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ABSTRACT 

 

 
Background and Objectives: Tight junctions (TJs) in the gastrointestinal tract are comprised of various junctional proteins 

including Occludin and Zonula Occludens (ZO-1) that have a critical role in epithelial barrier function. Gut microbiota and 

their derived metabolites can maintain and regulate gut epithelial barrier integrity. 

Materials and Methods: In the present study, the effects of active, heat-inactivated, cell-free supernatant, and outer mem- 

brane vesicles (OMVs) of Akkermansia muciniphila were evaluated on the expression of occludin and ZO-1 genes in Caco-2 

cell line by quantitative real-time PCR. 

Results: Data have shown that both forms of the active (metabolically active, growing, and dividing state), and heat inacti- 

vated (by exposure to 56°C for 20 minutes) forms of the bacteria and the cell-free supernatant could affect the expression of 

occludin and ZO-1 genes (P < 0.05). OMVs significantly increased the expression of the occludin gene but had no effects on 

the expression of ZO-1. 

Conclusion: Akkermansia muciniphila and its derived metabolites might have the potential to be used in the pharmaceuti- 

cal and medicinal fields as probiotic, paraprobiotic and postbiotic agents to prevent metabolic and inflammatory diseases; 

Although, further research is needed to understand their interactions within the complex gut microbiome and to evaluate 

potential side effects or risks associated with their use. 
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INTRODUCTION 

 
Human microbiota refers to a community of di- 

verse microorganisms that are colonized in different 

organs of the body and have shown a symbiotic rela- 

tionship with their host (1). They induce many ben- 

eficial effects on health and homeostasis of human 

body. The gastrointestinal tract (GIT) contains the 

largest number of microbiotas among the rest of the 

organs. Gut microbiota performs outstanding func- 

tions in the host body including vitamin, nutrition 

production, anti-inflammatory and anti-oxidant ac- 

tivities, pathogen protection, metabolic regulation, 

and gut barrier integrity (1, 2). The maintenance of 

the gut barrier integrity is a critical factor for sup- 

porting gastrointestinal and neurological health (1-3). 

Gut microbiota dysbiosis may lead to several meta- 

bolic (4, 5), gastrointestinal (4), cardiovascular and 

neurologic disorders which might be the consequence 

of leaky gut conditions (6, 7). In leaky gut syndrome, 

the structure and functions of the tight junction pro- 

teins such as Occludin and Zonula Occludens (ZO-1) 

are altered and may increase the permeability of the 

gut epithelial barrier (3, 6, 7). 

Mucus layer is secreted by goblet cells (8) and 

serves as a selective barrier for transition of nutri- 

ents through epithelial cells. It also protects the epi- 

thelial tissue from mechanical damages, pathogenic 

factors and any harmful and/or toxigenic materials 

(8). There are numerous mucus colonizing bacteria 

which can decompose mucin as the carbon, nitro- 

gen source (9) and produce short chain fatty acids 

(SCFAs) including butyrate, propionate and acetate 

which can activate signaling pathways followed by 

stimulation of immune and metabolic systems (10). 

Among the mucus-colonizing bacteria, Akker- 

mansia muciniphila is an anaerobic gram-negative 

bacterium that colonizes the mucus layer of the gas- 

trointestinal  tract  and  constitutes  approximately 

3-5% of the human gut microbiota. Its abundance is 

negatively correlated with metabolic disorders such 

as obesity, diabetes, and intestinal inflammation (11, 

12). Maintaining gut barrier integrity is crucial for 

preventing these conditions, with tight junction pro- 

teins such as Zonula Occludens-1 (ZO-1) and Occlu- 

din playing essential roles. These proteins regulate 

paracellular permeability and contribute to epitheli- 

al defense mechanisms. Dysregulation of ZO-1 and 

occludin leads to increased gut permeability, often 

referred to as “leaky gut,” which is implicated in var- 

ious metabolic and inflammatory diseases (13, 14). 

Therefore, investigating the effects of A. muciniphila 

and its derivatives on the expression of ZO-1 and oc- 

cludin in intestinal cells is important to understand 

their potential role in preserving epithelial barrier 

function and supporting gut health. 

