with CBD. A Densitometry and B Western blots of TNFR-1 and TNFR-2 after 48 h of incubation with CBD 
(Kruskal-Wallis test; one-way ANOVA; n = 5–6; *p < 0.05, **p < 0.01). Immunofluorescent staining of C TNFR-1 (green), D TNFR-2 (green), nuclei were stained in 
blue (DAPI; scale bar: 20 μm; n = 4; representative images). 
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(ctrl: 100%, 20 μM: 156.68 ± 31.30%, 40 μM CBD: 150.69 ± 29.57%; 
Fig. 9A and B), and immunofluorescent staining (Fig. 9D), neither CBD 
nor TNFα significantly altered the expression of the cannabinoid re
ceptors. Immunofluorescent staining revealed the different distributions 
of the cannabinoid receptors, with CBR-1 (green; Fig. 9C) being strongly 
expressed in individual cells, whereas CBR-2 (green; Fig. 9D) was more 
evenly distributed. 

4. Discussion 

Cannabidiol (CBD) has received growing attention in recent years 
because of its potential therapeutic properties for various ailments, 
including chronic pain, anxiety, and epilepsy [41]. It has been combined 
with other biomaterials such as chitosan and alginate-based hydrogel [4, 
5] and is a promising compound for the development of new therapeutic 
options aimed at restoring a disturbed barrier resulting from inflam
matory conditions [42,43]. Despite its increasing popularity, much 
research is still needed if we are fully to understand the potential ben
efits and risks of using CBD to treat various health conditions. Our aim 
has therefore been to investigate the effects of CBD under normal versus 
inflammatory conditions in the non-tumorigenic intestinal epithelial cell 
line IPEC-J2. 

In our study, we observed that CBD alone had the ability to increase 
transepithelial resistance (TER) in IPEC-J2 cells. Specifically, our 

findings indicated that higher concentrations of 20 μM and 40 μM CBD 
resulted in a significant increase in TER values at 4 h and 8 h. Addi
tionally, we found that incubation with CBD led to a decrease in the 
paracellular permeability of [3H]-D-Mannitol after 48 h, indicating still 
a barrier-strengthening effect of this cannabinoid. Although a decrease 
of TER after 48 h of CBD could also be observed, which is in accordance 
with the concept of independent regulation of the paracellular high- 
capacity pore pathway and the low capacity leak pathway [44,45]. 
Analysis of immunoblots revealed that CBD significantly induced the 
expression of claudin-4, a TJ protein known for its barrier-strengthening 
properties [46]. Claudin-4 plays a crucial role in regulating paracellular 
ion permeability and can be affected by various factors such as bacteria 
[47], bacterial toxins [48], and secondary plant compounds [25]. In a 
study conducted by Van Itallie et al., the induction of claudin-4 was 
demonstrated to lead to an increase in TER and a decrease in Na+

permeability [49]. Furthermore, our immunofluorescence analysis 
revealed a stronger signal of claudin-1, claudin-4, and claudin-5 within 
TJ complexes, indicating the upregulation of these proteins by CBD. 

The paracellular permeability of mannitol is based on the leak 
pathway and can be regulated by myosin light chain kinase 1 (MLCK1) 
[50,51]. Cytokines such as interleukin-1β and TNFα can activate the 
expression and enzymatic activity of MLCK1, which then initiates the 
endocytosis of occludin through a cascade, thereby increasing the 
permeability of TJs [52–54]. Activation of the NFkB signaling pathway 

Fig. 8. Specific TNF receptor expression after co-incubation with 1000 U/mL TNFα and CBD. A Densitometry and B Western blots of TNFR-1 and TNFR-2 after 48 h 
of incubation with TNFα and CBD (n = 9–12). Immunofluorescent staining of C TNFR-1 (green), D TNFR-2 (green), nuclei were stained in blue (DAPI; scale bar: 20 
μm; n = 4; representative images). Z-stack images of E TNFR-1(green) and F TNFR-2 (green) (DAPI (blue); scale bar: 20 μm; n = 3; representative images). 
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can induce the transcription of MLCK [52]. Several studies have 
demonstrated that CBD is capable of inhibiting the NFkB signaling 
pathway [55–57]. This might explain the observed decrease in para
cellular permeability, as the inhibition of the NFkB pathway might lead 
to the reduced expression of MLCK. 

