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Abstract
Oral lesions are a significant concern among older adults because they can progress to oral cancer if not diag-
nosed and treated promptly and effectively. Transportation to the hospital is a major barrier to oral healthcare 
for many older adults. The purpose of this editorial is to address the challenges of managing oral potentially 
malignant disorders in the older population, highlighting the barriers they face in accessing healthcare 
services, the potential use of laser therapy for management, and the direction of research in this area. Due 
to the limited access of the older to healthcare services, primary healthcare facilities within communities serve 
as their primary providers. Laser therapy is recommended for the management of oral potentially malignant 
disorders due to its favorable outcomes. This approach has been tested in several primary healthcare centers 
in Thailand. In our project, laser therapy was used to treat oral potentially malignant disorders in primary and 
secondary healthcare services. This includes photodynamic therapy for older patients with extensive lesions, 
as well as individuals with oral leukoplakia and erythroplakia who have declined curative surgery. It has also 
been used in cases of recalcitrant lichen planus to steroid or photobiomodulation therapy. This approach 
has been well accepted by both oral healthcare providers and patients. To expand access to these treatment 
options in such settings, it is critical to empower healthcare professionals, particularly dentists and dental 
nurses, to integrate laser techniques into geriatric care and oral cancer screening. Establishing a network 
foundation for orofacial laserology would also enhance the potential of such settings.

Key words: primary care, laser therapy, oral cancer, cancer prevention, older
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Introduction

The increasing proportion of the aging population glob-
ally has had a substantial impact on healthcare due to their 
compromised physical, mental and functional wellbeing. 
An observational study revealed a bidirectional associa-
tion between weight loss and mental health in older adults, 
persisting even after 3 months of observation.1 A recent 
systematic map of the systematic review included 39 ar-
ticles indicating that the decline in oral function is pri-
marily attributed to the frailty of older individuals. This 
review pointed out specific areas such as caries, periodon-
tal disease, orofacial pain and temporomandibular disor-
ders, mucosal lesions, dry mouth, and oral motor function 
as crucial gaps of knowledge for diagnosing, preventing, 
assessing risks, and treating non-operative or operative 
procedures. Among these domains, there was a signifi-
cant gap in knowledge when it came to treating oral mu-
cosal lesions in older people. Halitosis was also identified 
as an area where dentists need to improve their communi-
cation skills and knowledge of treatment due to its complex 
nature. A systematic review demonstrates that laser therapy 
and photodynamic therapy are effective treatments for this 
condition.2,3 This issue requires a multidisciplinary ap-
proach from healthcare professionals.4 In addition, a cross-
sectional survey of 300 dentists working in private practice, 
dental clinics and universities found that 85% had difficulty 
diagnosing oral lesions.5 Insufficient knowledge in manag-
ing oral mucosal lesions was also compounded by the dis-
covery that potentially malignant disorders in the oral cav-
ity were observed in 4.47% of the global population, 10.54% 
in Asia and 3.07% in Europe. These disorders exhibited 
unpredictable rates of progression to severe epithelial dys-
plasia and oral squamous cell carcinoma.6

The multicenter study involving 76,045 biopsy records 
from 7 centers in Asia and North America, with 11,346 
older adults participating, revealed a 14.93% prevalence 
of  geriatric oral lesions. The  majority of  these lesions 
were categorized as reactive or inflammatory oral lesions 
(46.58%), followed by malignant tumors, mostly squamous 
cell carcinoma (15.71%), odontogenic cysts (8.87%), benign 
tumors (7.41%), allergic or immunological disorders (6.65%), 
oral potentially malignant disorders (6.27%), and other cat-
egories (5.22%). Infections were the least prevalent at 3.18%. 
The study indicated the critical need for systematic screen-
ing for oral potentially malignant disoders and oral malig-
nancy in the older population to enable early detection and 
intervention.7 Similarly, a study of oral cancer screening 
programs conducted by general dentists in the USA high-
lighted the significance of screening for oral potentially 
malignant disoders. Skipping an oral cancer screening 
program can result in severe health, financial and social 
consequences for individuals and society as a whole. For 
instance, the disease may be more advanced, leading to lim-
ited or less effective treatment options, increased health 
risks and the need for complex and costly procedures.8 

The provided information emphasizes the crucial need 
for developing innovative treatments for oral potentially 
malignant disorders or epithelial dysplasia.

In addition to the challenges associated with maintain-
ing fragile general and oral health, the socioeconomic 
status of older adults can serve as a significant barrier 
to accessing advanced treatments. Consequently, it is es-
sential to select a suitable model for managing oral po-
tentially malignant disorders and preventing oral cancer 
that is customized to a specific population. This selection 
should consider factors such as disease incidence, avail-
able resources and the healthcare system of the respective 
country.9 In many Asian countries, the older in remote 
areas depend on primary healthcare systems. Therefore, 
the development of accessible and user-friendly healthcare 
technology for primary care workers is a valuable endeavor.

Objectives

This editorial aims to highlight the challenges of treating 
the older population, focusing on oral lesions, the barriers 
older adults face in accessing healthcare services, the crit-
ical role of primary care, and the potential use of  laser 
therapy for managing oral potentially malignant disorders. 
Furthermore, we present our project, which is supported 
by the National Science Research and Innovation Fund 
(NSRF) in Thailand. This project concerns the develop-
ment of laser therapy for the treatment of oral potentially 
malignant disorders in primary and secondary healthcare 
services. Additionally, we explore future research direc-
tions in these areas, emphasizing the need for multidisci-
plinary approaches.

The challenges of treating oral 
lesions in older population

The diagnosis of oral lesions often necessitates histopath-
ological investigation through biopsy. Older individuals may 
exhibit reduced capacity to tolerate surgical procedures, 
including minor oral surgeries. A study of 23,217 newly di-
agnosed oral cancer patients revealed that, besides medical 
conditions such as poor general health, low body mass index 
(BMI) and advanced tumor stage, aging was found to be one 
of the significant reasons for not undergoing curative surgi-
cal treatment.10 In our project on the development of laser 
therapy for treating oral potentially malignant disorders 
in primary and secondary healthcare services, we found 
that older people tended to refuse surgical treatment, in-
cluding incisional biopsy under local anesthesia. This was 
mainly due to their inability to tolerate pain and bleeding 
during and after the surgery. According to a systematic re-
view, there is strong evidence that frailty in older and oldest 
patients undergoing major surgery predicts postoperative 
mortality, complications and prolonged hospital stay.11



Adv Clin Exp Med. 2024;33(10):1033–1037 1035

Using medication such as topical steroids to treat oral 
lesions in older adults without a definite diagnosis from 
a biopsy may only be effective for treating certain lesions, 
such as oral lichen planus. However, oral candidiasis, bad 
taste, nausea, dry mouth, sore throat, and swollen mouth 
were commonly found in older people after taking topical 
steroids.12,13 The aforementioned side effects affect the oral 
health of older individuals.

Based on a recent systematic review, non-invasive meth-
ods for diagnosing oral potentially malignant disorders 
are in the developing phase, with histological investiga-
tion via surgical biopsy being the only method to obtain 
a definite diagnosis.14 There was also a strong relationship 
between oral epithelial dysplasia and the malignant trans-
formation of oral potentially malignant disorders. There-
fore, the difficulty of undergoing surgery due to general 
health or attitude limits the effectiveness of oral cancer 
screening, prevention and treatment in the older indi-
viduals. Surgical techniques that are minimally invasive 
and cause fewer postoperative complications are highly 
beneficial for the management of oral potentially malig-
nant disorders and the prevention of oral cancer in older 
individuals.

The barriers of older adults 
to accessing healthcare services 
and the critical role of primary care

The review of global access to oral care revealed that 
older individuals encounter challenges in receiving proper 
oral health treatment due to limitations in transportation. 
Consequently, this has led to an increase in the severity 
of oral disorders such as periodontal disease resulting 
in  tooth loss and oral potentially malignant disorders 
transforming into oral cancer.15

To illustrate the local situation, we may consider the case 
of Thailand which is currently facing a growing concern 
with its aging population, as almost 20% of its 68.2 mil-
lion inhabitants are older people.16 This demographic shift 
increases the risk of chronic diseases among the aging 
population. To address this issue, sub-district health-pro-
moting hospitals, which serve as the primary care units 
closest to the people, are providing comprehensive health 
services that encompass health promotion, disease preven-
tion, medical treatment, and rehabilitative care, all aimed 
at ensuring continuous and accessible care for older adults.

A significant portion of Thailand’s older population, 
65.7%, lives in rural areas, with 12% living alone.16 Many 
of  these individuals need caregivers to help with daily 
activities. Access to oral care remains a major barrier 
to dental treatment for older adults. The most recent sur-
vey in Thailand indicates that 66.2% of older adults have 
not utilized dental services. Among those residing in ru-
ral areas, 32.2% received dental treatment at the primary 

healthcare level.17 The lack of a caregiver to accompany 
them to the community hospital is a significant barrier 
to accessing dental services.

While dental treatment for older adults in Thailand 
is covered by national health insurance, additional costs, 
such as caregiver fees or transportation expenses, pose fur-
ther challenges. The common oral disorders in the older 
people have been dental caries and periodontal disease, 
60.0% had untreated dental decay teeth, and 48.7% had 
periodontal diseases.17 The potentially malignant disorder 
has gradually increased in this group of people as a global 
situation.

To overcome this barrier, primary healthcare is con-
sidered necessary in ensuring access to overall wellbeing 
care, including oral care, for older people. The establish-
ment of a robust primary care system in Thailand since 
1970 has enabled the entire country to achieve universal 
healthcare coverage with efficiency and equity.18 It is clear 
that primary healthcare can encompass not only health 
promotion but also disease prevention and control. There-
fore, it is essential to introduce advanced technology and 
telehealth services to primary care providers. This will 
undoubtedly benefit the community and improve the over-
all health of older people who lack opportunities to seek 
healthcare services.

The significance of primary care was globally further 
emphasized during the COVID-19 pandemic, as the ef-
fectiveness of primary care and the community played 
a crucial role in stopping the outbreak of the disease.19

Using laser therapy for managing 
oral potentially malignant 
disorders

According to  review articles published from 2011 
to 2021,20–22 the understanding and explanation of the eti-
ology of oral potentially malignant disorders is influenced 
by multifactorial factors and genetic instability of keratino-
cytes, primarily due to oral mucosa inflammation. The pro-
gression of oral disorders to oral cancer exhibits varying 
temporal patterns based on the types of oral potentially 
malignant disorder involved. For instance, oral lichen pla-
nus presents a lower risk of progression to oral cancer than 
erythroplakia. Notably, the increased risk of progression 
is closely linked to oral epithelial dysplasia, necessitating 
conventional histopathological scrutiny via tissue biopsy.

Laser therapy can be used for a wide range of applica-
tions in managing oral potentially malignant disorders, 
including laser surgical biopsy, reduction of oral mucosa 
inflammation, promotion of healing, and treatment of oral 
squamous cell carcinoma in situ. Using high-intensity laser 
therapy for surgically managing oral potentially malignant 
disorders has been continuously reported. The conven-
tional CO2 laser, neodymium-doped yttrium aluminium 
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garnet (Nd:YAG) laser, potassium titanyl phosphate (KTP) 
laser, or the newer 445 diode laser demonstrated positive 
clinical results in terms of hemostasis control, less postop-
erative pain and short-term remission of the lesions.23–25 
It  should be noted, however, that the  recurrence and 
progression rates, especially in the case of oral epithelial 
dysplasia, were not lower than with other conventional 
procedures, especially when the laser was used in the va-
porization technique. The authors highly recommend uti-
lizing the excisional technique of laser surgery for oral epi-
thelial dysplasia. In our project of treating oral potentially 
malignant disorders in primary and secondary healthcare 
services, we found that the older individuals tolerated well 
the use of laser for incisional and excisional biopsies under 
local anesthesia of lesions in which the size was smaller 
than 2 cm2. The specimens were fully processed for his-
topathological investigation.

A recent systematic review of 26 clinical trials26 and 
a recent clinical trial27 demonstrated that photodynamic 
therapy, a non-thermal effect of  laser therapy that gen-
erates reactive oxygen species (ROS), was an  effective 
treatment in  achieving complete-to-partial remission 
in the majority of oral lesions. This suggests that photo-
dynamic therapy could be a promising treatment for oral 
potentially malignant disorders with epithelial dysplasia, 
and even early invasive squamous cell carcinoma. In our 
project of treating oral potentially malignant disorders 
in primary and secondary healthcare services, we used 
photodynamic therapy for the older patients with extensive 
lesions, as well as for individuals with oral leukoplakia and 
erythroplakia who declined curative surgery, and for cases 
of lichen planus that did not respond to steroid or photo-
biomodulation therapy. A systematic review revealed that 
photodynamic therapy is an effective treatment for oral 
lichen planus, offering the same efficacy as steroid use.28

According to systematic reviews, low-intensity photo-
biomodulation therapy provides effective results without 
side effects compared with steroids in patients with oral 
lichen planus.13,29 This treatment is suitable for older pa-
tients with lesions that do not respond to steroid treatment 
or who experience side effects such as candidiasis.

Research direction and 
application of using laser therapy 
for managing oral potentially 
malignant disorders in primary 
care for older people

Minimally invasive laser surgery for oral lesions allows 
the older adults to have an incisional biopsy for an accu-
rate diagnosis. Photodynamic and photobiomodulation 
therapies are noninvasive alternatives for older individuals 
who cannot take local or systemic steroids due to the risk 

of candidiasis. Photodynamic therapy appears to be “sur-
gery without cutting” to maintain or control the lesions 
with oral epithelial dysplasia in the older individuals who 
are not able to undertake curative surgery.

The use of these therapies in older adults requires multi-
ple treatment sessions. If these treatment options could be 
offered in primary care settings, the older patients would 
benefit directly. Our research on introducing laser therapy 
into primary care showed that the local healthcare person-
nel needed the proper laser machine to use in addition 
to the knowledge of how to apply laser therapy to the pa-
tients.30 We found that the fulfillment of knowledge and 
proper laser equipment provided equivalent clinical effi-
cacy with laser therapy in the older individuals across all 
levels of oral healthcare.31 Therefore, research in this area 
focuses on developing user-friendly and precise techniques 
and specific laser machines to achieve this goal. Addition-
ally, the preparation of photosensitizers for photodynamic 
therapy with ready-to-use options is being studied. In or-
der to make these treatments available in primary care 
settings, healthcare professionals, especially dentists and 
dental nurses, need to be provided with knowledge of in-
tegrated laser techniques for geriatric care and oral cancer 
screening. A network foundation for orofacial laserology 
should also be established to provide further care for older 
adults.

Limitations

The operative definition of primary healthcare depends 
on the public healthcare system of an individual country.

Conclusions

The use of  laser surgery, photodynamic therapy and 
photobiomodulation therapy allows for the  treatment 
of oral potentially malignant disorders in older individuals, 
overcoming the limitations posed by their overall health. 
The introduction of laser therapy at the primary care level 
will directly benefit the older population in the control 
of potentially malignant oral conditions, thereby helping 
to prevent oral cancer.
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Abstract
It is of vital importance to patients and physicians, as well as administrators and drug regulators, that the treat-
ment for a disease has been shown to be safe and clinically meaningful in long-term use. Recent literature 
has highlighted 3 major categories of arguments for and against modification of the underlying disease 
process in Alzheimer’s disease (AD): pathophysiology, biomarkers and data from clinical trials. We argue 
that the Alzheimer’s arena is over-reliant on theories of disease modification based solely on brain positron 
emission tomography (PET) imaging and blood biomarkers of tau and Aβ peptides. Here, we instead focus 
on a historically-grounded empirical criterion from other fields of medicine to overcome the weak interpreta-
tions of short Alzheimer’s trials: survival time (ST). Our analysis has identified 3 key points. First, if anti-amyloid 
therapies are AD-modifying treatments, then we argue that they should increase ST more than the standard 
“symptomatic” care with memantine and acetylcholinesterase inhibitors. Second, we question memantine 
and cholinesterase inhibitors being labeled simply as “symptomatic” Alzheimer’s drugs since long-term 
use of them can produce disease modification, that is, increase ST. Third, we make a case for memantine 
or cholinesterase inhibitors being used as controls in clinical trials with amyloid-lowering and other drugs, 
and argue against their current under-use in care of Alzheimer’s patients.

Key words: clinical trials, survival time, amyloid-β, Alzheimer’s disease, anti-amyloid antibodies
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Introduction

It is of vital importance to patients and physicians, as well 
as administrators and drug regulators, that the treatment 
for a disease has been shown to be safe and clinically mean-
ingful in long-term use. Recent 12–18 month clinical trials 
in early Alzheimer’s disease (AD) patients with anti-Aβ 
monoclonal antibodies have demonstrated significant re-
duction of amyloid plaques in the brain as seen in amy-
loid positron emission tomography (PET) scans. However, 
a clinically meaningfull effect on slowing disease progres-
sion and cognitive decline has not been demonstrated.

On June 7, 2021, the U.S. Food and Drug Administration 
(FDA) approved aducanumab (Aduhelm®; Biogen, Cam-
bridge, USA), an anti-Aβ monoclonal antibody, the first 
new drug in 18 years for the treatment of patients with 
AD, citing the “evidence that Aduhelm reduces amyloid 
beta plaques in the brain and that the reduction in these 
plaques is reasonably likely to predict important benefits 
to patients”.1 On January 31, 2024, Biogen announced that 
it would stop manufacturing Aduhelm and would also stop 
the ENVISION clinical trial, a confirmatory trial requested 
by the FDA to determine whether Aduhelm could actu-
ally slow disease progression and cognitive decline in AD 
patients. In the words of Christopher Viehbacher, CEO 
of Biogen: “When searching for new medicines, one break-
through can be the foundation that triggers future medi-
cines to be developed. Aduhelm was that groundbreak-
ing discovery that paved the way for a new class of drugs 
and reinvigorated investments in the field.”2 Ultimately, 
this rhetoric of revolution has often been brandished in-
stead of rigor when discussing the clinical benefits of adu-
canumab and other anti-amyloid antibodies.3

On July 6. 2023, the FDA approved lecanemab (Leqembi®; 
Eisai, Tokyo, Japan), an  anti-Aβ monoclonal antibody 
which reduced amyloid in the brain, did not slow cognitive 
decline in women, and enhanced the decline of study par-
ticipants with 2 APOE4 genes. The claim of 27% of slow-
ing cognitive decline in 18 months with lecanemab over 
placebo is due to a misinterpretation of data and trivial 
miscalculation; the real number is 9.3%.4

On July 2, 2024, the FDA approved donanemab (Kisunla™; 
Eli Lilly and Company,5 Indianapolis, USA), an anti-Aβ 
monoclonal antibody for people with early symptomatic AD. 
The claim of 36% of slowing cognitive decline in 18 months 
with donanemab over placebo is due to a misinterpretation 
of data and trivial miscalculation; the real number is 9.6%.6 
On July 26, 2024, the European Medicines Agency (EMA) 
did not approve lecanemab, saying that “the benefits of lec-
anemab did not counterbalance the risk of serious side effects, 
especially bleeding and swelling in the brain”.7 Lecanemab, 
now being approved in China, Israel, Japan, and the USA, but 
nowhere else, raises the obvious question: How is it possible 
the same clinical trial data can be interpreted so differently, 
as providing experimental evidence to argue both for and 
against the efficacy and safety of lecanemab in human use?

The debate around disease 
modification in Alzheimer’s 
disease

Indeed, there is no consensus on what we mean by the ben-
efit/risk measure of anti-amyloid immunotherapies. Planche 
and Villain recently summarized 3 kinds of arguments for 
and against disease modification, pathophysiology, bio-
marker evidence, and clinical trial data, and argued that 
“With currently available data, one can therefore argue that 
anti-amyloid immunotherapies are [disease-modifying ther-
apies (DMTs)] and are not”.8 One’s position on the “disease-
modifying” debate naturally depends on how one defines 
both AD (i.e., disease) itself, and what kind of modification 
is considered to be important for regulatory decision-mak-
ing. It is not accidental that the largely USA-based definition 
of AD9 as brain amyloidosis separate from cognitive symp-
toms led to regulatory approval of anti-amyloid antibodies, 
whereas the more European definition of AD10 requiring 
symptoms before diagnosis, also led to more skepticism 
about benefit for patients.11

Concerning Planche and Villain’s 3 classes of arguments 
for disease modification,8 we consider that the AD field 
in general has been over-reliant on theoretical criteria, 
i.e., the amyloid hypothesis and amyloid-centric biomark-
ers including PET scans, to evaluate treatments.12 We ar-
gue that the field should go beyond theoretical criteria 
to consider empirical and statistical criteria that histori-
cally were at the heart of decision making at the FDA.13 
We think it  is  important to consider objective, clinical 
criteria for claims of disease modification. Importantly, 
none of the recently approved monoclonal antibodies for 
AD reach thresholds for minimal clinically important dif-
ference (MCID)14 in various cognitive domains.15 However, 
the clinical level is not reducible to the cognitive level. 
It is important to consider functional and neuropsychiatric 
symptoms of AD when discussing disease modification.16 
A positive disease-modifying treatment should not worsen 
neuropsychiatric17 or functional symptoms. Even though 
AD is a complex disease with different pathways,18 we ar-
gue that the worsening of non-cognitive symptoms would 
be an argument against modification of those underlying 
disease processes leading to abnormal functioning.

In the context of these considerations of clinical benefit, 
it should be noted that an acetylcholinesterase inhibitor, 
donepezil (Aricept; Eisai) provides comparable, if not bet-
ter, benefit in cognition and behavior than the anti-Aβ 
antibodies as measured by CDR-SB.19 However, because 
of  the  fame of  the  amyloid hypothesis of  AD,20 and 
since donepezil does not reduce amyloid in the brain,21 
it is by definition not considered to be a disease-modifying 
treatment. What is important for the disease modification 
debate is whether objective measures in cognition with 
anti-amyloid treatments are maintained or even increase 
over time as compared to donepezil.22
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However, these data for anti-amyloid treatments are 
not yet available. Evidence suggests that long-term use 
of donepezil leads to reduced functional decline23 and 
mortality24 in  AD patients and also in  nursing home 
residents with mixed dementia.25 Interestingly, a causal 
inference study using data from electronic health records 
suggests that combination use of donepezil and meman-
tine (an NMDA receptor inhibitor) creates “a significant 
beneficial additive drug-drug interaction” leading to sig-
nificantly improved (ST) in AD patients.26 In American 
veterans, memantine was associated with increased ST 
compared to donepezil.27

Survival time in Alzeimer’s disease

Alzheimer’s disease is a slowly progressing irreversible 
disorder of the brain and mind, and ST, after diagnosis 
at age 65 and over, is 4–20 years. There is a general consen-
sus that earlier age of AD onset leads to a more aggressive 
form of the disease with a shorter ST.28 To our knowledge, 
there has been no discussion of ST as a criterion for disease 
modification in AD. This is perhaps related to the ambigu-
ity about whether AD is fatal, since in most cases, patients 
with severe AD die of secondary complications resulting 
from inadequate personal care and immobility, including 
pneumonia.29 We can nevertheless draw on literature from 
oncology that uses ST as an important measure of disease 
modification.30 From a public health perspective, improv-
ing ST is of vital importance, since AD is cited as a leading 
“cause of death,” at 7th place in the USA.31

If the anti-amyloid therapies are AD modifying treat-
ments in slowing disease progression and cognitive de-
cline, then we argue that they should increase ST more 
than supposedly “symptomatic” treatments such as ace-
tylcholinesterase inhibitors (donepezil, rivastigmine and 
galantamine) and/or memantine. Survival time is likely 
to be the most solid estimate for clinically meaningful ben-
efit of putative treatments for AD, including current and 
future anti-Aβ monoclonal antibodies, since it has high 
value to public health and a low chance of bias compared 
to current measures used to evaluate treatments for AD, 
which may be sensitive to unblinding and not translate 
into clinical benefit.32

We also consider that over-reliance on anti-Aβ treat-
ments as sources of disease modification has led to un-
der-use of acetylcholinesterase inhibitors and meman-
tine in both clinical trials and care. For instance, a recent 
longitudinal study of over 25,000 French nursing home 
residents found that over 80% of residents had received no 
exposure to either acetylcholinesterase inhibitors or me-
mantine.25 The authors of this study concluded that “use 
of conventional anti-dementia drugs is associated with 
a lower mortality in nursing home residents with dementia 
and should be widely used in this population”.25 We agree 
with this conclusion and argue that there is a solid case 

to be made for this to be applied to the research context 
of clinical trials. In other words, acetylcholinesterase in-
hibitors and/or memantine should be used as the “standard 
of care” control instead of placebo in amyloid-lowering and 
other clinical trials in Alzheimer’s patients (dependent 
on disease stage).33 We consider that provision of such care 
should be an ethical duty of trial sponsors, the absence 
of which would amount to withholding treatment, which 
would require further ethical justification.34 We also con-
sider that over-reliance on the amyloid hypothesis to find 
a disease-modifying treatment may also have led to neglect 
for studying the possible positive long-term consequences 
of  acetylcholinesterase inhibitors and/or  memantine. 
We consider that it  is not appropriate to reduce the ef-
fects of these treatments to the merely “symptomatic” such 
as when the National Institute of Aging claims that they 
are “FDA-approved medications to manage symptoms”.33

We argue that following up current patients and analyz-
ing historical data on ST for AD trials should be a priority 
to establish the value of anti-amyloid and other therapies 
in the treatment and prevention of AD. Following up cases 
of autosomal dominant early-onset AD (ADAD) would 
provide the highest evidence of disease modification.35 
Survival time analyses have been performed in ADAD, 
finding that age of symptom onset is a stronger predic-
tor of ST than different mutant variants of APP or PS1 
responsible for ADAD.36 However, the few cases of ADAD 
and the limited trial data on treatments37 reduce statistical 
power and limit the amount of evidence available. Thus, 
follow up of the ST of tens of thousands of  individuals 
having volunteered in historical and ongoing prevention 
trials in cognitively normal subjects at risk of developing 
AD with lecanemab (AHEAD3 and AHEAD45 studies) 
and donanemab (TRAILBLAZER-ALZ 3 study) will pro-
vide crucial analyses of disease modification. Importantly, 
our long-term follow-up proposal overcomes the current 
problem of the trial, i.e. disease mismatch, since current 
12–18 month trials are only a snapshot of the long AD 
process.8

Overcoming limitations

However, there are limits to our position. Historical data 
on the first anti-amyloid therapy suggest that immuniza-
tion with Aβ peptide as a treatment for AD provided “no 
evidence of improved survival”.38 However, historical data 
may be confounded by the fact that approx. 30% of people 
enrolled in amyloid-lowering trials were not amyloid posi-
tive and therefore, by definition, did not have AD before 
in vivo biomarkers became available.39 Consequently, anal-
yses of historical data should be limited to those where 
biomarker confirmation of AD was used. Second, older 
age leads to an exponential increase in all-cause mortality 
rates,40,41 as well as less aggressive forms of dementia. Both 
of these factors could simultaneously lead to under- and 
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over-estimation of treatment effects on ST. Finally, there 
is evidence that age-standardized rates of dementia have 
been declining over the last few decades in higher-income 
countries,42 perhaps due to a “compression” effect whereby 
people are increasingly developing dementia later in life 
and living with it for a shorter amount of time.43

Thus, when determining clinical meaningfulness by ST 
between treatment and non-treatment groups, there are 
several factors to  take into count. These include age 
of symptom onset, age at the start of treatment, background 
demographics, and also longitudinal changes between co-
horts. Nevertheless, if such factors can be controlled for 
and treatment groups can be shown to have increased ST, 
then we consider it both likely and meaningful that such 
treatments are modifying the disease process.

Conclusions

We consider that ST should be used to ground claims 
of disease modification in AD. We argue that, currently, 
the over-reliance on amyloid-lowering drugs has led to ne-
glect of the long-term benefits of memantine and acetyl-
cholinesterase inhibitors, which we do not consider to be 
merely symptomatic, since they demonstrate some long-
term disease-modifying effects. We argue for increased use 
of acetylcholinesterase inhibitors in research (as a standard 
of care rather than placebo) and care settings (to reduce 
under-prescribing). Finally, we consider that if anti-amy-
loid treatments are truly disease-modifying as is claimed 
by the proponents and defenders of the amyloid hypoth-
esis, then they should increase ST more than memantine 
or acetylcholinesterase inhibitors.
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Abstract
This editorial outlines the issue of preprints in scholarly communication. It presents the policy regarding them 
in Advances in Clinical and Medical Problems and a summary of papers released as preprints and subsequently 
published in this journal or rejected until July 10, 2024. The introduction discusses the definition of preprint, 
and leading preprint servers are listed. Policies of 2 such services – Research Square and medRxiv – most fre-
quently chosen by Adv Clin Exp Med authors are then described, followed by a broad outline of the advantages 
of preprints and controversies surrounding them, based on selected literature on this topic. The next section 
discusses the policies of most renowned medical journals and publishers regarding preprints. The preprint 
policy of Adv Clin Exp Med is then thoroughly explained, as well as its reasons. All papers previously released 
as preprints and published in this journal in 2021–2024 are presented, focusing on meaningful differences 
between them. Rejected papers previously released as preprints, submitted to Adv Clin Exp Med in 2022–2024, 
are also listed and discussed. The conclusion is that the basis for endorsing preprints in this journal is not 
that they benefit this journal but that they serve the scientific community as a whole and science in general 
by facilitating rapid dissemination of results and fostering immediate assessment of those results by other 
investigators and debate around them. The most justified line of action is educating authors about the benefits 
and problems related to preprints.

Key words: policy, peer review, open science, scientific journal, preprints

Editorials

Supporting open science: Advances in Clinical 
and Experimental Medicine and preprints

Marek Misiak1,A–F, Donata Kurpas2,A,E,F

1	 Managing Editor, Wroclaw Medical University Press, Poland
2	 Division of Research Methodology, Department of Nursing, Faculty of Nursing and Midwifery, Wroclaw Medical University, Poland

A – research concept and design; B – collection and/or assembly of data; C – data analysis and interpretation; 
D – writing the article; E – critical revision of the article; F – final approval of the article

Advances in Clinical and Experimental Medicine, ISSN 1899–5276 (print), ISSN 2451–2680 (online)� Adv Clin Exp Med. 2024;33(10):1045–1068

https://www.doi.org/10.17219/acem/000000
https://creativecommons.org/licenses/by/3.0


M. Misiak, D. Kurpas. Preprints in Adv Clin Exp Med1046

Introduction

One of the core rules of publication ethics in scientific 
journals is that a manuscript submitted to such periodi-
cal can neither be already published nor considered for 
publication elsewhere. In other words, it  is strictly for-
bidden to submit the same paper to 2 or more journals 
concurrently (submitting an  already published paper 
is a much more apparent case since it would mean bla-
tant self-plagiarism). The above is called the Ingelfinger 
Rule after Franz J. Ingelfinger, editor-in-chief of the New 
England Journal of Medicine in 1967–1976.1,2 However, 
a severe definitional controversy arises: Are publication 
and dissemination the same? Since it is understood that 
peer review (regardless of its specific form – double-blind, 
single-blind, open, etc.) is a prerequisite to consider a jour-
nal “scientific” or “scholarly”, should texts made publicly 
available without peer review be considered “published”? 
One of the first researchers to ask themselves this question 
were investigators from the National Institutes of Health 
(NIH), who in 1961 began to circulate papers before their 
publication within an experimental network called Infor-
mation Exchange Groups (IEGs) to ensure access to infor-
mation about new discoveries as rapidly as it was possible 
back then, well before the advent of the Internet.3 This 
experiment was shut down in 1967 after several journals 
refused to accept articles circulated as preprints.4 

The  term ‘preprint’ originates from the  epoch when 
manuscripts were disseminated before they were published 
in a physical, printed form. Nowadays, many scientific jour-
nals do not have a printed version at all, and even if they 
do, it plays only a minor, if not marginal, role in their dis-
semination, but the term itself remains unchanged (“print” 
is a synonym for “formal publication” in this context).

What is a preprint? Definition attempt

Although many issues related to preprints are a subject 
of ongoing controversy, a clear definition of preprint may 
be attempted relatively easily. It is a manuscript (a paper/
article means a published text in this editorial) that is:

1)  scientific/scholarly in nature;
2)  has not been published in a peer-reviewed scientific 

journal;
3)  has not been peer-reviewed in any form;
4)  has been released by the authors themselves, with 

them retaining all copyright;
5)  has been deposited on the Internet in a freely acces-

sible way (usually on a dedicated preprint server);
6)  has (in most cases) a digital object identifier (DOI) 

assigned.
The Committee on Publication Ethics (COPE) defined 

a preprint as “a scholarly manuscript posted by the author(s) 
in an openly accessible platform, usually before or in par-
allel with the peer review process”.5 The adverb “usually” 
is crucial here – an article disseminated this way may be 

simultaneously submitted to a scientific journal; however, 
it is not an element of the definition, and some preprints are 
never submitted, or submitted but never accepted for pub-
lication.6 Berg et al.7 emphasized that preprint is a “com-
plete scientific manuscript” and not a collection of raw 
data or work-in-progress (on the other hand, such “com-
pleteness” does not preclude improvements). They also 
pointed out that a preprint is commonly defined as being 
(or assumed to be) openly available online – all leading pre-
print servers are free of charge. Responsibility for the dis-
tribution of preprints is traditionally considered to be that 
of the author, a component of the definition that is often 
implicit in the verbs used to describe dissemination of pre-
prints, such as, “sharing”, “posting” and “self-archiving”. 
The preprint definition was also discussed by Chiarelli 
et al.,8 but without reaching any definitive conclusion.

In literature, definitions of preprints that somewhat re-
strict the above characteristics can be found. Blatch-Jones 
et al.9 defined preprint as an open and accessible scientific 
manuscript or report shared publicly through a preprint 
server before being submitted to a journal (and not concur-
rently with submission). Chaleplioglou and Koulouris10 add 
that a preprint is an entire scientific manuscript present-
ing a complete work or work-in-progress, but nevertheless 
must be an explicit and connotative presentation of the hy-
pothesis, the rationale, the methodology, and the resulting 
research evidence that supports, rejects or revises the ini-
tial hypothesis. The authors retain the right to adapt their 
work in the future, enrich, modify, or reproduce any part 
of  it  in another version submitted for publication else-
where. The main differences between scientific journals 
and preprint servers (and thus between peer-reviewed pa-
pers and preprinted manuscripts) were outlined in a table 
by Alfonso and Crea.11 A definition employed by medRxiv 
also includes a negative component, stating what char-
acteristics do not describe preprints: “Readers should be 
aware that articles on medRxiv have not been finalized 
by authors, might contain errors, and report information 
that has not yet been accepted or endorsed in any way 
by the scientific or medical community”.12

Posting generally occurs on the day of submission or 
the next day (medRxiv declares 2–4 days).12 There is typi-
cally no formal peer review of the article before it is posted 
online; however, it is checked for plagiarism and offensive/
dangerous content; the only requirement is that the article 
be scientific (see section “Policy of preprint servers” below). 
Papers are neither typeset nor edited linguistically before 
being posted online. Preprint servers have no impact factor 
(IF), and authors retain the copyright of their articles.13

The role of preprints in the scientific 
landscape

In the last 10 years, preprints are perceived as more and 
more important in  the  circulation of  scientific knowl-
edge, and their number is steadily rising. Large number 
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of deposited preprints from various fields of science shown 
by Chaleplioglou and Koulouris10 is one thing, but a sur-
vey recently conducted by Ni and Waltman14 presents both 
the growing familiarity with preprinting and popularity 
of reading and posting preprints, as well as enhanced will-
ingness to do so if a given scholar has not used this form 
of dissemination yet. Although preprints are more vis-
ible in physics and astronomy, followed by mathematics 
and computer science, and their position is much weaker 
in other research areas, the recent COVID-19 pandemic 
was met with a surge in a number of biomedical preprints 
– COVID-19 preprints were posted early in the pandemic, 
and in its early phases represented a significant propor-
tion of the COVID-19 literature.15 In more instances than 
before, manuscripts disseminated initially in  this form 
or sometimes only in such a way contain important results 
(or at least data and hypotheses) also in the field of medicine. 
Therefore, it can be safely stated that preprints are becoming 
an important complement to published papers in the cir-
culation of scientific knowledge, while being in no sense 
a dissemination mode that is to supplant or compete with 
established methods of scholarly communication. The usage 
of preprints can be seen as an attempt to (at least to some ex-
tent) alleviate the shortcomings of the peer-reviewed journal 
model of scientific publication – especially the long wait-
ing time for publication and financial issues related to both 
high article-processing charges and paywall-mode access 
to published papers, employed by many journals.

Where are preprints deposited?

Dissemination of preprints in the current sense of this 
term has been possible since the emergence of the Internet 
at the turn of the 1980s and 1990s. The first dedicated 
preprint archive, arXiv (https://arxiv.org/), was launched 
in 1991, with Hyper Articles en Ligne (HAL; https://hal.
archives-ouvertes.fr/) following in 2001. A visible rise 
in the popularity of preprints has been observed since 
2010 – all the most popular services in medical, scien-
tific publishing were started in the last 12 years: bioRxiv 
(http://biorxiv.org/) in 2013, Authorea (http://authorea.
com/) also in 2013, Preprints.org (https://www.preprints.
org/) in 2016, Open Science Framework (OSF) Preprints 
(https://osf.io/preprints/) in 2017, Research Square (https://
www.researchsquare.com/) in 2018, and medRxiv (http://
medrxiv.org/) in 2019. All the above preprint servers allow 
the deposited manuscript to be assigned a DOI.16 Cha-
leplioglou and Koulouris10 provided an exhaustive review 
of 22 preprint services and their policies, including those 
listed above. The most complete list of preprint repositories 
has been compiled (and is constantly updated) by the Di-
rectory of Open Access Preprint Repositories (DOAPR; 
https://doapr.coar-repositories.org/repositories/). This 
directory provides a list of preprint repositories that are 
available to the research community. It helps researchers 
find the most appropriate platform for a given manuscript, 

enabling them to browse through existing repositories 
by discipline, location, language, functionalities, and other 
facets. The directory is jointly managed by Centre pour la 
Communication Scientifique Directe (CCSD) and Confed-
eration of Open Access Repositories (COAR).

Advice for researchers regarding preprints

In several popular science magazine articles, advice on 
disseminating one’s manuscript as a preprint (and if yes 
– how to do it) may be found. Brock,17 in an article in Na-
ture Index, provided 10 tips for submitting a successful pre-
print, while Bourne et al.18 listed and explained 10 simple 
rules to consider regarding preprint submission. Ettinger 
et al.19 presented a more thorough guide to preprinting for 
early-career researchers, and Sarabipour et al.20 described 
early-career researchers’ perspectives on preprints. Guide-
lines regarding preprints were also released by, i.a., Co-
lumbia University,21 University of Oxford,22 UK Research 
and Innovation,23 NIH,24 University of Surrey,25 Univer-
sity of Melbourne,26 Eastern Michigan University,27 Har-
vard Countway Library,28 and University of Hong Kong 
Libraries.29 Finally, a  practical guide to  the  preprints 
has been released as a preprint in the Zenodo repository 
by Hettne et al.30

Since January 30, 2023, the National Library of Medicine 
(NLM) started to make preprints resulting from research 
funded by the NIH available via PubMed Central (PMC) 
and, by extension, PubMed.31,32

Objectives

This editorial in an attempt to:
1)  define preprints as a form of dissemination in the sci-

entific milieu;
2)  outline the advantages of preprints and controversies 

around them (in a general context of scientific publica-
tions) as well as policies of 2 selected preprint servers;

3)  provide some insight into attitudes of key stakehold-
ers within the scientific community to preprints;

4)  present policies of  leading medical publishers and 
journals regarding preprints;

5)  describe the approach to this form of dissemination 
in 1 scientific medical journal – Advances in Clinical and Ex-
perimental Medicine (Adv Clin Exp Med) – including the pre-
print policy of this periodical and reasons to this policy;

6)  present how papers which have previously been re-
leased as preprints are present in this journal;

7)  assess whether the aforementioned policy requires 
modification;

8)  discuss future directions for preprint policies and 
their potential evolution in the context of open science 
(OS);

9)  suggest future research on preprints, including areas 
that require further investigation.

https://arxiv.org
https://hal.archives-ouvertes.fr
https://hal.archives-ouvertes.fr
http://biorxiv.org/
http://authorea.com/
http://authorea.com/
https://www.preprints.org
https://www.preprints.org
https://osf.io/preprints
https://www.researchsquare.com
https://www.researchsquare.com
http://medrxiv.org/
http://medrxiv.org/
https://doapr.coar-repositories.org/repositories/
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Policies of preprint servers

It should be noted that although the abovementioned 
preprint servers do not offer peer-review services, it does 
not mean that everyone can post anything on such server, 
regardless of the quality of the disseminated material and/
or its character. Preprints are approved for posting after 
moderation but not peer review. Policies of 2 selected pre-
print servers will be briefly discussed – Research Square 
and medRxiv. The latter has been chosen as the most re-
spected preprint service dedicated to medical manuscripts; 
the former because of its popularity among Adv Clin Exp 
Med authors, though it accepts submissions from all re-
search fields. The policies of both servers are similar, but 
there are some differences.

Research Square

Research Square does not conduct peer review on pre-
prints before posting.33 Submitted manuscripts are checked 
for appropriate ethics and consent statements, disclosure 
of competing interests, absence of patient identifiers, and 
inappropriate, alarming, highly controversial or pseudo-
scientific claims. Articles with firm conclusions, especially 
without fully accessible data, may also be screened out. 
The following manuscript types are accepted: research 
articles, systematic reviews, method articles, short reports, 
case reports, and data notes. Only research articles with 
complete methods and results sections will be considered 
for posting. Non-systematic reviews, theories and com-
mentaries are not eligible for preprinting. Manuscripts 
reporting negative results are welcome. For medical re-
search, it  is considered critical that data be made fully 
accessible, and it  is strongly encouraged. A submission 
already published in a journal will not be posted as a pre-
print. Submissions with missing figures, reference lists 
or other critical components may be rejected. Authors 
should include a competing interest statement and fund-
ing disclosure.33

Once a preprint posted on Research Square receives 
a DOI, it cannot be removed from the platform without 
cause – i.e., issues that cannot be addressed by submitting 
a revised version of the preprint. If a preprint is withdrawn 
from any leading preprint server, the content is removed, 
leaving behind basic metadata like title, authors, and 
the reason for withdrawal if the author chooses to pro-
vide it. In rare circumstances, a preprint is removed from 
the site altogether. In these cases, the preprint is replaced 
with text indicating that the manuscript has been removed. 
Also, in such a situation, wherever possible, the title and 
author list remain in place. Research Square may initiate 
a withdrawal on a preprint if its staff have reason to believe 
there are issues with research conduct or ethics associated 
with the work or if a later version of the article has been 
retracted from a journal.33

Research Square supports versions of preprints – the re-
vision will be posted under the same DOI, and the original 
version of the manuscript will remain accessible. There 
is a limit of 5 revisions for 1 preprint (medRxiv does not 
limit the number of versions).33

Preprints at Research Square are indexed through Cross-
ref, Europe PMC and Google Scholar. PubMed Central 
indexes a limited subset of preprints.

medRxiv

All manuscripts posted on medRxiv are screened for 
plagiarism, non-scientific content, inappropriate arti-
cle types (i.e., not health-related, narrative reviews and 
case studies, among others), and material that could 
potentially endanger the health of  individual patients 
or the public.34 The latter may include, but is not lim-
ited to, studies describing dual-use research of concern 
and works that challenge or could compromise accepted 
public health measures and advice regarding infectious 
disease transmission, immunization and therapy. Sub-
missions are also checked for ethical oversight, clinical 
trial registration and information that might identify 
a patient/participant.12 Authors should declare at sub-
mission that all relevant ethical guidelines have been 
followed, all necessary institutional review board (IRB) 
and/or ethics committee approvals have been obtained, 
all necessary patient/participant consent has been ob-
tained, and the appropriate institutional forms archived. 
Authors should include a competing interest statement 
and funding disclosure.35

The manuscript must not have been posted elsewhere 
(including other preprint server), nor should it have been 
accepted for publication in a journal (medRxiv is the only 
leading preprint server that addresses the issue of simulta-
neous submissions to 2 or more preprint servers). To allow 
screening, medRxiv is open only to manuscripts in English. 
Authors must submit the appropriate research reporting 
checklists defined by the EQUATOR network as supple-
mentary files. Clinical trials must be registered with an in-
ternationally recognized trial registry with the trial ID 
included. A manuscript posted on medRxiv can be revised 
at any time until it is accepted for publication in a journal, 
provided that the journal to which the authors submit-
ted the manuscript does not forbid posting versions that 
include changes made in response to the peer review pro-
cess. If authors withdraw their manuscript from the server, 
a  statement explaining the  reason for the  withdrawal 
is posted on the manuscript page to which the DOI defaults; 
the original manuscript is still accessible via the Info/
History tab on medRxiv, and a “Withdrawn” watermark 
is added to the *pdf of all posted versions of the main text 
of the manuscript.35 The authors may also revise a paper, 
but the fact that a revision (or multiple revisions) occurred 
is revealed to the reader – the revision will be posted under 
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the same DOI, and the original version of the manuscript 
will remain accessible.

Of note, similar policies regarding withdrawal and ver-
sioning are employed by the OSF.36,37

The medRxiv is indexed by Crossref, Google Scholar, 
Semantic Scholar, Europe PMC, and Web of Science’s 
Preprint Citation Index. In addition, preprints reporting 
research funded by the NIH are indexed by PubMed.12

It is important to note here that neither Research Square 
nor medRxiv declare adherence to any COPE or Inter-
national Committee of Medical Journal Editors (ICMJE) 
guidelines on their websites. The screening procedures em-
ployed by the preprint servers were analyzed by Kirkham 
et al.,38 and also in a research letter by Malički et al.39

Advantages of preprints

The  advantages of  preprints are, at  the  same time, 
the main reasons for their rising popularity among re-
searchers and the broadening acceptance of this practice 
among journal editors and research funders. As Brain-
ard40 noted in the context of the surge in published pre-
prints during the COVID-19 pandemic, they did not cause 
a revolution in scientific publishing; however, because 
of the characteristics discussed below, preprints are be-
coming more and more popular.

Rapid dissemination

First, preprints provide an  opportunity to  release 
the results of one’s research immediately, without de-
lays caused by  prolonged peer-review and editorial 
processes. Janda et al.41 revealed in 2022 that among 
the  preprints posted on  medRxiv, 77.0% (1,077 out 
of 1,399) were published in peer-reviewed journals within 
a median of 6 months after posting, which shows that 
manuscripts released using this venue are indeed vis-
ible to the scientific community. The issue of the time 
from submission to publication has been investigated, 
among others, by Huisman and Smits,42 Andersen et al.43 
(for biomedical journals), Zimmer et al.44 (for genetic 
journals), Harlianto and Harlianto45 (for urology jour-
nals), Sebo et al.46 (for general medical journals), and Lee 
at al.47 (for South Korean medical journals). All the above 
analyses emphasized that the waiting time for publica-
tion is considered too long by all stakeholders (accord-
ing to Andersen et al.,43 the mean timespan from sub-
mission to publication varies from 91 to 639 days, while 
the median timespan is 70–558 days). Because a preprint 
is only checked for its essential characteristics, not peer-
reviewed, it becomes available on a preprint server after 
a few days. Consequently, research results may be com-
municated to the scientific community as soon as they 
are obtained, which may be crucial in rapidly developing 
fields of knowledge.

Access to new data

Members of the scholarly community can use the pre-
sented data, concepts and methods in their research; in this 
way, preprints contribute to more robust development 
of science in general. Other researchers may also offer 
the preprint’s authors a chance for scientific collabora-
tion, which stimulates the globalization of science and 
academic mobility. The above is particularly important 
in medicine because clinical research benefits from open 
and timely access to new data. Preprints can “accelerate” 
science, particularly useful, e.g., in combatting outbreaks 
of diseases.48 Even if the presented results are not validated 
yet, the idea outlined in a preprinted manuscript may in-
spire other researchers when rapid development of new 
therapies, vaccines, etc. is paramount.

It is also worth noting here that in light of studies by Janda 
et al.41 and Bero et al.,49 most clinical studies posted as pre-
prints and subsequently published in peer-reviewed jour-
nals have concordant study characteristics, results and final 
interpretations – the former analyzed the preprints posted 
on medRxiv while the latter a sample of COVID-19-related 
publications. Also, Brierley et al.50 showed that although 
preprints and their published versions differed to a cer-
tain degree, the majority of these changes do not qualita-
tively change the conclusions of the paper. Carneiro et al.51 
showed that peer-reviewed articles had, on average, higher 
quality of reporting than preprints, although the difference 
was slight. This suggests that authors tend to release the ver-
sions of biomedical papers as preprints close to the final au-
thors’ version, which is subsequently submitted to a journal 
(provided, of course, that such submission occurs at all). 
Nelson et al.52 assessed the robustness of evidence reported 
in preprints in 100 matched preprint–journal article pairs 
and rated it highly. Akbaritabar et al.53 analyzed the differ-
ences only in reference list between preprints and their pub-
lished versions, and noted that they were more pronounced 
in medical publications than in other fields of science.

Establishing priority

The most prominent advantage of preprints – rapid dis-
semination – is related to establishing priority (Elmore13 
calls it “documentation of the history of  ideas”). Since 
preprint servers deposit a manuscript with a date stamp 
proving when exactly it  has been submitted,8 authors 
of the yet unpublished article can publicly declare when 
at least the draft/first version of their paper describing their 
original research was already in existence (which can also 
be important when applying for grant or employment). 
Moreover, Poremski et al.54 argued that predatory journals 
would not be able to thrive like nowadays if authors were 
able to secure a legitimate place in the literature for their 
unreviewed work – provided that in their particular situa-
tion, DOI suffices. They are not in dire need of publishing, 
even in a journal of disputable quality.
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Opening science

A significant advantage is that the most popular preprint 
servers are not-for-profit, open-access (OA) services, allow-
ing for free access to recent scientific developments for all 
interested parties, with access to the Internet as the only 
prerequisite. Researchers and other professionals (e.g., 
doctors) from low-income countries can contribute 
to the global scientific community by releasing their own 
preprints and offering comments to other investigators’ 
manuscripts even without any institutional support. While 
OA is still not a default mode of scientific publishing, dis-
semination of preprint is barrier-free by definition (El-
more13 called it “democratization of the information flow”). 
Sever et al.,55 among others, perceive preprints as the fu-
ture of OS. In this vein, preprints can be seen as a model 
of self-publishing and self-archiving, in which the authors 
present their work publicly while retaining complete con-
trol over the content and full copyright.

Fostering debate

A preprinted manuscript can be further disseminated 
using social and lay media, professional Internet forums 
and other similar venues, allowing fellow scientists for 
commenting on it, pointing out its strong and weak as-
pects, and providing the authors with suggestions on how 
to improve it. Most leading preprint servers, including 
medRxiv and Research Square, also give the opportunity 
for commenting on each posted manuscript. Therefore, 
professional debate around its contents can be fostered 
before publication, enabling authors to enhance their work 
even before it is submitted to a scientific journal11 or re-
ceive valuable feedback concerning their work in general. 
Authors can obtain input from a wider audience than a few 
peer reviewers.13 Although Clemens56 argues that nega-
tive comments in reaction to a preprint may discourage 
early-career researchers, it has to be emphasized here that 
critique and criticism (sometimes somewhat harsh) are 
a part of the scientific community, and scientists have to be 
ready from the beginning of their professional develop-
ment to accept it.

Some researchers may also decide to release a preprint 
to test their peers reaction to a specific hypothesis, without 
the intention of submitting the manuscript to any journal 
in the form deposited on the preprint server. So far, no 
research is available showing whether such debate actu-
ally occurs and whether it has any meaningful influence 
on the contents of the released preprints. On the other 
hand, it should be noted that this does not necessarily 
mean that there are no researchers who benefit from such 
feedback; it means that this undoubtedly important issue 
awaits professional investigation.

Communicating controversial 
or negative outcomes

Preprints also provide a possibility to present adverse 
or controversial outcomes that could otherwise be deemed 
by peer reviewers unfit for publication in a regular jour-
nal.13 Negative results can also be necessary for develop-
ments in a particular field since they may prove (or at least 
suggest) that a certain approach or method does not yield 
meaningful information; therefore, other researchers may 
refrain from considering it and save time and money for 
different ideas.

Boosting citations?

Finally, there is the open problem of whether preprints 
play a  much more practical role from a  researcher’s 
or  journal editor’s point of view and boost the number 
of citations of the published paper (assuming that in this 
context, a preprint is only an intermediate stage). Results 
obtained by Fu and Hughey57 suggest that releasing a pre-
print is associated with more attention and citations for 
the peer-reviewed article. Xu et al.58 showed that the bet-
ter the altmetrics and citations of preprints, the better 
performance when the preprints published in journals, 
while Fraser et al.59 found that bioRxiv-deposited journal 
articles had sizably higher citation and altmetric counts 
compared to papers not deposited on this server before 
publication, as did Serghiou and Ioannidis.60 Xie et al.61 
claimed that preprints correlate with more citations, but 
their study has been released only as a preprint and has 
not been peer-reviewed or otherwise validated. However, 
all these studies are still limited and do not allow for ex-
trapolations or generalizations for all published papers that 
were previously released as preprints.

