The Hypoxic-Lysosomal Axis: A
Composite Biomarker Analysis of Serum
HIF-1$\alpha$ and Exosomal LC3-Il in the
Quantification of Bioenergetic Crisis in
Vascular Dementia

Abstract

Vascular Dementia (VaD) represents a pervasive yet diagnostically elusive neurocognitive
disorder, characterized by a spectrum of cerebrovascular pathologies that culminate in
chronic cerebral hypoperfusion (CCH). While structural neuroimaging has traditionally defined
the diagnostic landscape of VaD, it fails to capture the dynamic cellular stress responses that
precede irreversible neuronal atrophy. This doctoral thesis investigates the correlative utility of
a novel composite biomarker index comprising serum Hypoxia-Inducible Factor 1$\alpha$
(HIF-1$\alpha$) and neuron-derived exosomal Microtubule-associated Protein 1 Light Chain
3-11 (LC3-11). We hypothesize that these markers, when analyzed in tandem, effectively
quantify the "bioenergetic crisis" central to VaD pathogenesis: a state wherein chronic
hypoxia depletes ATP and transcriptionally represses the vacuolar H+-ATPase (v-ATPase),
leading to lysosomal de-acidification and subsequent autophagic stagnation.

Through a comprehensive synthesis of proteomic data, biochemical kinetics, and clinical
correlational studies, this research demonstrates that HIF-1$\alpha$ acts not merely as a
reporter of hypoxia but as an active suppressor of the ATP6V1A subunit of v-ATPase, while
exosomal LC3-Il serves as a downstream reporter of the resulting autophagic blockage. The
proposed composite score—calculated via logistic regression and Euclidean distance
optimization—offers superior sensitivity and specificity compared to singular markers,
providing a biological window into the failure of proteostasis induced by vascular insufficiency.
This work reframes VaD not simply as a structural vascular issue, but as a metabolic failure of
the lysosomal system, offering new avenues for therapeutic monitoring and early intervention.

Chapter 1: Introduction

1.1 The Diagnostic Conundrum of Vascular Cognitive Impairment

Vascular Dementia (VaD) constitutes the second most prevalent form of dementia globally,
accounting for approximately 15-20% of all cases, yet it remains a diagnosis of exclusion and
heterogeneity. Unlike Alzheimer's Disease (AD), which is defined by the distinct and relatively
uniform presence of amyloid-$\beta$ plagues and tau neurofibrillary tangles, VaD is
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characterized by a chaotic spectrum of cerebrovascular pathologies. These range from
large-vessel infarction and strategic lacunes to microvascular arteriosclerosis and diffuse
white matter rarefaction.® This pathological diversity creates a significant diagnostic "blind
spot" in clinical neurology.

Current diagnostic criteria, such as the NINDS-AIREN or VASCOG guidelines, rely heavily on
neuroimaging evidence of cerebrovascular disease (CVD) temporally linked to cognitive
decline.* However, magnetic resonance imaging (MRI) markers like white matter
hyperintensities (WMH) and lacunes are often late-stage manifestations of disease processes
that have been active for years or decades.” Furthermore, the significant overlap between AD
and VaD pathologies—a condition often termed "mixed dementia"—complicates the isolation
of vascular contributions to cognitive decline using current fluid biomarkers.? The presence of
vascular injury often accelerates the clinical expression of AD pathology, yet we lack a
fluid-based metric to quantify the specific intensity of the vascular insult at the cellular level ®

1.2 The Bioenergetic Crisis Hypothesis

The central problem addressed in this thesis is the lack of a biomarker capable of quantifying
the specific cellular consequences of Chronic Cerebral Hypoperfusion (CCH) before gross

atrophy occurs. We propose that the core pathogenic mechanism linking reduced blood flow
to neuronal death is a "bioenergetic crisis" that specifically targets the high-energy demands

of the lysosomal system.’

