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Dysregulation of inflammation induced by noninfectious stress 
conditions, such as nutrient deprivation, causes tissue damage 
and intestinal permeability, resulting in the development of 
inflammatory bowel diseases. We studied the effect of auto-
phagy on cytokine secretion related to intestinal permeability 
under nutrient deprivation. Autophagy removes NLRP3 inflam-
masomes via ubiquitin-mediated degradation under starvation. 
When autophagy was inhibited, starvation-induced NLRP3 in-
flammasomes and their product, IL-1, were significantly en-
hanced. A prolonged nutrient deprivation resulted in an increased 
epithelial mesenchymal transition (EMT), leading to intestinal 
permeability. Under nutrient deprivation, IL-17E/25, which is 
secreted by IL-1, demolished the intestinal epithelial barrier. 
Our results suggest that an upregulation of autophagy maintains 
the intestinal barrier by suppressing the activation of NLRP3 
inflammasomes and the release of their products, including pro-
inflammatory cytokines IL-1 and IL-17E/25, under nutrient de-
privation. [BMB Reports 2021; 54(5): 260-265]

INTRODUCTION

Inflammatory bowel disease (IBD) is a chronic inflammatory 
disease of the gastrointestinal tract (GI). GI has epithelial tight 
junction barriers, composed of a series of individual cells that 
prevent luminal contents, such as pathogenic organisms and 
gastric acid, from leaking (1). Intestinal epithelial tight junctions 
are important components in the intestinal defense system (2). 
This intestinal barrier can be disrupted by an excessive inflam-
matory and immune response against infection by pathogens 
or various stress conditions (3). Consequently, defective intestinal 
epithelial barriers cause tissue damage with enhanced intestinal 
permeability, causing inflammatory bowel diseases, such as 

Crohn’s disease (CD) (4), ulcerative colitis (UC) (5), and leaky gut 
syndrome (6). 

NLRP3 (nod-like receptor family pyrin domain containing 3) 
inflammasomes, which are multiprotein complexes composed 
of NLRP3, ASC (the adaptor molecule apoptosis associated speck- 
like protein containing a CARD), and pro-Caspase-1, are critical 
components of the inflammatory response to maintain intestinal 
homeostasis (7). NLRP3 inflammasomes that are activated by 
various danger signals of pathogenic and nonpathogenic sources 
produces the pro-inflammatory cytokines, such as interleukin-1 
(IL-1) and IL-18 (8). However, NLRP3 inflammasome dysregula-
tion has been known to cause several chronic inflammatory, 
infectious, and autoimmune diseases (9). Since pro-inflammatory 
cytokines can modulate epithelial barrier function, an uncontroll-
ed activation of NLRP3 inflammasomes elevates intestinal per-
meability, leading to intestinal epithelium destruction (10).

Autophagy, a cellular process of lysosomal degradation, is a 
cellular stress response that plays an essential roles in physio-
logical processes, such as the removal of damaged organelles 
(11), antimicrobial defense (12), protein secretion (13), and in-
flammatory response (14). Autophagy is a negative regulator of 
NLRP3 inflammasomes during an inflammatory response (15). 
Regarding the anti-inflammatory effect of autophagy, autophagy 
impairment enhances the accumulation of inflammasomes (16). 
Moreover, autophagy dysregulation leads to the accumulation 
of various toxic macromolecules, including damaged organelles 
and oxidized proteins (17). Thus, it has been suggested that auto-
phagy dysregulation, which is a common IBD feature, causes 
an abnormal inflammasome activity (18). However, to date, 
the molecular mechanisms underlying the sequential correla-
tion between NLRP3 inflammasomes and autophagy in intesti-
nal epithelial cells have not been fully delineated.

