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ORIGINAL ARTICLE

Modification of gingival proteoglycans by reactive oxygen species: potential
mechanism of proteoglycan degradation during periodontal diseases

Ryan Moseley and Rachel J. Waddington

Regenerative Biology Group, Oral and Biomedical Sciences, School of Dentistry, Cardiff Institute of Tissue Engineering and Repair
(CITER), College of Biomedical and Life Sciences, Cardiff University, Cardiff, UK

ABSTRACT
Reactive oxygen species (ROS) overproduction and oxidative stress are increasingly being impli-
cated in the extracellular matrix (ECM) degradation associated with chronic inflammatory condi-
tions, such as periodontal diseases. The present study investigated the effects of ROS exposure
on the proteoglycans of gingival tissues, utilizing an in vitro model system comprised of supra-
physiological oxidant concentrations, to ascertain whether gingival proteoglycan modification and
degradation by ROS contributed to the underlying mechanisms of ECM destruction during active
gingivitis. Proteoglycans were purified from ovine gingival tissues and exposed to increasing H2O2

concentrations or a hydroxyl radical (�OH) flux for 1 h or 24 h, and ROS effects on proteoglycan
core proteins and sulfated glycosaminoglycan (GAG) chains were assessed. ROS were capable of
degrading gingival proteoglycans, with �OH species inducing greater degradative effects than
H2O2 alone. Degradative effects were particularly manifested as amino acid modification, core pro-
tein cleavage, and GAG chain depolymerization. Proteoglycan core proteins were more suscep-
tible to degradation than GAG chains with H2O2 alone, although core proteins and GAG chains
were both extensively degraded by �OH species. Proteoglycan exposure to �OH species for 24h
induced significant core protein amino acid modification, with decreases in glutamate, proline,
isoleucine, and leucine; and concomitant increases in serine, glycine, and alanine residues. As clin-
ical reports have previously highlighted proteoglycan core protein degradation during chronic
gingivitis, whereas their sulfated GAG chains remain relatively intact, these findings potentially
provide further evidence to implicate ROS in the pathogenesis of active gingivitis, complementing
the enzymic mechanisms of periodontal tissue destruction already established.

ARTICLE HISTORY
Received 22 June 2021
Revised 28 October 2021
Accepted 1 November 2021

KEYWORDS
Gingiva; proteoglycans;
glycosaminoglycans; extra-
cellular matrix; reactive
oxygen species;
periodontal diseases

Introduction

Periodontal diseases, comprising gingivitis and
periodontitis, typically describe a range of inflammatory
conditions which affect both the soft and hard tissues
of the periodontium. They are regarded as the most
common disease of mankind, leading to huge eco-
nomic burdens for healthcare providers [1]. As its preva-
lence is also associated with risk factors such as age
and diabetes, projections estimate further escalations in
the incidence of periodontal diseases with ever-increas-
ing age demographics and diabetic rates Worldwide.
Dental plaque accumulation and the uncontrolled for-
mation of bacterial biofilms predominantly composed
of pathogenic Gram-negative bacterial species, such as
Porphyromonas gingivalis, are commonly associated
with the initiation and progression of periodontal

diseases [2]. However, subsequent perturbations and
the sustained dysregulated nature of the host immuno-
inflammatory response are believed to be primarily
responsible for the tissue damage associated with peri-
odontal tissues, following stimulation by bacterial-
derived mediators [3–8]. Consequently, in addition to
proteases and other enzymes originating from micro-
bial and host cell sources [3,7,9–11], excessive reactive
oxygen species (ROS) production by resident inflamma-
tory cells and the resultant oxidative stress, are increas-
ingly implicated as supplementary mechanisms
responsible for host connective tissue destruction dur-
ing periodontal diseases [12–16].

Oxidative stress refers to the balance between ROS
production and cellular/tissue antioxidant defense
mechanisms. ROS are generated via a wide range of
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cellular mechanisms, although infiltrating neutrophils
and macrophages are well-recognized as the principal
source of superoxide radical (O2��), hydrogen peroxide
(H2O2), and the hydroxyl radical (�OH) species during
periodontal diseases in response to periodontal patho-
gens and their products, or as a consequence of genetic
disorders which alter neutrophil respiratory burst func-
tions [17–21]. Although ROS overproduction effectively
enhances the bactericidal activity of inflammatory cells
against periodontal pathogens; and ROS levels within
tissues are tightly regulated by enzymic and non-
enzymic antioxidant defense mechanisms, excessive
ROS production during active periodontal disease can
overwhelm endogenous antioxidant capabilities, caus-
ing indiscriminate biomolecular damage to DNA, pro-
teins, and lipids; leading to altered cellular functions
[12,22–26]. Furthermore, ROS are also capable of dir-
ectly and indirectly (via proteolytic activation) degrad-
ing extracellular matrix (ECM) components, including
collagen, proteoglycans, and hyaluronan [12,27].
Therefore, chronic inflammation, excessive ROS produc-
tion, and oxidative stress are emerging as key contribu-
tors to the host connective tissue damage associated
with periodontal disease pathology.

Proteoglycans represent a large family of macromo-
lecules, consisting of at least one poly-anionic glycosa-
minoglycan (GAG) chain attached to a core protein.
Numerous functions have now been attributed to the
various proteoglycan species, including interaction with
other ECM components, the sequestration of growth
factors, the regulation of collagen fibrillogenesis; and in
orchestrating cell attachment, migration, and prolifer-
ation responses, with these functions mediated via the
core proteins or GAG chains [28]. The proteoglycan spe-
cies within periodontal tissues have been isolated and
characterized from numerous sources [29], with the
small leucine-rich (SLRP), dermatan sulfate-substituted
proteoglycans, decorin, and to a lesser extent, biglycan;
being identified as components of the gingival ECM
[30–38]. Furthermore, other SLRPs, such as keratan sul-
fate-containing proteoglycans, lumican, and fibromodu-
lin, have since been localized within gingival tissues
[37,38]. Another integral proteoglycan in gingiva is the
large aggregating, chondroitin sulfate/dermatan sulfate
proteoglycan, versican [34]. The proteoglycans present
in the gingival epithelium have further been character-
ized as predominantly consisting of heparan sulfate-
containing syndecans; in addition to the SLRPs, decorin,
biglycan, fibromodulin, and lumican, in lesser quantities
[30–32,35,37,39–41].

