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Background: Celiac disease (CD) is a prevalent autoimmune enteropathy triggered by the 
ingestion of gluten. The management of CD involves adhering to a gluten-free diet (GFD). 
Recent studies have been actively exploring potential supplementary or alternative therapies for 
individuals with CD. The primary objective of the present study was to assess the effectiveness 
of Spirulina platensis in regulating the intestinal barrier-related gene expression and alleviating 
inflammation and oxidative stress associated with CD in PT-gliadin-triggered Caco-2 cells.

Methods: S. platensis extracts and a pepsin/trypsin (PT) digest of gliadin were prepared and 
exposed to the human colon carcinoma Caco-2 cell line. Cell viability was assessed. Total 
RNA was extracted from Caco-2 cells and cDNA synthesis was performed. A quantitative 
real-time polymerase chain reaction (qRT-PCR) assay was conducted to evaluate the mRNA 
levels of interleukin (IL)-6, transforming growth factor beta (TGF-β), COX-2, nuclear factor 
kappa B (NF-κB), ZO-1, and occludin.

Results: Treating Caco-2 cells with S. platensis alone (P=0.01 for both) or in combination with 
PT-gliadin (P=0.004 and P=0.02, respectively) resulted in decreased IL-6 expression and increased 
occludin mRNA expression. Additionally, S. platensis extract enhanced Zo-1 mRNA levels (P=0.002) 
and reduced NF-κB mRNA expression (P=0.02). The combination of gliadin and S. platensis led to 
decreased mRNA expression of COX-2 (P=0.03) and NF-κB (P=0.04). No significant differences 
were observed in TGF-β mRNA expression between the studied groups (P>0.05).

Conclusion: Additional investigation is needed to examine the influence of interactions 
between S. platensis and gliadin regarding the comprehensive response of CD to gliadin, 
encompassing the activation of gluten-sensitive immune cells.

A B S T R A C T

Keywords:

Celiac disease, Gluten-free diet, 
Spirulina, Therapy

Citation: Jahani-Sherafat S, Alipour S, Olamafar E, Jahdkaran M, Zamanian Azodi M, Khodadoost M, et al. The Potential 
Anti-inflammatory Effect of Spirulina Platensis on an in Vitro Model of Celiac Disease. International Journal of Medical Toxi-
cology and Forensic Medicine. 2023; 13(4):E42998. https://doi.org/10.32598/ijmtfm.v13i4.42998

 :  https://doi.org/10.32598/ijmtfm.v13i4.42998

Use your device to scan 
and read the article online

Article info: 
Received: 15 Aug 2023
First Revision: 15 Sep 2023
Accepted: 01 Oct 2023

Published: 13 Dec 2023

Autumn 2023, Volume 13, Number 4

https://orcid.org/0000-0003-2119-971X
https://orcid.org/0009-0007-3388-6070
https://orcid.org/0009-0000-3384-198X
https://orcid.org/0009-0007-5518-3050
https://orcid.org/0000-0003-1894-5021
https://orcid.org/0000-0002-0432-1042
https://orcid.org/0000-0003-2495-1831
mailto:m.rostamii%40gmail.com?subject=
https://journals.sbmu.ac.ir/ijmtfm
https://journals.sbmu.ac.ir/ijmtfm
https://doi.org/10.32598/ijmtfm.v13i4.42998
https://crossmark.crossref.org/dialog/?doi.org/10.32598/ijmtfm.v13i4.42998


2

1. Introduction

eliac disease (CD) is a prevalent autoim-
mune enteropathy affecting approximately 
1% of the world’s population [1]. CD, 
triggered by the consumption of gluten, 
a protein found in wheat, barley, and rye, 