Controversy around preprints

Reliability of preprints

The most crucial concern raised is related to this exact 
feature of preprint which ushers their most prominent ad-
vantage: They are not peer reviewed. Thanks to this, they 
can be disseminated at once, but for exactly the same reason 
there is no guarantee of their scientific soundness. Some 
researchers expressed assurance that the academic com-
munity will self-regulate itself and detect faulty preprint 
publications; however, before this happens, inexperienced 
researchers or lay people may confuse a preprint with a le-
gitimate, peer-reviewed scientific paper. Lack of peer reviews 
means that presented results and conclusions have to be 
closely scrutinized by readers (Bagdasarian et al.62 discussed 
this issue in the context of the COVID-19 pandemic) because 
preprints may include a wide array of errors and/or dubious 
claims which will remain in circulation until a specialist 
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reads a given manuscript closely and alarms the public of its 
shortcomings. Moreover, lack of quality control may favor 
“salami-slicing” publishing – dividing one large paper into 
several shorter ones and releasing them as preprints inde-
pendent of each other to obtain more publications.11,63 Al-
though the staff of preprint services verify manuscripts de-
posited on the most popular servers, this verification is brief 
and concerns mainly the scientific character of the paper; 
moreover, there are no studies in the literature examining 
the thoroughness and reliability of such verification.

Faulty screening

Additionally, no method is currently available to screen 
preprint submissions for conflicts of interest13 – Research 
Square requires authors to disclose such conflict. Still, 
it is unclear whether any verification in this regard occurs.33 
If such a paper is cited in other research papers or reposted 
on  social media, confusion may spread, as  in  the case 
of the preprint concerning hydroxychloroquine use to treat 
COVID-19, summarized by Kang and Oh.3 Moreover, there 
are no standards regarding data sharing and open data 
concerning preprinted manuscripts – Research Square 
“strongly encourages” data sharing but does not require it.33 
This issue has been outlined by Strcic et al.64 in the context 
of papers on COVID-19, while McGuinness and Sheppard65 
conducted a descriptive analysis of the data availability 
statements accompanying medRxiv preprints and a com-
parison with their published counterparts.

Preprints allow the scientific community to learn about 
discoveries before they are published; however, their dis-
semination may lead – at least potentially – to scientific 
misconduct since investigators with ulterior motives may 
attempt to scoop other research team’s ideas and publish 
their results before the original team releases their paper 
in a peer-reviewed journal. On the one hand, the availabil-
ity of predatory journals with very short turnaround time 
(because of only feigned peer review) theoretically makes 
such scoop possible; on the other hand, the probability 
of such occurrence seems very low in light of the current 
literature.55 Nevertheless, such concern has been voiced3 
(mainly in the context of research representing a com-
mercialization value), and they should be taken seriously. 
The risk of deliberate plagiarism is  low because manu-
scripts deposited on most popular preprint servers are 
searchable for anti-plagiarism services (e.g., iThenticate) 
like published papers. The issue of scooping possibility 
in relation to preprints has been extensively discussed 
in a dedicated FAQ section on the ASAPbio server.66

Duplicate publication

Even though the similarity (sometimes reaching 100%) 
between the preprint and the manuscript submitted to a sci-
entific journal is not seen as self-plagiarism (since a pre-
print is not a publication), the surge in the number of papers 

released as  preprints prior to  publication in  a  journal 
causes another significant problem: duplicate publications. 
The preprint servers do not monitor whether the deposited 
manuscripts end up published; therefore, it is the authors’ 
duty to complement the preprint following publication 
of the paper with a note about such publication and a DOI 
of the published version, with the latter (and not the pre-
print) considered the version of record (i.e., final version).67 
However, many author neglect to fulfil this duty; they leave 
the preprint unchanged (this issue is discussed further 
on examples from our journal in the “Papers in Adv Clin 
Exp Med previously released as preprints in 2021–2024” 
section). Such neglect has a visible result: from our editors’ 
experience, it can be observed that often other researchers 
cite a preprint, unaware that when they submitted their 
manuscript, a published, in some instances, significantly 
revised version of the cited article has already been pub-
lished. In our opinion, it would be sufficient when, before 
citing the preprint, the authors would search on the Internet 
for papers with the same title and authors – in most cases, 
such a simple procedure would allow for finding the peer-
reviewed version of the record (provided that such version 
exists at all). However, some authors seem unaware that 
it is so easy to avoid confusion. Checking in this way the pre-
prints included in the reference lists is a standard procedure 
in editing a manuscript accepted for publication. When 
it is revealed that a preprint instead of a peer-reviewed ver-
sion has been cited (which results in “citation dilution” be-
cause citations of one paper are “diluted” between 2 DOIs 
treated by the databases as 2 separate entities), our editors 
inform the authors about this fact since the version of the re-
cord can be substantially updated. The authors may wish 
to revise the corresponding passages of their paper in light 
of such updates. Finally, each journal should employ a ci-
tation format that ensures discerning between published 
papers and preprints, as pointed out by Kang and Oh.3

In this regard, the ICMJE recommends that the authors 
should: 1) inform a journal if the work submitted has been 
posted on a preprint server; 2) provide a link to the preprint 
to indicate in the text of the manuscript that a preprint 
is available and how reviewers can access that preprint; 3) 
ensure that preprints are amended to point readers to sub-
sequent versions of the work, including the published ar-
ticle. In addition, authors should not post the published 
article in the preprint archive, nor should interim versions 
produced during the peer-review process incorporate revi-
sions based on journal feedback. Finally, when a preprint 
article has been subsequently published in a peer-reviewed 
journal, authors should cite the subsequently published ar-
ticle rather than the preprint article whenever appropriate.68

Unequal status of preprints 
and their citability

It is also of utmost importance that all researchers in all 
fields of science and scholarly knowledge are fully aware 
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of the unequal status of preprints compared to peer-re-
viewed papers published in scientific journals. Although 
several funding entities – the Medical Research Council 
and Wellcome Trust – accept preprints in grant applica-
tions, such practice is far from uniform.69 The same ap-
plies to citing preprints in other scientific publications 
– although most journals do not discourage it, a research 
paper with its reference list including many preprints may 
be treated as less reliable by peer reviewers.

Another concern also relates to citing preprints and their 
unequal status – and this is a two-edge sword. On the one 
hand, in a survey by Ni and Waltman14 several respon-
dents expressed doubts that their preprints would be cited 
at all because of  low credibility of  such dissemination 
form. Some researchers may be wary to release a manu-
script as a preprint – since what is the point when one 
of the main expectations among all authors is to be cited? 
On the other hand, many scholars may also refrain from 
citing preprints – for 2 reasons: 1) disputable reliability 
of such sources may be frowned upon by peer reviewers 
if the reference list of a given manuscript comprises several 
such positions (even if certain topics are so far discussed 
only in preprints); and 2) not all citation standards include 
clear guidelines how to cite preprints in a way not would 
not be confused with papers already in press (from the ex-
perience of the authors of this editorial, it  is clear that 
many less experienced authors confuse an in press paper 
– i.e., already accepted for publication but not yet published 
– with a manuscript only under review, which indeed can 
be cited only if it is concurrently available as a preprint).

Possibility of confusion among laypeople

Some scholars have voiced concerns that lay public, es-
pecially journalists, who need to become more familiar 
with the tenets and reality of scientific publishing, may 
confuse preprints with peer-reviewed articles or even be 
unaware of the status difference between them. Conse-
quently, dubious or unverified claims may be presented 
to the public by journalists in mainstream media or private 
persons in social media as verified scientific facts (while 
actually they are yet to be scrutinized). This can have 
dire consequences in medical sciences – possible harm 
to health may be a considerable danger in some instances. 
There is also a possibility that some authors may attempt 
to publicize claims of questionable scientific merit, using 
the media to attract attention as they are unlikely to win 
the approval of the scientific community – such practice 
is sometimes called ‘science by press conference’.70 During 
the COVID-19 pandemic, Fraser et al.15 noted that despite 
the warning messages provided by medRxiv and bioRxiv, 
COVID-19 preprints have received unprecedented coverage 
on online media platforms. Concerns were also raised that 
unverified claims in preprints can be used by politicians 
and physicians to advocate for specific treatments of dis-
putable effectiveness or to support their political agenda.71

The most popular preprint servers place disclaimers 
on the 1st page of each deposited manuscript to minimize 
the danger of confusing it with a peer-reviewed journal pa-
per – e.g., Research Square uses the formula “This is a pre-
print; it has not been peer-reviewed by a journal”,33 while 
medRxiv states that “this article is a preprint and has not 
been peer-reviewed. It reports new medical research that 
has yet to be evaluated and so should not be used to guide 
clinical practice”,12 as seen in a preprint by Vazquez-Ro-
driguez et al.72 Peiperl73 proposed placing a digital water-
mark on all pages (“preprint, not peer-reviewed”) instead 
of a small disclaimer just on page 1 to deter the reporting 
of unverified data by the lay media.

Even the term ‘preprint’ is prone to mislead less experi-
enced journalists and researchers because it says nothing 
about the peer review itself and can be confused with ‘Epub 
ahead of print’, which is a peer-reviewed paper published 
without pagination before it appears in a specific issue 
of a given journal, sometimes many months in advance (al-
most all papers published in Adv Clin Exp Med first appear 
as ahead of print versions). Therefore, Ravinetto et al.74 
proposed terms like ‘unrefereed manuscript’ or  ‘manu-
script awaiting peer review’ or ‘non-reviewed manuscript’ 
to avoid misunderstandings, while Mullins75 pointed out 
that preprints that have not been subsequently published 
in a peer-reviewed journal and their authors do not intend 
to do so should be called “no-prints” to steer clear of sug-
gesting that some form of publication occurred or is likely 
to happen.

Information overload

Already, so many papers are published in an ever-mul-
tiplying number of scientific journals that it becomes im-
possible to keep track of them in one’s field of interest, 
which causes concerns about general information over-
load in the scientific community. It is said to be addition-
ally amplified by the circulation of preprints, mainly due 
to them being an opportunity to disseminate low-quality 
research while circumventing the  peer review, which 
serves as a gatekeeper in journals.63 There are no studies 
aiming to cover all preprints released in a given field of sci-
ence in a restricted period; therefore, it is so far impossible 
to assess whether this concern is legitimate.

Retractions of preprints

Preprints are a part of one of most prominent prob-
lems concerning scientific publishing: Although there 
is a mechanism of retraction, which enables to remove 
seriously flawed papers from circulation while at the same 
time appropriately informing the readers about the rea-
sons for such action (in a retraction note) and retaining 
the basic information about the paper (title, authors and 
journal of publication, etc.), there is no universal mecha-
nism of relaying the fact of retraction to databases and 
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other entities where the paper, often in full-text version, 
is available. The same applies to preprints – if authors cite 
a preprint, but does not access the manuscript as it is avail-
able on the preprint server, relying only on the version 
in the database, they may be unaware that it has been 
retracted. However, several major preprint servers – in-
cluding arXiv, medRxiv and Preprints.org, but excluding 
Research Square – are included into the Retraction Watch 
Database (http://retractiondatabase.org/RetractionSearch.
aspx). Should a preprint deposited in a repository pres-
ent in this database be retracted, it would be visible after 
a proper search – not only the fact of retraction, but also 
the reason for it. The Retraction Watch Database address 
also the issue of preprint versioning: If a retracted preprint 
has multiple versions with different DOIs, all of them are 
entered into this database and the term “Revision” is added 
to the revised versions of the original article in the descrip-
tion of the article type.76

Lowering editorial standards

Last but not least, there is  a  controversy regarding 
the editorial aspect of preprints. As it has been pointed 
out above, such materials are neither typeset nor do they 
undergo any other editing, neither linguistic nor technical. 
They are deposited by authors as *doc/*docx files, and are 
available usually as *pdf files obtained by simple conver-
sion of the source file. Such low technical standard of dis-
semination – from the experience of authors of the present 
editorial – may influence some researchers’ expectations 
concerning the editing process, particularity its speed and 
thoroughness. Many authors appear genuinely surprised 
when they learn that their paper will not be published 
immediately following final acceptance and that it will be 
edited and typeset. When provided with the galley proof 
with many remarks and corrections, they sometimes ex-
pect that the *pdf file may be at this stage simply “reverted” 
to the *doc/*docx form, which is  impossible – not only 
at this stage, but at any stage after typesetting (a manu-
script after typesetting cannot be converted into text and 
*pdf form back and forth at will).

Examples of notable medical 
COVID-19 preprints

In this section, both examples of preprints that con-
tained valuable scientific knowledge and of those which 
were debunked and removed from circulation will be 
briefly discussed. The presented cases do not prove any-
thing in themselves, but they show that both praise and 
criticism of this dissemination form are warranted.

A preprinted manuscript by Pradhan et al.77 titled “Un-
canny similarity of unique inserts in the 2019-nCoV spike 
protein to HIV-1 gp120 and Gag” was published on bioRxiv 
on  January 31, 2020, and quickly attracted attention 

of the scientific community, with a flurry of comments 
both directly on the preprint server and on Twitter, where 
the authors posted an URL to the preprint. Commenters 
contended that the author’s methods seemed rushed, and 
the findings were at most a coincidence. Already on Feb-
ruary 2, the manuscript was withdrawn and a following 
note appeared in its place: “This paper has been withdrawn 
by its authors. They intend to revise it in response to com-
ments received from the research community on their 
technical approach and their interpretation of the results. 
If you have any questions, please contact the correspond-
ing author.”77 The title and information about authors are 
still in place and the older (i.e., full) version of the paper 
is available, albeit with a large watermark “Withdrawn” 
on each page. However, in  several databases, this pre-
print is marked not as withdrawn, but retracted, which 
is an important difference. Preprints may be withdrawn 
also for reasons not related to their content (e.g., conflict 
among authors), just like papers submitted to a journal 
but not yet published; however, a published paper can only 
be retracted (withdrawals or removals are rare) and such 
move is in most instanced connected to its scientific flaws 
or plagiarism.

Luckily, all of that happened before a single news outlet 
with any reach covered the paper. Already on February 8, 
2020, Zhang et al.78 released as a preprint (also on bioRxiv) 
a 1st version of a manuscript reanalyzing the data provided 
by Pradhan et al. and heavily criticizing the methodology 
employed in their paper. What is important, this manu-
script was later published in a peer-reviewed version.79 
Later that year, claims of Pradhan et al. were invalidated 
in other peer-reviewed papers, among them in a study 
by Xiao et al.80

This example showcases that the scientific community 
is able to rapidly react to preprints of low quality. However, 
it should also be noted that such appropriate answer may 
be ascribed to the subject of the paper in light of the un-
folding COVID-19 pandemic in its early stages, when all 
scientific materials concerning this issue were actively 
sought and received unprecedented attention. We cannot 
be sure that a faulty manuscript about a less timely topic 
would be debunked so swiftly and thoroughly.

An  example of  the  positive role of  preprints during 
the  same time –  early months of  the  COVID-19 pan-
demic – is a paper by Guan et al., released first as a pre-
print on medRxiv81 on February 9, 2020, and just less than 
a month later (on February 28, 2020) in the New England 
Journal of Medicine.82 Nineteen days seem not a long time; 
however, the crisis was spreading like a wildfire and such 
rapid dissemination truly made a substantial difference: 
The authors had shared the clinical symptoms, laboratory 
abnormalities and radiologic findings of over 1,000 pa-
tients with COVID-19 well before many American or Euro-
pean clinicians gained direct experience with SARS-CoV-2. 
The initial preprint provided an early window into one 
of the largest threat that COVID-19 would pose for patients 

http://retractiondatabase.org/RetractionSearch.aspx
http://retractiondatabase.org/RetractionSearch.aspx
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and the healthcare system – many experts became aware 
that the increasing number of patients with acute respira-
tory distress syndrome would shortly dwarf the number 
of available ventilators around the world. Awake prone 
positioning and shared ventilation, which were critical 
components of the global strategy to contend with the lim-
ited ventilator supply during the height of the pandemic, 
would not be known in many healthcare facilities around 
the world so quickly if the authors would wait for a peer-
reviewed publication.83 New England Journal of Medicine 
conducted the review process with a breathtaking speed, 
but the authors could not assume that when submitting 
the paper only a month before. Their decision about releas-
ing the preprint and promoting it in social media was both 
warranted and expedient. Nevertheless, also in this case 
it should be borne in mind that in a less critical situation 
even a very important preprint may be overlooked – but 
this is a general consequence of a sheer number of scien-
tific articles published every day; a peer-reviewed paper 
appearing is a journal other than top-ranking may also 
slip attention.

Perspective of various 
stakeholders

Several studies have analyzed the approach to preprint 
among members of the scientific community, focusing, 
however, primarily on researchers. Soderberg et al.84 pro-
vided an interdisciplinary survey of researchers regarding 
the credibility of preprints, while Chiarelli et al.8 conducted 
a broad study combining a literature review and survey 
among different members of the scientific community con-
cerning perception of and attitude to preprints. In 2 very 
recent (2024) studies, Ni and Waltman14 separately sur-
veyed researchers in different parts of the globe (China, 
then USA and Europe, and finally the rest of the world), 
while Biesenbender et al.85 surveyed life sciences research-
ers who posted COVID-19-related preprints. In  order 
to provide at  last a partial insight into this issue, these 
4 studies are discussed below.

Soderberg et al.84 in 2020 asked 3,759 researchers across 
a wide range of disciplines about the credibility of indi-
vidual preprints and preprint services. Among their respon-
dents, 69.73% of the sample felt slightly to strongly favorable 
towards preprints, while only 15.16% felt opposed to pre-
prints and 14.95% felt neutral. The average percentage of fa-
vorable responses among medical authors was lower but 
still high (51%). Usage of preprints was associated with pre-
print views/downloads more than by preprint submissions: 
70.63% of all surveyed researchers had viewed/downloaded 
preprints either a few or many times, while only 29.85% had 
submitted a preprint a few or many times. Medicine had 
the lowest levels of viewing/downloading of any discipline 
(48.11%). Information about OS content and independent 
verification of author claims were rated as highly important 

for judging preprint credibility, and peer views and author 
information were rated as less important.

Chiarelli et al.8 conducted 38 semi-structured interviews 
of various stakeholders – mostly active researchers, but 
also research funders, administrators of research-perform-
ing organizations and preprint server providers – chiefly 
from the fields of biology, chemistry and psychology, be-
tween October 2018 and January 2019. The respondents 
expressed uncertainty and diverse views on  both pre-
print definition and position in the scientific landscape. 
The main concerns were related to the lack of quality as-
surance and the Ingelfinger rule. Doubts and concerns were 
also recorded regarding the financial stability and business 
models of preprint servers, since some of them are owned 
and managed by non-governmental organizations (NGOs), 
some by universities and other research institutions, and 
others by private publishing companies. Although most 
of these institutions profess long-term preservation pol-
icy, respondents were not sure whether manuscripts dis-
seminated only as preprints will be available indefinitely. 
The interviewees commented that if preprints were to play 
a more significant role in scholarly communication, major 
improvements to the preprints infrastructure would be 
needed – i.a., incorporation of preprints into scholarly and 
publisher workflows, provision for production of preprints 
in standards-based formats (e.g., *xml) and greater consid-
eration of preservation services. The conclusions were that 
community norms are crucial and have not significantly 
changed in many cases, therefore constraining individuals’ 
decisions. There was, nevertheless, some willingness to ex-
periment, particularly amongst general OA supporters. 
There was some awareness of potential benefits becoming 
evident in practice but still at low levels; evidence of in-
complete knowledge or misunderstandings amongst some 
researchers relating to preprints was also clearly visible.

Ni and Waltman14 performed an online survey of cor-
responding authors of papers published in 2021 and early 
2022 and indexed in the Web of Science database, asking 
them about familiarity with preprinting, ways of learning 
about it, experience with reading preprints, experience 
with posting them, willingness to post preprints in the fu-
ture, as well as about attitudes toward preprinting (benefits 
of preprinting, concerns about it and ways to encourage it). 
Overall, 45% of the European survey participants reported 
to be “very familiar” or “extremely familiar” with preprint-
ing, with 38% of participants from other continents an-
swering in the same vein. Even more declared reading pre-
prints (at least a few per year) – among medical researchers, 
approx. 70% regardless of the world part. Around 50% from 
the same group stated that they released at least 1 preprint 
during their career, and a similar percentage declared that 
they are willing to do so in the future (again or for the first 
time), while approx. 30% did not plan to engage in preprint-
ing. The most emphasized benefits of preprints among 
medical investigators were: availability in OA (32–43% 
of respondents, depending on the continent, mentioned 
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this advantage), acceleration of scientific communication 
(31–38%), lack of publication charges (29–36%), establish-
ing priority (24–34%), additional exposure (23–28%), early 
feedback (14–24%), and showing progress for grant/job 
applications (13–25%). More citations and sharing results 
that do not fit into journals were mentioned less often. 
Among the concerns raised most frequently were: low 
reliability and credibility (30–48%), sharing before peer 
review (25–41%), premature media coverage (23–53%), 
copyright/licensing uncertainty (16–27%), incompatibility 
with journal policies (17–19%), danger of getting scooped 
(13–35%), undermining peer-reviewed journals (9–24%), 
and lack of recognition for preprints (8–30%), with in-
formation overload and possibility of harmful comments 
on preprints appearing only seldom. Free-text responses 
revealed additional concerns: about quality of preprints, 
multiple versions of  the  same paper, citing preprints 
in peer-reviewed papers, and possible accusations of self-
plagiarism. These authors also pointed out lower adop-
tion of preprints in medical and health sciences when 
compared, e.g., to physics, astronomy, mathematics, and 
computer science. While reading preprints is more or less 
equally common in different countries, survey participants 
in the USA and Europe reported higher familiarity with 
preprinting and stronger commitment to posting preprints 
than those from other parts of the world.

Biesenbender et al.,85 also very recently (2024), conducted 
a survey of life sciences researchers who have posted CO-
VID-19-related preprints regarding their experiences and 
motivations. The most often cited motivations to release 
a preprint were: 1) to increase awareness of one’s research; 
2) to stake a claim on one’s findings; 3) to receive early feed-
back; 4) to encourage increased citations of one’s work; and 
5) to promote possible research collaborations. The most 
often voiced concerns were that: 1) preprints lack quality 
assurance; 2) there is a risk of incorrect reporting by lay 
media; and 3) comments and feedback are generally not 
helpful. Many respondents also believed that in 5 years, 
preprinting will be a common practice in their research 
field. They then analyzed 8 popular preprint repositories 
regarding the number of posted preprints. Interestingly, 
survey and preprint server analysis have presented dif-
ferent, if not contradicting, results: While the majority 
of surveyed researchers were willing to continue posting 
preprints, the numbers of preprints published, especially 
on servers for the life sciences, have stagnated or declined. 
Also, while certain preprints garnered substantial cita-
tions during the COVID-19 pandemic, this has not resulted 
in a significant shift in researchers’ publishing behavior, 
and the posting of preprints has not become a routine. 
The researchers concluded that the sustainability of pre-
print publishing practices is more strongly influenced 
by  disciplinary norms and practices than by  external 
shocks (as the COVID-19 pandemic).

The contents of the 4 above surveys can be summarized 
as follows: preprints are more and more accepted within 

the scientific community – at  least among researchers, 
who are aware of several of both potential benefits and 
possible problems associated with this form of dissemina-
tion. However, the lack of trust emphasized by Chiarelli 
et al.8 persists – the authors do not trust other researchers 
(possibility of scooping, releasing low-quality research, 
harmful comments), journal editors (incompatibility with 
journal policies, accusations of self-plagiarism) and jour-
nalists (premature, sensational coverage in media).

An international, cross-sectional survey of preprinting 
attitudes among biomedical researchers was also con-
ducted by Ng et al.,86 but their methodology makes a com-
parison with the studies presented above an undertaking 
outside the scope of this paper.

Policies of other journals

General tendencies

Smart63 divided the relationship between journals and 
preprints into 6 steps to acceptance: uneasy relationship 
(nostalgia for strict Ingelfinger Rule), acceptance, encour-
agement, participation (loose collaboration with preprint 
services), and sub-merger (a close alliance of preprint serv-
ers, journals and peer review services). In 2020, Klebel 
et al.87 described the policy of most of the 171 major aca-
demic journals across disciplines they examined in this re-
gard as “unclear”. During the last 4 years, the situation has 
probably improved, but the policies reviewed for the pres-
ent study significantly differ in their specificity; however, 
they are clear enough to allow for comparisons. For ex-
ample, in the same year, Massey et al.88 published a cross-
sectional study of preprint policies among the 100 clinical 
journals with the highest IF. They showed that 86% of jour-
nals allow for submitted articles to be previously posted 
as preprints. Policies of leading biomedical journals were 
also outlined in 2020 in an editorial by Flanagin et al.,71 
while Vlasschaert et al. presented the policies of scientific 
journals from the field of nephrology.89

Journals or publishers who do not accept papers previ-
ously released as preprint are only a fraction of all scien-
tific medical periodicals.90 Among them are all periodicals 
owned by the British Editorial Society of Bone & Joint 
Surgery, as well as Journal of Orthopaedic Research (owned 
by Wiley) and Clinical Orthopaedics and Related Research 
(owned by Wolters Kluwer).

Conversely, many journals do not stipulate anything par-
ticular apart from disclosing the existence of the preprint 
during submission and adding a note about the version 
of the record following publication; such policies will be 
called “unrestricted” in this section.

Examples of an unrestricted policy are the rules concern-
ing preprints employed by Taylor & Francis,91 Cambridge 
University Press92 and the Journal of Clinical Medicine 
Research,93 which do not include any further requirements. 
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Centers for Disease Control and Prevention (CDC) state 
that they will consider publication manuscripts posted 
on reputable, not-for-profit preprint servers on a case-by-
case basis,94 which is a slightly more cautious approach but 
still open to preprint practice.

Specific attitudes

Narrowing the rules covering preprint only to non-com-
mercial preprint services is standard, though not uniform; 
however, this lack of uniformity may be caused by the fact 
that all the most popular preprint servers listed above are 
free of charge. Some journals accept only disseminating 
preprints through non-commercial servers (e.g., arXiv, Open 
Science Framework, Zenodo) – such policy was adopted by, 
e.g., the American Association for Physics in Medicine.90 
It should be noted here that authors’ or institutional websites 
(e.g., repositories offered by universities) are also considered 
non-commercial. Therefore, e.g., BioMed Central (BMC) 
explicitly accepts sharing preprints also on such servers.95

Wiley company gives the authors a choice regarding 
the abovementioned note: They can use such disclaimer 
or post the final published version of the article imme-
diately after publication on the non-commercial preprint 
server instead of the previous preprint version,96 which 
prevents the circulation of different versions of the same 
paper. Conversely, Elsevier stipulates that preprints should 
not be added to or enhanced to appear more like, or to sub-
stitute for, the final versions of articles.97 American Soci-
ety of Clinical Oncology (ASCO) journals somewhat mix 
the 2 above approaches and stipulate that, on the one hand, 
no revisions should be posted to the preprint server during 
the manuscript’s peer review process, while on the other 
hand, revisions following publication must not deviate from 
the final version of the manuscript published by ASCO.98

Some differences in preprint policies concern licensing. 
Springer journals stipulate that the authors must disclose 
the DOI of the preprint and the licensing terms offered 
by the preprint server99 because these terms affect how 
the preprint may be shared and reused.

Some journals and publishers state that the manuscript 
versions that have been altered due to the peer review 
process may not deposited. This pertains, i.e., to journals 
published by the American Heart Association (AHA),100 
American Thoracic Society, European Respiratory Society, 
Cell Press journals (owned by Elsevier), and Japan Society 
for Cell Biology.90 The American Association for Cancer 
Research (AACR) and Science journals use a slightly dif-
ferent formula: While a manuscript is considered, no ver-
sions revised in response to editorial input and peer review 
should be posted on a preprint server.101,102 European Mo-
lecular Biology Organization Press states that no updated 
versions may be posted to preprint servers after initial 
submission to the journal – there is also a slight difference 
here because there is no mention that the update must be 
in any way related to the peer review process (the authors 

can revise the preprint also for other reasons, but in this 
case it is forbidden as well).90

The American Psychiatric Association Publishing and 
the Journal of the American Medical Association (JAMA) 
Network stipulate that the submitted manuscript must 
add meaningful new information above that is already 
in the preprint. This narrows the number of preprinted 
papers that can be considered for peer reviews in these 
journals because many submitted papers previously dis-
seminated as preprints are identical or almost identical 
to versions available on preprint servers.90

Specific preprint policies of different journals and pub-
lishers differ in minor details. BMJ declares that it “fully 
supports and encourages archiving of preprints” provided 
that: 1) they are deposited on non-profit servers; 2) the au-
thors inform about the preprint during submission and 
include its DOI; 3) a given paper is not a case report (due 
to patient confidentiality concerns); 4) the authors add 
the following text to the preprint following the publication 
of a given paper in BMJ: “This article has been published 
in [insert full citation] following peer review and can also 
be viewed on the journal’s website at [insert DOI].” BMJ 
does not restrict the license chosen when posting a pre-
print version of work, but authors must retain the copyright 
of their work when posting to a preprint server.103 Policies 
of Nature portfolio journals are identical – the only dif-
ference is the lack of specific provisions regarding case 
reports.104

Several entities further connected the preprint dissemi-
nation with publishing articles in their journals. Authors 
submitting papers to PLoS One journals can choose to de-
posit them concurrently on medRxiv or bioRxiv; the pre-
prints are checked for suitability according to the rules 
of the respective preprint server. Otherwise, the preprint 
policy of these journals can be defined as unrestricted.105 
BioMed Central has partnered with Research Square 
to provide In Review, a journal-integrated solution for pre-
print sharing.95 Sage Publishing also launched its preprint 
server – Advance.106

Summary

From the above, it can be inferred that the global trends 
are unequivocal: Preprints are more and more widely not 
only accepted but actively encouraged – some publishers 
and journals even themselves offer the authors the oppor-
tunity to release their manuscripts in this form as soon 
as a given article is submitted to their journal. Periodicals 
that consider preprints prior publication are only a tiny 
minority – since the advent of preprints, several journals 
changed their policies in favor of them, while in the litera-
ture, not a single case of a decision in the opposite direction 
is noted. As for now, the status of peer-reviewed papers 
compared to unrefereed preprints remains unchallenged. 
However, there are voices such as Neylon et al.,107 which sug-
gest that the role of preprints in specific fields of knowledge 
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becomes so paramount that the objective “state” of the ar-
ticle (work-in-progress, unpublished but completed, pub-
lished, with other possibilities) can become divergent from 
the “standing” a given scientific community attaches to it.

Adv Clin Exp Med preprint policy

Our journal endorses and encourages the practice of dis-
seminating the pre-peer-reviewed versions of scientific 
papers through established non-profit preprint servers 
such as BioRxiv, medRxiv Research Square, or Authorea, 
as well as on authors’ or institutional websites, while not 
requiring it  in any capacity. This policy does not inter-
fere with the policies of funding institutions, employers 
or other entities, which may stipulate such release in their 
regulations concerning OA. Posting of preprints is not 
considered prior publication by the editorial office of Adv 
Clin Exp Med and a preprinted manuscript is treated as any 
other following submission.

Preprints are defined as an author’s version of a research 
manuscript before formal peer review at a journal, depos-
ited on a public server. Preprints may be posted before 
or during the peer review process, but not after accep-
tance in the journal and certainly not following publication 
(we also do not enourage authors to update the preprint 
following publication in order to  let it mirror the ver-
sion of record – it could cause further confusion because 
it is not a popular practice).. Versions of a manuscript that 
have been altered as a result of the peer review process 
may not be deposited on the preprint server – the above 
means that the authors can disseminate a preprint follow-
ing submission (due to due to the possible length of the peer 
review process), but its text has to be either the version 
initially submitted or any earlier version, but no changes 
related to the peer reviewers’ remarks can be implemented 
(changes unrelated to peer-review process are authors’ 
choice). The reason for this prohibition is that by defini-
tion and as stated above, a preprint is a version of a research 
manuscript before formal peer review at a  journal and, 
therefore, cannot include any content incorporated in con-
sequence of such review. A preprint that has been peer-
reviewed in a journal is no longer a preprint but a postprint 
– a research journal article after it has been peer-reviewed 
and accepted for publication but before it has been typeset 
and formatted by the journal.8,108

Adv Clin Exp Med does not formulate any stipulations 
regarding the licensing terms stated by the preprint serv-
ers since it  is a golden OA journal – articles published 
on the journal’s website (https://advances.umw.edu.pl/en/
home/) are licensed under Creative Commons Licenses 
(CC), which means they can be freely distributed and 
shared so that other people can build their work based 
on them. Licenses offered by most popular preprint serv-
ers are either CC ones or at least do not create any legal 
conflict; therefore, we decided not to state any conditions 

regarding preprint licenses because it could cause unnec-
essary confusion among authors.109

If the article is already accessible online as a registered 
preprint on any website or in any database and has been al-
ready assigned with a DOI, such information, together with 
a URL of the registered preprint, has to be provided during 
submission of the paper as well as appear in the cover let-
ter. Once the preprint is published in Adv Clin Exp Med, 
it is the author’s responsibility to ensure that the preprint 
record is updated with a publication reference, including 
the DOI and a URL link to the published version of the ar-
ticle on the journal website. The editors of our journals 
check for the above annotation within the preprint periodi-
cally following publication to make sure that all authors 
comply with this policy.

Adv Clin Exp Med has not entered a partnership with 
any already established preprint server, owns no in-house 
preprint server, and has no intention to undertake any 
such initiatives.

Reasons for Adv Clin Exp Med 
preprint policy

In general, the advantages of preprints outweigh the con-
troversy surrounding them and their potential dangers. 
Disseminating preprints is a practice widespread enough 
both among authors and publishers that rejecting it would 
mean that many high-quality papers would be desk-re-
jected even before the peer-review stage simply because 
of high Similarity Index (SI).

Supporting OS

We consider the opportunity to present the scientific 
developments to the global community of scholars as soon 
as they are available and foster discussion around them 
before the publication, as well as other most essential ad-
vantages of preprints the critical reasons for endorsing 
them in Adv Clin Exp Med. Our position is that rapid dis-
semination of research results in order to boost the de-
velopment of knowledge does not necessarily contradict 
the need for peer review as the best-known method to se-
cure professional assessment and verification of submit-
ted manuscripts, provided that there is a clear distinction 
between refereed and unrefereed material. In our opinion, 
renowned preprint services like those that Adv Clin Exp 
Med authors choose most frequently (Research Square, 
bioRxiv, medRxiv, and Authorea) are a form of dissemina-
tion that assures such distinction thanks to their format 
and layout, which differ significantly from those of peer-
reviewed journal. Nevertheless, the preprint servers should 
consider informing the readers even more clearly and un-
ambiguously than they currently do that the manuscript 
they read has yet to be peer-reviewed and what it entails 
(the so-called caveat lector note).

https://advances.umw.edu.pl/en/home
https://advances.umw.edu.pl/en/home
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Rapid dissemination

An ideal situation would be a peer review process much 
more rapid than nowadays. Still, in the absence of working 
solutions to this long-known problem, we can at least not 
deter authors from using available and widely accepted 
tools to at least to some extent circumvent this obstacle. Es-
tablishing priority is also an essential reason in this context 
– a preprint available in OA mode in its entirety is much 
more helpful in claiming priority than any document from 
the editorial office confirming that a given manuscript 
is under peer review or even has been accepted for publica-
tion because such documents contain only the paper’s title 
and the authors’ names, not its whole contents.

As a medical journal, we aim to support and expedite 
the development of knowledge in this field, not obstruct 
it  –  we  endorse the  practice of  discussing preprints 
on dedicated servers and in social media and improving 
manuscripts as a result of such feedback. Like many other 
journals, we may also be wary of publishing controver-
sial or negative results – but such content should also be 
able to find its way to the scientific community. Rapid 
dissemination of results as an advantage of preprints be-
came paramount during the recent COVID-19 pandemic 
when a massive, unprecedented surge in  released pre-
prints was observed; we consider it as evidence support-
ing our stance.110 Watson111 even stated that rapid data 
sharing during COVID-19 has changed science forever. 
Preprints enabled both rapid dissemination of discoveries 
and quick disproving of only ostensibly promising avenues 
of research, which in turn allowed for rapid adjustment 
of  health policies in  different countries.112 Premature 
or insufficiently proven claims were quickly detected and 
debunked by the scientific community, which has shown 
(at least to some degree) that the global science system 
is  indeed self-regulatory and low-quality or  fraudulent 
preprint manuscripts will not circulate unchecked indefi-
nitely. The quality of COVID-19-related research has also 
been analyzed by Fraser et al.,15 Singh and Ravinetto,113 
Kodvanj et al.,114 Majumder and Mandl,115 Vlasschaert 
et al.,116 Wang et al.,117 and Gianola et al.118

Authors in control

We also think that preprints empower authors with more 
control over the results of their work – they can (in a cer-
tain framework of preprint servers) inform others about 
their ideas and results on their own account. On the one 
hand, this reduces (to some degree) the dependence of re-
searchers on the journals as the only channels of publish-
ing science; on the other, it does not undermine the peer 
review verification system as a whole, since preprints are, 
in most fields of knowledge, only a complement, not a re-
placement of traditional peer-reviewed publishing.

The  editors of  Adv Clin Exp Med acknowledge that 
preprint dissemination may interfere with the anonymity 

of the authors because the reviewers may find the preprint 
on the Internet and thus learn about the authors’ identi-
ties. Moreover, should a discussion occur in social media 
or on other websites where the authors promoted their 
preprint, a peer reviewer may also inadvertently read such 
remarks and be influenced by them. Despite these poten-
tial problems, we believe the advantages of the abovemen-
tioned preprints outweigh the potential interference with 
the peer-review process.

Papers in Adv Clin Exp Med 
previously released as preprints 
in 2021–2024

In  2022–2023, 9  papers were published in  Adv Clin 
Exp Med that were previously disseminated as preprints; 
in 2024 (until July 10), 6 such papers were already pub-
lished. Endorsement of preprints in our journal has been 
decided only in  early 2021, so there are no data from 
the previous years that could allow for pointing out trends 
in the popularity of preprint release among our authors. 
In 2021, only 2 papers already available as preprints were 
published, but such a  low number does not enable any 
meaningful comparisons – it is possible, e.g., that authors 
who wished to disseminate their work as preprint ab-
stained from submitting their articles to Adv Clin Exp Med 
because they were not sure whether the editorial office 
followed the Ingelfinger Rule. The experience of editors 
shows that changes in editorial policy in this journal take 
a few months to be broadly recognized among prospec-
tive authors.

Outline of preprinted papers published 
in Adv Clin Exp Med

Papers published in Adv Clin Exp Med since the imple-
mentation of the preprint endorsement policy, which were 
identified as made available using preprint servers, are 
summarized in Table 1.119–135

Overall, 2 such papers were published in our journal 
in 2021, 6  in 2022, 3  in 2023, and 6 in 2024 (until July 
10). However, 3 from the last group are ahead of print ar-
ticles which will appear in regular issues in 2025 (1/2025, 
2/2025 and 4/2025) and 1 is an ahead of print publication 
from the 12/2024 issue; this makes 17 papers disseminated 
as preprints in total. We need to find an explanation for 
the surge in preprinted papers in 2022. Among the 17 pa-
pers, 11 came from China, 3 from Poland, 1 from India, 
1 from the Czech Republic, and 1 from Mexico. These 
numbers roughly reflect the composition of  the coun-
try of origin of papers submitted to Adv Clin Exp Med 
– from January 1, 2021, to July 10, 2024, 63% of papers were 
from China and 14% from Poland. There is no evidence 
that funding institutions or other institutional policies 
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Table 1. Papers published in Advances in Clinical and Experimental Medicine (Adv Clin Exp Med), which were available as preprints at the time of submission

Article Country Title Preprint 
server SI Additional information

Li et al., 2021119 China
miR-874 ameliorates retinopathy in diabetic rats 

by NF-κB signaling pathway
Research 
Square

97%

Information about version of record being 
the paper published in Adv Clin Exp Med 

only in the *pdf version available 
on the preprint server.

Liu et al., 
2021120 China

Silencing of lncRNA SNHG12 inhibits proliferation 
and migration of vascular smooth muscle cells via 

targeting miR-766-5p/EIF5A axis

Research 
Square

82% −

Guo et al., 
2022121 China

Metformin protects against abdominal aortic 
aneurysm by Atg7-induced autophagy

Research 
Square

69% −

Li et al., 2022122 China

Does a single dose of palonosetron have any role 
in preventing acute chemotherapy-induced nausea 

and vomiting in pediatric osteosarcoma patients 
without dexamethasone? A randomized clinical trial

Authorea 33% iThenticate did not detect the preprint.

Putowski et al., 
2022123 Poland

High intraoperative pulse pressure is a risk factor 
for postoperative acute kidney injury in a cohort 

of abdominal surgery patients: An exploratory study

Research 
Square

69% −

Ji et al., 2022124 China
Hypoxia-inducible factor-2α promotes EMT 

in esophageal squamous cell carcinoma through 
the Notch pathway

Research 
Square

75%

Information about version of record being 
the paper published in Adv Clin Exp Med 

only in the *pdf version available 
on the preprint server.

Begum et al., 
2022125 India

Efficacy of different intensity of aquatic exercise 
in enhancing remyelination and neuronal plasticity 

using cuprizone model in male Wistar rats

Research 
Square

97% −

Sun et al., 
2022126 China

Significance of detecting the levels of miR-29a, 
survivin and interferon gamma release assay 
in patients with lung cancer and tuberculosis

Research 
Square

77% −

Sang et al., 
2023127 China

Bone marrow mesenchymal stem cell-derived 
exosomes attenuate the maturation of dendritic cells 
and reduce the rejection of allogeneic transplantation

Research 
Square

95% −

Grotowska 
et al., 2023128 Poland

Fluid resuscitation, but not inhaled nitric oxide, 
improves microcirculation in septic pigs

Research 
Square

67% −

Ventruba et al., 
2023129

Czech 
Republic

The contribution of donated human embryos suitable 
for the production of embryonic stem cells to increase 

the quality of life: Selection and preparation 
of embryos in the Czech Republic

Research 
Square

91% −

Yang et al., 
2024130 China

Correlation analysis of patients with diabetic foot 
ulcers treated with tibial cortex transverse transport 

surgery and platelet-to-lymphocyte ratio and 
monocyte-to-neutrophil ratio

Research 
Square

97% Ahead of print (4/2025)

Li et al., 2024131 China
Small RNA sequencing highlights a potential 

regulatory network mediated by Gecko miRNA 
affecting the prognosis of hepatocellular carcinoma

Research 
Square

68%

Ahead of print (2/2025); Editorial Note: 
The full text of this preprint has been 
withdrawn by the authors while they 

make corrections to the work. Therefore, 
the authors do not wish this work to be 

cited as a reference. Questions should be 
directed to the corresponding author.

Szczepanowski 
et al., 2024132 Poland

Application of machine learning in predicting frailty 
syndrome in patients with heart failure

Research 
Square

88%

Information about version of record being 
the paper published in Adv Clin Exp Med 

only in the *pdf version available 
on the preprint server.

Zheng et al., 
2024133 China

Integrated analysis of a competing endogenous 
RNA network reveals a ferroptosis-related 6-lncRNA 

prognostic signature in clear cell renal cell carcinoma

Research 
Square

99% Ahead of print (12/2024)

Yong et al., 
2024134 China

Differential expression of miRNA-769-5p and Smad2 
in patients with or without oral cGVHD

Research 
Square

89% Ahead of print (1/2025)

Vázquez-
Rodríguez et al., 
2024135

Mexico

Fc-gamma receptor expression and cytokine 
responses to intravenous human immunoglobulin 
in whole blood from non-pregnant and pregnant 

women and newborns

medRxiv 43% −

SI – Similarity Index
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in China or Poland encourage or stipulate disseminating 
papers as results of funded research more strongly than 
such institutions in other countries. Among the preprint 
servers chosen by the authors, Research Square was clearly 
the preferred one, with 15 papers stored there; 1 article was 
deposited in Authorea and 1 in medRxiv. The reason for 
this is most probably the snowball effect – for years, this 
server has been unchallenged as the most popular among 
medical researchers, and many of them might not consider 
any other service when choosing a preprint server, even 
though policies of Research Square and medRxiv are simi-
lar.33,35 There are no visible patterns regarding the topics 
of the preprinted papers compared to all papers published 
in Adv Clin Exp Med – as shown in Table 1, the thematic 
scope of this whole group of articles is vast and covers 
diverse areas of medical sciences. This is in concert with 
the journal’s scope in general – it published papers that 
deal with all clinical and experimental medicine.

Differences between preprints and 
published papers

Several studies discussed the scope of differences be-
tween preprint versions of medical papers and the final 
articles that appeared in peer-reviewed journals.13,41,51 
Although such an area of research is outside the scope 
of this paper, some insight might be provided by the results 
of the anti-plagiarism similarity check performed using 
the iThenticate service provided by Crossref (Lynnfield, 
USA). A study by Li et al.122 was disseminated as a preprint 
using the Authorea service, which, for technical reasons, 
precluded it  from being identified as a preprint during 
the verification above (the authors revealed the existence 
of the preprint in the cover letter). Among the remain-
ing 16 papers, 8 (50%) remained very similar to the pre-
printed version, with the SI indicated by iThenticate vary-
ing between 88% and 99% (cf. Table 1). However, the reader 
should bear in mind that the percentage of changes does 
not necessarily reflect their significance; large parts of text 
can be rewritten for linguistic editing reasons, while 
changes small in terms of percentage may deeply modify 
the presented results (e.g., altered numerical values). Jour-
nals that accept preprinted papers do not require the most 
recent version deposited on the preprint server to be iden-
tical to the manuscript submitted to the editorial office 
– some only stipulate that it cannot be changed following 
submission, either as a result of peer-reviewers’ remarks 
or at all; therefore, the SI in the range of 43–82% among 
the other 8 preprinted papers published in Adv Clin Exp 
Med is not a surprise. The authors may revise the paper 
substantially between posting it as a preprint and submit-
ting it to a journal, and they do not have to post the exact 
submitted version on the preprint server – they may decide 
to leave the preprinted version unaltered. Such revisions 
may concern both the scientific content of the text and its 
structure and language.

Impact on citations

As has been mentioned before, several authors57–61 dis-
cussed the question whether preprints boost the number 
of citations of  their published versions. Unfortunately, 
it is impossible to analyze this issue on the example of ar-
ticles previously disseminated as preprint and subsequently 
published in Adv Clin Exp Med, since none of those pa-
pers was cited more than 1–2 times and none of them was 
among the above-average cited papers published in this 
journal (the  current IF for Adv Clin Exp Med is  2.1). 
Therefore, it cannot be tracked whether this single cita-
tion or 2 citations are in any way related to the preprint 
deposition.

Duplicate publication issues

An issue of particular importance is  the persistence 
of preprints on dedicated servers even after the version 
of record (i.e., the published version) of the manuscript 
appears. This creates a paradoxical situation when both 
unrefereed and peer-reviewed versions of the same paper 
are in circulation. A paper can undergo many changes dur-
ing the peer-review process, and the published version may 
differ substantially from the submitted one. Consequently, 
the preprint version may be misleading for the reader be-
cause it may include content that was put into question 
by the reviewers and altered as a result. Leading preprint 
services do not allow the removal of preprints (and pub-
lished ones) from their servers entirely, considering them 
a part of the scientific record.9,33 Therefore, the preprint 
reflecting the submitted version can still be available and 
citable, even though it presents only the imperfect, some-
times even flawed version of the manuscript.

An example of an unclear situation regarding a pre-
print is the paper by Li et al.131 It has been withdrawn 
from Research Square with a withdrawal note placed (cf. 
Table 1), which provides the following reasons for with-
drawal: “The full text of this preprint has been withdrawn 
by the authors while they make corrections to the work. 
Therefore, the authors do not wish this work to be cited 
as a reference. Questions should be directed to the cor-
responding author.”136 The note is dated August 30, 2023, 
while the submission to Adv Clin Exp Med took place 
5 days later – on September 4, 2023. Whether the with-
drawal occurred due to publication in Adv Clin Exp Med 
or for other reasons is unclear. It is possible that the authors 
attempted to avoid duplicate publication by withdrawing 
the preprint rather than supplementing it with a note about 
the version of record; in our opinion, such action intensi-
fies the confusion instead of minimizing it (the authors 
did not react to contact attemps after the editors learned 
about the withdrawal note).

However, a note may appear at the beginning of the pre-
printed paper indicating that the version of the record 
is not the preprint but the published version, with a DOI 
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or a URL of the published article. Such note about the ver-
sion of the record being the paper published in Adv Clin 
Exp Med appears in 3 papers (conf. Table 1), but only 
in the *pdf versions available at the preprint server, not 
on the HTML subpages of the respective preprints.119,124,132 
This may lead to a situation when a researcher or a media 
outlet mistakenly cites the unrefereed preprint instead 
of the peer-reviewed article because when searched us-
ing the title in web browsers, preprint frequently appears 
directly or almost directly below the published version 
in PubMed and on the  journal’s website. There is also 
a possibility that the preprint is erroneously taken for a pa-
per entirely different from the version of the record listed 
above in the browser (this can happen when the reader 
neglects to compare the title and author list of both re-
leases). Therefore, the editorial office of Adv Clin Exp Med 
stipulated as  follows in the  instructions for authors109: 
“Once the preprint is published in Adv Clin Exp Med, 
it is the author’s responsibility to ensure that the preprint 
record is updated with a publication reference, including 
the DOI and a URL of the published version of the article 
on the journal website.”

Rejected papers previously 
released as preprints in 2022–2024

The rejection rate in Adv Clin Exp Med is very stable and, 
since 2021, has oscillated around 80% each year. Therefore, 
many more manuscripts were submitted to our journal 
following a preprint release that did not make it to publica-
tion. Since the SI, which allows for (apart from unmask-
ing plagiarism cases) the detection of a preprint (should 
the authors neglect to reveal its existence in the submis-
sion form), was consistently measured for all submitted 
manuscripts only from December 2021, we decided to sift 
the rejected papers for preprints releases only beginning 
from those submitted later than January 1, 2022.

Overall, from January 1, 2022, to July 15, 2024, 72 manu-
scripts previously released as preprints were submitted 
to Adv Clin Exp Med, of which 15 were published and 
57 were rejected (there were no preprinted manuscripts 
among the  withdrawn ones; manuscripts still under 
peer review were not considered since their fate is yet 
undecided). The total rejection rate for the given period 
is 19.62%. In comparison, for the previously preprinted 
papers, it is 20.83%, so the difference is negligible. It does 
not prove any difference in the quality between manu-
scripts released as a preprint and all papers published 
in our journal.

Nevertheless, it  is  interesting to  investigate at which 
stages of the article assessment process the abovemen-
tioned 57 papers were rejected. Nineteen were rejected 
during the peer review stage because of negative reviews, 
while 15 were recommended for rejection by section edi-
tors resulting from a preliminary assessment before peer 

review. The rest did not pass even the initial verification 
stage. Authors of 13 manuscripts disclosed that they re-
leased them beforehand as preprints in the submission 
form or after being asked by the editors when the SI check 
revealed the preprint existence in the SI report; however, 
they failed to implement during the initial verification 
the editor’s remarks concerning other aspects of the pa-
per (e.g., references formatting or the overall structure 
of the paper). Authors of 10 papers did not inform the edi-
tors in advance about the preprints. When the SI report un-
covered this negligence, they did not address the (repeated 
and accompanied by  a  URL to  the  preprint) question 
about this issue. Our editors always assume the goodwill 
of the authors, so failing to disclose a preprint in the sub-
mission form is never a reason for rejection – provided 
that the authors confirm that they made a preprint release 
when asked about it; should they remain silent, the paper 
is rejected after 60 days. We cannot explain this lack of re-
sponse (even though the authors were informed that Adv 
Clin Exp Med endorses preprint dissemination) nor make 
any informed supposition regarding the authors’ motiva-
tion for breaking contact with the editors at so an early 
stage of manuscript assessment.

Conclusions

Should our preprint policy be changed?

The analysis of all preprinted papers submitted to Adv 
Clin Exp Med showed that their rejection rate is similar to 
the general rejection rate for all submitted manuscripts; 
consequently, it can be stated that the papers previously re-
leased as preprints do not differ in quality compared to all 
papers published in our journal. Therefore, the justifica-
tion for endorsing preprints in Adv Clin Exp Med is not that 
they benefit this journal but that they serve the scientific 
community as a whole and science in general by facilitating 
rapid dissemination of results, fostering immediate assess-
ment of those results by other investigators and debate 
around them, as well as by allowing to establish priority 
for researchers for whom this is important for any reasons. 
Though legitimate, concerns and controversies surround-
ing preprints are primarily rooted in potentialities and 
not established facts; thus, the policy of our journal will 
remain favorable to preprints unless their disadvantages 
are scientifically proven or at least many cases of harm 
caused by preprints emerge.

As stated at the end of the “Policies of other journals” 
section, the status of preprints in the scientific commu-
nity is dynamic and the only things we can be sure of are 
more changes. We are unable to predict these changes and, 
in consequence, to act in advance. Arguments presented 
in the sections “Advantages of preprints” and “Adv Clin 
Exp Med preprint policy” clearly show that there is no 
way back and our stipulations regarding preprints may 
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become more detailed, encompassing more aspects of this 
issue, but we would contradict our dedication to advancing 
medical knowledge and promoting OS if we decided to stop 
considering preprinted papers for publication.

