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Abstract 

Disruption of intestine-microbiota symbiosis can result in chronic gut inflammation. We 
hypothesize that assessing the initial inflammatory potential of the microbiota in patients is essential 
and that host-derived miRNAs, which can be found in feces, could fulfill this function. We 
investigated whether the gut microbiota composition impacts the fecal miRNA profile and thereby 
indicates its ability to influence intestinal inflammation. 
Methods: We used high-throughput qPCR to compare fecal miRNA profile between germ-free and 
conventional mice. Conventionalization of germfree mice by various colitogenic and non-colitogenic 
microbiotas (IL10-/- and TLR5-/- associated microbiota) was performed.  
Results: We identified 12 fecal miRNAs impacted by the presence of a microbiota. 
Conventionalization of germfree mice by various colitogenic and non-colitogenic microbiotas 
associated with the development of intestinal inflammation (IL10-/- and TLR5-/- associated 
microbiota) yielded distinctively altered fecal miRNA profiles compared to that of mice receiving a 
“healthy” microbiota. Correlation analysis revealed the existence of interactions between the 12 
abovementioned miRNAs and specific microbiota members.  
Conclusion: These results showed that fecal miRNA profile can be differentially and specifically 
impacted by microbiota composition, and that miRNA could importantly serve as markers of the 
colitogenic potential of the microbiota. This is particularly relevant to assess individual state of the 
microbiota in patients with dysbiosis-related disorders, such as IBD and potentially determine their 
ability to respond to therapeutics. 
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Introduction 
The gastrointestinal tract harbors a large and 

diverse microbial community, collectively called the 
microbiota, that normally promotes host health [1]. 
Disruption of the symbiosis between the microbiota 
and the intestine (called dysbiosis) is associated with 
various inflammatory pathologies, including 

inflammatory bowel disease (IBD) and metabolic 
syndrome. Dysbiosis, which is defined as a 
detrimental change in the microbiota composition, is 
suggested to be a determining event in IBD 
pathogenesis [2, 3]. Studies in animal models of IBD 
have illustrated that bacteria contribute to this 

 
Ivyspring  

International Publisher 



 Theranostics 2019, Vol. 9, Issue 15 
 

 
http://www.thno.org 

4543 

process. For example, interleukin (IL)10-knockout 
(IL10-/-) mice are highly prone to developing colitis, 
but the extent and severity of such colitis is highly 
dependent upon their microbiota composition, with 
colitis failing to develop in mice maintained under 
germ-free (GF) conditions. Moreover, the severity of 
colitis in mice housed under normal conditions is 
decreased by the administration of antibiotics [4, 5]. 
Alterations in gut microbiota have been observed in 
patients with Crohn’s Disease (CD) [6], and some IBD 
patients have reportedly shown improvement 
following antibiotic treatment [7]. Principal 
component analysis (PCoA) of microbiota 
composition can be used to clearly separate IBD 
patients from healthy controls [1]. Given that 
dysbiosis is now recognized as playing a central role 
in IBD fecal microbiota transplantation (FMT) would 
seem an appealing strategy to treat this disorder. 
However, the clinical outcomes have remained very 
heterogenous so far [8], suggesting that an assessment 
of the initial inflammatory potential of the microbiota 
of the patient is needed. Our study suggests that fecal 
miRNAs, whose profile is dependent on microbiota 
alterations that are functionally relevant, could be 
used as a new tool to assess microbiota healthiness. A 
series of recent studies found that colitis-associated 
microbiotas, commonly exhibit increased levels of 
bioactive flagellin (FliC) and lipopolysaccharide 
(LPS), which can respectively activate TLR5, the 
FliC-responsive NLRC4 inflammasome, and TLR4 
[9-11]. Per previously report [9-11], we therefore used 
FliC and LPS levels as markers of the 
pro-inflammatory potential of the microbiota also 
referred herein as microbiota healthiness.  

miRNAs are secreted from intestinal epithelial 
cells in the lumen and accumulate in feces. Fecal 
miRNAs were first observed in 2008 [12], and several 
subsequent studies revealed that they are altered in 
colorectal cancer [13, 14]. An extensive body of work 
has sought to elucidate the reciprocal interactions 
between the microbiota and the host, but this work is 
far from complete [15]. Recent studies suggest that 
miRNAs could be a third contributor to that dialog. 
Although fecal miRNAs are known to play a 
functional role in the intestine [16], we know 
relatively little about their relationship with the host 
microbiota. The first observation of crosstalk between 
host miRNAs and the microbiota was made in 2011 
[17], when GF mice were colonized with the 
microbiota of pathogen-free mice. Nine miRNAs were 
identified as being differentially expressed in the ilea 
and colons of colonized mice compared to GF mice. 
miRNA array analyses revealed that more miRNAs 
were differentially expressed in the colon than in the 
ileum, possibly because the bacterial load increases 

gradually from the stomach to the small intestine and 
reaches its maximum in the colon. Among the 
miRNAs that were differentially expressed in the 
ileum and colon, mmu-miR-665 was shown to 
regulate the expression of Abcc3 in response to 
colonization, providing the first example of 
microbiota-induced miRNA-mediated modulation of 
host gene expression. Subsequently, a similar study 
emphasized the emerging concept that there is an 
interplay between the endogenous microbiota and gut 
miRNAs [18]. The authors showed that the microbiota 
affects the cecal miRNA signature, and that the genes 
predicted to be targeted by the deregulated miRNAs 
tended to encode proteins that are involved in 
maintaining barrier function. Although the authors 
did not pursue any further functional analysis, their 
study provided another example of how the 
miRNA-microbiota tandem can regulate host gene 
expression. A more recent report found that host fecal 
miRNAs can regulate microbial fitness and gene 
expression [19]. Interestingly, the authors showed that 
mice deficient for the miRNA-generating protein, 
Dicer, had dysbiosis and were more susceptible to 
colitis than wild-type (WT) mice, demonstrating that 
the host can actively affect the microbial community 
through miRNAs. 