Herein, we report that autophagy dysregulation is a possible 
cause of intestinal epithelial barrier disruption under nutrient 
deprivation. We investigated whether NLRP3 inflammasomes 
were significantly activated when autophagy was inhibited by 
monitoring NLRP3 inflammasome levels. We monitored whether 
the cytokines secreted due to NLRP3 inflammasome activation 
promote intestinal permeability. NLRP3 inflammasome was acti-
vated during short-term exposure to starvation but was attenuated 
during the induction of the autophagic process during long-term 
exposure to starvation. 
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Fig. 1. Oxidative stress induces the formation of NLRP3 inflammasomes 
and autophagic flux under nutrient deprivation. (A) Fluorescence micro-
scopy images of DCFDA-stained Caco-2 cells under nutrient depriva-
tion for 6, 12, and 24 h. Scale bar: 275 m. Bar graph indicates the 
fluorescence intensity of DCF, which was normalized to control. 
The data are presented as the mean ± SD, n = 3. (B) Western blot 
analysis of NLRP3, pro-Caspase-1, cleaved-Caspase-1, and ASC in 
Caco-2 cells under nutrient deprivation for 6, 12, 24, and 36 h. Bar 
graph indicates the levels of NLRP3 and ASC in the western blot analy-
sis images. The protein band intensities were normalized to GAPDH. 
Dots in the graph indicates the ratio of cleaved-Caspase 1 to total Ca-
spase 1 (pro-Caspase 1 plus cleaved-Caspase 1). Data are presented 
as the mean ± SD of 3 independent experiments. (C) Fluorescence 
microscopy images of NLRP3 (red fluorescence) and ASC (green fluo-
rescence) in Caco-2 cells under nutrient deprivation for 6, 12, and 
24 h and treated lipopolysaccharides (10 g/ml) for positive control 
of induced NLRP3 inflammasome. Scale bar: 5 m. The fluorescent 
puncta of NLRP3 and ASC in the merged images were quantified 
and presented as a graph (red; puncta of NLRP3, green: puncta 
of ASC, yellow: co-localized puncta with NLRP3 and ASC); counts 
are the mean ± SD of 3 independent experiments. (D) Western blot 
analysis of SQSTM1 and LC3B under nutrient deprivation for 6, 
12, 24, and 36 h. The graph indicates the ratio of LC3B-II to 
LC3B-I in Fig. 1D and the levels of NLRP3 in Fig. 1B. The protein 
band intensities were normalized to GAPDH. Data are presented 
as the mean ± SD, n = 3. (E) Fluorescence microscopy images of 
Caco-2 cells were obtained by monitoring GFP-LC3 puncta (green 
fluorescence) and by staining them with LysoTracker Red DND-99 
(red fluorescence) under nutrient deprivation for 36 h. Scale bar: 
10 m.

RESULTS AND DISCUSSION

Oxidative stress induces the formation of NLRP3 
inflammasomes and autophagic flux under nutrient 
deprivation
We first examined the generation of reactive oxygen species 
(ROS) in Caco-2 cells that were subjected to nutrient depriva-
tion by monitoring cellular fluorescence (Fig. 1A). ROS fluore-
scence was increased in a starvation-time-dependent manner. 
Since ROS generation is known to induce inflammation, we 
next investigated whether the ROS generated by starvation 
induce NLRP3 inflammasomes in cells. In nutrient-deprived cells, 
the accumulation of NLRP3 inflammasome components, such 
as NLRP3, ASC, pro-Caspase-1, and cleaved-Caspase-1, was ob-
served after 6 h, whereas the levels of NLRP3 inflammasome 
components gradually decreased over time (Fig. 1B). To verify 
the formation of NLRP3 inflammasomes during starvation, the 
presence of NLRP3 and ASC in Caco-2 cells under nutrient de-
privation were traced using green and red florescence, respec-
tively (Fig. 1C). The fluorescence of NLRP3 and ASC was colo-
calized in nutrient-deprived cells (for 6 h), while the colocali-
zation of NLRP3 and ASC was significantly diminished when 
the cells were exposed to starvation for a long period (after 6 h).

