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Osteoarthritis (OA) is a painful and debilitating disease. There is no treatment for 

OA other than an expensive full joint replacement surgery that requires an 

extensive recovery period. Approximately 50% of people who suffer a severe 

articular injury will develop a form of OA as early as 8 years after injury, which is 

a secondary form of OA called post-traumatic osteoarthritis (PTOA). PTOA 

develops from a severe joint injury, like an anterior cruciate ligament (ACL) tear. I 

want to identify external factors that could be contributing to either a resolution or 

a progression to the disease. It has been suggested that the progression towards 

PTOA is led by a continuous activation of inflammatory pathways, which led to 

questions about which factors affecting the body prior to injury could be changing 

the PTOA phenotype. The normal gut microbiome aids in immunoregulation by 

continuously activating an inflammatory cascade helping naïve immune cells 

mature. However, if there is a bacterial infection, there will be an increase in the 

levels of inflammation and an increase in mature immune cells to fight the 

infection. I want to account for patients who are suffering from systemic 

inflammation after acute bacterial related inflammation. In addition, knowing that 

in 2015 the CDC reported 269 million antibiotic prescriptions, I want to account 

for people treated for bacterial infections. Specifically, long term antibiotic 

treatment will affect PTOA outcome. I will induce inflammation and disrupt the gut 

microbiome prior to injury separately and later together to study the PTOA 

phenotype. I will use a non-invasive injury model which will temporarily displace 

the tibia and produce an ACL rupture. Last, in order to account for different 

PTOA susceptibilities, I will use three mice models of both sexes that vary from 

resistant to PTOA to highly susceptible. The contribution of this research will give 

a better understanding of the role of inflammation and the gut microbiome in the 

initial inflammation stage and the PTOA outcome after articular injury.  

Osteoarthritis (OA) is a disease characterized by the progressive 

degradation of articular cartilage. The treatment for OA is limited to stabilization 

of the joint, pain management, and ultimately full joint replacement surgery. The 

primary form of OA is caused by normal wear and tear or genetics. Post-
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traumatic osteoarthritis (PTOA) is the secondary form of OA develops in ~50% of 

people severe articular injury like a tibial plateau fracture, a meniscal tear, or an 

anterior cruciate ligament (ACL) rupture. PTOA can take as little as 8 years and 

up to 20 years to develop.  

It has been suggested that elevated levels of inflammation after injury 

could increase the risk of developing PTOA and the severity. We wanted to use 

bacterial related inflammation, given how common E. coli and other bacterial 

infections are today. We aim to look at how residual effects from a sudden 

increase in inflammation could affect injury outcome. Lipopolysaccharides (LPS) 

are microbial associated molecular patterns (MAMPS) released by gram-

negative bacteria to activate toll-like receptors (TLR), specifically TLR4. LPS is 

released normally by the gut microbiome, and acts as a transcription factor for 

immune cell maturation. During a gram-negative bacteria infection there is an 

increase in LPS. LPS spikes in the short-term cause a fever and pain. Long term 

increases in circulating LPS cause persistent elevated levels of inflammatory 

chemokines and cytokines, as well as lower bone volume and a larger spleen. 

This project examines how a spike in MAMPs induced inflammation days prior to 

injury will increase the severity of PTOA. This will allow us to provide new insight 

that could help personalize medicine and create therapeutic treatments 

specifically for people more vulnerable. 

In contrast, we wanted to examine how removing part of the MAMP 

activation by using chronic antibiotic treatment could change the injury 

progression. There are over 270 million prescriptions of antibiotics each year in 

the United States, and it is important to know how this would affect it PTOA 

outcome. There is conflicting data as to how the gut microbiome affects bone, 

seeming to be dependent on age, housing type, and treatment. We will be using 

ampicillin and neomycin, which target mainly gram-negative bacteria for six 

weeks prior to injury. Antibiotic treatment will end the day of injury and we will 

examine the joints six weeks later. We found that the bone phenotype is worsen 

by antibiotic treatment while the cartilage staining is stronger on antibiotic treated 
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joints. Last, we did a combination of antibiotic treatment an LPS induced 

inflammation. We found that it restores the phenotype closet to VEH.  
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Chapter 1: Introduction 
 

Bone, Cartilage, and Joint Background 

 
The human skeleton provides support, creates movement, allows for protection 

of vital organs, aids in the production of blood cells, and provides storage of 

minerals and fats1–6. Long bones like the femur and tibia are composed of a main 

shaft called diaphysis that contains compact bone and the medullary cavity which 

is filled with yellow marrow and stores fat. At each long bone end there is the 

epiphyses, that contains trabecular bone and red marrow, where blood cells are 

made, and where the joints articulate7,8.  

Synovial joints (Fig 1) are the juncture of two long bones that are 

connected by ligaments to muscles to facilitate articulated movements, like in the 

case of the knee9. The synovial joint is composed of the meniscus, articular 

cartilage, subchondral bone, and the synovial membrane10,11 (Fig 1). The 

meniscus makes up most of the synovial joint, since it allows for movement. The 

meniscus is composed of fibrocartilage, a thicker cartilage12,13. The cells of the 

fibrocartilage like all cartilage, are chondrocytes14–19. Fibrocartilage allows the 

meniscus to withstand high levels of pressure and tension that come from load 

bearing and shock20,21. Fibrocartilage is mainly composed of water, type I 

collagen, and proteoglycans. It has type II, III, V, and VI collagen22.  

Articular cartilage (AC) (Fig 1) surrounds the ends of bones within 

synovial joints. AC is composed of hyaline cartilage that covers the epiphyses 

and allows for synovial joint movement23. AC is a gel-like matrix that has elastic 

and collagenous fibers24. The cells of the AC are called chondrocytes. The AC 

matrix is made of mainly water, followed by type II collagen and proteoglycans. It 

is divided into three zones: superficial, middle, and deep layer25,26. There is a 

layer of thin calcified cartilage between the deep layer and bone that serves as a 

transitional barrier. AC has no innervation or blood supply; it relies on 
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neighboring tissues and synovial fluid for nutrients and waste release27. That is 

the reason AC is slow to heal and if damaged may never properly heal.  

The bone (Fig 1) is made of mineralized tissue mainly composed of type I 

collagen. Mineralized bone is composed of three kinds of cells: osteoclasts (OC), 

osteoblasts (OB), and osteocytes (OCY). OCs are bone resorbing cells that 

break down the bone matrix during bone remodeling28. OBs are bone forming 

cells that secrete organic matrix of bone and promote calcification. Once OBs are 

surrounded by a calcified matrix, they differentiate into OCYs, the most abundant 

cell type within mineralized bone which functions to transduce mechanical forces 

into molecular signals to help maintain the structure of the bone29–31. The bone is 

vascular and innervated which allows for it to heal when injured. Fractured bones 

heal very efficiently in young and healthy individuals, but the process slows as a 

function of age and is less effective in people suffering from bone thinning 

conditions such as osteoporosis and osteopenia32,33. Severe orthopedic trauma 

can also damage surrounding soft tissues and may impact the cartilage in 

compound fracture or intraarticular fracture events34.   

The knee is the largest joint in the body and is essential for allowing 

horizontal movement like walking and running and vertical movement such as 

jumping or climbing20. The knee is a hinge synovial joint made of the articulations 

between the femur and the tibia, where the patella acts as the hinge35 (Fig 1). 

The inside of the knee contains synovial fluid which maintains lubrication36,37. As 

previously mentioned, articular cartilage cushions the end of the bones and 

reduces friction, allowing for easy and smooth movement38. The menisci are 

connective tissue that serve to protect the joint integrity from higher impact 

activities such as running or jumping. Blood supply to the knee is provided by the 

femoral and popliteal arteries. Ligaments are present outside and inside of the 

joint to control movement in order to maintain articular stability. The knee is 

stabilized by four main ligaments: the anterior cruciate ligament (ACL), the 

posterior cruciate ligament (PCL), the medial (tibial) collateral ligament (MCL), 
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and the lateral (fibular) collateral ligament (LCL)39. Tendons are present outside 

of the knee in order to allow for flexion or extension of the joint. 

The cruciate ligaments are strong rounded bands of connective tissue and 

collagenous fibers that extend from the intercondyloid notch of the femur towards 

the head of the tibia. They are named by the position on the tibia and together 

they form an “x”. These ligaments prevent excessive forward or backward 

movement of the tibia in relationship to the femur during flexion and extension. 

The ACL extends from the lateral femoral condyle to the intercondyloid eminence 

of the tibia40. The ACL is the most commonly injured ligament in the knee. In the 

USA alone over 100,000 ACL ruptures happen every year41. The PCL starts in 

the anterolateral part of the medial femoral condyle in the intercondylar notch and 

moves to the extraarticular part of the posterior tibial plateau42. The PCL can be 

up to twice as thick and have twice the strength of the ACL. It is not as commonly 

injured as the ACL, but when injured, the most common causes are motor 

vehicle injures by hitting the dashboard or falling forward onto a flex knee.  

The collateral ligaments are located on the outside of the knee43. The 

collateral ligaments are flat bands of connective tissue that go from the femur 

towards the fibula or the tibia depending on which ligament it is. The role of the 

collateral ligaments is to provide valgus stability to the knee joint. The MCL starts 

at the medial epicondyle of the femur and extends to the medial condyle of the 

tibia. The MCL is less commonly injured than the ACL and PCL. The MCL is 

most commonly injured during sports, mainly skiing which makes up over half of 

the MCL injures44. MCL is usually injured in conjunction with other knee 

structures like the ACL and the medial meniscus. The LCL moves down and 

back from the lateral epicondyle of the femur to the head of the fibula. The LCL is 

less susceptible to injury due to its position and flexibility compared to the other 

ligaments45.  

The synovium (Fig 1) produces synovial fluid which is composed primarily 

of lubricin and hyaluronic acid that lubricates and nourishes the joint46. The cells 

producing the synovial fluid components are fibroblast. Additionally, there are 
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macrophages present in the synovial fluid that are usually dormant but active 

during stages of inflammation47. Inflammation of the synovium is called synovitis, 

during synovitis there is an increase in the levels of catabolic enzymes like 

disintegrin, metalloproteinase thrombospondin-like motifs (ADAMTS), 

collagenases, matrix metalloproteinases (MMPs) and of inflammatory cytokines 

like interleukins 1 (IL-1), 4 (IL-4), 6 (IL-6), 9 (IL-9), 13 (IL-13), and tumor necrosis 

factor alpha (TNF-a)48–53. A prolonged increase in any of these inflammatory 

markers is likely to increase the degradation of collagens, which can cause 

articular cartilage and meniscus degeneration54.  

 

Osteoarthritis Disease 

 
Osteoarthritis (OA) is a painful and debilitating disease that involves the whole 

articular joint55. The disease happens when the joint undergoes anatomical 

changes characterized by chronic and progressive degeneration of articular 

cartilage and bone erosion56. These changes reduce the joint space and cause 

osteophyte formation. The most common locations for OA development are the 

hip and the knee joints. OA is the most common mobility limiting disease, 

affecting over 30 million people in the United States of America (USA). Over 40% 

of individuals suffering from OA are over the age of 6557. Given that the aging 

population is increasing in the USA, it is expected that the incidence of OA will 

steadily increase57,58,58. OA treatments are limited, and mainly treat the 

symptoms of OA, not the underlying disease. OA treatment includes pain 

management, but full joint replacement represents the only option when 

excessive pain persists. Joint replacement surgery is expensive and has a long 

recovery period59. The financial burden associated with OA in the USA is over 

$150 million, annually. Full recovery after surgery, ranges from six months to a 

year, but may be even longer in the elderly. This can have an impact on the 

financial stability and quality of life of those recovering from OA-related 

surgeries60.  
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Treatment during early stage OA includes pain-management in the form of 

pharmaceuticals, physical therapy, weight management, moderate exercise, or a 

combination61,62. Due to pain, stiffness, and swelling, OA patients with limited 

mobility may require pharmacological treatments, especially in the later stages of 

OA63. The most common pharmacological treatment are non-steroidal anti-

inflammatory drugs (NSAIDs)64. NSAIDs are taken during the early symptoms of 

OA and along with exercise and weight management can help prolong the time 

between diagnosis and surgery65. The caveats of NSAIDs are gastrointestinal 

complications and accidental overdoses.  

Pharmacological treatments other than NSAIDs include intra-articular 

supplements of hyaluronates, chondroitin, and glucosamine sulfate66. 

Hyaluronates help the joint by providing proper lubrication and maintaining 

viscoelasticity in the joint. Chondroitin and glucosamine decrease joint space 

narrowing, which treats the illness and not just the symptoms67.  

OA is divided into two main types: primary and secondary68. The primary 

form of OA is mainly due to normal wear and tear but can also be caused by 

genetic predisposition. Physically active individuals like athletes and members of 

the military are at higher risk of developing primary OA due to the increased 

levels of physical activity69. Additionally, individuals who have multiple sites of 

osteoarthritis are more susceptible to systemic and genetic OA. The secondary 

form of OA is post-traumatic OA (PTOA), which develops in approximately half of 

patients who have suffered a severe articular injury, like an anterior cruciate 

ligament (ACL) rupture, tibial plateau fracture, or meniscal tear55. PTOA develops 

as early as eight years and as late as over twenty years post injury. 

OA is a prevalent disease that will become more common as our 

population ages57. It is important to note that in the USA there is a large number 

of younger individuals without access to healthcare and therefore could 

potentially be suffering from OA. The older population has access to federally 

funded healthcare that the younger population does not benefit from, and 
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therefore more individuals may be suffering from undiagnosed OA than current 

statistics reflect.  

 

Post-Traumatic Osteoarthritis Disease 
 

PTOA accounts for about 12% of all OA cases and affects ~50% of people who 

have suffered a severe articular injury, as previously described70. PTOA 

symptomatic phase is seen mainly in people below the age of 45. This suggest 

that the majority of the injuries happened during the early 20s to late teen years. 

That means that the cases of PTOA will continue to increase as the aging 

population of injured military veterans, extreme sport athletes, vehicle injury 

victims, etcetera have increased during the 21st century. It is not currently known 

why half of the patients go into spontaneous resolution, but factors like repeated 

injury, chronic inflammation, and genetic pre-disposition can contribute to the 

development of PTOA71. 

PTOA development (Fig 2) is initiated by a traumatic joint injury event. 

Right after the injury, it proceeds to the immediate phase, acute phase, 

asymptomatic phase, and lastly, the chronic phase72. The immediate phase 

happens seconds after injury and includes cell necrosis, collagen rupture, 

swelling of the cartilage, hemarthrosis, and loss of glycosaminoglycan. Hours 

after the injury, during the acute phase there will be apoptosis, leukocyte 

infiltration, matrix degradation, deficient lubrication, and secretion of inflammatory 

mediators like IL-1, IL-4, IL-6, IL-9, IL-13, IL-1b, and TNF-a73,74. About half of 

severe articular trauma patients will have a spontaneous resolution, and half will 

go on to an asymptomatic phase that can last as long as 20 years before it 

moves to the symptomatic, chronic phase.  

PTOA and primary OA exhibit the same clinical manifestations during the 

chronic phase, the only difference is how they arrived to this point. Both PTOA 

and primary OA display degradation of cartilage and narrowing of the joint space 

that causes the joint to become stiff, swollen, and painful. The joint will have 
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limited mobility and may also develop ectopic calcifications called osteophytes. 

Joints with increased lateral subluxation may have elevated levels of 

osteophytes.  

PTOA and OA severity are measured by the level of cartilage erosion, 

bone resorption, and osteophyte volume. Quantifiable clinical parameters in the 

joint that correlate with OA symptoms include mineralization of soft tissues like 

the meniscus, thickening of the synovium, and cellular infiltration. Additionally, 

the macrophages that are usually inactive and circulating in the joint will become 

activated and their numbers will increase75.  

 

Mouse Models of Osteoarthritis 
 

OA can be studied in many animal models including but not limited to rat, rabbit, 

horse, dog, sheep and mouse76. Mouse models of osteoarthritis are common due 

to cost, the length of the experiment, and the similarity between disease 

development in mice and humans. In mouse models the knee is the most 

commonly used site of study77. Skeletal growth and disease progression of mice 

is faster than most other models, which makes it a convenient model to study 

PTOA. This study focused on mouse models of osteoarthritis only.  

Available mouse models include inbred mouse strains or genetically 

modified mice that spontaneously develop OA and can be used to study primary 

forms of OA. An example of a spontaneous OA mouse model is STR/ort inbred 

strain which has elevated circulating pro-inflammatory cytokines and chemokines 

levels, and develops synovitis78. STR/ort adult mice show a progressive 

degradation of articular cartilage in all joints including the knee, elbow, and 

temporomandibular joint. C57Bl/6J mice show a reduction in cartilage as a 

function of age, which is consistent with loss of cartilage thickness in older 

humans however they are not considered a spontaneously developing OA 

model, but are used as a representation of ‘normal’ joint morphology. 

Spontaneous models of OA are helpful due to the similarity they have to what 
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happens in humans, exhibiting elevated levels of inflammatory cytokines and 

moderate loss of cartilage that can affect the joints71. This makes them a helpful 

model to understand non-injury driven OA.  

An example of a genetically modified model would be the interleukin-6 

knockout mice (IL-6-/-)79. This mouse model has a decrease in proteoglycan 

synthesis and a reduction in mineral bone density when compared to C57Bl/6J 

mice, exhibiting more severe OA than IL-6+/+ littermate controls. Genetically 

modified models provide tools to study the specific gene role during disease, 

however it is not naturally occurring in most humans, unless the mutation 

corresponds to a mapped quantitative trait locus (QTL) in patients with increased 

susceptibility to OA80.  

Secondary OA models include invasive and non-invasive models. Invasive 

models can be induced chemically or surgically. Chemically induced OA models 

include delivery of monoiodoacetate and collagenase directly into the joint. 

Monoiodoacetate causes joint inflammation and chondrotoxicity81. In these 

animals, OA is observed approximately six weeks after the injection. Collagenase 

injections produce joint inflammation and collagen breakdown and cause OA 

phenotypes approximately 3 weeks after injury. These models are helpful to 

study degradation of particular tissues but not the progression of OA since it is 

very different than naturally occurring OA in humans.  

Surgical models include meniscectomy, destabilization of the medial 

meniscus, medial meniscal tear, and ACL transection76. All these models allow 

for rapid disease progression and study of the development of PTOA. Surgical 

models have been widely used to study OA disease progression. They require 

surgery training and due to their invasive nature, are open to the risk of infection. 

Surgical models are not the best approach to studying the effects of inflammation 

given that the surgery itself will cause additional inflammation that has to be 

carefully controlled through the use of sham surgery groups.  

Until recently, the study of PTOA has exclusively utilized surgical models, 

establishing them as the gold standard in the field. In 2012, our collaborator, Dr. 
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Blaine Christiansen at UC Davis reported the first account of a single-mechanical 

load applied to the knee joint as an effective and highly reproducible means of 

creating a non-invasive injury model of OA77. Since, other, non-invasive injury 

models of PTOA have emerged that are generated by load-applying instruments 

to perform highly reproducible injuries. Our group published one of the first 

comprehensive transcriptomic profile of non-invasive PTOA model, and 

highlighted molecular differences and similarities to the surgical models82. Non-

invasive injury models require a small level of training, if properly done perfectly 

replicate the injury, and are significantly faster to perform than PTOA inducing 

surgery. A drawback of the non-invasive models is the initial equipment cost. The 

last 5 years has seen a great increase in the number of investigators utilizing 

non-invasive models causing higher demand for the instrument and lowering 

their purchase cost, however it still remains a much higher up-front cost than 

surgery.  

Non-invasive models include intra-articular tibial plateau fracture (IATPF), 

cyclic articular cartilage tibial compression (CACTC), and tibial compression 

overload (TC)77,83,84. IATPF flexes the knee into a triangular cradle where an 

indenter provides a set force of impact causing a closed fracture. This model 

shows PTOA development after a high energy impact that is similar to a car 

accident. IATPF looks at changes that happen in highly traumatic injuries 

involving fracture. This is a good model to study acute injuries, but not chronic 

injuries or low energy impact. CACTC applies a cycle of loads over a specific 

period of time. CACTC does not produce a single injury but contributes to 

progressive degeneration of the cartilage due to the chronic overuse of the joint. 

This model would mimic overuse that may occur in a marathon runner, or other 

types of excessive movements. TC uses a single load that ruptures the anterior 

cruciate ligament (ACL)85.  

