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Effect of minocycline, methyl prednisolone, <=

or combination treatment on the colonic
bacterial population in a state of colonic
inflammation using the murine dextran sulfate
sodium model

Maitham A. Khajah!" and Sanaa Hawai'

Abstract

Background Several reports demonstrated anti-inflammatory properties of minocycline in various inflammatory
disorders including colitis. We have experimental evidence suggesting synergistic anti-inflammatory effect of mino-
cycline with methyl prednisolone in reducing colitis severity in mice, but if this effect is in part related to modulating
the composition of colonic microbiota is still unknown.

Methods the effect of vehicle (V), minocycline (M), methyl prednisolone (MP), or combination (C) regimen

on the composition of the microbiota of mice in a state of colon inflammation compared to untreated (UT) healthy
mice was determined using 16s metagenomic sequencing, and the taxonomic and functional profiles were
summarized.

Results Overall, the bacterial flora from the phylum Firmicutes followed by Bacteroidota were found to be predomi-
nant in all the samples. However, the composition of Firmicutes was decreased relatively in all the treatment groups
compared to UT group. A relatively higher percentage of Actinobacteriota was observed in the samples from the C
group. At the genus level, Muribaculaceae, Bacteroides, Bifidobacterium, and Lactobacillus were found to be predomi-
nant in the samples treated with both drugs (C). Whereas “Lachnospiraceae NK4A136 group”and Helicobacter in the M
group, and Helicobacter in the MP group were found to be predominant. But, in the UT group, Weissella and Staphy-
lococcus were found to be predominant. Eubacterium siraeum group, Clostridia vadinBB60 group, Erysipelatoclostridium
and Anaeroplasma genera were identified to have a significant (FDR p < 0.05) differential abundance in V compared
to C and UT groups. While at the species level, the abundance of Helicobacter mastomyrinus, Massiliomicrobiota
timonensis and uncultured Anaeroplasma were identified as significantly low in UT, C, and M compared to V group.
Functional categories related to amino acid, carbohydrate, and energy metabolism, cell motility and cell cycle control
were dominated overall across all the samples. Methane metabolism was identified as an enriched pathway. For the C
group, “Colitis (decrease)” was among the significant (p=1.81E-6) associations based on the host-intrinsic taxon set.

Conclusion Combination regimen of minocycline plus methyl prednisolone produces a synergistic anti-inflamma-
tory effect which is part related to alternation in the colonic microbiota composition.
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Introduction

The incidence and prevalence rate of the two forms of
inflammatory bowel disease (IBD); ulcerative colitis
(UC) and Crohn's disease (CD) continues to rise world-
wide and recently in newly industrialized countries [1].
IBD is a multifactorial disease with the involvement
of genetic, environmental, immunological, and micro-
bial factors in its pathogenesis. T-helper-1 mediated
immune response in the main manifestation of CD [2],
while T-helper-2 is the driving force for UC pathogen-
esis [3]. Various genetic polymorphisms were shown
to be involved in the disease pathogenesis and most of
them are linked to the function of the immune response
towards intestinal microflora such as multi-drug resist-
ance (MDR), toll-like receptors (TLRs), IL-23, IL-10,
IL-17, and interferon (IFN)-y genes [4]. Furthermore,
it has been suggested that consuming a westernized
type of diet rich in saturated fat and preservatives is an
important factor contributing to the disease pathogen-
esis. Tobacco smoking was shown to be protective for
UC, but considered a risk factor for CD [5]. It was also
suggested that strict attention to individual hygiene
at a young age limits exposure to some microorgan-
isms, which results in inappropriate immune responses
towards microorganisms later in life leading to various
inflammatory conditions including IBD [6].

The gut ecosystem contains trillions of microorgan-
isms from over 1000 species with the dominant species
being from the Bacteroidetes and Firmicutes phyla [7].
The gut microbiota play crucial roles in health, as it has
function in xenobiotic and drug metabolism, nutrition
metabolism and production as well as protecting the
host from pathogenic bacteria [8]. In regard to colitis,
various spontaneous animal models of colitis such as
the HLA-B27 transgenic rats or genetically engineered
mice deficient in the cytokines IL-2 or IL-10 do not
develop colitis or develop a lesser degree of inflam-
mation if they are kept in a germ-free environment,
suggesting the importance of the gut microbiota as a
driving force of the inflammatory process in the gut [9,
10]. Moreover, the composition of the microbiota pop-
ulation in IBD patients is disturbed with a significant
reduction in the numbers of protective commensals like
Firmicutes, Faecalibacterium, Clostridia, Bacteroides
and increased number of pathogenic microorganisms
such as adhesive/invasive Escherichia coli (AIEC), Pseu-
domonas aeruginosa, Mycobacterium, Helicobacter, and
Campylobacter [11]. Also, the beneficial usage of anti-
biotics (ciprofloxacin and metronidazole) was proven

in IBD patients to treat certain conditions like abscess,
pouchitis, toxic megacolon, and perianal CD [12].

We recently showed that there was a synergistic anti-
inflammatory effect with minocycline and methyl pred-
nisolone treatment in the murine dextran sulfate sodium
(DSS) colitis model (paper in press). This was mediated in
part through reduced colonic phosphorylation levels of
important pro-inflammatory molecules (e.g., p38 MAPK,
ERK1/2, Akt, Src, COX2) and molecules involved in the
apoptotic machinery (e.g., BAK, and caspase 3). In this
report, we extended our findings to determine the effect
of mono- or combination therapy on the composition of
bacterial population using fecal samples obtained from
control (untreated, UT) mice, or mice subjected to colitis
(through DSS administration) plus treatment with vehi-
cle (V), minocycline (M), methyl prednisolone (MP), or
combination regimen of minocycline plus methyl predni-
solone (C).

