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Abstract

The editorial demonstrates changes in the number and subject matter of papers dealing with issues related
to the coronavirus disease 2019 (COVID-19), which were published in Advances in Clinical and Experimental
Medicine (ACEM) during 3 years of the pandemic (2020—2022). In 2020, 24 such manuscripts were submitted
to the editorial office, of which 9 were published; in 2021, 48 were submitted and 10 published, while in 2022,
there were 34 articles submitted and 4 published. Authors of this editorial point out that while initially chances
for publication of papers regarding COVID-19 were greater than papers covering other issues, the editors
of ACEM gradually enforced the same requirements for COVID-19-related papers as for the others (the ac-
ceptance rate for these papers was 37.5% in 2020, 20.8% in 2021 and 11.8% in 2022). The published papers
described, among other aspects, the relationship between COVID-19 and other diseases (e.g., pneumonia,
Parkinson’s disease and acute kidney injury) and methods of preventing severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) infection among healthcare staff. An emergency situation of pandemic called for
disseminating the results of scientific research as promptly as possible; however, the proper answer to this
challenge is not lowering and simplifying requirements for peer review, but releasing the results in a form
of registered preprints, which allow for provisionally making the paper available for the scientific community
while the peer review verification is still ongoing.

Key words: COVID-19, pandemic, SARS-CoV-2, scientific journal, preprint
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Introduction

In November 2022, 3 years will pass since COVID-19
disease has first been described. Rapid spread of the pan-
demic and the observed mortality — high for a disease
caused by severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) — resulted in diverting the interest of many
researchers to elucidating the etiology of this disease
and establishing treatment methods. Advances in Clini-
cal and Experimental Medicine (ACEM) is a scientific
journal covering all clinical and experimental medicine
as well as issues from other fields of knowledge related
to medicine. Therefore, it was obvious that the emergence
of a new disease — COVID-19 — and the subsequent spread
of the pandemic in the whole world would be reflected
in the thematic scope of submitted manuscripts and pub-
lished papers. First articles pertaining this field started
to reach the ACEM editorial office around March 11,
2020, when World Health Organization (WHO) declared
the outbreak a pandemic.

Over the last 3 years, the number of publications relevant
to this issue has increased massively. According to the Web
of Science database searched with keywords ,COVID-19”
and ,SARS-CoV-2”, in 2019, 48 articles (both original pa-
pers and reviews) were published, in 2020 — 80,312 (sic!),
in 2021 — 150,590, and in 2022 — 119,053 (as for October
31, 2022). There are already 313 papers (as for October 31,
2022) dated 2023. Papers on COVID-19 were cited unusu-
ally often — some even 15,000 times (sic!).!=® It is certainly
safe to say that throughout the history of scientific medi-
cal journals no other subject became so popular in such
ashort time. Nevertheless, it has to be also strongly stressed
that this phenomenon was neither a result of a trend sim-
ilar in nature to fashion, nor an attempt made by many
researchers to boost their career, but a proper response
of the scientific community to a clear and present dan-
ger to the health and life of the entire world population.
The research — undertaken first in China, where the virus
was first isolated, and then in other countries — focused
on the pathogen itself and its identified mutations, course
of infection, possible complications and comorbidities, re-
lationship between COVID-19 and other diseases, as well
as — which can be particularly observed in papers published
in ACEM - the impact of the pandemic on the possibilities
of treating patients by doctors of various specialties, and
issues related to preventing SARS-CoV-2 infection among
healthcare staff (doctors, nurses, orderlies, other personnel).

Papers on COVID-19
published in ACEM

Advances in Clinical and Experimental Medicine,
as a scientific journal, has had its share in disseminating
relevant results of research on COVID-19/SARS-CoV-2.
In 2020-2022 (as for October 31, 2022), a total of 106 papers

K. Kujawa, M. Misiak, D. Kurpas. COVID-19 pandemic in ACEM

covering various aspects of COVID-19 outbreak were sub-
mitted to the journal, of which 23 were published. The av-
erage acceptance rate for those papers amounted to 21.7%
and was higher than the average acceptance rate for all
manuscripts submitted in this period (16.2%). In 2020,
24 such manuscripts were submitted to the editorial office,
of which 9 were published; in 2021, 48 were submitted and
10 published, while in 2022 there were 34 articles submit-
ted and 4 published. If the acceptance rate is taken into
consideration separately for the respective years, it can
be observed that the editors of ACEM gradually enforced
the same requirements for COVID-19-related papers as for
other papers (the acceptance rate for COVID-19-related
papers was 37.5% in 2020, 20.8% in 2021 and 11.8% in 2022
(as for October 31, 2022)). Therefore, it can be noted that
in the 1°* year of the pandemic, the novelty effect had
a clear influence, but in the following 2 years the accep-
tance rate has decreased to a value similar to the average
for all papers published in ACEM.

The thematic scope of the published papers was broad
— in line with the general profile of the journal — and
concerned, e.g., the relationship between COVID-19 and
other diseases (e.g., pneumonia,*> Parkinson’s disease® and
acute kidney injury’), and methods of preventing SARS-
CoV-2 infection among healthcare staff.8-!! The most cited
COVID-19-related papers published in ACEM are studies
by Wierzbicki et al. and Zubkiewicz-Kucharska et al.*12

Preprints - prompt dissemination
of results

The presented data clearly show 2 patterns. On the one
hand, many important studies exploring diverse aspects
of COVID-19 pandemic were published in ACEM and
showed a persistent interest from among scientific com-
munity. On the other hand, such strong presence of this
subject matter in the journal did not mean lowering
the standards of scientific and linguistic assessment and
verification of the submitted manuscripts, which could
have been justified by the state of necessity. It is worth
noting that a modern model of disseminating scientific
papers allows for sharing particularly significant research
results before their publication in a peer-reviewed scien-
tific journal. It is of paramount importance that other in-
vestigators — and in some instances also health and state
authorities, or even the general public — have the access
to such papers immediately. Registered preprints are a tool
that provides such possibility. They are made available
— usually as PDF files with a DOI — on the websites of vari-
ous universities and other research institutions, as well
as on dedicated portals (e.g., https://www.researchsquare.
com/). Such preprints are accordingly marked to make
the readers aware that they are reading a text that is still
to undergo peer review or is in the process of review.
Therefore, while the paper is being reviewed and edited
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to be published in a journal, the scientific community can
offer their remarks or become inspired by the shared re-
sults, hypotheses and ideas. Various aspects of this prob-
lem in the context of COVID-19 pandemic have already
been discussed in medical literature in the last 3 years.!3-20
The experiences of ACEM unambiguously exemplify that
the outlined model of scientific communication (preprint
followed by peer-reviewed publications), contrary to expe-
diting the peer review process at the expense of its quality,
is the right direction of developing scientific journals and
a proper answer to challenges of the modern world as they
are reflected in science and scientific publishing.

Where are we after 3 years?

The strategy of dealing with the influx of COVID-19-re-
lated manuscripts implemented by ACEM editorial office
proved successful — we managed to publish several rele-
vant papers without putting at stake the scientific integrity
or editorial standard of our journal. The magnitude of this
influx caused was certainly reflected in the journal — but
was no excuse for inadequate result reporting, shortcom-
ings regarding proper English or lack of originality. The rise
of acceptance rate in the 1% pandemic year (2021) comes
from a rapid shift in professional interests of our authors,
as not only epidemiologists and virologists wrote about
SARS-CoV-2. However, no temptation to lower the stan-
dards existed at any time because the authors also did not
loosen their scientific rigor and many of them provided
meticulously prepared manuscripts. The following remark
could serve as a conclusion: In a sense, from the editors’
point of view, COVID-19 pandemic was clearly an emer-
gency situation, but not a state of necessity.
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Abstract

Background. The assessment of motor function s vital in post-stroke rehabilitation protocols, and it is impera-
tive to obtain an objective and quantitative measurement of motor function. There are some innovative machine
learning algorithms that can be applied in order to automate the assessment of upper extremity motor function.

Objectives. To perform a systematic review and meta-analysis of the efficacy of machine learning algorithms
for assessing upper limb motor function in post-stroke patients and compare these algorithms to clinical
assessment.

Materials and methods. The protocol was registered in the International Prospective Register of Systematic
Reviews (PROSPERO) database. The review was carried out according to the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) guidelines and the Cochrane Handbook for Systematic
Reviews of Interventions. The search was performed using 6 electronic databases. The meta-analysis was
performed with the data from the correlation coefficients using a random model.

Results. The initial search yielded 1626 records, but only 8 studies fully met the eligibility criteria. The stud-
ies reported strong and very strong correlations between the algorithms tested and clinical assessment.
The meta-analysis revealed a lack of homogeneity (1= 85.29%, Q = 48.15), which is attributable to the het-
erogeneity of the included studies.

Conclusions. Automated systems using machine learning algorithms could support therapists in assess-
ing upper extremity motor function in post-stroke patients. However, to draw more robust conclusions,
methodological designs that minimize the risk of bias and increase the quality of the methodology of future
studies are required.

Key words: stroke, machine learning, computer-assisted diagnosis
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Introduction

According to the World Health Organization (WHO),
15 million people worldwide suffer a stroke every year.! Of
these, approx. 5 million are left with a disability that limits
their capacity to perform daily activities. They are also
prone to becoming depressed or stressed due to limitations
of their motor functions.?

Because of these conditions, patients have to partici-
pate in rehabilitation programs aimed at improving their
quality of life. These programs support them in regain-
ing motor function in the areas affected by the stroke.?
First, it is necessary to assess the degree of impairment
to properly select the best therapeutic options.* There are
numerous motor assessment tests to evaluate the degree
of upper limb disability, including the Fugl-Meyer As-
sessment® and the Wolf Motor Function Test.® In general,
each test consists of a series of tasks to be performed
by the patient, and the therapist evaluates those tasks
using measures based on their observations. However,
motor assessments require prior training of the examin-
ers; therefore, in many cases, the evaluation tends to be
subjective.” To avoid this problem, there is a great in-
terest in the development of automated systems aimed
at achieving objective and quantitative assessments for
rehabilitation after strokes. Automated quantitative as-
sessment systems can be used with home-based systems
that assist patients in evaluating improvements during
home-based exercise programs.

Thanks to technological advances, significant progress
has been made in recent years in measuring and analyzing
vital signs and human movement through artificial intel-
ligence (AI).8-1° Furthermore, Al has provided a technical
basis for the automation of many processes,!! such as reha-
bilitation'? and evaluation of upper limb motor function.

Objectives

Based on these points, the main objective of this study
was to perform a systematic review and meta-analysis
of the efficacy of machine learning algorithms in assess-
ing upper limb motor function in post-stroke patients, and
compare these algorithms to clinical assessment.

Materials and methods
Study protocol and record

The systematic review was conducted according
to the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) guidelines'® and the Co-
chrane Handbook for Systematic Reviews of Interventions.*
In addition, the review protocol was published in the In-
ternational Prospective Register of Systematic Reviews

J. Ambros-Antemate et al. Machine learning algorithms and motor impairment

(PROSPERO) with the registration number PROSPERO
2021 CRD42021257217 (https://www.crd.york.ac.uk/pros-
pero/display_record.php?ID=CRD42021257217).

Eligibility criteria, information sources
and search strategy

The articles included assessed upper limb motor func-
tion in post-stroke patients through machine learning algo-
rithms compared to standard clinical assessment. The out-
comes of interest were diagnostic accuracy, specificity,
and/or sensitivity. Articles were excluded if they assessed
motor function to predict patient recovery time; case series
and literature reviews were also excluded. The patient-
intervention-comparison-outcome (PICO) strategy was
used to identify the key words used (Table 1). The elec-
tronic search was performed in May 2021 and updated
in October 2021. The information sources and algorithms
used in each database are shown in Table 1.

Selection process

Three authors (JFAA, ARF and RRR) independently re-
viewed the registries obtained by the search. Duplicate
records were removed using Mendeley Desktop v. 1.19.8
Reference Manager (Elsevier, Amsterdam, the Nether-
lands).!> Studies that met the eligibility criteria by read-
ing the title and abstract were retrieved in full text. Any
disagreement was addressed by another reviewer (LAF)
who made the final decision. The selection process is sum-
marized in the PRISMA flowchart (Fig. 1).

Data collection process and data items

The relevant data of the included articles were collected
in a standardized Microsoft Excel 2019 spreadsheet (Mi-
crosoft Corp., Redmond, USA). The data included study
design, characteristics of the population, type of machine
learning algorithm, data acquisition device, reference test,
relative sensitivity, relative specificity, and confidence
intervals. Three reviewers were responsible for data ex-
traction (MVT, JGG and LAFM). When there were dis-
agreements, the reviewers held discussions until reaching
a consensus. The researchers of the original articles were
contacted via e-mail for missing or additional details.

Assessment of risk of bias and quality
of the included studies

Three reviewers (EPCM, EPC and ARF) assessed the risk
of bias of the included studies following Chapter 8 of the Co-
chrane Handbook for Systematic Reviews of Interventions.'*
Additionally, the reviewers performed a quality assessment
of the studies using the modified QUADAS-2 tool (Table 2),'¢
which encompasses the following 5 domains: sample se-
lection, index test, reference standard, flow rate, and time.
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Table 1. Patient, intervention, comparison, outcome (PICO) strategy and algorithms used for the systematic review

Population

Intervention
Comparison

Outcomes
Study design
Eligibility criteria

Electronic databases
Focused question

Number of registers found for each
database

PubMed; October 16, 2020
32 records

Google Scholar; October 16, 2020
1390 records

|IEEE Xplore; December 1, 2020
4 records

ScienceDirect; December 15, 2020
39 records

Taylor & Francis Online; December 18, 2020
29 records

Wiley Online Library; December 22, 2020
132 records

Post-stroke patients with hemiparesis of the upper-limb motor impairments.

Algorithms of machine learning.

Clinical evaluation assessment: Fugl-Meyer assessment, Wolf Motor Function Test, Modified Ashworth Scale,
Chedoke-McMaster Stroke, or Motor Assessment Scale.

Diagnostic: Accuracy, specificity or sensibility.

Randomized clinical trial, non-randomized clinical trial, case-control study, or cohort study.

Studies published in English and Spanish.

PubMed, IEEE Xplore, ScienceDirect, Taylor & Francis Online, Wiley Online Library, and Google Scholar.

Is there any evidence for the application of machine learning algorithms in the assessment of upper-limb
motor impairments in patients with post-stroke hemiparesis?

Algorithms used for search strategy adapted for each database

(“machine learning” OR “learning, machine” OR “transfer learning” OR “learning, transfer” OR “neural network”
OR“deep learning” OR “knowledge bases” OR “hierarchical learning” OR “expert systems” OR “fuzzy logic” OR
‘computer vision” OR “artificial intelligence” OR “support vector machine”) AND (‘motor” OR “motor function”
OR“activities, motor” OR “activity, motor” OR “motor activities”) AND (“evaluation” OR “assessment” OR
“quantify” OR "quantitative” OR “scoring”) AND (“extremities, upper” OR “upper extremities” OR “membrum
superius”OR “upper limb" OR “limb, upper” OR “limbs, upper” OR “upper limbs" OR “extremity, upper” OR
“upper-limb”) AND (“stroke” OR “cerebrovascular accident”)

“machine learning” AND “motor function” AND (‘evaluation” OR “assessment” OR “‘quantitative”) AND “upper
limb” AND “stroke”

“machine learning” AND “motor function” AND (“evaluation” OR “assessment” OR “quantitative”) AND “upper
limb” AND “stroke”

“machine learning” AND “motor function” AND (“evaluation” OR “assessment” OR “quantitative”) AND “upper
limb” AND “stroke”

“machine learning” AND “motor function” AND (“evaluation” OR “assessment” OR “‘quantitative”) AND “upper
limb” AND “stroke”

“machine learning” AND “motor function” AND (“evaluation” OR “assessment” OR “quantitative”) AND “upper
limb” AND “stroke”

Identification of news studies in databases and registers

Fig. 1. Preferred
Reporting Items
for Systematic

- Reviews and Meta-

s Records removed before screening Analyses (PRISMA)
= Records identified from: Duplicate records (n =11) flow diagram
& Databases (n = 6) > Records mar.ked as ineligible of the selection
= Registers (n = 1626) by automation tools (n = 0) process
9 Records removed for other reasons (n = 0) of the studies
= included

! in the systematic

Records screened R Records excluded review
(n=189) e (n=1426)

@ v
= Reports sought for retrieval R Reports not retrieved
@ >
o (n=0) (n=0)
v
wv

v

Reports assessed for eligibility R Reports excluded
(n=13) g (n=5)

N
e New studies included in review
@
S (n=8)
S Reports of new included studies
= (n=0)
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Table 2. QUADAS-2 modification

Domain name

J. Ambros-Antemate et al. Machine learning algorithms and motor impairment

Questions

1. Patient selection 2.Was a case-control design avoided?

3. Were the exclusions made avoided?

2. Index test

3. Benchmark

4. Flow and Times
3. Were all patients included in the analysis?

1. Patient selection

2. Index test

3. Benchmark

the question was referred?

Risk of bias

1. Was a random or a consecutive sample of patients enrolled?

1. s there a sample calculation and the minimum necessary number of patients used?*
2. Was it previously specified if a threshold was used to define the positivity or negativity of the index test?

1. Is the reference test likely to correctly assess the target condition?
2. Were the reference test results interpreted without knowledge of the index test results?

1. Was there an appropriate interval between the index test and the reference test?
2. Was the same reference test applied to all individuals?

Applicability
Is there a concern that the application or interpretation of the test being assessed does not match the review question?
Is there a concern that driving the index test or interpretation does not match the review question?

Is there a concern that the target condition, classified as such through the reference test, differs from the population to which

* This element was modified.

In case of disagreements in the assessment of risk of bias,
the differences were resolved by consensus of the research

group.
Summary of results

A formal narrative synthesis concerning the accuracy
of the machine learning algorithms to determine the level
of upper limb impairment was performed.

Meta-analysis

In order to assess the accuracy of the machine learning
algorithms in determining the level of upper limb impair-
ment, correlation coefficients were explored. The meta-
analysis was performed using the metafor package (v. 3.0-2)
of the R software program (R Development Core Team, 2011;
R Foundation for Statistical Computing, Vienna, Austria)
with the data from the correlation coefficients, using a ran-
dom model. In addition, a test for funnel plot asymmetry and
a likelihood ratio test for publication bias were performed
using the metafor and weight packages, respectively.

Results
Selection and characteristics of the studies

The initial search yielded 1626 records. Eleven duplicate
records were eliminated, leaving 1615 records that were
reviewed by title and abstract. As a result of this review,
189 records related to the research question were identi-
fied. Of these, 13 full-text studies were assessed, but only
8 met the eligibility criteria (Fig. 1). All articles had an ob-
servational study design.

Results of the individual studies
Data acquisition

The researchers used different modalities for data ac-
quisition in the included studies. Some researchers applied
more than one device, while others used a single device.
Of these, the most common was surface electromyogra-
phy (SEMG), followed by electroencephalography (EEG),
Microsoft Kinect, inertial measurement unit (IMU), ac-
celerometer, flex sensors, and cell phone.

For sSEMG, data are obtained through noninvasive elec-
trodes, which measure the time and intensity of the electri-
cal signals from the muscles. Among the included studies,
Wang et al.,'” Li et al.'® and Zhou et al."” used this device.

Zhang et al. used EEG, which involves placing electrodes
on the scalp. Each electrode sends a signal to a device called
an electroencephalograph, which displays the rhythmic
fluctuation of the brain’s electrical activity (brain waves)
in real time.?°

An IMU is an electronic device that measures and re-
ports velocity, orientation and, in some models, gravitational
forces. Data are obtained from a combination of accelerom-
eters, gyroscopes and magnetometers. Inertial measure-
ment units are small devices that are placed noninvasively
on the patient’s skin to obtain motion data in 3 dimensions.
Among the included studies, Li et al.!® used an MPU-9250
device (InvenSense, San Jose, USA), while Zhang et al.?!
used an MPU-6050 device (Xsens Technologies, Los
Angeles, USA).

Kim et al. used Microsoft Kinect (Microsoft Corp., Red-
mond, USA).?? This device has cameras for motion and
depth detection. It was initially developed as a video game
device for Microsoft Xbox console; it tracks players’ move-
ments while they interact with a game. The Kinect consists
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of an infrared light projector and a red-green-blue (RGB)
video camera. The reflected infrared light is converted
into depth data and calibrated with RGB data to distin-
guish shapes.

Yu et al. used an ADXL345 accelerometer and flex
sensors.?®> An accelerometer is an electronic device that
measures the vibration or acceleration of the move-
ment of a structure. The force generated by the vibration
or change in motion (acceleration) is detected, and an elec-
trical charge is generated that is proportional to the force
exerted on it. Accelerometers also play an important role
in determining orientation and direction. Flex sensors are
small strips composed of polymeric ink with embedded
conductive particles; their function is to measure the re-
sistivity when the sensor is flexed. Subsequently, the resis-
tance value is converted into joint rotation angles.

Finally, Song et al. used an accelerometer and gyroscope
integrated into a cell phone (iPhone 7, running an iOS
11.2.5 operating system; Apple Inc., Cupertino, USA).2*
Through this device, the researchers obtained the position
and location of the hand in 3 dimensions.

Machine learning algorithms

The machine learning algorithms used for the assess-
ment of motor function are briefly described below.

The machine learning algorithms using supervised learn-
ing included the support vector machine (SVM), which was
employed by Wang et all” and Zhou et al."® Support vector
machine is a learning-based method for solving classifi-
cation and regression problems. This algorithm is a deci-
sion function based on the hyperplane concept, a bound-
ary that distinguishes several points in different classes
and separates them.?® In the same sense, Wang et al. used
the backpropagation neural network (BPNN).!” This algo-
rithm applies the concept of gradient descent. Given an ar-
tificial neural network and an error function, this method
calculates the gradient of the error function concerning
the weights of the neural network. Wang et al.'” and Zhou
et al.’? applied the random forest (RF) algorithm, which
is a set of decision trees that are independent of each other.
The advantage of the RF algorithm is that it can be used for
both classification and regression problems, which consti-
tute the majority of the current machine learning systems.

Continuing with supervised learning algorithms, Zhang
et al. employed the convolutional neural network (CNN).20
This type of neural network processes its layers by emu-
lating the visual cortex of the human eye to recognize
different features in the inputs. Convolutional neural
network incorporates several specialized hidden layers
into a hierarchy. The first layers can detect simple pat-
terns, such as lines, curves and others; this is then special-
ized to deeper layers that recognize increasingly complex
shapes. In the same way, Li et al. applied the least absolute
shrinkage and selection operator (LASSO), which is a re-
gression analysis method used to model the relationship
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between a dependent variable (which can be a vector) and
one or more explanatory variables.!® On the other hand,
Kim et al. applied the artificial neural network (ANN),
which is a computational learning system that uses a net-
work of functions to understand and translate data input
(usually patterns and relationships) into a desired out-
put.??2 The concept of artificial neural network was in-
spired by human biology and how neurons in the human
brain interconnect to understand human sensory inputs.
Likewise, Zhou et al. applied linear discriminant analysis
(LDA), which is based on the rule of maximum a posteriori
probability and Bayesian principles, to find a linear combi-
nation of features that characterize or separate 2 or more
classes of objects or events.!

Finally, Zhang et al. applied the K-nearest neighbor
(KNN), which classifies an unknown sample by initially
calculating the distance from that sample to all training
samples.?! This algorithm is used to rank values by look-
ing for the “most similar” (closest) data points learned
in the training stage and estimating new points based
on that ranking. Similarly, Yu et al. used extreme learn-
ing machine (ELM).?® This algorithm includes several
hidden neurons in which the input weights are randomly
assigned. In this type of network, data only go in one di-
rection through a series of layers. It is implemented fully
automatically without iterative tuning, and, in theory, no
user intervention is required. Likewise, Song et al. applied
the decision tree (DT).2* This algorithm is the most fre-
quently used in classification and regression problems,
in which categorical or continuous input and output vari-
ables are used. Decision tree is composed of a root node,
several internal nodes and several terminal nodes. The goal
of the tree is to make the optimal choice at the end of each
node. The name itself suggests that this technique uses
a flowchart as a tree structure to show the predictions
that result from a series of splits based on the features
of the inputs.

Correlation with clinical analysis

In the included studies, the algorithms that showed
avery strong correlation with the Fugl-Meyer Assessment
test were CNN,2° DT,2* SVM,'° and ELM.2 The algorithms
that presented a strong correlation were the framework
with the union of SVM, BPNN, and RF,'” LASSO,'® and
ANN.?? Finally, the KNN algorithm presented a strong cor-
relation with the Brunnstrom evaluation scale (Table 3).2!

Risk of bias and quality assessment

At the QUADAS-2 assessment, 100% of the included
studies showed a high risk of bias, whereas the applicabil-
ity section showed a low risk of bias in 100% of the stud-
ies. In addition, 87.5% of the studies did not describe how
the patients in the sample were enrolled; therefore, domain
1 showed a high risk of bias (Fig. 2).



1314

Table 3. Characteristics of the individual studies and their results

Machine learning
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Data acquisition

device e

Study ID Population algorithm/reference test
Patients with stroke:
malen=9 SVM
female n = 6; BPNN
17 '
kg cizel: Healthy subjects: RF
malen=10 FMA-UE
femalen=5
Patients with chronic stroke:
% n=12 CNN
Zhang etal. Healthy subjects: FMA-UE
n=14
Patients with chronic stroke:
Li et al® n=18; LASSO
’ Healthy subjects: FMA-UE
n=16
Kim ot al.22 Patients with chronic stroke: ANN
' n=41 FMA-UE
Patients with chronic stroke:
o n=21; KNNs
ATl etels Healthy subjects: Brunnstrom stages
n=8
YU et al?? Patients with chronic stroke: ELM
’ n=24 FMA-UE
Song et al 2* Patients with chronic stroke: DT
. n=10 FMA-UE
Patients with chronic stroke: SYM
19 n=6 LDA
Zhouetal Healthy subjects: RF
n=11 FMA-UE

Correlation with FMA-UE
Pearson correlation = —0.87, p < 0.0001
True positive rate:

SVM = 0.9982
BPNN = 0.9749
RF =0.9583
Sensitivity and specificity: no data

Correlation with FMA-UE
electroencephalo- Pearson correlation
graphy =0.9921, p < 0.0001
Sensitivity and specificity: no data
Correlation with FMA-UE
Pearson correlation = 0.8736,
p =nodata
Sensitivity and specificity: no data
Correlation with FMA-UE

Pearson correlation = 0.799, p < 0.0001
Sensitivity and specificity: no data

surface electro-
myography

Inertial Measurement
Unit MPU-9250;
surface electro-

myography

Microsoft Kinect

Inertial Measurement Correlation with the Brunnstrom stages
Unit of recovery r=0.862, p < 0.001
MPU-6050 Sensitivity and specificity: no data

Accelerometer Correlation with FMA-UE

ADXL345; Coefficient of determination = 0.918, p = no data

flex sensor Sensitivity and specificity: no data
Correlation with FMA-UE

cell phone Pearson correlation = 0.97, p < 0.01

Sensitivity and specificity: no data

Correlation with FMA-UE
Pearson correlation = 0.93, p < 0.05
Sensitivity and specificity: no data

surface electro-
myography

SVM = support vector machine; BPNN - backpropagation neural network; RF — random forest; CNN — convolutional neural network; LASSO - least absolute
shrinkage and selection operator; ANN - artificial neural network; KNNs — K-nearest neighbors; ELM — extreme learning machine; DT - decision tree;
LDA - linear discriminant analysis; FMA-UE — Fugl-Meyer Assessment for Upper Extremity.

Meta-analysis

The results of the meta-analysis suggest that there
is a correlation between clinical assessment (Fugl-Meyer
Assessment and Brunnstrom’s evaluation scale) and ma-
chine learning algorithms in the evaluation of upper limb
motor function (Fisher’s z, (95% confidence interval (95%
CI)) = 1.62 (1.24-2.00), p < 0.001). In addition, the absence
of homogeneity was observed (12 = 85.29%, Q = 48.15),
which is attributable to the heterogeneity of the stud-
ies. The result of the test for funnel plot asymmetry was
z = 1.1914, p = 0.2335, limit estimate (as sei > 0): b = 0.7919
(95% CI: -0.6242-2.2080), as shown in Fig. 3A,B. In ad-
dition, a likelihood ratio test was conducted comparing
the adjusted model, including the selection to its unad-
justed random-effects counterpart. The Vevea and Hedges
weight-function model resulted in a likelihood ratio
of x2 = 0.3062, p = 0.58. Taken together, this suggests that
there was no publication bias.

Discussion

A wide variety of machine learning algorithms are de-
scribed in this systematic review. Out of the 8 included
studies, 6 (75.0%) used only one algorithm to assess mo-
tor function; 3 of these presented a very strong correla-
tion20232% and 3 showed a strong correlation!®2-22 between
the algorithms for motor assessment and clinical assess-
ment. Two (25.0%) of the studies employed 3 algorithms:
Zhou et al. showed a very strong correlation'® and Wang
et al. reported a strong correlation!'” between motor as-
sessment algorithms and clinical evaluation. The evidence
is not conclusive concerning whether better results are ob-
tained with the exclusive use of a single algorithm or with
a combination of algorithms. This is contrary to Wang
et al., who are in favor of combined use.'”

In machine learning, the number of samples required for
training the machine learning model depends on the com-
plexity of both the problem to be solved and the algorithm
developed.?® Although there is no established minimum
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Fig. 3. Meta-analysis. A. Forest plot; B. Funnel plot, reference line (RL)

RE — random effects; 95% Cl — 95% confidence interval.

number of training samples,?” there are experiments that
have indicated that increasing the size of the dataset im-
proves performance.?’?° Therefore, once the algorithm
starts to detect patterns, it is best to increase the sample
size. Of the included studies, 4 did not report the number
of samples used for training,!322224 while the rest reported
using 992, 1080,'7 1680,%* and 19602?° samples; however,
they did not justify the sample size used.

Data acquisition was performed using various sen-
sors in the training of the algorithm and the evalua-
tion of the upper limb motor function. Some are read-
ily available (cell phone?* and inertial sensors!®21:23),
while others are specialized equipment that would limit
their use to healthcare units (electromyography!’~'? and
electroencephalography?).
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The gold standard for evaluating motor function is clini-
cal assessment, for which various assessment tools are
available. These tools assess either general motor func-
tion (Medical Research Council (MRC) Scale and Fugl-
Meyer Assessment) or specific areas of impairment (upper
limb function, trunk function, gait ability, and spasticity).
In this regard, the MRC Scale, the Frenchay Arm Test,
and the Action Research Arm Test (ARAT) are specific
to the upper limb motor function.3°

The Fugl-Meyer Assessment is a performance-based
index of the stroke-specific impairment.®! It is designed
to assess motor functioning, sensation, balance, joint range
of motion, and joint pain in patients with post-stroke hemi-
plegia. It is the most commonly used scale in clinical as-
sessments of the upper limb.3233 Thus, 87.5% of the studies
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used the Fugl-Meyer Assessment for Upper Extremity
(FMA-UE). The only study that did not use the FMA-UE
was the study by Zhang et al.,?! who used the Brunnstrom’s
evaluation scale.* It rates the recovery stage of the upper
and lower extremities and hands in levels. The stages are
classified from I to VI of recovery, whereby I indicates that
the patient has low or absent movement, and VI indicates
that the patient can perform voluntary movements.

As can be seen, the reported studies present at least
a strong correlation with standard clinical tests. Therefore,
the proposed evaluation systems have the potential to sup-
port therapists in the objective measurement of the up-
per limb motor function. Although the meta-analysis
found a good relationship between machine learning al-
gorithms and clinical assessment, it also showed a high
heterogeneity.

The literature proposes that home-based rehabilitation
can offer potential benefits,3>~3” such as performing the ex-
ercises according to the patient’s schedule, providing flex-
ibility of location and time, and receiving remote feedback
and follow-up by the therapist. The home-based rehabili-
tation is possible to implement by having motor function
evaluation systems, such as those presented in this review.

To the best of our knowledge, there are no systematic
reviews in the literature evaluating the correlation between
the clinical assessment of the upper limb motor function
and machine learning algorithms in post-stroke patients.

Duque et al. conducted a systematic review that included
studies focused on evaluating movement analysis in pa-
tients with stroke, Parkinson’s disease, spinal cord injury,
Huntington’s disease, multiple sclerosis, and cerebral palsy,
as well as in premature infants and the elderly.?® However,
their review did not perform the risk of bias assessment
or a meta-analysis. Furthermore, it only focused on de-
scribing the devices used for data acquisition and the ma-
chine learning algorithms.

There are narrative reviews regarding the use of cap-
ture sensors and machine learning to perform automated
assessments in home-based rehabilitation programs.3°
Caramiaux et al. described machine learning models for
motor learning and their adaptive capabilities.?* Moon
et al. conducted a scoping review to explore the use of ar-
tificial neural networks in neurorehabilitation in various
pathologies, including stroke, particularly in the predic-
tion of variables such as functional recovery and rehos-
pitalization.*! In the same vein, Sirsat et al. performed
a narrative review about the use of machine learning
in stroke patients, grouping them according to their use
for the identification of associated risk factors, diagnosis,
treatment, and prognosis.*? In summary, current reviews
studying the application of machine learning in stroke pa-
tients focus on its use as a plausible tool for prediction and
classification of neurological and motor impairments,
as well as the assessment of rehabilitation progress.

J. Ambros-Antemate et al. Machine learning algorithms and motor impairment

Limitations

For more than a decade, the number of publications
in basic science and clinical trials has grown exponentially.
Clinical trials are considered the best evidence of solv-
ing a health problem. Unfortunately, some basic science
results are not necessarily reflected in clinical practice.*®
Furthermore, several publications have divergent results
despite presenting characteristics that superficially seem
similar, or they use different variables to measure the im-
pact of the intervention.*#*> Hence the importance of ev-
idence-based medicine aimed at determining the validity
and analyzing the dataset of published studies through
systematic reviews.

This systematic review encountered limitations, such
as small sample sizes and a risk of bias in the included
studies. In addition, the results of the meta-analysis
showed high heterogeneity, probably due to the diversity
of the statistical tests used in the correlation and different
algorithms used in the studies. In addition, this review
was limited to analyzing studies focused on the evalua-
tion of the upper limb motor function, so studies analyz-
ing the lower limb motor function were not considered.
The exclusion of studies focused on the lower limbs could
lead to a limitation, since both limbs have similar ranges
of mobility; however, the inclusion of both limbs may have
increased the heterogeneity of the review.

Conclusions

The results of the studies included in this systematic
review show strong correlations between machine learn-
ing algorithms and clinical assessment scores of the up-
per limb. This correlation indicates a possible application
to assist therapists in improving the efficacy of individ-
ualized diagnosis of motor function in post-stroke pa-
tients. The algorithms also serve as feedback to facilitate
the training process for patient rehabilitation. Finally,
studies with a representative sample, low risk of bias and
better methodological quality are required to reach more
robust conclusions.
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Abstract

Background. Carotid atherosclerosis (CAS) is one of the main causes ofischemic stroke. Currently, the clinical
evidence for contrast-enhanced ultrasonography (CEUS) as a method for diagnosing CAS is still inadequate.
Sirtuin-3 (SIRT3) is associated with the inflammation response; however, few studies have evaluated SIRT3
in CAS.

Objectives. To investigate the role of SIRT3 in CAS patients and its diagnostic value for unstable plaques
when combined with CEUS.

Materials and methods. This is a prospective observational study including 517 CAS patients who
were admitted to our hospital from January 2015 to December 2020. Al patients received a normal Dop-
pler ultrasound, CEUS and magnetic resonance imaging (MRI). The latter was used as the gold standard
in evaluating plaque conditions. Serum SIRT3 levels were measured using an enzyme-linked immunosorbent
assay (ELISA). Serum levels of total cholesterol (TC), triglycerides (TG), high-density lipoprotein cholesterol
(HDL-ch), low-density lipoprotein cholesterol (LDL-ch), G-reactive protein (CRP), and interleukin (IL)-6 levels
were measured and recorded.

Results. Patients with severe CAS showed significantly higher levels of CRP, IL-6, TC, and LDL-ch, a higher
frequency of unstable plaques, as well as a lower level of HDL-ch. In patients with severe CAS and CAS pa-
tients with stable plagues, the levels of SIRT3 were markedly lower. Patients with a high expression of SIRT3
showed significantly lower levels of CRP, IL-6, TCand LDL-ch, and higher levels of HDL-ch, as well as a lower
frequency of unstable plaques. Receiver operating characteristic (ROC) curves showed that the combination
of CEUS and SIRT3 could achieve high sensitivity and specificity in the diagnosis of unstable plagues. High
levels of C-reactive protein, IL-6, TC, TG and LDL-ch, as well as low levels of SIRT3 and HDL-ch, and current
smoking were risk factors of unstable plaques in CAS patients.

Conclusions. A low expression of SIRT3 predicted a higher risk for unstable plaques in CAS patients.
The combination of CEUS and SIRT3 is a potential strategy for diagnosing unstable plagques.

Key words: plagues, contrast-enhanced ultrasonography, carotid atherosclerosis, SIRT3
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Background

Carotid atherosclerosis (CAS) is one of the main causes
of ischemic stroke."? As reported in a recent study, in 2020,
the global prevalence of increased carotid intima-media
thickness (IMT) was approx. 27.6% and the prevalence
of carotid plaques was approx. 21.1% in people aged 30—
79 years.? In rural northeast China, the prevalence of CAS
and carotid plaques can be as high as 33.1% and 31.5%, re-
spectively.* Since CAS can remain asymptomatic for many
years, the early diagnosis is very important in preventing
severe consequences, such as stroke.>®

Currently, imaging studies are the main strategy for
diagnosing CAS, including computed tomography (CT)
scans, Doppler ultrasounds, magnetic resonance imaging
(MRI), etc.”® Among these methods, contrast-enhanced
ultrasonography (CEUS) was developed in the recent de-
cade. It utilizes resonated ultrasound waves from circulat-
ing microbubbles to produce superior angiography-like
images for vascular visualization.!® In recent years, some
studies have shown the application of CEUS in diagnos-
ing CAS plaques.!''2 However, the clinical evidence is still
inadequate.

Except for imaging methods, serum biomarkers are
also important indices for the diagnosis and predic-
tion of CAS.!® Biomarkers such as inflammatory factors
(C-reactive protein (CRP), interleukins (ILs)), lipid-related
factors (high-density lipoprotein cholesterol (HDL-ch) and
low-density lipoprotein cholesterol (LDL-ch)), endothe-
lial and cell adhesion factors (VCAM-1, ICAM-1), etc.,
have all been widely studied.**!* Sirtuin-3 (SIRT3) belongs
to the sirtuin family. Studies have found SIRT3 to be as-
sociated with inflammation and correlated with the de-
velopment of cardiovascular diseases, such as myocardial
ischemia-reperfusion injury.'®” However, up to now, few
studies have focused on the clinical significance of SIRT3
in CAS patients and its potential value in predicting
the condition of plaques.

Objectives

We performed an observational study to investigate
the role of SIRT3 in CAS patients and its diagnostic value
for unstable plaques when combined with CEUS. Our re-
search might provide new insights into diagnosing un-
stable plaques and identifying biomarkers in CAS patients.

Materials and methods
Subjects
This is a prospective observational study including 517

CAS patients who were admitted to our hospital from
January 2015 to December 2020. All patients diagnosed

A.Zhou et al. CEUS and SIRT3 in carotid atherosclerosis

with CAS underwent a MRI to confirm the diagnosis.
All patients also had a normal Doppler ultrasound and
CEUS to evaluate the plaques. The exclusion criteria were
as follows: 1) patients with stroke, coronary syndrome, and
other severe cardiovascular or cerebrovascular diseases,
such as cardiogenic cerebral embolism; 2) patients who
were allergic to the contrast agent; 3) patients with cancer
or dysfunction of the kidney or liver. All patients were allo-
cated into the mild-moderate CAS or the severe CAS group
according to the IMT, plaque condition and degree of arte-
rial stenosis. Patients with an IMT > 1.0 mm with arterial
stenosis <70% were allocated to the mild-moderate CAS
group, while patients with multiple plaques and arterial
stenosis >70% to the severe CAS group. Written informed
consent was obtained from all patients. The present study
was approved by the ethics committee at the First Affili-
ated Hospital of Nanchang University, China (approval
No. NCDXYY20150612).

Imaging measurements for plaques

All patients received a normal Doppler ultrasound,
CEUS and MRI. The IMT was measured using an Acuson-
Aspen Color Doppler ultrasound diagnostic instrument
(GE Healthcare, Boston, USA) with a probe frequency
of 7.5 MHz. The IMT of bilateral common carotid arter-
ies was measured proximally and distally to the bifurcation
as well as at the bifurcation. Plaques were observed and
classified as stable (strong echo or medium echo) or un-
stable (mixed echo or low echo) plaques based on the echo
condition.

Contrast-enhanced ultrasonography was used to further
evaluate the conditions of the plaques using the Toshiba
Aplio500 instrument (Toshiba, Tokyo, Japan) with a probe
frequency of 5-14 MHz and a mechanical index (MI)
of 0.08 MHz. SonoVue (Bracco, Geneva, Switzerland) was
used as the contrast agent. Briefly, after the observation
of the plaque, 1.0 mL of SonoVue suspension (dissolved
in normal saline) was injected into a peripheral vein by rapid
bolus injection, followed by an injection of 5 mL of normal
saline. According to the measurement of teh plaques using
CEUS, patients were described using 5 grades: grade 0 — no
enhancement; grade 1 — an enhancement for adventitia but
not the inner plaque; grade 2 — a small amount of scattered
punctate enhancement within the plaquel; grade 3 — alin-
ear enhancement extending into the plaque; and grade 4
— an intraplaque diffusion enhancement.

