10

11

12

13

14

15

16

17

18

19

20

21

Running Head: Inflammation, Microbiota, and Metabolic Osteoarthritis 1
Introduction

Western-type diets, high in fat and sugars, lead to obesity. Obesity in turn is associated
with chronic inflammation, and thought to be a risk factor for the onset and increased rate of
progression of metabolic osteoarthritis (OA) in joints?. Emerging evidence suggests that intrinsic
inflammatory mediators secreted by body fat, or adipose tissue, including cytokines, adipokines,
and advanced glycation end products, may be sufficient to lead to onset and progression of
OA3*, It appears that these obesity-associated, intrinsic inflammatory factors define a metabolic
subtype of osteoarthritis®’. Characterizing the factors that comprise this unhealthy metabolic
phenotype is critical to understanding the influence of obesity on OA. Furthermore, establishing
the “indirect” role of the microbiota and the gut is required to fully understand the initiators and

drivers of metabolic OA.

Experimental high fat diets (45-60% of energy derived from lard-based fat rich in
saturated fatty acids) have been associated with an increase in OA independent of gains in body
weight®1, However, these diets do not accurately represent the typical human Western-type
diet, as the high percentage of fat (>50% kcal from fat) would be considered extreme. Rather, the
obesity epidemic in North America appears driven by processed foods high in fat and simple

carbohydrates, which is better modeled by a high fat/high sucrose (HFS) diet!?,

When fed a HFS diet, Sprague-Dawley rats, as well as Wistar rats and C57BL/6C mice
exhibit obesity prone (top ~50% of weight gainers) and obesity resistant (bottom ~50% of weight
gainers) phenotypes, where obesity resistant animals grow normally and the prone become

obese®®. This feature allows for experimental evaluation wherein animals are all exposed to the
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same obesogenic diet but develop disparate body weight3. However, the effect of HFS diet-

induced obesity on OA in prone and resistant animals has yet to be experimentally evaluated.

Although the extent to which inflammatory mediators contribute to metabolic OA
remains unknown, several cytokines and adipokines detected in serum and synovial fluid of
obese animals have been implicated 81%1%14-17 " In particular, leptin has been reported to be
elevated in serum and synovial fluid of obese individuals and animals with OA*®. However, the
detailed molecular origins of such low-grade systemic inflammation remain unknown?®.
Systemically, visceral adipocytes, macrophages, and adipose tissue mast cells have been
suggested to contribute to this chronic inflammatory state?®. In knee joints, the infrapatellar fat

pad and synovial fluid are thought to contribute to the local inflammatory environment?*-23,

Recently, a link between low-grade inflammation and changes in the composition and
activity of the microbes that reside in the gastrointestinal tract, collectively termed the gut
microbiota, has been established. Notably, high fat diets enhance translocation of the bacterial
membrane component lipopolysaccharides (LPS) into the bloodstream, initiating obesity and
insulin resistance®*. New evidence suggests that the gut microbiota, through activating innate
immune responses that lead to systemic inflammation, represent a possible mechanistic link to
metabolically induced OAZ. As metabolic OA may be one manifestation of a systemic metabolic
disorder, our objective is to evaluate gut microbiota changes induced by a HFS diet in the
context of OA. Specifically, we want to identify potential associations between gut microbial

profiles, serum and synovial fluid cytokine and adipokine profiles, and knee joint damage.

We hypothesize that HFS diet-induced obesity, regardless of weight gain, will result in

increased Modified Mankin Scores when compared with chow-fed control animals. Furthermore,
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we explore the associations between gut microbiota, systemic LPS levels, serum and local
inflammatory profiles, and joint damage in HFS animals in order to better understand the

development of Metabolic OA.

Method

Animals. Thirty-two male, 8-12-week old Sprague Dawley rats, housed individually on a
12 hour dark/light cycle, were purchased from a specific pathogen free facility (Charles River
Laboratories) and maintained at the University of Calgary with standard monitoring thereafter.
Animals were allocated to the HFS diet-induced obesity group (DIO, 40% of total energy from
fat, 45% of total energy from sucrose, n=21, Diet #102412, Dyets, Inc), or the standard control
chow diet group (12% fat, 3.7% sucrose n=11, Lab Diet 5001) for a 28-week ad libitum feeding
intervention®®. The HFS diet consisted of (g/100g): casein (20.0), sucrose (49.9), soybean oil
(10.0), lard (10.0), Alphacel (5.0), AIN-93M mineral mix (3.5), AIN- 93 vitamin mix (1.0), DL-
methionine (0.3), and choline bitartrate (0.25). The energy densities of the HFS and chow diets
were 4.60 kcal/g and 3.34 kcal/g respectively. All experiments were approved by the University
of Calgary Life and Environmental Sciences Animal Care Committee. After a 12-week obesity
induction period, DIO animals were stratified into tertiles according to changes in body mass,
resulting in an Obesity Prone group (D10-P, top 33% of animals by change in body mass, n=7),
an Obesity Resistant group (DIO-R, bottom 33% of animals by change in body mass, n=7), and a

middle tertile group, which is not further considered here.

