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Abstract: In this study, a diarrhea model was established by exposing rats to appropriate antibi-
otics and Salmonella. After an in vitro screening of prebiotics, fructo-oligosaccharide and galacto-
oligosaccharide (GOS) were selected; their synbiotic potential and ability to ameliorate diarrhea
symptoms and intestinal inflammation with Bacillus coagulans BACO-17 were evaluated in vivo. After
a 27-day feeding experiment including antibiotic intervention and Salmonella infection, it was found
that using B. coagulans BACO-17 alone and in combination with GOS as a synbiotic could render
a better recovery by lowering diarrhea indexes by 26.9% and 18.7%, respectively. Compared with
the negative control, the administration of this synbiotic mixture resulted in the most significant
increase in fecal concentrations of total short-chain fatty acids (about 2-fold higher), with a promising
improvement in disrupted gut microbial balance. It was worth noting that the administration of
B. coagulans BACO-17 alone or in combination with GOS effectively reduced intestinal inflamma-
tion (27-31%) and mucosal necrosis (82%) over the negative control. These results suggested that
B. coagulans BACO-17 and GOS could be exploited as a promising synbiotic mixture to relieve
intestinal inflammatory diseases and improve gut health.

Keywords: Bacillus coagulans BACO-17; galacto-oligosaccharide; diarrhea; antibiotic; intestinal
inflammation

1. Introduction

Antibiotic-associated diarrhea (AAD) is a common complication developed from
systemic antibiotic treatment. Antibiotic therapy is a vital tool to kill pathogenic bacteria
but can also potentially lead to the disturbance of indigenous microbiota in the intestine.
Specifically, disruption of the normal balance of intestinal flora results in alterations in
carbohydrates and bile acids metabolism, reduction in short-chain fatty acids production,
and the emergence of enteric pathogens such as Salmonella [1].

Bacillus coagulans is an endospore-forming bacteria widely used as a probiotic agent.
It can develop spores and possesses good stability against harsh processing conditions
such as low pH and high temperature [2,3]. Following spore germination intragastri-
cally, B. coagulans vegetative cells can proliferate in the intestine, elevate short-chain fatty
acid concentrations, and subsequently improve the intestinal milieu [4]. Previous re-
search has substantiated different therapeutic activities of B coagulans, including attenuated
gut dysbiosis, decreased occurrence of abdominal pain and bloating, and alleviation of
diarrhea-predominant irritable bowel syndrome through supplementation of B. coagulans
spores [5-7].
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Co-supplementation with a prebiotic could enhance the potential probiotic effects of
B. coagulans by elevating its colonization and survival rates [8]. As previously reported
by van der Beek et al. [9], orally administrated prebiotics could be fermented in the large
intestine to produce short-chain fatty acids (SCFAs) and exert beneficial effects on intestinal
health. Another study also indicated that consumption of B. coagulans and prebiotics
effectively elevates organic acid production and populations of beneficial bacteria in the
large intestine [10].

In light of the AAD resulting from disruption of the commensal gut microbiota, it was
believed that supplementing the diet with B. coagulans and prebiotics could be a reasonable
approach to ameliorating AAD by modulating and restoring gut microbiota [11]. This
present study aimed to compare the prebiotic potential of four different carbohydrate com-
ponents, including xylo-oligosaccharide, fructo-oligosaccharide, galacto-oligosaccharide,
and citrus pectin. The synbiotic effects of B. coagulans BACO-17 and selected prebiotics
in a rat diarrhea model were established by challenging the animals with ampicillin and
clindamycin together with Salmonella enterica evaluated. More specifically, changes in
different fecal parameters (e.g., diarrhea index (DI), moisture, and SCFAs) and histological
assessment of colonic tissue after the consumption of B. coagulans BACO-17 and selected
prebiotics are discussed.

2. Materials and Methods
2.1. In Vitro Screening of Prebiotics

A pure strain of B. coagulans BACO-17 in spore form was provided by Syngen Biotech
Co., Ltd. (Taipei City, Taiwan) and stored at 4 °C until used. In order to select appropriate
prebiotics for B. coagulans BACO-17 to create a synbiotic preparation, in vitro growth of
B. coagulans BACO-17 in the presence of four different carbohydrate components was
analyzed and compared to the probiotic bacteria growth in the presence of glucose as a
control group.

