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Abstract: Background: Inflammation is a major driver of atherosclerotic diseases including
lower extremity artery disease (LEAD). Serum cholinesterase (ChE) has been shown to
impact cardiovascular health and regulate inflammatory processes. Objectives: The aim
of this study was to investigate the relationship between serum ChE levels and inflamma-
tory markers in patients with hemodynamically relevant iliac artery stenosis, assessing
its potential role in the inflammatory processes of lower extremity artery disease (LEAD).
Methods: In the following retrospective data analysis, we investigated 150 patients with
hemodynamically relevant iliac artery stenosis as documented by a delta peak systolic
velocity (6PSV) > 1.4 m/s and investigated the possible influence of ChE on established in-
flammatory markers, such as neutrophil-to-lymphocyte ratio (NLR), platelet-to-lymphocyte
ratio (PLR) and hemoglobin-to-platelet ratio (HPR), along with other routine laboratory
or vascular parameters. Results: ChE levels differed significantly between patients with
stable claudication (Fontaine stage II) and critical ischemia (Fontaine stages III and IV):
7.76 mg/dL (6.55-8.7 mg/dL) vs. 6.77 mg/dL (5.85-7.48 mg/dL), p = 0.004. Using the
spearman correlation coefficient, testing of NLR and ChE revealed a highly significant
inverse correlation, with a coefficient of —0.303 (p < 0.001). Additionally, a weak inverse
correlation was observed between PLR and ChE, with a coefficient of —0.162 (p = 0.049).
Patients with an elevated body mass index (BMI) showed increased levels of serum ChE,
with a spearman correlation coefficient of 0.298 (p < 0.001). Conclusions: The observed
correlations in this study depict active inflammation in LEAD with an emphasis on patients
with critical ischemia. Serum ChE could serve as a potential biomarker for inflammation
in patients with LEAD, particularly in distinguishing between stable claudication and
critical ischemia. Future research is needed to explore the role of ChE as a complementary
biomarker, offering insights into the cholinergic regulation of inflammation in LEAD.
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1. Introduction
1.1. PAD

Peripheral arterial disease (PAD) is characterized by stenosis or occlusion of a target
vessel, due to the mechanisms of atherosclerosis, thrombotic or embolic events [1]. Itis a
highly prevalent disease with a noticeable age dependency, with prevalence increasing to
15-20% from the age of 70 [2]. Furthermore, the presence of lower extremity arterial disease
(LEAD) has been shown to put patients at a significant risk of developing other cardio-
vascular diseases such as coronary artery disease (CAD), myocardial infarction (MI) and
cerebrovascular disease (CVD) [3,4]. Yet, patients with LEAD are vastly underdiagnosed
and undertreated in comparison to patients with CAD [5-7]. Established risk factors for
patients with LEAD include diabetes mellitus [odds ratio (OR) 1.5], chronic kidney disease
(CKD) (OR 2.0), hypertension (OR 1.5), hypercholesterolemia (OR 1.3), obesity (OR 1.0) and
smoking (OR 4.1) [8]. LEAD is an inflammatory disease and the primary factor contributing
to its pathology is atherosclerosis, which is characterized by an endothelial dysfunction and
the process of plaque formation and destabilization [9-13]. It has been demonstrated that
patients affected by limb ischemia show high levels of inflammation and have an increased
mortality rate [14]. The wide range of treatment options for patients with LEAD range
from optimizing cardiovascular risk factors, including lifestyle intervention, antithrom-
botic therapy and invasive strategies like endovascular or surgical revascularization [15].
Nevertheless, the main challenge associated with endovascular revascularization remains
the occurrence of restenosis [16]. Patients with LEAD are at increased risk of critical limb
ischemia (CLI) and major adverse limb events (MALE), like amputation further decreasing
the quality of life [17].

1.2. Cholinesterase

Parasympathetic dysfunction has been linked to poor cardiovascular outcomes. In
support of this, indicators of cardiovascular parasympathetic dysfunction, in the means of
elevated resting heart rate, reduced heart rate response during exercise and delayed heart
rate recovery after exercise, have all been demonstrated to independently predict adverse
cardiovascular outcomes [18-21]. In patients undergoing coronary angiography a low
serum level of cholinesterase (ChE) was linked to the development of major adverse cardiac
events (MACE) [22]. In another study, low ChE was a significant predictor of mortality
in patients with stable CAD [23]. Both increased and decreased serum ChE levels appear
to influence cardiovascular health. A study reported that ChE levels were significantly
elevated in patients with severe myocardial ischemia with three-vessel CAD [24]. The same
elevation in serum ChE, as a recent study figured out, has been found in patients with
stable CAD, where the number of diseased vessels increased significantly with serum ChE
levels [25]. Gremmel et al. reported the association of low ChE and the increased risk of
long-term adverse ischemic events in patients undergoing primary unilateral angioplasty
with self-expanding bare metal stent implantation for superficial femoral artery (SFA)
stenosis [26]. The above-mentioned findings support the image of a U-shaped curve when
interpreting the influence of ChE and cardiovascular risk.

The cholinergic anti-inflammatory pathway (CAP) was first described in 2000. It is
a parasympathetic anti-inflammatory signaling cascade that can modulate inflammatory
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processes [27-29]. Furthermore, serum acetylcholine (ACh) reduces the production of
inflammatory cytokines (TNF-«, IL-1§3, IL-6, and IL-18) through the alpha 7 nicotinic acetyl-
choline receptor subunit («7nAChR) hereby preventing systemic inflammatory response
syndrome (SIRS) development [27,30,31]. One step in plaque formation that ACh can
reduce via signaling is the uptake of low-density lipoprotein (LDL) into macrophages [32].
Another way ACh can influence cardiovascular disease is through a reduction in endothe-
lial dysfunction and the promotion of vasodilation, thereby enhancing tissue perfusion [33].
In addition, oxidative vascular stress is reduced via «7nAChR [34] and coronary perfusion
is improved in regard of cardiac angiogenesis through vascular endothelial growth fac-
tor (VEGF) [35]. Exercise enhances myocardial type 2 muscarinic acetylcholine receptor
(m2AChR) protein expression, which is also necessary in the prevention of myocardial
apoptosis [36]. In a study, it was demonstrated that ACh and vagal stimulation can protect
the heart to a certain degree from ischemic events, with a reduced production of reactive
oxygen species (ROS) [37]. It has been observed that ACh prevents cell apoptosis by
inhibiting the effect of angiotensin II and by inhibiting the production of ROS through
activation of sirtuin 3/ AMP-activated protein kinase (SIRT3-AMPK) signaling [38,39]. In
experiments such as vagal nerve stimulation in heart failure, ACh was able to prevent
the progression of heart failure and cardiac remodeling via the inhibition of angiotensin
II [40-42]. When ACh binds onto the type 3 muscarinic acetylcholine receptor (m3AChR),
which is being expressed on cardiac fibroblasts, it can influence cardiovascular disease in
terms of reducing collagen production in cardiac fibrosis [43] (Figure 1).

N
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Figure 1. ChE influencing inflammation and cardiovascular diseases. x7nAChR, alpha 7 nicotinic
acetylcholine receptor subunit; Ach, acetylcholine; CAD, coronary artery disease; ChE, cholinesterase;
HF, heart failure; IL-1B, interleukin 1B; IL-6, interleukin-6; IL, interleukin-8; LDL, low-density
lipoprotein; LEAD, lower extremity artery disease; MACE, major adverse cardiac events; M2AChR,
type 2 muscarinic acetylcholine receptor; M3AChR, type 3 muscarinic acetylcholine receptor; ROS,
reactive oxygen species; SIRT3-AMPK, sirtuin 3/ AMP-activated protein kinase; TNF«, tumor necrosis
factor alpha; VEGE, vascular endothelial growth factor.

Considering that LEAD, especially in comparison to CAD is still widely underdiag-
nosed and undertreated [44], ChE may function as a surrogate parameter for identifying
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high-risk patients who would benefit from intensified treatment options [26]. However,
the relationship between ChE and inflammatory parameters such as NLR, PLR and HPR
in patients with LEAD remains unclear. The present study therefore assessed a possible
correlation between these parameters.