Therefore, we believe the most justified line of action 
in light of the knowledge amassed to date is educating 
authors – specifically, regarding 3 aspects of preprints. 
First, only a tiny fraction of papers submitted to Adv Clin 
Exp Med are released as preprints; the authors should be 
more aware of the advantages of preprinting for them and 
the scientific world. Second, some authors still seem to be 
unsure and wary whether disseminating the paper this 
way before publication could cause rejection by a journal; 
they should know that in most periodicals, it is not a prob-
lem nowadays, but at the same time, they should be aware 
that a preprint is not equal to a peer-reviewed publication, 
which can be crucial in the context of, e.g., scientific output 
assessment or grant application. Third, several authors ne-
glected to amend their preprinted manuscripts with infor-
mation about the published version of the record; however, 
we have no means to enforce our policy following publica-
tion. The authors should be educated on why it is essential 
from both ethical points of view and for practical reasons 
because preprint citations are not monitored. If 2 or more 
versions of a given paper (preprint(s) and published version 
of record) are circulating simultaneously, some researchers 
can erroneously cite the preprint because they are unaware 
that a published version exists, and the authors do not 
benefit as much as when their published paper is cited. 
Authors who neglect to link the preprint to the version 
of the record are presumable oblivious to this danger.

Future directions for preprint policies and 
their potential evolution in the context 
of OS

During the last 15 years, the preprints have been rap-
idly evolving, concerning both their role in the scientific 
landscape and the growing number of services dedicated 
to their dissemination. It  is not probable that preprints 
will be treated on par with papers – peer review remains 
the most reliable gatekeeping mechanism. However, based 
on the information and hypotheses presented in the cited 
literature on the subject, the following tendencies in this 
evolution can be pointed out.

The  most important area of  preprint development 
is the issue most often raised in their context – the fact 
that they are unrefereed manuscripts. Some initiatives 
have already been launched to  provide at  least some 
of the preprints with reviewing – at least those whose au-
thors aim at ultimately publishing them in peer-reviewed 
journals. This issue was exhaustively discussed on a theo-
retical level in an important preprint by Avissar-Whiting 
et al.137 They offered a definition of preprint review and 
outlined what sets it  apart from other types of  more 
informal feedback on preprints, presented the benefits 

of preprint review, and called to action for stakehold-
ers in the scholarly communication ecosystem to further 
promote preprint review.

Such action can take 3 direction. One is launching peer-
review services independent of specific journals or publish-
ers. Review Commons is an initiative recently launched 
by European Molecular Biology Organization (EMBO) 
and ASAPbio. It functions as a journal-independent peer 
review service to which authors submit preprints and ob-
tain peer reviews that they can then present to journals 
to consider.138–140 Another idea was recently implemented 
by the journal eLife, which since 2021 exclusively reviews 
papers already published as preprints.140 The 3rd direction 
are overlay journals – OA academic journals that does not 
produce their own content, but select from texts that are 
already freely available online and contact the authors. 
Many overlay journals derive their content from preprint 
servers; therefore, in these periodicals, preprinting is also 
a prerequisite for submission.141,142

These initiatives show that the  future of  preprints 
is in closer ties with peer-reviewed journals – integrating 
preprinting in journal submission workflows and general 
closer cooperation between journals and preprint servers 
– rather than in becoming and alternative mode for dis-
semination. If such mechanisms become norm, it can also 
result in more preprints reaching the publication stage. 
Given the rising popularity of preprints, it also possible 
that in the coming years, last journals who regard preprints 
as previous publication would abandon this interpretation 
of the Ingelfinger Rule and at least concede to reviewing 
such cases on an individual basis. A survey conducted 
by Fraser et al.143 among authors of preprints deposited 
on bioRxiv showed that the core of the problem is shifting 
from journal policies to authors’ perceptions – dispropor-
tionately many authors as recent as 2022 were convinced 
that still many scientific journals (much more than in re-
ality) consider releasing a preprint a breach of the above 
rule; however, Fraser et al. pointed out that it may be due 
to still unclear policies of many journals.143 This means 
that endorsement of preprints by editors must go hand 
in hand with policies’ clarification.

The COVID-19 pandemic clearly showed that more thor-
ough screening of manuscripts deposited on preprint serv-
ers in both possible (at least to some extent) and important. 
While peer-reviewing of all preprinted materials would 
diminish their primary advantage over peer-reviewed 
papers – the speed of dissemination – the leading pre-
print services seem to tighten both the requirements and 
the verification mechanisms, especially regarding scien-
tific content, dubious claims, conflict of interest, and data 
sharing. This should include also mandatory cross-linking 
of preprints to their published peer-reviewed versions, 
stipulated by both preprint servers and journal editors, 
which should curb the issue of citation dilution. Licensing 
in regard to preprints should also become more uniform 
since now it is not always clear from authors’ perspective 
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whether the terms offered by preprint servers will not 
cause problems later, when the paper is published.

An evolution of preprints policies among funders and not 
only journals can be observed. Some grant funders, such 
as the Bill and Melinda Gates Foundation,144 NIH31,32 and 
the European Research Council (ERC), oblige beneficia-
ries to make their papers available under green OA status, 
in which self-archiving by authors (inckuding preprinting) 
is permitted. If all research funders required their grant-
ees to post their manuscripts first on preprint servers, 
the widespread desire to provide immediate free access 
to the world’s scientific output would be achieved with 
minimal effort and expense.55

During the COVID-19 pandemic, a marked change was 
observed in  the use of preprints in policy documents; 
it is another proof that the status of preprints is improv-
ing in the view of organizational (public and private alike) 
and state bodies. It is not clear yet whether this tendency 
was specific only to the global health emergency situa-
tion or will persist – the latter is more probable in light 
of funders’ moves towards OS. More accepting attitude 
to citing preprints in medical publications will be probably 
also visible in the near future.

Some members of the scientific community – like Ni 
and Waltman14 – emphasize that research institutions and 
research funders should recognize and reward researchers 
for preprinting their work because in doing it they promote 
OS. This is especially important for early-career research-
ers. It can also be assumed that preprints will be more 
welcome in resumes and evaluation sheets of researchers, 
albeit not as a sole or primary mode of disseminating one’s 
achievements. For example, the University of California 
Davis (UC Davis) and the New York University Grossman 
School of Medicine both allow preprints to be included 
as evidence for promotion. While this is encouraging, 
we suspect that such policies are rare, leaving it unclear 
for job applicants and faculty whether to list preprints 
on their curricula vitae.145

Policies of databases are also changing. Preprints are in-
dexed in many of them, but searching, retrieval and acces-
sibility of preprints is another issue, since currently there 
are no cross-platform searchable aggregators specific for 
preprints and the end-user is relied upon external content 
indexing by Google Scholar, SHARE, Microsoft Academic, 
Unpaywall, Crossref, Europe PMC, PubMed, Prepubmed, 
or SciLit search engines.10 In the near future, preprints may 
become more integrated into the searching and aggregat-
ing tools available for researchers, which would in turn 
boost their citability.

In the long term, double-blind review may be impossible 
to maintain if authors have posted their article in a preprint 
server,63 since the reviewers will be able to learn the au-
thors’ names by simply checking the title of the manuscript 
or a passage from it using an ordinary web browser. It may 
lead to abandonment of double-blind peer review in favor 
of open peer-review, like in the model adopted since 2021 

by the journal eLife.140 The scale of this process would 
depend on the ratio of manuscripts submitted to journals 
being released as preprint before submission or during 
the peer-review process.

Suggestions for future research 
on preprints

Although the literature on preprints is abundant, several 
issues were only slightly touched or not referred to at all 
in scientific papers. Therefore, we want to offer our sug-
gestions for future research concerning this topic.

The most important issue in the context of scientific 
publishing seems to be the long-term impact of preprints 
on citation rates. This area of research forks into 3 sub-
issues: 1) What impact releasing preprints has on the ci-
tation rates of the same papers after they are published 
in a peer-reviewed journal? 2) Is citation dilution between 
preprint and peer-reviewed version of the same articles 
a real or only a perceived problem? 3) Are preprints them-
selves frequently cited? Attempts were made to answer 
the 1st question – this issue has been discussed, among oth-
ers, by Fu and Hughey,57 Xu et al.,58 Fraser et al.,59 Serghiou 
and Ioannidis,60 and Xie et al.,61 but this area of research 
is still in its infancy and no definite conclusions have been 
reached. Añazco et al.146 showed that COVID-19-related 
preprints which were eventually published had a higher 
citation count as preprints when compared to unpublished 
preprints, and that published preprints had a significantly 
higher citation count after publication in a scholarly jour-
nal compared to as a preprint; however, their study had 
a limited scope and is a proof that broader studies would 
probably yield more reliable results.

Another key and yet only cursorily investigated prob-
lem is the perception of preprints among the general pub-
lic. In our opinion, the most important specific question 
in this regard can be formulated as follows: Is the general 
public able to discern between preprinted and peer-re-
viewed papers? Experiences from the COVID-19 pandemic 
have shown that laypeople, lay media and politicians alike 
are in some cases unable to distinguish between a scien-
tific publication, a preprint and a press release presenting 
some research results. This not a new problem: Penfold 
and Polka147 described a case of bioRxiv preprint link-
ing cell phone radiation to cancer in rats, which in 2016 
was reported on without mentioning its preprint status; 
however, so far this issue has not been systematically ana-
lyzed. The results of such investigations would (and should) 
have considerable influence on appropriate marking of pre-
prints as such on all most popular preprint servers (as for 
now, the policies are not uniform). Moreover, it would be 
an unprecedented opportunity to bridge the scientific and 
media communities to create a consensus on the report-
ing of preprints in order to at least partially avoid mis-
takes made during the pandemic in the future.15 However, 
it should be borne in mind that laypeople (including many 



M. Misiak, D. Kurpas. Preprints in Adv Clin Exp Med1064

journalists) may be simply unaware what does it mean that 
a manuscript has not been peer-reviewed since knowledge 
about tenets of scientific publishing is not widespread even 
among educated people (it is not part of the high school 
or even university curriculum in many countries if a given 
person does not attempt to launch a career in the schol-
arly milieu). What is obvious to researchers is certainly 
not self-evident among the  general public. Therefore, 
educating broader audience should also take into account 
the abovementioned basic rules of disseminating knowl-
edge in the scientific community.

A related issue is the true scope of reaction to preprints 
both on preprint severs and in social and lay media, also 
outside the context of the pandemic. An often raised (and 
discussed in this paper) advantage of the preprints is that 
they are to foster professional debate about their contents 
even before a paper is published (or even if it is not pub-
lished); however, there are only single studies showing 
whether such debate actually occurs and how many people 
participate in it – both on preprint servers and in social 
media (X (formerly Twitter), Facebook, etc.), where the au-
thors post links to the released but unrefereed manuscripts. 
For example, Rzayeva et al.148 conducted a survey among 
authors of pandemic-related preprints deposited on arXiv, 
bioRxiv, medRxiv, and ChemRxiv in 2020, of whom 53% re-
ported that they had received feedback on their preprints. 
However, only a quarter of the feedback received by re-
spondents consisted of detailed comments. Respondents 
also reported that, compared to preprint feedback, jour-
nal peer review was more likely to lead to major changes 
to their work, suggesting that journal peer review provides 
significant added value compared to feedback received 
on preprints. This suggests that the possibility of valuable 
debate about a given preprint may be overrated so far; this 
matter must be investigated further.

Another issue requiring thorough investigation is at least 
an estimation of the real (not only perceived) possibility 
of scooping. Approximately 2% of respondents in bioRxiv’s 
survey reported having suffered a loss in ability to claim 
priority or to publish in the journal of their choice as a re-
sult of having published a preprint.147 It does not mean that 
these researchers were directly scooped (journal policies 
rejecting preprint could also be at play), but such voices 
show that such possibility is not only an unfounded, unjus-
tified fear. If such act of scientific misconduct can actually 
happen, concerns voiced by authors in surveys discussed 
in this editorial are warranted and should be widely known 
– in order to let authors considering a preprint release 
make an informed decision.

Papers presenting surveys mentioned above focused 
on the perspective of researchers as authors – but not 
as peer reviewers. It would be very informative to have 
some insight how scientists serving as peer reviewers per-
ceive the value of preprints and whether they are willing 
to engage in reviewing also preprints if such mechanism 
was to be wider established.

Sustainability of preprint services and servers is also 
an  important but only scarcely discussed issue. While 
the preprint services most frequently chosen by the au-
thors are owned and managed by respectable institutions, 
their model of financing and sustaining their functioning 
is not as stable as, e.g., dark archives like CLOCKSS or large 
databases like Scopus, Web of Science Core Collection, 
PubMed, PMC, Medline, or Ovid. A broad study describ-
ing, comparing and assessing the stability of these models 
would be paramount to the whole scientific community 
and could stimulate discussion about creating more sus-
tainable mechanisms for preprint dissemination, especially 
if they are viewed as a form of OS.

Related to this field of research is the impact of pre-
prints on changing hierarchies in global science, specifi-
cally concerning the country of origin of both authors 
and manuscripts. The question here is: Do preprint in-
frastructures and social mechanisms develop with is-
sues of diversity, equity and de-colonialization of science 
taken into account?147 Fry and MacGarvie149 showed that 
COVID-19-related preprints from China received signifi-
cantly less attention than those covering the same topic 
and originating from the USA, so certainly this an issue 
worth attention. It is also an open problem why researchers 
outside Europe and USA are more cautious about preprints 
– this issue was clearly observed by Ni and Waltman,14 
who offered various hypotheses concerning the causes 
of this disparity; however, no clear explanation was yet 
offered. Biesenbender et al.150 conducted a survey about 
experiences and attitudes towards posting and using pre-
prints in the Global South as opposed to the Global North. 
It could be observed that a greater percentage of partici-
pants from the Global South expressed agreement with 
the proposed benefits of posting preprints than those from 
the Global North. This shows that there is an unexplored 
potential among researchers from developing countries re-
garding participation in OS, also in the form of preprints. 
Barriers blocking these scientists from broader participa-
tion in the preprint initiatives must be clearly identified 
and – if possible – overcome.

Last but not least, policies regarding preprint citation 
employed by different publishers and journals warrant 
a comparison in one source. The American Medical As-
sociation (AMA) reference standard required by Adv Clin 
Exp Med includes a specific preprint notation, but other 
reference models may allow for distinguishing preprints 
and papers accepted but not yet published (so-called 
in press articles) not clearly enough. Since we as editors 
sometimes observe authors themselves assuming that 
a paper still under review in a journal can be cited as pa-
per “in press”, it is crucial to both show the authors how 
to cite preprints properly and to make them aware that 
a paper not accepted yet can be released as a preprint and 
cited as such while a paper already accepted but not yet 
published can be cited either as a preprint or as an in press 
article (having in mind that only the former mode allows 
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the reader for checking its contents immediately, without 
waiting for publication).

More interesting open questions regarding the future 
of preprints were proposed in a preprint manuscript by 
Puebla et al.151

The editorial staff of Adv Clin Exp Med remains vigi-
lant regarding the evolving role of preprints in scientific 
publishing – our policy must never lag behind the devel-
opment of OS.
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Abstract
Background. The relevance of the discovered plasma ESR1 mutations in positive metastatic breast cancer 
(BC) patients who had progressing disease after aromatase inhibitor (AI)-based therapy is still being debated.

Objectives. We conducted this meta-analysis to explore the prognostic and predictive role of plasma ESR1 
mutations in patients with progressive BC who have previously received AI therapy.

Materials and methods. We searched for relevant studies in the PubMed, Embase and Cochrane Library 
databases to be included in the meta-analysis. This study was performed to compute combined hazard ratios 
(HRs) with 95% confidence intervals (95% CIs) for the progression-free survival (PFS) rate and overall survival 
(OS) rate. Subgroup and sensitivity analyses were also performed. The heterogeneity between studies was 
evaluated using the I2 statistic.

Results. In this meta-analysis, a total of 1,844 patients with metastatic BC and positive for estrogen recep-
tors (ERs) were enrolled from 8 articles. The analysis revealed that patients with circulating ESR1 mutations 
had significantly worse PFS (HR: 1.34; 95% CI: 1.17–1.55; p < 0.001) and OS (HR: 1.59; 95% CI: 1.31–1.92; 
p < 0.001) compared to wild-type ESR1 patients. Subgroup analysis showed that the types of plasma ESR1 
mutations were associated with differences in the prognosis of metastatic BC. The D538G mutation showed 
a statistically significant lower PFS (p = 0.03), while the Y537S mutation was not significantly correlated 
with PFS (p = 0.354).

Conclusions. According to the findings of this meta-analysis, the assessment for plasma ESR1 mutations may 
provide prognostic and clinical guidance regarding subsequent endocrine therapy decisions for ER-positive, 
metastatic BC patients who had received prior therapy with AIs.

Key words: meta-analysis, metastatic breast cancer, aromatase inhibitors, ESR1 mutations, prognostic role
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Background

Breast cancer (BC) is among the most common tumors, 
with about 75% of BC cases being positive for estrogen re-
ceptors (ERs).1,2 The cornerstone of treatment are endocrine 
therapies such as ER modulators or aromatase inhibitors 
(AIs).3 The preferred initial treatment for metastatic breast 
cancer (MBC) is endocrine therapy; however, most patients 
are at risk for endocrine resistance during treatment.4,5

Several mechanisms and biomarkers have been associ-
ated with endocrine resistance, but the clinical applica-
tion of these mechanisms has not yet been reached.6 One 
crucial factor in their resistance is a mutation occurring 
in the binding domain of estrogen receptor 1 (ESR1) encod-
ing ER-α.7 In vitro investigations have provided evidence 
that the ESR1 mutation gives rise to an ER that is constantly 
active, regardless of ligand binding. This constitutive ac-
tivation of the ER leads to increased cell proliferation and 
reduced responsiveness to endocrine therapies.8 This par-
ticular mutation has been the subject of extensive research 
in the past 10 years, with a focus on understanding its bio-
chemical and molecular impacts, as well as its significance 
in determining suitable treatment options and identifying 
potential weaknesses that can be targeted therapeutically.9

A set of ESR1 gene mutations has been identified in pre-
vious studies from patients with metastatic BCs. The prev-
alence of ESR1 mutations is much higher in metastatic 
BC compared to primary cancers, especially in patients 
previously treated with AIs.10,11

The  incidence of  ESR1 mutations among patients 
with MBC who have undergone AI therapy ranges from 
around 20% to 40%, with variations observed depend-
ing on the specific areas of metastatic disease.12 Estrogen 
receptor 1 mutations were detected in about 55% of bi-
opsies from ER-positive metastatic BC patients.13 About 
40% of MBCs acquire the ESR1 mutations, which confers 
resistance to AI therapy in MBC.14

The most common mutations found in several inves-
tigations are the D538G and Y537S variants. The E380Q 
mutation is the 3rd most prevalent identified mutation.15 
Recently, most studies have focused on detecting ESR1 
gene mutations in circulating tumor DNA (ctDNA) for 
easier sampling as an alternative to tumor tissue biop-
sies.16 Several clinical studies have provided evidence 
that ESR1 mutations in the plasma are associated with 
a decreased progression-free survival (PFS) rate follow-
ing AI treatment.17–19 However, the utility and reliability 
of ESR1 mutations in the plasma as a predictive tool for 
BC prognosis is still controversial due to the limitations 
in the current evidence. These limitations include a wide 
discrepancy in mutations assessed, drugs used, plasma 
processing methods, and techniques. Moreover, most 
studies included a limited number of patients, resulting 
in inconsistent findings. The aforementioned limitations 
render them insufficient in their capacity to effectively 
assess the varying impacts of various ESR1 mutations and 

their utility in the prediction of efficacy of a specific treat-
ment, such as AIs or fulvestrant.

Objectives

Therefore, the present meta-analysis aimed to assess 
the clinical utility of ESR1 mutations in ctDNA and its im-
pact on PFS and overall survival (OS) among MBC patients 
with ER-positive BC. We also carried out subgroup analysis 
to evaluate the relevance of the most frequent types of ESR1 
mutations, including D538G and Y537S, and their predic-
tive significance in therapies based on AI regimens and 
fulvestrant.

Materials and methods

The current meta-analysis study was conducted based 
on the Preferred Reporting Items for Systematic Review 
and Meta-Analysis (PRISMA) guidelines.20

Search strategy and study selection

Observational, retrospective or prospective studies re-
porting the effect of ESR1 mutations on the therapeutic 
outcomes of MBC patients with positive ER BC were in-
cluded. Only clinical trials conducted on patients, regardless 
of the language used, were eligible for the analysis. The size 
or follow-up duration of the study did not limit the inclusion. 
At least 1 of the outcomes, including PFS and OS rates, had 
to be measured in the eligible studies. Commentaries, review 
articles and irrelevant studies were excluded.

Data sources and identification

First, we  systematically searched the  different elec-
tronic databases, including Embase, Cochrane Library and 
PubMed, until August 2022. The terms adapted and ap-
plied for searching each electronic database included BC, 
breast neoplasm, tumor, ctDNA, cell-free DNA (cfDNA), 
plasma, ESR1, ER, and therapy, as summarized in Table 1. 
No restrictions were applied regarding the location, design 
or  language of the study. After the initial examination 
of the titles and abstracts, we gathered all eligible publica-
tions using EndNote software (Clarivate Plc, London, UK) 
into a single file to omit duplications. Studies that did not 
report the impact of ESR1 mutations on PFS or OS among 
MBC patients were excluded. The retrieved publications 
were investigated for relevant outcome data. Publications 
with missing data were excluded.

Screening

A pre-designed form was utilized to  summarize 
main features and properties of the studies. The main 
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parameters included the  surname of  the  first author, 
study timeframe, region, year of publication, age, the as-
sessed ESR1 mutation types, study techniques, subject 
number, therapeutic regimens, and outcome data such 
as hazard ratios (HRs) of PFS and OS. In cases of missing 
survival data, a Kaplan–Meier curve was used instead 
to extract data using the method described by Tierney 
et al.21A unique identification number was used for each 
citation. In case of a study’s suitability for analysis, accord-
ing to the applied inclusion criteria, data were retrieved 
by 2 of the authors individually. In cases of discrepancy, 
the corresponding author was consulted for the final deci-
sion. Each study was appraised by 2 authors who examined 
the procedural quality of the relevant trials individually.

The risk of bias

For the study’s procedural quality evaluation and risk 
of bias assessment, the Cochrane risk-of-bias tool was im-
plemented for randomized trials v. 2 (RoB 2).22 The quality 
of selected publications was evaluated in duplicates, and 
discrepancies were cleared by consulting the correspond-
ing author. The bias evaluation criteria included the as-
signment of the study to one of the following categories: 
the complete fulfillment of quality standards warranted 
the study classification to the low risk of bias category, 
partial fulfillment of the quality requirements (1 or more 
missing or not adequately clarified) warranted the pub-
lication categorization as having a moderate risk of bias, 
and the high risk of bias category applied to publications 
which failed to meet the quality standards. Reassessment 
of  the original publication was applied in cases of any 
inconsistencies.

Eligibility

The main findings focused on the relation of ESR1 gene 
mutations in BC patients with metastasis. A summary was 
created based on the presence of outcome data regarding 
PFS or OS. The identified records were screened initially 
based on their titles and abstract, and then the full text was 

reviewed. We conducted a comprehensive search to iden-
tify all available and relevant studies to identify the latest 
developments and limitations in the existing literature. 
Well-designed randomized controlled or comparative re-
search studies, either prospective or retrospective, which 
enrolled patients with positive ER MBC in whom proce-
dure of intervention included the detection of ESR1 gene 
mutations by ctDNA or cfDNA at baseline of endocrine 
therapy, and which had adequately described data to es-
timate the overall pooled effect size of  survival status 
association with ESR1 mutations were included in this 
meta-analysis. Published case reports, abstracts, editori-
als, review articles, animal experiments, commentaries, 
studies with missing duplicate reports or incomplete data, 
studies lacking therapy information at baseline analysis 
of ESR1 mutations, and research studies with irrelevant 
objectives were excluded from this meta-analysis.

Sensitivity analysis 
and subgroup assessment

Sensitivity analyses were applied only to studies that 
showed a high risk of bias or high heterogeneity to evaluate 
the impact on research findings.

Statistical analyses

Pooled HRs, 95% confidence interval range (95% CI), and 
p-values were estimated. We used Review Manager (Rev-
Man v. 5.3; Nordic Cochrane Centre, Copenhagen, Den-
mark) and STATA v. 10.0 (StataCorp LLC, College Station, 
USA) for data analysis and visualization. The data were pre-
sented in forest plots. For computing statistical heterogene-
ity, we used the I2 index, which was valued up to 100%.17 
The I2 value of about 0% denoted no heterogeneity, while 
I2 values of 25%, 50% and 75% denoted low, moderate and 
high heterogeneity, respectively.23,24 The discrepancy be-
tween the included studies regarding eligibility criteria, 
population characteristics, potential bias, chemotherapeu-
tic regimens, sample type applied, and study interventional 
arms was evaluated to determine the appropriate model 

Table 1. Search strategy for each database

Database Search strategy

PubMed

#1	 “breast cancer”[MeSH Terms] OR “breast neoplasm”[All Fields] OR “ESR1 mutation”[All Fields] OR “breast metastasis”[All Fields]
#2	 “aromatase inhibitor”[MeSH Terms] OR “PFS”[All Fields] OR “OS”[All Fields] OR “progression-free survival”[All Fields] OR “overall 

survival”[All Fields] OR “endocrine therapy”[All Fields] (word variations have been searched)
#3	 #1 AND #2

Embase

#1	 ’ breast cancer ‘/exp OR ‘ breast neoplasm ‘/exp OR ‘ESR1 mutation’/exp OR ‘breast metastasis’/exp
#2	 ‘aromatase inhibitor’/exp OR ‘PFS’/exp OR ‘OS’/exp OR ‘ progression-free survival’/exp OR ‘overall survival’/exp OR ‘ endocrine 

therapy’/exp (word variations have been searched)
#3	 #1 AND #2

Cochrane Library

#1	 (breast cancer):ti,ab,kw OR (breast neoplasm):ti,ab,kw OR (ESR1 mutation):ti,ab,kw OR (breast metastasis):ti,ab,kw
#2	 (aromatase inhibitors):ti,ab,kw OR (PFS):ti,ab,kw OR (OS):ti,ab,kw OR (progression-free survival):ti,ab,kw OR (overall survival):ti,ab,kw 

OR (endocrine therapy):ti,ab,kw (word variations have been searched)
#3	 #1 AND #2
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to employ in our study, whether it be a fixed-effect model 
or a random-effects model. The random-effects model was 
employed for all analyses based on the evaluation of dis-
parities. For subgroup analyses, we stratified the outcomes 
per result category. We quantitatively assessed publication 
bias by Egger’s regression,25 Begg’s rank correlation tests26 
and visual inspection of Begg’s funnel plots. The entire 
estimated p-values were two-tailed. A p-value for differ-
ences amongst comparisons of < 0.05 denoted a statistically 
significant difference.

Results

The main characteristics 
of the included studies

The search of electronic databases resulted in 214 pub-
lications. After the search was restricted to clinical trials, 

142 of them were retrieved. The removal of irrelevant stud-
ies and duplicates yielded 8 relevant articles for inclusion 
and analysis. Two randomized clinical trials were presented 
in a report by Fribbens et al.27 (SoFEA and PALOMA3) 
and were independently analyzed. Figure 1 summarizes 
the search strategy for the databases and the selection for 
meta-analysis.

Table 2 illustrates 8 randomized trials27–34 published be-
tween 2016 and 2021. All trials were retrospective, includ-
ing prospective-retrospective studies (n = 5) using the base-
line archived plasma from randomized trials. The sample 
size in the eligible studies ranged from 16 to 541 patients, 
with a total of 1,844 patients enrolled. All participants 
received prior therapy with AIs with different subsequent 
treatment regimens, as listed in Table 2. The risk of bias 
in the selected studies was assessed in accordance with 
the Cochrane Collaboration tool. Study selection was based 
on 95% agreement between the 2 authors, and they both 
agreed 100% on the quality rate of the selected studies.

Fig. 1. Flowchart of the study 
search strategy

Records identified from*:
Databases (n = 214)

Records removed 
before screening:

Duplicate records removed 
(n = 28)
Records marked as ineligible 
by automation tools 
(n = 44)

Ineligible study design 
(n = 11)
Missing data or different 
outcomes (n = 18) 

Records screened
(n = 142)

Records excluded**
(n = 56)

Reports sought for retrieval
(n = 86)

Reports not retrieved
(n = 49)

Reports assessed for eligibility
(n = 37)

Reports excluded:

Reports of included studies
(n = 8)

Identification of studies via databases and registers
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ESR1 gene mutations and progression-free survival rate

The  association of  plasma ESR1 mutations in  MBC 
patients with PFS was investigated in  8  studies with 
11 outcomes for PFS data. The pooled estimated effect 
size showed a statistically significant worsened PFS with 
ESR1 mutations using the unchanged wild-type (WT) 
ESR1 as a comparison group (HR: 1.34; 95% CI: 1.17–1.55; 
p < 0.001, z = 4.12) among MBC patients with positive ER, 
as illustrated in Fig. 2. The heterogeneity level was moder-
ate in the HRs of the individual trials for PFS (I2 = 52%).

ESR1 gene mutations and overall survival rate

The pooled estimated HR for OS from 6 studies with 
7 outcomes using a random effects model was 1.59 (95% CI: 
1.31–1.92; p < 0.001, z = 4.71), suggesting a prognostic link 
of ESR1 gene mutations in study participants with ER-
positive MBC. The forest plot of the OS analysis is shown 

in Fig. 3. The heterogeneity level was moderate in the HRs 
of the individual trials for OS (I2 = 71%).

Subgroup analysis according to the type of ESR1 mu-
tations was described in only 3 studies, which reported 
the association of individual types of mutations with PFS. 
The  estimated pooled HRs with the  D538G mutation 
showed shorter PFS (HR: 1.42; 95% CI: 1.06–2.11; p = 0.031) 
using the WT ESR1 mutation as a comparator in BC pa-
tients assigned to endocrine therapy and the heterogene-
ity level was low (I2 = 2%). Unlike Y537S mutation, which 
showed high heterogeneity (I2 = 78%) and its association 
with PFS was statistically nonsignificant (HR: 1.55, 95% CI: 
0.61–2.33; p = 0.354).

Based on subsequent therapy for MBC patients, the sub-
group stratification for AI-based subsequent therapy showed 
a statistically significant pooled HR of 1.78 (95% CI: 1.37–
2.32; p < 0.001, I2 = 67%) for PFS and 1.37 for OS (95% CI: 
1.03–1.80; p = 0.033, I2 = 20%). These findings suggest that 
circulating ESR1 mutations predict a lower PFS for patients 

Fig. 2. Forest plot of the ESR1 gene mutations’ effect on the progression-free survival (PFS) rate

Table 2. Characteristics of the selected studies

Outcome(s) 
of interest measured Subsequent therapy Sample type Sample size Study ID, year

PFS, OS
PFS

fulvestrant and anastrozole, exemestane
fulvestrant and palbociclib/placebo

ctDNA
161
360

Fribbens et al., 201627

SoFEA
PALOMA

PFS, OS AI-based therapy cfDNA 144 Clatot et al., 201628

PFS AI-based therapy ctDNA 171 Schiavon et al., 201629

PFS fulvestrant and pictilisib ctDNA 153 Spoerke et al., 201630

PFS, OS exemestane and placebo/everolimus cfDNA 541 Chandarlapaty et al., 201631

PFS, OS AI-based therapy, fulvestrant, and exemestane ctDNA 383 Turner et al., 202032

PFS AI-based therapy cfDNA 103 Zundelevich et al., 202033

PFS, OS
chemotherapy, cyclin-dependent kinase inhibitor 

and endocrine therapy
ctDNA 59 Muendelin et al., 202134

AI – aromatase inhibitor; cfDNA – cell free DNA; ctDNA – circulating tumor DNA; PFS –progression-free survival; OS – overall survival.
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on subsequent AI therapy. The analysis of fulvestrant sub-
sequent treatment showed a nonsignificant correlation with 
PFS (HR: 1.56, 95% CI: 0.96–2.16; p = 0.081).

Publication bias

The Egger’s regression analysis and Begg’s test did not 
detect any evidence of publication bias among studies 
investigating the association between ESR1 mutations 
(Egger’s test: p = 0.592 and 0.741; Begg’s test: p = 0.931 
and 0.548) and PFS and OS, respectively (Supplementary 
Table 1). The same was observed during the visual evalu-
ation of Begg’s funnel plots, which showed a symmetrical 
pattern of distribution of the studies (Fig. 4).

Discussion

The present meta-analysis investigated the association 
between survival status and ESR1 mutations in plasma 
among patients with MBC. The pooled HRs for PFS and 
OS between ESR1 mutations and WT ESR1 were 1.48 
(95% CI: 1.28–1.73; p < 0.001) and 1.55 (95% CI: 1.30–1.83; 
p < 0.001), respectively. The results of this study revealed 

a notable differentiation between BC cases with and with-
out mutations in the ESR1 gene. Specifically, cases with 
ESR1 mutations had inferior outcomes in terms of PFS 
and OS.

Several preclinical trials reported tumor growth sup-
pression with fulvestrant in cell lines with ESR1 muta-
tions.35,36 These findings are consistent with our find-
ings of subgroup analysis based on subsequent therapy, 
where PFS was significantly reduced in patients assigned 
to subsequent AI therapy with ESR1 mutations – un-
like fulvestrant therapy, which did not significantly fa-
vor patients with WT ESR1, implying that ESR1 gene 
mutations may not be associated with intrinsic or ac-
quired resistance to  fulvestrant. Therefore, our find-
ings strengthen the evidence which supports fulvestrant 
over AI in the treatment of MBC patients.37,38 Moreover, 
these outcomes highlight the implication of plasma ESR1 
testing to better guide the selection of endocrine-based 
treatment.

The advantages of using cfDNA/ctDNA over tissue bi-
opsies for ESR1 mutation detection have been addressed 
in  several studies. The  potential of  detecting several 
additional mutations with the use of cfDNA or ctDNA 
highlighted the advantage of liquid biopsy.39,40 In addition, 

Fig. 3. Forest plot of ESR1 gene mutations’ effect on the overall survival (OS) rate

Fig. 4. Begg’s funnel plots for publication bias. A. Studies on progression-free survival rate; B. Studies assessing overall survival (OS) rate
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the feasibility of serum sample collection enables the se-
quential assessment of mutations at baseline and dur-
ing treatment.39 The increase in ESR1 mutations during 
therapy suggests disease progression as a consequence 
of AI treatment. Upon fulvestrant therapy, if ESR1 mu-
tated clones decay, this would allow an AI re-challenge 
in those patients.

We  also assessed the  effect of  ESR1 mutation types 
on PFS and OS. The existing analysis showed how distinct 
ESR1 mutations (Y537S and D538G) differentially impact 
patterns of disease progression and patient’s survival. Our 
findings showed that the D538G mutation was associated 
with shorter PFS compared to WT ESR1, but the same was 
not observed with the Y537S mutation. However, these 
findings are inconsistent with many basic studies that re-
ported the highest ER activity with Y537S mutations.41,42 
This discrepancy in  our findings could be attributed 
to the limited number of studies included and the high 
statistical heterogeneity detected (I2 = 78%). Other muta-
tions, such as E380Q, L536R, Y537N, and Y537C in cir-
culating DNA, have not been investigated in the available 
literature. Therefore, further studies evaluating all ESR1 
domain mutations and the distinction between them based 
on their clinical effect are needed.41,43,44 This meta-anal-
ysis highlights the association of ESR1 mutations with 
an unfavorable prognosis, as  reflected by reduced PFS 
and OS. The clinical implications of ESR1 analysis are 
significant, but issues remain concerning how frequently 
testing should be performed, taking the patient’s age into 
consideration, and how effectively each type of mutation 
reacts to  treatment. High-quality prospective studies 
to optimize therapeutic options for regulating ER signal-
ing prior to the onset of extensive disease metastasis would 
thus be a sensible next step for future trials. Moreover, 
the literature lacks studies aimed at investigating the po-
tential of ESR1 mutations as a means of real-time and 
dynamic monitoring of tumor progression and therapeutic 
effectiveness in patients with MBC who exhibit resistance 
to endocrine therapy.

This meta-analysis has several strengths. First, all se-
lected trials for analysis were relevant to our study, which 
assessed the  clinical implications of  ESR1 mutations 
on disease progression and survival. Thus, the risk of bias 
is limited. Second, this study provided updated and com-
prehensive evidence from the literature about an emerg-
ing topic in the management of BC and provided guid-
ance for clinicians with patients who have different ESR1 
mutations. 

Although our findings are promising, several limitations 
can also be discussed.

Limitations

The main limitation is the wide diversity between study 
protocols and the use of potentially biased evidence, with 
considerable heterogeneity between the trials. Second, 

the  relatively small sample size might affect the  cer-
tainty of the estimates. Finally, some outcome data were 
extracted from curves, which might affect the accuracy 
of the results.

Conclusions

The identification of ESR1 mutations in circulating DNA 
analyses has been found to be indicative of a poorer OS 
in patients who have received prior treatment with an AI. 
It may seem prudent to consider the analysis of circulating 
ctDNA for prognosis prediction and directing the choice 
of endocrine therapy in MBC patients positive for ERs, 
especially those who did not adequately respond to AI 
therapy. Moreover, ESR1 mutations and WT ESR1 can be 
considered different subtypes of advanced BC with posi-
tive ERs. Future research may help better establish the use 
of plasma DNA sampling in clinical practice, improve 
our understanding of the clinical impact of the different 
types of ESR1 mutations, and potentially guide therapeutic 
selection.
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Abstract
Background. Diaphragmatic dysfunction is a common problem in patients who have been mechanically 
ventilated.

Objectives. The study aimed to evaluate the effectiveness of inspiratory muscle training (IMT) on diaphragm 
muscle thickness and function in mechanically ventilated patients.

Materials and methods. A single-blind trial was conducted. Twenty patients were randomly assigned 
to either the conventional physiotherapy (CP) group or to the IMT group for 5 days following extubation. 
The CP group received only CP, while the IMT group received CP in addition to IMT. Ten healthy controls (HCs) 
underwent IMT. Maximum inspiratory pressure (MIP) and physical function were recorded. Diaphragm excur-
sion (DE), diaphragm thickness at the end of inspiration (Tdi), diaphragm thickness at the end of expiration 
(Tde), peak contraction velocity (PCV), and peak relaxation velocity (PRV) were evaluated with ultrasonography 
before and after the intervention.

Results. The IMT group and HCs showed significant improvements in DE (p = 0.005; p = 0.005, respectively), 
PCV (p = 0.028; p = 0.015, respectively) and PRV (p = 0.029; p = 0.020, respectively) after 5 days of IMT. 
A significant increase in MIP was recorded in all groups after the intervention (CP: p = 0.044; IMT: p = 0.005; 
HC: p < 0.001). There was a significant improvement in the Medical Research Council (MRC) and the Physi-
cal Function in Intensive Care Test (PFIT) scores in both the CP and IMT groups (p < 0.001 and p < 0.001, 
respectively).

Conclusions. Inspiratory muscle training improves diaphragmatic functions, including MIP, diaphragm 
excursion, PCV, and PRV. We think that IMT applied after extubation may serve as a tool to prevent and 
facilitate the recovery of diaphragmatic function.

Key words: weaning, inspiratory muscle training, diaphragm dysfunction, diaphragmatic ultrasonography, 
tissue Doppler imaging
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Background

Mechanical ventilation (MV) is commonly used to alle-
viate the work of breathing and reduce diaphragm activity 
in patients with acute respiratory failure.1 Even though MV 
is a crucial intervention, studies have shown that within 
18–69 h after MV, diaphragm muscle fibers are more sus-
ceptible to proteolysis, and the respiratory muscles begin 
to deteriorate more rapidly. This leads to respiratory mus-
cle weakness that is about twice as prevalent as extrem-
ity muscle weakness (63% compared to 34%) in patients 
who have been on MV for at least 24 h.2,3 The progressive 
development of diaphragmatic atrophy during the early 
periods of MV indicates that there has been prolonged 
ventilation and an  increased risk of  complications as-
sociated with acute respiratory failure. In patients with 
respiratory failure, clinical outcomes may improve if dia-
phragmatic atrophy and function are preserved in the early 
stages of critical illness.4 It has been demonstrated that 
MV-related dysfunction of the diaphragm and respiratory 
muscles contributes to prolonged MV, weaning failure, 
persistent dyspnea, and prolonged stay in the intensive 
care unit (ICU).5,6

Diaphragmatic ultrasound (US), which is  a  bedside, 
noninvasive and reproducible method, may be a good op-
tion for monitoring diaphragmatic structure abnormali-
ties and function in the ICU. It provides reliable measures 
of diaphragm excursion (DE), diaphragm thickness (DT) 
and diaphragm thickening fraction (DTF). Tissue Doppler 
imaging (TDI) is a commonly used method that measures 
the velocity of moving tissues; however, there is limited 
research on diaphragmatic TDI. Soilemezi et al. found that 
the contraction and relaxation velocities of diaphragmatic 
tissue were significantly lower in the ICU patients com-
pared to the healthy volunteers, which is correlated with 
a failure to wean. The use of diaphragmatic ultrasound 
and TDI may early detect diaphragmatic dysfunction and 
prompt intervention in the ICU.7

Inspiratory muscle training (IMT) provides resistance 
to the respiratory muscles independent of inspiratory flow, 
based on threshold pressure load and maximum inspi-
ratory pressure.8,9 It facilitates weaning in mechanically 
ventilated patients, including those with weaning diffi-
culties such as chronic obstructive pulmonary disease 
(COPD), by increasing their respiratory muscles’ strength 
and endurance.10 Inspiratory muscle training can be used 
as a feasible, well-tolerated clinical strategy to prevent dia-
phragmatic dysfunction and improve short- and the long-
term clinical outcomes.

Objectives

The main objective of our study was to evaluate the ef-
fect of  IMT on  diaphragmatic structure and function 
in respiratory ICU patients after extubation. This study 

is  the  first to  investigate the  ultrasonographic effects 
of IMT on diaphragm structure and function following 
extubation. It is anticipated that this research can make 
significant contributions to the relevant literature and can 
potentially serve as a pioneering reference for future stud-
ies in this context.

Materials and methods

Study design

A prospective randomized controlled trial (RCT) was 
conducted as a single-center, single-blind study at a uni-
versity hospital in the Respiratory ICU. The study was 
approved by the Marmara University Faculty of Medi-
cine Clinical Research Ethics Committee (protocol No. 
09.2020.976) and was performed in  accordance with 
the Declaration of Helsinki. The study was registered 
as a prospective RCT at clinicaltrails.gov (registration 
No. NCT05303623).

The study involved 3 groups: IMT group, conventional 
physiotherapy (CP) group and healthy controls (HCs). Ran-
domizer.org was used to assign patients to either the IMT 
or the CP group after confirmation of eligibility and base-
line assessments.

Participants

Healthy controls aged 18–80 years with a body mass 
index (BMI) less than 40 kg/m2 and without any chronic 
disease or ongoing treatment were included in the study. 
For the patient group, the inclusion criteria were as follows: 
age 18–80 years, mechanically ventilated for more than 
2 days, Sedation Agitation Score = 4, and hemodynamic 
stable (heart rate <140 beats/min and stable blood pres-
sure). Patients with severe arrhythmia, congestive heart 
failure, unstable ischemic heart disease, lack of alertness 
and cooperation, chest wall trauma and/or deformity, pro-
gressive neuromuscular diseases, excessive secretion (re-
quiring aspiration every hour), continuous use of sedative 
drugs, or home MV before ICU admission were excluded.

Intervention

The CP group received CP, including breathing exer-
cises, thoracic expansion exercises, coughing and grad-
ual mobilization, once a day for 5 days after extubation. 
In addition to CP, the IMT group underwent IMT while 
in a high sitting position under the supervision of a phys-
iotherapist. Inspiratory muscle training was performed 
at 30% of maximum inspiratory pressure (MIP) for 5 days, 
twice a day, consisting of 30 breaths, 4 sets, 6–8 breaths 
per set, and 2-min rest between sets using a threshold-
loaded PowerBreathe Medic Plus® device (PowerBreathe 
International Ltd. Southam, UK). The intervention was 
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terminated if hemodynamic instability occurred before, 
during or after treatment. Inspiratory muscle training was 
performed on HCs using the same protocol as that used 
for the IMT group.

Measurements

Characteristics of patients

Demographic details such as age, gender, body weight, 
height, and BMI (Table 1), as  well as  clinical features 
of patients such as the primary diagnosis upon admis-
sion to ICU, duration of MV, length of stay in the ICU, 
total hospitalization time, medications, comorbidities, 

and medical history were included (Table 2). The severity 
of the illness was assessed using the APACHE II within 
24 h of ICU admission.

Ultrasonographic assessments

Ultrasonographic assessments were performed on each 
patient’s right hemidiaphragm while lying on  the  bed 
at 20–30°. Examinations were performed using a Mindray 
ultrasound device (Mindray. Shenzhen, China). Diaphragm 
thickness, excursion and diaphragm tissue Doppler imag-
ing are presented in Fig. 1. The Supplementary files pro-
vide further information regarding the ultrasonographic 
measurements.

Fig. 1. Panel of diaphragm ultrasound 
images

A1. M-mode ultrasonography 
of the right hemidiaphragm showing 
mobility during quiet breathing 
(QB) and deep breathing (DB); A2. 
M-mode ultrasonography of the right 
hemidiaphragm showing normal end-
inspiratory thickness (FRC), normal 
thickening (TF) and maximal thickness 
(TLC); A3. Tissue Doppler imaging 
of right diaphragm showing peak 
contraction velocity (PCV) and peak 
relaxation velocity (PRV)
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Table 1. Demographics of study participants

Characteristics
CP

(n = 10)
IMT

(n = 10)
Healthy controls

(n = 10) p-valuea

Post hoc test
p-valueb

G1–G2
G1–G3
G2–G3

Age [year]; M ±SD 62.8 ±16.37 64.10 ±8.21 51.8 ±11.4
0.081a

F = 2.762
–

Gender [M/F] 8/2 8/2 5/5
0.240a

X2 = 2.857
–

Weight [kg], M ±SD 66 ±18.5 79.2 ±8.5 82.5 ±15.5
0.045a

F = 3.493

0.168
0.057
0.999

Height [cm], M ±SD 165.4 ±6.2 166.1 ±6.7 168.2 ±9.06
0.685a

F = 0.383
–

BMI [kg/cm2], M ±SD 23.5 ±5.31 28.93 ±4.4 28.8 ±3.6
0.017a

F = 4.744

0.035
0.042
0.999

CP – conventional physiotherapy; IMT – inspiratory muscle training; M – mean; SD – standard deviation; BMI – body mass index; a one way analysis of variance 
(ANOVA) test; b Tukey’s honest significant difference and Games–Howell post hoc tests were performed following ANOVA; G1 – CP group; G2 – IMT group; 
G3 – healthy control.

Table 2. Baseline characteristics of patients

Characteristics CP (n = 10) IMT (n = 10)  p-value

Diagnosis, n (%)

COPD
yes/no

9 (90%)/1 (10%) 6 (60%)/4 (40%)
0.051a

X2 = 1.053

Toxic gas inhalation
yes/no

1 (10%)/9 (90%) 0 (0%)/10 (100%)
0.305a

X2 = 1.574

Postoperative pneumonia
yes/no

0 (0%)/10 (100%) 1 (10%)/9 (90%)
0.531a

X2 = 2.102

Cardiogenic pulmonary edema
yes/no

0 (0%)/10 (100%) 1 (10%)/9 (90%)
0.531a

X2 = 2.102

Interstitial lung disease
yes/no

0 (0%)/10 (100%) 1 (10%)/9 (90%)
0.763a

X2 = 0.001

Metabolic acidosis
yes/no

1 (10%)/9 (90%) 0 (0%)/10 (100)%
0.305a

X2 = 1.574

 Comorbidities, n (%)

Hypertension
yes/no

4 (40%)/6 (60%) 3 (30%)/7 (70%)
0.639a

X2 = 0.220

Diabetus mellitus
yes/no

8 (80%)/2 (20%) 4 (40%)/6 (60%)
0.003a

X2 = 9.899

Atrial fibrillation
yes/no

1 (10%)/9 (90%) 1 (10%)/9 (90%)
0.763a

X2 = 0.001

Obstructive sleep apnea
yes/no

0 (%0)/10 (100%) 1 (10%)/9 (90%)
0.305a

X2 = 1.606

Sequela of tuberculosis
yes/no

0 (%0)/10 (100%) 1 (10%)/9 (90%)
0.305a

X2 = 1.606

Anxiety disorder
yes/no

0 (%0)/10 (100%) 1 (10%)/9 (90%)
0.305a

X2 = 1.606

Chronic heart failure
yes/no

0 (%0)/10 (100%) 1 (10%)/9 (90%)
0.136a

X2 = 2.224

Lenght of stay in ICU [days], M ±SD 7.6 ±2.80 7.3 ±2.00
0.910b

t = 0.278

Lenght of stay in hospital [days], M ±SD 11.7 ±1.80 12.5 ±5.00 
0.999b

t = –0.481

Intubation time [days], M ±SD 4.5 ±1.60 3.9 ±1.20
0.390b

t = 0.931

APACHE II scores, M ±SD 26.8 ±4.46 27.0 ±4.4
0.922b

t = –0.099

CP – conventional physiotherapy; IMT – inspiratory muscle training; COPD – chronic obstructive pulmonary disease; M – mean; SD – standard deviation;  
APACHE II – acute physiology and chronic health evaluation score; ICU – intensive care unit; a – Pearson’s X2 test; b – independent sample t-test.
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B and M mode ultrasonographic evaluation 
of the diaphragm

B-Mode US at the zone of apposition was used to dem-
onstrate diaphragm muscle between 2 parallel echogenic 
lines, the  diaphragmatic pleura and peritoneal fascia, 
as previously described.11 A 10 MHz linear array trans-
ducer was positioned perpendicular to  the  chest wall 
near the mid-axillary line between the 8th and 11th inter-
costal spaces. Diaphragm thickness (DT) was measured 
in the M mode at the end of inspiration (Tdi) and at the end 
of expiration (Tde). The diaphragm thickening fraction 
(DTF) was calculated according to the formula (Eq. 1)

	

(end-inspiratory thickness 
– end-expiratory thickness)

end-expiratory thicknessDTF = ×100%	 (1)

The subcostal approach was used to evaluate diaphragm 
excursion (DE). A 5 MHz convex probe was positioned below 
and parallel to the costal margin between the anterior axillary 
line (AAL) and the midclavicular line. The diaphragm was 
visualized with B-Mode US and the DE was calculated with 
M-Mode US; a single investigator analyzed all US recordings 
blinded to the clinical outcomes and the patient’s research 
group. All ultrasound measurements were repeated on at least 
3 separate breaths and the highest value was recorded.

Tissue Doppler imaging

Tissue Doppler imaging (TDI) views were obtained us-
ing a convex probe with a frequency of 2.7 MHz, placed 
in  the  subcostal area between the  midclavicular and 
anterior axillary lines. The probe was angled to ensure 
that the ultrasound waves reached the diaphragm as per-
pendicular as possible. A sample volume of 5.0 mm and 
velocity scale of 20.6 cm/s were selected. Two parameters 
were measured on each TDI waveform: peak contraction 
velocity (PCV), defined as the maximal diaphragmatic 
velocity during contraction, measured in cm/s; and peak 
relaxation velocity (PRV), defined as the maximal dia-
phragmatic velocity during relaxation, measured in cm/s. 
Participants were instructed to perform deep breath-
ing during TDI measurements after 8–10 tidal breaths. 
The highest value for the 3 deep breaths was recorded.

Maximum inspiratory pressure

Maximum inspiratory pressure was measured using 
the method described using Marini et al. with the Mi-
croRPM® device (Care Fusion, Wokingham, UK), which 
uses a one-way expiratory valve to selectively allow ex-
halation while blocking inspiration.12 Patients were po-
sitioned in a high sitting position and performed 3 in-
spiratory maneuvers. The highest value was recorded. 
There should be less than 10% or 10 cm H2O difference 
between the best measured MIP values.

Physical assessment

Limb muscle strength was assessed using the Medical 
Research Council (MRC) score which involves evaluating 
the manual muscle strength of 6 muscle groups bilaterally. 
Each muscle group was scored on a scale of 0 to 5, with 0 in-
dicating no contraction and 5 indicating full-force contrac-
tion. The muscle groups evaluated were shoulder abductors, 
elbow flexors, wrist extensors, hip flexors, knee extensors, 
and ankle dorsiflexors. The maximum possible MRC score 
was 60, and an MRC score of less than 48 was characteristic 
of ICU-acquired weakness. The Physical Function in In-
tensive Care Test (PFIT) was performed according to Skin-
ner et al.13 The PFIT included sit-to-stand with assistance, 
marching in place, and evaluation of shoulder flexion and 
knee extension strength. The number of steps taken while 
marching in place and the time taken to complete each com-
ponent were recorded. The PFIT score ranges from 0 to 12.

