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Abstract

Stress is increasingly recognized as an important, modifiable factor for Alzheimer’s dis-
ease (AD), yet its roles in initiation, progression, and outcomes remain incompletely
elucidated. Epidemiologic studies link chronic stress, early-life adversity, and trauma to
increased AD risk, while experimental models have uncovered mechanisms by which
stress hormones directly drive core AD pathological processes, including amyloid
beta and tau aggregation, neuroinflammation, and neurodegeneration. Complicating
the relationship, brain structures that regulate the stress response are themselves
selectively vulnerable to early degeneration in AD. As these circuits degenerate, inter-
preting changes in stress biomarkers becomes more challenging, with physiological
measures potentially decoupling from perceived stress. Here, we review evidence con-
necting stress to AD pathophysiology as both a risk factor and a driver, examine how
the degeneration of stress neuroendocrine systems accelerates disease progression,

and discuss implications for intervention and clinical trial design.
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Highlights

 Stress acts as a risk factor, driver, consequence, and accelerator of AD.

» Stress hormones directly modulate amyloid, tau, neuroinflammation, and BBB
dysfunction.

 Early degeneration of stress circuits confounds interpretation of stress biomarkers
in AD.

* Sleep and circadian disruption amplify stress-AD feedback loops via vulnerable
circuits.

* Stress biology should be treated as a stage-dependent stratification dimension in
AD.
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RESEARCH IN CONTEXT

1. Systematic review: The authors reviewed the litera-
ture using PubMed and reference mining of primary
studies, reviews, ClinicalTrials.gov, and meta-analyses
spanning epidemiology, genetics, neuroendocrinology,
neuroimaging, neuropathology, and experimental mod-
els. We evaluated evidence linking psychosocial stress,
stress-related biomarkers, neuromodulatory systems,
and sleep-circadian disruption to AD, with particular
attention to studies across the disease continuum and
to work addressing selective vulnerability of stress-
regulatory circuits.

2. Interpretation: This review integrates disparate bodies of
literature to propose that stress functions simultaneously
as a risk factor, mechanistic driver, disease consequence,
and accelerator of AD. We show that early degeneration
of stress-regulatory circuits fundamentally alters stress
signaling, helping reconcile conflicting biomarker find-
ings and challenging assumptions that stress biomarkers
directly reflect stress exposure in AD.

3. Future directions: Key priorities include longitudinal,
stage-aware studies jointly tracking stress measures and
AD biomarkers; circuit-specific models of stress signaling
in AD; and clinical trials that treat stress biology as a strat-
ification dimension rather than a uniform therapeutic

target.

1 | INTRODUCTION

Stress is a psychophysiological state triggered when individuals
appraise demand as exceeding their resources. It features coordinated
psychological, cognitive, and emotional responses involving neuroen-
docrine, neuromodulatory, and high-level cognitive processes. Among
therisk factors studied for Alzheimer’s disease (AD), stress is one of the
most consistently identified. Epidemiological evidence links early-life
adversity, chronic stress, and acute traumatic events to an increased
likelihood of developing AD.!Population-level studies further demon-
strate that elevated stress-related neuroendocrine signaling predicts
future AD.2"10Despite these consistent findings, stress’s associations
with AD mechanisms remain poorly understood.

Convergent studies in cell culture and animal models show that
stress hormones and neuromodulators directly promote AD-related
pathological lesions, including amyloid beta (AB) plaque deposition,
neurofibrillary tau tangle formation, synaptic dysfunction, neurode-
generation, and neuroinflammation. Moreover, as AD progresses, the
brain regions that regulate stress systems degenerate, leading to
dysfunction of stress circuitry and further dysregulation of stress
hormones and neuromodulatory systems.! Together, these findings

suggest the presence of a positive feedback loop in which stress acts
as arisk factor, driver, consequence, and accelerator of AD (Figure 1).

This positive feedback loop complicates the clinical interpretation
of stress biomarkers. Because the brain networks critical for stress
regulation are compromised by neurodegeneration patterns, com-
monly used biomarkers of stress, such as cortisol, may not precisely
reflect the severity or perception of the stress experienced by AD
patients. This decoupling of perceived stress from biomarker levels has
important implications for both the interpretation of stress measure-
ments in dementia populations and the effectiveness of stress-targeted
interventions in altering disease trajectory.

In this review, we will synthesize epidemiological, neuroendocrine,
and neuropathological evidence linking stress to AD as both a risk fac-
tor and a driver. In doing so, we will highlight how AD degeneration
can alter stress biomarker levels and discuss implications for further

research, clinical trial design, and interventions.

2 | STRESS AS A RISK FACTOR FOR AD

When homeostasis is challenged by physical extrinsic or psychologi-
cal intrinsic forces (i.e., stressors), a physiological reaction, termed the
stress response, is triggered.!! The stress response system integrates
the central nervous system and peripheral tissues to detect the event,
interpret the perceived threat, and respond accordingly.1213 The phys-
iological and behavioral changes under stress are adaptive, temporally
structured processes that mobilize to meet the threat and then engage
restorative mechanisms to reestablish homeostasis.? Resources are
temporarily diverted from basal homeostatic processes, such as diges-
tion and reproduction, toward systems necessary for immediate action
to enhance survival, including the neurologic and motor functions.
However, responses can be maladaptive when the intensity, duration,
or frequency of stressors is too extreme and the body is unable to exit
this state and return to homeostasis.

Chronic stress, repeated acute stress, or intense traumatic events
that exceed an individual’s threshold to change and adapt can lead
to long-term adverse health effects. The downstream consequences
depend on various factors, including the individual’s perception, past
experiences, sex, gender, age, and genetics, as well as the severity,
timing, and duration of the stressor.’* Depending on these factors,
there may be short- or long-term consequences. Research shows
that stress is critically correlated with the progression and risk of
various diseases, from depression and anxiety,15 to cancer and car-
diovascular disease,'®7 to cognitive decline and neurodegenerative

disorders.1:18-26

2.1 | Chronic psychosocial stress exposure as a risk
factor for AD

Stress is assessed in populations using several methods. Self-rated
questionnaires such as the Perceived Stress Scale?” (PSS), a well-

validated instrument frequently deployed in epidemiological studies,
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FIGURE 1 Conceptual model linking stress exposure to AD. Exposure to acute and chronic stressors is a risk factor for AD and is associated
with increased activation of stress-response systems, leading to elevated levels of stress-related hormones and neuromodulators. These signals,
in turn, promote the development and progression of core AD pathological lesions. As the disease advances, neurodegeneration of brain regions
involved in stress regulation further disrupts stress signaling, creating a self-reinforcing feedback loop that may accelerate pathophysiology.
However, it remains unclear whether disease-driven alterations in stress signaling correspond to increased perceived stress in patients. AD,
Alzheimer’s disease; CORT, cortisol; CRH, corticotropin-releasing hormone; ACTH, adrenocorticotropic hormone; NA, noradrenaline.

can be used as an objective measure of perceived stress. Studies of
the PSS consistently demonstrate relationships between elevated per-

18-21 jccelerated

ceived stress scores and increased risk of dementia,
dementia progression,?2-2* and AD-related biomarkers.2>2%

Stress is also frequently inferred from assessments of social isola-
tion and loneliness. These subjective experiences of social disconnec-
tion are a robust risk factor for dementia. Large cohort studies show
as high as a 1.6-fold increased risk of dementia among socially iso-

lated individuals.28-33

In fact, many other established etiopathological
factors, such as mental health and personal habits, are considered out-
comes of social isolation.?® The 2024 Lancet Commission estimated
that 5% of dementia cases could be eliminated by addressing late-life
social isolation in the population.®*

Socioeconomic status is another commonly used proxy for chronic
stress. Lower socioeconomic status has clear associations with
increased dementia risk.3> However, this relationship may be mediated
by several confounding variables, including educational inequity, a high
burden of cardiovascular disease, nutritional deficits, limited access to
healthcare, and greater exposure to environmental pollutants.2%:36.37
As such, isolating and tying the psychophysiological effects of low
socioeconomic status to dementia risk is challenging in population-
based studies.

2.2 | Early-life adversity, trauma, and
post-traumatic stress disorder as risk factors for
dementia

Early-life stress is strongly associated with increased dementia risk,
even independently of covariates like adult socioeconomic status.3®
During sensitive periods of brain development, exposure to adversity
such as childhood trauma, neglect, abuse, or chronic family stress can

result in permanent dysfunction of stress regulatory systems. Meta-

analyses and large cohort studies consistently find increased demen-
tia risk associated with adverse childhood experiences (ACEs).37-41
Longitudinal studies of specific adversities also show that exposure
to traumatic experiences, including parental death, foster care, and
war exposure, is associated with increased dementia risk in later
life 38:42-44

Assessing the long-term outcomes of trauma- and stressor-related
disorders can also inform the relative contributions of stress to AD risk.
Post-traumatic stress disorder (PTSD), encompassing persistent clini-
cal symptoms following exposure to one or more traumatic events, may
contribute to increased risk for AD, although this relationship remains
convoluted. Several large meta-analyses and longitudinal studies have
shown relationships between PTSD and dementia risk.*>=*? How-
ever, biomarker studies of PTSD have suggested that the increased
dementia risk likely could also be attributable to non-AD forms of
dementia.”®

Genome-wide cross-trait analyses using large biobank datasets
reveal shared genetic risk for stress-related psychiatric disorders and
AD, including moderate polygenic overlap between AD and PTSD361
and several shared risk genes with anxiety disorders.>® However,
these findings have not been consistently replicated across cohorts,*’
likely reflecting the substantial heterogeneity of psychiatric diagnoses
and their underlying genetic architectures. Improved stratification of
stress-related psychiatric disorders into biologically defined subtypes
will be critical for identifying patient populations with heightened
genetic susceptibility to comorbid AD.

2.3 | Measuring stress signaling
The acute stress response involves the activation of the hypothalamus-

pituitary-adrenal (HPA) axis (Figure 2). Following a stressor, the

HPA-axis cascade begins with neurons in the hypothalamic paraven-
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FIGURE 2 Overview of stress-response biology. Stress engages two coordinated systems: the rapid SAM axis (left), which mediates the
“fight-or-flight” response and transient increases in alertness and vigilance, and the slower HPA axis (right), which generates a prolonged hormonal
response through sequential release of CRH, ACTH, and CORT. Disruption at any level of these pathways alters feedback regulation and leads to

stress-system dysregulation.

tricular nucleus releasing corticotropin-releasing hormone (CRH). CRH
stimulates the anterior pituitary to secrete adrenocorticotropic hor-
mone (ACTH), which in turn drives glucocorticoid (GC) release from
the adrenal cortex. Cortisol is the predominant GC in humans, and
corticosterone is the prominent GC in rodents.>2 For clarity and consis-
tency, this review refers to GCs collectively as CORT. CORT mobilizes
energy and modulates immune, metabolic, and cognitive processes
while exerting negative feedback on the hippocampus, hypothalamus,
and pituitary to terminate the stress response. Endocrine markers
along this cascade can serve.

To mitigate potential biases associated with self-reported stress
and adverse life events, studies often use HPA-axis hormones as
biomarkers for the acute stress response. Researchers have used these
HPA-axis biomarkers to monitor stress in AD and other dementia
populations, further discussed later in Section 5.1, “Measuring stress
system signaling in AD.”

The most used stress-related biomarker is CORT. CORT levels in
humans are typically measured in blood, saliva, urine, hair, and sweat.
Immunoassays (e.g., enzyme-linked immunosorbent assay) and mass
spectrometry-based approaches are then utilized. Blood draws have
the highest temporal resolution and benefit from analytical standard-
ization but can themselves be stressful and activate stress signaling,

biasing results. Saliva, urine, and sweat collection are less likely to

spike CORT levels but are susceptible to contamination and have
comparatively lower temporal resolution than blood. Moreover, point
measurements from blood, saliva, urine, and sweat must control for col-
lection time because CORT levels exhibit circadian rhythms. Hair, on
the other hand, integrates CORT levels over weeks to months, mak-
ing it representative of moving averages. Hair CORT measurements are
challenged by a lack of standardization and confounding variables such
as hair treatment and hygiene.