Next, we investigated whether nutrient deprivation induces 
autophagy in Caco-2 cells. When the cells were exposed to nu-
trient deprivation, sequestosome 1 (SQSTM1) level was decreased 
and the ratio of LC3B-I to LC3B-II conversion was increased for 
a long period (after 12 h) (Fig. 1D). This result indicates that NLRP3 
inflammasome formation and autophagy induction are early 
and late events, respectively, in Caco-2 cells under nutrient depri-
vation. We also investigated the autophagic flux in Caco-2 cells 
under nutrient deprivation by monitoring the autophagosome 
formation and autophagosome-lysosome fusion. Autophagosomes 
and lysosomes were traced using GFP-LC3B and a lysosome- 
specific fluorescent dye (LysoTracker Red DND-99), respecti-
vely (Fig. 1E). GFP-LC3B puncta were significantly increased in 
nutrient-deprived cells, compared to normal cells. In the merged 
image, the up-regulated GFP-LC3B puncta due to starvation 
colocalized with red-colored lysosomes. Thus, the autophagic 
flux was gradually enhanced in Caco-2 cells under prolonged 
nutrient deprivation.

Autophagy down-regulates NLRP3 inflammasomes under 
nutrient deprivation
Based on the result that the early elevated NLRP3 inflamma-
somes under starvation gradually decreased over time, we hypo-
thesized that the activation of NLRP3 inflammasomes in the 
early stages of starvation would decrease due to autophagy. It 
has been previously reported that NLRP3 inflammasomes can 
be degraded via autophagy (19). Thus, we examined whether 
autophagy can modulate the triggering of NLRP3 inflammasome 
with autophagic regulators in Caco-2 cells under nutrient depri-
vation. Bafilomycin A1 (Baf A1) was used to inhibit the auto-
phagic flux by blocking the acidification of lysosomes. When 
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Fig. 2. Autophagy down-regulates NLRP3 inflammasomes under nutri-
ent deprivation. (A) ELISA assay of IL-1 and Caspase-1 activity from 
cultured media in Caco-2 cells was treated with Baf A1 (20 nM) 
and torin 1 (2 M) under nutrient deprivation for 6, 12, 24, 36, and 
48 h. Activity was normalized to cell viability. (B) ELISA assay of IL-1
from cultured media in ATG5-knockdown Caco-2 cells under nutri-
ent deprivation for 6, 12, 24, 36, and 48 h. Activity was normalized 
to cell viability. (C) Western blot analysis of NLRP3, pro-Caspase-1, 
and cleaved-Caspase-1 in Caco-2 cells under nutrient deprivation 
with or without Baf A1 (20 nM). Bar graph indicates the levels of 
NLRP3, ASC, and SQSTM1 in the western blot analysis images. Protein 
band intensities were normalized to GAPDH. Data are presented as 
the mean ± SD of 3 independent experiments. (D) Western blot analysis 
of NLRP3, pro-Caspase-1, and cleaved-Caspase-1 in Caco-2 cells under 
nutrient deprivation with or without torin 1 (2 M). Bar graph indicates 
the levels of NLRP3, ASC, and SQSTM1 in the western blot analysis 
images. The protein band intensities were normalized to GAPDH. Data 
are presented as the mean ± SD of 3 independent experiments. 
(E) Fluorescence microscopy images of NLRP3 (red fluorescence) and 
ASC (green fluorescence) in Baf A1 (20 nM), torin 1 (2 M), and LPS 
(10 g/ml) in Caco-2 cells under nutrient deprivation for 6 h. Scale 
bar: 5 m. The fluorescent puncta of NLRP3 and ASC in the merged 
images were quantified and presented as a graph (red; puncta of 
NLRP3, green; puncta of ASC, yellow; co-localized puncta with NLRP3 
and ASC); counts are the mean ± SD of 3 independent experiments. 
(F) Western blot analysis of TRAF6, MARCH7/Axotrophin, and SQSTM1 
in Caco-2 cells under nutrient deprivation for 6, 12, 24, and 36 h. 
(G) Western blot analysis of TRAF6, MARCH7/Axotrophin, and SQSTM1 
in Baf A1 (20 nM), CQ (50 M), and torin 1 (2 M) in Caco-2 cells 
under nutrient deprivation for 36 h.