Magnetic resonance imaging was used as the gold stan-
dard to evaluate plaque conditions using a GE Discovery
MR750w 3.0T MRI scanner (GE Healthcare). Briefly, af-
ter the full exposure of the neck blood vessels, the exact
location of the carotid bifurcation and the plaques was
obtained using 2D-TOF scanning. Then, axial scanning
of the plaques was performed using T1WI, T2W1, 3D-
TOF, and enhanced T1WI. For measurement of plaques,
the signal-to-noise ratio (SNR) and imaging conditions
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were analyzed and plaques were divided into different
types according to the American Heart Association (AHA)
classification. Types I, II, 111, VII, and VIII were considered
stable while all other types were regarded as unstable.'®

Measurements of serum SIRT3
and other laboratory indices

The measurement of serum SIRT3 was conducted using
a commercially available enzyme-linked immunosorbent
assay (ELISA) kit (Lengton Bioscience, Shanghai, China),
according to the manufacturer’s instructions. Serum lev-
els of total cholesterol (TC), triglycerides (TG), HDL-ch,
LDL-ch, CRP, and interleukin (IL)-6 were measured using
an automatic biochemical analyzer (Hitachi 7600; Hitachi
Corporation, Tokyo, Japan).

Statistical analyses

The distribution of the data was analyzed using the Kol-
mogorov—Smirnov method. Non-normally distributed data
were expressed as a median, interquartile range (IQR)
and range. All continuous data included in this study had
anon-normal distribution. The comparison between the 2
groups was conducted using the Mann—Whitney U test.
Rates were analyzed using the x? test. A receiver operat-
ing characteristic (ROC) curve was used for the diagnos-
tic analysis, and Youden’s index was used for selecting

Table 1. Basic characteristics of the patients
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the cutoff value. Logistic regression was used to analyze
the risk of unstable plaques. The Hosmer—Lemeshow test
was used to measure the model’s goodness-of-fit. A value
of p < 0.05 was considered statistically significant. All cal-
culations were performed using SPSS v. 18.0 (SPSS Inc.,
Chicago, USA).

Results
Basic characteristics of all patients

The study included a total of 517 CAS patients, with 311
(60.15%) cases of mild-moderate CAS and 206 (39.85%)
cases of severe CAS. A total of 293 cases (56.67%) had sta-
ble plaques and 224 cases (43.33%) had unstable plaques.
As shown in Table 1, severe CAS patients showed a signifi-
cantly higher expression of CRP, IL-6, TC, and LDL-ch (all
with a p-value <0.001), while the expression of HDL-ch
was markedly lower in severe CAS patients (p < 0.001).
Additionally, severe CAS patients showed a higher fre-
quency of unstable plaques compared to mild-moderate
patients (p < 0.001). The ratio of patients with a history
of coronary heart disease was significantly higher in se-
vere CAS patients (p = 0.008). The typical imaging results
were shown in Fig. 1. All the statistical calculation results
for continuous data and logistic regressions are listed
in the Supplementary Data (Table S1-S10).

Characteristics All CAS (n=517) Mild-moderate (n = 311) Severe (n = 206) | U or x? | p-value*
Age [years] 54 (13,37-70) 54 (13, 37-68) 54 (14, 39-70) 31871.50 0.923
BMI [kg/m?] 27.03 (6.47,20.28-33.72) 27.29(7.07,20.28-33.71) 2645 (5.82,20.30-33.72) 30079.00 0.240
Female sex (%) 252 (48.74) 152 (48.87) 100 (48.54) 0.002 0.963
Complications, n (%)
Diabetes 108 (20.89) 57(1833) 51(24.76) 1.233 0.269
Hypertension 90 (17.41) 50 (16.08) 0(19.42) 0.382 0.537
History of coronary heart disease 67 (12.96) 24 (7.72) 43 (20.87) 7.057 0.008
History of stroke 67 (12.96) 35(11.25) 2 (15.53) 0.790 0374
Current smoker 169 (32.69) 100 (32.15) 9 (33.50) 0.041 0.839
Plaque, n (%)

Stable 293 (56.67) 231 (74.28) 62 (30.10)

Unstable 224 (4333) 80 (25.72) 144 (69.90) e <0001
CRP [mg/L] 8.37 (6.40,2.17-23.71) 6.44 (3.48,2.17-15.34) 12.96 (8.25,6.16-23.71) 7026.50 <0.001
IL-6 [pg/mL] 10.05 (7.57,3.92-26.24) 9.24 (4.60, 3.92-26.02) 12.55(10.24,4.13-26.24) 20053.50 <0.001
TC [mmol/L] 4.24(0.67,3.25-5.38) 4.12 (0.59, 3.25-5.38) 445 (0.71,3.26-5.38) 19848.50 <0.001
TG [mmol/L] 44 (042,0.93-2.02) 143 (0.41,0.93-1.99) 1.45(0.42,0.97-2.02) 29956.50 0.212
LDL-ch [mmol/L] 2.93(0.53,2.17-3.80) 2.86(0.53,2.17-3.79) 3.02 (0.54, 2.20-3.80) 23236.50 <0.001
HDL-ch [mmol/L] 11(0.09, 0.96-1.24) 3(0.10,0.97-1.24) 1.09 (0.09, 0.96-1.24) 2355550 <0.001

BMI - body mass index; CAS — carotid atherosclerosis; IL-6 — interleukin 6; TC - total cholesterol; TG - triglycerides; LDL-ch — low-density lipoprotein
cholesterol; HDL-ch - high-density lipoprotein cholesterol; * p-value was obtained by comparing the mild-moderate and severe CAS groups. All continuous
data presented non-normal distribution (BMI, CRP, IL-6, TC, TG, LDL-ch and HDL-ch, and SIRT3), and were expressed by median (interquartile range (IQR)).
The comparison between the 2 groups was conducted using Mann-Whitney U test. Rates were analyzed with x> test.
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SIRT3 was associated with the clinical
outcomes of CAS patients

To further investigate the role of SIRT3 in CAS, se-
rum SIRT3 levels were evaluated and compared. It was
found that in severe CAS patients, the levels of SIRT3
were markedly lower than that of mild-moderate patients
(U =22220.00, p < 0.001, Fig. 2) Meanwhile, patients with
unstable plaques showed a remarkably lower expression
of SIRT3 compared to the patients with stable plaques
(U =7899.00, p < 0.001). Patients were further allocated into
high or low SIRT3 expression groups, according to their
median value (17.98 ng/mL). As shown in Table 2, patients
with a high expression of SIRT3 showed significantly lower
levels of CRP, IL-6, TC and LDL-ch, and higher levels
of HDL-ch (all with a p-value < 0.001). The percentage
of patients with unstable plaques was also lower in patients
with higher SIRT3 levels (p < 0.001). These results indicate
that SIRT3 might be associated with the clinical severity
and plaque condition of CAS patients.

A.Zhou et al. CEUS and SIRT3 in carotid atherosclerosis
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Fig. 1. Doppler ultrasound, contrast-enhanced ultrasonography (CEUS) and magnetic
resonance imaging (MRI) of a typical carotid atherosclerosis (CAS) patient (a 69-year-
old male patient)

Diagnostic value of SIRT3 and CEUS
for unstable plaques in CAS patients

Receiver operating characteristic curves were used
to evaluate the diagnostic value of SIRT3 and CEUS for
unstable plaques in CAS patients. Using a cutoff value
of 17.14 ng/mL, SIRT3 showed the area under the curve
(AUC) 0f 0.880 (95% confidence interval (95% CI): 0.852—
0.907), with a sensitivity of 80.2% and specificity of 72.3%
for diagnosis of unstable plaques. Meanwhile, CEUS
grades with a cutoff value of 1.50 showed an AUC of 0.846
(95% CI: 0.810—0.882), achieving a sensitivity of 81.3% and
specificity of 85.7% in diagnosing of unstable plaques.
This result indicated that grades 0 and 1 were regarded
as stable plaques, while unstable plaques were defined
as grades 2—4. The cutoff values of SIRT3 and CEUS were
combined and used for the diagnosis of unstable plaques.
It was found that the combination of CEUS and SIRT3
could achieve a sensitivity of 94.20%, specificity of 69.28%
and accuracy of 80.08% (Table 3, Fig. 3).
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Table 2. Clinical characteristics of CAS patients with different expression of SIRT3

Characteristics

High SIRT3 (n = 257)

Low SIRT3 (n = 260) p-value*

Age [years] 54 (12.75, 37-69) 54 (13.00, 37-70) 32810.00 0.724
Female sex (%) 127 (49.42) 125 (48.08) 0.85 0.850
BMI [kg/m?] 26.51 (6.36,20.28-33.71) 27.08 (6.70, 20.30-33.72) 31614.00 0.290
Complications, n (%)
Diabetes 9(19.07) 59 (22.69) 0.397 0.529
Hypertension 8 (18.68) 42 (16.15) 0223 0.637
History of coronary heart disease 26 (10.12) 41(15.77) 1416 0.234
History of stroke 9(11.28) 38(14.62) 0.495 0482
Current smoker 3(28.40) 96 (36.92) 1.650 0.199
Plaque, n (%)

Stable 218 (84.82) 75 (28.85)

Unstable 39(12.54) 185 (89.81) 03840 <0001
CRP [mg/L] 6.67 (7.58,2.17-23.07) 11.68 (4.22,2.23-23.71) 16691.50 <0.001
I-6 [pg/mL] 8.61(9.79,3.92-26.24) 11(3.96,4.25-26.23) 16276.50 <0.001
TC [mmol/L] 4.08 (0.74, 3.25-5.30) 4.47 (0.56, 3.26-5.38) 17177.00 <0.001
TG [mmol/L] 143 (0.44,0.93-1.99) 145 (041,0.96-2.02) 31918.00 0.380
LDL-ch [mmol/L] 2.79(0.56, 2.17-3.80) 3.06 (0.47,2.20-3.79) 19790.50 <0.001
HDL-ch [mmol/L] 1.13(0.09, 0.96-1.24) 1.10(0.10,0.96-1.24) 24039.50 <0.001

SIRT3 - sirtuin-3; BMI — body mass index; CAS — carotid atherosclerosis; CRP — CG-reactive protein; IL-6 — interleukin 6; TC - total cholesterol; TG - triglycerides;
LDL-ch - low-density lipoprotein cholesterol; HDL-ch — high-density lipoprotein cholesterol; * p-value was obtained by comparison between SIRT3
high/low CAS groups. All continuous data presented non-normal distribution (BMI, CRP, IL-6, TC, TG, LDL-ch and HDL-ch, and SIRT3), and were expressed

by median (interquartile range (IQR)). The comparison between the 2 groups was conducted using Mann-Whitney U test. Rates were analyzed using x° test.

Risk factors for unstable plaques
using logistic regression analysis

Binary logistic regression was employed to analyze risk
factors for unstable plaques using a back-step method.
After adjusting the model, we conducted multivariate
logistic regressions evaluating age, body mass index
(BMI), CRP, IL-6, and SIRT3 (model 1), sex and medical
history (model 2), or the lipid metabolism factors — TC,
TG, LDL-ch, and HDL-ch (model 3), using the entry
method. The p-values of the Hosmer—Lemeshow tests
for the 3 models were 0.983, 0.783 and 0.911, respectively.

The results of each model are listed in Table 4. It was
found that high levels of CRP, IL-6, TC, TG and LDL-ch,
as well as low levels of SIRT3 and HDL-ch, and current
smoking were all risk factors for unstable plaques in CAS
patients (Table 4).

Discussion

Since CAS is closely associated with and is a main inducer
of stroke, the early diagnosis of CAS is of great significance.
We conducted an observational study to demonstrate
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Fig. 3. Receiver operating characteristic (ROC) curve for the diagnostic value of sirtuin-3 (SIRT3) and contrast-enhanced ultrasonography (CEUS) (grade)
in the diagnosis of unstable plaques

Table 3. Diagnostic value of SIRT3 and CEUS for the diagnosis of unstable plaques in CAS patients

Methods True positive False positive | True negative | False negative Sensitivity Specificity Accuracy
Doppler ultrasound 150 77 216 74 66.96% 73.72% 70.79%
CEUS 182 42 251 42 81.25% 85.67% 83.75%
SIRT3 162 58 235 62 72.32% 80.20% 76.79%
CEUS+SIRT3 21 90 203 13 94.20% 69.28% 80.08%

SIRT3 - sirtuin-3; CEUS - contrast-enhanced ultrasonography; CAS — carotid atherosclerosis; * sensitivity = true positive/(true positive + false
negative) x 100%; specificity = true negative/(true negative + false positive) x 100%; accuracy = (true positive + true negative)/(true positive + false
negative + false positive + true negative) x 100%.

Table 4. Logistic regression for risk factors of unstable plaques

Hosmer- Lemeshow

Variables test 95% Cl
Model 1
Age 3.603 0.925 0.854-1.003 0.058
BMI 0.222 1.037 0.893-1.204 0.637
CRP 0.983 39.226 2.648 1.952-3.592 <0.001
IL-6 24.906 1.682 1.371-2.063 <0.001
SIRT3 25.056 0.554 0.440-0.698 <0.001
Model 2
Sex 0177 1.078 0.758-1.533 0.674
Diabetes 0.979 0.804 0.522-1.238 0.322
Hypertension 0.758 1232 0.770-1.972 0.384
;'ii:;’;ye of coronary heart 078 1.892 0694 0413-1.168 0.169
History of stroke 0.001 1.010 0.583-1.752 0971
Current smoker 5.293 0.629 0.424-0.934 0.021
Model 3
TC 61.080 1.008 1.006-1.010 <0.001
TG 5.050 1.002 1.000-1.003 0.025
LDL-ch oot 42322 1.004 1.003-1.006 <0.001
HDL-ch 30.696 0.138 0.068-0.278 <0.001

OR - odds ratio; 95% Cl — 95% confidence interval; SIRT3 - sirtuin-3; BMI — body mass index; CRP — C-reactive protein; IL-6 — interleukin 6; TC - total
cholesterol; TG - triglycerides; LDL-ch - low-density lipoprotein cholesterol; HDL-ch — high-density lipoprotein cholesterol.
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that serum levels of SIRT3 were correlated with clini-
cal outcomes, especially for severity and plaque stability.
The combination of CEUS and SIRT3 might also be a po-
tential diagnostic method for unstable plaques.

The application of CEUS is now widely accepted for
the diagnosis of many cardiovascular and cerebrovascular
diseases, including CAS.!* Hamada et al. demonstrated
that by using CEUS, physicians could observe a higher
percentage of ulcerated findings in patients with plaque
rupture.?? Oura et al. showed that both CEUS and su-
perb microvascular imaging had high sensitivity and
specificity in the diagnosis of intraplaque neovascular-
ization.?! In other research, it was found that CEUS and
multi-detector computed tomography angiography were
the most accurate in the diagnosis of CAS, in which CEUS
had a sensitivity and specificity of 94.1% and 97.95%, re-
spectively, for the diagnosis of plaque ulceration.?? A re-
cent study reported that the combination of CEUS and
erythrocyte sedimentation rate (ESR) in the diagnosis
of Takayasu’s arteritis could achieve a sensitivity and
specificity of 81.1% and 81.5%, respectively.? In the pres-
ent study, we found that CEUS could be used in the diag-
nosis of unstable plaques with a sensitivity of 81.25% and
specificity of 85.67%, which was consistent with the above
studies. We also found that the combination of CEUS and
SIRT3 could achieve a sensitivity of 94.20%, a specific-
ity of 69.28%, and an accuracy of 80.8% in the diagnosis
of unstable plaques.

Sirtuin-3 is a member of the sirtuin family which has
been associated with the inflammatory response in sev-
eral studies.?*?> Recently, researchers found that SIRT3
plays an important role in cardiovascular diseases. A re-
cent study showed that SIRT3 could prevent myocardial
ischemia-reperfusion injury by reducing oxidative stress
and cell apoptosis.?® Eid et al. demonstrated that the up-
regulation of both SIRT1 and SIRT3 was associated with
improvements in myocardial ischemia-reperfusion in-
jury.?” In another study, Gaul et al. found that a deficiency
of SIRT3 promoted arterial thrombosis, which is the main
cause of plaque formation.?® All of these studies indicated
that SIRT3 is a key factor in the development of CAS. How-
ever, up to now, no clinical studies focused on the role
of SIRT3 in CAS patients have been conducted. In our
research, we found a low expression of SIRT3 in severe
CAS patients and CAS patients with unstable plaques.
In addition, a lower expression of SIRT3 predicted a higher
risk for unstable plaques in CAS patients.

Limitations

Our study had some limitations. We obtained a limited
sample size from a single center, which may limit the scien-
tific value of this research. We did not consider how SIRT3
influences the formation of plaques; this issue requires
more in vivo and in vitro studies.
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Conclusions

In conclusion, this study demonstrated that SIRT3 was
downregulated in severe CAS patients and CAS patients
with unstable plaques. A low expression of SIRT3 pre-
dicted a higher risk for unstable plaques in CAS patients.
The combination of CEUS and SIRT3 showed good sensi-
tivity and specificity for the diagnosis of unstable plaques
and might be a potential strategy in the clinic.

Supplementary data

The original statistical data of data distribution, Mann—
Whitney U test and logistic regression are shown in Supple-
mentary tables (https://doi.org/10.5281/zenodo.6993618).

The Supplementary material includes:

Table S1. Data distribution analysis for all continuous
data in this study.

Table S2. Results of Mann—Whitney U test in table 1 and
the left panel of figure 2.

Table S3. Results of Mann—Whitney U test in the right
panel of figure 2.

Table S4. Results of Mann—Whitney U test in table 2.

Table S5. Hosmer—Lemeshow test of logistic regression
model 1.

Table S6. Results of logistic regression model 1.

Table S7. Hosmer—Lemeshow test of logistic regression
model 2.

Table S8. Results of logistic regression model 2.

Table S9. Hosmer—Lemeshow test of logistic regression
model 3.

Table S10. Results of logistic regression model 3.
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Abstract

Background. Oral lichen planus (OLP) and oral lichenoid lesions (OLL) comprise a group of oral mucosal
disorders that have similar clinical and histological features.

Objectives. To compare the levels of investigated biomarkers in biopsied OLP and OLL, and to determine
the pattern of biomarkers, which could be useful for the biological characterization of these 2 disorders.

Materials and methods. A total of 56 biopsy specimens in 2 groups were analyzed in this study. One
group consisted of 25 idiopathic OLP lesions, and the other included 31 OLL from patients treated with an-
tihypertensive and cardiac medications. The expression of protein p53, topoisomerase | (topo [), heat shock
protein 90 (HSP90), and E-cadherin was analyzed using immunohistochemistry.

Results. The p53 protein expression showed a trend to a positive correlation with topo | expression in the total
sample (p=0.067,R=0.25). The p53 protein and HSP90 expression was higher in the OLL group compared
to the OLP group, but the difference was not statistically significant. No association was found between topo |
and E-cadherin expression for either the OLP or OLL group.

Conclusions. The findings of this study suggest that the slightly higher protein p53 and HSP90 expression
in the OLL group might be caused by the medications used. The slight association between p53 and topo |
expression indicates that the cooperation between these proteins might be essential for the growth of OLP/
OLL in general. We conclude that the overexpression of p53 protein and high expression of topo | found
in both types of lesions might induce their biologically aggressive behavior.

Key words: p53, biomarkers, OLP, OLL
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Background

Oral lichen planus (OLP) and oral lichenoid lesions
(OLL) comprise a group of disorders of the oral mucosa.
Oral lichen planus lesions are a chronic disorder most
commonly affecting middle-aged adults, with a slight fe-
male predominance. Such lesions appear as white papules
that coalesce to form reticular, annular or plaque-like pat-
terns.”> The etiology and pathogenesis of OLP are still
not clear or fully explained. Studies suggest the presence
of an immunological disorder in which CD4* (Th1) and
CD8* (Tc) lymphocyte activation, as well as production
of cytokines, such as interleukin-2 (IL-2), interferon gamma
(IFN-y) and tumor necrosis factor (TNF), can cause apop-
tosis of keratinocytes.>=> Recent studies have indicated that
Th2 lymphocytes can also contribute to the pathogenesis
of OLP.® The histopathological assessment of OLP lesions
reveals hyperkeratosis, degeneration of the basal cell layer
of the epithelium, hydropic degeneration of basal cells,
infiltration of lymphocytes in the connective tissue, and
acanthotic or atrophic epithelium.?

Oral lichenoid lesions are another type of lesion fre-
quently observed in the oral mucosa. In certain patients,
oral lichenoid drug reaction lesions can be caused by nu-
merous medications, such as the majority of $-blockers,
some angiotensin-converting enzyme inhibitors, some
thiazide diuretics, nonsteroidal anti-inflammatory drugs,
and oral hypoglycemic medications.?>” In a study by Bala-
kumar et al. adverse drug reactions were identified in pa-
tients treated with combinations of f-adrenergic blockers
and calcium-channel blockers in addition to -adrenergic
blockers and diuretics and coronary disease medications.’
Similarly, Jinbu and Demitsu noted that nicorandil induced
ulcerations on the sites typical of OLP lesions.® Farzin et al.
found lichenoid reactions of linear striations on the buc-
cal mucosa in 4.5% of 465 hypertensive patients being
treated with antihypertensive medications.? An oral li-
chenoid drug reaction can occur at any time, even years
after the beginning of treatment. In many cases, alternative
medication options are not available. Oral lichenoid lesions
often represent clinical and histological features of OLP, so
diagnosis is often complicated.?® Furthermore, there are
no specific biomarkers helpful in distinguishing between
OLP and OLL and predicting their behavior.10-12

Few studies have analyzed molecular markers that might
be useful in identifying patients with progressive OLP
growth.1"13 They found that p53 protein and topoisom-
erase Ila expressions in OLP might be markers of pro-
liferative activity.!®!! Some data suggest that the overex-
pression of p53 protein in benign lesions might play a role
in the early stages of oral carcinogenesis, and 7P53 muta-
tions might be an important oncogenic event in malig-
nantly transformed OLP.3** A single study determined
that focal loss of E-cadherin expression in OLP lesions
might increase their progressive growth.! Similarly, it was
noted that heat shock proteins are potentially involved

M. Radwan-0Oczko et al. Biomarkers in OLP and OLL

in the pathogenesis of the inflammatory process, which
is observed when OLP induces premalignant lesions.1%13
There are no data on p53, topoisomerase I (topo I), heat
shock protein 90 (HSP90), and E-cadherin expression
in OLL, or comparative studies between OLP and OLL.
Based on the data that OLP/OLL represent a heteroge-
neous group of inflammatory disorders that share com-
mon antigens and are characterized by similar clinical and
histological features, it would be interesting to investigate
biomarker patterns which would be useful for the biologi-
cal characterization of these different lesions.?

Objectives

The aim of this study was to assess p53 protein, topo I,
HSP90, and E-cadherin expression in OLP and OLL biopsy
specimens, which could help distinguish between these
2 pathologies diagnostically.

Materials and methods
Patients and study group selection

A total of 56 patients with OLP who were referred
to the oral pathology outpatient clinic between January 1,
2015 and May 31, 2019, were enrolled in the study. The clini-
cal and histopathological diagnoses of OLP were made based
on the World Health Organization (WHO) criteria defined
in 1978 and modified in 2003.1> Clinical investigation was
performed by a specialist in periodontology and oral muco-
sal pathology, and histopathological investigation was per-
formed by a specialist in pathomorphology. The patients were
reviewed for demographic data, general health and type(s)
of medication. A clinical investigation was carried out to re-
cord the clinical forms of the lesions and the sites involved.

Assuming that the lesions of some of the patients di-
agnosed with OLP could be related to medication side
effects, 2 groups of patients were created. The 15 group
(idiopathic OLP) consisted of 25 patients, and the 2™ group
(OLL) of 31 patients whose lesions may have resulted from
the treatment with antihypertensive and/or cardiovascu-
lar medications. Differences in the expression patterns
of the 4 abovementioned biomarkers, which could be con-
sidered when making the diagnosis between these 2 pa-
thologies, were evaluated.

The pathologist evaluating the molecular markers was
blinded. All 56 biopsies were assessed without being di-
vided into groups. After immunohistochemical evaluation,
the data were described in accordance with the groups
(OLP or OLL groups).

The study was conducted according to the principles
of the Declaration of Helsinki and approved by the Ethics
Committee of the Wroclaw Medical University, Poland
(approval No. KB230/2016).
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Antibodies

Immunohistochemical staining was performed with
the following antibodies: mouse monoclonal antibody DO-7
(clone DO-7) that reacts with both the wild and mutant
forms of unphosphorylated human p53 protein (Novocas-
tra, Newcastle, UK); anti-topo I that binds to a region within
the middle of the topo I molecule (clone 1D6; Novocastra);
anti-HSP90 protein that recognizes protein corresponding
to 306 amino acids of the C-terminus of the HSP90 mol-
ecule (clone JPB24; Novocastra); and anti-human cadherin
(clone NCH-38) that recognizes the 120 kD mature form
of E-cadherin (Dako, Copenhagen, Denmark).

Immunohistochemical staining

Immunohistochemical staining for the analyzed pro-
teins was performed on paraffin-embedded OLP tissue
specimens using the Universal Dako REAL EnVision De-
tection System, Peroxidase/DAB+, Rabbit/Mouse (Dako);
the primary antibodies were anti-p53 protein, topo [,
HSP90, and E-cadherin. The 5-um sections of OLP were
deparaffinized and boiled 2 x 5 min in a citrate buffer
(pH = 6.0) at 800 W in a microwave. After that, the OLP
sections were slowly cooled for 30 min. Nonspecific tis-
sue endogenous peroxidase reactivity was blocked with
Dako REAL Peroxidase Blocking Solution (Dako). The OLP
specimens were incubated overnight with primary an-
tibodies at 4°C. After washing the OLP specimens with
0.1 M Tris-buffered saline (TBS; pH = 7.4), they were in-
cubated with Dako REAL EnVision/HRP, Rabbit/Mouse
(Dako) for 30 min at room temperature. After washing
the antigen-antibody with TBS, the reaction was visual-
ized using 3,3 diaminobenzidine (Dako) as a chromogen.
The sections were counterstained with hematoxylin and
mounted. The incubation buffer (TBS) without primary
antibodies was used as a negative control. Positive controls
for each antibody were performed according to the manu-
facturer’s recommendations.

Interpretation
of immunohistochemical staining

The assessment of protein expression in the OLP tissues
was scored semiquantitatively, taking into account the in-
tensity of immunostaining and the number of cells showing
immunoreactivity for the analyzed proteins. The number
of cells exhibiting staining for p53 protein and topo I anti-
bodies was assessed by counting 1000 cells in 10-15 ran-
domly selected high-power fields. Heat shock protein 90
and E-cadherin expressions were analyzed by determining
cytoplasmic/membrane immunostaining based on the in-
tensity of immunostaining and the percentage of the stained
OLP tissue area. The cases were scored as negative for all
protein expressions when there was no immunostaining
or variable weak positivity (<5% of cells).
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Statistical analyses

The statistical significance between the means for
the different groups was calculated using the nonparamet-
ric Mann—Whitney U test; the frequencies were calculated
using the X2 test or Fisher’s exact test.!® The associations
between p53 protein and HSP90, topo I and E-cadherin
were analyzed using Spearman’s rank correlation. Dif-
ferences were considered statistically significant when
p < 0.05. Statistical analysis was performed using Statis-
ticav. 13.0 software (StatSoft Poland, Krakéw, Poland) and
PAST v. 4.05 (https://past.en.lo4d.com/windows).

Results

Comparison of clinical parameters
between groups

There were 21 men and 35 women with mean age
of 57.7 £13.6 years and 65.5 +9.4 years, respectively. Follow-
ing anamnesis, the OLP group included 25 patients with
amean age of 57.0 years, and the OLL group included 31 pa-
tients with a mean age of 68.0 years; the patients in the OLP
group were significantly younger (p = 0.0001; Table 1).
There was a significantly higher number of women when
all 56 patients were considered (p = 0.04), as well as when
the 31 OLL patients were considered separately (p = 0.04).
The duration of the lesions was similar in the OLP and OLL
groups (38.6 months and 39.3 months, respectively). A com-
parison of the parameters evaluated between the groups
revealed a significant difference in the median age, which
was higher in the OLL group. In the OLL group, more pa-
tients showed shorter disease duration (below 34 months),
whereas in the OLP group, more patients presented with
longer disease duration (above 34 months). The observed
differences between the OLL group and the OLP group
were statistically significant (p = 0.018; Table 1).

Two clinical forms among all 56 lesions were found: white
lesions of striae in 43 cases and erosions in 13 cases; there
were no statistically significant differences in the preva-
lence of clinical forms between the OLP and OLL groups.
In the assessment of site involvement, lesions were present
on the buccal mucosa in 27 patients, at other sites (such
as the gingiva or tongue) in 4 patients, and at 2 or 3 sites
in 25 patients. No statistically significant difference was
seen in site involvement between the groups (Table 1).

Comparison of p53, topo |, HSP90,
and E-cadherin expression between
groups

The p53 expression was found in 19/56 (33.0%)
of the oral lesions. Nuclear accumulation of p53 protein

showed a trend to higher expression in the OLL group com-
pared to the OLP group (Table 2). In the majority of cases
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Table 1. Demographic parameters in oral lichenoid lesions (OLL) and oral lichen planus (OLP) groups

OLL group (n =31)

OLP group (n = 25)

Parameters median (25Q-75Q) median (25Q-75Q) Test value
mean +SD mean +SD
Age [years] 68.0 (64.0 £71.0) 57.0 (45.0 +62.0) 346 0.0001*
Lesions presence duration [months] 386 +19.9 393 +189 0.87 0.386*
Lesions presence duration, patients (n)
<34 months 21 9
561 0.018**
>34 months 10 16
Lesions presence clinical forms, patients with (n):
White striae 23 20
0.26 0.609**
Erosive form 8 5
Lesions presence - sites involved, patients with (n):
Buccal mucosa involved 13 14
Other site involved 3 1 - 0.55%**
General involvement 15 10

* U Mann-Whitney (test value - Z); ** x* test; *** exact Fisher's test; 25Q — lower quartile; 75Q — upper quartile; SD - standard deviation.

in both groups, p53 expression was found in a low per-
centage of basal and suprabasal epithelial cells (Fig. 1A,B).
Topoisomerase I expression was found in 42/56 specimens
(75.0%), HSP90 in 28/56 specimens (50.0%) and E-cad-
herin in 37/56 specimens (66.1%); expressions were slightly
higher in the OLL group than in the OLP group (Table 2).

Positive results for E-cadherin expression were obtained
from 10—60% of immunoreactive tissue. Topoisomerase I
expression revealed equal immunoreactivity in both groups
and was observed in different tissue areas from 10-70%
of tissue. The expression of HSP90 was slightly higher
in the OLL group than in the OLP group (Fig. 1C-F).
The intensity of topo I and HSP90 immunoreactivity was
stronger in the OLL group than in the OLP group. Simi-
larly, the range of E-cadherin immunopositivity was higher
in the OLL group than in the OLP group (Fig. 1G,H).

Association between p53 protein
and topo |, HSP90 and E-cadherin
expression

The p53 protein expression showed a trend to-
ward a positive correlation with top I expression only

(of the biomarkers) when all patients were considered
(p = 0.067, R = 0.25) (Table 3). Such a correlation be-
tween p53 and topo I expression was not observed when
the 2 groups were considered separately. No correlation
was observed between p53 protein expression and HSP90
and E-cadherin expression when the OLL and OLP groups
were considered separately and when all cases were con-
sidered together (Table 3).

Discussion

Data on the identification of biomarkers of OLP and OLL,
which could help explain their biological characteristics, are
limited."'~13 This study found no differences in terms of gen-
der, forms and location of lesions between the OLP and OLL
groups, which is consistent with other reports.1?1” The dif-
ferences in mean age between groups in this study are in con-
trast to the published data.!*!* The reason why the patients
in the OLL group were older might be that they had cardiac
and vascular diseases. In the OLL group, a significantly higher
number of patients had a longer duration of lesions, which
could have been associated with the use of medications.

Table 2. P53, HSP90, topo |, and E-cadherin expression in oral lichenoid lesions (OLL) and oral lichen planus (OLP) groups

Immunopositivity (% of positive cases)

Biomarkers OLL group
(n=31)
[n, %]
p>3 12(38.7)
HSP9O 18 (58.0)
E-cadherin 22 (70.9)
Topol 24.(77.4)

OLP group
(n=25) Test value
[n, %]
7 (28.0) 0.71 0.400
10 (40.0) 1.81 0177
15 (60.0) 0.74 0.388
18 (72.0) 0.64 0.642

HSP90 - heat shock protein 90; topo | — topoisomerase |. ’ test.
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Fig. 1. Representative oral lichenoid lesions (OLL) and oral lichen planus (OLP) patients. A. Low number of keratinocytes and epithelial cells with p53
protein nuclear accumulation in OLP lesions; B. The p53 protein expression observed in a high number of cells in OLL; C. High number of cells showing
topoisomerase | expression in OLP; D. Topoisomerase | immunostaining limited to deep layers of epithelial tissue in OLL; E. Heat shock protein 90
(HSP90) membrane/cytoplasmic expression detected in a high percentage of OLP tissue; F. The HSP90 membrane immunostaining observed in basal
and suprabasal epithelial cells of patients with OLL; G. E-cadherin membrane expression in epithelial cells of untreated patients with OLP; H. E-cadherin
expression in superficial epithelial tissue of OLL (the EnVision technique)

Fig. 1A,B,E: scale bar = 50 um; Fig. 1C,D,F,G,H: scale bar = 100 um.
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Table 3. Correlation between p53 protein and HSP90, topo | and E-cadherin expression in the whole specimens, oral lichenoid lesions (OLL) and oral lichen

planus (OLP) groups

Biomarkers | Number of cases | Spearman’s R | p-value

P53 compared to HSP90

Whole investigated group 56 0.16 0.225

OLP group 25 0.26 0.261

OLL group 31 0.07 0671
P53 compared to topo |

Whole investigated group 56 0.25 0.067

OLP group 25 0.15 0.509

OLL group 31 027 0114

P53 compared to E-cadherin

Whole investigated group 56 0.13 0.344

OLP group 25 0.34 0.139

OLL group 31 0.06 0.715

HSP90 - heat shock protein 90; topo | — topoisomerase |. Spearman’s rank correlation.

In order to explore the differences between the OLP
and OLL groups, the biomarkers p53, topo I, HSP90, and
E-cadherin were analyzed.!®!"18 As with previous reports,
the expression of p53 was observed in a small number
of cases in this study.!'® Consistent with existing studies,
we consider that the heterogeneous pattern of p53 expres-
sion (ranging from weak to strong intensity of p53 immu-
nostaining) observed in this study indicates that cases with
strong nuclear accumulation of p53 protein are the result
of gene alteration or protein structural changes which oc-
cur during the early stages of a premalignant lesion.!%1418
Our clinical observations of the OLP patients did not show
any development of premalignant lesions. There are no
reports in the literature regarding p53 protein expression
in OLL patients taking antihypertensive or cardiac medi-
cations, which was analyzed in this study. The findings
of this study revealed significant differences in p53 protein
expression, which was higher in the OLL group; this could
be explained as being related to ongoing medical treat-
ment. Moreover, p53 protein expression might be a result
of p53 protein activation after DNA damage by drugs used
in the patients’ therapy, which might reflect protective
mechanisms, such as DNA repair, rather than gene altera-
tion."* However, this observation needs to be confirmed
by TP53 gene status analysis.!® Nevertheless, we postu-
late that the risk of progressive growth might be higher
in the OLL group (that had greater p53 expression) than
in the idiopathic OLP patients, due to loss of the suppres-
sive role of p53 protein.!31? We found an association with
high proliferative activity based on topo I expression and
p53 protein nuclear accumulation in the sample as a whole
but not when the OLL group alone was examined. We are
unable to prove the prognostic value of the p53 protein
due to the short time of clinical observation of the treated/
untreated OLP patients. Nevertheless, the results of this
study are supported by Bermejo-Fenoll et al. to an extext;

their retrospective study found an association between
p53 protein expression and malignancy of OLP lesions.?’
They found the development of squamous cell carcinoma
(SCC) in 5 out of 550 patients with OLP; 3 of these 5 cases
were being treated for hypertension, so they were diag-
nosed as OLL."” Giuliani et al. described overall malignant
transformation in 1.4% of cases, including 1.37% for OLP
and 2.43% for OLL in large groups, and concluded that p53
expression can cause progression from healthy oral tissue
to malignancy; thus, p53 may be an early diagnostic sign
of carcinogenesis.?!

In this study, specimens showing the expression of topo [
in a high number of cells indicated that this enzyme
might characterize the subgroup of OLP that has high
proliferative activity and leads to a progressive growth
of these lesions. This hypothesis is supported by other
studies which showed that high topo I expression in be-
nign tumors increased the risk of malignancy.?? As found
in our study, similar topo I expression in specimens of both
the OLP and OLL groups indicates that medications do
not influence the cellular activity of oral epithelial cells.
The lower expression of HSP90 in tissues from the OLP
group might be associated with greater nuclear accumula-
tion of p53 protein, which can form complexes with HSP90
in cells.?®2* The lack of association between p53 protein
and HSP90 expression in the study group as a whole,
as well as in the OLP and OLL groups separately, suggests
that HSP90 protein does not play a protective role against
p53 protein in, for example, carcinoma tissue.?

The high E-cadherin expression observed in this study
is consistent with other studies and indicates that high
E-cadherin expression is important for tissue structure
because this protein is highly expressed by normal oral
epithelial cells in the spinous layer and basal layer.2°
Our results concerning equal E-cadherin expression
in the OLP/OLL groups are somewhat in line with the the
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study by Sargolzaei and Mohamadian, who did not observe
significant differences in the expression of E-cadherin be-
tween OLP specimens with and without dysplasia.>? How-
ever, there is research indicating that p53 protein expres-
sion reduces E-cadherin expression in oral SCC.?” The lack
of correlation between p53 protein and E-cadherin expres-
sion in the OLP specimens analyzed in this study suggests
that there is no cooperation between these 2 proteins. This
observation is consistent with a published report suggest-
ing that the reduction of E-cadherin in OLP is associated
with mild and moderate dysplasia.?6”

Limitations

The 1%t limitation of this study is that the medications
used by the OLL patients are not specified — not all classes
of antihypertensive and cardiac medications cause OLL
as a side effect. Moreover, there are new medications for
which there are no published observations or investiga-
tions with regard to OLL. The 2" limitation is the absence
of a control group; tissue biopsies from healthy subjects
would have been useful for comparison.

Conclusions

The results of this study suggest that high p53 protein
and HSP90 expressions in the OLL of patients treated with
cardiovascular medications could result not only from
gene alterations but also from those medications. The im-
pact of p53 protein on the biological behavior of oral cells
might be different in idiopathic OLP compared to drug-re-
lated OLL. The association between p53 protein and topo [
expression indicates that the association between these
proteins might be essential for the growth and behavior
of OLP/OLL. We conclude that the expression of p53 pro-
tein and topo I found in both types of lesion might induce
their biologically aggressive behavior. However, to con-
firm these observations, future larger studies on the roles
of these molecules in oral lesions are warranted.
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Abstract

Background. Acetaminophen intoxication has become the leading cause of acute liver failure (ALF) in Europe
and the USA.

Objectives. To identify early biomarkers in order to predict the development of ALF in a porcine model
of acetaminophen intoxication.

Materials and methods. Six German Landrace pigs received a single acetaminophen bolus of 1 g/kg
body weight via a jejunal catheter. Cytokines and laboratory parameters were analyzed at 8-hour intervals
foratotal of 40 h.

Results. Three of the 6 animals survived the intoxication. The nonsurviving animals had an increase in se-
rum lactate and interleukin (IL)-6, with a simultaneous decrease in prothrombin time (PT) and albumin
concentration 8 h after intoxication. In all nonsurviving animals, elevated levels of tumor necrosis factor alpha
(TNF-q) at baseline before intoxication and during the course of ALF were observed. The acetaminophen
serum concentrations and toxicokinetics did not differ between the nonsurviving and surviving animals.
Methemoglobinemia was proportional to the administered doses and acetaminophen blood levels, but
methemoglobinemia did not affect survival.

Conclusions. Tumor necrosis factor alpha, IL-6, lactate, prothrombin time, and albumin blood concentration
were identified as early predictors of outcome after acetaminophen intoxication. An elevated TNF-a level
before acetaminophen exposure was the earliest prognostic marker for a lethal outcome. Therefore, it could
serve as a very early indicator of prognosis.

Key words: cytokines, acute liver failure, prognostic markers, porcine model, acetaminophen intoxication
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Background

Acetaminophen (Paracetamol®) intoxication has be-
come the number one cause of acute liver failure (ALF)
in Europe and the USA.!2 It is very important to make
the diagnosis at an early stage so that specific treatment
can be applied.? An overdose of acetaminophen, either
deliberate or accidental, does not necessarily result in ALF.
On the other hand, therapeutic doses of acetaminophen
may cause severe hepatic injury in certain patients. Sev-
eral risk factors, including concomitant use of other
drugs, comorbidities, advanced age, and specific variants
of genes encoding metabolic enzymes, are known to in-
crease the probability of developing ALF.*~# Alcohol con-
sumption is another crucial factor, but it plays a somewhat
contradictory role.” While chronic alcoholism has been
postulated to increase acetaminophen-related hepatotox-
icity, acute administration of ethanol seems to protect
against acetaminophen-induced liver injury.!!! Prognos-
tic scores, such as the King’s College Criteria for patients
with ALF following acetaminophen intoxication, are com-
monly used to distinguish between patients who are likely
to recover spontaneously and those who might require
emergency liver transplantation as the only therapeutic
life-saving option.!? However, these late prognostic scores
are based on clinical and laboratory data obtained after
the onset of ALF. To date, there are no clinical tests or bio-
markers to predict which individuals are prone to de-
velop ALF from acetaminophen exposure before the onset
of clinical disease.