1.3. PLR, NLR, HPR

In the last years, there has been an increased scientific interest in finding novel inflam-
matory markers predicting cardiovascular risks. Neutrophil-to-lymphocyte ratio (NLR)
and platelet-to-lymphocyte ratio (PLR) serve as biomarkers for inflammation and given the
simplicity in their calculation, it could be advantageous to use them more frequently in the
assessment of ischemic vascular risk profiles in patients [45-47]. It has been observed that
there is a correlative relationship among NLR, PLR and the occurrence of CLI in patients
with LEAD [48,49]. Lee et al. recently published the predictive value of NLR and PLR
regarding target vessel restenosis (TVR) following infrainguinal angioplasty [50]. Moreover,
it was found out that elevated NLR and PLR values are associated with an 11 times higher
increase in the risk of amputation and a 22 times higher increase in the risk of mortality in
patients with acute limb ischemia [51].

Hemoglobin-to-platelet ratio (HPR) and platelet-to-hemoglobin ratio (PHR), the in-
verse of HPR, are emerging markers with a limited amount of published literature. PHR
has recently attracted considerable interest as a parameter with potential prognostic value
in cardiovascular disease [52-55]. In terms of PAD, there has been a study by Ozbeyaz et al.,
which included patients who underwent peripheral angiography on account of below-knee
CLIL, who were not found suitable for endovascular and surgical revascularization. They
have demonstrated that PHR was a reliable predictor of below-knee amputations [56].

2. Materials and Methods

This study was conducted as an exploratory retrospective data analysis at the Depart-
ment of Internal Medicine II, Division of Angiology, Medical University of Vienna. The
Ethics Committee of the Medical University of Vienna approved the study in June 2022
with the number 1442 /2022. Part of this study was published as a thesis of Dr. med. univ.
Maximilian Mitteregger [57].

We included 150 patients who were admitted to the Department of Internal Medicine
II, Division of Angiology, and diagnosed with LEAD and a hemodynamically relevant
stenosis [delta peak-systolic-velocity (8PSV) > 1.4 m/s] measured by color-coded du-
plex ultrasonography of the common or external iliac artery between 1 January 2016 and
31 December 2018. This was an exploratory pilot analysis. Therefore, we did not perform
a sample size calculation. The results should be regarded as hypothesis-generating. A
possible influence of ChE on established inflammatory markers, such as PLR, NLR and
HPR, along with other routine laboratory or vascular parameters was investigated. Due to
outliers in the routine laboratory data and skewed distributions, we decided to use only
non-parametric tests.

Blood samples were drawn during the first 24 h after admission by aseptic venipunc-
ture and the blood parameters were measured in the central laboratory of the Medical
University of Vienna according to standardized protocols. Butyrylcholinesterase was
measured by the central laboratory using Roche Cobas 8000 (Roche Diagnostics, Vienna,
Austria). Hemoglobin, thrombocytes, neutrophil granulocytes and lymphocytes were
measured on the Sysmex XN1000 (Sysmex Austria, Vienna, Austria).

Exclusion criteria were underlying hematological diseases, such as leukemia, von
Willebrand disease, polycythemia vera, immune thrombocytopenia, active bleedings and
heparin-induced thrombocytopenia (HIT).
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Delta PSV (m/s)

Baseline characteristics are presented as median (interquartile range) for continuous
variables and as number (%) for nominal variables. Spearman rank correlation was per-
formed to assess correlations of ChE and other routine laboratory or vascular parameters.
Two-sided p-values < 0.05 were considered the threshold for statistical significance. For data
collection, the variables required for the study were collected from the Medical University
of Vienna Information Management (AKIM) and analyzed using the IBM SPSS Statistics
Version 29 (IBM Corp, Armonk, NY, USA).

3. Results

A total of 150 patients were included in the study. Characteristics of the study pop-
ulation depicted for patients with stable claudication and critical ischemia are given in
Table 1. Patients with critical ischemia were significantly older than patients with stable
claudication (p < 0.001). CAD differed significantly between patients with claudication
and those with critical ischemia (p = 0.005). In addition, patients with critical ischemia
were significantly more likely to have chronic kidney disease (p = 0.007). No significant
difference could be analyzed for diabetes mellitus, smoking, hypertension, obesity and hy-
perlipidemia. Patients with critical ischemia were significantly more likely to be prescribed
lipid-lowering drugs and diuretics.

The parameter SPSV is used for the purpose of determining the degree of stenosis. A
value of 1.4 or above is considered to indicate a hemodynamically relevant stenosis. The
median 8PSV in the study population with claudication was 3.04 (2.03-3.9), and in those
with critical ischemia it was 2.73 (2.38-3.9), p = 0.824 (Figure 2).

I +v

Fontaine stages

Figure 2. 5PSV (difference in peak systolic velocity; m/s) in patients with stable claudication and
critical ischemia.

The study population included patients with at least one stenosis of the common or
external iliac artery. LEAD was categorized in accordance with the Fontaine classification.
Subsequently, a more detailed analysis of the frequency distribution in the study population
revealed that 111 patients had Fontaine stage IIb. This corresponds to 74% of the patient
population. In total, 20 patients suffered from Fontaine stage IV, the most severe form of
LEAD, which is associated with necrosis and gangrene. Only two (1.3%) patients in the
study population were asymptomatic and, therefore, Fontaine stage I. Fontaine stage Ila
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was recorded in 12 (8%) patients. According to the patient files, only five (3.3%) patients

were categorized as Fontaine stage II1.

Table 1. Clinical characteristics, comorbidities, medication and Fontaine stages.

Clinical Characteristics Claudication Critical Ischemia Val
and Comorbidities (Fontaine II) (Fontaine III & IV) p-vatue
Female/male gender [n] 46/77 12/13 0.372
Age [yrs; m (IQR)] 65 (59-70) 73 (67-81) <0.001
BMI [kg/m?,m (IQR)] 26.96 (23.44-29.32) 23.11 (20.8-28.63) 0.042
Smoking [n] 116 24 1
Hyperlipidemia [n] 113 25 0.213
Type I Diabetes Mellitus [n] 1 2 0.074
Type II Diabetes Mellitus [n] 44 10 0.820
Hypertension [n] 111 20 0.168
Obesity [n] 24 3 0.570
CAD [n] 36 15 0.005
Carotid artery disease [n] 41 9 0.819
CKD [n] 12 8 0.007
COPD [n] 23 4 1
Atrial fibrillation und

flutter [n] 14 4 0.509
Hypothyroidism [n] 11 1 0.691
Previous restenosis of the

common or external iliac 26 6 0.791
artery [n]

Previous Stroke [n] 4 3 0.094
Previous TIA [n] 1 0 1
Previous venous 4 1 1
thrombo-embolic event [n]

Prevm}ls Myocardial 15 7 0.061
infarction [n]

Acetylsalicylic acid [n] 99 20 1
Clopidogrel [n] 45 14 0.078
Direct oral anticoagulants [n] 8 3 0.397
Cumarine [n] 4 2 0.267
Low Ipolecular weight 10 3 0.461
heparin [n]

ACE inhibitor or ARB [n] 85 15 0.482
Ca2+ channel blocker [n] 47 9 1
Alpha-blocker [n] 14 3 1
Beta-blocker [n] 60 13 0.828
Protone pump inhibitor [n] 72 17 0.502
Lipid lowering agent [n] 106 17 0.039
Diuretics [n] 51 17 0.026
Oral antidiabetics [n] 31 7 0.804
GLP-1 receptor agonist [n] 4 1 1
Insulin [n] 16 5 0.355

ACE, angiotensin-converting-enzyme; ARB, angiotensin receptor blocker; BMI, body mass index; Ca2+, Calcium;
CAD, coronary artery disease; CKD, chronic kidney disease; COPD, chronic obstructive pulmonary disease; GLP,
glucagon-like peptide; IQR, interquartile- range; M, median; TIA, transient ischemic attack; yrs, years.

Cholinesterase levels differed significantly between Fontaine stages II and IV

(p = 0.001), as well as between patients with stable claudication (Fontaine stages II) and

those with critical ischemia (Fontaine stages III and 1V); see Table 2. Since there were only

two patients with Fontaine stage I, data of those are not depicted.
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Table 2. Laboratory measurements between Fontaine stages.

p (Between p (Between
Fontaine N I v I and IV Fontaine Fontaine
Stages Stages Stages
IT and IV) IT and III + IV)
130.59 121.88 172.4 152.31

PLR (93.68-169.29) (72.07-157.32) (123.76-251.78)  (118.21-216.96) 0.013 0.053
NLR 2.7 (2.06-3.64) 2.63 (1.33-3.53) 3.58 (2.7-6.14) 3.43 (2.51-5.45) 0.014 0.08

HPR 0.06 (0.05-0.07)  0.07 (0.04-0.08)  0.05 (0.03-0.06)  0.05 (0.03-0.07) 0.01 0.039

ChE (mg/dL) 7.76 (6.55-8.7) 7.17 (6.81-8.28)  6.33 (5.51-7.25)  6.77 (5.85-7.48) 0.001 0.004

ChE, cholinesterase; HPR, hemoglobin-to-lymphocyte ratio; NLR, neutrophile-to-lymphocyte ratio; PLR, platelet-
to-lymphocyte ratio.

