Pre prints.org

Article Not peer-reviewed version

Acetylcholinesterase Inhibition
Reverses Age-Related Pulmonary
Decline and Increases Bronchus-
Associated Lymphoid Tissue Formation
in Aged Mice

Kyle Kenny,, Ingrid R. Niesman, Kee S. Moon , Mark A. Sussman , Morgan Wright , Dylan Dawood ,
Joy A. Phillips ”

Posted Date: 23 December 2025
doi: 10.20944/preprints202512.2051.v1

Keywords: inflammaging; cholinergic tone; acetylcholine; donepezil; iBALT; lung function; aging; tissue
resident memory; collagen; elastin

Preprints.org is a free multidisciplinary platform providing preprint service
that is dedicated to making early versions of research outputs permanently
available and citable. Preprints posted at Preprints.org appear in Web of
Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This open access article is published under a Creative Commons CC BY 4.0
license, which permit the free download, distribution, and reuse, provided that the author
and preprint are cited in any reuse.



https://sciprofiles.com/profile/4987595
https://sciprofiles.com/profile/819075
https://sciprofiles.com/profile/1160960
https://sciprofiles.com/profile/4987571
https://sciprofiles.com/profile/4947882
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 December 2025 d0i:10.20944/preprints202512.2051.v1

Disclaimer/Publisher’'s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Article

Acetylcholinesterase Inhibition Reverses
Age-Related Pulmonary Decline and Increases
Bronchus-Associated Lymphoid Tissue Formation in
Aged Mice

Kyle Kenny 1, Ingrid R. Niesman !, Kee S. Moon 2, Mark A. Sussman 3, Morgan Wright 1,
Dylan Dawood * and Joy A. Phillips **

! Department of Biology, San Diego State University, San Diego, California, USA

2 Department of Mechanical Engineering, San Diego State University, San Diego, California, USA

3 SDSU Integrated Regenerative Research Institute

4 Department of Chemistry and Biochemistry, San Diego State University, San Diego, California, USA
* Correspondence: jphillips@sdsu.edu; Tel.: (01-619-488-2169)

Simple Summary

As people age, their lungs and immune system do not work as well as they used to. This makes older
adults much more vulnerable to pneumonia, flu, and other breathing illnesses. Scientists know that
levels of a natural chemical called acetylcholine, which helps control inflammation, drops with age,
and that raising acetylcholine in older adults is linked to lower risk of death. This study tested
whether donepezil (an Alzheimer’s drug that increases acetylcholine) could improve lung and
immune health in aged mice. Older mice that received donepezil were more active and had better
blood oxygen levels, more elastic lungs, and healthier immune tissue in their lungs than untreated
aged mice. These results suggest that a drug already approved for older patients might one day help
protect lung function and immune defenses in people with age-related or chronic breathing
problems.

Abstract

The age-related chronic, low-grade inflammation known as inflammaging contributes to tissue
damage and disease. In the lungs inflammaging leads to abnormal tissue remodeling, reduced
function, and decreased immunity. A key factor in inflammaging is declining acetylcholine signaling,
which normally suppresses inflammation and promotes tissue repair. We tested whether increasing
acetylcholine responsiveness could reverse age-related lung damage. Aged mice were treated with
donepezil to increase acetylcholine availability. After six months blood oxygen saturation and
voluntary activity were significantly improved. Histologically, treated mice showed reversal of
alveolar enlargement (a hallmark of emphysema) and complete restoration of elastic fibers.
Donepezil treatment also dramatically increased bronchus-associated lymphoid tissue (iBALT)
formation. iBALT is the repository of tissue resident memory lymphocytes, including memory
cholinergic lymphocytes that produce acetylcholine to suppress inflammation during secondary
infections. The age-related loss of iBALT contributes to the increased risks associated with respiratory
infection in the elderly. This indicates age-related lung function and respiratory immune deficits can
be modulated by improving acetylcholine signaling. Repurposing an approved medication provides
a direct pathway to clinical application for improving respiratory health and infection resistance
during aging.

