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Abstract

Alzheimer’s disease (AD) is increasingly recognized as a multifactorial and systems-level disorder that extends beyond the classical
amyloid cascade hypothesis. Rather than dismissing established concepts such as tau pathology, synaptic dysfunction, vascular compro-
mise, mitochondrial abnormalities, and impaired proteostasis, emerging evidence suggests that these processes may interact dynamically
with chronic immune activation, microbial signaling, and systemic metabolic stress. Recent studies examining the microbiome-gut-brain
axis, chronic infection, innate immunity, and systemic immune-metabolic dysfunction have broadened the conceptual framework of AD
pathogenesis. Importantly, amyloid-p (Ap) is now understood to possess evolutionarily conserved antimicrobial and immunomodula-
tory properties, suggesting that amyloid deposition may initially represent a protective host-defense response rather than solely a toxic
pathological event. This perspective does not overturn the amyloid cascade model but instead reframes amyloid biology within a broader
adaptive evolutionary context in which chronic or dysregulated activation becomes maladaptive during aging. The present opinion arti-
cle integrates these converging concepts into a unified framework in which AD emerges from the prolonged interaction among immune
responses, microbial exposures, metabolic disturbances, mitochondrial dysfunction, vascular injury, and age-associated failures in pro-
teostatic resilience. This integrative interpretation seeks to humanize the disease process by viewing neurodegeneration not simply as
isolated protein accumulation, but as the gradual exhaustion of ancient host-defense and energy-regulatory systems that were originally
evolutionarily advantageous for survival.
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1. Microbiome-Gut-Brain Axis ties that already exist in susceptible aging individuals. This

Dysregulation Theory (Systems-Metabolic +
Neuroimmune Model)

According to the theory of microbiome-gut-brain axis
dysregulation, alterations in microbial composition may
contribute to the onset and progression of Alzheimer’s
disease (AD). This concept proposes that intestinal mi-
crobial ecosystems influence systemic immune signaling,
metabolic homeostasis, vascular integrity, and neuroin-
flammatory pathways that are relevant to neurodegenera-
tion (Fig. 1) [1,2,3]. The microbiota generates metabolites,
including short-chain fatty acids, bile acids, and neurotrans-
mitter precursors, that can modulate neural and immune
function [2,4]. In addition, gut microbial products influence
blood-brain barrier integrity, microglial maturation, and in-
flammatory signaling pathways [4,5].

Importantly, this relationship should not be interpreted
as a direct causal mechanism proving that microbiome al-
terations alone produce AD. Rather, current evidence sup-
ports the interpretation that microbiome dysregulation may
function as a contributing systems-level stressor capable of
amplifying neuroinflammatory and metabolic vulnerabili-

distinction between association and causation is critical be-
cause AD is likely multifactorial, involving interacting ge-
netic, vascular, inflammatory, metabolic, and proteostatic
Open components.

Neuroinflammation remains one of the central path-
ways implicated in AD [6,7]. Within this framework,
amyloid-p may also function as an antimicrobial pep-
tide [8,9], suggesting that microbial exposure and in-
nate immune activation may influence amyloidogenesis
[10,11,12]. However, this interpretation should not be
viewed as evidence that microbial exposure universally ini-
tiates AD pathology. Instead, microbial signaling may rep-
resent one of several interacting biological stressors that
influence the intensity and duration of immune activation
within the aging brain.

The evidence supporting microbiome involvement in
AD includes experimental study showing that germ-free
conditions in animal models can reduce amyloid pathol-
ogy, whereas reintroduction of dysbiotic microbiota can re-
store AD-like phenotypes [13]. Nonetheless, the transla-
tional relevance of these findings to human disease remains
incomplete, and controlled longitudinal human studies are
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Fig. 1. Integrated systems-level model linking innate immune amyloid biology with inflammatory, metabolic, mitochondrial,

vascular, and microbial contributions to Alzheimer’s disease. Established pathological mechanisms in Alzheimer’s disease - includ-

ing amyloid aggregation, neuroinflammation, mitochondrial dysfunction, oxidative stress, vascular/barrier impairment, and proteostatic

failure - are integrated with emerging evidence involving microbial signaling and systemic immune-metabolic dysregulation. Amyloid-$

(Ap) is illustrated not solely as a pathogenic aggregate but also as a potentially evolutionarily conserved innate immune effector ca-

pable of responding to infectious or inflammatory stimuli. Upon chronic or dysregulated activation, adaptive host-defense responses

may progressively transition into maladaptive neuroinflammatory and proteotoxic states. Solid mechanistic interactions in the figure

reflect relatively established biological processes, whereas dashed interactions represent emerging integrative systems-level associations

requiring further experimental validation. Therapeutic interventions are depicted as acting across multiple interacting nodes rather than

targeting a single isolated pathway. This figure was generated by ChatGPT-4 (OpenAl).

still required before definitive causal conclusions can be es-
tablished.

