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Weight Gain, Glucose Tolerance, and the Gut
Microbiome of Male C57BL/6] Mice Housed on
Corncob or Paper Bedding and Fed Normal or
High-Fat Diet

Mohammed R Islam,! Kimberly A Schultz,> Mita Varghese,! Simin H Abrishami,’

Jason S Villano,** and Kanakadurga Singer’"*

Understanding how differences in animal husbandry practices affect the reproducibility of research results is critical. We
sought to understand how different beddings might influence dietary obesity studies. We compared the effects of paper and
corncob bedding on weight gain, metabolism, and gut microbiome (GM) of mice fed a high-fat diet (HFD) or a normal diet
(ND) and evaluated effects on fecal and cecal microbiomes collected from these cohorts after euthanasia. Male C57BL/6] mice
at 5 wk age were allowed to acclimate to the facility and the assigned bedding for one week before being placed on HFD or
remaining on the ND for 12 wk. Fecal pellets and cecal samples were collected and frozen for batched 16S sequencing. Mice
had similar body weight, visceral gonadal white adipose tissue (GWAT), subcutaneous inguinal white adipose tissue (IWAT),
liver and spleen weights and metabolic changes regardless of the bedding type. Baseline microbiota differences were detected
one week after bedding assignment. After 12 wk, the GM showed significant differences depending on both bedding and
diet. The effects of the bedding were not significantly different between endpoint fecal and cecal GM, despite the inherent
differences in microbiota in fecal and cecal samples. A correlation was detected between diet and the relative abundance
of Bacteroidetes and Verrucomicrobia:Akkermansia. In conclusion, this study demonstrates the importance of considering
bedding type when performing dietary experiments.

Abbreviations: ANOVA, analysis of variance; ATMs, adipose tissue macrophages; DC, dendritic cells; GM, gut microbiome/
microbiota; GTT, glucose tolerance test; GWAT, gonadal/visceral white adipose tissue; HFD, high-fat diet (Research Diets
D12492 60% calories from fat, New Brunswick, NJ); IWAT, inguinal white adipose tissue; LEfSe, Linear discriminant analysis
Effect Size; ND, normal diet (LabDiet 13.5% calories from fat 5L0D, St Louis, MO); OTUs, operational taxonomy units; RO-DI,
reverse-osmosis deionized
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Recent studies have shown the influence of gut microbiota
(GM) in human health and disease conditions.!*® The micro-
organisms that are naturally found in the gut microbiome have
coevolved with their hosts to provide metabolic benefits, protect
against foreign bacterial colonization, and provide immune re-
sponses that promote homeostasis.?” The microbiome has also a
strong impact on mouse models for human disease.>! This recent
understanding has prompted investigations of the GM in dis-
ease states affecting metabolism. The GM varies based on where
the studies were conducted, and this location effect contributes
to lack of reproducibility of findings between facilities.2 1424
Simple laboratory housing changes can also lead to significant
variation in results and metabolic outcomes, 1617222628 making
it critical to understand the influence these changes have on
metabolism, weight gain, and the microbiome.
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Diet has a major role in changing GM profile, and an obeso-
genic diet is related to dysfunctional microbiota and dysbiosis.?®
The GM of mammals is mainly composed of the same 5 phyla
(Bacteroidetes, Firmicutes, Actinobacteria, Proteobacteria, and
Verrucomicrobia). However, Bacteroidetes and Firmicutes,
which comprise approximately 90% of the GM, are dominant.>1°
Recent studies have reported that a high-fat diet (HFD) decreas-
es the abundance of Bacteroidetes, but increases the abundance
of both Firmicutes and Proteobacteria.'”?” An increase in the
Firmicutes to Bacteroidetes (F/B) ratio is associated with obesity
and increased food intake.!? Obese mammals have a higher F/B
ratio in the GM than do lean mammals, even without an increase
in food consumption/dietary intake.!%? Moreover, such shifts
in the GM enhance the ability of the bacteria to harvest energy
from ingesta, resulting in a positive feedback loop for body
weight gain in obesity.!%?® Thus, any factor capable of altering
the ratio of these 2 phyla could potentially initiate a gradual
shift toward a phenotype of increased energy storage, such as
the expansion of adipose tissue.!®

Increased adiposity has also been reported to be negatively
associated with the abundance of Akkermansia (phylum Ver-
rucomicrobia),?3038 and positively associated with the relative
abundances of Lactococcus (phylum Firmicutes) and Allobaculum
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(phylum Bacteroidetes) in mice.® However, a few studies have
reported that the absence of intestinal microbiota does not
protect mice from diet-induced obesity.!3?¢ These inconsistent
findings may partially be due to microbial adaptation to diet
over time.?

Studies on diet and GM can provide information on the in-
fluence of GM on metabolic pathways, inflammatory-induced
obesity, and Type 2 diabetes. Inflammation is associated with
metabolic disorders.”333¢ Excessive calorie intake, increased
fat accumulation, and lipotoxicity lead to disproportionate
expansion of adipose tissues, tissue inflammation, and pro-
inflammatory cytokines.3® This leads to chronic, low-grade
inflammation that further recruits and activates mature immune
cells (for example, mast cells, macrophages, and dendritic cells)
in adipose and other metabolically active tissues, producing
cytokines and leading to tissue dysfunction.?