leads to a cascade of immune responses that target the 
small intestine [2]. Gluten, comprising two main sub-
units known as glutenins and gliadins, is rich in gluta-
mine (Gln) and proline (Pro) residues [3]. This protein 
triggers zonulin release, leading to increased intestinal 
permeability accompanied by autoimmune responses 
and inflammation [4]. Zonulin acts by disassembling 
the tight junction proteins (including ZO-1 and occlu-
din) leading to the passage of undigested peptides to the 
lamina propria, causing proinflammatory cascades and 
changes in levels of cytokines, such as interleukin (IL)-
6, IL-10, and transforming growth factor beta (TGF-β) 
[5]. Exposure to gliadin has been associated with in-
tracellular oxidative imbalance. Oxidative stress in CD 
may contribute to the progression of intestinal damage 
and the development of associated complications. It can 
further exacerbate inflammation, disrupt the integrity of 
the intestinal barrier, and interfere with the absorption of 
nutrients. Increased oxidative stress results in the acti-
vation of nuclear factor kappa B (NF-κB), an important 
transcription factor involved in regulating immune and 
inflammatory responses and plays central roles in oxida-
tive stress [6]. NF-κB may serve as a marker for oxida-
tive stress and increases the transcription of enzymes, in-
cluding cyclooxygenase 2 (COX-2) and inducible nitric 
oxide synthase 2 (NOS2) [7]. 

The management of CD involves adhering to a strict, 
lifelong gluten-free diet (GFD) [8]. Nonetheless, alter-
native therapies with anti-inflammatory and antioxidant 
properties have been explored over time. Recent studies 
have been actively exploring potential components that 
possess the ability to reduce the production of harmful 
oxidants and support the integrity of the intestinal bar-
rier. The ultimate aim is to determine whether these com-
ponents can be recommended as supplementary or alter-
native therapies for individuals with CD [9]. At present, 
there is no model of a CD that replicates the intricate 
complexity of a CD. However, in vitro models using var-
ious cell lines, including Caco-2 cells are widely recog-
nized as a suitable model, which is frequently employed 
to study the toxicity of gluten-containing cereals and are 
widely used in this type of study [7]. 

Spirulina platensis, is a type of blue-green algae with 
a filamentous structure composed of multiple cells. It 

is derived from Arthrospira platensis, a microscopic 
cyanobacterium that thrives in fresh and marine waters 
around the world through photosynthesis [10]. In addi-
tion to protein (up to 70%), S. platensis is rich in vita-
mins, particularly B12 and provitamin A (beta-carotene), 
minerals, like iron, and compounds, such as phenolic 
acids, tocopherols, and gamma-linolenic acid. Notably, 
C-phycocyanin (C-PC), as a pigment-binding protein 
found in S. platensis, has been reported to possess anti-
oxidant properties, scavenging free radicals, inhibiting 
cyclooxygenase-2 selectively, and exhibiting anti-in-
flammatory and anticancer effects [11, 12]. Numerous 
researchers have recommended S. platensis as a safe 
food source and algae supplement for human consump-
tion without any significant side effects [12, 13]. 

Our study aimed to evaluate the effects of S. platensis 
extract on oxidative stress, inflammation, and tight junc-
tion-related genes in Caco-2 cells exposed to gliadin.

2. Materials and Methods

Investigations were carried out at the Celiac Disease 
and Gluten Related Disorders Research Center, Re-
search Institute for Gastroenterology and Liver Diseases, 
Shahid Beheshti University of Medical Sciences, Teh-
ran, Iran.

Preparation of S. Platensis extract

A total of 40 grams of S. platensis powder underwent 
homogenization in a mixture of solvents consisting of 
methanol, acetone, and hexane, in a volume of 200 mL. 
The homogenization process involved stirring the mix-
ture for 2 hours. Subsequently, the resulting supernatants 
were collected. The solvents were retained using a rotary 
evaporator, while the remaining residues were stored at a 
temperature of 4°C for subsequent analysis [14].

In vitro digestion of gliadins

A pepsin/trypsin (PT) digest of gliadin from wheat 
(Sigma) (to mimic normal intestinal degradation) was 
prepared to be exposed to the human colon carcinoma 
Caco-2 cell line as described [15]. In brief, the process 
began by dissolving gliadin in 0.2 N HCL and subject-
ing it to a two-hour incubation at 37°C with pepsin. The 
resulting peptic digest was then treated with trypsin after 
adjusting the pH to 7.4 using 2 N NaOH. The solution 
was further incubated at 37°C for four hours with vig-
orous agitation. To deactivate the enzymes, the mixture 
was boiled for 30 minutes and subsequently stored at 
-20°C. This resulting product is referred to as PT-gliadin.

