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CHAPTER 1

GENERAL INTRODUCTION AND AIM



8 | Chapter 1

OSTEOARTHRITIS

Osteoarthritis (OA) is a musculoskeletal disorder with pain as the most predominant 
symptom followed by limitation of movement and structural deformation of the joint(1). 
The disease most commonly affects the knees, hips, and joints in the hands (2) and is the 
most frequent musculoskeletal disorder that is estimated to affect over 40 million people in 
Europe alone(3). The prevalence of symptomatic OA in the Netherlands is nearly 1,2 million 
in either hip or knee joints, resulting in 48,8 per 1000 men and 92,4 per 1000 woman with 
symptomatic OA(4). In the United states, approximately 9,3% of the population by age over 
60 is affected by symptomatic knee OA(5). Women are being more frequently affected 
than men, especially in persons over 50 years of age(2). Important risk factors are obesity, 
(low grade systemic) inflammation, previous traumatic injury, and muscular weakness(6, 
7). Quality-of-life studies suggest that the impact of OA is comparable to that of cardiac, 
neurological, and pulmonary diseases in terms of effect of daily functioning and health-
related quality of life(8). Due to ageing of the population and increase in obesity throughout 
the world it is anticipated that the prevalence of OA will still increase in the near future with 
a high burden of disease (see Figure 1)(9, 10).

Figure 1. Infographic of osteoarthritis

PATHOGENESIS
Joints transmit mechanical loads between contacting bones, allowing physiological 
movement. All components of the joint (articular cartilage, subchondral bone, synovium, 
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intra-articular fat tissue, menisci (in case of the knee joint) ligaments/tendons, supporting 
musculature, and nerves) participate in normal joint function(11). The disease process of OA 
is mainly characterized by progressive cartilage degradation and periarticular bone changes. 
However, the aetiology of OA is complex and includes various genetic, biochemical, and 
mechanical factors. In fact, the pathogenesis of OA is still poorly understood(12). The current 
understanding is that OA is not solely cartilage driven, but that also the other joint structures 
are affected and the disease is therefore considered to be a “whole joint disease”(13-15). 

ARTICULAR CARTILAGE
In all articulating joints, the subchondral bone is covered by articular cartilage that is 
essential for smooth sliding at joint surfaces during loading. Articular cartilage, which is 
avascular and aneural, also act as a load bearing surface and is composed of chondrocytes 
embedded in an extracellular matrix that absorbs the mechanical load(16). The cartilage 
matrix consists, besides water (70%), of two major components: collagen type II and 
proteoglycans with attached glycosaminoglycans (GAG’s). Collagen type II is essential for 
maintaining the volume and shape of the tissue, whereas proteoglycans provide resilience 
by its role in osmotic swelling pressure due to its highly negative charge(17).
Healthy cartilage is a low turnover tissue, where the chondrocytes and collagen have not 
turnover at all(18, 19) and proteoglycans with its polysaccharides GAG side chains like 
aggrecan turn over at different rates with an estimated half-life up to approximately 25 years 
(20, 21). So, healthy chondrocytes only produce proteoglycans and its connecting GAGs. 
In diseased cartilage the extracellular matrix turnover is disturbed often by the interplay 
of multiple factors including mechanical forces, fluid pressurization, inflammatory factors, 
genetic predisposition, etc. These processes are followed and accompanied by up-regulation 
of proteolytic enzymes such as ‘matrix metalloproteinases’ (MMP’s) and ‘a disintegrin and 
metalloproteinase with thrombospondin motifs’ (ADAMT’s). The activity of MMP’s and 
ADAMT’s are balanced during physiological conditions, by the activation of Tissue Inhibitors 
of Metalloproteinases (TIMP’s). During pathological conditions a disbalance occurs, turnover 
increases by enzymatic activity with damage of collagen that is consequently lost by release 
into the synovial fluid together with increased turnover of GAGs(22). Several pathogenetic 
pathways that mediate cartilage destruction in established OA have been suggested, and 
these include cartilage cell death, abnormal chondrocyte differentiation, degradation and 
calcification of the cartilage extracellular matrix (ECM), angiogenesis, and the production of 
inflammatory mediators(23).

SYNOVIAL TISSUE 
Healthy synovium is a tissue that lines the synovial cavity and includes the synovial lining, 
composed of a thin layer of synoviocytes, which are fibroblasts like cells(24). Synovium is 
innervated with sensory neurons and highly vascularized enabling small molecules to diffuse 
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through the synovium into the synovial fluid(25). Moreover, the synovium is responsible for 
the maintenance of synovial fluid volume and composition(24). Synovial lining cells actively 
produce large amounts of hyaluronic acid and lubricin which provide lubrication and reduce 
friction between cartilage surfaces in an articular joint and play a role in the nourishment 
of the chondrocytes(26). The synovium function as a membrane preserving synovial fluid 
composition and viscosity(27).
In the synovial tissue of OA patients clear signs of inflammation and infiltrating immune cells 
can be observed together with increased vascularity, promoting cartilage turnover in favor 
of catabolism. Promoting increased proteoglycan/GAG turnover as well as collagen turnover 
and even chondrocyte death and proliferation(28). Synovial activity (synovitis) is associated 
with pain already in its early stages(29-32). During the process of OA, the synovium and 
articular cartilage becomes a source of pro-inflammatory and catabolic products. These 
immune cells start to secrete cytokines and growth factors, small molecules that are 
able to diffuse through the entire joint, inducing synovial hyperplasia and stimulating 
macrophage infiltration, neoangiogenesis and fibrosis(33). This results in a direct effect 
on cartilage degeneration and an additional cytokine production of the synovium that 
eventually increases cartilage degradation and further progression of synovitis(34). Finally, 
the lubrication property of the synovial fluid is diminished which increases the friction and 
mechanical forces upon the cartilage and contributes to cartilage degradation(35).

SUBCHONDRAL BONE AND OSTEOPHYTE FORMATION
The subchondral bone is the bony component lying next to the calcified cartilage and 
contributes to the physiopathology of OA before clinical symptoms appear(36, 37). In healthy 
joints, the anatomy of the subchondral structure is built with a thin subchondral plate direct 
under the calcified cartilage supported by trabeculae(38). The subchondral bone act as a 
functional unit together with the articular cartilage, whereby the subchondral bone serves 
as a structural support for the overlying articular cartilage(39, 40). It is suggested that the 
subchondral bone has a role in distributing the forces and thereby protecting the articular 
cartilage from excessive mechanical stress(38). In the development of OA, thinning of the 
subchondral bone plate together with a loss of subchondral bone is described in the early 
stages in both animals and humans(41-44). However, when following these animals over 
time a recovery and subsequent thickening of bone is observed as seen in end-stage OA, 
suggesting a biphasic response during the OA development(45).
In the final stages of OA, the subchondral bone turnover is strongly increased compared 
to normal bone turnover(46), together with subchondral bone sclerosis, cyst formation 
and the formation of osteophytes(47). Osteophytes are bony outgrowths that are formed 
specifically at the joint margins(48). Currently it is still unclear if osteophyte formation 
is a result of the increased mechanical stress on the bone or an inflammatory driven 
phenomenon. First their formation was considered as an adaptation of the joint to altered 
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biomechanics of an OA joint(49). However, increasing evidence exists that production of 
pro-inflammatory cytokines, specifically synovial lining macrophages that produce TGF-β, 
bone morphogenetic protein (BMP)-2, and BMP-4 stimulates osteophyte formation(50, 51).

METABOLIC OA

Originally considered as only a wear and tear driven disease, current view is that several OA 
phenotypes can be identified, such as (post-) traumatic, metabolic, ageing, and genetic driven 
OA(1). These phenotypes are currently only used in research as clear clinical cut-offs are not 
available. A clear example is the metabolic phenotype of OA, this phenotype is characterised 
by alterations in systemic factors caused by the metabolic syndrome (MetS) and anticipated 
to influence inflammation throughout the whole joint(52). The exact role of the systemic 
changes induced by MetS on the development and progression on joint degeneration is 
currently an important topic of debate. The metabolic syndrome is clinically defined as 
simultaneous occurrence of the following factors: obesity, insulin resistance, abnormal 
blood lipid levels, and hypertension(53, 54). The metabolic phenotype is an increasing health 
problem as the prevalence of obesity is increasing worldwide with sequential comorbidities 
(see Table 1 for most common comorbidities)(55). Consequently, the prevalence of MetS 
will increase as obesity mediates specific components of the metabolic syndrome(56). It is 
demonstrated that the presence of a greater number of metabolic components is associated 
with a higher rate of knee OA occurrence and progression(57).

Table 1. Comorbidities and sequale of obesity

Type 2 diabetes
Hypertension
Dyslipidemia
Heart and vascular diseases
Osteoarthritis
Infertility
Certain cancers (e.g., esophageal, colon, postmenopausal breast)
Respiratory conditions/diseases (e.g., sleep apnea, asthma)
Liver diseases (e.g., nonalcoholic fatty liver disease, nonalcoholic steatohepatitis)
Gallstones
Infection
Psychological conditions (e.g., depression, psychosocial function)
Physical disability
Years of life lost/early mortality
Absenteeism/loss of productivity
Higher medical costs

Obesity, an essential component of the metabolic syndrome, is a well-known and important 
risk factor for OA, but most likely not solely by increased mechanical stress resulting from 
increasing body weight(58). Also a positive association between obesity and OA has been 
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reported for non-weight-bearing joints, such as the hands, which are not pre-dominantly 
influenced by body-weight related increased loading(59). This suggests a role for systemic 
factors that contribute to OA progression by the current concept that a chronic low-grade 
systemic inflammation is an important feature of metabolic OA(60). At the moment, the 
relative contribution of biomechanical factors versus metabolic dysfunction in the obese 
population has not yet been resolved.

Increased loading on itself by obesity induces deformation of the cartilage matrix, these 
changes lead to chemical signalling within the chondrocyte, which alters the cell’s metabolic 
state and results in subsequent production of inflammatory mediators with an adequate 
response to changes in tissue homeostasis(61). In such an ‘inflammatory’ joint, by either 
systemic factors or increased mechanical stress, there is a breakdown of tissue structures 
that will impair the structural integrity and mechanical properties of the cartilage (see 
Figure 2). As a result, the tissue withstands relatively lower mechanical loads than in the 
non-inflamed state.

Figure 2. Schematic overview of an osteoarthritic joint (left) and joint specific changes for a metabolic 
phenotype (right). Specific characteristics of metabolic OA are increased mechanical stress on the 
joint together with central and local adipose tissue inflammation. This increases the production of pro-
inflammatory cytokines (e.g. IL-6, TNF-α, adipokines and synovial macrophages) in the joint, promoting the 
loss of articular cartilage, more severe formation of osteophytes and increased synovial inflammation. 
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Joint damage related to OA caused by systemic factors, as seen in metabolic OA, includes 
pro-inflammatory cytokines like IL1-β, IL-6, IL-8, and TNF-α, which appears to be prominent 
mediators of cartilage destruction by stimulating the production of proteins involved in 
matrix degradation i.e. MMPs and ADAMTs. The adipose tissue itself, which is increased in 
volume and size in obesity specifically in the abdominal region, is viewed as a tissue that 
contains a population of activated macrophages and adipocytes which release these pro 
inflammatory cytokines into the systemic circulation(62). Another contributor to metabolic 
OA are the adipose factors, the so-called adipokines (leptin, adiponectin, resistin and 
visfatin), which might provide an additional metabolic link between obesity and OA(58, 62). 

(SMALL)	ANIMAL	MODELS	OF	OSTEOARTHRITIS
 
As the development of OA in humans occurs at slow rate, and early diagnosis is not available, 
animal models can help to elucidate the complex mechanistic aspects of OA specifically as 
being a whole joint disease. Especially the molecular pathogenic events that occur in various 
joint tissues at the onset and during the early stage of OA can be studied more easily over 
time. Important characteristic of a suitable animal model is that it has relevant translational 
values to the human disease, to better understand the complex inter-relationship between 
the different disease mechanisms, joint tissues, and body systems in OA. 
Spontaneous OA development has been described in strains of mice(63), guinea pigs(64, 
65), dogs(66), horses(67), and non-human primates(68), but the occurrence of spontaneous 
OA in animals is rare and often a specific aberrant genetic background is causative. 
Spontaneous models of OA have the advantage that the morphological joint changes closely 
resemble human OA due to similar pathophysiological developmental pattern. On the other 
hand the disease progression occurs at a slow rate and a specific genetic predisposition 
often underlies these models. Moreover, synchronisation of these models is difficult as 
disease develops at different time points between animals. Therefore, OA is preferably 
experimentally induced. When inducing OA in experimental models, several methods can 
be used of which surgical induction as compared to chemical induction is the most common 
type and anticipated the most translational to the human situation. Surgical models mostly 
use destabilisation of the joint by transection of the anterior cruciate ligament(69), or 
menisci(70). Advantage of the induced permanent instability is faster progression of OA 
development. On the other hand, the induced instability of the joint counteracts potential 
beneficial effects of disease modifying drugs. Moreover, in humans the disease is hardly fast 
progressing. A surgical model maintaining a stable joint is available, the Groove model of 
OA. Mostly, larger animals have been used where the articular cartilage is damaged locally 
without damaging the underlying subchondral bone, resulting in mild OA progression and 
minimal joint inflammation as seen in the (early) human OA situation(12, 71-73). Another 
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method often used to induce OA is biochemically; with the mono-iodo acetate (MIA) model 
as most commonly used that induces chondrocyte apoptosis(74). However, these types of 
models have less translational value as the development of OA is very rapidly and severe 
with severe inflammation not representative for the human condition. Besides, the previous 
mentioned methods there are also biomechanical models for OA that uses a motorized 
rodent treadmill that result in minor to moderate OA related cartilage lesions, decreased 
proteoglycan content and uneven collagen type II distribution(73, 75).

In order to understand and investigate specifically metabolic OA, various diet-induced 
obesity models have been established and validated. With the relation of obesity and OA 
in mind, there is recently increasing interest in models based on a diet-induced obesity, 
using a high-fat (HF) diet in relation to OA development and progression. Studies using a 
diet-induced obesity often use small animals, with mice and rats most commonly used(76). 
Advantages of small animals compared to larger animals include costs, availability of 
facilities for housing, duration of the experiments, and ethical concerns. When combining 
diet-induced obesity with surgical induction of OA, the joints of small animals need complex 
micro-surgical procedure.
Using a HF diet in mice resulted in elevated OA scores, hyperalgesia, adipocyte-related 
hormones, and pro-inflammatory cytokines in serum in proportion to body fat(77). The 
induced obesity together with dietary fatty acid content regulates the development of 
OA(78). In rats, in contrast to mice, a HF diet alone did not resulted in increased histological 
OA scores. A specific high sucrose diet, for a period of 12 weeks does lead to OA-like cartilage 
changes, increased systemic and local synovial fluid inflammatory markers combined with 
synovitis and accumulation of adiposity(79, 80). These studies together provide strong 
evidence that obesity or metabolic changes is strongly linked with OA development. 
However, the exact mechanism involved in the development of OA are currently still to be 
elucidated. 

DIAGNOSIS AND TREATMENT OF OSTEOARTHRITIS

Early clinical OA is still difficult to diagnose as there are no good imaging tools (or biochemical 
markers) for cartilage degradation available. Moreover, there is no clear relation between 
symptoms and structural changes, making it difficult to detect early-OA. OA is currently 
diagnosed by physical examination and, where necessary, with x-ray. However, these 
diagnostic tools have a relative low sensitivity and specificity(81). Plain radiograph only 
shows structural changes of the joint like osteophytes and subchondral bone sclerosis and 
can be used for joint space width analysis as indirect measure of cartilage thinning. These 
structural changes are most often only clearly visible in end-stage OA, in other words when 
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the disease has already progressed significantly. A loss of joint space width on radiographs 
as a measure for OA is therefore not sensitive enough to detect early OA changes. Therefore, 
there is increasing interest in (biochemical) markers to detect OA in an early stage or to 
predict disease progression(82). Ideally, these are degradation products of joint tissues 
specific for OA. However, no biomarkers for OA are currently available that can be used in 
clinical practice. Animal models could provide a useful first step in this respect as (early-) OA 
progression can be studied after timed induction of OA.

Current treatment strategies for OA in humans are limited, as disease modifying osteoarthritic 
drug (DMOAD’s) are not available. Pharmacologic therapies focus on symptomatic pain 
reduction mainly using nonsteroidal anti-inflammatory drugs (NSAIDs). At end-stage of 
the disease, costly and invasive joint replacement surgery is often performed and leads 
to improvement of the quality of life and reduction of pain. However, especially in the 
young and active population results after knee replacement are less satisfactory with lower 
implant survival rates, and with that higher risk of complex and costly revision surgery(83). 
As such joint saving surgical treatment is of great interest, joint distraction treatment has 
been demonstrated to be a promising solution for generalised OA of the knee and also of 
several other joints(84, 85). Future treatment requires ideally the development of a therapy, 
which would combine treatment of pain, tissue damage, and inflammation. 

AIM AND OUTLINE OF THESIS

As mentioned above, chronic low-grade (systemic) inflammation as seen with obesity 
is known to play a role in the pathogenesis and progression in (at least) a subset of OA 
patients. However, the precise molecular mechanisms by which obesity influences OA 
development and the exact role of inflammation in the disease process of OA continues to 
be an important and unanswered question in OA research. An issue of great relevance for 
clinical practice, since the prevalence of OA increases due to the ageing population and the 
increasing obesity pandemic, with subsequent metabolic changes, worldwide. 
The aim of this thesis therefore is to identify the effect of metabolic factors, inflammatory 
processes and obesity in the pathophysiology of OA using small animal models. To see 
whether the proposed models, induces changes as seen in the human situation, additional 
outcome parameters are proposed that provide information of the OA related processes in 
the model in more detail. In addition, biomarkers are used to identify early changes both 
systemic- and locally within the joint. Finally, a new local anti-inflammatory treatment is 
tested in the newly developed experimental model mimicking the human OA situation of 
increased mechanical stress combined with metabolic dysregulation.
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PART I.  A RELEVANT MODEL OF OSTEOARTHRITIS IN RATS
The first part of this thesis is focussed on newly developed OA animal models in rats to study 
early-OA. These models focus on post-traumatic and metabolic OA, respectively.
In Chapter 2, the rat Groove model, translated from the canine Groove model, a post-
traumatic OA model is described. In this model, a one-time trigger is used to damage the 
articular cartilage locally without inducing a permanent instability of the joint, as seen in 
most surgically induced OA models. Therefore this model better represents the slow-onset 
human situation of tibia-femoral OA development compared to other surgical OA models, 
and is expectedly more sensitive to therapy. 
Using the rat Groove model in combination with a high-fat (HF) diet enables us to study 
the contribution of obesity related metabolic OA, especially in its early phases. A relevant 
model, as obesity and metabolic dysregulation are an increasing concern in the western 
population. In Chapter 3 this model was studied in-vivo, to determine the contribution of HF 
diet induced obesity in the process of OA. This work enabled us to accurately monitor early 
OA related changes in cartilage, bone and synovium simultaneously in a model of OA with a 
low grade systemic inflammatory background.

PART II.   VALIDATION
The second part of this thesis focuses on the validation of the previously proposed OA 
models. In Chapter 4, pain related outcomes after groove surgery on either a HF or standard 
diet are studied. Common used pain related assessments for small animals were performed 
in-vivo in the rat Groove model of OA. In this study not only local changes, but also systemic 
changes in the spinal cord and dorsal root ganglia were taken into account. 

Imaging can be a useful tool for diagnosis but also to monitor disease progression. The 
folate receptor β is expressed in activated macrophages and can be targeted with a 
radioactive folate tracer and visualized with SPECT/CT imaging(86). In Chapter 5 a recently 
developed folate conjugate with albumin binding entity, potentially safer to use compared 
to the conventional folate radioconjugate(87). This novel folate radioconjugate is tested in 
the previously described OA Groove model. Here we could visualize activated macrophages 
in-vivo, as a measure for disease activity and study the role of these macrophages in the 
disease process of OA. The presence of activated macrophages by SPECT/CT was additionally 
confirmed by immunohistochemistry. 

Furthermore, in Chapter 6, lipidomic analysis is performed using samples originating from 
systemic (fasted plasma) and local (synovial fluid) compartments in the Groove model of OA 
in addition to a HF diet. Here we present for the first time in rats, how the local and systemic 
lipid profiles express differently and whether the lipid profiles are associated to histological 
joint degeneration. 
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Another biomarker studied in this thesis is the relatively new marker fibulin, a glycoprotein 
highly expressed in osteoarthritic cartilage and capable to inhibit angiogenesis and 
chondrocyte differentiation(88, 89). The expression of different fibulin-epitopes as potential 
biomarkers for OA, were quantified from blood samples obtained in the rat Groove model 
of OA and findings were confirmed by immunohistochemistry, as presented in Chapter 7. 

PART III.  TREATMENT
Actual disease modifying drugs for OA are still lacking. In chapter 8 data is presented on 
a newly developed drug, namely the fusion protein of two individual anti-inflammatory 
cytokines (IL-4 and IL-10), anticipated to slow-down or even reverse the disease process of 
OA. Previous studies have shown that IL4-10 fusion protein has potential as a treatment for 
persistent inflammatory pain(90). Besides, the combination of IL-4 and IL-10 has a protective 
effect in-vitro in blood induced cartilage damage(91). The results of a newly designed IL-4-
10 fusion protein on mechanical sensitivity and preliminary results of synovitis and cartilage 
degeneration in the earlier introduced rat Groove-metabolic syndrome model are presented 
in detail.

Finally, a general discussion on the main findings of our presented work in this thesis is 
provided in Chapter 9. Here, we discuss how this thesis work contributes to new diagnostic 
and therapeutic management strategies for OA and how it provides a basis for further 
studies.
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ABSTRACT

Several experimental models of osteoarthritis in rats are used to study the pathophysiology 
of osteoarthritis. Many mechanically induced models have the limitation that permanent 
joint instability is induced by e.g. ligament transection or meniscal damage. This permanent 
instability will counteract the potential beneficial effects of therapy. The groove model of 
osteoarthritis uses a one-time trigger, surgically induced cartilage damage on the femoral 
condyles, and has been validated for the canine tibia-femoral compartment. The present 
study evaluates this model for the rat knee joint. The articular cartilage of the weight bearing 
surface of both femoral condyles and trochlea were damaged (grooved) without damaging 
the underlying subchondral bone. Severity of joint degeneration was histologically assessed, 
in addition to patella cartilage damage and subchondral bone characteristics by means of 
(contrast-enhanced) micro-CT. Mild histological degeneration of the surgically untouched 
tibial plateau cartilage was observed in addition to damage of the femoral condyles, without 
clear synovial tissue inflammation. Contrast enhanced micro-CT demonstrated proteoglycan 
loss of the surgically untouched patella cartilage. Besides, a more sclerotic structure of the 
subchondral bone was observed. The tibia-femoral groove model in a rat results in mild 
knee joint degeneration, without permanent joint instability and joint inflammation. This 
makes the rat groove model a useful model to study the onset and progression of post-
traumatic non-inflammatory osteoarthritis, creating a relatively sensitive model to study 
disease modifying osteoarthritic drugs. 
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INTRODUCTION

Osteoarthritis (OA) is the most prevalent chronic joint disorder with pain and loss of 
function as main clinical features(1). In principle, OA is slowly progressing and increases in 
prevalence and severity with increasing age(2). The complex pathogenic changes in human 
OA can take several decades to develop and may be influenced by a multitude of factors, 
including predisposing factors that contribute during the process of OA development, i.e. 
genetics, hormonal status and body mass(3). The disease involves not only articular cartilage 
as is frequently studied, but the whole joint, including subchondral bone, synovial tissue, 
capsule, ligaments and muscles(4).
Studies of OA in humans are restricted by the slow rate at which the disease progresses 
and the limited opportunity to study the tissue changes over time. Moreover, the diagnosis 
of OA is still established late in the disease process, and disease modifying treatments are 
still unavailable(5). So far only surrogate markers (biochemical and imaging) with limited 
discriminating strength are available(6). As such, the problem of the lack of good correlation 
between the clinical features and pathology remains. The need to clarify the molecular 
pathogenic events that occur in various joint tissues at the onset and during the progression 
of OA has therefore urged the use of models that can exhibit the relevant features that 
characterize the human disease. To understand the complex inter-relationship between 
the different disease mechanisms, joint tissues, and body systems, studying OA in animal 
models can help to elucidate the complex mechanistic aspects of OA. 
Spontaneous OA development, similar to the human situation, has been reported for a 
few laboratory animal species (7-9), although the disease development in these animals 
proceeds slowly and specific predisposing genetics may underlie these models(10, 11). 
In rats, the occurrence of spontaneous OA development is rare(12). To induce OA in rats, 
several experimental models are used, either surgical or chemical induced and also non-
invasive loading models, to study OA pathophysiology and its potential treatment(13-17). 
The mechanically induced models, such as the frequently used anterior cruciate ligament 
transection (ACLT(14)) and destabilization of the medial meniscus (DMM(18)), have the 
limitation that they induce a permanent trigger during the course of OA, namely instability, 
counteracting the potential beneficial effects of therapy. This makes these models less 
suitable for studying disease modifying OA drug therapies(10).
Models without a permanent trigger have been described and are expectedly more sensitive 
to therapy(19, 20). A well-validated example of such a model is the canine groove model of 
joint degeneration, with features of joint degeneration mimicking early human OA(19, 21-
24). In this large animal model, damage of the articular cartilage of the weight-bearing areas 
of the femoral condyles is the trigger for development of joint changes consistent with early 
OA. This model is characterized by slowly progressive cartilage damage, subchondral bone 
changes, mild inflammation, and pain as observed by force plate analysis(25). Although the 
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dog has good kinematics for translation to the human situation, and is relatively large to 
perform a multitude of tissue tests including biochemical analyses of cartilage, important 
drawbacks of this model are cost, smaller availability of facilities for housing, duration of 
the experiments, and ethical concerns. This tempted us to evaluate this model in a smaller 
animal.
Derivatives of the groove models have been described for rats in literature(26-28). However, 
these models are not optimal as they either create a full-thickness cartilage defect, which 
damages the underlying subchondral bone (27, 28), or only damage the non-weight bearing 
cartilage of the femoral trochlea, resulting in patella-femoral joint degeneration only(26). 
Given tibia-femoral OA is the most prevalent type of post-traumatic knee OA, and the 
available models do not induce local cartilage damage in this compartment, we translated 
the canine groove model to the rat. We created a modified surgical model, inducing intrinsic 
cartilage damage on the weight bearing surface of the femoral condyles in addition to the 
femoral trochlea, and evaluated the subsequent knee joint degeneration throughout the 
entire joint. 

METHODS

STUDY DESIGN
Ten male Wistar rats (523 ± 44 gram, Charles-River, Sulzfeld, Germany), 16 weeks of age, 
were housed, two per cage, in a 12:12 light-dark cycle (light-on period, 7:00AM-7:00PM). 
All animals had access to standard food pellets and tap water ad libitum. An overview of the 
study set-up is given in Figure 1. All procedures were approved by the Utrecht University 
Medical Ethical Committee for animal studies (DEC 2014.III.05.049) and ARRIVE guidelines 
were fully complied. 

Figure 1. Experimental design of the study, with OA induction performed by groove surgery in ten 16 week 
old male Wistar rats. At baseline, prior to surgery, 6 weeks and 12 weeks (n=5) after OA induction contrast 
enhanced micro-CT was performed. One group was euthanized at 6 weeks to evaluate joint damage by 
histology, the other group continued for another 6 weeks before euthanization to evaluate joint damage
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SURGICAL PROCEDURE
In all rats (n=10), surgery was performed in the right knee joint at baseline, under general 
anesthesia (Isofluran), to induce local cartilage damage as indicated in Figure 2. The knee 
joint cavity was opened with a small longitudinal incision through the ligamentum patellae 
of the right knee joint. The tip of an enhanced surgical tool was bent 90⁰ at 150~180 µm 
from the tip, to ensure not to damage the underlying subchondral bone, as the articular 
cartilage of a rat is approximately 200~250 µm thick(26). With this surgical tool we applied 
five longitudinal grooves on the weight bearing area of the articular cartilage of both the 
medial and lateral femoral condyle, while the knee joint was flexed to the utmost position. 
This was done in addition to three longitudinal grooves on the non-weight bearing surface of 
the articular cartilage of the femoral trochlea, according to Siebelt et al. (26) (see Figure 2). 
The opposite articular cartilage of the tibial compartment was not surgically damaged, the 
same applies to the patellar cartilage. The contralateral non-operated left knee joint served 
as internal control. After the surgical procedure, all animals were immediately allowed to 
move freely and no joint instability was observed. Analgesia (Buprenorphine 0.05mg/kg) 
was submitted subcutaneously until 24 hours after surgery. All animals quickly recovered 
after surgery and no wound healing problems were observed. 

Figure 2. Schematic location of grooves placed on the weight bearing surface of the articular cartilage of 
both femoral condyles and the femoral trochlea (A). Schematic overview of the hypothetical location of 
subsequent joint degeneration (B).
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PATELLA	CARTILAGE	EVALUATION	WITH	CONTRAST	ENHANCED	MICRO-CT
At baseline animals were randomly divided in two groups (see Figure 1). One group was 
euthanized at 6 weeks to evaluate joint damage by histology, the other group continued for 
another 6 weeks before euthanization. In the latter group, at baseline, prior to surgery, 6 
weeks and 12 weeks (n=5) after induction of joint damage contrast enhanced micro-CT (µ-
CT), using a Quatum FX µ-CT scanner (PerkinElmar, USA) was performed under isoflurane 
sedation to measure in-vivo patellar cartilage thickness and attenuation. This method is 
validated for the patellar cartilage, but not for the femoral and tibial cartilage, in rats(26, 29). 
Hexabrix320 (Guerbet, Gorinchem, The Netherlands) was used as contrast agent. Hexabrix 
is a 600mOsm, radio-opaque, solution of the salts ioxaglate-meglumine and ioxaglate-
sodium. The contrast agent is already applied in-vivo in humans and no acute toxic effects 
in rats are reported(29-31). Due to the negative fixed charged density of the cartilage, as 
a result from the local glucosaminoglycan (GAG) content, the negatively charged ioxglate 
will be locally repulsed. Whereby, ioxglate penetration results in a concentration inversely 
related to the cartilage sulfated-glycosaminoglycan (sGAG) content and thereby indicative 
of tissue quality(32, 33). An amount of 75μl non-diluted Hexabrix320 was mixed with 0.75μg 
Epinephrine (Centrafarm, Etten-Leur, the Netherlands) to induce adequate vasoconstriction 
and thereby prevent leakage of ioxaglate out of the knee joint cavity(29, 34). The Hexabrix/
Epinephrine mixture was injected into the grooved knee joint cavity at a very slow pace (15 
seconds), using a 27 Gauche needle (Sherwood-Davis & Geck, UK), with the knee in slight 
flexion. Immediately after injection, the joint was slowly mobilized passively for adequate 
distribution of the Hexabrix320 throughout the knee joint cavity. Five minutes after 
injection the rat was transferred into a holder in supine position and the hind legs fixated in 
extension. Subsequently, the grooved knee joints were in-vivo scanned with µ-CT. The µ-CT 
scans were made using a 3-minute scan per knee joint at an isotropic voxel size of 21µm, 
at a voltage of 90kV, a current of 180UA, field of view of 42 mm. All scans were identically 
performed and reconstructed using the Quatum FX µ-CT scanner, post-processing of the 
images is performed by Analyze (PerkinElmar, USA). For articular cartilage analysis of the 
patellofemoral joint, in all contrast enhanced-μCT datasets, x-ray attenuation (arbitrary gray 
values inversely related to sGAG content) and cartilage thickness (μm) of the patella was 
calculated, using ImageJ software (ImageJ,USA) from standardized regions of interest (ROI) 
for a total of 20 slides.