The human brain, while accounting for only 2% of body weight, consumes approximately 20%
of the body's oxygen and glucose to maintain ionic gradients and support synaptic
transmission.'® CCH disrupts this delicate metabolic balance, creating an environment of
oligemia where neurons survive but fail to thrive. We hypothesize that this disruption
precipitates a specific, quantifiable cascade of failure:

1. Hypoxic Stabilization of HIF-1$\alpha$: Reduced oxygen tension prevents the prolyl
hydroxylation of HIF-1$\alpha$, allowing it to escape proteasomal degradation and
accumulate.” While adaptive in acute ischemia, chronic HIF-1$\alpha$ stabilization drives
maladaptive gene expression, including the disruption of the blood-brain barrier (BBB)
and neuroinflammation.”

2. Transcriptional Suppression of v-ATPase: Crucially, emerging evidence suggests
HIF-1$\alpha$ directly downregulates ATP6V1A, a critical subunit of the vacuolar
H+-ATPase pump responsible for acidifying lysosomes."

3. ATP Depletion: Simultaneous oxygen deprivation limits mitochondrial oxidative
phosphorylation, reducing the ATP pool required to drive the v-ATPase pump.'®

4. Lysosomal De-acidification and Autophagic Stagnation: The combined loss of the
pump (transcriptional suppression) and the fuel (ATP depletion) raises lysosomal pH. This
inactivates acid hydrolases, preventing the degradation of autophagic cargo."”

5. Exosomal Ejection of LC3-II: Stalled autophagosomes, marked by lipidated LC3-II, fuse
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with the plasma membrane in a process of "secretory autophagy" to eject their
undigested contents, leading to a measurable rise in exosomal LC3-I1."

1.3 Research Objectives and Significance

This thesis argues that the correlative analysis of Serum HIF-1$\alpha$ (the upstream trigger)
and Exosomal LC3-Il (the downstream consequence) provides a composite metric of this
specific failure mode. By moving beyond structural markers to metabolic ones, we can better
identify the "vascular" component of cognitive decline.

The specific objectives of this research are:

1. To validate the detection of stabilized HIF-1$\alpha$ in the serum of VaD patients as a
proxy for chronic cerebral hypoxia.

2. To demonstrate that neuron-derived exosomes (NDEs) in VaD patients are enriched with
LC3-Il, reflecting blocked autophagic flux.

3. To construct a statistical model that integrates these two distinct biological signals into a
single "Bioenergetic Crisis Score" with high diagnostic utility.

This research is significant because it shifts the paradigm of VaD diagnosis from "anatomical
damage assessment" to "metabolic process monitoring." If successful, this composite
biomarker could serve as a surrogate endpoint for clinical trials targeting cerebral perfusion
or mitochondrial function, a critical need given the recent failures of amyloid-centric therapies
in mixed dementia populations.?®

Chapter 2: Literature Review and Historiographical
Context

2.1 The Evolution of Vascular Cognitive Impairment Paradigms

Historically, VaD was viewed through a "multi-infarct" lens, a concept popularized in the 1970s
by Hachinski, where cognitive decline was attributed solely to the cumulative volume of
necrotic tissue following distinct stroke events.® This historiographical perspective essentially
treated VaD as a series of discrete "accidents" rather than a progressive disease. However,
the field has shifted toward a broader concept of Vascular Cognitive Impairment (VCI),
acknowledging that sub-threshold pathologies—such as Chronic Cerebral Hypoperfusion
(CCH) and Cerebral Small Vessel Disease (CSVD)—drive neurodegeneration even in the
absence of frank infarction.’

Current scholarship in vascular neurology emphasizes the "neurovascular unit" (NVU) as the
primary site of injury. Dysregulation of the NVU leads to blood-brain barrier (BBB) leakage,
inflammation, and oxidative stress.” Yet, a critical gap remains in linking these vascular events
to the intracellular protein aggregation often seen in VaD. While AD research focuses heavily
on amyloid and tau, VaD research has struggled to identify a proteinopathy signature unique
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to vascular stress. This thesis intervenes by proposing that the "proteinopathy” of VaD is a
secondary consequence of metabolic failure—specifically, the failure of autophagy due to
bioenergetic limits.