Studying factors that may alter this inflammatory tone may
allow them to be modified in ways that will limit the second-
ary diseases of obesity. Clinical research into obesity, tissue
inflammation, and the microbiome is difficult; therefore, animal
models have been used for mechanistic studies to understand
the effect of GM on adiposity, obesity, and metabolism.57/1122
However, recent concerns have arisen regarding the reproduc-
ibility of these models between institutions and across time.!°
Previous rodent studies have shown that several husbandry-
associated factors can alter GM.23!! One such factor is bedding.
Bedding can vary between animal facilities, and different bed-
ding materials have been linked to changes in the phenotype
and relative abundance of the GM.'*?* Some changes induced
by bedding include body weight, sleeping habits, aggression,
lipopolysaccharide levels, and risk of environmental microbial
contamination."*!?4 Because all of these changes are associated
with dietary patterns in mammals, determining how bedding
may affect dietary experiments is important.

A possible cause for some of the inconsistencies among mi-
crobiome studies may be the lack of understanding of whether
either fecal or cecal material is relevant to the onset and pro-
gression of metabolic diseases.” Previous studies indicate that
cecal matter is better than feces for observing differences in the
GM.311 However, collecting cecal matter requires sacrificing the
animal, making it difficult to study changes over time.35 Fecal
matter does not require sacrificing the animal, allowing cohort
studies of the GM across a lifespan or treatment. However, fe-
cal matter can display either subtle or no differences from the
start of experimentation, even when cecal content is changed.?

When our institution considered replacing our standard
corncob bedding with paper bedding, we examined how these
2 different beddings might affect the results of dietary experi-
ments. We compared the effects of paper and corncob bedding
on weight gain, metabolism, and the GM of mice fed either a
HEFD or a normal diet (ND).

Materials and Methods

Animal Husbandry. Thirty-two male C57BL/6] mice were
purchased from Jackson Laboratories (Bar Harbor, ME) at 5 wk
of age and group-housed (4 mice per cage) in positive-pressure
autoclaved IVC (P/NV IVC, Allentown Caging, Allentown, NJ)
on either paper (Pure-O’Cel, Andersons Lab Bedding, Maumee,
OH) or corncob bedding (1/4” Bed-o’Cobs, Andersons Lab
Bedding, Maumee, OH). They were allowed to acclimate to
the facility for 1 wk on their designated bedding before being
assigned to dietary groups. Cages were changed once a week.
Eight mice were used per group based on our prior studies
demonstrating that this number of mice provides 90% power

to detect 10% significant difference of percentage of adipose
tissue macrophages (ATMs) in the stromal vascular fraction of
visceral fat.3*

At 6 wk of age (that is, after 1 wk in the facility on the as-
signed bedding), half of the mice from each bedding group were
switched to a high-fat diet (HFD, Research Diets D12492 60%
calories from fat, New Brunswick, NJ), while the rest remained
on a normal diet (ND, 5L0D PicoLab Laboratory Rodent Diet,
13.5% calories from fat, St Louis, MO). The ND is a grain-based
irradiated diet that consists of high protein and low fat and
provides complete life cycle nutrition to mice. It was used as
the control diet because of its low-fat content and minimal
inherent biologic variations in long-term studies.?! Thus, we
used 4 bedding-diet groups (that is, corncob-HFD, corncob-ND,
paper-HFD, and paper-ND) with 8 mice per group. Mice were
kept in housing rooms with 12:12 h light:dark cycles, 30% to 70%
humidity, and 68 *+ 4 °F; mice had free access to food and water,
with water provided from an automated system with reverse-
osmosis deionized (RO-DI, no post-treatment) (Avidity Science,
Waterford, WT). Based on our institutional rodent surveillance
program, mice were free of mouse hepatitis virus, mouse min-
ute virus, mouse parvovirus, mouse rotavirus, Theiler murine
encephalomyelitis virus, pneumonia virus of mice, Sendai virus,
lymphocytic choriomeningitis virus, ectromelia virus, Hantaan
virus, mouse adenovirus types 1 and 2, mouse cytomegalovirus,
pinworms and fur mites. All procedures were performed with
the approval of the University of Michigan Institutional Animal
Care and Use Committee and are in accordance with the Guide
for the Care and Use of Laboratory Animals.!?

Metabolic Testing. Fasting glucose measurements were per-
formed at 8 wk after beginning the dietary study. Mice were
fasted in the morning for 6 h prior to the measurement of body
weight and blood glucose level; whole blood was collected from
the tail vein via a tail vein nick procedure. Blood glucose was
measured using a FreeStyle Lite blood glucose meter and test
strips (Abbott Laboratories, Abbott Park, IL).

Glucose tolerance tests (GTT) were performed at 10 wk after
beginning the dietary study. Mice were fasted in the morning
for 6 h before receiving an intraperitoneal injection of glucose
atadose of 0.7 g/kg for mice. The glucose injection was diluted
using sterile Dulbecco phosphate-buffered saline (ThermoFisher
Scientific, Waltham, MA) such that the final concentration was
100 mg/mL glucose. Blood glucose levels were obtained at fast-
ing (0 min) and at 15, 30, 45, 60, 90, and 120 min after injection
using blood collected from the tail vein.

Euthanasia. Mice were anesthetized with 500 pL of isoflurane
using a drop-jar method in a fume hood. Mice were euthanized
via cervical dislocation while anesthetized.