Furthermore, in order to minimize the side effects 

of inflammatory and resistance of antibiotics, admin- 

istration of postbiotics and paraprobiotics (11-14) is 

considered to substitute the alive bacteria which may 

exacerbate  the  inflammation conditions.  Bacterial 

cell free supernatant and outer membrane vesicles 

(OMVs) represent the postbiotics and heat inactivat- 

ed form of the bacterium considered as a paraprobi- 

otic. All mentioned biotics (15) have shown efficient 

interactions with the host and could alleviated the 

symptoms of the disease (16-18). 

In this study, we investigated and compared the ef- 

fects of active, heat inactivated, and derivatives of A. 

muciniphila on the expression of Occludin and ZO-1 

(regarded as tight junction proteins) in Caco-2 cells 

which represents the best model for studying tight 

junctions in intestinal cells (18). 
 

 
 
MATERIALS AND METHODS 

 
Bacterial culture. Akkermansia muciniphila 

(ATCC BAA-835), obtained from the DSMZ institute 

(German Collection of Microorganisms and Cell Cul- 

tures GmbH), was cultured using brain heart infusion 

(BHI) agar medium (Quelab, Canada) supplemented 

with 0.5% mucin-type III (Sigma-Aldrich, St. Louis, 

Missouri, USA), 5 μg/ml hemin, 1 μg/ml menadione 

(18), and 0.05% L-cysteine (19) in an anaerobic atmo- 

sphere containing 80% N2, 10% H2, and 10% CO2 

at 37°C for 3 to 7 days as described previously (20). 

Macro-and microscopic examinations (gram stain- 

ing) were done for primarily confirmation and the 

purity of A. muciniphila cultures was identified using 

a polymerase chain reaction (PCR) assay for 16s ribo- 

somal ribonucleic acid (rRNA). (Primers sequences 

is shown in Table 1 (20). PCR conditions were as fol- 

lows: initial denaturation at 95°C for 5 minutes; fol- 

lowed by 40 cycles of denaturation at 95°C for 30 sec- 

onds, annealing at 59°C for 45 seconds, and extension 

at 72°C for 60 seconds; with a final extension at 72°C 

for 10 minutes. The reaction was then held at 4°C. 

Cell-free  supernatant  was  separated  from  the 

above-mentioned bacterial culture at an optical den- 
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Table 1. Characteristics and sequences of primers used in qRT- PCR and A. muciniphila 16s rRNA primers sequences 

 

Primer Name Primer sequence Product Size (bp) Annealing Tm (°C) Reference 
A. muciniphila 16s rRNA F: CAGCACGTGAAGGTGGGGAC 316 59 (26) 

 R: CCTTGCGGTTGGCTTCAGA    
GAPDH F: AACAGCCTCAAGATCATCAGCAA 120 55 (27) 

 R: GATGGCATGGACTGTGGTCAT    
ZO-1 F: ACCAGTAAGTCGTCCTGATCC 128 55 (28) 

 R: TCGGCCAAATCTTCTCACTCC    
occludin F: GACTTCAGGCAGCCTCGTTAC 132 55 (29) 

 R: GCCAGTTGTGTAGTCTGTCTCA    

 
 

sity of 1.5 in 600 after centrifuging in 8000 g (5 taining SDS and β-mercaptoethanol, then heated at 

min), adjusting the pH to 7.4, and then filtering (2.22 

nm). The collected supernatant was stored at -70°C 

until usage (20). All experiments were carried out in 

Pasteur institute of Iran. 

 
OMVs isolation and confirmation. A. muciniph- 

ila  bacteria  were  inoculated  in  above  mentioned 

BHI broth medium (12 × 108 CFU/ml of bacteria = 4 

McFarland). After overnight growth of bacteria (ap- 

90-100°C for 10 minutes for proteins denaturation. 

The sample were run on a 4% stacking and a 12% 

resolving gel alongside pre-stained molecular weight 

markers. Electrophoresis was performed at a constant 

voltage, and gels were stained with Coomassie Bril- 

liant Blue to visualize protein bands (20). 

