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I[rinotecan (CPT-11) in combination with 5-fluorouracil and leucovorin is a first-line
chemotherapy regimen for the treatment of colorectal cancer; however, its clinical
application is limited by the dose-limiting gastrointestinal toxicity of colitis. In our
previous studies, several bile acids (BAs) were found significantly elevated in the colon
of the CPT-11-induced rat colitis model. On the other hand, NLRP3 inflammasome has
been reported to play important roles in mediating colitis. Interestingly, BA was stated to
activate the NLRP3 inflammasome in some studies, while in some other reports, it showed
an inhibitory effect. We assumed that the inflammatory status in different circumstances
might have contributed to the controversial findings. In this study, we first discovered,
under non-inflammatory conditions, that supplementing BA could activate the NLRP3
inflammasome in THP-1-differentiated macrophages and promote inflammation. In
lipopolysaccharide (LPS)-induced inflammatory macrophages, however, BA inhibited
the NLRP3 inflammasome and reduced inflammation. Further experiments
demonstrated that Takeda G protein-coupled receptor 5 (TGR5) is essential in
mediating the inhibitory effect of BA, while phospho-SP1 (p-SP1) is key to the
activation. Furthermore, we applied the above findings to ameliorate CPT-11-caused
colitis in rats by inhibiting SP1 with mithramycin A (MitA) or activating TGR5 using oleanolic
acid (OA). Our findings may shed light on the discovery of effective interventions for
reducing dose-limiting chemotherapy-induced calitis.

Keywords: bile acid, NLRP3 inflammasome, Sp1, tgr5, CPT-11-induced colitis

INTRODUCTION

Bile acids (BAs) are hydroxylated steroids, synthesized from cholesterol in the liver. They play
important roles in regulating lipid, glucose, and energy metabolism (McGlone and Bloom, 2019).
Disorders in BA homeostasis are associated with cholestatic liver diseases, dyslipidemia, fatty liver
diseases, cardiovascular diseases, and diabetes (Chiang, 2013). BA dysregulation is also found closely
related to intestinal diseases, such as inflammatory bowel disease and diarrhea (Vitek, 2015;
Vijayvargiya and Camilleri, 2019; Sinha et al., 2020). In colitis, the metabolic disorder of BA is
an important risk factor for inflammation. These effects of BA are mostly accomplished by
simulating its receptors such as BA-activated receptors, especially Farnesoid X receptor (FXR),
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TGRS, and sphingosine-1-phosphate receptor 2 (S1PR2) (Biagioli
and Carino, 2017; Hou et al., 2018; Zhao et al., 2018). For
example, it was reported that BA can exacerbate colitis by up-
regulating S1PR2 in mice (Zhao et al., 2018). However, there are
also studies showing that the activation of TGR5 and FXR can
lead to an anti-inflammatory effect (Chéavez-Talavera et al., 2017;
Hou et al.,, 2018).

In the interaction between BA and inflammation, the role of
NLRP3 inflammasome is widely recognized. However, there are
controversies about the effect of BA on the NLRP3
inflammasome. Many studies claimed that BA could activate
NLRP3 inflammasome (Gong et al., 2016; Zhao et al., 2016; Hao
et al., 2017), while others concluded that BA had an inhibitory
effect on NLRP3 inflammasome (Guo et al., 2016a). For example,
Wang et al. reported that most BA including cholic acid (CA),
glycocholic acid (GCA), chenodeoxycholic acid (CDCA),
deoxycholic acid (DCA), ursodeoxycholic acid (UDCA),
lithocholic acid (LCA), and taurolithocholic acid (TLCA)
could significantly  inhibit  nigericin-induced  NLRP3
inflammasome  activation and IL-1B  production in
macrophages via the TGR5-cAMP-PKA axis (Guo et al,
2016a), while Gonzalez et al. demonstrated that CDCA and
DCA promoted NLRP3 inflammasome activation and IL-1§
production in various types of macrophages (Hao et al., 2017).
The key factors contributing to the opposite effect of BA on
NLRP3 inflammasome as well as the underlying mechanism
remain elusive.

CPT-11, known as a chemotherapeutic agent, is a selective
inhibitor of DNA topoisomerase I. The combination of CPT-11
with 5-fluorouracil and leucovorin is the first-line chemotherapy
for the treatment of metastatic colorectal cancer (Sears et al.,
1999; Sandmeier et al., 2005). However, CPT-11 could cause
severe gastrointestinal toxicity including colitis, which greatly
limited its clinical use (Sandmeier et al., 2005; Wang et al., 2020).
In our previous metabolomics studies, we found that the
metabolism of BA was disturbed in CPT-11-induced colitis in
rats, manifested by the significant up-regulated levels of CDCA,
DCA, GDCA, and TDCA in the colon tissue (Wang et al., 2015).
On the other hand, recent studies indicate that NLRP3

inflammasome plays an essential role in colitis induced by
CPT-11, and there is evidence showing that CPT-11 could
activate NLRP3 inflammasome and cause inflammation both
in vitro and in vivo (Li et al, 2015; Huang et al., 2020).

In the current study, in light of the vital role of BA in colitis, we
investigated the potential mechanism underlying the
aforementioned conflicting effect of BA on the NLRP3
inflammasome. As studies have reported, the release of
inflammatory factors (for example, TNF-a, IL-6, and IL-1B)
can be extensively promoted by LPS stimulation in phorbol
12-myristate 13-acetate (PMA)-differentiated THP-1 cells (Zou
et al, 2017; Zhao D. et al, 2019). In the current study,
“inflammatory condition” or “non-inflammatory condition”
was defined to distinguish the state of THP-1-induced
macrophages that receive LPS stimulation or not, respectively.
We found that BA could activate NLRP3 inflammasome via
promoting p-SP1 under non-inflammatory conditions, while
under inflammatory conditions, BA promoted the expression
of TGR5 and led to the inhibition of the NLRP3 inflammasome
in vitro. Utilizing these findings, in vivo experiments were
designed, and the results showed that the colitis caused by
CPT-11 was remarkably ameliorated with the inhibition of
SP1 or activation of TGR5. Taken together, our findings may
assist in discovering effective interventions for reducing
chemotherapy-induced colitis.

MATERIALS AND METHODS

Chemicals and Reagents

DCA, CDCA, GDCA, and PMA were purchased from Sigma-
Aldrich (St. Louis, MO, United States). TDCA was purchased
from J&K (Manhattan, NY, United States). MitA and SBI-115
were purchased from MedChemExpress (Monmouth Junction,
NJ, United States). OA was purchased from Aladdin ° (Los
Angeles, CA, United States). Roswell Park Memorial Institute
(RPMI) 1640 medium and fetal bovine serum were purchased
from Gibco (Grand Island, NY, United States). HEPES buffer was
purchased from Boster (Wuhan, China). Anti-NLRP3 (Lot#:
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19771-1-AP), anti-caspase-1/p20/p10 (#:22915-1-AP), anti-SP1
(Lot#: 21962-1-AP), anti-f-actin (Lot#: 66009-1-Ig), and HRP-
conjugated beta actin monoclonal antibody (Lot#: HRP-60008)
were obtained from Proteintech (Chicago, IL, United States).
Anti-p-SP1 (Lot#: AF3121) was obtained from Affinity (Affinity
Biosciences, United States). Anti-GPBARI1 (Lot#: BS60582) was
purchased from Bioworld Technology (MN, United States). Anti-
Pro-IL-1B (Lot#: WL02257) and anti-mature-IL-13 (Lot#:
WL00891) were purchased from Wanleibio (Shenyang, China).
Radioimmunoprecipitation (RIPA) buffer, bicinchoninic acid
(BCA) protein assay kit, and loading buffer were purchased
from  Beyotime  Biotechnology = (Shanghai,  China).
Phenylmethylsulfonyl fluoride (PMSF) was purchased from
Thermo Fisher Scientific (Waltham, MA, United States).
RNAiso Plus and PrimeScript™ RT reagent Kit were
purchased from TaKaRa (TaKaRa Biotechnology, Dalian,
China). IL-1, IL-6, and TNF-a  enzyme-linked
immunosorbent assay (ELISA) kits were purchased from 4A
Biotech (Co., Ltd., Beijing, China). ELISA kit for the
measurement of cyclic AMP (cAMP) was purchased from
GenScript (Nanjing, China).

