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Abstract
The advantages of ultrasonography do not need to be discussed. It is suitable for use in diverse clinical settings 
and environments by operators with different backgrounds. Recent technological advances have led not only 
to the enhancement of the diagnostic capabilities of stationary ultrasound systems but also to miniaturization, 
which in turn led to the introduction of smartphone-sized handheld ultrasound devices (HUDs), designed to be 
used at bedside to improve and extend the scope of physical examination. Although diagnostic capabilities 
of HUDs are expanding, according to guidelines, they cannot be perceived as a tool suitable for performing 
full echocardiographic examination. However, their ultraportability made them essential for the bedside 
assessment, with the particular emphasis on the bedside focus cardiac ultrasound (FoCUS)-goal-oriented, 
limited echocardiographic screening. Clinically relevant cardiological targets suggested for HUDs include 
the assessment of left ventricular (LV) systolic function and size, assessment of other cardiac chambers, 
identification of gross valvular abnormalities, and detection of the pathological masses within the heart 
cavities. Handheld ultrasound devices may be also helpful in  identifying pleural effusion or subpleural 
consolidations; furthermore, brief ultrasonographic assessment of “lung comets” enables the estimation 
of the level of congestion. Ultrasound screening for certain vascular abnormalities also appears promising. 
The limitations of HUDs are rather obvious and caution is needed to distinguish the role of HUD-based 
bedside-limited scan from comprehensive stationary echocardiography. It appears that the right approach 
is to treat them as complementary tools proving their capabilities in diverse clinical scenarios.

Key words: handheld ultrasound device, FoCUS, echocardiography
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Introduction

The advantages of ultrasonography are unquestionable 
and its widespread application requires no justification. 
It is probably the most versatile imaging method in medi-
cine, and its unique characteristics – availability, portabil-
ity, low cost, and absence of side effects – make it suitable 
for use in diverse clinical settings and environments by op-
erators with different backgrounds, to examine numerous 
structures of the human body. Additionally, the fast image 
acquisition and the possibility for immediate image inter-
pretation can provide relevant clinical information with 
direct impact on patient management.

Recent technological advances have led not only to the en-
hancement of the diagnostic capabilities of stationary ultra-
sound systems. With different clinical scenarios requiring 
diversified tools, the path of development began to diverge. 
On the one hand, echocardiographers expect top imaging 
quality with the implementation of the most sophisticated 
imaging methods. On the other, when used in a fast-paced 
reality of emergency room, such traits are left underused 
and undervalued – it is the portability and simplified yet 
prompt assessment of patient’s status that counts. Conven-
tional high-end systems, even though designed as mobile, 
in reality prove difficult to transport. The necessity for bed-
side examination would result in a time-consuming and 
impractical transfers of heavy and delicate devices. Thus, 
the development within the echocardiographic realm may 
mean more cutting-edge imaging technology but also fit-
ting basic modalities into take-me-everywhere portable de-
vices. While discussing various stages of miniaturization, 
we should mention the creation of mobile echocardiographs 
– slightly trimmed down in size yet not in 2D-imaging capa-
bilities group of devices which are more easily transported; 
laptop-sized portable echocardiographs with slightly limited 
array of imaging modalities but still sufficient to perform 
full echo, and finally smartphone-sized handheld ultra-
sound devices (HUDs) designed for use at bedside to extend 
and improve physical examination beyond the stethoscope 
rather than replace standard echocardiography.1,2

Visual stethoscope was a theoretical concept first men-
tioned and then implemented in a real diagnostic device 
in 1970s by Roelandt et al. (Minivisor).3,4 However, brilliant 
ideas may require the technology to catch up and it was not 
until the beginning of 2000s when the first, “pocket size 
imaging ultrasonograph” suitable for cardiac imaging was 
introduced (Acuson P10; Siemens AG, Munich, Germany). 
Other problem which brilliant ideas usually face is that 
they have to prevail old routines. Two hundred years ago, 
it was commonly doubted whether the recently invented 
stethoscope “will ever come into general use, notwith-
standing its value5” – and now it has become a symbol 
of a physician and the diagnostic process.

Fortunately, it is an exaggeration to compare the above-
mentioned anecdote and the current position of HUDs 
in modern medicine. However, the question of their status 

in cardiology is quite intriguing, and finding new possibili-
ties for augmenting diagnostic process with ultrasonogra-
phy appears very tempting.6,7

Technical evolution

Finding a niche in a world of imaging diagnostics required 
investigating uncharted waters. The HUD manufacturers 
implemented various ideas to meet clinicians needs that 
other devices could not fulfill. The user interface of HUDs 
was simplified, with limited image adjustments, as exami-
nation was supposed to be based on the predefined presets, 
optimally with ease of a single-handed operation. Pioneer 
HUD enabled only 2D imaging with most basic area and 
distance measurement tools. Initially used 3.7-inch screen 
now seems outdated, as the technology utilized then does 
not compare favorably with screens of  currently used 
smartphones. Significant improvements made throughout 
the years of development included:

–  Addition of color – Doppler modality (visual assess-
ment of cardiac valve competence was made possible).

–  Introduction of a dual probe combining the features 
of a sector and linear probe, which enabled the assessment 
of more superficially positioned structures.

–  Radical change of design – certain HUDs are just 
a probe which could either be connected by a cord or wire-
lessly with the smartphone/tablet with a dedicated appli-
cation installed. Such approach had numerous benefits: 
possibility of fitting the screen size to the clinician’s needs; 
no risk of  the  prolonged use of  the  outdated technol-
ogy as the screen could be “replaced” with the purchase 
of a new smart device; easy firmware updates that could 
fix potential software issues; less complicated disinfection 
of the device (which proved vital during the coronavirus 
disease (COVID-19) pandemic).

–  Implementation of M-mode imaging capabilities.
–  Streaming a real-time examination for a second opin-

ion or consult, which might prove essential if the HUD 
operator is an entry-level sonographer.8

–  Introduction of  the downloadable apps that assist 
in  obtaining correct projections or  enable automated 
evaluation of  certain cardiac parameters with the  use 
of machine learning technology. With sufficient comput-
ing power of HUDs, it  is possible to automatically cal-
culate the left ventricular ejection fraction (LVEF) using 
an artificial intelligence (AI) module. The first iteration 
of the software requires only a single 4-chamber view with 
no border tracing editing. Currently, there are HUDs with 
more advanced LVEF assessment algorithm which uses 
2 apical views: 4-chamber and 2-chamber. Furthermore, 
manual correction of endocardial borders is possible.

Manufacturers still search for the optimal size of the HUD 
screen. At first, the miniaturization was perceived as a para-
mount goal and the devices were constantly becoming smaller 
and easy for one-handed operation. However, at a certain 
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point, the desired ultraportability clashed with the limited 
visibility of echocardiographic projections on tiny screens. 
It appears that a larger device with better screen resolution 
and equipped with a widened set of diagnostic functions 
but still not exceeding more or less the size of a tablet com-
bines the best features from both worlds. While it will not 
fit a white coat pocket, it still remains very lightweight and 
portable. Most recent HUDs may be slightly bigger than 
other devices from this group, but are equipped with color 
Doppler, M-mode, pulsed wave and continuous wave spec-
tral Doppler, previously mentioned AI module for LVEF 
assessment, and systems tutoring and aiding inexperienced 
sonographers.9 This makes the separation of a “HUD study” 
from a “standard study in the lab” less obvious; however, 
the main objective of using HUDs is improved initial diagno-
sis rather than replacing comprehensive echocardiography.

Clinical targets for HUDs

The search for the optimal clinical application of HUDs 
became a  focus of numerous published studies. Many 
of those papers present cardiologists’ outlook on the sub-
ject.10,11 According to the European Association of Car-
diovascular Imaging (EACVI) guidelines,1,2 the following 
findings should be emphasized.

Assessment of LV systolic  
function and size

In the majority of cases, the assessment of LV systolic 
function is qualitative, based on visual estimation of LVEF 
and regional wall motion. This task proved to be one 
of main interests of authors attempting to make HUD-
acquired echocardiography analysis a  fully automated 
process. Certain HUDs (e.g., VScan Extend; GE Health-
care, Lincoln Park, USA) offer a downloadable applica-
tion which enables an automated edge detection of  left 
myocardial wall and calculates the  end-systolic and 

end-diastolic left ventricular volumes and LVEF using 
apical 4-chamber views. Good agreement between HUD 
and 3D measurement of LVEF on stationary echocardiog-
raphy was identified12,13; however, the results largely de-
pended on the quality of acquired images. Furthermore, 
in almost 12% of patients, the software failed to calculate 
LVEF.12 A more advanced algorithm available on other 
device (Kosmos; Echonous, Redmond, USA) performed 
an automated EF calculation from 2 apical projections, 
which showed good agreement with measurements using 
Simpson’s method. Other clinical benefits of this soft-
ware include high-specificity and high-sensitivity detec-
tion of patients with decreased LVEF.14 Improvements 
to the algorithm also enable a semi-automated EF by edit-
ing the endocardial borders, which might prove clinically 
relevant but requires further validation (Fig. 1).

Assessment of other cardiac chambers

Right ventricle (RV) visualization with HUDs proves 
more challenging. Variable correlations between HUD 
and high-end systems to identify RV dysfunction have 
been reported. Some studies showed that HUDs proved 
feasible in the initial assessment of patients with suspected 
pulmonary embolism. It was concluded that rapid imag-
ing protocols with HUDs, based, among others, on RV 
enlargement, allow for improved initial evaluation of pa-
tients with suspected pulmonary embolism and increase 
the diagnostic accuracy of clinical risk assessment scores 
(Fig. 2).15,16

Several studies confirmed the feasibility of HUDs in as-
sessing the width and collapsibility of the inferior vena cava 
(IVC) parameters used for estimating right atrial filling 
pressures, also in the setting of critical care unit. It is worth 
noting that in few studies, HUD operators were trained 
nurses.17–19 The presence of  left atrium (LA) dilatation 
as a marker of increased LA pressures was proposed as one 
of the parameters to be evaluated in critically ill patients 
when performing their initial assessment.20

Fig. 1. AI-enhanced 
assessment of LVEF. 
A. LVivo application; 
measurement based 
on 4-chamber apical 
view only; B. Assessment 
based on 4-chamber and 
2-chamber apical views; 
manual endocardium 
border editing available

AI – artificial intelligence; 
LVEF – left ventricular 
ejection fraction.
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Gross valvular abnormalities

Initially, a valvular assessment could only be qualita-
tive and based on the visual detection of morphologic 
abnormalities, such as significant calcification or dilated 
valvular ring. Due to the introduction of the color Dop-
pler modality, such assessment, although still qualita-
tive, became more accurate. Quantitative analysis was 
recently made available with the implementation of spec-
tral Doppler to a HUD. It was already confirmed that 
experienced operators can reliably detect clinically sig-
nificant aortic stenosis (AS) and facilitate AS grading 
with the use of this HUD, and this modality might prove 
promising (Fig. 3).21

Other specific echo findings

The HUD-derived projections are of sufficient quality 
to enable the detection of the pathological masses within 
heart cavities. Although scientific data are mainly ob-
tained from case studies, they show that thrombus in LV,22 
masses suggesting the presence of tumors (e.g., myxoma23), 

or thrombus in transit in right atrium (RA) and RV24 could 
all be identified. There is a good overall concordance with 
the conventional echocardiography in the detection and 
assessment of pericardial effusion (Fig. 4).25,26

Extracardiac findings

The  HUD-performed lung ultrasonography became 
a particularly interesting diagnostic option in the time 
of  COVID-19 pandemic.27,28 Besides the  identification 
of pleural effusion or subpleural consolidations, brief ul-
trasonographic assessment of “lung comets” allows the es-
timation of the level of congestion, which is vital in patients 
with heart failure (HF) (Fig. 5).29

Ultrasound screening for certain vascular abnormali-
ties can also prove clinically relevant. Handheld ultra-
sound devices proved their feasibility in carotid stenosis 
evaluation,30,31 accessing site complications screening after 
the femoral artery puncture32 or a detection of the aortic 
root dilatation as a marker of aortic dissection in symp-
tomatic patients. Abdominal aneurysm screening may 
also be feasible in patients with good substernal visibility.

Fig. 2. Bedside HUD examination in patients with suspected pulmonary embolism. A. 4-chamber apical view, RV:LV ratio >1; B. M-mode presentation, 
decreased TAPSE indicating RV dysfunction; C. Positive result of compression ultrasound, specific for thrombus in femoral vein (marked with an arrow)

HUD – handheld ultrasound device; RV – right ventricle; RA – right atrium; LV – left ventricle; LA – left atrium; FA – femoral artery; FV – femoral vein; TAPSE 
– tricuspid annular plane systolic excursion.

Fig. 3. Valve abnormalities registered with the use of a HUD. A. Massive tricuspid insufficiency; B. Moderate aortic insufficiency; C,D. Significant AS; 
continuous wave Doppler modality used to confirm severity of stenosis

HUD – handheld ultrasound device; RV – right ventricle; RA – right atrium; LV – left ventricle; LA – left atrium; AS – aortic stenosis.
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FoCUS examination

Due to limited diagnostic capabilities of HUDs, it was 
impossible, according to guidelines, to perceive them 
as tools that could be used for full echocardiographic 
examination. However, their ultraportability made them 
essential tools for the bedside examination, with the par-
ticular emphasis on the bedside focus cardiac ultrasound 
(FoCUS)-goal-oriented, limited echocardiographic ex-
amination.33 Such procedure should be treated as an ex-
tension of the physical examination. It can be performed 
in any environment, with a predefined limited protocol, 
by an operator not necessarily trained in comprehensive 
echocardiography, but appropriately trained in FoCUS 
and usually responsible for decision-making and/or treat-
ment process.

Who needs the HUDs?

Non-cardiologist use of ultrasound for rapid, bedside 
structural assessment of the heart in critically ill patients 
drew widespread attention for the first time in the early 
1990s. It was shown that a readily available, limited echo-
cardiogram carried out by emergency physicians could 
confer a mortality benefit to those with penetrating car-
diac injuries.34 From this narrow scope, non-traditional 
users of echocardiography such as critical care physicians 
have expanded the  applications of  cardiac ultrasound 
to address a broad array of important clinical questions 
at the bedside.

The EACVI guidelines emphasize that FoCUS should 
only be used by the operators who have completed ap-
propriate education and training program, and who fully 

Fig. 4. Intracardiac pathological masses detected with a HUD. A. “Thrombus in transit”; B. LA tumor, later diagnosed as myxoma; C. Thrombus in the apical 
part of the LV

HUD – handheld ultrasound device; RV – right ventricle; RA – right atrium; LV – left ventricle; LA – left atrium.

Fig. 5. Bedside HUD 
examination in a patient 
with symptoms of HF. 
A. IVC dilatation, suggestive 
of fluid retention; B. Lung 
ultrasonography – B-lines 
marked with arrows show 
pulmonary congestion

HUD – handheld ultrasound 
device; IVC – inferior vena 
cava; RA – right atrium; 
HF – heart failure.
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understand and respect its scope and limitations.33 The Fo-
CUS utilizes a highly restricted protocol that represents 
a small part of the standard comprehensive echocardio-
graphic examination. Although cardiologists who have 
completed basic echocardiography training outlined 
in the EACVI recommendations are qualified to perform 
echocardiography in all emergency situations, for optimal 
use of FoCUS, they should be familiar with the FoCUS 
scope, approach and Core Curriculum. In this regard, they 
could also benefit from additional training, e.g., in basic 
lung ultrasound (LUS) and the use of cardiac ultrasound 
in critical care. In case of other medical professionals, theo-
retical and practical training is vital; it was observed that 
learning curve for FoCUS is relatively steep.35

Novel HUDs introduced machine-learning tutorials for 
the less experienced operators – modality of real-time la-
belling of the visualized structures. Apical projections can 
also be assessed using the software algorithm, and in case 
of the suboptimal quality hints regarding the proper probe 
orientation are displayed on the device screen (Fig. 6).

Other implementations of HUDs

Apart from their clinical usefulness, HUDs are an un-
equivocally valuable tools for educating and hands-on train-
ing of medical students. It was previously confirmed that 
even a brief training of medical students results in the reli-
ably performed basic ultrasonographic screening augment-
ing the physical examination.36,37 Importantly, the learning 
curve is steep. Proposed use of HUDs by anesthesiologists 
for the purpose of point-of-care ultrasound (POCUS) learn-
ing also proved effective.38 The HUDs were also introduced 
as a tool used in numerous screening programs in schools, 
workplaces and in social campaigns.39–42 They may also play 
a prominent role in the development of the contemporary 

telemedecine – in a study conducted by Dykes et al., the par-
ents of pediatric patients after heart transplant were trained 
in acquiring images in parasternal short-axis and apical views, 
which were subseqently sent to an experienced sonographer 
for assessment. Interestingly, acquired projections were suf-
ficient for the qualitative assessment of LV function.43 Finally, 
HUDs are efficient, cost-effective screening tool to detect pa-
tients requiring full echocardiography.44,45

Conclusions

In a world where the consumer needs are being created 
rather than correctly identified, it may be difficult to tell 
apart between a gadget and a useful tool that might actu-
ally improve certain aspects of our lives. Things become 
even more convoluted in medicine, where the stakes are 
especially high. The HUDs at first may seem “gimmicky” 
and having no real substance to back their widespread 
use. But in reality, they are still passing the test of time 
being widely used by numerous medical professionals, who 
would not otherwise be able to introduce the elements 
of imaging diagnostics into the treatment process. Moving 
limited echocardiogram out of echocardiography rooms 
to the bedside created a real challenge to the traditional 
‘just a stethoscope’ approach towards more robust bedside 
screening. Expert sonographers may frown upon the lim-
ited set of features, but even them, when facing an immedi-
ate threat to patient’s life in a setting of an emergency ward, 
would be more than happy to perform basic echocardiog-
raphy rather than rely on a limited set of diagnostic data. 
The limitations of HUDs are obvious and effort is needed 
to distinguish indications for the HUD-based bedside-
limited scan and comprehensive, in many cases decisive 
standard state-of-the-art echocardiography. This is, how-
ever, the skill of picking the right tool for the job.

Fig. 6. AI-enhanced auto-labeling and auto-guiding modality (Kosmos; Echonous, Redmond, USA). A. The task was to acquire 4-chamber apical view; 
projection was assessed as incorrect (orange indicators); probe clockwise rotation suggested; B. Correct 4-chamber apical view; all indicators green

AI – artificial intelligence; RV – right ventricle; RA – right atrium; LV – left ventricle; LA – left atrium; LVOT – left ventricular outflow tract; TV – tricuspid valve; 
MV – mitral valve; AO – aorta.
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Abstract
The objective of this paper was to investigate the relationship between T-lymphocytes and respiratory tract 
infection in children. A meta-analysis was performed of studies related to virus-infected respiratory illnesses 
in children, and the change in the ratio of their T-lymphocyte subsets CD4+/CD8+. A systematic literature 
review was performed using MEDLINE (through PubMed), CINAHL (via Ebsco), Scopus, and Web of Science, 
for studies describing change in T-lymphocyte levels in children suffering from acute respiratory illnesses. 
Studies were included as per the Population, Intervention, Comparison, Outcomes and Study (PICOS) criteria, 
and relevant event data were extracted. A risk of publication bias and a risk of bias assessment were performed, 
and a funnel plot was designed using RevMan software. A column histogram was designed to compare 
the adverse effects. A total of 12 studies from the years 2000–2022 were included in the meta-analysis, 
containing information about 1111 patients. The current meta-analysis has a low risk of publication bias 
with the Egger’s test p-value being 0.583 (p > 0.05) and the Begg’s test p-value being 0.772 (p > 0.05). 
The odds ratio (OR) value was 3.66 (95% confidence interval (95% CI): 1.08–12.43), the risk ratio (RR) value 
was 1.91 (95% CI: 1.07–3.40) and the significance level was p < 0.05, which indicates that an alteration 
in T-lymphocyte levels occurs in respiratory infections.
T-lymphocyte levels are altered during infection, and the association between T-lymphocytes and respira-
tory diseases in children was investigated in this study. Based on statistically significant data (p < 0.05), 
we concluded that T-lymphocyte levels are adjusted in the event of viral respiratory sickness in children 
to alleviate the infection.

Key words: T-lymphocytes, respiratory tract infections, COVID-19, respiratory illnesses among children, 
T-lymphocyte subsets CD4+
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Introduction

Acute respiratory tract infections (ARTIs) are quite com-
mon in young people. Children, for example, are more sus-
ceptible to upper respiratory infections, such as the com-
mon cold, influenza and croup,1,2 or  lower respiratory 
infections, such as bronchitis and pneumonia.3,4 The up-
per respiratory system includes the trachea and bronchi 
airways, as well as the paranasal sinuses and middle ear.5,6 
The  lower respiratory tract includes the airways from 
the trachea and bronchi, as well as the bronchioles and 
alveoli. Bacteria, fungi and viruses can cause acute respira-
tory infections, which can either stay limited to the respi-
ratory tract or spread throughout the body due to infection 
or microbial toxins.7–9 When a foreign body or pathogen 
enters the body, the immune system recognizes the antigen 
and activates the immune system, causing certain cells 
to proliferate and differentiate to make antibodies. Anti-
bodies work by destroying the antigen and fighting the in-
fection. Similarly, it  is thought that when children have 
a respiratory ailment, their T-lymphocyte level changes 
in comparison to their usual level, allowing the pathogen 
to be eliminated and the infection to be cleared. T-lym-
phocytes are major players in the immune system that 
target specific foreign particles. They will not generically 
attack any antigens, but they will circulate in the blood 
until they encounter their specific antigen and then trig-
ger the immune response. As such, T-lymphocytes play 
a critical part in immunity to foreign substances, as shown 
in Fig. 1. It is obvious that CD8+ and CD4+ T-lymphocyte 
cells are necessary for facilitating the clearance of patho-
gens following many acute viral infections of the lung. 
This is the case because both types of T-lymphocytes are 
involved in the immune response and in providing the pro-
tection against secondary infections. Hence, the combined 
induction of virus-specific CD8+ and CD4+ T-lymphocyte 
cells and antibody production is essential for the develop-
ment of optimal protective immunity.

Several review articles and case studies also reported 
that the change in T-lymphocyte levels in children with re-
current respiratory infections is most likely. In their review 

study, Chen and John Wherry12 observed that individuals 
with severe coronavirus disease 2019 (COVID-19) have 
altered T-lymphocyte responses that are either insuffi-
cient or overactive. Lambert and Culley13 discovered that 
the levels of T-helper cells and CD8+ cells alter during re-
spiratory infections. In 2013, Tan et al.14 identified changes 
in circulating T-lymphocytes in children with obstructive 
lung disorders. According to Zimmermann and Curtis,15 
COVID-19 is less severe in youngsters because of its sig-
nificant potential to change T-lymphocyte levels and anti-
body production. In light of these findings, we conducted 
a systematic review and meta-analysis to look into the link 
between T-lymphocytes and respiratory tract infections 
in children, analyzing 12 case-control studies16–27 that 
compared the change in T-lymphocyte levels in children 
with respiratory illness to healthy controls. Although bac-
teria, viruses and fungi can all cause respiratory infections 
in children, this study focuses solely on viral respiratory 
disorders and their influence on T-lymphocyte numbers. 
All of the analyzed studies used flow cytometry to evaluate 
the changes in T-lymphocyte levels in terms of changing 
T-lymphocyte subsets: CD4+ and CD8+ levels.

He et al.16 reported an increase in T-lymphocyte count 
in children with acute respiratory infections, but Munte-
anu et al.21 and Gul et al.22 found a decrease in T-lym-
phocyte count. Similarly, Li et al.23 and Cosgrove et al.24 
described an increase in T-lymphocyte levels in children 
with lower respiratory tract infections such as pneumonia 
and upper respiratory tract infections such as rhinorrhea, 
respectively, while Calapodopulos et al.25 found a decrease 
in T-lymphocyte count in children with upper respiratory 
tract infections such as tonsillitis and sinusitis. Lu et al.26 
and Mahmoudi et al.27 showed an increase in T-lympho-
cyte count in their studies on the latest pandemic, the 2019 
novel coronavirus (2019-nCoV), which causes lower respi-
ratory tract infections like pneumonia.

Considering all these contradictory reports, the present 
meta-analysis was conducted to evaluate whether the com-
bined induction of virus-specific T-lymphocyte cells and 
enhanced antibody production occurred in children with 
acute respiratory illness or not. Data from the 12 selected 

Fig. 1. Respiratory illnesses 
in children

SARS-CoV-2 – severe acute 
respiratory syndrome 
coronavirus 2.
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illnesses in children 
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1. Croup – parainfluenza virus
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3. Pneumonia – respiratory 

syncytial virus (RSV), 
SARS-CoV-2

• To alleviate the viral 
infection, immune response 
is activated which results 
in change in T-lymphocytes 
level

• The change  
in T-lymphocyte 
is detected in terms 
of T-cell subsets CD4+ 
and CD8+ through 
flow cytometry

Immune response
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studies were retrieved, statistically evaluated and analyzed 
in order to determine the significant link between the T-
lymphocyte levels in children with acute respiratory illness.

Objectives

Through the  evaluation of  the  combined induction 
of virus-specific T-lymphocyte cells and enhanced anti-
body production for optimal immunity, the purpose of this 
research is to investigate the link between T-lymphocytes 
and ARTIs in children. Specifically, this investigation will 
focus on children.

Materials and methods

In  the  current investigation (registration at Huzhou 
University, China, No. HZ #/IRB/2021/2220), we followed 
the normative requirements of Preferred Reporting Items 
for Systematic Reviews and Meta-analyses (PRISMA).

Search methodology

A comprehensive search was undertaken in the databases 
of MEDLINE (through PubMed), CINAHL (via Ebsco), Sco-
pus, and Web of Science, concerning studies published be-
tween 2000 and 2022 and using the following keywords: 
“upper respiratory tract infections”, “lower respiratory 
tract infections”, “common cold”, “croup’, “pneumonia”, 
“COVID-19”, “influenza”, “viral infections”, “respiratory syn-
cytial virus”, “rhinovirus”, “influenza virus”, “T-lymphocytes”, 
“T-lymphocyte subsets CD4+ and CD8+”, “immune response”, 
“immunity”, and “antibody production”. All included papers 
followed the PRISMA guidelines, and studies were chosen 
at random, regardless of language, publication status or study 
type (prospective, retrospective or clinical trial). The event 
data from the included studies and the demographics of pa-
tients16–27 were collected and used for the meta-analysis.

Separately, 2  writers (XC and LY) scanned pertinent 
sources for similar investigations. Full-text articles were 
analyzed, and abstracts were included only if they contained 
enough information for the meta-analysis. Obsolete refer-
ences were removed, and studies that met the inclusion cri-
teria were taken into consideration. Two researchers (XC and 
LY) separately obtained the event data with useful variables.

Inclusion and exclusion criteria

Studies from the  years 2000–2022 that indicated 
the changes in T-lymphocyte levels in children during 
acute respiratory tract infections were included. In this 
analysis, only full-text articles with sufficient event data 
for the 2 × 2 DerSimonian and Laird method were selected, 
while studies with insufficient data and papers published 
before 2000 were excluded.

Analytical standard evaluation  
and heterogeneity sources

Two reviewers (XC and LY) independently assessed 
the methodological soundness and calculated the experi-
mental heterogeneity. The Cochran’s Q statistic and I2 in-
dex were estimated using RevMan software v. 4.1 (https://
training.cochrane.org/online-learning/core-software/rev-
man) to evaluate the heterogeneity.28 The use of different 
case-control, prospective and retrospective studies, differ-
ent number of patients, and assessment of different viral 
infections, either upper respiratory tract infections like 
the common cold, influenza, or  lower respiratory tract 
infections like pneumonia, croup and other viruses, were 
all investigated as sources of heterogeneity.

Statistical analyses

The diagnostic odds ratio (OR) was determined using 
the DerSimonian and Laird approach for statistical analy-
sis.29 The event data were used to create a 2 × 2 table, and 
RevMan software was used to perform a meta-analysis. 
The Mantel–Haenszel (M–H) test with the random bivari-
ate model was used to obtain the pooled diagnostic OR 
with 95% confidence interval (95% CI) and the risk ratio 
(RR) with 95% CI.30 The heterogeneity of included research 
(Tau2, χ2 value, Q value, degrees of freedom (df) value, 
I2 value, and p-value) was assessed using RevMan software 
together with their corresponding forest plots. To analyze 
the risk of publication bias, RevMan software was used 
to provide a risk of bias summary and a risk of bias graph. 
The publication bias of the included studies was assessed 
using the Begg’s test and the Egger’s test. The Deek’s funnel 
plot31 was performed by plotting the log risk ratio of each 
study against its standard error using MedCalc software 
v.  20.118 (MedCalc Software Ltd., Ostend, Belgium). 
The CD4+/CD8+ ratio in children with respiratory tract 
infections compared to healthy controls was evaluated, and 
a column histogram was created to compare the change 
in T-lymphocyte subsets.

Results

Results of literature searches

A total of 1448 studies have been retrieved from various 
databases. By reviewing the titles and abstracts of these in-
vestigations, we were able to eliminate 285 studies, leaving 
1163 records to be assessed further. We also eliminated 
642 studies due to faulty references and duplication, leaving 
only 521 for the final screening. Due to inclusion criteria, 
395 of the 521 studies were removed, and for the remain-
ing 126 papers, eligibility was further determined. Inad-
equate evidence and improper comparison criteria for cre-
ating 2 × 2 tables for the review were the main reasons for 

https://training.cochrane.org/online-learning/core-software/revman
https://training.cochrane.org/online-learning/core-software/revman
https://training.cochrane.org/online-learning/core-software/revman
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the omission. Finally, 12 papers from the years 2000–2022 
that fit the inclusion criteria, namely a change in T-lympho-
cyte levels in children with recurrent respiratory infections, 
were incorporated into the meta-analysis, as shown in Fig. 2.

The trials included 1111 children who were recruited 
at  random, and reported changes in  CD4+ and CD8+ 
T-lymphocyte subsets in children with ARTIs compared 
to healthy controls. Each of the studied children suffered 
from an acute respiratory illness, such as cystic fibrosis 
or pneumonia. Their T-lymphocyte levels were compared 
with levels in healthy children of the same age group to as-
sess changes in T-lymphocyte levels due to viral infection. 
Table 1 shows the demographic characteristics of the stud-
ies included in this meta-analysis. It lists the authors of each 
study, publication year, journal title, kind of respiratory 
tract infection, causative virus, number of patients and 
healthy controls, change in the T-lymphocyte subset ratio 
(CD4+/CD8+), significance level (p-value), and study con-
clusion. A meta-analysis was performed based on the event 
data from these studies, including the number of patients 
and healthy controls, as well as the change in their CD4+/
CD8+ ratio.

Meta-analysis findings

RevMan software was used to conduct a meta-analysis. 
Table 2 shows the risk of bias for the included studies. 
The risk of bias graph in Fig. 3 and the risk of bias summary 

in Fig. 4 reveal that the current meta-analysis has a low 
risk of bias. A funnel plot was created using RevMan soft-
ware to detect publication bias or systematic heterogeneity. 
The current meta-analysis has a low risk of publication 
bias, as apparent from the symmetric inverted funnel shape 
plot (Fig. 5), which shows a well-conducted data collection 
with little chance of publication bias. It  is also evident 
from the results of both the Egger’s test and the Begg’s 
test as the p-values of both tests are greater than 0.050 
and therefore are not statistically significant. The Egger’s 
test p-value is 0.583 (p > 0.050) and the Begg’s test p-value 
is 0.772 (p > 0.050).

The OR of the included studies was evaluated using Rev-
Man software to assess the link between changes in T-lym-
phocyte levels in children with acute upper or lower respi-
ratory infections compared to healthy children. Figure 6 
depicts the forest plot of ORs as well as data heterogeneity. 
The position of diamonds in the forest plot toward dis-
eased children confirms that the likelihood of alteration 
in T-lymphocyte levels is higher in sick children as com-
pared to healthy controls. As the diamond shape is not 
touching the line of no effect, it confirms that the dif-
ference between the 2 groups studied is statistically sig-
nificant. We calculated a pooled OR of 3.66 and a 95% CI 
of 1.08–12.43, with heterogeneity of Tau2 value of 4.51, 
a χ2 value of 390.49, a df value of 11, an I2 value of 97%, 
a Z value of 2.08, and a p-value of 0.040. An OR greater 
than 1 indicates that the condition or event is more likely 

Fig. 2. Flow diagram of the study group
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to occur. Because our calculated OR is also greater than 
1, i.e., 3.66 with 95% CI ranging from 1.08 to 12.43, it con-
firms the increased likelihood of change in T-lymphocyte 
levels in  children suffering from different respiratory 
tract infections. The high I2 value of 97% indicates a high 
degree of heterogeneity of the data and a p-value of less 
than 0.05 indicates that the results of this meta-analysis 
are statistically significant. This proved that when a child 
has an acute respiratory tract infection (ARTI), the num-
ber of T-lymphocytes changes as an immune response 
to the virus.

The RR of the included studies was also calculated us-
ing RevMan software, and the resulting forest plot is dis-
played in Fig. 7. The location of diamonds in the OR and 
RR forest plots confirms that the likelihood of alteration 
in T-lymphocyte levels is higher in sick children as com-
pared to healthy controls. Also, as the diamond shape is not 
touching the line of no effect, it confirms that the differ-
ence in the RR between the 2 study groups is statistically 
significant. We calculated a pooled RR of 1.91, with 95% CI 
ranging from 1.07 to 3.40. The RR was greater than 1, indi-
cating that ill patients are more likely than healthy controls 
to exhibit changes in T-lymphocyte counts. Moreover, 

the  heterogeneity was high with a  Tau2 value of  0.99, 
a χ2 value of 283.45, a df value of 11, a Z value of 2.19, and 
a p-value of 0.030. These numbers point to a random sam-
pling of data and the use of categorical research variables. 
A p-value of less than 0.05 indicates that the meta-analysis 
results are statistically significant. Hence, we can conclude 
that a change in T-lymphocyte levels in children with acute 
respiratory illness is more likely to occur.

Discussion

Pathogens cause severe illnesses and numerous compli-
cations when they invade our systems. However, the patho-
gen does not always triumph. Instead, our immune re-
sponse is triggered, and soon after recognizing the invader, 
and winning immunogenicity over pathogenicity, it re-
stores health. Children’s immune systems are more ac-
tive and respond faster by producing pathogen-specific 
antibodies via activated T-lymphocytes; in consequence, 
they combat the disease more effectively.

In their review article, Simon et al. state that innate 
and adaptive immune systems of a child are active and 

Table 2. Risk assessment for included studies

Study ID and year of publication
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immature, but their efficacy diminishes with age.32 Simi-
larly, Tosif et al. found that children are more sensitive 
to COVID-19 but, on account of their active immunity, 
they can mount an efficient immune response to severe 

acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 
and prevent the infection with the virus.33 The activity 
of the immune system can be measured by the number 
of B-cells, T-helper cells, cytotoxic T-lymphocytes, neu-
trophils, macrophages, and other immune response cells. 
The T-helper cells stimulate B-cells via their cytokines 
and help in the production of specific antibodies, hence 
the change in T-lymphocyte levels is usually measured 
in  terms of  the  ratio of  T-lymphocyte subsets CD4+ 
and CD8+ to assess the activated immune response.34,35 
The CD4+/CD8+ ratio is the proportion of T-helper cells 
with CD4 on their surface to cytotoxic T-lymphocytes 
with CD8 on their surface.

Considering these reports, we also compared the change 
in the CD4+/CD8+ ratio reported in the included studies 
in children with recurrent respiratory illness when com-
pared to healthy controls, measured with flow cytometry 
(it is presented in a column histogram in Fig. 8). The figure 
indicates that T-lymphocyte levels are altered and that 
is why we found the CD4+/CD8+ ratio either reduced or in-
creased as compared to controls. Therefore, as a result 
of the altered CD4+/CD8+ ratio in the studies that were 
included, the OR value of 3.66 (95% CI: 1.08–12.43), the RR 
value of 1.91 (95% CI: 1.07–3.40), and the significance level 
of p 0.05, this meta-analysis came to the conclusion that 
T-lymphocyte levels are altered in children with acute re-
spiratory illnesses, which is a symptomatic of infection and 
indicative of an activated immune response.

Limitations

The diversity of the respiratory tract infections ana-
lyzed, and the  flow cytometry tests performed by dif-
ferent technicians may increase the  likelihood of mis-
leading concentration values, are the drawbacks of this 
study. Evaluating the comparative accuracy has an ef-
fect on the findings because many studies that reported 
equivalent T-lymphocyte values with healthy controls 
were not included in the analysis. Data from other rel-
evant studies that indicate changes in T-lymphocyte levels 

Fig. 4. Risk of bias summary

Fig. 5. Funnel plot for publication bias

95% CI – 95% confidence interval; RR – risk ratio; SE – standard error.
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Fig. 6. Forest plot for odds ratio (OR)

95% CI – 95% confidence interval; df – degrees of freedom; M–H – Mantel–Haenszel.

Fig. 8. Column histogram for 
change in T-lymphocyte subsets 
ratio

Fig. 7. Forest plot for risk ratio (RR)

95% CI – 95% confidence interval; df – degrees of freedom; M–H – Mantel–Haenszel.
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in children with recurrent respiratory disease can also 
be included to better illustrate the association. The role 
changed T-lymphocyte levels and acute respiratory dis-
orders in children can be better elucidated if specific data 
on the patient’s case history, physical examination and 
pathological tests are also used in the analyzes.

Conclusions

Since the T-lymphocyte levels are altered during infec-
tion, the association between T-lymphocytes and respira-
tory diseases in children was investigated in this systematic 
review and meta-analysis. Based on the statistically sig-
nificant data (p < 0.05), we concluded that there is a strong 
link between T-lymphocyte levels and acute respiratory 
tract infections in children. The combined induction of vi-
rus-specific T-lymphocyte cells and enhanced antibody 
production in children with acute respiratory illness play 
a significant role in alleviating the infection at a faster rate 
by boosting their immunity.
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Abstract
Background. Brain-derived neurotrophic factor (BDNF) is essential for the development of dopaminergic 
neurons in the substantia nigra.

Objectives. To investigate the level of BDNF among Parkinson’s disease (PD) subjects and the influence 
of depression on BDNF levels.

Materials and methods. A total of 1920 subjects were included in the analysis; of these, 1034 had PD 
and 886 were healthy controls. A thorough literature search up to May 2022 was conducted. The mean dif-
ference (MD) of BDNF levels and 95% confidence intervals (95% CIs) were calculated with random or fixed 
effects models.

Results. Compared to  healthy controls, levels of  BDNF were significantly lower in  patients with PD 
(MD = −1.60, 95% CI (−2.49, −0.70), p < 0.001). Patients with PD and depression had significantly lower 
levels of BDNF (MD = −3.39, 95% CI (−5.55, −1.23), p = 0.002), as well as those with PD without depression 
(MD = −0.80, 95% CI (−1.56, −0.03), p = 0.04). However, there was no discernible change in BDNF levels 
(MD = −0.82, 95% CI (1.75, 0.10), p = 0.08) between the participants with PD and depression compared 
to the PD patients alone.

Conclusions. Compared with healthy controls, BDNF levels were significantly lower in the subjects with 
PD combined with depression, and PD without depression. However, there was no discernible difference 
in BDNF levels between subjects with PD with depression compared to those with PD without depression.

