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Many human diseases are associated with harmful action of reactive oxygen species (ROS). These species are
involved in the degradation of essential tissue or related components. One of such components is synovial fluid
that contains a high-molecular-weight polymershyaluronan (HA). Uninhibited and/or inhibited hyaluronan
degradation by the action of various ROS has been studied in many in vitro models. In these studies, the change
of the molecular weight of HA or a related parameter, such as HA solution viscosity, has been used as a marker
of inflicted damage. The aim of the presented review is to briefly summarize the available data. Their correct
interpretation could contribute to the implementation of modern methods of evaluation of the antioxidative capacity
of natural and synthetic substances and prospective drugsspotential inflammatory disease modifying agents. Another
focus of this review is to evaluate briefly the impact of different available analytical techniques currently used to
investigate the structure of native high-molecular-weight hyaluronan and/or of its fragments.

1. Introductory Remarks

Reduction of the molecule of oxygen is one of the main
reactions, by which animal cells, including human ones, produce
metabolic energy

The substrate (O2) is, by a cascade of enzymatically driven
reactions, reduced within subcellular organelles, mitochondria,
to a completely harmless substance, the waste product water.

Along with this four-electron reaction 1, several specialized
cellssor more precisely, their specific (sub)cellular structuress
reduce O2 molecules, producing the superoxide anion radical
(O2

•-)

which in aqueous (acidic) milieu can form perhydroxyl radical
(•O2H)

Since the reverse direction (r) of reaction 2 represents
dissociation of a weak acid of the perhydroxyl radical, its pKa

value, equaling 4.8,1 and the pH value of the aqueous milieu
govern the actual molar ratio between the two forms, i.e.,
between O2•- and •O2H. Under slight acidosis accompanying
inflammation processes, e.g., at pH 6.8, the ratio of [O2

•-]:
[•O2H] equals 99:1.

Nitrogen monoxide (•NO), a (bioactive) free radical, is
produced in various cells/tissues by the enzyme NO synthase.
The level of •NO increases markedly during inflammation, a
process accompanied with abundant production of the super-
oxide anion radical.2-4

The two radical intermediates, O2
•- and •NO, serve as

precursors of various reactive oxygen species (ROS), including
hydrogen peroxide, peroxynitrite, hypochlorous acid, and so
forth (see section 5.1). On respiring air, human beings by
utilizing 1 mol of O2 ingest 6.023× 1023 molecules of oxygen,
of which approximately 1-3% are assigned to the generation
of ROS that defends the organism against viral/bacterial
invaders.12 In some cases, however, the intermediate and/or the
“final” reactive oxidative species may also damage cells/tissues
of the human host. Imbalance between the extent of damage
and self-repair of the functionally essential structures may result
in a broader host tissue injury, eventually leading to a specific
disease.

There are numerous diseases, which pathology involves
reactive oxidative/oxygen-derived species at the onset and/or
at later stages of the disease.13 One of the classes of such
diseases includes arthritic conditionssinflammatory diseases of
joints. A substantial amount of evidence exists for an increased
generation of oxidants in patients suffering from acute and
chronic inflammatory joint diseases.14-17

A joint is formed by the ends of two (or more) bones
connected by connective tissues. The fundamental function of
joints in the human organism is to ensure mutual motion of the
adjacent bones in the plane (bendingx T y) as well as in space
(rotationx T y T z).

One of the firmest tissues in the human body, along with the
teeth, are bones. Vertebral bones are made of “nanocomposites”
with hard mineral crystals embedded in a soft protein matrix.
Thus, the biomaterial of bones can be classified as molecular
composites of proteins and (bio)minerals. The bone ends that
are linked in a joint are covered with a smooth layer called
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O2 + 4e- + 4H+ f 2H2O (1)

O2 + 1e- f O2
•-

O2
•- + H+ T •O2H (2)
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cartilage. A specific property of these solid tissuessbones and
cartilagesis their permanent biodegradation and reconstruction/
regeneration, while maintaining the original shape and size. The
cartilage layer of the bones constituting a joint, e.g., a knee
joint, is one of the most mechanically stressed tissues in the
human body. In fact, almost the total mass of the body rests on
the two knee joints, and moreover, at walking or running the
still body mass is multiplied by strokes with the frequency of
approximately 0.5 Hz (walking), 2.5 Hz (jogging/running), and
even more (sprinting).

Every joint is surrounded by a fibrous tissue envelope/capsule
called synovium, which produces synovial fluid (SF) that
reduces friction and wear and tear of the joint. The SF can be
simplistically characterized as a (bio)lubricating solution con-
sisting of an ultrafiltrate of blood plasma plus glycoproteins
and hyaluronan (HA), a high-molecular-weight polysaccharide.

HA (Figure 1) is a non-branched non-sulfated glycosami-
noglycan (cf. Table 1), which mean molecular weight reaches
the megadalton values. In aqueous solutions, HA is represented
by negatively charged macromolecules (pKa ) 3.2123) with
extended conformations, which impart high viscosity/viscoelas-
ticity, accompanied also by low compressibility, of the synovial
fluid.24

A normal/healthy joint allows (practically) frictionless and
pain-free movement. However, when damaged or affected by
arthritis, joints become stiff and painful. Of the more than 100
arthritic diseases, osteoarthritis (OA) and rheumatoid arthritis
(RA) are the most common chronic conditions affecting the
elderly population. While OA is a degenerative disease of the
cartilage and bone, resulting in pain and stiffness in the affected
joint, RA is classified as a systemic inflammatory disease, in
which pain of the joint(s) is often accompanied with degenera-
tive changes in organs, such as lungs, heart, and blood vessels.

