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Abstract

High fat diets can have detrimental effects on the skeleton as well as cause intestinal dysbiosis.
Exercise prevents high fat (HF) diet-induced obesity and also improves bone density and prevents
the intestinal dysbiosis that promotes energy storage. Previous studies indicate a link between
intestinal microbial balance and bone health. Therefore, we examined whether exercise could
prevent HF-induced bone pathology in male mice and determined whether benefits correlate to
changes in host intestinal microbiota. Male C57BI/6 mice were fed either a low fat diet (LF; 10
kcal% fat) or a HF diet (60 kcal% fat) and put under sedentary or voluntary exercise conditions for
14 weeks. Our results indicated that HF diet reduced trabecular bone volume, when corrected for
differences in body weight, of both the tibia (40% reduction) and vertebrae (25% reduction) as
well and increased marrow adiposity (44% increase). More importantly, these effects were
prevented by exercise. Exercise also had a significant effect on several cortical bone parameters
and enhanced bone mechanical properties in LF but not HF fed mice. Microbiome analyses
indicated that exercise altered the HF induced changes in microbial composition by reducing the
Firmicutes/Bacteriodetes ratio. This ratio negatively correlated with bone volume as did levels of
Clostridiaand Lachnospiraceae. In contrast, the abundance of several Actinobacteria phylum
members (i.e., Bifidobacteriaceac) were positively correlated with bone volume. Taken together,
exercise can prevent many of the negative effects of a high fat diet on male skeletal health.
Exercise induced changes in microbiota composition could represent a novel mechanism that
contributes to exercise induced benefits to bone health.
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Introduction

Osteoporosis affects more than 10 million people in the U.S. and annually accounts for over
2 million bone breaks [1]. Many factors including obesity contribute to low bone mass [2].
Obesity in the U.S. is increasing and currently accounts for more than 2 billion people [3,4].
While the etiology of obesity is complex and involves both genetic and environmental
factors [3], the rise in obesity is especially attributed to the western diet, which is high in fat,
simple carbohydrates, and processed foods [5]. While a healthy increase in body mass can
benefit bone health, due to the elevated weight bearing properties, these benefits can be lost
within the context of a high fat (HF) diet-induced weight gain [2,6].

The impact of of obesity and HF diets on bone health is an area of significant concern [7-
11]. Rodent models provide a means to examine the direct effects of HF diets on bone health
and obesity-related pathologies [12]. Many reports demonstrate that a high fat diet (ie: 60
kcal% fat) given to young (5 to 6-week-old) rodents for 12 weeks results in reduced bone
density, formation and stiffness as well as increased marrow adiposity [13-16]. High fat
diets (60 kcal% fat) also promoted alveolar bone loss, with greater bone loss occurring in
young compared to adult mice [17,18]. In fact, adult mice display variable responses to HF
consumption, including increased bone density initially (possibly due to the increased
weight-bearing load) followed by bone loss at later time points [19][20]. Interestingly, not
all fats have negative effects on bone; unsaturated fat and diacylglycerol are reported to have
beneficial bone effects [21-23].

Recent studies demonstrate that HF diets significantly alter the intestinal microbiota which
may in turn lead to systemic pathologies such as metabolic syndrome and cardiovascular
disease [24-28] The human gut harbors at least 1014 bacteria with unique metabolic
functions that cannot be performed by the host [29,30]. Therefore, healthy composition of
gut microbiota (eubiosis) plays an important role in physiological homeostasis. In contrast,
intestinal dysbiosis, characterized by an imbalance of host microbes or a predominance of
harmful bacteria in the gut can result in the pathogenesis of disease [31]. Environmental
factors such as diet can modify microbiota composition. For example, mice fed a HF have
reduced levels of Bacteroidetes in fecal samples, while a HF and high sugar diet increased
the amount of Clostridium innocuum, Catenibacterium mitsuokai and Enterococcus spp. in
the feces [27,32]. In humans, phyla level shifts have been reported with HF containing
Western diets that appear to impact host metabolism and contribute to the development of
obesity [25,26]. Obese individuals have an imbalance in primary bacterial phyla comprising
the gastrointestinal microbiota, characterized by a decreased abundance of Bacteroidetes and
a greater Firmicutes.:Bacteriodetes ratio [26,29,33]. How intestinal dysbiosis can affect the
skeleton is an area of active investigation [34—-38]. The gut-bone signaling axis is thus
receiving increasing attention as a therapeutic target to treat osteoporosis [36,39-45].
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Regular exercise is a well-accepted means to protect against many chronic diseases,
including obesity [46]. Exercise can normalize body weight, reduce body fat, improve
glucose metabolism as well as reduce markers of systemic inflammation in mouse models of
diet-induced obesity [47-50]. Voluntary exercise can prevent HF-induced intestinal
dysbiosis [51] as well as reduce the incidence of colon cancer [46][52]. Numerous studies
demonstrate that exercise increases bone density, consistent with Wolf’s law of bone
adaption to loading [53]. Although exercise and diet can influence bone health separately, it
is not well known if exercise can prevent HF diet-induced changes in skeletal physiology.
Thus, the current study tested the hypothesis that voluntary exercise can prevent HF-induced
changes in bone structure and strength in male mice. Similar to published studies in female
mice [54][55], we find that exercise prevents the effects of a HF diet on bone (osteoporosis
and marrow adiposity). We further show that microbiota changes correlate with changes in
bone health parameters and may represent a novel mechanism by which exercise may
prevent the bone compromise reported with HF consumption.

Mouse Model

Male C57BL/6 mice were purchased from Jackson Laboratory (Bar Harbor, Maine) as
littermates at 5 weeks of age. Mice were allowed to acclimate to their environment for 1
week with a standard chow (18 kcal% fat, 58 kcal% carbohydrate, 24 kcal% protein) before
diets were altered (at 6 weeks of age) and running wheels were mounted in cages for the
corresponding voluntary exercise groups. After the acclimation period, mice were given
either low fat diet chow (LF: 10 kcal% fat, 20 kcal% protein, 70 kcal% carbohydrate for a
total of 3.85kcal/gm; catalog number D12450B) or high fat diet chow (HF: 60 kcal% fat, 20
kcal% protein, 20 kcal% carbohydrate for a total of 5.24 kcal/gm; catalog humber 12492)
for 14 weeks (Research Diets Inc., New Brunswick, New Jersey). The source of fat is lard
(cholesterol content is 72mg/100gm). Major differences between the diets are that the low
fat diet contains 20 g% lard compared to 245 g% lard in the high fat diet, whereas the high
fat diet contains 0 g% corn starch compared to 315 g% cornstarch in the low fat diet. For the
groups allowed voluntary exercise, a non-load bearing 14.6 cm hamster wheel (PetSmart,
Phoenix, AZ) was suspended from a metal rod in the cages and revolutions were recorded
using a bike odometer. Running distances were calculated from the product of wheel
circumference and revolutions, as previously described [51]. All mice were kept on a light/
dark (12 h/12 h) cycle at 23°C. Final body weight was determined at the end of week 12 on
the protocol. At week 14 of the protocol mice were euthanized and tissues were harvested.
The right and left soleus weights, heart and epididymal fat pad weights, and right and left
tibia lengths were recorded. The protocol was approved by the Midwestern University
Institutional Animal Care and Use Committee and studies were conducted in accordance
with safe animal care and use following National Institutes of Health guidelines for humane
animal care.
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Fasting blood glucose measurements

Fasting blood glucose was measured after 13 weeks of the diet and exercise protocols. Mice
were fasted overnight in cages without bedding prior to measuring tail vein blood glucose
levels using a OneTouch UltraMini® monitor (LifeScan, Inc. Milpitas, CA).

Micro-computed tomography (UCT) analysis

One tibia was fixed in formalin at harvest and placed in 70% ethanol 24 hours later for
scanning using the GE Explore uCT system at a voxel size of 20 um from 720 views with a
beam strength of 80 kV and 450 pA. Thresholds were chosen based on the average of the
system auto-thresholds obtained from the low fat diet sedentary mouse group. An average
isosurface threshold of 700 for trabecular bone and 1200 for cortical bone was used. Each
scan included tibias from each experimental group and a phantom control. Trabecular bone
analyses were made in a region of trabecular bone immediately distal to the growth plate and
extending to 10% of the tibia length toward the diaphysis and excluding the outer cortical
shell. The trabecular region was oriented so that the region analyzed was perpendicular to
the growth plate. Trabecular isosurface images were taken from the same region as the
trabecular bone was analyzed. Trabecular bone mineral density (BMD), bone volume
fraction (BV/TV), thickness (Th.Th), spacing (Tb.Sp), and number (Th.N) were determined
using GE Healthcare MicroView software. Cortical measurements were performed ina 2 x 2
x 2 mm cube aligned distally where the external diaphyseal shape transitions from pointed
to nearly circular. Cortical bone parameters measured include thickness, cross sectional
surface area, inner perimeter, outer perimeter, moment of inertia (MOI), marrow area, and
bone mineral density values (measured using a 0.1 x 0.1 x 0.1 mm cube in the same region)
were determined using MicroView software.