Together, these recent studies have revealed the 
existence of a trialogue among the intestinal 
microbiota, fecal miRNAs, and the host. However, we 
did not previously identify how the microbiota and its 
composition can affect fecal miRNA levels. Here, we 
investigated whether the gut microbiota can affect the 
fecal miRNA profile. Our findings indicate that fecal 
miRNA levels are associated with the microbiota 
composition in a manner that permits the miRNA 
profile, but not necessarily the microbiota 
composition, to indicate the inflammatory potential of 
the microbiota and, consequently, its potential for 
contributing to an inflammatory disease, such as IBD.  

Results 
The fecal microbiota affects the fecal miRNA 
profile 

Our previous study suggested that colonic 
miRNAs can mediate microbiota-to-host 
communication [17]. Here, to more rigorously and 
thoroughly explore this concept, we first examined 
how the complete absence of a microbiota impacts 
fecal miRNA profiles. Fecal miRNAs were analyzed 
in feces of conventionally raised and GF C57/Bl6 
mice, using a high-throughput qPCR-based 
technology that screened 752 miRNAs (Figure 1). The 
heat-map shows the 30 most deregulated miRNAs in 
GF mice compared to conventionally raised mice 
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(Figure 1A). Using the Student’s t-test, we identified 
16 miRNAs with p-values lower than 0.05 (pink and 
green dots, Figure 1B). Only miRNAs with at least 
three values per group were selected (pink dots); 
those with fewer than three values per groups were 
excluded (green dots) from the subsequent analyses. 
The top 12 selected microbiota-dependent 
deregulated miRNAs are shown in Figure 1C and 

listed in Table 1. Most of the differentially expressed 
miRNAs exhibited reduced expression in GF mice 
compared to the conventionalized mice suggesting 
that, in general, the presence of a microbiota increases 
the expression of fecal miRNAs (Figure 1C). We 
plotted the results using PCoA, which showed that 
the fecal miRNA profiles differed significantly 
between GF and conventionalized mice (Figure 1D).  

 
 

 
Figure 1: miRNA profiles in feces of germ-free versus conventionalized mice. Three-weeks old male and female germ-free (GF) mice were either kept sterile or 
conventionalized (conv.) with a WT microbiota from one donor. Fecal were collected 42 days post-transplantation and fecal miRNA were profiled by high-throughput 
qPCR-based technology. Heat-map of the 30 most deregulated miRNAs (A). Volcano Plot representing the miRNA fold change versus the p value in the feces of conv. and GF 
mice. miRNAs with non-significant fold changes (blue) and with significant fold changes but fewer than three values per group (green) were excluded from subsequent analyses, 
while those that passed the significance cutoff and had more than three values per group were selected for further analyses (pink). Dotted line = limit of significance (p < 0.05) 
(B). Expression profiles of 12 selected deregulated miRNA in GF mice compared to conv. mice. The average expression of each miRNA in conv. mice was set to 1. *p < 0.05 (C). 
Conv. or GF mice were clustered using normed principal coordinate analysis (PCoA) of the expression levels of the top 12 deregulated miRNAs (D) (n=4-5). 
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Transplant of colitis-associated microbiota to 
WT germ-free mice also transfers its 
colitogenic potential  

To investigate how the microbiota composition 
impacts miRNA levels, we conventionalized WT GF 
mice via transplantation of microbiotas from WT, 
non-colitic IL10-/- or colitic IL10-/- mice (Figure 2A). 
First, we analyzed the microbiota composition by 16S 
sequencing of the three groups of recipient mice at 
day 42 (D42) post-transplantation, in order to 
determine if the various microbiotas were transferred 
to their intended recipients (Figure 2B-C and Figure 
S1A). Visualization of the microbiota composition by 
PCoA of the UniFrac distance (as an unbiased 
method) confirmed that microbiotas of different 
compositions were transferred and stabilized in the 
recipient mice (Figure 2B). Mice that received a colitic 
IL10-/- microbiota were enriched for members of 
phylum Proteobacteria, which is consistent with a 
previous report investigating the microbiota of IL10-/- 
mice [20]; they were also enriched for members of 
phylum Firmicutes and depleted of members of 
phylum Bacteroidetes (Figure 2C and Figure S1A). In 
contrast, the microbiota of mice that received a 
non-colitic IL10-/- microbiota differed only slightly 
from those that received a WT microbiota (Figures 2C, 
S1A). Albeit a constant genotype (WT), mice recipient 
of various microbiota maintained those differences. 
This could be explained by the appearance of an 
inflammation triggered by the colonizing microbiota. 
The extent to which successful transplantation/ 
stabilization of the different microbiotas was 
accompanied by transfer of their inflammatory 
potential was investigated by measuring bioactive 
fecal levels of LPS and FliC [9-11]. Mice that received 
the microbiota from colitic IL10-/- mice were found to 
harbor a proinflammatory microbiota at D42 
post-conventionalization, as assayed by fecal LPS and 
FliC levels, while the proinflammatory potential of 
mice receiving microbiota from non-colitic IL10-/- 
mice was only moderately elevated compared to mice 
receiving microbiota from WT mice (Figure 2D-E). 
Phenotypically, the recipient mice did not display 
severe inflammation, as observed by histological 
examination (Figure 2F), monitoring of body weight 
over time (Figure S1B) and myeloperoxidase (MPO) 
assays (Figure S1C). However, we observed a modest 
but significant increase in the histological score 
(Figure 2G) in mice that received microbiota from 
colitic IL-10-/- mice. Levels of fecal LCN-2 (a broad 
and dynamic marker of inflammation) was analysed 
(Figure S1D). Significantly higher levels of fecal 
LCN-2 levels were measured at D7 post-transplant in 
IL-10-/- microbiota recipient mice compared to mice 

receiving WT microbiota. However, at D42 
post-transplant, levels of LCN-2 equalized between 
IL-10-/- microbiota and WT microbiota recipient mice. 
At D42 post-transplant, LCN-2 levels were more 
elevated in mice recipient of a non-colitic IL10-/- 
microbiota than in mice receiving a WT microbiota. 
One characteristic feature of low-grade inflammation 
is the presence of a higher fasting blood glucose level. 
Indeed, we observed an increase in blood glucose 
among IL-10-/- microbiota recipient mice, and found 
that this change was not associated with a difference 
in body weight (Figure 2H and S1B).  

