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High-resolution '"H NMR investigations of the oxidative consumption
of salivary biomolecules by oral rinse peroxides
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Abstract

Background. A multicomponent evaluation of the oxidative consumption of salivary biomolecules by a tooth-whitening oral
rinse preparation has been performed using high-resolution proton (*H) nuclear magnetic resonance spectroscopy (NMR).
Methods. Unstimulated human saliva samples (n = 12) were treated with aliquots of the oral rinse tested and 600 MHz 'H
NMR spectra acquired on these samples demonstrated that hydrogen peroxide (H,0,) and/or peroxodisulphate (S,0g>)
present in this product gave rise to the oxidative decarboxylation of the salivary electron-donor pyruvate (to acetate and CO,),
and also oxidized methionine (a precursor to volatile sulphur compounds responsible for oral malodour), and malodourous
trimethylamine to methionine sulphoxide and trimethylamine-N-oxide, respectively (reductions observed in the salivary
concentrations of each biomolecular peroxide-scavenging agent were all extremely statistically significant, p < 0.005). Results.
Experiments conducted on chemical model systems confirmed the consumption of pyruvate by this product, and also revealed
that the amino acids cysteine and methionine were oxidatively transformed to cystine and methionine sulphoxide, respectively.
Conclusions. High-field '"H NMR analysis provides much valuable molecular information regarding the fate of tooth-
whitening oxidants in human saliva and permits an assessment of the mechanisms of action of oral healthcare products
containing these agents. The biochemical and potential therapeutic significance of the results obtained are discussed.
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Introduction

The incorporation of hydrogen peroxide (H,O,), car-
bamide peroxide and further peroxo-adducts of inor-
ganic anions such as peroxoborate, peroxodisulphate
and peroxocarbonate as agents in commercially-
available gels, toothpastes and oral rinses, as microbi-
cidal and/or teeth-whitening agents, has stimulated
much interest regarding their modes of action and
redox activity in the oral environment [1-4]. Human
saliva contains a wide range of biomolecular species,
and many of those available with electron-donating
properties have the capacity to directly or indirectly
react with such peroxides and hence play a role in
neutralizing their therapeutic or cosmetic actions
in vivo. However, the analysis of salivary biomolecules
with the ability to react with such peroxide-based

oxidants by conventional methods (for example,
those involving gas- or high-performance liquid-
chromatographic techniques) generally requires the
time-consuming, labour-intensive determination of
pre-selected components. Indeed, these methods
also require much information regarding the identity
of particular salivary biomolecules prior to analysis
and hence they generally offer only a limited charac-
terization of the redox reactivity of H,O, and/
or related peroxo-adducts.

The multicomponent analytical ability of high-
resolution nuclear magnetic resonance (NMR) spec-
troscopy, however, offers major advantages over
the above conventional techniques [5,6]. The devel-
opment of high-field NMR spectrometers with
increased resolution, dynamic range and sensitivity
has given rise to rapid advances in the analysis of
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complex, multicomponent samples such as human
biofluids, pharmaceutical formulations, dentifrices
and foodstuffs.

NMR spectroscopy is a technique which involves
the absorption of energy from the radiofrequency
region of the electromagnetic spectrum to detect
changes in the alignment of nuclear magnets during
exposure to a powerful external magnetic field. The
absorption frequencies of such nuclei (e.g. those of
biologically-ubiquitous hydrogen nuclei (‘H)) pres-
ent in the "H NMR spectrum of a particular chem-
ical species is critically dependent on their magnetic
(and, therefore, chemical) environment and the
appearance (multiplicity) of a resonance (signal)
is influenced by neighbouring 'H nuclei in a well-
characterized manner. Furthermore, the intensity of
each signal is directly proportional to the product of
the number of magnetically-equivalent protons
in the structural/functional group giving rise to it
and the concentration of the molecule containing
that group. Hence, much valuable molecular infor-
mation regarding the nature and concentrations of a
wide range of endogenous (and exogenous) com-
ponents present in biofluids (e.g. human plasma
[7,8], urine (some notable recent applications are
shown in [9,10], (synovial fluid [11] and salivary
supernatants [12]) can be simultaneously obtained
from high-field, high-resolution NMR investiga-
tions. The broad overlapping resonances arising
from any macromolecules (e.g. proteins) present
in biofluid samples are routinely suppressed by
the application of selected spin-echo pulse
sequences, a process generating spectra containing
well-resolved, sharp signals ascribable to many low-
molecular-mass components (both endogenous and
xenobiotic in origin) and the molecularly-mobile
portions of macromolecules such as ‘acute-
phase’ glycoprotein carbohydrate side-chains and
lipoprotein-associated triacylglycerols. Biomedical
NMR spectroscopy is a virtually non-invasive tech-
nique since it generally has little or no requirement
for the pre-treatment of biofluid samples. Further-
more, it does not necessarily require knowledge of
sample composition prior to analysis.

