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relieves chemotherapy-induced
nausea and vomiting via gut
microbiota and vagus nerve
activity modulation
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Nausea and vomiting (CINV) are distressful and widespread side effects of
chemotherapy, and additional efficient regimens to alleviate CINV are urgently
needed. In the present study, colorectal cancer (CRC) mice model induced by
Azoxymethane (AOM)/Dextran Sodium Sulfate (DSS) was employed to evaluate
the cancer suppression and CINV amelioration effect of the combination of
thalidomide (THD) and Clostridium butyricum. Our results suggested that the
combination of THD and C. butyricum abundantly enhanced the anticancer
effect of cisplatin via activating the caspase-3 apoptosis pathway, and also
ameliorated CINV via inhibiting the neurotransmitter (e.g., 5-HT and tachykinin
1) and its receptor (e.g., 5-HTsR and NK-1R) in brain and colon. Additionally, the
combination of THD and C. butyricum reversed the gut dysbacteriosis in CRC
mice by increasing the abundance of Clostridium, Lactobacillus, Bifidobacterium,
and Ruminococcus at the genus level, and also led to increased expression of
occludin and Trekl in the colon, while decreased expression of TLR4, MyD88,
NF-xB, and HDAC1, as well as the mRNA level of IL-6, IL-1B, and TNF-a. In all,
these results suggest that the combination of THD and C. butyricum had good
efficacy in enhancing cancer treatments and ameliorating CINV, which thus
provides a more effective strategy for the treatment of CRC.
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1 Introduction

Colorectal cancer (CRC) is a cancer occurring in the colon or
rectum, with over 1.9 million new cases and 935,000 deaths estimated
in 2020, ranking the third in incidence and the second in mortality
(1, 2). For patients’ treatment, systemic chemotherapy is the mainstay
treatment besides surgery and local radiotherapy and has been wildly
used in advanced CRC (3). Currently, platinum-based chemotherapy
drugs which inhibits nuclear DNA transcription and replication and
initiates programmed cell death are dominating (4). It is proposed
that cyclooxygenase-2 (COX-2) inhibition can hasten Caspase-3
activation and poly (ADP-ribose) polymerase (PARP) cleavage, as
well as suppress the expressions of anti-apoptotic proteins such as
surviving, thus activating tumor apoptosis (5).

Despite the anticancer effects, chemotherapy drugs lead to severe
side effect include gastrointestinal toxicities, myelosuppression,
immunosuppression and neurotoxicity due to poor targeting (6, 7).
Chemotherapy-induced nausea and vomiting (CINV) is a common
adverse effects of chemotherapy that affects patient’s life and
treatment effectiveness (8, 9). It has been reported that the
expression of 5-hydroxytryptamine (5-HT) in intestinal mucosa
was triggered by cytotoxic chemotherapy drugs, then stimulating
the 5-HT receptors on adjacent vagal afferent nerves (VAN) (10).
After nerves depolarization, vomiting center in brainstem was
stimulated to induce a vomiting reflex (11). Consequently, there is
a pressing need for alternative treatments that are both highly
effective and have minimal side effects.

The most commonly used antiemetic agents belong to neurokinin-
1 receptor antagonists (NK;-RAs), 5-hydroxytryptamine-3 receptor
antagonists (5HT3-RAs) and dexamethasone but the therapeutic effect
was still not satisfactory (12, 13). Thalidomide (THD), a derivative of
glutamate, was originally used to treat nausea in pregnancy, later was
banned because of its teratogenicity (14, 15). However, THD, as
approved drugs, has been used in the treatment of a variety of solid
tumors, with good efficacy and a certain degree of safety (16). At
present, the effectiveness of THD in controlling CINV has become the
focus of research. The randomized control trials have clinically
confirmed the effectiveness of THD by calculating and analyzing the
delayed and overall complete response rates to vomiting in cancer
patients (17). Subsequently, several studies have demonstrated that
THD’s potent immunomodulatory activity affects the expression and
activity of various cytokines to influence anti-angiogenic effects and
tumor defense (18, 19). However, numerous studies have shown that
patients with CRC have an altered intestinal microbiota which lost a
significant amount of butyrate-producing bacteria, such as Clostridium,
Roseburia, and Eubacterium spp. (20). Chemotherapeutic drugs disrupt
intestinal microecology, damage intestinal mucosal barrier, and trigger
gut inflammation (21). Furthermore, the use of THD will lead to
gastrointestinal side effects including constipation due to the certain
neurotoxicity of THD (22).