The levels of PLR, NLR and HPR were 132.1 (98.34-175.06), 2.8 (2.11-4.06) and 0.05
(0.04-0.07), respectively, in the overall study population.

In the next step, the correlations between the inflammatory markers PLR, NLR, HPR
and ChE were tested using the spearman correlation coefficient with two-sided significance.
A weak inverse correlation was identified between PLR and ChE, with a spearman cor-
relation coefficient of —0.162 and a p-value of 0.049. Furthermore, the correlation test of
NLR and ChE yielded a highly significant inverse correlation, with a spearman correlation
coefficient of —0.303 and a p-value of <0.001, Figure 3.

10

NLR

I | | | |
0 2 4 6 8 10 12

Cholinesterase (mg/dL)

Figure 3. Correlation between NLR and cholinesterase (r= —0.303, p < 0.001).

No significant correlation was observed between HPR and the ChE. A correlation
coefficient of 0.122 and a p-value of 0.140 were measured.

A further objective was to investigate whether a correlation between 6PSV and PLR,
NLR and HPR could be measured. The spearman correlation coefficient between SPSV and
PLR was —0.26, with a p-value of 0.750. This indicates that no correlation is present between
these two parameters. The correlation test between 6PSV and NLR was also negative, with
a correlation coefficient of —0.35 and a p-value of 0.668. Similarly, the analysis of $PSV and
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HPR demonstrated no correlation. A correlation coefficient of 0.081 and a p-value of 0.325
were calculated for 8PSV and HPR; see Table 3.

Table 3. Correlations PLR, NLR, HPR and ChE, dPSV.

Correlations ChE 8PSV
NLR

Correlation coefficient (r) —0.303 —0.35
p-value <0.001 0.668

PLR

Correlation coefficient (r) —0.162 —0.26
p-value 0.049 0.750

HPR

Correlation coefficient (r) 0.122 0.081

p-value 0.140 0.325

ChE, cholinesterase; HPR, hemoglobin-to-lymphocyte ratio; NLR, neutrophile-to-lymphocyte ratio; PLR, platelet-
to-lymphocyte ratio; 6PSV, difference in peak systolic velocity.

In addition, it was part of the study to analyze possible correlations between ChE and
dPSV, age, BMI, thrombocytes, leucocytes, CRP and fibrinogen. The correlation between
ChE and BMI was significant with a spearman correlation coefficient of 0.298 and a p-value

of <0.001; see Table 4.

Table 4. Correlations ChE and other parameters.

Correlations ChE
SPSV

Correlation coefficient (r) —0.028
p-value 0.737
Age

Correlation coefficient (r) —0.122
p-value 0.137
BMI

Correlation coefficient (r) 0.298
p-value <0.001
Thrombocytes

Correlation coefficient (r) 0.062
p-value 0.450
Leucocytes

Correlation coefficient (r) 0.011
p-value 0.889
CRP

Correlation coefficient (r) —0.140
p-value 0.089
Fibrinogen

Correlation coefficient (r) 0.069
p-value 0.404

BMLI, body mass index; ChE, cholinesterase; CRP, C-reactive protein; 5PSV, difference in peak systolic velocity.

In a further step, we investigated possible differences of the main variables and clinical
characteristics between men and women; see Table 5.

When analyzing the age difference between men and women, it appeared that women
were significantly older than men (p < 0.001). In women, there was a significant inverse
correlation between PLR and ChE (r = —0.293, p = 0.026), which was not present in men
(r=—0.087, p = 0.414). However, there was a significant inverse correlation between NLR
and ChE in men (r = —0.351, p = 0.001), which was not significant in women (r = —0.205,
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p = 0.123). On the contrary, HPR correlated positively with ChE (r = 0.327, p = 0.012) in
women, whereas not in men (r = 0.015, p = 0.885).

Table 5. Clinical characteristics and main variables in women and men.

Clinical Characteristicsand  Women Men

Laboratory Measures (n =58) (n=92) p-Value
5PSV (m/s) 2.9 (2.02-3.5) 3.1(2.21-4.18) 0.155
Age (yrs) 70 (64-77) 64 (59-70) <0.001
BMI (kg/m?) 2428 (21.43-29.21)  27.27 (23.83-29.18)  0.024
PLR 148.92 (104.65-191)  124.63 (94.3-161.56) 0.076
NLR 2.91 (2.26-4.06) 2.73 (2.06-4.16) 0.628
HPR 0.05 (0.04-0.06) 0.06 (0.05-0.07) <0.001
ChE (mg/dL) 7.54 (6.53-8.44) 7.54 (6.36-8.68) 0.963

BMI, body mass index; ChE, cholinesterase; dPSV, difference in peak systolic velocity; HPR, hemoglobin-to-
lymphocyte ratio; NLR, neutrophile-to-lymphocyte ratio; PLR, platelet-to-lymphocyte ratio.

4. Discussion

Our study investigated whether a correlation can be identified between NLR, PLR,
HPR and ChE in patients with LEAD attributed to a hemodynamically relevant iliac
artery stenosis. The results showed a statistically significant inverse correlation between
NLR and ChE, as well as a weak significant inverse correlation between PLR and ChE.
Previous research has indicated that elevated levels of serum ChE are associated with poor
ischemic outcomes in patients with LEAD undergoing bare metal stent implantation for
SFA stenosis [26]. This is also supported by the observation of significantly lower levels
of ChE in patients with critical ischemia in comparison to those with stable claudication.
Moreover, numerous studies have already established an association between NLR, PLR
and LEAD. For example, NLR and PLR have been identified as markers for predicting the
occurrence of CLI in patients with LEAD [48,49] and have also been shown to serve as
parameters for the probability of TVR following infrainguinal angioplasty [50]. In addition,
NLR and PLR impact the risk of amputation and mortality in patients with acute limb
ischemia [51]. Elevation of serum ChE in relation to the inflammatory parameters PLR and
NLR also appears to play a role in this study population with hemodynamically relevant
stenosis of the common or external iliac artery.

However, in this study, HPR showed no relevant correlation with ChE, but it has
previously been brought in correlation with cancer, such as survival in patients with
nasopharyngeal cancer [58], diagnostic value regarding colon cancer [59] and survival in
patients with bladder cancer [60].

Two recent studies showed that PHR serves as a predictor of prognosis in patients with
pulmonary embolism [52] and aortic dissection [53]. On the perspective of cardiac mortality,
PHR was able to predict mortality in patients with ST-Segment Elevation Myocardial
Infarction (STEMI) [55] and in patients with CAD and congestive heart failure [54].

The secondary objective of the study was to evaluate the association of inflammatory
parameters, including NLR, PLR and HPR, with the quantification of stenosis, represented
by 8PSV. The outcome of this objective was not significant. However, other studies were
able to show a significant link between LEAD and NLR or PLR [50,61,62]. A possible
explanation for the counterintuitive outcome of the secondary objective could be that
the pathophysiology of an elevated 0PSV as documented in our study was multifactorial
(e.g., primary atherosclerosis vs. in-stent restenosis) and might therefore differ from the
pathophysiology of in-stent restenosis in a more heterogenous collective [50,63].

An interesting correlation emerged during the analysis of BMI and serum ChE lev-
els. Patients with an elevated BMI showed increased levels of serum ChE. The fact that



Biomedicines 2025, 13, 823

10 of 16

obesity is closely linked to inflammation has been widely proven in animal and human
models [64,65]. It is possible that the positive correlation between BMI and serum ChE
levels indicates a shared inflammatory aetiology. Ghrelin and the activated form of this
peptide impact a number of obesity related pathways, including the regulation of appetite
gain, energy metabolism, reward perception, the release of growth hormone and increased
gastric secretion and motility [66]. However, butyrylcholinesterase is able to inactivate
this peptide, by converting octanoyl-ghrelin to desacyl-ghrelin [66]. In a mouse model, it
was reported that the use of galantamine, an acetylcholinesterase inhibitor in mice with
diet-induced obesity, decreases the inflammatory status and reduces bodyweight and fatty
liver [67]. Nevertheless, overweight (BMI 25-29.9 kg/ m?) and moderate obesity (BMI
30-34.9 kg/m?) have increasingly been associated with a protective mortality benefit com-
pared to normal BMI or more severe obesity in critically ill hospitalized and intensive
care unit (ICU) patients [68]. A study was conducted with obese dogs, who were fed a
high-calorie diet. The study reported a significant negative correlation between serum ChE
and adiponectin concentrations [69]. Adiponectin, an anti-inflammatory hormone, being
an indicator of weight gain and obesity [70], therefore may act as a link between ChE and
obesity. The peptide-hormone leptin, an adipokine also being released from fatty tissue,
has been brought in correlation with ChE as well. It was demonstrated that elevated leptin
concentrations in adolescents with fatty liver and possibly high amounts of visceral fat
significantly correlated with serum ChE levels [71].

