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ABSTRACT ARTICLE HISTORY

The brain is the key organ that orchestrates the stress response which translates to the retina. ~ Received 16 August 2022
The retina is an extension of the brain and retinal symptoms in subjects with neurodegenerative ~ Accepted 30 April 2023
diseases substantiated the eye as a window to the brain. The retina is used in this study to KEYWORDS

determine whether chronic stress reflects neurodegenerative signs indicative of neurodegenerative Chronic stress-phenotype;
conditions. A three-year prospective cohort (n=333; aged 46+9years) was stratified into blood-retinal barrier;
stress-phenotype cases (n=212) and controls (n=121) by applying the Malan stress-phenotype proteomics; S1008;
index. Neurodegenerative risk markers included ischemia (astrocytic S100 calcium-binding protein ~ B-NGF; optic-neuropathy;
B/S100B); 24-h blood pressure, proteomics; inflammation (tumor-necrosis-factor-a/TNF-a); neuronal neurodegeneration
damage (neuron-specific-enolase); anti-apoptosis of retinal-ganglion-cells (beta-nerve-growth-factor),

astrocytic activity (glial-fibrillary-acidic-protein); hematocrit (viscosity) and retinal follow-up data

[vessels; stress-optic-neuropathy]. Stress-optic-neuropathy risk was calculated from two indices: a

newly derived diastolic-ocular-perfusion-pressure cut-point >68 mmHg relating to the

stress-phenotype; combined with an established cup-to-disk ratio cut-point >=0.3. Higher stress-optic-

neuropathy (39% vs. 17%) and hypertension (73% vs. 16%) prevalence was observed in the

stress-phenotype cases vs. controls. Elevated diastolic-ocular-perfusion-pressure, indicating

hypoperfusion, was related to arterial narrowing and trend for ischemia increases in the

stress-phenotype. Ischemia in the stress-phenotype at baseline, follow-up and three-year changes

was related to consistent inflammation (TNF-a and cytokine-interleukin-17-receptor-A),

neuron-specific-enolase increases, consistent apoptosis (chitinase-3-like protein 1, low

beta-nerve-growth-factor), glial-fibrillary-acidic-protein decreases, elevated viscosity, vein widening

as risk marker of endothelial dysfunction in the blood-retinal barrier, lower vein count, and elevated

stress-optic-neuropathy. The stress-phenotype and related neurodegenerative signs of ongoing

brain ischemia, apoptosis and endothelial dysfunction compromised blood-retinal barrier

permeability and optic nerve integrity. In fact, the stress-phenotype could identify persons at high

risk of neurodegeneration to indicate a neurodegenerative condition.
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1. Introduction

Chronic stress was shown to alter brain activity and reduce
neurovascular coupling in rodents (Berndt, 2014). The process
of neurovascular coupling involves adjustment of blood flow
in neural tissue in response to functional activity to meet
increased metabolic demand (Berndt, 2014). Reduced neuro-
vascular coupling was observed in the Malan chronic stress
and stroke risk phenotype (hereafter stress-phenotype) (Malan
& Malan, 2021). Moreover, the stress-phenotype reflected
delayed retinal vaso-activity and -tone in response to low
norepinephrine and hypothalamic-pituitary-adrenal axis
(HPAA) functioning (Malan et al., 2021). Chen et al. (2020)
and Wei et al. (2019) also demonstrated HPAA dysregulation
in relation to neuro-ischemia, neuro-inflammation, and neu-
rodegeneration. Clearly, humans with chronic stress-related
disorders have a higher risk of developing vascular and struc-
tural neurodegenerative changes (Song et al., 2020). Several
well-defined neurodegenerative conditions that affect the
brain manifested in the eye, and ocular symptoms often pre-
ceded the clinical manifestation of a central nervous system
disorder (London et al.,, 2013). Hence the retina, due to its
shared origin and drainage with the cerebrovascular circula-
tion, is of particular interest as a measure of cerebral vascular
disease and neurodegeneration (Moss, 2015).

As the retina allows noninvasive assessment of the vasculature,
it provides a window to the brain through which some mecha-
nisms of neurodegeneration can be visualized. The human retina
is the tissue with the highest metabolic demand (8%) in the
body and an ischemic insult such as brain ischemia (Seidenfaden
et al, 2021), or an inadequate blood supply, resulted in lower
vessel count or rarefaction as observed in hypertensives (Bosch
et al, 2017) and retinal hypoperfusion (Patel & Chih, 2017).

Currently, one of the most widely accepted clinical risk
markers to identify brain or retinal ischemia is serum S100
calcium-binding protein B (S100B), a molecule found primarily
in the cytoplasm of glial astrocytes (Seidenfaden et al., 2021).
Nash et al. (2008) suggested S100B as a significantly useful
marker to assess acute ongoing brain ischemia and long-term
clinical outcome. In eighteen studies with a total of 1,643
patients, ST00B was also applied as a marker to monitor mild
ongoing brain injury (Shulman, 2020). Cerebral ischemia was
furthermore accompanied by a marked inflammatory reaction
rendering the vascular blood-brain-barrier more permeable
to solutes (Galea, 2021). Vascular leakage occurs earlier in
retinal than in cortical tissues (Hui et al., 2017), and retinal
vein widening as a sign of leakage was observed in
blood-retinal barrier (BRB) breakdown (Gu et al., 2014) and
ischemic stroke (Moss 2015). The BRB is composed of tight
junctions between vascular endothelial cells (the inner BRB)
forming the highly selective semi-permeable border or
neurovascular-unit (Diaz-Coranguez et al., 2017). The defense
strategy of the BRB is to maintain an immune-privileged site
as it insulates the retina from circulating immune cells within
the capillaries (Yang et al., 2020).

