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Objective—T0o evaluate the ability of hyaluronic acid
(HA), with and without transforming growth factor g (TGF-
B), to stabilize the catabolic processes associated with at-
rophy of articular cartilage.

Animals—20 adult, skeletally normal, hound-type dogs.

Procedure—Dogs (20 to 30 kg) were randomly assigned
to 1 of 5 groups. One group served as untreated controls.
Bivalve casts were placed on the left hind limbs of the
remaining 16 dogs to limit weightbearing and motion of
the limb for 92 days. One group served as the cast control.
Beginning on day 56, 3 groups received aseptic intra-artic-
ular injections in the left stifles of either 5 mg of HA or 6
mg of HA containing either 20 or 50 ug of TGF-B. Intra-
articular injections were repeated at 4-day intervals until
the end of the study. On day 92, stifles were harvested
at necropsy. Medial femoral condyles were histologically
processed, and the articular cartilage was stained for the
presence of proteoglycans, stromelysin, tumor necrosis
factor (TNF) a, and TNF receptors (p55 and p75).

Results—Decreased metachromasia was evident in the
cartilage matrix of all cast groups, with the smallest de-
crease in the HA-treated group. Stromelysin was immu-
nolocalized in articular cartilage of the cast {left) limbs of
cast control and both HA/TGF-B-treated groups. TNF-a
was localized in articular cartilage of all cast (left) and right
limbs, except those of the HA-treated group. Receptors
for TNF were observed in both limbs of untreated control
and cast control groups and cast limbs of HA/TGF-B-
ireated groups. The receptors were not localized in the
right limbs of the HA with or without TGF-B-treated
groups. TGF-B did not decrease stromelysin or TNF-a or
receptors at the doses used.

Conclusions—HA may mediate a chondrostabilizing in-
fluence on articular cartilage by down-regulating TNF-a.
Importantly, HA appeared to exert its inhibitory influence
on TNF-a, as well as stromelysin and TNF receptors, on a
systemic basis.

Clinical Relevance—Results provide insight into the
mode of action of HA as a therapeutic agent for arthritis
and its stabilizing influence on cartilage metabolism. (Am
J Vet Res 1996;57:1488-1496)
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Osteoarthritis (OA) is an age-related, debilitagy,
disease of synovial joints characterized by de g
dation of articular cartilage and formation of pey,
bone. Although the cause of OA may be multifactorjg]
destruction of articular cartilage appears to begin i
the matrix, with the early alterations of proteoglycans
and disorganization and disruption of collagen fibers
which allows an increase in water content.!2 Degﬂ-,
dation of the matrix is mediated by enzymes (ie, me.
talloproteinases, serine proteinases, and cysteine pro-
teinases) that may be produced by chondrocytes o
cells of the synovial membrane. Stromelysin is a mem.
ber of the metalloproteinase family of enzymes that
degrades proteoglycans.?

In OA, chondrocytes synthesize increased amounts
of proteoglycans!; however, degradation of proteogly-
cans proceeds at a faster rate than that at which chen-
drocytes can replace them.? The increased amount of
catabolic enzymes responsible for degradation of the
matrix can be controlled by cytokines, such as inter-
leukin 1 and tumor necrosis factor (TNF).? Also, in-
flamed synovial membrane contains macrophages,
monocytes, and lymphocytes, which secrete inflam-
matory mediators into the synovial fluid that bathes
the cartilage .

Tumor necrosis factor is activated by binding to
TNF receptors, p55 and p75.*¢ Although both recep-
tors are present on and expressed by most cells, p55
is considered to be necessary for the biologic activity
of TNF-a in many cell lines.*® Activity of TNF has
been inhibited by shedding of portions of p55 and p75
receptors from the cell surface.*” These shed cell sur-
face receptors can bind TNF to prevent it from binding
to attached cell surface receptors, thus inhibiting ac-
tivation of the cell.#>7

Loss of matrical proteoglycans from articular car-
tilage that accompanies OA has been simulated by nu-
merous animal models. Atrophy of articular cartilage
induced by immobilization or decreased loading of 2
diarthrodial joint, or both for several weeks induces
some changes similar to osteoarthritic lesions and has
been used to study the catabolic process.*® Proteogly-
can aggregation, thickness, metachromatic matrical
staining, and glycosaminoglycan content are decreased
and water content is increased in immobilized articular
cartilage.®® Although the loss of proteoglycans from
atrophic articular cartilage is similar to that observe
in OA, the mechanisms of depletion are different. 1_“
OA, catabolism of existing proteoglycans and synthesis
of new proteoglycans are increased.! Conversely, dur-
ing atrophy, degradation of proteoglycans is normal of
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ohtl accelerated, but synthesis of new proteoglycans
| slig [r);ased,&‘) Thus, the secretory activity of chondro-
' decof atrophic cartilage is down-regulated, compared
Y hondrocytes in normal or osteoarthritic carti-
mportantly, atrophic articular cartilage provides
ique model to study the ability of exogenous me-
aull rs of chondrocytic metabolism to up-regulate the
la[:Letic activity and decrease the catabolic actions of
abolically normal, although dormant, chondro-
¢s. An additional advantage of the atrophic articular
zartilage model is the limiting influence of reduced
loadbearing/motion on the physical destruction of
oint surfaces1° Thps, the joint immobilization model
wan be used as an in vivo culture system to evaluate
chondrocytic metabolism.

The role of altered chondrocytic nutrition in the

athogenesis of atrophy of articular cartilage in im-
mobilized joints is unclear. Palmoski et al® reported
that deterioration of articular cartilage resulting from
immobilization will develop in a mobile joint if normal
Joading of the joint is removed. Thus, atrophic changes
in immobilized joints could result from altered me-
chanical loading of the tissue rather than from altered
or stagnated nutrition of the resident articular chon-
drocytes.