 
Cell culture. The human colorectal adenocarcino- 

ma-derived Caco-2 cell line (IBRC C10094) was pur- 

proximately OD 600 = 1.5), OMVs were isolated as chased from the Iranian Biological Resource Center, 

follows sequentially: centrifugation at 6000 g at 4°C, 

twice washing of the pellets with phosphate-buffered 

saline (PBS), suspending of the pellets with 9% sodi- 

um chloride solution, centrifugation at 6000 g at 4°C 

for an hour, suspending of the pellets with ethylenedi- 

aminetetraacetic acid and sodium deoxycholate (Sig- 

ma Aldrich, USA) buffers, centrifugation at 20,000 g 

at 4°C for an hour, and finally twice ultracentrifuga- 

tion at 125,000 g for 2 h. Isolated OMVs were stored 

in sucrose 3% at -70°C until usage (19). 

The integrity, morphological characterization and 

size of OMVs were determined using transmission 

electron microscopy (TEM; PHILIPS EM 208, Neth- 

erlands). Firstly, Samples were adsorbed onto car- 

bon-coated copper grids for 1-2 minutes, negatively 

stained with 2% phosphotungstic acid (pH 7.0), air- 

dried and examined at 100 kV. Vesicles integrity, size 

and morphology were assessed by measuring multi- 

ple individual particles using ImageJ software. The 

biological activity of OMVs was assessed indirectly 

by analyzing their effects on the expression of ZO-1 

and occludin genes in Caco-2 cells using qRT-PCR. 

OMVs were quantified by analyzing the protein 

content using sodium dodecyl sulfate–polyacryl- 

amide  gel  electrophoresis  (SDS-PAGE).  Samples 

were  mixed  with  SDS-PAGE  loading  buffer con- 

Tehran, Iran. The cells were cultured in Dulbecco’s 

Modified Eagle’s Medium (DMEM; Bioidea, Iran) 

with 10% fetal bovine serum (FBS; Bioidea, Iran), 

1% nonessential amino acids (Bioidea, Iran), and 1% 

penicillin–streptomycin (Bioidea, Iran), and incubat- 

ed at a humidified atmosphere containing 5% CO2 

at 37°C (21, 22). In the present study, Caco-2 cells 

were seeded at a density of 5 × 105  cells on six-well 

plates (Sorfa, China) and divided into 12 groups (20). 

The PBS group was treated with PBS. The sucrose 

group was treated with sucrose 3%. The BHI group 

was treated with BHI broth. Caco-2 cells were treat- 

ed with PBS, sucrose, and BHI as vehicle, buffer, and 

medium controls, respectively, to account for poten- 

tial effects of solvents and media. While appropriate, 

we acknowledge that additional biologically relevant 

controls could enhance the interpretation of treatment 

effects. MOI 10, 50, and 100 groups were infected by 

active bacteria at the multiplicity of infection (MOI) 

of 10, 50, and 100 ratios, respectively (i.e., 10, 50, and 

100 bacteria per cell). The MOI values (10, 50, and 

100) were selected based on previous studies involv- 

ing A. muciniphila or its derivatives in intestinal ep- 

ithelial cell models, where similar MOIs effectively 

modulated tight junction protein expression without 

cytotoxicity. Inactive 10, 50, and 100 groups were 
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infected by inactivated bacteria at the MOI of 10, 

50, and 100 ratios, respectively (4, 19, 22, 23). OMV 

50 and 100 groups were treated with 50 and 100 μg/ 

mL OMVs, respectively. The supernatant group was 

treated with 7% (v/v [medium/cell-free supernatant]) 

cell-free supernatant. For the inactivation, bacteria 

were incubated at 56°C for 20 minutes (21, 24, 25). 

The PBS, sucrose, and BHI groups were considered 

as control groups. All groups were incubated at 37°C 

in the presence of 5% CO2 for 24 hrs. 