To elucidate further the decrease of TER, we performed an Apotox- 
Glo assay to assess the potential impact of CBD on cell viability, 
apoptosis, and toxicity. Notably, the results revealed a slight increase in 
apoptotic activity at 40 μM CBD after 48 h compared with the control 
group. CBD is known to induce apoptosis through various mechanisms 
[58]. Several prior investigations have led to the proposal that the ca
pacity of CBD to induce apoptotic cell death is linked to its anticancer 
properties [59,60]. Jeong et al. have demonstrated that CBD induces 
apoptosis in gastric cancer cell lines without affecting a normal gastric 
epithelial cell line [61]. One possible mechanism of apoptosis by CBD is 
the activation of CBR-1 and CBR-2, which can trigger a series of intra
cellular signaling pathways that lead to apoptosis [62]. Another possible 
mechanism might be the modulation of the expression of various pro
teins involved in apoptosis regulation, such as Bcl-2 and caspases [63]. 
The induction of apoptosis is unlikely to explain the decrease in TER 
with the paracellular permeability being unaffected, as apoptosis would 
also result in an increase of the leak pathway. Rather, the observed in
crease in caspase-3 and -7 levels indicates the beginning of apoptosis. 
Apoptosis comprises three phases: the initiation phase, the effector 
phase during which caspase-3 and -7 are activated, and the third phase 
during which morphological changes and DNA fragmentation occur 
[64]. In support of this hypothesis, we have not observed any loss of cells 
and gaps in the cell monolayer in the immunofluorescence images. 
Moreover, caspases have been shown also to be involved in 
non-apoptotic cellular mechanisms [65]. 

We also investigated the effects of CBD on the barrier function of 
cells under inflammatory conditions. The results showed that TNFα 
treatment led to a significant decrease in TER and increased perme
ability, whereas co-incubation with CBD mitigated or even prevented 

these barrier-disrupting effects. Prior research has shown that CBD has 
the potential to prevent the decline in resistance and the decrease in 
paracellular permeability resulting from inflammation [28,30]. In our 
study, CBD also prevented the decreased expression of claudin-1 and -3 
caused by TNFα and increased the expression of claudin-5. This suggests 
that CBD can protect against the barrier-disturbing effects of TNFα on 
the distribution and localization of TJ proteins such as claudin-1, clau
din-3, and claudin-4, as also observed in our confocal laser microscopy 
studies. 

We further investigated the impact on the distribution and amount of 
CBD- and TNF receptors after incubation with TNFα and CBD. The re
sults indicate that CBD, when used alone or in combination with TNFα, 
can affect the expression of TNF receptors (TNFR-1 and TNFR-2), as 
indicated by Western blot and immunocytochemical staining. In an in 
vivo study on mice subjected to bile-duct ligation, CBD demonstrated its 
potential to reduce TNFR-1 levels in the hippocampus [66,67]. Addi
tionally, in another study involving an ischemic stroke model, CBD was 
found to exhibit similar effects on TNFR-1 levels [67]. Interestingly, 
TNFR-2 was found to be downregulated when cells were exposed to CBD 
alone, but upregulated when co-incubated with TNFα. No studies have 
been found so far that demonstrate an effect of CBD on TNFR-2. How
ever, activation of TNFR-2 additionally has positive effects in terms of 
disease, as the receptor also has a proliferative and cell-survival effect 
[68]. 

TNF receptors have previously been identified as potential targets for 
CBD [69], although further research is needed to elucidate the under
lying mechanisms and potential therapeutic implications of these 
findings. 