Body Composition. Animals were followed for 28 weeks (36-40 weeks old), at which
point they were euthanized by barbiturate overdose (Euthanyl®, MTC Animal Health Inc.,

Cambridge, Ontario, Canada). Immediately after sacrifice, body composition was measured
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using Dual Energy X-ray Absorptiometry with software for small animal analysis (Hologic QDR

4500; Hologic, Bedford, MA).

Preparation of Knee Joints. Joints were harvested by cutting the femur and tibia/fibula
2cm above and below the joint line. Decalcification and processing of the joints was conducted
according to previously described methods’. Serial, sagittal plane sections of 8um thickness were
obtained using a Leica RM 2165 rotary microtome. Sections were mounted on Super Frost plus
slides (Fisher Scientific) and allowed to dry at 40°C for 4 days. Sampling was done
approximately every 80um, thus alternate slides were stained sequentially with haematoxylin,
fast green and safranin-O stains (Fisher Scientific) using an auto stainer (Leica ST 5010).
Sections were then dehydrated in a graded series of alcohols, cleared in xylene, and mounted
with cytoseal 60 mounting media (Richard Allan) using an auto cover slipper (Leica CV 5030).
Slides were dried at room temperature for several days before being evaluated using a light
microscope (Zeiss Axiostar plus, Carl Zeiss Inc., Toronto, Ontario, Canada). Images were
digitized using a Zeiss Axiocam® Icc 5 camera and analyzed using the Zen 2011 Zeiss imaging
system. Sections were examined under 10x and 25x objectives and scored for OA degeneration

using a Modified Mankin scoring system?”.

Osteoarthritis Scoring. A Modified Mankin Score was used to describe the volumetric
damage in each joint. Five areas were evaluated: the medial and lateral tibial plateau, the medial
and lateral femoral condyle, and the patella. These five sites were assigned a score based on the
standard 14-point Mankin scale?’. Subchondral bone and synovium were then assessed using a 5
and 4 point criteria, respectively, that was adapted from the rat-specific OARSI metric?®,
Meniscal damage was scored on a scale of 0-5. The final Modified Mankin score was obtained

by adding the five site-specific Mankin scores, the two corresponding OARSI scores, and the
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meniscal damage score?’~?°. The inter-rater reliability between two independent assessors was

r>0.95.

Cytokine, Growth Factor, Adipokine and LPS Measurements. Animals were
sacrificed following a 12 hour fast, and blood was collected immediately via cardiac puncture.
Serum was stored at -80°C until analysis. Synovial fluid was collected shortly after sacrifice
using the Whatman chromatography paper method®’. Samples were weighed, diluted 1:30,
centrifuged at 13,500 rpm, and stored at -20°C overnight. Samples were aliquoted 24 hours later

and stored at -80°C until analysis.

Twenty-seven serum and synovial fluid cytokines and adipokines were quantified using a
Rat 27 Multiplex Discovery Assay with Luminex®xXMAP technology (Eotaxin, EGF,
Fractalkine, IL-10, IL-1B, IL-2, IL-4, IL-5, IL-6, IL-10, IL-12(p70), IL-13, IL-17A, IL-18, IP-
10/CXCL10, GRO/KC, IFN-y, TNF-a, G-CSF, GM-CSF, MCP-1, leptin, LI1X, MIP-1a, MIP-2,
RANTES, VEGF; Eve Technologies, Calgary, AB). Synovial fluid from the left and right limbs
of each animal was pooled for quantification. Urea was evaluated in duplicate in serum and
synovial fluid using ELISA (Sigma Aldrich Urea Kit, Eve Technologies, Calgary, AB) while
accounting for volumetric differences in synovial fluid concentration®!. Systemic LPS was

evaluated using EndoZyme Recombinant Factor C Assay (Hyglos GmbH, Germany).

Gut Microbiota profiling using gPCR. Microbial profiling of 12 microbial groups (total
bacteria, Bacteroides/Prevotella species (spp.), Clostridium coccoides (cluster XIV), Clostridium
leptum (cluster 1V), Clostridium clusters XI and I, Roseburia spp., Lactobacillus spp.,
Bifidobacterium spp., Methanobrevibacter spp., Enterobacteriaceae, Akkermansia muciniphila)

was performed according to our previous work and microbial abundance was measured as the
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number of 16S rRNA gene copies per 20 ng total genomic DNA (primers provided in
Supplementary Table 1)322, Briefly, total microbial DNA was extracted from fecal samples
using the FastDNA Spin Kit for Feces (MP Biomedicals, Lachine, QC, Canada) and quantified
using PicoGreen DNA quantification kit (Invitrogen, Carlsbad, CA, USA). Samples were then
diluted to 4 ng/ul and stored at —20°C until analysis. Amplification and detection were
conducted in 96-well plates with SYBR Green 2 x qPCR Master Mix (BioRad). Samples were
assessed in duplicate with a final volume of 25 pl containing 0.3 uM primer and 20 ng template
genomic DNA. The specificity of the primers and the limit of detection were determined
according to previously reported methods®4. Purified template DNA from reference strains was
used to generate standard curves for each primer set using serial dilutions of DNA. Standard
curves were normalized to copy number of 16S rRNA genes (ng genomic DNA converted

into genome copies according to calculations outlined in the following webpage
http://cels.uri.edu/gsc/cndna.html and values for 16S rRNA gene copies/genome obtained from

the following database http://rrndb.mmg.msu.edu).