Keywords: inflammaging; cholinergic tone; acetylcholine; donepezil; iBALT; lung function; aging;
tissue resident memory; collagen; elastin
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1. Introduction

The lung maintains optimal gas exchange conditions through its extensive alveolar surface area
[1,2]. Structural integrity of alveolar units depend on the pulmonary extracellular matrix (ECM),
composed of elastic fibers and collagen, providing the tissue with rigidity and elasticity essential for
efficient respiration [3]. Elastic recoil of alveolar septa is a fundamental property for normal lung
function maintained through precise cell signaling and elastase expression [4,5]. Alveolar fibrin
deposition is another indicator of respiratory distress or possible acute lung injury [6]. The lung is
also a major site of pathogen exposure; thus, the mucosal immune system must mediate protective
inflammatory responses while limiting damage to the delicate alveolar architecture.

The lungs undergo significant structural and functional deterioration with advancing age, in
response to the chronic, low-grade inflammatory state termed “inflammaging” [1,2,7-9].
Inflammaging leads to pathologic remodeling of the ECM, resulting in reduced elasticity and
decreased lung function [6,10-13]. Key alterations include increased airspace volume, enhanced
proteolysis, reduced alveolar branching complexity, and decreased capillary density [14-17]. This
pathological airspace enlargement, termed “senile pulmonary emphysema,” is associated with
measurable declines in pulmonary function, resulting in decreased activity tolerance and reduced
quality of life [18-22]. Inflammaging also negatively impacts the mucosal immune response
[18,23,24]. As a result, respiratory infections disproportionately increase morbidity and mortality in
elderly populations [25-27].

The key feature of inflammaging is chronic inflammatory cytokine production. Cytokine-
mediated inflammation is regulated by acetylcholine (ACh) in a brain-immune circuit termed the
cholinergic anti-inflammatory pathway (CAP) [28-30]. Production of and responsiveness to ACh
(cholinergic tone) decreases with aging, directly corresponding to the increased inflammatory
cytokine production of inflammaging. Increasing cholinergic tone in the elderly results in decreased
systemic inflammation, improved clinical outcomes following respiratory viral infection, and reduces
all-cause mortality [31-34]. This suggests the effects of inflammaging could be mitigated by increased
production of and/or response to ACh [31,35-44].

These observations led us to hypothesize that enhancing cholinergic tone might reverse the
deleterious effects of aging/inflammaging on lung structure and function. To test this hypothesis,
aged mice were treated with the acetylcholinesterase (AChE) antagonist donepezil to increase ACh
bioavailability. Treated mice displayed higher voluntary running, increased blood oxygen saturation,
reduced alveolar size, decreased overt inflammation, and increased elastic fiber content relative to
age-matched controls. Treated mice also had larger quantities of induced bronchus-associated
lymphoid tissue (iBALT). These findings indicate that enhancing cholinergic tone may present a
promising therapeutic avenue to improve lung structure, function, and immune responsiveness
during aging.

2. Materials and Methods

Animal Studies: Male and female C57BL/6 mice were bred in-house and used in all studies.
Animal experimental protocols were approved by the Institutional Animal Care and Use Committee
(IACUC) at San Diego State University before initiation of experiments. Animals were given free
access to food and water and were cared for according to guidelines set by the American Association
for Laboratory Animal Care. Aged C57BL/6 male and female mice (18-24 mo.) were administered 2.5
mg/kg/day in the drinking water (based on intake volume of 5 mL/mouse/day) for 6 months.
Additional lungs from young male and female C57BL/6 mice (4 mo.) were obtained from the NIA
repository.

Voluntary Wheel Running (VWR): Mice were individually housed in a cage containing a disk-style
running wheel (Innovive Products) with a magnet attached to the back of the disk, detectable via a
magnetic inductive proximity switch counter. Mice had normal access to food and water during the
trial, with each trial lasting 18 hours. Animals rested overnight between trials. Each animal had at
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least four separate running trials prior to donepezil treatment to determine baseline activity. Post-
treatment VWR was compared to pre-treatment VWR for each animal.

Specific Blood Oxygen Measurement: A novel prototype pulse oximeter was used to measure
oxygen saturation (SpO2). The wired reflectance pulse oximeter was fitted inside a half inch “Mini-
Hair Claw Clip” (Hotop via Amazon), which was placed around the rib cage. Mice were acclimatized
to the device by wearing the clip several times prior to analysis. The day before observation, animals
had their chest, stomach, and abdomen shaved to ensure proper contact between the sensor and the
skin. For measurement, each animal was lightly sedated with isoflurane to allow optimal sensor
placement for pulse oximetry measurement. Testing started when animals had regained
consciousness and were ambulatory. Each animal was tested twice; each test ran for 100 seconds.
Data were transferred to a MATLAB program for analysis. SpO: values lower than 70 were
considered erroneous and removed.