Although the etiology and pathogenesis of RA are as yet
unknown, a progressive degradation of polymeric carbohydrates,
including HA, in synovial fluid can be observed in the course
of the disease. In acute phases, a high number of neutrophils
are accumulated in the patient’s synovial fluid. These cells alter
the oxidative homeostasis, and their products, especially ROS,
can contribute to the destruction of joint structures. Because of
chronic inflammation of the joint (cf. Figure 2), the ROS alter/
destroy the joint structure to such an extent that it is no longer
functional. The altered tissues are recognized as “foreign”, and
subsequently, autoimmune reactions promote the disease and
make rheumatoid arthritis a systemic ailment affecting the whole
body.

2. In Vitro Studies of Uninhibited/Inhibited
Hyaluronan Degradation by Reactive Oxygen Species

The observed reduction of hyaluronan molecular weight in
the synovial fluid of patients suffering from rheumatic diseases
led to in vitro studies of HA degradation by reactive oxygen

species.7 The first investigation was carried out by Pigman and
Rizvi in 1959,26 and since then, numerous studies have been
reported (cf. Table 2).

Although Table 2, column 2, implies that the given ROS
source generates one single type of the oxidative species, this
is not correct. For example, in the case of the generation of
superoxide anion radicals due to their spontaneous dismutation,
molecules of hydrogen peroxide are simultaneously present. The
reaction between O2•- and the formed H2O2, catalyzed by
ubiquitous transition-metal cations, yields•OH radicals and
molecular oxygen (cf. section 5.1). Another example, not listed
in Table 2, is the-OCl/HOCl generating system comprising
the enzyme myeloperoxidase plus H2O2 in the aqueous halide
(Cl-) milieu. Although the enzyme catalyzes the reaction (5;
see section 5.1), the ubiquitous transition-metal cations may
simultaneouslysby decomposition of H2O2sgenerate further
ROS (cf. section 5.1).

3. Analytical Methods of Investigation of Hyaluronan
Degradation by Reactive Oxygen Species

Hyaluronan is a linear homopolymer built of the disaccharide
repeating units of [D-glucuronic acid-â-(1f3)-N-acetyl-D-glu-
cosamine] linked together withâ-(1f4) glycosidic linkages (cf.
Figure 1). Simple hydrolytic scission of the glycosidic bond
(by action of the water molecule) in the HA macromolecule
would yield hyaluronan molecules with lower molecular weights.
Thus, by such a hypothetical hydrolytical reaction, the HA
macromolecule is hydrolyzed/degraded; yet its primary, chemi-
cal, structure remains well-preserved. However, an attack on
the backbone of the high-molecular-weight hyaluronan by an
oxidative species can hardly be described as a simple hydro-
lytical reaction. For example, the radical, e.g.,•OH, abstracts a
hydrogen radical from the HA macromolecule, which results
in the formation of a macroradical plus a molecule of water.
The fate of the (intermediate) macroradicals formed is not
univocal. The final reaction products usually include macro-
molecules of lower molecular weights than that of the native
HA. The biopolymer fragments formed are often (chemically)
modified; therefore, a simple description of the products as
hyaluronan(s) is imprecise.

To explain the HA degradation by the action of any particular
ROS is rather a challenging task. The simplest level of such a
study is to measure changes of rheological properties of a
hyaluronan solution, for example, the decrease of the solution
viscosity is used as a “primitive” marker of the degradative
processes inflicted by the action of the given ROS (cf. section
3.1). The molecular weight of the native hyaluronan as well as
that of the products of HA degradation can be determined by
using, e.g., a light-scattering (LS) device (cf. section 3.2).
However, determination of the changes in the structure of a
macromolecule usually requires a battery of analytical tech-
niques (cf. sections 3.3 and 3.4). Modifications, which occur at
higher structural levels than the primary one remain sometimes
undetected because of limited performance of the analytical tools
employed.

3.1. Rheological ParameterssMarkers of Hyaluronan
Degradation by Reactive Oxygen Species.All principal
viscometric/rheometric methods fall into one of two classes:
(1) involving a moving fluid or (2) involving a moving element.
The first class is characterized by a liquid moving through a
definite channel/capillarysthe variable measured is the time,
which relates to the kinematic (ν) viscosity of the fluid. Capillary
viscometers, being the simplest and most widely used devices,
are however not “true” rheological instruments. Capillary tube

Figure 1. Hyaluronic acid. The term hyaluronic acid (HA) was coined
by K. Meyer.18 However, under physiological (pH) conditions, HA is
a polyanion (with corresponding countercation(s) such as H+, Na+,
K+, etc.), and hence, the term hyaluronate appears to be more
appropriate. Yet, irrespective of the degree of dissociation of its
macrobiomolecules, the term hyaluronan, suggested by Balázs et
al.,19 has become predominantly used for the designation of this
polysaccharide.20
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viscometers, characterized by shear rates in the range of
hundreds up to thousands of reciprocal seconds, are suitable
only for use with Newtonian fluids.