Furthermore, concerns regarding bacterial species dif-
ferences are also important. Gram-negative bacteria may
be particularly relevant because they release lipopolysac-
charides (LPS), potent inflammatory endotoxins capable of
inducing systemic immune activation, oxidative stress, en-
dothelial dysfunction, and neuronal injury. Elevated LPS
signaling has been associated with amyloid aggregation,
microglial activation, and disruption of amyloid homeosta-
sis [14,15]. In contrast, some gram-positive bacterial pop-
ulations may exert protective effects through production
of anti-inflammatory metabolites and maintenance of in-
testinal barrier integrity. Thus, the balance between pro-
tective and pro-inflammatory microbial populations may

influence whether immune signaling remains adaptive or
becomes chronically pathological. Recent human mi-
crobiome studies further demonstrate compositional alter-
ations in Alzheimer’s disease involving inflammatory mi-
crobial signatures and altered metabolic pathways, thereby
supporting the interpretation that microbiome-associated
immune signaling may contribute to disease vulnerability
at a systems level rather than through direct deterministic
causation alone [14,15].

In addition, natural aging demonstrates that cognitive
decline varies considerably among individuals. Recent ev-
idence indicates that gut-derived immune and metabolic
signaling pathways may contribute to these differences
[16]. Age-related microbial changes, including increases
in bacterial species such as Parabacteroides goldsteinii,
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may activate peripheral immune pathways through GPR84-
mediated signaling, resulting in inflammatory disruption
of vagal afferent communication and impaired hippocam-
pal function [16,17]. These findings are particularly com-
pelling because they suggest that age-associated cognitive
decline may not solely arise from intrinsic neuronal aging
but also from systemic alterations in peripheral signaling
networks that continuously communicate with the brain.

2. Microbial/Infectious Hypothesis (Chronic
Infection + Host-Defense Model)

The microbial or infectious hypothesis of AD pro-
poses that chronic infections or repeated microbial expo-
sures may contribute to sustained immune activation as-
sociated with neurodegeneration. Neurotropic pathogens,
including herpes simplex virus type-1 (HSV-1), Porphy-
romonas gingivalis, and Borrelia burgdorferi, have been
associated with amyloid deposition, neuroinflammation,
and tau-related abnormalities in some AD studies (Fig. 1)
[10,11,12].

Importantly, the available evidence does not support
the conclusion that chronic infection alone directly causes
Alzheimer’s disease. Rather, infections may represent bio-
logically relevant contributors capable of interacting with
aging, genetic susceptibility, vascular dysfunction, mito-
chondrial stress, and impaired proteostasis. In this context,
it can be surmised, infections may serve as chronic inflam-
matory triggers that repeatedly stimulate innate immune
pathways over prolonged periods. For example, HSV-1 in-
fection in apolipoprotein E epsilon 4 (APOE &4) carriers has
been associated with increased amyloid deposition and tau
phosphorylation. Likewise, oral pathogens such as P. gin-
givalis may contribute to inflammatory signaling and amy-
loidogenic responses through gingipain-mediated tissue in-
jury [11]. However, these observations remain associative
and should not be interpreted as evidence that infection su-
persedes protein misfolding as the singular explanation for
AD pathogenesis. Instead, microbial factors may operate
alongside established mechanisms such as tau aggregation,
synaptic degeneration, cerebrovascular dysfunction, mito-
chondrial impairment, and age-related failures in protein
homeostasis.

This broader interpretation may be more biologically
realistic because evolution rarely favors single-cause ex-
planations for complex chronic diseases. Rather, AD
likely emerges from cumulative interactions among multi-
ple adaptive systems that progressively lose resilience dur-

ing aging.

3. Amyloid-p as an Evolutionarily Conserved
Innate Immune Effector

One of the most significant conceptual developments
in AD research is the recognition that amyloid-f} possesses
antimicrobial and innate immune properties [8,9]. This ob-
servation introduces the possibility that amyloid formation
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initially evolved as a protective biological response rather
than solely as a pathological event. Experimental study
demonstrate that AP can bind microbial organisms, aggre-
gate around pathogens, and exhibit antimicrobial activity
comparable to classical antimicrobial peptides such as LL-
37 and defensins [8]. This evolutionary perspective sug-
gests that amyloidogenesis may represent an ancient host-
defense mechanism designed to sequester infectious or in-
flammatory threats.

