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Adipokine Production in the Infrapatellar Fat Pad in Osteoarthritis

1.Working hypothesis

Recently more and more attention has been drawn to the fact that fat tissue is a secretory
active organ. We now know for sure that an increased amount of body fat leads to a chronic
low-grade inflammation in the body due to the (pro-)inflammatory parameters secreted in fat
tissue.

It was therefore of great interest to us to investigate the function of the infrapatellar fat pad
further. As osteoarthritis is also considered to be an inflammatory disease it seemed plausible,
that the infrapatellar fat pad might secrete inflammatory agents into the knee joint and thus

support the advance of the latter disease.

Therefore, the aim of this study was to investigate the influence of socalled adipokines from

the infrapatellar fat pad on the pathogenesis of osteoarthritis.

We were interested in the following questions:

1) Is there evidence of adipokine-production in the infrapatellar fat pad and does the
production relate to concentrations present in the synovial fluid?

First of all we wanted to find out whether the infrapatellar fat pad is at all a secretory active
organ. But furthermore, a positive correlation between the amount of adipokines found in
synovial fluid and in the fat pad could indicate an active release of adipokines into the joint
space.

2) Are adipocytes from the fat pad different than adipocytes from white adipose tissue of the
thigh (size, secretory activity)?

We know that there are several different types of fat. As very little research had been done on
the infrapatellar fat tissue, we were interested to compare these adipocytes to those of fat from
the thigh.

3) Does the fat cell size and secretory activity correlate with clinical parameters (BMI, etc.)?
Some fat cells increase in size and their secretory activity simultaneously with the BMI. We

wanted to find out which mechanisms influence the infrapatellar fat pad.
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4) Do other structures surrounding the knee (white adipose tissue of the thigh and synovial
membrane) also produce adipokines?

In order to get a better understanding of how much adipokines are actually produced in the
infrapatellar fat pad, we compared them to the productions found in white adipose tissue from
the thigh and in the synovial membrane.

5) Can we conclude that cytokine production in the infrapatellar fat pad stimulates the
cytokine production in the synovial membrane?

Another possibility is that adipokines from the infrapatellar fat pad not only damage structures
of the knee, but also stimulate further release of inflammatory parameters in the synovial
membrane.

6) Can we conclude from the results that the damaging effects of osteoarthrits are further

supported by proinflammatory adipokines produced in the infrapatellar fat pad?



2. Introduction
2.1 The Infrapatellar Fat Pad

2.1.1 Anatomy

The infrapatellar fat pad (IFP) is often referred to as Hoffa’s pad according to Albert Hoffa,
who first described it in a paper in 1904 (53). The IFP is one of three fat pads found in the
anterior knee joint compartment, the others being the quadriceps and pre-femoral fat bodies. It
is an intra-capsular but extrasynovial structure, covered by synovial membrane dorsally.
Anteriorly of the IFP lies the patellar tendon, posteriorly the femoral condyles and
intercondylar notch, superiorly the inferior pole of the patella and inferiorly the anterior horns
of the menisci (Images 1 and 2).

The IFP has attachments to the inferior pole of the patella, the proximal end of the patellar
tendon and to the anterior horns of the medial and lateral menisci. Furthermore, the
ligamentum mucosum is attached to the fat pad inferiorly. The ligamentum mucosum consists
of two folds of synovial membrane covering the IFP and converges as a single band that
continues to the front of the intercondylar fossa of the femur. The free edges of the
ligamentum mucosum are called alar ligaments and include the lateral margins of the IFP. The
size and volume of the IFP vary considerably. According to Gallagher et al. (44), the mean
volume of the fat pad is 24 ml (range 12-36) and the mean difference between subjects ‘right
and left knees is 4 ml (range 2—7). It usually consists of two large basal prominences lying on
either side of the intercondylar notch, with three to six alar projections emanating from each
basal prominence.

The blood supply of the IFP is derived from the transverse infrapatellar anastomosis of the
medial and lateral inferior genicular arteries. The vascularity of the IFP is abundant and
stretches out into a weblike network of vessels that permeate the entire fat pad. Venous
drainage is accomplished by the genicular venous plexus.

Innervation of the IFP is provided by the popliteal plexus, which is formed by the posterior
articular nerve. The latter is a branch of the posterior tibial nerve and arises above the knee in
the popliteal fossa.

Histologically, the IFP is composed of a stroma of connective tissue that supports the
uniformly arranged fat cell (30,69,110,44). Next to adipocytes, adipose tissue contains several
other cell types which include fibroblasts, macrophages, and endothelial cells. Adipose tissue

also contains many small blood vessels.



The function of the IFP has long been debated. MacConaill (67) suggested that fat pads
occupied dead space in a joint, maintaining the joint cavity and promoting efficient
lubrication. On the other hand, Presle et al. (87) were able to show, that the IFP is a source of
cytokine production and thus making it questionable whether the IFP merely serves

frictionless movement in the knee joint.

2.1.2 Hoffa Disease

The IFP has been discussed extensively in the context of anterior knee pain (69). Among the
causes of this disease, the entrapment of portions of the IFP between the femoropatellar and
femorotibial articular surfaces is thought to play an important role. As this disease was first
described by Hoffa, it is also termed “Hoffa disease”. Patients with anterior knee pain
typically complain about intermittent burning peripatellar pain which is often triggered by
dynamic extension (stair climbing) or prolonged flexion of the knee (cinema, car driving).
Sometimes a swelling of the soft tissue on both sides of the patellar tendon occurs. 85% of the
cases are caused by contusive trauma. Two phases can be distinguished: the acute and the
chronic phase. Recently, a study by Bohnsack et al. (10) found a high number of S-100- and
substance-P nerves in the synovial membrane of the anterior knee compartment and in the IFP,
suggesting that anterior knee pain could indeed originate in compression or chronic
inflammation of those tissues. According to them, a substance-P-mediated hyperperfusion by
vasodilatation, an extravasation of plasma proteins and an adhesion of leukocytes could cause
edema of the fat pad. Chronic edema of the IFP is considered the key pathology of the Hoffa
disease, leading to soft tissue entrapment ischemia and in consequence to a lipomateous tissue

necrosis in the long term.
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2.2 Osteoarthritis

2.2.1 Definition

Image 2: Axial
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location of the IFP.
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Netter: Atlas of
Human Anatomy.

Osteoarthritis (OA) also named degenerative joint disease or osteoarthrosis (because of the

inconsistency of inflammation). It is a disease of the whole knee joint in which all articular

structures are affected. The pathology of OA affects the joint in a degenerative process that

includes focal and progressive articular cartilage loss with concomitant changes in the

underlying bone and the development of osteophytes. Among the various different types of




arthritis conditions (i.e. rheumatoid arthritis, psoriatic arthritis, etc.), OA is the most common

type (87,36).

2.2.2 Etiology

In OA, a primary and a secondary type can be distinguished. Primary osteoarthritis is
commonly thought to be caused by a degradation of the cartilage tissue resulting in decreased
resistence for stress imposed on a joint. Exact mechanisms are still unknown. Secondary OA
on the other hand is caused by other, well-known factors or diseases (i.e. hip dysplasia,
Perthes disease, hyperparathyroidism, post-traumatic etc.) but the resulting pathology imposes

clinically the same as for primary OA.

2.2.3 Prevalence

OA is an extremely common disease of the elderly. As life-exptectancy is increasing, also the
incidence and prevalence of this illness are rising. It has to be considered that many elderly do
not have OA, suggesting that it is not a universal feature of aging.

According to the german federal office for statstics, there are currently about 5 million
patients in Germany who suffer from symptoms of OA in the knee. The prevalence of
radiographically defined OA has been estimated in a study representing the US population:
the NHANES 1 (National Health and Nutrition Survey) study showed that there was
radiographic evidence of OA in more than 70% of persons aged 55 to 74 years (typical
radiographic evaluation considers narrowing of the joint space, subchondral sclerosis, and
osteophyte formation) (63). Nevertheless, individuals with radiographic evidence of OA may
be asymptomatic at any time. In another American subpopulation, only 65% of those older
than 55 years with radiographic evidence of knee OA reported knee pain (18).

Another feature of osteoarthritis is the higher prevalence in women. They also show a more
generalized distribution in all joints than men. Before the age of 50, men have a higher
prevalence of the disease than women, possibly owing to athletic and other joint injuries in
young men. After the age of 50, women show a much higher prevalence of joint diseases than
men. The reasons for this gender difference are unclear but may be related to the hormone

deficiency that develops in women around the age of 50 years.



OA affects certain joints while sparing others. For example, in the hands, the distal
interphalangeal, proximal interphalangeal, and carpometacarpal joints are frequently affected,
whereas the wrists only rarely show signs of inflammation. Other frequently affected joints
include the cervical and lumbosacral spine, as well as the hip and knee joint. The ankles and
elbows are usually spared (36). Two theories have been proposed to explain why certain joints
are spared from OA while others are more frequently affected.

The first theory is that the joints were not designed for walking erectly. With evolution to
bipeds, shifting of weight was limited to the lower extremities, and pincer grip capability
developed. As a result, OA occurs in joints that are maldesigned for man’s current habitus,
including lower extremity joints involved in weight bearing and in holding man upright, such
as the spine, hip and knees, and joints involved in pincer grip in the hand (55). Another
explanation may be that some joints are more resistant to stress that might induce OA than
others (31). This explains why the ankle joint, even though it is weight bearing and subject to
considerable stress, is less likely to develop OA than the knee joint. Evidence supporting this
latter hypothesis includes the finding that cytokine-mediated injury does less likely damage
the ankle joint, whereas the knee joint cartilage is commonly affected (36).

2.2.4. Epidemiology

The joints are permanently under moving stress. Whether this use constitutes a dynamic
trophic and healthy effect on joints or an injurious effect depends on the activities involved
and the vulnerability of the underlying joint. Most daily activities, even if performed
repeatedly over many years, do not produce sufficient injury to a joint to cause OA, at least
not if the joint is healthy. Joint vulnerability is a key concept in understanding when a joint is
susceptible and when it is not. Joints become susceptible to injury and subsequent OA when

local factors act within the context of systemic susceptibility (93,36).

Local Factors

Local factors determine the risk of OA and make joints vulnerable to normal daily activity

(93,36). These factors may be further characterized as extrinsic or intrinsic to the joint organ.

Factors and events are designated as extrinsic if they have an origin outside the joint itself and
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its immediate environment - for example, physical activity and injury. More recently, intrinsic

factors such as strength, laxity, and proprioception have begun to receive more attention.

Extrinsic Factors

-Physical activity

In a normal young joint in which vulnerability is usually minimal, normal daily activities
would unlikely cause any injury. But a highly stressful activity may overwhelm the ability of
a normal joint to deal with stress. In an older, more vulnerable joint, activities that may be
well tolerated in normal joints may cause joint injury. Evidence suggests that hard physical
activity in older female subjects causes a high rate of OA (75), whereas the same level of

activity has little effect on OA development in middle-aged women (36).

-Injury

A severe injury to a joint, such as an athletic injury, or an injury in which there is a fracture
of a bone near a joint can cause permanent damage to many of the structures within a joint
and can serve as the incipient lesion of OA. A severe damage would alter the biomechanics of
the joint, increasing the stress across a local area and would thereby dramatically increase the
disease risk. Examples of such injuries include meniscal tears and cruciate ligament tears
(20,19).

For some joints, such as the ankles, which are rarely affected by OA, most diseases are
ascribable to such a major joint injury. An important interplay occurs between systemic and
local joint vulnerabilities. Injury to the knee is, if at all, unlikely to cause OA in an adolescent
rapidly. In contrast, injury to the knee after the age of 30 produces rapidly progressive OA,

suggesting that the older joint is more vulnerable to major injury than the younger joint (36).

Intrinsic factors

-Alignment
Knee alignment influences the natural risk of subsequent knee OA progression. At the knee,
alignment (the hip/knee/ankle angle) is a key determinant of stress distribution. Varus

alignment was associated with an increase in the odds of medial OA progression over 18
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months. Valgus alignment at baseline was associated with a comparable increase in the odds

of lateral OA progression (36,93).

