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Abstract
There are numerous surprising discoveries in current comprehensive biopolymer research, including the de-
scription of new types of biopolymers and the extension of their applications. The discovery of a new rotifer-
specific biopolymer family (Rotimers) and the exceptional ability of these micrometazoans to inactivate 
and catabolize human-type neurotoxic aggregates (e.g., beta-amyloids, alpha-synucleins, prions) by their 
exudates can be mentioned as the original work of our research group. Rotimers are exogenous and protein 
complex molecules with a calcium-dependent production mechanism in both bdelloid and monogonant 
rotifers. However, their experimental and application possibilities are still unknown; only part of the class has 
been explored and described. Current Rotimer-related studies present promising biodiversity and bioactivity 
of these biomaterials (e.g., anti- and disaggregation effects or high degrees of adhesion to other molecules). 
The primary objective of current research is to explore and develop their application in translational bio-
medicine. A key area is the design of drug candidates against neurodegeneration-related aggregates based 
on the molecular information provided by the composition, structure and function of Rotimers. These novel 
biomaterials have the potential to open new perspectives in the pharmaceutical industry and healthcare.

Key words: biopolymer, rotifer, exudate, Rotimer, biomedicine
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Biopolymers as molecules 
of the future

Biopolymers, as organic substances that occur in large 
numbers and completely degrade in nature, can be ap-
plied in  several disciplines, from food technologies 
to conservation procedures, drug carrier-related phar-
macology, and in the development of different nanopar-
ticles (e.g., in translational biomedicine).1 Living organ-
isms produce biopolymers from specific molecular units 
that can be classified based on their chemical composi-
tion, such as polymerized forms of nucleotides, saccha-
rides and peptides, or their complexes.2 In many cases, 
stabilizing metal ions, such as magnesium or calcium, 
are required to form the structure of polymers.3 These 
biomolecules (e.g., spider silk, collagen, cellulose, chito-
san, albumin, casein) have been studied in various ways, 
making their extended use unquestionable.4 However, 
their molecular properties can vary depending on how 
the  organisms that produce them have changed and 
adapted to the environment. These agents of biological 
origin are used in the pharmaceutical and energy indus-
tries, as well as in the natural environment.5 The living 
organisms involved in biological secretion processes 
depend on  their endemic microenvironment, which 
has a  regulatory role in  production of  the  agents.6,7 
According to  the generally accepted theory of evolu-
tion, the origin of  life is connected with water; thus, 
the first biopolymer molecules were produced by spe-
cies living in ancient seas, such as snails, sea urchins 
and ammonites.8 The abovementioned biocomposites 
were soft or hard (or complexes of soft and hard ones), 
with different protective functions for proto- and meta-
zoa from chemical, ultraviolet and thermal influences.9 
Due to  the diversity of natural habitats (e.g., oceans, 
lakes, rivers, streams, thermal springs, puddles, etc.), 
microscopic organisms have developed multifunctional 
biopolymers with properties such as energy and food 
sources, metabolism and structural constituents, and 
cell and tissue regeneration functions in the relevant or-
ganisms or their environment.10 These macromolecules 
exist inside and outside the cells, such as in the extracel-
lular space, cell wall, exoskeleton, or external secretions 
in  soil and water.1 Natural (ecological) and artificial 
(laboratorial) niches are extremely sensitive to physi-
cochemical and biological parameters.11 The formation 
and production of these species-specific substances can 
be influenced by several environmental factors, from 
light intensity to osmolarity, temperature, redox state, 
and even from dissolved gases to the presence of prey 
and predators.12 The  increasing utilization of natural 
materials, such as adapting biodegradable and renew-
able products, is an essential consideration in the indus-
trial and pharmaceutical sectors, especially due to  its 
environment-friendly  approach.13

Human-related exceptional 
properties of rotifers

In several cases of scientific research, one can gain in-
formation on specific substances (e.g., organic molecules) 
from unexpected natural sources (e.g., plants like wheat, 
soybean, corn, sorghum, rubber trees; animals like sea 
anemones, shellfish, spiders), with possible retrospective 
human applications, such as in different forms of medi-
cine.14,15 The focus has thus shifted from micrometazoans 
to rotifers, a  less explored and studied scientific world. 
These smallest animals in the world (i.e., eutelic organ-
isms) have been long accepted models for aging, longevity 
and pharmaceutical studies, or relevant indicators of drug 
and toxic substances screening, and have even been used 
in space exploration.16,17 Due to the widely used omics 
technologies (genomics, transcriptomics, proteomics, gly-
comics, and lipidomics), a new alternative model could be 
employed in basic research and biomedicine; therefore, 
these phylogenetically ancient rotifers have not yet been 
investigated in the context of biopolymer production and 
application of these products.18 These microscopic organ-
isms are multicellular animals that make up a significant 
portion of biomass globally.19 Both bdelloid and monogo-
nant types are found in saltwater environments as well 
as  in  freshwater ones.20 Although their body consists 
of only approx. 1000 cells, they have independent and com-
plex organs, such as reproductive, digestive and secretory 
units; moreover, they exhibit extreme resistance to radia-
tion doses and cryptobiosis. In addition to the abovemen-
tioned potential, these animals are ideal and promising 
model systems of special metabolic pathways, thematically 
connected to human-type neurodegeneration.21 Rotifer-
related research (Fig. 1) presents the  interdisciplinary 
processes in this theme. Our research team was the first 
to describe a unique and exceptional natural phenomenon, 
namely the ability of these animal models (e.g., Philodina 
acuticornis or Adineta vaga) to degrade and catabolize neu-
rotoxic aggregated peptides/proteins (e.g., beta-amyloids, 
E46K alpha-synuclein, cellular and scrapie prion proteins), 
applying it as an exclusive source of material and energy. 
These Alzheimer’s disease-, Parkinson’s disease- and prion 
disease-related human-type toxins were consumed as food 
and served as special regulating factors to rotifers.22,23 
The tested toxic aggregates did not have the expected 
and described pathological effects on animals; on the con-
trary, they increased the lifespan of the treated (i.e., “fed”) 
entities. As opposed to the above, the peptides/proteins 
proved to be toxic in the viability tests measured on tar-
digrades and nematodes. Considering the unconventional 
catabolic ability of rotifers (presumably an evolutionarily 
evolving property to break down natural debris), the ques-
tion arises: By what kind of biochemical mechanism can 
these simple creatures execute the molecular processes 
described above? This inactivating phenomenon against 
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notorious neurotoxic aggregates is also remarkable be-
cause researchers have not found a solution for neutral-
izing and degrading these “hard” materials under physi-
ological conditions for several decades. Although rotifers 
and their species-specific exudates do not directly interact 
with neurotoxic aggregates in nature, an interaction with 
specific mechanisms can develop between them under 
artificial conditions. The autocatabolism–attenuator ef-
fect of beta-amyloids in these animals also demonstrates 
such a case.24 A similar interdisciplinary regulatory inter-
action is the effect of kynurenic acid on the metabolism 
of rotifers.25 Several studies have proven that this ancient 
molecule alone prominently and adequately represents 
the multifunctionality occurring in nature or specific ef-
fects on the nervous system.26–28 However, the relevance 
between micrometazoa and human studies can only be ap-
plied and interpreted to a certain extent. In the innovative 

intersection of seemingly independent scientific fields, 
including the topic of biopolymer research, interdisciplin-
ary extensions have no limits, reaching out to physiology 
of aging or mental phenomena.29–31

The Rotimer family and recently 
discovered biopolymers

While studying the exceptional ability of rotifers and 
the abovementioned catabolic mechanism, a special ex-
ogenous secretion with relatively high tensile strength 
was observed in several species. The fact that rotifers can 
secrete filamentous and glue- or film-type bioproducts 
(Fig. 2) following particle-related mechanical stimulation 
has recently been discovered and described in the aca-
demic literature.32 These rotifer-specific bioactive 

Fig. 1. Exploratory research on newly discovered bioactive Rotimers

Fig. 2. Species-specific characterizations of Rotimers (+ – known; ? – unknown)
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biopolymers, named Rotimers, are multifunctional mol-
ecules of these micrometazoans (Fig. 3) that are located 
inside and outside their bodies. From capturing particle-
based food to plucking rotifer eggs (adhesive nature) and 
cleaning the relevant medium (antiseptic and filtration 
effect), these tiny creatures use their exogenic exudates 
in nature. It is known that numerous protozoa, plant and 
animal species produce polymers, similarly to rotifers. 
The composition, structure and molecular nature of this 
novel bioproduct have not yet been explored. Due to its 
novelty, a complex molecular family of Rotimers poten-
tially holds several yet unknown advantageous properties. 
However, preliminary measurements have revealed their 
diverse and promising bioactivity (e.g., inhibition of can-
cer neuroblastoma cell proliferation and migration, high 
intercalation and absorption capacity, partial disinfection 
ability, anti- and disaggregating effects on beta-amyloid ag-
gregates). The induction of Rotimer secretion, both under 
natural and laboratory conditions, can only be triggered 
by mechanical irritation of the cilia using different types 
(e.g., microcrystalline cellulose, urea or carmine crystals, 
sand, epoxy beads) and sizes (approx. 2–50 µm in diam-
eter) of inert particles as inducers. The external formation 
of this newly discovered adhesive and protease-sensitive 
molecule is a calcium-dependent process that can only be 
observed using optical microscopy when biopolymers and 
particles form a Rotimer–Inductor Conglomerate (RIC) 
complex in a random web form. The production of entities 
and populations by RIC depends on their viability, energy 
level, and chemical (e.g., toxic agents, osmolarity, pH) and 
environmental (e.g., temperature) effects. By examining 
the RIC isolates of several rotifer species, it was found that 
this conglomerate is resistant to various chemical effects 
(e.g., detergents, acids, bases, chelators) and has cell im-
mobilization bioactivity with low toxicity.20 The holistic 
biological evidence and molecular composition/structure 
of this protein-type natural biopolymer are unexplored 
in detail but generally predictable. The use of Rotimers 
leads to new approaches in biotechnology, pharmaceutical 
research and biomedicine (e.g., dermatology, neurology).

Possibilities offered by Rotimers 
in biomedicine

Based on the observation that many freshwater rotifer 
species can produce different Rotimers, it can be assumed 
that this biomaterial, a type of biopolymer, is phyloge-
netically formed and evolutionarily ancient (presumably 
more than 0.5 billion years old). This proteinous mul-
tifunctional macromolecule may be a  key component 
of the abovementioned catabolic and neurotoxic aggre-
gate inactivation capacity.33 Therefore, the aim of future 
research is to fully understand the different groups and 
types of Rotimers, and explore their molecular structure 
and possible translational and multifunctional applica-
tions. The related novel and interdisciplinary method-
ologies, the  phenomenon of  catabolism of  aggregated 
proteins, the existence of Rotimers, and their pilot charac-
terization were recently introduced. The research timeline 
and work on rotifers and their secretions have reached 
a stage from which forward movement can only happen 
after gaining knowledge on specific, holistic and molec-
ular endpoints. Investigating the full range and poten-
tial applicability of Rotimer biomolecules can shed light 
on their species specificity, molecular composition and 
structure, and possible use as active substances. More-
over, these natural products can serve as a good starting 
point for amassing information about their artificial mo-
lecular design and medical applications. The full char-
acterization of this new family of biopolymers provides 
an exceptional opportunity to launch new projects and 
to develop further application areas on countless lines. 
Based on the currently available data, it may be applied 
indirectly in chemistry (e.g., as a drug carrier) or exter-
nally in medicine (e.g., on the skin surface). These spe-
cial Rotimer exudates are promising new biopolymers 
that may serve as raw materials for industrial production 
and more advanced applications, such as developing drug 
candidates in pharmacological research or translational 
medicine (e.g., regenerating tissue matrix or even as car-
riers of active substances).

Fig. 3. The Rotifer–Rotimer system and concept
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Abstract
Background. Persistent inflammatory response after transcatheter aortic valve implantation (TAVI) is one 
of the possible causes of early and mid-term postprocedural adverse events.

Objectives. To establish the predictive role of whole blood parameters on inflammatory response charac-
teristics within a 1-year follow-up.

Materials and methods. The study group comprised 163 consecutive patients (52.1% females), mean age 
78.6 (±6.6) years (± standard deviation (SD)) who underwent TAVI and completed 1-year follow-up on-site 
examinations. Patients were retrospectively divided into acute kidney injury (AKI) and non-AKI subgroups. 
Clinical and laboratory data were collected. In-hospital and follow-up outcomes were assessed.

Results. The clinical and procedural details did not show significant differences between AKI and non-AKI 
groups. Neutrophil-to-lymphocyte ratio (NLR) decreased from baseline to measurement after 1 year with 
a statistically significant decline in the whole study population and non-AKI subgroup (both p = 0.005). 
The baseline NLR cutoff value of 4.2 for the non-AKI group ((area under the curve (AUC) = 0.718, p < 0.0001; 
sensitivity 46.27%, specificity 92.31%) and of 3.8 for the AKI group (AUC = 0.673, p = 0.0174; sensitivity 
59.25%, specificity 84%) had prognostic properties for persistent NLR elevation.

Conclusions. The NLR decreases after TAVI, and this phenomenon is more evident in patients without AKI. 
Furthermore, baseline NLR cutoff values may be considered predictors of persistence of inflammatory response.

Key words: acute kidney injury, heart failure, transcatheter, aortic stenosis, neutrophil-to-lymphocyte ratio
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Background

Transcatheter aortic valve implantation (TAVI) has be-
come an established method of treatment for patients with 
aortic stenosis. While first TAVI cohorts included only 
patients disqualified from surgical aortic valve replacement 
(SAVR), currently, a variety of subjects with low to high 
perioperative risk and low to severe comorbidity undergo 
the procedure.1–3 The treated population is diverse; there-
fore, several issues should be evaluated, including the qual-
ification process and the follow-up management, to obtain 
the best therapeutic results.

Chronic heart failure (chronic HF), as a common fea-
ture of the TAVI population, is associated with an in-
flammatory process, and circulating inflammatory cy-
tokines can predict clinical outcomes.4 For clinicians, 
simple and easily available markers of  inf lammation 
are most suitable for daily practice, while more ad-
vanced assessment of cytokines is often inaccessible, 
costly and time-dependent. Therefore, white blood cell 
(WBC) count and its subgroups are both common and 
most available markers of  inflammation. Neutrophil-
to-lymphocyte ratio (NLR) is derived from a routine 
complete blood count. The normal range is between 1 
and 2, and higher values are warning signals of patho-
logical state.5 Neutrophil-to-lymphocyte ratio has been 
proposed as a prognostic marker of systemic inflam-
mation in several cardiovascular and non-cardiovas-
cular diseases, including HF, aortic stenosis and acute 
myocardial infarction, and in outcomes after coronary 
revascularization.6–12

Acute kidney injury (AKI) is a well-known complication 
after TAVI, which may impair long-term outcomes.13,14 
The  NLR has been associated with the  development 
of AKI after TAVI.11,12 However, there are limited data 
concerning the role of NLR in long-term observation after 
the procedure.

Objectives

The aim of our study was to establish the predictive role 
of basic whole blood parameters on inflammatory response 
characteristics within a 1-year follow-up in patients with 
and without AKI after TAVI.

Materials and methods

Study design

Basic whole blood parameters were collected in the study 
population divided retrospectively into AKI and non-AKI 
subgroups. The NLR variations were analyzed in the whole 
population and in the subgroups. The risk of persistence 
of inflammatory response was studied.

Study patients

A total of 210 patients underwent TAVI between January 
2013 and March 2017 in our hospital. All of the patients 
were qualified to the procedure after careful assessment 
of clinical history and diagnostic examinations. Patients 
who did not have blood test or echocardiographic examina-
tion during 1-year follow-up visit and those who presented 
with the signs of infection or neoplasm were excluded from 
the analysis. Moreover, 24 patients who died (time to death 
137.5 (120.8) days (mean ± standard deviation (SD)) were 
not included in the study group. Five of them died due 
to perioperative complications and the others in course 
of HF and/or comorbidities/neoplasms.

Finally, the study group was selected and comprised 
163 consecutive patients (85 of them females, 52.1%) with 
the mean (±SD) age of 78.6 (±6.6) years, who underwent 
TAVI and completed the 1-year follow-up (12 ±1 months) 
on-site examinations. Patients were divided into AKI and 
non-AKI subgroups according to  the Valve Academic 
Research Consortium 3 (VARC-3) criteria15 (increase 
of serum creatinine ≥1.5× within 7 days compared with 
baseline or increase of ≥0.3 mg/dL (≥26.4 mmol/L) within 
48 h or hemofiltration) (Fig. 1).

Details of TAVI

The TAVI procedures were performed in a hybrid room 
by the same team of cardiologists and cardiac surgeons, 
under f luoroscopic and echocardiographic guidance. 
In a majority of patients (n = 158, 96.9%), percutaneous ac-
cess (using Prostar XL or Perclose ProGlide systems (both 
from Abbott, Chicago, USA)) was performed. General 
anesthesia was used in 72.4% of patients, whereas 27.6% 
(n = 45) had local anesthesia with sedation. In transapical 
access (n = 1), left anterolateral minithoracotomy was per-
formed through the 6th intercostal space. In direct aortic 

Fig. 1. Flowchart of the study inclusion and explanation of exclusion 
criteria

TAVI – transcatheter aortic valve implantation; AKI – acute kidney injury.

TAVI GROUP (n = 210)

patients who did not fulfill 
the study criteria – blood 
test/ECHO at 1-year 
follow-up visit, infection/tumor 
at 1-year follow-up visit (n = 23)

patients who died (n = 24)

study group (n = 163)

AKI group (n = 57) non-AKI group (n = 106)
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(n = 4) access, the ministernotomy was performed and 
aorta was punctured. The procedural data are presented 
in detail in Table 1.

Analyzed clinical and laboratory data

Demographic and clinical data were collected and ana-
lyzed. Blood samples were collected at  baseline, after 
the procedure (on daily routine) and at the 1-year follow-
up visit. The following parameters were taken into con-
sideration: WBC count, neutrophils (NEU), lymphocytes 
(LYMPH), NLR, and creatinine concentration (CREA). 
Estimated glomerular filtration rate (eGFR) was calculated. 
Echocardiography was performed in all patients before and 
after the procedure, at discharge and at 1-year follow-up. 

In-hospital and follow-up outcomes were also assessed, 
the latter based on hospital follow-up visit records and 
national database.

Statistical analyses

Continuous variables were checked for normal-
ity by means of  the Shapiro–Wilk W test. These sat-
isfying criteria of normal distribution were presented 
as mean ±SD and compared using the unpaired t-test 
or  repeated measures analysis of  variance (ANOVA). 
If continuous data were not normally distributed, they 
were expressed as median with interquartile range (IQR: 
1st to 3rd quartile (Q1–Q3)) and compared with the use 
of nonparametric Mann–Whitney U test. Categorical 

Table 1. Demographic, clinical and procedural characteristics

Variable Whole group
n = 163

AKI group
n = 57

Non-AKI group
n = 106 p-value#

Males, n 78 (47.9) 28 (49.1) 50 (47.2) 0.814

Age [years] 80 (75–83) 80 (76–83) 80 (75–83) 0.851

BMI [kg/m2] 28 (25.35–30.85) 29.6 (26.9–31.2) 27.6 (24.6–29.7) 0.03

EuroSCORE II [%] 4.7 (2.735–9.265) 5.45 (3.13–10.12) 4.4 (2.587–8.067) 0.146

STS score [%] 5.3 (3.381–14.312) 5.06 (3.33–13.457) 5.85 (3.7–14.718) 0.278

T2DM 51 (31.3) 22 (38.6) 29 (27.4) 0.140

Hypertension 118 (72.4) 42 (73.7) 76 (71.7) 0.787

AF 54 (33.1) 17 (29.8) 37 (34.9) 0.511

COPD 33 (20.2) 10 (17.5) 23 (21.7) 0.529

MI history 56 (34.4) 23 (40.4) 33 (31.1) 0.237

Stroke or TIA history 29 (17.8) 11 (19.3) 18 (17) 0.712

eGFR [mL/min/1.73 m2] 56 (46–67.5) 49 (40–66) 58.5 (49–69.5) 0.007

MPG [mm Hg] 57 (47–69) 56.5 (47–66) 56.5 (47.25–69) 0.640

PPG [mm Hg] 90 (78.5–109.5) 90 (78–109) 90 (80–110) 0.965

LVEF [%] 55 (45–60) 55 (45–60) 55 (45–60) 0.967

Predilatation 79 (48.5) 28 (49.1) 51 (48.1) 0.902

Prosthesis
Medtronic CoreValve/Evolut R
Lotus
Symetis

131 (80.4)
30 (18.4)

2 (1.2)

49 (86)
8 (14)

0

82 (77.3)
22 (20.8)

2 (1.9)

0.312

Anesthesia
general
local

118 (72.4)
45 (27.6)

43 (75.4)
14 (24.6)

75 (70.8)
31 (29.3)

0.524

Access
femoral
apical/direct aortic

158 (96.9)
5 (3.1)

56 (98.2)
1 (1.8)

102 (96.2)
4 (3.8)

0.475

TAVI time [min] 75 (70–90) 75 (65–95) 75 (75–90) 0.290

Volume of contrast media [mL] 182.5 (150–250) 200 (150–230) 180 (150–250) 0.691

Hospitalization [days] 7 (6–9) 9 (7–13) 7 (6–8) <0.001

Continuous variables are expressed either as the means with standard deviations (SD) (if normally distributed) or the medians (Q1–Q3) (the others), whereas 
categorical variables are expressed as the numbers (n) with percent (%). # – comparison between AKI and non-AKI subgroups; AKI – acute kidney injury; 
EuroSCORE II – European System for Cardiac Operative Risk Evaluation II; eGFR – estimated glomerular filtration rate; TAVI – transcatheter aortic valve 
implantation; TIA – transient ischemic attack; STS – Society of Thoracic Surgeons; MPG – mean pressure gradient; PPG – peak pressure gradient; BMI – body 
mass index; T2DM – type 2 diabetes mellitus; COPD – chronic obstructive pulmonary disease; LVEF – left ventricular ejection fraction; AF – atrial fibrillation; 
MI – myocardial infarction.
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variables were reported as  numbers (n) and percent-
ages (%), and then compared with the use of the Fisher’s 
exact test. The p-values less than 0.05 were considered 
statistically significant. The cutoff values of  the base-
line NLR that discriminated between patients with and 
without inflammation persistence were calculated using 
a receiver operating characteristic (ROC) curve. We per-
formed multivariable logistic regression analysis, adjusted 
for total clinical parameters and echocardiographic and 
procedural variables, to  evaluate predictors of  failed 
decrease of  NLR during 1-year follow-up. Statistical 
analysis was performed using JASP statistical software 
(https://jasp-stats.org/) and IBM SPSS v. 23 (IBM Corp., 
Armonk, USA).

The  study was approved by  the  Institutional Ethics 
Committee of Poznan University of Medical Sciences (ap-
proval No. 971/15) and respected the principles outlined 
in the Declaration of Helsinki.

Results

Clinical characteristics

The clinical profile and procedural details did not show 
significant differences between the  AKI and non-AKI 
groups, besides lower eGFR and body mass index (BMI) 
in the AKI group. Baseline characteristics are presented 
in Table 1. Before TAVI, 89.6% (n = 146) of patients pre-
sented symptoms of class III or IV HF, and 10.4% of class II 
HF according to the New York Heart Association (NYHA) 
classification. During the 1-year follow-up, patients pre-
sented significant and sustained clinical (97% had NYHA 
class I or II) and echocardiographic improvement.

NLR analysis

Median baseline NLR values related to main clinical 
variables are presented in Table 2. The NLR decreased from 
baseline to the measurement after 1 year in the whole pop-
ulation and subgroups; however, a statistically significant 

Table 2. Median neutrophil-to-lymphocyte ratio (NLR) values in relation to the presence (1) or absence (0) of clinical variables

Variable 1 0 p-value

Gender – female 3.040 (2.215–4.343) 3.868 (2.556–4.801) 0.041

COPD 3.733 (2.433–4.558) 3.307 (2.360–4.588) 0.693

Hypertension 3.381 (2.336–4.639) 3.385 (2.458–4.558) 0.866

T2DM 4.495 (2.762–6.164) 3.051 (2.284–4.161) 0.001

Metabolic syndrome 3.506 (2.533–4.835) 3.231 (2.199–4.471) 0.097

AF 3.449 (2.516–4.703) 3.323 (2.253–4.558) 0.529

Stroke in history 2.957 (2.213–4.027) 3.534 (2.401–4.703) 0.121

MI in history 3.860 (2.961–4.888) 3.000 (2.168–4.498) 0.009

General anesthesia 3.534 (2.497–4.582) 2.709 (1.894–4.684) 0.071

Continuous variables are expressed as the medians (Q1–Q3). COPD – chronic obstructive pulmonary disease; T2DM – type 2 diabetes mellitus; 
MI – myocardial infarction; AF – atrial fibrillation.

Table 3. Neutrophil-to-lymphocyte ratio (NLR) levels at baseline, discharge and 1-year follow-up visit

Study group Baseline NLR Discharge NLR 1-year NLR
Baseline compared 

to 1-year 
p-value

Discharge compared 
to 1-year 
p-value

Whole group 3.385 (2.38–4.586) 3.741 (2.659–4.993) 2.978 (2.327–4.438) 0.005 <0.001

AKI group 3.385 (2.433–4.684) 4.451 (2.987–5.605) 3.255 (2.324–4.441) 0.328 0.003

Non-AKI group 3.404 (2.372–4.532) 3.468 (2.623–4.708) 2.891 (2.331–4.428) 0.005 0.042

Continuous variables are expressed as the medians (Q1–Q3). AKI – acute kidney injury.

Table 4. Creatinine levels at baseline, discharge and during 1-year visit

Study group Baseline creatinine Discharge creatinine 1-year creatinine
Baseline compared 

to 1-year 
p-value

Discharge compared 
to 1-year 
p-value

Whole group 104.4 (84.35–122.25) 101.05 (80.65–126.95) 105.95 (84.35–125.85) 0.112 0.031

AKI group 111.5 (97.2–137.7) 123.5 (93.1–138.45) 116.3 (98.2–139.2) 0.818 0.441

Non-AKI group 97.3 (80.525–112.675) 94.7 (76.35–112.3) 99.4 (82.1–117) 0.066 <0.001

Continuous variables are expressed as the medians (Q1–Q3). AKI – acute kidney injury.
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decline was noted in the whole group and in non-AKI sub-
group (both p = 0.005) (Table 3). The creatinine level did 
not change significantly in the measurements before and 
1 year after the procedure (Table 4).

In both subgroups, there were some patients character-
ized by continuous NLR persistence during the observation 

time. For the non-AKI group, the ROC curve presented 
the baseline NLR cutoff value of 4.2 as a significant pre-
dictor for persistent NLR elevation (Fig. 2). Even more 
interestingly, a corresponding group of patients in AKI 
subgroup who presented with chronic NLR elevation 
were characterized by the baseline NLR cutoff value of 3.8 
in ROC analysis ((area under the curve (AUC) = 0.673, 
p-value = 0.017, Fig. 3).

The risk of failed NLR decrease between baseline and 
1-year values was evaluated based on demographic, clinical 
and procedural data (Fig. 4). In the multivariate logistic re-
gression analysis, peak pressure gradient (PPG; p = 0.008) 
and predilatation (p = 0.028) were significant predictors 
of NLR decrease failure in AKI group, while in non-AKI 
group, only diabetes (p = 0.031) showed prognostic value 
(Table 5).

Echocardiographic assessment

During the 1-year follow-up echocardiographic exami-
nation, parameters of blood flow through bioprostheses 
were comparable to the findings in the discharge echo-
cardiography. The transvalvular pressure gradients were: 
mean pressure gradient (MPG) 9.00 (±5.2) mm Hg and 
peak pressure gradient (PPG) 16.9 (±8.6) mm Hg in non-
AKI subgroup, and MPG 9.1 (±5.0) mm Hg and PPG 17.8 
(±7.7) mm Hg in AKI subset of TAVI patients (mean (±SD)).

The median (IQR) changes of pressure gradients (PGs) 
were as follows: MPG (−23.3% (−36.4%; 16.6%) in non-AKI 
subgroup compared to −12.5% (−26.7%; 19.0%) in AKI sub-
group; p = 0.12); PPG (−16.2% (−31.1%; 18.7%) in non-AKI 
subgroup compared to −5.6% (−23.8%; 29.3%) in AKI sub-
set; p = 0.21).

Of note, in some of them decrease and in the others 
increase in PGs have been noted. An increase in abso-
lute values of PPG was observed in 34.5% of non-AKI 
patients and 44.2% of AKI patients, whereas an increase 
in MPG absolute values in 38.9% of non-AKI patients and 

Fig. 4. All-cause mortality after 1-year follow-up in patients with and 
without neutrophil-to-lymphocyte ratio (NLR) decrease

Fig. 3. The receiver operating characteristic (ROC) curve analysis 
of the baseline neutrophil-to-lymphocyte ratio (BS NLR) for predicting 
inflammatory response persistence in the acute kidney injury (AKI) group

AUC – area under the curve.

Fig. 2. The receiver operating characteristic (ROC) curve analysis 
of the baseline neutrophil-to-lymphocyte ratio (BS NLR) for predicting 
inflammatory response persistence in the non-acute kidney injury (AKI) 
group

AUC – area under the curve.
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40.5% of AKI patients was noted, but these differences 
were not of statistical significance (p = 0.30 and p = 0.87, 
respectively).

No statistical significance of echocardiographic pa-
rameters between patients with persistent NLR and 
without persistent NLR was found. The baseline trans-
valvular pressure gradients were as follows: mean (±SD) 
MPG of 55.2 (±16.6) mm Hg and 59.4 (±17.6) mm Hg 
(p = 0.142), and mean (±SD) PPG of 90.2 (±25.9) mm Hg 
and 94.7 (±27.3) mm Hg (p = 0.302) in patients without 
persistent NLR and with persistent NLR, respectively. 
The  median (Q1–Q3) left ventricular ejection frac-
tion (LVEF) was 60% (47.25–60%) and 55% (45–60%) 
(p = 0.248) in patients without persistent NLR and with 
persistent NLR, respectively. Similarly, echocardio-
graphic parameters after TAVI did not differ signifi-
cantly between both subgroups: median (Q1–Q3) MPG 
values were 8 (6.025–9.975) mm Hg and 9 (7–11.25) mm 
Hg (p = 0.076), median (Q1–Q3) PPG values were 16.9 
(12–20) mm Hg and 18 (13.1–22.75) mm Hg (p = 0.069), 
while median (Q1–Q3) EF values were 60% (50–60%) and 
55% (50–60%) (p = 0.112), in patients without persistent 

NLR and with persistent NLR, respectively. Likewise, 
paravalvular leak (PVL) presence did not show statistical 
significance (p = 0.359).

Discussion

There are 2 major findings of our study. First, inflam-
matory response represented by the NLR decrease after 
the TAVI procedure; second, the decrease is more profound 
and statistically significant in patients without AKI occur-
ing as a complication of the procedure. Patients who suf-
fered from AKI after the procedure did not achieve signifi-
cant NLR reduction within a 1-year follow-up. Moreover, 
baseline NLR cutoff values of 4.2 for non-AKI group and 
of 3.8 for AKI group were found as predictors of inflam-
matory long-lasting persistence.

Preprocedural planning and patient selection process are 
crucial for optimal TAVI results. Clinical profile evalua-
tion, echocardiography and computed tomography (CT) 
examination analyses play fundamental roles, enabling 
a precise diagnosis as well as the choice of approach and 

Table 5. Association of clinical, echocardiographic and procedural characteristics with the risk of failed decrease of NLR during follow-up in a multivariable* 
logistic regression analysis

Variable
AKI group

n = 57
Non-AKI group 

n = 106 p-value
OR (95% CI) p-value OR (95% CI)

Males, n – – – –

Age [years] – – – –

BMI [kg/m2] – – – –

EuroSCORE II [%] – – – –

STS score [%] – – – –

T2DM, n – – 0.30 [0.10; 0.90] 0.031

Hypertension, n – – – –

AF, n – – – –

COPD, n – – – –

MI in history, n – – – –

Stroke or TIA in history, n – – – –

eGFR [mL/min/1.73 m2] – – – –

MPG [mm Hg] – – – –

PPG [mm Hg] 0.96 [0.92; 0.99] 0.008 – –

LVEF [%] – – – –

Predilatation 4.25 [1.17; 15.40] 0.028 – –

Non-femoral access – – – –

Self-expandable valve – – – –

TAVI time [min] – – – –

Volume of contrast media [mL] – – – –

Hospitalization [days] – – – –

All variables entered into multivariable logistic regression with backward stepwise selection at a Wald p-value of 0.1. The final model containing statistically 
significant variables is shown. OR – odds ratio; 95% CI – 95% confidence interval; AKI – acute kidney injury; eGFR – estimated glomerular filtration rate; 
EuroSCORE II – European System for Cardiac Operative Risk Evaluation II; TAVI – transcatheter aortic valve implantation; STS – Society of Thoracic Surgeons; 
MPG – mean pressure gradient; PPG – peak pressure gradient; BMI – body mass index; T2DM – type 2 diabetes mellitus; COPD – chronic obstructive 
pulmonary disease; TIA – transient ischemic attack; LVEF – left ventricular ejection fraction; AF – atrial fibrillation; MI – myocardial infarction.
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the device type which will more likely achieve the best re-
sult.16–20 Several cardiac and cardiosurgical scores, includ-
ing the European System for Cardiac Operative Risk Evalu-
ation II (EuroSCORE II), Society of Thoracic Surgeons 
(STS) score and Intermountain Risk Score,21–23 have been 
used to determine the mortality risk. Simple laboratory 
analysis, with C-reactive protein (CRP),24,25 leucocytes25 
as  well as  NLR evaluation,11 may facilitate prediction 
of clinical outcomes.

The NLR was pointed out as a marker of systemic in-
flammation and worse prognosis in patients with HF.7,8 
Moreover, systemic inflammation has been recognized 
as a dominant feature of HF deterioration,26 particularly 
when reduction in left ventricular function is observed.26,27 
Aortic stenosis is characterized with constant progres-
sion of HF. The pathogenesis of calcific aortic stenosis 
is multifactorial. Inflammation, including both innate and 
adaptive immune responses, is an essential process which 
initiates calcification and acts in progression of the dis-
ease.28–30 Baratchi et al. used an in vitro model to inves-
tigate the effect of shear stress present in aortic stenosis 
on the adhesion of monocytes to endothelial cells.31 They 
showed that the shear forces in aortic stenosis translate 
into the amplification of inflammation and further pro-
gression of valve degeneration.

The NLR as a simple marker of inflammation provides 
an easy and quickly available prognostic evaluation of pa-
tients with aortic stenosis and HF. Gul et al. did not find 
a decrease in NLR in an observation after TAVI; however, 
the study group was small (33 patients) and the follow-
up short – only up to 4 months.32 Conversely, Afşin et al. 
presented a decrease in NLR after 1 month and 6 months 
after the procedure.33 We believe that our longer, 1-year 
observation period may reflect long-lasting results of car-
diac remodelling after the procedure. Left ventricular re-
modelling occurs after TAVI, with reductions in left ven-
tricular end-diastolic volume index, end-systolic volume 
index, left ventricular mass index, and increased LVEF.34 
Abu Khadija et al. showed that the reduction of the NLR 
as an inflammatory marker after TAVI in group with re-
duced left ventricular function caught up with the NLR 
in patients with preserved left ventricular function after 
6 months of follow-up.26

Condado et al. showed that elevated NLR and platelet–
lymphocyte ratio (PLR) are associated with a higher So-
ciety of Thoracic Surgeons – Predicted Risk of Mortality 
(STS-PROM) score.35 Therefore, high NLR may charac-
terize patients with higher perioperative risk. In the same 
analysis, baseline NLR and PLR did not predict the 1-year 
outcome. However, change in NLR from baseline to dis-
charge by a level variation greater than 8 resulted in a worse 
1-year clinical outcome.

We proved an NLR decrease in a long-term observation. 
In our analysis, NLR decreased significantly in the whole 
group, but particularly in non-AKI patients. This obser-
vation may reflect diminished inflammatory response 

in the course of heart remodelling after TAVI, which was 
shown by Abu Khadija et al. in patients with HF related 
to aortic stenosis.26 Simultaneously, we did not observe 
a  decrease in  creatinine level from baseline to  1-year 
measurement in any of  the  study groups. An  increase 
was observed between the measurements at discharge 
and at 1 year in the whole study population and non-AKI 
groups; however, it reflected the return to a value approxi-
mate to the baseline one. Therefore, we did not observe 
an improvement in renal function, but we found insuffi-
cient NLR decrease which may suggest a persistent inflam-
matory response in AKI patients.

Interestingly, in both subgroups (AKI and non-AKI), 
we noted patients without long-lasting NLR decrease af-
ter TAVI. In the multivariate analysis, in the AKI group, 
PPG and predilatation (while in the non-AKI group – dia-
betes) were prognostic factors of NLR decrease failure. 
We believe that this easily available hematologic index 
may enable differentiation of patients with clinically silent 
chronic inflammatory response. In patients who survived 
the periprocedural period without kidney injury, baseline 
NLR cutoff point of 4.2 was found as statistically signifi-
cant for persistent chronic inflammation as a possible omi-
nous factor, whereas the same parameter was even lower 
(NLR cutoff point of 3.8) in the AKI group. Therefore, 
we suppose that in AKI patients, lower baseline NLR may 
predict worse late outcomes in terms of HF- and kidney 
failure-related inflammatory status. Thus, we pointed out 
that the NLR changes presented throughout the study pe-
riod may be interfered by AKI occurrence. Patients who 
experienced perioperative AKI may induce inflamma-
tory reactions leading to persistence of NLR elevation up 
to 1 year following the procedure. Therefore, we emphasize 
the importance of baseline NLR assessment.

The novelty of the results from our study is the presen-
tation of prolonged consequences of perioperative AKI. 
The kidney injury seemed transient in clinical observa-
tional characteristics, but in fact it changed the inflamma-
tory status, with possible significant implications.

We suppose that in the TAVI population, persistent in-
flammation may influence the  long-term performance 
of the biological prosthesis. A faster structural bioprosthe-
sis degeneration is observed in patients with chronic re-
nal insufficiency,36 mainly because the underlying disease 
with systemic inflammation and metabolic disturbance 
is still active. In our study population, patients with AKI 
presented lower baseline eGFR, which reflects chronic re-
nal impairment. Moreover, a majority of patients presented 
some degree of renal dysfunction resulting from the ad-
vanced age of  that population and impairment in body 
organ blood flow in the presence of aortic stenosis. Based 
on these insights, we decided to compare the 1-year echo-
cardiographic assessment of bioprostheses in AKI and non-
AKI groups. The median changes in PPG and MPG were 
not significant in the study groups. We analyzed in detail 
the patients in whom an increase in PGs has been noted 
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between discharge and the measurement after 1 year. An in-
crease in the absolute values of PPG was observed in 34.5% 
of non-AKI patients and in 44.2% of AKI patients, whereas 
of the absolute MPG values – in 38.9% and in 40.5% of non-
AKI and AKI patients, respectively. These differences were 
noticeable but not statistically significant (p = 0.30 and 
p = 0.87, respectively).

Limitations

We assume that our study presents some trend, but 
the study period (12 months) and the relatively low number 
of subjects precludes a precise estimation of this phenom-
enon. This issue may be treated as a study limitation, and 
therefore larger studies with longer observation periods 
seem necessary to evaluate the influence of AKI-related 
inflammatory response on bioprosthetic performance. 
The significance of that matter is of particular importance 
since the inflammatory process may promote both valve 
calcification and thrombosis. Moreover, NLR is a multi-
factorial value influenced not only by aortic stenosis, but 
also by HF, atrial fibrillation after cardiac surgery, acute 
myocardial infarction, infections, etc.37–39 Patients with 
signs of infection were excluded from the analysis, and 
there were no cases of acute coronary syndrome during 
hospitalization or at 1-year follow-up. We believe that 
changes in NLR levels are relevant to changes in exag-
geration of HF. Therefore, HF in means of its remission 
is strictly included in the observed phenomenon.

Conclusions

The NLR decreases after TAVI procedure, and this phe-
nomenon is more profound in patients without peripro-
cedural AKI.
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Abstract
Background. The inflammatory index can be useful for neurosurgeons to understand and grade pain 
in degenerated intervertebral disc (DIVD).

Objectives. The study focused on the value of the platelet-to-lymphocyte ratio (PLR), neutrophil-to-
lymphocyte ratio (NLR) and the inflammatory multiple indices (MIs), and aimed to compare its efficiency 
with the preoperative and postoperative pain scale and scoring algorithms. 

Materials and methods. A total of 88 DIVD patients were included in this retrospective clinical cohort 
study. Visual Analogue Scale Back (VASB) and Visual Analogue Scale Leg (VASL), Oswestry Disability Index 
(ODI), Roland–Morris Disability Questionnaire (RMDQ), and walking distance (WD) were used to assess pain. 
The multiple index (MI) was calculated as MI-1 = PLR × C-reactive protein (CRP) and MI-2 = NLR × CRP.

Results. Comparing the MI with ODI, no correlation was found in preoperative values, while a positive 
correlation (MI-1: r = 0.398, p < 0.001; MI-2: r = 0.285; p = 0.007) was found between the postopera-
tive measurements. A significant correlation was found for VASB and both MI-1 (preoperative: r = 0.373, 
p = 0.001; postoperative: r = 0.232, p = 0.041) and MI-2 (preoperative: r = 0.388, p < 0.001; postoperative: 
r = 0.206, p = 0.044). The MI-1 index showed 71.4% sensitivity and 73.3% specificity, while the MI-2 index 
exhibited 78.6% sensitivity and 68.9% specificity.

Conclusions. MI-1 and MI-2 showed a positive correlation with pre- and post-operative VASB score and 
had strong potential to predict postoperative pain in DIVD. They are easy-to-use, noninvasive and low-cost 
indices; therefore, our results are promising for routine application.

Key words: pain scoring, degenerated intervertebral disc, inflammation index
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Background

Low back pain is accepted as a derivative of multi-origin 
somatic pain with its physical, psychogenic and social as-
pects together, and the degenerated intervertebral disc 
(DIVD) problem emerges as the most important source 
of this pain in the lumbar spine.1 Stretching and degenera-
tion of the facet joints, especially in the posterior location 
of the vertebral body, is often pointed out as an impor-
tant factor contributing to pain.2 The only conventional 
surgical treatment available to prevent further deteriora-
tion is based on the surgical fusion of the 2 vertebral bod-
ies, namely spinal fusion, spondylodesis or arthrodesis, 
although its clinical results vary.3 Currently, the biggest 
surgical difficulty is diagnosing the problematic disc re-
gion according to the source and degree of pain.4 Analyz-
ing the inflammation that occurs in the painful area and 
evaluating the correlation with pain will be illustrative 
in the detection and grading of pain, and the choice of sur-
gical approach.5

The pathophysiology of the anatomical deterioration 
of the disc is a set of symptoms that develop as a result 
of  inflammatory developments and remodeling facet 
joint processes.6 In addition to prostaglandins, numer-
ous cytokines such as tumor necrosis factor (TNF), in-
terleukin 1 (IL-1) and IL-6 worsen this picture by causing 
osteoarthritic changes.4,7 These cytokines and matrix-
degrading enzymes disrupt chondrocyte metabolism and 
thus lead to cartilage transformation. In a vicious circle, 
changes in cartilage cause intense pathological remodeling 
in the subchondral bone, stimulating a recurrent inflam-
matory process.8,9 It may be easier to follow these processes 
clinically in order to investigate their relevance to pain us-
ing hematological (platelet) indices, indirectly influenced 
by pain, rather than expensive and difficult-to-measure 
markers such as TNF and IL.5 The inflammatory process 
frequently causes changes in numerous hematological pa-
rameters, such as peripheral blood cell counts and levels 
of C-reactive protein (CRP). In comparison, peripheral 
blood cell counts are easy to measure, inexpensive and 
widely available in routine clinical practice.10,11

Hematology-related inflammatory indices, including 
platelet-to-lymphocyte ratio (PLR) and neutrophil-to-
lymphocyte ratio (NLR), are used as single hematological 
parameters in  routine laboratory examinations for in-
flammatory disease and are investigated for potential new 
roles.12,13 However, their combination with CRP has not 
been performed for inflammation-related disease, which 
had mostly an inflammatory process similar to DIVD.14

Objectives

These inflammatory indices can be useful for neurosur-
geons to understand and grade pain in DIVD, and conse-
quently, to plan the surgical approaches. The study focused 

on the value of multiple indices (MIs) combined with PLR, 
NLR and CRP for DIVD as compared to preoperative and 
postoperative pain scale and scoring algorithms.

Materials and methods

Study design

This study was conducted in adherence to the Declara-
tion of Helsinki and with an approval of the ethics commit-
tee of Siirt Training and Research Hospital, Siirt, Turkey 
(approval No. 2021/06/15, 12782). Eighty-eight patients 
diagnosed with DIVD from 2018 to 2021 were enrolled into 
this retrospective clinical cohort study. Informed consent 
was obtained from all patients included into the study.

Patient selection criteria

According to our inclusion criteria, the DIVD patients 
enrolled in the study should have had the following charac-
teristics: having experienced chronic low back/leg pain for 
at least 3 months, not responding to regular physical ther-
apy, and receiving drugs with anti-inflammatory activity 
for at least 1 month. Patients with comorbidities other than 
DIVD were not included in the study. The NLR and PLR 
are useful markers for assessing inflammatory response 
and disease activity in autoimmune diseases, including 
systemic lupus erythematosus (SLE). In recent years, mark-
ers of  inflammation (e.g., NLR) have also been studied 
in cardiovascular disease (CVD). They could influence 
many factors, such as malignancies and viral infections, 
and thus individuals with ongoing infectious or inflam-
matory diseases receiving treatment for a different disease 
or systemic disease, or having a different clinical condition 
diagnosed before or during surgery were excluded.