Cell Culture

THP-1 cells were cultured in RPMI 1640 medium supplemented
with 10% fetal bovine serum, 1x HEPES buffer, 100 U/ml of
penicillin, and 100 pg/ml of streptomycin. THP-1 monocytes
were differentiated into macrophages by stimulating with
100 ng/ml of PMA for 48 h. The cells were then cultured in a
serum-free medium for 24 h to enhance the differentiation.

Cell Viability Assay

THP-1 monocytes were seeded into 96-well plates at a density of
3 x 10° cells/well. After differentiation, cells were exposed to BA
or cell culture medium as vehicle for 48 h. Cell viability was
measured by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-
tetrazolium bromide (MTT) assay.

Animal Experiments and Sample Collection
Fifty healthy 6-8-week-old male specific-pathogen-free Sprague-
Dawley rats weighing 180-200 g were purchased from Vital River
Laboratory Animal Technology Co., Ltd. (Pinghu, China,
Permission No. SCXK (Zhe) 2019-0001). The animals were
housed in a temperature-controlled environment (24 + 2°C)
with a standard rodent diet under a 12 h/12 h-dark/light cycle.
All animal studies and procedures were conducted in accordance
with the United States National Institutes of Health Guide for the
Care and Use of Laboratory Animals and approved by the Animal
Ethics Committee of China Pharmaceutical University (License
No. SYXK 2018-0019).

After a week of acclimatization, the animals were randomly
divided into five groups (n = 10) including the control, model,
MitA, OA, and MitA+OA groups. The detailed procedure of the
animal experiment can be found in Supplementary Figure S1.
Briefly, the individuals in the MitA+OA group were injected with
MitA (intraperitoneally, 0.15 mg/kg) (Wei et al., 2016) and OA
(intragastrically, 100 mg/kg) for five consecutive days from day 1
and CPT-11 (intravenously, 120 mg/kg) each day for two
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consecutive days from day 2. For the MitA group, the
administration was similar to that of the MitA+OA group
except that 0.5% CMC-Na (solvent of OA) was given instead
of OA. Similarly, normal saline (solvent of MitA) was given to the
OA individuals instead of MitA and the rest was in accordance
with the MitA+OA group. Individuals in the model group were
receiving equivalent 0.5% CMC-Na and normal saline, and CPT-
11. In addition, 0.5% CMC-Na, normal saline and the solvent of
CPT-11 (Trifan et al., 2002; Mego et al., 2015) were administered
to the individuals in the control group as vehicle.

The diarrhea score of each animal was monitored twice a day
referring to the scoring criteria in the existing literature (Kurita et al.,
2000). The colon tissue was collected on day 6. After being drained of
feces, the colon tissue was washed with normal saline, and then a
portion of the proximal colon of each rat was fixed in 10% formalin
for histological examination and the rest (middle and distal) were
stored at —80°C for Western blotting and ELISA analysis.

Enzyme-Linked Immunosorbent (ELISA)

Assay

The contents of cAMP, IL-1f, IL-6, and TNF-a in cell culture
supernatants or colon tissue homogenates were quantified by
ELISA Kkits according to the manufacturer’s instructions.

Western Blotting

Mature-IL-1p, pro-IL-1p, caspase-1, NLRP3, SP1, p-SP1, TGR5
(GPBAR1), and PB-actin expression were analyzed using standard
Western blotting protocols. Cells and tissues were lysed by RIPA
buffer containing 1 mmol/L of PMSF, and total proteins were
extracted according to the manufacturer’s protocols. Then, the
protein concentration was measured using the BCA protein assay
kit. Proteins (30 pg) were separated by SDS-polyacrylamide and
transferred to polyvinylidene difluoride membranes (0.2 pm,
Millipore, MA, United States). The membranes were blocked
with 5% (w/v) nonfat milk for 2h at room temperature and
incubated with primary antibodies at 4°C overnight. After being
washed three times with PBST, the membranes were incubated
with secondary antibodies conjugated to horseradish peroxidase
for approximately 1.5h at room temperature. Then, the
immunoreactive bands were visualized using enhanced
chemiluminescence (ECL) (Millipore) by a Tanon 5200
chemiluminescent imaging system (Tanon Science and
Technology). The relative protein expression was calculated by
densitometric analysis using ImageJ software.

mRNA Preparation and gRT-PCR

Total RNA was extracted from THP-1 monocytes using RNAiso Plus
Kit. Then, the RNA concentration was measured by a Nano-Drop
2000 (Thermo Fisher Scientificc, Waltham, MA, United States).
Complementary DNA (cDNA) was obtained by reverse
transcription with the PrimeScript™ RT Reagent Kit. Subsequently,
gRT-PCR was performed using SYBR Green I Master (Roche
Diagnostics, Basel, Switzerland) on a LightCycler 480 (Roche)
following the manufacturer’s instructions. The sequences of the
PCR primers used are as follows: IL-1p forward 5'-ATGATGGCT
TATTACAGTGGCAA-3' and reverse 5'-GTCGGAGATTCGTAG
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CTGGA-3'; NLRP3 forward 5'-CGTGAGTCCCATTAAGATGGA
GT-3' and reverse 5'-CCCGACAGTGGATATAGAACAGA-3"; and
B-actin forward 5'-ATTGCCGACAGGATGCAGAA and reverse 5'-
GCTGATCCACATCTGCTGGAA-3'. Results were normalized to the
internal control P-actin, and the expression was calculated by the
2724CT method (Khan-Malek and Wang, 2017).

Statistical Analysis

Statistical analysis was performed using GraphPad Prism 5.0 software
(GraphPad Software Inc., La Jolla, CA, United States). All in vitro
experiments were repeated at least three times independently with at
least three replicates, and the results were presented as mean +
standard deviation (SD) unless otherwise specified. Independent
unpaired two-tailed Student’s t-test was performed to evaluate the

differences between two groups, and one-way analysis of variance
with Bonferroni correction was performed for multiple comparisons.
P < 0.05 was considered statistically significant. The survival rate was
summarized by Kaplan-Meier survival curves.