 
RNA extraction and cDNA synthesis. Total RNA 

molecules from 12 groups were extracted using the 

RNX-Plus kit (Sinacolon, Tehran, Iran) according to 

the manufacturer's recommendation. Extracted RNA 

was treated by DNase for 1 h at 37°C to remove any 

trace of DNA. The quality and integrity of extracted 

RNA were evaluated by 2% agarose gel electrophore- 

sis, where the presence of distinct 28S and 18S rRNA 

bands was considered indicative of intact RNA. Spec- 

trophotometric analysis Nanodrop 2000 (Thermo 

Fisher Scientific, USA) was used to assess purity, and 

RNA samples with A260/A280 ratios between 1.8 

and 2.0 were used for cDNA synthesis. Reverse tran- 

scription was carried out on one microgram of total 

RNA using a cDNA synthesis kit (Parstous, Tehran, 

Iran) as described by the manufacturer (19). 

 
Quantitative real‑time PCR. Real-time RT-PCR 

was run on a LightCycler®96 SW 1.1instrument 

(Roche, Germany) using SYBR Green PCR master 

mix (Parstous, Tehran, Iran). Glyceraldehyde 3-phos- 

phate dehydrogenase (GAPDH) was used as a refer- 

ence gene in order to normalize occludin and ZO-1 

gene expression levels. The real-time program was as 

follows: initialization at 94°C for 10 min; amplifica- 

tion for 40 cycles with denaturation at 95°C for 15 s, 

annealing of each set of primers for 30 s, extension at 

72°C for 30 s; and final extension at 72°C for 10 min. 

To determine the specificity of amplification, disso- 

ciation curve analysis was performed for all selected 

genes. Changes in the fold number were determined 

by calculating the 2-ΔΔCt. The sequence of primers has 

shown in Table 1. 

 
Statistical analysis. Each experimental condition 

was tested in two independent biological replicates, 

with each sample analyzed in technical triplicates. 

Statistical analyses were performed using GraphPad 

Prism software (version 8.4.3; GraphPad Software 

Inc., San Diego, CA, USA). Comparisons between 

two groups were conducted using an independent 

sample t-test, and comparisons among more than two 

groups were assessed using one-way ANOVA fol- 

lowed by Tukey’s multiple comparison test. A p-value 

less than 0.05 was considered statistically significant. 
 

 
 
RESULTS 

 
Bacterial confirmation. PCR analysis of 16s rRNA 

confirmed the  presence  of  A.  municiphila  bacteria 

(Fig. 1). Columns 1 and 4 represented 16s rRNA spe- 

cific band (316 bp), number 2 was 100 bp molecular 

weight marker and 3 was a negative control. 

The protein content of the OMVs was confirmed us- 

ing SDS-PAGE. In addition, TEM observation showed 

the presence of A. municiphila-derived OMVs with 

diameters ranging from 30 to 300 nm (Fig. 2). 

 

 
 

Fig. 1. PCR analysis of 16s rRNA of A. municiphila bacteria 
 

 

 
 

Fig. 2. A. TEM Imaging in x7000. OMVs (size range:30-300 

nm) are shown by  white arrows. B. SDS PAGE analysis of 

the protein content of A. muciniphila OMVS SDS-PAGE.(1) 

OMVs proteins (2) supernatant (3) molecular weight Protein 

Marker (20). 
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Real‑time PCR analysis. As shown in Fig. 3, com- 

pared with the PBS control group, the mRNA levels 

of ZO-1 markedly increased at MOI 10 and MOI 50 

(P=0.002 and P<0.0001, respectively) of the active 

form of the bacterium. In contrast, ZO-1 expression 

significantly decreased at MOI 50 of the inactivated 

form (P = 0.01). This divergence suggests that bac- 

terial viability may play a critical role in modulating 

tight junction gene expression at this concentration. 

No significant changes in ZO-1 expression were ob- 

served at MOI 100 for either form, or at MOI 10 of the 

inactivated form. Our data also showed that OMVs 

at any tested concentration did not significantly alter 

ZO-1 mRNA levels compared with the sucrose con- 

trol (P>0.05). However, cell-free supernatant at 7% 

concentration significantly increased ZO-1 expression 

in Caco-2 cells (P = 0.007) relative to the BHI control. 

