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Serum butyrylcholinesterase
activity as a predictor of severity
and mortality in COVID-19 patients

Tomas Fazekas!, Lucia Kovadik?, Morteza Motahari Rad?, Xavier Gabaldé Barrios?,
Simona Mihaela Iftimie*, Jordi Camps® & Anna Hrabovska%5™*

Previous studies suggest that butyrylcholinesterase (BChE), an enzyme involved in the cholinergic
anti-inflammatory pathway, may be linked to inflammation, disease severity, and risk of death in
COVID-19 patients. Extending earlier work on BChE and COVID-19 severity, this study investigates
additional factors such as age, sex, vaccination status, and symptom profiles. We analyzed 462
patients with polymerase chain reaction (PCR)-confirmed COVID-19 from the first epidemic wave in
Spain, examining the association between BChE activity, clinical outcomes, demographic factors, and
symptoms. The cohort consisted of 78 asymptomatic patients, 200 patients with mild symptoms, 122
patients with severe symptoms, and 62 critically ill patients. Of the patients in the severe symptoms
group and critically ill patients, 26 died within 30 days of diagnosis. Our results showed that BChE
activity was not affected by sex but decreased significantly with age (P <0.0001). Patients with severe
COVID-19 symptoms and critically ill patients exhibited lower BChE activity than asymptomatic or
mildly symptomatic individuals (P <0.0001). Furthermore, lower BChE activity was observed in patients
with respiratory symptoms, such as pneumonia (P=0.0027) and dyspnea (P=0.0120), while higher
BChE activity was seen in patients with neurological symptoms, such as anosmia (P <0.0001), ageusia
(P=0.0012), and headache (P=0.0005). No significant association was found between BChE activity
and gastrointestinal, algesic, musculoskeletal, or systemic inflammatory symptoms. Additionally,
vaccinated patients, particularly those who received two doses, had lower BChE activity compared to
unvaccinated individuals (P=0.0465). In conclusion, serum BChE activity is significantly associated with
the severity, mortality, and specific symptoms of COVID-19, and is influenced by age and vaccination
status. These findings imply that BChE may be a potential biomarker to support prognosis and risk
stratification in COVID-19 patients. However, further research is needed to understand the underlying
mechanisms and to validate the role of BChE in clinical practice.
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The accurate prediction of COVID-19 severity and mortality remains a significant challenge due to the complex
interplay of host and viral factors. Identifying reliable biomarkers could aid in risk stratification and improve
clinical decision-making. Recent studies, including our own, have shown that serum butyrylcholinesterase (BChE)
activity may be an important predictor of COVID-19 mortality!~%. BChE, also known as serum cholinesterase or
pseudocholinesterase, is a cholinesterase primarily produced in the liver. It is widely distributed in various tissues,
with particularly high activity in the liver and plasma’. Because BChE is produced in the liver, its plasma levels
can reflect both hepatic dysfunction and systemic inflammation, which are commonly observed in severe cases
of COVID-19%7. Although it does not have a well-defined physiological function, BChE may provide protective
benefits, such as scavenging nerve agents and organophosphate pesticide poisoning, aid in the treatment of drug
addiction, and potentially contribute to metabolic management®-1°. Alteration of BChE activity has been shown
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to be associated with dysfunctions of the cholinergic system, which may be related to several neurological and
metabolic disorders'!'"1. The cholinergic system, which plays an essential role in modulating an appropriate
immune response during systemic inflammation, is dysregulated in immunosenescence, contributing to low-
grade inflammation (inflammaging) and potentially worsening COVID-19 outcomes!>%.

COVID-19, caused by the SARS-CoV-2 virus, displays a wide range of clinical characteristics, from
asymptomatic to critical status or fatal outcome?’. The disease can manifest with different types of symptoms,
varying in severity, including respiratory (e.g., cough, pneumonia, dyspnea), gastrointestinal (e.g., vomitus,
diarrhea), neurological (e.g., anosmia, ageusia, headache), algesic (e.g., myalgia, arthralgia, odynophagia), and
inflammatory (e.g., fever, chills)?'. The most common symptoms are fever, fatigue, and dry cough, while less
common symptoms include headache, sore throat, myalgia, diarrhea, vomiting, chills, and loss of smell and
taste, which can vary with different variants of the virus?>%.

