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Jie Yu*
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Amomi Fructus has been used to treat digestive diseases in the context of traditional
Chinese medicine, so we evaluated the effects of a volatile oil from Amomum villosum
(VOA) on intestinal mucositis induced by 5-fluorouracil (5-FU). We measured the effect
of VOA and its main active constituent, bornyl acetate (BA), on body weight, food
intake, diarrhea, inflammatory cytokines, the mucosal barrier, and gut microbiota. VOA
and BA significantly increased the rats’ body weight, relieved diarrhea, and reversed
histopathological changes in the gut and inflammation. VOA significantly inhibited
apoptosis and alleviated the endoenteritis by downregulating p38 MAPK and caspase-3
expression. VOA and BA strengthened the intestinal mucosal barrier by increasing
zonula occludin-1 and occludin expression. VOA and BA reduced the amount of
pathogenic bacteria and increased the abundance of probiotics. Thus, VOA prevented
the development and progression of intestinal mucositis after chemotherapy.
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INTRODUCTION

Intestinal mucositis, which is characterized by a decrease in villi length and the disruption of crypt
cell homeostasis, is a common toxic side effect of the cancer chemotherapeutics 5-fluorouracil
(5-FU) and irinotecan. This toxicity causes severe diarrhea and morphological mucosal damage,
which limits the safety and clinical application of the drugs. Intestinal mucositis has many
facets, including microstructural damage of small intestinal tissue, an injured intestinal mucosal
barrier and inflammation. Small intestinal mucosal barrier integrity is frequently disrupted in
various acute and chronic intestinal diseases (Turner, 2009), and tight junction proteins of the
small intestinal mucosa, such as zonula occludin (ZO) and occludin, are needed to maintain
the intestinal epithelial barrier (Suzuki, 2013). In addition, caspase and cysteine protease are
needed for the morphological and biochemical changes that occur during apoptosis. Caspase-3,
which is required for the activation of various apoptotic-stimulating factors, can target substrates
and cause cell disassembly and DNA fragmentation (Flanagan et al., 2016). Damage to the
small intestinal mucosal barrier can cause endotoxin-translocation-induced endotoxemia, which
exacerbates inflammatory infiltration. Meanwhile, commensal intestinal microbiota may influence
all of the phases of mucosal pathogenesis (van Vliet et al., 2010). Thus, treatment with prebiotics
and probiotics may alleviate intestinal mucositis (Wada et al., 2010; Justino et al., 2014, 2015;
Araújo et al., 2015). Efforts to reduce chemotherapy-induced intestinal damage, with traditional
or conventional medicine have not been successful (Sonis, 2004; Cathy, 2010; Lam et al., 2010;
Wang et al., 2014, 2015).
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Amomi Fructus, the dry and mature fruit of Amomum
villosum Lour., A. villosum Lour. var. xanthioides T. L. Wu et
Senjen, and A. longiligulare T. L. Wu, has been recorded and used
in traditional Chinese medicine as an excellent crude drug for the
treatment of digestive system disorders (Commission of Chinese
Materia Medica, 1999; Commission of Chinese Pharmacopoeia,
2015). Amomi Fructus is also authorized as a food by the China
Food and Drug Administration1. Amomi Fructus has been shown
to have a significant effect on the recovery of mice intestinal flora
balance that was disturbed by antibiotics (Yan et al., 2013). In
addition, aqueous extracts may improve and promote intestinal
function (Huang and Zhou, 2006). However, whether Amomi
Fructus works and its mechanism in the treatment of intestinal
mucositis have yet to be elucidated. Therefore, we focused on the
potential roles of volatile oil from A. villosum (VOA) and bornyl
acetate (BA), the main component of VOA, on the regulation of
intestinal microflora, the adjustment of the inflammatory process
and oxidative stress, maintaining intestinal permeability, and
alleviating the intestinal mucositis process to provide a more
theoretical and scientific foundation for its clinic use.

MATERIALS AND METHODS

Medicinal Materials
Amomum villosum Lour. (Figures 1A,B) was collected in
Jingping County, Honghe Prefecture of Yunnan Province, China.
The plants were identified as A. villosum Lour. by Jie Yu,
an Associate Professor at Yunnan University of Traditional
Chinese Medicine. Voucher specimens were deposited in the
Herbarium of Pharmacognosy, Yunnan University of Traditional
Chinese Medicine. BA (Figure 1C), was purchased from Jingzhu
Biotechnology Co., Ltd. (Nanjing, China, purity > 98%, GC).
5-FU was obtained from XuDong HaiPu Pharmaceutical Co.,
Ltd. (Shanghai, China). Live combined Bifidobacterium and
Lactobacillus tablets (CBL) were purchased from Inner Mongolia
Shuangqi Pharmaceutical Co., Ltd. (China).