Histomorphometry

Tibias were fixed in 10% formalin for 24 hours then changed to 70% Ethanol. Fixed samples
were processed on an automated Thermo Electron Excesior tissue processor for dehydration,
clearing, and infiltration using a routine overnight processing schedule. Samples were
embedded in Surgipath-embedding paraffin on a Sakura Tissue Teck I1-embedding center.
Paraffin blocks were sectioned at 5 um on a Reichert Jung 2030 rotary microtome. Slides
were stained for TRAP activity and counterstained with hematoxylin according to
manufacturer’s protocol (387A-1KT, Sigma, St. Louis, MO). Slides were photographed in 5
sections per slide at 25x magnification for osteoblast and osteoclast counts and at 10x
magnification for adipocytes. Image Pro-plus software was used in analysis of slide images.
In the tibia trabecular region, ranging from the growth plate to 2mm toward the diaphysis,
osteoblast and osteoclast surface area was measured and expressed as a percentage of total
bone surface. Similarly, adipocytes greater than 30 um in size were counted in the same area
and expressed as the number per um of marrow area. Histological analyses and
measurements were performed in a blinded manner to treatment groups.

Serum measurements

Blood was collected at the time of harvest via cardiac puncture, allowed to clot at room
temperature for 5 min, and then centrifuged at 4000 rpm for 10 min. Serum was removed
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and stored at —80°C. Tartrate-resistant acid phosphatase (TRAP5b) and Osteocalcin (OC)
were measured using Mouse assay kits (SB-TR103, Immunodiagnostic Systems Inc.,
Fountain Hills, AZ and BT-470 Biomedical Technologies Inc., Stoughton, MA, respectively)
according to the manufacturer’s protocol.

Mechanical Testing

Mouse tibial diaphyses were wrapped in gauze which was soaked in 1X phosphate buffered
saline and stored at —20°C until ready for analysis. Tibia diaphysis were then thawed at
room temperature and subjected to three-point bending. The bones were placed on the
support of the apparatus with the flat lateral side facing down and loaded using an MTS
Insight at 0.05 mm/s until failure. The stiffness, elastic modulus and ultimate stress were
calculated as previously described [56]. Measures were done blinded.

Fecal pellet collection and DNA extraction, sequencing and analyses

Extraction of DNA from fecal bacteria followed the protocol of Wang et al. [57]. Fecal
pellets were collected directly from the mice at week 12 of the diet and exercise protocol,
and stored at —80 °C prior to lysis in 1 ml extraction buffer [50 mM Tris (pH 7.4), 100 mM
EDTA (pH 8.0), 400 mM NacCl, 0.5% SDS] containing 20 pl proteinase K (20 mg/ml).
Bacterial disruption was achieved using 0.1-mm diameter zirconia/silica beads (BioSpec
Products, Bartlesville, OK) and a Mini-Beadbeater-8 k Cell Disrupter (BioSpec Products,
Bartlesville, OK). Bacterial total DNA was extracted using phenol:chloroform:isoamyl
alcohol technique [57]. DNA concentrations and purity were assessed by using the
NanoDrop® (NanoDop ND-2000 spectrophotometer; Thermo Scientific, Wilmington, DE).
A minimum ratio of 1.9 — 2.0 was accepted for the 260:280 ratio. Microbial sequencing was
performed based on bacterial 16S rRNA gene sequencing analysis on the MiSeq Illumina
platform (Argonne National Laboratory, Institute for Genomics and Systems Biology, Next
Generation Sequencing Core) as previously described by Caporaso et al. [58,59].
Bioinformatic analysis of sequencing data was conducted using the QIIME 1.5.0 software
suite [59]. Reads from all samples were clustered at 97% sequence identity into operational
taxonomic units (OTUs) then aligned to the October 121, 2012 Greengenes bacterial
reference tree [60].

Statistical analyses

Results

All measurements are presented as the mean + SE. Statistical significance was determined
by 2-way ANOVA using a Fisher’s LSD post-hoc test in Prism 7 (GraphPad, Inc.). Student t-
tests were used for comparisons of exercise between LF and HF groups. Pearson’s
correlations were used to identify correlations to BV/TV. A p-value of less than 0.05 was
considered statistically significant.

Voluntary exercise prevents obesity

Six-week-old male C57BL/6 mice were randomly divided into HF or LF diet groups and
then further divided into either a voluntary exercise group or a sedentary group for 14 weeks.
Exercise mice spontaneously exercised, with no statistical difference in the total wheel
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distances of the LF and HF exercise groups (Fig. 1A). At 20 weeks of age general body
parameters were obtained. Exercise mice had significantly lower body weights than their
sedentary counterparts (16% and 43.6% for LF and HF diets, respectively; Fig 1B). Based
on 2-way ANOVA, both diet and exercise had a significant effect on final body weight.
Exercise significantly prevented LF and HF weight gain (Fig. 1B). Indicators of exercise
training, heart and soleus muscle mass, were weighed and confirmed a physiologic response
to exercise. Heart weights normalized to final body weight were significantly higher in
exercised mice of both diet groups (p = 0.0054, Fig. 1C). Diet alone did not influence heart
weights. Exercise also significantly increased soleus muscle mass in both diet groups, by
51.7% in the LF/exercise and 63.1% in the HF/exercise mice (Fig 1D, p < 0.0001). While
epididymal fat pad mass was greatest in the sedentary HF diet mice, it was decreased in both
diet groups by exercise (Fig 1E, p < 0.0001); LF/exercise mice had 37.6% less epididymal
fat weight and HF/exercise mice had 64.5% less in pad weight than their corresponding
sedentary controls. Both diet and exercise significantly influenced final fat pad weights (Fig
1E, p < 0.0001). Examination of metabolic status by fasting serum blood glucose levels
suggests that exercise prevented metabolic dysregulation associated with a HF diet (Fig. 1F).
Tibia length measurements indicated that bone growth was not influenced by diet or exercise
treatments (Fig. 1G).

Influence of diet and exercise on bone health

To determine the impact of the HF diet and exercise on bone health, we examined two
different bone sites: tibia and vertebrae (L3). When tibial bone volume fraction (BV/TV) is
not corrected to weight, exercise decreased BV/TV in LF mice likely due to the weight loss
(Table 1). The HF diet fed sedentary mice had significantly lower tibial BV/TV than LF
sedentary mice. Exercise in HF mice modestly increased BV/TV when the values are not
corrected for body weight (Table 1). Vertebral BV/TV (not corrected for body weight) did
not show a difference between groups (Table 2), suggesting that vertebral BV/TV was
relatively constant across groups. However, because of the significant differences in body
mass, BV/TV data was also corrected to body weight and a significant protective effect of
exercise was demonstrated in both tibial and vertebral BV/TV in HF mice (Fig. 2A-D).
Two-way ANOVA analyses indicated that diet and exercise interact to influence bone
volume at both tibia and vertebral sites. Trabecular bone structural parameters were also
affected. In tibia, exercise had negative effects on trabecular number and spacing in LF mice
(Table 1). In contrast, exercise increased trabecular thickness in the HF mice (Table 1).

Exercise prevents marrow adiposity in HF diet fed mice

Consistent with a reciprocal relationship to bone density, the HF/sendentary mice displayed
an increase in bone marrow adiposity. Exercise prevented the marrow adiposity in the HF
mice, and had only a modest effect on marrow adiposity in LF mice (Fig. 2E, F). Additional
cortical bone analyses indicated that LF/exercise mice had lower cortical area and thickness
(Fig. 3B) but greater cortical BMD (Fig. 3B) and inner perimeter (Fig. 3C), compared to LF/
sedentary mice. Similar cortical responses were seen in HF/exercised mice, except for the
decrease in cortical area. Two-way ANOVA revealed that exercise significantly affected
cortical area, thickness, inner perimeter and marrow area. When expressed relative to body
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weight, the cortical area, thickness and BMD were affected by both exercise and diet (Fig
3D).

Effect of exercise and diet on bone strength

Calculated strength, moment of inertia, based on microcomputed tomography measures
indicated there were no differences between groups, even when calculated in multiple
directions (Ixx, lyy) (Fig 4). However, three-point bending analyses indicated that elastic
modulus and stiffness changed in response to exercise in the LF group but not the HF group

(Fig 4).

Influence of diet and exercise on bone formation and resorption

Examination of osteoblast and osteoclast parameters indicated no significant differences
between groups, except that serum TRAP levels were lower in the HF/exercise compared to
LF/exercise groups (Fig 5). This suggests that bone formation and resorption responses
likely occurred much earlier in the response to exercise and that differences were not
detectable after 14-weeks of exercise training. To identify possible associations between
parameters that we measured and BV/TV we ran Pearson Correlation Analyses but general
parameters such as body weight, muscle weight and marrow adipocyte number did not
correlate with BV/TV or BV/TV/BW (data not shown).

