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Abstract
Background/Aims: Short-chain fatty acids (SCFAs) are the major energy resources of 
intestinal epithelial cells. It has been reported that SCFAs can repair the dysfunction of 
intestinal barrier, however, the underlying mechanisms are still not fully understood. Here, we 
investigated the stimulative and protective effects of SCFAs on intestinal barrier function and 
the possible mechanisms. Methods: To investigate the effects of SCFAs on intestinal barrier 
function, the Caco-2 monolayers were exposed to acetate, propionate, butyrate respectively 
or simultaneously without or with lipopolysaccharide (LPS). Next, Caco-2 cells were treated 
with trichostatin A and etomoxir to identify whether SCFAs act as HDAC inhibitors or energy 
substances. To activate NLRP3 inflammasome and autophagy, Caco-2 cells were treated with 
LPS+ATP and rapamycin respectively without or with SCFAs. The transepithelial electrical 
resistance (TER) and paracellular permeability were respectively detected with a Millicell-
ERS voltohmmeter and fluorescein isothiocyanate-labeled dextran. Immunoblotting and 
immunofluorescence were applied to analyze the expression and distribution of tight junction 
proteins, and the activation of NLRP3 inflammasome and autophagy. Results: Acetate (0.5mM), 
propionate(0.01mM) and butyrate (0.01mM) alone or in combination significantly increased 
TER, and stimulated the formation of tight junction. SCFAs also dramatically attenuated the 
LPS-induced TER reduction and paracellular permeability increase, accompanying significantly 
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alleviated morphological disruption of ZO-1 and occludin. Meanwhile, the activation of NLRP3 
inflammasome and autophagy induced by LPS were significantly inhibited by SCFAs. Trichostatin 
A imitated the inhibiting action of SCFAs on NLRP3 inflammasome, whereas etomoxir blocked 
the action of SCFAs on protecting intestinal barrier and inhibiting autophagy. In addition, the 
activation of autophagy and NLRP3 inflammasome by rapamycin and LPS+ATP resulted in 
TER reduction, paracellular permeability increase and morphological disruption of both ZO-1 
and occludin, which was alleviated by SCFAs. Conclusion: It is suggested that SCFAs stimulate 
the formation of intestinal barrier, and protect the intestinal barrier from the disruption of LPS 
through inhibiting NLRP3 inflammasome and autophagy. In addition, SCFAs act as energy 
substances to protect intestinal barrier and inhibit autophagy, but act as HDAC inhibitors to 
suppress NLRP3 inflammasome. Furthermore, the mutual promoting action between NLRP3 
inflammasome and autophagy would destroy intestinal barrier function, which could be 
alleviated by SCFAs.

Introduction

A primary function of intestinal epithelia is to form a biological barrier and maintain 
homeostasis. Tight junction and its associated proteins, including zonula occludens (ZO), 
occludin and claudins, are vital to intestinal epithelial paracellular barrier, which prevent 
luminal antigens or bacteria from entering into mucosa and contacting with the immune 
system [1-3]. However, it has been well documented that the disruption of intestinal 
epithelial barrier is compromised in a variety of intestinal diseases, including inflammatory 
bowel disease and Crohn’s disease [4, 5]. Thus, to protect intestinal barrier from pathological 
disruption is of great significance.

Short-chain fatty acids (SCFAs), the byproducts of dietary fiber in intestine during 
fermentation, are the most important energy substances of the epithelial lining of the colon 
[6]. Besides, abundant experiments have also indicated that butyrate, an important member 
of SCFAs, can protect intestinal barrier function by up-regulating tight junction protein 
claudin-1 or facilitating tight junction assembly [7, 8]. Furthermore, SCFAs are also well 
known as histone deacetylase (HDAC) inhibitors, and HDAC inhibitors such as trichostatin 
A can suppress inflammatory response [9, 10]. Therefore, to further confirm the protective 
functions of SCFAs on intestinal barrier and its possible mechanisms is necessary.

NLRP3, the best characterized member of the NLRP sub-family, has been shown to 
trigger IL-1β and IL-18 processing and release in response to a variety of pathogens and 
endogenous dangerous signals including adenosine triphospate (ATP) and silica [11]. 
Activation of NLRP3 leads to recruitment of the adaptor protein ASC and of pro-caspase-1 
to form a multiprotein complex termed the inflammasome. Then, inflammasome activation 
stimulates the caspase-1-dependent processing of inflammatory molecules pro-IL-1β and 
pro-IL-18, resulting in the secretion of the mature form of these two cytokines [12]. Meantime, 
it has been well illustrated that ROS production is closely associated with the activation of 
NLRP3 inflammasome [13]. Furthermore, it has been reported that NLRP3 inflammasome 
plays an important role in maintaining intestinal homeostasis [11, 14]. However, the precise 
relationship between NLRP3 inflammasome and intestinal barrier function requires to be 
clarified.

Autophagy, an intracellular degradation pathway, refers to the engulfment and 
processing of cellular proteins, including damaged organelles and long-lived and mis-
folded proteins. As an essential cell survival mechanism, autophagy plays an important 
role in diverse processes such as metabolic stress and inflammatory diseases [15]. It has 
been documented that energy metabolism and ROS production are closely associated with 
autophagy activation [16, 17]. Autophagy has also been shown to be active in the normal 
colonic intestinal mucosa, playing a role in intestinal cell survival during physiological stress 
[18]. Although autophagy can enhance intestinal barrier function [19], the exact relationship 
between autophagy and intestinal barrier function is still not fully determined.
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The aim of this study was to examine the role of SCFAs on regulation of intestinal 
barrier function, employing a commonly used in vitro intestinal epithelial model consisting 
of filter-grown Caco-2 monolayers. Our data indicate that SCFAs stimulate the formation of 
intestinal barrier function, and protect intestinal barrier from the disruption induced by 
LPS through inhibiting the activation of NLRP3 inflammasome and autophagy. Meanwhile, 
SCFAs act as energy substances to protect intestinal barrier and inhibit autophagy, but act 
as HDAC inhibitors to suppress NLRP3 inflammasome. Furthermore, NLRP3 inflammasome 
and autophagy could destroy intestinal barrier function respectively, and each of them plays 
interactive role with the other.

