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HIGHLIGHTS
e Liraglutide is a GLP-1 analog for treatment of diabetes and obesity.
¢ Invitro treatment with liraglutide prevented rat intestinal cells apoptosis.

¢ Migration of intestinal cells was impaired during exposure to liraglutide in vitro.

Abstract: Liraglutide plays a crucial role in managing weight and regulating glucose levels, but it can have
adverse effects, particularly on the gastrointestinal tract. Here, we assessed the impact of liraglutide on the
viability, cell death, morphology, reorganization of the actin cytoskeleton, and migration of rat intestinal
epithelial cells. There was no change in the viability of cells treated with liraglutide at concentrations of 0.25,
0.5, and 1 pM, however, high concentrations of the drug reduced IEC- 6 cell viability. Additionally, the
treatment with low doses of liraglutide decreased the rate of apoptosis of IEC-6 cells relative to the control.
Also, the treated cells showed a modified actin cytoskeleton, with prominent stress fibers. Regarding cell
migration, there was a decrease in the percentage of closure of the cell-free area over 24 h, relative to the
untreated cells. This study revealed the direct effects of liraglutide on intestinal cells, including reduced
apoptosis rates, actin cytoskeleton alterations, and inhibited cell migration.

Keywords: Glucagon-like peptide 1 analogs; liraglutide, cell viability; cell migration.
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GRAPHICAL ABSTRACT

The glucagon-like peptide 1 analog liraglutide impairs the migration of rat intestinal cells in vitro
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INTRODUCTION

Food intake triggers several physiological responses in the digestive system, including the release of
gastrointestinal hormones from enteroendocrine cells that are involved in appetite regulation [1], the main
ones are the incretins, glucose-dependent insulinotropic polypeptide and glucagon-like peptide 1 (GLP-1).
The expression of GLP-1 receptors (GLP-1R) occurs in neurons of the myenteric plexus [2, 3] and, through
them, GLP-1 acts on the physiological regulation of the gastrointestinal tract [4]. The secretion of GLP-1
provides adequate release of insulin by the endocrine pancreas, in addition to delaying the entry of chyme
into the intestine through the decrease of gastric motility and acid secretion [5]. Therefore, factors that
interfere with the regulation of the release of these hormones affect energy homeostasis and contribute to
obesity, a chronic disease that presents clinical complications associated with multiple metabolic disorders.
In this context, drugs that target GLP-1 activation pathways are promising for treating obesity [6].

Liraglutide is a long-acting GLP-1 analog that was initially made available for treating type 2 diabetes.
However, due to its ability to induce weight loss, liraglutide has become the drug of choice for treating obesity,
associated with diet and exercise [7, 8]. This drug has 97% sequence homology with human GLP-1 and binds
to and activates GLP-1R, thus potentiating glucose-dependent insulin secretion by B-pancreatic cells. Studies
in animal models have shown that liraglutide increases satiety, stimulates insulin secretion, slows gastric
emptying, and inhibits duodenal motility [9].

In addition to the known actions of GLP-1 on gastrointestinal motility and insulin secretion, liraglutide
acts as a protective factor of intestinal barrier integrity as it has a positive effect on mucus secretion,
decreasing inflammation, and protecting the intestinal mucosa [10]. Also, some studies demonstrated that
this peptide may regulate the gut microbiota, impacting insulin secretion and the regulation of the intestinal
immune system [11, 12]. However, concentration-dependent cytotoxic effects of these analogs have been
reported [10], such as inhibition of cell growth [3], in addition to gastrointestinal adverse effects as nausea,
vomiting, diarrhea, and constipation [13].

