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Abstract

The potential of probiotics for treating ulcerative colitis (UC) has attracted increasing attention. However, more studies are still needed
to guide physicians on the proper selection and use of probiotics. Here, we propose that combination of multiple probiotics with
different functions can reduce intestinal inflammation. In this study, the effects of probiotics (Lactobacillus reuteri, Bacillus coagulans,
Bifidobacterium longum, and Clostridium butyricum) on the physiology and histopathology of colon were evaluated in a dextran
sulfate sodium (DSS)-induced colitis mouse model. The combined species, as well as the species individually, were tested and
compared with sulfasalazine (SASP) and two Chinese herbal therapies. Results show that the functions of the four probiotic strains
were different in regulating intestinal immunity and barrier function. The four-species probiotic cocktail was more effective than the
species individually and anti-inflammatory drugs in repairing the dysbiosis of mucosal microbial ecology and reducing intestinal
inflammation. The multi-strain probiotic mixture increased the proportion of beneficial bacteria and decreased the proportion of pro-
inflammatory bacteria in the colonic mucosa. In addition, probiotic mixture significantly enhanced the expression of IL-10 and
intestinal barrier function. These results suggest that a combination of multiple probiotics with different functions has synergistic
effects and can restore the balance of interactions between microorganisms and immunological niches.

Keywords Multi-strain probiotics - Synergistic effects - Mucosal microbial ecology - IL-10 - Intestinal barrier - Immunological
niches

Introduction variety of extra-intestinal inflammatory manifestations and

complications, which require high-cost treatments and result

Ulcerative colitis (UC) is a chronic inflammatory disease that
affects the colon. UC can induce colorectal cancer and a
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in great damage to human health and the economy (Neurath
2014; Ungaro et al. 2017). Unhealthy lifestyle and environ-
mental pollution are important risk factors for UC. The inci-
dence of UC is increasing worldwide and has become a global
public health threat.

The current therapeutic aim for UC is to induce and main-
tain remission, thereby preventing colectomy and colorectal
cancer (Ungaro et al. 2017). The first-line drugs in UC treat-
ment are aminosalicylates, corticosteroids, biological drugs,
and immunosuppressants. However, these drugs are not effec-
tive in a large number of UC patients, and some may even
cause serious adverse effects (Deltenre et al. 1999; Ek and
Rosenborg 2017; Ransford and Langman 2002). Therefore,
the development of new therapeutic strategies is urgent. The
potential of probiotics for UC treatment has attracted increas-
ing attention. Studies have shown that administration of
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certain probiotic strains can reduce intestinal inflammation
and injury, improve the intestinal microbial ecology, and pre-
vent the development of colitis-associated adenocarcinoma
(Fitzpatrick et al. 2012; Jang et al. 2018; Je et al. 2018;
Talero et al. 2015). Clinical studies have shown that probiotics
can alleviate the symptoms of UC (Tursi et al. 2010) and
maintain clinical remission (Yoshimatsu et al. 2015). Even
so, more research is still need to guide physicians on the prop-
er selection and use of probiotics.

In traditional Chinese medicine, Massa Medicata
Fermentata (MMF) and Euphorbia humifusa Willd. are used
to treat gastrointestinal diseases. MMF, a fermented traditional
Chinese medicine, can relieve ethanol-induced acute gastric
injury in rats (Shin et al. 2013) and neomycin-induced colon
injury and disorders in gut microbiota (Bose et al. 2013).
However, it is not clear whether MMF has therapeutic effects
for UC. E. humifusa has anti-inflammatory, astringent, and
hemostatic effects and is used to treat diarrhea and
hematochezia (Li et al. 2015; Luyen et al. 2014; Shang et al.
2018). However, the effects of E. humifusa on intestinal mi-
crobiota have not been reported.

UC is characterized by dysregulation of the intestinal barrier
function and immune system. The weakened intestinal barrier
and immune system are important risk factors for the initiation
and progression of UC (McGuckin et al. 2009; Ramos and
Papadakis 2019). It has been shown that anti-inflammatory cy-
tokines (such as IL-10 and TGFf3) play an important role in the
control of UC (Neurath 2014). In addition, studies have con-
firmed that dysbiosis of the intestinal microbiota is involved in
the pathogenesis of UC (Sartor and Wu 2017; Zhang et al.
2017). Compared with healthy individuals, in UC patients and
experimental colitis animals, microbial diversity and beneficial
bacteria (such as Lactobacillus, Clostridium clusters IV, and
XIVa and Bifidobacterium) are decreased, while pro-
inflammatory bacteria (such as Escherichia colli,
Fusobacterium, and Ruminococcus gnavus) are increased
(Nishida et al. 2018; Ramos and Papadakis 2019; Zhang et al.
2017). Previous research have reported that intervention with
intestinal commensal microorganisms, probiotics, or diets could
restore the balance of the interplay between gut microbiome
and immunological niches, thereby alleviating intestinal inflam-
mation and damage (Burrello et al. 2018; Ganji-Arjenaki and
Rafieian-Kopaei 2018; Pagliari et al. 2017; Zou et al. 2018).
Therefore, repairing the disturbed intestinal microecology and
regulating the intestinal immune system and barrier function
may contribute to the treatment of UC.

