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Abstract. Oxidative burst provides the mechanism for
specialized phagocytes, such as granulocytes or monocytes, to
kill invading microorganisms through generation of superoxide
anions. However, the oxidants generated during the burst
damage DNA of the phagocytes and neighboring cells. Human
blood leukocytes treated with phorbol myristate acetate (PMA)
are considered to represent the experimental model of induction
of oxidative burst. We recently reported that DNA damage in
PMA-treated leukocytes is assessed by cytometric analysis of
the induction of histone H2AX phosphorylation and Ataxia
Telangiectasia Mutated (ATM) activation. In the present study
we observed that hyaluronic acid (HA) of average molecular
weight (MW) 5.4x10¢ and 2x10° at 0.1% (w/v) concentration
significantly attenuated H2AX phosphorylation and ATM
activation induced in leukocytes during oxidative burst. HA
also reduced the intracellular level of PMA-induced reactive
oxidants as measured by the ability of cells to oxidize 2',7'-
dihydro-dichlorofluorescein-diacetate. No such effect was
seen with HA of 6x10* MW. The data are consistent with
earlier observations that HA of high MW protects DNA from
oxidative damage induced by endo- or exogenous oxidants. The
anti-oxidant effect of HA seen during oxidative burst also
explains its anti-inflammatory effect when used to treat arthritic
joints.

Introduction
To neutralize pathogens and prevent infections from spreading,

phagocytes developed a capability to rapidly generate micro-
bicidal oxidants through a mechanism defined as respiratory-

Correspondence to: Dr Zbigniew Darzynkiewicz, Brander Cancer
Research Institute, New York Medical College, Valhalla, NY 10595,
USA

E-mail: darzynk@nymc.edu

Key words: DNA damage, DNA double-strand breaks, free radicals,
ROlIs, anti-oxidants, oxidative stress, hyaluronic acid, granulocytes,
monocytes

or oxidative-burst (1). This mechanism involves a transfer of
electrons from nicotinamide adenine dinucleotide phosphate
(NADPH) to oxygen by NAHPH oxidase, the process that
generates a superoxide anion (O,) which spontaneously
recombines with other molecules to produce reactive free
radicals capable of killing microorganisms (1-6). Respiratory
burst in phagocytes occurs also during chronic and acute
inflammation and its degree in the tissue correlates with the
intensity of the inflammatory reaction (7). Apart from
functioning as an innate immune defense mechanism, the
NADPH oxidase system was reported to also play a role in
inter- and intracellular signaling in cell types other than
phagocytes (1,8-10).

In vitro exposure of phagocytes to the tumor promoter
phorbol myristate acetate (PMA) provides an experimental
model of oxidative burst. The free radicals generated during the
PMA-induced oxidative burst induce DNA damage that was
observed not only in phagocytes themselves but in the adjacent
cells as well (11-13). Activation of Ataxia Telangiectasia
Mutated (ATM) through its phosphorylation on Ser1981 and
phosphorylation of histone H2AX on Ser139 are early markers
of a cell's response to DNA damage, particularly if the damage
involves formation of DNA double-strand breaks (DSBs)
(14,15). We recently reported that induction of oxidative burst
in human peripheral blood leukocytes by PMA led to intense
phosphorylation of H2AX and activation of ATM which was
seen in monocytes, granulocytes as well as in lymphocytes
(16). These data were consistent with earlier observations
(13) that the reactive oxidants generated in phagocytes during
oxidative burst were mobile and induced DNA damage in the
neighboring lymphocytes.

Within the tissue, cells reside in the environment of inter-
cellular matrix that has a modulating effect on reactive oxidants.
The glycosaminoglycans, such as chondroitin-4-sulfate and
hyaluronan (hyaluronic acid, HA), inhibit lipid peroxidation
caused by oxidative stress and attenuate inflammatory reactions
mediated by reactive oxidants (17-20). The mechanism of the
anti-inflammatory effect of HA seen after its administration
into the inflamed arthritic joints (21) is likely to be also
mediated through neutralization of the oxidants generated
during inflammation-driven oxidative burst in leukocytes and
macrophages. We recently reported that HA protected DNA in
A549 and WI-38 cells from oxidative damage induced by
exogenous oxidants, such as H,0,, as well as from constitutive
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DNA damage caused by metabolically generated endogenous
reactive oxygen species (ROS) (22).