From a clinical perspective, the majority of COVID-19 patients exhibit mild to moderate symptoms
(approximately 81%), while approximately 14% progress to severe pneumonia, necessitating hospitalization,
and in some cases, ventilation in an intensive care unit (ICU)?*?!, Approximately 5% of cases develop critical
conditions, including acute respiratory distress syndrome (ARDS), septic shock, and multiple organ dysfunction
or failure?. However, there have also been numerous reports of patients without any symptoms who unexpectedly
deteriorated into severe conditions or died, despite lacking early symptoms?*~%”. These asymptomatic cases pose
significant challenges in the diagnosis of the disease and contribute to the heightened risk of viral transmission®>?’.
Moreover, the condition of COVID-19 could quickly progress from asymptomatic or mildly symptomatic to
severe, involving multi-organ dysfunction or even death?’-%°. Several conventional inflammatory and anti-
inflammatory markers have been explored, but none fully capture the severity of COVID-19’s cytokine storm.
Novel biomarkers such as monocyte distribution width, electrolyte imbalances, pentameric C-reactive protein,
pentraxin-3, chemerin, adiponectin, leptin, apelin, visfatin, resistin, and galectin-3, the complexity of cytokine
storm have shown promise, but clinical applicability remains limited*3%-3,

Therefore, given the mounting evidence that cholinergic activity, particularly BChE activity, may play an
important role in the inflammation associated with COVID-19, we tested the hypothesis that BChE activity
could be associated with COVID-19 mortality!~*!®and could serve as a predictor of COVID-19 severity, it is
crucial to consider the implication of these findings. Previous studies have mainly focused on the relationship
between COVID-19 mortality rates and BChE activity!~*!®with less emphasis on the severity of the disease.
In contrast, the present study explores a more comprehensive range of outcomes, including mortality rates, as
well as the relationship between BChE activity and disease severity and symptoms. Building upon our prior
investigation'we further explore the impact of age, sex, and vaccine doses on COVID-19 outcomes and their
association with BChE activity in a more extensive cohort. Given the global impact of COVID-19°? and the
possibility of future pandemics, robust biomarkers remain essentials for patient risk stratification. Therefore,
assessing serum BChE activity as an indicator of COVID-19 status remains important.

Methods

Study design

This monocentric, cross-sectional, observational study was conducted between April 2020 and September 2021,
after approval by the Ethics Committees of the Hospital Universitari de Sant Joan. The study was conducted in
accordance with the World Medical Association’s Code of Ethics (Declaration of Helsinki). During the study
period, the variants of the SARS-CoV-2 virus in Spain were B.1.177 (April 2020 to January 2021), Alpha B.1.1.7
(until May 2021), and Delta B.1.617.2 (until the end of September 2021)33. We enrolled consecutive PCR-
confirmed COVID-19 patients who met the inclusion criteria during the study period at Hospital Universitari
de Sant Joan, after obtaining informed consent. Individuals of both sexes, over 18 years of age, with confirmed
SARS-CoV-2 virus by polymerase chain reaction (PCR) testing were included in the study. PCR testing was
performed using either the VIASURE SARS-CoV-2 Real Time PCR Detection Kit (CerTest Biotec, Zaragoza,
Spain) or the Procleix’ method with a Panther automated extractor and amplifier (Grifols Laboratories,
Barcelona, Spain). The date of infection onset was defined as either the date of first symptoms or the date of the
first positive PCR test. Patients were classified according to the recommendations of the Health Department
of the regional Government of Catalonia as follows: asymptomatic infected patients had a positive PCR test
but no symptoms of COVID-19; mildly symptomatic patients had a positive PCR test and COVID-19-related
symptoms but did not require hospitalization (oxygen saturation, SpO2, >94%, respiratory rate <22 breaths/
min, and no dyspnea); severely symptomatic patients had a positive test with evidence of lower respiratory
tract disease on clinical assessment or imaging, with an SpO2<94% on room air at sea level and a respiratory
rate > 22 breaths/min; critically ill patients had a positive test and required high-flow oxygen therapy, mechanical
ventilation (invasive or non-invasive), or extracorporeal membrane oxygenation. Symptom classification was
confirmed through clinical evaluation, review of medical records, and follow-up interviews when applicable. The
clinical characteristics of the patients are presented in Table 1.