B. coagulans BACO-17 cell suspension (about 4.9 Log CFU/mL) was added as 10% (v/v)
inoculum into the test tubes containing 9 mL of medium, in which glucose was substituted
with each prebiotic (0.5%, w/v) in equal amounts separately. The prebiotics used in the
limiting carbon source replacement included citrus pectin, fructo-oligosaccharide (FOS),
galacto-oligosaccharide (GOS), and xylo-oligosaccharide (XOS). These prebiotics were
obtained from Syngen Biotech Co., Ltd. (Taipei City, Taiwan). GYEA culture medium was
used as the substrate. B. coagulans BACO-17 was cultivated at 55 °C for 24 h, and its growth
profile in different carbon sources and standard glucose-containing media was observed.
The results were used as a reference for subsequent in vivo experiments.

2.2. Diets and In Vivo Experimental Design

The animal study protocol was approved by the Animal Care and Use Committee of
National Chung Hsing University, and the laboratory animals were handled in accordance
with the institutional ethical guideline.

In this experiment, a total of fifty-four 7-week-old Sprague Dawley (SD) rats weighing
239.3 + 2.9 g were purchased from BioLASCO Company, Taiwan (IACUC approval number:
109-105). These animals were individually housed in stainless steel cages and placed in a
room maintained at 22 = 1 °C with a 12-h light/dark cycle. After one week of acclimation,
SD rats were randomly divided into seven groups, including two control groups and five
sample groups. During the whole experimental period, the five sample groups included
one probiotic group, administrated with B. coagulans BACO-17 (BC group, 9 log CFU/day),
two prebiotic groups, administrated with FOS (FOS group, 1.03 g FOS/kg bw/day) and
GOS (GOS group, 0.83 g GOS/kg bw/day), and two synbiotic groups, administrated with
B. coagulans BACO-17 combined with FOS (FB group) and GOS (GB group). The FB group
was fed with a mixture of B. coagulans BACO-17 (9 log CFU) and FOS (1.03 g/kg bw) each
day. The GB group was fed with a mixture of B. coagulans BACO-17 (9 log CFU) and GOS
(1.03 g/kg bw) each day. The negative control group was fed a basal chow diet and treated
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with the same diarrheal disease model as the sample groups. The normal control group
was only provided with a basal chow diet (LabDiet 5001).

During the experiment, all rats had free access to LabDiet 5001 and drinking water.
Samples were given via oral gavage. Body weight, food consumption, and water intake
were recorded every day. The daily health status of the rats was also monitored. The
diarrhea model was performed based on the methods described by van Ampting et al. [12]
with slight modifications in antibiotic dosage and days of Salmonella infection. As indicated
in Figure 1, from day 15 to day 17 of the experiment, rats in the negative control and sample
groups were given 100 mg of ampicillin (Sigma-Aldrich, St. Louis, MO, USA; CAS69-52-4)
and 15 mg of clindamycin (Goldbio, St. Louis, MO, USA; CAS21462-39-5) which were
mixed with basal diet. The morphology of rat feces was recorded, and the fecal DI was
determined. From day 18 to day 22 of the experiment, 1 x 10° CFU of S. enterica subsp.
enterica (strain number: BCRC10747) culture was given to the negative control and sample
groups every day. The fecal morphology and diarrhea index were recorded.

No intervention
Feeding LabDiet 5001 only

Before intervention Antibiotics intervention Salmonella infection ~ Recovery period

Feeding LabDiet 5001 only

@ Before intervention Antibiotics intervention Salmonella infection ~Recovery period

D‘ay 0

BC group: feeding LabDiet 5001 plus Bacillus coagulans

FOS group: feeding LabDiet 5001 plus FOS

GOS group: feeding LabDiet 5001 plus GOS

FB group: feeding LabDiet 5001 plus Bacillus coagulans and FOS
GB group: feeding LabDiet 5001 plus Bacillus coagulans GOS

Day 14 Day 15 Day 17 Day 18 Day 22 Day 23 Da}ll 27

Figure 1. Schematic diagram of the experimental design in vivo.