Materials and Methods

Cell culture and monolayer preparation
Caco-2 cells were purchased from American Type Culture Collection (Manassas, VA) and grown in 

DMEM supplemented with 4.0 mmol/L L-glutamine, 1% non-essential amino acids, 100 U/ml penicillin, 100 
U/ml streptomycin and 15% fetal bovine serum. The cells were subcultured by partial digestion with 0.25% 
trypsin and 0.53 mmol/L EDTA in Hank’s balanced saline solution (HBSS) without Ca2+ and Mg2+. Caco-2 
cells were seeded at 0.5×105/cm2 and grown as monolayers on collagen-coated permeable polycarbonate 
membrane Transwell supports with 0.4 μm pores (Corning, Corning, NY), and used for experiments after 
confluence. Transwell supports with 0.33-cm2 surface areas were used for electrophysiological studies.

Treatments of Caco-2 monolayer
In the experiments, acetate (Sigma, MO), propionate (Sigma), butyrate (Sigma), lipopolysaccharide 

(Sigma), rapamycin (Millipore, MA), adenosine 5-Triphosphate (Sigma), N-Acetyl-L-cysteine (Sigma), 
trichostatin A (Sigma) and etomoxir (Sigma) were added to the basal and apical chamber of Transwell 
supports. Caco-2 monolayers in control group were only incubated with DMEM without additional treatment. 
In the experiment about the effect of SCFAs on intestinal barrier formation, the monolayers were cultivated 
for 24 hours before SCFAs were added. Then, transepithelial electrical resistance (TER) was measured for 
four consecutive days. For other experiments, the monolayers were cultivated for 10 days before diverse 
agents were added, and TER was detected for 24 consecutive hours.

Measurement of TER
TER values of all monolayers were measured with a Millicell-ERS voltohmmeter (Millipore, Bedford, 

MA) as described previously [20]. In order to facilitate comparisons between conditions, TER was normalized 
to initial value, and expressed as percentage of initials.

Paracellular permeability assay
The apical-to-basal paracellular flux of 4 kDa fluorescein isothiocyanate-labeled dextran (FITC-

dextran, Sigma) across Caco-2 monolayers was assayed as described previously [20]. Briefly, at the end of 
experiment, monolayers were washed with HBSS and transferred to 500μl HBSS. Media in apical chamber 
were gently aspirated and replaced with 100μl of 1mg/ml FITC-dextran dissolved in HBSS. Then, monolayers 
were incubated at 37℃for 2 hours. The samples coming from basal chamber were used for fluorescence 
determination using a fluorescent microplate reader (Varioskan Flash, Thermo Electron Corporation, 
Vantaa, Finland) with an excitation wavelength of 480 nm and an emission wavelength of 520 nm. FITC-
dextran flux was normalized to control.

Immunoblotting analysis
Caco-2 cells grown on 5.0-cm2 Transwell supports were washed with ice-cold PBS, and lysed with 

Laemmli sample buffer (50 mmol/L Tris-HCl, 2% SDS, 0.1% bromophenol blue, 5% β-mercaptoethanol, 10% 
glycerine, pH 6.80), followed by a brief sonication with a sonicator (Tomy Seiko, Tokyo, Japan). Cell lysates 
were centrifuged at 10000 g for 10 min at 4℃ and heated at 100℃ for 5 min. Proteins were separated on 
6%, 8% and 10% SDS-PAGE gel and transferred to PDVF membrane (Millipore, USA). After blocking with 5% 
non-fat milk for 1 hour at room temperature, membranes were incubated with primary antibodies specific 
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for ZO-1 (1:1000, Invitrogen, CA), occludin (1:1000, Invitrogen), claudin-1 (1:1000, Invitrogen), claudin-2 
(1:1000, Abcam, Germany), NLRP3(1:1000, Adipogen, USA), ASC (1:100, Santa Cruz, USA), caspase 1 (1:1000, 
Cell Signaling, USA), cleaved caspase 1(1:1000, Cell Signaling), IL-1β(1:1000, abcam, Germany), cleaved IL-
1β(1:1000, Cell Signaling), IL-18(1:1000, abcam), LC3 (1:1000, Sigma), Atg5(1:1000, Sigma), p62(1:1000, 
Sigma), beclin 1(1:1000, Sigma) and β-actin (1:5000, Sigma) overnight at 4℃. After washing, membranes 
were incubated with peroxidase-conjugated secondary antibodies (1:5000, Southern Biotech, Birminghan, 
AL) for 1 hour at room temperature. The blots were developed with an enhanced chemiluminescence kit 
(KeyGEN, China), and imaged using a ChemiDoc XRS system (Bio-Rad, CA). Densitometric analysis was 
performed using Quantity One software (Bio-Rad).

Immunofluorescence microscopy
Caco-2 monolayers grown on 0.33-cm2 Transwell supports were washed with ice-cold PBS, fixed 

with 1% paraformaldehyde for 30 min, incubated with 50mmol/L NH4CL for 15 min, and permeabilized 
with 0.1% Triton X-100 in PBS containing 1 mmol/L CaCl2 at room temperature. Then, monolayers were 
blocked in 2.5% bovine serum albumin (BSA) and incubated with anti-ZO-1 (1:100, Invitrogen, CA), anti-
occludin (1:100, Invirtrogen), anti-ASC (1:50, Santa Cruze) or anti-LC3 (1:100, Sigma) antibodies diluted in 
PBS containing 2.5% BSA at 4℃overnight. Monolayers were washed with PBS followed by incubated with 
Alexa Fluor 488-conjugated anti-IgG secondary antibodies (1:100, EMD Chemicals, Gibbstown, NJ) and DAPI 
(Biotium Inc, Hayward, CA) for 1 hours at room temperature. After washing with PBS, monolayers were 
mounted in Slowfade (Molecular Probes) and imaged using a laser scanning fluorescence microscopy (TCS 
SP5, Leica, Germany).