Flow Cytometry. Flow cytometry was performed as previ-
ously described.® Gonadal white adipose tissue was digested in
RPMI 1640 (Gibco, Indianapolis, IN) with 1 mg/mL collagenase
(Clostridiopeptidase A from Clostridium histolyticum type 1II
Sigma-Aldrich, St Louis, MO) on a rocking platform shaker for
25min at 37 °C. The stromal vascular fraction (SVF) of gonadal
white adipose tissue (GWAT) was separated from adipocytes
by centrifugation. The following antibodies were used for flow
cytometry: antimouse CD45 eFluor 450 (30-F11 monoclonal,
Invitrogen, Carlsbad, CA), antimouse CD11c eFluor 780 (N418
monoclonal, Invitrogen, Carlsbad, CA), and antimouse CD64 PE
(X54-5/7.1 monoclonal, BD Pharmingen, San Jose, CA). Adipose
tissue macrophages were characterized as CD64" and separated
as M2 (CD11c¢") or M1 (CD11c*). Dendritic cells are CD64~/
CD1l1c* cells. Analysis was performed using a BD Biosciences
FACSAria and Flow]Jo v.10 (Treestar) software.
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Microbiome Analyses. Fecal pellets were collected from each
mouse at 1 wk after receipt and placement on their designated
bedding (baseline) and again at the end of the 12-wk dietary
study (endpoint). Briefly, each mouse was restrained, and a fe-
cal stool pellet collected directly from the anus into a tube, or
less commonly, after the mouse was placed into a clean, empty,
autoclaved cage and the fecal pellet was then removed from the
cage floor with an autoclaved wooden toothpick and placed
into the tube. All work surfaces were disinfected, and gloves
changed between cages. Cecal content was collected aseptically
from each mouse after euthanasia.

DNA was extracted from the samples using the Qiagen Ma-
gAttract PowerMicrobiome kit (Qiagen, Germantown, MD). The
V4 region of the 16S rRNA-encoding gene was then amplified
from the extracted DNA using the barcoded dual-index prim-
ers?® and sequenced by the Microbiome Core at University of
Michigan. The sequence data were used to generate operational
taxonomic units (OTUs) on mothur version 1.44.3, as previously
described.?? All OTU-based analysis, with the exception for Linear
discriminant analysis Effect Size (LEfSe), was conducted in R (R
Core Team, Vienna, Austria), as previously described.* LEfSe was
conducted on mothur version 1.44.3, as previously described.3?

Statistical Analysis. Results are presented as mean+SEM.
Analysis was first performed using GraphPad Prism version
8.4.3 (GraphPad Software, San Diego, CA) to detect any signifi-
cant main effects and interactions of bedding and diet on body
weight, organ weights, metabolic parameters (glucose, GTT) and
inflammatory parameters (proportional and absolute counts of
ATMs and dendritic cells).

Comparisons were then made with 2-way analysis of vari-
ance (ANOVA) using Tukey method for multiple comparisons.
o-diversity was assessed using inverse Simpson index in mothur
and compared between treatment groups using Wilcoxon rank-
sum test for baseline and 2-way ANOVA for endpoint data in
Prism. B-diversity was assessed using principal component
analysis (PCA), and significance was determined using per-
mutational 2-way analysis of variance.

Results

Bedding effects on weight gain, adiposity, and metabolism in
ND or HFD fed mice. Weekly weights showed that mice had
similar weight trajectories regardless of bedding (Figure 1 A).
Fasting glucose levels of HFD mice on both corncob bedding
(HFD, 198 + 13 mg/dL; ND, 112 £ 10 mg/dL; P < 0.001) and
paper bedding (HFD, 175 + 6 mg/dL; ND, 106 + 4 mg/dL;
P < 0.001) were significantly higher than those of ND mice
(Figure 1 B). GTT was not significantly different for ND and
HFD mice housed on paper or corncob (Figure 1 C). After 12
wk of HFD, mice under both bedding conditions had similar
weights (Figure 1 D) as well as similar visceral GWAT, subcuta-
neous IWAT, liver, and spleen weights (Figure 1 E through H).

Effects of bedding and diet on alpha diversity indices. To
determine whether bedding material or diet influenced the
GM, we first assessed the microbiota from fecal samples. No
statistically significant differences of the o diversity-metrics
were detected between the 2 bedding conditions at either the
basal and endpoint fecal collection times (Figure 2 A and B) nor
atendpoint cecal samples (Figure 2 C). Likewise, no statistically
significant differences in the o diversity-metrics were detected
between mice in ND and HFD groups as determined by end-
point fecal or cecal sample collection (Figure 2 B and C). These
findings suggest that bedding and diet did not affect overall
GM membership and richness.

Microbiota composition after 1 week on assigned bedding. To
evaluate broad microbiota changes in baseline and endpoint fe-
cal samples, principal component analysis (PCA) was conducted
on fecal samples collected after 1-wk of bedding exposure and
before dietary challenge (baseline). PCA revealed a significant
difference between the 2 bedding types (Figure 3 A). No dif-
ference was found in the baseline fecal samples between the
groups starting the different diets.

Principal Component Analysis (PCA) of microbiota changes
from baseline and endpoint samples based on diet and bedding.
To further examine how bedding and diet affect the GM, we
analyzed endpoint fecal samples and compared them to baseline
fecal results. The endpoint fecal GM had significant differences
in microbiota composition between groups by both bedding
(P = 0.0282) and diet (P < 0.001) (Figure 3 B). Furthermore,
the interaction effect of bedding and diet was significant (P =
0.0272), suggesting that these husbandry factors affect each other
in terms of effects of bedding or diet on the GM composition.
Endpoint cecal samples showed similar significant differences
(Figure 3 C).