2.3. Analysis of Fecal Bacteria

After the second day of the experiment, freshly voided feces were collected in an
aseptic tube and analyzed by conventional microbiological methods within 2 h. A series of
ten-fold dilutions of the homogenized samples were prepared using sterile and anaerobic
dilution solution. B. coagulans, Bifidobacterium spp., E. coli, and Salmonella were enumerated
by spread plating onto different selective mediums, which were glucose yeast extract
agar (GYEA), Bifidobacteria iodoacetate medium 25 (BIM-25), Levine eosin methylene blue
(LEMB) agar (Merck KGaA, Darmstadt, Germany), and mannitol lysine crystal violet
brilliant green (MLCB) agar (Cyrusbioscience, New Taipei City, Taiwan), respectively.
B. coagulans was aerobically cultivated at 55 °C for 48 h [4]. E. coli were aerobically cultivated
at 37 °C for 72 h and 48 h, respectively. Salmonella was aerobically cultivated at 40 °C for
24 h, and Bifidobacterium spp. was anaerobically cultivated at 37 °C for 48 h.

The colonies of B. coagulans and Salmonella isolated in the fecal samples were confirmed
genetically by a molecular probing technique using 16S ribosomal RNA gene primers
(Supplementary Table S3 and Figures S1 and S2).
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2.4. Determination of Fecal Moisture

Fresh rat feces were collected and accurately weighed. The samples were dried in a
hot air oven at 80 °C for 6 h and subsequently dried at 105 °C until a constant weight was
reached. The fecal moisture content was calculated by the equation:

Fecal moisture content (g/100 g feces) = (initial weight — final weight)/initial weight

2.5. Diarrhea Index Assessment

Diarrhea assessments were performed according to the methods described by
Sakai et al. [13] with slight modifications. The severity of diarrhea was scored using
the following scale, 1: normal (normal and dark brown stool), 2: slight (slightly wet and
yellow black stool), 3: moderate (wet and unformed, brown stool), and 4: severe (watery
stool, cannot be picked up with tweezers). The incidence of each diarrhea score (1 to 4) and
the average diarrhea score were used to evaluate the severity of diarrhea (Figure 2).

Diarrhea index =1 Diarrhea index =2

Diarrhea index =3 Diarrhea index =4

Figure 2. Morphology of stool in different diarrhea index.

2.6. Determination of SCFAs

Fecal SCFAs were determined according to the method described by Saw et al. [4]
with slight modifications. Fresh fecal samples were homogenized with deionized water at a
ratio of 1:10 (w/v), followed by centrifugation at 1006 x g for 10 min. Two milliliters
of supernatant were combined with 10 pL of isocaporic acid (internal standard) and
20 pL of 50% (w/v) sulfuric acid. Diethyl ether was used to extract the SCFAs. The
SCFAs in the ether layer (1 L) were analyzed using Agilent ] and WHP-INNOWax GC
Column (30 m, 0.25 mm, 0.25 pm). As a carrier gas, helium gas was used with a constant
flow rate of 7 mL/min. An Agilent Technologies 7890A system equipped with a flame
ionization detector (FID) was used for chromatographic analysis. During the analysis, the
initial oven temperature at 80 °C was maintained for 1 min before being raised to 140 °C
at a rate of 20 °C/min and held for another 1 min. The temperature was again increased
to 220 °C at a rate of 20 °C/min, and lastly, held at 220 °C for 2 min. The temperatures of
the detector and the injector were 250 °C and 140 °C, respectively. SCFAs were quantified
by comparing the spectrum obtained from the fecal samples of each group with those of
standard compounds.
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2.7. Histological Assessment of Colonic Inflammation

Rats were sacrificed at the end of the experiment. The procedure described by
Aleisa et al. [14] was used to determine the inflammation of colonic tissue. Colon tis-
sue was removed, cut longitudinally, and washed with saline. Fixed colonic tissue (2 cm)
in 10% buffered formalin was used for histological evaluation. Embedded specimens
were cut into sections of 5 um thickness in paraffin wax blocks. Colon segments were
stained with Hematoxylin and then counterstained with Eosin. Tissue inflammatory in-
filtration, severity of edema, cellular necrosis, and production of regenerative cells were
observed microscopically. Degree of lesions was graded from 1 to 5 depending on severity:
1 = minimal (<1%); 2 = slight (1-25%); 3 = moderate (26-50%); 4 = moderate/severe
(51-75%); 5 = severe /high (76-100%).