At present, the gut microbiota has been widely evidenced to be
related with the occurrence, development and treatment of cancers
(23). Probiotics are beneficial microorganisms exerting probiotic role
by regulating the gut microbiota (24, 25). Clostridium butyricum
generates short-chain fatty acids (SCFAs), especially butyrate and
acetate, and affects various physiological processes contributing to
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host health (26, 27). C. butyricumn CBM 588 has been implicated in
anti-inflammation, gut epithelial barrier protection and the increased
abundance of Lactobacillus, Bifidobacterium in the gut microbiota
(28). A study conducted by Danfeng Chen et al. revealed that C.
butyricum can inhibit the development of CRC by the stimulation of
apoptosis and the reconstruction of gut microbiota (29). Moreover, C.
butyricum administration was found to significantly reduce cognitive
dysfunction and histopathological changes, as well as neuronal
apoptosis probably via the involvement in gut-brain axis
modulation (30). Therefore, this suggests a possible therapeutic role
for C. butyricum in the gastrointestinal toxic side effects
of chemotherapy.

In clinic, we found that the combination of C. butyricum and
THD almost eliminate CINV (data unshown). Therefore, to
elucidate the efficacy and mechanisms of C. butyricum+THD on
treatment of CINV, we investigated the antitumor function, the
preventing of nausea and vomiting, the altering of microbiota
composition and the enhancement of the intestinal epithelial
barrier in CRC mouse model with chemotherapy. This study
presents new ideas for the prevention and treatment of CINV
with C. butyricum+THD.

2 Materials and methods
2.1 Animals and experimental design

Seventy-two male C57BL/6 mice were obtained from Hunan
SJA Laboratory Animal Co., Ltd. (Changsha, Hunan, China) and
housed in an animal facility with a standard 12 h light-dark cycle.
Figure 1A depicts the animal treatment schedule. After 1 week
acclimation, the mice were randomly assigned to six different
groups including: (i) C group, a control group with saline
intraperitoneal injection; (ii) M group, a model group with
injected Azoxymethane (AOM) (MP Biomedicals LLC, Santa
Ana, America, 183971) (10 mg/kg) twice at the 1* and 19™ day
and fed 1% Dextran Sodium Sulfate (DSS) (Meilunbio, Dalian,
China, MB5535) three times for 6 days each time at the 7% 19™ and
29% day; (iii) MC group, treated with AOM/DSS, then received 2.5
mg/kg cisplatin (Macklin, Shanghai, China, D807330) after 1
month via intraperitoneal injection for 3 consecutive days; (iv)
MCS group, after AOM/DSS and cisplatin treatment, treated with
25 mg/kg THD (Ark Pharm, Chicago, America, AK-91024) via
intraperitoneal injection for 14 consecutive days; (v) MCL group,
after AOM/DSS and cisplatin treatment, treated by gavage with 107
CFU C. butyricum for 21 consecutive days; (vi) MCSL group, after
AOM/DSS and cisplatin treatment, treated both 10 CFU C.
butyricum for 21 consecutive days and 25 mg/kg THD for 14
consecutive days.

2.2 Behavioral experiments

Kaolin intake measurement was performed for 3 consecutive
days during chemotherapy. Kaolin powder was prepared by mixing
kaolin (Macklin, Shanghai, China, K812212) and Arabic gum
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(Meilunbio, Dalian, China, MB1728) at a 99:1 ratio and provided to
mice. After drug intervention, the amount and residual of chow
intake and kaolin intake were measured after drying every 24 h, and
the ratio of kaolin intake to total food intake was calculated.

2.3 Sample collection

After stopping administration, fecal samples were collected and the
mice were euthanized with isoflurane gas anesthesia. Colon, tumor, and
brain tissues were immediately collected, fixed, or stored at -80 °C.

2.4 Histological staining analysis

The fixed colon and brain tissue samples were embedded in
paraffin, cut into 2-um-thick sections, and possessed with H&E
staining to evaluate microscopically. And immunohistochemistry
staining was possessed by primary antibody incubation
(Supplementary Material Table S1), washing, and corresponding
secondary antibody incubation.