To ensure that bedding and diet truly affected the GM com-
position, as opposed to an effect of age, we pooled baseline
and endpoint fecal data and conducted a permutational 2-way
ANOVA comparing time (baseline compared with endpoint),
bedding, and diet. We found a significant difference in GM
composition between baseline and endpoint fecal samples from
both paper and corncob bedding groups (Figure 4 A) (Figure 5 A
and B). This finding suggests that the GM did change through-
out study as the mice aged. However, the change in GM from
baseline to endpoint was not solely due to aging. The interaction
effect of bedding with time was significant (P = 0.0114), which
suggests that bedding affected how the GM changed due to diet.
The mice that continued on ND or were switched to HFD for
each bedding group showed a significant difference between
baseline and endpoint fecal samples within both ND and HFD
cohorts, but only the ND samples showed a significant effect
of bedding (P = 0.0106) (Figure 5 C and D).

Fecal and cecal microbiota composition. Although fecal and
cecal samples were similar (Figure 3 B and C), to determine
whether the effects of bedding and diet were similar, we pooled
endpoint cecal and fecal data and conducted a permutational
2-way ANOVA comparing sample (cecal compared with fecal),
bedding, and diet. We found a significant difference between
fecal and cecal samples (Figure 4 B), as well as a significant dif-
ference due to both bedding and diet. However, no significant
interactions were found between sample and bedding, sample
and diet, or sample, bedding, and diet. However, we did find a
significant interaction between bedding and diet. Furthermore,
we found no significant difference between fecal and cecal GM
in the 32 mice when grouped by bedding (Figure 6 A and B), but
we did find a significant difference (P < 0.001) between fecal and
cecal samples in ND mice (Figure 4 B, Figure 6 C). HFD mice,
however, did not show significant differences between fecal
and cecal samples (Figure 4 B, Figure 6 D). Overall, fecal and
cecal samples showed an inherent difference in GM composi-
tion between fecal and cecal samples, but this difference did not
alter the effects of bedding and HFD on the GM.

Bedding and diet influences on Phylum and Genus GM com-
munity membership. We next sought to evaluate changes in
genus and phylum over time and between sample types. We
found no significant difference in F/B ratio over time (Figure 7
and 8) but did find differences in endpoint fecal samples, which
had a lower F/B ratio than cecal (P < 0.005) (Figure 7 and 8).
When comparing by diet and bedding, no overall significant
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Figure 1. Weight gain, metabolism and tissue weights were similar among both beddings. Weekly weights (A) were conducted as well as 8-wk
fasting glucose (B) and 10-wk glucose tolerance testing GTT (C). Body weights (D) and (E) GWAT, (F) IWAT, (G) Liver, and (H) Spleen were as-
sessed between corncob and paper bedding. = 8 per group, data shown as mean + SEM. Comparisons were made with 2-way ANOVA, using

Tukey’s method for multiple comparisons. *P < 0.05, P < 0.01, +P < 0.005, and 1P < 0.001.
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Figure 3. Weighted Principal Component Analysis (PCA) plots comparing baseline fecal, and endpoint fecal and cecal samples of the 32 mice.
(A) Baseline fecal grouped by bedding (1 = 16 per group), (B) endpoint fecal grouped by bedding and diet (1 = 8 per group), and (C) endpoint
cecal grouped by bedding and diet (1 = 8 per group). Baseline fecal was analyzed using PermANOVA; both endpoint data were analyzed using

2-way PermANOVA. *P < 0.05 and 1P < 0.001.

differences in F/B ratio were found between baseline and end-
point fecal, or endpoint fecal and cecal communities (Figure 7
and 8). Bedding was not associated with differences, although
in mice on paper bedding, the endpoint fecal F/B ratio was
significantly higher in HFD mice than in ND mice (P < 0.05).
Furthermore, we detected an inversion in the relative abun-
dance for OTUs 1, 2, 6, and 8 between baseline and endpoint
(Figure 7). OTUs 1, 2, 6, and 8 were identified as Lachnospiraceae
family (unknown genus), Porphyromonadaceae family (unknown
genus), Bacteroidaceae:Bacteroidetes, and Rikenellaceae:Alistipes,
respectively. We also found a spike in the relative abundance
of OTU 12 in the endpoint samples as compared with baseline.

OTU 12 was identified as Verrucomicrobia:Akkermansia. When
comparing samples across all bedding and diet groups, both
HFD groups showed a significant shift (P < 0.001) in Verru-
comicrobia (Figure 8).

Finally, a significant decrease of Bacteroidetes was detected
in HFD as compared with ND mice (P < 0.005), despite the
lack of a significant difference in F/B ratio between diets (P
= 0.1256). The comparison of diets showed significantly more
Verrucomicrobia:Akkermansia in HFD as compared with ND
mice (P < 0.001). Thus, a correlation seems to exist between
diet, a shift in abundance of Bacteroidetes, and thus changes to
F/B ratio, especially with regard to OTUs 2, 6, and 8, and the
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<0.001.

presence of Verrucomicrobia:Akkermansia. The significant taxa
identified as different by bedding and diet in baseline fecal, and
endpoint fecal and cecal samples are summarized in Table 1,
Table 2, and Table 3, respectively.

