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ARTICLE INFO ABSTRACT

Article history: Objectives: Dysautonomia has been increasingly recognized as a key feature of Long-COVID-19, poten-

Received 22 April 2026 tially contributing to persistent gastrointestinal and systemic symptoms. Reduced vagal activity observed

l‘:‘z‘c’":et‘:de g“lyl 2%36 in these patients may reflect structural damage to autonomic fibers. We hypothesized that dysautonomic
p July manifestations in Long-COVID-19 are associated with impaired cholinergic innervation of the gastric mu-

cosa.

Keywords: Methods: We conducted a case-control study including 12 patients with Long-COVID-19 and 8 control

Long-COVID-19 subjects undergoing routine gastroscopy. Gastric mucosal biopsies were analyzed using immunohisto-
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chemistry with the pan-neuronal marker protein gene product 9.5 (PGP 9.5) and vasoactive intestinal
peptide (VIP) as a marker of cholinergic fibers. Nerve fiber density was quantified in both fundus and
antrum samples.

Results: Compared with controls, Long-COVID-19 patients exhibited a significant reduction in mucosal
innervation density: 2.1 vs 3.9 nm/um?® (P < 0.01) in the fundus and 1.9 vs 3.9 nm/um® (P < 0.05) in
the antrum. The reduction in cholinergic innervation was more pronounced in the fundus (P < 0.01) and
also evident in the antrum (P = 0.01). Gastric nerve density correlated with HRV parameters (LF/HF ratio:
R = 0.50, P < 0.05) and NT-proBNP levels (R = 0.52, P < 0.01).

Conclusions: Patients with Long-COVID-19 exhibit reduced gastric mucosal cholinergic innervation. This
structural autonomic impairment may represent an anatomical substrate underlying dysautonomia in
Long-COVID-19.

© 2026 The Authors. Published by Elsevier Ltd on behalf of International Society for Infectious Diseases.

This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

Introduction

Since the end of 2019, a coronavirus pandemic (SARS-CoV-
2), responsible for severe acute respiratory syndrome, has spread
worldwide. This pandemic, due to the spread of SARS-CoV-2, is
similar to two previous human coronavirus (HCoV) outbreaks,
acute and severe respiratory syndrome (SARS) and Middle East-
ern respiratory syndrome (MERS) [1]. SARS-CoV-2 has spread far
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more quickly and is more contagious than the other two types of
HCoVs. All these outbreaks are characterized by respiratory symp-
toms ranging from sore throat, cough, and dyspnea to acute res-
piratory distress syndrome (ARDS) [2]. In the acute phase, SARS-
CoV-2 penetrates through a link with the angiotensin-converting
enzyme 2 (ACE2) receptors [3]. In infected individuals, SARS-CoV-2
invasion is ubiquitous as ACE2 receptor is expressed in all organs
and systems.

There is consolidated evidence that SARS-CoV-2 mainly af-
fects the respiratory and cardiovascular systems. Nevertheless, it
can be associated with, neurological, and gastrointestinal symp-
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toms [4]. The involvement of the nervous system (both cen-
tral and peripheral) is common in patients with coronavirus
disease 2019 (COVID-19) and the finding of elevated plasmatic
levels of proteins expressing neural damage such as neurofila-
ment light chain protein (NfL), and glial fibrillary acidic pro-
tein (GFAp), demonstrate the presence of an impairment of
the nervous system in COVID-19 patients [5,6]. Nervous sys-
tem manifestations have been reported in approximately 37%
of COVID-19 patients, often in the early stages of the disease
and sometimes even before the occurrence of respiratory symp-
toms [7]. Early symptoms include anosmia, ageusia, myalgia,
cognitive fog, anxiety, headache, depression, hallucinations and
other psychiatric symptoms [8]. However, the pathophysiology of
neurological manifestations in patients with COVID-19 remains
controversial.

Neurological symptoms have been linked to COVID-19 through
various mechanisms, such as neuroinvasion, vascular inflamma-
tion, and the blood-brain barrier breakdown. Some authors be-
lieve that neurological symptoms may be initiated by a direct
damage caused by COVID-19 to the olfactory pathways and main-
tained by the centripetal spread of the disease to central nervous
system structures. Alternatively, the virus may reach the central
nervous system via the trigeminal nerve after coming into con-
tact with the ocular conjunctiva [9,10]. Other authors correlate
the clinical manifestations of patients with COVID-19 and Long-
COVID-19 to direct involvement of the vagus nerve (VN) [6,11-
13]. It is a mixed nerve with 20% efferent fibers and 80% affer-
ent fibers and is an important component of the parasympathetic
branch of the autonomic nervous system (ANS) [14] that inner-
vates the respiratory system, heart, digestive system, kidneys, blad-
der, uterus and testicles. Therefore, VN may represents a large
route of virus translocation from periphery to the central nervous
system.