Data collection

Demographic data and clinical assessments were obtained in pseudonymized form from the hospital electronic
medical record system. Information on age, sex, and clinical outcomes for each patient was obtained from
hospital discharge or death summaries. Current comorbidities were assessed using the Charlson Comorbidity
Index (CCI)** and categorized according to the relevant organ system group. The clinical parameters and serum
BChE activity of the patients were evaluated throughout the hospitalization.
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Characteristics
(n=462)

Asymptomatic (n=78)

Mildly symptomatic (n=200)

Severely symptomatic (n=122)

Critically ill (= 62)

Number of released

78 (100.0%)

200 (100.0%)

119 (97.5%)

39 (62.9%)

Number of deceased | 0 0 3(2.6%) 23 (37.1%)

Siiiiii’d 49 (62.8%) /0 142 (71.0%) / 0 51 (41.8%) / 1 (0.8%) 23 (37.1%) / 7 (11.3%)
Sex .

g/g:eeaéed 29(37.2%) 10 58 (29.0%) / 0 71 (58.2%) / 2 (1.6%) 39 (62.9%) / 16 (25.8%)

Age, years (mean)

56.5+23.2

48.1x17.2

68.8+16.5

66.5+18.2

Number of patients
<65 years / deceased

48 (61.5%) /0

167 (83.5%) / 0

50 (41.0%) / 0

26 (41.9%) / 1 (1.6%)

Number of Patients
>65 years / deceased

30 (38.5%) / 0

33 (16.5%) / 0

72 (59.0%) / 3 (2.5%)

36 (58.1%) / 22 (35.5%)

Vaccination | 1 dose

(n=457) 2 doses

None | 47 (61.8%) 157 (78.5%) 78 (65.5%) 45 (72.6%)
10 (13.2%) 10 (5.0%) 15 (12.6%) 9 (14.5%)
20 (26.3%) 33 (16.5%) 29 (24.3%) 8 (12.9%)
3 doses | 1(1.3%) 0 0 0

Table 1. Descriptive characteristics of COVID-19-positive patients enrolled in the study. Note: All percentages
in this table are calculated as a proportion within each symptom subgroup; 265 years - of age 65 or older; <65
years - younger than 65 years.

Butyrylcholinesterase activity assessment

Whole blood samples were collected in 7.5 ml S-Monovette Serum-Gel tubes (SARSTEDT, Product No.
01.1602.001) and centrifuged at 2500xg for 10 min at room temperature. The resulting supernatants, representing
sera, were then stored at — 80 °C until subsequent analysis in Slovakia.

An Ellman’s method optimized for biological samples was used to detect BChE activity in sera®. Each sample
was assayed in duplicate. Ellman’s reaction is based on the enzymatic hydrolysis of butyrylthiocholine (BTC) to
produce thiocholine, which then reacts with Ellman’s reagent, 5,5’-dithiobis (2-nitrobenzoic acid) (DTNB), to
produce a yellow color. A 2.5 pl serum sample was preincubated with 0.5 mM DTNB in HEPES buffer, pH 7.5,
for 20 min to allow interaction with free sulthydryl groups. Subsequently, 1 mM BTC iodide (Sigma-Aldrich,
Product No. B3253) was added, and the absorbance was immediately measured at 405 nm using a BioTek ELx800
spectrophotometer for 20 min at 46-second intervals to assess BChE activity. Activity is expressed as AmO.D.
(405 nm), calculated from the slope of the linear phase of the saturation curve.

Data analysis

Data were processed and analyzed using GraphPad PRISM (version 9.3.1, 2021) and JMP Statistical Software
(version 16.1) with a significance level of P<0.05. Demographic data and clinical parameters, including age,
sex, vaccination status, and BChE activity, were presented as mean with interquartile range (IQR) or median
with IQR. Patients were divided into subgroups based on sex (male/female), age (<65 years/ 265 years), vaccine
dose, and symptoms. One-way analysis of variance (ANOVA) followed by post hoc tests and unpaired t-tests for
parametric continuous data, or Wilcoxon/Kruskal-Wallis tests for non-normally distributed data, were used to
compare groups. The Spearman rank correlation test was used to assess the relationship between BChE activity
and relevant clinical parameters. Confounding factors were controlled through appropriate stratification into
study subgroups, representing a direct, robust, and mathematically straightforward approach to confounder
control. These factors were also internally validated using multivariate regression analysis (MVRA), which
confirmed the statistical significance of the factor and confounder under investigation. A detailed MVRA
analysis leading to a prediction model will be the subject of further work.

Result

Demographics and clinical characteristics

The study included a total of 462 patients (Table 1). Out of these patients, 78 (16.8%) were asymptomatic, 200
(43.2%) were mildly symptomatic, 122 (26.4%) were severely symptomatic, and 62 (13.4%) were critically ill
patients.