Effects of bedding type on adipose inflammation. GM diver-
sity has been related to changes in the inflammatory status in
metabolic tissues.!® Given that proinflammatory macrophages in
visceral GWAT indicate obesity-induced meta-inflammation, we
next examined whether bedding and diet affect inflammation.
We analyzed GWAT macrophages (ATMs) by flow cytometry.
Mice fed ND or HFD on either bedding showed no significant
differences in the total number of ATMs. However, HFD on
either bedding was associated with an increase in numbers of
ATMs (Figure 9 A). Further analysis of ATMs showed a similar
pattern in GWAT CD11c* ATMs and CD11c” ATMs (Figure 9 B
and C), with a higher number of ATMs on a HFD with either
bedding. However, GWAT dendritic cells (DCs) were not sig-
nificantly different among groups (Figure 9 D).

F/B ratio from baseline and endpoint fecal, as well as
endpoint cecal, was compared with body compositions and

Table 1. List of all differential taxa identified by LEfSe as significant (o.-
level = 0.05) for baseline fecal.Paper ND compared with Corncorb ND.

P

OTU Bedding LDA value Phylum Genus
1 Otull Corncob 4.189 0.0001 Firmicutes Clostridium_
v
2 Otu25 Corncob 2.794 0.0090 Firmicutes Turicibacter

3 Otu27 Purocel 3.720 0.0040 Verrucomicrobia Akkermansia

The list is categorized by the OTU identified, the type of bedding that
OTU was found significantly abundant in, the linear discriminant
analysis (LDA) effect size (log 10) and corresponding P value, and
the phylum and genus that OTU was identified as.

inflammation parameters. A positive correlation was found
between endpoint fecal F/B ratioand GWAT DC when compar-
ing the entire cohort (Figure 9 E). All other comparisons were
not significant.

Discussion

Institutional changes to animal husbandry practices may
introduce environmental variations to animal models. We inves-
tigated how bedding affects weight gain, metabolism, and GM
of mice used in dietary studies. Previous studies have shown
that a difference in bedding or diet can alter body weight and
GM.1#1624 We found similar effects of diet on weight gain and
metabolism, but did not see similar effects regarding bedding.
When comparing the effects of paper and corncob bedding in
HFD and ND mice, our results showed all measures of weight,
including tissue weights (thatis GWAT, IWAT, liver, and spleen),
were higher in HFD mice as compared with ND mice, but similar
weights were seen on both beddings (Figure 1). Likewise, fasting
glucose and glucose tolerance levels were higher in HFD mice
than in ND mice, with no significant difference between bedding
types in fasting glucose or in glucose tolerance levels during
the last 30 mins of the GTT (Figure 1). Thus, bedding, unlike
diet, did not have a main effect on weight gain and metabolism,
although an interaction effect between diet and bedding is pos-
sible, as suggested by previous studies.!?*

However, the question remains of whether bedding affects
the GM in a dietary study. Studying the influence of animal
husbandry on GM is critical, as it may significantly alter study
results and interpretation. Here we showed that a simple differ-
ence of bedding may not affect the species richness present in
the GM (Figure 2) but does influence the composition of the GM
(Figure 3 through 8,). Despite the changes in GM composition
due to bedding, adipose inflammation was similar, regardless
of bedding (Figure 9). In our study, the metabolic differences
in the mice were due to the diet, rather than due to the type of
bedding used.
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Figure 5. Weighted PCA comparisons of baseline and endpoint fecal samples. Grouping by time and diet in (A) paper and (B) corncob bedding.
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Despite this finding, evidence remained for a role of bed-
ding in influencing GM composition. Significant differences
in GM at baseline for fecal samples after 1 wk on different
bedding (Figure 3). A previous study had also observed
baseline differences in fecal community between mice as a
function of caging, bedding, and diet at 1 wk after arrival to
their facility, although those authors speculated these effects
to be due to the relatively young age of the mice at the time
of arrival.!! However, our study showed that different bed-
ding was associated with shifts in GM composition even at
the end of the 12-wk study (Figure 3 and Figure 4), and that
the changes observed in different bedding groups were not

solely due to aging over the course of the study (Figure 4).
Furthermore, significant differences in GM were detected
when bedding types were compared within dietary groups
using fecal and cecal samples (Figure 4 through Figure 6),
although the effects of bedding were different in HFD and
ND mice. The loss of significance for bedding in the HFD
group suggest that diet has a larger role in shifting GM
composition as compared with bedding over an extended
time period. Thus, bedding may have only a transient effect
on GM composition in the presence of a HFD, although the
timepoint at which the effects of diet overshadow the effect
was not determined in our study.
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Finally, studies have shown a negative relationship be-
tween Akkermansia (Verrucomicrobia phylum) and body
fat weight.?83038 In comparison, our study found more
Verrucomicrobia:Akkermansia in HFD mice than in ND mice
(Figure 7 and 8). While we did not test for a negative relationship
between Akkermansia and body fat weight in each diet group,
our findings do not seem to support the negative correlation
seen in the previous study, given that HFD mice typically have
more body fat weight than ND mice.

