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1. Introduction

This project is focused on 1) studying the pathogenic role of the gut microbiome in the development of
osteoarthritis (OA), and 2) developing approaches that target the gut microbiome to treat posttraumatic OA
(PTOA), a disease that does not currently have an accepted disease modifying treatment. Our first objective is
to study the microbiome dysbiosis that develops in a mouse model of PTOA and military veterans that have
been diagnosed with PTOA and have been recruited into the Military and Veteran Microbiome: Consortium for
Research and Education (MVM-CoRE). To prove the causal role of this dysbiosis, fecal microbiota transplants
(FMTs) are planned (mouse to mouse or human to mouse), and specific potentially pathogenic microbial
species will be gavaged to pinpoint taxa that are PTOA-accelerating. Our second objective is to build on or
historical work studying dietary supplements as disease modifiers for OA by examining the impact of daily
supplementation with hydrolyzed hyaline cartilage (hHC) on PTOA progression and on the gut microbiome.
Again, FMTs between supplemented and non-supplemented mice will test the causal role of the gut community
in any joint protection that is observed, and specific microbial species will be studies as active participants in
the protective effects. Finally, in the third objective, we will focus on developing pre- and probiotic
combinations for dietary supplements involving hHC and taxa identified in the second objective that promote
joint protection and decelerated PTOA progression. Multiple dosing regimens will be tested, with the most
protective combinations studies with deep analysis of the gut microbiome using cutting edge metagenomic,
metatranscriptomic and metabolomic profiling to drill down on specific molecular fractions that are contributing
to disease modification that we document. We have completed two years of work on this project, and despite
a major interruption by the COVID-19 pandemic, we have continued to make progress in the first and second
objectives. This progress is described below in the various sections of this report.

Note: This report provides information on the second year of a partnering-PI project, and the specific activity
for each aspect of progress is attributed to the contributing PI (CU for Zuscik, UR for Gill). In general, all OA
analysis, animal work, and human work occurs at CU. All analysis of gut microbiome and microbiology work to
expand and maintain taxa of interest is performed at UR.

2. Key Words

Osteoarthritis (OA)

Posttraumatic osteoarthritis (PTOA)

Gut microbiome

Fecal microbiota transplant (FMT)

Military and Veteran Microbiome: Consortium for Research and Education (MVM-CoRE)
Hydrolyzed hyaline cartilage (hHC)
Destabilization of the medial meniscus (DMM)
Peptococcaceae rc4-4

Anaeroplasmataceae

Firmicutes

Tenericutes

Cartilage

Chondrocyte

Synovium

Tumor Necrosis Factor-alpha (TNF)

3. Accomplishments
- What were the major goals of the project?

The major goals of the project are 1) to define the role of the gut microbiome in PTOA, 2) to establish that
hHC-induced chondroprotection in PTOA is due to effects on the gut microbiome, and 3) to test the efficacy of
combined pre- and pro-biotic strategies to treat PTOA. Our aim is to accomplish these goals using state-of-
the-art approaches and methods, culminating with a dataset supporting the effectiveness of gut microbiome
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interventions in treating PTOA and setting the stage for the first in-human trial work to test targeting of the gut
microbiome as an OA disease modifying approach.

- What was accomplished under these goals?

i) Experiments have been performed to study the gut microbiome dysbiosis that occurs in PTOA (Objective
#1). Using a mouse model of PTOA that involves surgical destabilization of the medial meniscus (DMM) to
initiate PTOA, we have collected fecal samples weekly for 16s rDNA analysis, for study of the metagenome
and for study of the metabolome. DMM surgeries were initially performed on a cohort of mice in January of
2020, but these samples were destroyed when the COVID-19 pandemic caused CU and UR to shut down
operations in March of 2020. Mice, which were in mid-protocol, were euthanized because of the shutdown,
essentially rendering collected samples unusable since the full experiment could not be performed. Once the
Universities re-opened in the summer of 2020, a new cohort of mice was purchased, and DMMs were
performed again in September of 2020. Collection protocols played out (CU), and terminal endpoints in
December 2020 and January of 2021 provided fecal and cecal samples that we have been analyzing.
Microbial 16S rDNA has been carried out (UR), and a dysbiosis was observed in the mice (see Appendix 1),
setting the stage for follow-on transcriptome analyses (UR) and metabolomic profiling (CU). These follow-on
analyses are ongoing at the time of this report’s submission.

ii) To support humanization FMT experiments (Objective #1), an IRB was developed within the MVM-CoRE to
collect fecal material from Veterans with diagnosed advanced knee osteoarthritis that are otherwise healthy.
This IRB was originally approved in February of 2020, leading to the planned initiation to obtain HRPO
approval. The COVID-19 shutdown in March of 2020 prevented the submission of the HRPO protocol because
all human study was suspended, and it was clear a modified protocol would need to be developed with
consideration around protections for human participants in the context of the pandemic. Human research
restarted in August of 2020 with a broad range of new requirements for COVID-19 protections, and we
proceeded to make modification to our human protocol accordingly. The modifications were submitted in
September of 2020, and we spent the bulk of the ensuing months awaiting approval from the local VA IRB,
followed by the Colorado Multiple Institution Review Board (COMIRB). Those approvals were finally granted in
September of 2021, with the paperwork submitted for HRPO review and approval on September 27, 2021.

The delay of human research across institutions caused by the pandemic has significantly impacted progress
on this aspect of the project, driving our rationale for requesting a 1 year NCE. Our aim now is to collect (CU)
and analyze (UR) fecal samples collected from Veterans with OA in the first half of 2022, and then and employ
these samples in mouse FMT experiments starting in the fall of 2022.

iii) We initiated work with hHC supplements immediately after receiving IACUC and ACURO approval in
September of 2019 (Objective #2). Despite the intervening pandemic-related shutdown, this work has led to a
dataset that was presented at the 2020 American Society for Bone and Mineral Research virtual conference,
with an updated version of the dataset presented at the Orthopedic Research Symposium and D’Ambrosia
Diversity Lectureship at the University of Colorado (regional meeting, Appendix 1). The findings are currently
in preparation as a manuscript (CU and UR). This study, which involved quantifying the impact of hHC on
PTOA (CU), provides the first data delineating the gut microbiome impact of this supplement (UR), setting the
stage for our ongoing studies which involve isolation and expansion of several interesting taxa for in vivo work
as a probiotic intervention (CU and UR). The net results of this study were collected in the broader context of
our work to study the role of the gut microbiome in the action of various nutraceutical products that set the
stage for a publication in 2020, and a follow on White Paper in press at Current Rheumatology Reports at
Springer Nature (Appendix 2).

- What opportunities for training and professional development have the project provided?

During year 2, we had two trainees that were involved in this project: predoctoral student David Villani and
postdoctoral fellow Honey Hendesi MD PhD (recently promoted to Instructor --- September of 2021). We had
another postdoctoral fellow on the team last year (Andrew Wu MD), but he graduated from the program and is
currently in an Orthopaedic Residency at Johns Hopkins. We also have technical-level staff (Jake Guzzetti)
and a young faculty (Lacey Favazzo PhD) that help carry forward the work. These individuals are involved in
all aspects of the management and execution of the experimental plan, and thus gain knowledge on how to
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administer a program of research, how to consider budgets in the context of the work, and scientific aspects of
the project. The training and professional development plays out in daily work on the project, weekly work in
progress meetings and journal clubs, and ultimately in the presentation of the work in broader contexts (e.g.
the American Society of Bone and Mineral Research conference mentioned above).

Education is an important component to the overall plan, and our work on this project dovetails with the
broader plan to develop a formal training program in musculoskeletal biology. To that end, we have submitted
a T32 training grant application to NIAMS this is to be reviewed in the fall of 2021.

- How were the results disseminated to communities of interest?

Besides the 2 publications so far, the posters at the 2020 ASBMR and the Regional Symposium are our
primary modes of dissemination. Some of the work was also presented in an oral presentation at the
Steadman Philippon Research Institute Science Summit in Vail, Colorado on August 21, 2021 as well.

- What do you plan to do in the next reporting period to accomplish the goals?