The asymptomatic group did not display any clinical symptoms throughout the study. In the mildly
symptomatic group, the predominant symptoms were cough and fever, whereas in severely symptomatic group
and critically ill patients, cough, dyspnea and fever were the most common symptoms (Table 2).

The patient population was comprised of 265 females (57.3%) and 197 males (42.6%) (Table 1). Females
exhibited a higher prevalence compared to males in the asymptomatic (62.8% vs. 37.2%) and mildly symptomatic
(71.0% vs. 29.0%) groups, while male patients demonstrated a higher frequency compared to females in the
severely symptomatic (41.8% vs. 58.2%) and critically ill (37.1% vs. 62.9%) groups.

The mean age of the patients was 57.48 +20.44 years (Table 1). Patients < 65 years were more prevalent in the
asymptomatic (61.5% vs. 38.5%) and mildly symptomatic (83.5% vs. 16.5%) groups, whereas patients > 65 years
were more frequent in the severely symptomatic (41% vs. 59%) and critically ill (41.9% vs. 58.1%) groups.
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Symptoms Mildly symptomatic (n=200) | Severely symptomatic (n=122) | Critically ill (n=62)
Cough 127 (6.4%) 67 (54.9%) 38 (61.3%)
Pneumonia 8 (4.0%) 28 (23.0%) 14 (22.6%)
Respiratory Dyspnea 36 (18.0%) 63 (51.6%) 46 (74.2%)
Pulmonary failure | 3 (1.5%) 4(3.3%) 9 (14.5%)
Odynophagia 16 (8.0%) 5 (4.1%) 2 (3.2%)
Vomitus 12 (6.0%) 8 (6.6%) 4(6.5%)
Gastrointestinal | Diarrhea 30 (15.0%) 14 (11.5%) 8 (12.9%)
Anorexia 5(2.5%) 4(3.3%) 2(3.2%)
Anosmia 36 (18.0%) 7 (5.7%) 1 (1.6%)
Neurological Ageusia 21 (10.5%) 9 (7.4%) 2(3.2%)
Headache 55 (27.5%) 9 (7.4%) 9 (14.5%)
Myalgia 30 (15.0%) 11 (9.0%) 4(6.5%)
Musculoskeletal
Arthralgia 19 (9.5%) 8 (6.6%) 3(4.8%)
General/Systemic Fever 117 (58.5%) 71 (58.2%) 32 (51.6%)
Chills 5(2.5%) 1 (0.8%) 5(8.1%)

Table 2. Symptoms in COVID-19-Positive patients enrolled in the study. Nore: All percentages in this table
are calculated as a proportion within each symptom subgroup.
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Fig. 1. Serum BChE activity according to sex (A), age (B) and mortality (C). There was no significant
difference in BChE activity between female (1 =265) and male (n=197) patients (P=0.3644), while there was
a significant decline in BChE activity in patients > 65 years (n=171) compared to those <65 years (P<0.0001,
n=291). The results showed a significant reduction in BChE activity in deceased patients (n=26) compared
to discharged (n=436) patients (P<0.0001). BChE - Butyrylcholinesterase; 265 years - of age 65 of older; <65
years - younger than 65 years.

Within 30 days of analysis, fatalities occurred in 2.6% of severely symptomatic patients (0.8% female vs.
1.6% male) and 37.1% of critically ill patients (11.3% female vs. 25.8% male). Additionally, 3.8% of the deceased
patients were <65 years and 96.2% were > 65 years (Table 1).

Information regarding vaccination status was provided for 457 patients, and unvaccinated patients
predominated in all symptom groups. Within the asymptomatic group, 47 patients were unvaccinated, 10 had
received a single dose, and 19 had received two doses of vaccine. Within the mildly symptomatic group, 157
patients had not received vaccination, 10 had received a single dose and 33 had received two doses. Among the
severely symptomatic patients, 75 were unvaccinated, 15 had received one dose of the vaccine, and 29 had been
vaccinated twice. Among the critically ill patients, 45 were unvaccinated, while nine and eight had received one
or two vaccine doses, respectively.

Serum BChE activity

Subgroup analysis based on sex revealed that there were no significant differences in BChE activity between
female and male patients (P=0.3644, Fig. 1A). In contrast, the analysis based on age revealed a significant
decline in BChE activity in patients > 65 years compared to patients < 65 years (P<0.0001, Fig. 1B). Furthermore,
BChE activity was related to mortality, with a significant decline in BChE activity observed in deceased patients
compared to discharged patients (P<0.0001, Fig. 1C).

