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Small molecule GL-V9 protects against colitis-associated colorectal cancer by limiting
NLRP3 inflammasome through autophagy
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ABSTRACT
Emerging evidence suggests that NLRP3 inflammasome provides a link between colitis-associated
colorectal cancer and inflammatory bowel diseases. Autophagy is induced in macrophages by AMPK
activation and regulates NLRP3 inflammasome to maintain intracellular homeostasis. Here we report that
a small-molecule AMPK activator (GL-V9) exerts potent anti-inflammatory effects on macrophages in
vitro and in vivo, which trigger autophagy to degraded NLRP3 inflammasome. Treatment with GL-V9
protected against colitis and tumorigenesis in colitis-associated colorectal cancer. This suggests that GL-V9
may be an interesting candidate for clinical evaluation in the treatment of colitis-associated colorectal cancer.
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Introduction

Colorectal cancer is one of the leading causes of cancer-related
deaths in the world.1,2 Although the exact mechanisms of colo-
rectal cancer development still remain unclear, chronic colonic
inflammation may increase the risk of colitis-associated colo-
rectal cancer.3,4 Increasing evidence has shown that patients
with colorectal cancer can result from prolonged inflammatory
bowel diseases (IBD; e.g., ulcerative colitis and Crohn’s disease).
The pathogenesis of IBD is multifaceted and not entirely clear,
but duration of chronic colonic inflammation induced by IBD
have all been found to influence colorectal cancer risk.5,6 The
infiltration of immune cells, production of inflammatory cyto-
kines and activation of the pro-inflammation transcription fac-
tors promote tumorigenesis during colitis-associated colon
cancer.7 Therefore, the anti-inflammatory interventions are
urgently needed for high risk patients of colitis-associated colon
cancer.

Inflammasomes are multiprotein complexes that contain
Nod-like receptors (NLRs) that are activated upon cellular
infection or stress and trigger the maturation of interleukin-1b
to engage innate immune defenses. Thus, inflammasomes play
a crucial role in innate immune responses.8 Various inflamma-
somes are activated by distinct stimuli. The NLRP1 inflamma-
some is stimulated by Bacillus anthracis lethal toxin; the
NLRP3 inflammasome is activated upon exposure to whole
pathogens, as well as a number of danger-associated molecular
patterns (DAMPs) and pathogen-associated molecular patterns
(PAMPs); and the AIM2 inflammasome is triggered by cyto-
solic double-stranded DNA. Among multiple inflammasomes,
the NLRP3 inflammasome is the most detailedly studied.
Indeed, NLRP3 inflammasome plays an important role in

IBD.9 In the pathogenesis of IBD, several findings towards the
potential role of the inflammasome in the development of
chronic colonic inflammation. The first evidence refers to the
promotion of inflammatory cytokines IL-1b and IL-18 secre-
tion in active IBD.10,11 The second is the dysregulation of IL-1b
production in Crohn’s disease.12,13 The third is the association
between the NLRP3 gene and IBD in candidate-gene approach
studies.9 Therefore, targeting the pathogenic roles of NLRP3
inflammasome in the progression of IBD is required for limit-
ing intestinal inflammation and colon cancer.

Autophagy is a mechanism to deliver damaged organelles
and long-lived proteins in double membrane vesicles (autopha-
gosomes) that traffic to and fuse with lysosomes for clearance.14

The intracellular protozoa, bacteria and viruses can be cleared
by autophagy.15,16 Thus, defects in autophagy are associated
with many diseases and the function of immune response.
Autophagy is induced in response to noxious stimuli, such as
starvation or damaging stress. In noxious stimuli, autophagy
accelerate degradation of damaged proteins and organelles to
reduce the accumulation of harmful stimulation. Hence, defects
in autophagy lead to tissue damage and chronic inflamma-
tion.17 Atg16L1-deficient mice, genetic deletion of autophagy
regulator Atg16L1 to block autophagy, enhanced inflamma-
some activity compared with Atg16L1-wt mice suffer severe
dextran sulfate sodium (DSS) to induce colitis.18 Another
important research has shown that autophagy accompanies
inflammasome activation to temper inflammation by eliminat-
ing active inflammasomes.19 These observations prompted us
there is a dynamic balance between inflammasome activation
and autophagy.
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To intervene the chronic colonic inflammation, we tried to
break the balance of inflammasome activation and autophagy.
Previous studies have shown that the small molecule GL-V9
(5-hydroxy-8-methoxy-2-phenyl-7-(4-(pyrrolidin-1-yl)butoxy)
4 H-chromen-4-one) attenuated DSS-induced colitis against
oxidative stress by up-regulating Trx-1 via activation of
AMPK/FOXO3 a pathway.20 Further research found that the
small molecule GL-V9 triggered autophagy in macrophages by
activating AMPK. Furthermore, GL-V9 degraded NLRP3
inflammasome by antophagosomes activation. Therefore, our
findings may provide new therapeutic strategies for IBD and
the development of colorectal cancer.

Results

GL-V9 prevented tumorigenesis in colitis-associated colon
cancer

To assess the role of GL-V9 in colitis-associated colon cancer,
C57 BL/6 mice were intraperitoneally (i.p.) injected with azoxy-
methane (AOM) followed by three cycles of 3% dextran sodium
sulfate (DSS) in drinking water (Fig. 1A).21 The survival curves
showed that 100% of the mice survived after GL-V9 treatment
(Fig. 1B). The mice lost weight substantially following each cycle

of 3% DSS and regained the weight with normal water. After
GL-V9 treatment, the mice showed less weight loss than AOM/
DSS group (Fig. 1C). The area under the curve of percent weight
change also confirms this conclusion in Fig. 1D. The assessment
of macroscopic polyp counts, tumor number, tumor size and
tumor load indicated that GL-V9 decreased numbers of polyps,
tumor number, tumor size and average tumor load in AOM/
DSS model (Fig. 1E-1H). As shown in Fig. 1I, the mean colon
length of AOM/DSS group was slightly shorter than that of GL-
V9 group. Colon histopathology revealed that samples in AOM/
DSS group had a large adenocarcinoma inside mucosa, exhibited
that several abnormal cells and the glands had abnormal sizes
and shapes with partial expanding lumens. However, GL-V9
reduced the number and size of adenocarcinoma inside mucosa
(Fig. 1J). Together, these results indicated that GL-V9 inhibited
tumorigenesis in colitis-associated colon cancer.