Key words: Parkinson’s disease, BDNF, depression, dopaminergic neurons, substantia nigra
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Introduction

Parkinson’s disease (PD) is a degenerative neurological 
illness. Recent research has suggested that inflammatory 
processes are involved in PD, which contradicts the mono-
amine depletion hypothesis (the traditional approach to de-
pression).1,2 Given this, we might speak of an inflammatory 
hypothesis to explain the serotonergic, noradrenergic and 
dopaminergic dysfunctions that are characteristic of depres-
sion.3 In addition, low-quality diets are linked to the afore-
mentioned negative physical, mental and cognitive health 
effects. Many different processes, including oxidative stress, 
plasticity, the microbiota–gut–brain axis, and most notably, 
inflammatory responses, are modulated by diet, which makes 
it a major risk factor for chronic diseases.4 The ventrolateral 
cell groups (i.e., A9 or nigrostriatal pathway) in the substantia 
nigra are the most susceptible to damage, whereas the dorsal 
and medial cell groups (i.e., A10 or mesolimbic pathway) 
are the most resilient ones.5 It has been hypothesized that 
the pacemaker-like features of dopaminergic neurons, which 
cause frequent intracellular calcium transients are the mo-
lecular basis for the selective vulnerability of these cells. 
There is some evidence that A9 neurons have impaired cal-
cium buffering, which can contribute to cellular stress and, 
ultimately, the disruption of cellular homeostasis. The first 
affected neurons are those in the olfactory bulb (anterior 
olfactory nucleus) and dorsal motor nucleus of the vagus 
(medulla), then those in the pons (locus ceruleus), and fi-
nally those in the substantia nigra (dopaminergic neurons).5 
In addition, recent evidence from studies on action control 
conducted on healthy individuals supported a causal role 
of dopamine in action control, and others addressed how 
PD is accompanied by impairments in covert cognitive pro-
cesses.6,7 Still, other studies investigated underlying goal-
directed motor functioning (e.g., action planning, conflict 
adaptation, motor inhibition)8,9 and how dopaminergic 
medication may modulate these action control components.

The symptoms of PD can be divided into motor symp-
toms and non-motor symptoms (NMSs). Motor-related 
symptoms include muscle rigidity, tremors and changes 
in  speech. Sensory complaints, mental abnormalities, 
sleep disturbances, and autonomic dysfunction are com-
mon NMSs experienced by people with PD. Non-motor 
symptoms can occur in the earliest stages of the disease, 
even before motor impairment is clinically apparent. De-
pression is a notable NMS that is particularly prevalent 
in the early stages of the disease. It has a substantial influ-
ence on the quality of life and disability.10 The loss of dopa-
mine-producing cells and the development of Lewy bodies 
in the brain commonly lead to NMSs in PD, which decreases 
the quality of life and presents significant hurdles in dis-
ease management. The modulation of autonomic nervous 
system responses is crucial for behavioral regulation.11,12 
Synuclein aggregations and the denervation of the dopa-
minergic nigrostriatal system are thought to play major 
roles in the pathophysiology of PD.13,14 Anxiety disorders 

respond well to antidepressants, such as selective serotonin 
reuptake inhibitors and serotonin noradrenaline reuptake 
inhibitors, because of their proposed shared neurobio-
logical basis: alterations in prefrontal-limbic pathways15,16 
and serotonergic projections arising from the raphe nu-
clei.17 However, current transcranial magnetic stimula-
tion (TMS) has pinpointed 2 separate circuit targets for 
symptom clusters of depression (i.e., sorrow) and anxi-
ety (i.e., irritability). Transcranial magnetic stimulation 
of the dorsomedial prefrontal cortex lowers depression 
symptoms and alleviates anxiety symptoms.18 Depression 
and other non-motor symptoms, such as reduced nonver-
bal communication and expressivity, may present them-
selves early in people with PD. Depression and other NMSs 
may be triggered by quinolinic acid. Research has shown 
that the neurotoxicity of the quinolinic acid contributes 
to the etiology of PD.19 The uncertainty associated with PD 
and coronavirus disease 2019 (COVID-19) magnified each 
other, and the cancellation of clinical appointments and 
restrictions on physical activity had substantial adverse 
effects on the well-being of this group of individuals.20

Neuropeptides and neurohormones play an important 
role in cognitive, emotional, social, and arousal functions, 
and are biomarkers to help evaluate risk, diagnosis, disease 
course, and therapeutic outcomes of a disease.21 Prior re-
search has demonstrated that the levels of A42 and tau 
protein in the serum of PD patients are highly variable 
and do not correlate with the mean scores on tests used 
to evaluate the severity of cognitive disorders. Therefore, 
A42 and tau protein in serum cannot be used as biomarkers 
of neurodegenerative changes in PD with cognitive im-
pairment.22 On the other hand, patients with neurodegen-
erative diseases such as PD or psychiatric disorders such 
as depression have decreased levels of kynurenic acid.23

In adult brains, the neurotrophin known as the brain-de-
rived neurotrophic factor (BDNF) promotes dendrite mor-
phogenesis, synaptic plasticity, arborization, and even neuro-
genesis.24,25 Brain-derived neurotrophic factor is essential for 
the development of dopaminergic neurons in the substantia 
nigra,24 which are widely dispersed in cortical and subcortical 
regions. Brain-derived neurotrophic factor stimulates neurite 
growth and supports the survival of nigral dopaminergic 
neurons within the substantia nigra. Therefore, blocking 
the expression of BDNF results in the death of adult dopa-
minergic neurons.26 Parkinson’s disease patients have a lower 
expression of BDNF in the pars compacta of the substantia 
nigra,27–29 reducing trophic support for dopaminergic neu-
rons. At the same time, the remaining dopaminergic neurons 
in the substantia nigra produce dwindling levels of BDNF.30

Objectives

The aim of the current meta-analysis is to investigate 
the level of BDNF among PD subjects and the influence 
of comorbid depressive symptoms on BDNF levels.
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Materials and methods

Study design

This meta-analysis consisted of clinical research studies 
that were a part of the epidemiological declaration31 and 
had a set study protocol. For data collection and analy-
sis, a wide variety of databases were consulted, including 
PubMed, Ovid, Cochrane Library, Embase, and Google 
Scholar.

Data collection

Data were collected from clinical trials as well as human 
observational research papers that were written in any 
language. Studies were used regardless of sample size. Ar-
ticles that did not give an association measurement, such 
as reviews, editorials or research letters, were not included.

Identification

According to the PICOS principle, a protocol of search 
strategies was developed32 and defined as follows: 1) pa-
tients (P): subjects diagnosed with PD; 2)  intervention/
exposure (I): BDNF; 3) comparison (C): BDNF in various 
subject groups; 4) outcome (O): PD compared to controls, 
PD with depression compared to controls, PD without de-
pression compared to controls, and PD with depression 
compared to PD without depression; 5) study design (S): 
no restriction.33

Using the  keywords and associated phrases listed 
in  Table 1 (search strategies for different databases), 

we conducted a complete search of the PubMed, Ovid, 
Cochrane Library, Embase, and Google Scholar databases 
up to May 2022. The titles and abstracts of the collected 
publications that did not link the levels of BDNF to PD 
were excluded from the analysis. Two authors, ZC and HZ, 
acted as reviewers to identify suitable studies.

Eligibility and inclusion

The following criteria had to be met for an article to be 
considered for the inclusion in the meta-analysis:

1.  The study was either prospective, observational, ran-
domized, or retrospective;

2.  The target intervention population consisted of in-
dividuals with PD;

3.  The intervention regimen of the included studies was 
based on plasma samples of BDNF;

4.  The study examined BDNF levels in several subject 
categories.

Exclusion criteria were:
1.  Studies that failed to  identify the  plasma levels 

of BDNF in PD patients;
2.  Studies that did not focus on the impact of compari-

son outcomes.
Figure 1 illustrates our selection process.

Identification

Data extracted from the studies included: study- and 
subject-related features in a standard format; the surname 
of the first author; the period of the study, the year of pub-
lication; the country of the study; the design of the study; 
the population type recruited in the study; the total num-
ber of subjects; categories; qualitative and quantitative 
evaluation method; demographic data; clinical and treat-
ment characteristics; information source; outcome evalu-
ation; and statistical analysis.34 A single study evaluating 
BDNF in PD patients yielded inconsistent results, so it was 

Fig. 1. Schematic diagram of the study procedure

Table 1. Search strategy for each database

Database Search strategy

PubMed

#1 “Parkinson’s disease” (MeSH terms) OR “brain-
derived neurotrophic factor” (all fields)

#2 “brain” (MeSH terms) OR “depression” (all fields)
#3 #1 AND #2

Ovid

#1 “Parkinson’s disease” (all fields) OR “brain-derived 
neurotrophic factor” (all fields)

#2 “brain” (all fields) OR “depression” (all fields)
#3 #1 AND #2

Google Scholar

#1 “Parkinson’s disease” OR “brain-derived 
neurotrophic factor”

#2 “brain” OR “depression”
#3 #1 AND #2

Embase

#1 “Parkinson’s disease”/exp OR “brain-derived 
neurotrophic factor”

#2 “brain”/exp OR “depression”
#3 #1 AND #2

Cochrane 
Library

#1 “Parkinson’s disease”: ti, ab, kw; “brain-derived 
neurotrophic factor”: ti, ab, kw (word variations 
have been searched)

#2 “brain”: ti, ab, kw OR “depression”: ti, ab, kw (word 
variations have been searched)

#3 #1 AND #2

ti, ab, kw – terms in either title or abstract or keyword fields; exp 
– exploded indexing term.

Records identified
through database search

(n = 1687)

Records identified
through other sources

(n = 0)

After duplication removal
(n = 956) 

Full text evaluated
(n = 100)

Studies included
in the meta-analysis

(n = 19)

Records excluded
(n = 856)

Full text excluded
because not related
to inclusion criteria 

(n = 81)
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isolated. Each study was assessed for bias, and the meth-
odological quality of the chosen studies was evaluated 
by the 2 authors in a blinded fashion using the risk of bias 
tool from the Cochrane Handbook for Systematic Reviews 
of Interventions, v. 5.1.0.35

The Newcastle-Ottawa Scale (NOS), a quality and bias 
assessment tool developed specifically for observational 
research, was also used to evaluate the bias. The NOS exam-
ines the sample, the comparability of cases and controls, and 
the exposure in observational studies, with studies being 
assigned values between 0 and 9. Studies with a rating of 7–9 
are of the highest quality and have the lowest risk of bias 
compared to those of lower ratings. Studies with a qual-
ity and bias risk rating from 4 to 6 are considered to have 
moderate quality. Each study was reviewed by the 2 authors.

Statistical analyses

The mean difference (MD) with a 95% confidence in-
terval (95% CI) was calculated using a random or fixed 
effects model. All groups were analyzed using the ran-
dom effects model due to high heterogeneity, whereas 
the use of fixed effects model required the confirmation 
of high similarity between the included study and a low 
heterogeneity (I2) level. The I2 index (determined using Re-
viewer Manager and expressed in forest plots), expressed 
as a numeric value ranging from 0 to 100, was calculated 
(as a percentage). Percentages ranging from 0% to 25%, 
25% to 50%, 50% to 75%, and 75% to 100% indicated no, 
low, moderate, and high heterogeneity, respectively.36 
Fixed effects models were used when the heterogeneity 
was low. As previously stated, the subcategory analysis 
was performed by stratifying the initial evaluation into 
result categories. The publication bias was investigated 
quantitatively with the Begg’s test (the publication bias was 

considered present if p < 0.05).37 A two-tailed test was used 
to calculate the p-value. The statistical analysis and graphs 
were created with the Reviewer Manager v. 5.3 software 
(The Cochrane Collaboration, Copenhagen, Denmark) 
and Jamovi software v. 2.3 (https://www.jamovi.org/) using 
a continuous model.

Results

Nineteen articles (out of 1765 reviewed) published be-
tween 2009 and 2022 satisfied the inclusion criteria and 
were included in the meta-analysis.38–61 Table 2 summa-
rizes the findings of these investigations. Ultimately, more 
than 1000 people had PD and 886 were healthy controls. 
Number of subjects in the included studies ranged from 
29 to 369.

PD patients compared to controls

Fifteen studies, which included 634 subjects, reported 
data stratified according to PD compared to the control 
group (Fig. 2). Parkinson’s disease was associated with 
significantly lower levels of BDNF compared to controls 
(MD = −1.60, 95% CI (−2.49, −0.70), p < 0.001), with a het-
erogeneity of 99%.

PD patients with depression  
compared to controls

Five studies, which included 232 subjects, reported data 
stratified according to PD with depression (Fig. 3). Parkin-
son’s disease with depression was associated with signifi-
cantly lower levels of BDNF (MD = −3.39, 95% CI (−5.55, 
−1.23), p = 0.002), with a heterogeneity of 99%.

Fig. 2. Forest plot of brain-derived neurotrophic factor (BDNF) levels in Parkinson’s disease (PD) patients compared with healthy controls

SD – standard deviation; 95% CI – 95% confidence interval; df – degrees of freedom.
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PD patients without depression  
compared to controls

Five studies, which included 259 subjects, reported data 
stratified according to PD without depression (Fig. 4). 
Parkinson’s disease without depression was associated 
with significantly lower levels of BDNF (MD = −0.80, 
95% CI (−1.56, −0.03), p = 0.04), with a heterogeneity 
of 94%.

PD patients with depression compared 
to PD patients without depression

Seven studies, which included 305 subjects, reported 
data stratified according to PD with depression compared 
to PD without depression (Fig. 5). Parkinson’s disease pa-
tients with depression and PD patients without depression 
had no statistically significant difference in BDNF levels 
(MD = −0.82, 95% CI (−1.75, 0.10), p = 0.08) and a hetero-
geneity of 95%.

Table 2. Characteristics of the selected studies included in the meta-analysis

Study 
and year Country Total Parkinson’s 

disease Control Age Gender
(M/F)

Disease 
duration H&Y in PD UPDRS part 

III in PD
Depression 

scale NOS Sampling 
time

Salehi and 
Mashayekhi, 
200938 

Iran 48 24 24 65.3 ±7.2 – – – – – 3 –

Scalzo et al., 
201039 

Brazil 70 47 23 65.7 ±8.8 32/38 7.6 ±4.5 2 34.5 ±23.3 – 7 morning

Ricci et al., 
201040 

Italy 60 46 14 63.7 ±8.87 29/31 8.05 ±2.41 2.7 ±0.7 – 16 ≤ HAM-D 7 –

Pålhagen 
et al., 201041 

Sweden 25 11 14 65.3 ±7.2 14/11 6.9 ±2.4 1.8 ±0.4 22.6 ±10.1 – 7 –

Ventriglia 
et al., 201342 

Italy 199 30 169 67.6 ±8.4 114/91 –
16 ≤ HAM-D 

score
– – 6 morning

Martín de 
Pablos et al., 
201543 

Spain 50 29 21 63.4 ±0.9 27/23 – 2.16 ±1.04 – – 4 –

Khalil et al., 
201644 

Jordan 59 29 30 59.4 ±13.1 35/24 4.4 ±2.7 2.4 ±0.7 49.2 ±16.5 – 7 –

Wang et al., 
201645 

China 199 97 102 63.6 ±9.32 112/87 4.23 ±3.1 1.59 ±0.43 – – 8 morning

Siuda et al., 
201746 

Poland 129 49 80 63.3 ±10.5 63/66 8.41 ±5.8 2.7 ±0.7 –
19 ≤ BDI 

score
8 morning

Wang et al., 
201747 

China 198 96 102 61.64 ±8.87 113/85 3.76 ±2.56 1.6 ±0.7 –
53 ≤ SDS 

score
7 morning

Rocha et al., 
201848 Brazil 65 40 25 68.71 ±10.7 46/19 5.45 ±4.13 2.44 ±0.69 34.57 ±18.43 – 8 evening

Costa et al., 
201949 

Brazil 35 18 17
68 

(62.5–71.5)
22/13

4.5 
(3–14.25)

2.16 ±0.44 –
HAM-D 

r = −0.44
8 morning

Hernández-
Vara et al., 
202050 

Spain 57 30 27
63.97 ±9.59 

(38–77)
36/21

1 
(0.92–1.5)

1 (1–2)
16.5 (12.75–

22.00)

mean 
HAM-D: 5.63, 

SD = 3.79
6 morning

Quan et al., 
202051 

China 60 30 30 67.19 ±8.12 32/28 4.13 ±1.50 2.12 ±0.75 – – 5 morning

Chung et al., 
202052 

Taiwan 156 114 42 69.67 ±8.44 91/65 2.70 ±2.45 – 22.89 ±10.00 – 8 –

Shi et al., 
202153 

China 79 53 26 65.04 ±10.55 37/42 2 ±2.6 1.33 ±2.89 – – 7 morning

Soke et al., 
202154 

Turkey 29 15 14 57.07 ±8.18 19/10 8.13 ±4.81 – 8.13 ±4.81 – 6 morning

Huang et al., 
202155 

China 369 259 110 62.84 ±8.73 199/170 4.96 ±2.09 2.07 ±1.02 33.78 ±8.31
HAM-D: 17 

(33.78 ±8.31)
8 morning

Schaeffer, 
202256 

Germany 33 17 16 58 ±10 17/16 5.6 ±5.0 1.85 ±0.42 25 ±10 – 6 –

Total 1920 1034 886 – – – – – – – –

PD – patients with Parkinson’s disease; H&Y – Hoehn and Yahr’s motor stage; UPDRS – Unified Parkinson’s Disease Rating Scale; NOS – Newcastle-Ottawa Scale; 
HAM-D – Hamilton Depression Rating Scale; SD – standard deviation; BDI – Beck Depression Inventory; SDS – Self-Rating Depression Scale.
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Analysis of other potential  
covariates/factors

The  analysis of  studies with defined sampling time 
(morning) similarly found significantly lower BDNF 
levels in  PD patients compared with controls (Fig. 6) 
(MD = −1.24, 95% CI (−2.30, −0.17), p = 0.002), with a het-
erogeneity of 95%.

It was not possible to assess the impact of  individual 
characteristics such as gender and ethnicity on the com-
parison results as data on these variables were not col-
lected. In addition, the publication bias was found to not 
be statistically different for PD subjects compared with 
controls (p = 0.62). Similarly, the analysis of studies with 
defined sampling time (i.e., morning) failed to identify 
statistically significant bias (p = 0.61). In addition, the re-
sults of the Begg’s test for PD patients with depression, PD 
patients without depression, and PD patients with depres-
sion compared to PD patients without depression were 
p = 0.82, p = 0.99 and p = 0.77, respectively, indicating 
a lack of publication bias.

The risk of bias assessment was evaluated with NOS 
(Table 2). Twelve studies were found to have a score between 
7 and 9 points, which reflects a low risk of bias. Six studies 
showed a moderate risk of bias, with scores ranging from 
4 to 6 points. Only one study scored 3 points, reflecting 
a high risk of bias resulting from low quality methodology.

Discussion

A total of 1920 individuals, 1034 of whom were diagnosed 
with PD and 886 of whom were healthy controls, were 
included in the current meta-analysis.38–56 Parkinson’s 
disease patients, both with and without depression, had 
lower levels of BDNF than healthy controls. Parkinson’s 
disease patients with depression did not have lower levels 
of BDNF than PD patients without depression. It is impor-
tant to be cautious when interpreting the results comparing 
PD patients with and without depression, as these data 
come from relatively small sample sizes (13 out of 19) and 
a limited number of studies (<100).

Fig. 5. Forest plot of brain-derived neurotrophic factor (BDNF) levels in Parkinson’s disease (PD) patients with depression compared with PD patients 
without depression

SD – standard deviation; 95% CI – 95% confidence interval; df – degrees of freedom.

Fig. 4. Forest plot of brain-derived neurotrophic factor (BDNF) levels in Parkinson’s disease (PD) patients without depression compared with healthy controls

SD – standard deviation; 95% CI – 95% confidence interval; df – degrees of freedom.

Fig. 3. Forest plot of brain-derived neurotrophic factor (BDNF) levels in Parkinson’s disease (PD) patients with depression compared with healthy controls

SD – standard deviation; 95% CI – 95% confidence interval; df – degrees of freedom.
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It is critical to determine if circulating BDNF levels may 
be used as a surrogate for BDNF expression in the central 
nervous system and neurons, given the role of this factor 
in PD. The association between blood levels of BDNF and 
hippocampal BDNF is highest in mice (R2 = 0.81).37 How-
ever, whether this association applies to people remains 
debated. We know that BDNF is produced by glial cells, 
like astrocytes and microglia, as well as extra-central 
nervous system cell types, such as endothelium cells 
and peripheral blood mononuclear cells.57 Circulating 
BDNF appears to originate mainly in the central nervous 
system, given that it may cross the blood–brain barrier 
and that endothelial and mononuclear cells express ex-
tremely low quantities of it.58 Therefore, studying the lev-
els of BDNF in the serum of PD patients as a surrogate 
for its expression in the central nervous system is now 
possible. Due to their inherent ability to retain proteins, 
platelets are the principal source of BDNF in the blood.

Patients with PD had a lower BDNF expression and more 
dopamine in their striatum, according to the dopamine 
transporter scans.59 The expression of BDNF can be af-
fected by a wide range of factors, including the 196 A/G 
single nucleotide polymorphism. This 196 A/G polymor-
phism, which results in a Val66Met substitution, was ini-
tially discovered by Momose et al. as a possible homozygote 
mutation linked to an increased risk of PD.60 This mutation 
was confirmed to consistently downregulate the expres-
sion of BDNF61 and it was the subject of future research 
to determine its link to PD risk.62,63 

Reduced expression of  BDNF, irrespective of  nigral 
dopaminergic expression, alters dopaminergic outflow 
to the striatum and mimics the motor symptoms of PD 
in mice.64 In addition, synuclein, the primary component 
of Lewy body fibrils in people with Parkinson’s disease, 
inhibits BDNF’s neurotrophic action in  the  substantia 
nigra by first downregulating BDNF expression65 and then, 
by competitively inhibiting BDNF signaling at the receptor 
level.66 Exogenous BDNF lowers the loss of dopaminergic 
neurons in PD models employing 6-hydroxydopamine hy-
drobromide and 1-methyl-4-phenyl-1,2,3,6-tetrahydropyri-
dine as well as neuronal cultures, according to the majority 

of research.67–70 Extensive data are suggesting the protective 
effect of BDNF on the dopaminergic substantia nigra popu-
lation in PD and its downregulation in individuals with PD.71 
On the flip side, the development of PD has been associated 
with increasing levels of BDNF in blood and cerebrospi-
nal fluid.38,39 Also, an important role of physical training 
and exercise had been recognized, since acute exercise can 
boost blood levels of BDNF and then improve cognitive 
function shortly after exercise.72 Memory enhancement 
is more noticeable and strongest shortly following training 
matched to other cognitive areas. In addition, it was shown 
that both dopamine replacement therapy and anti-parkin-
sonism medicines upregulate BDNF to a small degree.73 
As noted, these findings have sparked tremendous interest 
in the potential for exercise-induced alterations in BDNF 
to arrest neurodegeneration in Parkinson’s disease.74 Sev-
eral studies reveal reduced serum levels of BDNF in PD 
subjects.38–56,75–79 The Val66Met polymorphisms were not 
identified as predictors of PD risk except for a slight increase 
in risk linked with the AA+AG genotype.80 Even though 
some research suggests that the Val66Met variant can alter 
the expression of BDNF in PD, a growing body of evidence 
suggests that acute exercise can increase the serum levels 
of BDNF and alleviate the symptoms of Parkinson’s dis-
ease.81 For many, the cognitive benefits of exercise can be 
attributed to an increase in serum BDNF.82,83 Parikh et al. 
found that the BDNF regulates the striatal dopamine levels 
in mice, specifically affecting the balance of glutamate and 
the ability to adapt cognitively and executively.84

The benefits of exercise on neuroplasticity and protec-
tion from 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine-
induced neurotoxicity were lost in animals with a complete 
deletion or insufficient expression of BDNF.85,86 It is pos-
sible that the alleviation of depression and motor symptoms 
due to continuous exercise may also be due to an increase 
in BDNF protein in the striatum of mice.87

One study found a paradoxical increase in serum BDNF 
with increased depression duration and decreased motor ca-
pacity, whereas another study found no difference in serum 
BDNF when considering patients’ physical capacity.88 Brain-
derived neurotrophic factor levels are higher in patients with 

Fig. 6. Forest plot of the morning samples BDNF levels in Parkinson’s disease (PD) patients compared with healthy controls

SD – standard deviation; 95% CI – 95% confidence interval; df – degrees of freedom.
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PD who have had long-term dopamine replacement therapy, 
according to a study by Scalzo et al.39 This suggests that 
the increased expression of BDNF in advanced PD is not 
only due to medication-induced release of the pool of BDNF.

It is hoped that nonpharmaceutical interventions, such 
as exercise, can reduce the symptoms of PD. Hirsch et al. 
found that regulated exercise could improve blood BDNF 
levels and decrease Rating Scale III (RS-III) scores in indi-
viduals with PD.88 These data support the efficacy of non-
pharmacological methods to induce BDNF in PD. Serum 
BDNF rises incrementally in the early stages of PD, most 
likely due to a compensatory increase in the production 
of BDNF by the surviving dopaminergic neurons. Accord-
ing to Hirsch et al., exercising a few times a week can help 
PD patients improve their motor scores and increase their 
blood levels of BDNF.88 Despite the findings stating that 
physical training and BDNF levels increase as PD symp-
toms decrease, it is unclear if this is mediated by BDNF. 
The findings of Scalzo et al. contradict the results of this 
study; however, the authors do not acknowledge or ex-
plain this discrepancy.39 Furthermore, it  is  important 
to point out that the aforementioned research supports 
the idea that exercise can improve depressive symptoms 
in PD patients by promoting BDNF expression and signal-
ing. The effects of medications must be considered when 
analyzing data from PD patients. Even though numerous 
studies have qualitatively documented the use of com-
mon medications in study groups, many of these studies 
have not controlled for the effect of dosage or frequency 
of use. For example, it  is thought that increased levels 
of BDNF are a contributing component in treating de-
pression with serotonin reuptake inhibitors.89 Selegiline, 
an inhibitor of monoamine oxidase, an agonist of the N-
methyl-D-aspartate receptor, and metformin, a tricyclic 
antidepressant, have been shown to have neuroprotective 
characteristics.90–93 Many studies offered only a dichoto-
mous assessment of depression in PD patients and did not 
use psychological tests to establish a quantitative score.

The results of this meta-analysis indicate that BDNF 
levels are decreased in  patients with PD and perhaps 
in PD patients with depression.89–98 For these potential 
connections to be demonstrated and compared with other 
subjects in terms of the examined consequences, further 
research is needed. Larger and more uniform samples are 
required for this type of study.99–103 A previous meta-anal-
ysis similarly showed that BDNF had favorable advantages 
in treating PD and reducing PD with depression.104–110 
To determine whether age and ethnicity are connected 
to the outcomes of our study, well-conducted randomized 
controlled trials are needed.

Limitations

While this study may have been skewed by excluding so 
many trials from our meta-analysis, these studies failed 
to meet our rigorous inclusion criteria. Of the 19 papers 

analyzed, 13 had sample sizes of  less than 100 people. 
In addition, some of the included studies did not mention 
the sampling time of BDNF. There is no way to tell if the re-
sults are due to gender or ethnicity, as data on these vari-
ables were not included in our study. Patients with PD were 
evaluated for BDNF using data from previous research, 
which may have been skewed due to a lack of relevant in-
formation. Uncollected variables such as the respondents’ 
age, gender and nutritional status may have also skewed 
the results.

Conclusions

Parkinson’s disease combined with depression, and PD 
patients without depression had significantly lower levels 
of BDNF than healthy controls. Parkinson’s disease patients 
with depression did not have lower levels of BDNF than PD 
patients without depression. In individuals with PD, acute 
exercise and physical training are consistently associated 
with increased serum BDNF and, by extension, better mo-
tor function and lower Unified Parkinson Disease Rating 
Scale (UPDRS) stage III scores. Our research suggests that 
depression, a major comorbidity in PD, and PD both have 
the capacity to downregulate the expression of BDNF. In ad-
dition, possible drug effects, such as antidepressants and 
dopamine replacement treatment, are reflected here as well.
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Abstract
Background. Placenta previa is a pregnancy condition associated with the development of complications 
related to placental insufficiency, including hypertension, preeclampsia and perinatal mortality. Dysfunction 
in uteroplacental arteries causes the release of cytokines, leukotrienes and immunomodulatory hormones, 
which leads to an inflammatory reaction.

Objectives. The nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) pathway and vascular 
endothelial growth factor (VEGF) are known to play crucial roles in inflammation and angiogenetic regulation. 
This study aimed to demonstrate the morphometric and immunohistochemical effects on inflammation and 
angiogenesis underlying placenta previa.

Materials and methods. Twenty pregnant patients with placenta previa and 20 healthy pregnant patients, 
all between 30 and 38 weeks gestational age, were included in the study. The gestational age of the preg-
nancies was determined according to the last date of menstruation and/or ultrasonographic measurements. 
Blood samples and clinical data were obtained from the prenatal patient groups. Samples were taken from 
the connecting stem region from both groups.

Results. The mean difference between the control and placenta previa patients was statistically signifi-
cant for the parameters of blood vessels in villi, diameter of floating small villus, decidual cells, syncytial 
knots, congestion in blood vessels, fibrinoid accumulation, and inflammation. Significant degeneration and 
apoptotic changes in the syncytial cells of the root villi and an increase in syncytial nodes and bridges were 
observed in the placenta previa specimens. In the connecting stem region of the placenta previa samples, 
blood vessel dilatation, endothelial cell hyperplasia and a higher number of syncytial nodes were observed. 
In the immunohistochemical examination of the placenta previa samples, an increase in NF-κB and VEGF 
expression was observed in the endothelial cells, syncytial cells and Hofbauer cells.

Conclusions. Vascular endothelial growth factor was found to stimulate endothelial cell proliferation and 
migration, and to significantly affect angiogenesis during the developmental process of the placenta and 
remodeling of the uterine vessels, inducing NF-κB signaling and apoptotic development during cytotropho-
blastic invasion in the vascularization of the placenta.

Key words: VEGF, NF-κB, placenta previa, chorionic villus
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Background

Placenta previa is an obstetric condition in which there 
is atypical localization of the placenta around the internal 
cervical os. It is accompanied by painless vaginal bleed-
ing in the 3rd trimester. It is a gynecological disease that 
can partially or completely obscure the cervical opening, 
with the placenta localized in the lower part of the uterus.1 
Placenta previa is known to occur in 1 out of 200 pregnant 
women. It is important to detect this condition in the early 
stages of pregnancy because of the essential role of the fol-
low-up. Placenta previa can complicate delivery and lead 
to life-threatening complications for the mother and baby, 
especially when it occurs close to the birth. There has been 
a remarkable increase in the incidence of placenta previa 
in recent years. It has been reported that cesarean section 
techniques, surgical interventions to the uterus, births 
at advanced age, high parity, tobacco and substance use, 
and in vitro techniques can trigger this disease.1–3

It  is  known that placenta previa can lead to  cardiac 
problems due to pregnancy, prolapse of the placenta and 
accompanying mortality.4,5 Dysfunction in arterial nutri-
tion leads to the inability of the uterus and placenta to re-
ceive enough blood. These findings suggest that placental 
factors help in immune modulation, which is essentially 
required for successful pregnancy completion. There 
is a regulated balance between pro-inflammatory and anti-
inflammatory factors. The emergence of regulatory T cells 
is induced with a suppressive effect against autoreactive 
T cell effectors. Indeed, a functioning neuropeptide system 
contributes to overall health, and changes in the expres-
sion of these neuropeptides and/or their receptors result 
in altered susceptibility to inflammatory and autoimmune 
diseases.6 Surgery may cause damage to the endometrium 
and myometrium of the uterus, increasing the risk of pla-
centa previa.2

The signaling pathway leading to the eventual activation 
of nuclear factor kappa-light-chain-enhancer of activated 
B cells (NF-κB) plays an important role in immune and 
inflammatory responses.7 Regulation of maternal T cells 
during pregnancy is mediated by NF-κB p65; studies have 
reported that the degradation of p65 in maternal T cells 
is induced by the activation of fatty acid synthase (Fas). 
Placental exosomes expressing the Fas ligand (a type II 
membrane protein that belongs to the tumor necrosis fac-
tor superfamily) have been implicated as having an im-
munomodulatory function during pregnancy.8 In a study 
on congenital Zika syndrome in pregnant women, it was 
reported that Smaducin-6 (a membrane-bound Smad6-
derived peptide) blocked the NF-κB activation mechanism 
via Pellino E3 ubiquitin protein ligase 1 but had no direct 
effect on congenital Zika syndrome.9 Olmos-Ortiz et al. 
observed that prolactin, toll‑like receptor 4 (TLR4) expres-
sion, and mechanisms related to NF-κB phosphorylation 
provide and organize the upregulation of lipopolysaccha-
rides. They reported that prolactin may play an important 

role in limiting inflammatory responses to lipopolysac-
charides in the human placenta and inhibiting immune re-
sponses against infections that may threaten the outcomes 
of pregnancy. It is the first evidence of this mechanism for 
the anti-inflammatory activity of prolactin in the human 
placenta.10 They showed that infection of Listeria mono-
cytogenes upregulates TLR2 and cytosolic DNA sensing 
pathways, as well as the downstream pro-inflammatory 
circuit in which NF-κB is involved.11 The effects of fatty 
acids on the placental inflammatory cytokines in relation 
to TLR4/NF-κB were investigated in a  study in which 
trophoblast cells isolated from 14 normal-term human 
placentas were incubated with fatty acids. According 
to the study, the long-chain saturated fatty acids – stearic 
acid and palmitic acid – stimulated the secretion and syn-
thesis of tumor necrosis factor-α (TNF-α) and interleukin 
(IL)-6 and 8 by trophoblast cells at a statistically significant 
level. The authors stated that unsaturated fatty acids do not 
change cytokine expression and that palmitate-induced 
inflammatory effects are accompanied by TLR4 activa-
tion, NF-κB phosphorylation and nuclear translocation.12 
Pro-inflammatory stimulation of  macrophage colony-
stimulating factor (M-CSF) secreted by free 1st-trimester 
decidual cells in pregnant women and its relationship with 
macrophage development were investigated. It has been 
found that in free 1st-trimester decidual cells, IL-1β and 
TNF-α signal along the NF-κB pathway to induce M-CSF.13 
It has been suggested that the interaction between Nestin 
and cyclin-dependent kinase 5 may lead to the progression 
of placenta previa by regulating NF-κB.14

In recent years, a great deal of  research has focused 
on the relationship between abnormal angiogenesis and 
placenta previa.3 Vascular endothelial growth factor 
(VEGF) is known as a signaling protein that stimulates vas-
culogenesis and angiogenesis.15,16 Chehroudi et al. stated 
that umbilical cord inflammatory cytokines and VEGF 
have not been extensively studied in terms of pregnancy 
disorders or maternal/neonatal causes. In that study, ma-
ternal and neonatal variables, as well as VEGF-A, VEGF-C 
and VEGF-D expression in umbilical cord lysates were ex-
amined. The authors determined that VEGF-A is strongly 
suppressed in adverse pregnancy cases.17 In another study, 
choroidal neovascularization was induced by laser and 
immune cells, and the neovascularization was analyzed 
using polymerase chain reaction (PCR). In the early in-
flammatory phase after the laser exposure, anti-placental 
growth factor, VEGF-A, was reported to be significantly 
upregulated. They observed that the increase in VEGF-A 
was limited to the scar, while anti-placental growth factor 
showed a wider spread.18 The expression of VEGF in hyper-
tension, preeclampsia and preterm birth cases has been ex-
amined in various studies. It has been reported that the ex-
pression level of VEGF decreased due to hypertension,19 
the level of VEGF receptors increased in preeclampsia,20 
and the expression level of VEGF was very high in cases 
of premature delivery.21,22
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Vascular endothelial growth factor plays a role in angio-
genic regulation and is secreted during pregnancy in suf-
ficient amounts from cell groups outside the placental 
villi; it promotes proliferation, adhesion and/or invasion.23 
Human deciduas from the 1st, 2nd and 3rd trimesters were 
examined via immunocytochemistry. The viability of total 
decidual cells and different cell isolates was not affected 
by triiodothyronine. In the 1st trimester, triiodothyronine 
was reported to reduce VEGF-A secretion by total decidual 
cells and to increase angiopoietin-2 secretion by stromal-
depleted cells.24 They suggested that VEGF and soluble 
fms-like tyrosine kinase-1 levels are important for diag-
nosing placenta previa and can be considered additional 
parameters to differentiate between placenta accreta and 
increta.25 Moreover, the increase in the expression of high 
mobility group box protein 1 in the placenta may be related 
to the pathogenesis of placenta previa by regulating the ex-
pression of the proangiogenic factor VEGF.26 In another 
study, VEGF and leptin levels in 2nd-trimester amniotic 
fluid samples taken between 16 and 20 weeks of preg-
nancy were compared with a control group at 37 weeks. 
According to their results, amniotic fluid VEGF levels 
in the 2nd trimester predict preterm delivery better than 
leptin levels.27

The first blood vessel formation begins when angioblasts 
of mesenchymal origin gather in groups from the yolk sac 
of the embryo and develop the endothelial tube. The first 
developing veins reform an existing circulatory system, 
and both regional proliferation and regression, as well 
as branching and migration, are observed. With angiogen-
esis forming the new vascular system, mature endothelial 
cells divide and new capillaries are formed. It is known 
that VEGF signaling must be activated for vasculogenesis 
and angiogenesis to occur fully.28,29

Objectives

This study aimed to determine the expression levels 
of NF-κB and VEGF in the placenta in order to under-
stand the possible morphometric and immunohistochemi-
cal effects on inflammation and angiogenesis underlying 
placenta previa.

Materials and methods

Study population

This study was carried out at Van Özel Akdamar Hos-
pital, Department of Obstetrics and Gynecology, between 
May 2021 and February 2022. It was approved by the eth-
ics committee of Van Akdamar Hospital, Van, Turkey. 
The study included 20 pregnant patients with placenta 
previa and 20 healthy pregnant patients between 30 and 
38 weeks gestational age.

The gestational ages of the pregnancies were determined 
by the last date of menstruation and/or ultrasonographic 
measurements. Blood samples and clinical data were ob-
tained from the prenatal patient groups and compared. 
Placental samples from both the normal placenta and pla-
centa previa groups were taken from under the connecting 
stem region and evaluated (Fig. 1).

Histological analysis

For both groups, placental tissue samples (1 cm × 1 cm 
× 1 cm) were taken from around the umbilical cord un-
der sterile conditions immediately after delivery and dis-
sected. After soaking in 10% formol saline for at  least 
1 day, the samples were kept in 70% ethanol. The placen-
tal specimens were dehydrated in a routine ascending se-
ries of alcohol, cleared in terpineol, and then embedded 
in paraffin wax. For histological examination, 4–6-µm 
thick transverse sections were obtained and stained with 
hematoxylin and eosin (H&E).

Immunohistochemistry staining

The  sections were left in  distilled water and washed 
for 3–5 min in phosphate-buffered saline (PBS) (catalog 
No. 10010023; Thermo Fisher Scientific, Fremont, USA). 
Antigen uptake was performed in a microwave (700 W; 
Bosch®, Gerlingen, Germany) for 3 min at 90°C. For prote-
olysis, the sections were heated in a microwave oven at 700 W 
in a citrate buffer (pH 6) solution. The sections were washed 
for 3–5 min in PBS and incubated for 20 min in hydrogen 
peroxide (H2O2) (K-40677109, 64271; Merck, Darmstadt, 
Germany) (3 mL 30% H2O2 + 27 mL methanol). The sec-
tions were then washed for 3–5 min in PBS and blocked for 
8 min with Ultra V Block (lot: PHL150128; Thermo Fisher 
Scientific). After drainage, primary antibodies (NF-κB an-
tibodies, mouse monoclonal antibodies (1/100) and VEGF 
antibodies were applied. The sections were incubated and 
kept at 4°C overnight. Then, they were washed for 3–5 min 
in PBS and reincubated with applied secondary antibod-
ies (Histostain-Plus Kit; Invitrogen, Carlsbad, USA) for 
20 min. Next, the sections washed with PBS were exposed 

Fig. 1. Schematic diagram of the normal location of the placenta and 
of placenta previa
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to streptavidin peroxidase (lot: PHL150128; Thermo Fisher 
Scientific) for 20 min. The sections were washed for 3–5 min 
in PBS and treated with 3,3’-diaminobenzidine (DAB) (lot: 
HD36221; Thermo Fisher Scientific) for 3–10 min (it was 
kept for minimal and maximal times between 3 and 10 min 
depending on the intensity of expression). The slides show-
ing the reaction were stopped in PBS. After counterstain-
ing with Harris Haematoxylin for 45 s, the slides were dried 
with residual alcohol and cleaned in xylene. The slides were 
mounted with Entellan (Sigma-Aldrich, St. Louis, USA), 
and histopathological examinations were performed using 
an Olympus BH-2 light microscope (Olympus Corp., Tokyo, 
Japan). Semiquantitative scaling of immunoreactivity was 
carried out. The intensity of staining was graded from 0 to 4 
(0 – no staining, 1 – faint staining, 2 –  moderate staining, 
3 – intense staining, and 4 – highly intense staining). The val-
ues of 0–2 were considered one group, and the values of 3–4 
were considered the other group.