The second class comprises either a linearly moving element,
such as the falling ball, or a rotationally moving element. In
the latter group of instruments, either the stress is controlled
and the resulting rotational speed is measured, or the rotational
speed is controlled and the stress is measured. Those instruments
in which the rotational speed is controlled and stress is measured
can certainly indicate dynamic (η) viscosity changes with time.
Rotational rheometers, characterized by a very low shear rate,
are addressed to characterize the rheological parameters of non-
Newtonian fluids, including beyond controversy the hyaluronan
solutions. Moreover, oscillatory (rotational) rheometers allow
assessment of the storage (G′) as well as loss (G′′) modulisthe
parameters, which provide information on polymer structure and
might be related to molecular weight distribution, cross-linking,
and so forth.48

Capillary viscometry has been applied to analyze the hyalu-
ronan molecular weight (Mv average) itself and/or to follow its

changes. This method was exploited in some studies of HA
degradation caused, e.g., by•OH radicals.43,44

Although similar studies were performed on exploiting the
rotational viscometric approach, the material of the sample
reservoir and especially that of the rotating spindlesusually
metallicsis a limiting factor for determination of exact data.
Very recently, our group has attempted to apply the method of
rotational viscometry for HA degradation studies.49,50 In our
studies, we used a device, which main parts were made from
an inert material, Teflon. Figure 3 illustrates the kinetics of
degradation of high-molecular-weight HA induced by the
combined action of Cu2+ and ascorbic acid and of Cu2+, ascorbic
acid, and HOCl.

3.2. Methods to Determine the Hyaluronan Molecular
Weight. The molecular weight is one of the most important
characteristics of a given compound. In the case of polymers,
the sample is exactly characterized by the distribution of
molecular weights. Molecular weight averagessMn ) numerical
average,Mv ) viscosity average,Mw ) weight average, etc.
(whereMn < Mv < Mw), determinable, e.g., by osmometry (Mn),
viscometry (Mv), and light scattering (Mw)scharacterize the
given polymer, however, incompletely.

LS, elastic or total, evaluates the intensity of the light scattered
by macromolecules in diluted solution state. This intensity is
related to the molecular weight (M) of the sample by the
following equation:

where∆R(θ) is the scattering excess (Rayleigh factor) of the
solution with regard to the pure solvent;θ means the angle
between the incident light and the detector;c, the concentration;
A2, the second virial coefficient;P(θ), the form factor;K )
[4π2‚n0

2‚(dn/dc)2]/(NA‚λ0
4), the optical constant, wheren0 is the

refractive index of the solvent, dn/dc is the refractive index
increment of the polymer solution,NA is Avogadro’s number,
andλ0 is the wavelength of the light in vacuum. The reciprocal
of the form factorP(θ) can be written as 1/P(θ) ) 1 + 1/3‚µ2‚
〈s2〉, whereµ ) 4π/λ‚sin(θ/2), λ ) λ0/n0 is the wavelength of

Table 1. Glycosaminoglycansa

polysaccharide structural components location mean molecular weight

hyaluronate GlcNAc & GlcUA synovial fluid; vitreous humor;
ECMb of loose connective tissues

several MDa21

chondroitin-4-sulfate
≡ chondroitin sulfate A

GalNAc-4-sulfate
and GlcUA

cartilage; bone; ECM; basement
membranes of many tissues including
intestines

chondroitin-6-sulfate
≡ chondroitin sulfate C

GalNAc-6-sulfate
and GlcUA

similarly to chondroitin-4-sulfate

dermatan sulfate
≡ chondroitin sulfate B

GalNAc-4-sulfate
and IdoA or GlcUAc

skin; blood vessels;
heart valves; ECM

∼25 kDa4,22

keratan sulfated GlcNAc-6-sulfate
and galactose or
galactose-6-sulfate

bone; cartilage ∼5 kDa16

heparan sulfate and heparine N-sulfo-D-glucosamine-6-sulfate
and D-glucuronate-2-sulfatef

ECM; basement membranes;
components of cell surfaces;
components of intracellular granules
of mast cells lining arteries of lungs,
liver, and skin

a Glycosaminoglycans (GAGs) are the most ubiquitous non-branched heteropolysaccharides in the body of vertebrates, including human beings. The
GAG macromolecules consist of repeating disaccharide units, in which N-acetylglucosamine (GlcNAc) or N-acetylgalactosamine (GalNAc) alternate with
a uronic acid residue, i.e., D-glucuronate (GlcUA) or L-iduronate (IdoA). The majority of GAGs in the body are linked to core proteins, forming proteoglycans.
b ECM ) extracellular matrix. c Predominant disaccharide units: GalNAc-4-sulfate and IdoA. d Keratan sulfate is often aggregated with chondroitin sulfates.
e One well-defined function of heparin is its role in preventing coagulation of blood. f Heparans contain fewer sulfate groups than heparins.

Figure 2. Involvement of reactive oxygen species in cartilage
degradation and related synovium inflammatory reaction25 (with
permission).

K‚c/∆R(θ) ) 1/[M‚P(θ)] + 2A2‚c + ...
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the light in the solvent, and〈s2〉1/2 is the radius of gyration of
the macromolecules.