A statistically significant difference in the mean BChE activity was identified among the study outcome
categories (P<0.0001), with a notable decline in BChE activity corresponding to the severity of COVID-19
(Fig. 2A). The asymptomatic and mildly symptomatic groups showed higher BChE activity, followed by the
severely symptomatic group, with the critically ill group displaying the lowest serum BChE activity. A post hoc
test revealed significant differences between the critically ill group and the asymptomatic group (P=0.0046),
the mildly symptomatic group (P<0.0001), and the severely symptomatic group (P=0.0381). Additionally, a
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Fig. 2. Serum BChE activity in the symptom groups: (A) All patients, (B) patients of age younger than 65
years, and (C) patients of age 65 years or older. Significant differences were observed among the symptom
groups (P<0.0001, A), particularly between critically ill (n=62) vs. asymptomatic (P=0.0046, n=78), mildly
symptomatic (P <0.0001, n=200), and severely symptomatic (P=0.0381, n=122) groups. Differences were

also significant between severely symptomatic vs. mildly symptomatic (P=0.0060), while comparisons
involving asymptomatic vs. mildly symptomatic and asymptomatic vs. severely symptomatic groups were not
significant (P=0.3434 and P=0.7086, respectively). For patients of age younger than 65 years, symptoms group
differences were significant (P=0.0033, B), but not for patients of age 65 years or older (P=0.1333, C). These
significances were between mildly symptomatic (n=167) vs. severely symptomatic (P=0.0170, n=50) and
mildly symptomatic vs. critically ill (P=0.0058, n=26) groups. BChE Butyrylcholinesterase.

significant difference was observed between the severely symptomatic group and the mildly symptomatic group
(P=0.0060). However, the comparison of the asymptomatic and mildly symptomatic groups (P=0.3434) and the
severely symptomatic (P=0.7086) groups did not show significant differences.

A more detailed analysis of BChE activity in the symptom groups revealed significant differences between
symptom groups for patients < 65 years (P=0.0033, Fig. 2B) but not for patients > 65 years (P=0.1333, Fig. 2C).
The post hoc test in patients < 65 years indicated significant differences between mildly symptomatic vs. severely
symptomatic (P=0.0170) and critically ill patients (P=0.0058) but not between asymptomatic vs. mildly
symptomatic (P=0.6253), severely symptomatic (P=0.2021), and critically ill (P=0.0535), or critically ill vs.
severely symptomatic (P=0.3380) groups.

Serum BChE activity with regards to COVID-19 symptoms
An analysis of BChE activity, informed by the presence of various symptoms associated with COVID-19
symptoms, including respiratory, gastrointestinal, neurological, musculoskeletal and systemic symptoms yielded
inconsistent results. No significant differences were observed in BChE activity in patients with cough (P=0.1089,
Fig. 3.A1) or pulmonary failure (P=0.5811, Fig. 3.A4), while lower BChE activity was observed in patients with
pneumonia (P=0.0027, Fig. 3.A2) and dyspnea (P=0.0120, Fig. 3.A3). Furthermore, BChE activity exhibited
no significant differences among patients with vomiting (P=0.5775, Fig. 3.B1), diarrhea (P=0.2773, Fig. 3.B2),
or anorexia (P=0.5341, Fig. 3.B3). Conversely, higher BChE activity was observed in patients with anosmia
(P<0.0001, Fig. 3.C1), ageusia (P=0.0012, Fig. 3.C2), and headache (P=0.0005, Fig. 3.C3). Notably, there were
no significant differences in BChE activity in patients with myalgia (P=0.6085, Fig. 3.D1), arthralgia (P=0.7449,
Fig. 3.D2), and odynophagia (P=0.5113, Fig. 3.D3). Similarly, no significant alterations in BChE activity were
observed in patients experiencing fever (P=0.0571, Fig. 3.E1) or chills (P=0.9169, Fig. 3.E2).

Subsequent analysis of BChE activity revealed a dose-dependent effect of vaccination (P=0.0465, Fig. 4), with
a reduction in activity in patients vaccinated with two doses compared to unvaccinated patients (P=0.0451).
However, there were no significant differences in BChE activity between unvaccinated patients and those who
had received a single dose (P=0.9410), nor between patients who had received a single dose and those who had
received two doses (P=0.1606).