We used Carragee classification, which divides disc her-
niations into 4 types as follows: 1) fragment-fissure her-
niations (with minimal annular defect disc herniations 
and the presence of an extruded or sequestered fragment); 
2)  fragment-effect herniations (presence of  extruded 
or sequestered fragment with extensive annular tear over 
6 mm); 3) fragment-contained herniations (intact annulus 
but with 1 or more fragments below the annulus; such 
fragments are removed by oblique incision to the annu-
lus); 4) no fragment-contained herniations (characterized 
by the intact annulus and no free fragments under the an-
nulus). Since there were few cases in the type 1 and we per-
formed a different surgical procedure than to types 2, 3 and 
4, Carragee type 1 was not taken into account to ensure 
standardization of the study.

Surgical intervention

The surgical intervention included a single-level uni-
lateral partial hemilaminectomy and foraminotomy 
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to remove the herniated disc and to decompress the af-
fected nerve root. A skin incision was made in the middle 
of the back over the appropriate vertebrae. The  length 
of the incision varied depending on how many laminec-
tomies were performed. The back muscles were split in half 
and moved to either side, exposing the lamina of each ver-
tebra. After the lamina and ligamentum flavum were re-
moved, the protective covering of the spinal cord (dura ma-
ter) was made visible. The protective sac of the spinal cord 
and nerve root was gently pulled back to remove the bony 
spurs and thickened ligaments. Facet joints, located di-
rectly above the nerve roots, were undercut to make more 
room for the nerve roots.

Clinical assessment and scaling

The magnetic resonance imaging (MRI) findings were 
recorded to clarify the diagnosis of DIVD and follow-
up results of patients with similar clinical conditions, 
including the type and location of  the herniated disc. 
To evaluate the clinical changes of DIVD that occurred 
following surgery, pain, disability and walking distance 
(WD) were measured and the  pre-and postoperative 
periods were compared by means of demographic data 
and indices. Visual Analogue Scale Back (VASB) and 
Visual Analogue Scale Leg (VASL) were used to evalu-
ate the pain conditions at preoperative and postopera-
tive period.15 Oswestry Disability Index (ODI) was used 
to measure the back and leg pain in terms of pain reduc-
tion and functional improvement following the surgery.16 
The ODI responses were requested from all DIVD par-
ticipants of the study, taking into account the severity 
of their complaints in the last 10 days, and the results 
were expressed using the 0–50-point system. The Ro-
land–Morris Disability Questionnaire (RMDQ) was 
used to evaluate the self-rated physical disability caused 
by  low back pain.17 In addition to  those, we observed 
the WD for all the patients at preoperative and postop-
erative period.18

Laboratory data analysis

Study data obtained from the  participants included 
the demographics (such as age, gender, etc.), clinical re-
cords, and pre- and postoperative routine blood exami-
nation results. Venous samples were taken from all pa-
tients at the day before the surgery and the day following 
the surgery. Blood samples were taken during non-medi-
cation hours. The MIs were calculated using the following 
equations: 

MI-1 = PLR × CRP 
and 

MI-2 = NLR × CRP 

and compared with pain scales.

Statistical analyses

All data analyses were performed using the IBM SPSS 
v. 25 software (IBM Corp., Armonk, USA), and statisti-
cal significance was considered if p < 0.05 was obtained. 
The Shapiro–Wilk test was used to evaluate the distribu-
tion of the index presented in Table 1 (PLR, NLR, MI-1, 
and MI-2) and the surgery data presented in Table 2 
(ODI, RMDQ, VASL, VASB, WD). All the parameters 
indicated a normal distribution. Hence, we compared 
patients’ preoperative and postoperative outcomes and 
index using a paired t-test. In the Spearman’s correla-
tion analysis, we evaluated the relationship among all 
the data. The receiver operating characteristic (ROC) 
curve was drawn to estimate the diagnostic value be-
tween the preoperative and postoperative pain values 
of  the participants and to determine the cutoff value 
for analysis (Fig. 1). A receiver operating characteristic 
(ROC) curve analysis was performed to assess the diag-
nostic value of the inflammatory indices.

Results

Preoperative and postoperative 
comparisons

In  the  preoperative and postoperative pain assess-
ment, leg pain values according to VASL decreased from 

Fig. 1. Receiver operating characteristic (ROC) analysis of postoperative 
Visual Analogue Scale Back (VASB) in the patients with degenerated 
intervertebral disc (DIVD)

NLR – neutrophil-to-lymphocyte ratio; PLR – platelet-to-lymphocyte ratio; 
MI – multiple index.
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8.02 ±1.5 to 1.32 ±0.9 (p < 0.001). Similarly, according 
to VASB, back pain values decreased significantly follow-
ing the surgery (from 4.77 ±2.26 to 2.5 ±1.12; p < 0.001). 
The ODI values regressed from 82.9 ±7.9 preoperatively 
to 14 ±10.1 postoperatively (p < 0.001). Similar to ODI, 
RMDQ also showed a strong statistical decrease (from 
17.9 ±3.2 to 5.14 ±2.5; p < 0.001). When examined in terms 
of WD, a strong increase was noted as a result of the sur-
gery. The patients who could walk 57 ±23.1 m on average 
before surgery reached an average WD of 430 ±114 m post-
operatively (p < 0.001). Scale values before and after sur-
gery are given in Table 2.

Correlation with demographics

In  the  DIVD patients, the  number of  comorbidities 
(r = 0.729, p < 0.001) and length of hospital stay (r = 0.318, 
p < 0.001) showed a significantly positive correlation with 
age. While body mass index (BMI) was not associated with 
the length of hospital stay, it showed a significantly cor-
related increase for hospitalization duration (r = 0.318, 
p < 0.001), similarly to correlation with age. In the analysis 
of the correlation of BMI and age with MI-1 and MI-2, 
it was observed that these 2 parameters increased with in-
creasing age (r = 0.344 and r = 0.317, respectively; p < 0.001) 
but were not related to BMI and comorbidity count. There 
was a strong positive correlation between the length of hos-
pitalization and MIs (r = 0.613 and r = 0.741, respectively; 
p < 0.001). Follow-up time showed a weak correlation with 
MI-1 (r = 0.232, p = 0.029) and a stronger correlation with 
MI-2 (r = 0.321, p = 0.002).

Correlation with pain scales

The  correlation analysis was performed between 
the scales and the  indices (MI-1 and MI-2) before and 
after the operation. When comparing indices with ODI, 
no significant correlation was found in preoperative val-
ues, while a strong positive correlation (MI-1: r = 0.398, 
p < 0.001; MI-2: r = 0.285, p = 0.007) was found with 
ODI in  the postoperative period. In comparison with 
the  RMDQ, a  positive relationship was found with 
the MI-1 index, regarding both preoperative (r = 0.257; 
p = 0.015) and postoperative (r = 0.501; p < 0.001) values. 
As regards MI-2, positive correlations were found with 
both preoperative (r = 0.294; p = 0.005) and postoperative 
(r = 0.378; p < 0.001) RMDQ values. In terms of VASL, 
neither preoperative nor postoperative scores were found 
to be correlated with MI-2; a weak (r = 0.227; p = 0.033) 
positive relationship was found between MI-1 and post-
operative VASL only. However, a significant correlation 
was found between preoperative and postoperative VASB 
scores and both MI-1 (preoperative: r = 0.373, p = 0.001; 
postoperative: r = 0.232, p = 0.041) and MI-2 (preop-
erative: r = 0.388, p < 0.001; postoperative: r = 0.206, 
p = 0.044).

ROC analysis

The MI-1 index showed 71.4% sensitivity and 73.3% spec-
ificity when the cutoff value was set at 370, while the MI-2 
index exhibited 78.6% sensitivity and 68.9% specificity 
when the cutoff value was set at 7.4. According to the ROC 

Table 2. Paired scale results before and after the surgery

Variables Mean SD SE
95% CI

t df p-value
lower upper

ODI 68.9 12.1 1.29 66.3 71.4 53.8 87 <0.001

RMDQ 12.79 3.33 0.35 12.1 13.5 36.1 87 <0.001

VASL 6.59 1.65 0.17 6.24 6.94 37.4 87 <0.001

VASB 2.18 1.87 0.2 1.78 2.57 10.9 87 <0.001

WD −374.2 114.9 12.2 −398.5 −349.8 −30.5 87 <0.001

ODI – Oswestry Disability Index; RMDQ – Roland–Morris Disability Questionnaire; VASL – leg pain visual analog scale; VASB – back pain visual analog scale; 
WD – walking distance; SE – standard error; SD – standard deviation; 95% CI – 95% confidence interval; df – degrees of freedom.

Table 1. ROC data for the diagnosis of VASB including PLR, NLR, MI-1, and MI-2

Variables Area SEa Asymptotic Sig.b
95% CI

lower upper

NLR 0.429 0.063 0.282 0.305 0.552

PLR 0.593 0.068 0.162 0.460 0.726

MI-1 0.726 0.058 0.001 0.612 0.840

MI-2 0.683 0.060 0.006 0.565 0.801

ROC – receiver operating characteristic; VASB – Visual Analogue Scale Back; NLR – neutrophil-to-lymphocyte ratio; PLR – platelet-to-lymphocyte ratio; 
CRP – C-reactive protein; MI – multiple index; SE – standard error; 95% CI – 95% confidence interval; a under the nonparametric assumption; b null 
hypothesis: true area = 0.5.
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curve values, while NLR and PLR indices are not effective 
diagnostic tools for VASB according to ROC curve values, 
MI-1 and MI-2 seem to be powerful diagnostic parameters 
(Table 2). The ROC data of VASB including PLR, NLR, 
MI-1, and MI-2 are presented in Table 1.

Discussion

Nowadays, when diagnostic costs have increased consid-
erably and healthcare systems cause financial problems for 
governments and private institutions as a result of these 
costs, the need for cheap diagnostic parameters has in-
creased more than ever. In this sense, since the investigated 
MIs are a strong indicator of inflammation, are very useful 
and have a low cost, their results and efficiency in DIVD 
patients shown in the present study will give them mo-
mentum to be used routinely before and after the surgery.

Although inflammation as a type of response mechanism 
to injury or damage to the skeletal system and related struc-
tures, inflammation plays a critical role in the development 
and worsening of DIVD.11 In the tissue where chronic in-
flammation occurs, intense inflammatory secretion formed 
by cells such as macrophages and platelets is observed.19 Re-
cent studies have shown that hematological indices change 
as a result of the systemic inflammatory response and he-
matological indices are defining factors in the prognosis 
of various diseases and can be effectively used in follow-
up.4,13,19,20 Under these inflammatory conditions, the in-
creasing neutrophil population can produce large amounts 
of nitric oxide, the effect of which has been shown regarding 
pain, resulting in worsening of the clinical condition.

Publications are showing that the measurement of neu-
trophils in the blood or the values of NLR can predict 
the outcome of diseases associated with the presence of in-
flammation.13 In this manner, lymphocyte and platelet 
cells, similar to neutrophil cells, can secrete cytokines, 
which can further reduce the number and function of lym-
phocytes, and, in consequence, weaken immunological 
surveillance and defense.10 In such a case, increased neu-
trophil-platelet and decreased lymphocyte count can be 
considered a response to systemic inflammation and ac-
cepted as a predictor and damage indicator.14

We acknowledged that systemic and local inflamma-
tory conditions occurring around the skeletal system have 
a critical role in both development and healing of disc her-
niation. In a recent study, Ethemoğlu and Erkoç analyzed 
126 patients with neck pain.21 They recorded the PLR, NLR, 
and CRP, and compared them. The cervical disc hernia 
showed a higher CRP and NLR when compared to discs 
with a healthy MR image. In their study, comparing pa-
tients with cervical disc herniation to patients with neck 
pain, they found that in those with disc herniation, NLR 
and CRP were higher. The authors made a recommenda-
tion that early preventive approach applied by physicians 
in patients with high NLR and CRP may play a preventive 

role in disc degeneration and hernia. In a study conducted 
by Bozkurt et al. to investigate the relationship between 
NLR and pain intensity, a significant positive correlation 
of VAS scores was found when they was used to assess pain 
in the preoperative and postoperative period in the pa-
tient group with lumbar disc hernia.22 Although they found 
negative correlation coefficients between pain levels and 
preoperative VAS scores, they found a positive correlation 
between postoperative VAS and pain intensity. Bozkurt 
et al. assessed the relationship between NLR and pain se-
verity in the preoperative and postoperative period using 
VAS in patients with lumbar disc herniation and found 
a significant positive correlation. Negative correlation co-
efficients were found between the serum urate (SU) levels 
and preoperative VAS scores; in contrast, positive corre-
lation coefficients were found between the SU levels and 
the postoperative VAS scores.22

In our study, in preoperative and postoperative pain as-
sessment, leg pain values according to VASL decreased fol-
lowing the surgery. Similarly, according to VASB, back pain 
decreased significantly following the surgery. Likewise, 
ODI and RMDQ showed a strong decrease after the sur-
gery. When examined in terms of WD, a strong increase 
was noted as a result of the surgery. When the indices were 
compared with ODI, no significant correlation was found 
in preoperative values, while a strong positive correlation 
was found between the indices and ODI in the postopera-
tive period. When the MIs were compared with the RMDQ, 
a positive correlation was found with the MI-1 index (with 
both preoperative and postoperative values). Similarly, re-
garding MI-2, positive correlations were found with both 
preoperative and postoperative RMDQ values. In terms 
of VASL, neither preoperative nor postoperative scores 
were found to be correlated with MI-2 scores. A significant 
correlation was found between preoperative and postop-
erative VASB scores and both MIs.

The MI-1 and MI-2, whose diagnostic value we inves-
tigated, are useful guides for us because they are cost-
effective and easily accessible. In ROC analysis, the MI-1 
showed 71.4% sensitivity and 73.3% specificity, while 
the MI-2 exhibited 78.6% sensitivity and 68.9% specific-
ity. With the inclusion of CRP into both indices, they have 
become much stronger diagnostic indices than PLR and 
NLR. Thus, MI-1 and MI-2 are more objective markers 
than PLR and NLR, and paved the way for the use of MI 
in DIVD prognosis.

Limitations

There were also some limitations to the present study. First, 
as it is a retrospective cohort study, patients’ selection bias 
may exist and the number of participants was limited due 
to the hospital records. The 2nd limitation is that hemogram 
results may be affected by some unexpected factors such 
as undetectable infections, abnormal blood circulation, local 
inflammation, and nutrition, and we were unable to measure 
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how it affected the index. We tried to obtain the best cutoff 
value using the ROC. However, the best approach to solve this 
problem is to perform a prospective, large, single-center study.

Conclusion

The assessment of the systemic inflammatory condition 
in DIVD may prove beneficial to predict preoperative and 
postoperative pain. The 2 MIs, MI-1 and MI-2, had a strong 
significant correlation with preoperative and postoperative 
VASB scores. They also allowed for a reliable prediction for 
the pain in the postoperative period in DIVD. These param-
eters could give surgeons an idea about the pre- and post-
operative pain and inflammation in the patients, and thus 
they would provide cost-free gains in drug administration 
in order to alleviate pain before and after the operation, and 
in predicting the healing processes. In addition, the success 
of performed surgery measured in terms of pain can be 
an important issue that can be followed up indirectly. These 
indices are universally available, noninvasive and low-cost, 
and hence there is a perspective of their routine application.
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Abstract
Background. Physical activity undertaken in the treatment process additionally increases the oxygen 
demand of the working muscles. It seems interesting to see whether a delivery of an enriched respiratory 
mixture can have an impact on lower acidification of working muscles and oxygenation of tissues.

Objectives. To assess tissue saturation and the level of acidification at rest and during exercise while breathing 
atmospheric air or an oxygen-enriched mixture.

Materials and methods. Tissue saturation and lactate concentration at rest and during exercise were 
assessed in 18 females with an average body mass index (BMI) of 42 kg/m2. The study regimen was as fol-
lows: day 1 – cardiopulmonary exercise testing (CPET) – determination of the threshold load; day 2 – 20 min 
of physical effort on a cycloergometer (threshold load, breathing atmospheric air); day 3 – 20 min of physical 
effort on a cycloergometer (threshold load, breathing mixture enriched with oxygen). Saturation mea-
surements were performed in 3 places on the patient’s body by measuring absorbance via near-infrared 
spectroscopy (NIRS).

Results. A significant decrease in heart rate (HR) at rest was found when using the oxygen-enriched air mix-
ture (Z = 2.1339, p = 0.0328 (effect size (ES) = 0.478)). During the exercise, a significant decrease in saturation 
was shown only for the midpoint of the quadriceps muscles (Z = 2.1572, p = 0.309 (ES = 0.600)). Medium 
effect sizes were shown by the difference in resting and exercising lactate concentration change between 
the experimental models studied (Z = 2.5041, p = 0.0122 (ES = 0.707)). In the experimental models studied, 
different medium effect sizes were demonstrated in the resting and exercising lactate concentration change.

Conclusions. Oxygen-enriched air mixture contributes to reducing hypoxia in working muscles of obese 
people. Oxygen supplementation can result in higher physical fitness levels. The implementation of oxygen-
enriched air mixture is a promising therapeutic strategy for obese patients who exhibit high lactate con-
centrations after exercise.

Key words: obesity, tissue saturation, near-infrared spectroscopy (NIRS)
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Background

Obesity as a chronic disease

Obesity is currently considered an increasingly severe 
social and health-related issue. World Health Organiza-
tion (WHO) qualifies obesity as a chronic disease along 
with circulatory diseases, diabetes, cancer, and respira-
tory diseases. Treating excess weight and obesity remains 
a major challenge, faced by both doctors and patients. 
The primary treatment of obesity consists of exercise and 
diet. Pharmacological therapy or surgical interventions 
are recommended in cases where insufficient weight loss 
was achieved following primary treatment. It has been 
shown that obesity has a major impact on respiratory func-
tion. In obese people, a reduction in chest compliance due 
to adipose tissue and a rise of the diaphragm in the rest-
ing position caused by fat accumulation in the abdomi-
nal cavity results in a significant decrease in respiratory 
mobility. Additionally, the excess of adipose tissue leads 
to  the collapse of  soft tissues of  the upper respiratory 
tract, causing respiratory disturbances during sleep and 
obstruction in the lower respiratory tract. This may pro-
mote the exacerbation of asthma and chronic obstructive 
pulmonary disease (COPD), which often coexist with obe-
sity.1 The described functional disorders manifest them-
selves in the form of decreased forced vital capacity (FVC), 
decreased functional residual capacity (FRC), decreased 
expiratory reserve volume (ERV), and decreased forced 
expiratory volume in 1 s (FEV1).2 The consequences of im-
paired respiratory mechanics are ventilation disorders 
manifested by  increased physiological venous leakage. 
The adequate ventilation/blood perfusion ratio is respon-
sible for gas exchange in the lungs. Under physiological 
conditions, the ratio is higher in the upper lung fields 
(more ventilation, less perfusion), optimal in the middle 
parts and lower in the lower fields (less ventilation, more 
perfusion).

The  lower lung fields represent a  higher percentage 
of the mass involved in ventilation and thus they affect 
average gas exchange values. In line with the above data, 
obesity additionally impairs the lower lung ventilation. 
As a consequence of the increasing imbalance between 
perfusion and ventilation, gas exchange disturbances may 
lead to hypoxemia and, over time, hypercapnia. An in-
creased oxygen concentration in respiratory mixtures re-
duces physiological venous leakage. There are numerous 
factors influencing the effectiveness of obesity therapy and 
treatment of excess weight.3,4

Oxygen as an important element 
in the treatment of obesity

The most important factor in the treatment of obesity 
seems to be the (individually dependent) metabolic rate. 
One of the most essential components in the metabolic 

process is oxygen. Moderate and long-lasting physical ac-
tivity is associated with a higher metabolism rate of adi-
pose tissue.5 Combustion is carried out in the process 
of oxidative phosphorylation coupled with the respira-
tory chain and requires the adequate supply of oxygen 
to the cells. It has been proven that people with obesity 
require larger amounts of O2 in order to carry out life 
functions at a basic level.6 The increased demand for oxy-
gen by working muscles is observable during incremental 
physical activity.7 Kress and Hall confirmed that the use 
of oxygen at rest by people suffering from morbid obe-
sity is 16% higher in comparison to people with proper 
body weight.8,9 At the same time, their maximal O2 up-
take (VO2max) is considerably lower. This might be due 
to a lower blood flow and metabolic rate at the muscular 
level. In patients with obesity, the factors limiting oxygen 
supply are respiratory dysfunctions, such as restriction and 
hypoventilation syndrome, leading to both hypoxia and 
hypoxemia. This condition is exacerbated during physi-
cal activity, leading to excessive purine nucleotide deg-
radation, an increase in free radical transformation, and 
the acid-base disorder that increases fatigue symptoms. 
A decrease in oxygen content in arterial blood may reduce 
the exercise capacity in healthy individuals and in people 
with respiratory and circulatory diseases or anemia.10–12 
A significant mechanism, which is not fully understood, 
is the effect of oxygen levels on peripheral skeletal muscle 
fatigue induced by systemic exercise. Hyperoxia during 
moderate exercise in patients with COPD without hypox-
emia affects the dynamics of the growth rate of oxygen 
consumption and reduces the transient increase in lactate. 
Furthermore, the  lower demand for ventilation caused 
by O2 supplementation is not correlated with the improve-
ment of muscle function, but may result from the direct 
inhibition of chemoreceptors.13 Studies have shown that 
the prevention of vigorous exercise-induced arterial hy-
poxemia significantly reduced quadriceps fatigue as as-
sessed through stimulation of the femoral nerve before 
and after exercise.14,15 A study by Amann et al. assessed 
whether peripheral muscle fatigue is sensitive to changes 
in arterial oxygen content during exercise. It was shown 
that hypoxia, normoxia and hyperoxia during strenuous 
systemic exercise influenced the rate of development of pe-
ripheral muscle fatigue.16

Bioenergetically, O2 supplementation leads to an im-
provement in the phosphocreatine/inorganic phosphate 
ratio and the total adenosine triphosphate (ATP) content 
through more efficient oxidative metabolism associated 
with reduced lactate production and ATP decomposi-
tion with the simultaneous formation of harmful free 
radicals.17 Andrade et al., based on an extensive analy-
sis of studies on the effectiveness of O2 supplementa-
tion during physical activity, showed less inflammation 
with a greater intensity of exercise achieved by the re-
spondents.18 Consequently, the use of oxygen supple-
mentation in training people with respiratory failure was 
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implemented. Freitag et al. reached similar conclusions 
in their publication. He emphasized the importance of us-
ing air mixture enriched with oxygen in patients with 
numerous chronic diseases, such as obesity, during physi-
cal training.19

Hypothesis

The physiology of exercise is different in obese and lean 
people. In people with obesity, lactate accumulation and 
acidification occur faster during exercise. The accumula-
tion of lactate reduces the possibility of further physical 
activity or its increased intensity. We hypothesize that res-
piration with an oxygen-enriched mixture leads to an al-
teration in saturation levels and positive metabolic changes 
in  muscles during physical effort. Besides, increasing 
the amount of oxygen by preventing metabolic acidosis has 
a generally beneficial effect on the body. A study by Ehrsam 
et al. assessed the impact of metabolic acidosis on metabo-
lism during exercise in healthy subjects and subjects with 
rheumatoid arthritis. Measurements were made at rest 
and during traning (at 30% and 60% of the maximum O2 
uptake (VO2max), after 20 min). The study found that in hy-
percapnia, the metabolic effects of acidosis are modified 
by increased levels of circulating catecholamines, blood 
pressure and ventilation. The increased effect of circulat-
ing catecholamines, especially in obese patients, can cause 
many detrimental effects. Increasing the oxygen supply 
may counteract this outcome.20

Objectives

The aim of the study was to assess tissue saturation (ab-
dominal fat around the navel and muscle tissue around 

the quadriceps muscle of the thigh and gastrocnemius 
muscle) at rest and during exercise while breathing at-
mospheric air or an oxygen-enriched breathing mixture.

Materials and methods

Patients were qualified by a physician (diabetologist) 
during a visit to the Metabolic Outpatient Clinic of the He-
liodor Święcicki Clinical Hospital in Poznań, Poland. Dur-
ing qualifying visits, detailed interviews were conducted 
and the available medical documentation on concomitant 
illnesses was analyzed. A body composition analysis was 
made, as well as basic laboratory tests. In addition, during 
the visit, the patient signed a consent form to participate 
in the research. On the basis of these procedures, it was 
assessed whether the patient met the inclusion criteria 
outlined in Table 1.

Table 1. Patient inclusion and exclusion criteria

Patient inclusion criteria Patient exclusion criteria (presence of at least 1 of the factors listed below)

age above 18 years

positive electrocardiographic stress test, ischemic heart disease, unstable state after bypass 
surgery, implanted heart stimulator (cardioverter, defibrillator – ICD, heart pacemaker), 
endovascular prosthesis, patients after an ischemic or hemorrhagic stroke (<6 months), post-
STEMI patients with a drug-eluting stent implantation, nSTEMI (<12 months)

increased content of overall adipose tissue measured 
with bioelectrical impedance method
females: aged 20–39 years >33%, aged 40–
59 years >34%, aged 60–70 years >37%.
males: aged 20–39 years >20%, aged 40–59 years >22%, 
aged 60–70 years >25%21

antibiotic therapy, steroid therapy, (ongoing) drug/alcohol addiction (daily consumption 
of more than 1 portion of alcohol)

absence of diseases of the locomotor system preventing 
independent movement

patients with active or post cancerous disease (ongoing radiation/chemotherapy treatment), 
patients with liver diseases (ALT > 3 × border line) except for patients with fatty liver disease, 
CKD, eGFR < 30 mL/1.73 m2/min, acute inflammation CRP > 5 mg/dL, inherited metabolic 
disorders: phenylketonuria, galactosemia, autoimmune diseases (acute thyroiditis, celiac 
disease, systemic connective tissue disease, hemolytic anemia, vitiligo, Addison’s disease, 
hyperbilirubinemia), nonspecific enteritis (Crohn’s disease, ulcerative colitis)

consent to take part in the study
pregnancy, psychological disorders, eating disorders such as anorexia or bulimia, a vegetarian 
or any other alternative diet

ICD – implanted cardiac device; (n)STEMI – (non-)ST-segment-elevation myocardial infarction; ALT – alanine transaminase; CKD – chronic kidney disease; 
eGFR – estimated glomerular filtration rate; CRP – C-reactive protein.

Fig. 1. The course of patient recruitment

Assessed for eligibility (n = 35)

Date of examination I

Excluded (n = 10)
10 people from the patients registered in the Metabolic Clinic

were not able to perform the stress test on the first day of the study

Date of examination II

Excluded (n = 2)
2 people withdrew from the project after the exercise test

Date of examination III

Excluded (n = 5)
After the entire study, 5 men were excluded from further analysis

due to the small size of this group

test group (n = 18)
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Initially, 35 patients were qualified for the project. Sev-
enteen patients were excluded from further procedures 
(Fig. 1). Tests were carried out in a group of patients (n = 18, 
all female), mean age 33 years (IQR: 29–50), body mass 
115.5 kg, (IQR: 97–125), body height 1.7 m (IQR: 1.6–1.7), 
with an average body mass index (BMI) of 42 kg/m2 (IQR: 
36.1–45.2), who were hospitalized in Greater Poland Cen-
ter of Pulmonology and Thoracic Surgery of Eugenia and 
Janusz Zeyland in Poznań, Poland. The characteristics 
of the study group are presented in Table 2. The study 
was conducted according to the Declaration of Helsinki 
and the National Statement and Human Research Ethics 
Guidelines, and was approved by Institute for Research 
in Biomedicine (IRB) at the Poznan University of Medical 
Sciences (ethis approval No. 429/17 from April 6, 2017). 
The  study was conducted in  the  ergospirometry suite 
of the Greater Poland Center of Pulmonology and Tho-
racic Surgery of Eugenia and Janusz Zeyland over a period 
of 8 months (October 2018–June 2019). The exercise stress 
test laboratory was adequately equipped to provide ad-
vanced life support in the event of a cardiac arrest.

Body mass composition analysis

Component measurement of body mass in women was 
performed in the first phase of the cycle with bioelectrical 
impedance analysis (BIA).21 All measurements were taken 

at 7 AM, patients were fasting for at  least 9 h. The pa-
tients were instructed not to consume alcohol for at least 
48 h prior to the test, not perform vigorous physical ex-
ercise for at least 12 h before, to avoid saunas for at least 
12 h before, and to void the bladder 30 min before the test. 
Patients with implanted cardiac devices (ICDs, i.e., defi-
brillators), pacemakers or metal implants, epilepsy, hemi-
paresis, or with wounds or skin lesions on hands or feet 
were excluded from the study.

The body composition analyzer used for the measure-
ments was a Tanita BC 980 (Tanita Corp., Tokyo, Japan). 
The  body composition analyzer MC-980 MA (Tanita 
Corp.) is  intended for professional use in  specialized 
health centers, hospitals and medical institutions, as well 
as universities for research. The analyzer has the MDD 
CLASS IIa and NAVI CLASS III medical certificate re-
quired for the use of medical equipment in clinical setting. 
Eight integrated electrodes allow for performing analysis 
with segment reading. The current flows at 6 frequencies: 
1 kHz, 5 kHz, 50 kHz, 250 kHz, 500 kHz, and 1000 kHz, 
which maximizes the accuracy of the measurements.

Among the body mass components, the following val-
ues were estimated: fat mass (FAT; kg and %) and muscle 
mass (MM; kg and %). Patient norms have been established 
based on previously published reports.22 In order to per-
form the body composition test, it was necessary to mea-
sure 2 basic somatic features (body height in cm and body 
weight in kg), based on which the BMI was calculated.23 
The waist-to-hip ratio (WHR; ratio of waist circumference 
to hip circumference) was measured using anthropometric 
measuring tape. The measurement was taken 3 times and 
the average value was drawn.

Assessment of aerobic fitness

The  exercise tests were conducted on  the  1st  day of 
the experiment between 8:00 AM and noon, in an air-con-
ditioned laboratory, 2 h after consuming a light breakfast. 
The duration of the physical exercise was 20 min. The test 
was performed on a cycloergometer (Kettler® DX1 Pro; 
Kettler GmbH, Ense-Parsit, Germany), as follows: after 
a 3-minute warm-up with a load of 25 W, the load was 
increased by 10 W (60 RPM) every 90 s. The test lasted 
until refusal or inability to maintain the given cadence. 
On this day, the threshold load was determined for each 
patient with cardiopulmonary exercise testing.

Physiological measurements

Expired gases, minute ventilations (Ve) and heart rate 
(HR) during graded exercise test (GXT) were moni-
tored continuously with an automated START 2000 M 
system (MES Sp. z o.o., Kraków, Poland). Oxygen intake 
(VO2) and carbon dioxide output (VCO2) were measured 
breath-by-breath and were averaged at 15-second peri-
ods. Before each trial, the system was calibrated according 

Table 2. Selected anthropometric factors and CPET results of the study group

Parameter Average Standard 
deviation Median IQR

Age [years] 39.9 14.4 33.5 29.0–50.0

Body height [m] 1.7 6.6 1.7 1.6–1.7

Body mass [kg] 113.8 18.9 115.5 97.0–125.0

BMI [kg/m2] 41.8 7.4 42.0 36.1–45.2

WC [cm] 114.9 12.7 115.5 105.0–127.0

HC [cm] 132.4 9.5 134.0 130.0–138.0

WHR [n] 0.9 0.1 0.9 0.8–0.9

TBF [%] 64.0 82.5 44.6 41.7–49.5

TBF [kg] 52.6 14.7 51.3 40.6–59.5

FFM [kg] 65.9 11.2 64.2 56.8–71.8

MM [kg] 61.2 8.1 60.9 53.9–67.8

CPET results

VO2max [mL/kg/min] 17.2 3.5 17.5 15.1–19.0

Loadmax [W] 120.0 21.3 117.5 102.0–144.0

HRmax [beat/min] 135.0 23.8 142.5 112.0–156.0

LoadVT [W] 68.8 17.7 50.0 60.0–80.0

HRVT [beat/min] 125.1 23.9 131.0 100.0–141.0

Values are presented as average ± standard deviation and median (IQR). 
IQR – interquartile range; CPET – cardiopulmonary exercise testing; 
BMI – body mass index; VO2max – maximal oxygen uptake; 
HRmax – maximum heart rate; HRVT – heart rate at VT; WC – waist 
circumference; HC – hip circumference; WHR – waist-to-hip ratio; 
TBF – total body fat; FFM – free fat mass; MM – muscle mass; 
VT – ventilatory threshold.
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to the manufacturer’s instructions. Ambient conditions, 
including temperature, humidity and barometric pres-
sure, were recorded by the sensors. With a 2-point volume 
calibration (0.2 L/s and 2 L/s), flow values were measured 
automatically at the set measuring points. The gas analyzer 
calibration was done using standard gas mixture contain-
ing 5% CO2 and 16% O2. To determine the threshold load 
(VT), the V-slope method was used, applying computer-
ized regression analysis of the slopes of the CO2 output 
compared to O2 uptake plot, which detects the beginning 
of excess CO2 output generated from the buffering of [H+]. 
This method involves the analysis of the behavior of VCO2 
as a function of VO2 during GXT with a consequent in-
crease in VCO2. During the direct test, peak oxygen con-
sumption (peakVO2) was determined for each examined 
person.

Measurement of tissue saturation

The near-infrared spectroscopy (NIRS) method is based 
on the transparency of human tissue to light in the near-in-
frared range (700–1000 nm), which is dependent on the ox-
idation of oxyhemoglobin (HbO2) and deoxyhemoglobin 
(Hb).24 The depth of NIRS light penetration amounts to ap-
prox. 3 mm, which allows a camera to measure the level 
of skeletal muscle O2 saturation (StO2) in subcutaneous 
tissues.25 The NIRS was used in our research to assess 
tissue oxygen saturation in 3 areas of the body. It was per-
formed on days 2 and 3 of the experiment. On day 1, using 
the ergospirometric method, individual load levels were set 
for each patient. The exercise protocol included riding a cy-
cloergometer (Kettler® DX1 Pro) with a 3-minute warm-up 
and a 25 W load, followed by an effort with a threshold load 
assigned individually for each patient (60 RPM) without 
oxygen (day 2) and after supplementation with oxygen-en-
riched air mixture with a flow rate of 6 L/min (day 3).26–29 
A description of the tests performed on the following days 
of the experiment is presented in Fig. 2. Rest measurements 
were taken on both day 2 and day 3 during a 5-minute rest 
before starting the exercise test, breathing the atmospheric 
air on day 2 and the oxygen-enriched air on day 3. For each 
person, the effort phase always lasted 20 min. The thresh-
old load was on average 50.0 (IQR: 60.0–80.0) W. The ox-
ygen-enriched air mixture with a  flow rate of 6 L/min 
on day 3 was administered to the patient through a nasal 
catheter during exercise. Simultaneously, CO2 retention 
was measured. In obese people, ventilation disorders such 
as restrictions are observed, resulting in decreased ventila-
tion and a tendency to accumulate carbon dioxide. The de-
crease of StO2 associated with exercise is a mechanism 
stimulating hyperventilation. If this mechanism is limited 
by oxygen supplementation in obese patients, hidden re-
spiratory ventilation failure may appear and hypercapnia 
may be observed.

The saturation assessment was performed on each pa-
tient 2 times per day on days 2 and 3, at rest and during 

exercise after stabilization. Saturation measurements 
were performed in 3 places on the patient’s body by mea-
suring absorbance via NIRS with the INOVOS 5100C 
device (Somanetics/Covidien, Mansfield, USA). The ar-
rangement of the electrodes is shown in Fig. 3. Fat tissue 
thickness was assessed using ultrasound with a Siemens 
Acuson device (Siemens AG, Munich, Germany). This 
measurement was used to determine the place of satura-
tion measurement. Blood lactate level, saturation and HR 
were measured at rest before and after the actual exercise 
test. During each trial, HR and blood lactate levels were 
also measured. Capillary blood lactate measurement was 
determined using the EDGE Blood Lactate Test Strip 
(ApexBio; Hsinchu, Taiwan), while HR was measured 
with a Nonin 8500 pulse oximeter (Nonin Medical, Inc., 
Plymouth, USA).

Statistical analyses

We calculated the sample size in the present study based 
on a study by Maltais et al.12 They determined the effects 
of oxygen supplementation on the peak exercise capacity 
during exercise in COPD. After calculation power analy-
sis of Mann–Whitney test (adopting a power as 1-beta 
error probability: 80%, effect size (ES): 0.98, and error 
assumed as alpha: 0.05 (2-sided)), 11 participants were 
indicated for allocation equally for each test. We decided 
to accrue more participants in each test due to a possible 
dropout. Therefore, the present study was initiated with 
18 women. The distribution of normality was measured 
using the  Shapiro–Wilk test. Because the  hypothesis 
of normality of distribution was rejected (at p < 0.05) for 

Fig. 2. Description of the tests on the following days of the experiment

BIA – bioelectrical impedance analysis; CPET – cardiopulmonary exercise 
testing.

DAY 1 
 

� eligibility for the study (inclusion and exclusion criteria)  

� BIA body composition analysis 

� CPET and determination of threshold loads  

DAY 2 
 

� experiment – 20-minute exercise test without oxygen (WO)  

� saturation, lactate and heart rate were measured before 

and after the exercise test

DAY 3 

� experiment – 20-minute exercise test with oxygen 

(O)-enriched respiratory mixture

� before and after the exercise test lactate saturation 

and heart rate were measured
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many variables (13 of 52), nonparametric tests were used 
for analysis of all variables. A significance test for 2 mean 
values was performed using the Wilcoxon signed rank 
test, according to the assumption that population data do 
not follow a normal distribution and tested differences are 
symmetric with respect to a common median. The Spear-
man’s rank analysis was used to  calculate correlation 
coefficients. The level of statistical significance was set 
at p ≤ 0.05. The obtained results were analyzed statistically 
using the Dell STATISTICA data analysis software system 
v. 13 (Dell Inc., Round Rock, USA).

Nonparametric ES was calculated according to the for-
mula (where n is the total number of observations, and 
Z correlation coefficient is the same as the r coefficient 
between –1.00 to 1.00).30

The difference between means divided by the pooled 
standard deviation (SD) was calculated. Using Cohen’s 
(1988) criteria, an effect size ≥0.20 and <0.50 was con-
sidered small, ≥0.50 and <0.80 medium, and ≥0.80 large.

Results

Table 2 presents the characteristics of the study group. 
The subjects displayed a high BMI of 42.0 kg/m2 (36.1; 
45.2). The level of cardiopulmonary fitness (VO2max) was 
17.5 mL/kg/min (15.1; 19.0) in the subjects, amounting 
to only approx. 50% of the expected value and being sig-
nificantly reduced. The mean values of the threshold load 
for the study group are shown in Table 2.

The administration of additional breathing mixtures 
in obese patients resulted in a significant decrease in HR 
only at rest (Z = 2.1339, p = 0.0328, r = 0.3556). In response 
to an exercise with a threshold load, a lower effort increase 
was observed in the examined indicator without statistical 
significance (Z = 1.6805, p = 0.0928) (Table 3).

Measurements of saturation were performed in 3 areas 
of the body (point 1 – midpoint of the quadriceps muscle, 
in the abdominal plane, on the right side; point 2 – 1/3 prox-
imal part of the gastrocnemius muscle on the right calf; 

Table 3. Saturation at the 3 measurement points, HR and lactic acid level at rest and during exercises with and without supplementation of air mixture 
containing oxygen with a flow of 6 L/min

Parameter
Rest

p-value
Exercises

p-value
∆ rest-

exercises
WO group

∆ rest-
exercises
O group

p-valueWO group
n = 18

O group
n = 18

WO group
n = 18

O group
n = 18

LA
[mmol/L]

1.9 ±1.2
2.1 (1.4–2.5)

1.9 ±1.2
1.4 (1.0–2.9)

0.8276
4.1 ±2.0

3.7 (2.3–6.0)
2.9 ±1.5

2.8 (1.7–4.0)
0.0032 2.1 ±1.6

1.7 (0.9–3.1)
1.1 ±1.3

0.8 (0.3–1.7)
0.0122

HR  
[beats/min]

77.7 ±12.2
79.0 

(67.0–85.0)

71.4 ±14.2
66.5 

(58.0–83.0)
0.0328

115.6 ±17.5
110.0 (102.0–

133.0)

114.0 ±18.5
116.5 

(97.0–126.0)
0.3318

37.8 ±14.8
33.5 

(27.0–53.0)

42.7 ±16.8
45.5 

(29.0–55.0)
0.0928

StO2 [%]
(meas. point 1)

72.8 ±7.9
75.0 

(65.0–82.0)

69.8 ±9.8
70.0 

(59.0–78.0)
0.9306

81.9 ±7.6
82.5 

(78.0–88.0)

80.2 ±10.1
80.0 

(71.0–90.0)
0.0309

9.0 ±9.6
8.0 

(6.0–13.0)

10.4 ±12.4
7.0 

(0.0–16.0)
0.1221

StO2 [%]
(meas. point 2)

82.9 ±10.6
86.5 

(79.0–90.0)

82.3 ±9.2
85.0 

(79.0–89.0)
0.1329

88.8 ±8.3
94.0 

(84.0–95.0)

85.1 ±8.0
87.0 

(77.0–91.0)
0.4379

6.7 ±9.3
5.0 

(1.0–10.0)

2.8 ±8.2
2.5 

(−2.0–5.0)
0.5694

StO2 [%]
(meas. point 3)

82.9 ±7.1
82.0 

(80.0–87.0)

84.3 ±7.4
83.0 

(79.0–90.0)
0.6495

85.1 ±5.5
83.0 

(80.0–93.0)

85.4 ±4.8
87.0 

(85.0–90,0)
0.8276

2.1 ±5.8
1.5 

(−1.0–5.0)

1.1 ±6.8
1.0 

(−5.0–7.0)
0.5521

Wilcoxon signed-rank test. Values are presented as average ± standard deviation (SD) and median (IQR); IQR – interquartile range; WO – without oxygen 
supplementation; O – oxygen supplementation; LA – lactic acid; HR – heart rate; StO2 – oxygen saturation; meas. point 1 – measurement of tissue saturation 
at the midpoint of the quadriceps muscle in the abdominal plane, on the right side; meas. point 2 – measurement of tissue saturation at the 1/3 proximal 
part of the gastrocnemius muscle on the right calf; meas. point 3 – measurement of tissue saturation 2 cm to the right of the umbilicus. Values in bold are 
statistically significant.

Fig. 3. Measurement of tissue saturation at the (A) midpoint of the quadriceps muscle, in the abdominal plane, on the right side; (B) 1/3 proximal part 
of the gastrocnemius muscle on the right calf; (C) 2 cm to the right of the umbilicus

A B C
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point 3 – 2 cm to the right of the umbilicus).31,32 They 
were conducted at rest and during exercise, both without 
and with supplementation of an oxygen-enriched air mix-
ture. A significant decrease in saturation was shown only 
for the midpoint of the quadriceps muscle (Z = 2.1572, 
p = 0.0309, r = 0.3595). No significant difference in oxy-
genation between the 2 experimental models was found 
(Table 3).

The experimental model did not demonstrate an effect 
of the administration of additional O2 in the respiratory 
mixture on the resting lactate concentration in blood. 
However, the  difference was statistically significant 
in the experimental model in which patients performed 
an effort at the level of  individual threshold load, with 
and without administration of oxygen in the respiratory 
mixture (Z = 2.9394, p = 0.0032, r = 0.4899). In addition, 
medium effect sizes were shown in the difference in rest-
ing and exercising lactate concentration change between 
the experimental models studied (Z = 2.5041, p = 0.0122, 
r = 0.4174) (Table 3).

The  Spearman’s rank correlation showed a  negative 
relationship between the exercise change in blood lac-
tate concentration and tissue saturation at the midpoint 
of the quadriceps muscle only in the experiment without 
supplementation with an oxygen-enriched air mixture 
(p = 0.0185, r = −0.5631).

Discussion

People with obesity may present an  impaired ability 
to use fat as fuel during moderate-intensity exercise. This 
may be associated with impaired mobilization of fat re-
serves, low activity of β-oxidation enzymes and low activ-
ity of skeletal muscle lipoprotein lipase.33,34 Thus, obesity 
treatment should include interventions that can increase 
the ability of skeletal muscles to utilize fat. Endurance 
training in lean individuals causes increased fat oxida-
tion during submaximal exercise at constant load.35,36 In-
creased oxidation of resting fat after endurance training 
has also been shown.37 Impaired ability to mobilize and 
utilize fat in obese individuals may suggest that physical 
training has a different effect on fat oxidation in obese 
and lean individuals. A study by van Aggel-Leijssen et al. 
evaluated the effect of physical exercise of different in-
tensities on fat oxidation in obese men.38 At rest, total 
fat oxidation did not change in any group. During exer-
cise, after low intensity training, fat oxidation increased 
by 40% (p < 0.05). This was due to the increased oxidation 
of fatty acids outside the plasma (p < 0.05). Based on their 
research, they concluded that the total fat oxidation dur-
ing exercise did not change during high-intensity training. 
It seems that in obese patients, only low-intensity training 
increases fat oxidation during exercise. A long-term exer-
cise of an intensity corresponding to 60–80% of VO2max 
leads to the depletion of glycogen stores in the muscle, 

which is associated with fatigue. Insufficient energy supply 
results from the limited supply of the substrate (acetyl-
CoA) to the Krebs cycle and increases fatigue during pro-
longed exercise.39,40 The duration of exercise is also closely 
related to the pre-exercise glycogen content in the muscles. 
However, the effort tasks used in our study were not that 
intense, but tailored to the capabilities of a given patient. 
An important marker of fatigue in this type of exercises 
is lactic acid.

The energy of metabolic changes during low-intensity 
exercise is mainly based on O2 mitochondrial changes. 
Unlimited access to oxygen contributes to the effective-
ness of lipolytic changes. One of the products of metabolic 
changes having an inhibitory effect on the rate of lipolytic 
changes is lactate.