2.8. Statistical Analysis

Statistical analysis was carried out using the SPSS statistics program (Version 20.0;
SPSS, Armonk, NY, USA). All parameters were analyzed by one-way analysis of variance
(ANOVA) followed by Duncan’s multiple range test, with the significance level set at
p < 0.05. The data were expressed as mean =+ standard deviation (SD).

3. Results and Discussion
3.1. In Vitro Prebiotic Activity

Table 1 shows the prebiotic impact of different carbohydrate components on the
growth of B. coagulans BACO-17. The results were compared to the rate of probiotic bacteria
growth in the presence of glucose. In this study, among the four carbohydrate samples, the
pectin group yielded significantly higher (p < 0.05) B. coagulans count than other groups
after the sixth hour of cultivation. This indicated that B. coagulans BACO-17 grew faster
using pectin as its carbon energy source. A similar growth profile was observed across
all prebiotic samples; specifically, the highest bacterial count in the range of 6.83-7.20 Log
CFU/mL was observed at the sixteenth hour of incubation. The data suggested that GOS
created the best growth condition, followed by FOS.

Table 1. Effects of various carbon sources at the level of 0.5% (w/v) on the growth of B. coagulans
(Log cfu/g) in vitro.

Time (h)
Groups
0 6 9 12 16 24

Glucose ! 3.86 +£0.152 469 +0.10b 5.84 +0.202 6.96 +0.282 723 +0.242 714 +0.142
XO0S 2 3.86 +0.152 453 +0.15b 5.36 + 043P 6.65 + 0.672 7.05 + 0.26 2P 6.96 + 0.11 2P
FOS 2 3.86+0.152 409 +0.174 487 +0.73P 7.03 +0.282 718 +0.122 6.77 £0.32b
GOS 2 3.86 +0.152 429 +0.30°¢ 525+ 0.80b 6.10 +0.972 7204+ 0.392 7.10 +£0.302
Pectin 2 3.86 +0.152 495 +0.142 592 +0.122 6.45+ 0912 6.83+0.16° 6.86 + 0.16 2P

1 Glucose was used as the sole carbohydrate source in the control group. 2 In order to select appropriate prebiotics
for B. coagulans BACO-17 to create a synbiotic preparation, different prebiotics, including xylo-oligosaccharide
(XOS), fructo-oligosaccharide (FOS), galacto-oligosaccharide (GOS), or citrus pectin were used to replace glucose
in equal amount. 9 Values (mean + SD, 1 = 6) with different superscripts in the same column are significantly
different, p < 0.05.

It was observed that B. coagulans BACO-17 was capable of utilizing all of the tested
prebiotics. Noticeably, although B. coagulans BACO-17 initially grew faster using pectin
as its energy source, its growth lagged behind other groups after 24 h of cultivation
(6.86 Log CFU/mL). This indicated that pectin was not utilized as efficiently as the other
prebiotics. The growth rates of B. coagulans BACO-17 in the FOS and GOS groups were
similar to that of the glucose control. Our results indicated that GOS might better support
the growth of B. coagulans BACO-17. These findings were consistent with the observations
made by Cano Roca [15], stating that culturing B. coagulans using GOS led to a more
significant change in absorbance value and better coagulation efficiency compared with
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that using FOS. Therefore, in this study, FOS and GOS were selected for further evaluation
of their prebiotic potential with B. coagulans BACO-17 in vivo.

3.2. Food Intake and Body Weight Gain

There were no apparent differences in food intake (24.1-25.8 g/day) and body weight gain
(2.3-2.7 g/day) among all animal groups before the intervention (Supplementary Table S1).
The daily consumption of the B. coagulans BACO-17 and prebiotic samples did not affect
healthy rats” appetite or body weight.