RESULTS

BAs Activate NLRP3 Inflammasome in
Non-Inflammatory Conditions

To assess the effects of the four BAs on NLRP3 inflammasome in
non-inflammatory conditions, we treated macrophages differentiated
from THP-1 monocytes for 4 h with 10 and 50 uM of CDCA, DCA,
GDCA, or TDCA. The concentrations were selected according to the
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published data (Guo et al, 2016a; Hao et al, 2017) and our cell
viability assay results (Supplementary Figure S2A). At a
concentration of 10 uM, CDCA and GDCA activated the mRNA
expression of IL-1f; however, DCA, GDCA, and TDCA significantly
activated the expression of IL-1p and caspase-1 in protein, while
CDCA hardly showed activating effects on it (Figures 1A,B). When
the concentration was increased to 50 uM, all BAs remarkably
increased the mRNA and protein expression of IL-1B, as well as
caspase-1 protein expression (Figures 1A,C). Little impact on pro-IL-
1P and pro-caspase-1 was observed (Figures 1B,C). Besides, all BAs
activated NLRP3 protein expression at both 10 and 50 uM (Figures
1B,C), although GDCA failed to present a significant promoting effect

on the mRNA expression of NLRP3 (Figure 1A). Moreover, the IL-1(
level in the culture medium also increased with the BA treatment,
especially at 50 M (Figure 1D). These results suggested that BA can
activate the NLRP3 inflammasome and show a pro-inflammatory
effect in non-inflammatory conditions.

BAs Inhibit NLRP3 Inflammasome in

Inflammatory Conditions

As reported in the existing literature, LPS incubation with macrophages
differentiated from THP-1 monocytes could lead to a sharp increase in
inflammatory factors (Kuijk et al., 2008; Zhao D. et al,, 2019; Zhao W.
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etal, 2019). Our pre-experiments also confirmed this (data not shown).
Therefore, to establish an inflammatory condition, we pretreated the
macrophages differentiated from THP-1 monocytes with 250 ng/ml of

LPS for 1h before BA stimulation. Opposite to what we observed in
non-inflammatory conditions, 10 pM of CDCA and TDCA inhibited
IL-1p on mRNA and protein level (Figures 2A,B). Although only
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FIGURE 4 | TGRS participates in the inhibition of NLRP3 inflammasome in inflammatory conditions in macrophages. IL-1p, NLRP3, and TGR5 expressions
determined by Western blotting. The cells were pretreated with 250 ng/ml of LPS for 1 h and stimulated with BAs at (A) 10 uM and (B) 50 uM for 3 h. LPS-pretreated
macrophages were treated with 100 uM of SBI-115 and 50 uM of BAs, and the supernatants and lysates were prepared. (C) Level of CAMP in the supernatants analyzed
by ELISA. (D) IL-1p and NLRP3 expression in the lysates. Data are presented as mean + SD (n = 3). Statistical analysis was performed using Student’s t test (p <
0.05, **p < 0.01, and ***p < 0.001).

CDCA showed a significant inhibitory effect on the NLRP3 mRNA
expression, all the BAs significantly inhibited NLRP3 protein at 10 uM
(Figures 2A,B). At a concentration of 50 uM, all BAs could significantly
inhibit the mRNA and protein expressions of IL-1p and NLRP3
(Figures 2A,C). Besides, pro-IL-1B and pro-caspase-1 were barely
affected, while caspase-1 was inhibited by BA at both 10 and 50 uM
(Figures 2B,C). Furthermore, all BAs showed a restraint effect on the
levels of IL-1f in the culture medium (Figure 2D). These results suggest
that BA can inhibit the NLRP3 inflammasome and show an anti-
inflammatory effect in inflammatory conditions.

SP1 Mediates the Activation of NLRP3
Inflammasome in Non-Inflammatory

Conditions
SP1 is one of the transcription factors of the NLRP3 gene with
the highest score based on the number of binding sites

(Figure 3A). Therefore, we investigated whether SP1 is
essential in mediating the activation process. Interestingly,
we found that p-SP1 was significantly promoted by BA in non-
inflammatory conditions, especially at 50 M, which shared a
similar trend with IL-1p and NLRP3. However, there were no
obvious changes in SP1 with both 10 and 50 uM of BA
(Figures 3B,C). Then, we stimulated macrophages with a
series of concentrations of MitA (according to
Supplementary Figure S2B), a selective inhibitor of SPI.
The results show that MitA (<10 nM) could inhibit NLRP3
in a dose-dependent manner (Figure 3D). Moreover, after
48 h of pretreatment with MitA (Seznec et al., 2011; Liu et al.,
2018), the NLRP3 inflammasome activation induced by BA
was reversed (Figure 3E), indicating that SP1 mediates the
activation of NLRP3 by BA in non-inflammatory conditions.
We also determined the levels of SP1 and p-SP1 in
inflammatory conditions with BA treatment, and a very
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FIGURE 5 | Amelioration of the CPT-11-induced diarrhea in rats. (A) Representative images of colon tissues from each group at the last experimental day. (B) The
diarrhea score of each rat was monitored twice daily and is presented as mean + SD (n = 8). (C) The change of the relative body weight of rats in different groups upon
CPT-11 administration. (D) HE staining was performed on rat colon after drug administration (at x200 magnification). (D) IL-6, IL-1B, and TNF-a levels in rat colons. (E)
Expression of IL-1B, NLRP3, TGR5, SP1, and phospho-SP1 in rat colons determined by Western blotting. Data are presented as mean + SD (n = 3). Statistical
analysis was performed using Student’s t test (o < 0.05, **p < 0.01, **p < 0.001, and n.s., not significant; the statistical analysis results in panels (B,C) can be found in
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mild increase of p-SP1 was observed compared to that in non-
inflammatory conditions (Supplementary Figure S3A).

TGRS Participates in the Inhibition of NLRP3
Inflammasome Under Inflammatory
Conditions

As previous studies suggested, BA can inhibit the activation of
NLRP3 inflammasome via TGR5 signaling (Guo et al., 2016a).
In the present study, we confirmed that in inflammatory
circumstances induced by 250 ng/ml of LPS, BA promoted
the expression of TGR5 and inhibited the expression of IL-13
and NLRP3 at the same time (Figures 4A,B). Then, 250 ng/ml
of LPS-pretreated macrophages was simultaneously stimulated
with BA and SBI-115, an antagonist of TGR5 (Masyuk et al.,
2017) (Supplementary Figure S2C). As shown in Figure 4C,

100 uM of SBI-115 could reverse the increase of the cAMP
content in the culture medium caused by BA. It is obvious that
among the four BAs, DCA promoted cAMP most remarkably
and SBI-115 showed the strongest effect against DCA
(Figure 4C) as well, which is consistent with the previous
findings that TGRS5 is differentially activated by BA in the
strength order of DCA > LCA > CDCA > CA (Guo et al,
2016b; Wahlstrom et al., 2016). Antagonizing TGR5 with SBI-
115 offsets the inhibitory effect of BA, especially DCA and
CDCA, on IL-1p and NLRP3 to some extent (Figure 4D),
indicating that TGRS is involved in the inhibition of NLRP3
inflammasome by BA in inflammatory conditions. The level of
TGR5 was determined as well in non-inflammatory conditions
after BA treatment, and the increase is very limited compared
to that in inflammatory conditions (Supplementary
Figure S3B).

Frontiers in Pharmacology | www.frontiersin.org

May 2022 | Volume 13 | Article 677738


https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Liao et al.