Alterations of the microbiota composition and 
function can affect fecal miRNAs 

Administration of microbiota to GF mice (i.e., 
conventionalization) induced a marked change in 
their fecal miRNA profile (Figure 1). However, we did 
not know the extent to which this reflected a general 
consequence of conventionalization versus a 
differential impact related to the composition of the 
transplanted microbiota. To investigate the impact of 
the microbiota composition on the fecal miRNA 
profile, independent of host genotype, we performed 
fecal transplant to WT GF mice, as shown 
schematically in Figure 2A. Fecal miRNA profiles 
were analyzed at D0 and D49 post-transplant and 
PCoA was used to visualize the expression levels of 
the 12 miRNAs that we had identified (Figure 1, 
Table 1) as being regulated by microbiota. PCoA 
yielded clear clustering of the three groups at D49 
(post-conventionalization) but not at D0 (before 
conventionalization) (Figure 2I). These results 
collectively indicate that the miRNA profile is 
influenced by the microbiota composition, and that a 
microbiota prone to favoring intestinal inflammation 
(i.e., that from colitic IL10-/- mice) has a distinct impact 
on the fecal miRNA profile compared to a microbiota 
that lacks this pro-inflammatory potential (WT and 
non-colitic IL10-/- microbiota). These results suggest 
that it may be possible to establish an 
inflammatory-type fecal miRNA signature.  

Different colitic-type derived microbiota 
variously alters fecal miRNAs  

To further explore the possibility that a 
colitogenic microbiota has a distinct impact on the 
fecal miRNA profile, we conventionalized GF mice via 
microbiota transplant from WT, colitic IL10-/- or colitic 
TLR5-/- mice (Figure 3A). 16S sequencing analysis of 
the microbiota composition in the three groups of 
recipient mice at D42 post-transplantation confirmed 
that the various microbiotas were successfully 
transferred (Figure 3B-C and Figure S2A). PCoA of 
the UniFrac distance confirmed that microbiotas of 
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different compositions were transferred and 
stabilized in the recipient mice, as there was clear 
clustering according to the type of transplanted 
microbiota (Figure 3B). The PCoA plot also shows 

that a same donor lead to the presence of a similar 
microbiota in its recipient mice even if they are not 
hosted in the same cages.  

 

 
Figure 2: Fecal microbiota transplant affects the fecal miRNA population. Three-weeks old male and female GF C57BL/6 mice were conventionalized via microbiota 
transplant from single WT, non-colitic IL10-/- or colitic IL10-/- female donor mice. A, Schematic representation of the experiment. B, Principal coordinate analysis (PCoA) of the 
weighted UniFrac distance matrix of fecal microbiota from WT (gray), non-colitic IL10-/- (orange) and colitic IL10-/- (red) microbiota-recipient mice at day 42 (D42) 
post-transplant. C, Taxonomic summary at the phylum level. D-E, Bioactive levels of fecal lipopolysaccharide (D) and flagellin (E) were assayed using TLR5 and TLR4 reporter 
cells. F, Colons of WT mice transferred with WT, non-colitic IL10-/- or colitic IL10-/- microbiota were paraffin-embedded, sectioned and stained with H&E. Bars = 100 mm. G, 
Histological scores. H, Fasting blood glucose. I, miRNA profiles analyzed from the feces of recipient mice at D0 and D49 post-transplant. PCoA of the expression levels of the 
top 12 deregulated miRNAs identified in WT (gray), non-colitic IL10-/- (orange) and colitic IL10-/- (red) microbiota-recipient mice. Data are presented as the means ± SEM (n=5 
per group). Significance was determined by two-way ANOVA followed by Bonferroni post-hoc test. *, p<0.05; ***, p<0.001. 
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Figure 3: Colitogenic microbiota differentially affect the fecal miRNA population. Three-weeks old male and female GF C57BL/6 mice were conventionalized via 
microbiota transplant from single WT, colitic IL10-/- or colitic TLR5-/- female donor mice. WT microbiota colonization was performed from the same WT donot to two different 
set of recipient mice housed in two different isocages (cage 1, n=5; cage 2 n=3). A, Schematic representation of the experiment. B, PCoA of the weighted UniFrac distance matrix 
of fecal microbiota from WT (gray, 1 and 2 indicate that recipient mice were respectively housed in cage 1 and 2 after microbiota transplantation), colitic IL10-/- (red) and colitic 
TLR5-/- (green) microbiota-recipient mice at D42 post-transplant. C, Taxonomic summary at the phylum level. D and E, Bioactive levels of fecal lipopolysaccharide (D) and 
flagellin (E) were assayed using TLR5 and TLR4 reporter cells. F, Colons of WT mice transferred with WT, colitic IL10-/- or TLR5-/- microbiota were paraffin-embedded, 
sectioned and stained with H&E. Bars = 100 mm. G, Histological score. H, Fasting blood glucose. I, miRNA profiles were analyzed in the feces of recipient mice at Day 0 and Day 
49 post-transplant. PCoA of expression levels of the top 12 deregulated miRNAs identified in WT (gray, 1 and 2 for cages 1 and 2 respectively), colitic IL10-/- (red) and colitic 
TLR5-/- (green) recipient mice. Data are presented as the means ± SEM (n=5-8 per group, n=5 in IL10-/- and TLR5-/- microbiota recipient mice, n=8 in WT microbiota recipient 
mice). Significance was determined by two-way ANOVA followed by Bonferroni post-hoc test. ***, p<0.001; *, p<0.05. 
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Mice recipient of the same WT donor, were 
housed in two separated cages (1 and 2) but that they 
cluster together based on their microbiota 
composition and relatively to the mice recipient of 
other types of microbiota. This observation rules out 
the effect of random environmental and/or 
post-transplant cage effects (Figure 3B). In this 
experiment, the differences in microbiota composition 
associated with transplantation of IL10-/- microbiota 
were driven by enrichment in Verrucomicrobia and 
depletion of Firmicutes (Figure 3C and Figure S2A), 
which is consistent with a previous report showing 
that inflammation in IL10-/- mice was associated with 
significantly increased levels of Verrucomicrobia [20]. 
The microbiota composition in recipients of TLR5-/- 
microbiota differed only slightly from that of mice 
that received the WT microbiota (Figure 3C and S2A) 
and was mainly characterized by a decreased 
abundance of Proteobacteria which is contradictory 
with some previous findings showing that increased 
abundance of Proteobacteria was associated to colitis 
and colorectal cancer [20]. However, we also noted a 
concomitant increase in Bacteroidetes that might 
counteract the potential anti-inflammatory effect of 
the proteobacteria explaining the presence of 
low-grade inflammation only in the recipient mice 
(Figure 3G). To investigate whether the successful 
transplantations of the different microbiotas were 
accompanied by transfer of their inflammatory 
potential, we measured fecal levels of LPS and FliC 
using a cell-reporter assay. Mice that received 
microbiotas from colitic IL10-/- and colitic TLR5-/- 
mice were found to harbor proinflammatory 
microbiotas at D42 post-conventionalization, based on 
their fecal FliC loads (Figure 3D-E). Phenotypically, 
the recipient mice did not display severe 
inflammation, as assessed by histological examination 
(Figure 3F), monitoring of body weight over time 
(Figure S2B) and myeloperoxidase (MPO) assay 
(Figure S2C). However, TLR5-/- and IL10-/- 
microbiota-recipient mice exhibited low-grade 
inflammation, as detected by histological scoring 
(Figure 3G) and increased blood glucose (Figure 3H), 
without any significant change in body weight 
(Figure S2B). We also analyzed the miRNA profiles in 
the feces of recipient mice at D0 and D49 
post-transplant. PCoA of the expression levels of 
microbiota-regulated miRNAs in recipients of WT, 
colitic IL10-/- and colitic TLR5-/- microbiotas showed 
clear clustering of the three groups at D49 
post-conventionalization but not at D0 (before 
conventionalization) (Figure 3I). These results 
indicate that although mice harboring distinct 
colitogenic microbiotas exhibit similar degrees of 
inflammation (Figure 3F-G), they have distinct 