Previous studies have shown that the inbred mouse strains C57Bl/6J, 

C3H/HeJ, STR/ort, and MRL/MpJ all have varying susceptibilities to the 
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development of PTOA on male mice, in the absence of trauma86–89. It has not 

been studied how the injury affect PTOA progression in female mice.  

C57Bl/6J male mice have been previously shown to be susceptible to 

PTOA and are the primary model used to study disease progression, and all 

other strains are compared to C57Bl/6J to evaluate deviations in PTOA 

outcomes. MRL/MpJ male mice are resistant to PTOA due to their ability to repair 

damaged cartilage87,88,90. STR/ort male mice develop OA spontaneously and are 

highly susceptible to PTOA due to elevated levels of circulating pro-inflammatory 

cytokines and chemokines78,91,92. Male C3H/HeJ develop more severe PTOA 

than C57Bl/6J, but have never been compared to the two other strains, used at 

the same age as this study, and never been used in a tibial compression 

overload (TC) model93. C3H/HeJ mice have higher bone mass than C57Bl/6J 

and carry a mutation on toll-like receptor 4 (TLR4) that makes them less 

susceptible to gram-negative bacteria induced inflammation94–97.  

 

Tibial Compression Loading Model of Post-Traumatic Osteoarthritis 
 

This project focuses on ACL ruptures, due to the high incidence of this type of 

injury in humans41. TC loading model is the only non-invasive models that 

focuses specifically on ACL rupture. The TC system has two custom-built loading 

platens (Fig 3). The top platform keeps the ankle flexed at approximately 30°, 

while the bottom one holds the knee bent. The load will move at 1mm/s that 

overextends the ligament in a single dynamic axial compressive load until the 

ACL ruptures at a force of 12-18N (Fig 3)98. The force however can vary among 

individual mice depending on their weight and bone mass of each mouse.  

The non-invasive TC model closely resembles a real injury where the 

knee dislocates and ruptures the ACL in the process. This is a non-invasive 

injury that is ideal for studying early OA changes and effects to early treatment, 

unlike tibial plateau fracture models it has a lower impact. The TC model is not a 

good model to study long-term effects due to excessive osteophyte formation 
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that appears in order to help stabilize the joint, given that it does not have 

surgical re-stabilization of the joint. Higher volume of osteophyte growth rate in 

TC injury is the main difference between TC injury and clinical studies. Currently 

there is no published method established to stabilize the joint after the TC 

injury99,100.  

 

LPS Induced Inflammation Affects the Bone and the Development of PTOA 
 

The body is constantly exposed to small doses of inflammation from sun 

exposure, the food we eat, and even from the bacteria living inside our intestinal 

tract. The gut microbiome releases microbial associated molecular patterns 

(MAMPs) that bind to toll-like receptors (TLR) which activate an inflammatory 

cascade that releases pro-inflammatory cytokines and chemokines101. These 

pro-inflammatory cytokines and chemokines will act as transcription factors for 

naïve immune cells to turn into mature immune cells102. This process is known as 

positive protective immune activation. The MAMP we will be focusing on is 

lipopolysaccharide (LPS) which is released by gram-negative bacteria and binds 

to TLR4103 (Fig 4). In the case of LPS, the positive protective activation induces 

the inflammatory cascade that ends with the release of tumor necrosis factor 

alpha (TNFa), interferon-b (IFN-b), IL-1b, IL-6, IL-12, and stimulate naïve 

immune CD4+ T cells to turn into mature T cells. IL-6, IL-1b, and TNF-a stimulate 

the naïve CD4+ T cells to turn into T helper 17 cells. IL-1b and TNF-a stimulate 

the naïve CD4+ T cells to turn into a T helper 2 cell 104–107. A constant stimulation 

of the immune system by the gut microbiome allows to support different immune 

cell lineages.  

Negative effects of inflammation come when it is not small but during 

elevated levels of systemic inflammation. Literature has suggested that an 

increase in circulating LPS causes a decrease in bone mass due to an increase 

in osteoclastogenesis, however if treated with calreticulin there will be an 

inhibition of osteoclastogenesis 108.The inflammatory cascade associated with 
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elevated levels of LPS increases levels of two pro-inflammatory cytokines like IL-

6 and IL-1b, and TNF-a, which promote inflammation and osteoclastogenesis 

given that it is a promoter of the receptor activator of nuclear factor kappa-B 

ligand (RANKL) in bone marrow and stroma cells 109,110. RANKL activates a 

number of osteoclast-specific genes through direct interaction with their 

promoters and with that promoting osteoclastogenesis111. The higher the levels 

of osteoclastogenesis, the lower the bone mass density will be52.  

The effects of inflammation on osteoclastogenesis have been seen on 

other types of inflammation inducing methods, not just during LPS induced 

inflammation. In rheumatoid arthritis (RA) inflammation has been shown to have 

an aggressive bone destruction phenotype mediated by osteoclasts112. One of 

the RA treatments includes TNF-a inhibitor in order to combat the rapid bone 

resorption that is one of the symptoms of this disease 112. These studies confirm 

that the elevated presence of TNF-a for prolonged periods of time will cause the 

aggressive resorption of bone by osteoclasts113. 

Inflammation does not only affect bone mass density; studies have shown 

that bone repair after bone injury is impaired when mice are exposed to daily 

systemic injections of LPS109. After cortical defects were drilled in the femoral 

diaphysis the mice treated with daily LPS injections had less bone repaired than 

the untreated group114. The study found that there was impaired 

revascularization, decreased bone turnover by osteoblasts, and increased 

catabolic activity by macrophages and osteoclasts109. 

A number of studies have shown the link between LPS induced 

inflammation and the effect on bone115. The effects of localized LPS in the joint 

have been studied and have shown significant differences when compared to 

untreated joints116. Localized LPS injections in the joint cause synovitis in horses 

within an hour of the injection117. Intra-articular injections of LPS showed 

increased levels of IL-1b, IL-6, prostaglandin E2, TNF-a, and chondrocyte 

hypertrophy118. Due to the presence of chondrocyte hypertrophy it is evident that 

the constant exposure to LPS in the joint leads to progressive cartilage damage 
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that results in an accelerated progression to an exacerbated osteoarthritis 

phenotype. No study to date has examined how LPS affects the development of 

PTOA when paired with injury. 

It is well documented that inflammation can contribute to a more severe 

PTOA phenotype. Studies in vivo have shown that mice that are believed to be 

resistant to the development of PTOA resolve inflammation faster than their 

control86. On the opposite side, it has been shown that systemic inflammation at 

the time of injury could lead to a more severe PTOA phenotype. Clinical studies 

have shown that the presence of pro-inflammatory cytokines IL-1, IL-6, IL-8, 

TNF-a, and the constant activation of inflammatory pathways correlate with a 

more severe PTOA phenotype after injury in patients46,68,119. In contrast, the 

presence of anti-inflammatory cytokines IL-10 and IL-1 receptor alpha (IL-1Ra) 

correlated with a faster resolution of inflammation and clinical manifestation of 

PTOA after injury120. 

The results have led to studies that suggested that targeting the early 

inflammatory response post-trauma, could decrease the probability of developing 

PTOA. This is supported by results from Shen et al, in which the authors stated 

that after an ACL transection, CD4+ T-cell deficient mice had reduced synovitis 

and cartilage erosion121. Shen et al proposed that this was due to a lower 

production of macrophage inflammatory protein-1g. A reduction in inflammation 

and cartilage erosion on CD4+ T-cell deficient mice shows a link between the 

immune system and PTOA development. Studies have also shown that a 

depletion of macrophages in the synovium after injury reduce synovitis in obese 

mice and with that cartilage destruction, preventing PTOA75. Some studies have 

suggested that pro-inflammatory bacteria living in our gut could be partially 

responsible for the progression of PTOA and changing the gut biome 

composition could help reverse some OA phenotypes . 

All these studies have looked at how persistent inflammation or a spike in 

inflammation at the time of injury changes the PTOA phenotype. There have 

been no studies that examined how residual inflammation from a spike prior to 
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injury affect the outcome of PTOA. Narrowing down the possibility of developing 

PTOA to the time of injury does not allow us to see the whole system. Studies 

are required to look at how the residual effects of a spike in inflammation will 

affect the development of PTOA, so we can better understand how we can block 

the PTOA contributing factors.   

 

Changes to the Gut Microbiome Affect Bone and the Development of PTOA 
 

The cells of the gut microbiome outnumber the cells in our body by a factor of 

ten123. The gut microbiome enters a state of dynamic stability around the age of 

three124. The gut microbiome is incredibly resilient, studies have shown that 

fluctuation during travel abroad or illness will not cause significant changes to the 

gut microbiome. The gut microbiome has a symbiotic relationship with the host. 

The gut microbiome contributes to fighting pathogens, synthesizing proteins, 

nutrient extraction, immunoregulation, and more125.  

Dysbiosis or microbial imbalance has been shown to have effects 

throughout the entire body. Dysbiosis can result in obesity61, inflammatory bowel 

disease 126, metabolic changes 127, malnutrition 101, cardiovascular disease 128, 

and more129,130. The gut microbiome has been shown to be changed in cohorts of 

RA patients that are not under treatment; they were able to see that there was an 

enrichment in gram-positive bacteria while the gram-negative bacteria was 

depleted when RA patients were untreated131. The balance returned back to 

normal once treatment resumed. The suggestion that dysbiosis is linked to RA is 

made by other studies that looked at how the gut microbiome is affected by the 

disease132. Another study has shown that there is a link between the presence of 

certain bacteria like Prevotella copri and RA133.  

The gut microbiome has an indirect effect on bone through synthesizing 

vitamin D and MAMPs. There is conflicting evidence as to exactly what the gut 

microbiome does to influence bone metabolism. Some studies reported that 

germ-free female C57Bl/6J mice between 7 and 9 weeks of age had a 
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substantial increase in trabecular and cortical bone volume that was suggested 

could be possibly linked to the decrease in CD4+ T cells and CD11b+/GR1 

osteoclast precursors in the bone marrow134. In the same study they saw that 

after the repopulation of the gut microbiome the CD4+ T cells volume increased 

and there was subsequent bone loss. These findings were confirmed in a study 

about osteoporosis with germ-free female C57Bl/6J mice that were 20 weeks old. 

The authors observed an increase in cortical thickness but no changes in the 

trabecular thickness of these mice135. Studies in female C57Bl/6J at 7 weeks 

using low-dose antibiotics saw the bone mass density increase but at 11 weeks 

there were no difference; this study proposed that the changes to the bone might 

be transient and not long-term136. Studies in male and female C57Bl/6J mice 

exposed to low dose antibiotics since birth showed an increase in bone mineral 

density at 20 weeks of age127. The majority of published studies showed that an 

increase in bone occurs when the gut biome is depleted, however no study to 

date has examined how changes in the gut biome modulate responses to 

orthopedic trauma.  

A few recent studies looked at how the gut microbiome might affect OA 

but one study was conducted in the context of a high fat diet and obesity. Obesity 

is highly correlated with OA development due to the high load the joints are 

subjected to during movement69. Treatment with clodronate-loaded liposomes on 

the synovial joints depletes macrophages in the synovium, lessening the number 

of pro-inflammatory macrophages, reducing synovitis, and slowing down 

cartilage degradation75. The second OA and obesity study showed that treatment 

with oligofructose supplements could target the microbiota, reduce inflammation, 

and protect against OA in obese mice122.  

The CDC reported that there were 793 antibiotics prescriptions dispensed 

per 1000 people in the United States in 2017137. That means that modifications to 

the gut microbiome due to antibiotic use is highly prevalent. People experience 

different kinds of gut dysbiosis but the connection between antibiotics use and 

PTOA has not yet been examined. Development of PTOA takes decades and 
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looking into how modifications to the gut microbiome can affect the outcome after 

injury is key in order to find methods to treat populations at risk.  

 

Significance and Hypothesis 
 

The purpose of this project is to discover changes between males and females in 

the development of PTOA after injury, and how systemic modifying factors could 

potentially hinder or aid in joint injury resolution, specifically how external factors 

can modify the acute phase. The cause of OA might be different between primary 

or secondary, but the illness and treatments could be the same. We must find 

ways to better identify potential OA patients and treat them before they undergo 

expensive surgeries.  

This project looked at how the residual effects of a gram-negative-like 

bacterial infection would change the injury in both males and females. During a 

gram-negative infection levels of LPS spike, which at high concentrations have 

been linked to fever, systemic inflammation, and loss of bone mineral density. 

The associated malaise prevents patients from performing daily activities, 

however when activity resumes, we must determine how residual inflammation 

may significantly elevate the risk for developing PTOA, in the event a traumatic 

injury occurs.  

The second part of this project used a chronic antibiotics treatment 

regimen to induce a state of gut dysbiosis, similar to what may happen in the 

intestinal tract of many individuals being treated for a chronic middle ear 

infection, malaria, or even teenagers suffering from acne, prior to injury. Chronic 

antibiotic use modifies the gut microbiome and indirectly affect 

osteoclastogenesis, gene expression, and immune response, all of which can 

modulate aspects of PTOA development.  

I hypothesize that LPS induced inflammation and gut dysbiosis will modify 

the PTOA phenotype of C57Bl/6J injured mice by increasing the levels of bone 

resorption through gene expression changes and macrophage activity within the 
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joint. PTOA phenotype severity will be exacerbated in female injured joints 

compared to male injured joints. 
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Figures 
Figure 1 Synovial Joint Structure 
Knee as an example of the synovial joint showing the anatomical structures and 

circulating cells.  
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Figure 2 Injury Progression to PTOA 
Representation of injury followed by the immediate phase and acute phase. 

These phases are followed by either a spontaneous resolution or a chronic 

phase that can develop over 20 years after the initial injury.  
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Figure 3 Tibial Compression Loading  
Non-invasive knee injury model used for mice 10 weeks of age, that were injured 

using a non-invasive single-dynamic tibial compression load (1mm/s) until ACL 

rupture (~12N). 

 
  1 mm/s 
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Figure 4 LPS Binding to Toll-Like Receptor 4 Pathway 
Signaling involved in the activation of the TLR4 receptor by commensals that aid 

immunoregulation. Gram-negative bacteria stimulate immune cell activation via 

LPS, activating transcription factors downstream of TRL4. 
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Chapter 2: Comparing the Severity of Post-Traumatic Osteoarthritis on 
MRL/MpJ, C57Bl/6J, C3H/HeJ, and STR/ort Mouse Models  
 

Introduction 
 

Post-traumatic osteoarthritis (PTOA) is a secondary form of OA that develops 

between a decade or two in approximately half of the people who have suffered a 

severe articular injury82,138. Inflammation, severity of injury, genetic 

predisposition, and repeat of injury have been suggested as factors that might 

contribute to the progression of PTOA71,139,140. Previous studies have shown that 

the inbred mice strains MRL/MpJ, C57Bl/6J, C3H/HeJ, and STR/ort all have 

varying susceptibilities to the development of PTOA in male mice, using different 

types of injury models. However, female mice have not yet been investigated to 

determine whether injury affects PTOA progression differently, in females. 

C57Bl/6J male mice have been previously shown to be susceptible to 

PTOA and are used as controls. Murphy Roths Large (MRL/MpJ) males are 

resistant to PTOA after intraarticular fracture88, destabilization of the medial 

meniscus87, and tibial compression overload86. MRL/MpJ have been suggested 

to be resistant to PTOA due to their ability to resolve inflammation faster than 

male C57Bl/6J post-injury and the ability repair damaged cartilage, these two 

factors makes them virtually resistant to PTOA. This model may correspond to 

the ~50% of patients who go on to spontaneously resolve the injury and never 

develop PTOA. C3H/HeJ mice have higher bone mass and a defect on toll-like 

receptor 4 (TLR4) making them insensitive to gram-negative released 

endotoxin97. The higher bone mass phenotype could be a contributing factor to 

the development of PTOA, but the contribution of bone mass to cartilage function 

still remains unclear. STR/ort male mice develop OA spontaneously due to 

elevated levels of circulating pro-inflammatory cytokines and chemokines. 

Additionally, STR/ort have altered articular cartilage chondrocytes with lower 

succinate dehydrogenase and lactate activities, with changes in the monoamine 
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oxidase on the articular cartilage that later presents OA89. STR/ort represents the 

population that is genetically predisposed to developing PTOA or have constantly 

activated inflammatory pathways. 

Studying mice with varying susceptibilities to PTOA due to their individual 

characteristics is comparable to humans due to the variability of genetic 

predisposition and other related factors like inflammatory diseases. Additionally, 

we must take into account that half of the population is female, and the majority 

of studies to date have focused on male mice with the assumption that disease 

progression would be independent of sex. This model will allow us to describe 

sex-related changes to PTOA progression and better understand how 

susceptibility to the disease changes in females compared to males. 

 

Materials and Methods 
 

Experimental Animals and ACL Injury Model. C57Bl/6J and C3H/HeJ mice 

were purchased (Jackson Laboratory, Bar Harbor, ME, USA; Stock No: 000664, 

000659) at 4 weeks of age and kept under normal cage conditions. STR/ort and 

MRL/MpJ strains were bred in house. Cohorts of mice (n=4 for female STR/ort 

and MRL/MpJ, n=5 male STR/ort, male MRL/MpJ, and female C3H/HeJ, n=10 

male C3H/HeJ, male C57Bl/6J, and female C57Bl/6J) included male and female 

groups. At 10 weeks of age, both groups received a non-invasive single dynamic 

tibial compressive load for an ACL rupture using an electromagnetic material 

testing machine (ElectroForce32000, TA Instruments, New Castle, DE, USA) as 

previously described 54. Animals returned to normal cage activity until samples 

were collected at 16 weeks of age. All animal work was conducted in accordance 

to the Institutional Animal Care and Use Committees at Lawrence Livermore 

National Laboratory and the University of California, Davis in AAALAC-accredited 

facilities.  
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Micro-Computed Tomography. Samples were collected 6-weeks post injury for 

female and male C57Bl/6J, MRL/MpJ, C3H/HeJ, and STR/ort injured, 

contralateral, and uninjured joints. Samples were dissected and fixed for 72 

hours at 4oC using 10% neutral buffer formalin. Samples were stored in 70% 

EtOH at 4oC until scanned. Whole knees were scanned using a SCANO µCT 35 

(Bassersdorf, Switzerland) according to the rodent bone structure analysis 

guidelines (X-ray tube potential = 55kVp, intensity = 114 µA, 10 µm isotropic 

nominal voxel size, integration time = 900 ms). Trabecular bone in the distal 

femoral epiphysis was analyzed manually drawing contours on 2D transverse 

slides. The distal femoral epiphysis was designated as the region of trabecular 

bone enclosed by the growth plate and subchondral cortical bone plate. We 

quantified trabecular bone volume per total volume (BV/TV), trabecular thickness 

(Tb.Th), trabecular number (Tb.N), and trabecular spacing (Tb.Sp). Osteophyte 

volume in injured and contralateral joints was quantified by drawing contours 

around all heterotopic mineralized tissue attached to the distal femur and 

proximal tibia as well as the whole fabellae, menisci, and patella as previously 

described141. Total mineralized osteophyte volume was then determined as the 

volumetric difference in mineralized tissue between injured and uninjured joints.  

 

Micro-Computed Tomography Statistics. Statistical analysis was performed 

using two-way ANOVA and Student’s T-test with a two-tailed distribution, with 

two-sample equal variance (homoscedastic test)142,143. For all tests, p<0.0042 

was considered statistically significant, after a Bonferroni correction. C3H/HeJ 

female samples were not scanned. 

 
Histological Assessment of Articular Cartilage and Joint Degeneration.  
C57Bl/6J, MRL/MpJ, C3H/HeJ and STR/ort injured, contralateral, and uninjured 

joints were dissected 6 weeks post injury, free of soft tissue, fixed, dehydrated, 

paraffin embedded and sectioned as previously described144,82. The cartilage 

was visualized in sagittal 6µm paraffin serial using Safranin-O (0.1%, Sigma; 
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S8884) and Fast Green (0.05%, Sigma; F7252) as previously described144,82. OA 

severity was evaluated at 6 weeks post injury on sagittal sections using a 

modified osteoarthritis research society international (OARSI) scoring scale as 

previously described145. Starting from the synovium membrane to the articular 

cartilage, for each region, cartilage scoring began ~0.4 mm out from the start of 

synovium. Blinded slides were evaluated by seven scientists (six with and one 

without expertise in OA) utilizing a modified (sagittal) OARSI scoring parameters 

due to the severity of the phenotype due to TC loading (Fig. 1). Modified scoring 

scores (0) for intact cartilage staining with strong red staining on the femoral 

condyle and tibia, (1) minor fibrillation without cartilage loss, (2) clefts below the 

superficial zone, (3) cartilage thinning on the femoral condyle and tibia, (4) lack of 

staining on the femoral condyle and tibia, (5) staining present on 90% of the 

entire femoral condyle with tibial resorption, (6) staining present on over 80% of 

the femoral condyle with tibial resorption, (7) staining present on 75% of the 

femoral condyle with tibial resorption, (8) staining present on over 50% of the 

femora condyle with tibial resorption, (9), staining present in 25% of the femoral 

condyle with tibial resorption, (10) staining present in less than 10% of the 

femoral condyle with tibial resorption (Fig. 1). 