Low-intensity physical exercise does not cause a sharp 
increase in blood lactate concentration.41 In healthy people, 
during exercise with a load of about 50–70% VO2max, rapid 
accumulation of lactate in the blood is observed. High lac-
tate concentration leads to the development of metabolic 
acidosis in the working muscle, thus limiting its exercise 
capacity.42 This process, which in people who exercise reg-
ularly is a desirable phenomenon, in patients with reduced 
exercise tolerance leads to the development of changes due 
to fatigue at a low exercise load. As a result of the afore-
mentioned changes in homeostasis, obese people are not 
able to fully implement training programs. It can be as-
sumed that the supplementation of an oxygen-enriched air 
mixture proposed by us, administered intranasally during 
physical exercise, resulted in a decrease in blood lactate 
levels after an exercise test. A lower accumulation of lac-
tate extends the duration of exercise due to the delayed 
development of metabolic acidosis in the working muscle. 
Thus, owing to a decrease in the production of  lactate 
in the working muscle, a person is able to exercise for 
an extended period of time with an intensity below the in-
dividual threshold load. In addition, acidosis may also 
affect contraction efficiency by disrupting ATP produc-
tion processes. Hydrogen ions also influence the activity 
of creatine kinase and other glycolytic enzymes – hence 
the indirect influence of acidosis on energy metabolism 
and the contraction process.39 Decreasing intracellular pH 
may influence the level of oxidative enzyme activity and 
ryanodine receptor activity.43 The best-known markers 
of muscle fatigue related to ATP metabolism are serum 
lactate, ammonia and oxypurines (xanthine and hypoxan-
thine). Elevated serum lactate is associated with insuf-
ficient aerobic ATP production, which must be supple-
mented by its anaerobic production. In non-fit people, 
the lactate threshold is at 50–60% of the maximum load, 
whereas in athletes it is as much as 70–90% of that load.

Serum lactate concentration does not increase with 
age or gender but with exercise intensity in healthy and 
non-healthy (e.g., with comorbidities) subjects.44 Dur-
ing prolonged endurance exercise with constant stress, 
lactate levels usually rise by <5 mmol/L. However, this 
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parameter especially increases in patients with impaired 
oxidative phosphorylation (mitochondrial disorders) and 
lung diseases. It also increases significantly in people with 
COPD during a gradual exercise test on a cycloergom-
eter.45 Therefore, lactate level and an increase in calcium 
with a concomitant decrease in magnesium are very useful 
markers of fatigue following moderate-intensity exercise.46

After analyzing the literature, no studies on the valid-
ity and effectiveness of supplementation with an oxygen-
enriched mixture in obese patients during physical train-
ing were found. On the other hand, the high effectiveness 
of  the  use of  an  oxygen-enriched breathing mixture 
in the training of patients with impaired respiratory ef-
ficiency has been demonstrated.

In the study by Nixon at al., a group of cystic fibrosis 
patients performed progressive exercise tests until exhaus-
tion on a bicycle ergometer while breathing normoxic air 
(21% O2) during one test and hyperoxic air (30% O2) during 
another one. It has been shown that O2 supplementation 
minimizes O2 desaturation and allows cystic fibrosis pa-
tients to exercise with reduced ventilation and cardiovas-
cular effort.47 At rest, the body uses about 22% of oxygen, 
which is supplied to the tissues in arterial blood. During ex-
ercise, the O2 consumption of working muscles increases, 
i.e., venous blood leaving the working muscles is far less 
oxygenated than when at rest. This difference can even be 
as high as 90%. The increase in oxygen extraction is highly 
beneficial upon analyzing changes at the mitochondrial 
level. The contracting muscle receives much more O2 dur-
ing a single blood passage, and deoxygenated hemoglobin 
is again saturated with oxygen in the lungs, which does not 
cause any side effects. The introduction of additional O2 
supplementation in the group of untrained, obese patients 
resulted in a decrease in saturation within the blood vessels 
of the muscle due to its increased uptake by mitochondria. 
This may be indicated by the metabolic response measured 
with blood lactate concentration in response to providing 
patients with an oxygen-enriched air mixture.48 The meta-
analysis conducted by Fiogbé et al. showed that physical 
exercise alone, depending on the patient’s condition, im-
proves the oxygenation of various muscle areas.49 Oxygen 
supplementation may intensify this effect.

Oxygen supplementation has a major beneficial effect 
on the effectiveness of exercise in patients with COPD. 
A study by Rooyackers et al. examined whether training 
with O2 supplementation enhances training effects dur-
ing indoor air breathing in patients with severe COPD. 
The study showed that O2 supplementation increases ex-
ercise tolerance in the maximum incremental test. Oxygen 
supplementation has an important ergogenic effect, and 
muscle damage caused by overload is positively correlated 
with overall muscle performance.50

The degree of muscle tissue deoxygenation during physi-
cal exercise was also assessed with NIRS in a study by Koga 
et al. They found that this method can accurately assess 
the temporal and spatial diversity of oxygenation.51 This 

can be considered particularly consequential since earlier 
studies conducted with less complicated methods of mea-
surement indicated that, at the onset of exercise, only a few 
seconds are required for the increase of oxygen uptake 
in exercising, while O2 extraction peaks after 50 s of ex-
ercise. Bangsbo et al. claimed that insufficient oxygen 
availability is not the reason for limited O2 utilization 
in the initial phase of intense exercise.52 On a similar note, 
Segal et al. suggested that several motor units are supplied 
by individual activated microvascular units.53 In these, 
increased blood flow can increase O2 supply to muscle 
fibers, resulting in unchanged or increased O2 saturation, 
as measured using NIRS. In addition, differences in tissue 
saturation may also apply to different muscle groups and 
their regions. This will depend on the blood flow, as well 
as contractions in blood vessels during exercise.

Over 95% of body fat is accumulated in adipose tissue 
and stored as triglycerides.54 The metabolism of adipose 
tissue is  influenced by  hormones such as  insulin and 
catecholamines, autocrine and paracrine factors, as well 
as nutritional status and exercise.55 Physical effort causes 
an increase in lipolysis through a marked increase in cat-
echolamine concentration; however, pronounced changes 
are most often observed only 30 min after the exercise com-
mences.56 Lipolysis intensification and acceleration is a par-
ticularly beneficial process, especially in people with obe-
sity. In the obese patients examined in our research, it was 
observed that in the fat tissue in the abdomen at rest, there 
is an increase in saturation depending on O2 supplementa-
tion. However, there is no change in tissue saturation during 
effort. Conversely, the 20-minute effort may be too short 
for significant changes in the metabolism of this tissue.

In the examined tissues (muscle and adipose tissue), 
there was a smaller effort increase in saturation in patients 
supplemented with an oxygen-enriched mixture. Thus, 
it can be concluded that there is an increase in the use of O2 
in the metabolism of working muscle and adipose tissues, 
which results in lower physical acidification of the body 
while performing the same effort. Such exercise exerts 
beneficial changes in metabolism and has an impact on re-
ducing cardiovascular risk.57

The study also observed the effect of supplementation 
with an oxygen-enriched mixture on tissue saturation 
of fat located over working muscle (quadriceps muscle). 
A decrease in the saturation of this fat over working muscle 
was observed when supplementing an oxygen-enriched air 
mixture during exercise, while there was no change in fat 
oxygenation at rest. This confirms that better oxygenated 
fat tissue releases triglycerides to a greater extent, enhances 
lipid metabolism and fat burning. However, physical effort 
in this situation must last longer because of the increase 
in the intensity of lipolytic changes during the first 30 min 
of exercise in people with low aerobic capacity.58

The study group consisted of people with obesity or mor-
bid obesity who trained rarely. In such persons, lipolysis 
in adipose tissue occurs only 20–25 min after the start 
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of exercise, while the average time of exercise in the study 
was 20 min. Oxygen supplied additionally to adipose tissue 
was not used up before the end of exercise, which indicates 
an increase in saturation in this tissue. On the other hand, 
the supply of additional oxygen to muscle tissue caused an 
enhanced O2 use for metabolic changes, which increased 
the amount of energy obtained from oxygen processes and 
caused a decrease in blood lactate levels. The use of O2 
supplementation during exercise may be clinically signifi-
cant. Oxygen supplementation can be used during physi-
cal activity, especially in patients preparing for bariatric 
surgery, when people who are often extremely obese must 
reduce their weight within a short period of time. It can be 
assumed that in these patients, the administration of O2 
during exercise can extend the time before significant 
acidification of the muscles is reached, and thus, enable 
them to exercise longer and more willingly, at the same 
time helping them to faster achieve the weight expected 
before operation.

According to the study by Andrade et al., the positive 
effect of O2 supplementation cannot be attributed only 
to the improvement of the oxygen content in the blood 
and the reduction of HR.18

In addition, in terms of the analysis of cardiological param-
eters, a reduction in the resting frequency of heart contrac-
tions was found as a result of breathing an oxygen-enriched 
mixture. Arterial chemoreceptors located in the cervical 
glomeruli are the main recipients responding to changes 
in O2 and CO2 pressure in a hypoxic situation, increasing 
myocardial activity and causing tachycardia. Increased 
saturation of arterial blood leads to the inhibition of che-
moreceptor stimulation and a decrease in HR at rest and 
during exercise. In the present study, people supplemented 
with an oxygen-enriched air mixture could therefore exer-
cise for a prolonged period of time without a rapid increase 
in HR. Similarly, in a study by Nonoyama et al.,59 oxygen 
supplementation in patients with COPD increased mean 
exercise time from 6 min to 14 min and caused significant 
improvement in Borg scale score after the shuttle walk test.

Based on the results of this study, it can be concluded 
that O2 supplementation increases the  use of  oxygen 
in the mitochondria and intensifies the oxygen metabolic 
processes in the working muscle.

The use of this type of therapy in combination with op-
timized exercise can contribute to improve physical activ-
ity, reduce changes due to fatigue, and, as a consequence, 
lead to weight loss. The NIRS measurement method used 
in the study is a highly effective noninvasive method for 
monitoring tissue saturation in  real time. In  contrast 
to pulse oximetry, which indicates the saturation of he-
moglobin in pulsating arterial blood, the onset of hypoxia 
may be delayed by up to 90 s. Unlike NIRS, arterial blood 
gas measurement is an invasive assessment that is delayed 
by the time needed to perform the  laboratory analysis 
of the sample taken.

Limitation of the study

A limitation of  this pilot study was the  small num-
ber of patients qualified for the project and the absence 
of obese patients with restrictive respiratory disorders.

Conclusions

Lower increase in exercise saturation in muscle and fat 
tissues in patients supplemented with oxygen-enriched 
mixture may occur due to an increased use of oxygen dur-
ing mitochondrial metabolic changes and lower acidifi-
cation of the muscle under stress. Increased saturation 
of arterial blood due to supplementation with oxygen-en-
riched mixture leads to the inhibition of chemoreceptor 
stimulation and a decrease in HR at rest. Physical effort 
with peri-threshold intensity in conditions of increased O2 
supply led to less fatigue, and thus it may result in lon-
ger exercise routines in obese persons who get tired more 
easily. The supplementation of this respiratory mixture 
in addition to optimized exercise can result in improved 
physical fitness.
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Abstract
Background. Effective triage is critical during the coronavirus disease 2019 (COVID-19) pandemic. An ap-
propriate triage plan is crucial to direct suspected COVID-19 cases to a designated area, in order to separate 
such patients from other patients and staff.

Objectives. To report the diagnostic value of the “Possible Coronavirus Disease 2019 (COVID-19) Case 
Questioning Guide for Outpatients”, a nationwide standard triage chart, and of the individual questions 
within the triage chart for detecting COVID-19 in patients admitted to our hospital.

Materials and methods. A total of 39,681 outpatients admitted to our hospital between April 1 and April 
30, 2021, underwent triage questioning. The triage chart consisted of 3 symptom questions and 4 contact 
and travel questions. Patients who responded “yes” to at least 1 question were referred to the pandemic area; 
others were considered low-risk and did not undergo routine COVID-19 polymerase chain reaction (PCR) test.

Results. Briefly, 3529 outpatients were referred to the pandemic area; among them, 1055 were PCR-positive. 
Among 36,152 low-risk patients, 94 were PCR-positive. The sensitivity of the triage chart was 91.82%, specific-
ity was 93.58%, positive likelihood ratio was 14.30, and negative likelihood ratio was 0.09. Triage questions 
were in moderate agreement with PCR results (Cohen’s Kappa: 0.429, p < 0.0001). The diagnostic value 
of the triage chart was mainly attributed to the questions regarding possible COVID-19 infection symptoms 
rather than contact history. However, the questions included in the triage chart had none to slight agreement 
with the PCR test results in the pandemic outpatients.

Conclusions. The triage chart has high sensitivity and specificity for discriminating possible COVID-19 
cases in all outpatients, but has unsatisfactory diagnostic value for predicting PCR positivity in pandemic 
outpatients. Therefore, the current triage chart should be used accordingly, i.e., to define possible COVID-19 
cases rather than PCR-positive cases. Further studies regarding COVID-19 triage for possible and PCR-positive 
cases should also focus on the individual diagnostic value of less prevalent symptoms.

Key words: COVID-19, coronavirus, triage, viral pneumonia
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Background

Coronavirus disease 2019 (COVID-19) has become an im-
portant emerging health problem worldwide, as it spreads 
rapidly, causing a  pandemic and a  staggering number 
of deaths. To prevent transmission and spread, which is 
an essential step in fighting the disease, people who are 
suspected of COVID-19 infection should be tested and those 
diagnosed with the disease should isolate themselves early.1,2

Hospital transmission of COVID-19 is widely recog-
nized, and although the mode of infection remains unclear, 
ward-based transmission is highly suspected.3 Nosoco-
mial transmission carries the risk of infecting susceptible 
patients with preexisting medical conditions, who are 
at higher risk of severe illness and death due to COVID-19 
infection.4 Since hospitals are among the areas where peo-
ple with confirmed or suspected COVID-19 infection are 
likely to encounter other patients and spread the disease, 
patients should be assessed at the hospital entrance ac-
cording to an appropriate triage plan, and patients who 
are suspected of COVID-19 infection should be directed 
to a designated pandemic outpatient area to separate them 
from other patients and staff. A fast and effective triage 
is critical for early treatment, cohorting and effective al-
location of hospital resources.5

Objectives

Our hospital, a 300-bed secondary care center serving 
a population of approx. 300,000, underwent reorganization 
at a procedural level, and a designated triage unit has been 
established at the entrance to the hospital to screen and 
refer potential COVID-19 cases to the pandemic outpatient 
unit. Triage units of all hospitals in Turkey implemented 
a routine questioning tool for COVID-19 symptoms and 
contact using a standard triage chart named “Possible 
COVID-19 Case Questioning Guide for Outpatients”, 
created by the Turkish Ministry of Health at the begin-
ning of the COVID-19 pandemic. Although many studies 
identify predictors of critical illness,6–9 the information 
about available criteria for identifying patients infected 
with COVID-19 in a triage setting is limited. In this study, 
we aimed to report the real-world data for the diagnostic 
value of the “Possible COVID-19 Case Questioning Guide 
for Outpatients” triage chart, and of the individual ques-
tions within this chart for detecting COVID-19 in patients 
admitted to our hospital.

Materials and methods

This retrospective descriptive study was conducted 
in adherence to the Declaration of Helsinki by obtaining 
data usage permission from Ankara Polatlı Duatepe State 
Hospital Administration (Ankara, Turkey). The researchers 

were provided with fully anonymized data for the study. 
The Etlik Zübeyde Hanım Gynecology Training and Re-
search Hospital (Ankara, Turkey) Hospital Ethics com-
mittee approved this study (approval date: June 9, 2021, 
approval No. 62). The necessity of written informed consent 
was waived in this retrospective study.

Study setting

Since the beginning of  the COVID-19 pandemic, all 
patients admitted to  our center have been routinely 
questioned for COVID-19 contact and symptoms with 
a standard triage chart. The healthcare personnel rou-
tinely carried out this questioning using the  “Possible 
COVID-19 Case Questioning Guide for Outpatients” triage 
chart while positioned at the hospital entrance, wearing 
a gown, medical mask, face shield, and goggles. During 
the triage procedure, healthcare personnel also measured 
each patient’s temperature [°C] and peripheral capillary 
oxygen saturation (SpO2). The “Possible COVID-19 Case 
Questioning Guide for Outpatients” triage chart consists 
of 7 questions: the first 3 questions concern the patient’s 
complaints, and the subsequent 4 questions cover the con-
tact and travel history. The 7 questions are as follows:

1) Do you have a fever or a history of fever?
2) Do you have a cough?
3) Do you have shortness of breath, sore throat, head-

ache, myalgia, loss of taste and smell, or diarrhea?
4) Have you been abroad in the last 14 days?
5) Have any of your relatives/household members come 

from abroad in the last 14 days?
6) Have any of your relatives/household members been 

hospitalized for respiratory disease in the last 14 days?
7) Have any of your relatives/household members been 

diagnosed with COVID-19 in the last 14 days?

Data acquisition

The COVID-19 triage charts of all outpatients admitted 
to our hospital between April 1 and April 30, 2021, were 
evaluated retrospectively. No exclusion criteria were em-
ployed; triage questioning was applied to all patients during 
the study period, including those with severe illness (e.g., 
intubated, unresponsive patients). As a hospital rule, data 
regarding the patient’s symptoms and travel and contact 
history were obtained from the patient’s relatives if the pa-
tient was unresponsive. In rare instances where it was not 
possible to obtain a clear history, severely ill patients were 
assumed to have a positive triage questioning and were 
referred to the pandemic outpatient clinic. Patients who 
responded “yes” to at least 1 of the questions during the tri-
age were referred to the pandemic outpatient clinic located 
within an isolated area of the hospital. The age and gender 
of these patients, temperature and SpO2 measurements, 
answers to  the questions in  the  triage chart, and poly-
merase chain reaction (PCR) test results were collected 
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retrospectively from the data in the triage charts. Patients 
with a fever higher than 38.2°C were considered positive 
for question 1, and patients with a SpO2 lower than 92% 
were considered positive for question 3. After triage, cases 
of all patients with suspected COVID-19 were discussed 
by a multidisciplinary team consisting of consultants in in-
ternal medicine, infectious disease and pulmonology, and 
were diagnosed and treated according to the recommenda-
tions of Turkish Ministry of Health. A COVID-19 PCR test 
served as a standard for diagnosis. In the case of an initial 
negative or indeterminate PCR assay, repeat testing was 
routinely performed at intervals of 1 day or more. Among 
these patients, those found to  be PCR-positive for any 
reason within 14 days of initial hospital admission were 
considered positive for COVID-19 infection and positive 
for the COVID-19 triage, and treated accordingly. Patients 
who responded “no” to all 7 questions were considered low-
risk during triage; such patients were directed to a relevant 
clinic to be examined further. Low-risk patients did not 
undergo routine PCR screening; it was ordered only if a pa-
tient was in preoperative evaluation, developed a new symp-
tom or if contact screening was necessary. Among such 
patients, those found to be PCR-positive for any reason 
within 14 days of initial hospital admission were consid-
ered positive for COVID-19 infection and false negative for 
the COVID-19 triage, and treated accordingly.

Triage results were analyzed using a 2-step approach. 
First, the sensitivity, specificity, and positive and negative 
likelihood ratios of the triage chart for COVID-19 infection 
were assessed as a whole. Second, all individual questions 
on the triage chart were separately analyzed for sensitivity, 
specificity, and positive and negative likelihood ratios within 
the triage-positive patient group and all admitted patients.

Statistical analyses

The SPSS statistical software (IBM SPSS for Windows 
v. 23.0; IBM Corp., Armonk, USA) and MedCalc Diagnos-
tic Test Evaluation Calculator (MedCalc Software, Ostend, 

Belgium) were used for data analysis. Continuous variables 
were expressed as mean and standard deviation (SD), and 
categorical data were expressed as values and percentages. 
In the comparative analysis, χ2 tests were performed for 
the categorical data. Sensitivity and specificity (presented 
as percentages) and positive and negative likelihood ratios 
(with 95% confidence intervals (95% CIs)) were calculated 
using MedCalc online Diagnostic Test Evaluation Calculator 
(https://www.medcalc.org/calc/diagnostic_test.php). Con-
fidence intervals for sensitivity and specificity were “exact” 
Clopper–Pearson CIs, while CIs for the likelihood ratios were 
calculated using the “log method”.10,11 The receiver operator 
characteristics (ROC) curve analysis and curve method were 
used to determine the area under the curve (AUC). An inter-
rater reliability analysis using Cohen’s kappa statistic was 
performed to determine the consistency between the triage 
questions and PCR results. For all statistical tests, p < 0.05 
was accepted as the limit of statistical significance.

Results

A total of 39,681 outpatients were admitted to our hospital 
between April 1 and April 30, 2021. All patients have under-
gone “Possible COVID-19 Case Questioning Guide for Out-
patients” triage questioning. Of the 39,681 patients, 22,181 
(55.8%) of the patients were male, and 17,500 (44.2%) were 
female. The mean age of the patients was 38.1 ±15.8 years.

Following the triage, 3529 patients (8.8% of all admissions) 
were referred to the pandemic outpatient clinic. Of these 
patients, 1055 (29.9% of the patients referred to the pan-
demic outpatient clinic and 2.6% of all admissions) were 
PCR-positive. Among the 36,152 patients who were con-
sidered low-risk after triage questioning, 94 patients (0.26% 
of low-risk patients and 8.1% of all PCR-positive cases) were 
found to be PCR-positive for COVID-19. The responses 
to  the  questions from the  “Possible COVID-19 Case 
Questioning Guide for Outpatients” chart are presented 
in Table 1. The most common positive responses concerned 

Table 1. Responses to the questions for “Possible COVID-19 Case Questioning Guide for Outpatients” triage chart

Question Yes, n Positive % within pandemic 
outpatients

Positive % within all 
outpatients

Q1: Fever or a history of fever 996 28.2 2.5

Q2: Cough 2164 61.3 5.4

Q3: Shortness of breath, sore throat, headache, myalgia, loss 
of taste and smell, or diarrhea

2566 72.2 6.4

Q4: Abroad travel in the last 14 days 5 0.14 0.012

Q5: Relative/household member came from abroad 
in the last 14 days

3 0.085 0.0075

Q6: Relative/household member hospitalized for respiratory 
disease in the last 14 days

35 1 0.08

Q7: Relative/household member diagnosed with COVID-19 
in the last 14 days

467 13.2 1.17

COVID-19 – coronavirus disease 2019.
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the symptoms of coughing (Q2) and shortness of breath, 
sore throat, headache, myalgia, loss of  taste and smell, 
or  diarrhea (Q3). Positive responses to  the  COVID-19 
contact questions comprised fewer than 1%, apart from 
the question about relatives/household members diagnosed 
with COVID-19 in the last 14 days (Q7).

Diagnostic test evaluation  
for the triage chart

Of the 3529 patients referred to the pandemic outpatient 
clinic for further examination, 1055 PCR-positive patients 
were considered true positive cases; the remainder were 
considered false positive for the diagnostic performance 
of the triage chart. Among the 36,152 patients considered 
low-risk after triage questioning, 94 patients who were 
PCR-positive for COVID-19 were considered false nega-
tive cases; the remainder were considered true negative 
cases. The sensitivity of the triage chart was 91.82% (95% 
CI:  [90.08%; 93.34%]); the  specificity was 93.58% (95% 
CI: [93.33%; 93.82%]); the positive likelihood ratio was 14.30 
(95% CI: [13.71; 14.91]); and the negative likelihood ratio was 
0.09 (95% CI: [0.07; 0.11]). The ROC analysis determined 
an AUC of 0.927 (95% CI: [0.918; 0.936]). The Cohen’s kappa 
between the PCR and the triage questions showed a moder-
ate agreement (kappa value: 0.429, p < 0.0001).

Diagnostic test evaluation  
for individual triage questions

Seven questions included in the “Possible COVID-19 
Case Questioning Guide for Outpatients” triage chart were 

individually compared with the COVID-19 PCR positivity. 
Only the answers to the first 3 questions, which pertain 
the patients’ complaints, were significantly different be-
tween the PCR-negative and the PCR-positive patients. 
The  distribution of  answers to  the  other 4  questions 
about the contact and travel history was similar between 
the groups.

Sensitivity, specificity, and positive and negative likeli-
hood ratios for the first 3 triage questions were calculated 
using a 2-step approach. To obtain the sensitivity, speci-
ficity, and positive and negative likelihood ratio data for 
the pandemic outpatient clinic cases, the data presented 
in Table 2 served as the basis for calculation. To obtain 
the sensitivity, specificity, and positive and negative like-
lihood ratio data for all outpatients, true positive and 
false positive case data were based on the data presented 
in Table 2. Among the 36,152 patients considered low-risk 
after triage questioning, 94 patients who were PCR-positive 
for COVID-19 were considered false negative cases; the re-
mainder were considered true negative cases. Questions 
4–7 were not included in the analysis due to a low number 
of positive responses and similar percentages of positive 
and negative responses in the PCR-positive and PCR-neg-
ative pandemic outpatient cases.

Overall, question 3, which included several symptoms 
(shortness of breath, sore throat, headache, myalgia, loss 
of taste and smell, or diarrhea), had the highest sensitiv-
ity and negative likelihood ratio. Question 1 (fever and 
a history of fever) had the highest specificity and posi-
tive likelihood ratio. In  this instance, Cohen’s kappa, 
which demonstrates inter-rater agreement, showed none 
to slight agreement between the PCR results and the triage 

Table 2. Frequency and percentage distribution of responses to individual triage questions in relation to PCR results of patients referred to the pandemic 
outpatient clinic, as compared using χ2 tests

Question Answer
PCR result

χ2 test p-valuenegative (2474) 
n (%)

positive (1055) 
n (%)

Q1: Fever or a history of fever
no 1860 (75.2) 673 (63.8)

47.368 <0.001
yes 614 (24.8) 382 (36.2)

Q2: Cough
no 1014 (41) 351 (33.3)

18.566 <0.001
yes 1460 (59) 704 (66.7)

Q3: Shortness of breath, sore throat, 
headache, myalgia, loss of taste and smell, 
or diarrhea

no 711 (28.7) 252 (23.9)
8.778 0.002

yes 1763 (71.3) 803 (76.1)

Q4: Abroad travel in the last 14 days
no 2471 (99.9) 1053 (99.8)

0.244 0.47
yes 3 (0.1) 2 (0.2)

Q5: Relative/household member came 
from abroad in the last 14 days

no 2473 (99.9) 1053 (99.8)
1.937 0.21

yes 1 (0.1) 2 (0.2)

Q6: Relative/household member 
hospitalized for respiratory disease 
in the last 14 days

no 2446 (98.9) 1048 (99.3)
1.652 0.13

yes 28 (1.1) 7 (0.7)

Q7: Relative/household member diagnosed 
with COVID-19 in the last 14 days

no 2155 (87.1) 907 (86)
0.829 0.19

yes 319 (12.9) 148 (14)

PCR – polymerase chain reaction; COVID-19 – coronavirus disease 2019.
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questions for the pandemic outpatients. Questions 2 and 3 
showed moderate agreement, whereas question 1 showed 
fair agreement between the PCR results and the triage 
questions for all outpatients (Table 3).

Discussion

Effective triage is essential for preventing the transmis-
sion and ensuring rapid isolation of probable or definite 
cases in fighting the COVID-19 pandemic. The triage in-
volves not only a ranking based on importance, but also 
an appropriate allocation of limited medical resources and 
isolation of highly contagious cases to limit the spread 
of the disease to other patients and healthcare workers.12 
Moreover, it was previously hypothesized that using a tel-
ephonic triage and asking the patients to delay hospital 
admissions for 14 days if they have symptoms such as fever, 
cough or shortness of breath, travel or contact history, 
could reduce in-hospital COVID-19 positivity.13 Although 
the Turkish medical system does not discourage admitting 
patients to the hospital during the pandemic, the “Possible 
COVID-19 Case Questioning Guide for Outpatients” tri-
age chart is utilized as a tool to triage possible COVID-19 
cases to the relevant areas within the hospital. Herein, 
we aimed to report the real-world data for the diagnos-
tic value of the triage chart and the individual questions 
in the triage chart for detecting COVID-19 PCR positivity 
in patients admitted to our hospital.

In a triage setting outside the hospital, patients can be 
directed to the pandemic outpatient clinic using the ques-
tions about symptoms and contact history. The literature 
suggests that patients are considered low-risk in the ab-
sence of COVID-19-related symptoms.5 Our results show 
that positive responses to the questions regarding pos-
sible COVID-19 symptoms are much more frequent than 

positive responses to questions concerning contact history. 
In the context of selecting possible COVID-19 cases from 
all outpatients, the triage chart showed high sensitivity and 
specificity, with an AUC of 0.927 and moderate agreement 
with PCR positivity. However, the contact history ques-
tions are rarely positively responded by patients; there-
fore, these results are mainly based on patients’ symptoms. 
Moreover, these results reflect real-world data; since no 
routine PCR screening was conducted in all outpatients, 
the absolute diagnostic values would be expected to be 
lower than the current results. In contrast, the individual 
questions of the triage chart showed unsatisfying AUCs, 
and none to slight agreement with PCR results within 
pandemic outpatients. Although the triage chart is used 
to select possible cases that should be referred to pandemic 
area, this result limits the practical application of the tri-
age chart.

Patients infected with COVID-19 may present with 
a broad spectrum of mild to severe symptoms. Flu-like 
symptoms, fever, headache, dry cough, myalgia, loss of taste 
and smell, sore throat, fatigue, and diarrhea are the most 
frequently noted mild symptoms. More severe manifesta-
tions, such as dyspnea, bilateral viral pneumonia, acute 
respiratory distress syndrome, and respiratory failure, may 
also be observed. In various studies, the most common 
symptoms of COVID-19 were fever (83–98% of patients) 
and cough (66–82%).14–19 However, using fever as a marker 
for PCR positivity yielded unsatisfactory results. A lit-
erature review reported that while 85% of patients with 
COVID-19 had fever during the infection, only 45% had 
fever in the early period. Using fever as a marker of PCR 
positivity among oncological and transplant patients had 
a sensitivity of 15.09%, and a cutoff point of 37.3°C for fever 
had low validity for PCR positivity. Of the 5231 individuals 
screened, 49 tested positive for fever, of which only 5 were 
PCR-positive. In comparison, 48 patients were PCR-positive 

Table 3. Diagnostic value of individual triage questions, presented as sensitivity and specificity percentages, and positive and negative likelihood ratios 
(with 95% confidence intervals (95% CIs) calculated using exact Clopper–Pearson method for sensitivity and specificity and log method for likelihood 
ratios), receiver operating characteristic (ROC) area under the curve (AUC) measurements; and inter-rater reliability, calculated using the Cohen’s kappa 
statistic, of patients referred to the pandemic outpatient clinic and all outpatients

Question Patients Sensitivity [%] 
(95% CI)

Specificity [%] 
(95% CI)

Positive 
likelihood 

ratio 
(95% CI)

Negative 
likelihood 

ratio 
(95% CI)

ROC AUC 
(95% CI)

p-value 
for 

 ROC 
AUC

Cohen’s 
kappa 

(95% CI)

p-value 
for 

Cohen’s 
kappa 

Q1: Fever or a history 
of fever

pandemic 
outpatients

36.2 
[33.3; 39.1] 

75.1 
[73.4; 76.8]

1.46  
[1.31; 1.62]

0.85  
[0.81; 0.89]

0.577 
[0.536; 0.578]

<0.001
0.116 

[0.082; 0.149]
<0.001

all 
outpatients

33.2  
[30.5; 36.0]

98.4 
[98.2; 98.5]

20.86  
[18.63; 23.37]

0.68  
[0.65; 0.71]

0.658 
[0.639; 0.677]

<0.001
0.338 

[0.312; 0.363]
<0.001

Q2: Cough

pandemic 
outpatients

66.7  
[63.8; 69.5]

40.9  
[39.0; 42.9]

1.13  
[1.07; 1.19]

0.81  
[0.74; 0.90]

0.539 
[0.518; 0.559]

<0.001
0.059 

[0.031; 0.086]
<0.001

all 
outpatients

61.2  
[58.3; 64.1]

96.2  
[96.0; 96.4]

16.17  
[15.11; 17.31]

0.4  
[0.37; 0.43]

0.787 
[0.770; 0.805]

<0.001
0.402 

[0.380; 0.423]
<0.001

Q3: Shortness 
of breath, sore throat, 
headache, myalgia, 
loss of taste and 
smell, or diarrhea

pandemic 
outpatients

76.1  
[73.4; 78.6]

28.7 
[26.9; 30.5]

1.07  
[1.02; 1.11]

0.83 
[0.73; 0.94]

0.524 
[0.504; 0.545]

0.022
0.034 

[0.012; 0.055]
0.003

all 
outpatients

69.8  
[67.1; 72.5]

95.4  
[95.2; 95.6]

15.27  
[14.39; 16.21]

0.32  
[0.29; 0.34]

0.827 
[0.811; 0.843]

<0.001
0.409 

[0.389; 0.428]
<0.001
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without a fever. The sensitivity of fever for PCR positivity 
was 9.43% (95% CI: [3.13%; 20.66%]), whereas the specific-
ity was 99.15% (95% CI: [98.86%; 99.38%]).20 Similarly, our 
results demonstrate that fever or a history of fever was 
positive in 36.2% of PCR-positive pandemic outpatient 
cases, whereas it was also positive in 24.8% of PCR-negative 
pandemic outpatient cases. Therefore, fever or a history 
of fever has low diagnostic value for choosing patients for 
the pandemic area or PCR positivity. Cough also yielded 
unsatisfactory results, with a higher sensitivity and lower 
specificity than fever.

Other symptoms related to COVID-19, namely shortness 
of breath, sore throat, headache, myalgia, loss of taste and 
smell, or diarrhea were considered as a whole in the “Pos-
sible COVID-19 Case Questioning Guide for Outpatients” 
triage chart. Several studies reported that between 5% and 
85% of infected patients lose their sense of smell.21 Other 
symptoms, such as shortness of breath, are seen in 18–55% 
of infected patients, and myalgia and fatigue in 11–44%. 
Confusion, sore throat, nasal discharge or congestion, 
chest pain, diarrhea, nausea and vomiting, hemoptysis, 
and headache are observed in less than 10% of infected pa-
tients.14,16,19 Since the question included in the triage chart 
is an umbrella question and covers symptoms as a whole, 
we could not perform an analysis of individual symptoms. 
However, these symptoms had the highest positivity rate 
among the triage chart questions.

There is a paucity of data in the  literature regarding 
triage charts as a tool to single out possible COVID-19 
cases and the association of triage charts with PCR posi-
tivity. A Saudi Arabian study that evaluated the predic-
tion of a positive PCR test using a triage chart reported 
that the sensitivity, specificity, positive predictive value, 
and negative predictive value were 64%, 55.7%, 31.1%, and 
83.2%, respectively.22 A ROC curve analysis reported AUC 
value of 0.60 (95% CI: [0.57; 0.64]). Male sex, being a health-
care worker or their family member, and fever were predic-
tive of PCR positivity.22 Another similar triage study was 
conducted by Mansella et al., who reported that COVID-19 
PCR positivity was significantly associated with symp-
toms such as fever, cough, myalgia, and headache; however, 
symptoms such as dyspnea, wheezing and sore throat have 
been reported as having a significant association with PCR 
negativity.23 A risk tool developed by Lundon et al., which 
includes body mass index (BMI), age, gender, and tem-
perature, had an AUC of 0.77 for COVID-19 positivity.24 
A Qatar-based study presented a scoring system based 
on a logistic regression model using predictors identified 
by random forest, which includes emergency department 
indicators (demographic data, chief complaint and vital 
signs) for COVID-19 positivity; the model had a 5.9 positive 
likelihood ratio and a 19.3 negative likelihood ratio at dif-
ferent cutoff points.25 In contrast to these studies, a similar 
scoring system from southern Tunisia, which included con-
tact history, fever, cough and/or dyspnea, sore throat, nau-
sea/vomiting/diarrhea, renal/respiratory, or cardiac failure, 

had insufficient AUC to discriminate COVID-19 cases.26 
Our results demonstrate that the “Possible COVID-19 Case 
Questioning Guide for Outpatients” triage chart had high 
sensitivity and specificity value as a whole, with a consid-
erable AUC for discriminating possible COVID-19 cases, 
similar to  the currently published literature. However, 
it had an unsatisfactory diagnostic value for predicting PCR 
positivity in patients referred to the pandemic outpatient 
area, underlying a poor correlation with PCR positivity 
within possible cases. Although fever was reported to have 
low sensitivity and specificity,20 several triage chart stud-
ies and our study included fever as an item for triage.22–24 
The differences regarding the diagnostic performance 
of triage charts can be explained by the way the triage 
charts are implemented, as the “Possible COVID-19 Case 
Questioning Guide for Outpatients” considers any ques-
tion answered positively as a possible case, whereas others 
require multiple items and a cutoff for positivity.22,24 More-
over, triage charts also differ regarding the way of inclusion 
of symptoms and contact history. Also, positive symptom-
atology and cultural differences in defining contact history 
may influence the results.

Limitations

There are certain limitations to our study. First, due 
to the retrospective nature of our study, only the triage 
charts and patient COVID-19 PCR outcomes were avail-
able without data loss. Second, we were unable to break 
down and individually analyze symptoms in question 3 
within the “Possible COVID-19 Case Questioning Guide 
for Outpatients” triage chart, which is an umbrella ques-
tion including shortness of breath, sore throat, headache, 
myalgia, loss of taste and smell, or diarrhea. Moreover, not 
all patients considered low-risk during triage were screened 
with PCR for COVID-19. Among 36,152 patients who were 
considered low-risk after triage questioning, 94 patients 
were PCR-positive for COVID-19. However, these patients 
underwent PCR screening for preoperative evaluation, 
if they developed a new symptom or for contact screen-
ing. Therefore, the results should be evaluated accordingly.

Conclusion

Effective triage is the first step in preventing in-hospital 
transmission of COVID-19. The “Possible COVID-19 Case 
Questioning Guide for Outpatients” triage chart created 
by the Turkish Ministry of Health presents high sensitiv-
ity and specificity for discriminating possible COVID-19 
cases to refer them to pandemic area, but has unsatis-
factory diagnostic value for predicting PCR positivity 
in pandemic outpatients. The diagnostic value of the tri-
age chart is mainly attributed to questions regarding pos-
sible COVID-19 infection symptoms rather than these 
concerning contact history. Therefore, the current triage 
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chart should be used accordingly, i.e., to define possible 
COVID-19 cases rather than PCR-positive cases. Further 
studies regarding COVID-19 triage for possible and PCR-
positive cases should focus also on the individual diagnos-
tic value of less prevalent symptoms.
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Abstract
Background. Renalase is an enzyme secreted by the kidneys, which takes part in the regulation of arterial 
pressure, myocardial contractility and modulation of vascular resistance, but its effect on renalase levels 
in newborns has not been studied yet. The levels of advanced oxidation protein products (AOPPs) were also 
evaluated as a marker of oxidative stress.

Objectives. This study examined whether renalase and AOPP levels are different in the cord blood of new-
borns exposed to gestational hypertension (HT). The association of both factors with perinatal and anthro-
pometric data among the studied patients was assessed.

Materials and methods. The study included 89 newborns: 30 newborns from the study group, whose 
mothers were diagnosed with gestational HT, and 59 newborns born from normal pregnancies, who formed 
the control group. Anthropometric measurements and perinatal data in newborns in both groups were 
recorded.

Results. A significantly lower (p < 0.001) concentration of renalase was found in the study group (me-
dian (Q1–Q3): 23.96 µg/mL (20.63–26.91 µg/mL)) as compared to the control group (median (Q1–Q3): 
37.54 µg/mL (33.78–40.02 µg/mL)). In case of AOPPs, a significantly higher (p < 0.001) concentration 
of AOPPs was observed in the study group (median (Q1–Q3): 131.65 µmol/L (113.80–146.10 µmol/L)) than 
in the controls (median (Q1–Q3): 93.70 µmol/L (87.10–111.20 µmol/L)).

Conclusions. A significant difference between renalase and AOPP concentrations between the study and 
control groups has been demonstrated. Both factors may influence anthropometric and perinatal outcomes 
of newborns.

Key words: cord blood, gestational hypertension, newborns, renalase, oxidative stress
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Background

Pregnancy is associated with many physiological he-
modynamic changes; however, hypertensive disorders 
of pregnancy (HDP) affect as much as 6–10% of pregnant 
women in Europe and the USA. Gestational hypertension 
is a condition characterized by newly diagnosed hyperten-
sion (HT) after 20 weeks of pregnancy, without accompa-
nying proteinuria or other biochemical or hematological 
disturbances. Gestational HT can lead to the development 
of more complex HDP, such as preeclampsia or eclampsia, 
which, in addition to HT, are characterized by protein-
uria and/or maternal kidney and liver injury, neurologi-
cal symptoms, hemolysis or thrombocytopenia, and often 
serious complications in the newborn.1,2

Complications of gestational HT are currently consid-
ered to be one of the most common causes of maternal 
death. The life and health of newborns is also endangered 
due to the increased risk of intrauterine growth retarda-
tion or placental abruption, which may result in premature 
birth and other serious complications requiring hospital-
ization in the neonatal intensive care unit (NICU). In ad-
dition, the risk of an urgent cesarean section is increased, 
which threatens both mother and child.3

Renalase is  a  recently described flavoprotein oxidase, 
which takes part in the regulation of the cardiovascular sys-
tem.4,5 Numerous clinical studies have proven a significant 
impact of renalase on heart rate, myocardial contractility 
and vascular tone. Regardless of its function as an inducer 
of catecholamine degradation, renalase also has the proper-
ties of cytokine: it causes cytoprotective and anti-inflam-
matory effects, and inhibits cell hypoxia and apoptosis.6,7 
Genetic investigations have revealed the occurrence of single 
nucleotide polymorphisms (SNPs) in the renalase gene and 
the association of some of them with selected cardiovascular 
diseases, kidney diseases, type 1 diabetes, ischemic stroke, 
female infertility schizophrenia, as well as gestational HT 
and preeclampsia.8–12 Renalase is secreted into the blood 
mainly by the kidneys, but its expression has also been shown 
in many other organs and tissues such as heart, skeletal mus-
cles, endothelium, small intestine, adipose tissue, brain, liver, 
as well as in the reproductive/steroidogenic system, which 
is an interesting finding in the context of this study.13,14

Oxidative stress takes part in the development of numer-
ous pathologic conditions and by affecting the prenatal life 
it may have a deleterious effect by causing perinatal disor-
ders and subsequent neonatal diseases. The oxidative stress 
is defined as an imbalance between oxidants and antioxi-
dants, which results in the formation of reactive oxygen 
species (ROS) that react mainly with proteins but also with 
DNA, nucleotides, lipids, carbohydrates, and cell membrane 
structure elements. The result of these reactions is a de-
struction of tissue in the mechanism of hypoxia, hyperoxia, 
ischemia, and local inflammation.15,16 Pregnancy-induced 
HT is a condition of increased risk of exposure to oxidative 
stress, which can affect both the mother and the child.17,18 

Advanced oxidation protein products (AOPPs) are albumins 
whose structure has been modified under oxidative stress 
generated by ROS, and as a result of these changes in their 
structure, their antioxidant properties are significantly re-
duced. Due to their characteristics, AOPPs are well-known 
and easily quantifiable oxidative stress markers, whose high 
levels have been determined in patients with diabetes mel-
litus, cardiovascular diseases, HT, and atherosclerosis.19–21

Objectives

In the present study, the umbilical cord blood has been used 
as a study material due to its good reflection of the neonate 
condition in the perinatal period and convenient sampling. 
The study examined how AOPPs and renalase in the um-
bilical cord blood of newborns of mothers suffering from 
gestational HT differ from those parameters in neonates who 
were born from normotensive pregnancies. Both factors were 
examined because of their possible association with gesta-
tional HT the study group. Furthermore, the investigation 
was extended by analyzing the association between renalase 
and AOPP level and neonatal anthropometric measurements 
and demographic data. The aim was to determine whether 
changes in cord blood renalase and AOPP concentrations 
induced by HT affect neonatal outcome data.

Materials and methods

Study design and participant criteria

The study included 89 newborns divided into 2 groups: 
the study group (HT group) including 30 newborns from 
pregnancies complicated by gestational HT, and the con-
trol group consisting of 59 newborns from normotensive 
pregnancies. All newborns were born in the Multi-Specialist 
Hospital in Gliwice, Poland, between 2018 and 2020. Mothers 
of patients from the HT group did not suffer from other dis-
eases besides the gestational HT and did not have arterial HT 
before pregnancy. Gestational HT was diagnosed according 
to the guidelines of the Polish Society of Gynaecologists and 
Obstetricians as HT occurring after 20 weeks of pregnancy, 
when blood pressure values in office measurements are above 
140 mm Hg for systolic blood pressure (SBP) and/or higher 
than 90 mm Hg for diastolic blood pressure (DBP), without 
accompanying proteinuria or other biochemical and hemato-
logical disorders. Patients qualified to the control group came 
from physiological pregnancies, their mothers did not have 
any accompanying diseases before and during pregnancy, 
and their arterial blood pressure values were normal.

Ethical issues

This study was conducted in full accordance with the Dec-
laration of Helsinki and was approved by the Bioethics 
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Committee of the Silesian Medical University in Kato-
wice, Poland (resolution No. KNW/022/KB1/109/18). All 
participating women were familiarized with the method 
and purpose of research and signed the informed consent 
to participate.

Data and sample collection

Medical data concerning both the mother (age, history 
of pregnancies and deliveries, accompanying diseases), de-
livery (course of delivery, gestational age, a group B Strepto-
coccus test result, color of waters) and the newborn (Apgar 
score, sex, birth weight, body length, head circumference, 
chest circumference) were recorded. Cord blood was col-
lected from the umbilical vein in the 3rd stage of labor, just 
after the umbilical cord was tightened. Blood was collected 
into the ethylenediaminetetraacetic acid (EDTA) tubes, 
samples were centrifuged and then the serum samples 
were frozen and stored at −80°C.