Volatile Oil from A. villosum
Powder (100 g) of A. villosum fruit was soaked with 800 mL
distilled water for 12 h (4◦C). VOA, gathered by steam
distillation, was stored at 4◦C after drying with Na2SO4.

GC-MS Characterization of VOA
Gas chromatography-mass spectrometry (GC-MS) was
used to characterize VOA (HP6890GC/5973MS, Agilent).
Chromatographic separation was achieved on an HP-5MS
(30 mm × 0.25 mm, 0.25 µm) fused-silica capillary column.
The injector temperature was 250◦C and the column pressure
was 100 kPa. Helium was used as the carrier gas (1.0 mL/min)
and the injection volume was 0.1 µL (split ratio of 50:1). The
temperature was 80◦C for 2 min and increased to 280◦C for
20 min (3◦C/min).

1http://www.nhfpc.gov.cn/ewebeditor/uploadfile/2013/07/20130712155225821.
doc

FIGURE 1 | Plants used: (A) Amomum villosum Lour.; (B) fruit of A. villosum
Lour.; and (C) structure of BA, the main constituent of VOA.

Mass spectrometry conditions were as follows: ion source
temperature, 230◦C; electron energy, 70 eV; interface
temperature, 250◦C; quadrupole temperature, 150◦C; and
mass scan range, 30–500 amu. Wiley7n.l mass spectral database
was used to compare data with a standard spectrum to identify
the components of every peak.

Animals
Fifty-four, 8-week-old male Spraque–Dawley rats (Da Shuo
Biotech Co., Ltd., Chengdu, China, Certificate of Quality
No: 0016254) were kept in a temperature-controlled room
with free access to water and food, and they fasted for
2 h before all of the treatments. The study was approved
by the Institutional Ethical Committee on Animal Care and
Experimentation of Yunnan University of Traditional Chinese
Medicine (R-0620150028). All reasonable efforts were made to
minimize animal suffering.

Rats Model of Intestinal Mucositis
Induced by 5-FU
After adaptive feeding for 3 days, the rats were randomized to
one of nine groups (N = 6/group): normal controls (CON);
5-FU-induced intestinal mucositis model (MOD); live combined
Bifidobacterium and Lactobacillus tablets (CBL, 450 mg/kg)
positive controls; VOA low, medium, and high groups (VOA.L,
8 mg/kg; VOA.M, 16 mg/kg; and VOA.H, 32 mg/kg); BA low,
medium, and high groups (BA.L, 2 mg/kg; BA.M, 4 mg/kg; and
BA.H, 8 mg/kg). All of the rats, except for the normal controls,
received 5-FU (35 mg/kg, daily, i.p.) for 5 days. Researchers
used personal protective gear to prevent exposure to 5-FU and
CBL. At the end of the study, the drugs were destroyed by
the Experimental Center of Yunnan University of Traditional
Chinese Medicine.
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FIGURE 2 | Treatment schedule. All of the rats, except for the normal
controls, received 5-FU (35 mg/kg daily, i.p.) for 5 days. Then, 4 h before
chemotherapy, rats received CBL, VOA, or BA treatments (via gavage) once
daily for 12 days.

The dose of A. villosum was 3–6 g/kg in clinical medium
and the BA concentration was required to be not less than
1% in A. villosum according to the Commission of Chinese
Pharmacopoeia (2015). The yield of VOA was 3.9% from
A. villosum in our study and BA was calculated as 1%, which
was the minimum content of BA regulated by the Commission
of Chinese Pharmacopoeia (2015). The clinical dose for humans
was calculated as 4.5 g/kg in this study. These factors were
considered in our dosage conversation, and we then converted
the human dosage into the rat dose according to the body
surface area. We concluded that the dose of VOA was 16 mg/kg
and BA was 4 mg/kg in rats, which was considered to be
the medium dose. Finally, the low, medium, and high dose of
each administration group was calculated by 1:2:4. VOA and
BA were dissolved in distilled water with 0.1% Tween-80 by
an ultrasonic mixer at 16◦C and then stored at 4◦C. Before
chemotherapy (4 h), the rats received CBL, VOA, and BA (via
gavage) once daily for 12 days. Figure 2 depicts the treatment
schedule.

Whether or not the rats had diarrhea, and their weight
and food intake were recorded daily. Rats were killed 12 days
after treatment using 10% chloral hydrate anesthetization. Blood
samples and small intestinal tissue were collected.