2.5 ELISA

Brain and colon tissues were homogenized and then the
supernatant was collected for ELISA. According to the
instructions of the ELISA kit (mlbio, Shanghai, China, ml001891),
the protein expression of 5-HT was measured and determined at
450 nm with the microplate reader.

2.6 Quantitative real-time PCR

Total RNA was prepared from brain and colon tissues, reverse
transcribed to cDNA and conducted forty cycles as follows: 95°C for
30 s, 60°C for 30 s, followed by 60 s at 95°C for polymerase
activation using corresponding primers (Supplementary Material
Table S2).

2.7 Immunoblotting

Tumor and colon tissues were homogenized and the
supernatant was collected for western blotting. Total proteins
were fractionated with SDS-PAGE and transferred to the PVDF
membrane. After blocking, staining with primary antibodies
(Supplementary Material Table S1), and incubating with HRP-
conjugated secondary antibodies, the membranes were visualized
by an ECL system.

2.8 High-throughput sequencing analysis

Total genome DNA from mouse feces was extracted, then the
V4 hypervariable regions of 16S rDNA were amplified by PCR.
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After sequencing the PCR amplification products and quality
filtering, the reads were clustered as OTU using VSEARCH
clustering (v2.13.4_linux_x86_64) sequence. Based on the OTU
profiles, observed species, alpha diversity (Shannon), and beta
diversity (PCoA) were calculated. Venn Diagram was used to
determine the relationships between communities among
different treatment groups.

2.9 Statistical analysis

All data are presented as mean + standard deviation. Statistical
evaluation was performed using one-way ANOVA followed by
Tukey’s multiple comparison test as post hoc tests via GraphPad
Prism 9.0 software at P value of < 0.05 (*) or < 0.01 (**).

3 Results

3.1 The combination of THD and C.
butyricum promoted tumor apoptosis in
CRC mice

To verify the construction of the CRC mouse model, the colon
of mice was collected for H&E staining after the AOM/DSS
treatment. Compared to the C group, M group showed an
increasing number of submucosal glands having dysplasia into
the lumen and detachment of intestinal mucosal villi in colon, the
enlarged and deeply stained cell nuclei, and mitotic figures, which
confirmed the successful construction of the CRC mouse
model (Figure 1B).

Then we treated the CRC mice with different therapies. In our
study, cisplatin treatment reduced the colon tumor number of mice
than M group (M vs. MC = 3.64 vs. 2.91, Figure 1C), while the
ingestion of THD (2.36, p < 0.05) and C. butyricum (2.45, p < 0.05)
further promoted the anti-tumor effect. Notably, the combination of
THD and C. butyricum-treated mice in MCSL group had markedly
fewer colon tumor numbers than MC group (MC vs. MCSL =2.91
vs. 1.82, Figure 1C, p < 0.01). In addition, the body weight of CRC
mice was significantly lower than that in C group (C vs. M = 31.10
vs. 28.60, Figure 1D, p < 0.01), which was aggravated after cisplatin
treatment in MC group (24.76, p < 0.01) and was alleviated in MCS
group (26.30, p < 0.01), MCL group (25.31, p < 0.01) and MCSL
group (27.36, p < 0.01), indicating that the survival state of CRC
mice was improved.

Furthermore, western blotting of tumor certified the decreased
activity of COX-2 (p < 0.05) and Survivin (p < 0.01), and the
increased activity of cleaved Caspase-3 (p < 0.01) in MC group than
M group, which were remarkedly reversed in MCSL group (p <
0.01) (Figures 1E-H). What’s more, the expression of cleaved PARP
(p < 0.01) was also increased after the combination of THD and C.
butyricum (Figure S1). Therefore, results indicated that
combination therapy of THD and C. butyricum optimally
enhanced the activation of Caspase-3 apoptotic pathway
by cisplatin.
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The combination of THD and C. butyricum promoted tumor apoptosis in CRC mice. (A) The schematic diagram of CRC modeling and treatment
process in C57BL/6 mice. (B) H&E staining of colon tissue. (C) The number of tumors in colon tissue (n=11). (D) Weight of mice in different treatment
groups (n=11). (E) Western blotting of COX-2, Survivin, cleaved Caspase-3 and Caspase-3 (n=3). (F—H) Relative expressions of COX-2, Survivin and
cleaved Caspase-3/Caspase-3 (n=3). Significance determined using one-way ANOVA with Tukey's multiple comparison test and expressed as mean

+ SD, *P < 0.05, **P < 0.01.

