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Abstract

Alzheimer’s disease (AD) is a chronic neurodegenerative disorder with declining memory and cognitive
impairment, largely mediated by extracellular amyloid-beta (AB). Although the amyloid cascade and tau
protein hypotheses have long served as established frameworks for AD pathology, recent evidence suggests
that long-term infections, particularly with Chlamydia pneumoniae (C. pneumoniae), may contribute to
disease progression. A systematic search strategy was used to identify relevant literature using PubMed,
Scopus, Google Scholar, and Web of Science. Keywords and Boolean operators such as “Chlamydia

» o«

pneumoniae and Alzheimer’s disease,” “neuroinflammation,” “amyloid-beta,” and “tau protein” were
applied, with filters for peer-reviewed articles, human and experimental studies, and publications from the
past 25 years. Epidemiological and background data were supplemented by official sources, including the
Centers for Disease Control and Prevention (CDC) and the World Health Organization (WHO). This review
examines the potential relationship of C. pneumoniae infection with AD pathogenesis. Studies have
identified DNA and antigens of C. pneumoniae in AD-infected brain regions, often co-localized within A3
plaques and neurofibrillary tangles (NFTs). Proposed mechanisms of CNS invasion include olfactory,
hematogenous, and immune cell-mediated routes, leading to persistent glial activation, neuroinflammation,
altered amyloid precursor protein processing, and tau protein hyperphosphorylation. Experimental models
support these associations, with infected animals developing AD-like pathology. Diagnostic challenges
persist due to the limitations of PCR and immunohistochemistry, though advanced approaches such as
next-generation sequencing and TSPO-PET imaging are emerging. Potential therapeutic approaches include
antimicrobial and immunomodulatory strategies, although human trials have shown mixed results. While
current evidence suggests a possible link, causality remains unproven. Future research must prioritize
large-scale, longitudinal, and mechanistic studies to clarify these relationships. Establishing a definitive role
for C. pneumoniae in AD pathogenesis could reshape current understanding of disease etiology and inform
the development of novel preventive and therapeutic strategies.
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Introduction

Alzheimer’s disease (AD) is the leading cause of dementia, marked by memory loss and cognitive decline.
Its two main pathological features are extracellular amyloid-beta (AB) plaques and intracellular
neurofibrillary tangles (NFTs) made of hyperphosphorylated tau protein [1-3]. The amyloid cascade
hypothesis suggests that the misfolding of Af proteins triggers the development of AD, while tau protein
pathology worsens neuronal damage. Despite decades of research, however, neither the amyloid nor tau
protein hypothesis has fully explained the onset of AD, nor have therapeutic strategies targeting these
pathways yielded significant clinical success [4]. This underscores the need to investigate alternative or
complementary mechanisms underlying disease pathogenesis.

Recent perspectives have proposed the “ischemic theory of the brain,” in which chronic cerebral
hypoperfusion or microvascular injury triggers oxidative stress, inflammation, and blood-brain barrier
(BBB) disruption, thereby enhancing AB production, impairing its clearance, and promoting tau protein
hyperphosphorylation [5]. These vascular mechanisms provide a compelling framework but remain
insufficient to fully account for the complexity of AD. Similarly, tau protein pathology, though strongly
correlated with cognitive decline, does not clarify the initiating factors driving its abnormal
phosphorylation and aggregation [1, 3].

Growing evidence suggests that chronic infections may represent such triggers. Chlamydia pneumoniae
(C. pneumoniae), a common respiratory pathogen, has been repeatedly identified in post-mortem AD brains,
often co-localized with A plaques and NFTs [2, 4]. Experimental data show that C. pneumoniae can invade
the brain via the olfactory pathway, immune cell trafficking, or systemic inflammation, subsequently
infecting astrocytes and microglia. This persistent infection promotes chronic neuroinflammation, impairs
AP clearance, and accelerates neuronal damage [1, 2]. While these findings are suggestive, the literature is
limited by inconsistent methodologies, small sample sizes, and the lack of longitudinal studies, leaving
unanswered whether C. pneumoniae is a causal factor, a cofactor in predisposed individuals, or an
incidental finding in vulnerable neural tissue.

Given these gaps, this review synthesizes pathological, mechanistic, and epidemiological evidence to
evaluate C. pneumoniae’s potential role in AD progression. By addressing whether C. pneumoniae
contributes meaningfully to AD pathogenesis, this work aims to refine the understanding of disease etiology
and highlight implications for novel approaches to detection, prevention, and treatment.

C. pneumoniae: a brief overview

C. pneumoniae, a respiratory pathogen, has been strongly associated with AD. It has been detected in the
brains of AD patients and correlates with hallmark features such as amyloid plaques and NFTs. Elevated
anti-C. pneumoniae antibody levels in affected individuals usually suggest chronic or prior infection. C.
pneumoniae’s ability to persist inside immune cells allows it to spread to the brain, where it may contribute
to the progression of the disease [6].

C. pneumoniae may enter the brain through different routes. Systemic inflammation caused by lung
infection increases cytokine levels that affect the brain, with infected immune cells potentially facilitating
the translocation of C. pneumoniae across the BBB, and alternatively direct invasion through the nasal
cavity via the olfactory nerve may also occur. Once in the brain, C. pneumoniae infects glial cells, triggering
neuroinflammation and neuronal damage, thereby promoting AD pathogenesis [4].

In addition to infectious agents, the microbiota-gut-brain axis is an important emerging factor in AD.
This axis represents the bidirectional communication between the gut microbiota and the brain through
neural, immune, and metabolic pathways. Disturbances in this system can lead to neuroinflammation and
cognitive decline, highlighting the role of gut health in brain aging and neurodegeneration [4, 6].
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The gut microbiota influences brain function and immune regulation. Dysbiosis can lead to systemic
inflammation and alter neurotransmitter signaling, potentially exacerbating neurodegenerative changes.
Modulating gut microbial composition may therefore offer promising avenues for preventing or slowing AD
progression [6].