Morphology and Histopathology
Observation of Small Intestinal Tissue
Segments of the jejunum were collected, fixed, and stained with
hematoxylin and eosin to measure the villus height and crypt
depth. Three tissues from different rats in each group and
three images (10×) per section were analyzed for morphological
studies.

IL-6, ROS, TNF-α, NF-κB, and MPO in
Blood Samples and Small Intestinal
Tissue
Blood samples were collected from the retro-orbital venous
plexus and hepatic portal vein at 2 h after treatment in the
morning at the end of the study. Serum was centrifuged at
12,000 × g for 15 min and analyzed immediately. Serum
interleukin-6 (IL-6) and reactive oxygen species (ROS) were
measured with ELISA kits purchased from Cusabio Biotech Co.,
Ltd. (China).

At the end of the treatment, the rats were killed via 10%
chloral hydrate (0.3 mL/100 g, ip). Small intestine tissue samples
were excised, weighed, and washed in 0.9% saline. Tissues
(100 mg) were rinsed with PBS and homogenized in 1 mL
of PBS and then stored overnight at −20◦C. Two freeze-
thaw cycles were performed to break the cell membranes, and
homogenates were centrifuged for 10 min at 6,500 × g, 4◦C. The
supernatant was collected for biochemical analysis. ROS, tumor
necrosis factor-α (TNF-α), nuclear factor of kappa b (NF-κB),
and myeloperoxidase MPO in the intestinal homogenate were
measured with ELISA kits purchased from Cusabio Biotech Co.,
Ltd. (China).

Hepatic Portal Vein Lipopolysaccharide
(LPS)
Hepatic portal vein blood samples were centrifuged at 6,500 × g
for 10 min at 4◦C after being collected under anesthesia.
Lipopolysaccharide (LPS) was measured using a tachypleus
amebocyte lysate test purchased from Chinese Horseshoe Crab
Reagent Manufacturers Co., Ltd. (Xiamen, China).

Flow Cytometric Measurement of
Occludin, ZO-1, and Caspase-3
A single-cell suspension was prepared by cutting and disrupting
one representative intestinal sample from each group through
a 70-µm filter membrane. Cells were diluted with staining
buffer (1 × 106 cells/mL) after blockage with 3% FBS.
For analysis, the cells were incubated with an anti-occludin
antibody (EPR8208, Abcam, United States), anti-ZO-1 antibody
(21773-1-AP, Proteintech, United States) and an anti-caspase
antibody (25546-1-AP, Proteintech, United States) for 2 h, and
then they were incubated with fluorescein isothiocyanate (FITC,
SA00003-2) in the dark for 1 h. Occludin, ZO-1, and caspase-3
expression was measured using flow cytometry (FACSCalibur,
Becton, Dickinson, and Company, United States).

Western Blot for MAPK
Intestinal tissues (100 mg) were homogenized using 1 mL PIRA
lysis buffer, and centrifuged (12,000 × g, 10 min, 4◦C). Then,
samples were kept on ice for 20 min. The supernatant was
collected for Western blotting, and the extracted proteins were
quantified using the bicinchoninic acid (BCA) method. Next,
50 µg of total protein was added to each sample. Proteins were
resolved with 10% sodium dodecyl sulfate (SDS)-polyacrylamide
gels (PAGE) and transferred to polyvinylidene fluoride (PVDF)
membranes. Transferred membranes were blocked with 5%
albumin bovine V (BSA) to inhibit non-specific proteins.
Then, the primary antibodies (9212S, 1:1.000 dilution; Cell
Signaling, Danver, MA, United States) were added, with
β-actin (20536-1-AP, 1:1.000 dilution; Proteintech Group,
United States) used as an internal reference. After incubating
with primary antibodies, the membranes were washed with
TBS/Tween-20 (TBST) three times and then incubated with
the secondary antibodies (SA00001-2, 1:10.000 dilution;
Proteintech Group, United States). Each protein band was
visualized with an enhanced chemiluminescence (ECL)
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detection system (Proteintech Group, United States) and
quantified with Quantity One Analysis Software (Bio-Rad
Laboratories, Inc.).

16S rDNA Gene Sequencing of Rat Feces
Rat feces samples were collected on the last day and placed in a
sterile centrifuge tube. They were then evenly ground in liquid
nitrogen and preserved at −80◦C for future inspection. All of
the fecal samples from the treatment groups were blended, and
transferred to a mortar and ground to a fine powder. DNA was
extracted according to the instructions of the stool DNA kit
(Omegea Bio-tek, United States).