Long-COVID-19 refers to the signs and symptoms that con-
tinue or develop after the acute COVID-19 phase and is
characterized by a proinflammatory, procoagulative state. Pa-
tients who have recovered from acute COVID-19 have a higher
risk of rehospitalization, multiorgan dysfunction, and mortality
[15,16].

In Long-COVID-19, a dysfunction of the ANS has been re-
ported [11] that can possibly be accounted for some of the ex-
trarespiratory late manifestations of SARS-CoV-2 infection [4]. Im-
munohistochemical analysis of autonomic innervation has been
largely used in recent decades to study normal autonomic in-
nervation of end organs and to characterize peripheral involve-
ment of adrenergic and cholinergic systems in different patho-
logical conditions in humans [17-21]. Due to the availability
of tissues, most related work has been performed by process-
ing skin samples [17,18]. However, the technique has been ap-
plied to study visceral autonomic innervation of epicardial adi-
pose tissue and myocardium [19,20] and of gastrointestinal mucosa
[21].

To test the occurrence and extent of autonomic involvement in
Long-COVID-19 patients, we performed a power spectral analysis
of heart rate variability (HRV) via 24-hour 12-lead ECG recording
in patients and controls. We also performed histological examina-
tion of the nerves in the mucosal layer of the gastrointestinal tract.
We chose to study the stomach mucosa because this tissue can be
safely acquired via standard biopsy techniques during routine en-
doscopy. We also hypothesize that there is a relationship between
gastric mucosal nerve fiber density and the symptoms, procoagu-
lative state and impairment of vagal activity associated with Long-
COVID-19.

Therefore, we will correlate autonomic nerve density with
clinical characteristics and HRV parameters in Long-COVID-19
patients.
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Materials and methods
Patients

We consecutively enrolled 12 patients admitted to our De-
partment from 12 July 2021 to 23 February 2024 with persistent
symptoms, including dyspnea, fatigue, chest pain, joint pain, myal-
gia, cough, headache, loss of appetite, dyspepsia, nausea, vomit-
ing and bloating following SARS-CoV-2 infection; symptoms per-
sisted for more than 12 weeks, fulfilling the criteria for the di-
agnosis of Long-COVID-19 syndrome [22]. Eight patients with-
out previous SARS-CoV-2 infection who underwent screening gas-
troscopy for dyspepsia composed our control population (Controls).
All Long-COVID-19 and Controls patients had received 3 doses of
BNT162b2/COMIRNATY vaccine.

The exclusion criteria were as follows: permanent atrial fibril-
lation (PAF), ventricular ectopic beats >600/24 h, the presence of
a pacemaker or implantable cardioverter defibrillator, heart fail-
ure, clotting disorders, diabetes, kidney failure, liver failure, dys-
thyroidism, dysendocrinopathy, alcohol abuse, active cancer under
chemotherapy, peripheral neuropathy or conditions potentially af-
fecting the peripheral nervous system.

This study was performed in accordance with the ethical guide-
lines of the 1975 Declaration of Helsinki and was approved by
the local Institutional Review Board (22 March 2021) of the San
Francesco Hospital of Telese Terme (BN). All procedures complied
with the ethical standards of institutional and national research.
Informed consent was obtained from all participants included in
the study.

