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Flavonoid VI-16 protects against DSS-induced colitis by
inhibiting Txnip-dependent NLRP3 inflammasome activation
in macrophages via reducing oxidative stress
Yue Zhao1, Qinglong Guo1, Qin Zhu1, Renxiang Tan2, Dongsheng Bai1, Xiumin Bu1, Binyan Lin1, Kai Zhao1, Chuyue Pan1,
Haiyan Chen3 and Na Lu1

Emerging evidence suggests that NLRP3 inflammasome was associated with various kinds of immunological diseases including
colitis. However, there are few drugs targeting inflammasomes in the treatment of colitis. Several flavonoids have been found to
affect the inflammasome pathway, but the mechanism is still confusing. Here we report that VI-16, a synthetic flavonoid compound,
exerts potent anti-inflammatory effects on macrophages in DSS-induced colitis mice, which intervened in the activation of NLRP3
inflammasome without affecting intestinal epithelial cells. However, the protection of VI-16 against DSS-induced colitis was
dependent on NLRP3 expression in hematopoietic cells. Furthermore, this inhibitory effect of VI-16 was found to be at least partially
achieved by decreasing the mitochondrial ROS generation without affecting autophagy. Further studies confirm that VI-16 inhibits
the binding of Txnip to NLRP3 by reducing oxidative stress and ultimately inhibits NLRP3 inflammasome. This demonstrates the
ability of VI-16 to inhibit the NLRP3 inflammasome activation and its potential use in the treatment of inflammatory bowel disease.
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INTRODUCTION
Ulcerative colitis is an idiopathic inflammatory bowel disease
characterized by chronic and recurrent inflammation. The exact
cause of ulcerative colitis has not been determined yet, but it
seems to be associated with genetic, immune, and environmental
factors.1 The gastrointestinal tract is typically colonized with
microbiota, which needs to interact with the host immune system
to achieve a homeostasis of intestinal health.2 Failure to maintain
homeostasis between host and microbes may result in sponta-
neous colitis or increased sensitivity to colitis.3–6

Innate immune system is an important defense mechanism of
the body against microbes in non-specific ways. As an important
part of the host innate immune system, inflammasomes are
involved in such inflammatory gut diseases.7 Inflammasomes is a
protein complex composed of pattern recognition receptors, such
as NLRP1, NLRP3, NLRC4, or AIM2, adapter protein ASC and effector
pro-caspase-1. Activation of inflammasome causes auto-cleavage
of caspase-1, which mediates the maturation of IL-1β and IL -18.8 In
order to avoid unnecessary inflammation damage to host cells,
inflammasomes are strictly suppressed during the resting stage
and only activated under appropriate trigger conditions.9 On the
contrary, dysregulation of inflammasome signaling has been
implicated in the pathogenesis of several diseases, including
cancer, infectious diseases, and autoimmune diseases.10–12

In a variety of inflammasomes, NLRP3 inflammasome is
activated by a variety of stimuli, such as bacterial toxins, danger-
associated molecular patterns (DAMPs), and pathogen-associated
molecular patterns (PAMPs), making NLRP3 the most implicated
inflammasome in clinical.13 Activation of NLRP3 inflammasome
has been believed to be associated with a variety of diseases, such
as ulcerative colitis, endotoxic shock, Alzheimer’s disease, obesity,
atherosclerosis, and gout, suggesting that agents inhibiting NLRP3
inflammasome activation may have therapeutic potential to treat
specific inflammatory disorders.14–18

Flavonoids are secondary metabolites of plants. There are more
than 5000 flavonoids in nature, some of which have anti-
inflammatory effects.19 Previous findings have shown that
flavonoids inhibit NLRP3 inflammasome, but the molecular
mechanism is very confusing. To date, it is not clear whether
flavonoids inhibit inflammasome assembly or inflammasome
components expression or caspase-1 enzyme activity.20–22 To
elucidate the molecular mechanism of flavonoids inhibiting
inflammasome, we screened out a synthetic flavonoid compound
VI-16, which inhibited NLRP3 inflammasome and explored its
molecular mechanism. Our results suggest that flavonoid VI-16
inhibits Txnip-dependent NLRP3 inflammasome activation by
relieving oxidative stress to attenuates DSS-induced experimental
colitis.

Received: 13 January 2019 Revised: 13 May 2019 Accepted: 16 May 2019
Published online: 31 May 2019

1State Key Laboratory of Natural Medicines, Jiangsu Key Laboratory of Carcinogenesis and Intervention, Department of Basic Medicine, School of Basic Medicine and Clinical
Pharmacy, China Pharmaceutical University, 24 Tongjiaxiang, 210009 Nanjing, PR China; 2State Key Laboratory Cultivation Base for TCM Quality and Efficacy, Nanjing University of
Chinese Medicine, 138 Xinlin Road, 210023 Nanjing, PR China and 3State Key Laboratory of Natural Medicines, Department of Biomedical Engineering, School of Engineering,
China Pharmaceutical University, 24 Tongjiaxiang, 210009 Nanjing, PR China
Correspondence: Na Lu (nalu@cpu.edu.cn)
These authors contributed equally: Yue Zhao, Qinglong Guo

www.nature.com/mi

© The Author(s) 2019

http://crossmark.crossref.org/dialog/?doi=10.1038/s41385-019-0177-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41385-019-0177-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41385-019-0177-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41385-019-0177-x&domain=pdf
mailto:nalu@cpu.edu.cn
www.nature.com/mi