Our study has demonstrated that CBD does not significantly impact 
CBD receptors, despite a trend towards an observed increase in CBR-2. 
CBD has however recently been shown to enhance CBR-2 on CD4+

and regulatory T cells in the intestine [70]. We have been able to 
demonstrate a differential distribution of the receptors by means of 
immunofluorescence imaging. CBR-1 is expressed more strongly by 

Fig. 9. Analysis of cannabinoid-receptor expression after incubation with CBD. A Densitometry and B Western blots of CBR-1 and CBR-2 after 48 h of incubation with 
CBD (n = 5–6). Immunofluorescent staining of C CBR-1 (green), D CBR-2 (green), nuclei were stained in blue (DAPI; scale bar: 20 μm; n = 4; representative images). 
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individual cells, whereas CBR-2 is more uniformly expressed by all cells. 
IPEC-J2 cells, cultured with species-specific porcine serum, are a 

valuable model for studying the intestinal epithelium because of their 
ability to exhibit the morphological and functional characteristics of the 
small intestine [38,71]. Therefore, the use of IPEC-J2 cells provides 
important physiological insights into the effects of CBD on TNFα-in
duced inflammation in the intestinal epithelium. Since the systemic 
bioavailability of cannabinoids trough oral application is around 
10–20% [72], it is reasonable to assume that this concentration is also 
achieved in the intestine. Additionally, it can be assumed that high 
concentrations of up to 40 μM of CBD in the intestine can be attainable 
with the administration of 120 mg/kg (381 μM) orally [73]. Whether 
these concentrations in vivo yield the same positive effects observed in 
vitro on IPEC-J2 cells should be the subject of further investigations. In 
our model, CBD might also counteract adverse effects of other recently 
characterized biomaterials, such as chitosan [17], and caprate [18], and 
generally can be regarded as a promising ingredient of 
anti-inflammatory applications. 

5. Conclusions 

This study highlights the potential of CBD-based applications in 
mitigating the barrier-disrupting effects of TNFα. Our results demon
strate that CBD enhances the presence of sealing TJ proteins, thereby 
strengthening the intestinal barrier. Additionally, CBD decreases the 
expression of TNFR-1, which plays a crucial role in the disruption of the 
intestinal barrier. Overall, these findings suggest that CBD will be a 
promising component in biomaterial-based therapeutic approaches for 
the treatment of inflammatory pathomechanisms. 
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Söllig, and Susanne Trappe for excellent technical assistance. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.mtbio.2023.100808. 

References 

[1] S. Burstein, Cannabidiol (CBD) and its analogs: a review of their effects on 
inflammation, Bioorg. Med. Chem. 23 (7) (2015) 1377–1385, https://doi.org/ 
10.1016/j.bmc.2015.01.059. 

[2] L. Cohen, M.G. Neuman, Cannabis and the gastrointestinal tract, J. Pharm. 
Pharmaceut. Sci. 23 (2020) 301–313, https://doi.org/10.18433/jpps31242. 

[3] P. Morales, D.P. Hurst, P.H. Reggio, Molecular targets of the phytocannabinoids: a 
complex picture, Prog. Chem. Org. Nat. Prod. 103 (2017) 103–131, https://doi. 
org/10.1007/978-3-319-45541-9_4. 

[4] Z. Zheng, J.C. Qi, L.Q. Hu, D.F. Ouyang, H.Z. Wang, Q.L. Sun, L.J. Lin, L.D. You, 
B. Tang, A cannabidiol-containing alginate based hydrogel as novel multifunctional 
wound dressing for promoting wound healing, Biomater. Adv. 134 (2022), https:// 
doi.org/10.1016/j.msec.2021.112560. 

[5] D. Chelminiak-Dudkiewicz, A. Smolarkiewicz-Wyczachowski, K. Mylkie, M. Wujak, 
D.T. Mlynarczyk, P. Nowak, S. Bocian, T. Goslinski, M. Ziegler-Borowska, Chitosan- 
based films with cannabis oil as a base material for wound dressing application, Sci 
Rep-Uk 12 (1) (2022), https://doi.org/10.1038/s41598-022-23506-0. 

