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Profiling the Gut Microbiome Unraveled Signature
Bacterial Groups in Autoimmune Diabetes, which
Remain Unperturbed by the Low Ionic Strength of the
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Background: Non-obese diabetic (NOD) mice develop type 1 diabetes (T1D) spontaneously and serve as a good model for investi-
gating the underlying pathological mechanisms and devising novel treatment procedures. Although acid water consumption has
been reported to exaggerate or reduce diabetes incidence in female NOD mice by two groups, the causative bacteria responsible
for these contrasting changes remain unclear. On the contrary, we and others failed to observe the effect of acid water consump-
tion on diabetes incidence. This study aimed to determine whether the consumption of low-pH drinking water could alter the
frequencies of prominent bacterial groups independent of diabetes manifestation.

Methods: Six-week-old female NOD mice maintained on acidified drinking water at the Jackson Laboratories were transferred
to neutral pH water or continuously provided with low pH drinking water at our facility. Diabetes was monitored weekly using a
glucometer. Using the 454-pyrosequencing methodology, we profiled the gut microbiome of mice transferred to neutral water and
developed diabetes. Further, we performed quantitative real-time polymerase chain reactions (QRT-PCR) using primers specific
for prominent 16S rRNA genes on the fecal DNA of mice provided with low pH or neutral water and displayed diabetes similarly.
Results: Consistent with our earlier report, the incidence of T1D was robust (80-100%) regardless of whether female NOD
mice consumed acid (~pH 2.9) or neutral water. The 454-pyrosequencing of fecal DNA indicated no substantial influence of
transferring mice to neutral pH drinking water on the gut microbiome. To validate these findings, we conducted qRT-PCR on
the fecal DNA of mice longitudinally from six weeks of age to adulthood that consumed acidic or neutral pH water and developed
diabetes similarly. Among the 15 selected bacterial groups examined, the frequency of Lactobacillus sp. remained consistently
lower (p < 0.05) throughout the life of NOD mice compared to that found in young (6-week-old) mice, regardless of the pH of the
drinking water. The relative frequencies of the Firmicutes Ruminococcaceae and the Bactereoidetes members Anaerophaga sp.
and Paludibacter sp. increased significantly (p < 0.05) during the transition to the overtly diabetic stage irrespective of the ionic
strength of the drinking water. Interestingly, the Firmicutes members Clostridium coccoides, C. leptum, and Lachnospiraceae and
the Bacteroidetes members Bacteroides sp. and Prevottella sp. remained unchanged throughout the analysis irrespective of the
pH of the drinking water. Paradoxically, the representations of Akkermansia muciniphila and the segmented filamentous bacteria
implicated in diabetes protection did not differ regardless of the age or the ionic strength of the drinking water.

Conclusions: The data presented herein validate the lack of influence of acidic drinking water on T1D development in female NOD
mice. Diabetes was associated with the lower representation of Lactobacillus sp. throughout life, which was not influenced by the
differing pH of the drinking water. Significantly, segmented filamentous bacteria and A. muciniphila, previously implicated in
protection against T1D, were not perturbed by the varying pH of the water consumed. These data indicate that although acidified
water consumption was reported previously to diminish specific gastrointestinal pathogens, it failed to perturb gut commensals
that influence diabetes development.
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Introduction

Type 1 diabetes (T1D) is an autoimmune disease char-
acterized by the loss of insulin-producing beta-cells and
metabolic complications [1]. Several immunosuppressive
therapies, including indiscriminate ablation of T lympho-
cytes, have been proposed to manage T1D. Much interest
has been shown recently in understanding the purported
link between the enteric microbiota and T1D [2]. Earlier
attempts to study the impact of acidic drinking water (pH
6.2-6.9) in T1D patients, possibly via modifications of the
intestinal microbiota, remained uninformative and incon-
clusive [3,4].

Many colonic lumen factors, such as host secretions,
micronutrients, antimicrobial compounds, and pH, influ-
ence the composition of the gut resident microbiota [5].
Historically, several studies indicated the benefits of low
pH water consumption, including inhibition of gastroin-
testinal infections in broilers, pigs, and mice, prevention
of gut-derived sepsis, and reduced bacterial numbers in the
terminal ileum of mice [6-8]. Lower pH resulting from
substrate fermentation in the colon enhanced butyrate pro-
duction and butyrate-producing Firmicutes phylum group
Roseburia and negatively impacted the abundance of Bac-
teroides sp. [9]. Thus, the simple dietary variable, acidified
drinking water, is not innocuous and influences the survival
of the enteric microbiota variably in animals. Since almost
all alcoholic and non-alcoholic beverages, citrus fruits, and
berries consumed on a regular basis are acidic (pH 2.0-3.5)
in nature, it remains a formidable task to conclusively as-
sess the value of drinking water acidification in treating dis-
eases, including T1D.

For unexplained reasons, female non-obese diabetic
(NOD) mice develop more robust T1D than male mice and
serve as a reliable model for studying the underlying patho-
logical mechanisms and exploring novel therapeutic strate-
gies for this disease [10,11]. NOD mice spontaneously de-
veloping T1D were derived while selecting for cataracts in
outbred Swiss mice in Japan, and their subsequent tran-
sit to Australia, Europe, and the US has tremendously fa-
cilitated the study of T1D [11]. Spontaneous T1D varies
remarkably among different centers worldwide, which re-
mains problematic even with the implementation of specific
pathogen-free (SPF) monitoring systems in recent years
[12]. Variables, including cleanliness of the housing fa-
cility, untreated subclinical infections, breeding conditions,
and diet, have been attributed to variations in diabetes in-
cidence in NOD mice at various locations. The incidence
of T1D in female NOD mice provided with acidified drink-
ing water (pH 2.8-3.1) and maintained under strict hygienic
conditions over many generations at the Jackson Labora-
tory (Jax) remained remarkably high (80-100%) [12]. We
observed a similar high incidence (80-100%) of diabetes
in female NOD mice procured at 6 weeks of age from Jax
and housed under SPF conditions in our facility and pro-

425

vided with neutral pH drinking water [13—18]. Similarly,
mice bred and maintained on neutral pH water at the Na-
tional Institutes of Health (NIH) displayed higher diabetes
incidence [19]. By contrast, it was observed that 3 to 4-
week-old weanlings, but not 6 to 8-week-old mice pro-
cured from Jax and provided with acidic drinking water,
displayed increased T1D incidence [20]. Paradoxically, fe-
male NOD mice born to breeding pairs obtained from Jax
and maintained with acidified water showed decreased dia-
betes occurrence [21]. However, neither of these contradic-
tory studies identified the causative bacteria responsible for
the apparent increase or decrease in T1D incidence when
mice consumed low-pH water. These data suggested that
the acidity of the drinking water is not a reliable parameter
of diabetes manipulation.

We determined whether the discrepancies in diabetes
incidence observed in our [18] and other studies [19-21]
could be due to the modulation of different enteric bacte-
ria consequent to acidic water consumption. To this end,
we profiled the intestinal microbiome of female NOD mice
maintained on acidic drinking water at Jax and switched
to neutral pH water at our facility using the same pyrose-
quencing platform as others [20,21]. For the first time, we
longitudinally quantified the abundance of selected enteric
bacterial groups implicated in diabetes induction/protection
in young (6 weeks), prediabetic (12 weeks), and overtly
diabetic (28-30 weeks) mice maintained on acidic water
or switched to neutral drinking water at 6-weeks of age.
We used the quantitative real-time polymerase chain reac-
tions (QRT-PCR) and primers specific for 16S rRNA genes
described elsewhere and those designed and validated by
us (see Supplementary Table 1). Our data demonstrated
the low abundance of Lactobacillus sp. and increased
frequencies of Ruminococcaceae, Anaerophaga sp., and
Paludibacter sp. in the gut of the mice throughout their
lives. Notably, the pH of the drinking water was not linked
to diabetes incidence nor the abundance of these commen-
sals, as well as the segmented filamentous bacteria (SFB)
[22,23] and A. muciniphila [24] implicated previously in di-
abetes protection.

