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Abstract. Numerous studies have focused on how to modu-
late the secretion of glucagon-like peptide 1 (GLP-1) due 
to its marked anti-diabetic function. However, few studies 
have investigated the apoptosis of enteroendocrine L cells, 
which secrete GLP-1. The aim of this study was to determine 
whether lipopolysaccharide (LPS), a gut bacterial product, is 
capable of inducing apoptosis in the intestinal endocrine cell 
line STC-1. We found that LPS is capable of reducing the 
viability of STC-1 cells in a concentration-dependent manner. 
annexin V/propidium iodide (PI) double staining detected by 
fluorescence microscopy and flow cytometry revealed a strong 
apoptosis-inducing ability for LPS in STC-1 cells. Furthermore, 
western blotting revealed that exposure to LPS significantly 
decreased the expression of Bcl-2 and increased the expression 
of Bax and caspase-3. In conclusion, LPS induced the apoptosis 
of STC-1 cells in a dose-dependent manner, which may be 
responsible for the reduced secretion of GLP-1 in diabetes.

Introduction

Diabetes is associated with a number of chronic conditions, 
including inflammation, insulin resistance, hepatic steatosis 
and cardiovascular disease. Recent studies have revealed 
that gut microbes may play an important role in diabetes and 
metabolic diseases. These microbes may affect homeostasis as 
environmental factors. Over the past few years, new evidence 
has demonstrated that the increasing prevalence of type 2 
diabetes and obesity may be partly attributed to disorders of 
the host gut microbiota. Larsen et al (1) suggested that type 2 
diabetes in humans is associated with changes in the compo-
sition of the intestinal microbiota. The authors of that study 

found a reduction in the levels of Firmicutes and an increase in 
the levels of Bacteroidetes in diabetic patients compared with 
their non-diabetic counterparts.

Glucagon-like peptide 1 (GLP-1) is an incretin hormone 
secreted by enteroendocrine L cells that are scattered 
throughout the gastrointestinal mucosa. GLP-1 is crucial in the 
treatment of diabetes as it stimulates insulin, suppresses the 
secretion of glucagon, inhibits gastric emptying and reduces 
appetite and food intake (2). The secretion of GLP-1 has 
been shown to be markedly reduced in type 2 diabetes (3,4). 
However, the mechanism underlying this change is poorly 
understood. We propose that damaged enteroendocrine L cells 
are responsible for this incretin defect.

Cani and Delzenne (5) found that the bacteria-related factor 
lipopolysaccharide (LPS) may be responsible for the develop-
ment of diabetes. Subsequently, Creely et al (6) reinforced 
the hypothesis that LPS may act as a gut microbiota-related 
factor in the development of type 2 diabetes in humans. LPS 
is a complex glycoprotein constituent of the outer cell wall of 
gram-negative bacteria. It is continuously released from the 
surface of replicating and dying gram-negative bacteria, such 
as Bacteroidetes, into the gastrointestinal tract. LPS levels 
increase significantly in the gut of diabetic patients, which 
makes them interact constantly with the intestinal epithelium. 
Enteroendocrine L cells, which are scattered among the intes-
tinal epithelium, are constantly exposed to high concentrations 
of LPS in patients with type 2 diabetes. This interaction may 
induce apoptosis in enteroendocrine L cells.

Increasing attention has been focused on how to modulate 
the secretion of GLP-1 by enteroendocrine L cells. However, 
few studies have focused on apoptosis of enteroendocrine L 
cells potentially being a mechanism underlying the decreased 
secretion of GLP-1 in patients with type 2 diabetes. In this 
study, we investigated whether LPS was capable of inducing 
apoptosis in the intestinal endocrine cell line STC-1. This cell 
line has been established as a good cellular model for the study 
of GLP-1 secretion and transcription (7-9). The results suggest 
that LPS induces apoptosis in STC-1 cells by regulating the 
expression of three key proteins, caspase-3, Bax and Bcl-2, 
which are critical for apoptosis.