Histology: Lungs were fixed in 10% buffered formalin for 24 hours, then dehydrated in 100%
ethanol [45]. The samples were embedded in paraffin according to standard protocols for microtomy,
and lungs were serially sectioned at 5 um [46]. Sections were processed for visualization and quality
control via Hematoxylin and Eosin stain [47]. A Modified Russell Movat Pentachrome stain was used
to quantify elastic fibers (black) and fibrin (scarlet) [48]. Collagen and iBALT were quantified via
differential staining with Sirius Red and Fast Green as described [49]. Slides were imaged using a BZ-
X810 Fluorescence Microscope (Keyence Corp., Osaka, Japan). Images were captured with the 10x
lens (100x total power), and exposure at 1/800. Image tiles were collated and combined into a large
file of the whole tissue section.

Image Analysis: After capture, the images were given a 500-micron scale bar for comparison.
Mean alveolar area (MAA) was quantified using the Keyence Hybrid Cell Count software program.
See Appendix A for a more detailed methodology. MAA was derived from section-based
morphometry without standardized air inflation, so values may be influenced by shrinkage and
orientation (Figure A1). Each specimen had their percent of tissue area (%) analyzed for elastic fibers,
fibrin, collagen, and iBALT, using the “Single Extraction” function of the cell counter. Thresholds for
segmentation and color selection were applied uniformly across cohorts; extracted pixel area is
reported as percent of tissue area (%). Section level sampling was balanced across cohorts and section
fields were treated as independent observations. Identification of iBALT was based on morphology
and location; immunophenotypic confirmation was not performed.

Statistical Analysis: All quantitative values are expressed as the mean + standard error. Cohorts
were compared via one-way ANOVA and one-tail t-tests. All one-way ANOVAs, one-tail t-tests, and
additional descriptive statistics were performed with GraphPad Prism version 9.0 for Windows
(GraphPad Software, Boston, Massachusetts). P values < 0.05 were considered significant.

3. Results
3.1. Donepezil Treatment Preserves Physical Activity and Oxygenation in Aged Mice

To assess the functional impact of donepezil treatment on healthspan, we first measured
spontaneous activity using a VWR assay, a sensitive indicator of overall health in mice. Baseline
activity was established at 12 months of age, after which donepezil treatment began at 18 months and
continued for 6 months, with a final VWR assessment at 24 months. As expected, both aged groups
showed substantial declines in voluntary activity by 24 months of age (Figure 1). However, the
decline was significantly attenuated in donepezil-treated mice (-41 + 22%) compared to untreated
aged controls (-62 + 23%, p < 0.05). This preservation of approximately one-third of the age-related
activity decline suggests that enhanced cholinergic signaling maintains physical capacity during

aging.
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Figure1. Donepezil treatment preserves voluntary activity. Percentage change in voluntary wheel running between
age 12 months (baseline) and 24 months (post-treatment). Aged untreated mice (A) showed greater activity
decline than aged mice treated with donepezil for 6 months (A+D). n = 6-8 per group. Significant differences
were determined by one-tailed t-test. Bars represent mean * SE; significance = p <0.05.

3.2. Donepezil Treatment Improves Blood Oxygen Saturation

We next measured peripheral capillary oxygen saturation (SpO.) at 24 months using reflectance
pulse oximetry, a non-invasive assessment of pulmonary gas exchange efficiency and cardiovascular
function. One-way ANOVA revealed significant differences between groups (Fz1s51 = 53.59, p <
0.0001; Figure 2). Young controls exhibited the highest SpO; (92 + 2%), with all pairwise comparisons
reaching statistical significance (p < 0.05). Critically, donepezil-treated aged mice (91 * 4%)
maintained oxygenation levels intermediate between young controls and aged untreated animals (90
+ 4%). While the absolute difference of 1% may appear modest, even small improvements in SpO,
can reflect meaningful enhancement of pulmonary function and tissue oxygenation, particularly in
the context of age-related physiological decline. Together with the preserved activity levels, these
findings suggest that donepezil treatment maintains integrated cardiopulmonary function during

aging.
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Figure 2. Donepezil treatment improves blood oxygenation in aged mice. SpO, in young (Y), aged untreated (A), and
aged donepezil-treated (A+D) mice. Mean + SEM; *p < 0.05 by one-way ANOVA with post-hoc t-tests. n = 3-4