Therefore, it is apparent that the degradation of gin-
gival proteoglycans during periodontal diseases would

lead to a significant loss in structural integrity and
altered functions in these tissues [12,27]. Our previous
work into the mechanisms by which ROS (O2��, H2O2

and �OH) modify and degrade periodontal proteogly-
cans and GAGs, has demonstrated that the sulfated
GAGs commonly found in periodontal tissues, such as
chondroitin 4-sulfate, dermatan sulfate, and heparan
sulfate, are more resistant to the modification of hexur-
onic acid and hexosamine residues and subsequent
GAG chain depolymerization by ROS, compared to the
high molecular weight, non-sulfated GAG, hyaluronan
[42–44]. Furthermore, studies have shown that these
ROS are also capable of degrading the chondroitin sul-
fate-rich SLRPs (decorin and biglycan) present within
the alveolar bone in vitro, with proteoglycan degrad-
ation being particularly manifested as amino acid modi-
fication and core protein cleavage, with the GAG chains
being less susceptible to ROS modification and degrad-
ation [45]. In contrast, few studies have focused on the
effects of ROS on the proteoglycan species within gin-
gival tissues, although a reduction in the specific viscos-
ity and molecular size of porcine gingival proteoglycans
has been reported, following �OH exposure in vitro [46].
Therefore, utilizing an in vitro model system composed
of supra-physiological (mM) oxidant concentrations
beyond those expected in vivo [45,47,48], this study
aimed to provide a more detailed investigation of the
mechanisms by which ROS, specifically H2O2 and �OH,
modify and degrade the core proteins and GAG chains
comprising gingival proteoglycans; to ascertain whether
the ROS-induced degradation of gingival proteoglycans
contributes to the underlying mechanisms of ECM
destruction associated with active gingivitis and peri-
odontal diseases overall. Ovine gingiva was selected as
a proteoglycan source, due to its availability and since
periodontal disease in sheep (“broken mouth” disease)
has previously provided a useful model for the study of
periodontal disease pathology in humans [49,50].

Materials and methods

Isolation and purification of gingival
proteoglycans

Proteoglycans were isolated from ovine gingivae, dis-
sected from the heads of 9-month-old Welsh Mule breed
sheep (n¼ 6), with relatively healthy dentition, obtained
from a local abattoir. Gingival proteoglycans were iso-
lated and purified by a modified method to that previ-
ously described for the isolation of proteoglycans from
alveolar bone [45]. Briefly, the dissected gingival tissue
was pooled from all animals and washed in phosphate-
buffered saline (PBS), to remove the blood and other

2 R. MOSELEY AND R. J. WADDINGTON



oral debris. The pooled gingival tissues were successively
washed twice in ethanol, followed by diethyl ether (both
ThermoFisher Scientific, UK); and left at room tempera-
ture for residual solvent evaporation. The ECM from the
pooled gingivae was extracted into 4M guanidinium
chloride, 0.05M sodium acetate buffer, pH 5.9, contain-
ing protease inhibitors, benzamidine hydrochloride
(5mM), iodoacetic acid (1mM), and N-ethylmaleimide
(5mM) (all Sigma, UK), at 4 �C for 48h, under constant
agitation (30mL buffer/g of gingiva).

The lyophilized ECM extract from the pooled gingi-
vae was dissolved to a concentration of 10mg/mL in
7M urea (ThermoFisher Scientific), 0.05M sodium acet-
ate buffer, pH 6.8. Following centrifugation (1800 g,
10min) to remove any insoluble material, solubilized
extracts were applied to a Q-Sepharose (HiLoad 16/10)
anion exchange column incorporated into a Fast
Performance Liquid Chromatography (FPLC) System (GE
Healthcare, UK) [45]; and a 0–2M linear sodium chloride
(ThermoFisher Scientific) concentration gradient
applied to elute the proteoglycan-rich fractions (4mL).
Elution profiles were monitored at 280 nm and the
pooled proteoglycan-rich fraction was identified by cel-
lulose acetate electrophoresis, as described below.
Proteoglycan-rich fractions were dialyzed and recovered
by lyophilization, as described above; and further sepa-
rated by Resource Q anion exchange column (GE
Healthcare), incorporated into the FPLC System; and a
0–2M linear sodium chloride concentration gradient was
applied to elute the proteoglycan-rich fractions (1mL).
Elution profiles were again monitored at 280nm and the
pooled proteoglycan-rich fractions were confirmed by
cellulose acetate electrophoresis, as described below.
The proteoglycan-rich fractions were dialyzed and recov-
ered by lyophilization, as described above.

Degradation of gingival proteoglycans by reactive
oxygen species

To examine the effects induced by exposing gingival
proteoglycans to ROS, the purified proteoglycans were
exposed to increasing concentrations of H2O2 or to a
�OH flux, generated by the reaction of H2O2 and Fe3þ

[45,51]. Proteoglycans were subjected to increasing
concentrations of H2O2 for a prolonged period of 24 h.
However, due to the highly reactive nature of �OH spe-
cies, gingival proteoglycans were subjected to a �OH
flux for 1 h and 24 h. Short and prolonged periods of
exposure (1 h and 24 h, respectively) were studied, in
order to reflect the possible physiological conditions
occurring during periodontal diseases.

Reaction mixtures (total volume, 200 mL), were
established containing gingival proteoglycans at a
final concentration of 0.5mg/mL in 25mM sodium
acetate buffer, pH 5.6, containing 80mM sodium chlor-
ide. To each reaction mixture, H2O2 (ThermoFisher
Scientific), was added at a final concentration of 20mM
or 60mM. An �OH flux was generated by the addition of
H2O2 (60mM) and FeCl3 (1.67mM, Sigma). Reaction mix-
tures containing gingival proteoglycans (0.5mg/mL)
only; and gingival proteoglycans (0.5mg/mL) with H2O2

(60mM), FeCl3 (1.67mM); and the established �OH scav-
enger and transition metal ion chelator, thiourea
(33mM, Sigma), served as controls. Reaction mixtures
containing H2O2 alone were incubated at 37 �C for 24 h
only, whilst experimental and control reaction mixtures
involving �OH flux generation were incubated at 37 �C
for 1 h and 24h. For 1 h incubations, generated �OH
fluxes were terminated by the addition of the Fe3þ che-
lator, desferrioxamine mesylate (6.67mM, Sigma), in
25mM sodium acetate buffer, pH 5.6, containing 80mM
sodium chloride. Following incubation, reaction mixtures
were lyophilized and dissolved in double-distilled water
to a final proteoglycan concentration of 15mg/mL.
Reaction mixtures were stored at �20 �C until required
for analysis.

Gel filtration chromatography

Gel filtration chromatography was performed to assess
the fragmentation of the gingival proteoglycans to
lower molecular weight products when subjected to
ROS over 1 h and 24 h. Aliquots (25mL) of each reaction
mixture were applied to a Superdex 75HR 10/30 col-
umn (fractionation range 3–70 kDa), incorporated into
the FPLC System; and eluted with 2M guanidinium
chloride, 0.5M sodium acetate buffer, pH 6.8, contain-
ing 0.35M sodium chloride [45]. Fractions (1mL) were
collected and assayed for hexuronic acid content, as
previously described [42–45,52]. The assessment of gin-
gival proteoglycan degradation by gel filtration chro-
matography was performed on n¼ 3 independent
occasions for each experimental group.