Study protocol

All patients were clinically stable and in sinus rhythm. Patients
had been on a stable pharmacological regimen for at least 2 weeks
before hospital admission. Therefore, all patients were on opti-
mal medical therapy at the time of admission. After admission,
all patients provided their demographic data, medical history, vi-
tal signs, clinical and anthropometric data, neurologic examination
results, blood chemistry test results, and HRV assessment via 24-
h ECG, as previously described [13]. In short, patients were ap-
plied a portable twelve-channel tape recorder, processed by a DM
Software Inc. version 12.5.0078a, (Diagnostic Monitoring Software
P.0. Box 3109; 209 Kingsbury Grade, #3; Stateline, NV 89449, USA)
for 24-h ECG recordings which were uploaded to the PC. After
scanning, any artifacts were removed and the recordings were an-
alyzed with the 24-h ECG software at a sampling frequency of
128 Hz. At admission, all patients underwent preparation of the
skin, then self-adhesive electrodes were placed in the usual posi-
tions for twelve-lead ECG monitoring, and recording was started
between 9:00 and 9:30 a.m. During recording, patients were al-
lowed to be standing or sitting next to their beds, while no other
activities were allowed. The 24-h ECG monitoring software docu-
mented HRV parameters automatically as numerical data. Patients
were considered eligible for the study if their recordings had at
least 12 h of analyzable intervals between consecutive R peaks.
Furthermore, the recording period was analyzed if it included at
least half of the night-time (from 00:00 a.m. through to 5:00 a.m.)
and half of the daytime (from 7:30 a.m. through to 11:30 p.m.)
[23]. The labeling of each beat as normal or aberrant was done
according to recognition by the algorithm for tape analysis and
based on an investigator’s check. Time-domain measures (SDNN,
SDANN, ASDNN, rMSSD, pNN50) and frequency-domain measures
(VLF, LF, HF, LF/HF) were calculated for HRV assessment. Power
spectral density (PSD) was estimated using the Blackman-Tukey
method in all accepted segments after linear trend removal. PSD is
a highly reproducible tool used to assess the functional balance be-
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tween parasympathetic and sympathetic domains of the autonomic
nervous system activity and to break down the total variation of
a data series into its frequency components. The total power (TP)
and the power in the very low frequency band (VLF, 0.01-0.04 Hz),
low frequency band (LF, 0.04-0.15 Hz), and high frequency band
(HF, 0.15-0.45 Hz) were then computed by numerical integration of
the spectral density function. The analysis took into consideration
only normalized TP, VLF, LF, and HF values which were expressed
as natural logarithms (In ms?) to minimize skewness. The LF/HF
ratio was also calculated. Based on the ACC/AHA/ESC consensus
[23], the following HRV parameters were defined: HF component,
mainly reflecting the efferent vagal activity; LF component, which
is mediated by efferent vagal and sympathetic activity; LF/HF ra-
tio, a measure of sympatho/vagal balance; VLF component, which
reflects neuroendocrine and thermoregulatory influences mediated
mainly by the sympathetic system [24,25]. The time-domain pa-
rameters, which are most commonly used, were derived from nor-
mal RR intervals (NN). These include the square root of the mean
squared differences of successive RR intervals (RMSSD) that is as-
sociated with respiratory effects on heart rate and is modulated
by both parasympathetic and sympathetic activity, with the pro-
portion derived by dividing the number of interval differences of
successive NN intervals greater than 50 ms (NN50) by the total
number of NN intervals (pNN50) reflects rapid adjustments, and
the standard deviation of NN (SDNN) expresses overall HRV regu-
lation.

Upper endoscopy was performed under conscious sedation fol-
lowing overnight fasting. Biopsies from the gastric mucosa were
performed via gastrointestinal endoscopy from the proximal (fun-
dus) and distal (antrum) parts of the stomach (Supplementary Fig-
ure 1).

The same endoscopist performed all the biopsies for controls
and patients in a blinded fashion.

An additional skin biopsy from the leg was performed to assess
intraepidermal nerve fiber density (IENF) for comparison with mu-
cosal innervation. The density of IENF was calculated according to
international guidelines [26].

The leg biopsies were collected by a 3-mm disposable punch.
All biopsies were fixed in Zamboni solution for 5 hours and then
cryopretected with a solution of polyvinylpyrrolidone. All the biop-
sies were immunostained and analyzed at the Skin Biopsy Lab
of the ICS Maugeri IRCCS of Telese Terme. Tissue samples were
cut with a sliding microtome at 100 pm for the gastric mucosa
and 50 pm for the leg. Specimens were processed via indirect
immunofluorescence using a panel of primary antibodies includ-
ing pan-neuronal marker protein gene product 9.5 (PGP 9.5) for
“total” nerve fibers, vasoactive intestinal peptide (VIP) for auto-
nomic cholinergic fibers, collagen type IV (COL-1V) for glandular
structures, blood vessels and thin muscle layers separating mucosa
from sub-mucosa and ulex europaeus agglutinin I (ULEX) an agglu-
tinin that binds to epithelia and endothelia. To characterize the im-
munohistochemical phenotype of mucosa nerve fibers we assessed,
in a sub-group of subjects, the colocalization of VIP with adren-
ergic (DBH), sensory (Sub-P) and pan-neuronal (PGP 9.5) mark-
ers. Primary antibodies were visualized using species-specific sec-
ondary antibodies coupled with the fluorophores Cy2, Cy5 and Cy3
(Supplementary Table 1) [27].