For the current investigation, the validated Malan
stress-phenotype index (Malan & Malan, 2021) was applied,
and the retina was used as a noninvasive measure to sub-
stantiate neurodegenerative risk. Furthermore, peripheral risk
markers in the systemic circulation reflective of cerebral tissue
damage, included proteomic analyses (Querol-Vilaseca et al.,
2017); as well as three-year trajectories of ischemia (S100B)
(Nash et al., 2008; Seidenfaden et al., 2021); neuron-specific-eno-
lase (NSE) (Dichev et al., 2020); astrocytic activity or
glial-fibrillary-acidic-protein expression (GFAP) (Sorci et al.,



2010); beta-nerve-growth-factor (B8-NGF) as a protector of the
retinal endothelium by inhibiting apoptosis (Troullinaki et al.,
2019); glial-cell-line-derived-neurotrophic-factor (GDNF) reg-
ulating permeability of the BRB (Igarashi et al., 2000); and
retinal data at 3-yr follow-up (Vilser, 2019). Our objectives
were to 1) use the retina as noninvasive measure to substan-
tiate neurodegenerative risk; and to 2) determine whether
the stress-phenotype will reflect ocular and neurodegenera-
tive signs to indicate a neurodegenerative condition.

2. Materials and methods
2.1. Study sample

A sub-sample of the Sympathetic activity and Ambulatory
Blood Pressure in Africans (SABPA) prospective cohort study
(Malan et al., 2015) was used for this investigation. The pro-
spective cohort, aged 20-63years, participated at baseline
and three-year follow-up (2008-2012) (Figure 1).

Ethical approval was obtained from the Health Research
Ethics Committee (HREC) of the North-West University,
Potchefstroom Campus (NWU-00036-07-56) and complied with
the Helsinki Declaration. Informed consent was obtained from
the all the participants before the study began. The partici-
pant sample included 333 individuals having proteomic data
points. The exclusion criteria for the SABPA study were preg-
nancy, lactation, users of a- and B-blockers or psychotropic
substance usage, blood donors or vaccinations within
3months prior to clinical assessment and a tympanum tem-
perature > 37.5°C. Clinical data included cardiac risk marker
measures namely ambulatory blood pressure assessments
(Cardiotens CE120°. Meditech, Budapest Hungary); Cornell
product left ventricular hypertrophy via a 12-lead resting ECG
[(RaVL+SV3) *QRS duration (NORAV Medical Ltd PC 1200,

2170 invited
471 volunteering teachers
Screened for eligibility
Aged 20-63 years

Primary exclusion: :

Pregnancy/ Lactation, I

Users of a- and B-blockers and/ psychotropic :
substances; Blood donors/vaccinations (3 |
months prior to assessment) :
Tympanum temperature 237.5°C :

Baseline
409 enrolled (200 Africans, 209 Caucasians)

I

3-year follow-up (n=359)
Participants with proteomic data (n=333)

I I

Chronic High-Stress Chronic Low-Stress
(n=212 cases) (n=121 controls)

Figure 1. Participant selection criteria.
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Israel, Software version 5.030)]. Atherosclerotic burden
(Supplemental text) was determined by carotid intima media
screening and retinal risk data assessed by using the validated
retinal vessel analyzer (Imedos Systems GmbH, Jena, Germany)
(Vilser, 2019).

Assessments took place over two consecutive days at the
overnight facilities of the Metabolic Unit Research Facility at
North-West University. Each participant completed demo-
graphic and medical history questionnaires; received 24-h
standardized diets and fasted from 22:00 (Malan et al., 2015).
The next morning at 07:30, ambulatory apparatuses were
disconnected and hereafter participants were in a
semi-recumbent position for approximately 30-45 minutes
before resting blood sampling commenced.

2.2. The Malan chronic stress and stroke risk
phenotype (PCT/IB2020/057269)

Disturbed neural and stress hormone activity was related to
oxygen perfusion deficits in the brain-heart axis (Malan &
Malan, 2021; Malan et al., 1996, 2017, 2021). From this, the
challenge emerged to identify an individual’s observable traits
or phenotype to reflect a chronic stress and stroke risk index
(hereafter stress-phenotype). This was achieved by construing
a stress-phenotype that contains four biological markers,
namely adrenocorticotrophic hormone, high-density lipopro-
tein, high-sensitivity cardiac troponin T, and diastolic blood
pressure (DBP). The stress-phenotype is independent of age,
ethnicity, or sex and demonstrated discriminatory ability for
the positive prediction of stroke risk in two modules:

a. Module 1, chronic stress and ischemic heart
disease-related stroke risk [AUC 0.77 (95% confi-
dence interval: 0.72-0.82); 85% sensitivity/48%
specificity]; and

b. Module 2, chronic stress and diabetes-related stroke
risk [0.82 (95% confidence interval: 0.75-0.85); 85%
sensitivity/58% specificity].

An algorithm was developed for web and mobile applica-
tion to be utilized as a stress-phenotype screening tool in
medical practice. Module 1 was applied for the current inves-
tigation and the four markers were determined with stan-
dardized methods (Malan et al., 2015), and not included in
any statistical regression analysis models of the current
investigation.

2.3. Retinal vessel assessment

Retinal vessel analyses were done at follow-up mostly in the
right eye (Malan et al., 2015). Participants abstained from
food or caffeine containing beverages, alcohol, smoking or
exercise one hour prior to measurements. On arrival, they
were introduced to the procedure by a trained registered
nurse and screened for acute anterior angle chamber glau-
coma risk with a small light source. Mydriasis was induced
in the right eye of the participant by means of a drop con-
taining tropicamide, 1% and benzalkonium chloride 0.01%
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(m/v). Fundus imaging was performed in a well-controlled
light and temperature regulated room with the retinal vessel
analyzer based on Zeiss fundus camera FF450+ with retinal
vessel analysis Software VesselMap 2 Version 3.02 (Imedos
Systems GmbH, Jena, Germany).