SUBCHONDRAL	BONE	EVALUATED	BY	MICRO-CT
To evaluate subchondral bone changes, μ-CT data from baseline and 12 weeks follow-up 
were subjected to a μCT evaluation of subchondral bone changes. The µ-CT scans were 
made using a 3-minute scan per knee joint at an isotropic voxel size of 21µm, at a voltage 
of 90kV, a current of 180UA, field of view of 42 mm. All scans were identically performed 
and reconstructed using the Quatum FX µ-CT scanner, post-processing of the images is 
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performed by Analyze (PerkinElmar, USA). Using ImageJ software (ImageJ,USA) the regions 
of interest (ROI) were standardized, by starting in the back of the knee joint from the point 
where the medial and lateral compartments of the tibial epiphysis unite for a total of 90 
slides onwards to the front of the knee joint. Bone was segmented from the µ-CT datasets 
in coronal orientation with a local threshold algorithm (Bernsen, radius 5) from the coronal 
sections(35). Subsequently, the ROI’s of the tibial epiphysis were manually drawn for the 
mean subchondral plate thickness (µm), the mean trabecular bone thickness (µm) and 
trabecular bone volume fraction (BV/TV), representing the ratio of trabecular bone volume 
(BV, in mm3) to endocortical tissue volume (TV, in mm3) and the data for the medial and 
lateral side was averaged. In addition, all outcome parameters were also separated for the 
medial and lateral compartment of the tibia plateau. To control for normal growth related 
subchondral bone changes, retrospective data from strain and age matched healthy control 
knee joints were used to determine groove unrelated subchondral bone changes between 
baseline and 12 weeks post-surgery.

HISTOPATHOLOGICAL EXAMINATION OF THE KNEE JOINT
Animals were euthanized either 6 (n=5) or 12 (n=5) weeks after OA induction, and whole 
joint degeneration was evaluated using the OARSI histopathology score for rats(12). The 
histological preparations were performed according to the guidelines(12). All knee joints 
were fixed in 3.8% phosphate buffered formaldehyde for 3 days and subsequently decalcified 
with EDTA (12,5%) for a period of 21 days. The decalcified tissue was dehydrated via 70-
100% ethanol, rinsed in xylene and finally embedded in paraffin. Coronal sections of 5 μm 
thickness were made at 100-μm intervals and stained with Hematoxylin & Eosin (H&E) to 
determine the degree of synovial membrane inflammation and Safranin-O (Saf-O) with a fast 
green counterstain to envision the amount and distribution of the GAGs. The parameters of 
the histologic scoring include cartilage matrix loss width, cartilage degeneration, cartilage 
degeneration width, osteophytes, synovial reaction and calcified cartilage and subchondral 
bone damage(12). Only tibia-femoral cartilage is assessed as coronal sectioning obtains 
optimally-oriented mid-coronal sections, making this less suitable for patellar cartilage 
evaluation(12). The placed grooves itself were not taken into account, only the direct 
adjacent cartilage to study the effect of the model. Assessment of joint degeneration is 
performed in random order, independently by two observers unaware of the source of the 
samples.

STATISTICAL ANALYSIS
Histological data is presented for both knee joints of each animal separately, as well as 
mean values with 95% confidence interval of 5 animals in each group. Comparison between 
grooved experimental and contralateral control knee joints was performed by the Wilcoxon 
signed ranks test. Comparison between the grooved experimental joints at 6 and 12 weeks 
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was performed by Mann-Whitney U test. Patella cartilage from contrast enhanced µ-CT 
data are presented as means with 95% confidence interval and comparisons between the 
different time points was performed by the paired samples T test. All subchondral bone 
changes originated from µ-CT imaging are presented as mean with 95% confidence interval 
to analyze differences between the experimental knee joints and healthy control knee joints 
the independent samples T test was used. Comparison between the grooved experimental 
and contralateral control knee joints was performed by the paired samples T test. (SPSS-
  statistics 21, SPSS inc., Chicago, IL, USA) For all tests p-values < 0.05 were considered 
statistically significant different. 

RESULTS

HISTOPATHOLOGICAL JOINT DEGENERATION
In order to validate the groove model, an OA model based on a one-time trigger, in the rat 
we performed a feasibility study with 6 and 12 week follow-up.
Inducing local cartilage damage on the femoral condyles and trochlea by groove surgery 
in rat knee joints resulted in statistically significant higher, although still mild, whole joint 
degeneration compared to the contralateral control knee joint at both 6- and 12-weeks 
post-surgery (Fig. 3A and E). Synovial membrane inflammation scores (a parameter of the 
total OARSI score) in the surgically damaged knee joints were all relatively small and did not 
show any differences compared to the unoperated contralateral control knee joints (Fig. 
3B and E). The most pronounced difference between the grooved and the contralateral 
control knee joints is observed on the articular cartilage of the surgically damaged femoral 
condyles. Change at the femoral condyles was clearly found direct adjacent to the grooves 
six weeks post-surgery, with no further increase of cartilage degeneration at 12-weeks post-
surgery (Fig. 3C). More interesting, the tibia plateau, not surgically damaged, demonstrated 
a statistically significant increase in articular cartilage degeneration compared to the tibia 
plateau of the contralateral control knee joints in all animals. (Fig. 3D) When the amount 
of articular cartilage degeneration of the tibia in the grooved knee joints at 12-weeks post-
surgery is compared to 6-weeks post-surgery the articular cartilage degeneration is even 
further increased (Fig. 3D). 
When looking specifically to the medial and lateral side of the articular cartilage, we found a 
considerable increase in joint degeneration in both compartments of the femoral condyles, 
compared to the contralateral control knee joints (Fig. 4A, B and E). On the tibia plateau, 
the medial side had a relatively mild degeneration of the articular cartilage compared to 
the contralateral control knee joints (Fig. 4C and E). The lateral side on the other hand, 
showed more severe articular cartilage degeneration in the operated knee joints compared 
to the contralateral control knee joints. This increase in degeneration on the tibia plateau is 
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mainly caused by the increased articular cartilage degeneration in the grooved knee joints 
12-weeks post-surgery compared to 6-weeks post-surgery. (Fig. 4D and E).

Figure 3. Histological changes in joint degeneration as a result of experimentally induced joint damage on 
the femoral condyles in the rat knee joint, values are presented for OARSI score of control and experimental 
(Exp.) knee joints. Individual changes for total joint degeneration (A), synovial membrane inflammation 
score (a parameter of the total OARSI score; B), joint degeneration of the femur (C) and tibia (D) separately, 
6 weeks (left) and 12 weeks post-surgery (right) are shown. p-values indicates statistical significant changes 
compared to contralateral controls with a Wilcoxon signed ranks test and changes between 6 and 12 weeks 
post-surgery with the Mann-Whitney U test. Representative light micrographs from Safranine-O (Saf-O) 
staining of rat knee joints and Hematoxylin & Eosin (H&E) staining for synovial membrane inflammation 6- 
and 12-weeks post-surgery are presented (E). In the H&E images F=femur, T=tibia and S=synovial membrane. 
Scale bar of Saf-O staining is 1mm and H&E staining is 200µm.
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Figure 4. Joint location specific individual changes of the OARSI histopathology score on the femur (A,B) 
and surgically untouched tibia (C,D) separated for the medial (A,C) and the lateral (B,D) side 6-weeks post-
surgery and 12-weeks post-surgery. Values are presented for control and experimental (Exp.) knee joints of 
individual animals. p-values indicates statistical changes compared to contralateral controls with a Wilcoxon 
signed ranks test and changes between 6- and 12-weeks post-surgery with the Mann-Whitney U test. 
Representative images from Safranine-O (Saf-O) stained histological sections from the joint specific locations 
of the femoral and tibia plateau cartilage after six weeks and twelve weeks of groove surgery on the medial 
and lateral side. (E) Scale bar of Saf-O staining is 200µm.
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PATELLAR CARTILAGE CHANGES 
As measured from the ROI of contrast enhanced µ-CT scans, 6 and 12 weeks after induction 
of the local cartilage damage, the thickness of the surgically untouched patellar cartilage 
decreased over time (Fig. 5A). Whereas the grey value (representing the inverse relation to 
the cartilage GAG content) of the patellar cartilage increased over time (Fig. 5B).

Figure 5. Representative in-vivo micro-CT-arthrography scans of the patella cartilage at baseline, 6- and 
12-weeks after surgical applied cartilage damage on the opposite femoral trochlea. Groove surgery on 
the femoral trochlea resulted in a decrease of patellar cartilage thickness (A) and an increase of cartilage 
attenuation, which is inversely related to sGAG content, indicating impaired articular cartilage quantity and 
quality 6 and 12 weeks post-surgery (B). Bars represent mean with 95% confidence interval of n=5 animals. 
p-value indicates statistical significant changes compared to baseline measurements with paired samples T 
test.
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Figure 6. Representative micro-CT reconstruction of the surgically untouched tibia compartment. The 
subchondral plate thickness is derived from the area marked in red and the trabecular bone thickness and 
volume fraction from the yellow marked area. (A). The average delta change between baseline and 12 
week physiological bone changes in healthy controls (Control) and between baseline and 12 weeks post-
surgery (WK12) of the subchondral plate thickness (B; left), trabecular bone thickness (C; left) and bone 
volume fraction (D; left) are shown. In more detail the change over time of all subchondral bone parameters, 
separated for the medial B,C and D; middle and lateral (B,C and D; right) side of the tibia compartment are 
given. Bars represent mean change with 95% confidence interval of n=5 animals. p-value indicates statistical 
changes compared to baseline measurements with paired samples T test and compared to healthy joints 
from age-matched control rats with independent samples T test.
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SUBCHONDRAL BONE CHANGES
By µ-CT imaging, all subchondral bone parameters, which originated from the untouched 
tibia compartment of the knee joints, increased over time. A statistical significant increase 
was found for the subchondral plate thickness (+9.5%), trabecular bone thickness (+16.3%) 
and trabecular bone volume (+16.3%) compared to their baseline measurements, indicating 
a more sclerotic structure as seen in human OA. (Left panels of Fig 6B, C and D; WK12) 
When comparing the subchondral bone parameters of the experimental knee joints with 
healthy control knee joints 12-weeks post-surgery the groove related bone changes were 
increased for subchondral plate thickness, trabecular bone thickness and trabecular bone 
volume (Left panels of Fig. 6B, C and D; Control vs. WK12). Looking more closely to the 
subchondral bone differences on the tibia, the medial and lateral sides of the subchondral 
bone were separated. For both the medial and the lateral sides all parameters were 
increased compared to baseline measurements in the grooved knee joints (Middle and right 
panels of Fig. 6B, C and D; WK12). Only trabecular bone parameters, and not subchondral 
plate, were increased on both the medial and lateral side in the experimental knee joints 
compared to healthy control joints (Middle and right panels of Fig. 6B, C and D; Control vs. 
WK 12). Osteophyte formation, easily detectable by µ-CT, was not seen within the entire 
joint of both the experimental and the control knee joints of all rats.

DISCUSSION

This study demonstrates that the groove model of local femoral cartilage damage in 
the rat, leads to early degenerative joint changes with slow onset, in both the directly 
damaged (femoral condyles and trochlea) as the opposite (untouched tibia and patella) 
joint compartments. A distinctive difference with other surgical rat models of OA is the 
lack of destabilization which is a persistent trigger causing joint damage. Furthermore, the 
model does not induce inflammation and osteophyte formation, hereby mimicking (early) 
human OA development. Damaging the articular cartilage without damage to the direct 
underlying subchondral bone is an important aspect of the groove model, as bone damage 
can result in release of precursor cells with reparative characteristics influencing the disease 
development(36). A first adaptation of the groove model in the rat is previously described 
by Siebelt et al. (26), where only the non-weight bearing femoral trochlea was grooved 
and subsequently only local cartilage degeneration in the patellofemoral compartment 
was observed. To achieve whole joint degeneration we attempt to damage the articular 
cartilage on the weight bearing area of the femoral condyles, similar as the original canine 
groove model(19, 22). Therefore, the surgical procedure previously described by Siebelt 
et al. (26) was modified and the weight bearing surface of both femoral condyles as well 
as the femoral trochlea were grooved without extending the incision. The limitation of 
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this rat groove model compared to the canine groove model is the limited freedom of 
movement during the microsurgical procedure and the lack of visual confirmation applying 
the grooves at the articular cartilage. Despite the difficult microsurgical procedure, analysis 
of histopathological sections confirmed the surgical applied cartilage damage without 
scratching the direct underlying subchondral bone. Quantitatively similar effects were found 
in all experimental knee joints. This indicates that although standardization of the location 
of the placed grooves has its restrictions, the results obtained are highly reproducible.
A big advantage of using a small animal, such as a rat, as a model for OA research is the 
possibility to monitor in-vivo the disease process longitudinally with µ-CT. However, mice, 
due to their small size, are not ideal for this model with the complex microsurgery. Besides 
the cartilage of mice knee joints have relatively few cell layers and a reduced zonal tissue 
organization as compared to larger species and are therefore as a model less ideal to study 
the alterations of the biomechanical function of the joint(37). Rats, unlike mice, possess a 
thicker cartilage with a complex zonal structure, more comparable to the human structure, 
which makes partial and full-thickness cartilage lesions reproducible(12). The rat groove 
model has its limitations compared to the larger animals as biochemical changes, pain 
evaluations by force plate analysis and synovial fluid sampling are difficult due to the size of 
the animal and the knee joint. Another limitation of a rat animal model is the thin cartilage, 
which might be easier to repair than human articular cartilage(38). Still little is known how 
closely therapeutic effects in a rat model mirror therapeutic activity in man(39).
In this rat groove model, the contralateral rat knee joint is not been sham operated on, 
Siebelt et al. (26) performed a sham surgery and did not see any difference in synovial 
inflammation and cartilage degeneration 12 weeks after sham surgery compared to 
non-operated control rat knee joints in rats of the same strain and age. Moreover, sham 
surgery performed in canine knee joints, a more extensive procedure compared to the rat, 
demonstrated no effect of the surgery compared to non-operated canine knee joints(19, 
24, 40). Based on these previous results, we anticipate no difference between sham surgery 
and non-operated control knee joints. As such we consider the non-operated contralateral 
leg as an internal control.
The histological changes found in this rat groove model were most pronounced on the 
femoral condyles. Although the placed grooves itself were not taken into account in the 
scoring, we demonstrated an enhanced degeneration indicating that the placed grooves 
affects the direct adjacent cartilage, already 6-weeks post-surgery. For the tibia plateau on 
the other hand, degeneration of the articular cartilage continues to progress up to 12-weeks 
post-surgery. The OA related degenerative changes of the tibia plateau do not solely occur on 
the articular cartilage, directly opposite the grooved cartilage of the femur, but also on the 
underlying subchondral bone of the untouched tibial compartment 12-weeks post-surgery. 
These changes might be caused by the natural growth of rats as this affects the subchondral 
bone. Although we used skeletally mature rats (12), the rats will continue growing as the 
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growth plate closes at approximately 8 months of age(41). To control for normal growth 
related subchondral bone changes, healthy control knee joints were used to determine 
groove unrelated subchondral bone changes. Taken into account the groove unrelated 
subchondral bone changes, still the subchondral bone resembles a more sclerotic structure 
12-weeks post-surgery as seen in human OA(42). However, other preclinical animal models 
showed a decrease of trabecular bone volume and thinning of the subchondral plate(23). 
As the subchondral bone remodeling in preclinical animal models might be biphasic, an 
early decrease in trabecular bone volume followed by a phase in which the subchondral 
bone becomes denser and stiffens(23). Whether the b   one remodeling in our study already 
passed the phase of decrease in trabecular bone volume or directly went to the phase were 
the bone becomes more sclerotic is unknown.
In contrast to the canine groove model, were small osteophytes are observed at 20-weeks 
post-surgery (40), no osteophyte formation is detected in the grooved rat knee joints up to 
12-weeks post-surgery. The canine groove model did result in mild inflammation, possibly 
being responsible for the small osteophytes formed(19, 21, 22). As synovial macrophages 
derived cytokines are assumed to play a role in osteophyte formation in mice, (43) it was 
suggested that a local inflammatory response is a pre-requisite for osteophyte formation. 
The joint inflammation observed in the grooved rat knee joints was only minimal or even 
absent, consequently not resulting in any osteophyte formation. 
The groove model in the rat adds to the existing animal models of OA with features 
resembling (early) human OA. An important distinction is that despite the minimal or even 
absent synovial inflammation, the degenerative changes are progressive. Because of this, 
evaluation of cartilage protective effects of treatment is not hampered by inflammatory 
activity in the joint. This phenomenon makes the groove model especially suitable for 
evaluation of disease modifying osteoarthritic drugs. A second point of distinction is that 
there is no permanent trigger causing joint damage, which should render the model more 
sensitive to treatment. A persistent trigger for joint damage, such as joint instability used in 
the ACLT models, could counteract the possible beneficial effects of treatment. Moreover, 
assuming that cartilage repair is possible, the trigger, intrinsic to the cartilage damage 
itself, could be removed by treatment. Thus, the groove model might be suitable in long 
term OA progression monitoring after treatment is stopped, and may even be amenable 
demonstrating a cure.
In conclusion, this is the first time that the groove model has been applied to the tibia-
femoral compartment of a rat knee joint. Animal models are essential in research on OA 
aimed at better understanding of the pathophysiology of OA especially in its early phases 
and to study the effects and mechanisms of treatment. The groove model of OA in the rat 
may have an additional value in this respect, as inducing grooves on the articular cartilage 
of the femoral condyles in the rat results in mild knee joint degeneration of the whole joint 
already 6 weeks post-surgery. This model can help us better understand the pathophysiology 
of OA especially in its early phases.
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ABSTRACT

Evidence is growing for the existence of an obesity-related phenotype of osteoarthritis 
in which low-grade inflammation and a disturbed metabolic profile play a role. The 
contribution of an obesity induced metabolic disbalance to the progression of the features 
of osteoarthritis upon mechanically induced cartilage damage was studied in a rat in vivo 
model. Forty Wistar rats were randomly allocated 1:1 to a standard diet or a high-fat diet. 
After 12 weeks, in 14 out of 20 rats in each group, cartilage was mechanically damaged in the 
right knee joint. The remaining 6 animals in each group served as controls. After a subsequent 
12 weeks, serum was collected for metabolic state, subchondral bone changes assessed by 
µCT imaging, osteoarthritis severity determined by histology, and macrophage presence 
assessed by CD68 staining. The high-fat diet increased statistically all relevant metabolic 
parameters, resulting in a dysmetabolic state and subsequent synovial inflammation, 
whereas cartilage degeneration was hardly influenced. The high-fat condition in combination 
with mechanical cartilage damage resulted in a clear statistically significant progression of 
the osteoarthritic features, with increased synovitis and multiple large osteophytes. Both 
the synovium and osteophytes contained numerous CD68 positive cells. It is concluded that 
a metabolic disbalance due to a high-fat diet increases joint inflammation without cartilage 
degeneration. The dysmetabolic state clearly accelerates progression of osteoarthritis upon 
surgically induced cartilage damage supported by inflammatory responses as demonstrated 
by histology and increased CD68 expressing cells localized on the synovial membrane and 
osteophytes.
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INTRODUCTION

Osteoarthritis (OA) is the most prevalent joint disorder in the adult population with an 
estimated life-time risk of 13.8% and is an important contributor to the global burden of 
disease(1, 2). This prevalence is increasing as it is driven by ageing as well as trends of 
increasing obesity and physical inactivity in many countries(2). Both overweight (Body Mass 
Index (BMI) 25≤30) and obesity (BMI ≥30) are well-known and important independent risk 
factors for OA(3-5). 
For a long time obesity was considered to be causative in OA because of the increased 
mechanical stress in weight-bearing joints(6, 7). However, increasing evidence is found that 
obesity is also a risk factor for OA of non-weight-bearing joints, like those of the hand(8, 9). 
This implies that this type of degeneration cannot be caused solely by increased mechanical 
stress. Obesity is highly associated with the metabolic syndrome (MetS)(10). MetS is 
defined as the simultaneous occurrence of the following factors: obesity, insulin resistance, 
abnormal blood lipid levels, and hypertension(11, 12). Also MetS is an important world 
health problem with an increasing prevalence of 20% in the general population, contributing 
to higher disability and mortality(13). 
A relation between OA and MetS has been suggested. A metabolic dysregulation related 
phenotype of OA, ‘metabolic OA’ might be considered, with the second highest prevalence 
after aging(10). Typically the patient population in this subset is middle-aged (between 
45 and 65 years)(14). Cohort studies show faster development and progression of OA 
and an association with increased pain compared to OA patients without metabolic 
dysregulation(15). To evaluate the effects of metabolic factors on joint degeneration, focus 
has been given to hand OA as hands are not influenced by the increase in loading due to 
obesity(16). Establishing metabolic factors involved in OA development and progression, 
independently from overweight induced increased mechanical loading, is a challenge but 
considered essential in understanding ‘metabolic OA’ in weight bearing joints. The relative 
contribution of the biomechanical factors versus metabolic dysfunction in the obese 
population have not yet been resolved(17). Growing evidence is presented that both OA 
and MetS can be seen as low-grade inflammatory conditions with elevation in systemic 
inflammatory markers(10, 18). 
Diet-induced obesity (DIO) is commonly used in animal models to induce characteristics of 
MetS and a corresponding elevation of inflammatory mediators(19). Previous studies have 
shown that high-fat (HF) diet-induced animal models resulted in an approximately 2-fold 
increase in the incidence of knee OA(17, 20). Up to now, the exact underlying mechanisms 
of the systemic alterations due to a DIO in OA are not yet fully understood. Besides, it is still 
subject of discussion whether an early stage of MetS induced by a HF diet on its own leads 
to the onset of OA or only accelerates OA progression in case of an additional mechanical 
trigger(21-24). Therefore, in the present study we hypothesize, that an early stage of MetS, 
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and consequently a chronic low-grade systemic inflammatory state on its own is insufficient 
to induce clear OA, and that an additional trigger is needed to really give rise to progressive 
OA. We demonstrated earlier that mechanically induced cartilage damage, applied according 
to the Groove model in rats, leads on its own to degenerative features under the state of 
minimal joint inflammation, consistent with joint degeneration seen in early degenerative 
human disease(25). The aim of this study was to determine the contribution of metabolic 
dysregulation, induced by a HF diet, on the progression of OA in this model and study the 
contribution of inflammatory macrophage activity in this model.

METHODS

STUDY DESIGN
Forty, 12 weeks old, male Wistar rats (Charles-River, Sulzfeld, Germany) were housed two 
per cage in a 12:12 light-dark cycle. All rats were randomly divided into two groups of 
twenty rats. Twenty rats were fed a HF diet whereof 60% of the kcal contained fat (D12492i, 
5.2kcal/g, Research Diets Inc., NJ, USA) and twenty rats were fed a standard diet whereof 
9% of the kcal contained fat (801730, 3.7kcal/g, SDS, Essex, UK). All animals had access to 
food pellets and tap water ad libitum. The study was approved by the Utrecht University 
Medical Ethical Committee for animal studies (DEC 2013.III.12.086) and ARRIVE guidelines 
were fully complied.

Figure 1. Experimental design of the study. Randomization was performed and 20 rats receive either a 
high fat (HF) diet or a standard diet. In 14 animals of each diet group OA induction (groove surgery) was 
performed 12 weeks after the start of the diet. Full analysis at final time point, 24 weeks after randomization 
and 12-weeks post-surgery, included serum and fasted plasma collection, ex vivo bone µ–CT and histological 
analysis.
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Twelve weeks after randomization, in 14 rats of each diet group, groove surgery(25, 26) was 
performed (see Figure 1). In short, under general anesthesia, the articular cartilage of both 
femoral condyles of the right knee joint was damaged without damaging the underlying 
subchondral bone. In total, five longitudinal grooves at the weight-bearing surface of the 
medial and lateral femoral condyle, in addition to three grooves on the non-weight-bearing 
surface of the femoral trochlea were applied. The contralateral knee joint was not surgically 
damaged and served as internal control. Analgesia (Buprenorphine) was provided until 24 
hours after surgery and all animals were immediately allowed to move freely. The remaining 
6 animals of each diet group served as control without surgery. To reach a relevant effect 
size of 50% increase in degeneration for the HF diet rats with groove surgery compared 
to the standard diet fed rats, power size calculations indicated that these 14 animals with 
mechanical induced cartilage damage are sufficient to provide enough statistical power 
(80%) with an α of 0.05. And six animals per group are sufficient to detect differences 
between a HF and a standard diet without groove surgery.

METABOLIC PARAMETERS
To determine the effects of the HF diet on obesity, body weights were recorded weekly. At 
endpoint (24 weeks) in all rats, blood was sampled from the lateral tail vein. Prior to sampling 
all animals were fasted for a period of 6 hours. In total, 0.8 ml fasted blood was collected in 
anticoagulant tubes for plasma, and 0.8 ml blood for serum was collected in a MiniCollect 
(Greiner bio-one, Alphen aan de Rijn, The Netherlands). Samples were immediately put 
on ice. One hour after collection, the whole blood was separated by centrifugation for a 
period of 15 minutes at 3000 RCF. All samples were stored in aliquots at -80 ̊C upon analysis. 
Plasma glucose levels were determined by the University Veterinary Diagnostic Laboratory 
of the Utrecht University and serum cholesterol levels were determined by an enzymatic 
colorimetric test (CHOD-PAP, Roche Diagnostics, Almere, The Netherlands). Levels of 
fasted plasma insulin (EZRMI-13K, Millipore, Amsterdam, The Netherlands), serum leptin 
(KRC2281, Invitrogen, CA, USA) and serum resistin (RD391016200R, BioVendor, Brno, Czech 
Republic) were determined by sandwich ELISA specifically for the rat and were analyzed 
as recommended by the manufacturer. To determine insulin sensitivity, the homeostasis 
model assessment of insulin resistance (HOMA-IR) was used, which is calculated from a 
single measurement of fasting insulin and glucose in small laboratory animals(27).

SUBCHONDRAL	BONE	EVALUATION	WITH	MICRO-CT	
At endpoint, 24 weeks after randomization all rats were euthanized and transferred into a 
holder in supine position with the hind legs fixated in extension. To evaluate subchondral 
bone changes on the tibia compartment, a micro-computed tomography (µ-CT) scan, using 
a Quantum FX µ-CT scanner (PerkinElmar, MA, USA), of both knee joints was performed 
as described before(25). The µ-CT scans were made using a 3-minute scan per knee joint 
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at an isotropic voxel size of 42µm, at a voltage of 90kV, a current of 180µA, field of view 
of 21 mm. Bone was segmented from the µ-CT datasets with a local threshold algorithm 
(Bernsen, radius 5)(28). Using ImageJ software (ImageJ,USA) the regions of interest were 
manually drawn from coronal orientation for the subchondral plate and trabecular bone of 
the tibial epiphysis. Starting in the back of the knee joint from the point where the medial 
and lateral compartments of the tibial epiphysis unite to the front of the knee joint for a 
total of 90 slides onwards. In all μ-CT datasets, the mean subchondral plate thickness (µm), 
the mean trabecular bone thickness (µm) and trabecular bone volume fraction (BV/TV, 
representing the ratio of trabecular bone volume (BV, in mm3) to endocortical tissue volume 
(TV, in mm3)) were calculated and the data for the medial and lateral side were averaged. 
Ectopic bone formation (µm3) on the tibia compartment was quantified as a measure of 
osteophyte growth.

HISTOPATHOLOGICAL EXAMINATION OF THE KNEE JOINT
The joint degeneration was evaluated using the OARSI histopathology score for rats(29). 
Histological preparations were performed according to the guidelines. Coronal plane 
sections of 5 μm thickness were made at 100-μm intervals and stained with Hematoxylin 
& Eosin to visualize characteristics of inflammation and inflammatory cells and Safranin-O 
to envision the amount and distribution of the glycosaminoglycans. Assessment of joint 
degeneration and inflammation was performed in random order from sections originating 
from the middle of the joint, independently by two observers unaware of the source of 
the samples. The surgical applied grooves were not taken into account, but only the direct 
adjacent cartilage. The total OARSI score is based upon the sum of the following sub sections: 
cartilage matrix loss width (0-2), cartilage degeneration (0-5), cartilage degeneration width 
(0-4), osteophytes (0-4), calcified cartilage and subchondral bone damage (0-5) and synovial 
membrane inflammation (0-4) and presented as a total score together with the individual 
subscores.
Immunohistochemistry for CD68 was performed to visualize cells in the monocyte/
macrophage lineage. All sections were blocked for non-specific binding with endogenous 
enzyme block (DAKO S2003) following antigen retrieval. CD68 was retrieved by incubation 
with pepsin 0.1% at 37 degrees for 30 minutes. Next, sections were incubated with primary 
antibody for CD68 (ab31630, Abcam, Cambridge, UK) at 4˚C overnight. Subsequently, the 
antibody was visualized with Envision HRP anti-mouse (DAKO) for 30 minutes at room 
temperature following a 5-minute conversion of DAB. All sections were subsequently 
counterstained with Mayer’s haematoxylin. Isotype control staining with IgG mouse 
antibody or by incubation without primary antibody was carried out. 



Metabolic dysregulation accelerates injury-induced joint degeneration, driven by local inflammation | 53

3

STATISTICAL ANALYSIS
Systemic metabolic alterations from the blood samples are presented as mean values with 
95% confidence interval of the mean of 20 animals in each group. Comparisons between 
the two dietary groups were performed by the independent samples t-test. Histological 
data is presented as mean values with 95% confidence interval of the mean for all different 
treatment groups and was not normally distributed. To analyze differences between 
experimental knee joints in the different groups the Mann-Whitney U test was used and to 
compare the experimental and their contralateral non-operated knee joint within a group 
the Wilcoxon signed ranks test was used. In addition, to correct for body weight and the 
metabolic parameters a linear regression analysis was performed. All subchondral bone 
changes, originated from the tibia by µ-CT imaging, are presented as mean change with 
95% confidence interval and were normally distribute. To compare the experimental and 
contralateral non-operated joint within each animal, the paired samples t-test was used. 
And to determine if there are differences between the different study groups by µ-CT 
imaging, the independent samples T-test was used (SPSS statistics 21, SPSS inc., IL, USA). 