The aim of the preset study was to explore whether HA
modulates the extent of DNA damage of leukocytes induced
by the oxidative burst. Similar to prior studies, the extent of
DNA damage was assessed by the cytometric analysis of
H2AX phosphorylation and ATM activation (16,22-25), the
early events of the DNA damage response (14,15,26). The data
show significant attenuation of both H2AX phosphorylation
and ATM activation by HA, consistent with the earlier evidence
of the protective effect of this constituent of intercellular matrix
on oxidative DNA damage in other cell systems (17-22).

Materials and methods

Cell isolation and treatment. Human peripheral blood was
collected from healthy volunteers by venipuncture into
heparinized syringes which were then maintained upright for
1 h at room temperature to allow erythrocytes to sediment at
1 x g. The plasma containing white blood cells (WBCs) was
collected. Then cells were rinsed with RPMI-1640 medium
(Gibco-BRL Life Technologies, Inc., Grand Island, NY) .
Cells (10°) were then suspended in 1 ml of RPMI-1640
supplemented with 10% fetal calf serum in 17x120 mm
nonpyrogenic Falcon polystyrene conical tubes (Becton-
Dickinson Labware, Franklin Lakes, NJ). HA (0.5% w/v in
PBS; Matrix Biology Institute, Edgewater, NJ) was added to
some suspensions to obtain the final 0.1% w/v HA concen-
tration. The respective control cultures were supplemented
with the equivalent volumes of PBS. HA of three different
MWs, 6x10%, 2x10° and 5.4x10% were used throughout the
experiments, as listed under Results section and in Figure
legends. Phorbol 12-myristate 13-acetate (PMA; Sigma-
Aldrich, St Louis, MO) was added at a concentration of 1 uM
to the suspensions and cells were incubated at 37°C in an
atmosphere of 5% CO, in air for 1 h. HA was added 1 h prior to
addition of PMA and was present throughout the incubation
with PMA.

Immunocytochemical detection of yH2AX, activated ATM and
caspase activation. After 1 h of PMA stimulation, cells were
washed in phosphate-buffered saline (PBS) (centrifugation at
300 x g, 5 min) and then fixed in suspension in 1% ice-cold
methanol-free formaldehyde (Polysciences, Inc., Warrington,
PA), dissolved in PBS for 15 min followed by suspension in
80% ice-cold ethanol in which they were stored overnight at
-20°C. Cells were washed twice in PBS (300 g, 5 min) and
incubated first in 0.1% Triton X-100 (Sigma-Aldrich) for
15 min at room temperature, then in 1% solution of bovine
serum albumin (BSA) for 30 min at room temperature to
suppress nonspecific antibody (Ab) binding. Cells were then
incubated with 100 ul of 1% BSA in PBS containing 1:100
diluted anti-phospho-histone H2AX (Ser-139) anti-mouse Ab
or 1:100 diluted anti-phospho-ATM (Ser-1981) anti-mouse
Ab (Millipore/Upstate, Temecula, CA) or 1:100 cleaved
caspase-3 (Asp-175) anti-rabbit Ab (Cell Signaling Technology,
Inc., Danvers, MA), and incubated for 2 h at room temperature.
Cells were rinsed with PBS and incubated with 100 pl of 1%
BSA in PBS containing 1:100 Alexa Fluor 488 F(ab'),
fragment of goat anti-mouse IgG (H+L) or 1:100 Alexa Fluor
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488 F(ab'), fragment of goat anti-rabbit IgG (H+L) (Invitrogen,
Carlsbad, CA) for 40 min at room temperature in the dark.
After washing with PBS, cells were counter-stained with
10 pug/ml propidium iodide (PI; Invitrogen/Molecular Probes,
Eugene, OR) in the presence of 100 yg/ml of RNase A
(Sigma-Aldrich) for 20 min at room temperature in the dark.