Determination of ROS production
The intracellular ROS levels were detected with the employment of DCFH-DA, which was used to 

monitor intracellular-produced hydrogen peroxide (H2O2) because it can be oxidised by intracellular 
oxidants and then emitted fluorescence [21]. To assay the effect of various reagents on ROS production, 
cells were seeded in plates for 3 days and then exposed to reagents. After 24 hours, 5μmol/L DCFH-DA 
was added to the wells for 30 min at 37℃, and cells were washed thrice with PBS quickly to remove the 
extra dye. The OD value of ROS was measured by a fluorescent microplate reader (Varioskan Flash, Thermo 
Electron Corporation, Vantaa, Finland) at excitation wavelength of 488 nm and emission wavelength of 525 
nm. The fluorescence intensity of ROS was measured by a fluorescence microscope (Lecia, Germany) with 
an excitation wavelength of 488 nm and an emission wavelength of 530 nm.

Statistical Analysis
Results are shown as the mean±SEM. Differences among groups were assessed with One-way ANOVA 

by SPSS 13.0. p＜0.05 was considered statistically significant. All reported significance levels reported two-
tailed p values.

Results

SCFAs contribute to the formation of intestinal barrier in Caco-2 monolayers
It has been well demonstrated that SCFAs including butyrate are prominent energy 

resources of intestinal epithelial cell [22], therefore, to investigate the effect of SCFAs on the 
formation of intestinal barrier function in Caco-2 monolayers, we firstly detect the influence 
of each SCFA on intestinal barrier function using various concentration gradients after the 
Caco-2 cells were seeded on transwell supports for 24 hours. TER, an indicator of epithelial 
paracellular permeability to ions, was employed to evaluate barrier function. As shown in 
Fig. 1A, acetate (0.5mmol/L), propionate (0.01mmol/L) and butyrate (0.01mmol/L) alone 
progressively and significantly increased TER over the time-course of the experiments 
starting from the first day, besides, a compound of the three SCFAs showed the synergistic 
effect in increasing TER. And the synergistic effect reached its peak when the Caco-2 cells 
were incubated with the compound for 4 days. Secondly, we utilized immunoblotting to 
analyze the expression of ZO-1 and claudin-2. ZO-1 is a member of the membrane-associated 
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Fig. 1. SCFAs contribute to the 
formation of intestinal barrier 
in Caco-2 monolayers. A. Caco-2 
cells were treated with acetate, 
propionate and butyrate respectively 
or simultaneously one day after the 
cells were seeded on Transwell 
supports. Acetate (0.5mmol/L) and 
butyrate (0.01 mmol/L), but not 
propionate (0.01 mmol/L) alone 
significantly increased TER. When 
added simultaneously, acetate, 
butyrate and propionate increased 
TER significantly. * p<0.05 compared 
with control. n=5. B.The expression 
of ZO-1 increased, whereas claudin-2 
decreased. *p<0.05, **p<0.01, 
***p<0.001 compared with control. 
n=6. C. Tight junction protein ZO-1 
was stained by immunofluorescence. 
n=3. Scale bar= 10 μm. A=acetate, 
P=propionate, B=butyrate, A+P=acetate+propionate, A+B=acetate+butyrate, P+B=propionate+ butyrate, 
A+P+B=acetate+propionate+butyrate.

Fig. 2. SCFAs alleviate intestinal barrier 
dysfunction induced by LPS. A. Caco-2 
monolayers were treated with LPS in 
the absence or presence of SCFAs for 24 
hours.  SCFAs significantly inhibited TER 
drop caused by LPS. ***p<0.001 compared 
with control. ###p<0.001 compared with 
LPS. n=6. B. The LPS-induced increase 
of paracellular permeability to 4 kD 
FITC-dextran was lowered by SCFAs. 
*p<0.05 compared with control. #p<0.05 
compared with LPS. n=5. C. The protein 
expression was analyzed by Western 
blot. **p<0.01, ***p<0.001 compared with 
control. #p<0.05, ##p<0.01 compared with 
LPS. n=6. D. SCFAs alleviated the LPS-
caused morphological redistributions of 
ZO-1 and occludin. n=3. Scale bar= 10μm. 
SCFAs here means a mixture of acetate 
(0.5mmol/L) , propionate (0.01mmol/L) 
and butyrate (0.01mmol/L), and the 
following are the same.
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guanylate kinase homologs and links to the 
transmembrane protein occludin [23]. Claudin-2 
is a pore-forming protein [24]. As shown in Fig. 
1B, all these three SCFAs alone decreased the 
expression of ZO-1 but increased the expression 
of claudin-2, and this was reversed when the 
cells were exposed to the compound for 4 days. 
Finally, we used immunofluorescence assay to 
analyze the distribution and morphology of ZO-
1. As illustrated in Fig. 1C, ZO-1 distributed along 
the cell membrane and looked like irregular 
undulating profiles after treatment with the 
compound for 4 days. By contrast, there was no 
ZO-1 existed in the control cells. These results 
indicate that the SCFAs possess the synergistic 
capacity to stimulate the formation of intestinal 
barrier in Caco-2 monolayers.