GL-V9 diminished inflammation in colitis-associated colon
cancer

It is recognized that the chronic infiltration of immune cells pro-
mote tumorigenesis through production of inflammatory cytokines
during colitis-associated colon cancer.7 In consequence, we

Figure 1. GL-V9 treatment reduced the occurrence of inflammation-driven colon tumorigenesis. (A) Schematic of the AOM/DSS model of colitis-associated colon cancer.
Percent survival (d, days) (B) Percent weight change (C), Area under the percent weight change curve (D) and macroscopic appearances of colon (E) in AOM/DSS-treated
mice following treatment of GL-V9. Mock mice received a single i.p. injection of AOM and were given regular drinking water instead of DSS. Tumor numbers (F), tumor
sizes (G) and tumor load (H) was determined after mice sacrificed. (I) The length of colons from each group of mice were measured. (J) H&E stains of serial sections of
colons. Data are presented as mean § SD.

��P < 0.01 compared with AOM/mock group; #P < 0.05, ##P < 0.01 compared with AOM/DSS group.
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assessed the effect of GL-V9 on the inflammation in colitis-associ-
ated colon cancer. Colonic cytokine mRNA expression (Fig. 2A)
and cytokine production (Fig. 2B) were significantly suppressed in
GL-V9 treatment group. Then we stained colon tissue sections to
detect Gr-1C cells and F4/80C cells infiltration. As shown in
Fig. 2C-2F, GL-V9 obviously decreased the chronic infiltration of
immune cells into both tumors and matched inflamed mucosa.
Additionally, FACS analysis showed a significantly increased num-
ber of F4/80C CD11bC macrophages and CD11bC Ly6GC

neutrophils in DSS-treated colon tissues, which could be abolished
by GL-V9 treatment (Fig. 2G and 2H). Thus, GL-V9 suppressed
the inflammation in colitis-associated colon cancer.

GL-V9 protected against experimental recurring colitis

Current clinical research showed that patients suffering from
ulcerative colitis had a high risk of colorectal cancer, which is
associated with both the duration of the inflammation and the

Figure 2. GL-V9 treatment inhibited inflammation in colitis-associated colon cancer. Inflammatory cytokine mRNA (A) and protein expression level (B) in AOM/DSS-
treated mice colons following treatment of GL-V9. The distribution of F4/80C cells (C) and Gr-1C cells (D) infiltration were observed by confocal laser-scanning microscope.
Representative images are shown. Scale bars, 100 mm. The F4/80 (E) and Gr-1 (F) expression was quantified with statistical significances. FACS analysis of macrophages (G)
and neutrophils (H) in colonic tissues. Data are presented as mean § SD.

��P < 0.01 compared with AOM/mock group; #P < 0.05, ##P < 0.01 compared with AOM/DSS
group.
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degree of mucosal inflammation damage3. We next assessed the
roles of GL-V9 in a recurring colitis model. The mice were sub-
jected to three cycles of 3% DSS treatment (Fig. 3A).21 After the
completion of the recurring colitis model, the mice showed dra-
matic body weight loss, rectal bleeding and diarrhea. Increased

weight loss was observed in all DSS-treated mice, but adminis-
tration of GL-V9 attenuated weight loss during three cycles of
DSS treatment, by calculating the area under the percentile
weight change curve (Fig. 3B and 3C). Moreover, GL-V9 allevi-
ated the DSS-induced colon shortening (Fig. 3D and E).

Figure 3. GL-V9 treatment attenuated recurring ulcerative colitis. (A) Schematic of the recurring model of DSS-induced ulcerative colitis. (B) Weight loss was detected in
DSS-treated mice colons following treatment of GL-V9. (C) Area under percent weight change curve was calculated from (B). (D) Macroscopic appearances of colon was
observed in each group of mice. (E) The length of colons were measured in each group of mice. (F) H&E stains of serial sections of colons. Inflammatory cytokine mRNA
(G) and protein expression level (H) in DSS-treated mice colons following treatment of GL-V9. Data are presented as mean§ SD.

��P < 0.01 compared with normal group;
#P < 0.05, ##P < 0.01 compared with DSS group.
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Haematoxylin & eosin (H&E) staining and histological analysis
revealed the severity of colitis. Mucosal damage, necrosis and
infiltration of inflammatory cells were observed in DSS-treated
mice. Strikingly, GL-V9-treated mice exhibited less inflamma-
tory cells infiltration and intact colonic architecture without
mucosal damage (Fig. 3F). The hallmark of DSS-induced colitis
is high levels of cytokines production.22 Then, we investigated
the effect of GL-V9 on the production of cytokines in the recur-
ring colitis model. Colonic cytokine mRNA expression
(Fig. 3G) and cytokine production (Fig. 3H) were markedly
suppressed in GL-V9-treated mice. Furthermore, DSS-induced
overactive myeloperoxidase (MPO) and inducible nitric oxide
synthase (iNOS) were notably reversed by GL-V9 (Figure S1 A
and S1B). The infiltration of macrophages was reduced after
GL-V9 treatment (Figure S1 C). Thus, treatment of GL-V9 alle-
viated the severity of colitis in the recurring colitis model.