Reactive oxygen species (ROS) detection. Untreated cells as
well as cells treated with HA alone or with PMA in the
absence or presence of HA for 1 h were incubated for the final
30 min with 10 pM 2',7'-dihydro-dichlorofluorescein-diacetate
(H2DCFDA) (Invitrogen/Molecular Probes) at 37°C. Cellular
green fluorescence was then measured by flow cytometry.
Following oxidation by ROS and peroxides the non-fluorescent
substrate H2DCFDA is converted within cells to the highly
fluorescent derivative DCF (27).

Determination of MW and polydispersity of HA samples. The
tissue culture medium to which HA of MW 2x10° was added
and in which cells were incubated in the absence or presence of
PMA was separated from cells by centrifugation (300 x g,
5 min) and the MW and the polydispersity of the HA molecules
in the medium were determined by agarose gel electrophoresis
on 0.5% agarose gel as recently described by us (22). Mono-
disperse internal standards (Hyalose, LLC, Oklahoma City,
OH) were applied for each run.

Fluorescence measurements. Cellular green (Alexa Fluor 488
or DCF) and red (PI) fluorescence was measured using a
FACScan flow cytometer (Becton-Dickinson, San Jose, CA)
using the standard optics of the FACScan. CellQuest software
(Becton-Dickinson) was used to analyze the data. Granulocytes
and mononuclear cells were distinguished by their characteristic
properties to scatter laser light in the forward and right angle
(side) direction (27). Cells (10*) were analyzed per each sample.
Each sample was run in duplicate or triplicate and experiments
was repeated at least three times. The SD was estimated based
on Poisson distribution of cell populations. The inter-sample
variations were not statistically significant. The representative
raw data in form of bivariate distributions (scatterplots) are
shown in Figs. 1-4.

Results

The induction of histone H2AX phosphorylation in leukocytes
by PMA, in the absence and presence of HA of MW 5.4x10°,
is illustrated in Fig. 1. The data show the distinct increase in
expression of YH2AX in cells treated with PMA. This increase,
however, was markedly attenuated when cells were treated
with PMA in the presence of HA. HA alone had no apparent
effect on the level of YH2AX expression. A very similar pattern
of response was also seen when cells were treated with PMA
in the presence of HA of MW 2x10° (Fig. 2). Here again the
PMA induced a distinct increase in extent of H2AX phos-
phorylation which was essentially prevented by HA. However,
HA of low MW (6x10%) had little effect on the PMA-induced
H2AX phosphorylation as it reduced the expression of YH2AX
by only 10% compared to PMA alone (data not shown).

We have also measured the effect of PMA in the absence
and presence of HA on activation of ATM as measured by
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Figure 1. Effect of PMA in the absence and presence of HA (MW 2x10°) on
induction of yYH2AX in human leukocytes. Human peripheral white blood cells
suspended in culture medium were either untreated (Ctrl), treated with PMA
alone (PMA), with HA alone (HA) or with PMA in the presence of HA
(PMA+HA). (A) Bivariate distributions (scatterplots) illustrating the
expression of yYH2AX vs DNA content of the measured cells. (B) presents the
mean values of yH2AX IF (+SD) of the measured cells.
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Figure 2. Effect of PMA in the absence and presence of HA (MW 2x10°) on
induction of YH2AX in human leukocytes. The cells were untreated (Ctrl),
treated with PMA alone (PMA), or with PMA in the presence of HA
(PMA+HA). (A) Scatterplots presenting the expression of YH2AX vs DNA
content of the measured cells. (B) Presents the mean values of yYH2AX IF
(+SD) of the measured cells.

phosphorylation on Ser-1981. The data show that, similarly,
as in the case of H2AX phosphorylation, the treatment with
PMA led to an increase in expression of ATM-1981P and the
extent of the increase was reduced by HA (MW 2x109%)
(Fig. 3). The effects, however, were somewhat less pronounced
compared to the induction of yYH2AX.

