Journal of Central Nervous System Disease
Volume 13: 1-11

© The Author(s) 2021

Article reuse guidelines:
sagepub.com/journals-permissions

DOI: 10.1177/11795735211029114

®SAGE

Salivary Heme Oxygenase-1: A Potential
Biomarker for Central Neurodegeneration

Julia M Galindez'2(2), Lamin Juwara'3, Marisa Cressatti'-2,
Mervyn Gornitsky®#5, Ana M Velly'#5 and Hyman M Schipper?-2

Lady Davis Institute for Medical Research, Jewish General Hospital, Montreal, QC, Canada.
2Department of Neurology and Neurosurgery, McGill University, Montreal, QC, Canada.
SDepartment of Quantitative Life Sciences, McGill University, Montreal, QC, Canada. “Department
of Dentistry, Jewish General Hospital, Montreal, QC, Canada. >Faculty of Dentistry, McGill
University, Montreal, QC, Canada.

ABSTRACT

BACKGROUND: Parkinson disease (PD) is the second most common neurodegenerative disease, affecting 2% of the population over
65years of age. PD diagnosis is based on clinical examination and can only be confirmed during autopsy. In 2018, we reported that heme
oxygenase-1 (HO-1), an inducible stress response protein important for heme catabolism and implicated in PD pathology, was higher in PD
saliva relative to healthy controls, suggesting that salivary HO-1 may serve as a potential biomarker of PD.

OBJECTIVES: To ascertain whether HO-1 protein levels are elevated in PD saliva relative to degenerative neurological, non-degenerative
neurological and healthy controls.

METHODOLOGY: The study included 307 participants comprising 75 participants with idiopathic PD and 3 control groups: 162 non-neuro-
logical, 37 non-PD degenerative neurological, and 33 non-degenerative neurological participants. Salivary HO-1 and total protein concen-
trations were measured using ELISA and BCA assay, respectively. Receiver operating characteristic (ROC) curves were used to estimate
model discrimination. Analyses were adjusted by age, sex, total protein, and relevant comorbidities.

RESULTS: Elevated HO-1 concentrations were observed in the PD group and other neurodegenerative conditions compared to subjects
with no neurological or non-degenerative neurological conditions. ROC curves using HO-1 levels and covariates yielded areas under the
curve above 85% in models for PD or neurodegenerative conditions versus controls.

CONCLUSIONS: Salivary HO-1 concentrations in combination with covariates may provide a biomarker signature that distinguishes patients
with neurodegenerative conditions from persons without.

CLASSIFICATION OF EVIDENCE: This study provides Class Ill evidence that salivary HO-1 multivariable models can distinguish neurode-

generative conditions.
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Introduction
Neurological disorders are the leading sources of disability for
the global population.! Among these neurological disorders,
Parkinson disease (PD) is the fastest growing in terms of prev-
alence.! PD currently affects 2% of the global population over
65 years of age.? In the U.S. alone, PD was estimated to be asso-
ciated with $51.9billion in total economic cost in 2017 for
approximately 1million individuals diagnosed with PD, with
$25.4billion in direct medical cost for diagnosis, treatments,
medical appointments, and patient care.3

Despite the increasing prevalence of PD worldwide and the
rising total economic cost of this disease, the etiology of neuro-
degeneration in PD patients is still not well understood. The
complexity of PD neuropathology is reflected in its clinical

manifestations, which encompass motor symptoms like brad-
ykinesia and resting tremors, as well as, non-motor symptoms
such as constipation and REM sleep behavior disorder, which
can occur years to decades before the onset of motor symp-
toms.* The diversity in PD symptom manifestation in addition
to symptom overlap with other neurodegenerative and
Parkinson-like conditions makes PD diagnosis difficult. The
adoption of the United Kingdom Parkinson’s Disease Society
Brain Bank (UKPDSBB) criteria and the Movement Disorder
Society Diagnostic Criteria for PD (MDS-PD) as gold stand-
ards for diagnosis has facilitated the evaluation of patients with
movement disorders, as it accounts for both non-motor and
motor symptoms observed in PD and PD progression.’
Nevertheless, PD is still prone to misdiagnosis with diagnostic
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accuracies at initial assessment ranging between 26% and 91%.°
Though genetic screening, neuroimaging, and olfactory tests
exist to assist in PD diagnosis, many are costly, labor-intensive,
and not universally available.”™