With the delay in obtaining human fecal material which is required for the mouse humanization experiment, we
now project completion of the experiments outline in Objective #1 in the coming year, with analyses of these
data taking place as we transition into the NCE year, year 4. We will also complete Objective 2, setting the
stage for initiation of experiments in Objective 3, which will commence in the fall of 2022. The team is intact,

and now fully working collaboratively, so we are confident that we will recover from setbacks related to the
COVID-19 shutdown that occurred in 2020.

4. Impact

- What was the impact on development of the principle disciplines of the project?

The central impact of the work so far: Data generated on this project has provided the first evidence
suggesting that nutraceutical supplements may impact joint health and OA degenerative disease via effects on
the gut microbiome (see appendix 3). This is a novel concept that provides the first explanation for the
purported effects of such agents in the context of joint homeostasis and disease.

- What was the impact on other disciplines?

Nothing to report

- What was the impact on technology transfer?

Nothing to report
- What was the impact on society beyond science and technology?

Nothing to report

5. Changes/Problems

- Changes in approach and reasons for change.



Nothing to report

- Actual or anticipated problems or delays and action plans to resolve them

As mentioned, the COVID-19 pandemic has impacted our progress on the project. Research activity at both
CU and UR was completely shut down from mid-March of 2020 to June of 2020, with the months between
June and August only leading to incremental increases in campus occupancy and lab/vivarium activity. Human
studies were delayed even further, through to September of 2021, due to concerns about community spread,
the lagging development of consensus on mitigation of spread, and a delay in IRB panels from approving
studies that could expose participants to disease risk. Our human protocol required amendments to move
forward because of new policies and procedures that needed to be incorporated into the plan. As mentioned,
amendments have just recently been approved by the VA IRB and the COMIRB, and we have submitted the
final paperwork to HRPO for DOD approval (submitted September 27, 2021)

Note: There are no anticipated additional delays in the project moving forward.

- Changes that have significant impact on expenditures

As mentioned, a mouse experiment that was initiated in late 2019 had to be terminated due to the pandemic.
Lost costs included the initial purchase of the mice and the per diems for vivarium housing up until the date the

colony was euthanized. Summary expenses: 60 male mice + per diems: $1,774.80.

- Significant changes in use and care of human subjects, vertebrate animals, biohazards, and/or select
agents.

Nothing to report

6. Products
- Publications, conference papers and presentations
a. Publications:

Favazzo LJ, Hendesi H, Villani DA, Soniwala S, Dar QA, Schott EM, Gill SR, Zuscik MJ. The gut
microbiome-joint connection: implications in osteoarthritis. Curr Opin Rheumatol. 2020 Jan;32(1):92-101.
PMID: 31724973; PMCID: PMC6903327.

Mobasheri A, Mahmoudian A, Kalvaityte U, Uzielien |, Larder CE, Iskandar MM, Kubow S, Hamdan PC, de
Almeida CS, Favazzo LJ, van Loon LJC, Emans PJ, Plapler PG, Zuscik MJ. A white paper on collagen
hydrolyzates and ultrahydrolyzates: Potential Supplements to Support Joint Health in Osteoarthritis?. Curr
Rheum Rep, In Press. (Appendix 3)

b. Books or other non-periodical, one-time publications

Nothing to report

c. Other publications, conference papers and presentations:

Wu YH, Landgrave SH, Hendesi H, Favazzo LJ, Villani DA, Schroeder W, Thomas SM, Payne KA, Prawitt
J, Gill SR, Zuscik MJ. Dietary supplementation with hydrolyzed hyaline cartilage mitigates posttraumatic
osteoarthritis: Potential role of shifts in the gut microbiome. American Society for Bone and Mineral

Research annual meeting, September 11-15, 2020.

Zuscik MJ. From Gut to OA. Osteoarthritis Research Society International, OARSI Hour entitled “The gut
microbiome and OA”. Virtual Live Presentation, August 19, 2020. (This award was acknowledged)
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Zuscik MJ. Thinking outside the joint: Can gut interventions support disease modification in OA?. 6™
Annual Vail Scientific Summit, Steadman Philippon Research Institute, August 21, 2021. (This award was
acknowledged)

- Website(s) or other internet site(s)

Nothing to report

- Technologies or techniques

See below new claims that support pre/pro-biotic interventions as a technology to address PTOA.

- Inventions, patent applications, and/or licenses

New Allowed Claims, U.S. Patent Application Serial No. 16/489,890, Amended June 3, 2021 (Appendix 4).

- Other products

Nothing to report

7. Participants & Other Collaborating Organizations
- What individuals have worked on the project?

University of Colorado School of Medicine (Zuscik Partnering PI)

Name: Michael Zuscik PhD
Project role: Partnering Pl
Researcher identifier: 0000-0003-0461-8708 (ORCID)

Nearest person month worked: | 3

Contribution to project: Contribution to design and planning of all aspects of the project

Funding support:

Name: Lisa Brenner PhD
Project role: Co-l
Researcher identifier: Not available

Nearest person month worked: | 0.5

Contribution to project: IRB development and planning for fecal collection from humans

Funding support:




Name:

Honey Hendesi MD PhD

Project role:

Post-doc

Researcher identifier:

Not available

Nearest person month worked:

6

Contribution to project:

Contribution to design, planning and execution of all aspects of the project

Funding support:

Name:

David Villani

Project role:

Graduate student

Researcher identifier:

Not available

Nearest person month worked:

12

Contribution to project:

Contribution to design, planning and execution of all aspects of the project

Funding support:

Name:

Kelly Stearns-Yoder

Project role:

Clinical Coordinator

Researcher identifier:

Not available

Nearest person month worked:

0.6

Contribution to project:

IRB development

Funding support:

Name:

Jake Guzzetti

Project role:

Clinical Coordinator

Researcher identifier:

Not available

Nearest person month worked:

1.8

Contribution to project:

IRB development

Funding support:

University of Rochester School of Medicine and Dentistry (Gill Partnering PI)

Name:

Steven Gill PhD

Project role:

Partnering Pl

Researcher identifier:

0000-0002-2408-1373 (ORCID)

Nearest person month worked:

3

Contribution to project:

Contribution to design, planning and execution of all aspects of the project,
particularly as related to microbiome analysis and microbiology work.
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Funding support:

Name: Ann Gill MS
Project role: Senior technical associate
Researcher identifier: Not available

Nearest person month worked: | 6

Contribution to project: Contribution to microbiome analysis and microbiology work.

Funding support:

Name: Cal Palumbo MS
Project role: Bioinformatician and Data Analyst
Researcher identifier: Not available

Nearest person month worked: | 2.4

Contribution to project: Contribution to microbiome analysis.

Funding support:

- Has there been a change in the active other support of the PD/PI(s) or senior/key personnel since the
last reporting period?

Yes, new awards listed below:
Zuscik

1 RO1AR078414-01 (Zuscik, Gill) 04/01/2021 — 03/31/2026 3.00 calendar
National Institutes of Health/NIAMS

Role: MPI, Contact PI

Studies on gut microbiome-joint connections in arthritis

This project aims to 1) definitively establish that a pro-inflammatory dysbiotic gut microbiome is causal in the
osteoarthritis of obesity, and 2) demonstrate that correction of this dysbiosis using strategies to expand B.
pseudolongum will decelerate the progression of osteoarthritis in the obese context.

NO OVERLAP (studies are focused on OBESITY-INDUCED OA)

ABNexus (MPI: Bryant, S & Payne, K) 01/01/2021 — 12/31/2021 0.6 calendar
University of Colorado (TDC)
Role: Co-l

Biophysical Cues Governing Growth Plate Organization: A Computational & Experimental Approach

This project will develop the first growth plate organoid with the ability to recapitulate the columnar organization
of cells, a key structural determinant that is required for normal growth in children. This organoid will allow for
deeper study of bone growth and genetic diseases affecting growth plate development and will have
regenerative medicine relevance in children with growth plate injuries and growth disorders.