The ideal biomarkers for predicting acetaminophen-
induced liver failure should be easy to measure in a rou-
tine clinical setting using precisely quantifiable blood
or urine markers, with results available within a short
time. Certain cytokines, which are known to be promis-
ing candidates for novel biomarkers in drug-induced liver
injury, fulfil all these criteria.!® The balance of pro- and
anti-inflammatory cytokines is discussed as modulat-
ing hepatic injury exacerbation or regeneration.!* Several
studies in patients suffering from ALF have reported el-
evated levels of inflammatory cytokines, such as interleu-
kin (IL)-6, IL-8, IL-10, and tumor necrosis factor alpha
(TNF-a).14-16

Objectives

The aim of this study was to analyze cytokine levels
and ALF-related laboratory parameters before and over
the course of acetaminophen-induced ALF in a porcine
model in order to identify biomarkers for early predic-
tion of the clinical outcome of acute acetaminophen
poisoning.

(. Thiel et al. Porcine model of acetaminophen intoxication

Materials and methods
Animal care

The study was reviewed and approved by the Institu-
tional Review Board for animal experiments of the Tiibin-
gen Regional Council, Germany (approval No. C3/09).
National and institutional guidelines for the care and use
of laboratory animals were used. All experiments were
conducted in compliance with the standards outlined
in the Guide for the Care and Use of Laboratory Ani-
mals and under the supervision of a veterinarian who set
the guiding principles to minimize animal suffering.

Six female German Landrace pigs weighing 33.7 2.8 kg
(range: 29.0-37.5 kg) and aged approx. 8 weeks underwent
a laparotomy and consecutive acetaminophen adminis-
tration.

During an adaptation period of 1 week, the animals were
kept in cages in the Research Animal Care Facility ata tem-
perature of approx. 20°C and relative humidity of approx.
60% with natural day—night cycles, in accordance with
the European Union directive 2007/526/EG and the Euro-
pean Union guideline 2010/63/EU. They received a standard
diet and tap water ad libitum. In the evening before the sur-
gical procedure, the pigs were deprived of food (not water).
Before the onset of the experiment, all animals were exam-
ined by a veterinarian, and no abnormalities were found.

Premedication, anesthesia protocols, intensive care
treatment, and algorithms for standardized intensive
care management have been reported in detail in previ-
ous studies.!”!® Briefly, the animals received intramus-
cular premedication of atropine 0.1% (0.05 mg/kg), ket-
amine (14 mg/kg), azaperone (2 mg/kg), and midazolam
(0.5 mg/kg). After oral intubation, ventilation was per-
formed using a pressure-controlled ventilation machine.
Continuous intravenous anesthesia was maintained with
ketamine (15 mg/kg/h), fentanyl (0.02 mg/kg/h) and mid-
azolam (0.9 mg/kg/h). The animals remained under gen-
eral anesthesia for a total observation period of 40 h fol-
lowing acetaminophen administration.

Surgical procedures

Briefly, the internal carotid artery (Leadercath; Vygon,
Ecouen, France) and jugular veins (Multi-Lumen Central
Venous Catheter; Arrow International, Reading, USA) were
instrumented to measure mean arterial pressure (MAP)
and central venous pressure (CVP), respectively. The ab-
dominal cavity was entered through a midline incision.
A jejunal catheter (Gentle-Flo™; Tyco Healthcare, Tul-
lamore, Ireland) was implanted in the upper jejunum for
acetaminophen administration, and a urinary catheter
(Gentle-Flo™; Tyco Healthcare) was placed by cystostomy.
The abdomen was then closed in a standard fashion.



Adv Clin Exp Med. 2022;31(12):1335-1342

Acetaminophen administration
and acute liver failure

Immediately after the closure of the abdomen, the ani-
mals received a single bolus of acetaminophen of 1000 mg/kg
through the jejunal catheter. For this purpose, commer-
cially available acetaminophen tablets were crushed with
a tablet mortar and dissolved in 10 mL of physiologi-
cal sodium chloride solution. After the administration
of the solution, the jejunal catheter was flushed with 50 mL
of sodium chloride solution.

The onset of ALF syndrome was determined by the pres-
ence of coagulopathy, as shown by a decline in prothrombin
time (PT, Quick) to below 30%.

Critical care management

Standard hemodynamic monitoring was used and re-
corded throughout the entire experiment, and included
electrocardiography, oxygen saturation, MAP, CVP, and
core body temperature. Arterial blood gas analysis (ABL
800; Radiometer, Copenhagen, Denmark), including
the measurement of hemoglobin, methemoglobin, hema-
tocrit, acid base balance, lactate, serum electrolytes, and
blood glucose levels, was recorded hourly and directly cor-
rected as required, while ventilation parameters were ad-
justed accordingly. General anesthesia was sustained with
a continuous infusion of ketamine 15 mg/kg/h, fentanyl
0.02 mg/kg/h and midazolam 0.9 mg/kg/h. Urinary output
was monitored, and volume resuscitation and vasopres-
sor use were performed according to a standard protocol,
as previously described.l” After a total observation pe-
riod of 40 h from the administration of acetaminophen,
the surviving pigs were euthanized with a single intrave-
nous bolus of 10 mL of T-61 (Intervet, Unterschleif$heim,
Germany). One mL of T-61 consists of 5 mg of tetracaine
hydrochloride, 50 mg of mebezonium iodide and 200 mg
of embutramide.

Biochemical analyses

All blood samples were collected through the internal
carotid catheter and analyzed by the certified Central
Laboratories of University Hospital Tiibingen (Division
of Endocrinology, Diabetology, Angiology, Nephrology,
Pathobiochemistry, and Clinical Chemistry, Department
of Internal Medicine), Germany. Laboratory parameters
were obtained before and every 8 h after acetamino-
phen administration until death (or a maximum of 40 h).
Acetaminophen levels were determined with an enzymatic
assay performed on a fully automated biochemical analyzer
(ACTM Flex® reagent cartridge, Cat. No. DF88; Dimension
Xpand Plus; Siemens Healthcare Diagnostics, Eschborn,
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Germany) in an accredited laboratory. The certified as-
say has a range of 0.0-300.0 pg/mL (0.0-1985.4 pmol/L)
and a total coefficient of variation of 4.44% (serum)/1.45%
(plasma).

Samples with results in excess of 300.0 pg/mL
(1985.4 pmol/L) were repeated following dilution. Albumin,
total plasma protein, aspartate aminotransferase (AST) ac-
tivity, and lactate concentration were measured on the AD-
VIA 1800 Clinical Chemistry Analyzer, and the ADVIA
2120 Hematology Analyzer was used for blood cell counts
(both from Siemens Healthcare Diagnostics). Coagulation
tests were performed on the ACL TOP 700 Hemostasis
Testing System (Instrumentation Laboratory, Kirchheim,
Germany). Tumor necrosis factor alpha and IL-6 (both
R&D Systems, Minneapolis, USA), as well as hepatocyte
growth factor (HGF) and epidermal growth factor (EGF)
(both from Cusabio Biotech, Wuhan, China) plasma con-
centrations were analyzed using specific porcine enzyme-
linked immunosorbent assay (ELISA) kits. The sample
analysis was conducted within 1 h of blood withdrawal.

Pathological examinations

Immediately post mortem, a liver biopsy specimen
of 1.0 x 1.0 x 0.5 cm from the lobus hepatis sinister late-
ralis was obtained from all 6 animals and fixed in 4%
formaldehyde. Hematoxylin and eosin (H&E) were used
to stain the specimens, and the POL HRP-006 Polymer Kit,
monoclonal mouse antihuman Ki-67, antigen clone MIB-1
Code M7240, and Mouse IgGX 0931 for Ki-67 were used
for immunostaining (Zytomed Systems GmbH, Berlin,
Germany, and Agilent, Santa Clara, USA). Liver sections
were examined and photographed with a Zeiss Axiovert
135 Microscope (Carl Zeiss AG, Jena, Germany).

Pharmacokinetic profile

The elimination half-life (t1/2el) was calculated. For this
purpose, the acetaminophen concentration data were log
transformed (logarithmus naturalis) and plotted against
time. A trend line was calculated using linear regression.
The slope in the equation shows the elimination rate con-
stant (kel). To obtain the half-life of the elimination phase,
the formula t1/2el = 0.693/kel was used.”

Statistical analyses

The mean values obtained before, during and after
the administration of acetaminophen were compared us-
ing the Wilcoxon test (JMP® 12.0; SAS Institute, Cary,
USA). A value of p < 0.05 was considered statistically sig-
nificant. Results in the manuscript and figures are reported
as mean and standard deviation (SD).
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Results
Manifestation of acute liver failure

Three of the 6 animals developed ALF followed by multiple
organ failure and subsequent death after 24 h, 25 h and 38 h.
The other 3 of the 6 animals survived the administration of ac-
etaminophen. A significant deterioration of MAP occurred
12 h after acetaminophen administration (51 +5 mm Hg
in nonsurviving animals compared to 72 +1 mm Hg in sur-
viving animals (p < 0.05, Wilcoxon test)). Changes in hemo-
dynamic parameters and selected laboratory values during
the experiment are presented in Table 1.

Histology of the liver

At autopsy, the H&E-stained liver biopsies in the non-
surviving animals demonstrated progressive centrilobular
necrosis (Fig. 1A) in contrast to a small amount of necro-
sis around the central vein in an otherwise intact lobule
of the liver in the surviving animals (Fig. 1B). Figure 1C
shows necrotic cell nuclei and no evidence of Ki-67 expres-
sion in a representative nonsurviving animal specimen
at the end of the experiment. In the surviving animals,
a total of 35 +15 Ki-67-positive cells/lobule of the liver
were observed (Fig. 1D).

1000

100 o

acetaminophen [mg/mL]

time after drug administration [h]

Fig. 2. Mean acetaminophen blood concentration in relation to time after
drug administration

0 - nonsurviving animals; © — surviving animals.

Acetaminophen serum concentrations

The mean acetaminophen blood concentrations 8 h af-
ter receiving the bolus of 1000 mg/kg were 454 +258 mg/L
in the nonsurviving animals and 578 +83 mg/L in the surviv-
ing animals; there was no statistically significant difference

Fig. 1. Light microscope preparations (hematoxylin and eosin (H&E) staining) of post-mortem liver biopsies in nonsurviving (A) and surviving animals (B)
and Ki-67 immunostaining in nonsurviving (C) and surviving animals (D)
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between the groups in this regard (Fig. 2). The pharmaco-
kinetic profiles were similar for both groups (kel in non-
surviving animals: —0.0989, resulting in a half-life of 7.0 h;
kel in surviving animals: —0.10396, resulting in a half-life

of 6.7 h).
Cytokines and growth factors

The baseline TNF-a levels before receiving the acetamin-
ophen bolus were significantly higher in the group of nonsur-
viving animals (200 +95 pg/mL compared to 28 +26 pg/mL
in the surviving animals; p < 0.05, Wilcoxon test, Fig. 3A).
The concentration of TNF-a in the nonsurviving animals
remained higher than in the surviving animals through-
out the experiment. In the group of surviving animals,
the TNF-a concentration increased to 120 +60 pg/mL
8 h after drug administration, followed by a steady decline
to 32 £29 pg/mL at the end of the monitoring period.
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The baseline IL-6 concentrations did not differ signifi-
cantly between the groups (Fig. 3B). An increase in IL-6
levels to 1676 790 pg/mL was observed in the nonsurviv-
ing animals after 8 h, and IL-6 concentrations remained
significantly elevated during the observation period.
The surviving animals showed slightly elevated IL-6 val-
ues (443 +388 pg/mL) at the time of drug administration,
which decreased to below the initial values over the ob-
served time (121 £107 pg/mL after 32 h). The EGF concen-
trations oscillated from 0 ng/mL to 2 ng/mL and the HGF
concentrations were approx. 1500 ng/mL in both groups.

Acute liver failure-related
laboratory parameters

All biochemical parameters at baseline were within
the physiological range reported earlier for German Land-
race pigs.?’ The PT values in the nonsurviving animals

2500 — il *
*
2000
o
1500 - 0
1000 -
. \
%\§ 6
0 T T T T T T T T T T T T T

40
time after drug administration [h]

Fig. 3. Course of tumor necrosis factor alpha (TNF-a) (A) and interleukin (IL)-6 (B) in relation to time after drug administration

0 —nonsurviving animals (n =3 at 24 h, n =1 at 32 h); © — surviving animals (n = 3); * p < 0.05, Wilcoxon test.
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declined continuously, demonstrating the onset of ALF after
8 h of acetaminophen administration, and remained con-
stantly below 30% during the observation period (Fig. 4A).
The surviving animals showed a decline in PT values after
the administration of acetaminophen, but their mean values
remained above 30% and recovered to 75 +40% after 40 h.

The baseline albumin concentrations ranged between
2.3 mg/dL and 2.4 mg/dL in both groups (Fig. 4B). Sixteen
hours after drug administration, the nonsurviving ani-
mals showed significantly lower albumin concentrations
than the surviving animals (0.3 +0.4 mg/dL compared
to 1.2 £0.4 mg/dL; p < 0.05, Wilcoxon test).

Aspartate aminotransferase activity did not differ be-
tween the nonsurviving and surviving animals during
the entire observation period and showed a gradual in-
crease (before drug administration: 53 +24 U/L; after 8 h:
52 +21 U/L; after 16 h: 72 +36 U/L; after 24 h: 191 +175 U/L;
after 32 h: 524 +515 U/L; and after 40 h: 603 +627 U/L).

Immediately before the administration of acetaminophen,
the average lactate concentrations were 2.0 £0.7 mmol/L
in the surviving animals and 2.0 +1.4 mmol/L in the non-
surviving animals. Eight hours after drug administration,
the mean lactate concentration in the nonsurviving ani-
mals increased to 5.0 £+2.2 mmol/L, while it decreased
to 1.3 £0.9 mmol/L in the surviving animals (p < 0.05,
Wilcoxon test). In the last 12 h before death, the lactate
concentrations reached levels above 10 mmol/L in the non-
surviving animals.

Methemoglobinemia occurred during the first 4 h after
acetaminophen administration (18.6 +8.7% in the nonsur-
viving animals and 10.8 +8.0% in the surviving animals;
the difference was not statistically significant). Twenty-
four hours after drug administration, the methemoglobin
levels decreased to 2.8 +3.4% in the surviving animals and
6.9 +4.0% in the nonsurviving animals.

Discussion

Acetaminophen is a potentially harmful medication with
pronounced variability in individual tolerance. The toxic
metabolite of acetaminophen is N-acetyl-p-benzoquinone
imine (NAPQI), which can be reduced to a nontoxic metabo-
lite by glutathione in therapeutic doses.?! However, NAPQI
in higher doses can deplete glutathione and then covalently
bind to mitochondrial proteins, leading to oxidative stress,
inflammation, mitochondrial dysfunction, and cell death.
Understanding of the mechanism involved in this procedure
is essential for analyzing existing and prospective biomarkers.

The critical dose of acetaminophen for developing se-
vere liver injury in humans is 4000 mg in 24 h.?! In pigs,
1000 mg/kg body weight was identified as a critical dose
by Artwohl et al. in 1988.22 In their study, animals receiv-
ing 500-1000 mg/kg of acetaminophen survived, while
animals receiving a dose of 1000-2000 mg/kg died within
6.5 h due to methemoglobinemia.

(. Thiel et al. Porcine model of acetaminophen intoxication

Thus, patients who are prone to developing ALF after
acetaminophen intoxication should be identified as early
as possible in order to ultimately prevent acetaminophen-
induced ALF and increase their likelihood of survival.
The purpose of this study was to measure blood cytokine
levels and ALF-related laboratory parameters in a por-
cine model of acetaminophen overdose in order to guide
the search for early biomarkers that could discriminate
between susceptibility and tolerance to acetaminophen.

The prominent finding of this study is that an elevated
baseline level of TNF-a seems to predict an increased sus-
ceptibility to acetaminophen-induced ALF. The TNF-«
levels in the nonsurviving animals remained higher than
in the surviving animals. It is known that TNF-a blood
levels are increased in ALF?*72% and correlate directly
with disease activity and overall prognosis.!*2® However,
it is not clear why the animals differed in TNF-a before
the treatment was initiated and what might have induced
the expression of TNF-a. The animals were young (ap-
prox. 8 weeks old), healthy and obtained from the same
farmer. Clinical examination by the veterinarian before
commencing the experiments showed no clinical signs
or symptoms of illness. All laboratory parameters, includ-
ing liver enzymes and infection parameters at baseline,
were within the physiological range for German Landrace
pigs, which makes pre-existing subclinical or undetected
liver damage or infection unlikely.

Our data suggest that elevated TNF-a blood concentra-
tions at baseline might accelerate disease progression. Fur-
ther investigation is needed to clarify whether an elevation
of TNF-a at baseline directly affects the outcome by en-
hancing toxic acetaminophen effects or indicates an epiphe-
nomenon. However, an elevated baseline TNF-a level could
potentially serve as an early and easily obtainable prognostic
marker for determining a risk—benefit ratio for the develop-
ment of ALF after the administration of acetaminophen.

The nonsurviving animals had a significant increase
in IL-6 after acetaminophen administration, and even
though the IL-6 levels decreased steadily within 16 h after
acute exposure, the IL-6 concentrations remained higher
than in the surviving animals throughout the course
of the experiment. In contrast, HGF and EGF levels did not
differ between the surviving and nonsurviving animals.

To examine the histological signs of liver damage and
determine regeneration potential, we performed liver bi-
opsies at the end of the experiment. All of the surviving
animals showed a large quantity of Ki-67-positive cells
as a marker of regeneration, in contrast to the nonsurviv-
ing animals, that showed centrilobular necrosis and no
signs of Ki-67 expression.

Bernal et al. identified an increased blood lactate
concentration as an early predictor of outcome in acet-
aminophen-induced ALF and proposed a modification
to the King’s College Criteria in order to include blood
lactate concentrations with cutoff values of 3.5 mmol/L
measured early after admission and 3.0 mmol/L after



Adv Clin Exp Med. 2022;31(12):1335-1342

134

Table 1. Hemodynamic parameters and laboratory values of selected biochemical parameters before and after drug administration

Time after drug
administration [h]

non-surv non-surv non-surv non-surv
oS 3 3 3 3 3 3 3 3 1 3 0 3
of animals
Heartrate [opm] | 79427 | 62417 | 126418 | 934113 | 116425 | 87415 | 145431 | 75+11 | 126 | 6948 - 66 +9
" 1000 | 10041 | 95 +5 98 +1 98+3 | 10040 = 9547 | 1000 | 100 & 99+ - 99 +2
saturation [%]
Mean arterial 62 +6 5949 | 69411 | 84+112 | 5146 67 +5 46 +1 7146 | 44 75 +6 - 80+11
pressure [mm Hg]
il emous 8+2 8+3 1145 1042 1242 10 +4 1443 1145 11 1246 - 10 +4
pressure [mm Hg]
ge/dmL?Q'Ob n 91406 | 97408 & 87+16 88418 & 82+12 | 94408 @ 70+14 | 88402 | 75 | 86+06 - | 91+04
Pf/‘o?themogl‘)b'” 07401 | 14+02 249+167 115+64 109466 35447  69+40 | 28+34 | 15 | 31439 @ - | 28435
Hematocrit (%] 27 +1 2943 26 +5 27 46 24 +4 29 +3 2145 26 +1 2 2642 - 27 42
pH 747 +0.02 | 747 002 | 733 +0.07 | 7.37 +005 | 731 +0.03 | 7.39+006 7334006 742+004 727 7404002 - 7424007
Natrium [mmol/L] | 14041 | 14043 | 148+4 | 14644 | 155+3 | 14643 | 16146 | 151+7 | 158 | 156+1 ~ | 15346
eI R 41403 | 39+08 | 32409 35405 @ 35404 @ 38403 39408 36401 55 330 - | 37401
[mmol/L]
Blood glucose 65425 | 70417 | 73415 | 62415 58410 61413 | 67417 | 57411 5 | 58401 | - | 48+06
[mmol/L]

Non-surv — nonsurviving animals; surv — surviving animals.

volume resuscitation.?” In the current study, the lactate
concentrations in the surviving animals remained between
0.9 mmol/L and 1.3 mmol/L, while the nonsurviving ani-
mals had peak lactate levels of 5.0 +1.2 mmol/L as early
as 8 h after acetaminophen administration. The French
guidelines on the management of liver failure in general
intensive care unit recommend monitoring lactate levels
as well as the results of arterial blood gas analysis.?
Multiple animal studies with different species have
linked the production of methemoglobin as a toxic by-
product in acetaminophen-induced ALF with lethal out-
comes.?>282 Interestingly, in another porcine experiment,
methemoglobinemia correlated directly with administered
doses and blood levels of acetaminophen.?® In a further
porcine study, acetaminophen levels higher than 250 mg/L
were seen to increase serum methemoglobin levels.3°
In our study, the concentration of acetaminophen rose
to nearly 600 mg/L and methemoglobinemia occurred
during the first 4 h after acute exposure. However, under
standardized intensive care therapy, methemoglobin began
to decrease continuously, even after the animals developed
the typical hemodynamic and laboratory signs of ALF.
The methemoglobin levels were slightly higher in the non-
surviving animals than in the surviving animals, but did
not differ to a statistically significant degree. The presence
of methemoglobinemia did not affect survival in this study.
After receiving an acetaminophen bolus of 1 g/kg
body weight, the serum acetaminophen concentrations
increased to 600 mg/L, which was previously described

as a hepatotoxic concentration in humans.?! The acet-
aminophen serum concentrations and elimination of ac-
etaminophen did not differ between the surviving and non-
surviving animals. Even though acetaminophen is known
to be a dose-dependent toxicant, it has been shown that
acetaminophen dosing information in patients with ALF
is an unreliable predictor of survival.?* Furthermore,
the total ingested dose did not influence survival in this
study. Thus, it seems unlikely that acetaminophen serum
concentration is the sole driving force that determines
the clinical outcome.

Limitations

The small sample size and lack of a control group, which
are factors of the pilot nature of the study, are clear limita-
tions of this study. Therefore, larger investigations including
controls are needed to validate the present data. In addition,
the study did not analyze further acetaminophen metabo-
lites, levels of NAPQI bound to proteins, or glutathione, and
did not assess enzymes linked to oxidative stress.

Conclusions

In summary, TNF-q«, IL-6, lactate, PT, and albumin
blood concentration were identified as early predictors
of outcome after acetaminophen intoxication. On the con-
trary, methemoglobinemia, acetaminophen serum
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concentration, AST activity, and plasma HGF and EGF
concentration did not differ between animals that were
susceptible to acetaminophen and those who survived
the acute phase of the poisoning.

An elevated TNF-a plasma concentration before the ex-
posure to acetaminophen was the earliest prognostic
plasma marker suggesting lethal outcome, and thus could
possibly serve as a very early prognostic marker. Further
studies in larger study groups and with human samples
obtained from clinical cases are warranted.
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Abstract

Background. As a flavonoid compound, schaftoside (SS) possesses a wide range of pharmaceutical ac-
tivities. Nonetheless, it is unclear whether SS has a neuroprotective effect in cerebral ischemia-reperfusion
injury (CI/RI).

Objectives. To examine the neuroprotective effect of S in CI/RI and explore the underlying mechanism.

Materials and methods. An in vivo middle cerebral artery occlusion (MCAQ) was used to simulate CI/RI
in rats. Oxygen glucose deprivation/reperfusion (0GD/R) of HT22 cells was used to establish a cellular model
of CI/Rlin vitro. Pathological changes were evaluated with hematoxylin and eosin (H&E) staining, apoptosis
was measured using terminal deoxynucleotidy! transferase dUTP nick end labeling (TUNEL) staining and flow
cytometry, and inflammatory factors were assessed using enzyme-linked immunosorbent assay (ELISA).
Protein expression was detected using western blot or immunofluorescence.

Results. Our results indicated that SS attenuated CI/RI by improving neurologic deficits and reducing brain
edema. Moreover, SS treatment blocked apoptosis and inflammation and enhanced autophagy in MCAO
rats. Schaftoside was found to amplify the activation of adenosine monophosphate-activated protein kinase
(AMPK)/mammalian target of rapamycin (mTOR) pathway induced by MCAQ. Similarly, S pretreatment
increased cell viability and autophagy, and reduced apoptosis and inflammation in 0GD/R-induced HT22 cells.
The OGD/R enlarges the p-AMPK/AMPK ratio while restricting the p-mTOR/mTOR ratio, and it was found
that SS further enhanced the effect of 0GD/R on the AMPK/mIOR pathway. Rapamycin promoted the effect
of SS on 0GD/R-induced HT22 cells, while compound C produced the opposite results. Mechanistically, SS
promoted autophagy and reduced apoptosis and inflammation through the requlation of the AMPK/mTOR
signaling pathway.

Conclusions. The obtained results showed that S protected against CI/RI through an autophagy-mediated
AMPK/mTOR pathway when accessed in vitro and in vivo.

Key words: apoptosis, autophagy, inflammation, cerebral ischemia-reperfusion injury, schaftoside
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Background

Stroke is a central nervous system disease resulting
from an acute cerebral blood circulation disorder caused
by stenosis, occlusion or rupture of internal cerebral ar-
teries.? Based on the pathogeny, strokes are divided into
ischemic or hemorrhagic, in which ischemic strokes ac-
count for about 80% of total strokes.®> The 2019 Global
Stroke Statistics reported that the incidence of strokes was
ranked first in China.* So far, there are no desirable drugs
or strategies for the treatment of ischemic stroke. Cur-
rent stroke treatment strategies include drug thromboly-
sis, mechanical thrombolysis, intravascular surgery, and
the use of neuroprotective agents.>¢ So far, recombinant
tissue plasminogen activators (rtPAs), such as alteplase
and reteplase, are the only drugs approved by the Food
and Drug Administration (FDA) for the treatment of isch-
emic stroke.” However, due to the narrow treatment time
window (3—4.5 h) of rtPAs and their serious adverse reac-
tions, especially on the brain tissue injury caused by re-
canalization after thrombolysis by inducing a cerebral
ischemia-reperfusion injury (CI/RI), the clinical applica-
tion of rtPAs is limited.® The CI/RI s considered to be cell
damage caused by cerebral ischemia. When blood supply
is restored, the oxygen supply is enhanced and the damage
to brain cells is exacerbated, resulting in further deteriora-
tion caused by the disease.” In addition, the study revealed
that the ventromedial prefrontal cortex (vmPFC) is in-
volved in the acquisition of emotional conditioning (i.e.,
learning), and assessed how naturally occurring bilateral
lesion centered in the vmPFC compromises the genera-
tion of a conditioned psychophysiological response dur-
ing the acquisition of threat conditioning (i.e., emotional
learning).!%!! A recent study focused on the cognitive
symptoms (i.e., dysfunction in attention and emotion
perception) in neurologic and brain-damaged patients,
and highlighted the role of specific dysfunctional brain
regions, such as the amygdala and superior temporal sulcus
(STS), in the recognition and identification of nonverbal
communicative signals of emotion.!? The pathogenesis
of neuronal damage and impairment of brain areas af-
ter stroke involves an interaction of multiple factors and
pathways. Therefore, studying the pathogenesis of CI/RI
is conducive to developing safe and effective drugs aimed
at treating ischemic stroke.

It has been confirmed that CI/RI induces nerve cell in-
flammation and apoptosis or autophagy that results in neu-
rological dysfunction.'®-1¢ Autophagy is an important stress
response pathway of lysosomal degradation.!” Some studies
have shown that autophagy possesses a neuroprotective
effect in CI/RL!%! Melatonin can improve CI/RI in dia-
betic mice, and the underlying mechanism involves au-
tophagy enhancement mediated by SIRT1/BMALL sig-
naling.2’ Apoptosis is a kind of programmed cell death.
Moreover, autophagy could block the induction of apop-
tosis and reduce cell damage.?' Astragaloside IV has been

L. Zhang, M. Wu, Z. Chen. Schaftoside improved CI/RI

shown to protect against CI/RI through reducing apoptosis
by promoting autophagy.?? It has been reported that in-
flammation is enhanced in neurodegenerative diseases.?
Studies have shown that inhibiting neuroinflammation
is considered an important strategy for the prevention
of CI/RI1.2*?> Hence, nerve cell apoptosis, inflammation
and autophagy were analyzed in CI/RI in this paper.

Traditional Chinese medicine possesses numerous
medicinal animal and plant resources.?® Screening anti-
CI/RI drugs derived from traditional Chinese medicine
have the advantages of low toxicity and few side effects.?”?8
Schaftoside (SS) is a flavonoid found in a variety of Chinese
herbal medicines, such as Eleusine indica.?® Currently, SS
has a wide range of pharmacological activities, includ-
ing anti-inflammatory, antiviral and antioxidant proper-
ties, and the regulation of autophagy.® Polyphenols such
as resveratrol can potentially lead to autophagy in many
diseases.?®? It has been reported that the treatment with
SS in a-melanocyte-stimulating hormone (a-MSH)-treated
cells reduced the expression of tyrosinase and tyrosinase-
related protein 1 (TRP1), and activated autophagy.>’ How-
ever, the effects of SS on CI/RI are still unclear.

In this paper, middle cerebral artery occlusion (MCAO)
was used to simulate CI/RI in rats in vivo. Oxygen glucose
deprivation/reperfusion (OGD/R) of HT22 cells was used
to establish a cellular model of CI/RI in vitro. Subsequently,
whether SS could alleviate a CI/RI was explored in vivo and
in vitro. Moreover, the effects of SS on neuronal apoptosis,
inflammation and autophagy were explored. Our results
showed that SS activates the adenosine monophosphate-
activated protein kinase (AMPK)/mammalian target of ra-
pamycin (mTOR) pathway, thereby reducing apoptosis and
inflammation and inducing autophagy, thus improving
a CI/RL

Objectives

We aimed to explore whether SS could alleviate CI/RI
by reducing apoptosis and inflammation and inducing
autophagy through the activation of the AMPK/mTOR
pathway.

Materials and methods
Animal experiments

Male Sprague Dawley rats (200 g, n = 50) were ob-
tained from the Shanghai Experimental Animal Co.,
Ltd. (Shanghai, China). All rats were placed in the same
animal feeding facility (room temperature 18—-26°C, rela-
tive humidity 40-70%, ventilation 8—12 times per hour,
and light/dark cycles alternating every 12 h). As shown
in Table 1, the rats were randomly divided into 5 groups
(n = 10 in each group): 1) sham operation group (sham
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Table 1. The full scheme of animal experiment
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Sham (n = 10)
Control (n=10)

ig. physiological saline

ig. physiological saline

SS-L(n=10) ig. 50 mg/kg SS
SS-M (n=10) ig. 100 mg/kg SS
SS-H(nh=10) ig. 150 mg/kg SS

Sham ip. 120 mg/kg pentobarbital sodium
MCAO ip. 120 mg/kg pentobarbital sodium
MCAO ip. 120 mg/kg pentobarbital sodium
MCAO ip. 120 mg/kg pentobarbital sodium
MCAO ip. 120 mg/kg pentobarbital sodium

SS - schaftoside; SS-L - SS low-dose group; SS-M - SS medium-dose group; SS-H - SS high-dose group; MCAO — middle cerebral artery occlusion;

ig. — intragastrically; ip. — intraperitoneally.

group) — rats were treated by gavage with the same volume
of physiological saline 1 h before modeling; 2) MCAO
group — 1 h before modeling the same volume of physi-
ological saline was given by gavage; 3) SS low-dose group
(SS-L group) — 1 h before modeling the rats were treated
with 50 mg/kg SS by gavage; 4) SS medium-dose group
(SS-M group) — 1 h before modeling the rats were treated
with 100 mg/kg of SS by gavage; 5) SS high-dose group
(SS-H group) — 1 h before modeling the rats were treated
with 150 mg/kg of SS by gavage.?? Except for the sham
group, MCAO was performed. The rats were anesthe-
tized by intraperitoneal (ip.) injections of 10% chloral
hydrate (35 mg/kg), and then the left common carotid
artery (CCA), external carotid artery (ECA) and internal
carotid artery (ICA) were separated. Wires were hung
at the distal end and proximal end of the CCA and ECA for
standby. The ICA was temporarily clamped with an arte-
rial clamp, and the proximal CCA and ECA were ligated.
Then, we cut a small opening in the ECA 4 mm away from
the bifurcation of the CCA. A nylon suture was inserted
from the ECA to ICA and gently fastened to a wire that
was wound around the distal end of the CCA. The nylon
suture was gently pushed with tweezers until an insertion
depth of 18 mm was reached and slight resistance was
met. The nylon suture was firmly fastened to the wire
at the distal end of the CCA. One hour after the emboliza-
tion, the nylon suture was pulled out ligating the ECA and
opening the ICA and CCA. In the sham operation group,
a nylon suture was inserted at 5 mm depth to simulate
the above procedure. The animal experiments were per-
formed in accordance with the Guidelines for the Care and
Use of Laboratory Animals and approved by the Animal
Ethics Committee in Affiliated Hospital of Nanjing Uni-
versity of Traditional Chinese Medicine, Nanjing, China
(approval No. 2021 DW-09-02)

Neurological evaluation

After 24 h of modeling, a neurological evaluation
of the rats in each group was performed; the examiner
was blinded according to the Bederson’s method.3*
The rats were suspended 1 m above the ground by gently
holding their tails, and the bending of their forelimbs
was observed. Rats with forelimbs bilaterally extended

to the floor and no other neurological defects were given
ascore of 0. Rats with any amount of consistent forelimb
flexion and no other abnormality received a score of 1.
The rats were then placed on a large sheet of soft plas-
tic paper which they held onto tightly with their claws.
The tail of each rat was held and a slight lateral pressure
was applied from behind the rat’s shoulder until the fore-
limb slid a few inches. This was repeated several times
in each direction. Normal or slightly dysfunctional rats
had equal sliding resistance in both directions. However,
severely dysfunctional rats had a consistently reduced
resistance to the lateral push toward the paretic side and
received a score of 2. Next, the rats were allowed to move
freely and their circling behavior was observed. Rats that
circled to the paralytic side received a score of 3. These
experiments were repeated 3 times.

Hematoxylin and eosin staining

After 24 h of modeling, the rats were euthanized
by an injection of excessive anesthetic, and their hippo-
campal tissue was stripped. The hippocampal tissue was
fixed using 10% paraformaldehyde for 24 h, dehydrated
with increasing gradients of ethanol (50%, 70%, 85%, 95%,
100%), cleared with xylene for 2 h, embedded in paraffin,
and 4-um sections were obtained. The sections were then
soaked in 100%, 95%, 85%, and 75% ethanol solutions for
5 min each, washed with distilled water for 5 min, stained
with 2% hematoxylin for 5 min, stained with 0.5% eosin for
2 min, washed with distilled water for 30 s, soaked in 80%
ethanol for 30 s, soaked in 95% ethanol for 2 min, soaked
in absolute ethanol for 3 min, cleared for 3 min using xy-
lene, and then sealed with neutral resin. The hippocampal
tissue sections were observed using an light microscope
(model BX41; Olympus Corp., Tokyo, Japan). Each experi-
ment was repeated 3 times.

TUNEL staining

After dewaxing, the sections were treated in an oven
at 65°C for 30 min, soaked in xylene for 10 min, and then
soaked in decreasing gradients of ethanol (100%, 95%, 90%,
80%, 70%) for 3 min. The sections were treated with protease
K for 30 min and then with 3% H,O, for 10 min at room
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temperature in the dark. After cleaning with phosphate-
buffered saline (PBS) for 5 min, sections were incubated
in a terminal deoxynucleotidyl transferase (TdT) enzyme
buffer for 5 min and then placed in a wet box of TdT reaction
solution at 37°C for 1 h. The reaction was then terminated
using a termination reaction buffer. The 3,3'-diaminobenzi-
dine (DAB) was used for visualization at room temperature
for 10 min. The sections were then counterstained with
hematoxylin at room temperature. The number of termi-
nal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL)-positive cells (brownish yellow) was measured
using an light microscope (BX41; Olympus Corp.). The ex-
periment was repeated 3 times.

Brain water content

At 24 h after reperfusion, the brains of the rats were col-
lected after euthanasia and immediately weighed to obtain
the wet weight. The brains were then put in an oven (100°C)
for 72 h and weighed to obtain the dry weight. The brain
water content was calculated using the following formula:
(wet weight-dry weight)/wet weight x 100%. The experi-
ment was repeated 3 times.

Immunofluorescence

The sections were heated at 65°C for 30 min in a mi-
crowave oven, dehydrated with xylene and ethanol, and
then antigen repairing was performed using a microwave.
After blocking with bovine serum albumin (BSA), LC3 and
p62, antibodies were added to the sections and incubated
overnight at 4°C. After rinsing, fluorescent-labeled second-
ary antibodies were added, 4',6-diamidino-2-phenylindole
(DAPI) was added to stain the nucleus, and an anti-fluo-
rescence quenching agent was added to seal the sections.
The results were observed using a Leica TCS SP5 micro-
scope (Leica Microsystems, Wetzlar, Germany). The ex-
periment was repeated 3 times.

The cells were fixed with 4% paraformaldehyde for
15 min, then pretreated with 0.5% Triton X-100 at room
temperature for 20 min, sealed with goat serum for 30 min
at room temperature, incubated overnight with the cor-
responding primary antibody in a wet box at 4°C, and in-
cubated with the corresponding secondary antibody for
1 hin the dark at room temperature. Nuclear counterstain-
ing was performed by incubating the sections with DAPI
in the dark for 5 min. The sections were then sealed with
an anti-fluorescence quenching agent, and the results were
observed using a Leica TCS SP5 microscope (Leica Micro-
systems). The experiment was repeated 3 times.

Western blot

Hippocampal tissues and cells were lysed using radio-
immunoprecipitation assay (RIPA) lysate containing phe-
nylmethylsulfonyl fluoride (PMSF; Beyotime, Shanghai,
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China), and proteins were obtained by centrifugation
at 12,000 g for 15 min at 4°C. The protein content was
identified using a BCA detection kit (Beyotime). For each
group, 30 pg of protein were separated on a 10% sodium
dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) background and then blotted onto a polyvinyli-
dene difluoride (PVDF) membrane. The membranes were
blocked for 1 h using 5% skimmed milk powder at room
temperature and then incubated with the corresponding
primary antibody overnight at 4°C. Then, the membranes
were incubated with the corresponding secondary anti-
body for 2 h at room temperature. ImageJ software (Na-
tional Institutes of Health, Bethesda, USA; https://imagej.
nih.gov/ij/download.html) was used to quantify the protein
bands, and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was used as an internal control. The experiment
was repeated 3 times.

Cell culture and group

Mouse hippocampal neuron cell line HT22 cells were
obtained from the China Center for Type Culture Col-
lection at Wuhan University, Wuhan, China. The HT22
cells were cultured in a Dulbecco’s modified Eagle’s me-
dium (DMEM) containing 10% fetal bovine serum (FBS)
and 5% CO, in an incubator at 37°C. The HT22 cells
were then inoculated into 24-well plates at a concentra-
tion of 1 x 10°/mL. The cells were randomly divided into
a control group, OGD/R group, SS-L group, SS-M group,
and SS-H group. The cells were pretreated with SS (at con-
centrations of 0.1 pM, 0.5 uM and 1 uM)* for 24 h before
OGD/R. After 24 h of culturing, the cells in the OGD/R
group and SS treatment groups were cultured in DMEM
without glucose in a medium containing 95% N,/5% CO,
at 37°C. After 4 h, the cells were again incubated in DMEM
with glucose and returned to the conditions of 95% air/5%
CO, for 24 h at 37°C. The cells in the control group were
incubated in the culture conditions as described above.

CCK-8

The cells were inoculated into the 96-well plates using
a concentration of 8 x 10*/mL. After culturing for 24 h,
the medium was discarded and 110 pL of complete me-
dium containing 10% Cell Counting Kit-8 (CCK-8) (Beyo-
time) were added to each well. The cells were incubated
for 2 h at 37°C. Next, the absorbance value at 450 nm was
measured using a microplate reader (Bio-Rad, Hercules,
USA). The experiment was repeated 3 times.

Flow cytometry

The cells were collected and fixed overnight at 4°C using
precooled 75% ethanol. The ethanol was then removed
by centrifugation (1000 rpm, 5 min), and the cells were
washed 3 times using PBS. The cells were then mixed with
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5 pL of Annexin V/FITC and 10 pL of propidium iodide
solution (20 pug/mL), and the degree of apoptosis was mea-
sured using a BD FACSCalibur™ Flow Cytometer (BD
Biosciences, Franklin Lakes, USA) within 1 h of adding
the mixture. The experiment was repeated 3 times.

ELISA

After adjusting the cell concentration to 8 x 10*/mL,
the cells were inoculated onto 96-well plates and cultured
at 37°C for 24 h in a 5% CO, incubator. After the treatment
of the cell as previously described, the cell supernatant was
collected using centrifugation at 5000 rpm for 10 min.
The amount of interleukin (IL)-1f, tumor necrosis factor
alpha (TNF-a) and IL-6 was measured according to the in-
structions of the corresponding kit (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China). The experiment
was repeated 3 times.

