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Abstract
Atrial functional mitral regurgitation (AFMR) is a form of functional mitral regurgitation that is still insuf-
ficiently recognized and characterized. The driving cause of AFMR is atrial, not ventricular dilatation, usually 
due to long-standing atrial fibrillation, and often in association with left ventricular diastolic dysfunction 
and heart failure with preserved ejection fraction (HFpEF). An increase in mitral annular area leads to a loss 
of central coaptation of the leaflets, often resulting in an “override” configuration and flattening of the an-
nulus, as well as a loss of annular contraction. The left ventricle (LV) has a normal size; thus, there is usually 
only minor tenting of the leaflets. The regurgitant jet is mostly central, although posterior jet direction also 
occurs, frequently in a subform with posterior leaflet tethering and a marked localized dilatation of the pos-
terior annulus. Because of the normal-sized and normally or nearly normally contracting LV, the amount 
of regurgitation is typically not more than moderate (or moderate-to-severe). Over time, functional mitral 
regurgitation may become mixed atrial and ventricular, with remodeling of the LV. However, the time course 
and the relation to symptoms have yet to be elucidated. This review presents current concepts and published 
insights into this form of mitral regurgitation.

Key words: mitral valve regurgitation, heart failure, valvular heart disease
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Background

Mitral regurgitation (MR) is traditionally classified as:
(1)  primary (acute or chronic), typically due to mitral 

valve prolapse, flail, endocarditis, papillary muscle rupture, 
cleft, or other diseases causing a structural abnormality 
of the leaflets or subvalvular apparatus; or 

(2)  secondary, due to chronic pathologic changes origi-
nating in non-valvular structures, most often eccentric 
remodeling of the left ventricle (LV) leading to changed 
mechanics of the subvalvular apparatus with an eccentric 
pull of the papillary muscles on the mitral leaflets, a con-
stellation of the closed leaflets described as tenting, and 
the dilatation of the mitral annulus.

Another form of secondary or functional MR is atrial 
functional mitral regurgitation (AFMR), where the caus-
ative mechanism is atrial dilatation, typically due to atrial 
fibrillation. This form of MR is less common than ven-
tricular secondary or functional MR (VFMR). Certainly, 
there are overlaps between atrial and ventricular forms 
of functional MR, and probably both can initiate vicious 
circles leading to mixed forms of functional MR. However, 
AFMR occurs without VFMR, and has received less atten-
tion and has been less clearly characterized than VFMR. 
In the following paper, we will briefly review the existing 
concepts and published data on AFMR.

Definition and mechanism

Atrial functional mitral regurgitation occurs due to atrial 
dilatation, and in the majority of cases due to long-standing 
atrial fibrillation, flutter or tachycardia. Atrial dilatation 
leads to mitral annular dilatation and flattening, pulling 
the mitral leaflets apart and causing central malcoapta-
tion of the leaflet tips, often in the form of an “override” 
constellation, or a frank gap between the tips of the leaflets 
(Fig. 1). Decreased annular contraction during the cardiac 
cycle contributes to the leakage. Pronounced tenting is not 
typical for isolated AFMR, since there is no eccentric pull 
of the papillary muscles. The regurgitant jet is usually cen-
tral, although posteriorly directed jets may also occur (see 

the last paragraph of this section). The LV by definition 
is not dilated in pure AFMR and shows normal or near-
normal ejection fraction.1–5 Since AFMR leads to a volume 
load of the left atrium (LA), it reinforces atrial dilatation 
in a vicious circle. Therefore, in its strict sense, AFMR 
requires a substantially dilated LA, mostly, but not always 
associated with atrial fibrillation or flutter, a normal sized 
LV with normal or slightly reduced ejection fraction, and 
a  mitral valve without major structural abnormalities 
such as major tenting, prolapse or leaflet restriction; how-
ever, a small amount of tenting may be present (Table 1). 
The mechanism of regurgitation is a central leakage, often 
caused by an “override” configuration of the leaflets where 
the tip of one leaflet, mostly the posterior, is positioned 
on the atrial side of  the other (mostly anterior), hence 
“overriding” the anterior leaflet without prolapsing beyond 

Fig. 1. Schematic drawing of hypothetic evolution of atrial functional 
mitral regurgitation (AFMR) with progressive dilatation of the left atrium 
(LA). Left (A) – normal anatomy in systole, no mitral regurgitation. Note 
slight concavity of mitral leaflet bodies towards left ventricle (LV), but no 
prolapse. Center (B) – dilated LA with central gap between the leaflets; 
loss of concavity of leaflets towards LV. There is functional atrial mitral 
regurgitation through the central gap due to disparity between leaflet 
size and annular orifice size. Right (C) – further enlargement of LA. 
There is an “anterior leaflet override” configuration of the mitral valve with 
tethering of the posterior leaflet and a systolic anterior leaflet (in red) tip 
position on the atrial side of the posterior leaflet, with further increase 
in mitral regurgitation

Table 1. Defining features of isolated atrial functional mitral regurgitation (AFMR) compared to ventricular functional mitral regurgitation (VFMR) (adapted 
from Zoghbi et al.5)

Features and parameters AFMR VFMR

Left atrial size very dilated dilated

LV size normal dilated

LV function normal or mildly reduced (EF > 40%) mostly reduced

Mitral leaflet configuration
no or minor tenting, with a loss of concavity towards the LV; 

possible anterior leaflet override and posterior leaflet tethering
progressive tenting of both leaflets

Mitral annulus diameter/area very dilated dilated

Prevalence of atrial fibrillation very high (>50%) approx. 30%

Mitral regurgitant jet direction central, sometimes posterior central, sometimes posterior

LV – left ventricle; EF – ejection fraction. Note that the presence of mixed AFMR and VFMR is probably clinically not rare.
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the annular level. The resulting jet is mostly central, but 
can be posteriorly directed (see Fig. 2).

The initial causative mechanism of AFMR can be un-
derstood as a disparity between the enlarged and flat-
tened mitral annulus and the disposable leaflet area to seal 
it during systole. The 3D echocardiography has shown 
that the amount of AFMR relates to the magnitude of this 
disparity.2 The mitral apparatus is able to at least partially 
compensate for annular enlargement by initiating leaflet 
growth, and this compensatory growth can be inhibited 
in animal models of VFMR by cyproheptadine.6 Hence, 

it  is possible that the described vicious circle of AFMR 
is amenable to beneficial modulation by drugs.

In the further course of the disease, the volume load 
of the regurgitant mitral volume likely affects the – ini-
tially normal – LV, leading to left ventricular dilatation 
and mixed atrial and ventricular FMR, with typical tenting 
configuration of the mitral valve. However, the time course 
of AFMR, and whether it inexorably leads to VFMR, has 
not been systematically studied.

The  association of  AFMR with atrial fibrillation, 
which analogously can lead on the right side of the heart 

A

C

B

Fig. 2. Mid-systolic apical 4-chamber view  
of 72-year-old female patient with heart failure 
symptoms (New York Heart Association (NYHA) 
class III) and atrial fibrillation. Left ventricular end-
diastolic volume: 104 mL, ejection fraction: 54%, 
left atrial volume index: 60 mL/m2, left atrial peak 
reservoir strain: 10%; moderate, central atrial functional 
mitral regurgitation (AFMR). A. 2D; B. Color Doppler; 
C. Decreased biplane left atrial reservoir strain (10%) 
(see Supplementary clips AFMR1 and AFMR2)
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to functional tricuspid regurgitation, implies that AFMR 
is a relatively frequent finding in patients with risk factors 
for atrial fibrillation, or with heart failure with preserved 
– or mildly reduced – left ventricular ejection fraction (HF-
pEF). These patients have a high incidence of atrial tachyar-
rhythmias and elevated left ventricular diastolic pressures 
due to LV diastolic dysfunction. Both diastolic dysfunction 
and AFMR increase left atrial pressure, which in turn im-
pairs atrial mechanical function, as evidenced by impaired 
left atrial strain. It is very difficult, if not impossible, in this 
scenario to tease out the relative contributions of diastolic 
dysfunction and of MR to symptoms, natriuretic peptide 
elevation, pulmonary congestion, and right-sided pressure 
increase, which are all affected by both pathophysiological 
mechanisms. Hence, AFMR and HFpEF often coexist and 
are difficult to separate clinically. A recent study showed 
that patients with HFpEF and AFMR display greater hemo-
dynamic severity of disease and poorer functional capacity 
than in HFpEF without AFMR.7

Some authors have described a subform of AFMR that 
occurs as  the  result of  a posteriorly located dilatation 
of the mitral annulus leading to a herniation of the annulus 
beyond the circumference of the ventricular myocardium, 
and a particularly strong tethering of the posterior leaflet, 
with the consequence of a posteriorly directed regurgitant 
jet.4,8–10 Several terms, such as “hamstringing” or “atrio-
genic MR”, have been used to describe this configuration.

Hemodynamic features of AFMR

By definition, the regurgitant volume of AFMR cannot 
be very large, because chronic occurrence of a large mi-
tral regurgitant volume would lead to critical impairment 
of systemic stroke volume in the absence of left ventricular 
dilatation. Hence, as long as the LV is not dilated, AFMR 
is typically rather moderate than severe. However, this may 
change once the LV starts to dilate and produce a larger 
total stroke volume. It is also currently unclear whether 
the quantitative cutoffs of severe regurgitation used for 
primary and ventricular FMR (effective regurgitant orifice 
area (ERO) >0.4 cm2, regurgitant volume > 50 mL, regur-
gitant fraction > 50–60 mL)11 are adequate for AFMR.

Epidemiology

In a recent report on the etiology of all cases of moder-
ate and severe MR seen at the Mayo Clinic over 10 years, 
functional MR made up 65% of a total of 727 MR cases, 
and about 40% of functional MR cases were diagnosed 
to be of atrial origin.12 Survival curves in AFMR cases 
were similar to those in primary MR, with considerable 
excess mortality compared to expected survival of age- and 
sex-matched general population cohort. Given that atrial 
fibrillation is a chief driver of AFMR, the data provided 

by Abe et al. are of a great importance.1 They show that 
in atrial fibrillation patients without other apparent heart 
disease and a LVEF > 50%, the incidence of at least moder-
ate AFMR increased from 3% (in patients with duration 
of atrial fibrillation <1 year) to 28% (in those with duration 
of atrial fibrillation >10 years).

Treatment and outcomes

Atrial functional mitral regurgitation is  amenable 
to current surgical and interventional mitral repair tech-
niques, apart from valve replacement. In the so far larg-
est published cohort study of severe AFMR patients with 
follow-up, it has been shown that these patients had worse 
overall survival, more heart failure hospitalizations (and 
more diastolic dysfunction), and underwent valve surgery 
less often than similarly aged patients with severe primary 
MR and normal LV function.10 Recently, the results of per-
cutaneous edge-to-edge repair in 126 patients with AFMR 
were published, with good procedural success and symp-
tomatic improvement13; however, whether this translates 
into improved prognosis cannot be currently determined.

Since atrial tachyarrhythmias are a key factor in the de-
velopment of AFMR, the ablation of atrial arrhythmias 
is  an appealing treatment option.14 In a  cohort of 136 
AFMR individuals who underwent atrial fibrillation ab-
lation, MR decreased in 64%, and only in those patients 
the LA volume also decreased.15 Patients who had sinus 
rhythm restored had less MR and more reduction in LA 
volume than those who did not. The extent of low-voltage 
areas in the LA thought to reflect left atrial fibrosis and 
correlated with less reduction in MR and LA volume, sug-
gesting that in the presence of extensive low-voltage ar-
eas AFMR may not be improved by ablation even if sinus 
rhythm is restored.

Areas of uncertainty in need 
for further research

Although the association of left atrial enlargement, atrial 
fibrillation and MR with a mitral leaflet without major vis-
ible abnormalities has been known for a long time, a more 
precise definition was lacking. Very recently, an expert 
panel viewpoint document has suggested a detailed frame-
work for the definition of AFMR.5 The most important open 
question related to AFMR is the time course of the disease 
and LA remodeling. Does AFMR develop to become mixed 
ventricular and atrial FMR over time, as we know it from 
functional tricuspid regurgitation? How to define severe 
AFMR when a normal-sized LV precludes large regurgitant 
volumes given that enough forward stroke volume must 
be preserved? Is a substantial proportion of what we call 
HFpEF in fact the consequence of AFMR? These questions 
await further research.
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Conclusions

Atrial functional mitral regurgitation needs to be recog-
nized as an important type of functional MR with morpho-
logical and pathophysiological characteristics that set it apart 
from other types of MR. Similar to functional atrial tricuspid 
regurgitation, the driver of this disease is neither a diseased 
valve nor the ventricle, but the remodeled atrium, in particu-
lar the dilated mitral annular area, with close association with 
the burden of atrial fibrillation over time. This is important 
not only for diagnosis, but also for the choice of therapy. 
The avoidance of major left atrial remodeling is crucial for 
the prevention of AFMR, and the induction of reverse re-
modeling is the ideal therapeutic principle. The time course 
of AFMR, its impact on the LV, the potential of reverse re-
modeling of the LA if sinus rhythm can be restored, and 
a bespoke therapeutic approach remain to be determined.

Supplementary material

The supplementary clips (AFMR1 and AFMR2) are avail-
able at https://doi.org/10.5281/zenodo.7273770.
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Abstract
Breast cancer (BC) is the most common cancer in women, and its incidence is increasing every year. Current 
treatment is based on surgical resection, chemotherapy (CT), radiotherapy, and hormone therapy (HT). Un-
fortunately, these methods are ineffective and are associated with a wide range of side effects (e.g., nausea, 
hair loss and fertility disorders). Electrochemotherapy (ECT), which exposes tumor cells to electric pulses 
(known as electroporation (EP)) in combination with cytostatic drugs, enables the reduction of cytotoxic 
drug doses while increasing their efficacy. Electroporation-based treatment methods are applied in breast 
carcinoma and are the subject of intensive research globally. Irreversible EP has shown promising therapeutic 
potential in the absence of cytotoxic drugs, as has EP associated with molecules such as calcium ions that 
are already present in the human body. The application of EP-based methods seems to be a safer and more 
effective treatment for BC in vitro and in vivo. Indeed, they have found applications in the treatment of BC 
and its metastases. Moreover, their palliative effects have also been established, and pain reduction has 
been noted in patients.
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Introduction

Breast cancers (BCs) are the most common carcinomas 
in developing countries, and they consist of a wide range 
of heterogeneous diseases, both intertumorally and in-
tratumorally. Existing morphological and molecular dif-
ferences between the different types of BC affect their 
susceptibility to therapy.1,2 Consequently, contemporary 
medicine is still facing the challenge of mounting an ef-
fective fight against BC, and this neoplasm remains one 
of the most common types of cancer and the leading cause 
of cancer‑associated mortality in women.3

Conventional first-line treatment for BC includes sur-
gery, radiation and chemotherapy (CT). While the first 
two treatments target the  tumor region, CT involves 
the systemic administration of cytotoxic agents to either 
inhibit the growth of cancer cells or trigger their apopto-
sis.4 However, default CT is noneffective due to the occur-
rence of multidrug resistance (MDR) against commonly 
used cytostatic agents, and the severe toxicities induced 
by them. Therefore, researchers started to look for new 
treatment strategies. One such strategy, endocrine therapy, 
exploits the fact that a wide group of BCs are character-
ized by the expression of estrogen and/or progesterone 
receptors. This adjuvant treatment reduces BC-associated 
mortality. Moreover, hormone therapy (HT) is the basic 
treatment in the advanced phases of BC. However, a sub-
group of hormone receptor-positive (HR+) BCs do not ben-
efit from endocrine therapy, and all HR+ metastatic BCs 
develop resistance to HT.5,6 Due to the lack of efficiency 
in current methods, there is an urgent need to look for 
alternative, affordable and simple techniques to treat neo-
plasms refractory to conventional treatment standards.

Electroporation (EP) is  a  biophysical method based 
on the introduction of high-voltage electric pulses to cells 
in vitro or tissues in vivo, which results in permeabilization 
of the plasma membrane (PM). The occurrence of hydro-
philic pores in the PM results in enhanced influx of a vari-
ety of molecules into the cell’s cytosol. Pulse duration and 
electric field strength determine whether structural rear-
rangements in the cell membrane are reversible, enabling 
the re-establishment of the cell homeostasis, or irreversible, 
leading to cell death due to the loss of essential organelles 
through pores in the PM. Thus, 2 main types of EP may be 
distinguished: reversible EP (RE) and irreversible EP (IRE).7–9

The use of EP-based treatment methods can have a sig-
nificant impact on increasing the amount of drug delivered 
into cells, which prevents the emergence of active drug ef-
flux-based resistance mechanisms in cancer cells.10 To this 
end, electrical pulse-mediated CT, known as electroche-
motherapy (ECT), is a novel way to improve cancer treat-
ment efficiency. Optimal EP parameters for use in clinical 
practice were defined as part of the European Standard 
Operating Procedures on Electrochemotherapy (ESOPE) 
multicenter trial,11 and include the delivery of 8 rectan-
gular pulses, each lasting 100 µs, with an electric field 

intensity ranging from 1.0 kV/cm to 1.5 kV/cm. Depending 
on whether a drug is administered locally or intravenously, 
pulses have to be delivered immediately following or a few 
minutes after the drug is delivered, respectively.12,13 Hith-
erto, only 3 compounds have been used in clinical prac-
tice for ECT protocols: cisplatin, bleomycin, and recently, 
calcium chloride (CaCl2). Moreover, it should be noted 
that ECT may be combined with immunotherapy14,15 or 
radiotherapy.16

Studies on EP and ECT  
in breast cancer

Due to the phenomenon of MDR and other difficulties 
associated with BC (e.g., histological variety, hormonal 
dependence and resistance of cancer cells), EP has been 
highlighted as one of the methods that can increase the ef-
fectiveness of conventional treatment. Furthermore, EP 
decreases the number of side effects of conventional can-
cer treatments. Electroporation of BC cells may provide 
an efficient and feasible drug delivery system, enabling 
the reduction of dosage and drug exposure time. Electro-
poration and ECT have been investigated in BC in vitro, 
as well as in clinical studies.17–20 Pehlivanova et al. exam-
ined the influence of electrical treatment on the cell adhe-
sion of BC cells and fibroblasts. The application of suitable 
electric pulses triggered rearrangements in cytoskeleton 
organization and cell adhesiveness. Such variations could 
lead to the restriction of tumor metastasis rate, which 
contributes to the increased antitumor effect of EP-based 
therapy.21 In other research, high-frequency irreversible 
EP (H-FIRE), an effective tumor ablation strategy, used 
bipolar bursts of ultrashort (0.25–5 µs) pulses character-
ized by different polarity.22 It has been discovered that H-
FIRE induced immune-mediated cell death and promoted 
systemic anti-tumor immunity. Cell death and tumor abla-
tion following H-FIRE treatment activated the local innate 
immune system, causing the tumor microenvironment 
to change from an anti-inflammatory to a pro-inflamma-
tory state.23,24

The analysis of the impact of EP without the use of anti-
cancer drugs was conducted on human triple-negative BC 
(MDA-MB-231) and human colon cancer (SW-480 and 
HCT-116) cells, and these results were compared with 
studies investigated human fibroblast cell line (MRC-5), 
primary human aortic smooth muscle cells (hAoSMCs) 
and human umbilical vein endothelial cells (HUVECs).25 
The inhibition of cell proliferation was observed after EP 
was applied, and the intensity of this effect was dependent 
on the parameters of the protocol used. The use of a lower 
voltage (up to 0.5 kV/cm) induced a fast but temporary 
disturbance in viability of MDA-MB-231 cells, and apop-
tosis was the predominant type of cell death. However, 
the cells started to proliferate again after several hours. 
Only IRE with high voltages resulted in permanent BC cell 
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degradation. Different results were obtained for colon can-
cer cells, in which exposure to pulse intensities of up to 0.5 
kV/cm caused permanent damage. Healthy cells (MRC-5s, 
hAoSMCs and HUVECs), similar to the MDA-MB-231 cell 
line, recovered after 72 h. This research indicates that EP 
might be a promising treatment method; however, more 
precise analyses are needed to develop an optimal EP 
protocol.25

Electrochemotherapy investigations on BC cell lines 
have mainly been conducted with the  use of  bleomy-
cin or cisplatin. Increasing intracellular concentrations 
of these 2 drugs lead to cell death by apoptosis,26 necrosis27 
or by other pathways, depending on the drug used.26,28 
A local inflammatory reaction has been observed within 
the area of the electric field application after ECT,29,30 and 
the cytotoxicity of the anti-cancer agents used increased 
by 80–100-fold.31,32

Electroporation-based methods are a promising alterna-
tive for human breast adenocarcinoma therapy, especially 
in those resistant to drugs. Electroporation reduces the ef-
fective dose of the drug and drug exposure time; thus, 
it reduces the number of side effects. Rembiałkowska et al. 
conducted an in vitro investigation into the use of doxoru-
bicin (DOX) as an anti-cancer drug alongside EP in the hu-
man estrogen receptor-positive (ER+) BC cell line (MCF-7/
WT), which is sensitive to DOX. They also used a DOX 
resistance cell line (MCF-7/DOX), and an increased effec-
tiveness of the drug was observed in these cells after ECT. 
Indeed, the resistant cell line was shown to be more sensi-
tive to electric pulses. Furthermore, electron microscopic 
examination of both cell lines revealed some interesting 
results. Combining electric pulses with DOX led to the ap-
pearance of heterogeneous materials with irregular shapes 
characteristic of secondary lysosomes and vacuoles.33

Combining EP with calcium ions (Ca2+) instead of cyto-
toxic agents has been investigated as a potential treatment 
modality, and is known as calcium EP (CaEP). An in vitro 
study demonstrated that an EP-driven influx of supraphys-
iological doses of Ca2+ into cells caused necrotic cell death 
associated with a severe energy reduction.34,35 In another 
study, an enhanced antiproliferative effect on MCF-7 and 
MCF-7/DX cells electroporated using nanosecond pulsed 
electric field (nsPEF) protocols in combination with Ca2+ 
was noted.36 In general, the use of CaEP revealed similar 
effects.35,37

Electrochemotherapy has a promising potential and can 
be used for inoperable, chemoresistant and radioresistant 
tumors that do not respond to the current standard of treat-
ment.38 Preliminary clinical studies on  BC metastasis 
to the skin and subcutaneous tissue demonstrated the high 
effectiveness of ECT as a palliative treatment, with a signifi-
cant improvement in the patient’s quality of life.19 However, 
such a small number of applicable drugs is a limiting factor 
of ECT, as its efficacy may be abolished by side effects such 
as pulmonary toxicity after the application of bleomycin,39 
or extensive tumor necrosis following EP with Ca2+.40

Conclusions

The application of ECT, CaEP and IRE shows promising 
results as a safer and more effective treatment option for 
BC both in vitro and in vivo, with specific success seen for 
ECT in the treatment of BC and its metastases. Moreover, 
the palliative effects of ECT and pain reduction have been 
noted in patients.
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Abstract
Background. Knee-osteoarthritis is a very common joint disorder, affecting about 85% of the population 
worldwide. The effectiveness of home-based exercises is still debatable, with many studies indicating positive 
outcomes with few side effects, while others find them of limited utility.

Objectives. To assess the role of home-based exercise (HBE) programs in the treatment of knee osteoarthritis.

Materials and methods. Randomized controlled trials were included as per the predefined Population, 
Intervention, Comparison, Outcomes and Study (PICOS) criteria. Demographic summaries and event data 
for osteoarthritis therapy in the exercise and control groups were assessed, and comparative efficacy was 
evaluated using clustered graphs. The RevMan software was used to calculate the odds ratio (OR) and risk 
ratio of the included studies. The risk of bias was also evaluated and heterogeneity analysis was performed.

Results. Fifteen clinical trials performed from 2000 to 2022, with a total of 2922 osteoarthritis patients, 
were included in the study, according to the chosen inclusion criteria. We observed a reduction in Western 
Ontario and McMaster Universities Osteoarthritis Index (WOMAC) scores but a more marked improvement 
in clinical symptoms in the exercise group. The Knee Injury and Osteoarthritis Outcome Score (KOOS) increased 
only in the exercise group and not in the control group. We obtained a pooled OR of 0.59 (95% confidence 
interval (95% CI): 0.36–0.98), T2 value of 0.88, χ2 value of 185.41, degrees of freedom (df) value of 14, I2 
value of 92%, and p-value <0.00001. The overall Z effect was 2.04 with a p-value of 0.04. The pooled risk 
ratio was 0.81 (95% CI: 0.66–0.99) with a T2 value of 0.14, χ2 value of 191.53, df value of 14, I2 value of 93%, 
and p-value <0.00001.

Conclusions. The data from the studies included in this meta-analysis are in favor of the use of HBEs for 
the treatment of knee osteoarthritis.

Key words: knee osteoarthritis, home-based exercises, Western Ontario and McMaster Universities Osteo-
arthritis Index (WOMAC) score, knee injury, Knee Injury and Osteoarthritis Outcome Score (KOOS)
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Introduction

Knee osteoarthritis is a very common joint disorder that 
affects approx. 85% of the population worldwide, mostly 
adults over 50 years of age.1 Knee osteoarthritis is a medical 
condition in which the flexible and slippery articular car-
tilage of the knee that normally protects the joint becomes 
degenerated.2 Due to this degeneration, the joint undergoes 
friction and impaction, which ultimately leads to pain and 
stiffness.3 The main clinical symptoms of knee osteoarthri-
tis are joint stiffness, difficulty walking and swelling. Knee 
osteoarthritis can be hereditary or caused by increasing 
age, elevated weight, hormonal disturbances, and athletic 
injuries.4 For its treatment, various pain-relieving medica-
tions, anti-inflammatory drugs, supporting braces, and 
exercises can be used. In extreme cases when knee osteoar-
thritis results from a fall, trauma, accident, or high impact 
motor vehicle collision, knee injuries occur to one or more 
tissues that make up the knee joint, including ligaments, 
cartilage, muscles, or knee bones; a knee replacement sur-
gery is recommended in these cases.5 Since medications are 
associated with adverse side effects, such as indigestion and 
dry mouth, as well as a high cost of supporting braces and 
complexity of surgical procedures, home-based exercises 
(HBEs) may be considered an effective alternative to allevi-
ate the symptoms of knee osteoarthritis.6

For example, Thomas7 and Thorstensson et al.8 reported 
that exercise can significantly reduce the clinical symptoms 
associated with knee osteoarthritis. Thorstensson et al. 
suggested exercises such as one-leg hop, lateral step-up, 
one-leg semi-squatting, and heel-raising.8 Similarly, Doi 
et al. concluded that quadricep strengthening HBEs can 
effectively improve knee osteoarthritis.9 Knoop et al. recom-
mend muscle strengthening exercises as an effective method 
to alleviate the symptoms of knee osteoarthritis.10 Similarly, 
Williams et al. support an internet-based exercise training 
program.11 Unlike Bennel et al.,12 Kuntz et al.13 advocate 
biomechanically-based yoga exercises. Shellington et al.14 
advocate the so-called square-stepping exercise, and Choi 
and Lee15 recommend knee joint traction therapy. Nelligan 
et al. determined that lower limb strengthening exercise 
programs, such as seated knee extension, walk squats, hip 
abduction, and calf raises, are effective treatment methods.16 
Consistent with these studies, in the randomized controlled 
clinical trials by Allen et al., the authors described the ef-
fectiveness of a Stepped Exercise Program for Patients with 
Knee Osteoarthritis (STEP-KOA).17 Rewald et al.18 suggest 
aquatic cycling exercises and swimming, and Makarm 
et al.19 support stretching for the hamstring and quadriceps 
muscles as effective strengthening HBE programs. Thieng-
wittayaporn et al.20 support knee bending exercises, and 
Gohir et al.21 mention hamstring and quadricep muscle-
strengthening exercise programs as effective ways to reduce 
the symptoms associated with knee osteoarthritis.

Although there are numerous supporting studies, the ef-
fectiveness of HBEs is still debated, as some studies report 

that they have limited efficacy. Therefore, this study aimed 
to thoroughly analyze the available randomized controlled 
trials on the use of HBE programs for the treatment of knee 
osteoarthritis and to predict the outcome of the analysis.

Objectives

The goal of this meta-analysis was to assess the role 
of HBE programs in the treatment of knee osteoarthritis.

Materials and methods

We followed the guidelines of Preferred Reporting Items 
for Systematic Reviews and Meta-analyses (PRISMA) nor-
mative recommendations in this study with the registra-
tion No. SYSU//IRB//2021//554. All procedures performed 
in this study were according to the institutional and/or na-
tional research standards and followed the 1964 Declara-
tion of Helsinki and its later amendments.

Search strategy

This meta-analysis was based on an extensive search 
conducted in the databases of MEDLINE (via PubMed), 
CINAHL (via EBSCO), Scopus, and Web of Science, and 
covered the years 2000–2022. The following key words were 
used for searching the relevant studies: [knee osteoarthritis], 
[joint disorder], [home-based exercises], [randomized con-
trolled trial], [WOMAC score], [and KOOS score]. All the in-
cluded articles were selected following the PRISMA guide-
lines. The  studies were selected randomly irrespective 
of the language, publication status or type of study (prospec-
tive, retrospective or clinical trial). A demographic summary 
of the patients with event data extracted from the included 
studies is summarized in Table 1.7–21

To assess the efficacy and safety of HBEs for the treat-
ment of mild to moderate knee osteoarthritis in compari-
son with various pain relievers, data from randomized 
controlled trials were extracted. In these studies, patients 
from different age groups were treated with different exer-
cises or control treatments; their Western Ontario and Mc-
Master Universities Osteoarthritis Index (WOMAC) and 
Knee Injury and Osteoarthritis Outcome Score (KOOS) 
were measured, and changes in clinical symptoms were 
observed. Statistical parameters, such as diagnostic odds 
ratio (OR) and risk ratio with 95% confidence intervals 
(95% CIs), were calculated with the help of RevMan soft-
ware (Cochrane, London, UK), and their respective forest 
plots were drawn.

Two authors (JW and DX) separately scanned the rel-
evant sources for related studies. The full-text articles 
of the sources were collected when possible, while abstracts 
were used only if they provided sufficient information for 
the meta-analysis. Obsolete references were excluded, and 
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useful studies were included as per the inclusion criteria. 
Event data with useful variables were collected indepen-
dently by 2 researchers (ZC and ML).

Inclusion and exclusion criteria

Studies were included if they reported the safety and 
efficacy of HBEs for the treatment of patients with mild 
to moderate knee osteoarthritis. Studies were selected 
within the timeframe from 2000 to 2022 and abstracts 
were utilized only when they had provided the sufficient 
information for meta-analysis, while studies with insuf-
ficient data, studies reporting only the use of medicines 
and surgeries (without exercises), and studies published 
before 2000 were excluded, as shown in Fig. 1.

Evaluation of the analytical standard

Two reviewers (JW and DX) separately evaluated 
the methodological validity of the included studies and cal-
culated the heterogeneity of the included experiments. One 

author (BC) was responsible for resolving any disagree-
ments between the authors. To evaluate heterogeneity, 
Cochran’s Q statistic and the I2 index in a random bivariate 
model were calculated with the help of RevMan software. 
The Deeks’ funnel plot for publication bias was drawn with 
the help of MedCalc software (MedCalc Software Ltd., 
Ostend, Belgium). A risk of bias summary and a graph for 
the assessment of the risk of bias were made using Rev-
Man software. To compare the changes in WOMAC and 
KOOS scores pre- and post-treatment with the exercise 
and control strategies, clustered bar graphs were plotted.

Sources of heterogeneity

The investigated heterogeneity sources included the use 
of full-text publications compared to abstracts, random-
ized controlled trials compared to retrospective studies, 
varied age groups and different numbers of patients, vari-
able duration of treatment, different scales of analysis, and 
the comparison of HBEs with different control treatment 
methods.

Fig. 1. Preferred 
Reporting Items for 
Systematic Reviews 
and Meta-Analyses 
(PRISMA) diagram 
of the study group
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Statistical analyses

The diagnostic OR and relative risk were calculated 
using the DerSimonian–Laird technique. For this, a 2×2 
table was created, and a meta-analysis was conducted us-
ing RevMan software. The pooled diagnostic OR value and 
pooled relative risk value were calculated with 95% CIs and 
respective forest plots. The heterogeneity of the studies 
was calculated in terms of the T2 value, χ2 value, Z value, 
and p-value using the Mantel–Haenszel method with ran-
dom effects with RevMan software. The Deeks’ funnel 
plot was constructed to assess the publication bias using 
MedCalc software, and the p-value was determined using 
Begg’s test and Egger’s test. The risk of bias summary and 
the risk of bias graph were assessed with RevMan software. 
To compare the changes in WOMAC and KOOS of pa-
tients who use either HBEs or any of the control methods, 
clustered bar graphs were plotted.

Results

Literature search results

A total of 1365 studies were found in  the databases. 
Among these studies, we excluded 189 studies by reading 
their titles and abstracts, and thus 1176 records remained 
to be screened. Due to invalid references and duplicity, 
further 889 studies were excluded, leaving only 287 stud-
ies for the final screening. Of these 287 studies, 233 more 
were excluded: 76 on the basis of inadequate evidence, 39 
due to the lack of inclusion criteria, 64 due to insufficient 
data, and 54 due to inappropriate data. Then, 2×2 tables 
were created for review. The eligibility of the remaining 
54 studies was assessed further. Finally, 15 eligible studies 
that fulfilled the inclusion criteria (i.e., the use of differ-
ent HBEs compared to control strategies) were used for 
the meta-analysis, as shown in Fig. 1.

Demographic details

The demographic details of the studies included in this 
meta-analysis are shown in Table 1. It provides the author 
of the study, year of publication, journal of publication, 
duration of the study, total sample size, age of the patients, 
gender of the patients, positive outcomes in the exercise 
and control groups, and mean values of pre- and post-
treatment WOMAC and KOOS, along with their standard 
deviations (SDs). Fifteen randomized controlled clinical 
trials encompassing a total of 2922 knee osteoarthritis 
patients were included according to the inclusion criteria 
for the years 2000–2022. The included studies enrolled 
adult patients of different age groups who were chosen 
randomly and treated with either HBEs or control meth-
ods, such as placebo, pain relieving medications or joint 
supporters.

Risk of bias analysis

The meta-analysis was performed using RevMan soft-
ware. The risk of bias for the included studies was assessed 
and is shown in Table 2. This study has a low risk of bias, 
as evident from the risk of bias graph shown in Fig. 2, and 
the resulting risk of bias is summarized in Fig. 3. The sum-
marized values are suggestive of a random sampling of data 
and the use of categorical study variables. This meta-anal-
ysis has a low risk of publication bias, as apparent from 
the Deeks’ funnel plot (Fig. 4). We obtained a significance 
level or p-value of 0.3 for Begg’s test and 0.5 for Egger’s test, 
indicating no evidence of publication bias.

Statistical parameters and heterogeneity

The OR was calculated using RevMan software to as-
sess the effect of HBEs on knee osteoarthritis patients 
compared to the outcomes of standard control methods. 
The forest plot of the ORs and heterogeneity of the data are 

Fig. 2. Risk of bias 
summary
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presented in Fig. 5. We obtained a pooled OR value of 0.59 
(95% CI: 0.36–0.98), T2 value of 0.88, χ2 value of 185.41, 
degrees of freedom (df) value of 14, I2 value of 92%, and 
p-value <0.00001. The overall Z effect was 2.04, with a p-
value of 0.04. A value of p < 0.05 indicates the statistical 
significance of the data, and a value of OR < 1 is indicative 
of the protective exposure of an HBE program for the treat-
ment of knee osteoarthritis compared to control strategies; 
thus, it can be determined that HBEs are a worthwhile 
treatment method with minimal side effects.

The risk ratio of the included studies was also calcu-
lated using RevMan software, and the respective forest 
plot is shown in Fig. 6. The pooled risk ratio was 0.81 (95% 
CI: 0.66–0.99) with a T2 value of 0.14, χ2 value of 191.53, 
df value of  14, I2 value of  93%, and p-value <0.00001. 

The overall Z effect was 2.06, with a p-value of 0.04. A risk 
ratio value of less than 1 proves that the use of different 
HBEs is associated with low risk and is very protective 
and safe.

An I2 value above 90% for both the OR and risk ratio 
is suggestive of substantial heterogeneity of the included 
studies with low bias. A value of p < 0.05 indicates a statis-
tical significance and reflects the high treatment efficacy 
of HBEs for knee osteoarthritis.

Comparative efficacy of exercise  
compared to control methods

The patients were randomized into 2 arms: the exercise 
group and the control group. In both groups, the changes 

Table 2. Risk assessment for the included studies
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in KOOS and reductions in WOMAC were calculated, and 
comparative clustered graphs were designed. A low KOOS 
indicates extreme difficulty due to knee osteoarthritis, 
while a high KOOS represents no problems due to knee os-
teoarthritis. The clustered graph for KOOS (Fig. 7) showed 
that the score increased in the exercise groups but de-
creased in the control groups. This proves that exercise im-
proves the pain and other clinical symptoms of knee osteo-
arthritis more effectively than control methods. Similarly, 
the clustered graph for reduced WOMAC scores (Fig. 8) 
showed a reduction in WOMAC scores in both groups, but 
the reduction was more pronounced in the exercise group. 
The higher the WOMAC score, the worse the pain, joint 
stiffness and functional ability limitations. When patients 
start performing a suitable HBE program, their WOMAC 
scores decrease (i.e., their pain and stiffness subside and 
their mobility improves). As shown in these plots, HBEs 
provide rapid and effective recovery from knee osteoar-
thritis, with minimal adverse side effects.

Combining all these results, it  is clear that HBEs are 
safe, affordable and highly successful treatment strategies 
for knee osteoarthritis. Since they can reduce WOMAC 
scores and increase KOOS scores significantly, this study 
highly recommends the use of HBEs for the treatment 
of knee osteoarthritis.

Discussion

Knee osteoarthritis is a very common medical ailment 
affecting most of the adult population between 40 and 
70 years of age. Due to an increased work stress and un-
healthy lifestyles, weight gain and hormonal imbalances 
are common, leading to  knee osteoarthritis or  other 
joint disorders. This results in issues such as joint stiff-
ness, difficulty walking and pain during movements. For 

Fig. 4. Funnel plot for publication 
bias

95% CI – 95% confidence interval.

Fig. 3. Risk of bias graph
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the treatment of clinical symptoms associated with os-
teoarthritis, pain-relieving medications to alleviate pain, 
anti-inflammatory drugs to reduce swelling, and support 
braces for comfortable walking are available22; however, 
these can be expensive and may be associated with side 
effects.

Home-based exercise programs, including muscle 
strengthening and weight loss exercises, are safe, afford-
able and effective ways to substantially reduce the clinical 
symptoms of knee osteoarthritis. In a review published 
in 2005, Roddy et al. reported that home-based quadricep 
strengthening exercises and aerobic walking are the best 
treatment methods to reduce the pain and disability of knee 

osteoarthritis.23 Similarly, in their systematic review and 
meta-analysis, Li et al. preferred HBEs as an effective treat-
ment strategy.24 Swimming and pool exercises are consid-
ered highly advantageous for patients with knee osteoar-
thritis. However, in contrast to these supporting studies, 
Messier et al. in their randomized controlled trial reported 
that high-intensity muscle strengthening exercises did not 
reduce knee pain effectively.25 In 2009, Bosomworth re-
ported the potential benefits and hazards of HBEs, and 
asserted that patients with knee osteoarthritis should 
not perform activities that put extensive strain on their 
joints, such as running, jumping, and sports like tennis 
and basketball.26

Fig. 6. Forest plot risk ratio

95% CI – 95% confidence interval; M–H – Mantel–Haenszel method.

Fig. 5. Forest plot OR

OR – odds ratio; 95% CI – 95% confidence interval; M–H – Mantel–Haenszel method.
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To  resolve these conflicting conclusions re-
garding the use of HBE programs for the treat-
ment of knee osteoarthritis, this meta-analysis 
analyzed the available literature and performed 
a statistical meta-analysis. We obtained a pooled 
OR value of 0.59 (95% CI: 0.36–0.98), T2 value 
of 0.88, χ2 value of 185.41, df value of 14, I2 value 
of 92%, and p-value <0.00001. The overall Z effect 
was 2.04, with a p-value of 0.04. The pooled risk 
ratio was 0.81 (95% CI: 0.66–0.99) with a T2 value 
of 0.14, χ2 value of 191.53, df value of 14, I2 value 
of 93%, and p-value <0.00001. The overall Z effect 
was 2.06, with a p-value of 0.04. All these values 
are statistically significant. A value of p < 0.05 
reflects the high treatment efficacy of HBEs for 
knee osteoarthritis. Similarly, the clustered graphs 
comparing the changes in WOMAC and KOOS 
scores also prove the superiority of exercise over 
the control treatment strategies.

Thus, based on  the  statistically significant 
meta-analysis results, this study highly recom-
mends the use of HBE programs for the treat-
ment of knee osteoarthritis. However, in the case 
of  post-traumatic and severe knee damage, 
the knee replacement therapy is the most suit-
able option.

Limitations

There are certain limitations to  this study. 
The first is the variability of exercises and control 
methods used for the treatment of knee osteoar-
thritis, which in turn skews the results. Similarly, 
the observation of WOMAC scores and clinical 
symptoms by different analytical tests performed 
by different people also increases the risk of false-
negative results. Many studies do not report 
on the efficacy of exercise compared with a conven-
tional pain reliever or anti-inflammatory drug; this 
may also affect the analysis to some extent. Data 
from other relevant studies that affirm the efficacy 
of HBEs in comparison with different medications 
could also include more results to guide their use 
more precisely. To observe the variability, detailed 
data on the case history of the patient, physical ex-
amination and pathological tests could further ex-
plain the results in order to recommend HBE pro-
grams as effective treatment for knee osteoarthritis.

Fig. 8. Change in Western Ontario and McMaster Universities 
Osteoarthritis Index (WOMAC) score pre- and post-treatment

Fig. 7. Change in Knee Injury and Osteoarthritis Outcome 
Score (KOOS) pre- and post-treatment
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Conclusions

Surgery, pain relievers and anti-inflammatory drugs are 
some of the standard treatment strategies available for 
knee osteoarthritis; however, each strategy has its com-
plexities and adverse effects. Since exercise has no ad-
verse side effects, HBEs may be considered the best treat-
ment strategy for knee osteoarthritis. Regular exercises 
can significantly improve the clinical symptoms, reduce 
the WOMAC scores and significantly increase the KOOS 
scores of knee osteoarthritis patients. Therefore, they can 
be considered a preferred, safe and inexpensive treatment 
method. In this study, we obtained an OR value of 0.59 
and a risk ratio value of 0.81. Since both values are less 
than 1, it suggests that HBEs are safe and effective, and 
can reduce the clinical symptoms associated with knee 
osteoarthritis, without any adverse effects. We found sub-
stantial improvements in the KOOS and WOMAC scores 
of patients who performed HBEs for knee osteoarthritis. 
Based on our statistically significant meta-analysis results 
(p < 0.05) and a low risk of bias, we strongly support the use 
of HBEs for adults with knee osteoarthritis.