RESULTS
VI-16 relieved DSS-induced experimental colitis symptoms
To seek for the flavonoid compounds with anti-inflammatory
activities in vitro, we screened a series of synthetic flavonoid
derivatives by assaying their inhibitory activities of IL-1β in
differentiated THP-1 cells activated by LPS and ATP. Initially, three
kinds of synthetic flavonoid derivatives, including VI-, LW-, and
LL-, were examined at 10 μM in differentiated THP-1 cells (Fig. 1a).
Among them, VI-14, VI-16, LW-216, and LL-402 inhibited the
secretion of IL-1β. However, 10 μM VI-14, LW-216, and LL-402
showed different inhibition effects on cell survival. To further
confirm the inhibitory effect of these flavonoid on the secretion
of IL-1β, we adjusted the concentration of these compounds to
ensure that they did not affect the survival of THP-1 cells (Fig. 1b).
As shown in Fig. 1c, VI-16 showed the highest inhibitory activity
on IL-1β secretion, which was comparable to the inhibitory
activity of Isoliquiritigenin or MCC950, two NLRP3 inhibitors.
Moreover, mature IL-1β (p17) in the supernatants were signifi-
cantly suppressed by 10 μM VI-16 in LPS-primed differentiated
THP-1 cells (Fig. 1d). Therefore, we selected VI-16 for further
research in DSS-induced experimental colitis. It is well known that
the rapid decline in body weight is an important characteristic in
DSS-induced experimental colitis mice. Compared with vehicle-
treated group, VI-16 at 40 and 80 mg/kg significantly attenuated
the loss of body weight during the disease progression (Fig. 1e).
DSS typically causes colonic shortening while such change was
also improved by 40 and 80 mg/kg of VI-16 (Fig. 1f, g). These
results suggested that VI-16 successfully ameliorated DSS-
induced colitis.

VI-16 attenuated DSS-induced colon injury
Histological analysis showed loss of crypts, infiltration of mono-
nuclear cells, and severe mucosal damage in the colon specimens of
colitis mice. Strikingly, VI-16-treated mice exhibited less inflamma-
tory cells infiltration and intact colonic architecture without mucosal
damage (Fig. 2a). VI-16 significantly decreased histological colon
damage score compared to the colitis mice (Fig. 2b). The
myeloperoxidase (MPO) activity in colons from VI-16-treated mice
was also lower than that of vehicle-treated group (Fig. 2c). To further
investigate the mechanism of protection from colitis by VI-16, we
used CD11b+ as an indicator to monitor inflammation process and
further determine the beneficial effect of VI-16. We observed a
number of CD11b+ inflammatory cells accumulated at the mucosa
of the lesion site in colons of DSS-induced colitis mice. In contrast,
few CD11b+ inflammatory cells were detected in either VI-16-
treated or untreated colon tissues (Fig. 2d). Thus, treatment of VI-16
alleviated the severity of colon injury.

VI-16 specifically suppressed IL-1β maturation in colonic
macrophages rather than intestinal epithelial cells in a NLRP3-
dependent manner
As previously reported, the occurrence of colitis is associated with
secretion of IL-1β by colonic macrophages in a NLRP3-dependent
manner.16 We examined the regulation of VI-16 on the secretion
of IL-1β and IL-18 in DSS-induced experimental colitis mice.
Indeed, treatment of VI-16 was able to inhibit IL-1β and IL-18
secretion in the serum after DSS challenge (Fig. 3a). Further,
mature IL-1β expression was investigated in colonic macrophages
of different group mice. Consistently, mature IL-1β was signifi-
cantly suppressed by IV-16 in DSS-induced colitis mice colonic
macrophages (Fig. 3b). Accordingly, many previous reports have
demonstrated that the secretion of IL-18 caused by the activation
of NLRP3 inflammasome in epithelial cells is critical for maintain-
ing the intestinal barrier and Nlrp3 deficiency aggravated DSS-
induced colitis.23 Therefore, we next examined whether the
inhibition of mature IL-1β expression by IV-16 also acted on
intestinal epithelial cells. As shown in Fig. 3c, VI-16 had no
significant effect on the secretion of IL-1β and IL-18. In addition,

VI-16 did not interfere with the expression of mature IL-1β in DSS-
induced colitis mice intestinal epithelial cells (Fig. 3d). Next, we
asked if VI-16 inhibition of IL-1β maturation could be dependent
on Nlrp3 in colon macrophages. To address this hypothesis, we
generated four groups of Nlrp3 bone marrow chimeras. In
agreement with our previous results, mature IL-1β was suppressed
by IV-16 in wild-type mice transplanted with wild-type bone
marrow. In addition, IV-16 also inhibited mature IL-1β expression
in NLRP3−/− mice receiving wild-type bone marrow (Fig. 3e).
While VI-16 had no significant effect on the mature IL-1β
expression in intestinal epithelial cells (Fig. 3e). Together these
results indicated that VI-16 selectively suppressed IL-1β matura-
tion in colonic macrophages without affecting intestinal epithelial
cells in a NLRP3-dependent manner.

VI-16 relieved DSS-induced experimental colitis dependent on
Nlrp3 expression in hematopoietic cells
To further confirm that the relief of VI-16 from DSS-induced colitis
depends on the intervention of NLRP3 inflammasome, we verified it
in NLRP3−/− mice. Monitoring the changes in the weight of mice, VI-
16 could not reduce the weight loss caused by DSS in NLRP3−/−

mice, while NLRP3−/− mice showed more severe body weight loss
than wild-type mice. (Fig. 4a). Similarly, VI-16 did not improve DSS-
induced colonic shortening in NLRP3−/− mice (Fig. 4b). In the
histological analysis, the loss of crypt and infiltration of inflammatory
cells were still present in the colon tissues of VI-16-treated NLRP3−/−

mice (Fig. 4c). This suggests that VI-16 lost anti-inflammatory
function in NLRP3−/− mice. Using bone marrow chimeras, we now
show that IV-16 still ameliorated the body weight loss and colonic
shortening in wild-type mice reconstituted with NLRP3−/− bone
marrow. Correspondingly, VI-16 could not reduce the body weight
loss and colonic shortening caused by DSS in wild-type mice or
NLRP3−/− mice receiving NLRP3−/− bone marrow (Fig. 4d, e). The
marked improvement in the clinical manifestation of colitis was
confirmed by less signs of severe histopathology in H&E-stained
sections of the lamina propria in wild-type bone marrow mice after
VI-16 treatment. In contrast, NLRP3−/− bone marrow mice presented
with extensive crypt destruction and edema regardless of the
Nlrp3 status of the mouse (Fig. 4f). Overall, these results suggest that
Nlrp3 expression in hematopoietic cells is critical for protection
against DSS-induced colitis by VI-16.