Statistical analyses

IBM SPSS for Windows 22.0 (IBM Corp., Armonk, USA) 
was used to analyze the data. Numbers, percentages, means 
(M), and standard deviations (SD) were used for descriptive 
statistics. Shapiro–Wilk test was used to assess the distribu-
tion pattern of the variables (Supplementary data). Results 
are expressed as mean ± standard deviation (M ±SD) for 
normal distribution or median (Q1–Q3) for non-normal 
distribution. Differences between the ratios of categorical 
variables in the independent groups were analyzed using 
Pearson χ2 and Fisher’s exact tests. Within group analyses, 
paired sample t-tests were used for data that followed a nor-
mal distribution before and after intervention, while the Wil-
coxon signed rank test was used for data that did not follow 
a normal distribution. Between group analyses, the one-way 
analysis of variance (ANOVA) test was applied to normally 
distributed data. Homogeneity of variances in the one-way 
ANOVA test was assessed using the Levene’s test (online 
supplement). For results where the Levene’s test yielded 
p < 0.05, the Welch’s test significance values were assessed. 
The Tukey’s honest significant difference post hoc tests were 
performed following analysis of variance. The sample size 
with the G*Power 3.1.9.7 (https://www.psychologie.hhu.de/
arbeitsgruppen/allgemeine-psychologie-und-arbeitspsy-
chologie/gpower) program (the number of participants that 
should be included in each group for 80% power)  was calcu-
lated as at least 10 people (effect size: 0.3, α:0.05).14

Results

A total of 122 patients and 11 HCs were recruited be-
tween September 2021 and December 2022. Twenty pa-
tients and 10 HCs were included in the analysis. A flowchart 
of the patient and HC subject selection process is presented 
in Fig. 2. Inspiratory muscle training group completed 95% 

https://www.psychologie.hhu.de/arbeitsgruppen/allgemeine-psychologie-und-arbeitspsychologie/gpower
https://www.psychologie.hhu.de/arbeitsgruppen/allgemeine-psychologie-und-arbeitspsychologie/gpower
https://www.psychologie.hhu.de/arbeitsgruppen/allgemeine-psychologie-und-arbeitspsychologie/gpower
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of planned IMT and physiotherapy sessions, CP group com-
pleted 80% of planned physiotherapy sessions, and HC group 
completed 95% of planned IMT sessions. The participants’ 
characteristics are presented in Table 1. The weight and BMI 
of the HC group were significantly higher than of the CP 
group (p = 0.045). The IMT group had a significantly higher 
BMI than the CP group (p = 0.017). The baseline charac-
teristics and features of  patients were similar for most 
of the parameters, ICU stay duration (p = 0.910) and length 
of hospital stay (p = 0.999) as shown in Table 2. The ef-
fects of the intervention on diaphragm function in patients 
and HCs are presented in Table 3. Diaphragm excursion 
measurements did not significantly change pre- and post-
intervention in the CP group (p = 0.285), but significantly 
increased in the HCs and IMT groups post-intervention 
compared to pre-intervention (p = 0.005 and p = 0.005, 
respectively). The  increase in  PCV measurements was 
significantly higher in the IMT and HCs than in the CP 
group (p = 0.028 and p = 0.015, respectively). There was 
a statistically significant difference in the change in PRV 
pre- and post-intervention between the  IMT and HC 
groups (p = 0.029 and p = 0.020, respectively). The effects 

of intervention on MIP in patients and HCs are presented 
in Table 3. A statistically significant increase was found 
between pre- and post-intervention MIP in all groups (CP, 
p = 0.044; IMT, p = 0.005; and HCs, p < 0.001). Only the in-
crease in predicted MIP% in the healthy group was statisti-
cally significant (p < 0.001). There was no significant differ-
ence in pre-intervention MRC and PFIT scores among CP 
and IMT groups. In the CP group, post-intervention MRC 
(51.2 ±6.61) and PFIT score (9.00 ±1.41) improved statisti-
cally compared to pre-intervention MRC score (47.8 ±7.33) 
and PFIT score (4.0 ±0.47; p < 0.001; t = –5.667, p < 0.001; 
t = –10.607). In the IMT group, post-intervention MRC 
(55.6 ±4.79) and PFIT score (10.30 ±2.45) improved statis-
tically compared to pre-intervention MRC score (51.0 ±6.4) 
and PFIT score (4.80 ±1.38) (p < 0.001; t = –5.438, p < 0.001; 
t = –11.524).

Discussion

This study is the first to demonstrate that IMT can im-
prove diaphragmatic function and MIP in mechanically 

Fig. 2. Flowchart of the study

CP (n = 13)

Assessed for healthy controls eligibility
(n = 11)

Assessed for patient eligibility
(n = 122)

Excluded (n = 96)
Old age (n = 24)
Neurological deficits (n = 18)
Not cooperative (n = 11)
Home vent usage (n = 12)
Tracheostomized (n = 8)
Delirium (n = 5)
Obesity (n = 12)
Pleural effusion (n = 2) 
Long corticosteroid intake (n = 2)
 Spinal deformity (n = 2)

IMT+CP 
(n = 13)

IMT+CP
(n = 10)

CP (n = 10)

Lost to follow up (n = 3)
Death (n = 1)
Reentubation (n = 2)

Lost to follow up (n = 3)
Death (n = 1)
Reentubation (n = 2)

Follow-up (n = 20)

Randomized (n = 26)

Analysis (n = 20)

Healthy controls (IMT)
(n = 10)

Follow-up (n = 10)

Healthy controls (IMT)
(n = 10)

Healthy controls (IMT)
(n = 10)

Analysis (n = 10)

Excluded (n = 1)
Hepatomegaly (n = 1)
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ventilated patients during the  post-extubation period. 
A study reported that IMT did not reduce hospitalization 
time or ICU duration, despite being used in conjunction 
with CP.5 The diaphragm excursion of HCs was higher 
than that of the IMT and CP groups at baseline, suggest-
ing that MV negatively affected diaphragm contractility. 
Our findings also showed that both the IMT group and 
HCs had greater improvements in diaphragm excursion 
than those who did not receive IMT. A normative study 
conducted on healthy volunteers found that the average 
diaphragmatic excursion was 5.96 cm, with variation ac-
cording to age and gender.15 Furthermore, previous studies 
have shown that diaphragmatic excursion is associated 
with disease severity, functional capacity and respiratory 
function in COPD patients.16,17 These findings suggest 
that improving diaphragmatic excursion through IMT 
may restore respiratory function and facilitate weaning 
in mechanically ventilated patients.

Research has shown that the loss of diaphragm muscle 
thickness is particularly significant in the first 3 days after 
MV, even after just 24 h.18 While numerous studies have 

examined diaphragm atrophy and function using ultraso-
nography during MV, there is still a lack of understanding 
regarding the specific changes in the structure and func-
tion of the diaphragm after extubation. Further research 
is required to fully elucidate the effects of MV on the dia-
phragm and its recovery after extubation. Our study re-
vealed that the diaphragmatic thickness in the CP group 
decreased after 5 days of extubation, whereas the diaphrag-
matic thickness in the group that received IMT increased. 
Although only the HCs showed a statistically significant 
increase, the slight increase in the IMT group compared 
to the decreased diaphragmatic thickness in the control 
group is an encouraging finding that suggests that IMT 
may help prevent ongoing diaphragmatic atrophy and 
maintain respiratory function after extubation. Further 
research is needed to determine the clinical significance 
of these findings, including any potential effects on patient 
outcomes or respiratory function.

A previous research found that there was no signifi-
cant correlation between diaphragmatic thickness and 
extubation success in mechanically ventilated patients. 

Table 3. Comparison of outcomes within groups

Outcomes Outcomes and groups Pre-mean Post-mean Estimated mean difference 
(post–pre) mean (95% CI)

Within group 
p-value

DE [cm]; median (Q1–Q3)

CP group 4.35 (4.97–3.53) 4.81 (3.70–6.08) 0.46 (–1.68–2.95) 0.285a; Z = –1.070

IMT group 3.55 (3.06–4.60) 4.31 (3.77–5.16) 0.76 (0.06–1.98) 0.005a; Z = –2.805

HC group 5.53 (5.38–5.99) 6.24 (5.48–6.57) 0.71 (0.05–1.21) 0.005a; Z = –2.803

Tdi [cm]; median (Q1–Q3)

CP group 0.24 (0.21–0.32) 0.25 (0.21–0.30) 0.01 (–0.18–0.07) 0.553a; Z = –593

IMT group 0.28 (0.24–0.32) 0.28 (0.25–0.42) 0.00 (–0.03–0.47) 0.315a; Z = –323

HC group 0.26 (0.24–0.31) 0.28 (0.26–0.32) 0.02 (0.00–0.06) 0.011a; Z = –2.555

Tde [cm]; median (Q1–Q3)

CP group 0.18 (0.16–0.28) 0.20 (0.16–0.23) 0.02 (–0.10–0.02) 0.810a; Z = –240

IMT group 0.22 (0.19–0.25) 0.24 (0.21–0.31) 0.02 (0.00–0.38) 0.200a Z = –679

HC group 0.21 (0.20–0.22) 0.22 (0.21–0.24) 0.01 (–0.01–0.02) 0.058a Z = –1.897

DTF (%); M ±SD

CP group 27.63 ±10.6 28.56 ±14.41 –0,93 (–8.94–7.07) 0.798b;t = –0.263

IMT group 28.31 ±11.91 28.22 ±9.03 0.093 (–7.33–7.51) 0.978b;t = 0.028

HC group 23.78 ±8.99 28.37 ±8.03 –4.59 (–11.7–2.54) 0.179b;t = –1.456

PCV [cm/s]; M ±SD

CP group 11.05 ±2.30 11.12 ±2.21 –0.07 (–1.29–1.14) 0.893b; t = –0.139

IMT group 9.09 ±2.21 10.02 ±2.60 –0.927 (–1.72––0.12) 0.028b; t = –2.625

HC group 11.02 ±2.39 14.45 ±2.70 –0.738 (–1.29––0.18) 0.015b; t = –3.015

PRV [cm/s]; M ±SD

CP group 11.5 ±2.63 10.68 ±1.81 0.81 (–0.68–2.32) 0.251b; t = 1.227

IMT group 11.30 ±3.67 12.9 ±3.43 –1.59 (–2.97––0.19) 0.029b; t = –2.587

HC group 12.90 ±2.98 14.45 ±2.72 –1.55 (–2.79––0.30) 0.020b; t = –2.825

MIP; M ±SD

CP group 33.6 ±10.50 40.5 ±14.00 6.9 (–13.81–0.015) 0.044b; t = –2.257

IMT group 36.4 ±13.11 52.5 ±19.0 –16.1 (–21.83––10.36) 0.005b; t = –6.348

HC group 73.1 ±16.0 86.7 ±20.06 –13.6 (19.25––7.945) <0.001b; t = 5.440

MIP% predicted; M ±SD

CP group 34.30 ±10.3 35.55 ±20.9 –1.24 (–15–13) 0.510b; t = –0.200

IMT group 38.51 ±12.84 52.7 ±27.7 –14.18 (–30.7–2.35) 0.084b; t = –1.940

HC group 76.58 ±14.7 91.48 ±20.6 –14.90 (–20.72–9.07) <0.001b; t = –5.791

95% CI – 95% confidence interval; HC – healthy control; CP – conventional physiotherapy; IMT – inspiratory muscle training; DE – diaphragm excursion; 
Tdi – diaphragm thickness at the end of inspiration; Tde – diaphragm thickness at end of expiration; DTF – diaphragm thickness fraction; PCV – peak contraction 
velocity; PRV – peak relaxation velocity; MIP – maximum inspiratory pressure; M – mean; SD – standard deviation; a Wilcoxon signed rank test; b paired sample t-test.
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However, they found that the DTF was a positive predic-
tor of extubation success and was strongly associated 
with the duration of MV and length of stay in the ICU.19 
Some studies have reported no significant differences 
in  DTF between COPD patients and HCs due to  in-
creased airway resistance and air trapping in patients 
with COPD.20,21 In this study, there were no significant 
changes in DTF in any group after the intervention, pos-
sibly due to the majority of patients in the Respiratory 
ICU had increased airway resistance and air trapping.

A study assessed real-time diaphragm tissue veloc-
ity in healthy individuals and ICU patients using TDI. 
Pioneer research reported that the PCV and PRV mea-
surements were similar in healthy individuals. However, 
the TDI patterns of successfully weaned patients differed 
from those who failed to wean.8 In obstructive pulmonary 
diseases, decreased diaphragm displacement due to air 
trapping and increased respiratory muscle load can lead 
to loss of diaphragmatic relaxation velocity. This may re-
sult in a mechanical disadvantage and delay in expiration 
by the functional residual capacity. Diaphragm perfusion 
occurs primarily during relaxation, and it may be inversely 
related to diaphragm fatigue as the diaphragm rapidly 
reaches the optimal length when perfused.22 This study 
is the only RCT that evaluated the effect of physiotherapy 
intervention on the velocity of the diaphragm using TDI. 
We found that IMT increased the PCV, and the PRV de-
creased in the CP group, whereas it increased in the IMT 
groups. Supplementary Fig. 1 presents the change in dia-
phragm peak contraction and peak relaxation velocities 
of the groups pre- and post-intervention. Our study sug-
gests that IMT may be a feasible alternative to prevent 
the possible loss of diaphragmatic contraction and relax-
ation velocities during the weaning process.

Several studies have previously reported an  increase 
in MIP in mechanically ventilated patients who received 
IMT.23–25 Papadopoulos et al. reported that MIP improved 
post-extubation in patients who received chest physio-
therapy, which included breathing exercises and bronchial 
hygiene techniques, compared with those who did not 
receive chest physiotherapy.26 Our findings are consistent 
with prior research in this regard. Similarity-based learn-
ing may have contributed to these improvements. A study 
that applied 50% MIP intensity to patients during weaning, 
along with T-tube trials, reported a decrease in the MIP 
value in the intervention group.27 In contrast, our study 
observed an increase in MIP without any complications 
during the IMT sessions, indicating the appropriateness 
of our training load. In healthy individuals, IMT provides 
an 8–45% improvement in working MIP, whereas shorter 
training provides lower improvement in MIP. This phe-
nomenon may be attributed to the dose–response rela-
tionship, as in skeletal muscles.28,29 It is hypothesized that 
the comparable progress in physical function and muscle 
strength in both the CP and IMT groups can be attributed 
to the early mobilization and physiotherapy approaches. 

In a previous RCT, 2 weeks of IMT application during 
the post-extubation period did not result in reduced hos-
pitalization and reintubation rates.4 These findings appear 
to be in agreement with our study. Future multicenter stud-
ies with larger patient populations are warranted to further 
investigate this issue. Another important point that needs 
to be highlighted is the increasing significance of point-of-
care ultrasound (POCUS) in physiotherapeutic decision-
making and management.30 In this context, our research 
may provide valuable clinical insights for future studies 
in this field.

Limitations

One of the limitations of this study was the exclusion 
of 6 patients due to 4 reintubations and 2 deaths, which 
resulted in a loss of data. However, these events were not 
related to the intervention. Furthermore, no complica-
tions were observed during either IMT or CP sessions. 
Although our study was conducted under changing condi-
tions during the pandemic period, it focused on the effects 
of IMT on the diaphragm in the early post-extubation 
period. In our study, the intervention was applied to in-
tensive care patients and the HC group, and the changes 
in diaphragmatic functions were observed pre- and post-
intervention. However, future studies with different pa-
tient groups or  longer follow-up periods may provide 
different perspectives by  providing more information 
about the effectiveness of the IMT on diaphragm func-
tion. Another limitation of our study is that we did not 
follow-up on the primary outcomes beyond 5 days after 
extubation. It is possible that some patients may require 
continued IMT beyond the initial 5-day training period, 
especially since most did not achieve close to full recovery 
in diaphragm function and predicted MIP% values during 
the study.

Conclusions

This study demonstrates that IMT initiated on the day 
of extubation and continued 5 days significantly improves 
the  functional parameters of  the diaphragm. We have 
concluded that IMT applied after extubation may serve 
as a tool to prevent and facilitate the recovery of diaphrag-
matic function. Our study results highlight the need for 
more effective post-extubation care protocols, and suggest 
that IMT should be considered as a respiratory ICU clini-
cal routine intervention to support the post-extubation 
process in mechanically ventilated patients.

Supplementary data

The Supplementary materials are available at https://
doi.org/10.5281/zenodo.10066482. The package includes 
the following files:

https://doi.org/10.5281/zenodo.10066482
https://doi.org/10.5281/zenodo.10066482


Adv Clin Exp Med. 2024;33(10):1077–1085 1085

Supplementary Fig. 1. Changes in diaphragm excursion, 
peak contraction and relaxation velocity within groups.

Supplementary File 1. Radiological assessments.
Supplementary Table 1. Normality test and Levene’s 

assumptions.
Supplementary Table 2. Pre- and post-intervention out-

comes (95% CI).

Data availability

The datasets generated and/or analyzed during the cur-
rent study are available from the corresponding author 
on reasonable request.

Consent for publication

Not applicable.

ORCID iDs
Reyhan Kaygusuz Benli  https://orcid.org/0000-0003-2810-2482
Ufuk Yurdalan  https://orcid.org/0000-0003-0985-0100
Barış Yılmaz  https://orcid.org/0000-0003-4810-4907
Nalan Adıgüzel  https://orcid.org/0000-0001-7033-8494

References
1.	 Moodie L, Reeve J, Elkins M. Inspiratory muscle training increases 

inspiratory muscle strength in patients weaning from mechanical 
ventilation: A systematic review. J Physiother. 2011;57(4):213–221. 
doi:10.1016/S1836-9553(11)70051-0.

2.	 Levine S, Nguyen T, Taylor N, et al. Rapid disuse atrophy of dia-
phragm fibers in mechanically ventilated humans. N Engl J Med. 2008; 
358(13):1327–1335. doi:10.1056/NEJMoa070447

3.	 Bissett BM, Leditschke IA, Neeman T, et al. Inspiratory muscle training 
to enhance recovery from mechanical ventilation: A randomised trial.  
Thorax. 2016;71(9):812–819. doi:10.1136/thoraxjnl-2016-208279

4.	 Goligher EC, Dres M, Fan E, et al. Mechanical ventilation-induced dia-
phragm atrophy strongly impacts clinical outcomes. Am J Respir Crit 
Care Med. 2018;197(2):204–213. doi:10.1164/rccm.201703-0536OC

5.	 Bissett B, Gosselink R, van Haren FMP. Respiratory muscle rehabilita-
tion in patients with prolonged mechanical ventilation: A targeted 
approach. Crit Care. 2020;24(1):103. doi:10.1186/s13054-020-2783-0

6.	 Kim WY, Suh HJ, Hong SB, Koh Y, Lim CM. Diaphragm dysfunction 
assessed by ultrasonography: Influence on weaning from mechan-
ical ventilation. Crit Care Med. 2011;39(12):2627–2630. doi:10.1097/
CCM.0b013e3182266408

7.	 Soilemezi E, Savvidou S, Sotiriou P, Smyrniotis D, Tsagourias M, Matamis D.  
Tissue Doppler imaging of the diaphragm in healthy subjects and 
critically ill patients. Am J Respir Crit Care Med. 2020;202(7):1005–1012. 
doi:10.1164/rccm.201912-2341OC

8.	 Moodie LH, Reeve JC, Vermeulen N, Elkins MR. Inspiratory muscle 
training to facilitate weaning from mechanical ventilation: Protocol 
for a systematic review. BMC Res Notes. 2011;4:283. doi:10.1186/1756-
0500-4-283

9.	 Aldrich TK, Karpel JP. Inspiratory muscle resistive training in respi-
ratory failure. Am Rev Respir Dis. 1985;131(3):461–462. doi:10.1164/
arrd.1985.131.3.461

10.	 Elkins M, Dentice R. Inspiratory muscle training facilitates weaning 
from mechanical ventilation among patients in the intensive care 
unit: A systematic review. J Physiother. 2015;61(3):125–134. doi:10.1016 
/j.jphys.2015.05.016

11.	 Matamis D, Soilemezi E, Tsagourias M, et al. Sonographic evaluation 
of the diaphragm in critically ill patients: Technique and clinical appli-
cations. Intensive Care Med. 2013;39(5):801–810. doi:10.1007/s00134-
013-2823-1

12.	 Marini JJ, Smith TC, Lamb V. Estimation of inspiratory muscle strength 
in mechanically ventilated patients: The measurement of maximal 
inspiratory pressure. J Crit Care. 1986;1(1):32–38. doi:10.1016/S0883-
9441(86)80114-9

13.	 Skinner EH, Berney S, Warrillow S, Denehy L. Development of a phys-
ical function outcome measure (PFIT) and a pilot exercise training 
protocol for use in intensive care. Crit Care Resusc. 2009;11(2):110–115. 
PMID:19485874

14.	 Faul F, Erdfelder E, Lang AG, Buchner A. G*Power 3: A flexible statisti-
cal power analysis program for the social, behavioral, and biomedi-
cal sciences. Behav Res Methods. 2007;39(2):175–191. doi:10.3758/bf0 
3193146

15.	 Scarlata S, Mancini D, Laudisio A, Raffaele AI. Reproducibility of dia-
phragmatic thickness measured by M-mode ultrasonography in healthy 
volunteers. Respir Physiol Neurobiol. 2019;260:58–62. doi:10.1016 
/j.resp.2018.12.004

16.	 Shiraishi M, Higashimoto Y, Sugiya R, et al. Diaphragmatic excursion 
is correlated with the improvement in exercise tolerance after pulmo-
nary rehabilitation in patients with chronic obstructive pulmonary 
disease. Respir Res. 2021;22(1):271. doi:10.1186/s12931-021-01870-1

17.	 Güneş S, Genç A, Aytür YK, et al. Effects of pulmonary rehabilitation 
on diaphragm thickness and contractility in patients with chron-
ic obstructive pulmonary disease. Turk J Med Sci. 2022;52(1):89–96. 
doi:10.3906/sag-2105-345

18.	 Schepens T, Verbrugghe W, Dams K, et al. The course of diaphragm 
atrophy in ventilated patients assessed with ultrasound: A longitudi-
nal cohort study. Crit Care. 2015;19:422. doi:10.1186/s13054-015-1141-0

19.	 Dubé BP, Dres M, Mayaux J, et al. Ultrasound evaluation of diaphragm 
function in mechanically ventilated patients: Comparison to phrenic 
stimulation and prognostic implications. Thorax. 2017;72(9):811–818. 
doi:10.1136/thoraxjnl-2016-209459

20.	 Baria MR, Shahgholi L, Sorenson EJ, et al. B-mode ultrasound assess-
ment of diaphragm structure and function in patients with COPD. 
Chest. 2014;146(3):680–685. doi:10.1378/chest.13-2306

21.	 Eryüksel E, Cimşit C, Bekir M, et al. Diaphragmatic thickness frac-
tion in subjects at high-risk for COPD exacerbations. Respir Care. 
2017;62(12):1565–1570. doi:10.4187/respcare.05646

22.	 Hussain SN, Roussos C, Magder S. Effects of tension, duty cycle, and 
arterial pressure on diaphragmatic blood flow in dogs. J Appl Physiol  
(1985). 1989;66(2):968–976. doi:10.1152/jappl.1989.66.2.968

23.	 Martin AD, Smith BK, Davenport PD, et al. Inspiratory muscle strength 
training improves weaning outcome in failure to wean patients: 
A randomized trial. Crit Care. 2011;15(2):R84. doi:10.1186/cc10081

24.	 Dixit A, Prakash S. Effects of threshold inspiratory muscle training ver-
sus conventional physiotherapy on the weaning period of mechan-
ically ventilated patients: A comparative study. Int J Physiother Res. 
2014;2:424–428. https://www.ijmhr.org/ijpr_articles_vol2_2/IJPR-
2014-609.pdf. Accessed December 13, 2023.

25.	 Condessa RL, Brauner JS, Saul AL, Baptista M, Silva AC, Vieira SR. Inspi-
ratory muscle training did not accelerate weaning from mechani-
cal ventilation but did improve tidal volume and maximal respira-
tory pressures: A randomised trial. J Physiother. 2013;59(2):101–107. 
doi:10.1016/S1836-9553(13)70162-0

26.	 Papadopoulos ES, Kyprianou TH, Nanas S. Chest physiotherapy is 
effective in the management of intensive care unit patients imme-
diately after extubation. Crit Care. 2005;9(Suppl 1):P128. doi:10.1186/
cc3191

27.	 Shimizu JM, Manzano RM, Quitério RJ, et al. Determinant factors for 
mortality of patients receiving mechanical ventilation and effects of 
a protocol muscle training in weaning. Man Ther Posturology Rehabil J.  
2014;12:180. doi:10.17784/mtprehabjournal.2014.12.180

28.	 Sonetti DA, Wetter TJ, Pegelow DF, Dempsey JA. Effects of respi-
ratory muscle training versus placebo on endurance exercise per-
formance. Respir Physiol. 2001;127(2–3):185–199. doi:10.1016/s0034- 
5687(01)00250-x

29.	  Sheel AW. Respiratory muscle training in healthy individuals: Physio-
logical rationale and implications for exercise performance. Sports Med.  
2002;32(9):567–581. doi:10.2165/00007256-200232090-00003

30.	 Smith M, Hayward S, Innes S. A proposed framework for point of care 
lung ultrasound by respiratory physiotherapists: Scope of practice, 
education and governance. Ultrasound J. 2022;14(1):24. doi:10.1186/
s13089-022-00266-6

https://www.doi.org/10.1016/S1836-9553(11)70051-0
https://www.doi.org/10.1056/NEJMoa070447
https://www.doi.org/10.1136/thoraxjnl-2016-208279
https://www.doi.org/10.1164/rccm.201703-0536OC
https://www.doi.org/10.1186/s13054-020-2783-0
https://www.doi.org/10.1097/CCM.0b013e3182266408
https://www.doi.org/10.1097/CCM.0b013e3182266408
https://www.doi.org/10.1164/rccm.201912-2341OC
https://www.doi.org/10.1186/1756-0500-4-283
https://www.doi.org/10.1186/1756-0500-4-283
https://www.doi.org/10.1164/arrd.1985.131.3.461
https://www.doi.org/10.1164/arrd.1985.131.3.461
https://www.doi.org/10.1016/j.jphys.2015.05.016
https://www.doi.org/10.1016/j.jphys.2015.05.016
https://www.doi.org/10.1007/s00134-013-2823-1
https://www.doi.org/10.1007/s00134-013-2823-1
https://www.doi.org/10.1016/S0883-9441(86)80114-9
https://www.doi.org/10.1016/S0883-9441(86)80114-9
https://pubmed.ncbi.nlm.nih.gov/19485874
https://www.doi.org/10.3758/bf03193146
https://www.doi.org/10.3758/bf03193146
https://www.doi.org/10.1016/j.resp.2018.12.004
https://www.doi.org/10.1016/j.resp.2018.12.004
https://www.doi.org/10.1186/s12931-021-01870-1
https://www.doi.org/10.3906/sag-2105-345
https://www.doi.org/10.1186/s13054-015-1141-0
https://www.doi.org/10.1136/thoraxjnl-2016-209459
https://www.doi.org/10.1378/chest.13-2306
https://www.doi.org/10.4187/respcare.05646
https://doi.org/10.1152/jappl.1989.66.2.968
https://www.doi.org/10.1186/cc10081
https://www.ijmhr.org/ijpr_articles_vol2_2/IJPR-2014-609.pdf
https://www.ijmhr.org/ijpr_articles_vol2_2/IJPR-2014-609.pdf
https://www.doi.org/10.1016/S1836-9553(13)70162-0
https://www.doi.org/10.1186/cc3191
https://www.doi.org/10.1186/cc3191
https://www.doi.org/10.17784/mtprehabjournal.2014.12.180
https://www.doi.org/10.1016/s0034-5687(01)00250-x
https://www.doi.org/10.1016/s0034-5687(01)00250-x
https://www.doi.org/10.2165/00007256-200232090-00003
https://www.doi.org/10.1186/s13089-022-00266-6
https://www.doi.org/10.1186/s13089-022-00266-6




Cite as
Matys J, Gedrange T, Dominiak M, Grzech-Leśniak K.  
Analysis of aerosol generation during Er:YAG laser-assisted 
caries treatment: A randomized clinical trial  
Adv Clin Exp Med. 2024;33(10):1087–1095.  
doi:10.17219/acem/174536

DOI
10.17219/acem/174536

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
Jacek Matys
E-mail: jacek.matys@wp.pl

Funding sources
None declared

Conflict of interest
None declared

Received on September 5, 2023
Reviewed on October 8, 2023
Accepted on October 26, 2023

Published online on January 5, 2024

Abstract
Background. Maintaining biosafety in dental practice involves the effective elimination of aerosols produced 
during dental treatment.

Objectives. To assess the quantity of aerosols and aerobic bacteria in the air during the treatment of caries.

Materials and methods. The study involved 60 patients with a total of 60 molar teeth (n = 60) in the man-
dible who were divided into 2 groups based on caries treatment method. Group 1 (G1, n = 30) received 
treatment with a conventional dental turbine (W&H Synea TA-98LC; W&H, Bürmoos, Austria), while group 2 
(G2, n = 30) underwent treatment with an Er:YAG (erbium-doped yttrium aluminium garnet) laser (Light-
Walker, Fotona, Slovenia). Measurements of aerosol particles between 0.3 μm and 10.0 μm near the operator’s 
mouth were taken using the PC200 laser particle counter (Trotec GmbH, Schwerin, Germany). The number 
of aerobic bacteria in the air was determined using 60 Petri plates with a microbiological medium (Columbia 
agar with 5% sheep blood) and the sedimentation method. A control group (G3) was established to measure 
initial aerosol levels and initial total number of bacteria colony-forming units (CFUs) before each treatment.

Results. In G1 (dental turbine), the median value of aerosol particles was 57,021 (42,564–67,568), while 
in G2 (Er:YAG laser), it was significantly lower at 33,318 (28,463–35,484) (p < 0.001). The median total 
bacteria count per cubic meter of air in G1 (conventional dental turbine + high volume evacuator (HVE)), G2 
(Er:YAG laser + HVE) and G3 (control group before caries treatment) were 734 (420–988), 158 (96–288) 
and 48 (32–74), respectively, with a statistically significant difference between the groups (p < 0.001).

Conclusions. The use of Er:YAG laser during caries treatment resulted in a 41.6% reduction in aerosol 
amounts and a 78.5% decrease in the total bacterial count (TBC) compared to treatment with a dental turbine.

Key words: bacteria, dentistry, aerosols, biohazards
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Background

Aerosols, defined as minute suspended particles with 
prolonged air suspension characteristics, raise concerns 
in dental procedures due to their capacity to serve as po-
tential vectors for transmitting infectious agents, including 
bacteria, viruses and fungi.1–4 Dental aerosols exhibit a spec-
trum of particle sizes, typically spanning from submicron 
dimensions (<1 µm) to well over 100 μm in diameter, with 
the majority falling within the 10–30 μm range.1,5 The uti-
lization of a dental turbine in conservative dentistry proce-
dures generates elevated concentrations of aerosols, which 
can be classified into 4 categories: respiratory aerosols, bio-
aerosols, water spray originating from rotary instruments, 
and a composite of bioaerosols and water spray characterized 
by significant dispersion potential.6,7 It is important to em-
phasize that aerosol particles of smaller dimensions, particu-
larly those with a diameter less than 5 μm, pose an increased 
risk as they have the potential to be inhaled into the finer 
recesses of the pulmonary system.8 Conversely, particles 
exceeding 50 μm in diameter typically lead to the formation 
of splatter patterns and are not inhalable, rendering them 
less hazardous.6,9 Therefore, the reduction of water spray 
quantities in various dental procedures holds paramount 
importance in mitigating the risk of viruses and bacteria 
transmission within the field of dentistry.1,2,10

The utilization of water–air spray cooling in dental rotary 
tools results in the emission of aerosols that contain various 
microorganisms, such as viruses, bacteria and fungi.8,11,12 
The imperative lies in the reduction of aerosol production 
during dental procedures, as it directly impacts the biologi-
cal safety of the dental environment.13 Our prior investiga-
tions, conducted both in vitro and in vivo, have demonstrated 
the generation of substantial quantities of potentially per-
ilous aerosols during dental treatments, thereby elevating 
the risk of pathogen transmission.1,2,14 The use of rotary den-
tal devices, including both high-speed and low-speed ones, 
in addition to ultrasonic scalers, is associated with the most 
elevated levels of aerosol concentration and the potential for 
transmitting bacteria, viruses and fungi within the dental 
clinical setting.5,8,15 Transmission pathways for pathogens 
during dental procedures involve aerosols containing saliva 
and blood, along with dental instruments and handpieces that 
may become contaminated.11,16,17 Aerosols possess significant 
potential for carrying and disseminating viral and bacterial 
infections. Consequently, it is imperative for dental practitio-
ners to acknowledge and mitigate the risk of microbial trans-
mission, particularly when dealing with patients in the in-
cubation phase of illness, those who are unaware of their 
condition, or those choosing to conceal their disease.18–20

Scientific literature has demonstrated the positive impact 
of lasers on various dental treatments as they eradicate vi-
ruses, bacteria and fungi.21–23 Certain lasers create aerosols 
or induce cavitation effects in fluids.24–28 Erbium lasers find 
extensive application in the dental field, including in proce-
dures like caries removal, endodontic irrigation, periodontal 

and implant treatments, as well as orthodontic bracket and 
prosthetic crown removal.28–36 There is a growing recog-
nition of the potential health hazards linked to aerosols 
generated by laser procedures. These aerosols are often 
comprised of smaller particles in contrast to respiratory 
droplets, which differ significantly in size from viruses even 
though viruses are typically much smaller than the cells 
they target.2,24 Existing literature confirms the use of lasers 
for virus inactivation in dentistry.25,26 However, it is cru-
cial to note that heat generated by lasers and vaporization 
of soft tissue may lead to smoke production, which may 
contain infectious particles.24,25

The composition of aerosols resulting from cavity prepa-
ration with high-speed turbines and erbium lasers is influ-
enced by a complex interplay of factors related to the tools, 
tissues, settings, patient factors, operator techniques, envi-
ronmental conditions, and the size and airborne character-
istics of the particles generated.1,2,37 Minimizing the overall 
volume of water spray and aerosols within dental facili-
ties plays a crucial role in reducing the potential for air-
borne transmission of pathogens.18,38 Dental procedures 
frequently employ suction devices, such as salivary ejec-
tors and high-pressure evacuators, to eliminate aerosols. 
An in vitro study demonstrated that an enhanced suction 
device with an extended suction tip significantly reduced 
aerosol levels during in vitro caries removal. This study 
further established that broader suction systems out-
performed conventional suction tips in aerosol removal. 
Furthermore, when compared to other instruments used 
for caries removal, an Er:YAG (erbium-doped yttrium alu-
minium garnet) laser coupled with a traditional evacuator 
generated fewer aerosols.1,2 The current study aimed to de-
termine whether these in vitro findings translate to in vivo 
benefits for patients treated in dental offices.

Objectives

The principal aim of this study was to determine whether 
there is a discernible difference in the volume of aerosols 
and bacterial count generated during caries treatment 
in a dental office when utilizing either a conventional den-
tal turbine or an Er:YAG laser in a human model.

Materials and methods

Study design and setting

The study was a randomized controlled clinical trial. 
Prior to commencing, permission was granted by the Lo-
cal Ethics Committee at the Faculty of Dentistry’s (Wro-
claw Medical University; approval No. KB-737/2021), and 
all participants provided informed consent in adherence 
to the Declaration of Helsinki. The clinical trial was reg-
istered with ClinicalTrials.gov (identifier: NCT05988359).
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Participants

The study included a cohort of 60 participants comprised 
of 39 women and 21 men, all presenting with moderate 
caries decay as per the International Caries Detection and 
Assessment System (ICDAS 3 and 4) in a total of 60 mo-
lar teeth located in  the mandibular region. The mean 
age of the participants was 29.4 ±5.8 years. The sample 
size for each group, consisting of 30 study participants, 
was determined using G*Power software (Kiel University, 
Kiel, Germany). This calculation was based on our prior 
research,1,2 considering a significance level of 0.05, ef-
fect size (d) of 0.71, a 95% confidence interval (95% CI), 
and 85% statistical power. All participants were selected 
to meet specific inclusion criteria, which included having 

moderate caries decay (ICDAS 3 and 4), non-use of anti-
inflammatory medications, non-smoking status, absence 
of systemic illnesses, no antibiotic usage within the last 
2 months, no uncontrolled diabetes or untreated peri-
odontal disease, and having received hygienist treatment 
beforehand (Fig. 1).

Data sources and measurement

Participant groups and procedure  
for treating caries

The  study involved treating 60  patients with caries 
decay for a total of 60 molar teeth located in the man-
dible. The study participants were separated randomly 

Fig. 1. Participants who were treated in accordance with the Consolidated Standards for Reporting Trials (CONSORT) 2010 guidelines

Assessed for eligibility
(n = 60 teeth/subjects)
(30 mini-implants)

Excluded (n = 0)
Not meeting inclusion criteria (n = 0)
Declined to participate (n = 0)
Other reasons (n = 0)

Aerosols measurement before and during 
the treatment (PC200 counter) (G1, n = 30)

Microbiological analysis before and after 
the treatment (G1, n = 20)

Aerosols measurement before and during 
the treatment (PC200 counter) (G1, n = 30)

Microbiological analysis before and after 
the treatment (G1, n = 20)

Allocated to the control group 
(conventional dental turbine) (G1, n = 30)

Received allocated intervention 
(n = 30 molar teeth)

Aerosols measurement before and during 
the treatment (PC200 counter) (G2, n = 30)

Microbiological analysis before and after 
the treatment (G2, n = 20)

Allocated to the test group (Er:YAG laser) 
(G2, n = 30)

Received allocated intervention 
(n = 30 molar teeth)

Aerosols measurement before and during 
the treatment (PC200 counter) (G2, n = 30)

Microbiological analysis before and after 
the treatment (G2, n = 20)

Allocation

Analysis

Follow-up

Randomized (n = 60 subjects)
60 teeth with caries decay (ICDAS 3, 4)

Enrollment
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into 2 groups utilizing the www.randomizer.org website. 
The 1st group, denoted as G1 (n = 30), underwent caries 
treatment utilizing a round diamond bur (#014) on a W&H 
Synea TA-98LC high-speed handpiece (W&H, Bürmoos, 
Austria). The handpiece operated at a speed of 200,000 
revolutions per minute (rpm) with water cooling main-
tained at a flow rate of 30 mL/min. The mean time for 
caries preparation was 60 s.

The 2nd group, referred to as G2 (test, n = 30), under-
went caries treatment using the Er:YAG laser contra-angle 
handpiece (LightWalker, Fotona, Slovenia) (Fig. 2). La-
ser parameters consisted of an energy setting of 300 mJ, 
frequency set at 20 Hz, power set at 6 W, energy density 
38.2 J/cm2, power density 764 W/cm2, medium short pulse 
(MSP) mode (100 μs), and a tip diameter of 1 mm. Addi-
tionally, a water/air coolant at a flow rate of 30 mL/min 
was used. The mean time for caries preparation was 200 s. 
In both experimental groups, a standard evacuator EM19 
EVO (Monoart® Euronda, Vicenza, Italy) was deployed for 
the removal of aerosols generated during caries treatment. 
Prior to each treatment session, baseline aerosol levels and 
the initial total bacterial count (TBC) expressed in colony-
forming units (CFUs) were assessed, establishing the G3 
control group.

Protocol for measuring aerosols

The assessment of aerosol particle quantities (primary 
outcome) at the examination sites was conducted using 
the PC200 counter (Trotec GmbH, Schwerin, Germany). 
The  counter’s nozzle was positioned 2  cm away from 
the operator’s mouth. Utilizing the aerosols detector, mea-
surements were taken for 6 distinct aerosol fractions, span-
ning diameters from 0.3 μm to 10.0 µm. The counter was 
initiated immediately prior to each treatment session and 
deactivated upon completion of caries treatment. The cu-
mulative count of particles encompassing all fractions was 
tabulated, and subsequent mean values were compared 
between the groups.

Quantifying the concentration of airborne particulate 
matter using sedimentation analysis

The Koch sedimentation technique was employed to as-
certain the total count of aerobic bacteria (secondary out-
come) present within the air of a dental facility. Sixty Petri 
plates containing Columbia agar with 5% sheep blood me-
dium were used for the quantification of aerobic bacteria. 
Twenty plates were exposed for a duration of 60 min before 
the commencement of treatment (designated as the con-
trol, G3, n = 20). Subsequently, they were closed promptly 
prior to the initiation of caries treatment. Forty additional 
plates were opened at the outset of the treatment, employ-
ing either a conventional turbine (G2, n = 20) or the Er:YAG 
laser (G1, n = 20), and were sealed after a 60-min interval. 
Each caries treatment procedure lasted less than 30 min. 
Measurements were conducted at a height of 1 m above 
the floor and situated 2 m from the patient’s mouth, po-
sitioned centrally within the office. The bacterial speci-
mens were incubated for a 48-h period at a temperature 
of 37°C, and the extent of microbiological contamination 
was computed as the overall number of CFUs per m3 of air 
using the formula:

L = a × 1000/πr2 × k, 

where:
L – microbial contamination level in [CFU/m3];
a – the quantity of bacterial colonies cultivated on the plate;
r – radius of the Petri dish [cm];
k – the exposure time coefficient, denoted as  ‘k,’ is de-
termined by multiplying the exposure time ‘t’ (measured 
in min) by 1/5.

Dental office surface and air standardization

Between each patient, surfaces were cleaned by wiping 
down all areas, including dental chairs, lasers and handles, 
with a disinfectant cleaner to remove visible debris. The as-
piration system was then cleaned with a cleaning solution 

Fig. 2. Clinical pictures of caries treatment with Er:YAG laser. A. Er:YAG laser contra-angle handpiece (LightWalker, Fotona, Slovenia); B. Immediately after 
cavity restoration with composite material; C. Final tooth cavity restoration
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run through it to clear debris and disinfect internal com-
ponents. Suction lines were also disinfected to maintain 
proper function. External surfaces were treated with dis-
infectant, which was left for 10 min. The dental office 
environment underwent a series of standardization pro-
cedures. The office space encompassed an area of 20 m2 
with all windows and doors securely closed and the air 
conditioning system deactivated. An air purifier, specifi-
cally the NV1050 model manufactured by Novaerus (Dub-
lin, Ireland), boasting an air exchange rate of 800 m3/h, 
was employed to maintain aerosol levels within the range 
of 28,000–30,000 particles/m3 for each procedure. Con-
tinuous monitoring was conducted at 1-min intervals while 
the air purifier was in operation. Each dental treatment was 
conducted after completion of air standardization within 
the designated range. Control measurements were taken 
by positioning a sensor at the central point of the office, 
and it took on average approx. 5 min to cleanse the air 
to the specified levels.

Statistical analyses

Normal distribution of the data was tested using the Sha-
piro–Wilk test (Supplementary Fig. 1–6). Normal distri-
bution was not observed for most of the data. The quan-
tity of aerosols, as measured using the particle’s detector, 
and TBC (expressed as CFU/m³) throughout the caries 
treatments were analyzed using Kruskal–Wallis analy-
sis of variance (ANOVA) and a post hoc Dunn’s test with 
Bonferroni correction. For statistical analysis, Statistica 
software v.  13.3 (StatSoft Inc., Tulsa, USA) was used. 
Significance was attributed to any values falling below 
the threshold of p = 0.05.

Results

Quantity of aerosol particles generated 
during caries treatment (primary outcome)

The Er:YAG laser produced a significantly lower level 
of  aerosol particles at  the  operator’s level during car-
ies treatment in contrast to the standard dental turbine 
(p < 0.001). The 1st group (conventional dental turbine + 
HVE) had a median aerosol value of 57,021 (42,564–67,568), 

while G2 (Er:YAG laser + HVE) had a lower value of 33,318 
(28,463–35,484). When comparing the  results of both 
groups, it was found that use of the Er:YAG laser reduced 
aerosol amounts during caries removal by 41.6% com-
pared to the high-speed turbine. However, it is important 
to note that for both methods, the initial level of aerosols 
in the office 29,129 (29,178–29,784) significantly increased 
at the end of the treatment (p < 0.001) (Table 1).

Concentration of aerobic bacteria after 
caries treatment (secondary outcome)

The median count of total bacteria per m3 of air in G1 
(conventional dental turbine + HVE), G2 (Er:YAG la-
ser + HVE) and G3 (control group before caries treat-
ment) were 734 (420–988), 158 (96–288) and 48 (32–
74), respectively. During caries treatment, employing 
a dental turbine (G1, p < 0.001) and Er:YAG laser (G2, 
p < 0.001) led to a notable increase in bacteria CFU lev-
els in the dental office air compared to the initial levels 
in the control group (G3). Use of the Er:YAG laser resulted 
in a significantly lower total bacteria count compared 
to the standard dental turbine (p < 0.001). Additionally, 
utilizing the Er:YAG laser during caries removal resulted 
in a 78.5% decrease in TBC compared to the standard 
dental turbine (Table 2).

Discussion

Ensuring air purity in dental facilities is vital in miti-
gating the  risk of  microbial transmission.6,39 Various 
measures, including air decontamination, protective 
masks and surface disinfection, have been adopted 
to enhance safety and promote good air quality within 
treatment rooms.6,20 The primary approach to mitigat-
ing bioaerosol transmission during dental procedures 
centers on eradicating the accumulation of bioaerosols 
and cooling sprays within the oral cavity.1,2 The purpose 
of  this study was to examine aerosol levels in  the air 
during caries treatment by removing generated aerosols 
before they enter the dental office environment. This 
strategy resulted in a substantial decrease in microbial 
risks present in the dental office air, with a 41.6% de-
crease in aerosol levels achieved using the Er:YAG laser 

Table 1. The quantity of aerosol particles measured at the mouth of the operator before (control/initial measurement) and after caries treatment using 
either an Er:YAG laser or a dental turbine (ANOVA Kruskal–Wallis test)

Groups
ANOVA Kruskal–Wallis; H (2; n = 90) = 78,3711; p < 0.001

n median lower-top quartiles p-value

Turbine + HVE (G1) 30 57,021 (42,564–67,568) G1 vs G2; <0.001
G1 vs G3; <0.001
G2 vs G3; <0.001

Er:YAG + HVE (G2) 30 33,318 (28,463–35,484)

Control (G3) 30 29,129 (29,178–29,784)

ANOVA – analysis of variance; HVE – high volume evacuator; n – number of measurements; G1 – group 1; G2 – group 2; G3 – group 3 (control).
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compared to the high-speed dental handpiece. Moreover, 
using the Er:YAG laser, there was a 78.5% decline in total 
bacteria count when treating caries compared to standard 
dental turbines. These in vivo findings corroborated pre-
viously published in vitro studies.1,2

The principal aim of this study was to assess the null 
hypothesis that there is no notable disparity in aerosol 
generation between dental caries decay removal using 
a burr on a turbine and an Er:YAG laser. For both meth-
ods, an additional dental standard high-volume evacua-
tor (HVE) was applied. The study findings revealed that 
the use of Er:YAG laser for dental caries treatment con-
siderably reduced the level of aerosol in the dental office 
compared to standard dental turbine, which is consistent 
with our previous in vitro study.2 Moreover, in the pres-
ent trial, use of the Er:YAG laser reduced aerosol particles 
in dental office air by 41.6% compared to the high-speed 
turbine. These results align with our previous published 
in vivo research, in which we observed a 40% decrease 
in the quantity of aerosols when treating dental decay uti-
lizing a broader evacuator in conjunction with a dental tur-
bine.14 Other researchers have also recently demonstrated 
the effectiveness of using HVE to reduce the concentration 
of aerosols in dental facilities.10,24,40,41 Results from Harrel 
et al.40 and Jacks10 showed significantly better efficiency 
of HVE than salivary ejector for aerosol removal, which 
is consistent with our previous in vitro studies. Findings 
from in vivo research by Nulty et al.41 were congruent with 
our results, providing further evidence of aerosol reduction 
during dental procedures. Our present study is the first 
randomized clinical trial conducted in vivo that examined 
the use of an Er:YAG laser and not only different suction 
systems or rotary instruments.

It should also be highlighted that the findings of compar-
ative studies conducted with various mouth rinses, includ-
ing chlorhexidine, reinforce the efficacy of this method.42 
These studies have consistently demonstrated a significant 
reduction in the number of microorganisms that may es-
cape from a patient’s mouth through aerosols during dental 
treatments.42 However, in the air exhaled by the patient and 
within the tissues affected by caries, there are still bacteria 
which, in order to maintain the safety of medical staff, 
should be eliminated during the dentist’s work in the pa-
tient’s oral cavity. The hydration level during the removal 
of carious tissues (dentin) plays a significant role in shaping 
the characteristics of the aerosol produced during dental 

procedures. Research by Timbrell and Eccles43 highlighted 
that grinding enamel and dentine in surgical procedures 
without water cooling results in a fine aerosol with a sub-
stantial respirable fraction, posing potential health risks 
to dentists. Additionally, the use of water spray in high-
speed grinding demands attention due to its high respira-
bility, raising concerns about droplets potentially acting 
as efficient carriers of microorganisms into the dentist’s 
lungs. To mitigate these risks, it is essential to utilize ef-
fective high-volume suction apparatus. The  function 
of erbium lasers on tissue is dependent on the interac-
tion with water, which results in the elevation of hydrogen 
molecule vibrations and thermal energy.27,44 This creates 
movement within the liquid, resulting in water evapora-
tion and the potential production of aerosols during den-
tal procedures such as caries removal, endodontics and 
periodontal pocket treatment.30,31,34,45–47 However, our 
previous in vitro and present in vivo investigations found 
that the Er:YAG laser application resulted in a significantly 
lower increase in aerosols compared to other procedures 
in a dental office.1,2 In contrast to initial measurements, 
the dental turbine and Er:YAG laser increased aerosols 
by 96% and 11.4%, respectively. In our previous research, 
we implemented 3 distinct Er:YAG lasers.2 These lasers 
operate based on  comparable physical phenomena for 
operation on tissues, but discrepancies in cooling fluid 
delivery methods may lead to dissimilar aerosol particle 
generation during dental procedures.1,2,24 We discovered 
that the type of cooling system utilized in the laser has 
a notable effect on the generation of aerosols.2 The erbium 
lasers used in the present study use coolant supply lines 
with 3 endpoints in the handpiece’s head. When using this 
kind of laser, the tissue is cooled with 3 water streams.2 
The outcomes from our prior in vitro experimentation 
showed that the aerosol increase in the air was greater for 
the laser with its cooling system built in the handpiece 
than for the laser where the water and air supply lines 
were integrated into the tip (and not just into the hand-
piece). However, we did not utilize the laser with a cooling 
system in the tip during our research due to its inefficacy 
in vaporizing tooth enamel, primarily because of its lower 
maximal power.1,2

The global spread of bacterial infections has raised seri-
ous public health concerns.48–50 The 2nd aim of the study 
was to evaluate the  level of aerobic bacteria in  the air 
when treating dental caries decay. Our findings indicate 

Table 2. The median value of the total bacterial count (measured in CFU/m³) assessed at the central location within the dental office (ANOVA Kruskal–Wallis test)

Groups
ANOVA Kruskal–Wallis; H (2, n = 60) = 52,5042; p < 0.001

n median lower-top quartiles p-value

Turbine + HVE (G1) 20 734 (420–988) G1 vs G2; <0.001
G1 vs G3; <0.001
G2 vs G3; <0.001

Er:YAG + HVE (G2) 20 158 (96–288)

Control (G3) 20 48 (32–74)

ANOVA – analysis of variance; HVE – high volume evacuator; TBC – total bacteria count; CFU – colony-forming unit; n – number of microbiological plates; 
G1 – group 1; G2 – group 2; G3 – group 3 (control).



Adv Clin Exp Med. 2024;33(10):1087–1095 1093

an increase in bacterial count in CFU/m3 in the air for 
both treatment methods (dental turbine and laser) com-
pared to initial measurements before treatment. Other 
studies have also reported an increase in airborne bacte-
rial, fungal load during dental treatment and significant 
room contamination when high-speed instruments were 
used.18,51 In a study by Manarte-Monteiro et al.,51 it was re-
vealed that the level of airborne bacteria increased at both 
0.5 m and 2 m distances during endodontic treatment. 
Correspondingly, Rautemaa et al.18 found substantial room 
contamination within the 0–2 m range when high-speed 
dental instruments were employed, resulting in an aver-
age of 970 CFU/m3/h. Additionally, Szymańska4 demon-
strated that fungi concentration in the air ranged from 
4 × 101 CFU/m3 to 34 × 101 CFU/m3 during caries dental 
decay removal. Our current study found that the highest 
median bacterial count was observed for conventional 
turbines with 734 (420–988) CFU/m3 after 1 h. In contrast, 
the Er:YAG laser led to a 78.5% reduction in TBC com-
pared to the conventional handpiece used at the patient’s 
mouth during caries treatment. These findings coincide 
with our recently published research, in which we found 
an 84.5% reduction of TBC during caries treatment with 
a high-speed turbine when compared to standard HVE 
for the wider intraoral suction system.14

Limitations

The study contains several limitations. The primary rea-
son why there are restrictions on the use of erbium lasers 
instead of conventional rotary instruments in dentistry 
is their high cost. Furthermore, operating these devices 
safely in vivo requires expertise and knowledge. In this 
study, the  conventional Koch sedimentation method, 
which has limited accuracy, was used to measure the TBC 
in the office air. Other measurement methods for micro-
bial air analysis, such as air sampling with impactors (e.g., 
Andersen samplers), need to be evaluated in a dental office. 
Another limitation is the scarcity of existing literature 
addressing the impact of different water systems in dental 
handpieces on aerosol levels. Furthermore, our clinical 
research compared the amount of aerosol particles and 
TBC generated by dental turbine vs Er:YAG laser without 
identification of specific colonies. Considering the influ-
ence of oral microflora on aerosol composition is impor-
tant for ensuring accurate and comparable results in any 
study or research involving dental procedures. However, 
for studies that identify bacterial colonies, it  is recom-
mended to have patients with similar oral microflora.

Further research is  necessary to  assess the  efficacy 
of Er:YAG lasers for decontamination during dental treat-
ment, as well as randomized clinical trials to evaluate their 
impact on reducing aerosols. Additionally, investigations 
should be conducted to determine how other methods for 
caries treatment, such as dental sandblasting, affect aerosol 
levels and microbial air concentration.