Retinal vessel diameter (arterioles and venules, hereafter
arteries and veins) and count (rarefaction) data were deter-
mined by using monochrome images as well as the original
color photographs for reference. First order vessels in the
measuring zone located between 0.5 and 1.0 optic disk
diameters from the margin or the optic disk were selected.
Trunks in this area were counted and if not clear, the
branches were counted. Branch measurements were declined
if either of the branches could not be measured accurately.
On average, between 7 and 17 arteries and an equal number
of veins were measured. The Knudtson-Parr-Hubbard formula
was used to standardize individual vessel calibers. Large
vessels in the measuring area usually belong to the small
arteries and veins of the microcirculation with vessel diam-
eters between 40 and 300 um (central artery or vein are the
largest retinal vessels with diameters between 200 and
300 um). Automated software calculations determined esti-
mates from the 6 largest arteries and veins. As the image
scale of each eye was unknown, the values of the retinal
arteries and veins were expressed as measuring units (MU).
1MU is equivalent to 1T micrometer when the dimensions
of the eye being examined correspond to those of the nor-
mal Gullstrand eye. Reproducibility was computed for a
randomly selected cohort with a correlation coefficient
of 0.84.

2.4. Diastolic-ocular-perfusion-pressure as an indicator
of hypoperfusion

Diastolic-ocular-perfusion-pressure (Supplemental text) as an
indicator of perfusion changes (blood flow changes) reflects
changes in vascular resistance and autoregulatory capacity
(Vilser, 2019), and which could induce ischemia and/or
hypoxia in the optic nerve head (Moore et al., 2008).
Intra-ocular pressure was measured after a local anesthetic
drop (Novasine Wander 0.4% Novartis) was instilled (Tono-Pen
Avia Applanation Tonometer (Reichert 7-0908, ISO 9001, NY,
USA). Diastolic-ocular perfusion-pressure (mmHg) was calcu-
lated and hypertensive/diabetic retinopathy was diagnosed
by a registered ophthalmologist.

2.5. Biochemical analyses

Registered nurses obtained fasting blood samples from the
ante-brachial vein with a sterile winged infusion set. Samples
were handled according to standardized protocol and stored
at —80°C until analyses. Serum C-reactive protein (CRP) was
measured with the ultra-high sensitivity turbidimetric method
(Unicel DXC 800, Beckman and Coulter, Germany). Whole
blood count analysis determined viscosity (hematocrit) with
the Coulter AcT 5 diff Analyzer (Beckman Coulter, South
Kraemer Boulevard Brea, CA, USA). Whole blood EDTA gly-
cated hemoglobin (HbA,.) was determined with turbidimetric

inhibition immunoassays (Cobas Integra 400 Plus, ROCHE
Basel, Switzerland). Chronic stress was related to suppression
of testosterone synthesis in rodent Leydig cells through mito-
chondrial damage (Xiong et al., 2022). Here, electrochemilu-
minescence immunoassays were used to analyze hair
testosterone (Supplemental text) (ECLIA IBL-Hamburg,
Germany), serum S100B and NSE (e411, ROCHE, Basel,
Switzerland) with intra- and inter-assay coefficients of varia-
tion of less than 5%. Ongoing brain ischemia was determined
at the acceptable cut point of S100B > 0.1 ug/L (Seidenfaden
et al.,, 2021). DuoSet ELISA kits from R&D Systems Inc.
(Minneapolis, USA) were used for analyses of serum GFAP:
catalogue #DY2594-05; intra- (3.96%) and inter-assay (1.63%);
serum B-NGF with a normal mean level of 194+25pg/ml
(Serrano et al., 1996) catalogue #DY256; intra- (3.13%) and
inter-assay (1.50%); and serum GDNF: catalogue #DY2594-05;
intra- (3.96%) and inter-assay (1.63%). Serum
tumor-necrosis-factor-a (TNF-a) values were determined with
a quantikine high sensitivity human TNF-a enzyme-linked
immunosorbent assay (HS ELISA; R&D Systems, Minneapolis,
MN, USA). The inter- and intra-assay variability for TNF-a was
15% and 17.8%, respectively.

Proteomic Profiling: Plasma levels of proteins were analyzed
by the Proximity Extension Assay (PEA) technique, PCR-based
affinity proteomics technology, using the Proseek Multiplex
CVD 1l 96x96 reagent kits (Olink Bioscience, Uppsala,
Sweden) (Supplemental text). Mean intra-assay and inter-assay
variations were 7% and 14% respectively.

2.6. Statistical analysis

Statistica version 13.3 (TIBCO Software Inc., Palo Alto, USA,
2021) and IBM® SPSS® statistics version 27 (2020) were used
for data analyses. Proximity Extension Assay (PEA) proteins
were log transformed whereas neurodegenerative risk markers
S100B, NSE, GFAP, B-NGF, GDNF and TNF-a were Box-Cox
transformed before analyses.

Independent t-tests for continuous variables or Chi-square
tests for binary variables were used to compare differences
between baseline means an percentages in the
stress-phenotype and controls. Dependent samples t-test were
used to determine neurodegenerative risk marker changes
over 3-years in the stress-phenotype and controls.

Logistic regression analyses were performed for each of
the 89 proteins to identify which were significantly related
to the stress-phenotype, adjusting for neurodegenerative risk
markers (S100B, NSE, GFAP, B-NGF, GDNF) at baseline.
Univariate significance levels were Bonferroni-corrected
(p<0.05/94=5.5%x10"%) for each set of logistic regression
analyses. Subsequent logistic regression analysis to determine
risk for prevalent and incident stress-phenotype related isch-
emia included the identified stress-phenotype related proteins
as potentially confounding variables. Stress-phenotype related
ischemic injury or risk was defined at the clinically accepted
S100B =0.1 pg/L cut point (Seidenfaden et al., 2019). Additional
potential confounders included neurodegenerative risk mark-
ers at baseline and 3-yr percentage changes in NSE, GFAP,
B-NGF, GDNF.