In this investigation we describe the application
of high-resolution "H NMR analysis for the purpose
of monitoring the oxidizing actions of an experi-
mental carbamide peroxide (CP)- and peroxodisul-
phate (S,0g?)-containing oral rinse formulation
towards biomolecules present in human saliva.
The reactions of oxidizing components in this den-
tifrice preparation with appropriate, single-compo-
nent chemical model systems (buffered aqueous
solutions containing the salivary electron-donors
pyruvate, L-methionine and L-cysteine) were also
examined. The therapeutic, aesthetic and biochemi-
cal significance of the results obtained are discussed
in detail.

Materials and methods

Sample collection and preparation

Unstimulated human saliva samples were obtained
from a total of 12 healthy volunteers (seven male, five
female). In order to avoid interferences arising from
the introduction of exogenous agents into the oral
environment, participants were requested to collect
all saliva available, i.e. ‘whole’ saliva expectorated
from the mouth, into a plastic universal collection
tube immediately after waking in the morning on a
pre-selected day. Each participant was also requested
to refrain completely from oral activities (i.e. eating,
drinking, tooth-brushing, oral rinsing, smoking, etc.)
during the short period between awakening and sam-
ple provision (ca. 5 min). Full ethics approval for this
investigation was obtained prior to its commence-
ment, and informed consent was obtained for the
participation of each volunteer involved.

Each collection tube contained sufficient sodium
fluoride (15 pumol) in order to ensure that metabolites
were not produced or consumed via the actions of
micro-organisms or their enzymes present in whole
saliva during periods of sample preparation and/
or storage. Saliva specimens were transported to
the laboratory on ice and then centrifuged immedi-
ately (16,000 g for 30 min) on their arrival to remove
cells and debris, and the resulting supernatants were
stored at —70°C for a maximum duration of 18 h prior
to analysis. The pH values of each salivary superna-
tant were determined prior to 'H NMR analysis
(these ranged from 6.79-7.32).

The experimental oral rinse product investigated
here (Janina Mouthrinse, Wisdom Dental Corpora-
tion) contained glycerol, sorbitol, trisodium citrate,
sodium chloride, magnesium sulphate, methyl para-
ben, sodium saccharin, sodium peroxodisulphate,
carbamide peroxide and sodium fluoride in order
of decreasing percentage content (unspecified). How-
ever, the tooth-whitening agents disodium peroxodi-
sulphate and carbamide peroxide (CP) were present
at added levels of 0.20 and 0.19% (w/v), respectively.

Aliquots (0.60 ml) of each salivary supernatant
were removed and 0.10 ml volumes of the above
oral rinse formulation were then added i wvirro.
The mixtures were equilibrated at a temperature of
37°C for a 30 min period and then stored at —20°C for
a maximum duration of 18 h prior to 'H NMR
analysis. Further 0.60 ml aliquots of each salivary
supernatant sample treated with 0.10 ml volumes of
HPLC-grade H,O (previously ‘sparged’ with helium
(He) gas for a 30 min period) and then equilibrated
and stored in the same manner served as controls.

Aqueous solutions containing sodium pyruvate,
L-cysteine or L-methionine (all 5.00 x 10> mol/
dm?®) (Sigma Chemical Co. Ltd., Poole, Dorset,
UK) were prepared in 4.00 x 102 mol/dm> phosphate
buffer (pH 7.00), which was rigorously deoxygenated



by purging with He gas prior to use (30 min at ambient
temperature); 1.00 ml aliquots of these solutions were
treated with 0.10 ml volumes of the above oral rinse
formulation as described above, the samples equili-
brated at a temperature of 37°C for 30 min and then
stored at a temperature of —20°C for a period of 18 h
prior to 'H NMR analysis. Matching salivary
biomolecule-containing solutions treated with equiva-
lent volumes of HPL.C-grade H,O in place of the oral
rinse, equilibrated at 37°C (30 min) and stored in the
same manner served as controls.

Proton ("H) NMR measurements

Proton (‘H) NMR measurements on the above sam-
ples were conducted on a Bruker Avance AX-600
spectrometer (Queen Mary University of London
facility, London, UK) operating at a frequency of
600.13 MHz and a probe temperature of 298 K.
Typically, 0.60 ml of sample was placed in a 5-mm
diameter NMR tube and 0.07 ml of 2H,O was added
to provide a field frequency lock. The intense water
signal (8 = 4.80 ppm) was suppressed by pre-
saturation via gated decoupling during the delay
between pulses. Where appropriate, the broad protein
resonances present in control and oral rinse-
treated salivary supernatant samples were suppressed
by the Hahn spin-echo sequence (D[90°x--180°y-z-
collect])!!, which was repeated 128 times (z = 68 ms).
Chemical shifts were referenced to external sodium
3-trimethylsilyl  [2,2,3,3-*H,] propionate (TSP;
0 = 0.00 ppm). Where present, the methyl group
resonances of acetate (singlet, d = 1.920 ppm), alanine
(doublet, 8 = 1.487 ppm) and lactate (doublet,
4 = 1.330 ppm) served as secondary internal refer-
ences for the saliva samples investigated.