Transforming growth factor b (TGF-b) is a mul-
tifunctional protein with a molecular weight of 25,000
that is synthesized by chondrocytes and secreted in
latent form that requires either acid or alkali activation
to become functional.""* Transforming growth factor
B has multiple influences on the homeostasis of car-
tilage that are mediated through its ability to increase
synthesis of new proteoglycans and to reduce destruc-
tion of existing proteoglycans.!+!®

Hyaluronic acid (HA) is an integral component of
synovial fluid as well as an important component of
the articular cartilage matrix where it binds proteogly-
can monomers into large aggregates.!® The movement
and potential metabolism of HA is dynamic, as evi-
denced by its ability to penetrate the synovial mem-
brane within 2 hours and articular cartilage within 6
hours.?® The half-life of HA in normal synovial joints
was determined to be as long as 96 hours in horses?!
and as short as 12 hours in rabbits.?? A protective and
stabilizing influence of HA on articular cartilage has
been documented in experimental models of OA and
in chondrocyte cultures.?>? The palliative influence
appears to be mediated through resident cells and in-
flammatory mediators, such as cytokines.2*?> In syno-
vial fluid, the mechanism of action of HA may result
from an inhibitory influence on inflammatory cell mo-
bility, phagocytosis, and enzyme release.?

Because HA and TGF-B are usually present in ar-
ticular cartilage, their actions to stabilize the integrity
of the matrix, to stimulate chondrocytic synthesis of
New matrix, and to decrease production of degradative
tnzymes and inflammatory cytokines could have po-
tential therapeutic value in stimulating maintenance
and repair of injured articular cartilage. Evaluation in
an immobilized synovial joint is an initial step in de-
termining the efficacy of a composite of HA and TGF-
B to maintain the integrity of articular cartilage that is
undergoing degradation in the absence of mechanical
Simulation. The objective of the study reported here
Was to evaluate the ability of HA, with and without
TGF-B, to maintain chondrocyte matrical production

|age. I

met

of proteoglycans and to decrease destructive enzyme
production in atrophic articular cartilage.

Materials and Methods

Dogs—Twenty skeletally normal, hound-type dogs (10
males and 10 females), 2 to 5 years old and weighing ap-
proximately 20 to 30 kg, were studied. They were housed
individually in indoor/outdoor runs (2.5 X 4.1 m) for 1
month before and during the study where they were allowed
unrestricted activity. Pretrial radiography of both stifles was
done to verify skeletal maturity on the basis of complete phy-
seal closure and lack of degenerative disease of the stifles.

The dogs were randomly assigned to 5 groups of 4 dogs
each (2 males and 2 females). The 5 groups included: group
1, untreated controls (no casting or injections); group 2, cast
controls (no injections); group 3, cast and HA* (10 mg/ml)
injected; group 4, cast and 20 pug of TGF-B," in HA (10 mg/
ml) injected; and group 5, cast and 50 ug of TGF-B, in HA
(10 mg/ml) injected. Dogs that received casts were heavily
sedated by use of atropinec (0.01 mg/kg of body weight),
acepromazined (0.1 mg/kg), and tiletamine HCl and zolaze-
pam HCI* (8 mg/kg). With the left stifle in 90° flexion, a
bivalved full-limb cast extending from the hip to and en-
compassing the paw, was applied to all dogs of groups 2-5.
The casts were attached to the caudoventral portion of thorax
harnesses via metal clips incorporated into the mid-metarsal
region of the casts to prevent weightbearing and limit motion
of the limb. The dogs wore the casts for 92 days and were
monitored daily for comfort. If adjustments or new casts
were needed, alterations were made on heavily sedated dogs.

Atrophy of articular cartilage was induced by immobi-
lization/non-weightbearing of the cast stifle for 56 days.® On
day 56 of immobilization, intra-articular injections in the left
femorotibial joints of dogs in treatment groups 3-5 were in-
itiated and repeated at 4-day intervals until day 92. A total
of 9 injections were administered. The cast was removed
from the dogs under the aforementioned heavy sedation, and
the region of the stifle was prepared for an aseptic intra-
articular injection. A volume of 0.5 ml was injected into the
synovial cavity. The TGF-B was acid activated in 5 mM HCl
under sterile conditions prior to mixing with the HA. Casts
of dogs in group 2 (cast control) also were removed and
replaced at 4-day intervals in dogs under heavy sedation, but
intra-articular injections were not administered.

Each dog was euthanatized on day 92 by an overdose
of barbiturates (39.8 mg/kg). The stifles of both hind limbs
were harvested from each dog, and 5-mm, wedge-shape spec-
imens were cut from the proximal medial femoral condyle.
Each specimen contained articular cartilage and subchondral
bone as well as periarticular synovial membrane. The spec-
imens were placed in neutral-buffered 10% formalin for 48
hours and decalcified in a mixture of 4% concentrated hy-
drochloric acid and 4% concentrated formic acid in distilled
water for 72 hours (verified by radiography). After being
rinsed in running tap water, specimens were processed in a
vacuum infiltration processor® for 24 hours and embedded
in a highly purified paraffin-containing low molecular weight
polymer.! Five-micron serial sections were cut from each
specimen, using a rotary microtomeJ

Sequential sections from both femoral condyles of each
dog were stained with H&E and toluidine blue. Additional
sections were used for immunolocalization, using antibodies
against stromelysin® (mouse IgG monoclonal, 1:500), TNF-
o (rabbit IgG monoclonal, 1:100), and TNF receptors p55*
and p75* (rabbit 1gG polyclonal, 1:200). The TNF-a anti-
body was specific for TNF-a at a dilution of 1:500 and did
not cross-react with TNF-$ or bovine serum albumin when
immunoassayed by use of western blot. Tumor necrosis fac-
tor receptors p55 and p75 were raised against the extracel-
lular portion of recombinant p55 and p75 receptors. Speci-
ficity of these antibodies was determined, using western blot
analysis. Also, receptors were recognized by these antibodies
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Table 1—Summary of the trends of histochemical and
immunohistochemical procedures on articular cartilage of
right (untreated) medial femoral condyles

Group MC Strom TNF-a p55 p75
Control Normal - + + +
Cast control Normal - + + +
HA Normal - - - -
HA + 20 ug TGF-B Normal - + - -
HA + 50 ug TGF-8 Normal - + - -

MC = metachromatic staining; strom = stromelysin; TNF-x = tumor necrosis factor o;
p55 and p75 = TNF receptors p55 and p75; HA = hyaluronic acid; + = positive reaction;
and — = negative reaction.