Cellulose acetate electrophoresis

Cellulose acetate electrophoresis was performed in
order to qualitatively and quantitatively determine the
GAG constituents of the gingival proteoglycans and the
effects of ROS exposure upon GAG content. Aliquots
(2 mL) of each reaction mixture were applied to cellulose
diacetate sheets (78� 150mm, Electrophor, Shandon
Southern, UK) in 0.2M calcium acetate buffer (Sigma),
pH 7.2; and separated at 0.6mA per cm width of the
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sheet for 4.5 h [45,53]. A commercially available GAG
standard mixture (Sigma), consisting of hyaluronan
(HA), heparan sulfate (HS), dermatan sulfate (DS), chon-
droitin 4-sulfate (C4S), and chondroitin 6-sulfate (C6S),
each at 50mg/mL concentrations, were also included
for all cellulose acetate electrophoretic separations
[45,53]. Separated bands were stained with 0.05%
Alcian blue (Sigma), containing 3% acetic acid and
50mM magnesium chloride (Sigma), pH 3.9, with excess
stain removed with 1% acetic acid, containing 50mM
magnesium chloride, pH 3.9. Following separation, GAG
constituents were identified according to their electro-
phoretic mobility versus the respective components of
the GAG standard mixture [53]. The GAG contents of
each reaction mixture consisting of intact gingival pro-
teoglycans or those exposed to ROS were calculated by
densitometry, using a Chromoscan 3 Densitometer at
626 nm (Joyce-Loebl, UK). Densitometric scans were
performed in triplicate for each run and the % loss in
GAG contents was calculated, as determined from the
integral peak area of each sample analyzed versus
untreated gingival proteoglycan controls [45]. The
quantification of % GAG loss following ROS exposure
was performed on n¼ 3 independent occasions.

Amino acid analysis

Amino acid analysis was performed to qualitatively
and quantitatively determine the amino acid constit-
uents of the gingival proteoglycan core proteins and
to identify those amino acids susceptible to modifica-
tion by ROS. Following the incubation of experimen-
tal and control reaction mixtures at 37 �C for 24 h,
aliquots (100 mL) of each reaction mixture were
desalted using PD-10 columns (GE Healthcare), using
double-distilled water as an eluent and lyophilized.
Samples were hydrolyzed in 6M HCl (1mL,
ThermoFisher Scientific), under vacuum at 108 �C for
18h. The separation and characterization of the individ-
ual amino acids were performed on a Pickering cation
exchange amino acid analysis column, integrated into a
High Performance Liquid Chromatography (HPLC)
System (Dionex, UK). Amino acids were detected by the
reaction of post-column eluent with ninhydrin at 55 �C
and the absorbance was measured at 540nm. Amino
acid concentrations were calculated by comparison with
the absorbance values obtained from a standard amino
acid mixture for protein hydrolysates (Sigma) [45]. Amino
acid analysis of gingival core protein compositions was
performed on one occasion, with results expressed as
residues per 1000.

Statistical analysis

The quantification of % GAG loss following ROS expos-
ure was performed on n¼ 3 independent occasions, in
triplicate. Statistical analyses were performed using
GraphPad (GraphPad Software, CA, USA). Data were
expressed as mean± standard deviation (SD) and statis-
tically compared using Analysis of Variance (ANOVA),
with post-hoc Tukey test. Statistical significance was
considered at p< 0.05.

Results

Isolation and purification of proteoglycans from
ovine gingival tissues

The isolation and purification procedures described
yielded proteoglycan extracts associated with the ECM
of pooled gingival tissues. Typical 280 nm elution pro-
files for the sequential separation and purification of
proteoglycans from gingival tissues by Q-Sepharose
(HiLoad 16/10) and Resource Q anion exchange chro-
matography are shown in (Figure S1(A) and S2(A)),
respectively. The elution profiles obtained were typical
of those previously reported for the purification of pro-
teoglycans from other oral tissues, such as alveolar
bone, dentin, and dental pulp [45,53]. From the Q-
Sepharose (HiLoad 16/10) profiles obtained, four major
fractions (I–IV) were obtained (Supplementary Figure
1(A)), with fraction III being identified as the proteogly-
can-rich fraction for the isolated gingival extracts, as
determined following cellulose acetate electrophoretic
separation and Alcian blue staining (Supplementary
Figure 1(B)). Four major fractions (I–IV) were also
resolved following the further purification of the par-
tially purified gingival proteoglycan extracts by
Resource Q anion exchange chromatography
(Supplementary Figure 2(A)), with fraction III again
being recognized as the proteoglycan-rich fraction, fol-
lowing cellulose acetate electrophoretic separation and
Alcian blue staining (Supplementary Figure 2(B)).

ROS effects on gingival proteoglycan molecular
size by gel filtration chromatography

The hexuronic acid profiles obtained following gel filtra-
tion chromatography of gingival proteoglycans follow-
ing ROS treatment for 1 h and 24 h are presented in
(Figures 1 and 2), respectively. The elution profile for
gingival proteoglycans exposed to an �OH flux for 1 h
demonstrated a certain degree of depolymerization, as
determined by the large reduction in the hexuronic
acid content of the proteoglycan parent peak near the
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void volume (Vo, Figure 1(B)), compared to the elution
profile of the untreated proteoglycan control (Figure
1(A)). Increased detection of hexuronic acid material
was also identified eluting at lower molecular weights
toward the total volume (Vt) of the column, for the gin-
gival proteoglycans exposed to the �OH flux (Figure
1(B)). The inclusion of �OH scavenger and transition
metal ion chelator, thiourea, partly restored the parent
peak height of the gingival proteoglycans at Vo to that
detected for the untreated proteoglycans (Figure 1(C)),
implying that thiourea had reduced proteoglycan deg-
radation by the �OH flux.

Gingival proteoglycans subjected to increasing con-
centrations of H2O2 over 24 h exhibited little degrad-
ation to lower molecular weight products (Figure
2(B,C)), in comparison with the parent peak heights of
the untreated gingival proteoglycan control, which
remained relatively unchanged (Figure 2(A)). However,
in the presence of an �OH flux for 24 h, significant
reductions in the hexuronic acid content of the parent
peak near Vo were evident, with corresponding
increases in the detection of hexuronic acid material
eluting toward Vt (Figure 2(D)). It was further noted that
the extent of gingival proteoglycan degradation by the
�OH flux over 24 h was much greater than that
observed following 1 h �OH exposure (Figure 1(B)).

Thiourea again reestablished the parent peak height of
the gingival proteoglycans near Vo to an extent and
also reduced the levels of lower molecular weight hex-
uronic acid products detected (Figure 2(E)).

ROS effects on gingival proteoglycan GAG chains
by cellulose acetate electrophoresis

The cellulose acetate electrophoresis analysis of gin-
gival proteoglycans following ROS exposure for 1 h and
24 h, are shown (Figure 3(A,B)), respectively. The pre-
dominant GAG constituent of untreated ovine gingival
proteoglycans was identified as dermatan sulfate, with
lesser quantities of chondroitin sulfate and heparan sul-
fate. Gingival proteoglycan exposure to an �OH flux for
1 h resulted in a significant reduction in GAG content
(�37%, p< 0.001), compared to untreated gingival pro-
teoglycans (Figure 3(A)) and Table 1. However, supple-
mentation with thiourea significantly attenuated the
percentage loss in GAG content by gingival proteogly-
cans subjected to the �OH flux (�10%, p< 0.001, Figure
3(A)) and Table 1. However, GAG loss in the presence of
thiourea was still found to be significantly higher than
untreated gingival proteoglycans alone (p< 0.001,
Figure 3(A)) and Table 1.