The link between C. pneumoniae and AD

Emerging studies suggest that C. pneumoniae infection may contribute to the pathogenesis of AD through
various mechanisms such as chronic neuroinflammation, amyloid-beta (Af) accumulation, and tau protein
phosphorylation. Increasing evidence from histopathological and molecular investigations supports the
presence of this pathogen in AD-affected brain tissue. In 1998, Balin et al. analyzed postmortem brain
samples from individuals with and without AD. They found that 89% of brains from AD patients tested
positive for C. pneumoniae in regions showing typical AD neuropathology, while 95% of control brains
tested negative for the organism [7, 8]. Further studies, including those by Gerard and colleagues,
supported these findings, which showed consistent presence of C. pneumoniae in AD-affected brains [8].
Their preliminary research using highly specific polymerase chain reaction (PCR) assays demonstrated the
presence of C. pneumoniae DNA in 90% of postmortem brain samples from individuals with late-onset
Alzheimer’s dementia [9, 10].

The brains of AD patients have been linked to three major bacterial species: C. pneumoniae,
Porphyromonas gingivalis (P. gingivalis), and Borrelia burgdorferi [11]. Beyond its role in respiratory
infections like community-acquired pneumonia, C. pneumoniae has been associated with several non-
respiratory diseases such as atherosclerosis, inflammatory arthritis, and multiple sclerosis [10].
Immunohistochemical investigations have shown that astrocytes, microglia, and neurons in the AD brain
can host C. pneumoniae. These infected cells are frequently found around neuritic plaques and NFTs,
suggesting a possible role in AD pathophysiology. Activated microglia and astrocytes release pro-
inflammatory cytokines such as tumor necrosis factor alpha (TNF-a), interleukin-1 beta (IL-1), and
interleukin-6 (IL-6), contributing to chronic neuroinflammation. This prolonged inflammatory state
promotes neuronal damage, synaptic dysfunction, and eventual neurodegeneration [12].

Infected astrocytes show increased 3 and y-secretase activity and reduced a-secretase activity. This
enzymatic shift alters amyloid precursor protein (APP) processing toward increased A production,
promoting AP plaque formation [9]. Immuno-histological analysis demonstrated that C. pneumoniae
antigens are co-localized with AP plaques in the frontal and temporal cortices of AD brains [9, 10]. AB
oligomers generated during infection can activate neuronal surface receptors, leading to tau protein
hyperphosphorylation and NFT formation. Inflammatory cytokines like IL-1f3 and TNF-a stimulate tau
protein-related kinases such as glycogen synthase kinase 3 beta (GSK-3) and cyclin-dependent kinase 5
(cdk5), further promoting tau protein pathology. Infection of human neuroblastoma cells by C. pneumoniae
inhibits apoptosis, potentially prolonging tau protein modifications and promoting NFT development. Long-
term inflammation and excess AB from C. pneumoniae infection contribute to the aggregation of
hyperphosphorylated tau protein into NFTs [8].

Immunopathology and neuroinflammation

The inflammatory pathway induced by C. pneumoniae has been strongly associated with altered APP
processing, leading to the accumulation of A, one of the pathological hallmarks of AD [12]. Chronic
infection with C. pneumoniae triggers the activation of innate immune cells, particularly microglia and
astrocytes, resulting in the release of a variety of pro-inflammatory cytokines, including IL-1 and TNF-a.
These cytokines create a sustained inflammatory milieu within the central nervous system (CNS), which not
only contributes to neuronal dysfunction but also promotes increased enzymatic cleavage of APP,
ultimately resulting in elevated A levels. Additionally, this inflammatory cascade supports conditions
favorable to tau protein hyperphosphorylation and aggregation, another major feature of AD pathology [13
]. See Figure 1 for the pathway from C. pneumoniae infection to the start of AD.
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Figure 1. Pathogenesis and pathway of C. pneumoniae infection to AD. CNS: central nervous system; AD: Alzheimer’s
disease.

Studies have shown that human monocytes infected with C. pneumoniae exhibit enhanced
transmigration across an in vitro model of the BBB, which is composed of human brain microvascular
endothelial cells. These infected monocytes upregulate pro-inflammatory mediators that increase vascular
permeability, weakening the selective integrity of the BBB and facilitating the infiltration of pathogens and
inflammatory cells into the brain parenchyma. Furthermore, if a similar inflammatory response occurs
within CNS microglia, it may activate neighboring astrocytes, which play an essential role in regulating and
maintaining the tight junctions and functional properties of brain endothelial cells that constitute the BBB
[14, 15].

The brains of AD patients were also found to contain P. gingivalis DNA, with tau protein tangles and A3
plaques co-localized with gingipains, the bacterium’s primary virulence factors. It was shown that
gingipains were neurotoxic and could induce AD-like pathology in mice, including A buildup and tau
protein fragmentation [16]. Melvin Ball proposed in 1982 that herpes simplex virus type 1 (HSV-1) was the
cause of AD. His notion is that latent HSV-1 in the trigeminal ganglia may reactivate and climb along
established neural pathways into the limbic system and the areas of the brain most affected by AD [17].