Here, we assessed the effects of four probiotic strains
(Lactobacillus reuteri RAMO101, Bacillus coagulans
RAMI1202, Bifidobacterium longum CICC6197, and
Clostridium butyricum RAM0216) on the symptoms, histopa-
thology, immune response, and barrier function of colon in a
dextran sulfate sodium (DSS)-induced colitis mouse model.
The four-species probiotic cocktail, as well as the species
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individually, were tested and compared to anti-inflammatory
drugs. Sequencing of the 16S rRNA gene V3-V4 region and
full-length 16S rRNA were performed to analyze the microbi-
al composition of the colonic mucosa. Compared with clinical
anti-inflammatory drugs, the multi-strain probiotic mixture
was more effective in restoring intestinal microbial ecology
and alleviating intestinal inflammation and injury. The effect
of the multi-strain probiotics depends on the synergy of dif-
ferent functions of the four probiotic strains.

Materials and methods
Preparation of medications and probiotics

The MMF and extracts of E. humifiisa used in this study were
processed as follows. Stir-fried MMF was pulverized and
sifted through a 100-mesh sieve. Dry E. humifiisa was pulver-
ized, and then, water (HW), 70% ethanol (H70E), and abso-
lute ethanol extracts (HE) were prepared as follows:
E. humifusa powder was soaked in 10 volumes of water,
70% ethanol, or absolute ethanol, respectively, for 30 min
and then boiled with a reflux condenser for 3 h. The superna-
tant was separated by centrifugation, and the sediment was
extracted once again. Then, the supernatant was concentrated
by rotary evaporation and lyophilization successively. The
MMF powder and E. humifusa extracts (HW, H70E, and
HE) were stored at — 30 °C before use.

The bacterial strains L. reuteri RAM0101 (CGMCC No.
17853), B. coagulans RAM1202 (CGMCC No. 17852), and
C. butyricum RAMO0216 (CGMCC No. 17854) were isolated
from the colon of a weaned pig and have been deposited in the
China General Microbiological Culture Collection Center
(CGMCQ). B. longum CICC6197 was purchased from the
China Center of Industrial Culture Collection (CICC). The
culture conditions of the probiotics are described in
Supplementary Material. The antibiotic sensitivity, hemolytic
characteristic, and toxin production of these probiotic strains
were examined to determine their safety (data not shown).

DSS-induced ulcerative colitis model and treatment

Specific pathogen free (SPF) C57BL/6N mice (male, 6 weeks
old, 18-22 g) were purchased from Beijing Vital River
Laboratory Animal Technology Co., Ltd. (http://www.
vitalriver.com/). Mice were fed a basal diet (Keao Xieli Feed
Co., Ltd., Beijing, China) and housed in a controlled
environment with feed and water ad libitum. After a 1-week
adaptation, mice were given 2.5% (w/v) DSS (molecular
weight = 36,000-50,000 Da, MP Bio, Canada) in the drinking
water (n = 10 per group) to induce colitis. The induction of
colitis and drug intervention was performed simultaneously.


http://www.vitalriver.com/
http://www.vitalriver.com/
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At the outset, the protective effects of sulfasalazine
(SASP), MMF, the E. humifusa extracts, and the probiotic
mixture on DSS-induced colitis were analyzed. Healthy mice
were treated with 400 uL of PBS (Con group) by gavage once
a day. Colitis mice were treated with equal volumes of PBS
(DSS group), SASP solution (SASP group, 150 mg/kg/day),
the MMF suspension (MMF group, 1000 mg/kg/day), HW
(HW group, 858 mg/kg/day), H70E (H70E group, 702
mg/kg/day), HE (HE group, 702 mg/kg/day), or a mixture of
the four probiotic strains (Promix group) by gavage once a
day. The four probiotics were suspended in PBS and mixed at
a ratio of 1:1:1:1 (a total of approximately 4 x 10° colony-
forming unit (CFU) per mouse). During an 8-day trial, body
weight, diarrhea, hematochezia, and mortality were recorded
daily, and disease activity index (DAI) scores were calculated
according to Supplemental Table S1.

In the follow-up experiment, the functional differences of
the four probiotic strains were analyzed. For the Con, DSS,
and Promix groups, the dosage regimen was the same as de-
scribed above. For L. reuteri RAMO0101 (Lr group),
B. coagulans RAM1202 (Bc group), B. longum CICC6197
(Bf group), and C. butyricum RAMO0216 (Cb group), the four
strains were used alone, and the dose was approximately 1 x
10° CFU per mouse. The preparation process of the probiotics
was as described above. During a 6-day trial, body weight,
diarrhea, and hematochezia were recorded daily, and DAI
scores were calculated according to Supplemental Table S1.

The animal experiment was approved by the Institutional
Animal Care and Use Committee of Jilin University
(IACUC). All applicable international, national, and/or insti-
tutional guidelines for the care and use of animals were
followed.

Histological analysis

Colonic tissues were processed according to a previous study
(Wang et al. 2018) for histopathology analysis. Scoring of the
Nancy index (Marchal-Bressenot et al. 2016), inflammatory
cell infiltration, and destruction of the mucosal structure
(Burrello et al. 2018) was performed according to the criteria
described in Supplemental Table S2.