For single-pulse, one-dimensional (1D) 'H NMR
spectra acquired on control and oral rinse-treated
solutions of pyruvate and the amino acids L-cysteine
and L-methionine, typical pulsing conditions were
64 free induction decays (FIDs) using 32,768 data
points, 72° pulses and a 3 s pulse repetition rate to
allow full spin-lattice (7;) relaxation of the protons in
the samples investigated. Chemical shifts were refer-
enced to TSP (internal; final concentration 2.50 X
10~* mol/dm?) and exponential line-broadening func-
tions of 0.30 Hz were employed for purposes of
processing.

The identities of biomolecule resonances present in
the salivary "H NMR spectra acquired were routinely
assigned by a consideration of chemical shift values,
coupling patterns and coupling constants. The rela-
tive intensities of selected signals therein were deter-
mined by electronic integration via the spectrometer’s
proprietary software (XWIN-NMR), and the concen-
trations of components detectable were determined
by comparisons of their resonance areas with that of a
420 x 107 mol/dm® standard solution of TSP
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located within a coaxial NMR tube insert. This pro-
cedure was employed to avoid any broadening of the
TSP resonance which may arise from its binding to
salivary proteins or alternative macromolecules.
Maintenance of the exact integral regions for each
spectrum acquired was ensured.

Two-dimensional (2D) shift-correlated 'H-'H
NMR (COSY) spectra of human salivary superna-
tants were acquired using the standard sequence of
Aue et al. [13] with 2048 data points in the 7, dimen-
sion, 256 increments of z;, a 3.00 s relaxation delay
and 64 transients.

Statistical analysis of salivary biomolecule concentration
data

The statistical significance of differences observed
between salivary pyruvate, methionine and trimethy-
lamine concentrations was determined by a paired
sample z-test performed on untransformed data
(based on 11 degrees-of-freedom for n = 12
participants).

Results

High-resolution TH NMR analysis of human salivary
supernatants

As previously observed [12], 600 MHz single-
pulse "H NMR spectra of control (untreated) human
salivary supernatant samples contained many prom-
inent, sharp resonances ascribable to a wide range of
low-molecular-mass biomolecules. Indeed, signals
assignable to short-chain organic acid anions (e.g.
acetate, iso- and n-butyrates, formate, fumarate, lac-
tate, propionate, pyruvate, succinate and 3-D-
hydroxybutrate), carbohydrates such as glucose and
galactose (both o- and f-anomers) are observable (the
high- and low-field regions of a typical spectrum
acquired in this investigation are shown in Figures 1A
and B, respectively). The organic acid anions detect-
able are, of course, microbial catabolic products [14],
and hence the salivary concentrations of these agents
(either individually, two or more in concert or many
in a multivariate context), are likely to serve as che-
motaxonomic indicators of microbial activity in the
oral environment. For example, the pathogenic
micro-organism P. gingivalis generates high concen-
trations of n-butyrate, propionate and acetate, and
smaller levels of iso-butyrate, iso-valerate, pheny-
lacetate and succinate [15]. Also of notable interest
is a broad resonance located at 2.04 ppm which
arises from the acetamido methyl group protons
(-NHCOCH3;) of N-acetyl sugars present in the
molecularly-mobile branching carbohydrate side-
chains of ‘acute phase’ glycoproteins [16]. This broad
resonance overlaps several sharper acetamido-CHj;
group’H signals attributable to low-molecular-mass
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Figure 1. (A) High- and (B) low-field regions of a 600 MHz "H NMR spectrum of a human salivary supernatant sample (a typical spectrum is shown).
Abbreviations: A, acetate-CHa; Ala, alanine-CHs; Bu, 3-D-hydroxybutyrate-CHs; iso-But, zso-butyrate-CHs; n-But-CHa, n-butyrate-CHs; n-But-CH,,
n-butyrate-CH,; Cn, creatinine-N-CH3; Eth, ethanol-CHj3; Form, formate-H; Gluc, o-glucose anomeric proton; Gly, glycine-CH,; His, histidine
imidazole ring protons; Lac-CHj; and e-CH, lactate-CH; and -CH protons, respectively; Lys, lysine -CH, group; Met-S-CHj3 and y-CH,, methionine-S-
CH; and y-CH, protons, respectively; Meth, methanol-CHj; N-Ac, spectral region for acetamido methyl groups (i.e. -NHCOCH;) of N-
acetylsugars (the sharper signals are conceivably ascribable to free N-acetylglucosamine and/or N-acetylneuraminate or to low-molecular-mass
oligosaccharide fragments containing these sugars, the broader one(s) to those present in the molecularly-mobile portions of N-acetylated glycoproteins);
N-AG, N-acetylglucosamine anomeric ring proton; Phe, phenylalanine aromatic ring protons; Prop-CH; and -CH,, propionate-CH3 and -CH,,
respectively; Pyr, pyruvate-CHs; Suc, succinate-CH,; Sucr, sucrose-H1 glucose residue proton; Tyr, ‘free’ tyrosine aromatic ring protons; Ur, urea H,N-
CO-NHy; Pr-Tyr, aromatic ring protons of protein tyrosine residue(s); TSP, sodium 3-trimethylsilyl [2,2,3,3->H,] propionate-Si(CHs)s.
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N-acetylsugars such as N-acetylneuraminate and
N-acetylglucosamine saccharide fragments which
may arise from the actions of bacterial-derived neur-
aminidase and hyaluronidase, respectively [17].