Gut microbiome changes in response to diet and exercise

Mouse fecal microbiota were sequenced to determine if there were changes in the
microbiota composition that could be associated with changes in BV/TV. We focused on the
Firmicutesto Bacteriodetes ratio, since these bacterial phyla are the most abundant in the Gl
tract and a higher ratio is linked with dysbiosis and disease. The HF diet only modestly
increased the Firmicutesto Bacteriodetes ratio in the sedentary group compared to the
corresponding LF sedentary group, while exercise significantly decreased the ratio in the HF
group (Fig 6A). Two-way ANOVA analysis demonstrated that exercise had a significant
effect on intestinal microbial balance, reducing the Firmicutes.Bacteriodetes ratio
(p=0.0281).

Further examination by Pearson Correlation analyses identified associations between
microbiota composition and BV/TV. Specifically, a significant negative correlation was
found between the Firmicutes.Bacteriodetesratio and BV/TV/BW (p= 0.05, r = —0.4379;
Fig 6B), consistent with dysbiosis being linked to bone loss [34]. Relationships between
BV/TV and changes in specific bacteria (phylum, class, order and family) were also found.
For example, Firmicutes sub-groups, Clostridiaand Lachnospiraceae (class and family
subgroups, respectively) were negatively associated with BV/TV/BW (Fig 6C). Other
Firmicutes family members also demonstrated a negative correlation, but were not
statistically significant (data not shown). A strong positive correlation was demonstrated
between members of the Actinobacteria phylum and BV/TV/BW (Fig 6D; p <0.0015).
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Discussion

The Western diet comprised of high fat is thought to be a key contributor to the current
epidemic of obesity across the U.S. [4,5]. Diet and obesity are linked with intestinal
dysbiosis [26,28-30] as well as bone loss [13-15,17][61] in both human and animal studies.
On the other hand, regular exercise has been shown to benefit not only overall health but
also reduce obesity and benefit skeletal health [46-50,53]. In the current study, we examined
the effect of voluntary exercise, during the period of 6-20 weeks of age, on HF-induced
bone loss in male mice. Our findings demonstrate that voluntary wheel running prevented
HF diet induced marrow adiposity as well as trabecular bone volume loss (when corrected to
body weight). Interestingly, exercise had an effect on cortical bone parameters in both HF
and LF mice but benefited bone strength parameters in LF mice only. Associated with these
effects, our results clearly show that exercise affects microbiota composition and reduces the
Firmicutes/Bacteridetes ratio which negatively correlated with bone volume fraction relative
to body weight. Given the recent evidence in the literature supporting the role of microbiota
in bone health, we propose that exercise may prevent HF-induced bone loss through changes
in microbiota composition.

Numerous studies support the link between the composition of the microbiota and the
regulation of bone density. Intestinal dyshiosis (microbiota imbalance favoring pathogenic
over beneficial bacterial strains) as observed in inflammatory bowel disease is negatively
associated with bone density [34]. Similarly, oral microbiota composition of mice promotes
periodontal disease when transferred to germ-free mice [62]. On the other hand, treatment
with prebiotics or probiotics, which promote a healthy microbiota can also promote skeletal
health. For example, treatment of ovariectomized mice with probiotic Lactobacillus reuteri,
LGG or VSL#3 can shift the microbiota composition as well as prevent estrogen deficiency
induced bone loss [37,63,64]. Probiotics are also demonstrated to benefit the bone density of
healthy male mice [65], diabetic mice [66], female mice experiencing inflammation [67] and
periodontal disease [68—70]. Prebiotic ingestion promotes healthy microbiota composition
and bone health parameters in mice and humans [35,43,71,72]. However, specific microbiota
compositions required for bone health are not known. Our study suggests that high
Firmicutes.Bacterodetes ratios negatively correlate with bone density. This is consistent with
a recent report indicating higher Firmicutes:Bacterodetes ratios in osteoporotic versus
normal control patients [73]. Interestingly, a postitive correlation was found between
members of Actinobacteria phylum (including the Bifidobacteriaceae family) and bone
density. Members of the Bifidobacteriaceae family are known gut protecting bacteria, that
reduce intestinal inflammation and optimize epithelial cell health [74]. Additional studies
are needed to determine if the gut-bone relationships depend upon these mechanisms.

Changes in the microbiota composition can affect bone health in a variety of ways, including
by influencing intestinal barrier strength, immune cell activation, and gut-bone signaling
pathways such as incretins and serotonin [37,41,45,75-77]. In addition, changes in the
microbiota and diet can lead to differences in metabolites produced by the bacteria [28]. For
example, short chain fatty acids (an end-product of bacterial digestion of fiber, a prebiotic)
are demonstrated to enhance calcium absorption in the colon [78,79] and can also directly
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benefit osteoblast maturation [80]. Phytoestrogens/polyphenols can also benefit bone
directly through their enhancement of estrogen receptor signaling [53][81-83].

Only a few studies have examined the effect of exercise on HF diet induced bone pathology.
Kang et al. [84] examined the bone health of 8-week-old rats fed a HF diet (45% kcal fat)
for 8 weeks followed by an 8 week period of swimming. HF rats displayed reduced femur
and tibia BMD, while swimming exercise raised HF rat bone density to control levels. In
another study, Styner et al. [55] feed 10-week-old female C57BL/6 mice a HF (45 kcal fat
%) diet and further divided the groups into sedentary and exercise (running wheel) for 6
weeks. Both regular diet and HF mice displayed increases in tibial BV/TV in response to
exercise (from 10 to 14% for regular diet and from 9.2 to 13% for high-fat diet fed mice).
Several cortical bone parameters were also increased in response to exercise, such as cortical
area and periosteal and endosteal perimeters regardless of regular diet or high fat diet.
However, HF alone did not cause bone loss. Interestingly, in our studies both HF/sendentary
and the LF/exercise mice displayed a decrease bone volume fraction compared to LF mice.
Trabecular bone structural analyses also looked worse in the LF exercise group. This
suggests that LF diet may not benefit bone health under exercise conditions. The data
suggests that the compromise to bone volume fraction in LF exercise mice was secondary to
the reduced weght bearing load and not to a reduction in calorie consumption (data not
reported). We did observe a trend to increase BV/TV in the HF exercise compared to HF
sedentary group. However, when corrected to body weight, tibial and vertebral bone volume
fraction did not change in LF mouse groups (suggesting the bone loss was coordinate with
weight loss) but decreased in the HF sedentary mice. Similar to Styner et al. [55], cortical
analyses indicated an increase in endosteal perimeter in HF mice. Previous studies support
that HF can be detrimental to cortical bone parameters, especially when fed to growing mice
[85]. Several variables likely contribute to the different responses between our study and the
one by Styner [55] including mouse sex (male versus female), mouse age (study began at 6
versus 10 weeks), percent HF (60% rather than 45%), diet comparision (10% LF versus 18%
fat), and study length.

Examination of marrow adiposity in the Styner et al. [55] study indicated that HF increases
and exercise decreases marrow adiposity. Similarly, we found that exercise prevented HF
induced marrow adiposity in male mice. Recently, a second study by Styner et al. (55), in 4-
week-old female mice fed a 10% low fat or 45% high fat diet for 12 weeks and then allowed
to exercise for 6-weeks (while still consuming the diets) indicated that HF increases bone
volume while exercise had no effect on BV/TV but did decrease marrow adiposity. In our
study, exercise decreased marrow adiposity only in HF mice, however bone strength
measures were only benefited in LF mice, which demonstrated increased elastic modulus
and stiffness. This suggests that HF may suppress beneficial bone mineral/matrix changes in
response to exercise.

It is important to note that in the current study, diets were given to mice for 14 weeks,
beginning at 6-weeks of age, a stage where bone growth/modeling is occurring. We were
concerned that this could impact bone growth and affect our measurements. However,
measures of tibial length indicated that the 60% high fat diet did not affect growth. This is
consistent with studies by Bielohuby et al [86] who found that 4-week-old male rats fed a
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HF and low carbohydrate diet (66% fat, 1% carbohydrate) for 4-weeks did not display any
growth suppression. However, a 94% fat diet does reduce growth, likely due to reduction of
protein intake [86]. Similar to our study, the HF rats exhibited bone loss and reduced
markers of bone formation, while resorption was unaffected [86].

In summary, our studies support that a HF diet can modify bone density and the microbiota
while exercise prevents many of these changes. Our studies further implicate a role for the
microbiota as a key therapeutic target for bone health. Additional studies are needed to tease
out significant relationships and identifying patterns of bacterial compositions that benefit
bone health. Certainly, given the epidemic of obesity in the US, this is an important area of
research that could shed light on the role of the gut-bone signaling axis in contributing to
load induced bone health.

Acknowledgments

The authors thank the Investigative Histology Laboratory in the Department of Physiology, Division of Human
Pathology and the Biomedical Imaging Center at Michigan State University for their assistance with histology and
imaging, respectively. The authors also thank Chris Giles for his technical expertise. These studies were supported
by funding from the National Institute of Health, grants RO1 DK101050 and RO1 AT007695 (LRM and NP), and
by Midwestern University (MJC and CE).