CORT has been evaluated in several longitudinal studies focused on
assessing AD risk. Overall, studies find that increased CORT levels in
older cognitively normal adults are associated with increased risk of
developing AD.2-7 Although less common than CORT, plasma and cere-
brospinal fluid ACTH and CRH can also be measured as a marker of
patients’ sensitivity to stressors.8-10 There is a paucity of evidence that
increased ACTH and CRH in cognitively normal adults is predictive of
later incidence of AD.

Alongside the endocrine HPA axis response, acute stress response
elicits arapid activation of the peripheral nervous system sympathetic-
adrenal-medullary (SAM) system (Figure 1). Some animal models have
suggested that SAM activation, as measured by catecholamine lev-
els, precede cognitive decline in AD, but these findings have not
been clearly established in humans.>3>* Plasma catecholamine levels

(mainly adrenaline and noradrenaline) are often used as markers of
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SAM activation. Peripheral norepinephrine levels are lower in AD cases
compared to controls,”® but their predictive value for AD progression
is limited. While plasma catecholamine levels are likely poor markers of
autonomic dysfunction in AD, physiological markers may be viable.

Physiological markers of stress reactivity include heart-rate vari-
ability (HRV), blood pressure, skin conductance level, pupil dilation,
respiratory rate, and peripheral temperature. These markers mostly
reflect SAM activation but can be affected by many other physiological
processes. The emergence of consumer wearables (e.g., so-called smart
watches) has increased the adoption of physiological markers of stress
inresearch. Some studies indicate that mid- to late-life changes in SAM
markers, such as HRV and blood pressure, are associated with a higher
risk of dementia and AD.>¢>7

Neuroradiologic biomarkers of stress reactivity include functional
magnetic resonance imaging blood-oxygen-level-dependent (BOLD)
measurement of amygdala activation. BOLD hyperactivation in the
amygdala is detectable early in AD.>8? Task-evoked BOLD abnormal-
ities, including negative BOLD response in the default mode network,
are detectable in preclinical AD, and the magnitude tracks with disease
progression,>8:60-62

While there are myriad biomarkers of stress reactivity and method-
ological approaches to measure them deployed by psychologists and
neuroscientists, each has inherent limitations. Careful consideration is
necessary as all markers of the stress response exhibit varying tempo-
ral resolution, and their levels may be influenced by the matrix in which

they are measured.

3 | MECHANISMS UNDERLYING THE
RELATIONSHIP OF STRESS TO AD

AD is characterized by specific pathological hallmarks, including extra-
cellular AB plaques, intraneuronal neurofibrillary tangles, and, ulti-
mately, synaptic loss and neuronal death. Neuroinflammation, oxida-
tive stress, blood-brain barrier (BBB) dysfunction, glial cell activation,
and mitochondrial dysfunction also play an important role in the patho-
physiology of AD. The mechanisms by which stress interacts with
these key hallmarks and drivers are essential for understanding the
interplay between stress and AD. Modeling stress’s contributions to
AD pathogenesis is challenging but has yielded important insights
(Figure 3).

3.1 | Stress hormones and neuromodulators
3.1.1 | Noradrenaline

The central noradrenergic system, a critical regulator of the SAM-
axis stress response, is an important point of convergence between
stress physiology and early AD pathological processes. The brain’s pri-
mary source of noradrenaline is the noradrenergic locus coeruleus (LC),
which is one of the earliest affected structures in AD.93"%> The LC is a

central node of the brain’s stress response, serving to globally mount

THE JOURNAL OF THE ALZHEIMER’'S ASSOCIATION

arousal and adaptive behaviors through activation of the SAM axis and
downstream engagement of the HPA axis.?4¢” Activation of the SAM
axis results in peripheral adrenaline/noradrenaline release from the
adrenal medulla (Figure 2). While there is evidence indicating changes
in SAM-axis activity in AD,””98-71 it is unclear whether SAM axis struc-
tures are directly involved in AD or AD pathogenesis or whether the
changes in activation are secondary outcomes of central degenerative
changes.

Mounting evidence supports the necessity of adequate central
noradrenaline levels to prevent and slow AD progression through
activation of canonical brain-derived neurotrophic factor-producing
pathways.”2-77 As aresult, the loss of LC neurons in early AD stages are
thought toincrease cortical susceptibility to AD proteinopathic lesions.

LC neurons undergo persistent changes through over-activation
by stressors.”785 Some of these changes may explain why the LC is
notably vulnerable to AD. Increased activation of the LC, as is seen dur-
ing chronic stress exposure, is associated with increased mitochondrial
oxidative damage, which can be toxic to neurons.f6-88 A metabo-
lite of noradrenaline, 3,4-dihydroxyphenylglycolaldehyde (DOPEGAL),
has been directly implicated in tau aggregation, propagation, and
downstream cognitive impairment.8? Increased noradrenaline produc-
tion in the LC could, thus, increase pathological tau production and

propagation via increased DOPEGAL levels.

3.1.2 | HPA axis

The HPA axis’s synthesis and release of hormones (CRH, ACTH, and
CORT) are critical components of stress response and regulation. CRH
and CORT have been most significantly studied in AD and have been
shown to influence AD progression via inflammatory, neuromodu-
latory, oxidative stress, and vascular systems (Figure 4). There is a
relative paucity of evidence connecting ACTH to AD pathophysiology
beyond its role in signaling in the HPA axis to increase CORT secretion.

3.1.2.1 Corticotropin-releasing hormone

CRH binds to two distinct G-coupled receptors, CRHR1 and CRHR2.7°
CRH-containing neuronal cell bodies and projections are dis-
tributed throughout the brain but are highly expressed in brain
areas like the LC, hippocampus, amygdala, and neocortex - notably
regions that are prone to degeneration in AD.?*

CRH can promote the formation of AD-related pathological lesions.
The overexpression or infusion of CRH increases AS burden in the
cortex and hippocampus of transgenic AD mouse models, potentially
driven by changes in APP cleavage.?2-?4 CRH administration also sig-
nificantly elevates tau phosphorylation and tau accumulation, effects
that can be prevented by blocking CRH receptors.?>?¢ An increase in
CRH also leads to decreased dendritic branching and dendritic spine
density, as well as memory impairment.??

Interestingly, the induction of hippocampal tau phosphorylation
and AB under stress is dependent on CRH. CRH-deficient mice do
not exhibit elevated phosphorylated tau levels under acute stress,”®

and pharmacological disruption of CRHR1 inhibits the formation of
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FIGURE 3 Considerations when choosing a model system and designing experiments for studying stress interactions with AD. Human studies
are essential for examining interactions between stress and AD but are limited by the inability to directly measure or manipulate cellular and
subcellular processes in living patients. Post mortem human tissue provides insight into disease-associated processes but reflects only end-stage
disease and precludes real-time manipulation of stress paradigms. Animal models enable investigation of stress and AD across multiple biological
scales, from behavior and cognition to cellular and molecular mechanisms; however, species differences substantially limit their translational
relevance. Mice do not naturally develop AD and rely on transgenic expression or knock-in of human risk genes, yet even these models fail to fully
recapitulate hallmark features such as neurofibrillary tangles, brain atrophy, and age-appropriate disease progression. In vitro models allow
precise, cost-effective, and time-efficient manipulation of stress hormones and signaling pathways in defined human cell types. Two-dimensional
neuronal cultures enable controlled interrogation of molecular, cellular, and electrophysiological responses to stress but lack behavioral readouts
and poorly capture three-dimensional AD lesions (e.g., AB plaques). Recent advances in 3D culture systems, including brain organoids, extend this
framework by recapitulating cellular diversity, cytoarchitecture, and spontaneous network activity that resembles the human fetal brain; however,
organoids are limited as models of late-onset neurodegenerative disease and exhibit substantial batch-to-batch variability. Across systems, stress
research is further constrained by limited standardization, including inconsistent definitions of acute versus chronic exposure, wide variability in
CORT dosing, and uncertainty regarding physiologically relevant hormone levels due to temporal fluctuations, measurement limitations, and
region-specific brain exposure in vivo. Consequently, understanding the interaction between stress and AD requires careful, question-driven
experimental design and rigor that emerges from convergence across complementary model systems.

AD tau lesions.?”” These CRH effects are not due exclusively to
the downstream increases in CORT, because preventing increases
in CORT with stress does not mitigate tau tangle formation, and
CORT injections alone are insufficient to alter Ag levels, whereas CRH
alone does.?*76.98 Decreased activation of CRHR1 is associated with

decreased AB production and phosphorylated tau accumulation.’-%79

This suggests that CRH plays a vital role in stress-induced changes
leading to AD endpoints.

While studies support the conclusion that CRH is sufficient to
increase key AD lesions, including AS deposition, neurodegeneration,
tau phosphorylation, and behavioral deficits, there are also findings

indicating that increased CRH can be protective.?1:100-102
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e CORT increases production
and cleaving of APP and A burden

o Noradrenaline enhances AB
clearance or harmfully increases AB
production and secretion depending
on the level
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Neurofibrillary Tau
Tangles

e CRH elevates tau
phosphorylation and
accumulation

o CORT exacerbates
neurofibrillary tangle-like production

¢ Noradrenaline drives tau aggregation
and propagation

7

Alzheimer's

Disease

Neurodegeneration + Synaptic Loss
e CRH decreases dendritic branching
and spine density

o CORT exacerbates neuron loss
and suppresses neurogenesis

e Noradrenaline increases
mitochondrial oxidative
damage,which results in
- neuronal death

Neuroinflammation +
Blood Brain Barrier (BBB) Dysfunction

e CRH drives glial cells into reactive state,
causing BBB damage and inflammation

e CORT increases BBB permeability
and drives neuroinflammation ) AL
with chronically high levels ;‘\“ (72

Noradrenaline binds to and
activates microglia, leadin
to neuroinflammation

FIGURE 4 Summary of stress as a driver of key AD phenotypes. Stress hormones and neuromodulators directly modulate cellular signaling
and protein processing, thereby promoting AS and tau aggregation, neurodegeneration, BBB leakage, and neuroinflammation.

The protective effects of CRH-treated neurons against AS toxicity
are attributed to the stabilization of cellular calcium homeostasis.”*
Moreover, while acute stress increases neurofibrillary tangle burden
in CRH-knockout mice, repeated chronic stressors result in lower tau
tangle burden in CRH-knockout mice compared to WT controls.”®
A potential explanations is that CRH release activates the stress-
response pathway after detecting toxic protein accumulation, thereby
driving immune activation and initially helping to curb disease progres-
sion. Therefore, the duration of the stressor, the amount of CRH and
the brain region must all be considered in assessing how elevated CRH

levels influence vulnerability to AD-related pathological lesions.

3.1.2.2 CORT

CORT exhibits an inverted U-shaped relationship with physiological
function: Optimal levels support adaptive stress responses, whereas
both excessive and insufficient CORT signaling is detrimental. This dual
role as both an activator and a terminator of stress responses com-
plicates its use as a biomarker. In AD, both higher and lower CORT
levels have been linked to pathological lesions.’10%104 |ndividuals car-
rying high-risk AD genotypes exhibit altered stress biology prior to the
onset of clinical symptoms. Apolipoprotein E (APOE) 4 carriers have
a chronic elevation in CORT% and are more susceptible to cognitive

impairment after stressor exposure.106-108

CORT has been shown to exacerbate neurofibrillary tangle-like pro-
duction and neuronal vulnerability to damage.?®19? Exogenous CORT
administration in animal models induce abnormal hyperphosphory-
lation of tau in the hippocampus and prefrontal cortex, leading to
behavioral changes.!’® CORT-binding sites, known as glucocorticoid
response elements (GREs), are present in the promoters of two AB-
related genes, APP and the 3-secretase enzyme BACE 1, indicating that
GCs can bind and influence AB production. In fact, both APP and BACE1
are increased with GC administration, which is hypothesized to lead
to the increase in AB formation.1%? Taken together, these findings sup-
port the view that CORT elevations are not only a consequence of
AD-related neural and HPA-axis dysfunction but also contribute to the
development and progression of pathological lesions.