Materials and methods

Animals

BALB/c mice (6—10 weeks old, mean weight 20 g.) were
supplied by the Animal Resource Center of the Health
Sciences Center at Kuwait University. All animals were
kept under standard conditions including controlled
temperature (25 °C), a 12-h light—dark cycle and had free
access to food and drinking water ad libitum. All experi-
mentations were approved by the Animal Care Com-
mittee at Kuwait University Health Sciences Center and
conformed to their rules and regulations as described
previously (protocol approval number: P11613PTO01)
[13].

Dextran sulfate sodium (DSS) colitis model

Colitis was induced in mice by mixing DSS polymers
with the drinking water (3.5% w/v, Cat # 160110, MP Bio-
medicals) given ad libitum [13, 14]. Control: untreated
(UT) mice received tap water. In the treatment groups,
mice received DSS plus daily intra-peritoneal (i.p) injec-
tions of vehicle (V), minocycline (M) (10 mg/kg, Cat#
M9511, Sigma), methyl prednisolone (MP) (5 mg/kg, Cat
# P6004, Sigma), or combination (C) regimen of minocy-
cline (10 mg /kg) plus methyl prednisolone (5 mg/kg) for
5 days (n=3 per group). After that, mice were sacrificed,
and the severity of colitis was determined by histological
assessment, and fecal samples were collected (in Eppen-
dorf tubes with forceps, snap frozen, and stored in — 80
freezer) [15, 16] to determine the bacterial population
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using fecal 16s metagenomics sequencing, and the taxo-
nomic and functional profiles were also determined.

Histological assessment of colitis severity

Formalin fixed colons were processed for histologi-
cal assessment and were (blindly) scored by 2 observers
using a standard semi-quantitative histology scoring sys-
tem as previously described [13].

Metagenomics sequencing and data-analysis

30 ng qualified DNA template and the 16S rRNA fusion
primers were added for Polymerase chain reaction (PCR).
All PCR products were purified by Agencourt AMPure
XP beads, dissolved in Elution Buffer, and eventually
labeled to finish library construction. Library size and
concentration are detected by Agilent 2100 Bioanalyzer.
Qualified libraries are sequenced on the DNBSeq plat-
form according to their insert size.

Raw data are filtered to generate high quality clean
reads as follows: (a) truncate reads whose average phred
quality values are lower than 20 over a 25 bp sliding win-
dow were truncated. Remove reads whose length are
%75 of their original lengths after truncation; (b) remove
reads that are contaminated by adapter sequences
(default parameter: 15 bases overlapped by reads and
adapter with maximal 3 bases mismatch allowed); (c)
remove reads with ambiguous base (N base); (d) remove
low complexity reads (default: reads with 10 consecutive
same base). To ensure the removal of barcode sequences
from pooling libraries, clean reads were assigned to
corresponding samples through alignments (0 base
mismatch) against barcode sequences. iTools Fqtools
fqcheck v.0.25 [17], cutadapt v.2.6 [18] and readfq v1.0
(https://github.com/cjfields/readfq) were used to per-
form the filtering.

The raw 16S rRNA gene sequencing data was checked
for quality using FastQC v0.10.1 (https://www.bioin
formatics.babraham.ac.uk/projects/fastqc). DADA2
pipeline implemented in QIIME2 [19] was used for
detecting and correcting Illumina amplicon sequence
data. This quality control process filters any ‘phiX’ reads
(commonly present in marker gene Illumina sequence
data) that are identified in the sequencing data includ-
ing chimeric sequences, resulting in filtered non-chi-
meric sequences. No truncation was done for the reads
as the sequence quality was good. The quality filtered
reads were combined and clustered to identify OTUs or
sequence variants (ASVs) with 100% similarity.

The pre-trained classifier (silva-132-99-515-806-nb-
classifier.qza) based on 16S rRNA gene sequences was
downloaded from SILVA [20] database and used for the
classification of the bacterial sequences. These sequences
were then used to train the naive-bayes classifier. The
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q2-feature-classifier plugin implemented in QIIME2
was used to classify the representative sequences using
sklearn tool. The classified taxonomies were used for fur-
ther downstream analysis. The representative sequences
(OTUs) were aligned using the q2-phylogeny plugin in
qiime2. The maftt algorithm [21] was used to perform
the multiple sequence alignment of the representative
sequences. The aligned sequences were filtered for the
highly variable regions, followed by construction of phy-
logenetic tree using the FastTree program [22].

The OTU table and corresponding taxa were further
used to correlate and analyze across samples and groups
using MicrobiomeAnalyst [23]. Briefly, low quality or
uninformative features were removed to improve down-
stream statistical analysis, as described below:

Filtering out the low count features—a minimum count
of 4 features were retained, as the features with a very
small count in very few samples are likely due to sequenc-
ing errors or low-level contaminations (a 20% prevalence
filter means at least 20% of its values should contain at
least 4 counts).

Low variance filter—features that are close to con-
stant throughout the experiment conditions are unlikely
to be associated with the conditions under study. Their
variances can be measured using inter-quantile range
(IQR), standard deviation or coefficient of variation (CV).
The lowest percentage based on the cutoff (10%) were
excluded. Normalization was performed before summa-
rizing and comparing the taxonomic profiles and their
distribution across the samples and groups. Briefly, the
normalization aims to address the variability in sampling
depth and the sparsity of the data to enable more biologi-
cally meaningful comparisons. During normalization, the
data was neither rarified nor transformed, but was scaled
using Total Sum Scaling (TSS) factor.