ORCID iDs
Jibing Wang  https://orcid.org/0000-0002-3026-4424
Dongfeng Xie  https://orcid.org/0000-0002-6541-439X
Zhijun Cai  https://orcid.org/0000-0003-3728-8100
Meimei Luo  https://orcid.org/0000-0001-6121-8036
Bo Chen  https://orcid.org/0000-0003-2506-9875
Yuguang Sun  https://orcid.org/0000-0002-6328-4835
Huixia Liu  https://orcid.org/0000-0003-4472-3801

References
1.	 Oláh T, Reinhard J, Laschke MW, et al. Axial alignment is a critical reg-

ulator of knee osteoarthritis. Sci Transl Med. 2022;14(629):eabn0179. 
doi:10.1126/scitranslmed.abn0179

2.	 Vitaloni M, Botto-van Bemden A, Sciortino Contreras RM, et al. Global 
management of patients with knee osteoarthritis begins with qual-
ity of life assessment: A systematic review. BMC Musculoskelet Disord. 
2019;20(1):493. doi:10.1186/s12891-019-2895-3

3.	 Katz JN, Arant KR, Loeser RF. Diagnosis and treatment of hip and 
knee osteoarthritis: A review. JAMA. 2021;325(6):568–578. doi:10.1001/
jama.2020.22171

4.	 Nishigami T, Tanaka S, Mibu A, Imai R, Wand BM. Knee-related disabil-
ity was largely influenced by cognitive factors and disturbed body 
perception in knee osteoarthritis. Sci Rep. 2021;11(1):5835. doi:10.1038/
s41598-021-85307-1

5.	 Bartholdy C, Juhl C, Christensen R, Lund H, Zhang W, Henriksen M. 
The role of muscle strengthening in exercise therapy for knee osteo-
arthritis: A systematic review and meta-regression analysis of ran-
domized trials. Semin Arthritis Rheum. 2017;47(1):9–21. doi:10.1016/j.
semarthrit.2017.03.007

6.	 Luan L, El-Ansary D, Adams R, Wu S, Han J. Knee osteoarthritis pain 
and stretching exercises: A systematic review and meta-analysis. 
Physiotherapy. 2022;114:16–29. doi:10.1016/j.physio.2021.10.001

7.	 Thomas KS. Home based exercise programme for knee pain and knee 
osteoarthritis: Randomised controlled trial. BMJ. 2002;325(7367):752. 
doi:10.1136/bmj.325.7367.752

8.	 Thorstensson CA, Roos EM, Petersson IF, Ekdahl C. Six-week high-
intensity exercise program for middle-aged patients with knee 
osteoarthritis: A randomized controlled trial [ISRCTN20244858]. BMC 
Musculoskelet Disord. 2005;6:27. doi:10.1186/1471-2474-6-27

9.	 Doi T, Akai M, Fujino K, et al. Effect of home exercise of quadriceps 
on knee osteoarthritis compared with nonsteroidal antiinflamma-
tory drugs: A randomized controlled trial. Am J Phys Med Rehabil. 
2008;87(4):258–269. doi:10.1097/PHM.0b013e318168c02d

10.	 Knoop J, Dekker J, van der Leeden M, et al. Knee joint stabiliza-
tion therapy in patients with osteoarthritis of the knee: A random-
ized, controlled trial. Osteoarthritis Cartilage. 2013;21(8):1025–1034. 
doi:10.1016/j.joca.2013.05.012

11.	 Williams QI, Gunn AH, Beaulieu JE, et al. Physical therapy vs. inter-
net-based exercise training (PATH-IN) for patients with knee osteo-
arthritis: Study protocol of a  randomized controlled trial. BMC  
Musculoskelet Disord. 2015;16:264. doi:10.1186/s12891-015-0725-9

12.	 Bennell KL, Ahamed Y, Jull G, et al. Physical therapist-delivered pain 
coping skills training and exercise for knee osteoarthritis. Randomized 
controlled trial: Pain coping and exercise for knee OA. Arthritis Care Res  
(Hoboken). 2016;68(5):590–602. doi:10.1002/acr.22744

13.	 Kuntz AB, Chopp-Hurley JN, Brenneman EC, et al. Efficacy of a biome-
chanically-based yoga exercise program in knee osteoarthritis: A ran-
domized controlled trial. PLoS One. 2018;13(4):e0195653. doi:10.1371/
journal.pone.0195653

14.	 Shellington EM, Gill DP, Shigematsu R, Petrella RJ. Innovative exer-
cise as an intervention for older adults with knee osteoarthritis: 
A pilot feasibility study. Can J Aging. 2019;38(1):111–121. doi:10.1017/
S0714980818000454

15.	 Choi MS, Lee DK. The effect of knee joint traction therapy on pain, phys-
ical function, and depression in patients with degenerative arthritis.  
J Kor Phys Ther. 2019;31(5):317–321. doi:10.18857/jkpt.2019.31.5.317

16.	 Nelligan RK, Hinman RS, Kasza J, Bennell KL. Effectiveness of inter-
net-delivered education and home exercise supported by behav-
iour change SMS on pain and function for people with knee osteo-
arthritis: A randomised controlled trial protocol. BMC Musculoskelet 
Disord. 2019;20(1):342. doi:10.1186/s12891-019-2714-x

17.	 Allen KD, Bongiorni D, Caves K, et al. STepped exercise program for 
patients with knee OsteoArthritis (STEP-KOA): Protocol for a ran-
domized controlled trial. BMC Musculoskelet Disord. 2019;20(1):254. 
doi:10.1186/s12891-019-2627-8

18.	 Rewald S, Lenssen AFT, Emans PJ, de Bie RA, van Breukelen G, Mes-
ters I. Aquatic cycling improves knee pain and physical functioning 
in patients with knee osteoarthritis: A randomized controlled trial. 
Arch Phys Med Rehabil. 2020;101(8):1288–1295. doi:10.1016/j.apmr. 
2019.12.023

19.	 Makarm WK, Sharaf DM, Zaghlol RS. Impact of home exercise program 
on self-efficacy and quality of life among primary knee osteoarthri-
tis patients: A randomized controlled clinical study. Egypt Rheumatol  
Rehabil. 2021;48(1):28. doi:10.1186/s43166-021-00073-2

20.	 Thiengwittayaporn S, Wattanapreechanon P, Sakon P, et al. Develop-
ment of a mobile application to improve exercise accuracy and qual-
ity of life in knee osteoarthritis patients: A randomized controlled 
trial. Arch Orthop Trauma Surg. 2021;8:1–10. doi:10.1007/s00402-021-
04149-8

21.	 Gohir SA, Eek F, Kelly A, Abhishek A, Valdes AM. Effectiveness of Inter-
net-based exercises aimed at treating knee osteoarthritis: The iBEAT-
OA randomized clinical trial. JAMA Netw Open. 2021;4(2):e210012. 
doi:10.1001/jamanetworkopen.2021.0012

22.	 Gay C, Chabaud A, Guilley E, Coudeyre E. Educating patients about 
the benefits of physical activity and exercise for their hip and knee 
osteoarthritis: Systematic literature review. Ann Phys Rehabil Med. 
2016;59(3):174–183. doi:10.1016/j.rehab.2016.02.005

23.	 Roddy E, Zhang W, Doherty M. Aerobic walking or strengthen-
ing exercise for osteoarthritis of the knee? A systematic review.  
Ann Rheum Dis. 2005;64(4):544–548. doi:10.1136/ard.2004.028746

24.	 Li S, Ng WH, Abujaber S, Shaharudin S. Effects of resistance train-
ing on gait velocity and knee adduction moment in knee osteo-
arthritis patients: A systematic review and meta-analysis. Sci Rep. 
2021;11(1):16104. doi:10.1038/s41598-021-95426-4

25.	 Messier SP, Mihalko SL, Beavers DP, et al. Effect of high-intensity 
strength training on knee pain and knee joint compressive forces 
among adults with knee osteoarthritis: The START randomized clini-
cal trial. JAMA. 2021;325(7):646–657. doi:10.1001/jama.2021.0411

26.	 Bosomworth NJ. Exercise and knee osteoarthritis: Benefit or hazard? 
Can Fam Physician. 2009;55(9):871–878. PMID:19752252.



Cite as
Güçlü ÖA, Önal U, Akalın H, et al. Tocilizumab treatment 
in COVID-19: A prognostic study using propensity score 
matching. Adv Clin Exp Med. 2022;31(11):1197–1206.  
doi:10.17219/acem/151912

DOI
10.17219/acem/151912

Copyright
Copyright by Author(s) 
This is an article distributed under the terms of the
Creative Commons Attribution 3.0 Unported (CC BY 3.0)
(https://creativecommons.org/licenses/by/3.0/)

Address for correspondence
Özge Aydın Güçlü
E-mail: drozgeaydinguclu@gmail.com

Funding sources
None declared

Conflict of interest
None declared

Acknowledgements
We would like to acknowledge all Pandemic Study Team 
authors who contributed to this research.

Received on March 11, 2022
Reviewed on May 22, 2022
Accepted on July 5, 2022

Published online on August 11, 2022

Abstract
Background. The potential role of interleukin-6 (IL-6) in coronavirus disease 2019 (COVID-19) pneumonia 
provides the rationale for investigating IL-6 signaling inhibitors.

Objectives. To evaluate and report treatment responses to tocilizumab (TCZ) in COVID-19 patients and 
compare mortality outcomes with those of standard care.

Materials and methods. Patients hospitalized with a severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2) infection, diagnosed with reverse transcription polymerase chain reaction (RT-PCR) between 
March 2020 and April 2021, were enrolled in this single-center retrospective cohort study. Propensity score 
matching was performed in order to reduce confounding effects secondary to imbalances in receiving TCZ 
treatment.

Results. A total of 364 patients were included in this study. Two hundred thirty-six patients received standard 
care, while 128 patients were treated with TCZ in addition to standard care (26 (20.3%) patients received 
a dose of 400 mg intravenously once, while 102 (79.7%) patients received a total dose of 800 mg intrave-
nously). In the propensity score-matched population, less noninvasive mechanical ventilation (p = 0.041) 
and mechanical ventilation support (p = 0.015), and fewer deaths (p = 0.008) were observed among 
the TCZ-treated patients. The multivariate adjusted Cox regression model showed a significantly higher survival 
rate among TCZ patients compared to controls (hazard ratio (HR): 0.157, 95% confidence interval (95% CI): 
0.026–0.951; p = 0.044). The hazard ratio for mortality in the TCZ group was 0.098 (95% CI: 0.030–0.318; 
p = 0.0001 using log-rank test).

Conclusions. This study determined that TCZ treatment in COVID-19 patients was associated with better 
survival, reduced need for mechanical ventilation and reduced hospital-associated mortality.

Key words: pneumonia, tocilizumab, COVID-19, cytokine storm, mortality
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Background

In December 2019, a novel coronavirus was identified 
in Wuhan, China. It had clinical characteristics compara-
ble to those of severe acute respiratory syndrome coronavi-
rus 1 (SARS-CoV-1) and Middle East respiratory syndrome 
coronavirus (MERS-CoV).1 This new coronavirus form, 
known as SARS-CoV-2, quickly spread around the globe, 
with the first case discovered in Turkey on March 11, 2020. 
As of September 12, 2021, there were 6,039,857 confirmed 
coronavirus disease 2019 (COVID-19) cases and 52,860 
COVID-19-related deaths.2

Coronavirus disease 2019 begins with a period of rapid vi-
ral replication, followed by a 2nd phase controlled by the host 
immunological response.1 Cytokine storms mediated 
by proinflammatory cytokine overproduction have been 
recognized in the vast majority of critically ill COVID-19 pa-
tients.3 Cytokine storms cause cardiovascular collapse, mul-
tiple organ dysfunction and death. Patients at this stage 
have abnormal inflammatory markers, such as increased 
levels of serum ferritin, interleukin-6 (IL-6), and C-reac-
tive protein (CRP).4 Higher levels of serum IL-6 have been 
linked to increased SARS-CoV-2 viremia, extended viral 
RNA shedding, progression to mechanical ventilation, and 
death.5,6 These findings led us to hypothesize that blocking 
the IL-6 receptor could terminate the inflammatory process 
at a critical point. As a result, early detection, treatment 
and prevention of cytokine storms may be vital for patients.

The significant role of IL-6 in COVID-19 pneumonia 
justifies further research into IL-6 signaling inhibitors.7,8 
Tocilizumab (TCZ) is a monoclonal antibody that targets 
the IL-6 receptor alpha and is used to treat inflamatory 
diseases such as rheumatoid arthritis, giant cell arteritis, 
and systemic sclerosis-associated interstitial lung disease.9 

In cases of severe COVID-19 pneumonia, patients who 
received TCZ were shown to have better outcomes, and 
retrospective observational cohort studies revealed an im-
mediate decrease in fever, decreased need for oxygen ther-
apy and mechanical ventilation, as well as an improvement 
in lung symptoms.10–14

Objectives

The goal of this retrospective cohort study was to de-
scribe the therapeutic response to TCZ in COVID-19 pa-
tients and compare mortality outcomes to those associated 
with standard therapy.

Materials and methods

Between March 2020 and April 2021, adult patients 
(18 years and older) hospitalized with a positive SARS-
CoV-2 reverse transcription polymerase chain reaction 
(RT-PCR) diagnosis at  the  Uludağ University Faculty 
of Medicine in Bursa, Turkey, were enrolled in this sin-
gle-center retrospective cohort study. Pregnant women, 
patients enrolled in other clinical trials and patients receiv-
ing TCZ for chronic rheumatic disorders were excluded. 
The study protocol is summarized in Fig. 1.

Each patient provided written informed consent prior 
to the inclusion in the study. The study followed the prin-
ciples of the Declaration of Helsinki and was approved 
by the Uludağ University Faculty of Medicine Clinical 
Research Ethics Committee (approval No. 2020-23/11), 
as well as the Ministry of Health’s of the Republic of Turkey 
Ethical Committee.

Fig. 1. Study flowchart

SARS-CoV-2 – severe acute respiratory 
syndrome coronavirus 2;  
RT-PCR – reverse transcription 
polymerase chain reaction; 
TCZ – tocilizumab; CRP – C-reactive 
protein.

Patients hospitalized with a positive
SARS-CoV-2 RT-PCR diagnosis

(n = 370)

Enrolled population
(n = 364)

Standard care group
(n = 236)

Excluded:
Enrolled into another clinical 
trial at the time (n = 3)
Receiving TCZ for chronic 
rheumatological disorders 
(n = 1)
Pregnancy (n = 2)

Propensity score matching 1:1
(age, sex, baseline oxygen saturation with ambient air, diabetes, chronic respiratory
disease, hypertension, neoplasms, chronic kidney disease, use of glucocorticoids,

CRP 150 mg/L or higher, and intubation or mechanical ventilator support)

Standard care group
(n = 52)

Standard care + Tocilizumab
(n = 52)

Standard care + Tocilizumab
(n = 128)
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Data collection

The electronic health records database at the hospital 
included sociodemographic information, clinical presen-
tation, comorbid conditions, chest computed tomography 
(CT) findings, laboratory results, therapies, and their vari-
ables. Comorbidities were defined as those diagnosed prior 
to COVID-19 hospitalization.

Lymphocyte, eosinophil, ferritin, D-dimer, CRP, and 
procalcitonin parameters were recorded at baseline, be-
fore the TCZ treatment, and on the 1st, 3rd, 5th, 7th, and 
14th day of  treatment. The duration of hospitalization, 
number of days from hospitalization to death and sec-
ondary infection rates were recorded. The main endpoint 
was intubation or in-hospital mortality.

Definitions

Possible COVID-19 instances were diagnosed according 
to the national guidelines of Turkish Ministry of Health.2,15 
Nasopharyngeal swabs were taken for real-time RT-PCR 
when patients were admitted. Chest X-rays taken at ad-
mission were reviewed, and chest CT patterns and distri-
butions characteristic of COVID-19 infection were care-
fully defined in accordance with the Radiological Society 
of North America’s expert consensus statement, which 
proposes 4 categories for standardized COVID-19 report-
ing (“typical appearance,” “indeterminate appearance,” 
“atypical appearance,” and “negative for pneumonia”).16 
A chest radiologist and an experienced pulmonologist re-
viewed each probable COVID-19 patient’s chest CT.

Hospital care and treatment of patients

From hospital admissions to treatment protocols, all 
clinical decisions adhered to the national guidelines pub-
lished by the Turkish Ministry of Health.2 Patients were 
observed until the completion of the clinical monitoring 
period, which was described as complete recovery, dis-
charge from hospital with SpO2 greater than 94% on room 
air, or death.

In the standard care group, the patients received favipiravir 
(1600 mg twice daily as a loading dose, followed by 600 mg 
twice daily as a maintenance dose); antibiotics were also 
administered as an initial treatment to account for the pos-
sibility of a bacterial etiology. Convalescent plasma was 
administered within 7 days of symptom onset in selected 
patients. Severely ill COVID-19 patients who required sup-
plemental oxygen or ventilator support were administered 
6 mg of dexamethasone daily for 10 days or until discharge.

Tocilizumab was added to standard therapy in patients 
who had clinical and laboratory findings such as persistent 
fever despite treatment, continuing to increase or con-
stantly high proinflammatory cytokines and inflammatory 
markers, elevated ferritin, lymphopenia and thrombocy-
topenia, or elevated D-dimer.

Statistical analyses

The IBM SPSS Statistics for Windows, v. 23.0 software 
(IBM Corp., Armonk, USA) was used to conduct the sta-
tistical analyses. The Shapiro–Wilk test was used to as-
certain the distribution of the variables. When the data 
were normally distributed, they were shown as mean 
and standard deviation (SD). When the data were not 
normally distributed, they were presented as median 
(interquartile range (IQR)). The categorical characteris-
tics were given as numbers (%). To compare continuous 
outcome variables between the groups, we used the inde-
pendent samples t-test for normally distributed data and 
the Mann–Whitney U test for non-normally distributed 
data. The Pearson’s χ2 test was used to compare categori-
cal variables. The Friedman tests were employed to iden-
tify if significant changes in the lymphocyte, eosinophil, 
ferritin, D-dimer, CRP, and procalcitonin variables were 
observed due to incorrect parametric test assumptions 
(non-normal distribution).

We used propensity score matching to eliminate con-
founding effects caused by imbalances in TCZ treatment 
approval, inherent in  a  retrospective cohort analysis. 
To begin with, we calculated a propensity score for each 
patient in order to receive TCZ treatment using multivari-
able logistic regression with the confounding variables 
(age, sex, baseline oxygen saturation with ambient air, 
diabetes, chronic respiratory disease, hypertension, ma-
lignancy, chronic kidney disease, use of glucocorticoids, 
CRP 150 mg/L or higher, and intubation or mechanical 
ventilator support). The  Hosmer–Lemeshow test was 
used to determine the multivariable logistic regression 
model’s fit. Then, using NCSS 2019 statistical software 
(NCSS, Kaysville, USA), we  employed nonparametric 
nearest neighbor matching of propensity scores to es-
tablish a matched cohort in a 1:1 ratio, pairing patients 
treated with TCZ with those who were not. To identify 
risk factors that are thought to be important in predicting 
mortality, the variables reported in the univariate studies 
were first investigated using univariate Cox regression. 
Then, the variables meeting the p < 0.25 threshold were 
included in the multivariate Cox regression model. When 
the relevant variables were analyzed using Cox regression, 
it was determined that age, hypertension, baseline SpO2 
in ambient air, need for intubation, and receiving TCZ met 
the p < 0.25 criterion.17 The enter selection method was 
used to choose variables, and the results of the analysis 
were shown. The hazard ratios (HRs) and 95% confidence 
intervals (95% CIs) were summarized. The proportional 
hazard assumption was checked by producing a time vari-
able (T-COV).

The survival rates of patients treated with TCZ in addi-
tion to standard therapy (TCZ group) and patients treated 
with standard therapy alone (standard treatment group) 
were determined using a Kaplan–Meier plot, with group 
(TCZ compared to standard treatment) as the between 
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factor, death as the event, and time to death or discharge 
as the time variable. To determine statistical significance, 
an overall 5% type I error threshold was applied.

Results

A total of 364 patients were included in this study. Two 
hundred thirty-six patients received standard care, while 
128 patients were treated with TCZ in addition to standard 
care (26 (20.3%) patients received a dose of 400 mg intra-
venously once, while 102 (79.7%) patients received a total 
dose of 800 mg intravenously). Baseline demographic de-
tails, clinical characteristics, and laboratory and radiology 
findings are reported in Table 1 and Table 2, as unmatched 
and propensity score-matched.

Tocilizumab was used more frequently in male patients 
(93 (72.7%) compared to 124 (52.5%), p < 0.001). It was 
administered for a median of 12 (5–36) days after the start 
of patient-reported symptoms, a median of 6 days (1–23) 
from the date of hospitalization, and a median of 1 day 
(0–15) from the date of intensive care unit (ICU) support. 
Of the 364 patients, 78 (21.4%) died, including 52 (40.6%) 
of the 128 that received TCZ and 26 (11.0%) of the 236 
that did not receive TCZ. Fifty-three (41.4%) of the 128 pa-
tients who received TCZ were started on it after intubation. 
Of these, 52 (98.1%) died, while 1 (1.9%) required extracor-
poreal membrane oxygenation (ECMO) support and was 
extubated during the follow-up.

In the unmatched population, patients who received 
TCZ had significantly longer symptom duration, longer 
hospital stay, lower baseline oxygen saturation, and more 
dyspnea than patients who did not receive TCZ (median 
(IQR): 5  (4)  days) compared to  3 (5), p  <  0.001; 16  11) 
compared to 7 (6), p < 0.001; 92 (7) compared to 96 (6), 
p < 0.001; 72 (56.3%) compared to 89 (36.9%), p < 0.001, 
respectively). In the propensity score-matched population, 
patients who received TCZ had significantly longer symp-
tom duration and longer hospital stay than patients who 
did not (6 (3) compared to 3 (5), p = 0.002; 14 (9) compared 
to 8 (5), p < 0.001, respectively).

Among both the  unmatched and propensity score-
matched patients, there were significant differences be-
tween groups that did and did not receive TCZ in terms 
of typical chest CT images (p = 0.008 and p = 0.033, respec-
tively). In addition, TCZ-treated patients had significantly 
lower lymphocyte, eosinophil and platelet levels than pa-
tients who were not treated with TCZ (Table 2).

In the unmatched population, patients who received 
TCZ had more noninvasive mechanical ventilation 
(NIMV), high-flow nasal oxygen (HFNO) and mechani-
cal ventilation requirements, as well as more deaths than 
patients who did not recieve TCZ (p < 0.001 for each). 
In the propensity score-matched population, conversely, 
less NIMV (p = 0.041) and mechanical ventilation support 
(p = 0.015) and fewer deaths (p = 0.008) were observed 

among the TCZ-treated patients. Additionally, in the pro-
pensity score-matched population, more TCZ-treated pa-
tients required HFNO than non-TCZ-treated patients (17 
(32.7%) compared to 5 (9.6%), p = 0.004).

The multivariate adjusted Cox regression model (ad-
justed for age, hypertension, baseline oxygen satura-
tion with room air, and intubation) revealed that TCZ 
patients had a  significantly higher survival rate than 
patients who did not receive TCZ (HR: 0.157, 95% CI: 
0.026–0.951; p = 0.044; Table 3). Meanwhile, the  risk 
of death was 5.3 times higher (p = 0.017) due to hyper-
tension and 18.5 times higher (p < 0.001) when intubation 
was required.

The Kaplan–Meier curves for time to death are shown 
in Fig. 2. The hazard ratio for mortality in the TCZ group 
was 0.098 (95% CI: 0.030–0.318; p = 0.0001 using log-rank 
test).

Considering the pharmacodynamics of TCZ, an  im-
mediate effect on inflammatory indices is expected. Pa-
tients in the TCZ group were monitored for 14 days after 
the beginning of therapeutic interventions. Distributions 
of  lymphocyte, eosinophil, ferritin, D-dimer, CRP, and 
procalcitonin parameters at baseline, before TCZ treat-
ment, and on the 1st, 3rd, 5th, 7th, and 14th day of treatment 
are shown in Table 4.

Of the 128 patients who received TCZ, 35 (27.3%) devel-
oped a bacterial infection, 4 (3.1%) a fungal infection and 
2 (1.6%) a viral infection (cytomegalovirus viremia) during 
hospitalization. Positive sputum cultures were identified 
in 25 (19.5%) patients.

Discussion

This single-center retrospective cohort study aimed 
to evaluate therapeutic responses to TCZ in COVID-19 pa-
tients and compare mortality outcomes to those associated 
with standard therapy. Receiving TCZ was associated with 
a decrease in hospital-related mortality in patients hospi-
talized with COVID-19. However, of the 53 patients who 
received TCZ after intubation, 52 died. Among the gen-
eral population of the study, TCZ was only administered 
to clinically severe cases. Therefore, in unmatched analy-
ses, the need for respiratory support and mortality rates 
were found to be higher in TCZ-treated patients compared 
to those who received standard care without TCZ. The pro-
pensity score-matched model adjusted for the factors such 
as age, gender, basal oxygen saturation with room air, dia-
betes, chronic lung disease, hypertension, malignancy, 
kidney failure, steroid use, CRP of 150 mg/L or more, and 
intubation or mechanical ventilator support determined 
that patients who received TCZ required less mechanical 
ventilation support and had lower mortality rates.

Cytokine storm is a term that refers to an out-of-control 
inflammatory response and impaired immune system 
function induced by infection, certain drugs and other 
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Table 1. Baseline characteristics of unmatched and propensity score-matched patients

Patient characteristics
Unmatched patients (n = 364) Propensity score-matched patients (n = 104)

no tocilizumab
(n = 236)

tocilizumab group
(n = 128) p-value no tocilizumab

(n = 52)
tocilizumab group

(n = 52) p-value

Age [years] 56 (27) 60 (19)
0.082b

U: 13529
57.7 ±12.9 59.4 ±16.1

0.104a

t: 1.639

Gender

Female 112 (47.5%) 35 (27.3%)
<0.001c

11 (21.2%) 11 (21.2%)
>0.99c

Male 124 (52.5%) 93 (72.7%) 41 (78.8%) 41 (78.8%)

Any comorbidity 94 (73.4%) 94 (73.4%) >0.99c 32 (61.5%) 32 (61.5%) >0.99c

Comorbidities

Diabetes 52 (22%) 31 (24.2) 0.635c 9 (17.3%) 9 (17.3%) >0.99c

Hypertension 83 (35.2%) 48 (37.5%) 0.658c 14 (26.9%) 14 (26.9%) >0.99c

Cardiovascular disease 25 (19.5%) 25 (19.5%) >0.99c 11 (21.2%) 11 (21.2%) >0.99c

Chronic pulmonary disease 11 (4.7%) 6 (4.7%) 0.99c 1 (1.9%) 1 (1.9%) >0.99c

Chronic renal insufficiency 11 (4.7%) 10 (7.8%) 0.243c – – N/A

Cancer 25 (10.6%) 10 (7.8%) 0.390c 2 (3.8%) 2 (3.8%) >0.99c

Disease duration

Days from symptoms onset 
to hospitalization [days]

3 (5) 5 (4)
<0.001b

U: 10534
3 (5) 6 (3)

0.002b

U: 817

Hospital stay [days] 7 (6) 16 (11)
<0.001b

U: 3891.5
8 (5) 14 (9)

<0.001b

U: 412

Days from hospitalization 
to death [days]

9 (12) 16 (10)
0.003b

U: 382.5
11.36 ±9.9 6.66 ±5.85

0.458a

t: 0.767

Symptom severity at the time of hospital admission

Mild 0 (0%) 35 (37.3%)

<0.001c

0 (0%) 9 (17.3%)

<0.001c
Moderate 0 (0%) 14 (10.9%) 0 (0%) 8 (15.4%)

Severe 160 (67.8%) 59 (46.1%) 17 (32.7%) 27 (51.9%)

Critical 76 (32.2%) 20 (15.6) 35 (67.3%) 8 (15.4%)

Signs and symptoms

Fever 100 (42.4%) 63 (49.2%) 0.210c 27 (48.1%) 27 (48.1%) >0.99c

Cough 119 (50.4%) 61 (47.7%) 0.614c 23 (44.2%) 27 (51.9%) 0.432c

Sputum 20 (8.5%) 9 (7%) 0.627c 3 (5.8%) 4 (7.7%) 0.696c

Shortness of breath 89 (36.9%) 72 (56.3%) <0.001c 20 (38.5%) 26 (50%) 0.236c

Myalgia 59 (20%) 22 (17.2%) 0.087c 8 (15.4%) 11 (21.2%) 0.446c

Fatigue 74 (31.4%) 44 (34.4%) 0.557c 14 (26.9%) 17 (32.7%) 0.520c

Vomiting 33 (14%) 12 (9.4%) 0.202c 5 (9.6%) 3 (5.8%) 0.462c

Diarrhea 26 (11%) 13 (10.2%) 0.861c 9 (17.3%) 5 (9.6%) 0.250c

Headache 21 (8.9%) 11 (8.6%) 0.922c 1 (1.9%) 5 (9.6%) 0.093c

Throat ache 21 (8.9%) 4 (3.1%) 0.039c 2 (3.8%) 1 (1.9%) 0.558c

Smell and taste dysfunction 15 (6.4%) 4 (3.1%) 0.186c 2 (3.8%) 2 (3.8%) >0.99c

Initial vital signs

Fever [°C] 36.6 (0.60) 36.8 (0.88)
0.027b

U: 12982.5
36.8 (0.70) 36.7 (0.95)

0.321b

U: 1264.5

Oxygen saturation with room 
air [%]

96 (6) 92 (7)
<0.001b

U: 8336
92 (5) 92 (7)

0.572b

U: 1336

Systolic blood pressure  
[mm Hg]

125 (20) 125 (26)
0.650b

U: 14532
120 (30) 125 (20)

0.566b

U: 1333

Diastolic blood pressure 
[mm Hg]

80 (15) 75 (10)
0.016b

U: 12633
75 (10) 70 (14)

0.056b

U: 1056

Heart rate [bpm] 88 (20) 90 (24)
0.967b

U:14711
90.23 ±20.15 90.01 ±15.48

0.953a

t: −0.059

Data are presented as mean ± standard deviation (SD), median (interquartile range (IQR)) and n (%). Statistical significance was determined with the two-
sample t-test (a) for normally distributed continuous variables and the Mann–Whitney U test (b) for comparison of continuous non-normal data. Categorical 
variables were compared using the Pearson’s χ2 test (c). N/A − not applicable.
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Table 2. Radiological and laboratory treatment and follow-up findings of unmatched and propensity score-matched patients

Patient characteristics
Unmatched patients (n = 364) Propensity score-matched patients (n = 104)

no tocilizumab
(n = 236)

tocilizumab group
(n = 128) p-value no tocilizumab

(n = 52)
tocilizumab group

(n = 52) p-value

Chest CT images, n [%]

Typical 180 (77.3%) 112 (91.8%)

0.008c

40 (78.4%) 47 (95.9%)

0.033c
Indeterminate 26 (11.2%) 5 (4.1%) 6 (11.8%) 0 (0%)

Atypical 18 (7.7%) 4 (3.3%) 3 (5.9%) 2 (4.1%)

Negative 9 (3.9%) 1 (0.8%) 2 (3.9%) 0 (0%)

Initial laboratory findings

Leukocyte count [per mm3] 6470 (4630) 5570 (6810)
0.011b

U: 12550.5
7340 (4822) 4970 (6965)

0.001b

U: 852

Lymphocyte count [per mm3] 1350 (1004) 457 (1118)
<0.001b

U: 5569
1197 (1027) 375 (906)

<0.001b

U: 503

Neutrophil count [per mm3] 4205 (4134) 3635 (6983)
0.002b

U: 12187.5
4310 (4081) 2898 (5391)

<0.001b

U: 829

Eosinophil count [per mm3] 18 (76) 0.006 (0.01)
<0.001b

U: 956
8.50 (42) 0.007 (0.01)

<0.001b

U: 151.5

Hemoglobin [g/dL] 13.2 (2.7) 13.3 (2.3)
0.560b

U: 14545
13.2 (2.2) 13.7 (1.9)

0.038b

U: 1033

Platelet count [per 109/L] 205500 (107600) 134750 (199235)
<0.001b

U: 8316
196300 (130300) 132550 (180484)

<0.001b

U: 700.5

D-dimer [mg/L] 0.73 (1.13) 0.72 (1.07)
0.624b

U: 13800
0.78 (0.98) 0.64 (0.79)

0.603b

U: 1164.5

ALT [U/L] 23 (21.7) 30 (20)
0.002b

U: 12193
29 (26) 34 (35)

0.607b

U: 1103.5

AST [IU/L] 26 (23.5) 36 (23.5)
<0.001b

U: 10051
32 (22) 31 (24)

0.679b

U: 1076.5

Creatinine [mg/dL] 0.85 (0.35) 0.98 (0.41)
0.884b

U: 12591
0.98 (0.43–6.9) 0.93 (0.61–2.33)

0.241b

U: 1226

Ferritin [ng/mL] 184 (500) 596 (883)
<0.001b

U: 7193
376 (453) 531 (818)

0.035b

U: 883.5

C-reactive protein [mg/L] 35.0 (88.5) 92.8 (120)
<0.001b

U: 9059
73.7 (88.6) 65.3 (93.5)

0.840b

U: 1316.5

Procalcitonin [ng/mL] 0.06 (0.18) 0.09 (0.21)
<0.001b

U: 10639
0.10 (0.22) 0.08 (0.11)

0.139b

U: 1008

Concomitant medications

Hydroxychloroquine 129 (54.5%) 15 (14.6%) <0.001c 20 (38.5%) 6 (15%) 0.013c

Remdesivir 3 (1.3%) 2 (1.7%) 0.728c 2 (3.8%) 0 (0%) 0.174c

Lopinavir/ritonavir 2 (0.8%) 2 (1.7%) 0.460c 1 (1.9%) 0 (0%) 0.339c

Favipiravir 171 (72.5%) 124 (96.9%) <0.001c 44 (84.6%) 51 (98.1%) 0.015c

Dexamethasone 68 (28.8%) 90 (70.3%) <0.001c 32 (61.5%) 32 (61.5%) >0.99c

Pulse steroid 7 (3%) 70 (54.7) <0.001c 4 (7.7%) 29 (55.8%) <0.001c

Convalescent plasma 49 (20.8%) 80 (66.1%) <0.001c 18 (34.6%) 36 (73.5%) <0.001c

NIMV, yes 11 (4.7%) 22 (17.2%) <0.001c 4 (7.7%) 0 (0%) 0.041c

HFNO, yes 13 (5.5%) 62 (48.4%) <0.001c 5 (9.6%) 17 (32.7%) 0.004c

Mechanical ventilation, yes 22 (9.3%) 53 (41.4%) <0.001c 8 (15.4%) 1 (1.9%) 0.015c

Death, yes 26 (11%) 52 (40.6%) <0.001c 11 (21.2%) 2 (3.8%) 0.008c

CT – computed tomography; ALT – alanine transaminase; AST – aspartate aminotransferase; NIMV – noninvasive mechanical ventilation; HFNO – high-flow 
nasal oxygen. Data are presented as mean ± standard deviation (SD), median (interquartile range (IQR)) and n (%). Statistical significance was determined 
by the two-sample t-test (a) for normally distributed continuous variables and the Mann–Whitney U test (b) for comparison of continuous non-normal data. 
Categorical variables were compared using the Pearson’s χ2 test (c). Corticosteroid treatment: dexamethasone (DXM) 6 mg/day or methylprednisolone 
40 mg/day; pulse steroid dose: 250 mg/day for 3 days; 500 mg/day for 3 days or 1000 mg/day for 3 days.
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reasons such as malignant tumors or rheumatic diseases. 
Severe acute respiratory syndrome coronavirus 2 attaches 
to  alveolar epithelial cells and subsequently activates 
both the innate and adaptive immune systems, resulting 
in the release of a variety of cytokines, including IL-6. 
Additionally, these proinflammatory substances enhance 
vascular permeability, resulting in a flood of fluid and 
blood cells into the alveoli, which can lead to shortness 
of breath and potentially, respiratory failure.18 Interleukin 6 
is a critical component of the cytokine storm. It is typically 
reported in individuals with severe COVID-19 infection 
and found at significantly higher levels in these patients 
than in patients with less severe forms of the disease.18 
In the propensity score-matched population, patients who 

received TCZ had significantly longer hospital stays than 
patients who did not receive it. Since TCZ is administered 
to clinically severe patients, longer durations of hospital-
ization in this patient population are expected.

In both the unmatched and propensity score-matched 
groups, patients who received TCZ had significantly lower 
lymphocyte, eosinophil and platelet levels than those who 
did not receive TCZ. The  induction of cytokine storm 
by IL-6 results in a robust inflammatory response man-
ifested by an increase in CRP and procalcitonin levels, 
a decrease in lymphocyte counts and stimulation of the co-
agulation pathway, as demonstrated by elevated D-dimer 
levels and hypoxia.19 It has been observed that eosino-
phils undergo considerable changes during the early stages 
of COVID-19 and are more sensitive to disease diagnosis 
than lymphocytes. Additionally, recovered patients experi-
ence a dynamic eosinophil recovery process, and periph-
eral blood eosinophils are significantly lower in deceased 
patients.20 Patients in the TCZ group were monitored for 
14 days from the beginning of therapeutic interventions. 
Consistent with previous studies,21,22 CRP, ferritin and 
D-dimer values decreased toward the normal range, while 
lymphocyte and eosinophil counts increased. In the groups 
of overall and discharged patients, a decrease was observed 
in procalcitonin levels at the follow-up after the TCZ treat-
ment. Conversely, in the group of patients who died, there 
was an initial decrease followed by an increase in procal-
citonin levels on the 14th day.

In a randomized clinical trial, TCZ administered with 
remdesivir did not shorten the time to hospital discharge 
in patients with severe COVID-19 pneumonia compared 
to placebo plus remdesivir group.23 It was reported that 
in subjects with severe COVID-19, the use of both TCZ 
and systemic corticosteroid therapy compared to  no 
TCZ treatment reduced the risk of mortality.24 For severe 
COVID-19 patients, the addition of TCZ to the standard 
of care may reduce mortality and the need for mechani-
cal ventilation.25 A meta-analysis that included 25 peer-
reviewed publications determined that TCZ treatment 
is related to a decreased risk of mortality and the need 
for mechanical ventilation, as well as a better prognosis 
in COVID-19 patients, particularly those who are criti-
cally ill.26

In the unmatched population, patients who received 
TCZ had greater NIMV, HFNO, mechanical ventilation 

Table 3. Multivariable Cox regression model of mortality in propensity score-matched coronavirus disease 2019 (COVID-19) pneumonia

Variable
Multivariable model

HR 95% CI p-value

Tocilizumab (yes/no) 0.157 0.026–0.951 0.044

Age [years] 1.014 0.943–1.057 0.505

Hypertension (yes/no) 5.283 1.344–20.757 0.017

Percentage oxygen saturation with room air, baseline 1.012 0.905–1.131 0.839

Intubation (yes/no) 18.524 3.874–88.568 <0.001

HR – hazard ratio; 95% CI – confidence interval.

Fig. 2. Overall survival among propensity score-matched patients

Hazard ratio (HR) was 0.098, 95% confidence interval (95% CI) was 
0.030–0.318 and log-rank p < 0.001.
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Table 4. Comparison of the course of biochemical parameters between stable and clinically worsening groups of patients treated with tocilizumab

Patient group Baseline
The day before 

tocilizumab 
treatment

1st day after 
tocilizumab 
treatment

3rd day after 
tocilizumab 
treatment

5th day after 
tocilizumab 
treatment

7th day after 
tocilizumab 
treatment

14h day after 
tocilizumab 
treatment

p-value

Lymphocyte [per mm3]

All patients 457 (1118) 375 (739) 390 (769) 400 (749) 385 (867) 330 (768) 400 (1035)
0.029

χ2:14.02

Discharged 
patients

395 (1034) 420 (769) 399 (799) 415 (825) 558 (998) 530 (971) 580 (1298)
0.004

χ2: 18.92

Mechanically 
ventilated patients

490 (1177) 350 (739) 370 (739) 366 (715) 368 (706) 302 (648) 119 (597)
0.787

χ2: 3.17

Dead patients 503 (1194) 340 (734) 345 (694) 350 (733) 368 (716) 296 (540) 150 (619)
0.684

χ2: 3.94

Eosinophil [per mm3]

All patients 0.006 (0.01) 0.005 (0.02) 0.008 (0.03) 0.015 (0.08) 0.030 (0.12) 0.026 (0.09) 0.039 (0.16)
<0.001

χ2: 44.09

Discharged 
patients

0.006 (0.01) 0.005 (0.02) 0.008 (0.03) 0.013 (0.07) 0.031 (0.16) 0.026 (0.09) 0.074 (0.19)
<0.001

χ2: 31.82

Mechanically 
ventilated patients

0.004 (0.03) 0.005 (0.01) 0.008 (0.03) 0.033 (0.08) 0.025 (0.06) 0.032 (0.09) 0.014 (0.13)
0.001

χ2: 23.39

Dead patients 0.005 (0.02) 0.005 (0.02) 0.008 (0.04) 0.034 (0.09) 0.027 (0.08) 0.03 (0.09) 0.01 (0.14)
0.024

χ2:14.53

Ferritin [ng/mL]

All patients 596 (883) 1187 (1272) 1029 (1372) 816 (1021) 717 (721) 667 (857) 507 (598)
0.008

χ2: 40.57

Discharged 
patients

663 (887) 1194 (1243) 1168 (1198) 775 (909) 731 (705) 657 (756) 516 (495)
<0.001

χ2: 30.20

Mechanically 
ventilated patients

463 (832) 1128 (1473) 969 (1845) 919 (1407) 703 (912) 667 (1001) 343 (722)
0.008

χ2: 17.27

Dead patients 498 (872) 1180 (1445) 969 (1506) 924 (1405) 703 (1135) 667 (1087) 176 (1444)
0.030

χ2: 13.98

D-dimer [mg/L]

All patients 0.72 (1.07) 1.33 (3.57) 2.41 (5.24) 2.75 (5.49) 3 (7.93) 3.08 (5.05) 1.37 (1.44)
<0.001

χ2: 40.34

Discharged 
patients

0.61 (0.76) 0.91 (2.07) 1.13 (1.98) 1.33 (3.13) 1.31 (4.13) 1.25 (3.90) 1.24 (1.38)
0.001

χ2: 23.52

Mechanically 
ventilated patients

0.91 (1.45) 3.22 (5.07) 5.42 (11.26) 6.06 (19.57) 8.05 (14.92) 5.48 (5.41) 1.49 (1.07)
0.003

χ2: 19.44

Dead patients 0.95 (1.45) 2.97 (5.64) 5.57 (10.75) 6.56 (19.47) 8.82 (15.34) 5.48 (5.41) 1.5 (1.79)
0.003

χ2: 20.08

CRP [mg/L]

All patients 92.8 (120) 98.1 (87.9) 55 (76.2) 16 (21.8) 5.9 (10.68) 2.7 (7.95) 2 (31)
<0.001

χ2: 109.39

Discharged 
patients

79 (100.1) 80.6 (75.7) 36.6 (63.3) 13.1 (20.0) 3.4 (6.9) 2 (1.45) 2 (0.6)
<0.001

χ2: 92.42

Mechanically 
ventilated patients

105.8 (116.4) 116 (106.9) 67.2 (83.0) 18.65 (28.4) 10 (26.9) 9.15 (40.2) 38.4 (99.6)
<0.001

χ2: 37.25

Dead patients 129.4 (137.1) 116 (102.7) 67.2 (85.8) 18.65 (27.9) 10 (26.9) 9.15 (39.6) 38.4 (106.1)
<0.001

χ2: 31.77

Procalcitonin [ng/mL]

All patients 0.09 (0.21) 0.11 (0.25) 0.08 (0.22) 0.06 (0.10) 0.04 (0.12) 0.04 (0.11) 0.02 (0.13)
<0.001

χ2: 44.87

Discharged 
patients

0.07 (0.13) 0.07 (0.13) 0.05 (0.10) 0.03 (0.06) 0.02 (0.03) 0.02 (0.04) 0.02 (0.03)
<0.001

χ2: 44.22

Mechanically 
ventilated patients

0.11 (0.42) 0.23 (0.68) 0.19 (0.34) 0.12 (0.40) 0.12 (0.40) 0.15 (0.42) 0.20 (1.19)
0.330

χ2: 6.90

Dead patients 0.18 (0.45) 0.25 (0.60) 0.17 (0.34) 0.12 (0.34) 0.12 (0.40) 0.19 (0.44) 0.47 (3.19)
0.009

χ2: 17.11

CRP – C-reactive protein. Data are presented as median (interquartile range (IQR)). Overall group comparisons were performed using Friedman’s test.
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requirements, and mortality. On the contrary, in the pro-
pensity score-matched population, less NIMV and me-
chanical ventilation support were required, and there were 
fewer deaths in the TCZ-treated patients. In the propensity 
score-matched population, there was a greater need for 
HFNO in patients who received TCZ treatment. Stone 
et al. showed that TCZ was ineffective in preventing in-
tubation or death in moderately ill COVID-19 patients.27 
Another study indicated that treating individuals who 
have severe COVID-19 pneumonia with TCZ might re-
duce the risk of needing invasive mechanical ventilation 
and mortality.28

The multivariate adjusted Cox regression model showed 
that TCZ was associated with an 84% reduction in the risk 
of in-hospital death. However, the risk of death increased 
5.3 times with hypertension and 18.5 times with intuba-
tion. The survival probability of TCZ-treated patients 
was significantly higher than that of untreated patients. 
In a meta-analysis, the administration of IL-6 antagonists 
was found to be associated with lower all-cause mortal-
ity 28 days after randomization.29 It has been reported 
that the relative risk of death is increased two-fold among 
patients with hypertension compared to patients without 
hypertension.30

Of the 128 TCZ-treated patients, 35 (27.3%) developed 
a bacterial infection, 4 (3.1%) a fungal infection and 2 (1.6%) 
a viral infection (cytomegalovirus viremia) while hospital-
ized. Positive sputum cultures were identified in 25 (19.5%) 
patients. Keske et al. detected secondary bacterial infec-
tions among 9 (41%) of the 22 patients who were admit-
ted to the ICU and treated with TCZ.14 A meta-analysis 
of serious adverse events from 23 clinical trials concluded 
that the risk of secondary infection after 28 days was com-
parable between patients treated with IL-6 antagonists 
(750/3428; 21.9%) and those treated with standard care 
or placebo (330/1787; 17.6%).29 A single-center investigation 
found that patients treated with TCZ were more than twice 
as likely to develop a superinfection as untreated controls 
(54% compared to 26%), owing principally to a significant 
increase in ventilator-associated pneumonia (45% com-
pared to 20%).31

Limitations

Although these data are retrospective and observational, 
we used propensity score matching to exclude confound-
ing effects caused by  imbalances in  TCZ treatment. 
The limitations of this study include a lack of the evalu-
ation of the secondary infection in patients who did not 
receive TCZ, and a lack of measurement of the IL-6 levels 
of the patients. In addition to the administration of TCZ 
according to the institutional guidelines, it was thought 
that there might be an indication bias, because the clini-
cian plays an important role in the treatment decision.

Conclusions

This study concluded that TCZ treatment in patients 
with COVID-19 was associated with better survival, re-
duced need for mechanical ventilation and reduced hos-
pital-associated mortality.
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Abstract
Background. The assessment of the quality of life (QoL) in hematology-oncology patients is extremely 
important. The disease and anti-cancer therapy can cause adverse effects, directly impacting the physical and 
mental condition of the patient and indirectly influencing their social and professional situation. Therefore, 
a properly performed QoL assessment should take into account all of these aspects. Moreover, QoL assessment 
has a prognostic value in regard to treatment success and prognosis; therefore, the improvement in the QoL 
is often one of the goals of therapy.

Objectives. To identify the changes in QoL during therapy in patients with lymphoproliferative neoplasms.

Materials and methods. Forty-six hematology-oncology patients participated in this prospective single-
center study. Their QoL was analyzed at 2 time points (before and after the first-line treatment). For this 
purpose, the EORTC QLQ-C30 questionnaire was used. All statistical analyses were performed using the STA-
TISTICA v. 13 software. A value of p < 0.05 was considered statistically significant.

Results. The study included patients with multiple myeloma (MM; 47.8%), non-Hodgkin lymphoma (NHL; 
28.3%) and chronic lymphocytic leukemia (CLL; 23.9%). After the first line of treatment, patients perceived 
their overall QoL as slightly better than before starting the treatment, with an average increase of 1.94. 
Statistically significant differences were observed in physical and emotional functioning as well as fatigue, 
pain, dyspnea, appetite, and constipation.

Conclusions. In patients with lymphoproliferative neoplasms, after the first-line treatment, an improvement 
in an overall QoL and level of functioning, as well as a reduction in the severity of symptoms were observed.

Ke y words: quality of life, chemotherapy, lymphoproliferative neoplasms
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Background

Lymphoproliferative neoplasms consist of  a  diverse 
group of diseases,1 in which those with the highest global 
incidence rate include: non-Hodgkin lymphoma (NHL; 
2.8%), leukemia (2.5%) and multiple myeloma (MM; 0.9%). 
The above diseases accounted for 2.6%, 3.1% and 1.2% 
of deaths in 2020, respectively.2

Non-Hodgkin lymphoma is  a  heterogeneous group 
of lymphatic system neoplasms, representing a wide spec-
trum of diseases with various aggressiveness. These neo-
plasms can originate from peripheral B lymphocytes (85–
90%), T lymphocytes or natural killer cells.3,4 Clinically, 
NHL is divided into indolent lymphomas and aggressive 
lymphomas, according to the proliferation rate of the neo-
plastic cell and timing of the symptom onset.5 In highly 
developed countries, the most common leukemia in adults 
is chronic lymphocytic leukemia (CLL). This neoplasm 
is characterized by an increased number of circulating, 
immunocompetent, small, mature, monoclonal B lympho-
cytes with typical morphology and immunophenotypes 
within the peripheral blood.6,7 In turn, MM is a cytogeneti-
cally heterogeneous clonal proliferative disorder of atypical 
plasma cells, characterized by multifocal bone marrow 
involvement and specific secondary organ symptoms.8,9

Due to the remarkable progress made in the treatment 
of hematological malignancies (HMs) and significant im-
provements in the survival rates of patients, it is necessary 
to adopt a more chronic treatment model for these dis-
eases. Thus, the improvement in the patient’s quality of life 
(QoL) is becoming more and more important.10 Quality 
of life is a multidimensional phenomenon covering vari-
ous domains of human life; therefore, despite many years 
of analysis, no unambiguous definition of this concept has 
been achieved.