Evidence from a variety of pathogens, including HSV-1, P. gingivalis, and C. pneumoniae, has come
together to support the idea that infectious agents may play a role in the pathophysiology of AD. These
pathogens may cause chronic neuroinflammation, damage the BBB, and encourage the development of tau
protein hyperphosphorylation and A accumulation, two hallmarks of AD. In addition to improving our
knowledge of AD’s pathophysiology, more investigation into the role of microbes in the disease may lead to
the development of new targeted antimicrobial and anti-inflammatory treatment approaches [16, 17].
Mechanisms of neurodegeneration have been summarized in Figure 2.

Ongoing outbreaks and epidemiological trends

C. pneumoniae persists on surfaces and spreads via aerosols, particularly in cool, humid conditions. It is a
slow transmission (30-day interval) resulting in long-lasting (5-8 months) epidemics with worldwide
distribution. In developed nations, infection rates are low in preschoolers but rise significantly during
school years, affecting over half of middle-aged adults, with a higher prevalence in males [18].
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Figure 2. Mechanisms of neurodegeneration induced by C. pneumoniae. AB: amyloid-beta; NFT: neurofibrillary tangle. 1:
increased levels.

Historically, C. pneumoniae outbreaks have been noted in closed populations such as military recruits
and nursing home residents. Transmission typically occurs through respiratory droplets [19]. Although
primarily a respiratory pathogen, C. pneumoniae has been linked to rare neurological complications.
Initially, the disease presents as a slow loss of short-term memory, which later evolves into major cognitive
dysfunction characterized by behavioral issues, disorientation, language difficulties, and impaired daily
functioning [20]. Two independent researchers found C. pneumoniae in the brains of AD patients with PCR
and immunohistochemistry (IHC) [21, 22]. Symptoms may include impaired consciousness, neck rigidity,
and altered cerebrospinal fluid (CSF) findings [23]. While uncommon, these cases suggest that C.
pneumoniae should be considered in the differential diagnosis of meningoencephalitis, especially when
respiratory symptoms are present. Studies have also shown a potential link between chronic C. pneumoniae
infection and neurodegenerative conditions, like AD, suggesting the bacteria might contribute to
neuroinflammation [24].

Geographical variations

The prevalence of C. pneumoniae infection varies geographically. Studies across different countries show
varying rates of infection, which can be influenced by factors such as the age group examined and the
diagnostic methods used [25-30].

The most prevalent bacterial sexually transmitted infection in the US is C. trachomatis. It can lead to
cervicitis and urethritis in women, nongonococcal urethritis and epididymitis in males, and reactive
arthritis (Reiter’s syndrome) in both sexes. Furthermore, C. trachomatis can be transferred to the unborn
child from an infected pregnant woman, resulting in pneumonia and conjunctivitis [25]. Approximately
10-20% of newborns exposed to C. trachomatis during birth may also develop respiratory issues, including
pneumonia, within 2-12 weeks. Indeed, C. trachomatis is potentially the leading cause of pneumonia in
infants [26]. An analysis of sub-Saharan African data revealed a significant burden of C. trachomatis in
women, with higher prevalence observed in healthcare settings than in community-based research,
underscoring the need for effective control techniques [27]. In China, a study on women with lower
reproductive tract infections found that while Mycoplasma genitalium prevalence was lower than C.
trachomatis, both were associated with genital dysbiosis [29]. An Internet-based testing service in Sweden
identified that C. trachomatis infection in both men and women was associated with younger age, multiple
sexual partners, and non-condom use, with women also showing increased risk if they believed themselves
infected or were requested to test by a partner [30]. Although the highest incidence of lymphogranuloma
venereum (LGV) has been reported from subtropical and tropical areas, Chlamydia species, including C.
trachomatis, are known to cause respiratory infections, and occasional pulmonary involvement has been
reported [31].

Explor Neurosci. 2025;4:1006111 | https://doi.org/10.37349/en.2025.1006111 Page 5



Risk factors
Several factors can influence the risk and prevalence of C. pneumoniae infection:

Environmental factors: Close contact in crowded environments, such as military barracks or schools,
can facilitate transmission. Seasonal changes might also play a role, with some studies suggesting higher
infection rates during winter months. Air pollution has also been suggested as a potential contributing
factor in some studies, though its direct impact on C. pneumoniae specifically requires further research [26].

Comorbidities: Certain underlying health conditions can increase susceptibility to or the severity of C.
pneumoniae infection. For example, one study noted a higher frequency of C. pneumoniae infection in
patients undergoing hemodialysis for chronic renal disease [28]. Smoking is another significant
comorbidity that increases the risk of respiratory infections in general, including C. pneumoniae-associated
pneumonia, and can worsen their severity [26].

Genetic predisposition: While not as extensively studied as other factors, genetic susceptibility might
play a role in how individuals respond to C. pneumoniae infection or their likelihood of developing
associated complications. Genetic studies suggest that polymorphisms in host defense and immune-related
genes influence susceptibility and immune responses to Chlamydia infections [32].

Host genetic variations can influence the risk of C. pneumoniae infection ascending to the upper
respiratory tract, increasing the likelihood of infertility by modulating genes involved in immune responses,
T-cell function, and fibrosis [32]. Vaccination is key to preventing respiratory outbreaks. Once an outbreak
begins, it is recommended to use vaccination and infection measures. Antibiotics for exposed high-risk
individuals might help, but resistance is a concern [18, 25, 26].

Advancements in diagnosis and detection

Despite the growing evidence, identifying and confirming the presence of this microorganism within neural
tissue remains a formidable challenge. Traditional diagnostic approaches such as PCR and IHC have
demonstrated limited sensitivity and specificity. PCR, though widely used, may fail to distinguish between
active infection and residual DNA, especially in post-mortem samples where DNA degradation can further
compromise accuracy. IHC, however, is limited by challenges such as antibody cross-reactivity and
variability in antibody quality, which can result in inconsistent findings across studies [4]. Culturing C.
pneumoniae from brain tissue is even more problematic due to the organism’s fastidious growth
requirements and the sterile, immune-privileged environment of the CNS. These challenges necessitate the
development and adoption of more advanced diagnostic tools to better elucidate the bacterium’s role in
neurodegenerative processes.