[6] M.A. ElSohly, M.M. Radwan, W. Gul, S. Chandra, A. Galal, Phytochemistry of 
cannabis sativa L, Prog. Chem. Org. Nat. Prod. 103 (2017) 1–36, https://doi.org/ 
10.1007/978-3-319-45541-9_1. 

[7] V. Di Marzo, M. Bifulco, L. De Petrocellis, The endocannabinoid system and its 
therapeutic exploitation, Nat. Rev. Drug Discov. 3 (9) (2004) 771–784, https://doi. 
org/10.1038/nrd1495. 

[8] L. De Petrocellis, A. Ligresti, A.S. Moriello, M. Allara, T. Bisogno, S. Petrosino, C. 
G. Stott, V. Di Marzo, Effects of cannabinoids and cannabinoid-enriched Cannabis 
extracts on TRP channels and endocannabinoid metabolic enzymes, Br. J. 
Pharmacol. 163 (7) (2011) 1479–1494, https://doi.org/10.1111/j.1476- 
5381.2010.01166.x. 

[9] D. Baker, G. Pryce, W.L. Davies, C.R. Hiley, In silico patent searching reveals a new 
cannabinoid receptor, Trends Pharmacol. Sci. 27 (1) (2006) 1–4, https://doi.org/ 
10.1016/j.tips.2005.11.003. 

[10] E. Ryberg, N. Larsson, S. Sjogren, S. Hjorth, N.O. Hermansson, J. Leonova, 
T. Elebring, K. Nilsson, T. Drmota, P.J. Geasley, The orphan receptor GPR55 is a 
novel cannabinoid receptor, Br. J. Pharmacol. 152 (7) (2007) 1092–1101, https:// 
doi.org/10.1038/sj.bjp.0707460. 

[11] S.E. O’Sullivan, Cannabinoids go nuclear: evidence for activation of peroxisome 
proliferator-activated receptors, Br. J. Pharmacol. 152 (5) (2007) 576–582, 
https://doi.org/10.1038/sj.bjp.0707423. 

[12] E.B. Russo, A. Burnett, B. Hall, K.K. Parker, Agonistic properties of cannabidiol at 
5-HT1a receptors, Neurochem. Res. 30 (8) (2005) 1037–1043, https://doi.org/ 
10.1007/s11064-005-6978-1. 

[13] S. Zou, U. Kumar, Cannabinoid receptors and the endocannabinoid system: 
signaling and function in the central nervous system, Int. J. Mol. Sci. 19 (3) (2018), 
https://doi.org/10.3390/ijms19030833. 

[14] K.R. Groschwitz, S.P. Hogan, Intestinal barrier function: molecular regulation and 
disease pathogenesis, J. Allergy Clin. Immunol. 124 (1) (2009) 3–20, https://doi. 
org/10.1016/j.jaci.2009.05.038, quiz 21-2. 

[15] M.A. Odenwald, J.R. Turner, The intestinal epithelial barrier: a therapeutic target? 
Nat. Rev. Gastroenterol. Hepatol. 14 (1) (2017) 9–21, https://doi.org/10.1038/ 
nrgastro.2016.169. 

[16] M. Furuse, K. Fujita, T. Hiiragi, K. Fujimoto, S. Tsukita, Claudin-1 and -2: novel 
integral membrane proteins localizing at tight junctions with no sequence 
similarity to occludin, J. Cell Biol. 141 (7) (1998) 1539–1550, https://doi.org/ 
10.1083/jcb.141.7.1539. 

[17] S. Amasheh, N. Meiri, A.H. Gitter, T. Schoneberg, J. Mankertz, J.D. Schulzke, 
M. Fromm, Claudin-2 expression induces cation-selective channels in tight 
junctions of epithelial cells, J. Cell Sci. 115 (24) (2002) 4969–4976, https://doi. 
org/10.1242/jcs.00165. 