References

1. Burge R, Dawson-Hughes B, Solomon DH, Wong JB, King A, Tosteson A. Incidence and Economic
Burden of Osteoporosis-Related Fractures in the United States, 2005-2025. J Bone Miner Res.
2006; 22:465-475. DOI: 10.1359/jbmr.061113

2. Cao JJ. Effects of obesity on bone metabolism. J Orthop Surg Res. 2011; 6doi:
10.1186/1749-799X-6-30

3. Ng M, Fleming T, Robinson M, Thomson B, Graetz N, Margono C, Mullany EC, Biryukov S,
Abbafati C, Abera SF, Abraham JP, Abu-Rmeileh NME, Achoki T, Albuhairan FS, Alemu ZA,
Alfonso R, Ali MK, Ali R, Guzman NA, Ammar W, Anwari P, Banerjee A, Barquera S, Basu S,
Bennett DA, Bhutta Z, Blore J, Cabral N, Nonato IC, Chang JC, Chowdhury R, Courville KJ, Criqui
MH, Cundiff DK, Dabhadkar KC, Dandona L, Davis A, Dayama A, Dharmaratne SD, Ding EL,
Durrani AM, Esteghamati A, Farzadfar F, Fay DFJ, Feigin VL, Flaxman A, Forouzanfar MH, Goto
A, Green MA, Gupta R, Hafezi-Nejad N, Hankey GJ, Harewood HC, Havmoeller R, Hay S,
Hernandez L, Husseini A, Idrisov BT, lkeda N, Islami F, Jahangir E, Jassal SK, Jee SH, Jeffreys M,
Jonas JB, Kabagambe EK, Khalifa SEAH, Kengne AP, Khader YS, Khang YH, Kim D, Kimokoti
RW, Kinge JM, Kokubo Y, Kosen S, Kwan G, Lai T, Leinsalu M, Li Y, Liang X, Liu S, Logroscino
G, Lotufo PA, Lu Y, Ma J, Mainoo NK, Mensah GA, Merriman TR, Mokdad AH, Moschandreas J,
Naghavi M, Naheed A, Nand D, Narayan KMV, Nelson EL, Neuhouser ML, Nisar MI, Ohkubo T,
Oti SO, Pedroza A, Prabhakaran D, Roy N, Sampson U, Seo H, Sepanlou SG, Shibuya K, Shiri R,
Shiue I, Singh GM, Singh JA, Skirbekk V, Stapelberg NJC, Sturua L, Sykes BL, Tobias M, Tran
BX, Trasande L, Toyoshima H, Van De Vijver S, Vasankari TJ, Veerman JL, Velasquez-Melendez
G, Vlassov VV, Vollset SE, Vos T, Wang C, Wang X, Weiderpass E, Werdecker A, Wright JL, Yang
YC, Yatsuya H, Yoon J, Yoon SJ, Zhao Y, Zhou M, Zhu S, Lopez AD, Murray CJL, Gakidou E.
Global, regional, and national prevalence of overweight and obesity in children and adults during
1980-2013: A systematic analysis for the Global Burden of Disease Study 2013. Lancet. 2014;
384:766-781. DOI: 10.1016/S0140-6736(14)60460-8 [PubMed: 24880830]

4. Ng M, Fleming T, Robinson M, Thomson B, Graetz N, Margono C, Mullany EC, Biryukov S,
Abbafati C, Abera SF, Abraham JP, Abu-Rmeileh NME, Achoki T, Albuhairan FS, Alemu ZA,
Alfonso R, Ali MK, Ali R, Guzman NA, Ammar W, Anwari P, Banerjee A, Barquera S, Basu S,
Bennett DA, Bhutta Z, Blore J, Cabral N, Nonato IC, Chang JC, Chowdhury R, Courville KJ, Criqui
MH, Cundiff DK, Dabhadkar KC, Dandona L, Davis A, Dayama A, Dharmaratne SD, Ding EL,
Durrani AM, Esteghamati A, Farzadfar F, Fay DFJ, Feigin VL, Flaxman A, Forouzanfar MH, Goto

Bone. Author manuscript; available in PMC 2020 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

McCabe et al.

Page 11

A, Green MA, Gupta R, Hafezi-Nejad N, Hankey GJ, Harewood HC, Havmoeller R, Hay S,
Hernandez L, Husseini A, Idrisov BT, Ikeda N, Islami F, Jahangir E, Jassal SK, Jee SH, Jeffreys M,
Jonas JB, Kabagambe EK, Khalifa SEAH, Kengne AP, Khader YS, Khang YH, Kim D, Kimokoti
RW, Kinge JM, Kokubo Y, Kosen S, Kwan G, Lai T, Leinsalu M, Li Y, Liang X, Liu S, Logroscino
G, Lotufo PA, Lu Y, Ma J, Mainoo NK, Mensah GA, Merriman TR, Mokdad AH, Moschandreas J,
Naghavi M, Naheed A, Nand D, Narayan KMV, Nelson EL, Neuhouser ML, Nisar MI, Ohkubo T,
Oti SO, Pedroza A, Prabhakaran D, Roy N, Sampson U, Seo H, Sepanlou SG, Shibuya K, Shiri R,
Shiue I, Singh GM, Singh JA, Skirbekk V, Stapelberg NJC, Sturua L, Sykes BL, Tobias M, Tran
BX, Trasande L, Toyoshima H, Van De Vijver S, Vasankari TJ, Veerman JL, Velasquez-Melendez
G, Vlassov VV, Vollset SE, Vos T, Wang C, Wang X, Weiderpass E, Werdecker A, Wright JL, Yang
YC, Yatsuya H, Yoon J, Yoon SJ, Zhao Y, Zhou M, Zhu S, Lopez AD, Murray CJL, Gakidou E.
Global, regional, and national prevalence of overweight and obesity in children and adults during
1980-2013: A systematic analysis for the Global Burden of Disease Study 2013. Lancet. 2014;
384:766-781. DOI: 10.1016/S0140-6736(14)60460-8 [PubMed: 24880830]

5. Gearon E, Backholer K, Hodge A, Peeters A. The mediating role of dietary factors and leisure time
physical activity on socioeconomic inequalities in body mass index among Australian adults. BMC
Public Health. 2013; 13doi: 10.1186/1471-2458-13-1214

6. Zhao LJ, Liu YJ, Liu PY, Hamilton J, Recker RR, Deng HW. Relationship of obesity with
osteoporosis. J Clin Endocrinol Metab. 2007; 92:1640-1646. http://www.ncbi.nIm.nih.gov/entrez/
query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=17299077. [PubMed: 17299077]

7. Lewiecki EM, Bilezikian JP, Bonewald L, Compston JE, Heaney RP, Kiel DP, Miller PD, Schousboe
JT. Osteoporosis Update: Proceedings of the 2013 Santa Fe Bone Symposium. J Clin Densitom.
2014; 17:330-343. DOI: 10.1016/j.jocd.2013.11.006 [PubMed: 24613387]

8. Tang X, Liu G, Kang J, Hou Y, Jiang F, Yuan W, Shi J. Obesity and Risk of Hip Fracture in Adults:
A Meta-Analysis of Prospective Cohort Studies. PLoS One. 2013; 8doi: 10.1371/journal.pone.
0055077

9. Compston J. Obesity and bone. Curr Osteoporos Rep. 2013; 11:30-35. DOI: 10.1007/
$11914-012-0127-y [PubMed: 23288547]

10. Compston J. Obesity and fractures in postmenopausal women. Curr Opin Rheumatol. 2015;
27:414-419. DOI: 10.1097/BOR.0000000000000182 [PubMed: 26002034]

11. Mosca LN, Goldberg TBL, da Silva VN, da Silva CC, Kurokawa CS, Bisi Rizzo AC, Corrente JE.
Excess body fat negatively affects bone mass in adolescents. Nutrition. 2014; 30:847-852. DOI:
10.1016/j.nut.2013.12.003 [PubMed: 24985003]

12. Winzell MS, Ahrén B. The high-fat diet-fed mouse: a model for studying mechanisms and
treatment of impaired glucose tolerance and type 2 diabetes. Diabetes. 2004; 53(Suppl 3):S215-9.
DOI: 10.2337/diabetes.53.suppl_3.s215 [PubMed: 15561913]

13. Beier EE, Inzana JA, Sheu T-J, Shu L, Puzas JE, Mooney RA. Effects of Combined Exposure to
Lead and High-Fat Diet on Bone Quality in Juvenile Male Mice. Environ Health Perspect. 2015;
123doi: 10.1289/ehp.1408581

14. Jatkar A, Kurland 1J, Judex S. Diets High in Fat or Fructose Differentially Modulate Bone Health
and Lipid Metabolism. Calcif Tissue Int. 2017; 100:20-28. DOI: 10.1007/s00223-016-0205-8
[PubMed: 27832314]

15. Shu L, Beier E, Sheu T, Zhang H, Zuscik MJ, Puzas EJ, Boyce BF, Mooney RA, Xing L. High-Fat
Diet Causes Bone Loss in Young Mice by Promoting Osteoclastogenesis Through Alteration of the
Bone Marrow Environment. Calcif Tissue Int. 2015; 96:313-323. DOI: 10.1007/s00223-015-9954-
z [PubMed: 25673503]

16. Scheller EL, Khoury B, Moller KL, Wee NKY, Khandaker S, Kozloff KM, Abrishami SH,
Zamarron BF, Singer K. Changes in skeletal integrity and marrow adiposity during high-fat diet
and after weight loss. Front Endocrinol (Lausanne). 2016; 7:1-13. DOI: 10.3389/fendo.
2016.00102 [PubMed: 26869991]

17. Fujita Y, Maki K. High-fat diet-induced obesity triggers alveolar bone loss and spontaneous
periodontal disease in growing mice. BMC Obes. 2015; 3:1.doi: 10.1186/s40608-016-0082-8
[PubMed: 26793316]

Bone. Author manuscript; available in PMC 2020 January 01.