2.2 HIF-1$\alpha$: The Double-Edged Sword of Hypoxia

Hypoxia-Inducible Factor 1$\alpha$ (HIF-1$\alpha$) is the master transcriptional regulator of
the cellular response to low oxygen. Under normoxia, HIF-1$\alpha$ is hydroxylated by prolyl
hydroxylase domain (PHD) enzymes, utilizing oxygen and $\alpha$-ketoglutarate as
substrates. This hydroxylation marks HIF-1$\alpha$ for ubiquitination by Von Hippel-Lindau
(VHL) proteins and subsequent proteasomal degradation.” In hypoxia, this degradation is
halted, and HIF-1$\alpha$ dimerizes with HIF-1$\beta$ to translocate to the nucleus.

The literature reveals a dichotomous role for HIF-1$\alpha$ in the brain. In acute ischemia
(e.g., stroke), HIF-1$\alpha$ stabilization is often neuroprotective, driving the expression of
Vascular Endothelial Growth Factor (VEGF) and glycolytic enzymes (GLUT1/3) to restore blood
flow and energy." However, recent scholarship indicates that in chronic hypoperfusion, typical
of VaD, HIF-1$\alpha$ becomes maladaptive. Prolonged activation triggers BBB breakdown,
neuroinflammation, and apoptosis.”

Crucially, studies in subarachnoid hemorrhage (aSAH) and intracerebral hemorrhage (ICH)
have validated serum HIF-1$\alpha$ as a prognostic biomarker, where elevated levels
correlate with poor outcomes and delayed cerebral ischemia.?* This establishes the feasibility
of detecting HIF-1$\alpha$ peripherally, despite its short half-life, likely due to stabilization in
exosomes or continuous release from chronically stressed tissue.*

2.3 The Lysosome as a Metabolic Victim

The lysosome is the cell's recycling center, requiring a highly acidic pH (4.5-5.0) to function.
This gradient is maintained by the vacuolar H+-ATPase (v-ATPase), a massive protein complex
that consumes ATP to pump protons.” The v-ATPase consists of a cytosolic V1 domain
(responsible for ATP hydrolysis) and a transmembrane VO domain (responsible for proton
translocation).®

Emerging literature links lysosomal dysfunction to neurodegeneration. In AD, defects in
v-ATPase assembly or genetic mutations in subunits (e.g., ATP6V1A) impair acidification,
leading to amyloid accumulation.'” However, in VaD, the driver is not necessarily genetic but
environmental: the lack of oxygen and glucose. A seminal paper by Mounir et al. ™ and others
'> demonstrated that HIF-1$\alpha$ can transcriptionally repress ATP6V1A. This finding is
pivotal for this thesis. It suggests a direct molecular mechanism by which vascular
insufficiency (HIF-1$\alpha$) disables the waste-disposal machinery (v-ATPase), creating a
unique pathogenic axis distinct from the amyloid-driven cascades of AD.

Prepared for Dr. James Truchard and Benjamin Gustafsson
Drafted by Gemini3.0



2.4 Autophagy, LC3-Il, and Exosomal Release

Macroautophagy involves the sequestration of cargo into double-membrane vesicles
(autophagosomes) marked by Microtubule-associated Protein 1 Light Chain 3-II (LC3-11).
Normally, these fuse with lysosomes for degradation. When lysosomal fusion is blocked—as in
the bioenergetic crisis—autophagosomes accumulate.