Using the filtered and normalized data further down-
stream analysis was performed. Abundance plots were
generated at various levels of taxa. Rarefaction curve
plots were generated to check whether enough sequenc-
ing depth was attained for all the samples. Alpha diver-
sity plots were plotted, and the statistical measures were
obtained to indicate the richness/evenness of microbi-
ome across samples. Beta-diversity profiling that helps
in assessing the microbial diversity differences across
samples and groups was performed using Principal Coor-
dinate Analysis (PCoA) analysis, by PERMANOVA sta-
tistical measure. Brau-Curtis’s index measure was used
as distance method for PCoA analysis. Additionally, core
microbiome analysis was performed at different levels
of taxa that identifies features that remain unchanged in
their composition across sample groups. A minimum of
20% prevalence and 0.01% relative abundance was con-
sidered for this analysis.
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Several correlation analyses were performed to identify
any inherited associations or patterns across samples and
experimental groups based on the taxa abundance pro-
files. Clustering was performed using Euclidean distance
measure and Ward linkage method, and the heatmaps
representing the abundance pattern were generated.
Separately, the dendrograms were plotted based on the
phylogenetic analysis on samples using either various
phylogenetic or non-phylogenetic distance measures.
The phylogenetic tree generated using qgiime2 was used
for dendrogram analysis. Pattern search analysis that
helps in identifying or search for a pattern based on cor-
relation analysis was performed using ‘Pearson r’ distance
measure available within the MicrobiomeAnalyst [23].

Comparisons were performed using several statistical
approaches to identify taxa that have significant differ-
ential abundances across experimental groups. Single-
factor analysis was conducted using both T-test/ ANOVA
and edgeR statistical methods. In both methods, the
taxa obtained with an adjusted p<0.05 were considered
significant.

Biomarker analysis was performed using Random For-
ests Classification (RFS) within MicrobiomeAnalyst [23].
Briefly, ensemble learning method used for classification,
regression, and other analysis by constructing a multi-
tude of decision trees at training time and outputting
the class that is the mode of the classes (classification)
of the individual trees. Random forests correct for deci-
sion trees habit of over fitting to their training set. The
random forests provide the estimation of important vari-
ables in the classification of data. Mean Decrease Accu-
racy is computes proximities between pairs of cases that
can be used in clustering, locating outliers, or give inter-
esting views of the data.

Functional analysis
The functional predictions based on 16S rRNA marker
gene data was performed using Tax4Fun [24] integrated
within the MicrobiomeAnalyst [23]. Tax4Fun is designed
for functional prediction based on minimum 16S-rRNA
sequence similarity. Briefly, Tax4Fun uses SILVA annota-
tions and outputs KEGG abundance profiles that include
KEGG pathways, modules or EC categories or COG
annotations. The functional features appearing in only
one sample (considered artifacts) are excluded for further
analysis. Feature filtering (prevalence and low variance)
similar to that of the taxonomic profiles was considered,
and the cumulative sum scaling was used for normalizing
the features.

The functional categories were tested for their associa-
tions with the experimental factors/groups using global-
test [25] implemented within the MicrobiomeAnalyst
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[23]. Functional associations enriched with an FDR
p <0.05 were considered significant.

Cluster analysis was performed using several statistical
approaches including unsupervised clustering, Principal
Compoent Analysis (PCA), and dendrogram, to obtain
any inherited functional correlation among the samples
within and across groups. Clustering was performed
using Euclidean distance measure and Ward linkage
method, and the heatmaps representing the abundance
pattern were generated. The potential biomarker pro-
files significantly associated with the metagenomes were
obtained using Linear Discriminant Analysis Effect Size
(LEfSe) within MicrobiomeAnalyst [23]. It employs the
Kruskal-Wallis rank sum test to detect the significant
differential abundance with regard to class labels, fol-
lowed by Linear Discriminant Analysis to evaluate the
relevance or effect size of differential abundant features.
Features with log LDA scores of more than 1 and FDR
adjusted p-value <0.05 are reported significant.

Comparisons were performed using several statistical
approaches to identify significant differential functional
associations across experimental groups. Single-factor
analysis was conducted using both T-test/ ANOVA sta-
tistical methods. In both the methods, the associations
obtained with an adjusted p < 0.05 were considered signif-
icant. Clustering was performed for the significant asso-
ciations using the functional abundance profiles and the
heatmaps were generated using ClustVis. For clustering,
rows (KO-IDs) are centered, and unit variance scaling is
applied. Both rows and columns (samples) are clustered
using Euclidean distance and Ward linkage.

The taxa enrichment analysis (TSEA) was performed to
identify biologically or ecologically meaningful patterns
by comparing them with a pre-defined taxon set that
shares common traits. The “host-intrinsic taxon set” used
for comparison included 454 taxon sets associated with
host-intrinsic factors such as diseases. The taxa obtained
across all samples at the genus/species level were con-
sidered for the taxa enrichment analysis. The Over Rep-
resentation Analysis (ORA) is performed on the list of
taxa using the hypergeometric test to evaluate whether a
specific Taxon set is represented more than expected by
chance. One-tailed p-values are provided after adjusting
for multiple testing.