[18] S. Amasheh, T. Schmidt, M. Mahn, P. Florian, J. Mankertz, S. Tavalali, A. Gitter, J. 
D. Schulzke, M. Fromm, Contribution of claudin-5 to barrier properties in tight 
junctions of epithelial cells, Cell Tissue Res. 321 (1) (2005) 89–96, https://doi.org/ 
10.1007/s00441-005-1101-0. 

[19] J.D. Schulzke, A.H. Gitter, J. Mankertz, S. Spiegel, U. Seidler, S. Amasheh, 
M. Saitou, S. Tsukita, M. Fromm, Epithelial transport and barrier function in 
occludin-deficient mice, Bba-Biomembr. 1669 (1) (2005) 34–42, https://doi.org/ 
10.1016/j.bbamem.2005.01.008. 

[20] X.J. Zhao, H.L. Zeng, L. Lei, X.L. Tong, L. Yang, Y. Yang, S. Li, Y. Zhou, L.P. Luo, J. 
H. Huang, R. Xiao, J. Chen, Q.H. Zeng, Tight junctions and their regulation by non- 
coding RNAs, Int. J. Biol. Sci. 17 (3) (2021) 712–727, https://doi.org/10.7150/ 
ijbs.45885. 

[21] L. Droessler, V. Cornelius, E. Boehm, L. Stein, N. Brunner, S. Amasheh, Barrier 
perturbation in porcine peyer’s patches by tumor necrosis factor is associated with 
a dysregulation of claudins, Front. Physiol. 13 (2022), https://doi.org/10.3389/ 
fphys.2022.889552. 

[22] R. Rosenthal, D. Gunzel, C. Finger, S.M. Krug, J.F. Richter, J.D. Schulzke, 
M. Fromm, S. Amasheh, The effect of chitosan on transcellular and paracellular 
mechanisms in the intestinal epithelial barrier, Biomaterials 33 (9) (2012) 
2791–2800, https://doi.org/10.1016/j.biomaterials.2011.12.034. 

[23] S.M. Krug, M. Amasheh, I. Dittmann, I. Christoffel, M. Fromm, S. Amasheh, Sodium 
caprate as an enhancer of macromolecule permeation across tricellular tight 
junctions of intestinal cells, Biomaterials 34 (1) (2013) 275–282, https://doi.org/ 
10.1016/j.biomaterials.2012.09.051. 

[24] I. Dittmann, M. Amasheh, S.M. Krug, A.G. Markov, M. Fromm, S. Amasheh, Laurate 
permeabilizes the paracellular pathway for small molecules in the intestinal 
epithelial cell model HT-29/B6 via opening the tight junctions by reversible 