Decreased neurovascular coupling in the stress-phenotype
(Malan et al., 2021) motivated determination of stress-ON risk
(neuro=optic nerve integrity/cup-to-disk ratio, vascu-
lar = hypoperfusion). A hypoperfusion cut point, using a
receiver-operating-characteristic (ROC) area-under-the-curve
analysis, combined with the established cup-to-disk ratio
cut-point =0.3 (Tsai & Forbes, 2004) will form an alternative
way to screen for potential neurodegeneration related
to stress.

Retinal vein widening has been considered as an endo-
thelial dysfunction indicator in assessment of blood-brain-
barrier hyperpermeability risk (Dumitrascu et al., 2018).
Pearson pairwise correlation analyses were used to determine
unadjusted correlations between baseline, follow-up ischemia
(S100B) and retinal vein widening at baseline and follow-up
in the stress-phenotype and controls.

Thereafter forward stepwise linear regression analyses
were used to determine continuous neurodegenerative
risk associations in several models at baseline, follow-up
and 3-year changes (3-yr A%) in cases and controls.
Percentage changes were determined as ((follow-up -
baseline)/baseline) X 100. Dependent variables were 1)
diastolic-ocular-perfusion-pressure at follow-up and 2)
ischemia at baseline, follow-up and lastly 3-yr A%.
Independent neurodegenerative risk markers included ret-
inal vessels, vessel count, NSE, GFAP, B-NGF, GDNF, and
hematocrit, the respective retinal artery/vein caliber, iden-
tified dysregulated proteins and stress-ON. Stress-ON was
omitted from hypoperfusion models to avoid collinearity.
Fundus assessment was graphically presented and applied
in a stress-phenotype case with ongoing ischemia. Forward
stepwise regression analyses were repeated by adding age
and sex as independent confounders in all regression mod-
els as it may influence the optic cup-to-disk ratio (Tsai &
Forbes, 2004). Statistical significance was set at p<0.05
(two-tailed).

3. Results

In Table 1, the stress-phenotype showed significantly
higher cardiac risk with medium to large effects in men
(phi = 0.4), hair testosterone in men (d=0.6), increased
central obesity (phi = 0.3), low grade inflammation and
prediabetes (phi = 0.3), atherosclerotic burden, ECG-LVH
(phi = 0.5), cardiac myocyte injury (phi = 0.3), elevated
hematocrit (phi = 0.4) and hypertension (phi = 0.5)
(p<0.05) compared to controls. Regarding neurodegener-
ative risk (Table 1), TNF-a and retinal arterial narrowing
(d=0.3) and lower retinal arterial and vein count (d=0.5)
showed small to medium effects in the stress-phenotype
compared to the controls.

In Table 2, statistically significant neurodegenerative risk
marker changes over 3-years with small effects were evident
for the stress-phenotype. Increases were observed in S100B
and NSE levels and decreases in GFAP and GDNF; whilst no
changes were apparent in TNF-a and B-NGF levels. TNF-a
levels increased in the controls.
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By using logistic regression analysis, potential dysregula-
tion of proteins was identified in the stress-phenotype at
baseline (Tables S1-S4). Ongoing brain ischemia was defined
as S100B =0.1pug/L (Nash et al., 2008; Seidenfaden et al.,
2021). In Table 3, proteins indicating prevalent (Model 1) and
incident (Model 2) stress-related ongoing ischemia, are pre-
sented. Pro-inflammatory receptor IL-17RA showed consis-
tently higher prevalence (OR = 2.6) and incidence (OR = 2.3)
ongoing ischemia risk (Models 1 and 2). Three-year increases
(3-yr A%) in NSE (OR = 1.4); IL-17RA (OR = 2.3) and CHI3L1
(OR = 1.7) were associated with incident ongoing ischemia
risk (p<0.05) in the stress-phenotype (Model 2). Model 2
showed good fit (p<1.00) with Hosmer Lemeshow at p=0.91.
Only IL-17RA and apoptotic CHI3L1 proteins indicated higher
risk for dysregulation, which defined a stress-phenotype
proteome.

Figure 2 illustrates a receiver-operating-characteristic (ROC)
curve with an area-under-the-curve (AUC) [0.72 (0.67, 0.78),
p<0.001] for a newly derived hypo-perfusion cut point of
68 mmHg in relation to the stress-phenotype (sensitivity 71%/
specificity 64%).

In Table 4, retinal hypoperfusion was related to arterial nar-
rowing and trend for increasing ischemia over time (p<0.078).

Vein widening was correlated with both baseline S100B
(r=0.22; p=0.003) and three-year follow-up S100B (p=0.37,
p<0.001) (data not shown).

In Figure 3(B), established higher/out of range neurode-
generative risk signs in a stress-phenotype male case with
ongoing ischemia, included 24h SBP 158/DBP 93 mmHg (24h
hypertension 130 and/or 80 mmHg); less retinal veins (n=7;
range 7-17); S100B=0.11pg/l (brain injury S100B=0.1pg/l);
low B-NGF = 16.7 pg/ml (healthy mean 194 +25pg/ml); NSE
= 11.4ng/ml (moderate cognitive impairment 11.4ng/ml);
stress-optic neuropathy risk, and stroke risk (arteriovenous
nicking).

In Table 5, S100B levels at baseline, follow-up and 3-yr
A% increases in the stress-phenotype were related to neu-
rodegenerative risk signs (p<0.05). The stress-phenotype
indicated ongoing ischemia as S100B levels increased from
baseline to follow-up. Ongoing ischemia further reflected
pro-inflammatory IL-17RA, or consistent TNF-a, increases
in neuronal damage, decreases in astrocyte activity, con-
sistent apoptosis (CHI3LI, low -NGF), elevated hematocrit,
vein widening, low vein count, and stress-ON risk.
Repeating regression analyses by using a cup-to-disk ratio
cut point =4 index (Turgut, 2017) for determination of
stress-ON, did not change the outcome. All three ischemic
models in the controls were non-significant (Adjusted R?
values <0.10).