Table 2—Summary of the trends of histochemical and
immunohistochemical procedures on articular cartilaae of
eft (treated) medial femoral condyles

Group MC Strom TNF-a pss p75
Control Normal - + + +
Cast control + + +
HA Slight C - -f - -
HA + 20 ug TGF-8 1 + + + +
HA + 50 ug TGF-B l + + + +

1 = decreased.

in an ELISA format. Antibodies against stromelysin have
been documented to react with canine stromelysin.*

In the general immunohistochemical procedure, sec-
tions were digested for 1 hour in hyaluronidase (1.0 mg/ml),
blocked with 3% hydrogen peroxide in methanol for 45
minutes, and serum blocked with either normal goat (10%)
or horse (10%) serum for 20 minutes. Sections were incu-
bated with primary antibody overnight at 20 to 22 C (room
temperature). Avidin-biotin complex kits™ were used to label
the primary antibodies, and 3,3-diaminobenzidine hydro-
chloride” was used to yield a color reaction. Osteoarthritic
articular cartilage lesions were used as a positive control for
stromelysin, and rheumatoid arthritic synovial membrane
was the control for TNF-a and TNF receptors. In negative
controls, phosphate-buffered saline solution was substituted
for the primary antibody. All slides (groups 1-5) were
stained as block sections for each individual antibody, so no
variation in staining intensity attributable to processing
would be present. Slides were evaluated, using a binocular
research microscope.®

Results

Clinical findings—Dogs tolerated immobilization
of a hind limb well, and signs of systemic abnormali-
ties or diseases were not observed. Muscular atrophy
of the cast limbs of all dogs was progressive during the
study and was particularly evident after 2 months of
casting. Some alopecia and superficial abrasions devel-
oped over pressure points located in the casts. In such
instances, additional padding or a new cast was pro-
vided to increase comfort of the dog. Dogs of groups
4 and 5, which received intra-articular injections of
TGF-B, developed moderate joint effusion in the in-
jected stifle as well as grossly palpable fibrosis of the
joint capsules during the course of the study.

Necropsy—Articular surfaces of the femorotibial
and femoropatellar joints had a slightly bluish tinge in
all cast limbs that was particularly evident in the cast
control group. The joint capsules of dogs in the TGF-
B-treated groups were fibrotic and thick. Also, TGF-B-
treated joints were moderately distended by increased
amounts of synovial fluid and fibrosis. Joint distention
or fibrosis was not evident in dogs of the cast control
or cast/HA-treated group.

Histopathologic findings—Results of histo], i
examination and histochemical staining, along with imc
munohistochemical localizations, were compared (Ta:
bles 1 and 2).

Untreated control group—Lenticular chongyg_
cytes located in the superficial zone, round chonggg.
cytes in the middle zone, and columnated groups (f
chondrocytes in the deep zone had normal morph).
ogy and morphologic relations. Metachromatic mayy;.
cal staining extended throughout the depth of the 4.
ticular cartilage (Fig 1A). Fissures or fibrillations were
not observed in the articular cartilage; however, slight
erosions of the superficial zone were seen in 2 spec;.
mens (1 left and 1 right).

Immunolocalization of stromelysin was negative
in all femoral condyles (Fig 2A). Light immunoreac.
tivity in chondrocytes of the superficial zone was pres.
ent in the left femoral condyle with the superficig]
erosion. Immunoreactivity for TNF-a was observed i
chondrocytes, principally in the middle and dee
zones of femoral condyles of both limbs of all dogs
(Fig 3A). However, a few superficial chondrocytes con-
tained immunoreactivity in the left femoral condyles.
Immunolocalization of receptors p35 and p75 was ey-
ident in chondrocytes of the superficial, middle, and
deep zones of the articular cartilage of the left and
right femoral condyles (Fig 4A), although chondro-
cytic immunoreactivity was, at times, limited to the
middle zone.

Cast control group—Morphology and metachro-
matic staining of the articular cartilage of the right
femoral condyles was similar to those on cartilage from
the untreated control group. In the left femoral con-
dyles, increased acidophilia and decreased metachro-
masia were observed in the matrices of the superficial
and middle zones of the articular cartilage (Fig 1B).

Immunolocalization of stromelysin was generally
lacking in the right femoral condyles. In left condyles,
stromelysin was located in chondrocytes and matrix of
the superficial and middle zones of the articular car-
tilage (Fig 2B). In 1 dog, immunoreactivity was at low
intensity in the left condyle.

Tumor necrosis factor & was immunolocalized in
chondrocytes of the middle and deep zones of the ar-
ticular cartilage of the right femoral condyles. In the
left femoral condyles, immunoreactivity for TNF-a was
present in chondrocytes of the superficial, middle, and
deep zones and in the matrices of the superficial and
middle zones (Fig 3B). Immunoreactivity for TNF-«
was light in 1 left femoral condyle.

Chondrocytic and matrical immunoreactivity of
the receptor p55 was present in the superficial zone of
the articular cartilage of right femoral condyles. In the
left femoral condyles, receptor p55 was jmmunolocal-
ized in chondrocytes and matrix of the superficial zone
(Fig 4B). Chondrocytic and matrical immunoreactivity
for receptor p75 was principally located in the super-
ficial zone of the articular cartilage of the right and left
femoral condyles, although immunoreactivity was light
in the right femoral condyle of 1 dog.

Hyaluronic acid group—Routine staining of ar-
ticular cartilage from the right femoral condyles W2
similar to that of cartilage from untreated controls. It
the left femoral condyles, increased acidophilia and de-

e
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creased metachromasia were present in the matrix of
the superficial zone (Fig 1C).

Immunoreactivity for stromelysin was lacking in
the right or left femoral condyles of all dogs (Fig 2C),
other than slight chondrocytic immunolocalization in
the superficial zone of 1 left femoral condyle. Similarly,
TNF-a was not immunolocalized in the right femoral
condyles (Fig 3E), other than light immunoreactivity
in a few chondrocytes of the middle zone of 1 speci-
men. In the left condyle, immunolocalization of TNF-
o was lacking in 2 dogs (Fig 3C) and was light in a
few deep chondrocytes of 2 others. The only immu-
noreactivity for receptors p35 and p75 was light local-
ization of p55 in the matrix of the middle zone of the
articular cartilage of 1 right and 1 left condyle. Im-
munoreactivity was absent in the right and left femoral
condyles of all other dogs (Fig 4C).

