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Cartilage degradation by stimulated human neutrophils:
reactive oxygen species decrease markedly the activity of

proteolytic enzymes

Jurgen Schiller *, Stefan Benard *, Sabine Reichl, Jirgen Arnhold and

Klaus Arnold

Background: Although neutrophilic granulocytes clearly contribute to cartilage
degradation in rheumatic diseases, it is unclear if reactive oxygen species (ROS)
or proteolytic enzymes are the most important components in cartilage
degradation and how they interact.

Results: Neutrophils were stimulated by chemicals conferring a different degree
of ROS formation and enzyme release. Supernatants of neutrophils were
incubated with thin slices of pig articular cartilage. Supernatants of cartilage were
assayed by NMR spectroscopy, MALDI-TOF mass spectrometry and relevant
biochemical methods.

Stimulation conditions of neutrophils correlated well with the extent of cartilage
degradation. Due to the release of different enzymes, cartilage degradation could
be best monitored by NMR since mainly low-mass degradation products were
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formed. Astonishingly, the suppression of the formation of ROS resulted in

decreased cartilage degradation.

Conclusion: ROS formed by neutrophils are not directly involved in cartilage
degradation but influence the activity of proteolytic enzymes, which are the main

effectors of cartilage degradation.

Introduction

Degenerative joint diseases like rheumatoid arthritis or os-
teoarthritis are a major cause of disability and early retire-
ment in industrialized countries and are, thus, of great
socioeconomic significance. Unfortunately, detailed mech-
anisms of cartilage degradation processes are not yet com-
pletely understood [1].

Since polymorphonuclear leukocytes (PMNSs) occur in vast
numbers in the synovial fluids of patients suffering from
rheumatic diseases [2], these cells are assumed to have the
highest impact on cartilage degradation. For instance, neu-
trophils and neutrophil-derived products (especially pro-
teases like elastase) contribute to the formation of the pan-
nus tissue in rheumatoid arthritis [3] and are also able to
destroy the collagen moiety [4] as well as the polysaccha-
rides of cartilage [5].

In the course of joint inflammation, PMNs invade the joint
space and release different cartilage-damaging products. In
this context, proteolytic enzymes [6] as well as different
reactive oxygen species (ROS) [7] are still under discussion
as the main cartilage-destroying agents. A survey of the
events leading to cartilage degradation by neutrophils
under the formation of low-mass compounds is given in
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Figure 1. Unfortunately, the large number of cartilage-
damaging agents as well as the huge number of possible
targets within the cartilage layer (proteins, polysaccharides,
and cells) complicate extremely the experimental behavior
and the introduction of an appropriate model is difficult.
An additional serious problem is the possible interaction
between the ROS and the released enzymes [8].

Although experiments on the influence of cartilage-damag-
ing proteases like elastase, collagenase [9] or saccharidases
[10], as well as ROS like HOCI [11] or hydroxyl radicals
[12] on cartilage were performed, there is still a lack of
experiments using stimulated neutrophils. This is astonish-
ing since only this would warrant an approach close to the
in vivo conditions.

On the other hand, there are some additional difficulties in
the determination of the extent of cartilage degradation
and the final products of the reactions. Cartilage consists
of a variety of different proteins (mainly collagen as well as
the link and the core proteins of the proteoglycans) and
polysaccharides (mainly chondroitin-4-, and chondroitin-6-
sulfate as well as keratan sulfate and hyaluronan) [13].
Since these individual components form a complex,
highly-ordered network, native cartilage polymers are in-
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Figure 1. Proposed mechanism of cartilage degradation during rheumatic diseases: Neutrophils invade from the blood flow into the joint
space. Upon stimulation they release different ROS and proteolytic enzymes. These damage-conferring products lead to the degradation of
the high-mass components of articular cartilage under the formation of low-mass components.

soluble in water. Under pathological conditions, however,
degradation of cartilage, accompanied by the formation of
soluble components with a lower molecular weight, occurs.
Therefore, the determination of soluble proteins as well
as soluble polysaccharides in the cartilage supernatant
has been often used as a measure of cartilage degradation

[14].

Unfortunately, all these assays provide only an information
on the total amount of soluble cartilage degradation prod-
ucts but do not analyze the chemical structure of such
products. Especially, low-mass degradation products like
acetate or formate, which are formed when the polysac-
charides of cartilage react with hypochlorite or hydroxyl
radicals, respectively, are not detectable. Here, sophisti-

cated methods like high-resolution NMR spectroscopy
are more appropriate analytical tools [15,16].