The significance of the findings from our study is that bedding
did not affect body and metabolic parameters, despite the shift
in GM composition, contrary to a previous study.'® Others have

shown that husbandry-associated factors, such as caging, ven-
dor, bedding, water contamination, and even sometimes diet,
have little effect on fecal and small intestinal microbiota, with the
exception of cecal contents.>!?* However, these findings may
have been due to the length of these previous studies. Based on
our 12 wk study, bedding does not affect body weights or meta-
bolic tissue, while diet does. However, bedding does impact the
GM composition, which in turn can influence on adiposity and
metabolism. Thus, if conducting shorter-term studies, one may
have to consider the effect of bedding on experimental results.

Furthermore, previous studies suggest that cecal sampling
is better for detecting husbandry-associated GM changes
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Figure 7. Relative abundance of OTUs for all samples. (A) Baseline fecal, (B) endpoint fecal, and (C) endpoint cecal samples. The OTUs are

colored by their identified phyla.

than is fecal sampling,®!! which complicates designing cohort
studies to determine causal relationships between husbandry-
associated factors, GM, and disease status. While longitudinal
studies can incorporate cecal communities for analysis by using
separate cohorts of mice that are euthanized at predetermined
intervals,!! this strategy would likely be cost-prohibitive and
time-consuming, and drawing causal rather than correlative
relationships would be difficult. However, a strength of our
study was the use of fecal and cecal sampling, which showed
minimal distinctions between these 2 samples in our evaluation
of bedding and diet, thus supporting the use of fecal commu-
nities as a proxy to investigate environmental effects on GM.
A limitation of this study was the use of only baseline and
endpoint sampling. Future studies should assess intermediate
samples to determine the crucial intervals during which signifi-
cant changes occur and potentially identifying the parameters
responsible for the changes. One suggested way of doing this
would be to compare fecal communities from samples collected
every week during a study to see whether any shifts that oc-
curred in the communities are related to effects of bedding or
diet on the GM or any metabolic and inflammatory parameters.
A second limitation of this study is that it used only male
mice. A previous dietary study in mice found sex differences
in body weight, metabolic, and inflammatory parameters.® An-
other study found that the effects of sex on mouse GM persist

over time.? As such, these differences may occur with regard
to other animal husbandry-associated factors such as bedding.
Thus, the effects of bedding and diet on GM composition should
be studied in both female and male mice.

A third limitation is that our study only used C57BL/6]
mice. Previous studies have shown that mouse GM varies by
strain,”1*18 vendor,3° cage location,®!! and shipment.® Thus,
further studies of a wider variety of strains and vendor loca-
tions are required to capture the total effect of bedding and diet
on GM composition.

Finally, the group sizes in our study were small and mice
were not analyzed on a per cage basis. In a few cases, combining
data from bedding (Figure 5 D) or fecal-cecal (Figure 6 A and B)
were borderline significant, and a larger sample size might have
either provided the necessary power to determine whether the
difference by bedding or fecal-cecal were significant or lessened
that possibility. Furthermore, bedding was not analyzed based
on cage. This may be problematic because the cage environ-
ment may be the primary source of interindividual variation
in the mice.!> Although using each mouse as an experimental
unit is more appropriate for studies of the effects of diet and
for comparing metabolic or inflammatory parameters, larger
group sizes would have allowed us to compare bedding using
each cage as the experimental unit, which is more appropriate
for bedding because bedding is shared by all the mice in each
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Table 2. List of all differential taxa identified by LEfSe as significant (o-level =

0.05) for endpoint fecal.

Paper ND compared with Paper HFD

OTU Diet LDA Pvalue Phylum Genus

1 Otu02 ND 5.035 0.0087 Bacteroidetes Unknown

2 Otu03 ND 3.675 0.0357 Firmicutes Unknown

3 Otu04 HFD 4.248 0.0008 Firmicutes Unknown

4 Otu05 ND 4.554 0.0008 Bacteroidetes Bacteroides

5 Otu07 ND 3.631 0.0046 Firmicutes Unknown

6 Otu08 ND 3.970 0.0033 Bacteroidetes Alistipes

7 Otu09 HFD 4.751 0.0008 Verrucomicrobia Akkermansia
8 Otul0 HFD 4.551 0.0008 Firmicutes Oscillibacter

9 Otull HFD 3.659 0.0008 Bacteroidetes Unknown

10 Otul6é HFD 3.361 0.0003 Firmicutes Clostridium_IV
11 Otul? ND 3.419 0.0459 Firmicutes Lactobacillus
12 Otu20 HFD 2.475 0.0070 Actinobacteria Enterorhabdus
13 Otu21 HFD 2.452 0.0115 Firmicutes Turicibacter
14 Otu24 HFD 3.062 0.0016 Tenericutes Anaeroplasma
15 Otu25 HFD 3.360 0.0008 Firmicutes Lactococcus
16 Otu26 HFD 4.237 0.0273 Firmicutes Unknown

17 Otu28 ND 3.344 0.0012 Firmicutes Allobaculum
18 Otu29 HFD 2.684 0.0020 Firmicutes Ruminococcus
19 Otu31 HFD 3.225 0.0038 Firmicutes Eubacterium
20 Otu33 HFD 2.468 0.0107 Firmicutes Streptococcus
21 Otu35 HFD 2.702 0.0038 Proteobacteria Unknown
22 Otu3?7 HFD 2.961 0.0010 Actinobacteria Bifidobacterium
23 Otu38 HFD 3.632 0.0003 Firmicutes Unknown
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Table 2. (Continued)