Dosage of 20 mg of TGF-b in HA—Articular car-
tilage of the right femoral condyles had routine stain-
ing patterns that were similar to that in untreated con-
trols. However, articular cartilage of the left femoral
condyles had increased matrical acidophilia and de-
creased metachromasia of the superficial, middle, and
deep zones (Fig 1D). Blood vessel ingrowth from the
subchondral bone into the articular cartilage and a few
fibrous tags attached to the articular surface were ob-
served. The fibrous tags originated from synovial mem-
brane at the margin of the articular cartilage. Hyper-
Plasia of the periarticular synovial membrane was
accompanied by infiltration of mononuclear inflam-
Matory cells (Fig 5).

Immunoreactivity for stromelysin was lacking in
the right femoral condyles. In the left femoral con-

Vles, stromelysin was immunolocalized in chondro-
fytes and matrix of the superficial, middle, and deep
Zones of the articular cartilage (Fig 2D).

.

Figure 1—Photomicrographs of articular cartilage sections from the left medial femoral condyles illustrating intense
matrical metachromatic staining of an untreated control dog (A), compared with extensive loss of metachromasia in
cast control dog (B). Notice only mild loss of matrical staining in the superficial layer of cast/hyaluronic acid (HA)-
reated dogs {C), whereas almost complete loss of staining was present in cast/HA/transforming growth factor B
{TGF-B)-treated dogs (D). Toluidine blue stain; bar = 50 um.

Tumor necrosis factor a was immunolocalized in
chondrocytes of the middle and deep zones of the ar-
ticular cartilage of the right femoral condyles. In the
left femoral condyles, TNF-o. was immunolocalized in
chondrocytes and matrix in the superficial, middle,
and deep zones of the articular cartilage (Fig 3D).

Other than a focal site of light chondrocytic im-
munoreactivity in the superficial zone of 1 specimen,
immunoreactivity for receptors p55 and p75 was ab-
sent in the right femoral condyles. In the left femoral
condyles, both receptors were immunolocalized prin-
cipally in the matrix of the middle zone of all speci-
mens (Fig 4D), although immunoreactivity in chon-
drocytes of the superficial and middle zones was
observed. In some specimens, the matrix appeared to
contain a thick line of immunoreactivity oriented par-
allel to the surface at the junction of the middle and
deep zones. The intensity of immunoreactivity was
greatest in this linear region.

Dosage of 50 mg of TGF-b in HA—The micro-
scopic appearance and patterns of routine staining and
immunoreactivity of articular cartilage from joints
treated with 50 pg of TGF-f3 were similar to those de-
scribed for specimens treated with 20 ug of TGF-p.

Discussion

Homeostasis of matrical proteoglycans in articular
cartilage results from a balance between degradation of
existing proteoglycans and synthesis of new proteogly-
cans. In this study, immobilization/non-weightbearing
of the stifle resulted in loss of staining of proteoglycans
in articular cartilage as described by other investiga-
tors,>* which suggests an imbalance in metabolism to-
ward catabolism. Degradation of proteoglycans is also
a characteristic lesion of OA that results from the ac-
tion of enzymes, such as the metalloproteinase stro-
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Figure 2—Photomicrographs of articular cartilage sections from left medial femoral condyles illustrating chondrocytic

and matrical immunolocalization of stromelysin. Immunolocalization is lacking in the untreated control (A) and casy/
HA-treated (C) dogs. However, immunolocalization was present in chondrocytes and matrix of the superficial and
middle zones of the cast control (B) and cast/HA/TGF-B-treated (D) dogs, as well as those in the deep zone of the

latter. Antistromelysin stain; bar = 50 pm.
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Figure 3—Photomicrographs of sections of articular chondrocytes of left medial femoral condyles illustrating tumor
necrosis factor (TNF) o immunolocalized in untreated control (A), cast control (B), and cast/HA/TGF-B-treated (D) dogs,
as well as in the matrix of cast control and cast/HA/TGF-B-treated dogs. The TNF-a was not immunolocalized in
articular cartilage from the left (C) or the right (E) femoral condyles of this cast/HA-treated dog. Anti-TNF-« stain; bar

= 50 um.

melysin. The degradative process appears to be regu-
lated at least in part by TNF-a, which is known to
increase the production of metalloproteinase en-
zymes.*>> This coordinated degradative action results
in the release of proteoglycan fragments into synovial
fluid.? In this study, the immunolocalization of stro-
melysin in regions where metachromatic staining was
decreased and TNF-a was immunolocalized supports
the interrelation of the 2 molecules. The absence of
stromelysin in the control group and uncast (right)
limbs of all groups coincided with reports by other

investigators.?***¢ Concomitantly, immunolocalization
of stromelysin in chondrocytes’***4 and matrix in
atrophic cartilage in this study is similar to osteoar-
thritic articular cartilage 30343637

Hyaluronic acid is considered to have a stabiliz-
ing influence on degenerating articular cartilage, al-
though its mechanism of action has not been clearly
defined.?*?° Restoration of rheologic properties of syn-
ovial fluid by viscosupplementation with high molec-
ular weight HA has been suggested.®® This concept is
consistent with degradation of HA from phospholipid
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Figu‘re 4—Photomicrographs of sections of articular cartilage from the left medial femoral condyle. The TNF receptors

were immunolocalized in chondrocytes of an untreated control dog (A). Immunolocalization in cast control dogs (B)
was principally concentrated in chondrocytes and matrix of the superficial zone. Immunoreactivity was not observed
in the articular cartilage of cast/HA-treated dogs (C); however, dense immunoreactivity was located in the middle and
deep zones of cast/HA/TGF-B-treated dogs (D). Anti-TNF receptors stain; bar = 50 pm.