After the antibiotic intervention and Salmonella infection, it was found that food
intakes in the D (negative control) and samples groups were significantly (p < 0.05) reduced.
Previous findings from Tulstrup et al. [16,17] have demonstrated that antibiotic therapies
cause decreases in body weight and food intake due to antibiotic-perturbed low-diversity
microbiota and disturbed appetite. During the diarrhea period, the rate of weight gain in
negative control and sample groups was reduced by 16.3-38.7% versus the normal control,
with the GB group having the lowest decrease in weight gain (Supplementary Table S1). It has
been reported that galacto-oligosaccharide consumption could resist drug-induced body
weight loss in a dose-dependent manner [18]. Therefore, it was inferred that combining
B. coagulans BACO-17 and GOS as a synbiotic could help alleviate antibiotics- and salmonella-
induced decrease in body weight gain.

3.3. Assessment of Fecal Moisture and Diarrhea Index

Figure 3 illustrates that three days of antibiotic intervention for the animals in the
negative control and sample groups starts on day 15. After the antibiotic supplementation,
these animals were subsequently infected orally with S. enterica culture for 5 days (between
day 18 and day 22), followed by another 5 days of the recovery period.

i i Antibiotics and Recovery
Before intervention

Salmonella intervention | period
30 NG >|<- —————————— >‘<— -->
e B3
o
g I
= 70 A be
\E]D ]
=1 b
% 65 1 —e—Normal control
g —e—Negative control
= 60 A BC
8 : FOS
554 —=—GOS
——FB
50 -=—GB
0 5 10 15 20 25
Day

Figure 3. Change in fecal moisture among different animal groups. Blue zone (days 0 to 14) indicates
the period before intervention. Yellow zone (days 15 to 22) indicates the period of antibiotics
intervention and Salmonella infection. Green zone (days 23 to 25) indicates the recovery period. Mean
values on the curves bearing different letters (a—c) indicate significant differences (p < 0.05) among
different groups on day 25.

Before the antibiotic intervention (from day 0 to day 14), Figure 3 shows no apparent
difference in fecal moisture content among all seven dietary groups (57.6-62.2 g/100 g
feces). After the supplementation of antibiotics, fecal moisture content of the negative
control and five sample groups significantly (p < 0.05) increased by about 25% to the highest
values (up to 72.5-75.9 g/100 g feces) between day 17 and day 20, followed by a subsequent
reduction. During the recovery period (day 25), a significant (p < 0.05) reduction in the
fecal moisture content was observed only in the BC, GOS, and GB groups (9.0%, 7.3%, and
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6.1%, respectively) against their corresponding highest values, implying a better recovery
in the animal groups fed either B. coagulans BACO-17 or GOS, alone or in combination.
Regarding the diarrhea index, rats fed a normal diet had diarrhea indexes ranging
between 1.13-1.22. After the antibiotic intervention, rats in all dietary groups (except
normal control) discharged diarrheic feces, and the severity of diarrhea gradually increased
to their highest values (2.66-2.92) between day 17 and day 20 (Figure 4). It appeared that the
approach to introducing an antibiotic intervention successfully induced diarrhea symptoms
in this study. At the end of this experiment, all five sample groups had a significant
(p < 0.05) decline in diarrhea indexes, which ranged from 14.5 to 26.9%. Notably, the BC
group had the most drastic reduction among these dietary groups (26.9%), followed by
the GB group (18.7%). B. coagulans consumption could ameliorate diarrhea symptoms and
inhibit gastrointestinal motility in rats [19] and was reported to be able to improve the
intestinal environment, defecation frequency, and fecal characteristics in humans [20].

Before Antibiotics and Recovery
intervention Salmonella intervention period

3.00 ;¢ ’|‘

2.80 ~

2.60 A

2.40 A
w220 4
<
2 200
[+
,}::) 1.80 - —e—Normal control
§ 1.60 - —e—Negative control
A BC

1.40 A FOS

—-=—GOS
120 —_— e
1.00 T T T T T \ -=—GB
13 15 17 19 21 23 25

Day

Figure 4. Changes in diarrhea index among different animal groups. Blue zone (days 13 to 14)
indicates the period before intervention. Yellow zone (days 15 to 22) indicates the period of antibiotics
intervention and Salmonella infection. Green zone (days 23 to 25) indicates the recovery period.
Mean values on the curves bearing different letters (e-h) indicate significant differences (p < 0.05)
among different groups on day 22. Mean values on the curves bearing different letters (a—d) indicate
significant differences (p < 0.05) among different groups on day 25.