Materials and methods

Cell cultures. STC-1 cells were obtained from the Guangzhou 
Jennio Biotech Co., Ltd. (Guangzhou China). Cells were 
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cultured in DMEM (Hyclone, Logan, UT, USA) supplemented 
with 2.5% (vol/vol) fetal bovine serum (Gibco, Carlsbad, CA, 
USA), 10% (vol/vol) horse serum (Gibco), 100 U/ml penicillin 
(Life Technologies, Carlsbad, CA, USA) and 100 U/ml strep-
tomycin (Life Technologies), and incubated in a humidified 
atmosphere containing 5% CO2 at 37˚C. The medium was 
changed every 2-3 days. When the cells reached 80-90% 
confluence, they were trypsinized with 0.25% trypsin-EDTA 
(Sigma-Aldrich, St. Louis, MO, USA) and subsequently 
replated into culture flasks. Each experiment was repeated at 
least three times (n≥3).

Cell viability assay. For the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay, 2x104 cells/well 
were seeded in 96-well plates for 24 h at 37˚C and starved for a 
further 24 h in serum-free DMEM. Subsequently, the cells were 
exposed to LPS (Escherichia coli 0111:B4; Sigma-Aldrich) at 
various concentrations (0, 0.1, 0.5, 1 and 10 µg/ml) at 100 µl/
well. Following incubation for 24 h, 20 µl/well of MTT 
(Sigma-Aldrich) solution (5 mg/ml in PBS) was added and the 
cells were cultured at 37˚C for 4 h. Subsequently, the super-
natant was discarded carefully. The formazan crystals were 
dissolved in 100 µl/well of DMSO. The plates were agitated 
for 5 min, and the absorbance of solubilized formazan was 
measured at 570 nm using an automatic microplate reader 
(Multiskan MK3, Thermo Fisher Scientific Inc., Waltham, 
MA, USA). Cell survival was expressed as the ratio of the 
absorbance of treated cells to the untreated cells.

Hoechst 33258 staining. STC-1 cells (1x106 cells/well) were 
exposed to various concentrations of LPS for 24 h. The cells 
were washed in PBS and stained with Hoechst 33258 (5 µg/ml) 
for 5 min at 37˚C. The stained cells were washed twice in 
PBS and then observed immediately using a fluorescence 
microscope (Leica; Wetzlar, Germany). An Ex/Em filter set of 
BP330-380/LP420 nm was used, and the images were recorded 
using a color charge-coupled device camera.

Analysis for annexin V. Cells (2x106) were seeded into 
six-well plates for 24 h and starved for a further 12 h in 
serum-free DMEM. Apoptotic cells were identified based 
on the translocation of phosphatidylserine from the inner to 
the outer leaflet of the plasma membrane, measured using an 
annexin V/propidium iodide (PI) double staining apoptosis 
detection kit (Life Technologies). Following treatment with or 
without various concentrations of LPS for 24 or 6 h, the cells 
were washed three times with PBS and immediately fixed in 
4% paraformaldehyde for 15 min or harvested and washed 
three times in cold PBS and resuspended in an annexin-
binding buffer. Subsequently, the fixed cells were added with 
annexin V-fluorescein isothiocyanate (FITC) and PI buffer, 
while the resuspended cells were added to annexin V-FITC and 
PI directly. The reaction was incubated at room temperature 
for 15 min in the dark. Stained cells were analyzed immedi-
ately using an Accuri C6 flow cytometer (BD Biosciences; San 
Jose, California, USA) and a fluorescence microscope (Leica). 
Fluorescence was detected with an excitation wavelength of 
488 nm.

For flow cytometry, the LPS exposure time was reduced 
to 6 h. This change was due to the fact that flow cytometry 

using annexin V staining is a more sensitive technique for 
detecting apoptosis compared with the other techniques used 
in our study.