RESULTS

SYSTEMIC METABOLIC ALTERATIONS OF A HF DIET
After 24 weeks, rats on a HF diet had a statistically significant higher body weight compared 
to the standard diet-fed rats (Table 1). Moreover, HF feeding resulted in a statistically 
significant increase for total cholesterol and fasting insulin levels compared to the standard 
diet-fed rats. This is in line with previously described studies using this strain of rats(30). 
No differences were detected in fasting blood glucose levels. However, the HOMA-IR was 
already increased compared to the standard diet-fed rats, confirming impaired insulin 

 Standard Diet HF Diet p-value

Weight (g) 734 [704-765] 861 [791-931] 0.001
Change weight (g/day) 1.9 [1,7-2,1] 2.7 [2.3-3.0] <0.001

Cholesterol (mg/dL) 113 [87-140] 150 [132-169] 0.003
Fasting insulin (mU/L) 3.2 [1.9-4.5] 4.7 [3.5-6.0] 0.013
Fasting glucose (mmol/L) 7.8 [7.2-8.4] 7.9 [7.5-8.4] 0.498

HOMA-IR 1.8 [1.0-2.6] 2.6 [1.9-3.3] 0.027

Leptin (ng/mL) 4.2 [3.3-5.2] 5.7 [4.5-6.9] 0.007
Resistin (ng/mL) 35.0 [30.3-39.6] 40.8 [38.1-43.4] 0.022

Table 1. Metabolic parameters from blood sampling for the standard diet-fed (n=20) and high fat (HF) diet-
fed (n=20) animals determined at endpoint (after 24 weeks of follow-up). Mean values are presented with 
95% confidence interval and given p-values for differences between both groups were determined by the 
independent samples T-test.
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sensitivity. In addition, a statistically significant increase in the adipokines levels for leptin 
and resistin were determined in the HF diet-fed rats compared to the standard diet-fed rats 
(Table 1). All selected metabolic parameters, between groove surgery non-operated animals 
within both dietary groups were comparable.

HISTOPATHOLOGICAL JOINT DEGENERATION
Histology revealed a small, but statistically significant, increase in joint degeneration in rats 
with 24 weeks of HF diet feeding compared to the lean non-operated animals (p=0.002; 
Figure 2A). In addition, when HF feeding was combined with the surgical model of applied 
local cartilage damage, OA severity roughly doubled 12-weeks post-surgery compared to 
both the experimental group on a standard diet (+2.8 points; p=0.001) and non-operated 
HF diet rats (+2.5 points; p=0.015, Figure 2A). Looking specifically at the articular cartilage, 
an individual component of the total OARSI score, HF feeding alone did not lead to 

Figure 2. Histological change in joint degeneration as a result of a high fat (HF) diet and/or experimentally 
induced joint damage on the femoral condyles in the rat knee joint with groove surgery, values are 
presented for the total OARSI score of the knee joints (combination of cartilage matrix loss width, cartilage 
degeneration, cartilage degeneration width, osteophytes, synovial membrane inflammation and calcified 
cartilage and subchondral bone damage; A). As no differences were observed between the contralateral 
non-grooved knee joints and the control animals for each diet, only the experimental knee joints are 
presented. Histological changes for articular cartilage degeneration, an individual component of the total 
OARSI score, of joint location specific femoral condyles (B) and tibia plateau (C) for high fat (HF) diet and/or 
grooved rat knee joint 24 weeks after the start of the diet and 12-weeks post-surgery. Data is presented as 
mean value and 95% confidence intervals of the mean by the Mann-Whitney U test. *: p<0.05, #: p<0.01, 
Δ: p<0.001. Representative images from safranine-O stained histological sections from the femoral condyles 
(left) and tibia plateau cartilage (right). Arrowheads indicate the locations of the surgically placed grooves 
(femoral condyle). Scale bar is 200 µm.
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statistically significant induction of articular cartilage degeneration on either femur or tibia 
compartment (Figure 2B and Figure 2C). Groove surgery with a standard diet on the other 
hand resulted in statistically significant higher degeneration of the articular cartilage on 
both the femoral condyles and the tibial compartment at 12-weeks post-surgery (p=0.003; 
Figure 2B and p=0.013; Figure 2C). When the HF diet was combined with groove surgery, 
again an approximate doubling of the articular cartilage degeneration was observed at the 
same sites, compared to the non-surgical controls (p=0.003; Figure 2B and p=0.013; Figure 
2C). Moreover, when compared to the experimental group on a standard diet, an increase 
in articular cartilage degeneration was observed on the non-grooved tibial compartment, 
but not on the surgically damaged femoral compartment (p=0.010; Figure 2C). When the 
data was corrected for body weight and other metabolic parameters by linear regression 
analysis, the previous described differences remained statistically significant. Besides, of all 
selected metabolic parameters, not body weight, but leptin contributed most to the OA-
score followed by cholesterol (Table 2).

Table 2. Results of a linear regression analysis with correction for all metabolic parameters between the 
different study groups are presented. The data is presented as the regression equation for predicting 
the OARSI-score from the independent metabolic variables in relation to the unstandardized regression 
coefficient. SD = standard diet, SD+GR = Standard diet + groove surgery, HFD = High-fat diet, HFD+GR = High-
fat diet + groove surgery.

Groups B Weight Cholesterol Insulin Glucose Leptin Resistin

SD - SD+GR 2,358 0,085 -0,06 0,108 -0,019 -0,243 0,01
SD - HFD 2,667 -0,204 0,357 -0,183 -0,223 -0,643 0,031
SD - HFD+GR 5,214 -0,696 0,513 -0,571 0,022 0,991 0,697
SD+GR - HFD 0,282 -0,216 -0,85 -0,039 -0,052 0,121 -0,024
SD+GR - HFD+GR 2,83 -0,696 -0,999 -0,768 0,029 0,905 0,726
HFD - HFD+GR 2,548 -0,25 -0,18 -0,229 0,2 -0,177 0,548

SUBCHONDRAL	BONE	CHANGES	BY	ΜICRO-CT
At 24 weeks after the start of the diet, subchondral bone parameters originating from the 
tibia compartment of all knee joints were measured by µ-CT imaging. No differences could 
be demonstrated in the non-operated HF diet-fed rats compared to the non-operated 
standard diet-fed rats for mean subchondral plate thickness (243µm [214-272] vs. 263 
[250-276]; p=0.107), mean trabecular bone thickness (218 µm [165-271] vs. 230 [179-281]; 
p=0.625) and volume fraction (0.52 [0.48-0.57] BV/TV vs. 0.56 [0.51-0.61]; p=0.134). In 
the experimental knee joints on a standard diet, all subchondral bone parameters were 
increased compared to their contralateral knee joints. However, adding a HF diet to groove 
surgery did not result in statistically significant increase in any of the tibial subchondral bone 
parameters measured by µ-CT compared to the rats with groove surgery on a standard diet 
(Figure 3).
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INFLAMMATORY PARAMETERS
After 24 weeks of HF diet feeding, a mild increase in histological inflammation of the synovial 
membrane compared to the standard diet-fed rats was observed (Figure 4A; averages and 
Figure 4D; representative images). Groove surgery alone did not result in an increased 
inflammation of the synovial membrane, confirming earlier findings with the groove 
model(25, 31). Notably, the combination of the HF diet with the groove model aggravated 
the synovitis compared to the group with local cartilage damage on the standard diet. More 
interestingly, when compared to the contralateral knee joints of the HF diet only group, the 
surgical trigger did not result in an increased synovial membrane inflammation 12-weeks 
post-surgery (Figure 4A; HF+Groove (R) vs. HF+Groove (L) and HF control). 
By histology, osteophyte formation was observed in a limited number of non-operated rats 
with a HF diet (Figure 4B). In contrast, no osteophytes were observed in the experimental 
group on a standard diet up to 12-weeks post-surgery. However, when the groove surgery 
was added to a HF diet an increase in osteophyte formation is observed compared to both 
the non-operated HF diet and experimental rats on a standard diet. The presence of the 
osteophytes was supported by the µ-CT data in which the volume of the osteophytes was 
quantified (Figure 4C). The observed osteophytes in the non-operated standard and HF 
diet group were limited and did not differ in size. On the other hand, a clear increase in 
osteophyte volume was observed in the experimental group with a HF diet compared to 
the rats with either a HF diet only or groove surgery on a standard diet (Figure 4C; averages, 
4E; representatives). This indicates that the additional surgical trigger, not leading to 
osteophytes by itself, on top of the HF diet is necessary to induce significant osteophyte 
formation.

Figure 3. Subchondral bone changes of the surgically untouched tibia compartment as a result of the 
surgically induced joint damage with and without a high-fat (HF) diet as analyzed by µ-CT imaging. The 
average delta change between the experimental knee joint and its contralateral control knee joint, for the 
subchondral plate thickness (A), trabecular bone thickness (B) and bone volume fraction (C) are presented. 
Bars represent mean change and 95% confidence interval of the mean. p-value indicates statistical significant 
difference compared to their surgically untouched contralateral knee joint, as determined by the paired 
samples t-test. The differences between the grooved knee joints on top of a HF diet and groove surgery 
alone were determined by the independent samples t-test.
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Immunostaining for CD68 on paraffin embedded sections was performed to identify 
surface markers in the monocyte/macrophage and monocyte/osteoclast lineage. A small 
increase in CD68 expression was observed in the synovial membrane and subchondral 
bone in the experimental group on a standard diet and non-groove HF diet rats (Figure 5). 

Figure 4. Overview of inflammatory parameters as a result of a high-fat (HF) diet and/or experimentally 
induced joint damage on the femoral condyles in the rat knee joint with groove surgery. Values are presented 
for synovial membrane inflammation (0-4; A), osteophyte formation on histology (0-4; B) and osteophyte 
volume by µ-CT (C) 24 weeks after the start of the diet and 12-weeks post-surgery in all study groups. 
The study groups undergoing groove surgery were split for contralateral non-grooved knee joints (L) and 
experimental grooved knee joints (R). Data is presented as mean value and 95% confidence intervals of the 
mean. To compare the different experimental groups the Mann-Whitney U test was used. The Wilcoxon 
sign ranks test was used to compare the experimental and the contralateral knee joint. *: p<0.05, #: p<0.01. 
Representative images from H&E stained histological sections from the synovial membrane (D) and µ-CT 
unsegmented reconstructions (E). Scale bar is 100 µm on H&E stained histological sections.
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A further increased expression of CD68 positive cells was observed in the synovial lining, 
the newly formed osteophytes as well as in the bone marrow of the subchondral bone in 
the experimental group on a HF diet (Figure 5). This increase in CD68 positive cells was not 
only observed in the experimental knee joints, but also on the subchondral bone of the 
contralateral knee joints were no cartilage damage was induced. 

DISCUSSION

The present study shows that a systemic dysmetabolic state, induced by a HF diet, induces 
minor features of joint degeneration but clearly accelerates the progression of knee joint 
degeneration in the rat groove model of local articular cartilage damage. This can be 
explained by the increased inflammatory state of the knee joints illustrated by macrophage 
presence in bone and synovial tissue and highly elevated osteophytosis. The exact role of HF 
diet-induced systemic processes in OA of weight-bearing joints is debated on and difficult 
to identify, since in obese individuals increased mechanical stress and systemic metabolic 
effects frequently occur together(4). The most evident change, induced by the HF diet, is the 
increase in body weight. Both overweight and obesity are highly associated with low-grade 
inflammatory MetS. Therefore, the prevalence of overweight and obesity is higher compared 
to MetS(12, 32). To represent the human situation of a dysmetabolic state not yet having 
full MetS, animal studies are frequently performed. Here we selected a rat model to study 
the development of a dysmetabolic state, as rats are not as responsive to a HF diet as other 
animal models, e.g. mice(30). A specific metabolic syndrome component where this applies 
is high blood pressure that has been associated with OA, suggesting that hypertension 
might be related to symptomatic OA(33). In Wistar rats however, feeding a HF diet does 
not increase the blood pressure(30, 34). In the present study, the HF diet-fed rats represent 
the human overweight and/or obese population with a tendency of MetS. Unexpectedly 
and in contrast to previous studies, the standard diet-fed rats gained more weight than 
anticipated. However, the state of the standard diet-fed rats is still representative for the 
current western population, where overweight and/or obesity without MetS increases(32). 
Although the difference in body weight was approximately 15%, the increased mechanical 
stress in the HF rats is probably less decisive in current findings of joint related phenomena. 
The increased mechanical stress, as a consequence of the increased body weight, can 
affect the different joint tissues and their biomechanics, including the subchondral bone 
turnover, subsequently leading to degenerative changes(35). In our model, no differences 
were observed for subchondral bone changes in the HF diet-fed compared to standard diet-
fed rats by µ-CT imaging, suggesting that the increased mechanical stress did not result 
in joint-related bone changes. Also when the OARSI-score was corrected for body weight 
the observed differences remained significant. In addition, the body weight in the HF diet 
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group did not correlate to the metabolic parameters, as the metabolic parameters increased 
independent of the body weight in the HF diet group. More likely, the observed differences 
are a consequence of the systemic processes, in combination with increased mechanical 
stress, representing the human situation with overweight or obesity with a tendency of 
MetS, rather than solely increased mechanical stress. Besides, it remains unclear whether 
weight alone, in the absence of abnormal joint biomechanics, leads to OA development(36). 
Conflicting evidence is presented that a DIO by itself is associated with increased OA 
progression(20, 23, 37, 38). Therefore, we included an additional surgical induced injury with 
the placements of grooves on the articular cartilage on top of the HF diet at the moment 
when the metabolic dysregulation was expectedly induced(34, 39). The rat groove model 
was used as an additional surgical induced injury in which local damage on the articular 
cartilage leads to early degenerative joint changes with slow onset without inflammatory 
OA related phenomena such as increased synovial activity or clear osteophytosis(25). 
Therefore, this mechanical model mimics a mild human degenerative OA pathogenesis. 
Abnormal joint biomechanics cannot completely be ruled out in the groove model, but if 
present it would be less aberrant to the normal joint biomechanics than the surgical models 
creating a permanent joint instability or severe chemical joint destruction. Limitation of the 
present study is the lack of sham surgery in the HF diet fed control animals. Sham surgery 
was not performed in the contralateral knee joint, as previous work demonstrated no 
difference in synovial inflammation or cartilage degeneration 12 weeks after sham surgery 
compared to non-operated control rat knee joints in rats of the same strain and age on 
a standard diet(26). In the HF diet sham surgery could control for the potential induced 
synovitis or altered load bearing. From another study we know that in HF diet fed rats sham 
surgery does not had an effect on the amount of synovitis (0.8 sham vs. 1.1 non-sham) or 
the load on the contralateral leg but rather a shift towards the front paws (data not shown).
In this study, the metabolic alterations induced by a HF diet alone for a period of 24 weeks 
do not induce articular cartilage changes on itself (Figure 2B, 2C) but initially results in a 
more inflammatory state of the knee joint with thickening of the synovium (Figure 4A). 
When the groove model is combined with HF diet feeding, the observed joint degeneration 
is still mild and clearly did not reach end-stage OA in the given time frame. However, the 
presence of synovitis in addition to multiple and extensive osteophytes and a more sclerotic 
structure of the subchondral bone is indicative of early degenerative changes considered 
the first signs of slowly progressive OA. As such, the presence of the increased metabolic 
alterations, by HF diet feeding is essential to develop increased degeneration of articular 
cartilage, synovial membrane inflammation, and osteophyte formation in the presence of 
the additional surgical induced injury by the placements of grooves. This together result in 
elevated joint degeneration OARSI score as observed by histology. Nevertheless, a better 
insight into the mechanisms of early OA is key to understand and develop more targeted 
regenerative therapies at this early stage of the disease(40).
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We observed increased synovial membrane inflammation in all HF diet-fed rats, regardless 
of the additional groove surgery. Besides, no difference in synovitis between the grooved 
right knee and the non-grooved left knee joint was detected in the HF diet fed rats. This 
suggests that the observed increase in synovitis is a result of the systemic metabolic 
alterations by the HF diet and was not surgically driven. In previous animal studies looking at 
the effect of a DIO, the local inflammatory state of the knee joint, has often not been taken 
into account as a separate outcome parameter(21, 22, 41). It was previously reported that 
osteophyte formation is a result of the presence of synovitis in the OA knee joint, suggesting 
that the formation of osteophytes is mainly driven by inflammation instead of mechanical 
stress(42, 43). Especially transforming growth factor-β and bone morphogenetic proteins 
have been implicated in the increased osteophyte formation(44). In our model the increased 
inflammatory state induced by the HF diet alone did not lead to osteophyte formation by 
itself. The additional surgical induced injury on top of the HF diet was necessary to develop 
increased osteophytosis as seen on both histology and µ-CT (Figure 4). Interestingly, a large 
number of CD68 positive cells were present direct adjacent to the newly formed bone of 
the osteophytes (Figure 5), supporting that inflammation drives osteophyte formation. 
This positive staining likely shows monocytes because osteoclast (TRAP) staining was not 
positive (data not shown). These cells might later turn into osteoclasts and drive remodeling 
of the osteophytes. It remains unclear whether this osteophyte formation itself can cause 
further joint degeneration and cartilage loss or is the consequence. After HF diet feeding 
systemic metabolic alterations are known to increase the fat content, alter adipocytes size 
and stimulate their pro-inflammatory cytokine production such as tumor necrosis factor-α, 
interleukin-1β and interleukin-6(45-47). These cytokines are not only produced systemically 
but also locally by different tissues in OA knee joints including the infrapatellar fat pad and 
the synovial membrane(6, 18, 48). In most tissues macrophages are a significant source of 
inflammatory cytokines, were both BMI and adipocyte size were strong predictors of the 
percentage of CD68-expressing macrophages(49). Activation of adipose tissue macrophages 
within fat depots is also associated with the increase of an obesity-induced pro-inflammatory 
state(49). This increase in macrophage activation, with the capacity to influence normal cell 
turnover and tissue remodeling, might play a key role in the increase of pro-inflammatory 
cytokines as seen in OA(50). We observed that CD68 expression was a systemically induced 
and upregulated in the joint when combining groove surgery with HF diet feeding, resulting 
in an increased obesity-induced pro-inflammatory state of the joint. This expression of CD68 
positive cells was not limited to the synovial lining, as a clear increase was also observed in the 
bone marrow of the subchondral bone. Not only in the experimental joint, but surprisingly 
also in the contralateral control knee joint (Fig 5). Besides the presence of macrophages 
and monocytes, literature suggests that the observed activity could also be fibroblasts and 
stromal cells(51). Why the subchondral bone of the contralateral joint also shows increased 
CD68 expression is not clear at this point. Either there is an additional systemic effect as a 
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consequence of the groove insult, or an altered loading in the contralateral joint that drives 
monocyte osteoclast precursors in the bone marrow(52). However, the exact role of local 
monocyte/macrophage activity, as a consequence of systemic metabolic alterations, as well 
as the effect of an anti-inflammatory strategy has to be further elucidated.
In summary, these data support the role of systemic metabolic alterations contributing 
to the elevated joint degeneration upon a mechanical injury, most likely by the increased 
monocyte/macrophage formation and subsequent inflammatory factors. We showed 
in this study that in the background of a HF diet, local cartilage damage accelerates OA 
progression. Moreover, our findings indicate that mild systemic metabolic and subsequent 
inflammatory factors need an additional surgical induced injury to induce clear features of 
OA. Local cartilage damage by placement of grooves further accelerates the inflammatory 
process by macrophage activity resulting in increased osteophyte formation and synovial 
membrane inflammation.
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ABSTRACT

Multiple rodent models of osteoarthritis have been developed to represent human 
osteoarthritis. Although pain is an essential characteristic of human disease, pain 
assessments are often lacking in in vivo rodent osteoarthritis studies. Here we evaluated 
osteoarthritis-related pain in the rat groove model of osteoarthritis.
In ten male Wistar rats, cartilage damage was surgically induced according to the groove 
model. Prior to surgery, six rats received a high-fat diet for 12 weeks. Dynamic weight 
bearing and referred allodynia were evaluated to study proxies of osteoarthritis-related 
pain. To assess whether osteoarthritis was associated with spinal glial cell activation and 
macrophages infiltration in the dorsal root ganglia tissues were stained for Iba1, GFAP 
and CD68. Groove surgery increased mechanical sensitivity compared to baseline values 
as well as the sham operated leg. High-fat diet feeding increased mechanical sensitivity in 
both sham and grooved legs compared to baseline. After groove surgery, only in rats fed 
a high-fat diet, weight bearing was decreased 12 weeks after surgery. The pain behaviors 
in high fat fed rats were associated with increased signs of astrocyte activation, but not 
microglia, at the dorsal horn of the spinal cord, together with infiltrating macrophages at 
the lumbar dorsal root ganglia’s. The rat groove model of osteoarthritis is associated with 
early development of referred allodynia together with altered weight bearing, astrocyte 
activation, and macrophage infiltration in high-fat diet feeding. This indicates that the 
groove model is suited to study osteoarthritis related pain, something relevant to the 
human condition. 
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INTRODUCTION

Pain is the predominant clinical feature of osteoarthritis (OA) in symptomatic patients. 
However, the relation between degenerated joint tissues and the associated development 
of chronic pain in OA is far from clear(1). To assess OA-related pain in the knee joint, various 
pain measures indicative for OA related pain as observed in humans are used(2). Both 
dynamic weight bearing (DWB) and mechanical allodynia in the hind paws are examples 
of indirect pain measures used to evaluate pain-like behaviors in experimental OA(3). 
Multiple induced and spontaneous knee OA models in small animals have been proposed 
for studying the mechanisms of OA and its related pain(4). These models have the potential 
to study the complex pathophysiology of OA pain and are essential for the development of 
new treatment agents in OA related pain(3, 4). Despite the availability of these types of pain 
measurements, they are seldom applied in animal models of OA. Moreover, most OA animal 
models are not entirely representative of naturally occurring OA as observed in humans(5). 
Recently we described an adapted rat OA model, the rat groove model, in which cartilage 
damage is mechanically induced. This model has features of joint degeneration mimicking 
early human OA. This model is potentially suitable for the evaluation of disease modifying 
osteoarthritic drugs (DMOADs), because in this model, in contrast to many others, there 
is no persistent trigger for joint damage(6). By combining groove surgery with a high-fat 
(HF) diet, a more inflammatory driven metabolic OA phenotype is induced(7). Despite that 
it is anticipated that these models have a strong value for studying DMOADs, to date its 
unknown whether OA-related pain characteristics exist in these models. Therefore, we 
evaluated OA-related pain by assessment of mechanical allodynia and DWB for the first 
time in the rat groove models of OA and evaluated whether pain behaviors are associated 
with spinal glia activation and dorsal root ganglia macrophages infiltration.

METHODS

OA ANIMAL MODEL
In ten, 16 weeks old, male Wistar rats (Charles River, Sulzfeld, Germany), cartilage damage 
was mechanically induced according to the rat groove model(6). Prior to groove surgery, 
six rats received a HF diet (D12492i, Research Diets Inc., NJ, USA) for a period of 12 weeks. 
Sham surgery was performed on the contralateral knee joint. Analgesia (Buprenorphine) 
was provided until 24 hours after surgery and all animals were immediately allowed to 
move freely. Animals had access to food pellets and tap water ad libitum. Pain assessments 
were performed 12 weeks before groove surgery in the HF diet rats, prior to groove surgery 
and up to 12 weeks post-surgery. All procedures were approved by the Utrecht University 
Medical Ethical Committee for animal studies (AVD115002016490) and ARRIVE guidelines 
were fully complied.
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MECHANICAL ALLODYNIA
Animals were placed in enclosures on an elevated wire mesh floor and referred mechanical 
allodynia was assessed by applying von Frey hairs (Stoelting, Wood Dale, USA) to the plantar 
surface of the hind paws. Rats were acclimatized to the specific set-up at least two times 
prior to testing. Baseline withdrawal thresholds were determined on two consecutive 
days. The hair force was increased or decreased according to the response and the 50% 
paw withdrawal threshold was calculated using the up-and-down method as previously 
described by Chaplan et al.(8).

DYNAMIC WEIGHT BEARING ASSESSMENT
The dynamic weight bearing set-up (Bioseb, France) consisted of a plexiglas cage with a 
pressure sensitive floor sensor and a video camera on top. The recording period was 5 
minutes without prior acclimatisation and animals were allowed to move freely. Raw data 
was analysed with video software (Bioseb) and detected zones were validated and assigned 
for each paw according to the video and the scaled map of activated sensors of the floor. 
A zone was considered valid when the following parameters were detected: ≥2 gram on 
one captor with a minimum of 3 adjacent captors recording ≥1gram for more than 0.5 
seconds(9). 

IMMUNOHISTOCHEMISTRY 
At endpoint the knee joint, spinal cord and lumbar dorsal root ganglia (DRG) of the HF diet 
fed rats were excised. The histological OA score of the knee joint and extent of synovial 
membrane inflammation was assessed as previously described(7). Other tissues were post-
fixed in 4% paraformaldehyde and cryoprotected in sucrose. Cryosections (lumbar section 
L2-L5) of 10µm were stained for Iba1 (Rabbit-anti-IBA, #019-19741, Wako Pure Chemical 
Industries, USA) to assess microglia, GFAP (Mouse-anti-GFAP, bm2287, Acris, Germany) 
for astrocytes and CD68 (Mouse-anti-CD68, MCA341GA, BIO-RAD, The Netherlands) for 
infiltrating monocytes/macrophages. Primary antibodies were followed by the following 
secondary antibodies: Goat-anti-Rabbit Alexa594, Goat-anti-Mouse Alexa488, and Donkey-
anti-Mouse Alexa488 (all Invitrogen). Photographs were taken using identical exposure 
times for all slides with a Zeiss Axio Observer microscope. Positive areas were analyzed with 
the NIH ImageJ program using identical thresholds to identify area positive for staining. 

STATISTICAL ANALYSIS
All data are presented as mean values with 95% confidence interval of the mean. 
Comparison of histological changes between experimental and contralateral control knee 
joints was performed by the paired samples t-test. Groove related changes over time for 
von Frey were determined using a 2-way repeated measure ANOVA with a bonferroni post-
hoc test. For DWB differences between baseline and endpoint the paired samples t-test was 
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used. To detect differences between the experimental and contralateral control site from 
immunostaining data the Mann-Whitney U test was used (GraphPad Prism 6.02, California, USA). 

RESULTS

GROOVE MODEL COMBINED WITH A STANDARD DIET
In the grooved knee joints we observed an increased histological OA score compared to 
sham operated knee joints 12-weeks post-surgery (3.8 [2.4 – 4.5] vs. 1.6 [0.4 – 2.7]; p=0.026) 
without increased synovial membrane inflammation (0.3 [-0.1 – 0.6] vs 0.1 [-0.1 – 0.3]; p= 
0.32), confirming previously published results(6). After applying the grooves, the sensitivity 
to touch of the hind paws was significantly increased with ~50% compared to baseline at 
6 weeks post-surgery (p=0.025), that further increased to 68% at 12 weeks post-surgery 
(p=0.0016). Similarly, the experimental paw showed increased sensitivity compared to the 
sham-operated control leg (p<0.0001; Figure 1A). In sham-operated controls, mechanical 

Figure 1. Rats were either fed normal diet (A-B) or a high fat diet (C-D). High fat diet was started 12 weeks 
prior to induction of cartilage damage. Course of referred mechanical allodynia measured with von Frey hairs 
after mechanically induced cartilage damage according the rat groove model in (A) standard diet fed rats or 
(C) rats fed with high fat diet. Baseline thresholds (BL) for all animals were determined prior to application 
of the articular cartilage damage. Data was analyzed using the 2-way ANOVA with Bonferroni Post-hoc test. 
* indicates statistical significant differences compared to the sham-operated controls. Whereas # indicates 
a statistical significant difference compared to baseline measurements. (B, D) Weight bearing analysis after 
mechanically induced cartilage damage expressed as percentage of load on the experimental leg at baseline 
and 12-weeks post-surgery in (B) normally fed rats or (D) rats fed with a high fat diet. Data were analyzed 
using paired samples t-test. Data are expressed as mean values with 95% confidence interval of the mean. 
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sensitivity slightly increased 6 weeks post-surgery, however, values returned to baseline 
values within 12 weeks indicative for a transient surgery-related effect on mechanical 
thresholds. 
To evaluate whether loading of the experimental paw was affected by the surgery as 
other proxy of pain we used DWB. At 12 weeks after cartilage damage, the loading on the 
experimental leg was slightly but not significantly reduced compared to baseline (Figure 1B).

GROOVE MODEL COMBINED WITH A HF DIET
To evaluate the development of pain behaviors in a more inflammatory driven metabolic 
OA model, rats were exposed to a HF diet starting 12 weeks prior to application of cartilage 
damage. At 12 weeks after cartilage damage, the histological OA score was increased 
compared to the sham operated knee joints (6.8 [4.8 – 8.8] vs. 2.0 [0.8 – 3.2]; p=0.011). 
Moreover, synovial membrane inflammation was strongly increased in the experimental 
knees compared to the sham operated knee joints (2.2 [1.7 – 3.1] vs. 0.8 [0.2 – 1.4]; p=0.025), 
confirming that HF skews the groove model to a more severe and inflammatory OA. Exposure 
to a HF diet for a period of 12 weeks increased mechanical sensitivity in both legs by 50% 
(p=0.0002; Figure 1C). After groove surgery mechanical sensitivity significantly increased 
compared to the sham-operated control joints (p=0.0216; Figure 1C). Moreover, the load 
on the experimental leg was significantly reduced at 12 weeks post-surgery compared 
to baseline (p=0.0403; Figure 1D). Next, we investigated whether the pain behaviours 
were associated with increased signs of spinal cord glial cell activation or infiltration of 
macrophages in the dorsal root ganglia known to occur in models of persistent pain(1). 
The cartilage damage was associated with increased expression of the macrophage marker 
CD68 in the experimental lumbar DRG compared to the contralateral side (Figure 2A). In 
the dorsal horn of the spinal cord, Iba1 expression as a proxy of microglia activation was 
indistinguishable between the experimental and contralateral side (Figure 2B). However, 
GFAP expression as a proxy of astrocyte activation was increased at the experimental dorsal 
horn compared to the contralateral dorsal horn (Figure 2C). 