Interestingly, the BC group had a superior performance in reducing incidences and
severity of diarrhea compared with other dietary groups. In sum, using B. coagulans BACO-17
alone and in combination with prebiotics, particularly GOS, could effectively relieve diarrhea.

3.4. Changes in Fecal Microflora

In the first two weeks of this feeding experiment (Figure 1), there were no statistical
differences in fecal B. coagulans, Bifidobacteria, and E. coli counts among the seven animal
groups (Figure 5A-D). These fecal bacterial counts remained stable before the intervention
with antibiotics.

Figure 5A reveals that no Salmonella was detected in the feces among all different
dietary groups in the first two weeks. It indicated that the Salmonella count was below
the detectable range, although the existence of Salmonella was generally expected in the
small intestine. The observation was consistent with a previous study claiming that
fecal Salmonella was undetectable without infection [21]. After the Salmonella infection,
fecal Salmonella counts increased from non-detectable to 3.80-4.03 Log CFU/g on day 19.
However, during the rest of the experiment (from days 19 to 25), no further variation in the
fecal Salmonella counts (3.47-4.28 Log CFU/g) was observed.
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9.00 4 (C) Bifidobacterium ¢ 9004 (D)E coli
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6.00 -

5.00

Log cfu/g

4.00
3.00
2.00 4

1.00 o

0.00

0 5 10 15 20 25

Day Day

Figure 5. Change in different fecal bacteria counts (Log cfu/g) among different animal groups.
(A) fecal Salmonella; (B) fecal B. coagulans; (C) fecal Bifidobacterium spp.; (D) fecal Escherichia coli. Blue
zone (days 0 to 14) indicates the period before intervention. Yellow zone (days 15 to 22) indicates
the period of antibiotics intervention and Salmonella infection. Green zone (days 23 to 25) indicates
the recovery period. Mean values on the curves bearing different letters (e-g) indicate significant
differences (p < 0.05) among different groups on day 22. Mean values on the curves bearing different
letters (a—d) indicate significant differences (p < 0.05) among different groups on day 25.

After the antibiotic intervention at day 15, a significant (p < 0.05) reduction (ranging
from 21.5% to 27.8%) in the fecal B. coagulans count was observed in the subsequent
4 days among the BC, FB, and GB groups (Figure 5B), followed by a rebound of bacterial
growth on day 19. Although GOS could support a better growth for B. coagulans BACO-17
in the in vitro experiment, no apparent difference in the fecal B. coagulans count was noted
in the in vivo experiment. It was believed that the discrepancy between the in vitro and
in vivo experimental results was likely because the in vitro experimental condition was
not complex enough to mimic the intestinal microflora in feces and thoroughly examine
specific substrates’ prebiotic potential [22].

A similar pattern was also observed in the growth of fecal Bifidobacteria in the negative
control and sample groups (Figure 5C). The dramatic drop in fecal Bifidobacteria counts
indicated that antibiotics might affect the growth of fecal bacteria. On day 20 of the
experiment, the fecal Bifidobacteria counts ascended to a higher level (8.54-9.98 Log CFU/¢g).
It was inferred that continuous B. coagulans supplement provided necessary organic acids
and other metabolites for the growth of lactic acid bacteria [23] and hence aided in restoring
and increasing the total Bifidobacteria counts in feces.

From days 15 to 17 of the experiment, it was interesting to note that the intervention
with antibiotics resulted in a significant (p < 0.05) reduction in the fecal E. coli counts in both
the negative control group and the other five sample groups (Figure 5D). The phenomenon
was probably attributed to the fact that antibiotics suppressed the number of E. coli in feces
below the detectable range [24]. After the Salmonella infection on day 18, the apparently
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(p < 0.05) higher fecal E. coli counts versus with their pre-infection state was in agreement
with the observations previously reported by Polishchuk et al. [25].

During the recovery period (day 25), Figure 5C,D indicate that the GB group had
the highest Bifidobacteria count in feces and the most prominent downward trend in the
E. coli counts in feces. It was postulated that the combination of B. coagulans BACO-17 with
appropriate prebiotics, particularly GOS, could be explored as a potential synbiotic mixture
for improving dysbiosis in feces.