Statistical analyses

The IBM SPSS Statistics for Windows v. 21.0 (IBM Corp., 
Armonk, USA) software was used for statistical analyses. 
Measured variables were presented as mean ± standard 
deviation (M ±SD) and median (interquartile range (IQR)). 
Categorical variables were presented as numbers and per-
centages (%). The conformity of the data to normal distri-
bution was analyzed using the Shapiro–Wilk test and Q–Q 
plots. The Student’s t-test was used for normally distrib-
uted variables, the bootstrap test for means was used for 
not normally distributed variables, and the Welch’s t-test 
was used when equal variances were not assumed to com-
pare the control and placenta previa groups. The Fisher’s 
exact test was used for the comparison of qualitative his-
tologic parameter variables in the control and placenta 
previa groups. The hypotheses were taken in 2 directions, 
and p ≤ 0.05 was considered statistically significant.

Results

Histopathological examination

In the control group, the main root villi at cell junctions 
and syncytial cells in free villi were observed. Chromatin-
rich nuclei were located in the cell center. Cytotropho-
blast cells were oval in appearance, and the blood vessels 
in the villi were lined with squamous endothelial cells 
with regular lumens. There were a few syncytial nodes and 
bridges in the villi, and decidual cells with polygonal chro-
matin density were also observed polygonally (Fig. 2A).

In the placenta previa group, a notable degeneration and 
apoptotic changes in the syncytial cells of the root villi and 
an increase in syncytial nodes and bridges were observed. 
Excessive expansion and occlusion in blood vessels, hyper
plastic endothelial cells, and thinning and degenerative 

differences in the connective tissue fibers of the villi were 
observed (Fig. 2B).

Immunohistochemical examination  
of NF-κB expression

In the control group, the expression of NF-κB was mild 
in the syncytial cells of the root and free villi, and mod-
erate in the vascular endothelial cells, macrophages and 
fibroblasts in the connective tissue cells (Fig. 3A).

In the placenta previa group, an increase in the NF-κB 
expression was observed in the large root villi in the con-
necting stem region and in the syncytial nodes and bridges 
of mature chorionic villi. The NF-κB protein expression 
was significantly positive in Hofbauer cells, endothelial 
cells and connective tissue cells located in small-scale 
blood vessels (Fig. 3B).

Immunohistochemical examination 
of VEGF expression

In the control group, the expression of VEGF was mod-
erate in the root villi and blood vessel endothelial cells, 
syncytial cells, as well as  some Hofbauer cells outside 
the decidual area region (Fig. 3C).

Fig. 2. A. Control group. Chromatin-rich nuclei of syncytial cells 
in the main stem villi. Cytotrophoblast cells are oval, blood vessels 
in the villi are composed of squamous endothelial cells with regular 
lumens, a few syncytial nodes and bridges in the villus, and decidual cells 
with polygonal chromatin density (hematoxylin and eosin (H&E) staining). 
B. Placenta previa group. Significant deterioration and apoptotic changes 
in root villus syncytial cells, increases in syncytial nodes and bridges, 
excessive expansion and occlusion of blood vessels, and hyperplastic 
endothelial cells (H&E staining)
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In  the  placenta previa group, a  significant increase 
in the VEGF expression was observed in the root villi, 
free villi, blood vessel endothelial cells, syncytial nodes 
and bridges, as well as Hofbauer cells (Fig. 3D).

In the transverse section of the stem villus in the control 
group, cytotrophoblast cell nuclei in the heterochromatin 
structure, membrane thickness and organelle structures 
were normal, as well as mitochondria and endoplasmic 
reticulum structures in  the  decidual cell cytoplasm. 
The nuclei of the blood vessel endothelial cells protruded 
toward the heterochromatin and lumen, and Hofbauer 
cells were seen in a regular structure outside. Basement 
membrane thicknesses were normal (Fig. 4A). In the pla-
centa previa group, degenerative changes in cytotropho-
blast cell nuclei were observed. The dilatation of endoplas-
mic reticulum structures in the cytoplasm, deterioration 
in the structure of mitochondrial cristae, and hyalinized 
areas in the villus connective tissue were observed (Fig. 4B).

Statistical results

Statistical analysis of  the  parameters belonging 
to the  control and placenta previa patients is  shown 
in Table 1,2. The mean differences between the control 
and placenta previa patients were statistically significant 
for the parameters of epithelial thickness in villi, diameter 

of floating small villi, diameter of blood vessels in villi, 
diameter of decidual cells, syncytial knots, congestion 
in blood vessels, fibrinoid accumulation, inflammation, 
degeneration in decidual cells, VEGF and NF-κB expres-
sion, maternal age, gravida, parity, and gestational age. 
Differences in significance levels between parameters are 
provided in detail in Table 1,2.

The diameters of floating small villi, epithelial thick-
ness in villi, diameter of blood vessels in villi, diameter 
of decidual cells, parity, gestational age, age, and gravida 
values of both groups are also given as a boxplot (Fig. 5).

Discussion

It  has been reported that inflammation is  triggered 
by placental malformations, differentiation of the uterine 
endometrium and significant scarring in the uterus due 
to surgical approaches or other gynecological operations.15 
It is known that the presence of scar tissue can lead to the 
development of inflammation in epithelial tissue, as well 
as vascular insufficiency in the cells of the placenta, such 
that the tissues cannot benefit from oxygen sufficiently.30 
Inflammatory factors initiate the morphology of the uter-
ine spiral vessels. In  the  lower segment of  the  uterus, 
the presence of pelvic adhesions causes atypical blastocyst 

Fig. 3. A. Control group. Mild nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) expression in syncytial cells in root and free villi, 
moderate NF-κB expression in vascular endothelial cells, macrophages, and fibroblast cells in connective tissue cells (NF-κB immunostaining). B. Placenta 
previa group. An increase in NF-κB expression was observed in the large root villi in the connecting stem region and in the syncytial nodes and bridges 
of the mature chorionic villi (NF-κB immunostaining). C. Control group. Vascular endothelial growth factor (VEGF) expression in root villi and blood 
vessel endothelial cells, syncytial cells and some Hofbauer cells outside the decidual cell area region (VEGF immunostaining). D. Placenta previa group. 
A remarkable increase in VEGF expression in the root villi, free villi, blood vessel endothelial cells, syncytial nodes and bridges, and Hofbauer cells 
(VEGF immunostaining)
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implantation and dysperistalsis of uterine contraction 
to  form placenta previa.31 Trophoblast cell infiltration 
and molecular regulation of placental angiogenesis play 
an important role in the molecular mechanisms underly-
ing placenta previa.

The NF-κB has been shown to regulate many genes 
involved in important cellular responses, such as inflam-
mation, migration, proliferation, and apoptosis. It has 
been noted that the  early cytoplasmic events leading 
to  the release and translocation of NF-κB are insuffi-
cient to explain the complex nature of NF-κB biology.32,33 
The NF-κB protein expression is also manifested in other 
diseases characterized by high oxidative stress and in-
flammatory factors, such as acquired immunodeficiency 
syndrome (AIDS), atherosclerosis, rheumatoid arthritis, 
osteoporosis, Alzheimer’s disease, and ischemia/reperfu-
sion injury.34 In another clinical study, Atic and Deveci 

stated that endothelin-1 expression induced NF-κB levels 
in macrophage cells in the development of diabetic foot 
ulcers.35

It  has been reported that NF-κB protein expression 
is lower in normal placentas compared to preeclamptic 
placentas. Also, the relationship between NF-κB expres-
sion and leukocytes and vascular tissue has been demon-
strated, especially in preeclampsia.7,36,37 Another studies 
determined that an increase in the expression of NF-κB 
protein in the placenta can change the expression of dif-
ferent genes in preeclampsia and contribute to the patho-
genesis of the disease. The activation of placental NF-κB 
in preeclampsia supports this observation, as it increases 
placental TNF-α, cyclooxygenase-2 and thromboxane lev-
els.38,39 Li et al. used quantitative PCR, western blot and 
immunofluorescence techniques to study the placental 
tissue of patients with diabetes mellitus and autophagy. 
They reported that women with gestational diabetes mel-
litus have an increased risk of neonatal infection through 
placental inflammation and autophagy. According to their 
quantitative PCR results, due to gestational diabetes mel-
litus, hypoxia-inducible factor-1α and the TLR4/myeloid 
differential protein-88/NF-κB pathway increase protein 
expression levels. In western blot results, they reported 
that NF-κB inhibitor alpha and NF-κB P65 expression 
in the placenta significantly increased due to gestational 
diabetes mellitus.40 Similarly, insulin resistance was in-
vestigated to understand morphological changes in ges-
tational diabetes mellitus. The TLR4/ myeloid differen-
tial protein-88/NF-κB pathway can play an important role 
in the emergence of  insulin resistance in the placentas 
of pregnant women with gestational diabetes mellitus.41 
The TLR4/myeloid differential protein-88/NF-κB path-
way has been examined in other experimental studies. 
It has been reported that these protein expressions are 

Fig. 5. Boxplot of the parameters of both groups

Fig. 4. A. Control group. Cytotrophoblast cell nuclei, membrane thickness, organelle structures, heterochromatin structure in stem villus, and mitochondria 
and endoplasmic reticulum structures in decidual cell cytoplasm were normal (uranyl acetate and lead citrate staining). B. Placenta previa group. 
Degenerative changes in cytotrophoblast cell nuclei, dilatation in endoplasmic reticulum structures in the cytoplasm, disruption in mitochondrial cristae 
structure, and hyalinized areas in villus connective tissue (uranyl acetate and lead citrate staining)
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significantly increased in experimental animals due to dia-
betes mellitus.42–44 High-mobility group box 1, receptors 
for advanced glycation end products (AGEs), and the NF-κB 
p65 pathway, which are genes related to mRNA levels, were 
analyzed with PCR in 61 normotensive pregnant women 
and 64 women with severe preeclampsia. In the compari-
son between the 2 groups, the mRNA levels of high-mobil-
ity group box 1, receptors for AGEs, and NF-κB p65 were 
higher in the severe preeclamptic placentas.45

In this study, it was observed that NF-κB protein ex-
pression was prominent in the connective root region 
of placenta previa and in the large root villi in the syn-
cytial nodes and bridges of mature chorionic villi. There 
was also a  significant increase in  the  NF-κB protein 
expression in Hofbauer cells, endothelial cells and con-
nective tissue cells located in small-scale blood vessels 
(Fig. 3B). We determined that the increase in cytokine sig-
naling that developed after the increased inflammatory 

Table 1. Comparison of morphometric measurement values of the control group and placenta previa patients

Histologic parameters Group n M ±SD Median (IQR) p-value

Diameters of floating small villus [μm]
1 20 13.93 ±1.13 13.34 (1.81)

0.001b

2 20 12.16 ±1.22 12.18 (4.39)

Epithelial thickness in villi [μm]
1 20 1.56 ±0.29 1.54 (0.39)

0.034a

2 20 1.80 ±0.40 1.76 (0.46)

Diameter of blood vessels in villi [μm]
1 20 9.84 ±0.92 9.45 (0.57)

0.001b

2 20 6.02 ±0.74 6.15 (0.57)

Parity
1 20 0.94 ±0.27 0.85 (0.40)

0.001b

2 20 1.90 ±0.25 1.90 (0.40)

Gestational age [weeks]
1 20 38.19 ±0.16 38.10 (0.17)

0.001c

2 20 35.80 ±1.40 36.00 (2.75)

Diameter of decidual cells [μm]
1 20 15.57 ±1.28 15.93 (1.65)

<0.001a

2 20 8.89 ±1.05 8.90 (1.87)

Age [years]
1 20 29.10 ±2.77 30.00 (4.50)

0.001b

2 20 33.00 ±2.96 33.00 (4.50)

Gravida
1 20 1.91 ±0.39 1.90 (0.63)

<0.001a

2 20 4.69 ±0.42 4.60 (0.67)

1 – control group; 2 – placenta previa group; M ±SD – mean ± standard deviation; IQR – interquartile range; a Student’s t-test; b Bootstrap test for means; 
c Welch-corrected variant of t-test.

Table 2. Comparison of morphometric, clinical and immunohistochemical measurement values of the control group and placenta previa patients (Fisher’s 
exact test)

Histologic parameters
Groups

p-value
1, n (%) 2, n (%)

Syncytial knot
no staining + faint staining + moderate staining 20 (90.9) 2 (9.1)

<0.001
intense staining + high intense staining 0 (0.0) 18 (100.0)

Congestion in blood 
vessels

no staining + faint staining + moderate staining 20 (90.9) 2 (9.1)
<0.001

intense staining + high intense staining 0 (0.0) 18 (100.0)

Fibrinoid accumulation
no staining + faint staining + moderate staining 20 (90.9) 2 (9.1)

<0.001
intense staining + high intense staining 0 (0.0) 18 (100.0)

Inflammation
no staining + faint staining + moderate staining 20 (87.0) 3 (13.0)

<0.001
intense staining + high intense staining 0 (0.0) 17 (100.0)

Degeneration 
in decidual cells

no staining + faint staining + moderate staining 20 (87.0) 3 (13.0)
<0.001

intense staining + high intense staining 0 (0.0) 17 (100.0)

VEGF
no staining + faint staining + moderate staining 20 (95.2) 1 (4.8)

<0.001
intense staining + high intense staining 0 (0.0) 19 (100.0)

PSTAT-3
no staining + faint staining + moderate staining 20 (100.0) 0 (0.0)

<0.001
intense staining + high intense staining 0 (0.0) 20 (100.0)

1 – control group; 2 – placenta previa group; VEGF – vascular endothelial growth factor; PSTAT-3 – phosphorylated signal transducer and activator 
of transcription 3.
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reaction may be due to an increase in the inductive effect 
of macrophages.

Chantraine et  al. compared the  total area occupied 
by vessels in normal and placenta-increta placental beds. 
They reported that the vessels in placenta increta were 
significantly less frequent and larger. They stated that 
the vascular location is more heterogeneous, especially 
in placenta increta.46 Another study investigated the effects 
of maternal serum levels of VEGF, placental growth factor 
and soluble fms-like tyrosine kinase 1 on patients with and 
without complete placenta previa. According to the study 
findings, there was a decrease in the serum level of VEGF 
but an increase in the tissue level in the placenta. As a re-
sult of electrophoresis performed in placenta previa, VEGF 
level increased.25,47 It has been reported that VEGF, which 
increases in response to placental hypoxia, is not functional 
during the pathogenesis of preeclampsia. Moreover, since 
the ligand-receptor binding is impaired, the amount of free 
VEGF in the preeclamptic placenta increases, impairing 
vascular function as a result of endothelial cell damage.48 
A significant increase in VEGF expression was observed 
in the root villi, free villi, blood vessel endothelial cells, syn-
cytial nodes and bridges, and Hofbauer cells due to the hy-
poxia effect after placenta previa.

It has been stated that cytotrophoblast cell degenera-
tion can be explained by  placental ischemia and that 
other etiological factors are not important. According 
to the histopathological findings of our study, there was 
a significant decrease in the transfer and synthetic activity 
of trophoblasts. Cellular respiration was also affected.49 
Thickening of the basal lamina, increase in  intervillus 
collagen and marked differentiation in  mitochondrial 
structure were noted, with great damage to the multi-
nucleated protoplasm masses, which lost their cell mem-
branes under hypoxic conditions and became single cells. 
Significant degenerative changes in cytotrophoblast cell 
nuclei were observed in the placenta previa group in our 
study. Dilatation in endoplasmic reticulum structures 
in  the  cytoplasm, deterioration in  the  mitochondrial 
cristae structure and the appearance of hyalinized areas 
in the villus connective tissue were evaluated as nega-
tive images for cell and villus integrity disruption and 
trophoblast invasion, as well as for angiogenesis (Fig. 4B). 
Faraji et al. evaluated maternal characteristics, VEGF and 
placental growth factor in the placenta accreta spectrum. 
The placental growth factor serum level was found to be 
statistically significantly higher in the placenta accreta 
spectrum and placenta accreta spectrum subgroups com-
pared to the normal placenta group. They also stated that 
the previa status of the placenta accreta spectrum pa-
tients did not affect serum levels of VEGF and placental 
growth factor.50 Faraji et al. also stated that insufficient 
VEGF secretion and invasion of  interstitial extravillus 
trophoblasts to a metastable cell phenotype and advanced 
myometrial invasion causes placenta previa. In a study 
of VEGF and phosphotyrosine immunostaining, it was 

reported that epithelial–mesenchymal invasion, especially 
the expression of vimentin and cytokeratin-7, was pre-
dominant in extravillus trophoblasts.47 Biberoglu et al. 
compared abnormal and normal placentation and data 
in terms of fms-like tyrosine kinase 1 and VEGF. They did 
not find a statistically significant result in maternal serum 
values of fms-like tyrosine kinase 1, placental growth fac-
tor, fms-like tyrosine kinase 1/placental growth factor 
ratio, and VEGF in the abnormal placenta groups.51 How-
ever, another study reported that amniotic fluid VEGF 
and leptin levels were the highest in women with placenta 
previa and the lowest in women with intrauterine growth 
retardation and pregnancy-induced hypertension.27

Limitations

The  2  main limitations are that the  study focused 
on a  relatively small group, and it was composed only 
of Turkish women. The NF-κB and VEGF signaling path-
ways were not detected at serum level. Examination at tis-
sue levels was performed at immunohistochemistry and 
ultrastructural level. More extensive research is needed for 
a greater understanding of this phenomenon.

Conclusions

Vascular endothelial growth factor was found to stimu-
late endothelial cell proliferation and migration and signifi-
cantly affect angiogenesis during the developmental process 
of the placenta and remodeling of the uterine vessels. Im-
balances in VEGF can lead to aberrant placental vascular 
development. We determined that VEGF affects trophoblas-
tic invasion by increasing NF-κB signaling as a result of hy-
poxia occurring after placenta previa and induces apoptotic 
development, which is critically important during cytotro-
phoblastic invasion in the vascularization of the placenta.
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Abstract
Background. Type 3 innate lymphoid cells (ILC3s) are a newly identified  group of innate immune cells that 
participate in the progression of several metabolic diseases by secreting interleukin (IL)-17 and IL-22. These 
cytokines are associated with hyperuricemia (HUA) severity and development; however, the relationship 
between ILC3s and HUA remains unclear.

Objectives. To determine the characteristics of circulating ILC3s in patients with HUA.

Materials and methods. Type 3 innate lymphoid cells and their subsets were detected using flow cytom-
etry in peripheral blood mononuclear cells (PBMCs) of 80 HUA patients and 30 healthy controls (HC). Plasma 
levels of IL-17A and IL-22 were measured with enzyme-linked immunosorbent assay (ELISA). Clinical data 
of enrolled subjects were collected from electronic medical records.

Results. In patients with HUA, the frequency of circulating ILC3s was elevated and positively correlated with 
levels of serum uric acid and serum creatinine (Scr). Although there was no significant difference in the plasma 
concentration of IL-17A between the patients with HUA and healthy controls, positive correlations between 
plasma IL-17A and the concentration of serum uric acid and frequency of circulating ILC3s were observed 
in the patients with HUA.

Conclusions. In patients with HUA, positive correlations were detected between circulating ILC3 levels, 
plasma IL-17A and serum uric acid. Therefore, ILC3s and IL-17A may be useful indicators of disease severity, 
and are potential new therapeutic targets in HUA.

Key words: uric acid, innate immunity, interleukin-17, creatinine, hyperuricemia
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Background

Hyperuricemia (HUA) is a prerequisite for the develop-
ment of gout,1 the most prevalent form of inflammatory 
arthritis,2,3 and is primarily caused by  impaired urate 
excretion.4 Although the  reported prevalence of  HUA 
in  the Chinese population has increased to 13.3% and 
is gradually rising,5 factors accounting for the pathogen-
esis and development of HUA are not fully understood.

As the kidney is the major organ that mediates uric acid 
(UA) excretion, HUA in humans is closely associated with 
kidney damage and kidney diseases.6 Furthermore, emerg-
ing evidence has highlighted the role of the intestine in HUA 
and gout development.7,8 The gut is responsible for 1/3 of to-
tal UA excretion,9 with HUA patients and murine models 
of the condition often exhibiting intestinal microbiota dys-
biosis and barrier dysfunction, both of which contribute 
to the progression of HUA.10,11 The studies highlighted 
above indicate that factors involved in maintaining ho-
meostasis of the intestine might affect the excretion of UA.

A newly defined group of innate immune cells express-
ing the retinoic acid receptor-related orphan nuclear re-
ceptor gamma transcription factor, called type 3 innate 
lymphoid cells (ILC3s), are thought to play an important 
role in mucosal immunity.12 They were identified as abun-
dant in the intestinal mucosa and are associated with gut 
microbiota tolerance and intestinal barrier integrity.12,13 
Additionally, similar to T helper 17 cells, ILC3s produce 
a variety of distinct cytokines, including interleukin (IL)-
17 and IL-22, that are associated with HUA severity and 
development.14,15 Nonetheless, the association between 
HUA and ILC3s remains unclear.

Objectives

This study aimed to  determine the  characteristics 
of circulating ILC3s in patients with HUA, and to explore 
whether or not the proportion of circulating ILC3s and 
the concentration of ILC3-related cytokines (IL-17A and 
IL-22) correlate with disease severity.

Materials and methods

Subjects

In this cross-sectional study, adult patients with HUA 
and healthy controls (HC) were recruited from the First Af-
filiated Hospital of Guangdong Pharmaceutical University, 
China, between September 2020 and August 2021. Hyper-
uricemia was defined as a serum UA ≥ 420 μmol/L (7.0 mg/
dL) in men and ≥360 μmol/L (6.0 mg/dL) in women.16 Pa-
tients suffering from carcinoma and intestinal diseases 
(such as Crohn’s disease and ulcerative colitis) were ex-
cluded. Demographic data and UA-associated parameters 

(serum UA, serum creatinine (Scr) and blood urea nitro-
gen (BUN)) were collected from electronic medical re-
cords. This study was approved by the Ethics Committee 
of the First Affiliated Hospital of Guangdong Pharmaceu-
tical University, China (approval No. 2021146). Informed 
consent was obtained from each patient.

Separation of peripheral blood 
mononuclear cells and plasma

Morning fasting blood samples were collected from each 
subject using a heparin anticoagulant tube (Huabo Medi-
cal Instrument Co. Ltd., Heze, China) to isolate peripheral 
blood mononuclear cells (PBMCs)  and plasma. Peripheral 
blood mononuclear cells were obtained using density gra-
dient centrifugation (Ficoll-Paque™ PLUS; GE Healthcare, 
Chicago, USA) (400 × g, 30 min, room temperature). Plasma 
was isolated by centrifugation of whole blood (800 × g, 
20 min, room temperature) and stored at –80°C for fur-
ther use in enzyme-linked immunosorbent assay (ELISA).

Flow cytometry

Peripheral blood mononuclear cells were stained using 
the following antibodies: anti-CD3-FITC (clone: HIT3a), 
anti-CD5-FITC (clone: UCHT2), anti-CD11c-FITC 
(clone: 3.9), anti-CD16-FITC (clone: B73.1), anti-CD19-
FITC (clone: HIB19), anti-TCRαβ-FITC (clone: IP26), 
anti-CD117-PE (clone: A3C6E2), anti-CD127-PE/Cyanine7 
(clone: A019D5), anti-CD294-APC (clone: BM16), and anti-
CD45-APC/Cyanine7 (clone: H130) (all from BioLegend, 
Beijing, China). Dead cells were stained with 7-amino-
actinomycin D (7-AAD) viability staining solution (BioLe-
gend). Total ILCs were identified as 7-AAD– CD45+ lineage 
(CD3, CD5, CD11c, CD16, CD19, and TCRαβ) –CD127+ 
lymphocytes. The  ILC1s were CD117–CD294–, whilst 
ILC2s were CD294+, and ILC3s were CD117+CD294–. Flow 
cytometry was performed using a CytoFLEX flow cytom-
eter (Beckman Coulter, Brea, USA), and data were analyzed 
using CytoExpert v. 2.3 software (Beckman Coulter).

Enzyme-linked immunosorbent assay

Plasma levels of IL-17A and IL-22 were measured using 
the ELISA MAX™ Deluxe Set Human IL-17A (No. 433914) and 
the ELISA MAX™ Deluxe Set Human IL-22 (No. 434504) 
(both from BioLegend), according to the manufacturer’s 
instructions.

Statistical analyses

Statistical analyses were performed using GraphPad 
Prism v.  8.0 software (GraphPad Software, San Diego, 
USA.). Data distributions were assessed using the Sha-
piro–Wilk test (Table 1). Normally distributed data are 
presented as mean ± standard deviation (M ±SD), whereas 



Adv Clin Exp Med. 2023;32(3):307–313 309

non-normally distributed data are presented as median 
(interquartile range (IQR)). The Spearman’s rank-order cor-
relation was used for nonparametric correlations. The value 
of p < 0.05 was considered statistically significant.

Results

The frequency of circulating ILC3s 
was increased in patients with HUA

A total of 80 patients with HUA (mean age 52.85 ±15.99 years, 
49 males (61.25%)) and 30 HC (mean age 37.57 ±12.37 years, 
9 males (30.00%)) were included in the study. A positive 
correlation between serum UA and Scr concentrations was 
found in patients with HUA (rs = 0.501, p < 0.001), which 
suggests an association between HUA and the  impair-
ment of renal function. The gating strategy used to sepa-
rate ILCs and their subgroups is shown in Fig. 1A. First, 
the  levels of ILCs and their subgroups in PBMCs were 
compared between HC and patients with HUA. Statisti-
cal comparisons showed that the percentage of total ILCs 
in the live lymphocyte population did not differ signifi-
cantly between the 2 groups (0.09% (0.05–0.17%) compared 
to 0.07% (0.05–0.10%), U = 959.5, p = 0.07; Fig. 1B). For 
ILC subgroups, a marked elevated frequency of circulating 
ILC3s (22.27% (11.28–32.32%) compared to 17.11% (10.83–
21.29%), U = 868, p = 0.03) was observed in HUA patients, 
although the  frequencies of  circulating ILC1s (23.24% 
(13.83–38.20%) compared to  32.80% (18.91–54.08%), 
U = 924.5, p = 0.06) and ILC2s (46.87% (31.37–67.91%) 
compared to 48.32% (27.26–66.32%), U = 1139, p = 0.69) 
did not differ significantly between the 2 groups (Fig. 1C 
and Table 2).

Table 1. Results of normality test

Variable W-value p-value

Patients with hyperuricemia

ILCs/lymphocytes [%] 0.8518 <0.0001

ILC1s/ILCs [%] 0.9510 0.0039

ILC2s/ILCs [%] 0.9623 0.0187

ILC3s/ILCs [%] 0.9571 0.0090

Plasma IL-17A [pg/mL] 0.9533 0.2760

Plasma IL-22 [pg/mL] 0.5434 <0.0001

Serum uric acid [μmol/L] 0.9174 <0.0001

Scr [μmol/L] 0.6294 <0.0001

Blood urea nitrogen [mmol/L] 0.8111 <0.0001

Healthy controls

ILCs/lymphocytes [%] 0.8040 <0.0001

ILC1s/ILCs [%] 0.9657 0.4301

ILC2s/ILCs [%] 0.9724 0.6065

ILC3s/ILCs [%] 0.9873 0.9695

Plasma IL-17A [pg/mL] 0.8487 0.0021

ILCs – innate lymphoid cells; IL – interleukin; Scr – serum creatinine. 
Data distribution was assessed using the Shapiro–Wilk test.

Fig. 1. Circulating type 3 innate lymphoid cells (ILC3s) increased in patients with hyperuricemia. A. Representative dot plots showing the gating strategy 
used to identify ILC3s among human peripheral blood mononuclear cells (PBMCs). Percentages of ILCs (B) and their subsets (C) in PBMCs from healthy 
controls (HC) and patients with hyperuricemia (HUA) (Mann–Whitney U test). Lineage = CD3, CD5, CD11c, CD16, CD19, TCRαβ. Boxplots represent median, 
interquartile ranges (IQRs) and Tukey-style whiskers. Data points beyond the whiskers represent outliers

* p < 0.05; ns – not significant.
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Circulating ILC3s positively correlated 
with serum UA and Scr levels in patients 
with HUA

Correlations between the levels of circulating ILCs and their 
subgroups with UA-associated parameters (serum UA, Scr 
and blood urea nitrogen) in patients with HUA were assessed. 
As shown in Fig. 2A–C, no significant correlations were found 
between the frequencies of circulating ILCs, ILC1s or ILC2s, 
and UA-associated parameters. In contrast, the frequency 

of ILC3s in PBMCs from patients with HUA positively cor-
related with serum levels of UA (rs = 0.310, p = 0.005) and Scr 
(rs = 0.268, p = 0.018) (Fig. 2D).

Plasma IL-17A positively correlated 
with the frequency of circulating type 
ILC3s and serum UA levels

Plasma concentrations of ILC3-related cytokines (IL-17A 
and IL-22) were compared between the 2 groups, with 

Fig. 2. Frequency 
of circulating type 3 
innate lymphoid 
cells (ILC3s) positively 
correlated with serum 
uric acid (UA) and serum 
creatinine (Scr) in patients 
with hyperuricemia. 
Spearman correlation 
coefficients between 
the frequencies 
of circulating ILCs (A), 
ILC1s (B), ILC2s (C), ILC3s 
(D), and concentrations 
of serum UA, Scr and 
blood urea nitrogen 
(BUN) in patients with 
hyperuricemia

r = 0.015
p = 0.894

0.0

U
A

 [µ
m

ol
/L

]

0.1 0.2
frequency of ILCs

0.3 0.4 0.0 0.1 0.2
frequency of ILCs

0.3 0.4 0.0 0.1 0.2
frequency of ILCs

0.3 0.4

800

600

400

200

0
Sc

r [
µm

ol
/L

]

400

300

200

100

0

BU
N

 [m
m

ol
/L

]

20

15

10

5

0

r = –0.123
p = 0.285

r = –0.162
p = 0.161

r = 0.092
p = 0.415

r = 0.028
p = 0.810

r = –0.210
p = 0.067

r = –0.186
p = 0.098

r = 0.310
p = 0.005

r = 0.268
p = 0.018

r = 0.079
p = 0.492

r = –0.144
p = 0.209

r = 0.076
p = 0.513

A

0

U
A

 [µ
m

ol
/L

]

20 40
frequency of ILC1s

60 80 0 20 40
frequency of ILC1s

60 80 0 20 40
frequency of ILC1s

60 80

800

600

400

200

0

Sc
r [

µm
ol

/L
]

400

300

200

100

0
BU

N
 [m

m
ol

/L
]

20

15

10

5

0

B

0

U
A

 [µ
m

ol
/L

]

20 40
frequency of ILC3s

60 80 0 20 40
frequency of ILC3s

60 80 0 20 40
frequency of ILC3s

60 80

800

600

400

200

0

Sc
r [

µm
ol

/L
]

400

300

200

100

0

BU
N

 [m
m

ol
/L

]

20

15

10

5

0

D

0

U
A

 [µ
m

ol
/L

]

20 40
frequency of ILC2s

60 80 100 0 20 40
frequency of ILC2s

60 80 100 0 20 40
frequency of ILC2s

60 80 100

800

600

400

200

0

Sc
r [

µm
ol

/L
]

400

300

200

100

0

BU
N

 [m
m

ol
/L

]

20

15

10

5

0

C



Adv Clin Exp Med. 2023;32(3):307–313 311

samples from 26 HUA patients and 24 HC being avail-
able for ELISA analysis. Although no differences in plasma 
IL-17A (3.36 (2.47–4.70) compared to 3.26 (2.75–4.00) 
pg/mL, U = 289, p = 0.66) or IL-22 (29.25 (12.31–49.13) 
compared to  45.15 (16.69–86.51) pg/mL, U  =  186.5, 
p = 0.14, Table 2) concentrations were detected between 
the 2 groups, a positive correlation was observed between 
plasma IL-17A concentration and the frequency of circulat-
ing ILC3s in patients with HUA (Fig. 3).

Finally, the associations between ILC3-related cyto-
kines and UA-associated parameters were assessed with 

the Spearman’s rank-order correlation. Plasma IL-17A 
positively correlated with serum UA levels (rs = 0.445, 
p = 0.023); however, no correlations were observed between 
IL-22 and UA-associated parameters (Fig. 4).

Discussion

In the present study, the expansion of circulating ILC3s 
was observed in patients with HUA. Moreover, the propor-
tion of ILC3s among PBMCs positively correlated with 

Table 2. The proportion of circulating ILC subgroups and the concentrations of plasma cytokines between healthy controls and patients with 
hyperuricemia

Variable Healthy controls Patients with hyperuricemia U-value p-value

ILCs/lymphocytes [%] 0.09 (0.05–0.17) 0.07 (0.05–0.10) 959.5 0.07

ILC1s/ILCs [%] 32.80 (18.91–54.08) 23.24 (13.83–38.20) 924.5 0.06

ILC2s/ILCs [%] 48.32 (27.26–66.32) 46.87 (31.37–67.91) 1139 0.69

ILC3s/ILCs [%] 17.11 (10.83–21.29) 22.27 (11.28–32.32) 868 0.03

Plasma IL-17A [pg/mL] 3.36 (2.47–4.70) 3.26 (2.75–4.00) 289 0.66

Plasma IL-22 [pg/mL] 29.25 (12.31–49.13) 45.15 (16.69–86.51) 186.5 0.14

ILCs – innate lymphoid cells; IL – interleukin. Data are presented as median (interquartile range (IQR)). Differences between the 2 groups were assessed with 
Mann–Whitney U tests.

Fig. 3. Plasma interleukin (IL)-17A 
concentration positively correlated 
with circulating type 3 innate 
lymphoid cell (ILC3) frequency 
in patients with hyperuricemia. 
A. Quantitative analysis 
of the plasma concentrations 
of IL-17A and IL-22 in healthy 
controls (HC) and patients with 
hyperuricemia (HUA) (Mann–
Whitney U test); B. Spearman 
correlation coefficients between 
plasma IL-17A and IL-22 levels, and 
the frequency of circulating ILC3s 
in patients with HUA. Boxplots 
represent median, interquartile 
ranges (IQRs) and Tukey-style 
whiskers. Data points beyond 
the whiskers represent outliers
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serum UA and Scr concentrations, indicating that circu-
lating ILC3s could serve as an indicator of HUA severity. 
To the best of our knowledge, this is the first study to de-
termine the characteristics of circulating ILC3s in patients 
with HUA.

Multiple mechanisms could explain the findings of this 
study. First, HUA may result in increased levels of ILC3s. 
Recent studies have revealed gut microbiota dysbiosis, char-
acterized by a decrease in species diversity and an increased 
abundance of inflammation-related microbiota, in HUA 
patients and mouse models.8,11,17 In addition, HUA can lead 
to intestinal barrier dysfunction that presents as enhanced 
intestinal permeability and gut inflammation.11,18,19 Such 
gut dysbiosis and intestinal barrier injury can contribute 
to the enrichment of ILC3s.20,21 Furthermore, ILC3s can 
secrete several pro-inflammatory cytokines, including 
IL-17 and granulocyte-macrophage colony-stimulating fac-
tor,22 which may promote kidney and intestine inflamma-
tion,22–24 reduce UA excretion and subsequently exacerbate 
UA accumulation in patients with HUA. Thus, targeting 
ILC3s may be a novel therapeutic strategy for HUA.

Alterations of ILC3s have been reported in several meta-
bolic diseases. Both the frequency and absolute number 
of ILC3s were significantly increased in small intestinal 
lamina propria of  nonobese diabetic mice compared 
to healthy mice, which was accompanied by  intestinal 

dysbiosis and an impaired intestinal barrier.25 Further-
more, increased proportions of IL-22+ILC3s and IL-17A+ 
NKp44– ILC3s were detected among PBMCs from pa-
tients with axial spondyloarthritis and dyslipidemia.26 
Conversely, type 2 diabetes patients infected with tuber-
culosis exhibited an obvious reduction in circulating ILC3s 
relative to those without diabetes.27 Additionally, ILC3s 
have been shown to participate in the progression of other 
metabolic diseases, such as fatty liver disease.28 Despite 
the increased levels of circulating ILC3s in HUA patients 
observed in this study, whether or not ILC3s contribute 
to HUA development requires further investigation.

The  IL-17, a  distinct cytokine produced by  ILC3s, 
is widely reported to be associated with acute gout ar-
thritis. Liu et al. showed that serum IL-17 levels were sig-
nificantly elevated in patients with acute gout arthritis, 
which positively correlated with disease severity.29 Fur-
thermore, targeting IL-17 with neutralizing antibodies 
reduced leukocyte infiltration, decreased pro-inflamma-
tory cytokine levels and attenuated arthritis.15 However, 
plasma IL-17 levels did not differ markedly between pa-
tients with intercritical gout and HC.30 Similarly, we found 
no significant difference in plasma IL-17A concentration 
between patients with HUA and HC, whereas in patients 
with HUA, positive correlations were observed between 
plasma IL-17A, serum UA and frequency of circulating 

Fig. 4. Plasma interleukin (IL)-17A concentration positively correlated with serum uric acid (UA) level in patients with hyperuricemia (HUA). Spearman’s 
rank-order correlation analysis between the concentrations of plasma IL-17A (A) and IL-22 (B) with serum UA, serum creatinine (Scr) and blood urea nitrogen 
(BUN) in patients with HUA
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ILC3s. This suggests that HUA may induce ILC3 expansion 
and activation, and that plasma IL-17A could be a useful 
indicator of HUA severity.

Limitations

The  present study had several limitations. Only 2 
of the enrolled HUA patients had gout, meaning the as-
sociation between ILC3s and gout could not be assessed. 
Also, as this was a cross-sectional study, only the associa-
tions between UA level, IL-17 and ILC3 could have been 
investigated. Indeed, it could not be determined if the re-
lationship between UA level, IL-17 and ILC3s was causal. 
Furthermore, the sample size was relatively small, particu-
larly for the HC group. Thus, studies with a larger sample 
size should be conducted to validate our findings.

Conclusions

In conclusion, we demonstrated that patients with HUA 
have an elevated frequency of circulating ILC3s. Further-
more, circulating ILC3 levels and plasma IL-17A con-
centration were positively correlated with HUA severity. 
Therefore, ILC3s and IL-17A could be useful indicators 
of HUA severity and have potential as new therapeutic 
targets in this disease.
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Abstract
Background. Parkinson’s disease (PD) is characterized as a neurodegenerative disease; however, the mecha-
nisms regarding its pathogenesis have not been fully explored.

Objectives. To explore the role of circular RNA homeodomain interacting protein kinase 3 (circHIPK3) 
in the progression of PD.