Advancements in diagnostic methodologies are beginning to offer new hope for overcoming these
limitations. Next-generation sequencing (NGS) has emerged as a powerful tool for unbiased microbial
detection. Unlike targeted PCR, NGS allows for comprehensive metagenomic analysis, enabling the
identification of low-abundance pathogens such as C. pneumoniae without prior assumptions. This
technique has proven effective in detecting bacterial genetic material in CSF and brain biopsies with a
higher degree of resolution. In parallel, positron emission tomography (PET) imaging is being explored for
visualizing neuroinflammation associated with chronic infections. PET tracers target activated microglia,
such as translocator protein (TSPO) ligands, offering insights into infection-induced neuroinflammatory
responses, a hallmark feature of AD pathology that could be driven by chronic microbial presence [33].
Furthermore, research on peripheral biomarkers is gaining momentum, with efforts aimed at identifying
specific signatures in blood and CSF that may reflect CNS infection or immune activation. For instance,
elevated inflammatory cytokines, antibodies against C. pneumoniae, or even bacterial RNA fragments in CSF
may provide indirect evidence of its involvement in AD progression [34]. All these methods have been
summarized in Table 1.

Collectively, these emerging diagnostic strategies represent a crucial shift from hypothesis-driven to
data-driven discovery, facilitating a more accurate understanding of microbial contributions to
neurodegenerative diseases.
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Table 1. Diagnostic techniques for detecting C. pneumoniae in AD.

Method Target Sensitivity Limitations

PCR DNA Medium Cannot distinguish active infection
IHC Antigens Variable Cross-reactivity, inconsistency
NGS Metagenome High Expensive, requires expertise
PET imaging Neuroinflammation Emerging Indirect marker

AD: Alzheimer’s disease; PCR: polymerase chain reaction; IHC: immunohistochemistry; NGS: next-generation sequencing;
PET: positron emission tomography.

Potential therapeutic approaches

Despite decades of research, AD continues to lack effective disease-modifying treatments, with current
interventions largely focused on symptomatic relief rather than halting or reversing neurodegeneration. A
growing body of evidence implicates microbial pathogens, particularly C. pneumoniae, in the etiology of AD,
potentially through chronic infection-induced neuroinflammation. However, targeting such microbial
components presents significant challenges, including the BBB, intracellular persistence of the pathogen,
and variability in infection across individuals [35]. These factors complicate the development of targeted
antimicrobial therapies that can both eliminate pathogens and mitigate downstream inflammatory
responses without causing off-target effects.

Among the most explored antimicrobial approaches are tetracycline-class antibiotics, particularly
doxycycline and minocycline, which have shown promise due to their dual antimicrobial and anti-
inflammatory properties. In preclinical models, doxycycline reduced amyloid burden and improved
cognitive function, potentially by inhibiting matrix metalloproteinases and modulating microglial activation
[35]. Similarly, minocycline demonstrated neuroprotective effects by suppressing proinflammatory
cytokines such as TNF-a and IL-1f in models of CNS inflammation [36]. However, translating these findings
into human trials has produced mixed outcomes, possibly due to poor BBB penetration, insufficient dosing,
or late-stage intervention. To overcome these limitations, research has turned to antimicrobial peptides
(AMPs), which can be engineered to cross the BBB and possess both direct bactericidal activity and
immune-modulating functions. Synthetic AMPs like LL-37 and analogs have demonstrated efficacy in
disrupting intracellular C. pneumoniae and modulating host immune responses, though clinical trials
remain pending [37].

Beyond direct antimicrobial action, immunomodulatory therapies are being investigated to target the
chronic neuroinflammation thought to result from persistent infection. Longstanding activation of
microglia and astrocytes contributes to synaptic loss and neuronal damage in AD, and therapies targeting
the reduction of this inflammation are currently under development. Agents targeting pathways such as
NF-xB or the NLRP3 inflammasome may reduce the harmful neuroinflammatory milieu triggered by
microbial presence [34]. Additionally, restoring balance in the gut-brain axis through probiotics and
microbiome modulation has emerged as a potential adjunct strategy. Dysbiosis of the gut microbiota is
known to influence systemic inflammation and BBB integrity, which may, in turn, affect susceptibility to
brain infections and neurodegeneration [38]. Therapies used have been summarized in Table 2. Certain
probiotic strains have been shown to lower systemic endotoxin levels and modulate CNS cytokine profiles,
offering a non-invasive avenue to reduce infection-driven neuroinflammation.

Table 2. Therapeutic approaches targeting infection-induced AD.

Class of medication Agent Mechanism

Targeting microorganisms directly

Antibiotics Doxycycline, azithromycin Broad-spectrum antibacterial action targeting C. pneumoniae in
CNS and systemic sites

AMPs LL-37 analogs BBB-penetrating, intracellular killing of persistent C. pneumoniae
forms
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Table 2. Therapeutic approaches targeting infection-induced AD. (continued)

Class of medication Agent Mechanism

Other therapeutic categories

Immunomodulators NF-kB inhibitors, minocycline, Suppression of microglial overactivation and chronic
NSAIDs neuroinflammation
Cell biological Mitochondrial protectants, Stabilization of neuronal bioenergetics and reduction of oxidative
treatment antioxidants stress
Supportive treatment  Cognitive enhancers, lifestyle Maintenance of cognitive function and delay of clinical
interventions progression

AD: Alzheimer’s disease; CNS: central nervous system; AMPs: antimicrobial peptides; BBB: blood-brain barrier; NSAIDs: non-
steroidal anti-inflammatory drugs.