Conclusions

The use of a traditional high-speed handpiece for treat-
ing dental caries produces a significant number of aerosols 
that can linger in the air of a dental clinic for a prolonged 
time, which can increase the risk of transmission of infec-
tion between medical staff and patients. This study dem-
onstrated a significant reduction in the amount of aero-
sols generated when using an  Er:YAG laser compared 
to a standard dental turbine. Additionally, the Er:YAG 
laser significantly reduced bacterial amounts in the of-
fice air compared to the dental turbine. The incorporation 
of erbium laser technology during dental caries therapy 
not only contributed to the enhancement of air quality 
within the treatment area, but also played a pivotal role 
in elevating the broader biological safety standards within 
the dental office setting.

Supplementary data

The Supplementary materials are available at https://
zenodo.org/doi/10.5281/zenodo.10043159. The  package 
contains the following files:

Supplementary Fig. 1. Results of the Shapiro–Wilk test 
for TBC in group 1 (G1).

Supplementary Fig. 2. Results of the Shapiro–Wilk test 
for TBC in group 2 (G2).

Supplementary Fig. 3. Results of the Shapiro–Wilk test 
for TBC in group 3 (G3).

Supplementary Fig. 4. Results of the Shapiro–Wilk test 
for aerosol amount in group 1 (G1).

Supplementary Fig. 5. Results of the Shapiro–Wilk test 
for aerosol amount in group 2 (G2).

Supplementary Fig. 6. Results of the Shapiro–Wilk test 
for aerosol amount in group 3 (G3).
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Abstract
Background. Autoimmune cytopenias (ACs), including immune thrombocytopenia (ITP), autoimmune 
hemolytic anemia (AIHA) and autoimmune granulocytopenia, are rare complications observed in lymphoma 
patients. They may appear before, during or after lymphoma diagnosis, whether the patients had disease 
progression or not.

Objectives. This study aims to correlate ACs with lymphoma type, disease course and prognosis. We per-
formed a multicenter retrospective analysis of adult patients with malignant lymphoma and ACs coexistence 
diagnosed and treated in centers aligned with the Polish Lymphoma Research Group (PLRG).

Materials and methods. The analysis covers the years 2016–2022 and included 51 patients comprised 
of 23 women and 28 men. Of these, 35 patients were diagnosed with AIHA, 15 patients with ITP and 1 patient 
with both AIHA and ITP.

Results. The most common type of lymphoma was Hodgkin lymphoma (HL) (12 patients) and diffuse large 
B-cell lymphoma (DLBCL) (14 patients). At the time of diagnosis, 31 (61%) of patients had stage 4 of HL or 
DLBCL, according to Ann Arbor classification. In total, the response to treatment was evaluated in 50 patients, 
with 25 being in complete remission and 6 in partial remission. We observed that B cell symptoms (p = 0.036), 
bone marrow involvement (p = 0.073), splenomegaly (p = 0.025), and more than 2 lines of treatment 
were more common in AIHA compared to ITP patients. Conversely, eucopenia (p = 0.056) and ACs without 
lymphoma progression (p = 0.002) were more often diagnosed in ITP patients.

Conclusions. In the study group, relapsed and refractory disease was observed more often, and shorter 
overall survival (OS) was noted in patients with DLBCL. We found that AC is associated with a worse prognosis 
in comparison to the general population of lymphoma patients. There were no differences in response to AC 
therapy. To have more accurate data, a larger group, as part of a multicenter study, should be evaluated.

Key words: lymphoma, ITP, AIHA, immune complications, autoimmune cytopenia
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Background

Autoimmune cytopenias (ACs) are a group of heteroge-
neous but closely related conditions defined by immune-
mediated destruction of hematologic cell lineages, includ-
ing white blood cells (neutrophils), red blood cells and 
platelets.1 This destruction can be primary or secondary 
to other illnesses. Autoimmunity results from a complex 
interplay of genetic and environmental factors, includ-
ing infections and drugs. Autoimmune cytopenias can 
be formally classified as idiopathic, consisting of single 
lineage destruction, including autoimmune hemolytic 
anemia (AIHA), immune thrombocytopenia (ITP) and, 
more rarely, autoimmune granulocytopenia (AG), as well 
as multi-lineage destruction, known as Evans syndrome.2 
The relative frequency of each of the clinical forms of ACs 
remains uncertain, with conflicting results from differ-
ent studies. Older literature reported the highest rates 
of AIHA with lower rates of ITP and multi-lineage auto-
immune cytopenia. The diagnosis of AC is usually made 
according to the criteria of the respective disease, and 
in some cases, antibodies are detected without symptom-
atic disease.

Secondary AC results from another cause, including 
medications, rheumatologic disorders, immunodefi-
ciencies, lymphoproliferative disorders, malignancies, 
or  as  a  complication of  organ or  hematopoietic stem 
cell transplant (HSCT).3 The association between lym-
phoma and AC has long been noted. While definitive 
evidence linking the causality of these diseases is rare, 
there is compelling evidence of their co-occurrence. Au-
toimmune cytopenia may be diagnosed before, at presen-
tation, or at any point during the course of lymphoma, 
and may also be observed in both untreated and treated 
patients. Autoimmune cytopenia occurs in approx. 5–10% 
of  chronic lymphocytic leukemia (CLL) patients,4 al-
though so far, the exact prevalence of AC in lymphoma 
patients remains unclear. The frequency of AC varies 
among entities, with a high prevalence in certain types 
of lymphomas. Most AC are associated with B cell lym-
phomas and are much less frequent with T cell non-Hodg-
kin lymphomas (NSLs).

Objectives

Because of  the  rarity of  lymphoma-associated AC, 
the  data on  the  clinical characteristics, treatment 
of the disease, as well as prognosis are extremely poor 
and based mostly on  case reports, with some larger 
groups described. Therefore, taking into consideration 
the scarcity of data and simultaneously the need to in-
crease physician awareness of  the  diagnosis of  ACs 
in  lymphoma patients, we  conducted a  retrospective 
study at the Polish Lymphoma Research Group (PLRG) 
between 2016 and 2022.

Materials and methods

Data source

The study was performed on behalf of the Extranodal 
Lymphomas Working Group of the PLRG, which is a vol-
untary organization comprising hematological and onco-
logical centers in Poland that provide care for lymphoma 
patients. All member centers were invited to participate 
in this study and provide additional study-specific data 
about eligible patients.

Study population and outcome

This study was a retrospective analysis of all patients 
who were diagnosed with ACs either simultaneously or se-
quentially with lymphoma. The analysis includes patients 
diagnosed during the period 2016–2022.

The  primary objective of  the  study was to  analyze 
the outcome of lymphoma treatment, i.e., overall survival 
(OS) of the patients with ACs and mortality. The secondary 
objectives were to examine the clinical presentation of lym-
phoma, the efficacy of lymphoma treatment, progression-
free survival (PFS), and factors associated with OS and PFS.

Diagnosis of autoimmune cytopenia

The presence of AC, namely AIHA, ITP and AG, was 
respectively recorded based on patients’ medical records. 
The diagnosis of AIHA was based on the presence of ane-
mia (a hemoglobin level below 12 g/dL), and laboratory 
evidence of hemolysis, namely strong direct antiglobulin 
test (DAT) positivity, elevated absolute reticulocyte count, 
an elevated lactate dehydrogenase (LDH), an elevated indi-
rect bilirubin level, and a low serum haptoglobin level. Im-
mune thrombocytopenia was diagnosed in patients with 
a platelet count below 100,000/µL in whom other causes 
of thrombocytopenia have been ruled out.

All cases had biopsy-confirmed lymphoma and were 
diagnosed with AC at any time before, concurrently or af-
ter. The histological lymphoma diagnosis was established 
based on the 2008 World Health Organization (WHO) 
classification.5

We  assessed the  incidence, clinical characteristics, 
treatment strategies, and outcome of lymphoma patients 
experiencing AC, and compared their data with concur-
rent patients with Hodgkin lymphoma (HL) and diffuse 
large B-cell lymphoma (DLBCL) population who had no 
evidence of AC.

Response to treatment

Response to  treatment was assessed as  proposed 
by the most recent system, known as the Lugano clas-
sification, which applies to both HL and NHL.6 Overall 
survival was calculated from the  lymphoma diagnosis 
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to the last follow-up visit or death. Progression-free sur-
vival was estimated as the interval between the date of di-
agnosis and the estimated date of progression or death 
or end of follow-up.

Statistical analyses

Kaplan–Meier plots and log-rank tests were performed 
to visualize and compare survival curves. The median follow-
up was calculated using the Schemper and Smith method. 
Pearson’s χ2 test was used to analyze the independence of cat-
egorical variables. Appropriate corrections were used where 
needed: the Yates’s correction for continuity or Fisher’s exact 
test. In general, if any of the expected frequencies of the 2×2 
table was below 15, Yates’s correction was used, but when 
it was below 5, the Fisher’s exact test was used.

P-values <0.05 were considered significant. The Shapiro–
Wilk test was used to confirm where the continuous vari-
ables had a normal distribution. Depending on the variable 
distribution, they were presented as mean ± standard de-
viation (M ±SD). A normal probability plot of continuous 
variables (age at diagnosis) is provided in Fig. 1. All sta-
tistical analyses were performed in MedCalc (MedCalc 
Software Ltd, Ostend, Belgium).

Results

Patients

We identified 51 patients diagnosed with AC and lym-
phoma in 5 PLRG centers. Of these, 23 (45%) were women, 
and the mean age at  lymphoma diagnosis was 52 years 
(95% confidence interval (95% CI): 46.7–57.7) ±19.7. Thirty-
five patients were diagnosed with AIHA, 15 with ITP and 
1 patient with both AIHA and ITP. The most common 
diagnosis of lymphoma was DLBCL (15 patients) and HL 
(12 patients), followed by indolent lymphoma, including 
marginal zone lymphoma, follicular lymphoma, mantle 

cell lymphoma (19 patients) and T cell lymphoma (5 pa-
tients). Thirty-one patients (61%) were in stage IV according 
to the Ann Arbor classification at the time of diagnosis 
(23 AIHA and 8 ITP, 66% and 53%, respectively), although 
most patients were in a good clinical stage (Eastern Coop-
erative Oncology Group (ECOG)-0 in 16 patients, ECOG-1 
in 26 patients, 31% and 51%, respectively). Thirty-four pa-
tients (68%) had B cell symptoms (27 AIHA and 7 ITP, 77% 
and 47%, respectively), and 36 patients (71%) had extranodal 
lymphoma at the time of diagnosis (26 AIHA and 10 ITP, 
74% and 67%, respectively). Interestingly, in  the AIHA 
group, 14/34 patients (41%) had bone marrow involvement. 
A high prognostic index was found in 26 out of 49 patients 
(53%), which was adequate for their specific type of lym-
phoma (20 AIHA and 6 ITP, 57% and 40%, respectively). 
The detailed patient characteristics are provided in Table 1.

We then made the comparison between the AIHA and 
ITP group with all parameters according to patient char-
acteristics (age, sex, ECOG, B symptoms, nodal and ex-
tranodal lymphoma), comorbidities, risk factors (Ann Ar-
bor classification, prognostic index, type of lymphoma), 
morphology, biochemistry and response to  the  treat-
ment, observing some major differences. It  was seen 
that in the AIHA group (27/34, 79%), significantly more 
patients had B symptoms than in the ITP group (7/15, 
47%) (χ2 = 3.90, p = 0.049, χ2 test with Yates’s correction). 
In the AIHA group, LDH during the lymphoma diagnosis 
was significantly higher than in the ITP group (p = 0.002). 
Interestingly, patients with AIHA had disease localized 
in the spleen less often than in the ITP group (2.9% com-
pared to 25.0%, p = 0.029, Fisher’s exact test). Moreover, 
the AIHA group had AC diagnosed without disease pro-
gression more frequently than in ITP (p = 0.039). While 
not a significant result, when comparing the AIHA group 
to ITP, we observed less type 2 diabetes (p = 0.186, Fisher’s 
exact test), while asthma (p = 0.295, Fisher’s exact test) 
was more frequently observed. The data also suggested 
that in the AIHA group, bone marrow tended to be more 
frequently involved in the lymphoma (p = 0.203, Fisher’s 
exact test). The treatment analysis showed that patients 
with AIHA had radiotherapy less often in relapsed and re-
fractory disease (p = 0.263, Fisher’s exact test). Moreover, 
intravenous immunoglobulin (IVIG) and splenectomy 
were used more frequently in the ITP group as a salvage 
treatment (p = 0.235 and p = 0.294 respectively; Fisher’s 
exact test). All data are shown in Table 2.

Treatment

The  median observation time of  our cohort was 
78.9  months (95% CI: 61.4–143.2  months), and 49  out 
of 51 patients received treatment for lymphoma. A vari-
ety of different protocols was used for first-line therapy, 
including 47 patients (96%) treated with chemotherapy and 
27 patients (55%) with immunotherapy, while 8 patients 
(16%) required radiotherapy. Of these, 20 patients (39%), 

Fig. 1. Normal probability plot of age at diagnosis
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i.e., 15 in AIHA group (44%), and 5 in ITP group (33%), were 
refractory or relapsed and needed salvage therapy. Finally, 
5 patients (10%) had an autologous HSCT, and 2 patients 
(4%) underwent allogeneic HSCT (Table 3).

Among 49 patients eligible for response assessment, 25 
(15 AIHA; 10 ITP) (51%) had complete response (CR) and 6 
(3 AIHA; 3 ITP) (12%) had partial response (PR). Moreover, 

19 patients (39%) had no response or had disease progres-
sion after first-line treatment (Table 3). We also observed 
20 deaths (38%), with 15 related to lymphoma progression, 
2 to hemophagocytic syndrome, 2 to AIHA progression, 
and 1 to ITP progression.

The diagnosis of AC in a majority of patients was made 
together with with lymphoma diagnosis or progression 

Table 1. Patient characteristics

AC AIHA ITP Total

Number of patients 35 16 51

Sex
female
male

15 (43%)
20 (57%)

8 (50%)
8 (50%)

23 (45%)
28 (55%)

At lymphoma diagnosis

Age of diagnosis [years], median (range) 59 (18–89)

Lymphoma type

DLBCL
HL

indolent B-cell
T-cell

10 (26%)
6 (17%)

16 (46%)
3 (11%)

5 (31%)
6 (39%)
3 (18%)
2 (12%)

15 (31%)
12 (24%)
19 (27%)

4 (8%)

Ann Arbor

I
II
III
IV

3 (9%)
2 (6%)

6 (18%)
23 (67%)

3 (20%)
1 (7%)

3 (20%)
8 (53%)

6 (12%)
3 (6%)

9 (18%)
31 (64%)

Performance status 
according to ECOG

0
1
2
3

13 (37%)
18 (51%)

3 (9%)
1 (3%)

3 (19%)
8 (54%)
4 (27%)
0 (0%)

17 (32%)
26 (52%)
7 (14%)
1 (2%)

Comorbidities
yes
no

24 (66%)
12 (34%)

10 (67%)
5 (33%)

34 (68%)
17 (32%)

B symptoms
yes
no

27 (77%)
8 (23%)

7 (47%)
8 (53%)

34 (68%)
17 (32%)

Extranodal disease
yes
no

26 (74%)
9 (26%)

10 (63%)
6 (37%)

36 (71%)
15 (29%)

Bone marrow involvement
yes
no

14 (40%)
21 (60%)

3 (19%)
13 (81%)

17 (33%)
34 (67%)

Prognostic index
low

intermediate
high

3 (9%)
11 (32%)
20 (59%)

3 (20%)
6 (40%)
6 (40%)

6 (12%)
17 (35%)
26 (53%)

AIHA – autoimmune hemolytic anemia; ITP – immune thrombocytopenia; AC – autoimmune cytopenia; DLBCL – diffuse large B-cell lymphoma; 
ECOG – Eastern Cooperative Oncology Group; HL – Hodgkin lymphoma.

Table 2. Comparison between the AIHA and ITP groups (symptoms in bold were more frequent)

AC AIHA ITP p-value

B symptoms 27/35 (77%) 7/15 (47%) 0.049

Spleen involvement with lymphoma 1/35 (3%) 4/16 (25%) 0.029

Elevated LDH 30/35 (86%) 4/16 (25%) 0.002

Immunotherapy at relapse 4/13 (31%) 4/5 (80%) 0.088

AC diagnosis with lymphoma progression 3/13 (23%) 0/5 (0%) 0.039

Diabetes 3/35 (9%) 4/16 (25%) 0.186

Asthma 4/35 (11%) 0/16 (0%) 0.295

Bone marrow involvement with lymphoma 14/35 (40%) 3/16 (19%) 0.203

Radiotherapy at relapse 0/35 (0%) 1/5 (20%) 0.263

AC treatment with IVIG 1/35 (3%) 4/16 (25%) 0.235

AC treatment with splenectomy 1/35 (3%) 3/16 (19%) 0.294

AIHA – autoimmune hemolytic anemia; ITP – immune thrombocytopenia; LDH – lactate dehydrogenase; IVIG – intravenous immunoglobulin; 
AC – autoimmune cytopenia.
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(35 out of 51 patients, 68%). A further 8 patients (16%) had 
their AC diagnosis before lymphoma, and 8 patients (16%) 
had AC after lymphoma diagnosis without disease pro-
gression. Out of 35 patients with a diagnosis of AIHA, all 
received treatment, with 8 patients (23%) receiving 1 line 

of treatment, 6 (17%) had 2 lines of treatment and 21 (60%) 
had 3 or more lines of treatment. Out of 16 patients with 
ITP diagnosis, 2 were not treated at all (12.5%), 5 (31%) 
had 1 line of treatment, 7 (44%) had 2 lines of therapy and 
2 (12.5%) had 3 or more lines.

Table 3. Response to treatment

AC AIHA ITP Total

Lymphoma treatment
chemotherapy
immunotherapy
radiotherapy

33/35 (94%)
32/35 (91%)
20/35 (57%)
5/35 (14%)

16/16 (100%)
15/16 (94%)
7/16 (44%)
3/16 (19%)

49/51 (96%)
47/51 (92%)
27/51 (53%)
8/51 (16%)

Response to treatment
CR
PR
PD

15/35 (43%)
3/35 (9%)

17/35 (49%)

10/16 (62%)
3/16 (19%)
3/16 (19%)

25/51 (49%)
6/51 (12%)

20/51 (39%)

Treatment in relapsed disease
chemotherapy
immunotherapy
radiotherapy

14/35 (40%)
13/14 (93%)
4/14 (29%)
0/14 (0%)

5/16 (31%)
5/5 (100%)
4/5 (80%)
1/5 (20%)

19/51 (37%)
18/19 (95%)
8/19 (42%)
1/19 (5%)

autoHSCT
alloHSCT

4/35 (11%)
1/35 (3%)

1/16 (6%)
1/16 (6%)

5/51 (10%)
2/51 (4%)

AC treatment
1 line
2 lines
>3 lines

35/35 (100%)
0/35 (0%)

15/35 (43%)
20/35 (57%)

12/16 (75%)
2/16 (13%)
5/16 (31%)
5/16 (31%)

47/51 (92%)
2/51 (4%)

20/51 (39%)
27/51 (53%)

Deaths 15/35 (43%) 5/16 (31%) 20/51 (39%)

AIHA – autoimmune hemolytic anemia; ITP – immune thrombocytopenia; AC – autoimmune cytopenia; CR – complete response; PR – partial response; 
PD – progressive disease; autoHSCT – autologous hematopoietic stem cell transplantation; alloHSCT – allogeneic hematopoietic stem cell transplantation.

Fig. 2. Progression-free survival (PFS) in the studied groups of patients. 
Patients with DLBCL had a trend into poorer PFS compared to the other 
diagnosis groups, but the difference did not yield statistical significance 
(log-rank p-value = 0.063)

DLBCL – diffuse large B-cell lymphoma; HL – Hodgkin lymphoma.

Fig. 3. Overall survival (OS) in the studied groups of patients. Patients 
with Hodgkin lymphoma (HL) had a significantly better outcome in terms 
of OS (median not reached) compared to other groups: DLBCL (median 
OS: 1.8 years), indolent B-cell lymphoma (median OS: 5.9 years) and T-cell 
lymphoma (median OS: 3.2 years). Log-rank p-value = 0.008

DLBCL – diffuse large B-cell lymphoma.



M. Witkowska et al. Autoimmune cytopenias in lymphoma patients1102

Survival analysis

The data on survival was available for 50 patients, and 
the median observation time in our cohort was 78.9 months 
(95% CI: 61.4–143.2 months). The median PFS in the whole 
cohort was 65.5 months (95% CI: 13.2–288.4), although 
there was a trend towards a lower PFS in DLBCL patients 
compared to the other groups (log-rank p-value = 0.063) 
(Fig. 2). The median OS of  the whole study group was 
27.2 years (95% CI: 65.5–325.9 months), and patients with 
HL had a  significantly better outcome in  terms of OS 
(median not reached) compared to other groups: DLBCL 
(median OS: 1.8 years), indolent B-cell lymphoma (median 
OS: 5.9 years) and T cell lymphoma (median OS: 3.2 years). 
Log-rank p-value was 0.008 (Fig. 3).

For the DLBCL group (survival data available for 15 pa-
tients), median PFS was 17.7 months (95% CI: 8.9–65.5), 
with a 2-year PFS rate of 33% and 5-year PFS rate of 33% 
(Fig. 4A). Median OS for this group was 21.4 months (95% 
CI: 9.9–65.5) with a 2-year OS rate of 47.6% and a 5-year 
OS rate of 47.6% (Fig. 4B). For the HL group, the median 
PFS was not reached, with a 2-year PFS rate of 75.0% and 
a 5-year PFS rate of 66.7% (Fig. 5A). Moreover, the median 
OS was not reached, with a 2-year OS rate of 91.7% and 
a 5-year OS rate of 91.7% (Fig. 5B). Moreover, patients with 
DLBCL had both shorter PFS (log-rank p = 0.0115) and OS 
(p = 0.003) when compared to patients with HL.

Discussion

Despite the long recognition of the coexistence of lym-
phoma and AC, the exact characteristics of patients with 
AC and lymphoma remain poorly defined. In our multi-
center study, we investigated a large cohort of Polish pa-
tients, and we analyzed their clinical and prognostic pro-
files. To the best of our knowledge, this study is the largest 
to report AC-associated lymphoma. Previously, the largest 
cohort reported so far was Hu et al., with 28 patients with 
B cell and T cell lymphoma.7 In their study group, 24 pa-
tients were diagnosed with AIHA and 6 with ITP. Similar 
to our study with 51 patients, the majority were DLBCL 
(10 out of 28; 36%), followed by HL and B cell indolent 
lymphoma (less than 30%).

Our study revealed a distinct pattern of a worse prog-
nostic profile, with 61% of investigated patients in an ad-
vanced stage of the disease (66% AIHA; 53% ITP), i.e., 
at stage IV according to the Ann Arbor classification for 
lymphoma diagnosis. The IPI adequate for different types 
of lymphoma diagnosis was high in 57% of AIHA patients 
and 40% of those with ITP. Moreover, 68% of patients had 
B symptoms (77% AIHA; 47% ITP) and 71% had extrano-
dal disease (74% AIHA; 67% ITP), both known to be poor 
prognostic factors for DLBCL patients. It was interest-
ing that 41% of AIHA patients had bone marrow involve-
ment. The extranodal involvement of lymphoma observed 

Fig. 4. Progression-free survival (PFS) (A) and 
overall survival (OS) (B) in the diffuse large B-cell 
lymphoma (DLBCL) group. The median PFS was 
17.7 months (95% confidence interval (95% CI): 
8.9–65.5), with a 2-year PFS rate of 33% and 
a 5-year PFS rate of 33%. The median OS for this 
group was 21.4 months (95% CI: 9.9–65.5) with 
a 2-year OS rate of 47.6% and a 5-year OS rate 
of 47.6%
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in patients who also had an AC diagnosis was consistent 
with findings published by Hu et al.7 Similar to our re-
sults, in  work by  Pinczes et  al. examining 16  patients 
with HL and AC, the authors observed advanced disease 
features such as stage III/IV, bone marrow involvement 
and B symptoms.8 The same observation was published 
by Dimou et al., who reported a remarkable predominance 
of advanced-stage lymphoma.9 All these results are con-
sistent with our data in a larger group.

Although the number of AC cases was small, we found 
statistically significant differences between the AIHA 
and ITP groups. We observed that B symptoms, elevated 
LDH and AC diagnosis connected with lymphoma pro-
gression were statistically more likely in AIHA com-
pared to ITP patients and may be associated with worse 
clinical outcome in the AIHA group. Conversely, spleen 
involvement with lymphoma was more often found 
in ITP patients. We have also seen a trend that AIHA 
patients were diagnosed with asthma more often and 
had bone marrow involvement with lymphoma during 
the diagnosis. Moreover, the ITP group seemed to be 
more often diabetic and was treated with radiotherapy 
following relapse. However, to conduct a more accurate 
analysis between these 2 groups, a larger number of pa-
tients is necessary.

Lechner and Chen observed that out of 39 lymphoma 
patients with AC, 13 relapsed or were refractory to first-line 
treatment.2 This was similar to our PLRG database, in which 
we were able to identify 39% of relapsed and refractory dis-
ease (44% in AIHA and 33% in the ITP group). In the re-
lapsed and refractory group, 5 patients undergo autologous 
HSCT (10%) and 2 allogeneic HSCT (4%). Historically, most 
patients are cured with anthracycline-containing immu-
nochemotherapy, and approx. 1 in 4 experience primary 
refractory disease or relapse (25–30%).10 Similar data were 
published by the Hemato-Oncology Latin America Obser-
vational Registry Study (HOLA), in which out of 578 DLBCL 
patients, 29% had relapsed or refractory AC.11 Furthermore, 
response to first-line treatment in our group was poor, with 
CR in 51% and PR in 12%. Moreover, 20 patients died (38%), 
mainly due to disease progression. In other studies with 
higher subject numbers, 20–30% of patients with NHL and 
15% with HL will not be able to achieve a CR with standard 
induction.12,13 Our experience suggests that the coexistence 
of AC and lymphoma is associated with more aggressive 
clinical behavior, inferior outcomes and increased risk 
of death. However, our study numbers were too low to draw 
a definitive conclusion.

In the present study, we found that the median PFS was 
17.7 months in the DLBCL group, a much lower result 

Fig. 5. Progression-free survival (PFS) (A) and 
overall survival (OS) (B) in the Hodgkin lymphoma 
(HL) group. The median PFS was not reached 
with a 2-year PFS rate of 75.0% and a 5-year PFS 
rate of 66.7%. Median OS was not reached with 
a 2-year OS rate of 91.7% and a 5-year OS rate 
of 91.7%
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compared to data from other studies. In the HOLA study, 
the median PFS was 7.7 years.11 Moreover, our 5-year PFS 
was much worse, with 33% in our study compared to 56.2% 
in the HOLA study. Moreover, 2- and 5-year OS for our 
DLBCL group were both 47.6%; again, a much lower re-
sult compared to other large cohort studies. In data from 
an article published by Mauer et al. in the SEAL database, 
2-year OS was 87% and 5-year OS was 80%.14 We observed 
that in our patients with the concurrence of AC and lym-
phoma, not only efficacy but also OS was lower with AC 
than without. The possible explanation is that the devel-
opment of AC affects the survival of lymphoma patients, 
especially in the DLBCL group.

Finally, we observed the trend of decreased PFS in DLBCL 
patients (p = 0.063) compared to other lymphoma groups. 
Moreover, patients with HL had significantly better out-
comes in OS compared to all the other lymphoma groups. 
These results are consistent with the prognosis of HL and 
DLBCL in patients without AC. It may demonstrate that 
AC worsens the prognosis of all lymphoma subtypes, not 
only DLBCL. Still, the most important prognostic factor 
for OS and PFS is the histopathological type of lymphoma.

Limitations

The main limitation of this study is  its retrospective 
nature, but evaluation of characteristics and outcomes 
of lymphoma-associated AC is not possible prospectively. 
Another limitation may be a relatively small sample size. 
However, the rarity of the diagnosis precludes the possibil-
ity of gathering a large group of patients, even if performed 
mutinationally. According to our knowledge, we pooled 
one of the biggest study groups so far. Nevertheless, we be-
lieve that the inclusion of all patients from all age groups 
and different lymphoma subtypes represents a real group 
and provides clinically useful information. Thus, it may 
be the main strength of this analysis.

Conclusions

Lymphoma patients with AC are more likely to present 
advanced stages of the disease and seem to have worse 
outcomes and responses to treatment. This association can 
be a significant prognostic factor, especially for the DLBCL 
group, both for PFS and OS. Moreover, AIHA patients have 
a stronger trend towards increased mortality. Patients who 
present with any kind of AC should always be assessed for 
relapse of refractory disease. Large prospective studies are 
needed to confirm our preliminary findings.
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Abstract
Background. Alzheimer’s disease (AD) is a disabling neurodegenerating disorder characterized by chronic 
neuroinflammation, cognitive impairment and memory loss. Current treatment options for AD offer limited 
benefits, underscoring the urgent need for alternative therapeutics. Despite the promising effects of gin-
senosides in neurodegenerative diseases, the therapeutic potential of ginsenoside compound Mc1 (GCMc1) 
in AD remains to be thoroughly investigated.

Objectives. This study aimed to investigate the therapeutic potential of GCMc1 in rats with AD and to elu-
cidate the molecular mechanisms responsible for its effects.

Materials and methods. Alzheimer’s disease was induced in Sprague Dawley rats through a single intra-
cerebro-ventricular injection of amyloid-beta (Aβ)1-42 peptide. The animals were divided into 5 groups: 
a control group and 4 AD subgroups, with or without receiving 10 mg/kg of GCMc1 and/or 100 μg/kg 
of compound C intraperitoneally (ip.). Behavioral tests, mitochondrial function, inflammatory cytokines, and 
proteins expression were evaluated using the Morris water maze (MWM) test, fluorometry, enzyme-linked 
immunosorbent assay (ELISA), and immunoblotting techniques, respectively.

Results. Treatment with GCMc1 improved cognitive function, reduced hippocampal Aβ accumulation, 
and suppressed interleukin (IL)-1β, IL-10 and tumor necrosis factor alpha (TNF-α) levels. Ginsenoside com-
pound Mc1 reduced mitochondrial reactive oxygen species (ROS) levels and membrane depolarization, 
increased adenosine triphosphate (ATP) levels, upregulated the expression of AMPK, PGC-1α and SIRT1 
proteins, and downregulated the nuclear factor-kappa-B (NF-κB) expression. Importantly, co-administration 
of compound C, an AMPK inhibitor, attenuated the beneficial effects of GCMc1, suggesting the involvement 
of AMPK pathway in mediating GCMc1’s neuroprotective effects.

Conclusions. We showed that GCMc1 confers substantial neuroprotection in rats with AD by modulating 
the AMPK/SIRT1/NF-κB signaling pathway. These findings highlight the potential of GCMc1 as a promising 
therapeutic agent for AD treatment.

Key words: neuroprotection, neuroinflammation, Alzheimer’s disease, cognitive dysfunction, ginsenosides
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Background

Alzheimer’s disease (AD) is a neurological degenerating 
disorder that negatively affects the lives of a large popula-
tion in the world.1 It is characterized by an impairment 
in cognitive tasks, memory loss and behavioral abnormali-
ties.1 Amyloid beta (Aβ) plaques accumulation, neurofibril-
lary tangles formation and chronic neuroinflammation 
are considered as the main pathophysiological features 
of AD.1,2 Several brain regions play pivotal roles in AD, 
with the hippocampus and neocortex being particularly 
affected.3 The hippocampus, a vital structure for memory 
consolidation and spatial navigation, is among the first 
brain regions to exhibit significant damage in AD.4 Neuro-
nal loss and synaptic dysfunction within the hippocampus 
contribute to memory impairments commonly observed 
in AD patients.4 Additionally, the neocortex, encompassing 
regions responsible for higher-order cognitive functions 
such as reasoning and language, experiences progressive 
degeneration in AD.5 This degeneration disrupts the in-
tricate neural networks that underlie complex cognitive 
processes, leading to deficits in reasoning, language and 
executive function.6 Neurotransmitters also play a criti-
cal role in AD-related cognitive impairments.7 Acetylcho-
line, a neurotransmitter involved in memory and learning 
processes, experiences substantial depletion in different 
regions of brain in AD. The loss of cholinergic neurons 
and the subsequent reduction in acetylcholine levels con-
tribute to cognitive decline. Furthermore, excitotoxicity 
resulting from excessive glutamate release and imbalances 
in GABAergic neurotransmission can disrupt neural net-
work stability and lead to neuronal damage and cognitive 
deficits in AD.7,8 With an aging population, the frequency 
of AD is increasing, making it a major community health 
concern.9 Despite significant efforts to develop effective 
treatments for AD, there are still no reliable treatments 
for this debilitating condition, and available therapies only 
provide modest benefits. Therefore, there is a need to ex-
plore alternative approaches for AD treatment.

It has been recently reported that the AMP-activated 
protein kinase (AMPK) signaling pathway is substantially 
involved in the regulation of energy metabolism, cellular 
stress response and neuroinflammation in AD.10,11 AMP-
activated protein kinase is a master regulator of energy 
homeostasis in cells. In the context of AD, energy metabo-
lism is disrupted, and brain cells struggle to produce and 
utilize energy efficiently. Activation of AMPK helps restore 
the energy balance by enhancing processes like glucose 
uptake and mitochondrial biogenesis, preventing neuronal 
dysfunction and cell death.12 In addition, chronic neuro-
inflammation is a hallmark of AD, and it plays a complex 
role in disease progression.13 By inhibiting the activation 
of  proinflammatory pathways, such as  nuclear factor-
kappa B (NF-κB), AMPK can help reduce the production 
of inflammatory molecules and cytokines and mitigate 
the damaging effects of neuroinflammation in AD.14

It has been shown that natural compounds, such as gin-
senosides, have potential therapeutic benefits in AD.5,16 
Ginsenosides are a class of bioactive compounds found 
in the roots of ginseng, which have been shown to have 
neuroprotective effects in several types of neurodegenera-
tive disorders.6 Among these ginsenosides, ginsenoside 
compound Mc1 (GCMc1) has shown promising results 
in improving oxidative, apoptotic and inflammatory re-
sponses in the pathophysiology of different diseases in ani-
mal models.17,18 Ginsenoside compound Mc1 is a degly-
cosylated ginsenoside that has higher pharmacological 
absorption, bioavailability and activity than deglycosylated 
ginsenosides.17 In a recent study, the potential mechanisms 
underlying the cardioprotective effects of GCMc1 have 
been studied in an experimental cardiac injury model.17 
The  study found that treatment with this compound 
improved cardiac function and reduced oxidative stress 
in the hearts and H9C2 cardiomyocytes under hypoxia/
reoxygenation injury. The study also showed that GCMc1 
increased the activity of AMPK and inhibited the activa-
tion of oxidative stress in vivo and in vitro.17 Activation 
of AMPK-related signaling pathway and subsequent sur-
viving proteins like situin-1 (SIRT1) can improve cognitive 
function, reduce Aβ and tau accumulation, and enhance 
mitochondrial function in animal model of AD.11,18

In addition to its effects on AMPK and downstream tar-
gets, GCMc1 may also exert its neuroprotective effects 
by inhibiting the activity of NF-κB-dependent proinflam-
matory mediators, which show a  critical involvement 
in the pathogenicity of AD.19 Proinflammatory cytokines 
and interleukins (ILs) including IL-1β and IL-6, as well 
as tumor necrosis factor alpha (TNF-α), have been shown 
to induce neuronal damage and promote the buildup of Aβ 
and tau proteins within different regions of the brain.20 
Here, mitochondrial dysfunction is  closely linked 
to the production of neuroinflammation in the patho-
physiology of  AD.21 Impaired mitochondrial function 
leads to energy deficits, oxidative stress, mitochondrial 
DNA damage, inflammasome activation, and neuronal 
vulnerability, all of which contribute to the chronic neu-
roinflammatory state observed in AD. Importantly, ben-
eficial impact of GCMc1 on mitochondrial improvement 
has been reported in cerebral ischemia/reperfusion injury 
in hyperlipidemic rats.22 Therefore, targeting mitochon-
drial activity and neuroinflammation through the safe 
and effective therapeutic compounds may be a promising 
strategy for treatment of AD.

Objectives

Given the promising effects of GCMc1 on the activity 
of signaling pathways regulating mitochondrial biogenesis 
and function, and on reducing NF-κB-dependent prinflam-
matory cytokines,17,18,23 we investigated the impact of GCMc1 
on AD outcomes and underlying mechanisms in a rat model. 
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Specifically, we evaluated the cognitive performance, Aβ 
accumulation, mitochondrial function, and neuroinflam-
mation in rats with AD following treatment with GCMc1. 
We hypothesized that treatment with this agent will improve 
AD outcomes in rats by activating AMPK-dependent mi-
tochondrial biogenesis, improving mitochondrial function 
and inhibiting NF-κB-dependent inflammatory cytokines. 
This study will provide valuable insights into the underlying 
therapeutic benefits of GCMc1 in AD and the mechanisms 
underlying its neuroprotective effects.

Materials and methods

Animal care and ethics statement

Male Sprague Dawley rats weighing 250–300 g were 
used in this study. The animals were kept under a con-
trolled temperature of 22–24°C in a housing room with 
a 12 h light and 12 h dark cycle and given water and stan-
dard rat chow ad libitum. All experimental protocols and 
animal care were conducted in accordance with the guide-
lines and regulations of the National Institutes of Health 
(NIH) for the care and use of laboratory animals (2011, 
8th ed., National Academy of Sciences, USA) and approved 
by the local Institutional Animal Care and Use Committee 
of the Wuhan University of Science and Technology, China 
(approval No. 20230501001).

Experimental design and sample size 
calculation

The  animals were randomly assigned into 5  groups 
of 6 rats (total number of rats – 30). The 1st group was 
considered as the control group and received a vehicle (sa-
line) solution. The 2nd group received 5 µg/µL Aβ peptide 
to induce AD-like symptoms. The 3rd group received Aβ 
peptide and 10 mg/kg of GCMc1.17,18 The 4th group received 
Aβ peptide and then 100 μg/kg compound C, as AMPK 
inhibitor. The 5th group received Aβ peptide and then com-
pound C plus GCMc1. The drugs were administered daily 
by intraperitoneal (ip.) injection for 10 days, starting 1 day 
after Aβ administration. Every day before each GCMc1 
injection, AMPK inhibitor-receiving rats were given ip. 
injection of compound C (dissolved in dimethyl sulfoxide 
(DMSO) with the dosage of 100 μg/kg/day). The control 
and AD model groups were injected with the same volume 
of DMSO and vehicle. We performed a sample size as-
sessment using PS calculator software, v. 3.1.2 (Informer 
Technologies, Inc, Los Angeles, USA), with assumptions 
of the 5% alpha level, 95% power and the standard devia-
tion (SD) of 35% of the means, which indicated a sample 
size requirement of 5 rats for each experimental group. 
To ensure robustness, we included 1 additional rat in each 
group, resulting in a final sample size of 6 rats per experi-
mental group.

Induction of AD model

The AD modeling was induced by a single intra-cere-
bro-ventricular injection of Aβ (1–42) peptide (5 μg/μL) 
(Sigma-Aldrich, St. Louis, USA), as previously described.24 
The stereotaxic surgery was performed under anesthesia 
using ip. injection of a combination of ketamine (65 mg/kg) 
and xylazine (15 mg/kg). The coordinates for creating 
holes in the skull were set as follows: 0.8 mm posterior 
to bregma, 1.5 mm lateral to the sagittal suture and 3.2 mm 
ventral to the surface of the skull. After fixation and re-
covery time, an injection of 5 µg/µL of the Aβ peptide 
solution was administered in the lateral ventricles of both 
hemispheres using Hamilton 26-gauge syringe. In the con-
trol group, a comparable procedure was followed with 
the injection of normal saline.

Behavioral tests

Behavioral (cognitive) tests were conducted in a Morris 
water maze (MWM) after drug administration and before 
surgery.25 The MWM was a round pool with a diameter 
of 150 cm and a depth of 50 cm filled with water (24 ±1°C) 
made opaque with nontoxic white paint. The pool was 
virtually divided into 4 quadrants and a 10 × 10 cm hid-
den platform was located 1 cm below the water superficial 
level in the center of one quadrant. The rats underwent 
training for 5 days (4 trials for each day) to locate the hid-
den platform using distal cues. On the 6th day, the hidden 
platform was disconnected from the pool and the rats 
swam for 60 s in the pool to search the platform (probe 
trial). The following parameters were recorded: escape 
latency (time from start of search to finding the platform), 
time spent in the target quadrant (in which the platform 
was located at the time of training) and discrimination 
index (DI).

Tissue collection and preparation

After behavioral tests, the animals were anesthetized 
with ketamine (65  mg/kg) and xylazine (15  mg/kg), 
and the brains of animals were rapidly and carefully 
removed from their skulls immediately after disloca-
tion of the neck. After locating the hippocampi within 
the brain (they are usually recognizable due to  their 
distinct shape and location), the  hippocampi were 
carefully removed from the brain tissue using scalpels. 
Once isolated, the hippocampi were immediately placed 
in a storage container and then stored at –80°C for fur-
ther analysis. During tissue processing, the tissues were 
placed in  the radioimmunoprecipitation assay (RIPA) 
buffer containing protease and phosphatase inhibitors 
and homogenized. The homogenates were centrifuged 
at 10,000 × g for 10 min at 4°C. Then the supernatants 
were collected for biochemical analysis.
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Mitochondrial function indices

The following mitochondrial function indices were es-
timated in fresh hippocampal samples after extracting 
mitochondrial pellets using a commercial extraction kit 
(Thermo Fisher Scientific, Waltham, USA).

Measurement of mitochondrial 
membrane potential

The membrane potential of freshly obtained mitochon-
drial samples was assessed using a fluorescent dye (JC-1; 
Thermo Fisher Scientific).26 Hippocampal tissues were 
homogenized in mitochondrial isolation buffer (10 mM 
Tris-HCl, 320  mM sucrose, 1  mM ethylenediamine-
tetraacetic acid (EDTA), and 1 mM phenylmethylsul-
fonyl f luoride (PMSF) pH 7.4) on  ice, and centrifuged 
at 1,000 × g for 10 min at 4°C. The mitochondrial frac-
tion was obtained from the supernatant by centrifuga-
tion at 10,000 × g for 10 min at 4°C. The isolated mito-
chondria were suspended in 1 mL of JC-1 buffer (10 mM 
HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic 
acid), 150 mM NaCl, 5 mM glucose, 1 mM CaCl2, and 
1 mM MgCl2, pH 7.4) containing 10 μM JC-1 dye and 
incubated at 37°C for 30 min. The  fluorescent inten-
sity of JC-1 was detected using a fluorescence spectro-
photometric reader (PerkinElmer LS55; PerkinElmer, 
Waltham, USA) with excitation/emission wavelength 
of 490/530 nm for the green monomers and 540/590 nm 
for the red aggregates.

Measurement of mitochondrial ROS levels

Mitochondrial reactive oxygen species (ROS) levels 
were estimated by means of dichloro fluorescein diace-
tate (DCFDA) assay (Thermo Fisher Scientific).27 Briefly, 
the hippocampal tissues were homogenized in isolation 
buffer and centrifuged at 600 g for 10 min at 4°C. The mi-
tochondrial pellet was re-suspended in DCFDA contain-
ing buffer and incubated at 37°C for 30 min. Then, their 
fluorescent intensities were detected using the fluores-
cence spectrophotometric reader at excitation/emission 
wavelength of 485/535 nm.

Measurement of ATP levels

An ATP Bioluminescent Assay Kit (Sigma-Aldrich) 
was employed to measure the  levels of adenosine tri-
phosphate (ATP) in prepared samples.28 The superna-
tant of hippocampal tissues was gathered and diluted 
to 10 μg/μL protein concentration. The diluted superna-
tants were mixed with the ATP assay reagent and incu-
bated for 5 min at room temperature. The luminescence 
signal of the resulting solution was detected by means 
of a luminometer Victor3 (PerkinElmer).

Hippocampal Aβ accumulation 
and cytokines measurement

The levels of Aβ accumulation and cytokines IL-1β, IL-10 
and TNF-α were assayed using commercially available 
enzyme-linked immunosorbent assay (ELISA) kits (MyBio-
Source Inc., San Diego, USA), based on the manufacturer’s 
instructions.29 Briefly, the previously prepared superna-
tants were incubated with the cytokine-specific antibody 
for 2 h, followed by the addition of a biotinylated secondary 
antibody for 1 h. The solution was then incubated with 
streptavidin-horseradish peroxidase (HRP) for 30 min, 
and the reaction was visualized using a substrate solu-
tion. The absorbances of solutions were detected at 450 nm 
using an ELISA reader (BioTek Instruments, Winooski, 
USA). The concentration of protein in the supernatant 
was measured using the bicinchoninic acid (BCA) Protein 
Assay Kit (Thermo Fisher Scientific).

Western blotting

After preparing supernatants, an amount of  about 
30 µg of protein from each sample was separated with 
sodium dodecyl-sulfate polyacrylamide gel electropho-
resis (SDS-PAGE) followed by an electrophoretic transfer 
to a nitrocellulose membrane (Bio-Rad, Hercules, USA).30 
The membrane was then placed in a dish containing 5% 
non-fat dry milk blocking buffer in Tris-buffered saline 
and 0.1% Tween 20 (TBST) for 1 h. This stage was fol-
lowed by the incubation of the membranes with primary 
antibodies against total AMPK, phosphorylated AMPK, 
SIRT1, PGC-1α, phosphorylated p65-NFκB (1:1500; 
Cell Signaling Technology (CST), Danvers, USA), and 
GAPDH (1:1000; CST) in TBST at 4°C. After washing 
the membranes 5 times with TBST, they were soaked 
in HRP-conjugated secondary antibody (1:1500; SCT). 
One hour later, TBST was used again to rinse the mem-
branes, and then the membranes were placed in the vi-
cinity of  the  enhanced chemiluminescence (ECL) re-
agents so that the protein bands appeared. The protein 
bands were visualized by means of a visualizing device 
(Bio-Rad) and their intensities were quantified through 
ImageJ software (National Institutes of Health (NIH), 
Bethesda, USA). After selecting the specific lanes con-
taining the protein bands of interest within the ImageJ, 
the pixel values of the bands were calculated and the in-
tensities of the protein bands were normalized to the cor-
responding intensity of the GAPDH band.

Statistical analyses

Data analysis was performed with GraphPad Prism 7 
software (GraphPad Software, San Diego, USA). Data were 
presented as median (interquartile range (IQR)). The dif-
ferences between groups were analyzed using one-way 
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analysis of variance (ANOVA) and subsequent post hoc 
with Tukey’s test. To ascertain the normality of the dataset, 
the Shapiro–Wilk test was conducted. Also, Bartlett’s test 
was performed to validate the assumption of homogeneity 
of variances across groups. A p-value <0.05 was set to de-
termine the statistical significance.

Results

Effect of GCMc1 on AD outcomes

We first evaluated the effect of GCMc1 on cognitive 
function in rats using the MWM trial. One-way ANOVA 
analysis revealed that in comparison to the AD group, rats 
treated with GCMc1 showed significantly shorter escape 
latencies (p < 0.01) and more times spending in the target 
quadrant (p < 0.01), indicating boosted spatial memory and 
learning. In addition, discrimination index was higher fol-
lowing GCMc1 administration compared with AD group 
(p = 0.03) (Fig. 1A–C). Also, we performed an ELISA assay 
for Aβ measurement and found that treatment with GCMc1 
significantly decreased Aβ accumulation in the hippocam-
pus (p < 0.01) compared to the AD group (Fig. 2). However, 
co-administration of compound C to inhibit AMPK path-
way significantly reduced the beneficial impacts of GCMc1 
on hippocampal Aβ accumulation as well as spatial learn-
ing and memory indices, as evidenced by a significant in-
crease in escape latency (p = 0.05), decreased spending 
times in the target quadrant (p = 0.03) and lower discrim-
ination index (p = 0.04) in comparison to the AD+Mc1 
group (Fig. 1,2). These results suggest that GCMc1 has 
beneficial effects on AD outcomes and improves learning 
and memory features in rats, and that these effects are 
AMPK-dependent.

Effect of GCMc1 on mitochondrial function

We next investigated the effect of GCMc1 on mito-
chondrial function; the data were analyzed using one-
way ANOVA and subsequent Tukey’s post hoc tests. Mi-
tochondrial function indices, including mitochondrial 
ROS levels, mitochondrial membrane potential changes 
and ATP levels, were measured in the hippocampal tis-
sue samples (Fig. 3A–C). Induction of AD led to a signifi-
cant rising of mitochondrial ROS level (p < 0.001) and 
declining of  mitochondrial membrane potential and 
ATP levels (p < 0.01) in comparison to the control group. 

Fig. 1. Effect of ginsenoside compound Mc1 on behavioral cognitive functions in rats with Alzheimer’s disease (AD). A. Time spent in target quadrant 
(in seconds); B. escape latencies (in seconds per 2 min); C. Discrimination index (DI). These cognitive functions were evaluated with the Morris water maze 
test. Statistical differences were tested using one-way analysis of variance (ANOVA) and Tukey’s post hoc test. The box plots represent the median and 
distribution of the data, where the box edges indicate the interquartile range (IQR; Q1–Q3); n = 6. ** < 0.01, and *** < 0.001 compared to control group; 
# < 0.05, and ## < 0.01 compared to AD group; & < 0.05 compared to AD+Mc1 group. GCMc1 – ginsenoside compound Mc1; CC – compound C

Fig. 2. Effect of ginsenoside compound Mc1 on hippocampal Aβ 
accumulation in rats with Alzheimer’s disease (AD). Aβ accumulation 
was assessed with enzyme-linked immunosorbent assay (ELISA) 
method. Statistical differences were tested using one-way analysis 
of variance (ANOVA) and Tukey’s post hoc test. The box plots represent 
the median and distribution of the data, where the box edges indicate 
the interquartile range (IQR; Q1–Q3); n = 6. *** < 0.001 compared to 
control group; ## < 0.01 compared to AD group; & < 0.05 compared to 
AD+Mc1 group; GCMc1 – ginsenoside compound Mc1; CC – compound C
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Treatment with GCMc1 in the AD+Mc1 group showed 
significant improvement in all mitochondrial function 
parameters compared to the AD group (p < 0.001). How-
ever, in  the  AD+CC+Mc1 group, the  protective effect 
of GCMc1 was abolished, as evidenced by a significant 
overproduction of mitochondrial ROS (p < 0.01) and mi-
tochondrial membrane depolarization (p = 0.05) compared 
to the AD+Mc1 group (Fig. 3A, 3B). These results suggest 
that the activation of AMPK plays a role in the protective 
effects of GCMc1 on mitochondria in AD.

Effect of GCMc1 on cytokines levels

The levels of IL-1β, IL-10 and TNF-α cytokines were 
measured in the hippocampal tissue samples to estimate 
the extent of neuroinf lammation. One-way ANOVA 

demonstrated that the levels of IL-1β and TNF-α were 
increased and the  level of  IL-10 was reduced in  AD 
group when compared to the control group (p < 0.001) 
(Fig. 4). Treatment with GCMc1 showed significant re-
duction of proinflammatory cytokines IL-1β and TNF-α 
levels and elevation of  anti-inf lammatory cytokine 
IL-10 level compared to the AD group (p < 0.001 and 
p < 0.001). Conversely, administration of compound-C 
significantly eliminated the  anti-inf lammatory ef-
fects of GCMc1, so that it  amplified the production 
of IL-1β (p = 0.04) and TNF-α (p = 0.002) levels and sup-
pressed the production of IL-10 (p = 0.003) compared 
to the AD+Mc1 group (p < 0.05). The findings highlight 
the anti-neuroinflammatory potential of GCMc1 in AD, 
and the role of AMPK inhibition in partially reversing 
this effect.

Fig. 3. Effect of ginsenoside compound Mc1 on mitochondrial function indices in rats with Alzheimer’s disease (AD). A. Mitochondrial reactive oxygen 
species (ROS) levels; B. Mitochondrial membrane potential (∆Ψ); C. Adenosine triphosphate (ATP) levels. Mitochondrial ROS and ∆Ψ were detected 
flourometrically and ATP levels were measured with a bioluminescent assay kit. Statistical differences were tested using one-way analysis of variance 
(ANOVA) and Tukey’s post hoc test. The box plots represent the median and distribution of the data, where the box edges indicate the interquartile range 
(IQR; Q1–Q3); n = 6; ** < 0.01, and *** < 0.001 compared to control group; # < 0.05, ## < 0.01, and ### < 0.001 compared to AD group; & < 0.05 and && < 0.01 
compared to AD+Mc1 group. GCMc1 – ginsenoside compound Mc1; CC – compound C

Fig. 4. Effect of ginsenoside compound Mc1 on hippocampal inflammatory cytokines levels in rats with Alzheimer’s disease (AD). A. Interleukin-1 beta 
(IL-1β); B. Tumor necrotic factor alpha (TNF-α); C. Interleukin-10 (IL-10). The cytokines levels were assessed with enzyme-linked immunosorbent assay (ELISA) 
method. Statistical differences were tested using one-way analysis of variance (ANOVA) and Tukey’s post hoc. The box plots represent the median and 
distribution of the data, where the box edges indicate the interquartile range (IQR; Q1–Q3); n = 6; *** < 0.001 compared to control group; ## < 0.01, and 
### < 0.001 compared to AD group; & < 0.05 and && < 0.01 compared to AD+Mc1 group. GCMc1 – ginsenoside compound Mc1; CC: compound C
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Effect of GCMc1 on signaling proteins 
expression

Analysis of western blot findings with one-way ANOVA 
between groups showed that the AD group had a signifi-
cant decrease in phosphorylated AMPK, PGC-1α, Sirt-1, 
and p65-NFκB compared to the control group (p < 0.001) 
(Fig. 5A–E). Treatment of  rats with AD with GCMc1 
showed significant upregulation of phosphorylated AMPK 
(p < 0.01) accompanied with higher expression of PGC-1α 
(p < 0.01), and Sirt-1 (p < 0.001), and lower expression 
of p65-NF-κB (p < 0.001) compared to the AD group. To ex-
plore the role of AMPK pathway activation in the effect 
of GCMc1 on signaling proteins expression, we measured 
the expression of proteins after AMPK blockade by com-
pound C. We found that administration of compound C 
completely suppressed the effect of GCMc1 on AMPK 
phosphorylation (p < 0.01) and partially blocked PGC-1α 
(p = 0.05), SIRT1 and p65-NFκB expression (p < 0.01). 
The findings propose that AMPK pathway activation may 
be involved in the beneficial effect of GCMc1 on the rel-
evant signaling proteins in rats with AD.