Materials and Methods

Animals and Diabetes Monitoring

Six-week-old female NOD/ShiLtj and C57BL/6J mice
were purchased from The Jackson Laboratory (Jax, Bar
Harbor, ME, USA), housed under SPF conditions in filter-
top cages, and subjected to a 12-hour dark-light cycle. They
were provided with irradiated Lab chow and neutral (pH
7.0-7.3) or acidic (pH 2.8-3.2) autoclaved tap water, as de-
scribed previously [18]. Experiments were conducted fol-
lowing the NIH guidelines for the care and use of labora-
tory animals. Blood glucose levels were monitored weekly
using a glucometer, as described [18]. Glucose levels ex-
ceeding 250 mg/dL were confirmed a few days after the first
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determination and considered diabetic. Fresh fecal samples
were collected aseptically from individual mice immedi-
ately after diabetes confirmation.

Pyrosequencing of the Gut Microbiome

Fecal DNA was isolated individually from 5 mice us-
ing the automated Maxwell 16 Research System with a
Blood LEV kit (Promega, WI, USA). The 600-bp region of
16S rRNA genes was amplified using the bTEFAP method
at the Molecular Research DNA Lab (MR DNA, Shallowa-
ter, TX, USA) [25]. This was accomplished by using 100 ng
of DNA and barcoded Eubacterial primers 530F (5'-GTG
CCA GCM GCN GCG G-3’) and 1100R (5'-GGG TTN
CGN TCG TTG-3'). The Roche-454 FLX Titanium instru-
ment (F. Hoffman-La Roche AG, Basel, Switzerland) was
used for pyrosequencing, and the data were processed us-
ing a proprietary analysis pipeline at MR DNA. Final op-
erational taxonomic units were taxonomically classified by
MR DNA using the BLASTn against a curated Green Gene
database [26].

Analysis of 16S rRNA Genes by gRT-PCR and
Standard PCR

For qRT-PCR, fecal DNA was isolated from individ-
ual mice using the QlAamp PowerFecal DNA kit (Qia-
gen, Valencia, CA, USA). The bacterial 16S rRNA genes
were quantified using 100 ng of fecal DNA, forward and
reverse primers at 400 nM final concentrations, and 5 uL.
of 2x SYBR Green Master mix in a total volume of 10
pL, and the Applied Biosystems ViiA7 Real-Time PCR
system (Life Technologies, Carlsbad, CA, USA). The cy-
cling conditions for the amplification of Eubacteria, Bac-
teroides, Ruminococcus, Lachnospiraceae, Paludibacter,
Helicobacter, Turicibacter, and Anerophaga included an
initial denaturation step at 95 °C for 20 s and 40 cycles of
denaturation at 95 °C for 1 s and annealing at 60 °C for 20 s
followed by melt curve analysis. An annealing temperature
of 55 °C for 30 s was used to probe Enterobacteriaceae, A.
muciniphila, Clostridium coccoides, C. leptum, Lactobacil-
lus, Prevotella, and SFB using the SFB-1 primer set [27].
Amplification using the SFB-2 primers [28] consisted of an
annealing temperature of 62 °C for 30 s with an extension
at 72 °C for 7 min at the end of 40 cycles.

The primers for Ruminococcaceae, Lachnospiraceae,
C. leptum, Turicibacter sp., Anaerophaga sp., and A.
muciniphila were designed based on gene information
available in RDP-release-II (rdpstaff@msu.edu) [29] and
Gen Bank (http://ncbi.nlm.nih.gov). All primers used in
this study were synthesized at the Integrated DNA Tech-
nologies (Coralville, IA, USA) and listed in Supplemen-
tary Table 1. Whereas the SFB-1 primer set was designed
using the SFB sequence isolated from mice (accession num-
ber X77814) [27], Dalby et al. [28] designed SFB-2 primers
based on the SFB sequence derived from rats (accession
number X87244). The specificities of both primers were

verified by sequencing the clone libraries of PCR ampli-
cons and alignment with the database of rRNA genes. Pre-
liminary analysis revealed a comparable abundance of Eu-
bacteria (all bacteria) in 10 mice that consumed neutral or
acidic drinking water. Therefore, equal amounts of DNA
from individual mice in each group were pooled and as-
sayed in triplicate. The experiment was repeated with two
or three groups of 5 mice each. The data from a representa-
tive experiment are presented as the mean = SD of triplicate
determinations. Melting curve analysis was performed for
the lack of primer dimers at the end of the qRT-PCR. Am-
plicons were analyzed for the expected sizes by running on
a 4% low melt agarose gel, stained with ethidium iodide,
and imaged. The relative gene expression was determined
using Eubacteria (all bacteria) [28] as the normalizer and
the 2=2ACT method [13].

A standard PCR was performed using 100 ng of DNA,
forward and reverse primers (final 400 nM concentrations),
2.5 pL of 300 GC Enhancer, 3 puL of water, and 12.5 pL
of AmpliTaq Gold 360 Master Mix (Applied Biosystems,
Carlsbad, CA, USA). The amplicons were analyzed on a
4% low melt agarose gel stained with ethidium bromide and
imaged. Genomic DNA extracted from the human T cell
leukemia Jurkat clone E6-1 and water served as negative
controls.

Statistics

Data are presented as mean + SD, and group com-
parisons were performed using one-way analysis of vari-
ance (ANOVA). Comparisons were made between mice of
the same age provided with acid or neutral water. As indi-
cated in the figures, comparisons were also made between
6-week-old mice that consumed acid water and other age
groups provided with acidic or neutral water. p < 0.05 was
considered significant (GraphPad Prism 6.0, San Diego,
CA, USA).

Results

168 rRNA Targeted Sequencing of the Intestinal
Microbiome of Diabetic Mice

Previously, we reported that switching 6-week-old fe-
male NOD mice maintained on acidic water from concep-
tion at Jax to neutral water at our facility did not alter the
frequency or rate of diabetes [18]. The data shown in Fig. 1
validated this observation and those reported in pups born to
breeding pairs continuously maintained on neutral or acidic
drinking water at the NIH [19].

Although acidified drinking was reported to either in-
crease or decrease diabetes incidence, 454-pyrosequencing
of the enteric microbiome did not reveal changes in the
bacterial taxa accounting for altered diabetes frequency
[20,21]. We used the same 454-pyrosequencing methodol-
ogy to profile the 16S rRNA genes in the fecal DNA of five
female mice transferred to neutral tap water and developed
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Fig. 1. The pH of the drinking water did not impact type 1
diabetes development. Littermates of female non-obese diabetic
(NOD) mice were provided with acidified (empty squares, AW)
(n=20) or neutral pH (filled circles, NW) (n = 20) drinking water.
Diabetes was monitored weekly using a glucometer. Data from
two independent experiments were pooled.

diabetes. Bacterial strain richness («a-diversity) and the rel-
ative abundance of bacteria (S-diversity index) remained
unremarkable. The 3:1 ratio of Firmicutes:Bacteroidetes
was maintained in these mice (Fig. 2, Supplementary Ta-
ble 2), in contrast to a 1.9 ratio reported in mice maintained
on neutral pH water by another group [21]. Importantly,
our 454-pyrosequencing analysis revealed that the Fir-
micutes phylum member Gram-positive Lachnospiraceae
constituted 67% of the gut microbiome of neutral water-
consumed mice. The Firmicute Lactobacillus sp. repre-
sented only a small fraction (1.8%) of the enteric micro-
biome in these mice, like another study [21], but in contrast
to ~30% of the total gut microbiome reported by others [20].