To assess the intracellular level of reactive oxidants in
leukocytes treated with PMA and HA we measured the cells'
capability to oxidize the fluorescent probe H2DCFDA (Fig. 4).
Treatment of cells with PMA alone led to an overall increase in
intensity of DCF fluorescence with a distinct bimodal response
as evident by the presence of two peaks. The peak fluorescence
intensity of the subpopulation of cells that responded maximally
(46% cells) was two orders of magnitude greater compared to
the subpopulation represented by the lower intensity peak.
However, even this lower-intensity peak was distinctly shifted
towards higher CDF fluorescence values compared to the
untreated cells. Incubation of cells with HA alone had a
relatively minor effect on their CDF fluorescence although a
shift towards higher values was apparent and there was an
increase in proportion of cells with higher CDF values (7%).
The induction of oxidative burst by PMA in the presence of
HA (5.4x10° MW) lowered the proportion of cells with high
CDF fluorescence from 46 to 35%. Similar results were
obtained using 2x10° MW HA, but no distinct effects were
seen with 6x10* MW HA (data not shown).
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Figure 3. Effect of PMA in the absence and presence of HA (MW 5.4x10°)
on phosphorylation of ATM human leukocytes. The cells were untreated
(Ctrl), treated with PMA alone (PMA), or with PMA in the presence of HA
(PMA+HA). (A) Scatterplots presenting the expression of ATM-S1981° vs
DNA content of the measured cells. (B) Presents the mean values of ATM-
S1981P IF (+SD) of the measured cells.
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Figure 4. Effect of PMA in the absence and presence of HA (MW 5.4 x10°)
on the capability of leukocytes to oxidize 2',7'-dihydro-dichlorofluorescein-
diacetate (H2DCFDA). The leukocytes were suspended in culture medium
(Ctrl) or treated with PMA alone (PMA), HA alone (HA) and PMA in the
presence of HA (PMA+HA), and during the final 30 min of incubation 10 xM
H2DCFDA was included into the media. Cellular green fluorescence was
then measured by flow cytometry. On these bi-modal frequency distributions
the percent of cells with high intensity of CDF fluorescence (above the
threshold marked by the dashed line) is shown. Note exponential scale of the
CDF fluorescence intensity.

We also measured the effect of cell incubation in the
absence and presence of PMA on possible degradation of HA
that was present in cell suspensions by measuring its MW
and polydisperity. Towards this end HA MW 2x10° with the
media, in which the cells were suspended, was incubated
without or with PMA. After removal of cells by centrifugation
these solutions were subjected to gel electrophoresis and MW
of HA from these samples was compared. Identical distribution
curves with similar matching MW (1.4x109) as well as
comparable polydisperity, were seen in both PMA treated and
untreated samples (data not shown).

Discussion

Our present data confirm an earlier observation that the
induction of oxidative burst in leukocytes by PMA leads to
distinct DNA damage response as evidenced by phos-
phorylation of histone H2AX on Ser-139 and activation of
ATM through its phosphorylation on Ser-1981 (16). The
induction of ROS in cells undergoing the oxidative burst was
detected using the permeant H2DCFDA probe which becomes
fluorescent upon oxidation (27). Based on the intensity of CDF
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fluorescence two distinct cell subpopulations become apparent
(Fig. 4). By the analysis of the light scatter signal in forward
versus right angle (‘side’) direction, similar as before (16), we
were able to identify the cells with very high CDF fluorescence
intensity as granulocytes and monocytes and the cells with
much lower fluorescence intensity, represented by a sharp peak
on the frequency histograms of PMA-treated cells as pre-
dominantly lymphocytes.

Interestingly, a rather minor but distinct increase in intensity
of CDF fluorescence was observed in cells incubated with
H2DCDFA in the presence of HA alone as compared with
the cells probed in the absence of HA (Fig. 4). It is unlikely
that the apparent increase in CDF fluorescence was due to the
HA-mediated rise in the level of ROS. Probably this was the
consequence of steric volume exclusion effect exerted by HA
(28). Namely, the extensive binding of H,O molecules by HA
as a result of HA hydration left fewer free H,O molecules
and thereby increased effective concentration of H2DCDFA in
free H,O that in turn led to a greater uptake of this probe by the
cells.