Future research directions

Early analysis identifying C. pneumoniae in the brains of Alzheimer’s patients suggests a potential link
between the bacterium and the neurodegenerative process [39]. The possible involvement of C. pneumoniae
in AD has generated significant interest; however, the current findings are limited by small sample size and
inconsistent research. To establish a more absolute relationship, large-scale clinical studies are required
[40, 41].

Animal models have provided valuable insights into the pathogenic mechanisms of C. pneumoniae. For
instance, mice intranasally infected with the bacterium developed amyloid plaques resembling those
observed in AD, suggesting a potential contributory role [12]. Additionally, it was shown that C. pneumoniae
infection in neural cells altered genes related to autophagy and apoptosis, which are mechanisms that are
similar in the pathophysiology of AD [41]. Despite these discoveries, there hasn’t been enough research
done on how these findings convert to human populations.

Extensive research is also required to determine the prevalence of C. pneumoniae in various AD
populations through large-scale epidemiological investigations. A particularly important aspect of research
involves the genetic susceptibility, especially associated with the APOE €4 allele. This allele is a well-
established risk factor for late-onset AD and is also implicated in modulating immune response and BBB
integrity. However, further research is needed to establish whether APOE €4 increases susceptibility to
infection or if the infection exaggerates APOE €4-mediated neurodegeneration [41, 42].

Furthermore, the risk of infection-driven neurodegeneration may be reduced by alterations in the
environment and lifestyle, such as dietary habits, physical activity, and vascular health. Although adherence
to an anti-inflammatory diet, such as the Mediterranean diet, has been associated with a reduced rate of
cognitive decline, the effects of these dietary factors on the brain’s inflammatory response and
susceptibility to microbial invasion remain unclear [43].

Strong multidisciplinary research is needed, even if early evidence points to a connection between C.
pneumoniae, genetics, and lifestyle in AD. In order to clarify how infection interacts with host susceptibility
in the setting of neurodegeneration, future research should combine genetics, microbiology, and
epidemiology [41].

Conclusions

Accumulating evidence suggests a potential link between C. pneumoniae infection and AD, though the
precise nature of this relationship remains under investigation. Studies have detected the presence of C.
pneumoniae within the brains of AD patients, and in vitro and in vivo models have demonstrated the
bacterium’s ability to induce AD-like pathological changes, including A plaque formation and
neuroinflammation. Furthermore, some epidemiological studies have indicated a higher prevalence or prior
exposure to C. pneumoniae in individuals with AD compared to controls.

Critical knowledge gaps remain, specifically regarding whether C. pneumoniae is the primary initiator
of neurodegeneration, an accelerating cofactor in genetically or environmentally predisposed people, or
just an opportunistic colonizer of already impaired neuronal tissue. The application of recent results to
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therapeutic or preventive measures is constrained by this ambiguity. High-quality longitudinal studies with
sizable, heterogeneous populations that integrate standardized neuropathological evaluation,
neuroimaging, and precise molecular diagnostics are required for addressing these gaps. In order to
understand mechanistic pathways, research should also look into the chronological sequence of infection
and neurodegenerative changes, as well as host-pathogen interactions at the cellular and molecular levels.

In conclusion, while causality between C. pneumoniae and AD has not yet been established, the
convergence of current evidence makes further research both justified and significant. Investigating this
link may improve our understanding of AD pathophysiology and open up novel possibilities for prevention
and treatment, perhaps changing the course of this dreadful illness.

Abbreviations

AD: Alzheimer’s disease

AMPs: antimicrobial peptides

APP: amyloid precursor protein

AB: amyloid-beta

BBB: blood-brain barrier

C. pneumoniae: Chlamydia pneumoniae
CNS: central nervous system

CSF: cerebrospinal fluid

HSV-1: herpes simplex virus type 1
[HC: immunohistochemistry

IL-1: interleukin-1 beta

NFTs: neurofibrillary tangles

NGS: next-generation sequencing

P. gingivalis: Porphyromonas gingivalis
PCR: polymerase chain reaction

PET: positron emission tomography
TNF-a: tumor necrosis factor alpha

TSPO: translocator protein

Declarations
Author contributions

ASK: Conceptualization, Writing—original draft, Writing—review & editing. AWI: Conceptualization,
Writing—original draft, Writing—review & editing, Supervision. SSA, SFZ, and DT: Writing—original draft,
Writing—review & editing. All authors read and approved the submitted version.

Conflicts of interest

The authors declare that they have no conflicts of interest.

Ethical approval
Not applicable.

Consent to participate

Not applicable.

Explor Neurosci. 2025;4:1006111 | https://doi.org/10.37349/en.2025.1006111 Page 9



Consent to publication

Not applicable.

Availability of data and materials

Not applicable.

Funding

Not applicable.

Copyright
© The Author(s) 2025.

Publisher’s note

Open Exploration maintains a neutral stance on jurisdictional claims in published institutional affiliations
and maps. All opinions expressed in this article are the personal views of the author(s) and do not
represent the stance of the editorial team or the publisher.