Also noteworthy is the ability of this technique to
detect a range of amino acids (including alanine,
glycine, histidine, lysine, methionine, phenylalanine
and tyrosine), some of which, in view of their relatively
low concentrations, were only clearly visible in
expanded partial spectra of the human salivary super-
natant specimens. Methionine, detectable by its char-
acteristic side-chain -SCHj; group signal (singlet,
0 = 2.13 ppm, Figure 1A) is of particular interest to
this investigation since it is one of the 'H NMR-
detectable biomolecules which was found to be
affected by addition of the oral rinse formulation.

Furthermore, micromolar (LM) concentrations of a
series of malodourous amines (specifically methyl-
amine, dimethylamine and trimethylamine, singlet
signals located at 2.59, 2.75 and 2.92 ppm, respec-
tively) were also monitorable in the spectra acquired,
and the trimethylamine resonance is also of particular
relevance to this study since it is oxidizable by per-
oxides and/or peroxo-adducts present in the oral rinse
formulation tested.

Both ethanol and methanol were detectable in a
large proportion of the human saliva samples sub-
jected to '"H NMR analysis. Although ethanol is a
bacterial-derived catabolite (for example, arising from
carbohydrate metabolism by Streprococcus mutans)
[18], the methanol present arises from the passive
or direct inhalation of cigarette smoke in which this
exogenous alcohol is present, a consequence of the
combustion of tobacco lignin which contains many
methoxy aromatic substituents in its macromolecular
structure. Urea was also detectable in all salivary
supernatant spectra acquired (prominent broad res-
onance located at 6 = 5.80 ppm).

The aromatic (6 = 6.50-8.00 ppm) regions of
these spectra contained clearly visible resonances
ascribable to the amino acids phenylalanine and
tyrosine and, for some of the samples, histidine
(Figure 1B). Also visible were two broad signals
centred at ca. 6.90 and 7.55 ppm, the former of which
is assignable to the aromatic ring protons of one
or more protein-incorporated tyrosine residues
(M Grootveld, unpublished data).

The 2D 'H-'H COSY NMR technique served
to facilitate the identification of molecular ‘backbones’.
Indeed, the COSY spectroscopic technique permits
the transfer of magnetization from an "H nucleus (or
magnetically-equivalent group (two or three) of such
nuclei) bonded to one specific carbon atom
(C2 position), to one or two classes of magnetically-
distinct nuclei located at one carbon position further
along a molecular chain (i.e. C1 and C3 position, etc.).
Specifically, the latter nucleus/nuclei is/are directly
coupled to the C2-bearing "H nucleus.
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2D 'H-'H COSY NMR spectra of typical human
salivary supernatant samples showed clear connectivi-
ties between the multiplet resonances present, for
example, linkages between the propionate-CH; and
-CH,; group signals (triplet, & = 1.04 ppm and quartet,
d = 2.17 ppm, respectively), the n-butyrate-CHs,
B-CH, and v7-CH, group resonances (triplet,
4 = 0.91 ppm, multiplet, 6 = 1.56 ppm and triplet,
8 = 2.15 ppm, respectively), the ethanol-CH; and
-CH, groups (triplet, 8 = 1.21 ppm and quartet,
d = 3.68 ppm) and the ‘free’ tyrosine aromatic ring
protons (doublets located at 6 = 6.88 and 7.17 ppm)
(data not shown).

Multicomponent "TH NMR evaluations of the oxidative
consumption of salivary components by H,O, and
S,05°™ present in the oral rinse formulation

Typical 600 MHz single-pulse "H NMR spectra of a
human saliva sample acquired prior and subsequent
to its in vitro treatment with an aliquot of the oral rinse
preparation are shown in Figure 2. Clearly, addition
of the CP- and S,0g* -containing product gives rise
to a marked reduction in the intensity of the pyruvate-
CHj; group signal (singlet, 8 = 2.388 ppm), an obser-
vation reproducible in all saliva samples tested in
this manner (z = 12). These data are fully consistent
with the oxidative consumption of salivary pyruvate
by S,05% and/or hydrogen peroxide (H,O,) present
in the formulation (equations 1 and 2, respectively)
[19]. Consistent with these observations, a resonance
assigned to the -CHj; group protons of pyruvate
hydrate (singlet, 8 = 1.50 ppm) was also substan-
tially diminished in intensity subsequent to treatment
of the salivary supernatants with the oral rinse
product.