In the light of the widespread and indiscriminate use of GLP-1 analogs for weight loss, it is important to
conduct research to elucidate the effects of these drugs in the organism, particularly in intestinal cells. In this
context, our previous study demonstrated that high doses of liraglutide improved obesity-related parameters
and reduced inflammation in intestinal tissue [14]. However, the direct effect on intestinal cells still requires
further investigation. Therefore, this study aimed to investigate the specific impacts of the GLP-1 analog
liraglutide on intestinal epithelial cells.
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MATERIAL AND METHODS

Cell culture

Rat intestinal epithelial cells of the IEC-6 cell line (Rio de Janeiro cell bank; BCRJ) were cultured in
Dulbecco's Modified Eagle's Medium (DMEM, Sigma-Aldrich) with high glucose concentration (4.5 g/L) and
supplemented with 10% fetal bovine serum (FBS), 4 mM of L-glutamine, 0.1 U/mL of human insulin
(Invitrogen), and 0.02 ml of penicillin/streptomycin solution. When necessary, the passage of cells was
performed using 0.25% trypsin-EDTA solution. They were incubated at 37°C with 5% CO2 until being used
in the experimental procedures.

Cell viability

The cells were seeded at a concentration of 10* cells/well in a 96-well plate. The treatment was
performed on the following day using liraglutide hydrochloride (Victoza®, Novo Nordisk) at concentrations of
0.25, 0.5, 1, 25, 50, and 100 uM, diluted in DMEM medium with 2% SBF for 24 h. After the treatment, the
cells were incubated with thiazolyl blue tetrazolium bromide (MTT; 5 mg/mL) for 3 h. After this period, the
medium was removed and dimethylsulfoxide (DMSO) was added for cell lysis and release of formazan
crystals. MTT absorbance was measured by spectrophotometry (Polaris? Celer Biotecnologia S.A) at a
wavelength of 540 nm.

Quantification of apoptosis and necrosis

Cell apoptosis was determined by examining cell morphology and DNA degradation using acridine
orange (AO, 1 mg/mL) and propidium iodide (PI, 1 mg/mL) under a fluorescence microscope. The cells were
seeded at a concentration of 10* cells/well in 24-well plates containing round coverslips and treated with
liraglutide at concentrations of 0.25, 0.5, and 1 uM diluted in DMEM 2% SBF for 24 h. For labeling, AO and
P1 were diluted in 1X PBS. After treatment, the cells were washed with PBS and incubated for 2 min with the
solution containing the dyes. After this period, the coverslips were mounted on glass slides and visualized
under a Nikon Eclipse 50i fluorescence microscope. AO labeling was visualized using a 528-nm filter. To
visualize the cells labeled with PI, a 461-nm filter was used. The analysis of cell apoptosis was based on cell
staining and morphology [15], divided into three groups: viable cells — with the nucleus stained in green
(Figure 1 a); cells in apoptosis — stained in green (Figure 1 b), with changes in their membrane; cells in
necrosis — stained in orange or red (Figure 1 c). The cells were counted in five random fields of each well
using the ImageJ software. The frequency of viable, apoptotic, and necrotic cells was calculated according
to the equation:

%=alt x100

where: a= number of viable /apoptotic /necrotic cells in the field; t = total number of cells per field.

Figure 1. Examples of the morphological aspects of IEC-6 after acridine orange (green) and propidium iodide
(red) staining for cell death evaluatuion. (a) viable cells; (b) apoptotic cells; (c) necrotic cells.
Photomicrographs were obtained from IEC-6 cultures at 200X magnification and zoom in pictures were
obtained to show different cell morphologies.
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Morphological analysis

For the morphological analysis and evaluation of the F-actin cytoskeleton, IEC-6 cells were seeded at a
concentration of 5 x 10° cells/well in Labtek-type 8-well plates. After 24 h, the cells were treated with liraglutide
diluted in DMEM 2% FBS at concentrations of 0.25, 0.5, and 1 uM for a period of 24 h. Then, the cells were
washed with 1X PBS and fixed with 4% paraformaldehyde for 10 min. After fixation, the cells were washed
again with 1X PBS and permeabilized with Triton X-100 at 0.5%. After washing with 1X PBS, the cells were
labeled for F-actin with phalloidin conjugated with fluorescein isothiocyanate (FITC) for a period of 1 h in the
dark. In the final step, after another PBS wash, the slides were mounted with glycerol at a ratio of 1:3 in PBS
for analysis under the Nikon Eclipse 50i fluorescence microscope. Labeling analysis was performed
gualitatively, observing the morphological changes and the arrangement of the F-actin filaments.