In the present investigation we will show that modern
analytical techniques like NMR spectroscopy and mass
spectrometry provide important information on the extent
of cartilage degradation caused by products of stimulated
neutrophils. Relatively long incubation times were chosen
to emphasize the effects of proteolytic enzymes. It can be
concluded from the experiments that mainly the enzymes
released by PMNs are responsible for cartilage degrada-
tion. On the other hand, strong interactions between the
enzymatic activity and the amount of released ROS were
observed, whereby effects of enzymes towards cartilage
were most pronounced in the absence of ROS. This fact
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Figure 2. Carbohydrate (black bars) and protein (white bars)
concentrations of the supernatants of articular cartilage (100 mg)
incubated with the supernatants of neutrophilic granulocytes
(4x10° cells/ml) which were stimulated by different reagents. 30
ul of each supernatant was used. The individual concentrations
were calculated from the corresponding master curve obtained
with chondroitin sulfate or bovine serum albumin (standard
deviations are estimated to be about 5% in all cases, n=3).
Abbreviations: PMNs, polymorphonuclear leukocytes; PMA,
phorbol-myristate-acetate; fMLP, formyl-methionyl-leucyl-
phenylalanine; DPI, diphenyliodonium chloride.

resembles closely the conditions described for patients
with chronic granulomatous disease [8].

Results

It is most likely that the enzymes and ROS released by
neutrophilic granulocytes damage the cartilage tissue under
the formation of soluble degradation products. Thus, con-
centrations of proteins and carbohydrates in the superna-
tant should be reliable indicators of cartilage degradation.
Figure 2 shows the carbohydrate (black bars) and protein
concentrations (white bars) in supernatants of pig articular
cartilage samples treated with supernatants of differently
stimulated neutrophils.

In the absence of the cartilage (first bars), the supernatants
of neutrophils do neither show significant protein nor car-
bohydrate concentrations. On the other hand, cartilage in-
cubated with pure buffer shows a considerably enhanced
amount of soluble carbohydrates and proteins. This is
caused by the presence of denaturated and, thus, soluble
collagen in the native cartilage samples. Because of this
comparably high amount of soluble protein even in the

absence of neutrophils, the protein concentration does
not vary significantly between the different samples (stan-
dard deviations are estimated to be about 5% in all cases).
Therefore, the carbohydrate determination seems to be a
more suitable method to assess the degree of cartilage
degradation.

In comparison to the cartilage samples incubated with sole
buffer, concentrations of carbohydrates are only slightly
enhanced in the presence of unstimulated as well as
PMA-stimulated neutrophils. On the other hand, when
neutrophils were stimulated with fMLP and especially cy-
tochalasin B/ffMLP or ionomycin, a significant concentra-
tion enhancement of carbohydrates can be observed. This
indicates that primarily the link proteins of cartilage pro-
teoglycans (cf. Figure 1) are digested by proteolytic en-
zymes resulting in a considerable enhancement of soluble
carbohydrate fragments [9]. Since cartilage consists mainly
of collagen (about 75% of its dry weight) [13], the activity
of collagenolytic enzymes should be accompanied by
markedly enhanced protein concentrations in cartilage
supernatants. Because this increase of protein concentra-
tion was not observed in our experiments, most proteolytic
enzymes of neutrophils (e.g. elastase) are clearly not able
to digest the cartilage collagen, but do only damage the
protein moiety of proteoglycans [9].

Astonishingly, in the presence of diphenyliodonium chlo-
ride (an inhibitor of the cytochrome 4 moiety of the
NADPH oxidase and, thus, for the generation of super-
oxide anion radicals and all other physiologically relevant
ROS [8]) the effects of supernatants of neutrophils on car-
tilage are stronger expressed. This primarily holds for the
carbohydrate  content after ionomycin  stimulation.
Although this effect clearly points out that ROS are not
the most important species for cartilage degradation, the
enhancement after DPI treatment is not yet completely
understood. We assume that the activity of proteolytic en-
zymes is decreased in the presence of superoxide anion
radicals and other ROS, conferring a lower degree of car-
tilage degradation.

To obtain an independent tool for the determination of the
extent of cartilage degradation, all cartilage supernatants
were also examined by '"H NMR spectroscopy. Figure 3
shows the 'H NMR spectra of PMN supernatants (a), car-
tilage in the presence of the supernatant of unstimulated
neutrophils (b), and cartilage incubated with pure buffer
(c). Since the applied buffer contains relatively high
amounts (10 mM) of glucose, all spectra are clearly domi-
nated by the glucose resonances [17,18]. Fortunately, all
glucose resonances occur in a relatively small range of
chemical shift (6~ 3.2-3.9 ppm) and do not overlap with
resonances of interest.

