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INTRODUCTION

Osteoarthritis is the major chronic disease leading to
musculoskeletal morbidity and functional loss, its effects
increasing with age. It is estimated that by 2020 osteo-
arthritis will be the fourth leading cause of disability in
the United States.®>* Currently, approximately 20 million
adults suffer from osteoarthritis, costing the US economy
almost $60 billion per anum. The number of individuals
affected is expected to rise to over 40 million in the next
25 years.'>* Despite a substantial amount of scientific
and clinical research, there is no uniform agreement re-
garding the etiology and pathogenesis of the disease. It is
generally agreed that causation is multifactorial, involving
genetic predetermination, acute and chronic joint trauma,
as well as metabolic and inflammatory mechanisms and,
perhaps. dictary factors. This report is devoted to a review
of the metabolic factors that lead directly and indirectly
via inflammatory mediators to the cartilage damage char-
acteristic of osteoarthritis.

CAUSES OF OSTEOARTHRITIS

Osteoarthritis has primarily been associated with ag-
ing.?’” The disease is usually initiated by damage as a re-
sult of injury or continued chronic overuse and mechani-
cal strain on the joints."*>*** Young adults who suffer
acute trauma that causes ligament or meniscal tears have
a higher incidence of osteoarthritis.” Muscle weakness
from injury or degeneration associated with aging also re-
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sults in higher incidences of osteoarthritis, suggesting that
the musculature stabilizes the joint for proper alignment
thereby lessening the load on articular cartilage.> %7
Initial damage to the joint can lead to generalized pain,
which restricts range of motion, musculature use, and
may or may not be seen by radiographic examination in
the carly stages of the disease.® Progression of the disease
state with age is characterized by structural degradation
of the cartilage, which can be visualized microscopically
and via radiographic analysis.'®!%207 Initial degradation
is characterized by a process called “fibrillation™ or split-
ting of tissue (for review see Stockwell”). The cartilage
becomes rough, death of superficial cells occurs, and the
matrix immediately below the surface becomes impreg-
nated with negatively charged proteins, different from
proteins normally found in the cartilage. Proteoglycan
destruction ensues causing a loss of the aggrecan matrix,
which worsens over time. Although the initial damage
is caused by injury and structural changes, other factors
such as genetics, obesity, diet, and chronic inflammation
lead 1o progression of the disease state,

Evidence suggests genetic factors may also contribute
to the cause of osteoarthritis.” Studies of familial clusters
of patients with osteoarthritis point to several different
genes such as the collagen forming genes COLIA1 and
COL2A1.*5%7 estrogen receptor-a, especially in post-
menopausal women,”**? vitamin D receptor,***' trans-
forming growth factor 1 (TGFB1).”" insulin-like growth
factor (IGF1),%* and the gene for aggrecan proteoglycan.*
All of these genes are influenced by environmental fac-
tors associated with aging. For example, dietary intake of
vitamin D and calcium as well as the ability to process
vitamins and minerals decreases with age. In postmeno-
pausal women, decreased estrogen levels are associated
with increased osteoarthritis.** Obesity, whether geneti-
cally predetermined or not, is the single-most contributing
factor in the development of osteoarthritis.
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The prevalence of osteoarthritis of the knee in obese
individuals is about double that of normal-weight per-
sons.*78¢ Conversely, weight loss reduces the risk of devel-
oping progressive osteoarthritis.?® Good correlation exists
between body mass index and osteoarthritis of the knee in
women, but in men, the relationship is less clear.??36:5859
Results from the Framingham Knee Osteoarthritis Study
suggest that weight loss of approximately 5 kg reduces
the risk for the development of knee osteoarthritis by
50% over the subsequent 10 years.?® Hip and hand os-
teoarthritis also occur in obese persons at varying rates.?
However, being overweight does not necessarily increase
load across joints in the hand, suggesting involvement of
other factors. There is increasing evidence that systemic
factors such as chronic inflammation or other metabolic
processes are involved in development or progression of
osteoarthritis.’” Recently, obesity was shown to produce
chronic inflammation by increasing plasma concentra-
tions of C-reactive protein, interleukin-6 (IL-6), and plas-
minogen activator inhibitor.!* Not only does obesity put
more stress on joints, but chronic inflammation leads to
further metabolic and oxidative stress, which in turn con-
tributes to the chemical signals that initiate osteoarthritis.
This contribution of obesity and other behavioral factors
in osteoarthritis initiation and progression suggests that
dietary modification may help manage certain metabolic
processes of the disease.