The novel insight emerging from this interpretation
is not merely that amyloid possesses antimicrobial proper-
ties, but that the evolutionary persistence of amyloid biol-
ogy may reflect selective survival advantages throughout
human evolution. In early biological systems, rapid pep-
tide aggregation around pathogens may have enhanced host
survival by limiting microbial spread and modulating in-
nate immune responses. Under modern conditions of pro-
longed lifespan, chronic inflammation, metabolic disease,
vascular dysfunction, and repeated immune activation, this
once-protective process may become maladaptive and self-
perpetuating. Accordingly, amyloid may be viewed less as
a biological error and more as an example of antagonistic
pleiotropy: a conserved defense mechanism beneficial ear-
lier in life but potentially harmful during aging when regu-
latory clearance systems fail. The conceptual novelty of the
present framework does not arise from proposing a single
new pathogenic mechanism, but rather from integrating im-
mune, microbial, metabolic, vascular, mitochondrial, and
proteostatic theories into a unified evolutionary interpreta-
tion of Alzheimer’s disease. Within this model, amyloid-3
is viewed not exclusively as a pathological byproduct, but
as an evolutionarily conserved host-defense effector whose
persistence across biological evolution may have provided
selective survival advantages under infectious and inflam-
matory pressures. Accordingly, the manuscript proposes
that Alzheimer’s disease may partly represent the chronic
dysregulation and exhaustion of adaptive survival systems
that originally evolved to preserve organismal resilience.

This interpretation also helps reconcile competing hy-
potheses. Rather than overturning the amyloid cascade hy-
pothesis, the immune-defense framework broadens it by
asking why amyloid production evolved and under what
circumstances protective responses become pathological.
Chronic activation of AP production due to inflammation,
microbial signaling, oxidative stress, vascular compromise,
or mitochondrial dysfunction may overwhelm clearance
mechanisms, leading to persistent amyloid accumulation,
proteotoxicity, and neurodegeneration. Importantly, tau
pathology, synaptic dysfunction, vascular injury, mito-
chondrial impairment, and failures in proteostasis remain
central components of AD biology. The present frame-
work proposes that these processes interact dynamically
with chronic innate immune activation rather than function-
ing as isolated pathological pathways.
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4. Systemic Immune-Metabolic Failure and
Peripheral Contributions

The systemic immune-metabolic model of AD pro-
poses that neurodegeneration may partly arise from dis-
turbances occurring outside the central nervous system.
Chronic inflammatory activation involving macrophages,
adipose tissue, cytokine signaling, and metabolic dysfunc-
tion may influence the brain through blood-brain barrier
signaling pathways and vascular interactions [6,7]. Ele-
vated inflammatory mediators, including IL-6, TNF-q, and
complement-associated pathways, have been implicated in
AD-related pathology [6].

In addition, several genes associated with AD risk,
including TREM2 and CD33, are linked to immune sys-
tem regulation rather than exclusively to protein processing
pathways [18]. Metabolic disturbances involving glucose
utilization, mitochondrial dysfunction, oxidative stress, and
impaired NAD homeostasis are also increasingly recog-
nized as important contributors to AD vulnerability [17].

Importantly, this systems-level interpretation does
not diminish the importance of classical neuropatholog-
ical findings. Instead, it suggests that protein aggrega-
tion, synaptic injury, and neurodegeneration may repre-
sent downstream manifestations of prolonged failures in
immune-metabolic resilience. From a human perspective,
this framework may also help explain why AD frequently
coexists with aging-associated systemic disorders such as
obesity, insulin resistance, cardiovascular disease, chronic
inflammation, frailty, and impaired energy metabolism.
The aging brain does not exist in isolation but continuously
responds to signals generated throughout the body.

5. Integrated Interpretation: Convergent
Systems Architecture of Alzheimer’s Disease

Despite their differences, the microbiome-gut-brain
axis model, microbial/infectious hypothesis, innate im-
mune interpretation of amyloid biology, and systemic
immune-metabolic framework converge upon several
shared biological principles. This convergence model is ad-
ditionally supported by emerging evidence demonstrating
that innate immune activation, microbial signaling, vascu-
lar dysfunction, and metabolic stress interact bidirection-
ally across systemic and central nervous system compart-
ments, thereby reinforcing the concept that Alzheimer’s dis-
ease may arise from network-level failures in biological re-
silience rather than from a single isolated initiating event
[19,20].