The animal serum was separated using centrifugation
at 3000 rpm for 10 min. The amount of IL-1B, TNF-a and
IL-6 in the serum of each group was detected according
to the instructions to the corresponding kit. The experi-
ment was repeated 3 times.

Statistical analyses

The data from each group were analyzed statistically
using GraphPad Prism v. 5.0 (GraphPad Software, San
Diego, USA). The measurement data were reported
as the mean + standard deviation (x +SD). The normal-
ity of the distribution was tested using the Shapiro—Wilk
test. Since all the distributions were normal, the Brown—
Forsythe test was used to establish the equality of vari-
ances, and then significant differences between multiple
groups were analyzed using a one-way analysis of variance
(ANOVA), followed by Tukey’s post hoc test. When the test
standard had a value of p < 0.05, the difference was con-
sidered statistically significant. The results of the assump-
tions of the verifying tests and the results of the analyses
are presented in the Supplementary Table (https://doi.
org/10.5281/zenodo.6838287).

Results

SS treatment alleviated CI/RI and reduced
apoptosis and inflammation in MCAO rats

The ability of SS to alleviate CI/RI was investigated
in rats. The results of hematoxylin and eosin (H&E) stain-
ing showed that compared to the sham group, the MCAO
group exhibited obvious interstitial edema, brain tissue
structure disorder, partial cell necrosis, and increased in-
flammatory cell infiltration (Fig. 1A). However, compared
to the MCAO group, the degree of brain tissue necrosis
was reduced, cell structure was maintained, interstitial
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edema was mild, and inflammation was reduced in the SS
treatment groups, and the improvement effect was dose-
dependent (Fig. 1A). Compared to the sham group,
the neurological score of the MCAO group significantly
increased (p < 0.05; Fig. 1B). However, the treatment with
SS effectively alleviated the MCAO-induced neurological
deficit observed in the rats (p < 0.05; Fig. 1B). The brain
edema seen in the MCAQ group was more serious than
in the sham group (p < 0.05), and the administration of SS
significantly reduced the brain edema observed in MCAO
rats (p < 0.05; Fig. 1C). The effects of SS on apoptosis and
inflammation were explored in MCAO rats. The results
of the TUNEL assay indicated that MCAO increased
the number of apoptosis-positive cells in the hippocam-
pus, and SS inhibited the MCAO-induced apoptosis
(Fig. 1D). The results of the enzyme-linked immunosor-
bent assay (ELISA) assay showed that MCAO upregulated
the amount of the inflammatory factors IL-1B, TNF-«
and IL-6 in rat serum (p < 0.05). The treatment using SS
reduced the levels of the inflammatory factors (p < 0.05,
Fig. 1E,G). Therefore, SS treatment protected against
CI/RI in MCAQO rats.

SS enhanced autophagy and regulated
the AMPK/mTOR pathway in MCAO rats

To evaluate the role of SS in the regulation of autophagy
during CI/RI, the expression of autophagy markers LC3
and p62 was detected with immunofluorescence staining
and western blot. The expression of LC3 in the hippocam-
pus was increased by the MCAO, while the expression
of p62 was decreased (Fig. 2A). The expression of LC3 was
further enhanced and the expression of p62 was further
decreased after SS treatment (Fig. 2A). In addition, MCAO
also increased the LC3II/LC3I ratio and decreased p62
levels (p < 0.05). Similarly, the administration of SS further
promoted the effects of the MCAO on the LC3II/LC3I ratio
and the expression of p62 (p < 0.05, Fig. 2B—D). The AMPK/
mTOR pathway plays an important role in the regulation
of CI/RI.% Next, the regulatory effects of SS on the AMPK/
mTOR pathway were assessed in the MCAO rats. Mid-
dle cerebral artery occlusion stimulated an increase
in the p-AMPK/AMPK ratio and decreased the p-mTOR/
mTOR ratio (p < 0.05, Fig. 2B,E,F). The above effects
were significantly increased by SS treatment (p < 0.05,
Fig. 2B,E F). Therefore, SS enhanced autophagy and regu-
lated the AMPK/mTOR pathway in MCAO rats.

SS attenuated OGD/R-induced
HT22 cell injury

The effects of SS on OGD/R-induced HT22 injury were
explored. Schaftoside (<1 uM) was not cytotoxic to HT22
cells (p < 0.05, Fig. 3A). Our results showed that OGD/R
reduced the viability of HT22 cells, and pretreatment with
SS weakened this effect (p < 0.05, Fig. 3B). In addition, SS


https://doi.org/10.5281/zenodo.6838287
https://doi.org/10.5281/zenodo.6838287

1348

L. Zhang, M. Wu, Z. Chen. Schaftoside improved CI/RI

MCAO

SS-L

B 4 C 90

@ " = ok

LT :  #

E 1T T

g . &, § 70 ;#i

c

+
7 ham MCAO SS._sm_seH T eham MCAO S3-L_SSM SSH
D MCAO MCAO MCAO
sham MCAO SS-L SS-M SS-H

TUNEL

200+

jry *k ary i ok

E 150 in E 200 w2a

E) # 2 #
£ = = 150 A
T 100 # ]

E VE ## 2 1004

< 50- e u.?

4 Z 50 whe

1000

800
. ##
600 fivid

400 ,ﬁ

#H
=

IL-6 level [pg/mL]

200 oo

o
0

T T T T T 0
sham MCAO SS-L S§S-M SS-H
MCAO

T T T T T
sham MCAO SS-L SS-M SS-H
MCAO

T T T T T
sham MCAO SS-L S§S-M SS-H
MCAO
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SS-L - schaftoside low-dose group; SS-M — schaftoside medium-dose group; SS-H — schaftoside high-dose group; **p < 0.01 compared to sham group;

##p < 0.01 compared to the MCAO group.

treatment significantly alleviated OGD/R-induced apopto-
sis and inflammation in HT22 cells (p < 0.05, Fig. 3C-Q).
Besides, the immunofluorescence results illustrated that
SS enhances OGD/R-induced autophagy in HT22 cells,
which was demonstrated by the upregulation of LC3 levels
(Fig. 4A). Moreover, after HT22 cells underwent OGD/R,
the ratio of LC3II/LC3I was markedly increased (p < 0.05),
while the expression of p62 was reduced (p < 0.05,
Fig. 4B-D). The SS-induced LC3II/LC3I ratio was higher
and the p62 level was lower than those in the OGD/R group
(p <0.05, Fig. 4B-D). Besides, SS treatment enhanced the p-
AMPK/AMPK ratio and weakened the p-mTOR/mTOR
ratio in OGD/R-induced HT22 cells (p < 0.05, Fig. 4B,E,F).
These findings suggest that SS can reduce OGD/R-induced
HT?22 cell injury, and the AMPK/mTOR pathway may par-
ticipate in the effects of SS on CI/RIL

SS improved the growth of HT22 cells
by activating the AMPK/mTOR pathway

The mechanism of SS protection of HT22 cells was ex-
plored. To further determine the role of the AMPK/mTOR
pathway in HT22 cells against OGD/R, the AMPK inhibi-
tor compound C and mTOR inhibitor rapamycin were
used. Schaftoside-induced inhibition of apoptosis and in-
flammation in HT22 cells against OGD/R were enhanced
by rapamycin and blocked by compound C (p < 0.05,
Fig. 5A-D). Rapamycin amplified SS-induced autophagy
by reducing the LC3II/LC3I and p-mTOR/mTOR ratios,
and upregulating p62 levels (p < 0.05). However, compound
C showed the opposite effect (p < 0.05, Fig. 5F-]). There-
fore, SS prevented HT22 cell injury induced by OGD/R
by activating the AMPK/mTOR pathway.
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compared to the MCAO group.

Discussion

Stroke is the leading cause of death and neurological
dysfunction and places a heavy financial burden on the vic-
tims and health systems around the world. Previous stud-
ies have confirmed that CI/RI can lead to vascular injury,
blood-brain barrier damage and a series of effects on neu-
ronal injury. However, there is still a lot of work to be done
to reduce the adverse effects of CI/RI. Despite continuous
efforts to develop new treatment strategies (such as nonin-
vasive brain stimulation techniques (NIBS)37-%°), there are
no effective treatment schemes for CI/RI. This study ex-
plored the potential neuroprotective effects of SS on brain
I/R injuries and its mechanism.

Middle cerebral artery occlusion is a stable animal model
for focal transient cerebral ischemia which is similar to hu-
man cerebral ischemia.*’ Therefore, MCAQ is widely used
in research on stroke pathology and neuroprotective drug
screenings.” Neuronal death caused by CI/RI can lead
to serious neurological deficits and cognitive impair-
ments. After ischemia, the nutritional supply to neurons
is blocked, including oxygen and glucose which play an im-
portant role in the growth of neurons.*? Therefore, OGD/R-
induced neuronal injury is used to simulate CI/RI in vitro.%®
In our study, we explored the effects of SS on CI/RI through
an in vivo model of MCAO rats and the in vitro model
of OGD/R-induced HT22 cells. Our findings suggested
that SS reduced neuronal apoptosis and inflammation and
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promoted autophagy in MCAO rats and OGD/R-induced
HT22 cells, and ist action was related to the activation
of the AMPK/mTOR signaling pathway.

Apoptosis, also known as programmed cell death, is a pro-
cess leading to cell death triggered by internal and external
factors.** In recent years, scholars have found that CI/RI
is closely related to apoptosis.*>4® In addition, previous stud-
ies have confirmed that CI/RI causes inflammation, and re-
ducing neuroinflammation is considered to be an important
strategy to prevent CI/RL**8 The upregulation of TREM2
can alleviate neurological dysfunction by inhibiting the in-
flammatory response and neuronal apoptosis in MCAO
mice.* It was found that magnolol reduced the production
of inflammatory factors and the expression and secretion

of normal T cells in rats, and reduced brain injury in a rat
I/R model.>° Sappanone A effectively mitigated pathologic
injury following cerebral infarction by reducing inflam-
mation, oxidative stress and apoptosis in MCAO rats and
OGD/R-induced PC12 cells.*! Stigmasterol inhibits inflam-
mation by regulating cyclooxygenase-2 (COX-2) and NF-kB
(p65) expression and attenuates apoptosis by increasing
the Bcl-2/Bax ratio and decreasing cleaved caspase-3 levels
in rats with CI/RL°2 Similarly, our results indicate that SS
can inhibit apoptosis and inflammation in MCAO rats and
OGD/R-induced HT22 cells.

Autophagy is a complex cellular metabolic process.>
It is used as a metabolic self-defense process that differs
from necrosis and apoptosis.®* Autophagy is a complex
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using western blot

SS-L - schaftoside low-dose group; SS-M — schaftoside medium-dose group; SS-H - schaftoside high-dose group; DAPI - 4',6-diamidino-2-phenylindole;
GAPDH - glyceraldehyde-3-phosphate dehydrogenase; **p < 0.01 compared to the control group; ##p < 0.01 compared to the OGD/R group.

dynamic reaction, in which LC3 plays a significant role.>
The transformation of LC3I to LC3II is considered to be
a marker of autophagy.>® The p62, as the substrate of au-
tophagy, combines with LC3 and is degraded through
a lysosomal pathway. It also plays a role in regulating
autophagy.®” Some scholars believe that autophagy plays
a neuroprotective role in CI/RL.>® Resveratrol inhibited
the expression of NLRP3 proteins and their downstream
inflammatory factors by activating the SIRT-autophagy
pathway, and played a protective role in CI/RL5> Ibruti-
nib reduced cerebral infarction volume, alleviated neuro-
logical impairment and CI/RI, and promoted autophagy
by activating the PI3K/AKT/mTOR pathway in diabetic
mice.®® The results of our study confirmed that SS in-
creases the LC3II/LC3I ratio and decreases p62 expres-
sion in MCAO rats and OGD/R-induced HT22 cells, which
suggests an increase in autophagic flux.

To study the molecular mechanism of SSin CI/RI, the AMPK/
mTOR signaling pathway was evaluated. The AMPK is a ser-
ine/threonine protein kinase which is a key energy sensor

to maintain metabolic homeostasis and has been proven to in-
duce the activation of autophagy.®-> The mTOR is an impor-
tant signaling molecule downstream from AMPK that plays
anegative regulatory role in autophagy.®4 Eugenol enhanced
autophagy via regulation of the AMPK/mTOR pathway, and
inhibited apoptosis in MCAO rats and OGD/R-induced HT22
cells.®® Remote limb biochemical postconditioning (RLPoC)
played a neuroprotective role by activating the AMPK sig-
naling pathway to induce autophagy.®® These studies have
confirmed that the AMPK/mTOR signaling pathway is also
involved in the regulation of inflammation and apoptosis.*”¢8
Tissue-type plasminogen activator (tPA) exerted neuropro-
tective effects by increasing the phosphorylation of AMPK,
thereby inhibiting apoptosis and improving mitochondrial
function.® Dexmedetomidine improved neuroinflammation
in rats by activating the AMPK signaling pathway.”® In our
study, the phosphorylation of AMPK was enhanced and
the phosphorylation of mTOR was reduced in MCAO rats
and OGD/R-induced HT22 cells, which was amplified by SS.
Compound C (AMPK inhibitor) and rapamycin (mTOR
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Fig. 5. Schaftoside (SS)-amplified autophagy and reduced apoptosis and inflammation through the regulation of the adenosine monophosphate-activated
protein kinase (AMPK)/mammalian target of rapamycin (mTOR) pathway in oxygen glucose deprivation/reperfusion (OGD/R)-induced HT22 cells. A,B. Cell
apoptosis was measured using flow cytometry; C-E. Inflammation factors (interleukin (IL)-13, tumor necrosis factor alpha (TNF-a) and IL-6) were measured
using enzyme-linked immunosorbent assay (ELISA); F-J. Related proteins of autophagy (LC3, p62) and the AMPK/mTOR pathway (AMPK, p-AMPK, mTOR,

p-mTOR) were assessed with western blot

GAPDH - glyceraldehyde-3-phosphate dehydrogenase; **p < 0.01 compared to the OGD/R group; #p < 0.05 compared to the SS+OGD/R group; ##p < 0.01

compared to the SS+OGD/R group.
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inhibitor) were used in our study. Our previous studies have
demonstrated that SS reduced apoptosis and inflammation
and promoted autophagy to resist CI/RL. Our results further
confirmed that rapamycin enhances the protective effects
of SS in CI/RI, but compound C reverses the beneficial ef-
fects of SS in CI/RL

Limitations

There are some limitations in our study. Although
we evaluated the protective effect of pretreatment with
SS in CI/RI the time window of the protective effects of SS
needs to be investigated. In addition, whether SS could
reduce CI/RI through the regulation of other signaling
pathways requires further research.

Conclusions

Our study demonstrated that SS protected against CI/RI
by inhibiting apoptosis and inflammation and promot-
ing the activation of autophagy. The protective role of SS
in CI/RI may be a result of the activation of the AMPK/
mTOR signaling pathway. Our findings provide better
insight into the function of SS in CI/RI, which could con-
tribute to the clinical treatment of stroke.

Supplementary files

The data concerning verification of assumptions for
the application of the ANOVA through ANOVA test and
post hoc test with p-values are available at https://doi.
org/10.5281/zenodo.6838287.
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Abstract

Background. Anastomotic leakage (AL) following rectal surgery is associated with increased mortality and
morbidity. Neoadjuvant radiotherapy disrupts the wound healing process in rectal surgery.

Objectives. To evaluate the effects of intra-rectal ozone application on rectal anastomoses after radiotherapy.

Materials and methods. This study was performed on animals. Thirty-two male Wistar rats were randomly
divided into 4 groups: control group, ozone group, radiotherapy group, and radiotherapy/ozone group. Ozone
was administered intrarectally in the ozone group and water was administered intrarectally in rthe control
group for 5 days. The radiotherapy group received 20 Gy of pelvic radiotherapy. The radiotherapy/ozone group
received 20 Gy of pelvic radiotherapy after the administration of ozone. Afterward, colon resection followed
by an anastomosis were performed under general anesthesia in all groups. Anastomotic segments were
resected to evaluate tissue hydroxyproline (HYP) and myeloperoxidase (MPO) levels, perform a histological
evaluation, and measure bursting pressure.

Results. There were no statistically significant differences between groups regarding tissue MPO levels
(p = 0.55). Tissue HYP levels were significantly decreased in the radiotherapy group (p = 0.04). Bursting
pressure was found to be significantly lower in the radiotherapy group (p < 0.05). No significant differences
were found between adhesion scores in the control and ozone groups. Exudate formation was significantly
lower in the radiotherapy group (p < 0.05). The lowest macrophage scores were found in the radiotherapy
group (p < 0.05). Fibroblast scores were the highest in the control group and the lowest in the radiotherapy
group (p < 0.05).

Conclusions. Intra-rectal ozone application significantly improved the anastomotic healing process after
radiation exposure.

Key words: colon anastomosis, 0zone, radiotherapy, anastomotic leakage, rectal administration
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Background

Anastomoses are vital steps in colorectal cancer surgery
since anastomotic failures can lead to drawbacks such
as increased morbidity, increased mortality and poten-
tially worse oncological outcomes.! Anastomotic leakage
(AL) after colorectal surgery has been reported to occur
at a rate of 3-12% in prospective studies.> Preoperative
radiotherapy is a risk factor for AL.* Poor blood supply and
decreased oxygen delivery lead to hypoxia and have been
blamed for the increased risk of AL.> After radiotherapy,
ischemia leads to oxidative stress and increased production
of free oxygen radicals that are the main destructive factor.®
The overexpression of factors such as tissue growth factor p,
vascular endothelial growth factor, tumor necrosis factor,
and pro-inflammatory cytokines after radiation lead to un-
controlled matrix accumulation.” The uncontrolled matrix
accumulation results in fibrosis, AL or a stricture.” In order
to decrease the deleterious effects of radiotherapy, several
agents such as glutamine, steroid, sucralfate, and N-acetyl-
cysteine have been used.®® The aim of using these agents
is to improve wound healing by decreasing inflammation
and hypoxia. Successful anastomotic healing includes not
only histological healing but also the ability of the previously
injured bowel to withstand tensile forces. If sufficient tissue
strength cannot be restored, the anastomosis may burst
upon a challenge with intraluminal pressure.

Ozone, chemically known as Os, is made up of 3 oxygen
atoms and has several functions such as being antimicro-
bial, antioxidative, regulating the immune response, and
causing epigenetic modifications.® Oxidative precondi-
tioning by ozone shows its protective effects against free
radicals.!! Ozone promotes macrophage activity and ac-
celerates epithelialization in the colon.!! The increased epi-
thelialization after ozone administration has been shown
to be beneficial in trophic ulcers, burns, gingivitis, and
furunculosis.® The main mechanisms of ozone in wound
healing are attributed to its local antioxidant properties
and ability to promote tissue repair. The ozone has been
administered via different routes such as intravenous, in-
tra-arterial, subcutaneous, intramuscular, intra-articular,
and via an enema.!? An ozone enema induces a significant
increase in mucosal prostaglandin E, production during
the early period and increases nitric oxide synthase ac-
tivity during the later period. However, the amount and
concentration of ozone in the enema are very important.

Objectives

This study aimed to show the protective effects of rec-
tal ozone administration on colon anastomoses following
radiotherapy. This study is the first experimental study
evaluating rectal O; administration. The relationship be-
tween ozone therapy and radiotherapy is a new area for
future clinical and experimental studies.

T.U. Yilmaz. Rectal ozone administration after radiotherapy

Materials and methods

The experiment was approved by the Animal Ethics
Committee at The University of Kocaeli, Turkey (approval
No. 10/2-2015). The National Institutes of Health (NIH)
Guidelines for the Care and Use of Laboratory Animals
were followed in handling of all animals.

Ozone

An ozone generator (Bozon N; Econica, Odessa,
Ukraine) was used for producing ozone at a dose of 20 pg/
mL. The injected mixture had a total volume of 2.5 mL.
Five ozone applications performed once daily were used
to achieve oxidative preconditioning. The flow rate of O;
was maintained at 2 L/min. The gas mixture was com-
posed of 96% O, and 4% Os. Intra-rectal ozone applica-
tions were performed using 16 gauge silicone catheters
that were inserted in the anus under sedation (using ether).
The catheters were kept closed for 5 min after injection
and then removed.

Animals and experiment

Thirty-two male Wistar rats weighing 300—-450 g were
housed individually in cages and given free access to regu-
lar rat meal and water both before and after the experi-
ment. The animal rooms had no windows and were con-
trolled for temperature (23 +2°C) and light (12 h day and
12 h night). The rats were divided into 4 groups: control
group, ozone group, radiotherapy group, and radiotherapy/
ozone group. They were anesthetized with 100 mg/kg
ketamine (Ketalar; Parke Davis Co. Inc., New Jersey, USA)
and 5 mg/kg xylazine (Rompun; Bayer AG, Leverkusen,
Germany) administrated intraperitoneally. The laparot-
omy procedure was performed through a standard 4-cm
midline incision. A 1-cm resection of the left colon was
performed from 2 to 3 cm above the peritoneal reflection.
The continuity of the bowel was restored with an end-
to-end anastomosis using 8—10 interrupted 6-0 mono-
filament Prolene sutures (Ethicon Ltd., Edinburgh, UK).
Running sutures were used for abdominal and skin closure
of the rats. The rats were euthanized with intracardiac
blood collection.

In the control group, the intra-rectal water administra-
tion was performed for 5 days under ether sedation. After-
ward, colon resection and anastomosis were performed.
Five days after the colon resection and anastomosis,
the rats were anesthetized for in vivo analytic procedures.

In the ozone group, the intra-rectal ozone administra-
tion was performed for 5 days under ether sedation. Five
days after the last administration of ozone, the animals
were anesthetized for colon resection and anastomosis.
Five days after colon resection and anastomosis, the rats
were anesthetized for in vivo analytic procedures. For
in vitro analytic procedures, the animals were euthanized.
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In the radiotherapy group, the animals underwent ether
sedations for 5 days. Five days after the last sedation,
the rats underwent radiotherapy. While under anesthe-
sia, each rat was placed in prone position on a styrofoam
board. For radiotherapy planning, a volumetric computed
tomography (CT) scan was obtained using a CT scanner
(SOMATOM Definition AS; Siemens, Munich, Germany).
The rectum was contoured in its entirety to define the crit-
ical target volume (CTV) with uniform margins of 3 mm
added in each direction in order to define the planning
target volume (PTV). An isocentric technique was used
to deliver a dose of 20 Gy using opposed anterior and pos-
terior portals on a linear accelerator (Oncor; Siemens) with
6 Mv photons. Five days after radiotherapy, the animals
were anesthetized for colon resection and anastomosis.
Five days after colon resection and anastomosis, the rats
were anesthetized for in vivo analytic procedures. For
in vitro analytic methods, the animals were euthanized.

In the radiotherapy/ozone group, the intra-rectal
ozone administration was performed for 5 days under
ether sedation. Five days after the last administration
of ozone, the animals underwent radiotherapy treatments
as described above. Five days after radiotherapy, the ani-
mals were anesthetized for colon resection and anasto-
mosis. Five days after colon resection and anastomosis,
the rats were anesthetized for in vivo analytic procedures.
For in vitro analytic methods, the animals were euthanized.

Analytic procedures

The existence of infection, dehiscence and intra-ab-
dominal adhesions were regarded as complications. For
grading intra-abdominal adhesions, the method described
by Knightly et al. was used.'® A grade of 0 indicated no ad-
hesion; grade 1 — a single, thin, easily separable adhesion;
grade 2 — less extensive but weak adhesions that withstood
traction poorly; and grade 3 — numerous extensive visceral
adhesions that involved the adjacent abdominal wall. Poly-
propylene sutures were used to identify the anastomotic
line. Without removing adhesions, the burst pressure (BP)
was measured in situ. The BP of each anastomosis was mea-
sured with a fluid pump (B. Braun, Frankfurt, Germany)
working at 5 mL/min and a pressure transducer (Abbot
Monitoring Kit Transpac II; Abbott Ireland Ltd., Sligo,
Ireland) to determine the strength of the anastomosis. Co-
lonic segments of at least 2 cm were prepared separately
from the anastomosis. The infusion pump was inserted
in the proximal part of the bowel segment using a 6-Fr
catheter and the distal part was occluded using a 2-0 silk
suture to avoid any air or fluid leak. Fluid was transferred
from the catheter at a speed of 30 mL/h. The pressure was
observed and leakage was viewed using a magnifying lens
and identified by a sudden loss of pressure. After mea-
suring the BP, the rats were euthanized. The anastomosis
segment of the colon was resected. Half of the segment
was fixed in 10% formaldehyde and embedded in paraffin.
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The other half was frozen for a subsequent determination
of collagen content by hydroxyproline (HYP) measure-
ments. Hydroxyproline measurements were performed
using an enzyme-linked immunosorbent assay (ELISA)
kit (Elabscience Biotechnology, Houston, USA) and the re-
sults were provided in ng/mg.!* Myeloperoxidase (MPO)
activity was measured by means of an ELISA kit (Hycult
Biotech, Uden, the Netherlands) and the results were pro-
vided in ng/100 mg.'®

After staining with hematoxylin and eosin (H&E),
the anastomosis was evaluated histologically in a blinded
fashion using the histological scoring described by de Roy
van Zuidewijn et al.’® The apposition of the wound edges
of the mucosa and the muscularis mucosa were graded
as 1 — good, 2 — moderate and 3 — poor to control for
the surgical technique. The epithelialization of the wound
healing procedure and the re-epithelialization of the mu-
cosa were examined using a 7-point scale ranging from
1 — none to 7 — normal glandular mucosa. The regenera-
tion of the muscularis propria was considered positive
or negative (point scale, 1 = +, 2 = —). Other histological
aspects such as necrosis, inflammatory exudate, granula-
tion tissue, and the degree of granulocytes, macrophages
and fibroblasts in the granulation tissue were evaluated.
The histological parameters mentioned above were evalu-
ated on a 4-point scale, as follows: 0 — negative, 1 — low,
2 — moderate, and 3 — high. Adhesion scoring was graded
as 0 — weak adhesion, 1 — easily separable adhesion,
2 — moderate adhesion, and 3 — strong adhesion.

Statistical analyses

The statistical analysis was performed using IBM SPSS
v. 22.0 software (IBM Corp., Armonk, USA). The Shap-
iro—Wilk test was used to determine whether the data
fit a normal distribution. The Levene’s statistic was used
to assess the homogeneity of variance. A value of p > 0.05
was considered homogeneous (Table 1). One-way analysis
of variance (ANOVA) was used to compare data with nor-
mal distribution. The Tukey’s post hoc test was used for
pairwise comparisons of the groups. Continuous variables
showing non-normal distribution were compared using
the Kruskal-Wallis test. A value of p < 0.05 was considered
statistically significant for each test. For group compari-
sons, the Mann—Whitney U test with a Bonferroni correc-
tion was used. After the correction, a value of p < 0.0083
was considered statistically significant.

Results

All of the rats survived the surgery. As seen in Table 2,
Fig. 1 and Fig. 2, the tissue MPO and HYP levels in the ra-
diotherapy group were lower than in the other groups.
Myeloperoxidase and HYP values were compared between
the 4 groups using a one-way ANOVA test. There was
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Table 1. Variance homogeneity of MPO, HYP and burst pressure

Variables Levene’'s statistic
MPO levels 1.830
HYP levels 2.025
Burst pressure 2.187

3 31 0.167*
3 31 0.135*
3 31 0.112*

*p > 0.05 was considered sufficient for assumption of homogeneity of variance. MPO — myeloperoxidase; HYP — hydroxyproline; df — degrees of freedom.

Table 2. One-way analysis of variance (ANOVA) and post hoc Tukey's test of MPO and HYP values by groups

Dependent
variable

Group (I) ‘ F

control

ozone

MPO 4.686 31

radiotherapy

radiotherapy/ozone

control

ozone

HYP 2.320 31

radiotherapy

radiotherapy/ozone

Average
‘ difference (I-J) p-value
ozone 68.65 0.621
radiotherapy 110.24 0.064
radiotherapy/ozone —33.23 0428
control —68.65 0.624
radiotherapy 41.59 0.107
radiotherapy/ozone —-101.88 0.996
control —110.24 0.064
ozone —41.59 0.103
radiotherapy/ozone —14347 0.153
control 3323 0424
ozone 101.88 0.997
radiotherapy 14347 0.158
ozone 2067 0472
radiotherapy 498.46 0.000
radiotherapy/ozone —88.67 0.771
control —20.67 0479
radiotherapy 477.79 0.000
radiotherapy/ozone —109.34 0.094
control —498.46 0.000
ozone -477.79 0.000
radiotherapy/ozone -587.13 0.000
control 88.67 0.776
ozone 109.34 0.098
radiotherapy 587.13 0.000

MPO - myeloperoxidase; HYP — hydroxyproline; | - group designated for comparison; J — other groups compared; df — degrees of freedom. Values in bold
show statistically significant differences between the groups. The value of p < 0.05 was considered sufficient for statistical significance.

no significant difference between MPO values between
the groups (F (4.686), df = 31, p = 0.554). However, there
was a statistically significant difference between HYP val-
ues (F (2.320), df = 31, p = 0.042). The Tukey’s post hoc test
revealed that there was a significant difference between
the radiotherapy and other groups in comparison to the bi-
nary groups (Table 2). The mean MPO levels + standard
deviation (SD) (ng/mg) in the control, ozone, radiother-
apy, and radiotherapy/ozone groups were 551.52 +104.55,
482.87 £141.07,441.28 +79.24, and 584.75 +374.77, respec-
tively. The mean HYP levels +SD (ng/mg) in the control,
ozone, radiotherapy, and radiotherapy/ozone groups were
1336.06 +169.56, 1315.39 +502.19, 837.60 +258.20, and
1424.73 +438.43, respectively.

Burst pressure values were compared between
the 4 groups using a one-way ANOVA test. There was
a statistically significant difference between BP values
in the 4 groups (F (50.442), df = 31, p = 0.000) (Table 3,
Fig. 3). The Tukey’s post hoc test showed that there was
a significant difference between the radiotherapy group
and other groups (Table 3). The mean burst pressures +SD
(mm Hg) in the control, ozone, radiotherapy, and radio-
therapy/ozone groups were 143.7 +22.43, 162.5 +36.47,
79.7 £13.79, and 123.3 +31.31, respectively.

The adhesion scores were found to be statistically signifi-
cant and lower in the control and ozone groups compared
to the other 2 groups (p < 0.05) (Table 4, Table 5).
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Fig. 1. Tissue myeloperoxidase (MPO) levels

rt — radiotherapy. An outlier was detected in 1 rat in the radiotherapy/
ozone group.
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Fig. 2. Tissue hydroxyproline (HYP) levels

rt — radiotherapy. Outliers were detected in 1 rat in each of the control,
ozone and radiotherapy groups.

Table 3. One-way analysis of variance (ANOVA) and post hoc Tukey's test of burst pressure values by groups

Dependent

Group (I) ‘ F

variable

control

0ozone

Burst pressure 50442 31

radiotherapy

radiotherapy/ozone

Gow | g | e

ozone -18.76 0.059
radiotherapy 63.95 0.000
radiotherapy/ozone 20.40 0.035
control 18.76 0.059
radiotherapy 82.71 0.004
radiotherapy/ozone 39.16 0.007
control —63.95 0.000
ozone -82.71 0.003
radiotherapy/ozone —-43.55 0.001
control —-20.40 0.035
ozone -39.16 0.000
radiotherapy 43.55 0.002

| - group designated for comparison; J — other groups compared; df — degrees of freedom. Values in bold show statistically significant differences between
the groups. The value of p < 0.05 was considered sufficient for statistical significance.

Upon histological evaluation of the groups, no tis-
sue necrosis was observed. The scores of inflammatory
exudate, macrophages, granulocytes, and fibroblasts
in the radiotherapy group were significantly lower than
those in the control group (Table 6, Table 7; p < 0.05). There
were no significant differences among the groups regard-
ing their tissue mucosa and muscularis propria apposition
levels (Table 8, Table 9). The wound healing scores, except
for the macrophage score of the radiotherapy/ozone and
ozone groups were higher than those of the radiotherapy
group but not statistically significant (Table 6). The macro-
phage scores of the radiotherapy/ozone group were signifi-
cantly higher than those in the radiotherapy group (Table 5;
p < 0.05). No statistically significant differences were found
between the regeneration scores and re-epithelialization
of the groups (Table 8, Table 10 and Table 11).

Discussion

Anastomosis is a complex process and one of the pivotal
steps in the success of colorectal surgery.! Anastomotic
wound healing is dynamic and involves multiple vari-
ables. Radiotherapy is a widely used treatment modality
in the treatment of rectal cancer. Despite its widespread
use, radiotherapy has many side effects.* Radiation has
shown a negative effect on anastomotic healing in experi-
mental and clinical studies.>*!” Reducing the side effects
of radiotherapy is one of the areas of interest in modern
medicine. Therefore, the effects of ozone therapy in rats
receiving radiotherapy are being investigated. Ozone ther-
apy is a trending modality due to its hemostatic effects
as well as its accelerating effects on tissue healing.!*12
A controlled administration of O3 can reduce the damage
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Fig. 3. Tissue burst pressure levels

rt — radiotherapy.

Table 5. Adhesion score frequencies of the groups

T.U. Yilmaz. Rectal ozone administration after radiotherapy

Table 4. Tissue adhesion scores*

Median and SD Adhesion
median (Q1-Q3) 1(0.25-0.75)
Control (n = 8)
SD 0.35
median (Q1-Q3) 25(2-3)
QOzone (N =8)
SD 0.54
median (Q1-Q3) 3(3-3)
Radiotherapy (n = 8)
SD 0.62
median (Q1-Q3) 3(3-3)
Radiotherapy/ozone (n = 8)
SD 0.74
X2 overall 24.861
df (total) overall 31
p-value overall 0.013
Q1 - 1%t quartile; Q3 - 3" quartile; SD - standard deviation; df — degrees

of freedom. * Kruskal-Wallis test was used and Mann- Whitney U test
with Bonferroni correction was performed as post hoc test. A value
of p < 0.0083 was considered sufficient for statistical significance.

Variable Control
0 2 (25%)
1 4 (50%)
Adhesion
2 2 (25%)
3 0

Radiotherapy

Radiotherapy/ozone

0 0 0
0 0 0
4 (50%) 0 0
4 (50%) 8 (100%) 8 (100%)

score 0 — weak adhesion; score 1 - easily separable adhesion; score 2 — moderate adhesion; score 3 - strong adhesion.

produced by reactive oxygen species (ROS) by maintaining
the adaptation to O3 oxidative preconditioning or stress.
Here, the effects of ozone therapy on colonic anastomosis
after radiotherapy were evaluated. For this reason, our
study is an O3 oxidative preconditioning study.

Anastomotic BP is one of the parameters that can show
the safety and durability of an anastomosis. It can also
provide information about the anastomotic collagen levels.
Cronin et al. reported that the anastomotic BP is related
to the collagen content.!® Burst pressure was found to be
significantly lower in the radiotherapy group compared
to the other groups (Table 3, Fig. 3). This finding points
to the negative effects of radiotherapy on anastomoses.
The administration of ozone eliminated the negative ef-
fects of radiotherapy.

Hydroxyproline is the most important amino acid in col-
lagen formation."” Different effects of radiotherapy on HYP
levels have been reported in the literature. While some stud-
ies have shown that radiotherapy reduces the levels of HYP,
others failed to show any relationship between radiotherapy
and HYP levels.2>2! In our study, the HYP level was lower
in the radiotherapy group, as expected. Significant differ-
ences were found between other groups (Table 2, Fig. 2).
The increased collagen synthesis with increased BP indi-
cates that rectal O; administration improves wound healing.

Radiotherapy has been shown to play an important role
in oxidative stress-related tissue toxicity and inflammation

by increasing free oxygen radicals.?? Under oxidative stress,
it has been shown that MPO is secreted from the lyso-
somes of leukocytes.?® Increased MPO activity causes tis-
sue damage.?*?* A reducing effect of ozone application
on MPO levels was not detected in our study (Table 2,
Fig. 1). Although the main mechanism of O; was thought
to be related to nitric oxide pathways and antioxidative
enzymes, our study did not provide any suggestion about
this mechanism.!! This might be a result of the adminis-
tration route.

On the 5t day, there was no significant difference be-
tween the groups in terms of mucosal re-epithelialization
and muscularis propria regeneration. Likewise, there was
no significant difference between the groups in terms
of their apposition scores (Table 8). These results show that
epithelialization and regeneration are neither positively nor
negatively affected by radiotherapy and ozone (Table 8).
This shows that the dose of radiotherapy was suitable and
the concentration of O3 was not toxic. The most impor-
tant parameter for the healing of mucosa and muscularis
propria layers is the quality of the anastomosis technique.!
In our study, all anastomoses were performed by a sin-
gle investigator. No significant differences in adhesion
scores were found in the control and ozone groups com-
pared to the radiotherapy and radiotherapy/ozone groups
(Table 5). The application of ozone might increase inflam-
mation and accelerate the formation of tissue adhesions.
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Table 6. Comparison of histological scores by groups*

Granulation Inflammatory

Median and SD Necrosis . ‘ Macrophages Granulocytes Fibroblasts
tissue exudate
median (Q1-Q3) 0 (0-0) 1(1-1) 0.5 (0-1) 2 (2-2.75) 1(1-1.75) 2 (2-2.75)
Control (n=8)
SD 0 0.51 0.53 0.69 0.64 0.69
median (Q1-Q3) 0(0-0.75) 1(1-2) 1(0.25-2) 2(1.25-2) 2(2-3) 2(2-2)
Ozone (n=8)
SD 037 0.53 0.75 048 048 037
median (Q1-Q3) 0 (0-0) 2(1-2) 2.5(2-3) 0.5 (0-1) 2 (2-2.75) 1(1-1)
Radiotherapy (n = 8)
SD 035 037 0.54 0.53 037 0.35
Radiotherapy/ median (Q1-Q3) 0(0-0) 1(1-1.75) 2(1-2) 2(1-2) 2(1.25-2) 2(1-2)
ozone (n =8) D 0 046 046 070 046 051
X overall 2214 8.402 18.850 16.607 10.044 12.732
df (total) overall 31 31 31 31 31 31
p-value overall 0574 0.032%*a 0.000%**a,b,e 0.000%**a,c,d 0.000%**d 0.000%*a

Q1 - 1* quartile; Q3 - 3 quartile; SD — standard deviation; df — degrees of freedom; * Kruskal-Wallis test was used and Mann-Whitney U test with
Bonferroni correction was performed as post hoc test; ** p < 0.0083 was considered sufficient for statistical significance. Values in bold show statistically
significant differences between groups. * — comparison between control group and radiotherapy group; ® — comparison between control group and
ozone group; © — comparison between radiotherapy and radiotherapy/ozone group; ¢ — comparison between ozone group and radiotherapy group;

¢ — comparison between control group and radiotherapy/ozone group.

Table 7. Histological score frequencies of the groups

Variable Radiotherapy Radiotherapy/ozone

0 8 (100%) 6 (75%) 7 (87.5%) 8 (100%)

1 0 2 (25%) 1(12.5%) 0
Necrosis

2 0 0 0 0

3 0 0 0 0

0 1(12.5%) 0 0 0

1 7 (87.5%) 5(62.5%) 3(37.5%) 6 (75%)
Granulation tissue

2 0 3(37.5%) 3 (37.5%) 2 (25%)

3 0 0 0 0

0 3(37.5%) 2 (25%) 0 0
Inflammatory 1 5(62.5%) 3(37.5%) 0 6 (75%)
exudate 2 0 3 (37.5%) 4 (50%) 2 (25%)

3 0 0 4 (50%) 0

0 0 0 4 (50%) 0

1 1(12.5%) 2 (25%) 4 (50%) 3(37.5%)
Macrophages

2 4 (50%) 6 (75%) 0 4 (50%)

3 3(37.5%) 0 0 1(12.5%)

0 0 0 0 0

1 6 (75%) 0 1(12.5%) 2 (25%)
Granulocytes

2 2 (25%) 5(62.5%) 5 (62.5%) 6 (75%)

3 0 3(37.5%) 2 (25%) 0

0 0 0 0 0

1 2 (25%) 1(12.5%) 7 (87.5%) 3(37.5%)
Fibroblasts

2 4 (50%) 7 (87.5%) 1(12.5%) 5(62.5%)

3 2 (25%) 0 0 0

score 0 — negative; score 1 — low; score 2 — moderate; score 3 - high.

However, as the ozone was administered via the rectal It is known that radiotherapy is an important cause
route, there were no significant changes in the adhesion of anastomosis leakage due to its effects on reducing tis-
scores of the groups. sue blood flow.* Decreased blood flow can cause tissue
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Table 8. Mucosa and muscularis propria apposition levels. Re-epithelization of mucosa and regeneration of muscularis propria levels*

Median and SD Vivss sy pesion Muscularls‘ proprla Re-epithelization Regener.atlon :
apposition of mucosa of muscularis propria
median (Q1-Q3) 2 (2-2.75) 2(2-2) 1(1-3.75) 15(2-2)
Control (n=8)
SD 048 0 1.25 0.53
median (Q1-Q3) 2(2-2) 2(2-2) 1(1-4.25) 2(1.25-2)
Ozone (N =8)
SD 0.57 0 1.49 048
median (Q1-Q3) 2(2-2) 2(2-2) 1(1-1) 2(1-2)
Radiotherapy (n = 8)
SD 035 0.35 0 0.51
Radiotherapy/ median (Q1-Q3) 2(2-2) 2(2-2) 1(1-2.75) 101-2)
ozone (n=8) D 035 0 091 051
X2 overall 4015 3 2460 1301
df (total) overall 31 31 31 31
p-value overall 0.694 0457 0483 0.549

Q1 - 1t quartile; Q3 - 39 quartile; SD - standard deviation; df — degrees of freedom; * Kruskal-Wallis test was used and Mann-Whitney U test with
Bonferroni correction was performed as post hoc test. A value of p < 0.0083 was considered sufficient for statistical significance.