Regarding the occludin gene, MOI 10 of both active 

and inactive bacterial forms significantly increased 

mRNA levels  compared  with  PBS  (P=0.0005  and 

P<0.0001, respectively), while no significant changes 

were observed at MOIs 50 and 100 (P>0.05). OMVs 

at 50 µg/mL significantly increased occludin expres- 

sion compared with the sucrose control (P=0.01), but 

the 100 µg/mL dose had no effect. Similarly, the cell- 

free supernatant at 7% significantly increased occlu- 

din gene expression (P = 0.005) compared to the BHI 

control group. 
 

 
 

DISCUSSION 

 
Gut microbiota has been mentioned as an effective 

factor in host metabolism and metabolic disruption 

regulation. Numerous Agents such as probiotics, pre- 

biotics, postbiotics and even antimicrobial medicines 

are able to influence the host metabolism by modi- 

fication of gut microbiota pattern (30). Mucus layer 
 
 

 
 

Fig. 3. Effects of active, inactive (MOIs 10, 50 and 100), and derivatives (50 and 100 100 μg/mL of OMVS and 7% cell free 

supernatant) of A. muciniphila on transcription level of ZO-1 and Occludin in Caco-2 cells. Significancy is evaluated in com- 

parison with control. Data are shown as the mean ± SEM. (*) and (#) represent significant increase and decrease, respectively. 

*/# P<0.05, **P<0.01, ***P< 0.001, and ****P<0.0001 by one-way ANOVA and t-test statistical analysis. MOI: multiplicity 

of infection, OMV: outer membrane vesicle, Supernatant: cell free supernatant. 
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with protective effect covering all over the gastrointes- 

tinal tract, has colonized bacteria -as an interaction 

site- which are able to use mucin as a carbon source 

(9). One of these mucin degrading bacteria is called 

Akkermansia muciniphila which is a gram-negative 

bacterium that includes 3-5% of the human gut mi- 

crobiota (24). Evidence confirms that this bacterium 

is involved in regulation of gut barrier and it has 

role in metabolic and homeostatic procedures (1-4). 

In recent years, due to the introduction potential of 

this bacterium as a next generation probiotic, it has 

attracted more attentions (24). Since, on the basis of 

previous studies, the frequency of this bacterium is 

decreased in conditions such as obesity, diabetes, 

intestinal inflammation, and liver diseases. This can 

cause the alteration in gut barrier function and has 

been identified that alive and pasteurized forms of 

bacteria and their related Amuc-100 protein, revive 

the gut barrier function in a probable interaction with 

TLR-2 and re-expression of tight junction proteins 

(31). A. muciniphila is mostly colonized in gastroin- 

testinal tract, and according to the previous studies, 

it was observed that under leaky gut conditions, the 

probable harmful effect of this bacterium was substi- 

tuted and inversed by its OMVs treatment; in a way 

that extracted OMVs could alleviate the intensity of 

the disease (16, 32). In conditions of leaky gut, the 

bacterium and its derivatives might transmit through 

gut barrier and enter the other organs (4). 

In 2008, Cani et al. brought up the probability that 

changes in repartition and colonization of two tight 

junction proteins called Zonula Occludens (ZO-1) 

and Occludin in the intestinal tissue is related to 

more permeability of rodents GIT suffering from 

obesity and diabetes (33). In 2010, Muccioli et al. 

reported that the gut permeability is affected by the 

endocannabinoid system function and activation of 

CB1 receptor causes more gut permeability which 

can induce obesity and diabetes. They also found 

that the inhibition of CB1 receptor is correlated with 

improvement in distribution and colonization of tight 

junction proteins (specially ZO-1 and Occludin) and 

gut barrier integrity. The results obtained from gut 

permeability control by CB1 receptor, was represen- 

tative of a new ECB mechanism in pathogenesis of 

inflammation related to obesity (systemic and hepat- 

ic) (34). Ashrafian et al., in their studies from 2019 

to 2021, reported that active A. muciniphila, particu- 

larly its heated, pasteurized form and its outer mem- 

brane vesicles (OMVs), positively affect the expres- 

sion of ZO-1 and occludin genes, thus promoting gut 

barrier stability (24, 35). In a similar study in 2018, 

Chelakkot et al. and their team found that A. mu- 

ciniphila-extracted OMVs increased the expression 

of tight junction proteins, decreased body weight, 

and improved metabolic functions (4). Plovier et al. 