Statistical analysis

For the histological assessment of colitis severity, data
were analyzed using GraphPad Instat and Prism soft-
wares (California, USA). Differences between groups
were assessed using one-way ANOVA followed by Bon-
ferroni post-hoc test, with p<0.05 being regarded as
significant.
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Results

Effect of minocycline, methyl prednisolone, and combination
regimen on colitis severity

There was a significant increase in the histological score
of colitis in DSS/vehicle (V) treated compared to UT
group, which was significantly reduced (40-50%) by
treatment with minocycline (M) or methyl predniso-
lone (MP) alone. Combination (C) regimen resulted in
a more robust reduction in the histological colitis score
(Fig. 1A). The same pattern was also observed regarding
the percentage of ulceration involved in the whole colon
in the treatment groups (Fig. 1B). Figure 1C shows exam-
ples of colon sections taken from the various treatment
groups. DSS administration in mice received vehicle
treatment resulted in significant destruction of mucosal
architecture, transmural immune cell infiltration, sub-
mucosal edema, and muscle wall thickness. Treatment
with DSS plus minocycline or methyl prednisolone alone
significantly reduced the degree of mucosal architecture
destruction and the degree of immune cell infiltration
and submucosal edema. Treatment with combination
regimen eliminated all of these signs of inflammation.

Page 5 of 21

Metagenomics sequencing and data-analysis

A total of 837 Mb downloadable 16S metagenomics data
was obtained after sequencing. After trimming for low-
quality reads, on average, 93% of the sequencing data
per sample was used for further analysis. A total of 1298
OTUs were obtained, of which 1072 had taxa assigned
with a minimum confidence of 85%.

All the samples were shown to have enough sequenc-
ing depth, Fig. 2. The samples from the MP group rep-
resented more diversity or richness of microbial flora
compared to other groups. However, two samples from
the vehicle-treated group (V2 & V3) also displayed simi-
lar richness to MP treatment (Fig. 2). The alpha diversity
plots are represented in Fig. 3. The C and the UT groups
however displayed less diversity of microflora compared
to other groups.

After filtering for low-quality or uninformative fea-
tures a total of 447 features were retained for the down-
stream statistical analysis. Based on the beta-diversity
plots, a significant correlation of groups was observed
at the feature (p-value: 0.00058824) and genus (p-value:
0.00065446) level data. The principal coordinate analysis
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Fig. 1 Effect of minocycline, methyl prednisolone, or comblnatlon regimen on colltls sever\ty at the histological level. Panel A shows

the histological assessment of colitis severity, and panel B shows the % of ulceration in the whole colon section in mice receiving DSS

and either vehicle (solid bars), monotherapy (hatched bars), combination regimen (gray bar), and in the UT healthy mice (open bars). Histobars
represent means+ SEM for 3 mice in each group. Asterisks denote significant difference from UT mice with p <0.05 (¥), # denotes significant
difference from DSS/vehicle-treated mice, $ denotes significant difference from monotherapy with p <0.05. Panel Cis an illustration of colon
sections taken from various treatment groups (10 X magnification, bars represent 150pm)
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Fig. 3 Alpha diversity plot representing Chao1 index. Statistics
at the feature level: p-value: 0.00058824; [ANOVA] F-value: 12.882.
Asterisks denote significant difference from untreated (UT) mice

(PCoA) or the beta diversity plots indicating diversity
across groups are represented in Fig. 4.

Overall, Firmicutes were found to be predominant in all
the samples, followed by bacteria from the phylum Bacte-
roidota. However, the abundance of Firmicutes was found
to be altered in all the treatment groups compared to UT
group. A relatively higher percentage of Actinobacteriota
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was observed in the samples from the C group (Fig. 5).
Whereas Proteobcateria was found to be higher in the
case of C and MP group. Similarly, the abundance of
Deferribacterota and Campilobacterota were compara-
tively lower in UT and C group of samples.

At the genus level, Muribaculaceae, Bacteroides, Bifido-
bacterium, and Lactobacillus were found to be predomi-
nant (>10%) in the samples treated with both the drugs
(C group, Fig. 6). Whereas the genus “Lachnospiraceae
NK4A136 group” and Helicobacter in the M group, and
Helicobacter in the MP group were found to be pre-
dominant with>10% abundance. Interestingly, bacteria
from the genus Helicobacter were found to have>10%
abundance even in the samples with V group. But, in the
UT group, bacteria from the genus Weissella (68%) and
Staphylococcus (16%) were found to be predominant.

Bacteria from the species Clostridiales bacterium and

Helicobacter typhlonius were identified with more than

10% abundance in the M samples, whereas only Helico-

bacter typhlonius species was identified in the case of

samples from MP group (Fig. 7). But, in the C group, the
bacteria with>10% abundance were either not assigned
to any species or from uncultured bacteria. However,

Acetatifactor muris and Adlercreutzia muris were com-

paratively more abundant in C group. In the UT group,

Staphylococcus carnosus (16%) were found to be pre-

dominant. These bacteria were also found to be higher
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abundant in M compared to MP and V group samples.
Interestingly, in the samples from V group, Clostridi-
ales bacterium, Helicobacter apodemus and Helicobacter
ganmani were found to be higher compared to all other
groups. Noticeably, several uncultured species were spe-
cifically found in each of the groups. For example, uncul-
tured Wautersiella and uncultured Sporobacter were
identified in UT, and C and M groups. Whereas uncul-
tured Ruminococcaceae was found in V and MP groups.
Likewise, a few other species were shared across only
some groups. For example, Candidatus Arthromitus was
found in higher abundance comparatively in UT and MP,
and Faecalibaculum rodentium and Massiliomicrobiota
timonensis in V and MP groups. The species from Alis-
tipes showed distinct distribution across groups. While
Alistipes finegoldii was found to be comparatively high
post MP treatment, Alistipes onderdonkii was dominated
in M group, and Alistipes indistinctus showed higher
abundance, comparatively in UT and MP groups. The
species from wastewater metagenome were present in all
the groups, but not in the C group.