Measurements

Renalase and AOPP concentration determinations were 
performed at the Department of Medical and Molecular 
Biology (Faculty of Medical Sciences in Zabrze, Medical 
University of Silesia in Katowice, Poland). The determi-
nation of renalase concentrations was performed with 
the commercially available enzyme-linked immunosorbent 
assay (ELISA) kit (Cloud-Clone, Katy, USA). The sensitiv-
ity of the set was 1.37 ng/mL, intra-serial error was <10% 
and extra-serial error was <12%. The AOPP concentra-
tions were determined with spectrophotometric method, 
using commercial test (Immundiagnostik AG, Bensheim, 
Germany). The sensitivity of the kit was 11 µmol/L, intra-
serial error was <5.6% and extra-serial error was <14.3%.

Statistical analyses

Because the study variables did not meet the assumptions 
of normal distribution in each group, the data were pre-
sented as median with interquartile range (IQR). The dis-
tributions were evaluated using the Shapiro–Wilk test, and 
in all the variables p < 0.05 was considered significant. 

The Mann–Whitney U test was used to compare vari-
ables between groups. The Spearman’s rank correlation 
coefficient was used to analyze the relationship between 
the variables. Rstudio package and Seaborn library for 
Python language in Jupyter notebook environment were 
used to perform the analysis (https://seaborn.pydata.org/).

Results

Perinatal data on  neonates obtained in  both groups 
are presented in Table 1. In both groups, males (58.4%) 
predominated over the females (41.6%). Most of the new-
borns included in the study were born by vaginal delivery 
(89.9%), and a smaller part by cesarean section (10.1%). 
In case of neonates qualified for the study who were born 
by cesarean section, the operative delivery took place for 
elective indications (ophthalmological, orthopedic indica-
tions). In the whole group of mothers of children included 
in the study, a similar percentage of nulliparous (49.4%) and 
multiparous women (50.6%) was observed.

Mothers of children were 20–41 years old, all the infants 
were eutrophic, rated on the Apgar scale above 8 points 
due to good condition and born from clear amniotic fluid 
at the time of delivery (between 37 and 42 weeks of preg-
nancy). Among the  anthropometric factors (Table 2), 
a  statistically significant difference in gestational age, 

Table 1. Perinatal data of the patients

Variable HT group 
(n = 30)

Control group 
(n = 59)

Both groups 
(n = 89)

Gender

Female 13 (43.3%) 24 (40.7%) 37 (41.6%)

Male 17 (56.7%) 35 (59.3%) 52 (58.4%)

Delivery

Normal vaginal 25 (83.3%) 55 (93.2%) 80 (89.9%)

Cesarean section 5 (16.7%) 4 (6.8%) 9 (10.1%)

Parity

Nulliparous 14 (46.7%) 30 (50.8%) 44 (49.4%)

Multiparous 16 (53.3%) 29 (49.2%) 45 (50.6%)

HT – hypertension.

Table 2. Anthropometric characteristics of the 2 studied groups

Parameter
HT group (n = 30) Control group (n = 59)

p-value*
median Q1 Q3 median Q1 Q3

Age of the mother [years] 30.0 27.0 32.0 30.0 27.0 32.0 0.213

Gestational age [weeks] 39.0 38.5 40.0 40.0 39.0 40.0 0.029

Birth weight [g] 3265.0 3290.0 3745.0 3300.0 3090.0 3650.0 0.284

Body length [cm] 53.8 53.5 56.0 55.0 54.0 56.0 0.006

Head circumference [cm] 33.0 33.0 34.5 34.0 32.0 35.0 0.098

Chest circumference [cm] 32.0 32.0 35.0 33.0 32.0 34.0 0.048

*p-values for Mann–Whitney U test. HT – hypertension; Q1 – 1st quartile; Q3 – 3rd quartile. Values in bold are statistically significant.
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body length and chest circumference was observed: in-
fants in the HT group had a statistically significant lower 
gestational age, as well as  lower body length and chest 
circumference compared to the control group.

The comparison of renalase and AOPP values in the HT 
and control groups is presented on a graph and as a me-
dian with IQR (Fig. 1,2). A significantly lower (p < 0.001) 
renalase concentration was found in the HT group (23.96 
(20.63–26.91) μg/mL) as compared to the control group 
(37.54 (33.78–40.02) μg/mL). In case of AOPPs, a signifi-
cantly higher (p < 0.001) AOPP concentration was mea-
sured in the HT group (131.65 (113.80–146.10) μmol/L) 
than in the control group (93.70 (87.10–111.20) μmol/L).

In order to establish the association between studied 
factors and the fetal development, the correlation between 
the concentrations of the given substances and the demo-
graphic, perinatal and anthropometric data of the new-
borns were analyzed (Table 3). No correlation was found 
between gestational age and AOPP concentration, as well 
as between renalase and AOPP concentrations and other 
studied parameters such as body weight, body length, head 
circumference, and chest circumference. Renalase and 

AOPP concentrations were compared in relation to se-
lected perinatal parameters such as gender, type of delivery 
and parity. A statistically significant difference was found 
for renalase concentration and parity in the control group, 
and a significant correlation between AOPP concentration 
and the type of delivery in the whole population of children 
included in the study (Table 4,5).

Discussion

Renalase

Numerous clinical studies indicate that renalase has 
a significant effect on the cardiovascular system through 
its active participation in catecholamine degradation. Prob-
ably affecting the reduction of catecholamines in the blood, 
it directs hemodynamic changes such as a decrease in ar-
terial pressure, myocardial contractility or vascular resis-
tance.3,5 The pathogenesis of HDP is multifactorial, and 
one of the most probable theories concerns microcircu-
lation disorders in uterine arteries resulting in impaired 

Table 3. Correlation coefficients between anthropometric parameters and renalase and AOPP levels

Parameter
Renalase AOPP

HT group (n = 30) p-value control group 
(n = 59) p-value HT

group (n = 30) p-value control group 
(n = 59) p-value

Gestational age 0.07 0.696 0.13 0.326 –0.15 0.425 0.04 0.771

Birth weight –0.16 0.392 0.06 0.657 0.04 0.846 0.13 0.329

Birth length 0.14 0.445 –0.03 0.809 0.19 0.31 0.06 0.681

Head circumference –0.06 0.773 –0.01 0.913 –0.07 0.717 0.10 0.457

Chest circumference –0.13 0.509 –0.01 0.919 –0.09 0.652 0.09 0.492

Selected values of Spearman’s rank correlation. Statistically significant values (p < 0.05) were not observed. HT – hypertension; AOPP – advanced oxidation 
protein product.

Fig. 1. Renalase concentrations in studied groups. Data are presented as 
median and interquartile range (IQR). *p-values for Mann–Whitney U test. 
Z-score value is at 6.787. The graph was prepared without taking outliers 
into account

Fig. 2. Advanced oxidation protein product (AOPP) concentrations in 
studied groups. Data are presented as median and interquartile range 
(IQR). *p-values for Mann–Whitney U test. Z-score value is at –6.427. The 
graph was prepared without taking outliers into account
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placental blood flow.22 The evaluation of the effect of re-
nalase on the development of microcirculation in the pla-
centa may give an interesting diagnostic and therapeutic 
effect. Relationships between renalase and the  female 
reproductive system as well as pregnancy were demon-
strated in many fields. Zhou et al. presented results show-
ing high expression of renalase in both male and female 
gonads, as well as in the renal cortex. Further investiga-
tion has shown that the treatment of mice with gonad-
otropin-releasing hormone (GnRH) antagonist, which 
reduces the production of steroids, is also associated with 
reduced expression of renalase in gonads.15 Clinical trials 

have also been carried out to link renalase with the occur-
rence of HDP. The strongest evidence of such connection 
is proven for rs2576178 and rs10887800 polymorphisms 
of the renalase genes or their combination. It was also no-
ticed that values of SBP and DBP depend on the genotype 
dominance.7–9

To  the  best of  our knowledge, no studies have been 
carried out so far to present the evaluation of cord blood 
renalase concentration among newborns. Publications 
demonstrating the  determinations of  serum renalase 
in pregnant women by Yılmaz et al. and El Niadany et al. 
reported that the renalase was significantly lower in groups 

Table 4. Renalase concentrations [µg/mL] among neonates exposed to gestational HT in the control group and all neonates included in the study, 
according to selected perinatal data

Variable HT group Z p-value* Control
group Z p-value* All neonates Z p-value*

Gender

Female
23.0  

(21.4–27.9)
−0.02 0.982

36.4  
(33.0–40.0)

−0.71 0.477

33.3  
(27.6–39.4)

−0.4 0.690
Male

24.2  
(20.1–26.9)

37.6  
(34.5–40.0)

35.5  
(26.9–38.3)

Delivery

Normal vaginal
24.5  

(21.0–27.2)
71.0 0.210

37.0  
(33.8–38.9)

123.5 0.174

35.1  
(29.0–38.3)

1.69 0.091
Cesarean section

23.0  
(17.6–25.6)

40.1  
(32.9–41.8)

26.8  
(22.9–40.0)

Parity

Nulliparous
24.0  

(20.1–29.7)
0.19 0.852

37.7  
(36.5–40.2)

1.97 0.049

36.6  
(29.0–40.1)

1.51 0.132
Multiparous

24.0  
(20.7–26.6)

35.5 
(33.4–38.1)

33.4  
(26.2–37.7)

Data are presented as median and interquartile range (IQR). *p-values and Z-score for Mann–Whitney U test; p-values statistically significant (<0.05) are 
bolded. In subgroups, all the parameters were significantly different between HT group and control group. HT – hypertension.

Table 5. Advanced oxidation protein product (AOPP) concentrations [µmol/L] among neonates exposed to gestational HT in the control group and all 
neonates included in the study, according to selected perinatal data

Variable HT group Z p-value* Control
group Z p-value* All neonates Z p-value*

Gender

Female
131.0  

(109.7–142.2)
−0.82 0.413

94.5  
(76.8–112.0)

−0.57 0.568

105.1  
(88.3–121.6)

−0.55 0.581
Male

129.7  
(118.5–153.2)

93.7  
(88.9–103.2)

102.8  
(90.6–122.0)

Delivery

Normal vaginal
131.1  

(111.8–153.3)
−0.33 0.741

94.1  
(86.7–112.0)

−0.32 0.752

102.7  
(88.9–118.9)

−2.05 0.041
Cesarean section

132.5  
(121.5–143.8)

93.5  
(91.2–104.3)

120.7  
(102.3–135.2)

Parity

Nulliparous
134.4  

(118.5–146.1)
0.17 0.868

93.5  
(88.4–112.8)

0.16 0.874

103.7  
(89.3–121.7)

−0.07 0.944
Multiparous

128.8  
(113.3–147.3)

96.5  
(86.2–105.8)

105.8  
(87.7–122.5)

Data are presented as median and interquartile range (IQR). *p-values and Z-score for Mann–Whitney U test; p-values statistically significant (<0.05) are 
bolded. In subgroups, all the parameters were significantly different between HT group and control group. HT – hypertension.
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of pregnant women with HDP compared to the control 
subjects.23,24 We observed a similar trend in our study, 
when lower renalase levels were dectected in  the cord 
blood of neonates exposed to gestational HT than in those 
from healthy pregnancies.

The observations from the above study provide a clear 
indication that cord blood renalase concentration is al-
tered as a result of exposure to gestational HT. Considering 
the knowledge on the various effects of renalase, it seems 
important to know the exact influence of its concentration 
fluctuations on neonatal development. To extend the eval-
uation of the effect of reduced renalase levels on child 
growth, we correlated renalase concentrations with peri-
natal and anthropometric parameters of newborns. This 
analysis has not answered whether anthropometric and 
perinatal variables are in any way associated with fluctua-
tions in renalase levels.

Advanced oxidation protein products

Literature data indicate a significant influence of oxi-
dative stress on the development of HDP. Free radicals 
generate destructive effects on the endothelium of pla-
cental blood vessels, and cause increased immunologi-
cal response, which may lead to the development of HT.25 
The AOPP levels in peripheral blood of pregnant women 
in various groups of HDP were described as higher than 
in healthy pregnant women.18,19 The assessment of the in-
fluence of oxidative stress in newborns, especially prema-
ture infants, is presented in many studies covering children 
affected by such conditions as retinopathy of prematurity 
(ROP), bronchopulmonary dysplasia (BPD), necrotizing 
enterocolitis (NEC), patent ductus arteriosus (PDA), peri-
ventricular leukomalacia (PVL), and intraventricular hem-
orrhage (IVH), together forming a group of free radical-
related diseases (FRD). A greater exposure to FRD among 
premature infants than among children born on their due 
dates was explained by the fact that the lower the gesta-
tional age, the worse the antioxidant response of the fetus. 
In addition, elevated levels of oxidative stress markers have 
been proven in newborns exposed to pain.26–28 Elevated 
levels of AOPPs and other oxidative stress markers such 
as ischemia-modified albumin (IMA), thiobarbituric acid 
reactive substance (TBARS) or serum malondialdehyde 
(MDA) were detected in peripheral blood of pregnant 
women with HDP. In addition, it has been observed that 
in preeclampsia patients, elevated levels of  lipid perox-
ides, which are formed under the influence of ROS, are 
associated with reduced levels of vitamin E and C, known 
as first-line antioxidants.26–28

Considering the literature data suggesting that oxidative 
stress occurring in the perinatal period has a significant 
influence on the development of complications in new-
borns, we decided to determine the concentration of AOPPs 
as a well-known marker of oxidative stress in the studied 
groups. The obtained results clearly show that in the group 

of  neonates born from mothers with gestational HT, 
the level of AOPPs in cord blood was significantly higher 
than in the control group. The increased concentration 
of AOPPs in cord blood in the HT group may provide evi-
dence that exposure to gestational HT induces oxidative 
stress, which has a direct effect on the child. This conclu-
sion is consistent with observations from other studies stat-
ing that the pathogenesis of gestational HT involves the de-
struction of the endothelium of the placental blood vessels 
under oxidative stress. Extending the scope of the study 
to compare anthropometric and perinatal data did not pro-
vide a clear answer on the effect of oxidative stress on child 
development.

Limitations of the study

Notwithstanding the fact that the results clearly show 
an association between changes in renalase and AOPP 
concentrations under the  influence of gestational HT, 
the limitations of our work must be considered. In this 
study, only neonates born at term and eutrophic were in-
cluded. The development of gestational HT predisposes 
to preterm birth and intrauterine hypotrophy, and thus 
we consider that studies among children with such peri-
natal complications should be continued. Furthermore, 
the determination of peripheral blood renalase concen-
trations in neonates in correlation with blood pressure 
measurements could explain the  process of  renalase 
homeostasis. The relatively small size of the groups was 
also a limitation of this study, but in the pediatric groups 
in a single-center research, it is difficult to collect a more 
numerous study groups.

Conclusions

A significant difference for both renalase and AOPP 
concentrations between the study group and the control 
group has been demonstrated, as well as a correlation 
of renalase concentration with gestational age. Both fac-
tors may influence anthropometric and perinatal out-
comes of newborns. Taking into account other literature 
data on the relaxing effect of renalase on blood vessels, 
it is likely that renalase disturbances and elevated levels 
of oxidative stress markers contribute to disorders of pla-
cental microcirculation. Further studies aimed at deter-
mining renalase and AOPPs in both umbilical and pe-
ripheral blood of newborn infants may provide a more 
complex answer on the causes of HDP and their impact 
on the development of newborns.
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Abstract
Background. Medical workers are a group that is particularly vulnerable to infection during the coronavirus 
disease 2019 (COVID-19) pandemic.

Objectives. The study aimed to assess the risk of COVID-19 infection and its course in the medical staff 
of a COVID-only and a non-COVID hospital.

Materials and methods. The observational study included 732 participants who were medical workers. 
The study was conducted between June 2020 and December 2020, before widespread COVID-19 immuniza-
tion was introduced.

Results. Of the 732 employees of the hospitals, 377 had a history of COVID-19. The risk of disease was twice 
as high in the medical staff of the COVID-only hospital compared to the medical staff of the non-COVID 
hospital (odds ratio (OR) = 2.0; p < 0.001). Among medical personnel, 20.6% of the participants were 
asymptomatic and 6.4% required hospitalization. For the non-COVID hospital, the employees who were 
most frequently infected with COVID-19 were nurses/paramedics/medical caretakers. The factor influencing 
the risk of infection was body mass index (BMI; OR = 1.05; p = 0.004). The risk of COVID-19 infection was 
lower in the influenza vaccine group (OR = 2.23, p < 0.001).

Conclusions. The study results indicate that employees of the hospital treating only COVID patients have 
a higher risk of infection. Previous observations on factors predisposing to COVID-19 infection like gender 
and BMI were confirmed. However, the observations carried out on the studied population did not confirm 
the influence of other factors, such as the coexistence of chronic diseases (apart from diabetes) on the risk 
of developing COVID-19. In addition, we noticed that seasonal influenza vaccination has a beneficial effect 
in patients with COVID-19 infection.

Key words: epidemiology, medical staff, COVID-19, risk of infection
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Background

Since the turn of 2019 and 2020, we are struggling with 
the  coronavirus disease 2019 (COVID-19) pandemic. 
Due to the high transmission rate of the virus, millions 
of people worldwide contracted COVID-19 within a short 
period. The severe acute respiratory syndrome coronavi-
rus 2 (SARS-CoV-2) infection shows a broad spectrum 
of clinical presentation. In approx. 20% of patients, the dis-
ease leads to respiratory failure or damage to other organs. 
In symptomatic cases, the course of the disease depends 
on many factors, including age, gender and comorbidities.1,2 
By identifying and assessing risk factors and implement-
ing appropriate strategies, the risk of complications can 
be reduced. Age-related changes in innate and acquired 
immunity against COVID-19 infection have not yet been 
studied in detail, and the impairment and dysregulation 
of both kinds of immunity in older age can be inferred from 
examples of other viral infections, including flu. Kim et al. 
have noted an impaired interferon (IFN) type 1 response 
in the elderly, which is responsible for the increased rep-
lication of flu virus in cell culture.3 In addition, several 
common nonstructural proteins of SARS-CoV-2 suppress 
IFN type 1 responses, and such suppression leads to a poor 
response of CD8+ cell and T cell to viral infection.4,5

Obesity is another risk factor for severe SARS-CoV-2 
course, and this correlation is mainly attributed to im-
paired innate and acquired immunity among the over-
weight.6 In adipose tissue, the expression of ACE2 recep-
tors is higher than in the lung. Adipose tissue performs 
immune functions by maintaining chronic low-grade in-
flammation. Macrophages in the tissue can, under favor-
able conditions, activate a systemic acute inflammatory 
response, with the synthesis of pro-inflammatory cyto-
kines: interleukin 6 (IL-6), tumor necrosis factor alpha 
(TNF-α) and others. In the case of COVID-19 infection, 
it is thought that this process may contribute to the de-
velopment of the so-called cytokine storm. Adipocytes 
in adipose tissue release adiponectin and leptin, which are 
among the risk markers for cardiovascular disease (CVD) 
and are also associated with inflammation.6

Diabetes in COVID-19 patients has been found to in-
crease the risk of hospitalization, severe complications and 
death in the course of the disease.7 It is known that diabetes 
is associated with impaired innate as well as acquired im-
munity, which is due to impaired phagocytosis and function 
of macrophages and neutrophils, T cell function and clear-
ance of viral particles. In addition, diabetic patients suffer 
from chronic inflammation with increased levels of pro-
inflammatory cytokines such as IL-1, IL-6 and TNF-α.

Previous data on the association of smoking with the risk 
of COVID-19 infection and severity of COVID-19 are in-
conclusive. Virus entry into host cells occurs via ACE2 
receptors. The study by Leung et al. showed an increased 
ACE2 receptor expression on airway cells of active to-
bacco smokers, which could explain the increased risk 

and more severe course of SARS-CoV-2 in this subgroup.8 
In a cross-sectional study, Jackson et al. demonstrated 
a nearly 2 times higher incidence of COVID-19 among ac-
tive smokers compared to non-smokers, regardless of gen-
der, age and comorbidities.9 Another meta-analysis showed 
not only an increased risk of severe COVID-19 in active 
smokers, but also a higher risk of severity and death during 
hospitalization and the need for mechanical ventilation 
in former smokers.10,11 On the other hand, the attention 
is paid to the so-called smoker’s paradox and the anti-in-
flammatory effect of nicotine.12 Some observational stud-
ies have shown a lower number of active smokers among 
COVID-19 patients; moreover, no adverse effect of smok-
ing on the disease course was observed.13 A meta-analysis 
of 32 studies found that active smokers have a lower risk 
of COVID-19 infection compared to non-smokers.14

The  literature also highlights the  increased risk 
of COVID-19 infection among healthcare professionals. 
A meta-analysis of 49 studies showed that seroconver-
sion to anti-SARS-CoV-2 IgG+ in the study group affects 
8.7% of the population. Risk factors for seropositivity were: 
male sex, black race, Asian and Hispanic origin, work-
ing in a unit dedicated to COVID-19 patients, working 
in direct contact with patients, and using inappropriate 
personal protective equipment.15

The  medical staff has been the  group working 
on  the  front line in  the  fight against the  virus. When 
the COVID-19 pandemic began, 2 types of hospitals were 
established in our country. Some admitted only patients 
with COVID-19 infection (dedicated COVID hospitals), 
while other treated only patients with negative results for 
COVID-19 infection (non-COVID hospitals).

Objectives

The purpose of this study was to assess the risk of CO-
VID-19 infection among medical staff from 2 hospitals: 
a dedicated COVID-19 hospital and a non-COVID facility.

Materials and methods

Study design

The study group consisted of medical staff from 2 hospi-
tals: a dedicated COVID-19 hospital and a non-COVID-19 
hospital. After obtaining individuals’ informed consent 
to participate in the study, the following data were obtained 
from all participants: age, height, body weight, type of work 
performed in the case of medical staff (doctor, nurse, para-
medic, medical attendant, orderly, hospital cleaner, phys-
iotherapist, laboratory worker, technician, pharmacist), 
housing conditions (number of people living in a shared 
household), physical activity (defined as regular physical ac-
tivity of moderate intensity at least 2 times a week for at least 
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30 min), history of flu vaccination during the year preceding 
the survey, comorbidities, and smoking. In addition, the fol-
lowing information regarding the course of SARS-CoV-2 
infection was obtained: COVID-19 infection confirma-
tion method (positive polymerase chain reaction (PCR) 
test based on nasopharyngeal swab, positive antigen test 
of the nasopharyngeal swab, or positive results of antibodies 
against SARS-CoV-2), symptoms of SARS-CoV-2 infection, 
and the severity of the course of the disease.

The participant with past COVID-19 infection was de-
fined as a person who: 1) had a history of positive PCR and/
or antigen test results based on a nasopharyngeal swab, 
and/or 2) was tested positive for immunoglobulin G (IgG) 
and/or IgM anti-SARS-CoV-2 antibodies (semi-quantita-
tive or quantitative research) at the time of the current 
study (tested before COVID-19 vaccination).

Other participants who did not meet the above condi-
tions were considered as those with no past COVID-19 
infection.

Laboratory tests

Anti-SARS-CoV-2 antibodies were detected using en-
zyme-linked immunosorbent assay (ELISA). This assay 
uses semi-quantitative or quantitative method of detect-
ing antibodies present in human serum following CO-
VID-19 infection and arising from the vaccines based 
on the S1/RBD subunit of coronavirus.

The samples for the study were collected from medical 
staff after they provided their written consent to participate 
in the study. The ELISAs were performed in the labora-
tory of Euroimmun Polska sp. z o.o. (Wrocław, Poland) 
on ANALYSER I machines. The method was standard for 
determining antibodies: anti-SARS-CoV-2 in IgG, IgA and 
IgM classes and Quantivac IgG tests. Appropriately diluted 
test serum was placed on a 96-well microplate coated with 
a specific antigen. The antibodies present in the serum bind 
to solid-phase antigens. They are detected during the sec-
ond step, which involves the addition of an immunoglobulin 
antibody conjugate and an enzyme. The addition of sub-
strate for the enzyme catalyzes a color reaction whose mea-
sured intensity is proportional to the number of antibodies.

All reagents were supplied by Euroimmun Polska sp. 
z  o.o. Anti-SARS-CoV-2 antibodies were measured 
in the IgG, IgA and IgM classes using a semi-quantitative 
method based on the determination of the ratio coefficient. 
In addition, anti-IgG-positive sera were further assayed 
to obtain a quantitative antibody titer result, recorded 
as BAU/mL international units. For the semi-quantitative 
method, results above 1.1 were considered positive, while 
for the quantitative method, the cutoff point was a value 
of ≥35.2 BAU/mL.

This study received approval from the institutional ethics 
committee of Wroclaw Medical University, Wrocław, Po-
land (approval No. KB 634/2020), and adhered to the ethi-
cal guidelines of the Declaration of Helsinki.

Statistical analyses

Analyses were performed using R  software package 
v. 4.0.5 (R Foundation for Statistical Computing, Vienna, 
Austria) and STATISTICA v. 13.1 (TIBCO Software Inc., 
Palo Alto, USA). Categorical variables were presented 
as frequencies with percentages, whereas median and in-
terquartile range (IQR) were used to describe continuous 
variables. Categorical variables were compared using the χ2 
test or Fisher’s exact test. The evaluation of data normal-
ity was performed using the Shapiro–Wilk test, and non-
normally distributed continuous variables were compared 
using the Mann–Whitney test. For multiple comparisons, 
the Kruskal–Wallis test and a post hoc Dunn’s test with 
Benjamini–Hochberg correction were applied. The ef-
fect of risk factors on the probability of critical course 
of SARS-CoV-2 infection was estimated with univariate 
logistic regression. Outliers were checked with standard-
ized residuals analysis. A p-value of 0.05 was considered 
statistically significant.

Results

Analysis of COVID-19 incidence  
and SARS-CoV-2 course in a COVID-19 
hospital and a non-COVID hospital

Risk of disease by workplace – COVID hospital 
compared to non-COVID hospital

The study group consisted of 732 medical staff, of whom 
460 were employees of a non-COVID hospital and 272 
were employees of a COVID hospital. The staff included 
568 females (78%) and 164 males (22%); the average age 
of the staff was 47 years. The characteristics of the study 
group are described in Table 1.

Of 732 hospital workers, 377 had COVID-19 infection 
in the past. There was a statistically significant relation-
ship (χ2 = 20.58; p < 0.001), indicating that the number 
of cases depended on the place of work. The risk of disease 
was twice higher for COVID hospital medical staff than 
for non-COVID hospital medical staff – 62% and 45%, 
respectively (odds ratio (OR) = 2.0, p < 0.001).

Hospitalized patients were older than those with mild 
or asymptomatic COVID-19. In the analyzed population, 
hospitalized patients had a significantly higher median age 
than those who did not require hospitalization – 57 (54–60) 
years and 48 (39–56) years, respectively (p < 0.001) (Fig. 1). 
In the univariate model, the chance of being hospitalized 
was 10% higher with age increasing by 1 year (OR = 1.1, 
p < 0.001). Data on regression, 95% confidence intervals 
(95% CIs) for ORs, statistical significance for the entire 
model, and a  measure of  goodness-of-fit (Nagelkerke 
pseudo R2) are presented in Table 2.



M. Madej et al. COVID-19 and its course in the medical staff984

Among the  studied medical staff, 48% of  women 
and 62% of  men have been infected with COVID-19 
in the past. In 20.6% the course of the disease was as-
ymptomatic, in 73% required only home treatment and 
in 6.4% required hospitalization. In terms of severity, 

there were no statistically significant differences be-
tween COVID and non-COVID hospitals.

Risk of disease according to occupational groups

Risk for all hospital staff
A statistically significant relationship between occupa-

tional group and risk of infection (χ2 = 20.05; p = 0.0012) 
was demonstrated for all medical staff. The group of medi-
cal staff who were most likely to be infected with COVID-19 
were the nurses/paramedics/medical caretakers (60%), or-
derlies/hospital cleaners (55%) and physiotherapists (53%). 
Lab workers/technicians/pharmacists were the least likely 
to be infected (38%).

Risk of disease by workplace (COVID  
compared to non-COVID hospital) 

For the medical staff as a whole, the group of employ-
ees who were most frequently infected with COVID-19 
were nurses/paramedics/medical caretakers (56%) and 
the group of employees who were least frequently infected 
were administrative workers (23%). The above relationship 
was not observed for a COVID-19 hospital. There were 
no statistically significant correlations in incidence rates 
between occupational groups (p = 0.37) (Table 3).

Table 1. Characteristics of medical staff in a COVID hospital and a non-COVID hospital

Variable
n (%)

p-valuetotal
(n = 732)

COVID hospital 
(n = 272)

non-COVID hospital
(n = 460)

Age, mean (SD) [years] 47 (12) 47 (11) 46 (12) 0.92*

Gender
male
female

164 (22)
568 (78)

51 (19)
221 (81)

113 (25)
347 (75)

0.07**

BMI, mean (SD) [kg/m2] 26 (5) 27 (5) 26 (4) 0.83*

Smoking
non-smoker
former smoker
passive smoker
active smoker

478 (65)
125 (17)

20 (3)
109 (15)

171 (63)
47 (17)

7 (3)
47 (17)

306 (66)
78 (17)
13 (3)

63 (14)

0.65***

Number of persons in a household
1
2

 >2

94 (13)
266 (36)
372 (51)

32 (12)
92 (34)

148 (54)

62 (13)
174 (38)
224 (49)

0.30***

Number of households with children <5 years of age 63 (9) 24 (9) 39 (9) 1**

Number of households with persons >65 years of age 61 (8) 23 (9) 38 (8) 1**

Chronic diseases 240 (33) 96 (35) 144 (31) 0.17**

Renal diseases 6 (1) 2 (1) 4 (1) 1****

Cardiovascular diseases 69 (9) 19 (7) 50 (11) 0.15**

Pulmonary diseases 17 (2) 3 (1) 14 (3) 0.18****

Systemic connective tissue diseases 3 (0.4) 0 (0) 3 (1) <0.001****

Neurological diseases 12 (2) 6 (2) 6 (1) 0.48**

Hashimoto’s thyroiditis 67 (9) 23 (9) 44 (9) 0.83**

Diabetes 15 (2) 4 (1) 11 (2.5) 0.006****

COVID – coronavirus disease; SD – standard deviation; BMI – body mass index; * Mann–Whitney U test; ** χ2 test; *** Kruskal–Wallis test; **** Fisher’s exact test.

Fig. 1. Relationship between age and the hospitalization due 
to coronavirus disease 2019 (COVID-19) infection
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Effect of analyzed factors on risk 
of infection and on COVID-19 infection and 
the severity of the course of the disease

BMI and physical activity and the risk of infection  
and the severity of the course of the disease

For medical staff, the risk of COVID-19 infection was 
5% greater with an increase in body mass index (BMI) by 1 
unit (OR = 1.05, p = 0.004), whereas the risk of COVID-19 

infection was 85% greater for those who were overweight 
or  obese compared to  those who were underweight 
or of normal weight (OR = 1.85, p < 0.001). In addition, 
there was a statistically significant correlation between 
the severity of infection (no symptoms, home treatment, 
hospitalization) and BMI (χ2 = 17.028, p < 0.001). Among 
hospitalized patients, a significantly higher median BMI 
was noted compared to non-hospitalized patients – 26.8 
(IQR 25.3–30.3) kg/m2 and 26.2 (IQR 23.5–29.4) kg/m2, 
respectively (p = 0.043) (Fig. 2).

There was no correlation between the physical activ-
ity declared by the persons and the risk of infection and 
the severity of the course of the disease.

Impact of comorbidities and smoking on COVID-19 
incidence and the course of the disease

Among the medical staff surveyed, diabetes was present 
in a small group of 15 people (2%). The study results did 
not show that diabetic patients developed COVID-19 more 
frequently than those in the general population (Table 1). 
The influence of diabetes on the risk of hospitalization 
was observed in the group of COVID-19-positive patients. 
The history of diabetes was more than 5 times more fre-
quent (OR = 5.5; p = 0.049) among hospitalized patients 
compared to non-hospitalized patients (8.3% and 1.6%, 
respectively).

We took into account the coexistence of chronic diseases 
in general and we divided these conditions into cardiovas-
cular, pulmonary and renal disease, systemic connective 
tissue disease, neurological disease, and Hashimoto’s thy-
roiditis. Participants with chronic diseases were not shown 

Table 2. Data on regression, confidence intervals for odds ratios, statistical significance for the entire model, and a measure of goodness-of-fit (Nagelkerke 
pseudo R2)

Variable Model Estimate SE p-value OR 95% CI Nagelkerke 
pseudo R2

Age
univariate 0.095 0.03 <0.001 1.10 [1.05; 1.16] 0.12

multivariate 0.09 0.03 0.001 1.09 [1.04; 1.16] 0.14

Male sex
univariate −1.26 0.75 0.092 0.28 [0.04; 0.99] 0.03

multivariate −0.98 0.77 0.200 0.37 [0.06; 1.37] 0.14

SE – standard error; OR – odds ratio; 95% CI – 95% confidence interval.

Table 3. Risk of disease by workplace (COVID-19 hospital compared to non-COVID hospital)

Variable

Workplace

p-valueadministrative 
workers

n (%)

nurses/paramedics/
medical caretakers

n (%)

orderlies/
hospital cleaners

n (%)

physio-
therapists

n (%)

lab workers/
technicians/
pharmacists

n (%)

treating 
physicians

n (%)

Non-COVID 
hospital

COVID-19-positive 7 (23) 86 (56) 6 (46) 7 (44) 31 (38) 73 (43)
0.009*

COVID-19-negative 24 (77) 68 (44) 7 (54) 9 (56) 50 (62) 98 (57)

COVID 
hospital

COVID-19-positive 25 (69) 104 (64) 10 (67) 3 (100) 4 (36) 21 (55)
0.370*

COVID-19-negative 11 (31) 59 (36) 5 (33) 0 (0) 7 (64) 17 (45)

COVID-19 – coronavirus disease 2019; * χ2 test.

Fig. 2. Box plot of the correlation of body mass index (BMI) and 
coronavirus disease 2019 (COVID-19) infection. The horizontal line marks 
the median, the box marks the interquartile range (IQR; Q1–Q3), and 
the whiskers mark the range of outliers. Empty bubbles are outliers
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to be more likely to have COVID-19 than those without 
these diseases. Among the medical staff in the study group, 
only 3 persons had systemic connective tissue disease, and 
all of them had COVID-19, but because of the very small 
group size, we were unable to draw firm conclusions.

Smoking did not have a significant impact on the inci-
dence of COVID-19 (p = 0.58).

Association of flu vaccination with COVID-19  
infection rates and SARS-CoV-2 course severity

Data on  past f lu vaccination was available for only 
a subset of the non-COVID hospital staff. The percent-
age of  those who were vaccinated against f lu and be-
came infected was significantly lower than of those who 
were not vaccinated and became infected (χ2 = 17.401; 

p < 0.001). The chance of COVID-19 infection was more 
than twice as high among those not vaccinated against flu 
(OR = 2.23, p < 0.001). The analysis of the severity of in-
fection is difficult because only 5 participants out of 460 
analyzed with data concerning flu vaccination were hos-
pitalized (among them 3 were not vaccinated against flu).

The correlation of COVID-19 incidence  
and number of people living in a shared household

There was no statistical relationship between the num-
ber of people living in the same household and the fre-
quency of COVID-19 infection and severity. The number 
of  infections and their severity was similar regardless 
of living with children under 5 and with persons over 65 
in the same household (Table 1,4).

Table 4. COVID-19 infections among medical staff at a COVID hospital and a non-COVID hospital

Variable
n (%)

p-valuetotal
(n = 732)

COVID-19-positive
(n = 377)

COVID-19-negative
(n = 355)

Age, mean (SD) [years] 47 (12) 47 (12) 47 (12) 0.73*

Sex
male
female

164 (22)
568 (78)

103 (62.8)
272 (48)

61 (37.2)
296 (52)

0.001**

BMI, mean (SD) 26 (5) 26.7 25.5 <0.001*

BMI
underweight
normal weight
overweight
obesity

11 (2)
333 (45)
260 (35)
128 (18)

3 (1)
147 (39)
155 (41)
72 (19)

8 (2)
186 (52)
105 (30)
56 (16)

0.001***

Smoking
non-smoker
former smoker
passive smoker
active smoker

478 (65)
126 (17)

19 (3)
109 (15)

240 (64)
77 (20)
12 (3)

48 (13)

238 (67)
49 (14)

7 (2)
61 (17)

0.05***

Number of persons in a household
1
2

 >2

96 (13)
267 (36)
369 (51)

44 (12)
142 (38)
191 (51)

52 (15)
125 (35)
178 (50)

0.47***

Number of households with 
children <5 years of age

63 (9) 29 (8) 34 (10) 0.52**

Number of households with 
persons >65 years of age

61 (8) 33 (9) 28 (8) 0.79**

Chronic diseases 240 (33) 124 (33) 116 (33) 1**

Renal diseases 6 (1) 3 (1) 3 (1) 1****

Cardiovascular diseases 69 (9) 35 (9) 34 (10) 0.87**

Pulmonary diseases 17 (2) 6 (1) 11 (3) 0.16**

Systemic connective tissue diseases 3 (1) 3 (1) 0 (0) <0.001****

Neurological diseases 12 (2) 6 (2) 6 (2) 1**

Hashimoto’s thyroiditis 67 (9) 39 (10) 28 (8) 0.3**

Diabetes 15 (2) 8 (2) 7 (2) 1**

Flu vaccination (460) 235 (51) 83 (40) 152 (59) <0.001**

Physical activity 323 (44) 159 (42) 164 (46) 0.34**

COVID-19 – coronavirus disease 2019; SD – standard deviation; BMI – body mass index; *Mann–Whitney U test; ** χ2 test; *** Kruskal–Wallis test; **** Fisher’s 
exact test.
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Discussion

In the presented study, we showed the relationship be-
tween BMI, age and coexistence of diabetes mellitus with 
the risk of hospitalization due to COVID-19 in the popula-
tion of medical professionals. We have shown that previous 
influenza vaccination is a factor that may influence the risk 
of COVID-19 infection. Other analyzed risk factors, in-
cluding comorbidities other than diabetes, smoking and 
socioeconomic factors, did not affect the risk of COVID-19 
infection and the course of the disease.

By analyzing the risk of COVID-19 infection among med-
ical staff, it was shown that the risk of COVID-19 infection 
is 2 times higher among employees of a COVID hospital. 
The greatest risk of infection was for staff in direct contact 
with patients, namely nurses/paramedics/medical care-
takers, orderlies, hospital cleaners, and physiotherapists. 
The staff who was not in direct contact with the patient 
(laboratory technicians, pharmacists) got infected least 
frequently. In the analysis of incidence patterns in a CO-
VID hospital compared to a non-COVID hospital, this 
incidence profile was only retained for the non-COVID 
hospital. The COVID hospital workers showed no signifi-
cant differences between occupational groups, which can 
be explained by the high risk of exposure to COVID-19, 
despite the personal protection methods used. This indi-
cates that the employees of COVID hospitals have a higher 
risk of contracting the disease without even having direct 
contact with the patients. It may be related to the exposure 
to infection from other hospital employees. The presented 
analysis concerned data obtained before the introduction 
of universal vaccination against COVID-19, which is also 
important for the frequency and severity of cases among 
medical personnel. Because of this, medical staff members 
require prophylactic methods (vaccination), appropriate 
personal protective equipment and early diagnosis of pos-
sible infection.

Similar to other publications, among out study group, 
men were more likely to contract COVID-19, which con-
firms that it is one of the most important non-modifiable 
risk factors.16–18 The reason for this tendency has not yet 
been fully examined. It is suspected that this may be related 
to the distribution of sex-specific hormones and their ef-
fects on specific receptors. As demonstrated by anothers 
authors, estradiol, which is present at high levels in women, 
causes an increase in expression and activity of ADAM17.19,20 
The ADAM17 protein is more highly expressed in the lung 
and liver, which is associated with the excretion of surface 
proteins such as ACE2. The ADAM17 activity increased 
by estradiol results in increased ACE2 solubility in women, 
which ultimately may be one of the reasons for the reduced 
incidence of COVID-19 in women compared with men.20,21 
Men were more likely to require intensified treatment, includ-
ing hospitalization, which is consistent with the literature.22

No relationship between COVID-19 incidence and se-
verity of the infection and the number of people living 

in the same household was found. We also did not observe 
such an association when considering children under 5 and 
elderly people in the household, although infections were 
more likely if people over 65 lived in the household, which 
may be due to the small number of such households in our 
analysis. A meta-analysis conducted by Madewell et al. 
demonstrated a higher prevalence of COVID-19 infection 
in households with the elderly than with children.23

Another risk factor for more severe SARS-CoV-2 infec-
tion is age. Hospitalized patients were on average 9 years 
older than those with mild or asymptomatic SARS-CoV-2 
course. Age-related decline and dysregulation of immune 
function, i.e., immunosenescence and inflammaging, play 
a major role in contributing to the increased susceptibility 
to severe sequelae of SARS-CoV-2 in older age.24,25

The  epidemiology of  COVID-19 incidence based 
on analyses of large populations shows a clear association 
with body weight, especially with obesity.26,27

In a study conducted in a group of medical staff em-
ployed at both COVID and non-COVID hospitals, BMI 
values were higher for those who had an infection com-
pared to those who were not infected. Consistent with 
our studies, Popkin et  al. found an  increased number 
of  COVID-19-positive individuals among obese ones; 
in addition, individuals with obesity were more likely to be 
hospitalized.28 Overweight and obesity were risk factors 
for hospitalization, mechanical ventilation and death.29

Based on  a  prospective study, Gao et  al. confirmed 
the relationship of BMI with hospitalization and death due 
to SARS-CoV-2; the relationship was J-shaped and meant 
a worse prognosis for people with malnutrition.30 In our 
study group, only 11 persons had below-normal BMI, and 
3 of them had an infection. Determining the cutoff line for 
BMI at which the risk of COVID-19 infection and/or se-
verity increases is an interesting and important challenge 
for further research on the epidemiology of COVID-19.

Physical activity is related to weight reduction and redis-
tribution of body fat. It also reduces the risk of metabolic 
and CVD and depression, and stimulates the  immune 
system. Nevertheless, the studies on the effect of physical 
activity on the risk of COVID-19 infection and the severity 
of the course of infection are limited and remain inconclu-
sive, which may be related to the methodology used.31–33 
In the study group, no correlation between the declared 
level of physical activity and the risk of COVID-19 infec-
tion or severity of SARS-CoV-2 was found.

Although diabetic patients are exposed to a higher inci-
dence of various infections, we have not shown that they 
have an increased frequency of COVID-19 infection and 
the results of our study confirm the previous observations. 
However, people with diabetes have a more severe course 
of SARS-CoV-2 infection. Pro-inflammatory activation 
of vascular endothelial cells and pro-thrombotic state, co-
occurring with diabetes, may be responsible for this. These 
processes may influence both an increased inflammatory 
response in the form of a “cytokine storm” in COVID-19 
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as well as more frequent thromboembolic complications. 
Hypertension, CVD7 and chronic obstructive pulmonary 
disease (COPD) increased the risk of severe COVID-1934; 
however, we did not confirm this observations in our study. 
In the present study, COVID-19 patients with coexisting 
diabetes were more likely to require hospitalization, which 
is consistent with the literature data.7,35

The foregoing findings do not allow firm conclusions 
to be drawn regarding the association between smoking 
and COVID-19 infection. The results of our study did 
not show a link between smoking and the risk of devel-
oping a disease. The study population was dominated 
by non-smokers.

The idea of a possible effect of seasonal flu virus vac-
cination on  reducing the  risk of  COVID-19 infection 
or a milder course of SARS-CoV-2 was based on the po-
tential role of the nonspecific immune response. We have 
shown that the risk of contracting COVID-19 is more than 
twice as high in persons not vaccinated against flu. Our 
observations confirm the results of the studies published 
so far. A retrospective analysis of a medical record database 
showed a beneficial effect of past flu vaccination on the risk 
of COVID-19 infection in a population older than 65.36 
Also, Candelli et al. indicated the benefits of flu vaccina-
tion in the population over 65. In a retrospective analysis 
of COVID-19 patients, these authors showed a lower risk 
of death over a 60-day period among those vaccinated.37 
On the other hand, a study conducted on a group of 3500 
medical staff showed neither positive nor negative asso-
ciation between COVID-19 infection and flu vaccination 
during the preceding 5 flu seasons.38 A broader aspect 
of the impact of flu vaccination on the course of COVID-19 
infection includes mainly, in addition to the nonspecific 
immune response, a reduction in the risk of co-infection. 
Flu virus causes increased expression of ACE2 receptors 
on airway cells, which could potentially worsen SARS-
CoV-2 course.39

Limitations of the study

Our observations did not confirm previous data 
on the association of certain chronic diseases and smoking 
with the risk of developing COVID-19. However, the pre-
sented results should be interpreted with caution, because 
only 24 people of those who experienced COVID-19 re-
quired hospitalization.