Several chemical analytes in saliva have been investigated as
potential biomarkers for PD, including oa-synuclein, protein
deglycase DJ-1, and heme oxygenase-1 (HO-1), an inducible
enzyme that degrades heme to biliverdin, ferrous iron, and car-
bon monoxide.19716 The HMOX1 gene contains a panoply of
regulatory elements that allows it to respond to numerous
stressors such as heme, dopamine, nitric oxide, TH1 cytokines,
and other oxidative and inflammatory stimuli.’”~ During
acute oxidative stress-induced neurotoxicity, HO-1 has been
shown to have cytoprotective effects; however, chronic expres-
sion of HO-1 has been proposed to be detrimental to cell
health and survival.?0 Alongside hallmarks of PD pathogenesis,
such as the formation of Lewy body inclusions and loss of
dopaminergic neurons, post-mortem PD brain specimens also
exhibit other core pathological features such as increased oxi-
dative stress, excessive iron levels, mitochondria dysfunction,
and macroautophagy in neurons of the substantia nigra.?1-23
These features were mirrored during sustained upregulation of
HO-1 in vitro experiments using rat astroglial cells and in a
GFAP.HMOX1 transgenic mice model exhibiting a parkinso-
nian phenotype comprising of neurodegeneration, hypodopa-
minergia, altered gait, locomotor incoordination, and reduced
olfaction.?*26 Post-mortem PD brain specimens were shown
to have highly augmented HO-1 immunoreactivity in astro-
cytes of the substantia nigra and were recapitulated in periph-
eral biofluids of PD patients.1%:27-29

Building upon considerable evidence implicating chronic
HO-1 expression in PD pathogenesis from humans and ani-
mal models, we sought to evaluate HO-1 protein levels in
human saliva as a potential biomarker for PD.24-2628.29 In 2018,
we reported the presence of full-length HO-1 protein in
human saliva for the first time and determined that salivary
HO-1 protein concentrations were significantly elevated in
early-stage PD relative to healthy controls.!? To further ascer-
tain the specificity of salivary HO-1 for PD, we compared sali-
vary HO-1 levels in PD participants against persons with other
neurodegenerative disorders, non-degenerative neurological
conditions, and in non-neurological controls in the current
study. We anticipate that similar to our pilot study, salivary
HO-1 of PD participants will be higher than control groups.
The advent of a salivary biomarker would greatly facilitate the
clinical evaluation of an increasingly prevalent neurological
disease such as PD, in a non-invasive, simple, and relatively
inexpensive manner.

Methods
Study design and population

This case-control study was approved by the Research Ethics
Committee of the Jewish General Hospital (JGH; Montreal,

Canada, No. 2019-1220). Eligible participants’ samples were
identified based on the presence of a neurological condition
(PD, non-PD degenerative neurological condition, or non-
degenerative neurological condition) or lack thereof (non-
neurological control). Samples of participant who matched
our enrolment criteria from the JGH saliva biobank were
included in this study and formed a random series. Participants
in all groups with a history of cigarette smoking within the
past year, history of oral cancer, active systemic inflammatory
disease, current alcoholism, and drug abuse at the time of
saliva collection in addition to evidence of atypical or familial
parkinsonism were not included in our study, as per our exclu-
sion criteria. All participants in the saliva biobank provided
written informed consent.

Participants were recruited from the Departments of
Medicine, Dentistry, Neurology, and Ophthalmology at the
JGH. Participants clinically diagnosed with idiopathic PD or
other neurological disorders were recruited from the
Department of Neurology at the JGH with their diagnosis
corroborated by serial evaluations. Idiopathic PD participants
fulfilled the UKPDSBB Criteria. The sample size was deter-
mined based on the recommended minimum sample size cri-
terion of greater than 10 event per degree of freedom proposed
by Harrell 30

Clinical and demographic data

Demographics and medical histories were taken via a medical
history questionnaire and were available on all participants
recruited to the JGH saliva biobank. PD participants’ Hoehn
and Yahr (HY') scores were based on clinical status at the time
of saliva collection noted in their medical charts.

Dosages and type of pro-dopamine medication varied
between PD participants. Doses of pro-dopamine medications
were provided in medical charts of 70 PD participants and
were converted to levodopa equivalent daily dose (LEDD)
using a conversion calculator (https://www.parkinsonsmeas-
urement.org/toolBox/levodopaEquivalentDose.htm).