-Muscle strength

Available studies support the hypothesis that muscle forces have complex effects in OA.
Coordinated muscle activity attenuates load. However, certain muscle forces may be
associated with increased joint reaction force.

Because muscular contraction is a major source of joint force, it stands to reason that excess
contraction, especially in a joint that might be misshapen or mal-aligned, could actually injure
the joints. Whether this might actually be the primary cause for OA is still very unclear. On
the other hand, it seems plausible that muscle strength might be altered as a consequence of
OA. Patients with OA have weakness in the muscles that bridge the diseased joint. At first,
affected persons become relatively inactive, leading to muscular atrophy. Secondly, direct
neurologic messages transmitted by a swollen joint through afferent impulses inhibit the
maximal contraction of muscles bridging joints, leading to apparent weakness. This weakness
most likely accounts for much of the disability and may increase the risk of joint destruction.
Muscle strengthening and exercise are effective treatment modalities, lessening patient

disability (36,93).

-Varus-valgus laxity

In osteoarthiritic knees, a varus-valgus laxity has been found to be associated with the disease.
It has been speculated that the laxity is not exclusively the consequence of late-stage OA
pathology and that some portion of the laxity predates the disease. However, changes over the
course of OA are very likely to further affect varus-valgus stability.

It is likely that osteophytes prevent even greater instability. At earlier stages of OA,
osteophytes effectively contribute to varus-valgus stability. Although osteophytes still have
some stabilizing activity at advanced states, they cannot prevent further increases in varus-

valgus laxity.

Systemic factors

If one knee, hip, or hand is affected by OA, there is a greater likelihood of contralateral OA
(37,93). In the National Health and Nutrition Examination Survey I cohort bilateral knee OA

was more than twice as common as an unilateral form. In other studies 34% of women with
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unilateral knee OA developed contralateral OA within 2 years (99), and 92% with unilateral
OA developed contralateral OA over 11 years (98). The observation of such patterns of OA
led investigators to conclude that systemic factors must be central to OA development.

However, it needs to be mentioned, that local factors may also occur bilaterally. For example,
there is evidence that varus-valgus laxity, alignment, proprioceptive accuracy, and strength

are very similar in right and left knees.

Unmodifiable factors

Well established systemic risk factors for OA include aging, obesity, gender, and, in selected
subgroups, congenital anomalies. Less well established risk factors include bone density,
nutrients, particularly those that function as antioxidants, and genetic factors. Only some of

these will be discussed here in more detail (96).

Nutrients

Because oxygen radicals have been identified as potent agents in the destruction of cartilage
and connective tissue (97,51), attention has been directed toward the use of the antioxidant
vitamins A, C, and E as means of preventing or ameliorating the pain and disability of OA.
The production of free radicals can be the consequence of tissue damage associated with
arthritis, leading investigators to believe that oxidative stress contributes to the progression of
arthritis rather than the initiation of the disease. An additional nutrient, vitamin D, may also
play a potential role in the course of OA via bone mineralization and cell differentiation,
paralleling the actions of vitamin A and vitamin C (74).

It is apparent, that vitamin D deficiency is a common disorder, especially in the elderly (74).
The Framingham investigators have reported that a relative deficit of vitamin D, as
determined by dietary intake and serum levels, is present and predisposes patients to OA of
the knee. They reported that persons with low dietary vitamin D intake and lower serum
vitamin D levels were approximately three times more likely to exhibit progression of
established knee OA than those having higher intakes of dietary vitamin D and higher levels
of serum vitamin D. However, they found no evidence that lower dietary intakes and lower
serum levels influenced the risk for development of OA in a previously normal knee

(74,36,96).
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Hormone-related risk factors

There is an ongoing debate as to whether gonadal hormones contribute to the pathogenesis of
OA. This debate has focused largely on the role of levels of estradiol, the major estrogen in
premenopausal women. Concerning this, some investigators suggested a protective effect for
higher levels and other investigators identifyed a negative role (90,81). Women have a high
risk for OA after the age of 50 years, much higher than the risk for men (relative risk 9.2% vs
3.9%) Studies have been inconsistent regarding to whether estrogen replacement therapy
eliminates that risk or not. Potential mechanisms for estrogen in the pathogenesis of OA
include an indirect role in maintaining bone density, a direct role of estrogens and estrogen
receptors in collagen synthesis including its suppression, and an indirect role for estrogen in

modulating the excess expression of cytokines (96,36,90,81).

Obesity
Obesity is a well-recognised risk factor for OA of the knee (72, 52, 103, 43, 48). Persons who

are overweight have a higher prevalence of knee OA than persons who are not overweight,
and being overweight precedes the development of knee OA. The association between obesity
and OA of the knee is stronger for bilateral than unilateral disease and more marked in
women than in men. Prospective data on women suggest that the risk for knee OA is
increased by approximately 15% for each additional unit of BMI above 27 kg/m? (4). There is
some evidence that weight loss reduces the risk of subsequent symptomatic knee disease (52).
Furthermore, a study by Toda et al. (106) showed, that a loss of body fat mass was more
closely related to a relief of symptoms than simply a loss of body weight.

Body weight could act through several mechanisms to contribute to the development of OA.
Naturally, being overweight increases the amount of force across a weight-bearing joint. In
addition, adipose tissue may produce atypical amounts of hormones or growth factors that
potentially affect cartilage integrity or the underlying bone, predisposing them to OA
development (96,36,87). This theory might be supported by the fact that the risk factor for
developing OA in non-weight-bearing joints, such as hands, was also shown to be associated

with BMI (80).
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In conclusion, it can be hypothesized that local and systemic factors most likely act together
in mediating osteoarthritic changes. For example, a varus malalignment will intensify the

effect of excess body weight on the medial compartment of the knee (93).

2.2.5 Pathogenesis

Early in the disease, the pathologic events are dynamic. Injured cartilage mounts an attempt to
increase matrix synthesis and repair while exuberant osteophytes stabilize the joint. In a later
stage there are irreversible pathologic changes in most of the joint structures. Therefore, OA
is best conceptualized as a total joint failure. The transition from a dynamic to an irreversible
process varies greatly from joint to joint and person to person. These notions of disease
describing it as dynamic and affecting all joint structures replace the concept of OA as being
inevitably progressive and affecting hyaline articular cartilage predominantly. Hyaline
articular cartilage loss is a signature event in OA. In synovial joints, articular cartilage
provides protection for the subchondral bone against mechanical loading and shearing forces.
This highly specialized connective tissue consists principally of water, collagen, and
proteoglycan (PG). Its conformation creates a stiff fiber-reinforced water gel with resilience
and shock-absorbing capacity. Chondrocytes within a normal articular cartilage are highly
active and are largely responsible for the maintenance of the extracellular matrix in which
they reside (36).

One of the earliest events in OA appears to be an increase in water content of the cartilage,
implying failure in the elastic restraint of the collagen network due to structural alterations of
collagen. Shortly afterwards, changes in PG composition occur, with an ultimate net loss of
cartilage PGs from the extracellular matrix. This depletion suggests a failure in cytokine
controlled matrix homeostasis, with a shift in the equilibrium between synthesis and
degradation, favoring catabolic processes. In the early stages, there is an attempt to repair the
loss of cartilage, indicated by an increase in the synthesis of the matrix macromolecules.
However, the repair is often unsuccessful, possibly because of the altered composition and
distribution of glycosaminoglycan as well as a change in its capacity to aggregate with
hyaluronic acid.

In OA, we can additionally find an increased quantity of subchondral bone. Bone grows up
into the calcified cartilage. Extensive bone remodeling deep to cartilage results in a more
dense bone, with obliteration of intertrabecular spaces. Some investigators have suggested

that this density makes the bone less able to attenuate joint loading forces or absorbance of
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movement shocks, leading to accelerated damage to the overlying cartilage. Nevertheless,
finite element analysis has suggested that even a marked increase in bone sclerosis would not
markedly increase mechanical stress in the cartilage. The cause-and-effect relation of bone
sclerosis and overlying cartilage loss is yet unclear. Animal studies have shown that an
increased density of subchondral bone parallels and in some cases precedes covering cartilage
loss. Although bone stiffness may cause cartilage damage, cartilage loss and bone sclerosis
may be the consequences of mechanical overload. Because of the rapid remodelling of
subchondral bone, the newly formed bone is not adequately mineralized and therefore not as
strong and dense as it should be. At the joint margin endochondral ossification occurs and
produces so called ‘‘osteophytes.”” Osteophytes may serve to stabilize joints. A variant of
disease in which multiple large osteophytes exist is called hypertrophic OA. Synovial
hypertrophy and fibrosis are seen in most joints affected by OA. Local synovitis affects 20%
to 30% of diseased joints. Synovial involvement in OA may contribute to the disease by
serving as the source of cytokines such as interleukin-1 that may turn off chondrocyte-
mediated cartilage matrix synthesis. Futhermore, it triggers synthesis of degradating enzymes,
by being a site for nociceptive fibers, and by secreting excess synovial fluid that makes the
joint lax and therefore vulnerable to injury (49,76,116). Little evidence suggests that the
synovial membrane in OA fails to provide sufficient nutrition to superficial layers of cartilage,
or that the fluid secreted in OA is especially anti-adhesive and less lubricating than synovial
fluid from undiseased joints.

TNF-a may drive the IL-lI-induced cartilage degradation seen in rheumatoid arthritis (RA).
However, the mechanisms that initiate and perpetuate similar cartilage degeneration in OA
remain obscure. A quantitative rather than qualitative difference in cytokine profile is
apparent, indicating that in OA, only few cells are recruited to cytokine production. This
suggests that cartilage destruction takes place at far lower concentrations than originally
believed. Maybe other processes are involved in OA and cytokines are merely indicators of

disease activity (115,36,85,105).

16



2.3 Obesity - a state of chronic low-grade inflammation
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Obesity is now a considerable public health problem in most economically advanced
countries and is associated with a reduction in life expectancy of up to 8 years. Moreover, it
entails an increased risk of several major diseases, including type 2 diabetes, coronary heart
disease, and certain cancers (such as breast and colon) (108). In the case of type 2 diabetes,
the risk is particularly pronounced because of the likelihood to develop the disease by 10-fold
once a BMI of 30 kg/m? is reached (108).

It is also known that visceral obesity accounts for a constellation of metabolic derangements,
including insulin resistance, low HDL, elevated triglycerides, and raised blood pressure. This
condition is summarized under the term metabolic syndrome (MetS), which significantly
predicts cardiovascular disease risk. This condition isa highly prevalent in the United States,
affecting nearly 25% of all adults (116).

An association between obesity and the MetS has been clearly shown. Therefore, it became of
great interest to find out, why and by what means adipose tissue might induce or contribute to

these changes.

At first, white adipose tissue (WAT) was thought to serve one function only, which is to
provide a capacity for triglyceride storage necessary for survival. Up to 90% of WAT is
comprised of mostly lipid filled, round adipocytes, surrounded by loose connective tissue that
is highly vascularized and innervated. It additionally contains macrophages, fibroblasts,
adipocyte precursors, and various other cell types. The largest WAT depots are found in the
subcutaneous region and around the viscera. The concurrent rise in insulin, glucose, and lipids
during meals stimulates triglyceride formation and storage in liver and WAT. Conversely, the
fall in insulin during fasting triggers glycogen breakdown and lipolysis through activation of
the sympathetic nervous system and elevation of glucagon, epinephrine, and glucocorticoids.

The latter maintain glucose supply to the brain and vital organs (1,49).
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The conceptual transformation of adipose tissue from a passive organ of energy storage to an
active participant in hormonal regulation of homeostatic systems occurred only recently. In
1994, adipose tissue was identified as the source of the hormone leptin, opening the door for a
new era of research focused on adipocyte endocrinology (76,116). It is now accepted that
adipose tissue plays a critical role in energy homeostasis, not only via storing triglycerides,
but also by responding to nutrients, neural and hormonal signals, and secreting so called
adipokines that play a part in the control of food intake, thermogenesis, immunity, and
neuroendocrine function.