NO OVERLAP

Contract Agreement 203066 (PI: Zuscik) 06/11/2020 — 12/31/2021 0.6 calendar
Radius Health (TDC)
Role: PI

Impact of Abaloparatide on Murine Posttraumatic Osteoarthritis
Preclinical experiments in a mouse model of posttraumatic osteoarthritis will be performed to study the impact
of PTH1R receptor agonist abaloparatide on cartilage structure and disease progression. Thes experiments
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are the preclinical proof of concept studies necessary to establish rationale for pursuit of a phase 2 clinical trial
in human OA.

NO OVERLAP

Contract Agreement 200709 (PI: Zuscik) 01/01/2021 — 06/30/2022 1.2 calendar
Rousselot BVBA (TDC)

Role: PI

Investigation of the joint protective effect of hydrolyzed hyaline cartilage (hHc)

This phase Il, double blind, placebo controlled clinical trial will determine if hHC, via prebiotic effects playing
out in the gut microbiome, is chondroprotective in early-mid stage osteoarthritis in humans.

NO OVERLAP (this is a HUMAN CLINICAL TRIAL testing hCol1 as an intervention)

Grubstake 03-2021 (PI: Zuscik) 01/01/2021 — 12/31/2023 0.6
calendar

Gates Regenerative Medicine Center (TDC)

Role: PI

Abaloparatide as the first chondroregenerative therapy for osteoarthritis

This project focuses on study of the role of the chondrocyte in the joint preserving effects of abaloparatide,
along with in vitro experiments to study the effects of abaloparatide in human articular chondrocytes.

NO OVERLAP

PENDING

NSF 2124693 [Awarded] (Payne) 12/01/2021 — 11/30/2025 0.6 calendar
National Science Foundation

Role: Co-PI

Collaborative Research: RECODE: Organoid model of growth plate development

This research will provide fundamental insight into the mechanisms that govern stem cell differentiation and
organization into a mature, functional growth plate organoid.

NO OVERLAP

Gill
- What other organizations were involved as partners?

a. Organization Name:
Rousselot BVBA

b. Location of Organization:
Gent, Belgium

c. Partner’s Contribution to the Project:
Other: Study material, hydrolyzed hyaline cartilage

8. Special Reporting Requirements
- Collaborative Award
This is a collaborative award. Partnering Pls Michael Zuscik PhD and Steven Gill PhD are located at the

University of Colorado and University of Rochester, respectively. This report has denoted which aspects of the
project have been completed at each site, so both partnering Pls will be submitting this same document.
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- Quad Charts

Not applicable
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10. Appendix 2: Early microbiome analysis from the mouse PTOA cohort
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Figure X. Mice with DMM have a different gut microbiome than mice without DMM. (A) Principle coordinate
analysis shows that mice that received DMM surgery cluster distinctly from mice that received sham surgery.
(B) Individual taxa are significantly different in mice that received DMM surgery compared to sham surgery.
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11. Appendix 3: Mobasheri et al, Current Rheumatology Reports (In Press)
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Abstract

Purpose of Review Osteoarthritis (OA) is the most common forms of arthritis in the general population, accounting for
more pain and functional disability than any other musculoskeletal disease. There are currently no approved disease
modifying drugs for OA. In the absence of effective pharmacotherapy, many patients with OA turn to nutritional
supplements and nutraceuticals, including collagen derivatives. Collagen hydrolyzates and ultrahydrolyzates are terms
used to describe collagens that have been broken down into small peptides and amino acids in the presence of
collagenases and high pressure.

Recent Findings This article reviews the relevant literature and serves as a White Paper on collagen hydrolyzates and
ultrahydrolyzates as emerging supplements often advertised to support joint health in OA. Collagen hydrolyzates have demon-
strated some evidence of efficacy in a handful of small scale clinical trials, but their ability to treat and reverse advanced joint
disease remains highly speculative, as is the case for other nutritional supplements.

Summary The aim of this White Paper is to stimulate research and development of collagen-based supplements for patients with
OA and other musculoskeletal diseases at academic and industrial levels. This White Paper does not make any treatment

Ursule Kalvaityte, Ilona Uzieliene, Christina E. Larder and Michele M.
Iskandar contributed equally to this work.

This article is part of the Topical Collection on Complementary and
Alternative Medicine

b= Aﬁ Mobasheri Paulo Cesar Hamdan
ali.mobasheri@oulu.fi paulohamdan @yahoo.com.br
P4 Michael J. Zuscik
michael.zuscik @cuanschutz.edu Cyro Scala de Almeida, Jr

. cyroscala@gmail.com
Armaghan Mahmoudian

armaghan.mahmoudian @ gmail.com Lacey J. Favazzo

Ursule Kalvaityte lacey.favazzo @ cuanschutz.edu
ursule.kalvaityte@imcentras.It
Luc J.C. van Loon

1l ieli . L
ona Uzieliene L.vanloon @maastrichtuniversity.nl

ilona.uzieliene @imcentras.It

Christina E. Larder Pieter J. Emans
christina.larder@mail.megill.ca p.emans @mumc.nl

Mich¢le M. Iskandar

michele.iskandar@mcgill.ca Pérola G. Plapler

perolagp @yahoo.com
Stan Kubow
stan.kubow @mcgill.ca Extended author information available on the last page of the article

@ Springer

15



_###H# Page 2 of 15

Curr Rheumatol Rep _###tHiH

recommendations for OA patients in the clinical context, but simply aims to highlight opportunities for scientific innovation and
interdisciplinary collaboration, which are crucial for the development of novel products and nutritional interventions based on the

best available and published evidence.

Keywords Joint health - Osteoarthritis - Nutritional supplement - Nutraceutical - Denatured collagen - Collagen hydrolyzate -

Collagen ultra-hydrolyzate

Introduction

OA is believed to impact more than 300 million people
worldwide [1]. It is estimated that a “tsunami” of new
OA cases will hit countries with a much larger aging
population in the developed world by the year 2050 [2].
However, these numbers provided by epidemiological
studies are likely an underestimation, and the true bur-
den of OA is likely to be much higher as accurate data
are not available for sub-Saharan Africa, Central
America, or South America. A recent commentary pub-
lished in The Lancet has proposed that the incidence of
OA is much higher, estimated at around 7% of the
global population; this means that more than 500 mil-
lion people worldwide have OA [3].

OA is an especially problematic disease as there are cur-
rently no effective pharmacological treatments and no dis-
ease modifying OA drugs (DMOADs). There is some cor-
relation between published treatment guidelines overall but
there is no clear consensus in any of the treatment guidelines
regarding nutraceuticals and supplements. Furthermore, the
guidelines and recommendations for the management of
OA are difficult to follow for most healthcare professionals
and patients, often leaving them dissatisfied and confused.
Patients also remain dissatisfied with the currently approved
pharmacological interventions; in the absence of
DMOADs, they resort to using nutritional supplements
and nutraceuticals. Recent guidelines have been published
by the American College of Rheumatology (ACR), Arthritis
Foundation (AF), the European League Against
Rheumatism (EULAR), the European Society for Clinical
and Economic Aspects of Osteoporosis, Osteoarthritis and
Musculoskeletal Diseases (ESCEQ), and Osteoarthritis
Research Society International (OARSI) [4—6]. The recent
ACR/AF 2020 OA treatment guidelines only focus on man-
agement options that are available in the USA and are re-
stricted to pharmacologic therapies and agents that are
available in pharmaceutical-grade formulations, thus
eliminating consideration for most nutraceuticals accord-
ing to ACR and FDA criteria [7, 8]. The OARSI 2019
treatment guidelines do not include nutraceutical prod-
ucts because the OARSI expert group has strongly
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argued that the formulations have not yet been standard-
ized [9]. However, the ESCEO 2019 Treatment
Guidelines Working Group continues to advocate for
the use “pharmaceutical grade” or “prescription grade”
crystalline glucosamine sulfate (GS) and chondroitin
sulfate (CS) as step 1 in pharmacological treatment.
ESCEO argues that the formulations for GS and CS in
Europe are standardized as “pharmaceutical grade” or
“prescription grade” [10].

The lack of consensus on supplements creates major
challenges for the research community, healthcare pro-
fessionals, and OA patients, especially those who con-
tinue to use supplements combined with over-the-
counter (OTC) medications [11]. Individuals with OA
using supplements also report using OTC products in
combination with prescription products and the likeli-
hood of using prescription products increases with the
length of OA history [11]. This suggests that patients
continue consuming supplements irrespective of what
the treatment guidelines might state.