Dietary habits have been shown to specifically influ-
ence the metabolic and inflammatory processes involved in
osteoarthritis.*” Lower intake of vitamins C, D, and E are
associated with increased incidence of osteoarthritis even
in individuals who have not experienced joint trauma.??
Increased intake of omega-3 polyunsaturated fatty acid
from fish decreases degenerative and inflammatory chon-
drocyte metabolism in osteoarthritis.!” Elderly patients in
the United States, in particular those with osteoarthritis,
suffer from excess intake of omega-6 polyunsaturated
fatty acid in their diet, which is associated with higher
levels of osteoarthritis.”® Poor intake of antioxidants in
conjunction with oxidative stress is also associated with
chronic disease states in the elderly, a key factor in the
etiology of osteoarthritis.®> Conversely, intake of antiox-
idants improves osteoarthritis symptoms.®° Finally, intake
of flavonoids, low molecular weight compounds that are
part of the larger class of compounds known as polyphe-
nols, ubiquitous in plants, is associated with decreased
incidence of chronic diseases.** Populations that have a
lower consumption of flavonoid compounds derived from
vegetable matter and a greater intake of omega-6 poly-
unsaturated fatty acid plus simple sugars, as in the US
diet, have a higher incidence of osteoarthritis compared to
other parts of the world.®*78%} These observations argue
that dietary habits contribute to the metabolic and inflam-
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matory etiology of osteoarthritis and that changes in diet
may affect osteoarthritis progression.

All of the above factors—aging, obesity, overuse,
acute trauma, muscle weakness, and diet—are potential
catalysts for the pain and inflammation that characterize
the osteoarthritic process. On a metabolic level, an essen-
tial change occurs in the joint leading to an “inflamma-
tory cascade,” which triggers the chronic overproduction
of factors that influence the disease state. When expressed
over years of time, these factors can worsen osteoarthritis
and ultimately lead to disability.

INFLAMMATORY CASCADE

Osteoarthritis is characterized by progressive, degen-
erative changes of the synovial joint leading to a loss of
hyaline articular cartilage, alterations in the subchondral
bone, and marginal osteophyte formation.”” The structure of
hyaline cartilage consists primarily of water, collagen, and
proteoglycan with interspersed chondrocytes. When undis-
turbed, chondrocytes show a balance between anabolic and
catabolic activity, which maintains the aggrecan structure.’!
A loss of cartilaginous matrix represents an imbalance be-
tween the synthesis (anabolic) and resorption (catabolic)
of cartilage in the joint. Severe mechanical strain causes
an immediate up-regulation of cytokines such as interleu-
kin-1B (IL-1B) and tumor necrosis factor-a (TNFa) tran-
scription via a “shock-sensor” system in chondrocytes and
tendons,®®> while lower levels of mechanical strain, which
occur with normal activity or therapeutic exercise, actually
inhibit this up-regulation and promote cartilage remodeling
through proteoglycan and collagen synthesis. Up-regula-
tion of cytokines leads to induction of matrix metallopro-
teinases (MMP), which enzymatically degrade the cartilage
structure.®® Mechanical strain also causes microcellular
damage leading to release of extracellular membrane and
intracellular, microtubule elements into the joint.** These
mechanical forces also produce other metabolic changes,
such as conversion of phospholipids from damaged cell
membranes within joints by phospholipase A, (PLA,) to
arachidonic acid.'#47>* Persistent stress on joint tissues
along with these metabolic processes leads to inflamma-
tion. However, because cartilage is not vascularized or
innervated, joint swelling or pain may not occur. Indeed,
arthroscopic studies have detected clinically unrecognized
synovitis in up to one third of patients with radiographic
changes of osteoarthritis with the sites of synovial inflam-
mation being found adjacent to the cartilage lesions.’