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=17299077
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=17299077

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

McCabe et al.

18.

19.

20.

21.

22.

23.

24,

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

Page 12

Inzana JA, Kung M, Shu L, Hamada D, Xing LP, Zuscik MJ, Awad HA, Mooney RA. Immature
mice are more susceptible to the detrimental effects of high fat diet on cancellous bone in the distal
femur. Bone. 2013; 57:174-183. DOI: 10.1016/j.bone.2013.08.003 [PubMed: 23954757]

Lecka-Czernik B, Stechschulte LA, Czernik PJ, Dowling AR. High bone mass in adult mice with
diet-induced obesity results from a combination of initial increase in bone mass followed by
attenuation in bone formation; implications for high bone mass and decreased bone quality in
obesity. Mol Cell Endocrinol. 2015; 410:35-41. DOI: 10.1016/j.mce.2015.01.001 [PubMed:
25576855]

Carvalho AL, DeMambro VE, Guntur AR, Le P, Nagano K, Baron R, de Paula FJA, Motyl KJ.
High fat diet attenuates hyperglycemia, body composition changes, and bone loss in male
streptozotocin-induced type 1 diabetic mice. J Cell Physiol. 2018; 233:1585-1600. DOI: 10.1002/
jcp.26062 [PubMed: 28631813]

Macri EV, Gonzales Chaves MM, Rodriguez PN, Mandalunis P, Zeni S, Lifshitz F, Friedman SM.
High-fat diets affect energy and bone metabolism in growing rats. Eur J Nutr. 2012; 51:399-406.
DOI: 10.1007/s00394-011-0223-2 [PubMed: 21725629]

Wang Y, Dellatore P, Douard V, Qin L, Watford M, Ferraris RP, Lin T, Shapses SA. High fat diet
enriched with saturated, but not monounsaturated fatty acids adversely affects femur, and both
diets increase calcium absorption in older female mice. Nutr Res. 2016; 36:742-750. DOI:
10.1016/j.nutres.2016.03.002 [PubMed: 27262536]

Choi HS, Park SJ, Lee ZH, Lim S-K. The effects of a high fat diet containing diacylglycerol on
bone in C57BL/6J mice. Yonsei Med J. 2015; 56doi: 10.3349/ym].2015.56.4.951

Ley R, Turnbaugh P, Klein S, Gordon J. Human Gut microbes associated with obesity. Nature.
2006; :1022-1023. DOI: 10.1038/nature4441021a

Turnbaugh PJ, Backhed F, Fulton L, Gordon JI. Diet-Induced Obesity Is Linked to Marked but
Reversible Alterations in the Mouse Distal Gut Microbiome. Cell Host Microbe. 2008; 3:213-223.
DOI: 10.1016/j.chom.2008.02.015 [PubMed: 18407065]

Turnbaugh PJ, Ley RE, Mahowald MA, Magrini V, Mardis ER, Gordon JI. An obesity-associated
gut microbiome with increased capacity for energy harvest. Nature. 2006; 444:1027-1031. DOI:
10.1038/nature05414 [PubMed: 17183312]

Zhang C, Zhang M, Wang S, Han R, Cao Y, Hua W, Mao Y, Zhang X, Pang X, Wei C, Zhao G,
Chen'Y, Zhao L. Interactions between gut microbiota, host genetics and diet relevant to
development of metabolic syndromes in mice. ISME J. 2010; 4:232-41. DOI: 10.1038/ismej.
2009.112 [PubMed: 19865183]

Derrien M, Veiga P. Rethinking Diet to Aid Human Microbe Symbiosis. Trends Microbiol. 2017;
25:100-112. DOI: 10.1016/j.tim.2016.09.011 [PubMed: 27916707]

Ley RE, Backhed F, Turnbaugh P, Lozupone CA, Knight RD, Gordon JI. Obesity alters gut
microbial ecology. Proc Natl Acad Sci U S A. 2005; 102:11070-11075. DOI: 10.1073/pnas.
0504978102 [PubMed: 16033867]

Ley RE, Hamady M, Lozupone C, Turnbaugh PJ, Ramey RR, Bircher JS, Schlegel ML, Tucker
TA, Schrenzel MD, Knight R, Gordon JI. Evolution of mammals and their gut microbes. Science
(80-). 2008; 320:1647-1651. DOI: 10.1126/science.1155725

Levy M, Kolodziejczyk AA, Thaiss CA, Elinav E. Dysbiosis and the immune system. Nat Rev
Immunol. 2017; 17:219-232. DOI: 10.1038/nri.2017.7 [PubMed: 28260787]

Turnbaugh PJ, Ridaura VK, Faith JJ, Rey FE, Knight R, Gordon JI. The effect of diet on the human
gut microbiome: a metagenomic analysis in humanized gnotobiotic mice. Sci Transl Med. 2009;
1:6ral4.doi: 10.1126/scitransImed.3000322

Ley RE, Turnbaugh PJ, Klein S, Gordon JI. Microbial ecology: human gut microbes associated
with obesity. 2006; doi: 10.1038/4441022a

Sylvester FA. Inflammatory bowel disease: Effects on bone and mechanisms. Adv Exp Med Biol.
2017; :133-150. DOI: 10.1007/978-3-319-66653-2_7

Weaver CM. Diet, gut microbiome, and bone health. Curr Osteoporos Rep. 2015; 13:125-130.
DOI: 10.1007/s11914-015-0257-0 [PubMed: 25616772]

Bone. Author manuscript; available in PMC 2020 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

McCabe et al.

36.

37.

38.

39.

40.

41.

42.

43.

44,
45.

46.

47.

48.

49.

50.

51.

52.

53.

Page 13

McCabe L, Britton RA, Parameswaran N. Prebiotic and Probiotic Regulation of Bone Health: Role
of the Intestine and its Microbiome. Curr Osteoporos Rep. 2015; 13:363-371. DOI: 10.1007/
$11914-015-0292-x [PubMed: 26419466]

Jones RM, Mulle JG, Pacifici R. Osteomicrobiology: The influence of gut microbiota on bone in
health and disease. Bone. 2017; doi: 10.1016/j.bone.2017.04.009

Sylvester FA, Wyzga N, Hyams JS, Gronowicz GA. Effect of Crohn’s disease on bone metabolism
in vitro: a role for interleukin-6. J Bone Min Res. 2002; 17:695-702. http://www.ncbi.nlm.nih.gov/
entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&Ilist_uids=11918227.

Pacifici R. Bone Remodeling and the Microbiome. Cold Spring Harb Perspect Med. 2017; :1-20.
DOI: 10.1101/cshperspect.a031203

Schepper JD, Irwin R, Kang J, Dagenais K, Lemon T, Shinouskis A, Parameswaran N, McCabe
LR. Probiatics in gut-bone signaling. 2017; doi: 10.1007/978-3-319-66653-2_11

Rios-Arce ND, Collins FL, Schepper JD, Steury MD, Raehtz S, Mallin H, Schoenherr DT,
Parameswaran N, McCabe LR. Epithelial barrier function in gut-bone signaling. 2017; doi:
10.1007/978-3-319-66653-2_8

Collins FL, Rios-Arce ND, Schepper JD, Parameswaran N, McCabe LR. The Potential of
Probiotics as a Therapy for Osteoporosis. Microbiol Spectr. 2017; 5doi: 10.1128/
microbiolspec.BAD-0015-2016

Collins F, Kim S, McCabe LR, Weaver CW. Intestinal Microbiota and Bone Health: The role of
Prebiotics, Probiotics and Diet. Springer; 2015.

<McCabe invoice.pdf>, (n.d.).