Another major challenge in the use of nutritional sup-
plements in OA is the use of terminology; vocabulary
used to describe supplements is highly variable. Some
papers refer to these products as food supplements
while others refer to them as nutritional supplements
or nutraceuticals. The literature often refers to them as
complementary and alternative medicines, and there are
papers that refer to plant-derived supplements as botan-
ical and herbal supplements. The phrases “food supple-
ments” and “nutraceuticals” have been used interchange-
ably since both types of supplements claim to benefit
health. It is important to define key terms that have
been accepted by regulatory agencies (Table 1).

Nutraceuticals are derived from a food or part of a
food that is aimed toward disease prevention or treat-
ment, whereas food supplements are generally referred
to as single substances used either alone or in a mixture
to support micronutrient needs [12]. In this White
Paper, we discuss, among other agents, the potential
for using collagen or collagen hydrolyzates as novel
and innovative nutraceuticals to support joint health
and provide prophylactic treatment for people with OA.
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Table 1 Definitions of nutritional supplements and nutraceuticals

Term Source Definition

Food
supplement

United States
Government
Office, 1994

A product (other than tobacco)
in the form of a capsule,
powder, softgel, or gelcap
intended to supplement the
diet to enhance health that
bears or contains one or
more of the following dietary
ingredients: a vitamin, mineral,
amino acid, or other botanical
or dietary substance. United
States Food and Drug
Administration (FDA). Dietary
Supplement Health and Education
Act (DSHEA). U.S. Department
of Health and Human Services.
1994. United States. Public Law
103-417.

https://www.fda.
gov/food/information
-consumers-using-

dietary-supplements/questions-and
-answers-dietary-supplements

Food
supplement

European Union Food product whose purpose is to
(EU) and supplement the normal
European diet and which consists of a
Commission concentrated source of nutrients
(EC), 2002 or other substances with nutritional

or physiological effects, single or
in
combination, marketed in dosed
formulations, such as capsules,
tablets or pills, designed to be
taken
in small individual quantities
measured. EU Directive
2002/46/EC
https://ec.europa.cu/food/safety/labe
lling_nutrition/supplements_en

https://eur-lex.europa.
eu/eli/dir/2002/46/0j

Any substance that is a food or a
part of a food and is able to
induce medical and health benefits,
including the prevention and
treatment of disease [13]

Nutritional products that provide

Nutraceuticals Brower V., 1998

Nutraceuticals European

Nutraceutical health and medical benefits,
Association including the prevention and
(ENA), 2016 treatment of disease [14]

Opportunities for Management of OA
with Nutraceuticals

Nutraceuticals and natural products for OA are sold and
marketed for their antioxidative and anti-inflammatory
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properties, with many manufacturers claiming they possess
therapeutic, anabolic, and regenerative effects [15—18].
Recently published data from a small number of studies of
herbal and botanical nutraceuticals developed from natural
products have provided promising efficacy data com-
pared to placebo comparators, but their potential for
treating OA requires further confirmation in larger clin-
ical trials [19, 20].

Currently, nutraceuticals constitute a wide variety of natu-
ral product extracts generated from different plants and ani-
mals, as well as their derived active ingredients [4]. Although
nutraceuticals have gained enormous popularity in patient-
driven inflammatory disease management, detailed mechanis-
tic evidence of their efficacy in OA is still lacking [21].

Collagen Supplements
Non-hydrolyzed Collagen

These nutritional supplements are often a by-product from the
food industry. Collagen supplements are rich in amino acids
such as glycine, proline, and hydroxyproline; all of which play
important roles in the building of joint cartilage and may also
have anti-inflammatory and antioxidant effects, and have been
speculated to act as signaling molecules [5]. While a seminal
study published in Science in 1993 revealed efficacy of oral
type II collagen supplementation in reducing joint swelling in
RA [6], trials into the role of collagen supplementation in
treating OA have demonstrated inconsistent results [19].
There have been several reported analgesic and anti-
inflammatory effects of collagen in unpublished clinical trials,
but according to recently published systematic and nar-
rative reviews, these have not been reproduced across
studies [19, 20]. Further trials with improved study de-
signs are therefore needed to evaluate their proposed
nutraceutical potential (Fig. 1).

Nutraceutical supplements derived from collagen can be
made from beef, pork, or fish bones and skins, which undergo
processing to increase the bioavailability of their amino acids
and/or peptides; the enzymatic hydrolysis of collagens en-
hances the postprandial absorption of its processed compo-
nents [22]. Processed and pre-digested collagen products are
called collagen hydrolyzates CHs and are sold in the form of
collagen capsules at pharmacies and health food suppliers.
Different processing and manufacturing methods to make col-
lagen hydrolyzates can yield different products, with differ-
ences in amino acid content and peptide sequences that vary in
molecular weight (MW). Lower MW peptides may be more
easily absorbed in the small intestine, increasing the likelihood
of delivery to other areas in the body such as joints (Fig. 2).
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Fig. 1 Schematic illustration of
the ultrahydrolyzed collagen
concept

Type II collagen is the most abundant protein found in  support cartilage repair. However, definitive proof for this is
articular cartilage and intervertebral discs. Because type II  still lacking. Different formulations of collagen have been
collagen is the main protein in cartilage, there have been sug-  developed based on the degree of hydrolysis, the most preva-
gestions that oral collagen supplementation may help to  lent being undenatured collagen and hydrolyzed collagen.

Fig. 2 Proposed concept for the
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Undenatured Collagen

Undenatured type II Collagen (UC-II) is a patented agent that
is often derived from chicken cartilage and has been used in
various clinical trials in humans and companion animals, in-
cluding dogs and horses [23-27]. Undenatured collagen is
biochemically modified (glycosylated), has a good safety pro-
file [28], and has been speculated, but not proven, to possess
immunomodulatory properties. To what extent undenatured
collagen is digested and absorbed following ingestion
in vivo in humans remains to be assessed, but it has been
speculated that potential bioactive peptides may be preserved
and absorbed as free amino acids, especially glycine and pro-
line. These amino acids represent quantitatively important pre-
cursors for the synthesis of cartilage extracellular matrix
(ECM) macromolecules.

Whether UC-II, glycosylated or biochemically modified by
some other means, has functional benefits beyond the provi-
sion of relevant amino acids as precursors for de novo colla-
gen protein synthesis will be an important area of research and
innovation and exemplifies an opportunity for further
evidence-based product development by consumer health
companies. Work in this space will need to systematically
correlate efficacy at reducing symptoms with mechanism of
action, with adaptive trial designs and with many open ques-
tions remaining on the ability of UC-II to exert direct effects
on cartilage metabolism in joints.

Hydrolyzed Collagen

Hydrolyzed collagen is a form of collagen that is also referred
to as collagen hydrolyzate. Collagen hydrolyzate and gelatin
may be the same in terms of amino acid composition, but they
possess different chemical properties. Collagen is a native
protein molecule with a molecular weight of ~300 kDa [29];
and collagen hydrolyzates are processed intensively to break
up the large collagen molecules into smaller fragments to in-
crease absorption (Fig. 1).

To produce hydrolyzed collagen, native collagen un-
dergoes denaturation followed by a hydrolysis process,
resulting in very low molecular mass (3—6 kDa) collagen pep-
tides, compared to native collagen size (285-300 kDa) [29].
Different processing and post-processing methods to make
collagen hydrolyzates can yield vastly different products, cre-
ating different collagen peptide sequences and molecular
weights. These differences can potentially impact biological
function in terms of regulating joint inflammation and effect
on subchondral bone. Furthermore, lower molecular weight
collagen peptides may be more easily absorbed in the small
intestine, theoretically increasing the likelihood of being de-
livered to other areas in the body including joints. The resis-
tance of collagen peptides to hydrolysis and digestion is pri-
marily based on amino acid composition. In that regard,
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peptides with the amino acid proline or hydroxyproline are
not readily hydrolyzed, or digested by the gastrointestinal sys-
tem which may allow them to be absorbed in the small intes-
tine. In support, peptides such as Pro-Hyp and Pro-Hyp-Gly,
derived from the repeating motif Pro-Hyp-Gly, have been
reported to circulate in the blood up to 4 h after oral collagen
and gelatin ingestion [30, 31]. Thus far, there are no published
studies that have conducted a quantitative assessment of the
actual quantity of collagen derived peptides that are absorbed
in the gastrointestinal tract and/or released in the circulation.