DISCUSSION

Over the years various models have been developed to capture different aspects of human 
OA. Pain is a key symptom in OA, however pain measurements are often not included 
in animal models of OA but are important to aid in identifying heterogeneity of OA as a 
disease. We show here that in a recently developed rodent model of OA, consisting of a one-
time trigger of mechanically induced cartilage damage, mechanical allodynia is induced. 
Importantly, differentiation of this model into a more severe OA model including synovial 
inflammation by a HF diet, did not affect the severity of referred mechanical allodynia, but 
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specifically caused reduced weight bearing of the affected paw. Intriguingly, these pain 
behaviours are associated with signs of spinal cord astrocyte activation and infiltration of 
macrophages into the dorsal root ganglia innervating the affected knee in the HF diet model, 
aspects also observed in chronic pain models and other OA models(1, 10, 11). 
Currently, pain measurements in OA animal studies are only limitedly applied. Animal 
models are essential for the development of new treatment agents for OA that would 
affect OA-related pain. As such reporting of analgesic treatment effects in pre-clinical 

Figure 2. (A)The number of infiltrating macrophages was assed using immunofluorescence for CD68 at 12 
weeks after mechanically induced cartilage damage in rats fed with a high fat diet. The area of positive 
CD68 expression in the lumbar DRG is presented as a percentage of the total area of the DRG at both the 
ipsi- and contralateral (sham) side. (D)Representative images (400x) of CD68 expression are shown for the 
DRGs innervating the control (left) and experimental (right) knee joints. (B-C) To assess signs of activation 
of (B) spinal microglia and (C) astrocytes, the dorsal horn of the spinal cord was stained for Iba1+ and GFAP 
respectively. The area of positive Iba1/GFAP expression in the dorsal horn of the spinal cord is presented 
as a percentage of the total area of the dorsal horn. Representative images of Iba1 (red) and GFAP (green) 
expressions are shown for the control (left) and experimental (right) knee joints (E). Data is expressed as 
mean values with 95% confidence interval of the mean and was analyzed using the Mann-Whitney U test. * 
p <0.05 and **p<0.01 compared to the sham-operated control side.
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OA studies have to be improved to facilitate translation of novel treatments into clinical 
practise(3). Most commonly used models of OA in which pain behaviours are measured 
are the monoiodoacetate (MIA) and anterior cruciate ligament transection (ACLT) model. 
These models are less suitable for studying disease modifying OA related pain, because 
the ACLT model induces a permanent trigger and the MIA model shows limited similarity 
to human OA(12). We selected the groove model of OA, this model would potentially be 
more sensitive for treatments with DMOADs compared to animal models with a permanent 
instability, because there is no persistent trigger for joint damage(6). In this relatively 
mild, non-inflammatory, surgical OA model we determined for the first time, pain related 
outcomes. Pain behaviours were also observed in the model where groove surgery was 
performed in rats exposed to a HF diet that causes a more inflammatory driven OA model, 
representing the human overweight and/or obese population with a tendency of the 
metabolic syndrome that have an increased risk of metabolic OA(7). Obesity is associated 
with increased joint pain, but there is limited understanding if this is a result of increased 
mechanical stress or the changed metabolic environment that can facilitate inflammatory 
responses(13). We show here that groove surgery in combination with a standard diet and 
HF diet feeding resulted in mechanical allodynia. These findings are in line with previous 
findings showing increased mechanical sensitivity is present in ob/ob mice with obesity and 
rats on a HF diet(10, 14). 
By using two commonly used pain assessments, we provide a better understanding of OA-
related pain characteristics in these 2 relative novel models of OA. The observed lowered 
paw withdrawal thresholds implicates referred allodynia and potential involvement of 
central sensitisation, whereas asymmetry as observed by DWB could reflect a combination 
of peripheral and central sensitisation(15). Spinal cord glial cells activation contributes to 
chronic pain; however, the contribution of microglia and/or astrocytes differs between 
types of chronic pain. Here we observed signs of activation of astrocytes but not microglia. 
Astrocyte activation was also observed in the MIA-induced model in mice, together with 
microglia activity in its early phase(11). Similarly macrophages infiltration occurs in different 
chronic pain models, including that of MIA-induced OA in rats(1). Intriguingly in the milder 
HF diet only model also macrophages infiltrate into the DRG(10). How these infiltrating cells 
contributes to the observed referred allodynia remains to be determined.
In conclusion, this study shows that the rat groove model of OA results in increased 
mechanical allodynia, relevant to the human condition. Reduced weight bearing together 
with astrocyte activation and macrophage infiltration was only observed in the groove 
model combined with HF diet. Therefore we propose that both models represent different 
OA phenotypes highlighted by the difference in development in referred hyperalgesia and 
weight bearing. Thus these models are well suited to study the effects of DMAODS on joint 
damage as well as its associated pain.
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ABSTRACT

To evaluate the presence and localization of folate receptor expressing macrophages in the 
rat groove model of osteoarthritis, and determine the suitability of a new folate-conjugate 
with albumin-binding entity (cm09) for in-vivo SPECT analysis. In male Wistar rats, local 
cartilage damage was induced in addition to a standard (n=10) or high-fat diet (n=6). After 
twelve weeks, 111In labeled folate conjugates were administered and SPECT/CT imaging 
was performed after 24 hours. Subsequently, osteoarthritis severity and folate receptor 
expression were assessed using (immuno)-histological sections. In-vivo SPECT/CT imaging 
of the new folate-conjugate (cm09) was as useful as a folate conjugate without albumin-
binding entity in the groove model of osteoarthritis with less renal accumulation. 
Induction of cartilage damage on a standard diet resulted in no effect on the amount of folate 
receptor expressing macrophages compared to the contralateral sham operated joints. In 
contrast, inducing cartilage damage in the high-fat diet group resulted in 28.4% increase of 
folate receptor expression as compared to the non-damaged control joints. Folate receptor 
expressing cells were predominantly present in the synovial lining and in subchondral bone 
as confirmed by immunohistochemistry. Folate receptor expression, and thus macrophage 
activation, can clearly be demonstrated in-vivo, in small animal models of osteoarthritis 
using the new 111In-folate-conjugate with specific binding to the folate receptor. Increased 
macrophage activity only plays a role in the groove model of osteoarthritis when applied in 
a high-fat diet induced dysmetabolic condition, which is in line with the higher inflammatory 
state of that specific model.
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INTRODUCTION

The role of inflammation and inflammatory mediator production in osteoarthritis (OA) has 
been increasingly recognized(1, 2). Inflammation of the synovial tissue is likely to contribute 
to the disease progression of OA and implicated in many of the signs and symptoms of the 
disease, like joint swelling and effusion(3-5). Synovial lining macrophages are considered to 
play an important role in the increased inflammation of the synovial tissue in OA, as these 
cells are known to produce pro-inflammatory cytokines (e.g. IL-1β and TNF-α) that diffuse 
into the cartilage through the synovial fluid(2, 5). Moreover, synovial lining macrophages 
mediate osteophyte formation and fibrosis in early experimental OA(6). In cancer tissues 
the folate receptor-α is expressed and on activated, but not resting, macrophages that are 
involved in inflammatory processes, the folate receptor-β is expressed(7, 8).
Folic acid has, even after conjugation to a therapeutic or diagnostic cargo, a high affinity 
for the folate receptor and therefore folic acid can be used as an targeting ligand for 
selective delivery of attached imaging and therapeutic agents to cancer tissues and sites 
of inflammation that contain activated macrophages(9-13). In rheumatoid arthritis (RA), an 
inflammatory joint condition where macrophages are thought to be the main promoter of 
disease activity, folate receptor expression on activated macrophages can be visualized using 
radiolabeled folate(14, 15). Recently, activated macrophage involvement was observed 
with SPECT/CT imaging with Etarfolatide in symptomatic OA patients(16). Besides, SPECT/
CT imaging can also be used in experimental OA, where in-vivo imaging and quantification 
of macrophage activity is feasible(17, 18). However, the increase in macrophage activity 
in OA is modest compared to RA, and the specific role of the folate receptor expressing 
macrophages in the disease process of OA is not yet elucidated. A limitation of folate-based 
nuclear imaging is the fact that in its (clinical as well as pre-clinical) application, folate 
radioconjugates accumulate in the renal tissue(19). This is mostly a consequence of the 
rapid clearance of folic acid conjugates from the blood circulation and specific binding to 
the folate receptor, which is expressed in the renal proximal tubular cells(19). Therefore, 
a novel DOTA-folate conjugate (cm09) with a low-molecular weight albumin-binding entity 
was recently developed. This additional functionality was shown to increase the distribution 
of folate radioconjugates in the target tissue while retention of activity in the kidneys was 
reduced(20). In particular, when the amount of macrophages may be low in the joint, such as 
in OA, this new radioconjugate has potential for improved imaging of the diseased site. The 
rat groove model, where cartilage damage is mechanically induced on the femoral condyles 
with minimal joint inflammation and mild joint degeneration, is a model better resembling 
the human low-inflammatory OA situation of slow-progressive disease development(21). On 
the other hand, when cartilage damage is mechanically induced in addition to high-fat (HF) 
diet feeding, an inflammatory driven increase in joint degeneration was observed(22). The 
role of folate receptor expressing macrophages in both OA models is currently unknown. We 
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hypothesized that accumulation of the novel folate radioconjugate in the target tissue may 
be visualized in the rat groove model on both a standard and a HF diet. 
Therefore, the aim of this study was to determine the presence and specific localization 
of folate receptor expressing macrophages in the rat groove model of osteoarthritis in 
combination to a standard or HF diet. Additionally, we evaluated the in-vivo characteristics 
of the new 111In-folate-conjugate (111In-cm09) comprising an albumin-binding entity in 
experimental early-OA compared to a conventional folate radioconjugate compound 
without albumin-binding entity in the standard diet fed rats. 

METHODS

STUDY DESIGN
In eighteen, 24-week-old, male Wistar rats (Charles River, Sulzfeld, Germany), cartilage 
damage was mechanically induced on the femoral condyle in one knee joint, according to the 
groove model as previously described(21). Sham surgery was performed on the contralateral 
knee joints as an internal control. In addition, six rats were fed a HF diet (D12492i, Research 
Diets Inc., New Brunswick, NJ, USA) after randomization, 12 weeks prior to the mechanically 
induced cartilage damage and the HF diet was continued for 12 weeks after induction of 
cartilage damage. In the HF diet group solely the new 111In-folate-conjugate (111In-cm09) 
comprising an albumin-binding entity was used to look at the macrophage activity in this 
model. A detailed overview of the study set-up is given in Figure 1. All animals had access 
to food pellets and tap water ad libitum and were housed two per cage. All procedures 
were approved by the Utrecht University Medical Ethical Committee for animal studies (DEC 
2014.I.03.019).

Figure 1. OA was induced by mechanically induced cartilage damage according to the groove model in one 
knee joint with sham surgery on the contralateral knee joint (n=12). The folate conjugate with albumin-binding 
entity (cm09) and the conventional folate conjugate (EC0800) were labeled with 111In and subsequently 
injected intravenously twelve weeks after the induced cartilage damage. In two rats an excessive amount of 
folic acid was administrated prior to injection of the folate conjugate to check its specificity by blocking the 
receptor. In parallel, cartilage damage was induced in addition to a high-fat diet (n=6). Twenty-four hours 
after intra-venous injection of both folate radioconjugates a SPECT/CT scan was performed.
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RADIOSYNTHESIS
Stock solutions of DOTA-folates (EC0800 provided by Endocyte Inc., USA and cm09 provided 
by Dr. C. Müller, Center for Radiopharmaceutical Sciences ETH-PSI-USZ, Switzerland, 
respectively) were mixed with sodium acetate (0.5M, pH8) and 60 MBq of 111InCl3 

(Mallinckrodt-Tyco, Petten, the Netherlands), resulting in a specific activity of 10 MBq/nmol 
for EC0800 and 20 MBq/nmol for cm09. The reaction mixture was incubated at 90˚C for 10 
min. Labeling quality control was performed by high-performance liquid chromatography 
(HPLC) (Dionex UltiMate 3000, Thermo Scientific) connected to a gamma detector using an 
Acclaim 120 stainless steel C18 column (120A, 3µm, 4,6 x 150 mm). Elution (1 mL/min) was 
performed using 0.1%TFA H2O (A) and acetronitrile (B) as eluents and a gradient from 95% A 
and 5% B to 20% A and 80% B in 20 min at 25˚C. Radiolabeling of compound cm09 resulted 
in a higher radiochemical purity as compared to 111In-EC0800 as determined by HPLC (98% 
vs. 86%). Subsequently, a solution of 10µl sodium-diethylenetriaminepentaacetic acid 
(Na-DTPA 5mM) was added for complexation of remaining traces of free 111In. Finally, the 
solution was further diluted in 600µL of saline for injection (46-67 MBq injected activity). 

SPECT/CT IMAGING AND DATA ANALYSIS
Twelve weeks after groove surgery to induce OA, all animals were randomized, sedated and 
the radiolabeled compounds were injected in the lateral tail vein 24 hours prior to SPECT/CT 
for both folate radioconjugates. SPECT/CT imaging was performed using a dedicated small 
animal PET/SPECT/CT scanner (VECTor4CT scanner, MILabs B.V., Utrecht, The Netherlands) 
using 173 keV ± 10% and 247 keV ± 10% energy windows for 111In. Two adjacent background 
windows per photo peak were used for triple energy window scatter and cross-talk 
correction. The system was fitted with a general purpose pinhole collimator (GP-RM) with 
75 pinholes of 1.5mm diameter suited for both sub-mm total body and sub-mm focused 
knee imaging. To maximize image quality at low isotope concentrations we choose to use a 
relative long acquisition time of 52 minutes (45 minutes SPECT and 7 minutes µCT imaging) 
per total body scan and 49 minutes (45 minutes SPECT and 4 minutes µCT imaging) for the 
focused knee scans. SPECT images were reconstructed using iterative Maximum Likelihood 
Expectation Maximization reconstructions with resolution recovery (MILabs Rec 7.00 
software(23)) at an isotropic 0.8 mm-voxel grid width and 100 iterations. Reconstructed 
volumes of SPECT scans were post-filtered with an isotropic three-dimensional Gaussian 
filter of 1mm Full Width of Half Max. For 3D visual representation Osirix software (Osirix 
8.0.2) was used. Corresponding CT scans were acquired at 55kV and 0.19mA. To calculate 
the uptake of radiolabeled folate, the registered CT and quantified SPECT images were 
analyzed using PMOD biomedical image analyzing software (PMOD 3.8, Zurich, Switzerland). 
An ellipse-shaped volume of interest (VOI) was drawn, on CT data, unaware of the activity 
on the SPECT, as previously described(17, 24). To reduce inter-individual variation, all data 
is presented as percentage of the injected activity corrected per selected tissue volume 
(%IA/cm3). In addition, the specificity of the technique was tested by blockade of the folate 
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receptor by injection of a 500-fold excess of folic acid (100µg in 100µL PBS) immediately 
before radiofolate administration in two animals with mechanically-induced cartilage 
damage on a standard diet. 

HISTOPATHOLOGICAL AND IMMUNOHISTOCHEMICAL EXAMINATION OF THE KNEE 
JOINT
Immediately after SPECT/CT imaging, both knee joints were processed for histological 
evaluation according to the guidelines of the OARSI histopathology score for rats(25). Lateral 
plane sections of 5 μm thickness were made. For histopathological examination, the slides 
were stained with both Hematoxylin & Eosin for synovial inflammation and Safranin-O with a 
fast-green counterstain to envision the amount and distribution of the glycosaminoglycan’s. 
Joint degeneration was evaluated using the rat OARSI histopathology score(25). The surgical 
applied grooves were not taken into account as part of the histological score, but only the 
direct adjacent articular cartilage was evaluated. CD68 and folate receptor were stained by 
immunohistochemistry. All sections were blocked for non-specific binding with endogenous 
enzyme block (DAKO S2003) following antigen retrieval. CD68 was retrieved by incubation 
with pepsin 0.1% at 37 degrees for 30 minutes and folate receptor was retrieved by 0.01M 
citrate buffer pH 6.0. Sections were incubated 1:250 with primary antibodies for CD68 
(ab31630, Abcam, Cambridge, UK) and 1:200 with folate receptor (orb156919, Biorbyt, 
Cambridge, UK) all at 4˚C overnight. Subsequently, the antibody was visualized with Envision 
HRP anti-mouse (DAKO) for CD68 and Envision HRP anti-rabbit (Dako) for folate receptor 
30 minutes at room temperature following a 5-minute conversion of DAB. Sections were 
counterstained with Mayer’s haematoxylin and isotype control staining’s were carried out.

STATISTICAL ANALYSIS
Histological data is presented as mean values with 95% confidence interval of the mean for 
both knee joints. All quantified data of the SPECT/CT images was reported as percentage of 
the injected dose per cm³ (%IA/cm3) with 95% confidence interval of the mean. Comparison 
between experimental and contralateral control knee joints for each folate conjugate in the 
groove model was performed by the paired samples t-test test. The independent samples 
t-test was used to compare between both folate conjugates and between the standard and 
HF diet rats (SPSS statistics 21, SPSS inc., Chicago, IL). 

RESULTS

JOINT DEGENERATION
In the group with mechanically-induced cartilage damage by groove surgery on a standard 
diet, a mild increase in joint degeneration was observed compared to the sham operated 
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contralateral control knee joints (3.8 [2.4 – 4.5] vs. 1.6 [0.4 – 2.7]; p=0.026). Besides, no 
increase in synovial membrane inflammation was observed in the experimental knee joints 
compared to the sham operated knee joints (0.3 [-0.1 – 0.6] vs 0.1 [-0.1 – 0.3]; p=0.32). 
When mechanically-induced cartilage damage was performed in addition to a HF diet 
a more pronounced increase in joint degeneration was observed 12 weeks post-surgery, 
compared to the sham operated contralateral controls (6.8 [4.8 – 8.8] vs. 2.0 [0.8 – 3.2]; 
p=0.011), together with an increase in synovial membrane inflammation compared to the 
contralateral sham operated knee joints (2.2 [1.7 – 3.1]vs. 0.8 [0.2 – 1.4]; p=0.025).

MACROPHAGE ACTIVITY 
Each animal received 53 ± 9 MBq of either radioconjugates, injected intra-venous in the 
lateral tail vein. Looking specifically to the effect of the new folate conjugate with albumin-
binding entity compared to the conventional folate conjugate, no difference in macrophage 
activity was detected in the mechanically induced groove model on a standard diet 
(0.197%IA/cm3 [0.167-0.227] vs. 0.165 [0.122 - 0.209]; p=0.118, Figure 2). 

Figure 2. Observed macrophage activity between the new folate radioconjugate with albumin-binding entity 
(cm09) and the conventional folate radioconjugate (EC0800) for the knee joints with mechanically induced 
cartilage damage by groove surgery on a standard diet. The data is presented for the two different folate 
conjugates and the bars represent mean activity with 95% confidence interval of the mean. Differences 
in macrophage activity between the experimental grooved knee joints compared to the sham controls 
were determined by the paired samples t-test. The difference between the new folate conjugate with 
albumin-binding entity compared to the conventional folate conjugate without albumin-binding entity were 
determined by the independent samples t-test.



86 | Chapter 5

However, despite no effect in macrophage activity, the renal accumulation was decreased by 
60% for 111In-cm09 comprising an albumin-binding entity as compared to the conventional 
radiofolate, 24 hours after intravenous administration (3.3 and 3.0 %IA/cm3 vs. 8.1 and 
8.1%IA/cm3; Figure 3). Addition of an excessive amount of unlabeled folic acid resulted in 
an activity in the knee joints of 0.09 %IA/cm3 [0.07 - 0.10] and was not different between 
the experimental and sham operated control knee joints (p=0.456). This clearly confirms 
specific binding of the radiofolates to the folate receptor.

Figure 3. Rat total body SPECT/CT reconstructions, 12 weeks after mechanically induced cartilage damage 
was performed in addition to a standard diet. The SPECT/CT was performed 24 hours after intravenous 
administration of the conventional folate radioconjugate EC0800 (above) and new folate radioconjugate 
cm09 with albumin-binding entity (below). Images show a reduced activity in the kidneys of the rat injected 
with the folate radioconjugate with albumin-binding entity. Besides, a higher amount of activity in the blood 
circulation and subcutaneous can be appreciated from these images when the new folate conjugate was 
applied.

 
When the macrophage activity in all knee joints with induced cartilage damage on a standard 
diet were compared to the sham operated contralateral controls, no differences were 
observed (+0.48% %IA/cm3 [-9.10 - 10.07]; p=0.949, Figure 4). However, when mechanically 
induced cartilage damage was performed in combination to a HF diet, increased macrophage 
activity was observed compared to the sham operated control knee joints (+28.37% %ID/
cm3 [1.81 - 54.93]; p=0.058, Figure 4A and B). Moreover, when the relative folate receptor 
expressing macrophage activity in the HF diet rats was compared to standard diet fed rats, a 
statistical significant increase was observed (p=0.043; Figure 4). 

IMMUNOHISTOCHEMISTRY
Immunostains revealed only minor expression of folate receptor in the synovial membrane 
in knee joints with mechanically induced cartilage damage as well as in the sham operated 
contralateral control joints for the rats that were fed a standard diet (Figure 5A). When 
mechanically induced cartilage damage was performed in combination to a HF diet, an 
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increased expression of the folate receptor was observed in the inflamed synovial lining. 
Besides, increased activity was observed in the subchondral bone in the HF diet fed rats with 
a further increased activity in the experimental grooved knee joints compared to the sham 
operated controls (Figure 5A). The additional CD68 staining confirmed the co-localization 
of CD68 positive cells on similar locations as observed in the folate receptor staining of the 
synovial membrane as well as the subchondral bone, suggesting the folate receptor-positive 
cells were mainly activated macrophages (Figure 5B). There was an increased expression of 
CD68 in the HF diet compared to the standard diet fed rats, especially in the subchondral 
bone. 

Figure 4. Relative difference in macrophage activity between experimental knee joints with mechanically-
induced cartilage damage and sham operated controls for each animal in both conditions (A). The bars 
represent mean change with 95% confidence interval of the mean. Blue data points indicate rats with the 
new folate conjugate with albumin-binding entity whereas the black data points represent the conventional 
folate conjugate without albumin-binding entity. P-value indicates a statistically significant difference as 
determined by the independent samples t-test. Representative SPECT/CT reconstructions of sham operated 
control knee joints (left) and the mechanically-induced cartilage damage (right), 24 hours after injection of 
folate radioconjugates for both conditions (B). Here, the single slice CT through the center of the joint is 
visualized with the sum of the activity over the corresponding SPECT slices showing macrophage activity of 
the entire joint. 
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DISCUSSION

Folate receptor expressing macrophages could be observed in the rat groove model of OA, a 
mechanical driven non-inflammatory model, but did not result in an increased accumulation 
of radiofolates compared to the sham operated controls. Groove surgery in addition to HF 
diet feeding, a model driven by local inflammatory changes, did, however, result in increased 
macrophage expression as shown by increased radiofolate accumulation visualized by 
SPECT/CT and further corroborated by increased signal in immunohistochemistry samples. 
Macrophage activation can clearly be demonstrated in-vivo, using the new 111In-folate-

Figure 5. Expression of folate receptor (A) and CD68 (B) by immunohistochemical analysis on paraffin 
embedded slides from rat knee joints. Representative immunostaining images originating from the synovial 
membrane as well as the subchondral bone of the tibia are shown for the experimental grooved and 
contralateral sham control knee joints for both types of diet. Brown staining indicates positive cells and are 
highlighted by the arrows. And the localization of both Folate receptor (left) and CD68 (Right) antibodies in 
sequential tissue sections is presented (C). Scale bar is 100 µm (A and B) and 20 µm (C).

Figure 5. Expression of folate receptor (A) and CD68 (B) by immunohistochemical analysis on paraffin 
embedded slides from rat knee joints. Representative immunostaining images originating from the synovial 
membrane as well as the subchondral bone of the tibia are shown for the experimental grooved and 
contralateral sham control knee joints for both types of diet. Brown staining indicates positive cells and are 
highlighted by the arrows. And the localization of both Folate receptor (left) and CD68 (Right) antibodies in 
sequential tissue sections is presented (C). Scale bar is 100 µm (A and B) and 20 µm (C).
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conjugate (111In-cm09) comprising an albumin-binding entity in small animal OA models as 
well as with conventional folate conjugate. 
Currently there are no validated (longitudinal) measures of inflammatory activity in 
the synovium of OA joints available(26). However, recently a direct in vivo indication of 
activated macrophage involvement in human OA was presented(16). This suggests the 
possibility of macrophage-targeted monitoring and therapy for a subgroup of OA patients, 
with inflammation related to macrophages, who are at risk for disease progression(16). 
However, as the inflammatory state of OA joints is considered mild(27, 28), the number of 
activated macrophages in the joints are limited compared to other conditions (e.g. RA and 
cancer-associated macrophages)(4). Therefore, it is assumed that macrophage visualization 
in OA patients will be challenging. Experimental models of OA can be of additional value 
in this perspective. SPECT/CT imaging has previously demonstrated the role of activated 
macrophages in murine and rat models of biochemical and post-traumatic OA(17, 29). 
This is the first time the surgical rat groove model, better resembling the human non-
inflammatory OA situation of slow-progressive disease development, was used to study 
macrophage activity. Especially in this mild-inflammatory condition, it was anticipated that 
the new folate conjugate with albumin-binding entity could potentially be more sensitive to 
detect activated macrophages compared to the use of a conventional folate radioconjugate. 
Nevertheless, no difference in the signal of accumulated radiofolate was observed when local 
cartilage damage was induced in addition to a standard diet compared to the control joints 
with sham surgery. A possible explanation for this observation is the negligible inflammatory 
state of these joints that was comparable to the controls, in line with previous performed 
studies using this model(21, 30). Due to the serum protein-binding characteristics of the 
new folate conjugate the kidney accumulation was also significantly reduced in this pre-
clinical OA model compared to the radiofolate without albumin-binding entity. As such, this 
is an important advantage of the new folate conjugate, as radiation exposure is an important 
limitation of monitoring folate receptor expressing macrophages using SPECT/CT, because 
of the known accumulation in the renal tissue of folate based radiopharmaceuticals(31). 
Studying the activated macrophage involvement in the disease process of OA remains 
challenging as the amount of inflammation is limited and the exact involvement in the process 
of OA is currently unclear. The moment macrophages are recruited into cytokine expressing 
tissues they become activated(32). Their numbers increase massively in inflammation and 
have the capacity to influence tissue remodeling and facilitate repair in sites of injury(4). 
To better study the role of macrophage activation in the disease process of OA, we therefore 
included the model where mechanically induced cartilage damage is performed in addition 
to a HF diet. We previously showed that the observed progression of joint degeneration in 
this model was mainly inflammatory driven(22). We observed a clear increase of activated 
macrophages in the specific joint tissues compared to sham operated contralateral controls. 
In the disease process of OA, activated macrophages are predominantly present in the 
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synovial lining layer and express the folate receptor which binds folate conjugates(33). In the 
present study, we confirmed by immunostaining that folate receptor-positive macrophages 
are mainly present in the synovial lining layer as seen by SPECT/CT, in an inflammatory driven 
experimental model of OA and consistent with expression of CD68 as previously reported(34, 
35). Interestingly, we observed not only increased folate receptor expression in the synovial 
lining but also in the bone marrow of the subchondral bone with co-expression of CD-68 
in the HF diet fed rats. Although the folate receptor was not detected on osteoclasts(36), 
mononuclear osteoclast precursors could explain this increased expression. As mononuclear 
osteoclast precursors in OA synovial tissue express the macrophage marker CD14, that is 
known to co-express the folate receptor(37, 38).
The determination of the exact location of activated macrophages expressing the folate 
receptor is an essential first step in identifying the role of these macrophages in the disease 
process of OA. Next, the focus should be on identifying the specific macrophages that 
express the folate receptor and elucidating their phenotype. 
Previously, activated macrophages have been grouped to their response to either pro-
inflammatory (M1) or anti-inflammatory (M2) characteristics(38, 39). Recent findings show 
that the folate receptor is especially up regulated by M2 macrophages(29, 34, 38, 40). The 
anti-inflammatory aspects of the folate receptor-positive M2 macrophages suggest that 
their presence is potentially beneficial to slow down the disease process as determined 
by the pro-inflammatory environment of the joint. However, a more specific distinction of 
macrophage subsets expressing the folate receptor is necessary to develop possible targeted 
therapies in the future. 
The present study showed that the albumin-binding folate radiotracer 111In-cm09, is suitable 
for SPECT imaging in small animal models of OA. Besides, the new folate conjugate is safe 
to use and well tolerated in these animals in addition to reduced renal accumulation of 
radioactivity as compared to conventional radiofolates. In the groove model, where cartilage 
damage is mechanically induced, in addition to a standard diet, no difference in macrophage 
activity was observed. However, HF diet feeding in combination with local cartilage damage 
resulted in an increased macrophage activity compared to standard diet fed rats. In addition, 
immunostaining suggests the folate receptor-positive cells observed in the knee joints are 
activated macrophages mainly present in the synovial lining. Taken together, our findings 
indicate that the new folate radioconjugate is a useful tool to study the role of activated 
macrophages in the disease processes of OA.
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ABSTRACT

Bioactive oxidised lipids (oxylipins) are important signalling mediators, capable of modulating 
the inflammatory state of the joint and anticipated to be of importance in joint homeostasis 
and status of osteoarthritis. The aim of this study was to quantify oxylipin levels in plasma 
and synovial fluid from rats with experimentally induced osteoarthritis to investigate the 
potential role of oxylipins as a marker in the disease process of early osteoarthritis.
Forty rats were randomly allocated to a standard or high-fat diet group. After 12 weeks, local 
cartilage damage was induced in one knee joint in 14 rats of each diet group. The remaining 
6 rats per group served as controls. At week 24, samples were collected. Oxylipin levels were 
quantified by liquid chromatography–mass spectrometry.
Overall, 31 lipid-derived inflammatory mediators were detected in fasted plasma and 
synovial fluid. Principal component analysis identified four distinct clusters associated with 
histopathological changes. Diet induced differences were evident for 13 individual plasma 
oxylipins, as well as 5,6-EET in synovial fluid. Surgical-model induced differences were 
evident for three oxylipins in synovial fluid (15-HETE, 8,9-DHET and 17R-ResolvinD1) with a 
different response in lipid concentrations for synovial fluid and plasma.
We demonstrate the quantification of oxidised lipids in rat plasma and synovial fluid in a 
model of early experimental osteoarthritis. Oxylipins in the synovial that were altered as 
consequence of the surgically induced osteoarthritis were not represented in the plasma. 
Our findings suggest differential roles of the oxylipins in the local versus peripheral 
compartment.
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INTRODUCTION

The presence of (low-grade) inflammation in osteoarthritis(OA) is well-known and is 
considered of relevance in the pathophysiological process of OA(1). Many patients with OA 
have signs of mild inflammation such as local warmth, pain and joint effusion(2, 3). Synovial 
inflammation can be present in early, as well as late, phases of OA, and is associated with 
synovial-related molecules released into biological fluids(4). Previously, we demonstrated 
that systemic metabolic and subsequent inflammatory mediators, combined with a 
mild surgical trigger of local cartilage damage in the rat contribute to the progression of 
OA(5). One of the characteristics of the induced metabolic dysregulation in this model is 
dyslipidaemia, which is also linked to clinical OA pathophysiology(6, 7). In this model the 
progression of joint degeneration was driven mainly by the systemic and local inflammatory 
responses, as demonstrated by enhanced synovitis, osteophytosis and increased recruitment 
of macrophage lineage (CD68 expressing) cells(5). Thus, this model mimics key aspects of 
the health status of human OA synovial joints, including increased inflammatory status 
and changes in synovial fluid lipid profiles(8, 9). Indeed, there is evidence for altered lipid 
metabolism contributing to OA pathology via promotion of inflammation, apoptosis, and 
angiogenesis(10). Oxidised lipids (oxylipins) are important signalling mediators capable of 
modulating the inflammatory state of a joint and might have an important role in the OA 
pathogenesis(1). Polyunsaturated fatty acids are classified as n-3 (omega-3) or n-6 (omega-6)
(11). Oxylipins can origin from linolenic acid (octadecanoids), a n-6 fatty acid, and arachidonic 
acid which is a product of its elongation/desaturation producing eicosanoids(12-14). 
Another origin of oxylipins is n-3 unsaturated fatty acids synthesized from α-linolenic acid, 
including eicosapentaenoic- (EPA) and docosahexaenoic-acid (DHA)(12, 15). These omega-3 
fatty acids have proven to be beneficial in modulating the inflammatory processes(15, 16). 
Specifically, bioactive eicosanoid oxylipins, have a crucial role in modulating physiological 
processes in both homeostatic and inflammatory conditions(17-19). Eicosanoids are 
20-carbon fatty acid derivatives, produced from arachidonic acid(20). The production of 
pro-inflammatory and/or anti-inflammatory eicosanoids, that include prostaglandins, 
thromboxanes, leukotrienes, and lipoxins, as well as other bioactive lipids, increases during 
inflammation(21-24). During inflammation, eicosanoids regulate cytokine production, 
antibody formation, cell proliferation, migration, and antigen presentation but also control 
the tissue repair process(22). Bioactive eicosanoid oxylipins are considered a quantitative 
readout relating to the inflammatory and oxidative stress status, and so may provide an 
early diagnostic and prognostic biomarker of disease(25). However, due to the potent 
biological signalling activity of enzymatically oxidised lipids, the active mediators are short-
lived in systemic circulation where they are actively metabolised prior to excretion(26). 
Plasma levels of bioactive oxylipins as a representative of the OA situation might therefore 
not be the most suitable approach to study the lipid profile in the process of OA. The local 
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lipid profile from joint tissues is more likely a better representative of the current OA status 
of the joint. As the metabolite concentrations in synovial fluid can directly reflect the joint 
homeostatic conditions that are related to biological processes of articular cartilage and 
other joint tissues, possibly already in the early stages of the disease(27, 28). In humans with 
symptomatic knee OA changes in systemic levels of lipids have are associated with OA(29), 
and in end-stage OA patients, altered lipid levels and increased levels of pro-inflammatory 
cytokines have been detected in synovial fluid samples(30). Potential alterations that may 
occur at onset or during early phases of OA may be more relevant to understand disease 
progression, before the joint is fully degenerated. At the moment, a validated biochemical 
biomarker to detect molecular events related to early disease activity in OA, either of 
systemic or local origin, is still lacking(31). 
The aim of the current study was to identify the potential role of systemic and local 
inflammation in the OA disease process and to test if systemic oxylipin levels reflect the 
local status in synovial fluid. Therefore, we quantified the bioactive oxylipin levels in plasma 
and synovial fluid in an experimental rat model of early OA, with local cartilage damage in 
addition to a high-fat diet induced metabolic dysregulation. 