The present data show that the induction of oxidative burst
in cells suspended in HA of high MW attenuated the DNA
damage response, both in terms of H2AX phosphorylation and
activation of ATM. Also reduced was the proportion of cells
with high CDF fluorescence intensity upon treatment with
PMA in the presence of HA. These data thus suggest that HA
had a neutralizing effect on the induction of ROS and thereby
protected DNA, at least in some cells, from the oxidative
damage. This observation is consistent with our recent findings
that HA of high MW (5.4x10%) attenuated oxidative DNA
damage in WI-38 fibroblasts and pulmonary carcinoma A549
cells induced by exogenously applied H,0O, as well as by the
endogenous, metabolically generated oxidants (22). It should
be noted that DNA damage by the endogenous ROS generated
in mitochondria during aerobic metabolism triggers distinct
DNA damage response manifesting as constitutive ATM
activation and H2AX phosphorylation the extent of which is
modulated by ROS scavengers and caloric restriction mimetics
(23-26).

Monocytes and granulocytes express the hyaluronate
receptor CD44 on their plasma membrane (29,30). The presence
of CD44 mediates internalization of this biopolymer via endo-
cytosis (31). It is likely therefore that the observed effects of
HA, namely the attenuation of DNA damage response and
reduction of ROS, are the consequences of HA internalization
by these phagocytes and the intracellular neutralization of the
reactive oxidants by this biopolymer. However, because the
ROS, generated during the oxidative burst is mobile and has
the ability to damage DNA of neighboring cells (13,16) it is
also possible that the observed effect of HA was due to ROS
neutralization outside the cells in the media in which the cells
were suspended. We were unable however, to detect any
differences in degradation of HA in tissue culture media
samples in which the cells were suspended and treated with
PMA versus the media from the untreated cells. Namely, MW
as well as polydisperity of HA, all were the same in media that
contained untreated and PMA treated cells. No degradation of
extracellular HA during the induction of oxidative burst, was
thus detectable. However, the reduction of MW of HA in the
samples incubated with tissue culture media plus the cells
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was evident as the MW changed from 2x10° to 1.4x10° during
2 h incubation with the cells. The polydispersity changed with
it. This most likely was caused by the change in the composition
of the media due to the activity of cells.

Two mechanisms may explain the protective effect of HA
against DNA damage during oxidative burst. One mechanism
involves the capability of the polyanionic HA molecule to
chelate Fe** and Cu** (32,33). These ions are essential in
Fenton's reaction during which the superoxide and hydrogen
peroxide, which themselves are not highly reactive with DNA,
are converted into the strongly reactive with DNA, hydroxyl
radical (OH") (34,35). The direct scavenging by HA of
reactive oxidant molecules, particularly the reactive products
of Fenton's reaction, such as OH", is the second mechanism
by which HA attenuated DNA damage during oxidative
burst. The ROS scavenging activity by HA would deplete the
pool of oxidants that otherwise will damage DNA. The ROS
scavenging mechanism results in a breakdown of HA
molecules that are detected by a decrease of its MW (36). It
was proposed by us (37) that one of HA's biological functions
is to give protection against cellular damage caused by radicals
generated by oxidative reductive systems or ionizing radiation.
Consistent with this proposal is the observation that exposure
of synovial fibroblasts to low concentrations of H,O, enhances
the rate of HA synthesis (38). Apparently HA degradation by
H,0, triggers compensatory production of high MW HA
thereby enhancing the antioxidant defense.

HA was shown to promote wound healing (39,40) and
attenuating inflammatory processes (18-20,41-43). Also, the
interaction of some ligands, including antibodies with the
hyaluronate cell surface receptor CD44 on phagocytes, was
shown to modulate their inflammatory response (33,44 .45).
Since ROS generated during oxidative burst of phagocytes/
macrophages play a key role in inflammation (16.46), it is
likely that the palliative effect of HA in inflammation is
mediated to a large extent by its capability to protect cells
from reactive oxidants.
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