Figure 5—Photomicrograph of a
section of periarticular synovial
membrane from the left stifle
that is representative of the cast
control group (A). Hyperplasia of
the synovial membrane and
mononuclear inflammatory cells
= (arrowheads) are visible in this
| photomicrograph of the periarti-
cular synovial membrane from
dogs of the cast/HA/TGF-B-
treated group (B). H&E stain; bar
= 50 pum.

bonding or depolymerization induced by oxygen-de-
tived free radicals.?® Alternatively, analgesic or anti-in-
flammatory actions of HA, or both could be central to
the therapeutic efficacy of HA 39402

Hyaluronic acid decreases the release of matrical
proteoglycans.2>-2527-294345 In this study, staining for
proteoglycans was retained and concurrent immuno-
localization of stromelysin was absent in the atrophic
articular cartilage of dogs in the HA-treated group.
These observations support the suggested local chon-
droprotective influence of HA on immobilized articular
Cartilage?*3146 and articular cartilage predisposed to
OA.26-% Thys, this study provides in vivo evidence of
down-regulation of stromelysin and/or its regulatory

pathway through TNF-a as a mechanism of action of
HA‘47

Tumor necrosis factor o was localized in chondro-
cytes of the middle and deep zones of the articular car-
tilage of the untreated control group. This observation
disagreed with that of Pickvance et al,*® who observed
chondrocytic and matrical immunolocalization of TNF-
o in early osteoarthritic lesions but not in control artic-
ular cartilage. However, the observation agreed with the
report by Kammermann et al, who suggested that
TNF-o had a role in regulating the metabolism of pro-
teoglycans in normal articular cartilage. The reason for
the discrepancy among studies is not apparent, but
may result from differences in processing of the artic-
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ular cartilage specimens or in the epitope on the TNF-
a molecule that was recognized by the antibodies used
in the respective studies.

During atrophy of articular cartilage, proteogly-
cans could be lost by normal attrition of the matrix
because synthesis of new proteoglycans is decreased in
atrophic articular cartilage.** However, immunolocal-
ization of TNF-a in the atrophic articular cartilage of
this study suggests that TNF-a continued its role in
the regulation of proteoglycan catabolism. Because
TNF-a mediates its catabolic influence on proteogly-
cans through the action of enzymes, such as stro-
melysin,?3*% Jocalization of TNF-a and stromelysin in
the atrophic cartilage could explain the marked loss of
proteoglycans. Although no direct link of the regula-
tory action of TNF-a to up-regulation of stromelysin
was found other than mutual immunolocalization, in
vitro treatment of slices of normal and osteoarthritic
articular cartilage with TNF-a has been reported to
increase immunolocalization of stromelysin.*

Tumor necrosis factor o also was observed in the
articular cartilage of the untreated (right) limbs of all
groups of the present study, except dogs that were
treated with HA alone. This observation suggests that
HA had a systemic influence on TNF-a expression that
has hitherto not been reported, to the authors’ knowl-
edge. Additional support for this systemic effect is pro-
vided by the ability of HA to inhibit the secretion of
TNF-a by cultured monocytic cell lines.>! The inability
of HA to prevent the expression of TNF-a in the TGF-
o/HA-treated group may have resulted from acceler-
ated catabolism of the exogenous HA by hyaluronidase
that is present in synovial fluid*>** or oxygen-derived
free radicals originating from mononuclear inflamma-
tory cells, such as those observed in the synovial mem-
brane.>* Alternatively, excess production of TNF-a by
the latter cells may have resulted from the stimulatory
influence of the large amount of TGF-B injected into
the joint.”

The origin of TNF-o was not determined by us.
However, immunolocalization of TNF-a in chondro-
cytes in con®ol articular cartilage suggests that they
produced the molecule. The uniform localization of
TNF-a in chondrocytes and matrix of the superficial
zone of atrophic articular cartilage of cast control limbs
unlike untreated control cartilage suggests that, as at-
rophy of the cartilage progressed, the chondrocytes may
have released TNF-a into the surrounding matrix. This
hypothesis is supported by other investigators who have
reported that chondrocytes are capable of production of
TNF-a.3>% Alternatively, TNF-o« may have originated
from mononuclear cells, such as activated monocytes
and macrophages, that are a major source of TNF-a and
can be located in the synovial membrane.” Regardless
of its origin, the expanded immunolocalization of TNF-
a into chondrocytes and matrix of the superficial zone
of atrophic cartilage, compared with untreated controls,
suggests that the expression of TNF-a was increased in
atrophic cartilage.

The immunolocalization of TNF receptors of the
treated and contralateral untreated limbs also was in-
fluenced by HA. Although TNF receptors were im-
munolocalized in the articular cartilage of both limbs
of the untreated control and the cast limb of the cast
control groups, immunolocalization was not observed
in either limb of the HA-treated group. Immunolocal-

ization of TNF receptors was also absent in the un.
treated limbs of dogs that received injections of gy
containing TGF- in the contralateral cast stifle. T}
result was unexpected because chondrocytic localiz,
tion of TNF-a was present in the same limbs. The regy
son for this finding is not known but could be a resuly
of differential action of HA or its subunits on the ex-
pression of TNF-a and TNF receptors. Collectively
the results suggest that HA had a local and a system;;
influence on the expression of TNF receptors. The ye.
sulting absence of TNF-a, its receptors, and, in turn
stromelysin may be a basis for the chondroprotectiye
effect of HA on articular cartilage.

Results of in vitro studies of TGF-B and articylay
cartilage indicated decreased destruction and enhanceq
synthesis of proteoglycans.!*'¢ However, Elford et g
observed that intra-articular injection of TGF-B re.
sulted in loss of proteoglycans. In this study, it
articular administration of TGF-p resulted in loss of
metachromatic staining throughout the depth of the
atrophic articular cartilage, indicative of loss of pro.
teoglycans. The pathogenesis of the degradation of
proteoglycans after intra-articular injection of TGF-g
has not been clarified, but may have been mediated by
metalloproteinase enzymes. The immunolocalization
of stromelysin in all zones of the articular cartilage of
all dogs treated with TGF-B, compared with that in
only the superficial and middle zones in cast control
dogs, supports this hypothesis.

Transforming growth factor B has also been doc-
umented to down-regulate interleukin 1 and TNF-a in
animal models of OA.>*% However, the prominent im-
munolocalization of TNF-«, in addition to stromelysin,
in dogs of the TGF-B/HA-treated groups indicates that
the composite was unable to decrease the presence of
this catabolic pathway in atrophic cartilage. Likewise,
the TNF receptors predominately located in the matrix
of dogs in the TGF-3/HA-treated groups may have in-
dicated that these receptors were up-regulated and re-
leased into the matrix once they bound with the in-
creased amounts of TNF-o. The up-regulation of
stromelysin and TNF-a in the cartilage of the TGF-B/
HA-treated groups may have been mediated by cyto-
kines from the synovial fluid. Transforming growth
factor B has been documented to chemotactically re-
cruit and activate circulating monocytes, resulting in
release of cytokines such as interleukin 1 and TNF-
.92 The high amount of TGF-B used in this study
may have elicited the mononuclear cell response in the
synovial membrane, which could have resulted in the
release of cytokines into synovial fluid that subses
quently diffused into the articular cartilage or medi=
ated degradation of the exogenous HA.