 

Results 
 

Evaluating the Progression of PTOA Development in the Cartilage on 
MRL/MpJ, C57Bl/6J, C3H/HeJ and STR/ort on Male and Female Mice 
Using a tibia compression PTOA mouse model, we examined what changes the 

inbred mouse strain would have on the OA outcome, in male and female mice. 

MRL/MpJ, C57Bl/6J, C3H/HeJ and STR/ort mice were examined on the medial 

side in sagittal sections of the joint histologically 6 weeks post injury. Uninjured 

contralateral male and female MRL/MpJ and C57Bl/6J showed no cartilage 

erosion and strong staining and no significant changes on the OARSI scores 

(Fig. 2A, C, E, G). Uninjured contralateral male and female C3H/HeJ and 
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STR/ort showed less cartilage staining but no cartilage erosion throughout the 

joint (Fig. 2I, K, M, O). Female C3H/HeJ and STR/ort had significantly higher 

OARSI scores than the corresponding male of each strain due to a thinner 

articular cartilage layer. C3H/HeJ contralateral female showed significantly higher 

OARSI scores than all other uninjured contralateral groups (Fig. 2K, Q). All 

injured samples had significantly higher OARSI scores than the corresponding 

contralateral joints (Fig. 2Q). Uninjured samples showed statistically significant 

changes when compared to the injured corresponding group, except for 

MRL/MpJ males strain which showed no significant differences between the 

uninjured and injured. All p-values are listed in Table 1. 

Injured C57Bl/6J males had more cartilage erosion than injured C57Bl/6J 

females on the medial side (Fig. 2B, D). The femoral condyle of the females 

showed thinner cartilage (Fig. 2b, d; arrow asterisk). C57Bl/6J injured showed 

a hyperplastic synovium suggesting more elevated levels of inflammation than 

the male counterpart of the meniscus compared to the injured C57Bl/6J male 

(Fig. 2 bb, dd; asterisk). Female injured C57Bl/6J had a significantly higher 

OARSI score than the male counterpart (Fig. 2Q).  

In injured MRL/MpJ males we observed strong cartilage staining and 

found the cartilage to be intact relative to the C57Bl/6J injured males (Fig. 2B, F). 

Injured MRL/MpJ males had cartilage staining throughout the entire femoral 

condyle, giving it a significantly lower OARSI score than the injured C57Bl/6J 

males. However, the femoral condyle had a thinner cartilage layer than the 

injured C57Bl/6J males that had thicker cartilage layer, but with fainter staining, 

and less uniformity throughout (Fig 2b, f; arrow, asterisk). Injured female 

MRL/MpJ showed no cartilage erosion but had significantly less staining on the 

femoral condyle, suggesting that the injury had a more dramatic effect on 

females than males (Fig. 2f, h; arrow, asterisk). Injured MRL/MpJ males had 

less cellular infiltration compared to the C57Bl/6J injured males and MRL/MpJ 

injured females (Fig. 2bb, ff, hh; asterisk). Injured MRL/MpJ females had 
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thicker cartilage on the femoral condyle (Fig. 2d, h; arrow, asterisk) and less 

cellular synovium than the injured C57Bl/6J females (Fig. 2dd, hh; asterisk).  

Injured C3H/HeJ male mice had less cartilage than their C57Bl/6J 

counterpart (Fig 2B, J). Injured C3H/HeJ females were similar to males while 

having increased cartilage erosion, the female and male C3H/HeJ injured 

samples were significantly different (Fig. 2J, L). The femoral condyle of the male 

and female C3H/HeJ injured joints showed thinner cartilage than the 

corresponding C57Bl/6J groups, C3H/HeJ injured samples had significantly 

higher OARSI scores than the corresponding C57Bl/6J and MRL/MpJ (Fig. 2b, 
d, j, l; arrow, asterisk). There was synovitis in the joint of the males due to an 

increase in cellularization of the injured male C3H/HeJ compared to the injured 

male C57Bl/6J and injured male MRL/MpJ (Fig. 2bb, jj; asterisk). The female 

C3H/HeJ has decreased cellular infiltration compared to male C3H/HeJ and 

female C57Bl/6J (Fig. 2dd, jj, ii; asterisk).  

Injured STR/ort male mice had the most severe phenotype from all the 

male mice examined. STR/ort male injured mice had a significantly higher OARSI 

score than the injured male MRL/MpJ, injured male C57Bl/6J, and injured male 

C3H/HeJ, due to the large amount of cartilage erosion and loss of staining (Fig. 
2B, F, J, N). Injured STR/ort mice show thicker cartilage on the femoral condyle 

than the injured STR/ort female mice but a thinner when compared to the male 

strains (Fig. 2b, f, j, m, p; arrow, asterisk). There was no significant difference 

between the injured male and female STR/ort when comparing OARSI scores. 

This could be due to the fact that the injured female STR/ort mice showed 

increased staining on the anterior tibial condyle than the male injured STR/ort 

and increased cellular infiltration which indicate that the systematic inflammation 

they are suffering from has a large effect on cartilage erosion (Fig. 2nn, pp; 
asterisk).  

There is a distinct phenotype present after TC as early as 6 weeks post-

injury, in each strain, and some are sex specific. C57Bl/6J and MRL/MpJ did not 

show differences between sexes on the uninjured contralateral leg. C3H/HeJ and 
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STR/ort females had decrease staining that was statistically significant on 

uninjured contralateral joints.C57Bl/6J, MRL/MpJ, and C3H/HeJ showed a 

significantly more severe PTOA phenotype in injured female joints than in males. 

STR/ort injured joints did not have significant changes to the severity of PTOA 

when males and females were compared. 

 
Evaluating the Femoral Epiphysis Bone Changes and Osteophyte Volume 
During the Progression to PTOA Development on MRL/MpJ, C57Bl/6J, and 
STR/ort in Male and Female Mice 
Using µCT we examined the changes caused to the femoral epiphysis six weeks 

after ACL rupture using strains of varying PTOA susceptibilities (Fig. 3). Femoral 

epiphysis subchondral bone volume (BV/TV) analysis showed significantly lower 

BV/TV on the injured joints of each strain compared to the corresponding 

contralateral (Fig. 3A). Results for MRL/MpJ, C57Bl/6J, and STR/ort males are 

consistent with our previously published data86; results for females and for 

C3H/HeJ follow the trend presented previously. Percentage comparisons for 

those not presented in this result section are found on Table 1. 

To understand how injury changes between strains with different 

susceptibilities and sexes we analyzed the differences between injured samples. 

Injured female C57Bl/6J, MRL/MpJ, and STR/ort presented ~5.2% lower, ~5.7% 

lower, and ~7.2% higher BV/TV than the corresponding male (Fig 3A). C57Bl/6J 

and MRL/MpJ injured female to male comparisons were statistically significant 

(Fig. 3A). Results from this shows that there will a higher amount of subchondral 

bone loss after injury in the baseline and PTOA resistant strains when comparing 

females than males. 

Injured C57Bl/6J females BV/TV was not significantly different than injured 

MRL/MpJ females. Injured C57Bl/6J and MRL/MpJ females had significantly 

lower BV/TV when compared to the injured STR/ort females. STR/ort mice have 

a higher bone mass than the C57Bl/6J and MRL/MpJ. There were no significant 

differences between the injured male C57Bl/6J when compared to the injured 
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MRL/MpJ male and injured C3H/HeJ male. C57Bl/6J injured male exhibited a 

significantly lower BV/TV than the injured STR/ort male. Male injured MRL/MpJ 

did not have significant differences when compared to the injured male C3H/HeJ 

using the Bonferroni correction. Male injured STR/ort had significantly higher 

BV/TV than the injured C3H/HeJ and MRL/MpJ males (Fig 3A). 

Trabecular number (Tb.N) was significantly lower in C57Bl/6J and 

MLR/MpJ injured females by ~22.1% and ~20.1% than the corresponding male. 

STR/ort injured females and males had virtually the same Tb.N (Fig. 3B). There 

was no significant difference in the C57Bl/6J injured female compared to the 

female injured MRL/MpJ and female injured STR/ort.  

There are no difference between the Tb.N of MRL/MpJ injured females 

compared to the STR/ort injured females. C57Bl/6J male injured had a significant 

difference when comparing the Tb.N to the male injured C3H/HeJ. C57Bl/6J 

male injured did not present any significant difference when comparing the Tb.N 

to the male injured MRL/MpJ and STR/ort. MRL/MpJ injured males exhibited a 

significantly higher Tb.N than the male injured C3H/HeJ. STR/ort injured males 

did not show significant differences comparing the Tb.N to injured male MRL/MpJ 

and C3H/HeJ (Fig 3B). 

Trabecular thickness (Tb.Th) was higher on injured C57Bl/6J, MRL/MpJ, 

and STR/ort females by ~3.3%, ~1.2%, and ~25.9% than the corresponding 

injured males; STR/ort was the only statistically significant (Fig. 3C). C57Bl/6J 

injured females were not statistically significantly different than the injured female 

MRL/MpJ. STR/ort injured females had a significantly higher Tb.Th than the 

female injured C57Bl/6J and MRL/MpJ. 

Injured C57Bl/6J males presented significantly lower Tb.Th than C3H/HeJ 

and STR/ort injured males. Injured males MRL/MpJ were not significantly 

different than the C57Bl/6J. MRL/MpJ injured males showed significantly lower 

Tb.Th than the male injured C3H/HeJ and STR/ort. STR/ort injured males were 

not significantly different than the C3H/HeJ injured males. 
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Trabecular spacing (Tb.Sp) was larger in female injured C57Bl/6J, 

MRL/MpJ, and STR/ort by ~23.7%, 23.3%, and ~7.5% than the corresponding 

injured males. Comparisons of female to male were statistically significant for the 

C57Bl/6J and MRL/MpJ. There were no differences between the injured females 

when comparing the different strains. C3H/HeJ injured males presented a 

significantly higher Tb.Sp than the C57Bl/6J, MRL/MpJ, and STR/ort injured 

males. There were no other significant differences between strains when 

comparing the injured male. 

Osteophyte volume (Op.V) analysis represents the quantity of ectopic 

bone growth outside of the joint. C57Bl/6J females had ~26% less Op.V than 

C57Bl/6J. MRL/MpJ females had ~34.6% lower Op.V than MRL/MpJ males. 

STR/ort females had ~9.6% larger Op.V than the male STR/ort (Fig 4). C57Bl/6J 

females had significantly more Op.V than the MRL/MpJ females by ~56.1%. 

They had ~15.1% less Op.V than the STR/ort females. MRL/MpJ females had 

~62.8% significantly less Op.V than the STR/ort females. C57Bl/6J males had 

significantly higher Op.V than MRL/MpJ males by ~50.3%, ~25.5% more than 

C3H/HeJ males that was not significant, and ~21.2% lower Op.V than the 

STR/ort males which was not significant. MRL/MpJ males had ~33.3% and ~37% 

less Op.V than the C3H/HeJ male and STR/ort male; neither were significant. 

C3H/HeJ males had ~5.5% lower Op.V than the male STR/ort which was not 

significant. 

 

Discussion 
C57Bl/6J, MRL/MpJ, C3H/HeJ, and STR/ort strains susceptibility differences 

have not been studied to assess the development of PTOA after a non-invasive 

injury that ruptures the ACL. Most importantly, females have not been rigorously 

included in prior PTOA studies to evaluate sex specific contributions to PTOA 

development. We also analyzed an earlier timepoint than those in prior 

publications in order to capture subtle differences at earlier time points that may 

delineate the progression of the disease, in different strains. We also added the 
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C3H/HeJ strain to this comparison to the three strains that we have previously 

described at 12 weeks post injury, in males only86. By adding the C3H/HeJ strain 

we provided additional support for the hypothesis that higher bone mass could 

negatively impact PTOA by contributing to a higher level of cartilage 

degeneration, post injury. C3H/HeJ strain showed higher bone mass and OARSI 

scores that were similar to the STR/ort strain which has historically been used to 

study OA, as a highly susceptible strain of OA. While our data suggests that 

higher bone mass negatively effects the ability for joints to spontaneous resolve 

an articular injury, the possibility that toll-like receptor 4 mutation in this strain 

directly contributes to this phenotype remains a possibility that warrants further 

investigation.   

Our study analyzed the severity of PTOA on females which represents the 

first rigorous account of sex differences in a non-invasive model of PTOA. It has 

been previously hypothesized that PTOA development may progress in a similar 

fashion, in males and females, however, this study highlights significant 

differences in the severity of PTOA between males and females, of the same 

strain. Female cohorts of C57Bl/6J, MRL/MpJ, and C3H/HeJ displayed a more 

severe PTOA cartilage phenotype than the males of the same strain. Data 

indicated a significant increase in cartilage loss, supported by an increase in the 

OARSI scores for the females. The STR/ort strain was the only strain that did not 

show any statistically significant differences between sexes. In contrast, the 

MRL/MpJ strain was the only strain where no statistically significant difference 

were found between the injured and uninjured males. Since only MRL/MpJ males 

have been examined in prior studies, our finding that female MRL/MpJ have a 

significantly higher OARSI score when compared to the uninjured female 

MRL/MpJ, suggests that females are mildly susceptible to PTOA, in the TC injury 

model. This indicates that resistance to PTOA could be sex dependent, and 

future molecular characterization of this strain should include both sexes, as 

separate cohorts.  
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Bone analysis was performed on males and females of C57Bl/6J, 

MRL/MpJ, and STR/ort; it was also performed on male C3H/HeJ only, due to 

unforeseen technical challenges. Analysis showed that uninjured female 

C57Bl/6J had significantly lower BV/TV than their male counterparts; this was not 

the case for MRL/MpJ and STR/ort mice. C57Bl/6J and MRL/MpJ injured male 

mice had significantly higher BV/TV than the corresponding female group; there 

was no significant difference in STR/ort mice. This suggests that the MRL/MpJ 

females were affected more than males on both the cartilage and the bone 

phenotype. A limitation of this study is that we do not have the female C3H/HeJ 

data which would give insights into changes that could be sex linked on the bone 

phenotype. Given that PTOA is a cartilage disease the histological data provides 

compelling evidence that C3H/HeJ female mice are extremely susceptible to the 

disease, post injury. Another limitation has to do with the group numbers per 

mouse that are variable, these are dependent on breeding and females are 

necessary for breeding the STR/ort and MRL/MpJ strains which made it 

challenging to get as many mice as those that can be purchased due to the low 

breeding strains. 

Our study uniquely looked at PTOA developmental changes on four 

strains that have not been compared previously, in the same non-invasive injury 

model of PTOA. Consistent with previous studies male mice showed MRL/MpJ to 

be resistant to PTOA, STR/ort mice and C3H/HeJ had higher OARSI scores than 

C57Bl/6J 78,86,87,93. We show that the C3H/HeJ do not have a statistically 

significant difference comparing them to the STR/ort male mice, they have not 

been reported to have elevated levels of inflammatory cytokines, but they do 

have high bone mass, suggesting that the enhanced PTOA phenotypes in these 

strains may be mediated by different molecular mechanisms. As it was reported 

previously by our lab we need to start considering bone mass as being potentially 

correlated with high susceptibility to PTOA. 

When examining the female mice our findings show a statistically 

significant difference between the injured male and female mice of every strain 
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except for STR/ort. The STR/ort strains show an almost total resorption of the 

cartilage on the injured femoral condyle, this leads both of the groups to have 

higher scores. The MRL/MpJ strain has been thought to be completely resistant 

to PTOA, we observed that the injured females have a significant loss of cartilage 

along with a hyperplastic synovium indicating cellular infiltration. C3H/HeJ female 

mice show lack of staining on the cartilage, suggesting spontaneous OA 

development. C3H/HeJ female injured joints had a significantly higher OARSI 

score than the C3H/HeJ males. Understanding that the PTOA phenotype 

becomes more severe in females than in males is the first step towards finding 

effective therapeutic techniques to prevent the development of PTOA after injury.   
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Tables  

 
Table 1 Bone Analysis Percentage Comparison  
Results from statistical analysis comparing groups by sex, injury type, and mice 

strains. Percentages were established by comparing the larger to the smaller of 

the values. Statistical significance was established when p <0.0042.  

 
 
  

Comparison BV/TV (%) Tb.N (%) Tb.Th (%) Tb.Sp (%)
Injured C57Bl/6J Female to Male 16.4 22.1 3.3 23.7
Injured MRL/MpJ Female to Male 17.2 20.1 1.2 23.3
Injured STR/ort Male to Female 16.0 1.7 25.9 7.5
Injured Female C57Bl/6J to MRL/MpJ 4.6 0.5 3.8 0.2
Injured Female C57Bl/6J to STR/ort 41.7 10.2 42.0 5.7
Injured Female STR/ort to MRL/MpJ 38.9 9.8 44.2 5.6
Injured Male C57Bl/6J to MRL/MpJ 5.6 2.0 0.7 0.4
Injured Male C57Bl/6J to C3H/HeJ 9.3 29.3 18.1 29.7
Injured Male C57Bl/6J to STR/ort 17.1 14.6 24.4 12.5
Injured Male MRL/MpJ to C3H/HeJ 14.3 27.9 17.5 29.4
Injured Male STR/ort to MRL/MpJ 12.2 12.9 23.8 12.1
Injured Male STR/ort to C3H/HeJ 24.8 17.2 7.7 19.6
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Figures 
 

Figure 1 Modified OARSI Scoring for Non-Invasive Tibial Compression 
Loading 
Scale has been modified in order to determine the severity of PTOA focusing on 

the femoral condyle cartilage staining. TC are known to cause rapid tibial 

resorption that will cause higher scores on the conventional OARSI scoring table.  

 
 
  

0 Intact cartilage staining with strong red stain on the femoral condyle and tibia

1 Minor fibrillation without cartilage loss on femoral condyle and tibia

2 Clefts below the superficial zone on the femoral condyle and tibia

3 Cartilage Thinning on the femoral condyle and tibia 

4 Lack of staining on part of the femoral condyle and tibia with no tibial resorption

5 Staining present in 90% of the femoral condyle with tibial resorption

6 Staining present in 80% of the femoral condyle with tibial resorption

7 Staining of cartilage present on 75% of the femoral condyle with tibial resorption

8 Staining of cartilage present on 50% of the femoral condyle with tibial resorption

9 Staining of cartilage present in 25% of the femoral condyle with tibial resorption

10
Staining of the cartilage present in 10% or less of the femoral condyle with tibial 

resorption

Less Severe Phenotype

Most Severe Phenotype
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Figure 2 Histological Assessment of PTOA Severity Depending on Strains 
Post-Tibial Compression Injured Joints  
(A-H) Histological assessment of contralateral and injured joints 6 weeks post-

injury at 16 weeks of age using Safranin-O and Fast-Green staining. Joints were 

identified by sex, injured or contralateral, and strain. Images were taken in 5x 

magnification and 20x magnification. (I) OARSI scoring for histological samples 

separated by strain. *p<0.05. 
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Figure 3 Bone Microstructure Assessment Using Micro-CTof Multiple 
Strains 
(A) Subchondral bone volume (BV/TV) is the bone volume fraction which is the 

ratio of the segmented bone volume to the total volume of the region of interest. 

(B) Trabecular number (Tb.N) was measured using the average number of 

trabeculae per unit length. (C) Trabecular thickness (Tb.Th) was measured using 

the mean thickness of trabeculae, assessed using direct 3D methods. (D) 
Trabecular spacing (Tb.Sp) was measured using the mean distance between 

trabeculae, assessed using direct 3D methods141. All statistics were made using 

sex, injury type, and strain using two-way ANOVA and Student’s T-Test. 