Materials and methods. The circHIPK3 and microRNA-124 (miR-124) expression in human serum and 
cerebral fluid was detected using real-time quantitative reverse transcription polymerase chain reaction 
(qRT-PCR) in 92 PD patients and 95 controls. The circHIPK3 was overexpressed and/or silenced in cells to ex-
plore its molecular mechanisms and effects on neuroinflammation. The production of intracellular reactive 
oxygen species (ROS) was assessed using 2’,7’-dichlorodihydrofluorescein diacetate (DCFH-DA) staining. 
Interleukin 6 (IL-6), IL-1β and tumor necrosis factor alpha (TNF-α) production in BV2 cells after the indi-
cated treatment was measured using enzyme-linked immunosorbent assay (ELISA). The protein expression 
of microglia markers (cluster of differentiation molecule 11b (CD11b) and ionized calcium-binding adapter 
molecule 1 (Iba-1)), pyroptosis-related factors, NLR family pyrin domain containing 3 (NLRP3), apoptosis-
associated speck-like protein containing C-terminal caspase recruitment domain (ASC), and caspase-1, signal 
transducer and activator of transcription 3 (STAT3), and phosphorylated STAT3 (p-STAT3) were examined using 
western blot analysis. Furthermore, the interaction between circHIPK3, miR-124 and STAT3 was predicted 
with bioinformatics and examined using fluorescence in situ hybridization (FISH), luciferase reporter assays, 
RNA pull-down, and RNA immunoprecipitation (RIP).

Results. The expression of circHIPK3 in human serum and cerebral fluids was significantly higher than 
in controls, whereas miR-124 expression was drastically reduced. In addition, lipopolysaccharide (LPS)-
treated BV2 cells exhibited higher expression of circHIPK3 and lower miR-124 expression. The SH-SY5Y 
cells exhibited a significantly impaired viability and elevated apoptotic rate, along with an upregulation 
of circHIPK3 and a downregulation of miR-124 expression after being treated with supernatants collected 
from LPS-treated BV2 cells. The upregulation of circHIPK3 increased IL-6, IL-1β and TNF-α secretion in BV2 
cells. The protein expressions of microglia markers (CD11b and Iba-1), as well as pyroptosis-related factors, 
NLRP3, caspase-1, and ASC, were also increased following the expression of circHIPK3. All these effects were 
reversed by the addition of miR-124.

Conclusions. The circHIPK3 enhances neuroinflammation by sponging miR-124 and regulating the miR-
124-mediated STAT3/NALP3 pathway in PD.

Key words: Parkinson’s disease, NLRP3, miR-124, neuroinflammation, circHIPK3
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Background

Parkinson’s disease (PD) is characterized as a progres-
sive and chronic neurodegenerative disease that affects 
middle-aged and elderly people.1 Based on reports, the in-
cidence of PD is 1% in people over 65 years of age and 5% 
in those older than 85.1 The loss of dopaminergic neu-
rons in the substantia nigra pars compacta (SNpc) leads 
to the development of the clinical features of PD.2 These 
include motor symptoms, such as bradykinesia, akinesia, 
resting tremor, postural instability, and rigidity. In addi-
tion, non-motor features include fatigue, pain, olfactory 
dysfunction, autonomic dysfunction, sleep disorders, psy-
chiatric symptoms, and cognitive impairment.3 Although 
many studies have been performed, the pathogenesis of PD 
is not completely understood, and no drugs are available 
to alleviate the progression of the disease.

In recent years, neuroinflammation has been identified 
as a major factor associated with the pathogenesis of PD.4 
Compared to healthy controls, the samples of cerebrospi-
nal fluid (CSF) and substantia nigra (SN) collected from 
PD patients exhibited relatively high levels of cytokines 
and complement.5 Inflammasomes, specifically the NLR 
family pyrin domain containing 3 (NLRP3) inflamma-
some generated by caspase-1, apoptosis-associated speck-
like protein containing C-terminal caspase recruitment 
domain (ASC) adaptor protein and NLRP3 are signifi-
cantly involved in the pathogenesis and progression of PD.6 
As one of the innate immune cells which reside in the cen-
tral nervous system (CNS), microglia are involved in both 
normal and pathologic conditions of the CNS. Addition-
ally, the protective and toxic effects of neuroinflammation 
caused by the activation of microglia in the brain have been 
observed.7,8 Studies have also identified that the NLRP3 in-
flammasome functions in microglia but not in astrocytes.9 
Therefore, the inhibition of microglia inflammation by tar-
geting NLRP3 may be a potential treatment option in PD.

As a non-coding RNA, circular RNAs (circRNAs) are 
generated by back-splicing from precursor messenger RNA 
(mRNA) and expressed in specific tissues in mammals.10,11 
Accumulating evidence indicates that circRNAs exert spe-
cific biological functions and participate in various patho-
physiologic and physiologic processes in neoplastic cells.12 
It has also been proven that because of the existence of bind-
ing sites with microRNA (miRNA), circRNAs exert a regula-
tory role in diseases by controlling the expression of miRNA 
associated with diseases through a direct interaction.12

Growing evidence has implicated circRNAs to signifi-
cantly participate in the pathogenesis of Alzheimer’s dis-
ease,13 stroke,14 PD,15 etc. Recently, circRNAs were considered 
potential targets for PD treatment because of their changing 
expression during the development of PD.16 For example, 
an elevated expression of circSLC8A1 was observed in PD 
patients and cells after oxidative stress.17 In another study, 
the significant upregulation and close connection of circ-
zip-2 with the pathogenesis of PD was found.18 Moreover, 

Ghosal et al. indicated that ciRS-7 was significantly involved 
in the nucleoprotein enrichment pattern of miR-7 in PD.19

The circRNA homeodomain interacting protein kinase 3 
(circHIPK3, circRNA ID: hsa_circ_0000284) has been impli-
cated to facilitate inflammation in various disease states.20 
Through a direct interaction with miR-561 and miR-192, 
circHIPK3 powerfully enhances the activation of the toll-like 
receptor 4 (TLR4) pathway and macrophage NLRP3 inflam-
masomes in gouty arthritis.21 At the same time, a significant 
increase in the expression of circHIPK3 in lipopolysaccha-
ride (LPS)-treated H9c2 cells and LPS-induced myocarditis 
in animals was observed in vitro and in vivo, and the LPS-
induced myocarditis was improved by silencing circHIPK3.22 
An increased expression of circHIPK3 was positively corre-
lated with the degree of neuropathic pain in type II diabetic 
patients.23 In diabetic rats, the downregulation of circHIPK3 
effectively attenuated neuropathic pain, suggesting the in-
volvement of circHIPK3 in neuroinflammation.23 However, 
whether circHIPK3 promotes neuroinflammation following 
microglia activation in PD remains unknown.

The miR-124 has been the focus of studies on the pro-
gression of PD. The microRNA-124 (miR-124) expression 
was identified in human brain tissues, and the involvement 
of  miR-124 in  neurotransmission, synapse morphology 
and neurogenesis has been found.24 Previous studies have 
also shown that miR-124 regulates oxidative damage, mito-
chondrial dysfunction, neuroinflammation, autophagy, and 
cell survival in PD.25 Decreased concentrations of miR-124 
in plasma may be considered a diagnostic marker for PD.26 
These findings suggested that miR-124 performs a neuropro-
tective role in PD and has a therapeutic value.27

The signal transducer and activator of transcription 3 
(STAT3) is associated with controlling inflammation and 
immunity, including those in microglia.28 The activation 
of STAT3 enhances the expression of inflammation-asso-
ciated genes and can induce a reduction in dopaminergic 
neurons, subsequently leading to PD symptoms in mice.29,30 
In addition, through direct interaction with the promotor 
of NLRP3, STAT3 can enhance the expression of NLRP3 and 
promote neuronal pyroptosis, leading to neuronal damage.31

Objectives

This study aims to  explore the  potential molecular 
mechanisms regulating circHIPK3, miR-124 and NLRP3 
in inflammation observed in PD patients.

Materials and methods

Patients

The expression of circHIPK3 and miR-124 in blood sam-
ples obtained from 92 PD patients was determined. Patients 
with other neurodegenerative diseases such as Alzheimer’s 
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disease, Huntington’s disease and amyotrophic lateral scle-
rosis were excluded from the study. Additionally, patients 
with unstable comorbidities, a history of receiving deep brain 
stimulation and younger than 18 years were also excluded. 
A lumbar puncture, blood sample collection, standardized 
detailed neurologic examination, and other ancillary in-
vestigations, such as magnetic resonance imaging (MRI), 
as well as structured interviews, were performed for all pa-
tients before the beginning of the study. The protocols for 
this study were reviewed and approved before the initiation 
of the study by the Linyi People’s Hospital ethics committee 
(No. of approval 20210045). Patients (n = 95, age > 40) without 
any neurological and inflammatory disorders were enrolled 
as a control group. Patients from the control group under-
went a lumbar puncture to exclude any potential or suspected 
neurological disorders. Written informed consent was signed 
by the patients enrolled in this study. This study complied 
with the Declaration of Helsinki.

Sample preparation and real-time 
quantitative reverse transcription 
polymerase chain reaction

Lumbar puncture was performed using the standard 
technique. Collected CSF without blood contamina-
tion was immediately frozen at −80°C and kept for fur-
ther usage. The numbers of leukocytes and erythrocytes 
in the collected CSF samples were no more than 5 cells/μL 
and 200 cells/μL, respectively. After overnight fasting and 
incubation for 2−3 h at room temperature (RT), the venous 
blood was centrifuged at 1900 g for 20 min. Then, the se-
rum was stored for further analysis at −80°C. The total 
RNA in the serum samples was extracted using the Ta-
KaRa RNA Extraction Kit (TaKaRa, Tokyo, Japan).

The purity and concentrations of RNA were evaluated us-
ing the Nanodrop-1000 (Thermo Fisher Scientific, Waltham, 
USA). A PrimeScript™ RT reagent Kit (TaKaRa) was em-
ployed to perform a reverse transcription of the extracted 
mRNA to complementary DNA (cDNA). The SYBR® Pre-
mix Ex Taq™ II (TaKaRa) was used to perform the real-time 
quantitative reverse transcription polymerase chain reaction 
(qRT-PCR). The primers were designed using Primer Pre-
mier v. 6.0 software (PREMIER Biosoft, San Francisco, USA) 
and the sequences of these primers were listed as follows: 
circHIPK3 forward: 5’-TATGTTGGTGGATCCTGTTC-
GGCA-3’, reverse: 5’-TGGTGGGTAGACCAAGACTT-
GTGA-3’; glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH) forward: 5’-ACCACAGTCCATGCCATCAC-3’, 
reverse: 5’-TCCACCACCCTGTTGCTGTA-3’; miR-124 
forward: 5’-TCTTTAAGGCACGCGGTG-3’, reverse: 
5’-TATGGTTTTGACGACTGTGTGAT-3’; and U6 for-
ward: 5’-CTCGCTTCGGCAGCACA-3’, reverse: 5’-AAC-
GCTTCACGAATTTGCGT-3’. The circHIPK3 and miR-
124 expressions were calculated using the 2−ΔΔCt method. 
The GAPDH and U6 expressions were used to normalize 
the circHIPK3 and miR-124 expressions, respectively.

Cells and cell culture

The SH-SY5Y and BV2 cells were cultured in Roswell Park 
Memorial Institute (RPMI) 1640 medium (Gibco, Waltham, 
USA) containing glucose (5 mM), fetal bovine serum (FBS, 
10%; Gibco) and streptomycin/penicillin (1%; Gibco). The me-
dium was replaced every 2 days and the cells that reached 80% 
confluence were collected for further experiments.

Conditioned medium-induced 
neurotoxicity

After 48 h of incubation with LPS (1 μg/mL), the superna-
tants of the BV2 were collected. To remove the cellular debris, 
5-min centrifugation at 2500 rpm was conducted. The col-
lected supernatants were then stored at −80°C and used 
as the conditioned medium (CM) in further experiments. For 
CM-induced neurotoxicity, the SH-SY5Y cells were incubated 
with CM for another 24 h after a 24-hour culture in a normal 
medium. The neuronal viability was then assessed.

Measurement of cell viability

The cells were cultured overnight before the measure-
ment. After a 4-hour incubation with 500 μg/mL of MTT 
solution at 37°C in the dark, the medium was replaced with 
dimethyl sulfoxide (DMSO). After a 10-minute shaking, 
the absorbance was read using a microplate reader (BioTek, 
Winooski, USA) at 450 nm.

Determination of cell apoptosis

Annexin V staining was conducted to evaluate the apop-
tosis rate of SH-SY5Y cells. Briefly, after washing and 
centrifugation, the cells were suspended in a 1× Annexin 
V binding buffer PI (5 μL; BioVision, Waltham, USA) and 
Annexin V (5 μL) was added and stained at RT for 15 min. 
The apoptosis rate was detected using flow cytometry.

Cell transfection

A miR-124 mimic was obtained from Guangzhou Riobo-
Bio Co., Ltd. (Guangzhou, China). A siRNA (5’-CUACAG-
GUAUGGCCUCACA-3’) specifically targeted to circHIPK3 
was transfected into the BV2 cells to silence the expression 
of circHIPK3. The cell transfection was conducted using 
Lipofectamine™ 3000 (Thermo Fisher Scientific).

Detection of reactive oxygen species

Reactive oxygen species (ROS) in the cells were evaluated 
by 2’,7’-dichlorodihydrofluorescein diacetate (DCFH-DA) 
staining. Briefly, after a 30-minute culture with 10 μM 
of DCFH-DA at 37°C, the level of ROS in the BV2 cells 
with different treatments was measured at excitation/
emission = 485/535 nm.
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Western blot analysis

After a 20-minute centrifugation at 12,000 g, the pro-
tein concentrations of the supernatant were determined. 
The samples (30 μg per sample) were loaded into a 10–12% 
sodium dodecyl–sulfate polyacrylamide gel electropho-
resis (SDS–PAGE). Next, after transferring onto a polyvi-
nylidene difluoride (PVDF) membrane, the protein bands 
were blocked in 5% fat-free milk for 1 h at RT. Then, after 
overnight incubation with the indicated primary antibod-
ies at 4°C, washing 3 times with phosphate-buffered saline 
with Tween® detergent (PBST), and a 1-hour incubation 
with horseradish peroxidase (HRP)-conjugated secondary 
antibodies at RT, the protein bands and signals were detected 
using an enhanced chemiluminescence detection system 
(Pierce, Rockford, USA). The antibodies used were as fol-
lows: GAPDH (1:1000; Abcam, Cambridge, UK), phosphory-
lated STAT3 (p-STAT3, 1:1000; Abcam), STAT3 (1:1000; 
Abcam), ASC (1:1000; Cell Signaling Technology, Danvers, 
USA), caspase-1 (1:800; Cell Signaling Technology), NLRP3 
(1:1000; Cell Signaling Technology), ionized calcium-bind-
ing adapter molecule 1 (Iba-1, 1:800; Abcam), and cluster 
of differentiation molecule 11b (CD11b, 1:1000; Abcam). All 
protein expressions were normalized to GAPDH.

Enzyme-linked immunosorbent assay

The enzyme-linked immunosorbent assay (ELISA) kits 
for tumor necrosis factor alpha (TNF-α), interleukin-1β 
(IL-1β) and IL-6 (R&D Systems, Minneapolis, USA) were 
purchased to examine their production from BV2 cells 
in the supernatant.

Luciferase assay

The  cDNA of  circHIPK3 containing predicted bind-
ing or mutation sites was obtained using PCR amplifica-
tion. The purified PCR fragment was then inserted into 
a pGL3 vector (Promega, Madison, USA) at XhoI/KpnI sites 
in order to generate the target luciferase reporter plasmid. 
We named these vectors circHIPK3-WT and circHIPK3-
MUT, respectively. Similarly, the magnification of miR-
124 3’-UTR of the wild-type STAT3 was performed using 
PCR, and then it was loaded on a pGL3 vector immedi-
ately downstream to the firefly luciferase reporter gene. 
The complex was called pGL3-WT-STAT3-3’UTR. Next, 
we mutated the miR-124 binding site of STAT3 3’-UTR us-
ing the Site-Directed Mutagenesis Kit (Abcam, Cambridge, 
UK) and inserted it into another PGL3 at the same location. 
The mutant is known as PGL3-MUT-STAT3-3’UTR. Forty-
eight well plates were used to inoculate BV2 cells. When 
the convergence reached 50%, 500 ng of luciferin reporter 
vector was co-transfected with 30 nM of miR-124 mimic 
or negative control (NC)-mimic using Lipofectamine™ 
2000 (Thermo Fisher Scientific). After 48 h of culture, 
the relative luciferase activities were determined.

Fluorescence in situ hybridization

The circHIPK3 was labeled with Cy5, the DNA Oligo 
Probe (GenePharma, Suzhou, China) was labeled with 
5-carboxyfluorescein (FAM), and the nucleus was back-
stained with 4,6-diamidino-2-phenylindole dihydrochlo-
ride (DAPI; GenePharma), which was used for fluorescence 
in  situ hybridization (FISH) detection. After staining, 
the results were observed and the images were captured 
under a Leica SP5 confocal microscope (Leica, Wetzlar, 
Germany).

RNA immunoprecipitation (RIP) 

After overnight incubation with anti-immunoglobulin 
G (IgG) (Merck Millipore, Burlington, USA) or anti-STAT3 
(Ago2) antibodies, the RNA-protein complex was precipitated 
with protein A agarose beads, followed by RNA extraction and 
qRT-PCR detection. The negative control was normal IgG.

RNA pull-down assay

We lysed human BV2 cells transfected with miR-124 mim-
ics and incubated them with a circHIPK3 biotin-conjugated 
probe that was bound to magnetic beads for 2 h to pull down 
the miR-124. Then, the pulled-down RNA was purified. 
The miR-124 biotin-conjugated probe was treated as before.

Northern blot

The RNA samples were separated using a polyacryl-
amide gel and transferred to Amersham™ Hybond™-N+ 
nylon membrane (Amersham Biosciences, Amersham, 
UK). After fixation with purple coupling, PerfectHyb™ 
(Sigma-Aldrich, St. Louis, USA) was pre-hybridized and 
incubated with P32 probes generated using the StarFire® 
Nucleic Acid Labeling System (Integrated DNA Tech-
nologies, Coralville, USA). The U6 or β-actin were used 
as the control.

Statistical analyses

All the obtained data were processed and analyzed us-
ing GraphPad Prism v. 7.0 (GraphPad Software, San Diego, 
USA). Shapiro–Wilk test was used to test the normal dis-
tribution, whereas F-test was applied to check the homo-
geneity variance among the groups (Supplementary File). 
The χ2 test was used to investigate the distribution of sexes. 
Mann–Whitney U test was conducted for the comparisons 
between the 2 groups in terms of gene expression collected 
in clinical samples. When 3 or more groups were compared, 
Kruskal–Wallis test was used, followed by Dunn’s test for 
post hoc analysis. For cell experiments, given that the sam-
ple size was very small and that checking the normal dis-
tribution has little power, nonparametric tests were used 
(Mann–Whitney U test or Kruskal–Wallis test followed 
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by Dunn’s test). The values were expressed as median (inter-
quartile range (IQR)) or data point plots (central tendency 
measure and interval). Spearman’s analysis was used to test 
the correlation between the expression of 2 genes. A value 
of p < 0.05 was considered statistically significant.

Results

CircHIPK3 expression was elevated  
in PD patients, LPS-induced BV2 cells 
and conditioned SH-SY5Y medium

The demographic data of PD patients and controls are 
listed in Table 1. There were no significant differences with 
regard to age, sex distribution and body mass index (BMI) 
between PD patients and controls (Table 1).

The expression of circHIPK3 and miR-124 in human 
blood and CSF was detected with qRT-PCR. The qRT-
PCR analysis showed that the expression of circHIPK3 
in blood and CSF samples was significantly increased in PD 
patients compared to controls (blood: Mann–Whitney 
U test, U = 0, p < 0.001; CSF: Mann–Whitney U test, U = 0, 
p < 0.001; Fig. 1A,C). On the other hand, the expression 
of miR-124 in the blood and CSF samples was markedly 
decreased in PD patients compared to controls (blood: 
Mann–Whitney U test, U = 0, p < 0.001; CSF: Mann–Whit-
ney U test, U = 0, p < 0.001; Fig. 1B,D; Table 2 – No. 1–4). 
Both circHIPK3 expression in blood and CSF samples were 
negatively correlated with miR-124 expression (blood: 
Spearman’s correlation, r = −0.402, p < 0.001; CSF: Spear-
man’s correlation, r = −0.447, p < 0.001; Fig. 1E,F; Table 2 
– No. 5,6).

On the other hand, the expression of circHIPK3 was 
significantly higher in cells after LPS treatment compared 
to cells without the addition of LPS (Mann–Whitney U test, 
U = 0, p = 0.002), where miR-124 expression was drasti-
cally decreased (Mann–Whitney U test, U = 0, p = 0.004; 
Fig. 2A,B). In addition, a significantly reduced cell viability 
(Mann–Whitney U test, U = 0, p = 0.002) and increased cell 
apoptosis (Mann–Whitney U test, U = 0, p = 0.007) were 
observed in SH-SY5Y cells after CM treatment in com-
parison to non-treated control cells (Fig. 2C–F). In addi-
tion, circHIPK3 was upregulated (Fig. 2C; Mann–Whitney 
U test, U = 0, p = 0.002) and miR-124 expression was de-
creased (Mann–Whitney U test, U = 1, p = 0.007; Fig. 2D; 
Table 2 – No. 7–12).

CircHIPK3 enhanced ROS production

To clarify the regulatory roles of circHIPK3 on oxida-
tive stress in cells, ROS content was evaluated. In compari-
son to control cells, the cells treated with LPS exhibited 
significantly higher levels of ROS (Kruskal–Wallis test, 
H(4) = 27.87, p < 0.001; Dunn’s post hoc test, p < 0.001; 
Fig. 3A,B,F). The overexpression of circHIPK3 in transfec-
tion cells promoted significantly higher ROS levels (Dunn’s 
post hoc test, p <  0.001), while adding miR-124 mimic 
stopped the LPS-stimulated production of ROS (Fig. 3C,E,F). 
In contrast, the silencing of circHIPK3 drastically decreased 
the LPS-stimulated production of ROS (Dunn’s post hoc 
test, p = 0.008; Fig. 3D,F). These findings indicate that  in-
creases ROS levels in BV2 cells (Table 2 – No. 13).

CircHIPK3 promoted microglial activation 
and pyroptosis through the activation 
of STAT3 signaling

The association of circHIPK3 with inflammation and 
the activation of microglia was explored through the over-
expression or  knocking down of  circHIPK3 in  BV2 
cells following LPS stimulation for 12 h. In comparison 
to the control cells, LPS-stimulated cells exhibited signifi-
cantly increased CD11b, Iba-1, pyroptosis-related factors, 
NLRP3, caspase-1, and ASC expression (CD11b: Kruskal–
Wallis test, H(4) = 25.16, p < 0.001; Iba-1: Kruskal–Wal-
lis test, H(4) = 24.13, p < 0.001; NLRP3: Kruskal–Wallis 
test, H(4) = 22.58, p < 0.001; caspase-1: Kruskal–Wallis 
test, H(4) = 24.13, p < 0.001; ASC: Kruskal–Wallis test, 
H(4) = 28.47, p < 0.001). The results of Dunn’s post hoc test 
were p = 0.024, p = 0.036, p = 0.017, p = 0.02, and p = 0.027, 
respectively. The upregulation of circHIPK3 further in-
creased CD11b and Iba-1 expression as well as NLRP3, 
caspase-1 and ASC (Dunn’s post  hoc test: p  =  0.018, 
p = 0.009, p = 0.019, p = 0.034, p = 0.016, respectively). 
The addition of miR-124 mimic reversed these effects. 
On the other hand, the LPS-induced expression of CD11b, 
Iba-1 and pyroptosis-related factors was dramatically re-
duced by the downregulation of circHIPK3 in LPS-treated 
cells (Dunn’s post hoc test: p = 0.034, p = 0.024, p = 0.036, 
p = 0.018, p = 0.038, respectively; Fig. 4A–C). Last, we found 
that LPS stimulation significantly upregulated the expres-
sion of total STAT3 and p-STAT3 in comparison to control 
cells (STAT3: Kruskal–Wallis test, H(4) = 20.15, p < 0.001; 
p-STAT3: Kruskal–Wallis test, H(4) = 22.46, p < 0.001; 

Table 1. Basic comparison between Parkinson’s disease (PD) patients and controls

Demographic items PD (n = 92) Controls (n = 95) U/χ2 p-value

Age 66.2 (60.1–71.5) 65.0 (60.0–69.2) U = 3659 0.066

Sex (female/male) 38/54 40/55 0.012 (df = 1) 0.911

BMI [kg/cm2] 21.7 (19.6–23.4) 22.5 (19.9–25.5) U = 3894 0.103

Disease duration since first symptoms [months] 22.0 (15.9–29.5) – – –

df – degrees of freedom; BMI – body mass index. Age, BMI and disease duration were expressed as median (interquartile range (IQR)).
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Dunn’s post hoc test: p = 0.005 and p = 0.008, respectively; 
Table 2 – No. 14–18). The overexpression of circHIPK3 fur-
ther enhanced LPS-stimulated total STAT3 and p-STAT3 
expression (Dunn’s post hoc test: p = 0.036, p = 0.021, re-
spectively), while adding miR-124 mimic could reverse 
these effects. Silencing of circHIPK3 decreased the expres-
sion of total STAT3 and p-STAT3 expression compared 
to the LPS group (Dunn’s post hoc test: p = 0.027, p = 0.015, 
respectively; Fig. 4A,D; Table 2 – No. 19,20). Based on our 
results, we concluded that circHIPK3 exerted its promotive 
effect on the activation and pyroptosis of LPS-treated BV2 
cells through the regulation of STAT3 signaling.

CircHIPK3 promoted inflammatory 
cytokine levels in BV2 cells

As shown in Fig. 4, in comparison to the control cells, 
the  cells after LPS treatment exhibited a  significantly 

enhanced expression of IL-6, IL-1β and TNF-α (IL-6: Krus-
kal–Wallis test, H(4) = 23.15, p < 0.001; IL-1β: Kruskal–Wal-
lis test, H(4) = 29.18, p < 0.001; TNF-α: Kruskal–Wallis test, 
H(4) = 30.23, p < 0.001; Dunn’s post hoc test: p = 0.005, 
p = 0.008, p = 0.004, respectively). Additionally, the secre-
tion of IL-6, IL-1β and TNF-α stimulated by LPS was sig-
nificantly enhanced and impaired by the overexpression 
of circHIPK3 and miR-124 mimic transfection, respectively 
(Dunn’s post hoc test: p < 0.001, p = 0.006, p < 0.001, respec-
tively). On the other hand, silencing circHIPK3 significantly 
decreased the production of IL-6, IL-1β and TNF-α stimu-
lated by LPS (Dunn’s post hoc test: p = 0.023, p = 0.016, 
p = 0.041, respectively; Fig. 5A–C; Table 2 – No. 21–23).

STAT3 was the target gene of miR-124

To predict the potential targets and binding sites of miR-
124, TargetScan (http://www.targetscan.org) was used. 

Fig. 1. A. Relative cerebrospinal 
fluid (CSF) circular RNA 
homeodomain interacting protein 
kinase 3 (circHIPK3) expression 
between Parkinson’s disease 
(PD) patients and control group; 
B. Relative microRNA-124 (miR-124) 
expression between PD and 
control group; C. Relative serum 
circHIPK3 expression between 
PD and control group. Results 
were statistically analyzed using 
Mann–Whitney U test. Data were 
expressed as median, Q3 (75% 
percentile), Q1 (25% percentile), 
interquartile range (Q3–Q1), 
and minimum and maximum 
values; D. Relative serum miR-124 
expression between PD and 
control group; E. Correlation 
of miR-124 and circHIPK3 
expression in CSF; F. Correlation 
of miR-124 and circHIPK3 
expression in serum. Results 
were statistically analyzed using 
Spearman’s correlation
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As shown in Fig. 6A, the potential binding sites between 
miR-124 and the 3’-UTR regions of STAT3 were found. 
The sequences of MUT-STAT-3’-UTR are shown in Fig. 6A. 
Luciferase demonstrated that in comparison to the control 
cells (Kruskal–Wallis test, H(3) = 19.55, p < 0.001), miR-
124 mimic transfection significantly reduced the activ-
ity of luciferase (Dunn’s post hoc test: p = 0.033). Also, 

the transfection of anta-miR-124 dramatically enhanced 
the luciferase activity in cells transfected with WT-STAT-
3’-UTR (Dunn’s post hoc test: p = 0.027). However, no 
changes were observed among the group of cells trans-
fected with MUT-STAT-3’-UTR, suggesting the direct 
interaction of miR-124 with the 3’UTR region of STAT3 
(Fig. 6B). Western blot and qRT-PCR assays showed that 

Table 2. Statistical results

Comparison items Statistical method Statistical value p-value

1. CircHIPK3 CSF (PD vs controls) (Fig. 1A) Mann–Whitney U test U = 0 <0.001

2. MiR-124 CSF (PD vs controls) (Fig. 1B) Mann–Whitney U test U = 0 <0.001

3. CircHIPK3 serum (PD vs controls) (Fig. 1C) Mann–Whitney U test U = 0 <0.001

4. MiR-124 serum (PD vs controls) (Fig. 1D) Mann–Whitney U test U = 0 <0.001

5. Correlation of circHIPK3 expression and miR-124 expressions in CSF 
(Fig. 1E)

Spearman’s correlation r = −0.447 <0.001

6. Correlation of circHIPK3 expression and miR-124 expressions 
in serum (Fig. 1F)

Spearman’s correlation r = −0.402 <0.001

7. CircHIPK3 expression between BV2 and LPS-induced BV2 (Fig. 2A) Mann–Whitney U test U = 0 0.002

8. MiR-124 expression between BV2 and LPS-induced BV2 (Fig. 2B) Mann–Whitney U test U = 0 0.004

9. CircHIPK3 expression between SH-SY5Y and SH-SY5Y+LPS BV2 
(Fig. 2C)

Mann–Whitney U test U = 0 0.002

10. MiR-124 expression between SH-SY5Y and SH-SY5Y+LPS BV2 
(Fig. 2D)

Mann–Whitney U test U = 1 0.007

11. MTT between SH-SY5Y and SH-SY5Y+LPS BV2 (Fig. 2E) Mann–Whitney U test U = 0 0.003

12. Apoptosis rate between SH-SY5Y and SH-SY5Y+LPS BV2 (Fig. 2H) Mann–Whitney U test U = 0 0.001

13. ROS production (Fig. 3F) Kruskal–Wallis test Kruskal–Wallis H statistic = 27.87 <0.001

14. CD11b protein expression (Fig. 4B) Kruskal–Wallis test Kruskal–Wallis H statistic = 25.16 <0.001

15. Iba-1 protein expression (Fig. 4B) Kruskal–Wallis test Kruskal–Wallis H statistic = 24.13 <0.001

16. NLPRP3 protein expression (Fig. 4C) Kruskal–Wallis test Kruskal–Wallis H statistic = 22.58 <0.001

17. Caspase-1 protein expression (Fig. 4C) Kruskal–Wallis test Kruskal–Wallis H statistic = 29.16 <0.001

18. ASC protein expression (Fig. 4C) Kruskal–Wallis test Kruskal–Wallis H statistic = 28.47 <0.001

19. STAT3 protein expression (Fig. 4D) Kruskal–Wallis test Kruskal–Wallis H statistic = 20.15 <0.001

20. p-STAT3 protein expression (Fig. 4D) Kruskal–Wallis test Kruskal–Wallis H statistic = 22.46 <0.001

21. TNF-α ELISA (Fig. 5A) Kruskal–Wallis test Kruskal–Wallis H statistic = 23.15 <0.001

22. IL-1β ELISA (Fig. 5B) Kruskal–Wallis test Kruskal–Wallis H statistic = 29.18 <0.001

23. IL-6 ELISA (Fig. 5C) Kruskal–Wallis test Kruskal–Wallis H statistic = 30.23 <0.001

24. STAT3 WT relative luciferase activity (Fig. 6B) Kruskal–Wallis test Kruskal–Wallis H statistic = 19.55 <0.001

25. STAT3 MUT relative luciferase activity (Fig. 6B) Kruskal–Wallis test Kruskal–Wallis H statistic = 0.43 0.933

26. STAT3 mRNA expression (Fig. 6D) Kruskal–Wallis test Kruskal–Wallis H statistic = 19.59 <0.001

27. CircHIPK3 WT relative luciferase activity (Fig. 7B) Kruskal–Wallis test Kruskal–Wallis H statistic = 19.51 <0.001

28. CircHIPK3 MUT relative luciferase activity (Fig. 7B) Kruskal–Wallis test Kruskal–Wallis H statistic = 0.41 0.935

29. MiR-124 relative expression (Fig. 7D) Kruskal–Wallis test Kruskal–Wallis H statistic = 22.68 <0.001

30. MiR-124 RIP (Fig. 8B) Kruskal–Wallis test Kruskal–Wallis H statistic = 11.67 <0.001

31. CircHIPK3 RIP (Fig. 8B) Kruskal–Wallis test Kruskal–Wallis H statistic = 11.63 <0.001

32. MiR-124 RNA pull-down (Fig. 8C) Mann–Whitney U test U = 0 0.002

33. CircHIPK3 RNA pull-down (Fig. 8D) Mann–Whitney U test U = 0 0.002

CSF – cerebrospinal fluid; PD – Parkinson’s disease; circHIPK3 – circRNA homeodomain interacting protein kinase 3; miR-124 – microRNA-124; 
LPS – lipopolysaccharide; ROS – reactive oxygen species; CD11b – cluster of differentiation molecule 11b; Iba-1 – ionized calcium-binding adapter 
molecule 1; NLRP3 – NLR family pyrin domain containing 3; ASC – apoptosis-associated speck-like protein containing C-terminal caspase recruitment 
domain; STAT3 – signal transducer and activator of transcription 3; p-STAT3 – phosphorylated STAT3; TNF-α – tumor necrosis factor alpha; ELISA – enzyme-
linked immunosorbent assay; IL – interleukin; MTT – 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide; RIP – RNA-binding protein 
immunoprecipitation; MUT – mutant-type; WT – wild-type.
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the  overexpression of  miR-124 inhibited the  expres-
sion of STAT3 protein and mRNA (Kruskal–Wallis test, 
H(4) = 19.59, p < 0.001; Dunn’s post hoc test: p = 0.030), 
while miR-124-silenced cells exhibited an elevated STAT3 
expression at mRNA and protein levels (Kruskal–Wallis 
test, H(4) = 19.59, p < 0.001;Dunn’s post hoc test: p = 0.024) 
(Fig. 6C,D).

CircHIPK3 sponged miR-124  
in LPS-induced BV2 cells

To elucidate whether circHIPK3 could act as a miR-124 
sponge in LPS-induced BV2 cells, a prediction for the po-
tential target miRNA of circHIPK3 was conducted using cir-
cBase (Fig. 7A). The relative activity of luciferase in the WT-
circHIPK3 reporter-contained BV2 cells was significantly 
increased and reduced, respectively (Kruskal–Wallis test, 
H(3) = 19.51, p < 0.001) after miR-124 mimic (Dunn’s post hoc 
test: p = 0.017) and anta-miR-124 transfections (Dunn’s 
post hoc test: p = 0.030, Fig. 7B), suggesting an interaction 
between circHIPK3 and miR-124. To explore the connec-
tion between circHIPK3 and the expression of miR-124, 
we overexpressed and silenced the expression of circHIPK3 
in BV2 cells. Suppressed and elevated miR-124 expression 
in cells with circHIPK3 overexpression and silencing were ob-
served in our northern blot results. Moreover, the expressions 
of circHIPK3 in circHIPK3-overexpressed (Kruskal–Wallis 

test, H(3) = 19.51, p < 0.001, Dunn’s post hoc test: p = 0.025) 
and circHIPK3-silenced cells (Dunn’s post hoc test: p = 0.033) 
were verified using qRT-PCR (Fig. 7D, Table 2 – No. 27–29).

To further verify the sponge between circHIPK3 and 
miR-124, a FISH experiment was conducted. As shown 
in Fig. 8A, the co-localization of circHIPK3 and miR-124 
was discovered in  BV2 cells. Moreover, in  comparison 
to  the  IgG-treated control group, the  argonaute RISC 
catalytic component 2 (Ago2) antibody-treated group 
exhibited dramatically elevated circHIPK3 and miR-124 
expression (Fig. 8B, miR-124 RIP: Kruskal–Wallis test, 
H(2) = 11.67, p < 0.001; circHIPK3: Kruskal–Wallis test, 
H(2) = 11.63, p < 0.001; miR-124: Dunn’s post hoc test, 
p = 0.008; circHIPK3: Dunn’s post hoc test: p = 0.006, re-
spectively). The RNA pull-down results showed that miR-
124 and circHIPK3 could pull down each other (miR-124: 
Mann–Whitney U test, U = 0, p = 0.002; circHIPK3: Mann–
Whitney U test, U = 0, p = 0.002, Fig. 8C,D), suggesting 
a direct sponge between miR-124 and circHIPK3 (Table 2 
– No. 30–33).

Discussion

Recently, researchers looking for a consensus opinion 
in regard to the pathogenesis of PD have been devoting more 
attention to the role of the inflammatory component.34 

Fig. 2. A. Comparison of relative circular RNA homeodomain interacting protein kinase 3 (circHIPK3) expression between BV2 cells and lipopolysaccharide 
(LPS)-induced BV2 cells; B. Comparison of relative microRNA-124 (miR-124) expression between BV2 cells and LPS-induced BV2 cells; C. Comparison 
of relative circHIPK3 expression between SH-SY5Y cells with different treatments; D. Comparison of relative miR-124 expression between SH-SY5Y cells 
with different treatments; E. Comparison of SH-SY5Y cell viability between SH-SY5Y cells with different treatments; F. Representative figure of the apoptosis 
rate of SH-SY5Y cells; G. Representative figure of the apoptosis rate of SH-SY5Y cells adding conditioned LP2-BV2 medium; H. Comparison of the apoptosis 
rates between SH-SY5Y cells with different treatment. Results were statistically analyzed using Mann–Whitney U test. Data were expressed as data point 
plots, from the minimum to the maximum value (n = 6) for each group. The interval represents the median value. The ends of the interval represent 
the interquartile range (IQR)
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Studies have demonstrated that PD is not only a neurode-
generative problem related to the progressive loss of dopa-
mine but also a neuroinflammatory disease.35 As a kind 
of programmed cell death, pyroptosis was associated with 
inflammatory responses dependent on  caspase-1 and 

activated by NLRP3.36 It has been identified that the acti-
vation of pyroptosis was positively correlated with inflam-
matory cytokine production, which plays an important role 
in the pathogenesis of PD.37 However, the process of pyrop-
tosis regulation in PD remains poorly understood.

