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Equine Bone Marrow Mononuclear Cells for Equine Joint Disease 

J. Blake Everett

ABSTRACT

Osteoarthritis (OA) can be debilitating and career-ending for horses. Current treatments 

offer temporary and symptomatic relief, but potentially deleterious side effects. Bone marrow 

mononuclear cells (BMNC) are a rich source of macrophage progenitors that are anti-

inflammatory and promote inflammation resolution. The objective of this study was to evaluate 

the ability of intra-articular BMNC therapy to improve clinical signs of naturally occurring 

equine OA. Horses presenting with clinical and radiographic evidence of moderate OA in a 

single joint were randomly assigned to 1 of 3 treatments: saline (negative control), triamcinolone 

(positive control), or BMNC (treatment group). Horses were subjectively and objectively 

evaluated for lameness and synovial fluid collected (cytology and cytokine/growth factor 

quantification) at 0, 7, and 21 days post-injection. Data were analyzed using General Estimating 

Equations with significance set at P<0.05. There were no adverse effects noted in any treatment 

group.  No significant differences in synovial fluid cytology parameters, objective/subjective 

lameness scores, nor joint circumference were found between treatment groups at any time point. 

Within treatment groups, joint circumference did not change over time for saline- and 

triamcinolone-treated horses. However, joint circumference and objective lameness decreased 

significantly within BMNC-treated horses between Days 0 and 21 and Days 7 and 21. Lameness 

improved in saline-treated horses from 0 to 21 days, but did not improve in triamcinolone-treated 

horses.  The decreased lameness and lack of adverse effects in the BMNC-treated horses in our 

study support a larger clinical trial using BMNC.
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GENERAL AUDIENCE ABSTRACT 

Osteoarthritis (OA) is a common source of joint pain in people and horses. Current 

treatments provide only partial and/or temporary relief. As a result, there is an urgent need for 

more effective and long-lasting treatment options. Arthritis is characterized by uncontrolled joint 

inflammation and progressive cartilage and bone destruction.  Macrophages are cells within 

normal joints that function to resolve mild inflammation, maintaining joint health.  However, 

when physiologic functions are overwhelmed, macrophages perpetuate inflammation through the 

recruitment of additional cell types to cope with the increased demands for repair. If this process 

is appropriately accomplished, macrophages resolve the inflammation, thereby enabling recovery 

and repair within the joint. Bone marrow aspirate is an excellent source of bone marrow-derived 

macrophage precursors (bone marrow mononuclear cells or BMNC) that have been shown to 

reduce joint inflammation and lameness in people and horses. The objective of our clinical trial 

was to evaluate the ability of intra-articular BMNC to improve clinical signs of naturally 

occurring OA in horses. BMNC treatment was compared to a placebo injection of saline and a 

standard-of-care in horses, corticosteroids. There were no adverse effects of BMNC treatment 

and BMNC-treated horses had significantly reduced joint circumference and lameness after 21 

days.  Synovial fluid cytology parameters did not differ significantly between treatment groups at 

any time point. In summary, BMNC are exciting because a horse can be treated with its own 

cells without the need for specialized equipment, and have the potential to naturally benefit 

thousands of people and horses suffering from arthritis.
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INTRODUCTION 

Thesis Organization 

 This thesis is presented in a manuscript format.  The introduction provides a brief 

overview of the research topic, which is expanded further in Chapter 1, the Literature Review, 

which provides an in-depth summary of literature about osteoarthritis and current therapies.  The 

manuscript chapter, Chapter 2, is entitled “Bone Marrow Mononuclear Cell Therapy for Equine 

Joint Disease” and contains findings of my original clinical research project.  In Chapter 3, major 

conclusions and future directions for investigation of mononuclear cell therapy for horses are 

discussed.   

 

Introduction 

Osteoarthritis (OA) is a chronic, debilitating, and often career ending condition for 

human and equine athletes alike. The burden of this condition is costly from both a financial and 

welfare standpoint. The cost of treatment can be exorbitant, which in turn affects the ability of 

the caretaker to adequately care for the animal. Irreversible joint damage, coupled with loss of 

function, result in reduced quality of life.  

OA is a cyclical disease of inflammation and tissue destruction, of which the synovial 

membrane is a central component for continued inflammation. Synovitis is associated with both 

early and late symptoms of OA and has been correlated to disease progression and joint space 

narrowing. In fact, synovitis is often the single driver of the catabolic processes in OA. 

Therefore, the ability to control or alter the degree of synovitis would have implications for 

treatment of OA and potentially allow for the preservation of joint function and reduction in 

pain.  
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The normal synovial membrane is populated by fibroblasts, macrophages, and a small 

number of lymphocytes. Histologically, synovitis is characterized by thickened synovial 

membrane and cellular infiltration, primarily macrophages. In health, macrophages maintain an 

anti-inflammatory phenotype and work in conjunction with synovial fibroblasts to promote 

synovial health by performing phagocytosis of cartilage breakdown products, cellular debris, and 

foreign material, as well as secretion of regulatory cytokines and growth factors. When these 

regulatory and homeostatic functions are overwhelmed, macrophages become activated to an 

inflammatory phenotype in an effort to control and ultimately resolve inflammation and repair 

the injured tissue. The inflammatory phenotype produces signaling molecules that recruit 

additional cells (e.g., additional macrophages, neutrophils, and lymphocytes) to upregulate the 

inflammatory response in an effort to counteract the increased demands for repair. However, the 

uncontrolled production of inflammatory cytokines and the upregulated inflammatory response 

ultimately results in joint degeneration. Synovial macrophages are therefore the main drivers of 

synovial inflammation. Controlling the numbers of macrophages that display an anti-

inflammatory phenotype has the potential to harness the beneficial effects of macrophages and 

restore joint homeostasis and resolve inflammation. 

Macrophages perform the seemingly opposite functions of perpetuating synovitis and 

joint destruction in OA and modulating synovial homeostasis in health. It is this key observation 

that is the basis of this thesis. We sought to harness the effects of bone marrow mononuclear 

cells, which are predominantly macrophage progenitors that display an anti-inflammatory 

phenotype, in OA-affected joints. Our goal is to developing a novel treatment for OA that not 

only improves the clinical signs of lameness and joint effusion, but also causes a cellular shift 
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resulting in inflammation resolution, thereby creating a sustainable and reparative effect within 

the joint.   
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CHAPTER 1: LITERATURE REVIEW 

 

Prevalence of Osteoarthritis 

Osteoarthritis (OA) is a common condition that affects synovial joints and is 

characterized by progressive degeneration of articular tissues. In the United States, OA affects 

approximately 34% of people over the age of 65 and more than 50 million adults.baum1,2 OA is 

the leading cause of disability and the second most costly health condition in the United States, 

totaling $300 billion per year.3-6 

In horses, as in people, OA is also the most common cause of lameness across disciplines, 

accounting for approximately 60% of lameness problems.7,8 OA affects an estimated 54% of 

Thoroughbred racehorses9 and 10-19% of Western performance horses, primarily Quarter 

Horses.10,11 There is a positive correlation between increasing age and prevalence of OA, with 

approximately 83.5% of horses ≥15 years old being affected.12 Equine lameness negatively 

impacts the US equine industry at the rate of $678 million to 1 billion annually,13 with the direct 

financial impact of OA alone estimated at $39 billion.14,15  

Overall, OA and associated lamenesses create a substantial financial impact due to 

treatment-associated costs, lost earnings, and early retirement.7,16 Current treatment options 

provide temporary symptomatic relief of clinical signs and fail to prevent progression of 

osteoarthritis. Because of the high impact of quality of life implications and the financial costs 

related to OA, there is a critical need to develop therapies aimed at the prevention and treatment 

of OA as opposed to simply blocking inflammation. Elucidating the mechanisms of the onset and 

progression of OA are closely tied to the ability to advance the OA treatments.  
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Synovial Joints: Anatomic Review 

Synovial joint structure  

Skeletal movement is substantially enabled by synovial joints, which allow for a large 

range of motion and low friction movement, and dissipation of weight-bearing forces from one 

long bone to another during locomotion. Synovial joints (or diarthroses) are the most common 

type of joint in the body and the ones most apt to sustain injury or be afflicted with disease. The 

general structure of a synovial joint consists of a fluid-filled (synovial) cavity surrounding the 

ends of long bones (Figure 1-1).17 The synovial cavity is defined by the joint capsule, which has 

two main components: the fibrous joint capsule provides the outer, structural component and the 

synovial membrane provides the inner, metabolic component. Articular, hyaline cartilage 

covering the ends of bones is supported by subchondral bone. The articular cartilage is in 

intimate contact with, and immersed in, synovial fluid, which acts as both a lubricant for 

frictionless motion and a source of nourishment for the cartilage. The ligamentous and 

musculotendinous structures that cross joints, along with the joint capsule, stabilize synovial 

joints and are often intimately associated or integrated with the fibrous joint capsule.18 A healthy 

synovial joint is composed of many components, each with specific structural properties that 

vary according to function.19 The individual components combined act as a single functional 

articular unit. Dysfunction or injury to one or more components alters joint homeostasis and 

function, resulting in joint pathology.17,18 
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Figure 1-1. General overview of the structure of a synovial joint. From: De Grauw J.C., 2011. 

Molecular monitoring of equine joint homeostasis.20 Reprinted with permission from Taylor and 

Francis.  

 

 

Subchondral bone  

 The subchondral bone confers structural integrity for the overlying articular cartilage and 

is integrated with the articular cartilage through a layer of calcified cartilage (Figure 1-2).21,22 

Anatomically, subchondral bone is comprised of two distinct entities, the subchondral bone plate 

and trabecular bone.21 The primary function of subchondral bone is to distribute the forces across 

a large surface area generated through weight bearing and locomotion.22 The ossified, compact 

subchondral bone plate provides support, while the more elastic trabecular bone acts as an 

important shock-absorber during joint loading.22 Subchondral bone has the unique ability to 
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disperse axial loads across a joint and physically adapts in response to the stresses placed on the 

joint according to Wolff’s Law.23,24 This adaptive response is prominently observed in the 

trabecular bone and is mediated by osteoblasts and osteoclasts, the bone cells that function to 

form and resorb bone, respectively.22 In contrast to other tissues in the synovial joint, the 

subchondral bone responds to loading and is able to adapt by remodeling during times of injury 

or training through alterations in matrix turnover and mineral density. When these adaptive 

capabilities are exceeded, damage begins to accumulate in the subchondral bone, leading to 

clinical signs of joint disease and ultimately lameness.21,24 Radiographically, subchondral bone 

damage can manifest as sclerosis. Functionally, sclerosis results in decreased deformability and 

elasticity and increased thickness within the bone plate and trabecular bone.24 Together, these 

factors have a direct effect on the mechanical loading capacity of the subchondral bone/articular 

cartilage unit. Moreover, sclerosis confers stiffness to the subchondral bone, which alters its 

shock absorbing capabilities and increases shear forces on the overlying cartilage.22 The end 

result of these subchondral bone changes can be cartilage damage and progression of OA. 

 

Structure and composition of articular cartilage  

Articular cartilage is a unique and multifaceted tissue that constitutes the opposing 

surfaces of the joint and allows for near frictionless movement during locomotion.18,25 In 

addition to enabling low friction, efficient movement, articular cartilage is adapted to withstand 

substantial compressive loads and significant shear forces throughout the range of motion of 

synovial joints.26 Grossly, articular cartilage is smooth, opaque and white (Figure 1-3). Articular 

cartilage is 1-4 mm thick in horses and people, depending on the joint, location within the joint 

(weight bearing surface or not), age of the individual, and the presence of disease.18  
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Figure 1-2. Structure of subchondral bone and articular cartilage in a normal synovial joint 

demonstrating incorporation of these two layers at the tidemark. CC, calcified cartilage; NCC, 

non-calcified cartilage; SBP, subchondral bone plate; STB, subchondral trabecular bone. Arrows 

denote tidemark; dotted lines indicate cement line. From: Li et al. Arthritis Research & Therapy 

2013, 15:22321 with permission from Springer Nature. 

 

Mature articular cartilage is avascular and lacks nerves and lymphatics.16,18,27 Most 

importantly, and as a result in part to its avascular nature, articular cartilage has a limited ability 

for healing and regeneration. Consequently, preservation of healthy articular cartilage is essential 

to maintaining joint health. 

The lack of intrinsic vasculature, neural and lymphatic input in articular cartilage makes 

it dependent on synovial fluid for nutrients and waste removal.16,18,27 Minute openings in the 
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superficial layer of cartilage, approximately 6 nm in diameter, allow exchange of small solutes 

(ions and molecules such as glucose and amino acids) between the cartilage and the synovial 

fluid.28 Nutrients are produced in the layers of the synovium, diffuse into the synovial fluid and 

eventually reach chondrocytes embedded in the cartilage.18,27,28 

 

 

Figure 1-3. Arthroscopic photograph showing the smooth, opaque white surface of healthy 

articular cartilage in an adult equine metacarpophalangeal joint.  

 

Articular cartilage is comprised of abundant extracellular matrix (ECM) containing 

sparsely distributed chondrocytes.27 Water, collagen, and proteoglycan are the principal 

constituents of ECM with lesser amounts of noncollagenous proteins and glycoproteins present.27 

Collectively, these components help retain water within the ECM, enabling the articular cartilage 

to withstand stresses and loads.17,27 

While articular cartilage appears to be a homogenous tissue macroscopically, variations 

in configuration exist as it transitions from the articular surface to subchondral bone.29 The 

composition of articular cartilage varies between zones, with chondrocytes expressing different 

cellular morphology in each zone.26,30 The mechanical properties, and thus the function of 
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cartilage, is dictated by the organization and interaction of its matrix components as they vary 

from the articular surface.26 (Figure 1-4).  

 

 

Figure 1-4. General structure of articular cartilage in regards to zones, region, and orientation of 

collagen fibers and chondrocytes. Modified from Poole AR: Cartilage in Health and Disease 

2001.29 Reprinted with permission from Wolters Klewer Health. 

  

40-60% 

10-20% 
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Zonal structure of mature articular cartilage 

The superficial zone of cartilage, closest to the joint surface, contains the highest density 

of chondrocytes and comprises 10- 20% of the total cartilage thickness.27,30 Chondrocytes in this 

zone are flat, elongated and orientated parallel to the articular surface. Similarly, collagen fibers 

(primarily type II) throughout the superficial zone are densely packed and aligned parallel to the 

joint surface.27 The superficial zone contains the greatest amount of collagen, but lowest 

proteoglycan content, in comparison to other deeper zones. Additionally, the superficial zone 

contributes tensile strength to articular enabling it to withstand shear forces produced during 

movement while protecting the deeper layers from compressive stresses.26,27,30,31 

Just deep to the superficial zone is the middle zone that occupies 40-60% of cartilage 

thickness.26,28 In contrast to the superficial zone, the middle zone has larger, ovoid to round 

chondrocytes that are at a low density.26,31 In this zone, there are larger diameter collagen fibrils 

that have an arched configuration.17,27  

The deep (radiate) zone contributes approximately 30- 40% of the cartilage depth and 

contains chondrocytes arranged in columns.23,28 In the deep zone, the collagen fibrils have the 

largest diameter, are positioned perpendicular to the surface of the joint, and cross the calcified 

zone and attach in the subchondral bone.23,28 Because of its high proteoglycan content, the deep 

zone affords the most protection against compressive forces of all the zones.27  

The deepest layer of cartilage is the calcified zone, which consists of hypertrophic 

collagen and matrix. The transition from non-calcified articular cartilage to calcified cartilage is 

denoted by a region referred to as the ‘tidemark’. Between the calcified cartilage and 

subchondral bone is the cement line.28 The tidemark acts as an anchor point for collagen fibers 
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from the deep zone, securing the articular cartilage to subchondral bone. There are very few cells 

in the calcified zone and chondrocytes that are present are large and immature.  