First, innate immunity appears central to AD patho-
physiology. Microglial activation, cytokine signaling, and
AP production may all initially represent adaptive de-
fense responses [0,21]. Second, microbial and metabolic
processes are deeply interconnected. The microbiota in-
fluences mitochondrial function, redox balance, vascu-
lar signaling, and energy homeostasis [2]. Third, amy-
loid may represent a reactive and context-dependent bio-

logical molecule rather than solely a constitutively toxic
species. Emerging evidence further indicates that innate
immune signaling pathways may function as central inte-
grative nodes connecting microbial exposure, inflamma-
tory activation, vascular dysfunction, and neurodegenera-
tion [19,20].

Most importantly, the convergence of these models
suggests that Alzheimer’s disease may represent the chronic
exhaustion of evolutionarily conserved survival systems.
Mechanisms that originally protected organisms against in-
fection, metabolic instability, tissue injury, and environ-
mental stress may gradually lose regulatory precision dur-
ing aging. The resulting persistent activation of inflamma-
tory, proteostatic, vascular, and metabolic pathways may
ultimately produce neurodegeneration.

This interpretation also provides a more balanced
framework than purely reductionist models because it in-
corporates established mechanisms including tau pathol-
ogy, vascular compromise, synaptic dysfunction, mito-
chondrial impairment, oxidative stress, and proteostatic
failure within a broader systems-level architecture. Further-
more, the present framework attempts to humanize AD by
emphasizing that the disease may not simply represent ab-
normal protein accumulation, but rather the long-term bi-
ological cost of adaptive survival systems functioning be-
yond their evolutionary design limits during extended hu-
man lifespan. Importantly, the present synthesis differs
from reductionist interpretations by proposing that classi-
cal pathological findings, including amyloid deposition, tau
aggregation, neuroinflammation, vascular dysfunction, mi-
tochondrial impairment, and failures in proteostasis, and
should not necessarily be viewed as isolated parallel abnor-
malities, but rather as dynamically interacting components
within an evolutionarily conserved systems architecture of
host defense and energy regulation.

6. Conclusion and Summary

Current evidence supports a continuing transition in
AD research toward integrative and systems-level models
that extend beyond purely neuron-centric or protein-centric
interpretations of disease. The microbiome-gut-brain axis,
chronic infection-associated immune activation, the innate
immune properties of amyloid-p, vascular dysfunction, mi-
tochondrial abnormalities, and systemic immune-metabolic
dysregulation all contribute to a more comprehensive un-
derstanding of AD biology. Importantly, the present in-
terpretation does not reject classical amyloid or tau-based
mechanisms. Rather, it integrates these established find-
ings into a broader evolutionary and immunological frame-
work in which amyloid biology may initially represent an
adaptive host-defense response that becomes maladaptive
during chronic aging-associated stress.

The evolutionary persistence of amyloid may there-
fore provide one of the most important conceptual insights
emerging from modern AD research. Amyloid formation
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may have been conserved because it once enhanced survival
under infectious and inflammatory pressures. However,
under conditions of prolonged lifespan, chronic systemic
inflammation, impaired mitochondrial energetics, vascu-
lar dysfunction, and reduced proteostatic clearance, this
protective mechanism may transition into a chronic patho-
logical state. Accordingly, AD may be more accurately
conceptualized as a disorder arising from the interaction
of immune, metabolic, vascular, microbial, mitochondrial,
and proteostatic systems rather than from a single isolated
pathological pathway. Such a perspective may help guide
future therapeutic strategies toward restoring systemic re-
silience rather than exclusively targeting amyloid deposi-
tion alone.

The principal conceptual contribution of the present
opinion article is the proposal that Alzheimer’s disease may
represent the long-term biological consequence of evolu-
tionarily conserved adaptive mechanisms functioning be-
yond their regulatory limits during aging. This systems-
level interpretation attempts to unify traditionally separate
pathological frameworks into a coherent model linking im-
mune activation, microbial signaling, mitochondrial ener-
getics, vascular dysfunction, proteostatic failure, and in-
nate host-defense biology within a shared evolutionary con-
text. Future progress in Alzheimer’s disease research may
increasingly depend upon integrative models capable of
bridging molecular pathology with systemic biology, evo-
lutionary adaptation, immune signaling, and metabolic re-
silience. Rather than viewing amyloid, tau, inflammation,
mitochondrial dysfunction, vascular compromise, and mi-
crobial influences as competing explanations, the present
framework proposes that these processes may represent in-
terconnected manifestations of progressive regulatory fail-
ure across ancient adaptive host-defense systems.
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