Conclusions

The  results of  our study showed that the  incidence 
of COVID-19 infection was 2 times higher among COVID 
hospital medical staff. The highest risk of infection for 
a non-COVID hospital was for staff who had direct con-
tact with patients, whereas for a COVID hospital, the risk 
of infection was the same among all hospital staff. Based 

on the literature and our study, it appears that gender may 
influence the pathogenetic mechanisms of COVID-19, 
the risk of infection and severity of disease, and thus the se-
quelae. Our study confirmed that BMI value is important 
for infection risk and severity of COVID-19. In addition, 
we have shown that while diabetes does not increase the risk 
of developing SARS-CoV-2, it significantly affects the risk 
of hospitalization among people infected with COVID-19. 
We have also confirmed the importance of flu vaccina-
tion, i.e., the chance of the infection was more than twice 
as high among non-vaccinated individuals. The COVID-19 
pandemic remains a global problem, despite the tremen-
dous progress that has been made in a short period of time 
in the diagnosis and prevention of the disease.
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Abstract
Background. Cytokines soluble tumor necrosis factor-like weak inducer of apoptosis (sTWEAK) and inter-
leukin 6 (IL-6) are involved in immune response, proliferation, apoptosis, and cardiovascular pathologies. 
We have previously confirmed that changes of their platelet or plasma contents are associated with pulmonary 
arterial hypertension (PAH). The positron emission tomography/magnetic resonance imaging (PET/MRI) 
hybrid imaging provides detailed insight into right ventricle (RV) hemodynamic and metabolic function.

Objectives. To evaluate the relationship between RV parameters obtained using PET/MRI and concentrations 
of plasma and platelet sTWEAK and IL-6 in stable PAH patients.

Materials and methods. Eighteen stable PAH patients (48.44 ±16.7 years) had simultaneous PET/MRI 
scans with 18F-fluorodeoxyglucose (18F-FDG) performed. Its uptake was presented as a standardized uptake 
value (SUV) for RV and left ventricle (LV). Cytokines concentrations were measured in platelet-poor plasma 
and platelet lysate. Follow-up time of this study was 58 months; the combined endpoint (CEP) was defined 
as death or clinical deterioration.

Results. We observed significant correlations between platelet sTWEAK levels, plasma IL-6 and PET pa-
rameter SUVRV/LV (r = −0.57, p = 0.011; r = 0.50, p = 0.032, respectively). In logistic regression, platelet 
sTWEAK and IL-6 were both prognostic factors for unfavorable ratio of SUVRV/LV higher than 1 (hazard ratio 
(HR) = 0.44, 95% confidence interval (95% CI): [0.23; 0.84], p = 0.017; and HR = 3.62, 95% CI: [1.21; 10.17], 
p = 0.011, respectively). Furthermore, their concentrations were related with prognostically important higher 
late gadolinium enhancement mass index (LGEMI) and RV global longitudinal strain/systolic pulmonary 
artery pressure (RV GLS/sPAP) values. Patients who had CEP in follow-up (n = 13) had significantly lower 
platelet sTWEAK content and higher plasma IL-6 at baseline than stable patients. Lower platelet sTWEAK 
was related to a worse prognosis in log-rank test (p = 0.006). Platelet sTWEAK and plasma IL-6 together 
with RV GLS/sPAP, RV ejection fraction (RVEF), mean pulmonary arterial pressure (mPAP), and SUVRV/LV were 
significantly associated with time to CEP in univariate Cox analysis.

Conclusions. The sTWEAK and IL-6 concentrations in PAH patients are linked with metabolic and functional 
changes of RV visualized in PET/MRI, and both sTWEAK and IL-6 predict clinical deterioration.

Key words: pulmonary arterial hypertension, IL-6, imaging, PET, sTWEAK
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Background

Pulmonary arterial hypertension (PAH) is a multifactorial 
disease characterized by proliferation and vasoconstriction 
in pulmonary vasculature. These lead to subsequent increase 
of pulmonary vascular resistance (PVR), right-sided heart 
failure (HF) and premature death.1 The development of PAH 
involves inflammatory processes together with in  situ 
thrombosis, where circulating cytokines (also those released 
by platelets at the site of endothelium injury) play an impor-
tant role.2–5 Some studies revealed that not only the excess 
of platelet-derived cytokines, but also their deficiency may 
be associated to PAH and its progression, and thus plate-
let blockade may not be a correct action to treat PAH.6–8 
Platelets are one of the main sources of circulating tumor 
necrosis factor-like weak inducer of apoptosis (TWEAK) 
and we have shown that it is platelet TWEAK concentration 
that provides prognostic information in PAH.6 Our previous 
studies have proven that PAH patients present lower serum 
and platelet lysate soluble TWEAK (sTWEAK) concentra-
tions than the control group, which is also associated with 
a worse prognosis. However, possible mechanism resulting 
in lower sTWEAK in these patients as well as its involvement 
in the pathogenesis of the disease are still unclear.

Interleukin 6 (IL-6) is a pleiotropic cytokine involved 
in acute phase of inflammation, which acts via many recep-
tors, e.g., CD126, gp130 (also called CD130) or the soluble 
form of IL-6 receptor (sIL-6R).9 In our previous project, 
we have demonstrated that patients with PAH have higher 
concentrations of serum and plasma IL-6 together with sIL-
6R than healthy volunteers, with no significant differences 
in soluble gp130 (sgp130) levels, which strongly indicates 
enhanced IL-6 trans-signaling in patients with PAH.5 Un-
like sTWEAK, IL-6 plasma concentration is more impor-
tant in PAH than its platelet content.10 There is evidence for 
an important role of IL-6 in lipid cardiac metabolism.11,12

Physiologically, most (even 95%) of energy in cardiomyo-
cytes is derived from phosphorylation processes occur-
ring in mitochondria (predominantly from fatty acids and, 
to a lesser extent, carbohydrate metabolism), with the re-
mainder coming from process of glycolysis.13–15 Interleukin 
6 is involved in maintaining the balance between fatty acid 
oxidation and cardiac lipotoxicity, where its deficiency 
results in intracellular toxic lipid accumulation, thereby 
precipitating mitochondrial oxidative phosphorylation and 
thus overall cardiac dysfunction.12,16

However, no previous studies focused on the possible 
link between the levels of IL-6 or sTWEAK and quantita-
tive measure of altered cardiac metabolism in case of HF. 
In PAH, increased PVR and following right ventricle (RV) 
pressure overload is associated with higher 18F-fluorodeox-
yglucose (18F-FDG) uptake in positron emission tomogra-
phy (PET) imaging.17,18 The newly introduced quantitative 
measurement of RV 18F-FDG uptake, presented as stan-
dardized uptake value (SUV)RV/LV, correlates with PAH 
progression and unfavorable outcomes.19

Objectives

The  main aim of  this study was to  assess whether 
the concentrations of inflammatory cytokines are linked 
with metabolic and functional changes of RV, as assessed 
with PET/magnetic resonance imaging (MRI) in PAH pa-
tients. We also hypothesized that the alterations presented 
above may precede clinical deterioration in almost 5-year 
follow-up.

Materials and methods

Setting and participants

We enrolled 18 clinically stable adult patients diagnosed 
with PAH into our pilot study. The diagnosis of PAH was 
made using right heart catheterization (RHC) according 
to the European guidelines.1 The control group consisted 
of 10 healthy controls who were matched based on sex 
and age (44.75 ±13.5 years). The exclusion criteria as well 
as the examination protocol were described previously.18,19

The clinical follow-up lasted 58 months. Death, World 
Health Organization (WHO) class worsening, hospitaliza-
tion due to PAH, or right-sided HF were used as combined 
endpoint (CEP) for Kaplan–Meier analysis.

The study was approved by the Bioethics Commitee 
of Medical University of Bialystok, Poland (approval No. 
R-I-002/140/2015) and is compliant with the declaration 
of Helsinki.

Blood sampling

Fasting peripheral venous blood samples were obtained 
from patients with PAH as well as controls. Ethylenediami-
netetraacetic acid (EDTA) plasma aliquots of 1.5 mL were 
stored at −80°C. Concentrations of plasma sTWEAK, IL-6 
and sIL-6R were determined using commercially available 
enzyme-linked immunosorbent assay (ELISA) kits (R&D 
Systems, Minneapolis, USA) according to the manufac-
turer’s instructions. The mean minimum detectable value 
was 9.7 pg/mL for sTWEAK, 0.039 pg/mL for IL-6 and 
6.5 pg/mL for sIL-6R. All analyses were performed according 
to the baseline values of the measured cytokines. Platelets 
were processed as described previously.6,10 To better present 
platelet storage of TWEAK, IL-6 and sIL-6R, independently 
of the platelet count, the amounts of these cytokines were 
normalized to the concentration of protein in the platelet 
lysates and presented as a ratio in the manuscript.

Myocardial PET/MRI hybrid imaging

The  PET/MRI hybrid imaging was performed with 
a 3T Biograph mMR hybrid system (Siemens Health-
care, Erlangen, Germany) at baseline visit within a me-
dian of 4 (2–6) days of RHC during the same patients’ 
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hemodynamic status, according to  the previously de-
scribed protocol.18–20

For semi-quantitative analysis of  18F-FDG metabolism 
in the myocardium, the ratio of standardized uptake value 
of glucose of RV and left ventricle (LV) was used (SUVRV/LV). 
The late gadolinium enhancement mass index (LGEMI = LGE 
mass/body surface area) parameter and RV-arterial coupling 
estimation parameter (RV global longitudinal strain/systolic 
pulmonary artery pressure (RV GLS/sPAP) ratio) were as-
sessed as described in previous studies.18,21

Statistical analyses

The  distribution of  all variables was verified using 
the Shapiro–Wilk test. The data are expressed as a mean 
standard deviation (SD) or median (interquartile range 
(IQR)). Statistical analysis was performed using Student’s t 
or Mann–Whitney tests for continuous data. The Spear-
man’s correlation coefficient was used to examine the rela-
tionship between 2 continuous variables. The Benjamini–
Hochberg correction was used to account for multiple 
comparisons in correlation analysis. Logistic regression 
was used to predict a dependent categorical target variable. 
Univariable Cox proportional hazards regression analyses 
were performed to identify independent variables associ-
ated with endpoint. Receiver operator characteristic (ROC) 
curves were plotted to determine the area under the curve 
(AUC) and sensitivity and specificity of the optimal cutoffs 
(binomial method). To investigate the occurrence of clini-
cal endpoints Kaplan–Meier method with log-rank test was 
implemented. A value of p < 0.05 was deemed statistically 
significant. A statistical software package Stata v. 13 (Stata-
Corp LLC, College Station, USA) was used for the analysis.

Results

General results

Most PAH patients were in WHO class III (77%, n = 14). 
Mean pulmonary artery pressure (mPAP) derived from 
RHC was 50.33 ±18.96 mm Hg and PVR was 9.23 ±5.74 
Wood units. Idiopathic PAH etiology was diagnosed 
in 64% (n = 12) of patients, PAH associated with con-
nective tissue diseases (systemic scleroderma and mixed 
connective tissue disease) in 18% (n = 3) and congenital 
heart diseases with small left–right defects in 18% (n = 3). 
At the time of enrolment, 5 patients (27%) were incident 
cases. The clinical, functional and hemodynamic charac-
teristics as well as laboratory data and echo results of sub-
jects are presented in Table 1.

The  PAH patients had statistically significantly 
lower platelet content of  sTWEAK/total protein ratio 
than the healthy controls (6.19 ±2.72 × 10−8 compared 
to 9.77 ±2.21 × 10−8, p = 0.006, Fig. 1A), with no significant 
differences in plasma levels (537.4 ±153.3 pg/mL compared 
to 577.5 ±59.3 pg/mL, p = 0.383). Interleukin 6 and sIL-6R 
plasma concentrations were significantly higher in PAH 
group (2.25 ±1.50 pg/mL compared to 0.82 ±0.38 pg/mL, 
p = 0.023 (Fig. 1B) and 45.45 ±12.11 ng/mL compared 
to 31.97 ±74.23 ng/mL, p = 0.004, respectively). In plate-
lets lysate, levels of sIL-6R (normalized to total protein 
concentration) were significantly higher in PAH patients 
than in the control group (Table 1).

As reported previously,19 mean standard uptake value 
of right ventricle to left ventricle (SUVRV/LV) was higher 
in the PAH group (Table 1) and strongly correlated with 
RHC/MRI parameters of RV (Table 2).

Fig. 1. sTWEAK/total protein concentrations ratio (×10−8) in platelet lysate was significantly lower in PAH patients than in the control group (p = 0.006). 
A. IL-6 plasma concentration was significantly higher in PAH patients than in controls (p = 0.023); B. Student’s t-test was used to compare 2 variables

PAH – pulmonary arterial hypertension; sTWEAK – soluble tumor necrosis factor-like weak inducer of apoptosis; SD – standard deviation; IL-6 – interleukin 6; 
* p-value < 0.05.
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Cytokines and hemodynamics interactions

We observed statistically significant correlations be-
tween platelet sTWEAK levels and PET SUVRV/LV (r = −0.57, 

p = 0.011, Fig. 2A), and between plasma IL-6 levels and 
SUVRV/LV (r = 0.50, p = 0.032, Fig. 2B). Importantly, plasma 
IL-6 concentration did not correlate with established he-
modynamic parameters of RV dysfunction – RV ejection 

Table 1. Basic characteristics of pulmonary arterial hypertension (PAH) group and healthy controls

Variables PAH Controls p-value

Subjects, n 18 10 N/A

Age [years] 48.44 ±16.71 44.75 ±13.51 0.262

Females, % (n) 72 (13) 60 (6) N/A

6MWT distance [m] 380 ±114 N/A N/A

BNP [pg/mL] 212 (IQR 46–335) N/A N/A

Idiopathic/heritable pulmonary arterial hypertension, % (n) 64 (12) N/A N/A

Connective tissue disease related to pulmonary arterial 
hypertension, % (n)

18 (3) N/A N/A

Congenital heart disease related to pulmonary arterial 
hypertension, % (n)

18 (3) N/A N/A

Phosphodiesterase type 5 inhibitors, % (n) 50 (9) N/A N/A

Endothelin receptor antagonists, % (n) 18 (3) N/A N/A

Phosphodiesterase type 5 inhibitors + endothelin receptor 
antagonists, % (n)

18 (3) N/A N/A

Hemodynamics

Systemic pulmonary artery pressure [mm Hg] 79.6 ±30.7 N/A N/A

Diastolic pulmonary artery pressure [mm Hg] 33.6 ±14.8 N/A N/A

Mean pulmonary artery pressure [mm Hg] 50.33 ±18.95 N/A N/A

Pulmonary capillary wedge pressure [mm Hg] 10.72 ±2.57 N/A N/A

Diastolic pulmonary gradient [mm Hg] 23.41 ±14.01 N/A N/A

Pulmonary vascular resistance [Wood units] 9.22 ±5.74 N/A N/A

Cardiac index [L/min/m2] 2.51 ±0.59 N/A N/A

Right atrium pressure [mm Hg] 8.66 ±3.21 N/A N/A

RV parameters (MRI)

RV ejection fraction, % 43.99 ±9.2 63.81 ±5.81 <0.001

RV EDV/BSA [mL/m2] 121.4 ±32.7 73.65 ±12.21 0.001

RV ESV/BSA [mL/m2] 69.3 ±27.7 28.25 ±9.06 <0.001

RV mass/BSA [g/m2] 42.75 ±18.82 23.8 ±4.9 <0.001

RV GLS/sPAP [%/mm Hg] −0.26 ±0.19 N/A N/A

LGEMI [g/m2] 3.06 ±2.33 N/A N/A

Myocardial metabolism (PET)

SUVRV/LV ratio 1.23 ±0.86 0.19 ±0.08 <0.001

Cytokines

sTWEAK, plasma [pg/mL] 537.4 ±153.7 577.8 ±59.7 0.383

sTWEAK/total protein, platelets (×10−8) 6.19 ±2.72 9.77 ±2.21 0.006

IL-6, plasma [pg/mL] 2.25 ±1.50 0.82 ±0.38 0.023

IL-6/total protein, platelets (×10−10) 0.62 ±0.51 0.50 ±0.25 0.912

sIL-6R, plasma [ng/mL] 45.45 ±12 31.97 ±7.43 0.004

sIL-6R/total protein, platelets (×10−7) 1.79 ±0.61 1.31 ±0.23 0.053

Data are presented as mean ± standard deviation (SD) (normal distribution; Student’s t-test was used to compare 2 variables) or median (interquartile range 
(IQR)) (non-normal distribution; Mann–Whitney test was used to compare 2 variables). 6MWT – 6-minute walk test; BSA – body surface area; BNP – brain 
natriuretic peptide; EDV – end-diastolic volume; ESV – end-systolic volume; GLS – global longitudinal strain; IL-6 – interleukin 6; LGEMI – late gadolinium 
enhancement mass index; LV – left ventricle; MRI – magnetic resonance imaging; PAH – pulmonary arterial hypertension; PET – positron emission 
tomography; RV – right ventricle; sIL-6R – soluble interleukin 6 receptor; sPAP – systolic pulmonary artery pressure; sTWEAK – soluble tumor necrosis factor-
like weak inducer of apoptosis; SUV – standardized uptake value; N/A – not applicable.
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fraction (RVEF), PVR, mPAP, or cardiac index, but it was 
a predictor of clinically significant SUVRV/LV threshold >1 
in the univariate logistic regression analysis (hazard ratio 
(HR) = 3.62, 95% confidence interval (95% CI): [1.21; 10.17], 
p  =  0.011). Also, platelet sTWEAK was a  predictor 
of SUVRV/LV > 1 (HR = 0.44, 95% CI: [0.23; 0.84, p = 0.017).

In  logistic regression, platelet sTWEAK was a  pre-
dictor of RVEF < 40% (related with worse prognosis19; 
HR = 0.58, 95% CI: [0.33; 1.12], p = 0.048) and of newly 
established RV dysfunction and PAH prognostic parameter 
– RV GLS/sPAP > (−)0.29 (HR = 0.46, 95% CI: [0.2; 1.08], 
p = 0.043). Furthermore, we observed that platelet sTWEAK 
correlated with MRI and RHC RV parameters – RVEF 
(r = 0.56, p = 0.019) and mPAP (r = −0.43, p = 0.048), which 
proves a possible strong relationship between its altered 
availability and PAH hemodynamics.

Interestingly, plasma IL-6 predicted LGEMI parameter 
(LGE mass in RV insertion points normalized to body 
surface area) higher than 2.75 (cutoff value of worse PAH 
prognosis21; HR = 2.32, 95% CI: [0.93; 5.81], p = 0.046).

Survival analysis

We analyzed the concentrations of cytokines in PAH sub-
jects who had met CEP (72%, n = 13). In this study, we ex-
tended the follow-up to 58 months. During this period, 
4 patients died and 9 patients experienced a WHO class 
worsening with hospitalization (including 5 patients who 
required initiation of parenteral prostacyclin analogue). 
Mean time to clinical worsening was 25.38 ±18.58 months.

Patients with CEP had lower baseline platelet sTWEAK 
(5.39 ±2.38 × 10−8 compared to 8.30 ±2.60 × 10−8, p = 0.032) 
and higher plasma IL-6 (2.55  ±1.51  pg/mL compared 
to 1.46 ±0.99 pg/mL, p = 0.041) than stable patients. Fur-
thermore, CEP group presented higher SUVRV/LV ratio to-
gether with MRI parameter – RVEF and RHC parameters 
– mPAP and RAP, which is consistent with our previous 
results (Table 3).18,19

Using ROC curve analysis, we determined cutoff value 
of  sTWEAK/total protein concentration ratio in plate-
lets in prediction of CEP. Patients with a value lower than 

Table 2. Spearman’s correlations between cytokines and PET/MRI/RHC-derived parameters

Correlation coefficient (r); p-value (p) sTWEAK, platelets IL-6, plasma SUVRV/LV

6MWT distance r = 0.08; p = 0.723 r = −0.51; p = 0.046 r = −0.38; p = 0.113

BNP r = −0.09; p = 0.714 r = 0.18; p = 0.552 r = 0.44; p = 0.062

RVEF r = 0.56; p = 0.019^ r = −0.10; p = 0.672 r = −0.52; p = 0.024^

mPAP r = −0.43; p = 0.048^ r = 0.45; p = 0.051 r = 0.78; p < 0.001^

PVR r = −0.24; p = 0.312 r = 0.22; p = 0.362 r = 0.62; p = 0.007^

SUVRV/LV r = −0.57; p = 0.011^ r = 0.50; p = 0.032^ –

^ p-value significant (lower than 0.05) after Benjamini–Hochberg correction; 6MWT – 6-minute walk test; BNP – serum brain natriuretic peptide; IL-6 
– interleukin 6; LV – left ventricle; mPAP – mean pulmonary arterial hypertension; MRI – magnetic resonance imaging; PET – positron emission tomography; 
PVR – pulmonary vascular resistance; RHC – right heart catheterization; RV – right ventricle; RVEF – right ventricle ejection fraction; sTWEAK – soluble tumor 
necrosis factor-like weak inducer of apoptosis; SUV – standardized uptake value.

Fig. 2. Spearman’s correlations between mean SUVRV/LV ratio and (A) sTWEAK platelet content (r = −0.57, p = 0.011) and (B) IL-6 plasma concentration 
(r = 0.50, p = 0.032)

SUV – standardized uptake value; RV – right ventricle; LV – left ventricle; PAH – pulmonary arterial hypertension; sTWEAK – soluble tumor necrosis factor-like 
weak inducer of apoptosis; IL-6 – interleukin 6.
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7.26 × 10−8 (AUC = 0.78 (95% CI: [0.66; 0.96]), p = 0.021) 
had worse prognosis; the Kaplan–Meier survival curve and 
the log-rank test (p = 0.006) are presented in Fig. 3.

Interestingly, the  same cutoff value of  platelet sT-
WEAK/total protein concentration ratio was obtained 
in prediction of SUVRV/LV ratio higher than 1 in PAH 
patients (AUC  =  0.89 (95%  CI:  [0.76; 1]), p  <  0.001). 
This suggests that advanced metabolic changes in PAH 

patients are in strong relation with cytokine levels af-
fecting prognosis.

Finally, univariate Cox proportional hazard analysis re-
vealed that among various parameters, platelet sTWEAK 
and plasma IL-6 together with RV GLS/sPAP, RVEF, mPAP, 
and SUVRV/LV were significantly associated with time 
to CEP (Table 4).

Discussion

In physiological conditions, cardiomyocytes use mainly 
fatty acid oxidation to produce energy. It changes in case 
of HF (e.g., PAH) or during ischemia.17,20 Our previous 
results suggest that in PAH, possible “metabolic shift” 
occurs and process of glycolysis is highly increased, es-
pecially in RV, which can be assessed with PET imag-
ing.19 With further PAH progression and RV uncoupling, 
RV 18F-FDG uptake increases and finally surpasses LV 
uptake (SUVRV/LV > 1). Importantly, SUVRV/LV ratio may 
independently predict PAH patients’ prognosis preceding 
significant clinical deterioration requiring hospitaliza-
tion.14,19 On the other hand, RV 18F-FDG accumulation 
may decrease after specific treatment with epoprostenol, 
proportionally to the degree of reduction in the PVR and 
RV peak-systolic wall stress.22

Next, we were able to confirm that patients with PAH 
have altered plasma IL-6 concentration together with 
sIL-6R and diminished platelet sTWEAK content.6,10 These 

Table 3. Comparison of patients with combined endpoint (CEP) and without CEP

Variables CEP (+) patients CEP (–) patients p-value

Patients, n 13 5 N/A

BNP [pg/mL] 252 (IQR 143–507) 146 (IQR 46–252) 0.092

6MWT distance [m] 344 ±108 477 ±70 0.032

SUVRV/LV ratio 1.50 ±0.82 0.64 ±0.49 0.023

RVEF [%] 41.68 ±8.54 48.87 ±8.57 0.094

mPAP [mm Hg] 57.69 ±16.29 31.83 ±9.38 0.002

PVR [Wood units] 11.22 ±5.37 4.38 ±2.08 0.006

RAP [mm Hg] 9.69 ±3.13 6.12 ±1.26 0.013

RV GLS/sPAP [%/mm Hg] −0.19 ±0.14 −0.47 ±0.19 0.024

LGEMI [g/m2] 3.81 ±2.12 0.67 ±0.19 0.016

sTWEAK, plasma [pg/mL] 538.7 ±169.7 535.8 ±145.4 0.605

sTWEAK/total protein, platelets (×10−8) 5.39 ±2.38 8.30 ±2.60 0.032

IL-6, plasma [pg/mL] 2.55 ±1.51 1.46 ±0.99 0.041

IL-6/total protein, platelets (×10−10) 0.64 ±0.38 0.58 ±0.65 0.794

sIL-6R, plasma [ng/mL] 44.41 ±9.36 46.95 ±15.7 0.885

sIL-6R/total protein, platelets (×10−7) 1.49 ±0.46 2.19 ±0.57 0.086

Data are presented as mean ± standard deviation (SD) (normal distribution; Student’s t-test was used to compare 2 variables) or median (interquartile range 
(IQR)) (non-normal distribution; Mann–Whitney test was used to compare 2 variables). BNP – brain natriuretic peptide; CO – cardiac output; GLS – global 
longitudinal strain; IL-6 – interleukin 6; LGEMI – late gadolinium enhancement mass index; LV – left ventricle; mPAP – mean pulmonary artery pressure; 
PAC – pulmonary arterial compliance; PVR – pulmonary vascular resistance; RAP – right atrial pressure; RV – right ventricle; RVEF – right ventricle ejection 
fraction; sIL-6R – soluble interleukin 6 receptor; sPAP – systolic pulmonary artery pressure; sTWEAK – soluble tumor necrosis factor-like weak inducer 
of apoptosis; SUV – standardized uptake value; 6MWD – 6-minute walk test; N/A – not applicable.

Fig. 3. Kaplan–Meier curves presenting deterioration-free survival 
in patients with pulmonary arterial hypertension (PAH) based on soluble 
tumor necrosis factor-like weak inducer of apoptosis (sTWEAK) platelet 
lysate content, log-rank test, p = 0.006

° – complete events; + – censored events.
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results are in line with earlier observations. In this study, 
we have reported for the first time that the levels of these 
cytokines are also strongly correlated with altered glucose 
metabolism of cardiomyocytes. Furthermore, we were able 
to obtain prognostic cutoff value of sTWEAK platelet level, 
which may help in risk assessment of PAH patients.

Endothelial dysfunction and in situ thrombosis are con-
sidered important pathological mechanisms in PAH.23 
Activated platelets release various growth factors and 
cytokines enhance vasoconstriction and thrombus for-
mation.24 Platelet-derived mediators can not only initiate 
or aggravate local vascular remodelling but also attenu-
ate it; therefore, simple platelet inhibition may not be ap-
propriate in PAH. The sTWEAK is described as “healing 
cytokine” which promotes tissue regeneration or regional 
healing of pulmonary vasculature.7 Platelet lysate con-
centration of this cytokine was linked in our study with 
worse prognosis in PAH patients, so it seems that local 
availability of sTWEAK at the site of endothelium injury 

is very important and may differ from the amount released 
during platelet activation.

Interleukin 6 is an important cytokine in PAH patho-
genesis.2,25 Plasma or serum IL-6 levels are elevated both 
in patients with PAH and in animal models of PAH, and 
have prognostic value.10,26 New evidence suggests that IL-6 
and sIL-6R play an important role in lipid metabolism.12 
They not only play an anti-obesity role in rodent metabolic 
homeostasis, but also increase fatty acids oxidation, e.g., 
in human cardiomyocytes.16 The IL-6 provides precise bal-
ance between fatty acid oxidation and lipotoxicity (excess 
of fatty acids) in cardiomyocytes, preventing cellular injury 
(e.g., mitochondria dysfunction, endoplasmic reticulum 
(ER) stress) and cardiac energy deficit.27

As we described before, cardiac metabolism is altered 
in  PAH.19 The  strong relationship between pressure 
and/or  volume overload of  RV and enhanced glycolysis 
in cardiomyocytes is confirmed; however, there are still many 
questions about the sequence of pathophysiological events 
underlying this phenomenon. It is still not clear whether 
“metabolic shift” in RV is secondary to hemodynamic im-
pairment or it results from strongly altered inflammatory 
processes occurring in PAH (probably the inflammatory 
processes in PAH are not only limited to pulmonary vascula-
ture). In our results, both platelet sTWEAK and plasma IL-6 
content were statistically significantly correlated with glu-
cose uptake measured in PET imaging. The exact mechanism 
of these interactions is still not clear, but this study provides 
insight into difficult and multifactorial PAH pathogenesis. 
We believe that research on the significance of cardiac me-
tabolism and its alterations may be an important step in de-
veloping potential therapies based on metabolic modulations.

Furthermore, our previous results considering sTWEAK 
platelet content and SUVRV/LV have a significant prognostic 
value which can help in risk assessment and therapy plans 
of already seriously ill PAH patients. In this study, we pre-
sented prolonged observation (up to 5 years) and partially 
validated prognostic significance of previously discussed 
parameters.6,10

Limitations

We  are aware of  several limitations of  our research. 
The study group was relatively small (but homogeneous) and 
consisted of mostly advanced PAH patients. The PET/MRI 
is still an expensive imaging method and thus the promising 
results presented above may encourage to undertake a simi-
lar research on a larger group of patients. Next, patients were 
on various approved treatments for PAH, often in combina-
tion, and we were not able to assess the impact of disease-
modifying therapy on the concentrations of cytokines. Due 
to small cohort, we also did not perform a multivariate anal-
ysis of factors independently affecting clinical deterioration. 
Additional studies in larger patient cohorts, aimed at estab-
lishing the reliability and overall usefulness of presented 
analysis in predicting survival, are now required.

Table 4. Univariate Cox proportional hazard analysis for the time to clinical 
worsening

Value p-value HR (95% CI)

Age 0.592 0.99 [0.93; 1.06]

WHO class 0.092 4.52 [0.7; 29.1]

BNP 0.121 1.00 [0.99; 1.02]

6MWT distance 0.062 0.99 [0.98; 1]

Creatinine 0.634 1.12 [0.71; 1.71]

LVEF 0.232 1.05 [0.96; 1.15]

RV EDV/BSA 0.476 1.01 [0.98; 1.03]

RV ESV/BSA 0.113 1.03 [0.99; 1.06]

RV mass/BSA 0.082 1.05 [0.99; 1.11]

RVEF 0.019 0.86 [0.71; 0.95]

mPAP 0.018 1.15 [1.01; 1.31]

PCWP 0.102 1.38 [0.93; 2.02]

DPG 0.068 1.07 [0.99; 1.14]

RAP 0.013 1.61 [1.08; 2.41]

Cardiac index 0.302 0.47 [0.11; 1.95]

PVR 0.048 1.44 [1.07; 1.94]

SUVRV/LV 0.017 7.01 [2.24; 19.23]

RV GLS/sPAP 0.019 18.94 [2.23; 28.32]

IL-6, plasma 0.192 1.77 [0.69; 4.54]

sTWEAK, platelet 0.048 0.61 [0.34; 0.92]

HR – hazard ratio; 95% CI – 95% confidence interval; BSA – body surface 
area; BNP – brain natriuretic peptide; EDV – end-diastolic volume; 
ESV – end-systolic volume; DPG – diastolic pulmonary gradient; 
GLS – global longitudinal strain; LGEMI – late gadolinium enhancement 
mass index; LV – left ventricle; LVEF – left ventricle ejection fraction; 
mPAP – mean pulmonary artery pressure; sPAP – systolic pulmonary artery 
pressure; PCWP – pulmonary capillary wedge pressure; PAH – pulmonary 
arterial hypertension; PVR – pulmonary vascular resistance; RAP – right 
atrial pressure; RV – right ventricle; RVEF – right ventricle ejection fraction; 
sTWEAK – soluble tumor necrosis factor-like weak inducer of apoptosis; 
SUV – standardized uptake value; WHO – World Health Organization; 
IL-6 – interleukin 6; 6MWT – 6-minute walk test
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Conclusions

The sTWEAK and IL-6 concentrations in PAH patients 
are linked with metabolic and functional changes of RV 
visualized in PET/MRI imaging and occurring before clini-
cal deterioration. This may suggest that RV dysfunction 
in PAH is caused not only by simple pressure and/or vol-
ume overload due to pulmonary vasoconstriction, but also 
results from complex pathogenesis. The interplay between 
platelets, circulating cytokines and cardiac metabolism 
may help understand PAH pathogenesis, but further 
significance of these phenomena should be investigated 
in prospective studies.
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Abstract
Background. Multiple sclerosis (MS) is a chronic demyelinating disease of the central nervous system 
(CNS). Most exercise studies concentrate on the impact of exercise on cardiovascular system; this study aims 
to present the effects of exercise of varying intensity on the nervous system. Most recently in MS, positive 
outcomes were obtained with resistance and high-intensity exercises. This study also analyzes the effects 
of a prior conditioning program before the induction of demyelination and subsequent neuroprotective 
effects of such program.

Objectives. To study and determine the neuroprotective and remyelinating effects of different intensity 
of aquatic exercise and a preconditioning exercise program on demyelination induced by oral administration 
of cuprizone (Cup).

Materials and methods. Six groups of animals, each containing 6 rats, were used in the study. The groups 
were as follows: group I – control group; group II – Cup group; group III – treated with methylprednisolone 
(MP); group IV – treated with low-intensity exercise (LIE), free swimming for 40 min and high-intensity 
exercise (HIE); group V – treated with a resistance of 9% body weight and free swimming for 40 min; group VI 
– treated with preconditioning exercise (free swimming for 40 min for 3 weeks) before Cup administration 
followed by the same exercise protocol as for group V. All data were analyzed using one-way analysis of vari-
ance (ANOVA) with Tukey’s test, by means of SigmaPlot v. 14.5 software.

Results. Similarly to the MP group, group VI showed a positive outcome. A value of p < 0.001 was con-
sidered statistically significant. Also, group VI showed improved areas of remyelination in histopathology, 
an increased expression of myelin basic protein (MBP), reduced expression of glial fibrillary acidic protein 
(GFAP) in corpus callosum, and improved gene expression of brain-derived neurotrophic factor (BDNF) 
in the hippocampus region.

Conclusions. General fitness achieved through a preconditioning program combined with HIE showed 
neuroprotective effects, as evidenced by increased areas of remyelination and improved neuronal plasticity, 
observed mostly in group VI (conditioning+HIE).

Key words: demyelination, exercise, neuronal plasticity, cuprizone, conditioning
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Background

The number of patients diagnosed with multiple sclerosis 
(MS) is increasing because of an increased access to mag-
netic resonance imaging (MRI) and early diagnosis. Multiple 
sclerosis is essentially an inflammatory disease of the cen-
tral nervous system (CNS). The precise cause of the disease 
is still debatable and ascribed to autoimmune pathology. 
Genetic factors have also been taken into account in the lit-
erature.1,2 Moreover, a disturbance in the reduction–oxida-
tion metabolism has been pointed out as a causative factor 
for MS.3 The treatment of MS involves the use of steroids 
and interferon therapy, and has greatly evolved over the past 
years. A combination of agents that modify the course 
of the disease and have various effects on immunity is used 
for treatment at different phases of the disease.4,5 Vitamin 
plus interferon therapy and the use of medical cannabis 
have also been studied as methods of treatment in MS.6,7 
This disease leads to a widespread demyelination caused 
by selective involvement of oligodendrocytes and axonal 
loss. Additional psychobehavioral symptoms such as anxi-
ety, dementia and depression are also observed.8 At times, 
neurodegenerative disorders following substance abuse can 
mimic features of MS, which needs careful evaluation.9 
Potential biomarkers, such as myelin basic protein (MBP), 
glial fibrillary acidic protein (GFAP) and CNPase, can play 
a role in the diagnosis and assessment of therapeutic agents 
in MS.10,11

Cuprizone (bis-cyclohexanone oxaldihydrazone; Cup) 
has been successfully used for inducing demyelination.12 
It is a primary copper chelator which causes selective apop-
tosis of oligodendrocytes and induces CNS demyelination 
in rats. A 3-week exposure to Cup causes cerebral cor-
tical demyelination and white matter damage in mice.13 
Cuprizone was the chosen method in the present study, 
as cessation of administration of Cup leads to spontane-
ous remyelination, which mimics the relapsing-remitting 
stage of MS (RRMS).14

Other methods for induction of demyelination include 
1) experimental autoimmune encephalomyelitis (EAE) 
induced by myelin oligodendrocyte glycoprotein (MOG) 
antibodies, 2)  viral model using Theiler’s virus, and 
3) toxic model of demyelination involving the use of ly-
solecithin, which leads to demyelination within 2 days 
of administration.15–17

Methylprednisolone (MP) is the standard drug of choice 
for MS.18 It is a chemical modification of naturally occur-
ring glucocorticosteroid – hydroxycortisone. This drug 
alleviates the inflammatory cycle by reducing the cytokine 
response and T cell inhibition and facilitating apoptosis 
of activated immune cells.

Exercise as a disease-modifying agent and a rehabilita-
tion tool (which can slow down the effects of the disease) 
also plays a very important role. Exercise regimens that are 
commonly used in animal studies include free voluntary 

running in a wheel, forced running in the treadmill and 
resistance swimming models.19 Also, it has been observed 
that in animal models of cerebral ischemia in MS, growth 
factors of neurons and factors inhibiting apoptosis of neu-
rons were increased by treadmill exercise.20 Exercise was 
also found to have a positive impact in dementia with 
cognitive disorder features and improved recovery from 
post-acute injuries of CNS.21 In particular, exercises have 
positive correlations with improved neuronal plasticity and 
neuronal regeneration.22 According to Rossi et al., exercise 
was found to confer neuronal protection in experimental 
autoimmune encephalomyelitis.23 Exercise forms one of 
basis for treatment models of MS, reversing changes such 
as axonal demyelination and degradation of MBP.24 This 
study employed a Wistar rat animal model using Cup to in-
duce demyelination, which mimics the RRMS.

Objectives

The  aim of  this study was to  determine the  effects 
of aquatic exercise of varying intensity as a neuroprotective 
factor and a method of promoting neuronal plasticity us-
ing animal study. The authors aimed to determine the ef-
ficacy of varying intensity of exercise against demyelin-
ation induced by Cup, and to analyze the effects of exercise 
on oligodendrocyte regeneration in the corpus callosum 
using Luxol fast blue (LFB) staining and MBP immuno-
histochemistry, subsequent astrogliotic proliferation using 
glial fibrillary acidic protein (GFAP) immunofluorescence, 
and neuronal plasticity changes in the hippocampus region 
of the rat brain caused by brain-derived neurotrophic fac-
tor (BDNF) expression using quantitative real-time poly-
merase chain reaction (qRT-PCR), and finally to compare 
all the above results with the neuroprotective effects of MP 
administration.

Materials and methods

Animals and chemicals

Male Wistar rats weighing 150–200  g  were used 
in the study. Animals were procured from Biogen Labo-
ratory Animal Facility (Bangalore, India). The animals 
were maintained in an air-conditioned room with a 12-h 
light/12-h dark cycle; standard chow diet and water were 
provided ad libitum throughout the experimental period. 
The study was conducted between September and October 
2020, after receiving proper Institutional Animal Ethical 
Clearance from the Saveetha University, Chennai, India 
(approval No. SU/CLAR/RD/010/12/2020).

The  0.2% Cup was purchased from Sigma-Aldrich 
(St. Louis, USA), and hydroxypropyl cellulose was obtained 
from Sisco Research Laboratories (Mumbai, India).
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Experimental procedure and design

The animals were divided into 6 groups, with 6 rats 
in each group. After a week of acclimatization, the ex-
periment was carried out for 8 weeks for groups I–V and 
11 weeks for group VI. The animals in group I (control 
group) were administered 1.5 mL of 1% hydroxypropyl 
cellulose (HPC)/kg body weight (b.w.), per oral (p.o.) for 
35 days. Group II (Cup group) was administered 450 mg 
of Cup/kg b.w. dissolved in 1.5 mL of 1% HPC p.o. for 
5 weeks.25 Group III (Cup+MP group) rats were admin-
istered 450 mg of Cup/kg b.w. p.o. for 5 weeks, and from 
the 3rd week, in addition to Cup administration, 20 mg 
of MP/kg b.w. were administered intraperitoneally for 
3  weeks. Group  IV (Cup+low-intensity exercise (LIE) 
group) rats were administered 450 mg of Cup/kg b.w. p.o. 
for 5 weeks, and from the 3rd week of Cup administration, 
free swimming with no resistance for 40 min for 5 weeks 
was included. Group V (Cup+high-intensity exercise (HIE) 
group) rats were administered 450 mg of Cup/kg b.w. p.o. 
for 5 weeks, and from the 3rd week of Cup administra-
tion, swimming with an added resistance of 9% b.w. for 
5  weeks was included. Rats in  group  VI (conditioning 
(Cn)+Cup+HIE group) were made to swim 40 min a day 
without additional resistance for 3 weeks; after 3 weeks, 
the administration of 450 mg of Cup/kg b.w. p.o. com-
menced and was continued for 5  weeks; finally, from 
the 3rd week of Cup administration, an exercise program, 
the same as in group V, was initiated.

The Cup solution was prepared according the dosage 
precribed for a given day and administered through oral 
gavage.

Exercise regimen

The rats in group VI were preconditioned with free swim-
ming in a circular tank with a depth of more than 50 cm, 
with a water temperature of 30 ±5°C for 40 min, 5 times 
a week, before Cup administration. After 3 weeks of Cup 
administration, rats in  the Cup+LIE group were made 
to swim with no additional resistance for 40 min, 5 days 
a week, for 5 weeks.26 For Cup+HIE and Cn+Cup+HIE 
groups, a resistance of 9% of b.w. in the form of a metal 
ring was tied around the tails of the rats, and they were 
made to swim for 40 min, 5 days a week for 5 weeks.27 
In case of slippage of the ring from the tail, the timer was 
paused, the ring was put back and timer continued for 
the remaining duration of the exercise. The intensity grad-
ing based on the load was adapted from a study performed 
by Gobatto et al.28

Induction of demyelination  
and methylprednisolone administration

Cuprizone, a primary copper chelator, induces selective 
oligodendrocyte apoptosis after 3 weeks of administration, 

which is followed by activation of innate neuroglial and 
immune cells in  the brain by astrocytes and microglial 
proliferation. Finally, Cup administration leads to demy-
elination of distinct white and grey matter areas.29 There 
is only a minimal involvement of the blood–brain barrier 
and cells of the immune system are believed to play a role 
in demyelination induced by Cup.30

Demyelination induction was achieved by administration 
of 450 mg of Cup/kg b.w. dissolved in 1.5 mL of 1% HPC.31 
The  control group received 1.5  mL of  1%  HPC. After 
3 weeks of Cup administration, 20 mg of MP/kg b.w. were 
administered intraperitoneally for 3 weeks.32

Tissue preparation

After the assigned experimental period, the rats were 
euthanized by an overdose of 1% isoflurane. After the rats 
were perfused intracardially with 50 mM phosphate-buff-
ered saline (PBS), the brain tissue was carefully dissected, 
washed in PBS and transferred to formalin containers for 
histopathology. The brain specimens intended for immu-
nohistochemistry, immunofluorescence and qRT-PCR were 
wrapped in aluminum foil and kept in refrigeration at −80°C.

Luxol fast blue staining

This procedure was carried out as described in the lit-
erature.33 The coronal sections of brain tissue were stained 
with LFB. Brain tissue slides were incubated in LFB solution 
(0.1%; Polysciences Inc., Warrington, USA) for 24 h at room 
temperature. The sections were rinsed thoroughly in dis-
tilled water and then dipped in lithium carbonate solution 
(0.05%; Polysciences Inc.) several times. The differentiation 
of the sections was then continued by repeatedly dipping 
the sections in alcohol reagent (70%) until the gray mat-
ter became colorless and the white matter remained blue. 
Then, the sections were rinsed in distilled water and in-
cubated with cresyl echt violet (0.1%; Polysciences Inc.) for 
2–5 min. Next, the sections were rinsed quickly in distilled 
water, dehydrated quickly in 3 changes of absolute alcohol, 
cleared in 3 changes of xylene, and mounted using a mount-
ing medium. The slides were viewed under the Olympus 
binocular bright-field microscope (model DM 1000 LED; 
Olympus Corp., Tokyo, Japan) at ×60 magnification.

MBP immunohistochemistry

This procedure was carried out according to the method 
designed by Khodanovich et al.34 The tissues were im-
mersed in ice-cold PBS followed by immersion in freshly 
prepared filtered 4% paraformaldehyde (PFA) in PBS. After 
embedding, the tissues were cut using the Leica cryostat 
CM1850 (Leica Biosystems, Deer Park, USA) and stored 
in cryoprotective solution (25% glycerol, 25% ethylene glycol 
in PBS) at −20°C. The sections were incubated with poly-
clonal rabbit anti-MBP (1:1000; Abcam, Cambridge, UK) 
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overnight at 25°C, and then treated with streptavidin-per-
oxidase complex (1:200; Abcam). Sections were visualized 
using the reaction with 3,3-diaminobenzidine tetrachlo-
ride (Sigma-Aldrich) in 0.1 M Tris-HCl buffer (pH 7.2), and 
then dehydrated, mounted on a slide and visualized under 
a bright field microscope (Labomed Lx-500 HL Binocular 
Miscroscope; Labomed, Mumbai, India).

GFAP immunofluorescence

Chronic demyelination usually leads to astrocyte prolif-
eration. This procedure was carried out with the method 
outlined by Madadi et al.35 The frozen sections of corpus 
callosum (10 μm) were dried for 2 h at room temperature 
and then fixed with 4% PFA in PBS for 20 min. After block-
ing nonspecific antibody binding with 5% non-fat dried 
milk for 20 min, the sections were incubated overnight with 
rabbit anti-GFAP (1:4000; Enzo Life Sciences, Farming-
dale, USA) diluted in blocking buffer at 4°C. Subsequently, 
the sections were washed in Tris-buffered saline (TBS) and 
incubated in a dark, humid chamber with the appropriate 
fluorescently labeled IgGs-Alexa Fluor 594 (1:400; Enzo 
Life Sciences) combined with donkey anti-rabbit IgG Al-
exa Fluor 488 (1:400; Enzo Life Sciences) diluted in TBS 
with Tween 20 (TBS-T) for 2 h at room temperature. After 
several washes in TBS, the sections were mounted using 
polyvinyl alcohol mounting medium. Immunofluorescence 
was examined using a Leica confocal laser scanning micro-
scope (Leica Microsystems, Wetzlar, Germany).