The experimental LS data are analyzed using the double
extrapolation (c f 0 andθ f 0) generally known as the Zimm
plot. By applying this procedure to a polydisperse sample, three

average values are obtained: the weight-average molecular
weight Mw, the z-average root-mean-square radius of the
macromolecules〈s2〉z

1/2 (shortly referred to as radius of gyration
Rg), and the second virial coefficientA2.51

Lack of knowledge of one (or more)M average(s) may
underlie the fact that polymers with different distributions of
molecular weights are classified as identical substances owing
to their equalM value(s). Analytical procedures, which can
establish the distribution of molecular weights of the polymer
are therefore more preferred.

SEC-MALS, a size exclusion chromatographic (SEC) frac-
tionation device connected on-line to an MA (multiangle) LS
detector, belongs to the top devices designed to characterize
polymerssincluding high-molecular-weight hyaluronans.52 Fig-
ure 4 illustrates the differential molecular weight distribution
of two HA samples: Hylumed (Mw ) 90.2 kDa,Mw/Mn ) 1.8)
and B22157 (Mw ) 1.34 MDa,Mw/Mn ) 1.5) determined by
the SEC-MALS method.

SEC in combination with low-angle light scattering is another
arrangement applicable for determining the distribution of HA
molecular weights in a single run. When SEC is equipped with
a detector monitoring only the HA concentration in the effluent,
more than one run has to be performed. Application of a
refractive index (RI) or UV absorbance detection to measure
the HA concentration requires calibration of the apparatus.
Although until recently only scarcely available, today the

Table 2. Systems of High-Molecular-Weight Hyaluronan Plus Reactive Oxygen Species (ROS)

ROS sources of ROS
action of inhibitors

investigated refs

O2
•- cellular

for example, PMN leukocytesa

enzymatic
for example, xanthinoxidase + xanthinea

chemical
KO2

b not 27

•NO cellular
endothelial cellsc not 3

chemical
gaseous •NO (from a gas canister)c not 3

ONOO- chemical
NaNO2 + (H2O2 + HCl) + NaOH yes 2

not 7, 28
NaN3 + O3 not 29

H2O2 chemical
aqueous H2O2

d not 30

-OCl/HOCl chemical
hypochloritee yes 32

not 33-35

•OH enzymatic
xanthinoxidase + xanthine + transitional metal cationf yes 36

physical and/or chemical
H2O lysis by γ-rays not 37-39
H2O2 irradiation by the UV light not 40
H2O2 + transition metal cationf yes 2, 41-44

not 33, 34, 45, 46

1O2 physical and/or chemical
UV366 irradiated riboflaving yes 47

a Because of the spontaneous dismutation reaction of superoxide anion radicals, the action of O2
•- may be infringed by the presence of hydrogen

peroxide. b Potassium superoxide (KO2) did not cause detectable fragmentation of hyaluronan.27 c Endothelial-cell-derived •NO, as well as exogenous
•NO gas, did not degrade hyaluronan.3 d Because of the presence of transition-metal cations in the high-molecular-weight HAsalthough in trace amountssit
is plausible that along with hydrogen peroxide the studied system was “contaminated” with •OH. e Under the condition of an acute inflammation, the
hypochlorite concentration (produced by stimulated PMN leukocytes) may increase up to 340 µM.31 f Iron, copper, titanium, etc. g The system does not
generate solely singlet oxygen.47

Figure 3. Kinetics of degradation of high-molecular-weight HA (2.5
mg/mL) induced by the combined action of 0.1 µM Cu2+ and 100 µM
ascorbic acid (curve 1) and of 0.1 µM Cu2+, 100 µM ascorbic acid,
and 5.0 mM HOCl (curve 2).
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“monodisperse” HA standards/calibrants are commercially
marketed (http://www.hyalose.com).

Since hyaluronan is a polyanion, the SEC separation principle
can and has been altered by electrophoretic techniques, e.g., by
agarose gel electrophoresis, capillary electrophoresis, and capil-
lary gel electrophoresis,53 the methods that are marked by the
shortcomings mentioned at the description of the SEC-RI or
SEC-UV equipments.

3.3. Methods to Disclose Changes in the Structure of
Degraded Hyaluronans. It is very plausible that during the
degradation of the native high-molecular-weight HA, along with
the decreasing sample molecular weight the ROS and/or the
inhibitor/drug tested will bring about certain changes in the
structure of polymer fragments.54,55Modification of the chemical
structure of the component monosaccharides of HA, due to, e.g.,
extraction of hydrogen atoms, oxidation of functional groups,
scission of certain chemical bonds, and so forth, should be
detectable by some analytical methods.56-58

EPR Spectroscopy.The•OH radical attack on hyaluronan and
on its two structural componentssGlcUA and GlcNAcswas
studied by direct (rapid flow) electron paramagnetic resonance
(EPR) spectroscopy and spin trapping EPR spectroscopy.1,40,46,59

Evidence has been obtained for random hydrogen atom abstrac-
tion at all the ring C-H bonds within glucuronic acid, as well
as at all sites except theN-acetyl group and C(2) within the
N-acetylglucosamine unit. Results of EPR spectroscopic studies
support the hypothesis that the HA strand cleavage may be due
to â-cleavage of the radicals formed either at C(1) of the
monosaccharide ring (cf. Scheme 1), at C(3) of theN-
acetylglucosamine, or at C(4) of the glucuronic acid ring.