miRNA profiles. That said, the miRNA profiles still 
exhibit general similarities that are sufficient to enable 
these mice to be identified as being prone to 
developing inflammation.  

Fecal miRNA profiling identify microbiota 
healthiness more than the microbiota 
composition does 

A wide variety of factors can yield differences in 
microbiota composition, such that even individual 
cages of closely related mice maintained under the 
same conditions will often display small but 
statistically significant differences in microbiota 
composition (often referred to as “cage clustering”). 
Hence, we sought to investigate the extent to which 
such seemingly unimportant differences (in 
functional terms) of microbiota composition might 
impact the miRNA profile. GF mice were 
conventionalized via transplantation of WT 
microbiotas and hosted in three different cages, and 
bacteria-regulated miRNAs were analyzed by PCR 
(schematized in Figure 4A). As expected, we observed 
marked cage clustering in the microbiota 
compositions of recipient mice from the three cages 
(Figure 4B) that is also observed in the taxa summary 
chart (Figure 4C). In contrast, we observed only 
modest differences in their miRNA profiles (Figure 
4D). The changes in the microbiota composition are 
however not associated with a change in its 
pro-inflammatory potential as shown by the levels of 
LPS and FliC (Figure 4E). These results suggest that 
the fecal miRNA profile does not reflect minor 
changes in the microbiota composition, but rather 
reveals functionally significant alterations. When an 
analysis focuses on the microbiota composition, 
interexperimental variations are observed mostly due 
to differences in the utilized donors. An example of 
this is seen in comparing Figures 2C and 3C. 
However, when using our novel fecal miRNAs 
panels, similar clustering effects are observed 
between Figure 2I and Figure 3I despite the lower 
abundance of Verrucomicrobia in the WT microbiota 
recipient group observed in Figure 3C compared to 
the same group in the experiment described in Figure 
2C. Thus, compared to an analysis of microbiota 
composition, our panel can better assess the function 
and pro-inflammatory potential of the microbiota. 

To test whether our fecal miRNA signature 
could be used to quantify inflammation in recipient 
mice, we sought to correlate the histological score 
with the results of our principal coordinate analysis 
for the fecal miRNA signature (Figure 5). As shown in 
Figure 5A, a regression analysis identified correlation 
between the variable, PC2, and the histological scores 
of samples used in the experiments presented in 
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Figure 2 (R2= 0.5493; p= 0.0024). As shown in Figure 
5B, a regression analysis identified correlation 
between the variable, PC1, and the histological scores 

of samples used in the experiments shown in Figure 3 
(R2= 0.6255; p= 0.0037).  