Gene expression level of BDNF  
in the hippocampus detected with qRT-PCR

This procedure was carried out using the method pre-
viously described by Altieri et al.36 The total RNA was 
prepared from the brain tissue using a TRIzol reagent 
(RNeasy® Mini kits; Qiagen, Hilden, Germany). The qPCR 
Master Mix Kit was purchased from Invitrogen (Waltham, 
USA). Complementary DNA was first synthesized from 
total RNA using reverse transcriptase. The qRT-PCR was 
performed using Applied Biosystems instrument Quant-
Studio 7 Pro (Waltham, USA). The operating conditions 
were as follows: for glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) – 30 cycles of denaturation at 95°C for 
30 s, annealing at 58°C for 30 s and extension at 72°C for 
30 s; for BDNF – 27 cycles of denaturation at 95°C for 
30 s, annealing at 57°C for 30 s and extension at 72°C for 
30 s. The PCR products were separated on 1.2% agarose 
gels and stained with ethidium bromide. The  density 
of each band was quantified using an image analyzing 

system (optical detection module in QuantStudio 7 Pro). 
The expression levels were compared with each other 
by calculating the relative density of the target band, such 
as BDNF, to that of GAPDH. The primer sequence is pre-
sented in Table 1.

Statistical analyses

All data are expressed as mean ± standard deviation (SD). 
Normality and equal variance of the data were analyzed 
using the Shapiro–Wilk test and the Brown–Forsythe test, 
respectively. Comparisons between groups were made us-
ing one-way analysis of variance (ANOVA) with Tukey’s 
post hoc multiple comparison test. All statistical analyses 
were performed using SigmaPlot v. 14.5 (Systat Software 
Inc., Chicago, USA). A value of p < 0.001 was considered 
statistically significant. Immunostained slides were quan-
tified using ImageJ software (National Institutes of Health 
(NIH), Bethesda, USA). The expression of the BDNF gene 
was measured using GAPDH as an internal control.

Results

Exercise improved remyelination as seen 
in LFB staining of the corpus callosum

The LFB staining was conducted to assess the myelin 
content in the corpus callosum. Widespread demyelination 
with increased degradation and vacuolation was evident 
in the Cup group (group II) compared to normal myelina-
tion observed in  the control group. The Cn+Cup+HIE 
group showed better remyelination, as detected with blue 
staining of the myelinated areas visible in Fig. 1, similarly 
to the control and Cup+MP group images, with minimal ar-
eas of remyelination seen in Cup+LIE and Cup+HIE groups. 
Figure 1 presents the effect of exercise in Cup-induced 
changes on LFB staining in the corpus callosum region.

Distribution of data

The assumptions of ANOVA were based on normality 
and equal variance test. The data were found to be normally 
distributed in all groups. In the analysis of the percent-
age of cells that show MBP expression (MBP+ve cells %) 
and the percentage of the cells that show GFAP expression 
(GFAP+ve cells %), and the analysis of BDNF expression 
in the hippocampus, normal distribution was found, with 
p = 0.893, p = 0.395 and p = 0.979, respectively. Similarly, 
equal variance, determined using Brown–Forsythe test, 

Table 1. Primer sequence for quantitative real-time polymerase chain reaction (qRT-PCR) brain-derived neurotrophic factor (BDNF) in the hippocampus region

Genes Primer right Primer left

BDNF (153bp)
GAPDH (409bp)

5’-CAG GGG CAT AGA CAA AAG-3’
5’-ATC CCATCA CCA TCT TCC AG-3’

5’-CTT CCC CTT TTA ATG GTC-3’
5’-CCT GCTTCA CCA CCT TCT TG-3’
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was also found, with p = 0.489, p = 0.883 and p = 0.270, 
respectively, for all 3 above parameters.

Exercise improves MBP expression 
in the corpus callosum

The MBP is the initial and reliable marker for remyelin-
ation. Therefore, MBP expression can act as a reliable guide 
to establish remylination criteria. MBP immunopositivity 
in the corpus callosum of the rat brain was drastically reduced 
in the Cup group and substantially improved in the Cup+MP 
group and Cn+Cup+HIE group. The Cup+LIE and Cup+HIE 
groups showed similar minimal expression. The quantita-
tive analysis of cells expressing MBP showed a considerable 
decrease in MBP expression in the Cup group (8.267 ±0.351) 

compared to  the  control group (30.033  ±0.569%), with 
p < 0.001. It was found that MBP expression was increased 
in the Cup+MP group (22.967±0.473) and in Cn+Cup+HIE 
group (21.733 ±0.777); when these 2 groups were compared, 
p-value was found to be 0.128, with no statistical difference 
between Cup+MP (standard drug group) and Cn+Cup+HIE 
group, thereby showing that they produced similar results. 
The Cup+LIE group (13.333 ±0.306) and Cup+HIE group 
(17.467±0.153) presented moderate improvement, showing 
statistical significance when compared with control, Cup 
and Cup+MP groups.

Figure 2 presents the effect of exercise on Cup-induced 
changes, measured with MBP immunohistochemistry 
and quantitative analysis of MBP expression in corpus 
callosum.

Fig. 1. Effect of exercise in Cup-induced 
changes on LFB staining. The control 
group showed normal myelination 
of the corpus callosum, while the Cup 
group showed more demyelination. 
The Cup+MP group showed improved 
myelin formation. The Cup+LIE and 
Cup+HIE groups showed remyelination 
in a minimum area. The Cn+Cup+HIE 
group showed an increased area 
of remyelination, which was almost 
as same as control

Cup – cuprizone; LIE – low-intensity 
exercise; HIE – high-intensity exercise; 
MP – methylprednisolone; LFB – Luxol 
fast blue; Cn – conditioning.
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Exercise caused reduced GFAP 
expression measured with 
immunofluorescence

Active astrocytic proliferation is  observed 
in  chronic stages of  demyelination. As  pre-
sented in Fig. 3, high expression of GFAP was 
seen in the Cup group, while Cn+Cup+HIE group 
and Cup+MP group showed a reduced expression 
of GFAP in the corpus callosum. The Cup+HIE and 
Cup+LIE groups showed moderate GFAP expres-
sion. The quantitative analysis of cells expressing 
GFAP showed a definite increase in the Cup group 
(112.867 ±0.551) compared to the control group 
(30.550 ±1.054). This result was statistically sig-
nificant (p < 0.001). The Cup+MP group showed 
a decline in GFAP expression (61.233 ±0.643), 
while the Cn+Cup+HIE group showed a better re-
sponse than the Cup+MP group (50.367 ±0.513) 
(p  <  0.001). The  Cn+Cup+HIE group showed 
a 17.74% decrease of GFAP expression in com-
parison to  Cup+MP (standard drug) group, 
which shows that there was less astrogliosis 
in Cn+Cup+HIE group compared to Cup+MP 
group. The  Cup+LIE (80.900  ±1.127) and 
Cup+HIE (77.000 ±0.557) groups showed mod-
erate response in comparison to the control, Cup 
and Cup+MP groups. This result was statistically 
significant (p < 0.001).

Figure 3 presents the effect of exercise on Cup-
induced changes, measured with GFAP immu-
nofluorescence and quantitative analysis of ex-
pression of cells expressing GFAP in the corpus 
callosum.

Fig. 2. Effect of exercise in Cup-induced changes measured 
with MBP immunohistochemistry and quantitative analysis 
of expression of cells expressing MBP in corpus callosum, 
analyzed with ImageJ software (National Institutes of Health 
(NIH), Bethesda, USA) and presented with a 800-μm scale bar 
and ×100 magnification. The MBP expression in the corpus 
callosum of the rat brain is shown with the arrow mark. 
The MBP immunopositive cells were less expressed in the Cup 
group compared to the control group. The highest expression 
was seen in the Cup+MP group, and only slightly lower 
the Cn+Cup+HIE group, even lower in the Cup+HIE group, 
and the lowest in Cup+LIE group. Values are presented 
as mean ± standard deviation (SD; n = 6 in each group). 
The F-values and p-values were determined using one-way 
ANOVA with Tukey’s test

MBP – myelin basic protein; Cup – cuprizone; 
LIE – low-intensity exercise; HIE – high-intensity 
exercise; Cn – conditioning; MP – methylprednisolone; 
ANOVA – analysis of variance; a – significantly different from 
the control group; b – significantly different from the Cup 
group; c – significantly different from the MP group.
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Gene expression levels of BDNF 
in hippocampus region measured  
with qRT-PCR

The  BDNF is  an  important marker for 
neuroplasticity. Its  expression was the  low-
est in the Cup group and the highest BDNF 
expression in the Cn+Cup+HIE group com-
pared to  Cup+MP and control groups. 
The  second lowest BDNF expression was 
found in the Cup+LIE group, and it was com-
parably low in  the Cup+HIE group, as  seen 
in Fig. 4. The quantitative analysis revealed 
reduced BDNF expression in the Cup group 
(0.653  ±0.0651%) compared to  the  control 
group (2.693 ±0.179%) (p < 0.001). The highest 
expression was seen in the Cn+Cup+HIE group 
(3.470 ±0.0436%) followed by the Cup+MP group 
(3.123 ±0.0961%) (p < 0.001). The Cn+Cup+HIE 
group showed a 28.85% higher BDNF expres-
sion compared to the control group, whereas 
Cup+MP group showed a 15.96% higher expres-
sion compared to the control group. In compar-
ison to the Cup+MP group, the Cn+Cup+HIE 
group showed an 11.11% increase in BDNF ex-
pression, whereas BDNF expression in the hip-
pocampal region in the Cn+Cup+HIE group 
exceeded such expression in  the  standard 
drug Cup+MP group. The BDNF expression 
in the Cup+LIE (0.973 ±0.121) and Cup+HIE 
(1.823  ±0.0929) groups did not show much 
improvement. Cup+LIE group showed no sta-
tistical significance when compared to Cup 
group and showed decreased BDNF expres-
sion in comparison to the control and Cup+MP 
groups, which was statistically significant 

Fig. 3. Effect of exercise on Cup-induced changes 
measured with GFAP immunofluorescence and 
quantitative analysis of expression of cells expressing GFAP 
in the corpus callosum, analyzed using ImageJ software 
(National Institutes of Health (NIH), Bethesda, USA) and 
presented with a 100-μm scale bar and ×100 magnification. 
Immunopositivity to GFAP was higher in the Cup group 
compared to the control group. Lower expression was 
observed in the Cup+MP group, and the Cn+Cup+HIE 
group showed markedly declined expression, while 
Cup+HIE and Cup+LIE groups showed moderate 
expression. Values are presented as mean ± standard 
deviation (SD; n = 6 in each group). The F-values and 
p-values were determined using one-way ANOVA with 
Tukey’s test

Cup – cuprizone; LIE – low-intensity exercise; 
HIE – high-intensity exercise; Cn – conditioning; 
MP – methylprednisolone; GFAP – glial fibrillary acidic 
protein; ANOVA – analysis of variance; a – significantly 
different from the control group; b – significantly different 
from the Cup group; c – significantly different from the MP 
group.
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(p < 0.001). The expression of the Cup+LIE group showed 
no statistical difference when compared to the Cup group 
(p = 0.053). The expression of the Cup+HIE group (1.823 
±0.0929%) was found to be statistically significant in com-
parison with control, Cup and Cup+MP groups.

Figure 4 presents the effect of exercise on Cup-induced 
changes, measured with the gene expression of BDNF and 
quantitative analysis of BDNF expression, in the hippo-
campus region.

The summary of mean and SD levels of all groups with 
degrees of freedom (df), sum of squares (SS), mean of sum 

of squares (MS), and with F-values and p-values for all 
parameters mentioned is presented in Table 2.

Discussion

For the experimental study of MS pathology, a  toxic 
model using Cup can work as an appropriate model to study 
the  remyelination process.37 In  this model, the  corpus 
callosum is the primary area showing white matter de-
generation; other brain regions such as basal ganglia and 

Fig. 4. Effect of exercise on Cup-induced changes 
of the gene expression, measured with BDNF 
and quantitative analysis of BDNF expression 
in the hippocampus region. Lane 1 – control; 
lane 2 – Cup group; lane 3 – Cup+MP group; 
lane 4 – Cup+LIE group; lane 5 – Cup+HIE group; 
lane 6 – Cn+Cup+HIE group. The BDNF expression 
was found to be the lowest in the Cup group 
and the second lowest in the Cup+LIE group. 
The highest expression of BDNF was found 
in the Cn+Cup+HIE group, followed by the Cup+MP 
group and Cup+HIE group. The BDNF expression 
in the Cn+Cup+HIE group was found to be higher 
than in the control group. Values are presented 
as mean ± standard deviation (SD; n = 6 in each 
group). The F-values and p-values were determined 
using one-way ANOVA with Tukey’s test

Cup – cuprizone; LIE – low-intensity exercise; 
HIE – high-intensity exercise; Cn – conditioning; 
MP – methylprednisolone; BDNF – brain-
derived neurotrophic factor; ANOVA – analysis 
of variance; GAPDH – glyceraldehyde-3-phosphate 
dehydrogenase; a – significantly different from 
the control group; b – significantly different from 
the Cup group; c – significantly different from 
the MP group.
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hippocampus are also affected.38 In  the  present study, 
it was found that conditioned animals subjected to HIE 
encompassing swimming regimen showed improved ar-
eas of remyelination as seen in LFB staining, improved ex-
pression of MBP measured using immunohistochemistry, 
improved expression of GFAP measured using immuno-
fluorescence, and improved genetic expression of BDNF 
in the hippocampal region analyzed using qRT-PCR. These 
results were concurrent with findings of Kim and Sung 
regarding MBP expression.39 Selective ablation of astro-
cytes leads to a better remyelination response, as docu-
mented in a study by Madadi et al., with GFAP expression 
measured using immunofluorescence and improved areas 
of remyelination visualized with LFB staining.35 In a study 
conducted by Gentile et al. and employing swimming pro-
tocol, BDNF levels were found to be significantly increased 
in mice with induced EAE.40

Aquatic exercise is particularly beneficial for MS patients 
due to its 3 vital effects: 1) buoyancy, whereby the load and 
stress on the joints are reduced; 2) viscosity, which leads 
to decreased drag and multiplanar movements; and, most 
importantly, 3)  thermodynamics. As per the Uhthoff ’s 
phenomenon, symptoms of MS worsen in case of a setting 
that increases the body temperature.41 Swimming exercise 
does not increase the temperature levels and maintains 
an optimum body temperature.42 The LFB staining, one 
of the standard methods of visualizing white matter, showed 
improved effects of physical activity in the experimental 
groups (Cn+Cup+HIE and Cup+HIE groups), as was evi-
denced by the increased myelination in the exercise groups, 
which was in accordance with a study by Kim and Sung, 
where the demyelination in the spinal cord was studied.39

Myelin basic protein is  important for maintaining 
the  structural stability of  myelin and is  an  essential 

component for efficient nerve conduction.43 Prior regular 
exercise has been shown to have a positive impact on re-
ducing demyelination and axonal damage in the spinal cord 
of EAE animals, as well as on dendritic damage in striatal 
neurons.44 A decrease in MBP expression reflects the de-
myelinating status of MS.45 The present study showed a de-
crease in MBP levels in the Cup group, and, conversely, 
improved MBP expression in Cup+MP and Cn+Cup+HIE 
gropus. The Cup+HIE and Cup+LIE groups showed only 
negligible improvement. Similar results regarding MBP ex-
pression were observed in the spinal cord, where the effects 
of free swimming were analyzed.39 This study was the first 
to throw light on the neuroprotective effects of the pre-
conditioning exercise program introduced together with 
the HIE regimen. Astrocytes are found to be promoters 
of demyelinating lesions, which are carried out by secre-
tion of chemokines that recruit microglial inflammatory 
cells, which in turn restrict the process of remyelination.46 
Astrogliosis is a feature observed in chronic stages of MS.47 
The GFAP, a marker for astrogliosis, is  found to be el-
evated in chronic stages of demyelination.48 Better re-
sults with reduced astrocyte proliferation were observed 
in the Cn+Cup+HIE group. An improved remyelination 
was also reported in a study by Madadi et al., who per-
formed selective astrocyte ablation with long-term Cup 
administration.35

Immunomodulatory effects of  exercise (in  the  form 
of treadmill training) against neural damage and demy-
elination were analyzed and found to cause improvement 
in patients’ condition.49 One of the strongest and most 
reliable effects of exercise on the brain of treated rats was 
the upregulation of BDNF, an important marker for neu-
ronal plasticity, which increases the number and synap-
tic uptake of α-amino-3-hydroxy-5-methyl-4-isoxazole 

Table 2. Comparative effectiveness of MP, LIE, HIE, and Cn+HIE in Cup-induced demyelination, measured using quantitative analysis of 1) MBP+ve cells %, 
2) GFAP+ve cells % in the corpus callosum region and 3) BDNF expression in hippocampal region

Sample Parameters Groups Mean SD df SS MS F-value p-value

1

MBP+ve cells % in corpus 
callosum region, measured with 
ImageJ software and presented 

with a 800-μm scale bar 
and ×100 magnification

control
Cup

Cup+MP
Cup+LIE
Cup+HIE

Cn+Cup+HIE

30.033
8.267

22.967
13.133
17.467
21.733

0.569
0.351
0.473
0.306
0.153
0.777

5 890.660 178.132 768.915 <0.001

2

GFAP+ve cells % in the corpus 
callosum region, measured with 
Image J software and presented 

with a 100-μm scale bar

control
Cup

Cup+MP
Cup+LIE
Cup+HIE

Cn+Cup+HIE

30.500
112.867
61.233
80.900
77.000
50.367

1.054
0.551
0.643
1.127
0.557
0.513

5 12058.358 2411.672 3942.787 <0.001

3
quantitative analysis of BDNF 

expression in the hippocampus 
region 

control
Cup

Cup+MP
Cup+LIE
Cup+HIE

Cn+Cup+HIE

2.693
0.653
3.123
0.973
1.823
3.470

0.179
0.065
0.096
0.121
0.092
0.043

5 20.135 4.027 342.407 <0.001

SD – standard deviation; df – degrees of freedom; SS – sum of squares; MS – mean of sum of squares; BDNF – brain-derived neurotrophic factor; 
Cup – cuprizone; LIE – low-intensity exercise; HIE – high-intensity exercise; MP – methylprednisolone; MBP – myelin basic protein; GFAP – glial fibrillary 
acidic protein; MBP+ve cells % – percentage of cells that show MBP expression; GFAP+ve % cells – percentage of cells that show GFAP expression.
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propionic acid (AMPA) receptors in experimental hip-
pocampal slices and hippocampal neuronal cultures.50

According to Pencea et al., BDNF stimulates the recruit-
ment of supraventricular zone cells and their migration, 
and facilitates the differentiation of neurons.51 The pres-
ent study showed an  increase in  expression of  BDNF 
in the hippocampus of conditioned rats subjected to a HIE 
swimming protocol, which was in accordance with a study 
by Kim et al.52 Motor activity in the form of aquatic exer-
cise is found to have more neuroprotective and long-term 
effects regarding gene expression in  the hippocampus 
of Cup-treated brains of Wistar rats.53,54

The fragmentation of DNA was seen in the dentate gyrus 
of the hippocampus in rats with induced MS. When treated 
with swimming exercise, reduced fragmentation of DNA 
and thereby, an improvement in short term memory was 
noticed.55 Similar results were found in the present study, 
where the Cn+Cup+HIE group showed increased effects 
of neuroprotection with improved areas of remyelination 
in the corpus callosum and improved neuronal plastic-
ity, as shown by BDNF expression in the hippocampal re-
gion. The expression of BDNF was found to be the highest 
in Cn+Cup+HIE group, even higher than in the standard 
drug Cup+MP group. It can be corelated with delaying 
or preventing secondary memory and functioning impair-
ment in MS.

The current study shows the importance of a general ex-
ercise routine and thereby an improved fitness level, which, 
as shown by conditioning program in the current study, 
induced consistent protective effects on demyelination and 
also improved expression of BDNF in the hippocampal 
region. Providing and maintaing a standard and consistent 
environment for the exercise protocol were found to be 
challenging in this study. The scope of the study can be 
expanded by analyzing and comparing other modalities 
of exercise with aquatic therapy, also in other neurode-
generative disorders.

Limitations

This study examined the acute demyelination and re-
myelination changes caused by the administration of Cup. 
If  the  duration of  Cup administration was prolonged, 
the chronic changes and subsequent effects could have 
been studied further.

Conclusions

Prior exercise conditioning program confers neuropro-
tective and remyelinating effects in rats subjected to in-
duction of demyelination with Cup, in addition to lead-
ing to better fitness level. High-intensity exercise showed 
comparable significance, while the least significant ef-
fects were observed in LIE. Therefore, in MS, the HIE 
protocol can be applied, and in the long run, improved 

general fitness results in neuroprotection, in addition 
to the traditional cardioprotective effects documented so 
far, can be observed. The RRMS is observed in the initial 
stage. For the initial stage, the treatment involves the use 
of steroids and maintenance LIE only during relapses. 
Instead, a challenging HIE program can be the norm, 
keeping the basal body temperature constant throughout 
the disease course, irrespective of relapse or remission. 
Also, this study stresses the importance of an exercise 
program in general, even in an otherwise healthy popula-
tion, to bring out better results when a neural pathology 
may be detected.
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Abstract
Background. Diabetic nephropathy (DN) is one of the most common complications of diabetes mellitus (DM). 
MicroRNA (miR)-218 is associated with the development of diabetes. Besides, sprouty-related EVH1 domain 
containing 2 (SPRED2), the downstream target of miR-218, is involved in insulin resistance and inflammation.

Objectives. Since inflammation plays a key role in DN, and SPRED2 is known to facilitate cell autophagy, 
the present study aimed to investigate the role and molecular mechanism of miR-218 and SPRED2-mediated 
autophagy in high glucose (HG)-induced renal tubular epithelial cells using an in vitro model.

Materials and methods. The HK-2 cells were cultured in 5.5 mM or 30 mM D-glucose medium. Quantitative 
real-time polymerase chain reaction (qRT-PCR) was used to detect the expression of miR-218 and SPRED2. 
Western blotting was performed to calculate the levels of SPRED2, inflammatory cytokines, autophagy-related 
and apoptosis-related proteins. Reactive oxygen species (ROS) level was evaluated using cellular ROS assay 
kit, superoxide dismutase (SOD) activity was detected using SOD activity assay kit, and malondialdehyde 
(MDA) content was measured using lipid peroxidation. The levels of interleukin (IL)-1β, IL-6, IL-4, and tumor 
necrosis factor alpha (TNF-α) were detected with enzyme-linked immunosorbent assay (ELISA). Cell apoptosis 
was evaluated using flow cytometry analysis. The targeting relationship between miR-218 and SPRED2 was 
identified with a luciferase reporter. The LC3-II expression was detected with immunofluorescence.

Results. The miR-218 expression was upregulated and SPRED2 expression was downregulated in HG-induced 
HK-2 cells. The miR-218 was proven to target SPRED2 and negatively regulate SPRED2 expression. Besides, 
downregulated miR-218 alleviated inflammatory response, oxidative stress and cell apoptosis, but aggravated 
autophagy. We also showed that downregulated SPRED2 reversed the effect of miR-218 on inflammation, 
cell apoptosis and autophagy in HG-induced HK-2 cells.

Conclusions. The miR-218 can promote oxidative stress and inflammatory response in HG-induced renal 
tubular epithelial cells by inhibiting SPRED2-mediated autophagy. This study might bring novel understanding 
for molecular mechanism of DN.

Key words: miR-218, renal tubular epithelial cell, autophagy, SPRED2, high glucose
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Background

Diabetic nephropathy (DN) is one of the most common 
complications of diabetes mellitus (DM) that might even-
tually develop into chronic nephropathy.1–3 During the de-
velopment of diabetes, high glucose (HG) condition can 
induce cell apoptosis, inflammation and oxidative stress 
in renal cells, e.g., renal tubular epithelial cells, leading 
to renal injuries, and finally resulting in DN and chronic 
nephropathy.4–6 Therefore, it is of great importance to find 
new and potential biomarkers involved in renal tubular 
cells for better DN therapy.

Currently, various kinds of miRNAs have been illus-
trated to play important roles in diabetes and its compli-
cations by regulating biological pathways related to DN.7–9 
As reported, kidney hypoxia triggered the upregulation 
of miR-218 expression in endothelial progenitor cells that 
might promote endocapillary repair.10,11 The miR-218 was 
also found to be a biomarker for type 1 DM in children.12 
Moreover, as stated in the study by Zhang et al., miR-
218 was upregulated in the plasma samples of patients 
with type 2 DM-induced atherosclerosis.13 Circulating 
evidence indicated that miR-218 plays a mediatory role 
in the pathogenesis of DN. However, deeper insight is still 
needed to illustrate the role of miR-218 in the develop-
ment of DN.

As a member of sprouty-related EVH1 domain con-
taining proteins family, sprouty-related EVH1 domain 
containing 2 (SPRED2) is usually expressed in various 
tissues.14–16 It has been reported that SPRED2 negatively 
regulated high-fat diet-induced obesity, adipose tissue 
inflammation, metabolic abnormalities, and insulin re-
sistance.17 The SPRED2 was identified as a novel regula-
tor of cardiac autophagy, and its deficiency could arouse 
cardiac dysfunction and life-threatening arrhythmias 
through impaired autophagy.18–20 In addition, SPRED2 
affected the development of lipopolysaccharide-induced 
lung inflammation by negatively regulating the ERK-
MAPK pathway.21 Since SPRED2 influences diabetes-
related diseases including insulin resistance, obesity, 
as well as inflammation, which plays a key role in DN, 
it may also participate in DN process. However, lim-
ited research revealed the role of SPRED2 in autoph-
agy, inf lammation and oxidative stress during DN 
development.

Objectives

In  the  present study, we  investigated the  molecular 
mechanism of miR-218 and SPRED2 and their actions 
in DN in a well-accepted in vitro model using HG-induced 
HK-2 cells. Many studies used similar in vitro models 
to investigate DN.22–24 These findings might provide new 
promising therapeutic strategies for DN.

Materials and methods

Cell culture and treatment

Renal tubular epithelial cells (HK-2) were purchased from 
American Type Culture Collection (ATCC; Rockville, USA). 
The cells were cultured in Dulbecco’s modified Eagle’s me-
dium (DMEM; Life Technologies BRL, Gaithersburg, USA) 
supplemented with fetal bovine serum (FBS), 100 μg/mL 
streptomycin and 100 U/mL penicillin (Gibco BRL, Carls-
bad, USA) at 37°C with 5% CO2 in appropriate humidity.

The HK-2 cells were divided into a HG group and a nor-
mal glucose (NG) group. The HK-2 cells in the HG group 
were treated with a HG concentration of 30 mM, while 
the NG cells were treated with 5.5 mM glucose. Both groups 
were incubated with 5% CO2 at 37°C for 48 h. For inhibition 
of cell autophagy, 3-MA (Sigma-Aldrich, St. Louis, USA) 
was used to treat the cells with a dose of 3 mmol/L.

Cell transfection

The  cells were transfected with 5 nM miR-218 mim-
ics/inhibitor, as  well as  si-SPRED2, and the  correspond-
ing negative controls (NCs). The miRNA mimics, inhibi-
tor and NCs were purchased from Shanghai GenePharma 
Co., Ltd. (Shanghai, China) without sequence information. 
The  si-SPRED2 was purchased from Sigma-Aldrich (cat. 
No. EHU029561) with sequence of TCCATGGTGAACGA-
CAGAAAGACAAACTGGTGGTATTGGAATGCTATGTA-
AGAAAGGACTTGGTCTACACCAAAGCCAATCCAAC-
GTTTCATCACTGGAAGGTCGATAATAGGAAGTTTG-
GACTTACTTTCCA A AGCCCTGCTGATGCCC-
GAGCCTTTGACAGGGGAGTAAGGAAAGCAATC-
GAAGACCTTATAGAAGGTTCAACAACGTCATCTTC-
CACCATCCATAATGAAGCTGAGCTTGGCGATGAT-
GACGTTTTTACAACAGCTACAGACAGTTCTTC-
TAATTCCTCTCAGAAGAGAGAGCAACCTACTCG-
GACAATCTCCTCTCCCACATCCTGTGAGCACCG-
GAGGATTTATACCCTGGGCCACCTCCACGACT-
CATACCCCACAGACCACTATCACCTCGATCAGCCG. 
The siRNA negative control was also obtained from Sigma-Al-
drich (cat. No. SIC001) with meaningless sequence. Cell trans-
fection was performed using Lipofectamine 3000 (Thermo 
Fisher Scientific, Waltham, USA) and detection of transfection 
efficiency was conducted at 48 h.

Flow cytometry analysis

The treated HK-2 cells were collected into 1.5 mL tubes 
containing annexin-FITC and propidium iodide (PI) re-
agents, and cultured in the dark at room temperature for 
20 min. Afterwards, 200 μL of PI reagents, with 1 mL 
phosphate-buffered saline (PBS) were added into the flow 
tube. Cell apoptosis was quantified using FACSCalibur 
(Becton Dickinson, Mountain View, USA).
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ELISA

The cell supernatant expression of tumor necrosis fac-
tor alpha (TNF-α), interleukin (IL)-1β, IL-4, and IL-6 was 
determined with enzyme-linked immunosorbent assay 
(ELISA) using commercially available kits (Human TNF 
alpha ELISA Kit (ab181421), Human IL-1 beta ELISA 
Kit (ab214025) and Human IL-4 ELISA Kit (ab215089), 
all purchased from Abcam, Cambridge, USA) according 
to the manufacturer’s instructions.

Measurement of superoxide dismutase, 
malondialdehyde and reactive oxygen 
species generation

Reactive oxygen species (ROS) level was evaluated using 
cellular ROS assay kit (Deep Red; ab186029),  superoxide 
dismutase (SOD) activity was detected by means of super-
oxide dismutase activity assay kit (Colorimetric; ab65354), 
and malondialdehyde (MDA) content was measured using 
Lipid Peroxidation (MDA) Assay Kit (Colorimetric/Fluo-
rometric; ab118970), all purchased from Abcam.

qRT-PCR

Total RNA was extracted from HK-2 cells using Trizol re-
agent (Invitrogen, Carlsbad, USA). For the detection of miR-
218 expression, a miRcute miRNA First-strand cDNA syn-
thesis kit (Tiangen Biotech Co., Beijing, China)was used 
to convert RNA into cDNA. A miRcute miRNA qPCR de-
tection kit (Tiangen Biotech Co.), performing on a 7900 HT 
Sequence Detection System (Applied Biosystems, Foster 
City, USA) was used in quantitative real-time polymerase 
chain reaction (qRT-PCR). For the detection of SPRED2 
expression, a PrimeScript RT reagent Kit (TaKaRa, Tokyo, 
Japan) was used to convert RNA into cDNA. A Power SYBR 
Green kit (Thermo Fisher Scientific) with the Stratagene 
Mx3000P real-time PCR system (Stratagene, La Jolla, USA) 
was conducted for quantification. The following primers 
were used in PCRs: F 5’-TGTGAGCACCGGAAGATT-
TATACC-3’ and R 5’-CGCGGCGGCTTTGTGCTT-3’ for 
SPRED2; F 5’-TAATGGTCGAACGCCTAACGTC-3’ and 
R 5’-CGAGTGCATTTGTGCTTGATCTA-3’ for miR-218; 
5’-GACACGCAAATTCGTG-3’ and 5’-GTGCAGGGTC-
CGAGGT-3’ for U6, and F  5’-GGGTGTGAACCAC-
GAGAAAT and R 5’-ACTGTGGTCATGAGCCCTTC-3’ 
for GAPDH. The U6 and GAPDH were used as internal 
controls for miRNA and mRNA, respectively. The relative 
expression level was calculated using the 2−ΔΔCq method.25

Western blotting

The  protein extracted from HK-2 cells were loaded 
on sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) and transferred to polyvinylidene 

difluoride (PVDF) membranes blocked with 5% non-fat 
milk at a room temperature for 3 h. Afterwards, the mem-
branes were incubated with primary antibody at  4°C 
overnight, followed by horseradish peroxidase (HRP)-
conjugated secondary antibodies at 37°C for 1 h. The pri-
mary antibodies were as follows: Anti-SPRED2 (ab153700, 
1/500), Anti-caspase-3 (ab13847, 1/500), Anti-BAX 
(ab182733, 1/2000), Anti-BCL-2 (ab194583, 1/500), Anti-
LC3-II/I (ab62721, 1 µg/mL), and Anti-Beclin 1 (ab207612, 
1/2000) (all purchased from Abcam). The GAPDH was 
used as a control. Protein bands were detected using Super 
Signal West Pico Chemiluminescent Substrate kit (NCM 
Biotech, Suzhou, China).

Immunofluorescence

Briefly, cells were fixed in 4% paraformaldehyde for 
5 min. For fluorescent labeling, cells were washed twice 
with PBS and permeabilized with 0.2% Triton X-100 for 
5 min. Subsequently, cells were incubated with primary 
antibodies at 4°C overnight, followed with secondary 
antibodies at room temperature for 1 h. Fluorescence 
intensities were detected on  an  Olympus FluoView 
FV1000 confocal microscope (Olympus Corp., Tokyo, 
Japan).

Luciferase reporter assay

The binding mode between miR-218 and SPRED2 was 
predicted using TargetScan 7.2 (http://www.targetscan.
org/vert_72/). The wild-type (WT) and mutation (MUT) 
of 3’-untranslated region (UTR) of SPRED2 sequences 
containing the binding sequence of miR-218 were ampli-
fied and inserted into the p-MIR-report plasmid (Ambion, 
Austin, USA). Afterwards, HK-2 cells were co-transfected 
with the miR-19b vector (inhibitor or mimics) or NCs 
in SPRED2-WT/SPRED2-MUTm, using Lipofectamine 
3000 (Invitrogen). Cells were collected for detection using 
luciferase assay kits (Promega, Madison, USA) 48 h after 
the transfection. Luciferase activity of cells was normal-
ized to Renilla luciferase activity.

Statistical analyses

The continuous data were presented as mean ± standard 
deviation (SD). The data normality in each compared group 
was evaluated with Shapiro–Wilk test. The comparison 
between 2 groups was made using the Student’s t-test, and 
the comparison among 3 or more groups was conducted 
using one-way analysis of variance (ANOVA) followed 
by Tukey’s post hoc test. The Levene’s test was used for 
assumption of homogeneity of variances of ANOVA or t-
test. The differences were considered statistically signifi-
cant when p < 0.05. All calculations were performed using 
SPSS v. 18.0 (SPSS Inc., Chicago, USA).

http://www.targetscan.org/vert_72/
http://www.targetscan.org/vert_72/
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Results

MiR-218 directly targets SPRED2 and 
negatively regulates SPRED2 expression

The  expression levels of  miR-218 and SPRED2 were 
detected under HG and NG conditions. As  shown 
in Fig. 1A,B, SPRED2 expression significantly decreased 
in HG-induced HK-2 cells compared to the NG group. Nev-
ertheless, qRT-PCR result showed that miR-218 expression 
visibly increased in the HG group (Fig. 1A). These find-
ings suggested that miR-218 expression was upregulated 
and SPRED2 expression was downregulated in HK-2 cells 
under HG conditions.

To  further investigate the  molecular mechanism 
of miR-218 in HG-induced HK-2 cells, dual luciferase 
reporter assay was performed. Firstly, HK-2 cells were 
transfected with miR-218 mimics or miR-218 inhibitor, 

respectively, and the  transfection efficiency was con-
firmed with qRT-PCR. Based on bioinformatics analysis, 
miR-218 was predicted to bind to the SPRED2 (Fig. 1C). 
Luciferase reporter assay showed that the fluorescence 
intensity of  SPRED2-WT was significantly decreased 
by  the  transfection of miR-218 mimics, but increased 
by the transfection of miR-218 inhibitor. However, miR-
218 mimics/inhibitor had no effect on the fluorescence 
intensity of SPRED2-MUT (Fig. 1D). As shown in Fig. 1E, 
miR-218 expression was highly upregulated by the trans-
fection of miR-218 mimics and knockdown by miR-218 
inhibitor. Besides, both PCR and western blotting results 
proved that mRNA and protein levels of SPRED2 could be 
inhibited by overexpressed miR-218 but elevated by down-
regulated miR-218 (Fig. 1E,F). The results of ANOVA test 
are listed in Table 1. The above results indicated that miR-
218 directly targeted SPRED2 and negatively regulated 
SPRED2 expression.

Fig. 1. MiR-218 negatively regulates sprouty-related EVH1 domain containing 2 (SPRED2) expression. A. Expression of miR-218 and SPRED2 was determined 
using quantitative real-time polymerase chain reaction (qRT-PCR); B. Protein level of SPRED2 was detected using western blotting in the high glucose (HG) 
group and normal glucose (NG) group; C. The binding sites between miR-218 and SPRED2 were predicted using TargetScan (http://www.targetscan.org/);  
D. Targeting relationship between miR-218 and SPRED2 was confirmed with dual luciferase reporter assay; E. HK-2 cells were transfected with miR-218 
mimics, miR-218 inhibitor or the corresponding NC. The transfection efficiency of miR-218 mimics and miR-218 inhibitor, as well as the expression of SPRED2 
in HK-2 were validated using qRT-PCR; F. Protein level of SPRED2 was detected with western blotting

***p < 0.001 (t-test or Tukey’s post hoc test following analysis of variance (ANOVA); MUT – mutation; WT – wild-type.
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Fig. 2. Inhibition of sprouty-related EVH1 domain containing 2 (SPRED2) or autophagy reverses the effect of miR-218 inhibitor on inflammatory factor 
secretion and oxidative stress in high glucose (HG)-induced HK-2 cells. A. HK-2 cells were transfected with si-SPRED2 or si-NC. The transfection efficiency 
of si-SPRED2 in HK-2 was validated with western blotting and quantitative real-time polymerase chain reaction (qRT-PCR); B. HG-induced cells were 
transfected with miR-218 inhibitor, NC inhibitor, miR-218 inhibitor and si-NC, miR-218 inhibitor and si-SPRED2, or miR-218 inhibitor and treated with 3-MA. 
Protein level of SPRED2 was calculated with western blotting; C. SPRED2 expression was calculated using qRT-PCR; D. Reactive oxygen species (ROS) 
level was evaluated using cellular ROS assay kit, superoxide dismutase (SOD) activity was detected using superoxide dismutase activity assay kit, and 
malondialdehyde (MDA) content was measured with lipid peroxidation (MDA) assay kit; E. The levels of interleukin (IL)-1β, IL-4, IL-6, and tumor necrosis 
factor alpha (TNF-α) were measured using enzyme-linked immunosorbent assay (ELISA)

***p < 0.001 (t-test or Tukey’s post hoc test following analysis of variance (ANOVA)).
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Inhibition of SPRED2 or autophagy 
reverses the effect of miR-218 inhibitor 
on inflammation and oxidative stress 
in HG-induced HK-2 cells

The study investigated further the effect of miR-218 
and SPRED2 on inflammatory factor secretion and oxi-
dative stress in HG-induced HK-2 cells. First, cells were 
transfected with si-SPRED2#1, si-SPRED2#2 or  si-NC, 
respectively. The  SPRED2 expression was remarkably 
downregulated by the transfection of si-SPRED2#1 or si-
SPRED2#2, but si-SPRED2#2 showed better efficacy for 
knockdown of SPRED2 expression (Fig. 2A). Hence, si-
SPRED2#2 (abbreviated as si- SPRED2) was selected for 
the following experiments. Reduced SPRED2 expression 
induced by HG was elevated by miR-218 inhibitor; how-
ever, the co-transfection of si-SPRED2 reversed the ef-
fect of miR-218 inhibitor on SPRED2 expression (Fig. 2B). 
Compared to the control, the levels of MDA and ROS were 
significantly increased and SOD expression was dramati-
cally decreased in HG-induced HK-2 cells, but miR-218 
inhibitor suppressed the effect of HG induction on HK-2 
cells. At the same time, the transfection of si-SPRED2 
or the treatment of 3-MA attenuated the effect of miR-218 
inhibitor on oxidative stress factors (Fig. 2C). Moreover, 
the increased levels of IL-1β, IL-6 and TNF-α and decreased 
IL-4 expression were found in HG-induced HK-2 cells, and 
this effect could be suppressed by the transfection of miR-
218 inhibitor. However, the  transfection of  si-SPRED2 
or the treatment of 3-MA reversed the effect of miR-218 
inhibitor on inflammatory factor secretion in HG-induced 
HK-2 cells (Fig. 2D,E). The results of ANOVA test are listed 
in Table 2. All the above results suggested that the inhibi-
tion of SPRED2 or autophagy reversed the effect of miR-218 
inhibitor on inflammatory factor secretion and oxidative 
stress in HG-induced HK-2 cells.

Inhibition of SPRED2 or autophagy 
reverses the suppressive effect induced 
by miR-218 knockdown on cell apoptosis 
in HG-induced HK-2 cells

The effect of miR-218 and SPRED2 on apoptosis in HG-
induced HK-2 cells was also studied. We observed that 
miR-218 knockdown attenuated HG-induced cell apopto-
sis, which could be reversed by SPRED2 silencing or 3-MA 
treatment (Fig. 3A). The expression of apoptosis-related 
protein was detected to confirm this result. The  level 
of cleaved caspase-3 and Bax was significantly elevated, 
and Bcl-2 expression was greatly decreased in HG-induced 
HK-2 cells. The miR-218 knockdown obviously suppressed 
the level of cleaved caspase-3 and Bax, but increased Bcl-2 
expression in HG-induced HK-2 cells; however, this effect 
was alleviated by silencing SPRED2 or 3-MA treatment 
(Fig. 3B). The results of ANOVA test are listed in Table 3. 
These findings proved that the inhibition of SPRED2 or au-
tophagy reversed the inhibitory effect of miR-218 silencing 
on cell apoptosis in HG-induced HK-2 cells.

Inhibition of SPRED2 or autophagy 
reverses the effect induced by miR-218 
knockdown on autophagy in HG-induced 
HK-2 cells

Finally, the role of miR-218 and SPRED2 on autophagy 
in HG-induced HK-2 cells was studied. The effect of si-
SPRED2#1 and si-SPRED2#2 on cell autophagy was ana-
lyzed and the result suggested that the transfection of both 
siRNAs inhibited cell autophagy and si-SPRED2#2 showed 
more significant effects (Supplementary Figure 1). Autoph-
agy-related protein level of Beclin 1 and the conversion rate 
of LC3-II/I were detected with western blotting (Fig. 4A). 
The HG induction obviously suppressed Beclin 1 expres-
sion and conversion ratio of LC3-II/I, which was increased 
by miR-218 inhibitor. However, si-SPRED2 or 3-MA allevi-
ated the effect of miR-218 inhibitor on autophagy-related 
protein expression. Immunofluorescence result showed 

Table 1. Results of ANOVA as presented in Fig. 1E,F

Variables Sum of squares df Mean square F p-value

mRNA of SPRED2

between groups 7.153 3 2.384

948.571 <0.001within group 0.080 32 0.003

total 7.234 35 N/A

miR-218

between groups 5.038 3 1.679

677.637 <0.001within group 0.079 32 0.002

total 5.117 35 N/A

Protein of SPRED2

between groups 1.900 3 0.633

385.558 <0.001within group 0.053 32 0.002

total 1.953 35 N/A

df – degrees of freedom; ANOVA – analysis of variance; N/A – not applicable; SPRED2 – sprouty-related EVH1 domain containing 2.
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that the LC3-II expression was downregulated by HG in-
duction, but it was upregulated by miR-218 knockdown. 
Moreover, downregulated SPRED2 or  3-MA reversed 
the regulation of miR-218 on LC3-II expression (Fig. 4B). 
The results of ANOVA test are listed in Table 4. All these 
findings indicated that autophagy activated by silencing 
miR-218 was suppressed by SPRED2 knockdown or au-
tophagy inhibitor.

Discussion

Around 20–40% of  DM patients develop DN, and 
the 5-year survival rate of patients with end-stage renal dis-
ease (ESRD) is as low as 20%.26–29 Recently, autophagy and 
oxidative stress have gradually become recognized as a new 
pathogenesis of DN and draw more and more attention.30–32 
In this study, we investigate the effects of miR-218/SPRED2 

Fig. 3. Inhibition of sprouty-related EVH1 domain containing 2 (SPRED2) or autophagy reverses the inhibition effect of miR-218 inhibitor on apoptosis in HG-
high glucose (HG)-induced HK-2 cells. A. Cell apoptosis was detected with flow cytometry; B. Protein levels of caspase-3, Bax and Bcl-2 were determined 
with western blotting

***p < 0.001 (Tukey’s post hoc test following analysis of variance (ANOVA)).
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Table 3. Results of ANOVA as presented in Fig. 3A,B

Variables Sum of squares df Mean square F p-value

Apoptosis rate

between groups 9012.880 6 1502.147

784.320 <0.001within group 107.252 56 1.915

total 9120.133 62 N/A

Caspase-3

between groups 4.286 6 0.714

458.273 <0.001within group 0.087 56 0.002

total 4.374 62 N/A

Bax

between groups 4.622 6 0.770

410.626 <0.001 within group 0.105 56 0.002

total 4.727 62 N/A

Bcl-2

between groups 2.463 6 0.410

585.088 <0.001within group 0.039 56 0.001

total 2.502 62 N/A

df – degrees of freedom; ANOVA – analysis of variance; N/A – not applicable.