Interestingly, at the phylum level, Bacteroidetes
(Gram-negative) represented 27%, like a previous report
[21], while a slightly diminished frequency, 21%, was ob-
served in another study [20]. Actinobacteria and Pro-
teobacteria (Gram-negative) represented less than 0.1% of
the total gut microbiome in our samples, whereas 10% was
reported in another study [21]. Thus, analyzing the intesti-
nal microbiome using the same 454-pyrosequencing plat-
form as others revealed significant differences and few sim-
ilarities between these investigations [20,21] and ours. Im-
portantly, our analysis did not uncover marked changes in
the microbiome, termed dysbiosis, mentioned in a previous
study [20]. One possible reason for these inconsistencies in
the gut microbiome of diabetic mice could be the bias in-
troduced during data analysis. Whereas the Molecular Re-
search DNA Lab analyzed our microbiome data, in-house
analysis was undertaken in other studies [20,21], likely con-
tributing to the discrepancy.
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Lack of Influence of the pH of Drinking Water on
Prominent Firmicutes Phylum Members

It is difficult to ascertain whether the changes ob-
served in microbial taxa due to switching young (6-week-
old) female NOD mice to neutral water can directly im-
pact diabetes incidence based only on the sequence reads
without further validation since most of them represented
less than 1% of the microbiome (Supplementary Table 2,
Fig. 2). The qRT-PCR is a precise, sensitive, and quanti-
tative method routinely used for gene expression analysis.
The qRT-PCR was previously employed to determine the
abundance of Lactobacillus, Bacteroides, and C. coccoides
in prediabetic (5-20-week-old) mice [21]. Unfortunately, a
similar investigation was not conducted in hyperglycemic
(25-35-week-old) mice. Besides, it will be impossible to
compare the microflora of mice sacrificed at weaning and
that manifested diabetes in a distinct group of mice later
at 25-35 weeks of age [21]. Thus, the correlation between
changes in microflora and diabetes incidence due to switch-
ing from acidic to neutral water remains to be assessed us-
ing qRT-PCR sequentially during varying stages of diabetes
development.

We have systematically analyzed the relative abun-
dance of selected bacterial groups in the fecal DNA of
young (6-week-old) mice, prediabetic mice (12 weeks of
age), and adults (28-30-week-old) and correlated with dia-
betes development. The data shown in Fig. 3 indicated that
the representation of the Firmicutes phylum member Ru-
minococcaceae significantly increased throughout the life-
time of the NOD mouse regardless of the pH of the drinking
water compared to 6-week-old mice receiving acid drinking
water (p < 0.05). Interestingly, the Turicibacter sp. tran-
siently increased in frequency during the prediabetic stage
(12 weeks) regardless of the quality of the drinking water (p
< 0.05) but subsided in diabetic adults provided with either
acidic or neutral drinking water. Only in diabetic adults
(28-30-week-old) was the representation of C. coccoides
lower (p < 0.05) in the acid-water-fed group compared to
the 6-week-old mice and adults provided with neutral wa-
ter. However, the frequencies of Lachnospiraceae and C.
leptum did not change throughout the life of the mice, ir-
respective of the pH of the drinking water. Notably, the
abundance of Eubacterium rectale was somewhat lower in
diabetic adults compared to 6-week-old mice, which was
not perturbed by the drinking water quality. Importantly,
Lactobacillus sp. was consistently lower at all stages of
life compared to young (6-week-old) mice (p < 0.05), es-
pecially when prediabetic (12-week-old) and diabetic (28—
30-week-old) mice were provided with neutral drinking wa-
ter. Overall, the representation of the analyzed Firmicutes
members was barely influenced by the lower pH of the
drinking water. The exception was C. coccoides, which di-
minished in diabetic adults provided with acidified water.
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Fig. 2. 16S rRNA targeted sequencing of the intestinal microbiota of diabetic NOD mice. DNA was isolated from the feces of five

(28-30-week-old) female NOD mice that were transferred to neutral pH water at six weeks of age. All these mice developed diabetes.

The DNA samples were pyrosequenced individually. The data shown are depicted as scatter plots (empty circles). Mean 4 SD of 5 mice

is shown.

Lack of Influence of the pH of Drinking Water on
Other Bacterial Taxa

The Bactereoidetes phylum members, Anaerophaga
sp. and Paludibacter sp., were significantly (p < 0.05)
more abundant in the prediabetic (12 weeks old) and dia-
betic (28-30-week-old) mice compared to young mice (6-
week-old) (Fig. 4). No difference was noted in the rep-
resentation of these bacterial groups between mice of the
same age group provided with varying pH of the drink-
ing water. The high copy numbers of Bacteroides sp. and
Prevotella sp. remained unaltered throughout the life of
the mouse, irrespective of the ionic strength of the drink-
ing water. The frequency of Helicobacter pylori, a human
pathogen, was barely detectable, irrespective of the vari-
ables. The Proteobacteria phylum member, Enterobacte-
riaceae, transiently increased in abundance during the pre-
diabetic stage regardless of the pH of the drinking water (p
< 0.05). However, the Enterobacteriacea diminished later
in adult life regardless of the quality of the drinking wa-
ter. Finally, the only representative of the Verrucomicro-

bia phylum in mice, A. muciniphila, remained low in abun-
dance throughout the life, which decreased significantly (p
< 0.05) in acidic water consumed diabetic (28-30-week)
mice compared to those provided with neutral water and
other age groups of mice. The qRT-PCR analysis of these
14 enteric bacterial taxa unraveled that diabetes was associ-
ated with the lower frequency of the Firmicute Lactobacil-
lus sp. and increased abundance of Bactereoidetes phylum
members Anaerophaga sp. and Paludibacter sp. in female
NOD mice without a consistent impact of acid water con-
sumption.

Differences in Bacterial Members in Sensitivity to
Low pH Water in Non-Diabetic C57BL/6 Mice

Since the microbiota of diabetes-prone NOD mice
were minimally sensitive to acidic drinking water, we next
examined whether the enteric bacteria of C57BL/6 mice
that do not develop T1D display differential sensitivity to
low pH drinking water. The overall frequencies of intestinal
bacteria in five C57BL/6 mice procured from Jax (Fig. 5)
were comparable to those observed in diabetic NOD mice
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Fig. 3. Selected influence of the pH of drinking water on the members of the Firmicutes phylum. The DNA was isolated from the
stool of 5 young 6-week-old female NOD mice individually within 24 hours of arrival from Jackson Laboratory (Jax). Fecal DNA was
also isolated from the stool of five 12-week-old prediabetic mice and 28—30-week-old diabetic mice continuously provided with acidic or
neutral pH drinking water starting at 6 weeks of age in our facility upon receipt from Jax. An equal amount of DNA was pooled from 10
mice per group in three different experiments, and quantitative real-time polymerase chain reaction (QRT-PCR) was analyzed in triplicate
per experiment. Representative data are presented as the mean 4+ SD of 3 determinations. Gene-specific amplification was performed
using specific oligonucleotide primers and quantified compared to the level of all bacteria, Eubacterium. Statistical significance of values
compared to 6-week-old mice is indicated by asterisks (p < 0.05). The frequency of C. Coccoides in diabetic mice was also statistically
lower (p < 0.05) compared to those consuming neutral pH water. The abundance of E. rectale was lower (p < 0.05) in both groups of mice
receiving different drinking water than that of 6-week-old mice provided with acidic drinking water. The frequency of Lactobacillus sp.
was consistently lower (p < 0.05) in prediabetic 12-week-old and 28-30-week-old mice that consumed neutral water. Acidified drinking
water decreased the abundance of Lactobacillus sp. (p < 0.05) in comparison to 6-weeks old mice receiving acidic drinking water.