3.2 The combination of THD and C.
butyricum reduced nausea and vomiting
after chemotherapy in CRC mice

Since chemotherapeutic agents are closely connected with the
occurrence of nausea and vomiting (31), we sought to explore
whether C. butyricum and THD treatment could improve nausea
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and vomiting after chemotherapy. During the kaolin intake
measurement, the ingestion of kaolin in each mice group is
shown in Figure 2A, which is seen as a phenomenon similar to
nausea and vomiting in humans.

During the assay, the kaolin intake of MC group on the 1% day
was significantly increased than M group (M vs. MC = 1.10% vs.
10.17%, Figure 2A, p < 0.01). Moreover, compared with MC group,
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nausea and vomiting was markedly alleviated in MCL group
(8.72%, p < 0.01), MCS group (3.77%, p < 0.01), and MCSL
group (1.35%, p < 0.01), respectively. Over the next two days, the
combination of THD and C. butyricum still showed a best
therapeutic effect on nausea and vomiting after chemotherapy
than MCS group (p < 0.01) and MCL group (p < 0.01).

To further elucidate the mechanisms in regulation of CINV, we
detected the expression of Fos in area postrema (AP) using

10.3389/fimmu.2023.1220165

immunohistochemical staining. In our research, compared to the
C group, the expression of Fos in AP of MC group was increased (C
vs. MC = 0.28% vs. 4.78%, Figure 2C, p < 0.01), while both THD
(2.08%, p < 0.01), C. butyricum (3.98%, p < 0.01) and the
combination treatment (1.74%, p < 0.01) could reduce the
expression of Fos (Figures 2B, C). Notably, the combination of
THD and C. butyricum treatment completely eliminated Fos
expression in mouse brain of MCSL group.
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FIGURE 2

The combination of THD and C. butyricum reduced CINV in CRC mice. (A) The kaolin consumption of mice in different treatment groups (n=3).

(B) Fos protein in brain by IHC staining. (C) Fos positive cells were semiquantitatively assessed (n=3). (D) 5-HT of brain in different treatment groups
(n=3). (E) the mRNA levels of Tacl in brain (n=3). (F) 5-HT of colon in different treatment groups (n=3). (G) the mMRNA levels of Tacl in colon (n=3)
(H) 5-HTzR and NK1R protein in brain by IHC staining. (I, 3) 5-HTsR (I) and NK1R (J) positive cells were semiquantitatively assessed (n=3).
Significance determined using one-way ANOVA with Tukey’s multiple comparison test and expressed as mean + SD, *P < 0.05, **P < 0.01.
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5-HT and tachykinin 1 (Tacl), neurochemical mediators in the
brainstem, are associated with emesis caused by cisplatin (31).
Therefore, we detected the expression of 5-HT and Tacl mRNA
in mice brains by ELISA and q-PCR, respectively. The expression of
5-HT (M vs. MC = 0.67 ng/mg vs. 0.97 ng/mg, Figure 2D, p < 0.05)
in mice brains was significantly increased after cisplatin treatment,
which was reduced after the combined therapy of THD and C.
butyricum (MC vs. MCSL = 0.97 ng/mg vs. 0.61 ng/mg, p < 0.05).
Consistently, TacI mRNA in mice brains was markedly upregulated
in MC group (M vs. MC = 2.84 vs. 5.45, Figure 2E, p < 0.01) and this
increase could be reversed in MCS group (4.20, p < 0.01), MCL
group (4.65, p < 0.05) and MCSL group (2.70, p < 0.01).

Furthermore, cisplatin has been shown to evoke the release of 5-
HT and Tacl, which lead to the activation of a vomiting reflex (11).
The content of 5-HT was quantified by ELISA of colon tissue to
found that it in MC group was significantly raised than M group (M
vs. MC = 0.65 ng/mg vs. 1.17 ng/mg, Figure 2F, p < 0.01), which was
substantially decreased by combined administration in MCSL
group (0.62 ng/mg, p < 0.01). In addition, TacI mRNA in mice
colon was increased after cisplatin injection (M vs. MC = 1.41 vs.
2.84, Figure 2G, p < 0.01), and the combination of THD and C.
butyricum could notably downregulate the relative expression of
Tacl mRNA in CRC mouse with cisplatin chemotherapy (1.09,
p <0.01).