Finally, CORT-related genetic susceptibility is also seen to drive
AD. Polymorphisms in stress-related genes can substantially influence
HPA-axis reactivity and CORT sensitivity, thereby modulating vulnera-
bility to AD. Variants in NR3C1, the gene encoding the glucocorticoid
receptors (GRs), which reduce receptor sensitivity or function have
been associated with altered stress responses and, in some cases,
reduced AD risk. For example, the ER22/23EK polymorphism, which
reduces GR sensitivity to CORT, has been associated with a lower
risk of AD.111 |n contrast, genetic variants that increase GC activa-
tion appear to confer greater susceptibility to AD.112 A rare haplotype
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in the 5’ regulatory region of the gene encoding the CORT-degrading
enzyme 118-hydroxysteroid dehydrogenase type 1 (113-HSD1) leads
to elevated CORT levels and is associated with increased AD risk.13

3.2 | Neuroinflammation and the BBB

The BBB is a highly selective, semipermeable interface of the neurovas-
cular unit, composed of endothelial cells together with astrocytes,
pericytes, microglia, and the surrounding basement membrane. Disrup-

tion of BBB integrity is increasingly implicated in AD14

and is strongly
influenced by stress-related signaling, positioning the BBB as a key con-
vergence point where chronic stress may interact with and accelerate
neurodegenerative pathology. Under acute stress, the BBB undergoes
reversible increases in permeability,112115-117 whereas chronic stress
leads to long-term, irreversible structural damage.!18

Stress disrupts BBB integrity through multiple convergent path-
ways, including inflammation, oxidative stress, and activation of the
HPA axis. CORT increases the expression of endothelial tight junction
proteins.t1? In addition, disruption of the HPA-axis negative feedback
loop has been shown to hyperactivate the peripheral immune system,
resulting in BBB hyperpermeability.12°

Under conditions of sustained stress, astrocytes and microglia
shift into reactive states.21:122 Stress systems and AD converge on
these reactive glial populations, promoting a pro-inflammatory state
that is initially protective but becomes detrimental when reactiv-
ity persists.123124 Reactive astrocytes and microglia secrete vascular
endothelial growth factors, matrix metalloproteinases, nitric oxide
synthase, and pro-inflammatory cytokines, which downregulate tight
junction proteins including claudin-5, occludin, and zonula occludens-
1.125-128 Dyring sustained inflammation, reactive microglia migrate to
the cerebral vasculature, phagocytose astrocytic endfeet, and increase
BBB permeability.22? In cellular models, cytokine exposure induces
upregulation of BACE1, directly implicating reactive inflammatory
states in fibrillogenic AS peptide formation.'3° Notably, astrocytes
located near AS plaques exhibit more sustained reactive states when

exposed to elevated CRH.130

4 | SLEEP AND CIRCADIAN RHYTHMS AS
MEDIATORS AND AMPLIFIERS OF STRESS’S
RELATIONSHIP TO AD

There is a notable interplay among the circadian, sleep, and stress sys-
tems, complicating efforts to isolate the contributions of stress to AD
pathogenesis independent of the mediating effects of sleep. Stress has
been shown to affect the circadian phase, and stress-related disor-
ders are strongly associated with disturbances in sleep and circadian
rhythms.131 A single stress induction can shift the phase of locomo-
tor activity and reprogram suprachiasmatic nucleus (SCN) activity in
rodent models.132-134 Conversely, circadian disruption and sleep dis-
turbance are also core features of stress-related disorders and are

commonly observed in PTSD, highlighting a reciprocal relationship

in which stress-induced circadian disruption and sleep dysfunction
reinforce one another.%°

Circadian disruption is increasingly implicated in the pathogenesis
of neurodegenerative disease, including AD. Patients with AD exhibit
marked alterations in circadian rhythms, including phase shifts and
reduced amplitudes of core body temperature and activity rhythms
compared with age-matched controls.?3¢:137 Similar disturbances are
recapitulated in multiple transgenic mouse models of AD, where alter-
ations in circadian locomotor activity often precede the appearance
of classical pathological hallmarks such as AB plaques and neurofibril-
lary tangles.13¢:138 These findings suggest that circadian dysfunction
may represent an early and contributory feature of disease progression
rather than a secondary consequence.

Stress may exacerbate these vulnerabilities by engaging
wake-promoting neuromodulatory circuits that are themselves
selectively affected early in AD.23? Activation of the HPA axis and
CRH signaling recruits arousal-promoting systems, including the
LC and orexin/hypocretin neurons, to sustain wakefulness and
vigilance.1#9141 QOrexin signaling can directly stimulate HPA-axis
output, while CORT and stress-related neuromodulators further
enhance wake drive, establishing bidirectional coupling between
stress neuroendocrine activation and arousal circuitry.142143
In AD, early tau inclusions and degeneration within the LC and
other wake-promoting nuclei provide a substrate through which
stress-induced hyperarousal may intersect with selective circuit
vulnerability.63:139.144-147

Sleep disruption is increasingly recognized not only as an outcome
of AD but also as a driver of pathological processes. Experimental sleep
deprivation and sustained wakefulness increase interstitial AS levels
and accelerate plaque deposition in animal models, with orexin signal-
ing acting as a critical mediator of this effect.14¢14? |n humans, reduced
slow-wave sleep and increased sleep fragmentation are associated
with greater AB and tau aggregate burden, as measured by cere-
brospinal fluid and positron emission tomography biomarkers.1>0-152
A possible mechanism linking sleep to AD pathogenesis is the glym-
phatic system, a brain-wide perivascular network that clears metabolic
waste, including AB and tau.'®3 Glymphatic activity markedly increases
during slow-wave sleep compared to wakefulness, driven by delta
oscillations that rhythmically expand interstitial spaces and promote
cerebrospinal fluid influx.>* The system depends on aquaporin-4
(AQP4) water channels on astrocytic endfeet, and AQP4 polarization
is disrupted by both poor sleep quality and AD pathological lesions.>3
Glymphatic dysfunction may therefore represent a mechanistic link
through which chronic sleep disruption promotes AB accumulation,
creating a self-reinforcing cycle.

Emerging evidence suggests that elevated norepinephrine signaling
and chronic sleep fragmentation can promote the formation of toxic A8
and tau species within LC neurons themselves, potentially accelerating
degeneration of wake-promoting circuits.1>> As these circuits deteri-
orate, sleep quality worsens and stress sensitivity increases, impairing
negative feedback regulation of the HPA axis and promoting persistent
neuroendocrine activation. Together, these processes may establish a

positive feedback loop in which stress, sleep disruption, and degen-
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eration of wake-promoting circuits mutually reinforce one another,
amplifying vulnerability to AD progression.

5 | CLINICAL IMPLICATIONS

Chronic stressors are clearly relevant in investigations of modifiable
risk factors for AD. Stress’s role as a risk factor for AD has been
elucidated through mechanistic studies connecting neuroendocrine
systems to AD pathophysiological processes. There is also evidence
that AD increases stress neuroendocrine markers, potentially creat-
ing a positive feedback loop. It is unclear whether this pattern is a
result of dementia due to AD acting to increase stress, AD pathological

processes directly acting on stress neuroendocrine markers, or both.

5.1 | Stress system signaling in AD

Cross-sectional and longitudinal studies have shown that AD patients
show significantly reduced HRV, reflecting decreased parasympa-
thetic and increased sympathetic activity.>”¢8-7C Further, lower
HRV correlates with more severe cognitive impairment and disease
progression.?®70 Consistent with this increased sympathetic activ-
ity, AD patients have higher skin conductance levels compared to
controls.”!

Associations between HPA-axis hormone levels and AD sever-
ity and progression are mixed. Many studies have shown positive
associations between HPA-axis hormone levels and AD risk, sever-
ity, and progression.”126-164 Some have shown null or even negative
associations, though,8-10.165-169

Interpreting higher CORT level itself as a marker of higher stress
should be taken with caution. A high CORT level can be indicative of
a normal response to high stress exposure or hyperactivation of the
HPA axis, and a low CORT level can be indicative of low stress expo-
sure or hypoactivation of the HPA axis. HPA-axis stimulation tests
(e.g., cosyntropin stimulation test, dexamethasone suppression/CRH
stimulation test) are used to probe feedback loops for HPA-axis reg-
ulation. An inadequate CORT rise in the cosyntropin stimulation test
indicates impaired adrenal responsiveness and supports a diagnosis
of adrenal insufficiency. In contrast, escape of ACTH and CORT from
suppression in the dexamethasone suppression/CRH stimulation test
suggests impaired central HPA-axis feedback regulation, commonly
associated with hippocampal hypofunction. The application of these
tests in cohorts of AD patients compared to controls has reinforced the
possibility that HPA-axis hypersecretion is due to impaired regulatory
control rather than actual stress exposure.170:171

The collective body of literature surrounding CORT levels and AD
must be interpreted in the light of CORT’s native roles in the stress
response. Hypoactivation of the HPA axis during and immediately
following a stressor is associated with negative outcomes, including
prolonged adrenergic arousal, suboptimal energy mobilization, exag-
gerated pro-inflammatory cytokine release, and PTSD incidence.!”2

Altered HPA-axis regulation, including evidence for enhanced CORT

THE JOURNAL OF THE ALZHEIMER’'S ASSOCIATION

negative feedback in PTSD, has been suggested to play a role in the
increased burden of physical illness seen in affected individuals.l”3
Hyperactivation or prolonged activation of the HPA axis is also associ-
ated with numerous adverse outcomes including immunosuppressive
phenotypes, metabolic strain (e.g., insulin resistance, visceral adipos-
ity), and increased hippocampal atrophy,1”#17> which are associated

with greater cognitive decline.

5.2 | Selective vulnerability in AD and stress
signaling measurement

A potential challenge in interpreting stress reactivity and associated
biomarkers in the context of AD is the overlap between neurodegener-
ative patterns and stress circuitry. Over a dozen subcortical neuromod-
ulatory structures, including noradrenergic, serotonergic, cholinergic,
and orexinergic nuclei, show abnormal tau neuronal inclusions in AD
prior to the entorhinal cortex.17¢ In particular, the noradrenergic LC
and lateral hypothalamic (LHA) orexin neurons feature significant
neuron loss very early in AD progression.63:64147.177-179

The LC is the brain’s main source of norepinephrine and is central to
arousal, attention, and physiological and behavioral response to stress.
In response to stressors, the LC noradrenergic system is activated
by CRH inputs from the paraventricular hypothalamus, amygdala, and
medial prefrontal cortex projections.®! Its activation increases arousal,
vigilance, and primes the body for adaptive responses.®¢¢” LC activity
is tightly linked to threat perception, emotional intensity, and the reg-
ulation of anxiety and stress reactivity. The early loss of LC neurons
in AD would blunt the brain’s ability to mount normative arousal and
stress responses. This could manifest in diminished autonomic and sub-
jective stress responses.’®0 LC degeneration can also associate with
decreased adaptive stress responses (i.e., resilience) due to the reduced
functional coupling with the amygdala.6¢:67-180

LC degeneration may confound the interpretation of stress using
stress biomarkers in AD. Acute stress is associated with decreased
HRV and increased skin conductance. Because of the reduced sym-
pathetic outflow and suppression of parasympathetic tone due to
LC degeneration, AD patients would be expected to exhibit blunted
HRV and skin conductance responses. Studies in older adults using
LC imaging have supported this relationship.'8%-182 Blunted HPA-axis
activation has also been associated with the loss of LC neurons. 126183

LHA degeneration similarly may blunt stress perception and reac-
tivity. The LHA integrates signals related to arousal, motivation, and
homeostasis for stress response orchestration. The loss of LHA orex-
inergic and CRH-responsive neurons reduces the anxiety and stress-
induced behavioral changes.'84-18¢ LHA degeneration would, like the
LC, impair activation of the HPA axis.

Curiously, despite the early LC and LHA degeneration established
in AD, CORT levels tend to be higher in AD patients compared to
controls. While acute HPA-axis activation may be blunted by their
degeneration, there is less control over baseline secretion levels. The
elevated average CORT levels in AD patients likely reflect tonic disin-

hibition that may wash out the effects of LC- or LHA-associated phasic
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dysregulation. This tonic disinhibition may instead be attributable to
degeneration of other systems, particularly in more advanced AD
clinical stages.