per group.
3.3. Histological Assessment of Age-Related Pulmonary Changes

To assess the effects of aging and donepezil treatment on lung architecture, we performed
comprehensive histological analysis of lung tissue sections. Representative images from each cohort
are shown in Figure 3, with magnified insets highlighting key architectural features. Young control
lungs displayed normal alveolar architecture with uniform airspace size and intact extracellular
matrix, with no histological evidence of age-related pathology (Figure 3A). In contrast, both aged
cohorts exhibited classical features of pulmonary aging, including alveolar enlargement, focal
emphysematous changes, and fibrin deposition (Figures 3B, 3C). Notably, donepezil-treated aged
mice displayed prominent iBALT follicles, characterized by dense lymphocytic aggregates along the
bronchi (Figure 3C).

To quantify these observed changes, we measured mean alveolar area to assess airspace
enlargement, fibrin deposition as a marker of chronic tissue injury, elastic fiber content to evaluate
extracellular matrix integrity, and collagen distribution to distinguish pathological fibrosis from
iBALT-associated stromal changes.
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Figure 3. Age-related changes to lung architecture. Lung sections stained with Modified Russell Movat
Pentachrome. A: Young lung (age 4 months; n=6). B: Aged control (24 months; n=28). C: Aged donepezil-treated
lungs (24 months; n= 20). Magnified images at right show evidence of age-related pulmonary pathology. Red
arrow =alveolar tubule, green star =emphysematic alveoli; fuchsia circles = fibrin; purple arrow =iBALT. Imaged
using a Keyence BZ-X810. Scale bar 500 pm, magnification 100x.

3.3.1. Donepezil Treatment Partially Preserves Alveolar Architecture in Aged Lungs

To assess whether donepezil affected age-related alveolar enlargement, we measured
approximately 5,000 alveolar spaces per lung and calculated mean alveolar area (MAA). One-way
ANOVA revealed significant differences between groups (F,5; = 21.0, p < 0.0001; Figure 4A). As
expected, both aged untreated (1779 + 390 pm?) and aged donepezil-treated mice (1564 + 399 um?)
showed significantly increased MAA compared to young controls (1070 + 252 um?), consistent with
age-related alveolar airspace enlargement. Notably, donepezil-treated aged mice showed a trend
toward smaller MAA compared to aged untreated animals, approaching statistical significance (p =
0.058).

Visual analysis of the aged lungs (Figure 3 B,C) showed a wide range of alveolar sizes. The
distribution of individual alveolar sizes was analyzed using a violin plot of representative lungs,
shown in Figure 4B (Y: n= 4, A: n= 6, A+D: n= 6). Aged untreated mice displayed a pronounced
rightward shift in the distribution, indicating widespread alveolar enlargement. In contrast,
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donepezil-treated aged mice maintained a substantial population of smaller alveoli alongside the age-
related increase in larger alveoli, suggesting preservation or restoration of alveolar architecture.
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Figure 4. Donepezil treatment preserves alveolar architecture. Mean alveolar area (MAA) in young (Y), aged
untreated (A), and aged donepezil-treated (A+D) mice. A: Average MAA across all measured alveoli (~5,000 per
lung; n=15-21 per group). B: Violin plot showing distribution of individual alveolar sizes (n=4-6 representative
lungs per group). (C-F): Average MAA within each quartile of the size distribution (1st, 2nd, 3rd, and 4th
quartiles, respectively; n=4-6 per group). Bars represent mean + SE; *p < 0.05 by one-way ANOVA with pairwise

t-tests.

To quantify the protective effect of donepezil on alveolar size, we performed quartile analysis of
alveolar size distributions across four to six representative lungs per group (Figures 4C-F). This
analysis revealed that although young mice maintained the smallest alveoli across all quartiles (p <
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0.0001), donepezil treatment consistently attenuated age-related alveolar enlargement across the
entire size spectrum. In the first quartile containing the smallest alveoli, (Figure 4C) donepezil-treated
mice maintained significantly smaller alveoli than untreated aged animals (p <0.001), demonstrating
alveolar preservation. In the middle quartiles (Figures 4D-E), donepezil-treated aged mice showed
highly significant reductions in alveolar size compared to aged controls (p < 0.0001). Most strikingly,
in the fourth quartile containing the largest and presumably most damaged alveoli, donepezil
treatment significantly reduced maximum alveolar size compared to aged controls (p < 0.05; Figure
4F), indicating that cholinergic enhancement limits the most severe emphysematous changes. The
consistent size reduction across the entire distribution demonstrates that enhanced cholinergic
signaling attenuates alveolar destruction or induces pulmonary remodeling in the aged lung.