SCFAs alleviate intestinal barrier dysfunction 
induced by LPS
Previous studies have shown that SCFAs 

including butyrate enhance intestinal barrier 
function, and LPS disrupts intestinal barrier 
function [7, 8, 25]. In the present study, to 
investigate the effect of SCFAs on intestinal 
barrier dysfunction, the Caco-2 monolayers 
were treated with LPS (10μg/ml) for 24 hours, 
without or with SCFAs. As shown in Fig. 2 A, 
the TER levels of control monolayers remained 
stable over the time-course of the experiment. 
However, LPS caused a remarkable decrease at 1 
hour and maintained the tendency until 24 hours. 
By contrast, SCFAs significantly dampened the 
LPS-induced drop of TER. Besides, paracellular 
flux of FITC-dextran across Caco-2 monolayers, 
a measure of paracellular permeability, was also 
measured. As demonstrated in Fig. 2B, when 
compared with the control, paracellular flux 
was significantly increased after treatment of 
LPS. In contrast, SCFAs dramatically diminished the LPS-induced increase of paracellular 
flux. Consistent with the changes of TER and paracellular flux, as presented in Fig. 2C, the 
expression of ZO-1, occludin and claudin-1 decreased, but claudin-2 increased in LPS group. By 
contrast, the LPS induced alteration of tight junction proteins was inhibited by SCFAs. At last, 
as shown in Fig. 2D, immunofluorescence assay showed that ZO-1 distribution transformed 
from regularly smooth arcs into irregularly undulating profiles and discontinuous punctate 
along the tight junction after the treatment of LPS for 24 hours. Similar to ZO-1, occludin 
distribution was also transformed into irregular arrangement, with partially transfer from 
the tight junction into cytoplasmic vesicles. However, SCFAs remarkably alleviated the 
morphological disturbances of ZO-1 and occludin. These results suggest that SCFAs protect 
intestinal barrier function from the disruption by LPS in Caco-2 monolayers.

Fig. 3. SCFAs suppress the activation of 
autophagy induced by LPS. Caco-2 cells were 
treated with LPS in the absence or presence 
of SCFAs ro 24 hours. After the treatment 
of LPS for 24 hours, the protein expression 
of beclin-1, Atg5 and the ratio of LC3-II/
LC3-I increased, whereas p62 remarkably 
decreased. SCFAs statistically reversed the 
expression of these proteins, except p62. 
**p<0.01, ***p<0.001 compared with control. 
##p<0.01, ###p<0.001 compared with LPS. n=6. 
B. SCFAs remarkably inhibited the increase of 
the amount of LC3B caused by LPS. n=3. Scale 
bar=10μm.
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SCFAs suppress the activation of 
autophagy induced by LPS
It has been documented that 

autophagy can be induced by LPS and 
participates in the maintenance of 
intestinal homeostasis [26, 27], therefore, 
we further investigated autophagy in the 
present study. Microtubule-associated 
protein light chain (LC3), which is 
lipidated and incorporated into the 
autophagosomal membrane, is widely 
used as a marker for autophagy [15]. 
Besides, autophagy substrates include 
p62, Atg5 and beclin 1, among which p62 is 
an adaptor protein that binds to LC3, Atg5 
facilitates the phosphatidylethanolamine 
conjunction of LC3, and beclin 1 is a key 
regulator of the initiation of autophagy 
[28, 29, 30]. As shown in Fig. 3A, LPS 
induced a significant increase in the 
ratio of LC3-II (lipidated form) to LC3-I 
protein, Beclin 1 and Atg5, but a decrease 
in p62 expression. By contrast, SCFAs 
suppressed these alterations induced 
by LPS. Consistent with these findings, 
immunofluorescence assay showed 
a mass of red punctate substances, 
representing LC3B protein, in the 
cytoplasm of Caco-2 cells treated by LPS, 
whereas SCFAs reduced the amount of red 
punctate substances (Fig. 3B). These data 
confirm that SCFAs inhibit the activation 
of autophagy induced by LPS, and this 
might be one of the mechanisms by which 
SCFAs protect intestinal barrier function 
from the disruption by LPS in Caco-2 cells.

SCFAs inhibit the activation of NLRP3 
inflammasome induced by LPS
As NLRP3 infammasome can be 

activated by LPS through ROS production 
and regulates intestinal homeostasis [11, 31], we further investigated NLRP3 inflammasome 
in Caco-2 cells treated with LPS for 24 hours. As indicated in Fig. 4A, LPS caused a 
remarkable elevation of NLRP3, ASC, caspase-1, cleaved-caspase-1, IL-1β, cleaved-IL-1β and 
IL-18 in Caco-2 cells, however, SCFAs inhibited the LPS-induced elevation of these proteins. 
Consistent with these results, immunofluorescence assay showed that a mass of red specks 
representing ASC protein lie in cytoplasm of Caco-2 cells treated with LPS, however, SCFAs 
decreased the quantity of red spots (Fig. 4B). We further investigated the activation of 
reactive oxygen species (ROS). As indicated in Fig. 4C, both the OD value and fluorescence 
intensity were increased by LPS, and this was suppressed by SCFAs, indicating that SCFAs 
decrease the LPS-induced increase of ROS production. These findings confirm that SCFAs 
suppress NLRP3 inflammasome activated by LPS through the inhibition of ROS production 
in Caco-2 cells, and this might be one possible mechanism by which SCFAs protect intestinal 
barrier disrupted by LPS.

Fig. 4. SCFAs suppress the activation of NLRP3 
inflammasome induced by LPS. A. Caco-2 cells were 
treated with LPS in the absence or presence of SCFAs 
ro 24 hours. The protein expression of NLRP3, ASC, 
caspase-1, cleaved caspase-1, IL-1β, cleaved IL-1β 
and IL-18 was increased by LPS, and SCFSs inhibited 
the LPS-caused increase of these proteins. *p<0.05, 
**p<0.01, ***p<0.001 compared with control. #p<0.05, 
##p<0.01, ###p<0.001 compared with LPS. n=6. B. SCFAs 
remarkably inhibited the increase of the amount of 
ASC caused by LPS. Data are representative of three 
independent experiments. Scale bar=10μm. C. SCFAs 
significantly inhibited the increase of quantity and 
fluorescence intensity of ROS caused by LPS. ***p<0.001 
compared with control. Scale bar= 25μm. n=3.
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SCFAs act as HDAC inhibitors or energy substances
SCFAs may act as energy substances to protect intestinal barrier function. It is well 