References

1. Kim KY, Shin KY, Chang KA. GFAP as a Potential Biomarker for Alzheimer’s Disease: A Systematic
Review and Meta-Analysis. Cells. 2023;12:1309. [DOI] [PubMed] [PMC]

2. Zhang X, Wang ], Zhang Z, Ye K. Tau in neurodegenerative diseases: molecular mechanisms,
biomarkers, and therapeutic strategies. Transl Neurodegener. 2024;13:40. [DOI] [PubMed] [PMC]

3. Ebbesen SU, Hggh P, Zibrandtsen 1. Plasma AP biomarker for early diagnosis and prognosis of
Alzheimer’s disease - a systematic review. Dan Med |]. 2023;70:A07220446. [PubMed]

4, Hammond CJ, Hallock LR, Howanski R], Appelt DM, Little CS, Balin B]. Immunohistological detection of
Chlamydia pneumoniae in the Alzheimer’s disease brain. BMC Neurosci. 2010;11:121. [DOI] [PubMed]
[PMC]

5. Pluta R. A Look at the Etiology of Alzheimer’s Disease based on the Brain Ischemia Model. Curr
Alzheimer Res. 2024;21:166-82. [DOI] [PubMed]

6. Zacharias HU, Kaleta C, Cossais F, Schaeffer E, Berndt H, Best L, et al. Microbiome and Metabolome
Insights into the Role of the Gastrointestinal-Brain Axis in Parkinson’s and Alzheimer’s Disease:
Unveiling Potential Therapeutic Targets. Metabolites. 2022;12:1222. [DOI] [PubMed] [PMC]

7.  Barton JR. Analysis of Chlamydia Pneumoniae and AD-like Pathology in the Brains of BALB/c Mice
Following Direct Intracranial Infection with Chlamydia Pneumoniae [dissertation]. Philadelphia (PA):
Philadelphia College of Osteopathic Medicine; 2011.

8.  Shima K, Kuhlenbdumer G, Rupp J. Chlamydia pneumoniae infection and Alzheimer’s disease: a
connection to remember? Med Microbiol Immunol. 2010;199:283-9. [DOI] [PubMed]

9.  Carango PJG. Associating infection by Chlamydia pneumoniae and the presence of amyloid-f plaques
in the brains of Alzheimer’s disease/dementia patients [dissertation]. Philadelphia (PA): Philadelphia
College of Osteopathic Medicine; 2022.

10. Balin B], Hammond CJ, Little CS, Hingley ST, Al-Atrache Z, Appelt DM, et al. Chlamydia pneumoniae: An
Etiologic Agent for Late-Onset Dementia. Front Aging Neurosci. 2018;10:302. [DOI] [PubMed] [PMC]

11. Zheng Q, Wang X. Alzheimer’s disease: insights into pathology, molecular mechanisms, and therapy.
Protein Cell. 2025;16:83-120. [DOI] [PubMed] [PMC(]

12. Little CS, Hammond CJ, Maclntyre A, Balin BJ, Appelt DM. Chlamydia pneumoniae induces Alzheimer-
like amyloid plaques in brains of BALB/c mice. Neurobiol Aging. 2004;25:419-29. [DOI] [PubMed]

13. Subedi L, Martinon D, Vit JP, Fuchs DT, Lane ME, Mita M, et al. Intranasal Chlamydia pneumoniae

Infection Induces Neuroinflammation and Cognitive Decline in Mice. Alzheimer’s Dement. 2025;20:
€083564. [DOI]

Explor Neurosci. 2025;4:1006111 | https://doi.org/10.37349/en.2025.1006111 Page 10


https://dx.doi.org/10.3390/cells12091309
http://www.ncbi.nlm.nih.gov/pubmed/37174709
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10177296
https://dx.doi.org/10.1186/s40035-024-00429-6
http://www.ncbi.nlm.nih.gov/pubmed/39107835
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11302116
http://www.ncbi.nlm.nih.gov/pubmed/37341353
https://dx.doi.org/10.1186/1471-2202-11-121
http://www.ncbi.nlm.nih.gov/pubmed/20863379
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2949767
https://dx.doi.org/10.2174/0115672050320921240627050736
http://www.ncbi.nlm.nih.gov/pubmed/38963100
https://dx.doi.org/10.3390/metabo12121222
http://www.ncbi.nlm.nih.gov/pubmed/36557259
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9786685
https://dx.doi.org/10.1007/s00430-010-0162-1
http://www.ncbi.nlm.nih.gov/pubmed/20445987
https://dx.doi.org/10.3389/fnagi.2018.00302
http://www.ncbi.nlm.nih.gov/pubmed/30356749
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6189393
https://dx.doi.org/10.1093/procel/pwae026
http://www.ncbi.nlm.nih.gov/pubmed/38733347
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11786724
https://dx.doi.org/10.1016/S0197-4580(03)00127-1
http://www.ncbi.nlm.nih.gov/pubmed/15013562
https://dx.doi.org/10.1002/alz.083564

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

Al-Atrache Z, Lopez DB, Hingley ST, Appelt DM. Astrocytes infected with Chlamydia pneumoniae
demonstrate altered expression and activity of secretases involved in the generation of $-amyloid
found in Alzheimer disease. BMC Neurosci. 2019;20:6. [DOI] [PubMed] [PMC(]

Toth AE, Klepe A, Lipka DV, Goldeman C, Brodin B, Nielsen MS. SorLA in astrocytes regulates blood-
brain barrier integrity. Front Drug Deliv. 2023;2:1082689. [DOI]

Dominy SS, Lynch C, Ermini F, Benedyk M, Marczyk A, Konradi A, et al. Porphyromonas gingivalis in
Alzheimer’s disease brains: Evidence for disease causation and treatment with small-molecule
inhibitors. Sci Adv. 2019;5:eaau3333. [DOI] [PubMed] [PMC(]

Harris SA, Harris EA. Herpes Simplex Virus Type 1 and Other Pathogens are Key Causative Factors in
Sporadic Alzheimer’s Disease. ] Alzheimers Dis. 2015;48:319-53. [DOI] [PubMed] [PMC(]

Bennett JE, Dolin R, Blaser M], editors. Mandell, Douglas, and Bennett’s Principles and Practice of
Infectious Diseases. 9th ed. Philadelphia: Elsevier; 2020.