Figure 1. Hexuronic acid profile assessment for gingival proteoglycan molecular size, following ROS treatment for 1 h and separ-
ation by Superdex 75HR 10/30 gel filtration chromatography, incorporated into a FPLC System. (A) Untreated gingival proteogly-
can controls. (B) Gingival proteoglycans exposed to an �OH flux (60mM H2O2, 1.67mM FeCl3). (C) Gingival proteoglycans exposed
to an �OH flux (60mM H2O2, 1.67mM FeCl3), with �OH scavenger and transition metal ion chelator, thiourea (33mM). Vo, column
void volume; Vt, total column volume. n¼ 3 independent experiments. For all analyses, chromatographic profiles from one repre-
sentative experiment of three are shown.
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Figure 2. Hexuronic acid profile assessment for gingival proteoglycan molecular size, following ROS treatment for 24 h and separ-
ation by Superdex 75HR 10/30 gel filtration chromatography, incorporated into a FPLC System. (A) Untreated gingival proteogly-
can controls. (B, C) Gingival proteoglycans exposed to 20mM and 60mM H2O2, respectively. (D) Gingival proteoglycans exposed
to an �OH flux (60mM H2O2, 1.67mM FeCl3). (E) Gingival proteoglycans exposed to an �OH flux (60mM H2O2, 1.67mM FeCl3),
with �OH scavenger and transition metal ion chelator, thiourea (33mM). Vo, column void volume; Vt, total column volume. n¼ 3
independent experiments. For all analyses, chromatographic profiles from one representative experiment of three are shown.

Figure 3. Cellulose acetate electrophoresis assessment of GAG content in gingival proteoglycans following ROS treatment for (A)
1 h and (B) 24 h. STD, commercial GAG standard; HA, hyaluronan; HS, heparan sulfate; DS, dermatan sulfate; CS, chondroitin sul-
fate. n¼ 3 independent experiments. For all analyses, electrophoretic profiles from one representative experiment of three
are shown.
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Analysis of gingival proteoglycans exposed to ROS
for 24 h indicated that H2O2 treatment alone resulted in
a limited loss of GAG content overall, with only �0.2%
loss following 20mM H2O2 (p> 0.05) and �13% loss fol-
lowing 60mM H2O2 (p< 0.001) treatments over 24 h,
compared to untreated controls (Figure 3(B)) and Table
1. The largest GAG loss percentage was evident in gin-
gival proteoglycans exposed to an �OH flux for 24 h,
where virtually all GAG content was lost (�83%,
p< 0.001, Figure 3(B)) and Table 1. Again, the additional
presence of thiourea partly alleviated �OH-induced GAG
loss (�57%, p< 0.001), although GAG loss was still sig-
nificant compared to untreated gingival proteoglycans
(p< 0.001, Figure 3(B)) and Table 1.

ROS effects on gingival proteoglycan core proteins
by amino acid analysis

The amino acid compositions of gingival proteoglycan
core proteins following exposure to ROS for 24 h, are
presented in Table 2. Ovine gingival proteoglycans
were demonstrated to contain all major amino acids,
except cysteine and tryptophan. The core proteins of
these proteoglycans were found to be acidic in nature,
being rich in aspartate, glutamate, glycine, and leucine.
Gingival proteoglycan exposure to increasing H2O2 con-
centrations over 24 h, led to elevations in the detect-
able levels of serine, glycine, and alanine residues, with
no considerable changes in the detection of the other
amino acids. However, exposure of the gingival proteo-
glycans to an �OH flux for 24 h induced major decreases
in glutamate, proline, isoleucine, and leucine levels,
with corresponding increases in the detectable levels of
serine, glycine, and alanine residues (Table 2). The
amino acid, methionine, was also completely depleted.
In contrast, the contents of the other amino acid resi-
dues detected remained relatively unchanged.

Discussion

The present study has examined the modification and
degradative effects of ROS, in particular H2O2 and �OH
species, on gingival proteoglycans associated with the

ovine periodontium. Although gingival proteoglycan
susceptibility to ROS-induced reductions in specific vis-
cosity and molecular size has previously been reported
[46], this is the first study to investigate the precise
effects of contrasting ROS exposure on the core protein
and GAG chain constituents of these proteoglycan
molecular structures, to obtain a better understanding
of their potential roles as an underlying mechanism of
ECM destruction during active periods of gingivitis and
periodontal diseases overall.

Biochemical characterization of the purified ovine
gingival proteoglycans identified dermatan sulfate as
the predominant GAG species, with smaller quantities
of chondroitin sulfate and heparan sulfate also present.
The proteoglycan core proteins were further demon-
strated to be rich in aspartate, glutamate, glycine, and
leucine residues. Similar GAG and core protein profiles
have previously been reported for gingival connective
tissues derived from other species, being associated
with the principle presence of the SLRP, dermatan sul-
fate-substituted, decorin; and the large aggregating,
chondroitin sulfate/dermatan sulfate proteoglycan, ver-
sican [29–38]. Other SLRPs are also recognized to be
present in gingival connective tissues, including derma-
tan sulfate-substituted, biglycan; and keratan sulfate-
containing, lumican, and fibromodulin [37,38].
However, these are present in much lower quantities
compared to decorin and versican. Furthermore, the
gingival epithelial tissues have been shown to predom-
inantly consist of heparan sulfate-containing syndecans;
in addition to the SLRPs, decorin, biglycan, fibromodu-
lin, and lumican, in lesser quantities
[30–32,35,37,39–41]. Therefore, despite the established

Table 1. Total % loss in GAG content by gingival proteogly-
cans exposed to ROS for 1 h and 24 h. Results are presented
as mean ± SD, n¼ 3 independent experiments.
ROS Treatment % Loss of GAG Content

þ �OH flux (1 h) 36.77 ± 0.33�
þ �OH flux and thiourea (1 h) 9.94 ± 0.21�
þ 20mM H2O2 (24 h) 0.18 ± 0.54
þ 60mM H2O2 (24 h) 13.25 ± 0.36�
þ �OH flux (24 h) 82.55 ± 0.80�
þ �OH flux and thiourea (24 h) 57.25 ± 0.26�
�p< 0.001, compared to untreated gingival proteoglycan controls.

Table 2. Amino acid analysis of gingival proteoglycan core
proteins exposed to ROS for 24 h, compared to untreated pro-
teoglycan controls (n¼ 1).

Amino acid Untreated
þ 20mM
H2O2

þ 60mM
H2O2

þ �OH
Flux

Aspartate 103 96 91 76
Threonine 64 65 60 58
Serine 73 76 95 289
Glutamate 129 123 117 49
Proline 54 60 39 ND
Glycine 96 99 111 212
Alanine 70 72 89 113
Cysteine ND ND ND ND
Valine 62 62 60 39
Methionine 2 4 6 ND
Isoleucine 60 61 61 22
Leucine 147 149 145 36
Tyrosine 21 19 20 16
Phenylalanine 35 35 32 16
Lysine 29 29 27 16
Histidine 20 15 15 42
Tryptophan ND ND ND ND
Arginine 35 35 32 16

Results expressed as residues per 1000. ND, not detected.
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presence of heterogeneous proteoglycan populations
within gingival connective and epithelial tissues from
various sources, it is likely that the structural modifica-
tions to proteoglycan core proteins and GAG chains
presented in this study, primarily reflect changes in the
decorin, versican, and syndecan proteoglycan species
present within gingival tissues.