 

 
Figure 4: miRNA profiles in the feces of mice transplanted with WT microbiota in two independent experiments. A, Single WT female donor microbiota was 
transplanted to three groups of 3 weeks-old WT female and male recipient mice hosted in three independent cages (cages A, B and C) in two independent experiments 
(experiment 1: cage A, n=4; experiment 2: cages B, n=5 and C, n=3). B, PCoA of the expression levels of the top 12 deregulated miRNAs in cages A, B and C in experiments 1 
and 2. C, Taxonomic summary at the phylum level. D, PCoA of the weighted UniFrac distance matrix of fecal microbiota from WT recipient mice at D49 post-transplant. E, 
Bioactive levels of fecal lipopolysaccharide (top panel) and flagellin (lower panel) were assayed using TLR5 and TLR4 reporter cells. Significance was determined using a 
Kruskal-Wallis test followed by a Dunn’s post-test.  
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Our results together suggest that a fecal miRNA 
signature can be used to identify the inflammatory 
potential of the microbiota, discriminate among 
colitogenic microbiota from different origins, indicate 
the resultant inflammatory status and that a fecal 
miRNA signature could prove useful as a tool for 
assessing the composition and potential to induce 
inflammation of the gut microbiota. 

Microbiota taxa correlate with fecal miRNAs 
To investigate the relationship between 

individual miRNAs and the microbiota, we 
performed correlation analysis via Hierarchical 
All-against-All association testing (HAllA), which is a 
computational method that may be used to find 
multi-resolution associations in high-dimensional, 
heterogeneous datasets such as high-throughput 

sequencing data [21]. Hierarchical clustering revealed 
several clusters of significantly correlated miRNAs 
and bacterial taxa (Figure 6A). To further investigate 
the relationship between miRNAs and the microbiota, 
we selected bacteria/miRNA that were highly 
correlated (q≤0.020) and used Cytoscape to build a 
network visualizing the relationship between 
miRNAs and their correlated bacteria (Figure 6B). The 
correlation network revealed a highly interconnected 
relationship between these miRNAs and bacteria. 
Enterobacteriaceae, especially E. coli, are abundant in 
patients with IBD or colorectal cancer [22, 23], and the 
inflammation in IL10-/- mice maintains an increased 
abundance of E. coli, which exacerbates inflammation 
and colon carcinogenesis [24]. We observed strong 
positive associations between miR-194-5p, 
miR-148-3p, miR-27b-3p and Enterobacteriaceae, 

suggesting that these miRNAs could be 
intermediaries between Enterobacteriaceae and 
inflammation. More generally, we found a strong 
association between Proteobacteria, which were 
previously reported to be abundant in IL10-/- 
mice [20] and IBD patients [25], and miR-148-3p 
and miR-27-3p. Thus, these miRNAs could be 
mediators of the pathogenesis of Proteobacteria in 
IL10-/- mice and in human IBD. Overall, our 
results demonstrate that there are strong 
interactions between fecal miRNAs and specific 
species of the intestinal microbiota that likely 
contribute to maintaining intestinal homeostasis. 
Conversely, disruption of the normal interactions 
between miRNAs and bacteria might play 
important roles in dysbiosis-associated disorders, 
such as IBD.  

Discussion 
Numerous studies have identified 

associations between alterations in the gut 
microbiota composition and IBD. Data obtained 
in animal models of IBD suggest that such 
alterations in microbiota composition are likely to 
be both a cause and consequence of the gut 
inflammation that characterizes this disease state. 
However, the mediators of the 
microbiota-intestinal relationship remain poorly 
defined. Recent evidence indicates that miRNAs 
can mediate host-microbiota interactions and 
participate in regulating intestinal health [17, 19]. 
Fecal miRNAs were also recently suggested as 
potential biomarkers for IBD and colorectal 
cancer. This study is the first to investigate the 
crosstalk between fecal miRNAs and microbiota 
in the context of colitis. We observed that the 
intestinal microbiota impacts the profile of fecal 
miRNAs.  

 

 
Figure 5: Correlation analysis between principal coordinates from the fecal 
miRNA signature and histological scores. A, Correlation analysis between the values of 
principal coordinate 2 from the fecal miRNA signature and histological score from experiment 
described in figure 2. B, Correlation analysis between the values of principal coordinate 1 
from the fecal miRNA signature and histological score from experiment described in figure 3. 
A F-test was used to determine the significance of the correlation.  
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Figure 6: Bacteria and fecal miRNA expression levels significantly correlate. A, Heat-map showing bacterial taxa (in rows) that were significantly correlated with 
various miRNAs (in columns). Red and blue indicate positive and negative correlations, respectively. B, Interaction network showing miRNAs and their correlated bacteria 
(correlation q-value of ≤ 0.02). Red and blue indicate negative and positive correlations, respectively.  

 

Table 1: Differentially expressed miRNAs in GF vs. Conv mice 

 
 
By comparing the miRNA expression profile in 

feces of GF and conventionalized mice, we observed 
that the presence of a microbiota induced variation in 
the miRNA expression profile of feces. The results 
obtained from our microbiota transplantation 
experiments indicated that the presence of a 
microbiota not only induced changes in the fecal 
miRNA profile, it also led to alterations in its 
composition and pro-colitogenic potential.  

Our study suggests that fecal miRNAs can be 
used as biomarkers of intestinal and microbiota 
healthiness, and to identify specific functionally 
relevant alterations in the microbiota. Compared to 
16S sequencing, analysis of the fecal miRNA 

expression profile could offer a better readout of 
microbiota-dependent inflammation (as suggested 
herein) while offering a technologically simpler 
alternative. Most of the studies (including our own) 
that have suggested that miRNAs and miRNA 
signatures may be useful as potential biomarkers for 
IBD have investigated circulating miRNAs [26-29]. 
More recently, fecal content has emerged as new and 
interesting source of miRNA biomarkers for IBD and 
colorectal cancer [12]. For example, fecal miRNAs 
were proposed as potential biomarkers for colorectal 
cancer [13, 30], and a recent study showed that 
miRNAs in feces correlate with disease activity in IBD 
patients, and thus warrant further study as potential 
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biomarkers for this disease [31]. A limitation of our 
analysis is that, due to material limitations, microbiota 
and miRNA profiles were not analyzed at the same 
time point in our recipient mice. miRNA profile was 
hypothesized to be a consequence of a certain 
microbiota composition explaining our choice to 
analyze miRNAs at a later time point than the last 
microbiota composition.  