Glucose resonances are also detectable in spectra (b) and
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(c), but are accompanied by additional resonances, where-
by the lactate resonance (8=1.31 ppm for the methyl
group) is the most intense one, reflecting the metabolic
activity of the cartilage cells (this resonance has been cut
off for clarity). Further resonances correspond to amino
acids like alanine, valine, leucine, isoleucine, glutamic
acid and aspartic acid as well as creatine (3.04 and 3.90
ppm) [17,18].

The extent of cartilage degradation is very low under these
conditions, because only small amounts of low molecular
N-acetylated carbohydrates (6~ 2.0 ppm) [19] and degra-
dation products of cartilage proteins (6~ 0.9 ppm according
to the methyl groups of different amino acids like leucine,
isoleucine, valine) [9,18,20] are detectable in spectra (b)
and (c). Both resonances are reliable indicators of cartilage
degradation: As shown in Figure 4, intensities of carbohy-
drate (6~ 2.05 ppm) and protein resonances (6~ 0.9 ppm)
are more and more enhanced moving from cartilage incu-
bated with supernatants of unstimulated neutrophils (a) to
neutrophils stimulated with PMA (b), fMLP (c), cytocha-
lasin B/fMLP (d) and finally ionomycin (e). The last two
stimulators cause the most expressed degradation of pro-
teoglycans as well as of the collagen moiety of cartilage.
The enhancement of the N-acetyl resonance can be most
easily detected in the NMR spectra [19]. It is evident that
this resonance consists of three different peaks attribut-
able to chondroitin-4-, chondroitin-6-, and keratan sulfate,

which are the most abundant constituents of the polysac-
charides of the extracellular matrix of cartilage [21]. Due to
its low abundance in articular cartilage, hyaluronan is not
expected to contribute to this resonance to a large extent
[11]. The high molecular weight of native hyaluronan in
cartilage and the resulting considerable line-width are fur-
ther reasons that prevent its detection by NMR, whereas
the lower molecular weight of chondroitin sulfate (about 50
kDa in comparison to 800 kDa) favors its detection [22].

Although the quantitative analysis of the obtained 'H
NMR spectra provides not very accurate data due to the
considerable line-width of the resonances of interest, spec-
tra were integrated for a quantitative analysis. The ratio of
the integral intensities of the N-acetyl region (2.2-1.8 ppm)
and the collagen region (1.1-0.8 ppm) is 0.76 (without
stimulation, a), 0.75 (PMA, b), 0.73 (fMLP, ¢), 1.16 (cyto-
chalasin B/fMLP, d) and 1.26 (ionomycin, ¢). The ob-
served changes indicate that the content of NMR-detect-
able N-acetyl groups rises much stronger than the collagen/
protein content in cartilage supernatants. This is an addi-
tional indication that the polysaccharides of cartilage are
more sensitive against the action of the released enzymes
compared to the collagen moiety.

Despite of its much lower sensitivity, an enhanced carbo-
hydrate concentration is also detectable by *C NMR spec-
troscopy. In Figure 5 the *C NMR spectra of pure buffer,
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Figure 4. "H NMR spectra of supernatants
of pig articular cartilage incubated for 240
min with supernatants of PMNs. The
following stimulators were used: (a) without
stimulator, (b) PMA, (c) fMLP,

(d) cytochalasin B/fMLP and (e) ionomycin.
N-acetyl refers to mobile N-acetyl groups
which are solubilized upon treatment of
cartilage with stimulated neutrophils
whereas collagen indicates collagen
fragments.
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containing primarily glucose (a) and the supernatant of
cartilage incubated with cytochalasin B/fMLP-stimulated
neutrophils are shown as representative examples (b).
The number of resonances in the typical carbohydrate re-
gion (between 110 and 60 ppm) clearly increases when
stimulated neutrophils are used (b). Additional resonances
of the carbonyl (~180 ppm) and the N-acetyl groups
(~23 ppm) of polysaccharides of cartilage occur. These
resonances are primarily caused by the release of chondroi-
tin sulfate [23] from the cartilage tissue and, thus, support
the data derived from '"H NMR spectroscopy. Especially
the detection of only two resonances for the C-1 of glucu-
ronic acid and N-acetylgalactosamine indicates that mainly
chondroitin sulfate is released into the supernatant.

The most astonishing results, however, were obtained
when cartilage was exposed to the supernatant of stimu-
lated PMNs in the presence of DPL. In order to show the
formation of ROS by PMNs in dependence on stimulation
conditions, the oxygen burst of neutrophilic granulocytes
was also monitored by luminol chemiluminescence [24]. In
Figure 6 the influence of different stimulators on the oxi-
dative activity of PMNs is shown. It is evident that fMLP
stimulation leads only to a minor chemiluminescence re-
sponse (a), whereas the addition of PMA (d) yields a con-
siderable light emission [24]. In comparison to PMA the
cytochalasin B/fMLP stimulation (b) as well as the iono-
mycin stimulation (c) induced a less expressed oxygen

burst. These differences are in agreement with the differ-
ent mechanisms of signal transduction processes leading to
ROS production in neutrophils [24]. Nevertheless, chem-
iluminescence intensities and, thus, the oxidative burst of
neutrophils, are decreased to less than 5% of the inital
value, if chemiluminescence measurements are carried
out in the presence of DPI (data not shown).