In medical science, the most commonly used definition 
of QoL was published in 1995 by the World Health Orga-
nization (WHO). According to the WHO, QoL is an in-
dividual’s perception of their life position in the context 
of the culture and value systems in which they live, in re-
lation to individual goals, expectations, standards, and 
fears. This concept includes following elements: physical 
and emotional health, level of independence, social rela-
tionships, personal beliefs, and the relationship of these 
elements to important environmental characteristics. All 
aspects must be evaluated in order for a comprehensive, 
personal QoL assessment to be performed. Moreover, this 
definition draws the attention to the fact that QoL is a sub-
jective concept that includes both positive and negative 
aspects of human life.11

The concept of health-related quality of  life (HRQoL) 
is equally important, the definition of which is patient-ori-
ented and, above all, functional. Health-related quality of life 
represents the sum of the daily functional abilities in a pa-
tient’s life in 4 domains: physical and professional activity, 

mental functioning, social interactions, and somatic expe-
riences. At the same time, it should be noted that HRQoL 
is a multifactorial parameter assessed by the patient and can 
change during the course and treatment of the disease.12

Considering the above, the assessment of QoL in hema-
tology-oncology patients in connection with the diagnosis 
and treatment is extremely important. Both the disease 
and the anti-cancer therapy can cause adverse effects that 
directly impact the physical and mental conditions of a pa-
tient, and can indirectly influence their social and profes-
sional situation. Thus, a properly performed QoL assess-
ment should take into consideration all of these aspects. 
Moreover, the QoL has a prognostic value with regard 
to treatment success and prognosis; therefore, the improve-
ment in QoL is often one of the goals of patient therapy.13

The  QoL analyses can be carried out using various 
methods, the most common of which are questionnaires. 
The questionnaires should be characterized by high va-
lidity and reliability. Moreover, the questionnaire cannot 
simply focus on a single domain, as it would not constitute 
an accurate QoL assessment.14,15

The available questionnaires can be divided into:
−	general (generic), which are used both in healthy and 

sick individuals with various clinical diseases;
−	detailed (specific), designed to assess a particular disease 

based on its specific elements – spheres of functioning 
or factors resulting from the disease;

−	mixed, containing the elements of a general question-
naire and those intended for a specific disease.16

According to the results of a systematic review of QoL 
research in medicine and health sciences, the most fre-
quently used general questionnaires were: SF-36, EQ-5D 
and WHOQOL-BREF. At the same time, among specific 
questionnaires, the  EORTC QLQ-C30 questionnaire 
is most frequently used.13 On the other hand, mixed ques-
tionnaires are often prepared specifically for a clinical trial 
and are used solely for this purpose (ad hoc).16

The EORTC QLQ-C30 questionnaire (v. 3.0) was devel-
oped by the Quality of Life Research Group of the Euro-
pean Organization for Research and Treatment of Cancer 
(EORTC). Its basic version (core) is a standardized tool in-
tended for oncological patients regardless of the form, type 
and location of the tumor.17 However, separate modules for 
the assessment of QoL related to specific primary tumor 
sites were also developed.14 Among HMs, the module for 
the assessment of QoL in MM patients (QLQ-MY20)18 
is fully validated. On the other hand, the modules for pa-
tients with Hodgkin lymphoma (HL; QLQ-HL27), high- 
or low-grade NHL (HG/LG-NHL; QLQ-NHL-HG29 and 
QLQ-NHL-LG20, respectively), CLL (QLQ-CLL17),19 and 
chronic myeloid leukemia (CML; QLQ-CML24)20,21 are 
currently in the final stages of development. The results 
of previous research suggest that the EORTC QLQ-C30 
and its modifications are reliable tools for the assessment 
of QoL in hematology-oncology patients.10,22
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Objectives

Individual problems revealed during the QoL assessment 
may lead to the modification of the treatment or reha-
bilitation regimen in order to improve the health condi-
tion of the patient. Therefore, our study aimed to identify 
the QoL in patients with lymphoproliferative neoplasms 
before and after the first line of treatment.

Materials and methods

The presented results are part of a larger research project 
carried out in the years 2017–2019 at Department of He-
matology and Cancer Prevention in Chorzów, Poland. 
The study protocol was approved by the Bioethical Com-
mittee of the Medical University of Silesia in Katowice, 
Poland, under the resolutions No. KNW/0022/KB1/4/17 
and KNW/0022/KBI/4/I/17/19.

Adults with a  confirmed diagnosis of  CLL, NHL 
or MM who were receiving an intensive treatment pro-
gram were eligible for the study. Patients who had previ-
ously undergone cancer therapy and those with an active 
acute or chronic infection, a systemic connective tissue 
disease, an implanted pacemaker, or a significant clini-
cal burden, were excluded from the study. The inclusion 
criteria were met by a total of 58 patients, 8 of whom 
refused to participate and 4 died. The final analysis con-
sisted of 46 people who were monitored twice during 
their hospitalization:

−	after diagnosis, before starting therapy;
−	after the first line of treatment, while assessing its effect.

In this study, the standardized EORTC QLQ-C30 ques-
tionnaire (v. 3.0) was used to assess the QoL of cancer 
patients. The questionnaire contains questions regarding 
the impact of the disease on different areas of a patient’s 
life (physical, role, emotional, cognitive, and social func-
tioning), the occurrence of symptoms (fatigue, nausea and 
vomiting, pain, dyspnea, insomnia, appetite loss, constipa-
tion, and diarrhea), financial difficulties, and an overall 
assessment of QoL (Table 1).17

For each question, the respondent must choose 1 answer. 
For 28 of the questions, the answers are given on a 4-point 
Likert-type scale (1 – never, 2 – sometimes, 3 – often, 
4 – very often) and assess the intensity of the analyzed 
parameters. The  last 2  questions evaluate the  general 
health of the patient on a 7-point scale (from 1 – very bad 
to 7 – excellent). Patients completed the questionnaires 
by themselves. If a question arose, they could ask the re-
searcher for an explanation.

After collecting the responses, a raw score was calcu-
lated for each of the abovementioned 15 questionnaire 
items. Next, a  linear transformation was performed 
to obtain a score in a range from 0 to 100. The conver-
sion of the results to a 100-point scale was made accord-
ing to the EORTC guidelines.23 Of note, a higher score 
on the functional scales means better functioning and 
a higher response for general health corresponds to a bet-
ter QoL. The  situation is  different when interpret-
ing the symptom scales, where a higher score indicates 

Table 1. Description of questions included in the EORTC QLQ-C30 questionnaire (own elaboration based on the studies)19,24

Scale Abbreviation Item numbers Number of items Item range*

Functional scales

Physical functioning PF 1–5 5 3

Role functioning RF 6, 7 2 3

Emotional functioning EF 21–24 4 3

Cognitive functioning CF 20, 25 2 3

Social functioning SF 26, 27 2 3

Symptom scales

Fatigue FA 10, 12, 18 3 3

Nausea and vomiting NV 14, 15 2 3

Pain PA 9, 19 2 3

Symptom items

Dyspnea DY 8 1 3

Insomnia SL 11 1 3

Appetite loss AP 13 1 3

Constipation CO 16 1 3

Diarrhea DI 17 1 3

Financial difficulties FI 28 1 3

Global health status/QoL QL 29, 30 2 6

* Item range indicates the difference between the possible maximum and minimum response to individual items. EORTC QLQ-C30 – European 
Organisation for Research and Treatment of Cancer quality of life questionnaire; QoL – quality of life.
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a higher level of symptom burden.17,23 Additionally, each 
patient answered questions concerning sociodemographic 
data: gender, education, year of birth, place of residence, 
and a subjective assessment of health.

The normality of the distribution was assessed using 
the  Shapiro–Wilk test. The  Pearson’s χ2 test was per-
formed to compare qualitative variables, while quantita-
tive variables before and after treatment were compared 
using the Wilcoxon signed-rank test. A value of p < 0.05 
was considered statistically significant. The analyses were 
performed using the STATISTICA v. 13 software (TIBCO 
Software Inc., Palo Alto, USA). The graphic design and 
supplementary calculations were performed using Micro-
soft Excel 2016 (Microsoft Corp., Redmond, USA).

The research followed the principles outlined in the Dec-
laration of Helsinki for all human or animal research. 
In addition, for investigations involving human subjects, 
informed consent was obtained from the  participants 
involved.

Results

The general characteristics of the study group are pre-
sented in Table 2. The youngest patient was 19 years old and 
the oldest was 81 years old. The median age of the respon-
dents was 62 years, and the mean age was 59.5 (±15.3 years). 
Men (65.0%) constituted a much greater percentage, with 

a slight majority of patients having secondary education 
(34.8%). Most of the patients lived in a city (91.3%) with 
their families (89.1%). The presence of more than 2 comor-
bidities (including hypertension, type 2 diabetes or pros-
tatic hyperplasia) was reported in 60.9% of patients.

The most common hematology-oncology diagnosis was 
MM (Fig. 1). All patients enrolled in the study received che-
motherapy or chemoimmunotherapy for a mean duration 
of 118 (±48.8) days. Most of the patients, before starting 
the treatment (84.8%) and after the first line of treatment 
(91.3%), described their health as good or very good (Fig. 2). 
In the case of this parameter, there was no statistically 
significant difference (χ2 test; p = 0.3775).

After ending the first line of treatment, patients per-
ceived their overall QoL to be slightly better than before 
starting the treatment, with an average increase of 1.94. 
For all functional scales, the results in the 2nd observa-
tion period increased, which means a better level of pa-
tient functioning. Statistically significant changes were 
demonstrated in the physical and emotional functioning 
parameters (Table 3).

In the case of symptom scales, most of the results de-
creased, which indicates a lower intensity of symptoms. 
At the same time, respondents indicated the occurrence 

Table 2. General characteristics of the study group

Parameters Value

Age [years], mean (±SD) 59.5 (±15.3)

Age [years], median (range) 62 (19–81)

Time duration of treatment [days], mean (±SD) 118 (±48.8)

Gender

Female, n (%) 16 (35.0)

Male, n (%) 30 (65.0)

Education

Primary, n (%) 6 (13.0)

Basic vocational, n (%) 14 (30.4)

Secondary, n (%) 16 (34.8)

Higher, n (%) 10 (21.8)

Place of residence

City, n (%) 42 (91.3)

Village, n (%) 4 (8.7)

Living with the family

Yes, n (%) 41 (89.1)

No, n (%) 5 (10.9)

Multiple diseases

Yes, n (%) 28 (60.9)

No, n (%) 18 (39.1)

SD – standard deviation.

Fig. 1. Incidence of lymphoproliferative neoplasms in the study group

MM – multiple myeloma; CLL – chronic lymphocytic leukemia; NHL 
– non-Hodgkin lymphoma.

Fig. 2. Self-assessment of patients’ health before and after the first-line 
treatment

MM

CLL

NHL

47.8%

23.9%

28.3%

0

10

20

30

40

50

60

70

80

before treatment after first-line treatment

very good
good
bad

p = 0.3775

17.4% 67.4% 15.2% 19.6% 71.7% 8.7%



Adv Clin Exp Med. 2022;31(11):1207–1214 1211

of fatigue and nausea/vomiting more often after the first 
line of treatment. The average values regarding financial 
difficulties also increased. Statistically significant differ-
ences were observed for fatigue, pain, dyspnea, appetite 
loss, and constipation (Table 4).

Discussion

The results of a systematic review on QoL in patients 
with HMs indicate that these diseases negatively affect 
the overall QoL. The deterioration in quality was found 
in all domains of life, both in terms of physical and mental 
health, as well as the social and professional aspects. Fa-
tigue was the most common physical symptom. A decrease 
in sexual activity and cognitive functions were also noted.24 
At the same time, our research shows that the overall QoL 
of hematology-oncology patients improved slightly after 
the end of the first-line treatment. Cancer is a disease that 
can negatively affect one’s perception of QoL through 
changes in many aspects of  life, the lack of acceptance 
and the need to adapt to a new and not yet fully under-
stood situation. In our patients, the results of the initial 
follow-up, which was at the time of diagnosis and initia-
tion of anti-cancer treatment, identified additional stress 
and a sense of danger and uncertainty in their responses. 

After completing therapeutic measures, their approach 
to  the disease, and thus also QoL, changed positively. 
Similar results were obtained by the authors who con-
ducted a longitudinal cohort study in 102 adult oncology 
patients, performing 3 evaluations (before the administra-
tion of the 1st, 2nd and the 3rd/last cycle of chemotherapy), 
whose QoL was slightly better at the end of treatment.25 
Patients treated with a hematopoietic stem cell transplant 
showed much better QoL at 3 months after the proce-
dure compared to the baseline period (71.39 ±12.32 com-
pared to  60.00  ±13.20).26 Also, in  patients with acute 
myeloid leukemia (AML) after induction chemotherapy, 
the global QoL increased compared to the time of diag-
nosis (65.5 ±21.0 compared to 49.3 ±26.3).10 A similar 
trend was noted in patients with CML, which continued 
for 2 years from the baseline period.27 Inverse results were 
obtained in patients with acute leukemias28 and MMs.29 
These differences may result from a number of variables, 
including study size, type and stage of cancer, treatment, 
adverse effects, and the period of observation.

Interestingly, the improvements in QoL of patients may 
also be influenced by  the  favorable changes observed 
in their diet, as reported in a systematic review by Go-
vindaraju et al. These authors searched 8 databases for 
publications on the correlation between the use of specific 
eating patterns and QoL or health status in patients with 

Table 3. Parameters of the quality of life and functional scales before and after the first-line treatment

Scale
Before treatment After first-line treatment

p-value*
M ±SD Me Q1 Q3 M ±SD Me Q1 Q3

QL 60.74 ±15.95 58.33 50.00 75.00 62.68 ±16.73 58.33 58.33 175.00 0.1224

PF 81.59 ±14.14 80.00 80.00 86.67 88.55 ±15.76 93.33 86.67 100.00 0.0004

RF 69.20 ±24.84 66.67 66.67 100.00 72.07 ±22.76 75.00 66.67 100.00 0.1006

EF 71.38 ±12.99 75.00 66.67 83.33 83.88 ±12.47 83.33 83.33 91.67 0.0003

CF 82.97 ±17.39 83.33 66.67 100.00 84.78 ±14.83 83.33 83.33 100.00 0.1219

SF 72.83 ±16.98 66.67 66.67 83.33 74.07 ±18.13 75.00 66.67 100.00 0.1337

* Wilcoxon test; M – mean; SD – standard deviation; Me – median; Q1 – 1st quartile; Q3 – 3rd quartile; QL – global health status/quality of life (QoL); PF 
– physical functioning; RF – role functioning; EF – emotional functioning; CF – cognitive functioning; SF – social functioning.

Table 4. Parameters of symptom scales and items before and after the first-line treatment

Scale
Before treatment After first-line treatment

p-value*
M ±SD Me Q1 Q3 M ±SD Me Q1 Q3

FA 21.26 ±18.27 11.11 11.11 22.22 32.13 ±16.27 33.33 22.22 33.33 0.0004

NV 9.42 ±12.98 0.00 0.00 16.67 11.44 ±15.37 0.00 0.00 16.67 0.4445

PA 25.14 ±14.15 22.22 16.67 50.00 10.94 ±13.03 0.00 0.00 33.33 0.0002

DY 18.12 ±26.02 0.00 0.00 33.33 9.42 ±12.95 0.00 0.00 0.00 0.0001

SL 15.94 ±18.24 0.00 0.00 33.33 11.59 ±18.88 0.00 0.00 33.33 0.3612

AP 23.91 ±24.00 33.33 0.00 33.33 12.42 ±15.17 0.00 0.00 33.33 0.0003

CO 18.12 ±16.79 33.33 0.00 33.33 8.70 ±14.80 0.00 0.00 33.33 0.0116

DI 11.59 ±17.52 0.00 0.00 33.33 9.97 ±17.48 0.00 0.00 0.00 0.4567

FI 8.87 ±12.80 0.00 0.00 33.33 11.32 ±14.27 0.00 0.00 33.33 0.1821

* Wilcoxon test; M – mean; SD – standard deviation; Me – median; Q1 – 1st quartile; Q3 – 3rd quartile; FA – fatigue; NV – nausea and vomiting; PA – pain; 
DY – dyspnea; SL – insomnia; AP – appetite loss; CO – constipation; DI – diarrhea; FI – financial difficulties.
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an average age ≥60 years old. In the majority of analyzed 
studies, the use of rational eating patterns (e.g., the Medi-
terranean diet) was associated with a better self-esteem 
and QoL in one or more aspects of life.30

Based on  our analysis, the  functional aspects with 
the greatest changes were seen in the physical and emo-
tional state of the respondents. There was a significant 
improvement in the physical domain during the obser-
vation period (88.55 ±15.76 compared to 81.59 ±14.14). 
Therefore, it  can be concluded that after completing 
the first-line therapy, everyday activities were less diffi-
cult for patients. A slight increase in this parameter was 
also shown after induction chemotherapy in 255 patients 
with AML.10 The same trend was noted after 3, 6, 12, 18, 
and 24 months in patients with CML.27 A different result 
was obtained in patients with newly diagnosed acute leu-
kemias, in whom a significant deterioration of physical 
functions was observed after the administration of induc-
tion chemotherapy. At the same time, when comparing 
the results for both described groups, it should be noted 
that patients with AML and acute lymphoblastic leuke-
mia had much lower values ​​in this domain even before 
the treatment (70.68 ±20.75 compared to 81.59 ±14.14).28 
Patients with MM had an even greater decrease in physi-
cal functioning before the treatment (53.9 ±26.3), and 
it dropped significantly 3 months after chemotherapy 
(38.9 ±21.3).29 Conflicting results were obtained in pa-
tients with diffuse large B-cell lymphoma, CLL and 
AML. During the follow-up after the 2nd treatment cy-
cle, the value of physical functioning was 69.67 ±18.16. 
It slightly decreased (68.89 ±21.81) after the 1st month, 
and then increased substantially (80.35 ±18.52) 6 months 
after the end of therapy.31

In our study, changes in role and social functioning also 
slightly improved during the 2nd follow-up period. This 
means that patients felt slightly less restricted in their work 
and hobbies, as well as in their family and social life. This 
is an ambiguous result, which seems to be the outcome 
of a better organization in this sphere of life, where, despite 
hospital stays or adverse effects related to the treatment, 
patients remained professionally and socially active. Simi-
lar results were obtained by Salas et al., who showed that 
patients examined before the last cycle of chemotherapy 
had better results in terms of role and social function-
ing.25 An upward trend in these domains was also shown 
in patients observed over 3 periods – after the 2nd treat-
ment cycle and at the 1st and 6th month after its comple-
tion.31 Interestingly, in German observations conducted 
among 109 patients with HMs, the mean values in both 
spheres were much lower (37.4 ±37.6 for role functioning 
and 43.9 ±36.8 for social functioning).32

It is possible that due to the changes described above, 
there were significant differences in the emotional do-
main, assessed in terms of mental tension, worry, irrita-
tion, and depression. As shown by the results of a cross-
sectional study conducted among 87 patients with HMs, 

a disorder in this sphere of life significantly affects one’s 
global QoL.33 Similar conclusions were reached by other 
authors who showed that patients with more stress had 
worse QoL.32 In our study, patients experienced nega-
tive emotions more often during the diagnosis period, 
likely due to the state of uncertainty about their future 
and a high level of mental tension. Of course, therapy can 
also evoke such emotions, but the appropriate support 
from family, friends and medical staff can reduce their 
severity. In addition, the treatment aimed at improving 
a patient’s health, which they are aware of, should have 
a positive effect on the results. Improvements in this pa-
rameter were also observed after the completion of in-
duction chemotherapy in patients with AML,10 CML27 
and MM.29 The same trend was also shown in patients 
after the hematopoietic stem cell transplant.25 Also, com-
paring the data of hematology-oncology patients after 
the 2nd treatment cycle and after its completion, the val-
ues of emotional functioning significantly increased.31 
However, different results were shown in patients with 
acute leukemias, in whom the implementation of induction 
chemotherapy was associated with a significantly negative 
impact on emotional functioning.28

When analyzing cognitive functioning defined by diffi-
culties in focusing attention and remembering, slightly bet-
ter values were observed in patients during the 2nd period 
of observation (84.78 ±14.83 compared to 82.97 ±17.39). 
This may be due to a lower emotional burden which is con-
sistent with the results reported by other authors.10,31 In-
terestingly, in a study conducted in patients with AML and 
acute lymphoblastic leukemia, the baseline results in this 
sphere of life were higher (91.09 ±15.37) and slightly de-
creased (88.33 ±21.60) after the treatment. However, these 
subjects were younger (mean age: 33.03 ±15.4 years).28 
A significant decrease in this domain was observed in pa-
tients with MM after induction chemotherapy compared 
to the period before its implementation (57.3 ±28.1 and 
78.0 ±27.1, respectively).29

The  greatest changes in  symptom severity were ob-
served in fatigue, pain, dyspnea, loss of appetite, and con-
stipation. Of these symptoms, only the severity of fatigue, 
described as  the need to rest and feeling of weakness, 
increased significantly during the 2nd stage of our study 
(21.26 ±18.27 compared to 32.13 ±16.27). The remaining 
symptoms decreased significantly in their severity. Among 
other symptoms, the intensity of nausea and vomiting in-
creased slightly, while insomnia and diarrhea decreased 
in intensity. This may be largely due to the fact that patients 
often received medications to alleviate the adverse effects 
of therapy. Divergent results were obtained in patients with 
acute leukemia who, after the 1st administration of induc-
tion chemotherapy, noticed an increase in all the described 
symptoms, except for dyspnea.28 Different results were 
seen in a study of patients treated for diffuse large B-cell 
lymphoma, CLL and AML. The severity of fatigue, nausea 
and vomiting, insomnia, loss of appetite, constipation, and 
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diarrhea decreased during the period from the 2nd treat-
ment cycle to a month after its completion, while the in-
tensity of pain and dyspnea increased during this time.31 
On the other hand, patients with AML after the comple-
tion of induction chemotherapy showed a lower intensity 
of all these symptoms, except for constipation.10 Interest-
ingly, the authors of a prospective study of 124 patients 
with CML reported that the baseline severity of fatigue 
was an independent predictor of achieving a greater mo-
lecular response.27

In our study, during the 2nd follow-up, patients more 
often chose a higher value in the dimension of financial 
difficulties. This could be related to both the costs of ab-
senteeism at work and the treatment itself. Other authors 
obtained similar results in this aspect of life.26,28 However, 
different results were seen in patients with MM, in which 
this value decreased significantly 3 months after che-
motherapy compared to the period before the treatment 
(14.7 ±28.9 compared to 41.3 ±41.1).29

In summary, assessing the QoL in hematology-oncology 
patients is extremely important for many clinical reasons. 
Both the disease itself and the applied anti-cancer therapy 
may cause adverse effects that directly affect the patient’s 
physical and mental health, indirectly influencing their so-
cial and professional situation. At the same time, QoL has 
a prognostic value in terms of treatment success and prog-
nosis; therefore, the assessment of this parameter should 
be conducted during early stages of clinical management. 
Certain types of interventions, such as physical programs 
and psychotherapy can help in improving the QoL.24,34

Limitations

Our study has several limitations. The basic element 
is  the  relatively small size of  the  study group, as  well 
as a wide range of patient ages and their clinical and ther-
apeutic heterogeneity. This also closely correlates with 
the limitation in the ability to conduct detailed statisti-
cal analyses. Moreover, this was a single-center study and 
the obtained results may not reflect that of the population.

Conclusions

After the 1st line of treatment, patients perceived their 
overall QoL to be slightly better compared to the diag-
nostic period.

During the 2nd evaluation period, the results for all func-
tional scales increased, indicating a better level of patient 
functioning. Additionally, significant changes took place 
in the physical and emotional spheres.

Most of the values on the symptom scales during the 2nd 
period of the study significantly decreased, which indicates 
a lower intensity of symptoms. Additionally, significant 
differences were seen in pain, dyspnea, appetite loss, and 
constipation.

After the end of treatment, an increase in the intensity 
of symptoms was seen in fatigue as well as nausea and 
vomiting. At this time, patients also experienced financial 
difficulties more often.
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Abstract
Background. Diabetes mellitus (DM) often causes stenosis and occlusion of hindlimb blood vessels, which 
are also the main cause for hindlimb ischemia in elderly people.

Objectives. To investigate the therapeutic effect of endothelial progenitor cell (EPC) transplantation on dia-
betic hindlimb ischemia.

Materials and methods. Endothelial progenitor cells were separated, labeled with PKH-26 and transplanted 
into rat models (107 cells/100 g). Dichlorodihydrofluorescein diacetate (DCFH-DA) was used to detect any 
oxidative stress. Streptozotocin (STZ) was injected to establish a diabetic rat model and hindlimb ischemia 
model was established via operation. Western blotting was used to detect total β-catenin (T-β-catenin) 
and non-phospho-β-catenin (NP-β-catenin) levels. The malondialdehyde (MDA), superoxide dismutase 
(SOD), Wnt3a, Wnt5a and Wnt7a levels were detected using enzyme-linked immunosorbent assay (ELISA). 
Oxidative stress was measured using DCFH-DA and dihydroethidium (DHE). The endothelial biomarker CD31 
was observed to highlight vessels, and PKH-26 to trace migration/adhesion of EPCs.

Results. Endothelial progenitor cells were successfully isolated and identified, and diabetic hindlimb ischemic 
rat models were created. Tempol remarkably improved blood flow in diabetic hindlimb ischemic rats compared 
to DM+EPCs rats at 14 days (p < 0.001) and 28 days post-operation (p < 0.001). High oxidative stress was observed 
in diabetic hindlimb ischemic rats. Tempol significantly inhibited oxidative stress levels in diabetic hindlimb isch-
emic rats. Furthermore, Tempol significantly promoted angiogenesis in diabetic hindlimb ischemic rats compared 
to DM+EPCs rats. The β-catenin inhibitor, XAV (DM+EPCs+Tempol+XAV group), significantly suppressed blood 
flow recovery and angiogenesis in diabetic hindlimb ischemic rats when compared to the DM+EPCs+Tempol group 
at 14 days (p = 0.026) and 28 days (p < 0.001). The XAV remarkably reduced T-β-catenin (p < 0.001) and N-β-
catenin (p = 0.030) levels in Tempol-treated diabetic hindlimb ischemic rats, as compared to the DM+EPCs+Tempol 
group. The Wnt5a participated in the pathology of diabetic hindlimb ischemia.

Conclusions. There are high oxidative stress levels in both EPCs in high-glucose environments and diabetic 
hindlimb ischemia, which can lead to limited blood flow recovery. The high oxidative stress caused the in-
hibition of Wnt/β-catenin signaling pathway, leading to limited blood flow recovery in diabetic hindlimb 
ischemia. At the same time, Wnt5a participated in the EPC-mediated blood flow recovery.

Key words: diabetic hindlimb ischemia, EPCs, Wnt/β-catenin signaling pathway, oxidative stress
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Background

Diabetes mellitus (DM) often causes stenosis and oc-
clusion of hindlimb blood vessels, ischemia and hypoxia, 
and is also the main cause of hindlimb ischemia in elderly 
people.1,2 Currently, the treatment of diabetic hindlimb 
ischemia includes drug-conservative treatment, interven-
tional surgery, traditional surgery, stem cell transplanta-
tion, physical therapy, and appropriate functional exercise, 
among others.3 Due to the prolonged course of diabetic 
hindlimb ischemia and severity of the disease, the first 
3 of the abovementioned treatments cannot completely 
resolve the problems. In the recent years, stem cell trans-
plantation has become an important strategy for the treat-
ment of severe diabetic hindlimb ischemia, whereas other 
treatment methods have not produced satisfactory clinical 
outcomes.4,5

The  treatment with autologous stem cells can bring 
the  light of  recovery for patients with severe diabetic 
hindlimb ischemia.6 However, there are many bottlenecks 
in the application of autologous stem cells for treating dia-
betic hindlimb ischemia. Firstly, even though they exist 
in  limited amounts, the stem cells in peripheral blood 
or bone marrow need to be collected. Secondly, the treating 
effect is not stable and might be affected by time, method 
and number of transplantations. Finally, autologous stem 
cells can cause some side effects, including those caused 
by the collection, local infection, anesthesia, induction 
of tumor formation, and promotion of tumor growth. Pres-
ently, there is no treatment strategy that can completely 
resolve all of the aforenamed problems. However, the treat-
ment with autologous stem cells an important new strategy 
for improving the condition of patients and promoting 
the biological function of stem cells.

The cytological basis for neovascularization is the dam-
age of the endothelial cells and endothelial progenitor cells 
(EPCs) caused by excessive oxidative stress.7 Endothelial 
progenitor cells, as the precursor cells of vascular endothe-
lium, demonstrate the abilities of proliferation and differ-
entiation in adulthood. Also, they are capable of developing 
into primitive vascular structures. Therefore, EPCs have 
a strong ability to support angiogenesis.8 Yet, the number 
of EPCs in peripheral blood of patients with diabetes was 
lower than that of nondiabetic people. Many factors can lead 
to the functional damage of EPCs, including oxidative stress, 
the induction of endothelial nitric oxide synthase (eNOS)/
nitric oxide (NO) cell signaling pathway and inflamma-
tory responses.9 Among them, oxidative stress can mediate 
many signaling pathways through reactive oxygen species 
(ROS), such as Wnt/β-catenin, G protein-coupled receptors, 
Notch, MAPK, JAK-STAT, and NF-κB.10 At the same time, 
the proliferation, migration, adhesion, and angiogenesis 
of EPCs in vitro decreases significantly after the admin-
istration of Wnt inhibitors.11 Therefore, the excessive oxi-
dative stress may regulate the biological function of EPCs 
by downregulating Wnt/β-catenin signaling pathway.

The Wnt/β-catenin is one of the most important signal-
ing pathways in cells and has a wide range of regulatory 
effects.12 It has been shown that this pathway does not only 
play an important role in the development of embryonic 
blood vessels, but also regulates the role of EPCs in reti-
nopathy and tumor angiogenesis.13 However, there are no 
studies focusing on oxidative stress and the Wnt/β-catenin 
signaling pathway, or their function effect on EPCs.

Objectives

Therefore, by establishing diabetic hindlimb ischemic 
rat model and high-glucose environment in vitro, this 
study aimed to explore whether Wnt/β-catenin signal-
ing is involved in hindlimb ischemia through modulating 
oxidative stress in vivo and in vitro. This study provides 
a novel way to treat hindlimb ischemia in diabetic rats 
employing stem cell transplantation.

Materials and methods

Animals

Two-month-old Sprague Dawley rats (certificate 
No. 24101115), weighting from 80–120 g, were purchased 
from Experimental Animal Center of Southwest Medi-
cal University (Chongqing, China). The rats were housed 
at a temperature of 20–25°C with a humidity of 70–80% 
and 12 h light/12 h dark light cycle. The rats had access 
to water and food ad libitum.

Ethical statement

All the experiments were approved by the Ethical Com-
mittee of Affiliated Hospital of Southwest Medical Univer-
sity (Lanzhou, China; approval No. 201710133). All animal 
experiments were conducted in accordance with the Dec-
laration of Helsinki.

Isolation and culture of EPCs

The rats were sacrificed by the intraperitoneal injection 
of pentobarbital at a dosage of 50 mg/kg. In order to isolate 
the primary cells, the sacrificed rats were soaked in 75% 
alcohol for 15 min. Then, the femur and tibia of the rats 
were dissected for isolating EPCs. The bone marrow cavi-
ties collected from tibias and femurs were flushed into 
5-mL centrifuge tubes using phosphate-buffered saline 
(PBS) containing 1% heparin. Then, the bone marrow was 
transferred into a 15-mL centrifuge tube and isolated using 
the density gradient centrifugation for 20 min at a speed 
of 2000 rpm. The middle layer, containing the mononuclear 
cells (MNCs) was transferred into another centrifuge tube 
and centrifuged for 5 min at 1500 rpm. The supernatants 
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were removed, and retained bone marrow was incubated 
in endothelial cell growth medium (EGM)-2 (Lonza Bio-
science, Walkersville, USA), supplemented with 10% fetal 
bovine serum (FBS; Gibco Grand Island, USA) at 37°C and 
5% CO2. The density of cells was adjusted to 1×106/mL and 
cells were seeded onto 6-well or 12-well plates.

Identification of EPCs

In order to identify EPCs, the uptake for Dil-conjugated 
acetylated low-density lipoprotein (Dil-Ac-LDL) and 
the binding of fluorescein isothiocyanate-conjugated ulexe-
uropaeus agglutinin I (FITC-UEA-I) by cells were analyzed. 
Briefly, the cells were washed twice in PBS and then incu-
bated using 12 μg/mL of Dil-Ac-LDL for 4 h in the dark. 
Then, the cells were washed thrice using PBS (5 min per 
wash) and fixed using 4% paraformaldehyde (ZSGB-BIO, 
Beijing, China) for 20 min. The cells were washed thrice 
using PBS (5 min per wash) and then incubated using 10 μg/
mL of FITC-UEA-1 for 1 h in the dark. Next, the cells were 
washed twice using PBS (2 washes 5 min each), captured 
and analyzed for binding of FITC-UEA-1 and the uptake 
of Dil-Ac-LDL by means of inverted fluorescence micros-
copy (DMI 6000 B; Leica, Wetzlar, Germany).

PKH-26 labeling and staining of EPCs

The labeling and staining of EPCs was conducted as previ-
ously described,14 with a few modifications. Briefly, the EPCs 
were cultured, a single cell suspension was generated and 
2×107 cells were collected per centrifuge tube. Cells were 
centrifuged for 5 min at 1500 rpm and the supernatants were 
discarded. The remaining cells were resuspended and incu-
bated with PKH-26 at 25°C for 3 min, and then the reaction 
was terminated. Finally, the stained EPCs were centrifuged 
at 25°C and 1500 rpm for 10 min, the cells were resuspended 
in 0.9% normal saline and transplanted into the tail vein 
of rats. The PKH-26-labeled frozen sections of tissues were 
prepared and observed using fluorescence microscopy.

Diabetic hindlimb ischemic rat model

Sprague Dawley weighing 80–120 g were used to gener-
ate the diabetic hindlimb ischemic model, as previously 
described.15 Briefly, the diabetes was generated by the in-
traperitoneal injection of streptozotocin (STZ) at a dos-
age of 50 mg/kg. At 3, 5, 7, 14, 28, 42, and 56 days post-
STZ administration, plasma glucose concentrations were 
examined. After the treatment of STZ, the rats were fed 
with high-fat food for 2 months, and then the experiments 
were carried out. The rats with plasma glucose concen-
tration >16.65 mmol/L over 4 readings were considered 
diabetic rats. Eight weeks after the diabetes induction, 
the rats were anaesthetized by the intraperitoneal injection 
of pentobarbital (50 mg/kg), and the left femoral artery, 
distal portion and all lateral branches were dissected and 

ligated with 7-0 sutures. The treatment for blood vessels 
in diabetic hindlimb ischemic model was carried out ac-
cording to a previous report.16

Trial grouping

The rats in this study were divided into 2 groups, namely 
the diabetes group and the control group. The control 
group consisted of rats injected with normal saline instead 
of STZ. After laser Doppler monitoring was conducted, 
the rats were divided into a healthy group (H group, n = 6) 
and a diabetic hindlimb ischemic rat model group (DM 
group, n = 6). Some rats were transplanted with EPCs, 
which were further divided into DM+NS (normal saline) 
group (n = 6), DM+EPCs group (n = 6), DM+EPCs+Tempol 
group (n = 6), and DM+EPCs+Tempol+XAV group (n = 6). 
In the process of EPC transplantation, the EPC single cell 
suspension was mixed well to avoid cell aggregates and 
vascular obstruction.

ROS examination

The production of ROS was examined using dichlorodi-
hydrofluorescein diacetate (DCFH-DA) and dihydroethid-
ium (DHE) staining. In brief, the frozen ischemic gastroc-
nemius muscles of the left hindlimb sections or EPCs were 
incubated with DCFH-DA (5 μmol/L) or DHE (2 μmol/L) 
for 30 min at 37°C in dark. Then, the sections were washed 
3 times with PBS (5 min per wash). The fluorescent images 
of DCFH-DA/DHE-stained tissues/cells were observed us-
ing fluorescence microscopy (IX53; Olympus Corp., Tokyo, 
Japan). At least 5 visual fields of 1 section were analyzed 
regarding the fluorescence intensity using Image-Pro Plus 
software (v. 6.0; Media Cybernetics, Inc., Bethesda, USA).

Oxidative stress evaluation

In order to evaluate oxidative stress levels, the produc-
tion of malondialdehyde (MDA) and superoxide dismutase 
(SOD) in the serum of rats was measured, as previously de-
scribed.17 The MDA activity was measured using the MDA 
assay kit (Cat. No. S0131S; Beyotime, Shanghai, China), 
following the manufacturer’s instructions. The SOD ac-
tivity was evaluated with the  SOD detection kit (Cat. 
No. S0101M; Beyotime), according to the manufacturer’s 
protocol. The absorbance was captured with the spectro-
photometer at the wavelength of 450 nm.

Immunofluorescence and microvascular 
density evaluation

Briefly, the gastrocnemius muscle of the left hindlimb 
was fixed with 4% paraformaldehyde at 4°C for 24 h and 
frozen sections (5 μm) were made. Then, the sections were 
treated with 0.5% Triton X-100 for 10 min and 0.1% trypsin 
for 20 min, and blocked with 10% goat serum for 15 min. 
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The sections were incubated with mouse anti-rat CD31 
antibody (1:200) at 4°C overnight. The CD31 is an impor-
tant cellular immunological biomarker for the vascular 
endothelial cells.18 The next day, sections were incubated 
with FITC-labeled goat anti-mouse immunoglobulin 
G (IgG) (1:200) for 60 min in dark. In this study, 1 green 
fluorescence point or cluster was used to represent 1 blood 
vessel. Five visual fields were selected, green fluorescent 
spots were photographed (×200 magnification), the mi-
crovascular density (MVD) was analyzed, and the mean 
was generated.

Wnt3a/Wnt5a/Wnt7a levels  
determined using ELISA

On the 28th day post-operation, the rats were sacrificed 
to obtain blood. Blood was centrifuged at 2000 rpm for 
10 min to obtain serum for the detection of Wnt3a, Wnt5a 
and Wnt7a. The Wnt3a, Wnt5a and Wnt7a levels were 
determined using the Wnt3a Detection ELISA kit (Cat. 
No.  153260; US Biological, Swampscott, USA), Wnt5a 
Detection ELISA kit (Cat. No. 153265; US Biological) and 
Wnt7a Detection ELISA kit (Cat. No. ABIN6374423; Rock-
land Immunochemicals, Inc., Aachen, Germany), respec-
tively, according to the manufacturers’ protocols.

Western blotting assay

The  total proteins in  the  gastrocnemius muscles 
of the left hindlimb tissues were extracted, and the concen-
tration was determined using BCA protein assay kit (Cat. 
No. P0012S; Beyotime Biotech. Co. Ltd., Wuhan, China). 
The obtained proteins were separated on a 10% sodium 
dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) and electro-transferred to polyvinylidene fluoride 
(PVDF) membranes. Then, the membranes were blocked 
with 5% non-fat milk and incubated with rabbit anti-rat 
total β-catenin (T-β-catenin) monoclonal antibody (1:1000, 
Cat. 8480; Cell Signaling Technology, Beverly, USA), rabbit 
anti-rat non-phospho-β-catenin (NP-β-catenin) polyclonal 
antibody (1:1000, Cat. No. 19807; Cell Signaling Technol-
ogy) and rabbit anti-rat GAPDH monoclonal antibody (Cat. 
No. 5174; Cell Signaling Technology) at 4°C overnight, 
followed by the incubation with horseradish peroxidase 
(HRP)-labeled goat anti-rabbit IgG (1:500, Cat. No. A0208; 
Beyotime) at room temperature for 2 h. Western blotting 
bands were imaged using an enhanced chemiluminescence 
(ECL) kit (Amersham Biosciences, Piscataway, USA) and 
analyzed using Quantity One software (Bio-Rad Labora-
tories, Inc., Hercules, USA).

Statistical analyses

Data were defined as mean ± standard deviation (SD) 
and analyzed using IBM SPSS software v. 20.0 (IBM Corp., 
Armonk, USA). The  assumption of  the  normality and 

homogeneity of the variances required for the comparison 
of means were analyzed using the Kolmogorov–Smirnov 
test and Levene’s test, respectively. The differences between 
the 2 groups were compared using Student’s t-test. The data 
were analyzed using one-way analysis of variance (ANOVA) 
followed by Tukey’s post hoc test for multiple comparisons. 
When parameters of the same animals were measured over 
consecutive days, a repeated measures ANOVA was used. 
A value of p < 0.05 was considered statistically significant.

Results

Identification and labeling of EPCs

Endothelial progenitor cells were identified using double 
staining and labeled with PKH-26. After 3 days of culture, 
the EPCs were adherent cells, mainly consisting of round 
and a few oval shapes (Fig. 1A). After 7 days of continu-
ous culture, the amount of cells increased, with obvious 
oval or spindle-shaped cells, demonstrating the colony-
like growth under the microscope (Fig. 1A). After 14 days 
of culture, the pebble-like cells appeared with vortex-like 
growth (Fig. 1A). After 7 days of culture, EPCs were stained 
with Dil-Ac-LDL and FITC-UEA-1 double fluorescence 
and observed under confocal microscope. The red fluores-
cence-stained cells were considered Dil-Ac-LDL-positive 
and yellow fluorescence cells were considered FITC-UEA-
1-positive (Fig. 1B). Cells with both red and yellow fluores-
cence were considered EPCs. The PKH-26-labeled EPCs 
could also migrate to ischemic sites (Fig. 1C).

Generation of diabetes model  
and diabetic hindlimb ischemic rat model

After STZ injection, fasting plasma glucose (FPG) 
was measured on the 3rd, 5th, 7th, 14th, 28th, and 56th day. 
The average blood glucose level of the experimental group 
was measured at 16.7 mmol/L, which was significantly 
higher than in the control group (Fig. 2A; all p < 0.001). 
According to  the  laser Doppler monitoring, the blood 
flow of the H group and the DM group were significantly 
changed before and 0 days after the operation (Fig. 2B). 
These results showed that the left hindlimb of the 2 groups 
demonstrated an obvious ischemia (Fig. 2B). According 
to the repeated measures ANOVA, there were significant 
differences in L/R blood flow ratio pre-operation, and 0, 
7, 14, and 28 days post-treatment, in both the H group 
(ANOVA, F = 89.011, degrees of freedom (df) = 4, p < 0.001) 
and the DM group (ANOVA, F = 128.794, df = 4, p < 0.001). 
Therefore, the blood flow ratio was changed along with 
the treatment time. The Tukey’s post hoc test showed that 
the L/R blood flow ratio of the DM group was significantly 
lower compared to that of the H group 14 days (F = 68.903, 
df = 10, p = 0.003) and 28 days (F = 6.699, df = 10, p < 0.001) 
after the operation (Fig. 2B).
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Oxidative stress inhibitor Tempol 
improved blood flow in hindlimb 
of diabetic hindlimb ischemic rats

According to the repeated measures ANOVA, there were 
significant differences for L/R blood flow ratio at the pre-
operation time point, in DM+NS (ANOVA, F = 124.482, 
df = 4, p < 0.001), DM+EPCs (ANOVA, F = 399.254, df = 4, 
p < 0.001) and DM+EPCs+Tempol (ANOVA, F = 114.956, 
df  =  4, p  <  0.001) groups. Thus, the  effects of  Tempol 
on L/R blood flow ratio changed with the treatment times. 
The results showed that there was no significant difference 
in blood flow of hindlimbs between the DM+NS group and 
the DM+EPCs group, 0, 7, 14, and 28 days after the operation 
(Fig. 3A,B; all df = 10, p > 0.05). The results also demon-
strated that the recovery of blood flow in diabetic hindlimb 
ischemic rats was poor after the transplantation of EPCs. 
However, following Tempol administration, the recovery 
of blood flow in diabetic hindlimb ischemic rats was sig-
nificantly improved compared with that of the DM+EPCs 
group at 14 days (Tukey’s post hoc test, F = 69.283, df = 10, 
p = 0.013) and 28 days (Tukey’s post hoc test, F = 106.872, 
df = 10, p < 0.001) post-operation (Fig. 3A,B).

High oxidative stress observed 
in hindlimbs of diabetic hindlimb 
ischemic rats

The MDA levels in the DM group were significantly higher 
compared to that in the H group, both for pre-operation 
(Student’s t-test, t = −15.123, df = 10, p < 0.001) and post-
operation (Student’s t-test, t = −9.852, df = 10, p < 0.001) 
(Fig. 4A). Furthermore, there was a significant difference 
between the MDA levels among the H group (pre- and 
post-operation) and DM group (pre- and post-operation) 
(Fig. 4A; Tukey’s post hoc test (ANOVA), F = 81.708, df = 3, 
p < 0.001). However, there were no significant differences 
for the MDA levels between the pre-operation group and 
the post-operation group, for both the H group (p = 0.708) 
and the DM group (Fig. 4A; p = 0.191). There was a signifi-
cant difference in the MDA levels among H+NS, DM+NS and 
DM+EPCs groups (Fig. 4B; Tukey’s post hoc test (ANOVA), 
F = 55.342, df = 2, p < 0.001). However, there were no dif-
ferences in the MDA levels between the DM+NS group and 
the DM+EPCs group (Fig. 4B; p = 0.900). Moreover, there 
were significant differences in SOD levels among H+NS, 
DM+NS and DM+EPCs groups (Fig. 4C; Tukey’s post hoc 

Fig. 1. Identification and label for the endothelial progenitor cells (EPCs). A. EPC morphological changes at 3, 7 and 14 days, ×200 magnification; B. Detection 
of EPCs by staining with Dil-conjugated acetylated low-density lipoprotein (Dil-Ac-LDL) and fluorescein isothiocyanate-conjugated ulexeuropaeus 
agglutinin I (FITC-UEA-I). The images of Dil-Ac-LDL-positive cells and FITC-UEA-I-positive cells were merged, ×200 magnification; C. Pre-transplantation and 
post-transplantation EPCs marked with PKH-26. The post-transplantation EPCs migrated to the gastrocnemius muscle, ×200 magnification
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test (ANOVA), F = 22.933, df = 2, p < 0.001). The SOD lev-
els were significantly lower in DM+NS (Fig. 4C; p < 0.001) 
and DM+EPCs groups (Fig. 4C; p < 0.001) compared to that 
in the H+NS group. However, there were no differences be-
tween the DM+NS and DM+EPCs groups (Fig. 4C; p = 0.903).