S,0,” + CH,COCO, +H,0 - 250, + CH,CO,’
+CO, +2H" 1)

H,0, + CH,COCO,” — CH,CO, +CO, + H,0 (2)

A paired sample z-test revealed an extremely highly
significant difference between the mean salivary pyru-
vate concentrations determined before and after treat-
ment with the oral rinse product (p < 107'2, Table I).

Although not observed in all 'H NMR spectra
acquired on salivary supernatant samples before treat-
ment with the oral rinse formulation (7 out of the
12 examined), also particularly notable was the oxida-
tive transformation of the amino acid methionine to its
corresponding sulphoxide species by oxidants present
in the oral rinse formulation examined here. Indeed,
L-methionine’s characteristic -S-CH; group 'H reso-
nance (singlet, d = 2.13 ppm) was substantially dimin-
ished in intensity subsequent to treatment with this
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Figure 2. 0.00-5.00 ppm regions of 600.13 MHz single-pulse "H NMR spectra of an unstimulated human salivary supernatant sample (pH
6.91) acquired (A) before and (B) after treatment with the H,O,- and S,0,? -containing oral rinse formulation investigated. The control
spectrum shown in (A) was treated with an equivalent volume of de-aerated doubly-distilled H,O prior to analysis. Corresponding
5.00-10.00 ppm regions of the spectra exhibited in (A) and (B) are shown in (C) and (D), respectively. Typical spectra are shown.
Abbreviations: as Figure 1, with Cit, citrate-CH,CO, group; Glyc, glycerol-CH,OH and -CHOH group protons; MP, methylparaben
(4-hydroxybenzoic acid methyl ester) aromatic ring protons; Sac, saccharin aromatic ring protons; Sorb, sorbitol-CH,OH and -CHOH protons.
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Figure 2. (Continued).

product, as outlined above. These decreases in its
salivary concentration were matched by corresponding
elevations in that of its sulphoxide (monitored by the
intensity of its -SO-CHj; group signal located at
6 = 2.725 ppm (equations 3 and 4)), as shown
in Figure 3. The mean (pre- minus post-treatment)
difference between these salivary methionine concen-
trations was very highly significant (p < 10°%, Table I).

S,0,” + "H,NCH(CH,CH,SCH,)CO,” +H,0 -
280, +'H,NCH(CH,CH,SOCH,)CO, +2H"

(3)

H,0, + *H,NCH(CH,CH,SCH,)CO,” -
*H,NCH(CH,CH,SOCH,)CO,” +H,0

(4)

Additionally, a highly-significant decrease in the
intensity of the salivary trimethylamine (TMA) reso-
nance (singlet, & = 2.92 ppm) was observed subse-
quent to treatment with the oral rinse product tested

(p < 0.005, Table I). This observation is explicable by
the oxidation of this malodourous biomolecule by
oxidants present in the oral rinse tested to its non-
malodourous oxidation product trimethylamine-
N-oxide (clearly identifiable by increases in its
ON-(CH3); group 'H NMR signal located at
3.24 ppm, equations 5 and 6)). Typical '"H NMR results
which demonstrate this are also exhibited in Figure 3.

S,0.” +N(CH,), +H,0 - 2S0,*” + ON(CH,), +2H"

(5)

H,0, + N(CH,), - ON(CH,), +H,0

(6)

Moreover, the salivary lactate resonances (doublet,
4 = 1.33 and quartet, d = 4.13 ppm, -CH; and -CH
protons respectively) were also found to be dimin-
ished in intensity following the treatment of salivary
supernatants with the oral rinse formulation in
the manner outlined above; the mean percentage
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Table I. Mean (= SEM) salivary supernatant concentrations of pyruvate, methionine and trimethylamine prior to and subsequent to treatment
of this biofluid with the oral rinse product investigated. The p-value represents the significance of the differences in these biomolecule
concentrations (paired sample z-test performed on untransformed data).

Pyruvate Methionine Trimethylamine

12 7 11
433 +0.68 x 107 1.49 + 0.26 x 107* 9.60 + 1.70 x 107
1.10 + 0.37 x 107* 3.40 + 0.78 x 107 6.70 £ 1.39 x 107

Sample size, n
Mean pre-treatment concentration, mol/dm’

Mean post-treatment concentration, mol/dm?

p-value (paired sample z-test) <1012

<1078 < 0.005

decrease in the normalized intensity of these signals
was = 21 £ 6% (mean + SEM).

Further oral rinse-mediated modifications to the
salivary 'H NMR profiles included the oxidation of
both free tyrosine and also its salivary protein
residues, which were monitorable by reductions
in the intensities of their resonances (6.88 and
7.17 ppm (free tyrosine) and a broad resonance
located at 6.90 ppm (protein-incorporated
tyrosine)).