The diversity of the adipokines is considerable, in terms of both protein structure and function.
The adipokines encompass classical cytokines, chemokines, proteins of the alternative
complement system, the regulation of blood pressure, lipid metabolism, glucose homeostasis,

and angiogenesis (108).

A very interesting finding was that amongst the adipokines, there are many inflammatory
markers. Inflammation is one of the most important developing areas in obesity biology; the
obese state was recognized recently as characterized by chronic low-grade inflammation (39).
It is increasingly understood that the mild inflammatory state of obesity and particularly the
production of inflammatory adipokines is important in the development of diseases associated
with a high BMI (54). In particular, insulin resistance, type 2 diabetes, and atherosclerosis, as

well as other components of the MetS, were causally linked to inflammation (108).

A central question is the origin of elevated circulating levels of inflammatory markers in
obesity. There are three possibilities: at first, high levels of pro-inflammatory marker may
reflect the production and release from organs other than adipose tissue, primarily the liver
but also immune cells. The second explanation may be that WAT is secreting factors that
stimulate the production of inflammatory markers from the liver and other organs; this is the
case for CRP, whose hepatic production is under the control of IL-6, and therefore potentially
derived from the expanded fat mass of the obese (119). The third possibility is that adipocytes
themselves are the final source of these inflammatory markers. Furthermore, there is also, of
course, the possibility of a combined production in adipose tissue and other organs (109).

Clear evidence for the expression and secretion of cytokines and chemokines in adipose tissue
has been documented (i.e. TNF-q, transforming growth factor-beta, IL-6, IL-8, IL-10, MCP-1,

and macrophage migration inhibitory factor) (108). Furthermore, the expression and release of

18



a number of inflammation related adipokines, including IL-6, TNF-a, haptoglobin, and leptin

are increased in adipose tissue with obesity (1,50).

However, as pointed out before, adipose tissue is an inhomogeneous organ that is comprised
of a variety of cell types, a fact thathas prompted significant debate as to the true role of the
adipocyte versus stromal/vascular and immune cells in secreting some ofthese endocrine and
paracrine regulators. In fact, mature adipocytes seem to lack the storage vesicles and other
structural cellular components usually associated with regulated release of secreted proteins by
endocrine cells. In addition, the frequent use of pre-adipocyte cell lines to study adipocyte
biology in vitro has increased this controversy because the functional characteristics (25) and
transcriptional patterns of these multipotent cells are similar to immune cells. In fact, adipose
precursor cells are considered to transdifferentiate into macrophages both in vitro and in vivo
(22). Surprisingly, in these studies, increasing adiposity in mice correlated siginificantly with
adipose tissue expression of a large cluster of genes characteristic for the expression from
macrophages. Both adipocyte size and total body weight are strong predictors of the number
of mature macrophages found within adipose tissue, a correlation being even stronger for
visceral than for subcutaneous fat (26,114). These bone marrow-derived macrophages seem to
invade fat in response to the release of soluble factors by adipocytes which increase the
diapedesis of human blood monocytes across a layer of capillary endothelial cells. This effect
can be mimicked by human recombinant leptin (26) since the leptin receptor is known to be
expressed in endothelial cells from human adipose tissue. This strongly suggests that leptin
could elicit endothelial cell activation and the infiltration of circulating blood monocytes into
adipose tissue.

In obese animals, these macrophages tend to aggregate and form giant cells characteristic of
chronic inflammatory disorders, suggesting that adipose tissue is asite of active inflammation
(54). Gene expression studies on sorted cells from adipose tissue revealed that macrophages
produce almost all TNF-a, whereas mature adipocytes secrete the majority of leptin and a
similar IL-6 gene expression was found in macrophages, adipocytes, and non-macrophage
stromal-vascular cells. Importantly, these studies suggest that macrophage invasion of fat and
inflammation-related gene expression in adipose tissue may be a sentinel event, preceding the
development of insulin resistance in these animals. Therefore, weight gain in mice is
associated with infiltration of fat by macrophages and elaboration of proinflammatory signals

from adipose tissue. Notably, these inflammatory changes are most marked within visceral fat.
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This fat depot is associated with the greatest metabolic risk, and seems to precede other
features of the MetS, including impaired glucose homeostasis (54,116,108,109).

Even though macrophages infiltrate fat as a result of obesity is surprising, interactions
between adipose tissue and the immune system are well described, and various theories have
been put forth to try to address the question of why such a link should exist. White adipose
tissue and bone marrow share the same embryologic origin, the mesoderm, and pre-adipocytes
are potent phagocytes that resemble, at least in part, macrophages in both morphology and
patterns of gene expression (22). In addition, mature adipocytes share the ability to secrete

cytokines and activate the complement cascade much like mononuclear immune cells.

The second argument for fat/immune system coordination is rooted in teleology. In drosophila,
the fat body is the organ that governs the innate immune system. Similarly in vertebrates, fat
may be one of the crucial alarm systems that rouses the innate immune system and triggers the
acute-phase response, which is the first line of defense against bacterial infection. The
question of whether adipose tissue plays a significant role in controlling immune function in
humans has yet to be answered conclusively.

Both, adipocytes and macrophages from adipose tissue secrete numerous hormones and
cytokines that may contribute to the characteristic pathophysiologic changes observed in the
MetS, and local inflammation within adipose tissue may be the sentinel event that causes
systemic insulin resistance and systemic inflammation, two of the cardinal features of the

MetS.

However, currently is is unclear why WAT releases pro-inflammatory cytokines and acute-
phase proteins and why this event parallels the increase in fat mass. If the inflammatory
response is primarily local to adipose tissue, at least in terms of its initiation, then the elevated
circulating levels of inflammation-related products may reflect a spillover from the tissue, and

the link with insulin resistance would be an incidental consequence.

A possible explanation is that it is a response to hypoxia in areas of the fat depots as the tissue
mass increases during the development of obesity. The sequence of events might be that as
the tissue expands, the vasculature (which is less extensive in WAT than in brown fat) is
insufficient to maintain normoxia throughout the organ. Clusters of adipocytes then become
relatively hypoxic, and an inflammatory response ensues. This could serve to increase blood
flow and to stimulate angiogenesis, a similar mechanism to the tumor growth. A pivotal signal

in the cellular response to hypoxia is hypoxia-inducible factor-1 (HIF-1). Hypoxia is
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characteristic of tumors, where HIF-1 expression is increased, as well as in other disorders
such as ischaemic heart disease. There is now evidence for the transcriptional activation of

leptin through HIF-1 in response to hypoxia (3).

Another theory might be that, although adipocytes are capable of increasing in size, the
cellular homeostasis and the secretory profile of larger adipocytes becomes altered and
increasingly dysregulated compared with adipocytes of a smaller size. Although the total
number of adipocytes is increased with increasing fat mass, the increased number and
percentage of these large adipocytes may partially account for the inability of adipose tissue to

function properly (88).

2.4 Adipokines

2.4.1 Leptin

The discovery of leptin in 1994 as a crucial factor involved in long-term regulation of food
intake, body weight, energy expenditure and neuroendocrine functions has significantly
broadened our understanding of the mechanisms underlying the development of obesity and
its complications. Leptin is a 16 kDa protein and serum levels usually lie between 1-10 ng/ml
(88,122) and its plasma concentrations rise in proportion to body fat mass (24,49). Although
identified as a classic peptide hormone, the four a-helix domains in the folded structure make
leptin most similar to cytokines such as IL-2 (122,24). Moreover, the leptin receptor bears
significant homology to type 1 cytokine receptors; therefore, the hormone leptin is in many
ways more appropriately identified as a cytokine (116). According to Loffreda et al. (66),
leptin plays an important role in up-regulating inflammatory immune responses. They suggest
that leptin enhances macrophage phagocytosis and the synthesis of proinflammatory
cytokines such as TNF-q, IL-6 and IL-12. Leptin is mainly produced by adipocytes and in low
levels by the gastric fundic epithelium, intestine, placenta, skeletal muscle, mammary
epithelium, and brain (41,1).

Demonstration of the role of leptin in body weight homeostasis was provided by a mutation
which occurred spontaneously in mice more than 50 years ago. The potent effect of
recombinant leptin to reduce food intake, body weight and WAT mass in leptin-deficient mice
brought the ultimate proof that the absence of functional leptin is responsible for the obese

phenotype of ob/ob mice. Similarly, massively obese children with no functional leptin, are
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currently successfully treated with a supplementation of recombinant leptin (35). Congenital
leptin deficiency has been associated with hyperphagia, impaired thermogenesis, insulin
resistance, hyperlipidemia, and central hypogonadism, all reversed by leptin treatment (35).
Normally, leptin levels decline in concert with insulin during fasting and mediate the
suppression of thyroid, growth, and reproductive hormones. This in turn stimulates appetite
and inhibits sympathetic nerve activity, and thermogenesis (21). Obesity is associated with
leptin production and high plasma leptin concentration. Soon after its discovery, it was
realized that the rise in endogenous leptin or exogenous leptin treatment was unable to prevent
weight gain in obese humans and rodents (41). This apparent "leptin resistance" may result
from a decrease in brain transport or attenuation of leptin signaling in the hypothalamus and
other central nervous system (CNS) targets (41,1). Beyond mutations in the receptor gene the

molecular basis of leptin resistance are yet to be defined (49).

So far, three leptin receptors have been identified including a long, active form with 303
amino acid residues of its intracellular domain, and a short form with only 34 amino acids
intracellularily. These forms have identical extracellular domains. A known mutation that
causes obesity in mice (ob/ob) (70,122), just like leptin-deficiency, is a mutation of the leptin
receptor gene. The long form is thought to be the fuctional receptor whereas the short form is
conspicuously expressed in the choroid plexus, where it exhibits nanomolar affinity for leptin,
and may function to regulate transport of serum leptin across the bloodbrain barrier (70,76).
Schwartz et al. (92) observed that leptin concentrations in the cerebrospinal fluid are
correlated with plasma leptin levels. Again, these levels are correlated with the body mass
index in humans. The long-form of the leptin receptor is associated with the production of
neuropeptide Y (NPY) in the hypothalamus. It has further been reported that leptin
administration caused an inhibition of NPY production. Given that NPY is a potent stimulans
of hunger and an inhibitor of the sympathetic tone, at least a part of the function of leptin may

be mediated through the action of NPY.

As obese individuals with the MetS generally have higher circulating leptin concentrations
and seem to be resistant to the hypothalamic effects of leptin, their excess body weight is
maintained. Although many of the effects of leptin effects result from a direct action on
hypothalamic neurons, the long-form leptin receptor is also found on many tissues outside the
central nervous system, including immune cells (116). Importantly, the mechanisms that are

thought to contribute to hypothalamic leptin resistance (41) e.g., defective blood-brain barrier
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transport, are unproved in peripheral tissues, and no studies have documented peripheral leptin
resistance in obese individuals. Therefore, immune cells may well be subject to increased
leptin effects in obese individuals, a signal that, on the basis of animal studies, may serve to
activate the innate immune system and shift the cognate immune system toward a
predominance of a proinflammatory Thl population while reducing the regulatory Th2
phenotype. Although the immunomodulatory properties of increased leptin signalling are
thought to be beneficial during acute infections in both rodents and humans, chronic

elevations may be deleterious (13, 115).

Leptin, adiponectin and resistin have been detected in the synovial fluid (SYN) obtained from
patients with OA (29,91). In experimental models, leptin may display pro- or anti-
inflammatory effects in the joint depending on the immune response. In humans, Bokarewa et
al. (11) suggested that intra-articular leptin may attenuate the erosive process in the joints
during the course of rheumatoid arthritis. Leptin exhibited biological activity on chondrocytes
with stimulation of anabolic functions through induction of growth factors synthesis and was

shown to increase the effects of pro-inflammatory cytokines (82, 29, 87).