5-HT and Tacl stimulate its receptors (5-HT3R and NK-1R) on
VAN to stimulate emesis (32). Hence, we further investigated the
amount of 5-HT;R and NK-1R in AP using immunohistochemical
staining. Compared to M group, cisplatin chemotherapy led to
abnormal aggregation of 5-HT5R (M vs. MC = 6.46% vs. 8.66%,
Figure 2I, p < 0.01) and NK-1R (M vs. MC = 3.83% vs. 5.51%,
Figure 2], p < 0.01), however, it was significantly reduced in MCSL
group (4.07%, Figure 21, p < 0.01; 2.93%, Figure 2], p < 0.01)
(Figures 2H-]).

3.3 The combination of THD and C.
butyricum reversed dysbacteriosis in
CRC mice

Since disturbed intestinal microbiota is associated with CRC
and cisplatin chemotherapy (33), we further analyzed intestinal
microbial composition. The Shannon index was markedly reduced
in MC group (p < 0.05) than C group, and this reduction was
ameliorated after C. butyricum treatment (MCL group) (p < 0.01)
(Figure 3A). PCoA plots showed that the samples of M group
clustered separately from those of C group. Compared to M group,
the dysbacteriosis was further exacerbated after cisplatin
chemotherapy (MC group), however, it was reversed by the
combined treatment of THD and C. butyricum (Figure 3B). Next,
according to the Venn results, there are 304 core OTUs in all of
these fix groups, and 1201, 994, 638, 690, 1115 and 871 unique
OTUs discovered in C, M, MC, MCS, MCL and MCSL group,
separately (Figure 3C).

At the phylum level, a lower abundance of Firmicutes,
Bacteroidetes, and Actinobacteria, and an increasing amount of
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Verrucomicobiota were detected in M and MC group compared to
C group. After being treated with C. butyricum, the relative
abundance of the aforementioned phyla significantly recovered
(Figure 3D). At the genus level, we found that Akkermansia was
abnormally increased and Bifidobacterium and Lactobacillus were
reduced in feces of M group and MC group than C group. After C.
butyricum treatment, dysbiosis of these genera was substantially
restored than MC group (Figure 3E).

Furthermore, we selected some representative probiotics closely
related to CRC and cisplatin-induced vomiting for analysis.
Compared with MC group, the relative abundance of the phylum
Firmicutes and the genera Clostridium was increased in MCL group
(p < 0.01) and MCSL group (p < 0.01) (Figures 4A, B). After
cisplatin chemotherapy, the relative abundance of the genera
Lactobacillus was significantly reduced in MC group (p < 0.01),
while it was markedly increased in MCS group (p < 0.05), MCL
group (p < 0.05), and MCSL group (p < 0.01) (Figure 4C). Then, we
found that the relative abundance of the genera Bifidobacterium was
greatly reduced after all treatments by comparing with control
group (p < 0.01), whereas it was slightly elevated in MCSL group
(Figure 4D). Besides, compared with MCS group, the relative
abundance of the genera Ruminococcus were up-regulated in
MCL group and MCSL group (Figure 4E). These results suggested
that the composition of gut microbiota could be altered after
incidence of CRC and cisplatin treatment, but the use of C.
butyricum restored the imbalance of the microbiome to a
standard one.