Table 9. Mucosal and muscularis propria apposition frequencies of the groups

Variable Radiotherapy Radiotherapy/ozone
1 0 1(12.5%) 0 0
Mucosa apposition 2 5 (62.5%) 6 (75%) 7 (87.5%) 7 (87.5%)
3 3(37.5%) 1(12.5%) 1(12.5%) 1(12.5%)
1 0 0 0 0
Muscularis propria 2 8 (100%) 8 (100%) 7 (87.5%) 8 (100%)
apposition
3 0 0 1(12.5%) 0

score 1 —good; score 2 — moderate; score 3 - poor.

Table 10. Mucosal re-epithelialization frequencies of the groups

Variable Control Radiotherapy Radiotherapy/ozone
1 5 (62.5%) 5 (62.5%) 8 (100%) 5 (62.5%)
2 0 1(12.5%) 0 1(12.5%)
3 1(12.5%) 0 0 2 (25%)
feemetsten : : :
5 0 2 (25%) 0 0
6 0 0 0 0
7 0 0 0 0

Scores: 1 - none; 2 - little, one-layer, cubic; 3 — large one-layer, cubic; 4 — almost complete, one-layer, cubic; 5 - complete, one-layer, cubic; 6 — one-layer,
glandular; 7 — normal glandular mucosa.

Table 11. Muscularis propria regeneration frequencies of the groups

Variable Score Control Ozone Radiotherapy Radiotherapy/ozone
Regeneration 1 4 (50%) 2 (62.5%) 3 (37.5%) 5 (62.5%)
of muscularis propria 2 4 (50%) 6 (12.5%) 5(62.5%) 3(12.5%)

score 1 - positive; score 2 — negative.

exudate, ischemia and necrosis.* The absence of necro- and granulocyte cells are a group of cells that take part
sis showed that neither radiotherapy nor Oj has toxic in the formation of granulation tissue.!® Fibroblasts are
effects on the colon mucosa. Wound healing is com- the basic cells of connective tissue, taking part in col-
posed of inflammatory exudate, macrophages, granu- lagen synthesis during the later stages of wound healing.

lation tissue, and fibroblast formation. Macrophage In our study, all wound healing parameters decreased
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in the radiotherapy groups. Although O; administration
significantly improved wound healing in macrophages,
granulocytes and fibroblast levels, granulation tissue for-
mation also improved but was not statistically significant.
This is probably due to not enough time for the forma-
tion of granulation tissue to occur. However, early wound
healing parameters significantly improved with ozone ad-
ministration when compared to radiotherapy. The nega-
tive effects of radiotherapy on wound healing have been
shown in previous studies.!>?° There are studies showing
the effect of radiotherapy in preventing the migration
of fibroblasts to the wound site.?® These findings, together
with a decrease in exudate formation and the differences
in groups receiving ozone, support the hypothesis of our
study, namely the positive effects of ozone therapy follow-
ing radiotherapy (Table 6).

Tissue oxygenation is one of the most important fac-
tors for wound healing and, as a result, the prevention
of AL. Tissue microvascular patency is the key factor for
tissue oxygenation. Surgical devascularization, smok-
ing and diabetes are risk factors for impairing tissue
oxygenation. Several diagnostic measurements such
as microfabricated oxygen sensors and near infrared
spectroscopy have emerged.?” Hyperbaric oxygen treat-
ments have been shown to be beneficial in preventing
AL and increasing transport to tissues.?® Our study
tried to determine if rectal ozone administration can
reverse the harmful effects of radiotherapy. Local ad-
ministration of ozone can improve healing disturbances
that occur in the colon mucosa due to radiotherapy.?’
The main difference between our study and previous
studies is the application method.'® The rectal adminis-
tration method can be translated to human studies and
is the main difference between intraperitoneal adminis-
tration. Besides systemic administration, local treatment
can be regarded as an innovative beneficial approach
to preventing AL.

The latest theory on the harmful effects of radiation
resulting from major changes in the gastrointestinal
microflora was put forward by Manichanh et al.30 After
radiotherapy, anaerobes are dominating the microflora
of the colon and increasing the risk of leakage.?! An in-
crease in the amount of oxygen in the colon lumen can
decrease the number of anaerobes.?? Although not proven,
the administration of ozone might reverse the harmful ef-
fects of radiotherapy on the microflora of the colon. The ef-
fect of ozone on the microflora of the colon is a subject
of future investigation.

Limitations

The main limitation of our study is the small number
of rats (n = 32) used. Another limitation is the absence
of different time periods of sampling the rats rather than
the 5% day. Also, a more detailed histological evaluation
of the colon might have been performed.
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Conclusions

As a result of this study, rectal administration of O;
decreased the negative effects of radiotherapy on colon
anastomoses by the O; oxidative preconditioning effect.
This study is the first experimental study evaluating rectal
O; administration and might be a subject of future clinical
studies. The effect of ozone on tumor cells is a separate
issue in the literature that requires more research.
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Abstract

Background. Glucocorticoids (GCs) are widely used to treat inflammatory or autoimmune diseases.
However, several studies have reported that the use of GCs can lead to numerous complications, the most
serious of which are osteoporosis and osteonecrosis of the femoral head (ONFH). Osteoblast apoptosis has
been identified as an important event in the development of GG-induced osteoporosis and ONFH. However,
the mechanisms underlying the requlation of these processes have not yet been explored.

Objectives. To observe the effect of dexamethasone (Dex) on the apoptosis of osteoblasts and explore its
mechanism, as well as provide a new therapeutic idea for GGinduced osteoporosis and ONFH.

Materials and methods. Cell proliferation and apoptosis of MC3T3-E1 cells after Dex treatment were
determined using the CellTiter-Glo® Luminescent Cell Viability Assay kit and Annexin V-FITC/PI Double
Staining Apoptosis Detection Kit, respectively. The expression of caspase-3/cleaved caspase-3 and poly(ADP-
ribose) polymerase (PARP)/cleaved PARP in MC3T3-E1 cells after Dex treatment was determined with western
blotting. The expression of p53 and checkpoint kinase 2 (Chk2) in MC3T3-E1 cells after Dex treatment was
analyzed using western blotting and polymerase chain reaction (PCR). The effects of p53 knockdown and
(Chk2 knockdown on Dex-induced apoptosis of MC3T3-E1 cells were also characterized.

Results. Dexamethasone remarkably inhibited cell growth and induced the apoptosis of MC3T3-E1 cells.
We also observed that Dex induced osteoblast apoptosis by promoting p53 expression. The requlatory effect
of Dex on p53 expression is mediated by the upregulation of Chk2, which interacted with p53 and inhibited
p53 degradation. The knockdown of p53 alleviated Dex-induced MC3T3-E1 cell apoptosis by decreasing
the expression of cleaved caspase-3 and cleaved PARP.

Conclusions. We demonstrated that Dex increased Chk2 protein expression, which stabilized the protein
expression of p53, and in turn promoted osteoblast apoptosis.

Key words: dexamethasone, osteoblast apoptosis, Chk2/p53, glucocorticoid (GC)-induced osteoporosis,
ONFH
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Background

Glucocorticoids (GCs) are among the most commonly
prescribed drugs. As they have anti-inflammatory and
immunosuppressive properties, GCs are primarily used
to treat inflammatory or autoimmune diseases, such
as systemic lupus erythematosus and nephrotic syn-
drome.'? However, recent studies have revealed that
the use of GCs can cause many undesirable complications.
Among these, osteoporosis and osteonecrosis of the femo-
ral head (ONFH) are the most serious.?~> There is evidence
that osteoblast apoptosis is an important event in the de-
velopment of osteoporosis and ONFH induced by GCs.®

Dexamethasone (Dex) is a synthetic GC and its func-
tions include inhibiting collagen and fibronectin synthe-
sis” and activating collagenase synthesis.® Although Dex
has been reported to induce apoptosis of osteoblasts and
exert a modulatory effect on osteoblast proliferation,”!
the regulation of these mechanisms by Dex is yet to be
characterized.

Checkpoint kinase 2 (Chk2) is an important regulator
that can rapidly phosphorylate downstream effectors and
lead to DNA damage.!! When Chk2 is activated, it leads
to alternative cell responses, such as programmed cell
death.!> The Chk2/p53 pathway can induce cell cycle ar-
rest in DNA damage responses (DDRs) and activate p53-
related apoptosis pathways.!3 It has been reported that Dex
can cause cell apoptosis by upregulating the expression
of p53 in MC3T3-E1 cells.'* However, the role and mecha-
nisms of the Chk2/p53 pathway in osteoblasts have not
been determined. Accordingly, we aimed to characterize
the molecular mechanisms underlying Dex promotion
of osteoblast cell apoptosis.

Objectives

The objective of this study was to observe the effect
of Dex on the apoptosis of osteoblasts and explore the un-
derlying mechanisms. This could reveal a new therapeutic
potential for GC-induced osteoporosis and ONFH.

Materials and methods
Reagents, plasmids and antibodies

The SuperScript™ First-Strand Synthesis System and
TRIzol Reagent were acquired from Invitrogen (Grand
Island, USA). The plasmids of shp53 and shChk2 were
obtained from Open Biosystems (Thermo Fisher Scientific,
Pittsburgh, USA). Antibodies against caspase-3, cleaved
caspase-3, poly(ADP-ribose) polymerase (PARP), cleaved
PARP, p53, p-p53 Serl5, p-p53 Ser20, ataxia telangiec-
tasia mutated kinase and Rad3-related kinase (ATR), p-
ATR Ser428, murine double minute 2 (MDM?2), p-MDM?2
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Serl66, p-Chk2 Thr68, p-Chkl Ser345, glyceraldehyde-
3-phosphate dehydrogenase (GAPDH), and [-actin were
purchased from Cell Signaling Technology (Danvers,
USA). Dexamethasone was obtained from Sigma-Aldrich
(St. Louis, USA). Cycloheximide (CHX) and MG132 were
acquired from Calbiochem (San Diego, USA).

Cell culture

Osteoblast cells (MC3T3-E1) were obtained from the In-
stitute of Biochemistry and Cell Biology (IBCB; Shanghai
Institutes for Biological Sciences, Chinese Academy of Sci-
ences, Shanghai, China). Dulbecco’s modified Eagle’s me-
dium (DMEM) high glucose (Gibco, Waltham, USA) was
used to maintain cells. It was synchronized by incubation
in medium with extra 0.1% fetal bovine serum (FBS; Nova-
Tech, Grand Island, USA) overnight, and cultured in me-
dium with extra 10% FBS and penicillin-streptomycin solu-
tion (100 U/mL penicillin and 100 pg/mL streptomycin).
The culture was maintained in a humidified incubator
atmosphere with 5% CO, at 37°C.

Transfection

In this study, we used the PolyJet™ In Vitro DNA Trans-
fection Reagent (SignaGen Laboratories, Rockville, USA)
to transfect cells. In order to obtain stable transfected
cells, the cells were cultured with hygromycin B, G418
or puromycin according to the transfected granules with
different antibiotic resistance properties. Transfected cells
were selected with hygromycin B, G418 or puromycin for
3—4 weeks. Before being used for further experiments, cells
were cultured for at least 2 passages.

Cell proliferation assay

Adenosine triphosphate (ATP)ase analysis was used
to evaluate the effect of Dex on viability of MC3T3-E1
cells. Cells were cultured in 96-well plates with a density
of 3 x 103 cells per well and subsequently treated with
1 uM Dex for different durations (1-4 days). Treated cells
were collected and analyzed with ATP Colorimetric/Fluo-
rometric Assay Kit (Sigma-Aldrich), following the manu-
facturer’s instructions.

Determination of cell apoptosis

The MC3T3-EL1 cells were incubated to 70—80% conflu-
ence in 6-well plates. Before the Dex treatment, the cul-
ture medium was shifted to 0.1% FBS medium for 24 h.
The cells were then treated with the designated concen-
tration of Dex. After the treatment that lasted for 24 h,
the cells were washed with phosphate-buffered saline (PBS)
3 times. Then, 100 pL of cells were incubated with equal
volume of FITC-Annexin V/PI Assay Kit solution (Bio-
sea Biotechnology, Beijing, China) in the dark for 30 min
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at room temperature. The apoptosis rate was recorded
using a flow cytometer (Bender MedSystems, Burlingame,
USA).

Protein degradation experiments

The MC3T3-E1 cells were pretreated with the protea-
some inhibitor MG132 at a concentration of 20 uM for
24 h. The MG132 was then removed and 100 pg/mL of syn-
thetic inhibitor CHX were added to the culture medium
—alone or in combination with 1 uM Dex in different time
intervals (2 h, 4 h or 6 h). The levels of remaining p53 and
GAPDH proteins were detected by means of western blot
analysis.

Western blot analysis

Cells (1 x 10°) were inoculated on 6-well plates and
treated by the method described previously. Then, they
were extracted with cell lysis buffer. For each sample,
60—80 pg of protein was subjected to sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).
The membrane was then incubated with primary anti-
bodies overnight, followed by incubation with the alka-
line phosphatase (AP)-conjugated secondary antibody.
The ImageQuant™ TL software v. 8.1 (Cytiva, Marlbor-
ough, USA) was used to detect the density of the bands.
The results shown in this study represent 3 independent
experiments.

Quantitative reverse transcription-
polymerase chain reaction (RT-PCR) for
miRNA assay

The RNeasy Mini Kit (Qiagen, Valencia, USA) was used
to extract total miRNAs. The MC3T3-E1 cells (1 x 10°) were
inoculated on 6-well plates and treated with 1 uM Dex for
different time periods (1-3 h). For the reverse transcription,
the amount of total RNA used was 1 pg. The expression
of p53 was amplified using the miScript PCR Kit (Qiagen)
and analyzed using the 7900HT Fast Real-time PCR system
(Applied Biosystems, Carlsbad, USA). The primers were:
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human p53 (forward: 5-ACCTATGGAAACTACTTCCT-
GAAA-3) reverse: 5-CTGGCATTCTGGGAGCTTCA-3)).

Statistical analyses

The experimental data were presented as mean + stan-
dard deviation (M +SD) and analyzed with IBM SPSSv. 19.0
statistical software (IBM Corp., Armonk, USA). The nor-
mality of the data was analyzed using the Shapiro—Wilk
test, and the value of p > 0.05 indicated that the data were
normally distributed. The Levene’s test was used to analyze
the homogeneity of variance, and the value of p > 0.05 indi-
cated that the data conformed to homogeneity of variance.
The one-way analysis of variance (ANOVA) test for re-
peated measures, followed by the post hoc least significant
difference (LSD) test were used for overall comparisons
between groups across multiple time points. The value
of p < 0.05 was considered statistically significant.

Results

Dex significantly inhibited
the proliferation of MC3T3-E1 cells
and induced cell apoptosis

We used the ATPase analysis to evaluate the effect
of Dex on the viability of MC3T3-E1 cells. Cells were cul-
tured in the Dex dose range (1 pM). The Shapiro—Wilk test
was used to analyze the normality of the data. As shown
in Table 1, the data were normally distributed (p > 0.05).
The homogeneity of variance test indicated that the data
conform to homogeneity of variance (Table 2, p > 0.05).
As shown in Fig. 1A, cell apoptosis had not yet started over
the first 2 days and there was no statistically significant
difference between the treatment groups (day 1: F = 3.654,
p = 0.196; day 2: F = 2.476; p =0.256). In contrast, cell vi-
ability was significantly reduced in Dex-treated cells on days
3 and 4 (day 3: F = 73.491, p = 0.013; day 4: F = 123.085;
p =0.008). Specific data points are shown in Table 3. We then
used FITC-Annexin V/PI staining to detect the effect of Dex
on apoptosis in MC3T3-E1 cells. As shown in Fig. 1B,

Table 1. Shapiro-Wilk test results of the effect of dexamethasone (Dex) on the viability of MC3T3-E1 cells (M £SD)

Medium control day 1
Medium control day 2
Medium control day 3
Medium control day 4
Dex T uM day 1
Dex 1 uM day 2
Dex 1 uM day 3
Dex 1 uM day 4

w w w w w w w w =

Statistics
3.768 +£1.207 0.966 0.648
6.228 £1.609 0.868 0.289
14.417 £0.560 0.962 0.625
21.739£2.030 0.948 0.560
2472 £0.640 0.858 0.261
3.938+1.518 0.977 0.708
7.237 £1.002 0.997 0.891
9.329 £0.983 0.998 0.909

M £SD — mean =+ standard deviation.
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Fig. 1. Dexamethasone (Dex) significantly inhibited the proliferation of MC3T3-E1 cells and induced cell apoptosis. A. Cell viability was significantly
reduced after Dex treatment (** p < 0.01 on day 3 and day 4); B. The cell apoptosis analysis on MC3T3-E1 cells after Dex treatment; C. Western blot analysis
on the expression of caspase-3/cleaved caspase-3 and poly (ADP-ribose) polymerase (PARP)/cleaved PARP in MC3T3-E1 cells after Dex treatment

Table 2. Levene’s test of the homogeneity of dexamethasone (Dex) with the viability of MC3T3-E1 cells

F 1.268 0.064 0.662 1.934
p-value 0.323 0.813 0461 0.237

Table 3. Comparison of cell viability at each time point of dexamethasone (Dex) administration with the viability of MC3T3-E1 cells

F 3.654 2476 73491 123.085
p-value 0.196 0.256 0.013 0.008

Treatment factor main effect: F = 112.41, p < 0.07; time factor main effect: F = 115.99, p < 0.01; interaction between the 2 factors: F = 23.76, p < 0.01.

we found that the apoptosis rate of MC3T3-E1 cells signifi- MC3T3-E1 cells. The results suggested that the cleavage

cantly increased after 24 h of Dex treatment. Considering of cleaved PARP and cleaved caspase-3 was increased by Dex
that PARP cleavage and caspase activation are typically as- treatment in MC3T3-E1 cells (Fig. 1C). Collectively, our re-
sociated with apoptosis, we used western blotting in order sults demonstrate that Dex can significantly inhibit the pro-

to detect the expression of these proteins in Dex-treated liferation of MC3T3-E1 cells and induce the cell apoptosis.
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Fig. 2. The phosphorylation of p53 protein was important for the induction of apoptosis following dexamethasone (Dex) treatment. A. The expression
of p53 protein phosphorylated at Ser15, Ser20 and total p53 protein in Dex-treated MC3T3-E1 cells; B. Cell apoptosis induced by Dex observed using flow
cytometric analysis; C. Western blot analysis indicated that Dex-induced cleavage of poly (ADP-ribose) polymerase (PARP) and caspase-3 were blocked

by p53 protein knockdown

Phosphorylation of p53 was crucial
for apoptosis induction after Dex treatment

It has been reported that p53 protein is associated with
caspase-dependent apoptosis.!” In order to elucidate
the molecular mechanisms underlying the apoptotic ef-
fect of Dex, western blotting was performed to determine
whether p53 was involved in the cell apoptosis induced
by Dex. As presented in Fig. 2A, the expression of total
p53 protein and phosphorylated status of p53 protein
at Serl5 and Ser20 were determined in MC3T3-E1 cells
after Dex treatment. The phosphorylation level of p53
protein at Ser20 was significantly upregulated 1 h after
the exposure. Similarly, the phosphorylation level of p53
protein at Serl5 slightly increased in the early treatment

period (<3 h) and significantly increased 6 h after treat-
ment. The expression of total p53 protein showed a stable
increase after Dex treatment and reached a peak within
2-6 h following the treatment. As phosphorylation at Ser20
usually contributes to the stabilization of p53 protein and
results in the phosphorylation at Ser15,'° we presumed that
the Dex-induced p53 activation in MC3T3-E1 cells was
also dependent on phosphorylation of Ser20.

To further confirm whether Dex-induced apopto-
sis requires p53 activation, we used shp53 MC3T3-E1
cells. The flow cytometry analysis demonstrated that
the apoptosis induction rate of shp53 MC3T3-E1 cells
induced by Dex was much lower than that of wild-type
MC3T3-E1 cells (Fig. 2B). Western blot results indicated
that the knockdown of p53 could block the cleavage
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Fig. 3. Dexamethasone (Dex) induced caspase-dependent apoptosis by promoting p53 protein degradation. A. Quantitative polymerase chain reaction
(gPCR) analysis of Dex-treated MC3T3-E1 cells; B. MC3T3-E1 cells were pretreated with MG132. Western blot analysis on the dynamics of p53 protein
degradation induced by Dex; C. Western blot analysis on phosphorylation of ataxia telangiectasia mutated kinase and Rad3-related kinase (ATR) protein

at Ser428, murine double minute 2 (MDM?2) protein at Ser166, checkpoint kinase 2 (Chk2) protein at Ser345, and Chk2 protein at Thré8 in Dex-treated

MC3T3-E1 cells

CHX - cycloheximide; GAPDH - glyceraldehyde-3-phosphate dehydrogenase.

of PARP and caspase-3 induced by Dex (Fig. 2C). Taken
together, these results suggest that the activation of p53
protein is essential for cell apoptosis in MC3T3-E1 cells
induced by Dex treatment.

Dex induced caspase-dependent
apoptosis through promoting p53
protein degradation

In order to investigate the mechanism of Dex upregu-
lation of p53 protein, we characterized the effect of Dex
on the expression of p53 mRNA level in MC3T3-E1 cells.
The results of quantitative PCR have shown that Dex had
no effect on the expression of p53 mRNA level after 3 h
of treatment (Fig. 3A). Therefore, we inferred that Dex
might regulate the induction of p53 protein at the protein
level instead.

In order to elucidate whether Dex was able to prevent
p53 protein degradation, we pretreated MC3T3-E1 cells
with the proteasome inhibitor MG132. The MG132 was

subsequently removed and the synthetic inhibitor CHX
was added into the medium, alone or in combination
with Dex, for different time periods.!” This experiment
could provide a basis for further research on the effects
of Dex on the degradation dynamics of p53 protein. After
the cells were treated with both Dex and CHX for 4 h and
6 h, the expression level of p53 protein in the cells was
much higher than in the cells treated with CHX alone
(Fig. 3B). These results suggest that Dex was contributing
to the accumulation of p53 by inhibiting its proteasome-
mediated degradation.

Chk2 protein regulates p53 protein
degradation during Dex treatment

The degradation of p53 protein can be regulated
by many factors, such as MDM?2, Chk1/2 and ATR.!8 For
instance, studies have shown that the post-translational
phosphorylation of MDM2 protein at Serl66 contrib-
utes to the degradation of p53 protein.!*2° Accordingly,
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we examined the phosphorylation of MDM2 at Serl66
in Dex-treated MC3T3-E1 cells. The expression of total
MDM2 protein was not affected by Dex, while the phos-
phorylation level at Ser166 was slightly upregulated after
Dex treatment at 6 h (Fig. 3C). These results suggested
that Dex did not inhibit the phosphorylation of the MDM?2
protein at Serl66. Therefore, it could not be explained
why p53 protein accumulated in MC3T3-E1 cells after
Dex treatment.

Several studies have shown that Chk1/2 can also affect
the stabilization and activation of p53 protein by induc-
ing its phosphorylation.?! As phosphorylation of Chkl
protein at Ser345 or Chk2 protein at Thr68 is necessary
for p53 protein activation,???? we evaluated the phos-
phorylation state of both sites in Chkl and Chk2 after
Dex treatment. Western blot results show that Chk2
protein was phosphorylated at Thr68 after 2 h of Dex
treatment and reached a peak after 6 h of treatment,
while the phosphorylation level of Chk1 protein at Ser345
increased slightly after 6 h of Dex treatment (Fig. 3C).
As p53 is phosphorylated at an early stage, we elimi-
nated the possibility that Chk1 protein is directly in-
volved in inducing p53 protein and hypothesized that
Chk2 protein may have some functions in p53 protein
stabilization and reactivation instead.

Chk2 protein led to p53-mediated
cell apoptosis during Dex treatment

To illuminate the mechanisms underlying Chk2 promo-
tion of p53 protein expression, MC3T3-E1 ShChk2 cells
were used to analyze phosphorylation and expression levels
of p53 protein after Dex treatment. Western blot analysis
indicated that phosphorylated Chk2 protein was depleted
in MC3T3-E1 ShChk2 cells compared to MC3T3-E1 cells
(Fig. 4A). Importantly, the expression of p53 protein was
inhibited in MC3T3-E1 ShChk2 cells induced by Dex
and when Chk2 was knocked down, the phosphorylation
of p53 protein at Serl5 and Ser20 was nearly eliminated.
As the phosphorylation of p53 protein at Ser20 typically
contributes to the stability of p53 protein, which leads
to the phosphorylation of p53 protein at Ser15,'° we pre-
dicted that Chk2 could regulate the phosphorylation of p53
protein at Serl5 and Ser20 and mediate Dex-induced p53
protein stabilization and accumulation. In order to inves-
tigate whether the accumulation of p53 mediated by Chk2
was the result of preventing the degradation of p53 protein,
MC3T3-E1 ShChk2 cells were treated with MG132 and
CHX. The results revealed that there was no effect of Dex
on the inhibition of p53 protein degradation in MC3T3-E1
ShChk?2 cells under the same conditions (Fig. 4B). Further
studies revealed that Chk2 protein enhanced the stability
of Dex-induced p53 protein expression. Similarly, the loss
of Chk2 led to apoptosis (Fig. 4C) and caspase-3 cleav-
age (Fig. 4D). These results indicate that the expression
of Chk2 protein was essential for the phosphorylation
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of p53 protein, which in turn increased p53 protein stabi-
lization and accumulation, and thus resulted in cell apop-
tosis after Dex treatment.

Discussion

Dexamethasone has been reported to induce apopto-
sis of osteoblasts and exert a modulatory effect on their
proliferation.?* However, the regulation of these mecha-
nisms by Dex has not been explored yet. Therefore, this
study revealed a novel biological role of Dex in the induc-
tion of cell apoptosis and inhibition of colony formation
in MC3T3-E1 cells. The mechanism studies demonstrated
that Dex-mediated apoptosis was via the Chk2/p53 path-
way. This finding suggests that Chk2/p53 might also serve
as a potential intervention in ONFH treatment.

Dexamethasone can upregulate the expression of p53
protein in MC3T3-E1 cells and cause cell apoptosis.?> How-
ever, the role and mechanism of the Chk2/p53 pathway
on osteoblasts is yet to be elucidated. Interestingly, our
results show that Dex-induced cell apoptosis in MC3T3-
E1 cells was mediated by the accumulation of p53 protein.
In particular, Dex could promote p53 protein stabilization
by inducing Chk2 phosphorylation. Furthermore, our re-
sults strongly indicated that Dex can regulate p53 protein
by preventing its degradation.

The degradation of p53 protein can be caused by a variety
of factors, such as the activation of MDM2, Chk1, Chk2,
and ATR.26-28 Our study demonstrated that MDM?2 and
Chk1 were not direct regulators of Dex upregulation of p53
protein in MC3T3-E1 cells, but that the activation of Chk2
occurred relatively early. This suggested that Chk2 may
involved in the induction of p53 protein by Dex treatment.

Limitations

Our research indicated the molecular mechanisms
underlying Dex promotion of osteoblast cell apopto-
sis. However, there are 2 limitations of this study. First,
we did not evaluate other effects of GCs (including Dex)
in the treatment of inflammatory or autoimmune diseases.
As a side effect of their clinical applications, GCs can
cause osteonecrosis and ONFH.?-3! Previous research
had shown that the damaging effects of Dex on osteoblasts
and ONFH are due to its role in inhibiting cell prolifera-
tion and promoting cell apoptosis.?>33 Therefore, we only
considered the effect of Dex on inhibiting cell prolifera-
tion and promoting cell apoptosis. Second, in this study,
we demonstrated that Dex can inhibit MC3T3-E1 prolif-
eration and induce apoptosis, but we did not evaluate other
pathways in apoptosis induced by Dex. In our previous
study, we found that Dex can upregulate the expression
of p53 protein in MC3T3-E1 cells, thus causing cell apop-
tosis.! Various studies have shown that the Chk2/p53
pathway can induce growth inhibition and apoptosis.3*3°
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Fig. 4. Checkpoint kinase 2 (Chk2) led to p53-mediated apoptosis during dexamethasone (Dex) treatment. A. Phosphorylation and expression of p53
protein after Dex treatment of MC3T3-E1 ShChk2 cells; B. The effect of Dex inhibition of p53 protein degradation in MC3T3-E1 cells and MC3T3-E1 ShChk2
cells; C. Chk2 mediated Dex-induced p53 protein expression; D. Flow cytometry analysis on the apoptosis-inducing effects on MC3T3-E1 cells and

MC3T3-E1 ShChk2 cells after Dex treatment

CHX - cycloheximide; GAPDH - glyceraldehyde-3-phosphate dehydrogenase.

In line with this, our results show that Dex can activate
p53-mediated cell apoptosis in MC3T3-E1 cells through
the Chk2/p53 signaling pathway. The practical implica-
tions of these results need to be further analyzed, particu-

larly in clinical applications.

Conclusions

In summary, our studies demonstrated that Dex could
promote cell apoptosis in MC3T3-E1 cells. Our investiga-
tion of apoptosis induction showed that Dex mediated
the phosphorylation and activation of Chk2.

Chk?2 leads to the accumulation of p53 protein through
the Chk2/p53 signaling pathway, which in turn results
in cell apoptosis. Our research can provide a new thera-
peutic avenue for GC-induced osteoporosis and ONFH.

The flowchart of this study was shown in Fig. 5.
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ATR ataxia telangiectasia mutated kinase and Rad3-related kinase; MDM2 — murine double minute 2.
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Abstract

Background. Platelets play a fundamental role in myocardial infarction and the pathogenesis of ischemia/
reoxygenation (I/R) injuries. They contain matrix metalloproteinases (MMPs) that are involved in arterial
thrombosis. The MMP inhibitor doxycycline has been shown to exert protective effectsin I/R injuries involving
various organs and mechanisms.

Objectives. To explore the influence of doxycycline on platelet activation and MMP-2 activity during I/R.

Materials and methods. Platelets isolated from the blood of healthy human volunteers were subjected
to chemical I/R conditions. The study included aerobic controls (AERQ), I/R platelets and I/R platelets pretreated
with doxycycline (I/R+D). The concentration of doxycycline used was standardized to 10 M. The analysis
of platelet activation markers and platelet microvesicles (PMVs) was performed using flow cytometry.
Adenosine diphosphate (ADP)-induced and collagen-induced aggregation, as well as MMP-2 activity and
its concentration in platelets were evaluated.

Results. Doxycycline decreased the expression of activated glycoprotein lIb/llla on platelets (p = 0.043).
Additionally, an increased expression of (D63 was observed in buffers containing PMVs after doxycycline
administration (p = 0.043). The ADP-dependent aggregation of I/R platelets was significantly lower in com-
parison to AERO (p = 0.022). Furthermore, there was a stronger tendency of enhanced ADP-dependent
aggregation in I/R platelets pretreated with doxycycline compared to platelets that underwent I/R without
doxycycline. Higher MMP-2 activity was observed in I/R+D platelets compared to I/R platelets (p < 0.01).

Conclusions. The inhibition of platelet MMP-2 by doxycycline attenuated platelet activation and protected
platelets by preserving their aggregation ability.
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Background

In myocardial infarction (MI), platelets participate
in thrombus formation and the microembolization from
unstable plaque rupture and intravascular intervention.
Moreover, in acute M, the triggered inflammation, in ad-
dition to platelet—leukocyte and platelet—-endothelium
interactions, leads to the release of vasoconstrictor and
pro-inflammatory molecules from platelet microvesicles
(PMVs) and exosomes.! Changes in the shape of platelet
and an enhancement in mean platelet volume have been
observed in acute MIs.? Several studies have revealed that
platelets activate and contribute to cardiac ischemia/reoxy-
genation injury (IRI),! critical limb ischemia® and ischemic
strokes.* The impact of platelets on the reperfused myo-
cardium depends on their activation status.” The activa-
tion of platelets leads to the release of PMVs and granules
containing growth factors as well as pro-inflammatory
and proapoptotic molecules.® Platelet microvesicles are
membrane fragments from 0.1 um to 1.0 pm in diameter
that form from platelets and other cells due to cell activa-
tion or apoptosis. Platelet microvesicles express surface
proteins characteristic of platelets, modulate intercellular
interactions and have prothrombotic properties.® It is well
known that platelet activation, aggregation and subsequent
thrombus formation play a major role in the pathophysi-
ological process that underlies MIs.

Matrix metalloproteinases (MMPs) are a family of zinc-
and calcium-dependent proteolytic enzymes involved
in vascular remodeling.” Platelets contain MMP-2, which
is localized in the cytosol and is translocated to the ex-
tracellular space during platelet activation.® Platelet-de-
rived MMP-2 amplifies the response of platelets to low
concentrations of agonists such as collagen, arachidonic
acid and adenosine diphosphate (ADP).’~!! The MMP-2
is involved in the formation of an atherosclerotic plaque
and is released from platelets in vivo after the exposure
to a damaged vessel wall at the site of vascular injury.!?
The inactivation of MMP-2 genes in mice has been shown
to protect against arterial thrombosis, indicating that
MMP-2 plays a promoting role in arterial thrombosis and
can lead to the formation of an occlusive thrombus.!!

Regulation of platelet activation and agonist-induced ag-
gregation by intracellular MMP-2 has been associated with
glycoprotein (GP) IIb/IIIa receptors that bind to fibrino-
gen and von Willebrand factor.!> Moreover, by binding
MMP-2, GP IIb/Illa receptors facilitate the MMP-2-de-
pendent cleavage of platelet PAR-1 and subsequent platelet
activation.!*

Antiplatelet therapy is widely used with good efficiency
in the treatment of MIs and ischemic strokes. Current an-
tiplatelet therapy aimed at preventing cardiac IRI includes
a cyclooxygenase (COX) inhibitor — aspirin. However,
there is a group of patients resistant to aspirin. This resis-
tance has been correlated with an increased level of plasma
oxidative stress markers in patients with coronary artery
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disease (CAD).!> Cangrelor and ticagrelor are inhibitors
of the P2Y12 receptor and have shown to have protec-
tive effects independently of their anti-aggregatory ef-
fect.'®!” The interaction with platelets is required for
the cardiac protection of cangrelor.!® Cardioprotection
induced by ticagrelor was related to a ticagrelor-medi-
ated release of sphingosine-1-phosphate and adenosine
from platelets.'” As antiplatelet therapy may have unex-
pected mechanisms of action and aspirin resistance, there
is a need to search for new treatment options against IRI
and to learn about new mechanisms of action of currently
available drugs.

Doxycycline is a well-documented inhibitor of MMPs
due to its ability to bind zinc and calcium ions. It is pre-
sumed that doxycycline can inhibit pro-MMP activation
by suppressing oxidative stresses.!® A protective effect
of doxycycline was shown in the hearts and kidneys of rats
subjected to IR1.*2° In addition, the protective role of dox-
ycycline used at subthreshold doses (1 uM) in the combi-
nation with subthreshold doses of a myosin light chain 1
(MLC1) phosphorylation inhibitor has been described.!

Objectives

Doxycycline is a well-documented inhibitor of MMPs,
and platelets contain and release MMP-2 upon activa-
tion.? Since MMP-2 may reinforce a platelet response
to agonists such as collagen and ADP in atherosclerotic
plaque formation, we aimed to evaluate if the inhibition
of MMP-2 in platelets by doxycycline can reduce plate-
let activation and aggregation. In addition, we evaluated
whether doxycycline could potentially reduce arterial
thrombus formation during coronary vessel obstruction.

We examined the effects of doxycycline in doses rang-
ing from 5 pM to 30 uM on platelet activation in isch-
emia/reoxygenation (I/R) conditions in order to establish
the lowest effective drug concentration. We explored
changes in activation, the release of PMVs, and aggrega-
tion of platelets subjected to doxycycline and I/R. We mea-
sured MMP-2 concentrations and activity in isolated plate-
lets subjected to I/R to assess the impact of doxycycline
on MMP-2 release from platelets.

Materials and methods
Materials

Blood was obtained from 15 healthy human volunteers
who had not used any medications for at least 14 days.
Blood was collected using the S-Monovette® 10 mL blood
collection system containing 106 mM of sodium citrate
(Sarstedt, Nuumbrecht, Germany). The study was approved
by the Ethics Committee of the Wroclaw Medical Univer-
sity, Poland (approval No. KB-165/2020).
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Platelet isolation

The isolation of platelets was performed using
the method described by Wrzyszcz et al.2! For platelet
isolation, a continuous density gradient medium (Opti-
Prep™,; Sigma-Aldrich, St. Louis, USA) was used. In brief,
to prevent platelet activation, a prostacyclin (PGI2; Sigma-
Aldrich) was added to the blood (final concentration: 2 ug/
mL). To obtain platelet-rich plasma (PRP), the blood was
centrifuged at 200 g for 20 min at 22°C. The PRP was then
diluted (1 part of PRP per 1 part of HEPES buffer (140 mM
NaCl, 20 mM HEPES, pH 7.4)), layered onto the surface
of the gradient (3 mL of PRP over 5 mL of density gradient)
and centrifuged at 300 g for 20 min at 22°C. We allowed
the rotor to decelerate without braking. The suspension
was extracted except for the last 0.5 mL just above the pel-
let of cells (leukocytes, erythrocytes). After collection,
the suspension was washed in a HEPES buffer with the ad-
dition of PGI2 (final concentration: 0.3 pg/mL). All samples
were prepared in the same way. Isolated platelets were
resuspended in a stabilizing buffer (5.5 mmol/L HEPES,
63.7 mmol/L CaCl,, 5 mmol/L KCI, 2.1 mmol/L MgCl,,
5.5 mmol/L glucose, and 10 mmol/L taurine enriched with
55 umol/L CaCl, and 0.75 mg/mL bovine serum albumin
(BSA)). The platelet count of the suspensions was quanti-
fied using a KX-21N (Sysmex, Kobe, Japan) hematology
analyzer.

1377

Chemical I/R protocol

The I/R procedure was performed on 12-well culture
plates with inserts (with 1.0-pum pores and 0.4-um pores;
ThinCert™; Greiner Bio-One, Kremsmiinster, Austria)
dedicated for multi-well plates, in order to allow or prevent
the PMVs from entering through the porous membrane.
Additionally, the use of inserts made it possible to not have
to centrifuge the platelets after each step of the proce-
dure, which could affect their activation. Freshly isolated
blood platelets were suspended in stabilizing buffer and
placed in the insert. The buffer was added to the wells.
The I/R procedure consisted of 3 stages: stabilization,
ischemia and reoxygenation. The study included platelets
untreated with I/R (AERO), platelets that underwent I/R,
and platelets that underwent I/R with doxycycline (I/R+D)
(Fig. 1). The concentration of doxycycline (selected from
the range of 5-30 M) was used to determine the lowest
concentration that produced a reduction in the expression
of platelet activation markers. The I/R+D platelets were
pretreated with doxycycline 5 min before the I/R proto-
col. Appropriate buffers were added to the wells during
the subsequent stages of the experiment, and the inserts
with platelets were not removed from the wells for the du-
ration of the experiment. During the first phase, a stabiliz-
ing buffer was added to the wells. After 15 min, the buffer
was removed and the platelets were exposed to ischemia

A
aerobic conditions (50 min) AERO
aerobic conditions chemical ischemia aerobic reoxygenation I/R
(15 min) (15 min) (20 min)
aerobic conditions chemical ischemia aerobic reoxygenation I/R+D
(15 min) (15 min) (20 min)
buffers, isolated buffers, isolated buffers, isolated
platelets collection platelets collection platelets collection
(15t min) (30t min) (50t min)
B Fig. 1. A. Experimental
— — — protocol for aerobic
. t controls (AERQ), ischemia/
Inser reoxygenation (I/R), and
> I/R platelets pretreated
. w e with doxycycline
membrane with pores * w yey
P #‘ - ¥ w - '_#*# * platelets (I/R+D) groups; B. Platelet
lower compartment Looocstooool | Socsoo 5500 PMVs microvesicles (PMVs)
migrating through

(with buffer)

before I/R procedure

after I/R procedure

the insert with a porous
membrane
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for 15 min by using a fresh portion of stabilizing buffer
with 4.4 mmol/L of 2-deoxyglucose to prevent glycolysis
and 4.0 mmol/L of sodium cyanide as a cell respiratory
inhibitor. After 15 min, the buffer used for ischemia was
removed and a fresh portion of stabilizing buffer was added
for 20 min to simulate a reoxygenation process. The buffers
and isolated platelets were collected for cytometric analysis
before and after ischemia, as well as after reoxygenation.
An aggregation of isolated platelets was performed imme-
diately after reoxygenation. The rest of the buffers and iso-
lated platelets were stored at ~80°C until further analysis.