3.5. Changes in Fecal SCFAs

Table 2 presents the concentrations of total SCFAs in rat feces collected on day 14
(before antibiotic intervention), day 19 (after antibiotic intervention and Salmonella infec-
tion), and day 25 (end of the experiment). The administration of B. coagulans BACO-17 and
the two prebiotics (i.e., FOS and GOS) for 14 days effectively promoted the production of
total SCFAs in feces (37.9-64.9%) relative to the normal control. It is worth noting that the
supplementation of synbiotic mixtures in GB and FB groups would further result in an
approximately two-fold increase (p < 0.05) in the fecal levels of total SCFAs compared with
the normal control.

Table 2. The total concentrations of fecal short-chain fatty acids (umol/g) at different times.

Groups

Day 14

(Before Antibiotic Intervention)

Day 19

(After Salmonella Infection)

Day 25

(Recovery Period)

Normal control

115.0 & 20.2 @A

137.8 +23.44A

102.3 & 23.72A

Negative control 124.1 +29.32C 524 422134 94.8 +£17.68
BC 189.6 + 27.3<C 92.2 4 6.2 beA 145.4 + 18.1bB
FOS 170.0 & 17.9 b<C 94.9 + 18.4 A 123.3 + 10.9 abB
GOS 158.6 + 13.9bB 70.0 & 25.2 abA 147.5 + 38.8 bB
FB 2231 + 11.5¢dC 67.0 + 24.53A 145.6 + 26.8 bB
GB 232.4 4 28.09C 121.5 +£9.044 182.1 4 20.0 B

a-d Different lower-case superscripts in the same column indicate significant differences among different groups,
p < 0.05. 2= Different capital superscripts in the same row indicate significant differences within the same group,
p <0.05.

After the antibiotic intervention and Salmonella infection, the total concentrations of
fecal SCFAs in all animal groups (except normal control) were significantly decreased
(p < 0.05). Noticeably, the negative control group had the least total SCFAs (52.4 umol/g).
Mekonnen et al. [26] reported that antibiotic administration could induce an imbalance
of gut microbiota and impact carbohydrate metabolism, resulting in lower levels of acetic
acid, propionic acid, butyric acid, and total SCFAs in feces. Our findings, as presented in
Supplementary Table S2, also demonstrated a dramatic decline in the fecal levels of acetic
acid and butyric acid.

During the recovery period (day 25), a general increase in the fecal SCFA concentra-
tions was noted in Table 2. Among the five sample groups, the GB group showed the
most remarkable improvement in the elevation of fecal total SCFA levels (182.1 umol/g),
which was almost 2-fold higher than the negative control. More specifically, the BC
and GB groups showed a more promising increase in fecal butyric acid concentrations
(Supplementary Table 52). Some previous studies have demonstrated that B. coagulans com-
bined with prebiotics remarkably increased intestinal Lactobacillus and Bifidobacterium levels
and boosted the production of lactic acid and SCFAs from prebiotics [27,28]. These findings
might support the idea of developing a synbiotic by combining B. coagulans BACO-17 and
GOS through their enhanced synthesis of fecal SCFAs.

3.6. Histopathological Studies

The H&E staining of colon tissue in each group is shown in Figure 6. The arrowheads
indicate submucosae infiltrated with inflammatory cells. The results show that the normal
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control group had no apparent inflammatory cell infiltration in the lamina propria. In con-
trast, the negative control had significantly greater severity of inflammatory cell infiltration
(at least a 2-fold increase) and extent of edema than the normal control (Table 3). It is worth
noting that the administration of B. coagulans BACO-17 alone (BC group) or in combination
with GOS (GB, synbiotic group) was more effective in reducing intestinal inflammation
(27-31%) and mucosal necrosis (82%) over the negative control. The antibiotics treatment
was supposed to cause disturbance of intestinal microbiota and facilitate colonization and
infectivity of intestinal pathogens [29].

Negative control

FOS group GOS group

Figure 6. Cont.
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FB group

Figure 6. Representative H&E stained colon tissues among different animal groups. The black
arrowheads indicate that submucosae were infiltrated with inflammatory cells.