Quantification of gene expression in colonic mucosa
by reverse transcription-quantitative PCR

Total RNA was extracted from colonic tissues using the
TaKaRa MiniBEST Universal RNA Extraction kit (TaKaRa,
Dalian, China), and then, cDNA was generated using the
PrimeScript™ reagent kit with gDNA Eraser (TaKaRa,
Dalian, China) according to the manufacturer’s instructions.
The mRNA levels of Tnf-«r, Cox-2, Ifn-, 1I-15, 1I-6, 1I-10,
TgfB, 1l-17a, 1I-22, Reg3~, lysozyme, Mmp-3, Mmp-9, Muc-
2, Zo-1, occludin, and claudin-1 genes were measured by

quantitative PCR (qPCR). Gapdh was used as the reference
gene. The primer sequences are described in Supplemental
Table S3. qPCR was performed using 2x RealStar Green
Fast Mixture with ROX II (GenStar, Beijing, China), and data
were acquired in an Applied Biosystems 7500 Real-Time
PCR Systems (Thermo Fisher Scientific, Foster City, CA).
The PCR and amplification conditions were the optimum con-
ditions recommended by the manufacturer’s instructions. The
fold change of the target genes was calculated by the 2 44
formula.

Western blot analysis

Western blot analysis was performed as described by Gao
et al. (2017). 3-Actin was used as the reference. Antibodies
specific for B-actin (ab8227, 1:1000), occludin (ab167161,
1:5000), and claudin-1 (ab129119, 1:1000) were purchased
from Abcam Ltd. (Shanghai, China).

Quantification of organic acids in intestinal contents

Concentrations of lactate, acetate, propionate, and butyrate in the
colonic contents were quantified by high-performance liquid
chromatography (HPLC). Sample pretreatment and derivatiza-
tion was performed as previously described (Wang et al. 2018).

DNA extraction, sequencing, and data processing

Details of the experiments and data processing about sequenc-
ing of 16S rRNA gene V3-V4 region and full-length 16S
rRNA gene are described in the Supplementary Material.

Statistical analysis

The data are expressed as the mean values = SEM.
Statistical analyses were performed in SPSS Statistics
17.0 (IBM, New York, USA) using the data generated
above. Multiple comparisons were conducted using one-
way analysis of variance (ANOVA). A value of p < 0.05
was considered statistically significant. Figures were plot-
ted with GraphPad Prism version 7.00 for Windows,
GraphPad Software, La Jolla California USA, www.
graphpad.com. Heatmaps of bacterial relative abundance
were made using R version 3.5.3 (https://www.r-project.
org/) with the heatmap package. Spearman correlation
analysis was performed in SPSS Statistics 17.0, and the
heatmaps of the correlation analysis were plotted using
MetaboAnalyst 4.0 (Chong et al. 2018) (https://www.
metaboanalyst.ca/faces/home.xhtml).
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Accession numbers

High-throughput sequencing data have been submitted to the
NCBI Sequence Read Archive (SRA) under accession num-
bers SRP200458, SRP200588, and SRP200476.

Results

Promix alleviated DSS-induced colitis more effectively
than anti-inflammatory drugs

In order to test the potential of traditional Chinese medicine
(MMF and E. humifusa) and probiotics for UC treatment, the
effects of the four-species probiotic cocktail, MMF, and ex-
tracts of E. humifusa on DSS-induced intestinal inflammation
and injury were analyzed and compared with clinical anti-
inflammatory drug SASP.

In this study, the combination of the four probiotic
strains (Promix group) effectively alleviated DSS-
induced colitis, as indicated by the decreased weight loss
(p = 0.004), DAI (p = 0.012), mortality, shortening of the
colon (p < 0.001), and atrophy of the cecum (Fig. 1). The
HW reduced diarrhea (p < 0.05), hematochezia (p < 0.05),
and mortality (Fig. 1b—e), but it did not protect against
weight loss and shortening of the colon (Fig. 1a and g).
SASP, MMF, H70E, and HE had little protective effects
on colitis and even exacerbated the weight loss compared
with the DSS treatment alone.

Scoring of the Nancy index, inflammatory cell infiltra-
tion (histopathological analysis), and structural damage
(goblet cell loss, ulceration, granulation tissue, and red
blood cell migration) was used to evaluate the

histopathology of the colon (Fig. 2a—d). DSS induced
acute and severe inflammatory cell infiltration and mucosal
structural damage in the colon. Promix and HW markedly
decreased the Nancy index (p < 0.05), inflammatory cell
infiltration (p < 0.001), and mucosal structural damage (p <
0.001). Although SASP treatment decreased inflammatory
cell infiltration (p = 0.059), it did not protect against the
damage of the intestinal epithelium. H70E and HE treat-
ment maintained the structural integrity of the intestinal
epithelium (p < 0.001) but did not reduce inflammatory
cell infiltration or the Nancy index. MMF had no protec-
tive effects on tissue damage and inflammation. The RT-
gPCR results showed that the expression of genes related
to pro-inflammatory cytokines, which were dramatically
upregulated in the DSS group, was significantly reduced
in the Promix group (Fig. 2e—g). Furthermore, as shown by
western blotting, the Promix restored the levels of occludin
and claudin-1, which were decreased by DSS treatment
(Fig. 2h—j). Together, these results suggest that the multi-
strain probiotic mixture effectively protects against intesti-
nal inflammation and injury caused by DSS.