The superficial zone of articular cartilage obtained
from a patient with osteoarthritis and rheumatoid arthritis
shows positive immunostaining for IL-1@, TNFc, and in-
ducible nitric oxide synthase.5> The major cytokines that
generate degradative processes in the synovium include
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IL-1B, IL-6, interleukin-17 (IL-17), and TNF-c.>> Other
substances, or by-products, which are likely involved in
osteoarthritis and further increase cartilage degradation in-
clude IGF-1, TGFB1, and chondrodegradative enzymes.’
Metabolically based, inflammatory imbalances in synthe-
sis and resorption of cartilage as well as changes in the
production of fatty acid metabolites sustain osteoarthritis
over time, leading to further cartilage degradation.

METABOLIC ASPECTS OF OSTEOARTHRITIS

Arachidonic acid is the primary fatty acid generated
by the metabolic conversion of cell membrane phospho-
lipids by PLA, in situations of acute or chronic joint dam-
age. Further enzymatic activity converts arachidonic acid
to a variety of inflammatory mediators, which promote
further disease progression. Although there can be many
causes of the initial inflammatory response, the final com-
mon mediators of osteoarthritis are always chemical and
a result of metabolic processes, or an overabundance of
metabolic substrates, products, or both.” These mediators
include cytokines and eicosanoids, whose production is
greatly impacted by levels of fatty acids in the body and
the metabolic processes described above.?

Fatty acid levels in bone are 50%-90% higher in pa-
tients with osteoarthritis compared to controls.® In addi-
tion, depending on the severity of osteoarthritis, there is
an associated accumulation of total fatty acids and essen-
tial fatty acids in the chondrocytes of the joint in patients
with osteoarthritis, suggesting a strong involvement of
fatty acid metabolism in the etiology and/or pathogenesis
of the disease.® Clinical studies show strong linkage be-
tween metabolic defects in essential fatty acid metabolism
and an overabundance of fatty acids that are associated
with osteoarthritis.?

Arachidonic acid is an essential fatty acid obtained
from the diet as well as from the enzymatic conver-
sion of phospholipids from damaged cell membranes.
Arachidonic acid is a necessary substrate for mem-
brane building, platelet function, induction of inflam-
mation for tissue repair, and many other functions in
the body.'® With regard to inflammation, the two most
important enzymatic pathways for metabolic conver-
sion of arachidonic acid to inflammatory metabolites in
the body are mediated by the enzymes S-lipoxygenase
(5-LOX) and cyclooxygenase (COX).® These paral-
lel pathways generate leukotrienes and prostaglandins,
thromboxanes, and prostacyclins, respectively, which
play important roles in the initiation and progression of
the inflammatory response. The increased levels of these
fatty acid metabolites lead to further damage of cell mem-
branes producing even more arachidonic acid and inflam-
mation in a cyclical process (Figure 1).
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Figure 1. Enzymatic and oxidative metabolism of arachi-
donic acid (AA) by cyclooxygenase-1 (COX-1), cyclooxy-
genase-2 (COX-2), 5-lipoxygenase (5-LOX), and reactive
oxygen species (ROS) involved in osteoarthritis.

The metabolic conversion of arachidonic acid by
COX-1, a constitutively produced enzyme, leads to the
generation of prostaglandins and thromboxanes. These
fatty acid metabolites help regulate normal physiological
functions, such as platelet aggregation, protection of cell
function and integrity in the stomach, and maintenance
of normal kidney function.'* COX-2 is constitutively ex-
pressed in the kidneys and brain but is inducible by pro-
inflammatory cytokines released by chondrocytes within
the joint. This enzyme is required to mount a bodily de-
fense for repair of damaged tissue or to promote immune
activation when the body is under a viral assault.** Con-
version of arachidonic acid by COX-2 leads to the genera-
tion of physiologically important prostaglandins for tissue
repair and prostacyclins.*