The influence of corncob and paper bedding on mice fed a high fat diet

OTU Diet LDA Pvalue Phylum Genus
24 Otu39 ND 2.662 0.0012 Firmicutes Clostridium_XVIII
25 Otu4l ND 3.592 0.0107 Firmicutes Unknown
26 Otu45 HFD 2.051 0.0107 Firmicutes Enterococcus
Corncob ND compared with Corncob HFD
OTU Diet LDA P value Phylum Genus
1 Otu03 ND 4.133 0.0063 Firmicutes Unknown
2 Otu05 ND 4.337 0.0008 Bacteroidetes Bacteroides
3 Otu07 ND 3.431 0.0016 Firmicutes Unknown
4 Otu09 ND 4.879 0.0008 Verrucomicrobia Akkermansia
5 Otull HFD 4711 0.0008 Bacteroidetes Unknown
6 Otul3 ND 3.694 0.0117 Bacteroidetes Barnesiella
7 Otul4 HFD 3.642 0.0008 Firmicutes Clostridium_XIVb
8 Otul? ND 3.908 0.0003 Firmicutes Lactobacillus
9 Otul8 HFD 2.551 0.0454 Firmicutes Clostridium_XIVa
10 Otu22 HFD 3.333 0.0011 Firmicutes Dorea
11 Otu26 ND 2.601 0.0199 Firmicutes Unknown
12 Otu27 HFD 3.109 0.0003 Firmicutes Pseudoflavonifractor
13 Otu29 ND 2.042 0.0107 Firmicutes Ruminococcus
14 Otu30 HFD 2.810 0.0020 Firmicutes Clostridium_sensu_stricto
15 Otu3l ND 2.941 0.0273 Firmicutes Eubacterium
16 Otu32 ND 2.340 0.0107 Firmicutes Lachnospiracea_incertae_sedis
17 Otu34 HFD 2.167 0.0107 Actinobacteria Unknown
18 Otu35 HFD 2.964 0.0070 Proteobacteria Unknown
19 Otu36 HFD 2.202 0.0273 Firmicutes Butyricicoccus
20 Otu37 HFD 2.975 0.0030 Actinobacteria Bifidobacterium
21 Otu49 ND 3.282 0.0273 Proteobacteria Unknown
Paper ND compared with Corncob ND
OTU Bedding LDA P value Phylum Genus
1 Otu04 Corncob 3.989 0.0181 Firmicutes Unknown
2 Otu06 Paper 3.367 0.0209 Unknown Unknown
3 Otu09 Corncob 3.730 0.0274 Verrucomicrobia Akkermansia
4 Otul0 Paper 3.864 0.0008 Firmicutes Oscillibacter
5 Otul9 Paper 2.757 0.0357 Proteobacteria Parasutterella
6 Otu20 Corncob 3.214 0.0356 Actinobacteria Enterorhabdus
7 Otu28 Corncob 2.821 0.0107 Firmicutes Allobaculum
8 Otu3l Paper 2.784 0.0273 Firmicutes Eubacterium
Paper HFD compared with Corncob HFD
OTU Bedding LDA P value Phylum Genus
1 Otu02 Corncob 4.582 0.0209 Bacteroidetes Unknown
2 Otu04 Paper 3.741 0.0460 Firmicutes Unknown
3 Otu08 Corncob 4.235 0.0209 Bacteroidetes Alistipes
4 Otul5 Paper 3.060 0.0274 Firmicutes Unknown
5 Otu20 Paper 2.385 0.0031 Actinobacteria Enterorhabdus
6 Otu29 Paper 3.335 0.0087 Firmicutes Ruminococcus
7 Otu30 Paper 2.819 0.0352 Firmicutes Clostridium_sensu_stricto
8 Otu32 Paper 2.219 0.0107 Firmicutes Lachnospiracea_incertae_sedis
9 Otu34 Paper 2.307 0.0256 Actinobacteria Unknown
10 Otu37 Paper 3.433 0.0117 Actinobacteria Bifidobacterium

The list is categorized by bedding and diet groups, providing the OTU identified, the type of bedding or diet that OTU was found significantly
abundant in, the linear discriminant analysis (LDA) effect size (log 10) and corresponding P value, and the phylum and genus that OTU was

identified as.
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Table 3. List of all differential taxa identified by LEfSe as significant (o-level = 0.05) for endpoint cecal.

Paper ND compared with Paper HFD

OTU Diet LDA Pvalue Phylum Genus
1 Otu02 ND 4.902 0.0053 Bacteroidetes Unknown
2 Otu03 ND 4.622 0.0016 Firmicutes Unknown
3 Otu04 HFD 4.289 0.0008 Firmicutes Unknown
4 Otu05 ND 4.476 0.0008 Unknown Unknown
5 Otu06 HFD 4.568 0.0459 Firmicutes Unknown
6 Otu07 ND 4.178 0.0063 Bacteroidetes Bacteroides
7 Otu08 ND 3.839 0.0008 Bacteroidetes Alistipes
8 Otu09 HFD 4.406 0.0008 Bacteroidetes Unknown
9 Otul0 HFD 4.677 0.0008 Firmicutes Oscillibacter
10 Otul3 ND 3.342 0.0033 Bacteroidetes Barnesiella
11 Otul4 HFD 3.285 0.0033 Firmicutes Clostridium_XIVb
12 Otul8 HFD 3.450 0.0209 Firmicutes Pseudoflavonifractor
13 Otu25 HFD 2.492 0.0206 Firmicutes Clostridium_sensu_stricto
14 Otu26 ND 3.318 0.0003 Firmicutes Eubacterium
15 Otu27 HFD 2.075 0.0107 Firmicutes Unknown
16 Otu30 HFD 3.041 0.0004 Actinobacteria Enterorhabdus
17 Otu31 HFD 2.944 0.0012 Firmicutes Turicibacter
18 Otu32 ND 2.148 0.0273 Firmicutes Lactococcus
19 Otu33 ND 3.291 0.0330 Actinobacteria Bifidobacterium
20 Otu35 ND 3.137 0.0006 Firmicutes Lachnospiracea_incertae_sedis
21 Otu36 HFD 2.550 0.0012 Actinobacteria Unknown
22 Otu39 HFD 3.419 0.0003 Firmicutes Allobaculum
23 Otu40 ND 3.296 0.0038 Proteobacteria Unknown