2.4.2 Adiponectin

Adiponectin is a 30-kDa protein that circulates at concentrations of 500-30,000 pg/l in the
blood stream, accounting for up to 0.01% of the total plasma protein. Circulating levels are
approximately two to three times higher in females than in males (88, 89). Structurally, it
consists of a collagenous tail and a globular head. Adiponectin shares strong sequence
homology with Clq and the collagens typ VIII and X (122). The tertiary structure of the
globular domain resembles TNF-a (1). Adiponectin monomers can form trimers, hexamers,
and even higher-order multimers, and these oligomerizations influence its biological activity.
Different properties have been ascribed to various recombinant or processed forms (globular
head) of the protein and the actual bioactive form(s) has not yet been unequivocally

determined (84, 76, 49).

Adiponectin was originally described as an adipokine exclusively expressed by adipose tissue,
but in the meanwhile, it was found to be expressed by osteoblasts as well (9). In addition,
hepatocytes, which normally do not express adiponectin, can synthesize adiponectin in
response to IL-6 stimulation or tissue injury (117). Similarly, skeletal muscle cells are also

able to express adiponectin when stimulated with inflammatory cytokines (28). These
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findings indicate that adiponectin expression can be induced in cells other than adipocytes in

the context of an inflammatory process (32).

As with leptin, also adiponectin plasma levels are higher in women than in men. But in
contrast to leptin, adiponectin is reduced in obesity and increased in response to severe weight
loss. Reduction of adiponectin has been associated with insulin resistance, dyslipidemia, and
atherosclerosis in humans and rodents (1,15). A study in the obesity-prone Pima Indians
suggests that individuals with high adiponectin concentrations are less likely to develop type 2
diabetes than those with low concentrations (64). Administration of recombinant adiponectin,
either full length or in the form of its isolated globular head, exerts glucose lowering effects
and ameliorates insulin resistance in mice-models of obesity or diabetes (49).

In addition, adiponectin has anti-atherogenic properties, as shown by its capacity to inhibit
monocyte adhesion to endothelial cells and the macrophage-to foam-cell transformation in
vitro (83). A recent study showed that adiponectin predominantly suppressed proliferation of
myelomonocytic progenitors. It also inhibited mature macrophage functions, such as
phagocytosis and cytokine production. These results suggest that adiponectin is an important
regulator of the inflammatory response. Adiponectin is likely to regulate inflammatory
responses negatively through at least 2 mechanisms: (1) suppression of mature macrophage
functions and (2) inhibition of growth of macrophage precursors. The former is considered to
play an important role in the control of early responses of inflammation, and the latter may act
in late events of inflammation to prevent immune responses from continuing chronically (118).
TNF-a and IL-6 are potent inhibitors of adiponectin expression and secretion in human WAT
biopsies or cultured adipose cells. IL-8 was found to be only a mild inhibitor (49,33,15). This
suggests that endogenous cytokines may inhibit adiponectin, which couldbe of importance for
the association between cytokines (i.e.IL-6) and insulin resistance and atherosclerosis.

There are two adiponectin receptors. The first, named AdipoR1 is specifically expressed in
muscle. The second, AdipoR2 is specifically expressed in the liver. The muscle receptor
responds to adiponectin globular domain fragments. On the other hand, the liver receptor, is
only stimulated by full-length adiponectin oligomers (76). Adiponectin receptors 1 and 2
contain seven-transmembrane domains, but are structurally and functionally distinct from G
protein—coupled receptors.

Whether adiponectin is able to enter the brain is controversial. lodinated globular adiponectin
does not cross the brain-blood barrier in mice. Nonetheless, murine cerebral microvessels
express AdipoR 1 and R2, which are up-regulated during fasting. Globular adiponectin reduced

the release of IL-6 from brain endothelial cells, providing a potential mechanism of action.
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Adiponectin, in particular the trimeric form, has been shown in human cerebrospinal fluid

(100).

2.43 1IL-6

The human IL-6 is a protein consisting of 186 amino acids. It is synthesized as a precursor
protein of 212 amino acids. At least five different molecular forms of IL-6 with molecular
masses from 21 to 28 kDa are expressed in monocytes. This difference is derived from
posttranslational alterations such as glycosylation and phosphorylation. The IL-6 receptor
consists of two subunits: the alpha chain, a 80kDa transmembrane glycoprotein which binds
IL-6 with low affinity, and the beta chain, a 130kDa transmembrane glycoprotein which
forms the high-affinity signal transducing complex. In healthy individuals, serum IL-6 is
usually <10 pg/mL (2,121). It is secreted by many cell types, including immune cells,
fibroblasts, endothelial cells, skeletal muscle and adipose tissue (89).

Most cytokines function predominantly as paracrine or autocrine factors. However, IL-6 is an
endocrine cytokine, meaning that most cellular targets of this cytokineare distant from the site
of release and the effects of IL-6 are correlated with its serum concentrations. Within adipose
tissue, both adipocytes and macrophages secrete IL-6 (114), and studies measuring
arteriovenous increases of serum IL-6 concentration have clearly shown the secretion of IL-6
from adipose tissue depots. Adipose tissue accounts for up to 30% of circulating IL-6
concentrations in humans (77). Like leptin, production of IL-6 by adipose tissue rises with
increasing adiposity, and circulating IL-6 concentrations are highly correlated with percentage
of body fat and with insulin resistance (8, 49,116,89).

Although IL-6 is a highly pleiotropic cytokine, with hormonal effects on many tissues, the
effects on the liver, bone marrow, and endothelium are thought to be most significant in
contributing to the metabolic effects of obesity and it appears likely that the elevated adipose
expression of IL-6 in the obese state could be essential for signalling between adipose tissue
and distant organs (50). Circulating IL-6 is the single most important factor controlling the
hepatic acute-phase response, the rapid, coordinated physiologic reaction to tissue damage or
infection designed to recruit host defense mechanisms, eliminate damaged cells, contain
pathogens, and initiates tissue repair.

Moreover, IL-6 in combination with its soluble receptor sIL-6Ra, dictates the transition from
acute to chonic inflammation by changing the nature of leucocyte infiltrate. In addition, IL-6

exerts stimulatory effects on T- and B-cells, thus favoring chronic inflammatory responses
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(42). The main shift from acute to chronic inflammation is the recruitment of monocytes to
the area of inflammation. At the beginning of acute inflammation, IL-6 mediates the acute
phase responses. When its activity as a proinflammatory cytokine persists, the acute
inflammation turns into a chronic inflammation that includes immune responses. In chronic
inflammation, IL-6 has a detrimental role that favours mononuclear cell accumulation at the
site of injury, through continuous MCP-1 secretion, angioproliferation and anti-apoptotic
functions on T-cells. This may increase serum levels of IL-6 and provide the basis for the
amplification of a chronic inflammation. Plasmacytosis and hyperplasia of synovial cells in
the joints of patients with rheumatoid arthritis (RA) are typical examples of a chronic
inflammatory reaction. In autoimmune diseases, IL-6 not only maintains inflammation but
also modifies the immune responses. Levels of circulating IL-6 are elevated in several
inflammatory diseases including RA, systemic juvenile idiopathic arthritis, systemic lupus
erythematosus, ankylosing spondylitis, psoriasis and Crohn's disease (42). However, recent
reports of high levels of IL-6 production within the joint suggest a role in OA. In a canine
model, IL-6 concentration was found to be greater in synovial fluid from the damaged,
compared with the control limb, indicating an injury-induced production (115).

In the CNS, IL-6 is a powerful catabolic agent that leads to decreased food intake and
increased energy expenditure, based on numerous studies involving the administration of IL-6
into the cerebral ventricles. The expression and release of IL-6 by neurons and glial cells
seems to be essential for the effects of this cytokine on energy balance, but it remains unclear
to what extent central IL-6 production is controlled by circulating IL-6 in the serum, although
transport mechanisms seem to existto deliver IL-6 across the blood-brain barrier. Importantly,
mice with a genetic deletion of IL-6 develop adult-onset obesity, suggesting that this cytokine
is involved in the chronic physiologic regulation of energy balance and that decreased IL-6
signalling is associated with weight gain. Therefore, if IL-6 secretion by adipose tissue
contributes to energy homeostasis through an endocrine action on the CNS, then one could
invoke a state of obesity-induced IL-6 resistance, much as described for the effects of obesity
on leptin and insulin signalling. This supposition also suggests the possibility that increased
adipose-tissue IL-6 secretion associated with obesity may be a regulatory mechanism
attempting to correct excess body weight and achieve negative energy balance, as
hypothesized for obesity-related increases in leptin. The systemic inflammation resulting from
IL-6 effects on liver and endothelium therefore could be an unintended consequence of

appropriately elevated IL-6 levels in the face of obesity and central IL-6 resistance (116).
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2.441L-8

Four types of differentially processed forms of IL-8, consisting of 69, 72, 77, and 79 amino
acids, are known. Among these variants, the 72 amino acid form is predominantly released
and exerts its greatest activity on neutrophils. Normal serum levels are below 50 pg/ml (121).
IL-8 binds to two types of receptors, CXCR1 and CXCR2, which both belong to the
G protein-coupled seven transmembrane receptor superfamily. It is produced by phagocytes
and mesenchymal cells exposed to inflammatory stimuli (i.e. interecukin-1 or TNF) and
activates neutrophils; inducing chemotaxis, exocytosis and the respiratory burst. In vivo, IL-8
elicits a massive neutrophil accumulation at the site of injection. Five neutrophil-activating
cytokines similar to IL-8 in structure and function have been identified recently. IL-8 and the
related cytokines are produced in several tissues upon infection, inflammation, ischemia,
trauma etc., and are thought to be the main cause of local neutrophil accumulation. These
stimuli induce three main responses in neutrophils: 1) shape change and directional migration,
2) exocytosis of storage proteins, and 3) the respiratory burst (6,47). The shape change
reflects the activation of the contractile system and enables the neutrophils to adhere to
endothelial cells and to migrate. Exocytosis leads to the release of soluble storage proteins and
the remodeling of the neutrophil plasma membrane by fusion with the storage organelles. IL-8
triggers the exocytosis of specific granules and secretory vesicles. The respiratory burst is
characteristic for stimulated phagocytes. Like other chemoattractants IL-8 elicits the rapid and

transient activation of the NADPH-oxidase, leading to superoxide and H,O, formation (6).

Many different cells have the ability to produce IL-8 upon stimulation. The expression of IL-8
mRNA and the release of the biologically active cytokine were observed in endothelial cells,
fibroblasts from different tissues, keratinocytes, synovial cells, chondrocytes, several types of
epithelial cells as well as some tumor cells. Interestingly, even neutrophils can synthesize IL-8,
and may thus intensify their own recruitment to sites of inflammation. IL-1 and TNF are
clearly the most important stimuli, since they were found to induce IL-8 expression and

secretion in all cells studied so far (6,122).

IL-8 has been shown to be produced and released from human isolated adipocytes and whole
adipose tissue cultures in a regulated manner (14). Besides its association with a number of
different inflammatory processes, IL-8 has also been implicated in the pathogenesis of

atherosclerosis and coronary heart disease (45). Plasma levels of IL-8 have been found to be
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significantly increased in patients with both type 1 andtype 2 diabetes compared with healthy
subjects (121). It has been reported that circulating IL-8 correlates with measures of adiposity
and insulin sensitivity, suggesting an involvement of IL-8 in some of the obesity-related

health complications (14).

2.4.5 TNF-a

TNF-a is an inflammatory cytokine and has chemotactic effects on monocytes and neutrophils.
Originally, the search for the cause of hemorrhagic necrosis in tumors led to the discovery of
TNF. This cytokine is a protein that exists in asoluble (157 amino acids) and a transmembrane
form (233 amino acids) and mediates its action through the two distinct receptors p60 and p80.
TNF-a is primarily produced by macrophages in response to various inflammatory stimuli. It
was the first adipose secreted product proposed to represent a molecular link between obesity
and insulin resistance. Indeed, TNF-a is overexpressed in WAT in obesity and decreases with
weight loss and improvement of insulin sensitivity (50,49). However, it is not clear that WAT
contributes to circulating levels of TNF-a in humans, which suggests an autocrine-paracrine
mode of action of the cytokine rather than an endocrine effect.