Table 2. Results of ANOVA as presented in Fig. 2B–E

Variables Sum of squares df Mean square F p-value

mRNA of SPRED2

between groups 3.300 6 0.550

340.949 <0.001within group 0.090 56 0.002

total 3.391 62 N/A

Protein of SPRED2

between groups 2.248 6 0.375

727.855 <0.001within group 0.029 56 0.001

total 2.276 62 N/A

MiR-218

between groups 34.945 6 5.824

378.229 <0.001within group 0.862 56 0.015

total 35.807 62 N/A

MDA

between groups 14307.360 6 2384.560

488.574 <0.001within group 273.316 56 4.881

total 14580.677 62 N/A

ROS

between groups 149.305 6 24.884

447.134 <0.001within group 3.117 56 0.056

total 152.421 62 N/A

SOD

between groups 65545.631 6 10924.272

235.401 <0.001within group 2598.797 56 46.407

total 68144.427 62 N/A

IL-1β

between groups 1933782.414 6 322297.069

380.147 <0.001within group 47478.055 56 847.822

total 1981260.469 62 N/A

TNF-α

between groups 675694.688 6 112615.781

671.846 <0.001within group 9386.803 56 167.621

total 685081.491 62 N/A

IL-6

between groups 174871.250 6 29145.208

808.077 <0.001within group 2019.772 56 36.067

total 176891.022 62 N/A

IL-4

between groups 18771.253 6 3128.542

506.702 <0.001within group 345.762 56 6.174

total 19117.015 62 N/A

df – degrees of freedom; ANOVA – analysis of variance; N/A – not applicable; MDA – malondialdehyde; ROS – reactive oxygen species; SOD – superoxide 
dismutase; IL – interleukin; TNF-α – tumor necrosis factor alpha; SPRED2 – sprouty-related EVH1 domain containing 2.
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axis on oxidative stress and inflammatory response in HG-
induced renal tubular epithelial cells.

In the last decade, numerous evidence surfaced for vari-
ety of miRNAs involvement in DN development. A clinical 

study found that miR-29c regulated the expression of in-
flammatory cytokines in DN by targeting tristetraprolin.33 
The role of miR-218 in DN was also illustrated in several 
in vivo and in vitro studies.34 An in vitro study showed 

Fig. 4. Inhibition of sprouty-related EVH1 domain containing 2 (SPRED2) or autophagy reverses the promotional effect of miR-218 inhibitor on autophagy 
in high glucose (HG)-induced HK-2 cells. A. Protein level of LC3-II/I and Beclin 1 was detected with western blotting; B. Immunofluorescence was used 
to measured LC3-II expression

***p < 0.001 (t-test or Tukey’s post hoc test following analysis of variance (ANOVA)).
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that downregulated miR-218 suppressed the level of in-
flammatory factors and attenuated the HG-induced in-
jury in renal proximal tubule cell.35 Moreover, miR-218 
expression was upregulated in HG-treated podocytes and 
miR-218 silencing inhibited apoptosis in HG-treated podo-
cytes.36 Upregulated miR-218 increased the expression 
of pro-inflammatory cytokines, decreased the expression 
of anti-inflammatory cytokines and accelerated the pro-
cess of epithelial–mesenchymal transition in HG models.37 
All of these studies indicate that miR-218 facilitates in-
flammation response and oxidative stress in DN, and thus 
promotes DN development. The present study also found 
that miR-218 expression was upregulated in HG-induced 
HK-2 cells, and that downregulated miR-218 alleviated 
cell apoptosis, inflammation and oxidative stress, and en-
hanced autophagy in HG-induced HK-2 cells. However, 
a DN rat model revealed that overexpressing miR-218 was 
sufficient to alleviate renal injury.38 This issue needs deep 
insight in further study.

Autophagy is considered a stress-responsive intracel-
lular system that plays an essential role in promoting cell 
against hypoxia, endoplasmic reticulum stress or oxidative 
stress, associated with the pathogenesis of diabetes-related 
diseases.39–42 In DN development, cell autophagy also plays 
important roles, affecting cell apoptosis and inflammation 
of renal tubular epithelial cells.43,44 Generally, the dysfunc-
tion of autophagy is considered a contributor to DN and 
renal injury.45,46 Kitada et al. demonstrated that autophagy 
activation might be a potential therapeutic option for DN.47 
Meanwhile, a previous study discovered that impaired au-
tophagy in podocyte cells could accelerate renal damage.48 
The SPRED2 was identified as an activator of autophagy 
and SPRED2 deficiency might affect autophagy, resulting 
in cardiac dysfunction and life-threatening arrhythmias.49 
Interacting with LC3, SPRED2 promoted autophagosome 
maturation, thereby leading to cell death in tumor.50 Based 
on bioinformatics analysis, SPRED2 was predicted to be 
one of the target genes of miR-218 in our study. However, 
no studies illustrate the regulation of expression between 
miR-218 and SPRED2 in  renal tubular epithelial cells; 

besides, the  molecular mechanism action of  SPRED2 
in DN was not reported. In a recent study, miR-218 was 
found to  regulate SPRED2 expression in  PC12 cells.51 
Therefore, we hypothesized that miR-218 might promote 
the development of DN by inhibiting SPRED2-mediated 
autophagy. Our results showed that miR-218 negatively 
regulated SPRED2 expression in HK-2 cells. We demon-
strated for the first time that SPRED2 suppression reversed 
the effect of downregulated miR-218 on inflammatory fac-
tor secretion and oxidative stress, apoptosis and autophagy.

Limitations

The main limitation of this study is that it lacks in vivo 
evidence. The signaling path ways regulating miR-218 
in DN are also unclear.

Conclusions

In summary, miR-218 was upregulated and SPRED2 was 
downregulated in HG-induced renal tubular epithelial 
cells. The miR-218 negatively regulates SPRED2 expres-
sion, but SPRED2 knockdown reverses the effect of down-
regulated miR-218 on inflammatory factor secretion and 
oxidative stress, apoptosis and autophagy. We demon-
strated for the first time that miR-218 promoted oxidative 
stress and inflammatory response in HG-induced renal 
tubular epithelial cells by inhibiting SPRED2.

Data availability

The  Supplementary data are available at  https://doi.
org/10.5281/zenodo.6383061. They consist of 3 files:

1. Statistical Data is  the  original file from the  SPSS 
software;

2. Tables of Statistical Data contain the statistical results 
for calculation of all data in the figures;

3. Supplementary Figure shows the effects of transfec-
tion of si-SPRED2#1 and si-SPRED2#2 on cell autophagy.

Table 4. Results of ANOVA as presented in Fig. 4A,B

Variables Sum of squares df Mean square F p-value

LC3-II/I

between groups 4.391 6 0.732

1174.293 <0.001within group 0.035 56 0.001

total 4.426 62 N/A

Beclin 1

between groups 2.227 6 0.371

280.742 <0.001within group 0.074 56 0.001

total 2.301 62 N/A

Fluorescence intensity

between groups 7.078 6 1.180

762.565 <0.001within group 0.087 56 0.002

total 7.165 62 N/A

df – degrees of freedom; ANOVA – analysis of variance; N/A – not applicable.

https://doi.org/10.5281/zenodo.6383061
https://doi.org/10.5281/zenodo.6383061
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Abstract
Background. Venetoclax (VEN), a highly selective BCL-2 inhibitor, is successfully used in the treatment 
of chronic lymphocytic leukemia (CLL). The purine analogue – cladribine (2-CdA) – is also administered 
to CLL patients, especially as a part of chemoimmunotherapy.

Objectives. To compare the effects of the VEN+2-CdA regimen with that of the 2 drugs used alone 
on the apoptosis of CLL lymphocytes in vitro.

Materials and methods. Mononuclear cells were collected from 103 previously untreated CLL patients. 
They were incubated with VEN (40 nM) or/and 2-CdA (16 µM) for 48 h. Cytotoxicity, overall apoptosis, 
mitochondrial transmembrane potential changes (ΔΨm), and expression of selected apoptosis-involved 
proteins were measured.

Results. The cytotoxicity, overall apoptosis, caspase-3 or caspase-9 expression, and ΔΨm were significantly 
higher after VEN+2-CdA addition compared to both drugs used alone, with a very strong synergistic effect 
observed. The percentage of BCL-2-positive cells decreased after VEN and VEN+2-CdA addition compared 
to controls. The TP53-expressing cells increased under the influence of all tested regimens. The VEN+2-CdA 
increased the expression of BIM, BAX and NOXA compared to either controls or VEN or 2-CdA alone. Similar 
increases in PUMA expression were observed after VEN, 2-CdA and VEN+2-CdA addition. The FAS-associated 
death-domain protein (FADD) expression was significantly higher after 2-CdA and 2-CdA+VEN addition 
as compared to control.

Conclusions. Our results confirm the involvement of both VEN and 2-CdA in the intrinsic apoptotic pathway. 
They also demonstrate that these agents have a synergistic effect on CLL cells in vitro. Further studies are 
needed to assess the influence of VEN+2-CdA on the expression of apoptosis-involved genes.

Key words: apoptosis, CLL, apoptosis-involved proteins, cladribine, venetoclax
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Background

Despite the growing understanding of the molecular 
pathogenesis of hematological malignancies and the con-
siderable progress in their treatment, many diseases, in-
cluding chronic lymphocytic leukemia (CLL), still remain 
incurable. Chronic lymphocytic leukemia is character-
ized by an uncontrolled clonal accumulation of morpho-
logically mature B cells, which in turn is believed to be 
caused by  the  inhibition of  intrinsic apoptosis. In  this 
pathway, the most important role is played by overexpres-
sion of the intracellular signaling pathway, which allows 
malignant cells to evade apoptosis by sequestering pro-
apoptotic proteins. The key regulators of this pathway are 
the antiapoptotic BCL-2 family proteins.1,2

Recently published preclinical and clinical studies have 
shown that the small molecule agent venetoclax (VEN) 
is suitable for clinical use in CLL patients. It is a highly se-
lective inhibitor of the BCL-2 protein that belongs to a novel 
class of  BCL-2-antagonists able to  mimic the  function 
of pro-apoptotic BH3-only proteins (BH3s).3–5 The intrin-
sic apoptotic pathway plays a crucial role in the mechanism 
of VEN action.6–8 An important property of VEN is to di-
rectly induce the  apoptosis, independently of  TP539–13; 
as such, VEN shows activity in CLL patients, including 
those with deletion (del) 17p and/or mutation of TP53, 
as well as in those without del17p/TP53 mutation which 
failed both chemoimmunotherapy and B-cell receptor (BCR) 
pathway, such as ibrutinib.9 A number of studies have con-
firmed the efficacy of VEN in terms of the depth of response, 
including eradication of minimal residual disease (MRD), 
which is predictive for various survival parameters such 
as long progression-free survival.14

Although VEN shows efficacy in monotherapy in CLL 
patients, its activity is enhanced when it is associated with 
drugs that have different mechanisms of action. The com-
bination of VEN with anti-CD20 antibodies, especially 
rituximab and obinutuzumab, is currently widely used 
in the treatment of both treatment-naïve and relapsed/
refractory CLL patients. The combination of VEN with 
ibrutinib allows for high rates of hematological responses 
and MRD eradication to be achieved.10–12,15

Little is known about the usefulness of the combination 
of VEN with standard CLL chemotherapy containing purine nu-
cleoside analogues (PNAs), which still holds an important place 
in the management of CLL, especially in first-line treatment 
of physically fit patients. Although fludarabine is the most com-
monly used purine analogue for the treatment of CLL patients, 
some studies have found 2-chlorodeoxyadenosine (cladribine 
– 2-CdA) to have similar efficacy.16,17 It is believed to act primar-
ily by triggering the intrinsic mitochondrial TP53-dependent 
apoptotic pathway through inducing BAX protein expression, 
and the TP53-independent pathway by directly binding to pro-
teins located in mitochondrial membrane, leading to caspase 
cascade activation.18,19 Although it is possible that the extrinsic 
apoptotic pathway may also play a role in 2-CdA activity, this idea 

remains controversial.20,21 It is not known whether the agent may 
demonstrate synergic action in association with VEN towards 
CLL lymphocytes; however, VEN has demonstrated greater ef-
ficacy when combined with bendamustine, a drug which has 
also purine analogue properties.

Objectives

The aim of the present study was to evaluate the influence 
of VEN and 2-CdA, used either alone or in combination, 
on the apoptosis as well as the expression of several intracel-
lular factors involved in apoptosis of CLL lymphocytes after 
short-term culture in vitro, and to determine whether such 
combinations are promising for the treatment of CLL patients.

Materials and methods

Patients

Peripheral blood mononuclear cells (PBMNCs) were col-
lected from 103 CLL patients (47 females and 56 males, mean 
age 68 years (range: 43–88 years)) at the time of diagnosis 
and before any anticancer therapy, during routine diagnostic 
procedures in the Department of Hematology, Medical Uni-
versity of Lodz, Poland, and Regional Multispecialist Cen-
ter of Oncology and Traumatology in Lodz, Poland, in 2019 
and 2020. The diagnoses were based on the International 
Workshop on  Chronic Lymphocytic Leukemia (iwCLL) 
2018 criteria.22 The material obtained from 39 patients was 
used to evaluate the expression of selected proteins involved 
in the process of apoptosis (Table 1). All patients signed a writ-
ten informed consent to participate in this study. The study 
has been approved by the Ethics Committee of the Medical 
University of Lodz (approval No. RNN/44/17/WE).

Table 1. General characteristics of patients

Characteristics of patients

Total number of patients 103 (47 F, 56 M)

Age 68 years (range: 43–88 years)

Total number of patients to evaluate 
the expression of selected proteins

40 (15 F, 25 M)

Clinical state

RAI 0–2 26

RAI 3–4 14

Cytogenetic aberrations

del13q 11

del17p 2

del11q 3

tri12+ 2

Normal karyotype 7

No information available 17
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Drugs

Venetoclax was supplied by Abbvie (Mettawa, USA). 
In  order to  determine its cytotoxicity, VEN was used 
at 11 different concentrations (from 0.5 nM to 320 nM). 
The concentration of 40 nM was chosen for further studies. 
Cladribine (2-CdA; Biodribin) was purchased from Insti-
tute of Biotechnology and Antibiotics (Warsaw, Poland). 
In order to determine its cytotoxicity, 2-CdA was used 
at 21 different concentrations (from 0.1 μM to 120 μM). 
A concentration of 16 μM was chosen for further studies.

Isolation of peripheral blood mononuclear 
cells and cell cultures conditions

The PBMNCs were isolated as previously described.23,24 
Briefly, peripheral blood was layered on Histopaque-1077 
cell separation medium (Sigma-Aldrich, St. Louis, USA) and 
centrifuged in a density gradient in 3600 rpm for 20 min. 
The mean B-cell (CD19+) purity was found to be >95%, 
as measured with flow cytometry. The PBMNCs were re-
suspended at a concentration of 1.0 × 106 cells/mL in RPMI-
1640 supplemented with 20% (v/v) heat-inactivated fetal 
calf serum (Gibco, Life Technologies, Waltham, USA) 
and antibiotics (50 mg/mL of streptomycin and 50 IU/mL 
of penicillin; Life Technologies, Inchinnan, UK). All cul-
tures were incubated with the abovementioned drugs for 
24 h or 48 h at 37°C, in an atmosphere of 5% CO2 and full 
humidity. Cultures without drugs were used as controls.

Assessment of cytotoxicity, mitochondrial 
transmembrane potential changes (ΔΨm) 
and overall apoptosis of CLL cells

The cytotoxicity and overall level of apoptosis associated 
with the studied drugs were assessed at baseline and then 
after 24 h and 48 h of culture using flow cytometry (BD 
FACS Canto II; Becton Dickinson Pharmingen, San Diego, 
USA); cytotoxicity was tested with fluorescein isothiocya-
nate (FITC; Becton Dickinson Pharmingen) and conjugated 
propidium iodide (PI; Sigma-Aldrich), while ongoing apop-
tosis was examined with annexin-V (AnnV; Becton Dick-
inson Pharmingen), as described previously.23,24 The term 
‘overall apoptosis’ refers to cells which bind AnnV, since 
phosphatydyloserine externalization occurs in both the in-
trinsic and extrinsic apoptosis pathways, and is generally 
used to determine the percentage of apoptotic cells.

Apoptosis was also assessed after 48  h  of  culture 
by changes in mitochondrial transmembrane potential 
(ΔΨm) for the initial step of intrinsic apoptosis. The ΔΨm 
were evaluated using MitoTracker Red CMX Ros kit (Invit-
rogen, Waltham, USA), as previously described.23,24 Briefly, 
PBMNCs were centrifuged and the cell pellet was gently 
resuspended in the staining solution containing the Mito-
Tracker probe, prepared according to the manufacturer’s 
protocol, and incubated for 30 min at 37°C. The cells were 

re-pelleted by centrifugation and resuspended in fresh 
warmed-up medium. The assays were performed in dupli-
cate and analyzed with flow cytometry (BD FACS Canto II) 
at 490”20 nm using FL1 standard fluorescent filter, and 
at 530”20 nm using FL3 standard fluorescent filter. 

Assessment of the active forms 
of caspase-3, caspase-9 and caspase-8

The expression of the active forms of caspase-3, cas-
pase-8 and caspase-9 was evaluated in the PBMNCs before 
culture and after 48 h of incubation with the tested drugs, 
used alone or in combination. The analysis of the expres-
sion of active forms of caspase-3, caspase-8 and caspase-9 
was performed on  a  flow cytometer. The  percentage 
of cells expressing the active form of caspase-3 was as-
sessed using PE Active Caspase-3 Apoptosis Kit (Becton 
Dickinson Pharmingen), according to the manufacturer’s 
protocol. Similar analyses of the active forms of caspase-8 
and caspase-9 were also performed according to the manu-
facturer’s protocol using FAM-FLICA in vitro Caspase 8 Kit 
or FAM-FLICA in vitro Caspase 9 Kit (ImmunoChemistry 
Technologies, Bloomington, USA), respectively. All assays 
were performed in duplicate.

Detection of apoptosis-regulatory proteins

The following proteins expression was evaluated in fixed, 
permeabilized cells after 48 h of incubation using direct 
staining of specific labeled antibodies:

1. P53 (FITC Mouse Anti-Human P53 Set; Becton Dick-
inson Pharmingen);

2. BCL-2 (FITC Mouse Anti-Human BCL-2; Becton 
Dickinson Pharmingen);

3. BIM (Rabbit mAb to BIM [Y36] Alexa Fluor 488; Ab-
cam, Cambridge, UK);

4. BAX (Rabbit Anti-BAX antibody [T22-A]; Abcam);
5. PUMA (Rabbit Anti-PUMA Antibody; Abcam);
6. NOXA (Mouse Anti-NOXA [114C307]; Abcam);
7. FADD (Rabbit Anti-FADD Antibody; Abcam).
All investigated proteins apart from P53 (FITC-con-

jugated) were used with an appropriate secondary anti-
body (Goat polyclonal Antibody to Rabbit IgG (Abcam); 
FITC appropriate isotype controls). The  fluorescence 
was measured using BD FACS Canto II flow cytometer 
at 490”20 nm using FL1 standard fluorescent filter, and 
at 530”20 nm using FL3 standard fluorescent filter.

Statistical analyses

The normality of data distribution was checked and 
the  distribution of  the  variables was not normal. All 
the measurements (control cultures, cultures with 40 nM 
VEN, 16 µM 2-CdA and their combination) were per-
formed on the blood sample drawn from the same pa-
tient. The data regarding cytotoxicity, apoptosis, caspase 
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expression, mitochondrial transmembrane potential 
changes, and differences in protein expression profiles 
were analyzed using the Wilcoxon signed-rank test with 
Bonferroni’s correction for multiple comparisons, where 
p < 0.008 was considered statistically significant. STA-
TISTICA v. 13.1 (StatSoft Inc., Tulsa, USA) software was 
used for analyses (the p-value was calculated according 
to the following formula: p < α/k; α = 0.05 – significance 
level; k = 6 – number of comparisons).

GraphPad Prism v. 5.0 (GraphPad Software, San Diego, 
USA) and CompuSyn v. 1.0 (https://www.combosyn.com/) 
software was respectively used to present the cytotoxic ef-
fect of drugs as isobolograms, and to calculate IC50 (values 
defined as the concentration of drug that achieved 50% 
cytotoxicity).

CompuSyn v. 1.0 was also used to calculate combina-
tion index (CI), where CI < 0.1 indicates very strong syn-
ergy, CI = 0.1–0.3 strong synergy, CI = 0.3–0.7 synergy, 
CI  =  0.7–0.85 moderate synergy, CI  =  0.85–0.9 slight 
synergy, CI = 0.9–1.1 nearly additive effect, and CI > 1.1 
antagonistic effect.25

Drug-induced cytotoxicity (DICy) was expressed 
by the difference between the mean percentage of dead 
cells obtained after incubation with drug(s) studied and 
the mean percentage of cells in the control culture, calcu-
lated for each sample. Drug-induced apoptosis (DIA) was 
assessed as the difference between the percentage of cells 
which underwent apoptosis (AnnV+ cells) after incubation 
with studied drug(s) and the percentage of cells undergo-
ing spontaneous apoptosis in the control cultures, calcu-
lated for each sample. Drug-induced Δψm (DIΔψm) was 
expressed as the difference between the mean percentage 
of cells with Δψm after incubation with the drug(s) stud-
ied and the percentage of cells with Δψm in the control 
culture, calculated for each sample. Drug-induced caspase 
expression (DICE) was assessed by the difference between 
the mean value of the percentage of cells expressing the ac-
tive forms of caspases after incubation with drug(s) stud-
ied and the percentage of cells with expression of the ac-
tive form of caspases in the control culture, calculated 
for each sample. Drug-induced protein expression (DIPE) 
of protein-expressing CLL cells was expressed by the mean 
value of the differences between the percentage of cells 
expressing protein after 48 h incubation with drug(s) and 
the percentage of cells expressing protein in the control 
culture, calculated for each sample.

Results

Cytotoxic effect of VEN and 2-CdA 
used alone or in combination on CLL cells 
in culture in vitro, and thetype of interaction

Eleven concentrations of VEN (from 0.5 nM to 320 nM) 
and 21 concentrations of 2-CdA (from 0.1 μM to 120 μM) 

were used to determine the cytotoxicity. At all concen-
trations, VEN and 2-CdA, used alone, demonstrated sig-
nificantly stronger cytotoxic effects after 48 h compared 
to the 24-h period (Fig. 1A,B). After 48 h of incubation, 
VEN demonstrated higher cytotoxic effects than 2-CdA 
(Fig. 1C), with the highest cytotoxic effect (48.8%) ob-
served at the concentration of 40 nM (Table 2). In contrast, 
the highest cytotoxic effect of 2-CdA was 44%, achieved 
at a concentration of 16 µM (Table 2).

Venetoclax demonstrated significantly higher DICy than 
2-CdA (31.7% and 26.9%, respectively, p < 0.001) (Table 3). 
The IC50 observed for VEN was 143 nM. The cytotoxicity 
of 2-CdA was below 50% at all concentrations used, and 
IC50 estimated by extrapolation was 2290 µM (Fig. 1C).

The  highest cytotoxic effect for VEN (40  nM) used 
in  combination with 2-CdA (16  µM) was 61.2% and 
DICy was 44.1%. These values were significantly higher 
than these found for each drug used separately (Table 3). 
The combination demonstrated strong synergistic effects 
at the above concentrations (CI = 0.035; Table 2). In further 

Fig. 1. Isobolograms presenting the relationship between drug 
concentration and its cytotoxic effect on chronic lymphocytic leukemia 
(CLL) cells after 24 h and 48 h of incubation. A. Venetoclax (VEN); 
B. Cladribine (2-CdA); C. VEN and 2-CdA, after 48-h incubation only
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experiments, we used VEN at a concentration of 40 nM 
and 2-CdA at a concentration of 16 μM.

The influence of VEN and 2-CdA, 
used alone or in combination, on ΔΨm, 
overall apoptosis, and the expression 
of active forms of caspase-3, caspase-8 
and caspase-9 in CLL cells in vitro

Mean Δψm was 29.3% for VEN, 34.0% for 2-CdA and 
42.9% for VEN+2-CdA. Significantly higher DIΔψm was 
observed for drugs used in combination than separately 
(p < 0.0001) (Fig. 2A).

Venetoclax (40 nM) induced apoptosis with DIA = 4.8% 
and 2-CdA with DIA = 5.3% (Table 3). This difference 
was not statistically significant. Apoptosis induced 
by VEN+2-CdA was 11.7%; this was significantly higher 

than the apoptosis induced by either drug used separately 
(p < 0.001) (Table 2).

No significant differences were found between the effects 
of VEN and 2-CdA used alone and the percentage of cells 
expressing caspase-3, caspase-9 and caspase-8. In contrast, 
VEN+2-CdA elicited significantly higher percentages of cells 
expressing caspase-3 and caspase-9 (p < 0.001) (Fig. 2B); 
however, for caspase-8, a significant difference was observed 
only between VEN+2-CdA and 2-CdA alone (p < 0.001).

The influence of VEN and 2-CdA used 
alone and in combination on selected 
protein expression in CLL cells in vitro

For all studied proteins, except BCL-2, the percentage 
of positive cells increased under the  influence of VEN 
compared to  controls (Fig. 3A–G). Additionally, VEN 
application resulted in a  significantly greater increase 

Table 2. Cytotoxicity of VEN and 2-CdA used alone, or in combination, and the combination index for both drugs used in 3 selected concentrations after 
48 h of incubation

Drug VEN VEN 40 nM VEN 80 nM VEN 160 nM

2-CdA
 cytotoxicity
cytotoxicity

48.8%
n = 78

48.5%
n = 36

47.9%
n = 41

2-CdA
4 µM

35.4%
n = 47

44.8%
n = 33

48.0%
n = 16

52.7%
n = 11

CI = 0.75088 CI = 0.81526 CI = 0.69612

2-CdA
8 µM

37.6%
n = 44

47.0%
n = 33

51.1%
n = 11

53.2%
n = 11

CI = 0.50452 CI = 0.46875 CI = 0.62496

2-CdA
16 µM

44.0%
n = 58

61.2%
n = 52

50.2%
n = 11

52.9%
n = 23

CI = 0.03539 CI = 0.55668 CI = 0.66280

VEN – venetoclax; 2-CdA – cladribine; n – number of samples; CI – combination index: CI < 0.1 very strong synergy, CI 0.1–0.3 strong synergy,  
CI 0.3–0.7 synergy, CI 0.7–0.85 moderate synergy, CI 0.85–0.9 slight synergy, CI 0.9–1.1 nearly additive, CI > 1.1 antagonistic. Values in bold are the most 
important.

Table 3. The influence of VEN and 2-CdA used alone or in combination on cytotoxicity or apoptosis of CLL cells in vitro after 48 h of incubation

Drug

Control VEN 40 nM 2-CdA 16 M VEN 40 nM  
+ 2-CdA 16 µM Statistical analysis

PI(+) AnnV(+) PI(+) AnnV(+) PI(+) AnnV(+) PI(+) AnnV(+)
PI(+) AnnV(+)

1 2 3 4 5 6 7 8

n 93 36 78 36 58 33 52 33 1 vs 3 < 0.001
1 vs 5 < 0.001
1 vs 7 < 0.001
3 vs 5 = 0.033
3 vs 7 < 0.001
5 vs 7 < 0.001

2 vs 4 < 0.001 
2 vs 6 < 0.001 
2 vs 8 <  0.001
4 vs 6 = 0.071
4 < 8 = 0.001
4 vs 8 < 0.001

Median 15.3 4.0 49.0 7.1 42.4 8.7 62.0 11.7

IQR 9.1–22.0 4.9–12.7 36.3–60.1 5.9–14.8 30.9–54.1 6.9–18.8 47.1–75.1 1.3–7.1

DICy [%] N/A N/A 31.7 N/A 26.9 N/A 44.1 N/A
3 vs 5 < 0.001
3 vs 7 < 0.001
5 vs 7 < 0.001

N/A

DIA [%] N/A N/A N/A 4.8 N/A 5.3 N/A 8.9 N/A
4 vs 6 < 0.001
4 vs 8 < 0.001
6 vs 8 < 0.001

n – number of samples; PI – propidium iodide; AnnV – annexin-V; IQR – interquartile range (Q1–Q3); VEN – venetoclax; 2-CdA – cladribine; DICy – drug-
induced cytotoxicity; DIA – drug-induced apoptosis; N/A – not applicable. Wilcoxon signed-rank test with Bonferroni’s correction for multiple comparisons; 
p < 0.008. Values in bold are statistically significant.
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in the percentage of cells expressing BIM, BAX and NOXA 
proteins than 2-CdA (Table 4). However, VEN and VEN+2-
CdA significantly decreased BCL-2 expression (Table 4): 
the  median percentage of  cells expressing BCL-2 was 
77.3% for culture with VEN, 74.3% for 2-CdA and 74.4% 
for VEN+2-CdA (Fig. 3A). The DIPE values for BCL-2 were 
−10.7%, −11.2% and −13.9% for VEN, 2-CdA and VEN+2-
CdA, respectively, and were significantly different only 
between 2-CdA and VEN+2-CdA (Fig. 3A).

The  expression of  P53 and PUMA increased under 
the influence of VEN, 2-CdA and VEN+2-CdA; however, 
no significant differences were observed between VEN 
and 2-CdA used alone (Table 4), and only a borderline 
difference was found between 2-CdA and VEN+2-CdA. 
The FAS-associated death-domain protein (FADD) ex-
pression increased after VEN, 2-CdA and VEN+2-CdA 
compared to controls, but the increase observed after VEN 
was not significant. The VEN+2-CdA treatment resulted 
in a significantly higher expression of FADD than of VEN 
alone (Table 4, Fig. 3G).

Discussion

Venetoclax is  a  new promising small molecule tar-
geted against the antiapoptotic BCL-2 protein, the over-
expression of which is one of the molecular hallmarks 

of CLL. Venetoclax, as a BH3-only mimetic, binds di-
rectly to  BCL-2 and displaces the  BH3 activator BIM 
from BCL-2, leading to BAX/BAK homooligomerization. 
The BAX/BAK complex permeabilizes the mitochondrial 
outer membrane (MOM), promotes the release of cyto-
chrome c from the mitochondria to the cytosol, and in-
duces caspase-mediated apoptosis.26

An important clinical advantage of VEN is its indepen-
dence from functional P53. Although the treatment gives 
a high percentage of responses when used in monotherapy, 
it is not curative because of the complexity of the patho-
genesis of CLL.15,27 It is hence reasonable to assume that 
its efficacy will be enhanced by combination with other 
drugs which demonstrated the activity in CLL via different 
mechanisms of action.

The efficacy and safety of VEN have been already ex-
tensively studied in combination with anti-CD20 anti-
bodies and BCR inhibitors.11,15,28,29 Venetoclax has also 
demonstrated clinical efficacy in combination with benda-
mustine, a drug combining both alkylating and purine 
analogue properties.30–32 The  present study examines 
the influence of VEN and 2-CdA, used alone or in com-
bination, on the viability, apoptosis and expression of se-
lected apoptosis-related factors in vitro, i.e., in lympho-
cytes obtained from the peripheral blood of CLL patients.

The 2-CdA is a purine analogue, which may be used 
as  an  alternative for CLL treatment to  f ludarabine. 

Fig. 2. The influence of 40 nM venetoclax (VEN) and 16 µM cladribine (2-CdA) used alone or in combination on the chronic lymphocytic leukemia (CLL) cells 
after 48 h of incubation in vitro. A. Percentage of cells expressing mitochondrial potential changes (Δψm); B. Percentage of cells expressing caspase-3 activity; 
C. Percentage of cells expressing caspase-8 activity; D. Percentage of cells expressing caspase-9 activity

VEN – venetoclax; 2-CdA – cladribine; DICE – drug-induced caspase expression; DIΔψm – drug-induced mitochondrial potential changes.
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The 2-CdA remains a backbone of chemotherapy regimens 
for physically fit patients. Its mechanism of action is based 
on the ability to incorporate into a newly synthesized DNA 
chain and inhibit DNA repair.18,33,34 In the intrinsic TP53-
dependent apoptotic pathway, P53 induces BAX protein 
expression, leading to the release of cytochrome c from 
mitochondria to the cytoplasm, apoptosome formation 
and caspase cascade activation. Moreover, 2-CdA can also 
act independently of TP53 by directly binding to proteins 
located in the mitochondrial membrane, resulting in cyto-
chrome c release and apoptosome formation, or formation 
of apoptosis-inducing factor (AIF); this in turn can directly 
lead to chromatin condensation and DNA fragmentation, 
but without caspase cascade activation.18,33,34 Despite this, 
the role of the extrinsic pathway in 2-CdA-induced apop-
tosis remains controversial.20,21 The mechanism of action 

of  2-CdA is  therefore different than the  mechanism 
of VEN; however, the common feature is that both drugs 
trigger the intrinsic pathway of apoptosis.

The  present study tested the  influence of  VEN and 
2-CDA on the viability of CLL lymphocytes (drug cyto-
toxicity), as determined by the percentage of cells incorpo-
rating PI and overall apoptosis, measured by AnnV binding 
capacity. Both phenomena were more visible in cells incu-
bated with the drugs than in control cultures, and higher 
results were obtained in cells subjected to VEN+2-CdA 
compared to cells incubated with 1 drug only.

Additionally, both drugs used at the tested concentra-
tions showed a synergistic effect with very low CI value 
(CI = 0.035), which proves a strong synergy. Similar con-
clusions can be drawn from the analysis of ΔΨm made 
at the very early stage of intrinsic pathway of apoptosis. 

Table 4. The influence of VEN and 2-CdA used alone or in combination on selected proteins expression in CLL cells after 48 h of incubation

Protein
Control VEN

40 nM
2-CdA
16 µM

VEN 40 nM
+2-CdA 16 µM Statistical analysis (p-value)

1 2 3 4

BCL-2

n 36 36 36 36
1 vs 2 < 0.001 2 vs 3 = 0.1573

1 vs 3 < 0.001 2 vs 4 < 0.0001
1 vs 4 < 0.001 3 vs 4 = 0.1270

median 87.0 77.3 74.3 74.4

IQR 80.5–90.1 69.0–82.8 65.3–81.8 59.9–80.1

DIPE N/A 10.7↓ 11.2↓ 13.9↓

P53

n 36 36 35 35
1 vs 2 < 0.001 2 vs 3 = 0.1819
1 vs 3 = 0.001 2 vs 4 = 0.3547
1 vs 4 < 0.001 3 vs 4 = 0.0116

median 3.0 3.85 4.4 5.6

IQR 1.6–4.6 2.6–10.8 2.6–5.8 3.2–9.8

DIPE N/A 1.8↑ 2.6↑ 3.4↑

BIM

n 36 36 36 36
1 vs 2 < 0.001 2 vs 3 < 0.001
1 vs 3 < 0.001 2 vs 4 < 0.001
1 vs 4 < 0.001 3 vs 4 < 0.001

median 1.7 20.45 11.0 23.25

IQR 1.1–2.4 18.2–23.4 10.3–13.8 21.2–25.5

DIPE N/A 18.5↑ 10.2↑ 21.3↑

BAX

n 35 35 35 35
1 vs 2 < 0.001 2 vs 3 < 0.001
1 vs 3 < 0.001 2 vs 4 < 0.001
1 vs 4 < 0.001 3 vs 4 < 0.001

median 15.0 22.5 29.9 24.7

IQR 10.1–17.3 17.9–26.6 15.5–23.8 21.1–28.1

DIPE N/A 8.3↑ 5.6↑ 10.3↑

PUMA

n 34 34 34 34
1 vs 2 < 0.001 2 vs 3 = 0.6505
1 vs 3 < 0.001 2 vs 4 = 0.9182
1 vs 4 < 0.001 3 vs 4 = 0.6505

median 19.8 28.3 27.95 26.95

IQR 17.3–23.2 22.5–32.8 19.8–32.4 23.4–30.4

DIPE N/A 6.5↑ 6.3↑ 6.5↑

NOXA

n 36 36 36 36
1 vs 2 < 0.001 2 vs 3 < 0.001
1 vs 3 < 0.001 2 vs 4 < 0.001
1 vs 4 < 0.001 3 vs 4 < 0.001

median 11.25 21.5 18.5 23.85

IQR 9.1–14.2 17.5–26.6 14.3–21.5 19.4–28.3

DIPE N/A 10.3↑ 6.5↑ 18.1↑

FADD

n 33 33 34 34
1 vs 2 = 0.047 2 vs 3 = 0.148

1 vs 3 = 0.007 2 vs 4 = 0.003
1 vs 4 < 0.001 3 vs 4 = 0.015

median 2.2 2.5 3.4 4.5

IQR 1.6–3.0 2.0–3.8 1.9–4.9 2.0–8.7

DIPE N/A 0.9↑ 1.2↑ 2.9↑

VEN – venetoclax; 2-CdA – cladribine; CLL – chronic lymphocytic leukemia; n – number of samples; DIPE – drug-induced protein expression; ↑ – increase 
of expression; ↓ – decrease of expression; IQR – interquartile range (Q1–Q3). Wilcoxon signed-rank test with Bonferroni’s correction for multiple 
comparisons; p < 0.008. Values in bold are statistically significant.
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Fig. 3. The influence of 40 nM venetoclax (VEN) and 16 µM cladribine (2-CdA) used alone or in combination on the percentage of chronic lymphocytic 
leukemia (CLL) cells expressing proteins after 48 h of incubation in vitro. A. BCL-2; B. BIM; C. BAX; D. NOXA; E. P53; F. PUMA; G. FADD

↑ – increase of expression; ↓ – decrease of expression; DIPE – drug-induced protein expression.
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Significantly higher ΔΨm values were observed after the ac-
tion of VEN and 2-CdA used separately when compared 
to controls, and even higher values were noted after VEN+2-
CdA. Accordingly, the cultures exposed to the drugs dem-
onstrated higher percentages of cells expressing caspase-3, 
caspase-9 and caspase-8 than controls. Interestingly, 
the percentage of cells expressing caspase-8 was not signifi-
cantly different for VEN and 2-CdA used alone; however, 
the use of VEN+2-CdA resulted in a significant increase 
of the percentage of these cells compared to 2-CdA.

The 2nd part of our study examined the influence of both 
drugs alone and in combination on the expression of some 
relevant proteins involved in apoptosis. It was found that 
the percentage of cells with detectable P53 increased un-
der all 3 treatments. This is somewhat surprising, since 
it is believed that the mechanism of action of VEN is in-
dependent of TP53. It is possible that VEN may influence 
P53 protein expression by an unknown mechanism, e.g., 
by increasing its stability.

Another finding which needs further explanation 
is the observed decrease of the percentage of BCL-2-posi-
tive cells following VEN addition as compared to the con-
trol culture, as well as their even more profound decrease 
under the influence of 2-CdA and the greatest decrease 
after VEN+2-CdA. As mentioned above, VEN is believed 
to form a complex with BCL-2, without apparently affect-
ing the expression of the latter. However, it is possible that 
BCL-2 expression may be inhibited by the aforementioned 
increase of P53 expression found in cells subjected to both 
drugs separately and in combination. Indeed, P53 has 
been found to have an inhibitory effect on the expres-
sion of BCL-2 gene in both human and murine malig-
nant cells.35,36 On the other hand, it is also possible that 
the decrease of the percentage of BCL-2-expressing cells 
may result from the  presence of  normal lymphocytes 
among the mononuclear cells (MNCs) used for culture. 
The mean purity of CD19+ B cells was found to be approx. 
95%, as measured using flow cytometry.

The study then assessed the expression of 4 proapop-
totic proteins involved in the intrinsic pathway: BIM, BAX, 
PUMA, and NOXA. Their expression increased under 
the influence of VEN and/or 2-CdA above the values found 
in control cells. The highest increase in cells expressing 
BIM, BAX and NOXA was found in the cells incubated 
with VEN+2-CdA, a lower rise was observed after VEN 
only and the lowest after 2-CdA only. All these proteins 
appear important for the intracellular activity of antican-
cer drugs, including VEN.

As mentioned above, VEN binds to the BH3-binding 
groove of BCL-2 and displaces BIM from its binding site, 
thus allowing activation of the apoptotic effectors BAX 
and BAK.37 The BAX activation leads to its oligomeriza-
tion and then permeabilization of the MOM, manifested 
in an increase of the mitochondrial transmembrane po-
tential, release of cytochrome c from mitochondria, apop-
tosome formation, and caspase cascade activation.26,27 

As previously shown in M1 murine leukemia cells, BAX 
is a target of transcriptional activity of P53.36 This may 
account, at least partially, for the increase of BAX protein 
observed together with the increase of P53.

The NOXA protein is less effective than PUMA in in-
duction of  TP53-mediated apoptosis. The  PUMA can 
bind to all antiapoptotic BCL-2 family members, whereas 
NOXA antagonizes MCL-1 and A1 proteins only. However, 
in some cases of apoptosis caused by DNA damage, PUMA 
and NOXA can cooperate. It is likely that if the function-
ality of one of the proteins weakens, it can be enhanced 
by the action of the other.38 Additionally, autoactivation 
of BAX and BAK can occur independently of activator 
BH3s through downregulation of BCL-2, BCL-XL and 
MCL-1.15,39 It is also important to note that various P53 
family members such as P63 and P73, also have the po-
tential to induce apoptotic outcomes through the induc-
tion of the pro-apoptotic BCL-2 family members, such 
as PUMA and NOXA.40 Unlike BIM, BAX and NOXA, 
the percentage of cells expressing PUMA in our experi-
ments increased to a similar degree after VEN, 2-CdA and 
VEN+2-CdA addition. Therefore, this factor probably does 
not play an essential role in the interaction of those drugs 
in inducing CLL cell apoptosis.

Finally, the study examined whether the drugs induced 
the extrinsic apoptotic pathway. To our knowledge, no 
experimental data support such activity of  VEN, and 
the involvement of 2-CdA in the extrinsic apoptotic way 
is controversial. One element of this pathway is FADD. 
Together with the adaptor FAS and the initiator procas-
pase-8 (or procaspase-10), FADD forms the death-inducing 
signaling complex (DISC), which in turn cleaves and ac-
tivates the executioner caspase-3 and caspase-7, eventu-
ally bringing about apoptosis.27 Nomura et al. suggested 
that 2-CdA may stimulate both the intrinsic and extrinsic 
apoptotic pathways.20 Our findings indicate that the per-
centage of cells expressing FADD was significantly higher 
after 2-CdA and 2-CdA+VEN administration as compared 
to control cells, which would be in line with the possibility 
that 2-CdA is involved in the extrinsic pathway. The fact 
that VEN alone had no significant effect on FADD expres-
sion is consistent with the current concept of the mech-
anism of action of VEN. However, the observed higher 
expression of FADD after VEN+2-CdA administration 
compared to VEN or 2-CdA administration alone might 
suggest that VEN, despite being incapable of  trigger-
ing the extrinsic pathway, may enhance this potential 
in 2-CdA. This hypothesis remains to be proven by fur-
ther studies.

Limitations of the study

The  only limitation of  our study is  the  quantitative 
method of assessment of proteins studied, i.e., as a percent-
age of cells in which protein expression was detectable. 
It would be interesting to measure the protein expression 
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semi-qualitatively as  the  mean fluorescence intensity. 
However, we felt that intensity of fluorescence in cells after 
the culture would not have been correlated strongly enough 
with the actual intracellular concentration of proteins. 
In particular, we feared that the cell membrane would have 
been altered by the culture, so that its sensibility to permea-
bilization during the staining would have been somewhat 
different as compared to fresh lymphocytes. As a results, 
the penetration of antibodies into the cytoplasm would have 
been not strictly comparable to cells before and after culture. 
Therefore, we preferred to restrict our measures to qualita-
tive assessment of the presence of the protein studied.

It might be objected that the status of TP53 gene in pa-
tients enrolled into the study was not indicated. As a matter 
of fact, the del17p/mutTP53 might have influenced the in vi-
tro response of CLL lymphocytes to cladribine. However, 
the cytogenetic analysis is not included in the initial diagnos-
tic workup of CLL patients unless the initiation of the treat-
ment is planned immediately. Nevertheless, the incidence 
of del17p/mutTP53 in treatment-naïve patients is above 10%, 
so it would probably have been less than 10 patients in our 
series. Such small group of cases with TP53 aberrations 
would not have allowed for any reliable statistical analysis. 
The possible presence of such patients in our population 
would not distort the results we have obtained.

Conclusions

To conclude, it is important to note that the regulation 
of apoptosis of CLL cells in vitro is different than in vivo. 
The CLL lymphocytes cultured without the support pro-
vided by circulating cytokines and factors provided by mi-
croenvironmental cells die much quicker than circulat-
ing ones. However, the abovementioned findings provide 
a rationale to extend the investigations on the mechanism 
of action of VEN in order to clarify the role of P53 and 
related antiproliferative agents in the mechanism of its 
action. It must also be noted that although VEN is effi-
cacious in patients with mutated TP53 and/or deletion 
of 17p, it cannot fully abolish the negative prognostic sig-
nificance of those cytogenetic/molecular abnormalities. 
Moreover, our results confirm the involvement of both 
VEN and 2-CdA in the intrinsic apoptotic pathway, and 
demonstrate the synergistic effect of both drugs on CLL 
cells in vitro. Our findings justify further molecular studies 
aimed at assessing the feasibility of VEN+2-CdA applica-
tion in clinical practice.
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Abstract
Background. This article describes 2 cases of post-coronavirus disease 2019 (COVID-19) transient spontane-
ous osteonecrosis of the knee (PCT-SONK) observed in patients who had previously recovered from COVID-19 
without corticosteroid administration.

Objectives. The possible pathomechanisms by which a recent SARS-CoV-2 infection may contribute 
as a causative factor for osteonecrosis are reviewed, and the differential diagnosis and treatment are discussed.

Materials and methods. Two patients (males, 45- and 47-year-old) presented with sudden onset knee pain 
with no trauma history. The pain persisted during rest and at night. On magnetic resonance imaging (MRI), 
no subchondral bone thickening was observed; bone edema was diffusely distributed in the whole femoral 
condyle, in contrast to the more focal edema that is typically concentrated mainly around the subchondral 
region in classic SONK. Both patients were treated nonoperatively with no weight bearing and pharmacological 
agents, and complete resolution of symptoms was achieved.

Results. A follow-up MRI 10 weeks after presentation revealed a near-complete loss of signal in the medial 
femoral condyle in both patients.