Saliva collection and processing

Unstimulated whole saliva samples of participants were col-
lected by passive drooling at least 30 minutes after food or liq-
uid ingestion. Samples were kept at 4°C for a maximum of
3hours prior to centrifugation at 7826 X g (10000rpm) for
20 minutes at 4°C to reduce viscosity and remove food debris.
The supernatant was aliquoted and stored at -80°C until fur-
ther analysis. COmplete™ Mini Protease Inhibitor Cocktail
(Roche, Cat. No. 11836153001) was added upon the first thaw
and samples were re-processed through centrifugation prior to
use (same as above). Saliva samples used in this study were kept
frozen and stored between October 2012 and January 2020.
Long-term storage of saliva samples was previously determined
to have no significant effect on composition.3!
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Quantification of salivary HO-1 and total protein
levels

Salivary HO-1 levels were measured using human HO-1
sandwich enzyme-linked immunosorbent assay (ELISA) kits
according to manufacturer instructions (Abbexa, Cat. No.
abx252635). The detection range of the HO-1 ELISA kit is
0.156-10ng/ml with a sensitivity of 0.1ng/ml and intra-assay
and inter-assay variabilities of <10%. Samples were diluted to
10% saliva and 90% dilution buffer for HO-1 measurements
and undiluted for measurements of total protein via bicin-
choninic acid assay (BCA; Bio-Rad DC TM Protein Assay,
Cat. No.500). HO-1 and total protein measurements were run
in duplicate. The medical history of participants included in
the study was available during quantification of salivary HO-1
and total protein levels of all samples.

Statistical analysis

Demographic and comorbidity data distributions were pre-
sented as means and standard deviations (or median and inter-
quartile range if non-normal) for continuous variables, and
frequencies and proportions of categorical variables. Student’s
t-test (or Mann-Whitney test for non-normal) and Chi-
Square test were used to compare continuous and categorical
variables, respectively.

For the primary analyses, analysis of variance (ANOVA)
and analysis of covariance (ANCOVA) were used to assess the
difference in levels of salivary HO-1 between the 3 control and
PD groups, with and without adjustments for total protein
measurements, age, sex, and relevant comorbidities. Relevant
comorbidities were selected based on previous studies,' and
included arthritis, thyroid conditions, cardiac conditions, and
diabetes mellitus. We used univariate logistic models to distin-
guish between PD and non-neurological controls, PD and
non-degenerative neurological controls, and PD and degenera-
tive neurological controls. Multivariable logistic regression
models were then constructed to adjust for the relevant comor-
bidities. Receiver operative characteristic (ROC) curves were
developed to assess how well salivary HO-1 distinguishes cases
and controls for each multivariable logistic model. All the
models were internally validated using 10-fold cross-validation.
The optimal cut-off for ROC curves were determined using
the Youden index. The sample size of the control groups satis-
fies the minimum limiting sample requirement for multivaria-
ble regression analysis, as suggested by Harrell et al.32

For secondary analyses, methods used in our primary analy-
ses were used to assess the difference in the level of salivary
HO-1 between participants with and without neurodegenera-
tive conditions, the odds of a neurodegenerative condition, and
how well salivary HO-1 can distinguish cases from non-neu-
rodegenerative controls. Analyses also included linear regres-
sion models to evaluate the magnitude of change in HO-1
expected when total protein or LEDD increased, using the

Pearson’s correlation to determine correlation. Additionally,
ANCOVA was employed to assess the difference in mean val-
ues of HO-1 levels and LEDD between HY stages both
against the non-PD participants and among PD participants.

Kolmogorov-Smirnov test and observation of Quantile-
Quantile (Q-Q) plot was used to evaluate the normality of the
sample population and Levene’s test served to ascertain the
homogeneity of variance. Complete case analysis was used
when the proportion of missing values was less than 5%. The
alpha level was 0.05 for all analyses. Data were analyzed using
R version 4.0.2.

Results

Demographic and comorbidity distribution among
study groups

A total of 307 participants’ samples were included in the study
(Figure 1). The groups comprised 75 PD, 37 degenerative neu-
rological control (20 Alzheimer disease (AD) and 17 mild cog-
nitive impaired participants (MCI)), 33 non-degenerative
neurological control (16 multiple sclerosis, 12 epilepsy, 3 essen-
tial tremor, 3 stroke, and 3 participants with nerve pain), and
162 non-neurological control participants. Table 1 shows the
demographics and comorbidity distribution among study
groups and their relation to HO-1 between groups.