3.3.2. Donepezil Treatment Preserves Elastic Fiber Content in Aged Lungs

In order to examine composition of the extracellular matrix, we quantified fibrin and elastin on
Modified Russell Movat Pentachrome-stained sections (Figure 5). One-way ANOVA revealed
significant differences in fibrin deposition between groups (F»4s = 22.5, p < 0.0001; Figure 5A). As
expected, both aged untreated (17.0 + 5.4%) and aged donepezil-treated mice (14.8 + 4.4%) showed
significantly elevated fibrin compared to young controls (7.8 + 3.1%), with no difference between the
two aged cohorts. This age-related fibrin accumulation likely reflects chronic low-grade tissue injury
and repair processes. In contrast, elastic fiber content showed a remarkable pattern of distribution
(F2,54 = 9.3, p <0.001; Figure 5B). Aged untreated mice exhibited substantial loss of elastic fibers (12.5
+4.8%) compared to young controls (18.4 + 5.4%), consistent with age-related elastin degradation that
contributes to loss of lung compliance. Strikingly, donepezil-treated aged mice maintained elastic
fiber content (18.0 + 3.7%) that was indistinguishable from young animals and significantly higher
than aged untreated controls. This complete preservation of elastic fiber architecture suggests that
enhanced cholinergic signaling may protect against or reverse age-related elastin degradation,
potentially maintaining the structural integrity and mechanical properties of the aging lung.

Pulmonary Fibrin Pulmonary Elastic Fiber
A 25- <0.0001 B 25- 04157
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o 204 — — c 20- — —
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® ®
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Figure 5. Donepezil treatment restores pulmonary elastic fiber content. Quantification of extracellular matrix
components in young (Y), aged (A), and aged donepezil-treated (A+D) lungs (Y: n=6, A: n=21, A+D: n=16). A:
Fibrin deposition (% tissue area). B: Elastic fiber content (% tissue area.). Significant differences between the
groups were determined by one-way ANOVA and one-tailed t-test. Bars represent mean + SEM, significance=
p<0.05.
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3.4. Donepezil Treatment Increases Total iBALT Without Inducing Pulmonary Fibrosis

Acetylcholine signaling has been implicated in TGF-b associated tissue remodeling pathways
that could promote fibrosis [50,51]. To assess whether chronic donepezil treatment adversely affects
lung architecture, we quantified collagen deposition using Picrosirius red and fast green (PSR)
staining, which provides superior sensitivity for collagen detection compared to pentachrome
staining. Representative images shown in Figure 6 show minimal collagen deposition (black arrows)
and sparse iBALT in young lungs (Figure 6A), age-related alveolar enlargement with larger iBALT
follicles (circled) in aged untreated mice (Figure 6B), and prominent collagen-rich iBALT structures
in aged donepezil-treated lungs (Figure 6C).
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Figure 6. Donepezil treatment increases iBALT. Representative histology of Picrosirius red (PSR)-stained lung
sections from (A) young, (B) aged untreated, and (C) aged donepezil-treated mice. Black arrows indicate
collagen; black circles highlight iBALT structures. (D) Total collagen (% tissue area) across entire lung. (E)
Parenchymal collagen excluding iBALT. (F)Collagen density within iBALT structures. (G) Average individual
iBALT follicle size (% of total tissue area). (H) Total iBALT area per lung (% of total tissue area). Groups:
young (Y, n=6), aged (A, n=38), and aged donepezil-treated (A+D, n=31). Bars represent mean + SEM; *p <
0.05 by one-way ANOVA with pairwise comparisons.

Collagen tissue percentage was found to change with donepezil treatment (F293 = 2.7777, p=
0.0674) approaching statistical significance. Donepezil-treated aged mice had increased total collagen
tissue area percentage (10.72 + 0.47%) compared to both young (8.17 + 0.98%) and aged untreated
animals (9.57 + 0.41%; Fa,03 = 2.78, p= 0.067; Figure 6D). Visually, there was an obvious increase in
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iBALT structures in the aged animals. This raised the question of whether donepezil was inducing
pathological fibrosis or if the increased collagen reflected changes in iBALT content. To differentiate
between these possibilities, we separately quantified collagen in lung parenchyma (excluding iBALT)
versus within iBALT structures themselves.