As indicated in the introduction it appears that both high and low serum levels of
ChE are potentially influencing the risk of cardiovascular disease [22,24,25]. Inflamma-
tory mediators (TNF-«, IL-13, IL-6, and IL-18) activate the cholinergic anti-inflammatory
pathway via vagal nerve stimulation. Thereafter, an anti-inflammatory feedback mech-
anism is triggered by these inflammatory mediators [27]. Efferent cholinergic signaling
from the vagus nerve releases acetylcholine (ACh) and inhibits via «7 nicotinic receptors
on macrophages the production of proinflammatory mediators [28,29]. It thus appears
reasonable to conclude, given that LEAD is an inflammatory disease [11], that elevated
levels of ChE may have an impact on cardiovascular health, considering that ACh is being
hydrolyzed by ChE. In another study, patients who were admitted to the intensive care
unit (ICU) after cardiopulmonary bypass were analyzed in the prospect of their serum
ChE levels and the development and complications of SIRS. It appeared that in patients
with SIRS, ChE levels were significantly lower and that there was an association between
reduced ChE levels and an increase in inflammatory cytokines, including TNF- and IL-
6 [30]. A similar observation was also reported in patients hospitalized with coronavirus
disease 2019 (COVID-19) [72] which recently accounted for a significant burden especially
for patients with cardiovascular diseases [73]. In 148 patients with COVID-19 an inverse
correlation was documented between ChE activity and the inflammatory markers CRP
and interleukin-6 [72]. Interestingly, patients hospitalized for COVID-19 with lower BMI
had also lower ChE activity, which corresponds to the findings in our study showing the
positive correlation of BMI and ChE [72]. Moreover, low ChE activity was associated with
poor patient outcome [72]. As COVID-19 is a highly proinflammatory and prothrombotic
disease [74-76] that may also trigger autoimmune processes [77,78] low ChE levels seem
to be one further contributing factor, as they are associated with platelet reactivity [79].
The latter was shown in clopidogrel-treated patients, where patients with HRPR by the
VerifyNow P2Y12 assay had lower ChE levels [79]. Though conditions of low as well as
high ChE levels can be associated with poor patient outcomes, one should highlight the im-
plications of ChE in malignant diseases and heart failure marked by low ChE levels [80,81].
Moreover, low ChE levels have also been encountered in other infectious diseases like
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malaria or Dengue fever [82,83]. In the latter, the administration of micronutritients like
zinc was proposed to maintain ChE activity [84].

A recently published review article in 2020 highlighted the potential of acetyl-
cholinesterase inhibitors to influence regulatory processes that upregulate cholinergic
signaling and therefore accelerating anti-inflammatory pathways. Acetylcholinesterase
inhibitors influencing inflammation may lead to new venues for therapeutic options in
inflammatory diseases [85].

Nevertheless, the precise pathomechanism by which low levels of ChE contribute to
adverse cardiovascular events, such as previously reported, remains unclear. Given its
labile nature, the parasympathetic neurotransmitter ACh itself is not an optimal candidate
for routine clinical measurements [86]. It was concluded that low serum levels of ChE can
be interpreted as parasympathetic dysfunction, which influences adverse cardiovascular
outcomes [22].

When analyzing the age difference between men and women in the study, it appeared
that women were significantly older than men with a median of 70 years in women and
64 years in men. Moreover, an analysis of patient demographics indicated that individuals
of advanced age were more predisposed to critical ischemia. It can be hypothesized that an
influencing factor in women is the protective characteristic of estrogen [87,88] leading to a
development of cardiovascular disease at a more rapid rate after menopause. This elevates
the average age of being diagnosed with cardiovascular diseases in women.

A limitation of our study was its rather small sample size of 150 patients. Even after
carefully selecting and ruling out patients as defined by the inclusion/exclusion criteria of
this retrospective analysis, it is possible that the observed biomarkers may be influenced
by undiagnosed diseases or not yet understood pathomechanisms. Moreover, we did not
correct for multiple testing because our study was a pilot, exploratory study. A potential
confounder is the presence of an infection among the selected patients, maybe leading
to fluctuations in inflammation-dependent laboratory parameters. In addition, the age
difference between stable claudication and critical ischemia can also be regarded as a
confounding factor.

5. Conclusions

In conclusion, this study demonstrates the significant inverse correlation between
NLR and serum ChE levels. Given this correlation, inflammation including ChE related
pathways may be involved in the underlying pathomechanisms of LEAD. Patients with
critical ischemia showed significantly lower levels of serum ChE than patients with stable
LEAD further highlighting a possible link to inflammation and an adverse cardiovascular
outcome. Therefore, our findings suggest that serum ChE could serve as a potential
biomarker for inflammation in patients with LEAD, particularly in distinguishing between
stable claudication and critical ischemia. However, further research is still needed to explore
the role of ChE as a complementary biomarker, offering deeper insights into the cholinergic
regulation of inflammation in LEAD.

Author Contributions: Conceptualization, M.M. and PP.W.; methodology, M.M. and PP.W.; vali-
dation, PP.W.,, E.-L.R.-H. and C.W.K,; investigation, M.M.; resources, S.S., AW.-E., R K., M.G. and
C.WK,; data curation, M.M.; writing—original draft preparation, M.M. and P.P.W.; writing—review
and editing, M.M.,, S.S., AW-E,, TG, RK,, M.G,, E-L.R.-H., CW.K. and PP.W.; visualization, M.M.
and PP.W.,; supervision, PP.W.; project administration, M.M. and P.P.W. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.



Biomedicines 2025, 13, 823 12 of 16

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved by the Ethics Committee of the Medical University of Vienna in 29 June
2022 with the protocol code 1442 /2022.

Informed Consent Statement: Not applicable, due to the retrospective character of the study. In order
to ensure the confidentiality of patient data, all patients were assigned numbers and pseudonymized
during the data collection. The data was collected and used for calculations on a computer with
personal, restricted access at the Department of Internal Medicine II, Division of Angiology.

Data Availability Statement: Data are given within the article. Further details are available on request.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

10.
11.

12.

13.

14.

15.

16.

17.

18.

Hiatt, W.R; Goldstone, J.; Smith, S.C., Jr.; McDermott, M.; Moneta, G.; Oka, R.; Newman, A.B.; Pearce, W.H.; Group, American
Heart Association Writing. Atherosclerotic Peripheral Vascular Disease Symposium II: Nomenclature for Vascular Diseases.
Circulation 2008, 118, 2826-2829. [CrossRef]

Dua, A.; Lee, C.J. Epidemiology of Peripheral Arterial Disease and Critical Limb Ischemia. Tech. Vasc. Interv. Radiol. 2016,
19, 91-95. [CrossRef] [PubMed]

Criqui, M.H.; Matsushita, K.; Aboyans, V.; Hess, C.N.; Hicks, C.W.; Kwan, T.W.; McDermott, M.M.; Misra, S.; Ujueta, F.; American
Heart Association Council on Epidemiology and Prevention; et al. Lower Extremity Peripheral Artery Disease: Contemporary
Epidemiology, Management Gaps, and Future Directions: A Scientific Statement from the American Heart Association. Circulation
2021, 144, e171-e191. [CrossRef]

Steg, P.G.; Bhatt, D.L.; Wilson, PW.E; D’Agostino Sr, R.; Ohman, E.M.; Rother, ].; Liau, C.-S.; Hirsch, A.T.; Mas, ].-L.; Ikeda, Y.; et al.
One-Year Cardiovascular Event Rates in Outpatients with Atherothrombosis. JAMA 2007, 297, 1197-1206. [CrossRef] [PubMed]
McDermott, M.M.; Mandapat, A.L.; Moates, A.; Albay, M.; Chiou, E.; Celic, L.; Greenland, P. Knowledge and Attitudes Regarding
Cardiovascular Disease Risk and Prevention in Patients with Coronary or Peripheral Arterial Disease. Arch. Intern. Med. 2003,
163, 2157-2162. [CrossRef] [PubMed]