Within adipose tissue, macrophages account for nearly all TNF-o production (114,109,116)
but there are other studies hypothesizing that both adipocytes and stromavascular cells as well
as macrophages produce TNF-a (89).

Therefore, it remains unclear whether TNF-a secretion from adipose tissue directly accounts
for the elevated serum TNF-a concentration seen in obesity. Nonetheless, TNF-a clearly may
have an important role as a paracrine factor in the inflammatory response triggered by obesity

independent of circulating concentration of the cytokine.

More recently, another potential mechanism whereby TNF-a influences insulin resistance has
been identified. Adiponectin secretion by adipocytes is potently reduced by TNF-a signalling,
and this hormone seems to be a crucial mediator of insulin sensitivity, thereby potentially
explaining how paracrine effects of TNF-a within fat could cause systemic insulin resistance
(122,61).

Furthermore, stimulation of neutrophils with TNF-a induces phagocytosis, adherence of these
cells to endothelial cells, and generation of free radicals of oxygen-superoxide anion, and
hydrogen peroxide. Stimulation of cultured human endothelial cells with TNF induces
procoagulant activity. The cytokine also induces synthesis of the inflammatory cytokine IL-8

and other chemotactic cytokines that regulate migration, degranulation, and respiratory burst
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response of neutrophils. TNF-a induces the synthesis of other chemokines, such as MCP-1,
that promotes accumulation of monocytes at the site of inflammation. TNF-a is involved in
remodeling of connective tissue. From fibroblasts and synovial cells TNF-o induces the
release of collagenase and other matrix metalloproteases enzymes. It inhibits collagen
synthesis in bone and in explanted cartilage it reduces the content of alkaline phosphatase and

induces resorption of proteoglycan.

Usually, TNF-a is undetectable in the serum of normal human subjects. Low levels of TNF-a
in the serum have, however, been detected in patients with gram-negative bacterial infections,
fever, or cancer. Extensive research within the last 15 years has revealed that although TNF-a
is required for protection against bacterial infection, it is involved in cell growth modulation,
viral replication, immune system regulation, septic shock, autoimmune diseases, rheumatoid
arthritis, inflammation, and diabetes. Agents that can block TNF-a action, such as thalidomide,
soluble TNF-a receptors, and anti-TNF-a antibodies, have been approved for human use for
autoimmunodeficiency disease syndrome (AIDS), rheumatoid arthritis, and inflammatory

bowel disease, respectively.

A recent elegant hypothesis suggested that in obese rats TNF-a production from the fat cuff
around the arteriole inhibits insulin-stimulated nitric oxide synthesis and results in unopposed
vasoconstriction - a mechanism termed 'vasocrine' signalling (120). These findings suggest a
homology between vasoactive periarteriolar fat and visceral fat, which may explain

relationships among visceral fat, insulin resistance and vascular disease.

2.4.6 MCP-1

There are several monocyte chemoattractant proteins (MCPs). All of them are also
chemoattractants for monocytes and activated T cells. Some MCPs also attract eosinophils.
Their expression pattern suggests that these chemokines may play an important role in human
diseases that are characterized by mononuclear or eosinophilic cell infiltration.

MCP-1 is a monomeric protein consisting of 76 amino acids that is derived by proteolytic
cleavage of a 99-amino-acid precursor. MCP-1 is typically secreted in two predominant forms
with apparent molecular weights of 9 and 13kDa. MCP-1 is highly specific in their receptor
usage, binding only to human or murine CCR2 with high affinity (122).
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MCP-1 in particular is a major monocyte chemoattractant, and stimulates both chemotaxis of
monocytes and several cellular events associated with chemotaxis, including calcium flux and
expression of integrins. It is also a weak inducer of cytokine expression in monocytes. MCP-1
has a restricted target cell population consisting of monocytes, and basophils. In addition,
MCP-1 has been shown to stimulate a subset of CD4+ and CD8+ lymphocytes and memory
T-lymphocytes in vitro. Besides chemotaxis, MCP-1 is one of the most potent inducers of
histamine release from basophils. This cytokine is considered to be crucially important in the
pathogenesis of the following diseases: Idiopathic pulmonary fibrosis, bacterial-induced
gingivitis, atherosclerosis, delayed-type hypersensitivity reactions in the skin, tumor
(melanoma), rheumatoid arthritis and renal ischemia (47,122).

Concerning WAT, it hasrecently been shown that adipocytes secret a factor that up-regulates
adhesion molecules on endothelial cells and increases the chemotaxis of monocytes. These
effects can be mimicked by leptin (26). The secretion of MCP-1 from adipose tissue and
isolated fat cells points toward a specific role of this chemokine within the tissue. By secretion
into the local circulation it could cause recruitment of monocytes and thus contribute to the
observed macrophage infiltration of adipose tissue in obesity. The recruitment of monocytes
could be either a direct interaction with these cells or a positive stimulation of leptin, which
can act as a recruitment factor for monocytes and up-regulate adhesion molecules in
endothelial cells (26,27).

Increased secretion and adipose tissue mRNA levels of MCP-1 in human obesity have been
reported. But, it is still controversially discussed whether there is an increase in the circulating

MCP-1 concentration in obese (27).
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3. Patients and Methods

3.1 Patients

37 patients were included in this study (ten male and 27 female) suffering from OA and
therefore underwent total knee arthroplasty. The IFP was excised, as was a subcutaneous
adipose tissue sample at the proximal end of the incision. A sample of synovial membrane
was also obtained from 22 patients. In many cases, synovial fluid (SYN) was bloody.
Therefore, a sample of synovial fluid could only be obtained from 23 patients. The mean age
of the donors was 71.6 = 9.5 yr, and their average body mass index (BMI) was 28.7 +
4.5 kg/m?. The patients also suffered from a variety of co-morbidities (cardiovascular diseases,
type 2 diabetes mellitus, lipometabolic disorders, osteoporosis, renal insufficiency, or
Parkinson’s disease). Patients with acute infections or consuming diseases were excluded
from this study. Three patients were diagnosed with rheumatoid arthritis. The patients gave

their informed consent to the procedure.

3.2 Isolation and Culture of Adipocytes

The samples were immediately transported to the laboratory in DMEM containing 20 pg/ml
gentamicin. The samples were not cooled during the transport. In the laboratory, the synovial
fluid was immediately stored at -80° C. Synovial membrane, IFP and subcutaneous fat (SCF)
from the thigh were placed in PBC-buffer for further dissection. A piece of synovial
membrane (usually between 100-150 mg) was cut into fine pieces and incubated in 5.4 ml
DMEM/F-12 standard medium containing 17.5 mM glucose without fetal bovine serum (FBS)
supplemented with 20 pg/ml gentamicin for 24 hrs.

Then the weight of the IFP was measured. Connective tissue and visible blood vessels were
removed from the IFP and the SCF with scissors. For preparation of mature adipocytes, the
adipose tissue was minced and digested in Krebs-Ringer-phosphate buffer (KRP; 154 mm
NaCl, 100 mm NaH,POs, 154 mm KCl, 154 mm MgSO,, 110 mm CaCl,, pH 7.4) containing
100 U/ml collagenase and 4% BSA for 60 min at 37° C in a shaking water bath. After this
step, the undigested tissue was removed by filtration through a nylon mesh with a pore size of
250 um (VWR, Darmstadt, Germany). The floating adipocytes were washed three times with
KRP containing 0.1% BSA.
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Aliquots of each sample were used to determine mean cell diameters. The assessment was
based on the measurement of 100 cells under the microscope. The cell volume was calculated
from the radius using the formula 4/3*r**r and subsequently 1 million cells were incubated in
5.4 ml DMEM/F-12 standard medium containing 17.5mm glucose without fetal bovine serum
supplemented with 20 pg/ml gentamicin for 24 hrs. After 24 hrs, the conditioned media were
immediately stored at -80° C for further analysis. Adipocytes were collected and were also

stored immediately at -80° C.

3.3 Measurement of Adipokine Release

The concentrations of adiponectin and leptin in the cell culture media were measured using
the quantitative sandwich enzyme immunoassay technique from R&D Systems (Wiesbaden,
Germany). A monoclonal antibody specific for leptin or adiponectin had been pre-coated onto
a microplate. Standards and samples were pipetted into the wells and any leptin/adiponectin
present was bound by the immobilized antibody. After washing away any unbound substances,
an enzyme-linked monoclonal antibody specific for leptin or the adiponectin globular domain
was added to the wells. Following a wash to remove any unbound antibody-enzyme reagent, a
substrate solution was added to the wells and color developed in proportion to the amount of
leptin/adiponectin bound in the initial step. The color development was stopped and the

intensity of the color was then measured.

The concentrations of IL-6, IL-8, TNF-a, and MCP-1 granulocyte were measured with a
multiplex bead-based assay from Bio-Rad. This system is built around 3 core technologies.
The first is the family of fluorescently dyed microspheres (beads) to which biomolecules are
bound. The second is a flow cytometer with two lasers and associated optics to measure
biochemical reactions that occur on the surface of the microspheres. The third is a high-speed
digital signal processor that efficiently manages the fluorescent output.

The multiplex technology uses up to 100 color-coded bead sets, each of which can be
conjugated with a specific reactant. Each reactant is specific for a different target molecule.
This cytokine assay is designed in a capture sandwich immunoassay format. Antibody
specifically directed against the cytokine of interest is covalently coupled to color-coded
5.6 um polystyrene beads. The antibody-coupled beads are allowed to react with a sample

containing an unknown amount of cytokine or with a standard solution containing a known
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amount of cytokine. After performing a series of washes to remove unbound protein, a
biotinylated detection antibody specific for a different epitope on the cytokine is added to the
beads. The result is the formation of a sandwich of antibodies around the cytokine. The
reaction mixture is detected by the addition of streptavidin-phycoerythrin, which binds to the
biotinylated detection antibodies. The constituents of each well are drawn up into the flow-
based suspension array system, which identifies and quantifies each specific reaction based on
bead color and fluorescence. The magnitude of the reaction is measured using fluorescently
labelled reporter molecules associated with each target protein. Unknown cytokine
concentrations are automatically calculated using a standard curve derived from a
recombinant cytokine standard. The amount of protein in the medium from the incubations

was either normalized for 1 million cells or calculated per 100 mg of tissue.

3.4 Statistical analysis

SPSS was used for statistical analysis. Spearman’s test and Mann-Whitney test were applied.
The Spearman’s test is a non-parametric measure of correlation. It assesses how well an
arbitrary monotonic function could describe the relationship between two variables, without
making any assumptions about the frequency distribution of the variables. The Mann-Whitney
test is a non-parametric test for assessing whether two samples of observations come from the
same distribution. The null hypothesis is that the two samples are drawn from a single
population, and therefore that their probability distributions are equal. It requires the two
samples to be independent, and the observations to be ordinal or continuous measurements, i.e.
one can at least say, of any two observations, which is the greater. The threshold for

significance was set at p<0.05 and p<0.01.
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4. Results

4.1 Weight IFP

The mean weight of the IFP was 12.2+4.4 g. There were no significant correlations between
weight of the IFP and BMI, age or volume of the adipocytes from the IFP. However, there
was a significant correlation between weight of the IFP and the adiponectin-production in
subcutaneous fat from the thigh (C) (see p46, Figure 20). It must be mentioned, that re-
operated patients were excluded from the analysis, as IFP might already been removed during

the first operation.

4.2 Adipocyte volume of adipose tissue samples

Mean volume of adipocytes from the IFP was 282.2+113.6 pl and mean volume of adipocytes
from control fat was 614.1£231.2 pl. Statistically, fat cell from the IFP are therefore
significantely smaller than from control fat (p=xy). Furthermore, there was significant
correlation between adipocyte volume of H and adipocyte volume of C (r=0.5, p<0.01)

(Figure 1).
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4.3 Secretion of adipokines from IFP (H), control fat (C) and synovial membrane (S),

and correlations with anthropometric parameters

Adipocytes were prepared and cultured as described under Materials and Methods.
Conditioned media were measured with commercially available ELISA-assays according to
the instructions of the manufacturer. In the following, the concentration of adipokines

released after 24 hrs of incubation were either normalized for 1 mio. cells or for 100 mg tissue.