(vide supra). Interestingly, long-term acid water consump-
tion significantly reduced the abundance of the members
of Firmicutes (Turicibacter sp., C. leptum, C. coccoides),
Bacteroidetes (Anaerophaga, Paulidibacter, Prevotella sp.,
and Bacteroides sp.), Proteobacteria (Enterobacteriaceae),
and Verrucomicrobia (A. muciniphila ). Interestingly, SFB
initially reported to be absent in C57BL/6 mice procured
from Jax [30] were abundant, like in another study [31],

and acid water consumption did not affect their abundance.
These data indicate that the intestinal microbiota of non-
diabetic C57BL/6 mice displayed increased susceptibility
to depletion by acidic drinking water. Thus, the sensitivity
of bacterial groups to acidic drinking water is mouse strain-
dependent and unrelated to the propensity to develop T1D.
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Fig. 4. Impact of the pH of drinking water on Bacteroidetes, Proteobacteria, and Verrucomicrobia phyla members. Fecal DNA
was isolated from 5 individual 6-week-old female NOD mice within 24 h of arrival from Jax. Fecal DNA was also isolated from the
stool of five 12-week-old prediabetic mice and 28-30-week-old diabetic mice continuously provided with acidic water or switched to
neutral pH water starting at 6 weeks of age in our facility. An equal amount of DNA was pooled from 10 mice per group. Gene-specific
amplification was performed by qRT-PCR using specific oligonucleotide primers and quantified compared to the level of all bacteria,
Eubacterium. The data are presented as scatter plots and mean + SD of 3 determinations. Asterisks indicate statistical significance (p <
0.05) between specified groups and 6-week-old mice. Although the frequency of Enterobacteriaceae in prediabetic 12-week-old mice
was higher than in the 6-week-old mice (p < 0.05), there was no difference between mice of the same age group, irrespective of the water

source. The abundance of A. muciniphila was lower in acid-water-consumed diabetic mice (p < 0.05).

SFB Colonization does not Correlate with Resistance ~ However, higher SFB gene copy numbers were detected in
toT1D C57BL/6 mice (p < 0.05) also procured from Jax. The use
of SFB-2 primers designed based on the SFB isolate ob-
tained from rats [28] resulted in considerably higher ampli-
fication of SFB in the same fecal DNA samples of NOD
mice probed with the SFB-1 primer set (p < 0.05). Am-
plicons derived from the qRT-PCR reactions were pooled,
resolved on an agarose gel, and stained with ethidium bro-
mide. The SFB-1 and SFB-2 primers generated single am-
plicons of expected sizes (Fig. 6B). Standard PCR per-

The SFB-specific primer set 1 (SFB-1) designed based
on the SFB isolate derived from the mouse [27] was re-
ported to be suboptimal for detecting SFB in NOD [22,23],
CB7BL/6 mice procured from Jax [30], and FvB mice pur-
chased from The Taconic Farms [27]. Similarly, using the
same SFB-1 primer set, we could amplify a very low level
of SFB in the fecal DNA of all five six-week-old female
NOD mice within 24 h of their arrival from Jax (Fig. 6A).
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Fig. 5. Long-term effects of low pH water consumption on
the intestinal microbiota of non-autoimmune prone CS7BL/6
mice. Female C57BL/6 (n = 5) mice were provided with acidi-
fied drinking water (AW, empty bars) from birth and neutral (NW,
filled bars) pH drinking water starting from 6 weeks of age. Fecal
DNA was extracted from 28-30-week-old mice. An equal amount
of DNA was pooled from the same group to determine the abun-
dance of the indicated bacterial taxa by qRT-PCR in triplicate. The
data are depicted as mean + SD. The experiment was repeated
with 5 more mice per group with similar results. Asterisks in-
dicate statistical significance between the groups compared (p <
0.05). Segmented filamentous bacteria (SFB) was analyzed using
the SFB-2 primer set (see Materials and Methods for details).

formed on the pooled DNA from neutral pH water-treated
28-30-week-old diabetic mice confirmed the generation of
different sizes of amplicons with two distinct sets of primers
(Fig. 6C). Notably, these SFB primers failed to result in am-
plifications when the template derived from human acute T
cell leukemia, Jurkat was used, indicating the absence of
spurious amplification by these bacterial primers.

The qRT-PCR was conducted on the pooled fecal
DNA of non-autoimmune prone 26 to 28 weeks old
C57BL/6 mice, older non-diabetic NOD mice (22 to 24
weeks of age), and overtly diabetic, 28 to 30-week-old
NOD mice using the SFB-2 primer set. It resulted in the
uniform amplification of the expected size of the ampli-
con from all fecal DNA samples analyzed (Fig. 6D). Im-
portantly, the nature of the drinking water did not affect
the abundance of SFB in either NOD or C57BL/6 mice
(Fig. 6D). Longitudinal qRT-PCR analysis of NOD mice
revealed higher levels of SFB in prediabetic six-week and
12-week-old mice and 28 to 30-week-old diabetic mice re-
gardless of the source of the drinking water (Fig. 6E). These
data demonstrate that the abundance of SFB was not propor-
tional to diabetes resistance in NOD mice. This contrasts
the notion that diabetes was inversely proportional to SFB
abundance detected by using the suboptimal SFB-1 primer
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set [22,23]. Notably, others reported that the representation
of SFB was lower but not absent under diabetic conditions
in female NOD mice [31,32]. Taken together, these data are
congruent with the notion that SFB representation and T1D
induction are unrelated events.

Discussion

The NOD mouse model has been widely used to study
the intrinsic (genetic) and extrinsic (environmental) factors
involved in the generation of autoimmune diabetes [10,11].
The development of diabetes in female NOD mice under
germ-free conditions attests that genes are essential and
sufficient for T1D induction, and bacteria are not critical
for triggering diabetes [33-35]. However, commensal bac-
teria have been implicated in modulating autoimmune re-
sponses against insulin-producing g cells and, hence, di-
abetes [20-22]. Broad-spectrum antibiotics mostly wors-
ened diabetes [23,24,36-38], except for the marginal pro-
tection reported in one study [24]. Interestingly, a mixture
of broad-spectrum antibiotics, ampicillin, metronidazole,
and neomycin administered to adult NOD mice failed to in-
hibit diabetes development despite decreasing the gut mi-
crobiome [38]. Providing probiotics also yielded mixed re-
sults on protection against diabetes [39—44]. Thus, identify-
ing the bacterial taxa crucial for T1D remains a formidable
task.

The consumption of acidified drinking water has been
shown to increase [20], decrease [21], or without influence
[18,19] on diabetes incidence in female NOD mice. Py-
rosequencing of the fecal DNA did not reveal the causative
bacterial taxa responsible for the pro- or anti-diabetic ef-
fects of drinking water with differing pH [20,21]. The data
presented in the current report provide a bacterial taxa sig-
nature of autoimmune diabetes that differs from NOD mice
that have increased [20] or lowered [21] diabetes incidence
but shares certain similarities with NOD mice maintained
on neutral pH water and displayed robust diabetes [31,45].