VI-16 inhibited the activation of NLRP3 inflammasome in vitro
IL-1β and IL-18 were processed as an inactive precursor, pro-IL-1β
and pro-IL-18, which has to be cleaved by cleaved caspase-1 to
produce the mature form. Caspase-1 cleavage depends on
activation of inflammasome. To investigate the function of VI-16 in
inflammasome activation, we analyzed the secretion of IL-1β in LPS-
primed differentiated THP-1 cells and primary bone marrow derived
macrophages (BMDMs) that were treated with 10 μM VI-16 before
treatment with ATP, a specific NLRP3 inflammasome activator. VI-16
suppressed IL-1β secretion in macrophages in response to treatment
with ATP. In contrast, VI-16 had no effect on the activation of IL-1β
secretion in response to treatment with poly (dA:dT), an AIM2
inflammasome activator, or muramyldipeptide (MDP), an NLRP1
inflammasome activator, or flagellin, an NLR family CARD domain-
containing protein 4 (NLRC4) inflammasome activator (Fig. 5a).
Moreover, mature IL-1β in the supernatants and cleaved caspase-1
in the lysates were significantly suppressed by VI-16 in LPS-primed
differentiated THP-1 cells and primary BMDMs in response to ATP,
without affecting in response to poly (dA:dT), MDP, or flagellin
(Fig. 5b). Moreover, pre-treatment with VI-16 concentration-depen-
dently suppressed IL-1β secretion in response to NLRP3 inflamma-
some activators, including ATP, nigericin and monosodium urate
crystals (MSU), in LPS-primed macrophages (Fig. 5c). Consistently,
mature IL-1β in the supernatants and cleaved caspase-1 in the
lysates were significantly suppressed by VI-16 in LPS-primed
macrophages in response to ATP, nigericin, and MSU (Fig. 5d).
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Fig. 1 VI-16 attenuated DSS-induced experimental colitis. a Chemical structure of VI-14, VI-16, LW-216, and LL-402. b Effect of certain
concentration flavonoids, including VI-14, VI-16, LW-216, LL-402, Isoliquiritigenin and MCC950, on the surviving fraction in THP-1 cell were
measured by MTT assay. c ELISA of IL-1β in supernatants of differentiated THP-1 cells. Data are presented as mean ± SD. **P < 0.01 compared
with mock group; ##P < 0.01 compared with ATP group. d Immunoblot analysis of IL-1β in supernatants (SN) and extracts (Input) of LPS-primed
differentiated THP-1 cells. e Body weight changes of each group (n= 8 per group) in DSS-induced colitis mice. f The length of colons
and g macroscopic appearances from each group of mice were measured. 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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Together these results indicated that VI-16 suppressed the activation
of NLRP3 inflammasome in vitro.

VI-16 suppressed NLRP3 inflammasome assembly and reduced
mitochondrial reactive oxygen species generation
Next, we sought to determine the mechanism how VI-16 inhibited
the activation of NLRP3 inflammasome (Fig. 6a). Immunoprecipita-
tion analysis revealed that NLRP3 inflammasome formation was
interrupted by VI-16. Similarly, VI-16 suppressed colocalization of
ASC and caspase-1 in response to ATP (Fig. 6b). This suggests that
VI-16 inhibited the assembly of NLRP3 inflammasome. Activation of
NLRP3 inflammasome assembly is dependent on the generation of
mitochondrial reactive oxygen species (mtROS).24 Next, we analyzed
generation of mtROS in LPS-primed differentiated THP-1 cells
pretreated with VI-16 before ATP treatment. As shown in Fig. 6c,
d, VI-16 reduced mtROS generation in concentration-dependently
manner. To avoid excessive activation of NLRP3 inflammasome,
ROS-generating mitochondria are constantly removed by

mitophagy, a specialized process of autophagy.25 Therefore, we
analyzed autophagy activity after VI-16 treatment. Transfection of a
plasmid, expressing GFP-LC3 (pcDNA3.1-GFP-LC3), into THP-1 cells
was used as a tool to monitor autophagy activity. Immunofluros-
cence analysis showed that VI-16 treatment did not affect
autophagy activity (Fig. 6e). Furthermore, there was no significant
change in the expression of p62 and LC3-II after VI-16 treatment
(Fig. 6f). These results suggested that VI-16 reduced mitochondrial
ROS generation without affecting the autophagy activity.