Fig. 3. Reactive oxygen species 
(ROS) production following 
circular RNA homeodomain 
interacting protein kinase 
3 (circHIPK3) transfection. 
A. Production of ROS 
in the control group; B. Production 
of ROS in the lipopolysaccharide 
(LPS) group; C. Production 
of ROS in the LPS+OE-circHIPK3 
group; D. Production of ROS 
in the LPS+si-circHIPK3 group; 
E. Production of ROS in the LPS+ 
OE-circHIPK3+microRNA-124 (miR-
124) mimic group; F. Quantitative 
analysis of ROS production 
in each group (*** p < 0.001 
compared to the control group; 
### p < 0.001 and ## p < 0.01 
compared to the LPS group). 
Results were statistically analyzed 
using Kruskal–Wallis test followed 
by Dunn’s post hoc test. Data 
were expressed as data point 
plots, from the minimum 
to the maximum value (n = 6) 
for each group. The interval 
represents the median value. 
The ends of the interval represent 
the interquartile range (IQR)

MFI – mean fluorescence 
intensity; OE – overexpression; 
si – silencing.
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In the present study, we found that a novel circular RNA, 
circHIPK3, was elevated in PD patients, LPS-induced BV2 
cells and conditioned SH-SY5Y medium. Furthermore, 
our study suggested that circHIPK3 is related to the acti-
vation and inflammation of LPS-induced BV2 microglia. 
Additionally, our study demonstrated that circHIPK3 could 
directly interact with miR-124 and subsequently regulate 
the expression of STAT3, which is affected by miR-124, 
and activate the generation of a NLRP3 inflammasome. 
An accurately controlled expression of miR-124 was tightly 
connected with the neurogenesis, physiology and normal 
development of the CNS. Additionally, miR-124 partici-
pated in keeping α-synuclein within a physiologic level. 
The association of dopaminergic neurodegeneration with 
significantly reduced expression of miR-124 in the brain 

was observed in PD patients and PD-induced animals using 
1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP).38 
Furthermore, researchers discovered that miR-124 was 
significantly involved in the neuroinflammation involved 
in  the pathogenesis of PD.39 Therefore, the connection 
between circHIPK3 and miR-124 in PD patients was ex-
plored. We observed a significantly decreased expression 
of miR-124 in PD patients, BV2 cells after LPS stimula-
tion, and SH-SY5Y cells treated with CM collected from 
LPA-treated BV2 cells. Through bioinformatic analysis, 
the potential binding sites between miR-124 and circHIPK3 
were discovered and verified using a dual-luciferase assay. 
At the same time, a negative correlation between the expres-
sion of circHIPK3 and miR-124 was observed, and the over-
expression of miR-124 significantly reversed the expression 

Fig. 4. Circular RNA homeodomain interacting protein kinase 3 (circHIPK3) promoted microglial activation and pyroptosis through the activation of signal 
transducer and activator of transcription 3 (STAT3) signaling. A. Representative blots showing the production of cluster of differentiation molecule 11b 
(CD11b) and ionized calcium-binding adapter molecule 1 (Iba-1), pyroptosis-related factors, family pyrin domain containing 3 (NLRP3), caspase-1, apoptosis-
associated speck-like protein containing C-terminal caspase recruitment domain (ASC), STAT3, and phosphorylated STAT3 (p-STAT3) in the cells after 
the indicated treatment; B. Expression of microglia markers CD11b and Iba-1 after the circHIPK3 transfection; C. Expression of pyroptosis-related factors, 
NLRP3, caspase-1, and ASC after the circHIPK3 transfection; D. Expression of STAT3 and p-STAT3 after the circHIPK3 transfection (* p < 0.05 compared 
to control; # p < 0.05 and ## p < 0.01 compared to the lipopolysaccharide (LPS) group). Results were statistically analyzed using Kruskal–Wallis test followed 
by Dunn’s post hoc test. Data were expressed as data point plots from the minimum to the maximum value (n = 6) for each group. The interval represents 
the median value. The ends of the interval represent the interquartile range (IQR)

GAPDH – glyceraldehyde-3-phosphate dehydrogenase; OE – overexpression; si – silencing.
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of circHIPK3-induced CD11b and Iba-1. On the other hand, 
the activation of STAT3 was observed in microglia after 
brain ischemia,40 as well as in spinal cord microglia after 
nerve injury.41 The activation of STAT3 was significantly 

involved in the inflammatory responses and inflammation 
induced by thrombin in microglia in vitro.42 The blockage 
of STAT3 pathway activation was associated with the sup-
pression of neuroinflammation mediated by microglia.42 

Fig. 6. MicroRNA-124 (miR-124) 
directly targeted signal transducer 
and activator of transcription 3 
(STAT3). A. Binding sites of miR-124 
with the 3’-UTR of STAT3 and 
the sequences of MUT-STAT3-3’-UTR; 
B. Relative luciferase activities of cells 
co-transfected with WT-STAT3-3’UTR 
or MUT-STAT3-3’-UTR  
with miR-124 mimic or miR-NC 
or anta-miR-124 or anta-NC 
(* p < 0.05 compared to miR-NC); 
C. Representative western blot 
results showing the expression 
of STAT3 in cells with different 
treatments; D. Representative bar 
graph showing the mRNA levels 
of STAT3 after different transfections 
(* p < 0.05 compared to controls). 
Results were statistically analyzed 
using Kruskal–Wallis test followed 
by Dunn’s post hoc test. Data were 
expressed as data point plots from 
the minimum to the maximum value 
(n = 6) for each group. The interval 
represents the median value. 
The ends of the interval represent 
the interquartile range (IQR)

GAPDH – glyceraldehyde-3-phosphate  
dehydrogenase; WT – wild-type; 
MUT – mutant-type; NC – negative 
control.

Fig. 5. Effect of circular RNA homeodomain interacting protein kinase 3 (circHIPK3) on the expression of inflammatory factors. A–C. Representative bar 
graphs showing the expression of tumor necrosis factor alpha (TNF-α) (A), inteleukin (IL)-1β (B) and IL-6 (C) in cells after different treatments (** p < 0.01 
compared to the control group; # p < 0.05, ## p < 0.01 and ### p < 0.001 compared to the lipopolysaccharide (LPS) group). Results were statistically analyzed 
using Kruskal–Wallis test followed by Dunn’s post hoc test. Data were expressed as data point plots from the minimum to the maximum value (n = 6) for 
each group. The interval represents the median value. The ends of the interval represent the interquartile range (IQR)

OE – overexpression; si – silencing.
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We found that the overexpression of circHIPK3 increased 
the total STAT3 as well as p-STAT3 expression. In con-
clusion, our observations suggest that circHIPK3 exerts 
a promotive effect on the activation of microglia through 
impairing miR-124/STAT3/NLRP3 expression.

Reactive oxygen species are deeply involved in the devel-
opment, expression and transduction of signals in cells.43 
However, an excessive production or accumulation of ROS 
in cells results in damage to cell membranes, DNA and pro-
tein molecules.44 The cell death caused by excessive ROS 
production is activated by the mitochondrial apoptosis 
pathway.45 Due to lower antioxidative enzymes and higher 
oxidative metabolism, neurons are more sensitive to ROS-
induced cell death.46,47 In recent years, oxidative stress and 
excessive ROS production were observed in the pathogen-
esis of PD and found to be significantly associated with 
the degeneration of dopaminergic neurons.48 In vitro and 
in vivo studies have revealed that inflammatory responses 
and oxidative stress significantly participated in the ac-
tivation of glial cells, as well as the subsequent damage 
to  dopaminergic neurons.49 Herein, we  observed that 
the overexpression of circHIPK3 enhanced ROS produc-
tion in LPS-stimulated BV2 cells, and adding miR-124 al-
leviated this effect. The circHIPK3 has been demonstrated 
to increase ROS production in other studies. For example, 

the overexpression of circHIPK3 significantly promoted 
hypoxia/reoxygenation-induced cardiomyocyte cell injury 
by increasing intracellular ROS production.50 In addition, 
silencing circHIPK3 partially impaired inflammation and 
oxidative injuries caused by LPS.51

Limitations

There were several limitations of  the  present study 
that should be taken into account. First, we only detected 
the expression of circHIPK3 in PD patients. The investi-
gation of other circRNAs may reveal much more infor-
mation about non-coding RNAs in PD progression. Sec-
ond, we only performed in vitro cell studies; thus, further 
in vivo animal studies are needed to verify this finding.

Conclusions

We demonstrated that the circHIPK3 expression was 
increased in  PD patients as  well as  LPS-induced BV2 
cells. The circHIPK3 could promote the inflammatory 
response by sponging miR-124 and affecting the activation 
of STAT-3- and NLRP3-mediated inflammatory signaling 
pathways. In addition, circHIPK3 silencing decreased ROS 

Fig. 7. The interaction between 
circular RNA homeodomain 
interacting protein kinase 3 
(circHIPK3) and microRNA-124 
(miR-124). A. Predicted binding 
site of circHIPK3 and miR-124; 
B. Representative bar graph 
showing the relative activities 
of luciferase in cells after 
the indicated transfection 
(* p < 0.05 compared to miR-
negative control (miR-NC)); 
C. Representative northern 
blot results showing miR-124 
expression in cells with 
the indicated treatment; 
D. Representative bar graph 
showing the mRNA levels 
of circHIPK3 in the cells after 
the indicated treatment (* p < 0.05 
compared to plasmid cloning 
(pcDNA)). Results were statistically 
analyzed using Kruskal–Wallis 
test followed by Dunn’s post hoc 
test. Data were expressed as data 
point plots from the minimum 
to the maximum value (n = 6) 
for each group. The interval 
represents the median value. 
The ends of the interval represent 
the interquartile range (IQR)

si – silencing.
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Fig. 8. A. Representative images showing the localization of circular RNA homeodomain interacting protein kinase 3 (circHIPK3) and microRNA-124 (miR-
124) in BV2 cells (green: circHIPK3, red: miR-124, blue: 4’,6-diamidino-2-phenylindole (DAPI), scale bar: 20 μm); B. Representative summarized results showing 
the relative expression of miR-124 and circHIPK3 in cells after different treatments (** p < 0.01 compared to anti-immunoglobulin G (anti-IgG)). Results 
were statistically analyzed using Kruskal–Wallis test followed by Dunn’s post hoc test. Data were expressed as data point plots; C,D. Representative bar 
graphs showing the relative levels of miR-124 (C) and circHIPK3 (D) in pellets pulled down with circHIPK3 (C) and miR-124 (D), and their controls (** p < 0.01 
compared to controls). Results were statistically analyzed using |Mann–Whitney U test. Data were expressed as data point plots from the minimum 
to the maximum value (n = 6) for each group. The interval represents the median value. The ends of the interval represent the interquartile range (IQR)
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production. This study provides evidence that circHIPK3 
functions as a miR-124 sponge to STAT3, and could be 
a potential target in the treatment of PD.

Supplementary materials

The supplementary materials are available at https://
doi.org/10.5281/zenodo.7074360. The package contains 
the following files:

Supplementary File. Results of normality and homogene-
ity tests for respective Figures.

Supplementary Table. Results of statistical tests.
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Abstract
Background. Due to advanced age, multimorbidity and polypharmacotherapy, older patients are predis-
posed to drug interactions and the adverse effects of inappropriate drug combinations.

Objectives. To provide up-to-date data on predisposing factors and the prevalence of possible drug in-
teractions in the Polish geriatric population and to promote automated analysis programs as part of safe 
pharmacotherapy.

Materials and methods. We used the Lexicomp® Drug Interactions database to assess pharmacological 
interactions between active substances included in all types of preparations (prescription drugs, over-the-
counter drugs, vitamins, nutritional preparations, and dietary supplements) used at least once in the 2 weeks 
preceding the study, among 2633 home-dwelling people aged >65 years. The variables measured included 
age, sex, place of residence, level of education, and multimorbidity. Post-stratification was used to weigh 
the sample structure against the Polish population in 2017.

Results. Drug interactions were identified in 81.2% of all individuals. The mean number (with 95% confi-
dence interval (95% CI)) of all drug interactions was 4.24 (4.02–4.46), and the median value (with 1st and 
3rd quartiles (Q1–Q3)) was 3 (1–6). At least 1 category C interaction was observed in 75.8% of all study 
participants, 24.3% had 1 or more category D interaction, and 4.3% had 1 or more category X interaction. 
The most important predisposing factor to drug interactions was multimorbidity.

Conclusions. This study identified a high prevalence of potential drug interactions in the Polish geriatric 
population. Automated analysis systems deliver useful information on pharmacological interactions and 
should be promoted in the Polish healthcare community as tools to support pharmacotherapy.

Key words: polypharmacy, geriatric, drug interactions, multimorbidity, medication errors, medical error 
prevention, control
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Background

A pharmacological interaction is an interaction of 2 drugs 
that can lead to a quantitative and/or qualitative change 
in the action of one of them.1 Older adults are particularly 
prone to adverse drug interactions due to advanced age, 
multimorbidity and polypharmacy.2 Of pertinent concern 
is the growing interest among older adults in over-the-
counter drugs, which are widely advertised on the pharma-
ceutical market.3 Properly conducted pharmacotherapy in-
creases the likelihood of achieving the desired therapeutic 
effect and improving quality of life by avoiding the side ef-
fects associated with improperly combined preparations.4–6 
Appropriate pharmacotherapy is also associated with a de-
creased risk of rehospitalization7 and death,8 which reduces 
the financial burden on the healthcare system.2 The cost 
of iatrogenic pharmacotherapy errors in Europe (11–38% 
of which are avoidable) has been estimated between €290 
and €850 million per year.9–11 Data from the USA also in-
dicate high financial expenditure ($200 billion per year) 
to treat the side effects of pharmacotherapy in people over 
65 years of age.12 Therefore, knowledge about the preva-
lence of pharmacological interactions in older patients, 
as well as the preventive methods available, is very impor-
tant in terms of clinical practice and the efficient function-
ing of the healthcare system.

The topics of polypharmacy and pharmacological inter-
actions have been analyzed extensively in Western Europe 
and the USA, but data from Central and Eastern Europe 
are limited. Most of the previous studies were conducted 
in the inpatient setting and were based on the Beers crite-
ria,13 the Screening Tool of Older Persons’ potentially inap-
propriate Prescriptions (STOPP) criteria, the Screening Tool 
to Alert doctors to the Right Treatment (START) criteria,14 
or the Fit OR The Aged (FORTA) list.15 The percentage of in-
appropriate drug combinations in European studies ranges 
from 9.8% to 38.5%, while it is 21.3% to 28.8% in the USA.16–19

Automated interaction analysis systems are a solution 
that could increase the recognition of drug interactions. 
Along with the computerization of healthcare systems, 
various forms of dedicated programs are available world-
wide, such as online tools, applications for mobile telephone 
devices and software modules, even as part of a medi-
cal information network (e.g., the Surescripts network 
in the USA).20–23 However, no such solution has yet been in-
troduced on a national level in the Polish healthcare system.

Objectives

This study was performed to provide up-to-date data 
on the predisposing factors and prevalence of possible 
drug interactions in  the  Polish geriatric population. 
In addition, we aimed to popularize automated interac-
tion analysis systems as auxiliary tools for conducting safe 
pharmacotherapy.

Materials and methods

Ethics approval

All participants provided written informed consent 
prior to participation in the study. The study was approved 
by the Independent Bioethics Committee for Scientific 
Research at the Medical University of Gdańsk (approval 
No. 13/2020; 2020-04-21) and the Bioethics Commis-
sion at the Silesian Medical Chamber in Katowice (ap-
proval No. 26/2015; 2015-07-01). The study was conducted 
in compliance with the Declaration of Helsinki.

Study design

The study group consisted of participants from the na-
tionwide, cross-sectional observational study NOninva-
sive Monitoring for Early Detection of Atrial Fibrillation 
(NOMED-AF). The main objective of the NOMED-AF 
study was to evaluate the prevalence of atrial fibrillation 
and its associated comorbidities. It included electrocar-
diographic monitoring, completion of a detailed question-
naire, a follow-up survey, blood pressure measurements, 
and blood/urine sample collection. A detailed description 
of the methodology and sampling of the NOMED-AF study 
was presented in a separate publication.24

Setting

The study was conducted from March 2017 to March 
2019. Respondents were selected randomly by the Ministry 
of Digitization of the Republic of Poland based on a so-
cial security number database; therefore, they constituted 
a representative sample for Poland in terms of sex, age 
and place of residence. Based on a detailed questionnaire, 
the data were obtained by a trained nurse directly from 
the respondents, their families or their caregivers, followed 
by a presentation of the packaging of all of their drugs. 
The interview covered all preparations (prescription drugs, 
over-the-counter drugs, vitamins, nutritional preparations, 
and dietary supplements) taken at least once in the 2 weeks 
preceding the study (including drug name, form, single 
dose, and dosing frequency). The respondents provided 
information on diagnosed chronic diseases and were asked 
to present discharge cards from previous hospitalizations. 
Based on these data, individuals were assigned codes from 
the International Classification of Diseases, 10th Revision 
(ICD-10).

Participants and sample size

The specific inclusion criteria for this study were the use 
of at least 2 active substances included in the preparations 
and an agreement to provide information on the drugs 
taken. The  study group comprised 2633 respondents 
aged  ≥65  years, and consisted of  1309  women and 
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1324 men. The mean ± standard deviation (M ±SD) age 
of the entire sample was 78.0 (±7.9) years (78.9 (±7.9) years 
for women and 78.0 (±7.8) years for men).

Variables

The analysis of drug interactions between active sub-
stances was performed using Lexicomp® Drug Inter-
actions by  Wolters Kluwer Clinical Drug Information 
(www.wolterskluwer.com/en/solutions/lexicomp/), which 
enables a simultaneous analysis of 50 active substances. 
Detected interactions are classified into one of the 5 cat-
egories: A – no known interaction; B – no action required; 
C – monitor therapy; D – consider modifying therapy; 
X – avoid combination.

A further analysis of the detected drug interactions was 
based on the following variables: sex (male, female), age 
(in cohorts: 65–69, 70–74, 75–79, 80–84, 85–89, ≥90 years 
old), place of residence (village, small city with less than 
50,000 inhabitants, medium-sized city with 50,000–200,000 
inhabitants, large city with more than 200,000 inhabit-
ants), level of education (primary, secondary/vocational, 
higher) and multimorbidity (determined using the Charl-
son Comorbidity Index (CCI)).

Qualitative analysis of pharmacotherapy was performed 
according to the Anatomical Therapeutic Chemical (ATC) 
classification.25 The 2 most commonly used definitions 
were applied: taking 5 or more drugs was considered poly-
pharmacy (PP), while excessive polypharmacy (EPP) was 
defined as taking more than 10 drugs.26

Statistical analyses

Post-stratification was used to adjust the sample struc-
ture against the Polish population in 2017. Data normality 
was verified using the Shapiro–Wilk test. The results are 
presented as percentages and median values with 1st and 
3rd quartiles (Q1–Q3). A simple single-factor analysis based 
on the χ2 test was performed in order to assess the relation-
ship between one variable in relation to another. Multivariate 
logistic regression was performed for the whole set of vari-
ables, and odds ratios (ORs) were calculated together with 
95% confidence intervals (95% CIs). The quality of the overall 
regression models was measured using Nagelkerke’s R2, and 
p-values for the models were calculated. A value of p < 0.05 
was considered statistically significant. The analysis was 
performed using the statistical package R v. 3.6.3 (R Foun-
dation for Statistical Computing, Vienna, Austria) and SAS 
v. 9.4 TS Level 1M5 (SAS Institute, Inc., Cary, USA).

Results

The obtained results were stratified according to age 
structure in order to reflect the distribution of the Polish 
population over 65 years old in 2017; therefore, they reflect 

the geriatric population of Poland. A detailed description 
of the sampling and subsequent weighing can be found 
in the methodological publication.24

Analyses of all drug interactions

Number of drug interactions

At least 1 drug interaction was found in 81.2% of all indi-
viduals aged ≥65 years, with a median value of 3 (Q1–Q3: 
1–6). Most often, older adults had 1–4 interactions (47.6%). 
At least 5 interactions were found in 33.7% of all respon-
dents, more than 10 interactions in 12.3% of participants, 
and 4.7% of seniors had ≥15 interactions. Detailed data are 
presented in Table 1,2.

Drug interactions and number of drugs

The median value of  interactions and the  frequency 
of  multiple interactions (5, 10 and 15) increased with 
the number of medications taken. Detailed data are pre-
sented in Table 1,2. A single-factor analysis showed a sig-
nificant correlation between the number of interactions 
and the number of drugs taken (p < 0.001).

Drug interactions and sex

The median value of interactions was higher in men than 
in women: 3 (Q1–Q3: 1–7) and 2 (Q1–Q3: 1–6), respectively. 
Detailed data are presented in Table 1,2. The multivari-
ate logistic regression model also showed that being male 
predisposed the participants to having ≥10 interactions 
(p < 0.05) (Table 3–5). The Nagelkerke’s R2 values for all 3 
multivariate logistic regression models were relatively small.

Drug interactions and age

The median value of all interactions was the highest among 
seniors aged 85–89 years. The frequency of multiple inter-
actions (5, 10 and 15) increased with age. Detailed data are 
presented in Table 1,2. A single-factor analysis showed a sig-
nificant positive correlation between the number of interac-
tions and age (p < 0.001); however, this was not confirmed 
by the multivariate logistic regression model (Table 3–5).

Drug interactions and place of residence

There were no noticeable differences in  the  median 
value of all interactions in relation to the place of resi-
dence. People living in rural areas had a lower frequency 
of multiple drug interactions (5, 10 and 15) than those liv-
ing in urban areas. Detailed data are presented in Table 1,2. 
A single-factor analysis showed a significant correlation 
between the number of interactions and place of residence 
(p < 0.001); however, this was not confirmed by the multi-
variate logistic regression model (Table 3–5).
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Table 2. Number of all drug interactions

Variable
Sample size, n Median value (Q1–Q3)

women men all women men all

All 1309 1324 2633 2 (1–6) 3 (1–7) 3 (1–6)

Age [years]

65–69 226 218 444 1 (0–4) 3 (1–6) 2 (1–5)

70–74 273 257 530 2 (0–5) 3 (1–7) 2 (1–6)

75–79 243 285 528 3 (1–6) 4 (1–7) 3 (1–7)

80–84 255 228 483 4 (1–7) 3 (1–7) 3 (1–7)

85–89 181 225 406 4 (2–6) 4 (1–7) 4 (1–6)

90+ 131 111 242 2 (1–7) 5 (2–8) 3 (1–7)

Number of drugs

2–4 437 401 838 1 (0–1) 1 (0–2) 1 (0–1)

5–9 716 730 1446 4 (2–6) 4 (2–7) 4 (2–6)

10+ 156 193 349 11 (8–16) 13 (9–18) 12 (8–17)

Education

Primary 598 424 1022 3 (1–6) 3 (1–7) 3 (1–6)

Secondary/vocational 590 680 1270 2 (0–6) 3 (1–7) 3 (1–6)

Higher 115 216 331 2 (1–4) 3 (1–7) 2 (1–5)

Residence

Village 528 461 989 3 (1–6) 3 (1–6) 3 (1–6)

City <50 M 315 327 642 2 (1–5) 3 (1–7) 3 (1–6)

City 50–200 M 246 261 507 2 (0–6) 3 (1–8) 2 (1–7)

City >200 M 220 275 495 3 (1–6) 3 (1–7) 3 (1–6)

M – 1000. The results are presented as medians with the 1st and 3rd quartile (Q1–Q3). The results take into account the use of a complex scheme 
of randomizing respondents. The data are presented after weighing the sample in relation to the structure of the Polish population aged 65 and over in 2017.

Table 1. Percentage of older people with drug interactions by gender (%)

Variable

All Women Men

number of all interactions number of all interactions number of all interactions

0 1–4 5–9 10–14 ≥15 0 1–4 5–9 10–14 ≥15 0 1–4 5–9 10–14 ≥15

All 18.8 47.6 21.4 7.6 4.7 21.1 47.0 21.5 6.3 4.0 15.1 48.5 21.2 9.6 5.7

Age [years]

65–69 25.0 48.4 18.0 5.5 3.1 30.8 47.4 17.8 2.9 1.1 17.2 49.5 18.4 9.0 5.8

70–74 22.7 45.7 19.8 6.9 4.9 26.5 44.5 18.7 6.1 4.2 17.2 47.5 21.3 8.0 6.0

75–79 12.9 47.9 25.0 9.1 5.1 14.3 47.7 25.1 7.3 5.6 10.6 48.3 25.0 11.8 4.4

80–84 13.8 48.5 22.7 9.4 5.6 13.2 47.6 25.4 9.5 4.3 15.2 50.2 17.1 9.2 8.4

85–89 8.8 50.4 26.2 9.1 5.5 7.3 50.8 27.3 8.4 6.2 12.4 49.3 23.7 10.7 4.0

90+ 19.2 42.2 23.1 8.8 6.7 22.8 44.2 17.7 7.4 7.9 7.1 35.5 41.1 13.4 2.8

Number of drugs

2–4 46.7 52.7 0.6 0.0 0.0 49.6 50.1 0.3 0.0 0.0 41.4 57.4 1.2 0.0 0.0

5–9 4.7 54.1 32.7 7.4 1.1 5.7 53.9 33.6 5.9 0.8 3.1 54.4 31.3 9.5 1.6

10+ 0.0 3.6 31.6 30.6 34.2 0.0 4.7 33.9 28.9 32.5 0.0 2.1 28.5 32.9 36.6

Education

Primary 15.0 49.0 22.0 9.7 4.4 15.6 48.8 22.4 8.4 4.8 13.6 49.4 21.1 12.5 3.4

Secondary/vocational 21.1 45.5 21.8 6.8 4.9 25.0 43.8 21.7 5.4 4.1 15.4 47.8 21.9 8.9 6.0

Higher 19.3 52.2 18.9 5.1 4.5 22.7 55.4 18.0 3.0 0.9 15.9 49.1 19.7 7.1 8.2

Residence

Village 15.9 51.2 20.9 8.3 3.6 17.2 50.8 19.8 8.3 4.0 13.9 51.8 22.7 8.5 3.1

City <50 M 21.4 45.2 22.3 7.3 3.8 23.5 47.4 22.6 4.5 2.0 17.8 41.5 21.7 11.9 7.0

City 50–200 M 21.6 42.9 21.9 9.1 4.5 25.4 41.1 22.2 8.0 3.2 15.1 46.0 21.4 10.9 6.7

City >200 M 18.3 48.0 21.0 5.5 7.2 21.2 45.3 22.6 3.9 7.0 14.0 52.1 18.4 7.8 7.7

M – 1000. The results consider the use of a complex scheme of randomizing respondents. The data are presented after weighing the sample in relation 
to the structure of the Polish population aged 65 and over in 2017.
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Drug interactions and education

There were no noticeable differences in the median value 
of all interactions in relation to the education level. As edu-
cation level increased, there was a reduction in the fre-
quency of ≥5 and ≥10 interactions. A different trend was 
observed in the case of ≥15 interactions: the lowest per-
centage was found among people with primary educa-
tion and the highest among people with secondary/voca-
tional education. Detailed data are presented in Table 1,2. 
A single-factor analysis showed a significant correlation 
between the number of interactions and education level 
(p < 0.001), but this was not confirmed by the multivariate 
logistic regression model (Table 3–5).

Analysis of drug interactions by category

The percentage distribution among different categories 
of detected drug interactions was 0.6% in category A, 11.6% 
in category B, 77.9% in category C, 8.7% in category D, and 
1.2% in category X. Further analysis focused on categories 

C, D and X due to their clinical importance and the pos-
sibility/necessity of intervention.

We found that 75.8% of all study participants had ≥1 
interaction from category C, with the highest percentage 
among respondents aged 85–89 years, living in rural areas, 
with primary education, who took ≥10 drugs. Detailed 
percentage data are presented in Supplementary Fig. 1. Fac-
tors predisposing to interactions from category C included 
male sex, a high number of drugs and multimorbidity, 
whereas living in a small city had a protective effect.

The analysis showed that 24.3% of all study participants 
had ≥1 interaction from category D, with the highest 
percentage among respondents aged 85–89 years, liv-
ing in rural areas, with primary education, who took ≥10 
drugs. Detailed percentage data are presented in Supple-
mentary Fig. 2. A high number of drugs taken predisposed 
respondents to  interactions from category D, whereas 
male sex and living in small and big cities had protective 
effects.

We found that 4.3% of all study participants had ≥1 in-
teraction from category X, with the highest percentage 

Table 3. Logistic regression model results for predisposing factors 
to at least 5 drug interactions

Variable OR 95% CI p-value

Sex

Women (ref ) – – –

Men 1.18 0.98–1.43 0.088

Age [years]

65–69 (ref ) – – –

70–74 0.84 0.56–1.27 0.053

75–79 0.68 0.45–1.02 0.792

80–84 0.50 0.32–0.78 0.181

85–89 0.63 0.39–1.01 0.097

90+ 0.94 0.55–1.61 0.702

Education

Primary (ref ) – – –

Secondary/occupational 1.17 0.96–1.43 0.120

Higher 1.16 0.86–1.56 0.334

Charlson Comorbidity Index

2 (ref ) – – –

3–6 4.62 2.67–8.01 <0.001

7+ 13.21 7.40–23.57 <0.001

Residence

Village (ref ) – – –

City <50 M 1.00 0.80–1.25 0.990

City 50–200 M 1.05 0.82–1.34 0.687

City >200 M 1.00 0.77–1.29 0.976

OR – odds ratio; 95% CI – 95% confidence interval; M – 1000; 
ref – reference. Nagelkerke’s R2: 0.11; p < 0.001. The results take into 
account the use of a complex scheme of randomizing respondents. 
The data are presented after weighing the sample in relation 
to the structure of the Polish population aged 65 in 2017.

Table 4. Logistic regression model results for predisposing factors 
to at least 10 drug interactions

Variable OR 95% CI p-value

Gender

Women (ref ) – – –

Men 1.50 1.14–1.96 0.003

Age [years]

65–69 (ref ) – – –

70–74 0.77 0.50–1.20 0.254

75–79 0.94 0.61–1.44 0.763

80–84 0.84 0.54–1.31 0.442

85–89 0.66 0.41–1.06 0.082

90+ 0.66 0.39–1.13 0.133

Education

Primary (ref ) – – –

Secondary/occupational 1.04 0.79–1.38 0.778

Higher 1.06 0.71–1.60 0.764

Charlson Comorbidity Index

2 (ref ) – – –

3–6 11.05 2.63–46.50 0.001

7+ 36.08 8.45–154.09 <0.001

Residence

Village (ref ) – – –

City <50 M 1.02 0.74–1.40 0.915

City 50–200 M 1.15 0.82–1.61 0.420

City >200 M 1.06 0.74–1.51 0.758

OR – odds ratio; 95% CI – 95% confidence interval; M – 1000; 
ref – reference. Nagelkerke’s R2: 0.10; p < 0.001. The results take into 
account the use of a complex scheme of randomizing respondents. 
The data are presented after weighing the sample in relation 
to the structure of the Polish population aged 65 in 2017.
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among the oldest individuals (≥90 years), from large cities, 
with primary education, who took ≥10 drugs. Detailed 
percentage data are presented in Supplementary Fig. 3. Fac-
tors predisposing to interactions from category X included 
a high number of drugs taken and advanced age (≥90 years).

Analysis of drugs being taken

The median value (Q1–Q3) of all drugs consumed was 5 
(4–8); it was slightly higher in men (6 (4–8)) than in women 
(5 (3–8)). Polypharmacy was reported in 63.4% of all in-
dividuals over 65 years of age, whereas EPP was reported 
in 10.4%. The median value (Q1–Q3) was 5 (3–7) for pre-
scription drugs and 1 (0–1) for nonprescription drugs. De-
tailed data concerning the consumption of all drugs are 
presented in Supplemenary Table 1,2.

A qualitative analysis of  pharmacotherapy based 
on the ATC classification showed that older adults most 
often used preparations affecting the cardiovascular sys-
tem, with drugs acting on the renin–angiotensin–aldoste-
rone system being used most often, followed by β-blockers, 

hypolipidemic drugs and diuretics. The 2nd main group 
of drugs were preparations influencing blood and the he-
matopoietic system, including anticoagulants and prepara-
tions used in the treatment of anemia. The 3rd main group 
of drugs included preparations affecting the gastrointesti-
nal tract, such as antidiabetic drugs, followed by prepara-
tions to reduce gastric juice acidity and supplements for 
mineral deficiency. Detailed characteristics of the phar-
macotherapy in relation to the ATC classification are pre-
sented in Supplementary Table 3.

Comorbidities

The median value (Q1–Q3) of the CCI was 4 points (3–6); 
it was 4 points (3–6) in men and 4 points (3–5) in women. 
A result of ≥7 points (estimated chance of 10-year survival 
at level of 0%) was obtained for 16.3% of participants, while 
6 points (2% chance of surviving 10 years) was achieved 
by just over every tenth respondent (11.1%). In comparison, 
a 90% chance of surviving 10 years (2 points) was esti-
mated for 11.7% of all seniors. The distribution of the CCI 
is presented in Supplementary Fig. 4. The most common 
chronic diseases were arterial hypertension, osteoarthritis, 
ischemic heart disease, and diabetes.

Discussion

In its 2019 report, the World Health Organization (WHO) 
underlined that PP is a widespread concern in many coun-
tries around the world.27 In this study, the prevalence of PP 
among people over 65 years was similar to the PP rate 
reported in the national study assessing health conditions 
of elderly Poles – “Polsenior2”.28 The data from both stud-
ies show that more than half of all seniors were taking 
at least 5 or more drugs.

Multimorbidity is a well-documented factor predispos-
ing to PP.6 An average senior in our study group was di-
agnosed with 4 chronic conditions and was being treated 
with 5 drugs. The  most frequently used drug groups, 
as well as the most prevalent chronic diseases in our study, 
were similar to other geriatric populations.29 The literature 
provides a broad and accurate description of the negative 
medical, economic and social consequences of adverse 
drug reactions emerging from polypharmacy and numer-
ous drug interactions. The most dangerous are cogni-
tive impairment, weight loss and malnutrition, falls and 
fractures, rehospitalization, reduced quality of  life, and 
death.30–32

Several studies have been conducted to assess the preva-
lence of drug interactions in older adults using the Lexi-
comp® Drug Interactions Tool. Compared to out study, 
a study in Croatia, which included 354 people over 65 years 
of  age, showed not only a  higher number of  clinically 
important drug interactions but also a higher percent-
age of participants with ≥1 category C (91.2% compared 

Table 5. Logistic regression model results for predisposing factors 
to at least 15 drug interactions

Variable OR 95% CI p-value

Sex

Women (ref ) – – –

Men 1.37 0.89–2.10 0.151

Age [years]

65–69 (ref ) – – –

70–74 1.01 0.51–2.01 0.973

75–79 0.98 0.49–1.95 0.947

80–84 0.92 0.46–1.87 0.825

85–89 0.75 0.35–1.60 0.458

90+ 0.44 0.17–1.15 0.093

Education

Primary (ref ) – – –

Secondary/occupational 1.41 0.89–2.22 0.144

Higher 1.42 0.75–2.67 0.282

Charlson Comorbidity Index

2 (ref ) – – –

3–6 4804075.21 0.00–Inf 0.975

7+ 14383699.59 0.00–Inf 0.974

Residence

Village (ref ) – – –

City <50 M 1.01 0.60–1.70 0.974

City 50–200 M 1.12 0.65–1.94 0.690

City >200 M 1.53 0.90–2.61 0.116

OR – odds ratio; 95% CI – 95% confidence interval; M – 1000; 
ref – reference; Inf – infinite. Nagelkerke’s R2: 0.08; p < 0.001. The results 
take into account the use of a complex scheme of randomizing 
respondents. The data are presented after weighing the sample 
in relation to the structure of the Polish population aged 65 in 2017
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to 75.8%), category D (50.8% compared to 24.3%) and cat-
egory X interactions (9.1% compared to 4.3%). These dif-
ferences may be explained by the fact that the Croatian 
respondents were inpatients, and the analysis considered 
medications upon hospital discharge. In contrast, the par-
ticipants in our study were home-dwelling adults, presum-
ably with relatively lower morbidity.

In a study conducted in Bulgaria, 248 participants di-
agnosed with heart failure (New York Heart Association 
(NYHA) class 2–4) were assessed for drug interactions 
upon hospital discharge. The number of all detected drug 
interactions (categories A, B, C, D, and X) was higher than 
that determined in our study. In both studies, the number 
of category D interactions was similar; however, our popu-
lation was characterized by a higher occurrence of cat-
egory X interactions.34 These differences may be explained 
by the inclusion of younger adults (aged <60 years, 15% 
of the study cohort) in the Bulgarian research.

A study in Slovenia on a group of 243 adults over 65 years 
old in an ambulatory setting with a diagnosed cardiovascu-
lar disease (according to the ICD-10 classification) revealed 
a higher percentage of the most dangerous drug interac-
tions (category X) than that in our study (16.5% compared 
to 4.3%).35 This difference could be explained by the fact 
that the authors included only older adults with EPP (≥10 
drugs) who carried a greater risk of drug interactions than 
participants who were taking fewer drugs.

Data on the frequency of possible drug interactions as-
sessed with an automated analysis program concerning 
the Polish geriatric population are lacking. To our knowl-
edge, this is the first study to report the prevalence of drug 
interactions using the Lexicomp® Drug Interactions Tool.

Our findings indicate that there is a significant correla-
tion between the increasing number of interactions and 
the high number of drugs taken, advanced age, primary 
level of education, living in rural areas, and multimorbid-
ity. The influence of age and the number of drugs taken 
on the frequency of drug interactions has already been 
documented, and our results are consistent with the cur-
rent literature.14,36–38 Studies defining a direct relationship 
between drug interactions and level of education are lack-
ing. However, the connection between low educational at-
tainment and polypharmacy,39 noncompliance with treat-
ment40 and less positive beliefs toward medication41 has 
been confirmed, which may explain the more frequent 
prevalence of drug interactions in our study. An increased 
risk of drug interactions in older adults from rural areas 
has been observed in other studies,42 but the reasons are 
unclear. Presumably, areas with a larger population have 
greater access to healthcare and academic medical centers, 
which may lead to a lower prevalence of drug interactions.43 
Finally, the results of the multivariate logistic regression 
model showed that the strongest predisposing factor to drug 
interactions was multimorbidity, which has been observed 
in other populations.44,45

Limitations

There are some limitations that need to be acknowl-
edged and addressed regarding the present study. The use 
of an automatic interaction analysis system led to low spec-
ificity.46,47 Furthermore, unlike the START/STOPP crite-
ria, the Beers criteria or the FORTA list, we were not able 
to fully address the clinical context of the detected drug in-
teractions. This is particularly important in older patients 
with multiple morbidities who require multidrug regimens 
to treat chronic diseases in accordance with the guidelines 
of evidence-based medicine. Finally, the clinical picture 
of drug interactions consists not only of drug–drug inter-
actions but also drug–diet, drug–disease and drug–patient 
interactions,48–50 which we did not investigate.

Conclusions

Our study delivers up-to-date data from a representative 
sample of older, home-dwelling adults in Poland. Despite 
being based on theoretical knowledge, our results high-
light the important problem of possible drug interactions 
in the Polish geriatric population, which constitutes a ma-
jor challenge for clinicians and disrupts the therapeutic 
process. Tools supporting the identification of patients with 
inappropriate polypharmacy51 should be further developed 
and popularized in the healthcare community, along with 
other preventive measures, such as  systematic reviews 
of pharmacotherapy and support from clinical pharma-
cologists. Future studies are needed to assess the clini-
cal context of drug interactions detected with automated 
analysis systems.
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Abstract
Background. Previous studies have shown that the chloride intracellular channel 1 (CLIC1) protein is overex-
pressed in oral squamous cell carcinoma (OSCC) and nasopharyngeal carcinoma. Patients with these diseases 
had significantly higher CLIC1 plasma levels than healthy controls.

Objectives. To determine the plasma concentration of CLIC1 in patients with OSCC and laryngeal squamous 
cell carcinoma (LSCC).

Materials and methods. We collected blood samples from patients diagnosed with OSCC (n = 13) and 
LSCC (n = 7), as well as from healthy controls (n = 8). The blood samples were centrifuged to obtain plasma 
and stored at −80°C. The CLIC1 plasma concentration was determined using enzyme-linked immunosorbent 
assay (ELISA).

Results. The mean CLIC1 plasma concentration was higher in the OSCC group than in the LSCC and control 
groups. Patients with OSCC and nodal metastases had significantly higher CLIC1 plasma concentration levels 
than nonmetastatic patients (p < 0.0001; Tukey’s multiple comparisons test) and controls (p = 0.0004). 
The CLIC1 concentration correlated significantly with the presence of nodal spread (p = 0.0003; Spearman’s 
r = 0.8613) and overall TNM staging (p = 0.0167; Spearman’s r = 0.6620). No differences in CLIC1 plasma 
levels were observed between the LSCC and control groups. The CLIC1 plasma concentration was not as-
sociated with age, sex, tumor stage, or tumor grade.

Conclusions. There were no differences in CLIC1 plasma concentration between healthy controls and patients 
with LSCC. However, our findings suggest that the presence of this protein in plasma may be associated with 
lymphatic metastasis in patients with OSCC. More research is needed to confirm this possible association.

Key words: HNSCC, oral squamous cell carcinoma, OSCC, CLIC1, cancer plasma marker
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Background

Head and neck squamous cell carcinoma (HNSCC) 
is a common malignancy with a poor prognosis. It is esti-
mated that HNSCC accounts for more than 750,000 cases 
and 340,000 deaths annually worldwide.1 Currently, there 
are only 2 widely accepted prognostic biomarkers for HN-
SCC, namely human papillomavirus (HPV) infection/p16 
expression and programmed death-ligand 1 (PD-L1) ex-
pression.2 Further research on the biological factors associ-
ated with HNSCC progression, recurrence and metastases 
is an important aim of contemporary oncology.