A number of clinical trials have been conducted concerning
oral supplementation of collagen and its derivatives,
undenatured and hydrolyzed collagen. All have shown to be
safe and tolerable for the patient, causing no or only mild
adverse effects to some patients [32, 33]. One of the concerns
regarding oral collagen supplementation is associated with
oral tolerance. Oral tolerance is the ability of orally adminis-
tered antigen to suppress or minimize the immune response,
and has been used to manage the occurrence of immunoge-
nicity in other disease management [34-39].

As for oral tolerance associated with collagen, the response
relies on structural properties of the collagen derivative be-
cause only specific epitopes found in an intact helix structure
of the undenatured collagen are recognized by the immune
system. The epitopes interact with gut-associated lymphoid
tissue (GALT) and result in reduction of systemic T cell attack
on the cartilage as well as reduced joint inflammation and
cartilage damage [40-42]. This suggests that if taken orally,
hydrolyzed collagen is digested and broken down into small
peptides and amino acids, thus potentially eliminating its im-
munomodulatory properties.

Due to its lower molecular weight, hydrolyzed collagen has
been proposed to have higher bioavailability and solubility,
and thus better absorption from the small intestine compared
to undenatured collagen [22, 29]. Absorption of orally admin-
istered hydrolyzed collagen has been evaluated by studying
vascular-perfused rat intestine in situ. The results implied that
the breakdown products of hydrolyzed collagen digestion can
be absorbed as small peptides [43]. Defining and understand-
ing the difference between collagen products, collagen hydro-
lyzates, and ultrahydrolyzed collagen can be difficult, confus-
ing, and remains unclear in the literature.

Studies evaluating collagen digestion and amino acid and/
or peptide absorption in vivo in humans are required to ad-
dress the proposed differences in the postprandial bioavail-
ability of collagen-derived amino acids and peptides.

In vitro studies have been used to suggest that collagen
derived peptides may: (a) potentially accumulate in cartilage
(if given in sufficiently high doses); (b) stimulate
chondrocytes to synthesize ECM macromolecules in vitro;
and (c) increase osteoblast activity as well as decrease osteo-
clastic activity [44, 45, 46-48]. However, whether such pep-
tides are actually absorbed and released in an in vivo setting
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remains highly speculative. Further studies are required to
identify such absorbable bioactive peptides derived from
(hydrolyzed) collagen digestion, as the impact of digestion
and first pass metabolism on the generation of bioactive pep-
tides from collagen hydrolyzates remains to be investigated.
Such research may help to identify peptides and amino acids
contributing to the proposed antioxidant and anti-
inflammatory properties of collagen hydrolyzate supplemen-
tation. In this regard, preclinical research using innovative
simulated digestion models in combination with relevant
cell/tissue cultures can become an innovative higher through-
put platform for investigating new collagen hydrolyzate
formulations.

The early papers that appeared on collagen hydrolyzates
reported efficacy in the preclinical context (beneficial effects
on cartilage metabolism) and improvements in joint pain in
the clinical context. Bello and Oesser reviewed the available
literature on collagen supplements without date limits and
published their results in 2006 [44]. In addition to published
papers, they included abstracts presented at scientific con-
gresses and articles published in German medical journals
[44]. They reported that orally administered collagen hydro-
lyzate end products can be taken up by the intestine and ac-
cumulate in cartilage [44]. They also proposed that collagen
hydrolyzate ingestion can stimulate the synthesis of ECM
macromolecules. Bello and Oesser identified four open-label
and three double-blind studies. Although some of these clin-
ical trials were of very low quality, they reported that collagen
hydrolyzates are safe and may improve pain and function in
men and women with OA and other arthritic conditions. It is
important to note, however, that the authors included other
joint diseases in their review and their focus was not exclu-
sively on OA.

In a trial investigating hydrolyzed collagen and green tea
extract supplementation in dogs, the combined treatment de-
creased indicators of pain in dogs that received the combina-
tion product for 3 months. However, the biomarkers selected
for evaluation of the effects of supplementation (Coll2—1 and
Coll2-1 NO2) were unaffected [49].

An equine study from Utrecht University examined the
effect of supplementation with collagen hydrolyzates and a
multi-ingredient supplement for 60 days on experimentally
induced acute synovitis in horses [50]. Synovitis was induced
in the right intercarpal joint by intra-articular injection of
0.5 ng lipopolysaccharide (LPS) of Escherichia coli.
Although supplementation with collagen hydrolyzates and
the combination product showed anti-inflammatory effects
in this validated synovitis model and prostaglandin E,
(PGE,) levels were reduced compared with placebo, no statis-
tical differences were seen with respect to interleukin 6 (IL-6),
glycosaminoglycans (GAGs), the biomarker CPII, or matrix
metalloproteinases (MMPs) among treatment groups.

@ Springer

20

A supplement called PETAGILE, which provides collagen
peptides, was orally administered to horses with mild or mod-
erate OA for 3 months with daily doses of 25 g and 50 g. A
weekly questionnaire to horse owners was provided in order
to follow the progress of horse behavior and willingness to
run. All 28 horses, (16 received 25 g/day and 12 received 50
g/day of PENTAGILE), improved their mobility and showed
increased willingness to run as compared to the placebo
group. The higher dosage (50 g) supplementation was con-
cluded to be more effective and promising enough to further
test in longer term studies [51].

Clark and colleagues performed a 24-week clinical study
on the use of collagen hydrolyzates as a dietary supplement in
147 healthy athletes with activity-related joint pain who were
physically fit, active, and had no evidence of joint disease
[52]. The study design involved 72 males and 75 females
randomly assigned to two groups. The experimental group
(n = 73) received 25 mL of a liquid formulation of 10 g of
collagen hydrolyzates. The placebo group (n = 74) received
25 mL of liquid xanthan. The primary measured outcome was
a change in the visual analog scales (assessed by a physician)
from baseline during the study phase in relation to pain, mo-
bility, and inflammation. The team investigated joint pain at
rest and when walking, standing, carrying objects, and lifting.
This was the first clinical trial that used a healthy population as
a study group and showed improvement in joint discomfort
and pain in the group given an oral supplement containing
collagen hydrolyzates. Despite the small sample size and lim-
itations of the study, the results suggested that athletes per-
ceived a benefit from consuming collagen hydrolyzates [52].

A clinical study in 15 healthy male subjects was carried out
to determine and compare the plasma concentrations of four
representative amino acids from collagen (glycine, proline,
hydroxyproline, and hydroxylysine) following a single ad-
ministration of a fresh fermented milk product containing hy-
drolyzed collagen [53]. This was a single-center, ran-
domized open crossover study. In a fasting state, the
15 healthy subjects randomly received a single dose of
product 1 (10 g of collagen hydrolyzate in 100 mL of
milk) or product 2 (10 g of collagen hydrolyzate dis-
solved in 100 mL of water). The study showed that
consumption of milk containing collagen hydrolyzate
increased the concentration of collagen-specific amino
acids in plasma. This suggests that orally ingested col-
lagen hydrolyzates might increase the plasma concentra-
tions of collagen-derived amino acids that could poten-
tially reach tissues in the synovial joint.

Another clinical trial used a randomized double-blind, con-
trolled study design and recruited 250 subjects with primary
knee OA to assess the efficacy of a collagen hydrolyzate sup-
plementation on OA pain and function [54]. The patients were
given 10 g collagen hydrolyzate daily for 6 months. The au-
thors reported a significant improvement in knee joint
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function and pain as assessed by visual analog scales as well
as the the Western Ontario and McMaster Universities
Osteoarthritis Index (WOMAC) pain subscales. Subjects with
the greatest joint deterioration, and with the lowest intake of
meat protein in their diets, appeared to benefit the most. The
study concluded that collagen hydrolyzates are safe and effec-
tive and warrant further consideration as a functional food
ingredient [54].