The potential for TGF-B to elicit undesirable sec-
ondary effects, such as local connective tissue prolif-
eration at sites of administration$> was recognized
before the study was initiated. To counteract these ef-
fects, TGF-B was administered in HA as a carrier ve-
hicle for injection. In addition to being a normal
constituent of synovial fluid and having a stabilizing
influence on matrical proteoglycans, HA has been doc-
umented to decrease scar formation and angiogenesis,”
inhibit proliferation and chemotaxis of lymphocytes "
and reduce mobility of macrophages.** Exogenous
can diffuse into intact articular cartilage within hourS_zo
and has a half-life of approximately 12 to 96 hours I
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ovial joints that is species dependent.”*> Because
of these characteristics, HA was considered to be a use-
ful carrier of TGF-B to potentially moderate the side
ffects of TGF-B, retain it in the articular cartilage for
1 extended period, and slow exposure of the synovial
membrane to TGF-B.

Unfortunately, the clinical response of stifles in-
iected with the composite of TGF-B and HA was
accentuated by secondary effects of joint capsule
thickening and angiogenesis that were attributable to
1GF-B.%¢ Thus, HA was unable to counteract the sec-
ondary effects that were attributable to the high doses
of TGF-B. Transforming growth factor § has been doc-
umented to have angiogenic or antiangiogenic prop-
erties.£2¢>% In this study, invasion of blood vessel
ingrowth from the subchondral bone developed only
in dogs of the TGF-B-treated groups. Alternatively, the
angiogenesis may have been indirectly mediated by
TGF-p through the up-regulation of TNF-a from ac-
tivated synovial monocytes, as described earlier. The
inability of HA to ameliorate the secondary effects of
TGF-B probably resulted because of the aggressive de-
struction of HA or excess production of TNF-a as
previously discussed. It remains to be determined
whether HA could have prevented the secondary ef-
fects of TGF-B at lower doses of the latter.

An alternative explanation of the inability of TGF-
B to maintain proteoglycans in the matrix may be
based on the potential influence of the HA adminis-
tered with the TGF-B on proteoglycan synthesis. Hy-
aluronic acid is regulated through hyaluronan-binding
proteins.®” When excess HA is in the milieu, there may
not be enough binding proteins to effectively bind the
HA. High concentrations of HA have been found to
have a negative effect on chondrogenesis.” Thus, TGF-
B may have been unable to maintain or increase pro-
teoglycan synthesis because of the excess HA in the
joint.” The concomitant increased inflammatory re-
sponse mediated by TGF-B and decreased chondro-
genesis resulting from exogenous HA may have ne-
gated the local and systemic chondroprotective effects
of HA.

Although the TGF-B/HA composite used in this
study was unable to provide a positive effect on atrophic
cartilage, the ability of HA to decrease the presence of
inflammatory mediators on a systemic as well as a local
basis was important. This observation provides a po-
tential basis for the chondroprotective action of HA in
synovial joints and for the continued clinical use of
HA for treatment of joint diseases. Further studies are
needed to determine how HA exerts its systemic influ-
ence on articular cartilage, albeit the variable molecu-
lar size of HA, binding affinities with the HA-binding
protein receptors on the different cells, or potentially
different mechanisms.®” However, HA has been found
to be chondroprotective, and results of this study ex-
plain that down-regulation of TNF-« and stromelysin
may be one of the possible mechanisms for HA’s clin-
ical efficacy.

*Hyalovet, Fort Dodge Laboratories, Fort Dodge, lowa.

*TGF-B2, Celtrix Pharmaceuticals Inc, Santa Clara, Calif.

“Atropine, Vedco Inc, St Louis, Mo.

¢Acepromazine, Fort Dodge Laboratories, Fort Dodge, lowa.

‘Tiletamine HCl and Zolazepam HCl, Fort Dodge Laboratories,
Fort Dodge, lowa.
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'Sigma Chemical Co, St Louis, Mo.
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"DAB, Sigma Chemical Co, St Louis, Mo.

°American Optical, Leica Inc, Deerfield, 111

PLohmander LS, Walakovitz LA, Lark MW. Metalloproteinases,
tissue inhibitor and proteoglycan fragments in knee synovial fluid
in human osteoarthritis (abstr), in Proceedings. 38th Annu Meet Or-
thop Res Soc 1992;273.

9Kammermann JR, Kincaid SA, Rumph PF, et al. Immunolo-
calization of TNF-a and TNF receptors in iatrogenically-induced
model of canine osteoarthritis (abstr), in Proceedings. 41st Annu
Meet Orthop Res Soc 1995;20:317.

References

1. Buckwalter ], Rosenberg L, Coutts R, et al. Articular carti-
lage. In: Woo SL, Buckwalter D, eds. Injury and repair of the mus-
culoskeletal soft tissues. Park Ridge, Il American Academy of
Orthopedic Surgeons, 1988;465—481.

2. Mow VC, Setton LA, Ratcliffe A, et al. Structure—function
relationships of articular cartilage and the effects of joint instability
and trauma on cartilage function. In: Brandt KD, ed. Osteoarthritis.
Indianapolis: Indiana University School of Medicine, 1990;22-42,

3. Poole AR. Enzymatic degradation: cartilage destruction. In:
Brandt KD, ed. Osteoarthritis. Indianapolis: Indiana University School
of Medicine, 1990;63-72.

4. Tartagalia LA, Goeddel DV. Two TNF receptors. Immunol
Today 1992;13:151-153.

5. Vilcek ], Lee TH. Tumor necrosis factor new insights into
the molecular mechanisms of its multiple actions. J Biol Chem 1991;
266:7313-7316.

6. Cope AP, Aderka D, Doherty M, et al. Increased levels of
soluble tumor necrosis factor receptors in the sera and synovial fluid
of patients with rheumatic diseases. Arthritis Rheum 1992;35:1160-
1169.

7. Vilcek ], Palombella V]. TNF as a growth factor. Immunol
Ser 1990;56:269-287.

8. Palmoski M, Perricone E, Brandt KD. Development and re-
versal of a proteoglycan aggregation defect in normal canine knee
cartilage after immobilization. Arthritis Rheum 1979;22:508-517.