Numerous studies have evaluated biomarkers for 
the  early diagnosis of  cancer and to  actively monitor 
treatment response. Recently, ion channels are being in-
vestigated as biomarkers of various diseases, including 
cancer.3 Ion channels are integral membrane proteins 
present on the plasma membrane and within intracellular 
membranes. In the human genome, there are more than 
400 genes encoding ion channel proteins.3

The chloride intracellular channel 1 (CLIC1) protein, 
which is representative of the chloride ion channel fam-
ily, is one such biomarker. The CLIC1 is present in cells 
in both membrane and soluble forms.4,5 It is widely dis-
tributed throughout the body and can be found in vari-
ous epithelial tissues in apical domains.6 This protein 
is involved in mitogen-activated protein kinase (MAPK) 
signaling pathways as well as in carcinogenic processes.7–9 
The CLIC1 is also considered to be a sensor and effec-
tor during oxidative stress in microglial cells.10 The role 
of CLIC1 has been determined in several cancers, such 
as gallbladder cancer, glioblastoma multiforme, gastric 
cancer, colon cancer, ovarian cancer, breast cancer, liver 
cancer, pancreatic cancer, and others.3,7

Recent findings have shown that CLIC1 is overexpressed 
in patients with oral squamous cell carcinoma (OSCC) and 
is associated with a poor prognosis.7 Cell culture stud-
ies have shown that CLIC1 promotes cell viability, prolif-
eration, migration, and invasion, as well as in vitro cell-
mediated angiogenesis, in OSCC cells.8 Although CLIC1 
tissue activity has been identified in several cancer types,7 
elevated plasma levels have only been confirmed in 2 can-
cer types, namely nasopharyngeal carcinoma and OSCC.11

A cell culture study reported that the CLIC1 gene is up-
regulated in laryngeal squamous cell carcinoma (LSCC).12 
Another cell culture study found that CLIC1 suppression 
results in an increased radiosensitivity of laryngeal cancer 
cells.13 However, CLIC1 plasma levels in laryngeal cancer 
have yet to be determined.

Objectives

This prospective study was performed to  measure 
the  concentration of  CLIC1 in  plasma obtained from 
patients diagnosed with LSCC and OSCC in  order 

to determine whether this protein could serve as a poten-
tial biomarker in patients with HNSCC.

Materials and methods

Patients

The study group consisted of 20 patients (14 males and 
6 females), with a mean age of 62.7 ±7.95 years (range: 
48–75 years). All patients were histologically diagnosed 
with either oral or  laryngeal HNSCC (Table 1). Patho-
logical tumor staging was performed according to the 8th 
edition of the TNM classification published by the Union 
for International Cancer Control (UICC).14 Patients were 
prospectively recruited between November 2019 and Au-
gust 2020 at the Department of Head and Neck Surgery 
at Poznan University of Medical Sciences and the Greater 

Table 1. Study group characteristics

Characteristics Total (n = 28)

Cancer patients (n = 20)

Age

M ±SD 62.7 ±7.95

Median 63

Range 48–75

Sex

Male 14

Female 6

T-stage

T1 3

T2 6

T3 7

T4 4

N-stage

N0 11

N1 1

N2 7

N3 1

Anatomical site

Larynx 7

Oral cavity 13

Healthy individuals (n = 8)

Age

M ±SD 65.8 ±3.93

Median 67

Range 60–72

Sex

Male 5

Female 3

M ±SD – mean ± standard deviation; T – tumor; N – lymph node.
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Poland Cancer Centre in Poznań, Poland. Blood samples 
from patients with primary tumors were collected prior 
to the surgical treatment. The control group consisted 
of 8 healthy age- and sex-matched volunteers.

We measured and compared CLIC1 plasma concentra-
tions in 4 groups: LSCC, OSCC, HNSCC (all patients from 
the LSCC and OSCC groups combined), and healthy controls.

The study protocol was in compliance with the Decla-
ration of Helsinki and approved by the Ethics Commit-
tee of Poznan University of Medical Sciences (decision 
No. 598/19). Written informed consent was obtained from 
the participating individuals.

Exclusion criteria

Patients with any of the following were excluded from 
the study: second primary tumor, local recurrence, previ-
ous treatment with chemotherapy or radiotherapy, and 
positive HPV status.

Sample preparation

Blood samples were collected preoperatively following 
a standardized protocol. Plasma samples were prepared 
by collecting blood in ethylenediaminetetraacetic acid 
(EDTA) tubes and centrifuging them at 2000 g for 20 min 
at 4°C. After centrifugation, the plasma samples were ap-
portioned into 0.5 mL aliquots and stored at −80°C for 
further analysis.

Enzyme-linked immunosorbent assay

The CLIC1 protein levels in plasma were measured with 
the Human CLIC1 enzyme-linked immunosorbent assay 
(ELISA) Kit (cat. No. orb438684; Biorbyt, Cambridge, UK), 
according to the manufacturer’s instructions. Each sample 
was evaluated 3 times in order to confirm the consistency 
of the test. Briefly, 100 µL of samples and standards were 
added to  the  wells of  microtiter plates pre-coated with 
anti-CLIC1 antibody and were incubated for 2 h at 37°C. 
The samples were removed, and 100 µL of biotin-conjugated 
detection antibody was added. The plates were incubated for 
1 h at 37°C and washed 3 times with 1× Wash Solution (Bior-
byt). Next, 100 µL of avidin conjugated to horseradish peroxi-
dase (HRP) was added to each microplate well and incubated 
for 1 h at 37°C. The plate wells were washed 5 times using 
1× Wash Solution, and 90 µL of tetramethylbenzidine peroxi-
dase substrate was added. After 25 min of incubation at 37°C, 
the reaction was terminated with adding sulfuric acid solu-
tion. An automated plate reader (Multiskan™ FC Microplate 
Photometer; Thermo Fisher Scientific, Waltham, USA) was 
used to measure the absorbance at 450 nm. The CLIC1 levels 
were determined using a standard curve.

Statistical analyses

The GraphPad Prism v. 8 software program (GraphPad 
Software, San Diego, USA) was used to perform the sta-
tistical analyses. The value of p < 0.05 was considered sta-
tistically significant. The Kolmogorov–Smirnov normality 
test was performed to check for distribution normality. 
The Student’s t-test, Kruskal–Wallis test, Dunn’s multiple 
comparisons test, and Tukey’s multiple comparisons test 
were used to calculate the differences in CLIC1 plasma lev-
els between the groups. The Spearman’s rank correlation 
coefficient was used to calculate the correlation between 
CLIC1 plasma concentration and TNM staging.

Results

Tumor

We found no significant differences in CLIC1 concen-
tration levels between the HNSCC patients and the con-
trols (p = 0.6178; unpaired t-test), nor between the OSCC 
(p  =  0.7023), LSCC (p  =  0.7295) and control groups 
(p = 0.9973; Tukey’s multiple comparisons test) (Fig. 1A,B). 
The tumor stage was not correlated with the CLIC1 con-
centration (p = 0.9749; Kruskal–Wallis test) (Fig. 1C).

Lymph node metastases

The CLIC1 plasma concentration was significantly higher 
in OSCC patients with nodal metastases than in non-
metastatic patients (p < 0.0001) and controls (p = 0.0004; 
Tukey’s multiple comparisons test) (Fig. 1D). The CLIC1 
plasma concentration was significantly correlated with 
the presence of nodal metastases in the HNSCC group 
(p = 0.0043; Spearman’s r = 0.6098) and the OSCC group 
(p = 0.0003; Spearman’s r = 0.8613)(Fig. 1D, Fig. 2A–C).

TNM staging

The TNM stage correlated significantly with the CLIC1 
plasma concentration in  the OSCC group (p = 0.0167; 
Spearman’s r = 0.6620). In the HNSCC group, there was 
a nonsignificant trend toward the correlation (p = 0.0860; 
Spearman’s r = 0.3936).

Grading

Tumor grade was not correlated with CLIC1 concentra-
tion in the HNSCC, OSCC or LSCC groups (p = 0.1356, 
p = 0.2923 and p = 0.7597, respectively; Kruskal–Wallis 
test) (Fig. 2D–F).
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Patient characteristics

The mean and median CLIC1 concentration levels were 
higher among women but the results were not statisti-
cally significant (p = 0.2761; unpaired t-test) (Fig. 2G,H). 
Age was not correlated with CLIC1 plasma concentration 
(p = 0.9349; Kruskal–Wallis test) (Fig. 2I).

Discussion

In this study, we measured CLIC1 plasma concentra-
tions in patients with oral and laryngeal cancer and healthy 
controls. The  mean CLIC1 plasma concentration was 
higher in the OSCC group than in the LSCC and control 
groups, but the results were not statistically significant. 
Patients with metastatic OSCC had significantly higher 
CLIC1 plasma concentrations than nonmetastatic patients 

(p < 0.0001). The CLIC1 concentration was significantly 
correlated with nodal metastases (p = 0.0003; Spearman’s 
r = 0.8613) and overall TNM stage (p = 0.0167; Spearman’s 
r = 0.6620). No differences in CLIC1 plasma levels were ob-
served between the LSCC and control groups. The CLIC1 
plasma concentration was not associated with age, sex, 
tumor stage, or tumor grade. These findings suggest that 
plasma CLIC1 concentration could be a useful biomarker 
in patients with OSCC but not in those with LSCC.

The  CLIC family comprises 6  proteins (CLIC1–
CLIC6).3,15 Other members of the CLIC family have also 
been investigated as  molecular targets in  oncology.16 
Karsani et al. found an association between CLIC1 and 
the development and progression of OSCC.17 Other stud-
ies have suggested that CLIC1 is  involved in numerous 
cancers (nasopharyngeal, esophageal, stomach, liver, 
pancreatic, colorectal, lung, breast, gallbladder, prostate, 
ovarian, and brain cancers).11,18–28 Two studies reported 

Fig. 1. A. CLIC1 plasma concentration 
in patients with oral cancer, laryngeal 
cancer and control group; B. CLIC1 plasma 
concentration in patients with head and 
neck squamous cell carcinoma (HNSCC) 
compared to controls; C. HNSCC patients 
compared to the control group); D. CLIC1 
plasma concentration in patients with non-
metastatic (N0) and metastatic (N2–N3) oral 
cancer compared to controls; *** p = 0.0004, 
**** p < 0.0001 (Tukey’s multiple comparisons 
test)
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a  possible association between CLIC1 and laryngeal 
cancer.12,13 In the present study, we investigated plasma 
CLIC1 concentration in patients with LSCC and found 

that the plasma CLIC1 concentration in these patients was 
similar to the healthy controls. These results suggest that 
further study of CLIC1 as a potential biomarker of LSCC 

Fig. 2. A. CLIC1 plasma concentration by metastatic lymph node (N) stage in patients with HNSCC compared to controls; * p = 0.0463 (Dunn’s multiple 
comparisons test); B. CLIC1 plasma concentration in patients with non-metastatic (N0) and metastatic (N1–N3) HNSCC compared to controls; ** p = 0.006 
(Tukey’s multiple comparisons test); C. CLIC1 plasma concentration in patients with non-metastatic (N0) and metastatic (N1–N2) laryngeal cancer compared 
to controls; D. CLIC1 plasma concentration by grading in HNSCC patients; E. CLIC1 plasma concentration by grading in oral cancer patients; F. CLIC1 plasma 
concentration by grading in laryngeal cancer patients; G. CLIC1 plasma concentration by gender in HNSCC patients; H. CLIC1 plasma concentration 
by gender in oral cancer patients; I. CLIC1 plasma concentration by age group
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may not be beneficial. However, this biomarker may be 
useful in patients with OSCC, given the higher specificity 
of raised CLIC1 plasma levels in these patients. It is im-
portant to note that the plasma expression of this protein 
is also elevated in nasopharyngeal carcinoma, which was 
not investigated in this study.11

The  lack of  significant differences in  CLIC1 plasma 
levels between the OSCC and control group may be due 
to the small sample size of the study (13 patients with 
OSCC and 8 healthy controls). However, the CLIC1 plasma 
concentration was significantly correlated with TNM stag-
ing, a finding that is in line with a previous report by Xu 
et al.7 Nonetheless, this correlation was only significant 
for nodal staging (N), not tumor staging (T).

Xu et al. did not observe any correlation between the CLIC1 
expression and the presence of metastatic lymph nodes 
in patients with OSCC.7 By contrast, Feng et al. found that 
the upregulation of CLIC1 was associated with the viability 
and proliferation of OSCC cells.8 In that study, silencing 
of CLIC1 inhibited these processes and promoted apopto-
sis. We found a strong correlation (p = 0.0003; Spearman’s 
r = 0.8613) between CLIC1 plasma concentration and met-
astatic nodal staging, a finding that may have diagnostic 
and prognostic implications.

The role of CLIC1 in metastatic lesions has been in-
vestigated in other cancer types. One study revealed that 
CLIC1 knockdown inhibits gallbladder cancer metastasis 
by reducing migration and invasion of cells.21 Other studies 
have demonstrated that the expression of CLIC1 is corre-
lated with metastatic spread in colon9 and breast cancers,28 
as well as with nodal dissemination in gastric cancer.19

The CLIC1 plasma expression in patients with OSCC 
tends to change during the course of cancer treatment, 
which suggests that this protein could potentially play 
a  valuable role in  monitoring treatment response. 
In the study by Xu et al., CLIC1 concentration levels were 
lower in patients who underwent tumor resection than 
in those with ongoing disease.7 Relevantly, tumor resection 
followed by adjuvant chemotherapy lowered plasma CLIC1 
expression levels even further.7 According to Feng et al., 
CLIC1 knockdown increased the susceptibility of OSCC 
cells to cisplatin.8

Limitations

This study has several limitations, mainly the  small 
patient population and the use of an ELISA test based 
on a single kit only, which could explain the lack of signifi-
cant intergroup differences in some of the comparisons.

Conclusions

This study demonstrates that the CLIC1 plasma concen-
tration is associated with metastatic nodal spread in pa-
tients with OSCC and, consequently, with overall TNM 

stage. These findings suggest that CLIC1 could be a feasible 
plasma biomarker to diagnose and monitor patients with 
oral cancer with nodal involvement. However, these find-
ings need to be confirmed in larger studies.
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Abstract
Background. Orthodontic tooth movement is linked to alveolar bone reconstruction.

Objectives. As a regulator of cell proliferation, insulin-like growth factor 1 (IGF-1) plays an important role 
in osteoporotic fracture healing. This study aims to investigate the effect of IGF-1 on alveolar bone remodel-
ing in diabetic rats.

Materials and methods. Sprague Dawley (SD) rats were randomly divided into 3 groups, including a control 
group, a model group established with streptozotocin (STZ) injection to prepare the diabetic rats (type 1 
diabetes), and an IGF-1 group of diabetic rats receiving daily intraperitoneal injections of 1.0 mg/kg IGF-1. 
Nickel-titanium coil springs were used to pull the first molar forward to establish the model. The maxillary 
first to third molars and the surrounding alveolar bone were collected to measure tooth movement distance. 
Hematoxylin and eosin (H&E) staining was applied to detect the pathological changes in the periodontal tissue. 
Real-time polymerase chain reaction (PCR) and western blot were adopted to measure bone morphogenetic 
protein 2 (BMP-2) mRNA and protein expression. Enzyme-linked immunosorbent assays (ELISAs) were used 
to measure interleukin-1α (IL-1α) levels in the serum.

Results. The tooth movement distance was significantly decreased, BMP-2 expression was downregulated, and 
IL-lα levels were enhanced in the model group compared to the control group (p < 0.05). However, the tooth 
movement distance was increased, BMP-2 expression was increased, and IL-lα levels were reduced in the IGF-1 
group compared to the model group (p < 0.05). Hematoxylin and eosin staining showed that alveolar bone 
destruction was attenuated in the IGF-1 group, while the new bone was not active in the model group.

Conclusions. Diabetes can damage alveolar bone remodeling in orthodontic tooth movement. The IGF-1 
promotes alveolar bone remodeling by inhibiting inflammation and upregulating BMP-2 expression.
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Background

The teeth are fixed in  the alveolar fossa by attach-
ing to the alveolar bone via the periodontal ligament. 
The  orthodontic process is  aimed at  the  correction 
of  teeth and removal of  malocclusions, and depends 
on  the  usage of  correction devices inside or  outside 
the mouth.1,2 It adjusts dental deformities and coordi-
nates facial bone, maxillofacial, teeth, nerve, and muscle 
realignment. Moreover, it corrects the abnormal state 
between the upper and lower teeth, the upper and lower 
jaw, the  teeth and the  jaws, as well as  the nerves and 
muscles, to  ensure the  balance, stability and beauty 
of the stomatognathic system.3,4 Through a corrective 
force on  the  teeth, alveolar bone and jaw, the device 
makes the misaligned teeth physically move to achieve 
a normal alignment and more natural beauty.5 People 
in many countries are more and more aware of the im-
portance of aesthetic teeth and oral health, an in con-
sequence the number of orthodontic patients continues 
to rise year after year.6 Alveolar bone reconstruction 
is critical in orthodontic tooth movement and the si-
multaneous changes in  periodontal tissue caused 
by  the  tooth movement.6,7 Identifying the key factors 
in alveolar bone remodeling is beneficial in accelerating 
the orthodontic process. Acceleration of alveolar bone 
remodeling can be assisted by surgery, drugs and other 
treatment strategies.8 Periodontal disease, caries and 
other risks may escalate due to factors such as difficult 
physiological transformation, poor regeneration ability, 
and longer time required for adult alveolar bone recon-
struction.9,10 Therefore, speeding up orthodontic tooth 
movement and shortening the orthodontic treatment 
time is crucial.

Diabetes mellitus (DM) can lead to metabolic disorders 
of minerals, in which increased blood glucose further ag-
gravates vitamin, bone and other metabolic disorders.11 
A deficiency of insulin-like growth factor 1 (IGF-1) and 
other growth factors induces a variety of diabetic com-
plications.12,13 Diabetes mellitus causes delayed union 
of the fracture, mainly due to the occurrence of diabetic 
osteopenia, which further increases the difficulty of adult 
orthodontics.14 Insulin-like growth factor 1 is  an  im-
portant bioactivity factor that plays an important role 
in  the healing of osteoporotic fractures.15,16 However, 
the effect of IGF-1 on alveolar bone remodeling and bone 
morphogenetic protein 2 (BMP-2) expression in orth-
odontic tooth movement in diabetic rats has not been 
reported.

Objectives

Through establishing a type 1 diabetic rat model, this 
study investigated the influence of IGF-1 on alveolar bone 
remodeling.

Materials and methods

Experimental animals

A total of  60  healthy male Sprague Dawley (SD) rats 
at 3 months of age and weighing 250 ±30 g were acquired 
from the experimental animal center at the Harbin Medical 
University, China. The feeding conditions included a tem-
perature of 21 ±1°C, humidity of 50–70%, and a 12-hour day/
night cycle.

The experiments on rats used for the experiments were 
approved by the Animal Ethics Committee of the Forth 
Affiliated Hospital of Harbin Medical University, China 
(approval No. ZWLLSC-08).

Main reagents and instruments

Streptozotocin (STZ) was purchased from Sigma-Al-
drich (St. Louis, USA). Trizol reagents were bought from 
Invitrogen (Shanghai, China). Polyvinylidene fluoride 
(PVDF) membranes were obtained from Pall Life Sci-
ences Inc. (Port Washington, USA). Western blot-related 
chemical reagents were obtained from Beyotime (Shang-
hai, China). Enhanced chemiluminescence (ECL) reagents 
were provided by Amersham Biosciences (Amersham, UK). 
Mouse anti-rat BMP-2 monoclonal antibodies and goat 
anti-mouse horseradish peroxidase (HRP)-labeled immu-
noglobulin G (IgG) secondary antibodies were purchased 
from Cell Signaling Technology (Danvers, USA). The RNA 
extraction kits and reverse transcription kits were bought 
from Axygen (Union City, USA). Interleukin-1α (IL-1α) 
enzyme-linked immunosorbent assay (ELISA) kits were 
obtained from R&D Systems (Minneapolis, USA). Rat urine 
protein detection reagents were obtained from Beijing Fu-
rui Bioengineering Company (Beijing, China). The Lab-
system v. 1.3.1 microplate reader was provided by Bio-Rad 
Laboratories (Hercules, USA). The ABI 7700 Fast Fluores-
cence Quantitative PCR was purchased from ABI (Foster 
City, USA). The DNA amplifier PE Gene Amp PCR Sys-
tem 2400 was purchased from Perkin Elmer (Waltham, 
USA). An electronic blood glucose meter was purchased 
from Advantage (Indianapolis, USA). Surgical equipment 
was purchased from the Suzhou Medical Equipment Fac-
tory (Suzhou, China). A surgical microscope was bought 
from the Jiangsu Zhenjiang Optical Instrument Company 
(model LZL-21; Zhenjiang, China). Automatic Biochemis-
try Analyzer BK-200 (Shandong Boke Biological Industry, 
Jinan, China) was used. Urine glucose test paper was ob-
tained from the Pearl River Biochemical Reagents Com-
pany (Guangzhou, China). Other commonly used reagents 
were purchased from Sangon Biotech (Shanghai, China).

Grouping

Sixty SD rats were randomly and equally divided 
into 3 groups, including a control group, a model group 
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established by injecting STZ to prepare a diabetic rat, and 
an IGF-1 group, in which diabetic rats received daily intra-
peritoneal injections of 1.0 mg/kg IGF-1.

DM model preparation

Diabetes mellitus rats were used for modeling after adap-
tive breeding for 1 week. The rats fasted for 12 h and re-
ceived 1% STZ solution as a single intraperitoneal injection 
using a dose of 60 mg/kg. Blood and urine glucose levels 
were tested after 48 h. Blood glucose > 16.7 mmol/L and 
urine glucose above +++ (>55.0 mmol/L) were considered 
successful modeling.17

Establishment of rat orthodontics model

The rats were anesthetized with 10% chloral hydrate via 
intraperitoneal injection and fixed. Next, a 0.2-mm concav-
ity was ground into the distal axis angle of bilateral upper 
jaws, the lips, the tongue, and the gingival margin between 
the mesial surface of the first molar and the axial angle. 
Nickel-titanium coil springs were measured for the initial 
length out of the mouth and remeasured within the mouth 
after force proofing to ensure their accuracy. Then, the coil 
springs were fixed in the concave by a 0.2-mm ligation wire 
and 50 g of force was added to both sides to pull the first 
molar forward.18

Specimen collection

The rats were euthanized on the 16th day after treatment. 
Aorta blood was collected and stored at room tempera-
ture for 30 min. Then, the blood was centrifuged at 3600 
rpm for 10 min at 4°C and the serum was stored at −20°C. 
The specimens of bilateral maxillary first to third molars 
and surrounding alveolar bone were collected and fixed 
in 4% paraformaldehyde for 24 h. After measuring the dis-
tance of the experimental tooth movement, the specimens 
were decalcified using a 10% ethylenediaminetetraacetic 
acid (EDTA) solution.

ELISA

Enzyme-linked immunosorbent assay was used to test 
IL-1α content in the supernatant. A total of 50 μL of diluted 
standard substance were added into each well to estab-
lish a standard curve. Next, a 50-μL sample was added 
to the plate and washed 5 times. Then, 50 μL of conjugate 
reagent were added and incubated at 37°C for 30 min. After 
being washed 5 times, 50 μL of color agents A and B were 
added and incubated at 37°C for 30 min in the dark, fol-
lowed by the addition of 50 μL of buffer to stop the reaction 
and subsequent measurement of the optical density (OD) 
value at a wavelength of 450 nm. The OD value of the stan-
dard substance was used to prepare the linear regression 

equation, which was adopted to calculate the concentra-
tion of samples.

Real-time PCR

Total RNA was extracted from alveolar bone and re-
versely transcribed into cDNA. The  primers were de-
signed using Primer Premier v. 6.0 software (PREMIER 
Biosoft, San Francisco, USA) based on the mRNA sequence 
(BMP-2: accession number: NM_017178.1 and glyceral-
dehyde-3-phosphate dehydrogenase (GAPDH): accession 
number: NM_017008.4) and synthesized by Invitrogen 
(Table 1). Using SYBR Green qPCR SuperMix, the real-
time polymerase chain reaction (PCR) was performed 
at 56°C for 1 min, followed by 35 cycles at 92°C for 30 s, 
35 cycles at 58°C for 45 s, and 35 cycles at 72°C for 35 s. 
Glyceraldehyde-3-phosphate dehydrogenase was selected 
as an internal reference. The relative expression of mRNA 
was calculated using the 2−ΔΔCT method.

Western blot

Radioimmunoprecipitation assay (RIPA) lysis buffer 
was added to the alveolar bone and cracked on  ice for 
15–30 min. Next, the tissue was treated 4 times with ul-
trasound lasting 5 s, and centrifuged at 10,000 g for 15 min. 
The protein was transferred to a new Eppendorf (Ep) tube 
and quantified using the Bradford method. The protein 
was separated using 10% sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) and transferred 
to a PVDF membrane using 100 mA for 1.5 h. After block-
ing with 5% skim milk for 2 h, the membrane was incu-
bated with BMP-2 antibodies (1:2000) at 4°C overnight. 
Then, the membrane was incubated with HRP-conjugated 
goat anti-rabbit secondary antibody (1:2000) at room tem-
perature for 30 min. After that, the ECL reagent was added 
to the membrane and incubated for 1 min, followed by ex-
posure. The film was scanned using Quantity One soft-
ware (Bio-Rad Laboratories) and analyzed with a protein 
image processing system. Four independent experiments 
were performed for each assay.

Hematoxylin and eosin staining

The alveolar bone tissue was decalcified in 10% EDTA, 
dehydrated in ethanol, dewaxed with xylene, embedded 
in paraffin, and stained with hematoxylin and eosin (H&E). 
At last, the samples were observed under a light micro-
scope (Olympus BX51; Olympus Corp., Tokyo,  Japan).

Table 1. Primer sequences

Gene Forward 5’-3’ Reverse 5’-3’

GAPDH AGTACCAGTCTGTTGCTGG TAATAGACCCGGATGTCTGGT

BMP-2 TGCACCTACTCTCGATCCAT GTGTAGGACCTCATACCTT
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Statistical analyses

The R software package v. 3.6.1 (R Foundation for Sta-
tistical Computing, Vienna, Austria) was used for statis-
tical analyses of all the data, and the Shapiro–Wilk test 
was used to evaluate the normality of the data. The re-
sults were shown in Supplementary Table 1. A value 
of p > 0.05 indicates that the orthodontic tooth movement 
distance, BMP-2 mRNA expression, BMP-2 protein ex-
pression, and serum IL-1α levels all conformed to a nor-
mal distribution and are expressed as a mean ± standard 
deviation. In addition, the Levene’s test was consistent 
with the homogeneity of variance of normally distributed 
data; the results of the Levene’s test are shown in Supple-
mentary Table 2. One-way analysis of variance (ANOVA) 
and the  Tukey’s post hoc test were used to  compare 
the differences between the groups, degrees of freedom 
(df) = K–1, where K is the number of groups. The p-value 
smaller than 0.05 indicated statistically significant dif-
ferences between the groups.

Results

Orthodontic tooth movement distance

The comparison results of orthodontic tooth movement 
distances are shown in Fig. 1 and Table 2. Under the action 
of orthodontic force, the tooth movement distance of the 3 
groups gradually increased. A comparison of tooth move-
ment distances between the control group, model group 
and IGF-1 group was performed using ANOVA and Tukey’s 
post hoc test. The results showed that F = 389.40, p < 0.001, 
df = 2, and the difference between the 3 groups was statisti-
cally significant. The results of the Tukey’s post hoc tests 
are shown in Supplementary Table 3. The tooth movement 
distance in the model group (0.3 ±0.06 mm) was signifi-
cantly shorter than in the control group (0.8 ±0.05 mm, 
p < 0.001). Compared to the model group, the distance 
in the IGF-1 group significantly increased (0.62 ±0.06 mm, 
p < 0.001). The tooth movement distance in the IGF-1 
group was significantly shorter than in the control group 
(p < 0.001).

Histological analysis with H&E staining

The rats in each group showed periodontal membrane 
narrowing and alveolar bone resorption on the pressure 
side. Increased bone deposits and new bone formation 
were found in  the  bone resorption pit on  the  tension 
side of the control group. The number of osteoclasts in-
creased in the model group. Osteoclasts were decreased 
in the IGF-1 group and the periodontal and dental tissue 
began to repair. A small number of osteoblasts were seen 
arranged in the IGF-1 group (Fig. 2).

BMP-2 mRNA expression

Real-time PCR was used to detect BMP-2 mRNA ex-
pression in rat alveolar bone, and the results are shown 
in Fig. 3 and Table 3. The BMP-2 mRNA expression levels 
in the control group, model group and IGF-1 group were 
compared using one-way ANOVA and Tukey’s post hoc 
test (F = 270.52, p < 0.001, df = 2), and the differences 
among the 3 groups were statistically significant. The re-
sults of the Tukey’s post hoc test are shown in Supplemen-
tary Table 4. The BMP-2 mRNA expression in the model 

Fig. 1. Orthodontic tooth movement distance. Comparison between 
the model group and the control group, *p < 0.001; the insulin-like 
growth factor 1 (IGF-1) group and the control group, *p < 0.001; the IGF-1 
group compared with the model group, #p < 0.001. The upper and 
lower boundaries of the main body of the box diagram are the upper 
and the lower quartile, the horizontal line in the middle is the median, 
the whiskers extend to a maximum of 1.5 × interquartile range (IQR) 
beyond the box, and the black dots represent outliers

Table 2. Orthodontic tooth movement distance

Group n Orthodontic tooth movement distance [mm] F df p-value

Control group 20 0.80 ±0.05

389.395 2 <0.001Model group 20 0.30 ±0.06

IGF-1 group 20 0.62 ±0.06

IGF-1 – insulin-like growth factor 1; df – degrees of freedom.
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group (0.53 ±0.06) was significantly lower than in the con-
trol group (0.96 ±0.06, p < 0.001). However, compared with 
the model group, BMP-2 mRNA expression in the IGF-1 
group was significantly increased (0.8 ±0.05, p < 0.001), 
and the BMP-2 mRNA expression in the IGF-1 group was 
significantly lower than in the control group (p < 0.001).

BMP-2 protein expression

Western blot was used to detect the expression of BMP-2 
protein in rat alveolar bone, and the results are presented 
in Fig. 4 and Table 4. The expression levels of BMP-2 pro-
tein in the control group, model group and IGF-1 group 
were compared using one-way ANOVA and Tukey’s post 
hoc test (F = 224.54, p < 0.001, df = 2), and the differences 
among the 3 groups were statistically significant. The results 
of the Tukey’s post hoc test are shown in Supplementary 
Table 5. The expression of BMP-2 protein in the model group 
(0.72 ±0.07) was significantly lower than in the control group 
(1.2 ±0.08, p < 0.001). However, BMP-2 protein expression 
in the IGF-1 group (0.91 ±0.06) was significantly higher than 
in the model group (p < 0.001), and in the IGF-1 group it was 
significantly lower than in the control group (p < 0.001).

Fig. 2. Histological changes observed using hematoxylin and eosin (H&E) staining (×200 magnification)

IGF-1 – insulin-like growth factor 1.

Fig. 3. Bone morphogenetic protein 2 (BMP-2) mRNA expression changes. 
Comparison between the model group and the control group, *p < 0.001; 
the insulin-like growth factor 1 (IGF-1) group and the control group, 
*p < 0.001; the IGF-1 group and the model group, #p < 0.001. The upper 
and lower boundaries of the main body of the box diagram are the upper 
and the lower quartile, the horizontal line in the middle is the median, 
the whiskers extend to a maximum of 1.5 × interquartile range (IQR) 
beyond the box, and the black dots represent outliers

Table 3. BMP-2 mRNA expression changes

Group n BMP-2 mRNA expression changes F df p-value

Control group 20 0.96 ±0.06

270.520 2 <0.001Model group 20 0.53 ±0.06

IGF-1 group 20 0.80 ±0.05

IGF-1 – insulin-like growth factor 1; df – degrees of freedom; BMP-2 – bone morphogenetic protein 2.

Table 4. BMP-2 protein expression changes

Group n BMP-2 protein expression changes F df p-value

Control group 20 1.20 ±0.08

224.542 2 <0.001Model group 20 0.72 ±0.07

IGF-1 group 20 0.91 ±0.06

IGF-1 – insulin-like growth factor 1; df – degrees of freedom; BMP-2 – bone morphogenetic protein 2.
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The expression of IL-1α in serum

The expression of IL-1α in serum was detected with 
ELISA, and the results were shown in Fig. 5 and Table 5. 
The serum IL-1α levels of the control group, model group 
and IGF-1 group were compared using one-way ANOVA 
and Tukey’s post hoc test (F = 242.80, p < 0.001, df = 2), 
and the differences among the 3 groups were statisti-
cally significant. The  results of  the  Tukey’s post hoc 
test are shown in  Supplementary Table 6. The  serum 
IL-1α levels in the model group (276.11 ±23.26 pg/mL) 
were significantly higher than in  the  control group 
(107.86  ±26.66  pg/mL, p  <  0.001). The  level of  IL-1α 
in the IGF-1 group was 217.21 ±23.44 pg/mL, which was 
significantly lower than in the model group (p < 0.001). 

The level of IL-1α in the IGF-1 group was significantly 
higher than in the control group (p < 0.001).

Discussion

Reduced physical activity and overeating can cause endo-
crine and metabolic disorders, resulting in the occurrence 
and development of DM. Diabetes mellitus causes damage 
to multiple tissues and organs and induces microvascu-
lar disease, as well as cardiovascular and cerebrovascular 
diseases, which seriously affect the prognosis. Diabetes 
mellitus is an enormous challenge faced by the endocrine 
disciplines.19 On the other hand, DM-induced metabolic 
disorders, increased blood glucose, and insulin deficiency 
further aggravate abnormal bone metabolism, lead-
ing to osteoporosis which affects orthodontics.20 This 
study showed a reduced distance of tooth movement and 
formed bone resorption lacunae, an  increased number 
of osteoclasts, as well as enhanced secretion of IL-1α dur-
ing the orthodontic process in DM rats. These factors af-
fect orthodontic tooth movement during alveolar bone 
reconstruction.

The  IGF-1, also known as  somatostatin  C, is  regu-
lated by pituitary growth hormone together with growth 

Table 5. Serum IL-1α levels

Group n Serum IL-1α levels [pg/mL] F df p-value

Control group 20 107.86 ±26.66

242.797 2 <0.001Model group 20 276.11 ±23.26

IGF-1 group 20 217.21 ±23.44

IL-1α – interleukin-1α; IGF-1 – insulin-like growth factor 1; df – degrees of freedom.

Fig. 4. Bone morphogenetic protein 2 (BMP-2) expression changes. 
Comparison between the model group and the control group, *p < 0.004; 
the insulin-like growth factor 1 (IGF-1) group and the control group, 
*p < 0.001; the IGF-1 group and the model group, #p < 0.001. The upper 
and lower boundaries of the main body of the box diagram are the upper 
and the lower quartile, the horizontal line in the middle is the median, 
the whiskers extend to a maximum of 1.5 × interquartile range (IQR) 
beyond the box, and the black dots represent outliers

Fig. 5. Serum interleukin-1α (IL-1α) levels. Comparison between the model 
group and the control group, *p < 0.001; the IGF-1 group and the control 
group, *p < 0.001; the IGF-1 group and the model group, #p < 0.001. 
The upper and lower boundaries of the main body of the box diagram 
are the upper and the lower quartile, the horizontal line in the middle 
is the median, the whiskers extend to a maximum of 1.5 × interquartile 
range (IQR) beyond the box, and the black dots represent outliers
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hormone C. The IGF-1 is synthesized and secreted by os-
teoblasts, osteoclasts and other cells.21 It regulates bone 
metabolism by binding to receptors on the surface of spe-
cific target cells mainly through autocrine and paracrine 
pathways. It induces bone marrow stromal cells and osteo-
blast differentiation, and promotes the synthesis of type 
I collagen fibers that can promote differentiation, leading 
to the facilitation of bone metabolism.22 Therefore, this 
study explored the role of IGF-1 during the orthodontic 
process in DM rats and showed that IGF-1 accelerated 
the movement of teeth, promoted new bone formation, 
reduced the number of osteoclasts, and inhibited the se-
cretion of  inflammatory factors resulting in enhanced 
reconstruction of alveolar bone during orthodontic tooth 
movement. Further investigations found that IGF-1 in-
creased BMP-2 mRNA and protein expression. It has been 
proven that BMP-2 plays an important role in the pro-
cess of fracture healing. The BMP-2 promotes the expres-
sion of bone matrix proteins by regulating bone alkaline 
phosphatase, thereby contributing to the mineralization 
of the extracellular matrix and the promotion of the or-
thodontics process.23,24

Limitations

This study has some limitations. Although the  role 
of IGF-1 in orthodontic alveolar bone remodeling in DM 
rats has been demonstrated, the exact molecular mecha-
nisms by which IGF-1 is involved in alveolar bone remod-
eling in DM require further investigations. In addition, 
whether IGF-1 plays a role in alveolar bone remodeling 
in DM patients needs to be verified.

Conclusions

Diabetes mellitus destroys alveolar bone remodeling 
in orthodontic tooth movement and IGF-1 promotes al-
veolar bone remodeling, possibly by promoting BMP-2 
expression and inhibiting inflammation.

Supplementary data

The Supplementary data are available at https://doi.org/ 
10.5281/zenodo.7317395. The package contains the fol-
lowing files:

Supplementary Table 1. Results of Shapiro–Wilk test.
Supplementary Table 2. Results of Levene’s test.
Supplementary Table 3. Results of Tukey’s post hoc test 

of orthodontic tooth movement distance.
Supplementary Table 4. Results of Tukey’s post hoc test 

of BMP-2 mRNA expression changes.
Supplementary Table 5. Results of Tukey’s post hoc test 

of BMP-2 protein expression changes.
Supplementary Table 6. Results of Tukey’s post hoc test 

of serum IL-1α levels.
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Abstract
Background. Hypertensive disorders complicating pregnancy (HDCP) are one of the most serious medical 
disorders during pregnancy.

Objectives. To investigate the effects of hydrogen on the mitogen-activated protein kinase (MAPK) signaling 
pathway in preeclampsia (PE).

Materials and methods. The N(omega)-nitro-L-arginine methyl ester (L-NAME)-induced PE model with 
Sprague Dawley (SD) rats was employed. An inhibitor of MAPK signaling pathways (SB203580) was used 
as a p38 MAPK inhibitor. The SD rats were randomized into 5 groups: non-pregnant (NP); normal pregnancy 
(P); pregnancy + L-NAME (L); pregnancy + L-NAME + hydrogen-rich saline (LH); and pregnancy + L-NAME 
+ hydrogen-rich saline + SB203580 (LHS). The pregnancies were terminated on day 22 of gestation, and 
the placentas and kidneys were microscopically inspected. Tumor necrosis factor alpha (TNF-α), interleukin-
1β (IL-1β) and malondialdehyde (MDA) levels were assessed. The mean systolic blood pressure (SBP) and 
level of proteinuria were recorded. The p38 MAPK mRNA expression and p-p38 MAPK protein levels were 
measured using real-time polymerase chain reaction (RT-PCR) and western blot, respectively.

Results. It was found that hydrogen-rich saline (LH group) decreased placental MDA, proteinuria, TNF-α, 
and IL-1β levels in the placental tissues compared with the L group (all p < 0.05). Additionally, hydrogen-rich 
saline (LH group) treatment significantly decreased the p38 MAPK mRNA expression and p-p38 MAPK protein 
levels compared with the L group (p < 0.05). The p38 MAPK inhibitor SB203580 (LHS group) further decreased 
the p38 MAPK mRNA expression and p-p38 MAPK protein levels compared with the LH group (p < 0.05).