We acquired a total of 248 digital images from the fundus and
antrum using a non-laser confocal microscope (Axioimager M.2
with Apotome2, Zeiss, Jena, Germany). The density of nerve fibers
in the fundus and antrum was quantified with Neurolucida 360
software (MBF Bioscience, Inc., Williston, VT, USA) that performs
accurate reconstruction of neuronal structures. Briefly, the soft-
ware, based on a 3D tracing method, uses algorithms to trace ax-
ons point by point. The software only takes in account fluorescence
morphologically compatible with axon structure in terms of thick-
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ness, continuity, curvature, direction and brightness and creates a
3D map of the nerves included within the region of interest. Fi-
nally, the software calculates the length of PGP 9.5 and VIP nerves
per volume of tissue (nm/um?3) (Supplementary Figure 1) [27]. For
the quantitative evaluation, sample size analysis was based on the
mean and standard deviation of pan-neuronal fundus nerve den-
sity observed in the control group considering a minimum differ-
ence of 1 nm/um?® of nerve length. The calculated sample size was
of 10 patients to achieve a statistical significance.

All the procedures for quantifying nerve fibers were executed
by an operator blinded to the diagnosis.

Statistical analysis

To test whether variables were normally distributed, we used
the Shapiro-Wilk test. Differences between the Long-COVID-19 pa-
tients and the Control group were evaluated by the Mann-Whitney
test or t-test, as appropriate. Pearson or Spearman tests were used,
as appropriate, to assess possible correlations between clinical,
morphological, and demographic data. We performed power and
sample-size analysis using the “onemean” command of Stata soft-
ware and assuming an error alpha equal to 5% and a study power
of 80%. The data are presented as the mean + SD or median and
interquartile range (IQR) based on the distribution of the values.

Results

The demographic and clinical data, neurological examination
findings and laboratory data of the patients in the study groups
are summarized in Table 1 and Supplementary Table 2.

Among the Long-COVID-19 patients, 66% (8/12) reported ortho-
static intolerance, 66% (8/12) reported vasomotor symptoms, 25%
(3/12) reported hyperhidrosis, and 42% (5/12) reported gastroin-
testinal symptoms, while in the Control group 25% (2/8) reported
vasomotor symptoms, 25% (2/8) reported gastrointestinal symp-
toms and none reported orthostatic intolerance or hyperhidrosis.
No subjects from the two groups reported urinary or pupillomotor
dysfunction.

Samples of gastric biopsies from Long-COVID-19 patients were
obtained 21.0 4+ 10.2 (range 12-52) weeks after nasopharyn-
geal swab negativity. Endoscopy revealed that the stomach mu-
cosa appeared normal in Control and Long-COVID-19 patients.
Hematoxylin-eosin (H&E) staining of histological sections of the
gastric mucosa for Helicobacter pylori was negative in Controls and
Long-COVID-19 patients.

In controls the gastric mucosa, as observed by fluorescence mi-
croscopy, appeared to be richly innervated with both PGP 9.5 and
VIP staining. Fibers from a rich submucosal neural plexus reached
the apex of the papillae. In patient samples, the innervation was
poorer and irregular. The submucosal plexus was less rich, fibers
in the mucosal papillae were sparse, and most of the fibers did
not reach the apex of the papillae (Figure 1).

In both antrum and fundus, sensory (Sub-P-ir) and noradrener-
gic (DBH-ir) nerve fibers were scarcely represented with no differ-
ence between patients and controls. They were located in muscu-
laris mucosa and did not colocalize with VIP that, as it happens
in the skin, also in the gastric mucosa colocalize with cholinergic
fibers as demonstrated by its co-expression with ChAT [28]. In our
samples most of the VIP-ir fibers showed colocalization with PGP
9.5 (Supplementary Figure 3).