 

Extracellular matrix components 

Chondrocytes are metabolically active, synthesize the components of the ECM, and 

produce degradative enzymes responsible for the maintenance and repair of the ECM.27,29 

Further, chondrocytes function in a low oxygen environment, exhibit low metabolic turnover, 

and rely mostly on diffusion-derived nutrition from the synovial fluid.32 The size, shape, and 

number of chondrocytes vary depending on the zone in which they are embedded, as described 

above.27 Zonal variation combined with mechanical queues from the surrounding matrix dictate 

the production and remodeling of ECM components.29 

Chondrocytes use cytoplasmic processes that extend into the cartilage ECM to sense 

mechanical loading and the pericellular  microenvironment.17,27 Articular cartilage loading 

causes alterations in intracellular water content, pH, and ions (Na+, K+ and H+), which in turn 

creates a series of signals that regulate production of matrix components.32 Physiological loading 

results in increased proteoglycan and collagen content of articular cartilage matrix; however, 

excessive loading can also cause reductions in proteoglycans and cause catabolism of the 

collagen matrix.27,32 The inability to maintain the osmotic balance of ion concentrations such as 

Na+ and K+ dramatically affects cell metabolism, membrane transport and macromolecule 

synthesis, ultimately effecting the ECM turnover. Therefore, the ECM and chondrocytes 

intimately rely on each other to maintain cartilage homeostasis.  

In addition to sensing changes in the nearby cartilage matrix, chondrocytes are sensitive 

to alterations in other joint tissues through the production and release of inflammatory cytokines 
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into the matrix or synovial fluid by neighboring chondrocytes and synoviocytes.32 During 

physiologic remodeling, low levels of interleukin (IL)-1β induce chondrocytes to produce matrix 

metalloproteinases (MMP) that cause collagen cleavage and remodeling.32 For example, type IX 

collagen molecules are cleaved from the surface of type II fibrils by stromelysins (MMP-3) and 

replaced with type II collagen molecules, increasing the diameter of the fibril without removal of 

the entire construct.33 Anabolic effects mediated by growth factors such as transforming growth 

factor-β (TGF)- β, stimulate chondrocytes to lay down matrix. Catabolism inhibitors serve to 

counteract matrix degradation and include tissue inhibitor of metalloproteinase and plasminogen 

activator inhibitor.34 In OA, trauma or aging disrupt chondrocyte metabolism to favor catabolic 

processes, causing net degradation of the cartilage matrix. 

Collagen is the cartilage component that provides a framework for the other matrix 

molecules. Several types of collagens are described in the articular cartilage and are classified as 

fibril-forming (types I, II, III, V, and XI) and non-fibril-forming collagens.18 Small amounts of 

the non-fibrillar collagens (types V, VI, IX, X, and XI) help to form and stabilize the type II 

collagen network in cartilage.31,35,36  

An individual type II collagen molecule is formed by a trimer of three identical α1 

polypeptide chains that form a triple helix.17,37 Trimers are assembled intracellularly as 

propeptides and are cleaved to the mature peptide once transported extracellularly.17 Collagen 

fibrils are assembled in a quarter stagger along fashion along their length, with each molecule 

offset from the next molecule by 25%.17,18 Types IX and XI collagen are intimately associated 

with type II collagen and are crucial to the crosslinking and mechanical stability of the fibrillar 

network.18  
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Proteoglycans have a hyaluronic acid (HA) filamentous core that is attached to multiple 

glycosaminoglycans (GAG) via link proteins (Figure 1-5).18,28 The two major classes of 

proteoglycans found in articular cartilage are large aggregating proteoglycan monomers, such as 

aggrecan, and small proteoglycans, such as decorin.38 Aggrecan resides in the fibrillar collagen 

network and increases in amount with the distance from the cartilage surface.17  

Glycosaminoglycans are long, unbranched, and highly negatively charged disaccharide 

molecules.36 The most clinically relevant GAGs are HA, keratan sulfate, chondroitin-4-sulfate, 

and chondroitin-6-sulfate.28,38 HA is the largest GAG produced by chondrocytes and in contrast 

to the other GAG, does not contain negatively-charged sulfate ester groups.36 Furthermore, HA 

plays a vital role in linking chondrocyte metabolism and turnover of ECM through CD44 cell 

surface receptors.29 Due to their high density of negative charges and the massive numbers of 

adjacent GAG molecules attached to each core protein, GAG repel each other, creating positive 

pressure between them that attracts and retains water molecules.23,25,28 This retention of water is 

absolutely critical to the ability of cartilage to withstand repetitive compressive forces.  

 

Joint capsule, synovial membrane, and synovial fluid 

As described above, the two main layers of the joint capsule, the fibrous capsule and the 

synovial membrane, each perform unique roles critical to the function of healthy joints.18 The 

fibrous joint capsule is contiguous with the periosteum of the bone to which it is attached, and 

provides structural integrity to the joint capsule, uniting the articulating bones of each synovial 

joint.18,39 The mechanical stability of the fibrous joint capsule is in part created through its intimate 

relationships with extra-articular structures, such as collateral ligaments.17,18 Proprioceptive 



15 

nerve endings within the fibrous joint capsule contribute to active stabilization by providing real 

time information regarding joint position to the brain.17  

 

 

 

Figure 1-5. Schematic of proteoglycan aggregates with central HA with aggrecan and link 

proteins attached. From Roughley et al 2014 Journal of Experimental Orthopedics.40 Reprinted 

with permission from Springer Nature. 

 

The synovial membrane is metabolically active tissue that performs important functions 

such as providing nutrition for chondrocytes embedded in the articular cartilage and lubrication 

of the joint surfaces.16,41 The composition and volume of synovial fluid, which is essential for 

preserving the normal physiologic state of articular cartilage, is maintained by cells within the 

synovial membrane.28Additionally, the synovial membrane provides a surface area for immune 

and homeostatic functions of the joint. The synovial membrane is composed of the superficial 
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intimal layer, a capillary plexus, a deeper network of lymph and vessels, and a subintima 

composed of adipose, areolar, and/or fibrous tissue.42 The subintima has a rich blood supply and 

innervation that originates from peripheral and muscular nerve branches.18 The intima represents 

the interface between the synovial cavity itself and the subintimal layer. The intimal layer is 1-4 

cell layers thick, contains no basement membrane, and is largely responsible for regulating the 

volume and composition of the synovial fluid.18 The intima contains intercellular gaps and 

fenestrated capillaries that favor exchange between capillaries and the joint cavity. The structure 

of the synovial intima varies depending on mechanical stress. In areas of high biomechanical 

stress, such as areas underlying tendons, the intima is flat.42 In synovial recesses, where 

mechanical stresses are low, the intima has a villous architecture.18 

The intimal layer is composed of synovial lining cells, or synoviocytes arranged on the 

luminal side of the intima and extends 20-40 µm beneath the luminal surface.41,43 The two main 

kinds of synovial lining cells are type A (macrophage-like) and type B (fibroblast-like) 

synoviocytes.44 Synovial macrophages (type A synoviocytes) are engaged in phagocytosis or 

pinocytosis, clearing unwanted particles from the joint.18 Synovial fibroblasts (type B 

synoviocytes) are the major cell type in normal synovium, accounting for 55-70% of the cell 

population.41,45 Type B synoviocytes are responsible for the secretion of proteins such as HA 

affect the anabolism and catabolism of the synovial joint.18 Dialogue between synovial 

macrophages and fibroblasts is required in health and disease to ensure proper function. One of 

these functions is the coordinated secretion of signaling and structural molecules (e.g., cytokines, 

chemokines, growth factors, hyaluronan, lubricin, and prostaglandin E2 (PGE2) that balance the 

anabolic and the catabolic metabolism of the joint.17,18 Importantly, sustained joint inflammation 
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dysregulates the anabolic and catabolic pathways, resulting in altered turnover of cartilage 

components and development of disease.17,44 

Regulation of the composition and rate of production of synovial fluid is an important 

function of the synovium.18 A permeable barrier, created by intercellular gaps between ECM 

components, allows plasma molecules ≤10 kDa to cross the synovial vessels into the joint cavity, 

but excludes large molecules.18 Examples of plasma molecules that readily cross the synovial 

vessels and contribute to the composition of synovial fluid include glucose, oxygen, carbon 

dioxide, and other small proteins.17 The regulation of solute exchanges depends on the degree of 

synovial inflammation, which affects vascular permeability, lymphatic drainage, and intra-

articular pressure.17 Combined, these alterations affect the size and concentration of molecules in 

the synovial fluid.18 Pressure within the joint is primarily subatmospheric (-2 to -6 cm H2O), 

which favors synovial ultrafiltration. Inflammation leading to joint effusion and increased intra-

articular pressure negatively affect this pressure gradient.17,18,46 Synovial membrane homeostasis 

is dependent on lubricant secretion of molecules such as HA and lubricin by synovial cells and 

drainage by the synovium lymphatics. Additionally, this physiologic balance is required for 

adequate steric exclusion of larger molecules from the synovial cavity.18 

Lubricin and HA are produced by type B synoviocytes and are critical in reducing 

friction at the articular surface through boundary lubrication. Under normal conditions, high 

molecular weight (MW) molecules like lubricin and HA are not readily permeable, while small 

molecules like growth factors and cytokines readily diffuse through the synovial membrane. This 

property allows for the retention of high MW lubricating molecules within the joint and prevents 

entrance and deposition of high MW plasma proteins on the articular surface, altering the 
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viscosity and composition of the synovial fluid 41,44. When a joint is inflamed, alterations in 

membrane permeability result in changes in HA and lubricin concentrations in synovial fluid.41,47  

In health, all of the components of a synovial joint must communicate effectively with 

each other to ensure proper function. Alterations in one tissue of the joint can indirectly or 

directly interfere with the normal homeostatic mechanisms of the joint as a whole. Moreover, the 

balance between anabolism and catabolism is essential for optimal joint function. In OA, 

alterations in the molecular machinery essential for homeostasis are perturbed, metabolic 

demands exceed the capacity for repair, and a catabolic state characterized by joint swelling and 

loss of joint function develops.  

 

Etiology of Equine OA 

Osteoarthritis is a degenerative condition of synovial joints that causes pain and loss of 

joint function. The manner of causation is varied, but commonly entails impairment of normal 

tissue homeostasis, trauma, and joint instability. Alterations in homeostatic function perpetuate a 

cycle of low-grade inflammation and tissue degradation, which, in turn, causes changes in the 

cellular and molecular composition of all joint tissues, including articular cartilage, subchondral 

bone, and synovium.48 Characteristic changes associated with joint tissues include cartilage 

degeneration, osteophyte production, subchondral bone sclerosis, synovitis, and periarticular 

fibrosis.8,49 OA was once considered a non-inflammatory disease of normal wear and tear, but 

current evidence shows that inflammation of all of the joint tissues, especially the synovium, is 

integral for initiation and propagation of OA.50 

In horses, cyclic and repetitive trauma is a well-defined risk factor for OA.51 

Inflammation is elicited in joint tissues by micro-trauma that prohibits homeostasis or a single 
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traumatic event that causes gross structural alterations.50For example, normal healthy cartilage 

has specialized biomechanical properties that allow it to distribute forces between joint surfaces 

while providing nearly friction-free movement.17 Excessive mechanical load or a major traumatic 

event can shear off a cartilage fragment that is subsequently released into the synovial cavity. 

The presence of the damaged hyaline cartilage fragments free in the joint and along the margins 

of the original site of injury initiates synovial inflammation. In response to synovial 

inflammation, synoviocytes produce pro-inflammatory mediators that serve to recruit immune 

cells, increase angiogenesis in the synovial membrane, and alter the physical properties of 

chondrocytes.23,50 The culmination of these responses perpetuates a viscous cycle as 

chondrocytes produce additional proteolytic enzymes and cytokines.52 Cartilage degradation 

ensues and induces more synovial inflammation.  

Importantly, inflammation of the synovium (synovitis) is strongly associated with the 

pathophysiology equine OA.53 The production of inflammatory mediators such as IL-1β and 

tumor necrosis factor (TNF)-α by the inflamed synovium stimulates chondrocytes to produce 

ECM-degrading proteolytic enzymes such as MMP and A Disintegrin and Metalloproteinase 

with Thrombospondin Motifs (ADAMTS).8,18,38,54 In addition to producing proteolytic enzymes, 

chondrocytes produce and secrete several inflammatory mediators such as IL- β, TNF-α, IL-6, 

IL-7, and IL-18.41,55 These inflammatory cytokines disrupt the normal metabolic homoeostasis of 

cartilage by favoring catabolic processes, with MMP activation leading to alterations in 

chondrocyte metabolism and cartilage destruction.55   
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Pathophysiology of OA 

Synovitis 

Synovitis plays a central role in the initiation and propagation of OA and persists 

throughout all stages.19,30,56,57 During the early stages of OA, synovitis does not manifest by 

overt signs of inflammation such as soft tissue swelling or joint effusion. Pain, however, may be 

present. During the early stages of synovitis, arthroscopic changes reflect only localized synovial 

inflammation and proliferation.41,58 In the more advanced stages of OA, synovitis is associated 

with loss of function and pain, with correlation to the Kellgren-Lawrence scoring system, as 

osteophytes, sclerosis and joint space narrowing increase.54,59  In fact, people with higher grades 

of synovitis are nine times more likely to experience knee pain.54 Moreover, this provides 

evidence to demonstrate that synovitis is a significant factor in the pathophysiology of OA.  

Histologically the synovium in OA patients is characterized by synovial lining 

hyperplasia, sublining fibrosis, and stromal vascularization.41 The overall cellular infiltration in 

the synovium of OA-affected joints tends to be lower compared to rheumatoid arthritis (RA)-

affected joints in people.52 However, macrophage numbers in the synovium are comparable to 

RA-affected joints and, in some cases, higher in the synovium of OA-affected joints.57,60 A 

predominance of macrophage infiltration in the synovium is especially common during the early 

stages of OA.57 In end-stage OA, fibrous tissue replaces synovial cells, which compromises the 

basic functions of the synovium.57 

OA-inflamed synovium synthesizes a wide range of cytokines and chemokines (e.g., IL-

1β, IL-6, IL-8, TNF-α), nitric oxide (NO), PGE2, and proteases.41,52 A number of these 

inflammatory mediators have catabolic effects, accelerating destruction of cartilage, and are 

increased in the tissues and synovial fluid of osteoarthritic joints.41,53 In addition, these cytokines 
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cause upregulation of transcriptional pathways, such as nuclear factor kappa B (NF-kB ) and 

mitogen-activated protein (MAP) kinase, which induce synovial cells to increase production of 

collagenase, proteolytic enzymes (e.g., MMP) and other lipid mediators, causing vascular 

hyperplasia in the synovium.41,52  

In addition to affecting the joint at the biochemical level, synovitis affects the function of 

the entire joint. During OA, synoviocytes produce lower quantities of HA, and that produced has 

a decreased MW.61,62 As inflammation and hyperplasia change during synovitis, so does the 

permeability of the synovial membrane. Hyperplasia of inflamed synovium causes increased 

permeability and loss of HA from the joint space into peripheral circulation.63,64 In fact, 

measurement of increased blood serum concentration of HA63 has been used as a marker of OA 

in people.64  

In summary, synovitis is present and contributes to all stages of OA. The hallmark of 

OA-affected synovium is the macrophage, which plays a critical role in the pathogenesis of OA. 

