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Abstract
Keratin biomaterials, derived from natural sources, offer a promising, biocompatible solution for wound healing 
and tissue regeneration, though further clinical studies are needed to confirm their efficacy.
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Introduction

Impaired wound healing is a major medical problem, 
especially in diabetic patients. Among the numerous com-
plications of diabetes, wound healing disorders are par-
ticularly noteworthy, severely impacting patients’ quality 
of life and placing a considerable burden on healthcare re-
sources.1,2 Researchers worldwide are seeking new strategies 
for wound care, especially in diabetic conditions. Consider-
ing this, several natural biomaterials, including keratin, silk, 
chitosan, alginate, and collagen, have emerged as promising 
candidates due to their biomedical properties.3–6 Among 
these, keratin-based biomaterials have emerged as prom-
ising candidates due to their biocompatibility, biodegrad-
ability and ability to promote cell growth.3,4,7,8

This editorial compiles insights from various preclinical 
and clinical studies on the use of keratin-based biomateri-
als for wound healing.

The biological effects 
and role of keratin

Keratins, a group of insoluble fiber-forming proteins, 
are found mainly in  some vertebrate epithelial cells. 
It  is formed through the copolymerization of 19 amino 
acids at the basic structural level.9 Keratin is rich in cyste-
ine (17.5%), serine (11.7%), glutamic acid (11.1%), threonine 
(6.9%), glycine (6.5%), arginine (5.6%) and proline (5.6%), 
but with low levels of lysine, histidine and methionine, with 
tryptophan barely present.10 Keratin can be divided into 
2 main types based on its molecular structure: α-keratin 
and β-keratin. α-keratin is  mainly found in  mammals 
and is a basic component of structures such as wool, hair, 
nails, hooves, and horns.11 It has a helical (spiral) structure 
made up of α-helixes and is known for its elasticity and 
strength. On the other hand, β-keratin is found in reptiles 
and birds, including in feathers, beaks, claws, and scales.12 
Its β-sheet structure makes it stiffer and stronger than 
α-keratin. Additionally, keratins can be categorized as soft 
or hard based on their physical properties and sulfur con-
tent. Hard keratins are more rigid due to their higher sulfur 

levels.12 Furthermore, keratins are proteins that form a pro-
tective layer for the epidermal appendages, thus playing 
an essential role in protection. Keratin genes account for 
the majority of intermediate filament genes in the human 
genome, forming the 2 largest groups of sequence homol-
ogy: type I keratins (also known as acidic keratins, com-
prising KRT9–KRT40), and type II keratins (also known 
as neutral-base keratins, comprising KRT1–KRT8).7,13–16

Activated keratinocytes produce both types of kera-
tin, which are encoded by 54 evolutionarily conserved 
genes: 28 type I and 26 type II. These genes are expressed 
in tightly regulated pairs, depending on tissue type, cel-
lular differentiation and physiological context.15,16 The spe-
cific combinations of keratin monomers vary depending 
on the epidermal layer. For example, the KRT14-KRT5 
pair is  expressed mainly in  the  basal layer of  the  epi-
dermis, while the KRT10-KRT1 pair is more abundant 
in the suprabasal layers of the epidermis.17 Following in-
jury, stressed keratinocytes rapidly induce the de novo 
transcription of KRT16/17-KRT6. This is usually limited 
to the cells of the epidermis in smooth skin, the oral mu-
cosa and several appendages.18,19 KRT16/KRT17-KRT6 
keratin pairs play a key role in wound healing. In the first 
few hours after injury, their expression is significantly in-
creased. At the same time, a decrease in KRT10-KRT1 
expression is observed. This change promotes keratino-
cyte proliferation over keratinocyte differentiation, thus 
facilitating rapid reepithelialization.19,20 Studies using null 
mice have shown that a deficiency in KRT6a/KRT6b leads 
to fragile skin, imbalanced keratinocyte stability and de-
fective wound healing. This is due to disrupted KRT6/
KRT16 heteropolymer formation and reduced SRC kinase 
inhibition.21–23 In case of KRT-17, it has been demonstrated 
that KRT-17 null keratinocytes are reduced in size and 
demonstrate a decreased protein translation rate, which 
correlates with reduced mTOR/AKT signaling and directly 
influences keratinocyte proliferation.24

Keratin and keratin-based biomaterials gain much at-
tention in the biomaterials world due to their interest-
ing set of properties, including excellent biocompatibility, 
biodegradability, bioactivity, and minimal immunogenic 
response (Fig. 1).7,25,26 In addition, these materials present 

Highlights
	• Keratin biomaterials accelerate wound healing and tissue regeneration, with preclinical studies confirming their 
safety and effectiveness.

	• Natural keratin dressings deliver superior biocompatibility and biodegradability, positioning them as leading 
candidates in regenerative medicine.

	• Keratin-based therapies enhance chronic wound repair, especially for diabetic ulcers, radiation dermatitis, and 
epidermolysis bullosa.

	• Large-scale clinical trials are needed to validate keratin biomaterials’ therapeutic efficacy, translating promising 
preclinical results into patient care.
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a hydrophilic surface, which is not commonly found in syn-
thetic polymers.27 Moreover, keratin-based biomaterials 
derived from wool and hair have been shown to facilitate 
cellular attachment, due to the presence of cell-binding 
motifs, including glutamic acid–aspartic acid–serine 
(EDS), arginine–glycine–aspartic acid (RGD), and leucine–
aspartic acid–valine (LDV) residues.28–31 On the other 
hand, the presence of RGD-binding residues acts as a bind-
ing motif for proteins such as fibronectin and fibrinogen. 
There are also studies describing the antibacterial and he-
mostatic properties of keratin biomaterials.32–36 The afore-
mentioned properties enable scientists to create various 
types of wound-healing materials that support the healing 
process.

Preclinical study

Naturally derived biomaterials, such as keratin, have 
recently garnered significant attention in dermatology and 
regenerative medicine. Researchers commonly use soluble 
or insoluble forms of keratin biomaterials as wound dress-
ings in preclinical studies involving various animal mod-
els of wound healing. They have also used keratin-based 

biomaterials to create hydrogels, films, nanofibers, and 
scaffolds as wound dressings in wound care.35,37–39

Jelodari et al.40 examined keratin-based hydrogel dressing 
and its impact on delivering LL-37 antimicrobial peptide 
using full-thickness rat wounds. The L-KO25:KN75 hy-
drogel, a 25:75% ratio of keratose/kerateine, demonstrated 
significant human dermal fibroblast proliferation (~85% 
on day 7) and high adhesion (~90 cells per high-power 
field). It promoted enhanced migration with nearly com-
plete wound closure within 24 h in a “scratch assay”. Mi-
crobiological examination showed effective antibacterial 
activity against Escherichia coli and Streprococcus aureus, 
reducing bacterial growth by over 70%. In vivo studies 
in Wistar rats indicated superior wound healing (~80% 
on day 14, >98% on day 21), outperforming other hydro-
gels. Histological analysis revealed increased angiogen-
esis, collagen deposition and skin regeneration. Increased 
mRNA expression of vascular endothelial growth factor 
(VEGF) and interleukin 6 (IL-6) further supported wound 
healing. The results summarize that LL-37-loaded keratin 
hydrogels can promote wound healing by enhancing tissue 
regeneration and reducing bacterial infections.

Han et  al.38 also investigated a  hydrogel composed 
of  strontium ranelate-loaded human hair keratin and 

Fig. 1. Summary information on keratin materials. Created in BioRender. Konop, M. (2025). Available at: https://BioRender.com/nkugl2s

https://BioRender.com/nkugl2s
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hyaluronic acid, utilized as a wound dressing in a full-
thickness skin defect model in Sprague Dawley rats. In vi-
tro examination revealed that incorporating strontium 
ranelate (SrR) into a hydrogel formulation significantly 
mitigated oxidative stress in murine fibroblasts (L929) and 
augmented the anti-inflammatory response in lipopoly-
saccharide-stimulated RAW264.7 macrophages. In vivo 
analyses further demonstrated that, relative to controls, 
the K/HA/0.5 mM SrR-treated group exhibited marked re-
ductions in reactive oxygen species (ROS), IL-6 and tumor 
necrosis factor alpha (TNF-α), to 31.6%, 39.7%, and 61.1% 
of control levels, respectively. Moreover, in a full-thickness 
dermal wound defect model, the K/HA/0.5 mM SrR hy-
drogel significantly promoted wound closure by reducing 
oxidative injury, attenuating the inflammatory response 
and enhancing microangiogenesis.

Wang et al.41 explored the wound-healing potential and 
biocompatibility of a hydrogel derived from chicken feather 
keratin. The hydrogel, created through the cross-linking 
of keratin with H2O2, demonstrated a high porosity range 
of 77–82% and exhibited solid-like rheological properties, 
particularly at a concentration of 20%. The full-thickness 
wound model in Sprague Dawley rats demonstrated accel-
erated wound closure (~90% by day 10 vs ~60% in controls). 
Complete reepithelialization was achieved within 21 days 
after injury. Histological examination showed enhanced 
collagen deposition and neovascularization in  treated 
wounds. Subcutaneous implantation of hydrogel revealed 
no systemic toxicity, organ damage or inflammatory re-
sponse. The hydrogel degraded fully within 4 weeks. In con-
clusion, these findings suggest that feather keratin hydrogel 
could be used as a bio-dressing to speed up wound healing.

Zhang et al.42 developed and examined a novel bilayer 
wound dressing composed of poly(L-lactate-caprolactone) 
(PLCL) nanofibrous and keratin hydrogels, loaded with 
FGF-2 using a  low-pressure filtration-assisted method. 
The  keratin hydrogel mimicked the  dermis with high 
porosity and a swelling ratio (874.09%), while the PLCL 
nanofibers simulated the epidermis due to their toughness 
and flexibility. In vitro examination using L929 cell line 
confirmed the biocompatibility and non-toxicity of the pre-
pared dressing. In vivo studies on a full-thickness wound 
model in Sprague Dawley rats demonstrated accelerated 
wound healing in FGF-2-loaded dressings, with significantly 
higher re-epithelialization, collagen deposition, hair follicle 
regeneration, and angiogenesis compared to the control 
site (p < 0.05). The study concluded that the PLCL/ker-
atin-FGF-2 bilayer dressing is a promising candidate for 
advanced wound care and tissue engineering applications.

In another study, Sun et al.43 investigated a keratin-based 
hydrogel incorporating basic fibroblast growth factor (bFGF) 
for diabetic wound healing in a full-thickness skin defect 
model in type II diabetic rats. In vitro studies using L929 
fibroblasts showed that the K31/bFGF hydrogel enhanced cell 
viability and migration compared to controls. In vivo applica-
tion of the hydrogel significantly accelerated wound closure, 

with the K31/bFGF-treated group exhibiting improved heal-
ing rates by days 7 and 14 (p < 0.001), greater epidermal thick-
ness, increased neovascularization, and more abundant skin 
appendages. Mechanistically, the hydrogel promoted epithe-
lial–mesenchymal transition via upregulation of vimentin 
and downregulation of E-cadherin, and activated the PI3K/
Akt signaling pathway. These findings suggest that the K31/
bFGF hydrogel is a biocompatible and effective wound dress-
ing for enhancing diabetic wound repair.

Chen et al.44 created a glucose-triggered, in situ keratin 
hydrogel to treat diabetic wounds by employing a glucose 
oxidase-catalyzed disulfide shuffling approach. In vitro 
evaluations showed improved mechanical characteristics, 
low cytotoxicity using uman umbilical vein endothelial 
cells (HUVECs) and L929 mouse fibroblast cell line. In vivo 
experiments on streptozotocin-induced diabetic Sprague 
Dawley rats showed that the keratin-deferoxamine (DFO) 
hydrogel significantly accelerated wound closure on days 9 
and 15 (p < 0.01). Moreover, keratin-DFO hydrogel facili-
tated reepithelialization, increased epidermal thickness 
and increased collagen formation/deposition. Additionally, 
immunofluorescence and immunohistochemical analyses 
indicated elevated angiogenesis through increased CD31 
and VEGF labelling. In conclusion, the results obtained 
confirm that the keratin-DFO hydrogel is biocompatible, 
promotes the formation of new vessels and accelerates 
diabetic wound healing.

Khaliq et al.45 examined multifunctional hydrogel mem-
branes made from keratin-pullulan-polyvinyl alcohol (KR-
PL-PVA) and infused with cefotaxime sodium (CTX) for 
diabetic wound healing. In vitro cytotoxicity assays per-
formed using NIH3T3 fibroblast cells confirmed high 
biocompatibility, with cell viability exceeding 95%. In vivo 
experiments conducted on streptozotocin-induced dia-
betic rats revealed notably faster wound healing rates, with 
the CTX-KR-PL-PVA group achieving 89% wound closure 
by day 14 and over 99% by day 21 (p < 0.05). Histological 
evaluations showed improved reepithelialization, dense col-
lagen formation, developed skin appendages, and reduced 
inflammation. These findings suggest that CTX-infused 
KR-PL-PVA membranes are effective, biocompatible wound 
dressings demonstrating strong antibacterial properties 
and significant potential for diabetic wound treatment.

Mirhaj et al.46 prepared and examined mupirocin-loaded 
core-shell nanofibers using Pluronic F127, pectin, and kera-
tin as an advanced wound dressing material. In vitro assays 
demonstrated that the sustained release of mupirocin from 
the core-shell fibers significantly improved human kerati-
nocyte viability and proliferation compared to blended fi-
bers, while also enhancing angiogenic activity in the CAM 
assay. In vivo tests using a full-thickness wound model 
in Wistar rats showed that wounds treated with the core-
shell dressing achieved a 97.66% closure rate by day 14, 
significantly outperforming other formulations (p < 0.05). 
Histopathological and immunohistochemical examina-
tion confirmed accelerated reepithelialization, increased 
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skin appendage formation and greater collagen deposition 
and vascularization. In conclusion, the F127-Mup/Pec-Kr 
core-shell nanofibers exhibit excellent biocompatibility, 
antibacterial efficacy and enhanced regenerative prop-
erties, suggesting strong potential as an effective wound 
dressing for chronic and ischemic wounds.

Radu et al.47 prepared and tested bacterial cellulose-
keratin scaffolds, with and without adipose tissue-derived 
stem cells, as potential dressings for burn wounds. In vitro 
cytocompatibility tests using adipose tissue-derived stem 
cells showed increased cell viability (115%) after 72 h, in-
dicating enhanced cell proliferation and biocompatibility. 
In vivo experiments on burn wounds in rabbits showed 
favorable healing progress at days 7, 14 and 21 after trans-
plantation. In particular, wounds treated with the keratin-
bacteria-cellulose scaffold with stem cells showed reduced 
inflammation, earlier regeneration of blood vessels and 
connective tissue, and more advanced re-epithelialization 
by day 21. In conclusion, the keratin-bacteria-cellulose 
scaffold promotes cell growth, accelerates tissue regen-
eration and significantly improves wound healing. More-
over, it  is a promising dressing for treating burns when 
combined with stem cells.

Konop et  al. examined keratin scaffolds as  a wound 
dressing in healthy and diabetic conditions.5,19,26,35 They 
showed that fur keratin-derived powder (FKDP) supports 
cell proliferation and migration. Moreover, they modi-
fied the obtained FKDP with antibacterial (AgNP)35, anti-
inflammatory (butyrate)19 and analgesic substances (ca-
somorphin).48 In vivo experiments showed that wounds 
treated with different FKDP-wound dressings healed 
significantly faster than control wounds. Moreover, they 
found that the obtained variants of FKDP were naturally 
incorporated into regenerated tissue and exhibited tissue 
biocompatibility and biodegradability. Immunofluores-
cence examination revealed that in all wounds treated 
with the examined dressing, M2 macrophages were pre-
dominant.19,48 This group’s results showed the possible 
use of insoluble fractions of keratin biomaterials as wound 
dressings in clinical settings.

Rybka et al.5 examined keratin scaffolds containing bi-
phalin as a potential wound dressing in a full-thickness 
wound model in diabetic mice. In vitro examination us-
ing NIH/3T3 cells showed increased cell viability and up-
regulation of p-AKT/mTOR signaling. In vivo experiments 
on diabetic C57BL/6J mice demonstrated that wounds 
treated with the keratin-biphalin dressing healed faster 
on days 5 and 15 post-surgery (p < 0.05), showing improved 
reepithel-ialization, thicker epidermis and enhanced mac-
rophage infiltration. In conclusion, keratin-biphaline fibers 
are biocompatible, promote cell growth and significantly 
accelerate wound healing, indicating their promising prop-
erties as a natural dressing for diabetic wounds. In another 
study Rybka et al.25 examined keratin scaffolds containing 
trimethylamine N-oxide (TMAO) as a wound dressing 
in diabetic rats. They showed that keratin-TMAO wound 

dressing is safe, non-toxic and biocompatible in vitro and 
in vivo. In vivo examination showed that treated wounds 
healed significantly faster on days 4, 7, 14, and 21 post-in-
jury (p < 0.05). Immunofluorescence and histopathological 
examinations showed that in dressed wounds predomi-
nant M2 macrophages, which are responsible for faster 
wound healing. Furthermore, the study revealed in vitro 
an enhanced activation of the PI3K/AKT/mTOR pathway, 
as indicated by a 2.6-fold increase in p-RPS6 expression 
(p < 0.05), which functions as a surrogate marker for the ac-
tivation of the PI3K/AKT/mTOR pathway.

Clinical study

The clinical application of wound dressings made from 
keratin protein is still in development; however, the litera-
ture does contain single studies that employ these dressings 
in clinical practice. As mentioned below, the introduction 
of keratin dressings has had a positive effect on the healing 
of wounds of various etiologies.

Than et al.49 investigated the use of keratin-based wound 
dressings in treating recalcitrant vascular wounds. This 
study presents 3 cases of patients with venous, arterial 
or mixed ulcers that had not healed with standard treat-
ments, including compression therapy and traditional 
wound dressings. Each patient was treated with different 
formats of keratin dressings based on the wound’s character-
istics (Keraderm gel – for dry wounds, matrix for moderately 
exuding wounds and Kerafoam for highly exuding wounds). 
Results showed successful healing in all three cases, with 
complete wound closure occurring within 10–30 weeks. 
The study suggests that keratin-based wound dressings 
promote epithelialization, improve wound healing rates, 
and provide a new option for managing chronic wounds.

In another study, Than et al. 50 investigated keratin hy-
drogel – Keragel® (Keraplast Technologies LLC, San An-
tonio, USA) in treating an 11-year-old girl suffering from 
recessive dystrophic epidermolysis bullosa (RDEB). They 
applied Keragel® to the neck daily for 3 months, which 
resulted in stronger, more resilient skin, reduced blister-
ing and effective wound healing. The patient no longer 
needed secondary dressings, greatly improving comfort, 
appearance and quality of life.

In another study, Kirsner et al.51 used Keragel® (Ker-
aplast Technologies, San Antonio, USA) to treat infant 
patient who experienced severe blistering, particularly 
on the hands and feet. Initially, the keratin-based dressing 
was applied only to one hand and one foot, while standard 
care was continued on the other hand and foot as a con-
trol. The study showed significant improvements in wound 
healing and skin strength, as well as reduced blister forma-
tion in the treated areas. Based on these promising results, 
treatment was extended to both hands and feet, leading 
to further improvements and eliminating the need for non-
adherent silicone-based primary dressings.
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Paulsen and Bygum52 evaluated the use of a keratin-
based gel – Keragel® (Keraplast Technologies LLC, Christ-
church, New Zealand) as an adjuvant therapy for recalci-
trant pyoderma gangrenosum (PG) ulcers in a 62-year-old 
patient who was unresponsive to conventional systemic 
treatments. Despite administering corticosteroids, cyclo-
sporine, methotrexate, and infliximab, the ulcers expanded 
and failed to  epithelialize. Following the  introduction 
of keratin gel (Keragel®) as the primary topical treatment, 
a significant reduction in ulcer size was observed within 
9 days. Continued use of this dressing led to full healing 
after 6 months. The authors concluded that keratin gel 
may enhance epithelialization and promote faster wound 
closure, especially when systemic therapies alone are in-
sufficient, suggesting its potential as a valuable adjunct 
in treating pyoderma gangrenosum ulcers.

Davidson et al.53 conducted a randomized control trial 
using a standard care dressing (alginate dressing (Algisite)) 
side by side with the experimental Keramatrix® (Keraplast) 
dressing for partial-thickness donor site wounds in 26 pa-
tients (“young” (≤50 y/o) and “old” (>50 y/o)). The results 
showed that keratin dressings significantly increased 
the rate of epithelialization in older patients (>50 years 
old), suggesting their clinical usefulness in cases where 
wound healing is delayed due to patient-related factors. 
However, in younger patients (≤50 years old), there was 
no significant difference in healing rates between keratin 
dressings and standard care.

Batzer et al.54 examined a solid keratin matrix (Kera-
matrix®) and a liquid keratin gel (Keragel™) from the Re-
plicine™ Functional Keratin® range from Keraplast 
Technologies, in the treatment of 45 refractory wounds 
in 31 patients with mixed etiologies, including diabetic 
ulcers, venous leg ulcers and surgical wounds. Treatments 
included either a solid keratin matrix or a liquid keratin gel, 
depending on wound exudate levels. Results showed that 
37/45 wounds (82%) either healed completely or reduced 
in size by at  least 50%. Among them, 29 wounds (64%) 
were fully healed, and 8 wounds showed significant size 
reduction. They showed that keratin dressings effectively 
promote wound epithelialization. However, 15 wounds 
required antimicrobial treatment during the treatment, 
suggesting that keratin dressing treatment should be inter-
rupted briefly and then restarted when wound infection 
occurs. Overall, the products were found to be satisfactory 
for patients and easy to use across a wide range of wound 
etiologies, but further research and clinical experience 
with these products is warranted.

Hughes et al.55 investigated the effectiveness of Kera-
Stat® Cream (KeraNetics, Winston-Salem, USA), a kera-
tin-based topical treatment, in managing radiation derma-
titis (RD) in 24 patients undergoing radiotherapy (RT) for 
head and neck cancer (HNC). The patients were random-
ized to receive either KeraStat® Cream or standard care 
(SOC), with treatments applied at least twice daily during 
radiotherapy and for 1 month post-therapy. Adherence 

was high in both groups (KC 83% vs SOC 58% fully ad-
herent), and while the cumulative incidence of grade 2+ 
RD did not differ significantly, the trial demonstrated 
good feasibility and patient compliance. KeraStat® Cream 
was well-tolerated and had good adherence, it did not 
significantly reduce the severity of radiation dermatitis 
compared to SOC. However, its anti-inflammatory prop-
erties and potential skin-protective effects warrant further 
investigation.

Conclusions

Keratin biomaterials represent a promising class of wound 
dressings that could transform routine treatment protocols 
for many types of wounds. Evidence from preclinical and 
clinical studies supports their safety, biocompatibility and 
ability to improve wound healing, even under diabetic con-
ditions. However, while these results are promising, current 
research remains limited in scope and scale. The precise 
mechanisms by which keratin exerts its therapeutic ef-
fects are not yet fully understood. Moreover, although early 
clinical outcomes are positive, they are often derived from 
small-scale studies. Without large, multicenter randomized 
controlled trials, the translation of these results remains 
questionable. There is also a lack of comparative studies 
evaluating keratin dressings against standard treatments, 
which is essential for determining their relative clinical 
and economic value. Therefore, while keratin-based dress-
ings demonstrate considerable potential, further rigorous 
investigation is essential. Future research should priori-
tize mechanistic studies, long-term safety evaluations and 
large-scale clinical trials. Through comprehensive research, 
keratin-based biomaterials have the potential to move be-
yond promising experimental studies and become a new 
clinical standard in wound treatment.
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Introduction

N-methyl-D-aspartate receptor (NMDAR) encephalitis 
is a rare autoimmune disorder that affects the central ner-
vous system, often leading to severe neuropsychiatric symp-
toms. It has an estimated annual incidence of 1.5 cases per 
million people and a prevalence of 0.6 per 100,000 individu-
als, primarily affecting young adults, with a median onset 
age of 21 years.1 This disorder is characterized by a complex 
clinical presentation that can include psychiatric distur-
bances, cognitive impairment, movement disorders, auto-
nomic instability, and seizures. Due to its heterogeneous 
and often initially misleading symptoms, NMDAR encepha-
litis is frequently misdiagnosed as a primary psychiatric 
disorder, leading to delays in appropriate treatment.2

The pathogenesis of NMDAR encephalitis is driven by au-
toantibodies directed against the NR1 subunit of the NMDA 
receptor, resulting in disrupted synaptic transmission and 
widespread neuroinflammation.1 Standard first-line treat-
ments typically include immunotherapy options such as cor-
ticosteroids, plasmapheresis or intravenous immunoglobulin 
(IVIG), with second-line agents like rituximab or cyclophos-
phamide considered when necessary. However, treatment 
responses can vary significantly between individuals. While 
early and intensive immunotherapy is linked to more fa-
vorable neurological outcomes, a considerable proportion 
of patients continue to struggle with persistent cognitive, 
psychiatric and functional impairments over the long term.3

Since its identification in 20074, extensive research has fo-
cused on characterizing the clinical presentation of the acute 
phase,5–7 establishing diagnostic criteria,8,9 exploring neu-
roimaging correlates,10–14 and assessing treatment out-
comes.15–17 While these efforts have significantly advanced 
our understanding of the disease during its initial stages, 
research addressing the post-acute phase remains limited.

Although advancements in diagnostic techniques and 
treatment protocols have improved acute-phase clinical 
outcomes, the trajectory of recovery from NMDAR en-
cephalitis extends far beyond symptom resolution. Many 
survivors continue to struggle with cognitive dysfunction, 
including deficits in working memory, executive function 
and information processing speed, which impact their 

ability to return to work, school and daily responsibili-
ties.15 Additionally, persistent psychiatric symptoms, such 
as anxiety, depression and psychotic episodes, may require 
ongoing psychiatric care and medication management. 
The protracted nature of recovery underscores the neces-
sity of comprehensive long-term rehabilitation strategies.

Beyond its direct impact on patients, NMDAR encephali-
tis profoundly affects caregivers, who frequently undertake 
extensive responsibilities in supporting patient recovery. 
Caregivers frequently experience emotional distress, finan-
cial strain and social isolation as they navigate the chal-
lenges of supporting a loved one with a complex neuro-
logical disorder. The unpredictable course of the disease, 
combined with prolonged hospitalization and the need for 
continued rehabilitation, places immense psychological, 
financial and logistical burdens on family members. Many 
caregivers report experiencing symptoms of chronic stress, 
burnout, and even post-traumatic stress disorder (PTSD), 
reflecting the intense emotional toll of witnessing a loved 
one’s deterioration and uncertain recovery trajectory.16 
The evolving caregiving role often requires individuals 
to become medical advocates, emotional support providers 
and financial coordinators, all while balancing personal 
and professional responsibilities.

Despite the crucial role caregivers play in the long-term 
outcomes of patients with NMDAR encephalitis, their ex-
periences remain significantly underrepresented in the lit-
erature.6 Previous research on rare neurological diseases 
suggests that informal caregivers frequently lack adequate 
psychological support and face systemic barriers when seek-
ing assistance for themselves or their loved ones.17 The lack 
of structured caregiver support programs and limited rec-
ognition of their needs within healthcare systems further 
exacerbates these challenges. Also, disparities in healthcare 
accessibility and inconsistencies in long-term follow-up care 
contribute to significant variability in patient and caregiver 
experiences across different healthcare settings.

Research increasingly emphasizes the  importance 
of multidisciplinary approaches to treating NMDAR en-
cephalitis that go beyond acute medical care. Incorporat-
ing neuropsychological rehabilitation, caregiver support 
programs and long-term social reintegration is crucial 

Highlights
	• High caregiver distress in N-methyl-D-aspartate receptor (NMDAR)  encephalitis: The SAPIENCE study uncovers 
significant psychological burden among caregivers of anti-NMDAR encephalitis patients.

	• Diagnostic delays exacerbate caregiver strain: Frequent misdiagnoses highlight the critical need for early NMDAR 
encephalitis recognition in neurology and emergency settings.

	• Structured psychological support boosts caregiver and patient outcomes: Implementing formal mental health 
services within integrated care models promotes long-term wellbeing.

	• Multidisciplinary care enhances recovery and social reintegration: Coordinated teams – neurologists, psychia-
trists, rehabilitation specialists, and social workers – drive improved quality of life for patients and their families.
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for improving outcomes for patients and their families.15 
The SAPIENCE study addresses these gaps by investigat-
ing the long-term burden on caregivers, focusing on their 
psychological wellbeing, social adaptation and challenges 
navigating healthcare systems. By highlighting caregiv-
ers’ lived experiences, the study aims to inform patient-
centered interventions that address the difficulties faced 
by those caring for individuals with NMDAR encephalitis.

Ultimately, SAPIENCE underscores the need for integra-
tive care models that support both patients and caregivers, 
promoting a more comprehensive approach to managing 
the long-term effects of NMDAR encephalitis.

Study overview and 
methodological framework

The SAPIENCE study is a multi-center European research 
initiative designed to evaluate long-term patient and care-
giver outcomes. Level 1 participants were recruited from 
separate cohorts in Germany (Berlin), France (Lyon) and 
Spain (Barcelona), ensuring broad national representation.

Inclusion required a confirmed NMDAR encephalitis 
diagnosis,8 age over 17, and fluency in a project language 
(German, French, Spanish, Catalan, or English). Individuals 
with preexisting neurological conditions or unable to give 
informed consent were excluded. The 1st phase of this study 
employed qualitative methods to capture in-depth nar-
ratives from 28 caregivers across 3 European study sites: 
Barcelona, Berlin and Lyon. Data were collected through 
semi-structured interviews and focus groups, allowing re-
searchers to uncover recurring themes that shape the care-
giving experience. A thorough inductive thematic analysis 
was conducted on the  interview and focus group tran-
scripts, following the methodology outlined by Braun and 
Clarke. This approach supports the development of themes 
directly from the data, rooted in participants’ experiences 
rather than guided by existing theoretical frameworks.18

Caregivers offered valuable perspectives across 5 central 
themes: 1) their experiences during the initial diagnos-
tic process, 2) the emotional and psychological impact 
of caregiving, 3) changes in social relationships and family 
dynamics, 4) interactions with healthcare professionals, 
and 5) the coping mechanisms they employed. A thematic 
analysis of these accounts revealed recurring patterns that 
contribute to a deeper understanding of the challenges 
encountered by those caring for individuals with NMDAR 
encephalitis.

Navigating the complexities 
of diagnosis

Many caregivers described the  diagnostic journey 
as marked by confusion, frustration and emotional distress. 
Early symptoms often resembled psychiatric disorders, 

resulting in frequent misdiagnoses and significant delays 
in receiving appropriate treatment. The prolonged un-
certainty surrounding the diagnosis exacerbated caregiv-
ers’ emotional burden, often compelling them to advocate 
continuously for comprehensive neurological evaluations. 
The lack of prompt clinical recognition of NMDAR en-
cephalitis highlights the urgent need to raise awareness 
among frontline healthcare professionals.

Emotional and psychological 
burden

The caregiving role was often marked by intense stress, 
heightened anxiety and emotional exhaustion. Numer-
ous caregivers described experiencing symptoms similar 
to PTSD, stemming from the traumatic nature of the ill-
ness –  witnessing seizures, aggressive behaviors, and 
enduring lengthy hospital stays. The ongoing demands 
of caregiving frequently resulted in burnout, highlighting 
the need for psychological support systems specifically 
designed for those caring for individuals with neuroim-
mune disorders.

Vaillant emphasized that extended caregiving respon-
sibilities often necessitate the use of ego defense mecha-
nisms to cope with emotional strain.19,20 Many caregivers, 
often unconsciously, relied on strategies such as repres-
sion, dissociation and intellectualization to regulate their 
emotional reactions. Nevertheless, the cumulative psycho-
logical impact of caregiving remains substantial, under-
scoring the importance of structured interventions aimed 
at addressing both acute and long-term stress experienced 
by caregivers.

Social impact

Caregivers frequently described significant disruptions 
to family life, career paths, and personal relationships. 
The unpredictable course of the illness made it challeng-
ing to balance caregiving duties with professional obliga-
tions. In many instances, caregivers experienced financial 
hardship, often as a result of reducing their working hours 
or having to leave their jobs entirely. Social isolation was 
also commonly reported, as the intensive demands of care-
giving left little time or energy for sustaining social con-
nections or participating in leisure activities.

Coping strategies and resilience

Despite these challenges, caregivers developed various 
coping mechanisms, including reliance on patient advo-
cacy groups, engagement in mindfulness-based stress re-
duction techniques and participation in caregiver support 
networks. Several caregivers emphasized the importance 
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of maintaining a structured routine to manage both their 
wellbeuing and that of the patient.6 Humor, when appro-
priate, was cited as a crucial tool in mitigating stress and 
fostering resilience.

Enhancing holistic support 
in NMDAR encephalitis care

This qualitative analysis highlights the  urgent need 
for a more holistic approach to managing NMDAR en-
cephalitis – one that actively involves and supports care-
givers alongside patients. The considerable emotional, 
financial and social strain placed on caregivers calls for 
a shift toward an integrated model of care that prioritizes 
both patient and caregiver wellbeing. Existing healthcare 
frameworks tend to focus primarily on acute treatment 
phases, often neglecting the long-term needs and chal-
lenges encountered during recovery. Bridging these gaps 
will require a comprehensive strategy that includes early 
intervention, ongoing psychological support, tailored re-
habilitation services and broader policy reforms to ensure 
sustainable, long-term care solutions.

Improved diagnostic training

Early and accurate diagnosis and early treatment re-
mains a fundamental challenge in NMDAR encephalitis 
management as  in chronic diseases with poor progno-
sis with persistent cognitive impairments. Misdiagnosis 
or delayed recognition of  the disease prolongs patient 
suffering and exacerbates caregiver stress.2 Standardiz-
ing diagnostic protocols, increasing clinician awareness 
and incorporating NMDAR encephalitis into differen-
tial diagnosis training for psychiatrists, neurologists and 
emergency physicians are essential steps. Furthermore, 
the integration of biomarkers and imaging advancements, 
as described by Dalmau et al.,1 may facilitate earlier and 
more precise detection, reducing the burden of uncertainty 
on caregivers.

Targeted psychological support

The psychological toll on caregivers is well-documented, 
with many experiencing symptoms of depression, anxiety 
and PTSD.5 The unpredictability of patient recovery, cou-
pled with the emotional strain of witnessing severe neu-
ropsychiatric symptoms, necessitates structured mental 
health interventions. Vaillant highlighted that long-term 
caregiving responsibilities often require psychological de-
fense mechanisms such as repression and intellectualiza-
tion, yet these may not be sufficient to mitigate distress.19,20 
Implementing targeted psychological interventions, in-
cluding structured counseling, peer support groups and 

stress-reduction programs, can significantly improve care-
giver resilience and long-term wellbeing.

Long-term recovery 
and rehabilitation

While many patients recover from the  acute phase 
of NMDAR encephalitis, persistent cognitive impairments 
– including deficits in memory, executive functioning, and 
attention – can hinder full reintegration into daily life.3 
These impairments, in turn, increase caregiving demands, 
often leading to chronic fatigue and emotional exhaustion. 
Establishing standardized rehabilitation programs, includ-
ing neuropsychological therapy and cognitive training, 
can facilitate patient independence and alleviate caregiver 
burden.

Healthcare system – integrated 
multidisciplinary care

Fragmented healthcare pathways place considerable 
strain on caregivers, who often find themselves navigating 
complex and disjointed systems with little guidance. Par-
ticipants in this study frequently reported challenges in se-
curing consistent follow-up care and noted a lack of co-
ordination between key healthcare providers, including 
neurologists, psychiatrists, rehabilitation specialists, and 
social workers. Establishing integrated multidisciplinary 
teams – consisting of neurologists, neuropsychiatrists, 
neuropsychologists, and social workers – can help ensure 
a more cohesive and continuous care experience, easing 
the transition from hospital to home. Such collaborative 
care models, successfully implemented in the management 
of other chronic neurological conditions, have been shown 
to enhance long-term patient outcomes while alleviating 
caregiver burden.17

Enhancing social reintegration 
strategies

The transition from acute hospitalization to commu-
nity reintegration is a complex process that affects both 
patients and caregivers. Many caregivers in this study de-
scribed challenges in facilitating social re-engagement, 
particularly for patients experiencing residual psychiatric 
symptoms or cognitive impairments. Public awareness 
campaigns, employer education programs, and commu-
nity-based social integration initiatives can help mitigate 
stigma and promote a more inclusive environment for in-
dividuals recovering from NMDAR encephalitis.17

It is worth to highlight the vital work of patient orga-
nizations – such as Encephalitis International, which 
provides resources, advocacy, and peer support – can 
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further enhance public understanding (https://www.en-
cephalitis.info/about-us/). Notably, initiatives like World 
Encephalitis Day play a  crucial role in  raising global 
awareness and promoting acceptance of those affected 
by encephalitis.

Limitations

A key strength of this study is its multicenter design, 
which enabled the inclusion of a diverse sample of pa-
tients and caregivers across various healthcare settings 
and cultural contexts, enhancing the  generalizability 
of the findings. However, the sample size, while sufficient 
for qualitative analysis, may limit the broader applicability 
of the results. The analysis is limited to qualitative data 
without quantitative triangulation. Future project phases 
will include quantitative methods to validate and expand 
on these results.

Conclusions

Caregivers of individuals affected by NMDAR encepha-
litis are essential contributors to the recovery process, yet 
their roles and challenges often go unrecognized in clinical 
practice and health policy. The SAPIENCE study under-
scores the urgent need to address the multifaceted obsta-
cles they encounter – ranging from diagnostic delays and 
psychological strain to gaps in rehabilitation services and 
systemic support. These findings emphasize the impor-
tance of developing comprehensive, integrated care models 
that prioritize the wellbeing of both patients and their 
caregivers. Future research should focus on creating and 
evaluating targeted interventions for caregivers, paving 
the way for more inclusive, patient- and caregiver-centered 
healthcare systems. Our findings align with the most re-
cent World Health Organization (WHO) Technical Brief 
on Encephalities, which emphasizes that individuals re-
covering from encephalitis often require long-term care, 
placing significant emotional, financial and social burdens 
on caregivers.21

Use of AI and AI-assisted technologies

Not applicable.
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Abstract
Background. Acute respiratory distress syndrome (ARDS) presents a significant challenge in the manage-
ment of sepsis, with various comorbidities potentially influencing its development. Understanding the impact 
of these comorbidities is crucial for improving patient outcomes.

Objectives. This meta-analysis was conducted to investigate the relationship between various comorbidi-
ties and the development of ARDS in patients with sepsis, with the aim of improving understanding and 
management of this condition.

Materials and methods. The study included adult sepsis patients from 8 studies, totaling 16,964 par-
ticipants. Risk of bias was assessed using the Newcastle–Ottawa scale (NOS), and the data analysis was 
performed and reported as pooled odds ratios (ORs) computed using a random-effects model. Heterogeneity 
and publication bias were assessed using the I2 statistic and Doi plots with the Luis Furuya-Kanamori (LFK) 
index, respectively.

Results. Chronic obstructive pulmonary disease was significantly associated with an increased risk of ARDS 
(OR: 1.43, 95% confidence interval (95% CI): 1.02–2.01). Other comorbidities showed no significant asso-
ciations: diabetes mellitus (DM) (OR: 0.88, 95% CI: 0.69–1.11), hypertension (HTN) (OR: 0.86, 95% CI: 0.56 
to 1.34), coronary artery disease (CAD) (OR: 0.95, 95% CI: 0.86–1.06), congestive heart failure (CHF) (OR: 
1.08, 95% CI: 0.61 to 1.90), chronic kidney disease (CKD) (OR: 0.89, 95% CI: 0.65–1.22), chronic liver disease 
(CLD) (OR: 1.13, 95% CI: 0.61–2.09), and cancer (OR: 0.90, 95% CI: 0.59–1.35). Additional analyses indicated 
moderate-to-high heterogeneity and some evidence of publication bias.

Conclusions. Chronic obstructive pulmonary disease is a notable risk factor for ARDS in sepsis patients, 
suggesting the need for enhanced surveillance and management in this group. Further research is necessary 
to understand the mechanisms and explore other potential ARDS risk factors in sepsis.
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Background

Acute respiratory distress syndrome (ARDS) is a severe, 
life-threatening medical condition characterized by rapid 
onset of widespread inflammation in the lungs.1 This syn-
drome is a major cause of morbidity and mortality in criti-
cally ill patients, particularly in those with sepsis.2 Sep-
sis, a systemic response to infection, can lead to multiple 
organ failure, including respiratory failure manifesting 
as ARDS.3 The interplay between sepsis and ARDS is com-
plex and multifaceted, with a variety of factors influencing 
the progression from sepsis to ARDS.

In recent years, the medical community has increasingly 
recognized the role of comorbidities in the development 
and outcome of ARDS among septic patients.4 Comorbidi-
ties such as diabetes mellitus (DM), hypertension (HTN), 
chronic obstructive pulmonary disease (COPD), chronic 
kidney disease (CKD), coronary artery disease (CAD), 
chronic liver disease (CLD), congestive heart failure (CHF), 
and cancer have been identified as significant contributors 
to the susceptibility and severity of ARDS.5 These comor-
bid conditions may alter the host response to infection and 
inflammation, potentially exacerbating the pathophysi-
ological processes underlying ARDS.4,5

The pathogenesis of ARDS in septic patients is a subject 
of intense research. It is known to be dependent on a com-
plex interplay of inflammatory mediators, endothelial and 
epithelial injury, and dysregulated immune responses.6 
In this milieu, comorbidities add another layer of complex-
ity. For instance, DM can impair immune function, while 
chronic lung diseases like COPD alter baseline pulmonary 
function, potentially predisposing patients to more severe 
forms of ARDS when they develop sepsis.7,8

The  presence of  comorbidities can also influence 
the clinical management and outcomes of ARDS. These 
patients often require more intricate care strategies, bal-
ancing the management of their acute critical illness with 
the ongoing treatment of their chronic conditions. This 
intersection of acute and chronic diseases poses signifi-
cant challenges in clinical decision-making and resource 
allocation in intensive care units (ICUs).

Additionally, an appreciation of the role of comorbidi-
ties in ARDS pathogenesis is essential for the development 
of targeted therapeutic strategies. The current manage-
ment of ARDS is primarily supportive, with mechani-
cal ventilation being a cornerstone of therapy.9 However, 
patients with significant comorbidities may benefit from 
more tailored approaches that address both the acute and 
chronic aspects of their illness.

The  intersection of  ARDS and sepsis, compounded 
by the presence of comorbidities, represents a complex 
clinical challenge. Understanding the role of comorbidities 
in the development of ARDS among septic patients is not 
only crucial for elucidating the pathophysiology of this 
condition but also for improving its prognosis. A system-
atic review and meta-analysis of the existing literature 

on this topic should provide valuable insights into how 
these comorbidities influence the  risk and outcomes 
of ARDS in sepsis. It will also enhance our understand-
ing of the interactions between chronic health conditions 
and acute critical illnesses like ARDS. This understand-
ing is vital for clinicians and researchers alike, as it has 
the potential to inform clinical practice and shape future 
research directions. A systematic analysis should also iden-
tify gaps in the current knowledge, guiding future research 
efforts. Hence, the purpose of this review is to synthesize 
the available evidence on the impact of various comorbidi-
ties on the risk of developing ARDS in patients with sepsis. 
We aim to provide a thorough and nuanced understanding 
of how comorbidities influence the risk and progression 
of ARDS in sepsis, ultimately contributing to better patient 
outcomes in this critically ill cohort.

Objectives

This review was done with an objective to determine 
the comorbidity related risk factors associated with ARDS 
in patients with sepsis.

Methods

Eligibility criteria

Study population

The inclusion criteria were as  follows: adult partici-
pants (aged 18 years and older) who were diagnosed with 
sepsis and subsequently developed ARDS. The focus was 
specifically on populations with documented comorbidi-
ties such as DM, HTN, COPD, CKD, CAD, CLD, CHF, 
and cancer.

Exposure and comparison

This review analyzed studies that examined the impact 
of various comorbidities on the development of ARDS 
in sepsis patients. The comparison was made between 
patients with and without these specific comorbidities.

Outcome measures

The primary outcomes of interest were the incidence 
of ARDS in sepsis patients with comorbidities.

Study design

Included studies encompassed a range of designs: obser-
vational studies (prospective/retrospective cohort, case-
control and cross-sectional analytical studies) relevant 
to the topic.
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Information sources and search strategy

A thorough search strategy was implemented, utilizing 
databases such as PubMed, Scopus, Cochrane Library, 
Google Scholar, ScienceDirect, and Web of Science. Key 
search terms included combinations of “sepsis,” “acute re-
spiratory distress syndrome,” “comorbidities,” “diabetes 
mellitus,” “hypertension,” “COPD,” “chronic kidney dis-
ease,” “coronary artery disease,” “chronic liver disease,” 
“congestive heart failure,” “cancer,” and related terms. 
The search timeframe extended from January 1954 to De-
cember 2023, with no language restrictions.

Selection process

Two reviewers independently screened the studies, begin-
ning with an assessment of titles, abstracts and key terms. 
Full-text articles were then reviewed for a more detailed 
assessment. Any disagreements were resolved through 
discussion and consensus. The  selection process was 
documented in accordance with the Preferred Reporting 
Items for Systematic reviews and Meta-Analyses (PRISMA) 
guidelines.

Data collection process and data items

Data were extracted by the lead researcher, detailing 
study characteristics, participant demographics, study set-
ting, and methodology. The data included the author, year 
of publication, country, study design, ARDS criteria, study 
participant details, mean age, gender distribution, quality 
assessment-related characteristics, number of participants 
with each comorbidity, outcomes measured, exposure de-
tails, and follow-up duration. A secondary reviewer verified 
the extracted data for accuracy.

Study risk of bias assessment

To ensure the credibility and reliability of the included 
studies, an assessment of the risk of bias was meticulously 
conducted using the Newcastle–Ottawa scale (NOS).10 
The NOS is a widely recognized tool specifically designed 
for evaluating the quality of observational studies.

Two independent researchers employed the NOS to eval-
uate the studies. Each researcher independently scored 
the studies, and discrepancies were resolved through dis-
cussion and consensus. This dual-assessment approach 
was adopted to enhance the objectivity and reduce the po-
tential for bias in the review process. The NOS operates 
on 3 broad criteria:

Selection of the study groups: This criterion assesses 
the method of selecting the study participants, aiming 
to determine if the subjects and controls are representa-
tively and appropriately chosen. It considers factors such 
as case definition, case representativeness, control selec-
tion, and control definition.

Comparability of  the  groups: This aspect of  the  NOS 
focuses on the comparability of  the study groups, based 
on the design or analysis. 

Ascertainment of the exposure or outcome: For case-
control studies, this involves evaluating the method of as-
certaining exposures, such as whether it was through se-
cure records or self-reports. For cohort studies, it examines 
the method of ascertaining outcomes, including the inde-
pendence of the outcome assessment and the length and 
adequacy of the follow-up.

Each study is judged in these categories using a star sys-
tem, which indicates the quality of the study’s methodology 
in each specific category. The maximum number of stars 
a study can receive is 9, with 4 stars allocated for “selec-
tion”, 2 for “comparability” and 3 for “ascertainment of ex-
posure or outcome”. A study with a higher number of stars 
(7–9) is considered to have a lower risk of bias; 4–6 stars 
indicate a moderate risk of bias; and less than 4 indicates 
a higher risk of bias.

Effect measures and synthesis methods

Statistical software and version

Statistical analysis was conducted using Stata software 
v. 14.2 (Stata Corp., College Station, USA). This advanced 
statistical package allowed for detailed and accurate data 
analysis, crucial for the integrity of our study.

Methodology for analyzing binary outcomes

Given that all outcomes in  this study were binary, 
we calculated the combined odds ratio (OR) along with 
a 95% confidence interval (95% CI). This was derived from 
the event frequencies observed in both the intervention 
and control groups, providing a  comparative analysis 
of the efficacy of the interventions.

Model selection and variance method

A random-effects model was chosen for this analysis, in-
corporating the inverse variance method.11 This approach 
was essential to account for the variability present across 
the studies included in our review.

Heterogeneity assessment techniques

To assess heterogeneity, or  the degree of variation 
in the results among the different studies, a multifac-
eted approach was employed. The initial step involved 
a visual examination of forest plots to check for overlaps 
in confidence intervals. Then, χ2 tests were used to de-
tect the presence of heterogeneity. Finally, I2  statistic 
was used to quantify the percentage of total variation 
across studies that is due to heterogeneity rather than 
chance.
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Additionally, a sensitivity analysis was conducted to de-
termine the influence of individual studies on the over-
all meta-analysis results. This step was crucial to ensure 
the stability and reliability of the meta-analysis.