The probiotic mixture alleviated colitis more
effectively than single probiotics

The above results confirmed that the combination of the
four probiotics effectively protected against DSS-induced
intestinal inflammation and damage. Next, we asked
whether the effects of single probiotics are equal to those
of the multi-strain mixture. Therefore, we compared the
effects of single probiotics and probiotic combination on
DSS-induced colitis. The physiological manifestations
(Fig. 3a—e) showed that the treatment with the individual
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Fig. 1 Effects of the probiotic mixture and anti-inflammatory drugs on
DSS-induced colitis. a The body weight, b diarrhea, ¢ hematochezia, d
DAI scores, and e survival rate of mice were recorded daily. f and g The
length of the colon was measured at sacrifice (day 8). Data represent mean
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and Cb significantly reduced the weight loss of mice at day
6 (p < 0.01, Fig. 3a). All four probiotic strains delayed the
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Fig. 3 Effects of single probiotics and the probiotics in combination on
DSS-induced colitis. a The body weight, b diarrhea, ¢ hematochezia, and
d DAI scores of mice were recorded daily. e The length of the colon was
measured at sacrifice (day 6). f H & E staining (scale bare is 100 pm). The
Nancy index, inflammatory cell infiltration, and destruction of the

occurrence of diarrhea and hematochezia in the early stage
of the trial and reduced the DAI scores from day 4 (p <
0.01, Fig. 3d), especially Bc and Cb (Fig. 3b). On the
sacrifice (day 6), Lr (p = 0.05) and Cb (p = 0.004) signif-
icantly relieved the shortening of the colon and atrophy of
the cecum. Compared with the incomplete effects of the
single probiotics, the Promix robustly alleviated the mani-
festations of colitis in the mice, as indicated by the reduced
weight loss (p < 0.01), diarrhea (p < 0.05), hematochezia (p
< 0.01), DAI scores (p < 0.001), and shortening of the
colon (p < 0.001). Furthermore, histopathological analysis
of the colon (Fig. 3f) showed that the probiotic mixture
protected against inflammatory cell infiltration (p =
0.014) and damage to the colonic mucosa (p = 0.003) and
reduced the Nancy index (p = 0.004) more effectively than
single probiotics. The above results show that the combi-
nation of the four probiotics is more effective than any one
of the single probiotics.
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mucosal structure were scored according to H & E staining. Data repre-
sent mean values + SEM (n = 10 per group). Statistical analysis was
performed using one-way ANOVA with LSD. a, b Different letters indi-
cate significant differences (p < 0.05)

The probiotic mixture improved the microbial ecology
of the colonic mucosa

Since the alteration of intestinal microorganisms directly af-
fects the progression of colitis (Zhang et al. 2017), we next
analyzed whether repair of the intestinal microbial ecology is
involved in the reduction of intestinal inflammation.

First, the effects of the probiotic mixture and anti-
inflammatory drugs on the intestinal microbial composition
were compared. The partial least squares-discriminant analy-
sis (PLS-DA) at the operational taxonomic unit (OTU) level
revealed significant differences in the microbial composition
of each treatment group (Supplemental Fig. S1). A detailed
taxonomic analysis showed that DSS decreased the relative
abundance of Firmicutes, Actinobacteria, and Deferribacteres
and increased the relative abundance of Profeobacteria and
Cyanobacteria (Fig. 4a and b). In addition, DSS significantly
reduced the proportion of core microbiota (Burrello et al.
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2018) (Bacteroidales S24-7 group, Lachnospiraceae,
Lactobacillaceae, Ruminococcaceae, Rikenellaceae,
Bifidobacteriaceae, and Erysipelotrichaceae), which aver-
aged 85% in healthy mice (Con group) but only 69.4% in
the DSS mice (Fig. 4e). According to previous studies
(Mahalhal et al. 2018; Mukhopadhya et al. 2012), the alter-
ation of the microbial composition suggested that DSS caused
dysbiosis of colonic mucosal microbiota. HW intensified the
changes in the proportions of these bacteria on the basis of
DSS treatment and promoted the expansion of the pro-
inflammatory bacteria Rhodospirillaceae (Proteobacteria).
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SASP increased the relative abundance of taxa belonging to
Proteobacteria, including Enterobacteriaceae,
Desulfovibrionaceae, and Aeromonadaceae (Fig. 4c and d),
which have been reported to be increased in colitis mice and
inflammatory bowel disease (IBD) patients (Mukhopadhya
et al. 2012; Zhou et al. 2018). Taken together, these results
show that HW and SASP might exacerbate the dysbiosis
caused by DSS. In contrast, the Promix not only reduced the
proportions of pro-inflammatory bacteria but also increased
the proportions of beneficial bacteria Bifidobacterium
(Schroeder et al. 2018) and Blautia (Tong et al. 2018) (Fig.
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4c¢ and d). Moreover, the Promix protected against the reduc-
tion of core microbiota in the colonic mucosa (Fig. 4¢) and
increased the relative abundance of Lactobacillus and
Bifidobacterium in the cecal contents (Supplemental Fig.
Slg and h). In summary, the multi-strain probiotic mixture is
more beneficial than anti-inflammatory drugs for the restora-
tion of the mucosal microecology.