Salivary HO-1 concentration

The residuals of HO-1 protein level measured by ELISA were
determined to have a normal distribution based on the Q-Q_
plot and Kolmogorov-Smirnoff test (P>.05, Figure 2a).
Additionally, Levene’s test for equal variance was assessed
(P>.05).

Table 2 shows ANOVA and ANCOVA analysis of salivary
HO-1 between groups. ANOVA showed significantly higher
salivary mean HO-1 protein concentration in the PD group
(63.56 ng/ml) in comparison to non-neurological (55.79 ng/ml,
P=.02) and non-degenerative neurological controls (50.55 ng/
ml, P<.01). No significant difference was observed between
PD and degenerative neurological controls (65.69ng/ml,
P=.65). Similar to results of the unadjusted analysis, salivary
HO-1 levels were significantly elevated in the PD group
(63.40ng/ml) relative to non-neurological controls (55.13 ng/
ml, P=.03) and non-degenerative neurological controls
(51.61 ng/ml, P=.03) after adjusting for age, sex, total protein,
and relevant comorbidities. The difference between the PD
group and the degenerative neurological controls (60.93 ng/ml,
P=.63) after
Additionally, a borderline association was observed between
salivary HO-1 and age (P=.08) and thyroid conditions
(P=.09), and a significant association was found with salivary
total protein (P=.02).

Subsequent secondary analysis of total protein data revealed

adjustments  remained  non-significant.

no correlation between HO-1 and total protein concentrations
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Figure 1. Flowchart of study participants.

Table 1. Demographic, comorbidity distribution, and salivary total protein between study groups and their relation to salivary HO-1.

ALL NON-
NEURO
DEGENERATIVE
CONTROL

ALL NEURO
DEGENERATIVE
CONDITION

GROUPS NON-
NEUROLOGICAL

CONTROL

DEGENERATIVE ~ NON-
NEUROLOGICAL DEGENERATIVE
CONTROL NEUROLOGICAL

P VALUE

CONTROL

Protein (mean (SD)) 2.81 (1.39) 3.39 (1.61) 3.31 (1.34) 3.99 (1.98) 2.9(1.39) 3.79 (1.88) <.01
(mg/ml)

Age (mean(SD)) 62.19 (12) 80.14 (6) 60.7 (14) 72.65 (11) 62 (12) 75 (10) <.01
Female (%) 99 (61%) 21 (57%) 24 (73%) 18 (24%) 99 (51%) 39 (35%) <.01
Male (%) 63 (39%) 16 (43%) 9 (27%) 57 (76%) 63 (32%) 73 (65%)

Arthritis (%) 43 (27%) 12 (32%) 10 (27%) 30 (40%) 53 (27%) 42 (38%) .08
No arthritis (%) 119 (74%) 25 (68%) 23 (73%) 45 (60%) 142 (73%) 70 (63%)

Thyroid condition (%) 29 (18%) 4 (11%) 10 (30%) 16 (21%) 39 (20%) 20 (18%) .76
No-thyroid condition (%) 133 (82%) 33 (89%) 23 (70%) 59 (79%) 156 (80%) 92 (82%)

Cardiac condition (%) 9 (6%) 9 (24%) 3 (9%) 12 (16%) 12 (6%) 21 (19%) <.01
No-cardiac condition (%) 153 (94%) 28 (76%) 30 (91%) 63 (84%) 183 (94%) 91 (81%)

Diabetes (%) 19 (12%) 6 (16%) 3 (9%) 4 (5%) 22 (11%) 10 (9%) .65
No diabetes (%) 143 (88%) 31 (84%) 30 (91%) 71(95%) 173 (89%) 102 (91%)

(correlation coefficient (r)=-0.74, slope (B)=-1.07 per 1mg,
P=.20, Figure 2b). ANOVA showed higher mean total protein
concentration in the PD subjects (3.99 mg/ml) relative to non-
neurological (2.81 mg/ml, P<<.01) and non-degenerative neu-
rological controls (3.31mg/ml, P=.04, Figure 2c). Higher
salivary mean total protein concentration in PD subjects

relative to degenerative neurological controls (3.39 mg/ml,
P=.09, Figure 2c) was also observed, although this did not
reach statistical significance. Although total protein was deter-
mined not to be associated with HO-1, it was kept as a factor
in adjustments of HO-1 values in both primary and other sec-
ondary analyses.
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Table 2. Salivary HO-1 levels (adjusted by age, sex, total protein, and comorbidities).