Reaction of HOCl with hyaluronan and with other glycosami-
noglycans (GAGs) yields chloramides derived from theN-acetyl
function of theN-acetylglucosamine rings (cf. Scheme 260). The

results of spin trapping EPR spectroscopic studies are consistent
with the formation of amidyl radicals from these chloramides
via both metal-ion-dependent and ion-independent processes.
In the case of glycosaminoglycan-derived amidyl radicals,
evidence has been obtained that these radicals undergo rapid
intramolecular abstraction reactions yielding carbon-centered
radicals at C(2) on theN-acetylglucosamine rings (via a 1,2-
hydrogen atom shift) and at C(4) of the neighboring uronic acid
residues (via 1,5-hydrogen atom shifts). The C(4) carbon-
centered radicals undergo pH-independentâ-scission reactions
that result in glycosidic bond cleavage.35

NMR Spectroscopy.Classical NMR spectroscopy has not been
proven successful in establishing minor chemical changes
introduced into HA at oxidative degradation. The most serious
problem facing an investigator attempting to assess the structure
of high-molecular-weight hyaluronan by means of1H NMR
spectroscopy is that because of a very restricted motion and
fast relaxation of the polymer macromolecule no signals can
be observed in the spectrum.

Schiller et al.16 investigated the action of hypochlorous acid
on polymeric components of cartilage and observed that
hypochlorite affected mainlyN-acetyl groups in chondroitin
sulfate and its action led to the appearance of two new signals
in the spectra with a simultaneous decrease of the resonance
intensity at about 2.0 ppm of theN-acetyl methyl groups. The
appearance of a broad signal at 2.35 ppm was assigned to a
chlorinated product ofN-acetyl groups, while the final formation
of free acetate was characterized by a signal at 1.90 ppm. The
resonances, clearly visible in the case of chondroitin sulfate,
were observable in the HA solutions only upon prolonged
incubation with hypochlorous acid. The conclusion of the
primary action of HOCl on theN-acetyl groups was confirmed
also by a study using13C NMR spectroscopy, which showed
that application of a large excess of hypochlorous acid led to
the degradation of carbohydrate rings with formate as the final
product.61

As further methods appropriate for studies of changes
occurring during the degradation of hyaluronans by ROS, the
following physicochemical and analytical techniques come into
consideration: infrared (IR) spectroscopy in both solution and
solid states as a non-destructive methodology62 and matrix-
assisted laser desorption ionization-time-of-flight (MALDI -
TOF) mass spectrometry as a destructive methodology. Al-
though the latter technique provides a precise and fast tool for
the determination and characterization of carbohydrates, on
analyzing the HA degradation products, so far only the structures
of small oligomeric fragments have been established.63,64

In summary, it seems legitimate to say that chemical changes
introduced into the structure of HA at degradation reactions

Figure 4. Differential molecular weight distributions of the HA
samples Hylumed and B22157.

Scheme 1. HA Strand Cleavage May Be Due to â-Cleavage of
the Radicals Formed at, e.g., C(1) on the GlcUA Ring

Scheme 2. Outline of Events that May Occur on Reaction of
HOCl/-OCl with the N-Acetylglucosamine (GlcNAc) Moiety of

Hyaluronana

a The generation of chloramide species and their subsequent decom-
position yields nitrogen-centered radicals, which on rearrangement lead
to the production of carbon-centered radicals. These are believed to result
in fragmentation of the HA macromolecule. Adapted from Hawkins and
Davies.60
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usually occur in a low ratio with respect to the overall high-
molecular-weight polymer, and because of this, their detection
by the above-mentioned analytical procedures is rather com-
plicated and does not yield unambiguous results.

3.4. Complementary Analytical Methods for Deeper
Insight into Oxidative Reactions Damaging High-Molecular-
Weight Hyaluronans. The hyaluronan degradation can be
stopped by pouring the reaction vessel content into an appropri-
ate volume of ethanol. By such a step, the HA macromolecules
and/or their derivative(s) precipitate and can be subsequently
recovered, e.g., by centrifugation. The two fractionssthe
sediment containing precipitated macromolecules and the water-
ethanol supernatantscan be further analyzed by complementary
analytical methods.

The macromolecular component(s) in solid form or in solution
can be further investigated by techniques such as thermogravi-
metric analysis, differential scanning calorimetry, UV-vis
spectroscopy, circular dichroism, and so forth. The easiest way
to test changes in the recovered biopolymer structure is to
perform its degradation by specific hyaluronidase enzyme(s)65

and compare the results with those obtained with an original
hyaluronan sample having a similar molecular weight. The
greater the structural changes are, the slower the modified
polymer degradation by the enzyme.66,67

The water-ethanol phase can be analyzed by different
techniques, such as high-performance liquid chromatography
with a mass spectrometric detector (HPLC-MS), gas chroma-
tography with a mass spectrometric detector (GC-MS), and so
forth. On applying the latter technique, oxidation of HA with
NaOCl proved to yieldmeso-tartaric acid; in addition, arabinaric

acid and glucaric acid were obtained by oxidation with the H2O2/
Fe2+ system. Arabinuronic acid, arabinaric acid,meso-tartaric
acid, and glucaric acid were identified by GC-MS as oxidation
products of glucuronic acid. When GlcNAc was oxidized,
erythronic acid, arabinonic acid, 2-acetamido-2-deoxy-gluconic
acid, glyceric acid, erythrose, and arabinose were formed.33