McCabe LR, Parameswaran N. Advances in Probiotic Regulation of Bone and Mineral
Metabolism. Calcif Tissue Int. 2018; 0:0.doi: 10.1007/s00223-018-0403-7

Liu WX, Wang T, Zhou F, Wang Y, Xing JW, Zhang S, Gu SZ, Sang LX, Dai C, Wang HL.
\Voluntary exercise prevents colonic inflammation in high-fat diet-induced obese mice by up-
regulating PPAR-gamma activity. Biochem Biophys Res Commun. 2015; doi: 10.1016/j.bbrc.
2015.02.047

Brown JD, Naples SP, Booth FW. Effects of voluntary running on oxygen consumption, RQ, and
energy expenditure during primary prevention of diet-induced obesity in C57BL/6N mice. J Appl
Physiol. 2012; 113:473-478. DOI: 10.1152/japplphysiol.00668.2011 [PubMed: 22653990]

Wareham NJ. The long-term benefits of lifestyle interventions for prevention of diabetes. Lancet
Diabetes Endocrinol. 2014; 2:441-442. DOI: 10.1016/S2213-8587(14)70074-9 [PubMed:
24731680]

Naufahu J, Elliott B, Markiv A, Dunning-Foreman P, McGrady M, Howard D, Watt P, Mackenzie
RWA. High intensity exercise decreases IP6K1 muscle content & improves insulin sensitivity
(SI2*) in glucose intolerant individuals. J Clin Endocrinol Metab. 2017; doi: 10.1210/jc.
2017-02019

Zhang X, Devlin HM, Smith B, Imperatore G, Thomas W, Lobelo F, Ali MK, Norris K, Gruss S,
Bardenheier B, Cho P, De Quevedo IG, Mudaliar U, Jones CD, Durthaler JM, Saaddine J, Geiss
LS, Gregg EW. Effect of lifestyle interventions on cardiovascular risk factors among adults
without impaired glucose tolerance or diabetes: A systematic review and metaanalysis. PLoS One.
2017; 12doi: 10.1371/journal.pone.0176436

Evans CC, LePard KJ, Kwak JW, Stancukas MC, Laskowski S, Dougherty J, Moulton L, Glawe A,
Wang Y, Leone V, Antonopoulos DA, Smith D, Chang EB, Ciancio MJ. Exercise prevents weight
gain and alters the gut microbiota in a mouse model of high fat diet-induced obesity. PLoS One.
2014; 9doi: 10.1371/journal.pone.0092193

Kyu MH, Bachman HH, Alexander VF, Mumford LT, Afshin JE, Estep A, Veerman K, Delwiche
JL, lannarone K, Moyer ML, Cercy ML, Vos K, Murray T, Forouzanfar CJ. Physical activity and
risk of breast cancer, colon cancer, diabetes, ischemic heart disease, and ischemic stroke events:
systematic review and dose-response meta-analysis for the Global Burden of Disease Study 2013.
BMJ. 2016; 354

Willems HME, van den Heuvel EGHM, Schoemaker RJW, Klein-Nulend J, Bakker AD. Diet and
Exercise: a Match Made in Bone. Curr Osteoporos Rep. 2017; 15:555-563. DOI: 10.1007/
511914-017-0406-8 [PubMed: 29098573]

Bone. Author manuscript; available in PMC 2020 January 01.


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=11918227
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=11918227

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

McCabe et al.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Page 14

Styner M, Pagnotti GM, Galior K, Wu X, Thompson WR, Uzer G, Sen B, Xie Z, Horowitz MC,
Styner MA, Rubin C, Rubin J. Exercise regulation of marrow fat in the setting of PPARy agonist
treatment in female C57BL/6 mice. Endocrinology. 2015; 156:2753-2761. DOI: 10.1210/en.
2015-1213 [PubMed: 26052898]

Styner M, Thompson WR, Galior K, Uzer G, Wu X, Kadari S, Case N, Xie Z, Sen B, Romaine A,
Pagnotti GM, Rubin CT, Styner MA, Horowitz MC, Rubin J. Bone marrow fat accumulation
accelerated by high fat diet is suppressed by exercise. Bone. 2014; 64:39-46. DOI: 10.1016/j.bone.
2014.03.044 [PubMed: 24709686]

Coe LM, Tekalur SA, Shu'Y, Baumann MJ, Mccabe LR. Bisphosphonate treatment of type |
diabetic mice prevents early bone loss but accentuates suppression of bone formation. J Cell
Physiol. 2015; 230doi: 10.1002/jcp.24929

Wang Y, Hoenig JD, Malin KJ, Qamar S, Petrof EO, Sun J, Antonopoulos DA, Chang EB, Claud
EC. 16S rRNA gene-based analysis of fecal microbiota from preterm infants with and without
necrotizing enterocolitis. ISME J. 2009; 3:944-954. DOI: 10.1038/ismej.2009.37 [PubMed:
19369970]

Caporaso JG, Bittinger K, Bushman FD, Desantis TZ, Andersen GL, Knight R. PyNAST: A
flexible tool for aligning sequences to a template alignment. Bioinformatics. 2010; 26:266-267.
DOI: 10.1093/bioinformatics/btp636 [PubMed: 19914921]

Caporaso JG, Kuczynski J, Stombaugh J, Bittinger K, Bushman FD, Costello EK, Fierer N, P&a
AG, Goodrich JK, Gordon JI, Huttley GA, Kelley ST, Knights D, Koenig JE, Ley RE, Lozupone
CA, McDonald D, Muegge BD, Pirrung M, Reeder J, Sevinsky JR, Turnbaugh PJ, Walters WA,
Widmann J, Yatsunenko T, Zaneveld J, Knight R. QIIME allows analysis of high-throughput
community sequencing data. Nat Methods. 2010; 7:335-336. DOI: 10.1038/nmeth.f.303 [PubMed:
20383131]

DeSantis TZ, Hugenholtz P, Larsen N, Rojas M, Brodie EL, Keller K, Huber T, Dalevi D, Hu P,
Andersen GL. Greengenes, a chimera-checked 16S rRNA gene database and workbench
compatible with ARB. Appl Environ Microbiol. 2006; 72:5069-5072. DOI: 10.1128/AEM.
03006-05 [PubMed: 16820507]

Armougom F, Henry M, Vialettes B, Raccah D, Raoult D. Monitoring bacterial community of
human gut microbiota reveals an increase in Lactobacillus in obese patients and Methanogens in
anorexic patients. PLoS One. 2009; 4:1-8. DOI: 10.1371/journal.pone.0007125

Xiao E, Mattos M, Vieira GHA, Chen S, Correa JD, Wu Y, Albiero ML, Bittinger K, Graves DT.
Diabetes Enhances IL-17 Expression and Alters the Oral Microbiome to Increase Its Pathogenicity.
Cell Host Microbe. 2017; 22:120-128e4. DOI: 10.1016/j.chom.2017.06.014 [PubMed: 28704648]
Li J-YJ, Chassaing B, Tyagi AMA, Vaccaro C, Luo T, Adams J, Darby TM, Weitzmann MN,
Mulle JG, Gewirtz AT, Jones RMRRM, Pacifici R, Sommer F, Backhed F, Tremaroli V, Backhed F,
Surana N, Kasper D, Jones RMRRM, Jones RMRRM, Alam A, Lee Y, Menezes J, Umesaki Y,
Mazmanian S, Noverr M, Falkowski N, McDonald R, McKenzie A, Huffnagle G, Wu H, Sjogren
K, Cho I, Pytlik M, Folwarczna J, Janiec W, Chiang S, Pan T, Ohlsson C, Britton R, Zaidi M,
Riggs B, Melton L, Riggs B, Melton L, Kurabayashi T, Fujimaki T, Yasuda M, Yamamoto Y,
Tanaka K, Wang Y, Weitzmann MN, Pacifici R, Sun L, Nakamura T, Krum S, Pacifici R, Khosla S,
Pacifici R, Eghbali-Fatourechi G, Khosla S, Sanyal A, Boyle W, Lacey D, Riggs B, Taxel P,
Kaneko H, Lee S, Aguila H, Raisz L, Lorenzo J, Xiong J, Onal M, Jilka R, Weinstein R,
Manolagas S, O’Brien C, D’Amelio P, Adeel S, Pacifici R, Pacifici R, Cohen-Solal M, Graulet A,
Denne M, Gueris J, Baylink D, de Vernejoul M, Bernard-Poenaru O, Roux C, Blanque R, Gardner
C, de Vemejoul M, Cohen-Solal M, Charatcharoenwitthaya N, Khosla S, Atkinson E, McCready
L, Riggs B, Roggia C, Ammann P, Kimble R, Bain S, Pacifici R, Cenci S, Lam J, Takeshita S,
Barker J, Kanagawa O, Ross F, Teitelbaum S, Li J-YJ, Chen D, Chen Y, Chen H, Hsieh C, Lin C,
Lan J, Sugita S, Kawazoe Y, Imai A, Yamada Y, Horie S, Mochizuki M, Sato K, Miossec P, Korn
T, Kuchroo V, Basu R, Hatton R, Weaver C, Komatsu N, Takayanagi H, Waisman A, Jovanovic D,
Kotake S, Adamopoulos I, Li J-YJ, Gao Y, Gao Y, Grassi F, Cenci S, Surh C, Sprent J, Zeissig S,
Grootjans J, Thuijls G, Verdam F, Derikx J, Lenaerts K, Buurman W, Ulluwishewa D, Anderson R,
McNabb W, Moughan P, Wells J, Roy N, Wang Q, Pantzar N, Jeppsson B, Westrom B, Karlsson B,
Ardita C, Ryan M, Tyagi AMA, Molnar I, Bohaty |, Somogyine-Vari E, Zhang J, Fu Q, Ren Z,
Wang Y, Wang C, Shen T, Wang G, Wu L, Molnar I, Bohaty I, Somogyine-Vari E, Tyagi AMA,
Srivastava K, Mansoori M, Trivedi R, Chattopadhyay N, Singh D, Veldhoen M, Hocking R, Atkins