PRIMARY ANALYSIS GROUPS UNADJUSTED ANALYSIS ADJUSTED BY AGE, SEX, AND

COMORBIDITIES

95% Cl P VALUE 95% ClI P VALUE

MEAN (NG/ML)

MEAN (NG/ML)

Non-neurological controls 162 55.79 52.17-59.41 .02 55.13 48.75-61.51 .03
Degenerative neurological controls 37 65.69 58.12-73.26 .65 60.93 51.25-70.62 .63
Non-degenerative neurological 33  50.55 42.53-58.56 <.01 51.61 4219-61.03 .03
controls

PD (reference) 75  63.56 58.24-68.88 63.40 55.75-71.05
SECONDARY ANALYSIS GROUPS N MEAN (NG/ML)  95% ClI PVALUE  MEAN (NG/ML) 95% ClI P VALUE
Non-neurodegenerative controls 195 54.90 51.61-58.20 <.01 54.39 46.27-60.51 .02
(reference)

Neurodegenerative conditions 112 64.26 59.92-68.61 62.46 55.56-69.37

ANCOVA adjustments by total protein (Pyrimary=-02; Pseconda',y:.oz), age (Pprimary =-08; Psgoondary = -08), sex (lP'p,ima,y:.51; Psecondary=-61), presence for arthritis (Pyimary=-68;
Psecondary='72)! diabetes (Pprimary: 73; Psecondaryz'eg)v thyroid (Pprimaryz-og; Psecondaryz-og): and heart conditions (Pprimary:'24; Psecondary:'27)'
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Figure 2. Salivary total protein and HO-1 levels between groups. A) Normal distribution visually assessed by Q-Q plot of salivary HO-1 protein level residu-
als and threshold 45°-line y=x B) Linear regression and correlation analyses between salivary HO-1 and total protein of study’s sample popula-
tion. C) Unadjusted mean salivary total protein measured by BCA assay of non-neurological control group (n=162), degenrative neurological
controls (n=37), and non-degenrative neurological controls(n=33) and PD group (n=75). Statistical analysis performed using ANOVA with a=0.05,

error bars indicate the mean with SEM.

Salivary HO-1 in non-neurodegenerative and
neurodegenerative groups

Secondary analyses indicated no statistically significant differ-
ence in salivary HO-1 concentration between PD subjects and
degenerative neurological controls (P=.63) and between non-
neurological and non-degenerative neurological controls
(P=.26, Supplementary Table 1). The sample population was
re-classified in 2 groups comprising subjects with either neuro-
degenerative conditions (PD, AD, and MCI, n=112) or sub-
jects without neurodegenerative conditions (n=195) to
determine if HO-1 levels in participants with neurodegenera-
tive conditions were significantly different from the other par-
ticipants. Demographic and comorbidity data of the redefined
groups are shown in Table 1.

With the latter classification, ANCOVA showed a signifi-
cantly higher salivary mean HO-1 protein level in the neuro-
group  (64.46ng/ml)
non-neurodegenerative controls (54.39ng/ml, P=.02) after

degenerative compared to the

adjusting for total protein, age, sex, and covariates (Table 2).

Furthermore, salivary HO-1 was found to be associated to total
protein (P=.02) and borderline associations were found
between HO-1 and age (P=.08) and thyroid conditions
(P=.09, Table 2).

Logistic regression and ROC curve analyses

Table 3 shows that participants with PD were more likely to
present higher salivary HO-1 levels than the non-neurolog-
ical controls (OR=1.02, P=.01) and non-degenerative neu-
rological control (OR=1.04, P<.01), regardless of their
total protein, sex, age, and comorbidity data. Furthermore,
logistic regression models of the re-classified groups showed
that participants classified with a neurodegenerative condi-
tion showed greater odds of higher levels of salivary HO-1
than non-neurodegenerative controls, regardless of their
total protein, sex, age, and comorbidity data (OR=1.02,
P< .01, Table 3).