To determine bacterial diversity and composition in the feces
samples, we used the protocol described by Caporaso’s group
(Caporaso et al., 2010). PCR amplifications were conducted with
a 515f/806r primer set that amplifies the V4 region of the 16S
rDNA gene. This primer set has few biases and yields accurate
phylogenetic and taxonomic information. The reverse primer
contains a 6-bp error-correcting barcode unique to each sample.
DNA was amplified as described in the literature (Magoč and
Salzberg, 2011). Sequencing was conducted on an Illumina MiSeq
platform (Novogene, Beijing, China).

Statistical Analysis
Data are means + SD. One-way analysis of variance (ANOVA)
was used to compare multiple groups (p < 0.05, < 0.01,
and < 0.001). Graphics were created with Origin 6.1 (MicroCal
Software, United States). A 95% confidence interval (CI) was
used as a threshold to identify potential outliers in all of the
samples, and clustering was analyzed with TMEV Clustering
(Mev Development Team).

RESULTS

A. villosum Lour. Characterization
A total of 65 compounds were determined, and 58 compounds
were successfully identified, which represented over 99%
of the total oil composition. As shown in Table 1, BA
(54.54%), camphor (17.92%), camphene (6.76%), limonene
(5.25%), borneol (4.07%), myrcene (1.97%), α-pinene (1.50%),
β-caryophyllene (0.85%), β-pinene (0.80%), and α-pepperene

TABLE 1 | Constituents of VOA.

No. Compounds MW Formula t/min Area (%)

1 Bornyl acetate 196 C12H20O2 13.266 54.537%

2 Camphor 152 C10H16O 8.415 17.921%

3 Camphene 136 C10H16 3.911 6.757%

4 Cinene 136 C10H16 5.295 5.249%

5 Borneol 154 C10H18O 8.986 4.068%

6 Myrcene 136 C10H16 4.462 1.969%

7 α-Pinene 136 C10H16 3.666 1.503%

8 β-Caryophyllene 204 C15H24 18.106 0.853%

9 β-Pinene 136 C10H16 4.344 0.795%

10 α-Copaene 204 C15H24 16.434 0.543%

FIGURE 3 | Weight changes (A) and mean food intake (B) across groups.
Data were recorded daily, # significant difference compared to the model and
controls at the end of the study. #p < 0.05, ##p < 0.01, and ###p < 0.001.

(0.54%) were detected in VOA. BA was considered as the
representative compound of VOA.

General Condition of Experimental
Animals
Initial animal weight and food intake were similar among the
groups, and the controls gained weight over time (Figure 3A).
Rats treated with 5-FU had decreased weight from the fourth to
the eighth day and the weight of these animals was the lowest
until the end of the experiment. Treatment with CBL, VOA,
and BA prevented (p < 0.01) significant weight loss in the
MOD group. During the study, the average MOD food intake
was 10.81 g/day, which was roughly half of the normal group
(Figure 3B). CBL, VOA, and BA treatments reversed the appetite
reduction in the MOD group. Compared with the MOD group,
the food intake of the CBL, VOA, and BA groups was increased
by about 50%.

VOA Improved Morphology and
Microstructures of Small Intestinal
Tissue
Fecal appearance and shape indicated diarrhea in the MOD
group, and all of the treatments relieved 5-FU-induced watery
diarrhea (Figure 4A). Compared with the controls, the MOD
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FIGURE 4 | (A) VOA and BA reduced diarrhea after 5-FU induced intestinal mucositis. Stool from the 5-FU group and other treatment groups. (B) Reduced intestinal
damage after VOA and BA treatment. Photomicrographs (10×) of the jejunums from the control, model, and treatment groups (n = 3). 5-FU shortened villi, deepened
crypts, and increased inflammatory cell infiltration. VOA and BA reduced this side effect. (C) Reversion of 5-FU-induced intestinal morphometric changes by VOA
and BA in rats, n = 3. Segments of jejunum retrieved to measure villus height, crypt depth and the villus:crypt ratios. ∗Significant difference compared to the controls.
Values are means ± SD. # Significant difference compared to the model and controls. ∗p < 0.05, #p < 0.05, and ##p < 0.01.

group had histopathological changes in the jejunum, such as
mucosa with shortened villi with vacuolated cells, crypt necrosis,
and intense inflammatory cell infiltration. Treatment with VOA,
BA, and CBL for 12 days reversed these changes in limited fashion
(Figure 4B).

The administration of 5-FU induced significant decreases
in villus height, increased crypt depth, and decreased villus:
crypt ratio (Figure 4C). Figure 4C shows that CBL, VOA,
and BA treatment reversed 5-FU-induced reductions in
villus height. Similarly, a smaller villus: crypt ratio was
observed in the MOD group, and this was reversed with
the drug treatments, especially with the VOA.H treatment
(p < 0.01).