As expected, spectra of product-treated salivary
supernatants contained many intense resonances
assignable to components present in this product
(e.g. glycerol, citrate, methyl paraben, saccharin,
etc.), together with marked elevations in the

Chol-N(CHa),

TMAO

intensities of those present in both matrices (specifi-
cally formate and acetate). Of course, the small rise in
the acetate-CHj3 group signal intensity observed fol-
lowing oral rinse treatment is ascribable to the S,0g*
and/or H,O,—-mediated oxidative decarboxylation of
pyruvate as described above.

Of further interest to this investigation was the
observation that the urea signal at 6 = 5.80 ppm
increased in intensity following treatment with the
oral rinse product in all salivary supernatant speci-
mens examined (Figure 2). This observation was,
of course, expected since the H,O, in this formu-
lation is added as CP (H,NCONH,.H,0,), a crys-
tallisable 1:1 addition product of this oxidant with
urea.

TMA
Sar
DMA
Met-SO
TMA

B s e e R R I I B I L I I R B B L B B N R R R R RS LSS RS RN RN RE R e
3.35 3.30 3.25 3.20 3.15 3.10 3.05 3.00 2.95 2.90 2.85 2.80 2.75

Figure 3. Expanded 2.70-3.40 ppm regions of an unstimulated human salivary supernatant sample (pH 7.06) acquired (A) prior to and (B)
subsequent to treatment with the H,O,- and S,0,> -containing oral rinse formulation investigated. Typical spectra are shown. Abbreviations:
as Figure 1, with Chol-N(CH3)3, choline-N*(CH3)5; DMA, dimethylamine-N(CHj;)3; Met-SO, methionine sulphoxide-CHs; Sar, sarcosine-
NH-CH3; TMA, trimethylamine-N(CHs);; TMAO, trimethylamine-N-oxide-ON(CH3)3.



Chemical model studies of the reactions of salivary
electron donors with oral rinse-containing oxidants

Aqueous standard solutions of pyruvate were treated
with aliquots of the oral rinse product in order to
provide further information concerning the nature
and mechanism of the S,0g° - and H,0,-mediated
oxidation of this o-keto acid anion in human saliva.
'"H NMR analysis revealed that reaction of a 1.00 ml
volume of pyruvate solution (5.00 x 10> mol/dm>)
with 0.10 ml of the above oral rinse formulation gave
rise to an almost complete conversion of the o-keto
acid anion scavenger to acetate and CO, (Figure 4).
Indeed, >95% of the pryuvate was oxidatively
decarboxylated to acetate and CO, under the
experimental conditions utilized. Moreover, as exp-
ected, a singlet resonance ascribable to pyruvate
hydrate (CH;C(OH),CO,, methyl group singlet
at 0 = 1.50 ppm) was also eliminated from the
spectrum subsequent to treatment with the product
tested here.

Reaction of L-cysteine with peroxodisulphate
(or peroxomonosulphate arising from its hydrolysis)
and/or H,O, present in the oral rinse tested yielded its
corresponding disulphide cystine as a major oxidation
product (data not shown), an observation consistent
with equations (7) and (8), where RSH represents
"H;NCH(CH,SH)CO,".

28,0," +2RSH —280,> +RSSR +2H" (7)
[SO,(0-0)] +2RSH - SO, +RSSR + H,0 (8)

'"H NMR analysis also demonstrated that the thio-
methyl group (-S-CHs)-containing amino acid
L-methionine was oxidatively consumed by oxidants
present in the oral rinse product examined, yielding
methionine sulphoxide (-SO-CHj; group singlet,
0 = 2.725 ppm) as the predominant product
(Figure 5). Indeed, under our experimental condi-
tions, treatment of this solution with the added oral
rinse gave rise to an ~ 40% conversion of methionine
to its sulphoxide, the latter of which was comple-
tely undetectable in 'H NMR spectra of the untrea-
ted amino acid. These processes are fully consistent
with the reactions depicted in equations (3) and (4)
above.

Discussion

Multicomponent "H NMR investigations of the oxi-
dizing (‘therapeutic’) ability of the oral rinse formu-
lation investigated here demonstrated that critical
salivary electron-donors are readily consumed by
S,04% and H,0, therein, together with any further
oxidants derived from hydrolysis of the former.
Indeed, on consideration of the total oxidant
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concentration of the product examined here, it might
be expected that, in concentration terms, the oxidants
available will effectively ‘swamp’ most of the salivary
electron donor activity available. Indeed, the mean
salivary concentrations of pyruvate (a two-electron
donor) and thiols (a single electron provider) are
4.33 x 107 (this work) and 3.6 x 10> mol/dm?
[20], respectively.

Previous investigations have demonstrated that bio-
fluid pyruvate acts as a powerful endogenous elec-
tron-donor (i.e. a water-soluble antioxidant) and is
oxidatively decarboxylated to acetate and CO, on
reaction with hydrogen peroxide (H,O,), as repre-
sented in equation (2) [19].

S,04% is an extremely powerful oxidizing agent
(i.e. the redox potential (Eq) value for the system
depicted in equation (9) is +2.01 V). However, its
reactions are mechanistically very complex. For
example, hydrolysis of S,0g>" generates peroxomo-
nosulphate ([SO5(0-0)]%") (equation 10), a further
powerful oxidant which can also oxidatively decar-
boxylate pyruvate to acetate and CO,.