A marked influence of DPI is also detectable by '"H NMR
spectroscopy. Figure 7 shows the 'H NMR spectra of car-
tilage supernatants incubated with unstimulated cells (a) or
ionomycin-stimulated cells (c¢). The spectra (b) and (d)
were recorded under the same experimental conditions,
i.e. with unstimulated cells or ionomycin, respectively,
but in the presence of DPI. It is obviously visible from
spectra (c) and (d) that the addition of DPI results in en-
hanced concentrations of NMR-detectable carbohydrates
(~2.05 ppm) and collagen fragments (~0.9 ppm). This
effect was observed with all stimulators in this study (data
not shown). On the other hand, DPI alone (in the absence
of a further stimulator) does not markedly change the spec-
tra (cf. Figure 7a,b). We have also studied the influence of
DPI and all other stimulators on cartilage in the absence of
neutrophilic granulocytes. However, DPI as well as fMLP,
PMA or ionomycin did not show any changes in compar-
ison to pure buffer.

In the presence of ionomycin-stimulated cells, the effects



562 Chemistry & Biology 2000, Vol 7 No 8

C=0

(b)

(@)

N-acetyl

Figure 5. Comparison of two
representative '*C NMR spectra of
cartilage incubated with pure buffer (a) and
in the presence of ionomycin-stimulated
neutrophils (b). The assignment of the
glucose resonances was performed
according to [18] and of the chondroitin
sulfate resonances according to [23]. TSP
denotes 3-(trimethylsilyl)-1-propionate,
which served as internal reference
(8(Si(CHs)3)=1.70 ppm).

TSP

I T I A
180 160 140 120 100 80 60

(ppm)

\
40

A
20 0

Chemistry & Biology

of degradation are increased by about 30% in the presence
of DPI (relative integral intensities of N-acetyl groups and
collagen protons: 1.61/1.31) in comparison to the absence
of DPI (1.23/0.98; cf. Figure 4¢). This effect indicates that
ROS diminish the activity of different proteolytic enzymes.
Therefore, the suppression of ROS formation by DPI en-
hances considerably the enzymatic activity of the corre-
sponding proteases, resulting in more intense NMR reso-
nances.

Finally, established methods of the protein and carbohy-
drate biochemistry were used to confirm the NMR results.
A very fast developing tool in this context is the MALDI-
TOF (matrix-assisted laser desorption and ionization time-
of-flight) mass spectrometry [25]. Although MALDI-TOF
mass spectrometry was originally developed for protein
analysis, it has been shown recently that also strongly
acidic oligosaccharides formed by the enzymatic degrada-
tion of cartilage can be detected even without previous
derivatization [26].

Unfortunately, we were unable to detect any carbohydrates
in cartilage supernatants by MALDI-TOF mass spectrom-
etry. This is most likely caused by the high negative
charge density and the still rather high molecular weight
of polysaccharides [26]. However, protein spectra of carti-
lage supernatants could be recorded. In contrast to the
intriguing work of Zaia et al. [27] we were not able to
detect peaks according to a molecular mass of more than
about 16 kDa. However, in comparison to these authors
our supernatants of cartilage were not purified. Since
MALDI-TOF spectra of proteins cannot be analyzed
quantitatively [28], only a typical set of positive ion mass
spectra is given in Figure 8. In (a) the effect of unstimu-

lated cells as negative control is shown, whereas in (b) and
(c) the neutrophils were stimulated with cytochalasin B/
fMLP or ionomycin, respectively. Spectrum (d) shows
the effect of a 1 mg/ml papain solution as positive control.