illustrated that SCFAs may act as both the HDAC inhibitors and energy substances [6, 9], 
therefore, we applied trichostatin A and etomoxir to identify whether SCFAs function as 
HDAC inhibitors or as energy substances to protect against LPS induced intestinal barrier 
dysfunction in Caco-2 cells. Trichostatin A and etomoxir respectively is a well-known HDAC 
inhibitor and a inhibitor of mitochondrial fatty acid β-oxidation [32, 33]. As shown in Fig. 
5-A1, the TER levels progressively increased in control monolayers over the time-course, but 
significantly decreased in monolayers respectively treated with trichostatin A and etomoxir 
for 24 hours. Meanwhile, the paracellular flux of FITC-dextran across Caco-2 monolayers 
statistically increased (Fig. 5-A2). In addition, as indicated in Fig. 5-A3, both trichostatin A 
and etomoxir decreased the expressions of ZO-1, occludin and claudin-1. Furthermore, both 
trichostatin A and etomoxir destroyed the morphology of ZO-1 and occludin, as evidenced 
by that both proteins transformed from regularly smooth arcs into irregularly undulating 
profiles and discontinuous punctate along the tight junction(Fig. 5-A4). In terms of these 
changes, trichostatin A was more effective than etomoxir. Thus, SCFAs are more likely to 
function as energy substances rather than HDAC inhibitors to protect intestinal barrier 
function in Caco-2 cells.

Fig. 5. SCFAs act as HDAC inhibitors or energy 
substances. A1. Caco-2 monolayers were 
treated with trichostatin A and etomoxir 
respectively for 24 hours. Both trichostatin A and 
etomoxir significantly decreased TER. *p<0.05, 
***p<0.001compared with control. n=5. A2. Both 
trichostatin A and etomoxir remarkably decreased 
the paracellular permeability to 4 kD FITC-
dextran. *p<0.05 compared with control. n=5. 
A3. The protein expression of ZO-1, occludin and 
claudin-1 statistically decreased by trichostatin A 
and etomoxir, however, etomoxir did not decrease 
claudin-2 statistically. *p<0.05,**p<0.01, ***p<0.001 
compared with control. n=6. A4. ZO-1 and occludin 
were stained by immunofluorescence. Both 
trichostatin A and etomoxir caused morphological 
disruption of ZO-1 and occludin. n=3. Scale bar= 
10μm. B1. Both trichostatin A and etomoxir 
significantly decreased the protein expression 
of p62, and increased the ratio of LC3-II/LC3-I. 
***p<0.001 compared with control. n=6. B2. Both 
trichostatin A and etomoxir remarkably increased 
the amount of LC3B. n=3. Scale bar=10μm. C1. 
Both trichostatin A and etomoxir statistically 
decreased the protein expression of NLRP3, ASC, 
caspase-1, cleaved caspase-1, cleaved IL-1β and 
IL-18, however, the decrease of IL-1β was without 
statistical significance. *p<0.05, **p<0.01, ***p<0.001 
compared with control. n=6. C2. Both trichostatin 
A and etomoxir remarkably inhibited the amount 
of red specks, representing ASC protein. n=3. Scale bar=10μm. C3. Both trichostatin A and etomoxir 
significantly inhibited the quantity and fluorescence intensity of ROS. ***p<0.001 compared with control. 
n=3. Scale bar= 25μm.
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SCFAs may act as energy substances to suppress autophagy. It has been documented 
that energy metabolism is closely associated with autophagy in mammalian colon [17]. 
Thus, in the present study, we also investigated the effect of trichostatin A and etomoxir 
on autophagy activated by LPS in Caco-2 cells. As shown in Fig. 5-B1, trichostatin A and 
etomoxir significantly decreased protein expression of p62, however, increased the ratio of 
LC3-II (lipidated form) to LC3-I protein. Consistence with this, the quantity of red spots, 
which represent LC3B protein, also obviously increased, and trichostatin A showed a more 
prominent role (Fig. 5-B2). These indicate that SCFAs may function as energy substances to 
suppress autophagy activated by LPS in Caco-2 cells.

Fig. 6. NLRP3 inflammasome 
disrupts intestinal barrier function 
and activates autophagy. A1. Caco-
2 cells were treated with LPS 
(1μg/ml) for 4 hours and then 
ATP (5mmol/L) for 30 min with or 
without SCFAs. After the treatment, 
the protein expression of NLRP3, 
ASC, caspase-1, cleaved-caspase-1, 
IL-1β, cleaved-IL-1β and IL-18 
significantly increased, whereas 
SCFA remarkably suppressed the 
increase of these proteins. *p<0.05, 
**p<0.01, ***p<0.001 compared 
with control. #p<0.05, ##p<0.01, 
###p<0.001 compared with NLRP3 
group. n=6. A2. SCFAs statistically 
suppressed the amount of red 
specks increased by LPS and ATP. 
n=3. Scale bar=10μm. A3. LPS 
and ATP significantly increased 
the fluorescence intensity of ROS, 
however, there was no statistical 
difference in the variation of 
the quantity of ROS production 
induced by NLRP3 induction. Scale 
bar= 25μm. n=3. B1. LPS and ATP 
significantly decreased TER, SCFAs 
remarkably reversed the decrease 
of TER. **p<0.01, ***p<0.001 
compared with control. #p<0.01 
compared with NLRP3 group. 
n=4. B2. The protein expression of 
ZO-1, occludin and claudin-1 statistically decreased by LPS and ATP, however, the expression of claudin-2 
significantly increased. SCFA reversed the variation tendency of ZO-1, occludin and claudin-1 without 
statistical significance, but notably inhibited the increase of claudin-2. *p<0.05, ***p<0.001 compared 
with control. ###p<0.001 compared with the NLRP3 group. n=6. B3. LPS and ATP caused morphological 
disruption of ZO-1 and occludin, and SCFA significantly prevented the morphological disruption of both 
ZO-1 and occludin. n=3. Scale bar= 10μm. C1. LPS and ATP significantly increased the ratio of LC3-II/LC3-I, 
and the expression of Beclin 1 and Atg5, and SCFA remarkably suppressed these variation tendencies. 
*p<0.05, **p<0.01 compared with control.##p<0.01, ###p<0.001 compared with NLRP3 group. n=6. C2. LPS 
and ATP significantly increased the amount of red specks, representing LC3B proteins, which was inhibited 
by SCFAs. n=3. Scale bar=10μm. NLRP3 group means the group treated by LPS and ATP simultaneously.
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SCFAs may act as HDAC inhibitors to suppress NLRP3 inflammasome. The HDAC 
inhibitors have been reported to suppress inflammation [34]. We next determined the 
effect of trichostatin A and etomoxir on NLRP3 inflammasome activated by LPS in Caco-
2 cells. As shown in Fig. 5-C1, trichostatin A and etomoxir reduced the protein expression 
of NLRP3, ASC, caspase-1, cleaved-caspase-1, IL-1β, cleaved-IL-1β and IL-18. Similarly, 
immunofluorescence assay showed that the amount of red specks was decreased notably 
(Fig. 5-C2). Furthermore, as indicated in Fig. 5-C3, the OD value and fluorescence intensity of 
ROS were decreased by both trichostatin A and etomoxir in Caco-2 cells treated with LPS for 
24 hours. These results suggest that SCFAs may act as HDAC inhibitors to suppress NLRP3 
inflammasome activated by LPS through the inhibition of ROS production in Caco-2 cells.