(2017) also declared that A. muciniphila could reg- 

ulate tight junction proteins, such as Occludin and 

Claudin-3,  and affect TLR2,  leading  to  improved 

gut barrier integrity and metabolic functions (12). 

In this study, the effects of A. muciniphila and its 

derivatives on the expression of ZO-1 and occludin 

were investigated. Results indicated that the active 

form of the bacterium, at MOI 10 and 50, increased 

the transcription level of ZO-1. Furthermore, a 7% 

concentration of cell-free supernatant enhanced the 

mRNA level of this gene. It was noticeable that MOI 

50 of the heat inactivated form of the bacterium re- 

duced the expression of the mentioned gene. In a 

parallel study, we investigated the effects of men- 

tioned bacterium and its derivatives on the expres- 

sion of endocannabinoid associated genes namely 

CB1, CB2 receptors, and fatty acid amide hydrolase 

(FAAH). We observed that the heat inactivated form 

of the bacterium could increase the mRNA level of 

both CB1 and CB2 genes which was probably due to 

more translocation of bacterial metabolites, immune 

system activation and inflammation condition (20). 

Heat-inactivated bacteria, particularly at an MOI of 

50, upregulate the transcription levels of CB1 and 

CB2 genes. This upregulation may induce the down- 

regulation of ZO-1 expression, possibly through the 

increased mRNA levels of these receptors, which 

are influenced by the microbial associated molecular 

patterns (MAMPs) of the bacterium. According to 

the obtained results of occludin gene shown in Fig. 

3, both active and heat inactivated forms of the bac- 

terium could increase the transcription level of this 

gene in MOI 10. These results suggest that the appli- 

cation of heat-inactivated bacteria, which enhances 

occludin mRNA levels, may reduce gut permeability 

and its associated consequences, thereby improving 

gut barrier integrity and potentially modulating IBS. 

In contrast, 50 μg/mL concentrations of OMVs and 

a 7% (v/v) concentration of cell-free supernatant 

positively affected the expression of this gene, sup- 

porting the use of this bacterium and its derivatives 

as pro-, para-, and postbiotics in various treatments. 

The multiplicity of infection (MOI) values used in 

this study (10, 50, and 100) were selected based on 
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previous research demonstrating that similar concen- 

trations of A. muciniphila and its derivatives can ef- 

fectively modulate tight junction protein expression 

in intestinal epithelial cell models without inducing 

cytotoxicity (4, 23, 24). Although our study did not 

focus on dose-dependency, these MOIs were suffi- 

cient to reveal differences in the expression of ZO-1 

and occludin, allowing for comparison of biological 

responses across treatments. Notably, although both 

MOI 10 and MOI 50 of the active bacterium signifi- 

cantly upregulated ZO-1 expression, the inactivated 

form at MOI 50 led to a significant downregulation. 

This apparent contradiction may reflect the influence 

of bacterial viability on tight junction regulation, 

possibly due to differences in surface protein con- 

formation, metabolic products, or interaction with 

host pattern recognition receptors. Previous studies 

have also noted that heat inactivation can modulate 

the host response differently from live bacteria, like- 

ly due to structural or functional alterations (4, 19, 

24).  These  findings emphasize  the  importance  of 

considering bacterial viability when evaluating their 

impact on intestinal barrier function. 

Although OMVs were characterized based on size, 

protein content, and TEM morphology, and their bio- 

logical activity was demonstrated via changes in tight 

junction gene expression, further functional analyses 

such as surface protein profiling, membrane integrity 

assays, and immunological evaluations are warrant- 

ed in future studies to fully elucidate their mechanis- 

tic roles and therapeutic potential. This study was 

conducted in vitro using Caco-2 cells, which, while 

widely used, may not fully reflect the complexity 

of the in vivo intestinal environment. Moreover, al- 

though gene expression changes were assessed, cor- 

responding protein-level evaluations and functional 

permeability assays were not included and should be 

considered in future research. Further in vivo valida- 

tion and mechanistic studies are also recommended 

to confirm and expand upon these findings. 
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