Statistical Analysis. Right knee joints from all 32 animals were scored and analyzed.
Blood, synovial fluid, and feces were collected from all 14 DIO animals and 6 chow animals.
Levene’s test for equality of variance was conducted on all outcomes. If significant (p<0.05),
Kruskal-Wallis non-parametric tests were used to evaluate between phenotype/diet groups (DIO-
P, DIO-R, Chow), and between strictly dietary groups (all DIO, Chow). Differences in Modified
Mankin scores, synovial fluid analytes, sera analytes, fecal microbes, and LPS were evaluated.
If equal variances were found, ANOVAs were performed to assess differences between groups.
Bonferonni corrections were utilized to control for multiple testing error. Multiple linear

regression equations were used to evaluate each analyte with body fat to predict Modified
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Mankin Scores. Pearson correlations and multiple linear regression equations were used to
associate Modified Mankin scores with gut microbes, synovial fluid inflammatory markers, and

serum inflammatory markers by diet using IBM SPSS Statistics 20 (0=0.05).

Results

DIO-P rats were heavier than both DIO-R and chow-fed controls by week nine of the
obesity induction period and remained heavier through the remainder of the study (p=0.03, Fig.
1a). At sacrifice, DIO-R and chow-fed controls had similar mass (p=0.25, Fig. 1b), but DIO-P
and DIO-R animals had increased body fat compared to control group animals (p<0.001, Fig.

1c).

Joint scores

DIO group animals had greater Modified Mankin scores than chow-fed control animals
(p=0.002, Fig. 1d). There was a positive relationship (r=0.60, p=0.001) between body fat
percentage and Modified Mankin scores across all animals, but this relationship was not
significant when each dietary group was evaluated independently. No statistically significant
relationship was found between body mass and Modified Mankin scores. Despite having more
mass, DIO-P animals had similar Modified Mankin Scores to the DIO-R group (p=0.81, Figure
2). Of the categories summed to create the total Modified Mankin Score, medial tibial plateau
and groove scores were significantly increased in DIO-P and DIO-R compared to chow (p=0.013

and p=0.002, respectively, Table 1).

Inflammatory Markers
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Nineteen synovial fluid analytes were increased in DIO animals compared with chow-fed
control animals (Table 2). There were no detectable differences in synovial fluid analytes
between DIO-P and DIO-R animals. Five serum analytes (leptin, IP-10, GRO-KC, MIP-2 and
MIP-1a) were increased in DIO animals compared to chow-fed control animals. These serum
analytes were also significantly associated with increased synovial fluid analytes in DIO animals
compared to chow-fed control animals (leptin: associated with 11/18 increased synovial fluid
analytes; IP-10: 15/18; GRO-KC: 3/18; MIP-1a: 6/18). Finally, synovial fluid IL-1a was
positively associated with Modified Mankin Scores across all animals (r=0.48, p=0.029). An
association between Modified Mankin Score and synovial fluid IL-1p approached significance

(r=0.40, p=0.067).

Gut Microbiota

The overall composition of gut microbes differed between DIO and chow-fed control
animals (Fig. 3). DIO animals demonstrated an increased ratio of Firmicutes (sum total of C.
coccoides, C. leptum, Clostridium clusters XI and I, Roseburia spp., Lactobacillus spp.) to
Bacteroidetes (Bacteroides/Prevotella spp.) due to a lower abundance of Bacteroides/Prevotella
spp. (p=0.016), as the total abundance of Firmicutes was similar between groups (all group data
shown in Supplementary Table 2). However, within the Firmicutes phylum, the relative
composition of microbiota differed between DIO animals and chow-fed control animals, mainly
within the lactobacilli and clostridial bacterial groups (Fig. 3). Overall, the profile of Firmicutes
in DIO-P and DIO-R animals was similar.

Serum LPS levels were higher in DIO animals (n=14) compared to chow-fed control

animals (n=6, D10 2.18 (2.13-2.23) log EU/mL, chow 2.06 (1.91-2.20) log EU/mL, p=0.031).
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Furthermore, LPS levels were increased in DIO-P animals compared with DIO-R (P: 2.24 (2.17-
2.30) log EU/mL, R: 2.13 (2.07-2.18) EU/mL, p=0.008).
Relationships between Modified Mankin Scores, Inflammation, and Microbiota

LPS concentration was associated with body fat (r=0.62, p=0.003) and Lactobacillus spp.
abundance (r=-0.60, p=0.009). Additionally, a significant negative relationship between
Lactobacillus spp. abundance and Modified Mankin Score was found (-0.45, p=0.04,
Supplementary Table 2). Despite no difference in Methanobrevibacter spp. abundance between
dietary groups, there was a strong positive relationship between Methanobrevibacter spp.
abundance and Modified Mankin Score (r=0.51, p=-0.02, Supplementary Table 2). Together,
using linear regression, Methanobrevibacter spp. and Lactobacillus spp. abundance had a strong
predictive relationship with Modified Mankin Scores (r?=0.50, p<0.001, Figure 4, Table 3).