Tempol inhibited high oxidative stress 
in diabetic hindlimb ischemic rats

According to  the  DCFH-DA staining results, there 
were plenty of DCFH-DA-positive cells in the gastroc-
nemius tissues in both DM+NS and DM+EPCs rats, and 
no DCFH-DA-positive cells in the H+NS rats (Fig. 4D). 
However, the Tempol administration remarkably reduced 
the oxidative stress (DCFH-DA staining) compared to both 
the DM+NS and DM+EPCs groups (Fig. 4D). The DHE 
staining also indicated that Tempol administration sig-
nificantly suppressed oxidative stress, compared to both 
the DM+NS and DM+EPCs groups (Fig. 4D).

Tempol promoted angiogenesis 
in gastrocnemius of diabetic hindlimb 
ischemic rats

Compared with the DM+NS group, there was no ob-
vious difference in  the  number of  new microvessels 
in the DM+EPCs group (Fig. 5A). Furthermore, there were 
no EPCs in the DM+NS group migrating to the gastrocne-
mius, indicating that the PKH-26-labeled EPCs (red) dem-
onstrated no false positive value and had a higher speci-
ficity in this experiment. Compared with the DM+EPCs 
group, the oxidative stress was inhibited and new mi-
crovessels were generated in the DM+EPCs+Tempol group 
(Fig. 5A,B; Tukey’s post hoc test (ANOVA), F = 183.797, 
df = 2, p < 0.001). Meanwhile, the number of microvessels 
migrating to the ischemic gastrocnemius muscle was also 
increased in diabetic hindlimb ischemic rats.

Fig. 2. Establishment of the diabetes rat models and diabetic hindlimb ischemic rat models. A. The fasting blood glucose changes in the rats of the control 
and experimental group; B. Laser Doppler perfusion imaging (LDPI) in the healthy (H) group and diabetes mellitus (DM) group, preoperative (Pre-) and 
postoperative (0, 7, 14 and 28 days) showed changes in blood flow (n = 6). The L/R blood flow ratio statistical line chart was drawn. The Tukey’s post hoc 
test (analysis of variance (ANOVA)) and Student’s t-test were conducted to analyze the data. The statistical differences (p-values) between the 2 labeled 
groups (horizontal lines) are depicted
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β-catenin inhibitor XAV suppressed 
blood flow recovery in diabetic hindlimb 
ischemic rats

The  Wnt/β-catenin signaling pathway inhibitor, 
XAV, significantly decreased the  L/R blood flow ratio 
in the DM+EPCs+Tempol+XAV group compared to that 
in the DM+EPCs+Tempol group at 14 days (Tukey’s post 
hoc test, F = 83.56, df = 10, p = 0.026) and 28 days post-
treatment (Tukey’s post hoc test, F  =  118.34, df  =  10, 

p < 0.001) (Fig. 6A,B). In  the DM+EPCs+Tempol+XAV 
group, there were significant differences in L/R blood flow 
ratio at different time points (pre-operation 0, 7, 14, and 
28 days post operation) (Fig. 6A,B; Tukey’s post hoc test 
(ANOVA), F = 47.978, df = 4, p < 0.001). In order to ex-
clude the effect of DMSO on the L/R blood flow ratio, 
the L/R blood flow ratio was also examined in dimethyl 
sulfoxide (DMSO)-treated group. However, there was no 
significant difference between the  DM+EPCs+DMSO 
group and the DM+EPCs group (Fig. 6A,B; all p > 0.05), 

Fig. 3. Effects of oxidative stress inhibitor Tempol on the blood flow in the hindlimbs of diabetic hindlimb ischemic rats. A. Blood flow changes of rats 
in DM+NS, DM+EPCs and DM+EPCs+Tempol groups at pre-operation and 0, 7, 14, and 28 days post-operation, determined with laser Doppler monitoring; 
B. The continuous flow ratio statistical analysis for DM+NS, DM+EPCs and DM+EPCs+Tempol groups. The Tukey’s post hoc test (analysis of variance (ANOVA)) 
and Student’s t-test were conducted to analyze the data. The statistical differences (p-values) between the 2 labeled groups (horizontal lines) are depicted

DM – diabetes mellitus; NS – normal saline; EPCs – endothelial progenitor cells.

p < 0.001

L/
R 

bl
oo

d 
�o

w
 ra

tio

1.20

1.00

0.70

0.60

0.40

0.20

0.00

DM+NS

DM+EPCs

DM+EPCs
+Tempol

DM+NS
DM+EPCs
DM+EPCs+Tempol

pre-operation 0 days 7 days 14 days 28 days

pre-operation 0 days 7 days 14 days 28 days

p < 0.001

p = 0.013
p < 0.001

p < 0.001

p < 0.001

p = 0.012

p < 0.001

p < 0.001 p < 0.001

p < 0.001

p < 0.001
p < 0.001

p < 0.001

A

B



X. Xu et al. EPCs inhibits diabetic hindlimb ischemia1222

which suggests that the XVA buffer DMSO (as a solvent 
and as a negative control) did not affect blood flow re-
covery. Moreover, repeated measures ANOVA showed 
that there were significant differences in the L/R blood 
flow ratio between different time points (before the op-
eration and 0, 7, 14, and 28 days following the operation) 
in the DM+EPCs (ANOVA, F = 60.546, df = 4, p < 0.001), 
DM+EPCs+DMSO (ANOVA, F = 67.757, df = 4, p < 0.001) 
and DE+EPCs+Tempol (ANOVA, F  =  56.550, df  =  4, 
p < 0.001) groups. In summary, L/R blood flow ratio in vari-
ous groups changed at different treatment time points.

XAV suppressed angiogenesis 
in gastrocnemius muscle of diabetic 
hindlimb ischemic rats following Tempol 
administration

Our results demonstrated that XAV administration sup-
presses microvessel migration to ischemic gastrocnemius 
muscle in diabetic hindlimb ischemic rats after the ad-
ministration of Tempol (Fig. 7A). The ANOVA analysis 
showed that there were obvious differences for angiogen-
esis (value of EPCs/MVD) in gastrocnemius muscle among 

Fig. 4. Determination of high oxidative stress in the hindlimbs of diabetic hindlimb ischemic rats. A. Serum malondialdehyde (MDA) levels in the healthy 
(H) group and diabetes mellitus (DM) group at pre-operation and post-operation (* p < 0.05 for comparison of pre- and post-operation MDA level 
in the H group); B. Serum MDA levels in the endothelial progenitor cell (EPC)-transplanted diabetic rats (* p < 0.05 for comparison of pre- and post-
operation MDA level in the DM+EPCs group); C. Effect of the transplantation of EPCs on serum superoxide dismutase (SOD) levels of DM rats (* p < 0.05 
for comparison of pre- and post-operation MDA level in the DM+EPCs group); D. Determination of the reactive oxygen species (ROS) levels in ischemic 
gastrocnemius muscle of rats using fluorescent microscope. Green fluorescent dichlorodihydrofluorescein diacetate (DCFH-DA) reflected the ROS levels 
in gastrocnemius muscle of rats in each group. Red fluorescent dihydroethidium (DHE) reflected the ROS levels in the gastrocnemius muscle of rats in each 
group (×200 magnification). The Tukey’s post hoc test (analysis of variance (ANOVA)) and Student’s t-test were conducted to analyze the data. The statistical 
differences (p-values) between the 2 labeled groups (horizontal lines) have been depicted
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DM+EPCs, DM+EPCs+DMSO, DM+EPCs+Tempol, and 
DM+EPCs+Tempol+XAV groups (Fig. 7A,B; Tukey’s post hoc 
test (ANOVA), F = 16.921, df = 3, p < 0.001). In a similar man-
ner, Tempol treatment remarkably enhanced angiogenesis 
in gastrocnemius muscle of Tempol-administered diabetic 
hindlimb ischemic rats (DM+EPCs+Tempol group) com-
pared to the DM+EPCs group (Fig. 7A,B; p < 0.001). Mean-
while, the angiogenesis in XAV and Tempol-administered 
diabetic hindlimb ischemic rats (DM+EPCs+Tempol+XAV 
group) was significantly reduced compared to  that 
in the DM+EPCs+Tempol group (Fig. 7A,B; p < 0.001).

XAV reduced β-catenin expression 
in Tempol-treated diabetic hindlimb 
ischemic rats

The T-β-catenin and NP-β-catenin expressions were de-
termined using western blotting assay (Fig. 8A). The results 
showed that there were significant differences in T-β-catenin 
expression (Fig. 8B; Tukey’s post hoc test (ANOVA), F = 70.149, 
df = 3, p < 0.001) and NP-β-catenin expression (Fig. 8C; Tukey’s 
post hoc test (ANOVA), F = 9.562, df = 3, p = 0.005) among 
DM+EPCs, DM+EPCs+DMSO, DM+EPCs+Tempol, and 

Fig. 5. Effects of Tempol on angiogenesis in the gastrocnemius muscle of diabetic hindlimb ischemic rats. A. Counting the numbers of microvessels 
in frozen section of gastrocnemius muscles of rats by staining with PKH-26. The 4’,6-diamidino-2-phenylindole (DAPI) (blue fluorescence) represents 
the nuclei. The CD31 (green fluorescence) represents the new microvessels. The PKH-26-labeled red fluorescence or clusters represent the migration 
of endothelial progenitor cells (EPCs) to the ischemic sites (×200 magnification); B. Statistical analysis for the ratio of number of labeled EPCs migrated 
to ischemic site to the number of new microvessels. The Tukey’s post hoc test (analysis of variance (ANOVA)) was conducted to analyze the data.  
* p < 0.05 for comparison of DM+NS group or DM+EPCs+Tempol group with the DM+EPCs group.
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DM+EPCs+Tempol+XAV groups. The Tempol treatment sig-
nificantly increased T-β-catenin expression (Fig. 8B; p < 0.001) 
and NP-β-catenin expression (Fig. 8C; p = 0.008) in EPC-trans-
planted diabetic hindlimb ischemic rats (DM+EPCs+Tempol), 
compared to those in the DM+EPCs group. However, the XAV 
administration decreased T-β-catenin expression (Fig. 8B; 
p < 0.001) and NP-β-catenin expression (Fig. 8C; p = 0.030) 
in  Tempol administered and EPC-transplanted diabetic 

hindlimb ischemic rats (DM+EPCs+Tempol+XAV group), 
compared to those in the DM+EPCs+Tempol group.

Wnt5a participated in the pathology 
of diabetic hindlimb ischemia

The results showed that the Wnt3a level (Fig. 9A; Tukey’s 
post hoc test (ANOVA), F = 11.210, df = 3, p < 0.001) was 

Fig. 6. The effect of inhibition of Wnt/β-catenin signaling pathway on the recovery of blood flow. A. The blood changes for the rats in DM+EPCs, 
DM+EPCs+DMSO, DM+EPCs+Tempol, and DM+EPCs+Tempol+XAV groups at pre-operation and 0, 7, 14, and 28 days post-operation were determined using laser 
Doppler monitoring; B. The statistical analysis of the continuous L/R blood flow ratio for each group. The Tukey’s post hoc test (analysis of variance (ANOVA)) and 
Student’s t-test were conducted to analyze the data. The statistical differences (p-values) between the 2 labeled groups (horizontal lines) have been depicted

DM – diabetes mellitus; EPCs – endothelial progenitor cells; DMSO – dimethylsulfoxide; T+X – tempol+XAV.
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significantly increased, whereas Wnt5a (Fig. 9B; Tukey’s 
post hoc test (ANOVA), F = 18.293, df = 3, p < 0.001) and 
Wnt7a (Fig. 9C; Tukey’s post hoc test (ANOVA), F = 13.149, 
df = 3, p < 0.001) levels were remarkably decreased in diabetic 
hindlimb ischemic rats compared to those of healthy rats. Fur-
thermore, the administration of Tempol (DM+EPCs+Tempol 
group) significantly enhanced Wnt5a levels compared 
to those in the DM+EPCs group (Fig. 9B; p < 0.001).

Discussion

Diabetic hindlimb ischemia presents with vascular in-
flammation, lipid deposition and atherosclerosis, which 
can lead to  vascular stenosis and occlusion, followed 
by ischemia and hypoxia, ulceration, infection, and ne-
crosis of the corresponding blood supply site.19 In par-
ticular, atherosclerosis and acute arterial thrombosis are 

Fig. 7. Effects of Tempol and/or XAV on angiogenesis in gastrocnemius muscles of diabetic hindlimb ischemic rats. A. Counting the numbers 
of microvessels in the frozen section of gastrocnemius muscles of rat and the numbers of PKH-26-labeled endothelial progenitor cells (EPCs). 
The 4’,6-diamidino-2-phenylindole (DAPI) (blue fluorescence) represents the nuclei. The CD31 (green fluorescence) represents the new microvessels. 
The PKH-26-labeled red fluorescence or clusters represent the migration of EPCs to ischemic sites (×200, magnification); B. Statistical analysis for the ratio 
of number of labeled EPCs migrated to ischemic site to the number of new microvessels. The Tukey’s post hoc test (analysis of variance (ANOVA)) was 
conducted to analyze the data. *p < 0.05 represented EPCs/MVD in DM+PECs+DMSO group compared to the DM+PECs+Tempol group. #p < 0.05 
represented EPCs/MVD in DM+PECs+Tempol group compared to the DM+PECs+Tempol+XAV group.

DM – diabetes mellitus; DMSO – dimethylsulfoxide; MVD – microvascular density; T+X – tempol+XAV.
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the primary causes of amputation in the elderly. Diabetic 
hindlimb ischemia is not only an ischemic disease, but 
is also often associated with neurotrophic disorders. 
However, diabetic hindlimb ischemia leads to vascular 
damage and ischemic disease, accompanied by an  im-
pairment of collateral angiogenesis. Diabetic hindlimb 
ischemia further aggravates ischemia, and any ulcer and 
necrotic lesions present are more difficult to repair. In this 
way, a vicious circle will be formed. If timely intervention 
and treatment are not carried out, the extent and scope 
of the lesions will be significantly increased.

There are many other factors affecting diabetic hindlimb 
ischemia, including hypertension, smoking, hyperlipidemia, 
overweight or obesity, lack of exercise, and poor mental 
health. In addition, local hemodynamic changes and struc-
tural changes of the arterial wall are important factors, 
creating a complex presentation.20 Many of the abovemen-
tioned factors lead to diabetic limb ischemia and poor blood 
flow recovery. The same performance can be observed 
in this experiment. Through the establishment of a diabetic 
single limb ischemia model, the relative value of blood flow 
in the left femoral artery and its branches were observed 
14 days and 28 days after the operation. The relative blood 
flow at the same time point in the diabetic group was rela-
tively small, and laser Doppler imaging was found to create 
better comparisons, indicating that the blood flow recovery 
effect of diabetic rats after hindlimb ischemia was worse 
than that of healthy rats. Diabetic angiopathy is a slow 
and continuous pathological process.10 After STZ destroys 
the B cells of islets of Langerhans, hyperglycemia emerges, 

indicating that the hindlimb model cannot be established 
immediately. Therefore, the experiment continued to feed 
high-fat food for 2 months, and then the follow-up experi-
ment was carried out.

Asahara et al. were the first to isolate EPCs from the bone 
marrow.21 The cell surface antigens were CD34+, KDR+, 
CD133, and VEGFR-2.22,23 In  recent years, it has been 
found that the mobilization of bone marrow-derived EPCs 
can repair damaged blood vessels. Therefore, EPCs play 
an important role in the regeneration of various vascular 
lesions.24 Furthermore, EPCs play key roles in generating 
blood vessels in utero and during post-partum develop-
ment. Because of the relatively large number of MNCs 
in the bone marrow of Sprague Dawley rats, simplicity 
of the method and low costs, bone marrow-derived EPCs 
were used in this experiment. Cells cultured for 7 days were 
infused with Dil labeled with acLDL and UEA-1 labeled 
with FITC. The double-positive cells of UEA-1 and acLDL 
were considered undifferentiated EPCs.

Diabetic angiopathy is closely related to the decrease 
of EPCs that can be mobilized and migrate to the isch-
emic site, as well as the dysfunction of vascular repair, 
neovascularization, angiogenesis, and arterial angiogen-
esis caused by this functional impairment. An excessive 
oxidative stress is an important mechanism of diabetic an-
giopathy.10 In recent years, it has been found that the high-
glucose environment affects the mitochondrial electron 
transport chain, continuously producing large amounts 
of ROS,25,26 causing oxidative stress damage, and affect-
ing the physiological growth and survival of EPCs. Finally, 

Fig. 8. Effects of Tempol and/or XAV on total 
β-catenin (T-β-catenin) and non-phospho-
β-catenin (NP-β-catenin) expression 
in gastrocnemius muscles of diabetic 
hindlimb ischemic rats. A. Western blotting 
assay for the T-β-catenin and NP-β-catenin 
expression; B. Statistical analyses for 
the relative expression of T-β-catenin and 
β-catenin. Statistical analyses for the relative 
expression of NP-β-catenin. The Tukey’s 
post hoc test (analysis of variance (ANOVA)) 
was conducted to analyze the data. 
* p < 0.05 for DM+EPCs+Tempol group 
compared to the DM+PECs group, for both 
T-β-catenin group and NP-β-catenin group. 
# p < 0.05 for DM+EPCs+Tempol group 
compared to the DM+PECs+Tempol+XAV 
group.

GAPDH – glyceraldehyde-3-phosphate 
dehydrogenase; DM – diabetes mellitus; 
EPCs – endothelial progenitor cells; DMSO 
– dimethylsulfoxide; T+X – tempol+XAV for 
both T-β-catenin and NP-β-catenin.
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this causes abnormal metabolism and function of cells, 
or even apoptosis. In this study, there was no significant 
change in the amount of MDA in the diabetic serum before 
or after the operation, which was 2 times higher than that 
in the normal group. The serum SOD of healthy rats was 
significantly higher than that of diabetic rats. There were 
no significant changes in the MDA serum levels of diabetic 
and healthy rats before and after the operation. More-
over, there was no significant change in MDA and SOD 
in the serum of diabetic rats when they were injected with 
EPCs. Therefore, the effects of the operation and trans-
plantation of EPCs on oxidative stress level in diabetic 
rats can be excluded. In addition, the rats were divided 
into 4 groups, including H+NS, DM+NS, DM+EPCs, and 
DM+EPCs+Tempol. The  levels of ROS were measured 
by DCFH-DA and DHE fluorescence. The results showed 
that the relative fluorescence value in gastrocnemius mus-
cle of diabetic rats was higher than that of normal rats. 
The relative fluorescence values of the DM+EPCs+Tempol 
and DM+EPCs groups were significantly lower than those 
of the DM+EPCs group. At the same time, EPCs were di-
vided into 3 groups, including the blank group, high-glu-
cose (HG) group and normal glucose (N) concentration 
group. After 120 h of culture, the level of ROS in EPCs 
was detected with flow cytometry. The results showed 

that ROS was also produced by EPCs under normal glucose 
concentration, but the amount was significantly lower 
than in the HG group. The abovementioned in vitro and 
in vivo experiments showed that high glucose increases 
the ROS products and the degree of oxidative stress. Com-
pared with the normal rats, the level of oxidative stress 
in diabetic rats was increased, both locally and systemi-
cally, which was not related to cell transplantation and 
operation.

The level of ROS in vivo affects the number of trans-
planted cells migrating to the  ischemic gastrocnemius 
muscle, the degree of neovascularization and the recov-
ery of blood flow. In previous studies in vitro, it has been 
found that oxidative stress induced by high-glucose envi-
ronment can damage the proliferation and tube-forming 
ability of EPCs27 and increase the apoptosis.28 The ability 
for migration and adhesion of stem cells transplanted in-
travenously is of extreme importance. It is possible that 
the transplantation of stem cells can promote the migra-
tion of self-mobilized EPCs to the ischemic site. Therefore, 
EPCs labeled with PKH-26 can be used to trace the migra-
tion of EPCs to the ischemic site. The rats included in our 
study were divided into 3 groups, namely the DM+NS 
group, DM+EPCs group and DM+EPCs+Tempol group. 
This experimental result first confirmed that oxidative 

Fig. 9. Serum levels of Wnt3a, Wnt5a and Wnt7a in diabetic hindlimb ischemic rats of the H+NS, DM+NS, DM+EPCs, and DM+EPCs+Tempol groups. 
A. Levels of serum Wnt3a; B. Levels of serum Wnt5a; C. Levels of serum Wnt7a. The Tukey’s post hoc test (analysis of variance (ANOVA)) was conducted 
to analyze the data. * p < 0.05 for DM+NS, or DM+EPCs, or DM+EPCs+Tempol group compared to the H+NS group. # p < 0.05 for DM+EPCs+Tempol group 
compared to the DM+PECs group.

H – healthy; DM – diabetes mellitus; NS – normal saline; EPCs – endothelial progenitor cells.
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stress is the main factor affecting the therapeutic effect 
of EPC. In the following experiment, we would further 
explore Wnt/β-catenin signaling pathway-associated 
mechanism. The laser Doppler perfusion imaging (LDPI) 
was used to continuously monitor the blood flow recov-
ery of ischemic hindlimbs, and immunofluorescence was 
used to detect the neovascularization of the ischemic gas-
trocnemius muscle and transplanted EPCs. The results 
showed that the MVD of the DM+EPCs+Tempol rats was 
higher than that of the DM+EPCs rats, and the relative 
number of PKH-26-labeled EPCs migrating to ischemic 
sites was higher, together with the ratio of labeled cells 
to MVD. The increase in the oxidative stress level in dia-
betes mellitus leads to the limitation of blood flow recovery 
in hindlimbs after ischemia. It may be that the oxidative 
stress level has been increased for a long time, resulting 
in a decreased number of EPCs adhering to the ischemic 
site, which in turn decreased the number of new blood 
vessels. However, this can be reversed by oxidative inhibi-
tors which promote blood flow recovery. However, in this 
study, the blood flow of the nonsurgical hindlimb (the right 
hindlimb) was also detected using LDPI and it might have 
led to the  false positive findings, which is a  limitation 
of our study.

The β-catenin is a cytoskeleton protein and a crucial 
component of  the  Wnt/β-catenin signaling pathway.29 
The stability of β-catenin and its position in cells is regu-
lated by a series of positive and negative regulatory fac-
tors. The abnormal regulation can lead to the inhibition 
or abnormal activation of Wnt signaling, resulting in a se-
ries of abnormalities in gene expression, cell adhesion and 
development, which are closely related to the cancer oc-
currence and metastases.30,31 Our results indicated that 
Tempol treatment significantly increased T-β-catenin and 
NP-β-catenin expression in the EPC-transplanted diabetic 
hindlimb ischemic rats (DM+EPCs+Tempol) compared 
to those in the DM+EPCs group. However, XAV adminis-
tration decreased T-β-catenin and NP-β-catenin expression 
in Tempol administration and in the EPC-transplanted 
diabetic hindlimb ischemic rats (DM+EPCs+Tempol+XAV) 
compared to the DM+EPCs+Tempol group. Furthermore, 
the administration of Tempol (DM+EPCs+Tempol group) 
significantly enhanced Wnt5a levels compared to those 
in the DM+EPCs group. All of these results suggest that 
the  limited effect of  blood flow recovery in  diabetic 
hindlimb ischemia may be related to the regulation of Wnt/
β-catenin signaling pathway.

Limitations

The  most obvious limitation of  this study is  that 
the sample size for the STZ-induced diabetic rat model 
and hindlimb ischemia model was small. In future inves-
tigations, we aim to involve more animals for clarifying 
the associated findings.

Conclusions

High oxidative stress levels were noted in both EPCs 
in high-glucose environment and diabetic hindlimb isch-
emia, which can lead to limited blood flow recovery post-
treatment. The high oxidative stress caused the inhibition 
of Wnt/β-catenin signaling, leading to limited blood flow 
recovery in the diabetic hindlimb ischemia. Meanwhile, 
Wnt5a participated in the EPC-mediated blood flow recov-
ery. The findings of this study would benefit the basic study 
of a high-glucose environment in animal models of  in-
duced diabetic hindlimb ischemia. Moreover, the study 
might provide insight for the further clinical treatment 
of diabetic hindlimb ischemia.
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Abstract
Background. Oral squamous cell carcinoma (OSCC) is one of the most common head and neck squamous cell 
tumors. MicroRNAs and DNA methylation, as epigenetic mechanisms, regulate the expression of oncogenes 
and tumor suppressor genes, contributing to the carcinogenic development. However, the current knowledge 
on the genetic and epigenetic landscape of OSCC is still limited.

Objectives. To assess the transcriptomic impact of microRNAs found to be methylated through Infinium 
genome-wide methylation profiling of archived OSCC tissues, and to analyze their biological role using gene 
network analysis.

Materials and methods. We used the Infinium array-based methylation assay to assess the genome-wide 
methylation status at the single-CpG-site level of DNA purified from archived OSCC tissue samples. After 
quality control, filtering out poorly performing probes and normalization of data, we identified the differ-
entially methylated microRNA loci. We performed a literature-based analysis of OSCC transcriptomic data 
to identify the predicted target genes for each microRNA, followed by individual network and pathway 
enrichment analyses.

Results. The analysis of Infinium methylation array data revealed 1469 differentially hypomethylated loci, 
4 of which were of  interest, namely hsa-microRNA-124-3, hsa-microRNA-24-1, hsa-microRNA-769, and 
hsa-microRNA-4500. Network and pathway enrichment analyses revealed multiple pathways modulated 
through DNA methylation-microRNA expression axes.

Conclusions. We describe the transcriptomic impact of 4 differentially methylated microRNAs in OSCC 
tissues samples and discuss their role in the pathology of OSCC. These results may contribute to a better 
understanding of how epigenetic mechanisms such as DNA methylation and microRNAs cooperate to impact 
the development of OSCC.

Key words: DNA methylation, microRNAs, network analysis, oral squamous cell carcinoma
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Background

Oral squamous cell carcinoma (OSCC) is one of the most 
common head and neck squamous cell carcinoma (HN-
SCC) tumors, with over 350,000 new cases annually.1 De-
spite recent therapeutic progress, the cure rate of OSCC 
is relatively low and closely correlated with the tumor stage 
at diagnosis. Moreover, in recent years, there has been 
a change in the incidence of OSCC, with an increased oc-
currence in young people.2

Oral cancer is less studied than other cancers, and there 
is currently a lack of bona fide diagnostic and prognostic 
biomarkers. Similarly to other solid cancers,3–5 OSCC has 
a multifactorial and multigenic character. Its development 
is driven by various intricate genetic and epigenetic mecha-
nisms which play important roles in the initiation and 
development of these tumors.6

The  DNA methylation and non-coding RNAs are 2 
of  the most studied epigenetic mechanisms impacting 
global gene expression.7 The DNA methylation is essen-
tial for several important cellular mechanisms, including 
regulation of gene expression, differentiation, genome im-
printing, and stability.8 The accumulation of alterations 
to genome methylation leads to the destabilization of cel-
lular homeostasis. The aberrant DNA hypo- and hyper-
methylation patterns are critical players in tumorigenesis 
by promoting the expression of oncogenes and silencing 
tumor suppressor genes.9–11

MicroRNAs are small non-coding RNAs involved 
in  the  post-transcriptional regulation of  approx. 60% 
of human genes. Multiple microRNAs have been associ-
ated with various aspects of oral cancer biology, includ-
ing onset, metastasis, recurrence, prognosis, and sur-
vival.12–14 The interest for understanding the regulation 
of microRNA expression in the context of other epigenetic 
processes has been growing steadily, and there is a need 
to understand the global impact of microRNAs on cancer 
cell transcriptomics.

Network analysis approaches, such as protein–protein 
interaction networks, have the potential to add biologi-
cal meaning to  large-scale gene datasets such as those 
obtained from high-throughput RNA sequencing, DNA 
methylation assays or microRNA target gene analysis.15 
Combining both biological networks and pathway en-
richment is meaningful for predicting complex disease 
mechanisms, disease biomarkers, novel gene interactions, 
and drug design.16 An example of this is the integrative 
analysis of DNA methylation and microRNA expression 
data that has been conducted for hepatocellular carci-
noma.17 However, a network analysis that integrates these 
2 epigenetic mechanisms in the context of OSCC is lack-
ing. Therefore, we investigated the potential interaction 
between these 2 epigenetic mechanisms, shedding light 
on unknown mechanisms that might contribute to the de-
velopment of OSCC.

Objectives

The aim of the current study was to evaluate the im-
pact of differentially methylated microRNAs in the OSCC 
transcriptome. Therefore, we used Infinium array-based 
methylation assay to analyze the genome-wide methyla-
tion status of microRNA loci in a set of OSCC-archived 
samples and correlated the results with publicly avail-
able microRNA expression data. We retrieved the OSCC 
transcriptome data from the Gene Expression Omnibus 
(GEO) database and used miRWalk v. 3.0 prediction algo-
rithms (http://mirwalk.umm.uni-heidelberg.de/) to pre-
dict the  gene targets of  the  differentially methylated 
microRNAs. The commonly predicted gene sets were ana-
lyzed further using network clustering coupled to Kyoto 
Encyclopedia of Genes and Genomes (KEGG) pathway en-
richment analysis, in order to predict the biological impact 
of the differentially methylated microRNAs.

Materials and methods

Sample collection

The  present case-control study was reviewed and 
the analysis of the provided formalin-fixed paraffin-em-
bedded (FFPE) tissue samples was approved by the Eth-
ics Committee of Victor Babeș University of Medicine 
and Pharmacy, Timișoara, Romania (approval No. SCUM 
TM 9414/30.05.2018). Due to  the  retrospective design 
of the current study and patient anonymity, the ethical 
review board determined that informed consent was not 
required. We used 13 FFPE samples from male OSCC 
patients (demographic characteristics are presented 
in Table 1); all samples were assessed and graded by 2 in-
dependent, trained pathologists. Adjacent tissues, both 
cancerous and normal, were dissected out of every FFPE 
block and pooled into 4 tumor (T) and 4 normal (N) sam-
ples for downstream methylation analysis.

DNA purification

Genomic DNA was extracted from the FFPE tissue sam-
ples using the QIAamp DNA FFPE Tissue Kit (Qiagen, 
Hilden, Germany), according to the manufacturer’s in-
structions. Paraffin was dissolved in  1  mL of  xylene 
and removed. Afterwards, the samples were lysed using 
180 µL of Buffer ATL under denaturing conditions with 
20 µL of proteinase K digestion. The samples were then 
incubated at 90°C to reverse the formalin crosslinking. 
To obtain RNA-free genomic DNA, 2 µL of RNAse A were 
added. The genomic DNA was bonded to the membrane 
using a mixture of Buffer AL and ethanol. In the washing 
steps, the residual contaminants were washed away us-
ing freshly reconstituted Buffer AW1 and AW2, accord-
ing to the manufacturer’s instructions. Finally, the DNA 
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was eluted in 50 µL of nuclease-free water. The quality 
and purity of the extracted DNA were measured using 
a spectrophotometer (NanoDrop™; Thermo Fisher Sci-
entific, Wilmington, USA). The DNA purity of the sam-
ples, as measured using the 260/280 ratio, had an average 
of 1.89 ±0.18.

Genome-wide DNA methylation 
in the well-differentiated OSCC samples

We used the Infinium 450K array-based methylation 
assay (Illumina Inc., San Diego, USA) to quantitatively 
assess the  genome-wide methylation status at  single-
CpG-site level, using the DNA purified from the pooled 
FFPE samples. The  1-μg genomic DNA samples were 
incubated in sodium bisulfite buffer (Sigma-Aldrich, St. 
Louis, USA) in a SimpliAmp Thermal Cycler (Applied Bio-
systems, Waltham, USA) with alternating cycles of 95°C 
and 60°C. The resultant DNA was bound again to a mem-
brane, washed, incubated in  a  desulphonation buffer 

(Zymo Research, Orange, USA), and eluted with 20 µL 
of DNA elution buffer (Zymo Research). The quality and 
purity of the treated DNA was measured using a spectro-
photometer (Nanodrop Technologies, Wilmington, USA). 
The yields were in the range of 50–100 ng/µL.

After bisulfite conversion, whole-genome methylation 
patterns were assayed using the Infinium® HumanMethyl-
ation450 BeadChip Kit (Illumina Inc.), following the man-
ufacturer’s protocol. Briefly, the raw data were obtained 
in intensity data file format (*.idat) by scanning the pro-
cessed chips using an iScan reader (Illumina Inc.). Each 
point of methylation data was presented with fluorescent 
signals from the methylated (M) and unmethylated (U) 
alleles. The methylation status of each CpG site was mea-
sured based on the ratio of fluorescent signals from one 
allele relative to the sum of both methylated and unmeth-
ylated alleles (β value) using GenomicRatioSet (Illumina 
Inc.). Probes with a detection p-value cutoff >0.05 were 
excluded from the subsequent analysis.

To minimize the variation between and within the sam-
ples, we applied the preprocess quantile normalization 
methon, and then performed a PCA analysis and generated 
multidimensional scaling (MDS) plots to visualize and 
explore the differences between OSCC and normal tissues.

The  differentially methylated microRNA gene loci 
with an adjusted p-value < 0.05 were selected for further 
analysis.

Statistical analyses

Illumina methylation *.idat files were imported into 
R programming language (R Foundation for Statistical 
Computing, Vienna, Austria) using the minfi function. 
The quality control of the imported samples was evalu-
ated by calculating the detection p-value for every CpG 
island in each sample, which is indicative for the quality 
of the signal. Since the samples from our dataset were 
all derived from male donors, it was not necessary to fil-
ter the sites from X and Y chromosomes. Furthermore, 
we have removed the probes where common single nu-
cleotide polymorphisms (SNPs) affected the CpG islands. 
Once the data were normalized and filtered, we visualized 
the results using MDS plots. In the final step, we calcu-
lated the β (percentage of methylation) and M (log2 ratios 
of the intensities of methylated compared to unmethylated 
probes) values.

The differentially methylated microRNAs loci were iden-
tified by a two-tailed, heteroscedastic Student’s t-test, be-
ing ranked according to their Bonferroni adjusted p-values 
(p = 0.05 as a cutoff).

Cross validation with literature analysis

To determine whether the differentially methylated mi-
croRNAs retrieved from our genome-wide DNA meth-
ylation analysis had been previously validated through 

Table 1. Demographic and clinical characteristics of the patients included 
in study

Characteristic Number Percentage (%)

Patients enrolled 13 100

Mean age (SD) [years] 54.7 (8.03) 15.4

Range 41–67 100

Localization

Retromolar 1 7.69

Tongue 5 38.46

Alveolar 1 7.69

Floor of the mouth 2 15.38

Oral cavity 3 23.07

Jugal 1 7.69

Pathological TNM

Early (I–II) 9 69.23

Advanced (III–IV) 4 30.77

Stage

I 2 15.38

II 3 23.07

IV 8 61.53

Recurrence

Yes 2 66.67

No 11 64.7

Keratinization status

Yes 11 84.61

No 2 15.38

Cell differentiation

G2 12 92.30

G3 1 7.70

SD – standard deviation; TNM – tumor-nodule-metastasis	  
staging.
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experimental studies, we chose to perform a literature 
search in PubMed. In contrast to Web of Science and 
Google Scholar, PubMed is a human-curated database, 
that retrieves only peer-reviewed journal articles that fit 
into the searchable subject matter, with reliable sorting, 
reproducibility and reportable results.18 The key words 
combinations used in  the  PubMed literature search 
were: microRNAs AND oral cancer, microRNAs AND 
oral squamous cell carcinoma. We filtered out reviews, 
meta-analyses and articles that did not relate to OSCC 
and microRNAs.

Network analysis

Target predictions (3ʹUTR, 5ʹUTR and coding se-
quence (CDS) region) for hsa-miR-24-1, hsa-miR-124-3, 
hsa-miR-769, and hsa-miR-4500 were computed with 
the miRWalk v. 3.019 machine learning algorithm (Bon-
ferroni adjusted p-value ≤0.05 as a cutoff), using the fol-
lowing criteria: 1) microRNA binding probability >0.99 and 
2) microRNAs concurrently predicted by at least 1 other 
algorithm (miRDB or TargetScan). The microRNA target 
prediction datasets were cross-referenced with the dif-
ferentially expressed genes (DEGs) retrieved after GEO2R 
analysis (Benjamini–Hochberg adjusted false discovery 
rate (FDR) <0.05) of the GSE138206 OSCC transcriptome 
dataset. The common genes of microRNA targets that were 
differentially expressed in OSCC transcriptomes were then 
subjected to KEGG pathway enrichment analysis and clus-
ter analysis on the STRING platform20 using the follow-
ing criteria: adjusted FDR value of 0.05 as cutoff and high 
confidence interaction score set at 0.700.

Prediction of CpG islands

MethPrimer platform (http://www.urogene.org/cgi-
bin/methprimer/methprimer.cgi) was used for designing 
the bisulfite sequencing polymerase chain reaction (BSP 
PCR) primers and for predicting the CpG islands associ-
ated with the 4 microRNAs, using the 2-kb DNA sequence 
upstream of the microRNA loci as  input data. For BSP 

primer selection and CpG island prediction, the general 
parameters have been set according to the recommenda-
tions by Li and Dahiya.21

Results

The β values represent the ratio between the methylated 
probe intensity and the overall intensity. The β-value statis-
tics result in a number between 0 and 1, where 0 indicates 
that all copies of the CpG islands from analyzed samples 
are completely unmethylated, and a value of 1 indicates 
that every copy of CpG sites is methylated.22 In our case, 
the β-values results are situated close to 0 and are have 
higher density for tumor samples in contrast to normal 
samples. Conversely, the M-values are calculated as the log2 
ratio of methylated compared to unmethylated probes. 
The M-values close to 0 indicate that CpG sites are ap-
proximately half-methylated, negative values mean that 
there are more unmethylated CpG sites than methylated 
ones, and positive M-values mean the opposite.22 In our 
case, the highest density plot of M-values close to 0 was cre-
ated for the tumor group in contrast to the normal group. 
Therefore, the analysis of the Infinium methylation array 
β-values and M-values indicated that there is a higher de-
gree of hypomethylation globally in the tumor group than 
in the control group (Fig. 1).

To find the statistically significant genes that encode 
for microRNAs, we  filtered the  440,364 gene loci as-
sayed on the Infinium methylation array based on an ad-
justed p-value < 0.05. A total of 1469 loci were obtained, 
of which only 4 proved to encode microRNAs, namely hsa-
miR-124-3, hsa-miR-769, hsa-miR-24-1, and hsa-miR-4500. 
Compared to controls, the microRNA loci from OSCC 
samples are hypermethylated, with log fold change (logFC) 
values between 3.21 and 4.99. The genomic locations of all 
4 microRNAs are presented in Table 2.

To determine whether our DNA methylation array results 
are consistent with other published findings, we searched 
the GEO database the key words “OSCC” and “DNA meth-
ylation”. We retrieved 9 datasets, of which GSE123781 and 

Fig. 1. Distribution of calculated β- and M-values for the oral squamous cell carcinoma (OSCC) tumor and normal groups

http://www.urogene.org/cgi-bin/methprimer/methprimer.cgi
http://www.urogene.org/cgi-bin/methprimer/methprimer.cgi
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GSE87053 contained the 4 loci of interest and were further se-
lected for GEO2R analysis. We found that 3 out of the 4 gene 
loci were significantly hypermethylated, namely cg19267861 
(the locus entailing hsa-miR-124-3), cg02065637 (the locus 
containing hsa-miR-124-3) and cg26110710 (the locus cod-
ing for SLITRK5 and hsa-miR-4500) (Table 3).

We used MethPrimer to design BSP PCR primers and 
predict the presence of CpG islands upstream of genes en-
coding the 4 microRNAs (Fig. 2, Table 4). The CpG island 
prediction identified the presence of CpG islands upstream 
of hsa-miR-124-3 (Fig. 2A) and hsa-miR-769 (Fig. 2B), but 
not for hsa-miR-4500 and hsa-miR-24-1.

Five sets of BSP primers with their sequences were re-
trieved for all 4 microRNA molecules, each of them con-
sisting of 2 pairs of forward and reverse primers (Supple-
mentary File 1).

Our PubMed search for microRNAs associated with 
OSCC led to a total of 189 microRNAs, of which 101 are 
downregulated, and 88 are upregulated in cancer tissues 
compared to  normal tissues (Supplementary File 2,3). 
Of note, hsa-miR-24-1 was found to be upregulated,23 while 
hsa-miR-76924 and hsa-miR-124-325 were downregulated 

in OSCC samples compared to controls. To date, no pub-
lished data link hsa-miR-4500 to oral cancer.

Next, we used miRWalk v. 3.0 to predict the  targets 
of the 4 microRNAs. By filtering out the genes with a bind-
ing probability below 0.99, we retrieved 4147 unique pre-
dicted targets for hsa-miR-24-1, 6084 predicted targets 
for hsa-miR-124-3, 743  targets for hsa-miR-4500, and 
7256 targets for hsa-miR-769.

To  understand the  biological significance of  these 
predicted targets in the specific context of oral cancer, 
we cross-referenced them with the differentially expressed 
genes in  the  GSE138206 OSCC dataset (after GEO2R 
analysis, adjusted p-value < 0.05). The GEO2R analysis 
of the GSE138206 dataset retrieved 2289 genes with dys-
regulated expression, of which 1490 were downregulated 
(FC < −0.538) and 799 were upregulated (FC > 1.0). Since 
hsa-miR-24-1 has a documented upregulated expression 
in OSCC,23 we chose to compare its predicted target genes 
with the GSE138206 list of downregulated genes, and found 
261 putative common targets. The hsa-miR-76924 and hsa-
miR-124-325 have both previously been reported to be 
downregulated in OSCC. Therefore, we compared their 

Table 2. Differentially methylated microRNAs found in oral squamous cell carcinoma (OSCC) tissues

Chr (strand) Position Name Island name UCSC ref gene Gencode name logFC adj. p-value

Chr 20(−) 61809724 cg19267861 chr20:61806254-61810867 TSS200 miR124-3; CDH4 4.9 0.0225

Chr 20(−) 61809035 cg02065637 chr20:61806254-61810867 TSS1500 miR124-3; CDH4 3.9 0.0269

Chr 19(+) 46521569 cg08426951 chr19:46518283-46520080
Body;

TSS1500
PPP5D15; miR769 3.2 0.0422

Chr 13(+) 88323607 cg26110710 chr13:88323569-88324640 TSS1500 SLITRK5; miR4500 3.9 0.0429

Chr 9(−) 97848222 cg00532885 chr9:97848140-97848525 TSS200; 3ʹUTR miR24; C9orf3 3.7 0.0493

TSS – transcription start site; FC – fold change.

Table 3. Common methylated gene loci found in similar Gene Expression Omnibus (GEO) datasets

GSE data Cases vs. controls Method Gene name adj. p-value log FC RangeSTART RangeEND

GSE 123781 15 vs. 18
Infinium Human 

Methylation 450K

cg19267861 7.78E-11 0.29 61809724 61809847

cg26110710 8.13E-03 0.13 88323607 88323730

GSE 87053 11 vs. 10
cg19267861 8.61E-04 0.20 61809724 61809847

cg02065637 2.37E-02 0.13 61809035 61809158

GSE – list of expression profiles conducted for the experiment (test, controls); FC – fold change.

Table 4. Calculation of CpG island prediction and sequence features for each microRNA

microRNA Island number Island size [bp] Island start Island end GC (%) Obs/Exp ratio

microRNA-124-3
island 1 1855 3 1857 50 0.6

island 2 175 1862 2036 50 0.6

microRNA-24-1
island 1 186 813 998 50 0.7

island 2 119 1105 1223 50 0.7

microRNA-4500

island 1 159 55 213 50 0.7

island 2 146 357 502 50 0.7

island 3 179 527 705 50 0.7

bp – base pairs; GC – guanine-cytosine; Obs/Exp – observed/expected CpG CG islands ratio.
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predicted targets with the list of upregulated target genes 
from the GSE138206 dataset and found 274 putative com-
mon targets for hsa-miR-124-3 and 298 for hsa-miR-769. 
To date, there are no published data linking hsa-miR-4500 
to OSCC; therefore, we compared its predicted targets with 
both the upregulated genes (and found 22 common genes) 
and downregulated genes (and found 51 common genes).

The STRING functional analysis of the hsa-miR-24-1 
putative targets led to a protein–protein interaction (PPI) 
network characterized by 259 nodes, 68 edges and a PPI 
enrichment p-value of 3.75e−12, for which no significant 
signaling pathway could be found after KEGG functional 
enrichment analysis.

The STRING functional analysis of the hsa-miR-124-3 
putative target genes led to a PPI network characterized 

by 266 nodes, 562 edges and a PPI enrichment p-value 
below 1.0e−16. The average local clustering coefficient 
of  the  network is  0.359 with an  average node degree 
of 4.23. The cluster analysis using the Markov Cluster 
Algorithm (MCL) method (inflation parameter of 4) led 
to the identification of 3 clusters functionally enriched 
through KEGG pathway analysis (referred to as Clus-
ter 1, 2 and 3) containing 23, 12 and 7 genes, respectively. 
(Fig. 3, Table 5). Cluster 1 (23 genes) is enriched with 
genes involved in viral infections, and the local cluster-
ing coefficient is high with a value of 0.84 and an av-
erage node degree of 10.8. Cluster 2 (local clustering 
coefficient = 0.769, average node degree = 7.83) includes 
12 genes related to protein digestion and absorption, 
ECM-receptor interaction pathway and focal adhesion. 

Fig. 2. Visualization of CpG islands predictions results. A. Primers and sequence features such as guanine-cytosine (GC) content percentage, CpG islands 
(highlighted in light blue) and CpG site for the 2-kb upstream genomic sequence of hsa-microRNA-124-3; B. Primers and sequence features for the 2-kb 
upstream genomic sequence of hsa-microRNA-769. CpG islands (highlighted in light blue)

A

B
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Cluster 3 contains 7 genes significantly associated with 
the p53 signaling pathway, with the local clustering coef-
ficient of 0.867 and an average node degree of 2. The high 
values of  the  local clustering coefficients suggest that 
members within these clusters are involved in similar 
pathways and functions.

The STRING functional analysis of the hsa-miR-769 tar-
gets identified a PPI network characterized by 290 nodes, 
581 edges, and a PPI enrichment p-value below 1.0e−16. 
The average local clustering coefficient of the network was 
0.357 and the average node degree was 4.01. The MCL cluster 
analysis of the network also resulted in 3 clusters functionally 

enriched in KEGG pathways, containing 25, 13 and 8 genes, 
respectively (Fig. 4, Table 6). Cluster 1 contains 25 genes that 
were also enriched in viral infection pathways, with a local 
clustering coefficient of 0.809 and an average node degree 
of 10.6. Cluster 2 (local clustering coefficient = 0.79, average 
node degree = 7.54) includes 13 genes which are most signifi-
cantly enriched in protein digestion and absorption, ECM 
receptor interaction and AGE-RAGE signaling pathways. 
Cluster 3 contains 8 genes significantly enriched in AGE-
RAGE signaling pathway, ECM-receptor interaction and 
cancer-related pathways. The local clustering coefficient 
for Cluster 3 was 0.893, with an average node degree of 2.5.