Conclusions. Hydrogen can decrease the reactive oxygen species (ROS) content and inhibit the MAPK 
pathway. The protective effect of hydrogen may be associated with the inhibition of the p38 MAPK signal-
ing pathway.

Key words: preeclampsia, antioxidant, reactive oxygen species, hydrogen, p38 MAPK pathway
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Background

Preeclampsia (PE) is  a  serious disease for pregnant 
women. It can lead to placental disorders, fetal growth 
restriction and other unfavorable outcomes.1 Its etiology 
remains complex.

The presence of oxidative stress, such as placental oxida-
tive stress2 or periodontal oxidative stress,3 may increase 
the risk of PE in pregnant women. As a novel antioxidant, 
hydrogen selectively reduced toxic reactive oxygen levels,4 
which was observed in a PE rat model in our previous 
study,5 indicating that hydrogen is a potential therapeutic 
antioxidant that could be clinically applied in treating PE. 
Its mechanism of action remains to be investigated.

Previous studies found that oxidative stress activated 
mitogen-activated protein kinase (MAPK) signaling and 
increased the expression of apoptosis receptors.6 The p38 
MAPK activity was observed to be significantly higher 
in women with PE placentas.7 These findings imply that re-
active oxygen species (ROS) could activate the p38 MAPK 
signaling pathway in the placenta, followed by the over
expression of sFlt-1 and sEng in maternal serum8 and a sys-
temic inflammatory reaction, giving rise to endothelial 
dysfunction and the clinical symptoms of PE. Therefore, 
hydrogen, as an antioxidant agent, may have an effect 
on the MAPK signaling pathway by blocking ROS, thereby 
reducing the inflammatory reaction and apoptosis, and 
ultimately improving the prognosis of PE patients.

To  explore the  mechanism of  molecular hydrogen 
in the pathogenesis of hypertensive disorders complicating 
pregnancy (HDCP), we investigated the influence of hydro-
gen on ROS content, apoptosis and the MAPK signaling 
pathway at the mRNA and protein levels by employing a pre-
viously established N(omega)-nitro-L-arginine methyl ester 
(L-NAME)-induced gestational hypertension rat model.

To further confirm the role of the MAPK signaling path-
ways in the pathogenesis of HDCP, an inhibitor of MAPK sig-
naling pathways (SB203580) was employed in the L-NAME-
induced gestational hypertension rat model.

The investigation of the mechanism of molecular hydro-
gen could potentially promote novel treatment strategies 
in the PE and HDCP patient populations.

Objectives

The objective of this study was to explore the mecha-
nism of molecular hydrogen in the pathogenesis of PE 
by investigating the influence of hydrogen on ROS content, 
apoptosis and the MAPK signaling pathway at the mRNA 
and protein levels. We employed a previously established 
gestational hypertension rat model5 and an  inhibitor 
of MAPK signaling pathways (SB203580).9

Materials and methods

The experiment was approved by animal ethical com-
mittee of Tongji University, Shanghai, China (approval 
No. TJLAC-020-010).

Animals and drugs

Fifty female and 50  male Sprague Dawley (SD) rats  
weighing 220–250  g  and aged 9–10 weeks were em-
ployed. They were kept under light-, air- and temperature-
controlled conditions for 7 days before the experiment. 
The rats were mated separately overnight. The first day 
of finding spermatozoa using vaginal smear in the female 
rat was defined as day 0 of gestation for the female rat. 
Each pregnant rat was raised in a separate metabolic cage. 
On the 21st gestational day, the metabolic cages were used 
to collect 24-hour urine samples.

Hydrogen was dissolved in physiological saline for 6 h 
under 0.4 MPa, followed by sterilization. The prepared 
hydrogen saline was stored in an aluminum bag at 4°C. Gas 
chromatography was used to measure the concentration 
of hydrogen.4 Hydrogen saline above 0.6 mmol/L, L-NAME 
and SB203580 (both from Sigma-Aldrich, St. Louis, USA) 
were used in the experiment.

Intervention

The rats were randomized into 5 groups on the 15th day 
of pregnancy: non-pregnant (NP); normal pregnancy (P); 
pregnancy + L-NAME (L); pregnancy + L-NAME + hydro-
gen-rich saline (LH); and pregnancy + L-NAME + hydro-
gen-rich saline + SB203580 (LHS). Each group had 10 rats. 
The NP rats and P rats as control groups received an in-
traperitoneal injection of normal saline (5 mL/kg). The PE 
group (L) and hydrogen intervention group (LH) received 
L-NAME at a dose of 60 mg/kg dissolved in normal saline 
or hydrogen-rich saline, respectively. In the LHS group, 
the pregnant rats received 10 mg/kg/d of SB203580 1 h be-
fore receiving L-NAME at a dose of 60 mg/kg dissolved 
in hydrogen-rich saline.

All rats were anesthetized with ether on the 22nd day 
of pregnancy. The systolic blood pressure (SBP) of the right 
carotid artery was measured with a polyethylene cath-
eter connected to a Medlab pressure transducer (Nan-
jing Biotech Co., Jiangsu, China). All rats were sacrificed 
on the same day under ketamine anesthesia. The preg-
nant rats underwent cesarean section. The resorption and 
weight of each pup were determined.

Partial tissues of the placenta, kidney, liver, and aorta 
were fixed with paraformaldehyde (40 g/L), and the re-
maining tissues were stored in liquid nitrogen for a sub-
sequent analysis.
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Biochemical factors and cytokines

Following the manufacturer’s instructions for the malo-
ndialdehyde (MDA) kit (Nanjing Biotech Co.), placental 
MDA was measured in 100 mg of wet tissue. Twenty-
four-hour urine samples were collected and quantified 
with a total protein kit (Sigma-Aldrich). Placental cyto-
kines, including tumor necrosis factor alpha (TNF-α) and 
interleukin-1β (IL-1β), were measured using an enzyme-
linked immunosorbent assay (ELISA) kit (Biosource Inter-
national, Inc., Camarillo, USA). Based on a standard curve, 
the TNF-α and IL-1β concentrations were calculated using 
an absorbance reader (Denley Dragon; Thermo Fisher Sci-
entific, Helsinki, Finland).

Real-time polymerase chain reaction

Total RNA was extracted from tissues preserved in liq-
uid nitrogen with TRIpure Total RNA Extraction Reagent 
(ELK Biotechnology Co., Wuhan, China). The EntiLink™ 
Synthesis Kit (EQ003; ELK Biotechnology) was employed 
to synthesize the first strand of cDNA, followed by real-
time fluorescence quantitative polymerase chain reaction 
(RT-PCR) with the EnTurbo™ SYBR Green PCR SuperMax 
Kit (EQ001; ELK Biotechnology), which was performed 
on a StepOne™ Real-Time PCR Instrument (Life Tech-
nologies, Carlsbad, USA). The comparative CT method 
(ΔΔCT) was used for relative gene expression analysis. All 
PCR reactions were performed in duplicate. Primer Pre-
mier v. 5.0 software (PREMIER Biosoft International Co., 
San Francisco, USA) was used for the design of the primer 
sequences.

Western blot

Western blot was performed as previously described.10 
The total protein of the placental tissue was extracted 
using whole cell lysis buffer. The protein samples were 
resolved on sodium dodecyl sulfate–polyacrylamide gel 
electrophoresis (SDS–PAGE) gels (Beyotime Biotechno-
logy, Shanghai, China). The proteins were transferred 
to polyvinylidene fluoride (PVDF) membranes. Rabbit 
anti-rat primary antibody was probed on the membranes 
after blocking. Using the ECL detection system (GeneCo-
poeia Inc., Rockville, USA), we determined the immune 
complexes by incubation with a secondary antibody, which 
was conjugated with horseradish peroxidase (HRP).

Statistical analyses

The SPSS v. 13.0 (SPSS Inc., Chicago, USA) and Graph-
Pad v. 6.0 (GraphPad Software, San Diego, USA) software 
was used for statistical analysis. Data distribution was 
analyzed using the Shapiro–Wilk method. The Student’s 
t-test was used for comparison between the  2 groups 
for normally distributed data, and the Mann–Whitney 

U test was used for non-normally distributed data between 
the 2 groups. The Levene’s test was used to determine 
the homogeneity of variance for the normally distributed 
data. Statistical significance was defined as p ≤ 0.05. All 
statistical data can be found in the Supplementary files 
(https://doi.org/10.5281/zenodo.7074902).

Results

Basic parameters

The number of resorptions, fetal weight, protein ex-
cretion, and SBP are shown in Table 1. Administration 
of  L-NAME (L  group) caused a  significant increase 
in  the  number of  resorptions, SBP and 24-hour urine 
protein excretion, as well as a decrease in fetal weight, 
compared with the normal pregnant rats (P group). The hy-
drogen intervention resulted in an improvement in preg-
nancy outcomes in terms of fetal weight, resorptions, urine 
protein excretion, and SBP. However, there were no differ-
ences in all indices between the LH and LHS group.

Lipid peroxidation product levels

The L-NAME-treated group (L group) showed a marked 
increase in the level of placental MDA on the terminal 
day (p < 0.001; Fig. 1), while the hydrogen-treated rats 
showed a significant decrease of MDA in both the LH 
and LHS groups when compared with L group, respec-
tively (p < 0.001). Malondialdehyde levels were lower in 
the P group than in the other groups (p < 0.001).

Inflammatory factor levels

The L-NAME-treated group (L group) showed elevated 
placental TNF-α and IL-1β levels, which was in contrast 

Fig. 1. Malondialdehyde (MDA) assays on day 22 in the placentas

P – normal pregnancy; L – pregnancy + N(omega)-nitro-L-arginine 
methyl ester (L-NAME); LH – pregnancy + L-NAME + hydrogen saline; 
LHS – pregnancy + L-NAME + hydrogen saline + SB203580 (n = 10 per 
group). The p-values were calculated using the Student’s t-test.
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with the P group (both p < 0.001, Table 2). However, the hy-
drogen intervention considerably depressed the L-NAME-
mediated increase in placental TNF-α and IL-1β levels. 
The LHS group showed an even further decrease of in-
flammatory factor levels compared with the LH group 
(p < 0.001 and p = 0.002, respectively).

Histopathology outcome

When compared with NP and P groups (Fig. 2A,B), re-
duced Bowmen’s capsule space and hyperplasia in the glo-
merular epithelium, in addition to degenerative changes 
in  the  proximal convoluted tubules, were significant 
in the L group (Fig. 2C). This result was consistent with 
the elevated urine protein levels caused by the admin-
istration of  L-NAME. Interestingly, the  pathological 
changes were markedly alleviated in  the LH and LHS 
groups (Fig. 2D,E). Similarly, abnormalities were absent 
in both the NP and P control groups (Fig. 2A,B). Com-
pared with the P group (Fig. 3A), L-NAME caused a re-
markable degeneration in the junctional zone of placenta 
(Fig. 3B), but such degeneration was not found in the P, 
LH and LHS groups (Fig. 3A,C,D). Similarly, the result 
of  apoptosis in  the  L  group was consistent with find-
ings from the  hematoxylin and eosin (H&E)-stained 
specimens (p < 0.001, Fig. 4,5). When compared with 
NP and P groups (Fig. 6A,B), the continuous structure 

Table 1. Conditions of resorptions, fetal weight, protein excretion, and systolic blood pressure (SBP) in different groups of animals

Group Number of resorptions, median 
(range) Fetal weight [g] Protein excretion [mg/24 h] SBP [mm Hg]

NP – – 1.02 ±0.50 103.03 ±5.16

P 0 (0–1) 3.13 ±0.53 0.99 ±0.29 106.90 ±3.05

Levene’s test – – 0.025 0.108

t – – 0.190 −2.042

P1 – – 0.852 0.056

L 2 (0–4) 1.93 ±0.58 3.92 ±0.49 157.89 ±7.15

Levene’s test – 0.707 0.093 0.013

t or U 0.000 4.790 −16.193 −20.745

P2 <0.001 <0.001 <0.001 <0.001

LH 0 (0–1) 2.53 ±0.38 2.39 ±0.59 137.05 ±6.02

Levene’s test – 0.218 0.378 0.433

t or U 0.000 −2.730 6.247 7.047

P3 <0.001 0.015 <0.001 <0.001

LHS 0 (0–1) 2.70 ±0.15 2.27 ±0.45 139.70 ±6.70

Levene’s test – 0.005 0.181 0.540

t or U 45.000 −1.255 0.512 −0.930

P4 0.739 0.234 0.615 0.365

NP – non-pregnancy; P – normal pregnancy; L – pregnancy + N(omega)-nitro-L-arginine methyl ester (L-NAME); LH – pregnancy + L-NAME + hydrogen 
saline rats; LHS – pregnancy + L-NAME + hydrogen saline + SB203580 rats (n = 10 per group). The P1 comparison was made between NP and P groups. 
The P2 comparison was made between P and L groups. The P3 comparison was made between L and LH groups. The P4 comparison was made between 
LH and LHS groups. The Levene’s test was used for homogeneity of variance for normally distributed data. The analysis was made using the Student’s t-test 
for normally distributed data. Non-normally distributed data were analyzed using the Mann–Whitney U test. All data were normally distributed except for 
the number of resorptions.

Table 2. Levels of tumor necrosis factor alpha (TNF-α) and interleukin-1β 
(IL-1β) in placenta

Group TNF-α [pg/mL] IL-1β [pg/mL]

P 10.09 ±1.25 4.36 ±0.73

L 17.68 ±1.27 11.48 ±0.69

Levene’s test 0.533 0.774

t −13.475 −22.390

P1 <0.001 <0.001

LH 15.54 ±0.80 7.98 ±1.61

Levene’s test 0.415 0.009

t 4.532 6.321

P2 <0.001 <0.001

LHS 12.51 ±0.87 5.82 ±0.61

Levene’s test 0.468 0.006

t 8.104 3.977

P3 <0.001 0.002

P – normal pregnancy; L – pregnancy + N(omega)-nitro-L-arginine 
methyl ester (L-NAME); LH – pregnancy + L-NAME + hydrogen saline rats; 
LHS – pregnancy + L-NAME + hydrogen saline + SB203580 rats (n = 10 
per group). The P1 comparison was made between P and L groups using 
the Student’s t-test. The P2 comparison was made between L and LH 
groups using the Student’s t-test. The P3 comparison was made between 
LH and LHS groups using the Student’s t-test. The Levene’s test was used 
for homogeneity of variance. All data were normally distributed.
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of the hepatic lobules was interrupted, accompanied by he-
patocyte edema in the L group (Fig. 6C). Moderate edema 
was found in the LH and LHS groups (Fig. 6D,E). No sig-
nificant differences were observed in the aorta between 
the groups (Fig. 7).

Real-time PCR outcome

The L-NAME intervention in the L group caused higher 
p38 mRNA expression when compared with the P group 
(p < 0.001, Fig. 8). The p38 mRNA in the placenta was de-
pressed in LH and LHS groups (p < 0.001). We also noticed 
that the p38 MAPK inhibitor SB203580 (LHS group) de-
creased p38 MAPK mRNA expression more than the hydro
gen-only intervention (LH group, p < 0.001). The p38 MAPK 
mRNA expression did not differ significantly between 
P and LHS groups.

Western blot outcome

Group L showed an elevation of placental p-p38 MAPK 
protein level compared to the P group (p < 0.001, Fig. 9). 
Lower p-p38 MAPK protein levels in placental tissues were 
found in the LH and LHS groups compared to the L group 
(p < 0.001). The p38 MAPK inhibitor SB203580 (LHS group) 
further decreased the p-p38 MAPK protein level compared 
with the hydrogen-only intervention (LH group, p < 0.001).

Discussion

Abnormal invasion of the spiral arteries11 in PE patients 
was shown to result in blood resistance changes,12 pla-
cental oxidative stress and elevated ROS generation.12,13 
As a “second messenger” in intracellular signaling cascades, 

Fig. 2. Hematoxylin and eosin 
(H&E) stain for renal pathological 
analysis (×40 magnification). 
Photomicrographs of the left 
kidney from: A. non-pregnancy; 
B. normal pregnancy; C. pregnancy 
+ N(omega)-nitro-L-arginine methyl 
ester (L-NAME); D. pregnancy 
+ L-NAME + hydrogen saline; 
E. pregnancy + L-NAME + hydrogen 
saline + SB203580
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Fig. 3. Hematoxylin and eosin (H&E) stain for placental pathological analysis (×40 magnification). Photomicrographs of the placental tissue from: A. normal 
pregnancy; B. pregnancy + N(omega)-nitro-L-arginine methyl ester (L-NAME); C. pregnancy + L-NAME + hydrogen saline; D. pregnancy + L-NAME 
+ hydrogen saline + SB203580

Dec – decidua; Lab – labyrinth; JZ – junctional zone.

Fig. 4. Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) stain for placental pathological analysis (×40 magnification). 
Photomicrographs of the placental tissue from: A. normal pregnancy; B pregnancy + N(omega)-nitro-L-arginine methyl ester (L-NAME); C. pregnancy 
+ L-NAME + hydrogen saline; D. pregnancy + L-NAME + hydrogen saline + SB203580. Apoptosis is indicated by an arrow
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ROS influenced cell apoptosis or proliferation14 and played 
an important role in regulating cellular signaling.15 Among 
the potential cellular signaling pathways that could be 
impacted by ROS, the p38 MAPK pathway is a crucial can-
didate; it was shown to conduct signal transduction from 
the cell surface to the nucleus,16–18 which would affect 
cellular survival, migration, proliferation, and differen-
tiation.19–21 Accumulated evidence indicates that the p38 
MAPK pathway is one of the key signal pathways related 
to PE pathogenesis.8,19,20 It has been demonstrated that 
nitration of phospho-p38 MAPK was higher in PE placen-
tas.22 Reduced phospho-p38 MAPK concentration and p38 
MAPK catalytic activity were also found in placentas from 
PE cases.22 Trophoblastic p38 signaling may be activated 
by hypoxic and ischemic stress, thus impacting villous 
trophoblastic functions in the placentas of PE patients.23 
Due to hypoxic stress generated by ROS, the p38-Wip1 
feedback regulatory loop is dysregulated in PE patients.20

Fig. 6. Hematoxylin and eosin (H&E) 
staining for hepatic pathological analysis 
(×40 magnification). Photomicrographs 
of the liver from: A. non-pregnancy; 
B. normal pregnancy; C. pregnancy 
+ N(omega)-nitro-L-arginine methyl 
ester (L-NAME); D. pregnancy + L-NAME 
+ hydrogen saline; E. pregnancy 
+ L-NAME + hydrogen saline + SB203580

Fig. 5. Number of terminal deoxynucleotidyl transferase dUTP nick end 
labeling (TUNEL)-positive cells in placental tissue

P – normal pregnancy; L – pregnancy + N(omega)-nitro-L-arginine 
methyl ester (L-NAME); LH – pregnancy + L-NAME + hydrogen saline; 
LHS – pregnancy + L-NAME + hydrogen saline + SB203580 (n = 10 per 
group). The p-values were calculated using the Student’s t-test.
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Fig. 9. The p-p38 protein expression levels

P – normal pregnancy; L – pregnancy + N(omega)-nitro-L-arginine 
methyl ester (L-NAME); LH – pregnancy + L-NAME + hydrogen saline; 
LHS – pregnancy + L-NAME + hydrogen saline + SB203580 (n = 10 
per group); GAPDH – glyceraldehyde 3-phosphate dehydrogenase. 
The p-values were calculated using the Student’s t-test.

Fig. 8. The p38 mitogen-activated protein kinase (MAPK) mRNA relative 
expression

P – normal pregnancy; L – pregnancy + N(omega)-nitro-L-arginine 
methyl ester (L-NAME); LH – pregnancy + L-NAME + hydrogen saline; 
LHS – pregnancy + L-NAME + hydrogen saline + SB203580 (n = 10 
per group); GAPDH – glyceraldehyde 3-phosphate dehydrogenase. 
The p-values were calculated using the Student’s t-test.

Fig. 7. Hematoxylin and eosin (H&E) 
staining for aorta pathological analysis 
(×40 magnification). Photomicrographs 
of the aorta from: A. non-pregnancy; 
B. normal pregnancy; C. pregnancy + 
N(omega)-nitro-L-arginine methyl ester 
(L-NAME); D. pregnancy + L-NAME + 
hydrogen saline; E. pregnancy + L-NAME 
+ hydrogen saline + SB203580
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In  this study, we  confirmed the  role of  p38 MAPK 
in  the  pathogenesis of  PE by  employing a  rat model. 
We found that p38 mRNA expression and p-p38 MAPK 
protein levels in the placenta were significantly elevated 
in the L-NAME-induced PE rats, which could be associated 
with increased ROS levels, as indicated by higher MDA. 
Our findings are consistent with clinical evidence. First, 
p38 MAPK activity was observed to be significantly higher 
in women with PE placentas.7 Second, p38 MAPK signaling 
could be activated through oxidative stress and increased 
apoptosis receptor expression.6

Interestingly, the expression of p38 was upregulated 
in the upper uterine segment of pregnant non-laboring 
or spontaneously laboring uteri, but uniformly distributed 
in non-pregnant uteri.24 We proposed a hypothesis that 
placental oxidative stress is elevated in normal pregnancy 
compared with non-pregnancy status. The p38 expression 
change in pregnancy could be self-adaption to placental 
oxidative stress.

As dysregulated TNF-α synthesis may be a consequence 
of the p38 MAPK activation,25 we also observed abnormal 
elevation of  inflammatory cytokines, including TNF-α 
and IL-1β in the placenta of the rat model, which may 
be due to the activation of p38 MAPK cascades. In addi-
tion, the p38 MAPK pathway has been regarded as one 
of the key pathways for a significant decline of micro
vessel density8 and excessive apoptosis20 in placentas. 
Similarly, we found that remarkable degeneration and 
excessive apoptosis in the placentas of the PE rat model 
and adverse pregnancy outcomes were associated with 
p38 MAPK signal activation. Furthermore, the activation 
of the p38 MAPK pathway in PE followed by placental 
nicotinamide adenine dinucleotide phosphate (NADPH) 
oxidase19 induced elevated sFlt-l and sEng expression 
in the maternal circulation.8 This led to systemic vas-
cular endothelial cell dysfunction8 and the pathogenesis 
of PE.26 In the present study, the renal dysfunction (in-
dicated by 24-hour urine protein excretion) and renal 
pathological degeneration may result from systemic vas-
cular endothelial cell dysfunction related to p38 MAPK 
signal activation.

We also investigated the mechanism of action of hydro-
gen, a novel selective antioxidant. Although various anti
oxidants used to balance ROS, including vitamin E and 
vitamin C, have been investigated, the clinical outcomes 
are still controversial. Considering their permeability 
limitations and their potential detrimental effects, such 
as decreased human chorionic gonadotropin secretion, 
elevated TNF-α levels and depressed cell viability,27 novel 
antioxidants have not yet been investigated. Hydrogen 
may have potential as  a  novel selective antioxidant. 
It has the advantages of selectively reducing toxic ROS, 
such as hydroxyl radical and peroxynitrite anion, and 
better penetration into cell membranes,28 with no det-
rimental effects on other free radicals and normal physi-
ological function.29 Hydrogen may act as a therapeutic 

antioxidant in the prevention or treatment of PE in vivo5 
and in vitro.30 At the same time, hydrogen showed no 
negative effects on cell proliferation and TNF-α expres-
sion,27 indicating that hydrogen is a potential antioxidant 
candidate in the management of PE. Our findings suggest 
that saturated hydrogen saline treatment effectively de-
creased p38 activation. We observed a significant reduc-
tion in p38 mRNA expression and p-p38 MAPK protein 
levels in the placentas of the hydrogen-treated groups, 
suggesting the involvement of MAPK cascades in satu-
rated hydrogen saline-mediated protection. Similarly, 
p38 MAPK activation has been considered a potential 
target for therapeutic interventions to prevent adverse 
pregnancy outcomes mediated by stress factors,31 and 
a novel therapeutic target for pregnancy complications 
arising from placental endothelial dysfunction.32 Other 
drugs have been employed to suppress oxidative stress 
in PE by  inhibiting the p38 MAPK signaling pathway, 
such as alpha-1-antitrypsin (AAT).33

Hydrogen, as an antioxidant agent, may affect the MAPK 
signaling pathway by  blocking ROS, thereby reduc-
ing the  inflammatory reaction and apoptosis, and ul-
timately improving the prognosis in HDCP. It has also 
been observed to improve vascular remodeling diseases 
via the downregulation of the p38 MAPK signaling path-
way.34 In this study, hydrogen moderated degeneration 
and apoptosis in the placenta in the PE rat model and de-
creased p38 MAPK activation. Considering that placental 
vascular remodeling plays a critical role in PE, hydrogen 
may improve placental vascular remodeling by suppressing 
the p38 MAPK signaling pathway.

To confirm the role of the p38 MAPK signaling path-
way in suppressing oxidative stress by hydrogen in PE, 
we employed SB203580, an inhibitor of the MAPK sig-
naling pathway. Together with hydrogen, the LHS exhib-
ited an even further decrease in p38 MAPK mRNA ex-
pression and p-p38 MAPK protein levels compared with 
the LH group. Furthermore, the LHS group showed a more 
pronounced depression of TNF-α and IL-1β expression 
compared with the LH group. By inhibiting p38 MAPK 
with SB203580, we demonstrated that the p38 protein 
plays a role in the pathology of PE. As reported, p38 in-
hibition by SB203580 also decreases sFlt-1/sEng secre-
tions by suppressing oxidative stress, and activates p38 
MAPK signaling.26 Activation of p38 MAPK was followed 
by affecting the invasion of trophoblast cells and increas-
ing the secretions of sFlt-1/sEng, which then participate 
in the pathogenesis of PE.26

Limitations

First, although L-NAME, as  a  nitric oxide synthase 
inhibitor, could induce symptoms of  PE in  pregnant 
rats (including hypertension and pathological changes 
in the placenta and kidney), it may be difficult to accurately 
reproduce the pathogenesis of PE in humans. Therefore, 
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the findings of this study should be interpreted carefully 
if clinical application of hydrogen in PE patients is to be 
considered. Second, hydrogen was administered through 
intraperitoneal injection in this study, but a satisfactory 
alternative route may need to be investigated in clinical 
studies.

Conclusions

Hydrogen, as  an  antioxidant agent, may suppress 
the MAPK signaling pathway by blocking ROS, thereby 
reducing the inflammatory reaction and apoptosis, and 
ultimately improving the prognosis of HDCP. Neverthe-
less, the potential association between the MAPK signaling 
pathway and oxidative stress or inflammatory responses 
in HDCP needs to be further clarified.
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Abstract
Background. The 47-kDa membrane lipoprotein (Tp47) is the most representative membrane protein 
of Treponema pallidum (T. pallidum). Dendritic cells (DCs) are the most potent professional antigen-presenting 
cells (APCs) that connect innate and acquired immunity. The regulatory role of Tp47 on DCs remains unclear.

Objectives. To evaluate the effects of Tp47 on DC maturation and migration, and research the changes 
of the main chemokine C-C chemokine receptor type 7 (CCR7) involved in DC migration.

Materials and methods. A transwell assay was applied to assess the migration of DCs. Cytokines (in-
terleukin (IL)-6, IL-10, IL-12, and tumor necrosis factor alpha (TNF-α)) in the supernatants were measured 
using enzyme-linked immunosorbent assay (ELISA), and the expression of cell surface markers (CD80, CD86, 
CD40, and human leukocyte antigen (HLA)-DR) and CCR7 was assessed using flow cytometry. The expression 
of CCR7 in DCs was analyzed using quantitative real-time polymerase chain reaction (qRT-PCR).

Results. The Tp47 promoted DC phenotypic maturation, such as increased CD40, CD80, CD86, and HLA-DR 
expression, as well as DC functional maturation, thus stimulating DCs to secrete inflammatory cytokines, 
including IL-6, IL-10, IL-12, and TNF-α. At the same time, Tp47 did not enhance DC migration and did not 
increase the expression of CCR7.

Conclusions. The Tp47 promoted the maturation of DCs while not enhancing CCR7-mediated DC migration 
ability. This may be one of the mechanisms by which T. pallidum escapes host immune clearance.

Key words: dendritic cells, migration, Treponema pallidum, syphilis, C-C chemokine receptor type 7
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Background

Syphilis is a human infectious disease attributed to sex-
ual transmission of the spirochete Treponema pallidum 
(T. pallidum). Its clinical manifestations are complex and 
can develop in stages. In the advanced stage, it can lead 
to multiple organ damage, seriously threatening the health 
of the host.1,2 Previous studies have shown that T. pal-
lidum can escape clearance by the human immune sys-
tem and coexist with the host for a long time, which leads 
to asymptomatic and persistent infection, enabling sexual 
transmission of syphilis and causing physical and mental 
health problems.3–5 Different studies have suggested differ-
ent mechanisms by which T. pallidum can evade immune 
control, thereby damaging host tissues. It is believed that 
antigenic variation and the paucity of outer membrane 
antigenic targets can promote the spread of T. pallidum.6–9 
In recent years, progressively more studies have suggested 
that host immune imbalance and immunosuppression are 
responsible for immune evasion of T. Pallidum.10–12

Dendritic cells (DCs), the  most potent professional 
antigen-presenting cells (APCs), play an important role 
in the initiation and amplification of innate and adaptive 
immunity.13–15 The ability of DCs to migrate and activate 
naïve T cells is closely related to the efficiency of their 
immunomodulatory activity.16–18 Dendritic cells gradu-
ally mature after recognizing and ingesting antigens, and 
the expression of their surface molecule C-C chemokine 
receptor type  7 (CCR7) is  upregulated. When CCR7 
binds effectively to its ligand chemokine CCL2l/CCLl9, 
the  resulting chemotaxis enables DCs to migrate into 
lymph nodes, triggering an adaptive immune response.19 
The CCR7 is the major receptor on DCs to present antigens 
to naïve T lymphocytes, and it plays a key role in promoting 
the migration and nesting of DCs.20–22

Dendritic cells have been reported as one of the major 
immunocompetent cells that encounter bacterial antigens 
at primary sites of early syphilitic infection (e.g., mucous 
membranes or skin); they play a crucial role in clearing 
T. pallidum.23,24 However, until now, there has been no 
study on the migratory capacity of DCs following T. pal-
lidum infection. Previous studies have demonstrated that 
the outer membrane proteins and lipoproteins of T. pal-
lidum constitute the main immune response components 
to T. pallidum.25,26 Among them, the 47-kDa membrane 
lipoprotein (Tp47) is the most abundant membrane pro-
tein of T. pallidum. It has strong antigenicity and good 
specificity, mainly modulating the inflammation induced 
by T. pallidum.27–30 Therefore, we chose Tp47 to induce 
a T. pallidum infection model in this study.

Objectives

This study aimed to  evaluate the  effects of  Tp47 
on the maturation and CCR7-mediated migration of DCs, 

which is expected to provide a preliminary explanation for 
why T. pallidum can escape clearance by the host immune 
system.

Materials and methods

Production of recombinant T. pallidum 
Tp47 protein after removal of endotoxin

Before the experiments, the recombinant T. pallidum 
Tp47 protein (0.6 g/L; Boson Biotech Co., Ltd., Xiamen, 
China) was treated to remove endotoxin contamination us-
ing an EtEraserTM endotoxin removal kit (Chinese Horse-
shoe Crab Reagent Manufactory Co., Ltd., Xiamen, China). 
The endotoxin content was detected using tachypleus ame-
bocyte lysate (Chinese Horseshoe Crab Reagent Manufac-
tory Co., Ltd.). The endotoxin content in the Tp47 prepara-
tion was limited to <0.05 endotoxin units/mL.

In vitro generation of dendritic cells

Through standard density gradient centrifugation using 
Ficoll-Paque™ PLUS (Cytiva, Marlborough, USA), human 
peripheral blood mononuclear cells (PBMCs) were iso-
lated from 9 healthy blood donors (5 males and 4 females 
aged 18–55 years; all provided written informed con-
sent). Then, cells from each donor sample were cultured 
in Dulbecco’s Modified Eagle’s Medium (DMEM; Gibco, 
Waltham, USA) with 1% penicillin/streptomycin (Gibco) 
and 10% fetal bovine serum (FBS; Gibco), in a 6-well tis-
sue culture plate, in a 37°C incubator with 5% CO2. Fresh 
medium containing 50 ng/mL recombinant human gran-
ulocyte-macrophage colony-stimulating factor (GM-CSF; 
R&D Systems, Minneapolis, USA) and 50 ng/mL recom-
binant interleukin (IL)-4 (R&D Systems) was replaced 
every 2 days. According to pre-experiments, we found that 
the confluence of DCs could reach 92.5 ±8.4% after human 
PBMCs were cultured in vitro in the presence of IL-4 and 
GM-CSF for 7 days.

On day 7, DCs were divided into 6 groups. The experi-
mental group was stimulated with different concentrations 
of Tp47 (120, 300, 600, and 1200 ng/mL) based on previous 
studies.28,30 Cells treated with 1 μg/mL lipopolysaccharide 
(LPS) or phosphate-buffered saline (PBS) were assigned 
to the positive control group or the negative control group, 
respectively. After 24 h of culturing, DCs in each group 
were collected for subsequent experiments.

Dendritic cell migration assay

Dendritic cell migration capacity was determined using 
a 5-μm pore size culture insert (Merck Millipore, Bur-
lington, USA), which was placed into a 24-well culture 
plate as described elsewhere.20 Briefly, DCs in each group 
were harvested, washed twice with PBS and resuspended 
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into a concentration of 1×106 cells/mL medium. There-
after, 100 μL of DC suspension was seeded into the up-
per chamber, and 600 μL of medium complemented with 
100 ng/mL CCL21 (PeproTech, Cranbury, USA) was added 
into the lower chamber. Three replicates for each cell type 
were placed in a 37°C, 5% CO2 incubator. At 1 h, 2 h, 3 h, 
and 4 h, 10 μL of the lower chamber culture, medium was 
obtained and counted on a hemocytometer under a light 
microscope (model CX33; Olympus Corp., Tokyo, Japan), 
and 10 μL of medium containing 100 ng/mL CCL21 was 
simultaneously added to the lower chamber. The DC mi-
gration rate was considered the ratio of migrated cells 
within the  lower chamber to the total number of cells 
added to the upper chamber.

Cytokine assay

Using an enzyme-linked immunosorbent assay (ELISA) 
kit (R&D Systems) in accordance with the manufacturer’s 
instructions, the IL-6, IL-10, IL-12, and tumor necrosis 
factor alpha (TNF-α) concentrations in the DC culture 
supernatants were assessed. The absorbance was measured 
at 460 nm.

Flow cytometry

In each group, dendritic cells (1×105/mL) were resus-
pended in 100 µL PBS supplemented with 10 µg/mL fluo-
rochrome-conjugated antibodies. The cells were stained 
with the following monoclonal antibodies: CCR7-PE (clone 
G043H7; BioLegend, San Diego, USA), CD86-APC (clone 
BU63; BioLegend), CD80-PE (clone 2D10.4; eBioscience, 
San Diego, USA), CD40-PE-Cy7 (clone 5C3; BioLegend), 
human leukocyte antigen (HLA)-DR-Alexa Fluor® 488 
(clone LN3; BioLegend). After incubation with the anti-
bodies in the dark for 30 min at 4°C, the cells were washed 
twice, resuspended in PBS (300 µL), and subjected to flow 
cytometry analysis (FACSCanto™ II; BD Biosciences, 
Franklin Lakes, USA).

Quantitative real-time polymerase  
chain reaction

The expression of CCR7 on DCs was analyzed using 
quantitative real-time polymerase chain reaction (qRT-
PCR). With the use of a TRIzol kit (Invitrogen, Waltham, 
USA), we extracted total RNA from the incubated cells. 
Using a Nanodrop™ 2000 spectrophotometer (Thermo 
Fisher Scientific, Waltham, USA), RNA purity and con-
centration were tested. The RNA was reverse-transcribed 
into cDNA with the PrimeScript™ RT reagent kit (TaKaRa, 
Beijing, China), and amplification was conducted with 
TB Green Premix Ex Taq II (TaKaRa) in accordance with 
the manufacturer’s instructions. The qRT-PCR was per-
formed with a PRISM 7300 Sequence Detection System 

(Applied Biosystems, Waltham, USA) using the following 
amplification conditions: 95°C for 30 s, followed by 40 cy-
cles at 60°C for 1 min, 60°C for 34 s, 95°C for 15 s, 95°C 
for 5 s, and 95°C for 15 s. Glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH) acted as an internal reference. 
Sangon Biotech Co., Ltd. (Shanghai, China) provided all 
primers. The  primer sequences included: 5’-AGCAG-
CAGTGAGCAAGCGATG-3’ (forward) and 5’-GGGT-
GCGGATGATGACAAGGTAAC-3’ (reverse) for CCR7; 
and 5’-GCACCGTCAAGGCTAGAAC-3’ (forward) and 
5’-TGGTGAAGACGCCAGTGGA-3’ (reverse) for GAPDH. 
The specificity of amplification was controlled using melt-
ing curve analysis. The 2−ΔΔCT method was adopted to ana-
lyze the data.31

Statistical analyses

Each experiment was repeated 3 times independently 
(n = 3). Variables were expressed as mean ± standard de-
viation (M  ±SD), and the  results were analyzed based 
on the “gemtc 1.4-2” package of R software (v. 4.1.2; R Foun-
dation for Statistical Computing, Vienna, Austria). The sta-
tistical analysis was performed with the Wilcoxon–Mann–
Whitney test, and the permutation test was employed 
to obtain the p-value. The Holm–Bonferroni method was 
used for post hoc corrections. A value of p < 0.05 was con-
sidered statistically significant. The full results (includ-
ing p-values, test statistics and degrees of freedom, where 
appropriate) are available as Supplementary material for 
inspection (https://doi.org/10.5281/zenodo.7249173).

Results

Tp47 prompted DCs to secrete high levels 
of IL-6, IL-10, IL-12, and TNF-α

The maturation of DCs in response to pathogens mainly 
involves an  increased expression of pro-inflammatory 
cytokines. As indicated by the ELISA results, the levels 
of IL-6, IL-10, IL-12, and TNF-α in the supernatants of cul-
tured DCs in the presence of Tp47 (120, 300, 600, and 
1200 ng/mL) were remarkably higher compared with those 
of the control group (Fig. 1).

Tp47 upregulated the expression of CD80, 
CD86, CD40, and HLA-DR on DCs

In order to determine the effect of Tp47 on the phe-
notypic maturation of DCs, flow cytometry was carried 
out to detect the expression of surface molecules (CD80, 
CD86, CD40, and HLA-DR) on DCs. The results showed 
that the  expression of  surface molecules on  DCs was 
upregulated under stimulation by Tp47 (120, 300, 600, 
and 1200 ng/mL) compared with the control group (Fig. 2).
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Tp47 did not promote DC migration

Using the  transwell assay, we  examined the  migra-
tion ability of DCs in response to the chemokine CCL21. 
The results showed that the proportion of DCs that mi-
grated to  the  lower chamber after 24 h of  stimulation 
by Tp47 (120, 300, 600, and 1200 ng/mL) did not increase 
significantly compared with that of the control group. 
However, the proportion of DCs that, after stimulation 
with 1 μg/mL LPS, migrated to the lower chamber was 
significantly increased at  2  h, 3  h  and 4  h  compared 
to the control group (Fig. 3).

Tp47 did not increase CCR7 expression

Next, we verified whether CCR7 impacted DC migra-
tion after Tp47 stimulation. We assessed the CCR7 ex-
pression level in DCs using 2 approaches. First, the qPCR 
results showed that after co-culturing with Tp47 (120, 
300, 600, and 1200 ng/mL), the expression level of CCR7 
mRNA in DCs did not increase significantly compared 
with the control group (Fig. 4A). Flow cytometry showed 
that the CCR7 level on DCs was not significantly up-
regulated after the stimulation with Tp47 at different 
concentrations in comparison with the control group 
(Fig. 4B).