Interestingly, 454-pyrosequencing, as employed be-
fore [20,21,31,44], revealed that the frequency of Lacto-
bacilliaceae represented less than 2% of the intestinal mi-
crobiome of NOD mice switched to neutral drinking wa-
ter. The employment of qRT-PCR indicated that the copy
number of Lactobacillus sp. remained consistently lower
throughout the lifetime of the NOD mice compared to
young (6-week-old) mice, regardless of the pH of the drink-
ing water consumed. These data suggest an inverse rela-
tionship between the abundance of Lactobacillus sp. and
diabetes prevalence. This is consistent with the presence of
Lactobacillus sp. in diabetes-resistant mice but less abun-
dant in diabetes-prone NOD mice [31]. Interestingly, Lac-
tobacillus and Bifidobacteria failed to colonize either the
ileum or the colon of NOD mice when VSL#3 containing
these commensals was administered [31]. This indicates
that the ‘protective’ bacteria in VSL#3 failed to overcome
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the effects of a diabetogenic microbiome due to colony re- life [18]. Although the oral transfer of L. Johnsonii 6.2
sistance. Interestingly, oral administration of heat-killed L. strain derived from Bio-Breeding diabetes-resistant to Bio-
casei reduced diabetes incidence in NOD mice [39], indi- Breeding diabetes-prone rats afforded protection against

cating that colonization of the gut with live bacteria was diabetes, L. reuteri strain failed to do so [40], indicat-
unnecessary to bestow protection against T1D. Similarly,  ing a strain-specific effect. Interestingly, oral gavage of
protection against diabetes was afforded by the administra- VSL#3 containing lyophilized bacteria (Streptococcus ther-
tion of complete Freund’s adjuvant containing heat-killed, mophilus, Bifidobacterium breve, B. longum, and B. infan-
dried Mycobacterium tuberculosis (H37Ra) [46—48]. How- tis) and several Lactobacillus spp. (L. acidophilus, L. ca-
ever, for unknown reasons, complete Freund’s adjuvant was sei, L. plantarum, L. bulgaricus, L. paracasei, and L. del-
more effective in reducing T1D incidence when admin- brueckii) reduced diabetes incidence in NOD mice [41],
istered during the pre-diabetic period rather than later in ~ perhaps partly attributed to the presence of Lactobacillus
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sp. in VSL#3. Vancomycin, a glycopeptide antibiotic ad-
ministered from birth, increased diabetes frequency in fe-
male NOD mice, which was associated with decreased S24-
7, Ruminococcus, Clostridia, and Lachnospiraceae [31].
In contrast, another report indicated that vancomycin treat-
ment increased diabetes in male but not female NOD mice
and was accompanied by increases in Lactobacillus sp., Es-
cherichia, and Sutterrela genera [36]. A mixture of strepto-
mycin, colistin, and ampicillin decreased the $24-7 family,
Escherichia, and Lactobacillus despite similar diabetes in-
crement [36], reflecting the differences in the efficacy of
antibiotics on eradication of Lactobacillus. The decreased
prevalence of Lactobacillus sp. throughout the life of the
NOD mouse, regardless of the pH of the drinking water,
is consistent with the notion that the low frequency of this
bacterium, along with other unknown bacterial taxa, is as-
sociated with diabetes induction.

Our data indicate that Firmicute Lachnospiraceae sp.
was the most prominent bacterial taxon found in diabetic
mice at the microbiome level, which remained similar irre-
spective of the drinking water pH. However, it is unclear
whether Lachnospiraceae sp. could play a role in diabeto-
genesis. An increase in Lachnospiraceae sp. has been at-
tributed to the T1D pathogenesis of NOD mice maintained
on neutral drinking water [45]. In contrast, maternal treat-
ment with a mixture of neomycin, polymyxin B, and strep-
tomycin protected the offspring from diabetes accompa-
nied by an increased abundance of Lachnospiraceae [49].
Thus, the role of Lachnospiraceae in diabetogenesis re-
mains controversial. We found that the Firmicutes phylum
member Ruminococcaceae steadily increased through mat-
uration, similar to a previous study [45] but in contrast to
a lower representation of Ruminococcaceae reported [31].
Among the Bacteroidetes phylum members investigated,
Anaerophaga sp. and Paludibacter sp. increased strik-
ingly through the diabetic adult stage. On the contrary, Pre-
votella was reported to be more abundant in non-diabetic
mice provided with neutral water [45]. Interestingly, Bac-
teroides and Prevotella diminished in mice switched to neu-
tral water, which displayed decreased diabetes incidence
[21]. A decrease in S24-7, Bacteriodales, and Prevotella
and an increase in Lachnospiraceae, Ruminococcus, and
Oscillospira have been attributed to T1D pathogenesis in
mice drinking neutral water [45]. Our data agree with
an increased representation of Lachnospiraceae and Ru-
minococcaceae without altering the abundance of Bacterio-
dales and Prevotella in diabetic mice. Importantly, our data
demonstrate decreased Lactobacillus sp., with increases in
Anaerophaga sp., and Paludibater sp. in these mice. Since
most of them (80—100%) developed robust diabetes, regard-
less of the ionic strength of the drinking water, these bacte-
rial groups likely represent a signature microbiome of au-
toimmune NOD mice.

Notably, the data presented in this study demystify the
role of SFB in T1D. The Firmicutes member SFB or ‘Can-
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didatus Arthromitus’ consists of heterogeneous, uncultur-
able, non-pathogenic, spore-forming, Gram-positive fila-
mentous bacteria ubiquitously found in invertebrates and
vertebrates [50,51]. Several lines of evidence are against
a role for SFB in T1D, unlike proposed [22,23]. Only
16% of female NOD mice colonized by SFB developed
T1D, but 90% of SFB-negative mice were reported to de-
velop T1D [22]. It should be noted that the SFB negativ-
ity was based on the lack of qRT-PCR amplification using
the suboptimal SFB-1 primer set [22,23]. Paradoxically,
SFB abundance was not attributed to the low diabetes inci-
dence in male NOD mice [22]. It has been reported that the
SFB, a commensal but not a pathogen, was also detected
in female NOD mice with robust diabetes [24,31]. Fur-
thermore, neomycin treatment reduced diabetes marginally
without depleting SFB [24]. Notably, SFB colonization
could not be uniformly detected using the SFB-1 primer set
[22,23,37]. Interestingly, the original group that failed to
detect SFB in C57BL/6 mice obtained from Jax [30] later
found that NOD mice from different locations of the animal
facility were not uniformly SFB-negative [52]. Therefore,
the lack of SFB detection could be attributed to the poor
sensitivity of SFB-1 primers and the variable abundance
of SFB. We could determine detectable levels of SFB by
gRT-PCR in fecal DNA using two different SFB primer sets
[27,28] in all 6-week-old NOD and C57BL/6 mice within
24 hours of arrival from Jax. The data indicate that these
mice hoarded SFB at the vendor’s facility despite the claim
that they were eradicated by ampicillin treatment of NOD
mice in 2014 [23]. We observed that NOD mice procured
later than 2014 had substantial colonization of SFB and ro-
bust diabetes incidence. Although SFB-1 primers poorly
amplified SFB, it was nevertheless concluded that diabetes
in males treated therapeutically with pulse antibiotics was
independent of SFB [37]. The broad-spectrum antibiotic
ampicillin administration for four weeks in adults slightly
increased diabetes incidence from 65 to 85% and was asso-
ciated with reduced SFB abundance, as assessed using the
SFB-1 primer set and qRT-PCR [23]. Although ampicillin
is a broad-spectrum antibiotic [53], these investigators did
not determine alterations of bacteria sensitive to ampicillin
other than the SFB [23]. Hence, the bacteria depleted by
ampicillin accompanying increased diabetes incidence re-
main unidentified. The SFB commensals are ubiquitously
present, including in NOD mice [52], and therefore can-
not be attributed to protection against diabetes, as proposed
[22,23]. Interestingly, the level of SFB DNA decreased
in mice aged 7 to 13 weeks, identically in non-diabetic
C57BL/6 mice and diabetes-prone NOD mice [32]. Unfor-
tunately, NOD mice were not followed beyond 13 weeks
until they became diabetic, typically >18 weeks of age.
Hence, the conclusion that the abundance of SFB decreased
due to T-cell-mediated pathological changes is not plausible
[21]. In contrast, we found a high abundance of SFB as de-
tected, especially using the SFB-2 primer set in NOD mice
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freshly procured from Jax and during maintenance in our
facility under SPF conditions. Importantly, the SFB abun-
dance was not impacted by the pH of the drinking water.
Thus, our data allow us to conclude that the abundance of
ubiquitously present SFB is unlinked to diabetogenesis.