*p<0.0042. 
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Figure 4 Osteophyte Representation Using Micro-Computed Tomography 
(A) Osteophyte volume was measured by quantification of ectopic bone around 

the injured joint compared to contralateral. All statistics were made using sex, 

injury type, and mouse strain using a combination of two-way ANOVA and 

Student’s T-Test. *p<0.0042 (B) Micro-Computed tomography image of the joints 

of all groups using data gathered during (A). Dark grey regions show osteophyte 

growth compared to the white. Contralateral shows the normal bone.  
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Chapter 3: LPS induced Inflammation Prior to Injury Exacerbates the 
Development of Post-Traumatic Osteoarthritis on C57BL/6J Mice 
 

Introduction 
 

Post-traumatic osteoarthritis (PTOA) develops in approximately half of patients 

who have experienced a severe articular trauma like a tibial plateau fracture, 

meniscus tear, or an anterior cruciate ligament (ACL) rupture55,70,146. Within 

seconds of the traumatic event, cell necrosis, collagen rupture, swelling of the 

cartilage and synovium, hemarthrosis, and loss of glycosaminoglycans occur; 

events likely to contribute to PTOA initiation. The healing process initiates during 

the acute phase which is characterized by significant apoptosis, leukocyte 

infiltration, matrix degradation, loss of lubrication, and overexpression of 

inflammatory mediators86,138. For ~50% of these patients, the injury repairs and 

spontaneously resolves, but the rest persist in an asymptomatic phase that can 

last as little as 8 years and up to 20 years before entering the chronic phase that 

eventually leads to a PTOA diagnosis86. Although not currently classified as an 

inflammatory disease, some reports have described a state of elevated joint 

inflammation to strongly correlate with progression to the disease state74. Studies 

relating to inflammation and injury have not looked at how inflammation prior to 

injury affects PTOA development. A more detailed understanding of how 

elevated levels of inflammation prior to injury contributes to PTOA development 

could lead to the identification of prognostic inflammatory markers during the 

acute phase as well as the development of new therapeutic interventions for the 

prevention of PTOA unfavorable outcomes.  

The endotoxin lipopolysaccharide (LPS) is secreted by gram-negative 

bacteria, such as Escherichia coli, and in healthy individuals LPS is released into 

circulation by the gut biome to provide a beneficial low-level immune 

activation147. During a gram-negative bacteria infection circulating LPS levels 

increase activating the immune system clear the bacteria, but this elevated 
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immune activation may negatively influence physiological processes sensitive to 

inflammation/cytokine levels. For example, mice with persistent high levels of 

circulating LPS have a significantly lower bone mass than mice with low levels of 

LPS148–151. Furthermore, focal LPS administration to joints induces synovitis in 

horses and has been used as a model to evaluate potential treatments for acute 

synovitis115–118,152. However, to date no study has investigated the effects of a 

single LPS injection a few days prior to joint injury on the outcomes of PTOA. 

Here we show that a single systemic inflammation-inducing dose of LPS 

administered 5 days prior to a non-invasive ACL tear is sufficient to modify 

outcomes by producing a more several PTOA phenotype98. Molecular 

characterization of the joint highlights downregulation of bone and cartilage 

matrix proteins during the acute phase and elevated presence of type 1 

macrophages in the synovium six weeks after injury, suggesting that systemic 

inflammation when combined with ACL rupture will initiate synovitis suppressing 

cartilage and bone repair. This model will now allow us to evaluate therapeutics 

that can blunt inflammation at early stages of joint disease, and potentially block 

downstream cartilage degradation subsequent to injury. 

 

Materials and Methods 
 

Experimental Animals and ACL Injury Model. C57Bl/6J mice were purchased 

(Jackson Laboratory, Bar Harbor, ME, USA; Stock No: 000664) at 4 weeks of 

age and kept under normal cage conditions for six weeks. Five days prior to 

injury, at 10 weeks of age, cohorts of mice (N=10 per group) were separated into 

two groups for both males and females. 10-week-old LPS group received an LPS 

intraperitoneal injection (1mg/kg) in the abdominal area, while the vehicle (VEH) 

group received an injection of saline of equivalent volume. Both groups received 

a non-invasive single dynamic tibial compressive load for an ACL rupture using 

an electromagnetic material testing machine (ElectroForce32000, TA 

Instruments, New Castle, DE, USA) as previously described76,82,144. All animal 
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experimental procedures were completed in accordance with guidelines under 

the institutional animal care and use committees at Lawrence Livermore National 

Laboratory and University of California, Davis, under approved protocols by the 

IACUC committees and conforming to the NIH Guide for the care and use of 

laboratory animals.  

 
Micro-Computed Tomography. Contralateral, injured and uninjured joints were 

collected 6-weeks post injury for female and male, VEH and LPS groups. 

Samples were dissected and fixed for 72 hours in a 4oC using 10% neutral buffer 

formalin; samples were stored in 70% EtOH at 4oC until scanned. Whole knees 

were scanned using a SCANO µCT 35 (Bassersdorf, Switzerland) according to 

the rodent bone structure analysis guidelines (X-ray tube potential = 55kVp, 

intensity = 114 µA, 10 µm isotropic nominal voxel size, integration time = 900 

ms). Trabecular bone in the distal femoral epiphysis was analyzed manually 

drawing contours on 2D transverse slides. The distal femoral epiphysis was 

designated as the region of trabecular bone enclosed by the growth plate and 

subchondral cortical bone plate. We quantified trabecular bone volume per total 

volume (BV/TV), trabecular thickness (Tb.Th), trabecular number (Tb.N), and 

trabecular spacing (Tb.Sp)141. Osteophyte volume in injured and contralateral 

joints was quantified by drawing contours around all heterotropic mineralized 

tissue attached to the distal femur and proximal tibia as well as the whole 

fabellae, menisci, and patella. Total mineralized osteophyte volume was then 

determined as the volumetric difference in mineralized tissue between injured 

and uninjured joints. Statistical analysis was performed using two-way ANOVA 

and Student’s T-test with a two-tailed distribution, with two-sample equal 

variance (homoscedastic test). For all tests, p<0.01 was considered statistically 

significant after Bonferroni correction.  

 
Histological Assessment of Articular Cartilage and Joint Degeneration. 
VEH and LPS treated C57Bl/6J, injured, contralateral and uninjured joints were 
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dissected 6 weeks post injury, free of soft tissue, fixed, dehydrated, paraffin 

embedded and sectioned as previously described82 . The cartilage was 

visualized in sagittal 6µm paraffin serial using Safranin-O (0.1%, Sigma; S8884) 

and Fast Green (0.05%, Sigma; F7252) as previously described144. OA severity 

was evaluated 6 weeks post injury on sagittal sections using a modified 

osteoarthritis research society international (OARSI) scoring scale as previously 

described145. Starting from the synovium membrane to the articular cartilage, for 

each region, cartilage scoring began ~0.4 mm out from the start of synovium. 

Blinded slides were evaluated by seven scientists (six with and one without 

expertise in OA) utilizing a modified (sagittal) OARSI scoring parameters due to 

the severity of the phenotype due to TC loading. Modified scoring scores (0) for 

intact cartilage staining with strong red staining on the femoral condyle and tibia, 

(1) minor fibrillation without cartilage loss, (2) clefts below the superficial zone, 

(3) cartilage thinning on the femoral condyle and tibia, (4) lack of staining on the 

femoral condyle and tibia, (5) staining present on 90% of the entire femoral 

condyle with tibial resorption, (6) staining present on over 80% of the femoral 

condyle with tibial resorption, (7) staining present on 75% of the femoral condyle 

with tibial resorption, (8) staining present on over 50% of the femora condyle with 

tibial resorption, (9), staining present in 25% of the femoral condyle with tibial 

resorption, (10) staining present in less than 10% of the femoral condyle with 

tibial resorption. 

 
Immunofluorescent Staining. Six-micrometer sections from injured samples 

from both treatment groups were used. Unitrieve was used as an antigen 

retrieval method for 30 minutes at 65ºC. Primary antibodies: Anti-F4/80 [Abcam, 

ab16911(1:50)], Anti-CD206 [Abcam, ab64693(1:500)], and Anti-iNOS [Abcam, 

ab15323(1:100)] were used and incubated overnight at room temperature in a 

dark humid chamber using protocol previously shown86. Negative control slides 

were incubated with secondary antibody-only. Stained slides were mounted with 

Prolong Gold with DAPI (Molecular Probes, Eugene, OR, USA). Slides were 
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imaged using a Leica DM5000 microscope. ImagePro Plus V7.0 Software and a 

QIClick CCD camera (QImaging, Surrey, BC, Canada) were used for imaging 

and photo editing.  

 
RNA Sequencing and Data Analysis. Injured, contralateral, and uninjured 

samples VEH and LPS from male C57Bl/6J were collected 24 hours after injury 

(N=5). Joints were dissected and cut at the edges of the joint region with small 

traces of soft tissue to preserve the articular integrity. RNA was isolated and 

sequenced as previously described86. RNA-seq data quality was checked using 

FastQC software (version 0.11.5). Sequence reads were aligned to the mouse 

reference genome (mm10) using STAR (version 2.6). After read mapping, 

‘featureCounts’ from Rsubread package (version 1.30.5) was used to perform 

summarization of reads mapped to RefSeq genes and gene-wise read counts 

were generated. RUVseq (version 1.16.0) was used to identify factors of 

unwanted variation. Differentially expressed genes were identified using edgeR 

(version 3.22.3), adjusting for unwanted variation. Genes with false discovery 

rate (FDR) corrected p-value less than 0.05 and fold change greater than 1.25 

were considered as differentially expressed genes (DEGs). Heatmaps were 

generated using heatmap.2 function in R package ‘gplots’. 

 

Results 
 
LPS Administration Causes a More Severe PTOA Phenotype 

Using a tibial compression PTOA mouse model77, we examined whether a single 

dose of LPS (1mg/kg) would impact OA outcomes, post injury. C57Bl/6J strain of 

mice were examined histologically at 6 weeks post injury. The male VEH 

uninjured joints looked similar to the female VEH uninjured with no significant 

changes in the OARSI score (Fig. 1A, E), while the VEH injured female 

displayed more cartilage erosion than the VEH injured male (Fig. 1B, F). On the 

medial side we observed more cartilage erosion on the VEH injured female joint 
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than on the VEH injured male which was statistically significant (Fig 1b, f, arrow, 
asterisk). VEH injured female joints showed increased synovitis compared to the 

VEH injured male joints, as noted by increased cellularization (Fig 1bb, ff, 
asterisk). While the cartilage of male LPS treated uninjured joints was relatively 

normal compared to male VEH treated, and sham-injured groups (Fig. 1A, C), 

significant differences were observed in the LPS treated injured joints (Fig. 1B, 
D). The biomechanical destabilization and lateral subluxation of the joint 

promoted significant erosion of both cartilage and bone on the femoral and tibial 

posterior side (Fig. 1B, D) of the medial compartment of the joint, in all groups, 

however, there was a clear reduction in the amount of subchondral bone 

visualized in the LPS-treated femurs relative to VEH-treated femurs (Fig. 1B, D, 
F, H asterisks). VEH treated injured joints retained significantly more of the 

articular cartilage integrity throughout the joint while LPS-treated injured joints 

displayed significant thinning of the femoral articular cartilage (Fig. 1b, d, f, h 
arrow, asterisks). LPS-treated injured joints also displayed significantly 

hyperplastic synovium (Fig. 1bb, dd, ff, hh) indicative of synovitis and elevated 

inflammation occurring in LPS-treated but not VEH-treated injured joints. The 

PTOA phenotype was more severe in females than males treated with LPS (Fig 
D, H). Examination of the sagittal views of each joint by a modified OARSI 

grading scale determined that LPS-treated injured joints had a significantly more 

severe cartilage loss phenotype than VEH-treated injured joints, independent of 

sex (Fig. 1I). VEH uninjured males and females have significantly lower scores 

compared to their LPS counterparts, while the LPS uninjured females have 

higher OARSI scores compared to males. VEH injured males had the lowest 

OARSI score of all the groups followed by LPS injured males. VEH injured 

females had a significantly higher OARSI score than the VEH injured males and 

the LPS injured females. LPS injured females had significantly higher scores 

than all groups. These results imply that a single systemic inflammatory dose of 

LPS shortly prior to a non-invasive knee injury is sufficient to induce synovitis in 

the injured joint and contribute to a more severe PTOA phenotype. 
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LPS Administration Reduces Subchondral Bone and Osteophyte Volume in 
Injured Joints  
Since several studies have shown that LPS increases bone resorption and 

decreases bone mass153,154, we next examined osteoarthritic remodeling in LPS 

and VHL treated mice by quantifying the gain in osteophyte volume and the loss 

in subchondral trabecular bone at 6 weeks post injury through the use of micro-

computed tomography (µCT) (Fig. 2). Consistent with prior results, VEH male 

injured femurs had significantly less subchondral bone volume by ~4% and 

~6.6% when compared to uninjured and contralateral, respectively. VEH females 

had significantly less subchondral bone with ~3.3% less on injured relative to 

contralateral. LPS female injured joints had significantly less subchondral bone 

than the uninjured by ~2.7% and contralateral by ~3.3%; injured LPS males had 

~9.3% and ~9.5% significantly less subchondral bone than uninjured and 

contralateral respectively. In all groups examined the percent loss of subchondral 

bone volume in females was significantly less than in males (Fig. 2A). VEH 

treated females had ~6.5%, ~5.2%, ~8.4% less subchondral bone than VEH 

males on the uninjured, injured, and contralateral joints respectively; all were 

statistically significant. LPS treated females had ~9.28%, ~5.22%, ~9.49% less 

subchondral bone than VEH males on the uninjured, injured, and contralateral 

joints respectively; injured and contralateral were statistically significant. 

However, LPS-treatment promoted a significant loss in subchondral bone volume 

of injured joints when compared to VEH treated joint, independent of sex. The 

loss between injured VEH and injured LPS was statistically significant and was 

~2.8% in females and ~2.7% in males, respectively (Fig. 2A) the LPS-related 

change between sexes were not statistically significant. This suggests that LPS 

does not have a more catabolic effect on female joints than on male joints.  

Other bone parameters were consistent with a bone loss phenotype in the 

distal femoral epiphysis of injured groups (Fig. 2). Trabecular number was 

significantly lower in the VEH female injured legs by ~4.2% compared to 
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contralateral; VEH male injured legs were significantly lower on uninjured and 

contralateral by ~6.3% and ~6% relative to both (Fig. 2B). VEH treated females 

had ~25.4%, ~22.1%, and ~23.5% lower trabecular number than the males on 

uninjured, injured, and contralateral; all were statistically significant. LPS treated 

females had ~24.1%, ~23.6%, and ~25.5% lower trabecular number than the 

corresponding uninjured, injured, and contralateral males; all were statistically 

significant. LPS treatment significantly reduced trabecular number on injured 

females by ~6%; injured LPS males had ~4.2% less trabecular number which 

was not statistically significant (Fig. 2B).  

Trabecular thickness was significantly higher on VEH female uninjured 

compared to VEH injured by ~6.2%; trabecular thickness was significantly higher 

on VEH male contralateral compared to uninjured and injured by ~9.2% on each. 

LPS treated injured females had significantly thinner trabeculae compared to 

uninjured and contralateral by ~9.2% and ~7.8%; LPS treated injured males had 

significantly thinner trabeculae than the contralateral by ~13.6% (Fig. 2C). 

Female and male comparisons for both treatment groups only showed that VEH 

uninjured females had significantly higher trabecular thickness than males by 

~9.2%, all other comparisons were not statistically significant but are in 

supplementary table 1 (Fig. 2C).  

In females, trabecular spacing was significantly larger in VEH injured 

compared to the contralateral by ~4.5%; male injured had significantly larger 

trabecular spacing than the male uninjured and contralateral by ~4.6% and 

~6.9%. LPS treated injured males had a significantly larger trabecular spacing by 

~7.6% (Fig. 2D). VEH treated females had ~27.7%, ~23.7%, and ~26.2% 

significantly larger trabecular spacing than the VEH treated males; LPS treated 

females had significantly larger trabecular spacing by ~29.4, ~26.2, and ~29.7 

than the LPS treated males (Fig. 2D). Differences between different treatment 

groups are listed inn supplementary Table 1 and p-values are in supplementary 

Table 2.  
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Osteophyte volume was significantly higher in male than in female VEH 

injured joints by ~22.7% (Fig. 3). LPS-administration induced a reduction in the 

amount of ectopic bone formed by ~21.7% in females and ~19.4% in males; this 

reduction was statistically significant in females only (Fig. 3A). While no 

significant differences were observed between VEH and LPS treated male joints, 

the trend was also in the negative direction, and µCT images showed a decrease 

in the osteophyte volume area in LPS treated males (Fig. 3B). These findings 

suggest that LPS treatment enhances the injury mediated catabolic activity in the 

subchondral bone resulting in higher subchondral bone loss, but it slightly 

protects the injured joint from excessive osteophyte formation, and this protection 

is more dramatic in females.  

 
Cellular Infiltration by Type 1 Macrophages is Elevated in the Meniscus of 
LPS Treated Groups 
Tissue resident macrophages are essential in providing innate immune defenses 

and regulating tissue and organ homeostasis. Macrophages and other 

inflammatory cells are recruited to tissue injury sites where they also play key 

roles in tissue remodeling and repair155,156. Macrophages can be both pro-

inflammatory (M1) and anti-inflammatory (M2), and the co-action of these 

subtypes can promote damaged tissue repair through specific cytokine secretion. 

In the joint however, inactive macrophages reside that will become activated as 

needed, a change in the M1/M2 ratio may be critical in PTOA progression and 

outcomes. To determine whether LPS administration prior to ACL rupture altered 

the composition of M1 and M2 cells in the injured joint we used M1/M2 specific 

antibody markers to distinguish these subtypes by immunohistochemistry. 

Histological analysis showed that the anterior tibial condyle presented cellular 

infiltration on the LPS injured joints (Fig. 1D, dd). To determine whether LPS 

alters the composition of M1 and M2 macrophages in the injured joint we used 

M1/M2 specific antibody markers to distinguish these subtypes. 

Immunohistochemical examination with macrophage markers determined that 
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the increase in cellularity correlated with a larger amount of M1 macrophages 

present in the LPS injured joints than in the VEH injured joints, indicative of a 

higher level of inflammation (Fig. 4bbb). In contrast, we observed a slight 

decrease in the abundance of M2 macrophages in LPS relative to VEH injured 

joints, suggesting that the joints of LPS treated animals lack sufficient anti-

inflammatory macrophages. The change in M1/M2 ratio in the joint may influence 

the repair process and modulate PTOA phenotypes towards a more severe 

outcome (Fig. 4L, P). 

 

Characterizing Early Molecular Changes Associated with PTOA 
Development on LPS Treated Mice  
To identify early molecular changes associated with LPS-modification of PTOA 

development, we examined gene expression changes in LPS treated injured 

joints one day post-injury (Fig 5). VEH Injured, LPS Sham, and LPS Injured had 

429, 590, and 385 up-regulated genes relative to VEH Sham (Fig 5A). There 

were 73 genes associated with inflammation and immune responses significantly 

up-regulated in the LPS treated samples when compared to the control, VEH 

Sham. Genes associated with inflammation included transcripts such as toll like 

receptors 5 and 8 (tlr5, tlr8) 157,158(p5). We found that genes associated with the 

innate immune system, specifically monocyte infiltration, like Ccl6 and Ccr2 were 

up-regulated in the LPS treated joints159–161. Cd80, a gene associated with 

dendritic cell maturation and activation was also up-regulated in the LPS treated 

samples162. This shows that there is an innate immune response being activated 

in LPS treated joints when compared to the VEH Sham (Fig. 5B).  

We found 452, 343, 258 genes down-regulated in VEH Injured, LPS 

Sham, and LPS Injured compared to VEH Sham. There were 78 down-regulated 

genes that were exclusive to LPS Injured when compared to every other group 

(Fig. 5C). Several genes associated with bone and cartilage formation like 

Col9a1163, Col10a1164, and Chad165 were also down-regulated in LPS Injured 

samples (Fig. 5D). Genes whose lack of expression is associated with OA like 
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Ucma166, and Cytl1167 were also down-regulated. These early markers of lower 

cartilage and bone formation could be an indicator of the more severe PTOA 

phenotype on LPS Injured samples. 