autophagy was inhibited by Baf A1, the secretion of IL-1 and 
Caspase-1, which represents the activity of NLRP3 inflamma-
somes, was significantly increased (Fig. 2A). In contrast, the 
autophagy inducer (torin 1)-treated groups showed little increase 
in the secreted levels of IL-1 and Caspase-1 under nutrient 
deprivation. Moreover, to further investigate whether the inhi-
bition of autophagy initiation upregulates the activation of NLRP3 
inflammasomes, we monitored the activity of IL-1 in ATG5 
(autophagy-related 5)-knockdown cells (Fig. 2B). When the ini-
tiation of autophagy was inhibited by the knockdown of ATG5, 
the activity of IL-1 was significantly increased in Baf A1-treated 
cells.

We next investigated the protein expression level of the 
NLRP3 inflammasome in regulated autophagy condition under 
prolonged nutrient deprivation. When autophagy was inhibited 
by Baf A1 in Caco-2 cells under nutrient deprivation, the levels 
of NLRP3 and cleavage of Caspase-1were significantly increased 
compared to the group exposed to starvation without Baf A1 
(Fig. 2C). In contrast, when autophagy was induced by torin 1, 
the levels of NLRP3 and cleavage of Caspase-1 were readily 
diminished over time under nutrient deprivation (Fig. 2D). 
Next, we examined whether autophagy affects the formation 
of NLRP3 inflammasomes by monitoring the components of 
the NLRP3 inflammasome in Caco-2 cells exposed to nutrient 
deprivation for a short period (6 h) with autophagic regulators 
(Fig. 2E). When the cells were exposed to nutrient deprivation 
stress, the levels of both NLRP3 and ASC were significantly 
increased, and ASC was translocated to the cytoplasm. The fluo-
rescence of these proteins was colocalized in the cytoplasm 
with merged fluorescence (indicated as yellow fluorescence), 
reflecting the formation of NLRP3 inflammasomes. However, 
the autophagic inducer torin 1 decreased the level of NLRP3 
inflammasome components (NLRP3 and ASC), as well as its 
colocalization, which was indicated by a diminished merged 
fluorescence. In contrast, Baf A1 treatment elevated the forma-
tion of NLRP3 inflammasomes under nutrient deprivation. Taken 
together, these results indicate that autophagy down-regulates 
NLRP3 inflammasomes in Caco-2 cells under nutrient depri-
vation.

It has been previously reported that NLRP3 inflammasomes 
are ubiquitinated and degraded through MARCH7/Axotrophin 
(20) and TRAF6 (21), the E3 ubiquitin ligases (22). These E3 
ubiquitin ligases are known to be degraded by inflammasomes 
by autophagy after these are ubiquitinated (23). To address whe-
ther autophagy down-regulates NLRP3 inflammasomes through 
the degradation of these E3 ubiquitin ligases, we examined the 
levels of MARCH7/Axotrophin and TRAF6 in Caco-2 cells 
under nutrient deprivation. When the cells were exposed to 
starvation, MARCH7/Axotrophin and TRAF6 gradually decreased 
in a time-dependent manner, showing a similar pattern of NLRP3 
inflammasome activation (Fig. 2F). However, the cells treated 
with autophagic inhibitors, such as Baf A1 and chloroquine 
(CQ), showed an accumulation of MARCH7/Axotrophin and 
TRAF6, compared to the untreated or torin 1-treated group under 
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Fig. 3. Prolonged nutrient deprivation increases permeability of intest-
inal epithelial cells. (A) Caco-2 cells were treated with torin 1 (2 M) 
and Baf A1 (20 nM) under nutrient deprivation for 36 h, and sub-
sequently immunofluorescent staining of E-cadherin (green fluorescence) 
and Vimentin (red fluorescence). The nuclei were visualized with 
DAPI (blue fluorescence). Scale bar: 75 m. The number of vimentin- 
positive cells were quantified and presented as a graph (vimentin- 
positive cells per total cells); counts are the mean ± SD of 3 inde-
pendent experiments. (B) Cell permeability assay of Caco-2 monolayers 
incubated in starvation for 36 h using a transwell. After incubation, 
cells were treated with FITC-Dextran (100 g/ml) for 9 h, and it was 
measured every hour. Data are presented as the mean ± SD of 3 
independent experiments.