Previously, SFB-positivity was associated with
interleukin-17 (IL-17) production in the lamina propria of
the small intestine [30], suggesting a role for CD4" T-cells
producing IL-17 in diabetes protection [22]. However,
the link between the generation of Thl7 cells by SFB
and diabetes induction has been challenged by many
observations. IL-17 silencing by RNA interference did
not protect NOD mice from T1D [54], indicating the
lack of a role for IL-17 in diabetogenesis. Importantly,
we observed that Interferon (IFN)-vy-producing Thl cells
and IL-17A-expressing Th17 cells polarized from predi-
abetic NOD mice maintained on neutral drinking water
could independently transfer diabetes to immunodeficient
NOD.scid mice [17]. Consistently, the levels of mRNA
encoding IL-17A and IFN-y were higher in diabetic
mice than in prediabetic (12-week-old) mice, which were
concurrently downregulated by a histone deacetylase
modifier that afforded protection against diabetes [16].
It was reported that the acquisition of diabetes resistance
in weanling upon switching from acidic to neutral water
was associated with lower IFN-vy and IL-23 expression
without affecting IL-17 in the small intestine [20]. On
the contrary, decreased diabetes incidence in two-week-
old mice provided with acidic water was accompanied
by higher numbers of IL-17-producing cells and fewer
IFN-y* cells in the small intestine lamina propria [21].
Thus, controversy exists about the role of Th17 cells in
diabetes protection. We showed that treatment with the
histone deacetylase inhibitor Trichostatin A, concurrently
repressed the expression of IL-17A and IFN-v and afforded
robust protection against diabetes [16], indicating that both
lymphokines can independently contribute to T1D and their
downregulation can negatively impact diabetes occurrence.
Interestingly, the numbers of CD4TFoxP3™ T regulatory
cells did not differ in NOD mice that consumed neutral
or acidic water [14,21,22], indicating these cells lack a
regulatory role in diabetes. Diabetes protection by the
histone modifier treatment was associated with increased
CD4+TCD62L™ but not CD41TFoxP3™ T regulatory cells
[14]. Further work is necessary to decipher the role of
immunomodulation in diabetes.

The extremely low representation of H. pylori in the
intestinal microbiota of diabetic mice provided with acidic
or neutral water suggests the lack of a role for this bacterium
in T1D of NOD mice, unlike its involvement in human gas-
troenteric diseases such as chronic gastritis, peptic ulcers,
cancers, and insulin resistance [55]. Interestingly, the fre-
quency of A. muciniphila, the mucin-degrading bacterium
and the only member of the Verrucomicrobia phylum rep-
resented in mice, and H. pylori remained at a lower level in

diabetic mice than most other bacteria investigated. How-
ever, treatment of adult NOD mice with vancomycin, se-
lective against Gram-positive bacteria, decreased diabetes
incidence associated with a dramatic increase (~86% of
the microbiome) of A. muciniphila [24]. Moreover, it was
shown that the transfer of 4. muciniphila promoted mucus
production and delayed diabetes incidence, suggesting an
inverse relationship between this bacterium and diabetes
[43]. Given the diversity and complexity of the gut mi-
crobiota, it is unlikely that a single bacterium can have a
profound pathogenic or protective role in T1D. It should be
pointed out that all of these bacterial groups represented less
than 1% of the microbiome, and the qRT-PCR allowed the
estimation over a dynamic range. It should be acknowl-
edged that acid water consumption depleted several gas-
trointestinal pathogens in many species [6—8]. Yet, it did
not modify most of the commensal bacteria investigated ex-
cept for a reduction in the abundance of C. coccoides and a
transient decrease in A. muciniphila in diabetic NOD mice.
However, pyrosequencing of the fecal DNA from mice pro-
vided with acidic water that increased [20], reduced [21],
or did not affect (this study) diabetes failed to identify pu-
tative pathogens in T1D. This is similar to treatment with
wide-spectrum antibiotics, probiotics, and bacterial prod-
ucts, which have not unraveled the specific pathobionts in-
volved in diabetes.

Conclusions

The lack of influence of acidified drinking water on
the spontaneous development of T1D in female NOD mice
reported herein is consistent with our previous observation.
Pyrosequencing and validation by qRT-PCR through dis-
crete stages of life of NOD mice using primers specific for
16S rRNA genes indicated a consistently lower represen-
tation of the Firmicutes Lactobacillus sp. with a concur-
rent increase in the copy numbers of Ruminococcaceae as
well as the Bacteroidetes phylum members Anaerophaga
sp. and Paludibacter sp. regardless of the pH of the drink-
ing water. Importantly, the bacterial groups implicated in
diabetes protection, such as SFB and A. muciniphila re-
mained abundant in diabetic mice and unperturbed by acid-
ified drinking water. Thus, perturbation of gut-resident
commensals by acidified drinking water is unlikely to al-
ter T1D incidence in NOD mice. Further studies eluci-
dating the signature microbiome of NOD mice fully pro-
tected from diabetes, such as by histone deacetylase in-
hibitor treatment, may help understand the critical role of
microbiota in this autoimmune disease.
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The 454-pyrosequencing raw data have been de-
posited in the NCBI SRA (Sequence Read Archive)
database, and the BioProject SRA accession number is PR-
INA608025.


https://www.discovmed.com/

Author Contributions

SJ, MB, TAS, and AKJ conducted research. SJ de-
signed the study, acquired funding for research, analyzed
the data, and wrote the paper. MB, TAS, and AKJ were
also involved in revising the manuscript critically for im-
portant intellectual content. All authors read and approved
the manuscript. All authors have participated sufficiently in
the work and agreed to be accountable for all study aspects.

Ethics Approval and Consent to Participate

The Office of Animal Care and Institutional Biosafety
of the University of Illinois at Chicago approved the animal
protocol (ACC Protocol No: 15-200).

Acknowledgment

The Core DNA Facility staff at the University of I1li-
nois at Chicago is acknowledged for facilitating the py-
rosequencing studies performed at the Molecular Research
DNA Lab.

Funding

This research received no external funding.

Conflict of Interest

The authors declare no conflict of interest.

Supplementary Material

Supplementary material associated with this article
can be found, in the online version, at https://doi.org/10.
24976/Discov.Med.202436181.40.

References

[1] American Diabetes Association. Diagnosis and classification of
diabetes mellitus. Diabetes Care. 2007; 30: S42-S47.

[2] Del Chierico F, Rapini N, Deodati A, Matteoli MC, Cianfarani
S, Putignani L. Pathophysiology of Type 1 Diabetes and Gut
Microbiota Role. International Journal of Molecular Sciences.
2022; 23: 14650.