VOA Prevented Serum and Intestinal
Inflammation
After an injection of 5-FU, we observed a significant increase
(p < 0.01) in the serum IL-6 concentration (3.07 ± 0.79 pg/mL)
compared with the controls (1.54± 0.39 pg/mL), suggesting that

the inflammation was elevated in the MOD rats. Treatment with
VOA and BA significantly reduced the IL-6 levels by 26.71%,
40.06%, 38.76%, 30.94%, 45.60%, and 42.34% (Figure 5A). In the
meantime, we found a significantly elevated ROS concentration
in the sera of the MOD group (2.48 ± 0.41 U/mL) compared
with the control group (1.93 ± 0.18 U/mL); this indicated that
the model rats induced by 5-FU were in an inflammatory status.
The increase was significantly inhibited after treatment with CBL
(1.98 ± 0.31 U/mL) (Figure 5B). In brief, VOA.M, VOA.H,
and BA suppressed the 5-FU-mediated increase in IL-6, and
VOA.H suppressed the ROS increase compared with the MOD
group.

As shown in Figures 5C,D, the concentrations of ROS and
TNF-α in the small intestinal tissue of the intestinal mucositis
rats was increased significantly (to 20.42 ± 1.10 U/mL and
184.7442 ± 25.71 pg/mL, respectively). Similarly, MPO and
NF-κB concentrations were also increased by 67.44% and
51.21%, respectively, in the intestinal mucositis rats. All of
the treatments could effectively reduce (p < 0.001) these
inflammatory factor levels. Figure 5C shows that treatment
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FIGURE 5 | Reduced IL-6, ROS, TNF-α, NF-κB, and MPO after VOA and BA treatment in blood and small intestinal tissue (n = 6). Increased (A) IL-6 and (B) ROS in
blood after 5-FU. VOA and BA reduced inflammation. Increased (C) ROS, (D) TNF-α, (E) MPO, and (F) NF-κB in small intestinal tissue after 5-FU. VOA and BA
reduced pro-inflammatory cytokines. Values are means, with their standard deviation represented by vertical bars. Values are means ± SD. ∗ Significant difference
compared to the controls. # Significant difference compared to the model and controls. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, #p < 0.05, ##p < 0.01, and
###p < 0.001.

with BA significantly reduced ROS concentrations by 24.06%,
44.62%, and 53.18%, while Figure 5D shows that treatment
with BA significantly reduced TNF-α concentrations by
69.43%, 72.02%, and 73.77%, respectively. VOA treatment
reduced MPO (55.63%, 60.03%, and 49.46%, respectively)
and NF-κB concentrations (44.68%, 46.74%, and 43.84%,
respectively) (Figures 5E,F). Thus, VOA and BA prevented

inflammation in the small intestinal tissue after 5-FU
chemotherapy.

VOA Downregulated p38 MAPK and
Caspase-3 Protein Expression
The concentrations of p38 MAPK in the small intestine
were detected by Western blotting. Our results revealed
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FIGURE 6 | (A) Reduction of p38 MAPK expression by VOA and BA in small intestinal tissue after 5-FU treatment, n = 6. 5-FU increased the p38 MAPK expression
compared to the controls. GLB, VOA, and BA reduced p38 MAPK (p < 0.001, p < 0.01, and p < 0.001). (B) Reduction of elevated caspase-3 by VOA and BA in
small intestinal tissue after 5-FU treatment, n = 6. In the histogram, the data of the horizontal coordinates that were more than 101 were counted and were used as
original data to draw the bar chart. Histogram of data from 5-FU shows significantly increased caspase-3 expression compared to the controls. VOA or BA reduced
caspase-3 (p < 0.01 and p < 0.001). Values are means ± SD. ∗ Significant difference compared to the controls. # Significant difference compared to the model and
controls. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, #p < 0.05, ##p < 0.01, and ###p < 0.001.

that p38 MAPK expression in the MOD group was
significantly higher than the CON (control) group (p < 0.01),
while the therapeutic drugs could successfully inhibit the
expression of p38 MAPK. Treatment with VOA and BA
reduced (p < 0.01) the p38 MAPK levels by 37.29%,
39.83%, 60.17%, 12.71%, 23.73%, and 41.53%, respectively
(Figure 6A).

Caspase-3 protein in the small intestinal tissue was measured
with flow cytometry. Figure 6B shows that 5-FU significantly
increased the expression of caspase-3 compared with the
control. In contrast, both VOA and BA could effectively reduce
(p < 0.01 and p < 0.001) the expression of caspase-3 in a
dose-dependent manner. These data suggested that they could
significantly inhibit cell apoptosis and alleviate the development
of endoenteritis.