Quantitative assessment of mucosal innervation demonstrated
that the density of PGP-ir nerves in Long-COVID-19 patients was
lower than that in Controls (P < 0.01) in the fundus and in the
antrum (P < 0.05). The loss of VIP-ir (cholinergic) nerves was even
more evident in the fundus (P < 0.01). This loss, although to a
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Table 1
Clinical characteristics of the study population.
Controls Long-COVID-19 P
Demographics

Sex (male/female) 5/3 6/6 >0.05
Age, years 543 + 179 56.5 + 16.2 >0.05
Weight, kg 82.5 + 18.1 77.1 £ 184 >0.05
Height, cm 172.8 £ 10.6 168.5 + 11.1 >0.05
Body mass index, kg/m? 27.7 £ 4.2 272 £5.1 >0.05

Preexisting conditions in the last year

Chronic neurological disease (yes/no) 2/8 (25.0%) 1/12 (8.33%) >0.05
Hypertension (yes/no) 1/8 (12.5%) 4/12 (33.34%) >0.05
Mental health conditions (yes/no) 1/8 (12.5%) 3/12 (25%) >0.05
Covid-19 history
Time after covid immunization (months) NA 4.8 + 3.0 NA
Hospitalization by COVID-19 (days of hospitalization) NA 5/12 (12.3 £ 15.3) NA
Autonomic symptoms
Orthostatic intolerance 0/8 (0.0%) 8/12 (66.0%) <0.01
Vasomotor dysfunction 2/8 (25.0%) 8/12 (66.0%) >0.05
Secretomotor dysfunction 0/8 (0.0%) 3/12 (25.0%) >0.05
Gastrointestinal dysfunction 2/8 (25.0%) 5/12 (42.0%) >0.05
Urinary dysfunction 0/8 (0.0%) 0/8 (0.0%) NA
Pupillomotor dysfunction 0/8 (0.0%) 0/8 (0.0%) NA
Therapies
ACE-I/ARB/ARNIs (yes/no) 1/8 (12.5%) 4/12 (33.3%) >0.05
Beta-blockers (yes/no) 2/8 (25.0%) 2/12 (16.7%) >0.05
ASA (yes/no) 1/8 (12.5%) 2/12 (16.7%) >0.05
Diuretics (yes/no) 0/8 (0.0%) 3/12 (25.0%) >0.05
Anticoagulants (yes/no) 0/8 (0.0%) 3/12 (25.0%) >0.05
Neurologic sensory examination
Vibration (normal/abnormal) 8/0 (100.0%) 12/0 (100.0%) NA
Pinprick (normal/abnormal) 8/0 (100.0%) 12/0 (100.0%) NA
Light touch (normal/abnormal) 8/0 (100.0%) 12/0 (100.0%) NA
Position sense (normal/abnormal) 8/0 (100.0%) 12/0 (100.0%) NA
Motor examination, strength (score 0-5) 4.2 + 0.8 3.5+ 0.5 >0.05
Abnormal achilles reflex (normal/abnormal) 8/0 (100.0%) 12/0 (100.0) NA
ACE-1 = angiotensin-converting enzyme inhibitor; ARB = angiotensin receptor blocker; ARNIs = angiotensin receptor neprilysin inhibitors; ASA = acetylsalicylic acid;

NA = not applicable.
Data are reported as mean =+ standard deviation and percentage when applicable.

lesser extent, was also observed in the antrum (P < 0.01) (Figure
1 and 2A).

Intraepidermal nerve fiber density was not different between
the 2 groups of patients (P > 0.05), and no correlation was found
between IENF and mucosal nerves. Data on mucosal and cutaneous
innervation are detailed in Table 2.

Compared to Controls, Long-COVID-19 patients had impaired
cardiovascular autonomic control, as assessed by HRV (LF/HF ra-
tio = 1.7 £ 0.2 vs 1.1 + 0.1, P < 0.01); higher D-dimer levels,
796.6 &+ 167.7 vs 348.7 + 78.1, P < 0.01 (suggesting a higher risk of
thromboembolism); and higher NT-proBNP levels, 646.4 + 307.9 vs
258.6 £ 1721, P < 0.01, a marker of heart failure. Details on
recorded parameters of HRV are reported in Table 3.

The gastric mucosa nerve density correlated with the HRV
(LF/HF R = 0.50, P < 0.05, Coef. —2.40), NT-proBNP level (R = 0.52,
P < 0.01,) and p-dimer level (R = 0.61, P < 0.01,) (Figure 2B to 2D).