Publication bias assessment tools

A funnel plot was created for all outcomes. Asymmetry 
of this plot was used as an indication of the presence of pub-
lication bias. We also utilized the Doi plot and the Luis 
Furuya-Kanamori (LFK) index to  detect and quantify 
potential publication bias.12 According to the LFK index, 
values ranging from –1 to +1 indicated an absence of publi-
cation bias (showing perfect symmetry). Values between –1 
to –2 or +1 to +2 suggested minor asymmetry, while values 
less than –2 or greater than +2 signified major asymmetry, 
indicating a higher likelihood of publication bias.12

Results

Search results

In total, our search across the PubMed, Scopus, Co-
chrane Library, Google Scholar, ScienceDirect, and Web 
of Science databases yielded 1,632 potentially relevant stud-
ies. Upon an initial review of titles and abstracts, 78 stud-
ies were identified as potentially meeting our inclusion 

criteria. Subsequent in-depth examination of these full-
text articles led to the final selection of 8 studies that were 
deemed suitable for inclusion in our analysis (Fig. 1).8,13–19

Characteristics of the studies included

The studies originated from multiple countries, includ-
ing the USA, Japan, China, and South Korea, reflecting 
a global perspective on the issue. The sample size across 
these studies ranged considerably, from as few as 125 par-
ticipants in the smallest study to as many as 11,566 par-
ticipants in the largest. In total, we cumulatively analyzed 
data from 16,964 sepsis patients. Regarding the criteria for 
ARDS diagnosis, all included studies employed recognized 
definitions, with 7 studies using the Berlin definition and 
1 study using the American European Consensus Confer-
ence criteria. The mean age of participants in these studies 
varied, ranging from 55 to 73 years. As for the assessment 
of study quality and risk of bias, 6 studies were categorized 
as having a low risk of bias, while 2 studies were deter-
mined to have a moderate risk of bias (Table 1).

Diabetes mellitus and the risk of ARDS 
in sepsis patients

Seven studies (including 16,953 sepsis patients) com-
pared the risk of ARDS between DM and non-DM patients. 
Pooled OR was 0.88, with a 95% CI between 0.69 and 1.11 

Fig. 1. Preferred Reporting Items for Systematic reviews 
and Meta-Analyses (PRISMA) flowchart
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Databases (n = 1,632)
Registers (n = 0)

Records removed before 
screening:
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(n = 1,420)

Records excluded
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(p = 0.27) among sepsis patients (Fig. 2). While heterogene-
ity was moderate with an I2 value of 55.3%, a significant χ2 
p-value of 0.04 was obtained. The Doi plot (Supplementary 
Fig. 1) and funnel plot (Supplementary Fig. 2) showed major 
asymmetry, with the LFK index value equaling –2.22. This 
confirms the presence of publication bias.

Hypertension and the risk of ARDS 
in sepsis patients

Three studies (including 1,432 sepsis patients) compared 
the risk of ARDS between HTN and non-HTN patients. 
Pooled OR was 0.86, with a 95% CI of 0.56–1.34 (p = 0.52) 
(Fig. 3). The heterogeneity was moderate, with an I2 value 
of 38.1% and a nonsignificant p-value of 0.20. The funnel 
plot (Supplementary Fig. 3) showed asymmetry, indicating 
the possibility of publication bias.

Chronic obstructive pulmonary disease 
and the risk of ARDS in sepsis patients

Six studies (including 13,742 sepsis patients) compared 
the risk of ARDS between COPD and non-COPD patients. 
Pooled OR was 1.43, with a 95% CI of 1.02–2.01, indicating 
the significant risk of ARDS among sepsis patients with 

COPD, compared to sepsis patients without COPD (p = 0.04) 
(Fig. 4). The heterogeneity was low, with an I2 value of 23.6% 
and a nonsignificant χ2 p-value of 0.26. The funnel plot 
(Supplementary Fig. 4) and Doi plot (Supplementary Fig. 5) 
showed major asymmetry, with an LFK index value equal-
ing –4.39. This confirms the presence of publication bias.

Coronary artery disease and the risk 
of ARDS in sepsis patients

Five studies (including 13,592 sepsis patients) compared 
the risk of ARDS between CAD and non-CAD patients. 
Pooled OR was 0.89, with a 95% CI of 0.65–1.22 (p = 0.39) 
(Fig. 5) The heterogeneity was low, with an I2 value of 31.6% 
and a nonsignificant χ2 p-value of 0.19. The funnel plot 
(Supplementary Fig. 6) and Doi plot (Supplementary Fig. 7) 
showed major asymmetry, with an LFK index value equal-
ing –6.15. This confirms the presence of publication bias.

Congestive heart failure and risk of ARDS 
in sepsis patients

Two studies with 1,372 sepsis patients have compared 
the risk of ARDS between CHF and non-CHF patients. 
Pooled OR was 1.08, with a 95% CI of 0.61–1.90 (p = 0.80; 

Table 1. Characteristics of the included studies (n = 8) 

Study Country Study design Sample 
size Participants ARDS criteria Mean age 

[years] Male/female (%) Risk 
of bias

Shi et al., 
20228 China retrospective 529

sepsis patients admitted 
to intensive care unit

meeting the Berlin 
definition of ARDS

ARDS = 66
no ARDS = 70

ARDS = 75/25
non-ARDS = 66/34

moderate

Iriyama 
et al., 
202013

Japan
secondary 

analysis 
of prospective

594

adult patients with 
severe sepsis caused 
by non-pulmonary 

infection

meeting the Berlin 
definition 

on the 1st or 4th 
day of screening

ARDS = 70
no ARDS = 72

ARDS = 60/40
non-ARDS = 56.8/43.2

low

Li et al., 
202014 China prospective 150

patients with sepsis who 
attended Cangzhou 

Central Hospital

meeting the Berlin 
definition of ARDS

ARDS = 60.6
no ARDS = 55.5

ARDS = 66/34
non-ARDS = 65/35

low

Mikkelsen 
et al., 
201315

USA retrospective 778

adults with severe 
sepsis presenting 

to emergency 
department

meeting the Berlin 
definition of ARDS

ARDS = 55
no ARDS = 57

ARDS = 50/50
non-ARDS = 54/46

low

Nam et al., 
201916

South 
Korea

retrospective 125
patients with septic 

bacteremia presenting 
to intensive care unit

meeting the Berlin 
definition of ARDS

ARDS = 65
no ARDS = 73

ARDS = 54.5/45.5
non-ARDS = 53.4/46.6

moderate

Seethala 
et al., 
201717

USA prospective 2,534

septic adult 
patients presenting 
to the emergency 

department or being 
admitted for high-risk 

elective surgery

meeting the Berlin 
definition of ARDS

ARDS = 54.9
no ARDS = 58.8

ARDS = 60.3/39.7
non-ARDS = 50.6/49.4

low

Xu et al., 
202318 China retrospective 11,566

sepsis patients admitted 
to intensive care unit

meeting the Berlin 
definition of ARDS

ARDS = 66.09
no ARDS = 63

ARDS = 59.9/40.1
non-ARDS = 60.2/39.8

low

Gong et 
al., 200519 USA prospective 688

sepsis patients admitted 
to intensive care unit

American-
European 

Consensus 
Conference 

criteria for ARDS

ARDS = 65
no ARDS = 67

ARDS = 54/46
non-ARDS = 61/39

low

ARDS – acute respiratory distress syndrome.
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Fig. 3. Forest plot showing the association between hypertension and acute respiratory distress syndrome (ARDS) among sepsis patients

DL – DerSimonian and Laird approach; 95% CI – 95% confidence interval; OR – odds ratio.

Fig. 4. Forest plot showing the association between chronic obstructive pulmonary disease and acute respiratory distress syndrome (ARDS) among sepsis 
patients

DL – DerSimonian and Laird approach; 95% CI – 95% confidence interval; OR – odds ratio.

Fig. 2. Forest plot showing the association between diabetes mellitus and acute respiratory distress syndrome (ARDS) among sepsis patients

DL – DerSimonian and Laird approach; 95% CI – 95% confidence interval; OR – odds ratio.
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Fig. 6). No heterogeneity was found with an I2 value of 0%. 
Funnel plot (Supplementary Fig. 8) showed major asym-
metry during publication bias assessment.

CKD and risk of ARDS in sepsis patients

Seven studies with 14,430 sepsis patients have com-
pared the  risk of  ARDS between CKD and non-CKD 
patients. Pooled OR was 0.89, with a  95%  CI of  0.65 
to 1.22 (p = 0.39; Fig. 7). Low heterogeneity was found 
with an I2 value of 31.6%, with a nonsignificant χ2 p-value 
of 0.19. Funnel plot (Supplementary Fig. 9) and Doi plot 
(Supplementary Fig. 10) showed major asymmetry with 
an LFK index value of −6.15. This confirms the presence 
of publication bias.

Chronic liver disease and the risk of ARDS 
in sepsis patients

Five studies (including 13,776 sepsis patients) compared 
the risk of ARDS between CLD and non-CLD patients. Pooled 
OR was 1.13, with a 95% CI of 0.61–2.09 (p = 0.70) among sepsis 
patients (Fig. 8). The heterogeneity was high, with an I2 value 
of 73.7% and a significant χ2 p-value of 0.004. The funnel plot 

(Supplementary Fig. 11) and Doi plot (Supplementary Fig. 12) 
showed major asymmetry, with an LFK index value equaling 
–7.35. This confirms the presence of publication bias.

Cancer and risk of ARDS in sepsis patients

Five studies (including 13,592 sepsis patients) compared 
the risk of ARDS between cancer and non-cancer patients. 
Pooled OR was 0.90, with a 95% CI of 0.59–1.35 (p = 0.70) 
(Fig. 9). The heterogeneity was moderate-to-high, with 
an I2 value of 68.4% and a significant χ2 p-value of 0.01. 
The funnel plot (Supplementary Fig. 13) and Doi plot (Sup-
plementary Fig. 14) showed major asymmetry, with an LFK 
index value equaling –5.26. This confirms the presence 
of publication bias.

Additional sensitivity analysis

Leave-one-out sensitivity analysis did not demonstrate 
any notable alterations in terms of either the magnitude 
or the direction of the associations observed. This robust-
ness check, which involved sequentially removing each 
study from the meta-analysis and reassessing the overall ef-
fect, showed consistent results. The absence of significant 

Fig. 6. Forest plot showing the association between congestive heart failure and acute respiratory distress syndrome (ARDS) among sepsis patients

DL – DerSimonian and Laird approach; 95% CI – 95% confidence interval; OR – odds ratio.

Fig. 5. Forest plot showing the association between coronary artery disease and acute respiratory distress syndrome (ARDS) among sepsis patients

DL – DerSimonian and Laird approach; 95% CI – 95% confidence interval; OR – odds ratio.
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Fig. 9. Forest plot showing the association between cancer and acute respiratory distress syndrome (ARDS) among sepsis patients

DL – DerSimonian and Laird approach; 95% CI – 95% confidence interval; OR – odds ratio.

Fig. 8. Forest plot showing the association between chronic liver disease and acute respiratory distress syndrome (ARDS) among sepsis patients

DL – DerSimonian and Laird approach; 95% CI – 95% confidence interval; OR – odds ratio.

Fig. 7. Forest plot showing the association between chronic kidney disease and acute respiratory distress syndrome (ARDS) among sepsis patients

DL – DerSimonian and Laird approach; 95% CI – 95% confidence interval; OR – odds ratio.



Adv Clin Exp Med. 2025;34(8):1255–1265 1263

changes upon the exclusion of individual studies confirms 
the stability and reliability of the observed associations 
in our analysis.

Discussion

Our comprehensive review assessed the relationship 
between various comorbidities and the risk of develop-
ing ARDS in sepsis patients. The comorbidities evaluated 
included DM, HTN, COPD, CAD, CHF, CKD, CLD, and 
cancer. Among these, COPD was the only comorbidity 
that showed a significant association with an increased 
risk of ARDS in sepsis patients, with a pooled OR of 1.43. 
In contrast, other comorbidities such as DM, HTN, CAD, 
CHF, CKD, CLD, and cancer did not show a significant 
association with the development of ARDS in this patient 
population.

These findings add to  the existing body of  research 
on ARDS risk factors in sepsis patients. A previous review 
reported mixed results regarding the impact of comor-
bidities on ARDS development.20 In fact, some studies 
have suggested that comorbidities like DM and HTN may 
be associated with a lower risk of ARDS,15,17 potentially 
due to the protective effects of certain medications used 
in these conditions. However, our analysis did not find 
a statistically significant association, which may be at-
tributed to variations in study designs, populations and 
methodologies.

The significant association between COPD and ARDS 
risk in sepsis patients aligns with previous research indi-
cating that preexisting pulmonary diseases may predis-
pose patients to more severe lung injury when faced with 
a systemic inflammatory condition like sepsis.8,21 The dif-
ferential impact of comorbidities on ARDS development 
in sepsis patients offers valuable insights into the com-
plex pathophysiology of ARDS. Understanding these in-
teractions is crucial for developing targeted therapeutic 
strategies. The absence of significant associations with 
certain comorbidities may also point to different underly-
ing mechanisms of lung injury or protective factors that 
warrant further investigation.

The pathogenesis behind the increased risk of ARDS 
in sepsis patients with COPD could be attributed to several 
factors. Chronic obstructive pulmonary disease is charac-
terized by chronic inflammation and structural changes 
in the lungs, which could exacerbate the pulmonary re-
sponse to sepsis.22 Additionally, COPD patients often have 
a compromised immune response, making them more 
susceptible to severe infections and complications.22

For other comorbidities, the lack of significant asso-
ciation might be influenced by various mechanisms. For 
instance, in  DM, hyperglycemia-related immune dys-
function could potentially balance the risk of develop-
ing ARDS.7 Similarly, in conditions like HTN and CAD, 
the chronic use of medications such as ACE inhibitors and 

statins might offer some protective effect against ARDS 
development.23

One of the main strengths of this study is its compre-
hensive approach, including a wide range of comorbidi-
ties and a large sample size. The use of rigorous statistical 
methods, such as the random-effects model and sensitiv-
ity analyses, also adds to the robustness of our findings. 
None of the studies had a higher risk of bias, further en-
hancing the credibility of the findings. The main limita-
tion of the review is that a substantial amount of data was 
obtained from a single study.18 However, our additional 
sensitivity analysis demonstrated no significant differences 
in the estimates for any of the outcomes.

The findings of this study have important clinical impli-
cations. Understanding the comorbidities associated with 
an increased risk of ARDS in sepsis patients can aid in risk 
stratification and personalized management strategies. 
Particularly, the identification of COPD as a significant 
risk factor highlights the need for careful monitoring and 
possibly more aggressive treatment in sepsis patients with 
this comorbidity. This result also calls for a multidisci-
plinary approach involving pulmonologists and intensiv-
ists to optimize patient outcomes. In contrast, for comor-
bidities where no significant association was found, such 
as DM and HTN, our findings suggest that the current 
standard of care in sepsis management remains appro-
priate, although overall, they do underscore the need for 
individualized patient care.

Future research should focus on  further elucidating 
the mechanisms behind the relationship between differ-
ent comorbidities and ARDS risk in sepsis patients. There 
is also a need for more standardized, large-scale studies 
to confirm these findings, and explore the impact of other 
potential risk factors. Longitudinal studies examining 
the long-term outcomes of ARDS in sepsis patients with 
various comorbidities would also be valuable. The integra-
tion of biomarkers that assess the risk of ARDS in sepsis 
patients is another promising area of research. Identifying 
specific biomarkers associated with ARDS risk in the pres-
ence of various comorbidities could enhance early diagno-
sis and allow for more targeted interventions. Therefore, 
prospective studies investigating the role of inflammatory, 
genetic and other biomarkers in predicting ARDS in sepsis 
patients are needed.

Limitations

There are several limitations to consider. The presence 
of publication bias, as indicated by the Doi plot and LFK in-
dex in some comorbidities, suggests that our results should 
be interpreted with caution. Additionally, the variability 
in study designs, populations and definitions of comor-
bidities across the included studies might have influenced 
the outcomes. The moderate-to-high heterogeneity ob-
served in some analyses also underscores the need for more 
standardized research in this area.
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Conclusions

Among the various comorbidities studied, only COPD 
significantly increased the  risk of  ARDS in  sepsis pa-
tients. This underscores the complexity of ARDS patho-
genesis and highlights the  importance of  considering 
individual patient characteristics, including comorbidi-
ties, in the management of sepsis. These findings provide 
valuable insights for clinicians in the risk assessment and 
treatment planning for sepsis patients.

Supplementary files

The Supplementary materials are available at https://
doi.org/10.5281/zenodo.13203473. The package includes 
the following files:

Supplementary Fig. 1. Doi plot for DM and risk of ARDS 
in sepsis patients.

Supplementary Fig. 2. Funnel plot for DM and risk 
of ARDS in sepsis patients.

Supplementary Fig. 3. Funnel plot for HTN and risk 
of ARDS in sepsis patients.

Supplementary Fig. 4. Funnel plot for COPD and risk 
of ARDS in sepsis patients.

Supplementary Fig. 5. Doi plot for COPD and risk 
of ARDS in sepsis patients.

Supplementary Fig. 6. Funnel plot for CAD and risk 
of ARDS in sepsis patients.

Supplementary Fig. 7. Doi plot for CAD and risk of ARDS 
in sepsis patients.

Supplementary Fig. 8. Funnel plot for CHF and risk 
of ARDS in sepsis patients.

Supplementary Fig. 9. Funnel plot for CKD and risk 
of ARDS in sepsis patients.

Supplementary Fig. 10. Doi plot for CKD and risk 
of ARDS in sepsis patients.

Supplementary Fig. 11. Funnel plot for CLD and risk 
of ARDS in sepsis patients.

Supplementary Fig. 12. Doi plot for CLD and risk 
of ARDS in sepsis patients.

Supplementary Fig. 13. Funnel plot for Cancer and risk 
of ARDS in sepsis patients.

Supplementary Fig. 14. Doi plot for cancer and risk 
of ARDS in sepsis patients.
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Abstract
Only a few studies have examined the effects of coronavirus disease 2019 (COVID-19) and influenza on clinical 
outcomes in pediatric patients. Furthermore, no meta-analysis has assessed the impact of these diseases 
on adverse outcomes. This study aims to compare the clinical outcomes of COVID-19 and influenza in pediatric 
patients. Searches were conducted from December 2019 to February 2022 in databases including Embase, 
Scopus, PubMed Central (PMC), MEDLINE, Google Scholar, Cochrane Library, and ScienceDirect. Our meta-
analysis used a random-effects model, reporting pooled odds ratios (ORs) or standardized mean differences 
with 95% confidence intervals (95% CIs). Thirteen studies meeting the inclusion criteria were analyzed. Most 
studies had poor quality. The pooled OR was 0.13 for oxygen requirement (95% CI: 0.04–0.45; I2 = 74%) 
and 0.03 for steroid requirement (95% CI: 0.01–0.19; I2 = 60.8%). No significant differences were found 
in outcomes such as intensive care unit (ICU) admission, duration of inpatient stay, invasive/non-invasive 
ventilation, death, acute respiratory distress syndrome (ARDS), and acute kidney injury (AKI). SARS-CoV-2 
infection was comparable to influenza regarding mortality, pediatric intensive care unit (PICU) admissions, 
mechanical ventilation, and AKI incidence, but with notable differences in oxygen supplementation.

Key words: COVID-19, SARS-CoV, meta-analysis, pediatrics, influenza
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Introduction

In recent years, public health experts have been antic-
ipating the potential emergence of a highly contagious 
respiratory virus with the capacity to cause a pandemic.1 
Upon the emergence of severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2) in late 2019, a prompt com-
parison was made between this virus and both seasonal 
and pandemic influenza viruses due to the notable simi-
larities exhibited by these viral entities. The disease condi-
tions induced by both of these viruses exhibit comparable 
clinical manifestations, including symptoms such as fe-
ver and respiratory distress. These symptoms range from 
milder forms, such as cough and sore throat, to more severe 
manifestations, including lung infections.2,3 Both SARS-
CoV-2 and influenza viruses have comparable modes 
of transmission, as they can be spread through respiratory 
droplets, facilitating efficient human-to-human transmis-
sion.3,4 SARS-CoV-2 and influenza are preventable through 
vaccination.2 Although the vaccine may be less effective 
in older individuals, it can make the illness less severe and 
reduce the chance of complications and death.

The clinical manifestations of hospitalized patients with 
SARS-CoV-2 and seasonal influenza exhibit significant 
differences.5 There is a high risk of SARS-CoV-2 infection 
in children of all ages, but the disease typically manifests 
in a mild manner and usually does not cause lasting con-
sequences. Critical illness and death from SARS-CoV-2 
in children are extremely rare.6 Among SARS-CoV-2 pa-
tients, the primary mode of treatment is mostly supportive, 
although several experimental antiviral medications are cur-
rently being evaluated.7 Prevention, timely judgment and 
adequate supervision of pediatric patients infected with 
influenza are crucial. In contrast, there is a lack of pediatric 
data comparing influenza and SARS-CoV-2. Newer and more 
severe forms of clinical expressions related to SARS-CoV-2 
are continually developing in the pediatric age group. How-
ever, to the best of our knowledge, earlier published meta-
analyses did not compare the clinical outcomes between 
SARS-CoV-2 and influenza, specifically in pediatric patients.

Objectives

The main objective of the current study was to com-
pare the clinical outcomes between influenza and SARS-
CoV-2 patients in the pediatric age group.

Materials and methods

Study participants

Studies containing both influenza and SARS-CoV-2 pa-
tients in the pediatric age group (<18 years) as a separate 
group were included.

Outcomes

The included outcomes were as follows: mortality,, inten-
sive care unit (ICU) admission, necessity for mechanical 
ventilation (invasive and non-invasive), sepsis, oxygen re-
quirement, acute kidney injury (AKI), steroid requirement, 
acute respiratory distress syndrome (ARDS), and duration 
of inpatient stay.

Study design

Prospective and retrospective observational study 
designs were eligible. Full-text studies were included. 
Research questions were framed in the PICO (P – pa-
tients, I – intervention; C – comparator; O – outcome) 
format as follows: P: influenza and SARS-CoV-2 patients 
in the pediatric age group; I: none; C: non-influenza and 
SARS-CoV-2 patients in the pediatric age group; O: mor-
tality, ICU admission, necessity for mechanical ventilation 
(invasive and non-invasive), sepsis, oxygen requirement, 
AKI, steroid requirement, ARDS, and duration of inpa-
tient stay.

Information sources and search strategy

A thorough and rigorous literature review was con-
ducted by systematically searching multiple databases, 
including Embase, Scopus, PubMed Central, Cochrane 
Library, MEDLINE, Google Scholar, and ScienceDirect. 
Our search strategy included Medical Subject Headings 
and free-text terms with Boolean operators (“AND” & 
“OR”). An additional English-language filter and a time 
point restriction from December 2019 to February 2022 
were applied. Terms referring to children and SARS-CoV-2 
or influenza were used, with the complete list available 
in the Supplementary data.

Selection process

The  initial phase of  study selection was conducted 
by  2  independent investigators (C.L. and F.H.), who 
screened titles, keywords and abstracts. Duplicates (same 
study available in different databases) were identified and 
excluded. Both investigators collected the full-text studies 
and subsequently narrowed down the selection for the next 
round of screening, considering the predetermined eligi-
bility criteria. Any inconsistencies during the initial phase 
were resolved through mutual agreement between these 
2 investigators. During the 2nd phase, the same 2 investiga-
tors (C.L. and F.H.) reviewed the retrieved full texts. Only 
eligible studies were selected for further analysis. The re-
view employed the Preferred Reporting Items for System-
atic Reviews and Meta-Analyses (PRISMA) checklist 2020 
for guidance.8 Conflicting assessments were resolved after 
discussion among authors.
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Data collection process and data items

Following the completion of the selection process for 
relevant full-text articles to  be included and analyzed 
in the review, the 2 above authors actively participated 
in the manual extraction of data to obtain information 
such as authors’ details, study title, publication year, study 
period and duration, design, setting, country, sample size, 
outcome details, and mean age of the participants.

Risk of bias assessment

Two authors (C.L. and F.H.) assessed the risk of bias 
using the  Newcastle-Ottawa scale for observational 
studies, which includes selection, comparability and 
outcome domains. Studies with scores between 7–8 stars 
were considered of “good” quality, 5–6 stars indicated 
“satisfactory” quality and 0–4 stars indicated “unsatis-
factory” quality.9

Statistical analyses (synthesis methods, 
effect measures, reporting bias 
assessment)

This meta-analysis was conducted using the Metafor 
R package (R Foundation for Statistical Computing, Vienna, 
Austria). The binary outcomes were assessed by inputting 
the number of events and sample size for each group, and 
the combined effect was presented as the pooled odds ratio 
(OR) with a 95% confidence interval (95% CI).

The model selection was based on the variation among 
the studies in terms of study design, sample size, type of par-
ticipants, methodology, etc. The random effects model was 
applied. Heterogeneity was evaluated using a χ2 test, and 
the level of inconsistency was quantified using the I2 statis-
tic. I2 < 25% indicated mild heterogeneity, I2 between 25% 
and 75% indicated moderate heterogeneity, and I2 > 75% 
indicated substantial heterogeneity.10 Forest plots showed 
the study-specific and pooled estimates. Sensitivity analysis 
was performed to determine whether the pooled estimate 
varied after removing studies one by one in the analysis. 
This ensured the robustness of the estimates and assessed 
the possibility of any small study effects. Publication bias 
was assessed for outcomes with at least 10 studies.

Results

Study selection

A total of 1,120 items were found. Of these, 801 studies 
were excluded for various reasons, such as not involving 
either SARS-CoV-2 or influenza patients, review articles, 
case reports, case series, systematic literature reviews, 
meta-analyses, formulation development for SARS-CoV-2 
and influenza patients, as well as analytical studies. Finally, 

99 studies were deemed relevant, and full texts were ob-
tained. A final consensus was reached to include 13 studies 
with a total of 18,516 participants (Fig. 1 and Table 1) after 
screening against the eligibility criteria.11–23

Characteristics of the included studies

Almost all analyzed studies (except Pokorska-Śpiewak 
et al.)18 were retrospective. Most studies were conducted 
in China (3 studies) and Turkey (3 studies). Sample sizes 
varied from 47 to 10,169. The average age in the SARS-
CoV-2 group ranged from 12 to 128 months, and in the in-
fluenza group from 16 to 112 months. Most studies in-
volved both influenza A and B patients. All studies were 
found to be of fair and good quality, as indicated in Table 1.

Admission to Intensive Care Unit

Eight studies compared ICU admission rates between 
SARS-CoV-2 and influenza patients in the pediatric age 
group. The pooled OR was found to be 1.26 [0.86, 1.86], 
indicating no significant difference between pediatric pa-
tients with SARS-CoV-2 and those with influenza (Fig. 2A). 
However, heterogeneity among studies was high, as indi-
cated by the I2 statistic. Cochran’s Q test (p < 0.01) and 

Fig. 1. Selection of studies according to the Preferred Reporting Items for 
Systematic Reviews and Meta-Analysis (PRISMA) guidelines
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χ2 test (p = 0.161) also indicated significant heterogeneity 
among the studies. Therefore, a sensitivity analysis was 
conducted.

The  sensitivity analysis results showed the  impact 
of  high sample size studies on  the  outcome (Fig. 3A). 
The heterogeneity among studies was found to decrease. 
Furthermore, no significant difference between pediatric 
patients with SARS-CoV-2 and influenza was observed 
even after the removal of both high sample size studies,17,21 
as shown in Fig. 3. A symmetrical funnel plot and Begg’s 
test (p = 0.322) (Supplementary Fig. 1) both indicated that 
there was no substantial publication bias.

Mechanical ventilation  
(invasive/non-invasive)

Four investigations revealed differences in  the  need 
for mechanical ventilation between children with SARS-
CoV-2 and those with influenza. No significant difference 
was observed between pediatric patients with SARS-CoV-2 
and those with influenza, as indicated by the pooled OR 
of 1.41 (95% CI: 0.74–2.67; I2 = 84%) (Fig. 3A). The heteroge-
neity among studies decreased from 84% to 67%, as shown 
in Fig. 3A,B. The Cochran’s Q and χ2 tests (p = 0.303) also 
indicated significant heterogeneity among the studies. 
Sensitivity analysis results showed no impact on the con-
clusion (Fig. 3B). A symmetrical funnel plot and Begg’s 
test (p = 0.497) (Supplementary Fig. 2) both indicated no 
substantial publication bias.

Invasive mechanical ventilation

Three studies compared the requirement for invasive 
mechanical ventilation between pediatric influenza and 
SARS-CoV-2 cases. The  pooled OR was 1.34 (95%  CI: 
0.51–3.48), indicating no significant difference in the need 
for invasive mechanical ventilation between pediatric 

influenza and SARS-CoV-2 patients (Fig. 4). Cochran’s 
Q test (p < 0.01) and χ2 tests (p = 0.447) also indicated 
significant heterogeneity among the studies. Sensitivity 
analysis was not performed due to the availability of only 
2 studies. The funnel plot indicated minimal publication 
bias (Supplementary Fig. 3).

Non-invasive mechanical ventilation

Two studies compared the requirement for noninvasive 
mechanical ventilation between SARS-CoV-2 and influ-
enza patients in the pediatric age group. The pooled OR 
was 1.34 (95% CI: 0.51–3.48; I2 = 93%), indicating no sig-
nificant difference between pediatric patients with SARS-
CoV-2 and those with influenza (Fig. 4). Cochran’s Q test 
(p < 0.01) and χ2 tests (p = 0.447) also indicated signifi-
cant heterogeneity among the studies. Due to the limited 
number of studies, sensitivity analysis could not be per-
formed. The funnel plot indicated minimal publication 
bias (Supplementary Fig. 4).

Oxygen requirement

Four investigations compared oxygen requirements 
between the 2 groups. The pooled OR was 0.34 (95% CI: 
0.11–1.06; I2 = 0%), showing no significant differences 
(Fig. 5A). Cochran’s Q  test (p = 0.61) and χ2  test also 
indicated nonsignificant heterogeneity among studies. 
Sensitivity analysis results showed no impact of outliers 
on the study outcome, as shown in Fig. 5B. The funnel 
plot indicated minimal publication bias (Supplementary 
Fig. 5).

Steroid requirement

Two investigations examined the difference in steroid 
requirements between SARS-CoV-2 and influenza patients 

Table 1. Newcastle-Ottawa Quality Assessment

Study & year Selection Comparability Outcome Total score Quality of the study

Akkoc et al., 202111 * ** *** 6 fair

Asseri et al., 202112 ** * *** 6 fair

Hedberg et al., 202113 *** ** ** 7 good

Laris-Gonzaiez et al., 202114 ** ** ** 6 fair

Li et al., 202015 *** ** ** 7 good

Liu et al., 202116 *** ** ** 7 good 

Piroth et al., 202117 *** ** *** 8 good

Pokorska et al., 202118 *** ** *** 8 good

Siddiqui et al., 202119 *** ** *** 8 good

Song et al., 202020 ** ** *** 7 good

Sousa et al., 202021 ** ** ** 6 fair

Yilmaz et al., 202122 *** ** *** 8 good

Zhao et al., 202023 *** ** ** 7 good
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Fig. 2. Sensitivity analysis. A. Mechanical ventilation; B. After removal of Piroth et al.17; C. After removal of Sousa et al.21; D. After removal of Piroth et al.17 and 
Sousa et al.21

A

B

C

D
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in the pediatric age group. The pooled OR was 0.56 (95% CI: 
0.06–5.31; I2 = 92%), indicating no significant differences 
(Fig. 6A). Cochran’s Q test (p < 0.01) and χ2 test (2.451) 
also indicated significant heterogeneity among studies. 
Sensitivity analysis was not performed due to the limited 
number of studies.

Acute kidney injury

Four studies compared AKI between SARS-CoV-2 and 
influenza patients in the pediatric age group. The pooled 
OR was 1.31 (95% CI: 0.84–2.04; I2 = 94%), indicating no 
significant difference between influenza and SARS-CoV-2 
pediatric patients (Fig. 6B). Cochran’s Q test (p < 0.01) 
and χ2 test (0.168) also indicated significant heterogene-
ity among studies. Sensitivity analysis results showed no 
significant impact on the outcome, as shown in Fig. 7A–C. 
The symmetrical funnel plot and Begg’s test (p = 0.497) 
(Supplementary Fig. 7) both indicated no substantial pub-
lication bias.

Mortality

Seven studies reported on the difference in mortality 
between influenza and SARS-CoV-2 pediatric patients. 
The pooled OR was 1.16 (95% CI: 0.71–1.90; I2 = 72%), indi-
cating no difference between pediatric patients with SARS-
CoV-2 and those with influenza (Fig. 8A). Cochran’s Q test 
(p < 0.01) and χ2 test (p = 0.212) also indicated significant 
heterogeneity among studies. The symmetrical funnel plot 
(Supplementary Fig. 8) suggested significant publication 
bias (Begg’s p = 0.652). Sensitivity analysis results showed 
no impact of outliers on the outcome, as shown in Fig. 8B.

Discussion

Coronavirus disease 2019 (COVID-19) is a novel dis-
ease caused by a newly identified virus, SARS-CoV-2. 
It  is  a  positive-sense single-stranded RNA virus that 
mainly affects the respiratory system.24,25 Influenza and 

Fig. 4. Sensitivity analysis. A. Invasive mechanical ventilation; B. Non-invasive mechanical ventilation

Fig. 3. Sensitivity analysis. A. Mechanical ventilation; B. After removal of Sousa et al.21

A

B
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SARS-CoV-2 are both preventable via vaccination.26–28 
While numerous experimental antiviral medications 
are presently undergoing assessment, supportive care 
remains the predominant approach for managing SARS-
CoV-2 patients.29 In this evaluation, we compared SARS-
CoV-2 patients with influenza patients of all ages to as-
sess the relative risk of several adverse clinical outcomes 
in terms of severity and complications. We have com-
piled 13 studies in total. China and Turkey topped the list 

of countries where these studies were performed, fol-
lowed by Sweden, France and Poland. Except for the study 
by Pokorska-Śpiewak et al.,18 all of the other research used 
a retrospective design, and the majority of  them were 
highly at risk of bias.

A sensitivity analysis showed no significant change in ef-
fect magnitude. While no earlier pediatric case evalua-
tions were available to compare with the present study, 
the reported results are consistent with previous pandemic 

Fig. 5. Sensitivity analysis. A. Oxygen requirement; B. After removal of Siddiqui et al.19

Fig. 6. Sensitivity analysis. A. Steroid requirement; B. Acute kidney injury (AKI)
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infections.29–30 The severity of the SARS-CoV-2 infection 
among pediatric patients was evidently different from that 
in adult patients.31 This suggests that the pathogenicity 
of SARS-CoV-2 infection in children was similar to that 
of other severe respiratory illness-associated coronavi-
ruses, such as Middle East Respiratory Syndrome Corona-
virus (MERS-CoV) and SARS-CoV. Children with SARS/
MERS coped better than adults with these illnesses.32,33

Other adverse clinical outcomes (death, ICU admission, 
mechanical ventilation, AKI, ARDS, and length of hospital 
stay) did not differ substantially between SARS-CoV-2 and 
influenza pediatric patients. However, previous studies 
on adult patients have found greater mortality and more 
frequent hospitalization and requirement for mechanical 
ventilation with late hospital discharge, particularly among 
individuals over the age of 50.34–36 This could be due to re-
lated comorbidities such as diabetes, hypertension or heart 
disease among middle-aged and older adults, skewing 
the adverse outcome rates higher for SARS-CoV-2 patients. 
More longitudinal research into the outcomes of influenza 
and SARS-CoV-2 in pediatric patients is needed.

The review’s major strengths are rigorous methodol-
ogy and extensive investigation of the relevant literature. 

The evidence comparing the clinical outcomes of children 
with SARS-CoV-2 and children with influenza is scant, 
and this study fills a gap in that area. For any of the out-
comes under evaluation, there was no discernible publica-
tion bias. The reliability of the findings may be enhanced 
as a result.

Limitations

The majority of the findings revealed a substantial amount 
of variation from one study to the next. This might influ-
ence the external validity (generalizability) of the study 
results. Virtually all of  the  studies were retrospective, 
making it challenging to establish a causal relationship. 
Therefore, longitudinal research is necessary for deter-
mining credible effect estimates and contributing to evi-
dence-based recommendations for creating interventions 
in the hospital context. Most of the included studies lacked 
information about comorbidities, which play a substantial 
role in the outcomes of both infectious agents. Therefore, 
further studies are required to confirm the effects of co-
morbidities on clinical outcomes. We have considered only 
outcomes related to the respiratory system. Neurological 

Fig. 7. Sensitivity analysis. A. After removal of Piroth et al.17; B. After removal of Sousa et al.21; C. After removal of Piroth et al.17 and Sousa et al.21
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outcomes, coagulation issues and other infection-related 
complications such as myocarditis, Guillain–Barré syn-
drome (GBS) or multisystem inflammatory syndrome in 
children (MIS-C) were not considered. There were differ-
ences in the results of studies including very young patients 
compared to older ones, which can produce predefined bias.

Conclusions

Based on our findings and experiences, SARS-CoV-2 
infection is comparable to  influenza in terms of mor-
tality, pediatric intensive care unit (PICU) admissions, 
mechanical ventilation, and AKI incidence, with differ-
ences mainly observed in oxygen supplementation. Fur-
thermore, the impact of influenza on specific age groups 
is influenced by the strain. The use of glucocorticoids also 
plays a significant role in the outcomes of both strains. 
Therefore, more large-scale and longitudinal studies 
are required to make a precise judgment on the severity 
of both of these diseases. The results of this investiga-
tion may provide preliminary evidence that SARS-CoV-2 
infection may become permanently embedded in every-
day life for many years to come (similar to  influenza), 
particularly concerning the differences between these 
2 conditions in terms of adverse clinical outcomes.

Supplementary data

The Supplementary materials are available at https://
doi.org/10.5281/zenodo.13340768. The package includes 
the following files:

Supplementary Fig. 1. Symmetrical funnel plots and 
Begg’s p = 0.322 show no publication bias.

Supplementary Fig. 2. Symmetrical funnel plots and 
Begg’s p = 0.497 show no publication bias.

Supplementary Fig. 3. A funnel plot shows less publica-
tion bias for invasive mechanical ventilation.

Supplementary Fig. 4. A funnel plot shows less publica-
tion bias for noninvasive mechanical ventilation.

Supplementary Fig. 5. A funnel plot shows less publica-
tion bias for oxygen requirement.

Supplementary Fig. 6. A funnel plot shows less publica-
tion bias for steroid requirement.

Supplementary Fig. 7. A symmetrical funnel plot and 
Begg’s p = 0.497 show no notable publication bias.

Supplementary Fig. 8. The symmetrical funnel plot in-
dicated that there was significant publication bias (Begg’s 
p = 0.652).
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Fig. 8. Sensitivity analysis. A. Mortality; B. After removal of Sousa et al.21
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Abstract
Background. Turmeric and boswellia supplements have gained popularity for their anti-inflammatory and 
antioxidant properties. It is important to critically assess the safety of such supplements for prolonged use.

Objectives. To assess the safety and tolerability of turmeric-boswellia-sesame oil formulation (TBSF) 
in healthy human volunteers.

Materials and methods. Forty participants were supplemented with TBSF at a dose of 2,000 mg daily for 
90 days. Safety assessments were performed at baseline, as well as on day 30, 60 and 90. Adverse events were 
monitored throughout the study period. Any evidence of hepatotoxicity injury or drug induced liver injury 
(DILI) was assessed using R value (R ratio/R factor), which is a relative pattern of liver enzymes. Addition-
ally, Hy’s law criteria, based on liver enzymes and bilirubin levels, were employed, along with an evaluation 
of drug-induced serious hepatotoxicity (eDISH) plot. The neutrophil-to-lymphocyte ratio (NLR) and platelet-
to-lymphocyte ratio (PLR) were calculated, as these values are relevant to the safety of the intervention.

Results. The study found that TBSF supplementation did not cause any adverse effects or clinically significant 
variations in vital signs, hematological parameters, lipid profile, liver function enzymes, and renal function 
markers, and all were within the normal range after 90 days of TBSF supplementation. Platelet-to-lymphocyte 
ratio and NLR did not change significantly and were within the normal range. All the participants when plotted 
were in the normal range quadrant of the eDISH plot throughout the study period. No abnormal findings were 
observed in R value and Hy’s law criteria, indicating that TBSF does not induce any hepatotoxicity. The present 
study showed a normal estimated glomerular filtration rate (eGFR), blood urea nitrogen (BUN), creatinine 
(Cr), Cr clearance, and BUN/Cr ratio throughout the study period. There was no significant change between 
these values at 4 abovementioned time points.

Conclusions. The study findings suggest that TBSF is a safe supplement for regular and long-term con-
sumption.

Key words: safety, turmeric, dietary supplement, sesame, boswellia
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Background

Nutraceuticals are bioactive compounds derived from 
plant sources that provide nutritional and medicinal ben-
efits. The growing consciousness among consumers regard-
ing potential health benefits and the necessity for enhanced 
wellness, especially in the post-pandemic era, highlights 
the importance of nutraceuticals. Furthermore, their safety, 
effectiveness and affordability contribute to their growing 
popularity. Nutraceuticals are easily accessible and widely 
available, making them attractive to a broad range of con-
sumers. However, concerns regarding their safety and effi-
cacy remain a topic of significant interest and investigation.

The use of natural products, such as turmeric and bo-
swellia, for their anti-inflammatory properties has gained 
significant attention in musculoskeletal health.1 While 
turmeric and boswellia have exhibited effectiveness 
in addressing these concerns over time, the challenge lies 
in the scarcity of natural products capable of delivering 
swift pain relief.2–3 The experience of joint pain or mus-
cle soreness is distressing and has a significant impact 
on a person’s quality of life. Therefore, timely management 
and alleviation of inflammation is crucial to improving 
the overall wellbeing and quality of life of those affected. 
Promptly addressing the muscle or joint discomfort can 
minimize suffering, enable individuals to perform daily 
activities, and result a sense of comfort and wellbeing. De-
spite the growing popularity of natural products, more re-
search and investigation is needed in this area. The unique 
formulation (Rhuleave-K) presented in this study combines 
turmeric, boswellia and sesame seed oil, and its integra-
tion with innovative technology represents a remarkable 
breakthrough in the field of natural products.

Turmeric and boswellia extract have been extensively 
researched for their effectiveness in managing inflamma-
tion, but the time required to see noticeable effects can 
be a challenge. However, the solubilization of turmeric 
and boswellia extracts in sesame seed oil sets Rhuleave-K 
apart from conventional physical blends. Given the sig-
nificantly enhanced efficacy of Rhuleave-K, it is important 
to thoroughly evaluate its safety in humans, and this study 
is the first of its kind to address this aspect.

Objectives

The objective of the study was to assess the safety and 
tolerability of a novel formulation consisting of turmeric, 
boswellia and sesame oil (TBSF) integrated using SPEED-
TECH technology (Rhuleave-K, Arjuna Natural Pvt. Ltd., 
Kochi, India), administered at a dosage of 2,000 mg per day 
over a 90-day period, in healthy adult volunteers. This ob-
jective of this study was to conduct comprehensive safety 
evaluations, including hematological, biochemical, radio-
logical, and urine analyses, to provide a valuable insight 
into the potential for long-term clinical use of TBSF.

Materials and methods

The research protocol and associated documents under-
went review and were approved by Royal Pune Independent 
Ethics Committee, Pune, India (date of approval: Febru-
ary 7, 2022; Drugs Controller General of India (DCGI) 
registration No. ECR/45/Indt/MH/2013/RR-19). The study 
was conducted in accordance with the declaration of Hel-
sinki (52nd World Medical Association (WMA) General 
Assembly, Edinburgh, Scotland, October 2000) and the In-
ternational Conference on  Harmonization guidelines 
on Good Clinical Practice (GCP).

Study participants

The study population comprised healthy adult individu-
als of either gender, aged 18–55 years, without any clini-
cally significant abnormalities as determined by the prin-
cipal investigator based on the medical history, physical 
examination, chest X-ray, electrocardiogram (ECG), and 
routine laboratory evaluations. Additionally, all partici-
pants were required to demonstrate a willingness and abil-
ity to fully comply with the study procedures.

Individuals who tested positive for SARS-CoV-2 infec-
tion using reverse transcription quantitative polymerase 
chain reaction (RT-qPCR) or who had a history of comor-
bid medical conditions, including cardiovascular, endo-
crine, renal, hepatic, or other chronic diseases that may 
affect stress/anxiety levels, were excluded from participa-
tion in the study. Those with a history of anxiety disorders 
or other mental health conditions that may impact normal 
functioning, as well as those with a history of serious com-
plications from diseases or any condition, including labora-
tory abnormalities, that in the opinion of the investigator 
posed an unacceptable risk or rendered the volunteer unfit 
to participate in the study, were excluded. Written informed 
consent was obtained from the participants by the investi-
gator before initiating the screening process. There was no 
coercion of any kind and only those who voluntarily signed 
the consent form were included in the study.

Investigational product

The participants were instructed to take orally vege-
tarian reddish-brown soft gel capsules of TBSF 2,000 mg 
(500 mg × 2 soft gels, twice daily), containing 532 mg 
curcuminoids and 20 mg acetyl keto-boswellic acids, for 
a period of 90 days.

The TBSF contains turmeric extract (Curcuma longa L.), 
boswellia serrata extract and black sesame seed oil (Sesa-
mum indicum). Cultivated variety of turmeric rhizomes 
from India were extracted with ethyl acetate and stan-
dardized to contain 26.6% curcuminoids. Wild variety 
of Boswellia serrata gum resin sourced from India was 
extracted using ethyl acetate and standardized to con-
tain 1% acetyl-11-keto-β-boswellic acid (AKBA). The active 
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components from Curcuma longa and Boswellia serrata 
were uniformly solubilized in sesame seed oil sourced from 
India using proprietary technology. The investigational 
product was manufactured in compliance with applicable 
Good Manufacturing Practice (GMP) and Food Safety and 
Standards Authority of India (FSSAI) regulations, labelled 
and supplied by Arjuna Natural Pvt Ltd.

Participants received 3 bottles, each containing 128 “size 0” 
TBSF soft gel capsules. Bottle 1 was given at enrollment, 
bottle 2 at the 30-day follow-up visit and bottle 3 at the 60-
day follow-up visit. Participants were instructed to take only 
120 capsules from each bottle for 30 days (2 capsules twice 
daily), with 8 extra capsules for emergencies. Participants re-
turned the bottles at the subsequent visit. The study coordi-
nator maintained accurate records of the dates and amounts 
of capsules dispensed and consumed, and the percentage 
of treatment adherence was calculated.

Study procedure

This open-label study evaluated the safety and tolerabil-
ity of TBSF in healthy adult volunteers. A total of 40 healthy 
volunteers were recruited in a single arm of the study. All 
the eligible participants were instructed to  take TBSF 
at dose of 2 capsules (500 mg each) twice daily, in the morn-
ing and evening, for 90 days. The capsules could be in-
gested with or without food, according to the preferences 
of the participants, as instructed. The follow-up visits were 
at day 30, day 60 and day 90. Change in the safety param-
eters from baseline to endpoint compared at different time 
points were the primary outcomes of the study. The toler-
ability of the test product was determined by observing and 
evaluating the occurrence of adverse events throughout 
the treatment period up to the last dose. Averse events and 
serious adverse events reported by the participants were 
evaluated as secondary outcomes of the study.

Study assessments

Primary safety assessments of the repeated dose of TBSF 
included hematological and biochemical parameters. He-
matological parameters included complete blood count 
(CBC) (hemoglobin (Hb), white blood cells count (WBC), 
platelet count (PLT), red blood cells count (RBC), hema-
tocrit (HCT), neutrophil, eosinophil, lymphocytes, mono-
cytes, basophil, and erythrocyte sedimentation rate (ESR)). 
Biochemical parameters included liver function test (total 
bilirubin, serum glutamate pyruvate transaminase (SGPT), 
serum glutamic oxaloacetic transaminase (SGOT)), renal 
function test (serum creatinine (CR), blood urea), lipid 
profile (low-density lipoprotein cholesterol (LDL-C), high-
density lipoprotein cholesterol (HDL-C), very-low-density 
lipoprotein (VLDL), total cholesterol (TC), and triglycer-
ides (TG)), fasting blood sugar, and urine analysis.

Glomerular filtration rate (GFR) is considered as an im-
portant test to determine the  level of kidney function. 

It describes the flow rate of filtered fluid through the kid-
ney and identifies the stage of renal disease. The GFR was 
estimated based on the Chronic Kidney Disease Epidemiol-
ogy Collaboration (CKD-EPI) formula,4 as detailed below:

For women with Cr <62 μmol/L:

eGFR (mL/min/1.73 m2) = 
 144 × (Cr/61.6)–0.329 × (0.993)age

1.  For women with Cr >62 μmol/L:

eGFR (mL/min/1.73 m2) = 
 144 × (Cr/61.6)–1.209 × (0.993)age

2.  For men with Cr <80 μmol/L:

eGFR (mL/min/1.73 m2)  
= 141 × (Cr/79.2)–0.411 × (0.993)age

3.  For men with Cr >80 μmol/L:

eGFR (mL/min/1.73 m2) = 
 141 × (Cr/79.2)–1.209 × (0.993)age

where, “eGFR” is estimated glomerular filtration rate.
Hematology and biochemistry parameters were assessed 

at screening and on days 30, 60 and 90. Radiological pa-
rameters (ECG and X-ray) were assessed at screening and 
at the end of the study. Overall tolerability of the study 
medication was assessed by  observing and evaluating 
the occurrence of adverse events and grading them as poor, 
fair, good, or excellent. Secondary safety assessments in-
cluded vital signs and physical examination results at all 
visits and treatment-emergent adverse events reported 
by study participants throughout the treatment period. 
Participants were instructed to monitor themselves daily 
for any signs of adverse reactions throughout the study 
period. The investigator provided detailed guidelines for 
self-assessment of adverse reactions to ensure their con-
sistent and accurate reporting, and each participant was 
provided with a standardized observation form that in-
cluded sections to provide information on the date and 
time of the observation, the nature of the adverse event, 
and any other comments. Each participant’s forms and 
responses were reviewed at each visit to assess for any 
adverse reactions during the study period.