Obviously, more vigorous stimulation conditions primarily
enhance the formation of low-mass compounds: Whereas
the experiment with unstimulated neutrophils (a) yields an
intense peak according to a molecular weight of about 15.5
kDa, this peak is markedly diminished when cytochalasin
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Figure 6. Luminol-chemiluminescence measurements showing the
amount of ROS released by stimulated neutrophils in dependence
on stimulation conditions. (a) fMLP; (b) cytochalasin B/fMLP;

(c) ionomycin; (d) PMA. The presence of DPI nearly completely
abolishes chemiluminescence (data not shown).
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Figure 7. Comparison of different "H NMR
spectra of supernatants of articular
cartilage incubated with unstimulated cells
(a,b) and ionomycin-stimulated neutrophils
(c,d). (a) and (c) were recorded in the
absence, and (b) and (d) in the presence
of DPI, respectively.
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B/fMLP- or ionomycin-stimulated PMNs are used. The
reduction of this peak is accompanied by the appearance
of broader peaks at a molecular weight between 6.5 and 8
kDa. The by far most expressed effect is observed under
the influence of papain. This enzyme cleaves proteins
nearly randomly and, thus, produces very small fragmenta-
tion products, whereby the intense peak at about 15.5 kDa
vanishes completely. Besides these changes the papain

treatment also results in the formation of small peptides
and even single amino acids, which are most easily detect-
able by NMR [9]. On the other hand, these products are
hardly detectable by MALDI-TOF since in this mass re-
gion the matrix gives also a number of signals, which
strongly interfere with the peaks of interest.

Analogous results are obtained by the conventional SDS-

Figure 8. Positive ion MALDI-TOF mass
spectra of supernatants of articular
cartilage incubated with supernatants of
neutrophils in the presence of different
stimulators. (a) Unstimulated neutrophils,
(b) cytochalasin B/fMLP, (c) ionomycin. In
(d) the cartilage was digested with 1 mg/ml
papain as positive control to obtain a
maximum extent of cartilage degradation.
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Figure 9. Electrophoresis of supernatants
of articular cartilage obtained upon
incubation with stimulated neutrophils. The
different lanes refer to: (1) pure
supernatant of neutrophils; (2)
cartilage+buffer; (3) cartilage+unstimulated
cells; (4) cartilage+ionomycin-stimulated
cells; (5) cartilage+1 mg/ml papain
solution. MP indicates the marker proteins.

0

PAGE. Figure 9 shows a gel of different supernatants of
articular cartilage incubated with the supernatants of neu-
trophils. Bands are not detected for the supernatant of
neutrophils alone (lane 1) but a number of bands emerges
upon treatment of cartilage with pure buffer (lane 2), un-
stimulated neutrophils (lane 3), and ionomycin-stimulated
PMNs (lane 4). Although those bands cannot be assigned
to defined proteins [29], it is evident that only small differ-
ences between the different stimulation conditions occur.
However, more vigorous stimulation conditions do not lead
to the appearance of additional bands, but to a diminution
of the intensity of larger proteins. This effect is most ex-
pressed in the case of papain (lane 5). Here, only rather
small proteins are detectable as a broad, but intense band
at the front of the gel. All larger proteins (cf. lanes 2—4) are
completely removed by the action of papain under the
formation of very small proteins which are not detectable
anymore by the conventional SDS-PAGE. The papain it-
self is visible as a weak band at 24 kDa.

Discussion

Although the pathological mechanisms of degenerative
joint diseases merit huge interest because of the increasing
number of patients suffering from these diseases in the
industrialized countries, mechanisms of cartilage degrada-
tion are still widely unknown [1]. Due to the massive
accumulation of neutrophils in pathologically changed
synovial fluids, these cells are assumed to play a consider-
able role in rheumatic diseases [30].

There are two different ways how neutrophils are able to
damage the native cartilage tissue and its components. The
first way is the release of different proteolytic enzymes. In
this context, especially elastase is assumed to contribute

considerably to cartilage destruction, because of its compa-
rably low molecular weight (34 kDa) and its relatively high
concentration in neutrophilic granules. It is assumed that
clastase penetrates into the cartilage and, thus, smooths the
way for enzymes like collagenase which possess a higher
molecular weight [31,32].

The second way for cartilage damaging is the release of
different ROS. Here, notable effects of species like O3~
[33], H,O;, [34], HOCI [11] and HO*® [12] were clearly
detected in model experiments using cartilage slices or
isolated components of cartilage. However, the value of
these investigations is limited in the sense that in most
cases concentrations of ROS far above the physiologically
relevant level were used. Since many ROS react with their
targets according to the principle of competition, a high
concentration of ROS may favor reactions which would
never occur at lower concentrations.

To overcome these problems and as an approach to simu-
late the in vivo conditions we have performed experiments
with pig articular cartilage slices, which were incubated
with supernatants of stimulated neutrophils. In our opinion
this experimental procedure is the most direct way to as-
sess the activity of a mixture of different enzymes. In order
to obtain different stimulation conditions, a variety of re-
agents was used: Whereas PMA is known to produce large
quantities of ROS (cf. Figure 6), the extent of enzyme
release is rather low in the case of this agent. On the other
hand, fMLP (especially in combination with cytochalasin
B) is known to induce a marked release of both, ROS and
proteolytic enzymes [35]. Finally, ionomycin is one of the
strongest agents to induce degranulation of neutrophils
[36]. Since the release of degranulation products rises in
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the same order as the extent of degradation products, we
conclude that proteolytic enzymes are mainly responsible
for cartilage degradation under our experimental condi-
tions, whereas ROS have only a small impact.