Grayston JT, Campbell LA, Kuo CC, Mordhorst CH, Saikku P, Thom DH, et al. A new respiratory tract
pathogen: Chlamydia pneumoniae strain TWAR. ] Infect Dis. 1990;161:618-25. [DOI] [PubMed]
Contini C, Seraceni S, Cultrera R, Castellazzi M, Granieri E, Fainardi E. Chlamydophila pneumoniae
Infection and Its Role in Neurological Disorders. Interdiscip Perspect Infect Dis. 2010;2010:273573.
[DOI] [PubMed] [PMC(]

Lim C, Hammond CJ], Hingley ST, Balin B]. Chlamydia pneumoniae infection of monocytes in vitro
stimulates innate and adaptive immune responses relevant to those in Alzheimer’s disease. ]
Neuroinflammation. 2014;11:217. [DOI] [PubMed] [PMC(]

Woods J], Skelding KA, Martin KL, Aryal R, Sontag E, Johnstone DM, et al. Assessment of evidence for
or against contributions of Chlamydia pneumoniae infections to Alzheimer’s disease etiology. Brain
Behav Immun. 2020;83:22-32. [DOI] [PubMed]

Guglielminotti ], Lellouche N, Maury E, Alzieu M, Guidet B, Offenstadt G. Severe Meningoencephalitis:

An unusual Manifestation of Chlamydia pneumoniae Infection. Clin Infect Dis. 2000;30:209-10. [DOI]
[PubMed]

Fu ], Wei Q, Chen X, Lai X, Shang H. Analysis of the Association Between Pathogen Exposure and the
Risk of Dementia. ] Alzheimers Dis. 2024;100:961-72. [DOI] [PubMed]

Porter RS, Kaplan JL, editors. The Merck Manual of Diagnosis and Therapy. 19th ed. Whitehouse
Station (N]): Merck Sharp & Dohme Corp; 2011.

Brooks GF, Carroll KC, Butel JS, Morse SA, Mietzner TA, editors. Jawetz, Melnick & Adelberg’s Medical
Microbiology. 26th ed. New York: McGraw-Hill Education; 2013.

Dubbink JH, Verweij SP, Struthers HE, Ouburg S, Mcintyre JA, Morré SA, et al. Genital Chlamydia
trachomatis and Neisseria gonorrhoeae infections among women in sub-Saharan Africa: A structured
review. Int ] STD AIDS. 2018;29:806-24. [DOI] [PubMed]

Esposito P, Tinelli C, Libetta C, Gabanti E, Rampino T, Dal Canton A. Impact of seropositivity to
Chlamydia pneumoniae and anti-hHSP60 on cardiovascular events in hemodialysis patients. Cell
Stress Chaperones. 2011;16:219-24. [DOI] [PubMed]

Zhang Z, Zong X, Bai H, Fan L, Li T, Liu Z. Prevalence of Mycoplasma genitalium and Chlamydia
trachomatis in Chinese female with lower reproductive tract infection: a multicenter epidemiological
survey. BMC Infect Dis. 2023;23:2. [DOI] [PubMed] [PMC(]

Novak M, Novak D. Risk factors for Chlamydia trachomatis infection among users of an Internet-based
testing service in Sweden. Sex Reprod Healthc. 2013;4:23-7. [DOI] [PubMed]

Rawla P, Thandra KC, Limaiem F. Lymphogranuloma Venereum (Archived). Treasure Island (FL):
StatPearls Publishing; 2023. [PubMed]

Zheng X, Zhong W, O’Connell CM, Liu Y, Haggerty CL, Geisler WM, et al. Host Genetic Risk Factors for

Chlamydia trachomatis-Related Infertility in Women. ] Infect Dis. 2021;224:564-71. [DOI] [PubMed]
[PMC]

Explor Neurosci. 2025;4:1006111 | https://doi.org/10.37349/en.2025.1006111 Page 11


https://dx.doi.org/10.1186/s12868-019-0489-5
http://www.ncbi.nlm.nih.gov/pubmed/30786875
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6383264
https://dx.doi.org/10.3389/fddev.2022.1082689
https://dx.doi.org/10.1126/sciadv.aau3333
http://www.ncbi.nlm.nih.gov/pubmed/30746447
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6357742
https://dx.doi.org/10.3233/JAD-142853
http://www.ncbi.nlm.nih.gov/pubmed/26401998
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4923765
https://dx.doi.org/10.1093/infdis/161.4.618
http://www.ncbi.nlm.nih.gov/pubmed/2181028
https://dx.doi.org/10.1155/2010/273573
http://www.ncbi.nlm.nih.gov/pubmed/20182626
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2825657
https://dx.doi.org/10.1186/s12974-014-0217-0
http://www.ncbi.nlm.nih.gov/pubmed/25540075
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4295513
https://dx.doi.org/10.1016/j.bbi.2019.10.014
http://www.ncbi.nlm.nih.gov/pubmed/31626972
https://dx.doi.org/10.1086/313633
http://www.ncbi.nlm.nih.gov/pubmed/10619758
https://dx.doi.org/10.3233/JAD-240073
http://www.ncbi.nlm.nih.gov/pubmed/38995782
https://dx.doi.org/10.1177/0956462418758224
http://www.ncbi.nlm.nih.gov/pubmed/29486628
https://dx.doi.org/10.1007/s12192-010-0235-5
http://www.ncbi.nlm.nih.gov/pubmed/20922511
https://dx.doi.org/10.1186/s12879-022-07975-2
http://www.ncbi.nlm.nih.gov/pubmed/36604611
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9814310
https://dx.doi.org/10.1016/j.srhc.2012.11.004
http://www.ncbi.nlm.nih.gov/pubmed/23427929
http://www.ncbi.nlm.nih.gov/pubmed/30726047
https://dx.doi.org/10.1093/infdis/jiab149
http://www.ncbi.nlm.nih.gov/pubmed/34396400
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8365119