GL-V9 inhibited the activation of NLRP3 inflammasome

It is reported that NLRP3 inflammasome play an important
role in DSS-induce colitis.23 To clarify the mechanism of GL-
V9 against colitis, we explored the activation of NLRP3 inflam-
masome in vivo and in vitro. The expression of mature IL-1b
(p17), cleaved caspase-1 (p10) and ASC were markedly sup-
pressed in GL-V9 treatment colonic tissues (Fig. 4A). Further-
more, the colonic caspase-1 activity was inhibited after GL-V9
treatment (Fig. 4B). In vitro, we used LPS plus nigericin to
active NLRP3 inflammasome in macrophages differentiated
from THP-1 cells and murine bone marrow-derived macro-
phages (BMDMs). Treatment of LPS results in NF-kB activa-
tion, which induced pro-IL-1b transcription and also
controlled NLRP3 inflammasome activity through induction of
NLRP3. After LPS treatment, stimulation of nigericin will lead
to NLRP3 oligomerization to interact with ASC, which recruits
the procaspase-1. Procaspase-1 clustering undergoes autocleav-
age to form the cleaved caspase-1, which then processes pro-
IL-1b to generate the active molecules.8 Therefore, secretion of
IL-1b directly reflects the function of NLRP3 inflammasome.
ELISA assay results showed that GL-V9 inhibited IL-1b secre-
tion from differentiated THP-1 cells (Fig. 4C) and BMDMs
(Figure S2 A). Moreover, the expression of mature IL-1b (p17)
in the supernatants and cleaved caspase-1 (p10) and ASC in
the lysates were significantly down-regulated after GL-V9 treat-
ment in differentiated THP-1 cells (Fig. 4D) and BMDMs
(Figure S2B). Immunoprecipitation and immunofluorescence
results revealed that NLRP3 inflammasome formation was
interrupted following GL-V9 treatment (Fig. 4E, 4F and Figure
S2 C). Together these results indicated that GL-V9 suppressed
the activation of NLRP3 inflammasome in vivo and in vitro.

GL-V9 increased autophagic flux in differentiated THP-1
cells.

Previous studies have showed that activation of inflamma-
some is regulated by autophagy.19 To explore the mecha-
nism of GL-V9 on NLRP3 inflammasome activation, we
investigated the effects of GL-V9 on autophagy. We
assessed LC3 in the cell lysates by immunoblot analysis.
LC3-I and LC3-II are both produced post-translationally,

but LC3-I is cytosolic and LC3-II, the hallmarks of auto-
phagy, is membrane bound.24 We found that LC-II protein
levels was gradually increased following treatment with GL-
V9 (27 mM) for 0.75, 1.5, 3 and 6 hours in differentiated
THP-1 cells but was reversed in 12 hours (Fig. 5A). Thus
indicate that GL-V9 increased autophagosome formation in
differentiated THP-1 cells. To determine whether a com-
plete autophagic flux is occurred after GL-V9 treatment, we
investigated the degradation of p62. As shown in Fig. 5A,
the level of p62 protein in differentiated THP-1 cells
decreased significantly with time during GL-V9 treatment.
Since enhanced autophagosome accumulation could be
caused either by increased autophagosome formation or by
decreased autophagosome degradation, the levels of LC3-II
and p62 were measured in the presence of bafilomycin A1
(Baf A1), which blocks the fusion of autophagolysosome.
As demonstrated in Fig. 5B, bafilomycin A1 treatment sig-
nificantly increased the levels of p62 and LC3-II in GL-V9-
treated differentiated THP-1 cells, suggesting that GL-V9
treatment enhanced autophagic flux. To further assess the
status of autophagic flux, we used the mCherry-GFP-LC3
construct. As the more stable of mCherry in acidic condi-
tions compared with GFP, autophagic flux can be deter-
mined by the appearance of more GFP-mCherryC (red)
puncta. After treatment of GL-V9, the numbers of GFP-
mCherryC (red) puncta increased, indicating an increase in
autolysosomes. In contrast, large-sized GFPCmCherryC (yel-
low) puncta and few GFP-mCherryC (red) puncta were
observed in bafilomycin A1 treatment group (Fig. 5C and
5D). After the maturation of autophagosome, the fusion
of the lysosomal and autophagosome to form
autophagolysosome, results in degradation of the contents
of the autophagosome.14 After treatment of GL-V9, we
detected co-localization of LC3 with LAMP-1, which
indicated autophagolysosome formation (Figure S3 A).
During the process of autophagosome maturation, p62 can bind
polyubiquitinated targets and LC3.25 Therefore, autophagosome
maturation in differentiated THP-1 cells was also confirmed by
co-localization of p62 and LC3 following GL-V9 treatment
(Figure S3B). These results revealed that GL-V9 increased
autophagic flux in differentiated THP-1 cells.

To study the interaction between autophagosomes and
NLRP3 inflammasomes after GL-V9 treatment, we trans-
fected GFP-LC3 plasmid into differentiated THP-1 cells and
then immunostained ASC to visualize inflammasomes. We
detected ASC partially localized together with the GFP-
LC3C autophagosomes following GL-V9 treatment
(Fig. 5E). Mature autophagosomes merge with lysosomes to
form autophagolysosome, where degradation occurs. Immu-
nostaining of cells treated with GL-V9 showed that ASC
surrounded by the lysosome marker LAMP-1, suggesting
the fusion of autophagosomes with inflammasome compo-
nents and lysosomal (Fig. 5F). Then, we verified the co-
localization of intracellular sensors NLRP3 with autophago-
somes. We found that GFP-LC3 or LAMP-1 partial over-
lapped with NLRP3 after treatment of GL-V9 (Figure S3 C
and S3D). All these results indicated that NLPR3 inflamma-
somes can be engulfed by autophagosomes and probably be
degraded by lysosomes following GL-V9 treatment.
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Autophagy was involved in the degradation of NLRP3
inflammasome induced by GL-V9