Discussion

Dendritic cells, as  the  most important APCs, have 
the ability to activate naïve T cells to generate adaptive 
immune responses only after maturation.32,33 The matura-
tion of DCs manifests as both phenotypic and functional.34 
Phenotypic maturation implies that multiple surface mol-
ecules can be expressed at high levels, such as CD40, CD80, 
CD86, and HLA-DR, while functional maturation suggests 
the ability to secrete various inflammatory cytokines, in-
cluding TNF-α, IL-6, IL-10, and IL-12.35 We found that 
for DCs stimulated by Tp47, not only the abovementioned 
surface molecule expression levels increased but also 
the ability of the DCs to secrete inflammatory cytokines 
significantly improved, indicating that Tp47 could simul-
taneously promote phenotypic and functional maturation 
of DCs. This result is consistent with previously reported 
studies on DCs in most pathogenic infections.36–38 After 
DCs uptake and process antigens, they undergo phenotypic 
and functional changes and gradually differentiate into 
mature DCs, which can provide the 2nd signal necessary 
for T-cell activation.39,40

Immune cell migration serves as a key link between 
immune regulation and host defense. It  has an  indis-
pensable role in eliminating the inflammatory responses 
triggered by foreign pathogens.41,42 Previous studies have 

Fig. 1. Levels of cytokines – interleukin 
(IL)-6 (A), IL-10 (B), IL-12 (C), and tumor 
necrosis factor alpha (TNF-α) (D) 
– in the supernatants of cultured 
dendritic cells, measured using 
enzyme-linked immunosorbent 
assay (ELISA) 24 h after phosphate-
buffered saline (PBS) (control group), 
lipopolysaccharide (LPS) (1 μg/mL), 
and different concentrations of 47-kDa 
membrane lipoprotein of Treponema 
pallidum (Tp47) (120, 300, 600, and 
1200 ng/mL) stimulation

n = 3; *p < 0.05 compared to control.
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found that Tp47 can promote the migration and adher-
ence of THP-1 cells to human dermal vascular smooth 
muscle cells by inducing the expression of monocyte che-
moattractant protein-1 (MCP-1) and intercellular adhesion 
molecule-1 (ICAM-1).43 In our study, we explored the ef-
fect of Tp47 on migratory activity of DCs and found that 
the migratory ability of DCs did not significantly increase 

after they were stimulated by Tp47 compared to the con-
trol group. At the same time, we used Escherichia coli 
LPS stimulation as a positive control in all experiments. 
The results indicated that LPS could significantly promote 
the migration of DCs to the lower chamber in the transwell 
assay. Thus, it could be deduced that DCs did not fully ex-
ert their migratory ability to fulfill the mission of antigen 
presentation after Tp47 stimulation. During the matura-
tion process, the migration of DCs to secondary lymphoid 
organs and their interactions with antigen-specific T cells 
are prerequisites for the induction of a primary immune re-
sponse,44,45 which plays an important role in anti-infective 
immunity. Numerous studies have shown that pathogenic 
microbes have evolved strategies to evade and/or suppress 
host inflammatory responses in order to infect and spread 
into other tissues and to other hosts. One of these strate-
gies, as shown in Salmonella infection, is to inhibit DC 
migration.46,47 In addition, Angeli et al. found that Schis-
tosoma parasites inhibited DC migration to lymph nodes 
after infection through skin by producing prostaglandin 
D2.48 Our study indicated that Tp47, the most abundant 
T. pallidum protein, did not promote the migration of DCs, 
which might be one strategy by which T. pallidum evades 
host immune clearance.

It  is  well established that the  interaction between 
CCR7 on the DC surface and its ligands has been proven 
to be a key driver for DC migration.49,50 To further val-
idate the impact of Tp47 on DC migration, we studied 
the change in the CCR7 expression level in DCs after Tp47 
stimulation. The results showed that there was no increase 
in the DC surface CCR7 expression level and CCR7 mRNA 

Fig. 3. Migration rates of dendritic cells at 1 h, 2 h, 3 h, and 4 h were 
detected using transwell assay 24 h after phosphate-buffered saline 
(PBS) (control group), lipopolysaccharide (LPS) (1 μg/mL) and different 
concentrations of 47-kDa membrane lipoprotein of Treponema pallidum 
(Tp47) (120, 300, 600, and 1200 ng/mL) stimulation

n = 3; *p < 0.05 compared to control.

Fig. 4. Expression of C-C chemokine receptor type 7 (CCR7) in dendritic cells was detected 24 h after phosphate-buffered saline (PBS) (control group), 
lipopolysaccharide (LPS) (1 μg/mL) and different concentrations of 47-kDa membrane lipoprotein of Treponema pallidum (Tp47) (120, 300, 600, and 
1200 ng/mL) stimulation. A. Quantitative polymerase chain reaction (qPCR) quantification of CCR7 in dendritic cells; B. Surface CCR7 expression levels 
on dendritic cells. The control group is indicated as a red line, the LPS and different concentrations of Tp47 groups are represented by blue lines, and 
the unstained group is marked in gray

n = 3; *p < 0.05 compared to control. PE-A – phycoerythrin-A; APC-A – allophycocyanin-A.
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content following Tp47 stimulation. Additionally, we found 
that LPS, as a positive control, significantly promoted 
the expression of CCR7. The chemotaxis jointly mediated 
by CCR7 and its ligands was the fundamental force driving 
DC migration that played an indispensable role in regu-
lating the DC migration process. Studies have shown that 
the migration of DCs and the function of lymph nodes are 
significantly limited in the CCR7-knockout mice.51,52 Our 
results reveal that Tp47 did not increase the CCR7 expres-
sion and, consequently, could not facilitate CCR7-mediated 
DC migration like LPS, which might be the mechanism 
underlying why Tp47 did not promote the migration of ma-
ture DCs. Interestingly, one of the important strategies 
utilized by pathogenic microorganisms to escape immune 
clearance is to modulate the CCR7 molecule on the sur-
face of immune cells. Kling et al. found that the absence 
of CCR7 resulted in dysregulated monocyte migration and 
immunosuppression, facilitating chronic cutaneous leish-
maniasis.53 Hartiala et al. reported that Borrelia garinii, 
one of the causative agents of Lyme borreliosis, impeded 
the migratory ability of DCs by significantly downregulat-
ing CCR7 expression in DCs.54 Therefore, Tp47, as previ-
ously confirmed by pathogenic microbes, could restrict 
the migration of DCs by reducing CCR7 expression to miti-
gate the impact of a robust immune response against itself.

Limitations

This study assessed the effects of Tp47 on DC matura-
tion and migration. Despite the new findings presented 
here, our study has some limitations. First, immune eva-
sion is a complex process that is not limited to the pa-
rameters evaluated above. Second, the suggested specific 
molecular mechanism underlying how Tp47 affects DC 
migration needs more studies to be confirmed. Finally, this 
study only included cell experiments in vitro with a small 
sample size, thus further confirmation of the findings with 
larger in vivo experiments is required.

Conclusions

In conclusion, the current findings indicate that the 47-
kDa membrane lipoprotein of  T.  pallidum promoted 
the maturation of DCs without enhancing the CCR7-me-
diated DC migration. This study provides novel insights 
into the mechanisms by which T. pallidum escapes host 
immune clearance.
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Abstract
Background. Time-to-event modeling is gaining importance in drug dosage determination, particularly 
using pharmacometrics approaches.

Objectives. To evaluate the various time-to-event models for estimating the time to achieve a stable 
warfarin dose in the Bahraini population.

Materials and methods. A cross-sectional study evaluating the non-genetic and genetic covariates (single 
nucleotide polymorphisms (SNPs) in CYP2C9, VKORC1 and CYP4F2 genotypes) was conducted in patients re-
ceiving warfarin for at least 6 months. Time to achieving a stable dose of warfarin was defined as the duration 
(in days) from the day of initiating warfarin until 2 consecutive prothrombin time-international normalized 
ratio (PT-INR) values were observed in the therapeutic range with a gap of at least 7 days. Exponential, 
Gompertz, log-logistics, and Weibull models were tested, and the model with the lowest objective function 
value (OFV) was chosen. The covariate selection was carried out using the Wald test and OFV. A hazard ratio 
(HR) with a 95% confidence interval (95% CI) was estimated.

Results. A total of 218 participants were included in the study. The Weibull model was observed to have 
the lowest OFV (1989.82). The expected time to reach a stable dose in the population was 21.35 days. 
The CYP2C9 genotypes were identified as the only significant covariate. The HR (95% CI) for achieving a stable 
warfarin dose within 6 months of initiation for individuals with CYP2C9 *1/*2 was 0.2 (0.09, 0.3), 0.2 (0.1, 
0.5) for CYP2C9 *1/*3, 0.14 (0.04, 0.6) for CYP2C9 *2/*2, 0.2 (0.03, 0.9) for CYP2C9 *2/*3, and 0.8 (0.45, 
0.9) for those with the C/T genotype for CYP4F2.

Conclusions. We estimated the population time-to-event parameters for achieving a stable warfarin dose 
in our population and observed CYP2C9 genotypes to be the main predictor covariate followed by CYP4F2. 
The influence of these SNPs needs to be validated in a prospective study and an algorithm to predict a stable 
warfarin dose and the time to achieve it needs to be developed.

Key words: warfarin, Weibull, Gompertz, time-to-event, exponential
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Introduction

Warfarin, a commonly administered oral anticoagu-
lant, poses a lot of challenges clinically, owing to inter- 
and intra-individual variabilities, drug and food interac-
tions, and the influence of genetic polymorphisms on its 
metabolism and pharmacodynamic target enzymes.1 
Though several novel oral anticoagulants (NOACs) are 
more efficacious and safer, warfarin is still the preferred, 
cost-effective drug in most developing nations. Among 
genetic polymorphisms, cytochrome P450 2C9 (CYP2C9), 
CYP4F2 and vitamin K epoxide reductase complex subunit 
1 (VKORC1) have been shown to affect the therapeutic 
response to warfarin.2

Pharmacometrics is the quantification of pharmaco-
kinetic and pharmacodynamic data with the use of ap-
propriate mathematical models to help determine dos-
age regimens. Pharmacometrics time-to-event modeling 
has recently gained importance, wherein various models 
can be applied to predict the median time for achieving 
an outcome and to identify factors that significantly affect 
the outcome variable.3 Commonly used models include 
exponential – when the hazard ratio (HR) is expected to be 
constant – and Weibull, Gompertz and log-logistics, when 
the HR is expected to change over time.4 Several clinical tri-
als and observational studies evaluating the role of genetic 
and non-genetic factors included outcomes on the anti
coagulation control, warfarin stable dose and bleeding 
episodes. However, hardly any studies assessed the time 
taken to reach a stable warfarin dose and the associated 
factors. Achieving a stable dose of warfarin is clinically 
important for optimized therapeutic goals so that the risk 
of thrombosis and/or hemorrhage can be minimized.

Previously, we conducted a warfarin pharmacogenetics 
study in the Bahraini population5 and in the present study, 
we performed a secondary analysis of the data evaluating 
various time-to-event models for ascertaining the time 
to achieve a stable warfarin dose in the studied population.

Objectives

To evaluate various time-to-event models for estimating 
the time to achieve a stable warfarin dose in the Bahraini 
population.

Materials and methods

Study design and ethics

The analysis was carried out as a part of the warfarin 
pharmacogenomics study that was cross-sectional in de-
sign. The approvals from the Institutional Ethics Commit-
tee of Arabian Gulf University (Manama, Bahrain; approval 
No. E-024-PI-11/18), and the Research Technical Support 

Team of the Ministry of Health of Bahrain (approval No. 
AURS 301/2019) were granted. Consent was obtained from 
the study participants. This study was carried out in com-
pliance with the latest Declaration of Helsinki guidelines.

Study procedure

We included patients who were enrolled in the anti-
coagulation clinic in a  tertiary care hospital receiving 
warfarin for at  least 6 months and with the  following 
details available: age, gender, CHA2DS2-VASc (conges-
tive heart failure history, age, sex, hypertension history, 
stroke/transient ischemic attack/thromboembolism his-
tory, vascular disease history, and diabetes history) score, 
HASBLED (hypertension, abnormal renal/liver function, 
stroke, bleeding, labile international normalized ratio 
(INR), elderly, and interacting drugs/alcohol) score, and 
SAMe-TT2R2 (sex, age, history of concomitant diseases, 
interacting drugs, tobacco use, and race) score. We evalu-
ated genotypes of CYP2C9, VKORC1 and CYP4F2 using 
reverse transcription polymerase chain reaction (RT-PCR),  
as described previously.5 Statins, proton pump inhibitors, 
carbamazepine, and amiodarone were considered as drugs 
with potential interaction with warfarin. The following 
genotypes were considered wild-type: *1/*1 for CYP2C9, 
C/C for VKORC1 and C/C for CYP4F2. Therapeutic pro-
thrombin time (PT)-INR categories were defined as either 
between 2.5 and 3.5 for those with heart valve replacement, 
or between 2 and 3 for others.

Outcome variable

Time to achieve a stable dose of warfarin was defined 
as the duration (in days) from the day of initiating war-
farin until 2 consecutive PT-INR values were observed 
in the therapeutic range with a gap of at least 7 days.6

Time-to-event modeling

Time to achieve a  stable warfarin dose was the out-
come variable with the following covariates: age, gender, 
CHA2DS2-VASc score, HASBLED score, SAMe-TT2R2 
score, presence of any drugs with potential interaction, 
PT-INR categories (either between 2.5 and 3.5 or between 
2 and 3), and genotypes of CYP2C9, VKORC1 and CYP4F2. 
We explored the following base models: exponential, Gom-
pertz, log-logistics, and Weibull. The model with the low-
est (minimum) objective function value (OFV) was cho-
sen. Both the Wald test and a decline in OFV by at least 
3.84 points were used as criteria for defining significant 
covariates.7 The HRs were calculated for the significant 
covariates using standard formulae.8 A visual predictive 
check (VPC) was used for evaluating the model fit.

The  Monolix v.  2021R1 (http://lixoft.com/products/
monolix/; Lixoft SAS, Antony, France) was used for mod-
eling the outcome variable.

http://lixoft.com/products/monolix/
http://lixoft.com/products/monolix/
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Results

Demographics

The study involved 218 participants. Table 1 shows a sum-
mary of their demographic characteristics. Among the par-
ticipants, 206 achieved a stable dose of warfarin within 
6 months, with the median (range) time required for achiev-
ing the stable dose being 44 (14–171) days. The Kaplan–Meier 

curve for achieving a  stable warfarin dose as  stratified 
by CYP2C9 genotype is depicted in Fig. 1, and the curves ac-
cording to gender, potentially interacting drugs, and CYP4F2 
and VKORC1 genotypes are depicted in Fig. 2–5.

Time-to-event model

The Weibull model was found to have the lowest OFV 
among the base models (Table 2). The CYP2C9 improved 
the base model, followed by the addition of the CYP4F2 
genotype. Population time-to-event parameters are listed 
in  Table 3. The Wald statistics revealed a significant 

Fig. 1. Kaplan–Meier curve for achieving a stable warfarin dose according 
to CYP2C9 genotypes. The blue line represents the estimates for CYP2C9 
*1/*1, the red line for *1/*2, the yellow line for *1/*3, the green line for 
*2/*2, and the purple line for *2/*3 genotypes

Table 1. Summary of demographic characteristics of study participants 
(n = 218)

Variables Values

Age [years] 69 (21–89)

Male:female, n 116:102

CHA2DS2-VASc score 4 (0–8)

HASBLED score 2 (0–6)

SAMe-TT2R2 score 1 (0–3)

CYP2C9 genotypes, 
n (%)

*1/*1 149 (68.3)

*1/*2 39 (17.9)

*1/*3 24 (11)

*2/*2 4 (1.8)

*2/*3 2 (1)

VKORC1 genotypes, 
n (%)

C/C 94 (43.1)

C/T 90 (41.3)

T/T 34 (15.6)

CYP4F2 genotypes, 
n (%)

C/C 86 (39.6)

C/T 99 (45.6)

T/T 32 (14.8)

Number of participants with at least 1 drug 
with potential interaction, n (%)

134 (61.5)

Unless stated otherwise, numerical variables are expressed as median 
(range). CHA2DS2-VASc – congestive heart failure history, age, sex, 
hypertension history, stroke/transient ischemic attack/thromboembolism 
history, vascular disease history, and diabetes history; HASBLED 
– hypertension, abnormal renal/liver function, stroke, bleeding, labile 
international normalized ratio (INR), elderly, and interacting drugs/alcohol; 
SAMe-TT2R2 score – sex, age, history of concomitant diseases, interacting 
drugs, tobacco use, and race.

Table 2. Comparison of objective function values (OFVs) between 
the models

Model OFVs

Base model

exponential 1996.22

Gompertz 1995.89

log-logistics 1994.17

Weibull 1989.82

Weibull model 
with CYP2C9 
genotype 
(significant 
covariate) 
selection

addition of CYP2C9 genotype 
to the base (Weibull) model

1944.97

addition of CYP4F2 genotype 
to the Weibull model with CYP2C9 

covariate included
1939.85

Weibull model with all covariates 
included

1943.9

removal of CYP2C9 genotype from 
the Weibull model with all covariates

1981.84

removal of CYP4F2 genotype from 
the Weibull model with all covariates 

except CYP2C9 genotype
1985.15

Table 3. Population time-to-event parameters

Parameter Estimate RSE, %

Te_pop [days] 21.35 14.5

Effect of CYP2C9 *1/*2 on Te_pop 1.79 18.5

Effect of CYP2C9 *1/*3 on Te_pop 1.43 26.7

Effect of CYP2C9 *2/*2 on Te_pop 1.9 35.7

Effect of CYP2C9 *2/*3 on Te_pop 1.58 63.7

Effect of CYP4F2 C/T on Te_pop 0.26 103

Effect of CYP4F2 T/T on Te_pop −0.4 91

P_pop 4.29 24.8

del_pop 21.93 9.67

Between-subject variability

ΩTe 1.13 9.75

ΩP 0.83 22.2

Ωdel 0.51 14.1

RSE – relative standard error; Te_pop – time to event in the population; 
P_pop – shape parameter in the population; del_pop – delay before 
the time to event starts decreasing in the population; ΩTe – standard 
deviation of the random effects of time to event; ΩP – standard deviation 
of the random effects of the shape parameter; Ωdel – standard deviation 
of the random effects of time delay.
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prolongation of time to achieve a stable warfarin dose with 
CYP2C9 genotypes and a shortened time with CYP4F2 
genotypes.  The model used for evaluating the effect of sig-
nificant genotype covariates is outlined as follows.

The HR (95% confidence interval (95% CI)) for achieving 
a stable warfarin dose within 6 months of initiation for 
individuals with CYP2C9 *1/*2 was 0.2 (0.09, 0.3), 0.2 (0.1, 
0.5) for CYP2C9 *1/*3, 0.14 (0.04, 0.6) for CYP2C9 *2/*2, 
and 0.2 (0.03, 0.9) for those with CYP2C9 *2/*3. Similarly, 
the HR (95% CI) for the CYP4F2 C/T genotype was 0.8 
(0.45, 0.9), but it was not significant for the T/T genotype 
(1.4 (0.9, 1.3)) when compared to the C/C genotype.

The VPC revealed a good fit of the model to the observed 
data (Fig. 6). Those with CYP2C9 *1/*1 and CYP4F2 C/C 
genotypes were observed to have a shorter time to achieve 
a stable warfarin dose compared to other genotype cat-
egories (Fig. 7).

Fig. 6. Visual predictive check (VPC) for the time-to-event model. 
The black dotted line represents the median predicted time, and the area 
shaded in blue represents the 90% predicted interval

Fig. 2. Kaplan–Meier curve for achieving warfarin stable dose according 
to VKORC1 genotypes

Fig. 5. Kaplan–Meier curve for achieving warfarin stable dose according 
to the presence of potentially interacting drugs

Fig. 4. Kaplan–Meier curve for achieving warfarin stable dose according 
to gender

Fig. 3. Kaplan–Meier curve for achieving warfarin stable dose according 
to CYP4F2 genotypes
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Discussion

Key findings from the study

This pharmacometrics-based modeling study was car-
ried out to evaluate the time needed to achieve a stable 
warfarin dose in 218 patients. We established the popu-
lation-specific parameters associated with time to reach 
a stable warfarin dose, and observed that CYP2C9 and 
CYP4F2 genotypes are the predominant predictor covari-
ates. Those with CYP2C9*1/*1 and CYP4F2C/C genotypes 
were observed to achieve the stable warfarin dose much 
earlier, and those with genetic polymorphisms in CYP2C9 
were less likely to reach the stable dose at 6 months.

Comparison with existing literature

This is the first study evaluating the time needed to reach 
a stable warfarin dose using pharmacometrics time-to-
event modeling. Combined CYP2C9 and VKORC1 poly-
morphisms are recommended by the US Food and Drug 

Administration (FDA) for determining the appropriate 
warfarin dose.2 We observed that those with the wild-type 
CYP2C9 genotype achieved the stable dose sooner com-
pared to those with genetic polymorphisms. This finding 
reiterates the importance of determining the CYP2C9 gen-
otype as soon as possible when a patient has been identified 
as requiring warfarin therapy, so that genotype-based war-
farin dosing can be initiated to aid in achieving the stable 
dose sooner, particularly when genetic polymorphisms are 
identified. The existing standard of care is to initiate warfa-
rin at a fixed dose (5 mg/day) and titrate based on the thera-
peutic response. In the same population, we have observed 
that genetic polymorphisms in CYP2C9 require lower war-
farin doses for achieving therapeutic PT-INR.5 Nearly 31.8% 
of the population was observed to carry at least 1 func-
tionally variant CYP2C9 allele that necessitates a lower 
warfarin dose to be administered for achieving an opti-
mal PT-INR value. Even then, those with at least 1 single 
nucleotide polymorphism (SNP) in CYP2C9 were observed 
to take a significantly longer time to achieve a stable dose. 
Such candidates are at an increased risk of thromboembolic 

Fig. 7. Comparison of predicted time to achieve a stable warfarin dose. The blue line indicates the Kaplan–Meier-predicted curve after the simulation; 
CYP2C9:1 indicates *1/*1, CYP2C9:2 represents *1/*2, CYP2C9:3 represents *1/*3, CYP4F2:1 represents C/C, CYP4F2:2 represents C/T, and CYP4F2:3 represent 
T/T genotypes. The area shaded in blue represents the prediction interval
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attacks for bleeding episodes until a stable dose is achieved, 
and thus need either intense monitoring or serve as likely 
candidates for receiving a NOAC.

Limitations

The study is  limited by a  lack of external validation 
of the model using data from prospective patients.

Conclusions

In this study, we have estimated the time-to-event pa-
rameters for achieving a stable warfarin dose in Bahraini 
population. The CYP2C9 has been observed to be the main 
predictor covariate, followed by the CYP4F2 genotype. 
Those with at least one SNP in CYP2C9 were observed 
to have a significantly lower likelihood of achieving a stable 
warfarin dose, as follows: CYP2C9 *1/*2: 0.2 (0.09, 0.3), 
CYP2C9 *1/*3: 0.2 (0.1, 0.5), CYP2C9 *2/*2: 0.14 (0.04, 0.6), 
and for those with CYP2C9 *2/*3: 0.2 (0.03, 0.9). There 
is a need to validate the influence of these SNPs in a pro-
spective study and develop an algorithm predicting a stable 
warfarin dose and time to achieve it.

Data availability statement

The data are available from the corresponding author 
upon reasonable request.
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Abstract
Background. Since the beginning of the coronavirus disease (COVID-19) pandemic, numerous infections 
have been observed with various symptoms and degrees of severity. Not all patients have had a confirmation 
of infection made using reverse transcription polymerase chain reaction (RT-PCR) or antigen tests. It has been 
observed that some people, including convalescents or those without knowledge of a past infection, perform 
serological tests to detect anti-severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) antibodies.

Objectives. We aimed to evaluate the  levels of anti-SARS-CoV-2 immunoglobulin G (IgG) antibodies 
in a cohort of convalescents and in individuals not previously infected, who were willing to get vaccinated. 
We also aimed to assess several socio-clinical factors associated with participants’ humoral responses.

Materials and methods. We recruited 298 individuals from the region of Lower Silesia who were willing 
to get vaccinated for SARS-CoV-2. The participants were divided into 2 groups: convalescents (group I) and 
participants without a past infection (group II). Several seropositive individuals in group II were identified, and 
they were transferred to group I, resulting in a final distribution of 171 individuals in group I and 127 individu-
als in group II. For serological testing, the QuantiVac anti-SARS-CoV-2 (IgG) enzyme-linked immunosorbent 
assay (ELISA) was used.

Results. The results showed the presence of anti-SARS-CoV-2 IgG antibodies in participants from group I, 
with an average number of 190.3 IU/mL. Twenty-three participants (13.45%) did not have a detectable level 
of antibodies despite a previous SARS-CoV-2 infection. In 21 participants (12.28%), antibodies were detected 
despite no previous symptoms of infection (average level: 145.0 IU/mL).

Conclusions. Older participants were more likely to experience a symptomatic SARS-CoV-2 infection, and 
the severity of the symptoms was related to higher antibody titers seen later after COVID-19. Numerous 
individuals from group II were unaware of past SARS-CoV-2 infections. In several participants, antibodies 
were not detected despite a previous infection.

Key words: antibodies, serology, seronegative, SARS-CoV-2, asymptomatic
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Background

The first information about severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) emerged at the begin-
ning of 2020. At present, over 12.88 billion vaccine doses 
have been administered worldwide, with 67.9% of the world’s 
population having received at least 1 dose. In Poland, over 
57 million vaccines were administered in the 2 years since 
their introduction.1 However, we are still facing new in-
fections in everyday clinical practice. Therefore, we are 
continuously in need of information regarding this topic.2

Serological tests have been used to detect antibodies 
produced as a result of  infection. Severe disease, com-
pared to mild disease, correlates with persistently higher 
antibody levels.3 There is also a small group of people, 
mainly those with mild/asymptomatic infections, who do 
not produce antibodies.4 However, it should be noted that 
the detection of the persistence of antibodies can vary 
depending on the assay used.5

Objectives

We present preliminary data on a cohort of participants 
qualified to receive vaccination against SARS-CoV-2. This 
is the 1st part of a larger study evaluating the humoral im-
mune response to vaccination against coronavirus disease 
(COVID-19). The 2nd part of the analysis, entitled “How 
humoral response and side effects depend on the type 
of vaccine and past SARS-CoV-2 infection” has also been 
published (Vaccines. 2022:10(7):1042) and is available on-
line (https://doi.org/10.3390/vaccines10071042).

The main aim of  this study is  to evaluate the  levels 
of anti-SARS-CoV-2 immunoglobulin G (IgG) antibodies 
in a cohort of convalescents and not previously infected 
individuals from the Lower Silesia region (Poland) who 
were willing to get vaccinated.

Materials and methods

The inclusion criteria were: age >18 years, providing writ-
ten informed consent to participate in the study and a will-
ingness to get vaccinated. Two groups of participants were 
selected for the study: COVID-19 convalescents (group I) 
and naïve participants (group II). The exclusion criteria 
were: the presence of diabetes, any cancer detected within 
the last 5 years, chronic kidney, liver or lung diseases, ac-
quired immunodeficiency syndrome (AIDS), or immuno-
suppression for any other reason.

Before each blood draw, the  participants were asked 
to complete a questionnaire. The questions concerned pre-
vious SARS-CoV-2 infections and whether it was confirmed 
through testing, as well as general wellbeing, persistence 
of COVID-19 symptoms, adverse vaccine reactions, chronic 
diseases, and allergic reactions to drugs, substances and foods.

Overall, 298 participants were included in the study. Af-
ter receiving results showing that 21 supposedly naïve par-
ticipants had current IgG antibodies, we decided to analyze 
them together with the convalescent group, which resulted 
in the final division: group I (COVID-19 convalescents, 
n = 171) and group II (naïve participants, n = 127).

This single-center study was conducted from Febru-
ary 20, 2021, to May 19, 2021. The participants were in-
habitants of the Lower Silesia region, aged 21–69 years, 
and were of both sexes. The participants were recruited 
by announcements in the local media. Due to changes 
in the registration rules and participants’ individual con-
traindications at the moment, the interval between taking 
the blood sample for testing and the actual vaccination 
date varied from 1 day to 6 weeks, usually approx. 1 week 
(mean: 2.00, interquartile range (IQR): 0.25–6.00, stan-
dard deviation (SD): 8.54). Before vaccination, all partici-
pants were tested for the presence of anti-SARS-CoV-2 
IgG antibodies.

Plasma samples were collected using heparin, centrifuged, 
and stored in aliquots at −70°C for later use. The QuantiVac 
anti-SARS-CoV-2 (IgG) enzyme-linked immunosorbent as-
say (ELISA) (EUROIMMUN, Lübeck, Germany) was used 
for quantitative detection of anti-SARS-CoV-2 antibodies 
by means of 6-point calibration curve.

The ELISAs were performed and the results were evalu-
ated as recommended by the manufacturer. Samples with 
an absorbance higher than the absorbance of the highest 
standard (386 international units (IU)/mL) were diluted 
and retested. The assay was standardized against the First 
WHO International Standard for anti-SARS-CoV-2 im-
munoglobin (NIBSC 20/136) and the quantitative results 
are given in standardized units (IU/mL).

Ethical approval

This study received approval from the Bioethics Com-
mittee of Wroclaw Medical University, Poland (approval 
No. 51/2021). The study was performed in accordance with 
the Declaration of Helsinki and the principles of good 
clinical practice with respect to the rights and dignity 
of participants.

Statistical analyses

Counts, percentages, means, medians, SDs, ranges, and 
lower and upper quartiles are reported where appropri-
ate. The normality of the distributions was tested with 
the Shapiro–Wilk test.

Statistical significance between means for different 
groups was calculated using the non-parametric Krus-
kal–Wallis test, followed by Dunn’s post hoc tests with 
Bonferroni correction. Statistical significance between 
frequencies was calculated using the χ2 test.

https://doi.org/10.3390/vaccines10071042


Adv Clin Exp Med. 2023;32(3):385–389 387

A value of p < 0.05 was required to reject the null hy-
pothesis. Statistical analyses were performed using the Sta-
tistica v. 13.3 (StatSoft Inc., Tulsa, USA) software package.

Results

All 298 participants were tested for anti-SARS-CoV-2 
IgG antibodies, creating 2 groups: I (COVID-19 conva-
lescents, n = 171) and  II (naïve participants, n = 127). 
Tables 1,2 present characteristics of the groups.

After testing the blood samples, the results showed that 
anti-SARS-CoV-2 IgG antibodies were present in partici-
pants from group I with a median of 105.6 (38.4–198.4) 
IU/mL. In group II, no spike antibodies were found (0 IU/
mL). The detailed data are presented in Fig. 1.

When describing our findings, we would like to under-
line the fact that, among the participants of group I, there 
can be found 3 specific subgroups based on antibody levels 
(Fig. 1). One consists of participants without knowledge 
or symptoms of a previous COVID-19 infection but with 
positive antibody results (n = 21; 12.28% of group I, 7.05% 
of all participants). The 2nd group includes participants 
with a proven previous infection but with no antibodies 
found in the first blood sample (n = 23; 13.45% of I group, 
7.72% of all participants). The 3rd group consists of sero-
positive convalescents (n = 127) with a median age of 45 
(40.0–52.0) years, a maximum age of 69 years, and a me-
dian number of antibodies of 123.2 (58.7–252.8) IU/mL. 
In this subgroup, the time between sample collection and 
symptoms of the infection varied between 18 days and 
7 months.

Subgroup I participants without knowledge of a previ-
ous infection were aged from 24 to 50 years, with anti-
body levels between 28.8 IU/mL and 432 IU/mL (median: 
126.4 IU/mL, range: 54.4–2000.0 IU/mL). After receiv-
ing the serological results, we confirmed that the par-
ticipants were not able to recall any possible COVID-19 
manifestations.

Subgroup  II includes participants with undetectable 
antibody levels despite the fact that they had a previous 
SARS-CoV-2 infection and were aged from 23 to 63 years 
(n = 23). The time between COVID-19 and blood sampling 
varied from 2.5 months to 6.5 months.

Fig. 1. Initial antibody levels in subgroup I (convalescents, asymptomatic), 
subgroup II (symptomatic, seronegative) and subgroup III (symptomatic, 
seropositive)

Table 1. Characteristics of coronavirus disease (COVID-19) convalescents (group I) and naïve participants (group II)

Parameters
Group I

convalescents
(n = 171)

Group II
(n = 127) p-value

Age [years] 
M ±SD 44.0 ±9.4 42.6 ±7.2 0.177

Mann–Whitney U test, U = 9715.0median (IQR) 44.0 (39.0–49.0) 43.0 (39.0–47.0)

Sex, n (%)
female 101 (57.81) 74 (58.27) 0.828

χ2 = 0.04male 70 (42.19) 53 (41.73)

Previous allergic reactions 
to vaccines, n (%)

yes 3 (1.75) 1 (0.79) 0.639
Fisher’s exact testno 168 (98.25) 126 (99.21)

Musculoskeletal pain, n (%)
yes 4 (2.34) 0 (0) 0.139

Fisher’s exact testno 167 (97.66) 127 (100)

Fatigue, n (%)
yes 9 (5.26) 0 (0) 0.012

Fisher’s exact testno 162 (94.74) 127 (100)

Taste and smell loss, n (%)
yes 15 (8.77) 0 (0) 0.002

χ2 = 10.03no 155 (90.64) 127 (100)

Anti-SARS-CoV-2 antibodies level
[IU/mL]

before vaccination,
M ±SD

190.3 ±328.4
(n = 148)

0
(n = 127) <0.001

Mann–Whitney U test, U = 1512.0
median (IQR) 105.6 (38.4–198.4) 0

SARS-CoV-2 – severe acute respiratory syndrome coronavirus 2; M ±SD – mean ± standard deviation; IQR – interquartile range.
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Discussion

Assuming that 4 main COVID-19 waves in 2020 and 
2021 can be distinguished, the current study covers the 2nd 
(most convalescent participants suffered from a SARS-
CoV-2 infection between October and December 2020) 
and 3rd wave (when we collected blood samples).

A precise analysis of group I (divided into: subgroup I 
– convalescents, asymptomatic; subgroup II – symptom-
atic, seronegative; and subgroup III – seropositive, symp-
tomatic) showed that there was a significant age differ-
ence. In subgroup III, the age was significantly higher than 
in subgroup II (median 45.0 (40.0–52.0) years compared 
to  43.0 (33.0–46.0) years p  =  0.0271, Mann–Whitney 
U test, U = 1038.5) and than with group II (45.0 (40.0–52.0) 
compared to 43.0 (39.0–47.0) p = 0.0228, Mann–Whit-
ney U test, U = 6675,5). There was no such age differ-
ence between subgroups III and I ((45.0 (40.0–52.0) years 
compared to 42.0 (39.0–46.0) years, p = 0.0983, Mann–
Whitney U test, U = 1032.5)). We also analyzed these data 
using the Scheffé’s test (mean square error (MSE) = 57057, 

degrees of freedom (df) = 290.00), which showed that, with 
regard to age, the antibody results differed between sub-
group III and group II (p = 0.00000), and between sub-
groups II and III (p = 0.000452). These results are consis-
tent with an earlier meta-analysis, which concluded that 
elderly or older participants (age ≥50 years) are at a higher 
risk of severe disease course.6

Furthermore, the asymptomatic subgroup may be an im-
portant link in the transmission of the virus. These par-
ticipants took part in our study in mid-April–mid-May, so 
it is possible that they were infected during the so-called 
3rd wave. It has been established that individuals without 
symptoms are capable of infecting others.7,8 A similar situ-
ation occurs when participants are isolated with a delay 
due to developing symptoms 1–2 days after becoming 
infectious.9

The level of antibodies in group I differed across indi-
viduals, starting from 27.2 IU/mL, which is a borderline 
titer (blood sample taken 6.5 months after infection), and 
going up to 2688.2 IU/mL (blood sample taken 2.5 months 
after infection). The average titer was 190.3 IU/mL. These 

Table 2. Characteristics of the subgroups of coronavirus disease (COVID-19) convalescents (group I)

Parameters Subgroup I
(n = 21)

Subgroup II
(n = 23)

Subgroup III
(n = 127) Statistical analysis

Age [years] 

M ±SD 41.5 ±7.1 40.6 ±9.9 45.0 ±9.5

K–W test
H = 6.70, p = 0.0350

I R = 72.690; II R = 66.717; III R = 91.693
I compared to II: Z = 0.399737
I compared to III: Z = 1.629365
II compared to III: Z = 2.226194
I compared to II: p = 1.000000
I compared to III: p = 0.309708
II compared to III: p = 0.078004

median (IQR) 42.0 (39.0–46.0) 43.0 (33.0–46.0) 45.0 (40.0–52.0)

Sex, n (%)
female 11 (52.38) 13 (56.52) 77 (60.63) I compared to II: p = 0.625

I compared to III: p = 0.0983
II compared to III: p = 0.0271male 10 (47.62) 10 (43.48) 50 (39.37)

Previous allergic reactions 
to vaccines, n (%)

yes 0 (0) 1 (4.35) 2 (1.57) I compared to II: p = 0.334
I compared to III: p = 0.563
II compared to III: p = 0.382no 0 (110) 22 (95.65) 125 (98.43)

Musculoskeletal pain, n (%)
yes 0 (0) 0 (0) 4 (3.15) I compared to III: p = 0.410

II compared to III: p = 0.388no 21 (100) 23 (100) 123 (96.85)

Fatigue, n (%)
yes 0 (0) 0 (0) 9 (7.09) I compared to III: p = 0.208

II compared to III: p = 0.188no 21 (100) 23 (100) 118 (92.91)

Taste and smell loss, n (%)
yes 0 (0) 1 (4.35) 15 (11.81) I compared to II: p = 0.334

I compared to III: p = 0.252
II compared to III: p = 0.557no 21 (100) 22 (95.65) 112 (88.19)

Anti-SARS-CoV-2 antibodies 
level
[IU/mL]

before 
vaccination

M ±SD
145.0 ±112.1 0 ±0 233.0 ±367.7

K–W test
H = 6.70, p = 0.0350

I R = 93.286; II R = 12.500; III R = 96.948
I compared to II: Z = 5.470218
I compared to III: Z = 0.317368
II compared to III: Z = 7.606769
I compared to II: p = 0.000000
I compared to III: p = 1.000000
II compared to III: p = 0.000000

median (IQR) 126.4 (54.4–200.0) 0 123.2 (58.7–252.8)

subgroup I – asymptomatic; subgroup II – symptomatic, seronegative; subgroup III – symptomatic, seropositive; SARS-CoV-2 – severe acute respiratory 
syndrome coronavirus 2; M ±SD – mean ± standard deviation; IQR – interquartile range; I – subgroup I; II – subgroup II; III – subgroup III; K–W test – Kruskal–
Wallis test, was used when Shapiro-Wilk test result was p< 0.05. For other parameters, the Mann–Whitney U test was used.
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differences in titer may be explained by the varying times 
between SARS-CoV-2 infection and testing. It has been 
observed that spike antibody levels are relatively stable 
for several months before waning.10 In  addition, anti-
body levels are better sustained in participants with se-
vere symptoms.11 Our participants with borderline titers 
had no or mild symptoms, whereas the participant with 
the highest result was hospitalized due to  the severity 
of COVID-19.12 These findings, together with the theory 
that some people are serological non-responders,13 can 
also partially explain why a subgroup of 23 participants 
(subgroup II) did not have a detectable level of antibodies.

Limitations

There are several limitations to the current study. First, 
there are uneven sample sizes due to the presence of as-
ymptomatic convalescents. In  addition, there were ir-
regular time intervals between taking blood samples and 
receiving first vaccine dose.

Conclusions

The symptoms of COVID-19 were more often observed 
in older participants, and the severity of the disease can 
correlate with higher antibody titers seen later after CO-
VID-19 compared to a mild infection. One should be aware 
that numerous participants without symptoms of past 
SARS-CoV-2 infection can transmit the virus to other 
people. Serological data are not an unambiguous evidence 
of a past infection.
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