4.3.1 IL-6

The amount of IL-6 released from 1 mio. cells of H varied greatly and was between
142.5 pg/ml and 41,316.3 pg/ml. The median value was 2,001 pg/ml. For control cells from C
the amount of IL-6 released from 1 mio. cells of C was between 170.9 pg/ ml and 38,665
pg/ml. The median value was 941.7 pg/ml (Figure 2). There were no statistically significant
gender-specific differences in the IL-6 release from H and C. Furthermore, no correlations
were detected between IL-6 release and BMI, IFP-Weight or adipocyte-volume, but there was
a significant negative correlation between age and IL-6-release from H (1=0.398; p<0.05)

(Figure 4).

Calculated per the same amount of tissue IL-6 release from 100 mg of C, H and S showed the
following. Medium levels for IL-6 were between 31.2 pg/ml and 2,4161 pg/ml secreted from
H fat. The median value was 941.7 pg/ml. C fat released between 90.9 pg/ml and 3,761 pg/ml
and the median value was 621.3 pg/ml. The IL-6-release from S varied between 4,345 pg/ml
and 40,000 pg/ml and the median value was 17,978 pg/ml (Figure 3).

There were no statistical significant gender-specific differences and no correlations between

BMI, age, IFP-Weight, adipocyte-volume and IL-6 release from 100 mg tissue of H, C or S.
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4.3.2 1L-8

One million adipocytes of H released between 146.4 pg/ml and 24,338 pg/ml of IL-8 with a
median value of 3,351 pg/ml. The IL-8 production of C lay between 292.1 pg/ml and
66,662 pg/ml with the median value being 1,0014 pg/ml (Figure 5). No gender-specific
differences or correlations between BMI, IFP-weight, adipocyte volume and IL-8-release of H
or C were found, but there was a significant negative correlation between the age of patients

and the IL-8-production of H. (r=0.393; p<0.05) (Figure 7).

Calculation per 100mg tissue revealed IL-8 production of the IFP ranging between 54.3 pg/ml
and 14,473 pg/ml with a median value of 1,635 pg/ml. The IL-8 release from C lay between
108.5 pg/ml and 11,273 pg/ml and the median value was 1,719 pg/ml. One hundred mg of
synovia produced between 2,092 pg/ml and 35,000 pg/ml IL-8 and the median value was
15,510 pg/ml (Figure 6).

Again, no statistically significant gender-specific differences or correlations were found

between BMI, age, I[FP-Weight, adipocyte-volume and IL-8-release of H, C or S.
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4.3.3 TNF-a

TNF-a released from 1 million cells of H was between 0.29 pg/ml and 72.7 pg/ml and the
median value was 8.3 pg/ml. C produced between 0.29 pg/ml and 109.2 pg/ml. The median
value was 13.1 pg/ml (Figure 8). No statistically significant gender-specific differences or
correlations between BMI, age, IFP-Weight, adipocyte-volume and TNF-a-release of H or C

were found.

One hundred mg of tissue from the IFP secreted between 0.1 pg/ml and 36.4 pg/ml TNF-a
and the median value was 3.4 pg/ml. The TNF-a release from C lay between 0.06 pg/ml and
15.5 pg/ml and the median value was 3.1 pg/ml. One hundred mg of synovial membrane
produced between 0.6 pg/ml and 74.2 pg/ml TNF-o and the median value was 32.8 pg/ml
(Figure 9). No statistically significant correlations between BMI, age, [FP-Weight, adipocyte-
volume and TNF-a-release of H, C or S were found. There was however a significant
difference of the TNF-a production of H between men and women (p<0.05) (Figure 10).

There was moreover a statistically significant correlation between the TNF-a production of
1 mio. cells of S and H (r=0.43, p<0.01) (also per 100mg tissue of S and H, r=0.43, p<0.01)
(Figures 11 and 12) as well as a correlation between TNF-a production of 1 mio. cells of S

and C (r=0.53, p<0.05) (also per 100mg tissue of S and C, r=0.6, p<0.05) (Figures 13 and 14).
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4.3.4 MCP-1

The amount of MCP-1 released from 1 mio. adipocytes of H lay between 40.1 pg/ml and
968.2 pg/ml. The median value was 232.4 pg/ml. The amount of MCP-1 released from 1 mio.
cells of C lay between 142.9 pg/ ml and 2,711 pg/ml. The median value was 748.9 pg/ml
(Figure 15). There were no statistically significant gender-specific differences in the MCP-1
release from H and C. Furthermore, no correlations could be found between MCP-1-release

and BMI, age, IFP-weight or adipocyte-volume.

One hundred mg tissue of the IFP (H) produced between 14.5 pg/ml and 408.6 pg/ml MCP-1
and the median value was 83.9 pg/ml. The MCP-1-release from C lay between 15.9 pg/ml and
740.8 pg/ml and the median value was 190.9 pg/ml. One hundred mg of synovia produced
between 1,008 pg/ml and 4,901 pg/ml MCP-1 and the median value was 1,462 pg/ml (Figure
16). No statistically significant correlations between BMI, age, I[FP-weight, adipocyte-volume

and MCP-1 release of H, C or S were observed.
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4.3.5 Adiponectin

The adiponectin-release from 1 mio. cells of H was between 0.9 pg/ml and 14.6 pg/ml and the
median value was 3.1 pg/ml. Adipocytes from C produced between 3.1 pg/ml and 35.2 pg/ml
adiponectin. The median value was 11.8 pg/ml (Figure 17). No statistically significant gender-
specific differences or correlations between BMI, age and adiponectin-release of H or C were
found. However, there was a significant correlation between the adipocyte-volume of H and
the amount of adiponectin released by H (r=0.53; p<0.05) (Figure 19). Additionally, the
amount of adiponectin released from C correlated with the total weight of the IFP (1=0.593;

p<0.05) (Figure 20).

One hundred mg tissue of the IFP (H) produced between 0.5 pg/ml and 4.7 pg/ml adiponectin
and the median value was 1.4 pg/ml. The adiponectin release from C lay between 1.1 pg/ml
and 12.2 pg/ml and the median value was 2.7 pg/ml. One hundred mg of synovia produced
between 23.1 pg/ml and 85.5 pg/ml adiponectin and the median value was 45.2 pg/ml (Figure
18). No statistically significant gender-specific differences or correlations between BMI, Age,

IFP-Weight, adipocyte-volume and adiponectin release of H, C or S were found.
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4.3.6. Leptin

The Leptin-release from 1 million cells of H was between 0.9 pg/ml and 42.7 pg/ml and the
median value was 1.4 pg/ml. C produced between 0.7 pg/ml and 1,632.3 pg/ml Leptin. The
median value was 189.1 pg/ml (Figure 21). No statistically significant gender-specific
differences or correlations between BMI, age, IFP-weight and leptin release of H or C were
found. However, there was a significant correlation between the adipocyte volume of H and
the amount of leptin released by H (r=0.53; p<0.01) (Figure 23), as well as between adipocyte
volume of C and the amount of leptin produced by C (r=0,7; p<0.01) (Figure 25).

The leptin-release from 100 mg of C, H and S showed the following. Levels secreted by H
were between 0.5 pg/ml and 18 pg/ml and the median value was 0.7 pg/ml. C produced
between 0.4 pg/ml and 284.9 pg/ml and the median value was 40.2 pg/ml. The leptin-release
from S lay between 0.9 pg/ml and 169.1 pg/ml and the median value was 51.9 pg/ml (Figure
22). There were no statistical significant gender-specific differences and no correlations
between age, [FP-weight, adipocyte-volume and leptin-release from 100 mg tissue of H or C
to be found. However, there was a mild correlation between BMI and the leptin-production
from H (r=0.2; p<0.05) (Figure 24). Moreover, the leptin-release of S correlated the adipocyte
volume of C (r=0.54; p<0.01) (Figure 26). The leptin production of S correlated furthermore
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with the leptin production of 1 mio. cells of C (r=0.48; p<0.01) (Figure 27) (as well as with
the leptin production of 100 mg tissue of C ( r=0.48; p<0.01) (Figure 28).
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4.4 Adipokines found in synovial fluid

Synovial fluid (SYN) is the secretory product from synoviocytes from the inner membrane of
the joint capsula. Adipose tissue has a close association with the synovial membrane although
no direct connection into the joint space exists. Nevertheless, we wanted to measure the
presence of classical adipokines like adiponectin and leptin to show that adipose secreted
products are actively released into the joint space. In addition we also wanted to test the
hypothesis that other pro-inflammatory secretory products from adipocytes potentially pass
over into the synovial fluid.

The results varied greatly but the median value for IL-6, IL-8, TNF-a, MCP-1, Adiponectin
and Leptin were 4,406 pg/ml (results lay between 226.6 pg/ml and 27,840 pg/ml), 384.6
pg/ml (btw. 3.96 and 25,385 pg/ml), 8 pg/ml (btw. 0.06 and 34.7 pg/ml), 541.4 pg/ml (btw.
179 and 1,556 pg/ml), 0.9 pg/ml (all samples below detection limit) and 815.2 pg/ml (btw.
42.1 and 3,359 pg/ml), respectively (Figure 29). There were no gender-specific differences
and no correlations between BMI, age and IFP-weight could be found. However, there was a
statistically significant correlation between leptin in the synovial fluid and adipocyte volume

of C (r=0.71; p<0.01) (Figure 30).
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5. Discussion

5.1 Osteoarthritis and cytokines

OA can be seen as a result of destructive cartilage erosion and synovial inflammation. This
inflammation is triggered by pro-inflammatory cytokines like IL-1 and TNF-a. Currently it is
poorly understood which compartments of the affected joint contribute to the local levels of
these pro-inflammatory mediators. Infiltrating immune cells as well as synoviocytes are
capable for their production. Moreover, the potency to produce factors which are able to
confine the inflammatory process like the IL-1 receptor antagonist (IL-1RA) are reduced
(60,122,85). Various strategies like the use of recombinant IL-1RA or neutralizing TNF-a
antibodies were used in animal models to minimize cartilage destruction (38). Another

optional therapeutic strategy is to use anti-inflammatory cytokines such as IL-10 (122,85).

Nevertheless, as mentioned before, different compartments of diseased joints could contribute
to the cytokine release during the initiation and progression of OA. It is now widely accepted
that adipose tissue is a secretory organ and has a great potential to release a variety of
biologically active compounds. Its activity for inflammatory conditions has to be emphasized

in more detail.

5.1.1 Adipose tissue and inflammation

Adipose tissue is an actively secreting endocrine organ (49,116,76,108,109,1,107,89,23,50). It
releases amongst others, factors of the complement system, coagulatory proteins, hormones
for the regulation of blood pressure and electrolyte homeostasis, but also immune-modulatory
factors. Several lines of evidence suggest that obesity is a low-grade systemic inflammatory
condition accompanied by increased circulating levels of various cytokines (50,49,116,109).
Moreover, several studies were able to provide proof that these cytokines are actually
produced in adipose tissue and are therefore called adipokines. Importantly, the circulating
levels of such adipokines seem to correlate closely with parameters such as BMI (62,73,17),
waist circumference (62) and also importantly, with adipocyte size (94). These inflammatory
adipocytokines are considered to play an important role in the development of metabolic and

cardiovascular complications in obesity. Regarding OA, it was of great interest for us to
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investigate whether adipose tissue of the knee might contribute to this inflammatory,
destructive process. We wanted to find out whether adiposity might be a cause of OA not only
by adding more weight and therefore more stress to the joint, but also by means of producing
pro-inflammatory parameters and actively releasing these into the joint space. A study by
Thumb provided proof that certain cytokines (IL-6, TNF-a) are able to mediate cartilage
damage (105). Therefore, an increased release of pro-inflammatory cytokines from adipose

tissue into the joint could have detrimental effects for the joint cartilage.