The core microbiome analysis identified the taxa that
are unchanged across the samples in each group. At the

phylum level, Firmicutes and Bacteroidota were identi-
fied as core taxa in all the samples (Fig. 8). While both
the phyla remained to be as core taxa in each of the indi-
vidual groups, additionally, Actinobacteriota was identi-
fied for the samples in C group, Campilobacterota and
Deferribacterota were identified for M group, Campi-
lobacterota and Proteobacteria for the MP group with
at least 50% prevalence. And, bacteria from the phyla
Campilobacterota, Deferribacterota and Desulfobacterota
were identified as core taxa additionally in the V group.
Whereas Proteobacteria was found to be core taxa along
with the Firmicutes and Bacteroidota in the UT group of
samples (Supplementary Figures).

At the genus level, Bacteroids, Helicobacter, Lach-
nospiraceae NK4A136 group, Muribaculaceae, Odori-
bacter, and Lachnoclostridium were identified as core
taxa in samples across all the groups with at least 50%
prevalence (Fig. 9). In addition to these core genus, Lac-
tobacillus, Bifodobacterium and Enterorhabdus were
identified in C group, Rs E47 termite group, Acetatifactor,
Alistipes, Colidextribacter, Oscillibacter, Mucispirillum
were identified for the M group, and, Clostridia vadin
BB60 group, Rikenellaceae RC9 gut group, Acetatifactor,
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Lachnospiraceae UCG 006, ASF356 were identified for
the MP samples. Whereas, in the vehicle treated samples
(V), additionally, Clostridia vadin BB60 group, Acetat-
ifator, Rikenellaceae RC9 gut group, Mucispirillum, and
Lachnospiraceae UCG 006 were identified as core taxa,
and, Weissella, Staphylococcus and Lactobacillus for the
untreated samples (Supplementary Figures). At the genus
level, the taxa from UT samples were grouped into a sep-
arate cluster (Fig. 10).

The univariate analysis using T-test/ ANOVA identi-
fied three genus, viz., Methylotenera, Dorea and Weissella
to have a significant differential abundance (adjusted
p<0.05) in one group compared to any other group
(Fig. 11). While the abundance of bacteria from Methy-
lotenera and Dorea was of significantly high in the C

group, bacteria from the genus Weissella were high the
in UT group. Using multiple regression analysis, several
taxa were identified to be significantly different in their
abundance at both genus and species level in treatment
groups compared to vehicle/UT groups, Table 1.

At the genus level, Eubacterium siraeum group,
Clostridia vadinBB60 group, Erysipelatoclostridium and
Anaeroplasma were identified to have a significant (FDR
p<0.05) differential abundance in the samples from the
C group compared to V group. Similar differences were
observed in the UT samples compared to the vehicle-
treated group of samples (Fig. 12). These bacteria were
in high abundance in vehicle-treated (colitis) compared
to the UT and combined-treatment group (C). Interest-
ingly, none of these were identified to have significant
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differences in their abundance when compared to
untreated. Likewise, Eubacterium siraeum group, and
Erysipelatoclostridium genera were identified in Methyl
prednisolone-treated samples (M), and Eubacterium sir-
aeum group in Minocycline treated samples (M) to be
significantly different compared to vehicle-treated (V)
samples.

While at the species level, the abundance of Helicobac-
ter mastomyrinus, Massiliomicrobiota timonensis and
uncultured Anaeroplasma was found to be significantly
low in UT as well as in the C and M groups of samples
compared to vehicle-treated samples, Table 2 and Fig. 13.
However, none were identified as significantly different in
the MP group compared to V group samples.

Functional analysis

A total of 2,839 KEGG Ortholog (KO) IDs were obtained
from Tax4Fun analysis. A total of 2,064 functional fea-
tures remained after filtering. The functional profiling

data plots representing KEGG metabolism across groups
is presented in Fig. 14. Functional categories related to
amino acid, carbohydrate, and energy metabolism were
dominated overall across all the samples.

Univariate differential analysis with T-test/ ANOVA
identified 615 KO IDs significantly different in one
group compared to all other groups with an FDR
p<0.05. The box plots of the top 4 KO IDs are repre-
sented in (Fig. 15). The network mapping of these IDs
resulted in the identification of significantly enriched
functional profiles (pathways and modules) with FDR
p-value<0.05, Table 3. Methane metabolism was iden-
tified as an enriched pathway and “Methanogenesis,
CO2 = >methane’, “F420 biosynthesis, archaea’, “Acetyl-
CoA pathway, CO2= >acetyl-CoA” and “Methanogen-
esis, acetate = > methane” were identified as significantly
enriched KEGG modules.

The TSEA enrichment analysis was performed using
the taxa with at least 10% abundance. For the C group,
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“Colitis (decrease)” was among the significant (p=1.81E-
6) associations based on the host-intrinsic taxon set, with
bacteria from Lactobacillus, Bifidobacterium and Bacte-
roides genera [26] (Fig. 16). Other groups were not con-
sidered for the enrichment analysis as very few taxa were
found with 10% abundance.

Discussion

IBD is a multifactorial disease, with a complex etiologi-
cal factors contributing to its pathogenesis which involve
an important role for the the gut microbiome [27, 28].
The current study examined the gut metagenome of UT
healthy mice, and mice treated with DSS to induces a
state of colonic inflammation plus treatment with vehi-
cle (V), minocycline alone (M), methyl prednisolone
alone (MP), or combination regimen of minocycline and
methyl prednisolone (C).