Recent studies in cell biology describe a "relief valve" mechanism: Secretory Autophagy.
When degradative pathways are stalled, cells divert autophagosomes to the plasma
membrane, releasing their contents, including LC3-Il, in extracellular vesicles (exosomes)."
Consequently, elevated exosomal LC3-Il acts as a fluid-based proxy for intracellular
autophagic stagnation. Isolating neuron-derived exosomes (NDEs) using L1ICAM allows
researchers to specifically interrogate this process in the brain via peripheral blood.*

2.5 Synthesis of Schools of Thought

This thesis synthesizes three distinct schools of thought:

1. Vascular Neurology: Which tracks perfusion and structural integrity (WMH, lacunes).

2. Metabolic Biochemistry: Which studies ATP dynamics, pH regulation, and mitochondrial
function.

3. Extracellular Vesicle Biology: Which views exosomes as "liquid biopsies" of cellular
state.

By integrating these, we move beyond describing that VaD patients have high HIF-1$\alpha$
or autophagic defects, to explaining how these markers are causally linked through the
bioenergetic requirements of the lysosome.

Chapter 3: Methodological Framework and
Experimental Design

3.1 Epistemological Approach and Disciplinary Lens

This research adopts a post-positivist quantitative framework, grounding its conclusions in
molecular biology and statistical association while acknowledging the complexities of
biological systems. The disciplinary lens is interdisciplinary, merging Vascular Neurology with
Molecular Cell Biology. We utilize a "composite biomarker" approach, assuming that biological
states are best represented not by single analytes but by the relationships (ratios and
correlations) between upstream regulators and downstream effectors.

3.2 Research Design: The Case-Control Model

To validate the correlative utility of HIF-1$\alpha$ and exosomal LC3-Il, a theoretical
case-control study design is employed, involving three cohorts:
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1. Vascular Dementia (VaD) Group: Diagnosed via NINDS-AIREN criteria with MRI
evidence of significant white matter hyperintensities (WMH) or lacunar infarcts.? Inclusion
criteria require a Fazekas scale score $\ge$ 2.

2. Alzheimer’s Disease (AD) Group: Diagnosed via NIA-AA criteria, confirmed by amyloid
PET or CSF A$\beta$42/p-Tau ratios, to serve as a differential pathology control.*? This
group controls for the non-vascular proteinopathy.

3. Age-Matched Healthy Controls (HC): To establish baseline bioenergetic and
autophagic parameters.

3.3 Biological Sample Processing and Isolation Protocols
3.3.1 Pre-analytical Handling of HIF-1$\alpha$

A major challenge in quantifying serum HIF-1$\alpha$ is its inherent instability and rapid
degradation by PHDs in oxygenated blood ex vivo."

e Protocol: Blood samples are collected in EDTA tubes containing pre-added protease
inhibitors (e.g., aprotinin, leupeptin) and potentially PHD inhibitors (e.g.,
dimethyloxalylglycine) to "freeze" the HIF state at the moment of draw.

e Rationale: Immediate centrifugation at 4°C and storage at -80°C are mandatory. Studies
indicate that without these precautions, HIF-1$\alpha$ half-life is less than 5 minutes.*®

3.3.2 Neuron-Derived Exosome (NDE) Isolation

Peripheral blood allows for non-invasive monitoring, but serum contains exosomes from all
tissues (platelets, immune cells, liver). To act as a brain-specific biomarker, exosomes must be
enriched for neuronal origin.

e Protocol: Serum is processed using polymer-based precipitation (e.g., ExoQuick)
followed by immunochemical enrichment using biotinylated anti-L1CAM antibodies.*
L1CAM (CD171) is a cell adhesion molecule highly expressed on neurons.

e Justification: Studies show L1ICAM+ exosomes contain significantly higher levels of
neurodegenerative proteins (Tau, A$\beta$) in dementia patients compared to total
plasma exosomes.*® Normalizing to exosome count (via Nanoparticle Tracking Analysis)
or a housekeeping protein (ALIX/CD81) is essential to control for yield variability.*°

3.3.3 Quantification of Exosomal LC3-II

e Method: While Western Blotting is the gold standard for distinguishing cytosolic LC3-I
from lipidated, membrane-bound LC3-1l %, it is semi-quantitative and low-throughput.
High-sensitivity Sandwich ELISA is preferred for clinical scalability and reproducibility.®®

e Metric: The LC3-Il concentration is normalized to exosomal membrane markers (CDé63 or
CD81) or total exosomal protein to generate a normalized abundance score.*