Discussion

The  current study revealed the  beneficial impact 
of  GCMc1 on  AD outcomes via an  AMPK-dependent 
manner in a rat model. The results indicated that the ad-
ministration of this compound ameliorated cognitive im-
pairment, improved mitochondrial function and reduced 
inflammatory responses in the hippocampus of AD rats. 
These findings endorse that GCMc1 has potential thera-
peutic effects on AD by stimulating the AMPK/PGC-1α/
SIRT1 signaling pathway and hindering NF-κB-dependent 
inflammatory cytokines production. In addition, the acti-
vation of AMPK by GCMc1 was required for the observed 
beneficial effects.

Ginsenosides are natural compounds derived from 
Panax ginseng, which has been traditionally used as a me-
dicinal plant for various diseases.31,32 Emerging reports 
have demonstrated that GCMc1 has anti-inflammatory, 
antioxidative and neuroprotective effects.17,19,23 Our re-
sults suggested that that GCMc1 significantly improved 
cognitive performance in the AD rats as indicated by lower 
escape latency, higher time spending in target quadrant 

Fig. 5. Effect of ginsenoside compound Mc1 on signaling proteins expression in rats with Alzheimer’s disease (AD). A. Western blotting images; 
B. Phosphorylated AMPK; C. p65-NFkB; D. PGC-1α; E. Sirt1. The expression of proteins was quantified using western blotting technique and subsequent 
visualization with enhanced chemiluminescence (ECL) reactions. Statistical differences were tested using one-way analysis of variance (ANOVA) and 
Tukey’s post hoc test. The box plots represent the median and distribution of the data, where the box edges indicate the interquartile range (IQR; Q1–
Q3); n = 4; *** < 0.001 compared to control group; # < 0.01, and ### < 0.001 compared to AD group; & < 0.05, and && < 0.01 compared to AD+Mc1 group; 
GCMc1 – ginsenoside compound Mc1, CC – compound C.
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and higher discrimination index. These findings are in line 
with previous reports in which ginsenoside compounds 
can recover cognitive function in AD model animals.33 
The mitochondrial dysfunction is a hallmark of AD pathol-
ogy,34 and our study demonstrated that GCMc1 improved 
mitochondrial function by reducing ROS production, in-
creasing mitochondrial membrane potential and enhancing 
ATP production.

There is  growing evidence indicating a  connection 
between mitochondrial dysfunction and inflammatory 
responses in AD.35 These dysfunctional mitochondria 
trigger a  series of  events that result in  inflammation 
within the brain. Inflammatory responses, characterized 
by the release of proinflammatory mediators, exacerbate 
neuronal damage and contribute to the progression of AD 
pathophysiology.20 Our study showed that GCMc1 re-
pressed the production of IL-1β and TNF-α as proinflam-
matory cytokines, and amplified the production of IL-10 
as anti-inflammatory cytokine in the hippocampus of AD 
rats. These findings confirm the previous reports regard-
ing that ginsenosides can exert anti-inflammatory effects 
in AD models.15,36 The interplay between mitochondrial 
dysfunction and inflammatory responses forms a vicious 
cycle, where inflammation further disrupts mitochondrial 
function, creating a detrimental feedback loop.37 Interven-
ing in this destructive cycle with GCMc1 could poten-
tially decrease the AD-induced functional and structural 
changes in brain regions and enhance learning, memory 
and cognitive functions. Understanding and targeting this 
interaction may offer potential therapeutic strategies for 
combating AD.

Neuroplasticity deficits, characterized by synaptic loss 
and neuronal shrinkage in the prefrontal cortex and hip-
pocampus, significantly contribute to  the  impairment 
of  learning and memory.38,39 The  accumulation of  Aβ 
within hippocampal neurons has detrimental effects 
on synaptic plasticity.40 However, there is currently no 
available information on the potential impact of GCMc1 
in this context. Nonetheless, previous research has sug-
gested that other types of ginsenosides can positively influ-
ence these endpoints, resulting in cognitive improvement. 
For example, ginsenoside Rg1 treatment in experimental 
models not only increased the sensitivity of triggering syn-
aptic responses and restored long-term potentiation (LTP), 
but also elevated the expression of proteins associated 
with synaptic plasticity, including glutamate receptor-1, 
synaptophysin and postsynaptic density 95 (PSD95).41 
Similarly, ginsenoside Rb1 treatment enhanced LTP and 
the transmission of glutamatergic and GABAergic signals 
in the hippocampal CA3 region.42 This effect was linked 
to the sequential enhancement of PSD95 and α-synuclein 
expression in this region. Notably, ginsenoside Rb1 ad-
ministration restored cholinergic dysfunction and pro-
moted cell survival in the dentate gyrus and hippocampal 
CA3, indicating that ginsenosides had a positive impact 
not only on synaptic plasticity but also on the process 

of neurogenesis.42,43 It is essential to highlight, however, 
that there is still a gap in research focusing on the specific 
mechanisms through which GCMc1 may target synaptic 
plasticity and neurogenesis to enhance cognitive function 
in AD.

AMP-activated protein kinase is a key regulator of cel-
lular metabolic activity, and its normal function can im-
prove mitochondrial function and reduce inflammation.44 
Our study demonstrated that GCMc1 activated AMPK 
and this activation was required for the observed benefi-
cial effects on cognitive function, mitochondrial function 
and inflammation. Inhibition of AMPK activity by com-
pound C abolished the protective effects of the drug in AD 
rats. Our results agree with the previous findings demon-
strating that AMPK activation by ginsenosides is involved 
in their beneficial effects on mitochondrial function and 
inflammation.45 PGC-1α and Sirt1 are downstream targets 
of AMPK, and play crucial roles in regulating mitochon-
drial biogenesis and function.46 Our study showed that 
GCMc1 increased the expression of PGC-1α and Sirt1, 
indicating that improving mitochondrial function is likely 
due to the activation of the PGC-1α/Sirt1 pathway. In ad-
dition, GCMc1 reduced the activity of p65-NF-κB, sug-
gesting that the observed anti-inflammatory property 
of this compound are intermediated through the inhibition 
of NF-κB signaling. NF-κB is a transcription molecule that 
controls various inflammatory cytokines expression, and 
its activation has been associated with neuroinflammation, 
neurodegeneration and cognitive impairment in patients 
with AD.4 Interestingly, there is emerging evidence sug-
gesting a cross-link among AMPK and NF-κB signalings.48 
The activation of AMPK has been shown to inhibit NF-κB 
activity, thereby attenuating the inflammatory response. 
Conversely, NF-κB activation can inhibit AMPK signaling, 
leading to further disruption of energy metabolism and mi-
tochondrial dysfunction.48 These findings support the hy-
pothesis that the neuroprotective effects of GCMc1 on AD 
outcomes may be partly attributed to its ability to activate 
cerebral AMPK/PGC-1α/Sirt1/NF-κB signaling pathway, 
leading to the improvement of mitochondrial function and 
limitation of inflammatory responses in the hippocampus 
of rats. It is important to note that the exact mechanisms 
underlying the neuroprotective effects of GCMc1 in AD 
are still an active area of research. To fully understand its 
potential therapeutic benefits, further studies are needed 
to elucidate the contribution of other important mecha-
nisms and mediators responsible for these effects, includ-
ing the involvement of neurotrophic factors, mitochondrial 
homeostasis and biogenesis, apoptosis, autophagy, and 
neurotransmitter regulation.49–51

Limitations

There were some limitations to  our research. First, 
we only used male rats in our study and future reseach 
should explore the effect of ginsenoside on female rats. 
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Second, we only used 1 AD model here, and similar stud-
ies are necessary to  investigate the  effects of  GCMc1 
in other AD models that are more similar to human pa-
tient’s conditions. It is crucial to replicate the study in mul-
tiple AD models that better mimic the heterogeneity seen 
in human patients. Third, the mechanisms responsible 
for the activation of PGC-1α/Sirt1 pathway independent 
of AMPK by this compound in AD rats require further 
investigation.51,52

Conclusions

Our study demonstrated that the GCMc1 improved cog-
nitive features and mitochondrial function, and reduced 
neuroinflammation in AD rats through the activation 
of AMPK and modulation of the downstream PGC-1α/
Sirt1/NF-κB signaling pathway. The  findings suggest 
that GCMc1 has the potential to be a valuable addition 
to  the  therapeutic strategy for AD. However, further 
research, including clinical trials, is needed to confirm 
GCMc1 translational application in human patients. Clini-
cal studies can provide valuable insights into the GCMc1 
safety, dosage and efficacy in a real-world clinical setting. 
Investigating the  long-term effects of  this compound 
on AD is essential to assess its potential as a sustainable 
treatment option for its clinical use. Finally, given the in-
tricate pathophysiology of AD, the combination of this 
compound with other pharmacological or non-pharma-
cological interventions may lead to additive or synergistic 
effects in enhancing outcomes for individuals with AD.
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Abstract
Background. Intravenous immunoglobulin (IVIG) can suppress the inflammatory response in adults, but 
its role in pregnant women and newborns is poorly studied. While the adult immune system is considered 
mature, it is immature in neonates and suppressed in pregnancy. Since the immune response differs in these 
3 groups, the use of IVIG could differentially modulate the immune response.

Objectives. We aimed to explore the effect of IVIG on myeloid blood cells from non-pregnant women, 
pregnant women and newborns.

Materials and methods. Whole blood from healthy donors was incubated with lipopolysaccharide 
(LPS) and/or IVIG. After 0 h, 24 h and 48 h of culture, Fc-gamma receptor (CD16, CD32 and CD64) expres-
sion, monocyte and neutrophil bacterial phagocytosis, and cytokine and chemokine concentrations were 
determined in the supernatant.

Results. The baseline expression of monocyte CD16 was higher in newborns than in adult women, but 
the expression of CD32 and CD64 was similar between groups. Furthermore, LPS and IVIG stimulation, 
together or separately, did not change Fc-gamma receptor expression in monocytes or neutrophils and did 
not modify their phagocytosis capacity. On the other hand, IVIG did not downregulate the proinflammatory 
cytokine response induced by LPS in any group. Interestingly, IVIG induced a strong interleukin 8 (IL-8) 
response in neonates but not in non-pregnant or pregnant women.

Conclusions. Our results show that IVIG did not induce changes in Fc-gamma receptor expression, phagocytic 
ability, or the cytokine response to LPS in blood cells from neonates, non-pregnant or pregnant women. 
However, IVIG induced a strong IL-8 response in neonates that could improve immunity.

Key words: IVIG, Fc-gamma receptors, maternal-newborn response
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Background

Intravenous human immunoglobulin (IVIG) is a serum-
based polyclonal pharmaceutical preparation used as a med-
ical treatment for immunodeficiencies and an immunomod-
ulator treatment in patients with autoimmunity or infectious 
diseases.1 Furthermore, IVIG has been used in pregnant 
women to treat fetal-neonatal alloimmune thrombocyto-
penia, antiphospholipid syndrome and recurrent pregnancy 
loss.2,3 However, the ex vivo effects of IVIG on healthy preg-
nant women and newborns have been poorly analyzed.

Non-pregnant women, pregnant women and newborns 
have different immune responses. Adult female immunity 
is mature, pregnant women express tolerogenicity that sup-
presses the immune response to the fetus, while newborn 
immunity is immature. In addition, pregnant women and 
the fetus share multiple mechanisms that regulate the im-
mune system and develop immunological tolerance during 
pregnancy.4,5

Usually, a lower immune response is detected in new-
borns when comparing adult and newborn immune 
mechanisms. However, the newborn is exposed to a dif-
ferent hormonal environment than non-pregnant women. 
Pregnancy appears to be useful for contrasting the im-
mune response in non-pregnant women and newborns 
because pregnant women express unique tolerogenic and 
hormonal characteristics that they share with newborns.6–9 
Furthermore, non-pregnant women have a level of immune 
maturity shown by pregnant women when facing immu-
noregulatory challenges such as those invoked by IVIG.

The immunoregulatory effects of IVIG involve several 
mechanisms, such as inhibiting lymphocyte proliferative re-
sponses, limiting the inflammatory cytokine response, and 
apoptosis induction, among others.10–12 Most of the mecha-
nisms invoked by IVIG depend on binding to Fc-gamma 
receptors (FcγRs), expressed on most leukocytes.12 Three 
FcγR have been described: FcγRI (CD64), FcγRII (CD32) 
and FcγRIII (CD16).13 CD64 is a high-affinity receptor for 
monomeric IgG, while CD32 and CD16 are low-affinity 
receptors for IgG. Monocytes constitutively express CD64, 
macrophages, neutrophils express CD32, and neutrophils 
and natural killer (NK) cells express CD16.13 Upon binding 
of IgG to the FcγR, leukocytes mediate cytokine synthesis 
and phagocytosis.12 However, FcγR expression is different 
in adults and newborns, with monocyte CD16 and CD32 
expression lower in adults than in newborns, while CD64 
expression is higher in granulocytes in newborns than 
in adults.14 In mice, the cellular expression of FcγR changes 
after IVIG treatment.15,16

Objectives

We used an ex vivo model to explore the effects of IVIG 
on neonatal monocytes and granulocytes, and compare 
it with the non-pregnant and pregnant response. Whole 

blood (WB) was stimulated with lipopolysaccharide 
(LPS), and the effect of IVIG on the expression of FcγRs, 
monocyte and granulocyte phagocytic capacity as well 
as the proinflammatory response were analyzed.

Materials and methods

Patients and sample collection

The study included 3 groups: non-pregnant women (NP, 
n = 18), prepartum pregnant women (P, n = 15) and new-
borns (N, n = 18). All adult donors were healthy women 
(25 ±5 years old) at the time of blood collection, and pa-
tients with comorbidities such as  overweight, obesity, 
diabetes, hypertension, autoimmunity, and immunosup-
pression were excluded. All babies were born at term (37–
40.3 weeks of gestation) and had healthy anthropomorphic 
parameters. The Research Committee reviewed and ap-
proved our study (Project: HM: INV/2015:2020), which was 
conducted in accordance with the Declaration of Helsinki. 
All participants provided written informed consent.

Peripheral blood (6 mL) was collected by venipuncture 
from NP and P participants, while umbilical cord blood 
(UCB) was collected by arterial umbilical venipuncture 
(n = 18) after placenta delivery. Blood samples were col-
lected using Vacutainer® plastic sodium heparin tubes 
(Cat. No. 367876, BD Biosciences, Franklin Lakes, USA). 
Both UCB and peripheral blood were processed immedi-
ately after collection.

Cell culture

Whole blood (1 mL) was incubated in 24-well culture 
plates (cat. No. 13485; Costar, New York, USA), either alone 
or with 10 ng/mL of Escherichia coli O55: B5 LPS (cat. No. 
L2880; Sigma Aldrich, St. Louis, USA), 10 mg/mL of IVIG 
(cat. No. 5240IgG6; Kedrigamma Kedrion Group, Barga, 
Italy), or LPS/IVIG (both 10 ng/mL) for 0 h, 24 h and 48 h 
at 37°C with 5% CO2.

Evaluation of Fcγ receptor expression 
in monocytes and neutrophils

After cell culture, 50 µL of WB was mixed with an-
tibodies, including CD45-PacificOrange (cat. No. 
MHCD4530; Invitrogen, Waltham, USA), CD14-PE/Cy7 
(cat. No. 301804; BioLegend, Santa Clara, USA), CD16-
APC/Cy7 (cat. No. 302018; BioLegend), CD32-PE (cat. 
No. 303206; BioLegend), and CD64-APC (cat. No. 305014; 
BioLegend). Appropriate compensation was performed, 
and isotype controls were used for each antibody. After 
15 min of incubation, erythrolysis was performed using 
FACS™ Lysing Solution (cat. No. 349202; BD Biosciences). 
The samples were washed twice with ×1 phosphate-buff-
ered saline (PBS) (1,500 rpm, 5 min, 4°C) and resuspended 
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in 100 µL of PBS. Thirty thousand single leukocytes were 
acquired on a FACS Aria II flow cytometer (BD Biosci-
ences), and FCS files were analyzed using Infinicyt v. 1.8 
software (Cytognos, Salamanca, Spain). The leukocytes 
were single cells (FSC-A compared to FSC-H plot), CD45-
positive, and with typical size and complexity (side scatter 
(SSC) compared to CD45 plot). Monocytes were SSCmid 
forward scatter (FSC)midCD45+CD14+, and neutrophils 
were SSCmidFSCmidCD45+CD16+ cells. The  percentage 
of CD64-, CD32- and CD16-positive cells and the mean 
fluorescence intensity (MFI) were calculated.

Phagocytosis assay

After cell culture, the samples were tested for phago-
cytosis according to  the  manufacturer’s instructions 
(pHrodoTM Green Escherichia coli BioParticle Kit, cat. 
No. P35381; Invitrogen). Briefly, WB was precultured 
alone or with IVIG, LPS or both, and then incubated 
with pHrodo-conjugated opsonized E. coli bioparticles 
at 37°C or on  ice for 15 min. Leukocytes were immu-
nophenotyped using anti-CD45-PacificOrange (cat. No. 
MHCD4530; Invitrogen), CD14-PE/Cy7 (cat. No. 301804; 
BioLegend) and CD16-APC/Cy7 (cat. No. 302018; BioLe-
gend). The cells were lysed, washed and counted, their vi-
ability was assessed, and they were resuspended in a wash 
buffer for acquisition on an Aria II BD cytometer. Phago-
cytosis was evaluated as  the  percentage of  bacteria-
positive monocytes or neutrophils, while the MFI value 
represented the presence of bacteria within a cellular 
acidic compartment. The nucleated phagocytes were dis-
criminated using the SSC and FSC parameters, with neu-
trophils defined by the SSC-AmedFSC-HmedCD45+CD14+ 
phenotype.

Cytokine quantification

After culture, plasma cytokine quantification (in-
terleukin (IL)-8, tumor necrosis factor alpha (TNF-α), 
IL-1β, IL-6, IL-10, and IL-12) was performed according 
to the manufacturer’s instructions (LEGENDplex human 
inflammation kit, cat. No. 740808; BioLegend). Data were 
acquired with a FACS Aria III BD cytometer. Logarithmic 
transformed data were used to construct standard curves 
fitted to 10 discrete points using a 4-parameter logistic 
model. Concentrations were calculated using interpola-
tions of the corresponding reference curves.

Statistical analyses

Data analysis employed IBM SPSS Statistics for Windows 
v. 25.0 (IBM Corp., Armonk, USA) or GraphPad Prism 
7.0 (GraphPad Software, San Diego, USA). Results are ex-
pressed as mean ± standard error (M ±SE) or mean ± stan-
dard deviation (M ±SD). Fc-gamma receptors and phago-
cytosis data were analyzed using a bootstrap repeated 

measures analysis of variance (RM-ANOVA), while cy-
tokine kinetics analysis used two-way RM-ANOVA with 
Tukey ś multiple comparisons. The 95% confidence inter-
val (95% CI) was calculated for each test, and p < 0.05 was 
considered statistically significant. Supplementary data 
contain the normality tests, bootstrap and Tukey’s multiple 
comparisons analysis for conditions analyzed. 

Results

Fc-gamma receptor expression 
in monocytes and granulocytes

The P blood samples contained the lowest percentage 
of monocytes (2.2 ±1.2%), which was lower than in N pa-
tients (8.9 ±4.4%, p = 0.001). Also, pregnant women had 
the highest percentage of granulocytes (69.2 ±6.1%), sig-
nificantly more than N patients (40.9 ±10.4%, p = 0.001). 
Since the monocyte and granulocyte percentages differed 
between P and N, we calculated if the expression of FcγR 
per cell was different between the groups and calculated 
MFI/% for CD16, CD32 and CD64. Table 1 shows the index 
for each Fc-gamma receptor (FcγR) on monocytes and 
neutrophils.

At the beginning of the kinetics assessment, N showed 
the highest CD16 index in monocytes, with a statistical 
difference between the NP and N CD16 index (282 ±199, 
95% CI: –109.4–674.5 compared to 2003.7 ±199; 95% CI: 
1,611–2,395). After 24 h and 48 h of culture, the CD16 
index decreased for each group, though only the N CD16 
index decreased from 0 h to 48 h (2004 ±199; 95% CI: 
1611–2,395 compared to 221.1 ±141.1; 95% CI: –56–498.3).

Treatment with IVIG, LPS or IVIG+LPS did not induce 
significant changes in the CD16 index during kinetics. 
Generally, the neutrophil CD16 index was similar in NP 
and P, and remained almost unchanged with or without 
IVIG or LPS. Meanwhile, the CD16 index in N neutrophils 
remained unchanged when WB was cultured alone. In con-
trast, IVIG, LPS and IVIG+LPS decreased the CD16 index 
in N after 48 h of culture (525 ±199; 95% CI: 133.2–917.3 
compared to 273.8 ±141.1; 95% CI: –3.3–551; 241.6 ±141.1; 
95% CI: –35.5–518.8; and 280.8 ±141.1, 95% CI: 3.6–558, 
respectively).

The monocyte CD32 index was similar between times 
and groups throughout, with only IVIG causing a signifi-
cant change in the CD32 index between 24 h and 48 h 
in NP women (77.8 ±261; 95% CI: –434.8–590.6 compared 
to 345.6 ±261.1; 95% CI: –167–858.4). Also, the neutro-
phil CD32 index was changed by IVIG between 24 h and 
48  h (111.3  ±261.1; 95%  CI: –401.4–624 compared to 
346.4 ±261.1; 95% CI: –166.2–859.2). Furthermore, N had 
the lowest CD32 index after 48 h of culture with IVIG, with 
the response lower than P and NP (194.6 ±182, 95% CI: 
–163.1–552.5 or 43.7 ±257.7; 95% CI: –462.3–549.8 com-
pared to 346.4 ±261.1; 95% CI: –166.2–859.2, respectively).
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The monocyte CD64 index showed some differences be-
tween NP and P, with P monocytes from WB cultured alone 
having a lower CD64 index after 48 h than at 24 h of culture 
(191.3 ±257.7; 95% CI: –314.7–697.4 compared to 208.5 ±257; 
95% CI: –297.5–714.6). Meanwhile, LPS led to a higher CD64 
index after 24 h compared to 0 h of culture in the NP group 
(432.9 ±202.2; 95% CI: 35.7–830 compared to 232.9 ±199.6; 
95% CI: –159–624.9). In contrast, N monocytes did not show 
statistical differences in the CD64 index. However, a lower 
CD64 index was detected in N monocytes than NP monocytes 
after 48 h of culturing WB alone (221.3 141.1; 95% CI: –55.8–
498.5 compared to 300.8 ±202.2; 95% CI: –96.3–697.9), and 
with IVIG (146.8 ±141.1; 95% CI: –130.3–424 compared to 
281.1 ±202.2; –95% CI: 116–678.3), LPS (130.3 ±141.1; 95% CI: 

–146.8–407.5 compared to 399.4 ±202; 95% CI: 2.2–796.6) 
or IVIG+LPS (146.8 ±141.1; 95% CI: –130.3–424 compared 
to 399.6 ±202.2; 95% CI: 2.4–796). These differences were not 
observed in the CD64 index of neutrophils, with only minor 
changes detected.

Effect of intravenous immunoglobulin 
on phagocytosis

Since IVIG can opsonize antigens or interact with FcγRs 
to enhance or reduce the phagocytic capacity of blood cells, 
we performed an ex vivo phagocytosis assay. We observed 
that monocytes from the NP and P groups had a similar per-
centage of cells that phagocytosed bacteria. On the contrary, 

Table 1. FcγR index on monocytes or neutrophils of non-pregnant women, pregnant women and newborns

Index

Hours

0 24 48

NP P N NP P N NP P N

CD16 MFI/% monocytes

WB alone 282 ±275 549 ±350 1920 ±2427 47 ±28 342 ±248 319 ±298 80 ±35 125 ±35 526 ±437

+IVIG 282 ±275 549 ±350 1920 ±2427 862 296 ±122 167 ±112 134 ±96 132 ±70 358 ±195

+LPS 282 ±275 549 ±350 1920 ±2427 124 416 ±434 312 ±222 141 ±107 126 ±109 270 ±202

++IVIG+LPS 282 ±275 549 ±350 1920 ±2427 124 416 ±434 312 ±222 96 ±52 99 ±51 383 ±447

CD32 MFI/% monocytes

WB alone 230 ±137 122 ±55 139 ±46 310 ±32 239 ±55 227 ±159 349 ±282 200 ±30 344 ±297

+IVIG 230 ±137 122 ±55 139 ±46 77 ±22 182 ±42 127 ±62 345 ±221 202 ±102 201 ±118

+LPS 230 ±137 122 ±55 139 ±46 198 ±161 192 ±106 211 ±137 216 ±148 144 ±45 183 ±147

+IVIG+LPS 230 ±137 122 ±55 139 ±46 198 ±161 192 ±32 211 ±137 197 ±102 160 ±9 172 ±106

CD64 MFI/% monocytes

WB alone 232 ±60 208 ±110 135 ±26 225 ±49 349 ±91 164 ±103 300 ±103 191 ±53 155 ±76

+IVIG 232 ±60 208 ±110 135 ±26 276 ±164 270 ±68 150 ±34.99 281 ±187 204 ±21 110 ±13

+LPS 232 ±60 208 ±110 135 ±26 432 ±254 317 ±123 248 ±150 399 ±218 197 ±43 208 ±123

+IVIG+LPS 232 ±60 208 ±110 135 ±26 432 ±60 317 ±123 155 ±76 399 ±102 250 ±26 133 ±66

CD16 MFI/% neutrophils

WB alone 386 ±447 432 ±276 351 ±337 784 ±739 444 ±235 369 ±302 273 ±276 328 ±211 324 ±253

+IVIG 386 ±447 432 ±276 351 ±337 409 ±109 392 ±267 431 ±313 312 ±269 341 ±211 324 ±238

+LPS 386 ±447 432 ±276 351 ±337 405 ±459 355 ±235 403 ±274 248 ±266 307 ±213 306 ±243

+IVIG+LPS 386 ±447 432 ±276 351 ±337 405 ±459 355 ±235 403 ±274 332 ±210 374 ±240 229 ±180

CD32 MFI/% neutrophils

WB alone 83 ±24 145 ±81 89 ±10 129 ±90 88 ±41 80 ±36 216 ±173 63 ±26 120 ±88

+IVIG 83 ±24 145 ±81 89 ±10 111 ±90 37 ±6 45 ±7 346 ±263 43 ±7 42 ±15

+LPS 83 ±24 145 ±81 89 ±10 104 ±67 264 ±314 101 ±53 143 ±91 75 ±18 90 ±35

+IVIG+LPS 83 ±24 145 ±81 89 ±10 104 ±67 264 ±314 101 ±53 132 ±70 119 ±97 60 ±33

CD64 MFI/% neutrophils

WB alone 100 ±71 159 ±49 93 ±27 133 ±89 148 ±24 190 ±128 177 ±227 346 ±320 164 ±106

+IVIG 100 ±71 159 ±49 93 ±27 141 ±111 184 ±84 141 ±67 151 ±182 169 ±51 187 ±119

+LPS 100 ±71 159 ±49 93 ±27 134 ±84 167 ±71 165 ±77 123 ±103 246 ±123 177 ±127

+IVIG+LPS 100 ±71 159 ±49 93 ±27 134 ±84 167 ±71 165 ±77 165 ±88 283 ±182 127 ±89

Data show the mean ± standard deviation (M ±SD) for each FcγR index on monocytes or neutrophils. Non-pregnant women (NP, n = 5), pregnant (P, n = 3) 
and newborns (N, n = 5). Differences among groups were calculated using a bootstrap repeated measures analysis of variance (RM ANOVA). The whole 
bootstrap RM ANOVA is shown in Supplementary Table 1. WB – whole blood; IVIG – intravenous immunoglobulin; LPS – lipopolysaccharide. 
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the percentage of phagocytic monocytes in N was lower 
than in NP or P (74.5 ±1,076.6; 95% CI: –2,049.9–2,198.9 
compared to 90.8  ±1,076.6; 95%  CI: –2,033.5–2,215.2, 
or 93.8 ±1076.6; 95% CI: –2,030.6–2,218.2, respectively). 
Interestingly, culture conditions (IVIG, LPS, or IVIG+LPS) 
or 24 h with stimulation did not induce changes in the per-
centage of phagocytic monocytes in NP or P women, but 
the phagocytic ability of N was severely compromised after 
24 h of culture, independently of stimulus.

Regarding neutrophils, their intrinsic ability to phago-
cytose bacteria was reduced in N compared to NP and 
P women but did not change by stimulus or incubation 
time (Table 2). In addition to evaluating the percentage 
of cells that phagocytosed bacteria, we quantified the rela-
tive amounts of intracellular bacteria. According to the re-
duced percentage of monocytes that phagocytosed bac-
teria at 24 h of incubation, intracellular bacteria was only 
reduced in N, but not in NP or P women. For neutrophils, 
the number of phagocytosed bacteria was similar among 
the 3 groups based on stimulus and incubation time (Sup-
plementary Table 2).

Cytokine response to intravenous 
immunoglobulin

Figure 1 shows the cytokine response to IVIG, LPS and 
IVIG+LPS challenge in WB cultures of adults and new-
borns. As expected, all groups had a cytokine response 
after the LPS stimulus, and the IL-1β, IL-6 and IL-8 con-
centrations were higher than in the WB cultured alone. 
However, the IL-6 response was lower in P than in NP 
(Fig. 1D, p < 0.001) and N (Fig. 1F, p < 0.001) after 12 h and 
24 h of LPS challenge (Fig. 1D–F, p < 0.001 for both). Fur-
thermore, IVIG alone did not evoke an IL-1 or IL-6 in re-
sponse in NP or P women, but it did for IL-8 in N after 12 h 

and 24 h of culture (Fig. 1I, both p < 0.001). The IVIG+LPS 
challenge led to  similar IL-1β, IL-6 and IL-8 kinetics 
in adults and newborns. In addition, the cytokine response 
elicited by IVIG+LPS was similar to the cytokine response 
to LPS alone in all groups.

Discussion

Intravenous immunoglobulin is an immunomodulator 
used to treat various diseases. However, since non-preg-
nant women, pregnant women and newborns have differ-
ent regulatory and ontogeny statuses, the IVIG immuno-
modulation mechanism could also differ in each group. 
The current work presents the basal differences between 
groups and the effect of IVIG on myeloid cells under LPS 
stimulus in NP, P and N.

Since IVIG can stimulate the synthesis of cytokines and 
promote phagocytosis, among other effects, we explored 
whether it could change the expression of FcγRs (CD16, 
CD32 and CD64) over 24 h. Before the stimulus, consistent 
with other reports, our data showed differential expression 
of FcγRs at baseline in adults and newborns (Table 1),14 but 
when used alone or in combination, IVIG only reduced 
monocyte and neutrophil CD16 expression in newborns 
after 24 h. Furthermore, CD16 only reached statistical sig-
nificance in newborns, even though adults and newborns 
tended to express lower levels. These results suggest that 
adults and newborns could express differential biological 
activity elicited by IVIG through varied CD16 expression.

Among FcγRs, the CD32b isoform (FcγRIIb) expresses 
immunoreceptor tyrosine-based inhibitory motifs13,17 and 
could support an  inhibitory IVIG-mediated response. 
Intravenous immunoglobulin has been reported to  in-
crease CD32b expression in myeloid cells, maintaining 

Table 2. Comparison of pHrodo Escherichia coli phagocytosis in monocytes and neutrophils of non-pregnant women, pregnant women and newborns 
in a 24-h culture

Phagocytosis

Hours

0 24

NP P N NP P N

% monocytes
bacteria-positive

IVIG 76.1 ±2.5 87.3 ±2.8 76 ±11.3 82.9 ±8.0 78.2 ±2.6 37.4 ±3.2

LPS 76.1 ±2.5 87.3 ±2.8 76 ±11.3 68.7 ±10.0 84.1 ±4.5 34.5 ±9

IVIG+LPS 76.1 ±2.5 87.3 ±2.8 76 ±11.3 74.3 ±1.5 88 ±1.0 38.5 ±4.5

% neutrophils
bacteria-positive

WB alone 82.8 ±7.9 93.3 ±3.2 93.7 ±4.0 78.5 ±5.7 93.2 ±1.9 49.1 ±29.4

IVIG 82.8 ±7.9 93.3 ±3.2 93.7 ±4.0 51.2 ±15.9 92.5 ±3.5 54.8 ±9.6

LPS 82.8 ±7.9 93.3 ±3.2 93.7 ±4.0 52.8 ±14.1 94.9 ±6.2 51.4 ±4.3

IVIG+LPS 82.8 ±7.9 93.3 ±3.2 93.7 ±4.0 74.7 ±0.6 93.9 ±6.9 53.8 ±3.2

Data show the mean ± standard deviation (M ±SD) of percentage in monocytes and neutrophils. Non-pregnant (NP, n = 3), pregnant (P, n = 3) and 
newborns (N, n = 3). Differences between times and groups were calculated using a bootstrap repeated measures analysis of variance (RM ANOVA). 
The whole bootstrap RM ANOVA is shown in Supplementary Table 2. WB – whole blood ; IVIG – intravenous immunoglobulin; LPS – lipopolysaccharide.
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an anti-inflammatory response.10,12,18 Therefore, we ana-
lyzed the CD32 index in monocytes and neutrophils in re-
sponse to IVIG, but its expression was similar in P and N, 
with an increased index only observed in NP women (Sup-
plementary Table 1). The study did not analyze the expres-
sion of CD32b. As such, future studies must be conducted 
to determine whether IVIG could overexpress CD32b.

Kozicky et al.19 reported that IVIG skews monocytes 
to an anti-inflammatory response. Even when the expres-
sion level of FcγR is similar among non-pregnant women, 
pregnant women and newborns, the transduction signal 
induced by IVIG after engaging the FcγR could be differ-
ential and lead to an inflammatory or anti-inflammatory 
response. Regarding CD64 expression, Maeda et al.14 re-
ported that neonatal granulocytes expressed higher levels 
of CD64, and Luppi et al.20 and Davis et al.21 showed that 
CD64 expression in polymorphonuclear cells gradually 
increased in the 3rd trimester of pregnancy. Our data show 
that the monocyte CD64 index was consistently higher 
in  non-pregnant women than in  newborns (Table 1), 
though this was not the case for the neutrophil CD64 in-
dex, which remained similar between groups and over time 
(Table 1 and Supplementary Table 1). In summary, FcγR 

expression in non-pregnant or pregnant women and new-
borns was differential, and IVIG only increased the mono-
cyte and neutrophil CD32 index in non-pregnant women.

Phagocytosis could be regulated by IVIG through FcγR. 
However, contrary to Gille et al.,22 we did not observe an in-
crease in phagocytosis after IVIG treatment. Mononuclear 
cells were used in the study by Gille et al. (in vitro model), 
while we used WB (ex vivo model). We argue that our 
ex vivo model is closer to the response that could be ob-
served in vivo. Our findings showed that both adult groups 
(non-pregnant and pregnant) expressed more than 80% 
of pHrodo E. coli-positive monocytes after 24 h in culture. 
In contrast, only 75% of neonatal monocytes had this ability 
at the beginning of the culture, which was less than 20% af-
ter 24 h. Such a functional limitation in newborns could be 
due to the physiologic leukocytosis. Despite this condition, 
IVIG did not change the response to phagocytosis in adults 
or newborns. Monocytes and neutrophils are fundamental 
phagocytic cells in peripheral blood that support many as-
pects of inflammatory immune responses.23 In particular, 
they produce large amounts of IL-1β, IL-6 and IL-8.24–26

Intravenous immunoglobulin could limit the produc-
tion of inflammatory cytokines, such as TNF-α, IL-1β and 

Fig. 1. Cytokine response after lipopolysaccharide (LPS) and intravenous immunoglobulin (IVIG) challenge. Whole blood was cultured for 0 h, 12 h 
or 24 h in the presence or absence of LPS and IVIG, after which the plasma was collected, and cytokine levels were determined. Ten pairs of mothers 
and neonates are shown, including non-pregnant women (NP, n = 9), pregnant women (P, n = 9) and neonates (N, n = 9). Results are expressed as mean 
± standard deviation (M ±SD) with 95% confidence interval (95% CI) and were analyzed with two-way analysis of variance (ANOVA) with Tukey´s multiple 
comparisons and significance set at p < 0.05



Adv Clin Exp Med. 2024;33(10):1115–1122 1121

IL-6 in patients with sepsis.27–29 However, some studies 
found that IVIG could have inhibitory or enhancing effects 
on IL-6 concentration.30,31 Our results showed that IVIG 
increased IL-8 concentration in newborns but not adults, 
suggesting that it may be especially important for modulat-
ing the inflammatory response in newborns. Interestingly, 
we observed a low IL-8 response in the mother, indicating 
that the pregnant state could modulate the effects of IVIG. 
Such an IL-8 response could promote neutrophil migra-
tion and support inflammation in newborns; however, 
limited phagocytosis by neutrophils could limit the ef-
fect in the neonate. On the other hand, higher produc-
tion of IL-8 in newborns could compensate for the lower 
phagocytic capacity.

Although IVIG has been used in adults and newborns 
with sepsis,18,32,33 contradictory results have been re-
ported. Indeed, since IVIG did not improve fatal outcomes 
in newborns, its use is not recommended in this group.34,35 
In contrast, some authors report prevention of early sepsis 
through IVIG treatment,36 though its use does not pre-
vent fatal outcomes. More studies are needed to determine 
if the clinical condition improves with this immunomodu-
latory drug. Furthermore, it should be elucidated if IVIG 
could substantially support the treatment of newborns.

Limitations

Our study had several limitations, such as small sample 
sizes and short-term kinetics. Nonetheless, the study showed 
differential IL-8 responses between groups, indicating that 
IVIG could up-regulate different mechanisms in adults and 
newborns. We infer that the hormonal status in pregnant 
women and newborns is similar since steroids can pass 
through the placenta, as are some of  the characteristic 
tolerogenic and immunoregulatory responses. However, 
we did not analyze the hormonal status in any of the groups 
and cannot determine if they regulate the response to IVIG.

Our model was limited to the UCB response after birth, 
and newborn peripheral blood can express different re-
sponses. In addition, the response to IVIG can vary in new-
borns if they have an infection at birth. More studies are 
needed to determine the responses to IVIG in adults and 
newborns.

Conclusions

Intravenous immunoglobulin induced a  strong IL-8 
response in the cord blood of newborns that could lead 
to improved immunity.

Supplementary data

The Supplementary materials are available at https://
doi.org/10.5281/zenodo.10407063. The package includes 
the following files:

Supplementary Table 1. FcγR Index on  monocytes 
or neutrophils of non-pregnant women, pregnant women 
and neonates during 48 h of culture, and the bootstrap RM 
ANOVA test for Table 1.

Supplementary Table 2. Mean fluorescence intensity 
of  bacteria phagocyted by  monocytes or  neutrophils 
of non-pregnant women, pregnant women and neonates, 
and the bootstrap RM ANOVA test for Table 2.

PROIVIg Cytokine Normality test dic2023. Excel archive 
with the normality test of cytokine.

PROIVIg cytokine Tukey’s test dic2023. Excel archive 
with the Tukey test of cytokine.

PROIVIg Fcgamma R monocyte normality test dic2023. 
Excel archive with the  normality test of  FcgammaR 
on monocyte.

PROIVIg Fcgamma R PMN normality test dic2023. Excel 
archive with the normality test of FcgammaR on PMN.

PROIVIg phagocytosis monocyte normality test dic2023. 
Excel archive with the  normality test of  phagocytosis 
on Monocyte.

PROIVIg phagocytosis PMN normality test dic2023. 
Excel archive with the Normality test of phagocytosis 
on PMN.
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Abstract
Background. In response to the high-glucose environment in patients with gestational diabetes mel-
litus (GDM), trophoblast cells undergo a series of pathological changes. Gamma-aminobutyric acid type 
A receptor subunit pi (GABRP) is involved in the development of pregnancy-related diseases and regulation 
of blood glucose.

Objectives. To explore the relationship between GABRP and hyperglycemia stimulation in GDM patients, 
and to provide preliminary experimental evidence for whether GABRP has the potential as a molecular target 
for the treatment of GDM.

Materials and methods. Within 30 min after birth, placental samples were taken from 20 GDM patients 
and 20 pregnant women without GDM. Human chorionic trophoblast HTR-8/SVneo cells were utilized for 
in vitro experimental investigation. We explored changes in GABRP expression in placental samples and HTR-8/
Svneo cells using western blot and quantitative reverse transcription polymerase chain reaction (RT-qPCR). 
Cells in the high-glucose treatment group were exposed to medium containing 25 mM glucose. To explore 
the relationship between GABRP and high-glucose stimulation, GABRP was overexpressed in HTR-8/SVneo 
cells. We monitored the cell viability, invasion and migration abilities using Cell Counting Kit-8 (CCK-8), 
transwell and scratch assays, respectively.

Results. We found that GABRP expression was significantly reduced in placental samples from GDM pa-
tients. Furthermore, high-glucose treatment decreased the expression level of GABRP in HTR-8/SVneo cells. 
High-glucose stimulation reduced the cell viability, invasion and migration abilities. GABRP overexpression 
reversed the biological dysfunction of the cells induced by high-glucose stimulation.

Conclusions. Hyperglycemia in GDM patients downregulates the expression of GABRP, and overexpression 
of GABRP promotes the viability, migration and invasive ability of HTR8-/SVneo cells.

Key words: gestational diabetes mellitus, GABRP, HTR8/SVneo trophoblast cell, cellular function
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Background

Gestational diabetes mellitus (GDM), defined as abnor-
mal glucose tolerance that is first detected during preg-
nancy, is a common disease. The development of GDM 
has short- and long-term adverse effects on maternal and 
fetal health.1,2 The placenta is a temporary but extremely 
important organ formed during pregnancy, which serves 
as the only nutrient transport channel between the mother 
and the fetus.3 A healthy maternal environment promotes 
the growth, development and maturity of the placenta, 
thereby ensuring its normal function. Trophoblast cells 
are important constituent cells of the placenta.4 During 
placental development, extravillous trophoblast cells with 
multiple cellular functions migrate and invade into the ma-
ternal decidua. Trophoblast cells are in direct contact with 
maternal tissues and are the first to be affected by changes 
in maternal blood glucose. In response to the high-glucose 
environment, trophoblast cells undergo a series of patho-
logical changes. The impairment in trophoblast cells can 
also cause pathological changes in the placenta.

There are abnormally expressed genes in the placental 
tissue of GDM patients, and these genes may lead to pla-
cental dysfunction by regulating the function of tropho-
blast cells. Gamma-aminobutyric acid type A receptor sub-
unit pi is the pi subunit of the inhibitory neurotransmitter 
gamma-aminobutyric acid (GABA) A receptor (GABRP). 
In addition to being expressed in nervous system, GABRP 
is also expressed in peripheral tissues, such as digestive 
tract, uterus and ovary.5 Previous studies have found that 
GABRP is upregulated in the placenta during the first tri-
mester.6,7 Lu et al. found that upregulating the expression 
of GABRP in cells can significantly affect the invasion and 
apoptosis of placental trophoblast cells.7 These results sug-
gest that GABRP may participate in the occurrence and 
development of pregnancy-related diseases by regulating 
trophoblast function. Purwana et al. found that GABA 
increases β-cell mass and improves glucose homeostasis 
by binding to GABRP.8

In  this study, we  hypothesized that there might be 
a potential association between changes in GABRP ex-
pression and GDM. We investigated the expression level 
of GABRP in the placental tissue from patients with GDM. 
The HTR-8/SVneo trophoblast cells were cultured in vitro, 
and the effects of high-glucose culture on the expression 
level of GABRP and their cell functions were detected.

Objectives

The purpose of this study was to determine the rela-
tionship between GABRP and hyperglycemia stimulation 
in GDM patients, and to provide preliminary experimental 
evidence for whether GABRP has the potential as a mo-
lecular target for the treatment of GDM.

Materials and methods

Clinical samples

From January 2019 to  May 2020, 20  GDM patients 
(GDM group) were admitted to the Department of Ob-
stetrics at  the Second Affiliated Hospital of Wenzhou 
Medical University (Zhejiang, China). Another 20 healthy 
pregnant women without GDM were used as the control 
group. In this study, GDM cases were diagnosed accord-
ing to  the  recommended guidelines for the  diagnosis 
of GDM in China.9 Placental tissue was collected from 
GDM patients and healthy pregnant women within 30 min 
of delivery. Tissue samples were cleaned with phosphate-
buffered saline (PBS) and then kept in  liquid nitrogen 
for subsequent use. The differences in age, gestational 
weeks, body mass index (BMI), and fasting blood glu-
cose between the 2 groups are summarized in Table 1. 
The average fasting blood glucose in  the GDM group 
was 5.04 mmol/L, which was higher than 4.16 mmol/L 
in the control group. The research protocol was reviewed 
and approved by  the Ethics Committee of  the Second 
Affiliated Hospital of Wenzhou Medical University (ap-
proval No. LCKY2019-287). All participants signed in-
formed consent prior to the study.

Cell culture and treatment

Human villous trophoblasts HTR-8/SVneo cells were 
purchased from the Cell Bank of Chinese Academy of Sci-
ences (Beijing, China). HTR-8/SVneo cells were grown 
adherently in 10% fetal bovine serum (FBS) Dulbecco’s 
modified Eagle’s medium (DMEM) medium (Life Tech-
nology, Guangzhou, China), and incubated in a humidity-
saturated incubator containing 5% CO2 at 37°C. Twenty-
four hours after plating, cell culture media were starved 
for 24 h. Cells were divided into 2 groups: high-glucose 

Table 1. Demographic and clinical characteristics of the study subjects

Parameter Control group (n = 20) GDM group (n = 20) Mann–Whitney U test p-value

Age [years] 30.58 ±3.73 31.60 ±4.09 223.000 0.547

Gestational age [weeks] 38.15 ±1.33 38.02 ±1.74 189.000 0.779

BMI [kg/m2] 24.13 ±1.92 24.03 ±2.21 188.000 0.758

Fasting blood glucose [mmol/L] 4.16 ±0.49 5.04 ±1.09 312.500 0.002

Data were expressed as mean ± standard deviation (M ±SD); BMI – body mass index.
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induction group (HG) and normal concentration glucose 
group (control). Cells in the HG group were exposed to me-
dium containing 25 mM glucose, while cells in the con-
trol group were normally cultured in medium containing 
5 mM glucose.

Cell transfection

To overexpress GABRP, HTR-8/SVneo cells were sub-
jected to transient transfection. The GABRP gene was 
cloned into the pcDNA3.1 plasmid (Gene Pharma, Shang-
hai, China). Cells were divided into 3 groups: the over-
expression (OE) of  GABRP group (transfected with 
the pcDNA3.1-GABRP plasmid), the negative control (NC) 
group (transfected with the empty pcDNA3.1 plasmid) and 
the blank control group (untransfected cells). The manu-
facturer’s instructions for Lipofectamine 3000 (Invitrogen 
Life Technologies, Carlsabad, USA) were properly followed 
throughout the transfection process. After transfection, 
the cell culture medium of each group was replaced. After 
48 h culture, total cell RNA and protein were collected 
to evaluate transfection efficiency.

Cell migration assay

HTR-8/SVneo cells were seeded on the 6-well plates for 
cell scratch test. When the cells reached >80% confluency, 
the scratch line was gently scraped out with a 1 mL pipette 
tip, and the exfoliated cells were removed. The culture 
media was switched out for one that contained a high con-
centration of glucose. Scratch images were photographed 
at 0 h and 24 h using an inverted microscope (Axiovert 40 
CFL; Carl Zeiss AG, Jena, Germany) and the cell migration 
rate was calculated.

Transwell invasion assay

An amount of 50 μL of diluted Matrigel (BD Biosciences, 
San Jose, USA) was evenly and carefully spread on the bot-
tom surface of each upper chamber, and then air-dried. 
Cells were resuspended in FBS-free DMEM medium. Then, 
200 μL of cell suspension and 700 μL of culture medium 
was added to the upper and lower chambers, respectively. 
After continuing to culture for 24 h, the transwell cham-
ber was removed for the next experiment. The transwell 
chamber was fixed with 4% paraformaldehyde for 5 min 
and finally stained with 0.1% crystal violet for 1 min. After 
natural drying, 3 fields of view were randomly selected and 
photographed at a ×100 magnification to count the number 
of migrated cells. The average number of migrated cells was 
calculated and the above experiment was repeated 3 times.

Western blot analysis

After treatment, the cells were washed and lysed. Protein 
sample concentrations were measured to adjust loaded 

samples to contain the same concentration of protein. Pro-
tein samples were added to the wells of the gel for separa-
tion, and the separated proteins are transferred to polyvi-
nylidene difluoride (PVDF) membranes by electrotransfer. 
The washed membrane was blocked in blocking buffer for 
2 h at room temperature (RT). The corresponding primary 
antibodies were added to the washed membrane and in-
cubated overnight at 4°C. The following primary antibod-
ies were used in this study: GABRP (1:1000; Invitrogen) 
and β-actin (1:1000; Beyotime Biotechnology, Shanghai, 
China). After washing, the appropriate secondary antibody 
(1:2000; Boster, Wuhan, China) was added to the mem-
brane and incubated at room temperature for 1 h. The fluo-
rescent signal of the bands was detected and the gray value 
was analyzed using ImageJ software (National Institutes 
of Health, Bethesda, USA).

Quantitative real-time PCR

Placental tissue samples and cell plates were taken out, 
and the  total RNA was isolated using Trizol method. 
The following tests were conducted strictly in line with 
the kit’s manufacturer’s instructions (Takara, Shiga, Japan). 
Beta-actin served as an internal benchmark. The relative 
mRNA expression of GABRP was calculated using the 2–ΔΔCt 
method. The primer sequences relevant to the study are 
included in Table 2.

Statistical analyses

The experimental data were expressed as mean ± stan-
dard deviation (M ±SD). IBM SPSS v. 25.0 statistical soft-
ware IBM Corp., Armonk, USA)was used for statistical 
analysis. The student’s t-test or one-way analysis of vari-
ance (ANOVA) was used for comparison between groups. 
A p-value <0.05 indicates that the difference is statistically 
significant.

Results

GABRP expression decreased in placental 
tissues of GDM patients

As shown in Fig. 1, the expression levels of GABRP pro-
tein and mRNA in the placenta of GDM patients were 
lower than those of healthy pregnant women (p < 0.001). 

Table 2. Sequences of quantitative reverse transcription polymerase chain 
reaction (RT-qPCR) primers

Gene name Primer Sequence 5’ > 3’

β-actin
forward GCTGTGCT ATCCCTGTACGC

reverse TGCCTCAGGGCAGCGGAACC

GABRP
forward TTTCTCAGGCCCAATTTTGGT

reverse GCTGTCGGAGGTATATGGTGG
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That is, the expression of GABRP in the placental tissue 
samples of GDM patients is reduced.

High-glucose stimulation  
reduced the expression of GABRP  
in HTR-8/SVneo cells

After 25 mM glucose treatment, the expression of GABRP 
protein was lower than that of the control group (p < 0.01; 
Fig. 2A,B). Similarly, the expression of GABRP mRNA was 
decreased in HTR-8/SVneo cells cultured with high-glu-
cose (p < 0.001; Fig. 2C). Overall, high-glucose (25 mM) 
treatment decreases GABRP expression in cells.

High-glucose stimulation inhibited 
cell viability, invasion and migration

To investigate whether high-glucose stimulation can 
modulate cellular function, we examined the cell viabil-
ity, invasion and migration abilities using Cell Counting 
Kit-8 (CCK-8), transwell and scratch assays. As shown 
in Fig. 3A, when compared to the control group, there 
was no difference in the cell viability in the 24 h group 
(p > 0.05), whereas it decreased in the 48-h and 72-h groups 
(p < 0.001). From the results of tranwell and scratch assays 
(p < 0.01; Fig. 3B–E), it can be seen that after high-glucose 
culture, the  invasion and migration ability decreased. 
The above results indicate that high-glucose stimulation 
can affect the cellular function.