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Itzhaki RF, Lathe R, Balin BJ, Ball M], Bearer EL, Braak H, et al. Microbes and Alzheimer’s Disease. ]
Alzheimers Dis. 2016;51:979-84. [DOI] [PubMed] [PMC(C]

Yang ], Liang ], Hu N, He N, Liu B, Liu G, et al. The Gut Microbiota Modulates Neuroinflammation in
Alzheimer’s Disease: Elucidating Crucial Factors and Mechanistic Underpinnings. CNS Neurosci Ther.
2024;30:€70091. [DOI] [PubMed] [PMC(]

Loeb MB, Molloy DW, Smieja M, Standish T, Goldsmith CH, Mahony ], et al. A Randomized, Controlled
Trial of Doxycycline and Rifampin for Patients with Alzheimer’s Disease. ] Am Geriatr Soc. 2004;52:
381-7. [DOI] [PubMed]

Jin Z, Liang ], Wang ], Kolattukudy PE. MCP-induced protein 1 mediates the minocycline-induced
neuroprotection against cerebral ischemia/reperfusion injury in vitro and in vivo. ]
Neuroinflammation. 2015;12:39. [DOI] [PubMed] [PMC(]

Heneka MT, Golenbock DT, Latz E. Innate immunity in Alzheimer’s disease. Nat Immunol. 2015;16:
229-36. [DOI] [PubMed]

Xie ], Bruggeman A, De Nolf C, Vandendriessche C, Van Imschoot G, Van Wonterghem E, et al. Gut
microbiota regulates blood-cerebrospinal fluid barrier function and A pathology. EMBO J. 2023;42:
e111515. [DOI] [PubMed] [PMC(]

Balin BJ, Gérard HC, Arking EJ, Appelt DM, Branigan PJ, Abrams |JT, et al. Identification and localization

of Chlamydia pneumoniae in the Alzheimer’s brain. Med Microbiol Immunol. 1998;187:23-42. [DOI]
[PubMed]

Ring RH, Lyons JM. Failure To Detect Chlamydia pneumoniae in the Late-Onset Alzheimer’s Brain. ]
Clin Microbiol. 2000;38:2591-4. [DOI] [PubMed] [PMC]

Sochocka M, Zwoliniska K, Leszek ]J. The Infectious Etiology of Alzheimer’s Disease. Curr
Neuropharmacol. 2017;15:996-1009. [DOI] [PubMed] [PMC(]

Subedi L, Gaire BP, Koronyo Y, Koronyo-Hamaoui M, Crother TR. Chlamydia pneumoniae in
Alzheimer’s disease pathology. Front Neurosci. 2024;18:1393293. [DOI] [PubMed] [PMC(C]

Fekete M, Varga P, Ungvari Z, Fekete |T, Buda A, Szappanos A, et al. The role of the Mediterranean diet
in reducing the risk of cognitive impairment, dementia, and Alzheimer’s disease: a meta-analysis.
GeroScience. 2025;47:3111-30. [DOI] [PubMed] [PMC(]

Explor Neurosci. 2025;4:1006111 | https://doi.org/10.37349/en.2025.1006111 Page 12


https://dx.doi.org/10.3233/JAD-160152
http://www.ncbi.nlm.nih.gov/pubmed/26967229
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5457904
https://dx.doi.org/10.1111/cns.70091
http://www.ncbi.nlm.nih.gov/pubmed/39460538
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11512114
https://dx.doi.org/10.1111/j.1532-5415.2004.52109.x
http://www.ncbi.nlm.nih.gov/pubmed/14962152
https://dx.doi.org/10.1186/s12974-015-0264-1
http://www.ncbi.nlm.nih.gov/pubmed/25888869
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4359584
https://dx.doi.org/10.1038/ni.3102
http://www.ncbi.nlm.nih.gov/pubmed/25689443
https://dx.doi.org/10.15252/embj.2022111515
http://www.ncbi.nlm.nih.gov/pubmed/37427561
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10476279
https://dx.doi.org/10.1007/s004300050071
http://www.ncbi.nlm.nih.gov/pubmed/9749980
https://dx.doi.org/10.1128/JCM.38.7.2591-2594.2000
http://www.ncbi.nlm.nih.gov/pubmed/10878049
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC86976
https://dx.doi.org/10.2174/1570159X15666170313122937
http://www.ncbi.nlm.nih.gov/pubmed/28294067
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5652018
https://dx.doi.org/10.3389/fnins.2024.1393293
http://www.ncbi.nlm.nih.gov/pubmed/38770241
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11102982
https://dx.doi.org/10.1007/s11357-024-01488-3
http://www.ncbi.nlm.nih.gov/pubmed/39797935
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12181514

	Abstract
	Keywords
	Introduction
	C.pneumoniae: a brief overview
	The link between C.pneumoniae and AD
	Immunopathology and neuroinflammation
	Ongoing outbreaks and epidemiological trends
	Geographical variations
	Risk factors
	Advancements in diagnosis and detection
	Potential therapeutic approaches
	Future research directions

	Conclusions
	Abbreviations
	Declarations
	Author contributions
	Conflicts of interest
	Ethical approval
	Consent to participate
	Consent to publication
	Availability of data and materials
	Funding
	Copyright

	Publisher’s note
	References