Our correlation analyses identified interactions 
between the microbial community in the gut and fecal 
miRNAs. This finding suggests that fecal miRNAs 
could mediate and/or modulate dysbiosis-related 
inflammation in the host. Specifically, we identified 
strong correlations between miR-194-5p and let-7c-5p 
and certain bacterial families, such as 
Enterobacteriaceae, whose presence and abundance 
were previously shown to be associated with IBD [32]. 
We also found that members of Helicobacter, which 
were previously shown to drive the inflammatory 
process in IL10-/- mice [33], showed a highly 
significant association with miR-194-5p, suggesting 
that this miRNA may be involved in this 
inflammatory process. Moreover we recently showed 
that miR-194-5p was highly increased in the sera of 
IL10-/- mice after they developed colitis compared to 
the same mice before they developed colitis, whereas 
this miRNA was not altered in sera from other tested 
mouse model of colitis and inflammation [28]. Our 
observation that miR-194 was significantly 
downregulated in conventionally raised WT mice 
could be seen as an anti-inflammatory event that 
appears to oppose our previous results obtained using 
the sera of IL10-/- colitic mice [28]. However, we 
previously observed that miR-194-5p was altered in 
this model, but not the other studied inflammatory 
conditions. Based on this, we suggest that the 
alteration of miR-194-5p is specific to the model 
(IL10-/- mice) rather than the inflammation status. 
The miRNAs found to differ in conventionalized mice 
compared to GF mice included three (miR-148a-3p, 
miR-21a-5p, and miR-194-5p) that we had previously 
found to be significantly altered in serum in the 
presence of colitis [28], as well as others that were 
either unaltered in our previously studied system or 
non-detectable in serum. We generally agree with Liu 
et al. [19] that the miRNAs found in feces are secreted 
from the intestinal epithelium. Even if the same 
miRNA is found in circulating blood, it is currently 
unknown whether serum and fecal miRNAs arise 
from the same cellular source. The 
colitis-model-specificity of the circulating miRNA 
profile observed in our previous study [28] and our 
present observations suggesting that the identified 
fecal miRNA signature could be used to differentiate 
various microbiota together suggest that there is an 

interplay between miRNAs and the microbiota, which 
together participate in the unique pathogenic 
processes specific to each model.  

Previous studies have demonstrated that 
differential host tissue miRNA expression, which is 
influenced by the microbiota, in turn regulates host 
gene expression, potentially impacting pathways 
relevant to host physiology and disease status [17, 34]. 
Our group previously showed that GF mice exhibit 
altered expression of miRNAs in the ileum and colon 
compared to conventionally raised mice, and that 
miR-665 could regulate the expression of the host 
gene, Abcc3 [17]. A comparable 
microbiota-miRNA-host pathway interaction was 
observed in a recent study demonstrating that 
commensal bacteria can induce miR-21a-5p 
expression in intestinal epithelial cells, and that this 
affects intestinal epithelial permeability via PTEN and 
PDCD4 (two known targets of 
miR-21a-5p)-dependent deregulation of ARF4 [34]. 
These studies highlighted the functional role played 
by host miRNAs in microbiota-to-host 
communication and suggest that, in the context of IBD 
or other dysbiosis-related conditions, miRNAs might 
mediate the impact of dysbiosis on the host via target 
genes.  

Overall, our study, together with previous 
evidence, suggests that fecal miRNAs are likely to 
mediate communication between the microbiota and 
the host in IBD and in other conditions, including 
colorectal cancer [35]. The importance of fecal 
miRNAs further suggests that these entities could 
prove useful as potential new tools for diagnosing 
and monitoring microbiota-dependent inflammation 
such as IBD. Such a strategy could be more practically 
feasible than 16S microbiota sequencing if we develop 
effective methodologies to perform direct 
quantification of absolute miRNAs in a reliable and 
simple manner. Significant progress toward this end 
has been made with the development of a 
microelectrode miRNA sensor that allows for the 
one-step detection of miRNAs within 10 min [36]. 
Meanwhile, if follow-up studies demonstrate that 
fecal miRNAs also play active roles in the interactions 
between the host and the microbiota in the context of 
IBD, miRNAs would also be appropriate as new 
therapeutic tools that could act on the host and/or the 
microbiota to ultimately benefit IBD patients.  

Materials and Methods 
Germ-free mice  

Female and male germ-free C57BL/6 mice were 
kept under germfree conditions in a Park Bioservices 
isolator in our germ-free facility.  
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Conventionalization by microbiota 
transplantation and sample collection 

Fecal contents from individual IL10-/- before or 
after they developed colitis (non colitic, colitic), 
TLR5-/- and WT mice were suspended in 30% 
glycerol diluted in PBS (1.0 mL) and stocked at 80°C 
until analysis. Both male and female germ-free were 
either kept sterile or conventionalized. For 
conventionalization, male and female germ-free 
C57BL/6 mice (3 weeks-old) were removed from the 
isolator at weaning and were orally administered 
200µL of a fecal suspension obtained from a glycerol 
stocks of a single donor mouse for each transplanted 
group. Microbiota transplant experiment displayed 
Figure 2 and 3 are independent experiments with 
different donor mice. Mice were fed Purina 5001 
Laboratory Rodent diet, a standard diet broadly used 
in many research facilities. Four to five pellets of feces 
from the recipient mice were collected in the morning 
at D0, D42 and D49 post-transplant for microbiota 
sequencing and miRNA expression analyses. Mice 
were euthanized at D49 and tissues collected for 
analysis. All the experiments involving mice were 
approved by institutional animal care and use 
committee (IACUC, Georgia State University Atlanta, 
GA, USA). 