For the multivariable logistic regression models, the area
under the ROC curve for the PD versus non-neurological
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PD v. non-neurological control
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Figure 3. ROC curves of multivariate logistic regression analyses. Multivariable models assessing PD likelihood relative to A)non-neurological controls, B)
non-degenrative neurological controls, and C)degentrative neurological control, and for D) neurodegenrative conditions relative to non-neurode-

genrative controls.
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controls model was 0.86 (95% Confidence Interval
(CI)=0.81%-0.91%; sensitivity=0.83, specificity=0.75), 0.88
(95% CI=0.80-0.95; sensitivity=0.84, specificity=0.76) for
PD versus non-degenerative neurological controls model and
0.87 (95% CI=0.79-0.94; sensitivity=0.87, specificity=0.84)
for PD versus degenerative neurological control model (Figure
3). The area under the ROC curve that separated the neurode-
generative conditions group from non-neurodegenerative con-
trols was 0.86% (95% CI=0.82-0.90; sensitivity=0.79,
specificity =0.80, Figure 3).

HO-1, disease progression and LEDD

Additional secondary analyses revealed a significant difference
in adjusted salivary HO-1 protein levels between non-PD con-
trols (55.97ng/ml, n=232) and PD HY stage 2 subjects
(67.04ng/ml, P=.03, n=24, Figure 4a). There was no signifi-
cant difference in adjusted salivary HO-1 protein levels
between non-PD controls and HY stage 1 (65.14ng/ml,
P=.10,n=18) or HY stage 3 or greater (58.05ng/ml, P=.68,
n=28, Figure 4a). Salivary HO-1 levels were not significantly
different among PD participants at HY stage 1, 2, or greater
than 3 by ANOVA (P=.39, Figure 4b).

Mean LEDD of PD patients in HY stage 1 was 441.31 mg
(n=18), 555.66mg (n=24) for HY stage 2, and 805.85mg
(n=28) for HY stage 3 or greater. Mean LEDD were signifi-
cantly higher in at HY stage 3 compared to PD participants at
HY stage 1 (P<.01, Figure 4c). Furthermore, LEDD was cor-
related to salivary HO-1 (»=-0.38, B=-0.03 per 1 mg, P<<.01,
Figure 4d). For the less than 2.5% missing HY values, complete

case analyses were used.

Discussion

In the present study we observed significantly higher levels of
salivary HO-1 protein in PD subjects relative to participants
without neurodegenerative conditions, and in participants with
neurodegenerative conditions relative to the non-neurodegen-
erative condition group, regardless of comorbidities and total
protein levels. The combination of these comorbidities, demo-
graphic information, salivary HO-1, and total protein concen-
trations may be used in models to assess the risk of PD and
other neurodegenerative conditions.

HO-1 is an intracellular protein that has been implicated in
PD pathology.2+-26282% Despite the lack of an N-terminus sig-
nal destining HO-1 to the secretory pathway, HO-1 has been
detected in saliva and in other biofluids such as plasma, serum,
and cerebrospinal fluid (CSF) in several diseased states.10:27:33-35
The method in which HO-1 is transported into these biofluids
has yet to be fully elucidated. In a recent study, however, we
reported the majority of HO-1 in various biofluids were local-
ized in extracellular vesicles (EVs) with a substantial propor-
tion being derived specifically from the central nervous system

(CNS).% It is thus plausible that the levels of salivary HO-1

seen in this study in subjects with neurodegenerative condi-
tions is reflective of the higher HO-1 levels previously reported
in brain specimens of patients with these conditions.?$2%37-39

In 2018, we reported the presence of HO-1 protein in the
saliva of PD participants and healthy controls without neuro-
logical conditions via ELISA and Western blot.1? The findings
for our previous study were reiterated here despite over a 30X
fold difference in reported measurements. The difference in
protein measurements may have been due to the matrix effects
of saliva, which would have caused an obscuring of epitopes
and reduced detection of analytes. To address and reduce matrix
effects, pre-treatment, and dilution of the samples can be
implemented.*>#! In the present study, dilution of the saliva
samples was found to be sufficient to reduce the matrix effects.