nutrient deprivation (Fig. 2G). These results indicate that NLRP3 
inflammasomes are likely disposed of by autophagy through 
the degradation of E3 ubiquitin ligases during a long-term ex-
posure to starvation.

Prolonged nutrient deprivation increases permeability of 
intestinal epithelial cells
Activation of NLRP3 inflammasomes and the secretion of cyto-
kines by inflammasomes are known to induce intestinal permea-
bility by disrupting the epithelial barrier (24-26). E-cadherin is 
an important junctional protein in epithelial cells that maintain 
the epithelial barrier (27). Thus, we examined whether autophagy 
affects the epithelial barrier function under nutrient deprivation 
by monitoring the expression of E-cadherin and vimentin, 
which are markers of epithelial-mesenchymal transition (EMT) 
(Fig. 3A). Under normal conditions, the cells maintained their 
epithelial morphology with a high expression of E-cadherin in 
the cell-cell junction and a low expression level of vimentin. 
Upon nutrient deprivation, the level of E-cadherin and vimentin 
was diminished and increased, respectively, indicating a progres-
sion of EMT. However, the inhibition of autophagy with Baf 
A1 or CQ significantly enhanced starvation-induced EMT, 
while the autophagy inducer (torin 1) slightly suppressed EMT 
under nutrient deprivation.

To further investigate the effect of autophagy on intestinal 

permeability under nutrient deprivation, we monitored the leak-
age of the intestinal epithelial layer by detecting the released 
fluorescence-labeled dextran (FITC-dextran) moving across the 
intestinal barrier (Fig. 3B). The cells exposed to starvation for 
36 h showed increased levels of FITC-dextran, compared to 
normal cells (i.e., control cells). When the cells were treated 
with Baf A1 under nutrient deprivation conditions, the level of 
FITC-dextran was significantly increased. Similar to previous 
results (shown in Fig. 3A), the cells treated with torin 1 showed 
a diminished cell permeability under starvation conditions. To-
gether, these results indicate that a prolonged nutrient depriva-
tion promotes intestinal permeability by disrupting the epithelial 
barrier, and the inhibition of autophagy elevates starvation-in-
duced intestinal permeability.

IL-17E/25 promotes intestinal epithelial permeability under 
nutrient deprivation
Intestinal epithelial cells are known to secrete cytokines in 
response to various stress conditions. To investigate the cytokines 
that enhance intestinal permeability under nutrient deprivation, 
we profiled the secreted cytokines from Caco-2 cells treated 
with autophagic regulators (Supplementary Fig. 1). IL-17E/25 was 
selected as a candidate that regulates intestinal permeability 
under starvation, due to the secretion pattern that depends on 
autophagy regulators. IL-17E/25 is known to promote Th2 cyto-
kine production in response to allergens and parasitic infec-
tions (28), yet its function under other stress conditions is still 
poorly understood. To clarify whether the secretion of IL-17E/25 
can be regulated by autophagy under nutrient deprivation, we 
monitored the secreted IL-17E/25 in Caco-2 cells in the absence 
or presence of autophagic regulators (Fig. 4A). Consistent with 
previous results (Fig. 2A), the level of secreted IL-17E/25 was 
increased in nutrient-deprived cells in a time-dependent manner. 
However, the inhibition of autophagy by Baf A1 significantly 
enhanced the secretion of IL-17E/25, which was induced by star-
vation. In contrast, the treatment with the autophagy inducer 
torin 1 significantly suppressed the level of secreted IL-17E/25 
under a prolonged nutrient deprivation. This result suggests that 
the secretion of IL-17E/25 was down-regulated by autophagy, 
similar to the result regarding the secretion of IL-1 (Fig. 2A). 