Analysis of parenchymal collagen (Figure 6E) indicated a significant difference was detected
between the groups (F2 e+ = 4.020, p= 0.0227). Aged untreated mice had elevated collagen (10.77 +
0.53%) compared to young controls (8.05 = 0.59%), consistent with age-related tissue remodeling. The
donepezil-treated aged mice showed intermediate parenchymal collagen (9.82 + 0.50%) that did not
differ significantly from either young or aged untreated groups. This indicate that donepezil
treatment did not induce parenchymal fibrosis. If anything, the trend hinted that enhanced
cholinergic signaling may partially protect against age-related collagen accumulation in the lung.
There were also differences in collagen within iBALT structures (F2s=1.876, p=0.1595). Young mice
showed higher iBALT collagen density (23.03 + 0.71%) compared to both aged untreated (19.6 +
0.63%) and aged donepezil-treated animals (20.4 + 0.52%; Figure 6F).

The lack of increased collagen density within individual iBALT structures in donepezil-treated
mice suggested that the elevated whole-lung collagen stemmed from an overall increase in collagen-
rich iBALT tissue. To test this, we measured both the average iBALT size and total tissue area
occupied by iBALT structures. The average size of individual iBALT structures increased with age
but was not affected by donepezil treatment (young: 0.0494 + 0.0142%; aged untreated: 0.098 +
0.0112%; aged + donepezil: 0.0983 + 0.0096%; F2,00 = 1.38, p= 0.26; Figure 6G). However, the total
iBALT area as a percentage of lung tissue revealed significant differences (F2,9 = 5.65, p=0.005; Figure
6H). Young mice had minimal iBALT (0.919 + 0.072%), whereas aged untreated mice showed age-
associated increases (1.45 + 0.115%). The donepezil-treated aged mice exhibited significantly greater
total iBALT than either group (2.05 £ 0.196%).

Together, these findings demonstrate that enhanced cholinergic signaling via donepezil
increases the total amount of iBALT in aged lungs without inducing parenchymal fibrosis or altering
the collagen composition of individual iBALT structures. This represents the first evidence that
acetylcholine signaling actively promotes the retention of protective tertiary lymphoid structures in
the aging lung.

4. Discussion

Pulmonary aging represents a multifaceted process characterized by diminished oxygen
absorption due to alveolar degradation following senile emphysema, loss of elastic fibrils, and
pathological remodeling of respiratory tissue composition. Inflammaging is a key factor in this
cumulative tissue damage [52]. ACh is the primary regulator of immune-mediated inflammation.
Production of and responses to ACh decrease with aging, corresponding to rise of inflammaging.
This suggests the effects of inflammaging could be mitigated by improving cholinergic tone via
increased ACh availability. We previously showed that donepezil treatment improved the lung
elastic modulus of aged mice and improved lung elasticity [53]. The present study confirms and
extends those findings, showing that enhancing ACh availability facilitates protective remodeling
and counteracts specific pathological processes associated with age-related pulmonary decline. Aged
animals receiving donepezil treatment showed significantly decreased MAA, restoration of elastic
fiber content to young levels, improved SpO. and spontaneous activity. Most remarkably, donepezil
treatment increased iBALT content. This is a completely novel finding indicating that local ACh
production plays a role in maintaining the critical tissue-resident memory niche. Together, these
functional and structural improvements underscore the cholinergic system as a clinically relevant
therapeutic target for restoring pulmonary function and augmenting respiratory immune protection
in the aged. These findings add to the growing body of literature calling for therapeutic intervention
in the cholinergic pathway to treat disorders of aging and respiratory health [28,54-59].

The non-invasive measures of voluntary activity and blood oxygen gave the first indication that
donepezil therapy improved overall health and lung function. The VWR assay has been used as a
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non-invasive measure of health for well over 100 years [60,61]. Voluntary activity is a similarly robust
measure of overall health in humans, one that is recapitulated in the aged C57B1/6 mice used in these
studies [62,63].

Human studies have shown that AChE inhibitor therapy improves mobility and reduces
inflammation-associated pain, though these studies involved Alzheimer’s patients rather than
healthy aging populations [64-72]. The improved SpO, associated with donepezil treatment has
important implications for human healthspan, as low oxygen saturation independently predicts
increased all-cause mortality and mortality from pulmonary disease in aging populations [73,74].