VI-16 inhibited the dissociation of Txnip from Trx-1 and the
association of Txnip with NLRP3 by enhancing the antioxidant
defenses
Excessive mtROS production causes Trx-1 to dissociate from Txnip,
which subsequently binds to NLRP3 and promotes NLRP3
inflammasome activation. We first analyzed the effect of VI-16
on the expression of Txnip and Trx-1. Western blots and real-time
PCR analysis showed that VI-16 treatment did not affect Txnip and

Fig. 2 VI-16 reduced colon damage in DSS-induced colitis mice. a H&E stains of serial sections of colons in DSS-induced colitis mice following
VI-16 treatment. b Colon histological damage score and clinical evaluation in DSS-induced colitis mice. c MPO activities in the colonic tissues
were detected. d Sections of colon tissues were immunostained with DAPI (blue) and anti CD11b-FITC (green) and observed by confocal laser-
scanning microscope. Results are presented as images of colon tissues (left) and quantification of CD11b+ cells (right). Representative images
are shown. Scale bars, 100 µm. 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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Trx-1 protein and mRNA expression (Fig. 7a, b). Next, immuno-
fluroscence analysis showed that VI-16 inhibited the colocalization
of NLRP3 and Txnip (Fig. 7c). Immunoprecipitation analysis
revealed that VI-16 suppressed the dissociation of Txnip from
Trx-1 and binding to NLRP3 in response to ATP, nigericin, and
MSU, respectively (Fig. 7d). Txnip has been identified as a negative
regulator of the Trx-1 reductase activity, that Txnip was directly
interacted with the redox-active domain of Trx-1.26 Subsequently,
we investigated the effect of VI-16 on the antioxidant defense. As

shown in Fig. 7e, VI-16 decreased the level of reactive oxygen
species (ROS). Taken together, VI-16 inhibited the dissociation of
Txnip from Trx-1 and binding to NLRP3 by enhancing the
antioxidant defenses.

VI-16 suppressed Txnip-dependent NLRP3 inflammasome
activation by reducing oxidative stress
In order to clarify the molecular mechanism of VI-16 inhibiting
NLRP3 inflammasome, we validated the effect of Txnip on the

Fig. 3 VI-16 inhibited the activation of caspase-1 in colonic macrophages rather than in intestinal epithelial cells. a Production of IL-1β and
IL-18 in serum of DSS-induced colitis mice were determined by ELISA. b Immunoblot analysis of IL-1β expression in colonic macrophages.
c Production of IL-1β and IL-18 in intestinal epithelial cells were determined by ELISA. d Immunoblot analysis of IL-1β expression in intestinal
epithelial cells. e Bone marrow chimeras were generated with wild-type (WT) and NLRP3−/− mice. Immunoblot analysis of IL-1β expression in
colonic macrophages and intestinal epithelial cells of DSS-treated bone marrow chimeras mice. 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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activation of NLRP3 inflammasome by transfection of siRNA. As
shown in Fig. 8a, knockdown Txnip expression reduced expression
of mature IL-1β in the supernatants and cleaved caspase-1 in the
lysates after treatment with ATP, nigericin and MSU. As the
association of Txnip and Trx-1 prevents the activation of NLRP3
inflammasome, knockdown Trx-1 expression promoted IL-1β
secretion. However, VI-16 did not inhibit the secretion of IL-1β
after knockdown Trx-1 expression (Fig. 8b, c). This suggests that
VI-16 suppresses NLRP3 inflammasome activation depending on
the regulation of Txnip on Trx-1 antioxidant capacity.
Subsequently, we investigated the effect of ROS scavenger N-

acetyl-L-cysteine (NAC) on NLRP3 inflammasome. The addition of
NAC to THP-1 macrophage resulted in much more ROS being
cleared (Fig. 8d). Simultaneously, Txnip began to associate with

Trx-1. Completed association was evident 1 h after stimulation, at
which time the dissociation of Txnip from NLRP3 was observed
(Fig. 8e). Consistently, the expression of mature IL-1β in the
supernatants was decreased by NAC (Fig. 8f). This indicates that
scavenging oxidative stress inhibited Txnip-dependent NLRP3
inflammasome activation.
Additional support for the idea that VI-16 inhibits NLRP3

inflammasome by reducing oxidative stress was provided by
experiments using H2O2 or Rotenone, which resulted in more
mature IL-1β and caspase-1 in LPS-primed differentiated THP-1
cells. As shown in Fig. 8g, the generation of ROS, increased by
H2O2 or Rotenone, was suppressed by VI-16. Similarly, VI-16
reduced expression of mature IL-1β in the supernatants and
cleaved caspase-1 in the lysates in response to H2O2 or Rotenone

Fig. 4 Nlrp3 in hematopoetic cells is critical for protection against DSS-induced injury by VI-16. a Body weight changes of each group (n= 6
per group) were recorded in DSS-treated wild-type and NLRP3−/− mice following 80mg/kg VI-16 treatment. b The length of colons from each
group of mice were measured. c H&E stains of serial sections of colons induced by DSS in wild-type and NLRP3−/− mice following 80mg/kg VI-
16 treatment. d–f Bone marrow chimeras were generated with wild-type (WT) and NLRP3−/− mice. Mice (n= 6 per group) were treated with
3% DSS for 7 days, followed by regular drinking water for 3 days. d Body weight changes, e colon length, and f histopathological changes in
colon tissue were examined. Data are presented as mean ± SD. *P < 0.05, **P < 0.01
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(Fig. 8h). These data confirmed that VI-16 inhibited NLRP3
inflammasome activation which was induced by oxidative stress.

Downregulation of Txnip expression by DSS in intestinal epithelial
cells is the basis for VI-16 specific inhibition of NLRP3
inflammasome in colonic macrophages
In our study, VI-16 specific inhibition of NLRP3 inflammasome in
colonic macrophages rather than in intestinal epithelial cells was a

puzzling result. Therefore, we first detected the expression of Txnip
protein in intestinal epithelial cells in DSS-induced colitis mice at
different time points. The expression of Txnip at protein and mRNA
levels was significantly downregulated by DSS in intestinal epithelial
cells (Fig. 9a, b). Similarly, DSS also downregulated Txnip expression
at protein and mRNA levels in intestinal epithelial cells of NLRP3−/−

mice (Fig. 9c, d). However, VI-16 had no significant effect on Txnip
expression at protein and mRNA levels in colonic macrophages