Fig. 3. Cluster analysis (STRING) of the hsa-miR-124-3 target genes in GSE138206 dataset network. The most relevant clusters are the (1) red (Cluster 1), (2) fire 
brick (Cluster 2) and (3) salmon (Cluster 3). The solid and dotted lines represent connection within the same and different cluster, respectively. Different 
colors indicate different types of interactions (cyan – databases, pink – experimental, blue – gene co-occurrence, khaki – text mining, black – co-expression, 
light blue – protein homology). The halo color intensities are based on the fold change values of the submitted genes
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Fig. 4. Cluster analysis (STRING) of the hsa-miR-769 target genes in GSE138206 dataset network. The most relevant clusters are (1) red (Cluster 1), (2) fire brick 
(Cluster 2) and (3) salmon (Cluster 3). The solid and dotted lines represent connection within the same and different cluster, respectively. Different colors 
indicate different types of interactions (cyan – databases, pink – experimental, blue – gene co-occurrence, khaki – text mining, black – co-expression, light 
blue – protein homology)

Table 5. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways potentially impacted by hsa-miR-124-3

Cluster Term ID Term description Count in network Strength FDR

Cluster 1

hsa05160 hepatitis C 8 of 156 1.64 3.01E-09

hsa05164 influenza A 8 of 165 1.62 3.01E-09

hsa05162 measles 7 of 138 1.63 2.62E-08

hsa05169 Epstein–Barr virus infection 7 of 193 1.49 1.87E-07

hsa04621 NOD-like receptor signaling pathway 6 of 174 1.47 3.30E-06

hsa05168 herpes simplex virus1 infection 7 of 479 1.09 5.39E-05

hsa05165 human papillomavirus infection 4 of 325 1.02 0.0258

hsa04217 necroptosis 3 of 149 1.23 0.0304

hsa05161 hepatitis B 3 of 159 1.21 0.0325

hsa04630 JAK-STAT signaling pathway 3 of 160 1.2 0.0325

Cluster 2

hsa04974 protein digestion and absorption 9 of 100 2.17 2.67E-16

hsa04512 ECM-receptor interaction 3 of 88 1.74 0.0035

hsa04510 focal adhesion 3 of 198 1.39 0.0245

Cluster 3 hsa04115 p53 signaling pathway 3 of 72 2.07 0.00063

FDR – false discovery rate.
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Due to the limited number of hsa-miR-4500 target genes 
found in the OSCC transcriptome, the resulting PPI net-
work was very poor and lacked statistical significance. 
Therefore, this was not pursued further.

Discussion

Oral squamous cell carcinoma (OSCC) is one of the most 
common types of HNSCC. Therefore, it is critical to gain 
a better understanding of the epigenetic mechanisms that 
underlie OSCC initiation, development, evolution, and 
response to therapy.26 In patients with OSCC, increased 
methylation status of microRNA loci has been observed 
compared to  controls, suggesting that this parameter 
may serve as a predictor for malignant transformations.27 
In the present study, we used archived FFPE samples to ex-
plore the OSCC genome-wide methylation profile of mi-
croRNA loci.

Our analysis led to the identification of 4 microRNA loci 
significantly hypermethylated in OSCC tissue compared to 
normal adjacent tissue, namely hsa-miR-24, hsa-miR-769, 
hsa-miR-124, and hsa-miR-4500.

The  hsa-miR-24 is  one of  the  most heavily studied 
microRNAs in cancer, being associated with tumor ini-
tiation, progression, metastasis, and response to therapy 
in a wide array of malignant pathologies.28 In our study, 
the hsa-miR-24 loci were significantly hypermethylated 
both at the 3ʹUTR site and 200 bp upstream of the tran-
scription start site (TSS). There is evidence that if DNA 
methylation occurs within the 3ʹUTR region, it can both 
positively and negatively impact the  transcription.29 
Therefore, the  hypermethylation status of  the  hsa-
miR-24-1 locus may still correlate with the reported up-
regulated expression of miR-24-1/-3. Of note, in OSCC, 
the mature miR-24-1/-3 is overexpressed not only in ma-
lignant tissues23 (where it  correlates with the  staging 
of the disease) but also in the patients’ saliva, serum and 

Table 6. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways potentially impacted by hsa-microRNA-769

Cluster Term ID Term description Count 
in network Strength FDR

Cluster 1

hsa05169 Epstein–Barr virus infection 8 of 193 1.51 3.34E-08

hsa05160 hepatitis C 7 of 156 1.55 1.73E-07

hsa05164 influenza A 7 of 165 1.52 1.73E-07

hsa05162 Measles 6 of 138 1.53 1.88E-06

hsa05168 herpes simplex virus 1 infection 8 of 479 1.12 5.40E-04

hsa04621 NOD-like receptor signaling pathway 5 of 174 1.35 0.00015

hsa05165 human papillomavirus infection 5 of 325 1.08 0.0025

hsa05167 Kaposi sarcoma-associated herpes virus infection 4 of 187 1.22 0.0040

hsa04625 C-type lectin receptor signaling pathway 3 of 102 1.36 0.0118

hsa04217 necroptosis 3 of 149 1.2 0.0312

hsa05161 hepatitis B 3 of 159 1.17 0.0341

Cluster 2

hsa04974 protein digestion and absorption 10 of 100 2.18 1.95E-18

hsa04512 ECM-receptor interaction 3 of 88 1.71 0.0045

hsa04933 AGE-RAGE signaling pathway in diabetic complications 3 of 98 1.66 0.0045

hsa05146 amoebiasis 3 of 100 1.65 0.0045

hsa04611 platelet activation 3 of 122 1.57 0.0047

hsa04926 relaxin signaling pathway 3 of 128 1.55 0.0047

hsa04510 focal adhesion 3 of 198 1.36 0.0136

hsa05165 human papillomavirus infection 3 of 325 1.14 0.0494

Cluster 3

hsa04933 AGE-RAGE signaling pathway in diabetic complications 3 of 98 2.00 1.61E-05

hsa04512 ECM-receptor interaction 3 of 88 1.92 0.00090

hsa05222 small cell lung cancer 3 of 92 1.90 0.00090

hsa05146 amebiasis 3 of 100 1.87 0.00090

hsa04926 relaxin signaling pathway 3 of 128 1.76 0.0011

hsa05200 pathways in cancer 4 of 517 1.28 0.0018

hsa04510 focal adhesion 3 of 198 1.57 0.0028

hsa05165 human papillomavirus infection 3 of 325 1.35 0.0103

hsa04151 PI3K-Akt signaling pathway 3 of 350 1.32 0.0114

FDR – false discovery rate.
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plasma, qualifying it as a possible diagnostic and predic-
tive biomarker.30–32

We also found that the hsa-miR-124-3 locus is meth-
ylated both distally (1500 bp upstream, TSS1500) and 
in close proximity (200 bp upstream, TSS200) to the TSS, 
which suggests gene silencing. This is also consistent with 
reports showing the downregulation of hsa-miR-124-3 
in an OSCC cell line25 and animal models of oral can-
cer.33 The KEGG pathway enrichment analysis results 
for the hsa-miR-124-3 gene targets in OSCC were related 
to viral infections in  the most populated gene cluster. 
Hepatitis C, Epstein–Barr virus, herpes simplex 1 and 
human papillomavirus are among the most significant 
viruses associated with this set of genes. The links be-
tween the etiologic causes of OSCC and viruses have long 
been investigated.34–36 Hepatitis C virus was demonstrated 
to be involved in the development of oral lichen planus, 
a chronic inflammatory condition that increases the risk 
of OSCC.37 Epstein–Barr virus,38 herpes simplex virus 139 
and human papillomavirus40 have also been investigated 
in the promotion of the malignant transformation of cells 
in OSCC. In Cluster 2, pathways such as protein digestion 
and absorption, and ECM-receptor interaction pathway 
proved to be the most relevant ones. The presence of ECM-
receptor interaction pathway associated with the Cluster 2 
gene set confirms previous literature findings reporting 
the involvement of hsa-miR-124-3 in the ECM receptor 
interaction pathway through its direct repression of ITGB1 
in OSCC cell lines.25

Regarding hsa-miR-769, we found the hypermethylation 
of both 1500 bp upstream of the TSS and within the miR-
locus. Our data are consistent with the documented down-
regulation of hsa-miR-769 expression in OSCC tissues, 
since hypermethylation of its TSS may block the transcrip-
tion.24 The KEGG pathway enrichment analysis of Cluster 1 
identified Epstein–Barr virus infection, hepatitis C and in-
fluenza A as the most significant pathways associated with 
hsa-miR-769 target genes that were differentially expressed 
in OSCC. In this case, the ECM-receptor interaction was 
also retrieved from among the significant pathways in Clus-
ters 2 and 3. Interestingly, this pathway has previously been 
predicted to be associated with OSCC.41 A new entry for 
this set of genes is the AGE-RAGE signaling pathway re-
trieved for Clusters 2 and 3. This pathway was initially 
reported to be responsible for the initiation of diabetic 
complications.42 The receptor for advanced glycation end 
products (RAGE) molecule, a constituent of this pathway, 
has been reported to be a key factor that accelerates tumor 
progression and metastasis in various malignancies.43–45 
Regarding OSCC, there have been several investigations 
that aimed to evaluate the role and expression of RAGE 
receptor.46–48 In a study that evaluated 74 OSCC samples, 
the RAGE receptor was reported to be a prognostic factor, 
and was significantly associated with the depth of invasion 
and local recurrence.46 Moreover, a particular role of RAGE 
in OSCC pathogenesis was confirmed in an in vitro study, 

where this receptor proved to be activated in a paracrine 
manner by the extracellular molecule high-mobility group 
box 1 (HMGB1) that was secreted by the OSCC cells. This 
activation promotes tumor progression and stimulates bone 
destruction.47 Furthermore, RAGE proved to be signifi-
cantly decreased by evodiamine, a novel anti-tumor drug, 
inhibiting proliferation, invasion and angiogenesis of OSCC 
both in vitro and in vivo.48 Finally, the gene that encodes 
the RAGE receptor is predicted to be one of the hsa-miR-
769-5p targets both in CDS and 5ʹUTR positions, according 
to the miRWalk v. 3.0 database.19

Finally, for hsa-miR-4500, there is no evidence so far 
concerning its expression in OSCC. When performing 
the KEGG pathway functional enrichment analysis for 
the commonly predicted target genes of this microRNA, 
there was no significant pathway associated with it due 
to a limited number of resulting genes.

Limitations

Due to financial limitations, we were not able to validate 
our methylation results in additional independent cohorts. 
Caution must be taken given the small sample size and 
the fact that the findings might not be entirely transferable 
to a larger population. Further investigations are needed 
to validate the correlation between the expression and 
methylation status of hsa-miR-24-1, hsa-miR-124-3 and 
hsa-miR-769 in OSCC samples through quantitative real-
time (qRT)-PCR.

Conclusions

Returning to the study’s central question, we suggest 
that, in stark contrast with the overall genome DNA hypo-
methylation, microRNA loci could show increased meth-
ylation status, which may translate into differential expres-
sion of their mature forms. Of note, one of the identified 
microRNAs has been proposed as an OSCC biomarker, 
given its presence in multiple biological fluids. Our bioin-
formatics analysis also suggests that methylation-depen-
dent modulation of microRNA expression could signifi-
cantly impact the response pathways to viral infections, 
the ECM-receptor interaction pathway and AGE-RAGE 
signaling pathway. These may be relevant for the develop-
ment, progression and pathogenesis of OSCC.

Supplementary data

The supplementary Tables are available at https://doi.
org/10.5281/zenodo.6759729.

The package contains the following files:
Supplementary File 1. Primer picking results for bisulfite 

sequencing PCR (BSP);
Supplementary File 2. Downregulated microRNAs cu-

rated from literature analysis;
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Supplementary File 3. Upregulated microRNAs curated 
from literature analysis.

The references used for this supplementary data are 
listed at the end of the files.
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Abstract
Background. An intracranial arterial wall which locally protrudes outward, typically in the capsule and 
fusiform, is called an intracranial aneurysm (IA). Among these aneurysms, 1–2% might spontaneously 
rupture before treatment. Anterior and posterior communicating aneurysms are more likely to rupture 
than other aneurysms, and an anterior communicating aneurysm is more likely to rupture than a posterior 
communicating aneurysm.

Objectives. To identify the effects of miRNA-323a-3p expression in intracranial aneurysms and its potential 
regulatory mechanism.

Materials and methods. Patients with IA and healthy volunteers were enrolled, and their serum samples 
were extracted for the detection of tumor necrosis factor alpha (TNF-α), interleukin 1β (IL-1β), IL-6, IL-18, 
and miRNA-323a-3p. Then, the regulatory effects of miRNA-323a-3p on the above inflammatory factors and 
AdipoR1/AMPK/NF-kb signaling were also detected in vitro.

Results. The downregulation of miRNA-323a-3p reduced the expression of inflammatory factors (TNF-α, 
IL-1β, IL-6, and IL-18) in an  in vitro model in  comparison with the control group. The overexpression 
of miRNA-323a-3p suppressed the protein expression of adiponectin receptor R1 (AdipoR1) and p-AMPK, 
and induced NF-κB-p65 protein expression in an in vitro model.

Conclusions. We showed that AdipoR1 plasmid, AMPK activator 1 or si-NF-κB reduced the pro-inflammatory 
effects of miRNA-323a-3p in an in vitro model. The miRNA-323a-3p exacerbated the inflammatory reac-
tion in IA through AMPK/NF-κB signaling by AdipoR1. Our findings suggest that miRNA-323a-3p targeting 
AdipoR1 is promising in further anti-inflammatory treatment of IAs.

Key words: intracranial aneurysm, NF-κB, ADIPOR1, AMPK, miRNA-323a-3p
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Background

An intracranial arterial wall which locally protrudes 
outward is called an intracranial aneurysm (IA).1 The inci-
dence rate of IAs in the general population is approx. 5%.2 
Aneurysms can occur in intracranial blood vessels, with up 
to 90% of aneurysms occurring near the circle of Willis.2 
The most lethal complication is rupture, subsequently 
leading to subarachnoid hemorrhage (SAH)2; aneurysm 
rupture is also the most common cause of SAH.3 Approxi-
mately, 1–2% of aneurysms might spontaneously rupture 
before treatment. The anterior and posterior communi-
cating aneurysms are more likely to rupture than other 
aneurysms, and the anterior communicating aneurysm 
is more likely to rupture than the posterior communicat-
ing aneurysm.3

In  the  last decade, the  development of  genetics and 
molecular biology has promoted the development of an-
eurysm-related research.4 In this paper, we summarize 
the molecular biological mechanisms of IA rupture and 
its association with inflammation.4 Inflammation is closely 
correlated with aneurysm formation. The pathogenesis 
may be a damage in the vascular endothelium of intracra-
nial arteries, leading to an inflammatory response, which 
ultimately endangers the integrity of the vessel wall.5 Dur-
ing this process, the key characteristics include the loss 
of the internal elastic layer, endomysial hyperplasia and 
ectopic distribution of the vascular smooth muscle.6

Adiponectin is  a  cytokine secreted by  mature adi-
pocytes and its biological function is  facilitated by  its 
receptors, adiponectin receptor R1 (AdipoR1) and Adi-
poR2.7 The adiponectin receptors are mainly expressed 
in insulin target tissues, including liver, skeletal muscle 
and pancreatic islet.8 Studies have found the  expres-
sion of both AdipoR1 and AdipoR2 in  islet cells, with 
AdipoR1 being dominant.8 The AdipoR1 acts by acti-
vating the  AMPK pathway.7 The  NF-κB has been re-
vealed to regulate the expression of various genes during 
the  initiation and progression of AMPK. For example, 
lipids in food – especially free fatty acids – can activate 
the transcription factor NF-κB and increase the expres-
sion of inflammatory cytokines (including tumor necro-
sis factor alpha (TNF-α), interleukin 6 (IL-6), C-reactive 
protein (CRP), and others), thereby causing inflammatory 
damage to liver tissue.9

To simplify, the activation of NF-κB is a hallmark of in-
flammation in  IA, which can be detected in  the  infil-
trating macrophages and endothelial cells of IA lesions 
in mouse models in the early stages, subsequently spread-
ing throughout the arterial wall.10 A specific inhibition 
of the activation of NF-κB in macrophages can suppress an-
eurysm formation, macrophage infiltration and expression 
of pro-inflammatory factors.10 Upregulated genes in the in-
tima and media of the aneurysm involve proteases, reactive 
oxygen species (ROS), growth factors, cytokines, comple-
ments, adhesion molecules, and pro-apoptotic proteins.11 

Downregulated genes play different roles in the vascular 
smooth muscle cells and endothelial cells.12 Thus, the oc-
currence and development of aneurysms is associated with 
inflammatory responses, changes in extracellular matrices 
and apoptosis.12

Objectives

The  purpose of  this work is  to  identify the  effects 
of miRNA-323a-3p in intracranial aneurysms and their 
potential regulatory mechanism.

Materials and methods

Patients with intracranial aneurysm

The  study was approved by  the  ethics committee 
of  the First Affiliated Hospital of Soochow University, 
Suzhou, China. Patients with IA and healthy volunteers 
were enrolled from November to December 2016. The ba-
sic information about the patients with IA is presented 
in Table 1. The following conditions were reasons for exclu-
sion: severe hepatic and renal dysfunction, heart disease, 
diabetes, known thyrotoxicosis, and a history of hypersen-
sitivity to iodinated contrast agents. Other exclusion crite-
ria included multiple endovascular atheromatous plaques, 
obviously tortuous neck vessels, and vascular system hy-
pertension (systolic blood pressure (SBP) ≥180 mm Hg 
or diastolic blood pressure (DBP) ≥110 mm Hg). Detailed 
inclusion and exclusion criteria are listed in the study 
protocol.

We chose to restrict the aneurysm size because the larg-
est 2nd-generation hydrogel coil available when the trial 
started measured 12 mm.

ELISA experiment

The serum samples were collected and measured using 
an enzyme-linked immunosorbent assay (ELISA) kit for 
TNF-α, IL-1β, IL-6, and IL-18 (Thermo Fisher Scientific, 
Waltham, USA). Cells were also collected at 1000 g and 

Table 1. Basic information about patients with intracranial aneurysm

Variable Healthy volunteers Patients

Number of subjects 12 12

Sex M: 6/W: 6 M: 6/W: 6

Age [years] 61–69 62–73 

WFNS grading

I 0 1

II–III 0 5

IV–V 0 6

WFNS – World Federation of Neurosurgical Societies.
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4°C for 10 min and used to measure TNF-α (H052), IL-1β 
(H002), IL-6 (H007), and IL-18 (H015) with an ELISA kit. 
The absorbance was measured at 450 nm using a Multi-
skan™ GO spectrophotometer (Thermo Fisher Scientific, 
Waltham, USA).

qRT-PCR assay

Total RNA was extracted with TRIzol (Sigma-Aldrich, 
St. Louis, USA), according to the manufacturer’s protocol. 
Then, 1 μg of RNA was reverse-transcribed into cDNA 
using a reverse reaction kit (Promega, Madison, USA). 
Quantitative reverse-transcription polymerase chain reac-
tion (qRT-PCR) was performed using SYBR Green (Roche 
Diagnostics, Basel, Switzerland) and a  7500  real-time 
PCR system (Applied Biosystems, Mannheim, Germany). 
The levels of relative expression were calculated and quan-
tified with the 2−ΔΔCt method.

Gene chip profiling

The total RNA was labeled using a miRCURY™ Hy3™/
Hy5™ Power labeling kit and hybridized on a miRCURY™ 
LNA Array (v. 16.0; Exiqon, Vedbæk, Denmark). Scanned 
images were imported into GenePix Pro v. 6.0 software 
(Axon Instruments, Foster City, USA) and MEV v. 4.6 
software (The Institute for Genomic Research (TIGR), 
Rockville, USA).

Cell culture and transfection  
of miR-323a-3p mimics

Human endothelial cells – EA.hy926 (ATCC® CRL-
2922™; Fuxiang Biotechnology, Shanghai, China) 
– were cultured in Dulbecco’s modified Eagle’s medium 
(DMEM; Thermo Fisher Scientific) with 10% fetal bo-
vine serum (FBS; Thermo Fisher Scientific), and penicillin 
(100 U/mL), streptomycin (100 μg/mL) and a 2-mM glu-
tamine mixture at 37°C in a humid, 5% CO2 atmosphere. 
The EA.hy926 cells were transfected with miR-323a-3p, 
anti-miR-323a-3p or negative mimics using Lipofectamine 
2000 (Invitrogen, Carlsbad, USA). The EA.hy926 cells 
were induced with 200 ng of LPS13 into the IA model 
48 h after transfection.

Luciferase assay

The 3′UTR of AdipoR1 was cloned into a luciferase re-
porter vector, pmirGLO (Dual-Luciferase® Reporter As-
say System; Promega). The 3′UTR of AdipoR1 and anti-
miR-323a-3p mimics were transfected into the cells using 
Lipofectamine 2000 (Invitrogen). Forty-eight hours after 
transfection, the luciferase activity in human umbilical 
vein endothelial cells (HUVECs) was studied with a VIC-
TOR analyzer using a Dual-Glo® Luciferase Assay System 
(Promega).

Western blotting

The cells were collected and the total proteins were ex-
tracted using an radioimmunoprecipitation assay (RIPA). 
Protein concentration was determined using a  bicin-
choninic acid protein assay. Equal amounts of protein 
(50 μg) were resolved on 10% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) gels, and 
then transferred to a polyvinylidene difluoride (PVDF) 
membrane (Merck Millipore, Bedford, USA). The mem-
brane was blocked with 5% skim milk in Tris-buffered 
saline with Tween (TBST) and probed with antibodies 
against AdipoR1, p-AMPK, NF-κB-p65, and GAPDH (Cell 
Signaling Technology, Danvers, USA) at 4°C overnight. 
After 3 washes with TBST, the membranes were incubated 
with horseradish peroxidase (HRP)-conjugated second-
ary antibodies (Cell Signaling Technology) for 1 h at 37°C. 
Immunoreactive bands were visualized using an enhanced 
chemiluminescence (ECL) detection system (Promega) 
and analyzed using Image-Pro Plus v. 6.0 software (Media 
Cybernetics, Inc., Rockville, USA).

Immunohistochemistry

The cells were washed with phosphate-buffered saline 
(PBS) and fixed with 4% paraformaldehyde for 15 min. 
The cells were blocked with 5% bovine serum albumin 
(BSA) and 0.25% Triton-x100 in PBS for 1 h. Then, they 
were incubated with AdipoR1 overnight at 4°C, followed 
by incubation with fluorescence-labeled secondary anti-
bodies (Alexa Fluor 594; Cell Signaling Technology) for 
2 h. The cells were incubated with 4′,6-diamidino-2-phe-
nylindole (DAPI; Cell Signaling Technology) for 15 min and 
viewed under a confocal fluorescence microscope (model 
FV1000; Olympus Corp., Tokyo, Japan).

Statistical analyses

The data are presented as median with the range (when 
n = 3) or  the  interquartile range (IQR) (when n = 12). 
The data were analyzed using Kruskal–Wallis test. A value 
of p < 0.05 was considered statistically significant.

Results

miRNA-323a-3p expression in patients 
with intracranial aneurysm

To investigate the mechanism of IA, the miRNA ex-
pression of patients with IA was measured. There were 
higher levels of  TNF-α (median: 13.08 (IQR: 11.55–
14.38) pg/mg of protein compared to median: 113.23 (IQR: 
103.7–120.53)  pg/mg of  protein), IL-1β (median: 8.07 
(IQR: 6.33–9.25) pg/mg of protein compared to median: 
43.67 (IQR: 42.2–47.45) pg/mg of protein), IL-6 (median: 
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20.6 (IQR: 20.16–20.83) pg/mg of protein compared to 
median: 80.75 (IQR: 72.75–82.3) pg/mg of protein), and 
IL-18 (median: 5.41 (IQR: 3.88–6.67) pg/mg of protein 

compared to median: 58.7 (IQR: 55.64–61.57)  pg/mg 
of protein) in the patients with IA than in the control 
group (Fig. 1A–D). The results of computed tomography 

Fig. 1. The miRNA-323a-3p expression in patients with intracranial aneurysm (IA) tumor necrosis factor alpha (TNF-α) (A), interleukin (IL)-1β (B), IL-6 (C), and 
IL-18 (D) levels; computed tomography (CT) scan of an IA (E); the gene chip (F) and quantitative reverse-transcription polymerase chain reaction (qRT-PCR) 
(G) for the expression of miRNA-323a-3p in a patient with IA

normal – healthy volunteers; IA – IA patients; ***p < 0.001 compared to the sham control group. The Mann–Whitney tests were used for analysis.  
A–D,G: U = 0; p < 0.001. Data are presented as median and interquartile range (IQR) (n = 12).
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(CT) showed that IA has appeared in patient with IA, but 
has not appeared in normal group (Fig. 1E). As shown 
in Fig. 1F,G, the expression of miRNA-323a-3p (median: 
1 (IQR: 0.98–1.02) compared to median: 2.25 (IQR: 2.12–
2.30)) was higher in the patients with IA than in the con-
trol group.

miRNA-323a-3p regulates inflammation 
in an in vitro model

The  study evaluated the  effects of  miRNA-323a-3p 
in an in vitro model of IA. We used miRNA-323a-3p mimics 
to increase the expression of miRNA-323a-3p (median: 1.00 
(range: 0.97–1.03) compared to median: 3.33 (range: 3.07–
3.53)) in an in vitro model of IA in comparison with the con-
trol group (Fig. 2A). The overexpression of miRNA-323a-3p 
promoted inflammation factors such as TNF-α (median: 
76.07 (range: 74.82–84.40) pg/mg of protein compared 
to median: 279.29 (range: 270.93–330.06) pg/mg of pro-
tein), IL-1β (median: 49.89 (range: 47.88–53.43) pg/mg 
of protein compared to median: 124.32 (range: 117.77–
130.61) pg/mg of protein), IL-6 (median 59.75 (range: 59.04–
59.78) pg/mg of protein compared to median 102.47 (range: 
98.2–104.48) pg/mg of protein), and IL-18 (median: 20.87 
(range: 15.66–29.57) pg/mg of protein compared to median: 
117.50 (range: 109.98–129.71) pg/mg of protein) in an in vi-
tro model of IA, in comparison with the control group 
(Fig. 2B–E). However, anti-miRNA-323a-3p mimics showed 
reduced miRNA-323a-3p expression (median: 1.00 (range: 
0.97–1.03) compared to median: 0.41 (range: 0.38–0.44)) 
in an in vitro model of IA, in comparison with the control 
group (Fig. 2F). The downregulation of miRNA-323a-3p 
reduced the levels of TNF-α (median: 78.10 (range: 74.97–
79.22) pg/mg of protein compared to median: 21.03 (range: 
19.66–23.59)  pg/mg of  protein), IL-1β (median: 34.22 
(range: 31.69–37.29) pg/mg of protein compared to median: 
16.62 (range: 14.66–17.42) pg/mg of protein), IL-6 (median: 
41.57 (range: 41.10–41.90) pg/mg of protein compared to 
median: 12.04 (range: 9.69–13.43) pg/mg of protein), and 
IL-18 (median: 64.91 (range: 64.56–71.74) pg/mg of pro-
tein compared to median: 13.03 (range: 8.78–14.37) pg/mg 
of protein) in an in vitro model of IA, in comparison with 
the control group (Fig. 2G–J).

miRNA-323a-3p regulates  
AdipoR1/AMPK/NF-κB-p65 signaling  
in an in vitro model

To explore the mechanism of miRNA-323a-3p on signal-
ing in IA, a gene chip was used in an in vitro model of IA. 
As shown in Fig. 3A, the downregulation of miRNA-323a-
3p induced AdipoR1 and NF-κB-p65 protein expres-
sion in  an  in  vitro model of  IA, in  comparison with 
the control group. The 3’UTR of AdipoR1 was targeted 
by  miRNA-323a-3p, and luciferase activity levels (me-
dian: 0.99 (range: 0.97–1.04) compared to median: 1.89 

(range: 1.86–2.01)) were increased in the downregulation 
of the miRNA-323a-3p group (Fig. 3B,C). The downregula-
tion of miRNA-323a-3p induced AdipoR1 protein expres-
sion in an in vitro model of IA, in comparison with the con-
trol group (Fig. 3D). The overexpression of miRNA-323a-3p 
suppressed AdipoR1 expression (median: 0.97 (range: 
0.94–1.09) compared to median: 0.31 (range: 0.23–0.39)) 
and p-AMPK (median: 1.00 (range: 0.96–1.04) compared 
to median: 0.36 (range: 0.33–0.39)) protein expression and 
induced NF-κB-p65 (median: 1.00 (range: 0.98–1.02) com-
pared to median: 2.41 (range: 2.39–2.52)) protein expression 
in an in vitro model of IA, in comparison with the control 
group (Fig. 3E–H). The downregulation of miRNA-323a-3p 
induced AdipoR1 (median: 1.02 (range: 0.78–1.20) com-
pared to median: 2.95 (range: 2.68–3.07)) and p-AMPK 
(median: 1.05 (range: 0.81–1.14) compared to median: 2.43 
(range: 2.34–2.52)) protein expression and suppressed NF-
κB-p65 (median: 0.97 (range: 0.88–1.15) compared to me-
dian: 0.31 (range: 0.27–0.44)) protein expression in an in vi-
tro model of IA, in comparison with the control group 
(Fig. 3I–L).

AdipoR1 reduced  
the pro-inflammation effects  
of miRNA-323a-3p in an in vitro model

The role of AdipoR1 in the pro-inflammatory function 
of miRNA-323a-3p was studied in an in vitro model of IA. 
The AdipoR1 plasmid induced the expression of AdipoR1 
(median: 1.04 (range: 0.92–1.04) compared to median: 0.47 
(range: 0.46–0.52) compared to median: 0.73 (range: 0.61–
0.78)) and p-AMPK (median: 0.99 (range: 0.94–1.08) com-
pared to median: 0.39 (range: 0.36–0.42) compared to me-
dian: 0.83 (range: 0.82–0.84)) and suppressed NF-κB-p65 
protein expression (median: 1.02 (range: 0.89–1.08) 
compared to median: 2.47 (range: 2.46–2.62) compared 
to median: 1.47 (range: 1.32–1.49)) in an in vitro model 
of IA following overexpression of miRNA-323a-3p, when 
compared with the overexpression in the miRNA-323a-
3p group (Fig. 4A–D). Compared with the overexpression 
in the miRNA-323a-3p group, the activation of AdipoR1 
reduced the pro-inflammatory function of miRNA-323a-
3p on the levels of TNF-α (median: 74.88 (range: 71.03–
79.08) pg/mg of protein compared to median: 191.81 (range: 
187.82–205.36) pg/mg of protein compared to median: 97.33 
(range: 91.38–105.70) pg/mg of protein), IL-1β (median: 
42.31 (range: 36.85–45.10) pg/mg of protein compared to 
median: 161.72 (range: 159.50–169.05) pg/mg of protein 
compared to median: 74.57 (range: 72.72–84.11) pg/mg 
of protein), IL-6 (median: 53.50 (range: 53.30–55.20) pg/mg 
of protein compared to median: 187.84 (range: 184.51–
188.66) pg/mg of protein compared to median: 65.43 (range: 
63.74–65.84) pg/mg of protein), and IL-18 (median: 31.80 
(range: 23.02–36.39) pg/mg of protein compared to median: 
125.03 (range: 120.93–129.76) pg/mg of protein compared 
to median: 52.42 (range: 47.13–60.08) pg/mg of protein) 
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Fig. 2. The miRNA-323a-3p regulates inflammation in an in vitro model. Quantitative reverse-transcription polymerase chain reaction (qRT-PCR) for 
the expression levels of miRNA-323a-3p (A), tumor necrosis factor alpha (TNF-α) (B), interleukin (IL)-1β (C), IL-6 (D), and IL-18 (E) following the overexpression 
of miRNA-323a-3p; qRT-PCR for the expression levels of miRNA-323a-3p (F), TNF-α (G), IL-1β (H), IL-6 (I), and IL-18 (J) following the downregulation of miRNA-
323a-3p

negative – cells transfected with negative mimics; miR-323a-3p – cells transfected with miR-323a-3p mimics; anti-323a-3p – cells transfected with miR-323a-3p 
inhibitor; *p < 0.05. The Kruskal–Wallis tests were used for analysis. A–J: χ2 = 3.86; p = 0.049. Data are presented as median with range (n = 3).
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Fig. 3. The miRNA-323a-3p regulates AdipoR1/AMPK/NF-κB-p65 signaling in an in vitro model. A. The gene chip for signaling; B. The 3’UTRs of AdipoR1 was 
targeted by miRNA-323a-3p; C. Luciferase activity levels; D. Immunohistochemistry for AdipoR1; E–G. AdipoR1, p-AMPK and NF-κB-p65 protein expression 
using western blot analysis; H. Statistical analysis following the overexpression of miRNA-323a-3p; I–K. AdipoR1, p-AMPK and NF-κB-p65 protein expression 
using western blot analysis; L. Statistical analysis following the downregulation of miRNA-323a-3p

negative – cells transfected with negative mimics; miR-323a-3p – cells transfected with miR-323a-3p mimics; anti-323a-3p – cells transfected with miR-323a-3p  
inhibitor. *p < 0.05. The Mann–Whitney tests were used for analysis. C, E–G, I–K: U = 0; p = 0.049. Data are presented as median with range (n = 3).
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Fig. 4. AdipoR1 reduced the pro-inflammatory effects of miRNA-323a-3p in an in vitro model. AdipoR1, p-AMPK and NF-κB-p65 protein expression using 
western blot analysis (A, B and C) and statistical analysis (D); tumor necrosis factor alpha (TNF-α) (E), interleukin (IL)-1β (F), IL-6 (G), and IL-18 (H)

negative – cells transfected with negative mimics; miR-323a-3p – cells transfected with miR-323a-3p mimics; AdipoR1 – cells transfected with miR-323a-3p 
mimics and AdipoR1. The Kruskal–Wallis tests were used for 2 group and multiple group analyses. Multiple group comparisons: A–C, E–H: χ2 = 7.20; 
p = 0.030. Two group comparisons: *p < 0.05; #p < 0.05. Data are presented as median with range (n = 3).
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in an in vitro model of IA following the overexpression 
of miRNA-323a-3p, when compared with the overexpres-
sion of the miRNA-323a-3p group (Fig. 4E–H).

AMPK reduced  
the pro-inflammatory effects  
of miRNA-323a-3p in an in vitro model

The  role of  AMPK in  the  pro-inflammatory effects 
of  miRNA-323a-3p was studied in  an  in  vitro model. 
The  AMPK plasmid promoted the  protein expression 
of p-AMPK (median: 1.02 (range: 0.93–1.06) compared to 
median: 0.21 (range: 0.19–0.24) compared to median: 0.58 
(range: 0.44–0.62)), and suppressed NF-κB-p65 expres-
sion (median: 0.98 (range: 0.97–1.04) compared to me-
dian: 2.95 (range: 2.67– 3.04) compared to median: 1.47 
(range: 1.47–1.68)) in an in vitro model of IA following 
the overexpression of miRNA-323a-3p, when compared 
with the overexpression of  the miRNA-323a-3p group 
(Fig. 5A–C). The promotion of AMPK reduced the pro-
inflammatory effects of miRNA-323a-3p on  the  levels 
of  TNF-α (median: 74.11 (range: 71.14–82.75)  pg/mg 
of protein compared to median: 193.87 (range: 190.52–
209.61)  pg/mg of  protein compared to median: 90.87 
(range: 83.09–99.47) pg/mg of protein), IL-1β (median: 
39.30 (range: 36.89–45.07) pg/mg of protein compared to 
median: 170.35 (range: 163.51–174.39) pg/mg of protein 
compared to median: 67.60 (range: 66.48–79.31) pg/mg 
of protein), IL-6 (median: 28.79 (range: 27.36–38.05) pg/mg 
of protein compared to median: 137.17 (range: 129.12–
139.43) pg/mg of protein compared to median: 56.52 (range: 
47.13–61.98) pg/mg of protein), and IL-18 (median: 56.64 
(range: 54.57–56.79) pg/mg of protein compared to median: 
190.36 (range: 186.11–190.64) pg/mg of protein compared 
to median: 69.50 (range: 67.62–69.88) pg/mg of protein) 
in an in vitro model, in comparison with the overexpres-
sion in the miRNA-323a-3p group (Fig. 5D–G).

Si-NF-κB reduced  
the pro-inflammatory effects  
of miRNA-323a-3p in an in vitro model

The  role of  NF-κB in  the  pro-inflammatory effects 
of miRNA-323a-3p was explored in an in vitro model. 
The  si-NF-κB suppressed NF-κB-p65 protein expres-
sion (median: 1.07 (range: 0.96–1.07) compared to me-
dian: 2.11 (range: 2.03–2.20) compared to median: 1.25 
(range: 1.13–1.30)) in an in vitro model of IA following 
the overexpression of miRNA-323a-3p, when compared 
with the overexpression of the miRNA-323a-3p group 
(Fig. 6A,B). The  inhibition of NF-κB reduced the pro-
inflammatory effects of miRNA-323a-3p on the  levels 
of  TNF-α (median: 51.13 (range: 44.35–51.53)  pg/mg 
of protein compared to median: 218.88 (range: 204.50–
221.61)  pg/mg of  protein compared to median: 92.71 
(range: 80.86–93.84) pg/mg of protein), IL-1β (median: 

31.55 (range: 25.78–33.94) pg/mg of protein compared to 
median: 200.69 (range: 169.76–209.82) pg/mg of protein 
compared to median: 77.27 (range: 70.95–83.16) pg/mg 
of protein), IL-6 (median: 21.57 (range: 19.80–21.63) pg/mg 
of protein compared to median: 125.91 (range: 124.48–
130.60) pg/mg of protein compared to median: 46.34 
(range: 41.45–47.21) pg/mg of protein), and IL-18 (me-
dian: 38.98 (range: 38.00–50.23) pg/mg of protein com-
pared to median: 163.27 (range: 162.15–170.30) pg/mg 
of  protein compared to median: 71.35 (range: 61.90–
74.39) pg/mg of protein) in an in vitro model, when com-
pared with the overexpression in the miRNA-323a-3p 
group (Fig. 6C–F).

Discussion

Intracranial aneurysms are a common cerebrovascular dis-
ease, though their pathogenesis is unclear.2,14 It is currently 
believed that the mechanisms of IA include endothelial in-
jury, inflammatory response, dysregulation of the phenotype 
in vascular smooth muscle, extracellular matrix remodeling, 
apoptosis, and breakdown of the vessel wall.14 In the current 
study, we demonstrated that the expression of miRNA-323a-
3p was higher in  patients with IA. The  overexpression 
of miRNA-323a-3p promoted an increase of TNF-α, IL-1β, 
IL-6, and IL-18 levels in an in vitro model of IA.

The formation of IA is closely related to immune inflam-
mation, though its origin and mechanism are still not fully 
understood.15 The NF-κB is a major regulator of inflamma-
tory cytokines.16 Relevant studies have shown that NF-κB 
signaling transduction plays an important role in endothe-
lial cell injury-mediated vascular diseases, and AMPK could 
regulate NF-κB signaling transduction.15,16 In this study, 
we observed that the overexpression of miRNA-323a-3p 
suppressed the expression of AdipoR1 and p-AMPK and 
induced NF-κB-p65 protein expression in an in vitro model 
of IA. The si-NF-κB reduced the pro-inflammatory effects 
of miRNA-323a-3p in an in vitro model.

The AMPK is a key regulator of energy metabolism in or-
ganisms, and can be activated by various factors, including 
stress, exercise, hormones, and substances which affect 
cell metabolism.17 Energy metabolism is also closely as-
sociated with immune regulation.7 In the case of an insuf-
ficient supply of nutrients and a lack of energy, the immune 
function of the body is significantly worsened.17 As a “cell 
energy-regulating receptor”, when signaling transduction 
is impaired, AMPK could cause metabolic syndromes such 
as obesity, diabetes, insulin resistance, etc., which are often 
accompanied by chronic inflammation (including sepsis, 
rheumatoid arthritis and cardiovascular disease), seriously 
endangering human health.18 In this study, we observed 
that the activation of AMPK reduced the pro-inflamma-
tory effects of miRNA-323a-3p in an in vitro model.

When AdipoR2 binds to AdipoR2, it activates the down-
stream AMPK signaling pathway mediated by APPL1 and 
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Fig. 5. AMPK reduced the pro-inflammatory effects of miRNA-323a-3p in an in vitro model. The expression of p-AMPK and NF-κB-p65 using western blot 
analysis (A and B) and statistical analysis (C); tumor necrosis factor alpha (TNF-α) (D), interleukin (IL)-1β (E), IL-6 (F), and IL-18 (G)

negative – cells transfected with negative mimics; miR-323a-3p – cells transfected with miR-323a-3p mimics; AMPK – cells transfected with miRNA-323a-3p 
mimic and AMPK. The Kruskal–Wallis tests were used for 2 group and multiple group analyses. Multiple group comparisons: A, B, D–G: χ2 = 7.20; p = 0.030. 
Two group comparisons: *p < 0.05; #p < 0.05. Data are presented as median with range (n = 3).
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participates in glycolipid metabolism; such process can 
reduce body fat and improve hepatic insulin sensitivity and 
liver steatosis.19 Meanwhile, adiponectin decreases the se-
cretion of inflammatory factors such as IL-6 and TNF-α 
by inhibiting Kupffer cells from activating hepatic stellate 
cells and mediating the IKK-b/NF-κB pathway by attenuat-
ing the nuclear translocation of NF-κB; such action further 
suppresses the inflammatory response and antagonizes 
the progression of NAFLD.20 We found that the activation 
of AdipoR1 or AMPK reduced the pro-inflammatory ef-
fects of miRNA-323a-3p in an in vitro model.

Limitations

This study sill has several limitations. First, due 
to  the  small sample size, a  stratified analysis of  gene 

expression based on patients’ World Federation of Neu-
rosurgical Societies (WFNS) scores was not performed. 
Second, due to ethical requirements, we were unable to de-
tect the expression of miRNAs and inflammatory factors 
in tissue samples from aneurysms.

Conclusions

In summary, our study demonstrated that the expres-
sion of miRNA-323a-3p was higher in patients with IA. 
The  overexpression of  miRNA-323a-3p raised TNF-α, 
IL-1β, IL-6, and IL-18 levels in an in vitro model of IA 
via AdipoR1/AMPK/NF-κB. Our findings suggest that 
miRNA-323a-3p targeting AdipoR1 is promising in fur-
ther anti-inflammation treatment of IA.

Fig. 6. Si-NF-κB reduced the pro-inflammatory effects of miRNA-323a-3p in an in vitro model. The NF-κB-p65 protein expression using western blot analysis 
(A) and statistical analysis (B); tumor necrosis factor alpha (TNF-α) (C), interleukin (IL)-1β (D), IL-6 (E), and IL-18 (F)

negative – cells transfected with negative mimics; miR-323a-3p – cells transfected with miR-323a-3p mimics; si-NF-κB – cells transfected with miRNA-323a-3p  
mimic and NF-κB antagonist. The Kruskal–Wallis tests were used for 2 group and multiple group analyses. Multiple group comparisons: A–H: χ2 = 7.20; 
p = 0.030. Two group comparisons: *p < 0.05; #p < 0.05. Data are presented as median with range (n = 3).