C
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Cell culture conditions

Caco-2 cells were cultivated in minimum essential 
medium (MEM), supplemented with 10% fetal bovine 
serum (FBS), 1% non-essential amino acids (NEAA), 
0.1% penicillin-streptomycin, sodium bicarbonate, and 
sodium pyruvate. The cells were maintained at 37°C 
in an atmosphere with 5% CO2. The culture medium 
was replaced every three days until the cells reached 
80% confluency. Untreated Caco-2 cells were used as 
negative controls and lipopolysaccharide (LPS)-treated 
Caco-2 cells were used as positive.

MTT assay

Caco-2 cells were cultured in a 96-well plate with 
62.5×103 cells/well and incubated overnight. The cells 
underwent a 24-hour treatment with extracts dissolved in 
a fresh medium. Accordingly, S. platensis extracts were 
added from a stock diluted to concentrations ranging 
from 5 to 100 mg/mL. Afterward, the cells were exposed 
to 0.5 mg/mL MTT for 4 hours. To dissolve the forma-
zan produced by viable cells, the culture medium was 
replaced with 100 µL of DMSO. Subsequently, absor-
bance readings were performed at 570 nm with a refer-
ence wavelength of 630 nm. Cell viability was assessed 
using the formula described previously [16]. As a nega-
tive control, cells were incubated solely in the culture 
medium.

RNA extraction and quantitative real-time poly-
merase chain reaction (qRT-PCR) 

The YTA total RNA purification mini kit (Yekta Tajhiz 
Azma, Tehran, Iran) was employed to extract total RNA 
from Caco-2 cells. The concentration and purity of the 
extracted RNA were measured using the NanoDrop 
1000 spectrophotometer (NanoDrop Technologies, 
Wilmington, DE, USA). Reverse transcription was car-
ried out using the 2-step 2X qRT-PCR Premix (Taq) kit 
(BioFact™, Daejeon, Republic of Korea).

A quantitative real-time PCR assay was conducted us-
ing the Rotor-Gene Q MDx instrument to evaluate the 
levels of IL-6 and TGF-β as cytokines associated with 
inflammation, COX-2 and NF-κB as agents related to 
oxidative stress, and ZO-1 and occludin as genes related 
to tight junctions. Primer sequences were designed using 
Gene Runner software version 6.0, and their specificity 
was confirmed through NCBI Primer-BLAST and PCR 
experiments, followed by 1.5% agarose gel electropho-
resis (Table 1). Glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) served as the reference housekeeping 

gene, and the relative quantitation (RQ) for each gene 
expression was calculated using the 2-ΔΔCt method.

Statistical analysis

The data analysis was performed using Prism software, 
version 6.04 (GraphPad, La Jolla, CA, USA). Data were 
presented as Mean±SD, and differences in means be-
tween groups were assessed using one-way ANOVA. 
Statistical significance was determined at a P<0.05.

3. Results

Viability assessment

In order to assess the potential toxicity of S. platensis 
extract, Caco-2 cells were subjected to escalating con-
centrations of the compound for 48 hours. Subsequently, 
the MTT cell proliferation assay was conducted to evalu-
ate the impact of S. platensis extract at different concen-
trations. The findings from the assay indicated that the 
differences in cell proliferation rates following exposure 
to different concentrations of S. platensis extract were 
not statistically significant (P>0.05), except for instances 
where the concentrations reached 80 and 100 mg/mL. 
These two concentrations exhibited notable decreases in 
cell proliferation rates compared to the untreated control 
group (Figure 1). Based on the results obtained from the 
MTT analysis, the concentration of 50 mg/mL was se-
lected for further analysis.

The expression of pro- and anti-inflammatory, 
stress oxidative, and tight junction-related genes 

Our study examined the influence of S. platensis on 
mRNA expression levels of IL-6 (pro-inflammatory cy-
tokine) and TGF-β (anti-inflammatory cytokine). The 
results revealed that treating Caco-2 cells with S. pla-
tensis alone (P=0.01) or in combination with PT-gliadin 
(P=0.004) led to a decrease in IL-6 mRNA expression 
compared to cells treated with PT-gliadin alone. The ex-
pression of IL-6 mRNA considerably increased follow-
ing PT-gliadin treatment relative to the untreated cells 
(P=0.03) (Figure 2A).