Cell migration

The scratch wound-healing assay was used to quantify the percentage of migration of IEC-6 cells. The
cells were seeded at a concentration of 8 x 10* cells/well in a 24-well plate. On the day of treatment, a cell-
free area was made on the monolayer of cells using a sterile tip. Then, the cells were washed with PBS to
remove cellular debris and treated with liraglutide hydrochloride at concentrations of 0.25, 0.5, and 1 uyM
diluted in DMEM 2% FBS. Cell migration was followed using an inverted light microscope (T1-SM Nikon) until
the closure of the cell-free area, with photomicrographs taken at 0, 6, 12, and 24 h. After 24 h, the cells were
fixed with 4% paraformaldehyde for 10 min, washed with PBS 1X, and stained with crystal violet (2 mg/mL)
for 5 min. The cells were visualized under an inverted microscope and photomicrographs were taken using
the 20X objective. The quantification of the area of cell migration was performed using the ImageJ software,
in which the area (in um?/pixel) that remained open after the treatment period was manually delimited. The
calculation of the percentage of closure of the cell-free area was performed according to the following
equation:

% of closure = (atO — ath/ at0) x 100
Where: At0 is the scratched area at time zero and Ath is the scratched area at the time of analysis.
Statistical analysis

Statistical analysis was performed using the GraphPad Prism software, version 7.00 (GraphPad Prism
Software, Inc.). The data obtained were evaluated by ANOVA followed by Tukey's post-test, with a
significance level set at p < 0.05 and were expressed as mean + standard error of the mean (SEM).

RESULTS
Effect of liraglutide on intestinal cell viability

It was found that after 24 h of treatment with liraglutide at concentrations of 25, 50, and 100 uM there
was a significant reduction of approximately 25% and 30% in cell viability compared to the group of untreated
cells (control). In contrast, concentrations of 0.25, 0.5, and 1 uM did not significantly alter cell viability (Figure
2).
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Figure 2. The percentage of viability of IEC-6 cells after treatment with liraglutide at concentrations of 0.25, 0.5, 1, 25, 50, and 100
uM for 24 h. The viability of the untreated cells was considered as 100%. **p < 0.01 and ***p < 0.0001 relative to the control.
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Evaluation of apoptosis and cellular necrosis

It was observed that treatment with liraglutide significantly decreased the percentage of apoptotic cells
(2.5% at 0.25 yM; 1.62% at 0.5 pM; and 1.66% at 1 yM) relative to the control (9%) (Figures 3 and 4).
However, there was no difference in the percentage of viable and necrotic cells (Figure 4).

Figure 3. The effect of liraglutide on apoptosis and necrosis of rat intestinal epithelial cells after 24 h. The
photomicrographs shown in (a) cells of the control group; (b) cells treated with liraglutide at a concentration of 0.25 uM;
(c) cells treated with liraglutide at a concentration of 0.5 uM and (d) cells treated with liraglutide at a concentration of 1
MM after staining with acridine orange (green) and propidium iodide (red). The arrowheads indicate cells in apoptosis,
with blistering on the membrane; the asterisks indicate cells in necrosis, and the white arrows indicate viable cells. The
magnification of 200X. Size bar= 100 um.
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Figure 4. Percentage of viable (a), apoptotic (b), and necrotic (c) cells after treatment with liraglutide at concentrations
of 0.25, 0.5, and 1.0 pM. The bars indicate mean £ SEM. ****p < 0.0001 relative to the control.

Effect of liraglutide on the morphology and actin cytoskeleton of IEC-6 cells

Figure 5 shows the morphological changes exhibited by IEC-6 cells after treatment with liraglutide. The
untreated IEC-6 cells exhibited typical epithelial morphology, i.e., a monolayer of cells with polygonal shape
(Figure 5a). After treatment with the drug at concentrations of 0.25 yM (Figure 5b), 0.5 uM (Figure 5c¢), and
1.0 uM (Figure 5d), the cells showed reduced size and less cell-to-cell contact, suggesting an effect on cell
junctions. Regarding the organization of the actin cytoskeleton in IEC-6 cells, in the untreated cells there
were F-actin filaments, forming fibers in the cell periphery, mainly in the regions of cell—cell junctions, as
shown by the increased fluorescence intensity at the site (Figure 5a). The cells treated with liraglutide at
concentrations of 0.25 (Figure 5b), 0.5 (Figure 5c), and 1 uM (Figure 5d) had prominent stress fibers, with
distinct rearrangements, which were concentrated both inside and in the periphery of cells, in perpendicular
bundles.