Several studies seem to confirm the association between adipose tissue and inflammatory
cytokines; such as MCP-1, IL-8, IL-6 or TNF-a. (62,16,17,77). But, there seems to be a
discrepancy between cytokine production and the release into the circulation. For example, a
study by Mohamed-Ali et al. showed that although both, IL-6 and TNF-a were expressed in
subcutaneous adipose tissue, only IL-6 was released into the circulation whereas TNF-o was
not and exerts only local effects. In contrast, IL-6 was released from the depot and was

calculated to contribute to systemic levels up to 30% (77).

There are several studies showing an accumulation of macrophages into adipose tissue which
exhibit a huge potential to secrete inflammatory mediators (114,56). Therefore it seems likely
that macrophages are primarily responsible for a majority of adipose tissue derived expression
of pro-inflammatory markers, at least for TNF-a. Within this study we collected also tissue
specimen for immunohisochemistry and further work has to investigate immune infiltration

into the Hoffa fat pad.

As mentioned before, the number of macrophages in adipose tissue is increased in obesity.
These cells may also participate in inflammatory reactions. Adipocyte size seems to be a
strong predictor of macrophage infiltration into adipose tissue. Moreover adipocyte size
increases with obesity. (94) Therefore, with increasing adiposity, adipose tissue may release
signals such as MCP-1, causing increased monocyte accumulation. (114,56,34,94).

In this study, it was interesting to find that fat cells from the IFP were much smaller than fat
cells from the thigh. Moreover, the adipocyte volume of neither the IFP-cells nor the WAT-
cells from the thigh did increase with the BMI. This stands in contradiction to previous
studies and seems to indicate that the fat cells from the IFP are not stimulated in a similar

fashion as other fat cells in the body.
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In conclusion, there is evidence for the systemic effects of adipokines in obesity. The main
idea of this study was to investigate a potential association between the secretory properties of
fat cells from the Hoffa fat pad and local effects of adipokines in the joint, for presently much
less research has been dedicated to this topic. When considering the systemic effects of
adipose tissue, it seems plausible to suspect similar effects of a fat pad within the knee in an

inflammatory disease such as OA.

5.2 Relation of the fat cell size between Hoffa and control fat and their correlation with

clinical parameters

A matter of interest for us was to investigate whether there are significant differences between
adipose tissue from the IFP and subcutaneous adipose tissue. It has been shown that visceral,
subcutaneous and omental fat are different in various aspects, but so far not much research on
the infrapatellar fat has been conducted.

Therefore, we correlated the fat cell volumes with the BMI of the donors, the total weight of
the fat pad, age and the secretory activity for IL-6, IL-8, TNF-a, MCP-1, adiponectin and
leptin release. On average, adipocytes from subcutaneous fat of the thigh had a higher volume
than adipocytes from the IFP (614.1£231.2 pl vs. 282.2+113.6 pl). Interestingly, both of them
did not correlate with BMI, age or IFP-weight, although significant associations between BMI
or age were demonstrated before in subcutaneous abdominal depos (112). Interestingly there
was a significant correlation between the two volumes of Hoffa and control fat, potentially
demonstrating a general mechanism that cell size may be individually fixed. The missing
association between BMI and adipocyte size may also demonstrate a distinct function of the
two fat depots apart from metabolism known for the various abdominal depots. Unfortunately

we had no access to abdominal adipocytes to verifiy our conclusions.

Many study groups tried to prove the hypothesis that adipocyte size alters cell biology in such
a way that more and more cytokines are produced and released into the circulation which
consequently causes the chronic inflammatory condition in obesity (7,94). As there was no
correlation between fat cell size and BMI we can not draw any conclusion that a positive

association could have been a proof for inflammation in the local context of OA in our study.

It has been shown that TNF-o and IL-6 levels were positively and adiponectin negatively

correlated with adipocyte size (7). In a different study, leptin secretion and circulating plasma
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leptin levels were directly proportional to adipocyte volume (94). Our results demonstrated,
that when calculated per one million cells, the secretion of adiponectin and leptin in the IFP
correlated significantly positively with the adipocyte volume of the IFP and leptin production
in subcutaneous fat correlated as well with adipocyte volume of this fat sample. When
normalized for 100 mg tissue, no correlations between any cytokine secretion and adipocyte
volume could be detected. Because the results for 1 Mio. cells are in agreement with the
current literature, it seems that this is a more exact way to assess the results than the

calculation per 100mg tissue.

5.3 Evidence of adipokine production in the infrapatellar fat-pad

Recently, some studies investigated the cytokine production in the infrapatellar fat pad
(87,110). Ushiyama et al (110) showed that infrapatellar fat pad specimens contained bFGF,
VEGF and the proinflammatory cytokines TNF-a and IL-6. The infrapatellar fat pad was
found to actively synthesize these cytokines. The authors concluded that although synovial
cells and articular chondrocytes expressed these cytokines and are thought to be the primary
sources of those in the joint cavity, they may also originate from the infrapatellar fat pad. The
classical adipokine in this respect is leptin. Its expression is mostly related to fat cells, but
interestingly also different structures of the knee joint were also shown to produce this peptide
hormone (87). Presle et al were also able to show that osteophytes released larger amounts of
leptin than did the synovial membrane or the IFP (87). This may be explained by the same
origin of osteoblast and adipoblasts. Repeatedly, it was suggested that leptin had a key
function in the course of OA (104, 29). Also we were able to measure leptin in significant
quantities in the SYN. In contrast to a recent work showing that leptin concentrations in the
SYN correlated with the body mass index (29) we were not able to confirm this association.
Nevertheless, there were significant associations between leptin concentrations in the SYN
and the volume of subcutaneous control fat from the thigh. There are two possibilities to
explain this association. First of all, it is possible that leptin may diffuse into the joint space
from fat tissue surrounding the knee and secondly, it might be possible that the increasing fat
cell size from the WAT might somehow stimulate the synovial membrane to produce leptin
and release it into the joint space (the amount of leptin produced in the synovial membrane
did indeed correlate with the fat cell size of WAT of the thigh and the amount of leptin
produced in those WAT cells).
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We also found that an increased adipocyte size of the IFP and the control fat correlated with

the amount of leptin produced in each of these cells.

In addition, in our study, we found that fat cells from the IFP produced a variety of other
adipokines. Foremost, they were found to release IL-8 and IL-6 and to a minor extent TNF-a,
MCP-1, adiponectin and leptin. We also compared the adipokine release of the IFP to the
adipokine release of subcutaneous adipose tissue from the thigh, in order to investigate
whether adipose tissue of the IFP responds in the same way to stimuli (i.e. obesity) as normal
adipose tissue does. Interestingly, adipose tissue of the thigh exceeded the IFP in the
production of MCP-1, adiponectin and leptin by far.This could indicate that fat cells from the
IFP are not stimulated in the same way as WAT-cells.

We also wondered whether the total weight of the IFP would be affected by the patient’s body
weight and would therefore increase simultaneously with the BMI, but no such correlation
was found. The reason may be that some patients were already re-operated and only residues
of the Hoffa fat body were removed in the second operation, which made it difficult in some

cases to evaluate the exact margins of the IFP and scar tissue.

5.4 Adipokines in synovial fluid (SYN) and its association to the relase from the IFP

As discussed before, even though adipose tissue in fact produces high amounts of adipokines,
this does not necessarily implicate, that these adipokines are also released into the circulation
or in our case into the synovial fluid. Therefore, we also examined synovial fluid in order to
establish a link between adipokine-production in the IFP and an active release into the joint
cavity, where the adipokines might possibly contribute to the destruction of articular cartilage.
Unfortunately it was not possible to obtain SYN from all patients, as some of them had hardly
any fluid in their inflammatorily altered joints, some of them were bloody according to the

operating procedure and others were clotted according to the inflammatory process.

It was shown that a healthy joint shows no detectable amounts of proinflammatory cytokines
like IL-6, IL-8, or TNF-a (59). To our knowledge, no study so far has demonstrated the
presence of leptin, adiponectin and MCP-1 found in an uninjured joint so far. In our study we

measured particularly high levels of IL-6 and less high levels of leptin, IL-8 and MCP-1 but it
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is not clear whether the adipokines measured were directly relased into the joint space by

surrounding fat or display an active filtration from the blood stream.

Presle et al (87) analysed the quantity of leptin, resistin and adiponectin in synovial fluid of
the knee joint in patients suffering from OA and found elevated levels of leptin in synovial
fluid when compared to plasma levels, but only in women. They suggest that circulating
levels of adipokines in the body are not necessarily consistent with the amount of adipokines
in a joint. Moreover, they analysed the amount of soluble leptin receptor, as this isoform may
determine the biological activity of this adipokine. The receptor was detected in synovial fluid
obtained from patients with OA, but at a lower level compared to serum values. The high
level of leptin associated with a decline in soluble-receptor-level in the joint compartment led
to a large rise in bioavailable leptin in synovial fluid. Thus, the presence of high level of
bioactive leptin in the joint from OA patients may have pathophysiological implications and
could explain the higher incidence of OA in women as a local effect of leptin. In our study,
there were tendentially higher amount of leptin in the SYN samples of female patients, but

unfortunately these results did not reach statistical significance.

Presle et al. also raised the question whether leptin might be transported into the joint due to
an increased permeability of the inflamed synovial membrane. However the level of resistin
in synovial fluid was much lower compared to the corresponding value found in the serum.
Since both adipokines have a similar molecular weight and should therefore both be
transported into the joint to a similar degree, the high level of leptin in the synovial fluid

points to a local production in the joint.

In our collective of OA-patients the level of adiponectin was very low in synovial fluid and
was hardly detectable in any of the samples. Our findings therefore confirm a recent other
study (23). In this particular study by Chen et al. most of the adiponectin found in synovial
fluid consisted of the trimer form and not the high molecular weight form (HMW). The
authors therefore speculated, that the the smaller, trimer form might pass the synovial
membrane more easily than the bigger, high molecular from. They concluded that the
adiponectin found in synovial fluid must not necessarily be produced in a structure of the knee,

but might also pass the inflamed synovial membrane and originate from other structures.

In our study, we found high amounts of IL-6 in the synovial fluid, as well as IL-8 and leptin.
The amount of adipokines found in synovial fluid did not correlate with the BMI or the

adipocyte size from the IFP. But the leptin-concentration in the SYN did correlate with the
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adipocyte size of the subcutaneous fat tissue, raising therefore the question, whether leptin is
transported from adipose tissue outside of the joint into the synovial fluid or whether other
structures of the knee beside the IFP (i.e. synovial membrane) release leptin into the joint

cavity.

5.5 Production of cytokines from other structures in/surrounding the knee (WAT of the

thigh and synovial membrane)

As explained above, other structures in the knee (especially synovial membrane) possess the
ability to produce adipokines. It is therefore of interest to compare the secretion of such
factors from these structures with that from the IFP. The study from Presle et al. (87)
demonstrated that the synovial membrane and the IFP released large amounts of leptin.
However, osteophytes (bone spurs that form due to increased damage of the joint in OA) were
shown to represent the major source of intra-articular leptin production while adiponectin
production in osteophytes was similar to other joint tissues (87). Unfortunately, we did not
test osteophyte-tissue in our study, but we were able to confirm that the synovial membrane
and the IFP indeed both produce leptin. In contrast to the study by Presle et al, our samples of
synovial membrane and also samples of the WAT exceeded the IFP by far in leptin-

production.