Ameliorating CPT-11-Induced Colitis
Utilizing Inflammatory-Dependent
Bidirectional Effects of Bile Acids on NLRP3

Inflammasome
Based on what has been found in vitro, in vivo experiments were
designed to confirm whether an anti-inflammatory effect can be
achieved in CPT-11-induced colitis (Supplementary Figure S1).
However, beyond our expectation, the combination of MitA and
OA led to a much lower survival rate compared to the MitA or
OA group (Supplementary Figure S4), making the statistical
comparisons between MitA + OA and other groups difficult.
Therefore, only the data of control, model, MitA, and OA groups
are presented. Inflammation and hemorrhage in colon and
watery stool were observed in the model group. Notably, SP1
inhibitor MitA or TGR5 agonist OA dramatically alleviated these
adverse symptoms (Figure 5A). Besides, OA could significantly
ameliorate the weight loss and diarrhea induced by CPT-11, while
MitA hardly showed capability in this (Figures 5B,C).
Histopathological examination showed that MitA and OA
improved the colon damage and macrophage infiltration
caused by CPT-11 (Figure 5D and Supplementary Figure
§5). Moreover, we found that MitA had a stronger effect on
IL-1p, while OA showed a more powerful action on IL-6, and
both of them had a relatively weaker effect on TNF-a (Figure 5E).
To further clarify whether MitA and OA functioned via
inhibiting SP1 or activating TGR5, we detected the expression
of SP1, p-SP1, TGR5, IL-1B, and NLRP3 in the rat colons. The
results showed that p-SP1 and SP1 were significantly inhibited in
the MitA group compared with those in the model group, while
TGRS was significantly promoted in the OA group. Besides, IL-13
and NLPR3 were down-regulated in the groups of MitA and OA
(Figure 5F). Taken together, our work demonstrated that SP1
and TGR5 could be promising intervention targets for alleviating
chemotherapy-induced intestinal toxicity.

DISCUSSION

Emerging evidence has shown a strong association between BA and
intestinal diseases. Importantly, almost all inflammatory intestinal
diseases are accompanied with BA dysregulation (for example,
inflammatory bowel disease (Zhou et al, 2014; Fitzpatrick and
Jenabzadeh, 2020) and chemotherapy-induced colitis (Muls et al,
2016; Andreyev et al,, 2021)). For example, previous studies have
revealed the involvement of disturbed BA metabolism in CPT-11-
induced colitis (Fang et al, 2016). On the other hand,
inflammasomes, such as NLRP3 and AIM2, have been proved to
play crucial roles in CPT-11-induced gastrointestinal toxicity (Li et al,,
2015; Lian et al, 2017). Moreover, existing studies suggest that
repressing NLRP3 inflammasome can ameliorate intestinal
inflammatory injury (Gong et al, 2018; Shao et al, 2019; Cao
et al, 2020) as well as CPT-11-induced colitis (Li et al., 2015;
Huang et al, 2020). Therefore, it is essential to explore the
BA-NLRP3 inflammasome axis in the CPT-11 intestinal injury.
However, as mentioned before, there are controversial findings
regarding the effect of BA on the NLRP3 inflammasome.

Bidirectional Effect of Bile Acids

In this study, we discovered that BA could activate NLRP3
inflammasome through promoting the transformation of SP1
into p-SP1 under non-inflammatory conditions. SP1 is a
transcription factor that is well known for its significant role
in cell growth, differentiation, apoptosis, and carcinogenesis
(Beishline and Azizkhan-Clifford, 2015; Vizcaino et al., 2015).
Its encoded proteins are involved in many essential cellular
processes such as cell differentiation and immune responses
(Vellingiri et al., 2020). According to existing studies, multiple
post-translational modifications could mediate SP1 activation
(Higuchi et al., 2004; Gonzélez-Rubio et al., 2015) including
phosphorylation, =~ O-linked  glycosylation,  acetylation,
SUMOylation, or ubiquitylation (Beishline and Azizkhan-
Clifford, 2015), in which BA might be involved. On the other
hand, SP1 also correlates to colorectal cancer (Chen et al., 2018;
Yu et al,, 2018). MitA, the selective inhibitor of SP1, is reported to
inhibit colorectal cancer (Quarni et al., 2019; Li et al., 2020).
Therefore, we speculate that the combination of MitA or other
SP1 inhibitors and CPT-11 might achieve a startling effect of
reducing the side effect and enhancing the anticancer efficacy
simultaneously in the treatment of colorectal cancer.

In inflammatory conditions, we show in this study that TGR5
participates in the inhibition of NLRP3 inflammasome by BA
in vitro, while in vivo TGR5 was significantly promoted by OA,
but not affected by CPT-11 and MitA treatments. TGR5 is a
metabolic regulator involved in glucose tolerance, energy
expenditure, and inflammation (Holter et al, 2020). As a
member of the G-protein-coupled receptor (GPCR)
superfamily, TGR5 can be activated by BA and then elevate
intracellular cAMP levels (Guo et al., 2016b; Keitel et al.,
2019). Recently, there are studies reporting that TGR5 has an
inhibitory effect on NLRP3. For instance, BA could lead to the
phosphorylation of NLRP3 via the TGR5-cAMP-PKA axis,
which serves as a critical brake on the NLRP3 inflammasome
activation (Guo et al,, 2016a). In another study, BA reduced the
nuclear translocation of the nuclear factor (NF)-kB p65 and
lowered the NF-kB transcriptional activity to depress NLRP3
inflammasome through the TGR5-cAMP pathway (Keitel and
Héussinger, 2018). In addition, TGR5 has crucial protective
functions in augmenting bile composition and cytokine release
in cholestasis (Deutschmann et al., 2018; Willis et al., 2020).
Moreover, TGR5 is proved to improve colitis by modulating the
integrity of intestinal barrier and immune response (Cipriani
et al., 2011; Biagioli and Carino, 2017; Sorrentino et al., 2020),
indicating its potential in alleviating chemotherapy-induced
intestinal toxicity as an intervening target.

In this study, we investigated the interaction between BA and
TGR5 or SP1 in inflammatory or non-inflammatory conditions
in vitro, respectively. Studies manifest that DCA is a more potent
ligand of TGRS5 than CDCA; it is therefore expected that DCA has
a more propounding effect on both NLRP3 and IL-1f than
CDCA. However, in our study, we observed that CDCA
(50 uM) exhibited a stronger inhibitory effect on NLRP3 and
IL-1B. In addition, our results showed that although DCA
exhibited a more promotive effect on the transformation of
SP1 into active p-SP1 than CDCA, it only more strongly
promoted IL-13 but not NLRP3. We speculate that the
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ultimate effect of BA on NLRP3 inflammasome is a converged
result from the opposite actions of SP1 and TGR5 and potentially
other mediators. Besides, since there is no clear borderline
between inflammatory and non-inflammatory conditions, at
what point BA switches its role from agonist to antagonist
needs to be further explored.

In vivo, we proved that MitA and OA are effective against
CPT-11-induced colitis. We assumed that the CPT-11-induced
colitis is a chronic progress from inflammation initiation to
recovery instead of a 100% inflammatory condition. The
accumulation of BAs after CPT-11 administration in colon
could promote the phosphorylation of SP1 and enhance the
inflammation. As the inflammation progresses, BAs could
promote the expression of TGR5 and relieve the inflammation
reaction to some extent. Our data show that CPT-11 exposure
leads to an increased expression of SP1 and p-SP1, while it has no
significant effect on the level of TGR5. MitA significantly
inhibited SP1 and p-SP1 and ameliorated inflammation, while
OA inhibited NLRP3 inflammasome and ameliorated colitis
through promoting TGR5. The results indicate that
inflammatory and non-inflammatory mechanisms may co-
exist in CPT-11-caused colitis.