Discussion

The present study provides, to our knowledge, the first in vivo
morphological evidence of selective cholinergic denervation within
the gastric mucosa of patients with Long-COVID-19. By integrating
histological findings with functional autonomic assessment, our re-
sults support the existence of a structural-functional impairment
of the autonomic nervous system, with predominant involvement
of the parasympathetic (vagal) pathway.

A central finding of this study is the marked reduction in mu-
cosal nerve fiber density, particularly affecting cholinergic (VIP-
positive) fibers. This observation is of particular relevance, as
it suggests that autonomic dysfunction in Long-COVID-19 is not
merely a functional disturbance but may reflect an underlying

structural lesion. The preferential involvement of cholinergic fibers
further points to a selective vulnerability of the parasympathetic
system, consistent with the clinical phenotype characterized by re-
duced vagal tone and sympathovagal imbalance.

Importantly, the observed structural alterations were signifi-
cantly associated with functional indices of autonomic regulation,
including HRV parameters, NT-proBNP levels, and D-dimer con-
centrations. This convergence of morphological and physiologi-
cal data strengthens the hypothesis that vagal impairment repre-
sents a central mechanism linking local neural damage to systemic
manifestations. In particular, the correlation with HRV indices re-
inforces the interpretation of reduced parasympathetic activity,
while the association with biomarkers of cardiovascular stress
and coagulation suggests a broader systemic impact of autonomic
disruption.

The absence of significant differences in intraepidermal nerve
fiber density between patients and controls provides an addi-
tional layer of insight. Unlike conditions such as diabetic neuropa-
thy, in which somatic and autonomic fibers are concomitantly af-
fected [21], our findings suggest a more selective involvement of
visceral autonomic pathways. This selective vulnerability may re-
flect specific mechanisms of SARS-CoV-2 neurotropism or immune-
mediated injury targeting the vagus nerve and its peripheral pro-
jections. Interestingly, recent evidence has suggested that molec-
ular mimicry may trigger autoimmune responses against proteins
expressed in central vagal nuclei, including the nucleus ambiguus
and the dorsal motor nucleus of the vagus, potentially contributing
to autonomic dysfunction in Long-COVID. Although our findings do
not directly address central nervous system involvement, they are
consistent with the hypothesis that dysfunction of the vagal axis
may occur at multiple anatomical levels [29].
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Table 2
Quantification of nerve density in the skin and gastric mucosa.
Subject Diagnosis Age Sex IENF Fundus PGP innervation Fundus VIP Antrum PGP innervation Antrum VIP
(ff/mm) (nm/pm?3) Innervation (nm/pm?3) Innervation

(nm/um?) (nm/um3)