Conclusions. Orthopedic surgeons should be cautious when sudden knee pain without concurrent trauma 
or a history of injury occurs shortly after severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 
infection, even with mild COVID-19 illness. While some studies report the development of post-COVID-19 
osteonecrosis after lower doses of corticosteroids and sooner after their administration than in comparable 
non-COVID-19 cases, our study is the first to report 2 cases with no corticosteroid administration at all. There-
fore, the authors believe it adds to the body of knowledge on the potential connections between COVID-19 
and PCT-SONK. The transient nature of symptoms and radiological findings suggest that aggressive surgical 
treatment of non-injury local bone edema occurring shortly after SARS-CoV-2 infection should be avoided.

Key words: knee pain, SARS-CoV-2, avascular necrosis, SONK, COVID-19 complications
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Background

Severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) is a positive-sense, single-stranded RNA virus that 
was first identified in late December 2019 in Wuhan, China.1 
The disease caused by SARS-CoV-2 infection is referred 
to as coronavirus disease 2019 (COVID-19). The World 
Health Organization (WHO) officially declared COVID-19 
a pandemic in March 2020.2 By August 2022, the estimated 
death toll from COVID-19 had risen to 6,446,714.1 Its typi-
cal clinical manifestations include fever, cough and short-
ness of breath, which can progress to pneumonia. This 
can further deteriorate into a dysregulated immune state 
characterized by a hyperinflammatory response and a hy-
percoagulable state, leading to pulmonary and systemic 
micro- and macro-immunothrombosis, which ultimately 
may cause multiple organ failure and death.3

Involvement of nearly every organ system has been observed 
not only during the acute stages of COVID-19 but also after 
recovery. Recent reports describe post-COVID-19 clinical 
problems that can extend to affect the knee joint and its func-
tion.4 There are also studies reporting secondary osteonecrosis 
of the knee after COVID-19 treatment with corticosteroids, 
but with less than the cumulative dose of corticosteroids re-
ported in the literature for osteonecrosis of the knee.5,6 Similar 
studies have been published concerning avascular necrosis 
of the femoral head occurring with lower doses of cortico-
steroids and sooner after their administration than in com-
parable non-COVID-19 cases.7 Karaarslan et al. recently per-
formed a prospective study on a group of patients discharged 
after COVID-19 infection and concluded that “92.3%, 72.7% 
and 56.3% of patients reported any musculoskeletal symptom 
at hospitalization, 2-week and 1-month, respectively”.8

Spontaneous osteonecrosis of  the  knee (SONK) 
is the most common form of osteonecrosis of the knee joint, 
but its etiology remains unclear. However, it  is believed 
that SONK might be caused by local blood flow alteration, 
which leads to subsequent bone ischemia, ultimately result-
ing in local fluid storage and bone edema that can be visu-
alized on magnetic resonance imaging (MRI).9 Typically, 
the subchondral lesion due to SONK is observed unilater-
ally at the medial femoral condyle (MFC) of the knee (94%). 
The prevalence of SONK is higher in females, especially 
those over the age of 55, and typically presents as sudden 
knee pain without causative trauma or injury.10

The COVID-19 has been clearly associated with a hy-
percoagulable state, referred to as COVID-19-associated 
coagulopathy (CAC),11 with evidence strongly suggestive 
of a secondary microangiopathy phenomenon propagating 
multiple organ failure.12 Laboratory hallmarks of CAC, 
such as decreased platelets and elevated D-dimer, have 
been shown to persist for several months after recovery, 
even in mild cases of COVID-19.13 Therefore, it is possible 
that SARS-CoV-2 contributes to the development of local 
blood flow changes and ultimately to post-COVID-19 tran-
sient spontaneous osteonecrosis of the knee (PCT-SONK).

This report aims to describe 2 cases of sudden knee pain 
with radiological features similar to those of SONK that 
were observed in patients shortly after recovering from 
COVID-19, and to discuss the possible pathogenesis of this 
emerging problem for orthopedic surgeons.

Case 1 (K.D.)

A 45-year-old male patient (software engineer, sedentary 
work) presented with sudden onset right knee pain with 
no history of trauma. The pain persisted during rest and 
at night.

On clinical examination, the patient had a full range 
of motion and a stable knee joint. The patient experienced 
pain during extension and near-full extension. Palpation 
of the MFC and medial joint space revealed local tender-
ness. Additionally, the  patient experienced pain when 
varus stress was applied to the knee in 10° knee flexion. 
An MRI of the patient’s right knee was performed imme-
diately following the orthopedic appointment (7 weeks 
after the onset of knee symptoms). Magnetic resonance 
imaging in short tau inversion recovery (STIR) sequence 
revealed a large area of diffuse increased signal in the MFC 
and the medial aspect of the intercondylar region (Fig. 1).

Approximately 3 months prior to the onset of knee symp-
toms, the patient had been diagnosed with COVID-19, 
which was confirmed by a positive result of a SARS-CoV-2 
RT-PCR test. The patient had begun to experience symp-
toms of acute respiratory infection 5 days prior to diag-
nosis, which had progressed to severe flu-like symptoms 
with dyspnea for approximately next 2 weeks. The patient 
was not hospitalized despite the severity of the respiratory 
symptoms, and no corticosteroids were administered.

The patient was put on crutches and instructed to bear 
no weight on the affected leg. Additionally, the patient was 
prescribed ossein-hydroxyapatite complex (2490 mg/day), 
calcium (1000 mg/day), vitamin D₃ (150 µg/day), vitamin 
K₂ (50  µg/day), pentoxifylline (400  mg/day), vitamin 
C (2,000 mg/day), and acetylsalicylic acid (75 mg/day).

The  symptoms subsided completely after approx. 
8 weeks of nonoperative treatment. A follow-up MRI scan 
of the same knee was performed 10 weeks after the first 
appointment, and showed remission of the radiological 
findings in the MFC and medial aspect of the intercon-
dylar region (Fig. 2). The next follow-up MRI, which was 
performed 5 months after the first appointment, showed 
complete resolution of the bony and soft tissue edema 
(Fig. 3). There were no adverse or unanticipated events.

Case 2 (K.M.)

A 47-year-old male hotel owner presented with sudden 
onset of right knee pain without trauma. The pain per-
sisted during rest and at night.
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On clinical examination, the patient had a full range 
of motion, with a stable joint, with pain during extension 
and near full extension. In addition, the patient experi-
enced pain upon palpation of the MFC and joint spaces 
of the affected knee. Varus stress test applied to the knee 

with the leg in 10° flexion also elicited pain. The knee axis 
was recorded as less than 5° of varus. Magnetic resonance 
imaging of the knee 4 weeks after the onset of symptoms 
revealed diffuse high signal in the entire MFC, suggesting 
an accumulation of edema in the bone marrow (Fig. 4).

Fig. 1. Magnetic resonance 
imaging (MRI) coronal view 
of the right knee (Case 1) 
performed in the symptomatic 
period. There is diffuse increase 
in signal in the medial femoral 
condyle in both (A) short 
tau inversion recovery (STIR) 
fast spin echo (FSE) and (B) 
proton density (PD) sequences. 
It is noteworthy that the signal 
intensity in the subchondral 
bone is only slightly affected 
in the (B) PD sequence. 
Edema of the soft tissues 
on the medial side of the joint 
is also clearly visible

Fig. 3. Second follow-up 
magnetic resonance imaging 
(MRI) coronal view of the right 
knee (Case 1). The signal 
in the medial femoral condyle 
in both (A) short tau inversion 
recovery (STIR) fast spin echo 
(FSE) and (B) proton density 
(PD) sequences is normal

Fig. 2. Follow-up magnetic 
resonance imaging (MRI) 
coronal view of the right 
knee (Case 1) performed after 
the resolution of symptoms. 
The signal in the medial 
femoral condyle in both (A) 
short tau inversion recovery 
(STIR) fast spin echo (FSE) 
and (B) proton density (PD) 
sequences is almost normal. 
It is noteworthy that there is no 
visible soft tissue edema.
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Approximately 10 weeks before presentation, the patient 
had tested positive for SARS-CoV-2 with real-time poly-
merase chain reaction (RT-PCR) test. He had experienced 
severe flu-like symptoms, with fever as high as 39.5°C, and 
pneumonia that lasted 10 days. He was not hospitalized, 
and corticosteroids were not administered.

The patient was put on crutches and instructed to bear 
no weight on the affected leg for 6 weeks. Additionally, he 
was prescribed the same pharmacotherapy as the patient 
in Case 1.

Full remission of symptoms was achieved after approx. 
3 weeks of such conservative treatment. Follow-up MRI 
10 weeks after presentation revealed near-complete loss 
of signal in the MFC (Fig. 5). There were no adverse or un-
anticipated events.

Discussion

The 2 cases of PCT-SONK presented in this study add 
to the differential diagnosis of sudden knee pain in un-
injured patients during the ongoing pandemic. It is par-
ticularly noteworthy that the radiological findings that 

constitute PCT-SONK, although similar in  both cases 
presented in this study, are radiologically distinct in ap-
pearance from classic SONK (Fig. 6). No subchondral bone 
thickening was observed, and the bone edema was more 
diffuse in the whole femoral condyle, in contrast to focal 
edema, which is concentrated mainly around the subchon-
dral region and typically observed in classic SONK (Table 1).

It  has been reported that SONK classically occurs 
in middle-aged females and is caused by excessive stress 
in the subchondral bone.14 In previously documented cases 
of SONK unrelated to COVID-19, high rates of surgical 
intervention, including total knee replacement, resulted 
in poor prognoses.9 However, in  the 2 cases presented 
in this study, nonoperative treatment yielded good results. 
The transient nature of PCT-SONK suggests that surgical 
management should be considered only for progressive 
cases in which conservative management fails to achieve 
improvement. Thus, it is of utmost importance, particu-
larly during the pandemic, to raise awareness among sports 
medicine and orthopedic societies to consider microvas-
cular impairment in subchondral bone as a possible source 
of sudden knee pain in patients without concurrent trauma 
or a history of recent injury.

Fig. 5. Follow-up magnetic 
resonance imaging (MRI) 
coronal view of the right 
knee (Case 2) performed after 
the resolution of symptoms. 
The signal in the medial 
femoral condyle in both (A) 
short tau inversion recovery 
(STIR) fast spin echo (FSE) and 
(B) longitudinal relaxation 
time (T1) sequences is almost 
normal. It is noteworthy that 
there is no visible soft tissue 
edema

Fig. 4. Magnetic resonance 
imaging (MRI) coronal view 
of the right knee (Case 2) 
performed in the symptomatic 
period. There is diffuse 
increase in signal in the medial 
femoral condyle in both (A) 
short tau inversion recovery 
(STIR) fast spin echo (FSE) and 
(B) longitudinal relaxation 
time (T1) sequences. 
It is noteworthy that the signal 
intensity in the subchondral 
bone is only slightly affected 
in the (B) T1 sequence. 
Edema of the soft tissues 
on the medial side of the joint 
is also clearly visible
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While SONK after COVID-19 in the presented cases 
may indeed be a  coincidence, SARS-CoV-2 infection 
has been demonstrated to  affect nearly every facet 
of hemostasis. This is  likely driven by a combination 
of  a  dysfunctional, hyperinflammatory state and di-
rect and indirect endothelial injury, ultimately lead-
ing to micro-immunothrombosis both in the lungs and 
systemic tissues.11,15 Significant evidence of endotheli-
opathy and a secondary thrombotic microangiopathy 
(TMA) or TMA-like phenomenon has emerged. It is of-
ten characterized by elevated von Willebrand factor an-
tigen levels and low ADAMTS13 activity,12,16 overacti-
vation of complement pathways,17 elevated circulating 
markers of neutrophil extracellular traps,18 high serum 
lactate dehydrogenase levels,19 and decreased platelet 
counts,20,21 as well as the typical clinical manifestations 
of TMA, such as acute kidney failure.22 Moreover, evi-
dence of SARS-CoV-2 directly infecting endothelial cells 
has been presented,23 and circulating biomarkers of en-
dothelial injury are frequently reported to be elevated 
in COVID-19 patients.24 Finally, a TMA-like phenom-
enon is  likely further exacerbated by a state of hypofi-
brinolysis, impairing the ability to break down newly 
formed clots in the microcirculation.25,26

Given the significant potential for multisystem micro-
vascular injury in COVID-19, it can be hypothesized that 
there is an increased risk of SONK related to COVID-19 
– secondary to damage to blood vessels supplying the MFC 
regions, leading to impaired microcirculation blood flow 
and tissue perfusion, and ultimately causing ischemic 
necrosis of  subchondral bone.27,28 Such phenomenon 
may occur more often in patients with pre-existing, but 
clinically silent, excessive subchondral bone stress, with 
SARS-CoV-2 microvascular flow disturbances exacerbat-
ing the underlying knee pathology.

Corticosteroids are widely used, sometimes indiscrimi-
nately, for the treatment of COVID-19. They could lead 
to a reduction in bone mineral density (BMD) in patients 
and subsequently predispose them to SONK, as low BMD 
has been shown to be associated with the onset of SONK,29,30 
as well as other orthopedic pathologies, such as steroid-in-
duced avascular necrosis of the femoral head.31 However, 
unlike in many other studies reporting post-COVID-19 os-
teonecrosis,5–7 corticosteroids were not administered in ei-
ther of the cases in this study. As stated in a study by Angulo-
Ardoy et al., “it is still unclear whether post-COVID SONK 
is related to the use of corticosteroids or to the virus itself”.6 
While some studies report the development of osteonecrosis 

Fig. 6. Radiological (coronal 
magnetic resonance imaging 
(MRI) views) appearance 
of classic spontaneous 
osteonecrosis of the knee 
(SONK) in the right knee. 
There is a focal signal increase 
in subchondral bone in both 
(A) short tau inversion recovery 
(STIR) fast spin echo (FSE) 
and (B) proton density (PD) 
magnetic resonance imaging 
(MRI) sequences

Table 1. Comparison between typical features of SONK and the clinical observations during the 2 reported cases of PCT-SONK

Feature SONK PCT-SONK

Subchondral bone thickening with signal intensity increase yes no

Bone marrow edema (MRI) STIR, PD, T1 mostly in STIR

Soft tissue edema (MRI) no yes

Tenderness and pain mostly in the joint line
over the whole medial femoral condyle and 

surrounding soft tissues

Sudden and unexpected onset of pain yes yes

Night pain yes yes

Age [years] >55 ~45

SONK – spontaneous osteonecrosis of the knee; PCT-SONK – post-COVID-19 transient spontaneous osteonecrosis of the knee; MRI – magnetic resonance 
imaging; STIR – short tau inversion recovery; PD – proton density; T1 – relaxation time.
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after lower doses of corticosteroids, and sooner after their 
administration than in comparable non-COVID-19 cases,5–7 
this is the first study to report 2 cases with no corticosteroid 
administration at all. Therefore, the authors believe it adds 
to the body of knowledge on the potential connections be-
tween COVID-19 and PCT-SONK.

A conservative treatment plan should address all etiologic 
aspects of PCT-SONK. First, reduction of pressure to the af-
fected subchondral bone is achieved by non-weight bearing; 
second, supplementation of vitamin D and calcium is imple-
mented to enhance BMD restoration; third, pharmacological 
agents to improve microvascular circulation (i.e., pentoxyfil-
line) are administered; and finally, anti-aggregative agents, 
such as acetylsalicylic acid, to inhibit thrombus formation, 
are given to the patient.32 It is important to emphasize that 
this approach is supported only by limited observations and 
based on regular SONK treatment algorithms; further stud-
ies utilizing evidence-based methods are required. We em-
phasize a personalized approach in every case, considering 
a patient’s general health status and all possible individual 
contraindications and risks of given therapies.

This study is limited by a relatively short follow-up, al-
though complete radiological and clinical recovery was 
obtained during the observation period. While this study 
has no power to identify any causative relationship with 
SARS-CoV-2, we hope that it will raise awareness and pave 
the way for broader studies investigating the PCT-SONK 
phenomenon.

Conclusions

Orthopedic surgeons should be cautious when sudden 
knee pain without concurrent trauma or a history of injury 
occurs shortly after SARS-CoV-2 infection, even when 
the course of COVID-19 was mild. While there are studies 
reporting post-COVID-19 osteonecrosis after lower doses 
of corticosteroids and sooner after their administration 
than in comparable non-COVID-19 cases, this is the first 
to report 2 cases with no corticosteroid administration 
at all. The transient nature of symptoms and radiological 
findings suggest that aggressive surgical treatment of non-
injury local bone edema occurring shortly after SARS-
CoV-2 infection should be avoided.
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Abstract
Background. Coronavirus disease 2019 (COVID-19) pandemic had an impact on the quality of healthcare 
services and led to many changes in the treatment of cardiac pathologies.

Objectives. To assess the differences in the clinical manifestations, management and outcomes of patients 
with aortic valve diseases (AVDs) treated invasively before and during the pandemic.

Materials and methods. This retrospective single-center study involved patients with AVDs treated 
by means of balloon aortic valvuloplasty (BAV), transcatheter aortic valve implantation (TAVI) or surgical 
aortic valve replacement (SAVR) in 2019 and 2020. They were divided into groups with respect to the year 
of intervention (2019 compared to 2020) and the priority of admission (urgent compared to elective). Preopera-
tive characteristics, early outcomes and probability of annual survival were compared between the groups.

Results. The number of patients admitted urgently increased from 37 in 2019 to 54 in 2020, with a higher 
prevalence of men in 2020 (83.3% compared to 56.8%, respectively). Elective cases, on the other hand, 
declined from 279 in 2019 to 256 in 2020. Among the latter, more subjects had manifestations of heart failure 
(p < 0.001), coronary artery disease (CAD; p = 0.002), hypertension (p = 0.006), as well as had a history 
of a stroke (p = 0.002). In the meantime, more TAVI and fewer SAVR procedures were performed in 2020 
(86 compared to 127 and 192 compared to 125, respectively; p < 0.001). In 2020, TAVI individuals had risk 
of death (according to the EuroSCORE scale) than in 2019 (p < 0.001). The probability of annual survival was 
comparable (p = 0.769) among AVD patients treated before and during the coronavirus pandemic (91.3% 
compared to 88.3%, respectively).

Conclusions. Although during the COVID-19 pandemic more nonelective and higher-risk AVD individuals 
received interventional treatment, the outcomes were comparable to the pre-pandemic era (2019). Our 
findings support highly valuable, less invasive therapeutic methods for treating aortic pathologies during 
the pandemic.

Key words: outcomes, coronavirus, aortic valve replacement, transcatheter aortic valve implantation, aortic 
valve disease
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Background

Coronavirus disease 2019 (COVID-19) pandemic has 
affected healthcare systems globally. Consequently, 
the number of admissions to general hospitals1,2 and car-
diology departments in particular decreased markedly.3,4 
Hence, a reduction in the number of cardiology services 
and procedures, especially elective cases, has been ob-
served.3,5,6 A marked decline in the majority of cardiac 
procedures performed at National Health Service (NHS) 
hospitals (in the UK) was obvious after the pandemic out-
break.6 A similar trend was also observed in Poland.7,8

In the meantime, special attention was paid to minimiz-
ing hospitalization times of patients and shifting to mini-
mally invasive procedures, although these were not always 
considered the method of choice.9 This trend was observed 
in many prevalent cardiac diseases such as aortic valve 
diseases (AVDs), aortic stenosis (AS) and coronary artery 
disease (CAD) that can be potentially treated by either 
interventional cardiologists or cardiac surgeons. Patients 
with AS can be treated surgically with cardiopulmonary 
bypass (CPB) and surgical aortic valve replacement (SAVR), 
or by transcatheter aortic valve implantation (TAVI).10

Objectives

This study aimed to assess how the COVID-19 pandemic 
affected the clinical profiles, priority of treatments, form 
of applied therapeutic methods, and outcomes of patients 
with AVD, treated at a cardiac surgical center experienced 
in both SAVR and TAVI procedures.

Materials and methods

Patients

This retrospective study evaluated consecutive patients 
treated for significant AVD between January 1, 2019, and 
December 31, 2020, at the Department of Cardiac Surgery 

and Transplantology in Poznań, Poland. The groups were 
divided based on the year (2019 – before the coronavirus 
pandemic outbreak, compared to 2020 – after the out-
break) of admission, the method of treatment (SAVR com-
pared to TAVI) performed, and the priority of the interven-
tion (elective compared to nonelective – urgent/emergent). 
Medical charts were retrospectively reviewed and baseline 
data (Table 1,2) were collected and analyzed.

Therapeutic method

Patients were treated with SAVR (218 in 2019 and 168 
in 2020) using a complete or upper partial median ster-
notomy and CPB with cardioplegic arrest. Some patients 
required additional procedures (see Table 1). Catheter-
based methods included TAVI carried out through per-
cutaneous puncture or surgical exposure of the femoral 
arteries (91 in 2019 and 134 in 2020) and balloon aortic 
valvuloplasty (BAV; 7 in 2019 and 8 in 2020).

Post-procedural data

Early morbidity and mortality as well as annual sur-
vival probability were taken into consideration. Early or in-
hospital outcome analysis during the first 30 days after 
the procedures irrespective of place (hospital, rehabilita-
tion center or home) was performed.

Data analysis

The normality of continuous variables was checked 
using the Shapiro–Wilk test. Data that met the criteria 
of normal distribution were shown as means with stan-
dard deviations (SDs). Non-normal data were presented 
using medians with interquartile ranges (IQRs: Q1–Q3). 
The Levene’s test was used to assess the equality of vari-
ances between normally distributed data from 2019 and 
2020. Student’s t-tests were used to compare unpaired 
continuous variables. The other variables were compared 
using a nonparametric Mann–Whitney U test and a χ2 test 
with or without Yates’s correction. Statistical significance 

Table 1. Additional invasive procedures among emergency and elective patients

Procedures
Emergency patients Elective patients

2019 Percentage 2020 Percentage χ2 test 2019 Percentage 2020 Percentage χ2 test

Total number of urgent 
SAVR procedures

26 100% 43 100% – 192 100% 125 100% –

Graft of the aorta 3 11.54% 9 20.93% p = 0.503 38 19.79% 14 11.20% p = 0.044

CABG 7 26.92% 8 18.60% p = 0.417 33 17.19% 17 13.60% p = 0.392

MVR with/or TVR 2 7.69% 4 9.30% p = 0.833 8 4.17% 8 6.40% p = 0.375

Wrapping 
of the ascending aorta

2 7.69% 1 2.33% p = 0.653 14 7.29% 8 6.40% p = 0.760

SAVR isolated 7 26.92% 15 34.88% p = 0.492 109 56.77% 72 57.60% p = 0.884

SAVR – surgical aortic valve replacement; CABG – coronary artery bypass grafting; MVR – mitral valve replacement; TVR – tricuspid valve repair.
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was defined as p < 0.05. The probability of survival was 
calculated using the Kaplan–Meier method and the dif-
ferences between the groups were analyzed using a log-
rank test. The analysis was performed with Statistica 
v. 13.3 (TIBCO Software Inc., Palo Alto, USA).

Results

The number of  individuals with severe AVD treated 
invasively remained virtually unchanged between 2019 
(n  =  316) and 2020 (n  =  310). A  significant increase 
in the number of nonelective cases was observed (from 
37 in 2019 to 54 in 2020).

Clinical characteristics  
and procedural details

Nonelective patients

The only difference in the preprocedural clinical pre-
sentation (2019 compared to 2020) was the age of the pa-
tients (Table 2). The most visible change in nonelective 
procedures was a marked increase (by 65%) in SAVR cases 
(26/43) which corresponded with an increase of roughly 
10% overall (Fig. 1). The rate of concomitant procedures 
in the SAVR subset of patients was comparable between 
years (2019 compared to 2020). More detailed data are 
outlined in Table 1.

Table 2. General characteristics and comorbidities of emergency and elective patients in 2019 and 2020

Factors
Emergency patients Elective patients

2019 2020 p-value 2019 2020 p-value

Number of patients 37 54 – 279 256 –

Age, median (IQR) 69 (27–87) 64 (19–82) p = 0.074 71 (23–92) 71 (20–92) p = 0.019

Gender
W/M

16/21
43.2%/56.8%

9/45
16.7%/83.3%

p = 0.005
125/154

44.8%/55.2%
118/138

46.0%/54.0%
p = 0.765

BMI, mean ±SD 27.85 ±4.79 27.20 ±4.51 p = 0.545 28.25 ±4.65 28.45 ±4.91 p = 0.889

Time of hospitalization, 
median (IQR)

16.5 (13–28) 15 (10–22) p = 0.173
SAVR: 14 (11–16)

TAVI: 9 (7–10)
SAVR: 12 (10–14)

TAVI: 7 (5–10)
SAVR: p = 0.002
TAVI: p = 0.006

Cardiovascular diseases

Cardiovascular diseases 2019 2020 p-value 2019 2020 p-value

Heart failure 15 23 p = 0.900 104 143 p < 0.001

Myocardial infarction 0 4 – 1 1 p = 0.951

Post-myocardial infarction 2 8 p = 0.159 12 17 p = 0.232

Coronary artery disease 11 18 p = 0.717 60 86 p = 0.002

Aortic aneurysm 4 11 p = 0.227 42 25 p = 0.065

Hypertension 21 35 p = 0.438 176 190 p = 0.006

Atherosclerosis 3 7 p = 0.467 26 28 p = 0.535

Infective endocarditis 7 14 p = 0.436 6 3 p = 0.379

Hyperlipidemia 8 7 p = 0.274 68 56 p = 0.494

Stroke 0 4 – 2 13 p = 0.002

Post-stroke 1 7 p = 0.090 8 12 p = 0.268

Pacemaker 5 2 p = 0.085 9 14 p = 0.201

Other

Other diseases 2019 2020 p-value 2019 2020 p-value

Diabetes mellitus 10 19 p = 0.412 59 72 p = 0.061

Chronic kidney disease 8 6 p = 0.172 16 19 p = 0.431

Hypothyroidism 8 1 p = 0.002 17 15 p = 0.909

Anemia 3 2 p = 0.365 6 5 p = 0.872

Thrombosis 0 1 – 1 1 p = 0.951

Pulmonary embolism 0 2 – 1 2 p = 0.513

Pulmonary diseases 1 8 p = 0.057 21 22 p = 0.650

Cancer 1 3 p = 0.094 13 7 p = 0.241

EuroSCORE, median (IQR) 1.66 (0.5–44.48) 3.66 (0.5–20.67) p = 0.086 1.24 (0.61–14.41) 1.96 (0.5–84.83) p < 0.001

W/M – women/men; IQR – interquartile range; BMI – body mass index; SD – standard deviation; SAVR – surgical aortic valve replacement; 
TAVI – transcatheter aortic valve implantation.
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Elective patients

Similar to nonelective patients, there was a difference 
(2019 compared to 2020) in the age of elective patients 
(Table 2). In this group, a significant shift from SAVR be-
ing the dominant procedure in 2019 to a slight predomi-
nance of TAVI in 2020 occurred (Fig. 1). Moreover, some 
comorbidities such as CAD, arterial hypertension and his-
tory of stroke were significantly more common in 2020 
(Table 2).

Post-procedural course  
and one-year probability of survival

Atrial fibrillation was the only early post-procedural 
adverse event that was found to be more prevalent in 2019 
than in 2020 among AVD individuals admitted electively 
to our department. In the urgent/emergent group of pa-
tients, the rates of all in-hospital complications were com-
parable between the compared years.

A total of 22 patients died during the early post-proce-
dural period. However, the overall mortality in patients 
undergoing procedures on the aortic valve was almost 
twice as high in 2020 (4.5%; 14/310) as compared to 2019 
(2.5%; 8/316; p = 0.178). In the elective subgroups, in-hos-
pital mortality was 2.2% (n = 6) in 2019 and 3.5% (n = 9) 
in 2020, whereas among urgently/emergently treated pa-
tients, it was 5.4% (n = 2) in 2019 and 5.6% (n = 5) in 2020.

The survival rate for all patients treated invasively for AS 
was comparable between 2019 and 2020 groups (p = 0.769). 
Three-month, 6-month and 1-year survival probabilities 
for patients in 2019 compared to 2020 were calculated 
using the Kaplan–Meier method and were found to be 
95.2% (295 patients at risk) compared to 93.6% (265 pa-
tients at risk), 93.4% (273) compared to 90.5% (255), and 
91.3% (266) compared to 88.3% (248), respectively. Statisti-
cally significant differences were observed among TAVI- 
and SAVR-treated patients during the consecutive years. 
In 2020, the annual survival rate was higher among TAVI 
patients and lower in SAVR patients compared to the sur-
vival rates in 2019 (Fig. 2).

Discussion

One of the most important findings of this study was 
a significant increase in the number of urgently/emergently 
admitted AVD individuals accompanied by a marked de-
cline in elective admissions. Our observations were not 
consistent with previously published studies that indicated 
a reduction in the number of invasive interventions for 
cardiovascular diseases, irrespective of priority (elective/
nonelective), by roughly 50% in the UK.4–8 A reason for this 
discrepancy and the increase in the number of nonelective 
patients in our observational study was the conversion 
of a second cardiac surgery center in the area, with a simi-
lar volume of cases during previous years, into a facility 
dedicated to the treatment of COVID-19 patients in 2020.

Among elective patients, a  significant decrease 
in the number of SAVR operations and an increase in TAVI 
procedures were observed. This tendency has been seen 
for many years.11 In 2020, the numbers of SAVR and TAVI 
procedures were almost equal. The shift to less invasive 
procedures was associated with a decline in the length 
of hospitalization12 and may be linked to reduced exposure 
to medical personnel.13,14 For these reasons, the TAVI proce-
dure could prove to be more effective during the pandemic.

In elective patients who received SAVR, men remained 
the prevalent group. Women underwent slightly more TAVI 
procedures and this tendency was seen in  the  following 
years. Besides the typical risk factors for AVD development 
such as arterial hypertension, hyperlipidemia and smoking 
(in many countries more prevalent in middle-aged men), 
women tended to underreport the manifestations of the dis-
ease15 and/or avoid healthcare staff.16 Moreover, some pa-
tients may have developed or aggravated their conditions 
because of a diagnosis of COVID-19 seen in their medical 
histories.17–20

No statistical differences in  the baseline clinical sta-
tus of patients were found between the compared years 
in the urgent/emergent group. However, one cannot ex-
clude that this was probably due to the relatively low number 
of such patients (37 and 54 cases). In the urgent/emergent pa-
tients, 6 of them during 2020 only required the replacement 

Fig. 1. The structure of procedures 
among elective and emergency 
patients in 2019 and 2020

SAVR – surgical aortic valve 
replacement; TAVI – transcatheter aortic 
valve implantation; BAV – balloon aortic 
valvuloplasty.
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of a previously implanted aortic valve prosthesis (there were 
no such cases in 2019). These replacements were mainly due 
to secondary infective endocarditis and paravalvular leaks.

In  our study, some interesting findings regarding 
the mortality rate were noted, e.g., improved survival after 
TAVI compared to a worse survival after SAVR procedures. 
Some research has indicated that the mortality rate of el-
derly patients after TAVI was similar to that of younger 
patients.21 Other publications have shown the survival 
in elderly patients after TAVI to be similar to the survival 
in an age-matched general population.22,23 In our study, 
we  revealed that the  experience of  our team resulted 
in a very good survival rate.

Limitations

We are aware of some limitations of our study. First of all, 
it was a retrospective analysis and the nonelective sub-
groups were relatively small. Despite the aforementioned 
facts, some findings were of clinical significance.

Conclusions

Despite the fact that during COVID-19 pandemic more 
nonelective and high-risk AVD individuals received the in-
terventional treatment, the outcomes were comparable 
to  the  pre-pandemic era (2019). Our findings support 
the value of less invasive therapeutic methods for aortic 
pathologies during the pandemic.
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Abstract
Background. Annually, approx. 4000 patients are diagnosed with pancreatic cancer in Poland, and the num-
ber of deaths is close to the number of diagnoses. Such a high morbidity/mortality ratio is caused by a high 
percentage of unresectable lesions (about 80%) and chemoresistance, which, among other things, is due 
to the specific desmoplastic environment. Currently, there are 2 main systemic treatment regimens for 
pancreatic cancer: FOLFIRINOX (which is a combination of folic acid, fluorouracil (5-FU), irinotecan, and 
oxaliplatin) and combined treatment with nab-paclitaxel plus gemcitabine (NPXL+GMC).

Objectives. In order to increase the effectiveness of systemic treatments for individual patients, cell lines 
derived from resected pancreatic tumors were developed and their chemosensitivity to various agents was 
examined. The hypothesis was that patients may benefit from individualization of chemotherapy.

Materials and methods. Patients with histopathologically confirmed pancreatic cancer were operated 
on using irreversible electroporation (IRE) procedure. After isolating and establishing individual cell lines, 
chemosensitivity to 5-FU, GMC and NPXL was determined using MTT assay in primary and metastatic cell 
cultures.

Results. Three primary cell lines were isolated for the prediction of chemosensitivity. Gemcitabine was 
shown to be more effective at lower doses compared to 5-FU, while NPXL was more effective than 5-FU, and 
both of these were less effective in metastatic cells. Pancreatic cancer cell chemoresistance was confirmed 
in stage IV.

Conclusions. Determination of chemosensitivity profiles using cell lines may help in the selection of systemic 
treatments for individual patients. This method can be the basis for a personalized planned chemotherapeutic 
protocol.

Key words: pancreatic cancer, personalized therapy, chemosensitivity of pancreatic cancer cells
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Background

Chemosensitivity of pancreatic cancer cells is a part 
of the “Personalization of pancreatic cancer treatment” 
program. The aim of this program is to match the most 
effective chemotherapy to  an  individual case to  im-
prove outcome for the patients. Patients were operated 
in the 2nd Department of General and Oncological Surgery 
of the University Clinical Hospital in Wrocław, Poland.

Objectives

The aim of the study is the personalization of pancreatic 
cancer treatment. According to treatment guidelines, pan-
creatic cancer patients receive FOLFIRINOX (a combina-
tion of folic acid, fluorouracil (5-FU), irinotecan, and oxali-
platin) or nab-paclitaxel plus gemcitabine (NPXL+GMC), 
without confirmation of sensitivity. There is a possibility 
of inadequate chemotherapy. However, matching proper 
systemic treatment for an  individual patient can result 
in longer overall survival (OS) and progression-free survival 
(PFS). The question was whether examination of chemo-
sensitivity can influence patient outcome and whether this 
examination may be mandatory before treatment in future.

Patients were operated on under general and epidural 
anesthesia. Samples were collected during the operation 
and delivered immediately to the Department of Molecular 
and Cellular Biology at the Wroclaw Medical University, 
Poland, where individual cell lines were isolated.

The patients gave informed consent prior to partici-
pation in the study. This study was conducted in accor-
dance with the Declaration of Helsinki and was approved 
by the Bioethical Committee at Wroclaw Medical Univer-
sity (approval No. KB-330/2018).

Materials and methods

Cell culture

In this study, a primary cell culture technique was used. 
Fresh tumor samples were acquired from 2 patients during 
biopsy and the tissue was processed directly after surgery. 
From the 1st patient, biopsy from a primary pancreatic 
cancer (PPCC1) was taken, and from the 2nd patient, 2 bi-
opsies were taken: the 1st from the primary tumor (PPCC2) 
and the 2nd from metastatic tissue (MPCC2). Cells were 
isolated from tissue samples according to a previously de-
scribed procedure.1,2 Briefly, the tissue was gently rinsed 
with sterile phosphate-buffered saline (PBS; BioShop, 
Burlington, Canada). Next, samples were minced in Petri 
dishes (Sigma-Aldrich, St. Louis, USA) using a scalpel and 
suspended in dedicated culture medium (L-15; Gibco, Life 
Technologies, Carlsbad, USA). Part of the suspended mate-
rial was immediately transferred to 25 cm3 culture flasks. 

For the first 3 days, the medium was replaced daily and 
care was taken not to discard any non-attached tissue frag-
ments. Following this, the medium was fully replaced twice 
a week. The average time to obtain confluence in both 
the Petri dishes and the culture flasks was 14 days. The cells 
were cultivated in a modified high-glucose Leibovitz’s L-15 
medium (Gibco) supplemented with 10% fetal bovine se-
rum (FBS), 1% antibiotics (penicillin and streptomycin), 
1.5% sodium bicarbonate (7.5%; Gibco), 1% MEM vitamin 
solution (Sigma-Aldrich), 0.5% UltraGlutamine™ 1 (Lonza, 
Basel, Switzerland), 0.1% glucose (45%; Sigma-Aldrich), 
and 0.7% aprotinin (BioShop). The cells were maintained 
at 37°C in a humidified 5% CO2 atmosphere.

MTT assay

Cytotoxicity of the chemotherapeutics was determined 
using the  MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-di-
phenyltetrazolium bromide; Sigma-Aldrich) assay. This 
is a colorimetric assay that measures the metabolic rate 
in viable cells. Cells were seeded at 4 × 103 cells per well 
in 96-well plates (Greiner, Pleidelsheim, Germany) and left 
to adhere for 24 h. The cells were then exposed to the che-
motherapeutic drugs (GMC, 5-FU, NPXL) for 24 h and 
48 h to evaluate short-term and long-term effects on cell 
viability. The  drugs were dissolved in  sterile PBS and 
then with diluted in culture medium at concentrations 
of 0–1000 μg/mL. Absorbance of the wells was measured 
using a multi-well scanning spectrophotometer at 570 nm 
(Glomax; Promega Polska, Pisz, Poland). Absorbance val-
ues were expressed as a percentage of treated cells com-
pared to control cells. All experiments were performed 
in triplicate.

Patient data

Before surgery, a 62-year-old male with diabetes and 
an ECOG score of 0 received 6 courses of NPXL+GMC. 
The patient’s histopathological results showed a regres-
sion of  the  neoplastic lesions, which was confirmed 
by a decrease in serum carbohydrate antigen 19-9 (CA 
19-9) from 1280.98 U/mL to 18.98 U/mL and radiological 
regression according to the Response Evaluation Crite-
ria in Solid Tumors (RECIST). This also correlated with 
the results of the chemosensitivity testing (see below). Af-
ter the procedure, the patient was treated with 7 courses 
of FOLFIRINOX according to drug protocols approved 
in Poland. During chemotherapy, progression of the dis-
ease in  the  retroperitoneal space occurred. Therefore, 
in line with the results obtained from the chemosensitiv-
ity testing, we returned to treatment with NPXL+GMC 
(8 courses). Unfortunately, this treatment regimen was 
not eligible for reimbursement because drug programs 
in Poland do not provide for a return to previous regimens.

Another patient, a 68-year-old female with hypertension 
and a ECOG score of 1, received 8 cycles of GMC alone and 
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was qualified for the IRE procedure. Two cell lines were 
isolated from this patient from the primary and metastatic 
lesions. In both lines, chemoresistance was viable. There-
fore, patient died 2 months after the IRE procedure.

Statistical analyses

As the number of patients was too small to generalize 
the results of the analysis for the population, our analysis 
aimed to prove the studied effects. The survival of 3 line 
cells (PCC1, PCC2 and MPCC2) was analysed for 3 drugs: 
fluorouracil, gemcitabine and nab-paclitaxel, in addition 
to exposition time and dose (Fig. 1). Analysis was per-
formed using R-package “nparLD” function (R Foundation 
for Statistical Computing, Vienna, Austria).3 This package 
is a nonparametric rank-based tool for the analysis of vari-
ance in repeated measures design, and does not require 
any assumptions on data distribution.4 Due to these fea-
tures it can be used for a small number of replications 

(n = 3 in this study). Overall effect was tested with the use 
of the “nparLD” function, according to a two-way analysis 
of variance (ANOVA) design. Values of p ≤ 0.05 were con-
sidered statistically significant.

Results

Results indicated higher efficacy of GMC, even at low 
concentrations, in a cell line derived from a patient di-
agnosed with pancreatic cancer (PPCC1). This was high-
lighted by a pronounced effect of time (much lower sur-
vival rate after 72 h when compared to 24 h, p < 0.001) 
and a small but marginally statistically significant effect 
of the dose (p = 0.041). The efficacy of the 5-FU in the cell 
line taken from the 1st patient (PPCC1) increased with 
both the dose (p < 0.001) and time (p < 0.001). In the cell 
line taken from the 2nd patient (PPCC2), cell viability was 
higher after 48 h for both NPXL and 5-FU. However, there 

Fig. 1. The effect of the dose and the duration of administering fluorouracil (5-FU), gemcitabine (GMC) and nab-paclitaxel (NPXL) on the survival of cells 
from the primary pancreatic cancer lesion (biopsy from the 1st patient (PPCC1) and primary tumor biopsy from the 2nd patient (PPCC2)), and from 
the metastatic lesion (biopsy from the metastatic tissue from the 2nd patient (MPCC2)) after 24 h, 48 h and 72 h
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was no statistically significant effect of the dose (p = 0.671 
and p = 0.413, respectively), which was an evidence of che-
moresistance (PPCC2).

The same situation occurred in the metastatic cell line 
(MPCC2). No effect of dose was observed (p = 0.909 and 
p = 0.981 in 5-FU and nPXL, respectively), though the vi-
ability of the cells increased significantly (p = 0.003 and 
p = 0.017, respectively) after 48 h (Table 1).

Discussion

At present, pancreatic cancer is the 4th most common 
cause of cancer-related death worldwide, and it  is esti-
mated that by 2030, it will be the 2nd most common cause 
of death after lung cancer.5 The incidence of pancreatic 
cancer continues to rise both in Poland and worldwide, and 
the mortality rate remains at a level almost equal to the in-
cidence rate. Globally, the number of cases in 2018 was 
458,918 and the number of deaths was 432,242.6 The rea-
sons for the high mortality/morbidity ratio are late detec-
tion, a lack of sensitive and specific markers for the disease, 
a lack of novel therapies, and chemoresistance.

The primary treatment modalities for pancreatic cancer 
are surgical resection and adjuvant chemotherapy. Un-
fortunately, resection is only possible in 15–20% of cases, 
and 80% of patients who undergo resection will have a re-
currence within a year.7 Regarding adjuvant treatment, 
there are 2 treatment regimens available: NPXL+GMC 
and FOLFIRINOX. Although the differences between OS 

and PFS for both regimens are statistically insignificant, 
NPXL+GMC has been shown to be more effective, with 
indications of less toxicity.8–10

Unfortunately, pancreatic cancer is a chemoresistant 
disease. This is due to acquired abnormalities in the tu-
mor cell membrane transport protein hENT1,11 nucleoside 
enzymes12,13 and changes in the epithelial–mesenchymal 
transition.14,15 One of the key mechanisms of pancreatic 
cancer chemoresistance is stellate cell activation, which 
induces a change in tumor bedding to the desmoplastic 
environment.16–18 Chemoresistance was confirmed in our 
study in the 2nd patient with metastatic disease.

Due to the poor prognosis, personalized therapy is be-
ing explored for pancreatic cancer patients. Research has 
been carried out on the benefits of establishing tumor 
gene profiles18 and immunotherapy.19,20 Unfortunately, 
neither therapy has been shown to be effective to date. 
Determining the chemosensitivity of tumor cell lines de-
rived from a given patient seems to be a good direction for 
the personalization of treatment. By comparing the relative 
effectiveness of 2 lines of treatment with proven efficacies 
(NPXL+GMC and FOLFIRINOX), we can choose the more 
effective treatment for an individual patient. The results 
of one of the patients treated at the University Clinical 
Hospital indicated a higher chemosensitivity to GMC, 
which correlated with the clinical course. Clinical and 
radiographic regression occurred during NPXL+GMC 
therapy. However, after the conversion into FOLFIRINOX, 
which was stipulated by the current oncological treatment 
regimens, tumor progression occurred.

Table 1. The effect of drug dose (dose) and exposition time (time) on cell survival (results of nonparametric analysis of variance (ANOVA))

Drug Cell origin Predictor F df p-value

GMC PPCC1

dose 2.41 4.41 0.0412

time 448.37 1.00 0.0000

dose:time 2.25 4.27 0.0564

5-FU

PPCC1

dose 58.62 2.96 0.0000

time 1404.19 1.00 0.0000

dose:time 0.38 3.95 0.8185

PPCC2

dose 0.72 1.15 0.4133

time 28.17 1.00 0.0000

dose:time 0.17 1.60 0.7980

MPCC2

dose 0.08 1.85 0.9092

time 8.58 1.00 0.0034

dose:time 0.06 1.77 0.9218

nPXL

PPCC2

dose 0.28 1.36 0.6709

time 160.19 1.00 0.0000

dose:time 7.81 1.51 0.0014

MPCC2

dose 0.05 2.82 0.9812

time 5.71 1.00 0.0169

dose:time 0.92 1.66 0.3835

5-FU – fluorouracil; GMC – gemcitabine; NPXL – nab-paclitaxel; PPCC1 – cell line obtained via biopsy from the 1st patient; PPCC2 – cell line obtained 
via primary tumor biopsy from the 2nd patient; MPCC2 – cell line obtained via biopsy from the metastatic lesion tissue from the 2nd patient.
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In 2 of the cell lines, we confirmed chemoresistance 
in metastatic and progressive disease, so the prognosis 
for the patient was poor. Thus, the determination of che-
mosensitivity may be important for patient prognosis and 
requires further studies with a larger number of patients.

Limitations

The main limitation of  this study was the  low num-
ber of examined tissue specimens. Further studies with 
larger samples and more comprehensive evaluations are 
necessary. The study was also limited by the determina-
tion of chemosensitivity for only a few chemotherapeu-
tics (GMC 5-FU, NPXL). It would be advisable to deter-
mine the chemosensitivity for each chemotherapeutic, 
or for the full NPXL+GMC and FOLFIRINOX regimens, 
to gather complete data.

Conclusions

Examined cell lines have different biology and different 
chemosensitivity in every patient, and cancer progression 
is related to chemoresistance of cancer cells. The deter-
mination of chemosensitivity in pancreatic cancer cell 
lines derived from a given patient may be useful in the se-
lection of a systemic treatment. At present, this is not 
a standard technique and it is not included in treatment 
protocols. However, in the future, this procedure may be 
used as a guideline to select the best systemic treatment 
for an individual patient and individual stage.
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