E. Boehm et al.                                                                                                                                                                                                                                  

https://doi.org/10.1016/j.mtbio.2023.100808
https://doi.org/10.1016/j.mtbio.2023.100808
https://doi.org/10.1016/j.bmc.2015.01.059
https://doi.org/10.1016/j.bmc.2015.01.059
https://doi.org/10.18433/jpps31242
https://doi.org/10.1007/978-3-319-45541-9_4
https://doi.org/10.1007/978-3-319-45541-9_4
https://doi.org/10.1016/j.msec.2021.112560
https://doi.org/10.1016/j.msec.2021.112560
https://doi.org/10.1038/s41598-022-23506-0
https://doi.org/10.1007/978-3-319-45541-9_1
https://doi.org/10.1007/978-3-319-45541-9_1
https://doi.org/10.1038/nrd1495
https://doi.org/10.1038/nrd1495
https://doi.org/10.1111/j.1476-5381.2010.01166.x
https://doi.org/10.1111/j.1476-5381.2010.01166.x
https://doi.org/10.1016/j.tips.2005.11.003
https://doi.org/10.1016/j.tips.2005.11.003
https://doi.org/10.1038/sj.bjp.0707460
https://doi.org/10.1038/sj.bjp.0707460
https://doi.org/10.1038/sj.bjp.0707423
https://doi.org/10.1007/s11064-005-6978-1
https://doi.org/10.1007/s11064-005-6978-1
https://doi.org/10.3390/ijms19030833
https://doi.org/10.1016/j.jaci.2009.05.038
https://doi.org/10.1016/j.jaci.2009.05.038
https://doi.org/10.1038/nrgastro.2016.169
https://doi.org/10.1038/nrgastro.2016.169
https://doi.org/10.1083/jcb.141.7.1539
https://doi.org/10.1083/jcb.141.7.1539
https://doi.org/10.1242/jcs.00165
https://doi.org/10.1242/jcs.00165
https://doi.org/10.1007/s00441-005-1101-0
https://doi.org/10.1007/s00441-005-1101-0
https://doi.org/10.1016/j.bbamem.2005.01.008
https://doi.org/10.1016/j.bbamem.2005.01.008
https://doi.org/10.7150/ijbs.45885
https://doi.org/10.7150/ijbs.45885
https://doi.org/10.3389/fphys.2022.889552
https://doi.org/10.3389/fphys.2022.889552
https://doi.org/10.1016/j.biomaterials.2011.12.034
https://doi.org/10.1016/j.biomaterials.2012.09.051
https://doi.org/10.1016/j.biomaterials.2012.09.051


Materials Today Bio 23 (2023) 100808

11

relocation of claudin-5. [Corrected], Pharm. Res. (N. Y.) 31 (9) (2014) 2539–2548, 
https://doi.org/10.1007/s11095-014-1350-2. 

[25] M. Amasheh, S. Schlichter, S. Amasheh, J. Mankertz, M. Zeitz, M. Fromm, J. 
D. Schulzke, Quercetin enhances epithelial barrier function and increases claudin-4 
expression in Caco-2 cells, J. Nutr. 138 (6) (2008) 1067–1073, https://doi.org/ 
10.1093/jn/138.6.1067. 

[26] M. Amasheh, A. Fromm, S.M. Krug, S. Amasheh, S. Andres, M. Zeitz, M. Fromm, J. 
D. Schulzke, TNFalpha-induced and berberine-antagonized tight junction barrier 
impairment via tyrosine kinase, Akt and NFkappaB signaling, J. Cell Sci. 123 (Pt 
23) (2010) 4145–4155, https://doi.org/10.1242/jcs.070896. 

[27] V. Cornelius, L. Droessler, E. Boehm, S. Amasheh, Concerted action of berberine in 
the porcine intestinal epithelial model IPEC-J2: effects on tight junctions and 
apoptosis, Phys. Rep. 10 (7) (2022), e15237, https://doi.org/10.14814/ 
phy2.15237. 

[28] A. Alhamoruni, K.L. Wright, M. Larvin, S.E. O’Sullivan, Cannabinoids mediate 
opposing effects on inflammation-induced intestinal permeability, Br. J. 
Pharmacol. 165 (8) (2012) 2598–2610, https://doi.org/10.1111/j.1476- 
5381.2011.01589.x. 

[29] A. Alhamoruni, A.C. Lee, K.L. Wright, M. Larvin, S.E. O’Sullivan, Pharmacological 
effects of cannabinoids on the Caco-2 cell culture model of intestinal permeability, 
J. Pharmacol. Exp. Therapeut. 335 (1) (2010) 92–102, https://doi.org/10.1124/ 
jpet.110.168237. 

[30] V. Cocetta, P. Governa, V. Borgonetti, M. Tinazzi, G. Peron, D. Catanzaro, 
M. Berretta, M. Biagi, F. Manetti, S. Dall’Acqua, M. Montopoli, Cannabidiol 
isolated from cannabis sativa L. Protects intestinal barrier from in vitro 
inflammation and oxidative stress, Front. Pharmacol. 12 (2021), 641210, https:// 
doi.org/10.3389/fphar.2021.641210. 