B. Sun, Z. Liu, Z. Yu. miRNA promoted intracranial inflammation1254

ORCID iDs
Bing Sun  https://orcid.org/0000-0002-8822-5428
Zehao Liu  https://orcid.org/0000-0002-8806-381X
Zhengquan Yu  https://orcid.org/0000-0003-4239-7977

References
1.	 Rojas HA, da Silva Fernandes KS, Ottone MR, et al. Levels of MMP-9 

in patients with intracranial aneurysm: Relation with risk factors, size 
and clinical presentation. Clin Biochem. 2018;55:63–68. doi:10.1016/j.
clinbiochem.2018.03.005

2.	 Shankar JJS, Lum C, Parikh N, dos Santos M. Long-term prospective 
follow-up of intracranial aneurysms treated with endovascular coil-
ing using contrast-enhanced MR angiography. AJNR Am J Neuroradiol.  
2010;31(7):1211–1215. doi:10.3174/ajnr.A2064

3.	 Martínez-Galdámez M, Lamin SM, Lagios KG, et al. Periprocedural 
outcomes and early safety with the use of the Pipeline Flex Embo-
lization Device with Shield Technology for unruptured intracrani-
al aneurysms: Preliminary results from a prospective clinical study.  
J Neurointerv Surg. 2017;9(8):772–776. doi:10.1136/neurintsurg-2016- 
012896

4.	 Pawlowska E, Szczepanska J, Wisniewski K, Tokarz P, Jaskólski DJ, Blasiak J.  
NF-κB-mediated inflammation in the pathogenesis of  intracrani-
al aneurysm and subarachnoid hemorrhage: Does autophagy play 
a role? Int J Mol Sci. 2018;19(4):1245. doi:10.3390/ijms19041245

5.	 Petridis AK, Filis A, Chasoglou E, et al. Aneurysm wall enhancement 
in black blood MRI correlates with aneurysm size: Black blood MRI 
could serve as an objective criterion of aneurysm stability in near 
future. Clin Pract. 2018;8(3):1089. doi:10.4081/cp.2018.1089

6.	 Gruszka W, Zbroszczyk M, Komenda J, Gruszczynska K, Baron J. 
The role of inflammation and potential pharmacological therapy 
in intracranial aneurysms. Neurol Neurochir Pol. 2018;52(6):662–669. 
doi:10.1016/j.pjnns.2018.08.002

7.	 Yao F, Zhang M, Chen L. 5’-Monophosphate-activated protein kinase 
(AMPK) improves autophagic activity in diabetes and diabetic complica-
tions. Acta Pharm Sin B. 2016;6(1):20–25. doi:10.1016/j.apsb.2015.07.009

8.	 Okada-Iwabu M, Yamauchi T, Iwabu M, et al. A small-molecule Adi-
poR agonist for type 2 diabetes and short life in obesity. Nature. 
2013;503(7477):493–499. doi:10.1038/nature12656

9.	 Wang Y, Liang B, Lau WB, et al. Restoring diabetes-induced autopha-
gic flux arrest in ischemic/reperfused heart by ADIPOR (adiponectin 
receptor) activation involves both AMPK-dependent and AMPK-inde-
pendent signaling. Autophagy. 2017;13(11):1855–1869. doi:10.1080/ 
15548627.2017.1358848

10.	 Aoki T, Nishimura M, Matsuoka T, et al. PGE(2)-EP(2) signalling in 
endothelium is activated by haemodynamic stress and induces cere-
bral aneurysm through an amplifying loop via NF-κB. Br J Pharmacol.  
2011;163(6):1237–1249. doi:10.1111/j.1476-5381.2011.01358.x

11.	 Aoki T, Kataoka H, Ishibashi R, Nozaki K, Morishita R, Hashimoto N. 
Reduced collagen biosynthesis is the hallmark of cerebral aneu-
rysm: Contribution of interleukin-1beta and nuclear factor-kappaB.  
Arterioscler Thromb Vasc Biol. 2009;29(7):1080–1086. doi:10.1161/
ATVBAHA.108.180760

12.	 Cheng WT, Wang N. Correlation between MMP-2 and NF-κB expres-
sion of intracranial aneurysm. Asian Pac J Trop Med. 2013;6(7):570–573.  
doi:10.1016/S1995-7645(13)60098-X

13.	 Xu L, Gong C, Li G, et al. Ebselen suppresses inflammation induced 
by Helicobacter pylori lipopolysaccharide via the p38 mitogen-acti-
vated protein kinase signaling pathway. Mol Med Rep. 2018;17(5): 
6847–6851. doi:10.3892/mmr.2018.8641

14.	 Urbach H, Dorenbeck U, von Falkenhausen M, et al. Three-dimen-
sional time-of-flight MR angiography at 3 T compared to digital sub-
traction angiography in the follow-up of ruptured and coiled intra-
cranial aneurysms: A prospective study. Neuroradiology. 2008;50(5): 
383–389. doi:10.1007/s00234-007-0355-5

15.	 Aoki T, Frösen J, Fukuda M, et al. Prostaglandin E2-EP2-NF-kappaB 
signaling in macrophages as a potential therapeutic target for intra-
cranial aneurysms. Sci Signal. 2017;10(465):eaah6037. doi:10.1126/sci-
signal.aah6037

16.	 Liu YF, Zhang Y, Dai D, Xu Z. Expression of NF-κB, MCP-1 and MMP-9 
in a cerebral aneurysm rabbit model. Can J Neurol Sci. 2014;41(2): 
200–205. doi:10.1017/s0317167100016589

17.	 Zhang Y, Tao GJ, Hu L, et al. Lidocaine alleviates morphine toler-
ance via AMPK-SOCS3-dependent neuroinflammation suppression 
in the spinal cord. J Neuroinflammation. 2017;14(1):211. doi:10.1186/
s12974-017-0983-6

18.	 Kim S, Lee MS, Jung S, et al. Ginger extract ameliorates obesity and 
inflammation via regulating microRNA-21/132 expression and AMPK 
activation in white adipose tissue. Nutrients. 2018;10(11):1567. doi:10. 
3390/nu10111567

19.	 Tang CH, Lu ME. Adiponectin increases motility of human prostate 
cancer cells via adipoR, p38, AMPK, and NF-kappaB pathways. Prostate.  
2009;69(16):1781–1789. doi:10.1002/pros.21029

20.	 Yang Y, Wang Y, Kong Y, et al. Mechanical stress protects against 
osteoarthritis via regulation of the AMPK/NF-κB signaling pathway. 
J Cell Physiol. 2019;234(6):9156–9167. doi:10.1002/jcp.27592



Cite as
An MH, Choi SM, Lee PH, Park S, Baek AR, Jang AS. Cofilin-1 
and profilin-1 expression in lung microvascular endothelial 
cells exposed to titanium dioxide nanoparticles.  
Adv Clin Exp Med. 2022;31(11):1255–1264.  
doi:10.17219/acem/152032

DOI
10.17219/acem/152032

Copyright
Copyright by Author(s) 
This is an article distributed under the terms of the
Creative Commons Attribution 3.0 Unported (CC BY 3.0)
(https://creativecommons.org/licenses/by/3.0/)

Address for correspondence
An-Soo Jang
E-mail: jas877@schmc.ac.kr

Funding sources
None declared

Conflict of interest
None declared

Acknowledgements
This research received the support of the Basic Science 
Research Program through the National Research 
Foundation of Korea (NRF) funded by the Ministry 
of Science, ICT and Soonchunhyang University  
(grant No. NRF-2020R1A2C1006506).

Received on November 16, 2021
Reviewed on March 15, 2022
Accepted on July 11, 2022

Published online on August 24, 2022

Abstract
Background. Air pollutants exacerbate chronic airway diseases, such as asthma and chronic obstructive 
pulmonary disease (COPD). However, the underlying mechanisms are yet to be determined. While a number 
of studies have reported adverse effects of nanoparticles on humans, little is known about their effects 
on the respiratory system.

Objectives. To examine the protein expression in human lung microvascular endothelial cells (HMVEC-L) 
exposed to titanium dioxide (TiO2) nanoparticles, a common air pollutant.

Materials and methods. A proteomics approach using two-dimensional polyacrylamide gel electro-
phoresis (2D-PAGE) and matrix-assisted laser desorption/ionization time-of-flight/time-of-flight mass 
spectrometry (MALDI-TOF/TOF MS) was used to determine the differences in protein expression at 8 h 
and 24 h, following the treatment of HMVEC-L with 20-μM or 40-μM TiO2 nanoparticles.

Results. Human lung microvascular endothelial cells treated with 20-μM TiO2 nanoparticles showed altera-
tions of 7 protein spots, including molecules related to calcium regulation, transport, cytoskeleton, and muscle 
contraction. The treatment of HMVEC-L with 40-μM TiO2 nanoparticles resulted in alterations of 4 protein 
spots, with molecular functions related to the cytoskeleton, myosin regulation, actin modulation, as well 
as guanosine diphosphate (GDP) and guanosine triphosphate (GTP) regulation. To validate these results, 
immunohistochemical staining and western blotting analyses were performed on lung tissues collected 
from mice exposed to TiO2 nanoparticles. Cofilin-1 and profilin-1 were expressed in the endothelium, epi-
thelium and inflammatory cells, and decreased in lung tissues of TiO2 nanoparticle-exposed mice compared 
to sham-treated controls.

Conclusions. These results suggest that some of the differentially expressed proteins may play important 
roles in airway diseases caused by TiO2 nanoparticle exposure.

Key words: proteomics, air pollutants, airway disease, nanoparticles
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Background

Air pollutants encompass also toxic particles and gases 
emitted in large quantities from many different sources, 
including vehicles and factories.1 Major pollutants include 
particulate matter (PM), ozone, nitrogen dioxide (NO2), 
and sulfur dioxide (SO2). Air pollution negatively impacts 
human health and increases the burden of disease and 
demand for healthcare services.2–4

The principal component of indoor and outdoor air pol-
lution is PM, which can vary widely in particle size, and 
includes coarse, fine and ultrafine particles. Furthermore, 
PM is a complex mixture of materials with a carbonaceous 
core and associated materials, such as organic compounds, 
acids and fine metal particles.5,6

Inflammation exacerbates pulmonary disease and causes 
lung dysfunction. The most important issue regarding envi-
ronmental air pollution is its toxic effect, which can result 
in inflammatory disease,7,8 with the lung function of patients 
with airway disease showing greater deterioration among 
those living in communities exposed to high levels of air 
pollution.9 Toxic titanium dioxide (TiO2) nanoparticles are 
produced by human activities, such as driving automobiles 
and charcoal burning, as well as by natural processes.10–12 
Titanium dioxide nanoparticles have toxic effects that mani-
fest in inflammation and lead to disease.13–15 Furthermore, 
the exposure to TiO2 nanoparticles induces both acute and 
chronic inflammation, increases inflammatory cell expres-
sion and mucosal gland hyperplasia in the airway and alveo-
lar spaces in animal models,13,16,17 and can cause itching, 
bronchoconstriction and mucus hypersecretion.18 The TiO2 
nanoparticles  achieve this by penetrating the cell membrane 
and exerting toxic effects in organs.19,20 Our previous stud-
ies demonstrated that the exposure to TiO2 nanoparticles 
induced pulmonary inflammation and activated the inflam-
masome in mice, causing differential expression of NLRP3, 
caspase-1, and cytokines IL-1β and IL-18 in the lungs.5 More-
over, TiO2 nanoparticles increase the production of reac-
tive oxygen species (ROS) and oxidative products, as well 
as the depletion of cellular antioxidants.21,22

Tight junctions (TJs) are the apical-most constituents 
of the junctional complex in epithelial cell sheets, also pres-
ent in vascular endothelial cells and mesothelial cells.22 Tight 
junctions act as a semipermeable barrier to the paracellular 
transport of ions, solutes and water, and function as a barrier 
between the apical and basolateral domains of plasma mem-
branes.22 Tight junctions coordinate a variety of signaling 
and trafficking molecules involved in the regulation of cell 
differentiation, proliferation and polarity, and thereby serve 
as multifunctional complexes.21,23 The disruption of the func-
tion of TJs can cause or contribute to a variety of pathologi-
cal conditions, such as infections, cancers and blood-borne 
metastasis.24 Endothelial cells are among the main cellular 
constituents of blood vessels, and one of their most important 
functions is the formation of a barrier between blood and 
underlying tissues. These endothelial junctional proteins 

play important roles in tissue integrity, vascular permeability, 
leukocyte extravasation, and angiogenesis.21

The actin-severing activity of cofilin is an important 
factor in the stretch-induced cytoskeletal fluidization and 
may account for an appreciable part of the bronchodilatory 
effects of a deep inspiration.28 Both cigarette smoke-ex-
posed and chronic obstructive pulmonary disease (COPD) 
patient-derived epithelia display quantitative evidence 
of cellular plasticity, along with a loss of specialized api-
cal features with distinct cell motion indicative of cellular 
jamming. These injured/diseased cells have an increased 
fraction of polymerized actin, due to the loss of the ac-
tin-severing protein, cofilin-1.29 Counteracting cofilin-1 
is profilin-1, an actin-binding protein that promotes actin 
polymerization in vitro,25,26 endothelial cell migration and 
proliferation.27 A requirement for dynamic actin associa-
tion and dissociation is rendered by reversible Ser71 phos-
phorylation and dephosphorylation. The phosphorylation 
of Ser71 inhibits actin-binding of profilin-1.30

The mechanisms by which toxic nanoparticles induce 
pulmonary disease remain to be elucidated. In this study, 
we examined whether nanoparticles play a role in lung 
disease employing two-dimensional polyacrylamide gel 
electrophoresis (2D-PAGE) and matrix-assisted laser de-
sorption/ionization time-of-flight/time-of-flight mass 
spectrometry (MALDI-TOF/TOF MS) of endothelial cells, 
and examined protein expression in the lungs of a mouse 
model of asthma.

Objectives

This study investigated whether TiO2 nanoparticle ex-
posure altered protein expression in vitro and in vivo.

Materials and methods

Cell culture and stimulation  
with TiO2 nanoparticles

Primary human lung microvascular endothelial cells 
(HMVEC-L; 5000 cells/cm2, cat No. CC-2527; Lonza, Basel, 
Switzerland) were grown in EGM™-2MV Microvascular 
Endothelial Cell Growth Medium BulletKit™ (Lonza). 
The medium was replaced every 48 h until cells reached 
90% confluence at 37°C in 5% CO2. The cells were seeded 
in  6-well plates. Twenty-four  hours before the  experi-
ment, the medium was changed to EBM-2 supplemented 
with 0.1% fetal bovine serum (FBS). After 30 min, cells 
were stimulated with TiO2 nanoparticles (SRM 1898, 
20 or 40 µM; National Institute of Standards & Technol-
ogy (NIST), Gaithersburg, USA) for 8 h or 24 h. The en-
dotoxin concentration in nanoparticles was <0.064 ng/mL 
(0.32 EU/mL), based on the limulus amebocyte lysate assay 
(QCL-1000; BioWhittaker, Walkersville, USA).
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Two-dimensional electrophoresis  
and image analysis

Human lung microvascular endothelial cells were har-
vested by centrifugation and then disrupted with lysis buf-
fer containing 5 mM Tris-HCl (pH 7.4), 100 mM NaCl, 1% 
Triton X-100 and 2 mM phenylmethylsulfonyl fluoride 
(PMSF). Cell lysates were centrifuged at 12,000 rpm for 
30 min and the supernatant was collected. The protein 
concentration was determined using a commercial BCA 
assay kit (Thermo Fisher Scientific, Rockford, USA) and 
the samples were stored at −70°C until use. Immobiline 
DryStrips (Amersham Biosciences, Piscataway, USA) were 
used for isoelectric focusing (IEF), which was carried out 
with 1 mg of the protein on an IPGphor system (Amersham 
Biosciences). The proteins were then separated in the sec-
ond dimension by sodium dodecyl sulfate (SDS)-PAGE. 
Staining was performed with Coomassie brilliant blue 
G250 for the visualization of proteins. The 2-D gels were 
scanned with an ImageScanner (Amersham Biosciences) 
in a  transmission mode. Spot detection and matching 
were performed using ImageMaster 2D v. 5.0 (Amersham 
Biosciences). The 2D spot intensity was calculated by in-
tegrating the optical density over the spot area. The data 
normalization was performed using ImageMaster 2D v. 5.0 
(GE Healthcare, Seoul, South Korea) and then the values 
were exported to SPSS software v. 18.0 (SPSS Inc., Chicago, 
USA) for statistical analysis.

Protein identification  
with MALDI-TOF/TOF MS

Mass spectrometry was performed at Yonsei Proteome 
Research Center (YPRC; Seoul, South Korea). Synovial fluid 
and serum peptide profiles were analyzed with a MALDI-
TOF/TOF mass spectrometer (Micromass, Wilmslow, UK). 
The following reagents and solutions were used for sample 
preparation: 70% acetonitrile (ACN), 2% formaldehyde and 
2% fluorescent antibody (FA) buffer. Finally, the peptides 
attached to the resin were eluted in a drop-by-drop manner 
using an elution buffer.

Database search and protein identification

Peptide matching and protein searches against the Swiss-
Prot and NCBI databases were performed using the Mascot 
software (Matrix Science; http://www.matrixscience.com).

Animal experiment

All experimental protocols were approved by the Animal 
Care and Use Committee of Soonchunhyang University, 
Asan, South Korea (approval No. SCHBCA-2015-06).31 
Six-week-old female BALB/c mice (n  =  8 per group) 
were sensitized by intraperitoneal (ip.) injection on days 
0  and  14, with grade V  chicken egg ovalbumin (OVA, 

50 μg; Sigma-Aldrich, St. Louis, USA) emulsified in 10 mg 
of  Al(OH)3 plus Dulbecco’s phosphate-buffered saline 
(D-PBS, 100 μL). On days 21–23, all mice received an in-
tranasal challenge with grade III OVA (150 μg; Sigma-Al-
drich) in D-PBS (50 μL). Control mice were sensitized and 
challenged with saline. In the TiO2 nanoparticle groups, 
mice were exposed to TiO2 nanoparticles by inhalation 
(200 µg/m3 for 2 h) before OVA challenge, every day for 
3 days. The airway hyperresponsiveness was measured 
on day 23. Bronchoalveolar lavage fluid (BALF) and lung 
tissues of mice were then collected for further analysis, 
including measurement of cofilin-1 and profilin-1 in lung 
protein, as well as BALF.

Determination of airway responsiveness 
and morphological analysis

Mice were challenged with 0 mg/mL (baseline), 5 mg/mL, 
20 mg/mL, or 100 mg/mL methacholine. After challenge, 
enhanced pause (Penh) was measured using methacholine 
in a barometric plethysmographic chamber (All Medicus 
Co., Anyang, South Korea). Mice were anesthetized the next 
day and BALF was obtained and stored at −20°C until use. 
Differential cell counts within BALF samples were deter-
mined with Diff-Quick staining of cytospin slides (500 cells 
per animal). A portion of the lung was fixed in 4% buffered 
paraformaldehyde and embedded in paraffin. The tissue 
was cut into 4-μm-thick sections for histological analysis. 
The images were captured using an ECLIPSE Ci-L micro-
scope (Nikon Corp., Tokyo, Japan) equipped with a DS-Ri2 
digital camera (Nikon Corp.).

Western blotting analysis

The extracted lung tissue was homogenized in protein 
lysis solution containing 50 mM Tris-HCl (pH 7.4), 50 mM 
NaCl, 0.1% SDS, 1% TritonX-100, 0.5 mM ethylenediami-
netetraacetic acid (EDTA), and 100 mM PMSF in distilled 
water, and centrifuged at 14,000 rpm for 30 min at 4°C. 
Then, the soluble fraction was collected. Mouse lung pro-
teins were separated with SDS-PAGE and transferred onto 
polyvinylidene difluoride (PVDF) membranes, which were 
then blocked with 5% bovine serum albumin (BSA) plus 
0.1% Tween 20 in Tris-buffered saline (TBS) for 2 h at room 
temperature. The membranes were incubated with rabbit 
anti-cofilin-1 (1:5000; Abcam, Cambridge, UK), mouse 
anti-profilin-1 (1:100; Santa Cruz Biotechnology, Santa 
Cruz, USA) or rabbit anti-profilin-1 (1:1000; ECM Biosci-
ences, Versailles, USA) antibody overnight at 4°C. The next 
day, the membranes were incubated with horseradish per-
oxidase (HRP)-conjugated secondary antibodies. The de-
tection was performed using EzWestLumi plus western 
blot detection reagent (ATTO Corporation, Tokyo, Japan). 
The relative abundances of the proteins were determined 
using quantitative densitometry with normalization rela-
tive to β-actin (Sigma-Aldrich).
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Immunohistochemistry

Mouse lung sections were deparaffinized and rehydrated 
by passage through a series of  increasing concentrations 
of ethanol. The sections were treated with 1.4% H2O2 in meth-
anol for 30 min to block endogenous peroxidase activity, and 
nonspecific binding was then blocked with 1.5% normal horse 
serum. Next, the samples were incubated with rabbit anti-
cofilin-1 (1:2000; Abcam) or mouse anti-profilin-1 (1:50; Santa 
Cruz Biotechnology) antibody. The next day, the sections 
were incubated using an ABC kit (Vector Laboratories, Burl-
ingame, USA), and the color reaction was developed by stain-
ing with a DAB substrate kit (Golden Bridge International 
Inc., Mukilteo, USA). After immunohistochemical staining, 
the slides were counterstained with Harris hematoxylin for 
1 min. Staining was quantified using ImageJ software (Na-
tional Institutes of Health (NIH), Bethesda, USA).

Statistical analyses

The researchers hypothesized that the TiO2 affects asthma 
pathogenesis through regulating cofilin-1 and profilin-1. 
Alternatively, a null hypothesis was proposed by the re-
searchers, which advocated that there was no statistically 
significant difference between the groups. The data were 
expressed as median and interquartile range (IQR). All data 
were analyzed using IBM SPSS v. 22.0 software (IBM Corp., 
Armonk, USA). The differences between groups were de-
termined using the nonparametric Kruskal–Wallis test, 
followed by Dunn’s post hoc test. A value of p < 0.05 was 
considered statistically significant.

Results

2D-PAGE of HMVEC-L exposed  
to TiO2 nanoparticles

A proteomics approach was used to determine the dif-
ferential expression of proteins 8 h and 24 h after treating 
HMVEC-L with 20- or 40-μM TiO2 nanoparticles (Fig. 1). 
A total of 11 spots were detected on each gel, all identified 
spots were localized in the 3–10 pH range, and the molecu-
lar mass ranged from 10 kDa to 150 kDa.

Protein spots selected on 2D-PAGE

Following the  treatment for 8  h or  24  h  with TiO2 
nanoparticles, 7 and 4 spots were found to have a differen-
tial, greater than two-fold expression on 2D-PAGE gel ex-
tracts (concentrations of 20 μM and 40 μM, respectively). 
These spots were excised from the gel and incubated with 
trypsin to digest the proteins in the gel, and then analyzed 
using MALDI-TOF/TOF MS (Table 1).

Identification of protein in each spot

Moesin, calreticulin precursor, eukaryotic initiation 
factor 4A-I isoform 1, heat shock protein β-1, profilin-1, 
myosin light polypeptide 6, and chain A were identified 
in the spots showing a differential expression. The differ-
ential expression (up or down) was shown in the Table 1 
(average at 8 h and 24 h) on exposure to TiO2 nanopar-
ticles at a concentration of 20 μM. Furthermore, changes 

Fig. 1. Two-dimensional polyacrylamide gel 
electrophoresis (2D-PAGE) of human lung 
microvascular endothelial cells exposed 
to titanium dioxide (TiO2) nanoparticles. 
The 2D-PAGE image from lysates of untreated 
cells was used as a master gel and reference 
map. A. 8 h, control; B. 8 h, 20 µM; C. 24 h, 
20 µM; D. 8 h, 40 µM; E. 24 h, 40 µM. Arrows 
marked with spot numbers indicate a spot 
of variation as compared with the 8-hour control. 
TiO2 nanoparticles caused a change to 7 spots 
at 8 h (20 µM gel) and 24 h (20 µM gel), and 
4 spots at 8 h (40 µM) and 24 h (40 µM)

MW – molecular weight.
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in the expression of cofilin-1, rho GDP-dissociation inhibi-
tor 1 isoform A, cytokeratin 7, and glycyl-tRNA synthetase 
were detected in cells exposed to 40-μM TiO2 nanopar-
ticles. The identified spots had biological functions related 
to the cytoskeleton, calcium regulation, initiation factors, 
transport, muscle contraction, actin modulation, gua-
nosine diphosphate/guanosine triphosphate (GDP/GTP) 
regulation, and protein coding.

Airway hyperresponsiveness  
and inflammatory changes on exposure  
to OVA and OVA plus TiO2 nanoparticles

Airway hyperresponsiveness and inflammatory cells 
were increased in mice exposed to OVA and TiO2 nanopar-
ticles, compared to  sham-treated control mice. More-
over, the increase was more pronounced with OVA+TiO2 
nanoparticles compared to OVA alone (Fig. 2, Table 2,3).

Protein validation with western blotting  
and immunohistochemical analyses

Western blotting analysis revealed decreases in  co-
filin-1 and profilin-1 expressions in HMVEC-L exposed 
to TiO2 nanoparticles for 24 h, but not in cells exposed 
for 8 h (Fig. 3A, Table 4,5). Furthermore, there were no 

changes in protein expression after 8 h or 24 h of starv-
ing the cells. The expression of profilin-1 was increased 
by  exposure to  TiO2 nanoparticles in  a  time-depen-
dent manner (Fig. 3A, Table 4,5). The expression levels 
of cofilin-1 and profilin-1 were increased in lung tissue 
of asthmatic mice compared to control mice and were 
decreased in the OVA+TiO2 nanoparticles group compared 
to the OVA group (Fig. 3B, Table 2,3). The level of profilin-1 
was significantly decreased in the sham-treated group, 
but it was increased in both the OVA group and the TiO2 
groups (Fig. 3B, Table 2,3). The  immunohistochemi-
cal analysis indicated that cofilin-1 and profilin-1 levels 
in lung tissue were increased in the OVA group compared 
to the control group, but the increase was less pronounced 
in the OVA+TiO2 nanoparticles group (Fig. 4, Table 2,3).

Discussion

This study revealed changes in protein expression in en-
dothelial cells exposed to TiO2 nanoparticles using a pro-
teomics approach. Cofilin-1 and profilin-1 were shown 
to contribute to airway inflammation in the lungs of mice 
exposed to these potent air pollutants.

Ambient pollution has both a particulate component and 
a gaseous component, with the major fractions relevant 

Table 1. List of proteins identified using matrix-assisted laser desorption/ionization time-of-flight/time-of-flight mass spectrometry (MALDI-TOF/TOF MS)

No. TiO2 NPs Protein Functional
categorization

Accession
number

Amino acid
sequence

pI/molecular
mass [Da]

Sequence
coverage 

[%]

Average
ratio (8 h)

Average
ratio (24 h)

1.

concentration: 
20 μM

moesin cytoskeleton 4505257 K.VTAQDVR.K 6.08/67892 34 −2.59 −2.12

2.
calreticulin 
precursor

Ca2+ regulation 45757900 K.NVLINK.D 4.29/48283 17 −2.27 −1.72

3.
eukaryotic 

initiation factor 
4A-I isoform 1

initiation factor 4503529 R.ENYIHR.I 5.32/46353 31 −3.37 −2.58

4.
heat shock 
protein β-1

cytoskeleton 4504517 R.VPFSLLR.G 5.98/22826 28 −1.83 2.54

5. Profilin-1 transport 4826898 K.TLVLLMGK.E 8.44/15216 26 −3.21 2.89

6.
myosin light 

polypeptide 6 
isoform

muscle 
contraction

17986258 K.SDEMNVK.V 4.56/17090 38 −1.34 1.85

7.

chain A target 
enzyme 

recognition 
by calmodulin

Ca2+ regulation 640285 K.ELGTVMR.S 4.04/16568 6 1.96 2.68

8.

concentration: 
40 μM

cofilin-1
actin 

modulation
5031635 K.VFNDMK.V 8.22/18719 34 −3.04 2.5

9.

rho GDP-
dissociation 
inhibitor 1 
isoform A

regulation 
GDP/GTP

4757768 K.EGVEYR.I 5.02/23250 16 −2.32 2.83

10. cytokeratin 7 cytoskeleton 67782365 R.LEAELR.S 5.40/51411 36 −1.8 2.31

11.
glycyl-tRNA 
synthetase

protein coding 578814645 R.AEFLNK.S 6.18/62596 11 −2.41 2.19

NPs – nanoparticles; GDP/GTP – guanosine diphosphate/guanosine triphosphate; pI – isoelectric point.
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to health designated as PM10 (10 μm), PM2.5 (2.5 μm) and 
ultrafine PM.32 Moreover, air pollution causes and ex-
acerbates asthma, as demonstrated in a meta-analysis 
that revealed the  associations between the  exposure 

to traffic-related pollutants (black carbon, NO), PM2.5 and 
PM10, and the development of asthma in children.32 Meta-
analyses of the associations between air pollution and 
asthma exacerbations requiring emergency healthcare 

Table 2. Comparison of the analyzed variables in titanium dioxide (TiO2) nanoparticle-exposed mice model profile using Kruskal–Wallis test (median, 
interquartile range (IQR))

Variable
Groups Kruskal–Wallis test

group A (sham) group B (OVA) group C (OVA+TiO2) group D (TiO2) χ2 p-value

AHR

Mch 0 mg/mL 0.42 (0.33–0.47) 0.53 (0.51–0.56) 0.57 (0.43–0.67) 0.43 (0.41–0.52) 9.273 0.095

Mch 5 mg/mL 0.48 (0.43–0.53) 0.67 (0.59-2.00) 2.05 (1.59–2.32) 1.00 (0.91–1.24) 20.125 <0.001*

Mch 20 mg/mL 0.68 (0.62–0.97) 1.79 (1.37–2.33) 2.48 (2.23–2.77) 1.74 (1.55–1.97) 20.494 <0.001*

Mch 100 mg/mL 1.51 (1.32–2.29) 2.58 (2.13–3.09) 2.82 (2.63–3.16) 2.79 (1.88–3.63) 12.755 0.005*

Diff (×10⁴)

Total cells 110 (60–130) 390 (375–425) 750 (695–777.5) 400 (357.5–592.5) 19.131 <0.001*

Macrophages 109.78 (59.64–129.48) 181.74 (138.16–194.56) 278.81 (255.63–307.575) 309.57 (278.58–461.76) 16.661 0.001*

Eosinophils 0.36 (0–0.52) 220.5 (167.56–233.23) 390.03 (360.405–451.9) 15.38 (2.355–18.345) 24.042 <0.001*

Neutrophils 0 (0–0) 23.4 (11.67–34.23) 55.9 (31–73.005) 0 (0–0.82) 23.531 <0.001*

Lymphocytes 0 (0–0) 0.9 (0.38–1.94) 0 (0–0) 0 (0–0) 20.547 <0.001*

WB (intensity) (protein:b-actin ratio)

Cofilin 0.659 (0.385–1.036) 1.166 (0.851–1.692) 0.663 (0.335–0.942) 0.332 (0.184–0.793) 9.353 0.025*

Profilin 0.7 (0.629–0.889) 1.055 (0.97–1.252) 0.859 (0.625–1.111) 0.577 (0.317–0.727) 10.393 0.016*

Profilin-1 0.588 (0.424–0.761) 0.357 (0.333–0.407) 0.49 (0.384–0.55) 1.592 (1.464–1.669) 17.42 0.001*

IHC (intensity [%])

Cofilin 8.22 (7.625–10.546) 21.374 (18.246–24.895) 13.888 (11.559–16.773) 5.822 (4.063–7.805) 13.5 0.004*

Profilin 9.205 (8.204–11.887) 26.578 (15.872–30.421) 15.129 (12.401–18.199) 8.022 (6.378–10.439) 11.713 0.008*

AHR – airway hyperresponsiveness; Mch – methacholine; Diff – different cell count; WB – western blot; IHC – immunohistochemistry; OVA – ovalbumin; 
p > 0.05: non-significant, * p < 0.05: significant.

Fig. 2. Airway hyperresponsiveness and airway inflammation changes in a mouse ovalbumin (OVA)/titanium dioxide (TiO2) nanoparticle-treated model. A. Airway 
hyperresponsiveness in OVA/TiO2 nanoparticle-treated mice; B. Differential inflammatory cell counts in the bronchoalveolar lavage fluid (BALF) of OVA/TiO2 
nanoparticle-treated mice. The data are presented as median (interquartile range (IQR)) of 8 mice per group (* p < 0.05 compared with the sham group)
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Table 3. The p-values of Dunn’s post hoc test comparisons for variables between the titanium dioxide (TiO2) nanoparticle-exposed mice groups

Groups

Variable A vs B A vs C A vs D B vs C B vs D C vs D

AHR

Mch 0 mg/mL – – – – – –

Mch 5 mg/mL 0.017* <0.001* 0.022* 0.217 0.651 0.045*

Mch 20 mg/mL 0.04* <0.001* 0.011* 0.105 0.92 0.073

Mch 100 mg/mL 0.123 0.002* 0.003* 0.304 0.336 0.958

Diff (×104)

Total cells 0.074 <0.001* 0.029* 0.034* 0.879 0.024*

Macrophages 0.27 0.002* <0.001* 0.082 0.03* 0.627

Eosinophils 0.006* <0.001* 0.166 0.165 0.122 0.001*

Neutrophils 0.007* <0.001* 0.491 0.279 0.031* <0.001*

Lymphocytes <0.001 1 1 <0.001 <0.001 1

WB (intensity) (protein:b-actin ratio)

Cofilin 0.111 0.744 0.153 0.003* 0.055 0.27

Profilin 0.041* 0.488 0.27 0.178 0.002* 0.072

Profilin-1 0.037* 0.462 0.045* 0.178 <0.001* 0.006*

IHC (intensity [%])

Cofilin 0.012* 0.181 0.373 0.235 0.001* 0.026*

Profilin 0.017* 0.119 0.504 0.414 0.002* 0.026*

AHR – airway hyperresponsiveness; Mch – methacholine; Diff – different cell count; WB – western blot; IHC – immunohistochemistry; OVA – ovalbumin; 
p > 0.05: non-significant, p < 0.05: significant*. Groups (A: sham, B: OVA, C: OVA+TiO2, D: TiO2). The Kruskal–Wallis test and the Dunn’s post hoc test were used.

Fig. 3. The expression levels of cofilin-1 and profilin-1 proteins dected with western blotting. A. Cofilin-1 and profilin-1 levels in human lung microvascular 
endothelial cells (HMVEC-L) exposed to 20-μM TiO2 nanoparticles for 8 h or 24 h (* p < 0.05 compared to normal controls (NC)); B. Cofilin-1 and profilin-1 
levels determined with western blotting in ovalbumin (OVA)/titanium dioxide (TiO2) nanoparticle-treated mice. The band intensities of cofilin-1 and 
profilin-1 were compared to that of β-actin. The data presented as the median (interquartile range (IQR)) of 8 mice per group (* p < 0.05 compared with 
the sham group)
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utilization in children and/or adults also showed signifi-
cant associations for NO2, PM2.5, CO, and O3.33,34

Particulate matter with a diameter smaller than 100 nm 
is defined as ultrafine particles or nanoparticles. Nanoparticles 

are mainly found in urban air as single and aggregated parti-
cles, and can be divided into 2 major categories based on their 
source. Typically, nanoparticles are generated incidentally, of-
ten as byproducts of fossil fuel combustion and condensation 

Table 4. Comparison of the analyzed variables in 20-μM titanium dioxide (TiO2) nanoparticle-exposed human lung microvascular endothelial cells 
(HMVEC-L) profile using Kruskal–Wallis test (median, interquartile range (IQR))

Variable
Groups Kruskal–Wallis test

group A (NC) group B (8 h) group C (24 h) χ2 p-value

WB (intensity) (protein:b-actin ratio)

Cofilin 0.727 (0.689–0.904) 0.596 (0.572–0.676) 0.236 (0.206–0.267) 9.269 0.01*

Profilin 0.566 (0.55–0.795) 0.374 (0.336–0.448) 0.309 (0.257–0.369) 8.346 0.015*

Profilin-1 0.791 (0.75–0.922) 0.886 (0.836–0.916) 1.209 (1.054–1.53) 8 0.018*

WB – western blot; p > 0.05: non-significant, p < 0.05: significant*; NC – normal controls.

Table 5. The p-values of Dunn’s post hoc test comparisons for variables between the 20-μM titanium dioxide (TiO2) nanoparticle-exposed human lung 
microvascular endothelial cells (HMVEC-L) groups

Variable
Groups

A vs B A vs C B vs C

WB (intensity) (protein:b-actin ratio)

Cofilin 0.17 0.002* 0.096

Profilin 0.062 0.004* 0.327

Profilin-1 0.433 0.006* 0.05

WB – western blot; p > 0.05: non-significant, p < 0.05: significant*. Groups (A: NC – normal controls. B: TiO2 exposed 8 h, C: TiO2 exposed 24 h).  
The Kruskal–Wallis test and the Dunn’s post hoc test were used.

Fig. 4. Lung tissue cofilin-1 and profilin-1 protein expression visualized using hematoxylin and eosin (H&E) and immunohistochemical stain in ovalbumin 
(OVA)/titanium dioxide (TiO2) nanoparticle-treated and sham mice

* p < 0.05 compared with the sham group.
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of semi-volatile substances or industrial emissions, although 
they can also be produced through engineering processes.19,35 
The exposure to PM induces oxidative stress and inflam-
mation, stimulating both the innate and acquired immune 
responses in laboratory animals and humans. Oxidant-me-
diated cellular damage, including the production of ROS and 
oxidative stress, and innate and adaptive immunity, can lead 
to PM-mediated adverse health effects.19

Our previous studies showed that air pollutants promote 
lung disease through various mechanisms, including in-
nate immunity (e.g., via macrophage migration inhibitory 
factor and inflammasomes) and neuroinflammation.8,31,36 
Nanoparticles also alter lung structure, reflected in goblet 
cell hyperplasia and airway remodeling.13,37

In this study, proteomic analyses showed that the treat-
ment of HMVEC-L with 20-μM TiO2 nanoparticles altered 
the expression of 7 proteins, including moesin, calreticu-
lin precursor, eukaryotic factor 4A-isoform 1, heat shock 
protein β-1, profilin-1, myosin light polypeptide 6, and 
chain A, while the treatment with 40-μM TiO2 nanopar-
ticles altered the expression of 4 proteins, including co-
filin-1, rho GDP-dissociation inhibitor 1 isoform A, cy-
tokeratin 7, and glycyl-tRNA synthetase, that have roles 
in calcium regulation, transport, cytoskeleton, muscle 
contraction, myosin regulation, actin modulation, and 
GDP and GTP regulation.38,39 Further studies are needed 
to clarify the role of this variety of expressed proteins in air 
pollutant-induced lung diseases.

Cofilin is a widely distributed intracellular actin-mod-
ulating protein that binds and depolymerizes filamentous 
(F)-actin and inhibits the polymerization of monomeric 
globular (G)-actin in a pH-dependent manner. It  is  in-
volved in the translocation of actin-cofilin complex from 
the cytoplasm to the nucleus.39 Cofilin modulates actin 
transport and function in the nucleus as well as actin or-
ganization associated with mitochondrial fission and mi-
tophagy. Cofilin-saturated F-actin fragments under stress 
conditions can undergo oxidative cross-linking and bundle 
together to form cofilin-actin rods.41 Cofilin-1 is a part 
of a novel mechanism linking mechano-transduction and 
transcription.42 Profilin-1 is a 140-amino acid protein that 
regulates the growth of F-actin by binding to monomeric 
G-actin.38 In the present study, cofilin-1 and profilin-1 pro-
tein expression levels were changed in endothelial cells and 
lungs exposed to TiO2 nanoparticles, suggesting that these 
proteins may be useful markers of nanoparticle exposure 
in the lung. These results can be partly explained by recent 
experiments.40–42 Injured epithelial cells exposed to ciga-
rette smoke in COPD have an increased fraction of po-
lymerized actin, due to loss of the actin-severing protein 
cofilin-1.40 Further studies are needed to clarify the under-
lying signaling pathways and implications of these findings 
for airway diseases.

The respiratory epithelia function as a selective barrier 
between the outside environment and underlying tissue. 
Tight junctions are considered to function as a barrier 

between the apical and basolateral domains of plasma 
membranes.21,43 In this study, TiO2 nanoparticles altered 
the lung structure and disrupted the function of TJs in epi-
thelial cells and endothelial cells, suggesting that nanopar-
ticles can penetrate cell barriers and promote airway in-
flammation and hyperresponsiveness, thus contributing 
to airway remodeling.

Limitations

Future studies are needed for the  multi-omics ap-
proaches which would lead to  a  more comprehensive 
overview, as compared to single-omics layer with slight 
advantages for combinations that complement each other 
directly, e.g., proteome and metabolome.44–47

Conclusions

In conclusion, nanoparticles are involved in airway in-
flammation and responsiveness (mediated by cofilin-1 and 
profilin-1), and in the change of cell membranes. Further 
studies are necessary to determine the mechanisms un-
derlying these effects.
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Abstract
Polycystic ovary syndrome (PCOS) is a disorder that involves several organ systems and cellular pathways. 
It is strongly influenced by environmental and epigenetic factors. The principal goal of all therapeutic ap-
proaches to individuals with reproductive abnormalities is the treatment of subfertility or the regulation 
of menstruation when pregnancy is not desired. Obesity is closely related to insulin resistance (IR) and 
subsequent hyperinsulinemia, which aggravate hyperandrogenism and impair early follicle development. 
Weight loss is of vital importance for overweight/obese individuals with anovulatory infertility. The GLP-1R 
agonists have achieved remarkable weight reduction and abdominal fat loss in patients with type 2 diabetes 
(T2D), as well as in overweight/obese individuals and individuals with prediabetes. They have also been 
shown to promote lower fasting insulin levels and insulin resistance markers. These beneficial effects have 
been suggested to be particularly helpful in women with PCOS, while their possible role in the hypotha-
lamic–pituitary–gonadal axis is under intense research. This review analyzes the current evidence for GLP-1R 
agonists, focusing on their effects on ovarian morphology, menstrual dysfunction and fertility outcomes. 
It also discusses their future role in achieving targeted therapeutic approaches.
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Introduction

Polycystic ovary syndrome (PCOS) is  a  disorder that 
involves several organ systems and cellular pathways. 
It is strongly influenced by environmental and epigenetic 
factors.1 About 5–20% of women all over the world are af-
fected during their fertility years; its prevalence depends 
on ethnicity, phenotype and classification system applied. 
The principal goal of all therapeutic approaches to women 
with reproductive problems is an improvement of subfertility 
or management of menstrual frequency in those who do not 
want to become pregnant.2 Dysregulated negative feedback 
control of luteinizing hormone (LH), combined with insulin 
resistance (IR) with subsequent hyperinsulinemia, can af-
fect ovarian hormone production and promote decreased 
ovulation. Hence, all treatment strategies aim to shift the bal-
ance of intraovarian steroid synthesis away from LH-insulin-
driven stimulated androgen synthesis toward a follicle-stimu-
lating hormone-driven final evolution of a dominant follicle.1,2

Mounting evidence has demonstrated that IR is present 
both in lean and obese individuals with PCOS.3,4 Obesity, 
particularly the abdominal/visceral phenotype, is observed 
in approx. 80% of affected women.3 It  is closely related 
to IR and increased insulin levels, which aggravate hy-
perandrogenism (mainly by the stimulation of androgen 
synthesis from the ovarian theca cells) and impair early 
follicle development.5,6 Hyperinsulinemia also stimulates 
androgen secretion from the adrenal glands and modu-
lates LH release.3,5 Furthermore, hyperandrogenemia can 
increase the deposition of visceral adipose tissue (VAT) 
and subsequently promote the resistance to insulin effects, 
causing a vicious cycle of feed-forward activation.5,7 Treat-
ment approaches that target weight loss and abdominal fat 
reduction do not only benefit the cardiometabolic status 
of these women but can also suppress this vicious cycle.

Weight loss is of vital importance in overweight/obese 
women with PCOS and subfertility.1,2 The  suppression 
of hyperinsulinemia and hyperandrogenism after weight 
reduction were shown to promote an improve regularity 
of menses and fertility potential.1,3,5 Significant metabolic 
and reproductive benefits, as well as a complete resolution 
of this syndrome were observed in a significant percentage 
of obese women affected with PCOS who had undergone 
bariatric surgery and experienced a substantial weight loss.8,9 
Interestingly, in  the  latest international evidence-based 
practice guidelines for PCOS management, it was stated 
that weight loss therapies combined with lifestyle changes 
could be useful options for overweight/obese women after 
lifestyle modification alone has failed.10 

Objectives

To explore the possible role of glucagon-like peptide-1 
receptor (GLP-1R) agonists in improving menstrual dys-
function in women with PCOS.

Materials and methods

A literature search was performed systematically 
through PubMed, Scopus, Embase, Google, and Google 
Scholar until April 2022. It identified relevant preclinical 
and clinical peer-reviewed studies to be included in this re-
view. Case reports and case series, as well as studies in lan-
guages other than English were not included in the study. 
The following Medical Subject Headings (MeSH) terms 
and relevant terms were used in the search process: PCOS, 
GLP-1, GLP-1R agonists, Liraglutide (LIRA), Exenatide 
(EXE), Semaglutide (SEMA), Dulaglutide (DULA), infertil-
ity/subfertility, IR, and obesity (Fig. 1).

GLP-1 and PCOS

The GLP-1 and glucose-dependent insulinotropic poly-
peptide (GIP) are the 2 main incretins described; they 
make up approx. 90% of the incretin activity.11 The GLP-1 
is a peptide that originates from proglucagon, which is syn-
thesized and secreted from enteroendocrine L-cells after 
meals. It promotes weight loss and has an appetite sup-
pressant activity due to its direct effect on the arcuate nu-
cleus (ARC). Specifically, GLP-1 was shown to stimulate 
the electrical status of the hypothalamic proopiomelano-
cortin neurons of the ARC by enhancing the production 
of protein kinase A and promoting L-type calcium channel 
expression.12 However, multiple regions within the central 
nervous system (CNS) appear to transduce pharmacologi-
cal signals that connect GLP-1R activation with reduced 
food consumption and weight loss.13 The GLP-1 also de-
lays gastric secretion and intestinal motility due to its ef-
fect on the regulation of autonomous CNS function; it can 
also increase thermogenesis.11–13 Dipeptidyl peptidase-4 
(DPP-4) quickly breaks down native GLP-1, having 1–2 min 
of half-life; then, it undergoes a rapid renal clearance.11,13

The hypothalamic–pituitary–gonadal axis expresses GLP-
1Rs, while GLP-1 has been suggested to regulate the hypo-
thalamic neurons in order to release gonadotropin-releasing 
hormone (GnRH). The GLP-1 was also reported to have anti-
inflammatory and anti-fibrotic activity in both the ovaries 
and endometrium.14 The GLP-1R knockout mice experi-
enced disturbed estrous cycles, impaired fertility and delayed 
puberty compared to normal control mice.15 The altered se-
cretion and incretin activity were also shown in several small 
trials on affected women. However, the results are inconsis-
tent and inconclusive, possibly because different protocols 
were utilized in metabolically heterogeneous PCOS popula-
tions.16–22 The secretion of GLP-1 was not related to insulin 
levels and markers of IR per se in most of these studies.

GLP-1R agonists

The GLP-1R agonists activate GLP-1Rs and are resis-
tant to the effect of DPP-4; reduced glycated hemoglobulin 
(A1C) levels and significant weight loss were observed after 
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they had been administered to patients with type 2 diabetes 
(T2D).23 Abdominal fat reduction, as well as improvements 
in IR indices and insulin levels during fasting were also 
described in T2D individuals, overweight/obese individu-
als and/or prediabetic individuals after the administration 
of GLP-1R agonists.23–26 Additionally, GLP-1R agonists were 
shown to reduce urinary albumin excretion and mortal-
ity (cardiovascular and from any cause) in T2D patients.27

Liraglutide and SEMA were approved for weight reduc-
tion by both the United States Food and Drug Administra-
tion (FDA) and the European Medicines Agency (EMA) 
for individuals with established obesity or overweight peo-
ple with a body mass index (BMI) ≥27 kg/m2 and at least 
1 weight-related condition (e.g., hypertension, prediabetes, 
abnormal lipid levels, and obstructive sleep apnea) com-
bined with lifestyle modifications.25,28 Semaglutide was re-
cently suggested to be the most effective of its class in terms 
of weight loss; it can penetrate regions of CNS, which is es-
sential for the control of appetite and hunger, and is not 
impeded by the blood–brain barrier.13,28 These beneficial 
effects of GLP-1R agonists were suggested to be particularly 
helpful in women with PCOS. Hence, their possible role has 
become a field of intense research in this population.29,30

Liraglutide

Preclinical evidence

When LIRA was administered in preclinical PCOS mod-
els, it promoted significant reductions in body weight, ab-
dominal fat deposition and IR markers.31–33 Liraglutide may 
also suppress the overexpressed Notch signaling pathway, 
which causes neuroinflammation and can promote cog-
nitive dysfunction.34 Moreover, in ovariectomized mice, 
LIRA was found to modulate Kisspeptin 1 neuronal popu-
lations in the ARC, which control the secretion of GnRH 
in a pulsatile fashion.35,36 However, this effect was insuffi-
cient to exert LH maintenance during fasting conditions.35

The possible effects of LIRA administration on repro-
ductive dysfunction were investigated in 2 studies.31,33 
In the first study, female Sprague Dawley (SD) rats (4 weeks 
of age) were treated with a dihydrotestosterone (DHT) pel-
let (DHT-induced PCOS group, n = 31), or they received 
sham surgery without any pellet implant (control group, 
n = 13).31 In the DHT arm, a subgroup of 15 rats aged 
12 weeks received LIRA, while other 16 rats received saline 
injections twice a day for a total of 4 weeks. Menstrual 

Fig. 1. Preferred Reporting Items for Systematic 
Reviews and Meta-Analyses (PRISMA) flow 
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cyclicity did not improve. However, it is unknown whether 
longer LIRA treatment could improve the menstrual sta-
tus. In the second study, which was conducted in dehy-
droepiandrosterone (DHEA)-induced PCOS mice, LIRA 
was administered in 2 doses intraperitoneally for 2 weeks 
(100 µg/kg and 200 µg/kg).33 Mice with PCOS that were 
given the lower dose of LIRA experienced an acyclic con-
dition, followed by a normal menstrual cycle. Those that 
were given the higher dose of LIRA had 1 short acyclic 
period, followed by 2 normal menstrual cycles. The LIRA 
therapy also promoted enhanced staining in the granulosa 
cells, theca cells and the stroma of the ovaries.