Fig. 1. Gamma-aminobutyric acid 
type A receptor subunit pi (GABRP) 
expression decreased in placental tissues 
of gestational diabetes mellitus (GDM) 
patients. A. Representative western 
blot bands of GABRP. Beta-actin served 
as an internal control; B. The ratio 
of GABRP/β-actin was used to quantify 
protein levels; C. The mRNA level 
of GABRP in placental tissue was assessed 
using quantitative reverse transcription 
polymerase chain reaction (RT-qPCR). 
Each experiment was repeated 3 times 
and the data were expressed as mean 
± standard error of the mean (M ±SEM)

***p < 0.001 compared to control.

Fig. 2. High-glucose stimulation reduced the expression of gamma-aminobutyric acid type A receptor subunit pi (GABRP) in HTR-8/SVneo cells. 
A. Representative western blot bands of GABRP. Beta-actin served as an internal control; B. The ratio of GABRP/β-actin was used to quantify protein levels; 
C. The mRNA level of GABRP in cells was assessed using quantitative reverse transcription polymerase chain reaction (RT-qPCR)

**p < 0.01; ***p < 0.001 compared to control.
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Fig. 3. High-glucose stimulation inhibited cell viability, invasion and migration of HTR-8/SVneo cells. A. The cells viability of HTR-8/SVneo cells at different 
timepoints (24 h, 48 h or 72 h) cultured in high glucose was detected with Cell Counting Kit-8 (CCK-8) assay; B. Quantification of invasive cell number; C. Graph 
indicating the rate of cell migration; D. Images of the transwell invasion assay; E. Representative photographs of scratch wounds at point 0 and 24 h of the cell 
migration assay (magnification ×100). Red lines depict the edges of the wound

**p < 0.01; ***p < 0.001 compared to control.
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GABRP overexpression reverses 
the effects of high-glucose stimulation 
on cellular function

To explore the relationship between GABRP and high-glu-
cose stimulation, GABRP was overexpressed by transfection. 

As shown in Fig. 4A–C, the levels of GABRP protein and mRNA 
expression were considerably higher in  the  OE-GABRP 
group compared to the OE-NC group (p < 0.001). The cell 
viability, invasion and migration abilities were altered after 
GABRP overexpression. Comparing with the HG+OE-NC 
group, the cellular function of HG+OE-GABRP group was 

Fig. 4. Gamma-aminobutyric acid type A receptor subunit pi (GABRP) overexpression reversed the effect of high glucose stimulation on the biological 
function of HTR-8/SVneo cells. A. Representative protein bands showing the protein expression of GABRP. Beta-actin was used as a loading control; 
B. The ratio of GABRP/β-actin was used to quantify protein levels; C. The relative mRNA expression level of GABRP; D. Cell viability of each group detected 
using the Cell Counting Kit-8 (CCK-8) assay; E. Number of transwell cells was quantified; F. Cell migration rates were assessed using the scratch test method; 
G. Representative image of transwell; H. Representative images of the scratch test

**p < 0.01; ***p < 0.001 compared to control; ##p < 0.01; ###p < 0.001 compared to control.
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improved (p < 0.01; Fig. 4D–H). In conclusion, overexpres-
sion of GABRP reverses the functional impairment induced 
by high-glucose stimulation.

Discussion

Before the fetus matures, the placenta is an important 
place for the fetus to absorb nutrients from the mother. 
In addition, the placenta is also a crucial endocrine organ, 
and the development of the placenta affects the outcome 
of pregnancy.10,11 Trophoblast cells are the main constitu-
ent cells of the placenta and serve important functions.12 
During placental development, trophoblast cells secrete 
a  large number of hormones and cytokines.13,14 When 
the cellular function of trophoblasts is abnormal, it will 
cause a variety of pregnancy diseases. The biological be-
havior of trophoblasts and related regulatory mechanisms 
are key physiological events to maintain placental homeo-
stasis.15 However, an imbalance of these processes can 
impair placental function under pathological conditions. 
In this study, the cell viability, invasion and migration abili-
ties were inhibited after high-glucose stimulation.

Patients with GDM are have hyperglycemia, which in-
creases the incidence of macrosomia.16 When hyperglyce-
mia is severe, it is more likely to lead to early miscarriage, 
defects in placenta formation, intrauterine growth retarda-
tion, and malformations.17 This study found that the viabil-
ity of trophoblast cells cultured in high glucose in vitro de-
creased. The results are consistent with the study by Zhang 
et al.18 High-glucose-induced reduction in viability of tro-
phoblast cells is  involved in the pathogenesis of GDM. 
However, in clinical practice, the majority of GDM pa-
tients exhibit excessive placental tissue growth and give 
birth to macrosomic infants. It is reasonable to speculate 
that this difference may be related to the concentration 
of glucose used to culture cells in vitro. The concentration 
of glucose used in this experiment is 25 mmol/L, which 
is mainly used for in vitro cellular studies of type 2 diabe-
tes.19,20 Patients with GDM are usually considered to have 
mild type 2 diabetes.21 People with type 2 diabetes before 
pregnancy are more likely to have adverse pregnancy out-
comes.22,23 There is no clear cutoff value for hyperglycemia 
leading to adverse pregnancy outcomes, but it is positively 
correlated with the degree of elevated blood glucose.24 
Therefore, the conclusions of this study are more appli-
cable to GDM patients with poor blood sugar control.

Islet cells secrete GABA at a relatively constant rate, 
which is regulated by the metabolic state of the cells.25 
Purwana et al. showed that GABA participates in the im-
provement of  human β-cell mass by  combining with 
GABRP, which may be beneficial for the treatment of dia-
betes.8 In the reproductive system, there are many studies 
on the role of GABRP in the uterus. Lu et al. found that 
changing the expression of GABRP in cells can significantly 

affect the invasion function and apoptosis behavior of tro-
phoblast cells.7 In this study, by comparing the expres-
sion of GABRP in the placenta of GDM and normal preg-
nant women, it was found that the expression of GABRP 
in the former was abnormally reduced. Meanwhile, the ex-
pression level of GABRP was decreased in HTR-8/SVneo 
cells cultured under high-glucose conditions. After over-
expressing GABRP, the biological behavior of trophoblast 
cells altered. The results showed that GABRP could reverse 
the functional impairment of HTR-8/SVneo cells induced 
by high-glucose stimulation.

Limitations

We speculated that the high-glucose environment may 
inhibit cellular function by downregulating the expres-
sion of GABRP. It is suggested that GABRP differentially 
expressed in clinical samples of GDM patients may be in-
volved in adverse pregnancy outcomes. The upstream and 
downstream signaling molecules of GABRP are not clear. 
Therefore, further mechanistic exploration and etiological 
studies are urgently needed to confirm.

Conclusions

The state of hyperglycemia in GDM patients downregu-
lates the expression of GABRP, and overexpression of GABRP 
promotes the viability, migration and invasive ability of 
HTR8-SV/neo cells.
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Abstract
Background. The number and activity of osteoblasts and osteoclasts play an important role in skeletal 
biology, especially in bone reconstruction. Scientific and rational regulation of osteoclast formation and 
activity has become a critical strategy aimed at inhibiting the loss of bone mass in the body and alleviating 
the occurrence of bone diseases. Currently, there are only a few reports related to hesperetin-regulated 
osteoclast differentiation.

Objectives. To investigate the influence of hesperetin on osteoclast-like cell differentiation and formation, 
and determine whether the MAPK signaling pathway is involved in the differentiation process.

Materials and methods. The RAW264.7 cells were induced and cultured in vitro to promote their dif-
ferentiation into osteoclast-like cells. Tetrazolium bromide was utilized to determine the effects of different 
concentrations (100, 200, 400, and 600 μM) of hesperetin on the proliferation of osteoclast-like cell precursors. 
Osteoclast-like cell differentiation was conducted using tartrate-resistant acid phosphatase (TRAP) staining 
assay. The status of nuclei and actin filaments of differentiated osteoclast-like cells was observed with the use 
of 4’,6-diamidino-2-phenylindole dihydrochloride (DAPI) and actin-tracker green staining experiments. 
Changes in key proteins of the MAPK signaling pathway were detected using western blot.

Results. The results of TRAP staining experiments showed that the number of osteoclast-like cells decreased 
with the increase in hesperetin concentration. The DAPI and actin-tracker green staining demonstrated that 
the nuclei of differentiated osteoclast-like cells reduced in size with the increase in hesperetin concentration, 
and the osteoclast-like cells became smaller. Western blot for key MAPK signaling pathway proteins revealed 
that phospho-ERK and phospho-p38 protein levels were not significantly inhibited, but phospho-JNK protein 
levels were reduced.

Conclusions. Hesperetin inhibits the differentiation of osteoclast-like cells. Further studies revealed that 
hesperetin also affects the activation level of phospho-JNK, a key signaling protein of the MAPK signaling 
pathway, in the induced differentiation of osteoclast-like cells.

Key words: MAPK signaling pathway, hesperetin, osteoclast-like cell
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Background

The maintenance of the total skeletal mass of the body 
depends on the dynamic balance between new bone forma-
tion mediated by osteoblasts and the resorption of old bone 
mass mediated by osteoclasts.1–5 Osteoblasts are specialized 
mesenchymal cells responsible for bone matrix production 
and mineralization, with both the receptors and catabolic 
enzymes required to internalize and utilize circulating lip-
ids. Disruption of these receptors or enzymes could impair 
osteoblast function and lead to bone defects.6 Osteoclasts 
are multinucleated macrophage lineage cells found uniquely 
in the bone.7 They interact with the extracellular matrix 
of fibronectin, collagen, bone salivary protein, and bone 
bridging proteins to adhere to the bone surface and migrate, 
which degrades the bone matrix components. Osteoclasts 
may be the only cells in the body with bone resorption 
activity, and they are essential for the establishment and 
maintenance of bone homeostasis and repair after bone 
injury.8 A growing number of studies have shown that ab-
normal osteoclast activity is an important factor in vari-
ous bone diseases, such as osteoporosis, osteosclerosis, 
osteoarthritis, and Paget’s disease. Scientific and rational 
regulation of osteoclast formation and activity has become 
a key strategy to inhibit the loss of bone mass in the body 
and alleviate the occurrence of bone diseases.9 The cur-
rently available clinical drugs for the treatment of skeletal 
disorders, such as bisphosphonates and vitamin D, have 
not achieved satisfactory results.10 Natural herbs are ex-
pected to be potential therapeutic agents for many diseases, 
such as those related to the skeletal system, due to their 
high activity and low side effects.11 Some flavonoids, such 
as quercetin, epimedoside, naringin, ephedrine, and ger-
beroside, have been reported to be used, or attempted to be 
used, in the prevention and treatment of abnormal bone 
metabolism diseases.12 Hesperetin also belongs to the fla-
vonoid family of compounds and is one of the main active 
ingredients of traditional Chinese medicine tangerine peel 
and it is found in high levels in the pulp and peel of citrus 
plants of the Rutaceae family. Hesperetin has been shown 
to significantly inhibit the fibrotic process in the lung, liver, 
kidney, and heart muscle,13–16 while another study found 
that hesperetin could promote osteogenesis.17 However, 
few reports on the regulation of osteoclast differentiation 
by hesperetin are available, and no cases of its application 
in the prevention and treatment of clinical skeletal dis-
eases have been reported. The tertiary members of the mi-
togen-activated protein kinase (MAPK) cascade pathway 
are MAPK, MAPKK, and MAPKKK. These 3 kinases are 
activated sequentially and simultaneously regulate vari-
ous important physiological/pathological effects, such 
as cell growth, differentiation, stress, and inflammatory 
responses. Previous reports have suggested that the MAPK 
signaling pathway is involved in osteoclast differentiation 
and activation.18 Reports also indicated that hesperidin in-
hibits RANKL-induced osteoclast formation.19,20 However, 
only low concentrations (0–150 µM) of hesperetin were 

used in the above study to explore the effects of hesperetin 
on osteoclast differentiation and its potential mechanisms. 
Therefore, the effects of high concentrations of hesperetin 
on osteoclast differentiation and its mechanisms need to be 
further investigated. Herein, we investigated whether high 
concentrations of hesperetin affect osteoclast differentia-
tion and whether the MAPK signaling pathway plays a role 
in this process. The results may provide a theoretical refer-
ence for the prevention and treatment of skeletal diseases 
caused by abnormal osteoclast activity in clinical settings.

Objectives

This study aimed to investigate the effects of hesperetin 
on osteoblast differentiation and whether the MAPK sig-
naling pathway is involved in this process.

Materials and methods

Materials

RAW264.7 cells were purchased from the  Shanghai 
Institute of Life Sciences of the Chinese Academy of Sci-
ences (Shanghai, China). Dulbecco’s modified Eagle’s 
medium (DMEM) and minimum essential medium al-
pha (MEM-α) were obtained from Hyclone Laboratories, 
Inc. (Logan USA). RANKL (PeproTech, Thermo Fisher 
Scientific, Waltham, USA), tartrate-resistant acid phos-
phatase (TRAP) (Sigma-Aldrich, St. Louis, USA), fetal 
bovine serum (FBS; GE Healthcare, Chicago, USA), hes-
peretin (MedChemExpress, Monmouth Junction, USA), 
4’,6-diamidino-2-phenylindole dihydrochloride (DAPI), 
actin-tracker green, FR180204, SP600125, and SB203580 
were bought from Beyotime Biotechnology (Shanghai, 
China). p44/42 MAPK (ERK1/2), phospho-p44/42 MAPK 
(ERK1/2), SAPK/JNK antibody, phospho-SAPK/JNK anti-
body, p38 MAPK antibody, and phospho-p38 MAPK were 
obtained from Cell Signaling Technology (Danvers, USA).

Determination of the effects of hesperetin 
on precursors of osteoclast-like cell 
proliferation using MTT method

RAW264.7 cells were inoculated into 96-well plates 
(3,000/well) and incubated at 37°C and 5% CO2. RANKL 
cytokines were added following cell wall attachment. 
At the end of the induction culture, 100, 200, 400, and 
600 μM of hesperetin were added to each experimental 
group, and each group contained 5  replicate wells. Di-
methyl sulfoxide (DMSO) without hesperetin was used 
as the control group. After 24 h of hesperetin treatment, 
MTT (100 μL/well) was added, and the MTT solution was 
aspirated and discarded after 4 h. The DMSO solution was 
added and incubated overnight at 37°C in a 5% CO2 incu-
bator and the optical density (OD) values were measured.
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TRAP staining to observe the effects 
of hesperetin on osteoclast-like cell 
formation

RAW264.7 cells were inoculated in 96-well cell culture 
plates (500/well), and RANKL cytokine was added after cell 
wall attachment. At the end of the induction culture, 100, 
200, 400, and 600 μM of hesperetin were added to each 
group and incubated overnight, followed by TRAP staining. 
Next, 5 mL of ultrapure water was added to a 15 mL cen-
trifuge tube heated in a 37°C water bath. The medium was 
aspirated, and 4% paraformaldehyde solution was added for 
10 min to fix the cells. Then, 50 μL of freshly prepared fast 
garnet GBC base solution and 50 μL sodium nitrite solution 
were added in a 1.5 mL Eppendorf (EP) tube and incubated 
at room temperature for 2 min. The cells were fixed and 
washed twice with ultrapure water. All the prepared re-
agents were transferred to the pre-warmed ultrapure water. 
Thereafter, 50 μL NA-B solution, 200 μL AS solution, and 
100 μL tartrate solution reagent were added and mixed 
well with 150 μL staining solution per well. The plate was 
incubated at 37°C for 60 min. The staining solution was 
then aspirated and discarded, and 100 μL ultrapure water 
was added per well to prevent drying. Then, the samples 
were observed with a light microscope and images were 
acquired (model IX71; Olympus Corp., Tokyo, Japan).

Effects of DAPI and actin-tracker green 
staining on osteoclast-like cell formation 
by hesperetin

RAW264.7 cells were inoculated in  96-well cell cul-
ture plates (500/well), and RANKL cytokine was added 
after cell wall attachment. A total of 100, 200, 400, and 
600 μM of hesperetin were added to each cell well at the end 
of the induction culture. The cells were washed twice with 
phosphate-buffered saline (PBS), fixed with 4% parafor-
maldehyde for 10 min, and washed thrice with PBS con-
taining 0.1% Triton X-100 (Beyotime Biotechnology). After 
actin-tracker green staining solution was added, the sample 
was incubated for 60 min at room temperature in the dark, 
washed 3 times with PBS containing 0.1% Triton X-100 for 
5 min each time, and finally, DAPI was added (working con-
centration 6 μg/mL) and incubated for 15 min in the dark. 
The staining solution was discarded, washed twice in PBS 
for 3–5 min each time, observed, and images were acquired 
under a fluorescent microscope (model IX71; Olympus 
Corp.).

Western blot for detection  
of protein changes

RAW264.7 cells were inoculated in 6-well cell culture 
plates (800,000/well), and RANKL cytokine was added after 
cell apposition. A total of 100, 200, 400, and 600 μM of hes-
peretin were added to each group at the end of the induc-
tion culture, and the total protein was extracted at the end 

of the cell culture. After the protein was quantified, it was 
separated using sodium dodecyl sulfate–polyacrylamide gel 
electrophoresis (SDS-PAGE), and the proteins were trans-
ferred to a nitrocellulose (NC) filter membrane. The NC 
membrane was then blocked using Tris-buffered saline 
with Tween (TBST) containing 5% skim powdered milk for 
90 min by shaking at room temperature. Next, the primary 
antibody was added, followed by incubation on ice overnight. 
The sample underwent TBST washing 3 times, for 5 min 
each time, followed by the secondary antibody incubation for 
90 min at room temperature. The sample was then washed 
in TBST 3 times for 10 min each time. Finally, enhanced 
chemiluminescence (ECL) detection was performed.

Effects of key protein inhibitors  
of MAPK signaling pathway  
on osteoclast-like cell differentiation

RAW264.7 cells were inoculated in 96-well cell culture 
plates (500/well), and FR180204 (ERK inhibitor, 20 mM), 
SP600125 (JNK inhibitor, 20 mM), and SB203580 (p38 
inhibitor, 20 mM) were added to each group after cell wall 
attachment. RANKL cytokines were added to each ex-
perimental group at the end of drug treatment. The TRAP 
staining was performed at the end of the culture.

Statistical analyses

All data were analyzed using GraphPad Prism v. 8.0 
(GraphPad Software, San Diego, USA), and results are dis-
played as mean ± standard deviation (M ±SD). The Krus-
kal–Wallis one-way analysis of variance (ANOVA) followed 
by Dunn’s multiple comparison test was used for 3 or more 
groups of nonparametric data. The experiments were re-
peated independently 3 times. A value of p < 0.05 indicated 
statistical significance.

Results

Effects of hesperetin on the proliferation 
of differentiated osteoclast-like cell 
precursors

The MTT results showed that hesperetin significantly 
inhibited the proliferation of differentiated osteoclast-like 
cell precursors. The hesperetin groups of 100, 200, 400, 
and 600 μM all demonstrated significantly reduced cell 
proliferation rates compared to the DMSO group in a dose-
dependent manner (Fig. 1).

Effects of hesperetin  
on osteoclast-like cell formation

The  TRAP staining showed that the  differentiated 
osteoclast-like cells were large and had many nuclei and 
a burgundy cytoplasm and colorless nuclei; by contrast, 
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the undifferentiated cells showed mononuclear aggregates 
(Fig. 2A). The number of TRAP-positive cells indicated that 
hesperetin affected the differentiation of osteoclast-like cells, 
with a reduction in TRAP-positive cells with the increase 
in hesperetin concentration. The number of TRAP-positive 

cells was significantly reduced in the high-concentration 
hesperetin groups of 400 (6 ±0.67) and 600 μM (2.67 ±0.19) 
compared with the control group (Fig. 2B).

Effects of hesperetin on the cytoskeleton 
and nucleus of osteoclast-like cells

The DAPI staining highlighted that the nuclei of dif-
ferentiated osteoclast-like cells in the control group were 
tightly clustered together, forming a relatively independent 
region. The cytoskeletal microfilament proteins were more 
widely distributed and exhibited a more complete cell out-
line. The differentiated cells in the low-concentration hes-
peretin groups of 100 μM and 200 μM had a higher number 
of nuclei than those in the control group, and the nuclei 
in the high-concentration group were also aggregated. 
However, the results of actin-tracker green staining showed 
that the aggregated cells in the hesperetin-treated group 
were not differentiated multinucleated osteoclast-like cells 
but only single RAW264.7 cells aggregated together, and 
the number of differentiated osteoclasts decreased with 
increasing hesperetin concentration. Moreover, the differ-
entiated osteoclasts were larger, with extensive distribution 
of intracellular actin filaments, whereas the undifferenti-
ated cells were smaller, with clear intercellular boundaries. 
Hesperetin reduced the size of differentiated osteoclast-
like cells and decreased the number of nuclei in a dose-
dependent manner compared with controls (Fig. 3).

Fig. 1. Effects of hesperetin on the viability of osteoclast-like cell 
precursors. The results showed that the cell proliferation rates 
of hesperetin groups of 100, 200, 400, and 600 μM were significantly 
lower than those of the control group in a dose-dependent manner. 
The Kruskal–Wallis test (K–W) with Dunn’s post hoc test was applied 
in the statistical analysis

**p = 0.002, 400 μM compared with the control group; ****p < 0.001, 
600 μM compared with the control group; K–W, Dunn’s post hoc test.

Fig. 2. Hesperetin inhibited the differentiation of osteoclast-like cells. 
The RAW264.7 cells were inoculated in 96-well plates, and RANKL 
cytokine was added after the cells were walled. The induction was 
completed, and each experimental group was added with different 
concentrations of hesperetin and placed in a CO2 incubator to continue 
the culture. At the end of the culture, the cell plates were removed for 
tartrate-resistant acid phosphatase (TRAP) staining and then placed under 
an inverted microscope for observation and photography. A. Morphology 
of TRAP-positive cells in each group (×200); B. Statistics of the number 
of TRAP-positive cells in each group. The Kruskal–Wallis test (K–W) with 
Dunn’s post hoc test was applied in the statistical analysis

**p = 0.006, 600 μM compared with the control group, K–W, Dunn’s post 
hoc test.
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Fig. 3. Hesperetin reduced the number of osteoclast-like nuclei and decreased the cell volume. The RAW264.7 cells were inoculated in 96-well cell plates, 
cultured overnight, and induced by adding RANKL cytokine. The procedure was followed by the addition of different concentrations of hesperetin 
for each experimental group. Incubation was continued in a CO2 incubator. At the end of the culture, the medium was aspirated and discarded to add 
paraformaldehyde for fixation, followed by actin-tracker green staining and DAPI (4’,6-diamidino-2-phenylindole) staining. When the staining was 
completed, the sample was immediately observed under an inverted fluorescent microscope and photographed (×100)
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Effects of hesperetin on the expression 
of key proteins of MAPK signaling family 
in osteoclast-like cells

The western blot experiments showed that the expres-
sion of phospho-ERK, phospho-JNK, and phospho-p38, 
which are key proteins of  the MAPK signaling family, 
changed with the increase in hesperetin concentration 
relative to the DMSO group. The phospho-p38 and phos-
pho-ERK protein levels were not significantly inhibited 
by the increase in hesperetin concentration, but phospho-
JNK protein levels decreased (Fig. 4).

Effects of key protein inhibitors  
of MAPK signaling pathway  
on osteoclast-like cell differentiation

The TRAP staining showed that the formation of os-
teoclast-like cells was significantly inhibited in the groups 

treated with the MAPK signaling pathway protein inhibi-
tors FR180204 (ERK inhibitor), SP600125 (JNK inhibi-
tor), and SB203580 (p38 inhibitor) (Fig. 5A). The num-
ber of  TRAP-positive cells was significantly reduced 
in  the  groups treated with FR180204 (ERK inhibitor, 
11 ±0.33), SP600125 (JNK inhibitor, 10 ±1), and SB203580 
(p38 inhibitor, 9 ±0.33) compared with that in the control 
group (23.33 ±0.51, Fig. 5B).

Discussion

In this paper, the differentiation of osteoclast-like cells 
was inhibited with increasing concentrations of hesperetin, 
as evidenced by a decrease in the number of multinucleated 
cells. In addition, the number of nuclei in the differenti-
ated osteoclast-like cells was reduced, and the cell size de-
creased in the high-hesperetin-concentration groups. Fur-
ther studies revealed that hesperetin also affected the level 

Fig. 4. Effects 
of hesperetin 
on the expression of key 
proteins of MAPK signaling 
family in osteoclast-like 
cells. The RAW264.7 
cells were inoculated 
in 6-well cell plates, 
cultured overnight, 
and induced by adding 
RANKL cytokine. 
The procedure was 
followed by the addition 
of different concentrations 
of hesperetin in each 
experimental group. 
Total proteins were 
extracted at the end 
of the culture, quantified 
by protein, and then 
subjected to western blot 
experiments. A. Expression 
of proteins in each 
group; B. Quantitative 
analysis of phospho-ERK/
ERK protein expression; 
C. Quantitative analysis 
of phospho-JNK/JNK 
protein expression 
(**p = 0.004, 400 μM 
compared with the control 
group, Kruskal–Wallis test 
(K–W), Dunn’s post hoc); 
D. Quantitative analysis 
of phospho-p38/p38 
protein expression 
(*p = 0.024, 400μM 
compared with the control 
group; *p = 0.018, 
600 μM compared with 
the control group, K–W, 
Dunn’s post hoc test). 
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of phospho-JNK, a key signaling protein of the MAPK sig-
naling pathway, in the differentiated osteoclast-like cells. 
Hesperetin is a dihydroflavonol compound with molecular 
formula C16H14O6 and a molecular weight of 302.28 Da. 
Its structure contains ketocarbonyl, ether, methoxy, and 
several phenolic hydroxyl groups, which give it a wide range 
of pharmacological effects. Hesperetin has been shown 
to have antibacterial, anti-inflammatory, antioxidant, an-
titumor, and immune-modulating effects.21 In the present 
study, the effects of hesperetin on the formation of osteo-
clast-like differentiation were investigated, and we found 
that hesperetin affects osteoclast differentiation through 
the MAPK signaling pathway. The activity of osteoclasts 
in the organism is mainly reflected by the ability to differen-
tiate bone marrow mesenchymal stem cells into osteoclasts 
and the strength of their osteolytic function.22 Osteoclasts 
are multinucleated giant cells that originate from clones 
of mononuclear macrophages differentiated from hemato-
poietic stem cells. They have an abundant intracytoplasmic 
enzyme system and a series of signature proteins that can 
be used as markers to identify osteoclasts and determine 
their differentiation stage. Among them, TRAP is a spe-
cific marker for osteoclasts, and TRAP staining that shows 
TRAP activity in the cytoplasm of osteoclasts is a specific 
staining method for identifying these cells.23 Our TRAP 
staining results highlighted that the formation of osteoclast-
like cells was inhibited with the increase in hesperetin con-
centration. The cytoskeleton is a three-dimensional (3D) 
network structure composed of microtubules, microfila-
ments, and intermediate fibers in eukaryotic cells. Their 

main functions are to maintain the structure and morphol-
ogy of cells, influence cell motility,24 and play an important 
role in proliferation, differentiation, and apoptotic activities. 
Moreover, microfilaments play a key role in the attachment 
of osteoclasts to the bone matrix, and the microenviron-
ment formed by the adhesion of osteoclasts to the bone 
matrix is a prerequisite for osteoclasts to undergo bone re-
sorption. Therefore, the dynamic changes in microfilaments 
could be used as an indicator of osteoclast activity. This 
activity could be determined by observing the microfila-
ment-mediated attachment, migration, and the “osteolytic” 
function of osteoclasts on the bone matrix.25 In the present 
study, actin-tracker green staining revealed that hesper-
etin disrupted the cytoskeleton (the cell outline maintained 
by microfilaments) in osteoclast-like cells, which then re-
duced the cell size and inhibited their differentiation into 
osteoclast-like cells. Reports have shown that the actin ring 
is a cytoskeletal protein unique to osteoclasts that undergo 
bone resorption.26 Future investigations will likely focus 
on whether hesperetin could disrupt the structure of the ac-
tin ring and pseudopods in osteoclasts, thereby affecting 
bone resorption activity.

We found that RANK within osteoclasts and their pre-
cursors could activate 3 signaling pathways of the MAPK 
family, namely, ERK, JNK, and p38, which promote os-
teoclast differentiation and activation.18 TAK1/TAB2, 
which is a downstream protein of TARF6 in the RANK 
signaling pathway, activates JNK with p38 protein.27 Fur-
thermore, downstream signaling of  the  ERK and JNK 
pathways include AP-1 transcription factors, Fos family 

Fig. 5. Key protein inhibitors of MAPK signaling pathway affected osteoclast-like cell formation. 
The RAW264.7 cells were inoculated in 96-well cell plates. The cells were cultured overnight, 
and the corresponding inhibitors of the signaling pathway were added to each experimental 
group. The medium was discarded at the end of the culture, RANKL cytokine was added, 
and the culture was continued. The tartrate-resistant acid phosphatase (TRAP) staining was 
performed at the end of the culture. The staining was observed under an inverted microscope 
and photographed at the end of the staining. A. Morphology of TRAP-positive cells in each 
group (×100); B. Statistics of the number of TRAP-positive cells in each group (*p = 0.026, 
SB203580 compared to dimethyl sulfoxide (DMSO), Kruskal–Wallis test (K–W), Dunn’s post 
hoc test). 
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dimers (c-Fos, FosB, Fra-1, and Fra-2) and Jun family (c-
Jun, JunB, and JunD).28 ERK could induce and activate 
c-Fos, while JNK could enhance the transcriptional activ-
ity of AP-1 through the phosphorylation of c-Jun. AP-1 
could also initiate the encoding of genes, such as matrix 
metalloproteinases (MMPs), which promote the differ-
entiation, survival, and fusion of osteoclast precursors 
and the activation of mature osteoclasts. Activated ERK 
enters the nucleus and stimulates the transcription fac-
tor Elk, which binds to a sequential regulatory element 
in the c-Fos gene promoter and controls the transcription 
of the c-Fos gene. This results in mature macrophages be-
ing converted into osteoclast precursors.29 In the present 
study, the phospho-p38 and phospho-ERK protein levels 
were not significantly inhibited by the increase in hesper-
etin concentration, but the phospho-JNK protein levels 
were reduced. Further studies revealed that the inhibitors 
of the key proteins of the MAPK signaling pathway could 
inhibit the differentiation and formation of osteoclasts. 
These results suggest that the MAPK signaling pathway 
is involved in regulating osteoclast-like cell formation, and 
that hesperetin could affect this process by downregulating 
the phosphorylation level of JNK.

Limitations

This study only focused on the in vitro cellular model, 
making the results and findings relatively limited. In vivo 
animal experiments are needed to further validate the ef-
fects of hesperetin on osteoclast differentiation.

Conclusions

Hesperetin inhibits the differentiation process of osteo-
clast-like cells, and further studies revealed that hesperetin 
could also affect the activation level of phospho-JNK, a key 
signaling protein of the MAPK signaling pathway, in dif-
ferentiated osteoclast-like cells.
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Abstract
Background. Rapamycin is known to induce autophagy, promote cell survival and inhibit the progression 
of diabetic nephropathy (DN).

Objectives. The aim of this study was to examine the role of autophagy in the treatment of DN with 
rapamycin to provide the basis for the DN treatment with rapamycin.

Materials and methods. Human mesangial cells (HMC) were cultured in a constant temperature incu-
bator with 5% CO2, at 37°C and saturated humidity. Cells were divided into 5 groups and the 5-ethynyl-
2-deoxyuridine (EdU) cell proliferation assay was used to determine cell proliferation. Flow cytometry was 
used to determine cell apoptosis, while GFP–RFP–LC3 showed autophagy flow. Western blot was employed 
to detect the expression of autophagy-related proteins LC3-II/LC3-I and P62. Enzyme-linked immunosorbent 
assay (ELISA) was used to determine the contents of type IV collagen fiber (Col4), hyaluronic acid (HA) and 
laminin (LA) in the extracellular matrix (ECM).

Results. Cell proliferation was the lowest in the hyperglycemic group. Additionally, the hyperglycemic group 
displayed the lowest number of autolysosomes compared to other groups. In contrast, the rapamycin group 
exhibited the highest number of autolysosomes. The LC3-II/LC3-I ratio was also the lowest in the hypergly-
cemic group, measuring 0.53 (0.50–0.58), while the expression level of P62 was significantly higher in that 
group at 0.98 (0.95–1.01) compared to other groups. Upon the introduction of rapamycin, the LC3-II/LC3-I 
ratio was significantly increased at 2.21 (1.95–2.21), and P62 was significantly decreased 0.38 (0.38–0.39) 
compared to the hyperglycemic group. Both changes were statistically significant, with p-values of 0.034 
and 0.010, respectively. Enzyme-linked immunosorbent assay was employed to detect Col4, HA and LA 
content. The study findings demonstrated significantly higher levels of glucose in the hyperglycemic group 
in comparison to other groups. In contrast, the rapamycin group exhibited significantly lower levels of glucose 
than the hyperglycemic group, yet the difference was not statistically significant.

Conclusions. Hyperglycemic can inhibit the autophagic activity of HMC, promote cell apoptosis, enhance 
ECM accumulation, and facilitate the DN progression. In contrast, rapamycin can elicit autophagy, decrease 
mesangial matrix proliferation, and therefore impede DN progression. 

Key words: diabetic nephropathy, autophagy, human mesangial cells
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Background

At  present, diabetic nephropathy (DN) has become 
the  leading cause of  end-stage renal disease (ESRD) 
in China. The treatment of DN is difficult, and there is no 
recognized specific drug that can cure DN. It is an urgent 
problem to further understand the pathogenesis of DN and 
seek effective treatment. Mesangial cells are extremely 
important target cells and effector cells in the development 
of DN, participating in the process of glomerular injury 
and repair, and promoting inflammation and the devel-
opment of glomerular sclerosis together with extracel-
lular matrix (ECM). At the same time, oxidative stress, 
inflammation and autophagy are also involved in various 
pathological processes of DN.

Autophagy refers to the formation of autophagosomes 
in the cytoplasm to degrade damaged organelles, pro-
teins and other components to meet the metabolic needs 
of  the cells themselves and help the cells survive. Ac-
cording to the different forms, autophagy can be divided 
into macroautophagy, microautophagy and chaperone-
mediated autophagy, among which macroautophagy 
is the most common. Autophagy is a continuous dynamic 
process that involves 5 distinct stages: initiation, nucle-
ation, expansion and elongation, closure and fusion, and 
cargo degradation The autophagy process is regulated 
by several autophagy-related genes (ATG). Autophagy 
is activated under stress, such as hypoxia, amino acid 
deficiency or  low glucose, and forms autophagosomes 
after activation to remove damaged cell components and 
ensure cell survival. It is the process of fusing macromo-
lecular proteins, mitochondria, ribosomes, and organelle 
fragments with autophagosomes to break them down into 
small molecules.1

Autophagy and proteasome pathways belong to 2 intra-
cellular degradation pathways, but the contents degraded 
by the 2 are different. The latter specifically degrades ubiq-
uitinated small protein molecules, while the denatured, 
misfolded large protein molecules and aging and deterio-
rated organelles are degraded by autophagy. Therefore, 
cells generally maintain some level of autophagy activity, 
and the level of autophagy varies depending on the tissue 
type. Under the condition of hyperglycemia, autophagy ac-
tivity of mesangial cells is inhibited, but with the increase 
of intracellular advanced glycation end products (AGEs), 
a large number of proteins are inactivated, and organelle 
function is impaired. At this point, both protein degra-
dation pathways may be activated. Although autophagy 
changes at different stages of DN are still a controversial 
issue, most evidence supports the fact that the process 
of renal autophagy is blocked in DN, promoting apoptosis 
and the occurrence of disease. As an inducer of autoph-
agy, rapamycin enables cells to survive and resist external 
damage.

This study will further verify the autophagy of cells un-
der the condition of high glucose, whether high glucose 
has an effect on cell survival, and the effect of rapamycin 
on the autophagy activity of cells, providing evidence for 
the application of rapamycin in diabetic nephropathy.

Objectives

To study the role of autophagy in the treatment of DM 
with rapamycin and to provide the basis for the treatment 
of DN with rapamycin.

Materials and methods

Materials

Human mesangial cells (HMC) were purchased from 
the  Shanghai Fuheng Biology (Shanghai, China; cat. 
No. FH0241) and cell culture flasks were purchased from 
FALCON (Chongqing, China; cat. No. 353014).

Culture and grouping of mesangial cells

Human mesangial cells were cultured in Dulbecco’s 
modified Eagle’s medium (DMEM) containing 10% fetal 
bovine serum (FBS), 100 U/mL penicillin and 100 U/mL 
streptomycin in a constant temperature incubator with 
5% CO2, at  37°C and saturated humidity. The  HMC 
group was cultured in the original medium component 
without glucose. The hypoglycemic group was cultured 
in medium containing 5 mmol/L glucose. In the hyper-
glycemic group, HMCs were cultured in medium con-
taining 30 mmol/L glucose. In isotonic mannitol group 
HMCs were cultured in medium containing 24.5 mmol/L 
mannitol and 5.5  mmol/L glucose. In  the  rapamycin 
group, HMCs were cultured in the medium containing 
30 mmol/L glucose and 1 μM rapamycin.

Proliferation of 5-ethynyl-2-deoxyuridine 
(EdU) cells

The cells were treated with 2 × EdU working solution 
for 2 h, fixed with 4% paraformaldehyde and incubated 
for 30 min. The cells were cultured using conventional 
methods. After discarding the fixed solution in the culture 
medium, the cells were washed 3 times and incubated with 
a transparent solution at room temperature for 20 min. 
Following this, the cells were incubated at room tempera-
ture away from light for 30 min before being observed 
under a fluorescence microscope (Olympus IX71; Olympus 
Corp., Tokyo, Japan).
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Apoptosis cells were determined 
with flow cytometry

After digesting the HMC with trypsin, they were col-
lected by centrifugation at 2,000 rpm for 5–10 min and 
then washed again. Following this, 300 μL of buffer sus-
pension cells were added, and 5 μL of Annexin V-FITC 
was mixed in. The resulting mixture was kept away from 
light. Before loading the sample, 5 μL of propidium iodide 
(PI) staining was added and allowed to bind for 5 min. 
Finally, after adding 200 μL of buffer, the results were 
observed.

GFP–RFP–LC3 labeling autophagy flow

The  HMC were inoculated into 24-well plates, 
The amount of GFP–RFP–LC3 adenovirus in each group 
was within the range of multiplicity of infection (MOI) = 20. 
After 2 h, the medium was changed, and the cells were 
washed with culture medium or buffer. After the clean-
ing solution was carefully absorbed, the cells were fixed 
with a freshly prepared and pre-heated buffer containing 
4% paraformaldehyde for 10 min at room temperature. 
The fixative was removed, and the cells were rinsed several 
times with an appropriate buffer. Nuclear staining was 
performed in a dark room to avoid light. Fluorescent dye 
was applied diluted (DAPI (4’,6-diamidino-2-phenylindole, 
1:1,000)), washed cells were applied and incubate at room 
temperature for 7–10 min, and then wash 3 times for 5 min 
with phosphate-buffered saline (PBS); finally, the liquid 
was discarded. The film was sealed and observed with 
a confocal laser microscope (Leica TCS SP8; Leica Camera 
AG, Wetzlar, Germany). 

Protein concentrations of LC3-II/LC3-I 
and P62 were detected with western blot

Cell pellets from each group were collected. A total 
of 150 μL of lysate was added to each sample, and gel plates 
were prepared in the following manner: 1. The polyvinyli-
dene fluoride (PVDF) membrane was sealed with a sealing 
solution containing 5% skim milk powder at room tem-
perature for 2 h. 2. The corresponding primary antibody 
(rabbit anti-human LC3, P62) was diluted with block-
ing solution. The PVDF membrane was then immersed 
in the primary antibody incubation solution and incu-
bated overnight at 4°C. 3. Excess primary antibodies were 
removed by washing the PVDF membrane thoroughly 
in Tris-buffered saline with Tween (TBST) and repeating 
the process 3–4 times for 15 min each time. 4. The sec-
ondary antibody was applied (goat anti-rabbit IgG anti-
body) and the PVDF membrane was soaked in the solution 
for secondary antibody incubation and incubated at 37°C 
for 2 h. 5. Excess secondary antibodies were washed away 
by fully washing the PVDF membrane in TBST 3–4 times 
for 15 min each time. 6. Color exposure was performed.

The content of Col4 HA, and LA of cells 
was determined by ELISA

Cells digested with trypsin were harvested and the re-
sulting supernatant was collected. Biotinylated antibody 
working solution (100 μL) was added to each well, followed 
by incubation at 37°C for 1 h after covering the plate with 
film. Enzyme conjugate working solution (100 μL) was then 
added to each well, followed by substrate (tetramethylben-
zidine) solution (90 μL). The enzyme plate was covered 
with film and incubated away from light. Stop solution 
(50 μL) was added to each well and the optical density (OD) 
was immediately measured at 450 nm using a microplate 
reader (Multiskan Mk3 Microplate Reader; Thermo Fisher 
Scientific, Waltham, USA).

Statistical analyses

IBM SPSS v. 26.0 (IBM Corp., Armonk, USA) software 
was utilized for statistical analysis. The experimental data 
were replicated 3 times for each group. All tested vari-
ables were expressed as medians with interquartile ranges 
(IQRs; 25th to 75th percentiles). We assessed statistical dif-
ferences with the Kruskal–Wallis test, followed by Dunn’s 
test for multiple comparisons. We adjusted p-values using 
the Bonferroni correction. We considered a p-value below 
0.05 statistically significant. Bootstrap medians and 95% 
confidence intervals (95% CIs) have been reported.

Results

EdU cell proliferation under different 
conditions

Hoechst 33342 stimulated the nuclei to emit blue fluo-
rescence, while Azide 488 caused proliferation of cells 
resulting in green fluorescence. Figure 1 shows a signifi-
cant number of cells in HMC group, hypoglycemic group 
and isotonic mannitol group, which were 948.5 (881.75–
1008.5), 1019.5 (938.5–1055.5) and 920.5 (808.5–954.5), re-
spectively. Additionally, there were a considerable number 
of proliferating cells: 463.0 (416.75–514.5), 512.5 (462.25–
525.25 and 444.5 (411.75–513.25) were the  measured 
values for total number of cells in hyperglycemic group. 
The group contained 912.0 (860.5–969.5) cells in total. 
Among them, only 141.0 (130.0–163.25) were found to be 
proliferating. The proliferation rate of cells in hyperglyce-
mic group was statistically significant compared to HMC 
group (p-value 0.017), with a rate of 17.5% (13.75–19.75%). 
Table 1 displays the results, while Table 2 and Table 3 show 
the nonparametric test results and post hoc analysis, re-
spectively. Hoechst 33342 induced blue fluorescence in all 
nuclei, while Azide 488 induced green fluorescence in pro-
liferating cells. Figure 1A,B,D illustrates a significant num-
ber of cells: 948.5 (881.75–1008.5), 1019.5 (938.5–1055.5) 
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and 920.5 (808.5–954.5), respectively. Furthermore, there 
was a considerable number of proliferating cells: the total 
cell count for hyperglycemic group was 912.0 (860.5–969.5) 
and the number of proliferating cells was 141.0 (130.0–
163.25). The proliferation rate of cells in group C was 17.5% 
(13.75–19.75%), indicating significant statistical difference 
from HMC group with a p-value of 0.017.

Flow cytometry detection of cell apoptosis

Flow cytometry was utilized to evaluate cell apoptosis 
in various conditions, as depicted in Fig. 2. The proportion 
of apoptotic cells in HMC group, hypoglycemic group and 
isotonic mannitol group were 2.6% (2.52–2.65%), 3.86% 
(3.77–3.87%) and 3.41% (3.37–3.53%), respectively, based 
on the data presented in Table 4. Notably, these rates were 
significantly lower than the 16.04% (16.03–16.55%) propor-
tion in hyperglycemic group. The survival rates of cells 

in HMC group, hypoglycemic group and isotonic mannitol 
group  were 93.0% (92.75–93.55%), 93.2% (92.4–93.25%) 
and 93.8% (93.25–94.0%), respectively. The survival rate 
of cells in group C was 79.0% (78.55–79.4%). The number 
of apoptotic cells in hyperglycemic group was statistically 
significant (p-value = 0.013) compared to HMC group. 
The nonparametric test results and post hoc analysis are 
shown in Table 5 and Table 6.

GFP-RFP-LC3 dual fluorescence labeling 
of autophagy flow

The red fluorescent protein (RFP) emitted red fluores-
cence, while the green fluorescent protein (GFP) emitted 
green fluorescence. Yellow spots represented autopha-
gosomes, while red spots represented autolysosomes. 
As shown in Fig. 3, hyperglycemic group had the lowest 
number of autolysosomes, while HMC group, hypoglycemic 

Fig. 1. Proliferation of 5-ethynyl-2-deoxyuridine (EdU) cells under fluorescence microscope. A. Human mesangial cells (HMC); B. Hypoglycemic group; 
C. Hyperglycemic group; D. Mannitol isotonic group. The blue fluorescence represents nucleated cells and the green fluorescence represents proliferating 
cells. The number of cells in group C was 912 (860.5–969.5), and in groups A, B and D it was 948.5 (881.75–1008.5), 1019.5 (938.5–1055.5) and 920.5 (808.5–954.5), 
respectively. The cell proliferation rate of group C was 17.5% (13.75–19.75%), which was statistically significant compared with group A (p-value at 0.017)
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group and isotonic mannitol group had more autolyso-
somes than hyperglycemic group, with rapamycin group 
having the highest number of autolysosomes.

Expression levels of autophagy markers 
LC3 and P62 were detected with western 
blotting

The results indicate that in hyperglycemic group, there 
was a significant increase in the expression of P62 and 
an  apparent decrease in  the  expression of  autophagy 
marker LC3-II, while the expression of LC3-I was appar-
ently increased, as compared to HMC group, hypogly-
cemic group and isotonic mannitol group. These results 
are presented in Fig. 4 and Fig. 5. When rapamycin was 
added to the sample (rapamycin group), the expression 
level of LC3-II increased significantly, while the expression 
levels of LC3-I and P62 decreased significantly. The LC3-
II/LC3-I ratio was 2.21 (1.95–2.21), which was significantly 
higher than that of the other groups. Also, the expression 

level of P62 was 0.38 (0.375–0.39), which was significantly 
lower than that of the other groups. The levels of P62 ex-
pression and the ration of LC3-II/LC3-I in hyperglycemic 
group significantly differed from those in rapamycin group, 
with p-values of 0.01 and 0.03, respectively, as displayed 
in Table 7. Table 8 and Table 9 illustrate the nonparametric 
test results and post hoc analysis.

Table 2. Nonparametric test results of 5-ethynyl-2-deoxyuridine (EdU) cell 
proliferation tests

Variables Statistics p-value df

Number of proliferating cells 13.253 0.004 3

Total number cells 3.427 0.330 3

Proliferation rate 13.059 0.005 3

The Kruskal–Wallis test was used. The significance level of the mean 
difference was 0.05.

Table 3. The multiple comparison of post hoc analysis of 5-ethynyl-2-
deoxyuridine (EdU) cell proliferation tests

Variables Comparison Statistics p-value p-value 
adjustment

Number 
of proliferating 
cells

A–B – 0.470 0.639 1

A–C 2.777 0.005 0.033

B–C 3.247 0.001 0.007

A–D – 0.020 0.984 1

B–D 0.449 0.653 1

C–D – 2.798 0.005 0.031

Total number 
cells

A–B – 0.898 0.369 1

A–C 0.653 0.514 1

B–C 1.551 0.121 0.725

A–D 0.735 0.462 1

B–D 1.633 0.102 0.615

C–D 0.082 0.935 1

Proliferation

A–B 0.184 0.854 1

A–C 2.984 0.003 0.017

B–C 2.800 0.005 0.031

A–D – 0.061 0.951 1

B–D –0.245 0.806 1

C–D –3.045 0.002 0.014

Multiple comparisons were detected with Dunn’s test and p-values were 
adjusted using the Bonferroni correction; A – HMC (human mesangial 
cells); B – hypoglycemic group; C – hyperglycemic group; D – mannitol 
isotonic group; the significance level of the mean difference was 0.05.

Table 4. General statistical description of cell apoptosis under different 
conditions was detected using flow cytometry

Groups Median (25–75% 
quartile)

Lower 
95% CI

Upper 
95% CI

Q2 + Q3

HMC 2.6 (2.515–2.645) 2.51 2.77

Hypoglycemia group 3.86 (3.77–3.87) 3.84 4.04

Hyperglycemia group 16.04 (16.03–16.55) 15.02 16.06

Mannitol isotonic group 3.41 (3.37–3.525) 3.18 3.49

Q4

HMC 93 (92.75–93.55) 91.9 93.5

Hypoglycemia group 93.2 (92.4–93.25) 93.1 94.8

Hyperglycemia group 79 (78.55–79.4) 78.2 79.9

Mannitol isotonic group 93.8 (93.25–94) 93.4 94.9

All tested variables were expressed as medians with interquartile 
ranges (IQRs) (25th–75th percentiles). Bootstrap medians 95% confidence 
intervals (95% CI) were reported in the table; Q2 and Q3 – apoptotic cells; 
Q4 – living cells; HMC – human mesangial cells.

Table 1. General statistical description of 5-ethynyl-2-deoxyuridine (EdU) 
cell proliferation tests

Group Median (25–75% 
quartile)

Lower 
95% CI

Upper 
95% CI

Number of proliferating cells

HMC 463 (514.5–416.75) 399 523.38

Hypoglycemic group 512.5 (525.25–462.25) 399 618.5

Hyperglycemic group 141 (163.25–130) 113 156.433

Mannitol isotonic group 444.5 (513.25–411.75) 348.175 529.5

Total number of cells

HMC 948.5 (1008.5–881.75) 831 1089.528

Hypoglycemic group 1019.5 (1055.5–938.5) 908.5 1199

Hyperglycemic group 912 (969.5–860.5) 828 1047.5

Mannitol isotonic group 920.5 (954.5–808.5) 862.5 1129.151

Proliferation rate

HMC 50.5 (53.5–47.5) 45.027 57.5

Hypoglycemic group 50 (51.75–48.25) 47 54

Hyperglycemic group 17.5 (19.75–13.75) 15 22

Mannitol isotonic group 51.5 (53–47) 48.5 58

All tested variables were expressed as medians with interquartile ranges 
(IQRs) (25th–75th percentiles). Bootstrap medians 95% confidence intervals 
(95% CIs) were reported in the table; EdU – 5-ethynyl-2-deoxyuridine; 
HMC – human mesangial cells.
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The contents of Col4, HA and LA in cells 
were detected with ELISA

The main elements of ECM were detected using ELISA 
and displayed in Fig. 6. In the hyperglycemic group, the lev-
els of IV collagen fiber (Col4), hyaluronic acid (HA) and 
laminin (LA) were significantly higher compared to those 
in the HMC, hypoglycemic and mannitol isotonic groups. 
The levels were as follows: 18.65 (17.04–19.43) ng/mL, 89.17 

Table 5. Nonparametric test results of apoptosis test

Variables Statistics p-value df

Q2 8.929 0.030 3

Q3 9.462 0.024 3

Q4 6.897 0.075 3

Q2 + Q3 10.385 0.016 3

The Kruskal–Wallis test was used. df – degrees of freedom; Q2 and Q3 
– apoptotic cells; Q4 – living cells; the significance level of the mean 
difference was 0.05.

Table 6. Multiple comparison of apoptotic cells post hoc analysis

Variables Comparison Statistic p-value p-value 
adjustment

Q4

A–B 0.226 0.821 1

A–C 1.925 0.054 0.325

B–C 1.698 0.089 0.537

A–D –0.566 0.571 1

B–D –0.793 0.428 1

C–D –2.491 0.013 0.076

Q2 + Q3

A–B –2.038 0.042 0.249

A–C –3.057 0.002 0.013

B–C –1.019 0.308 1

A–D –1.019 0.308 1

B–D 1.019 0.308 1

C–D 2.038 0.042 0.249

Multiple comparisons were detected with Dunn’s test and p-values 
were adjusted using the Bonferroni correction; A – HMC (human 
mesangial cells); B – hypoglycemic group; C – hyperglycemic group; 
D – mannitol isotonic group; Q2 and Q3 – apoptotic cells; Q4 – living cells; 
the significance level of the mean difference was 0.05.

Fig. 2. Cell apoptosis under 
different conditions was 
detected with flow cytometry. 
A. Human mesangial cells 
(HMC); B. Hypoglycemic 
group; C. Hyperglycemic 
group; D. Mannitol isotonic 
group; Q1 – cell debris; 
Q2 and Q3 – apoptotic cells; 
Q4 – living cells.  The proportion 
of apoptotic cells in groups A, B 
and D were 2.6% (2.52–2.65%), 
3.86% (3.77–3.87%) and 3.41% 
(3.37–3.53%), respectively, 
which was significantly lower 
than that in group C: 16.04% 
(16.03–16.55%). The survival rates 
of cells in group C was the lowest 
and amounted to 79.0% 
(78.55–79.4%). Compared 
with group A, the number 
of apoptotic cells in group C was 
statistically significant (p = 0.013)
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Fig. 3. GFP-RFP-LC3 labeled autophagy flow. A. Human mesangial cells (HMC); B. Hypoglycemic group; C. Hyperglycemic group; D. Mannitol isotonic group; 
E. Rapamycin group. Yellow spots represent autophagosomes and red spots represent autolysosomes. Group C had the least number of autolysosomes, 
while groups A, B, D and E had more autolysosomes than group C, among which group E had the most autolysosomes
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Fig. 4. The expression levels of LC3-
II, LC3-I and P62 in mesangial 
cells were detected with western 
blotting; A – human mesangial cells 
(HMC); B – hypoglycemic group; 
C – hyperglycemic group; D – mannitol 
isotonic group; E – rapamycin group;  
GAPDH – control group. In group C, 
the expression of autophagy marker LC3 
was the lowest, while the expression 
of LC3-I and P62 was the highest, but 
they had no difference in groups A, B, D, 
and E.