Fig. 5 VI-16 inhibited caspase-1 activation and IL-1β maturation by interrupting NLRP3 inflammasome activation in vitro. a ELISA of IL-1β in
supernatants of LPS-primed differentiated THP-1 cells and BMDMs treated with 10 μM of VI-16, followed by incubation with ATP (5mM) for 1 h,
MDP (200 ng /ml) or flagellin (200 ng /ml) for 6 h, or transfection of poly(dA:dT). Data are presented as mean ± SD. **P < 0.01. b Immunoblot
analysis of IL-1β in supernatants (SN) and caspase-1 in extracts (Input) of LPS-primed differentiated THP-1 cells and BMDMs treated as above.
c ELISA of IL-1β in supernatants of LPS-primed differentiated THP-1 cells and BMDMs treated with 2.5, 5, or 10 μM of VI-16, followed by
incubation with ATP (5 mM) for 1 h, nigericin (4 μM) for 3 h or MSU (150 µg/ml) for 6 h. Data are presented as mean ± SD. **P < 0.01. #P < 0.05,
##P < 0.01 compared with stimulation group. d Immunoblot analysis of IL-1β in supernatants (SN) and caspase-1 in extracts (Input) of LPS-
primed differentiated THP-1 cells treated as above
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(Fig. 9e, f). Therefore, VI-16 selectively inhibited Txnip-dependent
NLRP3 inflammasome activation in colonic macrophages rather than
in intestinal epithelial cells.

DISCUSSION
In this study, VI-16 has emerged from many flavonoids due to its
inhibitory activity on IL-1β secretion. To assess the anti-inflammatory
activity of VI-16, we investigated the roles of VI-16 in DSS-induced
colitis. The results showed that VI-16 attenuated the severity of
colitis by reducing intestinal mucosal damage, the infiltration of
inflammatory cells and inhibiting excessive secretion of inflamma-
tory cytokines in wild-type mice, while it lost the function of

alleviating DSS-induced colitis in NLRP3−/− bone marrow mice. In
the development of colitis, NLRP3 inflammasome was activated
excessively and persistently, which was seem to be a potential target
for therapeutics of IBD.16 Then, activation of NLRP3 inflammasome
was inhibited after VI-16 treatment in colonic macrophages rather
that in intestinal epithelial cells. Meanwhile, VI-16 suppressed the
generation of mtROS without affecting the autophagy activity.
Further studies show that VI-16 inhibited the dissociation of Txnip
from Trx-1 and binding to NLRP3 by reducing oxidative stress and
ultimately inhibited NLRP3 inflammasome. Together these data
indicated that VI-16 attenuated DSS-induced colitis through
reducing oxidative stress to suppress Txnip-dependent NLRP3
inflammasome activation in colonic macrophages.

Fig. 6 VI-16 inhibited NLRP3 inflammasome assembly and reduced mitochondrial reactive oxygen species generation. LPS-primed
differentiated THP-1 cells treated with indicated concentration of VI-16, followed by incubation with ATP (5mM) for 1 h. a Immunoblot analysis
of ASC immunoprecipitates in LPS-primed differentiated THP-1 cells, probed for NLRP3, pro-caspase-1, and ASC. b Confocal microscopy of
LPS-primed differentiated THP-1 cells, immunostained for ASC (green) and caspase-1 (red). Scale bars, 10 µm. Data are representative of at
least three experiments. c MitoSOX was measured by flow cytometry in LPS-primed differentiated THP-1 cells. d Histograms represented the
geometric mean mitoSOX fluorescence. e Induction of GFP + dots in LPS-primed differentiated THP-1 cells expressing GFP-LC3. Results are
presented as quantification of GFP-LC3+ dots (top) and images of individual cells (bottom). Scale bars, 10 µm. f Immunoblot analysis of p62
and LC3 expression in LPS-primed differentiated THP-1 cells. Data are presented as mean ± SD. **P < 0.01 compared with control group; ##P <
0.01 compared with ATP group
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Flavonoids have good anti-inflammatory activity, but the
mechanism is complex. Studies have shown that the anti-
inflammatory mechanisms of some flavonoids are associated with
pro-inflammatory enzymes, such as cyclooxygenase-2, nitric oxide
synthase and lipoxygenase, and inflammatory cytokines, such as
IL-1β, IL-6, and TNF-α.27–29 Flavonoids also interfere with the
activation of transcription factors, including nuclear factor-kappa B
(NF-κB), activator protein 1 (AP-1), signal transducer, and
transcription activation (STAT) and peroxisome proliferator-
activated receptor (PPAR) family.29–32 Therefore, it is certain that
flavonoids have anti-inflammatory effects in vivo and in vitro.
More importantly, flavonoids showed the activity of inhibiting
NLRP3 inflammasome. But the specific molecular mechanism
remains confusing. In order to further study the anti-inflammatory
mechanism of flavonoid compounds, we first screened the anti-
inflammatory activity of flavonoids. The concentration of flavo-
noids tested initially was related to pharmacology, since

concentrations higher than 10 μM flavonoid cannot easily reach
in the blood stream. Previous pharmacokinetic studies have
shown that the blood concentrations of flavonoids and their
metabolites after oral intake are relatively low (<10 μM).33

Therefore, the active flavonoid compound 10 μM is considered
ineffective in our initial experiment because they may not show
any inhibitory action of NLRP3 inflammasome activation in vivo.
Ulcerative colitis is a chronic inflammatory disease that not only

impairs the quality of life of patients, but also contributes to the
occurrence of colon cancer.34 In general, the treatment of
inflammatory bowel disease depends on the severity of the disease.
Most of the time may require immunosuppressive agents, such as
prednisone, TNF inhibition, azathioprine, and methotrexate, to control
symptoms.35 However, these immunosuppressants also have poten-
tial side effects, including steroid dependence36 and severe
infection.37 Therefore, there is an urgent need for new strategies
with fewer side effects. Inflammasome is a cytoplasmic protein