We also explored whether the combination of MitA and OA was
more effective. However, the mortality rate was as high as 70% in the
MitA+OA group. MitA is an anticancer antibiotic and has been
reported to be effective in various types of cancers, including
colorectal cancer, testicular carcinoma, prostate cancer, etc. (Choi
and Choi, 2018; Liu et al., 2018; Novakova et al., 2018; Quarni et al.,
2019). In our pre-experiments, three different doses of MitA (0.05,
0.15, and 0.25 mg/kg) were administered, and body weight, diarrhea
score, pathological changes, and inflammatory factors were recorded
or determined. No obvious adverse effect of concern was observed
(data not shown). OA belongs to the pentacyclic triterpene family, as
a weak agonist of TGR5, and is known for its hepato-protective effect.
It has also been reported that OA is effective in relieving dextran
sodium sulfate-induced colitis (Kang et al.,, 2015; Sen, 2020). OA is
generally recognized safe in a wide range of dosages to rats; for
example, no obvious adverse effect was observed in rats receiving
120 mg/kg of OA for 9 weeks (Pollier and Goossens, 2012; Madlala
et al, 2015). In this context, we think there might be two reasons for
the unexpected, high mortality of the combination. One is the
drug-drug interaction, which can cause changes in the drug
concentration in local tissues and alter drug effect or toxicity
(Gessner et al., 2019). The other is intervening SP1 and TGR5 at
the same time probably over-regulated the NLRP3 inflammasome
and caused unknown fatal side effects. Further experiments are
needed to explore the actual mechanisms.

In conclusion, we demonstrated that in vitro BA could activate
NLRP3 inflammasome in non-inflammatory conditions
mediated by SP1 and inhibit NLRP3 inflammasome in
inflammatory conditions via TGR5. Treating rats receiving
CPT-11 with MitA to inhibit SP1 or OA to activate TGR5 can
alleviate the colitis. Our findings may shed lights on the discovery

Bidirectional Effect of Bile Acids

of effective interventions for reducing chemotherapy-induced
colitis.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be
directed to the corresponding authors.

ETHICS STATEMENT

The animal study was reviewed and approved by the Animal
Ethics Committee of China Pharmaceutical University.

AUTHOR CONTRIBUTIONS

CL designed and performed the experiments, analyzed and
interpreted the data, and wrote the manuscript. DW and SQ
co-designed the experiments. YZ, JC, BT, and RX performed the
animal experiments. FX and PZ designed the study, supervised
the experiments, and edited the manuscript.

FUNDING

This work was supported by the NSFC (Nos. 82073812,
81773682, 81773861), the Jiangsu Provincial National Science
Foundation for Distinguished Young Scholars (No.
BK20180027), the National Science and Technology Major
Project (20172X09101001), the Fundamental Research Funds
for the Central Universities (2632021PY03), Double First-Class
University project, the Program for Jiangsu province Innovative
Research Team, and a project funded by the Priority Academic
Program Development of Jiangsu Higher Education Institutions
(PAPD).

ACKNOWLEDGMENTS

The authors would like to thank Meiyu Gao, Siqi Li, Qiwei Liu,
and Shaoran Tang from China Pharmaceutical University
(Nanjing, China) for their assistance in conducting the animal
experiment.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fphar.2022.677738/
full#supplementary-material

Frontiers in Pharmacology | www.frontiersin.org

May 2022 | Volume 13 | Article 677738


https://www.frontiersin.org/articles/10.3389/fphar.2022.677738/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2022.677738/full#supplementary-material
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Liao et al.

REFERENCES

Andreyev, H. J. N,, Lalji, A., Mohammed, K., Muls, A. C. G., Watkins, D., Rao, S.,
et al. (2021). The FOCCUS Study: a Prospective Evaluation of the Frequency,
Severity and Treatable Causes of Gastrointestinal Symptoms during and after
Chemotherapy. Support Care Cancer 29, 1443-1453. doi:10.1007/s00520-020-
05610-x

Beishline, K., and Azizkhan-Clifford, J. (2015). Sp1 and the "hallmarks of Cancer’.
Febs j 282, 224-258. doi:10.1111/febs.13148

Biagioli, M., Carino, A., Cipriani, S., Francisci, D., Marchiano, S., Scarpelli, P., et al.
(2017). The Bile Acid Receptor GPBAR1 Regulates the M1/M2 Phenotype of
Intestinal Macrophages and Activation of GPBARI1 Rescues Mice from Murine
Colitis. J. Immunol. 199, 718-733. doi:10.4049/jimmunol.1700183

Cao, R, Ma, Y, Li, S,, Shen, D., Yang, S., Wang, X, et al. (2020). 1,25(0OH)2 D3
Alleviates DSS-Induced Ulcerative Colitis via Inhibiting NLRP3 Inflammasome
Activation. J. Leukoc. Biol. 108, 283-295. doi:10.1002/JLB.3MA0320-406RR

Chévez-Talavera, O., Tailleux, A., Lefebvre, P., and Staels, B. (2017). Bile Acid
Control of Metabolism and Inflammation in Obesity, Type 2 Diabetes,
Dyslipidemia, and Nonalcoholic Fatty Liver Disease. Gastroenterology 152,
1679-€3. €1673. doi:10.1053/j.gastro.2017.01.055

Chen, X, Zeng, K., Xu, M, Hu, X,, Liu, X,, Xu, T., et al. (2018). SP1-induced
IncRNA-ZFAS1 Contributes to Colorectal Cancer Progression via the miR-150-
5p/VEGFA axis. Cell Death Dis 9, 982. doi:10.1038/s41419-018-0962-6

Chiang, J. Y. (2013). Bile Acid Metabolism and Signaling. Compr. Physiol. 3,
1191-1212. doi:10.1002/cphy.c120023

Choi, M. C,, and Choi, W. H. (2018). Mithramycin A Alleviates Osteoarthritic
Cartilage Destruction by Inhibiting HIF-2a Expression. Int. J. Mol. Sci. 19, 1411.
doi:10.3390/ijms19051411

Cipriani, S., Mencarelli, A., Chini, M. G., Distrutti, E., Renga, B., Bifulco, G., et al.
(2011). The Bile Acid Receptor GPBAR-1 (TGR5) Modulates Integrity of
Intestinal Barrier and Immune Response to Experimental Colitis. PLoS One
6, €25637. doi:10.1371/journal.pone.0025637

Deutschmann, K., Reich, M., Klindt, C., Droge, C., Spomer, L., Hiussinger, D., et al.
(2018). Bile Acid Receptors in the Biliary Tree: TGR5 in Physiology and
Disease. Biochim. Biophys. Acta Mol. Basis Dis. 1864, 1319-1325. doi:10.
1016/j.bbadis.2017.08.021

Fang, Z. Z., Zhang, D., Cao, Y. F., Xie, C,, Lu, D., Sun, D. X,, et al. (2016). Irinotecan
(CPT-11)-Induced Elevation of Bile Acids Potentiates Suppression of IL-10
Expression. Toxicol. Appl. Pharmacol. 291, 21-27. doi:10.1016/j.taap.2015.
12.003

Fitzpatrick, L. R, and Jenabzadeh, P. (2020). IBD and Bile Acid Absorption: Focus
on Pre-clinical and Clinical Observations. Front. Physiol. 11, 564. doi:10.3389/
fphys.2020.00564

Gessner, A., Konig, J., and Fromm, M. F. (2019). Clinical Aspects of Transporter-
Mediated Drug-Drug Interactions. Clin. Pharmacol. Ther. 105, 1386-1394.
doi:10.1002/cpt.1360

Gong, Z., Zhao, S., Zhou, J., Yan, ], Wang, L., Du, X, et al. (2018). Curcumin Alleviates
DSS-Induced Colitis via Inhibiting NLRP3 Inflammsome Activation and IL-1p
Production. Mol. Immunol. 104, 11-19. doi:10.1016/j.molimm.2018.09.004