Fig. 5. Expression levels of LC3-II/LC3-I ratio and P62 in cells were detected with western blotting. Point means the raw data values and black lines mean 
median of each group. The Kruskal–Wallis test was applied to test differences between 5 compared group. Multiple comparisons were detected with 
Dunn’s test and p-values were adjusted using the Bonferroni correction. In the hyperglycemic group, the LC3-II/LC3-I ratio was lower, P62 was increased, 
but in the rapamycin group, the expression of LC3-II/LC3-I ratio and P62 was different compared to hyperglycemic group

*hyperglycemic group was significantly different from rapamycin group; p-values of 0.03 and 0.01, respectively.

Fig. 6. The levels of type IV collagen fiber (Col4), hyaluronic acid (HA) and laminin (LA) in cells were detected with enzyme-linked immunosorbent assay 
(ELISA). Points mean the raw data values and black lines mean median of each group. The Kruskal–Wallis test was used to test differences between 
5 compared group. Multiple comparisons were detected with Dunn’s test, and p-values were adjusted using Bonferroni correction

* human mesangial cells (HMC) group was significantly different from hyperglycemic group.
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(87.73–93.23) ng/mL and 56.71 (47.76–74.76) ng/mL, re-
spectively. Compared to the HMC group, there was a sig-
nificant difference in Col4 and LA levels with p-values 
of 0.035 and 0.012, respectively. Upon the addition of ra-
pamycin, the hyperglycemic group demonstrated a signifi-
cant decrease in the levels of Col4, HA and LA, although 
no statistical significance was observed, as  indicated 
in Table 10. The nonparametric test results and post hoc 
analysis are presented in Table 11 and Table 12. Under 
hyperglycemic conditions, the concentrations of Col4, 
HA and LA were significantly elevated in comparison 
to the other groups (represented by the hyperglycemic 
group as compared to HMC; p < 0.05). Although there was 

Table 10.  Type IV collagen fiber (Col4), hyaluronic acid (HA) and laminin 
(LA) contents of cells in different states were detected using enzyme-
linked immunosorbent assay (ELISA)

Group Median (25–75% 
quartile)

Lower 
95% Cl

Upper 
95% CI

Col4

HMC 6.94 (7.165–6.69) 6.49 7.44

Hypoglycemic group 7.69 (7.81–7.395) 7.45 8.28

Hyperglycemic group 18.65 (19.425–17.035) 17.1 21.88

Mannitol isotonic group 7.37 (7.575–7.165) 6.96 7.78

Rapamycin group 15 (15.495–14.325) 14.01 16.35

HA

HMC 58.3 (58.875–56.395) 57.15 62.11

Hypoglycemic group 59.04 (60.37–57.645) 56.38 61.83

Hyperglycemic group 89.17 (93.255–87.73) 81 92.05

Mannitol isotonic group 56.38 (58.695–56.15) 51.75 56.84

Rapamycin group 77.44 (81.095–75.375) 70.13 81.57

LA

HMC 11.46 (11.83–11.14) 10.72 12.1

Hypoglycemic group 16.16 (18.06–15.225) 12.36 18.03

Hyperglycemic group 56.71 (74.76–47.76) 20.61 74.61

Mannitol isotonic group 14.59 (18.48–13.965) 6.81 15.84

Rapamycin group 35.89 (37.35–32.635) 32.97 42.4

All tested variables were expressed as medians with interquartile ranges 
(IQRs) (25th–75th percentiles). Bootstrap medians 95% confidence intervals 
(95% CIs) were reported in the table. HMC – human mesangial cells.

Table 8. Nonparametric test results of LC3-II/LC3-I and P62 in western 
blotting detection

Variables Statistics p-value df

P62 12.122 0.016 4

LC3 9.325 0.053 4

The Kruskal–Wallis test was used. The significance level of the mean 
difference was 0.05; df – degrees of freedom.

Table. 9. Expression levels of LC3-II/LC3-I and P62 in western blotting 
multiple comparisons post hoc analysis

Variables Comparison Statistics p-value p-value 
adjustment

P62

A–B –0.822 0.411 1

A–C –2.284 0.022 0.224

B–C –1.462 0.144 1

A–D –1.096 0.273 1

B–D –0.274 0.784 1

C–D 1.188 0.235 1

A–E 1.005 0.315 1

B–E 1.827 0.068 0.676

C–E 3.289 0.001 0.010

D–E 2.101 0.036 0.356

LC3-II/LC3-I

A–B 0.732 0.464 1

A–C 2.149 0.032 0.316

B–C 1.417 0.156 1

A–D 0.412 0.681 1

B–D –0.320 0.749 1

C–D –1.736 0.082 0.823

A–E –0.777 0.437 1

B–E –1.509 0.131 1

C–E –2.926 0.003 0.034

D–E –1.189 0.234 1

Multiple comparisons were detected with Dunn’s test and p-values were 
adjusted using the Bonferroni correction; A – HMC (human mesangial 
cells); B – hypoglycemic group; C – hyperglycemic group; D – mannitol 
isotonic group; E – rapamycin group. The significance level of the mean 
difference was 0.05.

Table 7. General statistical description of western blotting detection of p62 and LC3-II/LC3-I

Group
P62 LC3-II/LC3-I

median  
(25–75% quartile) lower 95% CI upper 95% CI median  

(25–75% quartile) lower 95% CI upper 95% CI

HMC 0.63 (0.645–0.63) 0.6 0.63 1.71 (1.725–1.6) 1.68 1.93

Hypoglycemic group 0.69 (0.705–0.665) 0.66 0.74 1.42 (1.58–1.385) 1.1 1.49

Hyperglycemic group 0.98 (1.005–0.95) 0.93 1.04 0.53 (0.575–0.495) 0.44 0.6

Mannitol isotonic group 0.71 (0.76–0.68) 0.61 0.77 1.62 (1.655–1.58) 1.55 1.7

Rapamycin group 0.38 (0.39–0.375) 0.36 0.39 2.21 (2.21–1.945) 2.21 2.74

All tested variables were expressed as medians with interquartile ranges (IQRs) (25th–75th percentiles). Bootstrap medians 95% confidence intervals (95% CIs) 
were reported in the table. HMC – human mesangial cells.
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no significant difference between the rapamycin group and 
the hyperglycemic group, the concentrations of Col4, HA 
and LA were significantly reduced in the rapamycin group.

Discussion

Diabetic nephropathy has become the  predominant 
cause of chronic kidney disease (CKD) in China.2 Under 
high glucose conditions, mesangial cells experience ab-
normal proliferation, resulting in the secretion and depo-
sition of a considerable amount of ECM in the mesangial 
region.3 Furthermore, high-glucose conditions also im-
pair autophagy activity in glomerular and renal tubular 
cells.4–6 An inhibition of such activity reduces ECM deg-
radation and facilitates DN progression. In many studies 
on the mechanism of mesangial cells and matrix prolif-
eration, autophagy in mesangial cells has received little 
consideration.7

Autophagy is an intracellular self-degradation process 
that degrades and recycles misfolded proteins and dam-
aged organelles to maintain cell homeostasis.8,9 This pro-
cess is realized through the transport of cytoskeletal mi-
crotubule network system, and its molecular mechanism 
involves essential proteins, such as LAMP1, LAMP2, Rab7, 
and UVRAG.10 The mTOR signaling pathway is the main 
regulatory pathway of autophagy.11 It contains at  least 
2 protein complexes with different functions: mTORC 1 
and mTORC 2.12,13 Of these, mTORC 1, that is a rapamycin 
sensitive protein complex, is one of the main regulatory 
factors controlling the activity of ULK1 complex. It can 
modulate autophagy by phosphorylating and dephosphory-
lating related components within the ULK1 complex, spe-
cifically ULK1 and Atg13.

This study aimed to elucidate the impact of high-glu-
cose condition on HMC. The 5-ethynyl-2-deoxyuridine 
is a nucleoside analogue of thymine (T) and an effective 
replacement for T in replicating DNA during cell prolif-
eration. The green fluorescence of newly proliferated cells 
is observed under a fluorescence microscope after staining 
with Azide 488, with excitation wavelength falling be-
tween 495–519 nm. After performing DNA staining with 
Hoechst 33342, all cells emit blue fluorescence at an ex-
citation wavelength of 346–460 nm, including newly pro-
liferated cells and previously undivided proliferated cells. 
The results of EdU cell proliferation experiment showed 
that the number of nuclei and cell proliferation in hy-
perglycemic group were significantly reduced compared 
with the other 3 groups (912.0 (860.5–969.5) and 141.0 
(130–163.25, respectively),  and the proliferation rate was 
the lowest: 17.5 (13.75–19.75).

The flow cytometry results indicated that the percentage 
of mesangial cell apoptosis was 16.04% (16.03–16.55%) un-
der high-glucose conditions, surpassing that of the other 
groups. The high-glucose conditions significantly affected 
cell survival rates, while the proliferation rate and apop-
tosis number of cells in the mannitol isotonic group did 
not differ significantly from those in the HMC group. This 
finding further demonstrates that high-glucose conditions 
or its glucose metabolites can impede cell proliferation and 
promote cell apoptosis, but this effect is unaffected by high 

Table 12. Type IV collagen fiber (Col4), hyaluronic acid (HA) and laminin 
(LA) multiple comparisons post hoc analysis

Variables Comparison Statistics p-value p-value 
adjustment

Col4

A–B –1.004 0.315 1

A–C –2.921 0.003 0.035

B–C –1.917 0.055 0.552

A–D –0.639 0.523 1

B–D 0.365 0.715 1

C–D 2.282 0.022 0.225

A–E –2.282 0.022 0.225

B–E –1.278 0.201 1

C–E 0.639 0.523 1

D–E –1.643 0.100 1

HA

A–B –0.456 0.648 1

A–C –2.647 0.008 0.081

B–C –2.191 0.028 0.284

A–D –0.091 0.927 1

B–D 0.365 0.715 1

C–D 2.556 0.011 0.106

A–E –1.826 0.068 0.679

B–E –1.369 0.171 1

C–E 0.822 0.411 1

D–E –1.734 0.082 0.828

LA

A–B –1.279 0.201 1

A–C –3.244 0.001 0.012

B–C –1.964 0.0495 0.495

A–D –1.188 0.235 1

B–D 0.091 0.927 1

C–D 2.056 0.040 0.398

A–E –2.512 0.012 0.120

B–E –1.233 0.217 1

C–E 0.731 0.465 1

D–E –1.325 0.185 1

Multiple comparisons were detected with Dunn’s test and p-values were 
adjusted using the Bonferroni correction; A – HMC (human mesangial 
cells); B – hypoglycemic group; C – hyperglycemic group; D – mannitol 
isotonic group; E – rapamycin group; the significance level of the mean 
difference was 0.05.

Table 11. Nonparametric test results of type IV collagen fiber (Col4), 
hyaluronic acid (HA) and laminin (LA) 

Variables Statistics p-value df

Col4 11.567 0.021 4

HA 11.033 0.026 4

LA 12.714 0.013 4

The Kruskal–Wallis test was used. The significance level of the mean 
difference was 0.05; df – degrees of freedom.
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osmotic state. Second, this study confirmed that high-
glucose conditions inhibited HMC proliferation and au-
tophagy activity. Autophagy flow detection can determine 
autophagy state. Changes in autophagy flow are primarily 
monitored using GFP–RFP–LC3 tandem fluorescent pro-
tein labeling, which has sensitivity different to lysosomal 
acidic microenvironment.14

The strength of autophagy can be assessed through red 
and yellow fluorescence intensity. This study utilized a GFP–
RFP–LC3-labeled autophagy flow experiment to demon-
strate that the hyperglycemic group had significantly di-
minished autolysosome count compared to the HMC group, 
indicating subdued autophagy activity. Previous research 
has demonstrated that inhibition of autophagy exacerbates 
oxidative damage in cells. Damaged and aging organelles 
and macromolecules within cells may not be eliminated 
in a timely manner, resulting in their accumulation and 
worsening of cellular damage, aging, and eventual promo-
tion of cell apoptosis. This process could potentially be one 
of the mechanisms behind the development of DN.15–17

LC3 and P62 are proteins commonly used as markers 
for autophagy, reflecting both its expression and intensity. 
LC3 is found in 2 forms, LC3-I and LC3-II. Initially, Atg4 
cleaves the precursor LC3 to produce LC3-I, which later, 
under the activation of Atg7, generates its membrane bind-
ing form (LC3-II), which locates at autophagosome and 
autolysosome membranes18. The changes in LC3-II protein 
content can offer insight into the changes in autophagic 
structures, such as autophagosomes and autolysosome.19

P62, a protein that binds to ubiquitin, is essential for 
autophagy and serves as a selective autophagy receptor that 
links LC3 to the ubiquitinated substrate targeted for deg-
radation.20 Western blotting analysis revealed that the ex-
pression of LC3-II was significantly lower in the hypergly-
cemic group compared to the HMC group. Additionally, 
the LC3-II/LC3-I ratio was reduced, while P62 expression 
levels were elevated, strongly indicating that hyperglycemia 
significantly inhibits cellular autophagy activity.

Under high-glucose conditions, inhibition of autophagy 
decreases ECM degradation, resulting in an ECM syn-
thesis and degradation imbalance. This leads to the accu-
mulation of ECM components such as Col4, HA and LA 
in the mesangial region of the kidney. Significant increases 
in Col4, HA and LA contents were observed in the hyper-
glycemic group compared to other groups.

Rapamycin is a known inducer of autophagy. The study 
revealed that the addition of rapamycin into the HMC 
of the hyperglycemic group resulted in a significant in-
crease in  the  expression of  LC3-II compared to  other 
groups. Additionally, the expression of LC3-I and P62 de-
creased significantly, indicating that rapamycin could ac-
tivate inhibited autophagy. The levels of Col4, HA and LA 
of ECM components were reduced in the rapamycin group, 
as confirmed with ELISA. This indicates that after autoph-
agy was activated, the accumulation of ECM decreased 
significantly, leading to an improvement in the condition. 

Nonetheless, no statistical difference was observed be-
tween the rapamycin group and the hyperglycemic group, 
which may be due to the small sample size.

Limitations

The study had a small sample size and an imperfect test 
grouping. At the outset, the rapamycin group did not un-
dergo cell proliferation or apoptosis tests, and the ELISA 
test did not yield statistically significant differences in HA, 
resulting in poor persuasiveness. Additionally, no experi-
ments were conducted to verify rapamycin’s autophagy 
induction effect.

Conclusions

Autophagy activity of glomerular mesangial cells is sig-
nificantly inhibited under high-glucose conditions, but ra-
pamycin can induce cell autophagy, improve cellular meta-
bolic processes, and reduce mesangial cell proliferation 
and matrix hyperplasia, thereby inhibiting the progression 
of DN. This provides a theoretical basis for the clinical 
application of rapamycin in DN treatment.
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Abstract
Orthodontic treatment is often mandatory to improve the patient’s health condition. However, the fixed 
appliance can create additional plaque retention areas, which can increase the risk of caries development. 
Clinically, one can observe various effects of fixed appliance treatment on caries prevalence. This study aims 
to analyze to what extent orthodontic therapy with fixed appliances is a risk factor for developing caries 
in pediatric and adult patients. The keywords used in the search strategy were as follows: (“caries” AND 
“caries risk” AND “caries experience” AND” “orthodontic treatment” OR “fixed appliance” “) and (“caries 
experience” AND “orthodontic treatment”).
From 808 potential articles, 15 were included in the review. In individuals undergoing fixed orthodontic 
therapy, several factors can increase the risk of caries during fixed orthodontic treatment, such as salivary 
composition, oral dysbiosis and plaque accumulation. On the other hand, factors that reduce caries risk are, 
i.e., oral hygiene self-awareness and previous orthodontic treatment. In most studies which used the Decayed, 
Missing, and Filled Teeth (DMFT) index, there were no significant differences between the values obtained 
before orthodontic treatment and after the treatment. Moreover, it is easier for a patient with aligned teeth 
to remove plaque.
In the young population, fixed orthodontic treatment appears to reduce the incidence of caries. In the adult 
population, fixed orthodontic treatment increases the risk of dental caries. However, education on proper oral 
hygiene during orthodontic treatment can reduce the risk of dental caries. The study protocol was registered 
in the PROSPERO database (PROSPERO CRD42022356628).

Key words: risk factor, prophylaxis, orthodontics, caries, fixed appliances
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Introduction

Caries is a multifactorial disease affecting the tooth’s 
hard tissues, resulting from the demineralization of enamel 
and dentin. Even today, it  is one of  the most common 
diseases, especially in the pediatric population.1 In addi-
tion to the well-known factors that can affect the promo-
tion of demineralization of the tooth’s hard tissues, such 
as the presence of bacteria,2 the presence of a substrate for 
bacterial metabolism (carbohydrates),3 host susceptibil-
ity,3,4 and time,2,3 many patients undertake orthodontic 
treatment, especially to resolve functional and/or cosmetic 
problems, which can cause psychosocial distress and affect 
their quality of life and self-esteem.5,6 Therefore, orthodon-
tic treatment is often mandatory to improve the patient’s 
health condition. However, fixed appliances can create 
additional plaque retention areas, which can cause various 
spots of demineralization around the bracket.7 Initially, 
the carious lesion is reversible, without loss of substance, 
devoid of painful symptomatology, and presents clinically 
on the enamel as a chalky-white area of decalcification 
called a white spot. Although it is a non-cavitated lesion, 
if not diagnosed and treated with an appropriate preven-
tion plan, it can further progress and turn into an irrevers-
ible cavitated lesion, which requires invasive treatment.8 
Clinically, one can observe various effects of fixed appli-
ance treatment on the prevalence of caries. The factors that 
may influence the occurrence and progression of caries 
are: patient’s hygiene and dietary habits, patient’s coopera-
tion with both the orthodontist and dental hygienist, and 
self-awareness.9 Therefore, an interesting question arises: 
How does orthodontic treatment affects the prevalence 
of caries?

Objectives

This study aims to analyze to what extent orthodontic 
therapy with fixed appliances is a risk factor for developing 
caries in growing and adult patients.

Materials and methods

Search strategy

The  study protocol was registered after the  screen-
ing phase in  the  PROSPERO database (PROSPERO 
CRD42022356628). The review process was conducted 
in  accordance with the  Preferred Reporting Items for 
Systematic reviews and Meta-Analyses (PRISMA) state-
ment10,11 and PRISMA reporting guidelines.10,11 Literature 
searches of  free text and MeSH terms were conducted 
using MEDLINE (PubMed) and Google Scholar (2000 
to 2022). All searches were conducted using a combina-
tion of thematic titles and accessible text terms. The final 

search strategy was determined through several pre-se-
lections. The keywords used in the search strategy were 
as follows: (“caries” AND “caries risk” AND “caries experi-
ence” AND” “orthodontic treatment” OR “fixed appliance” 
“) and (“caries experience” AND “orthodontic treatment”). 
The search string presented here refers to the MEDLINE 
(PubMed) search engine. The search strings associated 
with the search engines used in this systematic review 
are shown in Fig. 1. The PICO (Problem/Population, In-
tervention, Comparison, Outcome) question was: How 
does orthodontic treatment with fixed appliances influ-
ence the risk of caries?12

Inclusion criteria

The following inclusion criteria were applied for this 
systematic review: clinical studies on growing and adult 
subjects with fixed orthodontic therapy. The following 
were the exclusion criteria: 1) in vitro studies, 2) animal 
studies, 3) randomized clinical trials (RCTs), and 4) case-
control studies. There was no language restriction applied.

Data extraction

After retrieving the results from the search engines 
to create a database, the duplicates were removed. Litera-
ture was selected following the inclusion criteria by read-
ing the titles and abstracts by 2 authors (SP and MM). 
The full text of each identified article was then read to de-
termine if it was suitable for inclusion. Whenever a dis-
agreement occurred, it was resolved by the study supervi-
sor (AN). Data were sought regarding the changes in care 
experience before and after therapy with fixed orthodontic 
appliances. The authors extracted the values regarding 
caries severity and dental hygiene from the papers in-
cluded to find the ones that were used in most of the stud-
ies and thus could be compared. The Cohen’s K coefficient 
for the agreement between the authors in study selections 
indicates a high agreement between the authors, as it was 
equal to 0.98. Authorship, year of publication, type of each 
eligible study, and the main results regarding the caries oc-
currence were extracted by one author (SP) and examined 
by another author (MM). The data sought were different 
oral hygiene and caries prevalence indices which reflect 
changes that would promote the development of caries.

Quality assessment

According to  the  PRISMA statement,11 the  assess-
ment of methodological quality indicates the strength 
of the evidence provided by the study, as methodologi-
cal flaws can cause bias. The Newcastle-Ottawa Scale 
(NOS) has been used for quality assessments of cohort, 
case-control, and cross-sectional studies. Each study type 
has its own, specific criteria. This scale has 7 items and 
a maximum of 10 stars in cases involving cross-sectional 
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studies, and 9 in cases involving cohort studies can be 
distributed. In the cohort studies spreadsheet, the qual-
ity of the selection of groups under study (4 questions), 
comparability of the groups (1 question) and outcomes 
of interest (2 questions) are assessed. Up to 5 stars can be 
given to the selection section, a maximum of 2 for compa-
rability, and 3 stars for the outcome of interest section.13 
In the cross-sectional studies spreadsheet, there are 3 main 
categories: selection (5 questions and 5 stars maximum), 
comparability (1 question and 2 stars maximum) and out-
come (2 questions and 3 stars maximum).14 The Jadad 
scale was used to assess the quality of RCTs. There are 
5 questions, and the first 3 are characterized by a binary 
response (yes = 1 point; no = 0 points), and cover details 
on the randomization of subjects, description of patients 
and operator blinding, and description of the proportion 
of subjects lost to follow-up. One point will be subtracted 
or added from the total of the first 3 questions for each 
of these questions on the appropriateness of randomiza-
tion and double-blinding. This procedure provides a total 
score ranging from 0 to 5, where 0 indicates a low-quality 
study and 5 indicates the highest possible quality. A study 
is considered good quality when it scores at least 3.15

Results

Search results

A systematic literature review was conducted for studies 
published from 2010 to 2022. The search strategy identified 
808 potential articles from PubMed and Google Scholar. 
After the removal of duplicates, 538 articles were analyzed.

Afterward, 201  articles were excluded because they 
were not relevant to the topic, author debates, lack of ef-
fective statistical analysis, case reports, incomplete studies, 
reviews, and in vitro studies. Of the remaining 337 ar-
ticles, 322 were excluded because they were not relevant 
to the full-text analysis. The remaining 15 articles were 
included in the review, and are represented in Table 1. 
Figure 1 presents the search strategy and the final number 
of studies included.

Extracted data

The data extracted from the included articles are pre-
sented as follows: authors, year, location, study setting, 
number of  subjects studied, duration of  therapy, and 

Fig. 1. Preferred Reporting Items for 
Systematic reviews and Meta-Analyses 
(PRISMA) 2020 flow diagram

1 search string “caries 
experience”[AII Fields] AND “orthodontic 
treatment”[AII Fields] 
2 search string: “caries” AND “caries 
risk” AND “caries experience” AND” 
“orthodontic treatment” OR “fixed 
appliance” “ 
3 because not relevant to the subject, 
author’s debates, lack of effective 
statistical analysis, case reports, 
incomplete studies, reviews, in-vitro 
studies 
4 because not relevant to the full-text 
analysis

Records identified from:
Databases:
PubMed (Medline)1,
Google Scholar2

(n = 808)

Records removed 
before screening:
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indices used. Table 1 presents the summary of data pro-
vided from the included studies.

The included studies were published between 2010 and 
2022 and were conducted in North America (n = 2), South 
America (n = 1), Asia (n = 7), Europe (n = 4), and Australia 
and Oceania (n = 1). Thirteen studies were conducted at uni-
versities, 3 in hospitals (1 both at a university and in a hospi-
tal), and 1 of them was partially conducted in private practice.

The total number of subjects examined was 23,943, with 
an average of 1,596 subjects per study. The total number 
of growing subjects was a clear minority of the total, n = 1,633 
(6.8%). The total number of adult subjects was 22,310 (93.2%). 
The average age of the total number of subjects examined 
was 20.15. The average age of growing subjects was 13.37, 
while the average age of adult subjects was 33.7. The average 
duration of orthodontic therapy was approx. 23 months.

The indices used to detect caries were Decayed Teeth (DT), 
Filled Teeth (FT), Decayed Surfaces (DS), Filled Surfaces (FS), 
Decayed and Filled Teeth (DFT), Nyvad, Decayed, Missing 
and Filled Teeth (DMFT), Decayed and Filled Surfaces (DFS), 
Decayed, Missing and Filled Surfaces (DMFS), and White 
Spot Lesions (WSL) indices. In addition, periodontal indices 
such as gingival index (GI) and plaque index (PI) were also 
used. The main outcomes included in studies were mean 
DMFT in growing subjects before therapy, mean DMFT 
in growing subjects after therapy, mean DMFT in adult 
participants before therapy, and mean DMFT in adult sub-
jects after therapy. In summary, the DMFT index was used 
on a total of 13,503 patients and in a total of 15 studies.

No specific information was provided regarding the type 
of brackets used, except for in the study conducted by San-
pei et al.30

Quality assessment

The evaluation of the RCT with the use of the Jadad scale 
is presented in Table 2. Moreover, the cohort and cross-
sectional studies were evaluated with the use of the cor-
responding type of NOS, as presented in Table 3,4.

From the conducted risk of bias assessment, it could be 
stated that a RCT is of low quality, while 4 cohort stud-
ies are of high quality and 4 others of medium quality. 
All cross-sectional studies are of high quality.

Discussion

Influence of fixed orthodontic therapy 
on the prevalence of caries

This systematic review sought to comprehensively show 
the available evidence on caries risk during fixed orthodon-
tic therapy in the growing and adult population.

In growing patients undergoing fixed orthodontic treat-
ment, Cardoso et al.17 showed that salivary composition 
plays an essential role in the development of active carious Ta
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lesions, and with proper composition monitoring, it is pos-
sible to accurately assess the risk of caries development. 
Moreover, results from the by Morgenstern et al.24 showed 
that fixed orthodontic appliances could lead to dysbiosis, 
and those alterations in the oral microbiome are corre-
lated with the development of caries. This relates directly 
to  the  results of  the  research by  Lucchese et  al.27 and 
Tufekci et al.29 Both of them found that fixed orthodontic 
appliances are a risk factor for plaque accumulation and 
the development of white spots. Both studies also proved 

that white spot lesions form primarily at the beginning 
of treatment (in the first 6 months), and their formation 
rate significantly decreases after this time. The distribu-
tion of white spot lesions is not equal, and a small percent-
age of patients in the study groups suffered from a large 
number of them on many teeth.

The study conducted by Enerbäck et al.22 shows that 
the risk of caries during orthodontic treatment is signifi-
cantly increased due to the increased number of cariogenic 
bacteria. However, the regular use of toothpaste with a high 
fluoride content (5000 ppm F) or a mouth rinse containing 
0.2% NaF together with standard toothpaste (1450 ppm) 
on a daily basis significantly reduces the risk of caries de-
velopment. What is more, a study by Zabokova-Bilbilova 
et al.19 found that the introduction of professional fluo-
ride-containing prophylaxis, as the only additional fluo-
ride agent besides standard toothbrushing, did not cause 
a significant protective effect in subjected patients. Thus, 
professional application of fluoride, during follow-up visits 
only, does not protect the patient from lesion formation.

Another important factor is  the  type of  orthodon-
tic equipment applied by the clinician. Elastic ligatures 
showed a significantly lower susceptibility to plaque adhe-
sion, in comparison to the stainless steel in the metallic lig-
atures.31 Elastic ligatures, on the other hand, occupy more 
space around the bracket, therefore requiring the patient 

Table 2. randomized controlled trial (RCT) evaluation using the Jadad scale

Jadad scale for reporting randomized controlled trials

Author Enerbäck et al.22

1) Is the study described 
as randomized?

*

2) Is the study described as double 
blind?

–

3) Is there a description 
of withdrawals and dropouts?

1 point

4) Is the method of randomization 
appropriate?

1 point

5) Is the method of blinding 
appropriate?

–

Total score 2

Table 3. Evaluation of cohort studies 

Newcastle-Ottawa quality 
assessment scale cohort studies

Authors

Alsulaiman 
and 

Brennann16 
2021

Cardoso 
et al.17 
2020 

Doğramacı21 
2019

Almosa 
et al.23 
2018

Morgenstern 
et al.24 2018

Karabekiroğlu 
et al.25 2017

Chen 
and 

Zhou26 
2015

Sanpei 
et al.30 
2010

Selection: 
(max. 4 stars)

1) Representativeness 
of the exposed 

cohort
* * * * – * * *

2) Selection 
of the non-exposed 

cohort
* * * * – * * *

3) Ascertainment 
of exposure

* * * * * * * *

4) Demonstration that 
outcome of interest 

was not present 
at start of study

– – – – – * – –

Comparability: 
(max. 2 stars)

5) Comparability 
of cohorts 

on the basis 
of the design 

or analysis

* * * * * * * *

Outcome: 
(max. 3 stars)

6) Assessment 
of outcome**

* * * * * * * *

7) Was follow-up long 
enough for outcomes 

to occur
* * * * * * * *

8) Adequacy of follow 
up of cohorts

* * – * * – – –

Total score 7 7 6 7 5 7 6 6
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to cooperate reasonably and not avoid follow-up visits. For 
this reason, in a number of studies, greater amounts of mi-
croorganisms are found in patients with elastic ligatures 
than in those who have arches fixed with metal ligatures.32 
Therefore, it can be deduced that the type of ligature ap-
plied should be appropriately selected for patients accord-
ing to their compliance. In addition, it is important to note 
that an orthodontic band would hold bacterial plaque more 
quickly than a bracket, which should also be taken into 
account when planning the placement of the appliance.33

Phenomena observed in growing patients

The  clinical outcomes of  the  experience of  caries 
in the growing patient are not unequivocal; in fact, Chen 
and Zhou26 observed a decrease in  interproximal car-
ies in patients undergoing fixed orthodontic treatment. 
However, Sanpei et al.30 did not find a significant change 
in  DMFT during the  treatment, but an  accumulation 
of lactobacilli, which is considered a risk factor for car-
ies. In both cases, there was a lack of analysis of potential 
confounding factors, such as the degree of crowding prior 
to orthodontic fixed treatment, or subjective factors, such 
as individual caries risk assessment on a genetic and expo-
somal basis. Therefore, it is not possible to draw a definitive 
conclusion on the relationship between fixed appliances 
and variation in caries experience in growing patients.

Phenomena observed in adult patients

In the study carried out by Choi,18 it was shown that orth-
odontic treatment is considered a risk factor for dental car-
ies since fixed orthodontic appliances increase the surface 

area on which plaque can adhere. Moreover, the irregular 
shape of the brackets makes it almost impossible to re-
move the plaque altogether. Thus, oral hygiene education 
during orthodontic treatment is vital to reduce the risk 
of caries. According to Doğramacı et al.,21 orthodontic 
treatment is not considered a risk factor for dental car-
ies in the long term. Furthermore, a relationship between 
DMFT and orthodontic treatment has not been found. 
The study by Alsulaiman and Brennann16 found that pa-
tients who have already undergone orthodontic treatment 
have better hygiene habits, which reduces the risk of caries. 
What is more, it is easier to remove plaque with properly 
aligned teeth.

Limitations

From the risk of bias assessment, it can be stated that 
the results from the studies included are more than likely 
to translate into actual clinical conditions. The limitation 
of this study is the fact that there was a limited number 
of RCTs and time restriction for article search. The other 
problem is the fact that factors that appear to be most 
important – patient cooperation and hygiene – are purely 
behavioral. Therefore, it should be underlined that the pa-
tients included in this study may behave differently than 
the ones clinicians are cooperating with on an everyday 
basis.

Summary

The studies included convey a distinct message. In most 
studies in which DMFT was used to assess caries risk, 
there were no significant differences between the value 

Table 4. Evaluation of cross-sectional studies 

Newcastle-Ottawa Scale adapted 
for cross-sectional studies

Authors

Choi18 2020
Zabokova-

Bilbilova 
et al.19 2020

Baeshen 
et al.20 2019

Lucchese and 
Gherlone27 

2013

Borzabadi-
Farahani 

et al.28 2011

Tufekci et al.29 
2011

Selection
(max. 5 stars)

1) Representativeness 
of the sample

* * * * * *

2) Sample size * * * * * *

3) Non-respondents  *  *  *

4) Ascertainment 
of the exposure (risk 

factor)
* * * * * *

Comparability 
(max. 2 stars)

5) The subjects 
in different outcome 

groups are comparable, 
based on the study 
design or analysis. 

Confounding factors are 
controlled.

* * * * * *

Outcome
(max. 3 stars)

6) Assessment 
of the outcome**

** ** ** ** ** **

7) Statistical test * * * * * *

Total score 7 8 7 8 7 8



I. Duś-Ilnicka et al. Fixed orthodontic appliances and caries risk1160

obtained before orthodontic treatment and the  post-
treatment value. Although orthodontic therapy with fixed 
appliances is commonly associated with the  incidence 
of caries, the crucial factor is proper dental hygiene, which, 
when adequately maintained by the patient, can exclude 
the  formation of any carious lesions during that time. 
Doctors and hygienists must constantly support, remind, 
and encourage proper hygiene practices so that the pa-
tient gets through the orthodontic treatment unaffected. 
From the recent study on the hygiene status of patients 
undergoing orthodontic treatment, it is known that this 
applies to all kinds of orthodontic therapy and removable 
appliances, e.g., aligners.34

Conclusions

Based on the results of this systematic review, it can be 
concluded that several factors can increase the risk of car-
ies during fixed orthodontic treatment, such as salivary 
composition, oral dysbiosis and plaque accumulation. 
It was not possible to establish a direct correlation between 
the fixed multi-bracket appliance and caries experience 
in the developmental patient, whereas this is confirmed 
in the adult patient. Therefore, both age groups need to be 
addressed to reduce the causative factors of caries risk dur-
ing treatment, with the benefit of making patients more 
aware of the importance of biofilm removal, even after 
the conclusion of fixed therapy.
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Abstract
Background. Acid sphingomyelinase deficiency (ASMD) is an autosomal recessive lysosomal storage disease 
(LSD) associated with biallelic pathogenic variants in the sphingomyelin phosphodiesterase 1 (SMPD1) gene.

Objectives. The aim of this study was to provide the 2024 update on chronic visceral and neurovisceral 
ASMD diagnosed in the infancy/childhood in Polish patients.

Materials and methods. All the patients diagnosed in the pediatric age (0–18 years) with ASMD, both 
chronic neurovisceral and visceral type, and then systematically followed up, were enrolled into the study.

Results. A total number of 7 patients were enrolled into the study. Four patients were previously reported. 
Two patients were newly recognized with ASMD – 1 with chronic visceral and 1 with chronic neurovisceral 
ASMD. Splenomegaly was noted in all the patients while a mild liver enlargement was observed in 4 of 7 pa-
tients. All patients presented with decreased high-density lipoprotein cholesterol (HDL-C) and decreased 
serum 25-hydroxy-vitamin D concentration while almost all (6 of 7) with hypercholesterolemia. Cherry-red 
spot was observed in 5 of 7 patients, including 1 patient with neurovisceral type. Seven various SMPD1 gene 
variants were identified and missense variants were the most common types of genetic lesions, comprising 
71% of all alleles. In all the screened patients, lyso-sphingomyelin (lyso-SM) in dried blood spot (DBS) was 
found elevated; however, the greater values were observed for patients with chronic neurovisceral type.

Conclusions. Chronic acid sphingomyelinase deficiency (ASMD) is a slowly progressive disease. Pediatric 
ASMD is characterized by spleno-hepatomegaly, dyslipidemia (with decreased HDL-C as the most character-
istic) and infiltrative (interstitial) lung disease. Both visceral and neurovisceral chronic ASMD patients could 
present with cherry-red spot. Both acid spingomyelinase activity and lyso-spingomyelin concentration in DBS 
should be regarded as a first-tier screening method into ASMD.

Key words: children, lysosomal storage disease, acid sphingomyelinase deficiency, lyso-spingomyelin, 
dried blood spot
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Background

Acid sphingomyelinase deficiency (ASMD), due to bial-
lelic pathogenic variants in the sphingomyelin phosphodi-
esterase 1 (SMPD1) gene (MIM *607608), is an autosomal 
recessive lysosomal storage disease (LSD) associated with 
accumulation of lysosomal sphingomyelin.1

The original Niemann–Pick type A (MIM # 257200) 
disease is currently classified as the infantile neurovisceral 
ASMD, while Niemann–Pick type B (# 607616) disease 
is referred to as the chronic visceral type, and Niemann–
Pick type A/B as the chronic neurovisceral type.2,3 In-
fantile neurovisceral ASMD constitutes a neuronopathic 
(neurodegenerative), rapidly progressing, and fatal disor-
der while chronic visceral ASMD is a non-neuronopathic, 
slowly progressive and visceral disorder.2,3 Infants with 
neurovisceral ASMD typically present with delayed psy-
chomotor development followed by its regression (clini-
cally noted in the 2nd 6 months of life). Neurological fea-
tures are accompanied by massive hepatosplenomegaly, 
failure to thrive, and recurrent respiratory tract infections. 
Patients with visceral ASMD do not present neurological 
features, but the somatic phenotype is very heterogeneous. 
The most common signs and symptoms include hepato-
splenomegaly (sometimes associated with thrombocyto-
penia), elevated serum transaminases (mildly-to-moder-
ately), dyslipidemia, and interstitial lung disease (based 
on radiological features). An intermediate neurological 
phenotype (slowly progressive neurological disease) with 
somatic (visceral) manifestations similar to type B, under-
lines the chronic neurovisceral ASMD.2–4 In this group 
of ASMD patients, the onset of neurological symptoms 
occurs later in life than in patients with infantile neuro-
visceral form, but is usually noted in childhood. The most 
commonly reported symptoms include a mild hypotonia 
and/or hyporeflexia.

In December 2020, enzyme replacement therapy (ERT) 
with recombinant human ASM (olipudase alfa) was ap-
proved by  the European Medicines Agency (EMA) for 
the  treatment of  the  non-neurological manifestations 
of ASMD.5 Enzyme replacement therapy has become avail-
able in Poland since April 2024 (as part of a drug program 
financed by the National Health Fund). The eligibility 
criteria for children with ASMD in the drug program, 
in addition to those included in the EMA registration, 
include the need for a spleen volume that is at least 5 times 
the normal volume as measured by a magnetic resonance 
imaging (MRI) scan.

Objectives

In 2018, we published a single-center study compris-
ing 16 patients (both children and adults) with chronic 
visceral ASMD (formerly known as Niemann–Pick type 
B) who were diagnosed and followed up at the Children’s 

Memorial Health Institute (Warsaw, Poland).6 Since then, 
several novel patients, including 2 children, have been diag-
nosed. In April 2024, an enzyme replacement therapy with 
olipudase alfa became available for patients with ASMD 
in Poland.

The aim of this study was to provide the 2024 update 
on chronic visceral and neurovisceral ASMD diagnosed 
in the infancy/childhood in Polish patients.

Patients and methods

Study design, setting and participants

All the  patients diagnosed in  the  pediatric age (0–
18 years) with ASMD, both chronic neurovisceral and 
visceral type, and then systematically followed up, were 
enrolled into the  study. A  retrospective chart review 
of the patients’ medical records was performed.

Variables: ASM activity, SMPD1 gene 
sequencing and biomarkers

Acid sphingomyelinase deficiency was diagnosed 
through the  demonstration of  reduced ASM activity 
in peripheral blood leukocytes or dried blood spot (DBS) 
and confirmed by  identification of SMPD1 pathogenic 
variants. Acid sphingomyelinase activity in  leukocytes 
was measured with the 2-N-hexadecanoylamino-4-ni-
trophenylphosphorylcholine as a substrate.7 Chitotrio-
sidase (ChT) activity was measured in plasma samples 
using a spectrofluorometric method as presented by Hol-
lak et al.8 Dried blood spot tests were performed as sug-
gested by the producer (ARCHIMED Life Science GmbH, 
Vienna, Austria). ARCHIMEDlife laboratory has been 
certified with ISO 15189 (Medical Laboratory* – Clinical 
Chemistry to Genetics), ISO 9000 (Quality Management 
System), ISO 13485 (Medical Devices – IVD Development 
and Production) and GLP-lab certificate fully integrated 
for clinical studies. According to the laboratory informa-
tion, the sample was analyzed as previously described.9

Results

A total number of 7 patients (3 men and 4 women) were 
enrolled into the study. The characteristics of individual 
patients are presented in Table 1. Four patients were previ-
ously reported.6 Two patients were newly recognized with 
ASMD – 1 with chronic visceral type (Patient (Pt) 3) and 
1 with chronic neurovisceral type (Pt 2). The last patient 
(Pt 6) was not previously (2018 year) reported due to a di-
agnosis of chronic neurovisceral type of ASMD.

Three patients from 1 family were of Romani descent 
(currently living in foster care) and were diagnosed through 
family screening (at 12 months, 1.5 years and 5 years of age, 
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respectively) – 2 older brothers had died (the primary cause 
of death was not related to ASMD).6 Four other patients 
were of Polish origin and were diagnosed at 12 months, 
2.5 years, 5 years, and 3 years of age, respectively. Six 
of the 7 patients underwent routine clinical evaluation. 
Follow-up of the study patients ranged from 1 to 42 years.

On the basis on clinical and molecular characteristics, 
the chronic visceral type of ASMD was diagnosed in 5 pa-
tients, while 2 others (Pt 2 and Pt 6) were diagnosed with 
chronic neurovisceral ASMD. Patient 2 presented with 
a slightly delayed psychomotor development and based 
on genetic results – 2 SMPD1 variants (in-trans): c.748A>C 
(p.Ser250Arg) and c. c.1092-1G>C associated with Nie-
mann–Pick type A disease (Table 2). Patient 6 presented 
with psychomotor regression since the age of 3 years and 
developed epilepsy at the age of 6–7 years. He was found 
to be a homozygote for c.880C>A (p.Gln294Lys) variant 
associated with the intermediate type.

Splenomegaly was noted in all the patients, while a mild 
liver enlargement was observed in 4 of 7 patients at the time 
of ASMD diagnosis. A gradual enlargement of both organs, 
spleen and liver, was observed during clinical monitor-
ing (Table 1). Elevated serum aspartate aminotransferase 
(AST) was observed in 6 of 7 patients while elevated se-
rum alanine aminotransferase (ALT) was observed in 3 
of 7 patients at the time of diagnosis. The value of serum 
transaminases was found to be several-fold above the up-
per limit of normal values (Table 1). A decrease (to nor-
malization) of serum transaminases was observed during 
follow-up.

Only 1 patient (Pt 2 with chronic neurovisceral type) 
presented with thrombocytopenia (defined as platelets 
below 150,000/µL) at  the time of diagnosis. Two other 
patients (Pt 6 with chronic neurovisceral type and Pt 7 
with chronic visceral type) developed thrombocytopenia 
at the age of 10 years and 35 years, respectively.

Table 1. Clinical, biochemical and molecular characteristics of the study patients
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1
Hmz;

c.880C>A, 
p.Gln294Lys

5 490.8 620 100 110 161 48 18 175 123 27 125 24

2
c.748A>C, 

p.Ser250Arg/
c.1092-1G>C, p.?

1 294.9 960 80 110 121 212 160 235 149 19 331 24

2 813.5 1080 125 165 118 130 150 210 125 17 288 15

3
Hmz;

c.1177T>G, 
p.Trp393Gly

1 n.a. 36 50 85 255 160 138 220 130 20 350 n.a.

3 n.a. 2048 110 130 300 49 46 208 140 21 230 17

5 279 1540 130 180 236 44 32 213 156 20 182 22

4
Hmz;

c.1177T>G, 
p.Trp393Gly

1.5 n.a. n.a. 110 90 330 1,200 580 186 120 9 300 36

3 n.a. 488 120 115 230 470 370 206 138 18 250 24

8 367 360 150 210 153 46 30 219 158 17 220 9

5
Hmz;

c.1177T>G, 
p.Trp393Gly

5 n.a. 296 100 120 256 77 65 243 145 45 270 12

13 303 n.a. 160 150 259 95 25 220 160 39 106 18

15 378 n.a. 190 180 238 37 23 192 120 34 191 10

6

c.880C>A, 
p.Gln294Lys/

c.1758_1786del, 
p.Ala597Profs*7

2.5 n.a. 2000 135 165 191 57 17 121 93 13 75 21

6 n.a. 3500 150 190 162 64 35 128 87 18 113 21

10 756 n.a. 160 200 97 42 39 150 90 17 124 17

7

c.581dup,
p.Ala195Serfs*14/
c.1829_1831del,

p.Arg610del

3 n.a. n.a.
10 cm below 
costal margin

5 cm below 
costal margin

222 38 20 253 n.a. n.a. 242 n.a.

13 n.a. n.a.
8 cm below 

costal margin
10 cm below 
costal margin

240 35 30 270 n.a. n.a. 220 n.a.

20 n.a. 908 145 165 180 20 22 n.a. 186 n.a. 162 n.a.

35 n.a. n.a. 150 180 138 25 30 235 205 20 195 n.a.

45  309 n.a. 180 180 127 35 30 278 194 25 298 13.4

n.a. – not analyzed; hmz – homozygote; ChT – chitotriosidase; AST – aspartate aminotransferase; ALT – alanine aminotransferase; LDL-C – low-density 
lipoprotein cholesterol; HDL-C – high-density lipoprotein cholesterol; TC – total cholesterol; TG – triglicerides.
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Elevated total serum cholesterol and LDL choles-
terol as well as  triglycerides were noted in 6 of 7 pa-
tients, while decreased HDL cholesterol was observed 
in all patients. Decreased serum 25-hydroxyvitamin 
D  concentrations were also observed in  all patients 
(Table 1). Cherry-red spot was described in 5 of 7 pa-
tients at the time of ASMD diagnosis, including 1 patient 
with neurovisceral type.

All patients were diagnosed with interstitial lung disease 
by chest X-ray or computed tomography (CT). Except for 
frequent respiratory tract infections in infancy/early child-
hood reported in all patients, no clinical consequences 
(normal spirometry in all 3 diagnosed patients) of pulmo-
nary macrophage involvement in childhood/adolescence 
were observed. The last patient (Pt 7), who was followed 
for almost 42 years, was diagnosed with restrictive lung 
disease at 20 years of age.

Data on  ASM activity were available for all (7) pa-
tients (5 in peripheral blood leukocytes and 2 in DBS). 
In case of 1 patient (Pt 6), ASM activity in  leukocytes 
was found normal; however, due to strong clinical sus-
picion (and excluding Gaucher disease; GD), the  final 
diagnosis of ASMD was established by molecular analysis 
of the SMPD1 gene. This patient was found to be hetero-
zygous for Q292K SMPD1 variant (and deletion on the 2nd 
allele). Seven various SMPD1 gene variants (Table 2) were 
identified in the study group, and missense variants were 
the most common types of genetic lesions, comprising 
71% of all alleles.

At the time of diagnosis, the lyso-sphingomyelin (lyso-
SM) value in DBS was available only for 2 patients, while 
6 patients underwent follow-up assessment (Table 1). In all 
patients with ASMD, lyso-SM was found elevated, however, 
the greater values were observed in patients with chronic 
neurovisceral type.

Chitotriosidase activity in serum was available for all 
6 patients, however, in 4 of  them subsequent analyses 
were performed. It decreased in 2 of them and increased 
in 2 others (neurovisceral type).

Discussion

The paper described the 2024 update on ASMD in Po-
land from pediatric perspective. It provides a clinical, bio-
chemical and molecular characteristics of 7 Polish patients 
with chronic visceral and neurovisceral ASMD who were 
diagnosed in the infancy/childhood and systematically 
followed up.

With the growing awareness of rare diseases, including  
inherited metabolic diseases (IMD), and the greater avail-
ability of diagnostic methods, including routine assess-
ment of lyso-spingolipids as biomarkers in LSD, but most 
importantly next-generation sequencing (NGS) technol-
ogy, new patients with known diseases and novel diseases 
are being discovered.10 Only last year (2023), 2 pediatric 
patients with chronic ASMD were diagnosed in Poland. 
This is of great importance in the context of enzyme re-
placement therapy that has only recently become available 
in Poland.

The clinical and biochemical features of the presented 
cohort of pediatric patients with ASMD are consistent 
with those reported in the literature. Children with ASMD 
typically present with hepatosplenomegaly accompanied 
by elevated serum transaminases, dyslipidemia and radio-
logical features of interstitial lung disease.

Based on the data presented and those from the litera-
ture, we recommend that all children with splenomeg-
aly (with or without hepatomegaly) of unknown cause 
should undergo ASM analysis. Thrombocytopenia was 
not a frequent abnormality in chronic ASMD as opposed 
to GD, in which it is usually found in almost all patients.11 
The characteristic feature of pediatric patients with ASMD, 
especially in infancy and early childhood, is elevated se-
rum transaminases activity, with a tendency to normalize 
in older children. The exact cause of normalization of se-
rum transaminases is not known; however, progression 
to hepatic fibrosis is observed in the natural history of liver 
disease in ASMD.12 Dyslipidemia was also found to be 
a unique biochemical feature of chronic ASMD; however, 
the similar pattern is observed in lysosomal acid lipase 

Table 2. SMPD1 variants in the study group according to ClinVar

SMPD1 variant Molecular consequence Protein change Condition

c.1177T>G missense variant p.Trp393Gly Niemann–Pick disease, type B

c.880C>A missense variant p.Gln294Lys
Niemann–Pick disease, intermediate, 

protracted neurovisceral

c.1092-1G>C splice acceptor Non applicable Niemann–Pick disease, type A

c.1785_1786del frameshift variant p.Ala597fs Niemann–Pick disease, type A

c.748A>C missense variant p.Ser250Arg Niemann–Pick disease, type A

c.581dup frameshift variant p.Ala195Serfs*14
Niemann–Pick disease, type A; 
Niemann–Pick disease, type B

c.1829_1831del inframe deletion p.Arg610del Niemann–Pick disease, type B
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deficiency.11,13 A quite interesting abnormality was a de-
creased 25-hydroxy-vitamin D level found in all patients 
with ASMD. It  is a well-known phenomenon observed 
in GD patients (and other LSD), with no exact explana-
tion.14 Radiographic evidence of infiltrative (interstitial) 
lung disease was noted in all children with chronic ASMD. 
Besides frequent respiratory tract infections in early child-
hood, no other clinical symptoms of pulmonary disease 
were observed in childhood/adolescence. However, based 
on  the  long-term follow-up of  1  study patient (child), 
there is a risk for restrictive lung disease development 
in adulthood.

The  presence of  macular cherry-red spot was noted 
in both visceral and neurovisceral chronic ASMD patients. 
This observation is noteworthy since it was believed that 
the presence of cherry-red spot is associated with a neu-
rological phenotype.15

The gold standard in the diagnosis of ASMD was (and 
still is) a method based on measuring acid sphingomyelin-
ase (ASM) activity in peripheral blood leukocytes followed 
by SMPD1 gene sequencing. Recently, a DBS test is in com-
mon use, utilizing the same diagnostic protocol with ad-
dition of  biomarkers (lyso-sphingolipids) assessment.9 
In 2010, lyso-glucosylceramide (lyso-Gb1), a newly intro-
duced biomarker, was expected to provide breakthrough 
into GD field.16 An alternative metabolic pathway favored 
in state of β-glucocerebrosidase deficiency has been identi-
fied, where loads of Gb1 undergo deacylation due to an acid 
ceramidase activity, producing glucosylsphingosine (lyso-
Gb1). The quantification of a de-acylated form of sphingo-
myelin (lyso-SM) and its carboxylated counterpart (lyso-
SM-509) has been shown extremely useful in the diagnosis 
and monitoring of patients with ASMD and Niemann–Pick 
disease type C (NPC).17–19 The combined determination 
of both, lyso-SM and lyso-SM509 allowed the discrimina-
tion of ASMD from NPC, as ASMD patients having ele-
vated levels mainly of lyso-SM, while both ASMD and NPC 
patients exhibit elevated levels of lysoSM-509.20 However, 
some adults with attenuated chronic ASMD could present 
with normal lyso-SM but elevated lyso-SM509 (personal 
observation). Thus, both these biomarkers should be rou-
tinely used as a screening method for ASMD. Unfortu-
nately, lyso-SM509 analysis is not available in Poland, while 
lyso-SM analysis has been used routinely for about 1 year. 
Despite the small number of patients and multiple assess-
ments of lyso-SM, there is a noticeable difference between 
chronic visceral and neurovisceral ASMD patients, with 
the latter having higher lyso-SM levels.

Increased levels of  ChT activity have been reported 
in several LSD, especially high for GD, due to macrophage 
activation.21–23 Mildly elevated ChT activity could be ob-
served in chronic ASMD patients, as presented in our 
study. This biomarker should not be forgotten due to novel 
biomarkers development, especially lyso-SM.

 The method of  collecting and assessing ChT activ-
ity is relatively simple and remained the same for over 

20 years, which guarantees comparability of results be-
tween years.23 For these reasons, it  is  justly considered 
as a useful tool for clinical practice and management of GD 
patients and probably for ASMD.

Limitations

The study was limited by its retrospective nature and 
a relatively small number of patients, but given the rarity 
of ASMD, the paper is important in the field of inherited 
metabolic diseases.

Conclusions

1.  Chronic ASMD is a slowly progressive disease.
2.  Pediatric ASMD is characterized by spleno-hepa-

tomegaly, dyslipidemia (with decreased HDL cholesterol 
as the most characteristic) and infiltrative (interstitial) lung 
disease. Both visceral and neurovisceral chronic ASMD 
patients may present with cherry-red spot.

3.  Both acid spingomyelinase activity and lyso-SM con-
centration in DBS should be regarded as a first-tier screen-
ing method for ASMD.
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