On the other hand, under in vivo conditions the role of
ROS may be much more important. In the inflamed joint,
neutrophils may be able to secrete much higher concen-
trations of ROS or over longer times since the ROS are
enzymatically produced. Higher concentrations may also
be achieved due to the localized production of oxidants
at or near the cartilage surface. For instance, Katrantzis
et al. [37] have reported that under conditions of an acute
inflammation the hypochlorite concentration may increase
up to 340 uM. Unfortunately, the quantitative determina-
tion of highly ROS is very difficult since they are formed
and consumed in a very fast process.

The formation of ROS was completely suppressed by the
addition of DPI in some experiments. We had expected
that cartilage degradation would be less expressed in the
presence of DPI, since ROS are not able to contribute to
degradation processes under these conditions. Astonish-
ingly, the extent of cartilage degradation was obviously
enhanced when the formation of ROS was suppressed by
DPI. This indicates that enzymatic activity of proteases is
diminished by ROS, most likely because functional groups
of enzymes like thiol or amino groups react with ROS and,
thus, the enzymes are reduced in their activity. This result
may provide a new explanation towards the understanding
of the interaction of ROS and enzymatic activity in super-
natants of neutrophils. In the past, only the opposite, i.c.
the activation of enzymes like collagenase by small
amounts of ROS has been reported [38]. However, similar
results have already been reported for the neutrophils of
patients suffering from the chronic granulomatous disease
(CGD) [8]. Here, higher activities of lysozyme and B-glu-
curonidase in comparison to neutrophils from healthy vol-
unteers were observed. Thus, we conclude that ROS may
possess important regulative properties towards the degra-
dation of articular cartilage. This result may be of impor-
tance for the diagnosis and therapy of rheumatic diseases,
which are still challenging tasks.

In this study we added the supernatants of neutrophils
obtained 5 min after cell stimulation to the cartilage sam-
ples. Of course, the experimental design towards cell stim-
ulation may be varied in a vast range. In our opinion, the
experimental approach to work with stimulated neutrophils
and cartilage slices fits much better the in vivo situation
than the work with isolated components. However, we
cannot answer the very important question which experi-
mental design reflects the in vivo situation in the best way.
This also concerns the question when the neutrophils get
stimulated in the inflamed joint. Are they stimulated at the
moment of entering the synovia, by the contact with solu-

ble and insoluble antibodies in the synovial fluid or first at
the moment of their contact with the cartilage surface? It is
a future aim of our group to investigate the influence of
ROS on enzymatic activity in more detail. It is planned to
measure the activity of typical enzymes of the different
granules of the neutrophils in dependence on the stimula-
tion conditions.

One additional aspect of the present study is an analytical
one. We have used different methods, but have focused
our main interest on 'H NMR spectroscopy to monitor the
extent of cartilage degradation. In contrast to other, more
sensitive and highly specific biochemical methods, 'H
NMR offers the advantage of an unselective method
and, thus, the detection of all proton-containing com-
pounds is realized in a single experiment [39]. Unequivo-
callyy, NMR spectroscopy is the by far best method to
monitor the extent of cartilage degradation if one com-
pares, e.g., the results obtained via protein determination
by the Bradford assay and the NMR results. Whereas the
Bradford assay does not yield significant differences in de-
pendence on incubation conditions, NMR clearly monitors
such differences. Like most dye-binding assays, also the
Bradford assay underestimates low-molecular-weight pep-
tides, whereas such small peptides are most easily detect-
able by 'H NMR. The high sensitivity towards small mol-
ecules, produced by the action of less selective enzymes
on cartilage, is a unique feature of NMR. Thus, we would
strongly recommend that, besides common biochemical
methods, 'H NMR analysis should also be applied for
the analysis of biological samples containing a large amount
of low-mass products.