Fioretti, V.; Gerardi, D.; Giugliano, G.; Di Fazio, A.; Stabile, E. Focus on Prevention: Peripheral Arterial Disease and the Central
Role of the Cardiologist. J. Clin. Med. 2023, 12, 4338. [CrossRef]

Skeik, N.; Nowariak, M.E.; Smith, J.E.; Alexander, ].Q.; Manunga, ] M.; Mirza, A K,; Sullivan, T.M. Lipid-Lowering Therapies in
Peripheral Artery Disease: A Review. Vasc. Med. 2020, 26, 71-80. [CrossRef]

Eraso, L.H.; Fukaya, E.; Mohler, E.R., 3rd; Xie, D.; Sha, D.; Berger, ].S. Peripheral Arterial Disease, Prevalence and Cumulative
Risk Factor Profile Analysis. Eur. ]. Prev. Cardiol. 2012, 21, 704-711. [CrossRef]

Libby, P. The Changing Landscape of Atherosclerosis. Nature 2021, 592, 524-533. [CrossRef]

Bjorkegren, J.L.M.; Lusis, A.]. Atherosclerosis: Recent Developments. Cell 2022, 185, 1630-1645. [CrossRef]

Zhang, Q.; Li, F; Ritchie, R.H.; Woodman, O.L.; Zhou, X.; Qin, C.X. Novel Strategies to Promote Resolution of Inflammation to
Treat Lower Extremity Artery Disease. Curr. Opin. Pharmacol. 2022, 65, 102263. [CrossRef] [PubMed]

Poledniczek, M.; Neumayer, C.; Kopp, C.W.; Schlager, O.; Gremmel, T.; Jozkowicz, A.; Gschwandtner, M.E.; Koppensteiner,
R.; Wadowski, P.P. Micro- and Macrovascular Effects of Inflammation in Peripheral Artery Disease—Pathophysiology and
Translational Therapeutic Approaches. Biomedicines 2023, 11, 2284. [CrossRef] [PubMed]

Poledniczek, M.; Neumayer, C.; Kopp, C.W.; Schlager, O.; Gremmel, T.; Jozkowicz, A.; Gschwandtner, M.E.; Koppensteiner,
R.; Wadowski, P.P. Micro- and Macrovascular Effects of Inflammation in Peripheral Artery Disease—Pathophysiology and
Translational Therapeutic Approaches. Preprints 2023, 11, 2284. [CrossRef] [PubMed]

Caicedo, D.; Alvarez, C.V.; Perez-Romero, S.; Devesa, J. The Inflammatory Pattern of Chronic Limb-Threatening Ischemia in
Muscles: The TNF-o Hypothesis. Biomedicines 2022, 10, 489. [CrossRef]

Mazzolai, L.; Teixido-Tura, G.; Lanzi, S.; Boc, V.; Bossone, E.; Brodmann, M.; Bura-Riviere, A.; De Backer, J.; Deglise, S.; Della Corte,
A.; et al. 2024 ESC Guidelines for the Management of Peripheral Arterial and Aortic Diseases. Eur. Heart ]. 2024, 45, 3538-3700.
[CrossRef]

Beckman, J.A.; Schneider, P.A.; Conte, M.S. Advances in Revascularization for Peripheral Artery Disease: Revascularization in
PAD. Circ. Res. 2021, 128, 1885-1912. [CrossRef]

Bonaca, M.P,; Hamburg, N.M.; Creager, M.A. Contemporary Medical Management of Peripheral Artery Disease. Circ. Res. 2021,
128, 1868-1884. [CrossRef]

Adabag, A.S.; Grandits, G.A.; Prineas, R.].; Crow, R.S.; Bloomfield, H.E.; Neaton, ].D.; MRFIT Research Group. Relation of Heart
Rate Parameters during Exercise Test to Sudden Death and All-Cause Mortality in Asymptomatic Men. Am. J. Cardiol. 2008,
101, 1437-1443. [CrossRef]


https://doi.org/10.1161/CIRCULATIONAHA.108.191171
https://doi.org/10.1053/j.tvir.2016.04.001
https://www.ncbi.nlm.nih.gov/pubmed/27423989
https://doi.org/10.1161/CIR.0000000000001005
https://doi.org/10.1001/jama.297.11.1197
https://www.ncbi.nlm.nih.gov/pubmed/17374814
https://doi.org/10.1001/archinte.163.18.2157
https://www.ncbi.nlm.nih.gov/pubmed/14557213
https://doi.org/10.3390/jcm12134338
https://doi.org/10.1177/1358863X20957091
https://doi.org/10.1177/2047487312452968
https://doi.org/10.1038/s41586-021-03392-8
https://doi.org/10.1016/j.cell.2022.04.004
https://doi.org/10.1016/j.coph.2022.102263
https://www.ncbi.nlm.nih.gov/pubmed/35802962
https://doi.org/10.3390/biomedicines11082284
https://www.ncbi.nlm.nih.gov/pubmed/37626780
https://doi.org/10.3390/biomedicines11082284
https://www.ncbi.nlm.nih.gov/pubmed/37626780
https://doi.org/10.3390/biomedicines10020489
https://doi.org/10.1093/eurheartj/ehae179
https://doi.org/10.1161/CIRCRESAHA.121.318261
https://doi.org/10.1161/CIRCRESAHA.121.318258
https://doi.org/10.1016/j.amjcard.2008.01.021

Biomedicines 2025, 13, 823 13 of 16

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Leeper, N.J.; Dewey, FE.; Ashley, E.A.; Sandri, M.; Tan, S.Y.; Hadley, D.; Myers, J.; Froelicher, V. Prognostic Value of Heart Rate
Increase at Onset of Exercise Testing. Circulation 2007, 115, 468—474. [CrossRef]

Cole, C.R.; Blackstone, E.H.; Pashkow, E].; Snader, C.E.; Lauer, M.S. Heart-Rate Recovery Immediately after Exercise as a Predictor
of Mortality. N. Engl. |. Med. 1999, 341, 1351-1357. [CrossRef]

Jouven, X.; Empana, J.-P.; Schwartz, PJ.; Desnos, M.; Courbon, D.; Ducimetiere, P. Heart-Rate Profile during Exercise as a Predictor
of Sudden Death. N. Engl. . Med. 2005, 352, 1951-1958. [CrossRef]

Arbel, Y.; Shenhar-Tsarfaty, S.; Waiskopf, N.; Finkelstein, A.; Halkin, A.; Revivo, M.; Berliner, S.; Herz, I.; Shapira, I.; Keren,
G.; et al. Decline in Serum Cholinesterase Activities Predicts 2-Year Major Adverse Cardiac Events. Mol. Med. 2014, 20, 38—45.
[CrossRef] [PubMed]

Goliasch, G.; Kleber, M.E.; Richter, B.; Plischke, M.; Hoke, M.; Haschemi, A.; Marculescu, R.; Endler, G.; Grammer, T.B.; Pilz, S.;
et al. Routinely Available Biomarkers Improve Prediction of Long-Term Mortality in Stable Coronary Artery Disease: The Vienna
and Ludwigshafen Coronary Artery Disease (VILCAD) Risk Score. Eur. Heart J. 2012, 33, 2282-2289. [CrossRef] [PubMed]
Lehtonen, A.; Marniemi, J.; Inberg, M.; Maatela, J.; Alanen, E.; Niittyméki, K. Levels of Serum Lipids, Apolipoproteins A-I and B
and Pseudocholinesterase Activity and Their Discriminative Values in Patients with Coronary by-Pass Operation. Atherosclerosis
1986, 59, 215-221. [CrossRef]

Mito, T.; Takemoto, M.; Antoku, Y.; Tanaka, A.; Matsuo, A.; Hida, S.; Yoshitake, K.; Kosuga, K.-I.; Miura, S.-I. Influence of
Serum Cholinesterase Levels on Patients Suspected of Having Stable Coronary Artery Disease. Intern. Med. 2020, 60, 1145-1150.
[CrossRef] [PubMed]

Gremmel, T.; Wadowski, P.P.; Mueller, M.; Kopp, C.W.; Koppensteiner, R.; Panzer, S. Serum Cholinesterase Levels Are Associated
with 2-Year Ischemic Outcomes After Angioplasty and Stenting for Peripheral Artery Disease. J. Endovasc. Ther. 2016, 23, 738-743.
[CrossRef]