Discussion

In this study, we tested our hypothesis that serum BChE activity could serve as a predictor of clinical status
progression and outcome in COVID-19 patients. To investigate this, we analyzed BChE activity in the sera of
462 patients with PCR-confirmed COVID-19 from the first epidemic wave in Spain. The cohort consisted of
78 asymptomatic, 200 mildly symptomatic, 122 severely symptomatic, and 62 critically ill patients. Twenty-
six patients from the two most severe groups died within 30 days of diagnosis. The most common symptoms
reported were cough and fever, observed in approximately half of the cohort. While most symptoms were
reported in mildly symptomatic patients, pneumonia and pulmonary failure were more prevalent in severely
symptomatic and critically ill patients, respectively.

Although both males and females were present in comparable numbers, women predominated in the
asymptomatic and mildly symptomatic groups, whereas males were more common in the two more severe
groups. Deaths were more frequent in males, accounting for 69% of the total mortality. Several COVID-19
studies have reported that males were more severely affected than females**-**consistent with previous findings
from epidemiological data of SARS-CoV and MERS-CoV that also highlighted sex differences in disease
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manifestation®®-4!. There is a lack of understanding of how sex influences COVID-19 outcomes. However,
observed genetic and behavioral differences, which are multifactorial in nature, may play a significant role
in susceptibility to viral infections®®. For example, the effects of the X chromosome and sex hormones on
immune responses have been reported, potentially providing females with greater plasticity and adaptability
to infections*2. Toll-like receptor 7 (TLR7), encoded on the X chromosome, plays a critical role in the immune
response®®. Several studies have shown that plasmacytoid dendritic cells (pDCs) from females produce more
IFNa/p than males following TLR7 activation by viral RNA3*#potentially giving females an advantage in
combating COVID-19. Additionally, males are more likely to engage in risky behaviors such as smoking and
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«Fig. 3. Serum BChE activity in patients with various symptoms. (A) Respiratory symptoms: No significant
differences in BChE levels were observed with cough (P=0.1089, n=179, A1), pulmonary failure P=0.5811,
n=18, A4), or odynophagia (P=0.5113, n=23, D3), but levels were significantly lower in patients with
pneumonia (P=0.0027, n=>50, A2) and dyspnea (P=0.0120, n=120, A3) compared to patients without
these symptoms (n =283, n=444, n=412, n=317, n=439 respectively). (B) Gastrointestinal symptoms:

No significant differences were seen in patients with vomitus (P=0.5775, n=24, B1), diarrhea (P=0.2773,
n=>52, B2), or anorexia (P=0.5341, n=13, B3) compared to those without these symptoms (n =438, n=410,
and n =449, respectively). (C) Neurological symptoms: BChE activity was significantly higher in patients with
anosmia (P<0.0001, n=44, C1), ageusia (P=0.0012, n=40, C2), or headache (P=0.0005, n=73, C3) compared
to those without these symptoms (n=418, n=422, n=389, respectively). (D) Musculoskeletal symptoms:

No significant difference in BChE activity were observed in patients with myalgia (P=0.6085, n=45, D1), or
arthralgia (P=0.7449, n=30, D2) compared to those without these symptoms (n=417, n =432, respectively).
(E) Systemic symptoms: No significant difference in BChE activity were found in patients with fever
(P=0.0571, n=187, E1) or chills (P=0.9169, n=11, E2) compared to those without these symptoms (n =275,
n=451, respectively). BChE Butyrylcholinesterase.
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Fig. 4. Serum BChE activity in patients according to vaccine dose. There was a significant change between
groups (P=0.0465). Post hoc tests revealed that patients vaccinated with two doses (1 =89) had significantly
lower BChE activity compared to unvaccinated patients (n =324, P=0.0451), while no significant differences
were observed between the other groups. BChE - Butyrylcholinesterase.

alcohol consumption and tend to have a wider range of underlying health conditions, which may increase their
risk for severe COVID-19 outcomes®®*’.

Seventy-five percent of the patients in the study were unvaccinated, with half of whom were in the mildly
symptomatic group. For vaccinated patients, 38% of the asymptomatic group, 21% of the mildly symptomatic
group, and 37% of the severely symptomatic and critically ill groups had received either one or two doses of the
vaccine. Among those who had received two doses of the vaccine, only 29% developed severe symptoms and
9% became critically ill. Additionally, 11% of the severely symptomatic and 34% of the critically ill vaccinated
patients died, and all these individuals were aged > 65 years. Hence, our results are consistent with other studies
demonstrating the protective effect of COVID-19 vaccination, although factors such as age may influence the
efficacy of the vaccine®.