Detailed analysis of the respective core protein and
GAG chain constituents of gingival proteoglycans fol-
lowing ROS treatment, determined that the gingival
proteoglycans remained relatively intact following
exposure to H2O2 over 24 h, as assessed by the hexur-
onic acid profiles of the constituent GAG chains and gel
filtration chromatography. In contrast, the proteogly-
cans underwent more extensive decreases in molecular
size following �OH treatment, especially following 24 h
exposure. However, upon analysis of the GAG contents
of ROS-exposed gingival proteoglycans by cellulose
acetate electrophoresis, it was evident that the GAG
contents remained relatively consistent following H2O2

exposure alone over 24 h, with more extensive GAG
chain loss resulting from �OH depolymerization. This
was again particularly apparent following 24 h �OH flux
exposure, where virtually all GAG content was lost.
Overall, these findings suggested that the GAG chains
were not the main sites of gingival proteoglycan sus-
ceptibility to degradation by H2O2 alone, although
more extensive �OH exposure induced significant GAG
chain degradation and loss. As such, it may be pre-
sumed that the limited gingival proteoglycan degrad-
ation detected in the presence of H2O2 alone, was
principally mediated via the modification and degrad-
ation of the proteoglycan core proteins. Such conclu-
sions are supported by previous reports on
proteoglycans derived from other sources, indicating
the abilities of O2��, H2O2 and other ROS, such as hypo-
chlorous acid (HOCl), to promote amino acid modifica-
tion and cleavage of the core proteins of the large
aggregating, chondroitin sulfate/keratan sulfate cartil-
age proteoglycan, aggrecan, without extensive sulfated
GAG chain depolymerization [47,48,54,55]. Similar con-
clusions of enhanced core protein susceptibility to H2O2

and �OH treatments have also been demonstrated with
the chondroitin sulfate-substituted SLRPs in alveolar
bone, decorin and biglycan [45]; in addition to the hep-
arin sulfate-containing, basement membrane proteogly-
can, perlecan, following treatment with other oxidants,
such as HOCl and peroxynitrite (ONOO�) [56,57].
However, depolymerization of GAG chains following
exposure to �OH species was accompanied by major
reductions in proteoglycan molecular size
[42–45,47,48,54–57]. Therefore, the findings presented

herein suggest the gingival proteoglycans undergo
similar mechanisms of ROS-induced modification and
degradation as proteoglycans derived from other tis-
sues, with proteoglycan core proteins being more
prone to the effects of H2O2 alone, compared to sul-
fated GAG chains. However, both the core proteins and
GAG chains are highly susceptible to degradation by
�OH species, especially following prolonged exposure.

Much research has been performed into elucidating
the precise mechanisms and oxidative products
induced by �OH species on GAG chain structures [27].
Sulfated GAG chains are established to be less suscep-
tible to ROS modification and degradation than non-
sulfated GAGs, such as hyaluronan [42–46].
Furthermore, whilst the hexuronic acid regions of GAG
chains are more vulnerable to �OH attack than hexos-
amine residues, even the non-sulfated hexuronic acid
regions of sulfated GAGs, such as heparin, have been
reported to be more susceptible to modification than
the N-acetylglucosamine and N-sulfated D-glucosamine
regions [58–61]. Therefore, it is accepted that the pres-
ence of sulfated groups bestows a level of protection to
GAG chains against �OH-induced, depolymerization. The
actual mechanism by which sulfate groups protect
GAGs from �OH degradation has been suggested that
the negative charges of the sulfate groups may be
responsible for this resistance, permitting the binding
of iron and copper ions, thereby limiting �OH produc-
tion and GAG chain depolymerization [62,63].
Consequently, radical generation at non-sulfated sites
within GAG chain structures is mainly responsible for
GAG chain fragmentation.

The hypothesis that core protein modifications by
ROS were particularly responsible for decreases in gin-
gival proteoglycan molecular size, was supported by
amino acid analysis. The extensive degradation of gin-
gival proteoglycans following prolonged �OH flux
exposure had a prominent effect on the amino acid
composition of the core proteins. The amino acid ana-
lysis identified major reductions in glutamate, proline,
isoleucine, and leucine contents, with corresponding
increases in the detectable levels of serine, glycine, and
alanine residues. Such findings suggested that glutam-
ate, proline, isoleucine, and leucine were the most sus-
ceptible to modification and degradation by an �OH
flux. Of particular interest was the loss of leucine resi-
dues, as SLRPs, decorin, biglycan, lumican, and fibromo-
dulin, all contain leucine-rich repeat sequences which
are implicated in the orchestration of specific functions,
such as collagen fibrillogenesis [28,29].

Proteins are well-established to be highly susceptible
to ROS-induced damage, mediated via amino acid
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modification which leads to increased cross-linking,
aggregation, peptide bond cleavage, and fragmenta-
tion; which ultimately influences protein structure and
functions [64,65]. Amino acid modification by ROS
results in the formation of numerous oxidized by-prod-
ucts, although many aromatic (phenylalanine, tyrosine)
and non-aromatic (cysteine, proline, histidine, lysine,
arginine, serine) amino acids are recognized to be par-
ticularly susceptible. Furthermore, ROS modification of
certain amino acids has been shown to produce other
amino acids as end products, such as cysteine, histidine,
tryptophan, serine, and threonine residue conversion to
glycine and alanine; or proline and histidine residue
conversion to glutamate and aspartate, respectively
[12,45,64,65]. Although gingival proteoglycans did not
exhibit any extensive loss of amino acids following
H2O2 exposure, the elevated levels of serine, glycine,
and alanine residues detected imply that a degree of
amino acid modification had occurred with H2O2 treat-
ment alone. Therefore, such conclusions reinforce the
concept that highly susceptible amino acid residues
within the core protein structures of gingival proteogly-
cans, such as glutamate, proline, isoleucine, and leu-
cine, are the prominent regions of peptide bond
cleavage and protein degradation following
ROS exposure.

Intriguingly, however, there were certain proteogly-
can core protein amino acids, such as methionine, histi-
dine, and tyrosine, whose susceptibilities to ROS-
induced modification are well-recognized, but which
did not exhibit extensive residue loss upon ROS expos-
ure. Methionine oxidation is reported to be much
slower when exposed to H2O2 alone compared to other
sulfur-containing amino acids, such as cysteine; with
susceptibility dependent on specific ROS encountered
[58,59]. In line with our previous work with alveolar
bone proteoglycans [45], gingival core protein levels of
methionine are also generally very low overall. Thus,
the subtle increases in methionine residues observed
between untreated and H2O2-treated samples may
partly be a consequence of technique or data analysis
sensitivity. However, as evident herein, previous studies
have shown that methionine residue levels are main-
tained in the core proteins of alveolar bone proteogly-
can exposed to H2O2 alone, although methionine
residues are undetectable due to extensive modifica-
tion following �OH exposure, via H2O2/Fe

3þ generation
[45]. Similarly, the retention of histidine residue was
also a feature of alveolar bone proteoglycan core pro-
teins exposed to H2O2 and �OH fluxes [45], despite histi-
dine residues being highly susceptible to modification
by these ROS [58,59]. However, although tyrosine

residues significantly declined following alveolar bone
core protein degradation by �OH fluxes [45], similar
reductions were not evident herein. Although we can
only speculate at present as to the reasons for the lim-
ited loss of histidine and tyrosine residues to ROS modi-
fication and degradation in gingival proteoglycan core
proteins, it is plausible that such residues are particu-
larly localized in the proximity of the GAG attachment
sites within the proteoglycan structures, which poten-
tially bestow certain levels of protection from ROS
modification to amino acids within these regions, due
to the presence of the sulfated GAG chains [42–45].