Bondeson et al. (12) examined the secretion of immune mediators of synovitis in OA in more
detail. According to them the overproduction of cytokines and growth factors from the
inflamed synovial membrane may play a critical role in the pathophysiology of OA. They
suspected that in particular TNF-a and IL-1 are the key players in OA pathogenesis, both in
synovial inflammation and in the activation of chondrocytes. These cytokines can stimulate
their own production and induce IL-6 and IL-8 production in synovial cells and chondrocytes.
Bondeson et al. (12) expected synovial macrophages to be responsible for maintaining
synovial inflammation in OA, similar to RA, where macrophages are the main promoter of
the disease activity. Indeed, synovial macrophage differentiation differed between
inflammatory and non-inflammatory OA. Particularly in the early stage of OA, the synovitis
showed a mononuclear cell infiltrate, with considerable production of proinflammatory

cytokines and destructive enzymes.
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Furthermore, another study clearly demonstrated that not only articular adipose tissue but also

the synovial membrane of patients with OA is a significant source of adiponectin (32).
Although adiponectin has been reported to have a protective rather than a proinflammatory or
destructive role, in this study, adiponectin seems to exert significant proinflammatory and
matrix-degrading effects (23,32). The authors observed an up-regulation of IL-6 by
adiponectin. Other proinflammatory cytokines, such as IL-1, TNF-a and VEGF, as well as
protective cytokines such as IL-4 and IL-10 were not affected. On the other hand, a different
group reported a protective role of adiponectin in cartilage-degradation (23). These
contradicting results may be explained by the fact, that adiponectin acts in a pro- or anti-
inflammatory way, depending on its molecular form. It has been shown that the various
molecular forms of adiponectin can act on many, very different sytems in the human body
(79). This should be taken into consideration, because in our study, we only measured the

high molecular form of adiponectin.

All in all, it seems that chronic inflammatory changes with the production of proinflammatory
cytokines are a key feature of synovial membranes from patients with OA, with the most
severe changes seen in patients at the time of joint replacement surgery resembling those seen
in RA. This low-grade synovitis results in the production of cytokines that may contribute to
the pathogenesis of OA (68,95,85). Our results demonstrate, that the synovial membrane is
highly active in producing not only IL-6, IL-8 and TNF-a but also MCP-1, adiponectin and
leptin when compared to the IFP. Except for leptin, the synovial membrane also released far
more of the before mentioned cytokines than subcutaneous adipose tissue. The production of
leptin in the synovial membrane correlated with the patient’s BMI and with the adipocyte size
of subcutaneous adipose tissue. These results raise the question whether an increase in body
weight and therefore an increase of adipocyte volume might somehow trigger the production

of leptin in the synovial membrane.

Because cartilage degradation is one of the key features in OA, naturally it became of interest,
which cytokines contribute to cartilage damage and whether cartilage itself releases cytokines
as an indicator or contributor to the pathologic changes observed in OA. Various studies
provide proof that cartilage does express cytokines, but the results are not yet completely clear.
For example, Moos et al. detected two different expression patterns in cartilage from OA
patients. TNF-a and IL-6 were either very low or very high. The author thus concluded that

there are different cytokine-pathways leading to the same destruction of cartilage (78).
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When injected into the joints of rats, leptin stimulated expression of two cartilage growth
factors, insulin-like growth factor-1 (IGF-1) and transforming growth factor-f (TGF-B), and
was accompanied by an increase in proteoglycan synthesis (65). Also, functional leptin
receptors were detected on human adult articular chondrocytes, and treatment of isolated cells
in vitro was shown to stimulate cell proliferation as well as matrix synthesis. These findings
raise the question whether leptin could influence articular cartilage metabolism and
furthermore provide a metabolic link between obesity and OA. Leptin concentrations of
10-100 ng/ml stimulate chondrocyte proliferation, while lower concentrations of 0.1-1 ng/ml
stimulate proteoglycan and collagen synthesis (40). Whether these levels of leptin might be
present in vivo is not known. The concentration of leptin in normal cartilage has not been
measured. Unlike the highly positive immunostaining for leptin seen in osteoarthritic cartilage,
few cells staining positively for leptin were observed in normal cartilage. The latter finding
does not exclude a role for leptin in normal cartilage homeostasis. In the absence of
knowledge of the function of leptin in cartilage, it is not clear whether increased production of

leptin would be beneficial or detremental (65).

Other studies speculate about a different role of leptin in OA. In cultured human chondrocytes,
leptin increased both the proliferation and the extracellular matrix synthesis, but in a biphasic
manner, with a reduced stimulating effect at the highest concentrations. Leptin may thus have
a beneficial effect on cartilage synthesis either directly or through the upregulation of growth
factors. However, an excess of leptin may account for decreased extracellular matrix synthesis
and may lead to lesions similar to those found in OA with a high intra-articular level of
growth factors (111,29). The increased expression of leptin in markedly damaged cartilage
suggests that leptin may trigger cartilage destruction, especially when associated with some
local factors. The adipokine synergises with proinflammatory cytokines, such as interleukin 1,
to increase nitric oxide production, which is known to interfere with chondrocytes function
resulting in the loss of cartilage matrix through induction of apoptosis, activation of

metalloproteinases, and inhibition of proteoglycan and type II collagen synthesis (82).

5.6 Cytokine production in the synovial membrane

As the synovial membrane is known to be a major source for inflammatory cytokines, we
were interested to find out, whether the inflammatory reaction in the synovial membrane is
possibly stimulated by adipose tissue in a paracrine fashion. Therefore, we correlated

adipokine production in the synovial mambrane with the subcutaneous fat and the
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infrapatellar fat pad. Clearly, in our results, the synovial membrane produced exceedingly
more amounts of adipokines than the adipose tissues in question. The amount of leptin
produced in the synovial membrane correlated with the amount produced in subcutaneous fat
tissue. The amount of TNF-a even correlated with both, the subcutaneous adipose fat and the
infrapatellar fat. We can therefore speculate, that particularly in the case of TNF-o, there

might exist an interaction between the synovial membrane and the surrounding fat tissues.

5.7 Osteoarthritis- a systemic disease?

Finally, one of our main interests was to learn more about the underlying mechanisms that
drive OA. Obesity predisposes to OA, with an estimated 9—13% increased risk for the onset of
the disease at the knee and also at the hand with every kilogram increase in body mass.
Similarly, for every 5 kg gain in mass, the risk of developing knee OA increases by 35%
(103).

Furthermore, Toda et al showed that a change in body fat, but not body weight was related to
symptomatic relief of obese patients with knee OA (106).

Although it is still controversial whether OA can be considered a systemic disease
(102,103,52), the results from above clearly contradict the hypothesis that obesity predisposes
to OA merely by increasing stress on weight-bearing joints (86,65,80,5,103,43,48).

Our results and other studies provide proof, that various structures in the knee joint produce
adipokines. Furthermore, it was possible to detect these adipokines in synovial fluid.
However, it is unclear whether the adipokines found in the synovial fluid of OA joints are
predominantly a local phenomenon or whether they are a result of systemic causes, such as

for example the diffusion of adipose-derived leptin across the synovial membrane (103).

We can find further proof of the damaging effects of cytokines in the knee through several
studies evaluating the likelihood of OA following a tear of the anterior cruciate ligament.
(20,19). Approximately 44% of patients develop OA following rupture of the anterior cruciate
ligament (ACL) if the injury is left unrepaired. Restoring knee stability through reconstruction,
while providing symptomatic relief, has not been shown to reduce the incidence of
degenerative changes. In fact, recent studies have shown that 50%-60% of ACL-reconstructed
patients go on to develop degenerative changes or frank OA. Therefore, the cause of post-
traumatic OA might be not biomechanical but biochemical. To test this hypothesis, levels of

cytokines which are important in modulating physiological and pathophysiological
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metabolism of cartilage in knee joint synovial fluid following ACL rupture were measured.
Of great interest was the fact that the levels of these cytokines were very similar in patients 4
weeks after injury and in chronic patients, leading to the hypothesis that a chronic smoldering

inflammatory reaction persists after resolution of the acute effusion.

In conclusion, we were able to demonstrate that the infrapatellar fat pad, the synovial
membrane and also subcutaneous fat near the knee joint are all secretory active tissues and
might therefore contribute to the pathophysiological changes seen in OA. Further research
should be done to evaluate the exact importance of this dysregulation within structures of the

knee in causing or driving OA.
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6. Summary

Several studies have demonstrated that fat tissue is much more than merely a place of storage
for energy- it is also a secretory highly active organ. The production and release of socalled
“adipokines” can result in a chronic low-grade systemic inflammation which contributes to
the increased incidence of diseases such as atherosclerosis or diabetes in the obese population.
So far, the infrapatellar fat pad (Hoffa fat pad) has drawn very little attention. Most studies
focused mainly on the socalled “Hoffa disease”, a rare condition which is said to lead to
chronic knee pain.

As the intrest in fat tissue was heightened, it became clear, that there are several different
kinds of fat which respond differently to various stimuli and that fat tissue itself consists of

several different types of cells, which might influence an inflammatory disease in many ways.

It was the aim of our study to examine the infrapatellar fat pad (IFP) further; whether its
adipocytes differ from other adipocytes and whether there is a link between inflammatory
adipokines produced in the fat pad and the occurrence and progress of the inflammatory

disease “osteoarthritis”.

We therefore collected samples of patients who suffered from advanced osteoarthritis and
were scheduled for total knee arthroplasty. Specimens of the infrapatellar fat pad, white
adipose tissue (control fat) from the thigh, synovial membrane and synovial fluid from 37
patients were collected. We isolated the adipocytes and measured the following adipokines by
means of immunoassays: IL-6, IL-8, TNF-a, MCP-1, Adiponectin and Leptin. These
parameters were correlated with the following clinical parameters: Age, Gender, BMI, Weight
of the infrapatellar fat pad and the volume of adipocytes from the IFP and from white adipose
tissue (WAT) from the thigh.

Briefly, our results were the following. The synovial membrane produced by far the highest
amount of adipokines, followed by control fat from the thigh and the infrapatellar fat pad
produced adipokines to a lesser extent than the other specimens. Importantly, we found that
the volume of adipocytes from the infrapatellar fat pad did increase with the volume of fat
cells from the thigh but unfortunately, there was no correlatin between fat cell size and the
BMI, which according to the current literature could have been expected. Moreover did the
adiponectin-productin of the infrapatellar fat pad correlate with the volume of these cells. The

amount of leptin produced in adipocytes from the IFP and from WAT correlated beautifully
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with the increasing volume of each of these cells. Interestingly, the amount of leptin found in
synovial fluid correlated with the volume of WAT-cells from the thigh. This raised the
question whether leptin might diffuse from structures further away from the knee into the
joint space or whether the synovial membrane might be stimulated to produce increased
amounts of leptin. The latter argument is further supported by the fact that the amount of

leptin from the synovial membrane correlated with the size of WAT-cells.

All in all, we were able to prove that the infrapatellar fat pad is indeed a secretory active
organ, but not the most prominent producer of the investigated specimens. Control fat from
the thigh and the synovial membrane exceeded the Hoffa fat pad in adipokine-secretion. We
can not say for sure which mechanisms affect the Hoffa fat cells, but it seems that there are
other factors involved than in WAT- or visceral fat-cells. Moreover, the fact that we found
adipokines not only in the tissue samples but also in synovial fluid indicates that osteoarthritis
might indeed be also a systemic inflammatory disease and not just a condition caused by

mechanical irregularities.
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bFGF
C

CRP

H
HIF-1
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IL-8
IL-10
IL-12
IL-1RA
MCP-1
MetS
NPY
OA
PG

IFP

SCF
SYN
TNF-a
VEGF
WAT

Anterior cruciate ligament

Body mass index

Basic fibroblast growth factor
Control fat from the thigh
C-reactive protein

Hoffa fat pad
Hypoxia-inducible factor 1
Interleukin 1

Interleukin 4

Interleukin 6

Interleukin 8

Interleukin 10

Interleukin 12

Interleukin 1 receptor antagonist
Monocyte chemoatractant protein 1
Metabolic syndrome
Neuropeptide Y

Osteoarthritis

Proteoglycan

Synovial membrane
Infrapatellar fat pad
Rheumatoid arthritis
Subcutaneous fat from the thigh
Synovial fluid

Tumor necrosis factor alpha
Vascular endothelial growth factor

White adipose tissue
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