Borovikova, L.V,; Ivanova, S.; Zhang, M.; Yang, H.; Botchkina, G.I.; Watkins, L.R.; Wang, H.; Abumrad, N.; Eaton, ].W.; Tracey, K.J.
Vagus Nerve Stimulation Attenuates the Systemic Inflammatory Response to Endotoxin. Nature 2000, 405, 458-462. [CrossRef]
de Jonge, W.J.; van der Zanden, E.P; The, F.O,; Bijlsma, M.E.; van Westerloo, D.J.; Bennink, R.J.; Berthoud, H.-R.; Uematsu, S.;
Akira, S.; van den Wijngaard, R.M.; et al. Stimulation of the Vagus Nerve Attenuates Macrophage Activation by Activating the
Jak2-STATS3 Signaling Pathway. Nat. Immunol. 2005, 6, 844-851. [CrossRef]

Metz, C.N,; Tracey, K.J. It Takes Nerve to Dampen Inflammation. Nat. Immunol. 2005, 6, 756-757. [CrossRef]

Yang, Y.; Yang, X.; Yang, J. Cholinesterase Level Is a Predictor of Systemic Inflammatory Response Syndrome and Complications
after Cardiopulmonary Bypass. Ann. Palliat. Med. 2021, 10, 11714-11720. [CrossRef]

Rocha-Resende, C.; da Silva, A.M.; Prado, M.A.M.; Guatimosim, S. Protective and Anti-Inflammatory Effects of Acetylcholine in
the Heart. Am. ]. Physiol. Cell Physiol. 2020, 320, C155-C161. [CrossRef] [PubMed]

Vieira-Alves, I.; Coimbra-Campos, L.M.C.; Sancho, M.; da Silva, R.F,; Cortes, S.F.; Lemos, V.S. Role of the A7 Nicotinic Acetyl-
choline Receptor in the Pathophysiology of Atherosclerosis. Front. Physiol. 2020, 11, 621769. [CrossRef]

Khuanjing, T.; Ongnok, B.; Maneechote, C.; Siri-Angkul, N.; Prathumsap, N.; Arinno, A.; Chunchai, T.; Arunsak, B.; Chattipakorn,
S.C.; Chattipakorn, N. Acetylcholinesterase Inhibitor Ameliorates Doxorubicin-Induced Cardiotoxicity through Reducing RIP1-
Mediated Necroptosis. Pharmacol. Res. 2021, 173, 105882. [CrossRef] [PubMed]

Li, D.-].; Fu, H,; Tong, J.; Li, Y.-H.; Qu, L.-F; Wang, P,; Shen, F.-M. Cholinergic Anti-Inflammatory Pathway Inhibits Neointimal
Hyperplasia by Suppressing Inflammation and Oxidative Stress. Redox Biol. 2017, 15, 22-33. [CrossRef]

Yu, J.-G.; Song, S.-W.; Shu, H.; Fan, S.-].; Liu, A.-J,; Liu, C.; Guo, W.; Guo, J.-M.; Miao, C.-Y.; Su, D.-F. Baroreflex Deficiency
Hampers Angiogenesis after Myocardial Infarction via Acetylcholine-A7-Nicotinic ACh Receptor in Rats. Eur. Heart J. 2011,
34, 2412-2420. [CrossRef] [PubMed]

Chen, W.; Ma, M,; Song, Y.; Hua, Y,; Jia, H.; Liu, J.; Wang, Y. Exercise Attenuates Myocardial Ischemia-Reperfusion Injury by
Regulating Endoplasmic Reticulum Stress and Mitophagy Through M(2) Acetylcholine Receptor. Antioxid. Redox Signal. 2023,
40, 209-221. [CrossRef]

Kakinuma, Y.; Ando, M.; Kuwabara, M.; Katare, R.G.; Okudela, K.; Kobayashi, M.; Sato, T. Acetylcholine from Vagal Stimulation
Protects Cardiomyocytes against Ischemia and Hypoxia Involving Additive Non-Hypoxic Induction of HIF-1alpha. FEBS Lett.
2005, 579, 2111-2118. [CrossRef]

Xu, M.; Xue, R-Q.; Lu, Y;; Yong, S.-Y,; Wu, Q.; Cui, Y.-L.; Zuo, X.-T.; Yu, X.-J.; Zhao, M.; Zang, W.-]. Choline Ameliorates
Cardiac Hypertrophy by Regulating Metabolic Remodelling and UPRmt through SIRT3-AMPK Pathway. Cardiovasc. Res. 2019,
115, 530-545. [CrossRef]

Liu, J.-J.; Li, D.-L.; Zhou, J.; Sun, L.; Zhao, M.; Kong, S.-S.; Wang, Y.-H.; Yu, X.-].; Zhou, J.; Zang, W.-]. Acetylcholine Prevents
Angiotensin II-Induced Oxidative Stress and Apoptosis in H9c2 Cells. Apoptosis 2011, 16, 94-103. [CrossRef]

Li, M.; Zheng, C.; Sato, T.; Kawada, T.; Sugimachi, M.; Sunagawa, K. Vagal Nerve Stimulation Markedly Improves Long-Term
Survival after Chronic Heart Failure in Rats. Circulation 2003, 109, 120-124. [CrossRef]


https://doi.org/10.1161/CIRCULATIONAHA.106.666388
https://doi.org/10.1056/NEJM199910283411804
https://doi.org/10.1056/NEJMoa043012
https://doi.org/10.2119/molmed.2013.00139
https://www.ncbi.nlm.nih.gov/pubmed/24395570
https://doi.org/10.1093/eurheartj/ehs164
https://www.ncbi.nlm.nih.gov/pubmed/22745355
https://doi.org/10.1016/0021-9150(86)90050-X
https://doi.org/10.2169/internalmedicine.5719-20
https://www.ncbi.nlm.nih.gov/pubmed/33191322
https://doi.org/10.1177/1526602816655521
https://doi.org/10.1038/35013070
https://doi.org/10.1038/ni1229
https://doi.org/10.1038/ni0805-756
https://doi.org/10.21037/apm-21-2889
https://doi.org/10.1152/ajpcell.00315.2020
https://www.ncbi.nlm.nih.gov/pubmed/33264077
https://doi.org/10.3389/fphys.2020.621769
https://doi.org/10.1016/j.phrs.2021.105882
https://www.ncbi.nlm.nih.gov/pubmed/34530122
https://doi.org/10.1016/j.redox.2017.11.013
https://doi.org/10.1093/eurheartj/ehr299
https://www.ncbi.nlm.nih.gov/pubmed/21849351
https://doi.org/10.1089/ars.2022.0168
https://doi.org/10.1016/j.febslet.2005.02.065
https://doi.org/10.1093/cvr/cvy217
https://doi.org/10.1007/s10495-010-0549-x
https://doi.org/10.1161/01.CIR.0000105721.71640.DA

Biomedicines 2025, 13, 823 14 of 16

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Lara, A.; Damasceno, D.D.; Pires, R.; Gros, R.; Gomes, E.R.; Gavioli, M.; Lima, R.F.,; Guimaraes, D.; Lima, I.; Bueno, C.R,, Jr.; et al.
Dysautonomia Due to Reduced Cholinergic Neurotransmission Causes Cardiac Remodeling and Heart Failure. Mol. Cell. Biol.
2010, 30, 1746-1756. [CrossRef] [PubMed]

Ming, C.L.C.; Wang, X.; Gentile, C. Protective Role of Acetylcholine and the Cholinergic System in the Injured Heart. iScience
2024, 27,110726. [CrossRef]

Zhao, L.; Chen, T,; Hang, P; Li, W.; Guo, J.; Pan, Y.; Du, J.; Zheng, Y.; Du, Z. Choline Attenuates Cardiac Fibrosis by Inhibiting
P38MAPK Signaling Possibly by Acting on M(3) Muscarinic Acetylcholine Receptor. Front. Pharmacol. 2019, 10, 1386. [CrossRef]
[PubMed]

Pabon, M.; Cheng, S.; Altin, S.E.; Sethi, S.S.; Nelson, M.D.; Moreau, K.L.; Hamburg, N.; Hess, C.N. Sex Differences in Peripheral
Artery Disease. Circ. Res. 2022, 130, 496-511. [CrossRef]

Bath, J.; Smith, ].B.; Kruse, R.L.; Vogel, T.R. Neutrophil-Lymphocyte Ratio Predicts Disease Severity and Outcome after Lower
Extremity Procedures. J. Vasc. Surg. 2019, 72, 622—-631. [CrossRef] [PubMed]

Teperman, J.; Carruthers, D.; Guo, Y.; Barnett, M.P,; Harris, A.A.; Sedlis, S.P; Pillinger, M.; Babaev, A.; Staniloae, C.; Attubato, M.;
et al. Relationship between Neutrophil-Lymphocyte Ratio and Severity of Lower Extremity Peripheral Artery Disease. Int. ].
Cardiol. 2016, 228, 201-204. [CrossRef]