There were no significant differences observed in 
TGF-β mRNA expression between the different stud-
ied groups (P>0.05). However, a gradual decline in the 
expression of TGF-β mRNA expression was observed 
in cells treated with PT-gliadin in comparison to the 
untreated group, and the administration of S. platensis 
slightly enhanced its expression (P>0.05) (Figure 2B). 
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Furthermore, our study demonstrated that the combina-
tion of PT-gliadin and S. platensis led to a decrease in 
the mRNA expression of COX-2 (P=0.03) and NF-κB 
(P=0.04) genes associated with oxidative stress. Treat-
ing cells with S. platensis alone also resulted in reduced 
mRNA expression of NF-κB (P=0.02). The expression 
of these genes was increased following PT-gliadin treat-
ment in comparison to the untreated cells (P>0.05) (Fig-
ure 3).

Regarding genes associated with tight junctions, there 
was a notable rise in the mRNA levels of occludin 
(P=0.01 and P=0.02, respectively) when Caco-2 cells 
were treated with S. platensis alone or a combination of 
PT-gliadin and S. platensis. Additionally, S. platensis en-
hanced the mRNA levels of Zo-1 (P=0.002). However, 
the stimulation of PT-gliadin resulted in a decrease in the 
expression of these two genes (P>0.05) (Figure 4). 

Table 1. Primers used in qRT-PCR 

Gene Symbol Primer Sequence Reference

IL-6 F: 5’-CTGGATTCAATGAGGAGACTTGC-3’
R: 5’-TCAAATCTGTTCTGGAGGTACTCTAGG-3’

Molaaghaee-Rouzbahani 
(2023) [32]

TGF-β F: 5’-CAATTCCTGGCGATACCTCAG-3’
R: 5’-GCACAACTCCGGTGACATCAA-3’

Molaaghaee-Rouzbahani 
(2023) [32]

COX-2 F: 5’-CCCTGAGCATCTACGGTTTG-3’
R: 5’-ACAACTGCTCATCACCCCAT-3’ This study

NF-κB F:5’- ATGTGGCCGAGGACTTTGATT -3’
R:5’- AGTGGGGTGGCTTTTAGGATG -3’  Hajinabi (2022) [33]

ZO-1 F: 5’-TCACCTACCACCTCGTCGT-3’
R: 5’-CGCAGGGGTGTGTGTTTAC-3’ This study

Occludin F: 5’-AACTTCGCCTGTGGATGACTT-3’
R: 5’-CTCATCACAGGACTCGCCG-3’ This study

GAPDH F: 5’-TCTGACTTCAACAGCGACAC-3’
R: 5’-TACTCCTTGAGGCCATGT-3’

Molaaghaee-Rouzbahani 
(2023) [32]

Figure 1. MTT assay results of the S. platensis effects on cell viability of Caco-2 cells
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Figure 2. The relative expression of (A) IL-6 and (B) TGF-B in Caco-2 cells

Results are expressed as Mean±SD. 

*P≤0.05, **P≤0.01.
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Figure 3. The relative expression of (A) COX-2 and (B) NF-KB in Caco-2 cells

Results are expressed as the Mean±SD.

 *P≤0.05.
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Figure 4. The relative expression of (A) Occludin and (B) ZO-1 in Caco-2 cells 

Results are expressed as Mean±SD. 

*P≤0.05, **P≤0.01.
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4. Discussion

CD is a multifaceted condition, in which the patho-
physiological mechanisms are not very well known. 
However, it is recognized that various factors, including 
oxidative stress, inflammation, and disassembly of tight 
junctions play significant roles in its development [17]. 
The gliadin sequence has regions with an important cy-
totoxic or immunomodulatory activity in this disease and 
the gliadin administration significantly alters the paracel-
lular permeability and induces oxidative stress and in-
flammation in Caco-2 cells [7]. Our results confirmed 
the literature and the stimulation of Caco-2 cells with 
PT-gliadin increased the levels of IL-6, COX-2, and NF-
κB, and a reduction in the levels of occludin and ZO-1 
mRNA expressions. Drago et al. [18] observed that the 
exposure of Caco-2 cells to gliadin resulted in the rear-
rangement of the cell cytoskeleton. This rearrangement 
led to the loss of occludin, a crucial protein involved in 
maintaining cellular tight junctions, ultimately resulting 
in an increase in cell permeability. Furthermore, numer-
ous in vitro investigations have documented redox im-
balance and increased free radical levels subsequent to 
gliadin exposure [19-22]. Ramedani et al. [23] found that 
PT-gliadin had the ability to enhance the production of 
pro-inflammatory cytokines by Caco-2 cells while si-
multaneously decreasing the production of anti-inflam-
matory cytokines by these cells. 