McAlindon and colleagues performed biochemical and im-
aging studies to examine the effect of collagen supplementa-
tion in human patients with OA. They attempted to determine
whether either of two MRI approaches, delayed gadolinium
enhanced magnetic resonance imaging of cartilage
(dGEMRIC), or T2 mapping, might detect short-term changes
in knee cartilage among individuals taking a formulation of
collagen hydrolyzates. Their early results suggest that the
dGEMRIC MRI technique may be able to detect changes in
proteoglycan content in knee cartilage in individuals taking
collagen hydrolyzate after 24 weeks compared to placebo
[55]. Only weak correlations were observed between changes
in dGEMRIC and biochemical markers, suggesting that the
study duration was insufficient to detect measurable changes
in biomarkers or that the biomarkers they selected were insuf-
ficiently sensitive and discriminatory. They found a positive
effect of collagen hydrolyzates on cartilage morphology in
patients with knee OA in their interventional OA study
(ClinicalTrials.gov: NCT00536302) [56]. However, they
could not identify any consistent correlations in changes in
collagen and proteoglycan biomarkers PIIANP and CS846
with changes of the dGEMRIC scores in patients who had
received oral collagen hydrolyzates. An important weakness
of this study was that the authors were looking for short-term
changes which are difficult to detect, even after 48 weeks of
oral treatment with collagen hydrolyzates. Although the study
was time limited, the dGEMRIC score increased in the medial
and lateral tibial regions of the knee joint in participants who
were given collagen hydrolyzate compared to placebo.

A systematic review published in 2012 examined the evi-
dence on the symptomatic and chondroprotective effects of
collagen derivatives in OA. They reported that there is insuf-
ficient evidence to recommend the generalized use of collagen
hydrolyzates in daily practice for the treatment of patients with
OA [57]. They proposed that the overall quality of evidence
was moderate to very poor and recommended more indepen-
dent and high-quality studies to assess the proposed therapeu-
tic effects of collagen derivatives on OA. It is important to
note that they did not include studies on only collagen hydro-
lyzates; they reviewed the evidence from eight different stud-
ies: six on collagen hydrolyzates, two on gelatin, and one on
UC-II. As previously mentioned, processing of collagen and
their hydrolyzates may result in formulations with differing
peptide and amino acid profiles, which may affect patient
outcome.
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A study published in 2017 examined the metabolic re-
sponses of human OA cartilage to biochemically character-
ized and fractionated collagen hydrolyzates [58]. It compared
three different collagen hydrolyzates, two from fish (Peptan®
F 5000, Peptan® F 2000) and one from pigs (Mobiforte®) and
used biochemical (fluorescence) and biophysical techniques
to characterize the products and their effects on human OA
cartilage. It also determined the total number of peptides with-
in each product and the peptides that were common between
them. The investigators found that none of the three collagen
hydrolyzates had the ability to positively modulate colla-
gen biosynthesis in human knee cartilage explants. The
authors noted that Peptan® F 2000 enhanced the activities
of aggrecanases ADMATS4 and ADMATSS in vitro.
Furthermore, 1L-6, MMP-1, -3, and -13 levels were ele-
vated in explants that were treated with Mobiforte® and
Peptan® F 5000. This study concluded that due to the
heterogeneous peptide composition and disparate pharma-
cological effects among different collagen hydrolyzates,
the effect of a particular preparation or processing cannot
be extrapolated to other formulations.

Although there are promising collagen hydrolyzates, the
literature has been riddled with poorly designed and executed
studies decreasing the credibility of published material, even
though positive effects have been demonstrated. For example,
another poor study on fish collagen hydrolyzates was pub-
lished by a group based in Thailand. This group claimed that
collagen hydrolyzates can modulate cartilage metabolism
[59]. Despite being published, the study was fundamentally
flawed because the authors only looked at the effects of col-
lagen hydrolyzates on cartilage explants. Knowing that the
explant model is not always suitable for mechanistic studies
of hydrolysate action, the results from this study should be
interpreted with caution.

The most recent systematic review and meta-analysis of
dietary and botanical supplements for OA looked at the evi-
dence supporting the use of collagen hydrolyzates define and
UC-II. Although their analysis showed significant improve-
ments on pain, the quality of the published evidence was low
and thus the clinical studies were deemed to have limited
clinical impact [19]. The poor quality of published literature
highlights the many knowledge gaps regarding collagen-
based nutraceuticals, which require further high-powered
and well-designed studies to propose evidence-based
recommendations.

Emerging Research for Collagen Hydrolyzates

Research into collagen hydrolyzates has primarily focused on
the benefits these products can have on joints, most often on
cartilage tissue and subchondral bone. However, new and
emerging fields of research have shown promise regarding
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the additional health benefits these supplements can provide,
due to their significant peptide and amino acid content and
their general tolerability. A key new direction of the field is
in the study of how collagen hydrolyzates support biological
effects that are relevant in OA, with an emerging interest in
how these supplements may modulate the gut microbiome by
acting as potential pre- or pre-biotics (Fig. 3). The classical
definition of a prebiotic is a food component that can change
the activity or growth of the microorganisms found in the
gastrointestinal tract. Changing the growth of different mem-
bers of the microbiome can have implications in human health
via modulation of the immune system and the production of
metabolic byproducts of the gut flora that have biological
action in the host.

The gut microbiome is the community of bacteria that re-
sides in the gastrointestinal tract, includes the metabolic
byproducts produced by the resident microbes. The amount
of bacteria in and on the human body is far greater than the
number of eukaryotic cells. The microbiome has a substantial
impact on human health and clinical outcomes. The gut
microbiome has been shown to affect multiple physiological
pathways and disease states, including colon cancer, amyotro-
phic lateral sclerosis, RA, type 2 diabetes, metabolic syn-
drome (MetS), and Alzheimer’s disease. It is implicated in
numerous inflammatory gastrointestinal diseases such as in-
flammatory bowel disease (IBD) and irritable bowel syn-
drome, and it is known to influence various musculoskeletal
diseases, OA, and osteoporosis (OP) [60—65]. A recent study
by Schott et al. (2018) investigated the role of the gut
microbiome in the context of obesity-associated OA [66].
Obesity was induced using a high-fat diet with mice that were

given a lean diet as a control. OA was induced using destabi-
lization of the medial meniscus surgery. Mice were then sup-
plemented either with oligofructose, a nondigestible prebiotic
fiber, or cellulose, a control fiber. Results demonstrated that
the gut microbiome of obese mice reverted to a state similar to
that of the lean control mice after prebiotic supplementation.
In the context of obesity, oligofructose supported the growth
of key microflora, particularly Bifidobacterium
pseudolongum. Furthermore, obese mice treated with
oligofructose demonstrated cartilage preservation and an in-
creased number of chondrocytes in the tibia and femur, as well
as decreased OARSI scoring. No histological differences were
observed in mice fed a low fat diet with or without prebiotic
supplementation. Both systemic and synovial inflammation in
obese mice were also reduced by oligofructose supplementa-
tion and the consequent changes in the microbiome. This re-
port provided the first strong evidence for a link between the
gut microbiome and OA [66]. This connection between the
microbiome and joint health may also explain why some in-
dividuals respond to collagen hydrolyzate supplements while
others do not. Interindividual differences in digestion and ab-
sorption rate of collagen hydrolyzate peptides and amino acids
could also influence a patient’s response.

Perhaps the most intriguing explanation for interindividual
differences in the digestion, uptake, and efficacy of collagen
hydrolyzates and nutraceuticals in general is the substantial
variability between the microbiomes of different individuals.
Countless intrinsic and extrinsic factors, including diet, genet-
ics, exercise level, diurnal rhythm, and even time of day con-
tribute to different microbiome states within the niche of an
individual gastrointestinal tract. Even when these factors are

Collagen derivatives

gastrointestinal tract

% Beneficial microorganisms

Metabolites

Beneficial biochemicals

sut microbiome

1
1
1 :
4 Potential effects

Cancer Y Immunity

Antioxidant activity
Inflammation

)

.