Gong, Z., Zhou, J., Zhao, S., Tian, C, Wang, P, Xu, C, et al. (2016).
Chenodeoxycholic Acid Activates NLRP3 Inflammasome and Contributes to
Cholestatic  Liver Oncotarget 7, 83951-83963. doi:10.18632/
oncotarget.13796

Gonzalez-Rubio, S., Lopez-Sénchez, L., Mufioz-Castafieda, J., Linares, C. I, Aguilar-
Melero, P., Rodriguez-Perélvarez, M., et al. (2015). GCDCA Down-Regulates Gene
Expression by Increasing Sp1 Binding to the NOS-3 Promoter in an Oxidative Stress
Dependent Manner. Biochem. Pharmacol. 96, 39-51. doi:10.1016/j.bcp.2015.04.017

Guo, C,, Chen, W. D., and Wang, Y. D. (2016b). TGR5, Not Only a Metabolic
Regulator. Front. Physiol. 7, 646. doi:10.3389/fphys.2016.00646

Guo, C, Xie, S., Chi, Z,, Zhang, J., Liu, Y., Zhang, L., et al. (2016a). Bile Acids
Control Inflammation and Metabolic Disorder through Inhibition of NLRP3
Inflammasome. Immunity 45, 802-816. doi:10.1016/j.immuni.2016.09.008

Hao, H,, Cao, L., Jiang, C., Che, Y., Zhang, S., Takahashi, S., et al. (2017). Farnesoid
X Receptor Regulation of the NLRP3 Inflammasome Underlies Cholestasis-
Associated Sepsis. Cell Metab 25, 856-¢5. €855. doi:10.1016/j.cmet.2017.03.007

Higuchi, H., Grambihler, A., Canbay, A., Bronk, S. F., and Gores, G. J. (2004). Bile
Acids Up-Regulate Death Receptor 5/TRAIL-Receptor 2 Expression via a C-Jun

Fibrosis.

Bidirectional Effect of Bile Acids

N-Terminal Kinase-dependent Pathway Involving Spl. J. Biol. Chem. 279,
51-60. doi:10.1074/jbc.M309476200

Holter, M. M., Chirikjian, M. K., Govani, V. N., and Cummings, B. P. (2020). TGR5
Signaling in Hepatic Metabolic Health. Nutrients 12, 2598. do0i:10.3390/
nul2092598

Hou, R. G, Fan, L, Liu, J. J., Cheng, Y., Chang, Z. P., Wu, B,, et al. (2018). Bile Acid
Malabsorption Is Associated with Diarrhea in Acute Phase of Colitis. Can.
J. Physiol. Pharmacol. 96, 1328-1336. doi:10.1139/cjpp-2018-0017

Huang, H., Wang, X., Zhang, X., Zhang, G., Jinbo, M., Wang, H., et al. (2020).
Ganciclovir Reduces Irinotecan-Induced Intestinal Toxicity by Inhibiting
NLRP3 Activation. Cancer Chemother. Pharmacol. 85, 195-204. doi:10.1007/
500280-019-03996-y

Kang, G. D,, Lim, S., and Kim, D. H. (2015). Oleanolic Acid Ameliorates Dextran
Sodium Sulfate-Induced Colitis in Mice by Restoring the Balance of Th17/Treg
Cells and Inhibiting NF-xB Signaling Pathway. Int. Immunopharmacol 29,
393-400. doi:10.1016/j.intimp.2015.10.024

Keitel, V., and Haussinger, D. (2018). Role of TGR5 (GPBARI) in Liver Disease.
Semin. Liver Dis. 38, 333-339. doi:10.1055/s-0038-1669940

Keitel, V., Stindt, J., and Héussinger, D. (2019). Bile Acid-Activated Receptors:
GPBAR1 (TGR5) and Other G Protein-Coupled Receptors. Handb Exp.
Pharmacol. 256, 19-49. doi:10.1007/164_2019_230

Khan-Malek, R., and Wang, Y. (2017). Statistical Analysis of Quantitative RT-PCR
Results. Methods Mol. Biol. 1641, 281-296. doi:10.1007/978-1-4939-7172-5_15

Kuijk, L. M., Mandey, S. H., Schellens, I., Waterham, H. R,, Rijkers, G. T., Coffer, P.
J., etal. (2008). Statin Synergizes with LPS to Induce IL-1beta Release by THP-1
Cells through Activation of Caspase-1. Mol. Immunol. 45, 2158-2165. doi:10.
1016/j.molimm.2007.12.008

Kurita, A., Kado, S., Kaneda, N., Onoue, M., Hashimoto, S., and Yokokura, T.
(2000). Modified Irinotecan Hydrochloride (CPT-11) Administration Schedule
Improves Induction of Delayed-Onset Diarrhea in Rats. Cancer Chemother.
Pharmacol. 46, 211-220. doi:10.1007/s002800000151

Li,J., Peng, W, Yang, P., Chen, R, Gu, Q., Qian, W, et al. (2020). MicroRNA-1224-
5p Inhibits Metastasis and Epithelial-Mesenchymal Transition in Colorectal
Cancer by Targeting SP1-Mediated NF-kB Signaling Pathways. Front. Oncol.
10, 294. doi:10.3389/fonc.2020.00294

Li, Q., Zhang, X., Wang, W., Li, L., Xu, Q., Wu, X,, et al. (2015). CPT-11 Activates
NLRP3 Inflammasome through JNK and NF-xB Signalings. Toxicol. Appl.
Pharmacol. 289, 133-141. doi:10.1016/j.taap.2015.09.025

Lian, Q., Xu, J., Yan, S., Huang, M., Ding, H., Sun, X,, et al. (2017). Chemotherapy-
induced Intestinal Inflammatory Responses Are Mediated by Exosome
Secretion of Double-Strand DNA via AIM2 Inflammasome Activation. Cell
Res 27 (6), 784-800. doi:10.1038/cr.2017.54

Liu, R,, Zhi, X,, Zhou, Z., Zhang, H., Yang, R., Zou, T., et al. (2018). Mithramycin A
Suppresses Basal Triple-Negative Breast Cancer Cell Survival Partially via
Down-Regulating Kriippel-like Factor 5 Transcription by Spl. Sci. Rep. 8,
1138. doi:10.1038/s41598-018-19489-6

Madlala, H. P., Van Heerden, F. R., Mubagwa, K., and Musabayane, C. T. (2015).
Changes in Renal Function and Oxidative Status Associated with the
Hypotensive Effects of Oleanolic Acid and Related Synthetic Derivatives in
Experimental Animals. PLoS One 10, €0128192. doi:10.1371/journal.pone.
0128192

Masyuk, T. V., Masyuk, A. L, Lorenzo Pisarello, M., Howard, B. N., Huang, B. Q,,
Lee, P. Y., et al. (2017). TGR5 Contributes to Hepatic Cystogenesis in Rodents
with Polycystic Liver Diseases through Cyclic Adenosine monophosphate/Gas
Signaling. Hepatology 66 (4), 1197-1218. doi:10.1002/hep.29284

McGlone, E. R,, and Bloom, S. R. (2019). Bile Acids and the Metabolic Syndrome.
Ann. Clin. Biochem. 56 (3), 326-337. doi:10.1177/0004563218817798

Mego, M., Chovanec, J., Vochyanova-Andrezalova, I., Konkolovsky, P., Mikulova,
M., Reckova, M., et al. (2015). Prevention of Irinotecan Induced Diarrhea by
Probiotics: A Randomized Double Blind, Placebo Controlled Pilot Study.
Complement. Ther. Med. 23, 356-362. doi:10.1016/j.ctim.2015.03.008