Hippocampal degeneration is the main correlate of episodic mem-
ory decline - the primary clinical feature of AD. Its degenera-
tion is also associated with impaired emotional regulation, often
resulting in increased anxiety-like behaviors.’87-18 The impaired
memory formation and recall resulting from hippocampal degener-
ation can further affect the perception and processing of stress-
ful experiences.'87:190.191 Critically, the hippocampus acts through
GABAergic relays to shut down HPA-axis activation via top-down neg-
ative feedback.192 As an inhibitor of the HPA axis, degeneration of the
hippocampus leads to impaired feedback, which, unlike the LC and LHA,
results in prolonged and exacerbated CORT secretion in response to
stress, 187,189

Structural atrophy changes in the medial prefrontal cortex can
precede overt dementia symptoms in AD.173194 Medial prefrontal cor-
tex degeneration would shift autonomic signaling toward sympathetic
dominance and diminish inhibition over the basolateral nucleus of
the amygdala and the paraventricular nucleus CRH neurons, thereby
prolonging ACTH and CORT secretion.

Given the overlap between AD degenerative patterns and stress
circuitry, stress researchers are confronted by a unique challenge in
the dementia population. While thought to be objective measures of
stress, certain stress biomarkers (e.g., CORT) are poorly representative
of stress severity and stress experiences due to the degeneration of
stress regulatory structures. At the same time, anosognosia, impaired
self-appraisal and lack of insight in certain dementia populations,
diminishes a person’s ability to both perceive stress and report on
it.19> Given the challenges in measuring both perceived stress and
stress responses, extra care should be exercised in structuring research
studies and clinical care focused on stress in dementia populations.

5.3 | Interventions

Public health approaches mitigating certain kinds of stressors -
especially social isolation and ACEs - may measurably decrease
AD incidence.3*37-41 Especially in early AD clinical stages, stress-
lowering approaches may improve quality of life for patients and care-
givers. Research on stress-lowering approaches have included mind-
fulness practices,'62196.197 music therapy,1?® and cognitive behavioral
therapy.2?? During advanced AD stages, there is some evidence for
benefits from stress-lowering interventions on quality of life and mood,
but there is less evidence for cognitive benefits.200.201

Epidemiological models incorporating stress biomarkers have sup-
ported the hypothesis that high circulating CORT is tied to cognitive
decline.202203 Based on this hypothesis, elevated CORT has been tar-
geted in clinical trials as an AD treatment. Specifically, trials have
sought to inhibit 118-HSD1 activity, focusing pharmacological effects
on cortisol resynthesis from cortisone in the brain instead of inhibition
of the HPA axis. The primary outcomes for these trials include cogni-

tive performance and AD biomarkers (e.g., AB, tau, brain atrophy). Some

programs have been halted due to futility analysis, while others remain
in trials.

Because of the degenerating regulatory structures that control
stress neuroendocrine systems, stress-lowering approaches alone
might not mitigate phenotypes such as high circulating CORT. While
elevated CORT levels in AD may not be entirely explained by high
stress exposure or experience, it should not be ignored. High circu-
lating CORT levels can have additional adverse effects in older adults
including metabolic complications, sarcopenia, and impaired immune
defense.204205 Clinical studies should evaluate whether monitoring
and pharmacologically addressing CORT hypersecretion might benefit
these comorbidities of AD.

Additionally, pharmacological targeting of neuromodulatory sys-
tems that degenerate in early AD stages may influence stress neuroen-
docrine systems. Despite the early vulnerability of LHA orexinergic
neurons in AD, there is paradoxically increased orexin activity.2%¢
Dual orexin receptor antagonists (DORAs) are currently being eval-
uated to stabilize sleep dysfunction due to orexinergic signaling dys-
regulation in AD. A randomized controlled trial demonstrated that
acute suvorexant administration decreased phosphorylated tau-181
by approximately 10% to 15% and Aj concentrations by approximately
10% to 20% in cerebrospinal fluid compared to placebo, providing
early evidence that DORAs may modulate AD biomarkers.2%” Atom-
oxetine, a noradrenaline reuptake inhibitor, is also being evaluated in
early clinical AD stages to recover lost noradrenaline signaling due to
LC degeneration.2%® Because orexin and noradrenaline can stimulate
the HPA axis,2%¢ follow-up trials should include monitoring of diurnal
CORT secretion.

6 | FUTURE DIRECTIONS

Future research addressing the role of stress in AD must confront the
fundamental measurement constraints inherent in studying stress in
AD. In the context of progressive degeneration of stress-regulatory
circuits, single biomarkers cannot be assumed to comprehensively
index stress exposure or severity. Accordingly, studies should adopt
multimodal, disease stage-aware approaches that integrate subjec-
tive measures, longitudinal endocrine profiling with diurnal resolution,
autonomic physiology, and neuroimaging markers of circuit integrity.
There is a remaining need to clarify the temporal and causal rela-
tionships between stress and AD. Stress and stress neuroendocrine
systems may function as risk factors, emerge because of early neurode-
generative changes, and act as an amplifier of downstream pathological
processes. Disentangling these possibilities will require longitudinal
studies that jointly track stress-related measures and AD biomarkers
throughout healthy aging into AD. Future work should also explicitly
test whether stress primarily lowers resilience within selectively vul-
nerable circuits or instead engages distinct pathological pathways such
as tau and A modulation, neuroinflammation, or BBB dysfunction.
Mechanistic investigations would also benefit from greater circuit-
and cell-type specificity. Given early involvement of the LC, LHA,

hippocampus, and medial prefrontal cortex, stress-related neuroen-

25U9017 SUOWILIOD AR 3|qeoljdde aLp Aq peueAoB o S YO ‘88N J0'SaINJ 0y A1 UIIUO ABIA U0 (SUO1IPUOD-PLB-SLLLBYWIOD A3 1A AReAc]1jBu1 U0/ SdIY) SUONIPUOD) PUE SULS | aU) 95 *[920Z/90/0T] U ARiq178UIIUO AB]IM BUIIDBURIL0D Ad ZVGTZ ZIB/Z00T OT/10P/L00" 3| v AeJcl1[puI U0 S UINO[-Z e/ Sty W0y Papeojumod ‘9 ‘9202 ‘622525ST



EBERLY ET AL.

Alzheimer’s &Dementia® | 11016

docrine phenotypes in AD may reflect degenerating neuromodulatory
control and feedback regulation rather than actual stress exposure.
Experimental models should therefore move beyond simple hormone
application paradigms toward approaches that incorporate partial loss
or dysfunction of stress-regulatory circuits and examine downstream
effects on neuronal, glial, and vascular processes relevant to AD. Inter-
ventions must also carefully consider relevant outcomes to test in
clinical trials.

Finally, translational and clinical studies should treat stress biology
as a stratification dimension rather than a uniform therapeutic tar-
get. Behavioral stress-reduction interventions may improve quality of
life without normalizing underlying endocrine dysregulation, whereas
pharmacological approaches targeting CORT, orexinergic, or nora-
drenergic systems may have stage-dependent and circuit-dependent
effects. Given the challenges in measuring both perceived stress and
stress responses, it is prudent to understand the unique effects of
neurodegeneration on stress and stress measures. Extra care should
be taken in structuring research studies and clinical care programs

focused on stress in dementia populations.

ACKNOWLEDGMENTS
BioRender was used to create the figures in this manuscript.

This manuscript was supported by the National Institutes of
Health T32GM139780 (SGE), the National Science Foundation Grad-
uate Research Fellowship Program (SGE) (grant no. 2146752), an
Alzheimer’s Association Research Fellowship (CEM), the UC Berkeley
Neuro-Al center for the study of Resilience (JP, DAK, AJE), Kissick Fam-
ily Foundation (AJE), Bluefield Project to Cure FTD (AJE), and Shurl and
Kay Curci Foundation (AJE). These funding sources had no role in the
review or preparation of this manuscript.

CONFLICT OF INTEREST STATEMENT

CEM sits on the executive committee for the Neuropsychiatric Syn-
dromes PIA for the International Society to Advance Alzheimer’s
Research and Treatment (ISTAART). AJE is the chair of the execu-
tive committee for the Neuromodulatory Subcortical Systems PIA for
ISTAART and serves as the guest editor for the Neuromodulatory Sub-
cortical Systems special issue for Alzheimer’s & Dementia: The Journal of
the Alzheimer’s Association. AJE also sits on the advisory board for the
Genomic Answers for Children’s Health Alliance under the organiza-
tion of Leavitt Partners. Further, AJE has patents pending for methods
related to histological labeling of epitopes and a method for RNA
aptamer-based therapeutics. SGE, JP, TCN, and DAK have no relevant
conflicts to disclose. Author disclosures are available in the Supporting

Information.

ORCID

Alexander J. Ehrenberg "= https://orcid.org/0000-0003-4334-9424

REFERENCES

1. Justice NJ. The relationship between stress and Alzheimer’s disease.
Neurobiol Stress. 2018;8:127-133.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

THE JOURNAL OF THE ALZHEIMER'S ASSOCIATION

. Salardini A, Himali J, Abdullah M, et al. Elevated serum cortisol asso-

ciated with early-detected increase of brain amyloid deposition in
Alzheimer’s disease imaging biomarkers among menopausal women:
the Framingham Heart Study. Alzheimers Dement. 2025;21:€70179.

. Mosconi L, Williams S, Carlton C, et al. Sex-specific associations of

serum cortisol with brain biomarkers of Alzheimer’s risk. Sci Rep.
2024,14:5519.

. Udeh-Momoh C, Su B, Evans S, et al. Cortisol, Amyloid-S, and Reserve

Predicts Alzheimer’s Disease Progression for Cognitively Normal
Older Adults. J Alzheimers Dis. 2019;70:553-562.

. Pietrzak R, Laws S, Lim Y, et al. Plasma Cortisol, Brain Amyloid-g,

and Cognitive Decline in Preclinical Alzheimer’s Disease: a 6-Year
Prospective Cohort Study. Biol Psychiatry Cogn Neurosci Neuroimaging.
2017;2(1):45-52.

. Ennis G, An Y, Resnick S, Ferrucci L, O'Brien R, Moffat S. Long-

term cortisol measures predict Alzheimer disease risk. Neurology.
2017;88:371-378.

. QOuanes S, Popp J. High Cortisol and the Risk of Dementia and

Alzheimer’s Disease: a Review of the Literature. Front Aging Neurosci.
2019;11:43.

. Suemaru S, Hashimoto K, Ogasa T, et al. Cerebrospinal fluid and

plasma corticotropin-releasing hormone in senile dementia. Life Sci.
1991;48:1871-1879.

. May C, Rapoport SI, Tomai TP, Chrousos GP, Gold PW. Cerebrospinal

fluid concentrations of corticotropin-releasing hormone (CRH) and
corticotropin (ACTH) are reduced in patients with Alzheimer’s dis-
ease. Neurology. 1987;37:535-538.

Duarte-Zambrano F, Barrero JA, Mockus I. Cerebrospinal fluid lev-
els of hypothalamic-pituitary-adrenal axis hormones in MCI and
dementia due to Alzheimer’s disease: a systematic review. Dement
Neuropsychol. 2023;17:€20230031.

Tsigos C, Chrousos GP. Hypothalamic-pituitary-adrenal axis, neu-
roendocrine factors and stress. J Psychosom Res. 2002;53:865-871.
Godoy LD, Rossignoli MT, Delfino-Pereira P, Garcia-Cairasco N, de
Lima, Umeoka EH. A Comprehensive Overview on Stress Neurobi-
ology: basic Concepts and Clinical Implications. Front Behav Neurosci.
2018;12:127.

Smith SM, Vale WW. The role of the hypothalamic-pituitary-adrenal
axis in neuroendocrine responses to stress. Dialogues Clin Neurosci.
2006;8:383-395.

Beery AK, Kaufer D. Stress, social behavior, and resilience: insights
from rodents. Neurobiol Stress. 2015;1:116-127.

Young CC, Dietrich MS. Stressful life events, worry, and rumination
predict depressive and anxiety symptoms in young adolescents. J
Child Adolesc Psychiatr Nurs. 2015;28:35-42.

Song H, Fang F, Arnberg FK, et al. Stress related disorders and risk
of cardiovascular disease: population based, sibling controlled cohort
study. BMJ. 2019;365:11255.

Dai S,Mo Y,Wang, et al. Chronic Stress Promotes Cancer Develop-
ment. Front Oncol. 2020;10:1492.

Nabe-Nielsen K, Rod NH, Hansen AM, et al. Perceived stress and
dementia: results from the Copenhagen city heart study. Aging Ment
Health. 2020;24:1828-1836.