Both microbial groups demonstrated significant relationships with synovial fluid and
serum inflammatory mediators. Methanobrevibacter spp. abundance had a significant positive
relationship with synovial fluid [IL-1B (r=0.47, p=0.03), LIX (r=0.54, p=0.01), MIP-2 (r=0.47,
p=0.03) and RANTES (r=0.44, p=0.04)], but was not associated with any of the serum
inflammatory mediators. Lactobacillus spp. abundance was negatively associated with synovial
fluid leptin (r=-0.50, p=0.01), IL-12 (r= -0.50, p=0.02), IL-13 (r=-0.48, p=0.029), IFN-y (r= -
0.57, p =0.008), MCP-1 (r=-0.47, p=0.30), LIX (r= -0.50, p=0.02), TNF-a. (r = -0.50, p=0.04),
serum leptin (r=-0.46, p=0.04), and positively associated with IL-4 (r=0.50, p=0.02), EGF

(r=0.57, p=0.009), and IL-17 (r=0.44, p=0.05).
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Discussion

The aim of this study was to identify potential cross-sectional associations between
inflammation, gut microbiota and knee joint damage in the context of HFS diet-induced obesity.
Our primary finding was that DIO animals, independent of body weight, had similar Mankin
scores that were greater than those found in chow-fed control animals. Since body fat was higher
in DIO-P and DIO-R animals compared to control group animals, while body mass was the same
for DIO-R and control group animals, it appears that body fat, rather than body mass, is a risk
factor for joint damage. Another key finding was the detection of a distinct inflammatory
signature in synovial fluid and serum of DIO group animals which was more pronounced in
synovial fluid. The abundance of the gut microbes Lactobacillus spp. was negatively and
Methanobrevibacter spp. positively associated with Mankin Scores and pro-inflammatory
mediators in serum and synovial fluid. Finally, increased levels of serum LPS may provide a link
between the associations measured between gut microbes, chronic inflammation and increased

joint damage.

Mankin Scores were not significantly related to total body mass; a finding that has been
reported previously®1114:3536 Typically, obesity-induced OA has been associated with increased
joint loading. However, we found that DIO-R animals had significantly higher Mankin Scores
than chow-fed control animals despite similar body weight. Moreover, DIO-P and DIO-R
animals, which both consumed the HFS diet, had similar Mankin scores, despite the significantly
higher body weight in the DIO-P than DIO-R group animals. Furthermore, we found a positive
relationship between body fat percentage and Mankin scores, supporting the idea that OA onset

and progression may be affected by intrinsic factors related to metabolic disturbance rather than
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joint loading, although more detailed studies of how differences in body composition affect joint

loading are warranted®®>’,

In order to understand the profile of a diet-induced systemic inflammatory environment,
blood serum was assessed for 27 cytokines, growth factors, and hormones. Five serum analytes
associated with adipose inflammation were increased in all DIO animals compared to chow-fed
control group animals®. Two of these, GRO-KC and MIP-1a, have been linked to insulin
resistance and are regulated via autocrine signalling by adiponectin, an adipocytokine that is
decreased in obesity*®. Although not directly measured, adiponectin may play a protective anti-
inflammatory role in OA“. The increase in serum GRO-KC and MIP-1a suggests that
adiponectin may be decreased in the serum of all DIO animals, but not necessarily in the
synovial fluid. Our data suggest that factors downstream of adiponectin, like GRO-KC and MIP-

la, may be potential treatment targets in metabolic OA.

Leptin, a satiety hormone and key inflammatory mediator, has been widely explored in
humans and animals to explain the effect of obesity on onset and progression of
osteoarthritis**!®, In contrast to others, we did not find a relationship between OA severity and
serum levels of leptin; however, leptin and a mediator selectively activated by leptin, IP-10, were
increased in the serum of DI1O animals'®. Given that visceral adipose tissue, which secretes
inflammatory mediators more actively than subcutaneous adipose tissue, is associated with hand
OA in men, there is the possibility that adipose-derived factors influence the joint environment

through the synovial fluid or local blood supply in the infrapatellar fat pad and bone*!.

The synovial fluid cytokine, growth factor, and hormone profiles in DIO animals were

distinct from chow-fed control animals. Despite a higher body fat percentage in DIO-P compared
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with DIO-R group animals, there were no significant differences in the 27 synovial analytes
measured here, indicating similar inflammatory environments in the knee. This result implies
that a HFS diet is sufficient to modify the knee inflammatory environment, a finding that may be
explained partly by an altered gut microbial profile. Of the nineteen inflammatory markers
increased in D10 synovial fluid, IL-1a was the only analyte that had a significant positive
relationship with the Mankin scores. IL-1a and IL-1p are considered gatekeepers of
inflammation, and have been implicated in early OA changes*2. Leptin, in conjunction with IL-
la and TNF- a, has been shown to directly induce cartilage damage?. Furthermore, it has been
demonstrated that the infrapatellar fat pad can be a significant contributor of leptin levels in
knees, and that leptin may be critical to disturbing homeostasis in joints when present in
sufficiently high concentrations'®23. Serum and synovial fluid leptin levels were increased in
DIO animals, in agreement with reported findings®®. Despite similar synovial fluid levels of IL-
1P in DIO and chow animals, the positive association between IL-1 and OA was approaching
significance in this dataset. Time-course data may clarify the respective roles of IL-1a and IL-1f3

in this model.