As alluded to above, the present study has utilized
an in vitro model system composed of supra-physio-
logical (mM) oxidant concentrations, in order to study
the mechanisms by which ROS modify and degrade
gingival proteoglycans. Similar approaches have previ-
ously proven beneficial in elucidating the mechanisms
by which ROS modify and degrade proteoglycans (at
mg/mL concentrations) purified from various other tis-
sues, including cartilage [47,48] and alveolar bone [45].
Thus, the H2O2 and Fe3þ concentrations implemented
herein to induce proteoglycan modification/degrad-
ation can be regarded as being beyond those expected
in vivo within the tissues and biofluids of the oral cavity
which would limit the physiological significance of our
findings, for instance, compared with the lM H2O2 con-
centrations detectable in saliva [66,67]. Nonetheless,
the data presented does provide novel insights into the
relative susceptibilities of the core protein and GAG
chain constituents of gingival proteoglycans to ROS
overall, identifying that these proteoglycan species
exhibit a similar mechanism of modification and deg-
radation to proteoglycans from other tissues, such as
alveolar bone and cartilage [45,47,48].

Despite the present study indicating that gingival
proteoglycan core proteins are predominantly affected
by ROS, even minor changes induced by ROS within
the GAG chain structures could further have potentially
detrimental consequences on the architecture, integrity,
and functionality of the gingival ECM. Indeed, there are
ever-increasing numbers of core protein- and GAG
chain-mediated functions attributed to prominent gin-
gival proteoglycans, decorin, versican, and syndecans,
including the modulation of ECM component interac-
tions, coordinating collagen fibrillogenesis, growth fac-
tor sequestration; and in the regulation of
inflammation, cell signaling, attachment, migration, and
proliferation [28,29]. Thus, the ROS modification/cleav-
age of core proteins and the depolymerization of GAG
chains may not be of importance to ECM destruction
associated with gingivitis, but may also have further
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implications for the ECM during gingival tissue homeo-
stasis and repair. Indeed, the inter-relationship between
ROS and proteoglycan/ECM biology has been proposed
to impact the development of various human patholo-
gies, including chronic inflammatory diseases [68,69].

Numerous studies have demonstrated the detrimen-
tal effects of active periodontal disease on the gingival
ECM. Gingival connective tissue-associated, decorin and
biglycan, have both been demonstrated to be markedly
depleted in chronically inflamed periodontal tissues
[70], with the core proteins of gingival proteoglycans
established to undergo extensive degradation during
gingivitis, whereas the proteoglycan GAG chains remain
relatively intact [71–74]. However, there are currently
conflicting reports on the impact of gingivitis on the
content of gingival epithelial proteoglycans, such as
syndecan-1 [41,75,76]. The only GAG reported to be
comprehensively depolymerized in inflamed gingival
tissues is hyaluronan. Such clinical findings are signifi-
cant, as they provide evidence for the degradation of
proteoglycan core proteins during chronic gingivitis,
whilst the constituent sulfated GAG chains remain
largely unaffected. Furthermore, previous studies have
also confirmed that sulfated GAGs, such as chondroitin
4-sulfate, dermatan sulfate, and heparan sulfate, are
more resistant to ROS depolymerization, compared to
the high molecular weight, non-sulfated GAG, hyalur-
onan [42–46,58–61]. Therefore, such clinical manifesta-
tions are consistent with the findings of the present
study and potentially provide further evidence to impli-
cate inflammatory-cell-derived ROS in the pathogenesis
of active gingivitis and periodontal diseases overall,
complementing the bacterial and host enzymic mecha-
nisms of periodontal tissue destruction, already estab-
lished [3,7,9–11].

Disclosure statement

No potential conflict of interest was reported by
the author(s).

Funding

This work was supported by the Medical Research Council
(MRC), UK, under Grant [G78/1356].

ORCID

Ryan Moseley http://orcid.org/0000-0002-2812-6735
Rachel J. Waddington http://orcid.org/0000-0001-
5878-1434

References

[1] Tonetti MS, Jepsen S, Jin L, et al. Impact of the global
burden of periodontal diseases on health, nutrition
and wellbeing of mankind: a call for global action. J
Clin Periodontol. 2017;44(5):456–462.

[2] Kinane DF, Stathopoulou PG, Papapanou PN.
Periodontal diseases. Nat Rev Dis Primers. 2017;3(1):
17038.

[3] Xu W, Zhou W, Wang H, et al. Roles of Porphyromonas
gingivalis and its virulence factors in periodontitis.
Adv Protein Chem Struct Biol. 2020;120:45–84.

[4] Abusleme L, Hoare A, Hong BY, et al. Microbial signa-
tures of health, gingivitis, and periodontitis.
Periodontol 2000. 2021;86(1):57–78.

[5] Hajishengallis G, Lamont RJ. Polymicrobial commun-
ities in periodontal disease: their quasi-organismal
nature and dialogue with the host. Periodontol 2000.
2021;86(1):210–230.

[6] Jiang Q, Zhao Y, Shui Y, et al. Interactions between
neutrophils and periodontal pathogens in late-onset
periodontitis. Front Cell Infect Microbiol. 2021;11:
627328.

[7] Miralda I, Uriarte SM. Periodontal pathogens’ strat-
egies disarm neutrophils to promote dysregulated
inflammation. Mol Oral Microbiol. 2021;36(2):103–120.

[8] Wang W, Zheng C, Yang J, et al. Intersection between
macrophages and periodontal pathogens in periodon-
titis. J Leukoc Biol. 2021;110(3):577–583.

[9] Potempa J, Banbula A, Travis J. Role of bacterial pro-
teinases in matrix destruction and modulation of host
responses. Periodontol 2000. 2000;24:153–192.

[10] Franco C, Patricia HR, Timo S, et al. Matrix metallopro-
teinases as regulators of periodontal inflammation. Int
J Mol Sci. 2017;18(2):440.

[11] Duplancic R, Roguljic M, Puhar I, et al. Syndecans and
enzymes for heparan sulfate biosynthesis and modifi-
cation differentially correlate with presence of inflam-
matory infiltrate in periodontitis. Front Physiol. 2019;
10(1248):1248.

[12] Waddington RJ, Moseley R, Embery G. Reactive oxy-
gen species: a potential role in the pathogenesis of
periodontal diseases. Oral Dis. 2000;6(3):138–151.

[13] Chapple IL, Matthews JB. The role of reactive oxygen
and antioxidant species in periodontal tissue destruc-
tion. Periodontol 2000. 2007;43:160–232.

[14] T�othov�a L, Celec P. Oxidative stress and antioxidants
in the diagnosis and therapy of periodontitis. Front
Physiol. 2017;8:1055.

[15] Wang Y, Andrukhov O, Rausch-Fan X. Oxidative stress
and antioxidant system in periodontitis. Front Physiol.
2017;8:910.