To investigate the role of autophagy in the inhibitory effect of
GL-V9 on NLRP3 inflammasome activation, we blocked the
fusion of autophagolysosome with bafilomycin A1 and sup-
pressed the formation of autophagosomes with 3-MA. Either

treatment of bafilomycin A1 or 3-MA resulted in dramatic
increases of mature IL-1b (p17), cleaved caspase-1 (p10) and
ASC expression in GL-V9-treated differentiated THP-1 cells
(Fig. 6A and 6B). The autophagic adaptor p62 can deliver ubiq-
uitinated substrates to the autophagosome. It has been con-
firmed that ASC, the adaptor of inflammasome complex, which
is polyubiquitinated, could be targeted to the autophagic

Figure 4. GL-V9 treatment inhibited caspase-1 activation and IL-1b maturation by suppressing NLRP3 inflammasome. (A) Immunoblot analysis of NLRP3 inflammasome
activation in colonic tissues. (B) The colonic caspase-1 activity was measured. Data are presented as mean§ SD.

��P< 0.01 compared with normal group; ##P< 0.01 com-
pared with DSS group. (C) Enzyme-linked immunosorbent assay of IL-1b in supernatants of differentiated THP-1 cells, which treated with LPS (500 ng/ml) and indicated
concentration of GL-V9 for 12 h, followed by incubation with nigericin (4 mM) for 3 h. Data are presented as mean § SD.

��P < 0.01 compared with control group; #P <
0.05, ##P < 0.01 compared with LPS C nigericin group. (D) Immunoblot analysis of ASC, processed caspase-1 and IL-1b in supernatants and lysates of differentiated THP-
1 cells treated as above. (E) Immunoblot analysis of ASC immunoprecipitates of differentiated THP-1 cells treated as above, probed for NLRP3, pro-caspase-1 and ASC. (F)
Confocal microscopy of differentiated THP-1 cells treated as above, immunostained for ASC (green) and caspase-1 (red). Scale bars, 10 mm. Data are representative of at
least three experiments.
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pathway by p62.19 Immunostaining showed that autophagy
induced by GL-V9 promoted co-localization of ASC and p62
(Fig. 6C). To further study the role of p62 in the regulation of
NLRP3 inflammasome by GL-V9, we diminished the expres-
sion of beclin-1 or p62 through transfecting siRNA. The siRNA
transfection resulted in lower expression of beclin-1 or p62 in
the cell lysates (Fig. 6D). The expression of mature IL-1b (p17)
in the supernatants and cleaved caspase-1 (p10) and ASC in
the lysates was enhanced after diminishing the expression of
beclin-1 or p62 in GL-V9-treated differentiated THP-1 cells
(Fig. 6E). Further diminished the expression of ATG5 or
ATG7, the expression of mature IL-1b (p17) in the superna-
tants and cleaved caspase-1 (p10) and ASC in the lysates was
enhanced in GL-V9-treated differentiated THP-1 cells (Fig. 6F
and 6G). Taken together, these results suggested that NLRP3

inflammasome can be degraded by GL-V9-trigged autophagy
through p62.

The AMPK-ULK1 pathway is required for inhibition
of NLRP3 inflammasome induced by GL-V9

Previous studies have reported that AMPK is involved in the
activation of autophagy by regulation of ULK1 or mTOR.26,27

To determine whether AMPK-ULK1 pathway was affected
after treatment of GL-V9, we used immunoblot analysis for the
related proteins expression. We found that AMPK was acti-
vated by phosphorylation at Thr172 and ULK1 was activated
by phosphorylation at Ser555 and dephosphorylation at Ser757
in GL-V9 treatment group (Fig. 7A). Moreover, treatment of
GL-V9 did not alter the expression of phosphorylated mTOR

Figure 5. GL-V9 treatment increased autophagic flux in differentiated THP-1 cells. (A) Immunoblot analysis of p62 and LC3 expression in differentiated THP-1 cells follow-
ing treatment of GL-V9 (27 mM) for the indicated times. (B) Immunoblot analysis of p62 and LC3 expression in differentiated THP-1 cells, which were treated with GL-V9
(27 mM) alone or with bafilomycin A1 (30 nM). (C) Differentiated THP-1 cells were transfected with mCherry-GFP-LC3 for 24 hours, after transfection cells were treated
with GL-V9 (27 mM) alone or with bafilomycin A1 (30 nM). Cells were observed under a confocal microscopy. Representative images are shown. Scale bars, 10 mm. (D)
The average numbers of yellow or red puncta were obtained from three countings. Data are presented as mean § SD.

��P < 0.01. #P < 0.05, ##P < 0.01 compared with
GL-V9 group. (E) Confocal microscopy of differentiated GFP-LC3C THP-1 cells treated with LPS (500 ng/ml) and untreated or treated with GL-V9 (27 mM) for 6 h and then
stimulated with nigericin (4 mM) for 3 h, immunostained for endogenous ASC. (F) Confocal microscopy of differentiated THP-1 cells treated as above, immunostained for
ASC (green) and LAMP-1 (red). Scale bars, 10 mm. Data are representative of at least three experiments.
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and phosphorylated p70S6 K (Fig. 7B). These findings sug-
gested that GL-V9 trigged autophagy through activation of
AMPK-ULK1 pathway rather than via regulating mTOR.

To further verify the role of AMPK-ULK1 pathway in inhi-
bition of NLRP3 inflammasome of GL-V9, we diminished the
expression of AMPK in differentiated THP-1 cells by siRNA
(Fig. 7C). The activation of ULK1 was reversed after transfec-
tion of AMPK siRNA (Fig. 7D). Diminishing AMPK expres-
sion impaired the formation of autophagosome induced by
GL-V9 (Fig. 7E). Additionally, diminishing AMPK expression
decreased GFP-LC3 puncta accumulation in differentiated
THP-1 cells treated with GL-V9 (Fig. 7F). The formation of
autophagolysosome trigged by GL-V9 was blocked after dimin-
ishing AMPK expression (Fig. 7G). AMPK siRNA transfection
reversed the co-localization of ASC and p62 (Fig. 7H).