Next, full-length 16S rRNA sequencing was used in an
effort to better assess the differences between the effects of
single probiotics and probiotic combination on mucosal mi-
crobiota. A total of 163,989 circular consensus sequencing
(CCS) sequences were obtained from 21 samples (n = 3 per
group). Next, 147,890 optimized CCS sequences were gener-
ated after quality control and filtration (7042 optimized CCS
sequences per sample on average) for subsequent analysis,
and the rarefaction curve showed that the sequencing data
volume was sufficient (Supplemental Fig. S2a). Lr, Bc, Bf,
Cb, and Promix increased the microbial diversity, which was
decreased by DSS (Fig. 5b). Generally, intestinal microbial
diversity is decreased in IBD patients (Sartor and Wu 2017),
and high microbial diversity helps maintain intestinal homeo-
stasis. Therefore, probiotics are beneficial for the repair of the
microbial ecology. At the phylum level (Fig. 5a and c), all
probiotics recovered the proportions of Bacteroidetes and
Deferribacteres compared with the DSS group. The single
probiotic groups (Lr, Bc, Bf, and Cb) tended to have an in-
creased relative abundance of Cyanobacteria and
Proteobacteria, which are associated with inflammation
(Broadhurst et al. 2012; Mahalhal et al. 2018; Mukhopadhya
et al. 2012). The increased proportions of these bacteria may
be detrimental to the restoration of intestinal homeostasis, but
the expansion of such microorganisms was limited in the
Promix group. At the genus level, probiotics inhibited the
expansion of Mucispirillum (belonging to Deferribacteres)
induced by DSS (Fig. 5d and e). Mucispirillum, which colo-
nizes the mucus layer, is associated with intestinal fibrosis and
colitis (Jacob et al. 2018; Robertson et al. 2005; Rooks et al.
2014). In addition, the Promix increased the relative abun-
dance of the anti-inflammatory bacteria Akkermansia,
Blautia, Lactobacillus, and Bacillus coagulans (Fig. 5e).

The probiotic mixture upregulated the expression
of genes related to IL-10 and intestinal barrier
function

The alteration of intestinal microbiota is closely related to the
homeostasis of the immune system and the intestinal barrier.
Therefore, the expression of genes related to inflammation
(Tnf-ar, Cox-2, Ifn-v, 1I-103, 1I-6, 1I-10, TgfB, II-17a, and II-
22), antimicrobial peptides (Reg3~y and lysozyme), tissue deg-
radation (Mmp-3 and Mmp-9), and intestinal barrier function
(Muc-2, occludin, claudin-1, and Zo-1) was analyzed (Fig. 6).
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Compared with the Con group, the DSS group showed
significantly increased expression of Tnf-a (p < 0.001), Ifn-y
(p = 0.087), 1I-13 (p = 0.002), /-6 (p < 0.001), 1I-22 (p =
0.028), Reg3v (p = 0.009), Mmp-3 (p < 0.001), and Mmp-9
(p <0.001) and decreased the expression of 7gf3 (p = 0.032).
In addition, the DSS group also showed reduced levels of
occludin and claudin-1 (Fig. 6b and c). These results suggest
that DSS treatment leads to severe dysfunction of the intestinal
immune system and barrier. Compared with the DSS group,
the Lr group reduced levels of 7I-6 (p = 0.018), Mmp-3 (p <
0.001), and Mmp-9 (p = 0.062) and the expression of other
genes was minimally affected. The Bc group reduced expres-
sion of /-1 (p = 0.004), 7I-6 (p < 0.001), Mmp-3 (p < 0.001),
and Mmp-9 (p = 0.002) and increased expression of occludin
(p =0.003). The Bf group decreased expression of Cox-2 (p =
0.064), 1I-6 (p = 0.006), Mmp-3 (p < 0.001), and Mmp-9 (p =
0.012) and increased expression of Tgf3 (p = 0.046) and 7I-
17a (p = 0.035). The Cb group reduced expression of 7/-15 (p
= 0.022), 7I-6 (p = 0.007), and Mmp-3 (p < 0.001) and in-
creased expression of Muc-2 (p = 0.014). These results sug-
gest that the four probiotic strains have different effects on the
regulation of mucosal immunity and barrier function.

Compared with single probiotics, the combination of the
four probiotics was more efficient in reducing intestinal in-
flammation and injury and showed the synergy of the four
probiotic strains. As shown in Fig. 6, the Promix reduced
the expression of pro-inflammatory cytokines more robustly
than single probiotics and significantly increased the expres-
sion of /I-10 (p = 0.037). In addition, although the single
probiotics barely affected the expression of claudin-1, the
Promix significantly increased the mRNA level of claudin-1
(p = 0.039). Furthermore, the Promix preserved the occludin
and claudin-1 protein levels more effectively than the single
probiotics, as shown by western blotting (Fig. 6¢).