While the effect of obesity on peripheral circulation is impacted by many tissues and
pathways, obesity’s impact in the local environment may differ across tissues and joints.
Concordant with previous reports, increases in the magnitude of local inflammatory markers in
synovial fluid compared to serum were observed®. Moreover, all of the increased serum
inflammatory markers in our DIO animals were positively associated with at least three synovial

fluid inflammatory markers suggesting an effect of systemic inflammation on the joint.

In order to further understand factors affecting the peripheral inflammatory environment,

gut microbiota composition was assessed. Gut microbiota composition and activity, especially in
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individuals consuming a Western-type diet, has been linked with the rising incidence of
metabolic disease, including obesity and type 2 diabetes®. Consistent with evidence that obesity
in animal models is generally associated with an increase in Firmicutes with a concomitant
decrease in Bacteroidetes, we found that DIO animals exhibited an increased

Firmicutes:Bacteroidetes ratio*.

Furthermore, Lactobacillus spp. and Methanobrevibacter spp. abundance may directly or
indirectly explain a moderate amount of the Mankin Score. Although a strong predictive
association between these microbes and Mankin Score was demonstrated, this relationship
warrants further investigation to elucidate linkages with local and systemic inflammatory marker
concentrations. To provide context of this relationship, the predictive strength of leptin levels in
the serum and synovial fluid were calculated, as leptin has been identified as a marker strongly
associated with OA!8, Although the confidence intervals for predictive values were similar from
both models, the standard error of estimate achieved from the model using Methanobrevibacter
spp. and Lactobacillus spp. was lower. This data indicates that these microbial groups could be

examined further, as they are similar in predictive power to leptin in both fluids.

Though not consistent across all strains, certain lactobacilli have been associated with
health-promoting properties, including attenuated weight gain, reduced recruitment of
inflammatory macrophages in adipose tissue, and improved gut barrier function®+4°,
Furthermore, reduced lactobacilli abundance has been reported in animals consuming diets high
in saturated fat*®, Here, the higher levels of plasma LPS in DIO group animals suggest that HFS-
fed animals have increased gut permeability, which may be due in part to observed decreases in
lactobacilli abundance. Importantly, oral administration of Lactobacillus casei in an

experimental rat model of OA led to reduced inflammation and cartilage degradation and has
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been suggested as a possible treatment for Metabolic OA*’. Animal studies have also linked
Methanobrevibacter spp. abundance with increased weight gain and adipose tissue growth,
Surprisingly, despite the positive relationship between Methanobrevibacter spp. abundance and
Mankin Scores, Methanobrevibacter spp. abundance was not different between dietary groups*.
However, the overall pattern of gut microbial composition can impact host-microbial
interactions*. Hence, the combination of decreased lactobacilli and the potential obesity-
associated effects of Methanobrevibacter spp. may partly explain the association of
Methanobrevibacter spp. with Mankin Scores despite the lack of statistical difference in

abundance.

There are several limitations to this work. As designed our study is not able to establish
causality. However, with this dataset, mechanistic considerations between the contributions of
the gut microbiota or changes in diet in OA development can be approached with more
understanding. Factors such as mobility and joint loading have not been examined here, as
kinetic data are difficult to collect and interpret given the marked increase in abdominal adiposity
in our DIO animals. Lastly, the middle tertile of DIO animals were not considered here. Future
studies should carefully address the interaction of obesity and joint loading in determining the
contributions of metabolic and mechanical factors to knee osteoarthritis. Moreover, future
considerations of the spectrum of DIO animals could be used to assess the potential threshold

and/or the linear relationship between body fat and Metabolic OA.

The goal of this work was to evaluate systemic influences of diet-induced obesity on the
knee joint inflammatory environment. We show that body fat, not body mass, is associated with
OA damage in the knee, and that a distinct inflammatory serum and synovial fluid signature

differentiates between obese and chow-fed control animals. The source of this inflammation
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remains to be clarified. We propose that a potential link between body fat inflammation,
microbiota, and OA damage may be increased translocation of bacterial LPS into the
bloodstream (Fig. 5). LPS-induced inflammation in adipose tissue could precipitate systemic
changes in cytokines, adipokines, and growth factors, including leptin, IP-10 and IL-1a., that
ultimately contribute to OA development by affecting the local inflammatory environment inside
the knee®. Whether circulating LPS directly impacts the secretion of inflammatory cytokines
from cells of the infrapatellar fat pad remains to be examined. Future work evaluating
inflammatory markers in serum and synovial fluid over time, in conjunction with measuring
inflammatory marker gene expression in the infrapatellar fat pad, synovium and fat depots from
various locations, will help determine the potential sources of the inflammation measured here.
The present series of experiments suggest that systemic factors beyond what has currently been
shown or proposed, including the gut microbiota, may play a role in metabolic OA and warrant

further investigation.