Brazilian Archives of Biology and Technology. Vol.68: €25240485, 2025 www.scielo.br/babt


https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=2ahUKEwjY_IyMpJjfAhXBqZAKHdazDawQFjAAegQIAxAC&url=http%3A%2F%2Fwww.scielo.br%2Fbabt&usg=AOvVaw08BojU0LuZNEI4C434jTD4

Duarte, A.G.T; et al. 7

Figure 5. The effect of liraglutide on the morphology and F-actin cytoskeleton in the IEC-6 cells. The photomicrographs
shown in (a) cells of the control group; (b) cells treated with liraglutide at 0.25 uM; (c) cells treated with liraglutide at 0.5
UM and (d) cells treated with liraglutide at 1 uM after labeling of actin filaments with phalloidin-FITC (green). The white
arrows indicate the stress fibers. The magnification of 400X. Size bar= 50 ym.

Evaluation of cell migration during treatment with liraglutide

Figure 6 illustrates the effect of different concentrations of liraglutide on cell migration before (t =0 h), 6
and 12 h after treatment. The cells treated with liraglutide showed a lower closure rate than the control. Figure
7 shows the cells of the control group occupying the entire area injured after 24 h of treatment, whereas cell-
free areas are still observed in the treated groups. There was a significant difference in the percentage of
closure between the untreated and treated cells at 1 uM of liraglutide at 6 h, and 0.25, 0.5 and 1 uM over 12
h and 24 h of treatment, respectively (Figure 8).
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Figure 6. The effect of liraglutide treatment at concentrations of 0.25, 0.5, and 1 uM on IEC-6 cell migration. Cell
migration was followed under the inverted light microscope until the closure of the cell-free area at intervals of 0, 6, and
12 h after treatment. Dotted lines delimit de cell-free area in th e Oh. The magnification of 40X.

Control

Oh

6h

12h

Brazilian Archives of Biology and Technology. Vol.68: €25240485, 2025 www.scielo.br/babt


https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=2ahUKEwjY_IyMpJjfAhXBqZAKHdazDawQFjAAegQIAxAC&url=http%3A%2F%2Fwww.scielo.br%2Fbabt&usg=AOvVaw08BojU0LuZNEI4C434jTD4

Duarte, A.G.T; et al. 9

(b)

Figure 7. The effect of liraglutide on the migration of IEC-6 cells after 24 h of treatment. In (a) cells of the control group;
(b) cells treated with liraglutide at a concentration of 0.25 uM; (c) cells treated with liraglutide at a concentration of 0.5
MM and (d) cells treated with liraglutide at a concentration of 1 uM. Staining with 2% crystal violet. The magnification of
200X.
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Figure 8. The percentage of migration of IEC-6 cells treated with liraglutide. The graph shows the percentage of the
closure of the cell-free area over time. The data are expressed as mean + SEM. *p < 0.05, ** and ***p < 0.01, ****
p<0.0001 compared to the control.
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DISCUSSION

This study showed that treatment with liraglutide affected the viability, arrangement of the F-actin
cytoskeleton, and migration of IEC-6 intestinal epithelial cells. The higher concentrations were responsible
for the reduction of approximately 25% and 30% in cell viability, while concentrations of 0.25, 0.5, and 1 yM
did not significantly alter cell viability. Similarly, a study by Takizawa and coauthors (2022) [3] showed that
IEC-6 cell growth was slightly concentration-dependently inhibited by liraglutide. This finding may be related
to the appearance of more pronounced gastrointestinal effects at the beginning of treatment and when the
weekly dose is changed for treating obesity [16]