Probiotics had a limited impact on the concentrations
of organic acids in the intestinal contents

Producing organic acids is one of the important functions of
probiotics. Organic acids can enhance intestinal barrier integ-
rity and affect the function and differentiation of intestinal
immune cells (Lee et al. 2018; Sun et al. 2017). Therefore,
we analyzed whether the protective effects of the probiotics
are directly related to the regulation of organic acid concen-
trations in the intestinal tract. Compared with the Con group,
the DSS group showed an increased concentration of lactate
and decreased concentrations of acetate, propionate, and bu-
tyrate (Fig. 7). Although the probiotics protected against coli-
tis, they did not significantly affect the concentrations of or-
ganic acids compared with the DSS treatment. Instead, the Lr
and Bf groups showed significantly reduced concentrations of
butyrate compared with the DSS group; butyrate has been
reported to help enhance intestinal homeostasis (Sun et al.
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Fig. 5 Microbial composition of the colonic mucosa by full-length 16S
rRNA sequencing. a and ¢ Histogram of microbial composition at the
phylum level. b Shannon index and Simpson index. d and e Histogram of
microbial composition at the genus level. Data represent mean values +

2018). These results suggest that the probiotic-mediated pro-
tection against intestinal inflammation and damage might not
depend on alterations in the concentrations of organic acids.
For example, exopolysaccharides, soluble proteins, or pili
from Lactobacillus and Bifidobacterium have been shown to
improve intestinal homeostasis (Castro-Bravo et al. 2018;
Duranti et al. 2016; Yan et al. 2007). Therefore, more studies
are needed to explain the mechanisms of probiotics for the
treatment of UC.

Discussion

The potential of probiotics for the treatment of multiple dis-
eases, such as diabetes (Bordalo Tonucci et al. 2017), intesti-
nal inflammation (Ganji-Arjenaki and Rafieian-Kopaei 2018),
and allergies (Hajavi et al. 2019), has attracted increasing at-
tention. However, more studies are required to clarify the

SEM (n = 3 per group). Statistical analysis was performed using one-way
ANOVA with LSD. a, b Different letters indicate significant differences
(p <0.05)

differences in the mechanisms and guide the use of probiotics.
In this study, the effects of four probiotic strains (L. reuteri
RAMO101, B. coagulans RAM1202, B. longum CICC6197,
and C. butyricum RAMO0216) on intestinal inflammation and
damage were analyzed in a DSS-colitis mouse model. The
results showed that the effects of the four probiotic strains
were different on the regulation of intestinal immunity, barrier
function, and microbial ecology. The combination of the four
probiotic strains was more effective than any of the single
probiotic strain and anti-inflammatory drugs at improving
the intestinal homeostasis.

Currently, the first-line therapy for mild to moderate UC is
aminosalicylates, such as 5-aminosalicylic acid and SASP
(Ungaro et al. 2017). In this study, SASP only alleviated the
shortening of the colon and inhibited the DSS-induced upregu-
lation of pro-inflammatory cytokines; it failed to protect against
weight loss, DAL and the destruction of the intestinal epithelium.
SASP is a first-line drug for UC treatment and has proven effects.
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Fig.6 Effects of probiotic strains on inflammation and barrier function of
the colon. a and b The expression of genes related to inflammation,
antimicrobial peptide, degradation of tissues, and intestinal
barrier function measured by RT-qPCR. ¢ Western blot analysis of

In this study, SASP did not protect against DSS-induced colitis,
which may indicate the limitations of DSS-induced colitis mouse
model. Extracts of E. humifusa (HW, H70E, and HE) maintained
the structural integrity of the colon and effectively decreased
inflammation, which might be due to the effects of tannins (de
Jesus et al. 2012) that are abundant in E. humifisa. However,
extracts of £. humifusa did not prevent weight loss or shortening
of the colon. However, these results do not negate the value of
E. humifusa in the treatment of enteritis because traditional
Chinese medicine usually involves the use of multiple drugs,
resulting in a complex combination of synergistic chemicals.
Of all the treatments, Promix was the most effective in protecting
against intestinal inflammation and damage, indicating the ther-
apeutic potential of the probiotic mixture for UC.
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Occludin and Claudin-1 proteins in the colon. Data represent mean values
+ SEM (n = 10 per group). Statistical analysis was performed using one-
way ANOVA with LSD. a, b Different letters indicate significant differ-
ences (p < 0.05)