Muls, A. C., Lalji, A., Marshall, C., Butler, L., Shaw, C., Vyoral, S, et al. (2016). The
Holistic Management of Consequences of Cancer Treatment by a
Gastrointestinal and Nutrition Team: a Financially Viable Approach to an
Enormous Problem? Clin. Med. (Lond) 16, 240-246. doi:10.7861/clinmedicine.
16-3-240

Novakova, R., Nuiiez, L. E., Homerova, D., Knirschova, R., Feckova, L., Rezuchova,
B., et al. (2018). Increased Heterologous Production of the Antitumoral

Frontiers in Pharmacology | www.frontiersin.org

11

May 2022 | Volume 13 | Article 677738


https://doi.org/10.1007/s00520-020-05610-x
https://doi.org/10.1007/s00520-020-05610-x
https://doi.org/10.1111/febs.13148
https://doi.org/10.4049/jimmunol.1700183
https://doi.org/10.1002/JLB.3MA0320-406RR
https://doi.org/10.1053/j.gastro.2017.01.055
https://doi.org/10.1038/s41419-018-0962-6
https://doi.org/10.1002/cphy.c120023
https://doi.org/10.3390/ijms19051411
https://doi.org/10.1371/journal.pone.0025637
https://doi.org/10.1016/j.bbadis.2017.08.021
https://doi.org/10.1016/j.bbadis.2017.08.021
https://doi.org/10.1016/j.taap.2015.12.003
https://doi.org/10.1016/j.taap.2015.12.003
https://doi.org/10.3389/fphys.2020.00564
https://doi.org/10.3389/fphys.2020.00564
https://doi.org/10.1002/cpt.1360
https://doi.org/10.1016/j.molimm.2018.09.004
https://doi.org/10.18632/oncotarget.13796
https://doi.org/10.18632/oncotarget.13796
https://doi.org/10.1016/j.bcp.2015.04.017
https://doi.org/10.3389/fphys.2016.00646
https://doi.org/10.1016/j.immuni.2016.09.008
https://doi.org/10.1016/j.cmet.2017.03.007
https://doi.org/10.1074/jbc.M309476200
https://doi.org/10.3390/nu12092598
https://doi.org/10.3390/nu12092598
https://doi.org/10.1139/cjpp-2018-0017
https://doi.org/10.1007/s00280-019-03996-y
https://doi.org/10.1007/s00280-019-03996-y
https://doi.org/10.1016/j.intimp.2015.10.024
https://doi.org/10.1055/s-0038-1669940
https://doi.org/10.1007/164_2019_230
https://doi.org/10.1007/978-1-4939-7172-5_15
https://doi.org/10.1016/j.molimm.2007.12.008
https://doi.org/10.1016/j.molimm.2007.12.008
https://doi.org/10.1007/s002800000151
https://doi.org/10.3389/fonc.2020.00294
https://doi.org/10.1016/j.taap.2015.09.025
https://doi.org/10.1038/cr.2017.54
https://doi.org/10.1038/s41598-018-19489-6
https://doi.org/10.1371/journal.pone.0128192
https://doi.org/10.1371/journal.pone.0128192
https://doi.org/10.1002/hep.29284
https://doi.org/10.1177/0004563218817798
https://doi.org/10.1016/j.ctim.2015.03.008
https://doi.org/10.7861/clinmedicine.16-3-240
https://doi.org/10.7861/clinmedicine.16-3-240
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Liao et al.

Polyketide Mithramycin A by Engineered Streptomyces Lividans TK24 Strains.
Appl. Microbiol. Biotechnol. 102, 857-869. doi:10.1007/s00253-017-8642-5
Pollier, J., and Goossens, A. (2012). Oleanolic Acid. Phytochemistry 77, 10-15.
doi:10.1016/j.phytochem.2011.12.022

Quarni, W., Dutta, R., Green, R., Katiri, S., Patel, B., Mohapatra, S. S, et al. (2019).
Mithramycin A Inhibits Colorectal Cancer Growth by Targeting Cancer Stem
Cells. Sci. Rep. 9, 15202. doi:10.1038/s41598-019-50917-3

Sandmeier, D., Chaubert, P., and Bouzourene, H. (2005). Irinotecan-induced
Colitis. Int. J. Surg. Pathol. 13, 215-218. doi:10.1177/106689690501300215

Sears, S., Mcnally, P., Bachinski, M. S., and Avery, R. (1999). Irinotecan (CPT-11)
Induced Colitis: Report of a Case and Review of Food and Drug Administration
MEDWATCH Reporting. Gastrointest. Endosc. 50, 841-844. doi:10.1016/
$0016-5107(99)70171-9

Sen, A. (2020). Prophylactic and Therapeutic Roles of Oleanolic Acid and its
Derivatives in Several Diseases. World J. Clin. Cases 8, 1767-1792. doi:10.
12998/wjcc.v8.i10.1767

Seznec, J., Silkenstedt, B., and Naumann, U. (2011). Therapeutic Effects of the Sp1
Inhibitor Mithramycin A in Glioblastoma. J. Neurooncol. 101, 365-377. doi:10.
1007/s11060-010-0266-x

Shao, B. Z., Wang, S. L, Pan, P., Yao, J., Wu, K,, Li, Z. S,, et al. (2019). Targeting
NLRP3 Inflammasome in Inflammatory Bowel Disease: Putting Out the Fire of
Inflammation. Inflammation 42, 1147-1159. d0i:10.1007/s10753-019-01008-y

Sinha, S. R, Haileselassie, Y., Nguyen, L. P., Tropini, C, Wang, M., Becker, L. S., et al.
(2020). Dysbiosis-Induced Secondary Bile Acid Deficiency Promotes Intestinal
Inflammation. Cell Host Microbe 27, 659-€5. €655. doi:10.1016/j.chom.2020.01.021

Sorrentino, G., Perino, A., Yildiz, E., El Alam, G., Bou Sleiman, M., Gioiello, A.,
et al. (2020). Bile Acids Signal via TGR5 to Activate Intestinal Stem Cells and
Epithelial Regeneration. Gastroenterology 159, 956-e8. €958. doi:10.1053/j.
gastro.2020.05.067

Trifan, O. C., Durham, W. F,, Salazar, V. S., Horton, J., Levine, B. D., Zweifel, B. S,, et al.
(2002). Cyclooxygenase-2 Inhibition with Celecoxib Enhances Antitumor Efficacy
and Reduces Diarrhea Side Effect of CPT-11. Cancer Res. 62, 5778-5784.