Some of the limitations of our previous study!® were
addressed in the current study, such as adjusting for salivary
total protein concentrations and the inclusion of neurological
controls. Total protein concentrations were measured and
added as a potential covariate for HO-1, after ascertaining that
it was not a confounder. Measurements of total protein in saliva
also showed higher total protein levels in PD subjects. This
observation is in line with findings previously reported by oth-
ers and is postulated to be caused by the autonomic dysfunc-
tion that is characteristic of PD subjects.’#243This observation,
combined with the frequent hypersiallorhea observed in PD
patients would suggest that an altered total protein level may
be due to excessive salivary flow rate. However, autonomic dys-
function in PD is heterogeneous and there are numerous
reports of decreased salivary flow rate in PD patients.*~* Both
basal and stimulated salivary flow rate in PD patients during
the off (absence of levodopa or prior to taking levodopa) state
and oz (with levodopa administration) state have been reported
to be decreased, concomitant with increases in amylase secre-
tion and total protein concentration.*>* The hypersiallorhea in
PD patients may be caused by autonomic dysfunction or dys-
phagia, and a reduction in saliva production may lead to
increased salivary protein concentrations as reported here and
elsewhere.11:42:43

Salivary HO-1 protein concentrations did not differ
between the PD group and participants with other neurode-
generative conditions, suggesting that elevated salivary HO-1
protein is not unique to PD.This was confirmed in our second-
ary analysis. The lack of specificity of high salivary HO-1 levels
in PD is not surprising as HO-1 has also been linked to a vari-
ety of neurodegenerative conditions including AD and
MCI.334:46 Expression of HO-1 by induction of the HMOX1
gene has been reported to occur early in AD pathology with
overexpression of HHO-1 protein in participants afflicted with
MCI, a frequent harbinger of AD.3” Additionally, HO-1 pro-
tein and mRNA detected in other AD biofluids such as CSF,
plasma, and serum, further attesting to the involvement in
HO-1 induction in the pathophysiology of neurodegenerative
conditions. 334546
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Additional secondary analyses revealed a significant differ-
ence between non-PD controls and PD HY stage 2 partici-
pants. Participants at other stages of disease progression had
higher HO-1 levels compared to non-PD controls, although
this was statistically non-significant. These results may be due
to the negative association found between salivary HO-1 and
LEDD. During disease progression, motor symptoms of PD
worsen and higher doses of pro-dopaminergic medications are
typically prescribed. The increasing dosage of levodopa pre-
scribed to participants at later stages of PD may have been suf-
ficient to reduce HO-1 protein levels in saliva relative to
subjects at earlier stages of PD, but insufficient to return them
to basal levels. This may also explain the lack of statistically
significant differences in HO-1 levels with disease progression.
The molecular mechanism(s) responsible for the relationship
between LEDD and HO-1 remains enigmatic in light of the
fact that dopamine potently induces HMOXI in cultured
rodent astroglia.?®

Despite the lack of specificity of the salivary HO-1 assay
for idiopathic PD, the test may prove valuable in clinically dis-
tinguishing degenerative from non-degenerative CNS disor-
ders. For example, movement disorder specialists are often at a
loss to differentiate idiopathic PD from neuroleptic-induced
extrapyramidal disorders or vascular parkinsonism. Similarly,
non-degenerative causes of MCI and dementia, including
various toxic-metabolic encephalopathies or psychomotor
retardation complicating severe depression, may confound the
diagnosis of AD.The ability to accurately distinguish between
degenerative and non-degenerative etiologies responsible for
these clinical presentations by means of a salivary HO-1 pro-
tein or other simple biochemical assays would be a welcome
development. In the ROC curves of multivariable logistic
regression models, we demonstrated that these models can
correctly classify a person having PD or a neurodegenerative
condition apart from the control population with an accuracy
over 85%.

Multivariable logistic regression models showed that the
likelihood of having a neurodegenerative condition is higher in
males, older age, and in subjects with increased salivary HO-1
and total protein concentration (Supplementary Figure 1). The
association between neurodegenerative conditions such as PD
and AD and age is not surprising as the worldwide prevalence
of these conditions is known to increase with age.>*’ In addi-
tion, neural degeneration has been seen in normal aging at a
rate of 4.7% per decade in the substantia nigra pars compacta
with an exponential increase in neurodegeneration in human
PD brain specimens with a 45% loss within the first decade.*?
This may tie into the oxidative damage and mitochondrial
damage theory of aging, as these patients and models of these
diseases do exhibit signs of oxidative stress and mitochondrial
damage with age. The association of sex to neurodegenerative
diseases is also not surprising as the prevalence of PD have
been shown to be 1.40 times higher in males than females,
while there is a 1.17 times female predominance in Alzheimer’s
disease. 247