Clinical studies

Significant reductions in BMI, abdominal circumference 
and body weight were reported when LIRA was adminis-
tered, both as a monotherapy and together with metformin 
(MET), in overweight or obese women with PCOS.37–45 
Sex hormone-binding globulin (SHBG) levels were signifi-
cantly increased and free testosterone (T) levels were sig-
nificantly reduced in several of these studies.38,41,43,44 A pre-
print version of the SAXAPCOS study (NCT03480022), 

in which 82 women with PCOS were randomly assigned 
to LIRA group (3 mg, n = 55) or placebo group (n = 27) for 
32 weeks, stated that LIRA decreased the free androgen in-
dex (FAI), while it increased SHBG levels compared to pla-
cebo (p < 0.049 and p < 0.006, respectively). The frequency 
of  menses after LIRA therapy significantly increased, 
as compared to the placebo group.46 The results concerning 
menstrual dysfunction were reported in 5 published stud-
ies (Table 1).37,39,40,42,44 Significant effects of LIRA were ob-
served in 2 studies.42,44 In the first study, the combination 
of 1.2 mg of LIRA every day with 1000 mg of MET twice 
a day or MET monotherapy were administered in obese 
women with PCOS and infertility.42 Their effects on in vi-
tro fertilization (IVF) rates, pregnancy rates (PRs) and 
cumulative PRs (spontaneous pregnancies and IVF preg-
nancies) were explored. None of the included women had 
experienced weight loss in the past despite changes in their 
daily habits. They were resistant to first-line reproductive 
therapeutic approaches with aromatase inhibitors or clo-
miphene. Twenty-eight individuals were initially enrolled, 
and 27 ultimately finished the medical protocol; their data 
were analyzed for 12 weeks (14 were treated with MET only, 
and 13 received the combination therapy). All participants 

Table 1. Clinical studies of liraglutide in women with polycystic ovary syndrome (PCOS), in which results on menstrual dysfunction were reported

Reference Study population Study design Main results

Jensterle 
Sever et al.37

36 obese women 
with PCOS (mean BMI: 
37.1 ±4.6 kg/m2). They 
were pretreated with 
MET for 6 months and 
have lost less than 5% 
of BW.

12-week prospective open-label trial. 
The individuals were randomized to receive 
1.2 mg of LIRA daily (n = 11), 1000 mg of MET 
twice daily (n = 14) or combined 1000 mg 
of MET twice daily and 1.2 mg of LIRA daily 
(n = 11).

Combination therapy achieved a significant reduction 
of androstenedione levels (2.2 ±3.7  nmol/L), while LIRA 
and MET monotherapy promoted a significant increase 
of androstenedione (1.9 ±4.2 and 0.8 ±1.70  nmol/L, 
respectively). Menstrual frequency was not significantly 
changed.

Jensterle 
et al.39

32 obese women 
recently diagnosed 
with PCOS (mean BMI: 
39.5 ±6.2 kg/m2).

12-week prospective open-label study. 
Participants were randomized to receive 
1000 mg of MET twice daily (n = 15) or 1.2 mg 
of LIRA daily (n = 17). A total of 28 participants 
completed the study (14 women in each arm) 
and their data were eventually analyzed.

LIRA promoted a significant increase in LH levels and no 
essential change in total T levels. MET caused significant LH 
reduction, as well as significant decrease in total T levels. 
No significant menstrual frequency changes were found 
in either group.

Jensterle 
et al.40

41 obese drug-
naïve women with 
PCOS (mean BMI 
38.6 ±6.0 kg/m2).

12-week prospective open-label study. 
Participants were randomized to receive 1.2 mg 
of LIRA daily (n = 14), 1000 mg of MET twice 
daily (n = 13) or 500 mg of ROF daily (n = 14).

Menstrual frequency increased in all treatment arms and 
was slightly greater in patients treated with ROF.

Salamun 
et al.42

28 obese women 
with PCOS (mean BMI: 
36.7 ±3.5 kg/m2).

12-week prospective open-label study. 
Data from 27 women were finally analyzed: 
13 received the combination of 1000 mg 
of MET twice daily and 1.2 mg of LIRA daily, 
while 14 were treated with MET monotherapy. 
The IVF protocol was offered to all women who 
completed the medical treatment protocol 
after 4 weeks of washout period.

After 1 year of follow-up, pregnancy was achieved in 69.2% 
of women in the combination arm and in 35.4% of women 
in the monotherapy arm. The PR per ET was significantly 
higher (85.7%) in the participants in the combination arm 
compared to 28.6% in the other group (p = 0.03).

Nylander 
et al.44

72 overweight or obese 
women with PCOS.

Prospective, double blind, placebo-controlled 
study. Duration of 26 weeks. All women 
enrolled were randomized to receive 
either 1.8 mg of LIRA (mean BMI (SD): 
33.3 (5.1) kg/m2) daily or placebo (mean 
BMI (SD): 33.3 (4.6) kg/m2) in a 2:1 ratio. 
Finally, 65 participants (44 in the LIRA arm and 
21 in the placebo) completed the trial.

The SHBG levels increased by 19% (p = 0.03) and free 
T levels decreased by 19% (p = 0.054) in the LIRA arm. 
When multiple regression analysis was performed with 
a change in bleeding ratio as dependent variable, LIRA had 
a significant impact on increase in menstrual frequency 
(p < 0.05). There was also a trend towards a lower stromal 
and ovarian volume in the drug therapy arm.

LIRA – liraglutide; MET – metformin; ROF – roflumilast; BW – body weight; BMI – body mass index; T – testosterone; LH – luteinizing hormone; SHBG – sex 
hormone-binding globulin; PR – pregnancy rate; ET – embryo transfer; IVF – in vitro fertilization.
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who eventually completed the medical therapy were in-
cluded in the IVF protocol. A 4-week washout period was 
an important prerequisite. Eventually, cumulative PRs were 
found in 69.2% of the participants in the combination group 
after 12 months, as compared to 35.4% in the monotherapy 
group. Significantly increased PRs per embryo transfer 
(ET) were found in the women who received LIRA/MET 
(85.7%), compared to those in the MET-only arm (28.6%; 
p = 0.03). Since the IVF PR per ET in women who experi-
ence PCOS and receive MET is approx. 30%, the possible 
effect of LIRA on the quality and receptivity of the en-
dometrium was suggested.47 Interestingly, comparable 
VAT reduction and body weight loss were demonstrated 
in both arms, suggesting that pathophysiological mecha-
nisms other than the suppression of IR could underlie this 
effect. This is the first trial to show that LIRA/MET given 
for a short-term preconception period increased PRs per ET 
and cumulative PRs in this population, compared to mono-
therapy with MET.

In  the  other 26-week randomized trial, LIRA was 
administered to 72 women with PCOS in a daily dose 
of 1.8 mg (mean age: 31.4 (24.6–35.6) years; mean BMI: 
33.3 (5.1) kg/m2) compared to the placebo group (mean age: 
26.2 (24.8–31.5) years; mean BMI: 33.3 (4.6) kg/m2).44 Sixty-
five women (21 in the placebo group and 44 in the LIRA 
group) eventually finished the trial. The multiple regres-
sion analysis (change in the bleeding ratio was a depen-
dent variable) suggested that the bleeding ratio at baseline 
(p < 0.0001) and LIRA (p < 0.05) achieved significant in-
creases in the frequency of menses. A trend for reduced 
ovarian and stromal volume, which decreased by 1.6 mL 
after LIRA administration, was observed. Visceral adipose 
tissue was reduced by 18%, the proportion of fat in the liver 
by 44%, and the prevalence of non-alcoholic fatty liver dis-
ease by 33% in the LIRA group, as compared to the placebo 
group (all p < 0.01).48

Exenatide

Preclinical evidence

Significant reductions in body weight, abdominal fat 
deposition, fasting insulin levels, fasting glucose levels, 
and IR markers were observed when EXE was adminis-
tered in preclinical PCOS models.49–51 The upregulation 
of the molecular pathway of the AMP-activated protein 
kinase α-SIRT1 was also demonstrated after EXE therapy; 
the downregulation of this molecular pathway was associ-
ated with higher IR during a PCOS state.49

The possible activity of EXE on reproductive dysfunc-
tion and ovarian morphology was investigated in 2 stud-
ies.50,51 In the first study, 45 female SD rats were randomly 
divided into 2 arms: the DHEA arm (n = 35) and the con-
trol arm (n = 10).50 The DHEA group was then subdivided 
into 3 groups: the EXE arm (n = 10), the MET arm (n = 10) 
and the DHEA arm (n = 15), in which the rats were treated 

with saline for a total of 4 weeks. In the DHEA-treated arm, 
the ovarian morphology revealed several histological PCOS 
findings, such as increased numbers of atretic/cystic fol-
licles and reduced corpus luteum. Both the MET-treated 
and EXE-treated arms had fewer cystic follicles and several 
other follicles, such as antral or preantral, as well as more 
layers of granular cells. In the second randomized study, 
24 female SD rats were separated into the PCOS with IR arm 
group (n = 18) and the control group (n = 6).51 The SD rats 
in the PCOS with IR model were randomized into 3 arms: 
MET (n = 6), EXE (n = 6) and PCOS with IR (n = 6) that 
were treated with letrozole for 3 weeks. Interestingly, 83.3% 
of the rats in the EXE arm and 67.7% of the rats in the MET 
arm recovered their regular estrous cycles, while the PCOS 
with IR rats experienced irregular estrous cycles.

Clinical studies

Significant improvements in BMI, body weight, abdomi-
nal circumference, and IR markers occurred when EXE was 
administered either alone or together with MET in women 
who experienced PCOS and were overweight or obese. 
Significant improvements in glucolipid metabolism, amino 
acid metabolic disorders and markers of endothelial func-
tion were also demonstrated.52–59 Notably, the combination 
of EXE with dapagliflozin (DAPA) achieved the highest 
reductions of weight loss and total body fat compared to ei-
ther drug alone (EXE or DAPA) or a combination of DAPA/
MET.57 In a recent study in which 150 women with pre-
diabetes and PCOS received MET, EXE or a combination 
of both for 12 weeks (n = 50 in each group), remission 
rates for prediabetes were 64% in the combination arm and 
56% in the EXE group. Both remission rates were signifi-
cantly higher than those found in the MET arm (32%).59 
Significant reductions of LH levels, compared to baseline 
values, occurred in the MET and combination arms but 
not in the EXE arm. Androstenedione and total T levels 
were significantly reduced, while SHBG was significantly 
increased compared to the initial concentrations in all 
3 treatment arms.

Any possible effects of EXE on reproductive dysfunction 
were investigated in 2 studies.52,58 In the first random-
ized study, 60 overweight/obese oligo-ovulatory women 
who experienced PCOS (70% finished the study protocol) 
received 1000 mg of MET twice daily, 10 μg of EXE twice 
daily, or a combination of both for a total of 24 weeks.52 
Free testosterone levels and FAI decreased significantly 
in all treatment arms. Significantly lower FAI concen-
trations were shown in women who received EXE/MET 
compared to those who received MET treatment only. In-
creased adiponectin levels were also found in all treatment 
groups and were strongly associated with decreased FAI 
levels. More regular menses were observed in the women 
randomized to the EXE/MET group compared to those 
in the MET group; they regular menses also strongly as-
sociated with weight loss (p = 0.018). The ovulation rate 
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was higher in the women randomized to the combination 
arm (86%) compared with the EXE arm (50%) and the MET 
group (29%) (p < 0.01). This is the first published study 
to demonstrate that a combination of EXE and MET for 
24 weeks was superior to single-agent EXE or MET in im-
proving menstrual cyclicity and ovulation rates in women 
who experienced PCOS and were overweight or obese.

In the second 12-week randomized trial, 176 individu-
als who experienced PCOS and were overweight or obese 
received either 1000  mg of  MET twice a  day (n  =  88) 
or 10 μg of EXE twice a day (n = 88); all participants were 
treated with MET monotherapy for another 12 weeks, after 
the end of the first 12 weeks of the randomized study.58 
All participants were advised to adopt the same diet and 
physical exercise routines. Ultimately, 158 women (89.8%; 
78 on EXE therapy and 80 on MET therapy) completed 
the study protocol. The women who were treated with EXE 
experienced on average a 4.29 ±1.29 kg weight loss com-
pared to 2.28 ±0.55 kg of weight loss in those randomized 
to the MET group (p < 0.001). In addition, the women who 
received EXE experienced a significantly lower android and 
total fat mass percentage compared to those who received 
MET (p < 0.001). Free androgen index was significantly 
reduced and SHBG concentrations were significantly 
increased in both treatment arms, with no significant 
difference between them (all p < 0.001). The menstrual 
frequency ratio (MFR) was 0.90 ±0.13 in the EXE arm 
compared to 0.68 ±0.03 in the MET arm (p < 0.001); this 
significant increase in MFR was associated with weight 
reduction. The PR was 43.6% in the EXE arm compared 

to 18.7% in the MET group (p < 0.05). This is the first 
trial to report that EXE therapy for a short time increased 
natural PRs more than MET therapy. The clinical and 
preclinical data regarding EXE administration on ovar-
ian morphology, menstrual dysfunction and/or fertility 
outcomes are shown in Table 2.

Dulaglutide

The escalation of DULA given once every week in a dose 
of 3 mg or 4.5 mg achieved further incremental reduc-
tions in body weight, regardless of baseline A1C or BMI, 
compared to 1.5 mg once weekly in patients with T2D.60 
In a recent study, which was conducted in a DHEA-in-
duced PCOS female rat model, 3 different doses of DULA 
were administered subcutaneously for 3 weeks in the treat-
ment arm.61 Fifty SD rats were randomized into either 
the DHEA-induced PCOS arm (n = 40) or  the control 
arm (n = 10). Forty SD rats in the DHEA-induced PCOS 
model were then randomly divided into 4 arms (n = 10 
in every arm): PCOS arm (model) that received normal 
saline; PCOS+DULA in a dose of 50 μg/kg (D-50 group); 
PCOS+DULA in a dose of 150 μg/kg (D-150 group); and 
PCOS+DULA in a dose of 450 μg/kg (D-450 group).

Insulin concentrations in the ovaries of the PCOS arm 
were significantly higher than those in the control arm. 
After DULA therapy, insulin concentrations in the ovaries 
in all 3 DULA groups were lower than those in the PCOS 
arm. The rats in all 3 DULA-treated arms experienced 
statistically significant reductions in  serum T  levels 

Table 2. Preclinical and clinical studies of exenatide in polycystic ovary syndrome (PCOS), in which results on ovarian morphology and/or menstrual 
dysfunction were reported

Reference Study design Main results

Sun et al.50

45 SD rats were randomly divided into 2 arm groups: the DHEA 
arm group (n = 35) and the control arm group (n = 10). The DHEA 
arm group was then divided into 3 other groups: EXE group 
(n = 10), MET group (n = 10) and DHEA group, in which rats were 
treated with saline for a total of 4 weeks.

Both the MET-treated and EXE-treated arms showed decreased 
numbers of cystic follicles and various other follicles (such as antral 
and preantral follicles). Increased numbers of granular cell layers were 
found.

Xing et al.51

24 SD female rats were randomly divided into PCOS with 
IR group (n = 18) and the control group (n = 6). The SD rats 
in the PCOS with IR model were randomly divided into 3 arm 
groups: MET (n = 6), EXE (n = 6), and PCOS with IR (n = 6) that 
were treated with letrozole for a total of 3 weeks.

83.3% of the rats in the EXE arm group and 67.7% in the MET arm 
group recovered their regular estrous cycle, while PCOS with IR SD 
rats experienced irregular estrous cycles.

Elkind-Hirsch 
et al.52

60 overweight/obese oligo-ovulatory women with PCOS were 
randomized to receive 1000 mg of MET twice daily, 10 μg of EXE 
twice daily, or the combination of both medications for a total 
of 24 weeks.

Higher menses frequency and ovulation rates were shown in all 
groups after treatment. The improvement of bleeding frequency 
was strongly associated with weight loss. However, more regular 
menses were demonstrated in the combination arm compared 
to the MET arm. Moreover, the ovulation rate in the combination arm 
was significantly higher (86%) compared to the EXE group (50%) and 
the MET group (29%).

Liu et al.58

176 overweight/obese women with PCOS were randomized 
to receive either 1000 mg of MET twice daily (n = 88) or 10 μg 
of EXE twice daily (n = 88) for the first 12 weeks; all participants 
were treated with MET monotherapy during the next 12 weeks.

FAI was significantly reduced (p < 0.001) and SHBG levels significantly 
increased (p < 0.001) in both treatment arms, with no significant 
difference between them. The MFR was 0.90 ±0.13 in the EXE arm 
compared to 0.68 ±0.03 in the MET arm (p < 0.001); the significant 
increase of MFR was associated with weight reduction. The PR was 
43.6% in the EXE arm compared to 18.7% in the MET group (p < 0.05).

EXE – exenatide; MET – metformin; DHEA – dehydroepiandrosterone; SHBG – sex hormone-binding globulin; FAI – free androgen index; PR – pregnancy 
rate; IR – insulin resistance; SD – Sprague Dawley; MFR – menstrual frequency ratio.
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and statistically higher serum SHBG levels compared 
to those in the PCOS arm. There were fewer cystic fol-
licles in the D-150 and D-450 arms, while the total popu-
lation of the corpus luteum was significantly higher than 
in the PCOS arm. Moreover, the population of preantral 
follicles in all 3 DULA arms was significantly suppressed 
compared to the PCOS arm. Steroid hormone production-
related genes, namely 3β-HSD, CYP19α1 and StAR, were sig-
nificantly downregulated in the ovaries of the rats random-
ized to the 3 treatment groups; StAR- and CYP19α1-induced 
protein synthesis was significantly decreased in the ovaries 
after DULA therapy compared to the control arm.

Semaglutide

When administered to overweight/obese individuals, 
SEMA achieved remarkable reductions in body weight and 
significant improvements in cardiovascular and metabolic 
health risk factors.62 Semaglutide decreased tongue fat tis-
sue and fat proportion (a possible early marker of body fat 
deposition) compared to placebo, when given in a weekly 
dose of 1 mg during 16 weeks, in 25 obese women with 
PCOS.63 The Treating PCOS With Semaglutide vs Active 
Lifestyle Intervention (TEAL) trial is active and is recruiting 
individuals with PCOS and obesity.64 Participants in this 
study will be randomized to receive either oral SEMA (3 mg 
or 7 mg once daily) for 4 months or dietary modification.

Limitations

The limitations of this review are the factors that limit 
the quality and generability of the results of current lit-
erature, namely the short period of research, the small 
number of women investigated, the absence of a control 
arm (in some studies), and the lack of large, well-organized, 
double-blind, placebo-controlled studies over longer pe-
riods of time.

Conclusions

Preclinical studies on the administration of GLP-1R ago-
nists in PCOS have shown promising results, both meta-
bolic and reproductive. The majority of clinical studies 
concerning monotherapy with LIRA or EXE and their 
administration together with MET have demonstrated 
statistically significant improvements in BMI, abdominal 
circumference, total weight, markers of IR, and beneficial 
effects on glucolipid metabolism. Significant improve-
ments in physical, psychological and social health were 
also reported.65 Interindividual variations of body weight 
reduction could be the result of several genetic polymor-
phisms that contribute to GLP-1R genotype variability.66 
Most of  their important effects were also illustrated 
in several recent meta-analyses; monotherapy with GLP-
1R agonists or their combination with MET were superior 

to MET monotherapy in terms of reduction of waist cir-
cumference, body weight and BMI.67–73 In order to enhance 
the cardiometabolic and hormonal defects associated with 
this syndrome, the potential combination of GLP-1R ago-
nists/sodium-glucose co-transporter 2 (SGLT2) inhibitors 
is also being studied.57,74

Decreased free T levels and FAI have been shown both af-
ter LIRA and EXE administration. Significantly increased 
SHBG concentrations were also reported in numerous 
studies of  LIRA and EXE administration.38,41,44,52,58,59 
However, the short period of research, the small num-
ber of women investigated and the absence of a control 
arm (in some studies) were major limitations. Whether 
the effect of GLP-1R agonists on increased androgen levels 
is the consequence of weight loss and the suppression of IR 
rather than an activity directly related to ovarian func-
tion per se, has not been clearly addressed. Furthermore, 
the rate of rebound weight gain following the cessation 
of this drug class is another issue that needs to be consid-
ered in future studies.

Both EXE and LIRA achieved significant increases 
in menstrual frequency and ovulation rates (Table 1 and 
Table 2). The  improvement in bleeding frequency was 
significantly associated with weight loss in some studies. 
Notably, more regular menses were demonstrated after 
their combination with MET compared to MET mono-
therapy.42,52 It should be stated that both EXE and LIRA 
failed to reduce LH levels.39,59 On the contrary, MET pro-
moted significant reductions of LH levels and meaningful 
reductions of total T concentrations, highlighting its key 
role in the regulation of LH secretion and the steroido-
genesis coming from the ovaries.75 In addition, important 
reductions of androstenedione concentrations were found 
after LIRA/MET combination therapy compared to mono-
therapy with LIRA, indicating the significance of their 
combination in  this setting.30,37 Metformin could also 
exhibit synergistic effects with GLP-1R agonists through 
the  stimulation of  GLP-1R expression/biosynthesis.76 
In this way, combining GLP-1R agonists with MET can 
be more effective compared to monotherapy of each drug 
class, in order to achieve significant hormonal and meta-
bolic effects in women with PCOS, after lifestyle changes 
fail with or without MET.30

The GLP-1R agonists are classified as pregnancy class 
C  medications and are contraindicated during preg-
nancy.10,14,30 However, the higher rate of natural PRs af-
ter EXE therapy and IVF PR per ET/cumulative PRs after 
LIRA/MET combination suggests their promising role 
in the treatment of subfertility when they are administered 
during the preconception period.42,58 Safety problems were 
unremarkable after the administration of EXE or LIRA 
in  this setting; thus, their clinical use seems to  have 
an acceptable profile. Close monitoring and a reasonable 
washout period are essential prerequisites. Interestingly, 
in the SEMA approval package inserts, it  is stated that 
SEMA should be discontinued for at least 2 months before 
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a planned pregnancy due to its long half-life.30 The clinical 
relevance of GLP-1R agonists on the hypothalamic–pitu-
itary–gonadal axis, as well as on the quality and receptivity 
of the endometrium, merit future investigation.14,30,77

The recent dual GIP/GLP-1 receptor agonist tirzepatide 
promoted greater body weight loss compared to SEMA 
(at a dose of 1 mg) in patients with T2D. In addition, both 
dual GLP-1/glucagon receptor agonists and triple GLP-1/
GIP/glucagon receptor agonists are under intense investiga-
tion; their possible effects on women with PCOS who are 
overweight or obese should be explored in future studies.78–80

The major adverse effects of GLP-1R agonists were nau-
sea and vomiting, mainly during the up-titration phase; 
these effects were short-term and not associated with any 
significant termination of therapy.25,30,66,67 In such cases, 
nausea and vomiting can be minimized by introducing 
certain treatment approaches, such as: prolonging the es-
calation period and titrating the LIRA dose in increments 
of 0.3 mg (5 click steps) rather than in increments of 0.6 mg 
(10 click steps), and/or dividing the dose twice a day.25,30,81 
Consistent with other interventions that cause substan-
tial weight loss, cholelithiasis has also been reported and 
must be taken into consideration during the therapy and 
follow-up periods.25,30 Another issue with GLP-1R ago-
nist therapy is the high cost. The early cessation of the ad-
ministration of GLP-1R agonists in individuals unlikely 
to experience any beneficial metabolic effects can help 
medical specialists reduce any probable adverse effects 
in the future, enhance the risk/benefit ratio and decrease 
the entire financial cost.82

Longer, larger, well-organized, multicenter, double-blind, 
placebo-controlled studies with thorough design and pro-
longed post-interventional follow-up are recommended 
in order to investigate the safety and activity of this drug 
class in women with PCOS who are overweight or obese. 
Convincing data with sufficient power to detect the risk/
benefit profile of their use remain to be obtained. Hor-
monal, metabolic and fertility outcomes must be thor-
oughly explored. This will provide clinicians with valu-
able information helpful in clarifying their future role and 
adapting targeted therapeutic approaches in order to be 
successful in obtaining beneficial long-term outcomes.
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Abstract
Laparoscopic cholecystectomy is widely performed because it results in a relatively easier pain management 
and shorter hospital stay. Although postoperative pain following laparoscopic cholecystectomy tends to be less 
intense compared to that following open cholecystectomy, early discomfort from operation after laparoscopy 
can be similar or even more intense than after open surgery. Consequently, it remains a source of apparent 
pain and surgical stress. Thus, proactive pain control is a priority for both patients and doctors. A consider-
able amount of new research about pain and pain management has been documented in the literature over 
the last 2 decades. In addition, novel medications and technologies for acute pain control after laparoscopic 
cholecystectomy have been investigated for patient care. Nevertheless, a significant proportion of patients 
still have excessively high pain levels after laparoscopic surgery. Acute pain after laparoscopic cholecys-
tectomy is complicated in nature and has multiple causes; therefore, a single treatment modality is rarely 
sufficient. A combined approach to pain management is often the best option. In this review, the wide range 
of pharmacotherapeutic agents that have been used to control pain after laparoscopic surgery are critically 
assessed. The article also focuses on new techniques and medications that have been investigated in recent 
years to manage pain after laparoscopic surgery as quickly and safely as possible.
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Introduction

The gallbladder is a small organ located in the upper 
right abdomen. Bile, which aids in food digestion, is stored 
in the gallbladder. Gallstones are solid pieces of bile that 
form as a result of alterations in bile composition and con-
centration induced by hormones, dietary changes, drugs, 
and rapid weight loss or gain. Gallstones can sometimes 
migrate out of the gallbladder, obstructing the normal flow 
of bile and causing gallbladder inflammation and infection. 
Continuous sharp abdominal discomfort, fever, nausea, 
and vomiting are all possible symptoms.1 The gallblad-
der can be removed in a minimally invasive manner using 
laparoscopic cholecystectomy. The most common reasons 
for laparoscopic cholecystectomy are choledocholithia-
sis (gallstones in the bile duct), cholelithiasis (cholesterol 
stones) and acute cholecystitis (inflammation of the gall-
bladder wall).2 Gallstones are divided into 2 types based 
on their composition: cholesterol stones and pigmented 
stones. Cholesterol stones are the more common type; 
they form when the amounts of cholesterol and bile salts 
in the gallbladder are out of equilibrium. Cholesterol can 
precipitate out of the bile salt-lecithin-cholesterol micelles 
when the concentration of bile salts drops, resulting in cho-
lesterol stones.3 There are 2 categories of pigmented stones: 
black pigment stones and brown pigment stones. Patients 
with high levels of unconjugated bilirubin, which are most 
often caused by hemolytic blood dyscrasias, and patients 
with bile stasis caused by gallbladder hypoactivity, which 
is common in patients on complete parenteral nutrition, 
can develop black pigment stones.4,5 Brown pigment stones 
usually develop from infected bile, which causes high cal-
cium concentrations in the bile to precipitate, resulting 
in stone formation. Brown stones are more likely to occur 
in the intrahepatic or extrahepatic ducts than in the gall-
bladder.6 During a meal, the gallbladder releases bile into 
the small intestine to facilitate fat digestion. Gallstones 
can become caught in the thin conduit (cystic duct) that 
links the gallbladder to the main bile duct (common bile 
duct) during this process. Pain, nausea and vomiting can 
occur as the gallbladder contracts to force the bile past 
the blockage. This causes persistent sharp pain that pri-
marily affects the upper abdomen, back and right shoul-
der. If the stone becomes entirely trapped and cannot be 
moved into the small intestine, it can cause cholecystitis, 
bile duct obstruction and pancreatic inflammation (gall-
stone pancreatitis).7

Gallstones are a common ailment in developed coun-
tries, but they are less common in developing communities 
that still eat traditional diets.8 Intestinal hypomotility has 
recently been identified as a major contributor to choles-
terol lithogenesis. Fiber may help prevent gallstone devel-
opment by accelerating intestinal transit and decreasing 
the production of secondary bile acids, such as deoxycho-
late, which has been linked to a higher bile cholesterol satu-
ration.9–11 Gallbladder diseases can be affected by various 

factors, such as drugs,12–14 diet (i.e., fried foods, fatty red 
meat, highly processed foods),15 obesity,16,17 physical ac-
tivity,18,19 gender and oral contraceptives,20 rapid weight 
loss,21,22 diabetes,23,24 genetics,25,26 and age,27–29 which are 
presented in Fig. 1.

In this review, a wide range of pharmacotherapeutic 
agents that have been used to control pain after laparo-
scopic surgery are critically assessed. The article also fo-
cuses on new techniques and medications that have been 
investigated in recent years to manage pain after laparo-
scopic surgery as quickly and safely as possible.

Materials and methods

Sources for this review article were collected from elec-
tronic scientific databases, including ScienceDirect, PubMed, 
Scopus, and Google Scholar, as well as books and other re-
ports. Various recent research and review papers were also 
studied to gain insight into pharmacotherapeutic treatments 
aimed at alleviating pain after laparoscopic surgery. Follow-
ing an extensive literature survey, we collected relevant in-
formation on pain management after laparoscopic surgery. 
All of the collected information was classified into different 
sections according to the objective of the paper. To obtain 
the relevant articles, various keywords, namely “laparoscopic 
cholecystectomy”, “gallbladder”, “pain management”, and 
“surgery”, were used for the search. Among the 139 studies 
identified, 102 articles were shortlisted, and 37 articles were 
excluded due to insufficient data or not being suitable for 
the purposes of this review article. Of the 102 articles, 38 pri-
marily focused on the introduction and factors influencing 
gallbladder diseases, 32 highlighted pharmacotherapeutic 
pain management in laparoscopic cholecystectomy using 
local anesthetics, 11 presented opioids used for pain man-
agement, and 21 investigated the role of non-opioids in pain 
management (Fig. 2).

Laparoscopic and open 
cholecystectomy

The gold standard for the treatment of benign gallblad-
der problems is laparoscopic cholecystectomy.30 This ap-
proach can be used in 90% of elective cholecystectomies 
and 70% of emergency cholecystectomies.31 Acute chole-
cystitis, particularly if it is thick, can alter the aforemen-
tioned paradigm, requiring conversion to open surgery 
or a technique adjustment. A difficult cholecystectomy 
is defined by the following criteria: need for conversion 
from laparoscopic to open surgery, length of the process 
greater than 180 min, blood loss greater than 300 mL, 
and urgent need for an experienced surgeon.32 The gall-
bladder can be removed using one of two methods: open 
cholecystectomy or laparoscopic cholecystectomy. Dur-
ing an open cholecystectomy, a 10–15-cm long incision 
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is  made in  the  right upper quadrant of  the  abdomen. 
The surgeon locates and removes the gallbladder through 
the incision. Conversely, in the laparoscopic cholecystec-
tomy procedure, 3–4 very small incisions are performed. 
This technique employs a long, thin tube known as a lapa-
roscope. A tiny video camera and surgical equipment are 
included in the tube. The tube, camera and instruments 
are inserted through the incisions. The surgeon can visual-
ize the instruments and anatomy on video display moni-
tors in real time. One of the incisions is used to remove 
the gallbladder (Fig. 3). A laparoscopic cholecystectomy 
is less invasive than a traditional open cholecystectomy 
because 3–4 tiny incisions are made in the abdomen rather 
than 1 large incision. There is less bleeding and, in most 
cases, the recovery time is shorter than following open 
operations. In some circumstances, the laparoscope may 
reveal that the gallbladder is severely diseased or unveil 

additional technical issues. The surgeon may then have 
to convert to open surgery to safely and securely remove 
the gallbladder. Because laparoscopic cholecystectomy has 
largely replaced open cholecystectomy for benign gallblad-
der disease, many gallbladder cancers are discovered inci-
dentally during or after laparoscopic cholecystectomy.33 
The  need for open cholecystectomies has diminished 
since the introduction of laparoscopic cholecystectomy. 
The most common reason for an open cholecystectomy 
(2–10% of the cases) is a conversion from a laparoscopic 
to an open procedure. This modification is elected for 
a number of reasons. Surgeons may switch to the open 
method if there is a concern about the anatomy of the gall-
bladder. Inflammation, adhesions, anatomical differences, 
bile duct injury, retained bile duct stones, and uncontrol-
lable bleeding are all indications that the operation should 
be converted to open surgery.34

Fig. 1. Factors influencing gallstone diseases
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gallstone diseases
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Inappropriate patient selection, surgical inexperience 
and technological limitations inherent in the less inva-
sive procedure can all contribute to serious complications 
of laparoscopic cholecystectomy, including bile duct injury, 
bile leakage, hemorrhage, and intestine injury.35,36 Dia-
thermy burns are a common cause of ductal injuries that 
may go initially unreported; they mainly affect the right 

or common hepatic ducts. These considerations, as well 
as the inherent complications of biliary tract illnesses, 
such as inflammation and scarring, have led to the de-
velopment of “stop rules” for surgeons performing this 
procedure. Specifically, when a safe dissection cannot be 
achieved laparoscopically, an early open approach should 
be considered the best option.37,38

Fig. 2. The 4-step methodology adopted for 
conducting the literature review

• Development the search strategy for this 
review after determining the need  
for a literature review in this field.

• Decision what information from the research 
and review articles needs to be extracted.

DESIGNING
REVIEW

• Conducting the actual review using search 
terms „laparoscopic cholecystectomy”, 
„gallbladder surgery” and „pain management”. 
The 139 studies were shortlisted at first stage 
from different search databases. 

• Selection of the articles on the basis 
of inclusion criteria for final review.

CONDUCTING
THE REVIEW

• 102 articles were selected for final review, 
the selected articles were analyzed 
to discuss pharmacotherapeutic pain 
management and medications used. 

• Opioids and non-opioids used for the pain 
management in patients undergoing 
laproscopic cholecystectomy were analyzed. 

ANALYSIS

• The review article was written 
to present:
▪ factors influencing gallstone diseases;
▪ medications used in laproscopic 

cholecystectomy;
▪ therapeutic effect of drugs; 
▪ dose of drugs used. 

WRITING 
THE REVIEW

Fig. 3. Methods for gallbladder 
removal (open and laparoscopic 
cholecystectomy)
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Pharmacotherapeutic pain 
management during laparoscopic 
cholecystectomy

Laparoscopic surgery has several advantages over open 
surgery, including less postoperative pain, smaller inci-
sions, shorter postoperative ileus, less blood loss, shorter 
hospital stay, faster recovery, and earlier return to preop-
erative activities and work.39–41 Reduced postoperative pain 
is one of the most significant advantages of laparoscopy 
when compared to open surgery. However, a discomfort 
from the operation cannot be completely prevented, so 
several pharmacotherapeutic options are available.42 Pain 
following laparoscopic cholecystectomy has been shown 
to increase morbidity and is the major cause of extended 
hospitalization.43 Incisional pain may still be present 
at the laparoscopic port insertion sites. Abdominal dis-
comfort can vary in intensity and is linked to the extent 
of surgery and manipulation.44

Patients commonly complain of upper abdominal, back 
and right shoulder pain, as well as discomfort from the port 
incision sites. Shoulder and subdiaphragmatic discomfort 
affect between 12% and 60% of patients. The level of dis-
comfort peaks within the first few hours after surgery 
and usually decreases after 2 or 3 days.45–47 Pain following 
laparoscopic cholecystectomy has a complex origin. Peri-
toneal insufflation with CO2 and phrenic nerve irritation 
in the peritoneal cavity are 2 possible causes of discomfort 
after laparoscopy.48–50 In fact, in laparoscopic cholecys-
tectomy, the acidic environment formed by CO2 gas dis-
solution can cause peritoneal irritation and phrenic nerve 
injury. Effective pain relief is of the utmost importance for 
anyone treating patients undergoing surgery.

One of the most important aspects of enhanced recovery 
after surgery (ERAS) programs, and indeed all anesthetic 
care, is effective analgesia. It is important for minimizing 
postoperative stress, encouraging a return to regular func-
tions like breathing, eating and sleeping, and supporting 
early mobilization. It may also help reduce organ dysfunc-
tion and expedite hospital discharge.51 Various medica-
tions are used to relieve pain during and after laparoscopic 
cholecystectomy.

Local anesthetics

Lidocaine

Lidocaine 1 (Fig. 4) is an amino-amide local anesthetic 
that reduces neuronal transmission by inhibiting sodium 
channels. It provides analgesia, reduces the need for opi-
oids, and alleviates nausea and vomiting symptoms. It also 
reduces the risk of ileus when administered as a systemic 
infusion.52 Local anesthetics block nociceptive input 
into the central nervous system, have anti-inflammatory 

properties and are often very helpful in neuropathic pain. 
Furthermore, selective sympathetic blockade can be par-
ticularly beneficial for visceral pain at lower local anes-
thetic dosages. Unfortunately, the therapeutic ratio of local 
anesthetics for pain management after laparoscopy is low. 
Intravenous local anesthetics are linked to neurological 
and tissue toxicity at higher tissue and systemic doses, and 
high plasma concentrations can have substantial negative 
central nervous system and cardiovascular consequences. 
Furthermore, interindividual variability in local anesthetic 
tolerance exists.53 Intravenous lidocaine infusion (lidocaine 
is given at steady rate at low doses) is a good alternative for 
postoperative pain relief for these reasons.54 Different doses 
have been used; typically, a bolus of 1–1.5 mg/kg is admin-
istered, followed by a 2–3 mg/kg/h infusion that lasts until 
the completion of surgery or for the first 24 h afterwards.55 
Neurological changes, such as lightheadedness, dizziness 
and visual disturbances, as well as cardiac dysrhythmias 
are extremely rare side effects of perioperative lidocaine 
infusion.56

Intraperitoneal instillation  
and nebulization

Intraperitoneal instillation of local anesthetics has been 
used in laparoscopic cholecystectomy to lessen postop-
erative pain and the need for postoperative analgesics.57 
After laparoscopic cholecystectomy, intraperitoneal in-
stillation of bupivacaine 2 (Fig. 4) 100 mg with adrenaline 
was as efficacious as a similar volume (80 mL) of normal 
saline.58 Surgical maneuvers, disturbance of the perito-
neum and dissection of the viscera cause peritoneal nerve 
irritation, resulting in visceral and shoulder pain during 
and after laparoscopic cholecystectomy. Sedation, nausea, 
delayed stomach emptying, and respiratory depression are 
all adverse effects of using opioids to manage this pain. 
Therefore, according to various studies, instillation and 
nebulization of local anesthetics into the peritoneal cavity 
can be used to reduce discomfort following laparoscopic 
surgery as an alternative to opioids. Sandhya et al. investi-
gated and employed ropivacaine 3 (Fig. 4) for intraperitoneal 
nebulization because it has lower toxicity and is as effec-
tive as bupivacaine.59 Dose-finding research discovered 
that 50 mg of nebulized ropivacaine provided acceptable 
analgesia in individuals undergoing laparoscopic cholecys-
tectomy. An increase in the ropivacaine dose did not result 
in any additional benefits. Pain alleviation was adequate 
for patients administered a smaller dose of 30 mg of ropi-
vacaine.59 (Fig. 4).

Central neuraxial blocks

Studies have found that epidural analgesia using bupiva-
caine 2 or chloroprocaine 4 (Fig. 4) was superior to intrave-
nous opioid analgesia for pain control after laparoscopic sur-
gery.60 The use of epidural analgesia appears to be safe and 
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effective after major abdominal laparoscopic surgery. How-
ever, it is associated with longer hospital stays and higher 
rates of urinary tract infections; these are the consequences 
of urinary catheters, which often accompany this treatment 
method.61 Anticoagulants and other drugs that impair he-
mostatic function are becoming more widely used, which 
may limit the use of epidural analgesia during laparoscopic 
surgery, despite its effectiveness in pain control. Intrathecal 
indwelling catheters are also linked to an increased risk of in-
fectious problems, which is concerning given the multidrug-
resistant bacterial outbreaks that have become common over 
the last 2 decades. As a result, following careful analysis 
of the risks and benefits, the decision to use epidural anal-
gesia should be made on an individual basis.62

Transversus abdominis plane block

A transversus abdominis plane (TAP) block is a periph-
eral nerve block that achieves abdominal wall anesthesia. 
The procedure can be performed using a surface landmark-
based technique, laparoscopically or with ultrasound guid-
ance. Proponents believe that TAP blocks have a lower 
risk of complications and are more acceptable to patients 
than epidural analgesia. Research has examined the ef-
fects of TAP rectus sheath blocks on pain relief following 
abdominal surgery, but there is not enough information 
on the method of localization, timing, dosages, and vol-
umes of  local anesthetic. Transversus abdominis plane 
blocks are obviously influenced by operator skill and can 
be unpredictable.63 Use of TAP blocks in colorectal sur-
gery has been the subject of recent research. Transversus 
abdominis plane blocks plus intravenous acetaminophen 
in laparoscopic colorectal surgery resulted in earlier re-
sumption of eating and discharge from hospital in an ac-
celerated recovery regimen compared to patient-controlled 
analgesia (PCA) with morphine.64 In an open right hemi-
colectomy study from 2012, TAP+PCA was compared with 
subcutaneous local infiltration+PCA.65 In the TAP arm, 
there was less PCA morphine use and less sedation after 
24 h. Similarly, Conaghan et al. found that TAP+PCA re-
duced intravenous opioid use in laparoscopic colorectal 

resections compared to PCA alone. Although there are 
data showing that TAP blocks improve pain scores and 
reduce opioid consumption following abdominal surgery, 
more research is needed to compare TAP blocks with other 
pain management methods, such as epidural anesthesia.66

Ultrasound-guided TAP nerve blocks have become 
a common analgesic method after abdominal wall surgery. 
Because TAP blocks are confined to somatic anesthesia 
of the abdominal wall and are heavily reliant on interfascial 
dissemination, a number of innovative approaches have 
been developed to improve analgesia, either in conjunc-
tion with TAP nerve blocks or as standalone modalities.67

Several trials have determined that ultrasound-guided 
TAP blocks, as a part of a multimodal analgesic approach 
to postoperative analgesia, increase patient satisfaction and 
reduce opioid use. Given that the greatest amount of pain 
during the 24 h after laparoscopic cholecystectomy occurs 
at the trocar sites, it is critical to determine the best time 
to perform TAP blocks (before or after surgery) to maxi-
mize block effectiveness. Rahimzadeh et al. found that ul-
trasound-guided TAP blocks reduced the use of pethidine 
in the postoperative group compared to the preemptive 
group, thus lowering opioid analgesic side effects, includ-
ing nausea, vomiting, pruritus, and dizziness. A transver-
sus abdominis plane block is an affordable, straightforward 
and easy-to-perform treatment that can be used as part 
of a multimodal analgesic strategy.68

Incisional infiltration of local anesthetic

Local anesthetics are widely used in numerous medical 
and surgical specialties, including anesthesia, ophthalmol-
ogy, otorhinolaryngology, dentistry, urology, and aesthetic 
surgery. They cause superficial loss of pain sensation after 
direct injection. Their delivery and effectiveness can be 
enhanced by using free bases, increasing the drug con-
centration, lowering the melting point, employing physi-
cal and chemical permeation enhancers, and using lipid 
delivery vesicles. Several studies have found that local 
anesthesia reduces postoperative pain after laparoscopic 
procedures, but there are few data on the effect of local 

Fig. 4. Local anesthetics 
for pain management 
during laparoscopic 
cholecystectomy

HN

N

O

Lidocaine 1 

HN O

N

Bupivacaine 2 

HN O

N

Ropivacaine 3 

O

N

O

NH2

Cl

Chloroprocaine 4 



Adv Clin Exp Med. 2022;31(11):1275–1288 1281

anesthesia on nausea in the postoperative period.69 Inan 
et al. examined the effects and timing of local anesthe-
sia during laparoscopic surgery on postoperative pain, 
nausea, and opioid and antiemetic requirements. Their 
prospective study included 142 individuals who under-
went laparoscopic cholecystectomy. Fifty-three individu-
als did not receive any local anesthetics during surgery 
(group A). In group B, 46 patients had their skin, subcutis, 
fascia and parietal peritoneum infiltrated with 0.5% bu-
pivacaine hydrochloride at the trocar sites prior to inser-
tion. At the conclusion of surgery, local anesthetic was 
administered in similar doses and in the same manner 
to the remaining 43 patients (group C). When compared 
to patients in groups B and C, group A had a statistically 
significantly higher requirement for analgesics. The mean 
analgesic doses were substantially higher in group B than 
in group C after surgery. In group A, the period between 
the first antiemetics was much shorter than in group C. Us-
ing trocar sites to administer local anesthetic to the skin, 
subcutis, fascia, and parietal peritoneum lowered the need 
for postoperative analgesics as well as pain severity.70

Opioids

Opioids are the most commonly recommended drugs 
for the treatment of acute and chronic postoperative pain. 
The greatest challenges to successful opioid analgesia are 
underestimation of pain, prolonged duration of action and 
fear of addiction. Opioid receptors in the cell membranes 
of the presynaptic nerve terminals in the central nervous 
system mediate the bulk of the pharmacological actions 
of opioids.71 Opioids have long been considered an impor-
tant aspect of postoperative pain management, but they 
have many negative effects, including urinary retention, 
ileus, nausea, vomiting, pruritus, respiratory depression, 
and central nervous system depression. In surgical pa-
tients, these side effects are linked to higher mortality, 
longer duration of stay, greater risk of readmission, and 
higher healthcare expenses. Therefore, constant monitor-
ing of breathing and oxygen saturation in patients using 
opioids after surgery is critical.72 Despite years of progress 
in pain management, opioids remain the basis of postop-
erative pain management in many situations. Numerous 
opioids used for postoperative pain management in lapa-
roscopic cholecystectomy are discussed below (Fig. 5).