Fig. 7 VI-16 inhibited the dissociation of Txnip from Trx-1 and to binding to NLRP3 by improving the antioxidant capacity. The protein
expression (a) and mRNA levels (b) of Txnip and Trx-1 were detected in LPS-primed differentiated THP-1 cells treated with indicated
concentration of VI-16, followed by incubation with ATP (5 mM) for 1 h. c Confocal microscopy of LPS-primed differentiated THP-1 cells,
immunostained for NLRP3 (green) and Txnip (red). Scale bars, 10 µm. d Immunoblot analysis of Txnip immunoprecipitates in LPS-primed
differentiated THP-1 cells, followed by incubation with ATP (5mM) for 1 h, nigericin (4 μM) for 3 h or MSU (150 µg/ml) for 6 h, then probed for
NLRP3, Trx-1, and Txnip. e Levels of the ROS were measured in LPS-primed differentiated THP-1 cells. Data are presented as mean ± SD. *P <
0.05, **P < 0.01 compared with control group; #P < 0.05, ##P < 0.01 compared with ATP group
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complex, which is becoming more and more recognized by its clinical
importance in autoimmune, infectious, and metabolic diseases.38

When inflammasome is activated and assembled, it converts inactive
pro-caspase-1 into cleaved caspase-1. Among the several isoforms of
caspases, caspase-1 is known to mediate inflammation, cellular
necrosis and pyroptosis. Cleaved caspase-1 cleaves pro-IL-1β and pro-
IL-18 to produce active forms. The mature IL-1β and IL-18 are released
from the cells during the inflammatory response. Therefore, blocking
the activation of NLRP3 inflammasome in macrophages is a new
strategy to interrupt inflammatory and immunological response.
However, other studies have confirmed that the activation of
inflammasome in intestinal epithelial cells leads to IL-18 secretion,
which contributes to the realization of intestinal epithelial barrier
function.23 Colitis was more severe in NLRP3−/− mice than in wild-
type mice. Therefore, agents that selectively inhibit the activation of
NLRP3 inflammasome in colonic macrophages without affecting
intestinal epithelial cells has the potential to treat ulcerative colitis. In

our study, VI-16 acted on colon macrophages rather than intestinal
epithelial cells depending on the expression of Txnip. This was
because DSS reduced the expression of Txnip in intestinal epithelial
cells. It had been confirmed that inflammatory cells expressing Txnip
were abundant in the lamina propria and submucosa of the colon in
ulcerative colitis patients, which is the result of increased inflamma-
tory cells infiltrating into the colon. However, Epithelial cells
expressing the Txnip transcript were obviously decreased in the
colonic mucosa of UC patients compared to normal controls.39 This is
consistent with our findings. Thus, the down-regulation of Txnip in
intestinal epithelial cells may be related to the pathogenesis of
inflammatory bowel disease and colitis-associated carcinogenesis, but
further studies are still needed.
Mitochondrial function plays an important role in regulating

inflammation, since mitochondria are the main intracellular source
of ROS (90%).40 Many studies have shown that mtROS is an
important factor in activating NLRP3 inflammasome by promoting

Fig. 8 VI-16 inhibited Txnip mediated NLRP3 inflammasome activation by resisting oxidative stress. a Immunoblot analysis of IL-1β in
supernatants (SN) and caspase-1, Txnip in extracts (Input) of LPS-primed differentiated THP-1 cells transfected with siRNA with scrambled
sequence or siRNA specific for Txnip. b Immunoblot analysis of differentiated THP-1 cells transfected with siRNA with scrambled sequence (−)
or siRNA specific for Trx-1. c ELISA of IL-1β in supernatants of LPS-primed differentiated THP-1 cells, transfected with Txnip siRNA, treated with
10 μM of VI-16, followed by treating for 1 h with ATP (5mM), 3 h with nigericin (4 μM) and 6 h with MSU (150 µg/ml). Data are presented as
mean ± SD. *P < 0.05, **P < 0.01 compared with scramble+DMSO group. d Level of ROS was measured in LPS-primed differentiated THP-1 cells
treated with 5 mM of NAC for different time, followed by treating for 1 h with ATP (5mM). e Immunoblot analysis of Txnip immunoprecipitates
in LPS-primed differentiated THP-1 cells treated with 5mM of NAC for different time, probed for Trx-1, NLRP3, and Txnip. f Immunoblot
analysis of IL-1β in supernatants (SN) and extracts (Input) of LPS-primed differentiated THP-1 cells treated with 5mM of NAC for different time.
g Level of ROS was measured in LPS-primed differentiated THP-1 cells treated with 10 μM of VI-16, followed by treating for 6 h with H2O2
(10mM) or rotenone (10mM). Data are presented as mean ± SD. *P < 0.05. h Immunoblot analysis of IL-1β in supernatants (SN) and caspase-1
in extracts (Input) of LPS-primed differentiated THP-1 cells treated with 10 μM of VI-16, followed by treating for 6 h with H2O2 (10mM) or
rotenone (10mM)

Flavonoid VI-16 protects against DSS-induced colitis by inhibiting. . .
Y Zhao et al.