Fig. 3 Possible mechanism of pre- or pre-biotic modulation by collagen derivatives
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controlled, as in animal studies using defined diet, light cycle,
and age matched controls, the specific microbiome fingerprint
remains different between individual animals.

In a recent mouse study of gut microbiome, OA, and
nutraceuticals, different microbiome profiles resulted from
consumption of standard chow, high fat, and lean diets, and
overlay of supplementation with UC-II or GS led to signifi-
cant shifts in the constituent microbes [67]. Although the
microbiome of each animal was distinct from all other ani-
mals, clear types were produced by the different supplements,
with Veillonella, Bifidobacteria, and Ruminococcus genera
contributing substantially to these profiles.

It is unsurprising that defined diet influences both the gut
microbiome and OA outcomes in mice. What is intriguing is
that dietary supplementation with nutraceuticals like CS
causes shifts in the gut microbiome within the same control
diet in mice [68]. In these animals, CS supplementation result-
ed in butyrogenic changes in the microbiome metabolism and
lowered inflammatory LPS levels in circulation and caused a
concomitant decrease in proinflammatory taxa and increase in
anti-inflammatory taxa. Because OA has been shown to be a
disease of inflammation, it is possible that the action of CS on
OA is via the gut microbiome.

In human metabolism, degradation of CS is both variable
and dictated in part by the innate gut microbiome. A 2016
study found that CS breakdown was caused by three different
Bacteroides species in the gut found in all human participants.
Even more interestingly, individuals in the study possessed at
least two taxa that were not found in other study members that
could also degrade CS [69]. It appears that the gut microbiome
contributes to the metabolism of CS, within different popula-
tion groups as well as between individual members of the
groups; based on this it is not surprising that nutraceutical
response is variable in the published literature.

In a study examining microbiome and OA changes caused
by dietary supplementation with either GS or UC-II, a distinct
microbiome profile was found for each group. A low
Bacteroidetes/Firmicutes ratio has been associated with a pro-
inflammatory state in both mice and humans [70, 71].
Compared to mice that were not given a nutraceutical, supple-
mentation with either GS or UC-II resulted in a higher
Bacteroidetes/Firmicutes ratio [67]. Individual operational
taxonomic units (OTUs) were different in animals given
nutraceuticals compared to animals given control fibers; fur-
thermore, OTUs were significantly different depending on
whether GS or UC-II was provided. Overall, the study found
that supplementation with either GS or UC-II resulted in OTU
changes that could be associated with lowered inflammatory
states; ingestion of UC-II caused more changes in OTU abun-
dances compared to GS, but there were nutraceutical specific
microbiome changes in the case of GS and Rikenellaceae.
Perhaps most crucially, dietary supplementation with either
nutraceutical increased tibial total and uncalcified cartilage
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area, as well as Safranin O chondrocytes, compared to the
control fiber, in a post-traumatic OA (PTOA) model.
Collectively, these data implicate the gut microbiome as a
mediator of nutraceutical action on OA outcomes.

Because of the microbiome and gastrointestinal tract rele-
vance to nutraceuticals and OA, future collagen and OA re-
search needs to implement the latest gastrointestinal models;
these need to be scalable, fast, and physiologically relevant.
Initiatives to make these digestion models more affordable
and accessible have started [72—74], FYI our article is now
published which uses the dynamic GI model to assess CH
microbial metabolites. Future use of computer a controlled
dynamic digestion model inoculated with human fecal matter
can be used to investigate the digestibility of collagen hydro-
lyzates and their effect on the microbiome. In such bioreactor
models, the stomach, small intestine, and three colonic vessels
(ascending, transverse, and descending) are continuously ag-
itated, pH controlled, and the digesta are propelled along the
simulated gut model using peristaltic pumps. As our under-
standing of the microbiome and its impacts on overall health
and OA evolve, simulated gut model studies investigating
supplements that are readily available to patients are required
to determine both the beneficial and potentially deleterious
effects these products may have on the gastrointestinal system
and how they affect OA.

Gastrointestinal models provide a unique opportunity to test
collagen hydrolyzate products, as well as other drugs. These
models can be inoculated with different human gut microbiota,
allowing the impact of nutraceuticals and newly developed
drugs on the gastrointestinal tract to be investigated. These
models could also utilize the microbiota of patients with vary-
ing degrees of OA, first to determine if the microbiome between
OA patients at different stages are different, and then to inves-
tigate the impact of new treatments. This model could function
as a pre-clinical tool where the safety and toxicity of new drugs
and nutraceuticals can be determined.

Challenges of Research with Nutraceuticals
Regulations

Due to the “non-medical” origin of nutraceuticals, there is a
lack of regulatory methods and proof of efficacy re-
quirements in Europe and the USA. But like pharma-
ceutical products, nutraceuticals should require strict
regulations and evidence-based research that confirm ef-
ficacy, safety, and benefits to the patient [14].

Measurement Control

OA is lacking an proper measurement—control system for an
objective evaluation of pre-clinical changes potentially
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indicating an important windows of treatment opportunity.
Recognizing OA in the phase is increasingly accepted as
being such a window of opportunity. MRI has the capacity
to diagnose OA in this early phase and DMOADs developed
by Merck and Novartis have used this imaging technique for
the assessment of structural [75]. For DMOADs, both
functional and structural outcomes are considered mandatory
by the FDA. Next to MRI, biochemical markers measured in
synovial fluid, but preferably non-invasively, from urine, or
from plasma or serum may aid the timing, registries and
database building followed by outcome measurement and
algorithm building to support joint-preserving treatments for
OA 1n the field of lifestyle/nutrition, pharmacological inter-
ventions, and joint-preserving surgery. Ideally, such a
measurement—control system is species independent to trans-
late the same outcome measures from animal studies to clin-
ical implementation. In this light, developments in the area of
high-field MRI, mass spectrometry, and a combination there-
of, are highly promising.

Animal Studies

Animal studies are generally slow, costly and predictions of
bio-absorbability do not always align with human clinical data
owing due to species differences in intestinal permeability and
metabolic activity [76, 77]. The bioavailability of food com-
ponents is determined by first-pass metabolism, which in-
volves absorption by enterocytes found in the gastrointestinal
tract, followed by liver metabolism before entering the sys-
temic circulation [78, 79]. Bioavailability studies of food com-
ponents and pharmaceuticals using animal models have pre-
viously established poor correlation between rats and humans.
Due to these species differences in intestinal permeability and
metabolic activity, in vitro digestion and cell culture models,
rather than animal models, are often used to assess the diges-
tion profile and intestinal transport of orally administered food
components or drugs. In vitro digestion models are often used
to assess for nutrient digestion before first pass metabolism, as
human trials are difficult and impractical for routine nutrient
bioavailability assessments [80—82]. Previous and ongoing
validation studies continue to support the use of in vitro di-
gestion models for testing nutrient digestion, and for bioactive
peptides, by comparing to in vivo results [82, 83]. One of the
limitations of previous research on collagen products is that
they have often used these products directly on tissues, such as
cartilage, to determine their effects, but in a physiological
context, these products first undergo digestion and first pass
metabolism. Future research needs to consider more holistic
and physiologically relevant approaches to validate mecha-
nisms of action of collagen-based products for the treatment
of OA.
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Human studies

Human studies provide the most accurate and valuable out-
comes, although there are still several limitations and study
design choices which should be taken into consideration. One
of these parameters is the choice of test and control groups,
which should be distinguishable from one another, and the
selection of either of these groups must be based on specific
demographic and population variables. For example, as nutri-
tional requirements differ according to a person’s age, the
target population of a nutraceutical should be focused on a
specific age group. If the target population is the elderly, dif-
ficulties arise as it is challenging to identify all risk factors,
comorbidities, and possible interactions, as well as to model a
study according to all these aspects. The exposure to
nutraceuticals and the interindividual variation of response
are also crucial aspects, as well as the fact that nutraceuticals
are subjected to intestinal bacterial metabolism which can
generate active or inactive metabolites. Capping off the com-
plexity are considerations around disease etiology. The OA
syndrome is not driven by a single pathogenic mechanism,
but rather can be initiated by various factors including age,
obesity, genetics, and injury. Specific supplements may have
efficacy in one context but not another, and so studies should
consider information about likely initiators of degeneration.
To understand the effects of a nutraceutical with these vari-
ables in mind, studies with large populations and elevated
financial expense are necessary [84]. Other crucial features
of a study to be considered are duration, timing, and budget.