[31] D.G. Couch, H. Cook, C. Ortori, D. Barrett, J.N. Lund, S.E. O’Sullivan, 
Palmitoylethanolamide and cannabidiol prevent inflammation-induced 
hyperpermeability of the human gut in vitro and in vivo-A randomized, placebo- 
controlled, double-blind controlled trial, Inflamm. Bowel Dis. 25 (6) (2019) 
1006–1018, https://doi.org/10.1093/ibd/izz017. 

[32] H. Jiang, H. Li, Y. Cao, R. Zhang, L. Zhou, Y. Zhou, X. Zeng, J. Wu, D. Wu, D. Wu, 
X. Guo, X. Li, H. Wu, P. Li, Effects of cannabinoid (CBD) on blood brain barrier 
permeability after brain injury in rats, Brain Res. 1768 (2021), 147586, https:// 
doi.org/10.1016/j.brainres.2021.147586. 

[33] F. Borrelli, G. Aviello, B. Romano, P. Orlando, R. Capasso, F. Maiello, F. Guadagno, 
S. Petrosino, F. Capasso, V. Di Marzo, A.A. Izzo, Cannabidiol, a safe and non- 
psychotropic ingredient of the marijuana plant Cannabis sativa, is protective in a 
murine model of colitis, J. Mol. Med. 87 (11) (2009) 1111–1121, https://doi.org/ 
10.1007/s00109-009-0512-x. 

[34] G. van Loo, M.J.M. Bertrand, Death by TNF: a road to inflammation, Nat. Rev. 
Immunol. (2022) 1–15, https://doi.org/10.1038/s41577-022-00792-3. 

[35] D.I. Jang, A.H. Lee, H.Y. Shin, H.R. Song, J.H. Park, T.B. Kang, S.R. Lee, S.H. Yang, 
The role of tumor necrosis factor alpha (TNF-alpha) in autoimmune disease and 
current TNF-alpha inhibitors in therapeutics, Int. J. Mol. Sci. 22 (5) (2021), 
https://doi.org/10.3390/ijms22052719. 

[36] H. Wajant, D. Siegmund, TNFR1 and TNFR2 in the control of the life and death 
balance of macrophages, Front. Cell Dev. Biol. 7 (2019), https://doi.org/10.3389/ 
fcell.2019.00091. 

[37] L. Droessler, V. Cornelius, A.G. Markov, S. Amasheh, Tumor necrosis factor alpha 
effects on the porcine intestinal epithelial barrier include enhanced expression of 
TNF receptor 1, Int. J. Mol. Sci. 22 (16) (2021), https://doi.org/10.3390/ 
ijms22168746. 

[38] P. Schierack, M. Nordhoff, M. Pollmann, K.D. Weyrauch, S. Amasheh, 
U. Lodemann, J. Jores, B. Tachu, S. Kleta, A. Blikslager, K. Tedin, L.H. Wieler, 
Characterization of a porcine intestinal epithelial cell line for in vitro studies of 
microbial pathogenesis in swine, Histochem. Cell Biol. 125 (3) (2006) 293–305, 
https://doi.org/10.1007/s00418-005-0067-z. 

[39] C. Nossol, A. Barta-Boszormenyi, S. Kahlert, W. Zuschratter, H. Faber-Zuschratter, 
N. Reinhardt, S. Ponsuksili, K. Wimmers, A.K. Diesing, H.J. Rothkotter, Comparing 
two intestinal porcine epithelial cell lines (IPECs): morphological differentiation, 
function and metabolism, PLoS One 10 (7) (2015), e0132323, https://doi.org/ 
10.1371/journal.pone.0132323. 

[40] P. Cotter, C. Kleiveland, T. Lea, I.n. López-Expósito, A. Mackie, T. Requena, 
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