The metabolic conversion of arachidonic acid by 5-LOX,
another damage-inducible enzyme, leads to the produc-
tion of leukotrienes. These inflammatory mediators, par-
ticularly leukotriene B, are chemoattractant, fatty acid
metabolites that cause the influx of fluid and cells to the
site of tissue damage to aid in the repair of tissue.3® This,
in turn, initiates new rounds of reactive oxygen species
production, up-regulation of the cytokine-induced inflam-
matory cascade, continual breakdown of cellular mem-
branes leading to more arachidonic acid generation, and
finally, further chronic expression of COX-2 and 5-LOX
over time (Figure 2).3+7¢

Matrix metalloproteinases, produced from chondrocytes,
are zinc-containing proteinases that digest cartilage and
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Figure 2. Induction of inflammatory cascade via the 5-lipoxy-
genase (5-LOX) metabolism of arachidonic acid (AA) to
generate leukotriene B, (LTB,), which attracts white blood
cells (WBC) to the joint.

cause severe joint damage.'® The expression of MMP-1 and
MMP-13 in particular, induced by IL-1p, causes the di-
gestion of type II collagen, the principal collagenous ma-
terial in hyaline cartilage.®® Induction of reactive oxygen
species formation by leukotriene B, attraction of white
blood cells (WBCs) to the joint directly impacts the pro-
duction of IL-1B and induction of MMP.%3

Chondrocytes also produce reactive oxygen spe-
cies. 32380170 Reactive oxygen species production has been
linked to damage to all cartilage matrix components, ei-
ther by direct or indirect attack, and reduces matrix syn-
thesis. Reactive oxygen species production may also in-
duce apoptosis and/or activate latent metalloproteinases.®
Another pathway of conversion is the non-enzymatic lipid
peroxidation of arachidonic acid. When arachidonic acid
is exposed to reactive oxygen species, the molecule is oxi-
dized to three primary products: F2-isoprostanes, 4-hy-
droxynonenal, and malondialdehyde (Figure 1).2!""! These
chemical arachidonic acid conversion products have been
shown to be elevated in synovial fluid, synoviocytes, and
serum of patients with osteoarthritis when compared to
healthy control subjects.® All three molecules are known
to directly degrade hyaline cartilage. In addition, other re-
active oxygen species found in the joints of patients with
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Figure 3. Cyclical induction of nuclear factor kappa B (NF«B)
and cytokines via tissue damage-induced white blood cell
(WBC) generation of reactive oxygen species (ROS).

osteoarthritis, including superoxide generated by the xan-
thine-hypoxanthine system, hydroxyl radicals, peroxide,
and hydroxyproline, directly degrade cartilage.’*"-80
Dietary antioxidants have been shown to slow the pro-
gression of osteoarthritis.>%¢°

Interleukin-1B induces reactive oxygen species,
which promote the expression of the pro-inflammatory
transcription factor, nuclear factor kappa B (NFkB).®
Reactive oxygen species generated by chondrocytes have
also been implicated in the pathophysiology of cartilage
damage.?>?033 Reactive oxygen species-induced NF«kB
generation then up-regulates expression of COX-2,40-66.92
Reactive oxygen species are generated by the action of
5-LOX conversion of arachidonic acid to leukotrienes,
which attract white blood cells to the joint and induce
NADPH oxidase and TNFa.® Lymphoid cells stimulated
with IL-1$ produce reactive oxygen species and acti-
vated NFkB whereas inclusion of antioxidants inhibits
this (Figure 3)."

Cartilage tissue from degenerative joints exhibits ac-
celerated inflammatory metabolism, an effect that can be
reproduced in vitro with normal chondrocytes supple-
mented with exogenous essential fatty acids.®* Arthritic
joints contain elevated levels of lipid and arachidonic
acid accumulation with an increasing degree of lesion
and histological severity in osteoarthritis.*>

CONCLUSION

Osteoarthritis can be viewed as a disease with multi-
factorial etiologies with shared metabolic pathogenesis.
Irrespective of causation, metabolic mechanisms gener-
ate joint inflammation and produce cartilage degrada-
tion, which are aggravated by intrinsic and environmen-
tal factors associated with advancing age.
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