Statistical analyses

As this research was conducted as a pilot study, an arbi-
trary sample size of 40 participants was selected for inclu-
sion. Prior to statistical analysis, normality of the variables 
was assessed using the Shapiro–Wilk test (Supplementary 
Tables 1–5). Additionally, the assumption of sphericity 
was tested using Mauchly’s sphericity test (Supplementary 
Table 6). The study data set was analyzed using repeated 
measures analysis of variance (rm-ANOVA) when normal-
ity and sphericity assumptions were met, as rm-ANOVA 
has greater statistical power. If the sphericity assumption 
was violated, the  Greenhouse–Geisser correction was 
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applied. When the data did not meet the normality as-
sumption, the nonparametric Friedman’s rank test was 
used as  the nonparametric analog of  the one-way rm-
ANOVA, with α = 0.05. Pairwise multiple comparison 
of Hy’s criteria was done using the McNemar’s test, and 
Bonferroni correction was applied to account for mul-
tiple comparisons. To test for the differences in the bi-
nary R function outcomes, Cochran’s Q test was used. All 
statistical tests were conducted using NCSS v. 20 (NCSS 
LLC, Kaysville, USA).

Results

Study participants and recruitment

Forty-six participants were screened after obtaining their 
written informed consent. Six participants were excluded 
from the study because they did not meet the eligibility cri-
teria. Consequently, 40 study participants were enrolled 
according to the approved protocol and completed the study 
(Fig. 1). No amendments were made to the protocol and no 
instances of non-adherence to the protocol were observed 
during the study. The study had no missing data or dropouts. 
No adverse events or serious adverse events were reported.

Demographic characteristics 
and vital signs

The study participants were 22 men and 18 women with 
an average age of 32.38 years (Table 1). No significant varia-
tion was observed in the vital signs and weight of the par-
ticipants over the course of the study (Table 2).

Safety assessment

Hematology

Complete blood count is an important tool in the safety 
assessment of a drug or substance. It count includes the mea-
surement of several parameters, such as WBCs, PLT, RBCs, 
Hb, and HCT as well as RBC indices like mean corpuscu-
lar hemoglobin (MCH), mean corpuscular volume (MCV) 
and mean corpuscular hemoglobin concentration (MCHC). 
The  neutrophil-to-lymphocyte ratio (NLR) is  the  ratio 
of absolute neutrophil count to the absolute lymphocyte 
count. The platelet-to-lymphocyte ratio (PLR) is the ratio 
of absolute platelet count to the absolute lymphocyte count. 
The study results showed that RBC indices, WBC, PLT, and 
differential count did not show any significant change at any 
time point. However, MCH and basophil absolute levels 
showed an increase at day 30 compared to baseline, which 
was not clinically significant. Furthermore, ESR values 
at day 60 and day 90 were decreased compared to the base-
line. There were no significant changes in PLR and NLR, 
which remained within the normal range (Table 3).

Lipid profile

The lipid profile is an important component of safety as-
sessment, particularly when evaluating the safety of an in-
tervention that may affect lipid metabolism. The lipid pro-
file typically includes measurements of LDL-C, HDL-C, 
TC, and TG. In this study, HDL-C increased significantly 
with nonsignificant decrease in TG and LDL-C, confirm-
ing no deterioration of renal function. The lipid profile 
data are shown in Table 4.

Table 1. Demographic profile of the study population

Participants Number 
of participants

Age Height [cm] Weight [kg]

mean ±SE mean ±SE mean ±SE

Total 40 32.38 ±1.53 159.83 ±1.36 73.23 ±0.83

Male 22 30.41 ±1.54 165.50 ±1.24 73.31 ±0.79

Female 18 34.78 ±2.77 152.89 ±1.39 73.13 ±1.59

SE – standard error.

Table 2. Vitals and weight

Parameters
Baseline Day 30 Day 60 Day 90 ANOVA Friedman

mean ±SE mean ±SE mean ±SE mean ±SE p-value p-value

Weight [kg] 73.23 ±0.83 73.255 ±0.83 73.2 ±0.81 73.375 ±0.83 – 0.939

Temperature [°C] 36.64 ±0.02 36.69 ±0.03 36.75 ±0.04 36.62 ±0.02 – 0.248

Systolic [mm Hg] 116.4 ±0.52 114.8 ±0.73 116.2 ±0.34 115.23 ±0.44 – 0.066

Diastolic [mm Hg] 77 ±0.43 77.18 ±0.62 77.5 ±0.58 77 ±0.43 – 0.574

Pulse_rate [bpm] 86.08 ±0.66 83.63 ±0.84 84.93 ±1.31 83.05 ±0.78 – 0.113

Respiratory rate [per min] 17.2 ±0.07 17.28 ±0.13 17.08 ±0.17 17.25 ±0.21 – 0.734

SE –  standard error; ANOVA – analysis of variance.
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Liver function test

Liver function tests (LFTs) are a group of blood tests 
that are commonly used in safety assessment to evaluate 
liver function and to detect liver damage or disease. They 
typically include tests for liver enzymes such as aspartate 
aminotransferase (AST), alanine aminotransferase (ALT), 
alkaline phosphatase (ALP), and bilirubin levels. The study 
results showed that there was no significant difference 

in liver function test responses at baseline, day 30, day 60, 
and day 90 (Table 5).

The  R  value, also known as  the  R  ratio or  R  factor, 
is a measure of the ratio of serum concentrations of 2 liver 
enzymes: ALP and ALT. It is used to define hepatotoxicity 
injury patterns. The R value can provide additional infor-
mation about liver function and damage beyond individual 
enzyme levels. The relative pattern of ALT and/or ALP 
elevation indicates the type of drug-induced liver injury 

Table 3. Assessment of hematology

Parameters
Baseline Day 30 Day 60 Day 90 ANOVA Friedman

mean ±SE mean ±SE mean ±SE mean ±SE p-value p-value

Hb [g/dL] 13.5 ±0.28 13.75 ±0.21 13.7 ±0.22 13.8 ±0.26 0.371 –

RBC [cells/μL] 4.61 ±0.09 4.56 ±0.07 4.57 ±0.07 4.61 ±0.09 – 0.283

HCT [%] 41.23 ±0.83 41.51 ±0.65 41.1 ±0.69 41.39 ±0.94 – 0.155

MCH [pg/cell] 29.31 ±0.16 30.2 ±0.31 29.97 ±0.1 29.94 ±0.1 – 0.001

MCHC [g/dL] 32.74 ±0.08 33.15 ±0.18 33.36 ±0.12 33 ±0.09 – 0.057

MCV [FL] 89.51 ±0.39 91.07 ±0.78 89.88 ±0.45 90.73 ±0.29 – 0.177

WBC [cells/µL] 7,768.5 ±307.94 7647.2 ±231.71 7,696.23 ±203.33 7,418.5 ±246.82 – 0.583

Platelets [cells/μL] 23,6725 ±12,932.22 23,9151.25 ±10,629.99 235,510.3 ±7817.73 235,529.18 ±6,750.68 – 0.060

Neutrophil absolute [cells/μL] 4,807.98 ±252.18 4,666.8 ±177.41 4,797.70 ±142.49 4,644 ±171.91 – 0.818

Lymphocyte absolute [cells/μL] 2,490.68 ±102.52 2,525.65 ±70.84 2,462.63 ±64.53 2,291.2 ±71.21 0.150 –

Monocyte absolute [cells/μL] 233.18 ±14.63 219.75 ±13.94 219 ±10.84 246.28 ±19.84 – 0.818

Eosinophil absolute [cells/μL] 236.63 ±11.11 220.78 ±15.22 209.08 ±16.34 230 ±12.75 0.433 –

Basophil absolute [cells/μL] 0 ±0 14.38 ±4.79 7.93 ±2.33 7.08 ±2.75 – 0.008

NLR 2.04 ±0.14 1.87 ±0.07 1.96 ±0.04 2.04 ±0.05 – 0.252

PLR 101.78 ±7.63 97.28 ±4.93 96.46 ±2.67 103.74 ±1.84 – 0.488

ESR [mm/h] 20.78 ±2.16 15.15 ±0.6 14.68 ±0.69 16.03 ±0.62 – 0.209

SE – standard error; ANOVA – analysis of variance; Hb – hemoglobin; RBC – red blood cells; HCT – hematocrit; MCH – mean corpuscular hemoglobin; 
MCHC – mean corpuscular hemoglobin concentration; MCV – mean corpuscular volume; WBC – white blood cells; NLR – neutrophil-to-lymphocyte ratio; 
PLR – platelet-to-lymphocyte ratio; ESR – erythrocyte sedimentation rate.

Fig. 1. Study flow diagram

Assessed for eligibility (n = 46)

Excluded  (n = 6)
� Not meeting inclusion criteria (n = 6) 
� Declined to participate (n = 0)
� Other reasons (n = 0)

Lost to follow-up (n = 0)
Discontinued intervention (n = 0)

Allocated to intervention (n = 40)
� Received allocated intervention (n = 40)
� Did not receive allocated intervention 

(give reasons) (n = 0) 

Analyzed  (n = 0)
� Excluded from analysis (n = 0)

Allocation

Analysis

Follow-up

No randomization 

Enrollment
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(DILI). A relatively elevated ALT compared to the ALP 
level indicates a hepatocellular pattern of DILI, whereas 
the opposite indicates a cholestatic pattern. In this study, 
none of the study participants experienced a hepatocellu-
lar injury or cholestasis or mixed injury at any time point 
(Table 6).

Hy’s law criteria is a set of clinical criteria used to as-
sess the likelihood of severe liver injury or liver failure 
in patients taking potentially hepatotoxic drugs. They are 
defined as the occurrence of elevated liver enzymes (ALT 
or AST greater than 3 times the upper limit of normal) 
and elevated bilirubin levels (greater than 2 times the up-
per limit of normal) without initial findings of cholestasis 
and absence of other explanation of liver injury (e.g., viral 
hepatitis, alcoholic hepatitis).5 Meeting Hy’s law criteria 
is associated with a high risk of severe liver injury or failure 
and can be an indication to discontinue the use of the po-
tentially hepatotoxic drug. Therefore, Hy’s law criteria are 
an important component of safety assessment for drugs 
that may potentially cause liver injury.

The primary graphical tool to evaluate a drug’s liver 
safety profile and promptly identify cases of  special 

concern is the evaluation of drug-induced serious hepa-
totoxicity plot (eDISH). This plot displays a log/log cor-
relation between peak total bilirubin (TBL) and ALT, both 
measured in multiples of the ULN. Horizontal and verti-
cal lines on the plot indicate the thresholds of Hy’s law: 
ALT = 3 × ULN and total bilirubin = 2 × ULN. Study 
participants potentially meeting the Hy’s law criteria are 
clearly visible in the upper right quadrant of the graph. 
Data points in  the  lower right quadrant, exceeding 
3 × ULN for ALT, but remaining below 2 × ULN for total 
bilirubin, also suggest an increased risk for liver injury 
(Temple’s Corollary range). According to the U.S. Food and 
Drug Administration (FDA) guidance on drug-induced 
liver injury, the identification of 1 case meeting Hy’s law 
criteria in the clinical trial database is a cause for concern. 
However, the detection of 2 such cases is highly predictive 
that the drug has the potential to induce severe DILI when 
administered to a larger population.

Figure 2 illustrates the concept of the eDISH method. 
Each dot on the plane represents 1 subject in the clinical 
study. For each subject, the peak TBL multiplied by the up-
per limit of the reference range (ULRR) is plotted against 

Table 4. Lipid profile

 Parameters
Baseline Day 30 Day 60 Day 90 ANOVA Friedman

mean ±SE mean ±SE mean ±SE mean ±SE p-value p-value

TC [mg/dL] 163.45 ±5.08 163.33 ±4.7 164.25 ±3.7 165.18 ±4.03 0.923 –

HDL [mg/dL] 45.13 ±0.76 45.78 ±1.17 45.93 ±1.39 50.05 ±1.46 – 0.024

LDL [mg/dL] 86.47 ±4.19 86.52 ±3.92 84.16 ±4.08 82.15 ±3.34 – 0.690

VLDL [mg/dL] 31.86 ±2.83 26.53 ±1.76 28.96 ±1.53 29.13 ±1.48 – 0.006

TG [mg/dL] 159.28 ±14.16 140.08 ±7.5 144.78 ±7.63 145.63 ±7.42 – 0.645

FBS [mg/dL] 86.38 ±1.97 86.43 ±1.35 86.3 ±1.48 88.9 ±1.23 – 0.079

SE – standard error; ANOVA – analysis of variance; TC – total cholesterol; HDL – high-density lipoprotein; LDL – low-density lipoprotein; VLDL – very low-
density lipoprotein; TG – triglycerides; FBS – fasting blood sugar.

Table 5. Liver function test

 Parameters
Baseline Day 30 Day 60 Day 90 ANOVA Friedman

mean ±SE mean ±SE mean ±SE mean ±SE p-value p-value

ALT (SGPT) [U/L] 34.73 ±4.27 32 ±1.61 31.85 ±1.55 32.93 ±1.2 – 0.075

AST (SGOT) [U/L] 33.33 ±1.86 34.13 ±1.15 33.8 ±1.14 36.1 ±1.19 – 0.067

ALP [U/L] 100.45 ±5.41 96.28 ±4.05 96.43 ±3.7 92.78 ±3.41 0.273524 –

Bilirubin [mg/dL] 0.67 ±0.04 0.68 ±0.03 0.66 ±0.06 0.73 ±0.03 – 0.509

SE – standard error; ANOVA – analysis of variance; ALT – alanine aminotransferase; AST – aspartate aminotransferase; ALP – alkaline phosphatase.

Table 6. R function analysis using Cochran’s Q test

Time 
[min]

Condition Percentage
Q df p-value Significant at 0.05

R not ≤ 2 R ≤ 2 R not ≤ 2 R ≤ 2

0 6 34 15 85

4.5 3 0.212 no
30 2 38 5 95

60 2 38 5 95

90 2 38 5 95

df – degrees of freedom; Q – quartile.
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the peak ALT multiplied by the ULRR, utilizing a log10 
scale. Figure 2 illustrates the approach proposed by Zim-
merman6 to use both the indicator of hepatocellular injury, 
i.e., ALT, and the measure of impaired liver function (TBL) 
together. Figure 2 includes 2 reference lines: 2 × ULRR for 
TBL × ULRR and 3 × ULRR for ALT × ULRR, dividing 
the plane into 4 quadrants (Table 7). Normal cases are 
situated in the lower left quadrant. Notably, the upper right 
quadrant is known as Hy’s law quadrant, encompassing 
potentially DILI cases. Any subject falling within the Hy’s 
law quadrant required additional investigation to adjudi-
cate the case.

In our study, Fig. 2 shows that all study participants fall 
in the lower left quadrant (normal) at baseline, day 30, 
day 60, and day 90. None of the study participants were 
in  the Hy’s criteria range, the  temples corollary range 
or the cholestasis range, which is a safe indication that 
the product does not induce any hepatotoxicity. Further 
analysis of the Hy’s criteria using Cochran’s Q test and 

McNemar’s test showed that all study participants were 
in the normal first quadrant. However, there was a sig-
nificant change in the proportion of study participants 
and study participants moving into the  inner normal 
range when baseline was compared to day 60 and day 90 
(Tables 8,9).

Renal function test

Renal function tests, including GFR and urine analysis, 
are important parameters in the safety assessment of any 
formulation.

Renal function assessment, involving measurements 
of Cr and/or blood urea nitrogen (BUN), is deemed es-
sential for most clinical studies, alongside liver function 
tests such as serum glutamic oxaloacetic transaminase 
(SGOT), serum glutamic pyruvate transaminase (SGPT) 
and ALP. This assessment holds particular significance 
in the development of new drug or nutraceuticals. Renal 

Table 7. Evaluation of drug-induced serious hepatotoxicity (eDISH) plot quadrants

Quadrant Condition  TBL ALT

Upper left cholestasis >2 × ULN <3 × ULN

Upper right Hy’s law >2 × ULN >3 × ULN

Lower right temple’s corollary <2 × ULN >3 × ULN

Lower left normal <2 × ULN <3 × ULN

TBL – total bilirubin; ALT – alanine aminotransferase; ULN – upper limit of normal.

Fig. 2. Representation of evaluation of drug-induced serious hepatotoxicity (eDISH plot). A, B, C, and D represents the data of baseline, day 30, day 60, and 
day 90, respectively. Each dot on the plane represents individual participants in the clinical study. In the graph, for each participant, the peak total bilirubin 
(TBL) times the upper limit of the reference range (ULRR) is plotted against the peak alanine aminotransferase (ALT) times the upper limit of the reference 
range (ULRR), on a log10 scale. The 2 reference lines, 2 × ULRR for TBL × ULRR and 3 × ULRR for ALT × ULRR, are drawn to divide the plane into 4 quadrants 
– upper left (cholestasis quadrant), upper right (Hy’s law quadrant), lower right (temple’s corollary quadrant), and lower left (normal quadrants). Normal 
cases are in the lower left quadrant

A B

C D
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function tests play a critical role in monitoring the kid-
ney’s response to treatment and measuring the progres-
sion of kidney disease. The BUN, a byproduct of  liver 
function and protein digestion, serves as an  indicator 
of renal function. Creatinine, derived from the creatine 
breakdown in muscle metabolism, is another waste prod-
uct indicative of renal function. However, the Cr clearance 
may be influenced by patient muscle mass, diminishing 
with age despite serum Cr levels staying within the nor-
mal range due to age-related muscle mass reduction.

Glomerular filtration rate stands as the gold standard 
test for assessing kidney function, reflecting the  rate 
at which fluid is filtered through the kidney and indicating 
the stage of renal disease. While serum Cr concentration 
is commonly interpreted as a measure of GFR and used 
as an index of renal function in clinical settings, it is im-
portant to note that glomerular filtration of Cr is only one 
determinant of its serum concentration. The GFR is es-
timated with serum Cr level using appropriate formula.

Glomerular filtration rate declines with age, even in peo-
ple without kidney disease. The graph (Fig. 3) shows that 
the estimated GFR has never gone below the normal values 
at any time point for any individual.

The present study indicated a normal eGFR, BUN, Cr, Cr 
clearance, and BUN/Cr ratio throughout the study period 
and there was no significant change between these values 
at 4 time points (Table 10).

Urine analysis

Urine analysis can provide valuable information about 
kidney function and overall health. It includes a standard 

battery of tests of physical character (appearance, color, 
specific gravity), chemical analysis (pH, ketones, proteins, 
glucose, and bile) and microscopic evaluation of sediments 
(RBC, WBC, bacteria, and epithelial cells). The specific 
gravity measures the kidneys’ capacity to reabsorb dis-
solved components of urine. Urine can vary widely in con-
centration. Table 10 shows that there was no significant 
change in the specific gravity and pH of urine throughout 
the study period and that these parameters were always 
within the normal range.

Ketones were absent in  the urine at all time points. 
In a healthy individual, urine typically does not contain 
protein because protein molecules are too large to pass 
through the glomerular filtration barrier. Ketones, which 
are products of abnormal fat breakdown, are not typically 
present in urine of healthy individuals. Glucose enters 
the urine only when the serum glucose concentration 
surpasses the renal threshold for glucose reabsorption, 
which is typically around 180 mg/dL. In this study, since 
the serum glucose was well below the limit, glucose was 
absent in urine. The absence of bilirubin in the urine could 
indicate the  efficient removal of  breakdown products 
from RBCs by the liver, potentially suggesting a healthy 
liver. Likewise, the absence of blood in the urine suggests 
that the filtration barrier in the kidneys is functioning 
normally, effectively preventing blood from entering 
the urine.

Urine analysis is an effective screening tool for the as-
sessment of an individual’s health status. The results of this 
study demonstrated no abnormal findings, which corrobo-
rates the findings of the LFT, renal function test (RFT) and 
blood analysis.

Table 9. Hy’s criteria data using McNemar test

Multiple comparisons using the McNemar test Significance

Comparison* % % χ2 df p-value α = 0.05†

Hys_0 vs Hys_30 70 80 4 1 0.046 no

Hys_0 vs Hys_60 70 90 8 1 0.005 yes

Hys_0 vs Hys_90 70 97.5 11 1 0.001 yes

Hys_30 vs Hys_60 80 90 4 1 0.046 no

Hys_30 vs Hys_90 80 97.5 7 1 0.008 yes

Hys_60 vs Hys_90 90 97.5 3 1 0.083 no

† individual comparison alpha = (overall alpha)/c = 0.05/6 = 0.00833; df – degrees of freedom.

Table 8. Hy’s criteria data

Time point
0 = within 1st quadrant but outside the inner normal range 

rectangle 1 = inner normal range

n % n %

Hys_0 12 30 28 70

Hys_30 8 20 32 80

Hys_60 4 10 36 90

Hys_90 1 2.5 39 97.5
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Radiological assessment

Electrocardiography and radiography were performed 
during screening and at the end of the study, and were 
found to be clinically nonsignificant and safe. It is note-
worthy that none of the study participants experienced 
symptoms such as anorexia, nausea, vomiting, fatigue, 
or abdominal pain. The absence of these symptoms high-
lights the favorable tolerability of the product and sug-
gests that it did not cause any gastrointestinal or systemic 
discomfort. It is also important to note that no adverse 
events or serious adverse events were observed throughout 
the study, which indicates that the product has a favorable 
safety profile.

Discussion

The present study aimed to investigate the safety profile 
of TBSF with SPEEDTECH (Rhuleave-K). The integration 
of these natural compounds, known for their anti-inflam-
matory properties, represents a novel approach in address-
ing musculoskeletal health. Our findings indicated that 
TBSF, administered at a dosage of 2,000 mg per day over 
a 90-day period, demonstrated a  favorable safety pro-
file in humans. Notably, the incorporation of TBSF with 
SPEEDTECH (Rhuleave-K) in the solubilization process 
of turmeric and boswellia extract within sesame seed oil 
distinguishes this formulation from traditional blends. 

Table 10. Renal function test and urine analysis

 Parameter
Baseline Day 30 Day 60 Day 90 ANOVA Friedman

mean ±SE mean ±SE mean ±SE mean ±SE p-value p-value

pH 6.14 ±0.04 6.09 ±0.08 6.15 ±0.05 6.27 ±0.05 – 0.333

Specific gravity 1.02 ±0 1.02 ±0 1.02 ±0 1.02 ±0 – 0.281

Bun [mg/dL] 7.14 ±0.11 7.18 ±0.12 6.91 ±0.09 7.04 ±0.13 – 0.552

Creatinine [mg/dL] 0.76 ±0.01 0.77 ±0.01 0.76 ±0.01 0.76 ±0.02 – 0.461

Bun Cr ratio 9.47 ±0.09 9.36 ±0.1 9.17 ±0.11 9.28 ±0.1 – 0.209

GFR Std [mL/min/1.73 m2] 116.73 ±1.36 115.59 ±1.35 116.35 ±1.33 116.12 ±1.36 – 0.461

Cr clearance [mL/min] 135.38 ±2.39 132.59 ±1.81 134.48 ±1.75 134.63 ±2.33 – 0.316

eGFR difference 7.91 ±0.55 6.76 ±0.57 7.53 ±0.53 7.29 ±0.62 0.234 –

SE – standard error; ANOVA – analysis of variance; pH – potential of hydrogen; BUN – blood urea nitrogen; Cr – creatinine; eGFR – estimated glomerular 
filtration rate. 

Fig. 3. Representation of estimated 
glomerular filtration rate (eGFR) 
of participants in the study. Each 
dot on the plane represents 
individual participant in the clinical 
study. Estimated standardized GFR 
is represented in red and average 
age specific normal value of GFR 
is represented in green. Estimated 
glomerular filtration rate has never 
gone below the normal values 
at any time point for any individual
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This innovative approach not only enhances the efficacy 
of the product but also contributes to  its safety. Com-
prehensive safety assessments, including monitoring for 
potential adverse effects, were conducted to ensure study 
participants’ wellbeing.

Complete blood count provides information about 
the effects of the drug or substance on the blood cells, 
which can be used to assess the potential toxicity and 
adverse effects of the drug or substance on the hemato-
logical system. For example, a decrease in the RBC count, 
Hb or HCT may indicate anemia, which can be a side ef-
fect of certain drugs or substances. Similarly, an increase 
in  the  WBC count may indicate an  immune response 
to the drug or substance. Platelet count is also important 
as it can indicate potential bleeding risks. In summary, 
CBC can help to detect potential toxicity and adverse ef-
fects on the hematological system.

The NLR and PLR are both calculated from values ob-
tained in CBC. They are simple and cost-effective biomark-
ers that have been proposed as indicators of inflammation 
and immune status in various conditions. In the context 
of safety assessment, NLR and PLR can provide useful 
information about the immune response of an individual, 
which may be relevant to the safety of an intervention. For 
example, an increase in NLR or PLR may indicate a height-
ened inflammatory response, which could be indicative 
of adverse effects or toxicity. Additionally, PLR and NLR 
have been proposed as predictors of disease severity and 
prognosis in a variety of conditions, which could be useful 
in safety assessment.7–11

Lipids are an  important class of biomolecules with 
diverse functions within the body, serving as an energy 
source, contributing to the structural integrity of cell 
membranes, and acting as precursors to hormones and 
other signaling molecules. However, abnormal lipid me-
tabolism can lead to various health problems, including 
cardiovascular disease (CVD). Abnormalities in  lipid 
profile can indicate a higher risk of CVD. For example, 
elevated levels of LDL-C are linked with an  increased 
risk of coronary heart disease and atherosclerosis. El-
evated levels of HDL-C correlate with a reduced risk 
of CVD. Assessing changes in lipid profile during drug 
development can help identify potential safety issues and 
inform dosing recommendations. The HDL-C has been 
linked to renal dysfunction in heart failure patients, but 
the apolipoprotein A1 (ApoA1) and apolipoprotein B 
(ApoB), TC, TG, and LDL-C exhibit no such associa-
tion.11,12 Some research indicated that low HDL-C levels 
are linked to a  faster progression of kidney disease.13 
Moreover, a recent randomization analysis reported that 
genetically higher concentration of HDL-C were linked 
to  improved kidney function, based on  large samples 
form the largest lipid and chronic kidney disease (CKD) 
cohorts.7 Visconti et al.14 observed that lipid disorders 
in  CKD are marked by  decreased HDL-C, elevated 

triglycerides and LDL-C levels that are either normal 
or slightly reduced. Although the mechanism behind 
this association remains unclear, previous studies15–18 
have demonstrated that HDL-C possess antioxidant, 
anti-inflammatory and antithrombotic properties. These 
functions may mitigate atherosclerosis in renal and other 
arteries, suggesting a potential protective role for HDL-C 
in renal functions.19

Elevated liver enzymes can be an indicator of liver dam-
age, inflammation or disease. Abnormal bilirubin levels 
can indicate liver or bile duct disease. Therefore, LFTs are 
an important component of safety assessment for drugs 
or other substances that may potentially cause liver dam-
age or dysfunction. Alkaline phosphatase increases when 
there is injury to the bile ducts or obstruction of bile flow.  
Elevations in serum enzyme levels (ALP, ALT and AST) 
are indicators of liver injury, whereas rise in bilirubin levels 
may indicate the overall functioning of the liver.

The results of this study demonstrated that TBSF was 
well-tolerated and did not induce any adverse effects based 
on the assessments conducted.

Curcumin, the active compound in turmeric, has been 
extensively studied for its safety and therapeutic efficacy. 
Multiple clinical trials evaluating curcumin supplementa-
tion have consistently reported no major safety concerns 
or cases of DILI.20,21 Similarly, boswellia, derived from 
the resin of Boswellia serrata, has been widely used in tra-
ditional medicine and clinical studies reported its safety 
without significant liver-related adverse events.2

In the context of herbal supplements, it is crucial to ac-
knowledge the potential risks associated with certain prod-
ucts, particularly DILI. Some studies reported cases of liver 
injury or DILI associated with certain herbal products, 
highlighting the importance of thorough safety evalua-
tions.22,23 For example, a case-control study reported a cor-
relation between the use of specific herbal supplements and 
liver injury, reinforcing the need for further investigation.24 
Caution is warranted as some studies reported potential 
hepatotoxicity associated with high doses of piperine.25 
However, TBSF evaluated in this study showed no evidence 
of hepatotoxicity.

In this study, results of liver function tests, including 
AST, ALT and bilirubin, were within normal limits at all 
time points, indicating the  safety of  the  formulation. 
The R value and Hy’s criteria were also evaluated to as-
sess the risk of DILI. The R value  was less than 5 in all 
participants, indicating a low risk of liver injury.

The lipid profile is an essential indicator of cardiovascu-
lar health and is often evaluated during safety assessments. 
Our study found no significant changes in the lipid profile 
of patients taking TBSF, indicating that it did not have any 
adverse effects on lipid metabolism. Renal function tests, 
including BUN and serum Cr, were evaluated in this study, 
and no significant changes were observed, indicating that 
TBSF did not have a negative effect on renal function.
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Complete blood count is an essential test for evaluating 
the safety of any treatment or medication. The study found 
no significant changes in the CBC of patients taking TBSF, 
indicating its safety. The study results showed that TBSF 
was safe and had no adverse effects on liver function, lipid 
profile, renal function, CBC, radiological assessment, and 
urine analysis.

The study findings support the hypothesis that TBSF, 
when integrated with SPEEDTECH (Rhuleave-K), is a well-
tolerated and safe option for long-term use. These findings 
provide a valuable insight into the safety profile of TBSF, 
paving the way for its potential clinical applications.

Limitations

The study included a small sample size of participants, 
which may limit the generalizability of the results, and 
a short 90-day observation period, which may be inad-
equate to detect long-term effects. In addition, the focus 
of the study was on healthy adults, which limited its ap-
plicability to a broader population. In addition, the study 
lacked a comparison group, making direct comparisons 
with alternative treatment options difficult. Another limi-
tation of the study was that some of the key markers, such 
as cystatin C, kidney injury molecule 1 (KIM-1) and in-
terleukin 6 (IL-6) levels were not included in the analysis. 
To confirm and extend the study results, further research 
and larger studies are warranted.

Conclusions

The results of the study demonstrated that TBSF (Rhu-
leave-K) is safe and has no adverse effects on liver func-
tion, lipid profile, renal function, CBC, radiological assess-
ment, and urine analysis. The study provides a valuable 
insight into the safety profile of TBSF for long-term use.

Supplementary data

The Supplementary materials are available at https://
zenodo.org/doi/10.5281/zenodo.13757433. The package 
includes the following files:

Supplementary Table 1. Results from Shapiro–Wilk test 
of normality for weight and vitals.

Supplementary Table 2. Results from Shapiro–Wilk test 
of normality for hematology parameters.

Supplementary Table 3. Results from Shapiro–Wilk test 
of normality for lipid test parameters.

Supplementary Table 4. Results from Shapiro–Wilk test 
of normality for LFT test parameters.

Supplementary Table 5. Results from Shapiro–Wilk test 
of normality for urine sample test parameters.

Supplementary Table 6. Results from Machuly’s test 
of sphericity for normally distributed hematology, lipid, 
LFT, and urine sample test parameters.
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Abstract
Background. Pulpal vitality is important for the tooth to maintain its physiological function and preserve 
its structure.

Objectives. The aim of this study was to evaluate the clinical and radiographic 6- and 12-month treatment 
success of calcium hydroxide (CH) and calcium silicate materials in indirect pulp treatment (IPT) and direct 
pulp capping (DPC) in teeth with deep dentin decay.

Materials and methods. The study included 143 teeth of patients aged 17–69 years with no systemic 
disease. The study is grouped under 3 main groups (Dycal, Biodentine, TheraCal PT). Direct pulp capping was 
applied to 65 teeth and IPT to 66 teeth. All teeth were restored with Universal adhesive system and Universal 
composite (G-Premio Bond; GC Corp., Tokyo, Japan).

Results. In the statistical evaluations of the data obtained, 0.05 was accepted as the level of statistical 
significance. The general success rate in the IPT group was found to be 95.2% for Biodentine (Septodont, 
SaintMaur-des-Fossés, France), 91.7% for Dycal (Dentsply/Caulk, International Inc. Milford, USA) and 90.1% 
for TheraCal PT (Bisco Inc., Schaumburg, USA) at both 6 and 12 months. When the clinical and radiographic 
success was compared at 6 months and 12 months, no statistically significant difference was determined 
between the materials (p > 0.05). In the clinical and radiographic evaluations at the end of 6-month follow-
up in the DPC group, the success rates were determined to be 96.0% for Biodentine, 81.8% for Dycal and 
63.2% for TheraCal PT. At 12 months, these rates were 96.0% for Biodentine, 68.2% for Dycal and 63.2% 
for TheraCal PT. DPC Biodentine was found to be the most successful material (96.0%).

Conclusions. At the end of the 12-month follow-up period, it was considered that the 3 materials (Bio-
dentine, Dycal, TheraCal) can be selected for IPT. In DPC, Biodentine was found to be more successful than 
both calcium silicate containing resin and CH.

Key words: Biodentine, direct pulp capping, TheraCal PT, deep dentin decay, indirect pulp treatment
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Introduction

In teeth with deep dentin decay which have formed cavi-
tation, the aim is to maintain the vitality and function 
of the tooth in the mouth with appropriate decay man-
agement.1–4 Irrespective of the method used to remove 
the decay, vital pulp treatment (VPT) is applied accord-
ing to the status of the exposed pulp.1,5,6 Vital pulp treat-
ment includes a series of conservative procedures based 
on the internal repair mechanisms of the pulp–dentin 
complex.7–12 These have attracted more interest with 
the utility of new bioactive materials.1

Pulp capping biomaterials are placed as a protective layer 
on the pulp exposed following trauma to the teeth or after 
removal of decay lesions.13 These materials are found in live 
tissues and facilitate the survival and proliferation of stem 
cells which have the potential for repair.14 Calcium hydrox-
ide (CH) is the oldest and most commonly used amputation 
agent in clinical dental practice and is considered the gold 
standard. It  is a low-cost, easily applied material which 
supports reparative dentin formation, and can be applied 
rapidly to the exposed pulp area.15–18

Calcium hydroxide is a basic salt (Ca(OH)2) with low 
solubility in water with a high alkalic pH, which breaks 
down into calcium (Ca+2) and hydroxyl (OH–) ions within 
the solution. When applied to pulp tissue, it produces 
a caustic effect, and coagulation converts the reserve mes-
enchymal cells below the necrosis first to fibroblasts and 
then to odontoblasts, which will form a matrix. It is also 
known to induce the expression of bioactive molecules 
such as growth factor- β1 (TBF-β1) and bone morphogenic 
protein-7 (BMP-7), which stimulate pulp repair.19,20 Despite 
these positive properties, CH is resorbed over time because 
of weak mechanical properties which do not show adhe-
sion to dentin, and cannot provide long-term biological 
impermeability against bacterial infection.21

In recent years, calcium silicate cements, which are de-
rivatives of Portland cement, have been developed as an al-
ternative to CH. Calcium-silicate cements are hydrophylic 
materials able to tolerate moisture (hydraulic materials) 
and to polymerize and harden (setting) also in the pres-
ence of biological fluids (blood, plasma, saliva, dentinal 
fluid).22 The hardening reaction alkalizes the environment 
by expressing calcium and hydroxyl ions to the tissues with 
which it is in contact, and creates the necessary alkaline 
environment for the  formation of  hydroxyapatite.22,23 
The hardeninng reaction of calcium silicate-based materials 
is hydration. When dicalcium silicate (C2S) and tricalcium 
silicate (C3S) enter into a reaction with water, OH–, Ca+2 and 
Si+4 (silicate) ions emerge as the side product. The OH– ion 
forms a thin necrotic layer by increasing the pH in the un-
derlying vital tissue. The vital cells below this layer are pro-
tected from the alkaline pH of the material. By stimulating 
cells in the pulp, the Ca+2 ion contributes to mineralization. 
When the Si+4 ion remains free, it contributes to hard tissue 
formation by stimulating osteoblasts.24–28

Biodentine is a calcium silicate material that was first 
introduced to  the market in 2010. The material comes 
in the form of a capsule with powder and a separate liquid. 
The powder is formed of tricalcium silicate (Ca3SiO5), di-
calcium silicate (Ca2SiO4), calcium carbonate (CaCO3), cal-
cium oxide (CaO), iron oxide (Fe2O3), and zirconium oxide 
(ZrO2). The liquid contains calcium chloride (CaCl2), water 
and modified polycarboxylate. Biodentine hardens with 
the hydration reaction starting with the mixing of the liquid 
and powder and the hardening process takes 9–12 min. 
As in other calcium silicate materials, there is a calcium-
silicate-hydrate (C-S-H) gel phase and CH is formed while 
hardening. Upon contact with phosphate-containing solu-
tions, the CH formation and hardening reaction give rise 
to the generation of antigen-presenting cell (APC) precur-
sors. This represents the initial phase in the development 
of hydroxyapatite.29,30 Biodentine has many clinical uses 
such as dentin liner below composite, direct pulp capping 
(DPC), pulpotomy treatment, apexification, root filling ma-
terial, and perforation repair.31,32 It has provided signifi-
cant clinical advantages over other pulp capping materials, 
such as being very successful in dentin bridge formation, 
dentin substitution, good sealing properties, and sufficient 
pressure resistance. It shares its indications with CH, but 
its main disadvantages include setting time and material 
cost.33,34

Light-curable resin-based calcium silicate cements have 
several advantages, including instant setting through light 
transmission and ease of use. However, these cements con-
tain resin monomers, and incomplete polymerization during 
light curing is associated with the risk of pulp cell toxicity.35

TheraCal PT (Bisco Inc., Schaumburg, USA) is a calcium 
silicate-based material modified with dual-cured resin, 
designed for the use of VPT. According to the manufac-
turer’s instructions for the material, which is in the form 
of a double pat ready for use, it is applied in 1-mm layers 
polymerized with light for 20 s. Although calcium silicate 
cements with resin content show high physicaal proper-
ties, low solubility and ease of clinical use, such material 
can be separated from dentin tissue due to polymerization 
shrinkage during the hardening with light. The bonding 
strength between calcium silicate cements and adhesive 
systems directly affects the success of VPT.23,36

Although CH is not accepted as the best possible mate-
rial option today, CH is still widely used in direct and indi-
rect pulp treatment (IPT) in many healthcare institutions 
due to the high cost of calcium silicate materials. Despite 
the superior properties of calcium silicate materials, can 
CH still be used in VPT?

Objectives

The null hypothesis of this study was that calcium sili-
cate materials would show similar success rates when com-
pared among themselves, and would present better clinical 
and radiographic results than CH material.
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Materials and methods

To fulfil the research objectives, the authors planned 
a randomized, double-blind clinical trial, which was con-
ducted in the Restorative Dental Treatment Department 
of the Dentistry Faculty of Harran University, Şanlıurfa,  
Turkey. The  study was conducted in  accordance with 
the Declaration of Helsinki, and the protocol was approved 
by the Ethics Committee of Harran University (decision 
No. HRU/21.15.31 dated September 6, 2021) . The risks and 
benefits related to the procedure were fully explained to all 
the patients included in the study, and written informed 
consent was provided by all the partcipants.

A total of 186 participants in the 17–69 age group were 
included in this study. Twenty-seven participants refused 
to take part in the study. Sixteen participants were ex-
cluded from the study according to exclusion criteria. 
As a result of clinical and radiographic examinations, 
the  teeth included in  the  study were those with deep 
dentin decay where there was thought to be a possibil-
ity of pulp perforation resulting from the complete re-
moval of the caries. Vital teeth were selected which had 
no history of spontaneous or  long-lasting pain against 
thermal or chemical stimuli, no percussion sensitivity, 
pathological mobility, edema, fistula, or color change. 
In  the  radiological examination, premolar and molar 
teeth, in which the presence of deep decay approaching 
the pulp ICDAS 5, 6 (International Caries Detection and 
Assessment System) was observed, were selected when 
the lamina dura and periodontal gap were healthy, there 
was no loss of bone surrounding the root, no internal 
or external root resorption, and no calcified masses ob-
served within the pulp.

Three main groups were formed as follows: CH Group 
(Dycal, Dentsply/Caulk, International Inc. Milford, USA): 
In the Dycal group (n : 48), IPT was applied to 25 teeth 
and DPC to 23 teeth. Following clinical and radiographic 
examinations, pulp vitality tests were applied (Pulp Tes-
ter; Foshan Adelson Medical Devices Co., Ltd., Foshan, 
China). After a local anaesthesia injection, rubber-dam 
isolation was performed. In the IPT procedure, the decayed 
enamel tissue was removed with a cooled high-speed hand-
piece and a sterile diamond round burr (Diamant GmbH, 
Schürenbreder Weg 27, Germany). Infected dentin was 
removed with low-speed, tungsten carbide round burrs 
(Meisinger Hager & Meisinger GmbH, Neuss, Germany). 
In accordance with the manufacturer’s instructions for 
IPT, a thin layer of Ca(OH)2 (Dycal; Dentsply/Caulk) was 
applied to areas close (0.5 mm) to the pulp.

In  the DPC procedure, a  sterile cotton wad was ap-
plied with moderate pressure for 5 min to the bleeding 
pulp that was exposed after removal of  the decay, and 
hemostasis was obtained. A thin layer of Ca(OH)2 was 
applied to the exposed pulp area and areas close (0.5 mm) 
to the pulp in accordance with the manufacturer’s instruc-
tions. Thus, DPC was performed.

Calcium silicate Group (Biodentine; Septodont, Saint-
Maur-des-Fossés, France): In the Biodentine group (n = 48), 
IPT was applied to 22 teeth and DPC to 26 teeth. In the IPT 
procedure, the pulp capping material with tricalcium sili-
cate content formed of powder and liquid components was 
mixed and then applied to areas close to the pulp (0.5 mm) 
in  accordance with the  manufacturer’s instructions. 
In the DPT procedure, a sterile cotton wad was applied 
with moderate pressure for 5 min to the bleeding pulp that 
was exposed after removal of the decay, and hemostasis was 
obtained. A thin layer of Biodentine was applied to the ex-
posed pulp area and areas close (0.5 mm) to the pulp in ac-
cordance with the manufacturer’s instructions. A period 
of 12 min was waited for hardening of the material.

In the TheraCal PT group (n = 47), IPT was applied 
to 24 teeth and DPC to 23 teeth. In the IPT procedure, 
a thin layer of dual-cured resin-modified tricalcium sili-
cate was applied at max. 1-mm thickness to areas close 
(0.5 mm) to the pulp in accordance with the manufac-
turer’s instructions, and was then polymerized with light 
for 20 s (Valo LED, Ultradent Products Inc., South Jordan, 
USA). In the DPC procedure, a sterile cotton wad was ap-
plied with moderate pressure for 5 min to the bleeding pulp 
that was exposed after removal of the decay, and hemosta-
sis was obtained. A thin layer of TheraCal PT was applied 
at a maximum thickness of 1 mm to the exposed pulp area 
and areas close (0.5 mm) to the pulp in accordance with 
the manufacturer’s instructions; then, polymerization was 
applied with light for 20 s.

During the  decay removal method, every effort was 
made not to expose the pulp tissue. After the pulp cap-
ping, the universal adhesive system G-Premio Bond (GC 
Corp., Tokyo, Japan), Filtek-Ultimate Flowable composite 
(3M ESPE, St Paul, USA) and 3M Filtek Universal com-
posite (3M ESPE, St.Paul, USA) were placed over the pulp 
capping material in each of the 3 groups.

Before starting the study, power analysis was performed 
using G*Power v. 3.1 software. The sample size required 
was found to be 143 study participants at 0.05 error rate 
and in 0.80 confidence interval.

A total of 143 teeth with deep dentinal caries were num-
bered at random using Microsoft Excel 2013 (Microsoft 
Corp., Redmond, USA). It was planned to apply Dycal 
to the 1st tooth No. 1–48, Biodentine to tooth No. 49–96 
and Therecal PT to tooth No. 97–143. Before the appoint-
ment, the randomization list was checked by the oral and 
dental technician, and the treating clinician was informed 
which application method should be used. Each group 
consisted of teeth randomly assigned by a blinded inves-
tigator according to the materials selected. All the clinical 
procedures in this study were performed by a single den-
tist (Y.Y.) The patients were instructed to call and inform 
the resarchers if they were in any pain or discomfort. All 
the patients were informed that if there were abnormal 
signs and symptoms, there could be a need for root canal 
treatment.
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All clinical and radiographic follow-up evaluations 
were performed by the expert investigator (S.K.) who was 
blinded to the drugs used (not the operator). Patients were 
re-examined clinically and radiographically to evaluate 
pulp vitality 6 and 12 months after treatment. Among 
the clinical parameters used for evaluation, the presence 
of post-treatment pain, provoked pain, spontaneous pain, 
or  night pain were used. In  the  clinical examination, 
the following aspects were investigated: percussion, pal-
pation, mobility, edema, and the presence of a fistula. In ra-
diographic evaluation, lamina dura continuity, periapical 
lesion, furcation lesion, and pathological root resorption 
were assessed. The presence of one or more of the clinical/
radiographic findings was considered treatment failure.

Statistical analyses

The data obtained in the study were statistically analysed 
using IBM SPSS Statistics v. 23.0 (IBM Corp., Armonk, 
USA). Descriptive statistics were presented as mean ±stan-
dard deviation (mean ±SD) values for continuous variables 
and number (n) and percentage (%) for categorical vari-
ables. The suitability of the data for normal distribution 
was evaluated using the Shapiro–Wilk test. The χ2 ttest 
was used to analyze the relationships between categorical 
variables. Bonferroni method was used in the pairwise 
comparisons of success rates at 6th and 12th month accord-
ing to the groups. In this paper, we focused on the results 
for each group separately. Therefore, the McNemar test 
was used, for each group separately, for measurements 
made at 2 different times. Kruskal–Wallis test was used 
because the mean age data were not normally distributed. 
The χ2 test was used to compare the distribution of genders 
between the groups. Comparisons in different groups are 
shown with letters in the tables. A p-value of less than 0.05 
was deemed to be statistically significant.

Results

Figure 1 presents the  f low diagram for patient re-
cruitment and selection. The sample size of this study 

was 143. It  was planned to  apply Dycal to  the  first 
48  teeth, Biodentine to  the  next 48  teeth and Ther-
ecal PT to  the  last 47  teeth. Twelve patients did not 
come to  their appointments. Direct pulp capping 
was applied to 65  teeth and IPT to 66  teeth. Evalua-
tion was made of 131 teeth of 50 men with a mean age 
of 34.26 ±12.86 years and 81 women with a mean age 
of 30.23 ±9.97 years (age range: 17–69 years). As a result 
of the statistical evaluations, age and gender distribution 
between the groups was not seen to be normal (Table 1) 
(p > 0.05). It was observed that there was no statistically 
significant difference between the mean ages of the in-
dividuals participating in the study in different groups 
groups (p = 0.139).

Evaluation of the success rates 
of indirect pulp treatment

At the end of month 6, there were 2 failures and 1 pa-
tient who did not attend the  follow-up appointment 
in the Dycal IPT group, 1 failure and 1 patient who did 
not attend the follow-up appointment in the Biodentine 
IPT group, and 2  failures and 4 patients who did not 
attend the follow-up appointment in the TheraCal PT 
IPT group.

At  the end of month 12, no clinical or  radiographic 
failure was observed in any of the 3 groups (Dycal, Bio-
dentine, TheraCal PT) applied with IPT. The  success 
rates of IPT in the clinical and radiographic evaluations 
at 6 months and 12 months were determined to be 91.7% 
in the Dycal group, 95.2% in the Biodentine group and 
90.0% in the TheraCal PT group. There was no difference 
between groups with the same letter (Table 2).

In the Biodentine IPT group, it was found that there 
was no statistically significant difference between the fill-
ing procedures performed at 2 different times (p = 1.000). 
In the Dycal IPT group, there was no statistically signifi-
cant difference between the filling procedures performed 
at 2 different times (p = 1.000). In the TheraCal PT IPT 
group, there was no statistically significant difference be-
tween the filling procedures performed at 2 different times 
(p = 1.000) (Table 3).

Table 1. Comparison of mean age according to groups of patients

Groups Mean ±SD Median (Q1–Q3) Skewness Kurtosis Shapiro–Wilk Test 
statistic

p-value  
(Kruskal–Wallis test)

Biodentine DPC 32.44 ±11.44 46 (17–63) 0.809 0.574 0.161

1.703 0.139

Biodentine IPT 30.71 ±12.01 40 (18–58) 0.935 –0.323 0.007

Dycal DPC 37.05 ±11.32 51 (18–69) 0.899 1.881 0.289

Dycal IPT 32.04 ±11.04 41 (19–60) 1.107 0.462 0.009

TheraCal PT DPC 30.00 ±9.72 28 (18–46) 0.400 –1.237 0.060

TheraCal PT IPT 27.6 ±10.96 43 (17–60) 1.677 0.778 0.001

DPC – direct pulp capping; IPT – indirect pulp treatment.
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Fig. 1. Flow diagram of the study. DPC – direct pulp capping; IPT – indirect pulp treatment.
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Evaluation of the success rates 
of direct pulp capping

At the end of month 6, there were 4 failures and 1 patient 
who did not attend the follow-up appointment in the Dy-
cal DPC group, 1 failure and 1 patient who did not at-
tend the follow-up appointment in the Biodentine DPC 
group, and 7 failures and 4 patients who did not attend 

the follow-up appointment in the TheraCal PT DPC group. 
In the clinical and radiographic evaluations at 6 months, 
the success rates of DPC were determined to be 81.8% 
in the Dycal group, 96.0% in the Biodentine group and 
63.2% in the TheraCal PT group.