4. Concluding Remarks

Reactive oxygen species were originally thought to be
released only by phagocytic cells during their involvement in
host defense mechanisms. In many ways, these species are,
however, ideally suited to be signaling molecules, since

• they are small;
• they can usually migrate within short distances;
• there are several rapid and controllable mechanisms for their

production;
• there are numerous mechanisms for their rapid removal.
It is now clear that ROS have a cell signaling role in many

biological systems, both in animals and in plants. These species
induce programmed cell death or necrosis, induce or suppress
the expression of many genes, and activate cell signaling
cascades.5

Contrary to the above-mentioned roles of ROS, excessive
amounts of O2•- and •NO are formed during inflammatory
processes. These two species may recombine, producing per-
oxynitrite, which degrades the high-molecular-weight hyaluro-
nan, but not heparin/heparan sulfate (cf. Scheme 3). Degradation
of hyaluronan of joint synovial fluid has been linked to
rheumatoid arthritis. Thus, the balance between the formed O2

•-

and •NO “precursors”, the “intermediates” such as H2O2, and
the degradative species, e.g.,•OH, determines which glycosami-
noglycan component of the extracellular matrix is destroyed and
may be important in regulating disease processes.3,4 On the other
hand, the chemical modification of GAGs mediated by ROS
flux, e.g., during periodontal disease state, is not only of
importance in considering connective tissue destruction but may
have also severe consequences upon extracellular matrix
synthesis, organization, and repair.57,58

The two main antioxidatively acting enzymesssuperoxide
dismutase and catalasesare barely detectable in rheumatoid
synovial fluid.7,68 Their levels in synovial fluid do not exceed
1 µg/mL and 50 ng/mL, respectively.69 Further proteins present
in SF, such as albumin, transferrin, and ceruloplasmin, can be
classified as high-molecular-weight non-enzymatic “antioxi-

Scheme 3. In the Presence of Superoxide Anion Radical (O2
•-),

•NO Is Converted into Peroxynitrite, and in the Presence of O2 in
Aqueous Solutions, •NO is Converted into HNO2

a

a Each of these products has different glycosaminoglycan specificity:
peroxynitrite degrades hyaluronan (solid arrow) but does not cleave
heparin or heparan sulfate (dashed arrow); HNO2 cleaves heparin and
heparan sulfate (solid arrow) but does not degrade hyaluronan (dashed
arrow). Adapted from Vilar et al.3

Table 3. Antioxidatively Acting Low-Molecular-Weight Xenobioticsa

xenobiotic properties/action(s)

Endogenic/Exogenic Substances
carotenoids free radical scavenger and singlet oxygen quencher
coenzyme Q10 (ubiquinone)b transports electron in mitochondria
flavonoids scavenge superoxide anion radical and hydroxyl radicals
glucose scavenger of •OH radicals
glutathione scavenges peroxyl radicals, peroxynitrite, and H2O2; it conjugates with •NO
melatonin scavenges •OH and peroxyl radicals, •NO, ONOO-, as well as 1O2

44

uric acidc HOCl and peroxyl radical scavenger, singlet oxygen quencher, transition metal ion chelator
vitamin Cdsessential nutrient free radical and HOCl scavenger; it regenerates vitamin E
vitamin Esessential nutrient peroxyl free radical scavenger, chain-breaking antioxidant
Drugs
NSAIDse

steroidal anti-inflammatory drugse

a Compiled from refs 12, 13 and http://www.alexis-corp.com/. b The reduced form, ubiquinol, is an effective antioxidant in cellular membranes. c Reaction
of uric acid with oxidants, such as •OH, may generate secondary radicals, which may damage biomolecules, including HA. d Ascorbic acid is a significant
antioxidant in the absence of transition-metal ions, while in their presence, its prooxidative effect is markedly pronounced.71 e Anti-inflammatory drugs
have often been proposed to decrease free radical production, although they might also enhance it.72
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dants”. Their protective function is related to their high affinity
to bind cations of transition metals (Fe, Cu, etc.).70

From the point of view of their antioxidative properties,
several low-molecular-weight xenobiotics present in SF may
function protectively against the degradative action of ROS on
hyaluronan (cf. Table 3). Drug action for optimized therapeutic
purposes can be manipulated by understanding the role of
physicochemical parameters, such as redox properties and
features, which control drug distribution.

It can therefore be concluded that intervention in a process
of generation and/or distribution of ROS is a sensitive task.
Precise knowledge of the mechanisms controlling formation and,
in the case of longer-living species, distribution is a primary
prerogative for proper action. Identification of the factors
governing the distribution and fate of xenobiotics/drugs in
microenvironments, as, e.g., synovial fluid, are further prereq-
uisites of rational pharmacological intervention.
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Abbreviations