A stable and healthy intestinal microecosystem is the foun-
dation required for the homeostasis of the intestinal barrier and
immune system. It has been reported that dysbiosis of the
intestinal microbiota is closely related to the initiation and
progression of UC (Ananthakrishnan et al. 2018; Sartor and
Wu 2017; Zhang et al. 2017). In this study, DSS caused
dysbiosis of the colonic mucosal microbiota. The dysbiosis
of the intestinal microbiota may lead to an imbalance of the
interplay between the intestinal microbiome and immunolog-
ical niches and the loss of nutritional niches and functional
genes of the microbiota. SASP and HW exacerbated the
changes in microbial abundance caused by DSS, both at the
phylum and family level. Although SASP and HW relieved
the symptoms of colitis, in the long run, the influence of SASP
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Fig. 7 Effects of probiotics on the
concentration of organic acids in
the colonic contents. a Lactate, b
acetate, ¢ propionate, and d
butyrate concentrations were
measured by HPLC. Data
represent mean values = SEM (n
= 10 per group). Statistical
analysis was performed using
one-way ANOVA with LSD. a, b
Different letters indicate signifi- [ER:
cant differences (p < 0.05)
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and HW on the intestinal microbiota was not conducive to the
recovery of intestinal homeostasis. In contrast, the Promix
inhibited the expansion of harmful bacteria, increased the rel-
ative abundance of beneficial bacteria, and restored the com-
mensal bacteria to a normal level. Previous studies reported
that fecal microbiota transplantation (FMT) or probiotics
(VSL#3) could stimulate immune cells by restoring healthy
microbial ecology, thereby reducing intestinal inflammation
and damage (Burrello et al. 2018; Di Giacinto et al. 2005).
Therefore, the regulation of the intestinal microbial ecology
by the multi-strain probiotic mixture is one of the keys to the
restoration of intestinal homeostasis.

Intact and well-functioning intestinal epithelial monolayers
are the basis of intestinal homeostasis (Ramos and Papadakis
2019). Maintaining the function and structural integrity of the
intestinal barrier is critical for preventing the initiation and
progression of intestinal inflammation. Glycoprotein, encoded
by the Muc-2 gene, is the main component of mucous layer,
which provides a physical and chemical barrier against micro-
organisms. The deletion of the Muc-2 gene or deficiency of
the mucus layer is associated with a variety of immune-related
diseases and spontaneous colitis (McGuckin et al. 2009;
Turner 2009). In this study, the expression of Muc-2 was up-
regulated in the Cb, Bc, and Promix groups, which would
strengthen the colonic mucous layer and resist the invasion
of microbiota. In addition to the mucous layer, increased per-
meability of the tight junctions accelerates the development of
inflammatory diseases (Turner 2009). In this study, DSS de-
creased the levels of occludin and claudin-1. Be increased the
mRNA level of the occludin gene. Promix increased the
mRNA and protein levels of the occludin and claudin-1 genes,
which are crucial for the recovery of tight junctions. Probiotics

345
b .
)
£ 2]
1
©
@ 14
Q
<
o.
o & & & S 2 & of & & &
Q J @6\\ & P Q G ‘O@
d 0.89 a
G
] E, 0.6 ab
a < bc
ab ab 2 041 ¢ be PC
b g ¢
>
S 0.2
[
0.0-
& S P é'\\*' o°° O‘go O S ° &;\-
€ €

have been reported that enhancing the intestinal barrier func-
tion is one of the important factors to relieve the symptoms of
diseases (Bron et al. 2017; Schroeder et al. 2018). Therefore,
the probiotic combination used in this study may be effective
in prevention and treatment of UC by enhancing the intestinal
barrier function. Further clinical trials will be conducted to
verify the efficacy and safety of the probiotic mixture.
Probiotics such as Lactobacillus (Gao et al. 2015),
Bifidobacterium (Jang et al. 2018), Bacillus coagulans (Mu
and Cong 2019), and Clostridium butyricum (Cai et al. 2016;
Zhang et al. 2009) can regulate the intestinal immune response
when used alone or in combination (Di Giacinto et al. 2005).
However, it has not been reported whether these probiotics
work by affecting the same immune responses. The results
of this study showed that the effects of the four probiotic
strains on the immune response are different (Fig. 8). For
example, only Bf significantly increased the expression of
TGFf and IL-17a, indicating that Bf may promote the repair
of damaged intestines through the Actl-mediated signaling
pathway (Song et al. 2015). These results suggest that differ-
ent probiotics could specifically interact with different immu-
nological niches (Fig. 8b). The dysregulation of intestinal mi-
crobiota in IBD patients and experimental colitis animals may
result in the imbalance of interactions between microorgan-
isms and immunological niches. The combination of
probiotics with different immunologic functions would com-
plement the unsaturated immunological niches. That is, we
suppose, why the multi-strain probiotic mixture was more
effective in reducing inflammation than the single probiotics.
IL-10 is an important anti-inflammatory cytokine. A genet-
ic polymorphism of IL-10 is one of the key risk factors for UC,
and the insufficiency of IL-10 or the IL-10 receptor (IL-10R)
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Fig. 8 Overview of the effects of different probiotics on the intestinal
immune response and barrier integrity. a Heatmap of physiological
indexes affected by different probiotic strains. The source and function
of the physiological indexes were described according to previous
reviews (Kmiec et al. 2017; McGuckin et al. 2009; Neurath 2014). b
Sketch map of the interactions between different probiotic strains and
immunological niches. In the inflammatory state, the integrity of the
intestinal barrier is reduced, leading to the transfer of antigens into the
gut lamina propria. The antigens are detected by antigen-presenting cells
(such as dendritic cells and macrophages) and activate a range of immune
responses, including the release of pro-inflammatory cytokines (TNF-«,
IL-1p3, IL-6, IFN~y, IL-17a, and COX-2) and inflammatory cell infiltra-
tion. The damage to the intestinal barrier and invasion of antigens induces