The histological data indicated a decrease in the sever-
ity of colitis in the treatment with minocycolne or methyl
prednisolone, while the combination regimen resulted in
sunergistic and more robust decrease in the severity of
colitis. Several taxa were found to be divergent in samples
from mice with colitis compared to the UT or V treated
groups. We observed a significant difference in the abun-
dance profiles of certain bacteria in the treatment Vs. UT
group. The microbiota from the mice treated with varios
drug regimens displayed an overall reduction in the bac-
teria from the phyla Firmicutes. Several reports showed
that this most abundant flora is decreased in IBD patients

compared to healthy individuals [28-30], which is in
aggrement with our findings in this report. Also, other
flora such as Actinobacteria which is increased in a state
of colinic inflammation was also found to be increased in
our study when combared with samples taken from mice
treated with various drug regiments. In a report by Shang
and Liu, they found that microbes from Muribaculaceae
and Lachnospiraceae genera to have a negative correla-
tion with the development of colitis [31]. Interestingly,
bacteria from Muribaculaceae along with Bacteroides,
Bifidobacterium, and Lactobacillus were found to be pre-
dominant in the C group, and the bacteria from Lachno-
spiraceae NK4A136 group and Helicobacter were found
to be predominant in M group. Bacteria from Helicabac-
ter were found to be predominant in both MP and V
groups. There is a known correlation between Helicobac-
ter and UC, however, whether it is a causal relationship
remains unclear [32]. The microbial flora from the Weis-
sella genus found to be predominant in the UT group. A
recent study suggested that the bacteria from this genus
may have antimicrobial and probiotic effects [33].

The abundance of the bacteria from the genus Dorea
was found to be significantly higher in C compared to V
and UT groups. There is a known association of this bac-
teria with UC and CD pathogenesis [34]. Similarily, the
abundance of Monoglobus genera was found to be higher
in treatment groups compared to V and UT groups. A
recent study by Zhu et al, identified a decreased abun-
dance of this bacteria in UC pateints [35], corroborating
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TAXA NAME LOG2FC LOGCPM PVALUES FDR
Cvs.U Dorea 197 0.237 8.62E-06 0.00348
DNF00809 -1.86 0.32 0.000171 0.00866
Rikenellaceae_RC9_gut_group -7.12 1.16 0.000107 0.00866
RBG_13_54_9 - 134 0.27 0.000558 0.015
Monoglobus 14 0.291 0.000727 0.0173
Candidatus_Kaiserbacteria -13 0312 0.0019 0.0285
Paracoccus - 147 0.369 0.00263 0.0295
Not_Assigned 26 0.683 0.00344 0.0347
Cvs.V Dorea 1.97 0.237 8.62E-06 0.00138
Eubacterium_siraeum_group -532 0.677 1.37E-05 0.00138
Rikenellaceae_RC9_gut_group -9.16 1.16 1.27E-05 0.00138
Erysipelatoclostridium —-6.04 117 0.000413 0.0185
Clostridia_vadinBB60_group -743 1.54 0.000712 0.0226
Monoglobus 14 0.291 0.000727 0.0226
Odoribacter —5.68 1.24 0.00104 0.0262
Anaeroplasma —591 134 0.00133 0.0316
Pvs. U Clostridia_vadinBB60_group 8.99 1.54 0.000167 0.00866
DNF00809 -1.86 032 0.000171 0.00866
ASF356 6.28 1.26 0.000551 0.015
RBG_13_54_9 -134 0.27 0.000558 0.015
Eisenbergiella 2.76 0.563 0.000619 0.0156
Anaeroplasma 5.86 134 0.00141 0.0284
Candidatus_Kaiserbacteria -13 0312 0.0019 0.0285
GCA_900066575 3.08 0.74 0.00196 0.0285
Staphylococcus -811 1.93 0.00183 0.0285
uncultured 6.69 161 0.00192 0.0285
Weissella -129 3.1 0.00202 0.0285
Defluviicoccus -135 0.331 0.00222 0.0286
Paracoccus - 147 0.369 0.00263 0.0295
Rodentibacter 1.94 0484 0.00253 0.0295
Not_Assigned 26 0.683 0.00343 0.0347
Pvs.V Eisenbergiella 2.76 0.563 0.000619 0.0226
Eubacterium_siraeum_group -3.19 0.677 0.000821 0.0237
Rodentibacter 1.94 0484 0.00253 0.0487
Mvs. U DNF00809 -1.86 032 0.000171 0.00866
GCA_900066575 3.89 0.74 0.000372 0.015
RBG_13_54 9 -1.34 0.27 0.000558 0.015
Rikenellaceae_RC9_gut_group -593 1.16 0.000443 0.015
Lachnospiraceae_NK4A136_group 7.14 1.56 0.00103 0.022
Candidatus_Kaiserbacteria -13 0312 0.0019 0.0285
Colidextribacter 591 1.45 0.00226 0.0286
Defluviicoccus - 135 0.331 0.00222 0.0286
Paracoccus - 147 0.369 0.00263 0.0295
Not_Assigned 2.68 0.683 0.00283 0.0309
Mvs.V Eubacterium_siraeum_group -532 0.677 1.37E-05 0.00138
Rikenellaceae_RC9_gut_group -797 1.16 4.20E-05 0.00283
Erysipelatoclostridium —-6.04 117 0.000413 0.0185
Candidatus_Saccharimonas — 454 1.14 0.00252 0.0487
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Table 1 (continued)
TAXA NAME LOG2FC LOGCPM PVALUES FDR