Through the induction of inflammatory mediators, growth factors and proteinases, macrophages 

within the inflamed synovium alter anabolic mechanisms in favor of catabolism and cartilage 

destruction. Therefore, therapies targeting macrophages and macrophage-associated 

inflammatory pathways may have the capacity to provide symptomatic relief and prevent the 

progression of OA.  

 

Synovial macrophages  

Synovial macrophages are the main drivers of inflammation within the joint and play key 

roles in the innate and adaptive immune systems, which play major roles in the development of 

OA.65 The importance of macrophages and their role in mediating synovitis was first noted when 
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systemic depletion of macrophages in a mouse model of OA dramatically reduced the 

development of OA.66,67 Additionally, articular macrophage depletion in human patients with 

RA aided in controlling joint inflammation.68 The anti-inflammatory effects of macrophage 

depletion are associated with decreased expression of MMP-1, -3, -9,  and -13, and IL-6 and IL-

8.60,68-72 Furthermore, a recent in vivo study by Kraus et al. revealed that the quantity of activated 

macrophages in OA-affected tissue is directly related to disease activity, severity, and pain in 

people.73 The association between pain, activated macrophage quantity, and radiographic signs 

of OA suggests that drugs targeting synovial macrophages or synovial macrophage-driven 

inflammation are potential therapeutic targets.65,73 

Macrophages are the most abundant immune cells within the osteoarthritic synovium and 

they communicate with neighboring synovial fibroblasts and T-cells through a group of 

cytokines that participate in modulation of different immune cells.74 Synovial fibroblasts, the 

main stromal cell of the synovium, play an important role in the perpetuation of the 

inflammatory response during the development of joint disease.75 In vitro stimulation of 

fibroblasts in osteoarthritic synovium with TNF-α, IL-1β, and interferon results in production of 

various inflammatory mediators, including IL-6, IL-8, and high concentrations of macrophage 

chemoattractant protein (MCP)-1.76 Importantly, communication between synovial macrophages 

and chondrocytes can markedly affect the inflammatory reaction from these cytokines and 

chemokines. For example, synovial fibroblasts express Toll-like receptors (TLR)-2 and -4, which 

then induce production of additional cytokines, chemokines, and MMP.75 One ligand of TLR-2 

and TLR-4 is the CD14 molecule,74,75 which is highly expressed by activated macrophages and 

exists in two forms during active inflammation, cell-bound or soluble .75,76 The interaction of 

soluble CD14 from arthritic synovial fluid with TLR receptors on synovial fibroblasts triggers 
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the production of many cytokines involved in the initiation and progression of OA.77 

Additionally, synovial fibroblasts are stimulated to produce MMP-1 and MMP-3, which are 

associated with inflammation amplification and cartilage degeneration.78 

The combination of sustained inflammation and concurrent production of new 

inflammatory cytokines and proteolytic enzymes leads to joint degeneration.60,79 In addition to 

interaction with other joint tissues, molecular signaling pathways (e.g., NF-κB, STAT and Pi3K) 

are persistently activated in macrophages within arthritic synovium.57,60 Benito, 2005 #407} 

Importantly, these signaling pathways serve as major sources of inducible NO and cytokines 

(e.g., IL-1β and TNF-α).57 Furthermore, macrophages also produce MMP-2, MMP-3, and MMP-

9, which are associated with articular cartilage degradation.80 MMP-3 causes direct destruction 

of cartilage through degradation of ECM components and activates activation of aggrecanase II 

(ADAMTS-5), while MMP-2 affects articular cartilage indirectly by inducing chondrocytes to 

express other MMP.55,74 

In contrast to their perceived deleterious role in synovitis, macrophages can also be key 

mediators of joint homeostasis.74 Under physiologic conditions, macrophages and synovial 

fibroblasts work together to maintain the joint health.81,82 One of the ways that macrophages 

control joint homeostasis is by performing phagocytic functions and by secreting anabolic 

cytokines, chemokines, and growth factors.81-83 When phagocytic and regulatory functions 

become overwhelmed, synovial macrophages recruit and prime other immune cells, such as 

lymphocytes and neutrophils, to upregulate inflammation, in response to the increased demands 

for repair.65,81,82 Synovial macrophages are the main source of IL-10, an anti-inflammatory 

cytokine essential for maintaining cartilage homeostasis and for tissue repair.84,85 Absence of IL-

10 inhibits recovery of damaged articular cartilage.86 Importantly, complete depletion of 
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macrophages negatively affects chondrocyte metabolism and chondrocytic differentiation, as 

synovial macrophages modulate the transcriptional machinery of chondrocytes and synovial 

progenitor cells in a paracrine fashion.83 In fact, macrophage modulation of transcriptional 

machinery is absolutely required for the expression of SOX9 and COL2,central genetic markers 

of chondrogenesis and synthesis of collagen type II.83  

Macrophages are somehow able to perform opposite functions in the joint, as they are 

responsible for both perpetuating synovitis and joint destruction in OA as well as modulating 

synovial homeostasis in health.87 It has been proposed that these opposing functions are related 

to phenotype polarization of macrophages.60,88-90 In vitro and ex vivo studies demonstrate that 

macrophages undergo phenotypic changes in response to environmental stimuli, polarizing into 

two distinctly different types of cells – inflammatory (M1) cells and suppressive/regulatory (M2) 

cells.91 On the other hand, current in vivo findings suggest that macrophages in a non-

inflammatory environment are by default homeostatic cells (M2).74,92 Upon injury, an M1, 

inflammatory response is induced through activation of pattern recognition receptors  by 

pathogen-associated molecular patterns (PAMP) which causes M1 macrophages to produce 

oxygen and nitrogen radicals and pro-inflammatory cytokines which leads to local tissue 

damage.74,88-90 Activation of M2 macrophages is induced by IL-4 and IL-13.88-90 During the 

resolution of inflammation, there is a shift in macrophage activation toward an M2 phenotype in 

order to promote clearance of debris, inhibit the production of inflammatory mediators, and 

restore tissue homeostasis74,88-90 M2 macrophages produce anti-inflammatory cytokines such as 

IL-10, and promote cellular clearance, regeneration, and wound healing.88-90,92 

Macrophages play such a pivotal role in resolving inflammation and promoting tissue 

repair that their depletion results in compromised wound healing and limb regeneration, or leads 
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to chronic inflammation.93-95 In a salamander amputation model, systemic depletion of 

macrophages resulted in failure of limb regeneration, with extensive fibrosis and dysregulation 

of ECM component gene expression.95 Moreover, full regenerative capacity was re-established 

by re-amputation once macrophage populations were restored.95 These findings clearly 

demonstrate that macrophage function is essential for effective tissue repair and resolution of 

inflammation. In the face of chronic inflammation, macrophages become overwhelmed, thereby 

perpetuating inflammation. Therefore, it is reasonable to infer that increasing the numbers of 

macrophages in an inflamed joint could optimize and harness the desired M2 macrophage 

phenotype to counteract damage, favoring resolution of synovitis.  

 

Cytokines 

Cytokines are small regulatory proteins that control the anabolic and catabolic 

metabolism of tissues such as articular cartilage, and possess both pro- and anti-inflammatory 

functions.55,96 Inflammatory cytokines are the most important compounds participating in the 

pathogenesis of OA. Their involvement disrupts normal cartilage homoeostasis by favoring 

catabolic processes that ultimately result in destruction of cartilage.55 

The key inflammatory cytokines involved in OA, IL-1β and TNF-α, are produced by 

chondrocytes, synoviocytes, and infiltrating mononuclear cells.96 Binding of IL-1β and TNF-α to 

membrane receptors alters chondrocyte metabolism, increasing production of proteolytic 

enzymes such as MMP-3, and driving degradation of important ECM components such as type II 

collagen and aggrecan.55,96 In general, IL-1β and TNF-α concentrations in synovial fluid of 

normal and OA samples is low.97,98 However, minimal changes in concentration (3-4 fold) is 

enough to dramatically increase the activity of their downstream effectors.99 
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Increases in IL-1β are associated with cartilage matrix degradation and inadequately 

repaired tissues that are unable to withstand normal mechanical stress. Further, increased IL-1β 

alters synthesis of type II collagen and proteoglycans100-102 and stimulates production of enzymes 

that cleave cartilage components (e.g., MMP-1, -2, and -3).101,102 Active IL-1β signaling also 

leads to nuclear translocation of NF-κB and results in expression of genes leading to the 

production of MMP and ADAMTS, prostaglandin, and nitric oxide.103 The IL-1β induced 

translocation of NF-κB also stimulates the production of additional cytokines such as IL-6 as 

well as acts as autocrine loop by upregulating the production of additional IL-1β.104 Of note, IL-

1β concentrations required to induce expression of matrix degrading enzymes is substantially 

higher than that required for inhibiting matrix synthesis.105 Combined, the effects of IL-1β on 

chondrocytes include induction of catabolic gene expression, downregulation of anabolic gene 

expression, and induction of chondrocyte apoptosis.55,106 

TNF-α is considered an additional key inflammatory cytokine involved in the progression 

of OA.55 Furthermore, TNF-α is synthesized as a transmembrane protein that requires cleavage 

by ADAM-17 (also called tumor necrosis factor converting enzyme) to be activated.107 The 

secretion and presence of TNF-α in human OA is very similar to that of IL-1β, as they are 

secreted by the same cells within the joint and are elevated in human OA cartilage, subchondral 

bone, synovial membrane, and synovial fluid.55 Similar to IL-1β, TNF-α incites the production of 

cartilage degradation through activating matrix metalloproteinases and aggrecanases (ADAMTS) 

and impairs synthesis of proteoglycans and collagen by chondrocytes.102 Importantly, the effects 

of TNF-α alone appear to be less deleterious than when combined with IL-1β.55 

IL-1β and TNF-α also cause downstream production of other inflammatory cytokines and 

chemokines, including IL-8, IL-6, MCP-1, NO, and PGE2.
50,55 PGE2 has a complex role as an 
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immunomodulator, which may be concentration and context dependent.108 Classically, PGE2 is 

associated with inflammation, as it mimics central signs of inflammation when injected into 

normal tissues and is present in inflamed tissue.108 However, very low concentrations of PGE2 

were anti-inflammatory in in vitro models of OA.108,109 PGE2 regulates the inflammatory 

response of synoviocytes by regulating expression of NF-kB, inhibiting MMP expression and 

apoptosis of chondrocytes, and suppressing cartilage collagen cleavage.110-113 Of note, PGE2 

produces anti-inflammatory effects via transition of macrophages to an anti-inflammatory 

phenotype that then produces IL-10.110,113-115 

As mentioned above when discussing macrophage phenotypes, the cytokine IL-10 exerts 

anti-inflammatory and chondroprotective effects, favoring chondrocyte recovery from 

damage.86,116 Importantly, IL-10 has the capacity to inhibit expression of inflammatory cytokines 

while concurrently increasing expression of additional anti-inflammatory cytokines, such as IL-1 

receptor antagonist protein (IL-1ra), a natural antagonist of IL-1. While, IL-10 exerts anti-

inflammatory effects, it also increases proportionate to inflammation following injury to 

counteract the production of pro-inflammatory mediators. This explains why IL-10 

concentrations can be increased in OA, but are especially in highly inflamed joints with 

RA.117,118 During chronic low-grade inflammation, IL-10 concentrations in synovial fluid regress 

close to baseline.117 Interestingly, in an in vitro study evaluating LPS-challenged macrophages in 

OA and healthy human patients, people whose cells showed no significant IL-10 increase 

following challenge with LPS were three times more likely to develop OA compared to those 

responding with a significant increase, reinforcing the role of IL-10 in driving resolution of 

inflammation and promoting joint homeostasis.119 
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Summary of the pathogenesis of OA 

Osteoarthritis is the leading cause of lameness in horses and is a major source of medical 

expenditures.8 Chronic synovitis, a major component of OA, is driven mainly by synovial 

macrophages.65,69 Synovial macrophages have opposing functions in osteoarthritic joints, making 

them key drivers of both synovial inflammation and of synovial homeostasis.41,50 Synovial 

macrophages function to maintain the health of a joint by engaging in phagocytic clearance and 

by secreting anti-inflammatory cytokines, chemokines, and growth factors.17,83  

In the non-inflammatory state, most macrophages display an anti-inflammatory 

phenotype to maintain tissue homeostasis.74 Once stimulated, macrophages activate and shift to 

an M1 phenotype, secreting inflammatory cytokines that incite inflammation and breakdown of 

articular cartilage.74,120 In addition to paracrine control, activated macrophages alter intercellular 

signaling pathways in chondrocytes, promoting the degradation of ECM components by 

proteolytic enzymes.74,120 Degraded ECM acts as damage-associated molecular patterns and 

perpetuates a continuous cycle of inflammation and degradation of articular cartilage.43,52,74 This 

is the classic explanation of the pathogenesis of OA. 

However, with the advent of discovery comes the development of newer, more modern 

models of the pathogenesis of OA such as the CSU osteochondral fragment model and LPS-

induced synovitis that are instrumental in evaluation of pathobiological events contributing to 

OA. At the onset of joint injury, regulatory functions are often able to effectively modulate 

inflammation. Only if these homeostatic functions become overwhelmed do synovial 

macrophages signal other immune cells, such as neutrophils and lymphocytes, to counteract 

increased demands for repair, increasing inflammation.43 If joint damage is sustained, resolution 

of inflammation is impeded, and catabolic processes predominate, resulting in degeneration of 
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the joint.41,65 If inflammation can be effectively modulated to reverse the progression OA, and to 

create an environment conducive to the repair of the synovium, then perhaps OA can be 

prevented or reversed.121 Perhaps the tendency for macrophages to  predominantly default to the 

M2 phenotype can be harnessed to  promote tissue repair and restore tissue homeostasis.74,94 By 

capitalizing on the potential beneficial effects of M2 macrophages, there is the potential to 

revolutionize patient care by providing long-lasting pain relief, improved joint function, and 

inflammation reduction and/or resolution in OA-affected tissues.  

 

Treatment of OA  

OA is a common medical problem in horses that presents a significant treatment 

challenge, due in part to the complexity of the inflammatory response governing the progression 

of OA. Irreversible joint damage results in progressive loss of function and increased morbidity, 

considerable financial losses, and reduced quality of life. Treatment of OA can be symptomatic 

and disease modifying. Symptomatic treatment, as the name implies, reduces clinical signs 

associated with OA, such as heat, pain, swelling, and lameness, but has no effect on disease 

progression. Disease modifying osteoarthritis drugs (DMOAD) effect a positive outcome by 

altering both disease progression symptomatic relief of pain. Currently, there are no 

pharmacological therapies that effectively prevent the progression of OA. The majority of OA 

treatments focus on reducing clinical signs such as joint pain and swelling, improving function of 

the affected joint and increasing the patient’s quality of life and enabling continued athletic 

activity. Although drugs that seek to modify the progression of OA exist, such as DMOAD, they 

currently do not effectively alter the course of tissue destruction and continued inflammation.  
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A multimodal approach to the treatment of equine joint disease is commonly undertaken. 