METHODS

ANIMAL MODEL
Forty Wistar rats (12 weeks old, male, Charles-River, Sulzfeld, Germany), housed two per 
cage in a 12:12 light-dark cycle, were randomly divided in two groups: twenty rats were 
fed a high-fat diet (HFD; 60% of the kcal contained fat: D12492i, USA) while the other rats 
received a standard diet (9% of the kcal contained fat: 801730, SDS, Essex, UK) with access to 
food pellets and tap water ad libitum. After 12 weeks, cartilage damage was induced, under 
general anesthesia, on the femoral condyles by placement of five grooves without damaging 
the underlying subchondral bone, in one knee joint according to the rat groove model(32) 
in 14 rats of each diet group. Analgesia (Buprenorphine) was provided until 24 hours after 
surgery and all animals were immediately allowed to move freely. The remaining 6 rats 
in each group served as control group without sham surgery for each diet. Sham surgery 
was not performed as previous work demonstrated no difference in synovial inflammation 
or cartilage degeneration 12 weeks after sham surgery compared to non-operated control 
joints(33). The study design is based on our published methods combining a HF diet and 
the rat groove model of OA(5). At endpoint rats were euthanized in their home cage using 
carbon dioxide and dead was confirmed by respiratory arrest together with fixed and 
dilated pupils. Joint degeneration was assessed as previously described using the OARSI 
histopathology score specifically for rats according the guidelines(34). The total OARSI 
score is based upon the sum of the following sub sections: cartilage matrix loss width (0-2), 
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cartilage degeneration (0-5), cartilage degeneration width (0-4), osteophytes (0-4), calcified 
cartilage and subchondral bone damage (0-5) and synovial membrane inflammation (0-4).
The study was approved by the Utrecht University Medical Ethical Committee for animal 
studies (DEC 2013.III.12.086) and ARRIVE guidelines were fully complied.

SAMPLE COLLECTION
At week 24, all rats were fasted for 6 hours and subsequently blood was collected via the 
lateral tail vein. Blood samples were centrifuged at 3000 RCF for 15 minutes and plasma 
was stored at −80°C until analysed. Subsequently rats were euthanized by carbon dioxide 
and the synovial fluid of the experimental knee joints collected immediately afterwards. To 
collect the synovial fluid, first the skin of the hind paw was removed and the M.quadriceps 
was dissected following the quadriceps reversing approach(35). With the knee in flexion 
an Ahlstrom 226 filtration paper of 3mm section (PerkinElmer, USA) was introduced in the 
knee joint for maximum absorption of the synovial fluid as previously described (36-38) 
preventing contact with surrounding tissues. Subsequently, the absorbed synovial fluid on 
the filter papers were placed in a 2ml Eppendorf tube and directly snap frozen and stored 
at -80°C upon analysis. 

EXTRACTION OF SAMPLES
Internal standards (10 µl of PGF2a-EA-d4 (2.49 µM), 10 µl of AA-d8 (1 µM), 10 µl of PGD2-d4 
(1 µM), 10 µl of 15-HETE-d8 (7.6 µM) were added to each sample or blank sample (0.4 ml 
water), along with 2 µl of formic acid (98% v/v) and 5 µl of an antioxidant butylhydroxytoluene 
(BHT). Samples were homogenised in micro centrifuge tubes with the addition of 900 µl of 
ethanol, followed by a slow vortex stage (10 min) and centrifuged (13000 g, 10 min, 4 °C). 
The supernatants were transferred to glass tubes and diluted by the addition of 3ml water. 
The diluted supernatants were loaded to the Strata-X polymeric SPE column (200mg/6 ml, 
Phenomenex, Macclesfield, UK) that had been preconditioned with 100% ethanol (2ml) and 
25% ethanol (4 ml). The SPE cartridge then washed with distilled water (10 ml) and 25% 
ethanol (5 ml). The eicosanoids were eluted from the column with ethyl acetate containing 
0.0002%BHT (5 ml) and were dried in centrifugal evaporator. The samples were reconstituted 
in 100% ethanol (100 µl) and 20 µl was injected for LC-MS/MS analysis. 

LC-MS/MS	METHOD
Concentrations of 34 oxylipins (see S1 Table supporting  information) were quantified by 
liquid chromatography–mass spectrometry (LS-MS/MS) using a validated quantitative 
method based on that described by Wong et al.(21). Lipids not included in (21) were 
measured using the following LC-MS/MS settings (precursor / product ions / collision 
energy): 17R resolvin D1 (375.3 / 141.0 / 22), 6-ketoPGF1a (369.1 / 162.8 / 36), resolvin 
D2 (375.3 / 175.0 / 30), 17-HDoHE (343.1 / 343.1 / 9). The HPLC system used was a 
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Shimadzu series 10AD VP LC system (Shimadzu, Columbia, MD, USA) and the MS system 
used was an Applied Biosystem MDS SCIEX 4000 Q-Trap hybrid triple-quadrupole–linear 
ion trap mass spectrometer (Applied Biosystem, Foster City, CA, USA) equipped with an 
electrospray ionisation (ESI) interface. Quantification of the eicosanoids was calculated 
using fully extracted calibration standards for each of the analytes. Before quantification of 
lipid-derived inflammatory mediators of rat synovial fluid, blank filter papers were stained 
with equivalent concentrations of calibration standards (100pM, 500pM, 1nM, 2.5nM, 
5nM, 10nM) and were compared with actual standard calibration curves. Quantification 
was performed using Analyst 1.4.1. Identification of each compound in plasma samples was 
confirmed by LC retention times of each standard and precursor and product ion m/z ratios. 

STATISTICAL ANALYSIS
First a principal component analysis (PCA) was performed on all analytes from synovial tissue 
and plasma together. Subsequently, data of all analytes were normalised and the z-scores 
were presented as mean with standard deviation. To test for the differences between the 
four different study groups for the selected clusters, a 1-way ANOVA with a Bonferroni 
correction was used. To evaluate the effect of HF diet and groove surgery on the normalised 
average data for each cluster of lipids an independent samples t-test was performed. 
Potential associations of lipids within the selected clusters, formed by PCA, with the 
histological joint degeneration, as determined by the OARSI score (34), were determined 
with a linear regression analysis. The outcome is presented as regression coefficient (B) for 
linear regression with 95% confidence interval. In parallel, to relate the selected clusters (as 
formed by PCA) with the individual components of the histological OARSI-score; synovial 
membrane inflammation, osteophyte formation, and cartilage degeneration, a logistic 
regression analysis was used. Data are presented as odds ratios (OR) with 95% confidence 
intervals. All individual lipid data from serum and synovial fluid are separately presented 
as absolute mean value with standard deviation distinguished by the type of diet or the 
performed surgical procedure. To evaluate the effect of HF diet feeding and groove surgery 
on each individual lipid an independent samples t-test was performed. Finally, the correlation 
between the individual lipids and the histological OARSI-score was performed by a Pearson 
correlation (SPSS statistics 21, SPSS inc., Chicago, IL, USA). For all tests p values <0.05 were 
considered statistically significant.
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RESULTS

ASSOCIATION OF SYSTEMIC AND LOCAL LIPIDS WITH HISTOLOGICAL JOINT 
DEGENERATION
Overall 31 of 34 oxylipins could be detected in rat fasted plasma and synovial fluid (obtained 
on filter papers). PCA identified four different clusters, ranging from 7-17 individual oxylipins 
(Table 1). The individual oxylipins within each cluster were strongly associated. The clusters 
differentiated clearly between lipids from local and systemic origin; cluster 1 and 2 only 
containing lipids from the synovial fluid and cluster 3 and 4 only lipids from plasma. When 
considering the effect of HF diet (with and without groove surgery), a statistical significant 
increase in averaged normalised lipid value of cluster 3 was observed, compared to the 
standard diet fed rats (with and without groove surgery; z-score of 0,22 ± 0,62 vs. -0,29 
± 0,52; p=0.013, Fig 1A). All other clusters did not show a difference between the HF diet 
and the standard diet fed rats. Also, no differences were observed in rats with mechanical 
induced cartilage damage (grooves) compared to non-surgically damaged rats for all clusters 
(Fig 1B).

Table 1. Selected clusters of oxylipins as defined by the principal component analysis. 
Overview off all individual lipids within the selected clusters as defined by the principal component analysis. 
Two clusters contain solely oxylipins originating from the synovial fluid (SF) filter papers (Cluster 1 and 2), 
whereas the other two groups contain lipids originating from plasma samples (P; Cluster 3 and 4).

Cluster 1 Cluster 2 Cluster 3 Cluster 4

5-HETE (SF) 8,9-DHET (SF) 5-HETE (P) 8,9-DHET (P)
8-HETE (SF) 5-HPETE (SF) 8-HETE (P) 11,12-DHET (P)
9-HETE (SF) 12-HPETE(SF) 9-HETE (P) 5-HPETE (P)

11-HETE (SF) 9-HODE (SF) 11-HETE (P) 12-HPETE (P)
12-HETE (SF) 13-HODE(SF) 12-HETE (P) 9-HODE (P)
19-HETE (SF) 9-OxoODE (SF) 15-HETE (P) 13-HODE (P)
8,9-EET (SF) 13-OxoODE (SF) 16-HETE (P) 13-OxoODE (P)

11,12-EET (SF) 17-HDoHE (SF) 19-HETE (P) 17-HDoHE (P)
14,15-EET (SF) AA (SF) 8,9-EET (P) AA (P)

TXB2 (SF) 11,12-EET (P)
PGD2 (SF) 14,15-EET (P)

6-KetoPGF1a (SF) TXB2 (P)
ResolvinD1 (SF) PGD2 (P)

PGF2 (SF)
ResolvinD117R (SF)
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Looking at the association of the normalized lipid values within the different clusters for 
the total joint degeneration (independent of the four groups), as determined by the total 
OARSI histopathology score, using linear regression analysis, cluster 1 and cluster 3 showed 
a non-significant positive association with the total joint degeneration score. Indicating that 
increased histological joint degeneration is association with increased lipid concentrations, 
from local and systemic origin (Table 2). The other two clusters (cluster 2 and 4) showed a 
negative trend with the histological OARSI score (Table 2). When considering the association 
of the four clusters with the individual parameters of the histological OARSI score (logistic 

Figure 1. Overview of lipids within the selected clusters. 
Overview of normalised values for all lipids within the selected clusters for individual animals.
The difference between the standard diet rats compared to the high-fat diet rats are presented above (A). 
The individual animals indicated by a red symbol are rats with groove surgery for each dietary group. The 
differences between rats with groove surgery compared to the non-operated rats are shown below (B). The 
blue symbols indicate rats on a high-fat diet. P-value was determined by the independent samples t-test. 

Table	2.	The	outcome	of	logistic	regression	analysis
The outcome of logistic regression analysis from selected clusters in relation to selected individual histological 
parameters (Synovial membrane inflammation, Osteophyte formation and Cartilage degeneration) is shown. 
Data is presented as odds ratio (OR) with 95% confidence interval. In the right column outcome of linear 
regression analysis with histological joint degeneration score (total OARSI score) is shown. Data is presented 
as regression coefficient (B) with 95% confidence interval for the total OARSI score.

Total OARSI score
Synovial membrane 

inflammation Cartilage degeneration Osteofyt formation

Cluster 1
(Local)

B=0,50 [-0,9-1,9]; 
p=0,464

OR=1,38 [0,3-5,6]; 
p=0,650

OR=2,33 [0,3-18,5]; 
p=0,423

OR=1,63 [0,4-6,7]; 
p=0,498

Cluster 2
(Local)

B=-0,67 [-2,4-
1,0]; p=0,417

OR=1,17 [0,2-6,1]; 
p=0,855

OR=0,004 [0,0-0,5]; 
p=0,024

OR=0,50 [0,1-4,2]; 
p=0,521

Cluster 3
(Systemic)

B=0,86 [-0,6-2,4]; 
p=0,248

OR=54,78 [2,6-1170,9]; 
p=0,010

OR=3,94 [0,5-30,3]; 
p=0,188

OR=1,88 [0,5-7,7]; 
p=0,381

Cluster 4
(Systemic)

B=-1,1 [-2,5-0,3]; 
p=0,124

OR=0,24 [0,1-1,2]; 
p=0,084

OR=0,28 [0,1-1,7]; 
p=0,170

OR=0,35 [0,1-1,4]; 
p=0,127
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Figure	2.	Overview	of	all	statistical	significant	different	individual	lipids
Overview of all statistical significant different individual lipids originating from plasma (systemic, A) and 
synovial fluid (local, B), as determined by the independent samples t-test. Data is presented as an absolute 
value of the lipid for each individual animal. The individual animals indicated by a red symbol are rats with 
groove surgery for each dietary group and the blue symbols indicate rats on a high-fat diet. 

regression analysis), the association was in line with the total OARSI score (Table 2). A 
statistically significant positive association between systemic oxylipins in cluster 3 and the 
local synovial membrane inflammation (OR 54,78 [2.6-1170.9]; p=0.010, Table 2) was found. 
The synovial fluid lipids in cluster 2 showed a statistically significant negative association 
with cartilage degeneration (OR 0.004 [0.0-0.5]; p=0.024, Table 2).

PLASMA AND SYNOVIAL FLUID LIPID PROFILES
Of the 31 detected lipids, 13 lipids present in the fasted plasma were significantly different 
between the HF diet and the standard diet group, independent for the performed groove 
surgery (9-HETE; p=0.002, 11-HETE; p=0.005, 12-HETE; p=0.033, 5,6-EET; p=0.044, 8,9-EET; 
p=0.048, 11,12-EET; p=0.015, 14,15-EET; p=0.014, 11,12-DHET; p=0.001, 9-HODE; p=0.002, 
13-HODE; p=0.031, 17-HDoHE; p=0.007, TXB2; p=0.002 and AA; p=0.0001; see Table 3 and 
Fig 2A). Whereas, only one lipid (5,6-EET; p=0.023) present in the synovial fluid was higher 
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in the HF diet group, compared to standard diet group, independent of groove surgery. Local 
cartilage damage following groove surgery had an effect on individual lipid values in the 
synovial fluid only, not fasted plasma, independent of diet. In total, levels of three oxylipins 
in the synovial fluid (15-HETE; p=0.016, 8,9-DHET; p=0.051 and ResolvinD117R; p=0.006) 
were significantly different in the rats with groove surgery, compared to the non-surgically 
damaged rats (Table 3 and Fig 2B). Fig 3 shows the significantly changed oxylipins in plasma 

Table 3. Overview of all determined individual oxylipins
Overview of all determined individual oxylipins for both plasma (systemic) and synovial fluid (local) samples 
of rats receiving high fat (HF; n =20) compared to standard diet fed rats (Standard; n=20) and the rats 
with groove surgery (Groove; n =28) compared to rats without groove surgery (Control; n =14). Data is 
presented as mean with the standard deviation of each individual lipid, nd = not detectable. The dark grey 
highlighted boxes indicates a statistical significant difference (p<0.05) and the light grey boxes indicates a 
trend compared to the control group (p<0.1) as tested by the independent samples t-test.

 
Systemic 

(pmol/mL)
Local  

(pmol/sample)
Lipid Standard HF Control Groove Standard HF Control Groove

5-HETE 5,6 ± 2,5 6,9 ± 3,0 6,9 ± 3,7 6,1 ± 2,5 132 ± 51,1 174 ± 78,2 148 ± 61,4 154,6 ± 72,2

8-HETE 1,5 ± 0,8 2,2 ± 1,3 2,1 ± 1,8 1,8 ± 0,8 61,6 ± 30,1 90,4 ± 59,0 68,3 ± 33,4 79,1 ± 53,6
9-HETE 0,5 ± 0,4 1,2 ± 0,7 0,9 ± 0,8 0,9 ± 0,6 69,6 ± 37,0 68,0 ± 36,8 56,7 ± 36,9 74,1 ± 35,6
11-HETE 1,4 ± 0,6 2,2 ± 1,0 2,1 ± 1,3 1,8 ± 0,8 919 ± 862 1534 ± 1351 1279 ± 1198 1205 ± 1167
12-HETE 14,0 ± 9,1 22,6 ± 13,4 22,3 ± 15,5 17,6 ± 11,1 473 ± 444 1333 ± 1997 579 ± 618 1035 ± 1720
15-HETE 0,5 ± 0,3 0,7 ± 0,4 0,7 ± 0,4 0,6 ± 0,3 32,0 ± 12,4 40,3 ± 13,2 46,8 ± 14,2 32,2 ± 10,8
16-HETE 0,4 ± 0,2 0,4 ± 0,1 0,4 ± 0,1 0,4 ± 0,1 22,4 ± 17,3 30,5 ± 18,0 30,3 ± 22,9 24,7 ± 15,0
19-HETE 2,7 ± 1,3 2,1 ± 0,6 2,8 ± 1,4 2,2 ± 0,8 1081 ± 288 1059 ± 290 1032 ± 334 1085 ± 269
20-HETE 198 ± 183 285 ± 214 207 ± 128 246 ± 222 41,9 ± 30,6 34,1 ± 33,1 35,5 ± 38,4 38,2 ± 30,4
5,6-EET 1,9 ± 1,6 3,3 ± 2,4 2,6 ± 1,7 2,7 ± 2,3 89,3 ± 62,6 278 ± 226 118 ± 100 250 ± 227
8,9-EET 1,5 ± 0,8 2,2 ± 1,3 2,1 ± 1,7 1,8 ± 0,8 68,5 ± 34,2 98,0 ± 61,5 72,6 ± 41,5 87,6 ± 55,0
11,12-EET 1,5 ± 0,6 2,2 ± 1,1 2,2 ± 1,4 1,8 ± 0,7 884 ± 898 1554 ± 1431 1297± 1270 1187 ± 1231

14,15-EET 1,1 ± 0,5 1,8 ± 1,0 1,6 ± 1,4 1,5 ± 0,7 643 ± 542 1527 ± 2139 807 ± 680 1198 ± 1852

5,6-DHET 0,8 ± 0,4 0,6 ± 0,2 0,8 ± 0,3 0,7 ± 0,3 nd nd nd nd
8,9-DHET 0,3 ± 0,1 0,3 ± 0,1 0,3 ± 0,1 0,3 ± 0,1 94,2 ± 34,2 96,4 ± 39,4 118,3 ± 47,5 85,6 ± 26,2
11,12-DHET 1,2 ± 0,5 0,6 ± 0,2 0,9 ± 0,6 0,8 ± 0,4 nd nd nd nd
14,15-DHET 1,5 ± 0,6 1,2 ± 0,3 1,5 ± 0,6 1,3 ± 0,4 28,7 ± 19,7 38,6 ± 33,1 47,3 ± 34,4 26,3 ± 19,9
5-HPETE 3,1 ± 1,5 3,9 ± 2,6 3,2 ± 1,8 3,6 ± 2,3 136 ± 114 229 ± 195 207 ± 167 174 ± 167
12-HPETE 2,2 ± 1,3 3,0 ± 2,0 2,5 ± 1,8 2,7 ± 1,8 308 ± 107 428 ± 256 325 ± 139 174 ± 167
9-HODE 21,3 ± 9,4 11,6 ± 5,2 16,2 ± 7,9 15,8 ± 9,2 3,5 ± 3,5 3,2 ± 2,1 3,7 ± 3,1 3,2 ± 2,8
13-HODE 45,0 ± 19,8 31,2 ± 13,8 39,5 ± 15,2 36,4 ± 19,0 6,1 ± 6,3 5,7 ± 4,2 6,9 ± 5,9 5,5 ± 5,1
9-OxoODE 25,1 ± 11,3 23,4 ± 17,8 21,6 ± 10,9 25,0 ± 16,4 2755 ± 5202 1137 ± 964 1998 ± 1094 1849 ± 4383
13-OxoODE 34,1 ± 16,3 30,3 ± 23,0 29,9 ± 17,3 32,7 ± 21,3 2,8 ± 5,2 1,4 ± 1,2 2,3 ± 1,4 2,0 ± 4,4
17-HDoHE 9,5 ± 6,9 3,8 ± 2,1 7,0 ± 5,9 6,2 ± 5,5 2,9 ± 1,9 2,7 ± 1,4 2,9 ± 1,9 2,8 ± 1,5
AA 456 ± 73 600 ± 76 538 ± 91 536 ± 109 61,2 ± 28,2 84,4 ± 59,8 76,2 ± 34,8 71,4 ± 52,5
ResolvinD117R 65,5 ± 26,5 70,1 ± 12,8 65,1 ± 26,0 69,1 ± 18,2 97,7 ± 4,1 110,8 ± 17,1 98,9 ± 5,5 109,9 ± 15,1
TXB2 0,6 ± 0,6 2,1 ± 1,5 1,6 ± 1,0 1,0 ± 1,0 1,5 ± 2,5 3,2 ± 4,5 2,8 ± 3,3 2,2 ± 3,9
PGD2 0,3 ± 0,1 0,4 ± 0,4 0,4 ± 0,3 0,3 ± 0,3 1,4 ± 1,9 2,2 ± 2,1 2,1 ± 2,7 1,7 ± 1,7
6-KetoPGF1a 0,3 ± 0,2 0,2 ± 0,1 0,3 ± 0,1 0,3 ± 0,1 0,3 ± 0,1 0,3 ± 0,1 0,3 ± 0,2 0,3 ± 0,1
ResolvinD2 2,9 ± 2,5 2,2 ± 1,3 3,0 ± 2,0 2,4 ± 1,9 0,2 ± 0,1 0,2 ± 0,1 0,2 ± 0,1 0,2 ± 0,1
PGF2 nd nd nd nd 1,4 ± 2,3 2,0 ± 1,4 2,4 ± 2,8 1,5 ± 1,4
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Figure 3. Representative pathway of all studied lipids. Pathways representing a selection of the most 
important studied oxylipins in plasma (A) and synovial fluid (B), mapped onto the main arachidonic acid 
(AA), docosahexaenoic acid (DHA) and linoleic acid (LA) metabolic pathways, corresponding to the observed 
changes in Figure 2. The green boxes represents statistical significant higher values in control situation 
compared to the HF diet (A) or groove surgery (B), and red boxes for statistical significant higher oxylipin 
values in the HF diet (A) or groove surgery (B) compared to their control situation.

and synovial fluid mapped onto the main arachidonic acid (AA), docosahexaenoic acid (DHA) 
and linoleic acid (LA) metabolic pathways. The pattern of oxylipins changes, is shown to be 
linked with the activity of key enzymes such as cytochrome P450 (CYP), soluble epoxide 
hydrolyse (encoded by EPHX2 gene) and arachidonate 5-lipoxygenase (encoded by ALOX5 
gene).
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Of the individual lipids, there was a correlation with the histological outcome for four lipids 
in the plasma (9-HODE; r=-0.416, p=0.014, 13-HODE; r=-0.426, p=0.012, 17-HDoHE; r=-
0.406, p=0.019 and AA; r=0540, p=0.001). Two lipids in the synovial fluid were correlated 
with the histological joint degeneration (12-HETE; r=0.330, p=0.043 and 12-HPETE; r=0.321, 
p=0.05).
The diol/epoxy-ratios were also studied and the high-fat diet resulted in a statistically 
significant decreased in all diol/epoxy-ratios studied systemically in plasma samples 
(5,6-DHET/5,6-EET-ratio; p=0.0049,8,9-DHET/8,9-EET-ratio; p=0.0016, 11,12-DHET/11,12-
EET-ratio; p<0.0001 and 14,15-DHET/14,15-EET-ratio; p<0.0001). When groove surgery is 
applied in high-fat diet fed rats also all diol/epoxy-ratios decreased compared to rats with 
groove surgery in addition to a standard diet (5,6; p=0.0174, 8,9; p=0.0298, 11,12; p<0.0001 
and 14,15-; p=0.0023). Looking at the local levels of diol/epoxy-ratios from synovial fluid 
samples, we didn’t see an effect of the high-fat diet compared to the standard diet in all 
levels. Also groove surgery in addition to a high-fat diet did not result in different diol/epoxy-
ratios. In line with the individual oxylipins, a different expression was seen in the peripheral 
and local compartment.