 

Discussion 
The effects of LPS-induced systemic inflammation prior to joint injury on the 

development of PTOA has not been previously examined. This study provides 

insights into how unresolved systemic inflammation accelerates the progression 

to PTOA after an ACL injury in mice. We were able to show how a single LPS 

injection five days prior to injury can cause significant changes to PTOA 

phenotypes by increasing the amount of cartilage degradation, reducing the 

subchondral bone volume fraction and trabecular bone microstructure, and 

reducing osteophyte volume. These effects were significantly greater in the 

female LPS injured mice than in the corresponding males, although similar trends 

were seen in both sexes. Immunohistochemistry analysis showed the presence 

of activated inflammatory macrophages six weeks post-injury, this indicates that 

the inflammation is not resolved on LPS treated samples.  

RNA sequencing data showed that systemic LPS significantly up-

regulated the expression of genes associated with inflammation in the joints of 

uninjured mice. At six days post LPS-injection we 73 of these immune and 

inflammatory response genes were significantly up-regulated in both injured and 

uninjured LPS samples when compared to the VEH Uninjured. More striking was 

the discovery that members of the Toll like receptor (TLR) family of genes were 

activated in both LPS treated samples and in particular, Tlr7 and Tlr8, two 

endosomal TLRs have been previously shown to be activated in the synovium 

and synovial fluid macrophages of rheumatoid arthritis (RA) patients168,169. This 

correlation would indicate that systemic LPS induces mild RA in the joints of 

uninjured mice (Fig. 6), and that this transient RA is sufficient to exacerbate 

cartilage degeneration in response to a joint injury, potentially through Tlr7 and 

Tlr8 expressing M1 macrophages (Fig. 6). Evidence in support of this correlation 
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is provided by an OA study in TLR7 deficient mice, where Tlr7-/- mice develop a 

milder form of arthritis compared to control groups in the murine collagen induced 

arthritis (CIA) model157. Furthermore, overexpression of human TLR8 (huTLR8) 

in mice promoted spontaneous and induced arthritis and the levels of huTLR8 

correlated with proinflammatory cytokines in the joints of these animals157. These 

studies highlight the potential role for these endosomal TLRs in the maintenance 

of inflammation in rheumatoid arthritis. Activation of these TLR7/8 by LPS might 

have contributed to the enhanced PTOA phenotype observed in LPS treated 

animals. In healthy individuals, plasma endotoxin levels are less than 0.05 

EU/ml, but a study of patients with active urinary tract infections (UTI) showed 

significantly higher levels of plasma endotoxins. This study concluded that 

patients with gram-negative bacterial UTIs present symptoms of systemic 

inflammatory responses due to high levels of plasma endotoxin170, and would 

suggests that such individuals may be at significantly higher risk of PTOA, in the 

event of a joint injury. 

While the histological analysis of the injured joints and the RNAseq data 

both point to the M1 macrophage as the source of the joint inflammation (Fig. 6), 

and our data is backed by publications showing that M1 macrophages express 

higher mRNA levels of Tlr7 and Tlr8 than M2 macrophages171 while TLR7/TLR8 

expression is significantly higher in the macrophages within synovial tissue of RA 

patients when compared to normal, future studies will have to also survey the 

contribution of other immune cell types since genes associated with monocyte 

activation (Ccr2), eosinophils (Ccl6), and neutrophil activation (Cd300ld)172 were 

also significantly upregulated in LPS treated joints. While Ccr2 has also been 

found to be upregulated in RA, most of the 73 inflammation-associated genes 

elevated by LPS like Lst1173, Ptger2174,175, C5aR2176, and more177 have not yet 

been investigated in the context of osteoarthritis and could represent potential 

candidates for PTOA research. Also, the fact that the super-healer mice 

MRL/MpJ developed PTOA after LPS-administration highlights that these mice 

are not resistant from inflammatory-mediated PTOA risks.  
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In our model system, PTOA develops in response to joint injury in both 

VEH and LPS treated joints, however, patients receive reconstructive surgery 

post ACL rupture, and only 50% of these patients develop PTOA. Future 

experiments will have to address two key questions: (1) Do injured individuals 

with high plasma endotoxin levels develop PTOA at higher frequency than 

individuals with normal plasma endotoxin levels? and (2) Do anti-inflammatory 

drugs administered immediately post joint injury lower the risk of developing 

PTOA? Furthermore, genes associated with bone and cartilage metabolism were 

significantly down-regulated in LPS injured samples relative to all other groups, 

suggesting that LPS+injury may have a significant bone and cartilage catabolic 

effect. These genes included Comp178 noncollagenous extracellular matrix 

encoding gene; Hapln1179, Chad, Col9a1, and Col10a1, which encode cartilage 

matrix proteins; and Cnmd which promotes chondrocyte growth180,181. LPS alone 

kept the inflammatory pathways elevated while the addition of injury inhibited 

both bone and cartilage formation, influencing skeletal metabolism. 

Our study uniquely examined how unresolved inflammation affects PTOA 

progression in a noninvasive ACL rupture models in mice. This noninvasive 

model closely mimics human ACL rupture from a single high impact event that 

leads to PTOA development. While we recognize that patients receive 

reconstructive surgery and that our model remains unstabilized throughout, the 

ability to track molecular and morphological changes in the joint during PTOA 

progression will capture unknown events that cannot be perceived in humans 

since most patient samples are from individuals at advanced stages of the 

disease. The findings that a pre-existing systemic inflammation state produces 

RA-like molecular phenotypes in the uninjured joint and accelerates the 

progression to PTOA following injury may guide future clinical risk assessments 

of patients. Most striking is the revelation that unresolved inflammation in 

individuals with a mild autoimmune disease or suffering from a gram-negative 

mediated infection such as UTI at the time of injury may be at significantly higher 
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risk of developing severe PTOA phenotypes. In future experiments, this model 

will allow us to study whether blocking immune-derived molecules like Tlr7 and 

Tlr8 immediately post injury would prevent unwarranted PTOA phenotypes such 

as cartilage degeneration. 
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Figures 
 

Figure 1 Histological Assessment of LPS Treated Tibial Compression 
Injured Joints  
(A-H) Histological assessment of contralateral and injured joints 6 weeks post-

injury at 16 weeks of age using Safranin-O and Fast-Green staining. Joints were 

identified by sex, injured or contralateral, and treatment [VEH (vehicle); LPS 

(intraperitoneal lipopolysaccharide injection). Images were taken in 5x 

magnification and 20x magnification. (I) OARSI scoring for histological samples 

separated by treatment (VEH or LPS). *p<0.05 
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Figure 2 Bone Microstructure Assessment Using Micro-CT 
(A) Subchondral bone volume is the bone volume fraction which is the ratio of 

the segmented bone volume to the total volume of the region of interest. (B) 
Trabecular number was measured using the average number of trabeculae per 

unit length. (C) Trabecular thickness was measured using the mean thickness of 

trabeculae, assessed using direct 3D methods. (D) Trabecular spacing was 

measured using the mean distance between trabeculae, assessed using direct 

3D methods141. Statistics were performed using two-way ANOVA and Student’s 

T-Test. *p<0.01 
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Figure 3 Osteophyte Representation Using Micro-Computed Tomography 
(A) Osteophyte volume was measured by quantification of ectopic bone around 

the injured joint compared to contralateral. All statistics were made using sex, 

injury type, and treatment [VEH (vehicle); LPS (intraperitoneal lipopolysaccharide 

injection)] using two-way ANOVA and Student’s T-Test. *p<0.05 (B) Micro-

Computed tomography image of the joints of all groups using data gathered 

during (A). Dark grey regions show osteophyte growth compared to the white. 

Contralateral shows the normal bone.  
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Figure 4 Fluorescent Immunohistochemistry Analysis of Injured Joints 6 
Weeks Post-Injury 
(A-B) Fluorescent immunohistochemistry (IHC) of macrophage type 1 markers 

F4/80 and iNOS. (C-D) Fluorescent IHC of macrophage type 2 markers F4/80 

and CD205. Dashed line in white represents the surface of the anterior tibial 

condyle for all images.  
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Figure 5 Gene Expression Changes Caused by LPS and Injury 24 hours 
Post-Injury 

(A) Overlap of genes up-regulated by LPS. (B) Immune/inflammatory response 

genes up-regulated in response to LPS treatment. (C) Overlap of genes down-

regulated by LPS treatment and injury. (D) Bone and cartilage formation genes 

down-regulated in response to LPS treatment and injury.  
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Figure 6 LPS Enhances the Vulnerability to PTOA Development 
Healthy individuals exposed to systemic inflammation, like LPS, will develop 

symptoms similar to those of rheumatoid arthritis patients. In the joint it will cause 

synovitis which has an increase of macrophages type 1, eosinophils, neutrophils, 

and inflammatory cytokines and chemokines. If an injury happens at the time of 

elevated systemic inflammation will increase vulnerability and accelerate the 

development of PTOA. 
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Chapter 4: Antibiotic Treatment Prior to Injury Exacerbate the Development 
of Post-Traumatic Osteoarthritis on C57Bl/6J Mice 
 

Introduction 
 

The individual microbial cells that constitute the human gut microbiome 

outnumber our cells by a factor of 10. Most babies within the womb are free of 

microorganisms182. First exposure babies have to microbes is during birth as they 

move through the birth canal, hence babies born in natural birth are inoculated 

with some microorganisms by the mom. The gut microbiome initiates with breast 

feeding and builds complexity as the baby’s diet evolves from milk to other types 

of foods183. It reaches dynamic stability by the age of 3, and while a person’s gut 

biome is relatively stable, there are many genetic and environmental factors that 

influence its composition, in each person184. The microorganisms living in our gut 

that do not cause harm for humans are called commensals. The gut microbiome 

can have disruptions that change its composition and with that affect the entire 

system171,185,186.  

Published literature suggests that the gut microbiome has an indirect 

effect on bone through changes to the immune system and inflammatory 

cytokines102,187. Commensals aid in immunoregulation by releasing microbial 

associated molecules patterns that bind and activate toll-like receptors103,188–190. 

This activation cause an inflammatory cascade that releases inflammatory 

cytokines and interferons that act as transcription factors that induce naïve 

immune cells to mature191–193. The lack of a gut microbiome has led to conflicting 

results on bone mass but modifications to the gut microbiome can improve the 

PTOA phenotype on obese mice122,194. Studies have suggested that dysbiosis 

can promote aggressive bone destruction mediated by osteoclasts due to the 

increase of tumor necrosis factor alpha (TNF-a). TNF-a promotes 

osteoclastogenesis by increasing RANK-L expression in marrow cells and with 

that the number of osteoclast precursors110,195–197.  
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In the context of arthritis Zhang et al. (2015) showed that patients suffering 

from rheumatoid arthritis (RA) had have a perturbed gut microbiome that 

returned to levels compared to healthy people, after RA treatment, suggesting a 

strong correlation between gut microbiome composition and RA symptoms131,198. 

Maeda et al (2017) proposed that there is an increased presence of Prevotella 

copri species in early RA cases, while the abundance of Prevotella histicola 

species suppressed the development of arthritis; this study showed a correlative 

link between some species of the gut microbiome and arthritis133. In addition, Wu 

et al (2016) suggested that treating dysbiosis could help improve the outcome of 

rheumatoid arthritis patients132. Although PTOA is not considered an 

inflammatory disease, it is associated with an elevation of inflammatory 

pathways, therefore it can be better understood by looking at factors like 

inflammation and immunoregulation. Recently the gut microbiome was modified 

in obese mice by adding oligofructose supplementation showed a decrease in 

the OA outcome by reducing the levels of inflammation on the colon, circulating 

in the serum, and on the knee122. However no study to date has examined how 

the gut microbiome through antibiotic treatment affects PTOA outcome. 

Most PTOA related studies to date, examined factors likely to increase the 

probability of developing PTOA, if administer at the time of injury or shortly 

thereafter55. This study looked at how antibiotic treatment administered prior to 

injury would influence the outcomes of PTOA. Studying the effects of medication 

administered before an injury is of high biomedical importance, because 

clinically, most concerns center on side-effects due to co-administration, and no 

account of gut biome dysbiosis is recoded in a clinical setting to determine 

correlations with PTOA outcomes. In addition, antibiotics are widely prescribed to 

teens who may be active in sports. According to the CDC, in 2016, 64.9 million 

oral antibiotic prescriptions were issued to people under the age of 20, the 

equivalent of 790 per 1000 people, therefore gut dysbiosis may be more common 

than expected, in young athletes suffering a knee injury137. As the population of 

the USA ages there will be an increase in PTOA cases, studying how antibiotics 
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could modify the PTOA phenotypes will be helpful to find preventative treatment 

in the future, in both young and old patients.  

 

Materials and Methods 
 
Experimental Animals and ACL Injury Model. C57Bl/6J mice were purchased 

(Jackson Laboratory, Bar Harbor, ME, USA; Stock No: 000664) at 4 weeks of 

age and kept under normal cage conditions. Cohorts of mice (N=10 per group) 

were separated into two groups for both male and female. The antibiotic treated 

group (AB) received treatment [ampicillin199,200 (1.0g/L); neomycin201,202,203 (0.5g/L)] in 

drinking water starting at weaning (4 weeks of age) for six weeks; the untreated 

group (VEH) was left with regular drinking water. At 10 weeks of age, both 

groups received a non-invasive single dynamic tibial compressive load for an 

ACL rupture using an electromagnetic material testing machine 

(ElectroForce32000, TA Instruments, New Castle, DE, USA) as previously 

described. All animal work was conducted in accordance to the Institutional 

Animal Care and Use Committees at Lawrence Livermore National Laboratory 

and the University of California, Davis in AAALAC-accredited facilities.  

 
Micro-Computed Tomography. Samples were collected 6-weeks post injury for 

female and male VEH and AB injured, contralateral, and uninjured joints. 

Samples were dissected and fixed for 72 hours in a 4oC using 10% neutral buffer 

formalin. Samples were stored in 70% EtOH at 4oC until scanned. Whole knees 

were scanned using a SCANO µCT 35 (Bassersdorf, Switzerland) according to 

the rodent bone structure analysis guidelines (X-ray tube potential = 55kVp, 

intensity = 114 µA, 10 µm isotropic nominal voxel size, integration time = 900 

ms). Trabecular bone in the distal femoral epiphysis was analyzed manually 

drawing contours on 2D transverse slides. The distal femoral epiphysis was 

designated as the region of trabecular bone enclosed by the growth plate and 

subchondral cortical bone plate. We quantified trabecular bone volume per total 
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volume (BV/TV), trabecular thickness (Tb.Th), trabecular number (Tb.N), and 

trabecular spacing (Tb.Sp). Osteophyte volume in injured and contralateral joints 

was quantified by drawing contours around all heterotopic mineralized tissue 

attached to the distal femur and proximal tibia as well as the whole fabellae, 

menisci, and patella. Total mineralized osteophyte volume was then determined 

as the volumetric difference in mineralized tissue between injured and uninjured 

joints. Statistical analysis was performed using two-way ANOVA and Student’s T-

test with a two-tailed distribution, with two-sample equal variance (homoscedastic 

test). For all tests, p<0.01 was considered statistically significant after Bonferoni 

correction.  

 
Histological Assessment of Articular Cartilage and Joint Degeneration.  
VEH and AB treated C57Bl/6J, injured, contralateral and uninjured joints were 

dissected 6 weeks post injury, free of soft tissue, fixed, dehydrated, paraffin 

embedded and sectioned as previously described82 . The cartilage was 

visualized in sagittal 6µm paraffin serial using Safranin-O (0.1%, Sigma; S8884) 

and Fast Green (0.05%, Sigma; F7252) as previously described144. OA severity 

was evaluated 6 weeks post injury on sagittal sections using a modified 

osteoarthritis research society international (OARSI) scoring scale as previously 

described145. Starting from the synovium membrane to the articular cartilage, for 

each region, cartilage scoring began ~0.4 mm out from the start of synovium. 

Blinded slides were evaluated by seven scientists (six with and one without 

expertise in OA) utilizing a modified (sagittal) OARSI scoring parameters due to 

the severity of the phenotype due to TC loading. Modified scoring scores (0) for 

intact cartilage staining with strong red staining on the femoral condyle and tibia, 

(1) minor fibrillation without cartilage loss, (2) clefts below the superficial zone, 

(3) cartilage thinning on the femoral condyle and tibia, (4) lack of staining on the 

femoral condyle and tibia, (5) staining present on 90% of the entire femoral 

condyle with tibial resorption, (6) staining present on over 80% of the femoral 

condyle with tibial resorption, (7) staining present on 75% of the femoral condyle 
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with tibial resorption, (8) staining present on over 50% of the femora condyle with 

tibial resorption, (9), staining present in 25% of the femoral condyle with tibial 

resorption, (10) staining present in less than 10% of the femoral condyle with 

tibial resorption. 
 
Immunofluorescent Staining. Six-micrometer sections from injured samples 

from both treatment groups were used. Unitrieve was used as an antigen 

retrieval method for 30 minutes at 65o. Primary antibodies: Anti-F4/80 [Abcam, 

ab16911(1:50)], Anti-CD206 [Abcam, ab64693(1:500)], and Anti-iNOS [Abcam, 

ab15323(1:100)] were used and incubated overnight at room temperature in a 

dark humid chamber as previously described86. Negative control slides were 

incubated with secondary antibody-only. Stained slides were mounted with 

Prolong Gold with DAPI (Molecular Probes, Eugene, OR, USA). ImagePro Plus 

V7.0 Software and a QIClick CCD camera (QImaging, Surrey, BC, Canada) were 

used for imaging and photo editing.  

 

Results 
 

Antibiotic treatment prior to joint injury improves PTOA outcomes 
Using a tibial compression PTOA mouse model77, we examined whether a six 

weeks course of antibiotic would impact OA outcomes, post injury. C57Bl/6J 

male mice were examined histologically at 6 weeks post injury. Examining the 

contralateral femoral head (Fig. 1A, C; numeral) we observed that the VEH 

contralateral group displayed a slight reduction in staining while the AB 

contralateral group showed stronger staining throughout; this is was not 

statistically significant, and both groups had normal joint morphology. The injured 

AB treated group showed slightly less mineralized area on the femoral head 

when compared to the VEH injured group (Fig. 1B, D). The femoral condyle of 

the injured AB group (Fig. 1d; arrow, asterisk) appeared to have an increase in 

staining intensity as well as a thicker articular cartilage layer than the injured VEH 
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which suggest higher levels of proteoglycans and reduced chondrocyte apoptosis 

in the injured joints of AB treated animals (Fig. 1b; arrow, asterisk). Analyzing 

the meniscus (Fig. 1bb, dd; arrow, asterisk) injured AB joints showed a thicker 

hyperplastic tissue with enhanced cellular infiltration. The injured VEH showed 

cellular infiltration but it was less than the AB injured group. Examination of the 

sagittal views of the joints by a modified OARSI grading scale determined that 

AB-treated injured joints had a significantly lower cartilage score than VEH-

treated injured joints (Fig. 1E). These results imply that modifying the gut 

microbiome using antibiotics prior to injury is sufficient to improve the cartilage 

phenotype subsequent to trauma.  

 
Evaluating the Subchondral and Osteophyte Changes During the 
Progression to PTOA Development on Antibiotic Treated C57Bl/6J Male 
and Female Mice 
The bone phenotypes of AB and VEH treated mice were characterized by micro-

computed tomography (µCT) to quantify osteophyte volume and subchondral 

trabecular bone mass at 6 weeks post injury (Fig. 2). Consistent with prior 

results, VEH females had significantly less subchondral bone volume (BV/TV) 

female AB cohort showed ~7%, ~12.7%, and ~6.2% lower BV/TV than female 

VEH uninjured, injured, and contralateral; injured was statistically significant. 

Male AB group had ~0.2%, ~9.4%, and ~10.8% lower BV/TV than the male VEH 

group when comparing the uninjured, injured, and contralateral groups; injured 

and contralateral groups were statistically significant. Female AB had ~11.9, 

~19.4, and ~17.8% less BV/TV than the male AB uninjured, injured, and 

contralateral; injured and contralateral were statistically significant. Since female 

BV/TV baseline was significantly lower than males, these differences are 

significantly more dramatic in females than in males. 

Trabecular number (Tb.N) AB females had ~1.2%, ~5, and ~0.8% lower 

Tb.N than the uninjured, injured, and contralateral VEH female; . AB male group 

had ~0.2% and ~0.1% higher Tb.N on the uninjured and injured groups 
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compared to VEH; the contralateral had ~0.8% lower Tb.N on the VEH. AB 

females had ~24.7%, ~26%, and ~23.5% lower Tb.N than the uninjured, injured, 

and contralateral; injured and contralateral were statistically significant. 