[3] Stene LC, Hongve D, Magnus P, Renningen KS, Joner G. Acidic
drinking water and risk of childhood-onset type 1 diabetes. Di-
abetes Care. 2002; 25: 1534-1538.

[4] Winkler C, Mollenhauer U, Hummel S, Bonifacio E, Ziegler
AG. Exposure to environmental factors in drinking water: risk of
islet autoimmunity and type 1 diabetes—the BABYDIAB study.
Hormone and Metabolic Research. 2008; 40: 566-571.

[5] Flint HJ, Duncan SH, Scott KP, Louis P. Links between diet, gut
microbiota composition and gut metabolism. The Proceedings
of the Nutrition Society. 2015; 74: 13-22.

[6] Hall JE, White WJ, Lang CM. Acidification of drinking water:
its effects on selected biologic phenomena in male mice. Labo-
ratory Animal Science. 1980; 30: 643—651.

[7] WuL, Kohler JE, Zaborina O, Akash G, Musch MW, Chang EB,
et al. Chronic acid water feeding protects mice against lethal gut-

(8]

[9]

[10]

[11]

[12]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[22]

(23]

435

derived sepsis due to Pseudomonas aeruginosa. Current Issues in
Intestinal Microbiology. 2006; 7: 19-28.

De Busser EV, Dewulf J, Nollet N, Houf K, Schwarzer K, De
Sadeleer L, et al. Effect of organic acids in drinking water dur-
ing the last 2 weeks prior to slaughter on Salmonella shedding
by slaughter pigs and contamination of carcasses. Zoonoses and
Public Health. 2009; 56: 129-136.

Walker AW, Duncan SH, McWilliam Leitch EC, Child MW,
Flint HJ. pH and peptide supply can radically alter bacterial pop-
ulations and short-chain fatty acid ratios within microbial com-
munities from the human colon. Applied and Environmental Mi-
crobiology. 2005; 71: 3692-3700.

Jayaraman S. Novel methods of type 1 diabetes treatment. Dis-
covery Medicine. 2014; 17: 347-355.

Mullen Y. Development of the Nonobese Diabetic Mouse and
Contribution of Animal Models for Understanding Type 1 Dia-
betes. Pancreas. 2017; 46: 455-466.

Pozzilli P, Signore A, Williams AJ, Beales PE. NOD mouse
colonies around the world-recent facts and figures. Immunol-
ogy Today. 1993; 14: 193-196.

Jayaraman S, Patel T, Patel V, Ajani S, Garza R, Jayaraman A, et
al. Transfusion of nonobese diabetic mice with allogeneic new-
born blood ameliorates autoimmune diabetes and modifies the
expression of selected immune response genes. Journal of Im-
munology. 2010; 184: 3008-3015.

Patel T, Patel V, Singh R, Jayaraman S. Chromatin remodeling
resets the immune system to protect against autoimmune dia-
betes in mice. Immunology and Cell Biology. 2011; 89: 640—
649.

Jayaraman S, Patel A, Jayaraman A, Patel V, Holterman M,
Prabhakar B. Transcriptome analysis of epigenetically modu-
lated genome indicates signature genes in manifestation of type
1 diabetes and its prevention in NOD mice. PLoS ONE. 2013;
8: e55074.

Jayaraman A, Arianas M, Jayaraman S. Epigenetic modula-
tion of selected immune response genes and altered func-
tions of T lymphocytes and macrophages collectively contribute
to autoimmune diabetes protection. BBA Advances. 2021; 1:
100031.

Patel V, Jayaraman A, Jayaraman S. Epigenetic drug amelio-
rated type 1 diabetes via decreased generation of Th1 and Th17
subsets and restoration of self-tolerance in CD4+ T cells. Inter-
national Immunopharmacology. 2022; 103: 108490.
Jayaraman S, Jayaraman A. Long-Term Provision of Acidified
Drinking Water Fails to Influence Autoimmune Diabetes and
Encephalomyelitis. Journal of Diabetes Research. 2018; 2018:
3424691.

Zhao'Y, Tarbell KV. Comment on Sofi et al. pH of Drinking Wa-
ter Influences the Composition of Gut Microbiome and Type 1
Diabetes Incidence. Diabetes 2014;63:632-644. Diabetes. 2015;
64: el9.

Sofi MH, Gudi R, Karumuthil-Melethil S, Perez N, Johnson BM,
Vasu C. pH of drinking water influences the composition of gut
microbiome and type 1 diabetes incidence. Diabetes. 2014; 63:
632-644.

WolfKJ, Daft JG, Tanner SM, Hartmann R, Khafipour E, Lorenz
RG. Consumption of acidic water alters the gut microbiome and
decreases the risk of diabetes in NOD mice. The Journal of His-
tochemistry and Cytochemistry. 2014; 62: 237-250.

Kriegel MA, Sefik E, Hill JA, Wu HJ, Benoist C, Mathis D.
Naturally transmitted segmented filamentous bacteria segregate
with diabetes protection in nonobese diabetic mice. Proceedings
of the National Academy of Sciences of the United States of
America. 2011; 108: 11548-11553.

Fahey JR, Lyons BL, Olekszak HL, Mourino AJ, Ratiu JJ,
Racine JJ, et al. Antibiotic-associated Manipulation of the Gut


https://www.discovmed.com/
https://doi.org/10.24976/Discov.Med.202436181.40
https://doi.org/10.24976/Discov.Med.202436181.40

436

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

Microbiota and Phenotypic Restoration in NOD Mice. Compar-
ative Medicine. 2017; 67: 335-343.

Hansen CHF, Krych L, Nielsen DS, Vogensen FK, Hansen LH,
Serensen SJ, et al. Early life treatment with vancomycin propa-
gates Akkermansia muciniphila and reduces diabetes incidence
in the NOD mouse. Diabetologia. 2012; 55: 2285-2294.

Dowd SE, Sun Y, Wolcott RD, Domingo A, Carroll JA. Bacte-
rial tag-encoded FLX amplicon pyrosequencing (bTEFAP) for
microbiome studies: bacterial diversity in the ileum of newly
weaned Salmonella-infected pigs. Foodborne Pathogens and
Disease. 2008; 5: 459-472.

DeSantis TZ, Hugenholtz P, Larsen N, Rojas M, Brodie EL,
Keller K, et al. Greengenes, a chimera-checked 16S rRNA gene
database and workbench compatible with ARB. Applied and En-
vironmental Microbiology. 2006; 72: 5069-5072.

Barman M, Unold D, Shifley K, Amir E, Hung K, Bos N, et
al. Enteric salmonellosis disrupts the microbial ecology of the
murine gastrointestinal tract. Infection and Immunity. 2008; 76:
907-915.

Dalby AB, Frank DN, St Amand AL, Bendele AM, Pace NR.
Culture-independent analysis of indomethacin-induced alter-
ations in the rat gastrointestinal microbiota. Applied and Envi-
ronmental Microbiology. 2006; 72: 6707-6715.

Maidak BL, Cole JR, Lilburn TG, Parker CT, Jr, Saxman PR,
Farris RJ, et al. The RDP-II (Ribosomal Database Project). Nu-
cleic Acids Research. 2001; 29: 173-174.

Ivanov II, Atarashi K, Manel N, Brodie EL, Shima T, Karaoz U,
et al. Induction of intestinal Th17 cells by segmented filamen-
tous bacteria. Cell. 2009; 139: 485-498.

Brown K, Godovannyi A, Ma C, Zhang Y, Ahmadi-Vand Z, Dai
C, et al. Prolonged antibiotic treatment induces a diabetogenic
intestinal microbiome that accelerates diabetes in NOD mice.
The ISME Journal. 2016; 10: 321-332.