Fig. 7. Autophagy destroys 
intestinal barrier function and 
activates NLRP3 inflammasome. 
A1. Caco-2 cells were treated 
with rapamycin (100 nmol/L) 
for 24 hours with or without 
SCFA. Rapamycin significantly 
increased the ratio of LC3-II/
LC3-I and the expression of Beclin 
1 and Atg5, and remarkably 
decreased the expression of p62. 
SCFAs remarkably reversed the 
rapamycin-induced changes of 
these proteins. *p<0.05, **p<0.01, 
***p<0.05 compared with control. 
#p<0.01 ##p<0.01, ###p<0.001 
compared with rapamycin. n=6. A2. 
Rapamycin significantly increased 
the amount of red specks, 
representing LC3B proteins, which 
was inhibited by SCFAs. n=3. 
Scale bar=10μm. B1. Rapamycin 
significantly decreased TER, and 
SCFA remarkably reversed the 
decrease of TER.*p<0.05, **p<0.01 
compared with control. ##p<0.01, 
###p<0.001compared with 
rapamycin. n=5 or 6. B2. The protein 
expression of ZO-1, occludin 
and claudin-1 were statistically 
decreased by rapamycin, however, 
the expression of claudin-2 was 
increased. SCFA reversed the 
rapamycin-induced changes of 
these proteins. *p<0.05, **p<0.05, 
***p<0.001 compared with control. 
##p<0.01 compared with the rapamycin. n=6. B3. Rapamycin caused morphological disruption of ZO-1 and 
occludin, which was significantly prevented by SCFAs. n=3. Scale bar= 10μm. C1. Rapamycin significantly 
increased the protein expression of NLRP3, ASC, caspase-1, cleaved-caspase-1, cleaved-IL-1β and IL-18, 
which was remarkably suppressed by SCFAs. *p<0.05, **p<0.01, ***p<0.001 compared with control. #p<0.05, 
##p<0.01, ###p<0.001 compared with rapamycin. n=6. C2. SCFA statistically suppressed the amount of red 
specks increased by rapamycin. n=3. Scale bar=10μm. C3. Rapamycin significantly increased the quantity 
and fluorescence intensity of ROS, which was notably suppressed by SCFAs. Scale bar= 25μm. n=3.
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NLRP3 inflammasome disrupts intestinal barrier function and activates autophagy
NLRP3 inflammasome could be activated by LPS and ATP. It is well documented that NLRP3 

inflammasome is activated by simultaneous incubation with LPS and ATP at appropriate 
concentrations [14]. In the present study, Caco-2 cells were exposed to LPS (1μg/ml) for 4 
hours and then ATP (5mmol/L) for 30 min to induce the activation of NLRP3 inflammasome. 
As shown in Fig. 6-A1, the protein expression of NLRP3, ASC, caspase-1, cleaved-caspase-1, 
IL-1β, cleaved-IL-1β and IL-18 elevated significantly after the induction treatment, and the 
elevated expression of these proteins was inhibited by SCFAs. Similarly, as illustrated in Fig. 
6-A2, immunofluorescence assay showed that the amount of red specks, representing ASC 
protein, increased in the cytoplasm of Caco-2 cells after the induction treatment, whereas 
SCFAs reduced the amount of red specks. Furthermore, as shown in Fig. 6-A3, fluorescence 
intensity of ROS increased after the induction treatment, which was also alleviated by 
SCFAs. These results imply that NLRP3 inflammasome is activated by LPS and ATP, which is 
suppressed by SCFAs through ROS inhibition.

NLRP3 inflammasome destroyed intestinal barrier function. To further confirm the 
effect of NLRP3 inflammasome on intestinal barrier function, we analyzed intestinal barrier 
function after the NLRP3 inflammasome was activated by LPS and ATP. As shown in Fig. 
6-B1, TER was significant reduced after the NLRP3 inflammasome was activated, whereas 
SCFAs alleviated the decrease of TER. Similarly, as indicated in Fig. 6-B2, activation of NLRP3 
inflammasome notably decreased the proteins expressions of ZO-1, occludin and claudin-1, 
and increased claudin-2 expression, whereas SCFAs significantly alleviated the situation. 
Furthermore, immunofluorescence assay showed that the morphology of ZO-1 and occludin 
was seriously destroyed, with the transformation of both proteins from regularly smooth 
arcs into irregularly undulating profiles and discontinuous punctate along the tight junction 
(Fig. 6-B3). By contrast, SCFAs significantly alleviated this destruction induced by NLRP3 
inflammasome activation. Taken together, these findings suggest that intestinal barrier 
function is destroyed by NLRP3 inflammasome activation, which can be alleviated by SCFAs 
in Caco-2 monolayers.