leads to severe spontaneous colitis (Neurath 2014). It has been
reported that FMT, probiotics, and SCFAs reduce intestinal
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Tissue damage

the production of IL-22, which stimulates the secretion of antimicrobial
peptides (such as Reg3vy). Persistent and active inflammation induces
myofibroblasts to secrete MMP-3 and MMP-9 and exacerbates intestinal
epithelial injury. The four probiotics function differently in the regulation
of the intestinal immune response and intestinal barrier. The combination
of the four probiotics reduces the expression of pro-inflammatory cyto-
kines more robustly than single probiotics and enhances the expression of
IL-10 and intestinal barrier proteins. The blue lines show the effects of
single probiotic strain, and the black lines show the effects of the multi-
strain probiotic mixture. The dotted lines indicate the presumed immune
pathways. DCs, dendritic cells; NK, natural killer cells; IELs,
intraepithelial lymphocytes; IECs, intestinal epithelial cells; ILCs, innate
lymphoid cells. Em dash “—,” not applicable

inflammation through IL-10-mediated immune pathways
(Burrello et al. 2018; Di Giacinto et al. 2005; Sun et al.
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2018). These studies showed that enhancing the expression of
IL-10 is one of the keys to control intestinal inflammation. In
this study, the probiotic mixture significantly increased the
expression of 1L-10, which was crucial for the reduction of
intestinal inflammation caused by DSS.

IL-22 is thought to be involved in the repair of intestinal
damage. IL-22 also induces intestinal epithelial cells (IECs) to
secrete antimicrobial molecules (such as defensins and REG),
which in turn affect the colitogenic microbiota (Neurath
2014). In this study, DSS treatment increased the expression
of IL-22 and Reg3+y, which were decreased by Promix treat-
ment. Spearman correlation analysis showed that IL-22 and
Reg3y were positively correlated with pathological injury,
levels of inflammation, MMP-3, and MMP-9, while they were
negatively correlated with the expression of claudin-1,
occludin, ZO-1, and lysozyme (Supplemental Fig. S3).
Considering that reducing the invasion of microorganisms
can reduce inflammation, the increased expression of 1L-22
might be caused by the destruction of the intestinal barrier and
the stress response of intestinal immune system induced by
invading microorganisms. In this study, Promix significantly
inhibited the expression of IL-22 and Reg3vy, reflecting the
protective effects of the multi-strain probiotic mixture on in-
testinal barrier integrity and the prevention of antigen
invasion.

Understanding of the relationships between gut microbes
and disease have benefited from the development of high-
throughput sequencing technology. To date, short-read se-
quencing technology has been widely used to analyze the
microbial communities of various environments. However,
due to the limitation of sequencing length, the short-read se-
quencing has low phylogenetic resolution and accuracy (Myer
etal. 2016; Singer et al. 2016; Whon et al. 2018). In this study,
a large number of OTUs generated by 16S rRNA gene V3-V4
region sequencing could only be classified at the family level,
and some OTUs belonging to the same taxa showed a
completely different trend (Supplemental Fig. S4). These con-
trasting results blurred the relationships between microorgan-
isms and colitis. To better analyze the influence of single and
multi-strain probiotics on the intestinal microbial composition
and to show the relationships between bacteria and colitis, we
implemented the full-length 16S rRNA sequencing to analyze
the microbial composition of the colonic mucosa. The full-
length 16S rRNA sequencing showed higher phylogenetic
resolution than the short-read sequencing technology. The
proportion of unclassified OTUs decreased significantly, and
almost all of the OTUs were classified into genus taxa. At the
species level, the relative abundance of L. reuteri and
B. coagulans was accurately distinguished (Fig. 5e and
Supplemental Fig. S2c), which was consistent with the ex-
pected results. On this basis, the microorganisms significantly
related to the physiology of the colitis mice were identified
through Spearman correlation analysis (Supplemental Fig.

S2b). However, the PacBio sequencing technology still has
some shortcomings, such as a higher error rate and higher
level of deletions than the short-read sequencing platform
(Whon et al. 2018). And the results obtained by the PacBio
sequencing technology are quite different from those obtained
by other high-throughput sequencing technologies (Myer
et al. 2016; Singer et al. 2016; Whon et al. 2018). Therefore,
more studies are needed to determine the optimal point be-
tween full-length 16S rRNA sequencing and short-read
sequencing.

In summary, our results revealed the functional differences
of four probiotic strains in the regulation of intestinal immu-
nity, barrier function, and microbiota. Moreover, the combi-
nation of the four probiotics showed synergistic effects of the
individual probiotics and was more effective than clinical anti-
inflammatory drugs or any of the four individual probiotics in
alleviating DSS-induced colitis. The probiotic mixture allevi-
ated colitis by restoring the mucosal microbial ecology and
increasing the expression of IL-10 and intestinal barrier func-
tion. The multi-strain probiotic mixture reduced invasion of
the deep intestinal tissues by bacteria and maintained the host
microorganism balance. This study confirmed the safety and
effectiveness of the probiotic mixture and explained the ad-
vantages of multi-strain probiotics in disease treatment.
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