Itis well established that advanced age is a recognized risk factor for severe COVID-19 outcomes and increased
mortality*”*°. Consistent with previous findings by Markuskova et al. (2023), we confirmed this association in
our study’. The chronological age of 65 years and older is commonly used to define elderly individuals in clinical
practice?®and was also used in this study. In the studied cohort, both age groups, <65 years and > 65 years, were
well represented in all symptom groups. However, consistent with the warnings and recommendations regarding
the risks associated with older age and COVID-19 issued by various health organizations, governments, and
researchers?”***our results revealed that younger patients (<65 years) were more represented in the two less
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severe groups, whereas older patients (=65 years) predominated in the two groups with more severe clinical
status. Furthermore, mortality was almost exclusively observed in the elderly patients (96%).

Our previous analysis of 148 patients with severe COVID-19 revealed significantly lower serum BChE
activity in patients who succumbed to the disease!consistent with observations by other research groups®8-%0,
Furthermore, we showed dynamic changes in serum BChE activity corresponding to the progression of clinical
status'reflecting the severity of the disease. Here, we confirmed lower BChE activity in deceased patients.
Moreover, we observed an alignment between serum BChE activity and COVID-19 severity and symptoms.

Serum BChE activity differed among the symptom groups, showing higher activities in the asymptomatic
and mildly symptomatic patients as compared to the two more severe groups. The lowest serum BChE activities
were observed in the critically ill patients. Despite the distribution of patients across the symptom groups, BChE
activity did not appear to be influenced by sex, as no significant difference was observed between females and
males. Nevertheless, the lower BChE activity observed in the sera of elderly patients, as reported both here and
previously by us! and others?~4151651-53prompted us to perform a follow-up age-sensitive analysis. While results
from patients <65 years were preserved and BChE activity was a function of severity, decreasing in severely
symptomatic and even more so in critically ill groups, age > 65 years flattened the effect with only a tendency for
lower BChE in the critically ill group. The lack of significant variation in patients > 65 years may be attributed to
the overall lower BChE activity in elderly patients.

Patients who received two doses of the vaccine demonstrated reduced BChE activity. This unanticipated
discovery is counterintuitive and not yet fully understood. One potential explanation for this phenomenon
is that it may reflect immune system activation triggered by vaccination. Confounding factors, such as age,
comorbidities, or the timing of sample collection relative to vaccination, may also influence the results. Given
the complexity of immune and cholinergic interactions, further research is needed to clarify the underlying
mechanisms and potential clinical implications.

To the best of our knowledge, this is the first study to investigate the relationship between BChE activity
and the symptoms in COVID-19 patients. Our subgroup analysis revealed that BChE activity was significantly
associated with specific COVID-19 symptoms.

Lower BChE activity was associated with respiratory symptoms such as pneumonia and dyspnea, but not with
cough or pulmonary failure. Conversely, higher BChE activity was associated with neurological symptoms such
as anosmia, ageusia, and headache, potentially reflecting lower systemic inflammation in patients with isolated
neurological manifestations. However, this observational finding does not imply causality. BChE activity was not
associated with gastrointestinal, algesic, musculoskeletal, or fever and chills.

Regarding respiratory symptoms, previous studies have reported a reduction in BChE activity in patients
with chronic obstructive pulmonary disease (COPD), suggesting a possible mechanistic link, although the exact
mechanism remains unclear®*->°. In contrast, increased BChE activity has been reported in the early stages of
some neurological diseases associated with inflammation'**’although the exact mechanism remains unclear
due to the complexity of inflammatory responses involving multiple organs®*-%’. In addition, factors such as
the grade or severity of the disease and age may induce different inflammatory responses. Nevertheless, it is
important to mention that the assessment of certain symptoms, particularly neurological and musculoskeletal
symptoms, may not have been fully accurate in critically ill patients who required high-flow oxygen therapy,
mechanical ventilation, or extracorporeal membrane oxygenation. Given that these patients were often unable
to communicate effectively with medical staff, and considering the challenging conditions during the COVID-19
pandemic, some symptoms may have been underreported or overlooked.