CT1 Control 62 M 6.4 4.0 (0.9) 43 (2.1) 23 (0.8) 0.7

CT2 Control 38 M 16.1 5.6 (1.6) 2.1 (0.2) 39 (2.6) 1.5

CT3 Control 51 M 7.1 3.6 (1.1) 25 (1.5) 1.8 (0.5) 12

CT4 Control 24 M 13.2 3.9 (1.2) 13 (0.5) 3.9 (0.5) 0.4

CT5 Control 55 F 11.6 b b 5.2 (0.4) 2.6

CT6 Control 59 M 49 33 (1.1) 15 (0.3) b b

C17 Control 85 F 9.2 3.7 (1.4) 22 (0.1) 43 (3.9) 42

CT8 Control 60 F a 5.8 (0.7) 6.1 (0.2) 23 (0.3) 5.2

PT1 Long-COVID-19 75 F 12.5 0.9 (0.8) 0.4 (0.4) 15 (1.3) 0.3

PT2 Long-COVID-19 54 F 10.4 2.0 (1.4) 0.1 (0.1) 1.9 (1.4) 1.1

PT3 Long-COVID-19 73 F 13.7 4.1 (2.3) 0.1 (0.0) 1.6 (0.9) 0.4

PT4 Long-COVID-19 50 M 7.4 0.4 (0.4) 1.5 (0.6) 1.6 (0.4) 0.5

PT5 Long-COVID-19 88 M 45 0.5 (0.5) 0.6 (0.2) 2.0 (1.0) 0.7

PT6 Long-COVID-19 33 M 7.6 3.0 (1.5) 1.1 (0.1) 3.0 (1.8) 1.3

PT7 Long-COVID-19 39 M 5.6 2.1 (0.1) 1.6 (0.0) 3.2 (1.3) 1.8

PT8 Long-COVID-19 59 M 43 2.7 (3.2) 14 (1.5) 2.8 (1.9) 46

PT9 Long-COVID-19 55 F 124 1.0 (0.3) 1.8 (1.3) 12 (0.3) 0.8

PT10 Long-COVID-19 59 F 5.4 2.9 (1.0) 1.6 (1.3) 24 (0.7) 1.3

PT11 Long-COVID-19 38 F 16.8 1.0 (0.0) 12 (1.1) 1.2 (0.4) 0.9

PT12 Long-COVID-19 55 M 6.9 35 (1.4) 15 (0.7) 24 (1.0) 1.5

Controls 54.3 + 17.9 5 M/3F 9.8 + 4.0 3.9 (1.1) 2.2 (1.6) 3.9 (1.8) 1.5 (2.4)

Long-COVID-19 56.5 + 16.2 6 M/6F 8.9 + 4.1 2.1 (2.0) 1.3 (0.9) 1.9 (1.0) 1.0 (0.8)

P >0.05 >0.05 >0.05 <0.01 <0.01 <0.05 <0.01

The innervation data are expressed as medians and interquartile ranges (in parentheses), except for age and IENF, which are expressed as the means=+standard deviations.
3 Subject CT8 refused skin biopsy at Leg.
b Quality of samples from subject CT5 (fundus) and CT6 (antrum) was not sufficient for processing.CT = control; PT = patient.
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Figure 1. Gastric mucosa denervation in Long-COVID-19 patients. The panel shows gastric mucosa denervation in Long-COVID-19 patients (fundus in A and C and antrum
in E and G) compared to Controls (fundus in B and D and antrum in F and H). Evident loss of PGP-ir fibers (green) in A and E (compared to B and F) and of VIP-ir fibers
(green) in C and G (compared to D and H) demonstrating severe denervation in Long-COVID-19 patients involving pan- and cholinergic autonomic innervation compared to
Controls. Red indicates the thin collagen layer around the glandular structures, and blue indicates the internal epithelial component.

From a pathophysiological perspective, these findings support
a model in which SARS-CoV-2-related injury to vagal fibers leads
to a disruption of the cholinergic anti-inflammatory pathway. Such
disruption may result in a failure to adequately regulate immune
responses, thereby sustaining a pro-inflammatory state and con-
tributing to the persistence of symptoms. In this framework, the
gastrointestinal tract given its extensive vagal innervation and its
role as a major immunological interface may represent a critical
site of pathological interaction.

Our findings support an overall parasympathetic impairment in
Long-COVID-19 patients.

In our study, the loss of nerve fibers in the gastric mucosa
of patients with Long-COVID-19 was not associated with cuta-

neous loss of somatic fibers, suggesting that in these patients, gas-
tric mucosa denervation might be the effect of a more selective
pathogenic mechanism affecting primarily the autonomic nervous
system. The selectivity of a parasympathetic involvement is also
suggested by the evidence of an impairment of gastric motility and
a normal sudomotor function in post-COVID-19 patients [30].

A clear understanding of the pathogenetic mechanisms may be
helpful in the management of Long-COVID-19, which remains a
medical challenge and a public health problem since it affects 5-
10% of individuals with acute SARS-CoV-2 infection. Among the dif-
ferent pathogenetic hypotheses, some evidence points to early and
persistent involvement of the VN that may underlie several symp-
toms. The VN innervates the larynx, pharynx, lungs, heart, and
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Figure 2. In A quantification of nerve density in gastric mucosa. Nerve length per volume of tissue (nm/pm3) was calculated for PGP and VIP fibers in fundus and antrum
for patients and controls. From B to D correlations between nerve density and HRV, NT-proBNP and D-dimer levels.

Table 3
Heart rate variability by 24 h ECG monitoring in Controls and Long-COVID-19 patients.
Controls Long-COVID-19 P

Heart rate variability (time domain)
SDNN (msec) 109.0 £ 24.1 80.3 £ 21.0 <0.05
SDANN (msec) 91.0 + 22.0 70.6 + 19.4 >0.05
SDNNi 55.5 + 11.2 329 + 10.8 <0.01
rMSSD (msec) 48.5 + 26.7 153 £ 54 <0.01
PNN50 (%) 18.8 £ 13.0 08 +15 <0.01
Heart rate variability (spectral power)
Total power (In msec?) 8.2 + 0.4 7.1 + 04 <0.01
VLF (In msec?) 7.6 £ 04 6.5 + 0.6 <0.01
LF (In msec?) 6.5 + 0.6 6.4 + 04 >0.05
HF (In msec?) 5.8 + 0.9 38 +0.5 <0.01
LF/HF ratio 1.1 £ 0.1 1.7 £ 0.2 <0.01

Data are expressed as Mean + standard deviation.