Kurtul, A.; Ornek, E. Platelet to Lymphocyte Ratio in Cardiovascular Diseases: A Systematic Review. Angiology 2019, 70, 802-818.
[CrossRef]

Gary, T.; Pichler, M.; Belaj, K.; Hafner, F,; Gerger, A.; Froehlich, H.; Eller, P; Pilger, E.; Brodmann, M. Neutrophil-to-Lymphocyte
Ratio and Its Association with Critical Limb Ischemia in PAOD Patients. PLoS ONE 2013, 8, e56745. [CrossRef]

Gary, T,; Pichler, M.; Belaj, K.; Hafner, F; Gerger, A.; Froehlich, H.; Eller, P; Rief, P.; Hackl, G.; Pilger, E.; et al. Platelet-to-
Lymphocyte Ratio: A Novel Marker for Critical Limb Ischemia in Peripheral Arterial Occlusive Disease Patients. PLoS ONE 2013,
8, €67688. [CrossRef]

Lee, S.; Hoberstorfer, T.; Wadowski, P.P.; Kopp, C.W.; Panzer, S.; Gremmel, T. Platelet-to-Lymphocyte and Neutrophil-to-
Lymphocyte Ratios Predict Target Vessel Restenosis after Infrainguinal Angioplasty with Stent Implantation. J. Clin. Med. 2020,
9,1729. [CrossRef]

Arbanasi, EM.; Muresan, A.V.; Cosarca, C.M.; Kaller, R.; Bud, T.I.; Hosu, L; Voidazan, S.T.; Arbanasi, E.M.; Russu, E. Neutrophil-
to-Lymphocyte Ratio and Platelet-to-Lymphocyte Ratio Impact on Predicting Outcomes in Patients with Acute Limb Ischemia.
Life 2022, 12, 822. [CrossRef] [PubMed]

Ozbeyaz, N.B.; Gokalp, G.; Gezer, A.E.; Algul, E.; Sahan, H.F.; Aydinyilmaz, F.; Guliyev, I.; Kalkan, K. Novel Marker for Predicting
the Severity and Prognosis of Acute Pulmonary Embolism: Platelet-to-Hemoglobin Ratio. Biomark. Med. 2022, 16, 915-924.
[CrossRef]

Wang, Y.; Qiao, T.; Zhou, J. The Short-Term Prognostic Value of Serum Platelet to Hemoglobin in Patients with Type A Acute
Aortic Dissection. Perfusion 2020, 37, 95-99. [CrossRef] [PubMed]

Bao, K.; Huang, H.; Huang, G.; Wang, ].; Liao, Y,; Pan, Y,; Chen, W.; Lu, J.; Yang, Y.; Huang, Z; et al. Platelet-to-Hemoglobin Ratio
as a Valuable Predictor of Long-Term All-Cause Mortality in Coronary Artery Disease Patients with Congestive Heart Failure.
BMC Cardiovasc. Disord. 2021, 21, 618. [CrossRef]

Isik, E; Soner, S. Platelet-to-Hemoglobin Ratio Is an Important Predictor of In-Hospital Mortality in Patients with ST-Segment
Elevation Myocardial Infarction. Cureus 2022, 14, e26833. [CrossRef] [PubMed]

Ozbeyaz, N.B.; Gokalp, G.; Algul, E.; Sahan, H.F.; Aydinyilmaz, F; Guliyev, I.; Kalkan, K.; Erken Pamukcu, H. Platelet-Hemoglobin
Ratio Predicts Amputation in Patients with below-Knee Peripheral Arterial Disease. BMC Cardiovasc. Disord. 2022, 22, 337.
[CrossRef]

Mitteregger, M. Hamatologische Parameter und der Zusammenhang Mit Einer Stenose der Beckenarterien in Patient:Innen Mit
Peripherer Arterieller Verschlusskrankheit Eine Explorative Retrospektive Datenanalyse. Diploma Thesis, Medical University of
Vienna, Vienna, Austria, 2024.

Irawan, C.; Rachman, A.; Rahman, P.; Mansjoer, A. Role of Pretreatment Hemoglobin-to-Platelet Ratio in Predicting Survival
Outcome of Locally Advanced Nasopharyngeal Carcinoma Patients. J. Cancer Epidemiol. 2021, 2021, 1103631. [CrossRef]

Hu, Z.; Tan, S.; Chen, S.; Qin, S.; Chen, H.; Qin, S.; Huang, Z.; Zhou, F.; Qin, X. Diagnostic Value of Hematological Parameters
Platelet to Lymphocyte Ratio and Hemoglobin to Platelet Ratio in Patients with Colon Cancer. Clin. Chim. Acta 2019, 501, 48-52.
[CrossRef]

Albisinni, S.; Moussa, I.; Aoun, E; Quackels, T.; Assenmacher, G.; Peltier, A.; Roumegueére, T. The Impact of Postoperative
Inflammatory Biomarkers on Oncologic Outcomes of Bladder Cancer. Prog. Urol. 2019, 29, 270-281. [CrossRef]

Turak, O.; Ozcan, E; Isleyen, A.; Tok, D.; Sokmen, E.; Buyukkaya, E.; Aydogdu, S.; Akpek, M.; Kaya, M.G. Usefulness of the
Neutrophil-to-Lymphocyte Ratio to Predict Bare-Metal Stent Restenosis. Am. J. Cardiol. 2012, 110, 1405-1410. [CrossRef]


https://doi.org/10.1128/MCB.00996-09
https://www.ncbi.nlm.nih.gov/pubmed/20123977
https://doi.org/10.1016/j.isci.2024.110726
https://doi.org/10.3389/fphar.2019.01386
https://www.ncbi.nlm.nih.gov/pubmed/31849653
https://doi.org/10.1161/CIRCRESAHA.121.320702
https://doi.org/10.1016/j.jvs.2019.10.094
https://www.ncbi.nlm.nih.gov/pubmed/31882318
https://doi.org/10.1016/j.ijcard.2016.11.097
https://doi.org/10.1177/0003319719845186
https://doi.org/10.1371/journal.pone.0056745
https://doi.org/10.1371/journal.pone.0067688
https://doi.org/10.3390/jcm9061729
https://doi.org/10.3390/life12060822
https://www.ncbi.nlm.nih.gov/pubmed/35743853
https://doi.org/10.2217/bmm-2022-0201
https://doi.org/10.1177/0267659120982226
https://www.ncbi.nlm.nih.gov/pubmed/33327856
https://doi.org/10.1186/s12872-021-02423-6
https://doi.org/10.7759/cureus.26833
https://www.ncbi.nlm.nih.gov/pubmed/35974845
https://doi.org/10.1186/s12872-022-02788-2
https://doi.org/10.1155/2021/1103631
https://doi.org/10.1016/j.cca.2019.11.036
https://doi.org/10.1016/j.purol.2019.02.008
https://doi.org/10.1016/j.amjcard.2012.07.003

Biomedicines 2025, 13, 823 15 of 16

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.
81.

82.

83.

84.

85.

86.

Spark, J.I; Sarveswaran, J.; Blest, N.; Charalabidis, P.; Asthana, S. An Elevated Neutrophil-Lymphocyte Ratio Independently
Predicts Mortality in Chronic Critical Limb Ischemia. J. Vasc. Surg. 2010, 52, 632-636. [CrossRef] [PubMed]

Yahagi, K.; Otsuka, F,; Sakakura, K.; Sanchez, O.D.; Kutys, R.; Ladich, E.; Kolodgie, ED.; Virmani, R.; Joner, M. Pathophysiology
of Superficial Femoral Artery In-Stent Restenosis. J. Cardiovasc. Surg. 2014, 55, 307-323.