Corncob ND compared with Corncob HFD

OTU Diet LDA Pvalue Phylum Genus
1 Otu03 ND 4.038 0.0087 Firmicutes Unknown
2 Otu04 HFD 4.142 0.0016 Firmicutes Unknown
3 Otu05 ND 4.325 0.0016 Unknown Unknown
4 Otu06 ND 4761 0.0063 Firmicutes Unknown
5 Otu07 HFD 4493 0.0357 Bacteroidetes Bacteroides
6 Otu08 ND 3.671 0.0023 Bacteroidetes Alistipes
7 Otu09 HFD 3.852 0.0357 Bacteroidetes Unknown
8 Otull HFD 4401 0.0011 Bacteroidetes Unknown
9 Otul3 ND 3.682 0.0460 Bacteroidetes Barnesiella
10 Otul8 HFD 3.190 0.0045 Firmicutes Pseudoflavonifractor
11 Otu24 ND 3.136 0.0061 Proteobacteria Unknown
12 Otu26 HFD 2.133 0.0273 Firmicutes Eubacterium
13 Otu27 ND 2.969 0.0206 Firmicutes Unknown
14 Otu28 ND 2.095 0.0107 Firmicutes Butyricicoccus
15 Otu32 HFD 2.830 0.0038 Firmicutes Lactococcus
16 Otu35 HFD 2.484 0.0012 Firmicutes Lachnospiracea_incertae_sedis
17 Otu37 HFD 2.559 0.0038 Firmicutes Anaerotruncus
18 Otu45 ND 3.102 0.0273 Proteobacteria Unknown
19 Otub3 HFD 2.580 0.0038 Firmicutes Veillonella

Paper ND compared with Corncob ND

OTU Bedding LDA P value Phylum Genus
1 Otu02 Paper 4.693 0.0016 Bacteroidetes Unknown
2 Otu07 Paper 4179 0.0209 Bacteroidetes Bacteroides
3 Otu08 Corncob 4.881 0.0063 Bacteroidetes Alistipes
4 Otu09 Paper 4.321 0.0209 Bacteroidetes Unknown
5 Otul9 Paper 2.804 0.0199 Firmicutes Clostridium_XIVa
6 Otu23 Corncob 2.703 0.0435 Firmicutes Lactobacillus
7 Otu30 Corncob 2.447 0.0435 Actinobacteria Enterorhabdus
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Table 3. (Continued)

The influence of corncob and paper bedding on mice fed a high fat diet

OTU Bedding LDA Pvalue Phylum Genus
8 Otu3l Paper 2.681 0.0273 Firmicutes Turicibacter
Paper HFD compared with Corncob HFD
OTU Bedding LDA P value Phylum Genus
1 Otu08 Corncob 4.237 0.0063 Bacteroidetes Alistipes
2 Otu25 Paper 2.708 0.0185 Firmicutes Clostridium_sensu_stricto

The list is categorized by bedding and diet groups, providing the OTU identified, the type of bedding or diet that OTU was found significantly
abundant in, the linear discriminant analysis (LDA) effect size (log 10) and corresponding P value, and the phylum and genus that OTU was

identified as.
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Figure 9. Stromal vascular fraction (SVF) flow cytometry analysis. (A) GWAT ATM, (B) GWAT CD11c* ATM, (C) GWAT CD11c¢ ATM, and (D)
GWAT DC as a percent of SVE. 1 = 8 per group (E) Positive correlation between endpoint fecal F/B ratio and GWAT DC across all 32 mice. Data

shown as mean £ SEM * P < 0.05, 1P < 0.01, +P < 0.005, and 3P < 0.001.

cage, and thus may affect all mice in the cage in an equivalent
manner.?? Thus, future studies could evaluate how bedding
affects the role of GM in changing phenotypes of mice that are
singly housed as compared with group housed.

In conclusion, this study demonstrates the importance of
considering bedding in dietary experiments. Although in our
study bedding did not affect body and organ weight gains or
blood glucose level after fasting and during GTT, it did have
varying effects on the GM depending on the diet; these effects
may extend even beyond the designated acclimation period.
Thus, an important aspect of designing dietary experiments
that use mice is consideration of the type of bedding that will
be used. Furthermore, fecal matter may be an adequate proxy
for determining changes in the GM. Fecal samplings can be
collected frequently and then used to identify causal relation-

ships between test parameters and observed changes. Finally,
a correlation between diet and the relative abundance of Bac-
teroidetes and Verrucomicrobia:Akkermansia may explain the
crosstalk between the GM, adipose inflammation, and HFD
metabolism in the progression toward obesity and disease status
for Type 2 diabetes.
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