Vellingiri, B., Iyer, M., Devi Subramaniam, M., Jayaramayya, K., Siama, Z.,
Giridharan, B., et al. (2020). Understanding the Role of the Transcription
Factor Sp1 in Ovarian Cancer: from Theory to Practice. Int. J. Mol. Sci. 21, 1153.
doi:10.3390/ijms21031153

Vijayvargiya, P., and Camilleri, M. (2019). Current Practice in the Diagnosis of Bile
Acid Diarrhea. Gastroenterology 156, 1233-1238. doi:10.1053/j.gastro.2018.
11.069

Vitek, L. (2015). Bile Acid Malabsorption in Inflammatory Bowel Disease.
Inflamm. Bowel Dis. 21, 476-483. doi:10.1097/MIB.0000000000000193

Vizcaino, C., Mansilla, S., and Portugal, J. (2015). Spl Transcription Factor: A
Long-Standing Target in Cancer Chemotherapy. Pharmacol. Ther. 152,
111-124. doi:10.1016/].pharmthera.2015.05.008

Wabhlstrém, A., Sayin, S. I, Marschall, H. U., and Bickhed, F. (2016). Intestinal
Crosstalk between Bile Acids and Microbiota and its Impact on Host
Metabolism. Cel Metab 24, 41-50. doi:10.1016/j.cmet.2016.05.005

Wang, J., Fan, H., Wang, Y., Wang, X, Zhang, P., Chen, J., et al. (2015).
Metabolomic Study of Chinese Medicine Huang Qin Decoction as an
Effective Treatment for Irinotecan-Induced Gastrointestinal Toxicity. RSC
Adv. 5, 26420-26429. doi:10.1039/c5ra02581h

Wang, L., Wang, R, Wei, G. Y., Zhang, R. P, Zhu, Y., Wang, Z,, et al. (2020).
Cryptotanshinone Alleviates Chemotherapy-Induced Colitis in Mice with

Bidirectional Effect of Bile Acids

colon Cancer via Regulating Fecal-Bacteria-Related Lipid Metabolism.
Pharmacol. Res. 163, 105232. doi:10.1016/j.phrs.2020.105232

Wei, C., Zhang, W., Zhou, Q., Zhao, C., Du, Y., Yan, Q,, et al. (2016). Mithramycin
A Alleviates Cognitive Deficits and Reduces Neuropathology in a Transgenic
Mouse Model of Alzheimer’s Disease. Neurochem. Res. 41, 1924-1938. doi:10.
1007/s11064-016-1903-3

Willis, K. A., Gomes, C. K., Rao, P., Micic, D., Moran, E. R, Stephenson, E., et al.
(2020). TGR5 Signaling Mitigates Parenteral Nutrition-Associated Liver
Disease. Am. J. Physiol. Gastrointest. Liver Physiol. 318, G322-g335. doi:10.
1152/ajpgi.00216.2019

Yu, Y., Peng, K, Li, H,, Zhuang, R., Wang, Y., Li, W., et al. (2018). SP1 Upregulated
FoxO3a Promotes Tumor Progression in Colorectal Cancer. Oncol. Rep. 39,
2235-2242. doi:10.3892/0r.2018.6323

Zhao, D, Jiang, Y., Sun, J., Li, H., Huang, M., Sun, X,, et al. (2019). Elucidation of
the Anti-Inflammatory Effect of Vanillin in Lps-Activated THP-1 Cells. J. Food
Sci. 84, 1920-1928. doi:10.1111/1750-3841.14693

Zhao, S., Gong, Z., Zhou, J., Tian, C., Gao, Y., Xu, C,, et al. (2016). Deoxycholic Acid
Triggers NLRP3 Inflammasome Activation and Aggravates DSS-Induced
Colitis in Mice. Front. Immunol. 7, 536. doi:10.3389/fimmu.2016.00536

Zhao, S., Gong, Z., Du, X,, Tian, C., Wang, L., Zhou, J., et al. (2018). Deoxycholic
Acid-Mediated Sphingosine-1-Phosphate Receptor 2 Signaling Exacerbates
DSS-Induced Colitis through Promoting Cathepsin B Release. J. Immunol.
Res. 2018, 2481418. doi:10.1155/2018/2481418

Zhao, W., Ma, L, Cai, C.,, and Gong, X. (2019). Caffeine Inhibits NLRP3
Inflammasome  Activation by Suppressing MAPK/NF-xB and A2aR
Signaling in LPS-Induced THP-1 Macrophages. Int. J. Biol Sci. 15,
1571-1581. doi:10.7150/ijbs.34211

Zhou, X,, Cao, L., Jiang, C., Xie, Y., Cheng, X., Krausz, K. W, et al. (2014). PPARa-
UGT axis Activation Represses Intestinal FXR-FGF15 Feedback Signalling and
Exacerbates Experimental Colitis. Nat. Commun. 5, 4573. doi:10.1038/
ncomms5573

Zou, M, Xi, L., Rao, J., Jing, Y., Liao, F., and Yang, X. (2017). Optimization and
Evaluation of an Inflammatory Cell Model in LPS-Stimulated PMA-
Differentiated THP-1 Cells. Xi Bao Yu Fen Zi Mian Yi Xue Za Zhi 33,
1456-1461.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors, and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Liao, Wang, Qin, Zhang, Chen, Xu, Xu and Zhang. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Pharmacology | www.frontiersin.org

12

May 2022 | Volume 13 | Article 677738


https://doi.org/10.1007/s00253-017-8642-5
https://doi.org/10.1016/j.phytochem.2011.12.022
https://doi.org/10.1038/s41598-019-50917-3
https://doi.org/10.1177/106689690501300215
https://doi.org/10.1016/s0016-5107(99)70171-9
https://doi.org/10.1016/s0016-5107(99)70171-9
https://doi.org/10.12998/wjcc.v8.i10.1767
https://doi.org/10.12998/wjcc.v8.i10.1767
https://doi.org/10.1007/s11060-010-0266-x
https://doi.org/10.1007/s11060-010-0266-x
https://doi.org/10.1007/s10753-019-01008-y
https://doi.org/10.1016/j.chom.2020.01.021
https://doi.org/10.1053/j.gastro.2020.05.067
https://doi.org/10.1053/j.gastro.2020.05.067
https://doi.org/10.3390/ijms21031153
https://doi.org/10.1053/j.gastro.2018.11.069
https://doi.org/10.1053/j.gastro.2018.11.069
https://doi.org/10.1097/MIB.0000000000000193
https://doi.org/10.1016/J.pharmthera.2015.05.008
https://doi.org/10.1016/j.cmet.2016.05.005
https://doi.org/10.1039/c5ra02581h
https://doi.org/10.1016/j.phrs.2020.105232
https://doi.org/10.1007/s11064-016-1903-3
https://doi.org/10.1007/s11064-016-1903-3
https://doi.org/10.1152/ajpgi.00216.2019
https://doi.org/10.1152/ajpgi.00216.2019
https://doi.org/10.3892/or.2018.6323
https://doi.org/10.1111/1750-3841.14693
https://doi.org/10.3389/fimmu.2016.00536
https://doi.org/10.1155/2018/2481418
https://doi.org/10.7150/ijbs.34211
https://doi.org/10.1038/ncomms5573
https://doi.org/10.1038/ncomms5573
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

	Inflammatory-Dependent Bidirectional Effect of Bile Acids on NLRP3 Inflammasome and Its Role in Ameliorating CPT-11-Induced ...
	Introduction
	Materials and Methods
	Chemicals and Reagents
	Cell Culture
	Cell Viability Assay
	Animal Experiments and Sample Collection
	Enzyme-Linked Immunosorbent (ELISA) Assay
	Western Blotting
	mRNA Preparation and qRT-PCR
	Statistical Analysis

	Results
	BAs Activate NLRP3 Inflammasome in Non-Inflammatory Conditions
	BAs Inhibit NLRP3 Inflammasome in Inflammatory Conditions
	SP1 Mediates the Activation of NLRP3 Inflammasome in Non-Inflammatory Conditions
	TGR5 Participates in the Inhibition of NLRP3 Inflammasome Under Inflammatory Conditions
	Ameliorating CPT-11-Induced Colitis Utilizing Inflammatory-Dependent Bidirectional Effects of Bile Acids on NLRP3 Inflammasome

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