VOA Strengthened the Intestinal
Mucosal Barrier and Inhibited
Enterogenous Endotoxin
The 5-FU treatment increased LPS in the MOD group more
than CON group (p < 0.001; Figure 7A). VOA (p < 0.01) and
BA (p < 0.05) showed a satisfactory effect with respect to the
inhibition of LPS rise. This inhibition effect may be related to its
beneficial effects on gut microbiota equilibrium.

Figures 7B,C show that the expression of ZO-1 and occludin
was significantly lower (p < 0.001) in MOD rats compared to
the CON rats, and this agreed with a previous study (Song
et al., 2013). VOA and BA increased ZO-1 and occludin protein
expression to normal levels. VOA and BA improved the intestinal
mucosal barrier by increasing the expression of ZO-1 and
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FIGURE 7 | Effects of VOA on enterogenous endotoxin and intestinal mucosal barrier regulation. (A) LPS in hepatic portal veins, n = 6 was increased after 5-FU.
VOA and BA blocked increases in LPS, (B) ZO-1, n = 6, and (C) occludin, n = 6. In the histogram, the data of the horizontal coordinate that were more than 101

were counted and were used as original data to draw the bar chart. The histograms of ZO-1 and occludin show a decrease after 5-FU. VOA and BA increased
proteins (p < 0.01 and p < 0.001). Values are means ± SD. ∗ Significant difference compared to the controls. # Significant difference compared to the model and
controls. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, #p < 0.05, ##p < 0.01, and ###p < 0.001.

occludin protein and blocking endotoxin translocation-induced
endotoxemia.

VOA Regulated Intestinal Microbial
Balance and Altered Its Structure and
Composition
The structure and composition of gut microbiota were
dramatically altered by 5-FU injection. Results of the
microbial classification at the level of family showed that
the relative abundance of Bacteroidaceae, Helicobacteraceae,

Enterobacteriaceae, Porphyromonadaceae, and Streptococcaceae
in the CON group was 1.19%, 0.32%, 0.02%, 0.25%, and 0.02%,
respectively. However, their relative abundance in the MOD
group increased to 10.40%, 1.54%, 0.28%, 1.09%, and 0.07%,
respectively. The relative abundance of Helicobacteraceae,
Enterobacteriaceae, Porphyromonadaceae, and Streptococcaceae
was significantly reduced after treatment with BA, and
Bacteroidaceae was reduced by VOA.M, VOA.H, and BA.
Meanwhile, the relative abundance of Lactobacillaceae, which
are usually considered probiotics, decreased from 4.69% in the
CON group to 3.15% in the MOD group. VOA and BA treatment
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FIGURE 8 | Relative abundance of gut microbiota with respect to family (A) and genus (B) after 5-FU-induced intestinal mucositis.

reincreased the abundance of Lactobacillaceae to 5.35–13.45%
and 14.03–18.63%, respectively (Figure 8A).

Results of the microbial classification at the level
of genus showed that the relative abundance of the
Bacteroides (Bacteroidaceae), Ruminococcus (Ruminococ
caceae), Helicobacter (Helicobacteraceae), Escherichia
(Enterobacteriaceae), and Parabacteroides (Porphyromo
nadaceae) in the CON group was 1.19%, 1.48%, 0.03%, 0.01%,
and 0.25%, respectively. However, their relative abundance in
the MOD group increased to 10.40%, 2.14%, 1.24%, 0.28%, and
1.09%, respectively. The relative abundance of Ruminococcus,
Helicobacter, Escherichia, and Parabacteroides was significantly
reduced after treatment with BA, and Bacteroides was reduced
by VOA.M, VOA.H, and BA. The relative abundance of
Lactobacillus (Lactobacillaceae) in the CON group was 4.69%,
and it decreased to 3.15% in the MOD group. After treatments
with VOA and BA, the abundance of Lactobacillus increased to
5.35–13.45% and 14.03–18.63%, respectively (Figure 8B).

In addition, according to the species annotations and
the abundance information at the level of genus, the heat
map of the most abundant 35 genus was plotted and
cluster analysis was conducted (Figure 9). They could be
divided into four categories: BA.L/BA.M/BA.H; CON/CBL;
MOD/VOA.H/VOA.L; and VOA.M/BA, and we found that
BA.M and CBL were the closest. We concluded that BA
increased the abundance of probiotics, such as Lactobacillus
and Bifidobacterium, while VOA increased the abundance of
Roseburia and Coprococcus. We suggested that BA and VOA
might regulate intestinal microecology in two ways not just
one way.