Vvs. U Eubacterium_siraeum_group 4.83 0677 3.14E-05 0.00635
DNF00809 -186 032 0.000171 0.00866
Clostridia_vadinBB60_group 7.86 1.54 0.00047 0.015
Erysipelatoclostridium 533 117 0.00102 0.022
Anaeroplasma 5.58 134 0.00197 0.0285
Not_Assigned 2.82 0.683 0.00204 0.0285
Incertae_Sedis 441 1.16 0.00342 0.0347
RBG_13_54 9 -1.01 0.27 0.00386 0.038
Lachnospiraceae_NK4A136_group 561 1.56 0.00493 0.0474
Staphylococcus —6.88 1.93 0.00518 0.0486

Taxa common to the treatment group (Minocycline or Methyl Prednisolon or combination) vs. vehicle-treated and untreated vs. vehicle-treated group samples are

represented in bold
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Fig. 12 Box plots of significant differential taxa at genus level. Taxa with significantly (FDR p < 0.05) differential abundance levels in Combination

compared to vehicle and untreated groups are represented

with the current findings. On the contrary, microbes
from Rikenellaceae RC9_gut_group, a known inducer of
colitis [36] were found to be significantly low in C group.
The bacteria from this genera is also known to be associ-
ated with the consumption of high-fat diet [37].

At the genus level, Eubacterium siraeum group,
Clostridia vadin BB60 group, Erysipelatoclostridium and
Anaeroplasma have a significant increase in their abun-
dance in the samples from the V group compared to the
C and UT groups. Eubacterium siraeum is one of the four

well-characterized microbial-serpin contributing bac-
teria and is known for the host-bacterium crosstalk [38,
39]. Serine protease inhibitors (serpins) are well-known
for their anti-inflammatory properties and shown to play
an important role in IBD [39]. Anaeroplasma is another
group of bacteria negatively associated with inflamma-
tion [40] that were found to be increased significantly
in V group samples compared to UT and drug-treated
(M, MP, and C) samples. An increased abundance
was observed in Erysipelatoclostridium among the
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Table 2 Differential abundant species identified across comparisons

TAXA NAME LOG2FC LOGCPM PVALUES FDR
Cvs. U Adlercreutzia_mucosicola -1.86 0.286 6.79E-05 0.004
uncultured_actinobacterium —1.85 0317 0.000166 0.004
uncultured_organism —-7.03 1.26 0.000237 0.00522
Lactobacillus_intestinalis 277 0618 0.00116 0.0181
uncultured_Parcubacteria -1.31 0312 0.00184 0.0195
Adlercreutzia_muris 553 1.58 0.00573 0.0432
Cvs.V Helicobacter_mastomyrinus —446 0.662 5.14E-05 0.00339
uncultured_organism -9.07 1.26 2.94E-05 0.00339
unidentified -78 1.16 5.13E-05 0.00339
Lactobacillus_intestinalis 276 0613 0.00114 0.0351
uncultured_Anaeroplasma —5091 134 0.00133 0.0351
Massiliomicrobiota_timonensis —-2.23 0.556 0.00245 0.0404
Pvs.U Adlercreutzia_mucosicola -1.86 0.286 6.79E-05 0.004
Helicobacter_mastomyrinus 411 0.658 9.65E-05 0.004
uncultured_actinobacterium -1.85 0317 0.000166 0.004
gut_metagenome 7.82 1.69 0.000941 0.0181
uncultured_Clostridiales 5.1 1.12 0.00106 0.0181
uncultured_Clostridium 293 0.64 0.001 0.0181
uncultured_Anaeroplasma 5.87 1.34 0.00139 0.0193
Helicobacter_typhlonius 942 23 0.00213 0.0195
metagenome -135 0.33 0.00215 0.0195
Staphylococcus_carnosus —-8.09 197 0.00212 0.0195
uncultured_Clostridia 584 137 0.00165 0.0195
uncultured_Parcubacteria -1.31 0312 0.00184 0.0195
unidentified 4.64 117 0.00264 0.0225
Pvs.V None
Mvs. U Adlercreutzia_mucosicola -1.86 0.286 6.79E-05 0.004
uncultured_actinobacterium —1.85 0317 0.000166 0.004
uncultured_Clostridium 39 0.64 0.000117 0.004
Lachnospiraceae_bacterium 56 1.25 0.00115 0.0181
metagenome -135 033 0.00215 0.0195
uncultured_Parcubacteria -131 0312 0.00184 0.0195
Firmicutes_bacterium 3.74 1.02 0.00432 0.0356
Mvs.V Helicobacter_mastomyrinus — 446 0.662 5.14E-05 0.00339
uncultured_organism — 596 1.26 0.000804 0.0303
Massiliomicrobiota_timonensis —-223 0.556 0.00245 0.0404
unidentified —4.67 1.16 0.0024 0.0404
uncultured_Anaeroplasma - 517 134 0.00319 0.0496
Vvs.U Adlercreutzia_mucosicola -1.86 0.286 6.79E-05 0.004
Helicobacter_mastomyrinus 4.12 0.658 9.48E-05 0.004
uncultured_actinobacterium —1.85 0317 0.000166 0.004
uncultured_Desulfovibrionales 344 0.777 0.00128 0.0187
uncultured_Anaeroplasma 557 134 0.00198 0.0195
unidentified 4.96 117 0.00171 0.0195
Massiliomicrobiota_timonensis 221 0.55 0.00242 0.0213
Helicobacter_typhlonius 8.27 23 0.00485 0.0388
Staphylococcus_carnosus - 692 1.97 0.00562 0.0432
Lachnospiraceae_bacterium 43 1.25 0.00619 0.0454