S,0," +2¢ —280,” 9)
$,0,> +H,0 - S0,* +[SO,(0-0)] +2H" (10)

The extent of oxidative consumption of each of the
three major electron-donating biomolecules found to
be involved in the scavenging of the two available oral
rinse oxidants was pyruvate (97.5%) > methionine
(77.2%) > TMA (30.5%). Therefore, in view of the
much greater salivary concentration of pyruvate over
that of both methionine and TMA, it is clear that the
major H,O,- and S2082_—scavenger present in human
saliva is this o-keto acid anion.

The consumption of salivary lactate by oral rinse
oxidants observed here can be rationalized by con-
sideration of the availability of trace levels of low-
molecular-mass, catalytic iron(II), copper(I) or cobalt
(II) complexes in these specimens, which react with
oral rinse H,O, to generate a hydroxyl radical (OH)
(equation 11) which can directly oxidize this micro-
bial catabolite to pyruvate, which, in turn, can then
directly be further oxidized (by S,0s>", H,O, or
further “OH radical, predominantly S,0s*> and
H,0,) to acetate and CO, (equations 1, 2 and 12);
these particular redox-active metal ions may be
retained in their lower oxidation states (reduced
forms) by the availability of a range of electron-
donors in human saliva (notably ascorbate, urate,
thiocyanate, thiols, etc.). Similarly, electron donation
to S,05” and/or its peroxomonosulphate hydrolysis
product by these ‘catalytic’ metal ions can also gen-
erate reactive radical species with the ability to oxidize
lactate to pyruvate and, subsequently, the latter to
acetate and CO.,.
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Figure 4. 0.00-5.00 ppm regions of 600.13 MHz 'H NMR spectra of a 5.00 x 10~> mol/dm> aqueous solution of sodium pyruvate (in 4.00 x
102 mol/dm® phosphate buffer, pH 7.00) acquired subsequent to treatment with 0.10 ml volumes of (A) de-aerated HPLC-grade H,O
(control sample) and (B) the oral rinse formulation investigated here. Typical spectra are shown. Abbreviations: as Figures 1 and 2, with I
representing pyruvate hydrate-CHs.

M"* +H,0, - M"*" +*OH + OH" (1) AfteI" mak?r?g .appropriate allowances f01f thf:rmody-
namic equilibria and the rate of each reaction involved
under physiological conditions, this indicates that
reductants present at relatively low salivary levels

CH,CHOHCO,” +2'OH — CH,COCO,” +2H,0 (12) (e.g. the amino acids cysteine and methionine) will
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Figure 5. Partial (0.00—4.30 ppm regions of) 600.13 MHz "H NMR spectra of a 5.00 x 10> mol/dm> aqueous solution of L-methionine (in
4.00 x 1072 mol/dm> phosphate buffer, pH 7.00) obtained following treatment with 0.10 ml volumes of (A) de-acrated HPLC-grade H,O
(control sample) and the oral rinse product investigated here. Typical spectra are shown. Abbreviations: as Figure 2, with Met-S-CHs, -a-CH,
B-CH, and y-CH,, methionine-S-CHj, -a-CH, B-CH,, and y-CH,, group proton resonances, respectively; Met-SO-CHs, -a-CH, B-CH, and
v-CH,, methionine sulphoxide-SO-CHj;, -a-CH, B-CH, and y-CH, group proton resonances, respectively.

also be oxidatively consumed during oral health-
care programmes with oral rinse products which
contain H,O, or alternative peroxo-adducts such as
S,04> present the oral rinse preparation investigated
here.

Of course, H,O, can also give rise to the oxidation
of available salivary thiols, a relatively complex

reaction system which can be catalysed by the pres-
ence of trace levels of redox-active transition metal
ions, notably those of iron and copper (equations
13-17).

MU e 5 M (13)
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M"™ +H,0, - M"*)" +*OH +OH" (14)
*OH +RSH — RS’ + H,0 (15)
2RS" — RSSR (16)

M®* s M"" catalyst overall : 2RSH + H,0, —
RSSR + H,0 (17)

Consumption of cysteine and methionine by H,O, and
S,04>" species is of much importance to oral hygiene
and clinical periodontology since, following the
bacterially-mediated proteolysis of proteins containing
these amino acids, both the malodourous VSCs methyl
mercaptan (CH5;SH) and hydrogen sulphide (H,S) are
generated from them via metabolic pathways opera-
tional in gram-negative micro-organisms, one involv-
ing the enzymes cystine reductase (reduction of cystine
to cysteine) and serine sulphydrase (desulphydration
of cysteine yielding H,S and serine) [21]. CH5;SH
accounts for ~ 60% of the VSCs detectable.