The formulation in which a nutraceutical is manufactured
can also have an impact related to the pharmacokinetics of the
relevant bioactives in terms of absorption, distribution, metab-
olism, and excretion (ADME). The ADME can determine
factors such as dose, half-life, and frequency of intake of the
supplement that impact bioactivities. Formulation may not
necessarily cause adverse effects or be harmful to therapeutic
outcomes but could alter the absorption rate and efficacy of
the nutraceutical. Formulation should be chosen according to
the origin of the functional elements included in the prepara-
tion, its solubility, resistance to pH changes, and impact of
shifts in the microbiota on permeability and stability of the
nutraceutical. Novel Drug Delivery Systems (NDDS) com-
pared to simple and widely used formulations offer advan-
tages by enhancing stability, providing sustained release,
and protecting the compound(s) from physical or chemical
degradation [85].

Many challenges surround the evaluation of nutraceutical
efficacy, safety, and regulations. As interest and consumer
consumption increases, the lack of clear clinical evidence is
still a limitation. To address this and ensure the best outcomes
for consumers, a variety of complementary research ap-
proaches are needed. In that regard, in vitro studies can be
used to provide proof of concept, for safety assessment, and
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to help understand how a supplement might impact on struc-
ture and function. Appropriate animal models for OA can also
aid in assessments of nutraceuticals in terms of potency, safe-
ty, and mechanisms of action. These studies can evaluate the
impact of both acute and long-term nutraceutical supplemen-
tation and control for confounding variables such as genetics,
sex, and background diet. In vitro and in vivo preclinical stud-
ies aid in the determination of relevant biomarkers, outcome
measures, and the experimental design for human nutraceuti-
cal studies, which are crucial for validation. Clinical studies
remain the most verifiable approach to evaluate how interin-
dividual variabilities in gut microbiota and host response in-
volving differing genetic, biochemical, and anatomical char-
acteristics can impact the health promoting properties of
nutraceuticals. It should be recognized, however, that the
complexity of nutraceutical metabolism leads to a large vari-
ety of metabolites that make it unlikely to characterize all
pertinent features of metabolic activity. Moreover, a wide va-
riety of baseline lifestyle factors including nutritional status,
and background dietary and exercise habits could lead to var-
iable interindividual responses to nutraceutical
supplementation.

Future Innovations in Nutraceuticals

By 2025, the collagen market is estimated to be valued at
$6.63 billion, and in this year alone, U.S. consumers are ex-
pected to spend around $122 million on collagen products.
The largest component will be cosmetic collagen, but a sub-
stantial portion of the emerging market will be collagen-based
nutraceuticals for bones and joints. Patients with OA consume
supplements along with OTC products [11]; they hope for
readily available, new, and innovative nutraceuticals. There
is an opportunity to develop combination nutraceuticals incor-
porating collagen ultra-hydrolyzates since supplements re-
main very appealing for many patients dissatisfied with cur-
rent conventional drugs.

Conclusions

A growing body of work has accumulated to provide a scien-
tific rationale for the use of oral collagen hydrolyzates to treat
patients with OA. However, evidence for their clinical effica-
cy is lacking and mechanistic and targeted clinical research is
required to determine if and how collagen hydrolyzates may
help to improve joint health [86, 87]. We need to determine
which OA phenotypes and subpopulations are the most appro-
priate for demonstrating the potential benefits of oral collagen
supplements. Collagen hydrolyzates have demonstrated some
evidence of efficacy in several small scale clinical trials, but
more research is needed. Collagen hydrolyzates are likely to
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have a much greater impact in patients with early OA com-
pared to patients with advanced OA. Also, collagen hydroly-
zates have the potential for use in a healthy population without
OA, as a preventive and prophylactic measure. Collagen hy-
drolyzates are considered an attractive nutritional supplement
for preventing bone and joint degeneration in early stages of
OA, but their ability to treat and reverse advanced joint disease
remains highly speculative. Novel and innovative research
continues to be published on collagen hydrolyzates and links
with the microbiome, but more work is needed. We advocate
new interdisciplinary collaborative initiatives, at the academic
and industrial level, to develop new products and critically
evaluate the impact of collagen-based nutraceutical supple-
ments for patients with OA and related osteoarticular
disorders.
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11. Appendix 3: Newly allowed U.S. claims for Patent Application Serial No. 16/489,890

U.S. Patent Application Serial No. 16/489,890 Attorney Docket No. 614660: ROU9-002US

ALLOWED CLAIMS

1. A method of administering a prebiotic to a subject comprising administering to the subject
a prebiotic composition comprising hydrolyzed collagen peptides, wherein the hydrolyzed
collagen peptides are type 1 hydrolyzed collagen peptides (hColl) originating from bovine, or type
2 hydrolyzed collagen peptides (hCol2) originating from porcine, wherein the hColl have a mean
molecular weight between about 1800 Da and about 3500 Da and the hCol2 have a mean molecular

weight between about 1300 Da and about 3000 Da.

2. The method of claim 1, wherein the gut microbiome in the subject is modulated.
3. The method according to claim 1, wherein microbial diversity in the gut is increased.
4. The method according to claim 1, wherein the composition comprises at least 90% or at

least 95% by weight hydrolyzed collagen peptides, based on the dry mass of the composition.

5-7. (Cancelled)

8. The method according to claim 1, wherein said composition is formulated in a food or feed

product, or a food or feed ingredient for oral administration.

9. The method according to claim 1, wherein said composition is formulated as a dietary

supplement for oral administration.

10. The method according to claim 1, wherein said composition is administered to a subject

each day for at least 7 days or for at least 14 days.

11. The method according to claim 1, wherein said composition is administered to the subject

at a daily dosage of between 0.5g and 15g.
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12. A method of preventing or treating joint inflammation in a subject comprising
administering to the subject a composition comprising hydrolyzed collagen peptides, wherein the
hydrolyzed collagen peptides are type 1 hydrolyzed collagen peptides (hColl) originating from
bovine, or type 2 hydrolyzed collagen peptides (hCol2) originating from porcine, wherein the
hColl have a mean molecular weight between about 1800 Da and about 3500 Da and the hCol2

have a mean molecular weight between about 1300 Da and about 3000 Da.

13. The method according to claim 12, wherein the joint inflammation is synovial
inflammation.
14. The method according to claim 12, wherein the composition comprises at least 90% or at

least 95% by weight hydrolyzed collagen peptides, based on the dry mass of the composition.

15-17. (Cancelled)

18. A method for preventing or treating osteoarthritis in a subject, comprising administering to
the subject a composition comprising hydrolyzed collagen peptides, wherein the hydrolyzed
collagen peptides are type 2 hydrolyzed collagen peptides (hCol2) that originate from porcine
collagen from cartilage, wherein the hCol2 have a mean molecular weight between about 1300 Da

and about 3000 Da.

19. The method according to claim 18, wherein said osteoarthritis is posttraumatic

osteoarthritis or obesity-induced osteoarthritis.

20. The method according to claim 18, wherein said composition comprises at least 90% or at

least 95% by weight hydrolyzed collagen peptides, based on the dry mass of the composition.

21. (Cancelled)
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22. A method of administering a chondroprotective agent to a subject comprising
administering to the subject a composition comprising hydrolyzed collagen peptides, wherein the
hydrolyzed collagen peptides are type 2 hydrolyzed collagen peptides (hCol2) originating from
porcine, wherein the hCol2 have a mean molecular weight between about 1300 Da and about 3000

Da.

23. The method according to claim 22, wherein the composition comprises at least 90% or at

least 95% by weight hCol2, based on the dry mass of the composition.

24. (Cancelled)

25. The method according to claim 22, wherein the hColl12 originates from porcine collagen

from cartilage.

26-31. (Cancelled)
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