Non-steroidal anti-inflammatory drugs (NSAIDs), intra-articular corticosteroids, orthobiological 

therapies, and viscosupplementation are used to enhance patient comfort and reduce clinical 

signs. While these therapies are instrumental in providing symptomatic relief from OA, they fail 

to produce lasting effects and, in some cases, can have detrimental effects on cartilage 

metabolism and reparative mechanisms that are innately required for efficient tissue healing.8,122-

125  Some produce unwanted systemic side effects such as gastric ulceration, kidney injury, and 

laminitis.8,122-125 Therefore, a critical need exists for new therapies capable of promoting 

inflammation resolution, while simultaneously promoting tissue healing. 

 

Non-steroidal anti-inflammatory drugs (NSAID) 

NSAIDs provide symptomatic relief from OA symptoms by exerting analgesic and anti-

inflammatory effects through the inhibition of cyclooxygenase (COX) enzymes in the 

arachidonic acid cascade.126 COX inhibition results in the downstream inhibition of 

prostaglandins and thromboxanes, thereby decreasing pain and inflammation.127 Although highly 

efficacious, NSAIDs are not without risks, which vary based on the COX selectivity of each 

individual NSAID. Inhibition of COX-1, which is constitutively expressed and essential for 

regulatory functions, is known to cause mucosal damage and ulceration within the 

gastrointestinal tract.127 COX-2 is an inducible enzyme associated with inflammatory events that 

plays a minor role in normal physiology.127 To help reduce the unwanted side effects of NSAIDs, 

newer NSAIDs that more selectively block the COX-2 pathway have been developed. 

While COX-2-selective NSAIDs do have fewer negative effects related to the 

gastrointestinal tract, they do also inhibit prostaglandins such as PGE2, which are responsible for 
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chondrocyte proliferation and synthesis of ECM components.125,128 Long-term inhibition of 

PGE2 interferes with cartilage metabolism and inhibits normal tissue repair, resulting in 

accelerated articular cartilage destruction.128 In vitro, phenylbutazone negatively impacts 

cartilage metabolism and results in decreased proteoglycan129 and type II collagen synthesis.130 

In the face of decreased proteoglycan synthesis and altered cartilage reparative abilities, 

continued exercise could lead to ongoing cartilage breakdown and increasing severity of disease. 

In the short-term, NSAID relieve symptoms of OA by blocking inflammation and mitigating 

discomfort. However, long-term inhibition of prostaglandins through chronic NSAIDs therapy 

has the potential for insurmountable systemic and joint-specific side effects.131,132 

 

Intra-articular corticosteroids 

Corticosteroids are potent inhibitors of inflammation and exert their action via inhibition 

of phospholipase A2. More specifically, corticosteroids bind to nuclear glucocorticoid receptors 

and cause inhibition of NF-kB , thereby inhibiting downstream production of prostaglandins and 

leukotrienes.124,133 Importantly, the amelioration of pain is attributed to the inhibition of 

prostaglandin synthesis by corticosteroids.134 By affecting the metabolism of arachidonic acid at 

the level of phospholipase A2, corticosteroids significantly reduce pain and synovial effusion 

which, in turn, decreases the severity of lameness.135 Corticosteroids inhibit multiple pathways 

within the arachidonic acid pathway, are more effective at reducing inflammation, and have an 

increased risk of side effects, compared to NSAID.  

The potent anti-inflammatory effects of corticosteroids due to inhibition of the NF-kB 

signaling pathway is essential for the anti-inflammatory effects seen with corticosteroids; 

however, there may be undesirable consequences may be exacerbated with increased dose and 
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frequency of administration. NF-kB modulates gene expression of inflammatory regulators (IL-

6, IL-8, IL-10, MCP-1) and ECM synthesis (type II collagen).136,137 Moreover, inhibition of gene 

expression via the NF-kB pathway can ultimately affect homeostatic repair mechanisms within 

the joint, and cartilage turnover, by antagonizing common cellular pathways that are innately 

required for efficient tissue homeostasis and repair (e.g., IL-10, prostaglandin, and NF-kB).84,122 

While intra-articular corticosteroids mitigate pain and decrease inflammation, improving quality 

of life and potentially slowing joint destruction, they can also exert detrimental changes to 

articular cartilage through alterations in homeostatic pathways.138  

Ultimately, the clinical effects of corticosteroids are based on a host of factors such as 

drug, dosage, frequency of administration, and stage of OA. As such, judicious use of 

corticosteroids is needed when deciding in dosage and frequency of administration due to the 

potential for corticosteroid arthropathy. This phenomenon is believed to occur as a result of 

corticosteroid suppressed synthesis of chondrocyte matrix and is related to frequency of 

injection, drug administered, underlying inflammation within the joint and exercise following 

injection.134 For example, when IA methylprednisolone acetate was injected at increased 

frequency in both intercarpal joints in a horse with a 3rd carpal bone slab fracture, there was 

depletion in cartilage matrix, decreased viscosity of joint fluid, and decreased HA in the 

fractured joint.139 While intra-articular injection of corticosteroids can be effective in rapidly 

reducing pain and enhancing joint function, the effects can be relatively short-lived, lasting on 

average 1-6 weeks.140,141 Recent data suggests that there is a decreased clinical response to intra-

articular corticosteroids in more chronically-affected joints with more structural damage.142 

Moreover, the clinical response and degree of damage can be affected by the frequency of 

injection. In fact, a recent study in humans suggests that serial injection of triamcinolone 
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performed every three months for two years increases cartilage volume loss (MRI-quantitated) 

and does not provide a significant reduction of knee pain compared to intra-articular saline.143  

Intra-articular injection of corticosteroids is without question an effective treatment for 

horses with joint pain. However, there is long-standing controversy regarding the effects of 

corticosteroids on articular cartilage, as both beneficial and deleterious effects are cited.144,145 

Using the osteochondral fragment model of OA, intra-articular injection of triamcinolone in 

exercised horses resulted in significantly improved lameness and histomorphologic 

measurements compared to saline controls. Specifically, triamcinolone-treated horses (12mg 

triamcinolone/joint) had increased HA and GAG concentrations in synovial fluid, less 

inflammatory infiltration and fibrosis of the synovial membrane, and no gross evidence of 

articular cartilage deterioration.144  

Using a similar model of OA, intra-articular methylprednisolone acetate (100 mg 

MPA/joint) had minimal effects on lameness, resulted in decreased synovial fluid PGE2 

concentrations, and caused articular cartilage erosion.145 Overall, this study demonstrates that 

methylprednisolone acetate if administered at doses exceeding the biological activity of 

corticosteroids can have detrimental effects on cartilage healing and turnover, with limited 

clinical benefit in high-motion joints. Moreover, studies have shown that repeated injections of 

methylprednisolone acetate can significantly reduce cartilage thickness and increase the shear 

modulus of cartilage.146 In turn, methylprednisolone acetate alters the biomechanical properties 

of cartilage, resulting in premature cartilage degradation. Similar to in vivo studies, in vitro 

studies have shown that intra-articular methylprednisolone acetate administration can have 

negative effects on cartilage metabolism. Specifically, methylprednisolone acetate resulted in 
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decreased proteoglycan production by equine chondrocytes and decreased matrix protein 

markers (type II procollagen and fibronectin) of chondrocyte differentiation.147,148 

The positive and negative effects of IA corticosteroids on equine articular cartilage have 

been evaluated in a number of in vitro and in vivo studies at varying doses.144,146-153 At high 

doses, MPA has a catabolic effect on articular cartilage morphology and chondrocyte 

viability.153,154 This is in contrast to triamcinolone, which appears to have a chondroprotective 

effect such as enhanced GAG synthesis.144  

While increased doses of corticosteroids can be deleterious to articular cartilage, recent 

research has demonstrated that therapeutic effects may be obtained at levels that do not adversely 

affect articular cartilage matrix protein synthesis.151,155 For example, a lower, more physiologic 

dose of MPA (between 10 and 40 mg/joint) appears to decrease inflammation while preserving 

articular cartilage integrity.152 Similarly, Trahan et al 2018 demonstrated that equine synovial 

and osteochondral explants treated with IL-1β were better at mitigating production of PGE2 and 

MMP-13 at lower concentrations (10-7 and 10-10 M) of triamcinolone, MPA, and isoflupredone 

compared to higher concentrations (10-4 M).151 Although low-dose corticosteroid administration 

decreases deleterious side effects, it does not totally eliminate them, especially if administered at 

frequent intervals. In fact, there is some research to suggest that low-dose corticosteroid therapy 

is not less detrimental than higher doses.149 There is also evidence to show that increased loading 

within 6 days of exposure to corticosteroids can make articular cartilage more susceptible to 

cartilage matrix damage.156 Corticosteroids should be used in the clinical scenario with 

knowledge of each individual medication and understanding of its side effects. Case selection is 

equally important. Like so much in veterinary medicine, there is no drug or dose that is one size 

fits all. As potent anti-inflammatories, corticosteroids can be a useful clinical tool if used 
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judiciously, especially for joint pain. While their benefit appears benign, corticosteroids affect 

cartilage metabolism with increasing effects correlating with increased dose and frequency of 

administration. The clinical response from corticosteroid administration is generally rapid, and as 

seen in people is not sustained.140 Further the response can be dependent on the stage of OA, 

with chronic cases of OA tending to have a decreased clinical response. Deceptively, lameness 

improves drastically following intra-articular injection as decreased prostaglandin synthesis 

causes decreased pain and improved lameness. Over-use in an already inflamed joint coupled 

with corticosteroid-induced inhibition of transcriptional pathways further exacerbates the 

progression of OA through inhibition of normal regulatory functions and altered cartilage 

metabolism ultimately inciting a state of catabolism.  

 

Disease modifying OA drugs  

1. Hyaluronic acid 

In health, HA, or hyaluronan, is a high MW, non-sulfated GAG that is an important 

component of both articular cartilage and synovial fluid. Additionally, HA is a principal 

lubricant of synovial soft tissues, shock absorber, and regulator of water balance in the synovial 

joint.157,158 OA-induced alterations in the biochemical composition of the synovial joint cause 

changes in the viscoelastic properties of the synovial fluid.158 In fact, HA concentration, 

functionality, and MW are decreased in OA joints compared to healthy joints. Changes in HA 

content and MW, in turn, contribute to pain and instability.159,160 By attempting to harness the 

desired properties of HA and restore endogenous concentrations within the OA-affected joint, 

the concept of viscosupplementation was developed. Through injection of exogenous HA, the 
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goal is to enhance viscoelasticity, decrease friction within the joint, and counteract degradation 

of HA by hyaluronidase and reduced synthesis in OA.161-163 

The primary effects of viscosupplementation with HA are not sustained. The intra-

articular half-life of injected HA is short, with most products lasting <48 hours.164,165 Although, 

physical retention of HA in the joint is often short, benefits such as decreased pain and increased 

mobility have more lasting effects.165 In fact, clinical studies in people show that improvements 

in clinical signs can last up to one year following a single HA injection.165 Furthermore, 

improvements in HA viscoelasticity and HA concentration have been shown to occur for up to 

six months following an intra-articular injection of HA.161,165,166 Given the discrepancy between 

drug retention and therapeutic effect, additional biologic effects other than primary augmentation 

of synovial fluid viscoelasticity govern the improvement in clinical signs.162 It is now recognized 

that HA exerts it beneficial effects by several mechanisms.162,165,167-169 

In addition to mechanical and structural functions in the joint, HA is essential for 

molecular signaling, as it binds to ECM molecules and cell surface receptors which, in turn, 

allow it to modulate both the macro- and micro-environment of the joint.158,169 Specifically, HA 

binds to CD44, which causes inhibition of IL-1 expression and reduced expression of MMP-1 

and -3.170 By reducing the production and activity of various inflammatory mediators, ECM 

synthesis is favored over degradation. The biological effects of HA on the ECM include 

enhanced production of endogenous HA and increased synthesis of proteoglycans and GAG 

(chondroitin and keratan sulfate).167 

The role of MW in HA preparations is controversial and thought to play a role in effects 

on exogenous HA. In vitro, the degree of proteoglycan synthesis and inflammation reduction are 

linked to the MW of HA.171,172 In addition to in vitro models, clinical trials in people have found 
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that high MW HA (average 6x106 Daltons) reduces symptoms and has greater pain-relieving 

effects compared to low MW HA.173,174 Conversely, intra-articular injections of crosslinked HA 

at very high MW (23x106 Daltons) can increase the risk of side effects because patients are twice 

as likely to experience adverse events such as joint effusions or flares.175 

HA preparations for veterinary use include intra-articular and intravenous formulations. 

In horses, HA has been shown to promote anti-inflammatory effects with decreases in free 

radicals and prostaglandin synthesis.176,177 The intravenous administration of HA decreased 

lameness, PGE2 concentrations, and synovial inflammation compared to placebo-treated controls 

in an experimental equine model.178 Moreover, when utilized prophylactically, racing Quarter 

Horses treated with HA had improvements in speed index, number of starts, and tended to race 

longer before requiring joint injections.179 In contrast, an IV preparation of HA that also 

contained chondroitin sulfate and N-acetyl-D-glucosamine (Polyglycan) caused worsening of 

radiographic scores, greater degree of bone edema, and no improvement in lameness.180  

Intra-articular HA has also been evaluated in horses and has been shown to exert some 

positive benefits. Using the osteochondral fragment model, intra-articular HA resulted in less 

cartilage fibrillation in HA-treated joints compared to polysulfated glycosaminoglycan.181 

Similarly, another study demonstrated a greater reduction in lameness for horses treated with 

intra-articular high MW HA (3x106 Daltons) compared to low MW HA (0.3x106 Daltons) 

administered IV and intra-articular.182 Overall, HA has anti-inflammatory and analgesic effects 

in equine OA. Additionally, it has been shown to have benefit whether administered intra-

articular or IV. Further, whether it is administered IV or intra-articular, HA is quickly eliminated 

from both the plasma and the synovial fluid.183 As such consideration should be given to which 

preparation is administered because some formulations may have undesirable side effects.  
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2. Polysulfated glycosaminoglycan (PSGAG)  

PSGAG is derived from bovine tracheal cartilage, comprised of repeating disaccharides, 

principally composed of chondroitin sulfate, and similar to GAG already present in cartilage.134 

There is in vitro evidence to show PSGAG inhibits production of MMP-3 from stimulated equine 

synovial lining cells.184 In fact, PSGAG was compared to a number of drugs, including 

phenylbutazone, flunixin meglumine, betamethasone, and HA, and was the only one noted to 

decrease MMP-3 production.184 Additionally, there is some evidence to suggest PSGAG may 

have a positive effect on collagen and GAG synthesis. In an in vitro study evaluating normal and 

arthritic tissue, PSGAG resulted in the increased synthesis of collagen and GAG from both 

equine chondrocytes and articular cartilage explants.185 Likewise, several studies have provided 

evidence for the use of intra-articular PSGAG.  