Trabecular thickness (Tb.Th) showed VEH female presented ~9.2, ~3.3, 

and ~1.5% more Tb.Th than VEH males in uninjured, injured, and contralateral; 

only uninjured was significant. (Fig. 2C). VEH females had ~5.2%, ~2.6%, and 

~3.8% higher Tb.Th than the uninjured, injured, and contralateral AB females; 

none were significant. VEH males had ~2.9%, ~7.6%, and ~10.6 higher Tb.Th 

than uninjured, injured, and contralateral AB males; injured and contralateral 

were significant. AB females had ~11.5%, ~10.2%, and ~6.1% lower Tb.Th than 

the AB males; injured group was statistically significant. 

When examining trabecular spacing (Tb.Sp) we observed VEH treated 

females had ~27.7%, ~23.7%, and ~26.2% significantly larger trabecular spacing 

than the VEH treated males. AB females had ~1.2%, ~6%, and ~1.5% larger 

Tb.Sp than the uninjured, injured, and contralateral VEH females; none were 

statistically significant. AB males showed ~1%, ~0.01%, and ~2.2% larger Tb.Sp 

than the VEH uninjured, injured, and contralateral; none were statistically 

significant. AB female had ~27.5%, ~28.2%, and ~25.7% higher Tb.Sp than the 

uninjured, injured, and contralateral AB males; injured and contralateral were 

both significant. 

Osteophyte volume (Op.V) analysis represents the quantity of bone 

growth outside of the injured joint when compared to the uninjured contralateral. 

VEH females had ~26% lower Op.V than VEH males which was statistically 

significant. VEH females had ~5.8% higher Op.V than the AB females which was 

not significant. AB females had ~13.5% higher Op.V than AB males which was 

not significant. VEH males had ~39.7% significantly higher Op.V compared to the 

AB males.  

 
Macrophage Analysis of Antibiotic Treated Mice 
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As previously described in chapter 3, tissue resident macrophages are essential 

in providing innate immune defenses and regulating tissue and organ 

homeostasis204. Macrophages and other inflammatory cells are recruited to 

tissue injury sites where they also play key roles in tissue remodeling and 

repair155,156. In the joint there is a population of inactive macrophages residing in 

the synovium. These cells are activated under certain conditions such as injury or 

inflammation. Macrophages can be both pro-inflammatory (M1) and anti-

inflammatory (M2), and the co-action of these subtypes can repair damaged 

tissue through specific cytokine secretion. In the joint however, a change in the 

M1/M2 ratio may be critical in PTOA progression and development. Data 

indicated a hyperplastic synovium that appeared to have cellular infiltration on 

histological analysis (Fig. 1dd; asterisk), and this morphology was similar to that 

of LPS treated injured joints described in prior chapter. To determine whether AB 

treatment prior to ACL rupture altered the composition of M1 and M2 cells in the 

injured joint we used M1/M2 specific antibody markers to distinguish these 

subtypes by immunohistochemistry. On the meniscus we observed a slightly 

higher staining of anti iNOS antibody indicative of low level M1 macrophage 

infiltration the AB injured joints compared to the VEH(Fig. 4D, H). In contrast, we 

observed a higher level of anti CD206 antibody stain in AB injured joints when 

compared to VEH injured, indicative to higher levels of M2 macrophages present 

in the injured joint of AB treated animals. These results suggest that AB treated 

animals have an increase in anti-inflammatory macrophages which may be 

helping the PTOA phenotype. While morphologically LPS and AB treated injured 

joint looked highly similar, the source of the cellular infiltration was reversed with 

more M1 in LPS (Chapter 3 Fig 4) and more M2 macrophages in AB treated 

injure joints(Fig. 4L, P).  

 

Discussion 
The role of antibiotic treatment prior to injury on the development of PTOA has 

not been previously investigated. Previous such studies have focuses on bone, 
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showing how the gut microbiome can influence osteoclastogenesis and with that 

affect bone volume, but no study has looked at how antibiotics affect the 

development of PTOA. Although data indicated cellular infiltration in the 

synovium of injured AB joints, reminiscent of synovitis induced by LPS 

administration, AB treatment improved the cartilage phenotype as reflected by a 

significantly lower OARSI score in AB injured joints. A limiting factor of this 

experiment is the lack of female histological samples, a future direction will be to 

add histological analysis of females in order to understand the female cartilage 

phenotype. 

The male cartilage phenotype improves on the AB treated group however, 

data indicated a decrease in the subchondral bone phenotype. AB injured joints 

male and female had a significant decrease in BV/TV compared to the VEH 

injured male and female joints respectively. The lower BV/TV indicates higher 

levels of femoral epiphysis bone resorption. The current literature presents 

conflicting evidence on how antibiotics affect bone, and these discrepancies may 

be highly dependent on both the diversity and abundance of microbial species 

that persist after antibiotic treatment101. Literature has shown that long-term 

antibiotic treatment in males at 20 weeks of age have been found to have no 

changes on the bone mineral density (BMD) with antibiotic treatment while 

females of the same age displayed BMD increases127. Studies with long-term 

antibiotic treatment at early time timepoints showed an increase in BMD at 7 

weeks of age while no significant changes were observed at 11 weeks of age136. 

While a composite put in to repair fracture with antibiotics during infection 

promotes bone formation205. The decrease in BV/TV has been observed after 

injury in strains that are resistant to PTOA, like MRL/MpJs that were discussed in 

chapter 2. Although inflammation is resolved quicker in MRL/MpJ mice resorption 

still happens due to the presence of pro-inflammatory cytokine and slight 

presence of matrix metalloproteinase (MMP) that promote osteoclastogenesis 

and extracellular matrix degradation206–208. 
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This study does not include gene expression analysis data that could be 

useful in determining the changes that happen during the immediate and acute 

phases after injury. RNA sequencing analysis could determine if the decrease in 

resorption of cartilage on AB C57Bl/6J joints like the MRL/MpJ are able to 

resolve inflammation quicker than the VEH and have the presence of MMP 

repressors. Future studies will include RNA sequencing analysis a day post-

injury to analyze how gene expression changes might be affecting the PTOA 

outcome.  

Future studies will perform microbiome sequencing analysis in order to 

determine the exact changes caused by our antibiotic treatment. The 

combination of ampicillin and neomycin was not intended to erase the gut 

microbiome completely but to modify it and cause little changes to the mouse 

development given that those antibiotics are poorly absorbed by the body. The 

changes in the gut microbiome could point at the decrease in resorption. They 

could answer if the cartilage resorption decrease could be caused by changes to 

the immune system due to a lack of naïve immune cell activation by the gut 

microbiome. 

Our study uniquely looks at PTOA development changes caused by long-

term antibiotic treatment. Prior to this study we did not know if there were any 

changes caused by antibiotics to PTOA. This study highlights the importance of 

how the body works as a system and factors prior to injury can lead to changes 

in the development of PTOA. This study provides a direction for studying how to 

delay and prevent the development of PTOA by targeting the gut microbiome.  
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Tables 
Table 1 Bone Analysis Percentage Comparison  
Results from statistical analysis comparing groups by sex, injury type, and mice 

strains. Percentages were established by comparing the larger to the smaller of 

the values. Statistical significance was established when p <0.05.  

 
  

Comparison BV/TV (%) Tb.N (%) Tb.Th (%) Tb.Sp (%)
VEH Female C57Bl/6J Injured to VEH Female C57Bl/6J Contralateral 3.3 4.2 4.7 4.5
VEH Female C57Bl/6J Injured to VEH Female C57Bl/6J Uninjured 2.7 2.0 6.2 1.8
VEH Male C57Bl/6J Injured to VEH Male C57Bl/6J Contralateral 6.6 6.0 9.2 7.6
VEH Male C57Bl/6J Injured to VEH Male C57Bl/6J Uninjured 4.0 6.3 0.6 6.9
VEH Uninjured  C57Bl/6J Female to Male 6.5 25.4 9.2 27.7
VEH Injured C57Bl/6J Female to Male 5.2 22.1 3.3 23.7
VEH Contralateral C57Bl/6J Femalel to Male 8.4 23.5 1.5 26.2
AB Female C57Bl/6 Uninjured AB to C57Bl/6J Injured 26.4 8.0 13.3 8.8
AB Female C57Bl/6 Contralateral AB to C57Bl/6J Injured 17.6 8.2 8.5 8.8
AB Male AB Injured to AB Uninjured 7.1 6.4 0.5 7.5
AB Male AB Injured to AB Contralateral 5.4 5.1 9.4 5.1
Female VEH Uninjured to AB Uninjured 7.0 1.2 5.2 1.2
Female VEH Injured to AB Injured 12.7 5.0 2.6 6.0
Female VEH Contralteral to AB Contralateral 6.2 0.8 3.8 1.5
Male VEH Uninjured to AB Uninjured 0.1 0.2 2.9 1.0
Male VEH Injured to AB Injured 3.0 0.1 7.6 0.01
Male VEH Contralteral to AB Contralateral 4.1 0.8 10.6 2.2
AB Uninjured  C57Bl/6J Female to Male 11.9 24.7 11.5 27.5
AB Injured C57Bl/6J Female to Male 19.4 26.0 10.2 28.2
AB Contralateral C57Bl/6J Femalel to Male 17.8 23.5 6.1 25.7
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Figures 
 

Figure 1 Histological Assessment of PTOA Severity Depending on 
Treatment Post-Tibial Compression Injured Joints  
(A-H) Histological assessment of contralateral and injured joints 6 weeks post-

injury at 16 weeks of age using Safranin-O and Fast-Green staining. Joints were 

identified by sex, injured or contralateral, and treatment [ampicillin (1000mg. 

Images were taken in 5x magnification and 20x magnification. (I) OARSI scoring 

for histological samples separated by strain. *p<0.05 
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Figure 2 Bone Microstructure Assessment Using Micro-Computed 
Tomography of Multiple Strains 
(A) Subchondral bone is the bone volume fraction which is the ratio of the 

segmented bone volume to the total volume of the region of interest. (B) 
Trabecular number was measured using the average number of trabeculae per 

unit length. (C) Trabecular thickness was measured using the mean thickness of 

trabeculae, assessed using direct 3D methods. (D) Trabecular spacing was 

measured using the mean distance between trabeculae, assessed using direct 

3D methods (PMID 20533309). All statistics were made using sex, injury type, 

and strain using two-way ANOVA and Student’s T-Test. *p<0.05 
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Figure 3 Osteophyte Representation Using Micro-Computed Tomography 

(A) Osteophyte volume was measured by quantification of ectopic bone around 

the injured joint compared to contralateral. All statistics were made using sex, 

injury type, and treatment using two-way ANOVA and Student’s T-Test. *p<0.05 

(B) Micro-Computed tomorgraphy image of the joints of all groups using data 

gathered during (A). Dark grey regions show osteophyte growth compared to the 

white. Contralateral shows the normal bone.  
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Figure 4 Fluorescent Immunohistochemistry Analysis of Injured Joints 6 
Weeks Post-Injury 
(A-B) Fluorescent immunohistochemistry (IHC) of macrophage type 1 markers 

F4/80 and iNOS. (C-D) Fluorescent IHC of macrophage tye 2 markers F4/80 and 

CD205. Dashed line in white represents the surface of the anterior tibial condyle 

for all images.  
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Chapter 5: LPS Induced Inflammation and Antibiotic Treatment Prior to 
Injury Modify the Development of Post-Traumatic Osteoarthritis on 
C57Bl/6J, MRL/MpJ, and STR/ort Mice 
 

Introduction 
 

Inflammatory diseases, genetics, repeated injury, and bone volume affect the 

susceptibility of inbred strains to post-traumatic osteoarthritis (PTOA). C57Bl/6J 

male mice have been previously shown to be susceptible to PTOA and their 

phenotypes are considered moderate, therefore we use this strain as our 

baseline for the disease progression to reference the other stains to. Murphy 

Roths Large (MRL/MpJ) male mice have been previously shown to be resistant 

to PTOA on the tibial plateau fracture88, destabilization of the medial meniscus90, 

and tibial compression overload86 due to their ability to resolve inflammation 

faster than male C57Bl/6J post-injury and their ability to repair damaged 

cartilage; these two factors are likely to contribute to MRL/MpJ’s perceived 

resistance to PTOA. C3H/HeJ mice have a higher bone mass than C57Bl/6J 

strain, and carry a defect in the toll-like receptor 4 (TLR4) which makes them 

insensitive to activation by the gram-negative released LPS endotoxin94–96. 

STR/ort male mice have a higher bone mass than the C57Bl/6J strain, to develop 

OA spontaneously due to elevated levels of circulating pro-inflammatory 

cytokines and chemokines. Additionally, STR/ort mice have altered articular 

cartilage chondrocytes with lower succinate dehydrogenase and lactate activities, 

with changes in the monoamine oxidase on the articular cartilage that later 

presents OA89. 

People are constantly exposed to factors that could potentially affect the 

probability of developing PTOA post injury, and antibiotic use could be such a 

factor. The CDC reported that there were 793 prescriptions dispensed per 1000 

people in the United States in 2017; the prevalence of antibiotics could 

significantly influence OA outcomes, following joint trauma137. With the direction 
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of more leniency to FDA regulations there have been reported more cases of 

gram-negative bacteria infections. Understanding how these factors are going to 

be modifying the PTOA development is key in order to treat the growing 

prevalence of the disease. No study to date has examined the impact of antibiotic 

administration and how it may affect the predisposition to PTOA. PTOA develops 

in ~50% of patients who suffer a severe articular injury, understanding factors 

influencing PTOA outcomes like genetic predisposition and inflammatory 

diseases, and developing strategies to improve the phenotype of pre-disposed 

strains will help identify new avenues for treating the disease.  

 

Materials and Methods 
 

Experimental Animals and ACL Injury Model. STR/ort and MRL/MpJ strains 

were bred in house. C57Bl/6J and C3H/HeJ mice were purchased (Jackson 

Laboratory, Bar Harbor, ME, USA; Stock No: 000664, 000659). At 4 weeks of 

age mice were allocated to four treatment groups: control (VEH), 

lipopolysaccharide treated (LPS), antibiotic treatment (AB), and antibiotic plus 

LPS treatment (AB+LPS). Cohorts of mice (n=4 for female STR/ort and 

MRL/MpJ, n=5 male STR/ort, male MRL/MpJ, and female C3H/HeJ, n=10 male 

C3H/HeJ, male C57Bl/6J, and female C57Bl/6J per group) included male and 

female groups. AB and AB+LPS groups received an antibiotic cocktail [ampicillin 

(1.0g/L); neomycin (0.5g/L)] in drinking water starting at weaning (4 weeks of 

age) while VEH and LPS groups received regular drinking water for six weeks. 

Five days prior to injury, LPS and AB+LPS groups received an LPS 

intraperitoneal injection (1mg/kg) in the abdominal area, while VEH and AB 

received a saline IP injection of equivalent volume. At 10 weeks of age, 50% of 

animals from all groups received a non-invasive single dynamic tibial 

compressive load for an ACL rupture using an electromagnetic material testing 

machine (ElectroForce32000, TA Instruments, New Castle, DE, USA) as 

previously described76,82,86,144 . All animal work was conducted on approved 
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protocols in accordance to the Institutional Animal Care and Use Committees at 

Lawrence Livermore National Laboratory and the University of California, Davis 

in AAALAC-accredited facilities and conform to the Guide for the care and use of 

laboratory animals. 

 
Micro-Computed Tomography. Samples were collected 6-weeks post injury for 

female and male VEH, LPS, AB, and AB+LPS injured, contralateral, and 

uninjured joints. Samples were dissected and fixed for 72 hours at 4oC using 

10% neutral buffer formalin. Samples were stored in 70% EtOH at 4oC until 

scanned. Whole knees were scanned using a SCANO µCT 35 (Bassersdorf, 

Switzerland) according to the rodent bone structure analysis guidelines (X-ray 

tube potential = 55kVp, intensity = 114 µA, 10 µm isotropic nominal voxel size, 

integration time = 900 ms). Trabecular bone in the distal femoral epiphysis was 

analyzed manually drawing contours on 2D transverse slides. The distal femoral 

epiphysis was designated as the region of trabecular bone enclosed by the 

growth plate and subchondral cortical bone plate. We quantified trabecular bone 

volume per total volume (BV/TV), trabecular thickness (Tb.Th), trabecular 

number (Tb.N), and trabecular spacing (Tb.Sp). Osteophyte volume in injured 

and contralateral joints was quantified by drawing contours around all heterotopic 

mineralized tissue attached to the distal femur and proximal tibia as well as the 

whole fabellae, menisci, and patella. Total mineralized osteophyte volume was 

then determined as the volumetric difference in mineralized tissue between 

injured and uninjured joints.  

 

Statistics. Statistical analysis was performed using two-way ANOVA and 

Student’s T-test with a two-tailed distribution, with two-sample equal variance 

(homoscedastic test). p<0.01 was considered statistically significant after a 

Bonferroni correction when comparing within strains and p<0.00081 between 

strains. 
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Histological Assessment of Articular Cartilage and Joint Degeneration.  
Joint samples were dissected 6 weeks post injury, free of soft tissue, fixed, 

dehydrated, paraffin embedded and sectioned as previously described1,2. The 

cartilage was visualized in sagittal 6µm paraffin serial sections using Safranin-O 

(0.1%, Sigma; S8884) and Fast Green (0.05%, Sigma; F7252) as previously 

described1,2. OA severity was evaluated using a modified osteoarthritis research 

society international (OARSI) scoring scale as previously described6. Starting 

from the synovium membrane to the articular cartilage, for each region, cartilage 

scoring began ~0.4 mm out from the start of synovium. Blinded slides were 

evaluated by seven scientists (six with and one without expertise in OA) utilizing 

a modified (sagittal) OARSI scoring parameters due to the severity of the 

phenotype due to TC loading(19). Modified scoring scores (0) for intact cartilage 

staining with strong red staining on the femoral condyle and tibia, (1) minor 

fibrillation without cartilage loss, (2) clefts below the superficial zone, (3) cartilage 

thinning on the femoral condyle and tibia, (4) lack of staining on the femoral 

condyle and tibia, (5) staining present on 90% of the entire femoral condyle with 

tibial resorption, (6) staining present on over 80% of the femoral condyle with 

tibial resorption, (7) staining present on 75% of the femoral condyle with tibial 

resorption, (8) staining present on over 50% of the femora condyle with tibial 

resorption, (9), staining present in 25% of the femoral condyle with tibial 

resorption, (10) staining present in less than 10% of the femoral condyle with 

tibial resorption. 

 

Results 
 

Combination of Treatments Restores the PTOA Cartilage Phenotype in 
C57Bl/6J Mice 
Using a tibia compression PTOA mouse model we examined what changes the 

inbred mouse strain would have on the OA outcome, and whether a treatment of 

antibiotics, a single dose of LPS, or a combination of both have a synergistic 
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impact on the PTOA outcome. This chapter will focus on the changes on groups 

not previously discussed on this dissertation. For VEH see chapter 2, for LPS 

C57Bl/6J see chapter 3, and for AB C57Bl/6J see chapter 4.  

 The AB+LPS C57Bl/6J uninjured showed staining throughout the entire 

femoral condyle highly similar to that observed for the uninjured VEH C57Bl/6J 

(Fig. 1A, F). Whereas LPS treatment produced a significant change in the 

cartilage of uninjured joints by showing proteoglycan degradation and lack of 

staining on the femoral condyle (Fig 1A, C; numeral); there was no significant 

difference in OARSI scores between the uninjured VEH C57Bl/6J and the 

uninjured AB+LPS C57Bl/6J (Fig. 1AB). VEH and AB+LPS C57Bl/6J injured 

samples were also similar, showing a reduction in staining from the 

corresponding uninjured (Fig. 1A, F, AA, FF), but the effects of LPS on injured 

joints were blunted by the AB treatment. VEH and AB+LPS C57Bl/6J anterior 

condyle showed similar cellular infiltration (Fig. 1aa, ff). There was no significant 

difference in OARSI scoring between the injured VEH C57Bl/6J and the injured 

AB+LPS C57Bl/6J (Fig. 1AB), suggesting that AB treatment rescued the LPS-

mediated PTOA phenotype. 
 
AB Treatment Has Similar Effects on the Bone of Injured Joints as the LPS 
Treatment 
Comparisons of the combined effects of AB and LPS treatment prior to injury has 

never been studied in relationship to the development of PTOA. We next 

examined osteoarthritic remodeling in VEH, LPS, AB, and the AB+LPS treated 

mice by quantifying the loss in subchondral trabecular bone at 6 weeks post 

injury by micro-computed tomography (µCT). Comparisons will be shown for 

groups not discussed on previous chapters.  