Table 3. Histopathological scoring of inflammation grading based on H&E staining in different
animal groups.

Groups Inflammation Edema Necrosis Regeneration
Normal control 2.00 + 0.002 0.00 +0.002 0.00 +0.002 0.00 + 0.00 2
Negative control ~ 4.33 £ 0.82°¢ 1.67 +1.21° 1.83+0.984 2.00 + 1.67 b¢
BC 317 +£0.75b 1.00 + 0.89 @b 0.33 £ 0.522b 0.33 +£0.522p
FOS 433 +1.03¢ 1.33 +£1.03P 1.33 +1.03 <4 267 £2.07°¢
GOS 4.00 4 0.89 be 1.33 +£1.03P 1.00 + 0.89 bed 2334+1.86¢
FB 3.67 £ 0.52 b¢ 0.67 £+ 0.522b 0.67 + 0.52 abe 1.33 + 1.37 2be
GB 3.00+1.10b 0.67 + 0.82ab 0.33 +0.822 0.33 +0.822b

a-d Values (mean =+ SD, 1 = 6) with different superscripts in the same column are significantly different, p < 0.05.

This indicated that antibiotic administration and Salmonella infection have successfully
caused colon injury and cell damage in rats. As presented in Figure 5A,D, it is believed that
the inflammatory symptoms caused by Salmonella infection not only promoted the growth
of Salmonella in feces but also facilitated the proliferation of fecal commensal bacteria (such
as E. coli) [30]. Compared with the negative control group, GB and BC groups presented less
inflammation infiltration in mucosal lamina propria and submucosa and less cell necrosis
in colonic tissues (Figure 6). It was postulated that the apparent improvement observed
in BC and GB groups might be partly attributed to the remarkable elevation in the fecal
butyric acid concentrations. Alonso and Guarner [31] suggested that butyrate might serve
as a primary energy source for colon cells, achieve anti-inflammatory effects by inhibiting
the NF-«B pathway and reducing the expression of pro-inflammatory genes, enhance the
integrity of the intestinal mucosal barrier, and regulate apoptosis.

The short-chain fatty acids produced during digestion might help maintain the intesti-
nal mucosal barrier and exert immune regulation. Specifically, high acetic acid and butyric
acid concentrations could exert potent anti-inflammatory effects [32]. It was speculated
that the relatively higher fecal concentrations of butyric acid in BC and GB groups might
contribute to reducing the extent and severity of colon inflammation in these groups. These
results suggested that B. coagulans BACO-17 alone or in combination with GOS could
effectively relieve intestinal inflammation.

4. Conclusions

Intestinal dysbiosis triggered by the antibiotic treatment could result in diarrhea. In
the BC and GB groups, it was found that the beneficial bacteria counts and fecal SCFA
concentrations were increased; meanwhile, the diarrhea symptoms were ameliorated. How-
ever, none of the sample groups effectively inhibited Salmonella colonization in the intestine.



Processes 2022, 10, 2123 12 of 13

It was speculated that the antibiotics intervention had disturbed gut microbiota balance and
caused inflammation and that Salmonella had competitive advantages over the commensal
microbiota under such a condition. Based on the results of this study, the preventive effects
of B. coagulans BACO-17 alone or combined with GOS as a synbiotic mixture on intestinal
inflammatory diseases could be a promising adjuvant therapy; however, clinical trials are
needed to further validate the therapeutic effects. Further studies are also needed for a
more complete understanding of the changes in microbial biofilm associated with intestinal
tissue and complex interactions between the host and gut microbiota.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/pr10102123/s1, Figure S1: Agarose gel electrophoresis of the
amplified target of 165 rRNA gene. (A) Bacillus coagulans BACO-17, (B) Salmonella enterica subsp.
enterica BCRC 10747; Figure S2: Partial sequence of 16S rRNA gene and top listed BLAST results.
(A) Bacillus coagulans BACO-17, (B) Salmonella enterica subsp. enterica BCRC 10747; Table S1: Compar-
isons of the average food intake, water intake, and body weight gains before and after intervention
among different animal groups; Table S2. (A—C) The concentrations of acetic acid (umol/g) in fecal
samples collected at different time points; Table S3: Primers used for 16S rRNA gene analysis [33,34].
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