Furthermore, the inhibitory effects of GL-V9 on the expression
of mature IL-1b (p17) in the supernatants and cleaved caspase-
1 (p10) and ASC in the lysates were remarkably attenuated
after diminishing AMPK expression (Fig. 7I). Our findings
demonstrated that GL-V9 triggered autophagy and promoted
degradation of NLRP3 inflammasome via activation of AMPK-
ULK1 pathway.

Discussion

The high risk of colorectal cancer is associated with the pro-
gression of chronic inflammation.28-30 Our study showed that
GL-V9 prevented AOM/DSS-induced colitis-associated tumor-
igenesis and suppressed the chronic infiltration of immune cells
and inflammation-associated signaling pathway in colitis-

Figure 6. GL-V9 treatment degraded NLRP3 inflammasome trigging autophagy. (A) Immunoblot analysis of ASC, processed caspase-1 and IL-1b in supernatants and
lysates of differentiated THP-1 cells treated with LPS (500 ng/ml), GL-V9 (27 mM) and bafilomycin A1 (30 nM) for 6 h and then stimulated with nigericin (4 mM) for 3 h.
(B) Immunoblot analysis of ASC, processed caspase-1 and IL-1b in supernatants and lysates of differentiated THP-1 cells treated with LPS (500 ng/ml), GL-V9 (27 mM) and
3-MA (5 mM) for 6 h and then stimulated with nigericin (4 mM) for 3 h. (C) Confocal microscopy of differentiated THP-1 cells treated as above, immunostained for ASC
(green) and p62 (red). Scale bars, 10 mm. (D) Immunoblot analysis of differentiated THP-1 cells transfected with siRNA with scrambled sequence (¡) or siRNA specific for
beclin-1 or p62 for 24 h. (E) Immunoblot analysis of ASC, processed caspase-1 and IL-1b in supernatants and lysates of differentiated THP-1 cells transfected with Beclin-1
siRNA or p62 siRNA following treatment of 500 ng/ml LPS and 27 mM GL-V9 for 6 h, finally stimulated with 4 mM nigericin for 3 h. Data are representative of at least three
experiments. (F) Immunoblot analysis of differentiated THP-1 cells transfected with siRNA with scrambled sequence (¡) or siRNA specific for ATG5 or ATG7 for 24 h. (G)
Immunoblot analysis of ASC, processed caspase-1 and IL-1b in supernatants and lysates of differentiated THP-1 cells transfected with ATG5 siRNA or ATG7 siRNA following
treatment of 500 ng/ml LPS and 27 mM GL-V9 for 6 h, finally stimulated with 4 mM nigericin for 3 h. Data are representative of at least three experiments.
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associated colon cancer. To assess the mechanism of the inhibi-
tory effect of GL-V9 on the inflammation, we investigated the
roles of GL-V9 in the recurring colitis. The results showed that
treatment of GL-V9 attenuated the severity of colitis by

reducing intestinal mucosal damage, the infiltration of inflam-
matory cells and inhibiting activation of the inflammatory sig-
naling. In the development of colitis, NLRP3 inflammasome
was activated excessively and persistently, which was seem to

Figure 7. Activation of AMPK-ULK1 pathway triggered autophagy is involved in degradation of NLRP3 inflammasome after GL-V9 treatment. (A) Immunoblot analysis of
p-AMPK (Thr172), AMPK, p-ULK1 (Ser555), p-ULK1 (Ser757) and ULK1 in lysates of differentiated THP-1 cells treated with 500 ng/ml LPS and 27 mM GL-V9 for 6 h, finally
stimulated with 4 mM nigericin for 3 h. (B) Immunoblot analysis of p-mTOR (Ser2448), mTOR, p-p70S6 K (Thr389) and p70S6 K in lysates of differentiated THP-1 cells
treated with 500 ng/ml LPS and 27 mM GL-V9 for 6 h, finally stimulated with 4 mM nigericin for 3 h. (C) Immunoblot analysis of differentiated THP-1 cells transfected
with siRNA with scrambled sequence (¡) or siRNA specific for AMPK for 24 h. (D) Immunoblot analysis of p-ULK1 (Ser555) and ULK1 in lysates of differentiated THP-1 cells
transfected with AMPK siRNA following treatment of 500 ng/ml LPS and 27 mM GL-V9 for 6 h, finally stimulated with 4 mM nigericin for 3 h. (E) Immunoblot analysis of
p62 and LC3 in lysates of differentiated THP-1 cells transfected with AMPK siRNA following treatment of 500 ng/ml LPS and 27 mM GL-V9 for 6 h, then stimulated with
4 mM nigericin for 3 h. (F) Induction of GFPC dots in differentiated THP-1 cells expressing GFP-LC3 and transfected with AMPK siRNA following treatment of 500 ng/ml
LPS and 27 mM GL-V9 for 6 h, then stimulated with 4 mM nigericin for 3 h., quantified of GFP-LC3C dots (top) and images of individual cells (middle). Data are presented
as mean § SD.