Bone. Author manuscript; available in PMC 2020 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

McCabe et al.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Page 15

C, Locksley R, Stockinger B, Lelu K, DeSelm C, Tyagi AMA, McDole J, Fasano A, Heyman M,
Abed J, Lebreton C, Cerf-Bensussan N, Hijazi Z, Molla A, Al-Habashi H, Muawad W, Molla A,
Sharma P, Teixeira T, Collado M, Ferreira C, Bressan J, Peluzio M, Asarat M, Apostolopoulos V,
Vasiljevic T, Donkor O, Wentworth C, Alam A, Jones RMRRM, Nusrat A, Neish A, Wentworth C,
Jones RMRRM, Kwon Y, Nusrat A, Neish A, Ma T, Anderson J, Yu Q, Yang Q, Wang Y, Zhang J,
Yi X, Yu F, Filardo E, Quinn J, Bland K, Frackelton A, Armstrong C, Billimek A, Allred K,
Sturino J, Weeks B, Allred C, Qin B, Gevers D, Scher J, Knip M, Siljander H, Cardinale B, Flores
R, Fuhrman B, Preidis G, Bron P, van Baarlen P, Kleerebezem M, Scholz-Ahrens K, Yan F, Polk
D, Anderson R, Seth A, Yan F, Polk D, Rao R, Backhed F, Laukoetter M, Robinson J, Li J-Y]J,
Walker L, Tyagi AMA, Adams J, Weitzmann MN, Pacifici R, Dempster D, Denning T. Sex steroid
deficiency-associated bone loss is microbiota dependent and prevented by probiotics. J Clin Invest.
2016; 126:1-15. DOI: 10.1172/JCI86062

Britton RA, Irwin R, Quach D, Schaefer L, Zhang J, Lee T, Parameswaran N, McCabe LR.
Probiotic L. reuteri Treatment Prevents Bone Loss in a Menopausal Ovariectomized Mouse
Model. J Cell Physiol. 2014; 229:1822-1830. DOI: 10.1002/jcp.24636 [PubMed: 24677054]

McCabe LR, Irwin R, Schaefer L, Britton RA. Probiotic use decreases intestinal inflammation and
increases bone density in healthy male but not female mice. J Cell Physiol. 2013; 228:1793-8.
DOI: 10.1002/jcp.24340 [PubMed: 23389860]

Zhang J, Motyl KJ, Irwin R, MacDougald OA, Britton RA, McCabe LR. Loss of Bone and
Wnt10b Expression in Male Type 1 Diabetic Mice Is Blocked by the Probiotic Lactobacillus
reuteri. Endocrinology. 2015; 156:3169-3182. DOI: 10.1210/EN.2015-1308 [PubMed: 26135835]

Collins FL, Irwin R, Bierhalter H, Schepper J, Britton RA, Parameswaran N, McCabe LR.
Lactobacillus reuteri 6475 increases bone density in intact females only under an inflammatory
setting. PLoS One. 2016; 11doi: 10.1371/journal.pone.0153180

Gatej SM, Marino V, Bright R, Fitzsimmons TR, Gully N, Zilm P, Gibson RJ, Edwards S, Bartold
PM. Probiotic Lactobacillus rhamnosus GG prevents alveolar bone loss in a mouse model of
experimental periodontitis. J Clin Periodontol. 2018; 45:204-212. http://10.0.4.87/jcpe.
12838%0ANhttps://search.ebscohost.com/login.aspx?
direct=true&db=asx&AN=127272899&site=eds-live. [PubMed: 29121411]

Ricoldi MST, Furlaneto FAC, Oliveira LFF, Teixeira GC, Pischiotini JP, Moreira ALG, Ervolino E,
De Oliveira MN, Bogsan CSB, Salvador SL, Messora MR. Effects of the probiotic
Bifidobacterium animalis subsp. lactis on the non-surgical treatment of periodontitis. A
histomorphometric, microtomographic and immunohistochemical study in rats. PLoS One. 2017,
12doi: 10.1371/journal.pone.0179946

Kobayashi R, Kobayashi T, Sakai F, Hosoya T, Yamamoto M, Kurita-Ochiai T. Oral administration
of Lactobacillus gasseri SBT2055 is effective in preventing Porphyromonas gingivalis-accelerated
periodontal disease. Sci Rep. 2017; 7doi: 10.1038/s41598-017-00623-9

Whisner CM, Martin BR, Nakatsu CH, McCabe GP, McCabe LD, Peacock M, Weaver CM.
Soluble maize fibre affects short-term calcium absorption in adolescent boys and girls: a
randomised controlled trial using dual stable isotopic tracers. Br J Nutr. 2014; 112:446-456. DOI:
10.1017/S0007114514000981 [PubMed: 24848974]

JSA, HCN, MBR, McCabe GP, Mccabe LD, Jackson GS, Peacock M, Weaver CM. Soluble corn
fiber increases bone calcium retention in postmenopausal women in a dose-dependent manner: a
randomized crossover trial. Am J Clin Nutr. 2016

Wang J, Wang Y, Gao W, Wang B, Zhao H, Zeng Y, Ji Y, Hao D. Diversity analysis of gut
microbiota in osteoporosis and osteopenia patients. PeerJ. 2017; 5:e3450.doi: 10.7717/peerj.3450
[PubMed: 28630804]

Villanueva-Millan MJ, Pérez-Matute P, Oteo JA. Gut microbiota: a key player in health and
disease. A review focused on obesity. J Physiol Biochem. 2015; 71:509-525. DOI: 10.1007/
$13105-015-0390-3 [PubMed: 25749935]

Collins FL, Schepper JD, Rios-Arce ND, Steury MD, Kang HJ, Mallin H, Schoenherr D, Camfield
G, Chishti S, McCabe LR, Parameswaran N. Immunology of gut-bone signaling. 2017; doi:
10.1007/978-3-319-66653-2_5

Bone. Author manuscript; available in PMC 2020 January 01.


http://10.0.4.87/jcpe.12838%0Ahttps://search.ebscohost.com/login.aspx?direct=true&db=asx&AN=127272899&site=eds-live
http://10.0.4.87/jcpe.12838%0Ahttps://search.ebscohost.com/login.aspx?direct=true&db=asx&AN=127272899&site=eds-live
http://10.0.4.87/jcpe.12838%0Ahttps://search.ebscohost.com/login.aspx?direct=true&db=asx&AN=127272899&site=eds-live

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

McCabe et al.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Page 16

Ding KH, Shi XM, Zhong Q, Kang B, Xie D, Bollag WB, Bollag RJ, Hill W, Washington W, Mi
QS, Insogna K, Chutkan N, Hamrick M, Isales CM. Impact of glucose-dependent insulinotropic
peptide on age-induced bone loss. J Bone Min Res. 2008; 23:536-543. DOI: 10.1359/jbmr.071202

Warden SJ, Robling AG, Haney EM, Turner CH, Bliziotes MM. The emerging role of serotonin (5-
hydroxytryptamine) in the skeleton and its mediation of the skeletal effects of low-density
lipoprotein receptor-related protein 5 (LRP5). Bone. 2010; 46:4-12. DOI: 10.1016/j.bone.
2009.06.029 [PubMed: 19591966]

Whisner CM, Weaver CM. Prebiotics and bone. Adv Exp Med Biol. 2017; :201-224. DOI:
10.1007/978-3-319-66653-2_10

Whisner CM, Martin BR, Nakatsu CH, Story JA, MacDonald-Clarke CJ, McCabe LD, McCabe
GP, Weaver CM. Soluble Corn Fiber Increases Calcium Absorption Associated with Shifts in the
Gut Microbiome: A Randomized Dose-Response Trial in Free-Living Pubertal Females. J Nutr.
2016; 146:1298-1306. DOI: 10.3945/jn.115.227256 [PubMed: 27281813]

lwami K, Moriyama T. Effects of short chain fatty acid, sodium butyrate, on osteoblastic cells and
osteoclastic cells. Int J Biochem. 1993; 25:1631-1635. DOI: 10.1016/0020-711X(93)90522-G
[PubMed: 8288032]

Patisaul HB, Jefferson W. The pros and cons of phytoestrogens. Front Neuroendocrinol. 2010;
31:400-419. DOI: 10.1016/j.yfrne.2010.03.003 [PubMed: 20347861]

Weaver CM, Martin BR, Jackson GS, McCabe GP, Nolan JR, McCabe LD, Barnes S, Reinwald S,
Boris ME, Peacock M. Antiresorptive effects of phytoestrogen supplements compared with
estradiol or risedronate in postmenopausal women using41Ca methodology. J Clin Endocrinol
Metab. 2009; 94:3798-3805. DOI: 10.1210/jc.2009-0332 [PubMed: 19584189]