Taxa common to the treatment group (Minocycline or Methyl Prednisolon or combination) vs. vehicle-treated and untreated vs. vehicle-treated group samples are
represented in bold
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Fig. 13 Box plots of significant differential taxa at species level. Taxa with significantly (FDR p < 0.05) differential abundance levels in Combination

compared to vehicle and untreated groups are represented
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Fig. 15 Box plots representing differential functional KO IDs. Plots for the top 4 significant (FDR p <0.005) KO IDs are represented

vehicle-treated (V) samples. A study by Zhibing et al,
found a dramatic increase in the abundance of this bacte-
ria in Crohn’s disease patients [41]. The bacterial species
(Erysipelatoclostridium ramosum DSM 1402) from this
genera were also characterized for their metabolic poten-
tial in ulcerative colitis and Crohn’s disease [42]. The cur-
rent study also identified microbes from the Clostridia

vadin BB60 group to be significantly altered in DSS/vehi-
cle-treated samples. These bacteria are known to be asso-
ciated with diet and human health [43-45].

At the species level, Helicobacter mastomyrinus
and Massiliomicrobiota timonensis were significantly
increased in V group compared to UT as well as M
and C groups. A study by Kathryn et al., identified that
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Table 3 Enriched KEGG mappings for the significantly different KO abundances
TOTAL EXPECTED HITS PVAL FDR
Pathway Methane metabolism 173 9.95 33 242E-10 3.64E-08
Pyruvate metabolism 113 6.5 14 0.00468 0.351
Carbon fixation pathways in prokaryotes 97 5.58 12 0.00875 0438
Fatty acid degradation 25 144 5 0.0123 0463
Butanoate metabolism 97 5.58 11 0.0219 0.497
Tryptophan metabolism 39 2.24 6 0.0222 0497
Drug metabolism—other enzymes 20 1.15 4 0.0248 0497
Lysine biosynthesis 41 236 6 0.0279 0497
Citrate cycle (TCA cycle) 54 3.11 7 0.0331 0.497
Nitrogen metabolism 54 311 7 0.0331 0497
Arginine biosynthesis 45 259 6 0.0418 0.57
Module Methanogenesis, CO2= >methane 23 1.59 14 1.27E-11 4.31E-09
F420 biosynthesis, archaea 5 0.346 5 1.46E-06 0.000164
Acetyl-CoA pathway, CO2 = > acetyl-CoA 5 0.346 5 1.46E-06 0.000164
Methanogenesis, acetate = >methane 19 1.31 8 1.64E-05 0.00138
Lysine biosynthesis, acetyl-DAP pathway, aspartate = > lysine 9 0.622 4 0.00209 0.116
Benzoyl-CoA degradation, benzoyl-CoA = > 3-hydroxypimeloyl-CoA 9 0.622 4 0.00209 0.116
Dissimilatory sulfate reduction, sulfate= >H2S 5 0.346 3 0.00291 0.116
Lysine biosynthesis, DAP aminotransferase pathway, aspartate= > lysine 10 0.692 4 0.00329 0.116
Denitrification, nitrate= > nitrogen 10 0.692 4 0.00329 0.116
Reductive acetyl-CoA pathway (Wood-Ljungdahl pathway) 16 1.11 5 0.00342 0.116
Ornithine biosynthesis, glutamate = > ornithine 12 0.83 4 0.00696 0214
Lysine biosynthesis, succinyl-DAP pathway, aspartate= > lysine 13 0.899 4 0.00953 0.268
Citrate cycle, second carbon oxidation, 2-oxoglutarate = > oxaloacetate 25 1.73 5 0.0252 0.548
Lysine degradation, lysine = > saccharopine= >acetoacetyl-CoA 4 0.277 2 0.0259 0.548
Phosphatidylethanolamine (PE) biosynthesis, PA= >PS= >PE 4 0277 2 0.0259 0.548
Fumarate reductase, prokaryotes 4 0.277 2 0.0259 0.548
Benzoate degradation, cyclohexanecarboxylic acid = > pimeloyl-CoA 5 0.346 2 0.0413 0.821

Functional categories enriched with an FDR p <0.05 are highlighted in bold

Helicobacter mastomyrinus can cause severe ulcera-
tive typhlocolitis in telomerase deficient mice [46].
Whereas, Massiliomicrobiota timonensis species is
hardly reported to be associated with colitis. However,
a recent study identified significant alterations in the
abundance of this bacteria in ultramarathon runners
[47]. Their involvement in affecting the host immune
function needs to be further explored.

Species of the Lactobacillus are used as probiotics as
well as most widely used in UC therapy [48, 49]. Intrest-
ingly, in the current study, Lactobacillus intestinalis
was found to increase significantly with C regimen,

indicating it as a possible target for UC therapy. The
TSEA analysis also identified “Colitis (decrease)” as
asignificant association with the taxa obtained form the
current analysis that included Lactobacillus [26]. Meth-
ane positivity is well associated with IBD pathogen-
esis [50], and the functional analysis of the significantly
different KEGG IDs across groups revealed methane
metabolism as the enriched pathway.

The findings from this study suggests that the treat-
ment with a combination of M and MP can alter the gut
microbiota and contributes to the reduction of severity of
colitis and may serve as a promising therapeutic option.
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