��P < 0.01. Confocal microscopy of differentiated THP-1 cells transfected with AMPK siRNA following treatment of GL-V9, immunostained for LC3 (green)
and LAMP-1 (red) (G) or ASC (green) and p62 (red) (H). Scale bars, 10 mm. (I) Immunoblot analysis of ASC, processed caspase-1 and IL-1b in supernatants and lysates of dif-
ferentiated THP-1 cells transfected with AMPK siRNA following treatment of 500 ng/ml LPS and 27 mM GL-V9 for 6 h, finally stimulated with 4 mM nigericin for 3 h. Data
are representative of at least three experiments.
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be a potential target for therapeutics of IBD.31 Our study
showed that NLRP3 inflammasome was inhibited by GL-V9
treatment in vivo and in vitro. Meanwhile, we found GL-V9
triggered autophagy to degrade NLRP3 inflammasome in dif-
ferentiated THP-1 cells and BMDMs by recruiting p62 and
LC3. Repressing formation or degradation of autophagosome
reversed the effect of GL-V9 on NLRP3 inflammasome. Activa-
tion of AMPK signaling rapidly led to autophagosome forma-
tion through activation of ULK1 but not inhibition of mTOR
after treatment of GL-V9. Furthermore, diminishing AMPK
expression resulted in less autophagy induction and more
NLRP3 inflammasome activation compared to GL-V9 group.
Together, these data indicated that GL-V9 attenuated experi-
mental colitis and colitis-associated tumorigenesis through
inhibiting NLRP3 inflammasome by triggering autophagy.

It is well known that inflammation plays an important role
in the initiation, promotion and progression of tumor develop-
ment. Although more and more studies have showed that the
non-resolving inflammation increased the risk of cancer, such
as ulcerative colitis, which increased the risk of colorectal can-
cer, however the underlying mechanisms was still not clear.32

Therefore, it is necessary for the anti-inflammatory interven-
tion in inflammation-associated cancer.33,34 The promotion of
tumor development by inflammation correlated with produc-
tion of cytokines. High levels of IL-1b, a pro-inflammatory
cytokine secreted by macrophage, aggravated the degree of
inflammation.35-37 Inflammasomes involved in the maturation
of IL-1b, which were activated after cellular stress and triggered
caspase-1 activation.8 Activation of inflammasomes contrib-
uted to inflammation-associated diseases such as ulcerative
colitis and colitis-associated colon cancer via mediating host
defense against microbial pathogens and maintaining intestinal
homeostasis.38 Therefore, inflammasomes were constantly rec-
ognized as a target, which was intervened in treatment of
inflammation and cancer.

The function of autophagy is to maintain the intracellular
homeostasis through the degradation of cellular content. In
response to cellular stress, autophagy plays a crucial role in pre-
venting accumulation of damaged proteins and organelles. In
autophagy-defective cells and tissues, accumulation of intracel-
lular garbage leads to cell death, tissue damage and chronic
inflammation.39 In macrophages, autophagy also regulates the
function of inflammasomes.19 Activation of inflammasomes
trigger autophagy to degrade inflammasomes, which is involved
in maintenance of homeostasis. In aging process, degradation
of autophagy function result in NLRP3 inflammasome activa-
tion .40 Therefore, induction of autophagy is an effective means
to inhibit the inflammasome.

The signaling pathway that triggered autophagy is associated
with mTOR function, which is as a critical negative regulator of
autophagy.41,42 The mTOR kinase forms two multiple com-
plexes, mTOR complex 1 (mTORC1) which is sensitive to
rapamycin and mTOR complex 2 (mTORC2) which is insensi-
tive to rapamycin.43 Under starvation conditions or rapamycin
treatment, mTORC1 is inhibited then triggered autophagy.44,45

However, under nutrient conditions, suppression of mTOR is
not necessary for the induction of autophagy.46 It is reported
that activation of AMPK triggered autophagy rather than inhi-
bition of mTOR.47 In our study, we found that AMPK was

activated by phosphorylation at Thr172 but have no influence
on mTOR after GL-V9 treatment (Fig. 7B). After diminishing
AMPK expression by siRNA, autophagy triggered by GL-V9
was suppressed. These data indicated that GL-V9 induced the
autophagy via activating AMPK rather than mTOR.

Previous studies have shown that GL-V9 could alleviate
DSS-induced colitis and illustrated its anti-oxidative mecha-
nism by up-regulating Trx-1 via activation of AMPK/FOXO3 a
pathway.20 However, the role of GL-V9 in tumorigenesis is not
clear. In the present study, we demonstrated that GL-V9
exerted the chemopreventive effect to prevent tumorigenesis in
colitis-associated colon cancer through inhibiting inflamma-
tion. We further illustrated the mechanism of GL-V9 that GL-
V9 inhibited NLRP3 inflammasome by triggering autophagy
via activating AMPK-ULK1 pathway. Our study suggested that
GL-V9 could be a new anti-inflammatory and anti-cancer drug
for IBD and colitis-associated colon cancer.

Materials and methods

Reagents and antibodies

GL-V9 (C24H27NO5, MW: 409.47), prepared from Dr. Zhiyu Li
(China Pharmaceutical University, China), was dissolved in
dimethylsulfoxide (DMSO) to 100 mM and stored at -20�C,
and freshly diluted with RPMI-1640 medium (Gibco, Carlsbad,
USA) or Dulbecco’s Modified Eagle Medium (DMEM, GIBCO,
Carlsbad, USA) to the final concentration in vitro study. In vivo
study, GL-V9 was prepared as intragastric administration
(0.5% sodium carboxyl methyl cellulose (CMC)) by Dr. Xue Ke
from College of Pharmacy, China Pharmaceutical University.
The DSS-treated group of mice were administered 0.5% CMC
as vehicle.

LPS (E. coli: Serotype O55:B5), Azoxymethane (AOM),
Dimethylsulfoxide (DMSO), phorbol 12-myristate 13-acetate
(PMA) and 3-MA were purchased from Sigma-Aldrich (St.
Louis, USA). Dextran sulfate sodium (DSS, molecular weight
36–50 kDa) was obtained from MP Biomedicals Inc. (Irvine,
USA). Dye DAPI was purchased from Invitrogen (Carlsbad,
USA). Paraformaldehyde (PFA) was purchased from Yonghua
Chemical Technology (Jiangsu) Co. Ltd. (Changshu, China).
Triton X-100 was purchased from Shanghai Chao Rui Biotech.
Co. Ltd. (Shanghai, China). Murine GM-CSF was obtained
from PeproTech (Suzhou, China). BSA was purchased from
Roche Diagnosis (Shanghai) Ltd. (Shanghai, China).