At the end of the 12-month follow-up period, there were 
3 clinical and radiographic failures in the Dycal DPC group 
and none in the Biodentine DPC and TheraCal PT groups. 
In the clinical and radiographic evaluations at 12 months, 

Table 2. The success rates of the different pulp capping materials applied in IPT

Groups Success
n (%)

Failure
n (%)

Total
n (%) Test statistic p-value

Month 6 IPT

Biodentine IPT 20 (95.2)a 1 (4.8)a 21 (100.0)

χ2 = 8.418 0.811Dycal IPT 22 (91.7)a 2 (8.3)a 24 (100.0)

TheraCal PT IPT 18 (90.0)a 2 (10.0)a 20 (100.0)

Month 12 IPT

Biodentine IPT 20 (95.2)a 1 (4.8)a 21 (100.0)

χ2 = 8.418 0.811Dycal IPT 22 (91.7)a 2 (8.3)a 24 (100.0)

TheraCal PT IPT 18 (90.0)a 2 (10.0)a 20 (100.0)

a no difference between groups with the same letter. IPT – indirect pulp treatment.

Table 4. Success rates of different pulp capping materials applied to DPC

Groups Success
n (%)

Failure
n (%)

Total
n (%) Test statistic p-value

Month 6 DPC

Biodentine DPC 24 (96.0)a 1 (4.0)a 25 (100.0)

χ2 = 7.827 0.020*Dycal DPC 18 (81.8)ab 4 (18.2)ab 22 (100.0)

TheraCal PT DPC 12 (63.2)b 7 (36.8)b 19 (100.0)

Month 12 DPC

Biodentine DPC 24 (96.0)a 1 (4.0)a 25 (100.0)

χ2 = 8.183 0.017*Dycal DPC 15 (68.2)b 7(31.8)b 22 (100.0)

TheraCal PT DPC 12 (63.2)b 7 (36.8)b 19 (100.0)

*p < 0.05; a,b no difference between groups with the same letter. DPC – direct pulp capping.

Table 3. Comparison of treatments applied to patients in 2 different time periods

Variable Success status at month 
6

Success at month 12 Failure at month 12
p-value

n % n %

Biodentine DPC
success 24 100 0 0

1
failure 0 0 1 100

Biodentine IPT
success 20 100 0 0

1
failure 0 0 1 100

Dycal DPC
success 15 100 3 42.9

0.25
failure 0 0 4 57.1

Dycal IPT
success 22 100 0 0

1
failure 0 0 2 100

TheraCal PT DPC
success 12 100 0 0

1
failure 0 0 7 100

TheraCal PT IPT
success 18 100 0 0

1
failure 0 0 2 100
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the success rates of DPC were determined to be 96.0% 
in the Biodentine group, 68.2% in the Dycal group and 
63.2% in the TheraCal PT DPC group (p = 0.020; p = 0.017) 
(Table 4). In the Biodentine DPC group, it was found that 
there was no statistically significant difference between 
the  filling procedures performed at  2  different times 
(p = 1.000). In the Dycal DPC, there was no statistically 
significant difference between the filling procedures per-
formed at 2 different times (p = 0.250). In the TheraCal 
PT DPC, there was no statistically significant difference 
between the filling procedures performed at 2 different 
times (p = 1.000) (Table 3).

Discussion

The aim of VPT in teeth with decay lesions is to protect 
the vitality and integrity of dental tissues.37

This randomized clinical trial was conducted to evaluate 
the clinical and radiographic behavior of Dycal, Bioden-
tine and TheraCal PT in VPT (direct and indirect) during 
a 1-year follow-up. The focus was on the use of dental ma-
terials to preserve the vitality of the pulp in teeth with deep 
dentin caries. The main findings of this study were that 
failures in IPT were low in all 3 groups (Dycal, Biodentine 
and TheraCal PT). It was found that there was no statisti-
cally significant difference between the filling processes 
of 3 materials at 2 different times in IPT. It was also ob-
served that most of the failures occurred in the 1st follow-
up period and the rate did not change in the 12th month. 
In DPC, clinical and radiographic failures were observed 
to be less frequent in the group treated with Biodentine 
compared to the groups treated with Dycal and TheraCal 
PT. Although failure rate in the Dycal group increased 
over time in the DPC, it was not found to be statistically 
significant at 2 different times.

Cho et al. reported that the material used in DPC was 
one of the most important factors affecting prognosis.38 
Calcium hydroxide, which has been used for many years 
as a vital pulp capping material, is still accepted as it is low-
cost and easy to apply.15–18 However, pulp capping materials 
containing tricalcium silicate have been recently reported 
to be more successful than CH.7,17,39

In their research on the effectiveness of Kusuma, Bio-
dentine, Ca(OH)2 and mineral trioxide aggregate (MTA) 
on the cellular response of pulp tissue; Biodentine showed 
activity with fewer neutrophils and macrophages and 
higher numbers of odontoblast-like cells and fibroblasts.40

In studies of pulpotomy, in which Biodentine and MTA 
were used, El Habashy et al. reported 100% clinical success 
of both materials.41

Hashem et al. compared the success of IPT using calcium 
silicate (Biodentine) and glass ionomer (Fuji IX™ GP; GC 
Corporation, Tokyo, Japan), and in a 2-year follow-up pe-
riod, the clinical success rates were found to be 77.8% for 
Biodentine and 66.7% for Fuji IX.42

When clinicians are determining the biomaterial to be 
selected, the advantages of the material in clinical use 
should be evaluated. In hospitals providing oral and den-
tal health services to the community, Dycal is the most 
frequently applied clinical material.43

In a study by Rahman et al., IPT was applied to young 
permanent teeth throughout 24 months, and the success 
rates were found to be 77.8% for CH, 94.4% for Biodentine, 
and 100% for TheraCal.44

In another study by Oğlakçıoğlu and Pamir, direct 
and indirect pulp capping was applied to  teeth with 
deep dentin decay using CH (Dycal) as  the coverage 
material. The 6-month follow-up results of  the clini-
cal examinations of the continued vitality of the teeth 
showed that vitality and functions were maintained 
in 92% of  the  teeth with no clinical or  radiographic 
findings. The teeth in which failure was observed all 
had primary decay lesions and had been applied with 
Dycal and composite resin after preparation of the cav-
ity.10 The  results of  the current study support these 
findings, with success rates of 95.2% for Biodentine, 
91.7% for Dycal and 90.1% for TheraCal PT at both 6 and 
12 months in  IPT applied to  teeth with deep dentin 
decay. No statistically significant difference was de-
termined between these rates. The main reason why 
the 3 pulp capping materials exhibit similar success 
rates may be that the pulp is not directly exposed and 
there is little dentin barrier.

In a study with a 2-year follow-up period, Mente et al. 
applied DPC using MTA and CH, and reported success 
rates of 80.5% in the teeth treated with MTA and 59% for 
those treated with CH.45

Biodentine has been shown to stimulate odontoblast-
like differentiation and secretion of TGF-β1, an important 
growth factor. It has been shown to induce odontoblastic 
differentiation and increase mineralization in human den-
tal pulp stem cells.40,46

In  our study, the  reason for the  higher success rate 
in DPC of Biodentine compared to the other 2 materi-
als (Dycal and TheraCal PT) may be that it  increases 
repair dentin mineralization by inducing odontoblastic 
differentiation.

Light-hardened materials for VPT have been introduced 
by combining the superior use of resin with the desir-
able bioactive characteristics of calcium silicate cements. 
The fact that the hardening reaction occurs immediately 
and the restoration can be completed in a single session 
is seen as an advantage.36

Wassel et al. applied calcium silicate modified with dual-
cured resin (TheraCal PT) and after a 12-month follow-up 
period of IPT, DPC, partial pulpotomy, and pulpotomy 
treatment, the  success rates were found to  be 93.87% 
in IPT, 80.4% in DPC, 96.15% in pulpotomy, and 57.4% 
in partial pulpotomy. The failure in partial pulpotomy 
was attributed to uncontrolled bleeding, the gap between 
TheraCal PT and the amputation region, and insufficient 
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disinfection before amputation, associated with misdiag-
nosis of the pulp status.47

Peskersoy et al. investigated the in vivo efficacy of dif-
ferent calcium silicate-based materials (Dycal, LC Calci-
hyd, Theracal LC, Biodentine, BioMTA) in DPC related 
to the pulp exposure status (<0.5 mm and 0.5–1 mm) and 
reported that the success rates of Biodentine and MTA 
were high at the end of 1 year and 3 years. The lowest 
success rate was seen in LC Calcihyd, and no statistically 
significant difference was determined between TheraCal 
LC and Dycal.7

Covaci et al. performed IPT and DPC to  teeth with 
deep dentin decay using different materials (Life Kerr 
AC, TheraCal LC, Calcimol LC), and reported the sur-
vival rates to be 100% for Life Kerr AC, 92% for TheraCal 
LC and 83.87% for Calcimol LC, with no significant dif-
ference determined between the  materials. Although 
self-hardening CH material showed better results than 
both CH and calcium silicate materials hardened with 
light, the difference between them was not significant.3 
Throughout a 9-year follow-up period of DPC applied 
with calcium silicate (MTA), Bogen et al. reported posi-
tive results in 97.96%. All the teeth in young patients with 
exposed apexes initially showed completed root forma-
tion (apexogenesis).5 In a study by Harms et al., DPC us-
ing calcium silicate (Biodentine) was clinically evaluated 
after mean 2.3 years, and it was reported that patient age 
and gender, tooth type, arch type, and spontaneous pain 
before treatment did not affect the treatment results.48 
Therefore, the hypothesis that pulp capping should be 
avoided in elderly patients or in teeth with pain or dis-
comfort was rejected.

The most recent data have shown the capacity of the pulp 
to respond by triggering dentin pulp regeneration with 
an  inflammatory reaction. Materials containing resin, 
such as TheraCal, shift the response of the pulp towards 
an inflammatory reaction while changing the regenera-
tion process.24 In contrast, materials not containing resin, 
such as Biodentine, have anti-inflammatory potential and 
induce the pulp regeneration capacity. This information 
contradicts the  recent tendency for the  development 
of resin-based calcium silicate hybrid materials for pulp 
capping.24 In the current study, the low success rate in DPC 
of TheraCal PT, which contains resin and has a dual-cure 
hardening reaction, could be attributed to the resin content 
and polymerization shrinkage. In contrast, materials not 
containing resin such as Biodentine have anti-inflamma-
tory potential and induce the pulp regeneration capacity.46

Wang et al., in their study investigating the bioinductive 
effects of MTA and Biodentine on lipopolysaccharide-in-
duced pulp cells with different severities of inflammation, 
showed that more Dentin sialophosphoprotein developed 
in both normal and lipopolysaccharide-induced pulp cells 
at 48 and 96 h. This may mean that Biodentine treatment 
is not affected by the duration of inflammation.49

Suhag et al. compared the pulp capping success rates and 
postoperative pain using CH and MTA in teeth with deep 
dentin decay and irreversible pulpitis. The results of thier 
study showed that treatment with DPC could be success-
ful, and MTA was found to be better than CH in terms 
of success rates and pain severity.50

Ricucci et al. performed DPC on teeth clinically diag-
nosed with reversible pulpitis and exposed pulp due to ad-
vanced caries and reported long-term DPC success rates 
of 100% at 1 year, 95% at 5 and 10 years, 86% at 20 years, and 
89% at 35 years. Especially in the first 10 years of follow-up 
of the treatment, a very high success rate was observed 
in DPC with CH. The main variable significantly affecting 
the treatment results in all the follow-up periods was found 
to be the quality of the coronal restoration.51

The follow-up period in the current study was 12 months, 
which seemed to be insufficient compared to the previous 
studies.39,41,44,47 In parallel with other studies, the success 
rate was determined to be high in IPT when all the treated 
teeth were evaluated. In the clinical and radiographic eval-
uations of DPC at the end of 6-month follow-up, the suc-
cess rates were seen to be 96.0% in the Biodentine group, 
81.8% in the Dycal group and 63.2% in the TheraCal PT 
group, and after 12 months these rates were 96.0% for 
Biodentine, 68.2% for Dycal and 63.2% for TheraCal PT. 
However, the results at 2 different times were not statisti-
cally significant. The high success rate of Biodentine was 
believed to be due to the calcium silicate content, biocom-
patibility and the property of not showing microleakage 
of the material. The low success rate of Dycal with CH 
content at 6 months and the decrease over time was con-
sidered to be due to the absence of the property of excellent 
impermeability and that composite restoration was applied 
over the Dycal capping material in this study. The low suc-
cess rate of TheraCal PT can be attributed to the fact that 
it does not show ideal impermeability because of the resin 
content and polymerization shrinkage.

Limitations

There are some limitations to this study. First, the post-
treatment follow-up period was 12 months, which was 
insufficient for monitoring vital tooth functions. Second, 
the sample size was insufficient; therefore, larger sample 
sizes should be employed in future studies.

Conclusions

In IPT CH (Dycal), calcium silicate (Biodentine) and 
calcium silicate with resin content (TheraCal PT) showed 
high clinical and radiological success. Direct pulp capping, 
Biodentine containing calcium silicate was found to be 
more successful than CH (Dycal) and calcium silicate with 
resin content (TheraCal PT).
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Abstract
Background. Dacryolithiasis can occur anywhere in the lacrimal drainage system and is frequently associ-
ated with microbial infections. The presence of dacryolithiasis is difficult to determine based on its clinical 
manifestations, which complicates clinical treatment.

Objectives. To analyze the clinical diagnosis, treatment and characteristics of dacryolithiasis, as well as surgi-
cal methods used to treat it and treatment effects over the past 5 years.

Materials and methods. A retrospective analysis was performed on the clinical data of 338 patients 
who were diagnosed with dacryolithiasis at our hospital from January 2017 to December 2021. Patients 
diagnosed with canaliculitis were treated with canaliculotomy. Dacryocystitis complicated by canaliculitis 
was treated with endoscopic dacryocystorhinostomy (En-DCR) combined with canaliculotomy. Dacryocystitis 
accompanied by dacryoliths was treated with En-DCR. Nasolacrimal duct stones were treated with lacrimal 
intubation. All patients were followed up for 6–12 months.

Results. All patients underwent successful surgery. Of 302 cases (89.35%) with canaliculitis, 297 (98.34%) 
were cured with canaliculotomy; 5 cases (1.66%) recurred within 1 year after surgery and were cured with 
canaliculotomy again. Four cases (1.18%) of dacryocystitis complicated by canaliculitis were treated with 
En-DCR combined with canaliculotomy. In addition, 30 patients (8.88%) had dacryolithiasis; 28 (93.33%) 
of them were cured, and 2 (6.67%) with common canalicular atresia were cured after lacrimal intubation. 
Furthermore, 2 patients (0.59%) with nasolacrimal duct stones underwent lacrimal intubation. In addition, 
62 cases (20.53%) with canaliculitis tested positive for bacteria, and the top 2 common bacteria were 
Staphylococcus epidermidis and Streptococcus mitis.

Conclusions. Secretions are the main clinical characteristic of patients with dacryolithiasis, and surgery 
is the primary treatment method. In addition, different surgical methods correspond to different locations 
of stones.

Key words: dacryolithiasis, canaliculitis, dacryocystitis with dacryoliths, endoscopic dacryocystorhinostomy
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Background

Dacryolithiasis is  a  frequently occurring disorder of 
the lacrimal system, commonly linked with microbial in-
fection and often underdiagnosed.1,2 Dacryolithiasis is prone 
to occur in patients over 50 years old with a history of smok-
ing, dacryocystitis, and facial and nasal trauma. Moreover, 
there is no significant difference in the incidence of dac-
ryolithiasis between men and women.3 Dacryoliths, first 
described in 1670, are stones that form in the lacrimal duct 
system. They can be found throughout the lacrimal drainage 
system, mainly consisting of lacrimal duct stones and lacri-
mal sac stones, and also involving a small part of the lacrimal 
duct system, such as nasolacrimal duct stones.4 The lacrimal 
duct stones are mainly composed of lobulated and lamellar 
substances with amorphous nuclei. On the one hand, local 
necrotic tissue and calcification of mold or hypha can form 
stones. The formation of stones can be promoted by changes 
in tear rheology, mechanical stimulation, bacterial migra-
tion, and disruption of the balance between single mucin 
and trefoil factor peptides.5 Although the specific patho-
genesis of dacryolithiasis is not yet clear, some proteins and 
peptides play vital roles in the pathogenesis of lacrimal duct 
stones.3 Moreover, Lew et al.6 claimed that the concentra-
tion of lysozyme in tears of patients with dacryolithiasis was 
related to the pathogenesis of the condition.

Canaliculitis, one of the more common inflammatory 
diseases of the lacrimal duct, is mainly induced by lacrimal 
duct stones.7 The presence of dacryolithiasis is difficult 
to determine based on its clinical manifestations, which 
complicates clinical treatment. Dacryolithiasis is mostly 
identified during dacryocystorhinostomy (DCR). Nasolac-
rimal duct stones are rare and lack typical manifestations, 
making them easily misdiagnosed as chronic conjuncti-
vitis, chronic dacryocystitis or chalazion, which results 
in delays in effective treatment.8 Recent studies revealed 
the role of tear rheology, mechanical stimulation and bac-
terial influences in dacryolith formation; however, these 
findings have not yet been sufficiently integrated into 
a comprehensive pathogenetic model. Given this context, 
the present study aims to bridge this gap by conducting 
a detailed biochemical analysis of lacrimal stones and cor-
relating these findings with the clinical profiles of dac-
ryolithiasis patients. This approach is anticipated to shed 
light on  the  specific molecular interactions involved 
in the pathogenesis of dacryolithiasis, offering a founda-
tion for novel therapeutic strategies.

Objectives

This study was conducted to analyze the clinical di-
agnosis, treatment and characteristics of dacryolithiasis, 
as well as surgical methods used to treat it and treatment 
effects over the past 5 years, thereby providing a reference 
for the diagnosis and treatment of the disease.

Materials and methods

Study design and participants

This study was a retrospective analysis of cases. In to-
tal, 338  patients diagnosed with dacryolithiasis from 
2017 to 2021 at Qingdao Eye Hospital of Shandong First 
Medical University (China) were enrolled. Among them, 
71 were male and 267 were female, with an average age 
of 51.5 ±14.02 years. All patients were admitted to the hos-
pital for a lacrimal duct irrigation examination, and dac-
ryocystography was performed if the lacrimal duct was 
obstructed. The patients were divided into 4 groups based 
on the type of surgery. Specifically, 302 cases of dacryoli-
thiasis diagnosed with canaliculitis underwent canaliculot-
omy; 4 cases of dacryocystitis complicated by canaliculitis 
were treated with endoscopic DCR (En-DCR) combined 
with canaliculotomy; 30 cases of dacryocystitis with dac-
ryoliths were treated with En-DCR; and 2 cases of naso-
lacrimal duct stones were treated with lacrimal intubation. 
The definitive diagnosis was based on clinical manifesta-
tions and dacryocystography. This study was approved 
by the Ethics Committee of Qingdao Eye Hospital of Shan-
dong First Medical University (approval No. 2022–48).

Types and surgical methods 
of dacryolithiasis

The clinical manifestations of canaliculitis (Fig. 1A) were 
as follows: 1) hyperemia and redness at the lacrimal punc-
tum; 2) swelling of the lacrimal canaliculus area; 3) purulent 
and granular secretion upon pressure; and 4) unobstructed 
lacrimal duct flushing with secretion overflow. The surgi-
cal method was canaliculotomy. Specifically, the lacrimal 
punctum was dilated first, followed by a vertical incision 
on the lacrimal canaliculus. Next, lacrimal canaliculus stones 
were removed via curettage. Afterward, the lacrimal passage 
was flushed until the fluid coming out was transparent. A sil-
icone drainage tube was inserted if the duct was not clear.

The main symptoms of dacryocystitis combined with 
canaliculitis were similar to those of canaliculitis alone, 
primarily involving tear overflow and secretion. In addi-
tion, dacryocystitis + canaliculitis was characterized by ob-
structed lacrimal duct flushing and secretion overflow, 
along with swelling and redness around the tear ducts, with 
granular secretions released upon pressure. The surgical 
method used was En-DCR combined with canaliculotomy.

The symptoms of dacryocystitis complicated by dac-
ryoliths (Fig. 1B) were primarily lacrimation and secre-
tion, with lacrimal sac stones observed during En-DCR. 
The surgical method involved removing calculi and granu-
lation tissue from the lacrimal sac cavity via En-DCR.

Nasolacrimal duct stones (Fig. 1C), while similar 
to  dacryocystitis, were characterized by  low obstruc-
tion in the nasolacrimal duct and a short disease course 
(less than 4 months). The surgical method was removal 
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of the nasolacrimal duct stone through lacrimal duct prob-
ing with nasal endoscopy.

Postoperative medication and follow-up

The surgical eye was treated with antibiotic eye drops, 
0.1% fluorometholone eye drops and antibiotic eye oint-
ment. Patients undergoing En-DCR were given fluticasone 
propionate nasal spray twice a day and followed up at 1, 3, 
6, and 12 months after surgery. Upon En-DCR, the patients 
underwent dressing changes and reexamination under 
a nasal endoscope. The secretion around the anastomosis 
was cleaned, and the lacrimal passage was washed. Sub-
sequently, the epithelialization of the lacrimal sac, nasal 
cavity and anastomosis, as well as the recovery of lacrimal 
passage function, were observed.

Criteria for determining efficacy

Canaliculitis

The symptoms of lacrimation and secretion disappeared. 
The lacrimal punctum and lacrimal canaliculus had no 
redness and swelling. The lacrimal canaliculus had no 
secretion overflow after pressing the diseased lacrimal 
canaliculus, and the lacrimal passage was flushed unob-
structedly and had no secretion.

Dacryocystitis combined with canaliculitis

The symptoms of lacrimation and secretion disappeared. 
The lacrimal punctum and lacrimal canaliculus did not 
exhibit redness and swelling. Upon pressing the diseased 
lacrimal canaliculus, there was no secretion overflow 
in the lacrimal canaliculus. In addition, the lacrimal pas-
sage was flushed unobstructedly and had no secretion. 
Nasal endoscopy showed that the mucosa of the anasto-
mosis was epithelialized, the anastomosis was open and 
the lacrimal passage was flushed unobstructedly.

Dacryocystitis with dacryoliths

There were no symptoms of lacrimation and secretion. 
Nasal endoscopy displayed epithelialized anastomotic mu-
cosa, with the anastomosis open and the lacrimal passage 
flushed unobstructedly.

Nasolacrimal duct stone

The symptoms of lacrimation and secretion disappeared. 
After pulling out the lacrimal drainage tube, the lacrimal 
duct was flushed unobstructedly and the secretion was 
absent.

Culture and identification 
of pathogenic bacteria

The secretions from the  lacrimal punctum were ex-
tracted and sealed in sterile test tubes, and then bacte-
rial culture and drug sensitivity tests were performed. 
In short, the collected specimens from the conjunctival 
sac and lacrimal duct were coated and scribed on a blood 
agar plate and cultured in a 35°C incubator for 24, 48 and 
72 h to observe bacterial growth. If colony growth was 
observed, the bacteria were isolated and purified, followed 
by a drug sensitivity test.

Data presentation

For groups with less than 10 participants, the assumption 
of normal distribution was not checked; instead, data were 
reported using the median along with the minimum and 
maximum values. For larger groups exceeding 100 par-
ticipants, the normality of distribution was not assessed; 
the central limit theorem was applied, and results were 
described using the mean and standard deviation (SD). For 
groups with sizes ranging from 10 to 100, the Shapiro–Wilk 
test was utilized to evaluate normality. If a statistically sig-
nificant deviation from normal distribution was found, 

Fig. 1. Typical images of dacryolithiasis. A. Canaliculus stone in a case of canaliculitis; B. Lacrimal sac stone in a case of dacryocystitis complicated 
by dacryoliths; C. Nasolacrimal duct stone in a case of nasolacrimal duct stones
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the median and interquartile range (IQR) were reported. 
If there was no significant deviation, the mean and SD were 
used to present the data. Categorical data were consistently 
summarized as frequencies and percentages (n (%)).

Results

Clinical data characteristics

In this study, the clinical data of 338 patients with dacryo-
lithiasis were analyzed, and the results are shown in Table 1. 
The 338 patients consisted of 71 (21%) men and 267 (79%) 
women, with a men-to-women ratio of 1:3.8. Their age 
ranged from 17 to 90 years (mean 61.40 ±14.02 years), and 
the disease duration ranged from 20 days to 20 years (mean 
1.62 ±3.03 years). In addition, there were 76 cases (22.5%) 
of smokers and 302 cases (89.35%) of canaliculitis. Further-
more, 297 cases were cured, giving a cure rate of 98.34%; 
5 cases (1.66%) recurred within 1 year after the operation 
and were cured by canaliculotomy again. Dacryocystitis 
combined with canaliculitis was found in 4 cases (1.18%) 
during the operation and was treated with En-DCR com-
bined with canaliculotomy. Of the 30 patients (8.88%) 
with dacryolithiasis, 28 cases (93.33%) were cured, and 
2 cases (6.67%) exhibited closed lacrimal ducts and were 
cured after re-catheterization. Two patients (0.59%) with 
nasolacrimal duct stones underwent lacrimal intubation; 
1 case of nasolacrimal duct opening was examined by nasal 
endoscopy during the operation, and nasolacrimal duct 
stones were discharged. One case of stone-like secretion 
was removed from the nasal cavity after the operation, 
and all cases were cured. No recurrence was found within 
1 year after the operation.

The location of canaliculitis

Subsequently, the location of canaliculitis was analyzed. 
The results showed that the first 4 locations of canaliculitis 
were the left inferior lacrimal canaliculus, the right inferior 
lacrimal canaliculus, the left superior lacrimal canaliculus, 
and the right superior lacrimal canaliculus, accounting for 

34.44%, 26.49%, 14.9%, and 14.24%, respectively. Canalicu-
litis usually appeared in the inferior canaliculus, and there 
was no difference between the left and right eyes (Table 2).

Etiology analysis

The samples from canaliculitis patients were sent for 
pathogen culture, and the  distribution of  pathogenic 
bacteria species in positive samples is shown in Table 3. 
Among the 302 cases with canaliculitis, 62 were positive 
for bacteria, with a culture positivity rate of 20.53%. In ad-
dition, a total of 17 bacterial strains were identified in these 
cultures, and the pathogenic bacteria were mostly Gram-
positive cocci. Staphylococcus epidermidis was the most 
common pathogen, accounting for more than 51.61%.

The samples from dacryocystitis + dacryoliths patients 
were also subject to pathogen culture, and the distribution 
of pathogenic bacteria species in positive samples is pre-
sented in Table 4. Among the 30 cases with dacryocystitis 
+ dacryoliths, 15 were positive for bacteria, with a culture 
positivity rate of 50%. Furthermore, a total of 6 bacterial 
strains were identified in these cultures, and the patho-
genic bacteria were mostly Gram-positive cocci. Staphylo-
coccus aureus and S. epidermidis were the most common 
pathogens, accounting for more than 66.67%.

Table 1. Clinical data of 338 patients with dacryolithiasis (mean ±SD, median (min, max), median (IQR), n (%))

Variables Canaliculitis Dacryocystitis complicated 
with canaliculitis

Dacryocystitis 
with dacryoliths

Nasolacrimal duct 
stone Total

Cases, n (%) 302 (89.3) 4 (1.2) 30 (8.9) 2 (0.6) 338 (100)

Age [years] 61.60 ±13.91 74.5 (66, 82) 58.5 (45.70, 74.25) 45 (31, 59) 61.40 ±14.02

Gender, n (%)
male 65 (21.5) 0 (0) 4 (13.3) 2 (100) 71 (21.0)

female 237 (78.5) 4 (100) 26 (86.7) 0 (0) 267 (79.0)

Smoking, n (%)
yes 68 (22.5) 1 (25) 5 (16.7) 2 (100) 76 (22.5)

no 234 (77.5) 3 (75) 25 (83.3) 0 (0) 262 (77.5)

Duration [years] 1.35 ±2.29 1 (0.2, 10) 2.00 (0.50, 5.25) 0.3 (0.16, 0.44) 1.62 ±3.03

SD – standard deviation; IQR – interquartile range.

Table 2. Location of canaliculitis lesions 

Diseased region Cases, n Percentage 
(%)

Right superior lacrimal canaliculus 43 14.24

Right inferior lacrimal canaliculus 80 26.49

Right superior and inferior lacrimal canaliculi 13 4.30

Left superior lacrimal canaliculus 45 14.90

Left inferior lacrimal canaliculus 104 34.44

Light superior and inferior lacrimal canaliculi 11 3.64

Both superior lacrimal canaliculi 2 0.66

Both inferior lacrimal canaliculi 2 0.66

Both superior and inferior lacrimal canaliculi 2 0.66

Total 302 100
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Discussion

Canaliculitis is one of the most common complications 
in dacryolithiasis. Due to similar clinical manifestations 
to a variety of ophthalmic diseases, lacrimal canalicu-
litis is an ophthalmic disease with a high misdiagnosis 
rate in outpatient settings.9 Xiang et al.10 reported that 
the misdiagnosis rate of canaliculitis was 77.8%. Non-
lacrimal specialists often misdiagnose lacrimal canalic-
ulitis as common infectious diseases in ophthalmology, 
such as conjunctivitis, meibomian gland inflammation 

or  dacryocystitis, and long-term repeated medication 
often yields unsatisfactory results.11 Some patients lose 
confidence and give up seeking medical treatment, which 
causes significant distress. When the patient exhibits con-
junctival congestion and repeated drug treatments are 
ineffective, it should be differentiated from conjunctivitis. 
When the patient’s eyelid is red and swollen, this should be 
differentiated from meibomian gland inflammation. In ad-
dition, many patients with exudate spillage from the lacri-
mal punctum are misdiagnosed as having dacryocystitis 
and may even undergo DCR, but the symptoms are not 
relieved after the operation. Patients with dacryocystitis 
typically exhibit normal lacrimal canaliculus and lacrimal 
punctum, with the main manifestation being purulent se-
cretion overflow from the lacrimal punctum when pressing 
the lacrimal sac area. In contrast, purulent or granular se-
cretion overflow can be seen in lacrimal canaliculitis when 
pressing the lesion lacrimal punctum area. Most of the lac-
rimal duct is flushed smoothly and can be identified based 
on different characteristics. Although some patients have 
an insidious onset, as long as the disease is recognized, pa-
tients with long-term recurrent secretion from the lacrimal 
canaliculus should be carefully examined, and the lacrimal 
duct should be rinsed in parallel. Based on symptoms and 
signs, the diagnosis is not difficult.

The incidence of female patients is significantly higher 
than that of male ones,7 which our study also confirmed. 
The reason may be due to the decrease in estrogen lev-
els in women during amenorrhea, leading to reduced tear 
secretion and decreased resistance to infection, making 
the lacrimal canaliculus more susceptible to microbial in-
vasion. In addition, women’s daily lifestyle, such as the use 
of cosmetics and exposure to oil fumes, may contribute 
to the blockage of lacrimal canaliculi by microparticles, 
facilitating the growth of microorganisms within the lac-
rimal passage.

Regarding the  location of canaliculitis lesions, cana-
liculitis usually affects the inferior canaliculus, predomi-
nantly occurring in 1 eye, with no significant difference be-
tween the left and right eyes. Due to gravity, tear drainage 
is mainly achieved by the inferior lacrimal canaliculus, and 
bacteria on the ocular surface tend to accumulate mainly 
in the lower part. The diameter of the inferior lacrimal 
canaliculus is  larger than that of the superior lacrimal 
canaliculus. Pathogenic microorganisms from the lacri-
mal sac or nasolacrimal duct are more likely to spread 
to the inferior lacrimal canaliculus, making inferior lac-
rimal canaliculitis more common.12

Previous studies believed that actinomycetes were 
the main pathogenic bacteria of  lacrimal canaliculitis. 
However, recent studies have identified that the patho-
genic bacteria of lacrimal canaliculitis have changed.13 For 
instance, Alam et al.14 reported S. epidermidis as the most 
common pathogen of canaliculitis. Zhang et al.15 stated 
that the main pathogenic bacteria of lacrimal canaliculi-
tis were Gram-positive bacteria, with common bacterial 

Table 3. Distribution of pathogenic bacteria in patients’ positive samples 
with lacrimal canaliculitis 

Genus of bacteria Cases, n Percentage (%)

Gram-positive cocci

Staphylococcus epidermidis 32 51.61

Streptococcus anginosus 2 3.23

Staphylococcus haemolyticus 1 1.61

Staphylococcus aureus 3 4.84

Streptococcus mitis 10 16.13

Oral Streptococci 1 1.61

Staphylococcus hominis subsp 2 3.23

Staphylococcus cohnii 1 1.61

Staphylococcus intermedius 1 1.61

Staphylococcus suis 1 1.61

Gram-positive bacilli

Corynebacterium spp. 2 3.23

Corynebacterium dried 1 1.61

Gram-positive coccus

Neisseria cinerea 1 1.61

Gram-negative bacilli

Yersinia enterocolitica 1 1.61

Sphingomonas paucimobilis 1 1.61

Acinetobacter lwoffii 1 1.61

Serratia marcescens 1 1.61

Total 62 100

Table 4. Distribution of pathogenic bacteria of dacryoliths in patients with 
positive samples 

Genus of bacteria Cases, n Percentage (%)

Gram-positive cocci

Staphylococcus aureus 5 33.33

Staphylococcus epidermidis 5 33.33

Streptococcus mitis 2 13.33

Gram-negative bacilli

Pseudomonas aeruginosa 1 6.67

Enterobacter aerogenes 1 6.67

Klebsiella pneumoniae 1 6.67

Total 15 100
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genera including Staphylococcus, Propionibacterium, 
Streptococcus, etc. In this study, the top 2 most frequently 
identified bacteria were S. epidermidis and Streptococcus 
mitis, consistent with the distribution of the most common 
bacterial flora in the normal conjunctival sac reported 
by Wang et al.16 A study17 on the distribution and drug 
resistance of ocular bacterial culture-positive strains also 
pointed out that S. epidermidis was the primary patho-
genic bacteria and the most important multi-drug resistant 
bacteria in the eye. The removal of stones is the major 
treatment of lacrimal canaliculitis. If lacrimal duct stones 
continue to block the lumen, only squeezing and scraping 
the stones can relieve the symptoms.

The prevalence of dacryolithiasis gradually increases af-
ter the age of 50 years.18 Most of the pathogenic bacteria 
associated with dacryolithiasis are Gram-positive bacteria. 
However, dacryolithiasis is usually difficult to diagnose be-
fore operation. Given the inadequacies of imaging methods 
such as X-ray, dacryocystography and computed tomog-
raphy (CT), dacryolithiasis often remains misdiagnosed 
or undetected. The overall incidence of dacryolithiasis is, 
therefore, difficult to assess. Dacryolithiasis is usually found 
when the lacrimal sac is opened during DCR, so intraop-
erative incision of the lacrimal sac is the only effective way 
to confirm the presence of dacryolithiasis. The DCR is often 
regarded as the gold standard for the treatment of dacryo-
lithiasis.4 For repeated secretion, the presence of dacryoli-
thiasis should be highly suspected if drug control is ineffec-
tive. Pressing the lacrimal sac can show purulent secretion 
overflow, and lacrimal duct irrigation can vary in terms 
of its smoothness. Studies have revealed that lacrimal duct 
stones were diagnosed in 6–18% of patients during DCR,2 
and the proportion in this study was 6.68%, which is similar 
to literature reports.

Dacryocystitis complicated by  canaliculitis is  rela-
tively easy to diagnose. Special attention should be paid 
to cases of canaliculitis combined with dacryolithiasis. 
In such patients, the lacrimal passage may sometimes be 
unobstructed, and secretion may spill, which is consistent 
with the symptoms of simple lacrimal canaliculus inflam-
mation. If treatment of lacrimal canaliculitis alone does 
not resolve symptoms of secretion post-surgery and there 
is neither inflammation nor stone-like discharge upon 
compression of the lacrimal canaliculus, it is highly likely 
that the patient may have concurrent lacrimal sac stones. 
In such instances, DCR is required to incise the lacrimal 
sac for a definitive diagnosis. Two patients in our research 
were diagnosed with canaliculitis before the operation, 
but their symptoms were not relieved after the operation. 
Upon ineffective drug treatment, nasal En-DCR was per-
formed. During the operation, large stones in the lacrimal 
sac cavity were found, granulation hyperplasia was present 
in the lacrimal sac cavity, and the inflammatory reaction 
was severe. If necessary, the treatments of such patients 
need to be combined with lacrimal intubation to prevent 
anastomotic adhesion and atresia.

Very few cases of dacryocystitis are not suitable for DCR 
as the first choice. Simple lacrimal duct probing combined 
with lacrimal intubation can dislodge intact lacrimal sac 
stones and sometimes nasolacrimal duct stones. This pro-
cedure is noninvasive, does not alter the natural anatomy 
and has a short operation time, making it a procedure that 
most patients are willing to undergo. This requires us 
to properly determine the surgical indications. For patients 
with a short duration of secretion symptoms and low-po-
sition of lacrimal duct obstruction as suggested by dac-
ryocystography, which is generally located in the lower 
part of the nasolacrimal duct, we can attempt lacrimal 
duct probing combined with lacrimal duct intubation after 
communication with the patients and their families and 
obtaining their consent. Notably, if probing fails, En-DCR 
is performed.

Limitations

This study’s retrospective design inherently introduced 
selection and information biases, potentially leading 
to skewed data due to non-random patient selection and 
variable data accuracy. In addition, the relatively small 
sample size of 338 patients limited the statistical power 
and generalizability of the findings to the broader popula-
tion with dacryolithiasis. The absence of a control group 
further restricted our ability to distinguish between effects 
directly attributable to dacryolithiasis and those resulting 
from extraneous variables. To overcome these limitations 
and enhance the validity of future research, it  is advis-
able to employ a prospective study design and conduct 
randomized controlled trials (RCTs), which would allow 
for systematic comparisons and more controlled condi-
tions. Increasing the sample size and including multiple 
research centers would also help achieve a more represen-
tative population sample, thereby improving the generaliz-
ability of the results. Finally, applying advanced statistical 
techniques, such as multivariate analysis, can help control 
for potential confounders, ensuring a more accurate isola-
tion of the effects being studied.

Conclusions

This study offers a  comprehensive clinical analysis 
of dacryolithiasis, highlighting the essential role of di-
agnostic tools such as slit-lamp examination, lacrimal 
irrigation and dacryocystography. These tools are crucial 
not only for accurately diagnosing dacryolithiasis but also 
for determining the precise location of lacrimal stones, 
which guides the selection of appropriate surgical inter-
ventions. Clinicians are encouraged to  integrate these 
diagnostic procedures into routine assessments to en-
hance detection and management, thereby ensuring that 
surgeries are minimally invasive, reduce complications 
and improve success rates. Future research should focus 
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on evaluating the long-term outcomes of surgical tech-
niques, developing innovative diagnostic tools for more 
precise assessments, and exploring the pathophysiological 
underpinnings of dacryolithiasis to identify new thera-
peutic targets.
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Abstract
Background. Oral squamous cell carcinoma (OSCC) is one of the most common cancers in humans. The role 
of neoadjuvant chemotherapy (NAC) in OSCC remains controversial.

Objectives. The study aimed to investigate the effect of NAC on locally advanced OSCC and identify prog-
nostic factors varying is different therapies to ultimately guide the optimal selection of future treatment.

Materials and methods. A total of 156 patients with locally advanced OSCC were enrolled. The clinical 
characteristics and survival outcomes of patients with and without NAC were compared. The primary endpoint 
was overall survival (OS), and the secondary endpoint was disease-free survival (DFS).

Results. Among the 156 patients enrolled in this study, 81 patients received NAC followed by surgery and 
75 patients received surgery alone. No significant difference in OS at 3 years was detected (78.3% vs 79.8%, 
p = 0.76). However, a significantly worse DFS was observed in the NAC group (42.4% vs 59.2%, p = 0.048). 
Within the NAC group, 50 patients (61.7%) had a favorable clinical response, and 12 patients (14.8%) had 
a complete pathological response. Better survival outcomes were observed in patients with favorable clinical 
responses. In stratified analysis, patients of pT3/4 OSCC after NAC showed worse DFS than those of the same 
stage who underwent surgery alone (40.2% vs 58%, p = 0.033). In Cox regression, clinical response and 
pathological stage were predictors of survival in the NAC group, while pathological stage was the only 
predictor of OS in the surgery group.

Conclusions. Patients with advanced pathological stages after NAC may be at a higher risk of treatment 
failure, and upfront surgery is recommended for locally advanced OSCC patients in current clinical practice.

Key words: prognosis, neoadjuvant chemotherapy, oral squamous cell carcinoma
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Background

Oral cancer represents one of the most common ma-
lignancies. There were approx. 373,097 (95% uncertainty 
interval (95% UI): 340,884–403,865) incident cases and 
199,379 (95%  UI: 181,651–218,058) deaths worldwide 
in 2019, according to the national epidemiological profiles 
of cancer burden in the Global Burden of Disease Study 
(https://ghdx.healthdata.org/ihme_data). The mainstays 
of oral squamous cell carcinoma (OSCC) therapeutics are 
surgery, radiotherapy, chemotherapy, or a combination 
of these modalities, depending on the extent of the dis-
ease. Oral squamous cell carcinoma has long been regarded 
as a favorable indication for primary surgical intervention.1 
Advances in surgical techniques over the past 4 decades 
have resulted in significantly enhanced outcomes. Mini-
mally invasive surgery is widely acknowledged as striking 
a favorable balance between cancer resection and func-
tional restoration for early-stage OSCC.2 Numerous clinical 
trials have demonstrated the efficacy of surgical interven-
tions for early-stage OSCC, with ongoing research focusing 
on the impact of various surgical techniques and extent 
of resection on the local recurrence rates and preservation 
of tissue function in early-stage human papilloma virus 
(HPV)-negative OSCC.3 Compared to non-surgical inter-
ventions, oral surgery resection in OSCC has been shown 
to increase the survival rate in oral cancer.4,5 A large-scale, 
10-year clinical study on borderline oral cavity cancers 
demonstrated a significant increase in the 10-year survival 
rate for patients who underwent surgery compared to those 
who did not. This finding strongly underscores the impor-
tance of surgical treatment.6 However, the prognosis for lo-
cally advanced OSCC remains grim. The overall and long-
term survival rates for patients with OSCC continue to be 
unsatisfactory, with a 5-year survival rate of approx. 60% 
across all stages.7 A significant challenge lies in enhancing 
the survival outcomes of patients with advanced OSCC 
through the utilization of various chemotherapy regimens 
in conjunction with surgical interventions, a matter that 
remains unresolved.8

Neoadjuvant chemotherapy (NAC) has been routinely 
utilized for several cancers, with the goal of down-staging 
the primary tumor and controlling potential microme-
tastasis.9,10 Neoadjuvant chemotherapy has been intro-
duced for head and neck squamous cell carcinoma (HN-
SCC), with the goal of function preservation and better 
survival outcomes. However, several clinical trials have 
failed to prove the benefits in survival with the addition 
of chemotherapy prior to chemoradiotherapy or surgery 
in HNSCC patients.11–13 Although the superiority of NAC 
remains controversial, there are some promising results. 
First, a reduction in the distant metastasis rate was re-
ported in OSCC patients treated with NAC and surgery 
compared to those who received surgery directly.14 Second, 
NAC was reported to be a strategy for selecting patients 
for conservative surgery. A retrospective study of small 

samples revealed that limited surgery without flap recon-
struction was feasible in advanced OSCC patients who had 
a favorable clinical response to chemotherapy.15 Similarly, 
another study identified that for patients needing mandib-
ular resection for paramandibular disease without obvious 
bone erosion, NAC was also a feasible option for man-
dibular preservation with no compromise of survival.16 
Third, specific subsets of patients are likely to benefit from 
neoadjuvant treatment, especially those who respond well 
to preoperative chemotherapy.13 A phase II clinical trial 
of 36 patients demonstrated the safety of pembrolizumab 
and a decrease in 1-year recurrence rate in patients with 
locally advanced, HPV-negative HNSCC.17 However, there 
are still many patients who cannot benefit from NAC com-
bined with immunotherapy, and its effect in oral cancer 
still needs to be supported by more clinical research data.

Objectives

This study aimed to investigate the effects of NAC and 
identify the potential clinicopathological risk factors in pa-
tients with different treatment regimens and thus guide 
reasonable therapeutic options in locally advanced OSCC 
patients for future practice.

Methods

Patients and study design

The clinical data for this retrospective study were col-
lected at the First Affiliated Hospital of Zhejiang Univer-
sity School of Medicine (Hangzhou, China) from 2017 
to  2020. The  study was approved by  the  institutional 
review board and was conducted in  accordance with 
the principles of the Declaration of Helsinki (approval No. 
IIT20220674A). Informed consent was obtained from all 
individual participants included in the study. The inclu-
sion criteria were as follows: 1) pathological examination 
confirmed squamous cell carcinoma (SCC); 2)  resect-
able clinical stage III–IV OSCC without metastasis; and 
3) received surgery in our hospital. Patients with previous 
surgery involving a primary tumor or clinical evidence 
of metastasis were excluded. Patients who received pre-
operative chemotherapy were enrolled in the NAC group, 
while patients who received surgery directly were enrolled 
in the surgery alone group (Fig. 1). For the present study, 
a total of 294 patients with locally advanced resectable 
SCC from 2017 to 2020 were considered. After excluding 
89 patients who did not meet the inclusion criteria and 
49 patients who were lost to follow-up, 156 patients were 
ultimately included in the analysis. These patients were 
divided into 2 groups: the NAC plus surgery group (n = 81), 
who received neoadjuvant therapy followed by surgery, and 
the surgery group (n = 75), who underwent surgery alone.

https://ghdx.healthdata.org/ihme_data
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Patient characteristics and treatment information, in-
cluding age, sex, smoking status, alcohol use, comorbidity 
(collected using the ACE-27 index), NAC regimen, type 
of reconstruction, and postoperative adjuvant therapy, 
were recorded. Tumor characteristics, including the site 
of the primary lesion, pathological grade and clinical and 
pathological tumor-node-metastasis (TNM) stage, were 
also retrieved for each patient. The clinical and pathologi-
cal TNM staging were determined according to the 8th edi-
tion of the American Joint Committee on Cancer (AJCC) 
classification.

Clinical management

For the patients in the NAC group, we mainly used plat-
inum-based triplet chemotherapy (paclitaxel, carbopla-
tin and 5-fluorouracil) for preoperative treatment. There 
is currently no unified standard for the number of cycles 
of NAC. In this study, the number of NAC cycles was deter-
mined by the response to chemotherapy according to mag-
netic resonance imaging (MRI) and clinical symptoms after 
1–3 cycles of therapy. Patients who do not respond to NAC 
should be discontinued early for surgery, and for those 
who respond to NAC, the number of chemotherapy cycles 
should be determined according to the adverse effects and 
the degree of remission. The duration of neoadjuvant ther-
apy may be appropriately prolonged if the patient’s physical 

condition permits. Magnetic resonance imaging of patients 
with mandibular gingival disease in the NAC group re-
vealed the absence of medullary infiltration. The average 
number of preoperative chemotherapy cycles was 2 (1–3). 
Before chemotherapy, the palpable edge of the primary 
tumor was marked by at least 4 points in patients who were 
assigned to the NAC group to determine the extent of radi-
cal surgery. During the 3–4 weeks after NAC completion, 
they proceeded to radical resection, with 1 cm resection 
extension to the markers and the proper type of neck dis-
section. In the surgery alone group, the patients received 
the same surgery procedure directly, and the excision ex-
tension was also defined 1 cm outside the primary lesion. 
Postoperative therapy was jointly determined by the sur-
geons, radiation oncologists and medical oncologists, 
as well as the patient’s choice.

Follow-up and outcomes

The  primary outcome of  interest was overall sur-
vival (OS), and the secondary outcome of  interest was 
disease-free survival (DFS). Overall survival was de-
fined as the time from the start of treatment to the time 
of  death from OSCC. Disease-free survival referred 
to the time from treatment to the time of tumor relapse 
or metastasis, as confirmed by the oral and maxillofacial 
surgeons.

Fig. 1. Schematic diagram of the study design

Total patients of center in 2017–2020 (n = 294)

Total enrolled 
n = 156

Excluded (n = 138)
• Not meeting inclusion criteria (n = 89)
• Withdrawal or loss to follow up (n = 49)

Allocated to intervention (n = 75)Allocated to intervention (n = 81)

To calculate clinical response rate and pathological response rate, OS, DFS.
Analyzed in different subset of 2 groups including TNM, pathology, clinical stage, tumor differentiation, 
age, sex, smoking status, alcohol use, and comorbidity.