1159

Mucosal Immunology (2019) 12:1150 – 1163



the dissociation of Txnip from Trx-1 and binding to NLRP3.41

Reducing oxidative stress is the preferred solution to suppress
NLRP3 inflammasome and inflammation, which has been con-
firmed by NAC addition in our study. Autophagy is the main way
to eliminate damaged mitochondria and reduce mtROS.42 There-
fore, induction of autophagy has become an important way to
control inflammation.43 In our study, VI-16 significantly reduced
the production of mtROS without affecting autophagy, suggesting
that VI-16 has other ways of regulating mtROS. Previous studies
have demonstrated that Trx-1, which is converted from the
reduced form to the oxidized form, can resist oxidative stress,
while Txnip can only be bind to the reduced form Trx-1.26 When
ROS is antagonised by the reduced form of Trx-1, Trx-1 protein
itself forms disulfide bonds, so that Txnip is released and binds to
NLRP3 to activate NLRP3. The effect of VI-16 on reducing oxidative
stress ensures the existence of more reductive form Trx-1, which
has been confirmed by transfection of Trx-1 siRNA. At the same
time, other stimulations that cause oxidative stress, such as
hydrogen peroxide or rotenone, similarly activated NLRP3
inflammasome. Correspondingly, VI-16 also inhibited NLRP3
inflammasome activation in response to hydrogen peroxide or
rotenone. It is confirmed that VI-16 alleviate the activation of
NLRP3 inflammasome induced by oxidative stress (Fig. 10).
In conclusion, the present study demonstrated that VI-16

selectively suppress Txnip-dependent NLRP3 inflammasome
activation by relieving oxidative stress in colonic macrophages
to attenuates DSS-induced colitis. This implies that flavonoid VI-16
may be a potential treatment for colitis. However, the integrated
safety assessment and optimization of treatment options in
clinical application of VI-16 deserve further study.

MATERIALS AND METHODS
Reagents and antibodies
VI-14 (C24H29NO5, MW: 411.49) and VI-16 (C25H29NO5, MW: 423.50)
were obtained from Z.L. (China Pharmaceutical University, China).
LW-216 (C30H31NO5, MW: 485.57) and LL-402 (C26H29F3N2O5, MW:
506.51) were obtained from Z.L. (China Pharmaceutical University,
China). Compounds were dissolved in dimethylsulfoxide (DMSO)
as a stock solution, stored at −20 °C, and freshly diluted with
medium to the final concentration in vitro study. In vivo study, VI-
16 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), DMSO, phorbol 12-myristate 13-

acetate (PMA), adenosine triphosphate (ATP), and Nigericin were
purchased from Sigma–Aldrich (St. Louis, USA). Dextran sulfate
sodium (DSS, molecular weight 36–50 kDa) was purchased from
MP Biomedicals Inc. (Irvine, USA). Isoliquiritigenin, MCC950, MDP,
flagellin (Salmonella typhimurium), and MSU were purchased from
InvivoGen (San Diego, 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). BSA was purchased from Roche Diagnosis Ltd. (Shanghai,
China).
Myeloperoxidase (MPO) activity assay kit was purchased from

Nanjing Jiancheng Bioengineering Institute (Nanjing, China). ELISA
kits for mouse IL-1β, IL-18 and human IL-1β, IL-18 were purchased
from Boster Biotech Co. Ltd. (Wuhan, China).

Fig. 9 DSS down-regulated Txnip expression in intestinal epithelial cells without in colonic macrophages. The a protein expression and
b mRNA levels of was detected in intestinal epithelial cells extracts of DSS-induced wild-type mice following DSS treatment. The c protein
expression and d mRNA levels of was detected in intestinal epithelial cells extracts of DSS-induced NLRP3−/− mice following DSS treatment.
The e protein expression and f mRNA levels of was detected in colonic macrophages extracts of DSS-induced wild-type mice following DSS
treatment. Data are presented as mean ± SD. *P < 0.05, **P < 0.01 compared with 0 day group
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Primary antibodies against caspase-1, ASC, Txnip, and β-actin were
obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA);
Antibodies to Trx-1 was from Bioworld (OH, USA) and antibodies
against IL-1β was purchased from Cell Signaling Technology (Danvers,
MA); Antibodies to NLRP3 was obtained from Abcam (Cambridge,
UK). IRDyeTM800 conjugated secondary antibodies were obtained
from Rockland Inc. (Philadelphia, USA). FITC-anti-CD11b/ M1/70 and
APC-anti-MHC II/M5-114.15.2 were purchased from eBioscience (San
Diego, USA). PE-anti-F4/80/BM8 was from Biolegend (San Diego, CA).
Alexa Fluor 488 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 100mg/ml 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 VI-16.
Bone marrow derived macrophages (BMDMs) were isolated

from C57BL/6 mice and precursor cells were cultured in complete
DMEM medium (Gibco, Carlsbad, USA) supplemented with 30%
L929 cell-conditioned medium, as the source of macrophage
colony-stimulating factor. Cells were harvested and seeded on cell
culture dishes (60 × 15mm). Exchanging culture medium every
3 days, adherent macrophages were obtained within about one
week. Then, the cells were washed three times with PBS and
treated with 500mg/ml LPS in the absence or presence of VI-16.

Animals
C57BL/6 J mice (male, 6–8 weeks old, weighing 18–22 g) were
supplied Shanghai Laboratory Animal Center, China Academy of
Sciences. NLRP3 knockout (NLRP3−/−) mice (male, 6–8 weeks
old, weighing 18–22 g) were obtained from Gang Hu’s labora-
tory. The mice were 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%).

DSS-induced colitis and design of drug treatment
Colitis was induced by administration of DSS in drinking water.
The mice received either drinking regular water (control) or 3% (w/
v) DSS drinking water (model) for 7 days and thereafter provided
with regular water for 3 days. The mice were randomly assigned to
normal, DSS-treated, VI-16 (20, 40, or 80 mg/kg)-treated groups. VI-
16 was given intragastrically from day 1 to day 10, respectively.

Macroscopic assessment and histological analysis of colonic
lesions
After DSS-induced 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 paraffin
embedded and processed. The histological analysis was per-
formed as previously described.44

Immunofluorescence of colon tissues
The CD11b+ 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-CD11b+ (1:100). The slides were then counter-stained with DAPI
for 30min. The reaction was stopped by thorough washing in water
for 5min. Images were acquired by confocal laser-scanning
microscope (Olympus, NY, USA). Settings for image acquisition were
identical for control and experimental 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 BCA protein assay kit (Thermo, MA, USA). The
amounts of IL-1β and IL-18 were measured by ELISA kit. IL-1βand
IL-18 production in supernatant differentiated THP-1 cells and
BMDM were measured by ELISA kits according to the manufac-
turers’ recommendations.