DISCUSSION

The present study profiled oxylipin levels in both synovial fluid and plasma from a rat OA 
model, combining mechanically induced cartilage damage with a HF diet, using a highly 
sensitive LS-MS/MS method. Multiple clusters of oxylipins, as determined by PCA, were 
associated with histopathological changes by logistic regression analysis. Whereas, 4 local 
(5,6-EET, 15-HETE, 8,9-DHET and 17R-ResolvinD1) and 13 systemic oxylipins were clearly 
altered in this OA model as a result of groove surgery, HF diet feeding or a combination of 
both induced triggers. With distinct differences in synovial fluid and plasma concentrations 
of individual oxylipins, suggesting differential roles of the oxylipins in the local versus 
peripheral compartment.
Focusing on the individual lipids in the synovial fluid we observed a statistically significant 
decrease of 15-HETE levels in the synovial fluid of grooved knee joints compared to non-
surgically damaged joints. 15-HETE is known to be secreted by adipocytes (39), but how 
this lipid is related in the process of OA is currently unknown. In mice, the absence of 15-
HETE resulted in accelerated joint swelling and has an anti-inflammatory role(40). On the 
other hand, increased levels of 15-HETE are present in knee joints of MIA induced rats 
(21), and a positive association of 15-HETE with incidence of human symptomatic knee 
OA is observed(29). Besides 15-HETE, local changes were also observed for, 8,9-DHET, a 
pro-inflammatory lipid, 17R-Resolvin D1, a mediator of inflammatory responses, and 5,6-
EET, which has a known role in pain mechanisms(41-43). These altered lipid values were 
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only observed in synovial fluid and not in plasma, except for 5,6-EET which is the only lipid 
increased in both the local and peripheral compartment. Moreover, the 13 plasma lipids 
that were sensitive to the HF diet in plasma were not reflected in the synovial fluid. This data 
suggest differential roles for oxylipins in the local versus peripheral compartment. 
When looking at group level rather than looking at the individual lipid values, a strong 
positive association is detected between systemic oxylipins and the histological synovitis-
score. This implies a direct effect of systemic circulating pro-inflammatory lipids on the local 
inflammatory state of the joint. On the other hand, the cluster with identical lipids from 
local origin did not show an association with knee joint synovitis. Another cluster of lipids 
originating from synovial fluid, showed a negative association with histological cartilage 
degeneration, indicative for a protective effect of these lipids on the articular cartilage. 
Previously we showed that osteophyte formation was an inflammatory driven process, in 
the selected model(5). However, in the present study no association with osteophytes was 
observed in selected clusters of systemic and local lipids. 
To better understand the complex inter-relationship between the different disease 
mechanisms involved in OA, animal models can help to elucidate the complex mechanistic 
aspects of OA(32, 44). The advantage of using synovial fluid samples is that it is in direct 
contact with the tissues of the knee joint and likely contain more specific biomarkers that 
reflect the primary joint related degeneration pathways(45). However, for humans the 
availability of synovial fluid from healthy but also early-OA patients is limited (28) and 
challenging due to the difficulty of defining early-OA(46). Comparative lipidomic analysis of 
synovial fluid in a canine model of OA and human early-OA revealed that the lipid profiles 
of dogs often reflect those of humans(8). Whether also small animal models of OA reflect 
the human disease with respect to lipid profiles, is currently unknown. In a model of HF diet 
induced obesity with destabilization of the medial meniscus in mice, an association was 
found between serum and synovial fluid lipid levels with histological OA and synovitis(47). 
Although these data are in line with previous studies using a HF diet in rats with changed 
systemic lipid values (48, 49), disadvantage of destabilizing the meniscus is permanent 
joint instability and joint inflammation making the translation to the human OA situation 
questionable. This model could potentially be used to test medical interventions. Specifically 
the Cytochrome P450 system could be an interesting target to focus on, this system 
constitute a major metabolic pathway for arachidonic acid(50). Besides, there is evidence 
that blocking of CYP enzymes with N-methylsulfonyl-6-(2-propargyloxyphenyl) hexanamide 
(MS-PPOH) represent a therapeutic target(51). As prolonged MS-PPOH delivery result in 
attenuated effects in pulmonary hypertension(52), antidiuretic effects(53), and decreased 
coronary reactive hyperemia after ischemia due to inhibition of EETs synthesis(54). This 
makes MS-PPOH a potential beneficial therapy for this model, where we can study the 
oxylipin profiles to better understand the metabolic changes associated with the inhibition 
of CYP epoxygenases.
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During the initial phase of inflammatory responses in symptomatic knee OA, cyclooxygenase-2 
is significantly up-regulated and acts on arachidonic acid to produce oxylipin mediators, 
specifically prostaglandins, prostacyclins, and thromboxanes(55, 56). Oxylipins of both the 
cyclooxygenase and lipoxygenase pathways have been produced in sufficient quantities by 
joint tissues to be reflected in plasma in patients with symptomatic knee OA, indicating an 
increased arachidonic acid metabolism in OA(29). Also local levels of endocannabinoid lipids 
in human synovial fluid and the infrapatellar fat pad in relation to OA have previously been 
reported(21). In the current study increased plasma dihydroxyeicosatrienoic acids (DHETs) 
levels and decreased corresponding epoxyeicosatrienoic acids (EETs) levels were observed. 
EETs are very unstable metabolites, it’s rapidly hydrolyzed by soluble epoxide hydrolase to 
the less biologically active but more stable metabolites DHETs and EETs might reflect the 
state of inflammation(57). This indicates that the observed decreased plasma diol/epoxy-
ratios might be involved in the inflammatory reaction as seen in this OA model.
Besides regulating inflammation, oxylipins are also important mediators of inflammatory 
pain(56). Especially the role of resolvin receptors in pain behaviour have been studied.(58) 
Inhibitory effects of a precursor of resolvin D1, 17(R)-HDoHE, were observed on established 
OA pain in rats (58), which is corroborated in our study showing decreased levels of systemic 
17(R)-HDoHE in rats with a HF diet. In our study, pain-related outcome measures were not 
performed and therefore further research needs to support this.
Local molecular biomarkers from the knee joint in small animals are limited by the small 
volume and difficult accessibility of the synovial joints and therefore often not taken into 
account(37, 59). Often blood plasma samples are used as a representative of general 
inflammatory status with maybe some by-product that originates from the joint fluid. As 
such blood plasma oxylipins may be useful as biomarkers that can elucidate joint condition. 
The present study for the first time profiled local lipids originating from solely synovial fluid 
in rat knee joints. To access the synovial fluid, we selected the Whatman paper recovery 
method as previously designed for animals with small volumes of synovial fluid(36-38). This 
specific and sensitive quantitative assessment method has the capacity to study pathway 
profiling of selected inflammatory related oxylipins, thereby providing a useful tool for the 
observation of biological differences and a readout for inflammation and oxidative stress in 
(experimental) early-OA. However, the statistical results have to be interpreted with caution 
as this experimental study had an exploratory nature and group size was not specifically 
designed for this research question. Irrespectively, specific changes in lipids related to 
inflammation as a consequence of a HF diet and induction of local cartilage damage by 
groove surgery could already be demonstrated and although the association between the 
selected histological outcome parameters and oxylipins do not necessarily reflect a causal 
relationship, they warrant further investigation of the role of the eicosanoid system in early 
OA mechanisms.
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Here we present for the first time that it is possible to quantify (mainly eicosanoid) oxylipins 
in rat synovial fluid in an early experimental model of OA with local cartilage damage in 
addition to a HF diet induced metabolic dysregulation. It was demonstrated that both local 
and systemic bioactive oxylipins are responsive in early stages of the osteoarthritic process 
especially in the inflammatory responses involved and that local and systemic responses 
are not directly related. The HF diet induced metabolic dysregulation mainly influenced 
the systemic oxylipins of the fasted plasma. Whereas the mechanically induced cartilage 
damage with groove surgery had the most effect on the local oxylipins originating from the 
synovial fluid. Further understanding of the mechanisms by which the selected lipids play a 
role in the process of (early-)OA is necessary for its potential role as biomarker of disease.
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SUPPORTING INFORMATION

S1 Table. Standards used in lipid analysis. 

A B

Prostaglandin D2 ethanolamide (PGD2-EA) 5-hydroxyeicosatetraenoic acid (5-HETE)

Prostaglandin F2α ethanolamide (PGF2α-EA) 8-hydroxyeicosatetraenoic acid (8-HETE)

5,6-dihydroxyeicosatrienoic acid (5,6-DHET) 5,6-epoxyeicosatrienoic acid (5,6-EET)

8,9-dihydroxyeicosatrienoic acid (8,9-DHET) 8,9-epoxyeicosatrienoic acid (8,9-EET)
11,12-dihydroxyeicosatrienoic acid (11,12-DHET) 11,12-epoxyeicosatrienoic acid (11,12-EET)
14,15-dihydroxyeicosatrienoic acid (14,15-DHET) 14,15-epoxyeicosatrienoic acid (14,15-EET)

9-hydroxyeicosatetraenoic acid (9-HETE) 12-hydroperoxyeicosatetraenoic acid (12-HPETE)

11-hydroxyeicosatetraenoic acid (11-HETE)

12-hydroxyeicosatetraenoic acid (12-HETE)
15-hydroxyeicosatetraenoic acid (15-HETE)
16-hydroxyeicosatetraenoic acid (16-HETE)
19-hydroxyeicosatetraenoic acid (19-HETE)
20-hydroxyeicosatetraenoic acid (20-HETE)

Arachidonic acid (AA)
5-hydroperoxyeicosatetraenoic acid (5-HPETE) C

9-hydroxyoctadecadienoic acid (9-HODE) Resolvin D1
13-hydroxyoctadecadienoic acid (13-HODE) Resolvin D2

9-oxooctadecadienoic acid (9-oxoODE)
17- hydroxy- 4Z, 7Z, 10Z, 13Z, 15E, 19Z- 

docosahexaenoic acid (17-HDoHE)

13-oxooctadecadienoic acid (13-oxoODE)

Prostaglandin D2 (PGD2)
Prostaglandin E2 (PGE2)
Thromboxane-B2 (TXB2)

Lipids in A were purchased from Cambridge Bioscience (Cambridge, UK). Lipids in B were all 
purchased from Biomol International (Exeter, UK). Lipids in C Were purchased from Cayman 
chemical (MI, USA). All stock solutions of each compound were diluted in ethanol. Serial 
dilutions of these were used for calibration.
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ABSTRACT

Fibulin-3 is a glycoprotein highly expressed in osteoarthritic cartilage and inhibits angiogenesis 
and chondrocyte differentiation. Recent studies have indicated that fibulin-3 has potential 
value as a biomarker in osteoarthritis. The aim of the present study is to examine the role 
of three fibulin-3 peptides (Fib3-1, Fib3-2 and Fib3-3) and a type ΙΙ collagen degradation 
product in a rat osteoarthritis model with systemic metabolic alterations combined with 
local cartilage damage. Forty, 12 weeks old male, Wistar rats were randomly divided over 
two groups: a standard or a high-fat diet inducing metabolic dysregulation. After 12 weeks, 
articular cartilage damage was induced on the femoral condyles (groove model), in one 
knee joint in 14 rats of each diet group. At endpoint, blood was collected and serum was 
isolated. Enzyme-linked immunosorbent assay (ELISA) on all selected fibulin-3 fragments 
was performed from serum samples in addition to immunohistochemical analysis for Fib3-3.
Serum concentrations of Fib3-3 were increased by 29.9%, when cartilage damage was 
induced in addition to a high-fat diet. Fib3-3 was also associated with an increased histological 
total joint degeneration (r=0. 435) and cartilage degeneration (r=0. 435). Immunostainings 
demonstrated increased Fib3-3 in the superficial cartilage of animals with high fat diet and/
or cartilage damage.
In the rat groove model combined with high-fat diet induced metabolic dysregulation an 
increased Fib3-3 concentration was observed systemically which is associated with local 
joint degeneration. This suggests that systemic Fib3-3 concentrations can indicate the status 
of joint degeneration and function as a biomarker in osteoarthritis.
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INTRODUCTION

Osteoarthritis (OA) is the most common joint disorder in the middle aged and older 
population and characterized by progressive cartilage degeneration(1, 2). By the time the 
disease is diagnosed with radiographs, joint tissue degeneration is already well established 
and in most cases considered irreversible(3). Currently, there are no disease-modifying OA 
drugs (DMOAD’s) available for the treatment of OA(4, 5). Therefore, there is a need for 
biomarkers that can act as an early warning of the initiation of matrix breakdown and provide 
earlier diagnosis on (progression of) OA(6-8). biomarker is defined as a characteristic that is 
objectively measured and evaluated as an indicator of normal biologic processes, pathogenic 
processes, or pharmacologic responses to a therapeutic intervention and could thereby 
inform on the prognosis, monitoring and therapeutic strategies(9). Fibulin-3 fragments 
are previously proposed to be a potential prognostic and diagnostic biomarker for OA(10, 
11). Fibulin-3 is a member of a family of extracellular matrix proteins, and the fibulin-3 
epitopes (Fib3-1, Fib3-2 and Fib3-3) contain a specific sequence of fibulin-3(3, 10). Fibulin-3 
is widely distributed in various connective tissues including blood vessels, bone, ligaments 
and cartilage(3) and is important in skeletal development, which inhibits angiogenesis and 
chondrocyte differentiation(12, 13). Besides, the overexpression of fibulin-3 suppresses 
chondrocyte differentiation by inhibition of cartilage nodes formation, proteoglycan 
production and matrix gene expression(14). Fibulin-3 also stimulates certain tissue inhibitor 
of metalloproteinases (TIMP-1 and TIMP-3), and inhibits the matrix metalloproteinases 
(MMP2, MMP-3 and MMP-9) all involved in the remodeling and pathogenesis of OA(13).
Type II collagen is the major structural protein in cartilage and collagen degradation is an 
important feature of cartilage breakdown during OA(15). Therefore a degradation product 
of type II collagen can be used as a specific OA biomarker that can assess both disease 
progression and activity(16). One of these collagen products is Coll 2-1NO2, the nitrated 
form of collagen-derived fragments reflecting the oxidative-related cartilage extra-cellular 
matrix degradation and is increased in the process of OA(17). As nitration requires oxidative 
stress, the concentration of Coll2-1NO2 may indicate the extent of oxidative stress in articular 
cartilage and the level of inflammation in the synovium(18). Elevated levels of Coll2-1NO2 

have been observed in chronic inflammatory conditions, including established OA, but the 
effect of this marker in pre-clinical and pre-radiographic phase of OA is still unknown(19). 
The aim of the present study was to determine the concentrations of three fibulin-3 
circulating epitopes and Coll2-1NO2 as a biomarker in a pre-clinical rat model with a 
metabolic phenotype induced by a high-fat (HF) diet in addition to local cartilage damage, 
resulting in an increased inflammatory state and mild OA. This is the first time Fib3-3 was 
studied in a pre-clinical model of OA. Furthermore, we investigated if tissue specific changes 
were associated with the histological changes in this model.
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METHODS

ANIMAL MODEL
Forty Wistar rats (12 weeks old, male), were randomly divided over two groups: twenty 
rats were fed a HF diet (D12492i, Research diets, USA) while the other animals received a 
standard diet (801730, SDS, Essex, UK). After 12 weeks, cartilage damage was induced on 
both femoral condyles in one knee joint according to the rat groove model(20) in 14 rats of 
each diet group. Remaining animals served as a control group for each diet. A more detailed 
description of the performed study is given by de Visser et al.(21). The study was approved 
by the Utrecht University Medical Ethical Committee for animal studies (DEC 2013.III.12.086) 
and ARRIVE guidelines were fully complied.

SERUM SAMPLES TO IDENTIFY FIBULIN FRAGMENTS
At endpoint, 24 weeks after the start of the study and 12 weeks post-surgery, blood was 
sampled from the lateral tail vein in all rats. One hour after collection, the whole blood 
was separated by centrifugation for a period of 15 minutes at 3000 RCF and serum was 
collected. All samples were stored in 50µL aliquots at -80 ̊C upon analysis. All serum samples 
were quantified in duplicate by specific competitive Enzyme-Linked Immunosorbent Assays 
(ELISA’s) (Artialis SA, Liege, Belgium). In total 33 samples were included in the analysis, seven 
samples were missing because collected blood volumes were too small. The immunoassays 
for measuring Fib3-1, Fib3-2, Fib3-3 and Coll2-1NO2 have been developed using polyclonal 
antibodies (AS88, AS94, poly33-11, and D37, respectively). All fibulin-3 epitopes did not 
recognize complete fibulin-3 and did not cross-react between each other(11). For Fib3-1 
Fib3-2 and Coll2-1NO2 the coating and the competition were made using a bovine serum 
albumin (BSA)-coupled Fib3-1, Fib3-2 or Coll2-1NO2 peptide. For Fib3-3, a streptavidin 
coating was performed and the uncoupled Fib3-3 peptide was used for the competition. 
Serum samples were diluted eight times in PBS BSA 0.2% tween-20 0.1% buffer for Fib3-1 
Fib3-2 and Coll2-1NO2 and four times in NaCl 0.9% BSA 7% for Fib3-3. For each fragment, the 
association with metabolic parameters (total body weight, glucose, total cholesterol, insulin 
and HOMA-IR) together with the histological joint degeneration scores(22) were assessed.

HISTOPATHOLOGICAL AND IMMUNOHISTOCHEMICAL EXAMINATION OF THE KNEE 
JOINT
Joint degeneration was assessed as previously described using the OARSI histopathology 
score for rats according the guidelines(22). Coronal plane sections of paraffin-embedded 
sections of 5 μm thickness were stained with Hematoxylin & Eosin to visualize characteristics 
of inflammation and inflammatory cells and Safranin-O to envision cartilage damage and 
the amount and distribution of the glycosaminoglycans. The parameters of the histologic 
scoring include cartilage matrix loss width, cartilage degeneration, cartilage degeneration 
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width, osteophytes, synovial membrane inflammation, calcified cartilage and subchondral 
bone damage. 
Immunohistochemistry for Fib3-3 was performed to visualize cells that express Fib3-3 in the 
articular cartilage. Antigen retrieval was performed by proteinase-free chondroitinase ABC 
(0.4 units/L; Sigma) in 0.1M Tris HCl, 60 mM sodium acetate, pH 8.0, for 30 minutes at 37°C. 
All sections were blocked for non-specific binding with 10% normal goat serum (Jackson 
ImmunoResearch) and 1% BSA diluted in 50 mM Tris, 138 mM NaCl (Tris buffered saline 
[TBS]), pH 7.6, following antigen retrieval. Next, sections were incubated overnight with 
primary antibody poly33-11 (1:1000; Artialis SA), diluted in blocking buffer containing 0.1% 
of tween20, at 4°C. Subsequently, the antibody was visualized with horseradish peroxidase 
conjugated to goat anti-rabbit immunoglobulins (DAKO) 30 minutes at room temperature 
following a 5-minute conversion of DAB (DAKO). Sections were counterstained with Ehrlich’s 
haematoxylin and isotype control staining was carried out.
The articular cartilage of the tibia compartment directly opposite of the induced grooves on 
the femoral condyles was specifically focused on, as this region was not directly damaged by 
groove surgery. The total number of positive chondrocytes were counted and expressed as a 
percentage of the total number of chondrocytes present in the articular cartilage.

STATISTICAL ANALYSIS
The serum concentrations for the fibulin-3 epitopes and Coll2-1NO2 are presented as mean 
with 95% confidence interval of the mean. Differences between the different study groups 
were performed by a 1-way ANOVA with Bonferroni correction. To identify the correlation 
between the individual serum marker and the histological outcome parameters a Pearson 
correlation was performed. For immunohistochemistry data is presented as mean percentage 
of positive cells with 95% confidence interval of the mean. Differences in activity between 
study groups were performed by a 1-way ANOVA with Bonferroni correction (SPSS statistics 
21, SPSS inc., Chicago, IL, USA). For all tests p values <0.05 were considered statistically 
significant.

RESULTS 

SERUM CONCENTRATIONS IN THE RAT GROOVE MODEL OF OA
Serum samples collected at endpoint were tested for three different fibulin-3 epitopes (Fib3-
1, Fib3-2 and Fib3-3) and Coll2-1NO2. In rats with HF diet induced metabolic dysregulation 
without groove surgery, no differences were observed compared to the animals on a 
standard diet for all selected biomarkers (Figure 1). When cartilage damage was induced in 
HF diet rats, only a statistical significant increase of Fib3-3 was observed compared to the 
rats with groove surgery on a standard diet (Figure 1; p=0.021). 
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CORRELATION OF BIOMARKERS WITH HISTOLOGICAL JOINT DEGENERATION
Looking at the correlation of serum concentration from the four selected biomarkers 
with the determined metabolic parameters (Body weight, Glucose, Insulin, HOMA-IR, and 
Cholesterol), only serum values of Fib3-3 showed a borderline significant positive correlation 
with the total body weight (r=0.316; p=0.073) and an unexpected negative correlation with 
total cholesterol (r=-0.503; p=0.003) at endpoint. 
Next, when looking at the correlation of serum values with the histological joint degeneration, 
again no associations were found for Fib3-1, Fib3-2 and Coll2-1NO2. Interestingly, only for 
Fib3-3 there was a statistical significant positive correlation with the total joint degeneration 
as determined by the OARSI score using this model (Figure 2A). Expectedly, this observed 
correlation was specifically cartilage driven as there was also a positive statistical significant 
correlation with the histological cartilage degeneration score (Figure 2B). On the other 
hand, no statistical correlations were observed with the synovial membrane inflammation 
(p=0.279) or osteophyte formation (p=0.297).

Figure 1. Serum levels of selected biomarkers. Mean serum concentrations at endpoint are presented for 
Fib3-1 (A), Fib3-2 (B), Fib3-3 (C) and Coll2-1NO2 (D) with 95% confidence interval of the mean. Statistical 
differences were tested by a 1-way ANOVA with Bonferroni correction.

Figure 2. The association between the serum Fib3-3 concentration and histological total joint degeneration, 
as assessed by the rat OARSI-score (A), and the cartilage degeneration score, subscore of the rat OARSI-score 
(B), is presented. Associations were determined by the Pearson correlation. 



Fib3-3 as a biomarker for osteoarthritis in a rat model with metabolic dysregulation | 123

7

Expression	of	Fib3-3	in	articular	cartilage	of	the	tibia
To confirm the local presence of Fib3-3 in the articular cartilage as indicated by the enhanced 
systemically serum concentrations, immunohistochemical staining for Fib3-3 was performed 
on paraffin embedded slides of the tibia. Expression of Fib3-3 was present in the superficial 
zone of the articular cartilage of the tibia opposite of the induced grooves on the femoral 
condyles in all rats. Besides, there were some positive cells observed in the middle zone, but 
not in the deep zone, of the articular cartilage in all study groups. The HF diet group showed 
more positive stained cells compared to the standard diet fed rats, although not statistically 
different (Figure 3A-C). Groove surgery in combination to a HF diet resulted in an increased 
expression compared to the non-surgical and surgical rats on a standard diet (Figure 3A-C).

DISCUSSION

The current study shows increased Fib3-3 serum concentrations that was positively 
correlated with the histological joint degeneration in the rat groove model of OA combined 
with metabolic dysregulation. This increase in Fib3-3 was not only observed systemically in 
serum samples, but also locally with increased expression in the chondrocytes mostly in the 
superficial zone of the articular cartilage. Other epitopes of fibulin 3, Fib3-1 and Fib3-2, as 
well as the nitrated form of a collagen-derived fragment, the Coll2-1NO2 marker, were not 
sensitive to either joint degeneration or metabolic dysregulation.
Fibulin-3 is an extracellular glycoprotein broadly expressed throughout the body and 
important in skeletal development(13). Expression is increased in young-adults, while 
ageing results in decreased levels of fibulin-3(23, 24). A knockout model of Efemp1 (the 
encoded gene of fibulin-3) in mice causes early onset aging by a disruption of elastic fibers 

Figure 3. Expression of Fib3-3 on the articular cartilage of the tibia opposite of the surgically placed grooves 
as determined by immunohistochemistry on paraffin embedded knee joints (A). Data is presented as a 
percentage of positive cells within the articular cartilage of the tibia compartment with 95% confidence 
interval of the mean. Statistical differences were tested by a 1-way ANOVA with Bonferroni correction. 
Representative images of Fib3-3 expression are presented in the articular cartilage of the tibia compartment. 
The least expression (B) as well as the highest expression (C) for each study group is presented
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in connective tissues(25). This could be indicative for the role of fibulin-3 in repair or 
remodeling processes.
In articular cartilage fibulin-3 has a similar distribution as lubricin, but does not have the 
same function, and is involved in cartilage and joint homeostasis(23, 25). Whereas, in 
the osteoarthritic situation, in both humans and mice, increased levels of fibulin-3 were 
previously observed(10, 11, 23). In a study with middle-aged overweight and obese 
women, representing the metabolic phenotype of OA, a positive association for fibulin-3 
concentrations with the incidence of clinical knee OA was reported(11). Limitation of studies 
solely using serum samples is the lack of tissue specific changes that occur in the process of 
OA. Another limitation of studying OA in humans is to identify OA patients in its early phase, 
as diagnosis is only possible when structural changes are already present. Therefore end-
stage human OA patients are often compared to healthy individuals. 
The use of animal models provides the opportunity to collect and use specific joint tissues, 
especially in earlier stages of the disease(26). On the other hand, findings from OA animal 
models are only translatable to the human situation to a certain extent(27). 
This is the first time the role of Fib3-3 was studied in a pre-clinical model of OA. The selected 
animal model, combining the surgical placement of grooves on the femoral condyles with 
a HF diet, represents the human situation of overweight and obese individuals at risk to 
develop OA(21). It was demonstrated that this model resulted in, inflammatory driven, mild 
joint degeneration as seen in early OA without destabilizing the joint. Although the observed 
joint degeneration 12-weeks post-surgery is still mild, a distinct increase is observed for Fib3-
3 in serum samples. This increase in systemic serum concentration of Fib3-3 is most likely a 
reflection of the local Fib3-3 expression in the articular cartilage. With specific activity in the 
superficial zone of the articular cartilage that is triggered by the HF diet induced metabolic 
dysregulation, as indicated by immunohistochemistry and the correlation with histological 
assessed joint degeneration. 
The fibulin-3 expression in the articular cartilage was previously reported in the superficial 
zone in both healthy and aging human cartilage together with OA cartilage in mice(23). In 
human end-stage OA, fibulin-3 expression was increased in all zones of the articular cartilage. 
In our rat model, the observed Fib3-3 expression was not restricted to the superficial zone, as 
seen in mice, but also expressed in the middle zone of the articular cartilage, especially when 
increased joint degeneration was seen. Although differences were observed in histological 
joint degeneration when local cartilage damage was induced in addition to a HF diet, no 
difference in expression of Fib3-3 was observed by immunohistochemistry compared to 
non-surgical HF diet controls. This observation could be explained by the fact that a HF diet 
resulted in increased chondrocyte proliferation and clustering in the articular cartilage, a 
specific histological observation that is not reflected in the OARSI score of histological joint 
degeneration(22). Besides, Fib3-3 was not only observed in the articular cartilage, but also 
in the subchondral bone of the tibia compartment (data not shown). This expression was 
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specifically seen in the HF diet rats and could possibly be a marker of subchondral bone 
remodelling in osteoarthritic joints. 
Conflicting results are presented for Coll2-1NO2, the nitrated form of Coll2-1, in human OA 
studies. In end-stage human OA increased serum levels of Coll2-1NO2 are observed whereas 
in a population of middle-aged overweight and obese women at risk for knee OA, decreased 
urinary levels are presented(17, 28). It was suggested that Coll2-1NO2 is directly related 
to the level of inflammation in the synovium(17). In the current model, no differences in 
serum concentrations or correlations with histological joint degeneration were detected for 
Coll2-1NO2 in the given time-frame. On the other hand, the model only shows minimal joint 
degeneration as seen in early OA, with limited joint inflammation, and is as such apparently 
not severe enough to detect specific systemic changes for this marker.
In summary, we showed that Fib3-3, an epitope of fibulin-3, could be detected in the 
circulation of rats, and increased levels of Fib3-3 were associated with the increased local 
joint degeneration and cartilage degeneration in knee joints with induced local cartilage 
damage in combination with HF diet feeding. This increased concentration of Fib3-3 in 
serum samples is not solely a reflection of the induced systemic metabolic changes by a 
HF diet, supported by the local expression of Fib3-3 in the chondrocytes of the articular 
cartilage in the animals on a HF diet and/or induced cartilage damage. This makes Fib3-3 a 
potential biomarker for OA, that could detect early degenerative changes in joints that are 
at risk to develop OA.
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ABSTRACT

Osteoarthritis is often presented as a slow process of joint degeneration with synovial 
inflammation and pain. Here we report the effects of a fusion protein composed of two 
anti-inflammatory and regulatory cytokines, IL4 and IL10 and evaluate pain, inflammation 
and structural modifications on cartilage in a rat model. 
Sixty male Wistar rats were randomly allocated to a standard (n=30) or high-fat diet (n=30). 
After 12 weeks, osteoarthritis was induced in 20 rats in each group by damaging the 
cartilage via placement of grooves. After two weeks, rats were treated with weekly intra-
articular injections of IL4-10 fusion protein (n=20) or saline (n=40) for a period of 10 weeks. 
Mechanical hypersensitivity as a surrogate measure of pain was evaluated according to von 
Frey 24h before and after each injection and histological joint degeneration of cartilage, 
bone and synovium was evaluated.
Injections with the fusion protein significantly decreased pain after osteoarthritis induction. 
Histology revealed no effects on cartilage degeneration but a decreased synovial membrane 
inflammation in the joint, especially in the high fat diet group.
Injections with IL4-10 fusion protein modify osteoarthritis progression by acting on both 
pain and inflammation, and warrant a more clinical relevant investigation as a potential 
disease modifying osteoarthritis drug. 
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INTRODUCTION

Osteoarthritis (OA) is a slowly progressive degenerative joint disease characterized by 
progressive articular cartilage degeneration and affects the entire synovial joint(1). Besides, 
in OA, especially in a more metabolic driven phenotype, a chronic low-grade synovial 
inflammation contributes to pain symptoms and disease progression(2). At the moment 
disease modifying OA drugs (DMOADS) are not available. Successful therapy with a DMOAD 
ideally requires a treatment which combines an effect on tissue degradation, synovial 
inflammation and pain. Both IL-4 and IL-10 are regulatory cytokines and known to be capable 
of downregulating inflammatory responses. IL-4 is best known for defining the so-called 
Th2 phenotype of lymphocytes and for regulating of inflammation by cell proliferation, 
apoptosis, and expression of numerous genes in various cell types, including lymphocytes, 
M2 macrophages, and fibroblasts, as well as epithelial and endothelial cells(3-6). IL-10 is a 
pluripotent cytokine with potent effects on numerous cell populations, mainly mediates 
suppressive functions(7, 8). Besides, IL10 administration reduces astrocyte activation and 
strongly reduces lipopolysaccharide-induced cytokine production by microglia(9, 10). In 
respect to OA, both IL4 and IL10 have shown to inhibit chondrocyte apoptosis and cartilage 
breakdown(11, 12).
The IL4-10 fusion protein (IL4-10FP) combines the characteristics of both cytokines with 
potentially an improved bioavailability into one single molecule that can treat inflammatory 
pain(13). This molecule was developed as the individual anti-inflammatory cytokines IL4 
and IL10 both individually or combined have been successfully used in preclinical models for 
inflammatory disease but with limited disease suppression in clinical studies(14). 
The fusion protein suppressed pro-inflammatory cytokine production in multiple in vitro 
assays, while stimulating the production of anti-inflammatory mediators, which effects were 
mediated by both cytokines(15). Moreover, the functional activity of both cytokines was 
maintained in the fusion protein and it reversed inflammatory pain in mice through the 
regulation of neuro-inflammatory responses in the spinal cord and dorsal root ganglia(13). 
Besides the analgesic effects of IL4-10FP, it was previously shown to also prevent articular 
cartilage damage in vitro(16). Due to the observed chondroprotective, anti-inflammatory 
and analgesic effects of IL4-10FP, this fusion protein could potentially be used as a DMOAD. 
To study the effect of IL4-10FP in vivo, ideally a model should be selected with features 
of human OA where a chronic low-grade inflammation is present. The rat Groove model 
is a surgical model inducing local cartilage damage, based on a one-time trigger, without 
increased inflammation(17). However, when the Groove model is performed in addition to 
a high-fat (HF) diet, inducing a systemic dysmetabolic state, it results in a more inflammatory 
driven OA development with increased joint degeneration as shown by increased cartilage 
damage, synovitis, and osteophyte formation(18). Hereby, the potential beneficial disease 
modifying and anti-inflammatory characteristics of IL4-10FP in the disease process of OA 
can be better studied.
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When developing a new DMOAD, ideally local application via an intra-articular injection is 
preferred over oral treatment in both pre-clinical as clinical studies for multiple reasons. 
Local application expectedly result in higher concentrations of the treatment agent in the 
joint and better penetration of the joint tissues, together with potentially less systemic side-
effects than oral treatment(19). Therefore the aim was to study the efficacy of repetitive 
intra-articular injections of a rat IL4-10FP, as a DMOAD, on pain related outcomes and 
histological joint degeneration in vivo in the rat Groove model of OA, in addition to a 
standard and HF diet. 

METHODS

STUDY DESIGN
Sixty male Wistar rats (Charles-River, Sulzfeld, Germany) of 12 weeks old, were housed 
two per cage in a 12:12 light-dark cycle. All rats were randomly divided into two groups 
of 30 rats. Thirty rats were fed a HF diet, whereof 60% of the kcal contained fat (D12492i, 
Research Diets Inc., NJ, USA) and all other animals were fed a standard diet whereof 9% of 
the kcal contained fat (801730, SDS, Essex, UK). Twelve weeks after randomization, in 20 rats 
of each diet, groove surgery was performed in one knee joint (see Figure 1)(17, 20). In short, 
under general anesthesia, the articular cartilage of both femoral condyles of the right knee 
joint was damaged without damaging the underlying subchondral bone. The contralateral 
knee joint was sham operated and served as internal control. Analgesia (Buprenorphine) 
was provided for all animals until 24 hours after surgery and all animals were immediately 
allowed to move freely. The remaining 10 animals of each diet group served as control 
without surgery. Two weeks after OA induction, treatment was started with 10 intra-articular 

Figure 1. Schematic representation of experimental study design.
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injections. In two groups of 10 animals with groove surgery on either a HF diet or standard 
diet, a weekly intra-articular injection of IL4-10FP (25µL) was performed in the experimental 
knee joint under general anesthesia. 500ng of IL4-10FP was administered per injection. All 
other animals received a weekly intra-articular injection of saline (25µL) (see Figure 1). At 
week 17 after the start of the study, three weeks after start of the treatment and at endpoint 
blood was sampled in all rats that received IL4-10FP to test there was antibody formation 
against IL4-10FP. All animals had access to food pallets and tap water ad libitum. The study 
was approved by the Utrecht University Medical Ethical Committee for animal studies 
(AVD115002016688) and ARRIVE guidelines were fully complied.