Koyanagi A, Oh H, Vancampfort D, et al. Perceived Stress and Mild
Cognitive Impairment among 32,715 Community-Dwelling Older
Adults across Six Low- and Middle-Income Countries. Gerontology.
2019;65:155-163.

Katz MJ, Derby CA, Wang C, et al. Influence of Perceived Stress
on Incident Amnestic Mild Cognitive Impairment: results From the
Einstein Aging Study. Alzheimer Dis Assoc Disord. 2016;30:93-98.
Franks KH, Bransby L, Cribb L, et al. Associations of Perceived
Stress and Psychological Resilience With Cognition and a Modifiable
Dementia Risk Score in Middle-Aged Adults. J Gerontol B Psychol Sci
Soc Sci. 2023;78:1992-2000.

25U9017 SUOWILIOD AR 3|qeoljdde aLp Aq peueAoB o S YO ‘88N J0'SaINJ 0y A1 UIIUO ABIA U0 (SUO1IPUOD-PLB-SLLLBYWIOD A3 1A AReAc]1jBu1 U0/ SdIY) SUONIPUOD) PUE SULS | aU) 95 *[920Z/90/0T] U ARiq178UIIUO AB]IM BUIIDBURIL0D Ad ZVGTZ ZIB/Z00T OT/10P/L00" 3| v AeJcl1[puI U0 S UINO[-Z e/ Sty W0y Papeojumod ‘9 ‘9202 ‘622525ST


https://orcid.org/0000-0003-4334-9424
https://orcid.org/0000-0003-4334-9424

wo1s | Alzheimer’s &P Dementia’

22.

23.

24,

25.
26.

27.

28.
29.

30.
31

32.

33.

34.
35.
36.
37.

38.

39.

40.

EBERLY ET AL.

THE JOURNAL OF THE ALZHEIMER’S ASSOCIATION

Christensen DS, Garde E, Siebner HR, Mortensen EL. Midlife per-
ceived stress is associated with cognitive decline across three
decades. BMC Geriatr. 2023;23:121.

Turner AD, James BD, Capuano AW, Aggarwal NT, Barnes LL. Per-
ceived Stress and Cognitive Decline in Different Cognitive Domains
in a Cohort of Older African Americans. Am J Geriatr Psychiatry.
2017;25:25-34.

Tian YM, Wang J, Zhang WS, et al. Association of perceived stress
with memory decline in older Chinese: the Guangzhou Biobank
Cohort Study. J Affect Disord. 2023;341:256-264.

Trammell AR, McDaniel DJ, Obideen M, et al. Perceived Stress is
Associated with Alzheimer’s Disease Cerebrospinal Fluid Biomarkers
in African Americans with Mild Cognitive Impairment. J Alzheimers
Dis. 2020;77:843-853.

Trammell AR, Goldstein F, Lah JJ, et al. Longitudinal Associa-
tion of Perceived Stress with Cerebrospinal Fluid Alzheimer’s
Disease Biomarkers in a Biracial Cohort. Alzheimers Dement.
2024;20:e093384. abstract.

Cohen S. Perceived stress in a probability sample of the United States. The
social psychology of health. Sage Publications, Inc; 1988:31-67.
Shafighi K, Villeneuve S, Rosa Neto P, et al. Social isolation is linked to
classical risk factors of Alzheimer’s disease-related dementias. PLoS
One. 2023;18:0280471.

Wang H, Wang J, Zeng Y, et al. Association of psychosocial state with
subsequent risk of dementia: a prospective cohort study based on the
UK Biobank. Alzheimers Res Ther. 2024;16:225.

De Puit JK, Challinor KL. Critical Review of Neurobiological Evidence
for Relationships Between Social Isolation, Loneliness and the Risk
of Developing of Alzheimer’s Disease: a New Model. J Aging Res.
2025;2025:9924448.

Ng TKS, Beck T, Dennis KR, et al. Social isolation, loneliness, and their
joint effects on cognitive decline and incident Alzheimer’s disease:
findings from the Chicago health and aging project. J Prev Alzheimers
Dis. 2025;12:100046.

National Academies of Sciences E, Medicine. Social Isolation and Lone-
liness in Older Adults: Opportunities for the Health Care System. The
National Academies Press; 2020.

Shen C, Rolls ET, Cheng W, et al. Associations of Social Isolation and
Loneliness With Later Dementia. Neurology. 2022;99:e164-e75.
Livingston G, Huntley J, Liu KY, et al. Dementia prevention, inter-
vention, and care: 2024 report of the Lancet standing Commission.
Lancet. 2024;404:572-628.

Cadar D, Lassale C, Davies H, Llewellyn DJ, Batty GD, Steptoe A.
Individual and Area-Based Socioeconomic Factors Associated With
Dementia Incidence in England: evidence From a 12-Year Follow-
up in the English Longitudinal Study of Ageing. JAMA Psychiatry.
2018;75:723-732.

Bougea A, Anagnostouli M, Angelopoulou E, Spanou |, Chrousos G.
Psychosocial and Trauma-Related Stress and Risk of Dementia: a
Meta-Analytic Systematic Review of Longitudinal Studies. J Geriatr
Psychiatry Neurol. 2022;35:24-37.

Ren Y, Savadlou A, Park S, Siska P, Epp JR, Sargin D. The
impact of loneliness and social isolation on the development of
cognitive decline and Alzheimer’s Disease. Front Neuroendocrinol.
2023;69:101061.

Donley GAR, Lonnroos E, Tuomainen TP, Kauhanen J. Association of
childhood stress with late-life dementia and Alzheimer’s disease: the
KIHD study. Eur J Public Health. 2018;28:1069-1073.

Abouelmagd ME, AbdelMeseh M, Elrosasy A, Eldeeb HA, Nabil Y.
Adverse childhood experiences and risk of late-life dementia: a sys-
tematic review and meta-analysis. Soc Psychiatry Psychiatr Epidemiol.
2025;60:1087-1098.

Mudalige D, Guan DX, Ballard C, et al. Early life factors and dementia
risk: a study of adverse childhood experiences and later-life cognition
and behaviour. Public Health. 2025;242:172-178.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

57.

58.

59.

60.

Voyer H, Aytur S, Tanda N. Linking Adverse Childhood Experiences
and Other Risk Factors to Subjective Cognitive Decline in an Aging
Population. Prev Chronic Dis. 2023;20:E115.

Huang Z, Jordan JD, Zhang Q. Early life adversity as a risk factor for
cognitive impairment and Alzheimer’s disease. Transl Neurodegener.
2023;12:25.

Radford K, Delbaere K, Draper B, et al. Childhood Stress and Adver-
sity is Associated with Late-Life Dementia in Aboriginal Australians.
Am J Geriatr Psychiatry. 2017;25:1097-1106.

Hoeijmakers L, Lesuis SL, Krugers H, Lucassen PJ, Korosi A. A preclin-
ical perspective on the enhanced vulnerability to Alzheimer’s disease
after early-life stress. Neurobiol Stress. 2018;8:172-185.

Gilnak MM, Billings J, Emily C, Marchant N, Favarato G, Orgeta V.
Post-traumatic stress disorder as a risk factor for dementia: system-
atic review and meta-analysis. Br J Psychiatry. 2020;217:600-608.
Kim H, Park Y, Kim SH, et al. Association between stress-related dis-
orders and the risk of dementia using the Korean National Sample
Cohort: a matched cohort study. Sci Rep. 2023;13:16487.

Wang T-Y, Wei H-T, Liou Y, et al. Risk for developing demen-
tia among patients with posttraumatic stress disorder: a
nationwide longitudinal study. J Affect Disord. 2016;205:306-
310.

Yaffe K, Vittinghoff E, Lindquist K, et al. Posttraumatic stress disor-
der and risk of dementia among US veterans. Arch Gen Psychiatry.
2010;67:608-613.

Stafford J, Chung WT, Sommerlad A, Kirkbride J, Howard R. Psychi-
atric disorders and risk of subsequent dementia: systematic review
and meta-analysis of longitudinal studies. Int J Geriatr Psychiatry.
2022;37: 1-22. https://doi.org/10.1002/gps.5711

Weiner MW, Harvey D, Landau SM, et al. Traumatic brain injury and
post-traumatic stress disorder are not associated with Alzheimer’s
disease pathology measured with biomarkers. Alzheimers Dement.
2023;19:884-895.

Dang W, Hao T, Li N, et al. Investigating shared risk variants and
genetic etiology between Alzheimer’s disease and three stress-
related psychiatric disorders: a large-scale genome-wide cross-trait
analysis. Front Aging. 2025;6:1488528.

Sapolsky RM, Romero LM, Munck AU. How do glucocorticoids influ-
ence stress responses? Integrating permissive, suppressive, stimula-
tory, and preparative actions. Endocr Rev. 2000;21:55-89.

Nanclares C, Colmena |, Munoz-Montero A, et al. Beyond the brain:
early autonomic dysfunction in Alzheimer’s disease. Acta Neuropathol
Commun. 2025;13:128.

Hong XY, Li S, Li T, et al. Differential involvement of central and
peripheral catecholamines between Alzheimer’s disease and vascular
dementia. Heliyon. 2024;10:e38843.

Pan X, Kaminga AC, Jia P, Wen SW, Acheampong K, Liu A. Cate-
cholamines in Alzheimer’s Disease: a Systematic Review and Meta-
Analysis. Front Aging Neurosci. 2020;12:184.

. Chou YT, Sun ZJ, Shao SC, et al. Autonomic modulation and the risk of

dementia in a middle-aged cohort: a 17-year follow-up study. Biomed
J.2023;46:100576.

Ebinger JE, Driver MP, Huang TY, et al. Blood pressure variability
supersedes heart rate variability as a real-world measure of dementia
risk. Sci Rep. 2024;14:1838.

Yazdi BG, Razlighi Q. Translation of task-evoked negative BOLD
response into aging and Alzheimer’s disease: a systematic review of
the current literature. J Transl Med. 2025;23:850.

Wright Cl, Dickerson BC, Feczko E, Negeira A, Williams D. A func-
tional magnetic resonance imaging study of amygdala responses to
human faces in aging and mild Alzheimer’s disease. Biol Psychiatry.
2007;62:1388-1395.

Lattmann R, Vockert N, Wesenberg J, et al. Abnormalities in
task-fMRI activation are related to disease progression towards
Alzheimer’s disease. Alzheimers Dement. 2024;20:e089648. abstract.

25U9017 SUOWILIOD AR 3|qeoljdde aLp Aq peueAoB o S YO ‘88N J0'SaINJ 0y A1 UIIUO ABIA U0 (SUO1IPUOD-PLB-SLLLBYWIOD A3 1A AReAc]1jBu1 U0/ SdIY) SUONIPUOD) PUE SULS | aU) 95 *[920Z/90/0T] U ARiq178UIIUO AB]IM BUIIDBURIL0D Ad ZVGTZ ZIB/Z00T OT/10P/L00" 3| v AeJcl1[puI U0 S UINO[-Z e/ Sty W0y Papeojumod ‘9 ‘9202 ‘622525ST


https://doi.org/10.1002/gps.5711

EBERLY ET AL.

Alzheimer’s &Dementia® | 1sor1e

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Hrybouski S, Das S, Xie L, et al. BOLD amplitude correlates of
preclinical Alzheimer’s disease. Neurobiol Aging. 2025;150:157-171.
Hrybouski S, Das S, Xie L, et al. BOLD fMRI signal changes in pre-
clinical Alzheimer’s disease. Alzheimers Dement. 2024;20:e093549.
abstract.

Ehrenberg AJ, Nguy AK, Theofilas P, et al. Quantifying the accretion
of hyperphosphorylated tau in the locus coeruleus and dorsal raphe
nucleus: the pathological building blocks of early Alzheimer’s disease.
Neuropathol Appl Neurobiol. 2017;43:393-408.

Theofilas P, Ehrenberg AJ, Dunlop S, et al. Locus coeruleus volume
and cell population changes during Alzheimer’s disease progression:
a stereological study in human postmortem brains with potential
implication for early-stage biomarker discovery. Alzheimers Dement.
2017;13:236-246.

Andres-Benito P, Fernandez-Duenas V, Carmona M, et al. Locus
coeruleus at asymptomatic early and middle Braak stages of
neurofibrillary tangle pathology. Neuropathol Appl Neurobiol.
2017;43:373-392.