Significance

The processes of cartilage degradation during rheumatic
diseases merit huge interest from the biological as well as
the chemical point of view. The molecular reasons of car-
tilage degradation are yet unknown but seem to be closely
related to the vast number of neutrophilic granulocytes in
the synovial fluids from patients suffering from rheumatic
diseases. In dependence on the stimulation conditions,
these cells are able to release ROS as well as proteolytic
enzymes. Upon their action on articular cartilage, the car-
tilage layer which covers the ends of bones is destroyed
under the formation of low-mass products (cf. Figure 1).
Although ROS and enzymes are often assumed to show a
strong synergism, our study revealed that the suppression
of the formation of ROS is accompanied by a higher extent
of cartilage degradation, i.e. a higher enzymatic activity.
We are currently confirming these results by the determi-
nation of enzymatic activities in the supernatants of PMNs
in the absence and the presence of DPL

On the other hand, the accurate assessment of the extent
of cartilage degradation is a typical problem of analytical
chemistry. Whereas common biochemical assays allow only
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the estimation of the total amount of released carbohy-
drates and proteins, more sophisticated methods like
NMR spectroscopy give the opportunity to assess process-
es of cartilage degradation in more detail. Our results
clearly indicate that low-mass degradation products of car-
tilage are underestimated by the use of classical biochem-
ical methods and that they are not detectable by the con-
ventional SDS-PAGE. The sensitivity of such assays
decreases when the molecular weight of the compound
of interest decreases. Exactly the opposite, however, holds
for NMR and MALDI-TOF.

Materials and methods

Chemicals

Chemicals for buffer preparation (KH2PO,4, Na,HPO,4 and glucose), all
solvents (acetonitrile, methanol and dimethylsulfoxide), matrix com-
pounds for MALDI-TOF mass spectrometry (2,5-dihydroxybenzoic acid
and sinapinic acid) and trifluoroacetic acid were obtained in highest
commercially available purity from Fluka Feinchemikalien GmbH (Neu-
Ulm, Germany).

All chemicals for the stimulation or modulation of neutrophils (phor-
bol-myristate-acetate (PMA), N-formyl-methionyl-leucyl-phenylalanine
(fMLP); cytochalasin B, and diphenyliodonium chloride (DPI)) were ob-
tained from Sigma (Deisenhofen, Germany).

For comparative purposes, papain from Cacarica papaya was pur-
chased as lyophylisate by Fluka and used without further purification.

Cartilage preparation

Pig articular cartilage was obtained from the knee joints of juvenile pigs
(about 12 months old) within a few hours after slaughter. After removing
the bone, the cartilage was cut into small pieces and immediately used
as substrate for the depleting agents released by PMNs. Cartilage from
different animals was combined to minimize biological variability [40].

Cell preparation and oxidative activity

Polymorphonuclear leukocytes were isolated from heparinized (10 inter-
national units/ml) blood from healthy volunteers [24,41]. The preparation
included a dextran-enhanced sedimentation, Ficoll-Hypaque density
centrifugation, lysis of remaining red blood cells with distilled water
and washing of cells with Hank’s balanced salt solution. PMNs were
counted in a CASY cell counter (Scharfe System GmbH, Reutlingen,
Germany) and used in a concentration of 4x 108 cells/ml. The viability
of cells was additionally assayed by flow cytometric analysis [42].

Oxidative activity of PMNs was measured by means of luminol chem-
iluminescence. These experiments were performed on a microplate lu-
minometer MicroLumat LB 96 P (EG & G Berthold, Wildbad, Germany).
PMNs (2 x 10° cells) were preincubated for 5 min with luminol (5x 10~5
M final concentration) and in one case also with cytochalasin B (1075 M)
at 37°C. The different stimulators were added immediately before start-
ing the measurement. To the cytochalasin B sample fMLP was added.
In the experiments where the NADPH oxidase was inhibited, DPI (10’6
M) was added together with the luminol 5 min before measurement.

Incubation of cartilage specimens with cell supernatants

PMNs (4% 108 cells/ml) were preincubated for 5 min at 37°C, in one
case in the presence of cytochalasin B (1075 M). Subsequently, the
cells were stimulated for 5 min with PMA (62 ng/ml), ionomycin (10~
M) and fMLP (108 M), whereby fMLP was also added to the cytocha-
lasin B sample. The indicated concentrations were found to give the
maximal response. In the experiments where the NADPH oxidase was
inhibited, the cells were also preincubated with DPI (final concentration

107 M). After 3 min of centrifugation, 1 ml supernatant of the neutrophil
suspension was immediately added to the cartilage slices (100 mg),
mixed in plastic vessels and incubated at 37°C for 4 h. This comparably
long incubation period was used in order to enhance the effect of differ-
ent enzymes. After incubation, the samples were centrifuged for 10 min
to remove debris and insoluble material. The resulting, clear superna-
tants were directly used for analysis.

NMR measurements

"H NMR spectroscopy. '"H NMR measurements were performed on
a Bruker DRX-600 spectrometer operating at 600.13 MHz. Typically,
0.40 ml cartilage or neutrophil supernatant was placed in a 5 mm diam-
eter NMR tube and 50 pl of D,O was added to provide a field frequency
lock. The intense water signal was suppressed by the application of
presaturation on the water resonance frequency. Usually, 128 free in-
duction decays were acquired with a total delay of 8 s to allow full spin-
lattice (T7) relaxation of the protons (90° flip angle: 7 us).