Myeloperoxidase (MPO) activity assay kit was purchased
from Nanjing Jiancheng Bioengineering Institute (Nanjing,
China). Nitric Oxide Synthase (NOS) Assay Kit was purchased
from Beyotime Institute of Biotechnology (Nanjing, China).
ELISA kits for mouse IL-1b, TNF-a, IL-6, IFN-g, IL-17 and
human IL-1b were purchased from Boster Biotech Co. Ltd.
(Wuhan, China).

Primary antibodies against IL-1b, caspase-1, ASC, LAMP-1
and b-actin were obtained from Santa Cruz Biotechnology
(CA, USA); Beclin-1, LC3 and AMPK was from Bioworld (OH,
USA) and antibodies against p-AMPK, p-ULK1 (Ser555), p-
ULK1 (Ser757), ULK1, p-mTOR (Ser2448), mTOR, p-p70S6 K
(Thr389) and p70S6 K were purchased from Cell Signaling
Technology (Danvers, MA); Antibodies to NLRP3 and
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SQSTM1/p62 were obtained from Abcam (Cambridge, UK).
IRDyeTM800 conjugated secondary antibodies were obtained
from Rockland Inc. (Philadelphia, USA). FITC-anti-F4/80,
FITC-anti-CD11b, PE-anti-Gr-1 and PE-anti-Ly6G were pur-
chased from eBioscience (San Diego, USA). Alexa Fluor 488
donkey anti-rabbit IgG, Alexa Fluor 594 donkey anti-rabbit
IgG, Alexa Fluor 594 donkey anti-mouse IgG were obtained
from Invitrogen (CA, USA).

Cell culture

Human acute monocytic leukemia THP-1 cells were obtained
from CBCAS (Cell Bank of the Chinese Academic of Sciences,
Shanghai, China). THP-1 cells were cultured in RPMI-1640
medium (Gibco, Carlsbad, USA), supplemented with 10% (v/v)
fetal bovine serum (Gibco, Carlsbad, USA) and 0.05 mM 2-
mercaptoethanol, 100 U/ml benzyl penicillin and 100 mg/m
streptomycin. Cells were cultured in a humidified environment
with 5% CO2 at 37�C. Differentiation of THP-1 cells was
induced by 0.5 mM phorbol 12-myristate 13-acetate (PMA) for
3 h. The differentiated cells were washed three times with PBS
and treated with 500 ng/ml LPS in the absence or presence of
GL-V9, then stimulated with nigericin (4 mM) for 3 h.

Bone marrow derived macrophages (BMDMs) were isolated
from C57 BL/6 mice and cultured with DMEM medium
(Gibco, Carlsbad, USA) supplemented with 10% (v/v) fetal
bovine serum (Gibco, Carlsbad, USA) and 20 ng/ml GM-CSF
(PeproTech, USA). Cells were harvested and seeded on cell cul-
ture dishes (60 mm £ 15 mm). Exchanging culture medium
every 3 days, adherent macrophages were obtained within
about one week. After being cultured for 6 h without GM-CSF,
the cells were washed three times with PBS and treated with
500 ng/ml LPS in the absence or presence of GL-V9, then stim-
ulated with nigericin (4 mM) for 3 h.

Colitis-associated colon cancer and experimental recurring
colitis

Female C57 BL/6 mice, 6–8 weeks old, weighing 18–22 g, were
supplied by Shanghai Laboratory Animal Center, China Acad-
emy of Sciences and manipulated in accordance with the local
Ethical Committee guidelines. Experimental protocols were in
accordance with National Institutes of Health regulations and
approved by the Institutional Animal Care and Use Committee.
Throughout the acclimatization and study periods, all animals
had access to food and water ad libitum and were maintained
on a 12 h light/dark cycle (21§2�C with a relative humidity of
45§10%).

To assess the induction of colitis-associated colon cancer
(CAC), mice were given a single i.p. injection of the mutagen
azoxymethane (AOM, Sigma-Aldrich) (10 mg/kg body weight)
in combination with three cycles of 3% DSS in drinking water
for 5 days followed by regular drinking water for 14 days
(Fig. 1A). Thirty mice were randomly assigned to AOM/mock,
AOM/DSS and AOM/DSSCGL-V9 groups, ten mice in each
group. The mice were treated GL-V9 80 mg/kg every day via
gastric intubation starting 7 days before the AOM injection,
until the termination of the experiment. Animals were blindly
monitored for weight loss daily during DSS treatment and once

every 2 days during regular water administration to assess dis-
ease progression. Animals were sacrificed following completion
of either model or when they reached the limits endpoints.

To assess the induction of recurring colitis, mice were given
3 cycles of 3% dextran sulfate sodium salt (DSS) (MP Biomedi-
cal, LLC) dissolved in drinking water for 5 consecutive days fol-
lowed by regular drinking water for 14 days as illustrated in
Fig. 3A (without the addition of AOM; 21). Forty mice were
randomly assigned to normal, DSS-treated and GL-V9 (6.25,
12.5 or 25 mg/kg)-treated groups, eight mice in each group.
GL-V9 was given every day via gastric intubation from day 1 to
day 57, respectively. Animals were blindly monitored for
weight loss daily during DSS treatment and once every 2 days
during regular water administration to assess disease progres-
sion. Animals were sacrificed following completion of either
model or when they reached the limits endpoints.