Morris LS, McCall JG, Charney DS, Murrough JW. The role of
the locus coeruleus in the generation of pathological anxiety. Brain
Neurosci Adv. 2020;4:2398212820930321.

Grueschow M, Stenz N, Thorn H, et al. Real-world stress resilience is
associated with the responsivity of the locus coeruleus. Nat Commun.
2021;12:2275.

Nair SS, Govindankutty MM, Balakrishnan M, Prasad K,
Sathyaprabha T, Udupa K. Investigation of Autonomic Dysfunction
in Alzheimer’s Disease—A Computational Model-Based Approach.
Brain Sciences. 2023;13:1322.

Da Silva V, Oliveira BRR, Mello RGT, Moraes H, Deslandes A, Laks J.
Heart Rate Variability Indexes in Dementia: a Systematic Review with
a Quantitative Analysis. Curr Alzheimer Res. 2017;15(1):80-88.
Attreed A, Morand L, Pond D, Sturmberg J. The Clinical Role of Heart
Rate Variability Assessment in Cognitively Impaired Patients and Its
Applicability in Community Care Settings: a Systematic Review of the
Literature. Cureus. 2024;16:€61703.

Mendez M, Fong S, Ashla M, Jimenez E, Carr A. Skin Conduction
Levels Differentiate Frontotemporal Dementia From Alzheimer’s
Disease. J Neuropsychiatry Clin Neurosci. 2018;3(3):208-213.
Chalermpalanupap T, Schroeder JP, Rorabaugh JM, et al. Locus
Coeruleus Ablation Exacerbates Cognitive Deficits, Neuropathology,
and Lethality in P301S Tau Transgenic Mice. J Neurosci. 2018;38:74-
92.

Hammerschmidt T, Kummer MP, Terwel D, et al. Selective loss of
noradrenaline exacerbates early cognitive dysfunction and synaptic
deficits in APP/PS1 mice. Biol Psychiatry. 2013;73:454-463.

Heneka MT, Nadrigny F, Regen T, et al. Locus ceruleus controls
Alzheimer’s disease pathology by modulating microglial functions
through norepinephrine. Proc Natl Acad Sci USA. 2010;107:6058-
6063.

Heneka MT, Ramanathan M, Jacobs AH, et al. Locus ceruleus degen-
eration promotes Alzheimer pathogenesis in amyloid precursor
protein 23 transgenic mice. J Neurosci. 2006;26:1343-1354.
Jardanhazi-Kurutz D, Kummer MP, Terwel D, et al. Induced LC
degeneration in APP/PS1 transgenic mice accelerates early cerebral
amyloidosis and cognitive deficits. Neurochem Int. 2010;57:375-382.
Kalinin S, Gavrilyuk V, Polak PE, et al. Noradrenaline deficiency in
brain increases beta-amyloid plaque burden in an animal model of
Alzheimer’s disease. Neurobiol Aging. 2007;28:1206-1214.
Borodovitsyna O, Flamini MD, Chandler DJ. Acute Stress Persis-
tently Alters Locus Coeruleus Function and Anxiety-like Behavior in
Adolescent Rats. Neuroscience. 2018;373:7-19.

Toyoda H, Kim D, Koh BG, et al. Chronic stress impairs autoin-
hibition in neurons of the locus coeruleus to increase asparagine
endopeptidase activity. eLife. 2025;14:RP106362.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91

92.

93.

94.

95.

96.

97.

98.

THE JOURNAL OF THE ALZHEIMER'S ASSOCIATION

Reyes BAS. The Locus Coeruleus: anatomy, Physiology, and Stress-
Related Neuropsychiatric Disorders. Eur J Neurosci. 2025;61:e70111.
McCall JG, Al-Hasani R, Siuda ER, et al. CRH Engagement of the Locus
Coeruleus Noradrenergic System Mediates Stress-Induced Anxiety.
Neuron. 2015;87:605-620.

Serova LI, Nwokafor C, Van Bockstaele EJ, Reyes BAS, Lin X, Sabban
EL. Single prolonged stress PTSD model triggers progressive severity
of anxiety, altered gene expression in locus coeruleus and hypotha-
lamus and effected sensitivity to NPY. Eur Neuropsychopharmacol.
2019;29:482-492.

Sabban EL, Serova LI, Newman E, Aisenberg N, Akirav |. Changes
in Gene Expression in the Locus Coeruleus-Amygdala Circuitry in
Inhibitory Avoidance PTSD Model. Cell Mol Neurobiol. 2018;38:273-
280.

Jedema HP, Grace AA. Corticotropin-releasing hormone directly
activates noradrenergic neurons of the locus ceruleus recorded in
vitro. J Neurosci. 2004;24:9703-9713.

Moriceau S, Shionoya K, Jakubs K, Sullivan RM. Early-life stress
disrupts attachment learning: the role of amygdala corticosterone,
locus ceruleus corticotropin releasing hormone, and olfactory bulb
norepinephrine. J Neurosci. 2009;29:15745-15755.

Sanchez-Padilla J, Guzman JN, llijic E, et al. Mitochondrial oxidant
stress in locus coeruleus is regulated by activity and nitric oxide
synthase. Nat Neurosci. 2014;17:832-840.

Janitzky K. Impaired Phasic Discharge of Locus Coeruleus Neurons
Based on Persistent High Tonic Discharge-A New Hypothesis With
Potential Implications for Neurodegenerative Diseases. Front Neurol.
2020;11:371.

Galgani A, Scotto M, Faraguna U, Giorgi FS. Fading Blue: exploring the
Causes of Locus Coeruleus Damage Across the Lifespan. Antioxidants
(Basel). 2025;14:255.

Kang SS, Liu X, Ahn EH, et al. Norepinephrine metabolite DOPEGAL
activates AEP and pathological Tau aggregation in locus coeruleus. J
Clin Invest. 2020;130:422-437.

Elliott EM, Mattson MP, Vanderklish P, Lynch G, Chang |, Sapolsky
RM. Corticosterone exacerbates kainate-induced alterations in hip-
pocampal tau immunoreactivity and spectrin proteolysis in vivo. J
Neurochem. 1993;61:57-67.

Pedersen WA, McCullers D, Culmsee C, Haughey NJ, Herman JP,
Mattson MP. Corticotropin-releasing hormone protects neurons
against insults relevant to the pathogenesis of Alzheimer’s disease.
Neurobiol Dis. 2001;8:492-503.

Baglietto-Vargas D, Chen Y, Suh D, et al. Short-term modern life-
like stress exacerbates Abeta-pathology and synapse loss in 3xTg-AD
mice. J Neurochem. 2015;134:915-926.

Dong H, Murphy KM, Meng L, et al. Corticotrophin releasing factor
accelerates neuropathology and cognitive decline in a mouse model
of Alzheimer’s disease. J Alzheimers Dis. 2012;28:579-592.

Kang JE, Cirrito JR, Dong H, Csernansky JG, Holtzman DM. Acute
stress increases interstitial fluid amyloid-beta via corticotropin-
releasing factor and neuronal activity. Proc Natl Acad Sci USA.
2007;104:10673-10678.

Campbell SN, Zhang C, Monte L, et al. Increased tau phosphory-
lation and aggregation in the hippocampus of mice overexpressing
corticotropin-releasing factor. J Alzheimers Dis. 2015;43:967-976.
Filipcik P, Novak P, Mravec B, et al. Tau protein phosphorylation in
diverse brain areas of normal and CRH deficient mice: up-regulation
by stress. Cell Mol Neurobiol. 2012;32:837-845.

Rissman RA, Lee KF, Vale W, Sawchenko PE. Corticotropin-releasing
factor receptors differentially regulate stress-induced tau phospho-
rylation. J Neurosci. 2007;27:6552-6562.

Kvetnansky R, Novak P, Vargovic P, et al. Exaggerated phosphory-
lation of brain tau protein in CRH KO mice exposed to repeated
immobilization stress. Stress. 2016;19:395-405.

25U9017 SUOWILIOD AR 3|qeoljdde aLp Aq peueAoB o S YO ‘88N J0'SaINJ 0y A1 UIIUO ABIA U0 (SUO1IPUOD-PLB-SLLLBYWIOD A3 1A AReAc]1jBu1 U0/ SdIY) SUONIPUOD) PUE SULS | aU) 95 *[920Z/90/0T] U ARiq178UIIUO AB]IM BUIIDBURIL0D Ad ZVGTZ ZIB/Z00T OT/10P/L00" 3| v AeJcl1[puI U0 S UINO[-Z e/ Sty W0y Papeojumod ‘9 ‘9202 ‘622525ST



wuo1s | Alzheimer’s &PDementia’

99.

100.

101.

102.

108.
104.

105.
106.

107.
108.

109.
110.

111.

112.
113.
114.
115.
116.
117.

118.

EBERLY ET AL.

THE JOURNAL OF THE ALZHEIMER’S ASSOCIATION

Campbell SN, Zhang C, Roe AD, et al. Impact of CRFR1 Ablation on
Amyloid-beta Production and Accumulation in a Mouse Model of
Alzheimer’s Disease. J Alzheimers Dis. 2015;45:1175-1184.
Lezoualc’h F, Engert S, Berning B, Behl C. Corticotropin-releasing
hormone-mediated neuroprotection against oxidative stress is asso-
ciated with the increased release of non-amyloidogenic amyloid beta
precursor protein and with the suppression of nuclear factor-kappaB.
Mol Endocrinol. 2000;14:147-159.

CR Elliott-Hunt, Kazlauskaite J, Wilde GJ, Grammatopoulos
DK, Hillhouse EW. Potential signalling pathways underlying
corticotrophin-releasing hormone-mediated neuroprotection from
excitotoxicity in rat hippocampus. J Neurochem. 2002;80:416-425.
Koutmani Y, Politis PK, Elkouris M, et al. Corticotropin-releasing hor-
mone exerts direct effects on neuronal progenitor cells: implications
for neuroprotection. Mol Psychiatry. 2013;18:300-307.

Joels M. Corticosteroid effects in the brain: u-shape it. Trends Pharma-
col Sci. 2006;27:244-250.

Sapolsky RM. Stress and the brain: individual variability and the
inverted-U. Nat Neurosci. 2015;18:1344-1346.

Peskind ER, Wilkinson CW, Petrie EC, Schellenberg GD, Raskind
MA. Increased CSF cortisol in AD is a function of APOE genotype.
Neurology. 2001;56:1094-1098.

Zhang J, Lin L, Dai X, Xiao N, Ye Q, Chen X. ApoE4 increases suscepti-
bility to stress-induced age-dependent depression-like behavior and
cognitive impairment. J Psychiatr Res. 2021;143:292-301.

Peavy GM, Lange KL, Salmon DP, Patterson TL, Goldman S, Gamst
AC, et al. The effects of prolonged stress and APOE genotype on
memory and cortisol in older adults. Biol Psychiatry. 2007;62:472-
478.

Gallagher-Thompson D, O’Hara R, Simmons A, Kraemer HC, Murphy
GMJr. Apolipoprotein E epsilon4 allele affects the relationship
between stress and depression in caregivers of patients with
Alzheimer’s disease. J Geriatr Psychiatry Neurol. 2001;14:115-119.
Green KN, Billings LM, Roozendaal B, McGaugh JL, LaFerla FM. Glu-
cocorticoids increase amyloid-beta and tau pathology in a mouse
model of Alzheimer’s disease. J Neurosci. 2006;26:9047-9056.
Sotiropoulos |, Catania C, Pinto LG, et al. Stress acts cumulatively
to precipitate Alzheimer’s disease-like tau pathology and cognitive
deficits. J Neurosci. 2011;31:7840-7847.

Yashin Al, Wu D, Arbeev K, et al. Interplay between stress-related
genes may influence Alzheimer’s disease development: the results
of genetic interaction analyses of human data. Mech Ageing Dev.
2021;196:111477.

Esposito P, Gheorghe D, Kandere K, et al. Acute stress increases per-
meability of the blood-brain-barrier through activation of brain mast
cells. Brain Res. 2001;888:117-127.

de Quervain DJ, Poirier R, Wollmer MA, et al. Glucocorticoid-
related genetic susceptibility for Alzheimer’s disease. Hum Mol Genet.
2004;13:47-52.