324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

Running Head: Inflammation, Microbiota, and Metabolic Osteoarthritis 16

Acknowledgements

The authors wish to thank Kristine Lee for technical assistance in gut microbiota analysis. We
thank Andrew Sawatsky, Dr. Christine Waters-Banker and Dr. Timothy Leonard for assistance
in tissue collection and data collection. Further, we wish to thank members of the Alberta
Innovates Health Solutions Team in Osteoarthritis and Dr. Cyril Frank for thoughtful discussion

around data interpretation.

Role of the Funding Source Work is supported by Canadian Institutes of Health Research #
RT736475 and MOP 115076, the Canada Research Chair Programme, the Alberta Innovates
Health Solutions Osteoarthritis Team Grant, Alberta Innovates Health Solutions, and the Killam
Foundation. The funding agencies listed here had no role in the project design, execution,

analysis, or manuscript drafting and submission.

Contributions

KHC was responsible for design of the study, execution of the study, data collection, data
analysis, interpretation of data, drafting the manuscript, revising the manuscript and approving

the final submitted version.

HAP was responsible for data analysis, interpretation of data, drafting the manuscript, revising

the manuscript, and approving the final submission.

RAR contributed to design of the study, interpretation of data, revising the manuscript and

approving the final submitted version.

DAH contributed to the design of molecular aspects of the studies, interpretation of the results,

and revising the manuscript.



345

346

347

348

349

Running Head: Inflammation, Microbiota, and Metabolic Osteoarthritis 17

RAS contributed to data collection, analysis, and revising the manuscript, and approving the final

submitted version.

WH contributed to study design, interpretation of the data, writing the manuscript, revising the

manuscript, and approving the final submission.

Competing Interests: All authors declare no conflict of interest.



350

351
352

353
354

355
356

357
358
359

360
361

362
363
364

365
366
367

368
369
370

371
372
373

374
375
376

377
378
379

380
381
382

Running Head: Inflammation, Microbiota, and Metabolic Osteoarthritis 18

References

10.

11.

12.

Albenberg LG, Wu GD. Diet and the intestinal microbiome: associations, functions, and
implications for health and disease. Gastroenterology 2014;146(6):1564-72.

Sharma L, Lou C, Cahue S, Dunlop DD. The mechanism of the effect of obesity in knee
osteoarthritis: the mediating role of malalignment. Arthritis Rheum. 2000;43(3):568-75.

Berenbaum F. Osteoarthritis as an inflammatory disease (osteoarthritis is not
osteoarthrosis!). Osteoarthritis Cartilage 2013;21(1):16-21.

Kapoor M, Martel-Pelletier J, Lajeunesse D, Pelletier J-P, Fahmi H. Role of
proinflammatory cytokines in the pathophysiology of osteoarthritis. Nat. Rev. Rheumatol.
2011;7(1):33-42.

Zhuo Q, Yang W, Chen J, Wang Y. Metabolic syndrome meets osteoarthritis. Nat. Rev.
Rheumatol. 2012;8(12):729-37.

Karsdal MA, Christiansen C, Ladel C, Henriksen K, Kraus VB, Bay-Jensen AC.
Osteoarthritis - a case for personalized health care? Osteoarthritis Cartilage 2014;22(1):7-
16.

Collins KH, Reimer RA, Seerattan RA, Leonard TR, Herzog W. Using Diet-Induced
Obesity to Understand a Metabolic Subtype of Osteoarthritis in Rats. Osteoarthr. Cartil.
2015;In Press.

Griffin TM, Fermor B, Huebner JL, Kraus VB, Rodriguiz RM, Wetsel WC, et al. Diet-
induced obesity differentially regulates behavioral, biomechanical, and molecular risk
factors for osteoarthritis in mice. Arthritis Res. Ther. 2010;12(4):R130.

Brunner a M, Henn CM, Drewniak El, Lesieur-Brooks A, Machan J, Crisco JJ, et al. High
dietary fat and the development of osteoarthritis in a rabbit model. Osteoarthritis Cartilage
2012;20(6):584-92.

Mooney R a, Sampson ER, Lerea J, Rosier RN, Zuscik MJ. High-fat diet accelerates
progression of osteoarthritis after meniscal/ligamentous injury. Arthritis Res. Ther.
2011;13(6):R198.

Gierman LM, van der Ham F, Koudijs a, Wielinga PY, Kleemann R, Kooistra T, et al.
Metabolic stress-induced inflammation plays a major role in the development of
osteoarthritis in mice. Arthritis Rheum. 2012;64(4):1172-81.

Reimer RA, Grover GJ, Koetzner L, Gahler RJ, Lyon MR, Wood S. The soluble fiber
complex PolyGlycopleX lowers serum triglycerides and reduces hepatic steatosis in high-
sucrose-fed rats. Nutr. Res. 2011;31(4):296-301.