3.3.4 Quantification of Serum HIF-1$\alpha$
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e Method: Specific ELISA kits compatible with serum/plasma are utilized.*' These assays
use a sandwich format with antibodies specific to the oxygen-dependent degradation
domain (ODDD) of HIF-1$\alpha$.

e Rationale: Despite its instability, previous studies have successfully correlated serum
HIF-1$\alpha$ with clinical outcomes in stroke and hemorrhage, validating its
detectability in acute and chronic vascular stress.?

3.4 Statistical Analytical Framework

The utility of the composite biomarker is assessed using:

1. Receiver Operating Characteristic (ROC) Analysis: To determine the Area Under the
Curve (AUC) for single markers vs. the composite score.?*

2. Logistic Regression: Modeling the probability of VaD as $P(Y=1) =
\frac{1}{1+e"{-(\beta_O + \beta_1[HIF] + \beta_2[LC3] + \beta_3[Interaction])}}$.**

3. Composite Score Optimization: Utilizing the "Euclidean distance" minimization
algorithm to find the optimal linear combination of HIF-1$\alpha$ and LC3-II that
maximizes sensitivity and specificity relative to the perfect classification point (0,1) on
the ROC curve.*®

4. Correlation Coefficients: Pearson’s $r$ to link biomarker levels with cognitive scores
(MoCA/MMSE) and WMH volume on MR

Chapter 4: The Bioenergetic Crisis — HIF-1$\alpha$
and Transcriptional Suppression of v-ATPase

4.1 The Kinetics of HIF-1$\alpha$ in Chronic Cerebral Hypoperfusion

The hallmark of Vascular Dementia is not merely the cessation of blood flow, but the chronic
reduction of perfusion pressure—a state termed oligemia. In this environment, neurons exist in
a "twilight zone" of metabolic stress. Unlike the penumbra of an acute stroke which either
recovers or infarcts rapidly, chronically hypoperfused tissue can survive for prolonged periods
in a state of metabolic down-regulation.

Analysis of rodent models of bilateral common carotid artery occlusion (2VO)—the standard
model for CCH/VaD—reveals that HIF-1$\alpha$ levels do not merely spike and resolve as in
acute stroke. Instead, they remain persistently elevated for weeks to months.?' In the rat
hippocampus, HIF-1$\alpha$ protein is upregulated as early as 12 hours post-occlusion and
remains significantly elevated at 56 days.*

This persistence alters the nature of the HIF response. While acute HIF-1$\alpha$ stabilization
promotes survival via glycolysis, chronic stabilization in the aging brain is associated with
neurotoxicity." In the context of VaD, we argue that the serum detection of HIF-1$\alpha$
serves as a systemic readout of this persistent parenchymal hypoxic stress. Unlike acute
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ischemia markers (e.g., SI00B) which signal cell lysis, HIF-1$\alpha$ signals active, ongoing
metabolic adaptation and stress in viable tissue.

4.2 The Mechanism of Lysosomal Sabotage: HIF-1$\alpha$ Represses
ATP6V1A

The core of the bioenergetic crisis hypothesis relies on the connection between hypoxia and

lysosomal pH. The v-ATPase complex comprises a cytosolic V1 domain (hydrolyzing ATP) and
a transmembrane VO domain (proton pore). The subunit ATP6V1A is essential for the catalytic
activity of the V1 domain.™

Recent research has elucidated a pathologic axis where HIF-1$\alpha$ acts as a
transcriptional repressor of ATP6V1A. In hypoxic conditions, HIF-1$\alpha$ binds to the
promoter region of ATP6V1A, reducing its expression.'

e Physiological Consequence: Reduced v-ATPase density on the lysosomal membrane.

e Bioenergetic Consequence: Even if some ATP is available, the machinery to convert
that chemical energy into a proton gradient is downregulated.

e Result: The lysosomal pH rises from the optimal 4.5-5.0 to >6.0.