NLRP3 inflammasome induces the activation of autophagy. Based on previous findings 
[35], we were interested in whether the activation of NLRP3 inflammasome could induce 
autophagy. With this purpose, we further studied autophagy in Caco-2 cells after the 
NLRP3 inflammasome was activated. As shown in Fig. 6-C1, after the activation of NLRP3 
inflammasome, the ratio of LC3-II to LC3-I, and the protein expression of Beclin 1 and Atg5 
all increased significantly, whereas SCFAs reversed the increase. Similarly, as indicated in 
Fig. 6-C2, the amount of red specks, representing LC3B, remarkably elevated after NLRP3 
inflammasome was activated, but SCFAs also reduced the amount of red specks. These data 
indicate that NLRP inflammasome induces the activation of autophagy, which SCFAs could 
be suppressed by SCFAs.

Autophagy destroys intestinal barrier function and activates NLRP3 inflammasome
Autophagy is activated by rapamycin. It is well known that rapamycin acts as a activator 

of autophagy [36], therefore, we employed rapamycin (100 nmol/L) to induce autophagy. 
As shown in Fig. 7-A1, treatment with rapamycin for 24 hours significantly increased 
the ratio of LC3II to LC3-I and the expression of Beclin 1 and Atg5, and decreased p62 
expression, which was remarkably alleviated by SCFAs. Furthermore, as indicated in Fig. 
7-A2, immunofluorescence assay show that the amount of red specks, representing LC3B 
protein, increased significantly after rapamycin treatment. By contrast, SCFAs reduced the 
amount of red specks. These suggest that autophagy is activated by rapamycin, and SCFAs 
could suppress the activation of autophagy in Caco-2 cells.

Autophagy disrupts intestinal barrier function. To further investigate the effect of 
autophagy on intestinal barrier function, we assessed intestinal barrier function after the 
autophagy was activated by rapamycin. As shown in Fig. 7-B1, TER significant reduced 
after the autophagy was activated, whereas SCFAs remarkably reversed the drop of TER. In 
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addition, as indicated in Fig. 7-B2, the expression of ZO-1, occludin and claudin-1 decreased 
significantly, and claudin-2 expression increased significantly after the autophagy was 
activated. Similarly, SCFAs notably reversed the alterations of these proteins. Furthermore, 
as illustrated in Fig. 7-B3, both of ZO-1 and occludin transformed from regularly smooth arcs 
into irregularly undulating profiles and discontinuous punctate along the tight junction, and 
SCFAs ameliorated the destructed morphology of ZO-1 and occludin. These data suggest that 
activating autophagy leads to the intestinal barrier dysfunction, which could be ameliorated 
by SCFAs in Caco-2 cells.

Autophagy activates NLRP3 inflammasome. Based on our results, we further determined 
whether the activation of autophagy could activate NLRP3 inflammasome. As shown in Fig. 
7-C1, the proteins expressions of NLRP3, caspase-1, cleaved-caspase-1, IL-1β, cleaved-IL-
1β and IL-18 increased significantly after autophagy was activated, and SCFAs inhibited the 
elevations of these proteins. Furthermore, as indicated in the Fig. 7-C2, the amount of red 
specks, representing ASC protein, increased notably after the activation of autophagy, whereas 
SCFAs diminished the amount of red specks. Meanwhile, both the fluorescence intensity 
and OD value increased after autophagy was activated, but was suppressed by SCFAs, as 
illustrated in Fig. 7-C3. Taken together, these results indicate that NLRP3 inflammasome can 
be activated by autophagy, which is suppressed by SCFAs through inhibiting ROS production.

Discussion

The intestinal barrier plays an important role in maintaining intestinal homeostasis. 
Defects in the epithelial barrier contribute to the development of intestinal inflammation 
by allowing host immune system access to luminal antigens and micobes [19]. Emerging 
evidences show that SCFAs can repair the dysfunction of intestinal barrier and function 
as energy substances or HDAC inhibitors [7, 8, 9, 33]. In addition, NLRP3 inflammasome 
and autophagy participate in the maintenance of intestinal barrier function. In particular, 
it has been well documented that NLRP3 inflammasome and autophagy are respectively 
involved in the pathogenesis of DSS-induced colitis and Crohn disease [19, 37]. However, 
the molecular mechanisms of SCFAs on intestinal barrier function are still unclear. In the 
present study, we investigated the stimulative and protective effect of SCFAs on intestinal 
barrier function, and the underlying mechanisms. Our data show that SCFAs stimulate the 
formation of intestinal barrier function, and protect intestinal barrier dysfunction induced 
by LPS through inhibiting the activation of NLRP3 inflammasome and autophagy. SCFAs act 
as energy substances to protect intestinal barrier and inhibit autophagy but act as HDAC 
inhibitors to suppress NLRP3 inflammasome. Fourth, NLRP3 inflammasome and autophagy 
destroys intestinal barrier function after they were activated by LPS+ATP and rapamycin 
respectively. Fifth, both NLRP3 inflammasome and autophagy manifest interactive function 
with each other.

SCFAs, including acetate, propionate and butyrate, are major byproducts of dietary fiber 
in intestine during fermentation [6]. Previously in vitro and in vivo studies have shown that 
SCFAs protect the intestinal barrier integrity [7, 8, 38]. For example, sodium butyrate was 
reported to protect and strengthen epithelial barrier function in cdx2-IEC monolayers by 
up-regulating claudin-1 transcription, both in physiological and pathological conditions [7]. 
In a rat model of ischemia and reperfusion (I/R), butyrate was proved to act as a potential 
strategy to prevent intestinal I/R injury [38]. In agreement with these previous studies, our 
present study reveals that SCFAs simulate the formation of intestinal barrier in physiological 
condition. SCFAs also protect the intestinal barrier disruption induced by LPS.