Heim M, Frank O, Kampmann G, Sochocky N, Pennimpede T, Fuchs P, Hunziker W, Weber P,
Martin 1, Bendik I. The phytoestrogen genistein enhances osteogenesis and represses adipogenic
differentiation of human primary bone marrow stromal cells. Endocrinology. 2004; 145:848-859.
DOI: 10.1210/en.2003-1014 [PubMed: 14605006]

Kang JC, Kim YS, Kim SH. Effects of swimming exercise on high-fat diet-induced low bone
mineral density and trabecular bone microstructure in rats. e. J Exerc Nutr Biochem. 2017; 21:48—
55.

lonova-Martin SS, Wade JM, Tang S, Shahnazari M, Ager JW, Lane NE, Yao W, Alliston T, Vaisse
C, Ritchie RO. Changes in cortical bone response to high-fat diet from adolescence to adulthood in
mice. Osteoporos Int. 2011; 22:2283-2293. DOI: 10.1007/s00198-010-1432-x [PubMed:
20941479]

Bielohuby M, Matsuura M, Herbach N, Kienzle E, Slawik M, Hoeflich A, Bidlingmaier M. Short-
term exposure to low-carbohydrate, high-fat diets induces low bone mineral density and reduces
bone formation in rats. J Bone Miner Res. 2010; 25:275-284. DOI: 10.1359/jbmr.090813
[PubMed: 19653818]

Bone. Author manuscript; available in PMC 2020 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

McCabe et al.

Page 17

Highlights

Exercise prevents high fat diet induced bone loss in male mice when corrected
to body weight.

Exercise prevents high fat diet induced marrow adiposity in male mice.

Exercise enhances bone mechanical properties in low-fat but not high fat fed
male mice.

Exercise decreases the Firmicutes/Bacteriodetes ratio in high fat fed male
mice.

The abundance of Actinobacteria phylum (including Bifidobacteriaceae)
positively correlates with bone volume.
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Figure 1. General mouse body parameters confirm exercise (Ex) reduces fat mass and increases

muscle mass

Male mice (6 weeks of age) were fed a low fat or high fat diet for 14 weeks. Exercise groups
(Ex) had running wheels in their cage, sedentary groups (Sed) did not. At 20 weeks of age,
the experiment was ended and mouse weight, tissue mass and bone length were determined.
A) Total distance traveled in running wheel during the course of the experiment (14 weeks)

as determined by wheel monitors (n=6/group). B) Body weight expressed as a percent

increase relative to baseline weights. C—E) Final heart, soleus muscle and epididymal fat pad

mass corrected to final body weight, respectively (n = 16 per group). F) Fasting blood

glucose levels. G) Tibia length at harvest (n = 16 per group). Values are average + SE. For
B-F statistical analyses were performed by 2-way ANOVA with Fisher post-test. * p < 0.05,

** < 0.01, **** p < 0.0001.
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Figure 2. Exercise prevents trabecular bone loss and marrow adiposity
Male mice (6 weeks of age) were fed a low fat or high fat diet for 14 weeks. Exercise groups

(Ex) had running wheels in their cage, sedentary groups (Sed) did not. At 20 weeks of age,
bones were scanned by microcomputed tomography and sectioned for histology. A)
Proximal tibia metaphyseal bone volume fraction (BV/TV%) corrected for body weight.
Isosurface images shown to right. (n = 16) B) Representative tibial isosurfaces. C) Lumbar
vertebrae (L3, L4) BV/TV% corrected for body weight. Isosurface images shown to right (n
= 9). D) Representative vertebral isosurfaces. E) Number of adipocytes in the marrow area
of the proximal tibia. F) Representative histological images at a magnification of 10x. (n =
11). Values are averages + SE. Statistical analysis was performed by 2-way ANOVA with
Fisher post-test. * p <0.05, ** p < 0.01, *** p < 0.01, **** p < 0.0001.
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Figure 3. Exercise alters cortical bone structure even in mice fed a high fat diet
Tibias obtained from low fat or high fat fed male mice, 20 weeks of age, that were sedentary

(Sed) or exercised (Ex), were analyzed by microcomputed tomography for cortical bone
changes. A) Representative isosurface of cortical bone cross sections of the tibia diaphysis.
Cortical bone parameters measures: B) cortical area (Ct.Ar), cortical thickness (Ct.Th),
crotical bone mineral density (Ct.BMD); C) endosteal perimeter (Ec.Pm), periosteal
perimeter (Ps.Pm), marrow area (Ma.Ar); and D) measures expressed relative to body
weight (BW). Values are averages + SE. Statistical analysis was performed by 2-way
ANOVA with Fisher post-test. * p < 0.05, ** p <0.01, *** p <0.01, **** p < 0.0001. n =
21, 18, 20, 20.
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Figure 4. Cortical bone strength analyses
Tibia diaphyseal cortical bone strength analyses in sedentary (Sed) and exercise (Ex) mice

fed low or high fat diets for 14 weeks. 7op row. Microcomputed tomography analyses of
cortical bone strength: polar moment of inertia (z-plane) and moment of inertia in x and y
planes. n = 21, 18, 20, 20. Bottom row. Strength testing of tibias. n = 10, 7, 9, 8. All values
are averages = SE. Statistical analysis was performed by 2-way ANOVA with Fisher post-
test. * p<0.05, ** p<0.01, *** p <0.01, **** p < 0.0001.
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Figure 5. Osteoblast and osteoclast surface and serum marker levels
Bone remodeling markers were assessed in male mice 20-weeks of age, at the end of the 14-

week study on mice that were sedentary (Sed) or exercises (Ex) and fed low or high fat diets.
Proximal tibia histomorphometry analyses are shown in graphs on left (n = 12). Serum
osteoblast and osteoclast markers (osteocalcin and TRAP) are shown on the right
(n=6,5,6,6). Values are averages + SE. Statistical analysis was performed by 2-way ANOVA
with Fisher post-test. * p < 0.05.
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Figure 6. Correlation between microbiome and bone volume fraction
Male mice were fed with either low fat or high fat diet for 14-weeks and allowed to

voluntarily exercise using a running wheel in cages (for exercise mice only). Fecal material
was collected at time of harvest and analyzed for microbiota composition. A) Firmicutes/
Bacteriodetes ratio for each group. Statistical analysis was performed by 2-way ANOVA
with Fisher post-test. * p < 0.05. B) Pearson’s correlation analyses for Firmicutes/
Bacteriodetes ratio compared to BV/TV/BW. Each dot represents one mouse. C) Pearson’s
correlation analyses were used to examine further relationships between the Firmicutes
family of bacteria (sub-phylum) populations and BV/TV corrected for body weight. D)
Pearson’s correlation analyses were used to examine relationships between subpopulations
of the Actinobacteria bacterial phylum and BV/TV corrected for body weight. Gray stars
denote significant correlations. n =6, 6, 5, 5.
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Tibia Trabecular Parameters

Table 1

Low Fat Diet

High Fat Diet

Sedentary (n = 21)

Exercise (n = 17)

Sedentary (n = 19)

Exercise (n = 18)

BVF (%) 31.6+2.9
BMD (mg/cc) 149.6 +12.0
BMC (mg) 0.36 +0.03
Tb.Th (um) 437+ 1.4

Th.N (1/mm) 6.80 +0.43
Th.Sp (um) 110.9 + 13.0

249+20 "

135.8+10.3
0.33£0.02
436+1.1

5.66 £0.39 *

151.1+168 ©

223+14 7"
133.6+ 4.6
0.31£0.01
40.1+0.6
5.66 + 0.30

1454 +9.7

26.6+£2.2

150.9+10.3
0.31+£0.01

458+15"

5.90 £0.40 *
137.8+15.0

Page 24

BVF, bone volume fraction; BMD, bone mineral density; BMC, bone mineral content; Th.Th, trabecular thickness; Th.N, trabecular number;

Th.Sp, trabecular spacing.

*
p<0.05,

*ok

p <0.01, compared to low fat sedentary,

A
p <0.01, compared to high fat sedentary.

Statistics 2-way ANOVA with Fisher’s post-test.
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Table 2

Vertebral Trabecular Parameters

Low Fat Diet High Fat Diet

Sedentary (n=

13) Exercise (n=9) Sedentary (n=13) Exercise (n=13)

BVF (%) 825+14
BMD (mg/cc) 311+7
BMC (mg) 0.56 +0.03
Tb.Th (um) 99.2+4.8
Tb.N (1/mm) 85+03
Tb.Sp (um) 202+1.1

76.7+2.0 772422 79.7+23
286+6 ~ 282+8 " 2897
0.48 +0.03 0.51+0.03 0.50 +0.05
852+43 854+6.7 88552
9.1+0.2 9.4+04 9.0+03
254+15 237+1.7 224+1.8

Page 25

BVF, bone volume; BMC, bone mineral content; BMD, bone mineral density; Th.Th, trabecular thickness; Tb.N, trabecular number; Th.Sp,
trabecular spacing. Values are mean + SE.

*
p<0.05,

Hok

p < 0.01 to sedentary low-fat mice.
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