Studies evaluating intra-articular PSGAG were primarily performed using induced 

models of OA. Using the sodium monoiodoacetate synovitis model, intra-articular PSGAG 

demonstrated a significant decrease in chondrocyte death, articular cartilage fibrillation and 

erosion, and improved GAG staining.186 Nevertheless, there was no observable benefit in the 

healing of pre-existing articular cartilage lesions following intra-articular PSGAG 

administration.186 Similarly, intra-articular PSGAG administration using the osteochondral chip 

fragment model resulted in decreased subintimal fibrosis, vascularity and joint effusion, with a 

trend of decreased cartilage fibrillation.181 Interestingly, intra-articular PSGAG did not improve 

lameness and response to flexion in this model.181 In contrast to the potential benefits, an 

increase in septic arthritis after intra-articular administration was been reported in one study 

using 250 mg of intra-articular PSGAG.187 The slight increase in septic arthritis in treated horses 

was attributed to likely potentiation of subclinical Staphylococcus contamination upon 
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injection.187,188 Moreover, the risks appear to have been mitigated by concurrent injection of 125 

mg amikacin.188 

Due to the potential for increased synovial sepsis, intramuscular PSGAG has become 

more common in equine practice. As common as its use, there is limited evidence to support is 

efficacy. When 500 mg intramuscular PSGAG was administered every 4 days for 7 treatments 

using the sodium monoiodoacetate-induced synovitis model, there was relatively insignificant 

effects seen with only slightly improvement noted in articular cartilage GAG staining.189 It 

should be noted that this is an extreme model of inflammation and does adequately represent the 

clinical progression of naturally-occurring OA. Similar findings were also noted with the 

osteochondral chip fragment model, with decreased serum concentration of  GAG levels 14 days 

post treatment .190 Another study using the osteochondral chip fragment model demonstrated 

increased levels of HA in synovial fluid following IM PSGAG administration.191 

Based on the literature, intra-articular PSGAG shows more beneficial effects in equine 

OA. Concurrent use of intra-articular amikacin may be useful in mitigating the risks of synovial 

sepsis.188 On the other hand, intra muscular administration is popular and appears safe, and has 

been shown to increase synovial fluid HA following administration.191  

 

Orthobiological therapies  

Cell-based therapies are commonly used for the treatment of equine OA and can be derived 

from a variety of sources, including peripheral blood and bone marrow. They typically contain 

some combination of growth factors, cytokines, and cells capable of eliciting anti-inflammatory, 

inflammatory, and/or anabolic responses.192 The goal of biological therapies in the treatment of 
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OA is to both alter the inflammatory component of OA and aid in regeneration of damaged 

tissues.192,193 

 

1. Mesenchymal stem cells (MSC) 

Mesenchymal stem cells are adult stem cells that display regenerative, anti-inflammatory, 

and immunomodulatory functions.194 MSC wield their positive effects on cartilage and synovium 

through the release of soluble mediators such as interferon gamma (IFN), macrophage-derived 

TNF-, and PGE2.
195 In a study evaluating MSC-conditioned media exposed to TNF- and 

IFN, there was reduced gene expression for IL-1, MMP-1 and MMP-13 from synovium, and 

increased expression of IL-1 receptor antagonist protein (IL-1ra).196 Moreover, MSC modulates 

the activity of other cells within the joint through paracrine mechanisms, exerting an anti-

inflammatory effect through intermediate cells, such as macrophages.2,197 A study evaluating the 

influence of MSC on macrophage function showed that LPS-stimulated macrophages co-cultured 

with MSC shifted from a TNF-α-producing inflammatory state to an anti-inflammatory state 

with increased production of IL-10 and -12.114,115,198 Furthermore, MSC secrete the key mediator 

PGE2, which  modulates the inflammatory activity and proliferation of T-cells and antigen 

presentation of dendritic cells, resulting in reduced TNF-α and increased IL-10 production.199 In 

fact, PGE2 secreted by MSC in an inflammatory environment promoted a switch from pro-

inflammatory to a reparative macrophage phenotype.198  

Similarly, MSC provided protection from sepsis in a murine cecal-puncture ligation 

model.200 Protection from sepsis was demonstrated via MSC-derived PGE2 stimulation of IL-10-

producing macrophages.200 Importantly, the beneficial effect of MSC were ameliorated with 

depletion of macrophages. Macrophages from septic lung tissue produced more IL-10 compared 
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to controls and LPS-induced macrophages produced more IL-10 when co-cultured with MSC.200 

In short, this demonstrates the ability of MSC to modulate macrophages through the release of 

PGE2, and indicates the importance of macrophage function in repair and inflammation.200 

Furthermore, PGE2 modulation of inflammation in MSC is counter to the effects of 

corticosteroids and NSAID on PGE2. MSC studies have demonstrated that PGE2 can actually be 

beneficial in modulating inflammation, and therefore repair.  

In addition to modulating the inflammatory functions of macrophages, MSC regulate 

macrophage chemotaxis and recruitment, which are important for regenerative processes.201 

Once injected into target tissue, MSC home to injured tissue via the release of trophic factors 

such as stromal cell-derived factor 1 (SDF-1), which is secreted by activated macrophages.202,203 

Once to the site of injury, exogenous MSC stimulate recruitment of endogenous MSC. 

Endogenous MSC activity is dependent on the presence of inflammation. Proliferation of 

endogenous synovial MSC occurred in the presence of articular cartilage injury, but did not 

occur in the absence of injury in a murine model.204 

In horses, MSC can be harvested from several sources, with bone marrow being most 

common and therefore the focus of this review. Bone marrow is commonly harvested from the 

sternum or tuber coxae in horses with age of the horse dictating the density of MSC at the 

respective site.205,206 The collected sample is predominantly composed of mononuclear cells 

(myeloid and hematopoietic progenitors) with a minute fraction consisting of MSC (0.001–

0.01%) and bone spicules.207 Once collected, MSC are culture expanded for 2-4 weeks to 

achieve large numbers of a relatively homogeneous cell population.192,208  

The utility of MSC in equine OA has been evaluated with mixed results and varied 

outcomes. The degree of inflammation present in the joint appears to dictate the MSC response 



42 

and the response varied between experimental and naturally-occurring OA.208 Induction of an 

anti-inflammatory niche is called ‘cytokine licensing’ and can be regulated by IFN-γ, TNF-α, IL-

1β, and IL-17.2,192 Priming of MSC with these molecules has been shown to improve 

chondroprotection and production of immunomodulators such as IL-6 and PGE2 in inflamed 

environments.192,209 It is this licensing mechanism that may explain discrepancies between 

studies evaluating the use of IA MSC in different OA models.192 The osteochondral fragment 

model, created to mimic traumatic arthritis, incites a low level of inflammation, while LPS-

induced synovitis is a potent inflammatory model.210 Intra-articular injection of MSC following 

induction of the osteochondral fragment chip model had no effect on lameness and only showed 

appreciable decreases in levels of PGE2.
211 In contrast, IA MSC injections in an induced model 

of LPS-synovitis demonstrated an ability to modulate inflammation by causing a significant 

reduction in total nucleated and mononuclear cell counts compared to control limbs.210,211 

Further, injection of MSC in a non-inflamed joint can cause transient synovitis that appears to be 

self-limiting.210 As such, models with varied spectrums of inflammation make efficacy difficult 

to ascertain as stem cell niche induce stem cells into anti-inflammatory phenotypes.  

 

2. Platelet Rich Plasma (PRP) 

PRP is the plasma portion of the patient’s own blood that is centrifuged or filtered to 

create a product that contains an increased concentration of platelets compared to normal blood. 

PRP has been shown to decrease cartilage catabolism through the inhibition of MMP-13 and 

enhanced production of endogenous HA.212 The therapeutic effects are thought to arise from 

growth factor and cytokine release following platelet degranulation.213 Examples of growth 

factors that have demonstrated beneficial effects on tissue repair include, platelet derived growth 
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factor (PDGF), TGF-β1, vascular endothelial growth factor, and insulin growth factor-1 (IGF-

1).214,215 

PRP is autologous, readily available, and can be harvested patient-side. There is some 

clinical evidence regarding the effects of PRP in OA-affected horses. IA injection of PRP has 

been shown to increase synovial growth factor concentrations such as IGF-1 in both normal and 

OA-affected joints, yet OA-affected joints had a less dramatic increase in growth factor 

concentrations.216 Furthermore, IA PRP incited a transient inflammatory reaction in both normal 

and OA-affected with increased synovial effusion noted in OA-affected joints compared to 

normal joints.216 In a pilot study of 4 horses treated with intra-articular PRP, lameness was 

improved, with maximal effects noted two months post injection and persistent improvement for 

eight months.217 Similarly, treatment with intra-articular PRP lysate improved lameness scores 

compared to saline controls in 10 horses with OA of the distal interphalangeal joint.218  

Although these results are promising, several factors, such as small sample size, 

incomplete analysis of growth factor content, and variation in PRP-product used should be taken 

into consideration when interpreting the efficacy of PRP for the intra-articular treatment of 

lameness in horses. One of the key areas of debate is the white blood cell (WBC) content of PRP, 

especially for intra-articular use. Commercially available devices for making PRP products for 

horses vary in their ability to concentrate platelets, the extent to which they may also concentrate 

WBC, and perhaps more importantly, the platelet:WBC ratio.192 The importance of platelet 

numbers and whether an optimal number of platelets is required for various treatments is an 

often debated issue. Growth factor levels do appear to be directly correlated to the number of 

platelets.219 However, increasing platelet numbers can have a detrimental effect on type II and III 

collagen gene expression.220 The importance of leukocyte numbers in PRP preparations for intra-
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articular use is a debated topic, with some studies suggesting the use of leukocyte reduced PRP 

over concerns for release of inflammatory factors from WBC and the negative impact this may 

have within the joint.214,221,222 Inflammatory cytokines such as IL-1β, IL-6 and IL-8 are related to 

leukocyte count and can be reduced by depletion of leukocytes.212  

 

3. Autologous conditioned serum (ACS) 

ACS is an autologous biologic produced by collecting peripheral blood and incubating it 

with medical grade glass beads at 37C for 24 hours.  The conditioned serum is then harvested 

following centrifugation, filtered and stored at -20C for serial intra-articular injections. 

Incubation induces monocytes to release increased concentrations of anti-inflammatory 

cytokines such as IL-1ra, IL-4, and IL-10 and growth factors such as basic fibroblast growth 

factor and TGF-1.223,224 Clinical results for the treatment of equine OA with ACS have been 

encouraging.225 Horses with experimentally-induced OA treated with 4 weekly injections of ACS 

demonstrated improved lameness and decreased cartilage fibrillation and synovial thickness 

compared to saline-treated controls.225 The clinical effects observed with ACS may be related to 

frequency of injection and content of IGF-1 and IL-1ra.226 Similarly, horses with naturally 

occurring OA treated with ACS every two days for a total of 3 injections had significantly 

decreased synovial fluid IL-1 concentrations and significantly increased IL-1ra concentrations 

42 days post treatment compared to horses injected at 7 day intervals.227  

Although clinical results with intra-articular ACS are promising, in vitro studies have shown 

mixed results in regards to chondroprotection. Despite increased concentrations of IL-1ra and 

IGF-1 in equine cartilage explants treated with ACS in an in vitro inflammatory model, there was 

no significant difference in MMP-3 production or synthesis and proteoglycan loss between ACS 
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and serum-treated samples.228 While the mechanisms of the benefits observed following ACS 

treatment are not completely understood, ACS administration is widely used in clinical practice. 

The anti-inflammatory effects of ACS are generally viewed to be much less potent than 

corticosteroids, hence it is primarily recommended for treatment of mild to moderate OA and 

synovitis, especially in young horses where the detrimental effects of corticosteroids are viewed 

to be most devastating.  

 

4. Bone marrow mononuclear cell therapy (BMNC)  

BMNC are a heterogeneous population of nucleated cells derived from bone marrow 

aspirate by density gradient centrifugation using Ficoll, a high-mass polysaccharide to isolate the 

mononuclear cell fraction from bone spicules, erythrocytes, and granulocyte precursors.229 The 

result is a population of cells that includes >50% monocyte and macrophage progenitors along 

with mixed hematopoietic progenitor cells (~25%) lymphoid progenitors (lymphocytes, plasma 

cells- ~10%), fibroblastic reticular cells (~10%), and a very small proportion of MSC (0.01-

0.0001%).230,231  

BMNC is an exciting new targeted OA therapy that is autologous and point-of-care, with 

the ability to modulate the homeostatic effects of regulatory macrophages.232,233  

BMNC provide potent anti-inflammatory and trophic effects in chronically inflamed and 

injured tissues, including the central nervous system and lungs.230,234 BMNC decreased the 

inflammatory phase of healing while concurrently improving tissue quality in both tendons and 

ligaments in horses, with treated horses demonstrating increased inflammatory cell infiltration 

and extracellular matrix synthesis.235,236 Specifically, there were increased levels of cartilage 

oligomeric matrix protein and type I collagen in treated horses versus placebo-treated controls.236 
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BMNC have also provided improvement in murine models of acute liver failure and related 

survival.237,238 BMNC therapy was demonstrated more pronounced benefits such as improved 

lung function, alveolar collapse and increased levels of TGF- and VEGF than MSC in a murine 

asthmatic model.239 Moreover, macrophage progenitors from BMNC exhibited potent anti-

inflammatory effects comparable to corticosteroids in equine and murine chronic inflammatory 

airway disease.84,230 IL-10 concentrations in bronchoalveolar lavage fluid from horses treated 

with BMNC were 30-fold higher compared to horses treated with dexamethasone.84 

Additionally, BMNC-treated horses demonstrated significantly decreased levels of neutrophils 

and increased number of macrophages on days 7 and 21 compared to dexamethasone-treated 

horse.84 IL-10 is a potent anti-inflammatory cytokine important in tissue homeostasis and repair, 

and plays an essential role in the protection of chondrocytes and other tissue from inflammatory 

insults.84,116,240,241  

Reports of the use of BMNC for the treatment of OA are limited; however, existing 

reports are promising. BMNC reduced the clinical signs in people with tennis elbow and 

moderate knee OA.233,242,243 Intra-articular injection of BMNC was not associated with any 

adverse effects and provided significant clinical improvement and better pain relief when 

compared to hyaluronic acid treatment in human knee OA.233,243 By taking advantage of the 

natural bias of macrophage progenitors toward the anti-inflammatory, M2 phenotype when 

exposed to an inflammatory environment, it may be possible to modulate synovial inflammation 

and establish an environment conducive to tissue healing.84,95,230,244 By promoting synovial 

inflammation resolution, BMNC therapy has the potential to benefit innumerable human and 

veterinary patients suffering from OA.  
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Synovial inflammation is a major component of joint disease and is significantly 

mediated by macrophages.41 Under physiologic conditions, macrophages work together with 

synovial fibroblasts to maintain joint health.81,82 Once these homeostatic mechanisms are 

overwhelmed, macrophages incite joint inflammation in order to signal the physiologic need for 

the body to respond and return the synovial environment back to normal. If inflammation is not 

resolved, then chronic inflammation ultimately leads to pathologic cartilage and bone changes 

characteristic of OA.245 Although macrophages are commonly thought of as causing negative 

effects, such as inflammation, under physiological conditions, macrophage-mediated 

inflammation is actually self-limiting and performs a critical role in inflammation resolution.80,86 

This physiologic response is regulated, and involves the recruitment of other types of immune 

cells, such as neutrophils and lymphocytes, to help eliminate foreign materials, aid in tissue 

repair, and eventually restore tissue homeostasis.81,91 These apparently contradictory macrophage 

functions are incompletely understood, and are the topic of a number of recent and ongoing lines 

of investigation.88-90 Chronic joint  injury hinders inflammation resolution and associated 

cytokines allowing catabolic  enzymes to perpetuate joint degradation.43,246 Therefore, 

inflammation resolution is an essential step in mitigating the catabolic processes of OA and 

shifting cellular balances in the joint toward an anabolic response and homeostatic result.50,121 

Macrophage progenitors are M2-biased and are the primary cells shown to counteract the 

deleterious effects of inflammation by promoting an anti-inflammatory response in vitro and in 

vivo.115,244,247 In vitro, macrophages undergo phenotypic changes in response to environmental 

stimuli, polarizing into distinctly different cell types – inflammatory (M1) and 

suppressive/regulatory (M2).248 These variations in activation states gave rise to the concept of 

macrophage polarization.249 Importantly, the M2 phenotype can be induced by exposure to an 
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inflammatory environment, such as a diseased joint.84,244 In vitro, chondrogenic differentiation of 

progenitor cells is impeded by M1 macrophages from the osteoarthritic synovium79; however, 

repolarization to the M2 phenotype improves clinical and histological signs of joint disease in a 

mouse model.250  

Recent studies have suggested that macrophage polarization is not as straightforward as 

once postulated and that they rather exhibit a continuum of marker expression and exist in a 

hybrid state – producing both pro-and anti-inflammatory cytokines that are essential for 

resolution of inflammation.251 In vitro culture of equine BMNC in normal and inflamed synovial 

fluid resulted in macrophage-rich cultures with phenotypes similar those seen in normal synovial 

macrophages and increasing levels of IL-10+ macrophages and IL-10 and IGF-1 concentrations, 

and decreasing IL-1β concentrations.251 Interestingly, changes were more marked in inflamed 

synovial fluid compared to normal.251 These findings strengthen the argument for increasing IL-

10-producing macrophages in inflamed joints as a means of tipping the response in favor of 

resolving inflammation.  