9. Palmoski MJ, Colyer RA, Brandt KD. Joint motion in the
absence of normal loading does not maintain normal articular car-
tilage. Arthritis Rheum 1980;23:325-334.

10. Helminen HJ, Kiviranta I, Saamanen A, et al. Effect of mo-
tion and load on articular cartilage in animal models. In: Kuettner
KE, Schleyerbach R, Peyron JG, et al, eds. Articular cartilage and
osteoarthritis. New York: Raven Press Ltd, 1992;501~510.

11. Sporn MB, Roberts AB, Wakefield LM, et al. Some recent
advances in the chemistry and biology of transforming growth fac-
tor-beta. J Cell Biol 1987;105:1039-1045.

12. Villiger PM, Lotz M. Differential expression of TGF-8 iso-
forms by human articular chondrocytes in response to growth fac-
tors. J Cell Physiol 1992;151:318-325.

13. O'Keefe R], Puzas JE, Brand JS, et al. Effect of transforming
growth factor-B on DNA synthesis by growth plate chondrocytes:
modulation by factors present in serum. Tissue Int 1988;43:352-358.

14. Morales TI, Roberts AB. Transforming growth factor 8 reg-
ulates the metabolism of proteoglycans in bovine cartilage organ
cultures. J Biol Chem 1988;263:12828-12831.

15. Morales TI. Transforming growth factor-g1 stimulates syn-
thesis of proteoglycan aggregates in calf articular cartilage organ cul-
tures. Arch Biochem Biophys 1991;286:99-106.

16. Morales TI, Joyce ME, Sobel ME, et al. Transforming
growth factor-B in calf articular cartilage organ cultures: synthesis
and distribution. Arch Biochem Biophys 1991;288:397—405.

17. Redini F, Daireaux M, Mauviel A, et al. Characterization of
proteoglycans synthesized by rabbit articular chondrocytes in re-
sponse to transforming growth factor-beta (TGF-B). Biochim Biophys
Acta 1991;1093:196-206.

18. van der Kraan P, Vitters EL, van den Berg WB. Inhibition
of proteoglycan synthesis by transforming growth factor B in ana-
tomically intact articular cartilage of murine patellae. Ann Rheum Dis
1992;51:643-647.

AJVR, Vol 57, No. 10, October 1996

1495



19. Howard RD, Mcllwraith CW. Sodium hyaluronate in the
treatment of equine joint disease. Compend Contin Educ Pract Vet
1993;15:473-479.

20. Antonas KN, Fraser JRE, Muirden KD. Distribution of bio-
logically labeled radioactive hyaluronic acid injected into joints. Ann
Rheum Dis 1973;32:103-111.

21. Hilbert BJ, Rowley G, Antonas KN, et al. Changes in the
synovia after the intra-articular injection of sodium hyaluronate into
normal horse joints and after arthrotomy and experimental cartilage
damage. Aust Vet J 1985;62:182~183.

22. Brown TJ, Laurent UBG, Fraser JRE. Turnover of hyal-
uronan in synovial joints: elimination of labeled hyaluronan from
the knee joint of the rabbit. Exp Physiol 1991;76:125-134.

23. Shimazu A, Jikko A, Iwamoto M, et al. Effects of hyaluronic
acid on the release of proteoglycan from the cell matrix in rabbit
chondrocyte cultures in the presence and absence of cytokines. Ar-
thritis Rheum 1993;36:247-253.

24. Keller WG, Aron DN, Rowland GN, et al. The effect of
trans-stifle external skeletal fixation and hyaluronic acid therapy on
articular cartilage in the dog. Vet Surg 1994;23:119-128.

25. Larsen NE, Lombard KM, Parent EG, et al. Effect of hylan
on cartilage and chondrocyte cultures. J Orthop Res 1992;10:23-32.

26. Mejersjo C, Kopp S. Effect of corticosteroid and sodium
hyaluronate on induced joint lesions in the guinea-pig knee. Int J
Oral Maxillofac Surg 1987;16:194-201.

27. Schiavinato A, Lini E, Guidolin D, et al. Intraarticular so-
dium hyaluronate injections in the pond-nuki experimental model
of osteoarthritis in dogs. 1I. Morphological findings. Clin Orthop
1989;241:286-299.

28. Abatangelo G, Botti P, Del Bue M, et al. Intraarticular so-
dium hyaluronate injections in the Pond-Nuki experimental model
of osteoarthritis in dogs. 1. Biochemical results. Clin Orthop 1989;
241:278-285.

29. Rydell N, Balazs EA. Effect of intra-articular injection of
hyaluronic acid on the clinical symptoms of osteoarthritis and on
granulation tissue formation. Clin Orthop 1971;80:25-32.

30. Pelletier JP, Faure MP, DiBattista JA, et al. Coordinate syn-
thesis of stromelysin, interleukin-1 and oncogene proteins in exper-
imental osteoarthritis. Am J Pathol 1993;142:95-105.

31. Wigren A, Wik O, Falk J. Repeated intraarticular implan-
tation of hyaluronic acid. Ups J Med Sci Suppl 1975;17:2-20.

32. Wahl RC, Dunlap RP, Morgan BA. Biochemistry and inhi-
bition of collagenase and stromelysin. In: Bristol JA, Johns WF, eds.
Annual reports in medicinal chemistry-25. New York: Academic Press
Inc, 1989;177-184.

33. Brinckerhoff CE. Joint destruction in arthritis: metallopro-
teinases in the spotlight. Arthritis Rheum 1991;34:1073-1075.

34, Okada Y, Shinmei M, Tanaka O, et al. Location of matrix
metalloproteinase 3 (stromelysin) in osteoarthritic cartilage and sy-
novium, Lab Invest 1992;66:680-690.

35. Shinmei M, Masuda K, Kikuchi T, et al. Production of cy-
tokines by chondrocytes and its role in proteoglycan degradation. J
Rheumatol 1991;18(Suppl 27):89-91.

36. Nguyen Q, Mort JS, Roughley PJ]. Preferential mRNA ex-
pression of prostromelysin relative to precollagenous and in situ lo-
calization in human articular cartilage. J Clin Invest 1992;89:1189-
1197,

37. Dean DD, Martel-Pelletier J, Pelletier JP, et al. Evidence for
metalloproteinase and metalloproteinase inhibitor imbalance in hu-
man osteoarthritic cartilage. J Clin Invest 1989;84:678-685.