Pearson correlation and cluster analyses were performed
with clean operational taxonomic unit (OTU) data and we
identified 52 key variables, which were significantly altered
after the VOA and BA treatments. These were correlated to
alternations in ROS, MPO, LPS, and caspase-3 (Figure 10).
Among them, Bacteroidaceae (four OTUs, from Bacteroidetes)
were positively correlated with ROS, MPO, and caspase-3.
S24-7 (eight OTUs, from Bacteroidetes), Ruminococcaceae (five
OTUs, from Firmicutes), and Desulfovibrionaceae (one OTU,
from Proteobacteria) were positively correlated with LPS. In

addition, a few bacteria from Bacteroidetes (three OTUs) and
Firmicutes (one OTU) were negatively correlated with LPS
(Figures 10A,C).

Clustering analysis of the OTUs (Figure 10B) showed that
among the 52 key OTUs, most of them in the MOD rats
were increased when compared to the CON group. Using the
Euclidean distance metric, the MOD group was at a long distance
from the CON group. However, all of the treatment groups could
shorten the distance to the CON group and the VOA and BA
groups were clustered into two trees, suggesting that VOA and
BA had a significant effect on the regulation of the 52 key OTUs.
Thus, gut microbiota in the MOD rats were significantly altered
compared to CON rats, and CLB, VOA, and BA treatment could
partially recover the gut microbiota equilibrium.

DISCUSSION AND CONCLUSION

The VOA and BA treatments prevented the occurrence
of diarrhea and reversed weight loss and diminished food
intake, all symptoms of 5-FU-induced intestinal mucositis. In
addition, VOA and BA treatments significantly improved the
histopathological changes in rat intestinal mucositis induced
by 5-FU, perhaps due to a reduction in inflammatory ROS,
IL-6, TNF-α, and NF-κB, decreased MPO, decreased p38 MAPK
and caspase-3 proteins, and improved intestinal mucosal barrier
function. VOA and BA also contributed to the regulation of the
intestinal microbiota balance.

Intestinal injury may induce p53/PUMA-mediated apoptotic,
brush-border hydrolase activity changes, blunted villus height,
crypt deepening, and increased crypt cell apoptosis with
decreased proliferation (Zhan et al., 2014). Chemotherapy drugs
often indiscriminately damage DNA, tumor cells, and normal
cells, causing increased ROS and reactive nitrogen species (RNS).
They may also activate downstream signaling pathways to induce
local inflammatory responses and cause damage to intestinal
epithelial cells (Sonis, 2004). ROS, which are crucial mediators of
downstream biological events, are then produced. VOA appeared
to block 5-FU-induced increases in ROS in blood and the small
intestines, and these data agreed with a report by Arifa’s group
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FIGURE 9 | Species abundance clustering at the genus level. The X-axis represents sample information, the Y-axis represents annotation information for species,
the clustering tree on the left is the species clustering, and the upper area is the sample clustering. Center values are Z-values standardized for species abundance
in each line.

(Arifa et al., 2014), who observed that inflammasome activation
was dependent on ROS and that anti-neoplastic drugs induced
mucositis via inflammatory factors in mice.

DNA damage, non-DNA damage, and ROS activate several
transduction pathways that then activate transcription factors,
such as NF-κB (Sonis, 2002). NF-κB activates downstream
genes, including LPS and pro-inflammatory cytokines, such
as TNF-α, IL-6, and IL-1 (Rinkenbaugh and Baldwin, 2016).
In the present study, VOA and BA significantly reduced the

expression of NF-κB and reduced pro-inflammatory cytokines
(IL-6 and TNF-α) that had been increased by 5-FU; this suggested
that VOA and BA play protective roles in the inflammatory
state.

p38 MAPK, an important member of the MAPK family,
participates in cell proliferation, apoptosis, and differentiation
(Horie et al., 2012; Chen J.Y. et al., 2014; Lee et al., 2014). VOA
and BA treatment inhibited MAPK and capase-3 signaling and
suppressed MPO activity, decreased apoptosis, and protected
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FIGURE 10 | Correlation between 52 key OTUs and intestinal mucositis index. These key OTUs were significantly altered after VOA and BA treatments, and were
correlated with changes in ROS, MPO, LPS, and caspase-3 (A). Clustering analysis of OTU (B) and represented bacteria taxa information (genus, family, and
phylum) of 52 key OTUs (C). “+” Indicates a positive correlation with ROS, MPO, LPS, and caspase-3, and “–” indicates a negative correlation. Attachment

the integrity of the intestinal mucosal barrier. BA had a dose-
dependent relationship with the regulation of ROS, TNF-α, MPO,
and related proteins (p38 MAPK and caspase-3). VOA had a
dose-dependent relationship with respect to the regulation of
p38 MAPK and caspase-3. This may be due to different the
compositions of VOA and BA.