Next, we speculated whether the secretion of IL-17E/25 is 
promoted by IL-1, which mediates the inflammatory response 
for the activation and secretion of other cytokines under nutrient 
deprivation. We measured the level of secreted IL-17E/25 in 
Caco-2 cells exposed to recombinant human IL-1 (rhIL-1). 
The level of secreted IL-17E/25 was significantly increased by 
adding rhIL-1 in a dose-dependent manner (Fig. 4B). How-
ever, treatment with recombinant human IL-17E/25 (rhIL-17E/25) 
did not affect the level of secreted IL-1 (data not shown). 
These results indicate that nutrient deprivation induces IL-1-me-
diated IL-17E/25 secretion, which is likely down-regulated by 
autophagy. To further corroborate whether IL-17E/25 induces EMT, 
we monitored the expression of EMT markers in Caco-2 cells 
exposed to recombinant human IL-1 or IL-17E/25 (Fig. 4C). 
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Fig. 4. IL-17E/25 promotes intestinal epithelial permeability under 
nutrient deprivation. (A) ELISA assay of IL-17E/25 in cultured media 
of Caco-2 cells treated with Baf A1 (20 nM) and torin 1 (2 M) under 
nutrient deprivation for 6, 12, 24, 36, and 48 h. Activity was nor-
malized to cell viability. (B) ELISA assay of IL-17E/25 of cultured 
media in rhIL-1-treated (4, 20, and 40 ng/ml) Caco-2 cells for 36 
h. (C) Caco-2 cells were treated with rhIL-1 (4 ng/ml) and rhIL-25 
(0.5 ng/ml) for 36 h, and subsequently immunofluorescent staining 
of E-cadherin (green fluorescence) and Vimentin (red fluorescence). 
The nuclei were visualized with DAPI (blue fluorescence). Scale 
bar: 125 m. The number of vimentin-positive cells were quantified 
and presented as a graph (vimentin-positive cells per total cells); 
counts are the mean ± SD of 3 independent experiments. 

The cells treated with both rhIL-1 and rhIL-17E/25 showed 
low expression levels of E-cadherin with disrupted junction 
and a high expression level of vimentin. Taken together, these 
results suggest that the secretion of IL-17E/25, which is 
promoted by the activation of IL-1, diminishes the function of 
the intestinal epithelial barrier through an EMT increase.

In conclusion, we demonstrated that autophagy down-regulated 
NLRP3 inflammasome activation and maintained the intestinal 
epithelial barrier by suppressing EMT under nutrient depriva-
tion. Nutrient deprivation elevated NLRP3 inflammasomes in 
the early phase, after which the activated NLRP3 inflammasomes 
were gradually degraded by the ubiquitin-mediated autophagic 
process. If autophagy is impaired during nutrient deprivation, 
excessive NLRP3 inflammasomes are induced, leading to an en-
hanced EMT and intestinal permeability. Furthermore, IL-17E/25, 
which is secreted by IL-1, was found to be a candidate cyto-
kine to invoke the starvation-induced loss of the intestinal 
epithelial barrier via NLRP3 inflammasome activation. Thus, 
our findings suggest that IL-17E/25 is a novel therapeutic target 
in inflammatory diseases of the gastrointestinal tract.

MATERIALS AND METHODS

Materials and Methods are available in the Supplementary 
Information.
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