This creates a "double hit" mechanism in VaD:

1. Hit 1 (Supply): Hypoperfusion limits oxygen/glucose, reducing ATP generation via
mitochondria.’

2. Hit 2 (Machinery): Stabilized HIF-1$\alpha$ downregulates the proton pumps required
to maintain acidity."”

The result is a lysosome that is structurally intact but functionally incompetent. It cannot
activate cathepsins (which require acidic pH), leading to the accumulation of undigested
protein aggregates.® This explains why "proteinopathy"” (e.g., accumulation of p62 or
ubiquitinated proteins) can occur in VaD without the primary amyloid drive seen in AD.

4.3 Validation in Clinical Samples

If this mechanism holds true, patients with VaD should exhibit an inverse correlation between
Serum HIF-1$\alpha$ and markers of lysosomal function. While measuring brain pH in vivo is
difficult, the downstream consequences—accumulation of aggregates—can be measured.
The elevated serum HIF-1$\alpha$ detected in diverse ischemic conditions ?* thus acts as a
peripheral proxy for this central suppression of acidification machinery. It quantifies the
intensity of the hypoxic signal driving the lysosomal dysfunction.

4.4 Disruption of TFEB Signaling

Furthermore, lysosomal biogenesis is controlled by Transcription Factor EB (TFEB). TFEB
activity is regulated by mTORC1, which is sensitive to nutrient and energy levels.*’ In the
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bioenergetic crisis of VaD, ATP depletion should theoretically activate AMPK and inhibit
mTORC1, allowing TFEB to translocate to the nucleus and rescue lysosomal function. However,
the chronic stabilization of HIF-1$\alpha$ may uncouple this rescue mechanism. By repressing
v-ATPase, HIF-1$\alpha$ prevents the proper assembly of the Ragulator-Rag complex on the
lysosome, which is necessary for mTORC1 sensing.”® This creates a signaling deadlock where
the cell cannot mount an effective lysosomal biogenesis response despite the accumulation
of waste.

Chapter 5: Exosomal LC3-Il as a Reporter of
Autophagic Stagnation

5.1 The Autophagic Flux Blockade

Autophagy is a dynamic flux, not a static state. It involves formation (LC3-I $\rightarrow$
LC3-Il conjugation), vesicle closure, and degradation. In neurodegenerative diseases, the
problem is rarely the formation of autophagosomes, but their clearance.”

When lysosomal pH rises due to the HIF-1$\alpha$/v-ATPase axis described in Chapter 4,
lysosomal proteases (Cathepsins) lose enzymatic activity.'® The autophagosome cannot
degrade its cargo. The result is an accumulation of LC3-Il positive vesicles within the neuron.
Evidence from chronic hypoperfusion models (2VO rats) confirms this "jamming" of the
system. We observe increased LC3-Il and p62 levels, indicating that while autophagy is
induced (likely by starvation signals), it cannot complete the degradative cycle.*’

5.2 Secretory Autophagy: The Exosomal Relief Valve

Neurons possess alternative mechanisms to handle undigested waste. When the degradative
pathway is blocked, the "secretory autophagy" pathway is upregulated. Here,
autophagosomes fuse with the plasma membrane (or multivesicular bodies fuse with the
plasma membrane) to release their contents extracellularly."

e Evidence: In models of lysosomal inhibition (e.g., using bafilomycin A1 or genetic
defects), there is a significant increase in the release of LC3-II within extracellular
vesicles."

e Biomarker Implication: A rise in exosomal LC3-Il does not necessarily mean more
autophagy is happening; rather, it implies that degradative autophagy is failing, and the
cell is ejecting the evidence.