4. Discussion

The retina was used in this investigation to determine
whether chronic stress will reflect eye and neurodegenerative
signs to indicate a neurodegenerative condition. Several neu-
rodegenerative signs in relation to the stress-phenotype were
observed, including ongoing brain ischemia, apoptosis and
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Table 1. Comparing baseline clinical characteristics of the stress-phenotype vs. controls.

Stress-phenotype

(Cases) (Controls) d-values/
(n=212) (n=121) p Values phi-coefficients
Age (years) 46.4 (+9.2) 44.5 (+8.9) 0.043 0.2
Sex, n (% male) 136 (64) 29 (24) <0.001 0.4
Hair testosterone in men (pg/ml) 8.16 (£12.4) 29.47 (£112.1) 0.031 0.6
2.09 (0.88-12.66) 2.21 (0.52-12.66)
Hair testosterone in women (pg/ml) 1435 (£19.2) 10.32 (+21.7) 0.198 0.5
9.20 (0.37-21.60) 0.84 (0.26-12.66)
Cardiac risk markers
Central obesity, n (%) 148 (70) 45 (37) <0.001 0.3
Low grade inflammation, n (%) 110 (52) 46 (38) 0.016 0.1
Prediabetes, n (%) 115 (55) 34 (28) <0.001 0.3
Atherosclerotic burden, n (%) 72 (34) 18 (15) <0.001 0.2
ECG-Cornell product LVH (mV.ms) 59 (36-85) 38 (25-68) <0.001 0.5
Cardiac myocyte injury, n (%) 142 (67) 45 (38) <0.001 0.3
24-h Hypertension, n (%) 155 (73) 19 (16) <0.001 0.6
Stroke risk, n (%) 94 (44) 37 (32) 0.016 0.1
Neurodegenerative risk markers
S100B calcium-binding protein B (ug/l) 0.1 (£0.03) 0.01 (+0.04) 0.129 -0.2
0.04 (0.03-0.05) 0.04 (0.03-0.06)
Neuron specific enolase (ng/ml) 10.1 (+4.3) 9.9 (£3.4) 0.584 0.1
9.6 (7.4-12.0) 9.4 (7.2-12.1)
Glial-fibrillary-acidic-protein (ng/ml) 29.2 (£52.5) 36.8 (61.4) 0.229 -0.1
1.5 (0.2-31.6) 2.3 (0.2-48.7)
Beta-nerve-growth-factor (pg/ml) 114.3 (+449.7) 106.2 (231.1) 0.855 0.1
17.9 (12.97-52.87) 17.9 (13.59-74.63)
Glial-cell-line-derived-neurotrophic-factor (pg/ml) 448.6 (+£1290.6) 314.3 (909.7) 0.313 0.1
25.5 (17.1-80.5) 24.9 (17.5-105.6)
Tumor necrosis factor-a (pg/ml) 2.7 (£2.9) 2.0 (£2.2) 0.027 0.3
2.3 (0.8-3.9) 1.4 (0.1-2.8)
*Retinal arterial caliber (MU) 149 (+0.81) 154 (£1.1) <0.001 -0.4
*Retinal vein caliber (MU) 244 (+1.3) 238 (+1.7) 0.005 0.1
Retinal artery count 12 (+2) 13 (+2) 0.02 -0.5
Retinal vein count 11 (£2) 12 (+2) 0.012 -0.5
Diastolic-ocular-perfusion-pressure (mmHg) 73 (£12) 64 (+£10) <0.001 0.1
Hematocrit, n (%) 43 (£5) 40 (+4) <0.001 0.4
Stress-optic neuropathy risk, n (%) 78 (39) 19 (17) <0.001 0.2

T-test results for independent groups are displayed as means (£SD). In skewed data, Mann-Whitney U-test results are displayed as median (interquartile range).
Chi-square (x?) tests were used to determine proportions and prevalence and are indicated as frequencies (%). *Retina arterial and vein calibers (mean = SEM)
were adjusted for age and the respective artery/vein caliber. P-values are based on results from the independent t-test and Chi-square tests. Effect sizes are
indicated by Cohen’s d-values or phi values. Cohen’s d-values for independent t-tests: 0.2 = small effect, 0.5 = medium effect and 0.8 = large effect. Phi
values for Chi-square tests: 0.1 = small effect, 0.3 = medium effect and 0.5 = large effect. American Diabetes Association (2020) and European Society
Cardiology/Hypertension guidelines were applied for cut points to determine central obesity, > 94 men, = 80 women; low grade inflammation, C-reactive
protein > 3mg/L; prediabetes, HbA1C > 5.7%; atherosclerotic burden, left carotid intima media thickening > 0.75 mm; ECG-Cornell product LVH, (RaVL+ SV3)*QRS,
left ventricular hypertrophy (Tan et al., 2019); cardiac myocyte injury, stress-related cardiac troponin T > 4.2 pg/ml (Malan et al., 2017); 24h hypertension,
SBP > 130 and/or DBP > 80 mmHg; stroke risk, retinal arteriovenous nicking (Dumitrascu et al., 2018), and stress-optic neuropathy, a novel hypoperfusion
cut point (68mmHg) in relation to the stress-phenotype combined with an established cup-to-disc ratio cut-point >0.3 (Tsai & Forbes, 2004).

Table 2. Changes in neurodegenerative riskmarkers in the stress-phenotype and controls over three years.