383
384

385
386
387

388
389
390
391

392
393
394

395
396
397

398
399

400
401

402
403

404
405
406

407
408

409
410
411

412
413

414
415
416

Running Head: Inflammation, Microbiota, and Metabolic Osteoarthritis 19

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

Hariri N, Thibault L. High-fat diet-induced obesity in animal models. Nutr. Res. Rev.
2010;23(2):270-99.

Griffin TM, Huebner JL, Kraus VB, Guilak F. Extreme obesity due to impaired leptin
signaling in mice does not cause knee osteoarthritis. Arthritis Rheum. 2009;60(10):2935-
44,

Presle N, Pottie P, Dumond H, Guillaume C, Lapicque F, Pallu S, et al. Differential
distribution of adipokines between serum and synovial fluid in patients with osteoarthritis.
Contribution of joint tissues to their articular production. Osteoarthritis Cartilage
2006;14(7):690-5.

Cai A, Hutchison E, Hudson J, Kawashima Y, Komori N, Singh A, et al. Metabolic
enrichment of omega-3 polyunsaturated fatty acids does not reduce the onset of idiopathic
knee osteoarthritis in mice. Osteoarthritis Cartilage 2014:1-9.

Staikos C, Ververidis A, Drosos G, Manolopoulos VG, Verettas D-A, Tavridou A. The
association of adipokine levels in plasma and synovial fluid with the severity of knee
osteoarthritis. Rheumatology (Oxford). 2013:1-7.

Dumond H, Presle N, Terlain B, Mainard D, Loeuille D, Netter P, et al. Evidence for a
key role of leptin in osteoarthritis. Arthritis Rheum. 2003;48(11):3118-29.

Issa RI, Griffin TM. Pathobiology of Obesity and Osteoarthritis: Integrating biomechanics
and Inflammation. Pathobiol. Aging Age-related Dis. 2012;2:1-7.

Gregor MF, Hotamisligil GS. Inflammatory mechanisms in obesity. Annu. Rev. Immunol.
2011;29:415-45.

Iwata M, Ochi H, Hara Y, Tagawa M, Koga D, Okawa A, et al. Initial Responses of
Articular Tissues in a Murine High-Fat Diet-Induced Osteoarthritis Model: Pivotal Role of
the IPFP as a Cytokine Fountain. PLoS One 2013;8(4):e60706.

Berenbaum F, Eymard F, Houard X. Osteoarthritis, inflammation and obesity. Curr. Opin.
Rheumatol. 2013;25(1):114-8.

Hui W, Litherland GJ, Elias MS, Kitson GI, Cawston TE, Rowan AD, et al. Leptin
produced by joint white adipose tissue induces cartilage degradation via upregulation and
activation of matrix metalloproteinases. Ann. Rheum. Dis. 2012;71(3):455-62.

Cani PD, Amar J, Iglesias MA, Poggi M, Knauf C, Bastelica D, et al. Metabolic
endotoxemia initiates obesity and insulin resistance. Diabetes 2007;56(7):1761-72.

Metcalfe D, Harte AL, Aletrari MO, Al Daghri NM, Al Disi D, Tripathi G, et al. Does
endotoxaemia contribute to osteoarthritis in obese patients? Clin. Sci. (Lond).
2012;123(11):627-34.



417
418

419
420
421

422
423
424

425
426
427

428
429
430

431
432

433
434
435

436
437
438

439
440
441
442

443
444
445

446
447
448

449
450
451

Running Head: Inflammation, Microbiota, and Metabolic Osteoarthritis 20

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Eller LK, Reimer RA. Dairy protein attenuates weight gain in obese rats better than whey
or casein alone. Obesity (Silver Spring). 2010;18(4):704-11.

Mankin HJ, Dorfman H, Lippiello L, Zarins A. Biochemical and metabolic abnormalities
in articular cartilage from osteo-arthritic human hips. Il. Correlation of morphology with
biochemical and metabolic data. J. Bone Joint Surg. Am. 1971;53(3):523-37.

Gerwin N, Bendele a M, Glasson S, Carlson CS. The OARSI histopathology initiative -
recommendations for histological assessments of osteoarthritis in the rat. Osteoarthritis
Cartilage 2010;18 Suppl 3:524-34.

Moody HR, Heard BJ, Frank CB, Shrive NG, Oloyede AQ. Investigating the potential
value of individual parameters of histological grading systems in a sheep model of
cartilage damage: the Modified Mankin method. J. Anat. 2012;221(1):47-54.

Seifer DR, Furman BD, Guilak F, Olson S a, Brooks SC, Kraus VB. Novel synovial fluid
recovery method allows for quantification of a marker of arthritis in mice. Osteoarthritis
Cartilage 2008;16(12):1532-8.

Kraus VB, Stabler T V, Kong SY, Varju G, McDaniel G. Measurement of synovial fluid
volume using urea. Osteoarthritis Cartilage 2007;15(10):1217-20.