In a recent study in vivo using an equine model of LPS-induced synovial inflammation, 

autologous intra-articular BMNC injection resulted in marked reduction of acute inflammation 

without adverse effects.251 BMNC-treated joints showed gross and laboratorial improvements in 

synovial fluid and synovial membrane parameters, with increased numbers of regulatory 

macrophages and synovial fluid IL-10 concentrations compared with saline-treated controls.251 

In fact, inflamed joints with BMNC had 24% higher macrophage counts and 10% more IL-

10+ cells than saline-treated controls.251 BMNC-treated joints were comparable to healthy joints 

grossly and histologically, whereas saline-treated control joints remained abnormal 6 days after 

injection.251 In summary, these studies support the idea that capitalizing on the macrophage-
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derived effects of BMNC has the potential to reestablish joint homeostasis and are the seminal 

studies serving as the groundwork for this thesis project.  
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Abstract 

 Osteoarthritis (OA) in horses can be debilitating and career-ending. Current treatments 

offer temporary relief of clinical signs, but potentially deleterious side effects. Bone marrow 

mononuclear cells (BMNC) are a rich source of macrophage progenitors that have the ability to 

reduce OA symptoms in people and inflammation in experimentally-induced synovitis in horses. 

The objective of this study was to evaluate the ability of intra-articular BMNC therapy to 

improve clinical signs of naturally occurring equine OA. Horses presenting with clinical and 

radiographic evidence of moderate OA in a single joint were randomly assigned to 1 of 3 

treatment groups: saline (negative control), triamcinolone (positive control), or BMNC 

(treatment group). Horses were subjectively and objectively evaluated for lameness and synovial 

fluid collected for cytologic evaluation at 0, 7, and 21 days post-injection. Data were analyzed 

using General Estimating Equations with significance set at P<0.05. There were no adverse 

effects noted in any treatment group. No significant differences were found in synovial fluid 

cytology parameters, joint circumference or lameness between treatment groups at any time 

point. Joint circumference did not change over time within saline- and triamcinolone-treated 

groups. Joint circumference reduced and lameness improved significantly within the BMNC-
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treated group between Days 0 and 21 and Days 7 and 21. Lameness also improved significantly 

within the saline-treated group from 0 to 21 days, but did not improve within the triamcinolone-

treated group.  The decreased lameness and lack of adverse effects in the BMNC-treated horses 

in our study support a larger clinical trial using BMNC.  
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Introduction 

Osteoarthritis (OA) is ubiquitous, complex, and a clinically challenging disease affecting 

both companion animals and humans.1 OA is the most common cause of lameness in horses of 

all disciplines, accounting for approximately 60% of lameness problems.1,2 Lameness related to 

OA has been associated with poor performance, early retirement, and failure to race in 

Thoroughbred racehorses.3-5 

OA affects multiple joint tissues and causes cellular and structural pathological changes 

in intra-articular cartilage, synovium and bone.6,7 Clinically OA is characterized by the presence 

of synovial effusion, soft-tissue swelling and lameness and/or poor performance 2 Inflammation 

of the synovial membrane (synovitis) is a key driver of clinical signs and pathologic processes in 

equine osteoarthritis as it increases production of inflammatory mediators such as 

metalloproteinases (MMP), cytokines and chemokines that create an unfavorable synovial 

environment for tissue homeostasis.2,8-10 Inflammation in the synovium drives and perpetuates 

OA, and is further fueled by cytokines and break down products from other tissues leading to a 

cycle of inflammation and tissue destruction. Uncontrolled inflammation combined with limited 

self-regenerative capacity of articular cartilage and synovial tissues result in joint 

degeneration.11,12 

Macrophages are significant mediators of synovial inflammation and contribute to 

pathologic cartilage and bone responses characteristic of OA.13 In general, macrophages play key 

roles in both the innate and adaptive immune systems, both of which are increasingly thought to 

play a role in the development of OA.12,14 Under physiological conditions, macrophage-mediated 

inflammation is self-resolving, and involves the recruitment of immune cells to help eliminate 

foreign materials, aid in tissue repair, and eventually return the tissue to homeostasis.12,15 When 
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phagocytic and regulatory functions become overwhelmed, synovial macrophages recruit and 

prime other immune cells, such as lymphocytes and neutrophils, to upregulate inflammation in 

response to the increased demands for repair.11,12  

Macrophages undergo phenotypic changes in response to environmental stimuli, 

polarizing into distinctly different cell types – inflammatory (M1) and regulatory (M2).15,16 

Importantly, the M2 phenotype can be induced by exposure to an inflammatory environment, 

such as a diseased joint.14,17 Macrophage phenotype plays a direct role in the continuation or 

amelioration of OA. In vitro, chondrogenic differentiation of progenitor cells is impeded by M1 

macrophages from the osteoarthritic synovium18; however, repolarization to the M2 phenotype 

improves clinical and histological signs of joint disease in a mouse model.19 Furthermore, the 

ratio of M1 to M2 macrophages is markedly higher and significantly positively correlated to 

severity level of knee osteoarthritis in humans.20 Due to their duplicity of function, macrophages 

have become the focus of significant ongoing research efforts.12,19,21,22 Although little is known 

about the specific roles of macrophages and the effects of their phenotype polarization on joint 

homeostasis and repair, extrapolation from other tissues suggests that targeting macrophage 

polarization could be a novel treatment for osteoarthritic joints.22-24 By taking advantage of the 

natural bias of macrophage progenitors toward the M2 phenotype when exposed to an 

inflammatory environment, it may be possible to modulate synovial inflammation and clinical 

signs, thereby establishing an environment conducive to tissue healing.17,23-26  

Current therapeutic options for OA mainly target clinical signs by temporary anti-

inflammatory effects, but fail to produce sustained or reparative effects. Furthermore, traditional 

treatments inhibit both pathological and homeostatic pathways with detrimental consequences. 

For example, corticosteroids can have detrimental effects on cartilage metabolism by 
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antagonizing common cellular pathways (e.g., prostaglandins and NF-kB) that are innately 

required for efficient tissue healing.27,28 Orthobiological therapies such as autologous 

conditioned serum and mesenchymal stem cells have become popular in recent years but have 

shown only modest benefit in improvement of clinical signs.29-31 A recent study demonstrated 

that single and repeated intra-articular injections of allogeneic and autologous bone marrow 

derived mesenchymal stem cells were equally ineffective in reducing the inflammatory response 

from acute recombinant IL-1β-induced joint inflammation in horses.32 Consequently, there is a 

critical need for therapies that halt disease progression and resolve synovial inflammation, while 

maintaining homeostatic and reparative functions of the joint. Recent research has shown the 

therapeutic potential of targeting inducers of the resolution phase of inflammation as opposed to 

ones that inhibit the acute phase of inflammation.33,34  

Bone marrow mononuclear cells (BMNC) are a source of macrophages that have been 

used to enhance tissue repair and treat chronic inflammation.24 Macrophage progenitors (>50% 

naïve progenitors) are the primary cells in BMNC responsible for downregulating 

inflammation.24,35 BMNC are considered M2-biased progenitors and promote an anti-

inflammatory response counteracting the deleterious effects of inflammation in vitro and in 

vivo.17,24 The anti-inflammatory effects of bone marrow derived macrophages are associated with 

increased production of interleukin (IL)-10 concentrations.23,36 IL-10 is a potent anti-

inflammatory cytokine important in tissue homeostasis and repair and plays an essential role in 

the protection of chondrocytes from inflammatory insults.37,38 BMNC have been shown to 

provide potent anti-inflammatory and trophic effects in injured tissues, including the central 

nervous system, heart, and lungs.24,39,40 Macrophage progenitors from BMNC had clinical effects 

similar to corticosteroids in equine and murine chronic inflammatory airway disease.23,24 IL-10 
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concentrations in bronchoalveolar lavage fluid from horses treated with BMNC were 30-fold 

higher compared to horses treated with dexamethasone.23 Endogenous production of IL-10 by 

synovial membrane macrophages is inhibited by corticosteroids.23,28 Intra-articular injection of 

bone marrow-derived mononuclear cells was shown to be safe and provided significant 

symptomatic and pain relief for human keen OA when compared to hyaluronic acid.41,42 By 

harnessing the M2-biased property of BMNC and increasing the number of cells responsible for 

homeostatic functions, joint health may be restored by shifting the balance in an affected joint 

toward a homeostatic and reparative state. 

 Equine BMNC are autologous and rapidly isolated from bone marrow aspirate for point-of-

care administration and have the potential to substantially advance the current treatment of 

equine joint disease.43 Important advantages of BMNC over cultured mesenchymal stem cells for 

intra-articular therapy include a cell population rich in M2-biased macrophage progenitors and 

the efficiency of same-day isolation and treatment with minimal equipment, manipulation, and 

expense.43,44 Intra-articular BMNC therapy has the potential to provide long-lasting modulation 

of joint inflammation and promotion of tissue repair through regulatory macrophages In a recent 

study by Menarim et al, horses treated with intra-articular BMNC had no adverse reactions and 

treated joints showed gross improvement and demonstrated increased levels of anti-inflammatory 

markers within the synovial fluid, with increasing regulatory macrophages and synovial fluid IL-

10 concentrations compared with saline-treated controls.43 BMNC-treated joints were 

histologically comparable to healthy joints, which remained abnormal in saline-treated 

controls.43 

 The objective of this study was to evaluate the ability of intra-articular BMNC to improve 

clinical signs of naturally occurring osteoarthritis in horses. We hypothesized that intra-articular 
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administration of BMNC would reduce lameness and joint inflammation comparable to that 

achieved with intra-articular corticosteroids.  

 

Materials and Methods  

Study Design  

 The study was designed as a multi-center, randomized, blinded, placebo-controlled 

clinical trial. The study protocol was approved by the Institutional Animal Care and Use 

Committee and the Hospital Board. The study was performed at the Virginia Maryland College 

of Veterinary Medicine in collaboration with external equine practices in the mid-Atlantic region 

and North Carolina.  

 Adult horses between 3 and 16 years of age referred with lameness of at least Grade 2 on 

a 0-5 scale45 and isolated to a single joint in one limb were prospectively enrolled in the study. 

Eligibility for inclusion was based on the following criteria: a complete medical record, 

including signalment, history, and presenting physical examination findings (temperature, pulse, 

respiratory rate); predominant limb lameness of Grade 2 or 3 on a scale of 0-545 isolated to a 

single joint yielding a positive response to intra-articular anesthesia, with radiographic evidence 

of moderate OA. The source of lameness was localized using a combination of subjective 

lameness evaluation and objective quantification using a body-mounted, wireless, inertial sensor 

system (Lameness Locator®), diagnostic analgesia, and radiography. Radiographic OA scores 

(mild, moderate, or severe) were assigned by consensus between 4 experienced clinicians (SHB, 

CRB, LAD, or RSP).29,46 Moderate OA was assigned based on radiographic evidence of 

osteophytes, sclerosis and lysis with or without narrowing of articular margin.29,46 Horses with 

moderate OA, isolated to a single joint, were eligible for enrollment in the study. Once selected 
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for study inclusion, a physical examination and complete blood count were performed to ensure 

general health.  

 Following completion of a written Client Consent form, horses were randomly assigned 

to 1 of 3 treatment groups using a random number generator (Excel, Microsoft Office 2019): 

saline (negative control, n=6), triamcinolone (positive control, n=6), or BMNC (treatment group, 

n=7; Figures 2-1 and 2-2). A 7-day washout period was observed following local anesthesia and 

horses then underwent repeat lameness scoring to establish baseline lameness for the study. 

Horses were re-evaluated at 7 and 21 days following treatment to assess lameness, collect 

synovial fluid for cytology, cytokine analysis, and to perform joint circumference measurements.  

Exclusion criteria included intra-articular injection within 3 months prior to screening, severe co-

morbidity (including complete intra-articular fractures and concurrent ligamentous and tendinous 

injuries), and administration of other medication aimed at the musculoskeletal system (i.e., 

NSAID, PSGAG, and nutraceuticals) received within 4 weeks of study enrollment or during the 

3 weeks of the study itself. Horses with a predominant limb lameness in the proximal and distal 

interphalangeal joints and distal tarsal joints were excluded due to the decreased likelihood of 

obtaining adequate volumes of synovial fluid.  
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Figure 2-1. Schematic showing study design. 

 

 

Objective lameness evaluation 

Lameness evaluations were performed with a body-mounted inertial sensor system 

(Lameness Locator®) while horses were trotting in a straight line on a hard or firm surface. 

Sensors were attached to each horse as described.47-51 Briefly, each horse was instrumented with 

a poll (head), right forelimb pastern, and pelvis sensor device secured in place for the 

examination.   
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Figure 2-2. Schematic showing experimental flow for each individual horse. 

 

 

Forelimb lameness was considered present when the vector sum (VS) of MaxHDiff and 

MinHDiff > 8.5mm.47-51 If the VS was a positive value (MinHDiff is > 0), the lameness was 
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considered localized to the right forelimb. A negative VS (MinHDiff is < 0) indicated a left 

forelimb lameness. Data collected from vertical pelvic movement were not used in this study.  