In addition to the major aesthetic problems caused
by oral malodour (halitosis), there is currently much
evidence available to suggest that VSCs adversely
contribute towards the periodontal disease process.
Indeed, since it has the ability to take part in thiol-
disulphide interchange reactions (equation 18),
CH;SH influences enzymic and immunological activ-
ities in manners that give rise to periodontal tissue
destruction [22] and also enhances the permeability of
oral mucosa, the latter representing a process which
promotes the penetration of hazardous components
such as endotoxins into tissues [23]. At concentra-
tions similar to those generated in periodontal pock-
ets, CH;3SH has the ability to exert effects regarding
the activity and integrity of cells, e.g. the modification
of cell shape and cytoskeletal patterns, diminishment
of cell proliferation and migration, the alteration of
collagen metabolism and interference with protein
synthesis [22]. Additionally, VSCs have been found
to inhibit wound healing processes [24].

R,SH+R,SSR, <> R,SH +R;SSR, (18)

In addition to serving as an essential precursor to
VSCs, it is also of much importance to note that, since
methionine is one of only two amino acids encoded by
a single codon (AUG) in the standard genetic code
(tryptophan being the other), its consumption by
oxidants present in the oral rinse formulation evalu-
ated here is of much bactericidal significance. Indeed,
an N-formylmethionine derivative serves as a primary
amino acid adduct for this purpose in bacteria [25].

Trimethylamine (TMA) is an extremely malodour-
ous agent and its excessive excretion into human
breath is responsible for the odour of rotting marine

fish characteristic of subjects with ‘fish-breath dis-
order’ (trimethylaminuria) [26]. We have previously
reported that TMA is readily detectable in saliva
acquired from subjects without this condition [17]
and, in view of the known ability of H,O, to oxidize
this agent to its corresponding non-malodourous
N-oxide, it was not unexpected that CP and 82082*
present in the oral healthcare product tested here gave
rise to its oxidation in human saliva.

These results demonstrate that peroxo-adducts
present in the oral rinse tested oxidized salivary
TMA to its corresponding N-oxide, data providing
evidence for the ability of this product to combat
recalcitrant oral malodour arising from this agent.

However, the limited (30%) decrease in its salivary
concentration observed presumably reflects the more
powerful capacity of further salivary electron-donors
(predominantly pyruvate, methionine and perhaps
cysteine) to scavenge H,O, and S,04>".

High-resolution, high-field "H NMR spectroscopy
is a technique which offers many advantages over
alternative time-consuming, labour-intensive analyti-
cal methods since (1) it permits the rapid, non-
invasive and simultaneous examination of a very
wide range of components present in biofluids
(e.g. human saliva as outlined in this study) and (2)
generally requires little or no knowledge of sample
composition prior to analysis. Furthermore, chemical
shift values, coupling patterns and coupling constants
of resonances present in '"H NMR spectra of such
multi-component systems provides much valuable
information regarding the molecular nature of both
endogenous and exogenous chemical species therein.

As demonstrated here, the technique is of much
value and utility concerning multicomponent assess-
ments of the interactions of therapeutically-active
agents present in commercially-available oral health-
care products with human salivary biomolecules, and
the oxidative decarboxylation of salivary pyruvate by
H,0, and peroxosulphate adducts in the oral rinse
evaluated serves as an important fundamental exam-
ple of this, which may be of some relevance to its
mechanisms of action. Indeed, since pyruvic acid is a
very powerful proton donor (K, = 3.20 x 10> mol/dm?)
[27], it may play a role in facilitating tooth deminer-
alization processes. In view of the ready diffusion
of such organic acids into enamel [28], the consump-
tion of salivary pyruvate by peroxo-oxidants present in
the product examined here may suppress the devel-
opment and progression of primary root caries
lesions. Hence, S,05%> and H,0, may exert caries-
preventative actions, and further experiments to
explore this are currently underway.

The nature, rate and extent of salivary electron
donor consumption (e.g. that of VSCs, their amino
acid precursors and pyruvate) by oxidants present in
oral healthcare products reflects the oxidizing capacity
of such materials, a phenomenon of much significance



with regard to their therapeutic, aesthetic and cosmetic
roles. Therefore, high-resolution "H NMR analysis of
isolated human saliva or appropriate chemical model
systems serves as a very useful method for the i vitro
testing of oral healthcare products.

Indeed, "H NMR analysis of human saliva samples
obtained prior to and subsequent to the administra-
tion of oral rinses or toothpastes to patients with
periodontal diseases (i.e. in in vivo investigations)
may demonstrate oral healthcare product-mediated
modifications in the levels of microbial-derived
salivary catabolites (e.g. short-chain non-volatile
carboxylic acid anions such as acetate, n-butyrate,
formate, fumarate, lactate, propionate, pyruvate,
etc.), which, in turn, may reflect the removal of
potentially pathogenic micro-organisms following
treatment regimens and recent pilot studies con-
ducted by the authors have revealed that, when
linked with multivariate chemometric methods,
this technique is readily applicable to this class of
investigation.

Declaration of intevest: The authors report no
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