Morphine

Morphine 5 (Fig. 5) is the most common opiate. At one 
time, it was the gold standard for postoperative pain. 
It has a quick onset of action, with a peak effect of 1–2 h. 
Fentanyl and hydromorphone are synthetic derivatives 
of morphine that are more potent, have faster onsets 
of action and shorter half-lives. Only a  few pain stud-
ies have compared morphine to other opioids following 

laparoscopy. Naguib et al. found that morphine is supe-
rior to tramadol in terms of perioperative pain control 
for patients undergoing laparoscopic cholecystectomy. 
In a small study of people who underwent laparoscopic 
colorectal surgery, epidural ropivacaine 2 mg/mL was 
contrasted with intravenous morphine for postoperative 
pain relief. Although epidural ropivacaine had signifi-
cant opioid-sparing efficacy and sooner recovery of bowel 
movement, 20% of patients experienced motor block.73 
In addition, a low dose of intrathecal morphine appears 
to be particularly beneficial in controlling pain following 
laparoscopy. Patients undergoing laparoscopic colorectal 
surgery received a 15 mg bupivacaine spinal injection with 
or without 0.2 mg morphine. At this low dose, morphine 
was extremely effective. Throughout the first 24 post-
operative hours, both rescue intravenous morphine use 
(10 mg compared to 30 mg) and dynamic pain levels were 
markedly lower in the bupivacaine and morphine group 
compared to the intrathecal bupivacaine only group.74

Fentanyl

Fentanyl 6 (Fig. 5) is an artificial opioid agonist that has 
a potency of 100 times that of morphine and 75 times that 
of oxycodone. Fentanyl is a lipophilic drug that quickly 
enters the central nervous system. Intravenous fentanyl 

Fig. 5. Opioid drugs used in pain management during laparoscopic 
cholecystectomy
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is commonly used for anesthesia and analgesia during sur-
gery.75 Fentanyl is mainly metabolized in the liver and in-
testinal mucosa, so it is not administered orally. Fentanyl, 
like oxycodone, is rapidly absorbed by mucosal membranes 
after intraoral and intranasal administration. Transmuco-
sal fentanyl may be a viable approach to acute pain man-
agement. However, transmucosal delivery is only used 
to treat cancer pain that has become unbearable. The most 
important concern with the use of fentanyl for acute pain 
management is its low utility function, which means that 
the dosage required for effective pain relief is higher than 
the dose that can cause respiratory depression.76

Pethidine (meperidine) 

Pethidine has been used for many years to relieve pain 
caused by laparoscopic surgery. However, because it con-
tains an active metabolite (norpethidine) that is  toxic 
to the central nervous system, it is not the ideal opioid. 
Norpethidine has a  14–21-hour elimination half-life, 
which can extend to 35 h in cases of renal failure. When 
pethidine 7 (Fig. 5) is administered in high doses, the level 
of norpethidine rises, putting vulnerable patients at risk 
of side effects.77 Intraperitoneal pethidine with or without 
local anesthetic instillation was compared by Fogach et al. 
to intramuscular pethidine and intraperitoneal local an-
esthetic instillation. In addition to the toxicity of the me-
tabolite norpethidine on  the  central nervous system, 
the parent chemical pethidine causes local discomfort.78

Buprenorphine

Buprenorphine 8 (Fig. 5) can operate as both an opioid 
agonist and antagonist. This chemical is a viable option 
for pain management in laparoscopy because both inject-
able and sublingual versions are available. It has 30 times 
the analgesic effectiveness of morphine in opioid-naïve 
patients. Buprenorphine has high transmucosal absorp-
tion, and the analgesia lasts substantially longer (6–8 h) 
than when morphine is used. No dose adjustments are 
required for elderly patients and patients with diminished 
renal function. Buprenorphine has a generally favorable 
safety profile; it rarely causes clinically significant respira-
tory depression, euphoria or sedation. Buprenorphine has 
a positive utility function.79

Piritramide

Piritramide 9 (Fig. 5), a 4-amino piperidine derivative, 
is used in several European countries and is structurally 
similar to pethidine. Piritramide has a wide volume of dis-
tribution (4.7 L/kg) and a long terminal half-life (7–8 h). 
It is almost entirely processed by the liver, with only ap-
prox. 1% being removed by the kidneys.80 The analgesic 
potency of piritramide is comparable to that of morphine; 
a dose of 15–20 mg administered intramuscularly provides 

analgesia similar to 10–15 mg of morphine administered 
intramuscularly, and the analgesic ratio with oxycodone 
ranges between 1.6 and 2.2 (piritramide:oxycodone).81

Non-opioids

Opioid receptor agonist medications are being increas-
ingly used for the treatment of a wide range of chronic 
pain problems. Tolerance and opioid-induced hyperalgesia 
can develop as a result of opioid use, which can contrib-
ute to long-term postsurgical pain. Furthermore, opioid 
use in the postoperative setting has been associated with 
a higher risk of persistent opioid addiction, which is partic-
ularly concerning considering the current national opioid 
abuse epidemic.82 As a result, enhanced recovery pathways 
(ERPs) normally use opioid drugs sparingly, only when 
other therapies have failed, and only in conjunction with 
non-opioid analgesic treatments (Table 1).83 Patients with 
chronic pain who are taking opioids before surgery are 
more likely to encounter significant postoperative pain, 
poor postoperative pain control, and opioid-related adverse 
effects. Hence, non-opioid analgesic modalities are espe-
cially important for this patient population. Several non-
opioid medications used in pain management in patients 
undergoing laparoscopic cholecystectomy are discussed 
below (Fig. 6).

Nonsteroidal anti-inflammatory drugs

Ibuprofen, ketorolac and celecoxib are examples of non-
steroidal anti-inflammatory drugs (NSAIDs) that cause 
analgesia by  blocking the  cyclooxygenase enzyme and 
interrupting prostaglandin synthesis.84–86 Nonsteroidal 
anti-inflammatory drugs are significant adjuncts in a mul-
timodal analgesia regimen for the management of post-
operative pain and are effective therapies for postopera-
tive pain.87 When NSAIDs and acetaminophen are used 
together, they have an additive or potentially synergistic 
analgesic effect. Furthermore, NSAID use has been linked 
to a reduced likelihood of opioid-related side effects, such 
as nausea, vomiting and drowsiness. Nonsteroidal anti-
inflammatory drugs are associated with an increased risk 
of gastrointestinal ulcers, bleeding and renal impairment 
despite the fact that they are generally well tolerated. Cele-
coxib, an NSAID that selectively inhibits the cyclooxygen-
ase-2 (COX-2) enzyme, may lessen the risk of gastrointesti-
nal disturbances and bleeding. It should be noted, however, 
that COX-2 inhibitors are usually avoided following cardiac 
surgery because they increase the risk of negative cardio-
vascular consequences.88 The inhibition of the enzyme 
cyclooxygenase is  the  principal mechanism of  action 
of NSAIDs. Arachidonic acid is converted into thrombox-
ane, prostaglandins and prostacyclin by the enzyme cy-
clooxygenase. The absence of these eicosanoids is thought 
to be responsible for the therapeutic effects of NSAIDs.89
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Alpha-2 agonists

Analgesia can be produced by alpha-2 agonists, such 
as clonidine and dexmedetomidine, which stimulate al-
pha-2 receptors in the dorsal horn of the spinal cord and 
reduce nociceptive signal transmission. While these medi-
cations can be administered in a variety of ways, clonidine 
is usually administered intravenously or orally for post-
operative pain relief, while dexmedetomidine is usually 
administered intravenously. Despite the lack of data to sup-
port these claims, clonidine and dexmedetomidine can 
be administered as adjuvants in epidurals and peripheral 
nerve plugs to potentially improve and prolong analgesia.90 
A study conducted by Rabie and Abdelfattah demonstrated 
that in patients undergoing laparoscopic cholecystectomy, 

an intravenous infusion of 0.6 g/kg/h dexmedetomidine 
before induction can minimize hemodynamic stress, inci-
dence of cough, postoperative nausea and vomiting, as well 
as reduce postoperative analgesic requirements, without 
significantly prolonging the spontaneous respiratory re-
covery period.91 Alpha-2 agonists work by  stimulating 
presynaptic alpha-2 receptors, which activate inhibitory 
neurons in the central nervous system, resulting in a de-
crease in sympathetic output via a signaling pathway.92

Gabapentinoids

Gabapentinoids, such as gabapentin and pregabalin, are 
antiepileptic drugs that work by inhibiting voltage-gated 
calcium channels to generate analgesia. Traditionally, these 

Fig. 6. Structures of non-opioid drugs used in pain management during laparoscopic cholecystectomy
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medications have been used to treat chronic neuropathic 
pain. There is research suggesting that gabapentinoids may 
lower initial postoperative pain, opiate requirements, and 
postoperative nausea and vomiting when used periopera-
tively.93 Gabapentinoids, however, have been linked to drowsi-
ness, visual abnormalities and dizziness, all of which can 
impair early postoperative mobilization and delay recovery. 
Furthermore, perioperative gabapentin use has been linked 
to an increased risk of respiratory depression, particularly 
in older patients and those taking large opioid doses.94 Ga-
bapentinoids are commonly prescribed for neuropathic pain, 
restless legs syndrome and focal seizures. Their effectiveness 
in these conditions is due to their ability to inhibit the ac-
tions of the α2δ subunits of presynaptic voltage-gated calcium 
channels and thereby lower neurotransmitter release.95

Acetaminophen

Acetaminophen is  a  key component of  multimodal 
postoperative pain management in ERPs. Although its ex-
act mechanism of action is unknown, its analgesic impact 
is considered to be mediated mostly through suppression 
of the cyclooxygenase pathway. In nearly half of patients 
with mild to severe acute postoperative pain, a single 
dose of  acetaminophen has been shown to  offer 50% 
pain reduction for 4 h. When acetaminophen is used with 
NSAIDs, the analgesic effect can be additive or even syn-
ergistic. Furthermore, acetaminophen use has been linked 
to a lower need for opioids throughout the postoperative 

period.96 Thus, oral acetaminophen is  recommended 
in people who can tolerate it, while intravenous acet-
aminophen is effective in patients who cannot tolerate 
oral consumption or have reduced gastrointestinal tract 
function.97 Acetaminophen works by inhibiting cyclooxy-
genases (COX-1, COX-2 and COX-3) as well as interfer-
ing with the endocannabinoid system and serotonergic 
pathways.98 According to the study conducted by Mulita 
et al., the combinations of pethidine/acetaminophen and 
parecoxib/acetaminophen exhibited equivalent analge-
sic effectiveness and proved better than acetaminophen 
monotherapy for the management of postoperative pain 
following laparoscopic cholecystectomy. Reducing opi-
oid doses by using postoperative non-opioid analgesics 
is a vital strategy to limit drowsiness, reduced pulmonary 
function and constipation in postsurgical patients.99

Ketamine

Ketamine is  a  dissociative anesthetic that blocks 
the transmission of pain signals by antagonizing N-methyl-
D-aspartate (NMDA) receptors in the brain and spinal 
cord. Subanesthetic intravenous ketamine infusions have 
been found to minimize opiate usage and enhance pain 
control without creating significant side effects.100 Ket-
amine is a glutamate and NMDA receptor antagonist that 
is noncompetitive. It works by blocking HCN1 receptors. 
The specific dissociative action and partial agonism of opi-
ate µ-receptors allow for persistent sedation and patient 

Table 1. Nonopioid drugs used in pain management in laparoscopic cholecystectomy

Nonopioid drugs Description Advantages Disadvantages

NSAIDs

NSAIDs such as ibuprofen,10 ketorolac11 
and celecoxib12 produce analgesia 
by inhibiting prostaglandin synthesis 
through inhibiting the cyclooxygenase 
enzyme.

Better pain control, synergistic 
analgesic effect when paired 
with acetaminophen, reduced 
opioid consumption.

Gastrointestinal ulcers, bleeding, renal 
dysfunction, and cardiovascular problems are 
all possible side effects. After colorectal surgery, 
it may be associated with anastomotic leak.

Alpha-2 agonists

Analgesia is produced by alpha-2 agonists 
such as clonidine13 and dexmedetomidine,14 
which stimulate alpha-2 receptors 
in the dorsal horn of the spinal cord and 
reduce nociceptive signal transmission.

Better pain control, 
reduced opioid usage; used 
as a supplement to regional 
anesthetic techniques.

Sedation, hypotension and bradycardia are all 
possible side effects. There is little evidence 
to support its usage in the postoperative 
situation.

Gabapentinoids

Gabapentinoids, such as pregabalin,15 
gabapentin16 and phenibut,17 are 
antiepileptic drugs that work by inhibiting 
voltage-gated calcium channels to generate 
analgesia.

Reduced reliance on opioids, 
improved pain control.

Sedation risk, vision impairment and respiratory 
depression. Cautious use required in patients 
with renal insufficiency. Available only in oral 
forms. Optimal dose regimen uncertain.

Acetaminophen

In ERPs, acetaminophen (PCM)18 is a key 
component of multimodal postoperative 
pain management. Though the exact 
etiology is uncertain, its analgesic effect 
is thought to be mediated mostly 
by cyclooxygenase pathway inhibition.

When used with nonsteroidal 
anti-inflammatory medicines, 
it has a synergistic analgesic 
effect. Generally well-tolerated, 
better pain management, opioid 
needs are reduced.

Hepatotoxicity at larger doses should be avoided 
in persons with liver disease.

Ketamine

Ketamine19 is a dissociative anesthetic 
that blocks the transmission of pain 
signals by antagonizing NMDA receptors 
in the brain and spinal cord.

Lower risk of opioid-induced 
hyperalgesia and tolerance, 
reduced opioid usage, better 
pain control.

Optimal dose regimen unknown in individuals 
with cardiovascular illness, hepatic impairment, 
high intracranial and intraocular pressure, active 
psychosis, and pregnancy. Neuropsychiatric 
symptoms are a possibility.

NSAIDs – nonsteroidal anti-inflammatory drugs; ERP – Enhanced Recovery Pathway; NMDA – N-methyl-D-aspartate.
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comfort throughout painful procedures.101 Ketamine has 
also been proven to minimize the incidence of postopera-
tive nausea and vomiting when combined with an opioid 
regimen. Ketamine could potentially assist in preventing 
opioid-induced hyperalgesia and tolerance from devel-
oping. However, it  is uncertain if ketamine use during 
surgery lessens the likelihood of persistent postsurgical 
discomfort. Neuropsychiatric symptoms, such as hallu-
cinations and nightmares, are the most common negative 
consequences linked to the use of subanesthetic dosages 
of ketamine in the postoperative environment.102

Limitations of the study

Despite the extensive research conducted in  this re-
view article on pain management in patients undergo-
ing laparoscopic cholecystectomy, there are some limita-
tions. The mechanisms of action of some treatments are 
not fully described. In addition, the article focuses solely 
on the medications used in pain management of laparo-
scopic cholecystectomy, as well as the doses used. However, 
the pharmacokinetics and side effects of these drugs are 
not explained in detail. There is no diagrammatic repre-
sentation of the laparoscopic cholecystectomy procedure. 
Some articles were excluded because they did not meet 
our requirements.

Conclusions

Gallstones are solid pieces of bile that form as a result 
of changes in bile concentration and composition. They can 
cause sharp, constant abdominal pain, fever, nausea, and 
vomiting. Gallstones are divided into 2 types based on their 
composition: cholesterol stones and pigmented stones. 
Gallstones are a common ailment in developed countries 
but less common in developing communities that still eat 
traditional diets. Gallbladder diseases can be influenced 
by many factors, including age, genetics, diabetes, physical 
activity, drugs, obesity, rapid weight loss, gender, and oral 
contraceptives. Sedentary lifestyle is linked to an increased 
risk of cholecystectomy. Increased estrogen levels in the bile 
as a result of pregnancy or hormone therapy may cause gall-
stone formation. Gallbladder contraction is reduced during 
fasting associated with severely fat-restricted diets. The gall-
bladder can be removed using one of the two methods: 
open cholecystectomy or laparoscopic cholecystectomy. 
A laparoscope is a long, thin tube with a video camera and 
surgical equipment inserted into it. Three to four tiny in-
cisions are made in the abdomen to introduce the surgical 
instruments. The need for an open cholecystectomy has 
diminished since the introduction of laparoscopic surgery, 
but the surgeon may convert to the open method if there 
is a concern about anatomy or other challenges.

Pain following laparoscopic cholecystectomy has a com-
plex origin. Numerous medications are used to relieve pain 

during and after surgery. Local anesthetics block nocicep-
tive input into the central nervous system, have anti-inflam-
matory properties, and are often very helpful in neuropathic 
pain. Morphine is superior to tramadol in terms of perioper-
ative pain control. Fentanyl is a very powerful lipophilic opi-
ate that quickly enters the central nervous system. The use 
of epidural ropivacaine resulted in considerable opioid spar-
ing and faster bowel movement recovery. Pethidine is in-
adequate for pain reduction at a dose of 50 mg. Buprenor-
phine has 30 times the analgesic effectiveness of morphine 
in opioid-naïve patients. Piritramide resembles pethidine 
structurally. Tolerance and opioid-induced hyperalgesia can 
develop as a result of opioid use. Nonsteroidal anti-inflam-
matory drugs are significant supplements to a multimodal 
analgesic regimen for the management of postoperative 
pain. The COX-2 inhibitors are normally avoided following 
cardiac surgery. Gabapentinoids are antiepileptic medica-
tions that work by inhibiting voltage-gated calcium channels 
to generate analgesia. Acetaminophen is a key component 
of multimodal postoperative pain management. Ketamine 
has been proven to minimize the incidence of postoperative 
nausea and vomiting.
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Abstract
The shortcomings of mRNA sequencing in explaining biological functions have resulted in proteomics gradually 
becoming a hotspot for research. However, the function of proteins becomes complicated as a result of post-
translational modifications (PTMs) such as phosphorylation, glycosylation, acetylation, etc. Post-translational 
modifications do not change the physicochemical properties such as charge and solubility of the proteins, 
but they can have significant consequences on disease initiation in living organisms. The cyclic adenosine 
monophosphate (cAMP) response element-binding protein (CREB) is an important transcription regulator 
in eukaryotic cells. It is involved in the development of neurodegenerative diseases, diabetic complications, 
tumorigenesis, and neurogenesis. Previously, researchers have paid much more attention to the phos-
phorylation modification of CREB. However, it seems that the functional regulation-mediated glycosylation 
modification of CREB was just beginning to be understood. In this review, the current studies and most 
updated insights on how the glycosylation modification of CREB affects targeted gene expression and disease 
development will be comprehensively discussed. We hope to further evaluate the role of CREB glycosylation 
on the regulation of gene function.
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Introduction

In  the  field of  genomics, a  great achievement have 
been made, including the complete genetic sequencing 
of many species. With the further development of ge-
nome sequencing, more research has focused on organ 
complexity in higher organisms and the encoding of rare 
genes. However, gene sequencing is still unable to eluci-
date the biological function of genes. Although genome 
sequencing has contributed greatly to scientific research, 
there is no strict linear relationship between proteins and 
genes. Therefore, proteomics, which is the study of pro-
tein characteristics, including protein expression levels, 
protein–protein interactions and post-translational modi-
fications (PTMs), has gradually become a hotspot for re-
search. Proteomics research provides a comprehensive 
understanding of disease occurrence and cellular me-
tabolism at the protein level; these issues could provide 
solutions for disease prevention and treatment.

Previous studies have shown that O-GlcNAc glycosyl-
ation may regulate transcription factors and other pro-
teins in the nucleus.1,2 For example, the O-GlcNAc glyco
sylation of RNA polymerase II regulates the structure 
of the enzyme3 and inhibits transcriptional elongation 
by  preventing phosphorylation of  the  C-terminal do-
main.3 The O-GlcNAc glycosyltransferase (OGT) catalyzes 
the covalent bonding of O-GlcNAc to substrate in vivo, 
and has been shown to promote gene silencing by binding 
to mSin3A, a transcription inhibitor.4 However, the under-
standing of the extent of O-GlcNAc glycosylation and its 
effects on gene regulation is still under research.

Cyclic adenosine monophosphate (cAMP) response 
element-binding protein (CREB) is an  important tran-
scriptional regulator in eukaryotic cells that exists in all 
mammalian cells. It can bind to the cAMP response el-
ement (CRE) sequence TGACGTCA, or  the conserved 

half CRE TGACG. The CREB family members include 
CREB-1, CREB-2, CREB-3, CREB-5, CREB3L1, CREB3L2, 
CREB3L3 (CREBH), and CREB3L4. The  CREB is  also 
a DNA-binding protein member belonging to a leucine 
zipper family that includes the activating transcription 
factor (ATF). The cAMP-responsive transcription factors 
within the CREB/ATF family include CREB, ATF-1 and 
cAMP response element modulator (CREM) τ. The struc-
ture of CREB contains a signal-responsive kinase-inducible 
domain (KID), glutamine-rich (Q1 and Q2) constitutive 
activation domain(s) and a basic leucine zipper (bZIP) do-
main (Fig. 1A).

The differences in the molecular structures of CREBs 
are caused by different factors such as splicing, protein 
translation initiation sites, RNA molecular stability, and 
PTMs. The  CREB plays an  important regulatory role 
in the fields involved in,  i.a., regulating gene transcrip-
tion, physiological rhythm, cell development and survival, 
addiction, learning, and memory.5–7 Post-translational 
modifications play a vital role in the dynamic regulation 
and complexity of biological processes including the cell 
cycle, transcription and programmed cell death.8–11 Most 
importantly, CREB is regulated by PTMs and is subject 
to post-transcriptional regulation by phosphorylation, 
ubiquitination, SUMOylation, and miRNA regulation 
(Fig. 1B). In living organisms, alterations of proteins are 
dynamic and several methods of PTMs, such as phos-
phorylation, glycosylation, acetylation, lipoylation, ubiq-
uitination, and methylation, exist. The phosphorylation 
of Ser133 site is the central link of CREB activation.12 After 
the Ser133 site of CREB is phosphorylated, it can be recog-
nized by the CREB-binding protein (CBP) and bind to it. 
This acetylates the CRE in the CREB promoter sequence 
and initiates the gene transcription process. In contrast, 
other modifications regulate the transcriptional activity 
of CREB by affecting the Ser133 site. In addition, the CREB 

Fig. 1. A. Structure of cyclic adenosine monophosphate 
(cAMP) response element-binding protein (CREB); 
B. Post-translational modifications and post-
transcriptional regulation of CREB and related amino 
acid residues in CREB

KID – kinase-inducible domain; bZIP – basic 
leucine zipper; Q1 – glutamine (Q) domain 1; 
Q2 – glutamine (Q) domain 2.
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molecule is the phosphorylation substrate of other protein 
kinases such as protein kinase A (PKA), mitogen-activated 
protein kinase (MAPK) and protein kinase C (PKC). There-
fore, CREB acquires diverse biological functions through 
orderly PTMs that can be affected by different signaling 
pathways and various regulatory factors to induce CREB 
activation.

In our review, we summarized studies published be-
tween January 1, 2000 and December 31, 2021, relevant 
to glycosylation-mediated CREB regulation, that promoted 
a comprehensive understanding of glycosylation-mediated 
CREB transcriptional activation and the effect of other 
factors on glycosylation modification. These findings will 
further elucidate the role of CREB glycosylation in the reg-
ulation of gene function.

Objectives

In this review, we aimed to summarize studies involving 
the regulating model of CREB-associated glycosylation 
and develop a comprehensive insight into its functional 
regulation pathway.

Methodology

Literature search strategy

In our review, we followed the Preferred Reporting Items 
for Systematic Reviews and Meta-Analyses (PRISMA) 
guidelines. Seven databases were systematically searched 
including PubMed, Scopus, ScienceDirect, ProQuest, 
EBSCO, Wiley Online, and Taylor & Francis Online from 
January 1, 2000 to December 31, 2021.

Study selection criteria

Researchers examined the titles for relevance to our 
study. Additionally, based on the abstracts, we evaluated 
the eligibility for inclusion. If the abstract was ambigu-
ous, the researchers examined the full text in order to de-
termine whether the report met the  inclusion criteria. 
All references were imported into an Endnote X9 library 
(Clarivate Analytics, Philadelphia, USA) and duplicates 
were removed. All citations were included if  they met 
the following criteria: 1) the study pertained to the gly-
cosylation of CREB; 2) the study concerned the glycosyl-
ation of CREB cofactors; 3) the study referred to the bio-
logical function of CREB or to the CREB-related diseases; 
and 4) the full text of the study was published in English. 
Reports were excluded if: 1) they did not describe origi-
nal research; or 2) the abstract screening demonstrated 
that the  research did not concern CREB-associated 
glycosylation.

Types of CREB glycosylation 
modifications

O-GlcNAc glycosylation of CREB

Protein O-GlcNAc glycosylation refers to the dynamic 
PTM occurring in the cytoplasm and nucleus where only 
one N-acetylglucosamine (G1cNAc) is connected to serine 
or threonine (Ser/Thr) hydroxyl groups through O-glyco
sidic bonds. This protein modification is  abundant 
in eukaryotic cells. Its distribution in nuclear pore com-
plexes and chromatin is the highest, followed by a large 
number of proteins distributed in the cytoplasm, mito-
chondria and membrane.12 As a critical eukaryotic tran-
scription factor, CREB is also subject to the O-GlcNAc 
glycosylation, which is the main form of CREB protein 
glycosylation.

The O-GlcNAc glycosylation of CREB is similar to that 
of most proteins, mainly because O-linked GlcNAc trans-
ferase includes OGT and O-GlcNAcase (OGA). Namely, 
OGT is responsible for adding the glycosyl group and 
OGA is responsible for removing it.13

N-glycosylation of CREB

N-glycosylation refers to  the  glycosylation of  an  as-
paragine (Asn) amide group. The N-terminal α-amino 
or arginine ω-amino groups are the connecting points 
for N-linked glycosylation and are the  most common 
forms in  eukaryotes. N-glycosylation is  generally car-
ried out in the endoplasmic reticulum (ER) and catalyzed 
by oligosaccharyltransferase (OST). The N-glycosylation 
modification site has the conserved amino acid sequence, 
Asn-X-Ser/Thr, in which X is an amino acid other than 
proline and the oligosaccharide chain is relatively con-
served. Finally, the core sugar chain is transferred to Asn 
of the target protein.14

The ATF6β, a subtype of the ER transmembrane gly-
coprotein ATF6 within the ATF/CREB family, undergoes  
N-glycosylation and participates in  the  regulation 
of the subtype, ATFα, and downstream genes.15 Addition-
ally, CBP can interact with BRCA2 and affect the N-linked 
post-translational glycosylation of BRCA2.16 N-linked gly-
cosylation is required for the optimal proteolytic activation 
of the membrane-bound transcription factor CREBH.17 
In general, N-glycosylation plays a pivotal role in protein 
folding, stabilization and degradation processes (Table 1).
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Glycosylation of CREB  
and its cofactors

Glycosylation affects CREB  
and its family members

The CREB is a key regulator in a variety of neuronal pro-
cesses, such as brain development, circadian rhythm and 
long-term memory. Multiple studies have suggested that 
CREB-1 can be glycosylated by O-O-GlcNAc in the Q2 
domain, of which the main glycosylation sites are Ser260, 
Thr256, Thr259, and Thr261. After analyzing the relation-
ship between glycosylation levels and the nuclear extracts 
of glycosylated CREB-1, it was demonstrated that glycosyl-
ated CREB-1 transcriptional activity is 41.5% higher than 
that of nonglycosylated CREB-1. An in vitro assay validated 
that glycosylation affects the interaction between CREB-1 
and TAFI130 by  inhibiting the  transcriptional activity 
of CREB-1.18 These studies indicate that O-glycosylation 
is involved in gene regulation and provides a link between 
O-GlcNAc and information storage processes occurring 
in the brain.

Rexach et al. explored the functional role the glycosyl-
ation of CREB plays in neurons using chemical enzyme 
quantification.12 They demonstrated that CREB is dy-
namically modified with an  O-linked β-N-acetyl-D-
glucosamine sugar in response to neuronal activity and 
that glycosylation represses CREB-dependent transcrip-
tion by  impairing its association with CREB-regulated 
transcription coactivator (CRTC). In another study, it was 
demonstrated that by blocking the glycosylation of CREB, 
the function and behavior of cells changed and the growth 
of neuronal axons and dendrites was enhanced, improving 
long-term memory.19 This finding suggested a novel role 
of O-glycosylation of CREB in memory formation.

In diabetes, researchers used a high-glucose microen-
vironment in order to induce proinflammatory cytokine 
signaling, and demonstrated that high glucose levels 
increased the recruitment of the interleukin-1β (IL-1β) 
promoter to CBP. This promoted chromatin remodel-
ing and transcription. Phenolic acid treatment interfered 
with chromatin remodeling and monocyte transcrip-
tion, weakening protein glycosylation. High glucose 
levels stimulated the inflammatory response by acting 

as  an  anti-glycosylation agent and signaling pathway 
modifier.20

The CREBH is a member of the CREB3 transcription 
factor subfamily with a bZIP domain, and is a transmem-
brane transcription factor anchored to the ER. It is cleaved 
by dictyosome protease when adapting to ER stress and 
then transferred to the nucleus. It was found that only 
3 out of 4 N-glycosylation sites in the ER lumen region 
of CREBH located at the CREBH C-terminus were con-
served in humans and mice, namely Thr413, Thr420 and 
Thr427. The CREBH undergoes glycosylation in response 
to  ER stress and then induces proteasome hydrolyza-
tion. Next, it is transferred to the nucleus to play a role 
in transcriptional regulation. However, using site-directed 
mutations, the conserved Thr residue can be converted 
to  isoleucine, which weakens or destroys the N-linked 
glycosylation of  CREBH. The  CREBH remains inac-
tive in the ER and exhibits a significantly reduced abil-
ity to drive the unfolded protein response (UPR)/cAMP 
receptor protein promoter. Collectively, N-glycosylation 
modifications are necessary for proteolysis-dependent 
activation of CREBH.21 The CREBH can also undergo de-
glycosylation and degradation via ER-related degradation 
pathways, enhancing the clearance of CREBH and nuclear 
transport of N-terminal truncated products.22 In addi-
tion, Zhong et al. reported that the inhibition of protein 
glycosylation by hexosamine D-mannosamine (ManN) 
is a novel pro-angiogenic strategy that acts via activation 
of stress pathways in endothelial cells.23 Although ManN 
activated extracellular signal-regulated kinase (ERK), 
AKT (also known as protein kinase B), the mammalian 
target of rapamycin (mTOR), and CREB at 40 μM, they 
hypothesized that a unique mechanism may be implicated 
in the endothelial cell mitogenic effects of ManN. Several 
studies have shown that the glycosylation process corre-
sponds to protein degradation and proteolysis, the extent 
of which depends on the level of cellular stress and dy-
namic environmental changes.

Activated transcription factor 6 (ATF6) is a member 
of the transcription factor ATF/CREB family and a het-
erodimer of CREBH. The ATF6β contains 5 conserved 
N-linked glycosylation sites and is a key transcriptional 
inhibitor of ATF6α, which assists in regulating the in-
tensity and duration of the ATF6-dependent ER stress 
response. Nonglycosylated ATF6β has been shown 

Table 1. Glycosylation modification effect on cyclic adenosine monophosphate (cAMP) response element-binding protein (CREB) cofactors and binding 
protein

CREB cofactors Modification way Mechanism

CRTC O-GlcNAc
Glycosylation represses CREB-dependent transcription by impairing its association with 

CREB-regulated transcription coactivator.

CBP N-glycosylation
The binding of CBP to the N-terminal region of BRCA2 is necessary for N-glycosylation of residue 

272 on BRCA2.

CBP O-linked N-acetylglucosamine Ser147 and Ser236 sites of CREB-binding protein are O-glycosylated.

CREB – cyclic adenosine monophosphate (cAMP) response element binding protein; CRTC – CREB transcription coactivator; CBP – CREB-binding protein.



Adv Clin Exp Med. 2022;31(11):1289–1297 1293

to directly elevate levels of ERSR gene expression through 
the loss of its inhibitory function on ATF6α.15,24 How-
ever, low levels of glycosylation of ATF6 allow it to act 
as a balancing receptor in  the ER and induce the ac-
tivation of ATF6. Because of  this, when the ER stress 
response is absent, nonglycosylated ATF6 is transferred 
to the dictyosome complex more rapidly and is cleaved 
by S1P and S2P proteases, leading to  the constitutive 
nuclear localization and transcriptional activation.25 
In contrast, nonglycosylated CREBH inhibits the activa-
tion of proteolysis and reduces transcriptional activa-
tion,21 revealing the reverse effect of N-glycosylation 
on CREBH and ATF6.

The Tisp40 is a spermatid gene expressed during sper-
miogenesis in mice. It encodes a CREB family transcrip-
tion factor and contains 2 isoforms including Tisp40α 
and Tisp40β. The C-terminus of Tisp40α/β is glycosyl-
ated.26 The functions of Tisp40 are changed by the binding 
of unfolded protein response elements (UPREs) and are 
activated via the RIP pathway.

Effect of glycosylation on CREB cofactors 
and binding protein

CREB transcription coactivator (CRTC) was first dis-
covered by genome high-throughput screening technology 
in 2003. It is a protein family that can regulate the activ-
ity of transcription factors.27 As a coactivator of CREB, 
3  members of  the  CRTC family have been identified, 
namely CRTC1, CRTC2 and CRTC3. Their C-terminals 

were found to bind to transcription activators and enhance 
the transcriptional activity of CREB.28

The  synthesis of  O-GlcNAc mainly occurs through 
the hexosamine biosynthetic pathway (HBP), which uti-
lizes glucose, acetyl-CoA, glutamine, and uridine tri-
phosphate (UTP) to  produce uridine dipho-sphate N-
acetylglucosamine (UDP-GlcNAc). Approximately 2–3% 
of fructose 6-phosphate enters the HBP, and HBP reflects 
the nutritional status of the cells and plays an important 
role in biological regulation. Due to its reversible regulation 
of target protein activities, it is also called the hexosamine 
cycle or hexosamine (O-GlcNAc) signaling. The CRTC2 
is modified by O-glycosylation in the cytoplasm through 
a  phosphorylation-dependent mechanism. The  glyco-
sylated form activates hepatic gluconeogenesis, whereas 
the deglycosylated O-glycosyltransferase inhibits gluco-
neogenesis, revealing a novel mechanism of chronic hy-
perglycemia, and connects the interaction between HBP 
and CREB O-GlcNAc (Fig. 2).29

The CREB-binding protein is a  transcription coacti-
vator with highly conserved sequence, considered to be 
an important factor in the regulation of mammalian gene 
transcription.30 The  CREB-binding protein was found 
to specifically bind phosphorylated CREB to promote its 
transcriptional activation.31 In addition, CBP regulates 
CREB-dependent gene transcription through CRTC.32 
Some studies have identified O-linked GIcNAc-modified 
sites of CBP on osteoblasts by means of electron-transfer 
dissociation tandem mass spectrometry (ETD-MS). This 
shows that the Ser147 and Ser236 sites of CBP, as well 

Fig. 2. The regulating network between the glycosylation of cyclic adenosine monophosphate (cAMP) response element-binding protein (CREB) and 
cofactors. The left panel in the red frame represents the effect of CREB glycosylation on targeted genes. The right panel in the green frame represents 
the effect of glycosylation on CREB cofactors and CREB post-translational modifications (PTMs)

ER – endoplasmic reticulum; ATF – activating transcription factor; HBP – hexosamine biosynthetic pathway; CRTC – CREB transcription coactivator; 
CBP – CREB-binding protein; cAMP – cyclic adenosine monophosphate; PKA – protein kinase A; hFSH – human follicle-stimulating hormone; SIRT1 – Sirtuin 1.

TAFI130 and CREB1 

interaction

CREB1 
activity

UPR/CRP
activation of 

CREBH

ATF6αER stress

Tisp40spermiogenesis

C
R

EB glycosylation

CRTC2 O-GlcNAcHBP
O-GlcNAc

CBP N-glycosylationCRTC2/BRCA2

hFSH glycosylationcAMP/PKA

phosphorylation

phosphorylation

P2X (7) glycosylation

STAT5 glycosylation

SIRT1

phosphorylation

binding

PKA O-glycosylationcAMP/PKA-CREB
phosphorylation

phosphorylation

The effect of CREB glycosylation on targets Effect of CREB cofactor glycosylation  on CREB

ER stress



N. Zhang, L. Shi, Y. Wang. CREB-associated glycosylation and function in human disease1294

as the phosphorylation sites of CREB could be O-glycosyl-
ated. Thus, the O-glycosylation of CREB is crucial for bone 
formation, remodeling and fracture healing, and the effects 
of glycosylation on protein function and regulation warrant 
further study.33 The CREB-binding protein is a transcrip-
tion cofactor that has been validated to interact with BRCA2 
and facilitate the N-linked glycosyl-mediated regulation 
of BRCA2. The binding of CBP to the N-terminal region 
of BRCA2 is required for the N-glycosylation of residue 272 
on BRCA2 (Table 1). Studies have shown that this CBP-
mediated N-glycosylation changes the structure of CBP-
related proteins, resulting in the regulation of targeted 
gene expression, cell growth and differentiation (Fig. 2).16

Glycosylation of other factors  
regulating CREB and its cofactors

The CREB and its cofactors are also regulated by the glyco-
sylation of other factors including kinases, transcription fac-
tors, cytokines, and enzymes. Phosphorylation and O-glyco
sylation are often reciprocal and may affect the subsequent 
activation and biological function of CREB. Here, we sum-
marize the recent research on this topic (Fig. 2).

PKA signaling pathway

This pathway is  also called the  cAMP/PKA-CREB 
signaling pathway and is associated with the activation 
of CREB. When PKA is activated by cAMP, it immediately 
enters the nucleus inducing the inactivation of CREB phos-
phorylation and thus, its biological activity and regulation 
of target gene transcription.34 In particular, the Ser residue 
at position 133 of CREB plays an important role in the reg-
ulation of transcriptional activity. The phosphorylation 
at the site 133 by PKA increases CREB transcriptional 
activity 10–20 times.35 Recent studies have shown that 
high levels of the PKA O-glycosylation enhance the phos-
phorylation of CREB, but CRBH inhibits this process; such 
phenomenon suggests that the O-glycosylation of PKA 
affects the PKAc-CREB signaling pathway by regulating 
CREB phosphorylation.36

With regard to learning and memory, glucose uptake 
and the levels of O-glycosylation are decreased in brains 
of individuals with Alzheimer’s disease (AD).37 It has been 
found that the catalytic subunit of PKA can be modified 
by O-linked GIcNAc. Afterwards, the subcellular local-
ization of PKAcα and PKAcβ was shown to change and 
their kinase activity enhanced. This study suggests that 
in addition to cAMP and phosphorylation, glycosylation 
is  a novel regulating mechanism in PKA-CREB signal 
transduction.38

Human follicle-stimulating hormone

Jiang et al. purified recombinant human follicle-stim-
ulating hormone (hFSH) into low-glycosylated hFSH 

and fully-glycosylated hFSH.39 Granulosa cells were then 
treated with either a high concentration of complete hFSH 
or  low-glycosylated hFSH for 48 h. Those treated with 
low-glycosylated hFSH showed a more significant accu-
mulation of cAMP, PKA activation and phosphorylation 
of  the  S133 site on  CREB. Human follicle-stimulating 
hormone with low glycosylation also stimulated CREB 
response element-mediated transcription more effectively 
than that of hFSH with complete glycosylation. It implies 
that low-glycosylated hFSH exhibits higher biological ac-
tivity than fully-glycosylated hFSH. These processes regu-
late the CREB signaling pathway and thus play a positive 
role in follicle stimulation in older patients using assisted 
reproductive technology.

Nucleotide receptor P2X (7)

Nucleotide receptor P2X (7), an  immunomodulatory 
cation channel protein, is expressed in immune cells such 
as monocytes and macrophages. It is activated by extracel-
lular adenosine 5′-triphosphate (ATP) after tissue injury 
or infection.40 Ligand binding to P2X (7) can stimulate 
the production of ERK1 and transcriptional activation 
of CREB. It was found that P2X (7) is sensitive to Endo H 
and PNGase F, and is glycosylated at sites N187, N202, 
N213, N241, and N284. Mutations at the N187 site result 
in significantly decreased phosphorylation of ERK and 
CREB by a P2X (7) agonist, suggesting that residue N187 
is essential for receptor transport and function.41

Signal transducer and activator of transcription

Signal transducer and activator of transcription (STAT) 
can bind to specific peptides containing phosphorylated 
tyrosine. Some studies have demonstrated that O-linked 
GIcNAc is the second modification necessary for STAT5-
induced transcription. This glycosylation was only found 
in activated STAT5 within the nucleus. The STAT5 binds 
to CBP only after glycosylation.42

Sirtuin 1

The CREB functions show a close relationship with 
learning and memory, which is also related to AD. In this 
disease, Sirtuin 1 (SIRT1) has neuroprotective properties 
and the dysregulation of SIRT1 is associated with an aber-
rant accumulation of the key AD-associated tau protein. 
A recent study showed that SIRT1 could deacetylate CREB 
and decrease p-CREB levels. Then, inactivated CREB 
could attenuate the O-GlcNAcylation of tau by inhibit-
ing OGT.43

Others

Drosophila NOT, human clone hNOT-1/ALG3-1 and 
yeast ALG3 gene undergo N-glycosylation modification 
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and bind with the CREB3 precursor. However, there are 
no interactions with the CREB3 protein cleavage products 
in the ER and nucleus. A prerequisite for the interaction 
between these 2 chaperones is the proteolytic activation 
of CREB3.44

Regulatory factors  
of CREB glycosylation

The glycosylation of CREB is associated with several 
factors. As a result of a variety of regulatory mechanisms, 
CREB glycosylation levels and deglycosylation levels un-
dergo constant dynamic adjustment. For example, mi-
cronutrients found in organisms are of vital importance 
in metabolic regulation and provide fuel and energy for 
protein glycosylation.45 Therefore, dynamic changes in mi-
cronutrient levels in vivo may regulate target genes, and 
affect related protein glycosylation levels and the utili-
zation of GlcNAcylated CREB. A recent study showed 
that the glycosylation of CREB is affected by the nutrient 
sensing pathway of iron by leptin gene regulation. In this 
study, researchers discovered that high iron intake changed 
the CREB occupancy pattern, increasing the occupancy 
of p-CREB and decreasing the occupancy of O-GlcNAc-
ylated CREB on the leptin promoter.46

CREB-associated glycosylation  
and disease

The CREB is an important transcription regulator in eu-
karyotic cells and is involved in the development of mul-
tiple types of diseases, such as neurodegenerative diseases, 
diabetes complications, tumorigenesis, and neurogenesis 
(Fig. 3).

Alzheimer’s disease

Of note, CREB is mostly related to the molecular mech-
anisms of learning and memory which are dysregulated 
in the degenerative disease. As mentioned above, the dys-
regulation of PKA-CREB signaling could lead to memory 
loss and cognitive decline. The O-GlcNAcylation of PKA 
promotes PKA kinase activity and might be a novel way 
of  improving learning and memory deficits in patients 
with AD.38 In addition, region-specific activation of CRTC1-
CREB signaling mediates long-term fear memory.47

Metabolic disease

Previous studies have shown that CREB glycosylation 
levels and utilization rates are regulated by micronutri-
ents. Induced nutrient sensing and glycolipid metabolism 
regulation play an important role in metabolic diseases 
such as obesity, diabetes and hyperglycemia.

Fig. 3. The regulating mechanism of cyclic adenosine monophosphate (cAMP) response element-binding protein (CREB)-associated glycosylation 
in disease development, and the involvement of CREB glycosylation in different types of diseases including degenerative diseases, diabetes, reproductive 
diseases, and endoplasmic reticulum (ER) stress

CRTC – CREB transcription coactivator; IL-1β – interleukin-1β; ATF – activating transcription factor; CREM – cyclic adenosine monophosphate response 
element modulator; hFSH – human follicle-stimulating hormone.
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In addition, CRTC and ATF are both involved in met-
abolic control. Interestingly, this protein family affects 
the  response of  the  cell to  different external stimuli 
by sensing extracellular signals such as nutrients, energy 
state and hormone levels. This results in the changing 
of  the  transcriptional activity in order to regulate ho-
meostasis in a variety of  important tissues and organs, 
especially the liver. Disorders of glucose and lipid metabo-
lism can lead to severe metabolic diseases, such as fatty 
liver disease or hepatocellular carcinoma. It is important 
to determine how to reverse the disturbance of hepato-
cyte homeostasis induced by excess nutritional intake. 
However, protein O-GlcNAc mainly acts through the HBP 
and, based on its reversible property, might be a promising 
regulatory mechanism in glucose metabolism.

Reproductive development

Many studies have shown that CREB family genes are 
related to the development and maturation of germ cells, 
such as sperm development and follicular cell maturation. 
In CREB-associated genes, the bZIP-type transcription 
factors CREB and CREM are reported to play pivotal roles 
in the events that occur before the morphological changes 
in spermatogenesis.48 In particular, CREM is essential for 
spermatogenesis. The  glycosylation process regulates 
a subsequent signal transduction (such as the RIP pathway) 
and biological functions (ER degradation).25

Regarding female fertility and sex steroid hormone pro-
duction-related diseases, glycosylation of hFSH changes 
the bioactivity of hFSH and stimulates the cAMP-PKA-
CREB pathway in human granulosa cells. This study sug-
gests that glycosylation of hormones may be the correct 
direction in the treatment of reproductive and develop-
mental diseases.

Overall, clarifying the  relationship between CREB-
related glycosylation and diseases is helpful for further 
applications. By analyzing the glycosylation level of pro-
teins and evaluating the occupancy and heterogeneity 
of glycans and glycosides, we can further assess the phys-
iological and pathological role of protein glycosylation 
in diseases. Thus, glycoproteins may be worthy of further 
study as biomarkers of diseases.49

In the future

Glycosylation is one of the most important types of PTMs 
for CREB functional regulation. The study of the glycosyl-
ation of CREB at the proteomic level helps to understand 
the biological significance of the glycosylation of CREB 
in life processes. It is also helpful in analyzing the function 
and significance of CREB from the comprehensive level 
of genome proteome glycobiology, and enables a more com-
prehensive understanding of the role of CREB in the patho-
genesis of  diseases. On  the  other hand, this research 

provides scientific guidance for the early diagnosis and 
treatment of diseases. In conclusion, with the continuous 
development and improvement of protein glycosylation 
analysis technology, we  will obtain more information 
on glycoprotein structure and gain a deeper understand-
ing of the biological functions of protein glycosylation.

Admittedly, this review has several limitations. We only 
discussed CREB-associated glycosylation and its func-
tional regulation, while the noncanonical cellular mecha-
nisms of CREB-associated glycosylation are still unclear. 
Additionally, CREB-associated glycosylation is involved 
in a broad number of diseases and only a cursory summary 
of the most relevant diseases was provided in this study.
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