 

Subjective lameness evaluation 

 Subjective lameness grading was performed using a published grading scale (0-5) (Table 

2-1).45 Horses were trotted on asphalt (or similar hard surface) for evaluation in a straight line 

and limb flexion tests. Lunging of horses was performed on various types of surfaces. 

Videographic recordings were obtained for subjective grading; however, only the straight line 

was used in statistical analysis to maintain consistency with the Lameness Locator®.  

 

Table 2-1: Table displaying criteria for Lameness Scoring (0-5).45 

Lameness grades from 0–5 are based on observation of the horse at a trot in hand, in a 

straight line, on a firm or hard surface. 

Score Description 

0 No lameness observed  

1 Mild lameness observed while the horse is trotted in a straight line 

(head nod or pelvic hike inconsistent) 

2 Obvious lameness is observed (head nod and pelvic hike are seen 

consistently) 

3 Overt lameness (pronounced head nod or pelvic hike of several 

centimeters) 

4 Severe lameness (extreme head nod or pelvic hike, but horse can 

still be trotted) 

5 Horse is non-weight-bearing and should not be trotted.  
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Bone marrow harvest  

Bone marrow aspirates for horses in the BMNC-treated group were performed 

immediately prior to intra-articular injection, as previously described.43 Sham bone marrow 

aspirates were not performed on horses in the saline- or triamcinolone-treated groups as lack of 

aspirate was not deemed to influence the outcome and was considered an unnecessary, invasive 

treatment for client-owned horses. Horses were sedated with detomidine hydrochloride (0.01 

mg/kg IV) and butorphanol tartrate (0.01 mg/kg IV). The sternum was clipped, aseptically 

prepared, and the skin, subcutaneous tissue and underling musculature anesthetized with 2% 

lidocaine hydrochloride (0.5-2 mg/kg) in all horses to minimize bias. Bone marrow aspirates (25 

mL each) were collected from the 4th and 5th sternebrae using either an 8-gauge Komiyashiki 

needle or 11-gauge Jamshidi needle and a 60 mL syringe preloaded with 15,000 IU heparin and 

10 ml Dulbecco’s phosphate buffered saline (DPBS).43,44 

 

Bone marrow mononuclear cell isolation  

In a laminar flow hood, bone marrow aspirate was filtered (200µm blood administration 

set), gently layered over 2.5 mL of Ficoll-Paque™ Plus (GE Healthcare Life Sciences) in 15 mL 

conical tubes, and centrifuged (500 x g for 30 minutes at 4°C).43,44 Supernatant plasma was 

aspirated and discarded up to 1.5 ml above the Ficoll ring. Mononuclear cells in Ficoll-Paque™ 

were aspirated, transferred to a sterile 50 ml conical tube, washed twice in DPBS, centrifuged 

(400 x g for 10 minutes at 4°C), and resuspended in DPBS (20 x 106 cells/ml DPBS). The 

concentration of isolated BMNC for each horse were determined using a hematocytometer. 

BMNC cell viability was confirmed through the application of a Dye Exclusion Test using 

trypan blue (Sigma-Aldrich).52 Isolated BMNC were maintained in sterile conical centrifuge 
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tubes at 4°C to preserve viability and prevent clumping while transported from the laboratory to 

the clinic.43,44 Cells in excess of those required for injection were cryopreserved for future 

studies.  

 

Synoviocentesis, cytology, and joint treatment  

Affected joints were prepared aseptically for synoviocentesis and synovial fluid (~2ml) 

was aspirated using a 20g x 1.5in hypodermic needle. Synovial fluid was aliquoted for cytology 

(EDTA tubes; Virginia Tech Animal Laboratory Services, Blacksburg, VA; Antech Diagnostics, 

Lake Success, NY) and prospective cytokine and growth factor quantification (Protein LoBind®; 

Eppendorf®, Westbury, CT). Synovial fluid samples for cytology were analyzed using an 

automated processor (ADVIA 2120 hematology 173 Analyzer, Siemens Healthcare Diagnostics, 

Inc., Tarrytown, NY). Differential cell counts were performed by a veterinary clinical pathologist 

(SB). EDTA-free samples were centrifuged (12,000 x g for 10 minutes at 4°C) and the 

supernatant stored at -80°C for cytokine and growth factor quantification. After synovial fluid 

was aseptically obtained for cytology and cytokine quantification and in the same 

synoviocentesis procedure all joints received the assigned treatment in a volume of 2 mL: 

BMNC-treated joints received 20 x 106 BMNC in DPBS, while saline and corticosteroid groups 

received DPBS, or 4 mg triamcinolone, respectively.  

 

Joint circumference measurement  

Joint circumference was used as a means to assess soft tissue swelling and synovial 

effusion following intra-articular injections. The location of joint circumference measurement 

was perceived as the location of maximum circumference and marked by clipping the hair. Joint 
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circumference (cm) was measured two times with a flexible measuring tape, consecutively, at the 

same location on the limb and then averaged. All measurements were performed by a single 

observer (JBE).  

 

Follow-up evaluation 

Following treatment of affected joints, horses were monitored for 24 hours for attitude, 

appetite, temperature, pulse, respiratory rate, signs of local inflammation, measurement of joint 

circumference (using a flexible measuring tape), and lameness in the stall. Evaluation outside the 

stall was performed at the walk only at 24 hours to minimize the possibility of joint trauma 

immediately following injection. Horses were discharged after evaluation at 24 hours with 

instructions to receive 7 days of stall rest, followed by 7 days of stall rest with 15 minutes of 

hand walking twice a day, and finally 20 minutes of trot under saddle for the final 7 days before 

re-evaluation. Horses were re-evaluated 7 and 21 days following treatment by performing a 

complete physical examination, measurement of joint circumference, and lameness evaluation 

with subjective and objective (Lameness Locator®) methods. Examinations were video recorded 

for later scoring by 3 blinded observers (SHB, CRB, RSP) and synovial fluid was collected 

under sedation from the treated joint for repeat cytology and cytokine quantification.  

 

Cytokine and growth factor quantification 

Aliquots of synovial fluid in Protein LoBind microfuge tubes and preserved at -

80°C were used for quantification of growth factors and anti- and pro-inflammatory 

cytokines and chemokines [basic fibroblast growth factor-2, granulocyte monocyte 

colony stimulating factor, IL-1Β, IL-6, macrophage chemoattractant protein 1 (MCP-1), 
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IL-10, TNF-Α, stromal cell–derived factor 1 (SDF-1), IGF-1, IL-1 receptor antagonist 

(IL-1ra) and prostaglandin E2 (PGE2)] by equine multiplex bead-based assay (Eqcttmag-

93K, Milliplex Map Equine chemokine/cytokine, Luminex 200 plate reader; 

MilliporeSigma). Manufacturer’s modifications to include IGF-1, SDF-1, and IL-1ra and 

to validate inclusion of 1 additional point at the lower end of the standard curve to 

maximize detection of low analyte concentrations were included. PGE2 was quantified 

by ELISA (KGE004B; R&D Systems, Minneapolis, MN, USA; SpectraMax M5 plate 

reader; Molecular Devices, Sunny- vale, CA, USA).53 

Synovial fluid samples were thawed and digested with 10 mL hyaluronidase 

solution [100 IU testicular hyaluronidase in acetate buffer (LS005474; Worthington 

Biochemical, Lakewood, NJ, USA)] in 200 mL of synovial fluid and incubated for 30 

minutes at 37°C. Samples were then centrifuged for 10 minutes at 12,000 x g and 4°C to 

remove any particulate matter and the supernatant was recovered (Protein LoBind 

microfuge tubes; Eppendorf).53 Based on our previous experience with equine synovial 

fluid samples, a dilution of 1:2 was selected for PGE2 quantification, and no dilution was 

deemed necessary for the Milliplex assay.53 Following hyaluronidase digestion, PGE2 

samples were performed as previously described.53 The remaining analytes were measured 

using hyaluronidase-digested samples without any additional processing. 

 

Statistical analysis 

Joint circumference data were log transformed to stabilize the model and are expressed as 

median and range. A Kappa statistic was used to compare intra- and inter-observer variation for 

subjective video analysis of lameness. Lameness Locator® data were analyzed for 17 horses with 
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forelimb lameness. Two horses with pelvic limb lameness were excluded because of the inability 

to handle the data in an identical manner as for forelimb lameness. Lameness Locator® data were 

collated in Microsoft Excel and inertial lameness measurements were reduced to 0 to represent a 

sound horse and establish baseline measurement. The Diff Max (push off lameness) or Diff Min 

(impact lameness) measurements were normalized to positive measurements, and entered under 

the limb that was lame (treated or control). Data analysis was performed using General 

Estimating Equations (GEE) to assess the effects of treatment and time. Chi-Square test was used 

for Least Squares Means for post-hoc comparisons of joint circumference data. Least square 

means adjustment for multiple comparisons was performed using the Tukey-Kramer test. All 

analyses were performed using commercial software (SAS version 9.4, SAS Institute, Inc., Cary, 

NC). Significance was set at P<0.05.  

 

Results 

Nineteen adult horses (11 castrated males and 8 females) between 3 and 16 years of age 

met inclusion criteria for the study. These included 18 Thoroughbreds and 1 American Quarter 

horse. Of the 19 horses included in the study, a predominant limb lameness was isolated to the 

forelimb in 17/19 (89%) and the hindlimb in 2/19 (12%; Table 2-2) 

 

BMNC isolation  

BMNC were successfully isolated from all six horses in the treatment group. There were 

no adverse effects noted with harvest site. BMNC concentration tended to vary by horse and age; 

however, the amount isolated was well in excess of what was needed for injection. Cell viability 

following isolation was between 80-90%.   
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Table 2-2:  Signalment, affected joint, treatment, and outcome for horses enrolled in study. 

Horse 

Age 

(years) Breed Sex  Affected Joint Treatment  Outcome  

1 3 TB Gelding R radiocarpal BMNC 

Adopted for new career 

following racing  

2 7 TB Gelding L middle carpal BMNC 

Adopted for light trail 

riding  

3 3 TB Mare R radiocarpal Triamcinolone 

Adopted for new career 

following racing  

4 3 TB Gelding R radiocarpal Saline 

Adopted for new career 

following racing 

5 3 TB Mare L middle carpal BMNC 

Adopted for new career 

following racing  

6 4 TB Mare R middle carpal Saline 

Adopted for new career 

following racing 

7 6 TB Gelding RF MCP Saline Remained lame 

8 6 TB Gelding RF MCP BMNC 

Adopted for new career 

following racing  

9 3 QH Gelding R tibiotarsal Triamcinolone Returned to previous use  

10 10 TB Gelding LF MCP BMNC 

Increased level of use; 

able to begin cantering 

and low-level jumping 

11 6 TB Mare LF MCP Triamcinolone Returned to previous use  

12 7 TB Gelding R middle carpal Saline 

Adopted for new career 

following racing 

13 11 TB Mare LF MCP Triamcinolone 

Adopted for new career 

following racing  

14 5 TB Mare RH MCP BMNC 

Switched to right 

forelimb lameness; low-

level jumping 

15 16 TB Gelding RF MCP Triamcinolone 

Adopted for new career 

following racing  

16 3 TB Mare  R middle carpal Triamcinolone 

Adopted for new career 

following racing 

17 3 TB Mare L middle carpal Saline 

Adopted for new career 

following racing 

18 6 TB Gelding RF MCP BMNC 

Adopted for new career 

following racing  

19 3 TB Gelding L middle carpal Saline 

Adopted for new career 

following racing  

TB, Thoroughbred; QH, Quarter Horse; BMNC, bone marrow mononuclear cells; R, right; 

L, left; RF, right front; LF, left front; MCP, metacarpophalangeal 
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BMNC isolation  

BMNC were successfully isolated from all six horses in the treatment group. There were 

no adverse effects noted with harvest site. BMNC concentration tended to vary by horse and age; 

however, the amount isolated was well in excess of what was needed for injection. Cell viability 

following isolation was between 80-90%.  

 

Intra-articular injections  

Intra-articular injections and synoviocentesis were successfully performed in all horses 

and affected joints. Injection of BMNC caused no adverse effects in any horses. Injection with 

BMNC were made within 4 hours of harvesting bone marrow in all horses. The time required to 

harvest bone marrow and isolate BMNC decreased with time as experience with isolation 

protocol and cell counting improved.  

 

Clinical exam 

Body temperature, heart rate, respiratory rate, and appetite remained normal for all horses 

throughout the study. Horse 9 (triamcinolone) had increased synovial effusion following 

injection, which resolved by day 21. Horse 17 (saline) showed signs of transient post-injection 

synovitis with an increase in lameness between day 1 and 4 that was resolved by day 7 without 

intervention. Additionally, Horse 11 (triamcinolone) had increased lameness at day 21 compared 

to baseline. These changes were inconsistent and varied between horses.  
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Synovial fluid cytology 

Injection of BMNC caused no adverse effects in any horses. Median TNCC remained 

<500 cells/uL at all time points (Fig. 2-3). The median TNCC at Day 7 in the BMNC group (440 

cells/uL) was significantly higher than at Day 0 (100 cells/uL; P=0.003). Large mononuclear 

cells were the predominant cell type across treatments at all time points. Median TP was <2.25 

g/dL for all treatments at all time points (Fig. 2-3). Median TP decreased significantly between 0 

and 7 days in the saline-treated group (P=0.012). There were no other differences detected 

between groups or over time for TNCC, TP, or differential cell counts. 

 

Lameness evaluation  

Objective lameness data for 17/19 horses with forelimb lameness was included for 

statistical analysis. One horse from each of the saline and triamcinolone-treated groups, 

respectively were excluded in this analysis due to the presence of primary pelvic limb lameness. 

This was done to ensure a consistent and homogenous study population because forelimb and 

pelvic limb Lameness Locator® data could not be manipulated in identical manners. Overall, 

when all 17 horses were included in the analysis, lameness did not differ by treatment group 

(P=0.970); however, it did decrease significantly over time (P=0.010; Figure 2-4). In the 

BMNC-treated group, lameness did not decrease from Day 0 to 7 (P=0.947), but did decrease 

significantly from Day 0 to 21 (P=0.002) and from Day 7 to 21 (P=0.001). Lameness in the 

saline-treated group decreased significantly only from Day 0 to 21 (P=0.017), but not from Day 

0 to 7 (P=0.784) or from Day 7 to 21 (P=0.104). In the triamcinolone-treated group, lameness 

did not decrease significantly between any of the time points (Day 0-7, P=0.193; Day 7-21, 

P=0.652; Day 0-21, P=0.324). There was one horse in the triamcinolone group that was an 
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Figure 2-3. Synovial fluid cytology from saline- (n=6), BMNC- (n=7), and triamcinolone- (n=6) treated joints. * Significant 

difference between values indicated by the bar above. Median TNCC remained <500 cells/uL and median total protein was <2.25 g/dL 

for all treatments at all time points. Lines on box plots represent median value, boxes represent 25th and 75th quartile and whiskers 

represent 5th and 95th quartiles.
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outlier and showed significantly increased lameness between 7 and 21 days, which would not be 

expected following corticosteroid treatment. There was no identifiable reason for this increase. 

Reanalysis excluding this single horse retained similar results of decreased lameness and 

statistical significance in the BMNC- and saline-treated groups; however, with n=4 horses in the 

triamcinolone group, lameness was significantly decreased between Days 7 and 21 (P<0.001) 

and Days 0 and 21 (P<0.001), but not for Days 0 to 7 (P=0.248; Figure 2-4). There were no 

significant differences in subjective lameness evaluation scores between treatments or within 

groups over time. 