Gregor, M.F.,; Hotamisligil, G.S. Inflammatory Mechanisms in Obesity. Annu. Rev. Immunol. 2011, 29, 415-445. [CrossRef]
[PubMed]

Kawai, T.; Autieri, M.V.; Scalia, R. Adipose Tissue Inflammation and Metabolic Dysfunction in Obesity. Am. J. Physiol. Cell Physiol.
2020, 320, C375-C391. [CrossRef] [PubMed]

Ha, Z.Y,; Mathew, S.; Yeong, K.Y. Butyrylcholinesterase: A Multifaceted Pharmacological Target and Tool. Curr. Protein Pept. Sci.
2020, 21, 99-109. [CrossRef]

Satapathy, S.K.; Ochani, M.; Dancho, M.; Hudson, L.K.; Rosas-Ballina, M.; Valdes-Ferrer, S.I.; Olofsson, P.S.; Harris, Y.T.; Roth, J.;
Chavan, S.; et al. Galantamine Alleviates Inflammation and Other Obesity-Associated Complications in High-Fat Diet-Fed Mice.
Mol. Med. 2011, 17, 599-606. [CrossRef]

Schetz, M.; De Jong, A.; Deane, A.M.; Druml, W.; Hemelaar, P; Pelosi, P.; Pickkers, P; Reintam-Blaser, A.; Roberts, J.; Sakr, Y.; et al.
Obesity in the Critically Ill: A Narrative Review. Intensive Care Med. 2019, 45, 757-769. [CrossRef]

Tvarijonaviciute, A.; Tecles, F.; Ceron, J.J. Relationship between Serum Butyrylcholinesterase and Obesity in Dogs: A Preliminary
Report. Vet. . 2009, 186, 197-200. [CrossRef]

Fang, H.; Judd, R.L. Adiponectin Regulation and Function. Compr. Physiol. 2018, 8, 1031-1063. [CrossRef]

Tobe, K.; Ogura, T.; Tsukamoto, C.; Imai, A.; Matsuura, K.; Iwasaki, Y.; Shimomura, H.; Higashi, T.; Tsuji, T. Relationship between
Serum Leptin and Fatty Liver in Japanese Male Adolescent University Students. Am. ]. Gastroenterol. 1999, 94, 3328-3335.
[CrossRef]

Markuskova, L.; Javorova Rihova, Z.; Fazekas, T.; Martinkovicova, A.; Havrisko, M.; Dingova, D.; Solavova, M.; Rabarova,
D.; Hrabovska, A. Serum Butyrylcholinesterase as a Marker of COVID-19 Mortality: Results of the Monocentric Prospective
Observational Study. Chem. Biol. Interact. 2023, 381, 110557. [CrossRef] [PubMed]

Wadowski, P.P.,; Piechota-Polariczyk, A.; Andreas, M.; Kopp, C.W. Cardiovascular Disease Management in the Context of Global
Crisis. Int. J. Environ. Res. Public Health 2022, 20, 689. [CrossRef] [PubMed]

Wadowski, P.P; Panzer, B.; J6zkowicz, A.; Kopp, C.W.; Gremmel, T.; Panzer, S.; Koppensteiner, R. Microvascular Thrombosis as a
Critical Factor in Severe COVID-19. Int. ]. Mol. Sci. 2023, 24, 2492. [CrossRef]

Panzer, B.; Kopp, C.W.; Neumayer, C.; Koppensteiner, R.; Jozkowicz, A.; Poledniczek, M.; Gremmel, T.; Jilma, B.; Wadowski, P.P.
Toll-like Receptors as Pro-Thrombotic Drivers in Viral Infections: A Narrative Review. Cells 2023, 12, 1865. [CrossRef] [PubMed]
Panagiotides, N.G.; Poledniczek, M.; Andreas, M.; Hiilsmann, M.; Kocher, A.A.; Kopp, C.W.; Piechota-Polanczyk, A.; Weidenham-
mer, A.; Pavo, N.; Wadowski, P.P. Myocardial Oedema as a Consequence of Viral Infection and Persistence-A Narrative Review
with Focus on COVID-19 and Post COVID Sequelae. Viruses 2024, 16, 121. [CrossRef] [PubMed]

Panagiotides, N.G.; Zimprich, F.; Machold, K.; Schlager, O.; Miiller, M.; Ertl, S.; Loffler-Stastka, H.; Koppensteiner, R.; Wadowski,
P.P. A Case of Autoimmune Small Fiber Neuropathy as Possible Post COVID Sequelae. Int. J. Environ. Res. Public Health 2023,
20, 4918. [CrossRef]

Hileman, C.O.; Malakooti, S.K; Patil, N.; Singer, N.G.; McComsey, G.A. New-Onset Autoimmune Disease after COVID-19. Front.
Immunol. 2024, 15, 1337406. [CrossRef]

Gremmel, T.; Mueller, M.; Koppensteiner, R.; Panzer, S. Liver Function Is Associated with Response to Clopidogrel Therapy in
Patients Undergoing Angioplasty and Stenting. Angiology 2015, 67, 835-839. [CrossRef]

Kato, T. Cholinesterase: Conflicting Aspects of Two Cardiovascular Diseases. Intern. Med. 2020, 60, 1143-1144. [CrossRef]
Santarpia, L.; Grandone, I.; Contaldo, F.; Pasanisi, F. Butyrylcholinesterase as a Prognostic Marker: A Review of the Literature.
J. Cachexia Sarcopenia Muscle 2012, 4, 31-39. [CrossRef]

Areekul, S,; Srichairat, S.; Churdchu, K.; Yamarat, P.; Viravan, C. Serum Cholinesterase Activity in Patients with Malaria Infection.
Southeast Asian J. Trop. Med. Public Health 1980, 11, 498-501. [PubMed]

Djojodibroto, R.D.; Santoso, B.; Ngatidjan; Soetrisno, U. Serum Cholinesterase Activity in Patients with Dengue Haemorrhagic
Fever. Trop. Geogr. Med. 1978, 30, 351-353.

Poojary, T.L.; Sudha, K.; Sowndarya, k.; Kumarachandra, R.; Durgarao, Y. Biochemical Role of Zinc in Dengue Fever. ]. Nat. Sci.
Biol. Med. 2021, 12, 131.

Vaknine, S.; Soreq, H. Central and Peripheral Anti-Inflammatory Effects of Acetylcholinesterase Inhibitors. Neuropharmacology
2020, 168, 108020. [CrossRef] [PubMed]

Soreq, H.; Seidman, S. Acetylcholinesterase—New Roles for an Old Actor. Nat. Rev. Neurosci. 2001, 2, 294-302. [CrossRef]


https://doi.org/10.1016/j.jvs.2010.03.067
https://www.ncbi.nlm.nih.gov/pubmed/20573475
https://doi.org/10.1146/annurev-immunol-031210-101322
https://www.ncbi.nlm.nih.gov/pubmed/21219177
https://doi.org/10.1152/ajpcell.00379.2020
https://www.ncbi.nlm.nih.gov/pubmed/33356944
https://doi.org/10.2174/1389203720666191107094949
https://doi.org/10.2119/molmed.2011.00083
https://doi.org/10.1007/s00134-019-05594-1
https://doi.org/10.1016/j.tvjl.2009.07.030
https://doi.org/10.1002/cphy.c170046
https://doi.org/10.1111/j.1572-0241.1999.01549.x
https://doi.org/10.1016/j.cbi.2023.110557
https://www.ncbi.nlm.nih.gov/pubmed/37209860
https://doi.org/10.3390/ijerph20010689
https://www.ncbi.nlm.nih.gov/pubmed/36613012
https://doi.org/10.3390/ijms24032492
https://doi.org/10.3390/cells12141865
https://www.ncbi.nlm.nih.gov/pubmed/37508529
https://doi.org/10.3390/v16010121
https://www.ncbi.nlm.nih.gov/pubmed/38257821
https://doi.org/10.3390/ijerph20064918
https://doi.org/10.3389/fimmu.2024.1337406
https://doi.org/10.1177/0003319715609011
https://doi.org/10.2169/internalmedicine.6405-20
https://doi.org/10.1007/s13539-012-0083-5
https://www.ncbi.nlm.nih.gov/pubmed/7013093
https://doi.org/10.1016/j.neuropharm.2020.108020
https://www.ncbi.nlm.nih.gov/pubmed/32143069
https://doi.org/10.1038/35067589

Biomedicines 2025, 13, 823 16 of 16

87. Gersh, F; O’Keefe, ].H.; Elagizi, A.; Lavie, C.].; Laukkanen, J.A. Estrogen and Cardiovascular Disease. Prog. Cardiovasc. Dis. 2024,
84, 60-67. [CrossRef]

88. Iorga, A.; Cunningham, C.M.; Moazeni, S.; Ruffenach, G.; Umar, S.; Eghbali, M. The Protective Role of Estrogen and Estrogen
Receptors in Cardiovascular Disease and the Controversial Use of Estrogen Therapy. Biol. Sex. Differ. 2017, 8, 33. [CrossRef]

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.


https://doi.org/10.1016/j.pcad.2024.01.015
https://doi.org/10.1186/s13293-017-0152-8

	Introduction 
	PAD 
	Cholinesterase 
	PLR, NLR, HPR 

	Materials and Methods 
	Results 
	Discussion 
	Conclusions 
	References