Erickson MA, Banks WA. Blood-brain barrier dysfunction as a cause
and consequence of Alzheimer’s disease. J Cereb Blood Flow Metab.
2013;33:1500-1513.

Yamaguchi T, Shimizu K, Kokubu Y, et al. Effect of heat stress
on blood-brain barrier integrity in iPS cell-derived microvascular
endothelial cell models. PLoS One. 2019;14:€0222113.

Welcome MO, Mastorakis NE. Stress-induced blood brain barrier dis-
ruption: molecular mechanisms and signaling pathways. Pharmacol
Res. 2020;157:104769.

Zhou MY, Xie F, Zhao Y, Wang X, Sun ZW, Qian LJ. Stress-induced
regional characteristics of the blood-brain barrier. Brain Res Bull.
2025;231:111548.

Santha P, Veszelka S, Hoyk Z, et al. Restraint Stress-Induced Morpho-
logical Changes at the Blood-Brain Barrier in Adult Rats. Front Mol
Neurosci. 2015;8:88.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131

132.

133.

134.

135.

136.

137.

138.

139.

140.

Felinski EA, Cox AE, Phillips BE, Antonetti DA. Glucocorticoids
induce transactivation of tight junction genes occludin and claudin-
5 in retinal endothelial cells via a novel cis-element. Exp Eye Res.
2008;86:867-878.

Theoharides TC, Konstantinidou AD. Corticotropin-releasing hor-
mone and the blood-brain-barrier. Front Biosci. 2007;12:1615-1628.
Reus GZ, Fries GR, Stertz L, et al. The role of inflammation and
microglial activation in the pathophysiology of psychiatric disorders.
Neuroscience. 2015;300:141-154.

Zhang PF, Hu H, Tan L, Yu JT. Microglia Biomarkers in Alzheimer’s
Disease. Mol Neurobiol. 2021;58:3388-3404.

Perry VH, Holmes C. Microglial priming in neurodegenerative dis-
ease. Nat Rev Neurol. 2014;10:217-224.

Hansen DV, Hanson JE. Sheng M. Microglia in Alzheimer’s disease. J
Cell Biol. 2018;217:459-472.

Obermeier B, Daneman R, Ransohoff RM. Development, main-
tenance and disruption of the blood-brain barrier. Nat Med.
2013;19:1584-1596.

Thrivikraman KV, Kinkead B, Owens MJ, Rapaport MH, Plotsky PM.
Locus Coeruleus Noradrenergic Modulation of Diurnal Corticos-
terone, Stress Reactivity, and Cardiovascular Homeostasis in Male
Rats. Neuroendocrinology. 2022;112:763-776.

Al-Ghraiybah NF, Wang J, Alkhalifa AE, et al. Glial Cell-Mediated
Neuroinflammation in Alzheimer’'s Disease. Int J Mol Sci.
2022;23:10572.

Aleman-Villa KM, Armienta-Rojas DA, Camberos-Barraza J, et al.
Neuroinflammation across the Spectrum of Neurodegenerative Dis-
eases: mechanisms and Therapeutic Frontiers. NeurolmmunoModula-
tion. 2025;32:278-305.

Haruwaka K, Ikegami A, Tachibana Y, et al. Dual microglia effects on
blood brain barrier permeability induced by systemic inflammation.
Nat Commun. 2019;10:5816.

Heneka MT, Sastre M, Dumitrescu-Ozimek L, et al. Focal glial acti-
vation coincides with increased BACE1 activation and precedes
amyloid plaque deposition in APP[V717I] transgenic mice. J Neuroin-
flammation. 2005;2:22.

Agorastos A, OIff M. Sleep, circadian system and traumatic stress. Eur
J Psychotraumatol. 2021;12:1956746.

Meerlo P, Sgoifo A, Suchecki D. Restricted and disrupted sleep:
effects on autonomic function, neuroendocrine stress systems and
stress responsivity. Sleep Med Rev. 2008;12:197-210.

Yurgel ME, Gao C, O’'Malley JJ, et al. A stress-sensing circuit signals
to the central pacemaker to reprogram circadian rhythms. Sci Adv.
2025;11:eadr7960.

Ambree O, Touma C, Gortz N, et al. Activity changes and marked
stereotypic behavior precede Abeta pathology in TgCRND8
Alzheimer mice. Neurobiol Aging. 2006;27:955-964.

McEwen BS. Protective and damaging effects of stress mediators:
central role of the brain. Dialogues Clin Neurosci. 2006;8:367-381.
Musiek ES, Bhimasani M, Zangrilli MA, Morris JC, Holtzman DM, Ju
YS. Circadian Rest-Activity Pattern Changes in Aging and Preclinical
Alzheimer Disease. JAMA Neurol. 2018;75:582-590.

Vitiello MV, Prinz PN, DE Williams, Frommlet MS, Ries RK. Sleep dis-
turbances in patients with mild-stage Alzheimer’s disease. J Gerontol.
1990;45:M131-8.

Sterniczuk R, Antle MC, Laferla FM, Dyck RH. Characterization of the
3xTg-AD mouse model of Alzheimer’s disease: part 2. Behavioral and
cognitive changes. Brain Res. 2010;1348:149-155.

Oh J, Eser RA, Ehrenberg AJ, et al. Profound degeneration of
wake-promoting neurons in Alzheimer’s disease. Alzheimers Dement.
2019;15:1253-1263.

Valentino RJ, Van Bockstaele E. Convergent regulation of locus
coeruleus activity as an adaptive response to stress. Eur J Pharmacol.
2008;583:194-203.

25U9017 SUOWILIOD AR 3|qeoljdde aLp Aq peueAoB o S YO ‘88N J0'SaINJ 0y A1 UIIUO ABIA U0 (SUO1IPUOD-PLB-SLLLBYWIOD A3 1A AReAc]1jBu1 U0/ SdIY) SUONIPUOD) PUE SULS | aU) 95 *[920Z/90/0T] U ARiq178UIIUO AB]IM BUIIDBURIL0D Ad ZVGTZ ZIB/Z00T OT/10P/L00" 3| v AeJcl1[puI U0 S UINO[-Z e/ Sty W0y Papeojumod ‘9 ‘9202 ‘622525ST



EBERLY ET AL.

Alzheimer’s &Dementia® | 1sorie

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

Winsky-Sommerer R, Boutrel B, de Lecea L. Stress and arousal: the
corticotrophin-releasing factor/hypocretin circuitry. Mol Neurobiol.
2005;32:285-294.

Saper CB, Scammell TE, Lu J. Hypothalamic regulation of sleep and
circadian rhythms. Nature. 2005;437:1257-1263.

Bonnavion P, Jackson A, Carter M, De Lecea L. Antagonistic interplay
between hypocretin and leptin in the lateral hypothalamus regulates
stress responses. Nat Commun. 2015;6:6266.

Eser RA, Ehrenberg AJ, Petersen C, et al. Selective Vulnerability of
Brainstem Nuclei in Distinct Tauopathies: a Postmortem Study. J
Neuropathol Exp Neurol. 2018;77:149-161.

Theofilas P, Dunlop S, Heinsen H, Grinberg LT. Turning on the Light
Within: subcortical Nuclei of the Isodentritic Core and their Role in
Alzheimer’s Disease Pathogenesis. J Alzheimers Dis. 2015;46:17-34.
Braak H, Del Tredici K. The pathological process underlying
Alzheimer’s disease in individuals under thirty. Acta Neuropathol.
2011;121:171-181.

Ehrenberg AJ, Kelberman MA, Liu KY, et al. Priorities for research
on neuromodulatory subcortical systems in Alzheimer’s disease:
position paper from the NSS PIA of ISTAART. Alzheimers Dement.
2023;19:2182-2196.

Kang JE, Lim MM, Bateman RJ, et al. Amyloid-beta dynamics are reg-
ulated by orexin and the sleep-wake cycle. Science. 2009;326:1005-
1007.

Roh JH, Jiang H, Finn MB, et al. Potential role of orexin and sleep
modulation in the pathogenesis of Alzheimer’s disease. J Exp Med.
2014;211:2487-2496.

Van Egroo M, van Hooren RWE, Jacobs HIL. Associations between
locus coeruleus integrity and nocturnal awakenings in the context of
Alzheimer’s disease plasma biomarkers: a 7T MRI study. Alzheimers
Res Ther. 2021;13:159.

Ju YE, McLeland JS, Toedebusch CD, et al. Sleep quality and preclini-
cal Alzheimer disease. JAMA Neurol. 2013;70:587-593.

Winer JR, Mander BA, Helfrich RF, et al. Sleep as a Potential
Biomarker of Tau and beta-Amyloid Burden in the Human Brain. J
Neurosci. 2019;39:6315-6324.

Rasmussen MK, Mestre H, Nedergaard M. The glymphatic pathway
in neurological disorders. Lancet Neurol. 2018;17:1016-1024.
Hauglund NL, Andersen M, Tokarska K, et al. Norepinephrine-
mediated slow vasomotion drives glymphatic clearance during sleep.
Cell. 2025;188:606-622.

Zhu Y, Zhan G, Fenik P, et al. Chronic Sleep Disruption Advances
the Temporal Progression of Tauopathy in P301S Mutant Mice. J
Neurosci. 2018;38:10255-10270.

Quanes S, Clark C, Richiardi J, et al. Cerebrospinal Fluid Cortisol and
Dehydroepiandrosterone Sulfate, Alzheimer’s Disease Pathology,
and Cognitive Decline. Front Aging Neurosci. 2022;14:892754.

Zheng B, Tal R, Yang Z, Middleton L, Udeh-Momoh C. Cortisol hyper-
secretion and the risk of Alzheimer’s disease: a systematic review and
meta-analysis. Ageing Res Rev. 2020;64:101171.

Dronse J, Ohndorf A, Richter N, et al. Serum cortisol is negatively
related to hippocampal volume, brain structure, and memory perfor-
mance in healthy aging and Alzheimer’s disease. Front Aging Neurosci.
2023;15:1154112.

Csernansky J, Dong H, Fagan A, et al. Plasma cortisol and progres-
sion of dementia in subjects with Alzheimer-type dementia. Am J
Psychiatry. 2006;163(12):2164-2169.

Popp J, Wolfsgruber S, Heuser |, et al. Cerebrospinal fluid cortisol and
clinical disease progression in MCl and dementia of Alzheimer’s type.
Neurobiol Aging. 2015;36:601-607.

Yeram N, Dalvi S, Mankeshwar R, et al. Relationship between cortisol,
Interleukin-6 and homocysteine in Alzheimer’s disease. Qatar Medical
Journal. 2021;2021:1-10.

Balietti M, Galeazzi R, Giacconi R, Santillo E, Giuli C. Early Bene-
fits with Potential Long-Term Risks of a Comprehensive Intervention

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

THE JOURNAL OF THE ALZHEIMER'S ASSOCIATION

on Serum Cortisol Levels and Cognitive Performance in Patients
with Alzheimer’s Disease. Journal of Alzheimer’s Disease Reports.
2023;7:1445-1453.

Ferrer-Cairols |, Ferré-Gonzédlez L, Garcia-Lluch G, et al. Emo-
tion recognition and baseline cortisol levels relationship in early
Alzheimer disease. Biol Psychol. 2023;177:108511.

Wirth M, Lange C, Huijbers W. Plasma cortisol is associated with
cerebral hypometabolism across the Alzheimer’s disease spectrum.
Neurobiol Aging. 2019;84:80-89.

Li H, Chen K, Yang L, Wang Q, Zhang J, He J. The role of plasma
cortisol in dementia, epilepsy, and multiple sclerosis: a Mendelian
randomization study. Frontiers in Endocrinology. 2023;14:1107780.
Adedeji D, Holleman J, Johansson L, et al. Associations of depressive
symptoms and cortisol with cognitive performance among memory
clinic patients. Int Psychogeriatr. 2025;37(2):100009.

Holleman J, Adagunodo S, Kareholt I, et al. Cortisol, cognition and
Alzheimer’s disease biomarkers among memory clinic patients. BMJ
Neurology Open. 2022;4:e000344.

Adedeji D, Holleman J, Juster R, et al. Longitudinal study of
Alzheimer’s disease biomarkers, allostatic load, and cognition
among memory clinic patients. Brain, Behavior, & Immunity—Health.
2023;28:100592.