H&E Staining of Colonic Tissue and 
Histopathologic Analysis 

Mouse colons were fixed in 10% buffered 
formalin for 24 hours at room temperature and then 
embedded in paraffin. Tissues were sectioned at 5-μm 
thickness and stained with hematoxylin & eosin 
(H&E) using standard protocols. Images were 
acquired using a Zeiss Axioskop 2 plus microscope 
(Carl Zeiss MicroImaging) equipped with an 
AxioCam MRc5 CCD camera (Carl Zeiss). 
Histological scoring was blindly determined on each 
colon as previously described and with a slight 
modification [37, 38]. Briefly, each colon was assigned 
four scores based on the degree of epithelial damage 
and inflammatory infiltrate in the mucosa, submucosa 
and muscularis/serosa [39]. Each of the four scores 
was multiplied by a coefficient 1 if the change was 
focal, 2 if it was patchy and 3 if it was diffuse [38] and 
the 4 individual scores per colon were added. The 
scores for each of five mice per treatment group were 
averaged. 

Overnight fasting blood glucose measurement  
Mice were placed in a clean cage and fasted for 

15h. Blood glucose concentration was then 
determined using a Nova Max Plus Glucose Meter 
and expressed in g/L. 

Fecal flagellin and LPS load quantification 
Flagellin and LPS were quantified as previously 

described [9] using human embryonic kidney 
(HEK)-Blue-mTLR5 and HEK- BluemTLR4 cells, 
respectively (Invivogen). Briefly, fecal material was 
resuspended in PBS to a final concentration of 100 
mg/mL and homogenized using a 
Mini-Beadbeater-24 without the addition of beads to 
avoid bacteria disruption. Supernatants were serially 
diluted and applied to mammalian cells. Purified 
flagellin from Salmonella typhimurium and LPS from 
Escherichia coli (Sigma) were used for standard curve 
determination. After 24 hours of stimulation, cell 
culture supernatants were applied to QUANTI-Blue 
medium (Invivogen) and alkaline phosphatase 
activity was measured at 620 nm after 30 minutes.  

Colonic myeloperoxidase (MPO) assay 
Neutrophil influx in tissue was analyzed by 

assaying the enzymatic activity of MPO, a marker for 
neutrophils as previously described [37]. Briefly, 
colons were homogenized at 50mg/ml in 0.5% 
hexadecyltrimethylammonium bromide (Sigma, St. 
Louis, MO) in 50 mM PBS, (pH 6.0), freeze-thawed 3 
times, sonicated and centrifuged. MPO was assayed 
from the supernatant by adding 1 mg/mL of 
dianisidine dihydrochloride (Sigma, St. Louis, MO) 
and 5x10-4% H2O2. The change in optical density 
measured at 450 nm. Human neutrophil MPO (Sigma, 
St. Louis, MO) was used to determine the standard 
curve. One unit of MPO activity was defined as the 
quantity necessary to degrade 1.0 µmol of 
peroxide/min at 25°C [40]. 

Quantification of fecal Lcn-2 by ELISA  
For quantification of fecal Lcn-2 by ELISA, 

frozen fecal samples were reconstituted in PBS-0.1% 
Tween 20 to a final concentration of 100 mg/mL and 
vortexed for 20 min [38]. Homogeneous fecal 
suspensions were then centrifuged and supernatants 
were collected. Lcn-2 levels were measured using 
Duoset murine Lcn-2 ELISA kit according to the 
manufacturer’s instruction (R&D Systems, 
Minneapolis, Minnesota, USA). 

Fecal microbiota analysis by 16S rRNA gene 
sequencing using Illumina technology  

16S rRNA gene amplification and sequencing 
were done using the Illumina MiSeq technology using 
a previously published protocol [10]. DNA was 
extracted from frozen feces using DNeasy powersoil 
HTP 96 kit (QIAGEN) with mechanical disruption 
(bead beating 5 minutes). The 16S rRNA genes were 
amplified by PCR from each sample using a 
composite forward primer and a reverse primer 
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containing a unique 12-base barcode, which was used 
to tag PCR products from respective samples [41]. 
Forward primer 515F 5’-AATGATACGGCGACCACC 
GAGATCTACACTATGGTAATTGTGTGCCAGCMG
CCGCGGTAA-3’ was used. The sequence in italic is 
the 5’ Illumina adaptor B and the sequence in bold is 
the primer pad. The sequence in both italic and bold 
(GT) is the primer linker. The underlined sequence is 
the conserved bacterial primer 515F. The reverse 
primer 806R 5’-CAAGCAGAAGACGGCATACGAGAT 
XXXXXXXXXXXX AGTCAGTCAG CC GGACTACH 
VGGGTWTCTAAT-3’ was used. The sequence in 
italic is the 3’ reverse complement sequence of 
Illumina adaptor, the 12X sequence is the Golay 
barcode, the sequence in bold is the primer pad, and 
the italicized and bold sequence is the primer linker. 
The underlined sequence is the conserved bacterial 
primer 806R. PCR reactions were performed using 
Hot Master PCR mix (Five Prime), following 
manufacturer recommendations, PCR products were 
subsequently purified with AMPure XP magnetic 
beads (Beckman Coulter Life Sciences), and products 
were visualized by gel electrophoresis. Products were 
then quantified by spectrophotometry, and a master 
DNA pool in equimolar ratios was generated and 
sequenced using an Illumina MiSeq sequencer 
(paired-end reads, 2x250 base pairs) at Cornell 
University, Ithaca. 

Sequences were demultiplexed, quality filtered 
using the Quantitative Insights Into Microbial Ecology 
(QIIME, version 1.8.0) software package [16, 42], and 
forward and reverse Illumina reads were joined using 
the fastq-join method [43]. We used QIIME default 
parameters for quality filtering, as previously 
described [10]. Sequences were assigned to OTUs 
using the UCLUST algorithm [44] with a 97% 
threshold of pairwise identity (with the creation of 
new clusters with sequences that do not match the 
reference sequences), and classified taxonomically 
using the Greengenes reference database [45]. 
Principal coordinates analysis (PCoA) plots were used 
to assess the variation between experimental group 
(beta diversity), using the unweighted Unifrac 
distance matrix. Rarefied OTU table were 
summarized at the phylum level using QIIME 
software. LEfSE (LDA Effect Size) was used to 
investigate bacterial members that drive differences 
between groups [46]. Unprocessed sequencing data 
are deposited in the European Nucleotide Archive 
under accession number PRJEB32441. 