Group

Analysis

Enrollment

3

2

1

NAC before operation  Without NAC

Appendix: 

� 
� NAC cycle for patients: neoadjuvant chemotherapy cycle was determined by the response to 

The plan of NAC: platinum-based triplet chemotherapy (paclitaxel, carboplatin and 5-fluorouracil) 

chemotherapy according to MRI and clinical symptoms after 1–3 cycles of therapy. (average: 2 cycles)

Operation
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Assessment of chemotherapy response

Clinical response was determined by clinical exami-
nation or  imaging studies according to  the  response 
evaluation criteria in solid tumors v. 1.1 (RECIST 1.1): 
complete response – all target lesions including the pri-
mary lesions and any lymph nodes disappeared; partial 
response – the sum of the diameters of the target lesions 
decreased at  least 30% compared to the baseline; pro-
gressive disease – the sum of the diameters of the target 
lesions increased at least 20% compared to the baseline; 
and stable disease – no significant tumor regression 
or increase.18 Patients with complete or partial response 
were defined as clinical responders, while patients who 
had stable or progressive disease were classified as clini-
cal non-responders. All patients underwent radical 
resection and pathological examination in our study, 
and patients with no remaining viable tumor cells were 
enrolled in the pathological complete response (pCR) 
group. Those with the presence of viable tumor cells 
were enrolled in the non-pCR group.

Statistical analyses

Pearson’s χ2 test or Fisher’s exact test (if n < 5 in ≤20% 
of cells) were conducted for categorical data, and Stu-
dent’s t-test was used for continuous variables (Table 1). 
The normality of continuous variables was assessed using 
the Shapiro–Wilk test (p > 0.05) (Supplementary Fig. 1), 
and the homogeneity of variances was evaluated using 
Levene’s test (p > 0.05). Survival analysis and survival 
curves were performed using the Kaplan–Meier (KM) 
method, with differences analyzed using the log-rank test. 
Multicollinearity was assessed using the variance infla-
tion factor (VIF). All VIF values were below the widely ac-
cepted threshold of 10, indicating a lack of multicollinear-
ity among the predictors (Supplementary Tables 1 and 2).

The proportional hazards assumption was tested using 
Schoenfeld residuals (Supplementary Fig. 2), and residual 
plots were generated to examine and confirm the absence 
of discernible trends between the log-hazard function and 
predictor variables (Supplementary Fig. 3). A Cox propor-
tional hazard model was performed to estimate the hazard 

Table 1. Demographic and clinical characteristics of neoadjuvant chemotherapy and surgery alone groups

Demographic and clinical characteristics NAC and surgery 
(n = 81)

Surgery alone 
 (n = 75) p-value

Sex
male 63 (77.8%) 47 (62.7%) 0.058a

female 18 (22.2%) 28 (37.3%) –

Age [years]

mean ±SD 61.1 ±1.2 63.6 ±1.3 0.120c

<64 41 (50.6%) 34 (45.3%) 0.617a

≥64 40 (49.4%) 41 (54.7%) –

Tumor location

tongue 31 (38.3%) 30 (40.0%) <0.001a

buccal mucosa 7 (8.6%) 26 (34.7%) –

floor of mouth 18 (22.2%) 5 (6.7%) –

hard palate and upper gum 9 (11.1%) 3 (4.0%) –

lower gum 16 (19.8%) 11 (14.7%) –

cT stage

T2 4 (4.9%) 5 (6.7%) 0.351b

T3 50 (61.7%) 53 (70.7%) –

T4a 27 (33.3%) 17 (22.7%) –

cN stage

N0 35 (43.2%) 29 (38.7%) 0.236a

N1 30 (37.0%) 37 (49.3%) –

N2 16 (19.8%) 9 (12.0%) –

cTNM
II 46 (56.8%) 52 (69.3%) 0.136a

IVA 35 (43.2%) 23 (30.7%) –

Pathology 
differentiation

moderate-to-well 69 (85.2%) 69 (92.0%) 1b

poor 6 (7.4%) 6 (8.0%) –

unknown 6 (7.4%) 0 (0%) –

Postoperative 
treatment

none 31 (38.3%) 35 (46.7%) <0.001a

RT 11 (13.6%) 24 (32.0%) –

CT 22 (27.2%) 3 (4.0%) –

both 17 (21.0%) 13 (17.3%) –

SD – standard deviation; a Pearson’s χ2 test; b Fisher’s exact test; c Student’s t-test; NAC – neoadjucant chemotherapy; cT – clinical T stage; cN – clinical 
N stage; cTNM – clinical TNM stage; RT – radiotherapy; CT – chemotherapy.
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ratio (HR) with 95% confidence intervals (95% CIs) and 
to identify prognostic factors associated with survival. All 
hypothesis-generating tests with a p < 0.05 were considered 
statistically significant. All analyses were performed using 
the R statistical software v. 4.1.2 (R Foundation for Statistical 
Computing, Vienna, Austria).

Results

Baseline characteristics

Between 2017 and 2020, 156 eligible patients with un-
treated locally advanced OSCC received surgical treatment 
at our center. Eighty-one patients received preoperative 
chemotherapy followed by radical surgery, and 75 patients 
received surgery alone. The median follow-up duration 
was 36 months (range: 3.7–58.9 months). Table 1 presents 
the baseline characteristics of the patients included in our 
study for both the surgery alone and NAC groups. Sta-
tistical analysis showed no significant differences in sex, 
age, clinical TNM stage, or pathological grade between 
the 2 groups despite differences in tumor location and 
postoperative treatment.

Survival outcomes

Patients with or without preoperative chemotherapy had 
comparable OS at 3 years (78.3% vs 79.8%, log-rank test: 
p = 0.76) (Fig. 2A). However, the surgery alone group had 
better 3-year DFS when compared with the NAC group 
(59.2% vs 42.4%, log-rank test: p = 0.048) (Fig. 2B).

Kaplan–Meier survival analyses in the prespecified sub-
strata of pathological T stage and N stage are presented 
in Fig. 3. Patients with pT0–2 OSCC after NAC and surgery 
exhibited similar survival patterns to patients with pT0–2 
OSCC after surgery alone (Fig. 3A,B). Inferior 3-year DFS 
was detected in patients with pT3–4 stage after NAC and 
surgery when compared to patients with the same stage 

after surgery alone (40.2% vs 58%, log-rank test: p = 0.033), 
but OS rates were comparable in the 2 groups (Fig. 3C,D). 
There were no significant differences in OS or DFS rates 
when patients were stratified by pathologic nodal status 
(Fig. 2E–H).

Response to NAC

According to  RECIST 1.1, 50 (61.7%) of  81  patients 
showed a favorable clinical response, consisting of com-
plete response in 6 patients (7.40%) and partial response 
in 44 patients (54.3%). Twenty-nine patients (35.8%) had 
stable disease and 2  patients (2.50%) had progressive 
disease after preoperative chemotherapy. Pathological 
complete response was observed in 12 patients (14.8%), 
while viable tumor cell residue of varying degrees was 
observed in most patients. Clinical responders had a sig-
nificantly higher 3-year OS compared to clinical non-re-
sponders (82.4% vs 60.7%, log-rank test: p = 0.023; Fig. 4A). 
The 3-year DFS also presented similar results (54.3% vs 
18.7%, log-rank test: p = 0.005; Fig. 4B). There was a slight 
survival advantage for patients with pCR compared to pa-
tients without pCR, but the difference was not significant 
(Fig. 3C,D).

Cox regression

Tables 2,3 show the results of univariate Cox regression 
models for patients in both the NAC and surgery alone 
groups. For patients who received NAC and surgery, 
pathological T stage (pT) and clinical response to NAC 
were important predictors of OS in univariate analysis. 
Pathological tumor stage and clinical response, as well 
as pathological grade, were significant predictors of DFS. 
However, no clinical factors were found to be signifi-
cant in the multivariate analysis for either OS or DFS. 
For patients who underwent surgery alone, pT stage was 
associated with lower OS, but no predictor of DFS was 
detected.

Fig. 2. Overall survival (OS) and disease-free survival (DFS) between neoadjuvant chemotherapy (NAC) and surgery alone groups
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Fig. 3. Kaplan–Meier estimation in the prestratified substrata of pathological results

NAC – neoadjuvant chemotherapy.
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Table 2. Cox regression analysis for disease-free survival (DFS) and overall survival (OS) of the neoadjuvant chemotherapy (NAC) group (n = 81)

Variables
OS DFS

HR (95% Cl) p-value HR (95% Cl)  p-value

Sex: female vs male 1.25 (0.45–3.48) 0.665 1.26 (0.64–2.50) 0.506

Age: <64 years vs ≥64 years 1.13 (0.46–2.78) 0.790 1.14 (0.63–2.06) 0.669

BMI: abnormal vs normal 0.79 (0.27–2.27) 0.659 1.85 (0.96–3.58) 0.066

Comorbidity: present vs absent 0.47 (0.18–1.24) 0.129 1.40 (0.78–2.54) 0.264

Clinical T stage: T4 vs T2/T3 1.64 (0.66–4.09) 0.285 1.19 (0.64–2.22) 0.590

Clinical N stage: N2/N3 vs N0/N1 1.10 (0.37–3.33) 0.863 1.41 (0.71–2.80) 0.333

Pathologic T stage: T2–T4 vs T0/T1 3.60 (1.05–12.36) 0.042 2.06 (1.06–4.01) 0.034

Pathologic N stage: N2/N3 vs N0/N1 1.61 (0.65–4.00) 0.308 1.67 (0.92–3.03) 0.090

Tumor differentiation: poor vs moderate-to-well 1.27 (0.29–5.52) 0.751 2.97 (1.25–7.06) 0.014

Site: others vs tongue 0.71 (0.29–1.74) 0.450 0.76 (0.42–1.38) 0.368

Reconstruction type: yes vs no 1.16 (0.34–4.01) 0.810 0.84 (0.39–1.82) 0.667

Pathological response’s CR vs non-CR 3.74 (0.50–28.09) 0.199 1.61 (0.63–4.10) 0.315

Clinical response: SD/PD vs PR/CR 2.76 (1.11–6.88) 0.029 2.29 (1.26–4.16) 0.006

Smoking status: current/former vs never 0.84 (0.33–2.15) 0.721 0.82 (0.44–1.52) 0.527

Alcohol use: current/former vs never 0.77 (0.31–1.90) 0.574 0.89 (0.48–1.63) 0.700

Postoperative therapy

None Ref. Ref. Ref. Ref.

Radiotherapy 0.55 (0.12–2.00) 0.451 0.74 (0.28–2.00) 0.556

Chemotherapy 0.80 (0.27–2.40) 0.697 1.41 (0.70–2.83) 0.341

Both 0.57 (0.16–2.12) 0.404 0.62 (0.26–1.48) 0.282

T – tumor; N – lymph node; CR – complete response; SD – stable disease; PD – progressive disease; PR – partial response; 95% CI – 95% confidence interval; 
HR – hazard ratio.

Table 3. Cox regression analysis for disease-free survival (DFS) and overall survival (OS) of the surgery alone group (n = 75)

Variables
OS DFS

HR (95% CI) p-value HR (95% CI) p-value

Sex: female vs male 1.80 (0.73–4.44) 0.199 1.21 (0.60–2.44) 0.592

Age: <64 years vs ≥64 years 0.90 (0.36–2.23) 0.821 0.90 (0.45–1.79) 0.756

BMI: abnormal vs normal 1.36 (0.48–3.85) 0.557 0.92 (0.41–2.06 0.842

Comorbidity: present vs absent 0.82 (0.33–2.02 0.665 0.82 (0.41–1.65) 0.578

Clinical T stage: T4 vs T2/T3 1.50 (0.57–3.97) 0.410 0.71 (0.29–1.74) 0.456

Clinical N stage: N2/N3 vs N0N1 1.92 (0.56–6.67) 0.300 1.31 (0.46–3.76) 0.613

Pathologic T stage: T3/T4 vs T2 3.19 (1.15–8.90) 0.026 1.07 (0.38–3.07) 0.894

Pathologic N stage: N2/N3 vs N0N1 2.23 (0.87–5.70) 0.093 1.38 (0.64–2.99) 0.415

Tumor differentiation: poor vs moderate-to-well 1.89 (0.55–6.52) 0.311 0.094 (0.29–3.1) 0.924

Site: others vs tongue 0.64 (0.26–1.59) 0.337 0.58 (0.29–1.16) 0.124

Reconstruction type: yes vs no 0.69 (0.09–5.16) 0.714 1.27 (0.17–9.34) 0.814

Smoking status: current/former vs never 0.76 (0.31–1.84) 0.750 1.58 (0.91–2.75) 0.105

Alcohol use: current/former vs never 0.75 (0.32–1.77) 0.750 1.58 (0.91–2.75) 0.105

Postoperative therapy

None Ref. Ref. Ref. Ref.

Radiotherapy 1.57 (0.62–3.96) 0.342 1.50 (0.70–3.20) 0.295

Chemotherapy Inf Inf Inf Inf

Both 0.36 (0.05–2.84) 0.331 1.28 (0.46–3.58) 0.633

T – tumor; N – lymph node; Ref. – reference group; Inf – infinity; 95% CI – 95% confidence interval; HR – hazard ratio.
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Discussion

Neoadjuvant chemotherapy treatment 
strategies for locally advanced OSCC 
patients

Preserving tissue function and maintaining the patient’s 
quality of life are fundamental criteria in the management 
of treatment for patients with locally advanced OSCC.1 
Advancements in flap tissue repair and reconstruction 
have expanded the indications for surgery.19 The ques-
tion of whether tumor volume reduction prior to surgery 
is necessary in OSCC remains a topic of debate.

Neoadjuvant chemotherapy has been discussed for de-
cades; whether OSCC patients benefit from it is controver-
sial. Supporters argue that NAC can reduce tumor volume, 
make margins clearer, increase the success rate of complete 
resection, reduce the difficulty of tissue reconstruction, 
and improve survival rates and quality of life. However, 
opponents believe that for patients with locally advanced 
OSCC, the tumor progresses rapidly, and non-response 

to NAC may delay the timing of treatment and increase 
the surgical risks. A study on the timing of NAC has shown 
that when the delayed time to surgery is over 34 days, 
the 3-year DFS rate is significantly worse.20

To evaluate the influence of NAC on survival in patients 
with locally advanced OSCC and compare the risk factors 
among patients with different treatment regimens, we retro-
spectively analyzed 2 groups of stage III or stage IVA OSCC 
patients with comparable baseline characteristics. Our data 
showed that NAC had no positive impact on the survival 
outcomes of OSCC patients, which suggests that upfront 
surgery could be more appropriate for patients with locally 
advanced OSCC in current practice. Theoretically, NAC can 
cause a reduction in tumor volume and improve long-term 
clinical outcomes by pretreating possible micrometastasis.21 
Despite a few studies demonstrating the benefits of NAC 
on survival,22,23 many clinical trials have proved that neo-
adjuvant administration does not prolong the survival of pa-
tients with locally advanced OSCC.13 A clinical trial in 2013 
involving 256 patients with locally advanced OSCC dem-
onstrated that patients who received 2 cycles of paclitaxel, 

Fig. 4. Survival outcomes for patients with different responses to chemotherapy

pCR – pathological complete response.
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cisplatin and 5-fluorouracil (TPF) regimen as NAC before 
surgery did not achieve better survival outcomes compared 
to those who underwent radical surgery directly.13 Another 
randomized clinical trial involving 198 patients with OSCC 
showed that NAC with cisplatin and fluorouracil (PF) regi-
men before surgery did not significantly improve survival 
outcomes after 11.5 years of follow-up compared to direct 
surgery.24 A meta-analysis on locally advanced HNSCC 
concluded that the  addition of  adjuvant chemotherapy 
or NAC on top of platinum-based chemoradiotherapy did 
not provide survival benefits for patients.25 A recent meta-
analysis including 1,373 patients indicated that there was 
no statistically significant difference between treatment 
groups in terms of OS, DSF, locoregional recurrence, and 
distant metastasis.26 In this study, we also found no im-
provement in OS for patients with OSCC that were treated 
with NAC and radical surgery. However, worse DFS was 
observed in the NAC group, which indicated that more lo-
cal recurrence and distant metastasis occurred in patients 
who received chemotherapy before radical surgery. Another 
retrospective study showed similar results.15

A possible reason we  assumed for the  inferior DFS 
in  the NAC group was that worse locoregional control 
resulted from the challenge of the surgical margin after 
chemotherapy. The tumor can be less palpable after chemo-
therapy, which makes it more difficult to determine the ex-
tent of surgical resection. Furthermore, tumor regression 
was proven to be irregular and non-centripetal, leading 
to residual tumor cells being located away from the main 
tumor bed, which may result in  false negative margins 
in frozen section examination and routine pathological ex-
amination.27,28 On the other hand, the factors contributing 
to our research findings may also encompass a diminished 
chemotherapy response rate. The chemotherapy regimen, 
margin status, extranodal extension (ENE) status, and tu-
mor differentiation level may be important factors influenc-
ing NAC. Within our study, the favorable prognostic impli-
cations observed in patients attaining a pCR did not result 
in an OS advantage for the entire cohort undergoing induc-
tion chemotherapy. This discrepancy could be ascribed 
to the relatively restricted number of patients achieving 
pCR, which may potentially dilute the cumulative survival 
benefit. The improved survival outcomes observed in pCR 
patients may be attributed to the beneficial effects of che-
motherapy or could indicate an inherent positive prognosis 
in responsive individuals. Subsequent investigations should 
prioritize the identification of predictive biomarkers for 
response to induction chemotherapy to facilitate the opti-
mized use of preoperative medications in chemosensitive 
patients while mitigating toxicities in nonresponsive cases.

Possible risk factors for failure of NAC

To identify patients with a higher risk of treatment fail-
ure and guide the choice of appropriate treatment modal-
ity, we conducted a KM analysis in subgroups stratified 

by pathological features. The results showed that the sur-
vival pattern was similar in patients with early-stage tu-
mors (pT0/2) in the NAC group. However, patients with 
pT3/4 stage after upfront surgery had better DFS than 
patients who remained in stage pT3/4 after NAC. No sig-
nificant difference in survival was found when we strati-
fied the  patients according to  lymph node status. Lo-
cal–regional recurrence has been proven to be the main 
failure pattern for OSCC patients both with and without 
preoperative treatment,13,29 suggesting that patients with 
pT3/T4 stage after chemotherapy may have a higher risk 
of locoregional relapse than patients with the same stage 
after surgery alone. More to the point, the optimal postop-
erative administration for patients receiving NAC remains 
unclear.30 Referring to postoperative therapy for patients 
without NAC, pT3/4 is only a relative indication for ra-
diotherapy recommended by National Comprehensive 
Cancer Network (NCCN) guidelines. Given our results 
that patients who remained in pT3/4 stage after NAC faced 
a higher risk of locoregional failure, we believe that ag-
gressive postoperative treatment is necessary to realize 
better local control for these patients, including radio-
therapy or chemoradiotherapy. The benefits of enhanced 
locoregional control in the survival of patients pretreated 
with NAC further substantiate this view. In a  clinical 
trial by Zhong et al.,13 equivalent survival outcomes were 
achieved between the TPF induction arm and the upfront 
surgery arm, as all patients in both groups underwent 
postoperative radiotherapy. Nevertheless, more research 
is required to confirm this speculation, since our present 
study did not involve the decision-making of adjuvant ad-
ministration directly.

Our analysis tried to identify the risk factors for sur-
vival in patients with different treatment regimens using 
Cox proportional hazards regression models. Pathologic 
tumor stage and clinical response to NAC were important 
factors in predicting survival outcomes after pretreated 
chemotherapy and surgery, but neither was an independent 
predictor, as the 2 factors interact strongly. For patients 
treated with upfront surgery, pathologic tumor stage ex-
hibited a consistent effect on predicting OS, as a previ-
ous study reported.31 The histologically confirmed tumor 
stage after NAC is usually considered invalid for progno-
sis.32 However, our findings suggest that pathologic stage 
plays a similar prognostic role for patients both with and 
without NAC in whom advanced pathological stage was 
a predictor of worse survival. The degree of pathological 
differentiation is an independent prognostic factor for DFS, 
with patients of lower pathological differentiation being 
at a higher risk of regional recurrence and distant metasta-
sis compared to those of moderate-to-high differentiation. 
Due to the higher microvessel density in histologically 
poorly differentiated SCC, it is believed that poorly dif-
ferentiated SCC may be more sensitive to chemotherapy.33 
A retrospective analysis by Kina et al.34 suggested that com-
pared to well-differentiated OSCC, moderately-to-poorly 
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differentiated OSCC exhibits higher chemotherapy sen-
sitivity and benefits from sequential neoadjuvant therapy 
(bleomycin regimen). However, our data did not reveal 
chemotherapy sensitivity in poorly differentiated patients. 
Similar to studies in the non-NAC population,35,36 our 
results indicated that patients with histologically poorly 
differentiated oral cancer in the NAC + radical surgery 
group had worse DFS compared to those with moderate-to-
high differentiation, possibly due to the higher invasiveness 
of poorly differentiated OSCC.

In this study, patients in the NAC group had a clinical 
response rate of 61.7% and a pCR rate of 14.8%, which 
are comparable to previous reports.20,37 It is noteworthy 
that in patients with a favorable clinical response, sur-
vival was significantly improved compared to those with 
an unfavorable clinical response. Pathologic response was 
considered to be a more important predictor of survival 
than clinical response, which was determined imprecisely 
by image examination.38 However, in this study, we failed 
to demonstrate a significant improvement in survival for 
patients with pCR due to a relatively small sample number. 
The identification of chemotherapy response as a prognos-
tic factor for prolonged survival underscores the impor-
tance of identifying the potential chemosensitive subgroup 
of OSCC before determining the treatment regimen. Neo-
adjuvant chemotherapy before tumor excision should be 
avoided in patients who may have a poor response to che-
motherapy to prevent chemotherapy complications and 
unnecessary surgical delays.20 Recently, a few attempts 
have been made to solve this problem. For example, the ex-
pression levels of GDF1539 and Annexin A140 have been 
reported to be potential predictive biomarkers for benefit-
ting from TPF NAC for OS in patients with OSCC who 
were treated with NAC and radical surgery. Tumor blood 
flow assessed using perfusion computed tomography,22 
body mass index (BMI)41 and preoperative mean platelet 
volume42 have also been reported to be helpful in predict-
ing NAC outcomes. Unfortunately, no universally available 
biomarker is currently in clinical use. For future studies, 
further investigations are necessary to identify the sub-
groups of patients who are sensitive to preoperative che-
motherapy and thereby contribute to the advancement 
of personalized medicine practice.

Simultaneously, our results underscore the importance 
of postoperative adjuvant therapy. There are no estab-
lished postoperative treatment guidelines for patients 
who have previously undergone NAC. Some patients who 
have received NAC may overlook postoperative adjuvant 
therapy due to issues such as tumor stage downgrading 
after surgery, poor economic conditions and decreased 
quality of life. However, several studies43,44 have demon-
strated the significance of postoperative radiotherapy/che-
motherapy in improving DFS, and emphasis should be 
placed on postoperative adjuvant therapy for patients who 
have undergone NAC. Of course, this conclusion requires 
further confirmation through large-scale clinical studies.

The challenges and future of NAC 
for OSCC patients

Although studies on different chemotherapy regimens 
have shown some variations in their impact on DFS and 
OS rates in different research reports, there is still no 
traditional chemotherapy drug that has consistently dem-
onstrated excellent efficacy. In current clinical practice, 
the TPF regimen is considered the standard induction che-
motherapy regimen for advanced oral cancer patients due 
to its higher response rates.45 However, fluorouracil has 
been associated with stronger toxic reactions, such as mu-
cositis, gastrointestinal toxicity, hematologic toxicity, 
and cardiac toxicity,46 prompting researchers to explore 
alternative neoadjuvant regimens in hopes of achieving 
higher response rates and lower toxicity. A 2014 retrospec-
tive study by Herman et al. 47 included 143 patients who 
received induction TPF or cisplatin plus paclitaxel (CT) 
prior to definitive chemoradiotherapy. The study results 
indicated that the CT regimen showed similar or even 
better progression-free survival and local control rates 
compared to the TPF regimen, with lower renal toxic-
ity. Response rates for the CT regimen reported in other 
studies ranged from 50% to 85%.46,48–50 A large-scale clini-
cal study on borderline resectable oral cancer has dem-
onstrated that using more than 2 drugs in combination 
increases the survival rate of patients compared to using 
only 2 drugs.6

Several meta-analyses have shown consistent results, 
indicating that NAC does not confer a survival or response 
rate benefit.26 However, the efficacy of NAC in the con-
text of surgical margin clearance remains inadequately 
investigated. At this juncture, surgery should be upheld 
as the primary treatment modality for locally advanced 
OSCC. Furthermore, for patients requiring neoadjuvant 
therapy, it should adhere closely to the principles of com-
prehensive cancer care, including postoperative adjuvant 
radiotherapy or chemotherapy. Although various studies 
have reported differences in DFS and OS rates with differ-
ent chemotherapy regimens, no traditional chemotherapy 
agent has consistently demonstrated superior efficacy. 
In recent years, novel neoadjuvant regimens incorporating 
immune checkpoint inhibitors, such as anti-PD-1/PD-L1, 
anti-KIR, anti-Tim3, and anti-CTLA-4, collectively known 
as neoadjuvant immunotherapy, have shown promising 
results in terms of survival outcomes.37,51 When conditions 
permit, immunotherapy may be combined to enhance 
the rate of response to neoadjuvant therapy.

Further research is warranted to validate the efficacy 
of neoadjuvant immunotherapy. For example, the expres-
sion of PDL1 in tumors and tumor-infiltrating immune 
cells can be utilized to predict the response rate to PD1/
PDL1 immune checkpoint inhibitor therapy. However, 
the  unknown expression patterns of  immune check-
points in tumor cells during NAC treatment pose chal-
lenges in predicting treatment efficacy based on protein 



Adv Clin Exp Med. 2025;34(8):1307–1319 1317

expression and gene mutations. In the context of OSCC, 
there remains a significant lack of broadly effective im-
mune checkpoint inhibitors for the majority of patients 
with OSCC. Therefore, neoadjuvant immunotherapy may 
entail dual risks, including the potential side effects of im-
mune checkpoint inhibitors and a high financial burden.

It is challenging to definitively classify NAC as entirely 
inconsequential solely based on the outcomes of a single 
clinical study. With stringent control over indications, 
our objective is to augment the response rate to chemo-
therapy and lengthen patients’ DFS through a combination 
of diverse medications and immunotherapy. We maintain 
the belief that NAC remains advantageous for responsive 
patients. Furthermore, NAC plays a critical role in the man-
agement of patients with locally advanced unresectable 
oral cancer. We believe that, alongside exploring evolving 
chemotherapy combinations, investigating the patient’s 
clinical characteristics and the genetic molecular markers 
that influence treatment response represents a promising 
avenue for future research in the field of NAC.

Limitations

As a retrospective study, this research faced challenges 
in controlling for patients’ baseline data and was limited 
to a cohort of 156 patients with advanced OSCC from a sin-
gle center. Furthermore, there were some missing clini-
cal baseline data, complicating efforts to mitigate the bias 
introduced by clinical decision-making in the NAC group 
through methods such as matched grouping. Moreover, 
patients requiring NAC, even within the same advanced 
stage, may present with more severe conditions and 
higher disease grades. The absence of randomization in-
troduced multiple factors that contribute to the uncer-
tainty of the study results. While local recurrence and 
distant metastasis represent 2 patterns of treatment failure 
in OSCC patients, this study lacked the statistical power 
to differentiate between the two.

Conclusions

Patients with advanced pathological stages after NAC 
may be at a higher risk of treatment failure, and upfront 
surgery is recommended for locally advanced OSCC pa-
tients in current clinical practice.
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Abstract
Background. There is currently no established gold standard for the treatment of calcaneal fractures.

Objectives. To conduct a clinical and radiological evaluation of patients following intra-articular calcaneal 
fractures treated with the Polish modification of the Ilizarov method.

Materials and methods. This was a 2-center retrospective study. We evaluated 27 patients (2 women 
and 25 men) aged 28–73 years (mean age 50.5 years) after treatment of intra-articular calcaneal fractures 
with the Polish modification of the Ilizarov method. We assessed pain using a visual analogue scale (VAS), 
American Orthopedic Foot and Ankle Society (AOFAS) scores, patient satisfaction with treatment, use 
of analgesics, duration of Ilizarov treatment, length of hospital stay, duration of surgery, patient’s declared 
willingness to choose the same treatment again, complications, degenerative changes, Böhler angle, inflec-
tion angle, and Gissane angle.

Results. The mean follow-up period was 3 years and 2 months. Following treatment, the mean VAS pain 
score was 2.3. Prior to surgery, all patients were taking analgesics in comparison with only 2 patients (7.4%) 
at long-term follow-up. The treatment was rated as satisfactory by 11 patients, with 16 patients rating 
it as highly satisfactory. The mean post-treatment AOFAS score was 76.6 points. The Ilizarov fixator was 
removed after a mean period of 88 days. The mean duration of hospital stay was 7.4 days. The mean dura-
tion of the procedure was 44 min. All patients would choose the same treatment again. Complications were 
observed in 5 patients. The long-term follow-up visit revealed degenerative changes in the talocalcaneal 
joint in 8 patients. The median Böhler angle was 5.5° preoperatively and 28.5° postoperatively, p < 0.001. 
The median preoperative inflection angle of 160° decreased to 145°, p < 0.001. The median preoperative 
Gissane’s angle of 119° increased significantly to a median postoperative value of 143°, p < 0.001.

Conclusions. The patients achieved good clinical and radiological outcomes.

Key words: external fixator, Ilizarov method, radiological assessment, clinical assessment, calcaneal fractures
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Background

Calcaneal fractures account for 1–2% of all fractures.1–4 
These fractures are predominantly intra-articular and dis-
placed (75%).1,4 Comminuted and intra-articular calca-
neal fractures have been a serious orthopedic challenge 
for years.1–13 There is no gold standard for the treatment 
of fractures of this type.1–4,6,7,10–13

The development of external fixation devices, particu-
larly the Ilizarov method, enabled their use in the treat-
ment of calcaneal fractures, even comminuted and/or in-
tra-articular ones.2–4,6–15 The use of the Ilizarov method 
in  calcaneal fracture management has been reported 
to  yield good outcomes, often even better than those 
achieved with internal fixation.2,6 However, most authors 
who used the Ilizarov method did it with an open access 
approach to reducing the calcaneal fracture, which may 
have been responsible for complications in the form of in-
fections, delayed wound healing, or skin and soft tissue 
necrosis.2,3,6–10,12,13

The Polish modification of the Ilizarov method enables 
closed reduction and fixation of the calcaneal bone frag-
ments without an open access approach and allows stabi-
lization of the foot with only 1 Kirschner wire.4,15 There 
is only 1 study presenting the clinical and radiological re-
sults of closed reduction and Ilizarov fixation of calcaneal 
fractures with 1 Kirschner wire.4 The authors of that paper 
evaluated 11 patients with calcaneal fractures treated with 
the Ilizarov method and analyzed selected clinical and 
radiological parameters (Rowe’s score, Olerud–Molan-
der Ankle score, Böhler angle, inflection angle).4 Both 
the clinical and radiological parameters improved after 
treatment.4 In another article, the authors assessed the bal-
ance and load distribution of the lower limbs after treat-
ment of calcaneal fractures using the modified Ilizarov 
method.15

Those who have analyzed the treatment outcomes fol-
lowing calcaneal fracture management with the Ilizarov 
method usually assessed only selected clinical and radio-
logical parameters.2,3,6,9,13

The reported peri-implant infection rates following cal-
caneal fracture treatment with the Ilizarov method were 
16–33%.2,3,6,10,12 There have also been reports of degen-
erative changes developing after this treatment; however, 
the authors did not assess the exact rates.3,4

We proposed the hypothesis that the Polish modifica-
tion of the Ilizarov external fixator may help achieve good 
outcomes in the treatment of calcaneal fractures.

Objectives

The purpose of our study was to conduct a comprehen-
sive clinical and radiological evaluation of patients fol-
lowing intra-articular calcaneal fractures treated with 
the Polish modification of the Ilizarov method.

Materials and methods

Study design

Our study was retrospective in nature. Thirty patients 
with intra-articular calcaneal fractures were treated with 
the Polish modification of the Ilizarov method (Fig. 1,2) 
in the years 2018–2021 in 2 academic level I trauma centers.

Participants

The study inclusion criteria were a Sanders type II, III 
or IV calcaneal fracture treated with the Polish modifica-
tion of the Ilizarov method, patient consent to participate 
in the study, complete medical and radiological records, 
a follow-up period of over 2 years, and no lower limb co-
morbidities. The exclusion criteria were a follow-up period 
under 2 years, incomplete medical records and incomplete 
radiological records. All patients were informed of the vol-
untary nature of their participation in this study. The study 
was approved by the Bioethics Committee of the Univer-
sity of Opole, Poland (protocol code UO/0023/KB/2023).

Interventions

All patients were diagnosed with a calcaneal fracture 
based on X-rays (anteroposterior and lateral views and 
the calcaneal axial view) and computed tomography (CT). 
The analyzed cases included 4 Sanders type II, 6 Sanders 
type III and 17 Sanders type IV calcaneal fractures. On ar-
rival to the emergency room, all fractures were initially 
immobilized in a short leg cast. In the case of compound 
fractures (3 in the study population), the wounds were thor-
oughly rinsed, revised, cleaned, and sutured, and the limb 
was immobilized in a short leg cast on day 1. Patients with 
compound fractures received antibiotic therapy (600 mg 
clindamycin 3 times a day for 14 days, administered intra-
venously in the ward and orally for outpatient treatment). 
Fracture reduction and fixation with the Ilizarov method 

Fig. 1. The patient before treatment on (A) lateral X-ray and (B) computed 
tomography (CT) scan



Adv Clin Exp Med. 2025;34(8):1321–1329 1323

were conducted on days 3–5 after injury, depending on op-
erating room and operator availability (all patients were 
operated on by the same orthopedic surgeon). Patients 
received perioperative antibiotic prophylaxis in the form 
of 1 dose of Biofazolin (1 g; BIOTON, Warsaw, Poland) 
administered intravenously.

The Polish modification of the Ilizarov external fixator 
was introduced for the treatment of calcaneal fractures 
in Wrocław, Poland, in the 1990s,4,15 and personal commu-
nication: P. Koprowski and L. Morasiewicz. This modified 
external fixator comprised 2 rings, each fixed to the tibia 
and fibula with 2 or 3 Kirschner wires, and a semi-ring 
fixed with a single Kirschner wire inserted into the calca-
neus (Fig. 3). The distal leg ring was attached to the cal-
caneal semi-ring with 2 connectors. The connectors were 
2 threaded rods, attached perpendicularly to each other, 
enabling distraction and dorsal reposition of the calcaneal 
bone fragments (Fig. 3).

The procedure was performed in the supine position 
under spinal anesthesia. First, the 2 rings were attached 
with Kirschner wires to the tibia and fibula. Subsequently, 
a 2-mm Kirschner wire was inserted (under fluoroscopy) 
medially into the calcaneal tuberosity and into the most 
proximal and posterior bone fragment (Fig. 3). Then, a cal-
caneal semi-ring was attached to the Kirschner wire in-
serted into the calcaneus. The next step of the procedure 
involved joining the calcaneal semi-ring with the distal leg 
ring with 2 connectors (2 perpendicular threaded rods). 
Then, calcaneal fracture reduction was performed, under 
fluoroscopy, along the connectors between the calcaneal 
semi-ring and the distal leg ring (bone fragment distrac-
tion and dorsal repositioning were performed). The bone 
fragments were repositioned via closed reduction, under 
fluoroscopy, without opening the site surgically. This modi-
fied spatial arrangement of an Ilizarov external fixator and 
the effect of ligamentotaxis enabled an indirect correc-
tion of the calcaneal bone fragment’s positioning. Thanks 
to an indirect alignment of the calcaneal bone fragments 

in the sagittal plane, the modified arrangement of the fix-
ator also enables the correction of the varus or valgus posi-
tion of the calcaneal bone fragments (distraction or com-
pression in the sagittal plane along 1 connector only).

The patients were allowed to walk with 2 elbow crutches 
and bear partial weight on the limb from the 1st postopera-
tive day onward. A gradual increase in weight bearing was 
allowed as the pain subsided. If the wounds were healing 
well, the patient was discharged home on postoperative 
day 1. Follow-up radiographs were taken on the day of sur-
gery, then 2 weeks and 6 weeks after surgery, and every 
4 weeks thereafter until union. Bone union was determined 
based on radiological (callus, bone trabeculae crossing 

Fig. 2. The patient during (A, B), and after (C, D) treatment of an intra-articular calcaneal fracture with the Polish modification of the Ilizarov method

Fig. 3. The Polish modification of the Ilizarov external fixator
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the fracture line, or cortical continuity) and clinical evi-
dence (no pain on physical examination, no pathological 
mobility of the bone fragments, painless weight bearing). 
If clinical and radiological evidence of union was pres-
ent, the fixator was loosened at the connectors between 
the calcaneal semi-ring and the distal leg ring. The patient 
was allowed to walk, bearing full weight on the operated 
limb, and another follow-up radiograph was taken 7 days 
later. If there was no secondary displacement of the bone 
fragments and there was clinical and radiographic evi-
dence of union, the Ilizarov external fixator was removed.

Variables

In this study, we assessed the following clinical and ra-
diological parameters: pain severity using a visual ana-
logue scale (VAS), American Orthopedic Foot and Ankle 
Society (AOFAS) scores, patient satisfaction with treat-
ment, use of analgesics, period of time that the Ilizarov 
fixator was maintained on the lower limb, length of hos-
pital stay, duration of surgery, patient’s declared willing-
ness to choose the same treatment again, complications, 
degenerative changes, Böhler angle, inflection angle, and 
Gissane’s angle. The evaluated parameters were analyzed 
based on the available medical and radiological records and 
questionnaires completed by patients and doctors during 
a long-term follow-up visit.

Measurement

Pain severity was assessed with a 10-point VAS. Func-
tional aspects were assessed with a  100-point AOFAS 
scale.16 This tool helps evaluate ankle pain, range of mo-
tion, stability, and function.

The level of satisfaction with treatment was assessed 
on a 4-point scale: highly satisfied, satisfied, moderately 
satisfied, and dissatisfied.

We  also assessed how many patients would choose 
the same treatment method again and how many patients 
were taking analgesic medications (tramadol, non-steroi-
dal anti-inflammatory drugs (NSAIDs) and paracetamol) 
prior to surgery and at the time of their final long-term 
follow-up visit. The duration of Ilizarov treatment was 
expressed in days. The length of hospital stay was also 
measured in days. The duration of surgery was measured 
from the beginning to the end of the procedure and was 
expressed in minutes. The following complications were 
considered in our analysis: superficial pin-site infections, 
deep infections, skin and subcutaneous tissue necrosis, 
delayed wound healing, edema, necessity for reoperation, 
need for other procedures (arthrodesis, osteotomy or am-
putation), vascular injury, nerve injury, need for orthopedic 
footwear or shoe inserts following treatment, destabili-
zation of the fixation, implant breakage, secondary dis-
placement of the bone fragments, and nonunion. Possible 

degenerative changes were assessed based on radiographs 
taken at the long-term follow-up visit. The joints assessed 
for degenerative changes were the ankle joint, the talocal-
caneal joint, the talonavicular joint, and the calcaneocu-
boid joint.17 The Böhler angle, defined as the angle between 
a  line joining the highest point of the anterior process 
of the calcaneus and the highest point of the posterior ar-
ticular facet and a line joining the highest point of the pos-
terior articular facet with the highest point of the calcaneal 
tuberosity, was assessed on lateral radiographs of the foot; 
normal values are 20–40°. The inflection angle, also as-
sessed on  lateral radiographs of  the  foot, was defined 
as the angle formed by the calcaneal tuberosity, the cuboid 
bone and the metatarsal heads (normal values: 145–150°). 
Gissane’s angle, defined as the angle between the down-
ward and upward slopes of the calcaneal superior surface, 
was also assessed on a lateral radiograph of the foot; nor-
mal values are 120–145°.

Bias

To avoid any source of bias, the measurements were re-
corded separately for every patient.

Study size

Application of  the  inclusion and exclusion criteria 
yielded 27 patients: 2 women and 25 men aged 28–73 years 
(mean age 50.5 years) included in our analysis.

Statistical analyses

The data were statistically analyzed using Statistica 
v. 13.1 (StatSoft Inc., Tulsa, USA). The Shapiro–Wilk test 
was used to check for normality of distribution. The Wil-
coxon signed-rank test was used to compare quantitative 
variables. Bonferroni correction was used for multiple 
comparisons. The significance level was set at p < 0.016.

Results

Follow-up

The follow-up period ranged from 2 years to 5 years and 
2 months (mean follow-up 3 years and 2 months).

Visual analogue scale

Following treatment, the mean VAS pain score was 2.3 
(0–6). Prior to surgery, all patients were taking analgesics 
in comparison with only 2 patients (7.4%) at their long-
term follow-up appointment. Eleven patients (40.7%) were 
satisfied with the treatment, and 16 patients (59.3%) were 
very satisfied.
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American Orthopedic Foot 
and Ankle Society score

The mean post-treatment AOFAS score was 76.6 points 
(60–100). The Ilizarov fixator was removed after a mean 
period of 88 days (67–105 days) after surgery. The mean du-
ration of hospital stay was 7.4 days (3–20 days). The mean 
duration of the procedure was 44 min (40–55 min). All 
patients would choose the same treatment again.

Complications

Complications were observed in 5 patients (18.5%). In all 
cases, these complications were superficial pin-site infec-
tions. In all patients, these infections were successfully 
treated with oral antibiotics and wound dressings. We ob-
served no cases of deep tissue infections, skin or subcu-
taneous tissue necrosis, delayed wound healing, edema, 
necessity for reoperation, necessity for other procedures 
(arthrodesis, osteotomy or amputation), vascular injury, 
nerve injury, necessity for orthopedic footwear or shoe 
inserts following treatment, destabilization of the fixa-
tion, implant breakage, secondary displacement of the bone 
fragments, or nonunion.

The  long-term follow-up visit revealed degenerative 
changes in the talocalcaneal joint in 8 patients (29.6%). 
There was no evidence of degenerative changes in the an-
kle, talonavicular or calcaneocuboid joints.

Böhler angle

The median Böhler angle was 5.5° preoperatively and 
28.5° postoperatively. This difference was statistically sig-
nificant (Z = –4.461, p < 0.001) (Table 1,2, Fig. 4).

Inflection angle

The median preoperative inflection angle of 160° de-
creased to 145° by the time of the long-term follow-up visit. 

This difference was significant (Z = –3.9101, p < 0.001) 
(Table 1,2, Fig. 5).

Gissane’s angle

The median preoperative Gissane’s angle of 119° in-
creased significantly to a mean postoperative value of 143° 
(Z = –4.384, p < 0.001) (Table 1,2, Fig. 6).

Table 1. Detailed results before surgery and at the last follow-up

Analyzed variable
Value

p-value*before 
treatment 

last 
follow-up

Böhler angle [°]

Q1 2 23

<0.001median 5.5 28.5

Q3 8 32

Gissane’s angle [°]

Q1 113 137

<0.001median 119 143

Q3 131 157

inflection angle [°]

Q1 150 140

<0.001median 160 145

Q3 170 150

* Wilcoxon signed-rank test; Q1 – 1st quartile, Q3 – 3rd quartile

Table 2. The results of checking the normality of the data distribution 
(Shapiro–Wilk test) of the difference in values variables before and after 
surgery presented in Fig. 4–6.

Variables W p-value

Böhler angle [°] 0.83553 0.01

Gissane’s angle [°] 0.85691 0.033

Inflection angle [°] 0.84071 0.014

W – the test value.

Fig. 5. Inflection angle before and after surgery (Wilcoxon signed-rank 
test was used to determine significant differences)

Fig. 4. Böhler angle values before and after surgery (Wilcoxon signed-rank 
test was used to determine significant differences)
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Discussion

We conducted a detailed assessment of the clinical and 
radiological outcomes of using a modified Ilizarov fixator 
for the treatment of  intra-articular calcaneal fractures. 
We observed good clinical outcomes and improved postop-
erative radiological parameters, such as the Böhler angle, 
the inflection angle and Gissane’s angle, which supports 
our research hypothesis.

Most orthopedic surgeons use an open surgical approach 
for the treatment of  intra-articular calcaneal fractures, 
which may be associated with high rates of complications, 
particularly superficial and deep tissue infections, delayed 
wound healing, and skin and subcutaneous tissue necro-
sis.2–4,6–9,12–14,18–20 Using an open approach for the treat-
ment of intra-articular calcaneal fractures is controversial 
due to high rates of limited range of motion, development 
of post-traumatic arthritis, infections, and delayed wound 
healing.7 The Polish modification of the Ilizarov method 
for the treatment of intra-articular calcaneal fractures en-
ables closed reduction, which is an advantage of this tech-
nique. Closed reduction lowers the risk of complications, 
shortens the duration of surgery and makes the procedure 
easier to perform.

Previous reports of calcaneal fracture management with 
the Ilizarov method mentioned the insertion of at least 
3 Kirschner wires into the foot.2,3,5–9,12–14,18–20 A higher 
number of implants inserted into the bones of the foot may 
further increase the risk of complications.2,4 The modi-
fied Ilizarov method evaluated in  our study requires 
only 1 Kirschner wire to be inserted into the calcaneus. 
The  spatial configuration of  Ilizarov external fixators 
presented by other authors for the treatment of calcaneal 
fractures is often complicated, bulky and burdensome for 
patients.2,3,5–7,9 Usually, the Ilizarov external fixators seem 
to be arranged this way to improve bone fragment stabil-
ity and achieve good fracture reduction.2,3,5–7,9 Normal, 
anatomical repositioning of the bone fragments is believed 

to be the key factor for achieving good treatment outcomes 
in calcaneal fractures.1,2,4–7 A normally shaped calcaneus 
determines the normal course of  the pre-swing phase 
of gait.4 Anatomical repositioning of the bone fragments 
and calcaneus reconstruction helps recreate normal ana-
tomical relations of the foot structures and restores normal 
biomechanics.1,2,4,6

Our study shows that the evaluated modified Ilizarov 
external fixator, which requires only 1 Kirschner wire 
to be inserted into the calcaneus, is sufficient to achieve 
good clinical and radiological outcomes in the treatment 
of calcaneal fractures. This Polish modification of the Il-
lizarov method ensures sufficient bone fragment stability 
to achieve union and correct bone fragment alignment and 
to restore calcaneal shape and structure. This is achieved 
through ligamentotaxis and the appropriate arrangement 
of the connectors joining the foot semi-ring and the distal 
leg ring (which allows for bone fragment distraction and 
dorsal repositioning). The corrected position and trac-
tion exerted by the most proximal and dorsal fragments 
of the calcaneus fixated using 1 Kirschner wire indirectly 
repositioned all the remaining bone fragments. The joint 
distraction, or arthrodiastasis, of the ankle joint and the ta-
localcaneal joint enabled by the Ilizarov fixator, may reduce 
the development of degenerative changes and reduce pain, 
which may result from arthrodiastasis-stimulated chon-
drocyte regeneration.2,4,7

There have been no studies assessing VAS pain scores 
following the treatment of calcaneal fractures using the Il-
izarov method. Muir et al., who conducted a systematic 
review to analyze the  treatment of calcaneal fractures 
with an external fixator, reported persistent pain in 36.7% 
of patients following treatment.2 In our study, the mean 
post-treatment VAS pain intensity was rated at 2.3, which 
is a good outcome.

The systematic review by Muir et al. yielded a mean 
AOFAS score of 77.5.2 In an 18-patient study conducted 
by McGarvey et al., the mean AOFAS score was 66.3 Emara 
and Allam evaluated 12 patients after calcaneal fractures 
treated with the Ilizarov method and reported a mean AO-
FAS score of 88.2.6

Ali reported a  mean AOFAS score of  68 in  a  group 
of 25 patients.9 A group of 10 patients assessed by Li et al. 
had a mean AOFAS score of 80.10 The 16 patients evalu-
ated by Mauffrey et al. had a mean AOFAS score of 80.13 
In our study, the mean post-treatment AOFAS score was 
76.6, which is consistent with the data found in the litera-
ture2,3,6,9,10,13 and indicates good clinical and functional 
outcomes of managing calcaneal fractures with the Polish 
modification of the Ilizarov method.

There are no available literature reports on the level 
of patient satisfaction with calcaneal fracture treatment 
with the Ilizarov method. In our study, 40.7% of the pa-
tients were satisfied with their treatment, and the  re-
maining 59.3% were very satisfied with their treatment. 
The Polish modification of the Ilizarov fixator requires 

Fig. 6. Gissane’s angle before and after surgery (Wilcoxon signed-rank test 
was used to determine significant differences)
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the insertion of a single Kirschner wire into the calca-
neal bone and attaching it to the semi-ring, which leaves 
the midfoot and forefoot wire free. The Ilizarov external 
fixators used by other authors often take up more space, 
involve the entire foot, and require the insertion of at least 
3 Kirschner wires into the foot.2,3,5–9,12–14 The Polish modi-
fication to the fixator structure is the most advantageous 
spatial configuration in  comparison with prior ones; 
it is also better tolerated by patients and less burdensome, 
and it produces higher levels of patient satisfaction with 
treatment.

There are no studies assessing the use of analgesics after 
Ilizarov treatment of calcaneal fractures. In our study, all 
patients had been taking analgesics before surgery, whereas 
by the time of their long-term follow-up visit, only 2 pa-
tients (7.4%) required analgesic treatment, indicating good 
long-term outcomes.