Stress-phenotype (n=212)

Difference (£95% Cl)

p-value/d-value

Controls (n=121)

Difference (+95% Cl) p-value/d-value

S100B (ng/ml) +0.003 (0.001, 0.005) 0.004/0.1 —0.002 (—0.006, 0.01) 0.199/0.1
Neuron-specific-enolase (ng/ml) +1.26 (0.55, 1.98) <0.001/0.2 +3.61 (—0.30, 1.02) 0.283/0.1
Glial-fibrillary-acidic-protein (ng/ml) —5.42 (-9.87, —0.97) 0.017/0.1 —3.43 (-9.22, 2.36) 0.244/0.1
Beta-nerve-growth-factor (pg/ml) +31.28 (—24.30, 86.87) 0.269/0.1 +28.12 (—5.86, 62.09) 0.104/0.1
Glial-cell-line-derived-neurotrophic-factor (pg/ml) —186.66 (—336.86, —36.46) 0.015/0.3 —74.60 (—214.37, 65.18) 0.293/0.1
Tumor-necrosis factor-a (pg/ml) —-0.19 (-0.58, 0.19) 0.316/0.1 +0.99 (0.38, 1.42) <0.001/0.4

Using dependent samples t-test (mean + 95% Cl) to determine changes in neurodegenerative risk markers in the stress-phenotype and controls over three years.

Abbreviation: ST00B: S100 calcium-binding protein B.

endothelial dysfunction, which compromised blood-retinal
barrier permeability and optic nerve integrity.

4.1. The stress-phenotype, hypoperfusion and ongoing
brain ischemia

The stress-phenotype reflected hypoperfusion and elevated
viscosity, which could alter blood flow and endothelial cell

function through wall shear-stress (Gaehtgens, 1988).
Shear-induced red blood cell release of ATP did increase
endothelial cell intracellular Ca?* activity, resulting in endo-
thelial cell gap formation (Xu et al., 2017). Hypoperfusion
may also induce ischemia and/or hypoxia via higher blood
pressure and/or lower intraocular pressure to enhance arterial
vascular resistance, and to reduce ocular blood flow to the
optic nerve head (Hansen et al.,, 2012). Hence the higher
blood pressure and diastolic-ocular-perfusion-pressure in the
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Table 3. Multivariate logistic regression analysis was used to explore proteins significantly related to prevalent and incident risk of ongoing brain ischemia

(S100B) in the stress-phenotype.

Model 1 (Stress-phenotype)
Prevalent ongoing ischemia

Model 2 (Stress-phenotype)
Incident ongoing ischemia

(n=64) (n=74)

Model fit Hosmer Lemeshow 7.3 (p=0.51) Hosmer Lemeshow 3.4 (p=0.91)

OR (95%Cl) p-value OR (95%Cl) p-value
IL-17RA 2.62 (1.24-5.54) 0.012 2.29 (1.07-4.89) 0.032
CHI3L1 1.35 (0.91-2.01) 0.137 1.70 (1.11-2.61) 0.014
3-yr A% NSE 1.30 (0.75-2.26) 0.346 1.42 (1.05-1.24) 0.002
CPB1 0.65 (0.37-1.12) 0.122 0.47 (0.26-0.84) 0.010
TNFRSF14 0.99 (0.98-1.01) 0.005 0.99 (0.99-1.00) 0.014

Stress-ischemia, the stress-phenotype with ongoing brain ischemia at S100B >0.1ug/L (Nash et al., 2008; Seidenfaden et al., 2021). Independent variables included
in Model 1: the 16 identified proteins and baseline neurodegenerative risk markers (NSE, GFAP, 3-NGF, and GDNF) in the stress-phenotype. In Model 2, independent
variables included the 16 identified proteins and 3-yr percentage changes in neurodegenerative risk markers (NSE, GFAP, B-NGF, and GDNF). Abbreviations: IL-17RA:
interleukin-17 receptor A; CHI3L1: chitinase-3-like protein 1; CPB1: carboxypeptidase B; TNFRSF14: tumor necrosis factor receptor superfamily member 14.

ROC Curve
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Figure 2. Presenting a novel hypoperfusion cut point of 68 mmHg in relation
to the stress-phenotype by using a receiver-operating-characteristic curve with
AUC [0.72 (0.67, 0.78), p<0.001] (sensitivity 71%/specificity 64%).

Table 4. Forward stepwise linear regression analyses depicting associations
between *retinal hypoperfusion and neurodegenerative risk markers at
follow-up considering 3-year changes (3-yr A %) in stress-phenotype cases.

Stress-phenotype cases (n=157)

Retinal Hypoperfusion (mmHg)

0.17
B (95% Cl), p
Retinal artery (MU) —-0.34 (-0.50, —0.18), p<0.001
3-yr A% S100B —-0.13 (-0.27, 0.01), p=0.078

Case-wise deletion was applied with F to enter = 2.5. *Retinal hypo-perfusion
(mmHg), derived from the diastolic-ocular-perfusion-pressure measure.
Additional covariates included age, sex, neurodegenerative risk markers
(hematocrit, retinal vein and count, NSE, GFAP, B-NGF, GDNF, CHI3LI, and
either IL17-RA or TNF-a was added as confounder). Abbreviation: MU, mea-
suring unit is equivalent to Tum in the normal Gullstrand eye.

Adjusted R?

stress-phenotype supported the notion of ischemia and/or
hypoxia effects, particularly in men with low testosterone
(Malan et al., 2015). In support, abnormal intraocular pressure
reflected abnormal intracranial pressure, which impeded

cerebral blood flow to cause secondary ischemic insult
(Marshall et al., 2015).

S100B is primarily synthesized by astrocyte end-feet pro-
cesses, and ongoing brain ischemia will induce quick release
of S100B in the circulation (Mori et al., 2008). S100B exerts
regulatory effects on a relatively large number of cell types
in an autocrine, paracrine and, possibly, endocrine manner.
At micromolecular concentrations, circulating S100B may
become pro-apoptotic and pro-inflammatory in the nervous
and cardiovascular systems (Donato et al.,, 2009). Increased
S100B concentrations also compromised brain tissue integrity
and BRB permeability in the retinal vascular endothelium
(Alexander et al., 2013). Seidenfaden et al. (2021) used the
S100B cut point of 0.1ug/L as a marker of ongoing brain
ischemia and mild traumatic brain injury. In our
stress-phenotype group, a S100B mean of 0.1 ug/L resembled
stress-related ongoing brain ischemia and non-traumatic brain
injury as a secondary ischemic insult.