Western blotting. In order to examine Bcl-2, Bax and 
caspase-3 protein levels, cells were grown in culture flasks 
and treated with LPS as described in a previous section. After 
washing in ice-cold PBS, cells were lysed in a lysis buffer 
[50 mM Tris-HCl, pH 7.4; 150 mM NaCl; 1 mM phenyl-
methanesulfonylfluoride (PMSF); 1 mM EDTA; 1% Triton 
X-100; 1% sodium deoxycholate; and 0.1% sodium dodecyl 
sulfate (SDS); Sigma-Aldrich] at 4˚C for 30 min. Cell lysates 
were centrifuged for 10 min at 15,400 rpm at 4˚C, and the 
supernatants were collected. The protein concentration of the 
samples was estimated according to the BCA method (10). 
Subsequently, 50 µg of total protein from each sample was 
separated via 10% sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE) and blotted onto nitrocellulose 
membranes. The membranes were blocked with 2% non-fat 
dry milk in PBS containing 0.25% Tween-20 overnight and 
incubated with Bcl-2, Bax (Cell Signaling Technology, Beverly, 
MA, USA) and caspase-3 (Santa Cruz Biotechnology Inc., 
Santa Cruz, CA, USA) antibodies for 2 h at room temperature. 
Following the three washing steps, anti-horseradish peroxi-
dase-conjugated secondary antibodies (Beyotime, Haimen, 
China) were applied, and the membranes were stained using 
enhanced chemiluminescence reagents (Beyotime). The auto-
radiographs were scanned and semiquantitatively quantified.

Statistical analyses. Data were presented as the means ± SD. 
Significant differences between groups were evaluated using 
one-way analysis of variance (ANOVA). P<0.05 was consid-
ered to indicate a statistically significant difference.

Results

LPS affects the viability of STC-1 cells. STC-1 cells were 
cultured in the absence and presence of varying concentra-
tions of LPS for 24 h. The effects of LPS on cell viability 
were assessed by MTT assay (Fig. 1). Exposure to increasing 
concentrations of LPS induced a dose-dependent decrease 

Figure 1. Effects of lipopolysaccharide (LPS) on the viability of STC-1 cells. 
STC-1 cells (2x104 cells/well) were incubated with 0, 0.1, 0.5, 1 and 10 µg/ml 
LPS for 24 h and cell viability was determined by 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. The values shown are 
the means ± SD of three different preparations with quadruplicate experi-
ments. *P<0.05 vs. control.
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in cell survival. At the highest tested concentration of LPS 
(10 µg/ml), the survival rate was 52±3% when compared 
with the control group. At 1 µg/ml LPS, cell viability was 
reduced to 64±12%. However, no significant growth inhibi-
tion was observed when LPS was added at a concentration of 
0.1 µg/ml and 0.5 µg/ml.

Cell morphology. Following staining with an annexin V/PI 
apoptosis kit, living cells demonstrated little or no fluorescence, 
and apoptotic cells exhibited green fluorescence. Necrotic 
cells exhibited both red and green fluorescence. As shown in 
Fig. 2A, the cells show weak green fluorescence, and no red 
fluorescence is found in the control groups. The fluorescence 
intensity of the 0.5 µg/ml groups was similar to that of the 
control group. However, the number of cells with strongly green 
fluorescence increased with the increasing concentrations 

of LPS (1-10 µg/ml). This indicates that apoptosis was more 
prevalent at high concentrations of LPS.

The results of Hoechst 33258 staining were consistent 
with the findings observed in a previous section. As shown 
in Fig. 2B, normal STC-1 cells exhibited weak fluorescence. 
Following LPS treatment, the cells demonstrated a brighter 
fluorescence, and typical apoptotic characteristics, such as 
nuclear condensation, were observed in cells treated with 1 or 
10 µg/ml LPS.