38. Peyron JG. A new approach to the treatment of osteoar-
thritis: viscosupplementation. Osteoarthritis Cart 1993;1:85-87.

39. Ghosh P. The role of hyaluronic acid (hyaluronan) in
health and disease: interactions with cells, cartilage and components
of synovial fluid. Clin Exp Rheumatol 1994;12:75-82.

40. Anastassiades T, Robertson W. Modulation of mitogen-
dependent lymphocyte stimulation by hyaluronic acid. J Rheumatol
1984;11:729-734.

41. Brandt KD. Modification of chemotaxis by synovial fluid
hyaluronate. Arthritis Rheum 1970;13:308-309.

42. Balazs EA, Darzynkiewicz Z. The effect of hyaluronic acid
on fibroblasts, mononuclear phagocytes, and lymphocytes. In: Biol-
ogy of the fibroblast. New York: Academic Press Inc, 1973;237-252.

43. Gingerich DA. Effect of exogenous hyaluronic acid on joint
function in experimentally induced equine osteoarthritis: dosage ti-
tration studies. Res Vet Sci 1981;30:192-197.

44. Auer JA, Fackelman GE, Gingerich DA, et al. Effect of h
aluronic acid in naturally occurring and experimentally indyce
teoarthritis. Am J Vet Res 1980;41:568-574.

45. Asheim A, Lindblad G. Intra-articular treatment of arthrig
in race-horses with sodium hyaluronate. Acta Vet Scand 1976;)7
379-394. i

46. Olsen EB, Trier K, Jorgensen B, et al. The effect of hyal.
uronic acid on cartilage in the immobilized rabbit knee. Actq Orthgy
Scand 1991;62:323-326.

47. Yasui T, Akatsuka M, Tobetto K, et al. Effects of hyaly.
ronan on the production of stromelysin and tissue inhibitor of pe.
talloproteinase-1 (TIMP-1) in bovine articular chondrocytes. Biomeg
Res 1992;13:343-348.

48. Pickvance EA, Oegema TR Jr, Thompson RC Jr. Immup,.
localization of selected cytokines and proteases in canine articyjy,
cartilage after transarticular loading. J Orthop Res 1993;11:313-33

49. Palmoski MJ, Brandt KD. Immobilization of the knee pre:
vents osteoarthritis after anterior cruciate ligament transection. Ar-
thritis Rheum 1982;25:1201-1208.

50. Pelletier P, Malemud CJ. Proteoglycans from experimenta]
osteoarthritic cartilage: degradation by neutral metalloproteinases, J
Rheumatol 1987;14(Suppl 14):113-115.

51. Chang N-S, Intrieri C, Mattison J, et al. Synthetic polysyl.
fated hyaluronic acid is a potent inhibitor for tumor necrosis factor
production. J Leukocyte Biol 1994;55:778-784.

52. Bollet AJ, Bonner WM Jr, Nance JL. The presence of hyal-
uronidase in various mammalian tissues. | Biol Chem 1963;23g.
3522-3527.

53. Bollet AJ, Nance JL. Biochemical findings in normal and
osteoarthritic articular cartilage. 11. Chondroitin sulfate concentra-
tion and chain length, water, and ash content. J Clin Invest 1966:45:
1170-1177.

54. Klebanoff SJ. Oxygen metabolites from phagocytes. In: Gal-
lin JI, Goldstein IM, Snyderman R, eds. Inflammation: basic principles
and clinical correlates. New York: Raven Press Ltd, 1992;541-588,

55. Allen JB, Manthey CL, Hand AR, et al. Rapid onset synovial
inflammation and hyperplasia induced by transforming growth fac-
tor B. J Exp Med 1990;171:231-247.

56. Shinmei M, Masuda K, Kikuchi T, et al. Interleukin 1, tu-
mor necrosis factor, and interleukin 6 as mediators of cartilage de-
struction. Semin Arthritis Rheum 1989;18(Suppl 1):27-32.

57. Beutler B, Cerami A. The biology of cachetin/TNF-x pri-
mary mediator of the host response. Annu Rev Immunol 1989;7:625-
655.

d os.

58. Elford PR, Graeber M, Hiroshi O, et al. Induction of swell-
ing, synovial hyperplasia and cartilage proteoglycan loss upon intra-
articular injection of transforming growth factor B-2 in the rabbit.
Cytokine 1992;4:232-238.

59. Venn G, Lauder RM, Hardingham TE. Effects of catabolic
and anabolic cytokines on proteoglycan biosynthesis in young, old and
osteoarthritic canine cartilage. Biochem Soc Trans 1990;18:973-974.

60. Hardington TE, Bayliss MT, Rayan V, et al. Effects of
growth factors and cytokines on proteoglycan turnover in articular
cartilage. Br J Rheumotol 1992;31(Suppl 1):1-6.

61. Vivien D, Redini F, Galéra P, et al. Rabbit articular chon-
drocytes (rac) express distinct transforming growth factor- receptor
phenotypes as a function of cell cycle phases. Exp Cell Res 1993;
205:165-170.

62. Wahl SM, Hunt D, Wakefield LM, et al. Transforming
growth factor type 8 induces monocyte chemotaxis and growth fac-
tor production. Proc Natl Acad Sci U S A 1987;84:5788-5792.

63. Brandes ME, Allen JB, Ogawa Y, et al. Transforming growth
factor B1 suppresses acute and chronic arthritis in experimental an-
imals. J Clin Invest 1991;87:1108-1113.

64. Roberts AB, Sporn MB, Assoian RK, et al. Transforming
growth factor type B: rapid induction of fibrosis and angiogenesis in
vivo and stimulation of collagen formation in vitro. Proc Natl Acad
Sci U S A 1986,83:4167-4171.

65. Muller G, Behrens J, Nussbaumer U, et al. Inhibitory action
of transforming growth factor B on endothelial cells. Proc Nat! Acad
Sci U S A 1987;84:5600-5604.

66. Heimark RL, Twardzik DR, Schwartz SM. Inhibition of en-
dothelial regeneration by type-beta transforming growth factor from
platelets. Science 1986;233:1078-1080. .

67. Knudson C, Knudson W. Hyaluronan-binding proteins In
development, tissue homeostasis and disease. FASEB J 1993;7:1233-
1241.

1496

AJVR, Vol 57, No. 10, October 1996