We could replicate findings from Seidenfaden et al. (2021)
as we demonstrated higher apoptotic (CHI3L1) odds for
ongoing brain ischemia and non-traumatic brain injury inci-
dence (OR = 1.7) in the novel stress-ischemia proteome. Our
findings were further supported by another meta-analysis
(Unden and Romner 2010) in pre-hospital and in-hospital
patients (Seidenfaden et al., 2021) with the S100B = 0.10 ug/L
cut point showing sensitivity of 97% and 89-100%, respec-
tively with CT-visual brain pathology. The stress-phenotype
reflecting ongoing brain ischemia over 3-years infers ischemia
in damaged astrocytes due to decreased GFAP expression
(Zhang et al., 2017), implying its benefit as neurodegenera-
tive marker. In another study, Wallensten et al. (2022) could
replicate raised S100B levels in relation to astrocytic apop-
tosis but not to self-reported chronic stress-induced disor-
ders. Hence, our stress-phenotype and ongoing ischemia
might rather explain the inflammatory homeostatic reflex
responses.

4.2. Stress-phenotype and inflammation

Ongoing brain ischemia in the stress-phenotype was related
to consistent inflammation with raised TNF-a and IL-17RA
incidence risk. According to Zhong and Sun (2022), central
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A. Retinal vessel diameter and count assessment

B. Stress-phenotype case

»

Figure 3. lllustrating assessment of retinal vessel diameter and count in a control eye (Fig 3A); and retinal neurodegenerative risk signs in a stress-phenotype
case with ongoing ischemia (S100B >0.1ug/L) (Figure 3(B)). The blue V, indicates veins and the red A, indicates arteries.

Table 5. Forward stepwise linear regression analyses depicting associations between S100B and neurodegenerative risk markers
including retinal data, at baseline, follow-up and 3-year percentage changes (3-yr A (%) in the stress-phenotype (n = 160).

The Stress-phenotype

Baseline Follow-up 3-yr A (%)
S100B (ug/L) S100B (ug/L) 51008
Adjusted R? 0.21 0.25 0.13
B (95% Cl), p B (95% Cl), p B (95% Cl), p
"|L17-RA T t 30.18 (0.20, 0.34),
p=0.016
"3-yr A (%) TNF-a T t 5-0.17 (-0.33, —-0.01),
p=0.036
3-yr A (%) NSE 1 1 2b0.23 (0.07, 0.39),
p=0.004
3-yr A (%) GFAP 1 1 ab_0.21 (-0.37, —0.05),
p=0.007
3-yr A (%) GDNF 1 1 T
Baseline B-NGF (pg/ml) —-0.17 (-0.31, —0.03), T t
p=0.027
Follow-up B-NGF (pg/ml) T —0.20 (—0.34, —0.06), t
p=0.005
Hematocrit (%) 0.23 (0.05, 0.41), T T
p=0.015
Chitinase 3-like protein-1 T 0.17 (0.03, 0.31) T
p=0.022
Retinal vein (MU) 0.28 (0.12, 0.44), 0.38 (0.22, 0.54), T
p<0.001 p<0.001
Retinal vein count —0.14 (-0.28, 0.00), t T
p=0.064
Stress-optic neuropathy risk T 0.16 (0.020, 0.30), ab0.20 (0.04, 0.36)

p=0.034 p=0.011

Case-wise deletion was applied with F to enter = 2.5. 1, no entry of variable into the model. Additional covariates included age,
sex, retinal artery and count. *Either 2IL17-RA or TNF-a was added as confounder. Abbreviation: MU, measuring unit is equiv-

alent to 1pm in the normal Gullstrand eye.

nervous system including retinal damage, induced
pro-inflammatory gene activation with increased IL-17RA
expression, heightened microglial activity and simultaneous
higher IL-17 levels. Downstream IL-17 signaling activated pro-
duction of the pro-inflammatory cytokine TNF-a (Kebir et al.,
2007). In our stress-phenotype group, pro-inflammatory and
apoptotic proteins of the chronic stress proteome were iden-
tified as neurodegenerative risk markers. Chronic stress might
thus act as a trigger or ischemic insult to induce inflammation
and central nervous system damage or apoptosis.

4.3. Stress-phenotype and apoptotic risk

Stress as an ischemic insult in the retina emerged, as ongoing
brain ischemia and related apoptotic risk altered BRB perme-
ability (Yang et al., 2020). In our stress-phenotype, ongoing
brain ischemia reflected persistent inflammation and consis-
tent apoptosis (low B-NGF and CHI3L1) in relation to
brain-ischemia incidence risk (Capsoni et al., 2010; Xiao et al.,
2014; Zhao et al., 2020). The low B-NGF mean of 114 pg/ml
in the stress-phenotype considering the mean 194 pg/ml in
normal healthy subjects (Serrano et al., 1996) exemplified



higher stress-induced apoptotic risk. Beta-NGF, which pos-
sesses neurotrophic effects critical for neurite outgrowth,
survival, and maintenance of neuronal-glia health, was not
protective. Beta-NGF has two receptors, namely low affinity
neurotrophic receptor (p75NTR) in glia cells and high affinity
tyrosine kinase receptor (TrkA) in retinal-ganglion-cells (Rocco
et al., 2018). In our stress-phenotype, ongoing ischemia and
related stress-ON reflected less neurotrophic effects and apop-
totic risk in retinal-ganglion-cells and the optic nerve. As
consistent inflammation is apparent, increased vascular per-
meability in the BRB is suggested (Yang et al., 2020). Apoptotic
risk with lower 3-NGF has previously been implicated in pro-
gressive neurodegeneration in a hypoxic retinal microvascular
endothelium (Troullinaki et al., 2019) and B-NGF was consid-
ered as therapeutic intervention. However, ongoing clinical
trials for topical application of B-NGF were hampered by
side-effects linked to sensitization in the sensory and sym-
pathetic systems (Rocco et al., 2018). Considering chronic
stress in association with low B-NGF is reasonable as similar
findings were observed in major depressive disorder cases
(Chen et al.,, 2015).