Fecal microRNA isolation  
Total RNAs were extracted from germfree or 

conventionalized mice fecal supernatant using 
miRCUCY RNA Isolation- cell and plants kit (Exiqon) 

following the manufacturer’s instructions with some 
modifications. Briefly, 100 mg of mouse feces was 
homogenized in 1ml of sterile PBS, spun down at 300 
×g for 10 min. The supernatant was further spun 
down at 2000 ×g for 15 min and supernatant was 
filtered through a 0.8 μm filter (Millipore). Lysis 
buffer containing RNA Spike-In (UniSp2, UniSp4, and 
UniSp5) was added to fecal supernatant and followed 
by RNA isolation according to manufacturer’s 
instruction (Exiqon). 

Real-time qPCR-based miRNA profiling and 
data analysis 

miRNA profiling was performed by the 
company Exiqon (http://www.exiqon.com/ 
microRNA-pcr-services) according to their protocol. 
“The 50 ng RNA was reverse transcribed in 50 μl 
reactions using the miRCURY LNATM Universal RT 
microRNA PCR, Polyadenylation and cDNA 
synthesis kit (Exiqon). cDNA was diluted 100 x and 
assayed in 10 ul PCR reactions according to the 
protocol for miRCURY LNATM Universal RT 
microRNA PCR; each microRNA was assayed once by 
qPCR on the microRNA Ready-to-Use PCR, Human 
panel I and panel II using ExiLENT SYBR® Green 
mastermix. Negative controls excluding template 
from the reverse transcription reaction was performed 
and profiled like the samples. The amplification was 
performed in a LightCycler® 480 Real-Time PCR 
System (Roche) in 384 well plates. The amplification 
curves were analyzed using the Roche LC software, 
both for determination of Cp (by the 2nd derivative 
method) and for melting curve analysis. The 
amplification efficiency was calculated using 
algorithms similar to the LinReg software. All assays 
were inspected for distinct melting curves and the Tm 
was checked to be within known specifications for the 
assay. Futhermore assays must be detected with 5 
Cp’s less than the negative control, and with Cp<37 to 
be included in the data analysis. Data that did not 
pass these criteria were omitted from any further 
analysis. Using NormFinder the best normalizer was 
found to be the average of assays detected in all 
samples. All data was normalized to the average of 
assays detected in all samples (average – assay Cp).” 
A student’s t-test calculated between the two groups 
(GF vs. conv.) identified 16 miRNAs with p-values 
lower than 0.05 which are represented Figure 1B in 
green and pink dots. Out of the 16, only 12 miRNAs 
had more than 3 values per groups and were selected 
for subsequent analyses (pink) and are listed Table 1. 
While, only the top 10 fulfill the Bernjamini-Hochberg 
correction, the 12 significant by t-test were selected.  

QIIME software was used to analyze the 
beta-diversity of the Euclidean distance, with 
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principal coordinates subsequently calculated. 
Emperor software was used to make the 3D-plots. 
Principal coordinates analysis (PCoA) plots were 
drafted in order to assess variation between 
experimental groups.  

miRNA expression by qPCR and data analysis 
Total RNAs were extracted from fecal 

supernatant using miRCUCY RNA Isolation -cell and 
plants kit (Exiqon) according to the manufacturer’s 
instructions with some modifications. Ten nanograms 
of total RNAs was reversed transcribed using 
miRCURY LNA Universal RT microRNA PCR 
protocol using the Universal cDNA synthesis kit II 
(Exiqon). cDNAs were diluted 1:50 and assayed in 10 
μL PCR reactions using custom design Pick & Mix 
microRNA PCR panels and the ExiLENT SYBR Green 
master mix following the instruction for miRCURY 
LNA Universal RT microRNA PCR. Each of the 
miRNA listed in Table 1 was assayed once by qPCR. 
Pick-N-Mix qPCR plates were run on RealPlex 
mastercycler (Eppendorf). miR-200c-3p was chosen as 
normalizer using NormFinder and expressed as 
2∆CT. QIIME software was used to analyze the 
beta-diversity of the Euclidean distance, with 
principal coordinates subsequently calculated. 
Emperor software was used to make the 3D-plots. 
Principal coordinates analysis (PCoA) plots were 
drafted in order to assess variation between 
experimental groups. All reagents used for 
quantitative PCR were obtained from Exiqon. 

Correlation analysis 
We performed correlation analysis between 

miRNA expression level and microbiota members 
relative abundances using Hierarchical 
All-against-All significance testing (HAllA; 
http://huttenhower.sph.harvard.edu/halla). 
Relationships between abundance of individual 
bacteria at the specie level and miRNA expression 
level were tested using Spearman's rank correlation 
coefficient. miRNA-bacteria interactions with p<0.02 
values were visualized using Cytoscape v3.6.1. 

Statistical analysis  
Prior to determining the significance with 

parametric tests, normality was tested using 
D’Agostino & Pearson omnibus test. For normally 
distributed samples, significance was determined 
using either unpaired two-tailed Student’s t-test or 
one-way ANOVA followed by a Bonferroni post-test. 
Mann-Whitney test or Kruskal-Wallis test followed by 
a Dunn’s post-test were used when samples failed the 
normality test (GraphPad Prism software). A F-test 
was used to determine the deviation from zero of the 

linear regression presented in Figure 5. Histograms 
are represented with standard error of the mean in 
order to report the precision of the mean. Differences 
were noted as significant *p < 0.05, **p < 0.01 and ***p 
< 0.001. 

Supplementary Material  
Supplementary figures. 
http://www.thno.org/v09p4542s1.pdf  
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