Flow cytometry analysis of platelet
activation markers

The state of platelet activation was determined by mea-
suring the surface expression of P-selectin (CD62P), acti-
vated GP IIb/IIIa (PAC-1) and CD63 antigen. The platelets
and the buffers (potentially containing PMVs) were fixed
immediately after the collection with 1% paraformalde-
hyde in phosphate-buffered saline (PBS) for 30 min at 4°C,
centrifuged (1200 g for 5 min), washed in PBS, and then re-
suspended in Stain Buffer (BD Biosciences, Franklin Lakes,
USA). The fixed samples were incubated with fluorescently-
labeled monoclonal antibodies: fluorescein isothiocyanate
conjugated anti-human CD41/CD61 (clone PAC-1), phy-
coerythrin conjugated anti-human CD62P (clone AK-4),
and phycoerythrin-Cy7 conjugated anti-human CD63 an-
tigen (clone H5C6) or a fluorescently labeled nonspecific
mouse IgG antibody (isotype control) for 20 min at room
temperature (all antibodies were from BioLegend, San Di-
ego, USA). Finally, the samples were washed, centrifuged,
resuspended in PBS, and analyzed within 3 h. The PMVs
were analyzed by setting gates based on 0.5-um calibration
beads. The analysis was performed using CyFlow Space
(Sysmex) and 20,000 events were collected per sample.

Platelet aggregation

Platelet aggregation was carried out on each collected
platelet suspension using light transmission aggregometry
(Chrono-Log Corporation, Havertown, USA). Aggregation
was performed according to the Platelet Physiology Sub-
committee of the International Society on Thrombosis and
Haemostasis (SSC/ISTH) recommendations for the stan-
dardization of light transmission aggregometry at 37°C,
with constant stirring of platelet samples at 1000 rpm us-
ing a disposable stirrer.?? Suspensions of platelets were
adjusted to a count of 250 x 103/uL. After 1 min of incuba-
tion with fibrinogen (Sigma-Aldrich; final concentration:
200 pg/mL) at 37°C, the aggregation was induced by adding
the appropriate agonist. The following agonists were used:
5.02 pg/mL collagen and 10.26 uM ADP (all from HYPHEN
BioMed, Neuville-sur-Oise, France). The aggregation curve
and the maximum platelet aggregation were recorded over
6 min after the agonist addition.
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Gelatin zymography

The activity of MMP-2 was evaluated with gelatin
zymography of the platelets after the I/R procedure.
The samples were thawed just before use and protein
concentrations were determined using the Bradford Pro-
tein Assay (Bio-Rad, Hercules, USA). Gelatin zymogra-
phy was performed with the modification, as previously
described.?® After electrophoresis (Mini-Protean II; Bio-
Rad) in 7.5% sodium dodecyl sulfate—polyacrylamide gel
electrophoresis (SDS-PAGE) with copolymerized gelatin
(1 mg/mL; Sigma-Aldrich), the gels were washed 3 times
in 2.5% Triton X-100 for 20 min to remove SDS and then
incubated in an enzyme assay buffer (0.05 M Tris-HCI,
pH 7.5,5 mM CaCl,, 0.2 M NaCl, 0.05% NaNj3) at 37°C for
18 h. After incubation, the gels were stained with a mixture
of 0.3% Coomassie brilliant blue (CBB) R-250 and 0.2%
CBB G-250. The gels were scanned using a densitometer
(GS-800; Bio-Rad) and analyzed based on standard activ-
ity using Quantity One software (Bio-Rad). The relative
activity of MMP-2 was expressed in arbitrary units (AU)
as an activity per pg of total protein.

Platelet homogenization

Platelet pellets were suspended in a homogenization buf-
fer (150mM NaCl, 50mM Tris-HCI pH 7.4, 1% Triton®
X-100, Protease Inhibitor Cocktail without ethylenediami-
netetraacetic acid (EDTA) set III (Sigma-Aldrich)) on ice.
The cells underwent 3 cycles of freezing in liquid nitrogen
and thawing at 37°C, and then were homogenized mechan-
ically onice (3 x 10 s) using a hand-held homogenizer. Cell
homogenates were centrifuged for 5 min (14,000 g at 4°C)
to collect the supernatant. The supernatants were stored
at —80°C and thawed prior to analysis.

Analysis of MMP-2 concentrations
in platelets

The MMP-2 content of platelet homogenates was mea-
sured using the quantitative Quantikine enzyme-linked
immunosorbent assay (ELISA) Assay for Total MMP-2
(R&D Systems, Minneapolis, USA) according to the manu-
facturer’s instructions. Before ELISA, total protein concen-
trations were measured using the Bradford Protein Assay
(Bio-Rad). The MMP-2 concentrations in platelets were
expressed as ng per ug of total protein.

Statistical analyses

Statistical analyses of the results were performed in Sta-
tistica 13 (StatSoft Inc., Tulsa, USA). Only the zymography
results showed a normal distribution (K-S test p > 0.2; Lil-
liefors correction p > 0.2). The F test to check the variance
homogeneity was performed, the variance of the zymog-
raphy results was homogeneous (p = 0.893, F = 1.155).
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The results were then analyzed using the appropriate test:
parametric t-test (normal data distribution) and nonpara-
metric (non-normal data distribution) Friedman’s analy-
sis of variance (ANOVA) by ranks test with the Dunn’s
post hoc test or paired Wilcoxon test. The correlation was
assessed using the Spearman’s test. The results were ex-
pressed as mean + standard error of the mean (M +SEM).
A value of p < 0.05 was considered statistically significant.

Results
Working doxycycline concentrations

The surface expression of activated GP IIb/IIIa was sig-
nificantly lower in I/R+D platelets compared to I/R plate-
lets in the following concentrations of doxycycline: 30 pM,

20 uM and 10 uM (paired Wilcoxon test: p = 0.046, T = 1;
p =0.025, T = 2;and p = 0.036, T = 3, respectively; Fig. 2).

301
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Moreover, the surface expression of P-selectin was signifi-
cantly lower in I/R+D platelets compared to I/R platelets
in a concentration of 30 uM (Friedman’s ANOVA by ranks
test: p = 0.011, x2 = 9, degrees of freedom (df) = 2) and
20 uM (Friedman’s ANOVA by ranks test: p = 0.030, x> =7,
df = 2), as was CD63 in concentration of 30 uM (Friedman
ANOVA by ranks test: p = 0.042, x* = 6.333, df = 2, data not
shown). A decreased expression of the above markers was
not observed for platelets pretreated with 5 M of doxycy-
cline. Therefore, the lowest active drug concentration used
in the study was 10 pM, based on the reduction of the ex-
pression of GP IIb/IIIa receptor on the platelet’s surface.

An influence of doxycycline on surface
expression of platelet activation markers

The decrease in activated GP IIb/IIla surface expres-
sion in I/R+D platelets compared to I/R platelets of ap-
prox. 7.5% (paired Wilcoxon test: p = 0.043, T = 0) was
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Fig. 2. Expression of activated glycoprotein llb/llla on platelets pretreated with different concentrations of doxycycline: 30 uM (A), 20 uM (B), 10 uM (C), and
5 uM (D) after the ischemia/reoxygenation (I/R) procedure. The differences between I/R and 30 uM, 20 uM, and 10 uM of doxycycline (paired Wilcoxon test):
A.30 UM: p = 0.046, T = 1;B. 20 uM: p = 0.025, T =2; C. 10 uM: p = 0.036, T = 3; n = 6/group

AERO - aerobic control; I/R - platelets underwent ischemia/reoxygenation; I/R+D30/20/10 - platelets underwent I/R following pretreatment with 30 uM,

20 uM and 10 puM of doxycycline, respectively.



1380

A impact of doxycycline on activated
glycoprotein llb/llla expression on platelets
60+
s & T
56 T
='n 404
o ¢
09 2 a— w
s o [ —_
5o 2 | i q e
28 207
° 8 . J -
©
=3
"]
0 T T T
o & Q
< A x
W N

K.J. Hatucha et al. MMP-2 impact on platelets in IRI

B
CD63 surface expression on PMVs
2.0 *
9 —_
= 1.5'
S |
?
® 104 o
) o
3 0.5- e
8 PR =
0.0 | _I—.
O & QO
N N x
W N

Fig. 3. Expression of activated glycoprotein (GP) lIb/llla on platelets after the ischemia/reoxygenation (I/R) procedure (A) and of CD63 on platelet
microvesicles (PMVs) in the buffers after I/R procedure using pores with a diameter of 1.0 um (B)

AERO - aerobic control; I/R - platelets underwent ischemia/reoxygenation; I/R+D - platelets underwent I/R following pretreatment with 10 uM
of doxycycline; * p < 0.05. Data are expressed as median (middle line), box as 25"-75™ percentiles, whiskers indicate minimum and maximum values (paired

Wilcoxon test): A. p =0.043, T =0, n = 7/group; B. p = 0.043, T =0, n = 5/group.

observed (Fig. 3A). Changes in the binding of P-selectin
(paired Wilcoxon test: p = 0.075, T = 2) and CD63 (paired
Wilcoxon test: p = 0.463, T = 7) based on the platelets
exposure to doxycycline was not observed.

Interesting results were obtained after the last step
of the procedure. Cytometric analysis of the buffers showed
an increased surface expression of CD63 on PMVs after
using inserts with a pore diameter of 1.0 pm in the I/R+D
series compared to the I/R series (paired Wilcoxon test:
p =0.043, T = 0; Fig. 3B). No significant changes in CD63
surface expression were observed in buffers after using
inserts with a pore diameter of 0.4 pm, which significantly
reduced the transfer of PMVs into the buffer. In addition,
there was a trend towards a higher expression of acti-
vated GP IIb/IIla and P-selectin in buffers analyzed after
the last step of the procedure in the I/R+D series compared
to the I/R series, regardless of the diameter of insert used.

An influence of I/R and doxycycline
on platelet aggregation

The aggregation was performed in platelets taken
from inserts with a pore diameter of 1.0 um, which sig-
nificantly reduced the presence of PMVs in the inserts.
Adenosine diphosphate (ADP)-dependent aggregation
of platelets that underwent I/R and I/R with doxycycline
was significantly lower in comparison to aerobic controls
(Friedman’s ANOVA by ranks test: p = 0.022, x* = 7.684,
df = 2; Dunn’s multiple comparisons post hoc tests: I/R
compared to AERO: p = 0.0003, I/R+D compared to AERO:
p = 0.0417). Additionally, there was a strong tendency for
an enhanced ADP-dependent aggregation of I/R+D plate-
lets compared to I/R platelets. The collagen-dependent
aggregation showed no significant changes after the use
of doxycycline (Fig. 4).

An impact of doxycycline on MMP-2
activity and concentration in platelets

Zymogram analysis revealed a 36% higher MMP-2 ac-
tivity in I/R+D platelets compared to I/R platelets (t-test:
p = 0.007, t = 6.771, df = 3) when 1.0-um diameter in-
serts were used (potential MMP-2 in PMVs was elimi-
nated; Fig. 5A). The examination of MMP-2 concentra-
tions in platelets revealed a strong tendency (Friedman’s
ANOVA by ranks test: p = 0.091, x* = 4.8, df = 2) for higher
MMP-2 levels in platelets treated with doxycycline (Fig. 5B).
Additionally, a correlation between MMP-2 activity and
the expression of activated GP IIb/IIIa on I/R+D plate-
lets was observed but was not significant due to the small
sample size (p = 0.233, Fig. 6). Interestingly, the use of a 0.4-
um pore size insert did not change the MMP-2 activity
in platelets between series. Additionally, no differences
in MMP-2 activity were noticed between the studied
groups after the ischemia stage. The activity and concen-
tration of MMP-2 were undetectable in buffers.

Discussion

The protective effects of doxycycline against ischemia
have been shown to involve various organs and mecha-
nisms. Doxycycline displays a protective effect by inhibit-
ing MMP-2 in myocardial IRI studies.!® In cerebral isch-
emia, the protection of doxycycline was associated with
MMP-9, MMP-2 and PKC$ inhibition and upregulation
of tight junction proteins.?#2> Another protective mecha-
nism of doxycycline was presented in a model using rat
hepatocytes, where the protection against hypoxia and
cell death was associated with the inhibition of mitochon-
drial calcium uniporters.?® Tetracyclines have therapeutic
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Fig. 4. Platelet aggregation after the ischemia/reoxygenation (I/R) procedure induced by adenosine diphosphate (ADP) (A) and collagen (B)

AERO - aerobic control; I/R - platelets underwent ischemia/reoxygenation; I/R+D - platelets underwent I/R following pretreatment with 10 uM
of doxycycline. Data are expressed as median (middle line), box as 25175 percentiles, whiskers indicate minimum and maximum values; Friedman
analysis of variance (ANOVA) by ranks test (A): x* = 7684, df = 2, p = 0.022; Dunn’s multiple comparisons post hoc test: I/R compared to AERO: p = 0.0003;

I/R+D compared to AERO: p = 0.0417; n = 6/group (A); n = 6/group (B).
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Fig. 5. The MMP-2 activity (A) and concentration (B) in platelets normalized to protein concentrations

AERO - aerobic control; I/R - platelets underwent ischemia/reoxygenation; I/R+D - platelets underwent I/R following pretreatment with 10 uM
of doxycycline; * p < 0.05. Data are expressed as median (middle line), box as 251"-75" percentiles, whiskers indicate minimum and maximum values;
A. t-test: p=0.007, t = 6.771, df = 3; B. Friedman analysis of variance (ANOVA) by ranks test: p = 0.091, x*> = 4.8, df = 2; I/R+D compared to AERO and I/R;

n = 5/group (A); n = 5/group (B).

potential in cardiovascular diseases, especially in cardiac
IRI, due to the involvement of MMP-2 in the degradation
of cardiac contractile proteins, including troponin 1.2
The MMP-2 inhibition by doxycycline improved the re-
covery of cardiac mechanical function and led to a reduced
endothelial permeability in cardiac IRL.?” Additionally,
doxycycline was able to protect cardiac tissue using a much
lower concentration when combined with myosin light
chain kinase inhibitors than doxycycline alone.!® In addi-
tion to cardiac IRI, the protective effects of doxycycline
against IRT have also been demonstrated in the kidneys and
the nervous system.?*28 In a rat stroke model, doxycycline
preserved the function of blood—brain barrier and attenu-
ated cerebral infarction.?* The numerous in vitro and ani-
mal model studies suggesting that doxycycline can protect
various organs against IRI and cell death have resulted
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Fig. 6. Correlation between MMP-2 activity in platelets and activated
glycoprotein llb/llla expression on platelets pretreated with doxycycline
after the ischemia/reoxygenation (I/R) procedure

Spearman’s correlation: p =0.233,r=0.7,n =5.
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in clinical trials evaluating doxycycline in the treatment
of I/R. Patients with ST-elevation myocardial infarction
(STEMI) and left ventricular (LV) dysfunction treated with
timely primary percutaneous intervention and short-term
treatment with doxycycline were shown to have decreased
infarct sizes and severities and a reduction in LV dysfunc-
tion and remodeling.?® These changes were associated with
plasma levels of tissue inhibitors of metalloproteinase 2
(TIMP-2), since doxycycline therapy resulted in higher
plasma levels of TIMP-2.?° In patients with active CAD,
subantimicrobial doses of doxycycline reduced the lev-
els of C-reative protein (CRP), interleukin 6 (IL-6) and
pro-MMP-9. The authors suggested that doxycycline may
potentially exert beneficial effects on inflammation and
prevent coronary plaque rupture events.

In this study, we demonstrated that doxycycline de-
creased platelet activation in I/R conditions. Doxycycline
reduces platelet activation by decreasing the expression
of GP IIb/Illa on platelets. At the moment, we do not
know the mechanism of action of doxycycline. In our
study, we demonstrated that I/R platelets pretreated with
doxycycline presented higher activity and concentra-
tion of MMP-2 than I/R platelets without doxycycline.
The MMP-2 is released from platelets as a result of their
activation.® Moreover, MMP-2 was shown to regulate
platelet activation and aggregation by the interaction be-
tween MMP-2 and GP IIb/IIIa.!* Our findings confirmed
that the mechanism of doxycycline underlying platelet
activity is based on the interaction of MMP-2 and platelet
GP IIb/IIIa in I/R conditions. Furthermore, the released
MMP-2 mediates the activation of consecutive platelets
by increasing the expression of P-selectin, one of the plate-
let activation markers.®! The increased activity and concen-
tration of MMP-2 in platelets subjected to I/R+D, as well
as the lack of increase in the concentration and activation
of MMP-2 in the extracellular space and the decreased ac-
tivity of platelets, prove the mechanism of action of doxy-
cycline in our model. Similar results were demonstrated
in the in vitro model of knockout mice, MMP-2-"-, where
the inactivation of the MMP-2 gene impaired P-selectin
expression and decreased the formation of platelet/leu-
kocyte aggregates upon in vivo activation.!! We showed
that doxycycline’s mechanism of action on platelets arises
from the blocking of MMP-2 release from platelets, lead-
ing to a decrease in the expression of activated GP IIb/IIIa
on platelets, a key player in thrombus formation contrib-
uting to MIL. The intracellular-active MMP-2 was shown
to affect the activation and aggregation of platelets through
the hydrolytic activation of talin, which is associated with
the activation of GP IIb/IIIa.!® Platelets release pro-MMP-2
and the active form of MMP-2 at the site of vascular dam-
age in vivo. The amount of MMP-2 released locally is ca-
pable of enhancing the response of platelets to a stimu-
lus.!? Additionally, platelets are a major source of MMP-2
in acute coronary syndrome (ACS) patients.3! The MMP-2
contributed to cardiac contractile dysfunction following

K.J. Hatucha et al. MMP-2 impact on platelets in IRI

I/R through the degradation of cardiac contractile pro-
teins. We have shown that doxycycline prevents platelet
activation by inhibiting MMP-2 release. Given the partici-
pation of MMP-2 in the degradation of cardiac contrac-
tile proteins and the fact that platelets were the source
of MMP-2, it seems that doxycycline may prevent cardiac
injury through the regulation of platelet MMP-2.

Previous data have shown that MMP-2 released from
platelets was able to facilitate ADP-, collagen- and throm-
bin-induced aggregation, although MMP-2 alone did not
induce resting platelet aggregation.!® On the other hand,
high concentrations of MMP-2 inhibited collagen-induced
aggregation of platelets.” We demonstrated that doxycy-
cline did not affect collagen-induced platelet aggregation.
Our results are partially consistent with a study using
healthy rats, where intravenous administration of doxycy-
cline resulted in no changes in ADP and collagen-induced
platelet aggregation after 15 min.?? Our results also re-
vealed that doxycycline had a strong tendency to enhance
ADP-induced platelet aggregation in I/R. This finding
is opposite to another study using healthy dogs, in which
doxycycline administered at therapeutic antimicrobial
concentrations had no effect on platelet aggregation us-
ing 2 agonists: ADP and platelet-activating factor (PAF).3
Another study reported a positive correlation between
levels of ADP-induced aggregation and GP 1Ib/IIIa content
in healthy volunteers and patients with ACS within the first
hour upon admission to the hospital. However, after a few
days, there was no correlation between ADP-induced ag-
gregation and GP IIb/IIIa content in ACS patients.* Dis-
crepancies in the results obtained by us and other research-
ers may be both due to the dose of doxycycline and the final
concentration of agonist. Additionally, in our research,
in addition to the use of doxycycline, platelets were also
exposed to I/R, which undoubtedly affected them in a dif-
ferent way than after the use of doxycycline alone. Also,
collagen is a strong agonist. Therefore, it is possible that
slight changes in platelet aggregation caused by doxycy-
cline may not have significantly affected their response
to this agonist. We showed that ADP-induced platelet ag-
gregation capacity decreased when platelets were subjected
to I/R and I/R with doxycycline compared to platelets
in aerobic conditions. Interestingly, I/R platelets pretreated
with doxycycline presented a strong tendency to increase
ADP-induced platelet aggregation capacity compared
to I/R platelets without the drug. It seems that as a result
of I/R, the aggregation capacity of platelets is reduced and
their function is impaired, similar to the case of, for ex-
ample, the storage of platelets.?® At the same time, the use
of doxycycline had a protective effect on the maintenance
of platelet function in I/R.

Platelets microvesicles, as mentioned, are released from
platelets during their activation in response to stimulants
such as oxidative stress.® Vélez et al. showed that in STEMI,
the PMV fibrinogen is upregulated; therefore, PMVs may
be involved in the excessive platelet aggregation responsible
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for atherothrombosis.®® Jung et al. showed that in STEMI
patients, circulating PMV levels are correlated with the de-
gree of ischemia.?” In this research, we used inserts with
2 different pore diameters: 1.0 um to allow the PMVs en-
ter the buffers and 0.4 um to prevent penetration by most
of the PMVs. For this reason, the use of the appropriate
pore size allowed us to study the changes resulting from
the presence or absence of PM Vs, since MI triggers PM Vs,
which contain pro-inflammatory, proapoptotic and pro-
thrombotic properties.® By using inserts allowing the sepa-
ration of platelets from PMVs, we confirmed the release
of PMVs in I/R conditions. We demonstrated that platelets
pretreated with doxycycline showed enhanced CD63 ex-
pression on PMVs after I/R in comparison to PMVs from
platelets without doxycycline when 1.0-um inserts were
used. According to our knowledge, there is no evidence
explaining the interaction between CD63 and doxycycline.
Tetraspanin CD63, present on lysosomes and membranes
of dense granules in resting platelets, is expressed on plate-
let membranes as a result of their activation. The CD63
is a common platelet-derived exosomal marker that is also
present on PMVs.%38 However, pharmacotherapy, especially
antiplatelet drugs, have been shown to reduce the level
of PMVs released.® This effect may be dose-dependent since
low-dose acetylsalicylic acid therapy did not reduce the re-
lease of PMVs into the microcirculation.® Additionally,
PMVs may be a potential biomarker for the response to anti-
platelet therapy. As in the case of clopidogrel, increased lev-
els of circulating PM Vs were observed in ACS patients with
a high on-treatment platelet reactivity compared to patients
with a low on-treatment reactivity on clopidogrel.*’ In our
model, we observed an increase in the expression of CD63
on PMVs, which may be related to concentrations of doxy-
cycline being not sufficient to reduce the release of PMVs.

Enhanced activation and aggregation of platelets
is a well-established component of the pathophysiology
of MlIs. This study revealed a new possibility for the ap-
plication of doxycycline in antiplatelet therapy.

Limitations

A limitation of our study is the small sample size, which
could have affected the results. Therefore, further research
on this topic should be based on a larger number of cases.

Conclusions

In our research, we showed that the inhibition of platelet
MMP-2 by doxycycline attenuated platelet activation and
protected platelets by preserving their aggregation abil-
ity. The use of doxycycline in cardiac IRI may indicate
a two-fold benefit: first, protection of cardiac contractile
proteins, and second, prevention of platelet activation and
unwanted aggregation. Doxycycline should be taken into
consideration for antiplatelet therapy and MI prevention.
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Abstract

Taurodontism is a morphological anomaly involving multirooted teeth that is characterized by a vertical shift
of the pulp chamber and shortening of the roots. The literature was analyzed to determine the impact of a di-
agnosis of taurodontism on dental treatment. A total of 85 full-text publications from the years 20052021
were analyzed and 20 publications were included in this research. The endodontic treatment of a taurodont
tooth is challenging due to the apical displacement of the pulpal chamber floor and the incorrect configuration
of the root canal system, or the presence of additional canals. In terms of prosthetics, the use of taurodont
teeth as abutments is not recommended as they lack stability due to shorter roots. The extraction of taurodont
teeth can be complicated due to an apical shift of the root furcation. In periodontology, taurodont teeth can
have a better prognosis as there is less chance of furcation involvement. From an orthodontic point of view,
itis important to note that taurodont teeth are not sufficiently embedded in the alveolus and have a greater
tendency for root resorption. With regard to genetic diseases, it has been reported that this anomaly can
exist as an isolated feature. However, the majority of authors agree that taurodontism is associated with
conditions such as Down syndrome, Klinefelter syndrome, cleft lip and palate, hypodontia, amelogenesis
imperfecta, and others. From a clinical standpoint, it is very important to diagnose taurodontism before
treatment. A diagnosis of taurodontism can be important in the early diagnosis of malformations that com-
monly occur with this condition.

Key words: genetic diseases, endodontics, dental pulp cavity, tooth cervix
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Introduction

Taurodontism is a morphological anomaly involving
multirooted teeth. It can affect both deciduous and per-
manent teeth.!~® Taurodontism most commonly affects
the permanent molars of the mandible.* However, some au-
thors contend that this anomaly is found more frequently
in the maxilla and second molars, and is less frequently
seen in the first molars of the mandible.® Taurodontism
can occur unilaterally or bilaterally.

A taurodont tooth is characterized by an apical dis-
placement of the pulpal floor and shortening of the roots.
A lack of constriction at the cementoenamel junction
(CE)) is a characteristic feature.? On clinical examination,
a taurodont tooth is not visibly different from the other
teeth, as this anomaly is only detected on radiographic
imaging.

The origin of the name “taurodontism” comes from
the Latin term “taurus” which means bull and the Greek
term “odous” which means tooth.? Taurodontism was
first observed by Henry Pickerill in 1909.35¢ The name
of the condition was coined by Arthur Keith in 1913.2-°
Since its identification, de Terra has discovered these
misshaped teeth in prehistoric humans.® There are re-
ports stating that the term “taurodontism” was first
used by Dragutin Gorjanovi¢-Kramberger who found
this anomaly in neanderthal remains in Krapina (Cro-
atia).? In modern populations, the prevalence of taur-
odontism varies depending on the population studied.
This condition has been observed in 8% of Jordanians,
46% of Chinese, 5% of Israelis, and 10% of the Dutch.!°
However, it should be considered that the aforementioned
differences may result from the use of different diagnostic
criteria.l!

The etiology of this condition has not been clearly ex-
plained. Many authors assume that the anomaly forms
in early fetal life due to the failure of Hertwig’s epithelial
sheath diaphragm to invaginate at the proper horizontal
level.1%5711-14 Some authors report that this anomaly may
be associated with an aberration of a gene on the X chro-
mosome that is responsible for enamel development,®*1>
or that it may be inherited in an autosomal dominant
fashion.*

Objectives

The objective of this study was to analyze the available
publications in order to assess the impact of the presence
of taurodontism on various aspects of dental treatment
(endodontology, prosthetics, surgery, periodontology, and
orthodontics) and the association of taurodontism with
various malformations.

J. Pach et al. Clinical implications of taurodontism: Review

Material and methods

The PubMed database was searched covering the years
2005-2021, and the keyword “taurodontism” was used.
This resulted in identifying 243 publications, of which 158
were rejected after an analysis of the abstracts. The exclu-
sion criteria included a lack of relation to the topic, non-
English text and nonavailability of the abstract and article.
A total of 85 full-text articles were analyzed. The inclusion
criteria consisted of the subject of the article evaluating
the impact of taurodontism on endodontic, prosthetics,
dental surgery, periodontological and orthodontic treat-
ment, or describing the association of taurodontism with
other malformations. Full-text articles were excluded
if they were not relevant to the subject of this work. Sixty-
five articles were rejected and 20 were included in this
research (Fig. 1). Particular attention was paid to the clini-
cal relevance of the cases described. The conclusions
of the authors were categorized into endodontics, pros-
thetics, dental surgery, periodontology, and orthodontics.
We analyzed the points of view of the authors concerning
the coexistence of taurodontism and other genetic diseases
and systemic disorders.

~
Review of the literature — PubMed
n=243
J
) )
Articles not related
to clinical trials

n=158 )

The subject of the article

concerned the impact
of taurodontism on endodontics,
periodontic and orthodontic
treatment or coexistence
of taurodontism with
malformations

n=285

Articles not related
to the subject
of this research

n==65

Works chosen
for detailed analysis

n=20

Fig. 1. Flow diagram for publications qualified for the review
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Results

The endodontic treatment of taurodont teeth is com-
plex and difficult because of the apical displacements
of the pulpal chamber floor, which makes it harder to find
the localization of the root canals.>®111516 Taurodont
teeth often have an incorrect configuration of the root
canal system and additional canals (Fig. 2,3). Increased
bleeding during pulp chamber trepanation may be mis-
taken for perforation'; however, due to root shortening
and the apical displacement of the pulpal chamber, floor
perforations can occur.>'?!7 The complexity of the root
canal system makes its instrumentation almost impossible.
Because of this, the authors recommend the use of so-
dium hypochlorite to dissolve the remaining pulp that
cannot be removed with instruments.!*!8 Kulkarni et al.
described a case of a patient who underwent root canal
irrigation of tooth 37 with 2.5% sodium hypochlorite, 17%
aqueous ethylene diamine tetra-acetic acid (EDTA) solu-
tion, 2% chlorhexidine gluconate, and saline.* According
to Bharti et al., an irrigation with 5% sodium hypochlo-
rite for 20 min-2 h can completely dissolve the pulp.t’
However, Prakash et al. recommended the irrigation with
sodium hypochlorite be limited to single-use to minimize
the detrimental effects in the periapical tissues.®

From an endodontist’s standpoint, it is very helpful to use
an endodontic magnifier and endodontic microscope during
the treatment of taurodont teeth.!” By using these modern
optical devices, the operating field is better illuminated and
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the picture becomes deeper and clearer. The endodontic
microscope provides up to x40 magnification of the oper-
ating field, which significantly minimizes the risk of com-
plications when finding hard-to-reach root canal orifices.
The use of an endodontic microscope also makes it possible
to check the dryness, cleanliness and shape of the root ca-
nals. An additional challenge during endodontic treatment
is the difficult procedure of root canal filling. Mohan et al.
proposed a modified technique of root canal filling, based
on connecting the side condensation of the apical area with
the vertical condensation of the extended pulp chamber.>'
As a result of the vertical shift of the pulp chamber, the di-
agnosis of a taurodont tooth may be difficult, as the pulp
viability test may not be conclusive.?

Taurodont teeth are less useful as abutments in pros-
thetic treatment because the shortened roots do not pro-
vide adequate anchorage in the alveolus and, therefore, do
not adequately resist lateral forces.>>'¢ According to some
authors, taurodont teeth are a contraindication for the use
of root-crown posts.?

With regard to dental surgery, it should be taken into
account that the extraction of a taurodont tooth may be
more difficult because of the apical shift of the furcation,
the root apical area being shorter and thinner,>¢ and
the roots having a widened dimension in the 1/3 of their
length (Fig. 2).>>!7 Paradoxically, due to their large crown
and short roots, such teeth are less seated in the alveolus,
and thus may be easier to extract than their cynodont
counterparts.>1>

Fig. 2. Panoramic radiograph with taurodont teeth
38,47 and 48

Fig. 3. Panoramic radiograph with taurodont tooth 48
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In periodontal treatment, taurodont teeth appear to have
a better prognosis than cynodont teeth, as the probability
of involvement of the furcation in taurodont teeth is sig-
nificantly smaller.>1>1¢ However, if this does occur, then
the prognosis becomes questionable.!®

A diagnosis of taurodontism is important before making
decisions about orthodontic treatment. Due to the reduced
surface area of the roots, it may be necessary to reduce
the anchorage value of the root in the alveolus.31® From
the point of view of an orthodontist, it is very important
to know the link between the occurrence of facial and
dental malformations. During orthodontic treatment,
taurodont teeth may have an excessive tendency for root
resorption.!*

The opinions of researchers are divided on the ques-
tion of whether taurodontism coexists with other ge-
netic diseases. Some authors report that taurodontism
is an anomaly that may be observed as an isolated
feature,'® or as a coexisting feature with other genetic
diseases such as tricho-dento-osseus syndrome and
Klinefelter syndrome.”11® There are reports stating
that taurodontism occurs more frequently in people
with a cleft lip and palate.>”1%11 Also, correlations with
disorders such as hypodontia, amelogenesis imperfecta
and Down syndrome have been observed.!=39:10.13.19
The authors agree with the hypothesis that the preva-
lence of taurodontism increases as the number of X chro-
mosomes increases, indicating that the expression
of the defect and the number of X chromosomes may
be correlated. Furthermore, it has been suggested that
the X chromosomal gene responsible for the development
of enamel may also be responsible for the development
of taurodontism.!” Puttalingaiah et al. studied patients
from central India and were able to prove a correlation
between taurodontism and tooth agenesis.?’ In the popu-
lation studied, they noted a prevalence of 7.5% for this
association. Chetty et al. investigated and described
a relationship between the occurrence of taurodontism
and the existence of genetic abnormalities in the bone
structure of a South African population.'” They found
that out of 23 people with osteogenesis imperfecta (OI)
type XI, 43.48% showed signs of taurodontism in their
permanent teeth. Contrary to this, a study of the Dan-
ish population has shown taurodontism to only occur
in persons with mild OI. Taurodontism has also been di-
agnosed in association with Torg—Winchester syndrome
and Pyle disease.'”

The prevalence of this dental anomaly reported in the lit-
erature is variable due to the use of different study methods.
Studies in the literature report values ranging from 0.1%
to 55% of the total number of patients examined, including
values of 0.1% to 9.9% in patients without known systemic
diseases. The proportion of patients with systemic diseases
and congenital malformations (Down syndrome, Klinefel-
ter syndrome, oligodontia, or cleft lip and palate) diagnosed
with taurodontism was high (from 19.4% to 55%).>
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Discussion

Taurodontism is a relatively rare tooth anomaly in mod-
ern humans.?1¢ However, there are studies showing that
this malformation can occur in 0.25-11.3% of the popu-
lation.!! Most of the authors of the analyzed publications
agree that the occurrence of this defect is related to ethnic-
ity.235-7910.16 Eor example, this anomaly has been reported
in up to 46% of young Chinese people.>1° Even using pan-
oramic radiographs and cone beam computed tomogra-
phy (CBCT), the occurrence of this anomaly, especially
its milder forms (hypotaurodontism), can be overlooked.
Therefore, a thorough biometric analysis of the available
images is very important.”121516

There are several ways to diagnose taurodontism.
In 1928, Shaw classified the subtypes of this disease
as hypo-, meso- and hypertaurodontism, based on the rel-
ative shift of the pulpal floor. This subjective assessment
has often led to a misdiagnosis of this anomaly.* In 1978,
Shifman and Chanannel (Fig. 4), and later Kim Seow
and Lai (Fig. 5), developed taurodontal indices in order
to determine the occurrence of taurodontism and classify
it based on a biometric study, as shown radiographically
(Fig. 2,3).2 Determining taurodontism consists of divid-
ing the distance between the lowest point of the pulp
chamber roof and the highest point of the pulpal floor
by the distance between the lowest point of the pulp
chamber roof and the apex, and then multiplying the re-
sult by 100. When this value is equal to or greater than
20, the patient is said to have a taurodont tooth. Values
from 20 to 29.9 classify the tooth as a hypotaurodont,
values from 30 to 39.9 classify it as a mesotaurodont,
and values from 40 to 75 identify it as a hypertaurodont.

==

Fig. 4. Index of Shifman and Chanannel equal to ax100/b

Fig. 5. Index of Seow and Lai equal to a/b
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The 2"¢ index used to identify taurodontism calculates
the crown-to-root ratio of the tooth. This is accom-
plished by measuring the distance from the deeper furrow
on the occlusal surface of the furcation and comparing
it to the distance from the furcation to the apex. A result
from 1.1 to 1.29 indicates hypotaurodontism, from 1.3
to 2.0 indicates mesotaurodontism and above 2.0 indicates
hypertaurodontism.>!3

The ability to diagnose taurodontism is particularly use-
ful in endodontics, especially regarding meso- and hy-
pertaurodont teeth. The treatment of such teeth is very
complicated and requires much more commitment from
the clinician.!!® Due to the considerable elongation
of the pulp chamber and consequently, the shortening
of the root canals, it is much more difficult to localize
and avoid perforation. However, it is possible to observe
increased hemorrhaging during trepanation, which can
suggest a perforation.!?

Conclusions

The literature suggests that from the clinician’s point
of view, the diagnosis of taurodontism before treatment
is crucial for its success. The complications of endodon-
tic treatment are mostly caused by this defect; however,
the possibility of this anomaly should be considered
in other areas of dentistry. The diagnosis of taurodontism
isimportant in the early diagnosis of some malformations
with which it may be correlated. Therefore, the clinical
usefulness of an imaging examination in patients at risk
of developing systemic genetic diseases due to medical
family history should be emphasized. Genetic testing
should be performed in cases where the clinician suspects
a genetic disease and where taurodontism has been con-
firmed, especially in Klinefelter syndrome where it may be
asymptomatic at first; however, the risk of tumors devel-
opment is increased in the case of initially asymptomatic
Klineferter syndrome.
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Abstract

Lung cancer is one of the most common neoplasms and the leading cause of cancer-related deaths worldwide.
Despite recent progress in understanding the pathomechanisms of lung cancer, it is frequently associated with
late diagnosis, high incidence of metastases and poor response to treatment. Thus, there is extensive research
in the field of biomarkers that aims to optimize management of lung cancer. The aim of this study was to review
the current perspectives of a wide spectrum of circulating molecules that seem promising as new potential
biomarkers of lung cancer. Among these, biochemical (active proteins), immunological (immunocompetent
cells, cytokines, chemokines, and antibodies) and genetic (circulating tumor DNA, cell-free DNA and microRNA)
markers are presented and discussed. The use of these markers would support the early detection of lung
cancer and might be used for predicting disease progression, response of the disease to targeted therapies,
monitoring the course of treatment, and developing individualized diagnostic and therapeutic strategies.
Special attention was given to potential markers of nervous system involvement in the course of lung cancer,
due to its prevalence and devastating impact. Limitations of the potential biomarkers are also outlined and
future directions of investigations in this field highlighted, with the aim of improving the accuracy and
practical utility of these biomarkers.

Key words: lung cancer, biomarkers, molecular, biochemical, immune
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Introduction

According to the GLOBOCAN estimates,! lung cancer
was the 2" most common type of cancer in terms of inci-
dence in 2020, accounting for 11.4% of all newly diagnosed
cancer cases. It was also by far the leading cause of death
due to malignancies, accounting for 18% of all cancer mor-
tality, which is almost double that of the 2" most common
cause, colorectal cancer. Moreover, it is estimated that lung
cancer will remain at the top of both of these categories
by 2040, with an expected growth of 58.8% in the num-
ber of cases and 63.8% in mortality.> From a histological
point of view, lung cancer is typically divided into sub-
types: small cell lung cancer (SCLC), adenocarcinoma,
squamous cell carcinoma (SCC), and large cell carcinoma,
the latter 3 usually being jointly referred to as non-small
cell lung cancer (NSCLC).? The main symptoms of lung
cancer, that can occur separately or in combination, are
cough, dyspnea, pain, hemoptysis, aphonia or hoarseness,
weight loss or asthenia, and superior vena cava syndrome,
although an asymptomatic course at the time of diagno-
sis is not unusual.* Moreover, distant metastases are fre-
quent, especially to the central nervous system. In the early
stages of NSCLC, brain metastases are present in 0.6—3%
of patients® and this increases up to 50% in the course
of the disease.® In SCLC, brain metastases occur in about
10% of patients at the time of diagnosis and in additional
40-50% at later stages.”

Another type of nervous system involvement, resulting
from immune-mediated responses to the presence of lung
cancer antigens, are paraneoplastic neurological syndromes
(PNS). Lung cancer, predominantly SCLC, is considered
to be the most common malignancy associated with PNS.%?
From a clinical perspective, PNS can involve both the cen-
tral and peripheral nervous systems, with the most com-
monly reported syndromes being peripheral neuropathy,
followed by limbic encephalitis, subacute cerebellar degen-
eration, Lambert—Eaton syndrome, myopathy, encephalo-
myelitis,®~1° and neuromyelitis optica.''"!? Paraneoplastic
neurological syndromes may develop a few years before
the detection of cancer,'*!* which highlights the potential
of using such syndromes for early diagnosis.!>1¢

Treatment options for lung cancer can be applied alone
or in combination and include surgery (for early stage dis-
ease), chemotherapy, radiotherapy, targeted therapy, and
immunotherapy.!”-2! Despite recent advances in the diag-
nosis and treatment of lung cancer, the prognosis is still
unfavorable. According to the tumor-node-metastasis
(TNM)-based staging of lung cancer, the 5-year survival
rate for NSCLC varies between 50% in clinical stage IA and
2% in clinical stage IV.%2 Small cell lung cancer is associ-
ated with even worse outcomes, such as a 5-year survival
of 10% in the early stage of disease, with only 4.6% of pa-
tients diagnosed in the extensive stage surviving 2 years.?®
As a consequence of high mortality rates and frequency
of metastases present at diagnosis, much of the recent
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research has focused on early diagnosis and identification
of potential markers of disease progression, local infiltra-
tion and metastatic activity, as well as treatment response.
The early diagnosis of lung cancer is based mainly on com-
puted tomography imaging, confirmed using cytological
and histopathological examination of specimens obtained
during bronchoscopy or other invasive procedures.?* How-
ever, the diagnostic process and prognosis may be comple-
mented by additional biomarkers.

By definition, biomarkers are molecules or abnormal
parameters that distinguish an individual with a particular
disease from the studied population. Biomarkers can be
detected in bodily fluids such as blood, serum, urine, spu-
tum, pleural effusion, or cerebrospinal fluid.?>2¢ Recently,
biochemical, immune and molecular biomarkers have been
recognized as the most promising and clinically relevant
with regard to lung cancer, and they are being extensively
investigated to evaluate their sensitivity and specificity.?”
An early detection of the dissemination of neoplastic
processes and the establishment of risk factors for its oc-
currence are particularly important in terms of prognosis
and therapeutic possibilities. Given the significant impact
of nervous system involvement on disease burden, mor-
bidity and mortality, the identification of its presence and
selection of patients at increased risk of this complication
are of great importance.

Objectives

The aim of this study was to review the current data
on the role of new biochemical, immune and molecular
markers in the diagnosis of lung cancer, and to evaluate its
progression, with a focus on the involvement of nervous
system in the course of disease. Ongoing research and its
future directions in this field have been reviewed in view
of potential implications for early detection of cancer, tai-
loring treatment plans based on prognosis, and monitoring
the course of disease.