The mechanisms by which SCFAs protect intestinal barrier dysfunction are complex 
and not fully clarified. Previous studies have demonstrated that SCFAs are involved in the 
protection of intestinal barrier function by increasing claudin-1 transcription [7], interacting 
with intracellular energy sensor AMPK[8], suppressing inflammation [6, 39]. The activation 
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of autophagy and NLRP3 inflammasome has been reported to play a critical role in the 
regulation of epithelial barrier function [14, 19]. In this study, we show that SCFAs inhibit 
the activation of autophagy and NLRP3 inflammasome induced by LPS. In consistent with 
our finding, butyrate was reported to inhibit autophagy in colonocytes [17]. However, 
butyrate was shown to promote NLRP3 inflammasome in vitro [40]. Based on our results, 
it is suggested that the mechanism by which SCFAs protect intestinal barrier dysfunction 
induced by LPS may, at least in part, be attributed to the inhibition of autophagy and NLRP3 
inflammasome.

It has been previously described that inhibiting the β-oxidation of SCFAs decreased its 
function of recovering intestinal permeability [41]. HDAC such as HDAC 3 was reported to 
play a central role in maintaining intestinal homeostasis [42]. SCFAs was documented to 
act as HDAC inhibitors and energy substances [6, 9]. Thus, in present study we investigated 
the effects of trichostatin A, the HDAC inhibitor, and etomoxir, the β-oxidation inhibitor, on 
intestinal barrier, autophagy and NLRP3 inflammasome. Our results demonstrate that SCFAs 
act as energy substances to protect intestinal barrier function and inhibit autophagy. These 
results are consistent with the previous studies showing that butyrate acts as an energy 
source to inhibit autophagy [17], and interacts with intracellular energy sensor AMPK to 
enhance intestinal barrier [8]. Besides, we also show that SCFAs act as HDAC inhibitors to 
suppress NLRP3 inflammasome. In contrary to our finding, HBI-800, another HDAC inhibitor, 
was reported to activate NLRP3 inflammasome in adult T-cell leukemia/lymphoma [43]. 
This discrepancy may be attributed to the different cell type, the different HDAC inhibitor, or 
other unknown reasons, which needs to be clarified further.

It has been reported that NLRP3 inflammasome plays an important role in the 
maintenance of gut homeostasis [40], and that autophagy deficiency in macrophages 
enhances NLRP3 inflammasome activity [44]. Thus, to investigate the effect of activated 
NLRP3 inflammasome on intestinal epithelial barrier, Caco-2 cells were treated with LPS 
and ATP to induce the activation of NLRP3 inflammasome, as previously described [14]. 
The treatment with LPS and ATP resulted in increased expression of NLRP3, ASC, caspase-1, 
cleaved-caspase-1, IL-1β, cleaved-IL-1β and IL-18, implying the NLRP3 inflammasome was 
certainly activated in Caco-2 cells. More importantly, the LPS and ATP-induced activation 
of NLRP3 inflammasome remarkably caused the barrier disruption in Caco-2 monolayers, 
as evidenced by the reductions of TER and expression of ZO-1, occludin and claudin-1, the 
increase of claudin-2 expression, and the relocalization of both ZO-1 and occludin. These 
findings are in line with previous report showing that the activated NLRP3 inflammasome 
led to the disruption of epithelial barrier function by down-regulating the expressions of 
ZO-1 and E-cadherin in cholangiocytes [14]. Meanwhile, our present data also revealed that 
the activation of NLRP3 inflammasome triggered by LPS and ATP induced the activation of 
autophagy in Caco-2 cells, which is consistent with the previous study showing that NLRP3 
inflammasome activation could induce mitophagy/autophagy in peritoneal mesothelial cells 
[45]. On the contrary, several evidences illustrate that inhibiting NLRP3 inflammasome would 
trigger autophagy activation [46]. Hence, it is necessary to identify the precise relationship 
between NLRP3 inflammasome activation and autophagy activation.

Autophagy has intimate relationship with intestinal epithelial tight junction barrier 
[15, 19, 28], and could activate NLRP3 inflammasome [47]. Therefore, to determine the role 
of autophagy activation in regulating intestinal epithelial barrier, Caco-2 cells were treated 
with rapamycin, a well-known autophagy activator, to induce autophagy. The treatment with 
rapamycin increased the expression of Atg5 and Beclin 1 and the ratio of LC3-II/LC3-I, and 
decreased p62 expression, implying that autophagy was indeed activated in Caco-2 cells 
treated with rapamycin. Remarkably, the activation of autophagy could impair the barrier 
function of Caco-2 monolayers through down-regulating the expression of ZO-1, occludin 
and claudin-1, up-regulating claudin-2 expression, and destroying the morphology of both 
ZO-1 and occludin. Similarly, inhibition of autophagic degradation process was reported 
to contribute to epithelial tight junction dysfunction in TNF-α treated cell monolayers 
[48]. However, autophagy was demonstrated to enhance tight junction through down-
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regulating claudin-2 expression [19]. It is worth noting that enhancing autophagy induced 
the activation of NLRP3 inflammasome in Caco-2 cells. In contrast, it was reported that 
inducing autophagy suppressed the activation of NLRP3 inflammasome in rat [47], and that 
autophagy inhibition contributed to NLRP3 inflammasome activation in macrophages [49]. 
Therefore, the exact relationship between autophagy and NLRP3 inflammasome is still a 
complex and controversial issue to be clarified.

In conclusion, our findings demonstrate that SCFAs contribute to the formation of 
intestinal barrier at proper concentration, and possess the capability to ameliorate the LPS-
induced intestinal barrier disruption by suppressing NLRP3 inflammasome and autophagy 
via inhibition of ROS production. SCFAs act as energy substances to influence intestinal barrier 
and autophagy, but act as HDAC inhibitor to affect NLRP3 inflammasome. Furthermore, the 
mutual promoting action between NLRP3 inflammsome and autophagy would lead to the 
intestinal barrier dysfunction, which could be alleviated by SCFAs. These findings provide a 
more detailed understanding of the role of SCFAs, even if there are some unresolved issues 
such as the precise relationship between autophagy and NLRP3 inflammasome.
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