In the group of 33 patients evaluated by McGarvey et al., 
the Ilizarov external fixator was removed after a mean 
of 3 months after surgery.3 In the group of 11 patients 
evaluated by Koprowski et al., the fixator was used for 
a mean of 3 months.4 Emara and Allam, who evaluated 
12 patients, removed the Ilizarov fixator after 3 months.6 
In our study, the Ilizarov fixator was removed after a mean 
of 88 days after surgery, which is consistent with the dura-
tion of Ilizarov treatment reported by other authors.3,4,6

In  the study by Koprowski et al., the mean duration 
of hospital stay was 14.3 days in the younger age group 
and 7–10 days in the older age group of patients.4 The pa-
tients in our study were hospitalized for a mean of 7.4 days, 
which is better than the duration of hospital stay reported 
by other authors.4

There have been no studies assessing the duration of sur-
gery in the treatment of calcaneal fractures with the Il-
izarov method. In our group of patients, the mean duration 
of surgery was 44 min, which is a good result that indi-
cates a swift procedure. Nonetheless, some authors have 
described calcaneal fracture reduction and fixation with 
the Ilizarov method as a long and complex procedure.2,3,5–7,9 
The Polish modification of this method of calcaneal frac-
ture treatment involves the insertion of a single implant 
into the foot, as opposed to the multiple implants typically 
required in other techniques. Furthermore, it does not 
necessitate an open surgical approach. This helps shorten 
the time of surgery and makes the method less complicated 
than what tends to be described in the literature.2,3,5–7,9

No other authors have evaluated patient willingness 
to choose the same method of treatment again after un-
dergoing calcaneal fracture treatment with the Ilizarov 
method. All our patients declared their willingness 
to choose the same treatment method again if presented 
with a choice.

Muir et al., who conducted a systematic review of cal-
caneal fracture treatment with external fixators, reported 
persistent post-treatment pain in 36.7% of patients, lim-
ited mobility in 81% of patients, pin-site infection in 22.6% 

of  patients, and the  need to  use orthopedic footwear 
or shoe inserts by 13.9% of patients after treatment.2 In an-
other study, McGarvey et al. reported limited range of mo-
tion in 80% of patients, with other post-treatment com-
plications affecting 33.3% of patients; none of the patients 
required any additional procedures (arthrodesis, osteot-
omy or amputation).3 Out of the 12 patients treated with 
the Ilizarov method and evaluated by Emara and Allan, 
66.6% of  the  patients developed complications, which 
were pin-site infections in 16.6% of cases.6 In the group 
of 10 patients assessed by Li et al., pin-site infections were 
reported in 20% of the patients.10 Paley et al. reported pin-
site infections in 14.3% out of the 7 evaluated patients, and 
the total proportion of patients who developed complica-
tions was 57.1%.12 In our study, 5 patients (18.5%) developed 
complications; however, none of our patients required any 
additional procedures (arthrodesis, osteotomy or ampu-
tations). Superficial pin-site infections affected 18.5% 
of our patients, which is consistent with the data reported 
in the literature.2,6,10,12 None of the patients in our study 
developed deep infections, skin or subcutaneous tissue 
necrosis, delayed wound healing, edema, vascular injury, 
nerve injury, or the need for orthopedic footwear or shoe 
inserts after treatment. The patients in our study under-
went closed reduction, which may have lowered the com-
plication rates in comparison with those reported by other 
authors.2,3,6,10,12 The modified method of calcaneal fracture 
fixation used in our study allowed for walking and par-
tial weight bearing on the operated limb as early as the 1st 
postoperative day. There were no cases of destabilization 
of the fixation, wire breakage, secondary displacement 
of  the  bone fragments, nonunion, or  the  necessity for 
reoperation. These results indicate good bone fragment 
stability. However, some authors, despite the use of at least 
3 Kirschner wires for foot fixation, recommend bearing no 
weight on the operated foot for 3–10 weeks,6,8,9,13 which 
may negatively affect treatment outcomes by restricting 
joint mobility, increasing the rates of edema, degenera-
tive changes, and lowering the level of satisfaction with 
treatment.2–4 A  long period of reduced weight bearing 
on the operated limb may limit patient rehabilitation and 
lead to pain.4

Some authors have reported the development of degen-
erative changes after treatment of calcaneal fractures with 
the Ilizarov method; however, they did not specify the ex-
act proportion of patients affected.3,4 The possibly altered 
shape of the calcaneus leads to asymmetric load distribu-
tion through the ankle joint and the talocalcaneal joint 
and may result in the development of arthritis.4 Evidence 
of osteoarthritis has been reported in 44–68% of patients 
after calcaneal fracture treatment.2,9 Out of the 25 patients 
analyzed by Ali et al., 44% developed degenerative changes 
in the talocalcaneal joint and 24% in the calcaneocuboid 
joint.9 In our study, 29.6% of the patients developed de-
generative changes, within a mean period of 3 years and 
2 months after treatment. In all cases, the degenerative 
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changes developed in the talocalcaneal joint. There was no 
evidence of degenerative changes in the ankle joint, talona-
vicular joint or calcaneocuboid joint. The Polish modifica-
tion in the Ilizarov treatment of calcaneal fractures makes 
it possible to perform arthrodiastasis of the talocalcaneal 
and ankle joints,4 which may limit the development of de-
generative changes.4,7 A  long period of  immobilization 
and reduced weight bearing in the treatment of calcaneal 
fractures is associated with an increased risk of complica-
tions, joint degeneration and stiffness, and poor treatment 
outcomes.1,3 Our patients were allowed to bear weight 
on the operated limb very early, which may have limited 
the development of degenerative changes.

One study found that following open reduction and fixa-
tion with cannulated screws or a plate, the Böhler angle 
values improved by 16–30° in comparison with their pre-
operative values.1 A systematic review of studies involv-
ing calcaneal fracture treatment with external fixators re-
vealed the mean postoperative Böhler angle to be 24.8°.2 
In a group of 11 patients treated with the Polish modifica-
tion of the Ilizarov method, the mean Böhler angle was 4° 
after injury and 27° after treatment.4 In the evaluated group 
of 25 patients, Ali et al. observed an increase in the mean 
Böhler angle values from 11° before surgery to 24° after treat-
ment.9 The group of 10 patients assessed by Li et al. showed 
the mean Böhler angle value was 17.3° preoperatively and 
25.9° postoperatively.10 In 16 patients assessed by Mauffrey 
et al., the mean Böhler angle was 16° after the injury and 
17° after treatment.13 In our study, the median Böhler angle 
was 5.5° before surgery and increased significantly to reach 
28.5° after surgery. The value of the Böhler angle achieved 
in our study is consistent with those reported by other 
authors.1,2,4,9,10,13

In the group of 11 patients assessed by Koprowski et al., 
the mean inflection angle was 154° prior to treatment and 
147° after treatment.4 We noted a median inflection angle 
of 160° before surgery, which decreased to 145° at long-
term follow-up; these values are similar to those reported 
earlier.4

In the group of 10 patients evaluated by Li et al., the mean 
Gissane’s angle was 100.5° before surgery and 109.5° after 
surgery.10 Mauffrey et al., who evaluated 16 patients, re-
ported a mean Gissane’s angle of 115° before surgery and 
106° after the operation.13 In our study, the median pre-
operative Gissane’s angle was 119°, and its value increased 
significantly to 143° after surgery.

The use of the Ilizarov method in the treatment of cal-
caneal fractures helps align the bone fragments during 
surgery and gradually correct their position afterwards 
in the case of failure to achieve normal alignment dur-
ing surgery.3,4,7 This helps achieve good radiological 
outcomes and reconstruction of the calcaneus. Recon-
structing the normal shape of  the calcaneus following 
a fracture helps restore normal load distribution in the foot 
and lowers the risk of degenerative changes.4 The values 
of  the evaluated radiological parameters in our group 

of patients were similar to those reported by other au-
thors. The Polish modification of the Ilizarov method helps 
recreate the normal shape of the calcaneus and, depending 
on the nature of the fracture and the three-dimensional 
course of the fracture lines, its articular surfaces as well,4 
which is consistent with our findings. The radiographs 
obtained in our study showed the three-dimensional struc-
ture of the foot to be similar to normal.

The use of Ilizarov external fixators is particularly indi-
cated in the case of calcaneal fracture with concomitant 
soft tissue injury, compound fractures, multiple trauma, 
and bilateral calcaneal fractures.2,4,6,7

The advantages of the Polish modification of the Ilizarov 
method in the management of intra-articular calcaneal 
fractures are the facts that it is easy to use, better toler-
ated by patients and minimally invasive, which minimizes 
soft tissue injury and reduces the risk of complications. 
The Polish modification of the Ilizarov method helps re-
store the shape and architecture of the calcaneus, which 
leads to normal load distribution in the foot and limits 
the development of post-traumatic arthritis.

Limitations

The limitations of our study include its retrospective 
character, which is due to the lack of possibility to assess 
clinical parameters prior to treatment in patients with 
calcaneal injury due to pain and pathological mobility 
of the injured calcaneus and the impossibility of predict-
ing injury in advance. We would like to emphasize that 
other studies evaluating the treatment of calcaneal frac-
tures were also retrospective in nature.3–6,8–10,12–15,18–20 
Another limitation of our study is the relatively low sam-
ple size, which was a result of several factors. One factor 
is the relative rarity of intra-articular calcaneal fractures; 
moreover, some patients lived far away from the study 
center and were unable to return for their final follow-
up appointment. However, most other studies evaluating 
clinical and radiological parameters following calcaneal 
fractures also included similar, if  not smaller, groups 
of patients.3–6,8–10,12–15,18–20 Another limitation of our work 
is the lack of comparison of the results to patients with 
calcaneal fractures who underwent different treatment 
methods. Most available articles that describe the clini-
cal or radiological results of the treatment of calcaneal 
fractures using the Ilizarov method2–5,8–10,12–15,18–20 analyze 
the results of treatment only with the Ilizarov method, 
without a control group with different treatment methods. 
Another limitation of our study is the inclusion of patients 
with concomitant injuries. This was dictated by our ea-
gerness to demonstrate the use of this modified Ilizarov 
method in the management of patients with calcaneal frac-
tures and multiple other injuries and to increase the overall 
number of patients included in the study. Other authors 
also evaluated patients with calcaneal fractures, some 
of whom (30%) had concomitant musculoskeletal injuries.4 
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Another limitation of our work may be the disproportion 
in male/female distribution.

The  strengths of  our study are the  uniform surgery 
protocol, the fact that the same orthopedic surgeon con-
ducted all surgeries, the uniform rehabilitation protocol, 
and the fact that multiple clinical and radiographic pa-
rameters were assessed. We are currently planning a study 
in  a  larger patient population with a  longer follow-up 
period. We also intend to prepare an article comparing 
the results of treating calcaneal fractures using the Polish 
modification of the Ilizarov method with those of a differ-
ent treatment method, such as internal fixation.

Conclusions

The Polish modification of intra-articular calcaneal frac-
ture treatment with the Ilizarov method helps achieve good 
stabilization of the bone fragments and restores the shape 
and architecture of the calcaneus.

The patients in our study exhibited lower rates of com-
plications and degenerative changes than those reported 
by other authors who evaluated calcaneal fracture treat-
ment with the Ilizarov method.

All patients in our study were satisfied or very satisfied 
with the treatment they received.

The patients achieved good clinical and radiological out-
comes with the assessed Polish modification of the Ilizarov 
method for the management of intra-articular calcaneal 
fractures.
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Abstract
Background. Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection can affect multiple 
organs, including the eyes.

Objectives. This study aimed to identify associations between vascular density (VD) and the foveal avas-
cular zone (FAZ), assessed using optical coherence tomography angiography (OCTA), and baseline levels 
of D-dimers and interleukin 6 (IL-6) in patients with bilateral COVID-19 pneumonia, depending on oxygen 
saturation (SpO2) on admission.

Materials and methods. The study included patients with COVID-19 bilateral pneumonia due to SARS-
CoV-2 infection who were hospitalized between March and May 2021. Ophthalmological examination 
was performed 2 months after hospitalization. Optical coherence tomography angiography was used for 
the automatic assessment of the central retinal VD and the manual assessment of FAZ.

Results. A significant monotonic negative relationship was observed between SpO2 ≤ 90% and VD in some 
areas of the superficial capillary plexus (SCP) (p = 0.048) and choriocapillaris (p = 0.021), and the mean VD 
in the deep capillary plexus (DCP) (p = 0.048). No significant monotonic negative relationship was noted 
between SpO2 ≤ 90% and the FAZ in the SCP (p = 0.075). However, there was a significant monotonic posi-
tive relationship between VD in the nasal choriocapillaris and D-dimer levels in patients with SpO2 ≤ 90% 
(p = 0.003, respectively). Finally, a monotonic negative relationship was identified between foveal VD 
in the DCP and IL-6 levels in patients with SpO2 ≤ 90% (p = 0.027).

Conclusions. An OCTA study conducted 2 months after hospitalization for COVID-19 bilateral pneumonia 
showed reduced VD in those with SpO2 ≤ 90% and elevated levels of D-dimers and IL-6 during hospitaliza-
tion. Optical coherence tomography angiography testing can provide monitoring of ocular status in patients 
following SARS-CoV-2 infection, especially those who report visual disturbances.

Key words: vessel density, oxygen saturation, COVID-19, optical coherence tomography angiography, foveal 
avascular zone
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Background

Severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) is a virus that was initially identified in the airway 
epithelium of patients with pneumonia in Wuhan, China, 
in 2019. In March 2020, SARS-CoV-2 infection grew into 
a global pandemic. The virus causes coronavirus disease 
2019 (COVID-19) with a wide spectrum of clinical pic-
tures. Disease severity ranges from mild to fatal, depend-
ing on the virus itself and the patient’s immune response.

Immune hyperreactivity leads to a cytokine storm with 
extensive vascular endothelial damage, increased blood 
clotting and overproduction of  inflammatory factors.1 
The lungs are the main site of the clinical manifestation 
of COVID-19, but other organs are also involved, includ-
ing the kidneys, intestines, brain, heart, and eyes.2–7 One 
of the main cytokines participating in the pathogenesis 
of cytokine storm is interleukin 6 (IL-6).8

SARS-CoV-2 infection is mediated by the viral protein 
binding to the angiotensin-converting enzyme 2 (ACE2) 
receptor, which is responsible for the viral cellular entry. 
After attaching to ACE2, transmembrane serine prote-
ase 2 cleaves and stimulates the receptor-bound viral spike 
protein, thereby mediating the fusion of the viral enve-
lope with the membrane of the target cell in the host.9 
The ACE2 is found on the surface of almost all vascular 
endothelial cells (VECs). When bound to SARS-CoV-2, 
it activates the rennin–angiotensin system, which reduces 
ACE2 expression and increases angiotensin II levels. An-
giotensin II causes vasoconstriction and elevates the lev-
els of tissue factor and plasminogen activator inhibitor, 
resulting in  thrombosis. Angiotensin also participates 
in complement activation by generating reactive oxygen 
species (ROS) and downregulating C1 inhibitors. This, 
in turn, leads to increased vessel permeability and the re-
lease of  cytokines, thereby increasing the  thrombotic 
effects of angiotensin.10 Patients with COVID-19 show 
generalized microvascular thrombosis and elevated D-
dimer levels.11

Optical coherence tomography angiography (OCTA) 
is a useful tool for a noninvasive assessment of the micro-
vasculature in the central retina and choroid of the eye. 
It enables the measurement of such parameters as vascular 
density (VD) and foveal avascular zone (FAZ) in patients 
with various systemic disorders such as anemia, carotid 
stenosis and SARS-CoV-2 infection.12–14 Our previous 
studies showed differences in OCTA parameters between 
healthy controls and COVID-19  patients hospitalized 
for bilateral pneumonia. These differences persisted for 
at least 6 months.15,16

Objectives

This study aimed to identify associations of the OCTA 
parameters VD and FAZ with baseline oxygen saturation 

(SpO2), D-dimer levels and IL-6 levels in patients with 
COVID-19 bilateral pneumonia.

Materials and methods

Study design

This prospective study was conducted in the Depart-
ment of  Infectious Diseases and the  Ophthalmology 
Clinic of the Provincial Hospital in Kielce, Poland, from 
March to May 2021. The study was approved by the Bio-
ethics Committee of the Collegium Medicum of Jan Ko-
chanowski University in Kielce (study code 54; July 1, 
2021). It was conducted in accordance with the Decla-
ration of Helsinki, and all patients gave their informed 
consent.

Setting

While under SARS-CoV-2 infection, all patients were 
treated in the Department of Infectious Diseases. Two 
months after hospital discharge, they were examined 
in the Ophthalmology Clinic. In all patients, COVID-19 
bilateral pneumonia was caused by  the B.1.1.7 variant 
of SARS-CoV-2. The infection was determined by a posi-
tive polymerase chain reaction (PCR) test or a COVID-19 
antigen rapid test device (Abbott, Lake Country, USA) 
Pneumonia was confirmed based on the presence of typi-
cal lesions on computed tomography (CT). The current 
study reports the outcomes of patients with COVID-19 
bilateral pneumonia at 2 months after hospital discharge. 
The in-hospital outcomes of the study have been reported 
previously.15

Participants

The following exclusion criteria were applied: myopia 
higher than –3 diopters, hyperopia higher than +3 diopters, 
retinal diseases, optic neuropathies, previous eye surgery, 
uveitis, ocular injury, opaque media affecting OCTA scan 
or image quality, and diabetes mellitus.

Of the 94 patients (188 eyes) initially enrolled in the study, 
we excluded those with age-related macular degeneration 
(n = 10), diabetes mellitus (n = 13), glaucoma (n = 2), high 
hyperopia (n = 1), high myopia (n = 3), previous cataract 
surgery (n = 2), and poor-quality OCTA images (n = 1). 
Among the remaining 62 patients (124 eyes), we excluded 
2 eyes with hyperopia >3 diopters, 1 eye with myopia >3 di-
opters, 1 eye after ocular trauma, and 1 eye after uveitis.

Variables

Baseline patient characteristics included demographic 
and clinical data: sex, age, body mass index (BMI), visual 
acuity, reading vision, spherical equivalent, axial length, 
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and oxygen saturation (SpO2). Baseline laboratory param-
eters included serum alanine transaminase (ALT) activity, 
concentrations of C-reactive protein (CRP), procalcitonin 
(PCT), IL-6, D-dimer, white blood cell count (WBC), lym-
phocyte count, neutrophil count, and platelet count. In this 
study, we gathered crucial data pertaining to COVID-19 
treatment, including the administration of  low-molec-
ular-weight heparin (LMWH) in both prophylactic and 
therapeutic doses; administration of tocilizumab, dexa-
methasone and remdesivir; and the need for continuous 
oxygen therapy. We conducted an assessment of VD and 
FAZ using OCTA.

Measurement

Optical coherence tomography angiography was per-
formed using a TopconSwept Source DRIOCT Triton de-
vice (Topcon Inc., Tokyo, Japan). The images were captured 
using the 4.5 × 4.5 mm and 6 × 6 mm scanning protocols. 
Central retinal parameters were obtained using the Early 
Treatment Diabetic Retinopathy Study (ETDRS) grid con-
sisting of 3 concentric circles with diameters of 1, 3 and 
6 mm.

Vascular density was assessed in the superficial capillary 
plexus (SCP), deep capillary plexus (DCP) and choriocapil-
laris (CC), using the EDTRS grid subfield to define the ar-
eas of interest. The 5 areas of VD were defined as foveal 
VD, superior VD, nasal VD, inferior VD, and temporal VD. 
The VD values obtained in the parafoveal area (superior, 
nasal and inferior) were added together, and the average 
value was calculated to obtain mean VD.

The FAZ area is the central part of the macula without 
visible vessels (Fig. 1). Two independent ophthalmologists 

delineated the FAZ manually on the SCP and the DCP. 
Optical coherence tomography angiography scans with 
a quality of over 65% were eligible for examination.

Oxygen saturation, D-dimer levels and IL-6 levels as-
sessed on admission for COVID-19 bilateral pneumo-
nia were retrospectively obtained from hospital records. 
We assessed the correlations of baseline D-dimer, IL-6 
and SpO2 levels with the OCTA parameters VD and FAZ.

Statistical analyses

We  calculated the  frequencies (n) and percentages 
(%) for qualitative variables such as gender, use of drugs 
and the need for continuous oxygen therapy. Distribu-
tions were estimated for quantitative variables such 
as saturation, D-dimers, IL-6, and VD in the SCP, DCP, 
CC, and FAZ areas (Supplementary Fig. 1–82). Subse-
quently, the arithmetic mean and standard deviation 
(SD) or median (Me) and interquartile range (IQR) were 
calculated, depending on the distribution of  the vari-
ables. Calculations were performed for the  entire 
group and within groups for saturation (SpO2 ≤ 90%, 
91–95% and >95%), IL-6 (≤1.8 pg/mL and >1.8 pg/mL) 
and D-dimers (>500 μg/land and ≤500μg/L). Depending 
on whether data met the assumptions of Gaussian dis-
tribution and homogeneity of variance, the parametric 
Student’s t-test or the non-parametric Mann–Whitney 
U test was used to assess differences in groups distin-
guished by IL-6 and D-dimers. Similarly, the paramet-
ric analysis of variance (ANOVA) test or the non-para-
metric Kruskal–Wallis ANOVA wasemployed to assess 
differences in means in saturation groups. Bonferroni 
corrections were applied to any multiple comparisons 

Fig. 1. The image of the foveal avascular zone (FAZ) was obtained using optical coherence tomography angiography (OCTA) manually: in the superficial 
capillary plexus (SCP) (left, superior corner) and in the deep capillary plexus (DCP) (the image next to the image of SCP) in the left eye. The map 
of the vessel density (VD) in the left eye was assessed automatically with OCTA using the early treatment diabetic retinopathy (ETDRS) grid situated 
in the fovea by fixation (right, lower corner) The automatic map of central VD is divided into 5 areas: the foveal VD (F VD = 24.11%), the superior area 
(S VD = 41.43%), the inferior VD (I VD = 40.82%), the temporal VD (T VD = 39.53%), and the nasal VD (N VD = 42.92%)
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to account for alpha inflation and limit the probability 
of type 1 error (Supplementary Tables 1–3). The linearity 
was assessed based on scatter plots between saturation 
values, D-dimers, IL-6, and ocular parameters (Supple-
mentary Fig. 83–143). Spearman rank correlation coef-
ficients were used to assess the significance, direction 
and strength of the monotonic component of the rela-
tionship with VD in the SCP, DCP, CC, and FAZ areas 
based on OCTA and levels of D-dimers and IL-6 accord-
ing to the saturation groups: SpO2 ≤ 90%, 91–95% and 
>95%. Correlations were interpreted using Guilford’s 
classification. The assumptions of the Student’s t-tests 
were verified (testing the  normality of  distributions 
within groups with the Shapiro–Wilk test and the ho-
mogeneity of variances with Levene’stest). The  same 
procedure was applied for the ANOVA. In case of het-
erogeneity of variances, Welch’s F  test was employed 
(Supplementary Table 1). Additionally, the difference 
(d) between individual means was calculated, and effect 
size was computed for all parameters in the saturation 
and D-dimer groups. For the Kruskal–Wallis ANOVA 
test, the following formula was used: eta2[H] = (H −k 
+ 1)/(n  − k), where H  represents the  value obtained 
in the Kruskal–Wallis test, k is the number of groups and 
n is the total number of observations. For the Student’s 
t-test, Cohen’s D was calculated according to the formula 
D = (mean1 − mean2)/sd_pooled. For the Mann–Whit-
ney test, the Wendt formula was applied: It computes 
the rank-biserial correlation from U and from the sam-
ple size (n) of the 2 groups: r = 1 − (2U)/(n1×n2). Here, 
U denotes the value of the U parameter, n1 is the num-
ber for the 1st group, and n2 is the number for the 2nd 
group. In the parametric ANOVA test, eta square was 
employed as the measure of effect size; it was calculated 
according to the formula Eta squared = SSeffect/SStotal. 
The qualitative variables were presented as frequencies 
and percentages. A p-value of  less than 0.05 was con-
sidered significant. Statistical analyses were done using 
Statistica v. 13.3 (StatSoft Poland, Cracow, Poland).

Results

Study group

The  final study group included 119  eyes of  62  pa-
tients (42 men (67.7%) and 20 women (32.3%); mean age, 
51.33 ±1.30 years). Patients were classified into 3 groups 
depending on SpO2 at baseline: >95% (n = 22), 91–95% 
(n = 29) and ≤90% (n = 11). The demographic and ocular 
characteristics of patients are presented in Table 1.

Visual acuity and laboratory  
and imaging tests on admission

Visual acuity and reading vision were assessed using 
the LogMar scale. The means for visual acuity and reading 
vision at 2 months after discharge are presented in Table 1.

Laboratory test results on admission, including mean 
SpO2, CRP, PCT, WBC, lymphocytes, neutrophils, platelets, 
IL-6, D-dimers, and ALT, are presented in Table 2. Bilateral 

Table 1. Demographic and ocular characteristics of patients with 
COVID-19 bilateral pneumonia

Variable Value

Men, n (%) 42 (68.25)

Women, n (%) 20 (31.75)

Age [years]a mean (SD) 51.33 (1.30)

BMI [kg/m2]b mean (SD) 28.41 (4.07)

Visual acuity*,c median (IQR) 0.5 (0.0)

Reading vision*,d median (IQR) 0.3 (0.0)

Spherical equivalent [diopters]e mean (SD) 0.13 (0.13)

Axial length [mm]f
mean (SD) 23.55 (0.8)

median (IQR) 23.45 (1.05)

*Based on the LogMar scale. BMI – body mass index; SD – standard 
deviation; IQR – interquartile range; aShapiro–Wilk-test: p = 0.127; 
bShapiro–Wilk-test: p = 0.817; cShapiro–Wilk-test: p < 0.001; dShapiro–Wilk-
test: p < 0.001; eShapiro–Wilk-test: p = 0.171; fShapiro–Wilk-test: p = 0.514.

Table 2. Baseline laboratory parameters in COVID-19 patients

Variable Mean (SD) Q1–Q3 Reference range

SpO2 [%] 93.34 (3.68) 92.0–96.0 >95%

CRP [mg/dL] 63.99 (65.20) 14.58–93.42 <1.0

PCT [ng/mL] 0.17 (0.25) 0.04–0.18 0.05–0.1

WBC [µL] 5,723.23 (2312.33) 4,332.50–6,337.50 4,000–10,000

Lymphocytes [µL] 1,222.26 (416.43) 910.0–1,472.50 1,000–5,000

Neutrophils [µL] 3,997.26 (2,078.68) 2,532.5–4666.0 1,800–8,000

Platelets [µL] 205,411.29 (68,271.24) 150,500.0–231,000.0 150,000–400,000

IL-6 [pg/mL] 35.79 (27.75) 13.02–48.48 1.22 ±0.706

D-dimer [µg/L] 1,095.29 (3,435.20) 387.5–700.5 <500

ALT [U/L] 56.45 (37.45) 26.25–73.25 5–40

SD – standard deviation; Q – quartile; SpO2 – oxygen saturation; CRP – C-reactive protein; PCT – procalcitonin; WBC – white blood cells count; IL-6 – interleukin 6.
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lung lesions were confirmed with chest CT as ground glass 
opacities in 26 patients during hospitalization.

Treatment of COVID-19 patients 
during hospitalization

Study participants hospitalized due to SARS-CoV-2 in-
fection were treated in line with applicable recommenda-
tions.17 Oxygen supplementation was used in 23 patients 
for a median (Q1–Q2) (Table 3). In 59 patients, LMWH was 
administered at a prophylactic dose depending on body 
weight according to the summary of product character-
istics. During the viral phase of COVID-19, 26 subjects 
were treated with intravenous remdesivir. The initial dose 
was 200 mg on the 1st day, followed by 100 mg for the next 
4 days. Patients with hyperinflammatory syndrome were 
treated with immunosuppressive drugs. Dexamethasone 
was used on 22 patients (4 mg/day orally or 8 mg/day in-
travenously for 7–10 days). Intravenous tocilizumab was 
given to 3 patients at a single dose of 600–800 mg, de-
pending on the patient’s weight, according to the summary 
of product characteristics and national recommendations. 
Tocilizumab was administered in patients with elevated 
IL-6 levels.18

Structural OCTA outcomes depending 
on oxygen saturation and D-dimer  
and IL-6 levels

Differences in  ocular parameters were observed 
in the OCTA scans depending on saturation levels. Post 
hoc analysis indicated significant differences between 
saturation groups 1 and 3, and between groups 2 and 3. 
Less frequent were differences based on the D-dimer and 
IL-6 groups (Supplementary Tables 1–3).

At 2 months, a significant monotonic negative rela-
tionship was found between SpO2 of 90% or lower and 
VD in the foveal area of the SCP and the temporal area 

of the choriocapillaris (CC) and mean VD in the DCP 
(Table 4). Furthermore, there was a significant monotonic 
positive relationship between D-dimer levels in patients 
with SpO2 of 90% or lower and VD in the nasal choriocap-
illaris CC (Table 4). Lastly, a monotonic negative relation-
ship was identified between foveal VD in the DCP and 
IL-6 levels in patients with SpO2 of 90% or lower (Table 4).

Safety

In the study group, hypertension was reported in 20 pa-
tients, ischemic heart disease in 3, fatty liver disease in 5, 
hyperlipidemia in 3, previous stroke in 2, previous myocar-
dial infarction in 2, cancer in 5, degenerative spine disease 
in 2, hyperthyroidism in 2, and hysterectomy in 2. Asthma, 
epilepsy, delusional disorder, rheumatoid arthritis, chronic 
kidney disease (CKD), nephrolithiasis, chronic hepatitis 
C, cholelithiasis, thyroidectomy, and alcohol dependence 
were reported in 1 patient each. No patients reported any 
symptoms during the ophthalmological examination.

Discussion

The SARS-CoV-2 infection primarily affects the respira-
tory tract, but it also causes inflammation in the vascular 
endothelium with strong cytokine involvement, resulting 
in enhanced clotting in the microcirculation.19

Numerous papers have described fundus lesions caused 
by COVID-19.20–23 These abnormalities, including hemor-
rhages and cotton wool spots, are typical for central retinal 
vein occlusion with subsequent macular edema. This in-
dicates that the disease is vascular in nature. Noninvasive 
tests such as OCTA have been repeatedly used to diagnose 
the above conditions.

To demonstrate the effect of systemic hypoxia on retinal 
and choroidal microvasculature assessed using OCTA, 
we  followed the same approach as our previous study: 
We divided COVID-19 patients into subgroups according 
to SpO2 on admission.24

In the present study, we assessed correlations between 
SpO2, D-dimer and IL-6 levels and ocular parameters such 
as VD and FAZ area as obtained using OCTA in patients 
with SARS-CoV-2 infection, at 2 months after hospital 
discharge. The aim of the study was to evaluate whether 
hypoxia, inflammation and hypercoagulability affect 
the retinal and choroidal microvasculature.

Correlations between SpO2 and VD

Our study showed a significant monotonic negative rela-
tionship between SpO2 of 90% or lower and VD in the fo-
veal SCP and temporal CC, and the mean VD in the DCP.

Hommer et  al.25 evaluated the  effects of  hypoxia 
in  24  healthy subjects (mean age 26  years) on  vascu-
lature parameters in  the central retina obtained with 

Table 3. Systemic treatment for COVID-19

Treatment Value

Low-molecular-weight heparin, prophylactic dose, 
n (%)

59 (95.16)

Low-molecular-weight heparin, prophylactic dose, 
number of days: median (Q1–Q3)

9 (6.25–12)

Low-molecular-weight heparin, therapeutic dose, 
n (%)

2 (3.23)

Tocilizumab, n (%) 3 (4.84)

Dexamethasone, n (%) 22 (35.48)

Remdesivir, n (%) 26 (41.94)

Need for continuous oxygen therapy, n (%) 23 (37.10)

Need for continuous oxygen therapy, number 
of days, median (Q1–Q3); min–max

5 (4–10); 1–26

Q – quartile.
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OCTA while breathing a mixture of nitrogen (88%) and 
oxygen (12%). Perfusion density in the superficial vas-
cular density was significantly elevated and was stable 
in the DCP. Retinal vessel diameter was also significantly 
increased. Moreover, significantly elevated perfusion den-
sity in the DCP was observed in patients breathing 100% 
oxygen. At the same time, a significant reduction in ves-
sel diameter was noted in the major retinal arteries and 
veins.25

For proper function, the retina requires an adequate oxy-
gen supply. Retinal vessels can regulate blood circulation 
in response to hypoxia and hyperoxia. Hyperoxia reduces 
the caliber of retinal vessels. This regulatory mechanism 
helps avoid the oversupply of oxygen to the retina, which 
can induce retinal nerve fiber toxicity. The risk of hyper-
oxygenation and oxidative stress is reduced by the vaso-
spasm of the vessels in the DCP.26,27

Correlations between SpO2 and FAZ area

The large number of cones and the absence of retinal 
vessels in the FAZ area allow the best vision. Therefore, 
this area is particularly sensitive to hypoxia. The CC layer 
under the retina is responsible for supplying oxygen and 
nutrients to the cones that are located here. The enlarge-
ment of the FAZ area may indicate abnormalities associated 
with vascular disorders such as diabetic retinopathy or reti-
nal veinocclusion.28,29 However, in our study, there was no 
significant monotonic negative relationship between SpO2 
of 90% or lower and the FAZ area in the SCP and the DCP.

Correlations between D-dimer levels 
and VD

Our study showed a significant monotonic positive re-
lationship between VD in the CC and D-dimer levels, but 

Table 4. Correlations between vessel density in the superficial capillary plexus (SCP), deep capillary plexus (DCP), and choriocapillaris (CC) and foveal 
avascular zone (FAZ) in the SCP and DCP and oxygen saturation (SpO2), interleukin 6 (IL-6) levels and D-dimer levels

OCTA SpO2 D-dimer IL-6

Foveal VD in the SCP r = –0.22; p = 0.048 r = –0.06; p = 1 r = –0.06; p = 1

Foveal VD in the DCP r = –0.13; p = 0.513 r = –0.06; p = 1
r = –0.10; p = 0.786 for SpO2 ≤ 90%

r = –0.57, p = 0.027

Foveal VD in the CC r = –0.11; p = 0.645
r = 0.04; p = 1 for SpO2 ≤ 90%

r = 0.33; p = 0.06
r = 0.17; p = 0.216

Superior VD in the SCP r = 0.08; p = 1 r = –0.13; p = 0.486 r = 0.01; p = 1

Superior VD in the DCP r = –0.01; p = 1 r = –0.11; p = 0.729 r = –0.06; p = 1

Superior VD in the CC r = –0.01; p = 1 r = 0.08; p = 1 r = –0.01; p = 1

Nasal VD in the SCP r = 0.11; p = 0.624 r = –0.11; p = 0.72 r = 0.08; p = 1

Nasal VD in the DCP r = 0.01; p = 1
r = –0.17; p = 0.183 for SpO2 ≤ 90%

r = –0.32; p = 0.288
r = 0.10; p = 0.906

Nasal VD in the CC r = –0.05; p = 1
r = –0.07; p = 1 for SpO2 ≤ 90%

r = 0.49; p = 0.003
r = 0.03; p = 1

Inferior VD in the SCP r = 0.13; p = 0.525 r = 0.05; p = 1 r = –0.05; p = 1

Inferior VD in the DCP r = –0.08; p = 1 r = –0.05; p = 1 r = 0.15; p = 0.321

Inferior VD in the CC r = –0.08; p = 1
r = 0.16; p = 0.237 for SpO2 ≤ 90%

r = –0.36; p = 0.054
r = –0.06; p = 1

Temporal VD in the SCP r = 0.07; p = 1 r = –0.04; p = 1 r = –0.14; p = 0.396

Temporal VD in the DCP
r = –0.16; p = 0.255 for SpO2 ≤ 90%

r = –0.47; p = 0.135
r = 0.07; p = 1 r = 0.06; p = 1

Temporal VD in the CC
r = –0.12; p = 0.543 for SpO2 ≤ 90%

r = –0.59; p = 0.021
r = 0.04; p = 1 r = 0.12; p = 0.618

Mean
VD in the SCP 

r = 0.02; p = 1 r = –0.09; p = 1 r = –0.01; p = 1

Mean
VD in the DCP

r = –0.15; p = 0.339 for SpO2 ≤ 90%
r = –0.55; p = 0.048

r = –0.12; p = 0.546 r = 0.01;p = 1

Mean
VD in the CC

r = –0.14; p = 0.345 r = 0.17; p = 0.174 r = 0.08; p = 1

FAZ in the SCP r = –0.20; p = 0.075 r = –0.01; p = 1 r = –0.06; p = 1

FAZ in the DCP r = 0.13; p = 0.414 r = 0.09; p = 0.921 r = –0.08; p = 1

p for Sp – Spearman rank correlation; values were statistically significant at p < 0.05; optical coherence tomography angiography (OCTA); VD – vascular 
density.
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only in patients with SpO2 of 90% or lower in the nasal 
area of the CC.

Guemez-Villahoz et al.30 reported reduced mean blood 
flow (19.6 ±9.3 vs 14.7 ±8.0, p = 0.018) and reduced VD 
in the SCP (8.8 ±4.0 vs 6.6 ±3.6, p = 0.013) 30 days after 
the diagnosis of COVID-19 in patients with elevated D-
dimer levels of 500 ng/mL or higher. They hypothesized 
that the subclinical changes in the retinal microcirculation 
in these patients were secondary to increased blood clotting 
and intense inflammatory response due to COVID-19.30

In  a  subsequent paper, Guemez-Villahoz et  al.31 de-
scribed OCTA outcomes at 12 weeks after the acute stage 
of COVID-19 in patients divided according to the pres-
ence of thrombotic events. They also compared OCTA 
findings between patients with COVID-19 and healthy 
controls. They found significantly reduced VD in patients 
with COVID-19 compared with controls in several areas 
of the macula, including the central macula, outer ring 
and full ring. Perfusion density was significantly reduced 
in the full ring and full area. Optical coherence tomography 
angiography parameters did not differ between the groups 
with and without thrombotic events. According to the au-
thors, retinal vascular involvement in SARS-CoV-2 infec-
tion does not depend on the presence of thrombotic events 
at other levels. In addition, there were no retinal vascular 
incidents in COVID-19 patients with thrombotic events.31

Correlations between Il-6 levels and VD

In our study, there was a significant monotonic negative 
relationship between VD in some areas of the DCP and 
IL-6 levels in patients with SpO2 of 90% or lower.

To our knowledge, no previous studies have described 
correlations between OCTA parameters and interleukin 
levels in patients with SARS-CoV-2 infection. Neverthe-
less, IL-6 is known to be one of the main mediators in reti-
nal vasculitis.32 Mesquida et al.33 studied the effects of IL-6 
on the retinal endothelium and retinal pigment epithelium 
(RPE) in vitro using human RPE cells and endothelial cells 
of the retinal vessels to show that this is the most impor-
tant additional mediator of macular edema in numerous 
retinal diseases. Interleukin 6 impairs barrier function 
in RPE cells and retinal VECs.33

Park et  al.34 used human monocytes to  investigate 
the relationship between elevated D-dimer levels, immune 
complexes and inflammatory processes in patients with 
COVID-19. They showed that D-dimers stimulate pros-
taglandin E2 (PGE2) and inflammatory cytokines such 
as IL-6, IL-8 and IL-1β in healthy monocytes. The mono-
cytes were incubated with D-dimers and immune com-
plexes of SARS-CoV-2 particles, resulting in a significant 
increase in PGE2 levels and cytokine production.34 This 
confirmed the findings of other investigators who have 
emphasized the importance of the thrombolytic-inflam-
matory concept as a key phenomenon in the pathomecha-
nism of COVID-19.35,36

Limitations

Several limitations of this study should be acknowledged. 
First, for organizational and logistical reasons, patients 
were assessed 2 months after hospitalization for COVID-19 
bilateral pneumonia and not during the hospitalization it-
self. Second, the study did not include critically ill patients 
who required intensive care admission due to progressive 
hypoxia, which is associated with releasing proinflamma-
tory and prothrombotic factors that could affect retinal 
and choroidal microvascular parameters. Finally, the study 
group was relatively small. Further research on a larger 
group of patients should be conducted to provide more 
information on the effect of COVID-19 on the microvas-
culature of the retina and choroid.

Conclusions

Patients with COVID-19 bilateral pneumonia with re-
duced SpO2 and elevated D-dimer and IL-6 levels present 
with decreased VD in some areas assessed by OCTA. These 
patients require particular attention during anatomical 
and functional evaluation of posterior ocular structures. 
Optical coherence tomography angiography is a useful and 
widely available tool for the diagnosis of vascular disorders 
in the central retina and choroid in patients with previous 
SARS-CoV-2 infection.

Supplementary data

The Supplementary materials are available at https://doi.
org/10.5281/zenodo.12745888. The package includes the fol-
lowing files:

Supplementary Table 1. Means, SD, median and IQR for 
OCTA parameters in 3 groups saturation (group 1: ≤90; 
group 2: 90–95; group 3: >95).

Supplementary Table 2. Characteristic of OCTA param-
eters according to D-dimers level group (>500 ng – group 0).

Supplementary Table 3. Characteristic of OCTA param-
eters according to IL-6 level (group 0: ≤1.8, group 1: >1.8).

Supplementary Fig. 1. The diagram for the correlation 
between VD F SCP (foveal vascular density in superficial 
capillary plexus) and saturation.

Supplementary Fig. 2. The diagram for the correlation be-
tween VD F DCP (foveal vascular density of deep capillary 
plexus) and saturation

Supplementary Fig. 3. The diagram for the correlation be-
tween VD F CC (foveal vascular density of choriocapillaris) 
and saturation.

Supplementary Fig. 4. The diagram for the correlation be-
tween VD S SCP (temporal vascular density of superficial 
capillary plexus) and saturation.

Supplementary Fig. 5. The diagram for the correlation be-
tween VD S DCP (superior vascular density of deep capillary 
plexus) and saturation.

https://doi.org/10.5281/zenodo.12745888
https://doi.org/10.5281/zenodo.12745888
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Supplementary Fig. 6. The diagram for the correlation be-
tween VD S CC (superior vascular density of choriocapillaris) 
and saturation.

Supplementary Fig. 7. The diagram for the correlation be-
tween VD N SCP (nasal vascular density of superficial capil-
lary plexus) and saturation.

Supplementary Fig. 8. The diagram for the correlation be-
tween VD N DCP (nasal vascular density of deep capillary 
plexus) and saturation.

Supplementary Fig. 9. The diagram for the correlation be-
tween VD N CC (nasal vascular density of choriocapillaris) 
and saturation.

Supplementary Fig. 10. The diagram for the correlation be-
tween VD I SCP and (inferior vascular density of superficial 
capillary plexus) and saturation.

Supplementary Fig. 11. The diagram for the correlation 
between VD I DCP (inferior vascular density of deep capil-
lary plexus) and saturation.

Supplementary Fig. 12. The diagram for the correlation 
between VD I CC (inferior vascular density of choriocapil-
laris) and saturation.

Supplementary Fig. 13. The diagram for the correlation 
between VD T SCP (temporal vascular density of superficial 
capillary plexus) and saturation.

Supplementary Fig. 14. The diagram for the correlation 
between VD T DCP (temporal vascular density of deep capil-
lary plexus) and saturation.

Supplementary Fig. 15. The diagram for the correlation 
between VD T CC (temporal vascular density of choriocapil-
laris) and saturation.

Supplementary Fig. 16. The diagram for the correlation 
between mean VD SCP (vascular density of superficial capil-
lary plexus) and saturation.

Supplementary Fig. 17. The diagram for the correlation 
between mean VD DCP (vascular density of deep capillary 
plexus) and saturation.

Supplementary Fig. 18. The diagram for the correlation 
between mean VD CC (vascular density of choriocapillaris) 
and saturation.

Supplementary Fig. 19. The diagram for the correlation 
between FAZs (μm2) (superficial foveal avascular zone) and 
saturation.

Supplementary Fig. 20. The diagram for the correlation be-
tween FAZd (μm2) (deep foveal avascular zone) and saturation.

Supplementary Fig. 21. The diagram for the correlation 
between VD F SCP (foveal vascular density of superficial 
capillary plexus) and IL-6 level.

Supplementary Fig. 22. The diagram for the correlation 
between VD F DCP (foveal vascular density of deep capillary 
plexus) and IL-6 level.

Supplementary Fig. 23. The diagram for the correlation 
between VD F CC (foveal vascular density of choriocapil-
laris) and IL-6 level.

Supplementary Fig. 24. The diagram for the correlation 
between VD S SCP (superior vascular density of superficial 
capillary plexus) and IL-6 level.

Supplementary Fig. 25. The diagram for the correlation 
between VD S DCP (superior vascular density of deep capil-
lary plexus) and IL-6 level.

Supplementary Fig. 26. The diagram for the correlation 
between VD N SCP (nasal vascular density of superficial 
capillary plexus) and IL-6 level.

Supplementary Fig. 27. The diagram for the correlation 
between VD S CC (superior vascular density of choriocapil-
laris) and IL-6 level.

Supplementary Fig. 28. The diagram for the correlation 
between VD N DCP (nasal vascular density of deep capillary 
plexus) and IL-6 level.

Supplementary Fig. 29. The diagram for the correlation 
between VD N CC (nasal vascular density of choriocapil-
laris) and IL-6 level.

Supplementary Fig. 30. The diagram for the correlation 
between VD I SCP (inferior vascular density of superficial 
capillary plexus) and IL-6 level.

Supplementary Fig. 31. The diagram for the correlation 
between VD I DCP (inferior vascular density of deep capil-
lary plexus) and IL-6.

Supplementary Fig. 32. The diagram for the correlation 
between VD I CC (inferior vascular density of choriocapil-
laris) and IL-6 level.

Supplementary Fig. 33. The diagram for the correlation 
between VD T SCP (temporal vessel density of superficial 
capillary plexus) and IL-6 level.

Supplementary Fig. 34. The diagram for the correlation 
between VD T DCP (temporal vessel density of deep capil-
lary plexus) and IL-6 level.

Supplementary Fig. 35. The diagram for the correlation 
between VD T CC (temporal vessel density of choriocapil-
laris) and IL-6 level.

Supplementary Fig. 36. The diagram for the correlation 
between mean VD SCP (vessel density of superficial capil-
lary plexus) and IL-6 level.

Supplementary Fig. 37. The diagram for the correlation 
between mean VD DCP (vessel density of deep capillary 
plexus) and IL-6 level.

Supplementary Fig. 38. The diagram for the correlation 
between mean VD CC (vessel density of choriocapillaris) 
and IL-6 level.

Supplementary Fig. 39. The diagram for the correlation 
between FAZs (superficial foveal avascular zone) and IL-6 
level.

Supplementary Fig. 40. The diagram for the correlation 
between FAZd (deep foveal avascular zone) and IL-6 level.

Supplementary Fig. 41. The diagram for the correlation 
between VD F SCP (foveal vessel density of superficial 
capillary plexus) and D-dimers level.

Supplementary Fig. 42. The diagram for the correlation 
between VD F DCP (foveal vessel density of deep capillary 
plexus) and D-dimers level.

Supplementary Fig. 43. The diagram for the correlation 
between VD F CC (foveal vessel density of choriocapillaris) 
and D-dimers level.
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Supplementary Fig. 44. The diagram for the correlation 
between VD S SCP (vessel density of superficial capillary 
plexus) and D-dimers level.

Supplementary Fig. 45. The diagram for the correlation 
between VD S DCP (superior vessel density of deep capil-
lary plexus) and D-dimers level.

Supplementary Fig. 46. The diagram for the correlation 
between VD S CC (superior vessel density of choriocapil-
laris) and D-dimers level.

Supplementary Fig. 47. The diagram for the correlation 
between VD N SCP (nasal vessel density of superficial cap-
illary plexus) and D-dimers level.

Supplementary Fig. 48. The diagram for the correlation 
between VD N DCP (nasal vessel density of deep capillary 
plexus) and D-dimers level.

Supplementary Fig. 49. The diagram for the correlation 
between VD N CC (nasal vessel density of choriocapillaris) 
and D-dimers level.

Supplementary Fig. 50. The diagram for the correlation 
between VD I SCP (inferior vessel density of superficial 
capillary plexus) and D-dimers level.

Supplementary Fig. 51. The diagram for the correlation 
between VD I DCP (inferior vessel density of deep capillary 
plexus) and D-dimers level.

Supplementary Fig. 52. The diagram for the correlation 
between VD I CC (inferior vessel density of choriocapil-
laris) and D-dimers level.

Supplementary Fig. 53. The diagram for the correlation 
between VD T SCP (temporal vessel density of superficial 
capillary plexus) and D-dimers level.

Supplementary Fig. 54. The diagram for the correlation 
between VD T DCP (temporal vessel density of deep capil-
lary plexus) and D-dimers level.

Supplementary Fig. 55. The diagram for the correlation 
between VD T CC (temporal vessel density of choriocapil-
laris) and D-dimers level.

Supplementary Fig. 56. The diagram for the correlation 
between mean VD SCP (vessel density of superficial capil-
lary plexus) and D-dimers level.

Supplementary Fig. 57. The diagram for the correlation 
between mean VD DCP (vessel density of deep capillary 
plexus) and D-dimers level.

Supplementary Fig. 58. The diagram for the correlation 
between mean VD CC (vessel density of choriocapillaris) 
and D-dimers level.

Supplementary Fig. 59. The diagram for the correlation 
between FAZs (superficial foveal avascular zone) and D-
dimers level.