Flow cytometry. The lower right quadrant of each plot indi-
cates the percentage of early apoptotic cells that are only 
annexin V-FITC-positive. The upper right quadrant shows 
late apoptotic cells or necrotic cells with positive staining 
for annexin V-FITC and PI. In order to avoid interference 
from necrotic cells, the apoptotic cells in this portion of the 

Figure 2. STC-1 cell morphology changes were observed by fluorescence microscopy (magnification, x200) 24 h after treatment with various concentrations 
of lipopolysaccharide (LPS). (A) Panels on the left show cells observed by light microscopy (LM), and middle and right panels show annexin V labeled with 
fluorescein isothiocyanate (FITC) (green fluorescence) and nucleic acid staining with propidium iodide (PI) (red fluorescence), respectively. (B) STC-1 cells 
were stained with Hoechst 33258. Apoptotic cells were identified by their typical nuclear appearance. 
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Figure 3. Flow cytometry was used to evaluate apoptosis in STC-1 cells following 
lipopolysaccharide (LPS) treatment. After starvation for 12 h, cells were treated 
with different concentrations of LPS for a further 6 h. The lower right quadrant 
shows the early apoptotic cells. Annexin V-fluorescein isothiocyanate (FITC) 
and propidium iodide (PI)-negative stained cells in the lower left quadrants are 
viable cells. The upper right quadrant shows the late apoptotic or necrotic cells. 
(A) Control group; (B) 0.5 µg/ml LPS; (C) 1 µg/ml LPS; (D) 10 µg/ml LPS.

Figure 4. Effect of lipopolysaccharide (LPS) on Bax, Bcl-2 and caspase-3 
expression in STC-1 cells. (A) After cells were treated with LPS (0, 0.5, 1 and 
10 µg/ml) for 24 h, the expression of Bax, Bcl-2 and caspase-3 proteins were 
detected by western blotting. (B-D) Densitometric analysis was used to deter-
mine the relative ratios of Bax, Bcl-2 and caspase-3 compared with the control. 
Asterisks (P<0.05) indicate significant differences compared with the control. 
GAPDH, glyceraldehyde 3-phosphate dehydrogenase.
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plot were not included in the calculations. The viable cells 
(annexin V-FITC- and PI-negative) are shown in the lower left 
quadrant. As shown in Fig. 3, there was a trend of increased 
apoptosis in the 1 and 10 µg/ml groups compared with the 
control groups (up to 4.5 and 6.4%, respectively; P<0.05). 
However, no significant difference was observed between the 
0.5 µg/ml LPS group and the control group.

Effect of LPS on the expression of caspase-3, Bcl-2 and Bax 
proteins. As measured by western blotting (Fig. 4), incubation 
with LPS (0.5, 1 and 10 µg/ml) for 24 h markedly reduced the 
expression of Bcl-2 protein, to 75 and 45% (compared with 
the controls) in the 1 and 10 µg/ml LPS groups, respectively. 
The increased expression level of Bax protein paralleled the 
decrease in the expression level of Bcl-2 protein. However, Bax 
protein expression increased 2.2 and 3.0 times in STC-1 cells 
following treatment with 1 and 10 µg/ml LPS, respectively 
(controls are set as 100%). Furthermore, higher concentrations 
of LPS led to the increased cleavage of caspase-3. The levels of 
caspase-3 increased 2.0 and 2.6 times following treatment with 
1 and 10 µg/ml of LPS, respectively. There were no significant 
changes in the expression of any of the three proteins in the 
0.5 µg/ml LPS group.

Discussion

The growing epidemics of obesity and type 2 diabetes have led 
the scientific community to identify and develop new therapeutic 
targets. Over the past few years, the modulation of the secre-
tory functions of enteroendocrine L cells has been the focus of 
research due to the powerful anti-diabetic activities of GLP-1. 
However, studies on the apoptosis of intestinal endocrine L cells 
remain limited. The secretion of GLP-1 has been shown to be 
markedly reduced in type 2 diabetes. Therefore, we hypoth-
esized that this incretin defect may be related to the increased 
apoptosis of enteroendocrine L cells. A series of studies have 
shown that LPS may induce apoptosis in various cell types, 
such as fibroblasts, macrophages and endothelial cells (11-13). 
However, whether LPS is capable of inducing the apoptosis of 
enteroendocrine L cells has not been confirmed.