Materials and methods

A literature search was performed using the PubMed
and Embase databases, covering the period from the be-
ginning of 2010 until February 28, 2022, with a combina-
tion of the search terms: “lung cancer”, “NSCLC”, “SCLC”,
“biomarker”, “biochemical”, and “molecular”. After ex-
cluding papers written in a language other than English,
conference abstracts and duplicates from further screen-
ing, a total of 2745 original studies and review articles
were retrieved. Full texts of eligible papers were analyzed
for their relevance to the topic, as well as several further
potentially relevant papers that were identified in refer-
ence lists from the texts. Initially, the literature search was
conducted by the lead author, with the results reviewed



Adv Clin Exp Med. 2022;31(12):1391-1411

and verified by the other authors. This led to the identi-
fication and inclusion of 217 published studies that were
considered the most relevant to the topic. The prepara-
tion of the study was conducted by following the Enhanc-
ing Transparency in Reporting the Synthesis of Qualita-
tive Research (ENTREQ) checklist,® selected according
to the Enhancing the QUALlity and Transparency of Health
Research (EQUATOR) Network guidelines (https://www.
equator-network.org).

Biochemical markers
of lung cancer

Several biochemical biomarkers have already been im-
plemented into lung cancer diagnostics and management,
including carcinoembryonic antigen (CEA), cytokeratin
19 fragment marker (CYFRA 21-1), neuron-specific eno-
lase (NSE), and cancer antigen 125 (CA-125).2°3° However,
the sensitivity and specificity of these markers are dis-
putable, as their levels can be elevated in other diseases.
As such, new candidate biomarkers have been proposed
that are thought to have better accessibility and clinical
utility, such as soluble intercellular cell adhesion molecule-1
(sICAM-1), which plays an important role in adhesion be-
tween host cells and cancer cells in the promotion of tu-
mor growth. The overexpression of SSCAM-1 was reported
in lung cancer patients with lymph node and distant me-
tastases, and was linked to shorter overall survival (OS)
and progression-free survival (PFS).3! Similarly, high levels
of angiopoietin-2, an important factor involved in angio-
genesis, were associated with lymph node metastases and
a poorer prognosis.?? Transforming growth factor beta
(TGE-B),* glucose transporter 1 (GLUT1), which enhances
the supply of glucose to tumor cells,?* and urinary GM2
activator protein (GM2AP), a molecule involved in the in-
duction of cancer invasion, are other recently proposed
predictors of poor outcome. Podoplanin, a potential inhibi-
tor of tumor cell growth and self-renewal, was identified
as a marker of lower malignancy in SCC and better prog-
nosis in patients with this type of lung cancer.3® In another
meta-analysis, high serum levels of amyloid A, a protein
correlated with an acute inflammatory response, were sug-
gested as a discriminative marker, especially for the detec-
tion of SCC.?” Among other potential biomarkers, tumor
necrosis factor receptor-associated protein 1 (TRAP1) was
overexpressed in patients with higher pathological TNM
stage and lymph node metastases, and was correlated with
a shorter disease-free survival.®

Immune markers of lung cancer

The development of lung cancer is associated with
a changing profile of immune system activity, with a shift
from type 1 T helper cell-derived signaling to type 2
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T helper cell pathways. Furthermore, dendritic cell, natural
killer (NK) cell and T helper cell activity has been shown
to decrease, whilst regulatory T cell (Treg) activity has
been seen to increase. Additionally, programmed cell death
protein 1 (PD-1) and cytotoxic T-lymphocyte-associated
protein 4 (CTLA-4), which are markers of checkpoint in-
hibition, have also been shown to increase. Meanwhile,
tumor-specific antigens and tumor-associated antigens
(TAAs) are expressed by neoplastic cells and evoke an im-
mune response, such as the induction of antibody produc-
tion. Therefore, these immune-mediated processes might
be used as markers for detection and monitoring of lung
cancer, or for predicting its activity.3>4°

A range of immunocompetent cells have been identi-
fied within lung tumors, with their type and distribution
in the nest or stroma of the tumor found to have prognostic
significance. The prevalence of Tregs, M2 macrophages
and immature dendritic cells was associated with poor
survival, while the presence of CD8* T cells, CD4" T cells,
M1 macrophages, and NK cells was linked to better out-
comes.* Some of these findings were specific for particular
types of lung cancer, with high intratumoral neutrophil
density being correlated with poor prognosis in patients
with adenocarcinoma, contrary to the patients with SCC.#2
A similar analysis of bronchoalveolar lavage fluid dem-
onstrated material obtained from the affected lung that
contained an increased number of neutrophils and a pre-
dominance of CD8* T cells, Tregs and M2 macrophages.*®

Measures of the systemic inflammatory response from
peripheral blood, including monocyte count and neutro-
phil-to-lymphocyte ratio (NLR), might also serve as predic-
tors of tumor development, especially its propensity to me-
tastasize.** Indeed, a meta-analysis of 14 studies revealed
that a high NLR was associated with shorter OS in NSCLC
and SCLC patients.*> Additionally, flow cytometry studies
have demonstrated that CD3*, CD4* and CD4*/CD8" ratio,
and NK cells were all decreased, and inversely correlated
with the progression of clinical stage in NSCLC, while
Tregs increased parallel to cancer progression.*®

Emphasis has been put on measuring serum cytokine
and chemokine levels, which reflect the inflammatory pro-
cesses related to the development of the cancer, in both
NSCLC* and SCLC.*® Higher serum levels of interleukin
(IL)-6 and IL-8 predicted a risk of lung cancer up to sev-
eral years before the diagnosis,* whilst the expressions
of IL-8 with IL-6 and IL-6 with IL-17 were shown to be
negative prognostic factors for early-stage lung cancer.>
In addition, elevated levels of IL-17 in the serum of SCLC
patients correlated with a propensity to metastasize and
a shorter OS.>! Angiogenesis inhibitors IL-20, and IL-22,
which promotes tumor growth, were also found to be
prognostic factors of lung cancer outcomes. High serum
levels of IL-20 adversely correlated with time to cancer
progression, and lower levels of IL-22 in the bronchoal-
veolar lavage of NSCLC patients were associated with
worse rates of survival.>? Studies on the prognostic value
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of chemokines have demonstrated that high levels of C-C
motif chemokine ligand 2 (CCL2), CCL19 and C-X-C motif
chemokine ligand 16 (CXCL16), and low levels of CCL5
were linked with better survival. In contrast, high levels
of CXCL8 and C-X-C motif chemokine receptor 4 (CXCR4)
were associated with worse survival rates.>

Autoantibodies to TA As may be detectable in the asymp-
tomatic stage of cancer and persist in high levels in serum,
which indicates their potential use as biomarkers for early
detection of lung cancer.>* The Early CDT®-Lung is a panel
test for the presence of 7 autoantibodies against TAAs (p53,
NY-ESO-1, CAGE, GBU4-5, SOX2, HuD, and MAGE A4)
that is currently used in patients with a high risk of lung
cancer. The test was validated in large cohorts of NSCLC
and SCLC patients and demonstrated high overall specific-
ity, but a rather low sensitivity in SCLC, which was even
lower in NSCLC.*° The presence of relevant autoantibod-
ies may also have a prognostic value in lung cancer, with
1 study reporting on patients with NSCLC who were posi-
tive for antineural and antinuclear antibodies, and showed
better rates of survival.> Another study reported a panel
of 4 antibodies (MAGEA1, PGP9.5, SOX2, and TP53) that
were overexpressed in NSCLC and correlated negatively
with OS.%¢ In another report, levels of an antibody against
human DNA-topoisomerase I were significantly higher
in the NSCLC group than in the controls, though the prog-
nosis was worse in the antibody-negative group.57

Studies on the tumor-related immune environment have
identified antibodies against PD-1 and its ligand (PD-L1)
as a potential therapeutic option in lung cancer. Thus,
the value of PD-L1 was investigated as a predictive bio-
marker for the efectiveness of therapy with anti-PD1/PD-
L1 agents. Higher levels of PD-L1 expression were shown
to be associated with a more effective treatment and longer
survival, although results have not been consistent across
studies.>® At the same time, a high expression of CTLA-4
predicted worse survival in NSCLC but was not validated
as a predictive marker of the response to the anti-CTLA-4
treatment.** Other markers have been sought, with Zhou
et al. constructing a panel of 5 tumor-associated auto-
antibodies (p53, BRCA2, HuD, TRIM21, and NY-ESO-1)
designed to predict the response to immune checkpoint
inhibitors.>® Panel positivity was found to be indicative
of a better response and longer PFS. In the previous work,
the same association was established for NY-ESO-1 and
XAGE1 serum antibodies,* anti-nuclear antigens, extract-
able nuclear antigens, and anti-smooth cell antigens.®!
In another study, SIX2 autoantibodies were consistently
upregulated in the non-responder group.®* A panel com-
prising 13 antibodies showed high accuracy in predicting
poor outcome in pre-operative samples of NSCLC pa-
tients (stage I-11Ia).% Concordant prognostic utility was
confirmed for an antibody against cyclin Y.** Moreover,
autoantibody status was suggested to be helpful not only
in predicting clinical outcome, but also in assessing the risk
of immune-related adverse events during treatment.®
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Different types of biomarkers can be combined to fur-
ther improve their diagnostic and predictive value, with
1report establishing a panel of markers that could identify
patients at risk of lymph node metastases.®® The panel in-
cluded tumor necrosis factor alpha (TNF-«a), tumor necro-
sis factor-receptor I (TNFR1) and macrophage inflamma-
tory protein-la (MIP-1a), along with 3 autoantibodies that
target ubiquilin-1, hydroxysteroid-(17-)-dehydrogenase
and triosephosphate isomerase. Validation of the panel us-
ing a classification algorithm revealed a sensitivity of 94%
and specificity of 97%. A meta-analysis on advanced lung
cancer inflammation index, which is a prognostic score
that considers body mass index (BMI), serum albumin
and NLR, revealed a significant correlation between
the score and OS and PFS.%” The prediction of survival
in SCC patients was proposed on the basis of 4 immuno-
logical markers, including monocyte ratio, NLR, PD-L1
immunostaining score, and PD-1-positive stained tumor-
infiltrating lymphocyte counts.** A large study was per-
formed comprising patients with NSCLC, treated with
PD-1/PD-L1 inhibitors, in order to establish the potential
efficacy of 2 combined biomarkers, defined as Lung Im-
mune Prognostic Index (LIPI). This index measured de-
rived neutrophil/(leukocyte minus neutrophil) ratio and
lactate dehydrogenase levels in order to predict the resis-
tance to immune checkpoint inhibitors.®® Both of these
factors were independently associated with worse OS and
PFS in patients treated with immune checkpoint inhibitors,
while no such correlation was observed in a group treated
with chemotherapy only. Neutrophil-to-lymphocyte ratio
was shown to correlate not only with shorter OS but also
with the presence of Kirsten rat sarcoma viral oncogene
homologue (KRAS) and epidermal growth factor recep-
tor (EGFR) mutations.®® Lung Immune Prognostic Index”
and NLR"! have also been investigated for their prognostic
value in patients with SCLC. The aforementioned potential
biochemical and immune biomarkers of lung cancer are
summarized in Table 1.

Circulating tumor DNA
and circulating tumor cells
as lung cancer markers

Circulating tumor DNA

Circulating tumor DNA (ctDNA) enters the bloodstream
predominantly as a result of necrosis and apoptosis of tu-
mor cells, although there is also evidence that it can be ac-
tively released by viable cells and several other processes.”?
It usually constitutes a small fraction (0.1-1%) of cell-free
DNA (cfDNA) in plasma’?; however, its level reflects tumor
activity and expansion and can be much higher in patients
with a more advanced disease.” There is increasing in-
terest in using ctDNA in the diagnosis of various types
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Table 1. Biochemical and immune markers of lung cancer

Biomarker

Study

Type of study

Study group

Outcomes

SICAM-1 (serum)

Angiopoietin-2 (serum)

Transforming growth factor beta
(tissue and plasma)

Glucose transporter 1 (tissue)

GM2 activator protein (serum,
urine and lung tissue)

Podoplanin (tissue)

SAA (serum)

TRAP1 (tissue)

Intratumoral CD66b* TANs density

NLR, monocyte ratio, PD-L1
immunostaining score and, PD-1-
positive stained tumor-infiltrating
lymphocyte counts

NLR

CD3*, CD4*, CD4%/CD8*, and NK
cells — downregulation
Treg — upregulation (serum)

IL-2, IL-4, IL-6, IL-8, TNF-a, MIP-1a
(serum)

IL-6, IL-8 (serum)

IL-6, IL-8 and combined IL-6/IL-8
classifier (serum)

|L-17, VEGF (serum)

HGF, IL-20, IL.-22 (serum and BALF)

Antineural and antinuclear
antibodies (serum)

Panel of 4 antibodies: MAGEAT,
PGP9.5, SOX2, and TP53 (serum)

Human DNA-topoisomerase
| antibody (serum)

Panel of 5 autoantibodies: p53,
BRCA2, HUD, TRIM21, and NY-
ESO-1 (plasma)

Wu et al.3!

Xu et al >

Lietal?

Zhang et al**

Potprommanee
etal®

Hu et al

Biaoxue et al.*’

Kuchitsu et al 3

Rakaee et al.*?

Jiang et al*

Yin et al#

Wang et al.*

Hardy-Werbin
etal*®

Pine et al #

Ryan et al.*°

Linetal?

Naumnik et al.>?

Blaes et al>®

Chen et al*®

Wu et al.>’

Zhou et al *®

meta-analysis

meta-analysis

meta-analysis

meta-analysis

observational

meta-analysis

meta-analysis

observational

observational

observational

meta-analysis

observational

observational

observational

observational

observational

observational

observational

observational

observational

observational

23 studies — out of them,
7 investigated prognostic value
(915 LC patients)

20 studies — out of them,
7 investigated prognostic value
(575 LC patients)

8 studies — 579 LC patients

26 studies — out of them,
10 investigated prognostic value
(1731 LC patients)

Serum and urine from 133 LC
patients and 143 NSCLC lung tissue
samples

8 studies — 725 SCC patients

9 studies — 1392, including 960 LC
patients

64 adenocarcinoma patients

536 NSCLC patients (289 SCC,
201 adenocarcinoma, 46 large cell
carninoma)

156 SCC patients (104 in training,
and 52 in validation group)

2734 LC patients (2433 NSCLC,
301 SCLO)

153 NSCLC patients

84 SCLC patients

270 LC patients in the study group
and 532 in the validation group

548 LC patients

76 SCLC patients

46 NSCLC patients
(10 adenocarcinoma, 25 SCC,
11 large cell carcinoma)

61 NSCLC patients
(29 adenocarcinoma, 32 SCC)

401 participants in training set,
including 177 NSCLC patients and
a validation set of 57 NSCLC patients

127 NSCLC patients
(70 adenocarcinoma, 57 SCC)

166 NSCLC patients (37 in discovery
cohort and 129 in validation cohort)

LC detection, more advanced stage,
lymph node metastases, distant
metastases, shorter PFS and OS

more advanced stage, lymph node
metastases, shorter OS

poor prognosis

differential diagnosis of SCC, more
advanced stage, lymph node
metastases, shorter OS, disease-
specific and DFS

LC detection, shorter OS and DFS

better differentiation of SCC, longer
OS and PFS

LC detection, especially SCC

more advanced stage, lymph
node metastases, shorter DFS,
worse response to platinum-based
chemotherapy

longer disease-specific survival in SCC,
shorter disease-specific survival
in adenocarcinoma

shorter OS

shorter OS

NSCLC detection

low IL-4, MIP-1a — more advanced
stage
IL-8 — shorter OS
IL-2 — sensitivity to ipilimumab
IL-6, TNF-a — resistance to ipilimumab

increased risk of LC development

shorter OS

both — LC detection, number
of metastases
IL-17 — more advanced stage, shorter OS

HGF, IL-22 — NSCLC detection
serum HGF, BALF IL-22 — shorter OS
serum IL-20 — shorter PFS

longer OS

NSCLC detection, shorter OS

NSCLC detection, longer OS

better response to immune
checkpoint inhibitors: higher ORR,
longer PFS




Table 1. Biochemical and immune markers of lung cancer - cont.

Biomarker

Outcomes

NY-ESO-1 and XAGE1 antibodies
(serum)

ANA, ENA and ASMA antibodies

SIX2 autoantibody (plasma)

Panel of 13 antibodies (serum)

Anti-CCNY antibody (serum)
Rheumatoid factor, antinuclear,

antithyroglobulin and antithyroid
peroxidase antibodies (serum)

Biomarker panel: TNF-a, TNF-RI,
MIP-1a, and autoantibodies against
Ubiquilin-1, hydroxysteroid-
(17-B)-dehydrogenase and
triosephosphate isomerase
(serum)

Low ALI (serum)

LIPI

NLR
LIPI

NLR

S100B and S100B autoantibody
(serum)

ProApolipoprotein A1 (serum)

high NLR, platelet-to-lymphocyte
radio and C-reactive protein

NLR

Lower mean platelet volume

Fibrinogen, platelet count

Purkinje cell cytoplasmic antibody
type 2 (serum)

Anti-Hu (serum)

Study

Ohue et al.®®

Giannicola et al '

Tan et al.®?

Patel et al %

Ma et al.*

Toi et al %

Patel et al %

Zhang and
Chen®”

Mezquita et al 5

Seitlinger et al.%®
Sonehara et al.””

Luetal”!

Choi et al.'*

Chenetal.'®

Marchi et al.’®

Sertetal.'”’

Koh et al."®
Lietal!®
Zhu et al?®

Gadoth et a2

Graus et al2'3
Gozzard et al 21

Monstad et al.?'®

Type of study

observational

observational

observational

observational

observational

observational

observational

meta-analysis

observational

observational
observational

meta-analysis

observational

observational

observational

observational

observational

observational

observational

observational

observational
observational

observational

Study group

88 NSCLC patients (13 in discovery
and 75 in validation cohort)

92 NSCLC patients
(55 adenocarcinoma, 31 SCC,
6 undefined)

50 NSCLC patients (17 in discovery
cohorts 1 and 2, 16 in verification
and 17 in validation cohort)

157 NSCLC patients
(83 adenocarcinoma, 74 SCC;
111 in training and 46 in validation
cohort)

264 NSCLC patients
(134 adenocarcinoma, 130 SCC)

137 NSCLC patients (86 non-
squamous NSCLC, 51 SCC)

127 NSCLC patients
(81 adenocarcinoma, 32 SCC,
14 undefined; 20 in training and
107 in validation cohort)

8 studies — 1587 LC patients

466 NSCLC patients treated with
ICls (270 adenocarcinoma, 159 SCC
(remaining 37 patients were
classified as 'NSCLC- other’in the
original study); 161 in test and
305 in validation cohort)

2027 NSCLC patients
171 SCLC patients
20 studies — 5141 SCLC patients

128 LC patients (61 adenocarcinoma,
40 SCC, 13 SCLC and 14 other),
150 NSCLC patients

150 NSCLC patients

103 LC patients

208 NSCLC patients
(41 adenocarcinoma, 124 SCC,
43 undefined)

260 NSCLC patients
(194 adenocarcinoma, 66 other)

476 NSCLC patients
(113 adenocarcinoma, 119 other)

275 NSCLC patients

96 patients (including lung cancer)

196 SCLC patients
238 SCLC patients
200 SCLC patients

good response to anti-PD-1 therapy:
higher ORR, longer OS and PFS

good response to anti-PD-1 therapy:
longer OS and PFS

worse response to anti-PD-1 therapy:
higher plasma level in non-responders

shorter OS

shorter OS in postoperative patients

higher rate of immune-related adverse
events, higher ORR, longer PFS

lymph node metastases

shorter OS and PFS

worse response to immune
checkpoint inhibitors: shorter OS
and PFS

shorter OS, detection of EGFR/KRAS
mutations

shorter OS and PFS

more advanced stage, shorter OS
and PFS

detection of brain metastases

detection of brain metastases, shorter
OS and PFS

detection of brain metastases

development of brain metastases

detection and development of brain
metastases

detection of brain metastases

shorter OS and poor prognosis
in patients with brain metastases

PNS detection

higher response rate, longer OS
longer OS

not associated with survival

SAA = serum amyloid A; TRAP1 — tumor necrosis factor receptor-associated protein 1; NLR — neutrophil-to-lymphocyte ratio; PD — programmed cell death
protein; NK — natural killer; TNF-a — tumor necrosis factor alpha; IL — interleukin; VEGF — vascular endothelial growth factor; BALF — bronchoalveolar lavage
fluid; TNF-R1 — tumor necrosis factor receptor 1; MIP-1a — macrophage inflammatory protein-1a; LIPI — Lung Immune Prognostic Index; LC — lung cancer;
NSCLC - non-small cell lung cancer; SCC - squamous cell carcinoma; ICls — immune checkpoint inhibitors; PFS — progression-free survival; OS — overall
survival; ORR - objective response rate; EGFR — epidermal growth factor receptor; KRAS - Kirsten rat sarcoma viral oncogene; DFS - disease-free survival;
TAN — tumor-associated neutrophil; HGF — hepatocyte growth factor; ANA — anti-nuclear antigen, ENA — extractable nuclear antygen; ASMA — anti-smooth
cell antygen; ALl - advanced lung cancer inflammation index.
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of neoplasms, including lung cancer, and for monitoring
the course of disease.” The method of obtaining ctDNA
from plasma, known as liquid biopsy,”® is considered
a promising alternative to standard tissue biopsy. This
noninvasive and safe technique may be easily implemented
in all patients, even those for whom a traditional biopsy
is not possible, and it enables avoiding complications such
as pneumothorax, hemorrhage and air leaks.”””

Rapid advances in molecular techniques that used to de-
tect cancer-specific mutations in ¢fDNA, such as poly-
merase chain reaction (PCR) or next-generation sequencing,
have offered new perspectives of on implementing liquid
biopsies into clinical practice.”” In a large analysis of data
from over 8000 lung cancer patients, ctDNA profiling re-
vealed somatic alterations in 86%, and identified driver on-
cogene mutations in 48.4% of them.®® Furthermore, ctDNA
profiling has been used to distinguish between benign and
malignant lung tumors, and to detect lung cancer at an early
stage. Indeed, the assay based on deep sequencing detected
63% of stage I and 83% of stage Il lung cancers, respectively.’!

In a study by Liang et al., the analysis of DNA methyla-
tion patterns was performed using tissue samples from
patients with lung nodules in order to distinguish between
malignant and benign tumors.®? A predictive model based
on 9 methylation markers for ctDNA was then applied
to plasma samples, with a sensitivity of 79.5% and specific-
ity of 85.2% for detecting lung cancer. Regarding its sub-
types, the sensitivity was 73.9% for adenocarcinoma and
100% for SCC. This difference may be explained by higher
intensity of necrotic processes observed in SCC tissue,
which results in a greater release of ctDNA into the blood-
stream, therefore being eligible for analysis. Existing data
support the utility of ctDNA methylation analysis in de-
tecting early-stage lung cancer,®® and a subsequent study
on a large group of lung cancer patients is being conducted
to develop a ctDNA methylation classifier for incidental
lung nodules.?* Longitudinal methylation profiling along
with somatic mutation analysis in patients with NSCLC
have also shown prognostic potential in assessing the risk
of recurrence.®®

With regard to its prognostic value, the level of ctDNA
was found indicative of lymph node involvement in resect-
able NSCLC.% Other investigators collected tissue and
plasma samples from NSCLC patients before and after sur-
gery in order to identify driver mutations in genes, includ-
ing EGER, KRAS, TP53, BRAFE, PIK3CA, and ERBB2.87 Out
of 46.3% of plasma samples which were positive for ctDNA
before tumor resection, a significant decrease in muta-
tion frequency was noticed, from 8.88% before surgery
to 0.28% after the procedure. Furthermore, ctDNA was
more prominent in stage Ia and Ib cancers than in more
advanced stages. In a follow-up study of surgically treated
lung cancer patients, targeted mutations were present
in 93% of patients before surgery and in 54% at some point
after surgical resection. Interestingly, all of the patients
with ctDNA still detectable after surgery experienced
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progression of the disease, while those without ctDNA
remained disease-free.®

Use of ctDNA in detecting minimal residual disease was
demonstrated in a study where multiplex-PCR assay panels
were used to screen for ctDNA in plasma samples of early-
NSCLC patients, pre- and postoperatively.?® A sample was
considered ctDNA-positive if at least 2 pre-established
single nucleotide variants were detected. Circulating tu-
mor DNA was found in 48% of pre-operative samples, and
the detection rate was substantially higher for SCC (97%)
than for adenocarcinoma (19%). Again, this discrepancy
may be due to less extensive necrotic processes in the lat-
ter. Moreover, significant correlations were observed be-
tween the results of postoperative ctDNA profiling and
the occurrence of clinical relapse or resistance to chemo-
therapy.”®=* The use of ctDNA profiling has also been re-
searched in SCLC, although to a lesser extent. In a Chinese
study, SCLC patients with higher ctDNA levels had sig-
nificantly shorter PFS and OS.% This relationship between
ctDNA detection and poor prognosis has been also been
observed in other research.’® The potential role of ctDNA
in SCLC detection and progression monitoring was further
strengthened by a large ctDNA analysis in over 10,000
cancer patients. In this group, the highest detectability
of ctDNA in all cancer types was in SCLC, reaching 91.1%.%

The role of ctDNA profiling is also gaining attention
in tailoring and monitoring of lung cancer treatment, and
several liquid biopsy tests have been developed for this
purpose.”®1%° This method can be used before applying
adjuvant chemotherapy, which is considered an option
in NSCLC, to identify eligible patients.'”! Based on recent
understanding of the mechanisms of resistance to tyrosine
kinase inhibitors (TKIs),!? ctDNA analysis may be a prom-
ising tool in this area. Circulating tumor DNA analysis
has also been used to investigate resistance mechanisms
in patients with NSCLC treated with rociletinib, a 3'4 gen-
eration EGFR inhibitor.?® Multiple resistance mechanisms
to the drug were present in 46% of patients, while at least
1 such mechanism was found in 65% of them, with MET
copy number gain being the most common, as it was found
in 26% of the patients. In another experiment, research-
ers were able to identify driver and resistance mutations
through next generation sequencing of ctDNA, even when
tissue sequencing was not successful.%* Furthermore,
there is also some evidence for the detection of T790M
mutation in ctDNA profiling in patients with T970M-neg-
ative tissue.l®> These observations support the potential
of ctDNA not only as a supplementary method, but also
as an independent screening tool that could be applied
in the planning of individualized treatment strategies.

Detectable EGFR mutations in cfDNA were associated
with a longer PFS in response to treatment with erlotinib,
a TKI, while its persistence in a follow-up plasma analysis
resulted in shorter PFS and OS.2%¢ In another study com-
prising patients treated with erlotinib, EGFR T790M muta-
tions linked to TKI treatment resistance were detectable
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in cfDNA even before disease progression.'%” Several other
studies have also underlined the potential role of ctDNA
profiling in the detection of resistance mutations as a part
of disease monitoring.!?8-13 Changes in ctDNA profile
demonstrated a good predictive value in a study by Nabet
etal., where plasma samples were analyzed in patients with
advanced lung cancer treated with immune checkpoint
inhibitors.!** A significant (at least 50%) drop in detectable
ctDNA levels at 4 weeks after the initial treatment was con-
sidered a molecular response and helped identify patients
with durable clinical benefit, defined as PES of at least
6 months. Similar results were found by other authors,
underlining the association between ctDNA decrease and
better PFS and OS.15-118 Accordingly, baseline and post-
treatment ctDNA indicated worse clinical outcomes.!*9122
Circulating tumor DNA has also been investigated
in the evaluation of tumor mutation burden (TMB), a novel
predictive marker reflecting the total number of existing
mutations, which is thought to be predictive of the re-
sponse to PD-1 and PD-L1 inhibitors. It was hypothesized
that patients with a higher burden of somatic mutations
would benefit from immune checkpoint inhibitors due
to a better recognition of neoantigens. This beneficial ef-
fect was confirmed with tumor tissue analyses of NSCLC
patients treated with pembrolizumab,'?? nivolumab or ipi-
limumab.!?* The evaluation of blood-based TMB, assessed
with ctDNA genetic profiling, revealed complementary
findings. Non-small cell lung cancer patients with high
blood-based TMB treated with atezolizumab showed a bet-
ter response to the therapy in 1 study,!?® while in another
report,'26 higher TMB was found to correlate with shorter
PFS and OS in NSCLC. These diverse results point to po-
tential limitations of ctDNA analysis, such as a small pos-
sible range of mutations that can be detected using liquid
biopsy. Future improvements to the method should include
establishing validated sequencing panels and cut points.!?’

As a potential marker of lung cancer diagnosis and pro-
gression, ctDNA was also compared to previously known
biomarkers and showed a higher detection rate and posi-
tive predictive value than CYFRA21-1, CEA, NSE, SCC,
CA-125, and CA19-9.87 Concordant results were obtained
in a similar study, where plasma samples were taken before,
during and after surgery.!?® In this study, the sensitivity
of ctDNA detection was higher than for protein tumor
markers (63.2% compared to 49.3%), and a significant drop
in the average ctDNA mutation frequency after surgery
was also reported.

Circulating tumor cells

Apart from ctDNA, the so-called “liquid biopsy” tech-
niques may also reveal circulating tumor cells (CTCs) that
originate from primary or metastatic tumors.!?* As CTC
numbers in plasma are very low, they may be detected
by means of various methods, including immunomag-
netic separation with EpCAM- or CD45-based assays, PCR
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or telomerase-based assays, as well as cellular isolation
with size-dependent filters.!** A recently published meta-
analysis, including 21 studies with almost 4000 partici-
pants, demonstrated high pooled sensitivity and specificity
of CTCs in lung cancer detection.!® There is also some
evidence of CTC role as a potential marker of lung can-
cer progression and dissemination, as a higher abundance
of detectable CTCs before the commencement of treat-
ment resulted in shorter OS and PFS in NSCLC patients.!3?
In another meta-analysis,'3® the presence of CTCs was
shown to be associated with response to chemotherapy
and prognosis. Patients who were CTC-positive at baseline
or who converted to CTC-positive during treatment, pre-
sented with lower rates of disease control, as well as worse
OS and PES. Irrespective of their correlation with sur-
vival rates, CTCs were also associated with lymph node
metastasis.!3*

The analysis of CTC number at baseline and at differ-
ent time points in the course of SCLC was referred to for
the prediction and monitoring of the response to chemo-
therapy.!*® Circulating tumor cells obtained from plasma
samples may be also used for the detection of specific
mutations related to lung cancer, such as EGFR!3¢ and
KRAS,'¥” with a higher sensitivity than ctDNA. Moreover,
specific gene rearrangements can be detected in CTCs with
promising acurracy. In patients with lung adenocarcinoma,
anaplastic large-cell lymphoma (ALK) gene rearrangement
and ALK protein expression in CTCs were concordant with
findings from tumor tissue,'3® which has been confirmed
by other researchers.!3*!%0 A rearrangement of repressor
of silencing 1 (ROS]I) is another example of chromosomal
aberrations detectable in CTCs, with biopsy-confirmed
gene fusion in NSCLC patients.'*! Dynamic changes
in the number of CTCs with aberrant ALK-fluorescence
in situ hybridization patterns, such as ALK copy number
gain, might serve as predictive markers of the response
to treatment, as these aberrations are considered to be
one of the mechanisms underlying acquired resistance
to crizotinib (an ALK and ROSI inhibitor). A decrease
in CTCs with ALK copy number gain during treatment
with crizotinib was linked to a longer PFS.142

Apart from the lack of standardized methods of analysis,
CTCs appear to have other limitations similar to ctDNA
evaluation. These include low detection rate, especially
in patients with an early stage of the disease, and an un-
clear influence of tumor heterogeneity and its localization
on liquid biopsy findings. Table 2 and Table 3 summarize
the results of studies concerning ctDNA and CTCs in lung
cancer, respectively.

MicroRNA as a lung cancer marker

MicroRNAs (miRNAs) are noncoding small molecules,
comprising approx. 21 nucleotides. They are considered
post-transcriptional regulators of gene expression. They



Adv Clin Exp Med. 2022;31(12):1391-1411

achieve this by binding to the 3'-UTR of target messenger
RNA, which results in repressing translation or promoting
messenger RNA deadenylation and degradation.!*® Due
to their biological role, miRNAs are thought to be im-
portant in cancer initiation and progression, as they can
influence both oncogenes and tumor suppressor genes.!**
Furthermore, a potential role of miRNA in the diagnos-
tics and treatment of lung cancer has been recently high-
lighted.'*> Considering the availability of miRNA expres-
sion in cancer tissue and bodily fluids, especially in serum,
it can be easily measured using liquid biopsy.!*> A growing
popularity of miRNA research has led to the development
of diagnostic panels which may be used complementarily
in the early detection of malignant lung lesions and are
constantly being improved 146147

A signature panel of 15 miRNAs was able to differen-
tiate between patients with lung cancer and those with
non-tumor lung disease, other systemic diseases, and
healthy controls, with a sensitivity of 82.8% and a speci-
ficity of 93.5%.14% Other authors used a panel of 2 miR-
NAs (miRs-31-5p and 210-3p) detected in sputum and
1 miRNA (miR-21-5p) from plasma, that reached sen-
sitivity and specificity in the detection of lung cancer
of 85.5% and 91.7%, respectively.'*” Even greater sensitiv-
ity and specificity (99% for both) was achieved by a com-
bination of miR-1268b and miR-6075, and was validated
in a group of over 3000 participants and maintained its
performance regardless of TNM stage or histological
type of tumor.'®® A number of specific miRNAs have also
proven to be valuable in the early diagnosis of NSCLC,!*!
distinguishing NSCLC from SCLC'? and specific types
of NSCLC.153

Numerous miRNAs are efficient in the prognosis of dis-
ease progression and resistance to treatment. The analysis
of miRNA expression in advanced NSCLC cases revealed
17 miRNAs significantly associated with 2-year survival
rate.'®® At the same time, the downregulation of miR-
590-5p was linked to lower median survival rates in a co-
hort of NSCLC patients,'* while the upregulation of miR-
25 was higher in NSCLC patients compared to the control
group, but also correlated negatively with OS and relapse-
free survival.!>® In a separate analysis, patients with ade-
nocarcinoma and SCC with high expression of miR-25-3p
had shorter OS, regardless of tumor histology.'” A meta-
analysis on the prognostic value of the downregulation
of miR-126 highlighted its relationship to unfavorable
outcomes of NSCLC.!*® Others reported an association
between miR-153,'%° miR-494,'% miR-519d'¢! and more
advanced clinical stage, presence of lymph node metas-
tases, and worse OS in NSCLC patients. Similar results
regarding a poor prognosis in NSCLC patients were re-
ported for the downregulation of miR-184,%2 miR-185,163
miR-770,'%* and miR-30a-5p,'*°, and the upregulation
of miR-23b-3p, miR-10b-5p and miR-21-5p,'%® miR-31,'¢”
miR-378,!% miR-942, and miR-601.1% On the contrary,
a high expression of miR-3195 resulted in longer OS,°
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while miR-21 and miR-4257 were established as predictors
of NSCLC recurrence.'”! In patients with SCLC, the up-
regulation of miR-92b and miR-375 was related to chemo-
therapy resistance and shorter PFS.1”2 At the same time,
miR-422a and miR-135a showed a strong association with
metastases to lymph nodes in lung cancer patients,!”>17*
lower expression of miR-139-5p was found in NSCLC pa-
tients with bone metastases,'”” and miR-375-3p was also
proposed to be a possible biomarker of SCLC metastatic
activity.'°

Expression profiles of miRNA may also serve as mark-
ers for treatment response,'’? with higher expression
of miR-1249-3p observed in individuals who responded
well to chemotherapy. Changes in serum levels of various
miRNA panels have been used to predict worse sensitivity
to chemotherapy.'’”!78 Additionally, in a cohort of early-
stage NSCLC patients, the expression of miR-216b was sig-
nificantly increased after a successful tumor resection.!”
Profiling of miRNA may also be indicative of the response
to radiotherapy'8®!8! or immunotherapy, with patients who
significantly overexpressed miR-320b-d before the treat-
ment with PD-1/PD-L1 inhibitors not responding well
to the therapy. In the same group, a decrease in miR-125b-
5p was observed in those who presented with only a par-
tial response.!82 In NSCLC patients, miR-504 expression
differed significantly depending on EGFR mutation sta-
tus.!®3 An experimental miRNA panel was also tested for
discrimination between ALK-positive and ALK-negative
lung cancers,'®* which is relevant to immunotherapy treat-
ment options. The miRNAs were also proposed as markers
of resistance to EGFR-TKI therapy,'®> as shorter OS was
reported in patients with high serum levels of miR-30b and
miR-30c treated with erlotinib.’®¢ Furthermore, miR-30c
expression patterns showed utility in predicting cardiotox-
icity in patients treated with bevacizumab,'¥” which indi-
cates the potential of this method for stratifying the risk
of adverse events for particular therapies. Further attempts
to improve diagnostic and prognostic accuracy of miRNA
in lung cancer patients include combining this method
with other commonly used biomarkers, such as CEA and
CYFRA21-1.188.189

Although miRNA profiling has gained much interest
in recent years, its application in clinical practice still has
some limitations. Methodological discrepancies within
study design and technological details of tools applied can
be seen throughout the studies on miRNA in lung cancer,
which prevents consistent conclusions.'® Another issue
to be addressed is a lack of specificity of candidate miR-
NAs, as there is a large number of these being examined
in various types of cancer, and these miRNAs are involved
in the regulation of multiple biological pathways. Further-
more, miRNA expression can be affected by disease stage
and the treatment used,*°2 which has to be considered
in the clinical interpretation of research findings. There-
fore, there is a need for further studies on representative
groups of patients with the use of consistent methodology,
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Table 2. Circulating tumor DNA (ctDNA) in lung cancer

Biomarker

Type of study

Study group

Outcomes

ctDNA profiling

ctDNA profiling

ctDNA methylation
patterns

ctDNA methylation
profiling

ctDNA methylation
profiling

VAF level of ctDNA

ctDNA profiling
before and after
surgery

ctDNA profiling

ctDNA profiling

ctDNA profiling

ctDNA profiling

ctDNA profiling

ctDNA profiling

ctDNA profiling

ctDNA profiling

ctDNA profiling

ctDNA profiling

ctDNA profiling

ctDNA profiling

ctDNA profiling

ctDNA profiling

ctDNA profiling

Mack et al.&

Peng et al

Liang et al.®

Yang et al #

Lietal®

Zhang et al.#

Guo et al®

Chaudhuri et al 88

Abbosh et al #
Waldeck et al.®®

Kuang et al.”!

Xia et al.*?

Qiuetal®

Zhang et al.**
Nong et al.*>

Herbreteau
etal®

Chabon et al.13

Thompson
etal!®
O'Kane et al.'%®

Mok et al.'%®

Oxnard et al.'?”

Kim et al.'%®

observational

observational (clinical trial
No.NCT03081741)

observational

observational

obervational

observational (cohort
from TRACERX clinical trial
No. NCT01888601)

observational

observational

observational (cohort
from TRACERX clinical trial
No. NCT01888601)

observational

observational (cohort from
GASTO 1035 clinical trial
No. NCT03465241)

observational

observational

observational

observational
observational (cohort from
IFCT-1603 clinical trial
No. NCT03059667)

observational (cohort from

clinical trials No. NCT01526928

and No. NCT02147990)

observational

observational
observational (cohort from
FASTACT-2 clinical trial
No. NCT00883779)

observational

observational

8388 NSCLC patients
(4142 adenocarcinoma, 4246 not
specified)

136 LC patients
(100 adenocarcinoma, 28 SCC,
1 SCLC, 7 other)

132 LC patients in validation
cohort

39 LC patients

65 NSCLC patients
(49 adenocarcinoma, 11 SCC,
5 other)

95 NSCLC patients
(55 adenocarcinoma, 32 SCC,
8 other; 58 in training, and
37 in validation cohort)

41 NSCLC patients
(33 adenocarcinoma, 6 SCC,
1 neuroendocrine tumor and
1 large cell carcinoma)

40 LC patients (37 NSCLC, 3 SCLC)

100 LC patients

21 NSCLC patients

38 NSCLC patients
(23 adenocarcinoma, 6 SCC,
9 other)

330 NSCLC patients

103 NSCLC patients
(60 adenocarcinoma, 38 SCC,
1 adenosquamous carcinoma,

1 atypical carcinoid, 3 large cell
neuroendocrine carcinoma)

14 LC patients
(7 adenocarcinoma, 2 SCC,
5SCLO)

22 SCLC patients

68 SCLC patients

43 NSCLC patients

102 NSCLC patients

72 NSCLC patients

305 NSCLC patients

13 NSCLC patients

81 adenocarcinoma patients

detection of driver and resistance
mutations

LC detection

LC detection

LC detection

higher risk of relapse

lymph node metastases

response to treatment

detection of minimal residual disease,
shorter OS and PFS

higher risk of relapse

higher risk of relapse

shorter RFS, chemotherapy resistance

shorter RFS, increased RFS in patients
who recieved adjuvant therapies

shorter RFS, increased RFS
in patients who recieved adjuvant
chemotherapy

higher risk of relapse, chemotherapy
resistance

shorter OS and PFS

shorter OS and PFS, longer OS
in patients with low ctDNA
abundance treated with
atezolizumab

detection of resistance mutations
to rociletinib (EGFR inhibitor)

detection of driver and resistance
mutations

detection of resistance mutations,
shorter PFS

EGFR mutations detection, longer PFS
in EGFR-positive patients treated with
erlotinib

resistance mutations detection,
treatment response to erlotinib

detection of EGFR mutations, higher
number of metastases, shorter PFS,
shorter duration of disease control
by EGFR-TKIs
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Table 2. Circulating tumor DNA (ctDNA) in lung cancer - cont.