Supplementary Fig. 60. The diagram for the correlation 
between FAZd (deep foveal avascular zone) and D-dimers 
level.

Supplementary Fig. 61. Histogram of IL-6 level.
Supplementary Fig. 62. Histogram of D-dimers level.
Supplementary Fig. 63. Histogram of saturation.
Supplementary Fig. 64. Histogram of VD F SCP (foveal 

vessel density of superficial capillary plexus).

Supplementary Fig. 65. Histogram of VD F DCP (foveal 
vessel density of deep capillary plexus).

Supplementary Fig. 66. Histogram of VD F CC (foveal 
vessel density of choriocapillaris).

Supplementary Fig. 67. Histogram of VD S SCP (superior 
vessel density of superficial capillary plexus).

Supplementary Fig. 68. Histogram of VD S DCP (supe-
rior vessel density of deep capillary plexus).

Supplementary Fig. 69. Histogram of VD S CC (superior 
vessel density of choriocapillaris).

Supplementary Fig. 70. Histogram of VD N SCP (nasal 
vessel density of superficial capillary plexus).

Supplementary Fig. 71. Histogram of VD N DCP (nasal 
vessel density of deep capillary plexus).

Supplementary Fig. 72. Histogram of VD N CC (nasal 
vessel density of choriocapillaris).

Supplementary Fig. 73. Histogram of VD I SCP (inferior 
vessel density of superficial capillary plexus).

Supplementary Fig. 74. Histogram of VD I DCP (inferior 
vessel density of deep capillary plexus).

Supplementary Fig. 75. Histogram of VD I CC (inferior 
vessel density of choriovcapillaris).

Supplementary Fig. 76. Histogram of VD T SCP (tempo-
ral vessel density of superficial capillary plexus).

Supplementary Fig. 77. Histogram of VD T DCP (tem-
poral vessel density of deep capillary plexus).

Supplementary Fig. 78. Histogram of VD T CC (temporal 
vessel density of choriocapillaris).

Supplementary Fig. 79. Histogram of Mean VD SCP (ves-
sel density of superficial capillary plexus).

Supplementary Fig. 80. Histogram of Mean VD DCP 
(vessel density of deep capillary plexus).

Supplementary Fig. 81. Histogram of Mean VD CC (ves-
sel density of choriocapillaris).

Supplementary Fig. 82. Histogram of FAZs (superficial 
foveal avascular zone).

Supplementary Fig. 83. Histogram of FAZd (deep foveal 
avascular zone).

Supplementary Fig. 84. Normality distribution of VD 
F SCP in the category of saturation (foveal vessel density 
of superficial capillary plexus).

Supplementary Fig. 85. Normality distribution of VD 
F DCP in the category of saturation (foveal vessel density 
of deep capillary plexus).

Supplementary Fig. 86. Normality distribution of VD 
F CC in the category of saturation (foveal vessel density 
of choriocapillaris).

Supplementary Fig. 87. Normality distribution of VD 
S SCP in the category of saturation (superior vessel density 
of superficial capillary plexus).

Supplementary Fig. 88. Normality distribution of VD 
S DCP in the category of saturation (superior vessel density 
of deep capillary plexus).

Supplementary Fig. 89. Normality distribution of VD 
S CC in the category of saturation (superior vessel density 
of choriocapillaris).
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Supplementary Fig. 90. Normality distribution of VD 
N SCP in the category of saturation (nasal vessel density 
of superficial capillary plexus).

Supplementary Fig. 91. Normality distribution of VD 
N DCP in the category of saturation (nasal vessel density 
of deep capillary plexus).

Supplementary Fig. 92. Normality distribution of VD 
N CC in the category of saturation (nasal vessel density 
of choriocapillaris).

Supplementary Fig. 93. Normality distribution of VD 
N DCP in the category of saturation (nasal vessel density 
of deep capillary plexus).

Supplementary Fig. 94. Normality distribution of VD 
I SCP in the category of saturation (inferior vessel density 
of superficial capillary plexus).

Supplementary Fig. 95. Normality distribution of VD 
I DCP in the category of saturation (inferior vessel density 
of deep capillary plexus).

Supplementary Fig. 96. Normality distribution of VD 
I CC in the category of saturation (inferior vessel density 
of choriocapillaris).

Supplementary Fig. 97. Normality distribution of VD 
T SCP in the category of saturation (temporal vessel den-
sity of superficial capillary plexus).

Supplementary Fig. 98. Normality distribution of VD 
T DCP in the category of saturation (temporal vessel den-
sity of deep capillary plexus).

Supplementary Fig. 99. Normality distribution of VD 
T CC in the category of saturation (temporal vessel density 
of choriocapillaris).

Supplementary Fig. 100. Normality distribution of mean 
VD SCP in the category of saturation (vessel density of su-
perficial capillary plexus).

Supplementary Fig. 101. Normality distribution of mean 
VD DCP in  the  category of  saturation (vessel density 
of deep capillary plexus).

Supplementary Fig. 102. Normality distribution 
of FAZs (superficial foveal avascular zone) in the category 
of saturation.

Supplementary Fig. 103. Normality distribution of FAZd 
(deep foveal avascular zone) in the category of saturation.

Supplementary Fig. 104. Normality distribution of VD 
F SCP (foveal vessel density of superficial capillary plexus) 
in the category of D-dimers level.

Supplementary Fig. 105. Normality distribution of VD 
F  DCP (foveal vessel density of  deep capillary plexus) 
in the category of D-dimers level.

Supplementary Fig. 106. Normality distribution of VD 
F CC (foveal vessel density of choriocapillaris) in the cat-
egory of D-dimers level.

Supplementary Fig. 107. Normality distribution of VD 
F  DCP (foveal vessel density of  deep capillary plexus) 
in the category of D-dimers level.

Supplementary Fig. 108. Normality distribution of VD 
S DCP (superior vessel density of deep capillary plexus) 
in the category of D-dimers level.

Supplementary Fig. 109. Normality distribution of VD 
S CC (superior vessel density of choriocapillaris) in the cat-
egory of D-dimers level.

Supplementary Fig. 110. Normality distribution of VD 
N SCP (nasal vessel density of superficial capillary plexus) 
in the category of D-dimers level.

Supplementary Fig. 111. Normality distribution of VD 
N  DCP (nasal vessel density of  deep capillary plexus) 
in the category of D-dimers level.

Supplementary Fig. 112. Normality distribution of VD 
N CC (nasal vessel density of choriocapillaris) in the cat-
egory of D-dimers level.

Supplementary Fig. 113. Normality distribution of VD 
I SCP (inferior vessel density of superficial capillary plexus) 
in the category of D-dimers level.

Supplementary Fig. 114. Normality distribution of VD 
I DCP (inferior vessel density of deep capillary plexus) 
in the category of D-dimers level.

Supplementary Fig. 115. Normality distribution of VD 
I CC (inferior vessel density of choriocapillaris) in the cat-
egory of D-dimers level.

Supplementary Fig. 116. Normality distribution of VD 
T SCP (temporal vessel density of superficial capillary 
plexus) in the category of D-dimers level.

Supplementary Fig. 117. Normality distribution of VD 
T DCP (temporal vessel density of deep capillary plexus) 
in the category of D-dimers level.

Supplementary Fig. 118. Normality distribution 
of VD T CC (temporal vessel density of choriocapillaris) 
in the category of D-dimers level.

Supplementary Fig. 119. Normality distribution of mean 
VD SCP (vessel density of superficial capillary plexus) 
in the category of D-dimers level.

Supplementary Fig. 120. Normality distribution of mean 
VD DCP (vessel density of deep capillary plexus) in the cat-
egory of D-dimers level.

Supplementary Fig. 121. Normality distribution of mean 
VD CC (vessel density of choriocapillaris) in the category 
of D-dimers level.

Supplementary Fig. 122 Normality distribution of FAZs 
(superficial foveal avascular zone) in the category of D-
dimers level.

Supplementary Fig. 123. Normality distribution of FAZd 
(deep foveal avascular zone) in the category of D-dimers 
level.

Supplementary Fig. 124. Histogram for VD F SCP (foveal 
vessel density of superficial capillary plexus) in 2 groups 
of IL-6 level.

Supplementary Fig. 125. Histogram for VD F DCP (fo-
veal vessel density of deep capillary plexus) in 2 groups 
of IL-6 level.

Supplementary Fig. 126. Histogram for VD F CC (vessel 
density of choriocapillaris) in 2 groups of IL-6 level.

Supplementary Fig. 127. Histogram for VD S SCP (foveal 
vessel density of superficial capillary plexus) in 2 groups 
of IL-6 level.
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Supplementary Fig. 128. Histogram for VD S DCP (su-
perior vessel density of deep capillary plexus) in 2 groups 
of IL-6 level.

Supplementary Fig. 129. Histogram for VD S CC (supe-
rior vessel density of choriocapillaris) in 2 groups of IL-6 
level.

Supplementary Fig. 130. Histogram for VD N SCP (nasal 
vessel density of superficial capillary plexus) in 2 groups 
of IL-6 level.

Supplementary Fig. 131. Histogram for VD N DCP (nasal 
vessel density of deep capillary plexus) in 2 groups of IL-6 
level.

Supplementary Fig. 132. Histogram for VD N CC (nasal 
vessel density of choriocapillaris) in 2 groups of Interleukin 
6 (IL 6).

Supplementary Fig. 133. Histogram for VD I SCP (in-
ferior vessel density of superficial capillary plexus) in 2 
groups of IL-6 level.

Supplementary Fig. 134. Histogram for VD I DCP (in-
ferior vessel density of deep capillary plexus) in 2 groups 
of IL-6 level.

Supplementary Fig. 135 Histogram for VD I CC (inferior 
Vessel density of choriocapillaris) in 2 groups of IL-6 level.

Supplementary Fig. 136. Histogram for VD T SCP (tem-
poral vessel density of superficial capillary plexus) in 2 
groups of IL-6 level.

Supplementary Fig. 137. Histogram for VD T DCP (tem-
poral vessel density of deep capillary plexus) in 2 groups 
of IL-6 level.

Supplementary Fig. 138. Histogram for VD T CC (tem-
poral vessel density of choriocapillaris) in 2 groups of IL-6 
level.

Supplementary Fig. 139. Histogram for mean VD SCP 
(mean vessel density of superficial capillary plexus) in 2 
groups of IL-6 level.

Supplementary Fig. 140. Histogram for mean VD DCP 
(mean vessel density of deep capillary plexus) in 2 groups 
of IL-6 level.

Supplementary Fig. 141. Histogram for mean VD CC 
(mean vessel density of choriocapillaris) in 2 groups of IL-6 
level.

Supplementary Fig. 142. Histogram for FAZs (superficial 
foveal avascular zone) in 2 groups of IL-6 level.

Supplementary Fig. 143. Histogram for FAZd (deep fo-
veal avascular zone) in 2 groups of IL-6 level.
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Abstract
Background. Hematopoietic stem cell transplantation (HSCT) is a procedure commonly used in the treat-
ment of various hematological disorders with the aim of curing the patient or prolonging life. The vast majority 
of patients must have antineoplastic therapy before HSCT, which can result in weight loss, sarcopenia or ca-
chexia. Additionally, there is a high risk of malnutrition and physical deterioration during HSCT. By assessing 
physical fitness prior to HSCT, a physical therapist can individualize an exercise program, which in turn may 
speed up recovery after HSCT.

Objectives. The aim of the study was to assess the physical fitness of patients with hematological malignan-
cies qualified for HSCT as an indication for prehabilitation.

Materials and methods. The study included 65 patients with hematological malignancies who were 
qualified for HSCT between September 1, 2022, and September 1, 2023. The reference group consisted 
of 219 healthy adults. The clinical study protocol involved participants performing 3 tests: the 6-minute walk 
test (6MWT), the timed-up and go test (TUG) and the 30-second chair-stand test (30CST).

Results. Patients with hematological malignancies were characterized by significantly lower endurance 
capacity (median (Me) = 420.50 (IQR 110.25) vs Me = 580.00 (IQR 133.00); p < 0.001) and significantly lower 
body strength (Me = 11.00 (IQR 6.00) vs Me = 15.00 (IQR 5.00); p < 0.001). There was also a statistically 
significant difference in the diagnosis and in the number of lines of systemic therapy. Additionally, a statisti-
cally significant difference was observed between the outcomes of the physical fitness level, particularly for 
TUG and 30CST, and the time from diagnosis to transplantation.

Conclusions. The presented results suggest a negative consequence of hematological disease and its 
treatment on the functional status of patients qualified for HSCT and indicate the need for individualized 
rehabilitation management depending on the type of diagnosis, the number of lines of systemic therapy, 
and the time between diagnosis and transplantation.

Key words: hematology, prehabilitation, physical fitness status, hematopoietic stem cell transplant
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Background

Hematopoietic stem cell transplant (HSCT) refers to any 
procedure where hematopoietic stem cells (HSCs) of any 
donor type and any source are given to a recipient with 
the intention of repopulating and replacing the hemato-
poietic system in total or in part. Donor type is categorized 
as autologous, human leukocyte antigen (HLA)-identical 
sibling donor or matched unrelated donor (MUD). A hap-
loidentical donor is defined as a family member where 
only 1 HLA haplotype is genetically identical to the pa-
tient. Depending on the source of HSCs, the following 
transplantations are distinguished: autologous-HSCT 
(auto-HSCT), allogeneic-HSCT-sibling (allo-HSCT-Sib), 
allogeneic-HSCT-matched unrelated donor (allo-HSCT-
MUD), and haploidentical-HSCT (haplo-HSCT).1

Hematopoietic stem cell transplant is a procedure com-
monly used in  the  treatment of various hematological 
disorders and is associated with significantly improved 
survival rates. Auto-HSCT is characterized by the reinfu-
sion of the patient’s HSCs after treatment with high doses 
of chemotherapy, which exhibit high anticancer potential 
while causing irreversible damage to the hematopoietic 
function of the bone marrow.

According to the recommendations of  the European 
Society for Blood and Marrow Transplantation (EBMT), 
high-dose chemotherapy followed by auto-HSCT is gen-
erally considered a standard treatment option in patients 
with plasma cell myeloma (PCM) in  the consolidation 
of response to first-line therapy, in patients with relapsed 
or  primary refractory lymphoma in  the  consolidation 
of response to salvage therapy, and in addition, in some 
subtypes of clinically aggressive lymphomas, such as man-
tle cell lymphoma (MCL) or T-cell lymphomas (TCLs), 
in the consolidation of response to first-line therapy.1

Allo-HSCT is a treatment with curative potential that 
is used in transplant-eligible patients with high-risk malig-
nancies or other serious hematologic disorders. The most 
common indications for allo-HSCT include intermediate 
and high-risk acute myeloid leukemia (AML) and myelo-
dysplastic syndromes (MDS), acute lymphoblastic leuke-
mia (ALL) with adverse prognostic factors, and myelo-
proliferative neoplasms (MPN) with a high risk of disease 
progression according to international prognostic scoring 
systems.1 However, one of the drawbacks of allo-HSCT 
is the possibility of the development of serious post-trans-
plant complications, including acute and chronic graft-
versus-host disease (GvHD), which result in significant 
non-relapse mortality after transplant. Therefore, the pa-
tient’s eligibility for transplantation is determined indi-
vidually, taking into account the patient’s performance 
status, the presence of comorbidities, the adequate func-
tion of vital organs, and the patient’s age.2

The latest Poltransplant data indicates that in 2022, 1,135 
auto-HSCTs and 798 allo-HSCTs, including 108 haplo-
HSCTs, were performed in Poland.3

Systemic symptoms of  hematological malignancies 
such as fever, weight loss, weakness, or excessive night 
sweating are associated with various mediators derived 
from cancer cells and cells within the tumor microen-
vironment, including inflammatory and immune cells.4 
In addition to the discomforts associated with the dis-
ease, the treatment entails adverse effects. The mucosa 
of the gastrointestinal tract is damaged after the admin-
istration of chemotherapy. As a result, taste disorders, 
anorexia, nausea, vomiting, diarrhea, and weight loss 
are observed. Chronic leukopenia has been identified 
as a contributing factor in the development of bacterial, 
fungal and viral infections.5 During treatment, there are 
side effects, including deterioration in muscle strength 
and lung function, deterioration in cardiovascular func-
tion, and a decrease in lean body mass, which translates 
into poorer function.6

Yoshida et al. have reported that approx. 2/3 of the study 
patients low muscle mass before HSCT. In  any case, 
we should be aware that there were many patients who 
had already shown low skeletal muscle mass prior to highly 
invasive HSCT.7 Morishita et al. have presented that up 
to 50% of cancer patients suffer from cachexia associated 
with sarcopenia before allo-HSCT.8

Considering the severe course of the disease and in-
tensive treatment fraught with a wide spectrum of com-
plications, while at the same time increasing the survival 
and life expectancy of patients, it becomes very important 
to support cancer patients. There is a high risk of mal-
nutrition and physical deterioration during HSCT. Mo-
hammed et al. identified pre-transplant physical assess-
ment of the patient as an important part of the process for 
monitoring patient improvement and deterioration. They 
also pointed out that patients with hematological malig-
nancies did not always receive the required, appropriate 
rehabilitation.9

While there is no one-size-fits-all protocol that can 
help physiotherapists achieve optimal benefit for pa-
tients with hematological malignancies, studies show 
that patients who engage in thoughtful exercise programs 
are able to better manage activities of daily living and 
require less involvement from their caregivers. By as-
sessing physical fitness prior to  treatment, a physical 
therapist can design an exercise program, which can 
speed up recovery.9

In addition, baseline functional assessment results can 
be helpful not only for guiding hospital rehabilitation but 
also for planning exercises to return to daily functioning 
and work after HSCT.10

Due to the subsequent stages of transplantation (che-
motherapy, additional immunosuppressive treatment 
in allo-HSCT and early and late treatment-related com-
plications, including GvHD), fitness assessment can be 
helpful in  identifying high-risk patients to  implement 
prehabilitation.11
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Objectives

The aim of the study was to assess the physical fitness 
of patients with hematologic malignancies qualified for 
HSCT in the context of an indication for prehabilitation.

Materials and methods

A total of 65 consecutive patients qualified for HSCT 
in the Department of Hematology, Blood Neoplasm and 
Bone Marrow Transplantation of Wroclaw Medical Uni-
versity (Poland) between September 1, 2022, and Septem-
ber 1, 2023, who met the inclusion criteria (see below) 
and signed the patient’s informed consent form (ICF), 
were included in the study. The reference group consisted 
of healthy adults matched by sex and age to the study 
group who met the inclusion criteria for healthy volun-
teers and signed the participant’s ICF (see below). Pa-
tients’ baseline characteristics and treatment details are 
presented in Table 1.

Inclusion and exclusion criteria

The study was assessed based on specific inclusion and 
exclusion criteria. Inclusion criteria for the study group 
were as follows: 1) age between 18 and 75 years at the time 
of  signing the  ICF; 2)  understanding and voluntarily 
signing an ICF prior to any study-related assessments 
or procedures being conducted; 3) confirmed diagnosis 
of hematological malignancy; 4) being qualified for HSCT. 

Inclusion criteria for a reference group were as follows: 
1) age between 18 and 75 years at  the  time of signing 
the ICF; 2) understanding and voluntarily signing an ICF 
prior to any study-related assessments or procedures be-
ing conducted; 3) never treated for cancer; 4) no con-
comitant diseases; 5) no concomitant therapies or medica-
tions. Exclusion criteria for both groups were as follows: 
1) significant medical condition or psychiatric condition 
that would prevent participation in the study; 2) condi-
tion, including the presence of laboratory abnormalities, 
that would place the study participant at unacceptable 
risk if they were to participate in the study; 3) condition 
that would interfere with the ability to interpret the data 
from the study.

Research methods

The detailed clinical study protocol involved partici-
pants performing 3 tests: the 6-minute walk test (6MWT), 
the timed-up and go test (TUG) and the 30-second chair-
stand test (30CST).

The 6MWT was used to determine endurance capacity; 
the TUG was used to assess agility and dynamic balance, 
which is important in activities that require quick maneu-
vers or quick movement decisions; and the 30CST was used 
to assess lower body strength.

All 3 tests in the study group were performed on patients 
after signing the ICF within 3 days prior to the transplant 
conditioning regimen.

The 6MWT was performed in an enclosed space on a flat 
surface 30 m long. Participants had to walk as far as pos-
sible in 6 min. They were instructed to move at a walk-
ing pace, were not allowed to run or trot, and had to turn 
around at the beginning and end of the corridor, maintain-
ing continuity and a walking pace. Before and immediately 
after the test, all participants had their blood pressure and 
heart rate checked. If necessary, the participants were al-
lowed to slow down or rest during the test by sitting down 
in a chair, but the time was not stopped. We measured 
the distance (in meters) the study participant walked dur-
ing the test.

The TUG required the study participants to perform 
a  sequence of  tasks relevant to  independent mobility. 
These included getting up from a chair, walking a dis-
tance of 3 m, turning around, taking the same route back 
to the chair, and sitting down. The result of the TUG was 
the total time (in seconds) required to complete this se-
quence. No loss of balance was allowed during the test. 
The study participant started the TUG in a seated posi-
tion on the chair. At the command “start”, they would 
get up from the chair and walked the designated distance 
of 3 m at the fastest possible pace, then turned around and 
returned to the chair and sat down in the starting position. 
Then they heard the command “stop”.

The 30CST began in an active sitting position on a chair 
(without support). The study participant had their arms 

Table 1. Patients’ characteristics and treatment details

Characteristic Value

Age, Me (Q1–Q3) [years] 57.00 (45.00–64.00)

Sex [n]
male 26

female 39

Indication for 
hematopoietic 
stem cell 
transplantation [n]

AL 20

MDS 3

MPN 8

HL+NHL 13

PCM 18

SAA 3

Previous 
treatment [n]

chemotherapy 58

antineoplastic treatment 
excluding chemotherapy

7

Number 
of previous 
therapy lines [n]

0–1 34

2 19

3 or more 12

Me – median; Q1–Q3 – 1st quartile–3rd quartile; AL – acute leukemia 
(acute myeloid leukemia and acute lymphoblastic leukemia); 
MDS – myelodysplastic neoplasm; MPN – myeloproliferative neoplasm; 
HL + NHL – Hodgkin lymphoma and non-Hodgkin lymphoma; 
PCM – plasma cell myeloma; SAA – severe aplastic anemia.
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crossed. On the “start” command they hey alternated be-
tween standing up to a full standing position and sitting 
down in the chair within 30 s. The tester counted the num-
ber of full repetitions performed. Prior to the test, the study 
participants performed 2–3 test repetitions.

The above tests show high predictive value. They can be 
used to plan, conduct and control the effects of exercises 
and physical activity.12,13

Statistical analyses

Continuous variables were described as  mean with 
standard deviation (SD) or median with minimum and 
maximum values. Categorical variables were provided 
as numbers with frequencies. Normal distribution was 
tested using the Shapiro–Wilk test. The Mann–Whit-
ney U  test was used to  compare outcomes between 
2 groups (study vs reference). The Kruskal–Wallis test 
was performed with post hoc Dunn–Bonferroni depend-
ing on  the  type of diagnosis and the number of  lines 
of systemic therapy. The monotonicity of the relation-
ship between time from diagnosis to transplantation and 
fitness test scores was checked using 2W scatter plots. 
The variable of time from diagnosis to transplantation 
was divided into ranges and the new variable was used 
as the grouping variable, and Kruskal–Wallis test was 
performed with post hoc Dunn–Bonferroni. The charac-
teristics of the groups and the results were presented us-
ing descriptive statistics. All the statistical analyses were 
performed using STATISTICA v. 13.3 (StatSoft Poland, 
Cracow, Poland) and PQ Stat v. 1.8.2 (PQStat Software, 
Poznan/Plewiska, Poland). The results were considered 
statistically significant at p < 0.05.

Ethics

This study complies with the Declaration of Helsinki and 
was approved by the Wroclaw Medical University Ethics 
Committee (approval No. KB-843/2021, date of approval: 
October 28, 2021). 

Results

The study group consisted of 65 patients (26 men and 
39 women) with a mean age of 53.14 ±14.01) (range: 22–74 
years). The reference group consisted of 219 individuals 
(112 men and 107 women) with a mean age of 53.29 ±15.13 
(range: 20–75 years). Prior to the physical fitness assess-
ment, the height and weight of each participant (study 
and reference group) were measured and used to calculate 
body mass index (BMI). The results were compared be-
tween groups and no differences were found (all p > 0.05). 
The results are summarized in Table 2.

Results of physical fitness level

In the 2 tests used, the 6MWT and the 30CST, the mean 
score in the reference group was statistically higher than 
the mean score in the study group. Patients with hema-
tological malignancies had significantly lower endurance 
capacity and significantly lower body strength Assessment 
of dynamic agility and balance, important for activities 
requiring rapid maneuvering, showed no statistically sig-
nificant differences. (Table 3).

For all tests used, a statistically significant difference 
was shown depending on the diagnosis (Fig. 1, Table 4).

A statistically significant difference was observed be-
tween the outcomes of the 6MWT and 30CST tests and 
the number of lines of systemic treatment (Fig. 2, Table 5).

In addition, the monotonicity of the relationship be-
tween the time from diagnosis to transplantation and 
the  results of  the  physical fitness status was checked 
(Fig. 3). As  an  alternative approach, due to  the  non-
monotonic relationship, the variable time from diagnosis 
to transplantation was divided into ranges and the new 
variable was used as a grouping variable. A statistically 
significant difference was observed between the  out-
comes of the physical fitness level, particularly for TUG 
and 30CST and the time from diagnosis to transplanta-
tion (Fig. 4, Table 6).

Table 2. Demographic and clinical results (Mann–Whitney U test; study group vs reference group)

Group n
Age [years]

Me
(Q1–Q3)

Body height [m]
Me

(Q1–Q3)

Body weight [kg]
Me

(Q1–Q3)

BMI
Me

(Q1–Q3)

All (both groups) 284
56.00

(48.00–63.00)
1.70

(1.64–1.76)
76.00

(66.00–86.50)
26.03

(23.36–29.38)

Study group 65
57.00

(45.00–64.00)
1.70

(1.63–1.76)
79.00

(63.00–90.00)
27.14

(23.35–29.76)

Reference group 219
56.00

(49.00–63.00)
1.70

(1.64–1.76)
76.00

(66.00–85.00)
26.02

(23.37–29.29)

Z (study group vs 
reference group)

0.14 0.77 –0.35 –0.97

p-value 0.881 0.438 0.723 0.328

Me – median; Q1–Q3 – 1st quartile–3rd quartile 3; BMI – body mass index; *p < 0.05.
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Table 3. Results of physical fitness level (study vs reference group). Mann–Whitney U test

Group n
6MWT [m]

Me
(Q1–Q3)

TUG [s]
Me

(Q1–Q3)

30CST [n]
Me

(Q1–Q3)

All (both groups) 284
535.00

(437.00–620.00)
6.04

(5.00–7.17)
15.00

(12.00–18.00)

Study group 65
420.50

(379.00–490.00)
6.39

(5.50–7.24)
11.00

(9.00–15.00)

Reference group 219
580.00

(499.00–632.00)
6.00

(5.00–7.07)
15.00

(13.00–18.00)

Z (study group vs reference group) 7.68 –1.53 6.68

p-value <0.001* 0.124 <0.001*

Me – median; Q1–Q3 – 1st quartile–3rd quartile; 6MWT – the 6-minute walk test; TUG – the timed-up and go test; 30CST – the 30-second chair-stand test; 
n – number of repetitions; *p < 0.05.

Fig. 1. Results of 6MWT (A), TUG (B) and 30CST (C) in groups divided by diagnosis (study group) vs reference group

KWT – Kruskal–Wallis test; 6MWT – the 6-minute walk test; TUG – the timed-up and go test; 30CST – the 30-second chair-stand test.

6- minute walk test, KWT: H (6, N = 284) = 62.36 p < 0.001 
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Table 4. The statistical significance of the effect of diagnosis type on physical fitness level in the overall Kruskal–Wallis test with post hoc Dunn–Bonferroni test

Physical fitness 
level test Overall test

Post hoc test

group Ref AL HL + NHL MDS MPN PCM

6MWT <0.001

AL <0.001* – – – – –

HL+NHL 0.007* 1.000 – – – –

MDS 0.130 1.000 1.000 – – –

MPN 0.005* 1.000 1.000 1.000 – –

PCM 0.024* 1.000 1.000 1.000 1.000 –

SAA 0.936 1.000 1.000 1.000 1.000 1.000

TUG 0.010*

AL 1.000 – − − – –

HL+NHL 1.000 0.507 – – – –

MDS 1.000 0.602 1.000 – – –

MPN 1.000 0.700 1.000 1.000 – –

PCM 0.267 0.043* 1.000 1.000 1.000 –

SAA 1.000 1.000 1.000 1.000 1.000 1.000

30CST <0.001*

AL 0.176 – – – – –

HL+NHL 0.005* 1.000 – – – –

MDS 0.043* 1.000 1.000 – – –

MPN 0.025* 1.000 1.000 1.000 – –

PCM 0.001* 1.000 1.000 1.000 1.000 –

SAA 1.000 1.000 1.000 1.000 1.000 1.000

6MWT – the 6-minute walk test; TUG – the timed-up and go test; 30CST – the 30-second chair-stand test; AL – acute leukemia (acute myeloid leukemia and 
acute lymphoblastic leukemia); HL + NHL – Hodgkin lymphoma and non-Hodgkin lymphoma; MDS – myelodysplastic neoplasm; MPN – myeloproliferative 
neoplasm; PCM – plasma cell myeloma; SAA – severe aplastic anemia; Ref – reference group; * p < 0.05.
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Discussion

Prehabilitation is  the  multidirectional preparation 
of the patient for treatment. All activities undertaken are 
intended to prevent the emergence of functional limitations 
that may occur in the patient during and after treatment. 
Its implementation has been shown to reduce the inci-
dence of complications, shorten the duration of hospi-
talization, and have a positive impact on patients’ quality 

of life. However, there are few prehabilitation pathways for 
cancer patients, especially those who are not qualified for 
surgical treatment.14 The lack of prehabilitation standards 
also applies to patients with hematological malignancies. 
At the same time, many publications contain information 
on the negative effects of cancer and anticancer treatment 
on the body, primarily on the deterioration of functional 
parameters, a decrease in muscle strength or cardiovas-
cular fitness or general fatigue.6,15–17

Fig. 2. Results of 6MWT (A), TUG (B) and 30CST (C) in groups divided by the number of lines of treatment (study group) vs reference group

KWT – Kruskal–Wallis test; 6MWT – the 6-minute walk test; TUG – the timed-up and go test; 30CST – the 30-second chair-stand test.
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Fig. 3. Relationship between time from diagnosis to transplantation and 6MWT (A), TUG (B) and 30CST (C)

KWT – Kruskal–Wallis test; 6MWT – the 6-minute walk test; TUG – the timed-up and go test; 30CST – the 30-second chair-stand test.
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Table 5. The statistical significance of the effect of the number of treatment lines on physical fitness level in the overall Kruskal–Wallis test with post hoc 
Dunn–Bonferroni test

Physical fitness level 
test Overall test

Post hoc test

treatment lines 1 2 3

6MWT <0.001*

2 0.884 – 1.000

3 1.000 1.000 –

Ref <0.001* <0.001* 0.006*

TUG 0.097

2 0.791 – –

3 1.000 0.366 –

Ref 1.000 0.103 1.000

30CST <0.001*

2 1.000 – –

3 1.000 1.000 –

Ref <0.001* <0.001* 0.062

6MWT – the 6-minute walk test; TUG – the timed-up and go test; 30CST – the 30-second chair-stand test; 1–3 – the number of lines of treatment; 
Ref – reference group; * p < 0.05.
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The TUG test used in  the study is one of  the  tools 
for assessing frailty, the  identification of which is  im-
portant because it is considered a very strong predictor 
of morbidity, disability and death, especially in elderly 
patients.18 Frailty is characterized by decreased physi-
ological function due to reduced muscle strength and 
endurance, and the prognosis of  frailty syndrome can 
inform the evaluation of several invasive therapies, in-
cluding chemotherapy.19 In addition, according to a study 
by Nascimento et. al., the occurrence of complications 
due to frailty can be prevented by implementing physical 
exercise that is properly adapted to the patient’s general 
condition.18 Hedge and Murthy showed that tradition-
ally used risk stratification parameters such as chrono-
logical age, comorbidity and performance status may not 
fully capture physical function and physiological fitness, 
highlighting the need for improvement in pre-transplant 
assessment (PTA).20

Patients in the study group compared to healthy subjects 
in the reference group performed statistically significantly 
worse in the 30CST, which assessed lower limb muscle 
strength. Similar results in post-transplant patients were 
presented by Morishita et al.,8 who found that the decrease 

in knee joint extensor strength was independent of gender. 
In contrast, a study by Ishikawa et al. showed that lower 
limb extensor strength at the knee joint before transplanta-
tion was a significant factor in reduced extensor strength 
after transplantation.21 At the same time, the function 
of the quadriceps muscle of the thigh is considered to be 
representative and predictive of other skeletal muscles. 
As a result, it can be used to assess the patient’s func-
tional status.22 The fact that the strength of the quadriceps 
femoris muscle is reduced in patients with hematologi-
cal malignancies prior to treatment was also highlighted 
by Granger, who suggested possible reasons for this con-
dition. This situation may be explained by cancer-related 
factors such as decreased protein synthesis with increased 
protein catabolism and increased tumor necrosis factor, 
leading to muscle atrophy and contractile dysfunction.23 
A 2015 study by Fiuza-Luces et al highlighted that the loss 
of muscle mass and strength caused by therapy is a chal-
lenge to recovery, even up to 5 years after HSCT.24 Conse-
quently, prehabilitation targeting muscular strength and 
mass growth seems to be significant. Early exercise may 
help reduce the decline in strength and muscle mass, ac-
cording to research by Liang et al.25

Fig. 4. Results of the 6WMT, TUG and 30CST in groups divided by the time of diagnosis to transplantation in the study group

KWT – Kruskal–Wallis test ; 6MWT – the 6-minute walk test; TUG – the timed-up and go test; 30CST – the 30-second chair-stand test.
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Table 6. The statistical significance of the effect of the time from diagnosis to transplantation on physical fitness level in the overall Kruskal–Wallis test with 
post hoc Dunn–Bonferroni test

Physical fitness 
level test Overall test

Post hoc test

time to 
transplantation <6 months 6 months–1 year 1–2 years

6MWT 0.054

6 months–1 year 0.421 – –

1–2 years 1.000 0.066 –

> 2 years 1.000 1.000 0.656

TUG 0.005*

6 months–1 year 1.000 – –

1–2 years 0.024* 0.223 –

> 2 years 0.024* 0.252 1.000

30CST 0.006*

6 months–1 year 1.000 – –

1–2 years 0.414 0.121 –

> 2 years 0.121 0.016* 1.000

6MWT – the 6-minute walk test; TUG – the timed-up and go test; 30CST – the 30-second chair-stand test; * p < 0.05.
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Significant differences were also observed in the 6MWT 
results. Patients with hematological malignancies were able 
to walk a shorter distance compared to healthy partici-
pants, indicating poorer endurance performance. Similar 
findings were reported by Potiaumpai et al., who compared 
the results of the 6MWT in transplant-eligible patients 
with those of healthy subjects of a similar age. The results 
for healthy adults ranged from 417.76 m to 582.22 m for 
women and from 416.69 m to 713.94 m for men. In com-
parison, patients achieved significantly lower results, with 
women ranging from 91.44 m to 487.68 m and men ranging 
from 243.84 m to 655.32 m.26 Some patients with hemato-
logical malignancies have also been shown to have poorer 
endurance and lower limb strength at the time of diagno-
sis, several months before treatment.23 A meta-analysis 
by Liang et al. showed that exercise had a beneficial ef-
fect on patients’ lower muscle strength, fatigue and qual-
ity of life. It is recommended that patients begin exercise 
as soon as possible after diagnosis.25

The type of diagnosis also appears to be important. Com-
pared with the reference group, significantly lower scores 
were observed for MPN, lymphoma and PCM on the 6MWT 
and 30CST, for AL on the 6MWT and for MDS on the 30CST. 
Hematological malignancies are a group of diseases with 
different symptom profiles. With this in mind, prehabilita-
tion planning would need to take into account the expected 
condition of the patient, depending on the diagnosis and 
the time between diagnosis and transplantation.

In the 1990s, some patients were still advised to adopt 
a sedentary lifestyle.27 For patients with hematological dis-
orders, rest and avoidance of strenuous exercise are often 
recommended because of the frequent occurrence of cyto-
penias.28 But is this the right approach? This study clearly 
showed that in 2 of 3 tests, patients with hematological 
neoplasms performed statistically significantly worse than 
the healthy group. This means that patients are already 
impaired before starting treatment. As many authors have 
pointed out, the introduction of heavy treatment, with its 
many complications, has led to a further deterioration in pa-
tients’ fitness.8,29,30 Therefore, it is reasonable that patients 
should be advised at the time of diagnosis to exercise ac-
cording to their capabilities to maintain physical fitness and 
minimize treatment side effects. Wiskemann et al. showed 
that exercise is beneficial at all stages of treatment.31 It seems 
most appropriate to use exercise and proper nutrition in pa-
tients after diagnosis to prepare them for treatment.32 Hegde 
and Murthy also emphasized early involvement in physical 
training to avoid a lack of physical mobility.20

Only in certain cases should exercise be avoided. Ab-
solute contraindications to physical training include: 
acute phase of infection; fever; severe pain and increased 
pain due to movement; platelet count below 10,000/µL; 
acute bleeding; and hemoglobin level below 8 g/dL with 
oxygen deficiency. At the same time, the contraindica-
tions listed do not preclude participation in activities 
of daily living.27

Limitations

The study has the advantage of presenting fitness results 
between a group of healthy volunteers and patients with 
hematological malignancies. Thanks to this comparison, 
we know the importance of both prehabilitation and re-
habilitation in patients with hematological disorders prior 
to treatment. One of the biggest limitations of this study 
is the size of the study group. Ultimately, we plan to expand 
the number of people studied so that we can determine 
functional status with greater accuracy, depending at least 
on the diagnosis and/or age and sex.

Conclusions

The significant discrepancy in functional performance 
between the groups confirms the impact of hematological 
disorders on the deterioration of patients’ fitness and in-
dicates the need for individualized rehabilitation manage-
ment depending on the type of diagnosis and time between 
diagnosis and transplantation. At the same time, poorer 
pre-treatment physical fitness may affect functional status 
post-treatment. This highlights the need for rehabilitation 
support for patients with hematological malignancies both 
before and during treatment.

Future research directions

It seems important to create a protocol for the prehabilita-
tion and rehabilitation management of patients with hema-
tological malignancies in order to help specialists select ap-
propriate parameters for patients to exercise. To achieve this 
objective, it is necessary to study the impact of different types 
of training on the functional status of patients in the pre- and 
peri-transplant periods. With reference to information from 
the available literature, it is also necessary to study the im-
pact of prehabilitation on the treatment process, taking into 
account changes in patients’ functional status.

Supplementary data

The Supplementary materials are available at https://
doi.org/10.5281/zenodo.13989751. The package includes 
the following files:

Supplementary Fig. 1. Assessment of age (years) normal-
ity using the Shapiro–Wilk test.

Supplementary Fig. 2. Assessment of body height (m) 
normality using the Shapiro–Wilk test.

Supplementary Fig. 3. Assessment of body weight (kg) 
normality using the Shapiro–Wilk test.

Supplementary Fig. 4. Assessment of BMI normality us-
ing the Shapiro–Wilk test.

Supplementary Fig. 5. Assessment of 6MWT results nor-
mality using the Shapiro–Wilk test.
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Supplementary Fig. 6. Assessment of TUG results nor-
mality using the Shapiro–Wilk test.

Supplementary Fig. 7. Assessment of 30CST results nor-
mality using the Shapiro–Wilk test.
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Abstract
Background. Diabetic nephropathy (DN), the most severe microvascular consequence of diabetes mellitus 
(DM), is the precursor to end-stage renal disease (ESRD). The development of problems linked to DN involves 
both oxidative damage and inflammation. Natural flavone acacetin (AC) has anti-inflammatory, antioxidant 
and anti-cancer properties. However, the effect of AC on DN is not clear.

Objectives. To investigate potential nephroprotective effects of AC caused by reducing inflammation and 
oxidative stress via the TLR4/NF-κB pathway in rats with streptozotocin (STZ)-induced DN.

Materials and methods. In this study, we investigated the nephroprotective effect of AC compared 
to that of a positive control therapy of irbesartan (IRB) in DN induced with STZ. In this model, rats were given 
an intraperitoneal injection of STZ (180 mg/kg body weight (BW)), along with daily doses of AC (10 mg/kg 
BW) or IRB (180 mg/kg BW) to induce DN. Histopathology, albumin, blood glucose (Bg), BW, oxidative stress 
indicators, and western blot of inflammatory signaling pathways in the kidney were examined.

Results. Reduction of blood glucose, proteinuria, serum malondialdehyde (MDA), serum creatinine, and 
blood urea nitrogen (BUN), as well as the inhibition of toll-like receptor 4 (TLR4), high mobility group box 1 
(HMGB1) and nuclear factor kappa B (NF-κB) protein expression were observed. These data demonstrated 
that AC could improve BW, antioxidant enzyme and renal histopathology in rats with STZ-induced DN.

Conclusions. Results from the rat model highlight how AC-suppressed inflammation and oxidative stress 
can attenuate STZ-induced DN by downregulating the TLR4/NF-κB pathway in rats.

Key words: inflammation, diabetic nephropathy, oxidative stress, acacetin, TLR4/NF-κB signaling
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Background

Diabetes mellitus (DM) is an endocrine illness caused 
by an acquired or inherited deficit of insulin formation.1 
Nearly 537 million adults suffered from DM in 2021, and 
it is predicted to affect 783 million by 2045.2 Diabetes ne-
phropathy (DN) is one of the severe enduring complica-
tions of DM resulting in hyperglycemia, proteinuria and 
reduced glomerular filtration rate (GFR). Diabetes ne-
phropathy has an average occurrence of almost 3% per year 
throughout the initial 10–20 years after the onset of DM.3,4 
Around 30–40% of DM patients develop DN that advances 
to renal injury,5 which can lead to chronic kidney failure 
and end-stage renal disease (ESRD). Characteristic patho-
genesis related to DN resulting in kidney failure and ESRD 
comprises hypertrophy, glomerular hyperfiltration, base-
ment membrane hardening, nodular glomerulosclerosis, 
mesangial matrix accretion, and proteinuria.6 Advanced 
kidney damage can result in lipid disorders, inflammation, 
hemodynamic abnormalities, oxidative stress, apoptosis, 
and the release of inflammatory mediators and cytokines,7 
all of which can trigger inflammation, hyperproduction 
of reactive oxygen species (ROS) and mitochondrial im-
pairment.8 The pathogenesis of DN is not fully understood 
owing to its complex nature,9 and existing therapeutic ap-
proaches cannot efficiently prevent the progression of DN, 
warranting further in-depth research.

Generally, DN has been regarded as an endocrine and 
metabolic disorder that, through hyperglycemia, worsens 
inflammation and triggers the stimulation and discharge 
of numerous chemokines, cytokines, growth factors, and 
cell adhesion molecules.10,11 It has been established that 
toll-like receptor 4 (TLR4)/nuclear factor kappa B (NF-κB) 
is a central signaling pathway that plays a critical role in DN 
by facilitating immune-inflammatory reactions.12,13 High 
mobility group box 1 protein (HMGB1) is a vastly non-
histone conserved protein that belongs to a highly migra-
tory protein family.14 The HMGB1 pathway is mostly inter-
mediated by glycation end-product receptors and toll-like 
receptors (TLRs). The HMGB1 extracellular domain and 
its receptors trigger monocytes/macrophages, ultimately 
leading to NF-κB stimulation and production of pro-in-
flammatory mediators. The NF-κB is a ubiquitous and 
significant nuclear transcription element that facilitates 
numerous inflammatory pathways.15 Stimulation of NF-κB 
may induce the expression of HMGB1 and its receptors, lib-
erating cytokines that promote monocyte and macrophage 
stimulation. In the innate immune system, pattern recogni-
tion receptors of conserved families of TLRs stimulate in-
flammatory downstream signaling in reaction to microbial 
exogenous agents.16 Triggering of TLRs signal is connected 
with the stimulation of NF-κB activity and results in ele-
vated chemokine and cytokine release, including monocyte 
chemoattractant protein 1 (MCP1), interleukin (IL)-1β and 
IL-6, which sequentially induce native inflammation and 
accretion of the leukocyte.17,18 Specifically, TLR4 has been 

shown to be involved in the pathogenesis of severe kidney 
damage, the incidence of DN and prolonged kidney ill-
nesses.19 The downstream effector of the TLR4 signaling 
is NF-κB, and it is widely thought that activation of NF-κB 
has a fundamental role in inflammation in the kidney dur-
ing DN progression.16 Hence, we hypothesize that TLR4/
NF-κB signaling pathway suppression is capable of reduc-
ing the renal inflammatory responses associated with DN.

Acacetin (AC) is an O-methylated flavone sequestered 
from many herbal plants, including Betula pendula, Rob-
inia pseudoacacia, Carthamus tinctorius, and Turneradif-
fusa.20,21 Acacetin has displayed numerous neuroprotec-
tive, antioxidant, anti-peroxidative, and anti-inflammatory 
effects, and has shown activity against prostate, lung, skin, 
and breast carcinomas.22–26 Acacetin exerts a protective 
influence in assorted cardiovascular diseases, including 
atherosclerosis, atrial fibrillation, doxorubicin-induced 
cardiomyopathy, and ischemia/reperfusion (I/R) heart 
injury.27–31 Recently, it  has been documented that AC 
mitigates the PPAR-α/AMPK pathway in  streptozotocin 
(STZ)-induced diabetic cardiomyopathy by constraining 
energy metabolism and oxidative stress.32 Acacetin re-
pressed E-selectin manifestation by the MAPK signaling 
and NF-κB stimulation in human umbilical vein endo-
thelial cells (HUVECs).33 Acacetin has also demonstrated 
the ability to avert cyclooxygenase-2 (COX-2) and inducible 
nitric oxide synthase (iNOS) inflammatory mRNA levels 
in RAW 264.7 cells by suppressing NF-κB triggering via 
involving with the MAPK and PI3K/Akt/IKK signaling.34 
Furthermore, a prior study reported that AMPK-facilitated 
Nrf2 triggering by AC is included in cardiomyocyte de-
fense counter to re-oxygenation and hypoxic harm by its 
anti-inflammatory, anti-oxidative and anti-apoptotic ac-
tions.29 Together, these results illustrate the contribution 
of AC in inflammation-related disorders and oxidative 
stress. However, the effect of AC on DN has not been com-
pletely explored.

Streptozotocin is an effective experimental model for 
inducing DN, as it selectively abolishes pancreatic β-cells 
by producing ROS, which affects insulin secretion.35 Strep-
tozotocin produces an inflammatory reaction by discern-
ingly abolishing islets of β-cells through manifold con-
secutive injections, which cause additional impairment 
of β-cell function that leads to decreased insulin and high 
glucose levels.36 Consequently, multiple consecutive in-
jections of the STZ are generally employed for creating 
experimental DM animal models.35,36

Objectives

Our research aims to examine the possible nephro-
protective mechanisms of AC using an STZ-induced DN 
model in rats and confirm the hypothesis that AC amelio-
rates oxidative stress and inflammation through the regu-
lation of the TLR4/NF-κB pathway.
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Materials and methods

Chemicals

Acacetin and biochemicals were purchased from Ruicong 
Ltd (Shanghai, China). Streptozotocin was obtained from No-
vartis (Beijing, China). Irbesartan (IRB) was delivered by Sun 
Pharmaceutical Industries Ltd (Shanghai, China). Antibodies 
for western blot analysis were bought from Ese-Bio (Shanghai, 
China). Analytical-grade biochemicals and solvents were used.

Experimental animals

A total of  40  adult male Sprague Dawley rats aged 
8–10 weeks and weighing between 180–200 g were selected 
1 week prior to trials. Animals were preserved in aseptic poly-
propylene cages under specified laboratory environment, and 
nourished with a regular pellet diet ad libitum. All treatment 
protocols were piloted according to the animal ethical com-
mittee of the ChunanCounty Traditional Chinese Medicine 
Hospital, Hangzhou, China (approval No. 024).

Induction of diabetes mellitus

Animals were starved overnight and then STZ (180 mg/kg 
body weight (BW))37 dissolved in 0.1 M citrate buffer (pH 4.5) 
was injected intraperitoneally (i.p.). After the 3rd day of STZ 
administration, sample blood was collected by tail puncture, 
and blood glucose (BG) levels were tested using a glucometer 
(LifeScan Inc., Malvern, USA).. Animals with BG levels above 
300 mg/dL were identified as the diabetic controls.38

Investigational protocol

Rats were separated into a normal control group and 
3 diabetic groups, with 10 rats in each. They were divided 
into 4 sets: normal control (NC); diabetic control (DC), 
DC+IRB (180 mg/kg/day); and DC+AC (10 mg/kg/day) 
for 8 weeks. On completion of the experimental period, 
animals were starved for 12 h and sedated with pento-
barbital sodium (i.p., 45 mg/kg).39 Blood samples were 
collected through cardiac puncturing of the retro-orbital 
and various biochemical parameters were estimated after 
sacrificing the animals. Centrifugation was performed 
at 10 × g rpm for 15 min for the separation of serum, and 
the separated serum sample was kept at –80°C for future 
use. The kidney was weighed, sliced and fixed in a 10% 
formalin-neutral buffer for histopathological examination.