Bomhof MR, Saha DC, Reid DT, Paul HA, Reimer RA. Combined effects of
oligofructose and Bifidobacterium animalis on gut microbiota and glycemia in obese rats.
Obesity (Silver Spring). 2014;22(3):763-71.

Parnell JA, Reimer RA. Prebiotic fibres dose-dependently increase satiety hormones and
alter Bacteroidetes and Firmicutes in lean and obese JCR:LA-cp rats. Br. J. Nutr.
2012;107(4):601-13.

Louie TJ, Cannon K, Byrne B, Emery J, Ward L, Eyben M, et al. Fidaxomicin preserves
the intestinal microbiome during and after treatment of Clostridium difficile infection
(CDI) and reduces both toxin reexpression and recurrence of CDI. Clin. Infect. Dis.
2012;55 Suppl 2:5132-42.

Griffin TM, Huebner JL, Kraus VB, Yan Z, Guilak F. Induction of osteoarthritis and
metabolic inflammation by a very high-fat diet in mice: effects of short-term exercise.
Anrthritis Rheum. 2012;64(2):443-53.

Louer CR, Furman BD, Huebner JL, Kraus VB, Olson S a, Guilak F. Diet-induced obesity
significantly increases the severity of posttraumatic arthritis in mice. Arthritis Rheum.
2012;64(10):3220-30.

Roach GC, Edke M, Griffin TM. A novel mouse running wheel that senses individual
limb forces: biomechanical validation and in vivo testing. J. Appl. Physiol.
2012;113(4):627-35.



452
453

454
455
456

457
458
459

460
461
462

463
464
465

466
467

468
469

470
471
472

473
474
475

476
477
478

479
480
481

482
483

484
485

Running Head: Inflammation, Microbiota, and Metabolic Osteoarthritis 21

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Sell H, Eckel J. Chemotactic cytokines, obesity and type 2 diabetes: in vivo and in vitro
evidence for a possible causal correlation? Proc. Nutr. Soc. 2009;68(4):378-84.

Dietze-Schroeder D, Sell H, Uhlig M, Koenen M, Eckel J. Autocrine action of adiponectin
on human fat cells prevents the release of insulin resistance-inducing factors. Diabetes
2005;54(7):2003-11.

Chen T-H, Chen L, Hsieh M-S, Chang C-P, Chou D-T, Tsai S-H. Evidence for a
protective role for adiponectin in osteoarthritis. Biochim. Biophys. Acta
2006;1762(8):711-8.

Visser a W, loan-Facsinay A, de Mutsert R, Widya RL, Loef M, de Roos A, et al.
Adiposity and hand osteoarthritis: the Netherlands Epidemiology of Obesity study.
Acrthritis Res. Ther. 2014;16(1):R19.

Towle CA, Hung HH, Bonassar LJ, Treadwell B V, Mangham DC. Detection of
interleukin-1 in the cartilage of patients with osteoarthritis: a possible autocrine/paracrine
role in pathogenesis. Osteoarthritis Cartilage 1997;5(5):293-300.

Ley RE, Béackhed F, Turnbaugh P, Lozupone C a, Knight RD, Gordon JI. Obesity alters
gut microbial ecology. Proc. Natl. Acad. Sci. U. S. A. 2005;102(31):11070-5.

Chiang S-S, Pan T-M. Beneficial effects of Lactobacillus paracasei subsp. paracasei NTU
101 and its fermented products. Appl. Microbiol. Biotechnol. 2012;93(3):903-16.

Plaza-Diaz J, Gomez-Llorente C, Fontana L, Gil A. Modulation of immunity and
inflammatory gene expression in the gut, in inflammatory diseases of the gut and in the
liver by probiotics. World J. Gastroenterol. 2014;20(42):15632-15649.

Wang J, Tang H, Zhang C, Zhao Y, Derrien M, Rocher E, et al. Modulation of gut
microbiota during probiotic-mediated attenuation of metabolic syndrome in high fat diet-
fed mice. ISME J. 2014.

So J-S, Song M-K, Kwon H-K, Lee C-G, Chae C-S, Sahoo A, et al. Lactobacillus casei
enhances type Il collagen/glucosamine-mediated suppression of inflammatory responses
in experimental osteoarthritis. Life Sci. 2011;88(7-8):358-66.

Mathur R, Kim G, Morales W, Sung J, Rooks E, Pokkunuri V, et al. Intestinal
Methanobrevibacter smithii but Not Total Bacteria Is Related to Diet-Induced Weight
Gain in Rats. Obesity 2012;21(4).

Holmes E, Li J V, Marchesi JR, Nicholson JK. Gut microbiota composition and activity in
relation to host metabolic phenotype and disease risk. Cell Metab. 2012;16(5):559-64.

Bleau C, Karelis AD, St-Pierre DH, Lamontagne L. Crosstalk between intestinal
microbiota, adipose tissue and skeletal muscle as an early event in systemic low grade



486
487

488

Running Head: Inflammation, Microbiota, and Metabolic Osteoarthritis

inflammation and the development of obesity and diabetes. Diabetes. Metab. Res. Rev.
2014,

22