Nomenclature

cNOS- constitutive•NO synthase
DNA - desoxyribonucleic acid
ECM - extracellular matrix
EPR- electron paramagnetic resonance (spectroscopy)
GAG - glycosaminoglycan
GalNAc - N-acetylgalactosamine
GC-MS - gas chromatography with a mass spectrometric

detector
GlcUA - D-glucuronate
GlcNAc - N-acetylglucosamine
GSSG•- - oxidized glutathione anion radical
HA - hyaluronan
HPLC-MS- high-performance liquid chromatography with

a mass spectrometric detector
IdoA - L-iduronate
iNOS - inducible •NO synthase
IR - infrared (spectroscopy)
LS - light scattering
MALDI -TOF- matrix-assisted laser desorption ionization-

time-of-flight (mass spectrometry)
Mn - numerical average of the molecular weight
Mv - viscosity average of the molecular weight
Mw - weight average of the molecular weight
NADPH - reduced nicotinamide adenine dinucleotide phos-

phate (oxidase)
NMR - nuclear magnetic resonance (spectroscopy)
NOS - •NO synthase
NSAIDs - non-steroidal anti-inflammatory drugs
OA - osteoarthritis
PMN - polymorphonuclear (leukocytes)
RA - rheumatoid arthritis
RI - refractive index
ROS- reactive oxygen species
SEC- size exclusion chromatography
SEC-MALS - size-exclusion chromatography with a mul-

tiangle light-scattering detector

SEC-RI- size-exclusion chromatography with a refractive
index detector

SEC-UV - size-exclusion chromatography with a UV light
detector

SF - synovial fluid
SOD - superoxide dismutase
UV - ultraviolet
vis - visible

5. Appendix

5.1. Low-Molecular-Weight Reactive Oxygen Species.
Superoxide Anion Radical, O2

•-, is formed in neutrophils,
monocytes, macrophages, and eosinophils because of the action
of NADPH oxidasesthe enzyme is also called respiratory burst
oxidase. NADPH oxidase, a highly regulated enzyme complex
composed of a number of proteins, reduces oxygen to superoxide
anion radical at the expense of NADPH

Another source of superoxide anion radical is xanthine
oxidoreductase, also called xanthinoxidase. This molybdenum-
and iron-containing flavoprotein catalyzes oxidation of hypox-
anthine to xanthine and then to uric acid. Molecular oxygen is
the substrate, and the products include the superoxide anion
radical.5 Other cellular sources for O2•- are mitochondria in
stressed cells, the formation of met-hemoglobin, and the
reduction of oxygen by quinone radical or by oxidized glu-
tathione anion radical (GSSG•-).

Superoxide anion radical is both a one-electron oxidant and
a one-electron reductant. This reactive oxygen species does not
have direct toxic effects on living targets. Its toxicity is exerted
by penetration to important sites where it is converted to
hydrogen peroxide (H2O2), singlet oxygen (1O2), and possibly
to hydroxyl radical (•OH). Superoxide anion radical also plays
a decisive role by converting nitrogen monoxide (•NO) to the
powerful oxidant peroxynitrite anion (ONOO-).

Nitrogen Monoxide, •NO, a short-living radical, can play a
dual role in physiology. By interacting with the iron-containing
prosthetic group of guanylate cyclase, it has a regulatory function
as an endothelium-derived relaxation factor. It can also be
converted to other nitrogen oxides and thus become a toxic or
inflammatory agent.

Enhanced•NO synthesis was reported to occur in inflamma-
tory responses initiated by microbial products or autoimmune
reactions and also in the systemic inflammatory response,
referred to as sepsis.•NO probably participates in the inflam-
matory reaction and subsequent damage of joint tissues in certain
types of arthritis. For instance, synovial fluid from patients with
arthritis exhibits elevated nitrate concentrations (nitrate is the
end-product of theL-arginine-NO synthase pathway).

NO synthase enzymes (NOS) are P450-related hemoproteins
that oxidizeL-arginine toL-citrulline and nitrogen monoxide.6

Three distinct isoforms of NOS representing three distinct gene
products have been isolated and purified. Two of the enzymes
are permanently present and termed constitutive NOS (cNOS).
The third one is an inducible NOS (iNOS). Stimuli typically
include cytokines and/or lipopolysaccharide, and once expressed,
the enzyme generates large amounts of•NO.

Peroxynitrite anion, also calledoxoperoxonitrate, ONOO-,
is formed at sites of inflammation by the rapid reaction of
superoxide anion radical with nitrogen monoxide

2O2 + NADPH f 2O2
•- + NADP+ + H+

•NO + O2
•- f ONOO-
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ONOO- is a highly reactive oxidizing species capable of
damaging cellular lipids, carbohydrates, proteins, and DNA. The
reaction of ONOO- with tyrosine residues in proteins results
in the formation of 3-nitrotyrosine, a suggested biomarker of
ONOO- production in vivo. Indeed, increased levels of 3-ni-
trotyrosine have been detected in numerous human diseases,
such as rheumatoid arthritis, Parkinson’s disease, Alzheimer’s
disease, and asthma.

Peroxynitrite anion in aqueous milieu exists in an acid-base
equilibrium with peroxynitrous acid

It can be relevant to point out that the hydrogenated form,
ONOOH, is a very weak acid with a pKa value of 6.8.7 Under
slight acidosis accompanying inflammation processes, i.e., at,
e.g., pH 6.8, the ratio of [ONOO-]:[ONOOH] is 50:50.

The chemistry of peroxynitrous acid may be of high
importance, taking into account that the molecule of ONOOH

• can “decompose” by homolytic fission to ONO• + •OH;
• can “decompose” by heterolytic fission to ONO+ + HO-;
• can isomerize, yielding H+ + NO3

-, i.e., HNO3;
• can react with the one-electron reductant O2

•-

• can react with a transition-metal ion, e.g., ferrous ion

• can react with CO2 to yield the nitrating species ONOOCO2
-.