There were no significant changes in the subchondral bone volume 

(BV/TV) of the injured male or female C57Bl/6J LPS compared to the 

corresponding AB (Fig. 2A). BV/TV was significantly lower in C57Bl/6J injured 

AB females than the MRL/MpJ and STR/ort injured AB females. BV/TV in 
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C57Bl/6J injured LPS was significantly lower than the injured LPS male 

MRL/MpJ and STR/ort. Comparing AB injured males the BV/TV was significantly 

lower in C57Bl/6J compared to the STR/ort. 

Data did not indicate any significant differences in the trabecular number 

(Tb.N) when comparing the AB and LPS groups for C57Bl/6J (Fig. 2B). Tb.N 

was significantly lower in injured male LPS and AB C57Bl/6J than the 

corresponding C3H/HeJ. Tb.N of C57Bl/6J injured AB male was significantly 

lower than corresponding STR/ort. 

Trabecular thickness (Tb.Th) analysis of injured male had no differences 

between the AB and the LPS of C57Bl/6J (Fig. 2C). Female C57Bl/5J injured AB 

was significantly lower Tb.Th than the female AB injured STR/ort. Male C57Bl/6J 

injured LPS and AB presented significantly lower Tb.Th than the corresponding 

C3H/HeJ and STR/ort. 

Trabecular spacing (Tb.Sp) did not show any differences between the LPS 

and the AB groups in the C57Bl/6J (Fig. 2D). Male C57Bl/6J injured AB and LPS 

had lower Tb.Sp than the C3H/HeJ injured males. Injured male C57Bl/6J showed 

lower Tb.Sp than the injured male STR/ort. 

 
LPS Increases the Severity of PTOA in MRL/MpJ Mice 
The uninjured VEH MRL/MpJ males showed more staining than the uninjured 

LPS and AB MRL/MpJ but were more similar to the AB+LPS MRL/MpJ uninjured 

(Fig. 3G, O, K, M). Uninjured VEH MRL/MpJ male joints did not show a 

statistically difference between the OARSI scores when compared to the 

uninjured LPS, AB, or AB+LPS MRL/MpJ male joint (Fig. 3GH). Injured LPS and 

AB+LPS MRL/MpJ males had thinning of the femoral condyle cartilage and clefts 

compared to the VEH (Fig. 3g, i, k; arrow, asterisk). There was a lack of 

staining in the LPS and AB+LPS injured MRL/MpJ males on the anterior tibial 

condyle (Fig. 3ii, kk). The OARSI score showed that there was a significant 

difference between the VEH and both the LPS and AB+LPS injured joints, both of 

which had a significantly higher OARSI score (Fig. 3GH). The AB injured 
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MRL/MpJ staining was stronger than the VEH MRL/MpJ males (Fig. 3g, gg, m, 
mm), but it was not significantly different comparing the OARSI scores (Fig. 
3GH). 

The uninjured MRL/MpJ female VEH, LPS, and AB+LPS showed similar 

staining while the AB group showed thinning of cartilage and less staining (Fig. 
3H, J, L, N). Unlike the males the VEH injured MRL/MpJ females (Fig. 3HH) 
showed a thinning of the femoral condyle (Fig. 3h; arrow, asterisk), and a 

reduction in staining on the anterior tibial condyle (Fig. 3hh). The OARSI score 

was significantly higher for the VEH injured MLR/MpJ females compared to the 

contralateral VEH MRL/MpJ females (Fig. 3GH). The LPS injured MRL/MpJ 

female (Fig. 3JJ) also showed a thinning of the femoral condyle cartilage 

compared to VEH (Fig. 3h, j; arrow, asterisk) and a hyperplastic synovium (Fig. 
3jj; asterisk). The OARSI score was significantly higher when comparing the 

injured female MLR/MpJ VEH to the LPS (Fig. 3GH). LPS had a catabolic effect 

on the cartilage of both female and male MRL/MpJ injured joints, but the 

phenotype was more severe in females than in males.  

Contrary to results obtained for the C57Bl6 strain (Fig. 2B, bb; arrow, 
asterisk), the injured AB treated MRL/MpJ females showed even more thinning 

of the cartilage on the femoral condyle (Fig. 3l; arrow, asterisk) and reduced 

staining on the anterior tibial condyle but no cellular infiltration (Fig. 3ll; 
asterisk). OARSI score was significantly higher in the injured AB MRL/MpJ 

females than the VEH injured MRL/MpJ females (Fig. 3GH). The injured 

AB+LPS MRL/MpJ (Fig. 3NN) showed the most aggressive of the phenotypes 

with practically no staining on the femoral condyle (Fig. 3n; arrow, asterisk), 

reduced staining in the anterior tibial condyle, and a slight increase of cellularity 

than the AB treated injured female MRL/MpJ joints (Fig. 3ll, nn; asterisk). 

OARSI score for the injured VEH MRL/MpJ females was significantly lower than 

the AB+LPS injured MLR/MpJ females (Fig. 3GH). Unlike C57Bl6 males where 

AB treatment rescued the LPS phenotype, in this strain, the combined LPS/AB 
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treatment exacerbated the PTOA cartilate phenotype, in both male and female 

MRL/MpJ. 

  

AB Rescues the PTOA Phenotype of the Female MRL/MpJ 
BV/TV analysis did not show any differences when comparing VEH, LPS, AB, 

and AB+LPS treatment groups for both sexes on MRL/MpJ MRL/MpJ. LPS and 

AB+LPS injured female had lower BV/TV compared to the injured MRL/MpJ LPS 

and AB+LPS males (Fig. 4A). AB alone is not enough to change the phenotype 

of the male Injured MRL/MpJ males had lower BV/TV than the STR/ort injured 

males when comparing the VEH, LPS, AB, and AB+LPS groups.  

Tb.N analysis did not show any differences when comparing VEH, LPS, 

AB, and AB+LPS treatment groups for both sexes on injured MRL/MpJ. 

MRL/MpJ injured female VEH, LPS, AB, AB+LPS Tb.N was significantly lower 

than injured male MRL/MpJ (Fig. 4B). Injured male MRL/MpJ VEH, LPS, AB, 

and AB+LPS Tb.N was significantly higher than the corresponding C3H/HeJ 

injured males. 

Tb.Th analysis did not show any differences when comparing between 

VEH, LPS, AB, and AB+LPS for male and female MRL/MpJ (Fig. 4C). AB 

MRL/MpJ female injured had lower Tb.Th than the AB injured female STR/ort. 

LPS, AB, and AB+LPS MRL/MpJ injured males presented significantly lower 

Tb.Th than the corresponding male injured STR/ort. Tb.Th was significantly lower 

on injured male MRL/MpJ AB and AB+LPS than corresponding male injured 

C3H/HeJ. 

Tb.Sp did not show any differences between the VEH, LPS, AB, and 

AB+LPS groups for either sexes in MRL/MpJ (Fig 4D). Tb.Sp was significantly 

larger on the injured female MRL/MpJ for the LPS, AB, and AB+LPS compared 

to the injured male MRL/MpJ (Fig 4D). Tb.Sp was significantly lower than 

MRL/MpJ injured LPS, AB, and AB+LPS male compared to the male injured 

corresponding C3H/HeJ strain. 
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AB Treatment Improves the PTOA Severity of C3H/HeJ Mice 

The uninjured C3H/HeJ male VEH and LPS (Fig. 5O, Q) were similar while the 

C3H/HeJ uninjured male AB and AB+LPS (Fig. 5S, T) had slightly less cartilage 

staining that was not found to be significant when comparing the OARSI scores 

(Fig. 5OP). The VEH injured, LPS, and AB+LPS (Fig. 5OO, QQ, TT) all showed 

similar thinning of the femoral condyle cartilage (Fig. 5o, q, t; arrow, asterisk) 

but the VEH and AB+LPS showed more cellularity than the LPS (Fig. 5oo, ss, tt; 
asterisk) although they all showed a similar lack of staining on the anterior tibial 

condyle. The LPS and AB+LPS injured C3H/HeJ male mice were not statistically 

significantly different comparing the OARSI score to than the VEH injured 

C3H/HeJ male mice (Fig. 5OP). The AB treated injured C3H/HeJ (Fig. 5SS) 

males showed slightly thicker cartilage staining on the femoral condyle (Fig. 5s; 
arrow, asterisk) but lower cellularity than the VEH and more staining of the 

anterior tibial condyle (Fig. 5ss; asterisk). The AB injured C3H/HeJ males 

showed a significantly lower OARSI score than the VEH injured C3H/HeJ males 

(Fig. 5OP).  

 In C3H/HeJ females, both the uninjured VEH and LPS (Fig. 5P, R) joint 

lacked cartilage staining of the femoral condyle. The injured C3H/HeJ VEH and 

LPS (Fig. 5PP, RR) showed similar stain on the femoral condyle (Fig. 5p, r; 
arrow, asterisk). Both samples showed similar lack of staining on the tibial 

anterior condyle but no cellularity (Fig. 5pp, rr). Similar to the males, the injured 

VEH and LPS samples were virtually similar, which is why they had no difference 

between the OARSI scores (Fig. 5OP).  

 
LPS Treatment Does Not Affect PTOA in C3H/HeJ Male Mice 
C3H/HeJ LPS females were not analyzed.C3H/HeJ injured males did not show 

any differences in BV/TV, Tb.N, Tb.Th, and Tb.Sp between the treatment groups 

when compared to each other (Fig. 6A, B, C, D). Male injured C3H/HeJ had 

lower BV/TV in the VEH, AB, and AB+LPS than the corresponding male injured 

STR/ort. Tb.N and Tb.Sp in C3H/HeJ injured males was significantly lower than 
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the STR/ort injured males when comparing the VEH, LPS, AB, and AB+LPS. 

Tb.Th was significantly lower on C3H/HeJ injured males AB+LPS group 

compared to the STR/ort injured males. 

 

AB Treatment Improves PTOA Severity in STR/ort Mice 

The uninjured STR/ort male VEH (Fig. 7U) had more staining than the LPS (Fig. 
7W); VEH uninjured STR/ort had a significantly lower OARSI score than the LPS 

uninjured STR/ort. The uninjured STR/ort male AB (Fig. 7X) had less staining 

than the VEH, reflected by a significantly higher OARSI score than the VEH 

uninjured STR/ort males (Fig. 7UV). The uninjured STR/ort male AB+LPS had 

fibrillations and clefts around the entire femur (Fig. 7Z), OARSI score is 

significantly higher than the VEH uninjured STR/ort males (Fig. 7UV).  

The injured VEH STR/ort male had thicker staining than the injured LPS 

(Fig. 7UU, WW), which had no staining on the femoral condyle (Fig. 7w; arrow, 
asterisk) but the anterior tibial condyle was similar (Fig. 7ww). The OARSI score 

was significantly higher in the LPS injured STR/ort males compared to the VEH 

injured STR/ort males (Fig. 7UV). The AB injured STR/ort males however (Fig. 
7XX) showed thicker cartilage than the VEH injured on the femoral condyle (Fig. 
7u, x; arrow, asterisk), and there was stronger staining of the anterior tibial 

condyle than the VEH (Fig. 7uu, xx). AB injured STR/ort males had a lower 

OARSI score compared to the VEH STR/ort injured males (Fig. 7UV). The 

AB+LPS injured STR/ort (Fig. 7ZZ) had a similar femoral condyle than VEH (Fig. 
7u, z; arrow, asterisk), but more staining on the synovium (Fig. 7uu, zz; 
asterisk). OARSI score for VEH and AB+LPS injured STR/ort males was not 

significantly different (Fig. 7UV).  

The uninjured STR/ort female VEH showed a lack of staining while the AB 

showed stronger staining (Fig. 7V, Y), indicative of an improved cartilage 

phenotype which was reflected by a lower OARSI score (Fig. 7UV). The injured 

STR/ort VEH showed less staining than the corresponding AB (Fig. 7VV, YY), 

the femoral condyle had a thinner cartilage layer in the VEH than the AB (Fig. 7v, 
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y; arrow, asterisk) treated joints. Both samples showed similar lack of staining 

on the tibial anterior condyle but no greater cellularity (Fig. 7vv, yy; asterisk). 

OARSI score of the injured AB STR/ort females was lower than the injured VEH 

STR/ort females (Fig. 7UV). 

 
AB and AB+LPS Treatment Improves the Subchondral Bone Phenotype of 
the STR/ort Male Mice 
STR/ort injured female did not show differences on BV/TV between the VEH and 

AB treatment. STR/ort injured males had significantly higher BV/TV in AB and 

AB+LPS than the VEH STR/ort injured males (Fig. 8A). STR/ort injured female 

did not have differences when comparing the VEH and AB, and injured males on 

VEH, LPS, AB, and AB+LPS groups when comparing the Tb.N, Tb.Th, and 

Tb.Sp (Fig. 8B, C, D).  

 

Antibiotic Treated STR/ort Mice Have a Decrease in Osteophyte Volume 
Osteophyte volume (Op.V) analysis shows that there was a significant reduction 

in osteophytes in the AB treated males compared to the VEH males of the 

C57Bl/6J strain (Fig 7). There were no significant differences on the Op.V of the 

C57Bl/6J LPS to the AB. There were no differences in either the female or the 

male MRL/MpJ in any of the treatment groups. There was a significant reduction 

of Op.V on the AB+LPS treated C3H/HeJ male samples compared to the VEH 

C3H/HeJ males. There was significantly less Op.V in the STR/ort AB females 

than the STR/ort VEH females. There was a significant decrease in Op.V of the 

AB treated and the AB+ LPS STR/ort males compared to the VEH STR/ort 

males.  

 

Discussion 
 
This study looks at how the combination of antibiotics and inflammation prior to 

injury affect the inbred strains with varying susceptibilities to PTOA. LPS 

treatment was shown to have a negative effect on the cartilage of the injured joint 
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in every strain except for the C3H/HeJ male and females. C3H/HeJ mice are 

resistant to the endotoxin which justifies why there is no effect on the cartilage of 

the injured samples of this strain. In contrast, we observed that even in the 

MRL/MpJ strain, which is known to be resistant to PTOA, a spike in inflammation 

five days prior to injury was sufficient to modify PTOA outcomes and generate a 

more severe PTOA phenotype.  

 Overall, antibiotic treatment improved the cartilage phenotype of all strains 

susceptible to PTOA. The only strain that did not follow this trend was MRL/MpJ. 

We expected MRLs to be unaffected by AB treatment and persist as resistant to 

PTOA, however, AB treatment produced a mild, but significant PTOA phenotype 

in both male and female MRL/MpJ mice. The uninjured AB treated MRL/MpJ 

females also had a significantly higher OARSI score than the uninjured MRL/MpJ 

female VEH Antibiotic treatment worsened the PTOA phenotype for the 

MRL/MpJ mice, suggesting that this strain responds dramatically different to AB 

treatment than all other strains.  

A combination of AB and LPS did not affect the cartilage phenotype of 

most strains relative to VEH, but AB treatment rescued the negative effects of 

LPS administration alone. We observed no significant differences in the injured 

joints of AB+LPS from the C57Bl/6J, MRL/MpJ C3H/HeJ, and STR/ort male mice 

joints, relative to VEH injured joints from each strain. There was however, a 

negative effect observed in the MRL/MpJ female joints when exposed to the 

treatment combination. In order to determine if it is sex dependent, future 

directions will include the female cohorts on the AB+LPS treatment.  

The BV/TV of the injured MRL/MpJ male VEH compared to the injured 

C57Bl/6J VEH was not statistically significant, and although data indicated that 

inside the strain LPS did not have a large change, the comparison between the 

LPS treated male injured MRL/MpJ and the LPS injured male C57Bl/6J became 

statistically significant. This could be due to the MRL/MpJ potentially resolving 

inflammation faster than the C57Bl/6J. Future directions would look at gene 
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expression analysis in specific immune populations present in the injured joint, in 

order to understand how MRL/MpJ effectively resolves inflammation.   

The subchondral bone of C3H/HeJ and STR/ort LPS males was 

unaffected by injury, where injured and uninjured groups had similar bone 

mineral density parameters. This was in contrast to the other 2 strains, which had 

a significant reduction in the BV/TV of injured legs. This could be that 

inflammation prior to injury caused contralateral to be affected as well. C3H/HeJ 

LPS males had thicker trabeculae than VEH. The error bars for these groups 

were large and the volume per group was low, which could be the reason for 

showing no statistical significance.  

C3H/HeJ AB males and STR/ort AB females had large error bars for the 

bone analysis due to a smaller number of mice in the cohort. This could be 

affecting the results. Future directions could sample larger groups in order to 

achieve statistical significance, given that STR/ort AB mice gained BV/TV and 

lost Tb.Sp compared to the corresponding VEH mice it could add more statistical 

power to the treated groups. Similar to the LPS treated the differences between 

the injury groups was no longer present on the AB treated mice which could be 

due to the combination of the number of samples per group and the AB 

treatment.  

STR/ort AB+LPS injured showed a decrease in bone mineral density 

compared to the VEH injured group, meaning the combined treatment had a 

negative effect on bone. However, AB+LPS C3H/HeJ and STR/ort did not show 

differences between the uninjured, injured, and contralateral joints. The lack of 

changes of the uninjured, injured, and contralateral is inconsistent with the trend 

observed amount VEH groups, suggesting that the effect of the treatment 

changes the bone response to injury.  

BV/TV was significant in the uninjured VEH males of those strains and not 

in the uninjured LPS comparing the C57Bl/6J to the STR/ort. Injured BV/TV 

group was significant on the VEH which is no longer significant after LPS 

treatment for the C3H/HeJ. LPS alone does not significantly change the bone 
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phenotype for the MRL/MpJ mice even though it is enough to show lack of 

staining on the cartilage.  

Antibiotic treatment caused a loss of subchondral bone in the uninjured 

joints of MRL/MpJ males that was not observed in VEH groups. The rest of the 

results were consistent to those seen in the VEH treated joints. The comparison 

between the VEH STR/ort groups to the STR/ort AB BV/TV results were not 

significant. The injured VEH STR/ort groups had statistically significant change 

on the Tb.Th between sexes which was not significant in the corresponding AB 

groups. The VEH STR/ort group had significantly higher Op.V than the AB 

treated STR/ort on both male and female mice. Male STR/ort mice showed that 

the AB treatment was enough to reduce Op.V even on the AB+LPS when the 

LPS alone increased Op.V in a not statistically significant way.  

The AB+LPS treatment statistically significantly reduces the Op.V on 

C3H/HeJ males and on the STR/ort males; on the C3H/HeJ, the AB treatment 

alone did not significantly reduce the Op.V, but it did reduce it. We believe that 

AB treatment is enough to reduce the Op.V, on C57Bl/6J, C3H/HeJ, and STR/ort, 

independent of the LPS treatment or not. We will be adding to the group number 

of C3H/HeJ it will increase statistical power, reducing the error bars and giving a 

statistically significant reduction of Op.V on the AB C3H/HeJ male mice. It is 

interesting to note that the LPS treatment on STR/ort males increases 

osteophyte number the antibiotic treatment is sufficient to reduce the osteophyte 

formation, indicating that gut microbiome modifications can reduce external bone 

growth formation. 

The results shown on this study provide an insight into how PTOA 

development can be related back to external factors. LPS treatment mimics a 

spike in bacterial inflammation, which is enough to cause a more severe PTOA 

phenotype on every strain susceptible to LPS. The mutation on C3H/HeJ causes 

it to become insensitive to LPS and therefore cause no changes between the 

LPS and the VEH groups. C57Bl/6J which shows our baseline and our control 

group show a reduction on bone mass and a reduction on cartilage staining on 
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male and female mice. MRL/MpJ showed that there are no changes to the bone 

phenotype but there is an increase in cartilage resorption on mice that are 

thought to be resistant to the development of PTOA. STR/ort mice have elevated 

levels of circulating inflammatory chemokines and cytokines that could be 

compared to people suffering from inflammatory diseases; the bone has no 

significant changes while the cartilage resorption increases. The results we got 

are significant due to the study of inflammation prior to injury, which as previously 

mentioned inflammation has only been studied after injury. We can conclude 

from this that the exposure to higher levels of inflammation days prior to injury is 

enough to cause a more severe PTOA phenotype.  