HF = high-frequency component; LF = low-frequency component; In = logarithm; pNN50 = percentage of difference between adjacent normal R-R intervals that is greater
than 50 ms computed over the entire 24-h ECG recording; rMSSD = square root of the mean of the sum of the squares of differences between adjacent R-R intervals;
SDANN = standard deviation of the averages of R-R intervals in all 5 min segments of the entire recording; SDNN = standard deviation of all R-R intervals; SDNNi = mean
of the standard deviations of all R-R intervals for all 5 min segments of the entire recording; VLF = very-low-frequency component.

gastrointestinal tract. The GI tract is the second-largest interface
between the external environment and the body and is continu-
ously vulnerable to potentially damaging agents and pathogens. In
particular, in the stomach, the VN acts as a sensory afferent and
efferent pathway to sense injury and to apply protective strate-
gies controlling involuntary visceral functions as part of the auto-
nomic nervous system and modulating systemic inflammation. In
particular, the role of gastric vagal innervation is essentially pro-
tective. It signals potential threats to the central nervous system at
the gastrointestinal level, eliciting autonomic, emotional-affective
and neuroendocrine reactions [31]. So, a disruption of vagal in-
nervation may underlie persistent symptoms after SARS-CoV-2
infection.

Histological evidence of VN involvement has recently been pro-
vided through the demonstration of inflammatory cell infiltration
during SARS-CoV-2 infection [30].

Although we are not able to discriminate between intrinsic
and extrinsic parasympathetic gastric innervation, our data support
the hypothesis that the axonal damage to vagal fibers induced by
SARS-CoV-2 trafficking along nerve fibers leads to autonomic dys-
function and a lack of VN-mediated inhibition of proinflammatory
mechanisms in Long-COVID-19 patients.

This model is in agreement with recent morphological and
functional findings of VN impairment based on neck ultrasound
observations of increased echogenicity in the epineurium, focal
thickening of the nerve and reduced gastrointestinal motility [31].
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The clinical implications of these findings are substantial. The
identification of a structural autonomic substrate opens new av-
enues for targeted therapeutic strategies aimed at restoring vagal
function or enhancing cholinergic signaling. Interventions such as
vagus nerve stimulation or pharmacological modulation of cholin-
ergic pathways may therefore represent promising approaches for
the management of Long-COVID-19, although further studies are
needed to evaluate their efficacy.

Limitations

This study has several limitations. First, it is a single-center
proof-of-concept study with a relatively small sample size, which
may limit the generalizability of the findings. So further studies
based on larger population of patients and controls are warranted.
However, the strict inclusion criteria and the invasive nature of the
procedures required for tissue acquisition make the recruitment of
larger cohorts challenging.

Second, the control group consisted of patients undergoing en-
doscopy for dyspeptic symptoms rather than completely healthy
individuals, which may introduce potential bias. Nevertheless, no
macroscopic or histological abnormalities were observed in the
gastric mucosa, supporting their suitability as controls.

Third, we did not include patients who recovered from SARS-
CoV-2 infection without persistent symptoms, which would have
provided additional insight into the specificity of the observed al-
terations.

Finally, our methodological approach does not allow discrimi-
nation between intrinsic enteric and extrinsic vagal cholinergic in-
nervation or between cholinergic, and non-adrenergic non cholin-
ergic (NANC) VIP-positive fibers. Therefore, although our findings
strongly suggest vagal involvement, the precise anatomical origin
of the observed denervation cannot be definitively established.

Conclusions

In conclusion, this study provides the first in vivo morphologi-
cal evidence of gastric mucosal cholinergic denervation in patients
with Long-COVID-19. The observed association between structural
denervation and alterations in heart rate variability supports the
presence of a structural-functional autonomic impairment, likely
involving vagal pathways.

These findings identify a potential anatomical substrate for
dysautonomia in Long-COVID-19 and offer a novel perspective on
the pathophysiology of persistent symptoms.

Further studies are warranted to confirm these results and to
explore whether targeted interventions aimed at restoring vagal
function may improve clinical outcomes in this population.
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