PRODUCTION	AND	CHARACTERIZATION	OF	RAT	IL4-10FP

Cell culture 
Rat IL4-10FP was produced by transient transfection of HEK293F cells with pcDNA3.1-
neo expression vector (Invitrogen) with dual CMV promotor. The vector contained two 
transgenes: cDNA coding for rat IL4-10 and cDNA coding beta-galactoside-2, 3-sialyl-
transferase to optimize glycan capping with sialic acid. To enable purification, hexa-histidine 
affinity tag was cloned on the N-terminus of rat IL4-10. Cells are cultured in GIBCO® 
FreeStyle™ 293 Expression Medium (Invitrogen). Cells were subcultured three to four times 
prior to transfection and they were transfected at the cell viability of 90%. Transfection 
reagent used is 293fectin™ (Invitrogen).

Protein purification
Rat IL4-10FP was purified using Ni-NTA agarose (Qiagen) according to manufacturer protocol. 
Purified protein was dialyzed overnight against 2L of PBS (pH=7.4), sterile filtered and stored 
at -80oC until use. Purity of rat IL4-10FP batches was evaluated by Coomassie-stained 12% 
SDS-PAGE gel and HP-SEC analysis. 

Bioactivity assay 
The bioactivity of purified rat IL4-10FP is evaluated in vitro in a rat whole blood assay. 
Heparinized rat blood obtained on the day of the experiment was diluted 1:10 in RPMI1640 
medium, supplemented with 1% penicillin/streptomycin. Lipopolysaccharide (LPS) was 
added at 100ng/ml final concentration. IL4-10 fusion protein as well as controls, recombinant 
rat IL4 and rat IL10, were simultaneously added and titrated in equal molar ratio’s, ranging 
from 0.001-3nM. After 18h incubation at 37°C, 5%CO2, rat TNFα was measured in culture 
supernatants. The inhibition of inflammatory response by cytokines (rat IL4-10 fusion 
protein, rat IL4 or rat IL10) was calculated according to the formula: %inhibition= (1-(A-B)/
(C-B)) x 100. A= TNFα levels in LPS stimulated cultures treated with cytokines; B= TNFα levels 
in unstimulated culture; and C = TNFα levels in LPS stimulated culture.
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SDS-PAGE
Samples were diluted 1:1 in 2x Leammli Sample Buffer (Bio-Rad) containing 100mM DL-
dithiotreitol (Sigma-Aldrich), incubated 10min at 95°C, and loaded on a 12% polyacrylamide 
gel (Mini-PROTEAN-TGX; Bio-Rad). Electrophoresis was performed at 150V for 1,5h, with 
reducing conditions (Tris/glycine/SDS buffer; Bio-Rad). Protein bands in the gel were 
visualized by InstantBlue protein stain (Expedeon).

Western blotting 
After electrophoresis, proteins were transferred to a nitrocellulose membrane (Trans-
Blot Turbo system, Bio-Rad). After blotting, membranes were blocked in 5% milk in PBST 
(phosphate buffer saline with 0.1% Tween-20, Merck) (Elk; Campina) and thereafter 
incubated overnight with primary Ab (biotinylated goat anti-rat-IL4 or biotinylated goat 
anti-rat-IL10, R&D systems) in PBST containing 1% milk. Membranes were subsequently 
incubated with poly-HRP (Sanquine) for 30min at room temperature. To visualize the bands 
ECL Western Blotting Substrate was added according to manufacturer protocol (Pierce, 
Thermo Scientific).

EVALUATION	OF	IMMUNOGENICITY	OF	RAT	IL4-10FP
The immunogenicity of rat IL4-10FP in rats was evaluated by measuring the antibody titer in 
rat serum using enzyme-linked immunosorbent assay (ELISA). Wells were coated with 1ug/
ml of rat IL4-10FP and were allowed to react with appropriately diluted rat serum, followed 
by incubation with HRP-labeled goat anti-rat IgGs (Sanquine) and then TMB substrate 
solution. Antibody titer was determined using the endpoint dilution. Serial dilutions of 
serum from rats treated with PBS were used to define the background OD.

Mechanical allodynia
One day prior to each intra-articular injection of either IL4-10FP or saline, mechanical 
allodynia was assessed in two animals of the control group for each diet and six animals of 
the experimental groups in each diet. The same procedure was performed 24 hours after 
intra-articular injection of IL4-10FP or saline except for the 10th injection prior to endpoint. 
Animals were placed in enclosures on an elevated wire mesh floor and referred mechanical 
allodynia was assessed by applying von Frey hairs (Stoelting, Wood Dale, USA) to the plantar 
surface of the hind paws. Rats were acclimatized to the specific set-up three times prior to 
testing. Baseline withdrawal latencies were determined on three consecutive days. The hair 
force was increased or decreased according to the response and the 50% paw withdrawal 
threshold was calculated using the up-and-down method as previously described by Chaplan 
et al.(21).
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HISTOPATHOLOGICAL EXAMINATION OF THE KNEE JOINT
At endpoint, the joint degeneration of both knee joints was evaluated using the OARSI 
histopathology score for rats(22). Histological preparations were performed according to 
the guidelines. Coronal plane sections of 5 μm thickness were made at 100-μm intervals 
and stained with Hematoxylin & Eosin to visualize characteristics of inflammation 
and inflammatory cells and Safranin-O to envision the amount and distribution of the 
glycosaminoglycans. Assessment of joint degeneration and inflammation was performed 
in random order, independently by two observers unaware of the source of the samples. 
The surgical applied grooves were not taken into account for the scoring, but only the direct 
adjacent cartilage. The total OARSI score is based upon the sum of the following sub sections: 
cartilage matrix loss width (0-2), cartilage degeneration (0-5), cartilage degeneration width 
(0-4), osteophytes (0-4), calcified cartilage and subchondral bone damage (0-5) and synovial 
membrane inflammation (0-4). So far only subsets of joints in each group have been 
analyzed, due to logistic and technical difficulties in processing the samples.

STATISTICAL ANALYSIS
Histological data is presented as mean values with standard deviation of the mean for 
all different treatment groups and was not normally distributed. To analyze differences 
between experimental knee joints in the different groups the Mann-Whitney U test was 
used and to compare the experimental and their contralateral control knee joint within a 
group the Wilcoxon signed ranks test was used. Mechanical allodynia over time for von Frey 
measurements were determined using a 2-way repeated measure ANOVA with a bonferroni 
post-hoc test. Data of mechanical allodynia is presented as mean value with standard 
deviation of the mean (SPSS statistics 21, SPSS inc., IL, USA). 

RESULTS

IL4-10	FUSION	PROTEIN	CHARACTERISTICS
Schematic representation of the rat IL4-10FP and its amino acid sequence, including the 
linker sequence and four predicted glycosylation sites are presented in Figure 2a. Protein was 
produced by transient transfection of HEK293F cells and purified form culture supernatant 
by NI-NTA affinity chromatography. Purified rat IL4-10FP was observed on Coomassie 
stained SDS gel as a smear composed of multiple protein bands corresponding to different 
glycoforms of rat IL4-10FP with a molecular mas of 35 – 45kDa (Figure 2b). Smeared protein 
band was also detected on a Western blot by anti-IL4 and anti-IL10 antibodies, while upon 
deglycosylation with PNGaseF only one sharp protein band of 30kDa was detected (Figure 
2c). The bioactivity of IL4-10FP was evaluated in vitro by its ability to prevent inflammatory 
response measured by reduced TNFα production in a LPS-stimulated rat whole blood culture 
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(Figure 2d). The full inhibition of TNFα production was achieved with IL4-10FP at the 8.3nM 
concentration. The bioactivity of rat IL10 in vitro was approximately 10 fold higher, as the full 
inhibition was achieved at 0.8nM. 

Figure 2. Molecular characterisation of the rat IL4-10FP 
A) Schematic overview of the rat IL4-10FP and its amino acid sequence. N-terminal His-tag and linker sequence 
are indicated in bold italic. Potential N-linked glycosylation sites are indicated in bold. B) Coomassie stained 
SDS gel of Ni-NTA protein purification steps. C) Western blot analysis of purified rat IL4-10FP (untreated 
and deglycosylated). D) Bioactivity assay performed in rat whole blood culture. Activity of rat IL4-10 was 
evaluated according to its ability to inhibit TNFa secretion as a response to lipopolysaccharide stimulation. 
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PAIN MEASUREMENT
At baseline no differences were observed in sensitivity to touch between all groups using von 
Frey hairs in both diets. After induction of cartilage damage according to the Groove model, 
before the start of the first injection, two weeks after surgery, an increased sensitivity to 
pain was observed in the grooved knee joints compared to the sham operated contralateral 
control knee joint in both diets (standard diet; p<0.0001 and HF diet; p=0.0011; Figure 3). 
The increased mechanical sensitivity of the paw in the groove induced knee joints was 
observed during the entire follow-up period compared to the sham operated contralateral 
joint as well as compared to the control group without surgery. 
Interestingly, in the HF diet fed rats, already after the first intra-articular injection of IL4-
10FP, sensitivity to touch recovered to levels as seen in the sham operated contralateral 
control joint injected with saline (Figure 3). Before the next intra-articular injection, one 
week after the first injection, the effect of IL4-10FP in HF diet rats was already diminished 
as paw sensitivity levels returned to levels as seen before the first injection. This transient 
effect of IL4-10FP on mechanical sensitivity in the HF diet group was observed during the 
entire follow-up period of 9 repetitive weekly intra-articular injections (Figure 3). This 
beneficial effect of IL4-10 on mechanical sensitivity was also observed in the standard diet 
fed rats, although the sham operated contralateral control levels were only reached after 
7 intra-articular injections, with a similar transient effect one week after injection as seen 
in the HF diet rats (Figure 3). On the other hand, saline injected grooved knee joints did 

Figure 3. Intra-articular injection of IL4-10FP reduces OA pain 
Mechanical hypersensitivity was measured using the von Frey test (n=6) 24 hours before and after intra-
articular (IA) injections of PBS or IL4-10FP for A) Standard diet and B) High fat diet rats. IA injections were 
given on a weekly basis for a period of 10 weeks. – indicates 24 hour prior to IA injection and + indicates 
24 hour after IA injection. *: p<0.05 experimental grooved knee joint with IL4-10FP compared to the 
sham operated contralateral control knee joint. #: p<0.05 experimental grooved knee joint with IL4-10FP 
compared to the experimental grooved knee joint with saline injection. Data is presented as mean values 
with standard deviation of the mean.
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not show a beneficial effect on mechanical sensitivity during the entire 10 week follow-up 
period in both diets.

HISTOPATHOLOGICAL JOINT DEGENERATION
Inducing local cartilage damage in the groove model resulted in increased joint degeneration 
12 weeks post-surgery compared to the sham operated control knee joints in both standard 
and HF diet rats. SD: 6.4±0.8 vs. 2.5±0.5 (sham; p=0.0373) or 3.8±0.7 (standard diet control; 
p=0.0449), HFD: 6.7±0.7 vs. 2.2±1.0 (sham; p=0.0043) or 4.1±0.4 (HF diet control; p=0.0085). 
These results are in line with previous published data using this model(18). 
Looking specifically at the effect of IL4-10FP, a small, although not statistically significant, 
decrease in histological joint degeneration was observed compared to the saline injected 
joints in both diets (SD: 5.0±0.3 vs. 6.5±0.9; p=0.1176, HFD: 5.2±0.5 vs. 6.2±0.7; p=0.2777). 
Interestingly, a decrease in synovial membrane inflammation was observed in grooved 
joints of HF diet fed rats treated with IL4-10FP compared to saline injected joints, although 
not statistically significant different (0.9±0.4 vs. 1.6±0.4; p=0.2093 Figure 4). 

Figure 4. Synovial membrane inflammation 
Result of histological synovial membrane inflammation, a subscore of the OARSI score, in grooved knee 
joints on a standard diet (left) and high-fat (HF) with an intra-articular injection of saline or IL4-10FP. Data is 
presented as mean with standard deviation of the mean.

IMMUNOGENICITY	OF	RAT	IL4-10FP
The antibody titer found in sera of PBS treated rats (n=2) and IL4-10FP treated rats (n=10) 
was 1/1000, corresponding to the background signal, showing that rat IL4-10FP was not 
immunogenic in rats after repetitive weekly intra-articular injections.
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DISCUSSION

This study demonstrates for the first time the role of a fusion protein of IL4 and IL10 in rat 
model of OA, using a metabolic dysregulation in addition to surgically induced local cartilage 
damage. Weekly intra-articular injections of IL4-10FP resulted in a transient beneficial effect 
on pain, by mechanical sensitivity a surrogate measure in the grooved knee joints. We did 
not find any systemic antibody formation to the IL4-10FP. This beneficial effect on pain was 
observed after 7 injections in the standard diet fed animals, whereas groove surgery in 
addition to a HF diet showed a similar effect already after the first injection. Histologically, 
there was a small decrease of synovial inflammation, but no effect of cartilage degeneration 
could be demonstrated. 
This study is a next step to look into the in-vivo effect of the potential of IL4-10FP as a DMOAD. 
IL4-10 has DMOAD potential since it shows cartilage protective and anti-inflammatory 
effects in vitro together with analgesic activity in haemophilic-arthropathy models(16). The 
beneficial analgesic activity after intra-articular application of IL4-10FP was also observed 
in the Groove model in canines.(data submitted for publication) To look into the in-vivo 
effects of IL4-10 on cartilage damage and synovial inflammation, the rat Groove model was 
selected in addition to a HF diet. Preclinical testing of DMOADs was typically performed by 
treating prophylactically or early in induced models (mostly post-traumatic OA) in young 
and normal-weight animals, whereas clinical trials mostly focus on age/obesity-associated, 
established/late-stage OA(23). Thus, the OA target population and preclinical phenotype are 
often mismatched. 
The rat Groove model in addition to a HF diet is a model based on induced metabolic 
dysregulation with joint degeneration as seen in early-OA of overweight/obese humans 
with a chronic low grade inflammation of the joint(18). It was anticipated that this model 
benefit most from IL4-10FP regarding the chondroprotective, anti-inflammatory and pain 
related effects. 
The Groove model in addition to a HF diet is a more inflammatory driven model compared 
to groove surgery in standard diet fed animals. In combination with HF diet, the groove 
model is associated with increased synovial thickening and osteophyte formation, which 
both appears to be inflammatory driven. This makes the animals more susceptible for the 
anti-inflammatory effects of IL4-10FP in the HF diet group as was indeed seen by histology. 
In the standard diet group on the other hand, a small increase in synovial inflammation was 
observed after application of IL4-10FP.
By histology, osteophyte formation was not observed in knee joints injected with IL4-10FP 
in both diets, however it remains uncertain whether osteophytes are not present or only 
not seen on at the specific region scored by histology. The potential effect of IL4-10FP on 
the presence of osteophytes should be studied by µCT. The benefit of using µCT is that 
new bone formation of the entire joint, when present, can be visualized, together with 
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objective measurement of the osteophyte(s) size. Additional µCT-data of this study will 
further elucidate the role of IL4-10FP on osteophyte formation. Macrophages are previously 
suggested to be related to osteophyte formation(24). Regulatory M2 Macrophages are also 
related to both IL-4 and more specific IL-10 production, these macrophages are considered 
anti-inflammatory(25). Regulatory macrophages produce large amounts of IL-10, small 
amounts of IL-4 and are associated with reduced osteophytosis(25-27).
Pain is an important and dominant feature of OA in humans(28). In line with previous 
models were treatment of IL4-10FP had analgesic effects on the joint (13, 16), we show here 
again that intra-articular application of the fusion protein of IL-4 and IL-10 has analgesic 
effects as seen by decreased mechanical sensitivity following von Frey measurements. The 
exact mechanism on how IL4-10FP has on positive effect on pain in the disease process of 
OA is still unknown. There could be either a direct inhibitory effect on the release of pain 
promoting mediators VEGF and NGF or an indirect effect via reduced synovial inflammation, 
which is known to have an effect of pain sensitivity(29, 30). 
Drawback of the intra-articular administration is the potential rapid clearance of the drugs 
from the joint cavity, requiring repetitive injections. This explains most likely also the 
transient analgesic effects seen. The goal of local OA treatment should focus on increasing 
the residence time of drug delivery within the joint to enhance clinical relevance. A slow-
release formulation of a hydrogel has previously been proposed with good results in animal 
studies(31). The IL4-10FP slow release formulations are currently being developed and will 
be evaluated in the same OA model where maximum of three repetitive injections will be 
administrated over a similar period of time. 
Histological data presented in the results section does unfortunately not include analysis of 
all joints available. Due to logistic challenges only subsets of knee joints from all different 
study groups have been analyzed. Therefore the results of IL4-10FP on inflammation and 
cartilage degeneration as presented should be considered preliminary data. Although this 
first data is promising, further analysis of histological data is necessary to understand the 
possible local inflammatory and chondroprotective effect of IL4-10FP in-vivo in the rat 
Groove model of OA in addition to a standard or HF diet.
In conclusion, weekly intra-articular injections of IL4-10FP in grooved knee joints in addition 
to a standard or a high-fat diet have beneficial effects on OA-pain related outcome measures 
together with mild improvement of synovial membrane inflammation in high-fat diet 
fed rats. However, treatment of IL4-10FP in both diets did not result in improved quality 
of the articular cartilage as observed by histology at this point. Awaiting final results of 
histology we can conclude from this study that a repetitive intra-articular injection of IL4-
10FP in an inflammatory joint with mild joint degeneration target both OA related pain and 
inflammation. As such, for now full DMOAD activity of IL4-10FP is not entirely demonstrated.
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SUMMARY

This thesis aims to identify the effect of metabolic factors, inflammatory processes and 
obesity in the pathophysiology of osteoarthritis (OA) in small animal models of OA using 
a high-fat diet and/or traumatic injury. This is a relevant topic for the human OA situation, 
since the prevalence of OA increases due to the ageing population and the increasing obesity 
pandemic, with subsequent metabolic changes, worldwide. However, early clinical OA is 
still difficult to diagnose as there are no good imaging tools (or biochemical markers) for 
cartilage degradation available, especially in the early phase of the disease. As such, to study 
onset and disease progression of metabolic driven OA experimental models are essential. 
The effects of OA induction in the joints of small animal models are analysed in detail by 
µ-CT, histologically, and immunohistochemically. Potential markers of inflammation, pain, 
structural joint damage, and the effects of a potential disease modifying treatment were 
studied in these experimental models, both systemic- and locally within the joint. Different 
aspects were addressed throughout this thesis, of which the results and conclusion are 
summarized in this final chapter, followed by a general discussion of these results and the 
future perspectives.

PART I: A RELEVANT MODEL FOR OSTEOARTHRITIS IN RATS
The first part of this thesis describes the (small) animal models selected to study OA. In 
general, small models of OA are characterised by a quick onset of OA like features. This part 
aimed to develop an experimental model of OA, representative for the human situation 
of slow-onset development, using a one-time trigger, with and without induced metabolic 
dysregulation. The use of animal models provides the opportunity to study the pathogenic 
events that occur in various joint tissues at the onset and during the early stage of OA in 
more detail. 
In chapter 2 the Groove model of tibia-femoral OA in the rat is presented. In this model, 
the femoral articular cartilage is damaged without damaging the underlying subchondral 
bone via a small incision through the patellar tendon. This resulted in mild knee joint 
degeneration of the whole joint, detectable 6 weeks post-surgery. The changes induced in 
this model includes articular cartilage degeneration of both the directly damaged femoral 
as well as the untouched opposite tibia cartilage together with subchondral bone changes 
as observed by histology as well as µCT. However, synovial inflammation or osteophyte 
formation was not observed in this model. A distinct difference compared to other surgical 
models of OA is the fact that no permanent instability is induced within the joint. This makes 
the rat Groove model a useful model to study the onset and progression of post-traumatic 
non-inflammatory OA, creating a potential sensitive model to study disease modifying 
osteoarthritic drugs.
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To study the metabolic phenotype of OA in animals, metabolic components related to the 
metabolic syndrome (MetS) have to be induced. The most common way to do this is the use 
of a diet induced obesity using a high-fat (HF) diet, inducing obesity together with diabetes, 
hypertension, and dyslipidaemia. Chapter 3 describes the results of a HF diet in rats combined 
with and without the surgical induction of local cartilage damage according to the Groove 
model. 24 weeks after the start of a HF diet, all relevant metabolic components, such as 
weight, lipid abnormalities, diabetes, amongst other, were statistically increased compared 
to the standard diet fed rats. At this stage the HF diet induces a metabolic dysregulation and 
not a full metabolic syndrome. However, this state is representative for a large part of the 
human population with overweight and/or obesity with a tendency of MetS. Using only a HF 
diet in rats for a period of 24 weeks resulted in a more inflamed joint with increased synovial 
membrane inflammation without cartilage degeneration as observed by histology. Next, the 
Groove model was induced in rats that were fed a HF diet 12 weeks in advance, with a follow 
up period of another 12 weeks. Placement of grooves on the articular cartilage resulted in 
a clear statistically significant progression of the osteoarthritic features, with specifically 
inflammatory responses like increased synovitis, increased CD68 expression, and multiple 
large osteophytes compared to groove surgery in addition to a standard diet. Besides, of all 
tested metabolic parameters, not body weight, but leptin contributed most to the OA-score 
followed by cholesterol. It was concluded that an additional trigger is needed to develop 
metabolic OA in a rat when the animal is metabolically challenged.

PART II: VALIDATION
The second part of this thesis focuses on the further validation of the rat Groove model with 
and without a HF diet. As pain is one of the most important clinical features of OA and often 
is neglected when studying animal models of OA we firstly focussed on the development 
of pain within our model. In Chapter 4 pain-related outcome measures were studied in 
the rat Groove model of OA, determining mechanical sensitivity by the so-called von Frey 
method together with dynamic weight bearing. In the standard diet fed rats, the Groove 
model induced mechanical sensitivity in the experimental paws without clear changes in 
weight bearing. When the Groove model is combined with a HF diet, similar mechanical 
sensitivity compared to standard diet fed rats was observed. Moreover, when groove surgery 
combined with a HF diet, reduced weight bearing of the experimental paw was observed. 
Remarkably, not only local changes were observed as a result of groove surgery, this study 
shows the occurrence of systemic alterations with macrophage infiltration in the spinal cord 
and astrocyte activation in the dorsal root ganglia as a result of groove surgery in metabolic 
challenged rats. This data provides a better understanding of (metabolic) OA-related pain 
characteristics. 
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A potential tool to monitor disease activity is the imaging of folate receptor expressing 
macrophages by SPECT/CT as presented in Chapter 5. The aim of this study was to detect 
activated macrophages in-vivo in the rat Groove model using a new folate conjugate with 
an albumin binding entity. This new folate conjugate was safe to use and well tolerated in 
these animals in addition to reduced renal accumulation of radioactivity as compared to 
conventional radiofolates. The Groove model applied in standard diet fed rats did not result 
in an increased accumulation of activated macrophages compared to the sham operated 
controls, in line with the lack of clear inflammatory conditions in this model. However, 
when groove surgery was combined with HF diet feeding, resulting in local inflammatory 
changes, increased folate receptor expressing macrophages were observed as shown by 
increased radiofolate accumulation visualized by SPECT/CT. Moreover, the actual presence 
of activated macrophages in HF diet fed rats by SPECT/CT was additionally confirmed 
by immunohistochemistry of CD68. This technique provides opportunities to monitor 
inflammation longitudinally, especially in metabolic OA. 

Although several biochemical biomarkers have shown potential, none of them has reached 
clinical use. As such the search continues for relevant biomarkers to detect OA. Using 
our new model we evaluated several potential new biomarkers. In Chapter 6 the role of 
oxylipins, signalling mediators capable of modulating the inflammatory state of the joint, 
in the rat Groove model of OA was studied to investigate the potential role of oxylipins as a 
marker in the disease process of early osteoarthritis. In this study the rat Groove model of 
OA was combined with both standard and HF diet. At endpoint fasted plasma samples as 
well as synovial fluid samples were collected and analysed using a highly sensitive so-called 
liquid chromatography tandem mass spectrometry (LS-MS/MS) method. 
It was demonstrated that both local and systemic bioactive oxylipins are responsive in early 
stages of the osteoarthritic process, especially when increased inflammation is present. 
Multiple clusters of oxylipins both from plasma and synovial fluid, as determined by principal 
component analysis, were associated with histopathological changes (cartilage damage, 
synovial inflammation, and osteophyte formation). Interestingly, the individual oxylipins in 
the synovial fluid that were altered as consequence of the surgically induced osteoarthritis 
were not represented in the plasma. These findings suggest differential roles of the oxylipins 
in the local versus peripheral compartment. 

Chapter 7 describes another relative new biomarker of OA. Fibulin is highly expressed in 
osteoarthritic cartilage and capable to inhibit angiogenesis and chondrocyte differentiation. 
From serum samples, the expressions of different fibulin-epitopes were quantified in the rat 
Groove model of OA with and without a HF diet. Of the fibulin-epitopes studied only fibulin 
3-3 was systemically increased. These increased systemic fibulin 3-3 concentrations were 
associated with local histological joint degeneration and cartilage damage. To confirm the 
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local presence of fibulin 3-3 within the joint, immunostainings were performed. Expression 
of Fib3-3 was present in the superficial zone of the articular cartilage of the tibia opposite of 
the induced grooves on the femoral condyles in all rats. Other epitopes of fibulin 3, Fibulin 
3-1 and Fibulin 3-2, as well as the nitrated form of a collagen-derived fragment, the Coll2-
1NO2 marker, were not sensitive to either joint degeneration or metabolic dysregulation.

PART III: TREATMENT
In the final part of this thesis we use the previously described rat Groove model of OA, 
with and without a HF diet, to study a newly developed drug, namely the fusion protein 
of two individual anti-inflammatory cytokines (IL-4 and IL-10). It was anticipated that this 
drug could slow-down or even reverse the disease process of OA. Results of the treatment 
of OA with IL4-10 fusion protein (IL4-10FP) are presented in Chapter 8. Using IL4-10FP by 
repetitive intra-articular injections in the rat Groove model significantly reduced pain in rats 
with induced OA. The transient analgesic effects were observed in all animals independent 
of the diet used. By histology, there was a small decrease of synovial inflammation observed, 
but no effect of cartilage degeneration could be demonstrated.

DISCUSSION

ANIMAL MODELS TO STUDY OSTEOARTHRITIS
Animal models, that can mimic the relevant features that characterize the human disease, 
have the benefit to study the onset and progression of the disease over time(1). However, 
an important challenge of using (small) animal models is the translation to the human 
situation as animal experiments often fail to replicate results in human trials(2, 3). Besides, 
poor reproducibility in animal models has been reported(4). In the case of osteoarthritis, 
an important difference to the human situation is that spontaneous development of the 
disease in animals has only been reported for a few laboratory animal species. Spontaneous 
models resembles the human situation with slow disease development, however specific 
predisposing genetics may underlie these models(5). As such fast arrays of inducible OA 
models have been developed. This resulted in heterogeneity of study designs with differences 
in species and strains selected, the age of the animals when OA is induced and the length of 
follow-up, making translation difficult. Another important difference to the human situation 
is that most models make use of quadruple species. These animals can easily distribute the 
load of the damaged joint to other joints, in particular as many quadrupedal animals have 
most loading on their front legs, while OA is often induced in the knee joint. All of the above 
mentioned factors should be taken into account when interpreting results of OA animal 
models.
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To study metabolic OA in this manuscript, the rat Groove model of OA is developed and 
validated in this thesis. A novel model was needed as metabolic OA was thus far only studied 
in fast progressive surgical models of OA. Therefore the rat Groove model, as described by 
Siebelt et al.(6) was adapted and performed as previously presented in dogs(7). Important 
advantage of the Groove model, is that there is no persistent trigger for joint damage. 
Advantage of using a small animal model in general is the possibility to monitor disease 
progression longitudinally with µCT, at relative low cost, and larger availability of facilities 
for housing. A rat knee joint is large enough to perform complex microsurgery to induce OA, 
and the cartilage is thicker compared to mice with a complex zonal structure, similar to the 
human structure, which makes partial and full-thickness cartilage lesions reproducible(8). 
Although the articular cartilage of rats better represent the human cartilage compared 
to mice, there are still limitations to translate the results to the human situation. These 
limitations can easily be overcome as this model has the possibility to translate the results 
in the same model in larger animals like dogs that have kinematics and joint characteristics 
that better represent human situation(7, 9). The use of animals is often debated, however as 
OA is a disease with many complex interactions, animal models are still necessary to study 
OA especially in its early stages.

Specific limitation in animal OA studies is the predominant use of males, to study metabolic 
OA, as males are more prone to develop metabolic dysregulation compared to females(10). 
Not corresponding to the human situation were (post-menopausal) females having a higher 
risk to develop OA, making translation to the human situation even more difficult(11). 
Another limitation is the heterogeneity of the histological OA scoring systems used in animal 
studies(10). A first step to better compare the results of OA animal studies would benefit 
from a consensus on the histological OA scoring system used for all species. 

Although pain is the most predominant symptom of OA in humans, pain measurements 
are often not taken into account in animal models. Especially preclinical models could be 
useful in this matter as they can be used to define the pathophysiological mechanisms of OA 
pain and test potential disease modifying therapies(12). Besides, the relationship between 
pain/disability and specific joint structural changes has not been extensively explored across 
different OA models and species(11). How the observed pain from (small) animal models 
can be translated to the human disease is still not yet known.

THE ROLE OF METABOLIC DYSREGULATION IN OA
This thesis aims to provide further insight on the role of metabolic dysregulation in relation 
to the onset and progression of OA. In this thesis a rat model is selected, combined with 
a HF diet (60% kcal energy from fat) resulting in a metabolic dysregulation. Although not 
truly a model of metabolic syndrome (MetS) this model is considered to be very relevant 
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for a large human population at risk for OA. This group is recognized by overweight and/
or obesity with a tendency of MetS, representative and relevant for the current western 
population, where overweight and/or obesity without MetS increases(13). Most models 
which study the metabolic phenotype of OA, mainly focus of inducing the metabolic 
syndrome(10). However these models know a large variation and most often do not result 
in joint degeneration(10). Although all individual components of the metabolic syndrome 
are present this advantage is at the same time also a disadvantage, as it is not possible to 
discriminate between the different individual metabolic parameters that can contribute to 
the OA progression. Evidence is limited on how the individual components of the MetS 
contribute to the induction or progression of OA. Obesity is the most studied component, 
often induced by a very HF diet with supraphysiological quantities of fat, which is higher than 
the fat content observed in certain human diets(14, 15). Conflicting evidence is presented 
that a diet-induced metabolic dysregulation on itself induces OA in small mice(10, 16). 
This suggests an additional trigger is necessary to actually develop joint degeneration as is 
shown in this thesis. Recently, different surgical triggers in addition to a HF diet have been 
described, inducing meniscal damage, anterior cruciate ligament injury, and intra-articular 
fracture of the joint(17-19). Based on these studies it is suggested that the observed disease 
progression is mainly driven by the increased systemic inflammation as a result of a diet-
induced obesity. However, it remains difficult to exclude the role of increased mechanical 
stress by the diet-induced obesity. Ideally, obesity should be studied without the presence 
of other metabolic components. 