Moreover, it was observed that treatment with liraglutide reduced the number of apoptotic cells. This
finding is in line with previous studies on the role of GLP-1 in cellular apoptosis. Hui and coauthors (2003)
[17] found that GLP-1 inhibited apoptosis in mouse insulinoma (MING6) cells through a signaling pathway
dependent on cyclic adenosine monophosphate (cCAMP) and phosphoinositide 3-kinase (PI3K). Additionally,
research with freshly isolated human pancreatic islets showed that treatment with GLP-1 reduced the number
of apoptotic cells through the downregulation of active caspase-3 and the upregulation of the anti-apoptotic
protein BCL-2 [18]. Similarly, a study by Challa and coauthors (2012) [19] showed a decrease in apoptosis
in pre-adipocytes of the 3T3-L1 fibroblast treated with GLP-1 and liraglutide at a concentration of 0.01 pM.
The authors showed that the protective effect of the substances was a result of the activation of signal-
regulated extracellular kinase (ERK), protein kinase C (PKC), and serine/threonine kinase (AKT) signaling
pathways, which are important in the suppression of apoptosis. According to Quoyer and coauthors (2010)
[20], the inhibition of apoptosis in pancreatic B cells by GLP-1 is mediated by B-arrestin 1, causing the
activation of the ERK1/2 pathway. That study demonstrated that the activation of this pathway leads to the
phosphorylation of the homologous Bcl-xL/Bcl-2-associated death promoter (BAD), thereby inactivating it.
Similarly, Yao and coauthors (2021) [21] showed the protective capacity of liraglutide against apoptosis of
nucleus pulposus cells, causing decreased expression of pro-apoptosis molecules, such as BCL2-associated
protein X, cell death (BAX), and caspase-3 regulator and increased BCL2 protein. It was found that exenatide
inhibited the apoptosis of baby hamster kidney fibroblasts through the same antiapoptotic mechanism,
reducing the synthesis of caspase-3, caspase-8, and caspase-9 [22]. Therefore, we can argue that GLP-1
and liraglutide prevent the apoptosis of IEC-6 cells by regulating the classic cell death signaling pathway.

Studies have shown that the permeability of intercellular connections can be altered because of contact
with toxic inputs and pathological agents [23, 24, 25, 26]. This may occur due to a change in the arrangement
of the F-actin filaments that make up the enterocyte membrane, causing pores to open at the adherent
junctions and leading to increased intestinal absorption [23, 25]. It was observed that the liraglutide-treated
cells showed cytoskeletal reorganization and prominent stress fibers compared with the untreated cells.
Similar results were reported by Zhao et al. (2019) [27], who showed that treatment with exenatide, a GLP-1
analog, led to increased stress fibers and morphological changes in SH-SY5Y human neuroblastoma cell
lines and in rat pheochromocytoma-derived PC12 cells. The remodeling of the cytoskeleton can be triggered
by the phosphorylation of the enzyme cofilin, which is responsible for the state of polymerization and
depolymerization of actin fibers. Based on this, it was found that cells treated with exenatide showed an
increase in the expression of phosphorylated cofilin (inactivation), which may be an indicative of actin
polymerization [27]. This reorganization of the cytoskeleton may be associated with a decrease in the
migratory capacity of the cells, as will be discussed below.

As presented in the results, liraglutide significantly decreased the ability of intestinal epithelial cells of
rats to migrate during the 24-h treatment. Similarly, treatment with exenatide significantly reduced the
migration of SH-SY5Y cells through the inactivation of cofilin [2]. In this context, the reorganization of actin
fibers may be an important factor for cell motility. The ribosomal protein S6 kinase -1 (p70 S6K) is important
for the organization of actin fibers and regulation of cell migration. According to Berven et al. (2004) [28], p70
S6K can be found in the actin arc, where the activators of cell motility are, and in the stress fibers that inhibit
the migration process. Factors such as rapamycin may inhibit the migration of fibroblasts and epithelial cells
through the inhibition of p70 S6K [29]. Thus, it is possible to suggest that the decrease in cell migration
induced by GLP-1 analogs is mediated by the inactivation of proteins related to the reorganization of the actin
cytoskeleton.

CONCLUSION

In summary, the findings of this study show that liraglutide directly affects the intestinal epithelial cells,
thereby influencing cell death processes and the arrangement of the F-actin cytoskeleton. Importantly, this
drug has a negative effect on the migration of intestinal epithelial cells. However, future studies are needed
to relate these actions and their mechanisms to gastrointestinal clinical outcomes.
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