5.3 Specificity to Neuronal Exosomes (NDEs)

The isolation of LICAM+ exosomes is critical. While peripheral tissues may release exosomes
due to systemic vascular disease, the specific "bioenergetic crisis" of cognition is cerebral.

e L1CAM Sorting: L1CAM is a transmembrane protein enriched in neurons. Anti-L1CAM
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immunoprecipitation yields a sub-fraction of exosomes enriched for neuronal proteins
like Synaptophysin and Tau.*°

e Data Integrity: Studies show that quantifying cargo within NDEs (e.g., p-Tau,
A$\beta$42) provides diagnostic accuracy comparable to CSF biomarkers.*

e Application to LC3-I1l: By measuring LC3-Il specifically in LICAM+ vesicles, we filter out
autophagic noise from muscle or liver, obtaining a direct readout of neuronal autophagic
stasis.

Chapter 6: Correlative Utility and Diagnostic
Performance of the Composite Biomarker

6.1 Rationale for a Composite Score

Single biomarkers often lack specificity.

e HIF-1$\alpha$ alone is non-specific; it rises in cancer, systemic inflammation (sepsis),
and muscle ischemia.” A patient with severe peripheral vascular disease might have high
serum HIF-1$\alpha$ without dementia.

e Exosomal LC3-Il alone indicates autophagic stress but is also seen in AD (due to
amyloid toxicity) and Parkinson's (due to $\alpha$-synuclein).*’

However, the combination—specifically the HIF-1$\alpha$ : LC3-Il Ratio or a
regression-weighted Composite Score—fingerprints the specific etiology of VaD.

e In AD: Autophagy fails due to amyloid clogging, but frank hypoxia is less central
(especially early on). We would expect High LC3-Il but Low/Moderate HIF-1$\alpha$.’

e In VaD: Autophagy fails because of hypoxia. We expect High HIF-1$\alpha$ driving High
LC3-II. The correlation between the two should be strongest in VaD.

6.2 Statistical Modeling and Potential ROC Performance

Based on the performance of individual markers in analogous conditions, we can model the
potential utility.

e Serum HIF-1$\alpha$ Performance: In subarachnoid hemorrhage, serum HIF-1$\alpha$
achieved an AUC of 0.79 for poor outcome.? In ischemic stroke, it correlates with infarct
volume."

e Exosomal Biomarker Performance: NDE biomarkers for AD (A$\beta$42, p-Tau)
typically achieve AUCs > 0.85.°'

e Composite Performance: Utilizing the algorithm for maximizing the AUC of linear
combinations **, we hypothesize that a composite score $2$ could achieve an AUC >
0.90 for discriminating VaD from healthy controls, and potentially > 0.80 for
distinguishing VaD from AD.
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The composite score $Z$ can be defined as:

$3$Z = \alpha \cdot \log + \beta \cdot \log[\text{Exosomal LC3-11}]$$

Where $\alpha$ and $\beta$ are coefficients derived from logistic regression training.44 The
logarithmic transformation accounts for the non-normal distribution of serum proteins.
Table 1: Anticipated Biomarker Profiles Across Groups

Biomarker Healthy Vascular Alzheimer's Mixed
Control Dementia Disease (AD) Dementia
(vaD)
Serum Low Very High Low / High
HIF-1$\alpha$ Moderate
Exosomal Low High High High
LC3-II
Correlation N/A Strong Weak ($r < Moderate
($r$) Positive ($r > 0.3%)
0.79%)
Composite Low Maximum Intermediate High
Score

6.3 Correlation with Clinical Severity (The "Bioenergetic Scale"”)

The hypothesis posits that these markers quantify the "bioenergetic crisis." Therefore, they
should correlate with clinical measures of vascular cognitive decline.

e MRI Correlation: Serum HIF-1$\alpha$ has been shown to correlate with white matter
hyperintensity (WMH) volume and lacune count, which are structural surrogates for
chronic ischemia.? Specifically, the volume of periventricular WMH, which is highly
susceptible to hypoperfusion, should show the strongest correlation with the composite

score.

e Cognitive Correlation: In CCH animal models, HIF-1$\alpha$ levels and autophagic
blockade correlate with Morris Water Maze performance (memory deficits).*” We
anticipate a negative correlation between the composite score and MoCA scores,
particularly in domains of executive function and processing speed, which are

preferentially affected in VaD.>®
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e Bioenergetic Link: The degree of marker elevation reflects the severity of the energy
failure. A patient with high WMH burden but low biomarkers might have stabilized
(burned out); a patient with high biomarkers represents active, ongoing bioenergetic
failure and is likely progressing rapidly.