Rouland M, Beaudoin L, Rouxel O, Bertrand L, Cagninacci L,
Saffarian A, ef al. Gut mucosa alterations and loss of segmented
filamentous bacteria in type 1 diabetes are associated with in-
flammation rather than hyperglycaemia. Gut. 2022; 71: 296—
308.

Ohsugi T, Kurosawa T. Increased incidence of diabetes mellitus
in specific pathogen-eliminated offspring produced by embryo
transfer in NOD mice with low incidence of the disease. Labo-
ratory Animal Science. 1994; 44: 386-388.

Alam C, Bittoun E, Bhagwat D, Valkonen S, Saari A, Jaakkola
U, et al. Effects of a germ-free environment on gut immune reg-
ulation and diabetes progression in non-obese diabetic (NOD)
mice. Diabetologia. 2011; 54: 1398-1406.
Tlaskalova-Hogenova H, Stépankova R, Kozakova H, Hudcovic
T, Vannucci L, Tuckova L, et al. The role of gut microbiota
(commensal bacteria) and the mucosal barrier in the pathogene-
sis of inflammatory and autoimmune diseases and cancer: con-
tribution of germ-free and gnotobiotic animal models of human
diseases. Cellular & Molecular Immunology. 2011; 8: 110-120.
Candon S, Perez-Arroyo A, Marquet C, Valette F, Foray AP, Pel-
letier B, et al. Antibiotics in early life alter the gut microbiome
and increase disease incidence in a spontaneous mouse model of
autoimmune insulin-dependent diabetes. PLoS ONE. 2015; 10:
€0125448.

Livanos AE, Greiner TU, Vangay P, Pathmasiri W, Stewart D,
McRitchie S, ef al. Antibiotic-mediated gut microbiome pertur-
bation accelerates development of type 1 diabetes in mice. Na-
ture Microbiology. 2016; 1: 16140.

Sato M, Arakaki R, Tawara H, Tsunematsu T, Ishimaru N. For-
mation of Autoimmune Lesions Is Independent of Antibiotic
Treatment in NOD Mice. International Journal of Molecular Sci-
ences. 2021; 22: 3239.

[39]

[40]

[41]

[42]

[43]

[45]

[46]

[47]

[51]

[52]

[53]

[54]

[55]

Matsuzaki T, Nagata Y, Kado S, Uchida K, Hashimoto S,
Yokokura T. Effect of oral administration of Lactobacillus casei

on alloxan-induced diabetes in mice. APMIS: Acta Patholog-
ica, Microbiologica, et Immunologica Scandinavica. 1997; 105:
637-642.

Lau K, Benitez P, Ardissone A, Wilson TD, Collins EL, Lorca
G, et al. Inhibition of type 1 diabetes correlated to a Lactobacil-
lus johnsonii N6.2-mediated Th17 bias. Journal of Immunology.
2011; 186: 3538-3546.

Calcinaro F, Dionisi S, Marinaro M, Candeloro P, Bonato
V, Marzotti S, et al. Oral probiotic administration induces
interleukin-10 production and prevents spontaneous autoim-
mune diabetes in the non-obese diabetic mouse. Diabetologia.
2005; 48: 1565-1575.

Dolpady J, Sorini C, Di Pietro C, Cosorich I, Ferrarese R,
Saita D, et al. Oral Probiotic VSL#3 Prevents Autoimmune Di-
abetes by Modulating Microbiota and Promoting Indoleamine
2,3-Dioxygenase-Enriched Tolerogenic Intestinal Environment.
Journal of Diabetes Research. 2016; 2016: 7569431.

Hénninen A, Toivonen R, Poysti S, Belzer C, Plovier H, Ouw-
erkerk JP, et al. Akkermansia muciniphila induces gut micro-
biota remodelling and controls islet autoimmunity in NOD mice.
Gut. 2018; 67: 1445-1453.

Mullaney JA, Stephens JE, Geeling BE, Hamilton-Williams EE.
Early-life exposure to gut microbiota from disease-protected
mice does not impact disease outcome in type 1 diabetes sus-
ceptible NOD mice. Immunology and Cell Biology. 2019; 97:
97-103.

Krych L, Nielsen DS, Hansen AK, Hansen CHF. Gut microbial
markers are associated with diabetes onset, regulatory imbal-
ance, and IFN-v level in NOD mice. Gut Microbes. 2015; 6:
101-109.

MclInerney MF, Pek SB, Thomas DW. Prevention of insulitis and
diabetes onset by treatment with complete Freund’s adjuvant in
NOD mice. Diabetes. 1991; 40: 715-725.

Qin HY, Sadelain MW, Hitchon C, Lauzon J, Singh B. Complete
Freund’s adjuvant-induced T cells prevent the development and
adoptive transfer of diabetes in nonobese diabetic mice. Journal
of Immunology. 1993; 150: 2072-2080.

Shehadeh N, Calcinaro F, Bradley BJ, Bruchim I, Vardi P, Laf-
ferty KJ. Effect of adjuvant therapy on development of diabetes
in mouse and man. Lancet. 1994; 343: 706-707.

HuY, Peng J, Li F, Wong FS, Wen L. Evaluation of different mu-
cosal microbiota leads to gut microbiota-based prediction of type
1 diabetes in NOD mice. Scientific Reports. 2018; 8: 15451.
Klaasen HL, Koopman JP, Van den Brink ME, Bakker MH,
Poelma FG, Beynen AC. Intestinal, segmented, filamentous bac-
teria in a wide range of vertebrate species. Laboratory Animals.
1993; 27: 141-150.

Snel J, Heinen PP, Blok HJ, Carman RJ, Duncan AJ, Allen PC, et
al. Comparison of 16S rRNA sequences of segmented filamen-
tous bacteria isolated from mice, rats, and chickens and proposal
of “Candidatus Arthromitus”. International Journal of System-
atic Bacteriology. 1995; 45: 780-782.

Farkas AM, Panea C, Goto Y, Nakato G, Galan-Diez M,
Narushima S, ef al. Induction of Th17 cells by segmented fil-
amentous bacteria in the murine intestine. Journal of Immuno-
logical Methods. 2015; 421: 104-111.

Ampicillin. IARC Monographs on the Evaluation of Carcino-
genic Risks to Humans. 1990; 50: 153-167.

Joseph J, Bittner S, Kaiser FMP, Wiendl H, Kissler S. IL-17 si-
lencing does not protect nonobese diabetic mice from autoim-
mune diabetes. Journal of Immunology. 2012; 188: 216-221.
Yang YJ, Sheu BS. Metabolic Interaction of Helicobacter pylori
Infection and Gut Microbiota. Microorganisms. 2016; 4: 15.


https://www.discovmed.com/

	Introduction
	Materials and Methods
	Animals and Diabetes Monitoring
	Pyrosequencing of the Gut Microbiome
	Analysis of 16S rRNA Genes by qRT-PCR and Standard PCR
	Statistics

	Results
	16S rRNA Targeted Sequencing of the Intestinal Microbiome of Diabetic Mice
	Lack of Influence of the pH of Drinking Water on Prominent Firmicutes Phylum Members
	Lack of Influence of the pH of Drinking Water on Other Bacterial Taxa
	Differences in Bacterial Members in Sensitivity to Low pH Water in Non-Diabetic C57BL/6 Mice
	SFB Colonization does not Correlate with Resistance to T1D

	Discussion
	Conclusions
	Availability of Data and Materials
	Author Contributions
	Ethics Approval and Consent to Participate
	Acknowledgment
	Funding
	Conflict of Interest
	Supplementary Material