The results of this study demonstrated that LPS was capable 
of inhibiting the growth of STC-1 cells in a concentration-
dependent manner. Cell viability, as determined by MTT 
assay, decreased with an increase in the concentration of LPS. 
Typical apoptotic features, such as cytoplasmic shrinkage, 
nuclear chromatin condensation and apoptotic bodies, were 
observed in STC-1 cells treated with 1 or 10 µg/ml LPS using 
Hoechst 33258.

Phosphatidylserine (PS) is located on the cytoplasmic 
surface of normal living cell membranes. Following apoptosis, 
PS is translocated from the inner plasma membrane to the outer 
plasma membrane and faces the extracellular environment. 
Annexin V has a high affinity for PS; therefore, fluorophore-
labeled annexin V may be used to identify apoptotic cells. Our 
study revealed that the number of green cells, namely the apop-
totic cells, increased with the increasing concentration of LPS. 
Flow cytometry data provide further evidence for this increase 
in apoptosis. This is consistent with the findings demonstrated 
by Hamada et al (14), in which LPS induced a dose-dependent 
increase in the number of TUNEL-positive hepatocytes.

Apoptosis, or programmed cell death, is an essential physi-
ological process in which cells that are no longer required or 
are injured are eliminated (15). The best-studied mecha-
nisms of apoptosis regulation involve members of the Bcl-2 
family (16-18). A minimum of 15 Bcl-2 proteins have been 
identified, and they may be divided into proapoptotic proteins, 
such as Bax, Bak, Bad, Bcl-xs, Bid, Bik, Bim and Hrk, and 
antiapoptotic proteins, such as Bcl-2, Bcl-xl, Bcl-w, Bfl-1 and 
Mcl-1 (19). The balance between proapoptotic and antiapop-
totic Bcl-2 family proteins determines whether a cell lives or 
dies. Therefore, the ratio of Bcl-2/Bax is of greater importance 
in determining the apoptosis of cells following apoptotic 
stimulation than the quantity of Bcl-2 alone (18). In this study, 
we found that the level of Bcl-2 protein decreased, whereas the 
levels of Bax increased in STC-1 cells following exposure to 
LPS. The low ratio of Bcl-2/Bax in STC-1 cells may explain the 
high apoptotic rate of LPS-treated STC-1 cells. Furthermore, 
caspase family members play vital roles in apoptosis. Most 
notably, caspase-3 is activated in apoptotic cells by the extrinsic 
(death ligand) and intrinsic (mitochondrial) pathways (20,21). 
As an executioner caspase, the caspase-3 zymogen has virtu-
ally no activity until it is cleaved by initiator caspases after 
apoptotic signaling events have occurred (22). Once caspase-3 
is activated, apoptosis proceeds and cannot be reversed. Our 
results showed that the level of cleaved caspase-3 increased 
after STC-1 cells had been exposed to LPS for 24 h, which 
indicated that LPS induced apoptosis in STC-1 cells. This was 
consistent with the results of Deaciuc et al (23), who showed 
that liver ECs, derived from mice who had been intravenously 
administered LPS, had enhanced caspase-3 activity.

Modulation of the composition of the intestinal flora may 
become an effective treatment strategy for type 2 diabetes. New 
approaches for the therapeutic exploitation of the microbiota, 
such as probiotics and prebiotics, may be capable of changing 
the balance of gut inhabitants, which might then be used to 
treat intestinal inflammatory disorders, metabolic syndromes 
and systemic immune conditions (24). Reducing the concen-
tration of LPS by decreasing the number of Bacteroidetes in 
the gut may inhibit the apoptosis of enteroendocrine L cells 
and increase GLP-1 excretion in type 2 diabetes.

In conclusion, we have demonstrated that LPS induces 
apoptosis in STC-1 cells by decreasing the expression 
of Bcl-2/Bax protein and increasing caspase-3 activities. 
Enteroendocrine L cell apoptosis may correlate with a decrease 
in GLP-1 secretion in type 2 diabetes.
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