[16] Sczepanik FSC, Grossi ML, Casati M, et al. Periodontitis
is an inflammatory disease of oxidative stress: we
should treat it that way. Periodontol 2000. 2020;84(1):
45–68.

[17] Shapira L, Borinski R, Sela MN, et al. Superoxide for-
mation and chemiluminescence of peripheral poly-
morphonuclear leukocytes in rapidly progressive
periodontitis patients. J Clin Periodontol. 1991;18(1):
44–48.

10 R. MOSELEY AND R. J. WADDINGTON



[18] Ashkenazi M, White RR, Dennison DK. Neutrophil
modulation by Actinobacillus actinomycetemcomitans.
II. Phagocytosis and development of respiratory burst.
J Periodontal Res. 1992;27(5):457–465.

[19] Shapira L, Gordon B, Warbington M, et al. Priming
effect of Porphyromonas gingivalis lipopolysaccharide
on superoxide production by neutrophils from healthy
and rapidly progressive periodontitis subjects. J
Periodontol. 1994;65(2):129–133.

[20] Katsuragi H, Ohtake M, Kurasawa I, et al. Intracellular
production and extracellular release of oxygen radicals
by PMNs and oxidative stress on PMNs during phago-
cytosis of periodontopathic bacteria. Odontology.
2003;91(1):13–18.

[21] Martinez-Herrera M, L�opez-Dom�enech S, Silvestre FJ,
et al. Chronic periodontitis impairs polymorphonuclear
leucocyte-endothelium cell interactions and oxidative
stress in humans. J Clin Periodontol. 2018;45(12):
1429–1439.

[22] Guarnieri C, Zucchelli G, Bernardi F, et al. Enhanced
superoxide production with no change of the antioxi-
dant activity in gingival fluid of patients with chronic
adult periodontitis. Free Radic Res Commun. 1991;
15(1):11–16.

[23] Baltacıo�glu E, Yuva P, Aydın G, et al. Lipid peroxida-
tion levels and total oxidant/antioxidant status in
serum and saliva from patients with chronic and
aggressive periodontitis. Oxidative stress index: a new
biomarker for periodontal disease? J Periodontol.
2014;85(10):1432–1441.

[24] Kanzaki H, Wada S, Narimiya T, et al. Pathways that
regulate ROS scavenging enzymes, and their role in
defense against tissue destruction in periodontitis.
Front Physiol. 2017;8(351):351.

[25] Chen M, Cai W, Zhao S, et al. Oxidative stress-related
biomarkers in saliva and gingival crevicular fluid asso-
ciated with chronic periodontitis: a systematic review
and meta-analysis. J Clin Periodontol. 2019;46(6):
608–622.

[26] Toczewska J, Maciejczyk M, Konopka T, et al. Total oxi-
dant and antioxidant capacity of gingival crevicular
fluid and saliva in patients with periodontitis: review
and clinical study. Antioxidants. 2020;9(5):450.

[27] Kennett EC, Chuang CY, Degendorfer G, et al.
Mechanisms and consequences of oxidative damage
to extracellular matrix. Biochem Soc Trans. 2011;39(5):
1279–1287.

[28] Iozzo RV. Matrix proteoglycans: from molecular design
to cellular function. Annu Rev Biochem. 1998;67:
609–652.

[29] Chen Y, Guan Q, Han X, et al. Proteoglycans in the
periodontium: a review with emphasis on specific dis-
tributions, functions, and potential applications. J
Periodontal Res. 2021;56(4):617–632.

[30] Bartold PM, Wiebkin OW, Thonard JC.
Glycosaminoglycans of human gingival epithelium
and connective tissue. Connect Tissue Res. 1981;9(2):
99–106.

[31] Bartold PM, Wiebkin OW, Thonard JC. Proteoglycans
of human gingival epithelium and connective tissue.
Biochem J. 1983;211(1):119–127.

[32] Pearson CH, Pringle GA. Chemical and immunochemi-
cal characteristics of proteoglycans in bovine gingiva
and dental pulp. Arch Oral Biol. 1986;31(8):541–548.

[33] Shibutani T, Murahashi Y, Iwayama Y.
Immunohistochemical localization of chondroitin sul-
fate and dermatan sulfate proteoglycan in human gin-
gival connective tissue. J Periodontal Res. 1989;24(5):
310–313.

[34] Bratt P, Anderson MM, Månsson-Rahemtulla B, et al.
Isolation and characterization of bovine gingival pro-
teoglycans versican and decorin. Int J Biochem. 1992;
24(10):1573–1583.

[35] Larjava H, H€akkinen L, Rahemtulla F. A biochemical
analysis of human periodontal tissue proteoglycans.
Biochem J. 1992;284(1):267–274.

[36] H€akkinen L, Oksala O, Salo T, et al.
Immunohistochemical localization of proteoglycans in
human periodontium. J Histochem Cytochem. 1993;
41(11):1689–1699.

[37] Alimohamad H, Habijanac T, Larjava H, et al.
Colocalization of the collagen-binding proteoglycans
decorin, biglycan, fibromodulin and lumican with dif-
ferent cells in human gingiva. J Periodontal Res. 2005;
40(1):73–86.

[38] Matheson S, Larjava H, H€akkinen L. Distinctive localiza-
tion and function for lumican, fibromodulin and
decorin to regulate collagen fibril organization in peri-
odontal tissues. J Periodontal Res. 2005;40(4):312–324.

[39] Potter-Perigo S, Prather P, Baker C, et al. Partial char-
acterization of proteoglycans synthesized by human
gingival epithelial cells in culture. J Periodontal Res.
1993;28(2):81–91.

[40] Worapamorn W, Li H, Haas HR, et al. Cell surface pro-
teoglycan expression by human periodontal cells.
Connect Tissue Res. 2000;41(1):57–68.

[41] Kotsovilis S, Tseleni-Balafouta S, Charonis A, et al.
Syndecan-1 immunohistochemical expression in gin-
gival tissues of chronic periodontitis patients corre-
lated with various putative factors. J Periodontal Res.
2010;45(4):520–531.

[42] Moseley R, Waddington R, Evans P, et al. The chemical
modification of glycosaminoglycan structure by oxy-
gen-derived species in vitro. Biochim Biophys Acta.
1995;1244(2–3):245–252.

[43] Moseley R, Waddington RJ, Embery G. Degradation of
glycosaminoglycans by reactive oxygen species
derived from stimulated polymorphonuclear leuko-
cytes. Biochim Biophys Acta. 1997;1362(2–3):221–231.

[44] Moseley R, Waddington RJ, Embery G. The degrad-
ation of hyaluronan during periodontal diseases: a
potential role for reactive oxygen species. In: Kennedy
JF, Phillips GO, Williams PA, Hascall VC, editors.
Hyaluronan. Volume 2. Biomedical, medical and clin-
ical aspects. Cambridge, (UK): Woodhead Publishing
Ltd.; 2002. pp. 223–230.

[45] Moseley R, Waddington RJ, Embery G, et al. The modi-
fication of alveolar bone proteoglycans by reactive
oxygen species in vitro. Connect Tissue Res. 1998;
37(1–2):13–28.