Our findings support the potential role of BChE as a prognostic marker in patients with COVID-19, though
causal mechanisms remain to be confirmed. The relationship between BChE activity and clinical status remains,
however, unclear. Our previous study revealed a correlation between serum BChE activity and inflammatory
markers, including C-reactive protein and interleukin-6'. This is further supported by the work of others
suggesting the prognostic potential of BChE in inflammation and sepsis®*®!1-%3. In recent years, a growing
body of evidence has highlighted the role of acetylcholine in inflammatory processes'***¢%, Several immune
cells, including T cells, B cells, and NK cells, have been shown to produce acetylcholine, with its release being
triggered by infection®. Acetylcholine modulates the immune response by activating a7 nicotinic receptors
on macrophages, inhibiting nuclear factor (NF-kf) activation, preserving high mobility group box 1 protein
(HMGBI) in its nuclear form, and reducing pro-inflammatory cytokine production!*!7%®, Immune cell-derived
acetylcholine plays an important role in the response to sepsis, viral infections, and autoimmune diseases®”. BChE,
by mediating the degradation of acetylcholine, may be indirectly involved in the regulation of pro-inflammatory
factors as acetylcholine plays a crucial role in the cholinergic anti-inflammatory pathway'>**. However, the
activity of cholinesterases, specifically BChE, in metabolic homeostasis and inflammation is complex and
appears to be even more so in various pathological situations. Hence, BChE activity likely follows different
mechanisms in conditions caused by chronic or acute inflammation®>*4. In pathological conditions caused by
low-grade systemic inflammation, such as type 1 or type 2 diabetes®”hypertension, hyperlipidemia®’ Alzheimer’s
disease®®Parkinson’s disease®®and multiple sclerosis, an increase in BChE has been observed in the early
stages of these diseases!>*7*°. However, as the diseases progress to more advanced stages, a decrease in BChE
activity has been reported, which has been associated with an increased risk of death in these diseases!>":6!,
Therefore, the reduction of BChE in severe and deceased COVID-19 patients, as similarly observed in diseases
such as cancer®®®chronic obstructive pulmonary disease’’cardiovascular disease’"”?HIV’*hemodialysis’*and
stroke”>could be considered an indicator of disease progression and poor prognosis, further supporting its
potential role as a biomarker for severe outcomes in various pathological conditions.

The association of BChE activity with COVID-19 severity, mortality, age, and specific symptoms underscores
its potential as a multifaceted biomarker for COVID-19. Given the complexity of the cytokine storm and the
intricate interplay of various factors, integrating BChE activity into a composite index with other biomarkers
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may improve diagnostic accuracy and prognostic assessment. Additionally, considering the upstream role of
the cholinergic system in inflammation, BChE activity may provide insight into therapeutic targets aimed at
modulating the inflammatory response in COVID-19 patients.

Our study has several limitations. First, its observational nature limits the ability to establish causality
between BChE activity and COVID-19 outcomes. Second, as a monocentric study, the generalizability of the
findings may be limited; however, it offers detailed patient phenotyping from a single institution. Third, the
demographics of the study cohort may affect the broader applicability of the findings. Fourth, although we
recognize that BChE activity can be influenced by medications and comorbidities such as diabetes, chronic
obstructive pulmonary disease (COPD), and liver disease, and we were unable to comprehensively assess these
potential confounding factors due to the emergency conditions of the COVID-19 pandemic, which limited the
availability of detailed clinical records. This may have affected the observed associations between BChE and
disease severity. Future studies should aim to incorporate detailed comorbidity profiles to better control for
these variables. Fifth, due to the specific circumstances of the pandemic, it was not possible to collect blood
samples from all patients at consistent time points, potentially introducing variability. Finally, in some cases, the
assessment of patient symptoms and characteristics may have been hindered by the patients’ unconscious state
and their inability to communicate, compounded by the constraints imposed by the emergency situation.

In summary, in this study, we confirmed our previous findings of significantly lower serum BChE activity in
patients with severe COVID-19 and in critically ill COVID-19 patients. In addition, we demonstrated that BChE
activity was associated with COVID-19 severity, mortality, specific symptoms, age, and vaccination status. While
BChE activity was not influenced by sex, it decreased with age and disease severity. Respiratory symptoms, such
as pneumonia and dyspnea, and neurological symptoms, such as anosmia, ageusia and headache, as well as
vaccination status were associated with variation in BChE activity. Our findings suggest that BChE may serve as a
valuable tool for assessing the severity of COVID-19, predicting outcomes, and informing therapeutic strategies.
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All data contained in this study are available from the authors upon reasonable request.
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