The present findings suggest that models employing sali-
vary HO-1, total protein concentration, age, sex, and relevant
comorbidities may facilitate the clinical evaluation of patients
suspected of harboring a neurodegenerative condition. The lat-
ter could be used in a manner analogous to the measurement of
the erythrocyte sedimentation rate (ESR) and C-reactive pro-
tein (CRP) in patients with systemic inflammation or infec-
tion.* Despite the availability of more specific analytes of
inflammation, ESR and CRP are frequently employed as diag-
nostic markers, disease prognosticators, and indices of effective
therapeutic intervention (eg, in the management of giant cell
arteritis and other autoimmune conditions) on account of their
sensitivities to disease presence and severity, low cost, and ease
of implementation.**->! The ESR enjoys widespread clinical
utility notwithstanding the fact that it is relatively non-specific
and can be influenced by factors including age, sex, heart dis-
ease, renal disease, and pregnancy.**0 Similarly, CRP levels
may be augmented by age, late pregnancy, cigarette smoking,
obesity, and depression.* Along these lines, salivary HO-1
protein, albeit not specific to idiopathic PD (current study),
may prove useful in differentiating neurodegenerative from
non-degenerative neurological conditions, in the recruitment
of appropriate subjects for clinical drug trials and as a surrogate
marker of the therapeutic efficacy of disease-modifying medi-
cations when they become available.

Potential circulating biomarkers for diagnosis, prognosis, and
monitoring have been identified in salivary secretions for vari-
ous diseases, including PD, AD, Sjogren’s syndrome, and oral
cancer.!0-1431:435254 - Among neurodegenerative diseases, like
PD, the critical role of oxidative stress in disease pathogenesis
have led to increasing research in the use of oxidatively modified
nucleic acids, lipids, proteins, and antioxidants such as HO-1,
advanced glycation end products, and reduced glutathione as
salivary redox biomarkers for diagnostic or prognostic markers
of disease.*>% Saliva has several advantages in comparison to
other biofluids for biomarker research such as its non-invasive
method of fluid acquisition, the non-extensive requirement for
personnel training for saliva specimen collection, and salivary
composition being reflective of blood or CSF composition.”*
While there are advantageous attributes, the use of saliva as a
diagnostic fluid is uncommon due to lower levels of analytes in
saliva in comparison to other biological fluids. Despite this,
the search for salivary biomarkers of disease and research into
their potential is key in providing an alternative diagnostic tool
reflective of the physical well-being of an individual while also
being a non-invasive and cheaper method of disease screening.

There were several limitations to the current study. First, the
sample population included was recruited from a single site, did
not include a dental examination to assess oral health and salivary
gland dysfunction, and a replication cohort is lacking. Second, the
sample sizes of the degenerative and non-degenerative neurologi-
cal controls were smaller and contain a heterogeneous group of
neurological conditions in comparison to the PD group. While
the sample size of our groups satisfies the minimum limiting
sample requirement for multivariable regression analysis
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suggested by Harrell and colleagues, a greater sample size for each
control group would be desirable for future studies to further
assess how HO-1 multivariable models can separate the groups.3?
Additionally, this study does not include PD-mimics such as par-
ticipants with progressive supranuclear palsy and multiple system
atrophy. Lastly, MDS-UPDRS scores were not available to cor-
roborate HY staging for measurement of disease progression and
severity and should be included in future studies for PD staging
and additional confirmation of PD diagnosis.

The current study corroborates previous findings in which
HO-1 was detected in human saliva and higher levels of
HO-1 observed in participants with PD relative to healthy,
non-neurological controls. Moreover, we now demonstrate
significantly elevated salivary HO-1 levels in participants with
other neurodegenerative conditions. Although high salivary
HO-1 levels were not specific to the PD population, the mul-
tivariable models presented suggest the possible use of salivary
HO-1 as a potential biomarker of neurodegenerative condi-
tions such as PD, AD, and MCI when combined with total
protein, demographic, and comorbidity data. The accuracy of
these models to classify PD or a neurodegenerative condition
was above 85%, indicating that such modeling may prove use-
ful in the clinical setting. Conceivably, the inclusion of other
potential biomarker(s) in models more specific to PD, such as
salivary oligomeric a-synuclein, may confer added specificity
to distinguish PD from other neurodegenerative disorders.
Future studies would venture into the measurement of salivary
HO-1 content of total EVs and CNS-derived EVs as the lat-
ter may further improve the accuracy of the HO-1 assay as a
biomarker of neurodegeneration.3¢
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