Lipopolysaccharide, a cell component of Gram-negative
bacteria, is delivered to the liver via the portal vein in
endotoxemia (Lin et al., 2015). Endotoxin leads to chronic

low-grade inflammation in patients with intestinal mucositis.
LPS is thought to disrupt the epithelial barrier integrity by
downregulating the tight junction proteins (Sheth et al., 2007;
Han et al., 2016). We measured the tight junction, ZO-1, and
occludin proteins in the small intestinal tissue and LPS in the
hepatic portal veins. There is substantial evidence suggesting
that tight junctions play pivotal roles in the pathophysiology of
chemotherapy drug-induced gut toxicity, so we hypothesized that
VOA could improve 5-FU-induced small intestinal mucositis,
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which may be related to changes in tight junction protein
expression and reduced LPS, and it is perhaps mediated by the
MAPK and NF-κB pathways.

We also measured the influence of commensal intestinal
microbiota, such as Escherichia, Bacteroides, Helicobacter,
Desulfovibrio, Ruminococcus, Parabacteroides, and Clostridium.
Cassmann’s group (Cassmann et al., 2016) found that dogs
with chronic enteropathies harbored more mucosal bacteria
from Bacteroides, Escherichia, and Enterobacteriaceae. Studies
show that Helicobacter pylori is an important factor in
gastroduodenal diseases as H. pylori infection leads to chronic
gastritis in children and adults (Mansour-Ghanaei et al.,
2010). Asonum’s group reported that H. pylori is a major
cause of transdifferentiation into intestinal metaplasia that
causes gastric cancer (Asonuma et al., 2009). Desulfovibrio
was significantly increased in acute and chronic ulcerative
colitis at multiple levels within the colon (Rowan et al.,
2010). Ruminococcus is a symbiotic anaerobic bacteria present
in the gastrointestinal tract and its overgrowth occurs in
inflammatory bowel disease (IBD). In patients with irritable
bowel syndrome, there were fewer Bifidobacterium and
more Ruminococcus and Bacteroides abundances than healthy
(Shukla et al., 2015). Dziarski’s group (Dziarski et al., 2016)
found that Parabacteroides and Bacteroides promoted colitis.
Clostridium perfringens is a Gram-positive anaerobic pathogen
that is usually associated with skin and soft tissue infections,
gastrointestinal infections, and occasionally bacteremia (Antony
et al., 2009).

In our study, BA and VOA significantly reduced Escherichia,
Bacteroides, Helicobacter, Desulfovibrio, Ruminococcus,
Parabacteroides, and Clostridium, which are pathogenic bacteria.
BOA increased Lactobacillus and Bifidobacterium, the latter of
which has been shown to decrease NF-κB activation (Beg, 2004),
leading to decreased endotoxin and plasma IL-6 (O’Hara et al.,
2006). Lactobacillus facilitates the maintenance of the intestinal
membrane integrity during Shigella dysenteriae 1 infection in
rats (Moorthy et al., 2009). VOA increased Roseburia and
Coprococcus compared with the MOD rats, and study suggest
that Roseburia, Coprococcus, and Ruminococcus were significantly
reduced, whereas pathogens Escherichia and Enterococcus were
prevalent in patients with IBD (Chen L.P. et al., 2014). This study
support our findings.

Furthermore, we identified 52 key variables that were
significantly altered after VOA and BA treatments, and clustering
analysis suggested that the VOA and BA treatments partially

recovered gut microbiota equilibria. In addition, BA or VOA
dose effects were clustered together, while BA or VOA were
in a wide range; this might be due to the fact that VOA is
a mixture and BA is a monomeric compound. To the best of
our knowledge, this is the first study that evaluates the effects
of VOA on the intestinal epithelial barrier, inflammation, and
the intestinal microbial imbalance induced by 5-FU. We hope
these data will inform future novel probiotic-based treatments
for intestinal toxicity associated with anticancer therapy. It is the
theoretically possible that VOA or BA could interfere with the
anticancer effect of 5-FU, and thus reduce the side effects of 5-FU.
However, other study indicated that 5-FU retained its anti-cancer
efficacy when used in combination with other medicinal products
in different cancer models. The combined effects of sinomenine
and 5-FU on esophageal carcinoma were superior to those of
the individual compounds, and the drug combination did not
increase the side effects of chemotherapy (Wang et al., 2013).
Definitely, the benefit-risk profile of the combined treatment of
5-FU with VOA/BA is also worth studying. We would like to find
these answers in our future research.
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