Undoubtedly, the radicals formed (ONO•, •OH), the cation
(ONO+), the anions (NO3-, ONOOCO2

-), and also the in situ
generated molecule of oxygen may play an important role in
physiological/pathophysiological processes.

Hydrogen Peroxide, H2O2, is simply produced from two
superoxide anion radical species, which undergo spontaneous
dismutation, producing the molecule of hydrogen peroxidesa
non-charged non-radical oxidative speciessand a molecule of
oxygen

Therefore, once superoxide anion radicals are formed in situ,
the presence of hydrogen peroxide becomes almost inevitable.
Reaction 3 occurs spontaneously, especially at low pH values;
however, in vivo, this reaction is catalyzed by a family of
enzymes known as superoxide dismutase (SOD). The cytosolic
SOD form contains Cu and Zn (CuZn-SOD), while a mito-
chondrial form contains Mn (Mn-SOD). In addition to SOD,
another heme-containing enzyme, catalase, converts the hydro-
gen peroxide to oxygen and water.

Since both superoxide anion radical and hydrogen peroxide
are simultaneously present within the same microenvironment,
they may undergo the so-called Haber-Weiss reaction

The Haber-Weiss reaction, although very often cited, is actually
of low importance, since the product of reaction 3sthe molecule
of oxygensand the products of reaction 4sO2 + HO-sinhibit
both processes represented by reactions 3 and 4.

Hypochlorous Acid, HOCl, and/orHypochlorite, -OCl. The
molecule of hydrogen peroxide itself is a weak (“inert”)
oxidative species. The heme enzyme myeloperoxidase released
from stimulated neutrophils is able to oxidize (pseudo)halides

in the presence of hydrogen peroxide under formation of
(pseudo)hypohalous acids.8 In the case of Cl-, hypochlorous
acid will be formed

Hypochlorous acid in aqueous solution is in equilibrium with
chlorine and hypochlorite. Under neutral conditions, a mixture
of HOCl and -OCl dominates. This “bleach” (HOCl/-OCl)
readily kills any invading microorganism.

It can be relevant to take into consideration that the HOCl
molecule is a weak acid with pKa ) 7.53.9 Under slightly acidic
conditions, i.e., at, e.g., pH) 6.53, which may accompany
inflammation, the [HOCl] to [-OCl] ratio is very high, indicating
the prevailing existence of the non-dissociated hypochlorous
acid molecule (90%). One could thus hypothesize that in
particular cases the HOCl molecules could serve as precursors
for the formation of further oxidative species

Hypochlorous acid is a powerful oxidizing and chlorinating
species, formed at sites of chronic inflammation, capable of
oxidizing proteins, DNA, lipids, and so forth, and/or of
chlorinating DNA, cholesterol, lipids, and so forth. That is why
HOCl-induced cell death occurs very rapidly in comparison to
that mediated by other ROS. (In addition, once activated,
myeloperoxidase is also able to oxidize a large variety of small
molecules including amino acids, phenols, indoles, sulfhydryls,
nitrite, xenobiotics, and other substances generating different
reactive radicals and contributing thus to a progressive damage
of biomolecules at inflammatory sites.)

Hydroxyl Radical, •OH, could in principle be the product of
homolytic fission of the H2O2 molecule; however, in vivo, the
direct route (f) of the reaction

is not plausible. Yet, the probability of “heterolytic” fission of
the H2O2 molecule with participation of a transition-metal cation
(e.g., Fe2+) should be taken into the consideration

Reaction 7, most frequently suggested as a source of free•OH
radicals in biological systems, is termed the Fenton reaction.
Under physiological (healthy) conditions, the iron ions are
however always firmly bound: In blood, they circulate associ-
ated with the protein transferrin, and in cells, they are stored
linked to the protein ferritin. Yet under stress conditions, an
increase of the so-called “labile iron pool” is observed in cells.

The •OH radical can be classified as an “ultimate” reagent
oxidizing almost all low- and high-molecular-weight substances.
However, because of its extremely short half-life (∼10-9

seconds), the action should be site-specific. The toxicity of•OH
radicals results from their ability to abstract electrons from a
large variety of compounds

with the formation of a new radicalsR•swhich consecutively
can oxidize other substances.

H2O2 + Cl- f HOCl + HO- T -OCl + H2O (5)

HOCl + O2
•- f •OH + Cl- + O2 (cf. refs 10, 11)

HOCl + H2O2 f 1O2 + H2O + H+ + Cl- (cf. ref 10) (6)

HO-OH r HO• + •OH

HO-OH + Fe2+ f •OH + Fe3+ + HO- (7)

R + •OH f R• + HO-

ONOO- + H+ T ONOOH

ONOOH+ O2
•- f ONO• + HO- + O2

ONOOH+ Fe2+ f ONO• + HO- + Fe3+

O2
•- + O2

•- + 2H+ f H2O2 + O2 (3)

H2O2 + O2
•- f HO• + HO- + O2 (4)
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Singlet Oxygen, 1O2, is an oxygen form, which electrons are
excited at a higher energy level compared to the normal triplet
oxygen. When returning to the ground state, the molecules of
singlet oxygen emit energy, which may have antimicrobial and
cytotoxic effects.

There are several reactions in which the generation of singlet
oxygen molecules occurs (reaction 6) or could be anticipated.
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