The significant decreased MAA present in donepezil-treated animals indicated decreased senile
emphysema, a hallmark of pulmonary aging that reflects chronic inflammatory damage to alveolar
architecture [75]. The results suggest that smaller alveoli are being protected or regenerated (or both)
in response to donepezil treatment, a process that would support more efficient respiration compared
to aged controls. We previously showed that altering cholinergic tone impacts pulmonary repair after
influenza infection [76]. The current findings further support the idea that enhanced cholinergic
signaling successfully interrupted inflammatory feedback loops that otherwise lead to progressive
tissue damage, as well as enhancing repair of the aged pulmonary environment.

The increase in elastic fiber content in aged donepezil treated lungs represents particularly
compelling evidence for reversal of age-related pathological processes. Elastic fiber degradation is a
causative factor in both senile emphysema and reduced lung compliance [77-79]. The ability of
enhanced cholinergic signaling to increase elastic fiber content suggests activation of regenerative
pathways rather than simple protection from further damage. This is consistent with our previous
research indicated that tensile properties improved and elastic modulus was reduced in donepezil-
treated lungs indicating a role for ACh in restoring biomechanical properties essential for efficient
respiratory function [53]. In contrast, fibrin deposition remained elevated compared to young
controls, suggesting that while ACh promotes matrix regeneration, resolution of chronic injury
markers may require longer treatment duration or additional interventions.

The improved SpO, in donepezil-treated mice directly addresses one of the most clinically
relevant consequences of pulmonary aging and is consistent with our structural findings [80]. There
is extensive literature support showing that inhibiting cholinergic signaling impacts lung
remodeling, whereas increasing ACh signaling decreases acute inflammation, normalizes tissue
repair and improves lung function [32,81-84]. This supports our hypothesis that declining ACh
availability represents a key mechanism of inflammaging, and that increasing cholinergic signaling
can prevent deleterious consequences of aging, including respiratory deficiency. The mechanisms
underlying these improvements align with the a7 nicotinic acetylcholine receptor (a7-nAChR)
pathway [85-87]. Enhanced ACh availability promotes alternative macrophage activation via a7-
nAChR signaling, leading to decreased NF-«B activation and reduced pro-inflammatory cytokine
production [88]. This shift from pro-inflammatory toward anti-inflammatory, reparative macrophage
phenotypes facilitates efferocytosis and tissue regeneration, directly addressing the dysfunctional
repair mechanisms that characterize the aged lung.

Engagement of the a7-nAChR is also associated with bleomycin-induced pulmonary fibrosis,
leading us to analyze collagen deposition [51]. We did not find any evidence that donepezil treatment
led to fibrotic sequela; in fact, the untreated aged animals exhibited the most lung collagen. Rather
than inducing fibrosis, increasing ACh availability may actively reduce ongoing fibrotic activity or
reverse fibrotic damage through tissue repair mechanisms.

Donepezil Treatment Increases iBALT Formation: Implications for Respiratory Immunity

This study also showed that increased ACh availability dramatically increases iBALT formation.
This represents a previously unknown role for the non-neuronal cholinergic system in tissue-specific
immune function. Donepezil-treatment increased the number of iBALT regions, suggesting that ACh
availability influences the development and maintenance of pulmonary adaptive immune capacity.
This finding has profound therapeutic implications. iBALT serves as a site for antigen presentation,
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lymphocyte activation, memory cell development, and tissue resident memory lymphocyte
sequestration [89,90]. Immune responses originating from iBALT tissue-resident memory cells induce
rapid local protection against infection while producing less inflammation than immune responses
originating from local lymph nodes [91]. This decreased inflammation is likely due to the presence of
tissue resident memory cholinergic lymphocytes retained in the iBALT producing local ACh as part
of the secondary immune response [76,92]. The age-related loss of iBALT structures would therefore
impair respiratory immune function through loss of local memory populations diminished anti-
inflammatory capacity. Decreased ACh availability results in extended inflammation and abnormal
tissue repair after respiratory viral infection, similar to the extended morbidity exhibited by the
elderly [76]. These findings support the possibility of an additional role for non-neuronal cholinergic
function in respiratory immune protection. Collectively, these findings are consistent with the greatly
increased susceptibility to respiratory infections associated with aging.