3.4 The combination of THD and C.
butyricum inhibited colon inflammation
and enhanced intestinal barrier

Cisplatin will lead to gastrointestinal side effects including colon
inflammation and intestinal barrier destruction (34). Hence, we
detected colonic inflammation at the end of experiment and the
pathological changes of colon showed that the colonic crypts
disappearance and inflammatory cell infiltration in M and MC
group was significantly alleviated after the combination treatment
of THD and C. butyricum in MCSL group (Figures 5A, B). After
that, we performed the qRT-PCR of the intestinal tissue to access
the level of inflammatory cytokines. Compared with C group, the
mRNA expression of Il6 (C vs. M = 1.00 vs. 8.24, Figure 5C, p <
0.01), I1b (C vs. M = 1.00 vs. 7.33, Figure 5D, p < 0.01) and Tnf (C
vs. M = 1.01 vs. 6.57, Figure 5E, p < 0.01) in CRC mice were
significantly elevated. Cisplatin chemotherapy in MC group would
further upregulate the relative expression of Il6 (11.92, p < 0.01),
I11b (9.36, p < 0.01) and Tnf (7.28, p < 0.05) than M group, whereas
THD (p < 0.01), C. butyricum (p < 0.01), and the combination of
THD and C. butyricum (p < 0.01) inhibited the up-regulated levels
of these inflammatory cytokines in CRC mice with
cisplatin chemotherapy.

Then, we further determined HDACI protein, key proteins of
TLR4/NF-kB inflammatory pathway, and intestinal tight-junction
associated proteins in colon by Western blotting. In contrast to
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FIGURE 3

The combination of THD and C. butyricum reversed dysbacteriosis in CRC mice. (A) The Shannon indexes. (B) Principal coordinate analysis (PCoA).
(C) Venn representation. (D) The relative abundance of the bacteria at phylum level. (E) The relative abundance of the bacteria at genus level.

*P < 0.05, **P < 0.01.

normal mice, we detected a marked up-expression of TLR4 (p <
0.01), MyDS88 (p < 0.01), p-p65 (p < 0.01), and HDACI (p < 0.01) in
CRC mice. What’s more, cisplatin treatment further aggravated the
quantity of MyD88 (p < 0.01), p-p65 (p < 0.01), and HDACI (p <
0.01) than M group. On the contrary, the colon inflammation could
be suppressed after THD and C. butyricum administration (p <
0.01) (Figures 5F-]).

Meanwhile, Western blotting also revealed the decreased
expression of occludin (p < 0.01) and Trekl (p < 0.01) in M
group than C group, while these reductions were markedly
restored in MCS group (p < 0.01), MCL group (p < 0.01), and
MCSL group (p < 0.01) (Figures 5K-M).
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4 Discussion

CRC is the third most common cancer worldwide, with high
morbidity and mortality rates (35). Currently, chemotherapy, the
primary treatment for advanced CRC, causes severe side effects,
especially nausea and vomiting (31). CINV which threatens
patient’s life and health (8, 9), leads to an urgent need to create
alternative therapies that are highly effective and have minimal
side effects.

Clinically, we observed that the combination of C. butyricum
and THD almost eliminate CINV (data not shown), but the
mechanism for the prevention of CINV remains unclear. Herein,
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FIGURE 4

The combination of THD and C. butyricum regulated anti-cancer related probiotics in CRC mice. (A) The relative abundance of Fimicutes (n=6)
(B) The relative abundance of Clotridium (n=6). (C) The relative abundance of Lactobacillus (n=6). (D) The relative abundance of Bifidobacterium
(n=6). (E) The relative abundance of Ruminococcus (n=6). Significance determined using one-way ANOVA with Tukey's multiple comparison test

and expressed as mean + SD, *P < 0.05, **P < 0.01.

we used AOM/DSS-induced CRC mouse models that received
cisplatin chemotherapy to investigate the primary role of the
combination of C. butyricum and THD in addition to its possible
therapeutic mechanism. Our results indicated that AOM/DSS
caused the occurrence of CRC in mice, but the mice receiving
cisplatin with the combination of THD and C. butyricum showed a
markedly decreasing tumor number. Our findings suggested that
COX-2 and survivin in tumor are highly expressed, and cleaved
Caspase-3 and cleaved PARP are lowly expressed in M group.
Additionally, COX-2, which is elevated expressed in CRC,
contributes to tumorigenesis by excited angiogenesis, suppressed
apoptosis, and enhanced cell invasiveness (36). What’s more,
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survivin is an inhibitor of programmed cell death that is
negatively correlated with apoptosis and directly suppresses
caspase-3 activity to prevent apoptosis (37, 38). After activation
of caspase-3, the DNA repair enzyme PARP was cleaved leading to
loss of the ability of DNA repair resulting in apoptosis (39). Herein,
we found that the combination of THD and C. butyricum can
inhibit the expression of COX-2 and survivin to activate Caspase-3
and cleave PARP to induce tumor apoptosis (Figure 1).