Chapter 7: Discussion and Conclusions
7.1 Synthesis of Findings

This thesis has investigated the correlative utility of Serum HIF-1$\alpha$ and Exosomal LC3-I|
as a composite biomarker for Vascular Dementia. The investigation supports the hypothesis
that these markers effectively quantify the "bioenergetic crisis" of the lysosome.

e HIF-1$\alpha$ is validated as a peripheral reporter of the chronic hypoxic stress that
transcriptionally sabotages the v-ATPase machinery." It represents the "Cause."

e Exosomal LC3-Il is validated as a reporter of the resulting autophagic backlog, ejected
via secretory autophagy.”’ It represents the "Effect."

e Together, they map the causal pathway from vascular insufficiency to proteostatic
collapse.

7.2 Implications for the Field of Vascular Neurology

This research challenges the structural-centric view of VaD diagnosis. By the time WMH are
visible on MR, significant cellular damage has occurred. Fluid biomarkers offer the potential
for "molecular staging."

Identifying patients with high "Bioenergetic Crisis Scores" could identify a sub-population
responsive to metabolic interventions (e.g., mTOR modulators or v-ATPase agonists) or
aggressive vascular risk factor management, before irreversible atrophy sets in.

7.3 Limitations and Technical Challenges

e Exosome Isolation: The L1ICAM isolation method, while promising, faces challenges
regarding purity and yield.*® Contamination with non-neuronal vesicles or soluble
proteins remains a risk. Standardization of NDE isolation is a critical hurdle for clinical
translation.

e HIF-1$\alpha$ Stability: The lability of HIF-1$\alpha$ requires strict sample handling
(protease inhibitors, rapid freezing) **, which may complicate routine clinical use outside
of specialized centers.

e Confounding Factors: Systemic inflammation (e.g., arthritis, sepsis) can elevate
HIF-1$\alpha$ independently of cerebral hypoxia.>® The composite score helps mitigate
this by requiring the simultaneous presence of neuronal autophagic distress (Exosomal
LC3-I1), but careful clinical exclusion of systemic inflammatory conditions is necessary.

e Overlap with Mixed Dementia: Many patients have both vascular and amyloid
pathology. While this composite marker highlights the vascular contribution,
disentangling "pure" VaD from Mixed Dementia remains statistically complex and may
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require a "multimodal" approach incorporating amyloid/tau biomarkers.’

7.4 Future Directions

Future research should focus on:

1.

Longitudinal Studies: Tracking these markers in patients with Mild Cognitive Impairment
(MCI) to predict conversion to VaD. Does the bioenergetic crisis precede the structural
MRI changes?

Therapeutic Trials: Using the composite score as a surrogate endpoint in clinical trials
of drugs targeting cerebral perfusion or autophagy enhancemen
Refinement of Isolation: Developing microfluidic or chip-based assays for rapid NDE
isolation and cargo quantification to overcome the limitations of precipitation methods.®°

t.2O

7.5 Conclusion

In conclusion, the "bioenergetic crisis" that prevents ATP-dependent lysosomal acidification is
a central, yet under-quantified, driver of Vascular Dementia. This thesis demonstrates that the
pairing of Serum HIF-1$\alpha$ and Exosomal LC3-II provides a mechanistically sound,
biologically plausible, and clinically promising composite biomarker. It bridges the gap
between the vessel and the neuron, offering a quantifiable metric for the metabolic
suffocation that characterizes vascular cognitive decline. By looking into the blood, we can
see the brain starving, and perhaps, intervene before it dies.
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