All spectra were recorded with a spectral width of about 13 ppm and 16
K data points. This comparably low number of data points was sufficient
since all resonances indicating cartilage degradation were expected to
be broad. No window functions were used prior to Fourier transformation
to enhance signal-to-noise ratio or resolution (line broadening or ‘Gaus-
sian’ broadening). No zero filling was used. Chemical shifts were refer-
enced to internal sodium 3-(trimethylsilyl)-1-propionate (TSP) in a final
concentration of 5x10™* M [43]. Although TSP is known to bind to
proteins [43] resulting in a lower integral intensity of the TSP resonance,
we did not find major differences, equally if TSP or for means of com-
parison formate as concentration standard was used. Only relative in-
tensities are given. Resonances were identified by their known chemical
shifts and by their subsequent enhancement after addition of a small
amount of the corresponding pure compounds. This was especially
helpful when singlets (e.g. creatine) had to be assigned.

8C NMR spectroscopy. Partially relaxed 'C NMR spectra were
obtained at 150.94 MHz on the same spectrometer as described above.
Spectra were recorded with a flip angle of 45° (90° flip angle: 4 us) with
a pulse repetition time of 2 s (SW 30000 Hz/16 K). Usually 4 K tran-
sients were accumulated under WALTZ-16 decoupling. All free induction
decays were processed with a 5 Hz line broadening.

Mass spectrometry

MALDI-TOF (matrix-assisted laser desorption and ionization time-of-
flight) mass spectra were acquired on a Voyager Biospectrometry work-
station (PerSeptive Biosystems, Framingham, MA, USA). The system
utilizes a pulsed nitrogen laser, emitting at 337 nm. The extraction volt-
age used was 20 kV in the reflector modus and 25 kV in the linear
modus. To enhance the signal-to-noise ratio, 128 single shots from
the laser were averaged for each mass spectrum. The laser strength
was kept about 10% over threshold setting to obtain the best signal-to-
noise ratio.

Two different matrices were used in the present investigation: a 10
mg/ml 2,5-dihydroxybenzoic acid (DHB) solution in water containing
0.1% trifluoroacetic acid (TFA) and a 10 mg/ml sinapinic acid solution
in a mixture (70:20:10, v:v) of acetonitrile, water and TFA (3 vol.%). DHB
was used for carbohydrate analysis, whereas sinapinic acid was used
for protein analysis [26].

Cartilage supernatants for protein analysis were directly applied on the
sample plate as 1 pl droplets, followed by the addition of one drop
(about 2 pl) sinapinic acid solution. Samples were allowed to crystallize
at room temperature. Premixing of the matrix and the sample solution
(10:1) was used for carbohydrate analysis. In this case, drying of sam-
ples with a moderate, warm stream of air improved extremely the homo-
geneity of crystallization.
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Other analytical methods

Protein determination according to Bradford. All protein determi-
nations were performed using a slightly modified [44] version of the dye-
binding assay of Bradford [45]. The master curve was recorded using
bovine serum albumin. For protein determinations of cartilage superna-
tants, 30 ul were mixed with 2.5 ml Bradford solution.

Alcian Blue determination of acidic carbohydrates. The determi-
nations of acidic carbohydrates were performed using the dye-binding
assay with Alcian Blue [46]. The master curve was recorded using
commercially available chondroitin sulfate. For carbohydrate determina-
tions of cartilage supernatants, 30 pul were mixed with 2.5 ml Alcian Blue
solution.

Electrophoresis. A discontinuous SDS (sodium dodecyl sulfate)—
PAGE (polyacrylamide gel electrophoresis) was performed according
to Laemmli [47] using ready gels (10-20% gradient gels Tris—HCI, Bio-
Rad Laboratories GmbH, Munich, Germany) with a BioRad Mini Protean
Il system. Prior to electrophoresis the samples were diluted (1:1) with
sample buffer containing 4% SDS, 20% glycerol, 10% mercaptoethanol,
0.004% bromophenol blue and 0.125 M Tris—HCI, pH 6.8.

All samples were incubated for 5 min in a boiling water bath and cen-
trifuged for 3 min at 18000 U/min prior to the gel run. The gel was run
for 1 h at ambient temperature at 140 mA and a starting voltage of 150
V. Following electrophoresis the gels were stained for 40 min with Coo-
massie blue (0.25% (w/v)) in acetic acid:methanol:water (2:9:9 by vol-
ume) and destained with 30% methanol 10% acetic acid solution.
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