There are substantial clinical implications for our finding that donepezil treatment is associated
with an increase in iBALT. Respiratory infections remain among the top causes of death in those over
age 65. Our finding that cholinergic enhancement strengthens the lung’s capacity for local adaptive
immunity is consistent with clinical studies showing donepezil treatment reduces risk of death from
respiratory infection [33,34]. Our use of donepezil, an FDA-approved medication with an established
safety profile in elderly patient populations, significantly enhances the translational relevance of our
study. Retrospective analyses have demonstrated that donepezil treatment is associated with
reduced overall mortality and pneumonia-related mortality [33,59,93]. Furthermore, enhancing the
respiratory immune response through iBALT formation suggests potential applications beyond
simple anti-aging interventions, including enhancement of vaccine efficacy and respiratory infection
resistance in elderly populations.

The current study shows that ACh acts as an autocrine/paracrine signal in iBALT retention.
While this study did not identify the specific source(s) of pulmonary ACh production, our previous
study indicated that cholinergic lymphocytes were retained in iBALT after respiratory infection,
making them the likely source of immunomodulatory ACh [76]. However, the lung has multiple
other ACh sources, including cholinergic neurons and bronchial epithelium. Critical next steps
include development of specific biomarkers for cholinergic lymphocytes to enable their isolation and
characterization in human studies, direct measurement of tissue ACh levels and AChE inhibition,
and evaluation of receptor dependence using receptor-deficient models. Additionally, future
assessment of inflammatory mediators, macrophage polarization states, and iBALT immune function
will provide deeper mechanistic insights.

This study has limitations. We did not directly measure receptor pathway engagement, so the
observed changes could theoretically reflect systemic or off-target effects, though results were
consistent with enhanced cholinergic signaling. Additionally, lack of a mid-treatment timepoint
prevents differentiation between prevention of ongoing damage versus induction of tissue repair.
Future studies will address these mechanistic questions and include detailed characterization of
cholinergic lymphocyte function and local inflammatory parameters. These limitations reflect the
practical constraints imposed by COVID-19 pandemic restrictions on laboratory access and resource
allocation during the study period.

One key strength of this study is the aged murine model system. Employing an aged mouse
model is a significant advantage, as murine pulmonary, cholinergic, and immunological aging closely
parallels human systems. The use of naturally aged mice allowed us to evaluate the therapeutic
impact of increased ACh bioavailability in a physiologically relevant model of human pulmonary
aging. This translational relevance, combined with donepezil’s established clinical safety, positions
our findings for rapid advancement to human studies.

5. Conclusions

Our results demonstrate that the non-neuronal cholinergic system represents a critical
therapeutic target to reverse age-related pulmonary damage and enhance tissue-specific adaptive
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immune function. The comprehensive improvements observed with donepezil treatment included
partial reversal of alveolar enlargement, restoration of elastic fiber content, enhanced blood
oxygenation, and augmented adaptive immunity through iBALT retention. This provides compelling
evidence that age-related pulmonary decline results from cholinergic dysfunction. In addition, our
discovery that cholinergic enhancement dramatically increases iBALT formation reveals a previously
unrecognized mechanism by which ACh availability influences adaptive immune capacity in the
aged lung. These findings support a therapeutic paradigm whereby improving cholinergic tone could
reverse multiple aspects of age-related respiratory decline while augmenting respiratory immune
function.

The clinical translatability of these findings is straightforward, given the known safety profile
and existing clinical use of acetylcholinesterase antagonists in elderly populations. Retrospective
clinical analysis confirm that donepezil reduces mortality from respiratory infection, further
supporting the therapeutic potential of our study. Future clinical studies examining respiratory
function and infection outcomes in the context of cholinergic enhancement will determine whether
targeting the non-neuronal cholinergic system can translate from a promising experimental
intervention to a clinically meaningful approach for extending respiratory healthspan and reducing
age-related infection susceptibility.
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Abbreviations

The following abbreviations are used in this manuscript:

ECM Extracellular matrix

ACh Acetylcholine

CAP Cholinergic Anti-Inflammatory pathway
AChE Acetylcholinesterase

iBALT Induced Bronchus-associated lymphoid tissue
IACUC Institutional Animal Care and Use Committee
VWR Voluntary wheel running

LHS Lung and Heart sound (monitor)

SpO: Peripheral oxygen saturation

MAA Mean alveolar area

ANOVA Analysis of variance

BSAF Biebrich scarlet-acid fuchsin

PSR Picrosirius red

a7-nAChR a7 nicotinic acetylcholine receptor
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