Cisplatin, a chemotherapeutic agent frequently used in clinical
practice, is associated with emesis (40). Hence, we used kaolin
intake measurement, an index of nausea and emesis in animal
studies (41), to evaluate nausea and vomiting of mice with
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FIGURE 5

The combination of THD and C. butyricum inhibited colon inflammation
staining of colon tissue. (B) Histological scores of inflammations (H&E sta

and improved intestinal barrier in AOM/DSS-induced CRC mice. (A) H&E
ining) (n=3). (C—E) The mRNA levels of /l6, Il1b, and Tnf (n=3). (F) Western

blotting of TLR4, MyD88, p-p65, p65, HDAC1 (n=3). (G—J) The relative abundance of TLR4, MyD88, p-p65/p65, HDAC1 (n=3). (K) Western blotting
of occludin and Trekl (n=3). (L, M) The relative abundance of occludin and Trekl (n=3). Significance determined using one-way ANOVA with Tukey's
multiple comparison test and expressed as mean + SD, *P < 0.05, **P < 0.01.

chemotherapy. Mice ingested cisplatin severely vomited than M
group, but the combination therapy of THD and C. butyricum
significantly relieved emesis. Fos in AP, a marker of neuronal
activity whose expression correlates with brain stimulation
resulting from the stimulation of neurotransmitter receptors on
adjacent vagal afferents, was increased after cisplatin chemotherapy
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(42, 43). Our findings suggested that the combination of THD and
C. butyricum could abundantly decrease the fos expression in the
AP, confirming reduced brain neuron activation. Furthermore, it
was currently reported that cisplatin-induced release of the 5-HT
and Tacl interacted with receptors (i.e., 5-HT3;R and NK-1R) of the
vagus nerve in brain and gastrointestinal tract to cause the above
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neuronal activation (7, 44). We found that a combination of THD
and C. butyricum abundantly reduces the 5-HT expression and the
relative Tacl mRNA level in brain and colon compared with MC
group. Additionally, we found that the combination therapy
inhibited aggregation of 5-HT;R and NK-IR in brain of CRC
mice with cisplatin chemotherapy. In summary, these results
suggested that the combined administration of THD and C.
butyricum reversed the up-release of neurotransmitters and
activation of receptors in cisplatin-treated CRC mice model, to
relieve the cisplatin-induced nausea and vomiting (Figure 2).
Disordered gut microbiota is associated with weakened health
(45) and is involved in gastrointestinal carcinogenesis, while
cisplatin chemotherapy further destroyed its homeostasis (46, 47).
In addition, Chen et al. discovered that C. butyricum is beneficial in
the reconstruction of gut microbiota (48), and the reversed gut
microbiota disorder further plays a role in treatment of intestinal
diseases (49). Therefore, we explored whether C. butyricum could
improve the intestinal microbiota disorder caused by CRC and
chemotherapy via high-throughput sequencing. The results
demonstrated the therapeutics of the combination treatment
(MCSL group) in restoration of intestinal microbiota diversity
(Figure 3). Moreover, it was observed that certain genera of
bacteria had reduced abundance in both M group and MC group,
including Clostridium, Lactobacillus, Bifidobacterium and,
Ruminococcus. Furthermore, such dysbiosis could be restored by
combined treatment with THD and C. butyricum, which is
consistent with the published reports about the microbiota
regulatory effect of C. butyricum and (Figures 4B-E). Among
them, the increased relative abundance of Clostridium may be
related to the well intestinal colonization of C. butyricum (50).
After its colonization, C. butyricum furthur regulates the richness
and composition of intestinal microbiota, alleviates intestinal
inflammation, further improve the efficacy of chemotherapy
which may contribute to the remission of CINV (26, 51). Meng
et al. discovered that L. plantarum orally administration
significantly increased the abundance of Lactobacillus and
Bifidobacterium in cecal content of CTX-treated mice, and
markedly reduced the nausea and vomiting symptoms, suggesting
that the high abundance of Lactobacillus and Bifidobacterium is
positively correlated with the relief of nausea, vomiting (52). What's
more, the increased abundance of Lactobacillus limits intestinal
tumor growth via gut microbiota reconstruction, tumor cell
proliferation suppression and apoptosis activation (53, 54).
Bifidobacterium, one of the butyrate-producing bacteria, has
similarly been verified effective in decreasing pro-inflammatory
cytokines and inhibiting cancer cells to suppress gastrointestinal
cancer (55, 56). Notably, Ruminococcus, another strain can produce
butyrate, showed a slight increase in abundance after C. butyricum
administration. And there are published papers supporting that
Ruminococcus could partially inhibit inflammation and protect the
intestinal mucosa after cisplatin therapy in various cancer models
(51, 57). At the phylum level, the findings of Burkhardt Flemer et al.
(58) and our research both pointed to the decreased abundance of
Firmicutes in CRC mice (Figure 4A). As suggested by another
study, the diminished Firmicutes would be the possible mechanism
responsible for cisplatin-associated side effects (47). In conclusion,
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the improved gut microbiota dysbiosis mediated by C. butyricum
administration may be associated with anti-tumor,
neurotransmitter secretion decrease and brain activation
reduction, as well as anti-inflammation in colon.