Ampicillin and neomycin treatment are poorly absorbed in the small 

intestine and therefore are going to only change the gut microbiome. The 

antibiotic cocktail we administered was not enough to wipe the gut microbiome, 

but it was enough to heavily modify it. The results from ampicillin and neomycin 

treatment are a decrease in diversity of the gut microbiome and an increase on 

bacteria that already populate the gut microbiome like Firmicutes and 

Bacteroidetes. This change to the gut microbiome is going to modify PTOA by 

reducing the levels of cartilage resorption found on every strain except for 

MRL/MpJ females. MRL/MpJ show that there are no significant changes on the 

bone phenotype. Male MRL/MpJ show stronger staining on the AB treated 

injured joints while the females show a decrease in staining. This result is not 

surprising given that we previously saw that the MRL/MpJ females behave 

differently than the males by being susceptible to PTOA on VEH groups. The 

changes between the male and female MRL/MpJ could be due to how the 

response to inflammation changes depending on the sex. C57Bl/6J male mice 

showed an improvement on the cartilage staining, but showed a significant 

decrease on bone mass, and a significant decrease on the Op.V. The bone mass 

decrease was significant on the AB female C57Bl/6J but the Op.V changes were 

not significant on the same group. Given that PTOA is a disease that is marked 

by the degradation of cartilage, this means that the phenotype improves in the 
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C57Bl/6J treated with antibiotics. The AB C3H/HeJ male mice showed a 

decrease in the OARSI score compared to VEH, but no changes in the bone 

phenotypes. STR/ort mice showed an improvement on the injured joints by 

having lower OARSI scores in the AB treated joints for both sexes. There was an 

improvement on the BV/TV in AB treated STR/ort males. Both sexes of AB 

STR/ort had a lowering in the Op.V compared to the VEH. 

The LPS treatment can blunt the positive benefits of the AB treatment on 

the C57Bl/6J, C3H/HeJ, and STR/ort. Op.V is significantly lower on the AB+LPS 

compared to VEH for the C3H/HeJ and the STR/ort. In the future, we will analyze 

the AB+LPS strain in order to see the bone phenotype changes happening due 

to that treatment for C57Bl/6J. These strains showered no changes on the 

cartilage phenotype compared to the VEH. AB MRL/MpJ male and female both 

showed a higher OARSI score than the VEH. There are no changes between the 

This could allow us to conclude that for MRL/MpJ strain the LPS treatment is 

enough to be able to eliminate the resistance to PTOA for males and to worsen 

the female phenotype. We can also conclude that resistance to PTOA for male 

MRL/MpJ is sex dependent and could be caused by different mechanisms of 

inflammation resolution on males compared to females.  

Future studies will perform RNA sequencing analysis on the samples from 

different strains and treatments in order to determine how gene expression 

changes during the immediate and acute phase after injury. We will be 

performing immunohistochemistry to study the cellularity present on the anterior 

tibial condyle side of the medial compartment of the injured joints; this will allow 

us to determine the localized immune cell changes on the joint. We will be 

performing FACS on the infrapatellar fat pad in order to determine immune 

population changes due to treatment, strain, and injury type.  
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Figures 
 

Figure 1. C57Bl/6J Histological Assessment of PTOA Severity Depending 
on Strains and Treatment Post-Tibial Compression Injured Joints  
(A-ff) Histological assessment of contralateral and injured joints 6 weeks post-

injury at 16 weeks of age using Safranin-O and Fast-Green staining. Joints were 

identified by sex, injured or contralateral, and strain. Images were taken in 5x 

magnification and 20x magnification. (AB) OARSI scoring for histological 

samples separated by strain. Independently graded by seven scientists on two 

samples per condition. *p<0.05 
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Figure 2. C57Bl/6J Bone Microstructure Assessment Using Micro-CT 
(A) Subchondral bone volume is the bone volume fraction which is the ratio of 

the segmented bone volume to the total volume of the region of interest. (B) 
Trabecular number was measured using the average number of trabeculae per 

unit length. (C) Trabecular thickness was measured using the mean thickness of 

trabeculae, assessed using direct 3D methods. (D) Trabecular spacing was 

measured using the mean distance between trabeculae, assessed using direct 

3D methods141. Statistics were performed using two-way ANOVA and Student’s 

T-Test with a Bonferroni correction. *p<0.01 
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Figure 3. MRL/MpJ Histological Assessment of PTOA Severity Depending 
on Strains and Treatment Post-Tibial Compression Injured Joints  
(G-nn) Histological assessment of contralateral and injured joints 6 weeks post-

injury at 16 weeks of age using Safranin-O and Fast-Green staining. Joints were 

identified by sex, injured or contralateral, and strain. Images were taken in 5x 

magnification and 20x magnification. (GH) OARSI scoring for histological 

samples separated by strain. Independently graded by seven scientists on two 

samples per condition. *p<0.05 
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Figure 4. MRL/MpJ Bone Microstructure Assessment Using Micro-CT 
(A) Subchondral bone volume is the bone volume fraction which is the ratio of 

the segmented bone volume to the total volume of the region of interest. (B) 
Trabecular number was measured using the average number of trabeculae per 

unit length. (C) Trabecular thickness was measured using the mean thickness of 

trabeculae, assessed using direct 3D methods. (D) Trabecular spacing was 

measured using the mean distance between trabeculae, assessed using direct 

3D methods141. Statistics were performed using two-way ANOVA and Student’s 

T-Test with a Bonferroni correction. *p<0.01 
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Figure 5. C3H/HeJ Histological Assessment of PTOA Severity Depending 
on Strains and Treatment Post-Tibial Compression Injured Joints  
(O-tt) Histological assessment of contralateral and injured joints 6 weeks post-

injury at 16 weeks of age using Safranin-O and Fast-Green staining. Joints were 

identified by sex, injured or contralateral, and strain. Images were taken in 5x 

magnification and 20x magnification. (OP) OARSI scoring for histological 

samples separated by strain. Independently graded by seven scientists on two 

samples per condition. *p<0.05 
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Figure 6. C3H/HeJ Bone Microstructure Assessment Using Micro-CT 
(A) Subchondral bone volume is the bone volume fraction which is the ratio of 

the segmented bone volume to the total volume of the region of interest. (B) 
Trabecular number was measured using the average number of trabeculae per 

unit length. (C) Trabecular thickness was measured using the mean thickness of 

trabeculae, assessed using direct 3D methods. (D) Trabecular spacing was 

measured using the mean distance between trabeculae, assessed using direct 

3D methods141. Statistics were performed using two-way ANOVA and Student’s 

T-Test with a Bonferroni correction. *p<0.01. 
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Figure 7. STR/ort Histological Assessment of PTOA Severity Depending on 
Strains and Treatment Post-Tibial Compression Injured Joints  
(U-zz) Histological assessment of contralateral and injured joints 6 weeks post-

injury at 16 weeks of age using Safranin-O and Fast-Green staining. Joints were 

identified by sex, injured or contralateral, and strain. Images were taken in 5x 

magnification and 20x magnification. (UV) OARSI scoring for histological 

samples separated by strain. Independently graded by seven scientists on two 

samples per condition. *p<0.05 
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Figure 8. STR/ort Bone Microstructure Assessment Using Micro-CT 
(A) Subchondral bone volume is the bone volume fraction which is the ratio of 

the segmented bone volume to the total volume of the region of interest. (B) 
Trabecular number was measured using the average number of trabeculae per 

unit length. (C) Trabecular thickness was measured using the mean thickness of 

trabeculae, assessed using direct 3D methods. (D) Trabecular spacing was 

measured using the mean distance between trabeculae, assessed using direct 

3D methods141. Statistics were performed using two-way ANOVA and Student’s 

T-Test with a Bonferroni correction. *p<0.01. 
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Figure 9. Osteophyte Representation Using Micro-Computed Tomography 
(A) Osteophyte volume was measured by quantification of ectopic bone around 

the injured joint compared to contralateral. All statistics were made using strain, 

sex, injury type, and treatment using two-way ANOVA and Student’s T-Test. 

*p<0.01 (B) Micro-Computed tomography image of the joints of all groups using 

data gathered during (A). Dark grey regions show osteophyte growth compared 

to the white. Contralateral shows the normal bone.  
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Chapter 6: Conclusions and Future Directions 
 

The studies discussed in this dissertation have led to a better 

understanding of how PTOA mediated by an anterior cruciate ligament (ACL) 

injury can be influenced by inflammation and antibiotics administration shortly 

prior to the injury. Our studies have led to the following overall conclusions:  

1. Female mice are more susceptible to cartilage degradation than the 

males of the same strain. Prior work from our lab, described the PTOA 

phenotype of C57Bl/6J, MRL/MpJ and STR/ort male mice at 12 weeks 

post injury, and showed that MRL/MpJ males were resistant to PTOA 

while STR/ort males were more susceptible to PTOA relative to the 

C57Bl/6J strain86. In this study, we examined the phenotype at an 

earlier time point, six weeks post-injury, and included female cohorts. 

Unlike males, the MRL/MpJ female mice exhibited a PTOA phenotype, 

but this phenotype was significantly milder than both C57Bl/6J injured 

male and female joints. Both C3H/HeJ and STR/ort strains exhibited 

OA phenotypes independent of injury and independent of sex, but 

females were had significantly more cartilage loss than the males. 

Upon injury, animals of both these strains developed very severe 

PTOA, but the phenotypes of these animals were equally severe in 

male and female mice, such that no statistically significant differences 

were observed between sexes or these two strains. Interestingly, 

C57Bl/6J injured females developed more severe PTOA phenotypes 

than the C57Bl/6J injured males, and the phenotypes in C57Bl/6J 

females were as severe as those observed for the C3H/HeJ and 

STR/ort strains, suggesting that only C57Bl/6J males develop 

moderate PTOA phenotypes in the TC injury model. 

2. LPS induced inflammation prior to injury exacerbates the development 

of post-traumatic osteoarthritis in C57Bl/6J mice. Our inflammation 

study revealed that the residual effects of a single dose of LPS induced 
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inflammation are still present five days post-treatment and can 

significantly modify PTOA outcomes in response to joint injury. Gene 

expression changes 24 hours post injury showed a significant down-

regulation of genes associated with bone and cartilage matrix 

formation. The most striking phenotype we observed in this study was 

that MRL/MpJ males, which are normally resistant to PTOA, now 

develop mild PTOA phenotypes. With the exception of the C3H/HeJ 

strain which is insensitive to LPS, all other injured strains, both males 

and females, had more severe OA phenotypes in the LPS treated 

groups when compared to the VEH groups. This is a very significant 

result and it may in part explain why 50% of people who suffer an ACL 

injury go on to develop PTOA while 50% spontaneously resolve the 

injury. In future experiments we hope to identify ways to identify these 

patients at higher risk, as well as block this negative immune effect, to 

alleviate the unwarranted risk of PTOA in this high-risk group. 

3. Antibiotic treatment prior to injury rescues the cartilage phenotype of 

post-traumatic osteoarthritis on C57BL/6J mice. The cartilage 

phenotype for every strain and sex treated with antibiotics improves six 

weeks after injury. We see that there is a decrease in the OARSI 

scoring, indicating a better PTOA outcome for those treated with OA. 

This is significant since it suggests that modifications to the gut 

microbiome can improve the PTOA outcome.  

4. LPS induced inflammation blunts the positive effect of AB in C57Bl/6J, 

C3H/HeJ, and STR/ort while worsening the PTOA outcome on 

MRL/MpJ. C57Bl/6J, C3H/HeJ, and STR/ort mice all show that there is 

no significant difference between the VEH and the AB+LPS treated 

mice. This suggests that a single LPS injection is enough to worsen 

the phenotype even after treatment with AB for 6 weeks. MRL/MpJ 

mice show that there is an increase on the OARSI score of the mice 

treated with AB+LPS compared to the VEH. Suggesting that LPS has a 
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negative effect on the cartilage phenotype of MRL/MpJ even with the 

combination of AB treatment. 

5. Antibiotics increase the bone resorption in C57Bl/6J. Our antibiotic 

study revealed that the effects of a modification of the gut microbiome 

through antibiotic usage would increase the resorption of bone while 

increasing cartilage staining. The AB-treated injured male joints show a 

decrease in trabecular thickness that is significant compared to the 

VEH joints. This suggests that there is going to be higher bone 

resorption associated with AB treatment. Antibiotic treated injured 

joints show subchondral bone loss compared to the untreated injured 

joints. This allows us to conclude that prolonged AB treatment during 

bone development after weaning is enough to lower bone mass 

density independent of it continuing later in life.  

 

These studies heavily relied on the use of histological analysis in order to 

identify changes to the PTOA phenotype and study the immune changes 

happening within the synovium. Histology provides a visualization of the bone 

and cartilage in order to compare how the joint will look after injury. Histological 

analysis is based on researchers recognizing joint landmarks and cell 

morphology in order to establish the area of interest. Although histology provides 

a view into the joint damage caused by an ACL injury it is a qualitative study that 

can be subjective due to it being open for interpretation. We combat this by using 

blind scoring by multiple observers to assure blind assessment of the joints. 

Future work should include a quantitative approach using an algorithm to provide 

a more unbiased histological analysis. 

Immune profiling heavily relied on immunohistochemistry for these 

experiments. In future directions should use the infrapatellar fat pad and compare 

it to the population of the rest of the joint to, in order to describe the changes in 

the inactive macrophage populations that circulate in the synovium209. This is 

significant due to results from previous experiments using the whole joint at 
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various timepoints did not show significant changes between the immune cells, 

we believe a more concentrated effort will show the changes in the immune 

populations of the different strains, treatments, and sex. Future investigation 

should focus on dissecting the fat pad which we have seen in previous 

experiments to be much larger due to inflammation and cellular infiltration on the 

injured joints or LPS treated joints compared to the VEH and uninjured joints (Fig 
1). Then use FACS to analyze the immune profile of the fat pads to see how 

immune cell infiltration changes depending on injury and treatment. This should 

provide insights into the immune population activity depending on the strain 

susceptibility to PTOA. In clinical studies they could apply this by applying 

immune-profiling that could allow for screening of high risk patients and using 

personalized medicine to decrease the risk and prolong the time prior to joint 

replacement surgery.  

Our findings revealed that PTOA severity might be sex-linked. PTOA 

phenotype was more severe for every female strain, even in the resistant 

MRL/MpJ data indicates that there are changes to the females that were not 

present in the males. The females of each strain seem to be more severely 

affected by PTOA and even the spontaneous development of OA on the 

C3H/HeJ female uninjured contralateral joints. Analyzing gene expression data 

for females could provide valuable insight into how inflammation and bone and 

cartilage formation could be negatively affected on females compared to males. 

This could aid in understanding how female patients could have exacerbated 

phenotypes compared to male patients in the clinic. 

This study showed that a state of inflammation prior to injury is more 

harmful to PTOA outcomes and increases the severity of the disease than the 

state of inflammation during or shortly after the injury. For example, for a set of 

inflammatory markers we see that LPS alone upregulates these transcripts in the 

joint, which the injury itself in VEH treated animals does not produce this effect. 

In contrast, these up-regulates inflammatory markers emerged in the LPS injured 

joints, but interesting injured joints in animals challenged with LPS seem to 
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actually have a slight reduction in the levels of some inflammatory markers 

relative to the uninjured sham joints. For example, the toll-like receptor 5 (TLR5), 

is actually down-regulated in LPS injured joints relative to LPS uninjured joints. 

TLR5 expression levels have recently been linked to RA, where elevated levels 

of TLR5 were identified in macrophages within the synovial fluid of RA 

patients107,158,208. This is novel due to LPS being a toll-like receptor 4 (TLR4) 

activator and having no previous relationship to the activation of TLR5 and we 

can see that the RA-like synovitis activated by LPS in our uninjured samples 

similarly activates this pathway. 

In future experiments we should survey synovial macrophages and 

determine whether high levels of TLR5 persist in LPS injured mice compared to 

VEH injured groups. If this molecular phenotype persists, we can explore the use 

of TLR5 blocking molecules for the prevention of PTOA in injured joints. 

Persistently elevated levels of inflammation after injury cause a more severe 

PTOA phenotype71,211. Our study demonstrates that with a single spike in 

inflammation days prior to injury has an exacerbated effect on bone and cartilage 

resorption. This leads to question relating to how unresolved inflammation can 

have a negative effect on the ECM and causes gene expression changes that 

hinder the joint’s ability to heal. Compared to C57Bl/6J inflammation is able to be 

quickly resolved on MRL/MpJ mice since they have virtually no changes on the 

bone phenotype but the inflammation effect on C57Bl/6J is so severe that the 

bone volume that was not significant on the untreated becomes significantly less 

when exposed to inflammation. In female MRL/MpJ mice, LPS exposure 

significantly alters the resorption of cartilage in the injured joint. 

To date only two studies have explored the relationship between the gut 

biome and osteoarthritis development, but both studies were carried out in the 

context of obesity211. Conflicting results have come from studying how antibiotic 

treatment and the gut microbiome affects bone, but no studies have examined 

the effects of gut biome depletion through antibiotic administration on cartilage 

with and without injury. We found that AB treatment prior to injury had an overall 
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positive effect on PTOA outcomes. We observed significant improvement in 

cartilage morphology in the majority of the treated joints, including the STR/ort 

joint which exhibited the most severe PTOA phenotype of all the VEH treated 

strains. Interestingly the was a strong negative correlation between BV/TV 

percent loss post injury and cartilage integrity, such that a larger percent of 

subchondral bone loss correlated with less cartilage loss.  

AB treatment also significantly influenced the formation of osteophytes, 

such that AB groups had significantly less external bone growths in the C57Bl/6J 

male mice and the STR/ort male and female mice. The finding that the STR/ort 

mouse cartilage phenotype could be improve is a very valuable insight, since 

these mice are genetically prone to OA, and provides new avenues for exploring 

how to prevent damage and potentially even build new cartilage, in individuals in 

early stages of the disease. Lastly, we found that the combination of both 

AB+LPS treatments was not very significant on most strains, except for MRL/MpJ 

which have already been shown to resolve inflammation differently. This data 

indicates that either treatment can have an effect on disease development, but 

likely through different pathways.  

In conclusion, our findings provide insights into new factors that should be 

taken into account in order to determine the progression to PTOA. In chapter 2 

and 4 we found that females are susceptible to a more severe form of PTOA. In 

chapter 3 we observed that a single spike in inflammation that does not show 

outwardly appearance of affecting the system is enough to cause a dramatically 

more severe PTOA phenotype. In chapter 4 we look at how long-term antibiotic 

treatment can negatively affect bone while positively affecting the cartilage during 

development of PTOA. Chapter 5 shows that inflammation is capable of 

changing the susceptibility to PTOA to the most resistant inbred mice strains and 

antibiotics can help strains that are extremely susceptible.  

Our future studies will aim to look at the female groups that did not receive 

treatment, increase the group size in order to establish statistical significance for 

the groups that did not have. We will analyze gene expression changes at 
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multiple time points and on multiple strains in order to compare how the bone 

and cartilage matrix formation is affected by the treatment. Last, we will perform 

the fat pad flow cytometry analysis in order to characterize the cellularity that we 

observed on our joints.  

Through this study we were able to pinpoint aspects that could relate back 

to patients in the clinic. Early inflammation resolution similar to that of MRL/MpJ 

could indicate a better outcome and a lower risk for PTOA, this could be 

compromised by residual inflammation coming from an infection. Obesity, chronic 

inflammation like RA or Crohn’s disease, and an elevation of inflammation 

inducing commensals would indicate an accelerated PTOA outcome. Screening 

of inflammatory cytokines could provide an insight into higher risk individuals. 

These patients should be more closely monitored to prolong the chronic phase of 

PTOA and delay full-joint replacement surgery. As a long-term goal we should 

create pharmaceutical intervention to reduce levels of inflammation during the 

immediate and acute phases of PTOA like TLR blockers. However, during the 

short-term treatment with NSAIDs immediately after injury should be given as a 

standard and probiotic treatment with inflammation reducing probiotics. The 

results presented in this study provide a better understanding of factors that 

affect the development of PTOA, they provide a guideline for studying the 

mechanisms that are influencing the severity and PTOA outcome of ~50% of 

people who suffered a severe articular injury, and will eventually help us prevent 

it, possibly.  
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Figures 
Figure 1. Infrapatellar Fat Pad on Uninjured and Injured Joints 
Infrapatellar fat pad of injured joints has been observed to be larger. Literature 

states that has cellular infiltration. We will characterize the cellular infiltration in 

future experiments.  
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