In support, non-enzymatic CHI3L1 was related to ongoing
ischemia incidence risk in the stress-phenotype. As an acute
phase reactant, it is secreted by immune and endothelial
cells in response to consistent inflammation (Ceki¢ et al.,
2014). Chitinase 3-like-1 belongs to the glycoside hydrolase
family 18 and was overexpressed in malignant gliomas cul-
tured under stressed conditions, including hypoxia (Ceki¢
et al., 2014). Ongoing brain ischemia in the stress-phenotype
reflected increases in neuronal damage (NSE levels) with con-
comitant apoptotic risk, i.e., low B-NGF and CHI3L1. This
might underscore a stress-phenotype profile of structural
neuronal-glia and vascular damage (Andrés-Benito et al.,, 2018;
Troullinaki et al., 2019) revealing lower retinal artery and vein
counts. Indeed, apoptotic CHI3L1 has previously been asso-
ciated with retinal vessel rarefaction in diabetic retinopathy
patients (Ceki¢ et al., 2014) and in amyotrophic lateral scle-
rosis, a neurodegenerative disorder (Andrés-Benito et al., 2018).

Neuro-specific-enolase leakage from the neuronal cyto-
plasm (Haque et al., 2018) during structural damage of neu-
ronal cells, will occur into the extracellular compartment and
circulation, to be detected in serum after neuronal death
secondary to brain injury (Dichev et al., 2020). Ongoing brain
ischemia, or insult was related to neuronal damage in the
stress-phenotype. This reflects clinical progression of neuro-
degeneration risk in the retina as an extension of the brain.
An optimal NSE cut point of 11.4ng/ml diagnosed moderate
cognitive impairment (sensitivity: 92.9%, specificity: 47.1%)
(Yu et al., 2020), which corresponds with the follow-up mean
NSE levels of 11.4ng/ml in the stress-phenotype. Concomitant
3-yr decreases in stress-related astrocyte activity (decreases
in GFAP) and the neurotrophin GDNF with consistent inflam-
matory cytokine activity were observed. It is therefore viable
that stress-related NSE may impair tissue restoration and dis-
rupt BRB integrity (Michinaga & Koyama, 2019). As a bio-
marker of neuronal stress, NSE levels may therefore have
prognostic potential for a variety of neurological disorders
including stress-induced ongoing brain injury and retinal
ischemia.
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4.4. The stress-phenotype mirrored in the retina as a
neurodegenerative condition

We propose a central neural mechanism to describe the
stress-phenotype as a neurodegenerative condition: Elevated
blood pressure and diastolic-ocular-perfusion-pressure in the
stress-phenotype altered blood flow and narrowing of retinal
arteries. Elevated viscosity and stress-induced hypoperfusion
induced shear stress and resistance in retinal arteries
(Gaehtgens, 1988). Shear stress augmented mitochondrial ATP
generation and release, with Ca?* signaling in vascular endo-
thelial cells (Yamamoto et al., 2018). S100B as a calcium-binding
protein is essential for the structural maintenance of tight
junctions in BRB vascular endothelial cells (Krishnan et al.,
2020). Stress-induced ongoing ischemia, inflammation and
neuronal damage with increasing metabolic demands could
alter BRB permeability via disruption of tight junctions
(Michetti et al.,, 2019). Indeed, elevated S100B concentrations
in the BRB of the stress-phenotype functionally enforced isch-
emic insult or injury to reflect neurodegenerative signs of
apoptosis and endothelial dysfunction. Retinal vein branch
widening, as hotspots of leakage in the superficial retina,
were identified as signs of BRB breakdown (Gu et al., 2014).
Stress-induced vein widening hereby reflected inability of
endothelial cell mechanoreceptors (caveolae) to cope with
mechanical stress or vascular loading. Pooling of blood
resulted from continuous venous pulsations (Castillo et al,,
2019). This was evidenced in the stress-phenotype midst
HPA-axis hypoactivity, where retinal vein recovery responses
were delayed upon photic stimulation (Malan et al., 2021).
Whether stress-induced ischemia inferred both vein widening
and/or collapse of veins and damage (lower vein count) near
the optic nerve head, is unclear. If this holds true it might
explain the higher prevalence of stress-ON (39% vs. 17% in
controls) and potential glaucoma risk. A ticking-clock prog-
nosis of the stress-phenotype as a progressive neurodegen-
erative condition was therefore reflected in the retina over a
period of 3 years (Figure 4).

Our study findings should be expanded to larger prospec-
tive cohorts to evaluate BRB breaching. Homeostatic protec-
tive reflexes for retinal neuronal-glial cells have not been
observed as decreases/downregulation in growth factor
(GDNF) and astrocyte activity (GFAP) occurred. We suggest
that retinal-glial stress hormones and growth factor thresh-
olds might reset due to chronic stress prevalence, thereby
debilitating protective reflexes.

To conclude, the stress-phenotype reflected ongoing isch-
emia, apoptosis and endothelial cell dysfunction, which com-
promised integrity of the BRB and optic nerve. In fact, the
stress-phenotype may indicate a neurodegenerative condi-
tion. Future directions include a) optical coherence tomog-
raphy assessment of rarefaction in the inner retina; and b)
screening everyone to identify stress-phenotypes who are
at a substantial risk of neurodegeneration, as neurodegen-
erative diseases are escalating (Castillo et al., 2019). Clinician
and patient inertia could be overcome when recognizing the
combination of chronic stress and stroke as potential risk
for progressive neurodegeneration. This notion will support
the proclamation issued by the World Stroke Organization
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Figure 4. Ticking-clock prognosis of the stress-phenotype as a progressive neurodegenerative condition. Abbreviation: BRB, blood-retinal barrier.

focused on global brain and cardiovascular health, calling
for the joint prevention of stroke and dementia (Hachinski
et al., 2019).
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