Lei JK. Change of serum ACTH and cortisol levels in Alzheimer
disease and mild cognition impairment. Zhonghua Yi Xue Za Zhi.
2010;90:2894-2896.

O’Brien JT, Ames D, Schweitzer I, Mastwyk M, Colman P. Enhanced
adrenal sensitivity to adrenocorticotrophic hormone (ACTH) is evi-
dence of HPA axis hyperactivity in Alzheimer’s disease. Psychol Med.
1996;26:7-14.

Hatzinger M, Z'Brun A, Hemmeter U, et al. Hypothalamic-pituitary-
adrenal system function in patients with Alzheimer’s disease. Neuro-
biol Aging. 1995;16:205-209.

Delahanty DL, Gabert-Quillen C, Ostrowski SA, et al. The efficacy
of initial hydrocortisone administration at preventing posttraumatic
distress in adult trauma patients: a randomized trial. CNS Spectr.
2013;18:103-111.

Lawrence S, Scofield RH. Post traumatic stress disorder associ-
ated hypothalamic-pituitary-adrenal axis dysregulation and physical
illness. Brain Behav Immun Health. 2024,;41:100849.

Lupien SJ, de Leon M, de Santi S, et al. Cortisol levels during
human aging predict hippocampal atrophy and memory deficits. Nat
Neurosci. 1998;1:69-73.

Sapolsky RM, Krey LC, McEwen BS. The neuroendocrinology of
stress and aging: the glucocorticoid cascade hypothesis. Endocr Rev.
1986,7:284-301.

Stratmann K, Heinsen H, Korf HW, et al. Precortical Phase of
Alzheimer’s Disease (AD)-Related Tau Cytoskeletal Pathology. Brain
Pathol. 2016;26:371-386.

Chen Y, Chen T, Hou R. Locus coeruleus in the pathogenesis of
Alzheimer’s disease: a systematic review. Alzheimer’s & Dementia.
2022;8:€12257. Translational Research & Clinical Interventions.
Betts MJ, Kirilina E, Otaduy MCG, et al. Locus coeruleus imaging
as a biomarker for noradrenergic dysfunction in neurodegenerative
diseases. Brain. 2019;142:2558-2571.

Jacobs HIL, Riphagen JM, Ramakers |, Verhey FRJ. Alzheimer’s
disease pathology: pathways between central norepinephrine
activity, memory, and neuropsychiatric symptoms. Mol Psychiatry.
2019;26(3):897-906.

Ross JA, Van Bockstaele EJ. The Locus Coeruleus-Norepinephrine
System in Stress and Arousal: unraveling Historical, Current, and
Future Perspectives. Front Psychiatry. 2020;11:601519.

Mather M, Joo Yoo H, Clewett DV, et al. Higher locus coeruleus
MRI contrast is associated with lower parasympathetic influ-
ence over heart rate variability. Neuroimage. 2017;150:329-
335.

25U9017 SUOWILIOD AR 3|qeoljdde aLp Aq peueAoB o S YO ‘88N J0'SaINJ 0y A1 UIIUO ABIA U0 (SUO1IPUOD-PLB-SLLLBYWIOD A3 1A AReAc]1jBu1 U0/ SdIY) SUONIPUOD) PUE SULS | aU) 95 *[920Z/90/0T] U ARiq178UIIUO AB]IM BUIIDBURIL0D Ad ZVGTZ ZIB/Z00T OT/10P/L00" 3| v AeJcl1[puI U0 S UINO[-Z e/ Sty W0y Papeojumod ‘9 ‘9202 ‘622525ST



wor1s | Alzheimer’s &PDementia’

182.

183.

184.
185.

186.

187.
188.

189.

190.
191

192.
193.
194.
195.

196.

197.

EBERLY ET AL.

THE JOURNAL OF THE ALZHEIMER’S ASSOCIATION

Bachman SL, Nashiro K, Yoo H, Wang D, Thayer JF, Mather M. Asso-
ciations between locus coeruleus MRI contrast and physiological
responses to acute stress in younger and older adults. Brain Res.
2022;1796:148070.

Ziegler DR, Cass WA, Herman JP. Excitatory influence of the locus
coeruleus in hypothalamic-pituitary-adrenocortical axis responses to
stress. J Neuroendocrinol. 1999;11:361-369.

Eghtesad M, Salmani ME, Lashkarbolouki T, Goudarzi |. Lateral
Hypothalamus Corticotropin-releasing Hormone Receptor-1 Inhi-
bition and Modulating Stress-induced Anxiety Behavior. Basic Clin
Neurosci. 2021;13:373-384.

Liu D, Zheng X, Hui Y, et al. Lateral hypothalamus orexiner-
gic projection to the medial prefrontal cortex modulates chronic
stress-induced anhedonia but not anxiety and despair. Translational
Psychiatry. 2024;14:149.

Barretto-de-Souza L, Benini R, Reis-Silva LL, Crestani CC. Role of
CRF(1) and CRF(2) receptors in the lateral hypothalamus in car-
diovascular and anxiogenic responses evoked by restraint stress in
rats: evaluation of acute and chronic exposure. Neuropharmacology.
2022;212:109061.

Lei AA, Phang VWX, Lee Y, et al. Chronic Stress-Associated Depres-
sive Disorders: the Impact of HPA Axis Dysregulation and Neu-
roinflammation on the Hippocampus—A Mini Review. Int J Mol Sci.
2025;26:2940.

Raper J, Wilson M, Sanchez M, Payne C, Bachevalier J. Increased
anxiety-like behaviors, but blunted cortisol stress response after
neonatal hippocampal lesions in monkeys. Psychoneuroendocrinology.
2017;76:57-66.

McKeon E, Torres J, Kazama A, Bachevalier J, Raper J. Differ-
ential responses toward conditioned and unconditioned stimuli,
but decreased hypothalamic-pituitary-adrenal axis responsiveness
in neonatal hippocampal lesioned monkeys. Developmental Cognitive
Neuroscience. 2022;58:101165.

Kim EJ, Kim J. Neurocognitive effects of stress: a metaparadigm
perspective. Mol Psychiatry. 2023;28:2750-2763.

Kim EJ, Pellman B, Kim J. Stress effects on the hippocampus: a critical
review. Learn Mem. 2015;22:411-416.

Jacobson L, Sapolsky R. The role of the hippocampus in feedback reg-
ulation of the hypothalamic-pituitary-adrenocortical axis. Endocr Rev.
1991;12:118-134.

Pegueroles J, Vilaplana E, Montal V, et al. Longitudinal brain struc-
tural changes in preclinical Alzheimer’s disease. Alzheimer’s & Demen-
tia. 2017;13:499-509.

Jobson D, Hase Y, Clarkson A, Kalaria R. The role of the medial
prefrontal cortex in cognition, ageing and dementia. Brain Commun.
2021;3:fcab125.

Arsenault-Lapierre G, Whitehead V, Lupien S, Chertkow H. Effects
of anosognosia on perceived stress and cortisol levels in Alzheimer’s
disease. Int J Alzheimers Dis. 2012;2012:209570.
Quintana-Hernandez DJ, Miro-Barrachina MT, Ibanez-Fernandez |J,
et al. Mindfulness in the Maintenance of Cognitive Capacities in
Alzheimer’s Disease: a Randomized Clinical Trial. J Alzheimers Dis.
2016;50:217-232.

Sirimanne NN, Dahiya N, Papazian G, Nazeer N, Tasmiya Elemam
B. Mindfulness and meditation: promoting emotional and cognitive
health. Prog Brain Res. 2025;298:87-109.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

de la Rubia, Orti JE, Garcia-Pardo MP, et al. Does Music Therapy
Improve Anxiety and Depression in Alzheimer’s Patients?. J Altern
Complement Med. 2018;24:33-36.

Gao Y, Yin J, Sun Y, Li T, Wu Y. Effects of cognitive behav-
ioral therapy on cognition, neuropsychiatric symptoms, and quality
of life in Alzheimer’s disease: a meta-analysis. Front Psychiatry.
2025;16:1648225.

Yang B, Yang S, Zhang Y, et al. Stressor-Oriented MUIticompo-
nent Intervention and the WeLl-Being of Patients with Alzheimer’s
Disease: a Randomized Controlled Trial (SOUL-P). J Alzheimers Dis.
2021;79:141-152.

Russell-Williams J, Jaroudi W, Perich T, Hoscheidt S, El Haj M,
Moustafa AA. Mindfulness and meditation: treating cognitive impair-
ment and reducing stress in dementia. Rev Neurosci. 2018;29:791-
804.

Webster SP, McBride A, Binnie M, et al. Selection and early clinical
evaluation of the brain-penetrant 11beta-hydroxysteroid dehydro-
genase type 1 (11beta-HSD1) inhibitor UE2343 (Xanamem). Br J
Pharmacol. 2017;174:396-408.

Liu W, Katz DA, Locke C, et al. Clinical Safety, Pharmacokinetics, and
Pharmacodynamics of the 11beta-Hydroxysteroid Dehydrogenase
Type 1 Inhibitor ABT-384 in Healthy Volunteers and Elderly Adults.
Clin Pharmacol Drug Dev. 2013;2:133-151.

Martocchia A, Stefanelli M, Falaschi GM, Toussan L, Ferri C, Falaschi
P. Recent advances in the role of cortisol and metabolic syndrome
in age-related degenerative diseases. Aging Clin Exp Res. 2016;28:17-
23.

Yiallouris A, Tsioutis C, Agapidaki E, et al. Adrenal Aging and Its
Implications on Stress Responsiveness in Humans. Front Endocrinol
(Lausanne). 2019;10:54.

Gabelle A, Jaussent |, Hirtz C, et al. Cerebrospinal fluid levels of
orexin-A and histamine, and sleep profile within the Alzheimer
process. Neurobiol Aging. 2017;53:59-66.

Lucey BP, Liu H, Toedebusch CD, et al. Suvorexant Acutely Decreases
Tau Phosphorylation and Abeta in the Human CNS. Ann Neurol.
2023;94:27-40.

Levey Al, Qiu D, Zhao L, et al. A phase Il study repurposing ato-
moxetine for neuroprotection in mild cognitive impairment. Brain.
2021;145(6):1924-1938.

SUPPORTING INFORMATION

Additional supporting information can be found online in the Support-

ing Information section at the end of this article.

How to cite this article: Eberly SG, Phumsatitpong C, Munro

CE, Neylan TC, Kaufer D, Ehrenberg AJ. Stress, stress systems,
and Alzheimer’s disease. Alzheimer’s Dement. 2026;22:€71542.
https://doi.org/10.1002/alz.71542

25U9017 SUOWILIOD AR 3|qeoljdde aLp Aq peueAoB o S YO ‘88N J0'SaINJ 0y A1 UIIUO ABIA U0 (SUO1IPUOD-PLB-SLLLBYWIOD A3 1A AReAc]1jBu1 U0/ SdIY) SUONIPUOD) PUE SULS | aU) 95 *[920Z/90/0T] U ARiq178UIIUO AB]IM BUIIDBURIL0D Ad ZVGTZ ZIB/Z00T OT/10P/L00" 3| v AeJcl1[puI U0 S UINO[-Z e/ Sty W0y Papeojumod ‘9 ‘9202 ‘622525ST


https://doi.org/10.1002/alz.71542

	Stress, stress systems, and Alzheimer’s disease
	Abstract
	Highlights
	1 | INTRODUCTION
	2 | STRESS AS A RISK FACTOR FOR AD
	2.1 | Chronic psychosocial stress exposure as a risk factor for AD
	2.2 | Early-life adversity, trauma, and post-traumatic stress disorder as risk factors for dementia
	2.3 | Measuring stress signaling

	3 | MECHANISMS UNDERLYING THE RELATIONSHIP OF STRESS TO AD
	3.1 | Stress hormones and neuromodulators
	3.1.1 | Noradrenaline
	3.1.2 | HPA axis

	3.2 | Neuroinflammation and the BBB

	4 | SLEEP AND CIRCADIAN RHYTHMS AS MEDIATORS AND AMPLIFIERS OF STRESS’S RELATIONSHIP TO AD
	5 | CLINICAL IMPLICATIONS
	5.1 | Stress system signaling in AD
	5.2 | Selective vulnerability in AD and stress signaling measurement
	5.3 | Interventions

	6 | FUTURE DIRECTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	ORCID
	REFERENCES
	SUPPORTING INFORMATION