Biomarker

Type of study

Study group

Outcomes

ctDNA profiling

ctDNA profiling

ctDNA profiling

ctDNA profiling

ctDNA profiling

ctDNA profiling

ctDNA profiling

ctDNA profiling

ctDNA profiling

ctDNA profiling

ctDNA profiling
before and after
surgery

ctDNA profiling

ctDNA profiling

ctDNA profiling

ctDNA tumor
mutational burden

ctDNA tumor
mutational burden

ctDNA profiling

ctDNA profiling

ctDNA profiling

ctDNA profiling

ctDNA profiling

Dono et al.'®®

Beagan et al.'®

Boysen Fynboe
Ebert et al.!

Leietal!!?

Provencio et al.'"?

Nabet et al."™

Goldberg et al.'

Ricciuti et al.'"®

Hellmann et al.""”

Guo etal.'’®

Pengetal."”

Giroux Leprieur
etal.'®

Lee et al.!!

Roosan et al.'?

Gandara et al.'>

Chaeetal.'?

Chenetal.'”®

Ma et al.?%

Huang et al.2%

Belloum et al.2%

Aldea et al 2%

observational

observational

observational (clinical trial
No. NCT02284633)

observational

observational

observational

observational

observational

observational

observational

observational

observational

observational

observational

observational (samples from
POPLAR trial No. NCT01903993
and OAK trial No. NCT02008227)

observational

observational

observational

observational

observational

observational (clinical trial
No. NCT02666612)

42 adenocarcinoma patients

20 adenocarcinoma patients with
EGFR T790M mutation

225 NSCLC patients with EGFR
mutations: 82 treated with
osimertinib (80 adenocarcinoma,
2 SCQ)

98 NSCLC patients with EGFR
uncommon mutation

228 NSCLC patients with EGFR
mutation (210 adenocarcinoma,
18 other)

99 NSCLC patients (85 non-
squamous LC, 14 SCC)

28 NSCLC patients (27 non-
squamous LC, 1 SCC)

62 NSCLC patients (56 non-
squamous LC, 6 SCQ)

31 NSCLC patients (28 non-
squamous, 3 SCC)

64 NSCLC patients (28 non-
squamous LC, 36 SCC)

77 NSCLC patients
(40 adenocarcinoma, 30 SCC,
7 other)

23 NSCLC patients, 15 included
in analysis (10 non-squamous LC,
55CQ)

57 adenocarcinoma patients

370 NSCLC patients
(345 adenocarcinoma, 13 SCC,
12 other)

211 samples from NSCLC patients
(POPLAR study) and 583 samples
from NSCLC patients (OAK study)

136 NSCLC patients
(99 adenocarcinoma, 27 SCC,
10 other)

76 NSCLC patients
(59 adenocarcinoma, 17 SCC)

21 NSCLC patients

35 adenocarcinoma patients

56 NSCLC patients
(49 adenocarcinoma, 5 SCC,
2 other)

247 LC patients
(230 adenocarcinoma, 5 SCC,
12 other)

detection of T790M mutation

response to osimertinib (TKI) — higher
ctDNA level in nonresponders

response to osimertinib (TKI) — longer
PFS, higher ORR and disease control
rates in patients with clearing
of ctDNA after treatment initiation

detection of resistance mutations
to icotinib (TKI)

response to TKI - longer OS and PFS
in patients with clearing of ctDNA
after treatment initiation

response to ICl - longer PFS
in patients with significant drop
of ctDNA after single ICl cycle

response to ICl - longer OS and PFS
in patients with a significant drop
of ctDNA after treatment

response to pembrolizumab - higher
ORR, longer OS and PFS in patients
with significant drop of ctDNA after
treatment

response to ICl - longer PFS
in patients with undetectable ctDNA
after treatment

response to treatment
(surgery+chemotherapy) — longer OS
in patients with decreasing ctDNA
and methylated DNA

response to treatment — shorter OS
and RFS in ctDNA-positive pre- and
postoperative patients

response to nivolumab - longer
PFS in patients with significant drop
of ctDNA after treatment

bone metastases detection, response
to TKI = shorter PFS

detection of somatic mutations,
longer PFS in patients with low
CtDNA level

response to atezolizumab - longer
OS and PFS

response to ICls — shorter OS and PFS

detection of cancer-specific
mutations

detection of cancer-specific
mutations in CSF

detection of EGFR mutations
in patients with CNS metastases

detection of cancer-specific
mutations in patients with
metastases

detection of cancer-specific
mutations in patients with
metastases

VAF — variant allele frequency; RFS — relapse-free survival; LC — lung cancer; NSCLC — non-small cell lung cancer; SCC — squamous cell carcinoma; SCLC — smalll
cell lung cancer; EGFR — epidermal growth factor receptor; OS — overall survival; PFS — progression-free survival; TKI - tyrosine kinase inhibitor;
ORR - objective response rate; ICls — immune checkpoint inhibitors; CSF — cerebrospinal fluid.
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Table 3. Circulating tumor cells (CTCs) in lung cancer

K. Marschollek, A. Brzecka, A. Pokryszko-Dragan. New hiomarkers in lung cancer

Biomarker Type of study Study group
) 21 studies — 3997 participants,

131 . b
CTCs Zhao et al. meta-analysis el e 20 AALLE e
CTCs Jiang et al.*? meta-analysis 10 studies — 1002 NSCLC patients
CTCs Wu et al.'® meta-analysis 8 studies — 453 LC patients
CTCs Wang et al.!** meta-analysis 20 studies — 1576 NSCLC patients
CTCs Jiang etal.’® meta-analysis 16 studies — 1103 SCLC patients
CTCs Liu et al.!®® meta-analysis 8 studies — 170 NSCLC patients
CTCs Shen et al.’” meta-analysis 12 studies — 1131 LC patients
CTCs llie et al.!3® observational 87 adenocarcinoma patients
CTCs Pailler et al.'?? observational 32 NSCLC patients
CTCs Tan et al.'* observational 26 NSCLC patients
CTCs Pailler et al.'*! observational 8 NSCLC patients
CTCs Pailler et al.'*? observational 39 NSCLC patients

Outcomes

LC detection

high abundance of CTCs — shorter OS and PFS

lower disease control rate, shorter OS and PFS
in CTC-positive patients at baseline and during
chemotherapy

lymph node metastases, more advanced stage,
shorter OS and PFS

shorter OS and PFS in patients with high pre-
treatment CTC level, shorter OS in patients with
high CTCs level after treatment

EGFR mutations detection
KRAS mutation detection
ALK gene rearrangement detection
ALK gene rearrangement detection
ALK gene rearrangement detection
ROST gene rearrangement detection

response to crizotinib — longer PFS in patients
with decrease in CTC number with ALK-CNG

LC - lung cancer; NSCLC — non-small cell lung cancer; PFS — progression-free survival; OS — overall survival; ORR — objective response rate; EGFR — epidermal
growth factor receptor; KRAS — Kirsten rat sarcoma viral oncogene; SCLC — small cell lung cancer; ALK — anaplastic lymphoma kinase; ROS1 — repressor

of silencing 1; CNG - copy number gain.

in order to ensure reproducibility and generalizability
of results. Studies investigating miRNA in lung cancer
are presented in Table 4.

Markers of nervous system
involvement in the course
of lung cancer

Markers of brain metastases

Calcium binding protein B (S100B), synthesized in as-
trocytic terminal processes,' is an established marker
of blood—brain barrier disruption. The detection of SI00B
protein along with anti-S100B autoantibody allows to dis-
tinguish between lung cancer patients with or without
brain metastases, with a sensitivity of 89% and a specificity
of 58%.1%* Furthermore, the evidence of an association be-
tween serum S100B level and brain metastases with subse-
quently worse prognosis has been shown by other research-
ers.1?> However, low specificity for SI00B is a main barrier
to its implementation, as its abnormal expression has also
been reported in patients with cerebrovascular disease.
Nonetheless, pro-apolipoprotein A-1 levels, measured
using proteomic techniques, appear to be a more specific
marker as it was increased in lung cancer patients with
brain metastases, regardless of cerebrovascular disease.!*°

Among other potential markers, high NLR, platelet-to-
lymphocyte ratio and C-reactive protein (CRP) levels were

suggested to indicate the development of brain metastases
in lung cancer patients after definitive radiotherapy or ra-
diotherapy combined with chemotherapy.’®” High NLR
(>4.95) and lower mean platelet volume were associated
with an increased risk of brain metastases in patients with
NSCLC.181% At the same time, high plasma fibrinogen
concentration and platelet count correlated with shorter
OS in NSCLC patients already diagnosed with brain
metastases.?%°

The miRNA has also emerged as a relevant marker
of brain metastases in lung cancer, with the overexpression
of miR-330-3p noted in the serum of NSCLC patients with
brain metastases, when compared to those without dis-
semination to the central nervous system.2! Significantly
lower expression of miR-330 was found in lung cancer
patients who had undergone whole-brain radiation therapy;,
and these patients proved to be radiation-sensitive.?°? Fur-
thermore, serum levels of miR-21 before and after radio-
therapy in lung cancer patients with brain metastases were
significantly correlated with OS.2%3 The expression of miR-
483-5p and miR-342-5p in serum and cerebrospinal fluid
differed between patients with leptomeningeal and brain
parenchymal metastases.?

The detection of ctDNA in the cerebrospinal fluid of pa-
tients with lung cancer brain metastases displayed higher
mutation detection rates than peripheral blood samples.?%
Sensitivity of detecting EGFR mutations in ctDNA from
plasma or cerebrospinal fluid was comparable, while
T790M mutations were more prevalent in plasma sam-
ples.2%¢ With regard to the location of metastases, EGFR,
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Table 4. MicroRNAs (miRNASs) in lung cancer

Biomarker

Type of study

Study group

Outcomes

the miR-Test (13 miRNAs;
serum)

miRNA panel (24 miRNAs;
plasma)

miRNA panel (15 miRNAs;
whole blood)

miRNA panel (miR-31-5p and
miR-210-3p in sputum and
miR-21-5p in plasma)

miR-1268b and miR-6075
(serum)

miR-145 (serum and plasma)

serum miRNA panel (miR-9-
5p, miR-21-5p, miR-223-3p,
CEA, CYFRA21-1, and SCQ)

panel of 3 MiIRNAs: miR-17,
miR-190b and miR-375
(plasma)

6 MiRNAs: miR-211-3p,
mMiR-3679-3p, MiR-4787-5p,
mMiR-3613-3p, miR-3675-3p,
and miR-5571-5p (tissue and
plasma)

panel of 17 miRNAs (serum)

miR-590-5p (plasma;

downregulation)

miR-25 (serum)

miR-126 (tissue and plasma;
downregulation)

mMiR-494 (tissue and serum)

mMiR-519d (tissue and serum;
downregulation)

miR-184 (downregulation),
miR-191 (both in serum)

miR-185 (serum;
downregulation)

observational
(cohort from
COSMOS clinical trial
No. NCT01248806)

Montani et al.'%

observational
(cohort from

i 147
sozzietal MILD clinical trial
No. NCT02837809)
Fehlmann )
ot a8 observational
Liao et al.'*? observational

Asakura et al.'*® observational

Tao et al.™! meta-analysis
Yang et al.'® observational
Luetal' observational
Puetal.>? observational
Wang et al.">* observational
Khandelwal )
ot al155 observational
Lietal'® observational
Sun et al."*® meta-analysis

Zhang et al.'® observational

Wang et al.'®! observational
Ding et al.'®? observational
Liu et al.'® observational

calibration set: 24 patients
(12 with LC);
validation set: 1008 patients
(36 with LC);
clinical set: 74 LC patients

939 participants, including
69 LC patients

3102 participants, including
606 LC patients

132 NSCLC patients
(74 adenocarcinoma, 58 SCC;
76 in training and 56 in testing
cohort)

1566 LC patients
(1217 adenocarcinoma,
221 SCC, 23 SCLC, 105 other;
208 in discovery cohort and
1358 in validation cohort)

9 studies — 1394 NSCLC
patients

104 NSCLC patients
(59 adenocarcinoma, 40 SCC,
5 other)

1132 participants
(456 high-risk individuals,
315 adenocarcinoma, 224 SCC,
137 SCLG; 106 in discovery
cohort, 565 in training cohort
and 461 in validation cohort)

40 NSCLC patients
(27 adenocarcinoma, 13 SCQ)

391 NSCLC patients
(214 adenocarcinoma, 87 SCC,
90 other; 8 in screening,
192 in training and
191 in testing set)

80 NSCLC patients
(18 adenocarcinoma, 41 SCC,
21 mixed)

128 NSCLC patients
(102 adenocarcinoma, 26 SCC)

8 studies investigated
prognostic value (1102 NSCLC
patients)

90 NSCLC patients
(55 adenocarcinoma, 35 SCQ)

130 NSCLC patients
(40 adenocarcinoma, 90 SCQ)

100 NSCLC patients
(82 adenocarcinoma, 13 SCC,
5 large cell carcinoma)

146 NSCLC patients
(88 adenocarcinoma, 58 SCC)

LC detection

LC detection

LC detection

NSCLC detection

LC detection

NSCLC detection

NSCLC detection

discrimination between SCLC and NSCLC

discrimination between NSCLC subtypes

higher risk of death, shorter median survival
time

NSCLC detection, shorter OS

NSCLC detection, more advanced stage,
lymph node metastases, shorter OS and RFS

shorter OS

more advanced stage, lymph node
metastases, shorter OS and disease-free
survival

NSCLC detection, more advanced stage,
lymph node and distant metastases, shorter
oS

NSCLC detection,
shorter OS

LC detection, more advanced stage, lymph
node metastases,
shorter OS
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Table 4. MicroRNAs (miRNAs) in lung cancer — cont.

Biomarker

Type of study
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Study group

Outcomes

miR-770 (serum;
downregulation)

miR-23b-3p, miR-10b-
5p, MiR-21-5p (plasma
exosomal)

miR-378 (serum exosomal)

miR-942 and miR-601
(serum)

miR-3195, miR-1249-3p (both
in serum)

miR-21 and miR-4257
(plasma exosomal)

miR-92b and miR-375
(plasma)

miR-422a (lymph node
tissue, plasma)

miR-135a (serum)

miR-375-3p (plasma
exosomal)

miR-216b (serum exosomal;
downregulation)

miR-96 (plasma exosomal)

panel of 11 MiRNAs (serum)

miR-320b-d, miR-125b-5p
(plasma exosomal)

miR-504 (plasma)

miR-28-5p, miR-362-5p,
miR-660-5p (plasma;
downregulation)

miR-21 (plasma)

miR-30b and miR-30c
(plasma)

miR-30c (serum)

miR-762 (serum)

Sun et al.’®

Liu et al.1%

Zhang and Xu'®®

Zhou et al.'®®

Kumar et al.'”°

Dejima et al.'”!

Lietal!”?

Wu et al.'”?

Zouetal.”*

Mao et al.!”®

Liuetal!”®

Zheng et al.'®

Sun et al.’®!

Peng et al.'®?

Szpechcinski
etal'®

Lietal.8

Lietal!®

Hojbjerg et al.'®

Zhou et al.’®’

Chenetal.'®®

observational

observational

observational

observational

observational

observational

observational

observational

observational

observational

observational

observational

observational (cohort
from 4 clinical trials)

observational

observational

observational

observational

observational

observational

observational

196 NSCLC patients

10 adenocarcinoma
patients in discovery
cohort and 196 NSCLC
patients in validation cohort

(115 adenocarcinoma, 73 SCC,

8 other)

103 NSCLC patients
(53 adenocarcinoma, 46 SCC,
4 other)

125 NSCLC patients
in validation cohort

75 NSCLC patients
(42 adenocarcinoma, 33 SCC)

201 NSCLC patients

(138 adenocarcinoma, 55 SCC,

8 other; 6 in discovery and
195 in validation cohort)

63 SCLC patients (including
discovery and validation
cohorts)

77 LC patients (26 in training

and 51 in validation cohort;

35 adenocarcinoma, 36 SCC,
6 SCLC)

117 NSCLC patients
(59 adenocarcinoma, 58 SCC)

126 SCLC patients (2 validation

cohorts of 57 and 69 patients,
respectively)

105 NSCLC patients
(45 adenocarcinoma, 60 SCC)

52 NSCLC patients

80 NSCLC patients

30 NSCLC patients

66 NSCLC patients

(56 adenocarcinoma, 10 other)

6 NSCLC patients in screening
cohort and 73 NSCLC patients
in validation cohort

25 non-squamous NSCLC
patients

29 adenocarcinoma patients
with EGFR mutations

80 NSCLC patients
(47 adenocarcinoma, 23 SCC,
10 adenosquamous NSCLC)

148 NSCLC patients
(84 adenocarcinoma, 64 SCC)

more advanced stage, lymph node
metastases, shorter OS

shorter OS

more advanced stage, lymph node
metastases, shorter OS, higher rate
of radiotherapeutic response

NSCLC detection, more advanced stage,
lymph node metastases, shorter OS and RFS

miR-1249-3p — adenocarcinoma detection,
higher rate of complete and partial response
to chemotherapy
miR-3195 - longer OS

shorter RFS in surgically treated patients

shorter PFS,
a significant decrease in patients who
responded to chemotherapy

lymph node metastases

lymph node metastases

lymph node and distant metastases

LC detection, more advanced stage, lymph
node metastases,
shorter OS and DFS

shorter OS, higher levels in patients with
radiotherapy-resistant NSCLC

radiotherapy resistance — shorter OS

worse response to PD-1/PD-L1 inhibitors
— lower rate of complete and partial
response

detection of EGFR mutations

detection of ALK mutations
miR-660-5p — increased level after crizotinib
treatment in responders
miR-362-5p — shorter PFS

resistance to immunotherapy — miR-21 level
higher at the time of acquired resistance
to TKI than at baseline

shorter PFS and OS in patients treated with
erlotinib

cardiotoxicity during bevacizumab therapy

more advanced stage, lymph node
metastases, shorter OS and RFS in patients
treated with gefitinib
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Biomarker

Type of study

Wei et al 20! observational

miR-330-3p (serum)

Jiang et al.2%? observational

miR-21 (serum) Zhu et al. 23 observational
miR-483-5p and miR-342-5p
(serum exosomal and CSF Xu et al 2% observational

exosomal)

(149 adenocarcinoma, 61 SCC,

(97 adenocarcinoma, 55 SCC,

(25 adenocarcinoma, 13 other)

Study group Outcomes
122 NSCLC patients
(95 adenocarcinoma, 18 SCC, detection of brain metastases
9 other)
258 LC patients with

brain metastases radiation sensitivity — lower survival rate and
median survival time

48 other)
200 LC patients with
brain metastases radiation sensitivity — shorter OS

48 large cell carcinoma)

38 LC patients ) )
p detection of leptomeningeal metastases

CEA - carcinoembryonic antigen; CSF — cerebrospinal fluid; LC — lung cancer; NSCLC — non-small cell lung cancer; SCC — squamous cell carcinoma;
SCLC - small cell lung cancer; EGFR - epidermal growth factor receptor; OS — overall survival; PFS — progression-free survival; RFS — relapse-free survival;
DFS - disease-free survival; PD — programmed cell death protein; ALK — anaplastic lymphoma kinase; TKI - tyrosine kinase inhibitors.

KRAS, BRAF, or ERBB2 mutations in plasma ctDNA
could be detected in half of the patients with isolated
brain metastases,?”208 and ctDNA positivity was associ-
ated with a higher risk of extra central nervous system
dissemination.

Markers of paraneoplastic
neurological syndromes

Specific autoantibodies related to the development
of PNS can be regarded as markers of the involvement
of nervous system in the course of lung cancer."* Onco-
neural antibodies, directed against intracellular antigens,
are already well recognized and commonly used in prac-
tice. Most prevalent among these antibodies are anti-Hu,
anti-Yo, anti-Ri, anti-CV2, anti-Tr, anti-amphiphysin, and
anti-Ma/Ta,® with anti-Hu, anti-Ri, anti-CV2, and anti-
amphiphysin being closely linked to lung cancer.?*® Re-
cent years have also seen advances in establishing the role
of antibodies against cell-surface or synaptic antigens, such
as antibodies against N-methyl-D-aspartate receptors,
the a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid receptor, the y-aminobutyric acid receptor-B, leucine-
rich glioma-inactivated protein 1, and contactin-associated
protein-like 2.210

Several other autoreactive antibodies and related anti-
gens were investigated for their use in the detection of PNS
in lung cancer patients, including phosphodiesterase 10A
and Purkinje cell cytoplasmic antibody type 2 antibod-
ies.211212 Apart from early detection of lung cancer, some
of these antibodies were investigated in terms of their
prognostic value. Indeed, some reports have indicated that
the presence of anti-Hu antibodies in patients with SCLC
was associated with limited stage of the disease and satis-
factory response to therapy?'® or longer median survival,**
although this correlation was not clear.?!> Despite their

clinical utility, onconeural and cell-surface antibodies have
limited sensitivity and specificity, they are not detectable
in every patient with PNS,*¢ and may be associated with
different kinds of neoplasms.?'” Thus, further exploration
in this field seems warranted.

Conclusions

In this review, we outlined the recent development
in the research on of potential biochemical, immuno-
logical and molecular markers of lung cancer that have
shown promising sensitivity and/or specificity. Molecu-
lar markers are associated with improved understand-
ing of complex tumor genetics, while immunological
markers have provided a more thorough insight into
the tumor-related immune environment, thus opening
new perspectives in diagnosis and effective management
of lung cancer. Diagnostic markers that enable an early
detection of the disease may be valuable in supporting
existing screening methods, while markers with pre-
dictive potential could contribute to the identification
of patients at high risk of recurrence or with the pro-
pensity for metastases, with scope for the development
of individualized monitoring and treatment strategies.
With the advent of new treatment options such as im-
mune checkpoint and kinase inhibitors, the recognition
of mechanisms of resistance to targeted therapy and
emerging decisions about personalized treatment strat-
egies appear as key elements of lung cancer management,
with the use of relevant biomarkers being indispensable.
Further investigation should be aimed at improving
the accuracy and specificity of these markers, perhaps
by combining them into panels.

Circulating biomarkers seem particularly promising
for practical use as their detection is non-invasive, safe
and easily repeatable. However, the majority of molecules
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investigated still need thorough validation, with standard-
ization of techniques and assays used, and established cut-
off values. Furthermore, a systematic comparative analysis
of efficacy should be performed for findings from liquid
biopsy and from tumor tissue studies. Finally, the imple-
mentation of markers into clinical practice needs more
supportive evidence, preferably from clinical trials.
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Abstract

Background. Osmolarity is used to detect symptoms of dry eye disease (DED) and can be measured using
TearLab™ and I-Pen® systems.

Objectives. To investigate the correlation between osmolarity measurements using the TearLab™ and I-Pen®
systems in subjects with a high body mass index (BMI).

Materials and methods. Thirty male subjects with a high BMI (27—48 kg/m?; 23.3 2.1 years old)
participated in this study. The control group consisting of 30 healthy males (24.9 kg/m?; 22.9 +2.1 years old)
was also enrolled. Osmolarity measurements were recorded from the right eye using the TearLab™ and I-Pen®
systems, and interviews were conducted to determine ocular surface disease index (OSDI) scores.

Results. The 0SDI (p = 0.042), TearLab™ (p < 0.001) and I-Pen® (p < 0.001) scores were significantly
higher in the study group than in the control group. In the study group, OSDI scores ranged from 2 to 16
(median 8.0, interquartile range (IQR) 6.8), while it was from 0 to 10 (median 6.3, 1QR 4.1) in the control
group. The TearL.ab™ osmolarity scores were in the range of 278-309 mOsm/L in the study group, whereas
the I-Pen® osmolarity measurements were in the range of 294—336 mOsm/L in the study group, compared
with 263—-304 mOsm/L and 278317 mOsm/L in the control group, respectively. In the study group, there
was a strong correlation between the TearLab™ and I-Pen® osmolarity scores (r=0.934; p=0.001). In addi-
tion, strong correlations were found between the BMI and both TearLab™ (r=0.736; p=0.001) and |-Pen®
(r=0.707;p =0.001) scores, as well as between the 0SDI scores and both TearLab™ (r = 0.731; p = 0.001)
and I-Pen® measurements (r = 0.666; p = 0.001).

Conclusions. Osmolarity measurements using the I-Pen® system were significantly higher than those
recorded using the TearLab™ system in subjects with a high BMI. The I-Pen® measurements showed large
variations in osmolarity scores and were highly unreliable in correctly identifying normal eyes compared
to the TearLab™ system. Also, a strong correlation was found between the osmolarity scores obtained from
the TearLab™ and I-Pen® systems.

Key words: tear film, dry eye, tear osmolarity, high body mass index, TearLab™ system, I-Pen® system
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Background

The prevalence of obesity has been increasing in recent
years and has become a challenge for society and a major
public health concern globally.? The simplest measurement
of obesity uses body mass index (BMI), and high BMI is a risk
factor for many health problems and diseases.? For example,
high BMI is associated with heart disease,* stroke,” hyper-
tension,® diabetes,” and cancer.® In addition, it is a risk factor
for glaucoma,’ cataracts'® and diabetic retinopathy.!*

Dry eye disease (DED) is a common visual disorder that
affects many people worldwide.> The prevalence of DED
isincreasing, and it has a negative effect on activities of daily
life, quality of life, productivity, and on the economy.!* This
disease leads to discomfort, damage to the ocular surface,
visual impairment, irritation, inflammation, light sensitiv-
ity, and increased osmolarity.!* Dry eye disease occurs due
to the loss of ocular surface homeostasis. It leads to tear film
instability!® and a decrease in wettability of the eye surface
due dysfunction of goblet and epithelial cells.’ Furthermore,
the symptoms of DED can result from hyperosmolarity, lack
of lubrication, and irregularities on the ocular surface.!® Risk
factors for DED include old age and female sex. They also
include contact lenses wearing, cosmetics, medications, and
systemic diseases such as diabetes, thyroid gland disorders
and P thalassemia.!” In addition, DED is associated with
several environmental factors, including high temperature
and humidity, sun exposure and wind.'”

Diagnosis of DED should be based on quantifiable objec-
tive and subjective evaluations.!® Multiple tools are available
for such diagnosis, including the ocular surface disease index
(OSDI), tear osmolarity, tear break-up time, and Schirmer
tests, among others. The OSDI evaluates ocular symptoms,
vision-related functions and environmental triggers, and
has good validity, consistency and reliability.!® Osmolarity
testing provides useful information on the hyperosmolar-
ity of the tear film,' and the in vivo tear osmolarity test
has been commonly used since the introduction of new os-
mometers such as the TearLab™ system.?° Tear osmolarity
measurements using TearLab™ are accurate, precise and
fast, and the system is easy to use to diagnose and classify
DED based on severity.2?2 However, other reports have
raised questions over the ability of TearLab™ to diagnose
DED.?32* The I-Pen® osmolarity system has also been used
in recent years to measure tear osmolarity.>> However, cor-
relations between osmolarity scores based on the I-Pen® and
other objective and subjective parameters of DED are poor.?

The prevalence of obesity in Saudi Arabia is high
(24.7%).2° Therefore, this comparative, nonrandomized,
prospective study investigated the correlation between
osmolarity scores in male subjects with a high BMI using
2 different devices. Data from these devices were then com-
pared to scores obtained from the OSDI. In addition, OSDI
and osmolarity scores were compared with the scores re-
corded for a healthy control group.

M. Alanazi et al. Correlation between osmolarity scores

Objectives

To investigate the correlation between osmolarity mea-
surements using the TearLab™ and I-Pen® systems in sub-
jects with high BMI.

Materials and methods
Subjects

Thirty male subjects with a high BMI (27-48 kg/m?;
mean * standard deviation (M +SD) = 35.5 +6.5 kg/m?),
aged 19-27 years (mean +SD = 23.3 +2.1 years), par-
ticipated in the study. The benchmark for high BMI
used in the study was 25 kg/m?2.?” In addition, a control
group of 30 healthy males (BMI < 24.9 kg/m?; age range
20-28 years; mean age 22.9 +2.1 years) was included
in the study. The subjects were predominantly Saudi Ara-
bians recruited from the population of Riyadh, the capital
city of this country. Exclusion criteria included smoking,
refractive errors, visual acuity less than 20/20, diabetes,
anemia, wearing contact lenses, and a history of ocular
surgery. In addition, subjects with high blood cholesterol
(above 4 mmol/L), thyroid gland disorders, hypertension,
and vitamin A or D deficiencies were excluded. Written
informed consent was obtained from all participants.
The study was conducted according to the guidelines
of the Declaration of Helsinki and approved by the Insti-
tutional Review Board of King Saud University (approval
No. E-22-6803).

Participants were asked to complete the OSDI ques-
tionnaire, after which osmolarity measurements were
performed. The TearLab™ system was used first; then,
after a 5-minute rest period, the I-Pen® system was ap-
plied. Tests were performed once on the right eye of each
participant by the same examiner in the same session, and
all tests were conducted at the Department of Optom-
etry, College of Applied Medical Sciences, Riyadh, Saudi
Arabia. The measurements took place on the morning
over several days. We previously demonstrated TearLab™
measurements to have a low average coefficient of varia-
tion (CV) of 0.80%.%° Therefore, to minimize inaccuracies
due to variable environmental conditions, the tempera-
ture, humidity and airflow were controlled in the room
where the measurements were made.

Ocular surface disease index

The OSDI questionnaire was conducted in Eng-
lish in an interview format. All 12 questions included
in the OSDI were answered by all subjects in the study
and control groups. A score was assigned to each par-
ticipant, with a score greater than 13 used to confirm
the diagnosis.?®
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Table 1. Median (IQR) for the ocular surface disease index (OSDI) and osmolarity scores

Parameter

Study group (n = 30)

Control group (n = 30)

OsDI 8.0 (6.8)

TearLab™ [MOsm/L]
|-Pen® [MOsm/L]

2955 (13.3)
3185(18.8)

6.3 (4.1) 0.042
287.0(12.5) <0.001
2985(12.3) <0.001

TearLab™ osmolarity

The TearLab™ osmolarity system was obtained from
the TearLab Corporation (San Diego, USA). Electronic
cards were used to test the osmolarity system (the value
of 334 +4 mOsm/L means that the system is functioning
well) at the beginning of each day to ensure its proper func-
tion. The system uses a very small volume of tear sample
(50 nL), which was collected from the lateral lower tear
meniscus without touching the lid margin or the globe.
The countertop unit of the system analyzed the tear
sample and displayed the osmolarity score on a digital
screen. Based on the osmolarity measurements, the sub-
ject’s eyes were classified as normal (<308 mOsm/L) or dry
(>308 mOsm/L).%°

I-Pen® osmolarity

The I-Pen® osmolarity system was obtained from I-MED
Pharma (Dollard-des-Ormeaux, Canada) and was used
in a distance of at least 2 m from any electronic devices
to reduce the risk of interference leading to inaccurate
readings. A single-use sensor was utilized for each par-
ticipant; it was placed against the conjunctiva in the lower
fornix to determine tear osmolarity. Dry eye disease was
defined as a score of more than 308 mOsm/L.%

Statistical analyses

Microsoft Excel 2016 (Microsoft Corp., Redmond, USA)
was used to record the data, which were then analyzed with
IBM SPSS v. 22 (IBM Corp., Armonk, USA). The data were
determined to be non-normally distributed using the Kol-
mogorov—Smirnov test (p < 0.05). Therefore, the Mann—
Whitney U test was employed to analyze the data in both
groups. Spearman’s correlation coefficient (r) was used to test
the association between different parameters.>® Meanwhile,
the Wilcoxon signed-rank test was employed to investigate
the significance of any differences between the 2 osmolarity
measurements within the same group. The mean scores were
represented as the median and interquartile range (IQR).

Results

Tear osmolarity measurements were significantly dif-
ferent between the TearLab™ and I-Pen® systems, in both
the study and control groups (p < 0.001). Also, median

scores for the OSDI and osmolarity measurements were
significantly higher in the study group than in the control
group (Table 1). Indeed, OSDI scores ranged from 2 to 16
in the study group and from 0 to 10 in the control group. Six
subjects (20%) in the study group had symptoms of DED ac-
cording to the OSDI scores, whilst no DED symptoms were
found in the control group. The same 6 subjects were also di-
agnosed with dry eyes using both the TearLab™ and I-Pen®
osmolarity systems. Osmolarity scores in the study group
using TearLab™ (278-309 mOsm/L) indicated that 33%
(n = 10) of the participants had symptoms of DED, whilst
the control group showed no symptoms (263—-304 mOsm/L).
Meanwhile, I-Pen® osmolarity measurements in the study
group (294-336 mOsm/L) indicated that 70% (n = 21)
of studied people had DED, while 30% (n = 9) of members
of the control group (278-317 mOsm/L) has this disease.

Subjects in the study group were stratified into 4 cat-
egories based on their BMI: overweight (27-28 kg/m?
n =7); class 1 obesity (30-32 kg/m? n = 8); class 2 obesity
(35-39 kg/m? n = 9); and class 3 obesity (40-48 kg/m?;
n = 6). In the class 1 obesity group, there was a strong
correlation (r = 0.976; p = 0.001) between the TearLab™
and I-Pen® measurements. Also, there were strong cor-
relations between the OSDI scores and the TearLab™
(r = 0.892; p = 0.017) and I-Pen® (r = 0.926; p = 0.0081)
measurements in this group. There was also a strong
correlation between the TearLab™ and I-Pen® measure-
ments in the class 2 obesity group (r = 0.962; p = 0.009)
and in the class 3 obesity group (r = 0.965; p = 0.035). No
correlations were found among the OSDI or osmolarity
systems in the overweight subjects.

Correlations between age, BMI, OSDI, TearLab™, and
I-Pen® scores for the whole study group were investigated.
Strong correlations were found between the scores ob-
tained from the TearLab™ and I-Pen® osmolarity sys-
tems (r = 0.934; p= 0.001). The BMI strongly correlated
with both the TearLab™ (r = 0.736; p = 0.001) and I-Pen®
(r = 0.707; p = 0.001) scores. In addition, the OSDI had
strong correlations with TearLab™ (r = 0.731; p = 0.001)
and I[-Pen® (r = 0.666; p = 0.001).

Bland—Altman plots (Fig. 1) show the mean differences
in osmolarity for TearLab and I-Pen® measurements
in the study and control groups. There was a strong cor-
relation (r = 0.697; p < 0.01) between the TearLab™ and
[-Pen® measurements in the study group, while a weak
correlation (r = 0.358; p < 0.01) was found between
the 2 measurements in the control group. The correla-
tion between the TearLab™ and I-Pen® osmolarity scores
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FIG. 1. Bland-Altman plots of the osmolarity mean differences for
TearLab™ and I-Pen® measurements in (A) the study group (high body
mass index) and (B) the control group
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FIG. 2. Correlation between the TearLab™ and I-Pen® osmolarity scores
in the study group

in the study group is shown in Fig. 2. Based on Spear-
man’s correlation coefficient, a strong correlation was
found between the TearLab™ and I-Pen® scores in both
the study (r = 0.904; p < 0.001) and control (r = 0.972;
p < 0.001) group.
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Discussion

Obesity is associated with many disorders, such as neu-
rological, behavioral and mental diseases.332 Moreover,
itis associated with high rates of mortality, bacterial infec-
tions, influenza, pneumonia, and many other illnesses.333
An association between DED and body fat has been es-
tablished.?>-%7 As such, high BMI is a risk factor for DED
and significantly affects tear film stability and the quality
of tears.®® Furthermore, an association between BMI and
floppy eyelid syndrome has been reported.3®

Osmolarity measurements using both I-Pen® and Tear-
Lab™ systems indicated that high BMI could induce DED.
It should be noted that the median OSDI score for the con-
trol group (median 6.3 (IQR 4.1)) in the current study was
comparable to those reported recently for healthy sub-
jects by Fegahi et al. (median 8.3, IQR 8.8), Abusharha
et al. (median 5.6, IQR 7.0) and Fagehi et al. (median 5.0,
IQR 5.6).3~4 For the study group, the median OSDI score
(median 8.0 (IQR 6.8)) was comparable to smokers (me-
dian 8.3 (IQR 16.2))* and lower than for subjects with
high BMI (median 10.2 (IQR 16.4)),%° diabetes (median
12.0 (IQR 8.3)),° myopia (median 11.0 (IQR 7.5)),*! and
hyperopia (median 10.0 (IQR 33.5)).*!

As reported in a study by Alanazi et al., in subjects with
high BMI, there were strong correlations between age and
OSDI scores (r = 0.522; p = 0.018), tear meniscus height
(TMH) measurements (r =—0.503; p = 0.024) and tear fern-
ing (TF) grades (r = 0.579; p = 0.007).%> The noninvasive
tear break-up time had strong negative correlations with
the TMH (r = —0.520; p = 0.008) and phenol red thread (PRT)
scores (r = —0.498; p = 0.029). In addition, the TF grades
had strong negative correlations with the TMH (r = —-0.575;
p = 0.008) and PRT (r = —0.773; p = 0.001) scores.®

The hyperosmolarity of tears can be used as a marker
of DED, as subjects with DED tend to have significantly
greater hyperosmolarity than healthy subjects.?! Hyper-
osmolarity is responsible for many DED symptoms, such
as irritation, inflammation and ocular surface damage.*?
Also, osmolarity testing provides useful information
on the tear film.2> However, the correlations between os-
molarity scores and those obtained from other DED tests
are poor.”” The current study suggests that osmolarity
measurements using both the TearLab™ and I-Pen® sys-
tems are strongly correlated to each other in subjects with
high BMI. However, the I-Pen® scores were significantly
higher than the TearLab™ scores. Similar results were
obtained in healthy subjects.*® In addition, a correlation
between tear film stability (tear break-up time) and tear
volume (TMH and PRT) was reported.**

Rocha et al. measured osmolarity of 3 tear solutions
of known osmolarity values (297 mOsm/L, 342 mOsm/L and
383 mOsm/L), containing mono- and divalent electrolytes
along with albumin, were measured using the TearLab™,
[-Pen® and Wescor 5520 osmometers. Mean osmolarity
scores for the 3 tear solutions were 300.6 +3.7 mOsm/L,
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341.4 +4.7 mOsm/L and 376.8 £5.1 mOsm/L using Tear-
Lab™, 336.4 +21.5 mOsm/L, 342.0 +20.7 mOsm/L and
345.7 £22.0 mOsm/L using I-Pen®, and 305.6 +4.0 mOsm/L,
352.2 5.5 mOsm/L and 389.8 +4.0 mOsm/L using the Wes-
cor 5520 osmometer.*> Meanwhile, the CV was in the range
of 1.2-2.3%, 1.0-1.6% and 6.1-6.4% for TearLab™, I-Pen®
and the Wescor 5520 osmometer, respectively.** Clearly,
the TearLab™ and Wescor 5520 osmometers provided
more accurate and precise measurements than the I-Pen®
system.* Indeed, both the osmolarity scores and CV were
high when using the I-Pen® system.

In a study by Nolfi et al., osmolarity was measured
in 20 subjects (mean age: 27 +8 years) with normal eyes (16 fe-
males and 4 males) using both the TearLab™ and I-Pen®
systems. The mean osmolarity recorded was significantly
(p < 0.001) lower for TearLab™ (295.4 +8.6 mOsm/L) than for
[-Pen® (319.4 +20.3 mOsm/L).%® In terms of diagnostic accu-
racy, I-Pen® identified normal eyes in only 15% of the subjects
(n = 3), whereas TearLab™ indicated normal eyes in all sub-
jects (n = 20).* The CV for the TearLab™ measurements was
1.3%, which agrees with that reported by the manufacturer
(1.5%).4” Clearly, I-Pen® showed large variations among osmo-
larity measurements and was highly unreliable in identifying
normal eyes correctly. Calles et al. showed that I-Pen® is very
sensitive to temperature and the measurements can vary
by 2% for a 1°C change in temperature.*® Motion is another
factor that can affect the osmolarity measurements using
the I-Pen® system. However, such a factor is not an issue
with a highly skilled researcher.

Another study conducted among healthy subjects showed
that the average osmolarity scores were 299.2 +10.3 mOsm/L
and 298.4 £10.0 mOsm/L using the TearLab™ and Wescor
5520 osmometers, respectively, with a moderate correlation
(r=0.500, p < 0.05) between both scores.* The correlation
(r = 0.650, p < 0.05) between TearLab™ and Wescor 5520
was better when using samples of collected tears (3 pL).
Recently, the repeatability of the [-Pen® measurements has
been tested in normal-eye subjects.>® The main score was
308 +4.8 mOsm/L, with a CV of 4.6%, which is much higher
than that for the TearLab™ system.*°

Limitations

Limitations of the study include the recruitment
of a small sample size, only young males participating,
a single osmolarity measurement, and single location (Ri-
yadh). In addition, the effect of the order of use of the os-
molarity systems was not tested.

Conclusions

Osmolarity measurements using the I-Pen® system were
significantly higher than those using the TearLab™ sys-
tem in subjects with a high BMI. The [-Pen® measure-
ments showed large variations in osmolarity scores and
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were highly unreliable in identifying normal eyes correctly
compared with the TearLab™ system. A strong correlation
was found between the osmolarity scores obtained using
TearLab™ and I-Pen®.
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