 

Joint circumference  

Overall, joint circumference did not differ by treatment group (P=0.430) or over time 

(P=0.995; Figure 2-5). However, joint circumference did decrease significantly over time in the 

BMNC-treated group from Day 0 to 21 days (P=0.004) and Day 7 to 21 days (P=0.001). There 

were no significant differences over time for the saline (P=0.309) and triamcinolone groups 

(P=0.994).  

 

Discussion 

Intra-articular BMNC injection in horses with moderate, naturally-occurring OA was associated 

with no adverse effects and resulted in decreased soft tissue swelling and scores of objectively 

assessed lameness.  In contrast to triamcinolone treatment which demonstrated no decrease in 

lameness, the majority of lameness improvement occurred between 7 and 21 days in the BMNC-

treated horses. These findings are similar to a study performed by Barussi et al 2016 that 

compared tracheal infusion of BMNC in horses with recurrent airway obstruction to
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Figure 2-4.  Objective lameness data collected using the Lameness Locator® for horses treated with saline, bone marrow mononuclear 

cells (BMNC), or triamcinolone. (A) Data from 17 horses with forelimb lameness (saline n=6, BMNC n=6, triamcinolone n=5). (B) 

Data from 16 horses with forelimb lameness (saline n=6, BMNC n=6, triamcinolone n=4) after omitting the one triamcinolone-treated 

horse that was an outlier with a marked increase in lameness between 7 and 21 days. * Significant difference between values indicated 

by the bar above. Lines on box plots represent median value, boxes represent 25th and 75th quartile and whiskers represent 5th and 95th 

quartiles. 

A B 
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Figure 2-5.  Joint circumference measurements for horses treated with saline (n=6), bone 

marrow mononuclear cells (BMNC; n=7), or triamcinolone (n=6). Lines on box plots represent 

median value, boxes represent 25th and 75th quartile and whiskers represent 5th and 95th quartiles. 
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dexamethasone treatment. Marked improvement of clinical signs such as coughing and 

respiratory effort and increases in anti-inflammatory cytokines such as IL-10 were noted at 7 and 

21 days in horses treated with intratracheal BMNC.23 Rest alone resulted in decreased lameness, 

regardless of treatment group. Importantly, synovial fluid parameters remained within normal 

limits for the 21 days following BMNC injection, with a small increase in TNCC at Day 7. This 

is the first controlled clinical trial investigating autologous intra-articular BMNC injection for the 

treatment of horses with naturally-occurring OA and provides objective data supporting a larger 

clinical trial. Equine BMNC are autologous, readily available, do not require extensive 

processing, and reduced inflammation and lameness in naturally-occurring OA in the horses 

studied. 

Consistent with published reports in people, intra-articular BMNC did not cause adverse 

effects.42,43 The transient increase in TNCC in the BMNC-treated group in our study may have 

been a direct response to the nucleated cells injected into the joint and/or to a recruitment of 

endogenous nucleated cells, possibly to initiate inflammation resolution. This finding is 

consistent with a study evaluating intra-articular BMNC injection into experimentally inflamed 

equine joints.43 In that study, intra-articular BMNC resulted in a 20% increase in macrophages 

on cytology at 96 and 144 hours post injection.43 Collectively, these findings suggest that the 

effect of BMNC in OA-affected joints may follow a similar pattern with regulatory macrophage 

progenitors aiding in resolution of inflammation.  

There was a significant decrease in the joint circumference measurement at all time 

points for the BMNC-treated group. Joint circumference is a direct measure of synovial effusion, 

which is an indirect measure of inflammation within and surrounding the joint. We chose to 

utilize joint circumference as a direct measure of synovial effusion as opposed to a synovial 
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effusion grading scale which is a clinical observation and prone to more subjectivity. Consistent 

with published reports, the anti-inflammatory effects of BMNC, as measured by joint 

circumference, were readily apparent in each of the 7 horses in the BMNC group, despite 

variations between horses in the positive and negative control groups.42 In a human study 

evaluating the use of intra-articular BMNC for knee OA, a single dose of BMNC lasted more 

than 12 months, was considered superior to 3 weekly injections of hyaluronan, and demonstrated 

clinical improvement in 96% of BMNC-treated patients.41,42 Moreover, BMNC exhibited potent 

anti-inflammatory effects comparable to corticosteroids in equine and murine chronic 

inflammatory airway disease.23,24 Intratracheal delivery of BMNC in horses affected with 

recurrent airway obstruction resulted in marked resolution of inflammation, similar to the effects 

provided by corticosteroids.23 IL-10 concentrations in bronchoalveolar lavage fluid from horses 

treated with BMNC were 30-fold higher compared to horses treated with dexamethasone.23 

Similar, the reduction in lameness and mean joint circumference noted in our horses could 

represent an increased concentration of IL-10 and M2-like macrophages within the affected joint. 

Significant anti-inflammatory effects were also observed using BMNC to treat a murine model 

of airway disease.24 In that study, BMNC depleted of macrophages eliminated the reparative and 

remodeling processes initiated by BMNC therapy, providing further evidence of the potent anti-

inflammatory potential of BMNC-derived macrophages.24 Together, these studies demonstrate 

the inflammation resolving potential of BMNC, which is mediated through macrophage-derived 

IL-10 production. 

The lack of significance on subjective lameness evaluation is likely due to a variety of 

factors. In our study, we used a lameness grading scale that allowed grading of horses within the 

trot, thus giving more sensitivity to changes in lameness versus the American Association of 
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Equine Practitioners (AAEP) scale that grades across different gaits and conditions.45 Lameness 

can be inconsistent between observers as demonstrated in multiple studies48,50,51 and can vary 

within the same evaluation period. A study evaluating the repeatability of subjective evaluation 

found that when the mean AAEP lameness score was >1.5, the graders agreed 93.1% of the time 

but this decreased to 61.9% of the time when the mean score ≤1.51 Moreover, clinicians only 

agreed 51.6% of times when asked to choose if the horse was lame and what limb was affected.51 

Graders in our study only evaluated the horses on the straight line, which could also affect 

interpretation without observation in a circle to the left or right. In addition, despite our efforts to 

consistently position the video camera, small variations in video quality may have affected the 

ability to accurately score lameness compared to live assessment. Together, this reinforces the 

poor agreement between clinicians and clinical observation. Change over time can be measured 

quantitatively with the Lameness Locator® and has been shown to be more sensitive detection 

and diagnosis of lameness compared to subjective evaluation.48 

Objective lameness improvement was noted in all treatment groups. Yet, only the 

BMNC-treated horses showed a significant decrease in lameness at day 7 and 21 compared to 

baseline. The reduction in lameness correlates with the decrease in mean joint circumference in 

BMNC-treated horses suggesting that an improvement in effusion can result in improved 

lameness. Improved lameness in all treatment groups over the course of the study is not 

surprising, as rest alone is able to improve by allowing time for tissues to heal.54,55  

Recent research has shown that synovial macrophages play an integral role in OA as 

synovial macrophage infiltration is associated with OA progression such as osteophyte formation 

and cartilage degradation,  synovial inflammation, and pain and may serve as a potential 

therapeutic target.6,21,56 Although macrophages are commonly thought of as causing negative 
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effects, such as inflammation, under physiological conditions, macrophage-mediated 

inflammation is actually self-limiting and performs a critical role in inflammation resolution.57 In 

vitro, macrophages undergo phenotypic changes in response to environmental stimuli, polarizing 

into distinctly different cell types – inflammatory (M1) and suppressive/regulatory (M2).16 These 

variations in activation states gave rise to the concept of macrophage polarization.58 Importantly, 

the M2 phenotype can be induced by exposure to an inflammatory environment, such as a 

diseased joint.17,23 Recent studies have suggested that macrophage polarization is not as 

straightforward as once postulated. Rather, macrophages exhibit a continuum of marker 

expression and exist in a hybrid state – producing both pro-and anti-inflammatory cytokines that 

are essential for resolution of inflammation.53 In vitro culture of BMNC in normal and inflamed 

synovial resulted in macrophage-rich cultures with phenotypes, similar to those seen in normal 

synovial macrophages, and increasing levels of IL-10+ macrophages and IL-10 and IGF-1 

concentrations, and decreasing IL-1β concentrations.53 

The rationale for our clinical trial stems from work performed by Menarim et al.43,53 In an 

in vivo study using an equine model of LPS-induced synovial inflammation, autologous intra-

articular BMNC injection resulted in marked reduction of acute inflammation without adverse 

effects.43 BMNC-treated joints showed gross, cytologic, and inflammatory biomarker 

improvements in synovial fluid and synovial membrane parameters, with increased numbers of 

regulatory macrophages and synovial fluid IL-10 concentrations compared with saline-treated 

controls.43 In fact, inflamed joints with BMNC had 24% higher macrophage counts and 10% 

more IL-10+ cells than saline-treated controls.43 BMNC-treated joints were comparable to 

healthy joints grossly and histologically, whereas saline-treated control joints contained swollen 

orange dark orange to brown synovium and increased vascularity histologically 6 days after 
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injection.43 These experimental studies support the idea that capitalizing on the macrophage-

derived effects of BMNC has the potential to reestablish joint homeostasis and are the seminal 

studies serving as the groundwork for this clinical trial.  

The results of our clinical trial investigating the use of intra-articular BMNC for 

naturally-occurring OA demonstrated significant improvement in lameness in the BMNC-treated 

group similar to that seen with the triamcinolone-treated group, as hypothesized. Moreover, 

intra-articular BMNC treatment resulted in significant decreases in mean limb circumference. 

The noticeable anti-inflammatory effects of BMNC therapy in our study were likely achieved by 

optimizing the functions of synovial macrophages. Based on the published literature, we 

hypothesize that the anti-inflammatory effects and resulting improvements in hour horses are due 

to increased production of IL-10 by regulatory macrophage progenitors present in BMNC. 

Autologous BMNC from bone marrow aspirate are a promising novel point-of-care therapy and 

have the potential to substantially advance the current treatment of equine joint disease by 

producing a lasting, biological effect.41,43,44,53 BMNC, which are rich in M2-biased macrophage 

progenitors, provide important advantages over available intra-articular therapies, including the 

detrimental effects on cartilage metabolism known to occur following corticosteroid therapy.  

There are a few important limitations in our study, including the performance of saline-

treated controls, sample size and the inability to readily include the two hind limb lame horses in 

the objective lameness analysis. Improved lameness scores in saline-treated controls highlights 

the difficulty of evaluating naturally-occurring disease. Compared to experimental models, 

disease severity and clinical signs vary widely between patients with naturally-occurring 

osteoarthritis.59 Additionally, rest alone can improve lameness regardless of treatment, which is 

consistent with published literature and a finding in our objective analysis of lameness 
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scores.54,55 In a randomized, double-blinded, placebo controlled clinical study evaluating intra-

articular hyaluronan treatment in equine lameness originating from the metacarpophalangeal 

joint, hyaluronan injection was not better than a single saline injection for reducing lameness in 

horses with synovitis or mild osteoarthritis.54 Similarly, the combination of rest alone and an 

intra-articular injection of 2 ml of 0.9% NaCl solution resulted in decreased lameness in horses 

with traumatic arthritis over a 3-week treatment period.55 Nonetheless, it is encouraging that 

BMNC showed significant effects even with a lower number of horses. We look forward to the 

opportunity to test this hypothesis further in a larger and more diverse population of horses.  

In summary, BMNC therapy has the potential to provide long-lasting resolution of joint 

inflammation and the promotion of tissue repair. Overall, our results agree with findings from an 

experimental model of synovial inflammation model in horses, as well as clinical trials of intra-

articular BMNC for OA-affected human patients.41-43 BMNC therapy was safe, caused no 

adverse effects, required minimal processing, and resulted in improved lameness and decreased 

joint circumference in all horses. Our findings support further investigation of the clinical use of 

BMNC in horses affected with OA.  
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CHAPTER 3: CONCLUSIONS AND FUTURE DIRECTIONS 

 

Synovial inflammation is responsible for the initiation, perpetuation, and progression of 

OA. Macrophages play a pivotal role in driving synovial inflammation, but also in maintaining 

joint health. It is critical to understand that mediators involved in inciting inflammation are also 

necessary to induce the synthesis of signaling pathways aimed at mediating endogenous 

resolution of the inflammatory process. As such, macrophages are responsible for inciting as 

well as resolving inflammation. In the acute phase of inflammation, macrophages recruit other 

immune cells to the injury site to fight aggressors and clear tissue debris but importantly to 

orchestrate repair of the damaged tissue through cellular and paracrine effects. If inflammation is 

not resolved, then chronic inflammation ultimately leads to the pathologic cartilage and bone 

changes characteristic of OA. Once tissue repair has been achieved, macrophages coordinate 

inflammation resolution, eventually promoting homeostasis.  

Because macrophages are involved in both inflammation and health, they have been 

described as having inflammatory or suppressive/regenerative phenotypes. However, the idea of 

macrophage polarization is not as straightforward as once postulated. Macrophage phenotypes in 

vivo seem to exhibit a continuum of marker expression and exist in a hybrid state – producing 

both pro- and anti-inflammatory cytokines that are all essential for resolution of inflammation.  

Macrophage progenitors derived from bone marrow (BMNC) are innately biased toward 

an anti-inflammatory response when injected into an inflamed environment such as an OA-

affected joint. Our study, combined with recent in vivo and in vitro studies performed by 

Menarim et al suggest that intra-articular administration of exogenous macrophage progenitors 

derived from bone marrow can effectively improve clinical lameness and induce a shift within 
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the joint toward repair and homeostasis. The horses in our clinical trial had objective as well as 

subjective improvement in lameness, synovial effusion, and quality of life. Treated horses were 

able to find new vocations or compete at new levels that were not thought possible prior to 

therapy. Owners, trainers, and veterinarians involved in this project have commented on the 

positive impact that our treatment has made. Although it has been challenging to summarize our 

results in a way that clearly conveys our subjective observations, the results of this small pilot 

study are really exciting and show great promise. One future direction would be to create patient-

side kits prepared ahead for the end-user to efficiently harvest and isolate BMNC. It would be 

interesting to perform trials similar to one performed with mesenchymal stem cells and assess the 

minimal effect amount of bone marrow required to isolate an effective number of BMNC. 

Although our work was performed in horses, our results translate to human OA as well. As such, 

our findings lay the ground work for larger clinical trials and have the potential to benefit 

thousands of people and horses.  

Moreover, our study offers a novel way to treat OA and provides evidence to support the 

notion that some inflammation is beneficial and actually required for the resolution of joint 

inflammation. Blocking inflammatory mechanisms with intra-articular corticosteroids may 

provide symptomatic relief but does not favor recovery of joint homeostasis, which is 

fundamentally dependent on pro-inflammatory mediators. Therefore, inhibition of inflammation 

in OA therapies warrants additional research. An alternative way of thinking about the treatment 

of OA is to stimulate endogenous resolution of inflammation by increasing the innate 

homeostatic mechanisms of the joint, largely attributable to macrophages. This study and along 

with the preceding ones by Dr. Menarim provide an exciting basis for future development of this 

new way of approaching the management of OA. 