The central role of NF-κB has been reported in the per-
sistence of inflammation in CD [7]. Gliadin exposure has 
been reported to potentially induce the activation of NF-
κB through the generation of free radicals [7]. Our re-
sults showed that Caco-2 cell treatment with S. platensis 
and a mixture of gliadin and S. platensis reduced mRNA 
expression of NF-κB by Caco-2 cells. Furthermore, the 
activation of NF-κB by PT-gliadin is considered to play 
a role in increasing the permeability of the barrier. This is 
achieved through the down-regulation of genes involved 
in tight junctions, such as ZO-1, and by causing altera-
tions in the positioning of these junctions [24]. Accord-
ing to the current study, the administration of S. platen-
sis alone or in combination with PT-gliadin to Caco-2 
cells protected tight junction integrity and increased the 
mRNA expression of ZO-1 and occludin. 

COX-2, an additional gene targeted by NF-κB, is ac-
tivated by inflammatory cytokines in the inflamed area. 
The expression of COX-2 is controlled by growth fac-
tors and various cytokines, like IL-6 [25-27]. Our study 
demonstrated that the mRNA expression levels of COX-
2 and IL-6 were reduced following treating Caco-2 cells 
with S. platensis alone or in combination with PT-digest-

ed gliadin. These data confirmed the anti-inflammatory 
and anti-oxidant effects of S. platensis and demonstrated 
its protective effects on tight junction integrity. 

We have chosen this model of study for CD because pre-
vious research has reported numerous favorable effects 
of S. platensis and its active component C-phycocyanin. 
These include immune-modulatory, anti-inflammatory, 
kidney-protective, liver-protective, anti-diabetic, neuro-
protective, anti-cancer, anti-hypertensive, and antigeno-
toxic functions [28]. In this regard, Yu et al. showed that S. 
platensis had beneficial effects on gut health in rats fed a 
high-fat diet. It reduced body weight, improved the com-
position of the gut microbiota, lowered inflammation, 
and restored normal gut permeability [28]. Phycocyanin 
exhibited immune-regulatory and anti-inflammatory ef-
fects by preserving the integrity of intestinal cells and 
modulating cytokine production in a co-culture system 
involving Caco-2 cells and macrophages [29]. S. platen-
sis showed protective effects against ulcerative colitis by 
reducing inflammation markers and improving disease 
parameters in a rat model. The hydroalcoholic extract 
of S. platensis had dose-dependent effects, while the 
chloroform extract only lowered certain inflammatory 
markers [30]. In another study conducted by Mazloomi 
et al. [31], the effects of S. platensis on nonalcoholic 
fatty liver disease (NAFLD) patients were evaluated. 
After an eight-week intervention, S. platensis showed 
potential in improving fatty liver grade and modifying 
liver enzymes, oxidative stress, and certain lipid profiles. 
Overall, S. platensis supplementation holds promise for 
managing NAFLD-related factors. However, the regula-
tion of intestinal barrier function as well as the improve-
ment in CD-related inflammation and oxidative stress by 
S. platensis has not yet been studied. Our findings sug-
gest that S. platensis has the potential to serve as a potent 
remedy for mitigating oxidative damage and inflamma-
tion in intestinal tissue caused by CD. Nevertheless, we 
recommend conducting a comprehensive evaluation of 
its toxicity to determine any possible side effects when 
administering it as a treatment for CD patients.

5. Conclusion

In summary, our findings suggest that S. platensis can 
be considered as a treatment option for addressing in-
flammation, oxidative stress, and tight junction disas-
sembly caused by CD. Further research should prioritize 
exploring the impact of S. platensis/gliadin interactions 
on the overall CD response to gliadin, including the ac-
tivation of immune cells sensitive to gluten, by utilizing 
more intricate in vitro or ex vivo models.
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