[46] Bartold PM, Wiebkin OW, Thonard JC. The effect of
oxygen-derived free radicals on gingival proteoglycans

FREE RADICAL RESEARCH 11



and hyaluronic acid. J Periodontal Res. 1984;19(4):
390–400.

[47] Roberts CR, Mort JS, Roughley PJ. Treatment of cartil-
age proteoglycan aggregate with hydrogen peroxide.
Biochem J. 1987;247(2):349–357.

[48] Roberts CR, Roughley PJ, Mort JS. Degradation of
human proteoglycan aggregate induced by hydrogen
peroxide. Protein fragmentation, amino acid modifica-
tion and hyaluronic acid cleavage. Biochem J. 1989;
259(3):805–811.

[49] Moxham BJ, Shore RC, Berkovitz BK. Effects of inflam-
matory periodontal disease (‘broken mouth’) on the
mobility of the sheep incisor. Res Vet Sci. 1990;48(1):
99–102.

[50] Kirkham J, Robinson C, Spence JA. Effect of periodon-
tal disease (“broken mouth”) on the distribution of
matrix macromolecules in the sheep periodontium.
Arch Oral Biol. 1991;36(4):257–263.

[51] Aust SD, Morehouse LA, Thomas CE. Role of metals in
oxygen radical reactions. J Free Radic Biol Med. 1985;
1(1):3–25.

[52] Bitter T, Muir HM. A modified uronic acid carbazole
reaction. Anal Biochem. 1962;4(4):330–334.

[53] Waddington RJ, Moseley R, Smith AJ, et al. Fluoride-
induced changes to proteoglycan structure synthes-
ised within the dentine-pulp complex in vitro. Biochim
Biophys Acta. 2004;1689(2):142–151.

[54] Katrantzis M, Baker MS, Handley CJ, et al. The oxidant
hypochlorite (OCI-). a product of the myeloperoxidase
system, degrades articular cartilage proteoglycan
aggregate. Free Rad Biol Med. 1991;10(2):101–109.

[55] Panasyuk A, Frati E, Ribault D, et al. Effect of reactive
oxygen species on the biosynthesis and structure of
newly synthesized proteoglycans. Free Radic Biol Med.
1994;16(2):157–167.

[56] Kennett EC, Rees MD, Malle E, et al. Peroxynitrite
modifies the structure and function of the extracellu-
lar matrix proteoglycan perlecan by reaction with
both the protein core and the heparan sulfate chains.
Free Radic Biol Med. 2010;49(2):282–293.

[57] Rees MD, Whitelock JM, Malle E, et al.
Myeloperoxidase-derived oxidants selectively disrupt
the protein core of the heparan sulfate proteoglycan
perlecan. Matrix Biol. 2010;29(1):63–73.

[58] Uchiyama H, Dobashi Y, Ohkouchi K, et al. Chemical
change involved in the oxidative reductive depoly-
merization of hyaluronic acid. J Biol Chem. 1990;
265(14):7753–7759.

[59] Nagasawa K, Uchiyama H, Sato N, et al. Chemical
change involved in the oxidative-reductive depoly-
merization of heparin. Carbohydr Res. 1992;236:
165–180.

[60] Volpi N, Sandri I, Venturelli T. Activity of chondroitin
ABC lyase and hyaluronidase on free-radical degraded
chondroitin sulfate. Carbohydr Res. 1995;279:193–200.

[61] Hawkins CL, Davies MJ. Direct detection and identifi-
cation of radicals generated during the hydroxyl rad-
ical-induced degradation of hyaluronic acid and
related materials. Free Radic Biol Med. 1996;21(3):
275–290.

[62] Grant D, Long WF, Williamson FB. Complexation of
Fe2þ ions by heparin. Biochem Soc Trans. 1992;20(4):
361S.

[63] Grant D, Long WF, Williamson FB. Evidence from
potentiometric titration for lack of reversibility in the
interaction between heparin and Cu2þ or Ca2þ ions.
Biochem Soc Trans. 1992;20(4):362S.

[64] Dean RT, Fu S, Stocker R, et al. Biochemistry and path-
ology of radical-mediated protein oxidation. Biochem
J. 1997;324(1):1–18.

[65] Hawkins CL, Davies MJ. Detection, identification, and
quantification of oxidative protein modifications. J
Biol Chem. 2019;294(51):19683–19708.

[66] Halliwell B, Clement MV, Long LH. Hydrogen peroxide
in the human body. FEBS Lett. 2000;486(1):10–13.

[67] Cawley A, Golding S, Goulsbra A, et al. Microbiology
insights into boosting salivary defences through the
use of enzymes and proteins. J Dent. 2019;80(1):
S19–S25.

[68] Chuang CY, Degendorfer G, Davies MJ. Oxidation and
modification of extracellular matrix and its role in dis-
ease. Free Radic Res. 2014;48(9):970–989.

[69] Nastase MV, Janicova A, Wygrecka M, et al. Signaling
at the crossroads: matrix-derived proteoglycan and
reactive oxygen species signaling. Antioxid Redox
Signal. 2017;27(12):855–873.

[70] Vardar S, Baylas H, Zihnioǧlu F, et al. Total proteogly-
can and chondroitin-4-sulfate levels in gingiva of
patients with various types of periodontitis. J
Periodontol. 2004;75(3):393–398.

[71] Embery G, Oliver WM, Stanbury JB. The metabolism of
proteoglycans and glycosaminoglycans in inflamed
human gingiva. J Periodontal Res. 1979;14(6):512–519.

[72] Purvis JA, Embery G, Oliver WM. Molecular size distri-
bution of proteoglycans in human inflamed gingival
tissue. Arch Oral Biol. 1984;29(7):513–519.

[73] Bartold PM, Page RC. The effect of chronic inflamma-
tion on gingival connective tissue proteoglycans and
hyaluronic acid. J Oral Pathol. 1986;15(7):367–374.

[74] Yamalik N, Kilinc K, Caglayan F, et al. Molecular size
distribution analysis of human gingival proteoglycans
and glycosaminoglycans in specific periodontal dis-
eases. J Clin Periodontol. 1998;25(2):145–152.

[75] Oksala O, Haapasalmi K, H€akkinen L, et al. Expression
of heparan sulphate and small dermatan/chondroitin
sulphate proteoglycans in chronically inflamed human
periodontium. J Dent Res. 1997;76(6):1250–1259.

[76] Duplancic R, Kero D. Novel approach for quantification
of multiple immunofluorescent signals using histo-
grams and 2D plot profiling of whole-section pano-
ramic images. Sci Rep. 2021;11(1):8619.

12 R. MOSELEY AND R. J. WADDINGTON


	Abstract
	Introduction
	Materials and methods
	Isolation and purification of gingival proteoglycans
	Degradation of gingival proteoglycans by reactive oxygen species
	Gel filtration chromatography
	Cellulose acetate electrophoresis
	Amino acid analysis
	Statistical analysis

	Results
	Isolation and purification of proteoglycans from ovine gingival tissues
	ROS effects on gingival proteoglycan molecular size by gel filtration chromatography
	ROS effects on gingival proteoglycan GAG chains by cellulose acetate electrophoresis
	ROS effects on gingival proteoglycan core proteins by amino acid analysis

	Discussion
	Disclosure statement
	Funding
	Orcid
	References