Macroscopic assessment and histological analysis of
colonic lesions

After AOM/DSS-induced colitis-associated colon cancer and
DSS-induced recurring colitis, the mice were sacrificed and
colons were removed, opened longitudinally, and washed with
phosphate-buffered saline (PBS). The pieces of colonic tissue
were fixed in 10% neutral-buffered formalin and routinely par-
affin embedded and processed. The histological analysis was
performed as previously described48.

Immunofluorescence of colon tissues

The Gr-1C, F4/80C and CD11bC cells infiltration analysis was
performed on paraffin-embedded colon tissue sections. Briefly,
the sections were deparaffinized, rehydrated and washed in
PBS. After treating with 3% hydrogen peroxide, blocking with
3% bovine serum albumin (BSA), the sections were incubated
for 1 h at room temperature with anti-F4/80C, anti-Gr-1C or
anti-CD11bC (1:100). The slides were then counter-stained
with DAPI for 30 min. The reaction was stopped by thorough
washing in water for 5 min. Images were acquired by confocal
laser-scanning microscope (Olympus, Lake Success, NY). Set-
tings for image acquisition were identical for control and exper-
imental tissues.

Cytokine quantification by enzyme-linked immunoassay

Colons from mice in each group were homogenated with lysis
buffer to extract total protein. The homogenate was centrifuged
at 12,000 £ g at 4�C for 15 min. The amount of total extracted
protein was determined by BCATM protein assay kit (Thermo,
MA, USA). The amounts of TNF-a, IL-6, IL-17 and IFN-g in
the colon homogenate were measured by ELISA kit. IL-1b pro-
duction in supernatant differentiated THP-1 cells and BMDMs
were measured by ELISA kits according to the manufacturers’
recommendations.

Single-cell preparation and FACS analysis

To prepare single-cell suspension, colonic tissues were minced,
grinded and filtered through a 40 mm nylon mesh strainer. The
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cell suspension was resuspended in 1 ml PBS buffer and centri-
fuged repeatedly. Then resuspended cell pellets were diluted
into 5–10 £ 106 cells/ml and subjected to FACS analysis as pre-
viously described.48

Measurement of mature IL-1b

Cells cultured in 6-well plates were washed with OPTI-MEM,
and 2 ml OPTI-MEM was added to each well along with
reagents, followed by culture for 3 h. Medium from each well
was mixed with 2 ml methanol and 0.5 ml chloroform, vor-
texed, and centrifuged at 12,000 £ g at 4�C for 5 min. The
upper phase of each sample was removed and 0.5 ml methanol
was added. Samples were centrifuged again at 12,000 £ g at
4�C for 5 min as described above, then supernatants were
removed and pellets were dried for 5 min at 50�C. Then, 20 ml
loading buffer was added to each sample, followed by boiling
for 10 min before SDS-PAGE and immunoblot analysis with
antibodies for the detection of mature IL-1b. Adherent cells in
each well were lysed with the lysis buffer described above, fol-
lowed by immunoblot analysis to determine the cellular con-
tent of various proteins.

Immunoprecipitation

Cells were collected and lysed with lysis buffer on ice for 1 h
and centrifuged at 12,000 g at 4�C for 30 min. The supernatant
fractions were collected and incubated with the appropriate
antibody at 4�C overnight and precipitated with protein A/G-
agarose beads (Santa Cruz, CA, USA) for another 4 h at 4�C.
The beads were washed with the lysis buffer 3 times by centrifu-
gation at 1,000 g at 4�C. The immunoprecipitated proteins were
separated by SDS-PAGE and western blot was performed with
the indicated antibodies.

Western blot analysis

After whole cell lysates were prepared. Western blot analysis
was prepared as described previously.49 Protein samples were
separated by 10% SDS-PAGE and transferred onto nitrocellu-
lose membranes. The membranes were blocked with 1% BSA at
37�C for 1 h and incubated with indicated antibodies overnight
at 4�C, followed by IRDye800 conjugated secondary antibody
for 1 h at 37�C. Immunoreactive protein was detected with an
Odyssey Scanning System (LI-COR Inc., Lincoln, Nebraska).

Cell transfection

GFP-LC3, mCherry-GFP-LC3 plasmid (Addgene, MA, USA)
and the siRNA targeting human beclin-1, human p62 or
human AMPK, or control siRNA with scrambled sequence
(Santa Cruz, CA, USA) were transfected using Lipofectamine
2000TM reagent (Invitrogen, CA, USA), according to the manu-
facturer’s instructions.50

Immunofluorescence

For confocal imaging of fixed cells, differentiated THP-1 cells
and mouse BMDMs were used. After the appropriate

treatment, cells were washed with PBS, fixed with 4% parafor-
maldehyde and washed again with PBS. Nonspecific receptors
on cells were blocked for 1 h with 3% BSA. Rabbit anti-ASC
(Santa Cruz, CA, USA), mouse anti-caspase-1 (Santa Cruz, CA,
USA), rabbit anti-LC3 (Bioworld, OH, USA), mouse anti-
LAMP-1 (Santa Cruz, CA, USA), mouse anti-p62 (Abcam,
Cambridge, UK), rabbit anti-NLRP3 (Abcam, Cambridge, UK)
were used for immunostaining. Alexa Fluor 488 donkey anti-
rabbit IgG, Alexa Fluor 594 donkey anti-rabbit IgG, Alexa
Fluor 594 donkey anti-mouse IgG were used as secondary anti-
bodies (Invitrogen, CA, USA). Samples were observed and cap-
tured with a confocal laser scanning microscope (Olympus
Corp., Tokyo, Japan).

Statistical analysis

The data shown in the study were obtained in at least three
independent experiments and all results represent the mean §
S.E.M. Differences between the groups were assessed by one-
way ANOVA test. Details of each statistical analysis used are
provided in the figure legends. Differences with P values < 0.05
were considered statistically significant.
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