Fig. 10 The possible mechanism of VI-16 inhibits NLRP3 inflammasome in colonic macrophages. VI-16 intervened in the association of Txnip
with NLRP3 to inhibit NLRP3 inflammasome activation by reducing oxidative stress
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Isolation of colonic macrophages from mice
Colonic macrophages were prepared as described previously.9

Briefly, entire colons from 30 to 50 mice were collected and washed
with calcium and magnesium-free Hanks’ balanced salt solution
(HBSS; Gibco, Carlsbad, USA). The tissues were opened long-
itudinally, cut into 2-cm pieces, and incubated with HBSS containing
0.015% dithiothreitol (Sigma, St. Louis, USA) for 15min, followed by
extensive washing in cold HBSS containing 5% heat-inactivated fetal
bovine serum (Gibco, Carlsbad, USA) to remove epithelial cells and
mucus. Colon pieces were finely minced and digested in complete
(supplemented with penicillin– streptomycin, 2 mM L-glutamine, 15
mM HEPES, 50mM β-mercaptoethanol (Sigma, St. Louis, USA), and
10% fetal bovine serum) Iscove’s Modified Dulbecco’s Media (IMDM)
(Gibco, Carlsbad, USA) containing 167mg/ml Liberase TL and 30
mg/ml DNase I (Roche, Indianapolis, IN) for 60min at 37 °C. The
samples were filtered, pelleted, and resuspended in 40% and 80%
fraction of the Percoll solution (Sigma, St. Louis, USA). After
centrifugation at 1000 × g for 20min without brakes at room
temperature, the viable cells from the interphase of the two different
Percoll solutions were collected and colonic macrophages were
sorted using FACSAria (BD Biosciences).

Isolation of intestine epithelial cells from mice
Intestinal epithelial cells were isolated using a modified protocol.45

The colon was cut into small pieces and incubated with 0.5mM
dithiothreitol and 3mM EDTA at room temperature for 1.5 h without
shaking. After gently removing the solution, PBS was added to the
colon tissue. Crypts released from the colon by shaking the tubes.
Cells were washed with PBS by centrifuging and then were solubilized
in cell lysis buffer containing 1% Triton X-100, 10mM Tris (pH 7.4), 1
mM EDTA, 1mM EGTA, 150mM NaCl, and protease and phosphatase
inhibitor cocktail (Sigma, St. Louis, USA).

Bone marrow chimeras
Bone marrow transfer was used to create NLRP3−/− chimera mice
wherein the genetic deficiency of Nlrp3 was confined to either
circulating cells (NLRP3−/−>WT chimera) or nonhematopoietic tissue
(WT>NLRP3−/− chimera). In brief, bone marrows were collected from
femur and tibia from donor mice, and a total of 8 × 106 bone marrow
cells were injected into the tail veins of irradiated recipient mice.
Reconstituted mice were treated with 0.2% neomycin for the first
2 weeks after transplantation. Mice were left for 6–8 weeks before
DSS treatment to allow reconstitution.

Measurement of mature IL-1β
For IL-1β induction, macrophages were plated in 6-well plates. The
medium was changed to Opti-MEM and cells were treated for 6 h
with MSU (150 µg/ml), MDP (200 ng /ml), flagellin (200 ng /ml),
rotenone (10 mM) or H2O2 (10 mM), for 3 h with nigericin (4 μM) or
for 60min with ATP (5 mM). For transfection of poly (dA:dT) into
cells, Lipofectamine 2000 (4 µl/ml) was used according to the
manufacturer’s protocol. Medium from each well was mixed with
2 ml methanol and 0.5 ml chloroform, vortexed, 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 µl 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-1β. Adherent cells in each well were lysed with the lysis buffer
described above, followed by immunoblot analysis to determine
the cellular content of various proteins.

Measurement of ROS and mtROS formation
The level of ROS was detected using fluorescent dye 2, 7-
dichlorofluorescein-diacetate (DCFHDA) obtained from Beyotime
(Shanghai, China). The level of mtROS was detected using

fluorescent dye mitoSOX obtained from Invitrogen (CA, USA).
Cells were collected and incubated with DCFH-DA or mitoSOX for
30min at 37 °C in the dark. The fluorescence intensity was
measured using flow cytometry.

Immunoprecipitation
Cells were collected and lysized with lysis buffer on ice for 1 h and
centrifuged at 12,000 × g at 4 °C for 30min. 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 three times by
centrifugation at 1000 × 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.46 Protein samples were
separated by 10% SDS-PAGE and transferred onto nitrocellulose
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 plasmid (Addgene, MA, USA) and the siRNA targeting
human Txnip, Trx-1 or control siRNA with scrambled sequence
(Santa Cruz, CA, USA) were transfected using Lipofectamine 2000™
reagent (Invitrogen, CA, USA), according to the manufacturer’s
instructions.

Immunofluorescence
For confocal imaging of fixed cells, differentiated THP-1 cells were
used. After the appropriate treatment, cells were washed with PBS,
fixed with 4% paraformaldehyde and washed again with PBS. Non-
specific 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-NLRP3 (Abcam, Cambridge, UK), mouse anti-
Txnip (Santa Cruz, CA, USA) were used for immunostaining. Alexa
Fluor 488 donkey anti-rabbit IgG, Alexa Fluor 594 donkey anti-
mouse IgG were used as secondary antibodies (Invitrogen, CA, USA).
Samples were observed and captured 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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