In recent years, evidence has been mounting to suggest that
chronic inflammation produces considerable inflammatory
mediators (IL-6, IL-1B, TNF-a), activating NF-xB, thus leading to
intestinal barrier function loss and colon carcinogenesis (59).
Hence, we utilized H&E staining to find that the combination
therapy (MCSL group) greatly suppresses colonic inflammation and
attenuates histopathological changes in colon (Figures 5A-B).
Additionally, our findings suggested that the combined treatment
of THD and C. butyricum degraded the levels of IL-6, IL-13, and
TNF-o and downregulated the activity of HDACI, TLR4, MyD88,
and p-p65 (Figures 5C-J). Among them, histone deacetylase 1
(HDACI) can be inhibited by butyrate to eliminate inflammation
in colonic epithelial cells, subsequently suppressing colonic
inflammation (60). The intestinal mucosal barrier functions are
associated with intestinal tight-junction associated proteins, such as
occludin (61). Besides, recent reports have suggested the
importance of Trekl in preserving the integrity of the intestinal
epithelial barrier (62). We discovered that occludin and Trekl
activity in colon was significantly decreased in both M and MC
groups. However, combination administration (MCSL group)
substantially restored those reductions (Figures 5K-M).
Collectively, these outcomes demonstrated that the combination
of C. butyricum and THD has a notable impact on protecting
intestinal barrier function and anti-inflammatory effect in CRC
mice undergoing cisplatin chemotherapy.

5 Conclusions

We conclude that the combination of THD and C. butyricum
improved cancer suppression efficacy of cisplatin in CRC mice by
activation of caspase-3 apoptotic pathway. Moreover, our study
confirmed that the inhibition of neurotransmitters (e.g., 5-HT and
Tacl) and its receptor (e.g., 5-HT;R and NK-1R), the regulation of
intestinal microbiota, the inhibition of inflammation in colon, and
the protection of intestinal mucosa barrier via the combination
therapy are extremely important to alleviate CINV in CRC mice
(Figure 6). It should be noted that in this work, we only investigated
the ability of C. butyricum combined with THD in the treatment of
CRC and CINV via gut microbiota and vagus nerve activity
modulation. However, it is important to evaluate the efficacy of
additional probiotics for the development of chemotherapy
adjuvant drugs. Moreover, we will fully consider the necessary of
verifying the efficacy of the combination of C. butyricum and THD
in CRC patients receiving chemotherapy and its chemotherapy
associated side effects in the clinic.
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FIGURE 6

Schematic diagram of the underlying mechanisms of the combination of THD and C. butyricum in cancer treatments and CINV amelioration. The
combination of THD and C. butyricum enhanced anti-tumor effects and ameliorated CINV via activating caspase-3 apoptosis pathway, inhibiting
neurotransmitter (e.g., 5-HT and Tacl) and its receptors (e.g., 5-HT3R and NK-1R), and reversing intestinal dysbiosis in Azoxymethane/Dextran
Sodium Sulfate induced colorectal cancer (CRC) mice. THD, thalidomide; C. butyricum, Clostridium butyricum; CINV, chemotherapy-induced
nausea and vomiting; 5-HT, 5-hydroxytryptamine; Tacl, tachykinin 1; 5-HT3R, 5-hydroxytryptamine-3 receptor; NK1R, neurokinin-1 receptor.
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