Other metabolic components include dyslipidaemia, a condition referred to lipid abnormalities 
such as hypercholesterolemia, low HDL level, high LDL level or hypertriglyceridemia(20).
Clinical studies demonstrated that there is a potential association between dyslipidaemia 
and OA(21). The effect of dyslipidaemia was studied in animal models. More specific the 
effect of cholesterol and different cholesterol-lowering treatments on OA was investigated 
in a mouse model resembling human lipid metabolism. This study demonstrated that 
increased plasma levels of cholesterol play a role in the development of OA. The correlation 
found between OA, cholesterol and atherosclerosis indicates that these variables are 
connected, and suggests that atherosclerosis is also involved in the development of OA(22). 
Also increased LDL cholesterol levels in mice with low density lipoprotein receptor deficiency 
and induced OA, by an intra-articular injection of collagenase, are able to enhance ectopic 
bone formation(23). 

Another metabolic component that is studied in OA research is diabetes. In C57BL/6 mice 
diabetes was induced together with obesity, by HF diet feeding combined with meniscal 
injury. Here it was observed that HF diet induced diabetes resulted in accelerated disease 
progression of OA, without correlation to weight gain. This was only demonstrated in the 
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surgically damaged joints and not in the sham operated legs(17). These results are in line 
with the data presented in this thesis, showing diet-induced metabolic dysregulation in 
rats leading to insulin insensitivity, without having diabetes, resulting in accelerated joint 
degeneration. A study performed in specific UCD-type II diabetes rats, showed that diabetes 
itself, without additional trigger, might be a factor in the onset and progression of OA on 
itself(24). This might indicate that the diabetic component in MetS is an important one. 
However, the observations in the diabetic rat model could be a result of a predisposing 
genetic background as no other study found a direct relation between diabetes and OA.

Clearly, the next essential step, to further elucidate the role of metabolic alterations in OA, 
is to study the individual components of metabolic dysregulation in more detail. At the 
moment it is unknown if the combination of all metabolic components is a prerequisite 
that induces OA, or that one of the individual components is essential to develop metabolic 
OA. Future studies should focus on these components specifically, maintaining all other 
metabolic components within physiologic range. This way the exact role the individual 
components related to metabolic OA can be clarified.

A SYSTEMIC COMPONENT IN OA
The results presented in this thesis suggest that obesity with metabolic dysregulation results 
in a raised inflammatory state both systemic- and locally within the joint. Interestingly, CD68 
activity indicating macrophage activation, as observed by immunohistochemistry (Figure 
5, Chapter 3), was also increased in the non-operated control joint when groove surgery 
was applied in HF diet fed animals. In contrast, HF diet only rats showed no increased 
CD68 activity, suggesting a systemic component present in metabolic OA. However this 
increased systemic inflammation did not result in increased joint degeneration yet. Whether 
this finding is relevant for the other joints remains to be seen, as in the performed study 
only the knee joints were studied. To confirm an actual systemic component in OA, this 
effect of increased CD68 should also be confirmed in other non-weight bearing joints to 
exclude the role of increased mechanical stress as a result of obesity. Besides, at this point 
it is unknown whether this phenomenon also occurs in the human situation. Identifying 
this specific systemic component present in (metabolic) OA remains challenging, as it is 
not yet known what factor to look for and what the actual target tissue is. Several pro-
inflammatory cytokines are suggested to play a role in systemic inflammation linked to 
OA, these factors include tumor necrosis factor α (TNFα) and IL-1β, IL-6, CD14, C-reactive 
protein, prostaglandin-E2, as well as matrix metallo proteinases MMP1, 2, 3, 9 and 13(25, 
26). However, targeted treatment with biologicals such as anti-TNF or anti-IL1 or selective 
COX-2 inhibitors (reducing PGE2) was so far clinically unsuccessful in OA(27, 28). Besides, 
adipokines (leptin, adiponectine, and resistin) has been suggested to play a systemic role in 
metabolic OA(29, 30). 
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When we achieve a better understanding of metabolic OA, biomarkers could have an 
additional role in early diagnosis of human (metabolic) OA. These biomarkers could either 
be observed systemically in serum/plasma or in local joint tissues. Synovial fluid collection 
in humans is a feasible but a relative invasive and complicated procedure. Moreover, 
identifying patients with early onset of OA with no clear effusion, sampling might be 
difficult. Systemic samples on the other hand, are relatively easy to collect in humans. 
As such the majority of current biomarker research is focussing on markers derived from 
serum/plasma or urine. So far, several markers of interest are used in research setting but 
none have resulted in prognostic markers meaningful in the clinic. This can be explained by 
the fact that it is currently unclear what marker is present during onset and progression of 
OA. Importantly, local changes might be more reflective of these processes involved. This 
advocates the use of synovial fluid despite its drawbacks. More research should therefore 
focus on (inflammatory) changes locally in the synovial fluid. We have shown that this is 
indeed feasible in small animals and ideally this will be translated to humans to make sure 
the observed changes are relevant for the human situation. Development of more high-
sensitive measurement methods can aid to this as less fluid is needed to measure the 
markers. In addition to those synovial biomarkers more focus should be on the role of a 
systemic component involved in metabolic OA. When these essential first steps are achieved 
in animals, the results need validation in human studies on both synovial fluid and systemic 
(plasma or serum) samples.

TREATMENT OF OA
The therapeutic management of OA, non-pharmacologic as well as the pharmacologic 
approaches mainly focus on pain. The non-pharmacologic therapies include exercise and 
weight loss, assistant devices to improve activities of daily living, and surgical modalities 
like osteotomy, knee joint distraction or joint replacement(31). In obese adults, weight 
loss combined with exercise appears to be the most promising treatment and is therefore 
recommended by several international guidelines on the management of metabolic OA(26, 
32, 33). How this exercise and weight loss exactly contributes to improvement of joint 
status, either by decrease of mechanical stress or improvement of metabolic parameters, 
remains unknown. However, exercise to improve metabolic parameters, seems beneficial for 
future treatments as a chronic low-grade inflammation induced by metabolic dysregulation 
accelerates disease progression as presented in this thesis.
Another potential treatment option specific for metabolic OA is the treatment of metabolic 
components part of the metabolic syndrome. In this thesis we show that the presence of 
metabolic components plays a role in the onset and progression of OA in the joints. With 
the increasing prevalence of metabolic dysregulation/syndrome in the human population, 
consequently there is an increasing risk of OA in the near future. Obesity is a risk factor 
that can be modified, especially by lifestyle changes and preventive measures. Lifestyle 
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changes include weight reduction by dietary restriction or increased physical activity. These 
interventions might help to reduce the risk of the metabolic syndrome, although diets have 
limited success in limiting disease due to poor adherence(34). Other treatment options 
specific for the metabolic syndrome includes pharmacological treatment of metabolic risk 
factors, which can be achieved by antihypertensive and antidiabetic medication. Future 
studies should take these potential treatments in to account when studying metabolic OA.

The pharmacologic management of OA consist of acetaminophen as first-line therapy in 
symptomatic OA and oral NSAIDs as second-line therapy. However, these pharmacologic 
strategies only focus on pain and do not have the capability to slow down or even improve 
the joint degeneration. At the moment no approved disease modifying OA drugs are 
available.

Successful treatment of OA requires the development of a therapy, which would combine 
the treatments of pain, tissue damage and inflammation, all in one. This therapy is currently 
not available for patients with OA. In Chapter 8 a fusion protein composed of two anti-
inflammatory/regulatory cytokines IL4 and IL10 (IL4-10FP), which have been reported to 
have chondroprotective, anti-inflammatory and analgesic effects, was studied in-vivo in 
the rat Groove model of OA, with and without a HF diet. This study showed a transient 
analgesic effect together on mechanical sensitivity in both high-fat and standard diet fed 
rats, together with mild improvement of synovial membrane inflammation when a high-fat 
diet was applied. The weekly intra-articular injections of IL4-10FP did not have an effect on 
histological cartilage degeneration. The exact mechanisms of IL4-10FP on the articulating 
tissues have to be studied in more detail.
When the use of IL4-10FP is proven to be safe and effective treatment, the next step should 
be a clinical study in symptomatic OA patients. The aim of such studies should be to see 
whether the IL4-10FP reduces pain and improves joint degeneration. The IL4-10FP used 
in this thesis was rat specific, if a species specific molecule works in a similar fashion in 
larger animals or humans remains to be elucidated. When IL4-10FP shows to be an effective 
treatment, limitation is the repetitive intra-articular injections. Therefore, studies should be 
performed looking at the effect of slow-release formulations to reduce the number intra-
articular injections, providing a more patient friendly treatment strategy. 

CONCLUSION 

The studies presented in this thesis, supports the current hypothesis that with metabolic 
dysregulation there is a chronic low grade inflammatory state together with increased 
mechanical stress that influences the different joint structures in the process of OA. In the 
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presented studies it was shown that the control joints have increased local inflammatory 
changes not yet having OA-related changes(35, 36). We anticipated that this chronic low-
grade inflammatory state predispose for the development of (early-)OA over time.
How metabolic dysregulation is linked to OA is complex and still not fully elucidated. 
Besides the metabolic status itself, there are a variety of influences involved that include 
cardiovascular function, biomechanics, and also behavioural aspects(37). 
Altered biomechanics and increased mechanical stress was for a long period of time found 
to be the most important factor in obesity-related joint changes(38). Although high-fat diet 
induced metabolic dysregulation resulted in increased mechanical sensitivity of the paw, 
there was actually a decrease in load on the hind paws when cartilage damage was induced 
in addition to a high fat diet. Moreover, often joints with limit mechanical input (e.g. hands) 
are affected as well. As such biomechanics cannot solely explain the observed changes in 
metabolic related OA. Most likely the chronic low grade inflammatory state, as a result of 
metabolic dysregulation, contributes significantly to the increased OA progression.
When metabolic dysregulation is present, a systemic component is triggered that affects 
joint tissues as observed in OA, but how this process exactly works remains to be further 
elucidated. Fat tissue is expected to play an important role in this process as it is known 
to produce multiple different cytokines and molecules. Specifically adipokines, biologically 
active substances originating from adipose tissue are suggested to link metabolic 
dysregulation and OA(39-41). However, when looking at adipokines, systemically no changes 
were observed compared to the control animals and no correlation with OA progression 
could be demonstrated. Besides, in this thesis no attention has been given to the local fat 
depots that are present in and around the joint. Adipokines are also suggested to modulate 
lipid metabolism(42). In this thesis different oxylipins have been found to be related to OA-
specific changes, again differences in the systemic and local compartment makes it difficult 
to interpret these results. Expectedly fat plays an important role in the disease development 
and progression of metabolic dysregulation related OA both systemic and locally. 
All these systemic metabolic changes result in a more inflammatory state of the joint, but 
will not yet result in OA. To actually develop OA an additional traumatic event (a fall or 
overuse of the joint) is necessary, in which the metabolic related changes accelerate disease 
progression.
Finally, better understanding on how obesity influences the pathophysiology of OA will 
result in more accurate treatment strategies to prevent the occurrence and progression of 
metabolic related OA changes in the near future.
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SAMENVATTING

Het doel van dit proefschrift is het identificeren van de rol van metabole ontregeling en 
de bijbehorende ontstekingsprocessen die betrokken zijn bij het ontstaan van artrose 
als gevolg van overgewicht/obesitas. Om dit goed te kunnen studeren wordt er in dit 
proefschrift gebruik gemaakt van kleine proefdieren waar overgewicht geïnduceerd wordt 
door een vetrijk dieet, al dan niet in combinatie met chirurgische schade aan het kraakbeen. 
Dit is een relevant onderwerp voor patiënten met artrose, aangezien de prevalentie van 
artrose alleen maar zal toenemen als gevolg van het ouder worden van de bevolking en 
de stijgende incidentie van obesitas wereldwijd met de bijkomende metabole ontregeling 
van het lichaam. Momenteel ontbreekt het nog aan goede beeldvormende technieken of 
biochemische markers om artrose in een vroeg stadium te diagnosticeren. Dit kan nu pas 
in een laat stadium, op het moment dat er al structurele veranderingen in het gewricht 
waarneembaar zijn. 
Om het ontstaan en beloop van metabool gerelateerde artrose toch goed te kunnen 
bestuderen is het gebruik van dierstudies essentieel. De effecten als gevolg van artrose 
inductie in het gewricht van kleine proefdieren in dit proefschrift zijn in detail geanalyseerd 
met behulp van µ-CT, histologie en met behulp van immunohistochemie van het gewricht. 
Daarnaast worden potentiële markers van artrose zoals ontsteking, pijn, structurele 
veranderingen van gewricht weefsels en het effect van een potentiële behandeling 
bestudeerd, zowel systemisch in het lichaam als lokaal in het aangedane gewricht. De 
resultaten en conclusies van deze studies worden hieronder samengevat.

DEEL	I:	EEN	NIEUW	MODEL	VOOR	(METABOLE)	ARTROSE	IN	DE	RAT
In het eerste gedeelte van dit proefschrift worden diermodellen beschreven die geschikt 
zijn om artrose te bestuderen. Momenteel worden er voornamelijk diermodellen gebruikt 
die artrose chirurgisch induceren, waardoor artrose snel ontstaat. Dit eerste gedeelte van 
het proefschrift heeft als doel een diermodel te introduceren dat de humane situatie van 
artrose, een ziekte die langzaam over de jaren heen ontstaat, beter nabootst. Diermodellen 
geven de mogelijkheid om de vroege complexe verandering die in de verschillende weefsels 
van het gewricht plaatsvinden in detail te bestuderen.
In hoofdstuk 2 wordt het Groove model in de rat beschreven. In dit model wordt het 
gewicht dragende gedeelte van kraakbeen van het femur in het kniegewricht beschadigd, 
door het maken van krassen in het kraakbeen zonder het onderliggende subchondrale 
bot te beschadigen. Dit wordt gedaan door middel van een kleine incisie door de patella 
pees van de knie. Als gevolg van de kraakbeenschade die hiermee gemaakt wordt zijn er 
milde veranderingen in het gewricht waarneembaar, zes weken na het toebrengen van de 
kraakbeenschade. De kraakbeen veranderingen waren zichtbaar op het direct beschadigde 
kraakbeen van het femur condyl, maar ook op het niet direct beschadigde kraakbeen van 
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het tibia plateau. Dit werd histologisch en met behulp van µCT geobjectiveerd. Echter, in dit 
model werd er geen synoviale ontsteking of osteofyt vorming gezien. Het onderscheidende 
vermogen van dit model, ten opzichte van de al bestaande chirurgische modellen, zit hem 
in het feit dat er geen permanente instabiliteit in het gewricht geïnduceerd wordt. Deze 
bovengenoemde eigenschappen maken het Groove model geschikt om post-traumatische 
niet ontsteking gerelateerde artrose te bestuderen, specifiek in een vroeg stadium van de 
ziekte. Daarmee is dit model ook een potentieel geschikt model om nieuwe medicijnen te 
bestuderen die het ziekteproces om zouden kunnen keren.
Om het metabole fenotype van OA goed te kunnen bestuderen, is het noodzakelijk om 
de metabole componenten gerelateerd aan het metabool syndroom te induceren. De 
meest gebruikte methode om dit te bereiken, is door gebruik te maken van diermodellen 
die worden blootgesteld aan een dieet met een hoge mate van vet. Dit zorgt er namelijk 
voor dat overgewicht samen met de andere metabole componenten van het metabool 
syndroom zoals diabetes, hypertensie en hypercholesterolemie geïnduceerd worden. 
Hoofdstuk 3 beschrijft de resultaten van een studie waarbij een vetrijk dieet gebruikt 
wordt, al dan niet gecombineerd met het Groove model. 24 weken na de start van het 
vetrijke dieet werd gezien dat alle metabole componenten, gerelateerd aan het metabool 
syndroom, significant toe waren genomen, in tegenstelling tot de dieren die een standaard 
dieet kregen. De metabole veranderingen die werden geobserveerd passen het beste bij 
metabole ontregeling, maar passen nog niet volledig bij het metabool syndroom. Deze staat 
van metabole ontregeling past echter wel beter bij het grootste gedeelte van de mensen 
met overgewicht. Deze personen hebben een of meerdere kenmerken die passen bij een 
metabool syndroom, zonder dat ze op dit moment aan alle voorwaarde van het metabool 
syndroom voldoen. Door gebruik te maken van het vetrijke dieet werd er in de ratten na 
24 weken een toegenomen ontsteking van gewricht kapsel gezien, zonder een histologisch 
effect op het kraakbeen. Tevens werd gekeken wat de rol was van het vetrijke dieet wanneer 
dit werd gecombineerd met het Groove model in de rat, 12 weken na het starten van het 
vetrijke dieet. De beschadigingen van het kraakbeen in dit model resulteerde in duidelijke 
toegenomen artrose gerelateerde kenmerken, waaronder kraakbeenschade ten opzichte 
van alleen het vetrijke dieet. De onderscheidende eigenschappen van dit model zitten in de 
ontsteking gerelateerde kenmerken zoals synovitis, toegenomen CD68 activiteit en osteofyt 
vorming. Van alle metabole veranderingen in dit model was niet het lichaamsgewicht, maar 
de concentratie leptine het beste gecorreleerd aan de histologische artrose score, gevolgd 
door hypercholesterolemie. Op basis van deze resultaten werd geconcludeerd dat een 
additionele chirurgische trigger nodig is om metabool gerelateerde artrose te induceren, 
wanneer dieren metabool belast zijn als gevolg van een vetrijk dieet.
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DEEL II: VALIDATIE
In het tweede deel van dit proefschrift wordt het artrose model wat beschreven is in deel I 
verder gevalideerd. Pijn is een van de belangrijkste klinische kenmerken van artrose en juist 
in dierstudies vaak niet meegenomen in de analyse. In hoofdstuk 4 werd gekeken naar pijn 
gerelateerde uitkomsten in het Groove model, door het bepalen van de gevoeligheid van 
de poot waar artrose is geïnduceerd met de von Frey test in combinatie met dynamische 
belasting van de poten. Wanneer het kraakbeen werd beschadigd volgens het Groove 
model in combinatie met een normaal dieet, werd een toegenomen gevoeligheid van de 
experimentele poot gezien, echter zonder een effect op de belasting van de poten. Alleen 
wanneer het Groove model werd toegepast in combinatie met een vetrijk dieet, nam niet 
alleen de gevoeligheid van de poot toe, maar werd ook gezien dat de experimentele poot 
werd ontzien bij belasting. Daarnaast werden deze effecten op pijn niet alleen lokaal gezien, 
maar ook in het ruggenmerg werd bij een vetrijk dieet een toegenomen macrofaag activiteit 
waargenomen, samen met astrocyten activatie in het spinale ganglion. Door deze resultaten 
ontstaat er een beter begrip van (metabole) artrose-gerelateerde pijnklachten zowel op 
lokaal als systemisch niveau.
Om ziekte activiteit te monitoren is er mogelijk een rol voor geactiveerde macrofagen die 
de folaat receptor tot expressie brengen, door middel van SPECT/CT, zoals gepresenteerd 
in hoofdstuk 5. Het doel van deze studie was om geactiveerde macrofagen in het Groove 
model aan te tonen met een nieuwe folaat tracer, met albumine bindende eigenschappen. 
Door de albumine bindende eigenschap zou deze tracer minder snel door de nieren geklaard 
worden en langer in de circulatie blijven en daarmee een grotere kans hebben om aan de 
folaat receptor te binden. Deze nieuwe tracer bleek goed verdragen te worden en veilig te 
zijn bij het gebruik in de rat en daarnaast was er ook nog verminderde activiteit in de nieren 
gezien, vergeleken met de conventionele tracers. Wanneer het Groove model geïnduceerd 
werd in combinatie met een standaard dieet, een model wat niet tot duidelijke ontsteking 
leidt, werd er geen toename gezien van geactiveerde macrofagen vergeleken met de 
sham geopereerde controle poten. Alleen wanneer het Groove model werd toegepast in 
combinatie met een vet dieet, werd er een toegenomen macrofaag activiteit gezien op 
SPECT/CT. De aanwezigheid van macrofagen die op SPECT/CT gezien werden, werd bevestigd 
met de aanwezigheid van CD68 in het knie gewricht door middel van immuunhistochemie. 
Deze techniek biedt de mogelijkheid om ontsteking te monitoren, specifiek in het metabole 
subtype van artrose.

Hoewel meerdere biochemische markers het potentieel hebben om als biomarker te dienen 
in artrose, is er nog geen beschikbaar die gebruikt wordt in de dagelijkse kliniek. In het 
hierboven beschreven Groove model werden meerdere potentiele nieuwe biomarkers voor 
artrose getest. In hoofdstuk 6 werd de rol van oxylipides, mediatoren die de ontsteking in 
het gewricht kunnen reguleren, als biomarker voor artrose in het Groove model bestudeerd. 



Aan het einde van de studie werd gevast plasma en het synoviale vloeistof afgenomen en 
geanalyseerd door middel van een hoog sensitieve LS-MS/MS methode. Deze studie liet zien 
dat zowel systemisch als lokaal lipiden veranderen in een vroeg stadium van artrose, dit was 
meer uitgesproken bij een toegenomen ontsteking van het gewricht. Meerdere clusters van 
lipide, zowel uit het plasma als het synoviale vloeistof, zijn geassocieerd met histologische 
veranderingen in het gewricht. De veranderingen in het lokale lipide profiel als gevolg van de 
geïnduceerde schade werd echter niet systemisch terug gezien in het plasma. Dit suggereert 
dat er verschillende rollen zijn voor systemische en lokale lipiden in het artrose proces.
Hoofdstuk 7 beschrijft een andere, relatief nieuwe biomarker voor artrose: namelijk fibuline. 
Fibuline is verhoogd actief in artrotisch kraakbeen en is in staat om zowel angiogenese 
en chondrocyten differentiatie te remmen. De expressie van verschillende vormen van 
fibuline werd bepaald uit het bloed van ratten die blootgesteld werden aan het Groove 
model, in combinatie met een standaard en vetrijk dieet. Van de verschillende vormen 
van het fibuline was alleen het subtype fibuline 3-3 in verhoogde concentratie gemeten, 
dit was tevens geassocieerd met histologische gewrichtsschade en kraakbeenschade. Om 
de lokale aanwezigheid van fibuline 3-3 in het gewricht aan te tonen werd additionele 
immuunhistochemie verricht. Fibuline 3-3 activiteit werd hier gezien in de oppervlakkige 
laag van het kraakbeen van het tibia plateau, tegenover het direct beschadigde kraakbeen 
van het femur. De andere bestudeerde subtypen van fibuline 3 lieten geen verandering zien 
als gevolg van metabole ontregeling of ontstane gewricht schade door het vetrijke dieet.

DEEL III: BEHANDELING
In het laatste deel van dit proefschrift wordt gebruik gemaakt van het eerder beschreven 
Groove model voor artrose in de rat, in combinatie met een vetrijk dieet om een nieuwe 
behandeling voor artrose te bestuderen. Het gaat om een recent ontwikkeld medicijn: 
een fusie eiwit bestaande uit twee individuele cytokines IL-4 en IL-10. Dit zijn beide anti-
inflammatoire cytokines die mogelijk het artrose proces kunnen remmen of eventueel om 
kunnen keren. De resultaten van de behandeling van dit fusie eiwit in het Groove model 
van artrose worden gepresenteerd in hoofdstuk 8. Wekelijkse injecties in het gewricht van 
het fusie eiwit IL4-10 in het ratten Groove model leidt tot minder pijn in de experimentele 
poten, ten opzichte van knieën die werden geïnjecteerd met fysiologisch zout. Dit effect op 
pijn was onafhankelijk van het dieet en slechts tijdelijk zichtbaar. Het effect was namelijk 
alweer verdwenen voor de volgende injectie. Tot op heden is pas een gedeelte van het 
totaal aantal dieren histologisch beoordeeld. In deze studie werd al wel gezien dat het fusie 
eiwit IL4-10 zorgt voor minder synoviale ontsteking bij een vetrijk dieet, maar zonder een 
duidelijk effect op het gewricht kraakbeen in beide dieet typen.







APPENDICES
DANKWOORD

CURRICULUM VITAE



174 | Appendices

DANKWOORD

Geachte prof.dr. Weinans, beste Harrie,
Ik kan mij ons “sollicitatiegesprek” nog goed herinneren, jouw passie en enthousiasme voor 
het onderzoek zorgde ervoor dat ik er nog meer zin in had om te beginnen. Dit was een 
mooie voorbode van mijn hele onderzoeksperiode, tijdens werkoverleg, DBOARD meetings 
of congressen, van gesprekken met jou heb ik ontzettend veel geleerd en leidden bijna altijd 
tot nieuwe ideeën of samenwerkingen. Door jouw visie, inzet en bevlogenheid hebben we 
veel weten te bereiken. Bedankt voor het vertrouwen!

Geachte prof.dr. Lafeber, beste Floris,
Meetings met jou die wij met zijn allen hebben gehad waren altijd interessant, ook het 
laatste gedeelte als we dan eindelijk toe waren gekomen aan het onderzoek. Als het nodig 
was stond je deur altijd voor mij open daarnaast wist jij als geen ander de boodschap van 
mijn onderzoek nog beter naar voren te laten komen. Jouw focus en kritische blik hebben er 
mede voor gezorgd dat ik op schema bleef en dat het nu af is. 

Geachte dr. Mastbergen, beste Simon,
Mijn eerste stappen in het onderzoek gingen mede dankzij jouw hulp toch een stuk 
makkelijker. Door actief mee te denken met de aanvragen, de opzet van de studies, je 
kritische interpretatie van de data en snelle feedback hebben we in korte tijd veel bereikt. 
Daarnaast ook veel gelachen als je op de kamer langs kwam en de vele momenten die we 
buiten het werk om gedeeld hebben, mooi om je ook op deze manier te hebben leren 
kennen. 

Beste Dino, was jij nou aan het juichen in de Kuip? Mooi dat jij ons nog wat cultuur hebt 
bijgebracht in de Balkan.

Beste Thijmen, jij vormde toch wel de basis van F.02, man van de koffie en de skippybal. 
Jouw passie voor toeterende vrachtwagens en rondjes lopen zijn ongekend. 
 
DBOARD team, thank you for your feedback during our meetings. Dave and Vicky thank you 
for your collaboration. Yves and Christelle, thank you for having me at your lab in Liège.

Ruud, scannen in de kelder voor mijn studie heeft toch wat meer tijd gekost dan in eerste 
instantie gedacht, bedankt voor al je tijd en suggesties het heeft toch een mooie publicatie 
opgeleverd. 

Gerard, gewoon even het protocol van de labeling herhalen was toch wat lastiger dan in 
eerste instantie gedacht, maar mede door jouw hulp is het toch goed gekomen.



Appendices | 175

Cristina Müller, thank you for time during our stay and introduction at your lab.

Mattie, de histologie is in alle opzichten een belangrijk onderdeel geworden van dit 
proefschrift. Zonder jouw hulp was dit zeker niet gelukt.

Katja, opereren of scannen in het GDL, ik was altijd blij met je hulp en bedankt voor de 
laatste resultaten.
 
Nicoline, macrofagen zichtbaar maken bleek toch moeilijker dan gedacht. Een bezoek aan 
Zwitserland deed wonderen, ik ben benieuwd naar jouw resultaten.

Marianne, samen begonnen in Utrecht en dat maakte de treinreis vanuit Amsterdam 
toch een stuk gezelliger. Jouw ervaring in Rotterdam heeft mijn start ook weer een stuk 
makkelijker gemaakt. Goed om te zien dat jij er ook bijna bent.

Anne, DBOARD collega op afstand, door de maandagen waren we toch nog goed op de 
hoogte van elkaars werk. Hopelijk kan jij het ook snel afronden.

Anja, Ivonne en Helma, bedankt voor jullie hulp in het GDL. Sabine, bedankt voor de 
metingen in het GDL, gelukkig pasten mijn dieren nog net in je opstelling..

Collega’s van de orthopedie, Tom, Tommie, Loek, Jetze, Willemijn, Lucienne, Michelle, 
Rhandy, Jonneke, Michiel, Razmara, Koen, Anne, Vivian, Joao, Imke, Anita, Said, Parisa, 
Behdad, Rob, Chella, Koen, Floris, Willem-Paul, Sebastiaan, Saskia, Jelle en Maaike, bedankt 
voor de mooie tijd op Q (al was het maar kort), op het lab en het RM.

Collega’s van de reumatologie, Lize, Nick, Jelena, Eefje, Astrid, Xavier, Bart, Arno, Marion, 
Anne-Karien, Marjolein, Paco en Erwin, bedankt voor jullie hulp en de mooie tijd op F02. 

Collega’s van het Meander, bedankt voor jullie ontvangst.

Pap en mam, ja nu is het echt klaar! Bedankt voor de basis die jullie meegegeven hebben en 
de onvoorwaardelijke steun.

Ravelle, de start van dit onderzoek was ook voor ons samen een nieuw hoofdstuk. Wat 
was het fijn om samen met jou te doen, vaak is er meer tijd in gaan zitten dan je lief was. 
Maar zonder jouw steun was het zeker niet gelukt! En nu op naar de volgende mijlpaal in 
augustus, ik kan niet wachten!



176 | Appendices

CURRICULUM VITAE

Hubertus Mark de Visser was born on September 2th 1987 in The Hague, the Netherlands. 
He graduated from high school (Rijnlands Lyceum,Wassenaar) in 2005 and started his 
medical studies at the Erasmus University Rotterdam.

During his study he participated in a research project on the risk factors of recurrent 
hamstring injuries at the department of orthopaedic surgery which awoke his interest for 
research and resulted in his first publication.
After graduation from medical school, in September 2013 he started his PhD project at the 
department of Orthopaedic surgery in collaboration with the department of Rheumatology 
at the University Medical Center Utrecht under supervision of prof. dr. H.H. Weinans, prof. 
dr. F.P.J.G. Lafeber and dr. S.C. Mastbergen until May 2017. The overall aim of this project 
is to identify the effect of metabolic factors, inflammatory processes and obesity in the 
pathophysiology of osteoarthritis and the results of this research are presented in this thesis. 
This research resulted in several poster- and oral presentations at (inter)national conferences 
and he was awarded the Prof. dr. Rik Huiskesprijs at the annual Dutch Orthopaedic Society 
meeting in 2017.

He worked as a non-training resident in orthopaedics at the University Medical Center 
Utrecht in 2017. From January 2018 he started his clinical training at the department of 
general surgery at Meander Medical Center in Amersfoort (supervisor dr. E.C.J. Consten), 
after which he will continue his training in orthopaedic surgery at st. Antonius in Nieuwengein, 
OLVG in Amsterdam and the UMC Utrecht.


	Lege pagina
	Lege pagina
	Lege pagina