Estimation of body weight and blood 
glucose level

Body weight and BG were determined at 2-week intervals 
using blood samples taken by tail puncture in the lateral 
vein. Blood glucose levels were tested using a glucometer 
(LifeScan Inc.)

Biochemical analysis

The levels of blood urea nitrogen (BUN) and creatinine 
(Cr) in urine and serum were estimated spectrophotomet-
rically using the commercial assay kits cat. No. ab83362 
(Jiancheng Bioengineering Institute, Nanjing, China) 
in an Olympus AU 600 Autoanalyzer (Olympus Corp., 
Tokyo, Japan). Malondialdehyde (MDA) and total superox-
ide dismutase activity (T-SOD) in serum and kidney were 
measured with commercial assay kits cat. No. ab118907 
provided by Biomed (Badr City, Egypt). The quantity of mi-
croalbuminuria (m-ALB) was assayed by commercial kit 
cat. No. E-TSEL-H0005 (Elabscience Biotechnology, Wu-
han, China) as per the manufacturer’s protocol.

Histopathological analysis of kidney

For histopathological examination, the  kidney was 
separated, tissues fixed with formalin (10%) and paraf-
fin-embedded. To evaluate histopathological variations 
in the kidneys, 5-µm sections were cut using rotary mi-
crotome (HV-HSMA-1090A; Hoverlabs, Ambala, India) 
stained with hematoxylin and eosin (H&E), and observed 
through a microscope (BS-2074T; Beijing BestScope Tech-
nology Co., Ltd., Beijing, China).

Analysis of western blot

Total proteins were isolated from the rat’s kidney tis-
sue homogenate for the assessment of the role of AC and 
IRB on the signaling of TLR4/NF-κB. Kidney tissues were 
prepared by adding lysis buffer in ice-cold conditions for 
western blot analysis. Briefly, total protein was estimated 
using the Protein Assay Kit (Pierce Chemical Co, Rock-
ford, USA), quantified, electrophoretically dispersed, and 
transferred to a polyvinylidene difluoride (PVDF) film. 
It was blocked by using a probe at room temperature for 
1 h with treated primary antibodies TLR4, interleukin 1 
receptor-associated kinase 4 (IRAK4), tumor necrosis 
factor receptor-associated factor 6 (TRAF6), inhibitory 
kappa B kinase beta (IKKβ), nuclear factor kappa-light-
chain-enhancer of  activated B  cells (NF-κBp65), and 
HMGB1. in 1:1,000 dilutions, and kept at 4°C overnight. 
Then, horseradish peroxidase (HRP)-conjugated second-
ary antibodies were administered. The  protein bands 
were stained and imaged for protein recognition. Protein 
bands were quantified through densitometry with ImageJ 
(National Institutes of Health (NIH), Bethesda, USA) and 
normalized to glyceraldehyde 3-phosphate dehydrogenase 
(GAPDH) expression.

Statistical analyses

The data from each group were analyzed statistically 
using GraphPad Prism v. 8.0.2 (GraphPad Software, San 
Diego, USA) and IBM SPSS v. 25 (IBM Corp., Armonk, 
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USA). The measurement data were reported as the median 
(min–max). The normality of the distribution was tested 
using the Kolmogorov–Smirnov test. Since all the distri-
butions were normal, the Brown–Forsythe test was used 
to establish the equality of variances. Significant differences 
between multiple groups were analyzed using the Kruskal–
Wallis test, and Dunn’s post hoc test was used for multiple 
comparisons. If p < 0.05, the data divergence was considered 
statistically notable. All tests in this study were bilateral.

Results

The results of the Kruskal–Wallis test and Dunn’s post 
hoc test are presented in Tables 1,2.

Influence of acacetin on body weight and 
blood glucose levels

The body weight (BW) gain was considerably reduced 
(p < 0.05) in DC rats, whereas the BG level was substan-
tially elevated (p < 0.01) against NC (Table 1, Fig. 1,2). 

Administration of IRB (180 mg/kg) and AC (10 mg/kg) 
considerably (p < 0.05) enhanced BW gain; however, they 
reduced the level of BG during the experiment period. 
The effect was higher in IRB-treated DC rats than in AC-
treated rats.

Influence of acacetin on microalbuminuria 
and diabetic nephropathy factors

As  shown in  Table 1, and Fig. 3A, STZ administra-
tion expressively (p  <  0.01) increased the  level of  mi
croalbuminuria (m-ALB), BUN and Cr in serum, whereas 
the levels of Cr and BUN were significantly (p < 0.05) lower 
in urine, confirming that STZ-administration could cause 
DN in rats (Table 1, Fig. 3B). Irbesartan and AC may inverse 
this inclination significantly (p < 0.05), as revealed by a re-
duced level of BUN, m-ALB, and Cr in serum, while el-
evated BUN and Cr were significant in urine. On the other 
hand, IRB and AC considerably (p < 0.05) reduced the m-
ALB contained in the 24-h urine sample. These results 
established that IRB and AC could relieve STZ-induced 
renal impairments.

Table 1. Comparison of groups

Variables Group I (n = 6) Group II (n = 6) Group III (n = 6) Group IV (n = 6) Test value (H)** p-value*

BW week-2 27.11 (24.66–29.54) 26.36 (23.98–28.72) 25.38 (23.09–27.65) 25.20 (22.92–27.46) 2.26 0.519

BW week-4 31.26 (28.44–34.06) 23.81 (21.66–5.94) 22.43 (20.40–24.44) 21.30 (19.37–23.21) 15.62 0.001

BW week-6 35.12 (31.94–38.26) 25.20 (22.92–27.46) 27.61 (25.12–30.08) 24.19 (22.00–26.36) 16.66 0.001

BW week-8 41.27 (37.54–44.96) 29.18 (26.54–31.80) 34.76 (31.62–37.88) 30.24 (27.51–32.95) 17.87 <0.001

BG week-2 4.74 (4.31–5.17) 14.73 (13.40–16.06) 13.30 (12.10–14.50) 13.50 (12.29–14.72) 16.67 0.001

BG week-4 4.91 (4.47–5.35) 19.77 (17.98–21.54) 11.35 (10.33–12.37) 12.05 (10.97–13.13) 19.68 <0.001

BG week-6 5.13 (4.67–5.59) 20.82 (18.94–22.68) 14.51 (13.20–15.82) 15.11 (13.74–16.46) 19.68 <0.001

BG week-8 6.35 (5.78–6.92) 22.12 (20.12–24.10) 8.40 (7.64–9.16) 11.24 (10.23–12.25) 21.60 <0.001

mALB 51.27 (46.64–55.86) 99.79 (90.76–108.72) 55.33 (50.32–60.28) 61.96 (56.36–67.50) 18.62 <0.001

Urine-Cr 220.61 (200.66–240.35) 68.12 (61.96–74.22) 140.42 (127.72–152.98) 170.48 (155.06–185.74) 21.60 <0.001

Serum-Cr 81.79 (74.39–89.11) 241.07 (219.26–262.64) 87.54 (79.63–95.38) 160.38 (145.87–174.73) 19.68 <0.001

Urine-BUN 999.40 (909.00–1088.80) 535.52 (487.08–583.42) 850.47 (773.55–926.55) 740.47 (673.49–806.71) 20.007 <0.001

Serum-BUN 12.60 (11.47–13.73) 35.19 (32.00–38.34) 23.06 (20.98–25.12) 26.16 (23.80–28.50) 20.74 <0.001

Serum-T-SOD 315.36 (286.83–343.57) 115.96 (105.47–126.33) 230.91 (210.03–251.57) 208.50 (189.64–227.16) 20.74 <0.001

Kidney-T-SOD 740.52 (673.54–806.76) 610.83 (555.58–665.48) 651.07 (592.18–709.32) 625.71 (569.11–681.69) 11.12 0.011

Serum-MDA 15.92 (14.48–17.34) 129.33 (117.64–140.90) 31.36 (28.53–34.17) 57.43 (52.23–62.57) 21.60 <0.001

Kidney-MDA 43.97 (39.99–47.91) 37.06 (33.71–40.37) 41.77 (37.99–45.51) 40.53 (36.86–44.16) 9.54 0.023

TLR4 1.00 (0.91–1.09) 1.74 (1.58–1.90) 0.86 (0.78–0.94) 1.07 (0.97–1.17) 18.53 <0.001

IRAK4 1.00 (0.91–1.09) 1.61 (1.47–1.75) 0.92 (0.84–1.00) 1.12 (1.02–1.22) 19.12 <0.001

TRAF6 1.00 (0.91–1.09) 2.04 (1.86–2.22) 0.73 (0.66–0.80) 1.20 (1.09–1.31) 21.52 <0.001

Iκκβ 1.00 (0.91–1.09) 2.19 (1.99–2.39) 1.05 (0.96–1.14) 1.32 (1.20–1.44) 19.71 <0.001

NF-κBp65 1.00 (0.91–1.09) 1.59 (1.45–1.73) 0.58 (0.53–0.63) 0.73 (0.66–0.80) 21.65 <0.001

HMGB1 1.00 (0.91–1.09) 1.41 (1.28–1.54) 0.57 (0.52–0.62) 0.94 (0.86–1.02) 19.74 <0.001

Data were present as median (min and max); *p-value was generated from Kruskal–Wallis test with Dunn’s test; **degrees of freedom is equal to 3.  
BW – body weight; BG – blood glucose; mALB – microalbuminuria; Cr – creatinine; BUN – blood urea nitrogen; T-SOD – total superoxide dismutase; 
MDA – melanaldehyde; TLR4 – toll-like receptor 4; IRAK4 – interleukin 1 receptor-associated kinase 4; TRAF6 – tumor necrosis factor receptor-associated 
factor 6; IKKβ –inhibitory kappa B kinase beta; NF-κBp65 – nuclear factor kappa-light-chain-enhancer of activated B cells; HMGB1 – high mobility group box 1.
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Fig. 1. Effect of acacetin (AC) on body weight 
(BW) level in control and diabetic control (DC) 
rats. Results were described as median (min–max) 
of 6 observations, and the significance was 
considered as #p < 0.01 and *p < 0.05 against 
normal control (NC)

Table 2. Results of the Dunn’s post hoc test

Explained variable 1 vs 2 1 vs 3 3 vs 2 4 vs 1 4 vs 2 4 vs 3

BW week-2 0.519 0.519 0.519 0.519 0.519 0.519

BW week-4 0.203 0.020 1.000 0.001 0.615 1.000

BW week-6 0.009 0.362 1.000 0.001 1.000 0.362

BW week-8 0.001 0.668 0.148 0.008 1.000 0.615

BG week-2 0.000 0.202 0.362 0.042 1.000 1.000

BG week-4 0.000 0.300 0.086 0.086 0.300 1.000

BG week-6 0.000 0.300 0.086 0.086 0.300 1.000

BG week-8 0.000 0.850 0.020 0.020 0.850 0.850

mALB 0.000 1.000 0.008 0.120 0.615 0.668

Urine-Cr 0.000 0.020 0.850 0.850 0.020 0.850

Serum-Cr 0.001 1.000 0.004 0.086 0.850 0.300

Urine-BUN 0.000 0.991 0.022 0.048 0.615 1.000

Serum-BUN 0.000 0.615 0.033 0.033 0.615 1.000

Serum-T-SOD 0.000 0.615 0.033 0.033 0.615 1.000

Kidney-T-SOD 0.010 0.273 1.000 0.068 1.000 1.000

Serum-MDA 0.000 0.850 0.020 0.020 0.850 0.850

Kidney-MDA 0.020 1.000 0.133 1.000 0.615 1.000

TLR4 0.054 0.613 0.000 1.000 0.299 0.133

IRAK4 0.011 1.000 0.000 0.845 0.610 0.085

TRAF6 0.021 0.815 0.000 0.916 0.815 0.021

Iκκβ 0.001 1.000 0.004 0.085 0.848 0.299

NF-κBp65 0.847 0.019 0.000 0.847 0.019 0.847

HMGB1 0.298 0.085 0.000 1.000 0.085 0.298

BW – body weight; BG – blood glucose; mALB – microalbuminuria; Cr – creatinine; BUN – blood urea nitrogen; T-SOD – total superoxide dismutase; 
MDA – melanaldehyde; TLR4 – toll-like receptor 4; IRAK4 – interleukin 1 receptor-associated kinase 4; TRAF6 – tumor necrosis factor receptor-associated 
factor 6; IKKβ – inhibitory kappa B kinase beta; NF-κBp65 – nuclear factor kappa-light-chain-enhancer of activated B cells; HMGB1 – high mobility group box 1.
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Fig. 2. Effect of acacetin (AC) on blood glucose 
(BG) level of control and diabetic control (DC) 
rats. Results were described as median (min–max) 
of 6 observations, and the significance was 
considered as #p < 0.01 and *p < 0.05 against 
normal control (NC)

Fig. 3. Effect of acacetin (AC) on 24 h micro
albuminuria (m-ALB) and diabetic nephropathy 
(DN) factors in urine and serum on diabetic 
control (DC) rats. The level of urine (A) 
microalbuminuria (m-ALB) and (B) creatinine 
(Cr) urine blood urea nitrogen (BUN), serum 
Cr and serum BUN. Results were described 
as median (min–max) of 6 observations, and 
the significance was considered as #p < 0.01 and 
*p < 0.05 against normal control (NC)
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Histopathological investigation of kidney

Histopathological analysis of the kidney of DC rats de-
picted apparent glomerulus hypertrophy, mesangial cells 
proliferation, expanded Bowman’s capsule, hyperplasia, 
basement tissue thickening, infiltration of  inflamma-
tory cells, and a few vacuolar tubular cells collapse with 
glycogen accumulation, in contrast to NC rats (Fig. 4). 
Conversely, the rats administered with IRB and AC dem-
onstrated less Bowman’s capsule expansion, slight thick-
ening of mesangial cells, absence of palpable extension 
of the glomerulus, and mild glycogen accumulation due 
to their nephroprotective effects.

Effects of acacetin on oxidative markers 
in serum and kidney

Oxidative markers in DC rats revealed that T-SOD status 
in serum was reduced substantially, while there was no appar-
ent alteration in the contents of T-SOD in renal cells (Table 1, 
Fig. 5). In DC model rats, the T-SOD content was expressively 
(p < 0.01) less in serum than that in the NC, whereas the IRB 
and AC group had significantly (p < 0.05) elevated T-SOD 
level. The concentration of serum MDA was considerably el-
evated (p < 0.01) in DC rats, whereas the MDA dropped to near 
ordinary levels in STZ-induced rats administered IRB and AC. 
No statistical difference (p < 0.05) was noted in the MDA level 
of the kidneys between groups. These results suggest that IRB 
and AC could attenuate oxidative stress and improve the an-
tioxidant status in the STZ-induced DN rat model.

Fig. 4. Effect of acacetin (AC) on the histopathology of kidney in control and diabetic control (DC) rats. Kidney portions were stained with hematoxylin 
& eosin (H&E). Scale bar = 50 μm. Group I – normal control (NC) group depicting normal histology of the kidney cells. Group II – DC rats displayed 
apparent glomerulus hypertrophy, proliferation of mesangial cells, expanded Bowman’s capsule, hyperplasia, hardening of basement tissue, and glycogen 
deposition. Group III and IV – rats administered with irbesartan (IRB) (180 mg/kg) and AC (10 mg/kg) demonstrated an absence of palpable extension 
of the glomerulus, slight thickening of mesangial cells, relief of the Bowman’s capsule expansion, and reduced glycogen level
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Fig. 5. Effect of acacetin (AC) on oxidative 
markers of control and diabetic control (DC) rats. 
The levels of serum total superoxide dismutase 
activity (T-SOD), malondialdehyde (MDA) 
and T-SOD, and MDA levels in kidney tissue. 
Results were described as median (min–max) 
of 6 observations, and the significance was 
considered as #p < 0.01 and *p < 0.05 against 
normal control (NC)

Fig. 6. Nephroprotective effect of irbesartan (IRB) and acacetin (AC) on streptozotocin (STZ)-
induced diabetic nephropathy (DN) rats through TLR4/NF-κB signaling pathway. The protein 
expression of toll-like receptor 4 (TLR4), IRAK4, Iκκβ, nuclear factor kappa B (NF-κB) p65, and 
high mobility group box 1 (HMGB1) was determined with western blot. Results were described 
as median (min–max) of 6 observations, and the significance was considered as #p < 0.01 and 
*p < 0.05 against normal control (NC)
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Analysis of TLR4/NF-κB pathway

Streptozotocin-induced DC rats were seen to expres-
sively upregulate HMGB1 (p < 0.01) and TLR4/NF-κB 
compared to  the NC group, signifying that the TLR4/
NF-κB pathway was triggered in  the STZ-induced DN 
rats (Table 1, Fig. 6). These proteins were considerably 
(p < 0.05) downregulated after treatment with IRB and 
AC, suggesting that AC can avert the pathway of TLR4/
NF-κB in DN rats by exhibiting nephroprotective action 
against renal inflammation.

Discussion

Streptozotocin-induced DM affects the β-cells damage 
in the islets of Langerhans due to depleted insulin secre-
tion, which further induces diabetes-associated complica-
tions, particularly DN.35,36 In the present research, STZ-
induced rats exhibited characteristic features of DM, such 
as loss of BW and high glucose levels, along with enhanced 
renal tissue impairment. Diabetic nephropathy, as a severe 
microvascular complication, shows histologically signifi-
cant renal injury, including glomerulosclerosis, mesangial 
dilatation, renal tubule interstitial fibrosis, and harden-
ing of the glomerular basement membrane, progressively 
diminishing the normal function of the kidneys.5,6 This 
persistent disorder is mostly related to a constant elevation 
of proteinuria and a severe decline in the GFR. Throughout 
the course of DM, BW reduction is a main complication 
of DN, and our results also showed reduced BW in STZ-
prompted DN in rats. It has been previously reported that 
dehydration and catabolism of protein, as well as  fats, 
lead to the loss of BW after STZ administration.40 In DN 
progression, proteinuria is a vital index, as it directly re-
veals kidney function through GFR and renal tubular re-
absorption.3,4 This study demonstrated that AC not only 
effectively attenuated renal histopathological damage and 
BG levels, but also increased serum Cr, BUN and m-ALB 
24-h urinary protein. Acacetin treatment considerably 
increases BW owing to its potential effect in preventing 
the wasting of muscle. Streptozotocin can affect the func-
tion of the β-cells of the islets of Langerhans, subsequently 
restraining insulin discharge, which in turn forms hyper-
glycemia and DM-allied complications, including DN. Our 
research aimed to assess the protective mechanism of AC 
against oxidative stress and inflammation and its ability 
to exert nephron protection from STZ-incited DN in rats. 
To the best of our knowledge, this study offers the first 
evidence for the potential of AC against kidney impairment 
in the STZ-prompted DN model.

Hyperglycemia is the key mark of DM, which generates 
extreme ROS within the body and leads to elevated levels 
of cytokines formation, hastening renal cell destruction. 
The joint action of inflammation and oxidative stress has 
a precise, crucial role in the pathogenesis and progression 

of renal impairment in DM. In DM, extreme ROS gen-
eration can lessen the activity of the antioxidant defense 
mechanism that causes the oxidation of DNA, proteins 
and lipids after DN.7,8 Furthermore, high BG is susceptible 
to oxidative stress-prompted cell injury caused by attenu-
ation of antioxidant capability in glycation of scavenging 
enzymatic antioxidants comprising glutathione peroxide 
(GPx) and superoxide dismutase activity (SOD). This may 
be attributed to the connection of glucose with proteins 
to form advanced glycation end products (AGEs), which 
deactivate enzymatic antioxidants by blocking receptors.15 
In STZ-induced DM in rat models, inflammation and oxi-
dative stress have a crucial role in the progression of DN. 
In our research, STZ-induced DN exhibited elevated levels 
of MDA; conversely, T-SOD levels were considerably lower 
(p < 0.05) than in the control. The administration of AC 
(10 mg/kg BW) lowered the MDA levels while elevating 
the T-SOD level significantly (p < 0.05) in contrast to STZ-
induced DN control rats. These findings support the theory 
that the ROS foraging by AC may be moderately connected 
to the enhanced action of enzymatic antioxidants and anti-
inflammatory effects.22–26 Lipid peroxidation products, 
such as MDA, are used as a marker of tissue impairment 
due to increased ROS formation. Streptozotocin is recog-
nized to enhance MDA levels in tissues of several organs, 
particularly kidneys.22,23 Acacetin was reported to atten-
uate kidney damage by suppressing oxidative stress and 
apoptosis in mice models.41 An earlier study has recognized 
that AC mitigates STZ-induced diabetic cardiomyopathy 
by averting oxidative stress and energy metabolism via 
PPAR-α/AMPK signaling.32 Another study concluded that 
AC could diminish the inflammatory reaction of myo-
cardial tissue by constraining the levels of IL-6 and TLR4 
signaling. Myocardial cell apoptosis results from multiple 
elements, including myocardial I/R inflammation and oxi-
dative stress.42 The above data suggest that the addition 
of AC lessens oxidative stress and inflammation, inhibiting 
nephropathy development in STZ-induced DM rats.

TLR4/NF-κB signaling is a typical inner inflammatory 
signal transduction pathway and the NF-κB pathway can 
be triggered by TLR4.12,13 The TLR4 initiation successively 
activates the NF-κB allied pathway via the MyD88-reliant 
pathway, which mediates the discharge of inflammatory 
chemokines and cytokines responsible for leukocyte accu-
mulation and innate inflammation (MCP-1, IL-6, IL-1β, and 
tumor necrosis factor alpha (TNF-α)).10,11 The NF-κB con-
trols the expression level of cellular genes responsible for in-
flammation as a significant transcription factor in DN patho-
genesis. Under standard physiological conditions, NF-κB and 
IκB associate to form an inactive complex, which is confined 
in the cytoplasm. Then, IκB is degraded once phosphorylation 
occurs, and this is followed by ubiquitylation while the cells 
are in reaction to the peripheral stimuli. Successively, NF-κB 
arrives at the nucleus to affix to target genes that facilitate 
inflammation. The NF-κB activation is frequently stimu-
lated by oxygen free radicals, cytokines, hyperglycemia, and 
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even viruses. Moreover, proteinuria connected with DN also 
plays a significant role in its stimulation.3,4,7 There is strong 
evidence that NF-κB activation is integral in the progression 
of nephritis and fibrosis resulting in DN.16,17 Several studies 
have established that DN in rats was reduced by constrain-
ing the NF-κB stimulation and subsequently reducing other 
inflammatory mediators.18,19 The elevated levels of inflam-
matory mediators indicate inflammation in the body. These 
results established that AC expressively ameliorated kidney 
dysfunction and oxidative stress in DN rats. Furthermore, 
a recent study has substantiated that AC inhibited phosphor-
ylation of NF-κB, and IκB degradation, ultimately leading 
to the inhibition of NF-κB nuclear translocation,43 consistent 
with our findings. In the current experiments, AC attenu-
ated the HMGB1 and TLR4 in the DN rat’s kidney tissue 
simultaneously and downregulated the TLR4 downstream 
proteins, including IRAK4, TRAF6 and Iκκβ, to facilitate 
further reduction of NF-κB stimulation.

High mobility group box 1 is a highly conserved non-
histone DNA binding protein, which is extensively dis-
persed between numerous body parts, including the brain, 
lung, heart, kidney, and liver, and it can be discharged from 
necrotic cells through active discharge or passive release, 
causing inflammation.14 It is discharged from inflamma-
tory or necrotic cells, comprising dendritic cells, mac-
rophages and monocytes, as a strong pro-inflammatory 
cytokine, and interacts with several cell-surface recep-
tors such as TLR2, TLR4 and receptor for advanced gly-
cation end products (RAGE).15 Hence, HMGB1 is known 
as the endogenous ligand of TLR4, and the communication 
of HMGB1 with TLR4 marks an auxiliary translocation 
of NF-κB from the cytoplasm into the nucleus, prompting 
an inflammatory reaction.14,15 In agreement with these re-
sults, HMGB1 plays a vital action in the pathogenesis of re-
nal illness and DN. Previously, hyperglycemia-prompted 
release of HMGB1 was tested as a cause of kidney dam-
age in DM rats. The pathogenic action of this HMGB1 
is dependent on TLR4, with further stimulation of NF-κB. 
Thus, HMGB1/TLR4/NF-κB is a significant inflammatory 
pathway in kidney syndromes and recent literature showed 
an analogous enhancement in TLR4, HMGB1 and NF-κB 
in DN.15–18 Similarly, our research suggests that AC ad-
ministration could increase amounts of HMGB1 and TLR4 
in DM rats, emphasizing the possible nephron-protective 
influence of AC through reducing inflammation in DN. 
The present study demonstrates that the  nephroprotective 
effect of AC in STZ-activated DN in rats encompasses cell 
signaling pathways, including HMGB1, TLR4 and NF-κB.

Limitations

Altogether, the  nephroprotective effect of  acacetin 
in streptozotocin-induced diabetic nephropathy was re-
vealed in rats. TLR4, IRAK4, TRAF6, IkkB, NF-KB p65, and 
HMGB1 were studied only in proteins levels; the function 
of the nuclear level needs to be further verified.

Conclusions

This study revealed that AC mitigated kidney damage 
in STZ-stimulated DN rats by suppressing oxidative stress 
and inflammation through suppression of  the  TLR4/
NF-κB pathway. These findings propose that AC might 
be a potential nephroprotective agent for the treatment 
of DN. However, further molecular mechanisms require 
investigation to fully understand the renoprotective ef-
ficacy of AC.
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Abstract
Background. Thyroid carcinoma (TC), the most prevalent endocrine cancer worldwide, has become progres-
sively more common, especially in women. Most TCs are epithelial-derived differentiated TCs, specifically 
papillary thyroid cancer (PTC). Although there are many therapeutic drugs available, curing TC is a difficult task.

Objectives. A flavone called eupatorin (EUP) obtained from herbs can prevent the growth of many types 
of cancerous cells. Nonetheless, the mechanisms of EUP’s actions against PTC are still unknown.

Materials and methods. The goal of our work was to evaluate the mechanisms of EUP (20 and 30 µM/mL) 
and examine its antiproliferative and apoptotic effects on human PTC cells BCPAP. The MTT test; dual acridine 
orange/ethidium bromide (AO/EB), rhodamine-123 (Rh-123), and 4′,6-diamidino-2-phenylindole (DAPI) stain-
ing; adherence assays; and western blot analyses were used to evaluate the antiproliferative and apoptotic 
properties of EUP on BCPAP cells.

Results. Our research showed that the quantity-dependent administration of EUP inhibited the proliferation 
of BCPAP cells, which in turn caused apoptosis through the increase in caspase-9 and p53 protein expression 
and the reduction of proliferating cell nuclear antigen (PCNA) levels. Additionally, when P13K/AKT signaling 
is inhibited by nuclear factor kappa B (NF-κB), EUP reduces inflammation and BCPAP proliferation.

Conclusions. By blocking the NF-κB and P13K/AKT pathways, EUP can reduce the growth of BCPAP cells 
and promote cell death.

Key words: thyroid cancer, papillary thyroid cancer, apoptosis, P13K/AKT signaling, eupatorin
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Background

Thyroid cancer (TC) is a fatal tumor of the endocrine sys-
tem, and its prevalence has been progressively increasing 
over the past 30 years.1,2 The major etiology of TC is envi-
ronmental factors, radiation exposure, gender, family his-
tory, and lifestyle choices.3 A recent study documented that 
intense living environments accompanied by working with 
gravitational variations may impair the function of the thy-
roid and affect various carcinomas.4 The frequently occur-
ring form of malignant TC is papillary thyroid carcinoma 
(PTC), which accounts for 80–85% of all human TCs.5 Cur-
rently, the available treatments of TC rely on radioiodine 
ablation, suppression of thyroid-stimulating hormone and 
surgery.6 These remedies are generally effective for the ma-
jority of TCs. However, advanced TC, including recurrent, 
131I-refractory and metastatic or medullary TCs, remains 
a therapeutic challenge. Therefore, it is crucial to develop 
an effective therapeutic agent for these patients.

Herbal-based natural bioactive components have anti-
cancer efficacy in numerous tumors, which can also be 
combined with traditional chemotherapy medications 
to enhance their anticancer properties.7,8 Eupatorin (EUP) 
is a natural flavone isolated from several herbal plants.9 
Eupatorin has been established as an antiproliferative agent 
in numerous carcinoma cells, including gastric neoplasms, 
cervical adenocarcinoma, breast neoplasm cells, melanoma, 
and colon cancer cells.10–12 Eupatorin activates apoptosis 
and concurrently inhibits the angiogenesis, invasion and 
migration of MCF-7 and MDAMB-231 cells by inactiva-
tion of the p-Akt pathway.13 It has been documented that 
co-administring EUP with DOX in colon cancer triggered 
mitochondrial-facilitated apoptosis with an elevated ratio 
of Bax/Bcl-2, increased levels of caspase-3 and increased 
PARP cleavage.14 An earlier study recognized that EUP 
halts the cell cycle at the G2–M stage in leukemia cells and 
prompts apoptosis by the stimulation of numerous cas-
pases, discharge of cytochrome-c (cyt-c), and subsequently 
PARP cleavage through the instigation of the MAPK signal-
ing. It was proposed that EUP-induced leukemia cell apop-
tosis is facilitated by the extrinsic and intrinsic apoptotic 
pathways.15 Currently, no report is available on the apop-
totic and cytotoxic efficacy of EUP on PTC cells.

Apoptosis is a specific kind of programmed cell death, 
which is characterized by variations in cellular morphol-
ogy and nuclear alterations that commonly occur without 
inflammation. The crucial events that occur in the develop-
ment of tumor progression are the inhibition of apoptotic 
cell death and organized de-restricted cellular propaga-
tion.16 Malignant cells exhibit numerous systems that al-
low them to evade apoptosis triggered by chemotherapeutic 
medications, including p53 mutations, which is an impor-
tant status.17 Enhancing responses might be beneficially 
achieved by either growing a p53-self-regulating, pro-apop-
totic target or altering the appearance and transcriptional 
function of p53 to chemotherapy agents.18 Nuclear factor 

kappa-light-chain-enhancer of activated B cells (NF-κB) 
dynamically functions in many cancer cells and controls 
a sequence of essential proceedings in cancer progression 
including cell proliferation, cell survival, invasion, and angio-
genesis.19 The triggered NF-κB signalosome complex primes 
downstream signaling, which stimulates the transcription 
of proinflammatory intermediaries, including cyclooxygen-
ase-2 (COX-2), inducible nitric oxide synthase (iNOS), inter-
leukin 6 (IL-6), and tumor necrosis factor alpha (TNF-α).20 
These mediators triggered various immune reactions that are 
critical for carcinoma initiation in tissues.21 For cell existence, 
NF-κB generally represses cell death by enhancing the tran-
scription of anti-apoptotic genes encoding proteins such 
as Bcl-2 and Bcl-XL.22 Hence, inhibition of NF-κB may be 
efficient in triggering apoptosis of neoplasms. The PI3K/Akt 
signaling has been shown to play a crucial role in cell prolifer-
ation, cell adhesion, invasion, migration, and apoptosis in di-
verse human cancers. The overexpression of the PI3K/AKT 
pathway appears to be linked to malignancies and poor prog-
nosis in numerous human carcinomas.23 Also, the PI3K/AKT 
pathway has been determined to be a characteristic of fol-
licular carcinomas and ATCs, but it is less prevalent in PTC.24 
Furthermore, targeting the PI3K/AKT pathway has been 
supported to be an effective medicinal approach for treating 
both solid human tumors and TC.25,26

Objectives

In the current research, we inspected the efficacy of EUP 
on apoptosis and the inhibition of PTC cell BCPAP prolif-
eration and explored the molecular mechanism of the an-
ticancer effects through an  analysis of  the  regulation 
of NF-κB and P13K/AKT pathways.

Materials and methods

Chemicals

Eupatorin (purity: ≥98%), antibiotics, phosphate-buff-
ered saline (PBS), RPMI 1640 medium, fetal bovine se-
rum (FBS), MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide) assay, acridine orange/ethidium 
bromide (AO/EB), dimethyl sulfoxide (DMSO), Rh-123, 
and DAPI(4′,6-diamidino-2-phenylindole) were purchased 
from Gibco (Waltham, USA). The primary and secondary 
antibodies were bought from Abcam (Cambridge, UK).

Cell culture

BCPAP human PTC cells were bought from the Peking 
Union Cell Resource Centre (Beijing, China). Cultured 
the BCPAP cells using RPMI 1640 media along with FBS 
(10%), penicillin/streptomycin antibiotics (1%) at 37°C, 
in a 5% CO2 environment, and humidified air below 95%.
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Cell proliferation assay

Human BCPAP cell proliferation was performed accord-
ing to MTT assay.27 The BCPAP cells were disseminated 
into 96 wells and cultured at 37°C using a 5% CO2 wet in-
cubator. After an overnight incubation period, the BCPAP 
cells were cultured for 24 h with various quantities of EUP 
(5–50 μM/mL). Later, the sustained BCPAP human PTC 
cells underwent MTT (10 μL) testing and maintained for 
an extra 4 h to allow MTT conversion into insoluble crystals 
of formazan. The DMSO (150 μL) was then used to dissolve 
the resultant insoluble crystals. The estimated viability was 
performed at 490 nm using Agilent BioTek Synergy Neo2 hy-
brid multimode reader (BioTek Instruments, Colmar, France). 
Cell cytotoxicity was determined as the ratio of viability 
compared to control DMSO (150 μL) cells (100%). The value 
of IC50 was obtained using the below equation:

cell viability inhibition (%) = (control OD – test OD) × 100,

where OD is optical density.

BCPAP cell apoptosis was evaluated 
by AO/EB staining

Human BCPAP cell morphology of apoptosis was as-
sessed with AO/EB staining.28 BCPAP cells were exposed 
to 20 and 30 µM/mL of EUP and incubated for 24 h. All 
groups were administered AO/EB dye (100 µg/mL of each 
dye) and preserved for 30 min at room temperature under 
dark conditions. The remaining unbound dye was removed 
with PBS washing and viewed through a fluorescence mi-
croscope (Nikon Eclipse TS100; Nikon Corp., Tokyo, Japan).

Assessment of BCPAP cell apoptosis

Apoptosis is a functional form of cell death that is distin-
guished by significant DNA fragmentation and physical fea-
tures.29 Human BCPAP cells were dispersed in well plates 
and kept in a humidified CO2 (5%) incubator at 37°C for 
24 h. Various amounts (control, 20 μM/mL and 30 μM/mL) 
of EUP were administered to the cells. Subsequent control 
and treated cells were washed twice with PBS, fixed by para-
formaldehyde (4%), rinsed, DAPI-stained, and then incubated 
for 20 min. Then, DAPI-treated BCPAP cells were exposed 
to staining with Rh-123 and incubated at 37°C for 30 min. 
The stained cells were methanol washed 2-fold to eliminate 
extra dyes and immersed with PBS, and the mitochondrial 
membrane potential (MMP) variant was viewed using a fluo-
rescence microscope (Nikon Eclipse TS100; Nikon Corp.).

Assay for cell adhesion analysis

Human BCPAP cells were immersed in RPMI 1640 cul-
ture media and pre-treated with EUP (control, 20 μM/mL 
and 30 μM/mL) and sowed in a 24-well fibronectin-coated 
(500 μL/well) plate. The whole well plate was preserved 

at 37°C for 60–100 min; then, non-adherent cells were 
removed and taken apart evenly twice with PBS cleaning. 
Next, 94% paraformaldehyde fixation in each well was kept 
at 4°C incubation for 5 min. After incubation, TB (0.4%) 
staining of the adherent cells was counted using fluores-
cence microscopy (Nikon Eclipse TS100; Nikon Corp.).29

Western blotting assay

Untreated BCPAP cells and 20 and 30 µM/mL of EUP-
treated human BCPAP cells that had been cultured for 
24 hours were used to create the cellular lysates for Western 
blot analysis. To guarantee protease inhibitory activity, lysis 
buffer was employed in extremely cold temperatures. Briefly, 
the entire protein was estimated by consuming the protein 
BCA Assay Kit (Pierce Chemical Co, Rockford, USA). Sub-
sequently, quantified proteins were dispersed electropho-
retically and moved to a polyvinylidene difluoride (PVDF) 
film. It was blocked by using a probe at room temperature 
for 1 h using the primary antibodies (PCNA, P53, caspase-3, 
TNF-α, NF-κB, COX-2, iNOS, IL-6, PI3K, p-PI3K, Akt, and 
p-Akt) in 1:1,000 dilutions and kept at 4°C overnight. Then, 
horseradish peroxidase (HRP)-conjugated secondary anti-
bodies were administered. Afterward, the protein bands 
were stained and imagined for protein identification, quan-
tifying the protein bands through densitometry with ImageJ 
software (National Institutes of Health (NIH), Bethesda, 
USA) and homogeneous to β-actin expression.

Statistical analyses

The data from each group were analyzed statistically 
using GraphPad Prism v. 8.0.2 (GraphPad Software, San 
Diego, USA) and IBM SPSS software v. 25 (IBM Corp., 
Armonk, USA). The measurement data were reported 
as medians (min–max). The normality of the distribu-
tion was tested using the Kolmogorov–Smirnov test. Since 
all the distributions were normal, the Brown–Forsythe 
test was used to establish the equality of variances, and 
then significant differences between multiple groups were 
analyzed using the Kruskal–Wallis test, and Dunn’s post 
hoc test was used for multiple comparisons. If the p-value 
was <0.05, the data divergence was statistically notable. 
All tests in this study were bilateral tests.

Results

The Results of the Kruskal–Wallis test and Dunn’s post 
hoc test are presented in Table 1 and Table 2.

Antiproliferative efficacy of EUP 
on BCPAP cells

The antiproliferative assay of BCPAP cells was estimated 
using the MTT experiment in a dose-dependent manner 
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(5–50 μM/mL) of EUP. Results showed that EUP dimin-
ished cell proliferation through its antiproliferative and 
cytotoxic deeds on BCPAP cells in a dosage-dependent 
way. Administration of EUP at a quantity less than 15 μM 
did not considerably amend BCPAP cell proliferation. 
However, moderate dosages of EUP (20 and 30 μM/mL) 
significantly decreased (p < 0.05) BCPAP cell viability com-
pared to controls. A high dose of EUP (50 μM) impaired 
the BCPAP cells. After the MTT test, the  IC50 assess-
ment of EUP was 30 μM for BCPAP cells. The inhibitory 

concentration values of 20 and 30 μM/mL of EUP have 
been obtained for additional examination (Table 1, Fig. 1).

Effect of EUP on BCPAP cell apoptosis 
presented using the AO/EB dual method

Human BCPAP cell apoptosis was envisioned as distinct 
aberrations in morphology attributed to the AO/EB stain-
ing method. Untreated BCPAP control cells were visible 
as consistently live green-stained cells. Administration 
of EUP (control, 20 μM/mL and 30 μM/mL) in the BCPAP 
cells caused significant (p < 0.05) cell apoptosis in a quan-
tity-reliant manner. Eupatorin (20 μM) treatment revealed 
primary apoptotic cells comprised of condensation of chro-
matin and membrane eruption, depicted as dots of light 
greenish and yellow. Supplementation of EUP (30 μM) ex-
posed late apoptotic cells presenting an orange color be-
cause of ethidium bromide co-stain (Fig. 2).

Effect of EUP on the BCPAP cells, MMP loss 
and nuclear morphology

The effect of EUP on human BCPAP cells’ morpho-
logical features, membrane integrity, nuclear condensa-
tion, nuclear fragmentation, and MMP were evaluated. 
The technique of DAPI staining can be utilized to identify 
DNA fragmentation in apoptotic bodies. Supplementa-
tion of the EUP (20 and 30 µM/mL) to the BCPAP cells 
triggers apoptosis, developing nuclear condensation and 
disintegration of nuclear bodies compared to controls. 
This outcome exposed the  antiproliferative efficacy 

Fig. 1. Eupatorin inhibits human BCPAP cell proliferation. BCPAP human 
papillary thyroid cancer (PTC) cells were administered with different 
quantities (5–50 µM/mL) of flavone called eupatorin (EUP) for 1 day. 
Cell cytotoxicity was estimated using the MTT test. Data were displayed 
as medians (min–max), and the statistical significance was measured 
as *p < 0.05 against controls

Table 1. Comparison of the groups regardig MTT assay results

Variables Control 5 μM 10 μM  20 μM 30 μM 40 μM 50 μM Test value 
(H)** p-value*

MTT
100.03 

(90.98–108.98)
87.34 

(79.44–95.16)
73.56 

(66.91–80.15)
60.74 

(55.25–66.17)
51.77 

(47.0–56.41)
39.19 

(35.64–42.70)
26.21 

(23.84–28.56)
39.53 <0.001

Data were present as median (min–max); *p-value was generated from Kruskal–Wallis test with Dunn’s post hoc test; **degrees of freedom (df) = 5.

Table 2. Groups compared with each other regarding other parameters

Variables Control 20 μM 30 μM Test value (H)** p-value*

PCNA 1.00 (0.91 to 1.09) 0.74 (0.67 to 0.81) 0.49 (0.45 to 0.53) 15.23 <0.001

P53 1.00 (0.91 to 1.09) 1.25 (1.14 to 1.36) 2.10 (1.91 to 2.29) 15.20 <0.001

Caspase-3 1.00 (0.91 to 1.09) 1.02 (0.93 to 1.11) 1.97 (1.79 to 2.15) 11.82 0.003

TNF-α 1.00 (0.91 to 1.09) 0.69 (0.63 to 0.75) 0.46 (0.42 to 0.50) 15.26 <0.001

NF-κB 1.00 (0.91 to 1.09) 0.58 (0.53 to 0.63) 0.41 (0.37 to 0.45) 15.23 <0.001

COX-2 1.00 (0.91 to 1.09) 0.60 (0.55 to 0.65) 0.37 (0.34 to 0.40) 15.26 <0.001

iNOS 1.00 (0.91 to 1.09) 0.54 (0.49 to 0.59) 0.39 (0.35 to 0.43) 15.26 <0.001

IL-6 1.00 (0.91 to 1.09) 0.75 (0.68 to 0.82) 0.48 (0.44 to 0.52) 15.26 <0.001

PI3K/p-PI3K 1.00 (0.91 to 1.09) 0.81 (0.74 to 0.88) 0.53 (0.48 to 0.58) 15.22 <0.001

AKT/p-AKT 1.00 (0.91 to 1.09) 0.76 (0.69 to 0.83) 0.47 (0.43 to 0.51) 15.22 <0.001

Data was present as median (min and max). * p-value was generated from Kruskal–Wallis test with Dunn’s post hoc test. ** degrees of freedom (df) is equal to 2.  
TNF-α – tumor necrosis factor alpha; PCNA – proliferating cell nuclear antigen; NF-κB – nuclear factor kappa-light-chain-enhancer of activated B cells; 
COX-2 – cyclooxygenase-2; iNOS – inducible nitric oxide synthase; IL-6 – interleukin 6.
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of EUP on BCPAP cells in a quantity-dependent way. 
The MMP is permeable to ions and yields a promising 
electrical abnormality. Fluorescence microscopic im-
ages showed the accumulation of Rh-123 fluorescence 
dye from orange red to green compared in vehicle con-
trol and the accumulation found to be decreased in EUP 
treated BCPAP cells at various concentrations (20 µM/mL 
and 30 µM/mL). Rh-123 staining exhibited mitochondrial 

strength in apoptotic cell death with an intensified MMP. 
The untreated BCPAP exhibited higher fluorescence in-
tensity due to the Rh-123 red accumulation. The fluo-
rescence mass of Rh-123 was reduced when EUP (20 and 
30 µM) was administered in a concentration-dependent 
way. These outcomes show that EUP-administered hu-
man BCPAP cells avert the MMP, thus increasing the mi-
tochondrial-mediated apoptosis (Fig. 3).

Fig. 2. Eupatorin-activated human BCPAP cell apoptosis. Scale bar = 50 μm. Human BCPAP papillary thyroid cancer (PTC) cells with 20 and 30 µM/mL 
of flavone called eupatorin (EUP) for 1 day. The apoptosis was assessed with the dual staining of acridine orange/ethidium bromide (AO/EB) and observed 
under a fluorescence microscope

Fig. 3. Eupatorin induces apoptosis in human BCPAP cells. Scale bar = 50 μm. BCPAP human papillary thyroid cancer (PTC) cells were administered a control, 
20, and 30 µM/mL of flavone called eupatorin (EUP) for 1 day. Cell death was determined through the application of DAPI (4′,6-diamidino-2-phenylindole) 
and Rh-123 staining. Image of DAPI (blue) and Rh-123 (red) staining combined (pink) on the EUP preserved BCPAP cells and images photographed using 
a fluorescence microscope
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Influence of EUP on BCPAP cell adhesion

Extracellular matrix (ECM) and BCPAP cell adhesion 
played a substantial action in initiating cancer cell metas-
tasis (Fig. 4). BCPAP cell adhesion and cell signaling are 
controlled by the ECM protein integrin. This cell adhesion 
assay analyzes the action of EUP silencing on BCPAP cell 
adhesion to the proteins present in the ECM. When EUP 
inhibition was administered for 60 or 100 min, the number 
of BCPAP adherent cells decreased in comparison to con-
trols. The modulatory influences of cell adherence gener-
ated with EUP silencing might provide the suppression 
of cancer cell propagation and metastasis.

Effect of EUP on PCNA, caspase-3 and p53 
protein levels in BCPAP cells

Administration of  EUP (control, 20  μM/mL and 
30 μM/mL) on BCPAP cells presented an extreme (p < 0.05) 
repression of PCNA while upregulating p53 and caspase-3 
protein expression in a quantity-reliant way. These find-
ings specified that EUP inhibited BCPAP cells during cell 
proliferation and elevated apoptosis via these signaling 
pathways (Table 2, Fig. 5).

Influence of EUP on apoptotic protein 
expression levels

Human BCPAP cells treated with EUP (control, 
20 μM/mL and 30 μM/mL) attenuated TNF-α, NF-κB, 
COX-2, iNOS, and IL-6 protein expression. Our find-
ings documented the anti-inflammatory action of EUP 

on human PTC cells BCPAP in a dose-dependent manner 
(Table 2, Fig. 6).

EUP attenuates the signaling 
of the P13K/AKT pathway

Our results show that PI3K/AKT signaling is involved 
in EUP-associated prevention of BCPAP cell metastasis. 
Our outcomes revealed that PI3K/AKT protein level expres-
sions were remarkably (p < 0.05) alleviated in the BCPAP 
cancer cells treated with EUP (control, 20 μM/mL and 
30 μM/mL) in a concentration-dependent way. These find-
ings indicated that EUP triggered BCPAP cancer cell apop-
tosis through the suppression of the PI3K/AKT activation 
in the cell survival pathway (Table 2, Fig. 7).

Discussion

Thyroid carcinoma is an endocrine malignancy, of which 
PTC accounts for nearly 80% of all TCs that have been well 
differentiated by the variation of distinct protein kinases.2,5 
Phytochemicals are substances of plant origin with bio-
logical activity, which have beneficial effects on human 
health.30 Two studies proposed that flavones and flavo-
noids exert powerful actions of anti-proliferation on TC 
cells and suggested it as a healing agent for controlling 
TC.7,8 Other studies reported that EUP has antiprolifera-
tive and apoptotic effects in numerous tumor cells.10–12 
However, the anticancer potential of EUP and its cor-
responding apoptotic latent mechanisms of TC are still 
unknown. In this investigation, we proved the repressive 

Fig. 4. Eupatorin reduced BCPAP cell adherence. Scale bar = 200 μm. Human BCPAP cell adherence force was assessed with an adherence assay after 60 and 
100 min. The attached cells were fixed, stained and counted in 10 random fields
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Fig. 6. Eupatorin alleviates nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB)  mediated inflammatory pathways. BCPAP human 
papillary thyroid cancer (PTC) cells were administered a control, 20, and 30 µM/mL of flavone called eupatorin (EUP) for 1 day. The protein expression 
of proinflammatory mediators such as cyclooxygenase-2 (COX-2), inducible nitric oxide synthase (iNOS), interleukin-6 (IL-6), tumor necrosis factor alpha 
(TNF-α), and NF-κB were measured using western blot. The graph shows the relative protein expression of fold changes using immunoblot. Data are 
presented as medians (min–max), and the statistical significance was measured as *p < 0.05 against controls

Fig. 5. The effect of flavone called eupatorin (EUP) on the protein 
expression levels of PCNA, p53 and caspase-3. BCPAP human papillary 
thyroid cancer (PTC) cells were tested with control, 20, and 30 µM/mL 
of EUP for 1 day. PCNA, p53 and caspase-mediated mitochondrial 
apoptosis cascade protein caspase-3 were measured using western 
blot. The depicted graph shows the relative protein expression 
using immunoblot. Data were displayed as medians (min–max), and 
the statistical significance was measured as *p < 0.05 against the control
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influence of cell growth displayed by apoptosis at various 
concentrations of EUP on BCPAP malignant cells. This 
research also explored the EUP activity on the regulation 
of  NF-κB and P13K/AKT pathways in  BCPAP human 
PTC cells.

One of the main ways that anti-tumor drugs work is 
by using their cytotoxic properties to stop tumor cells 
from proliferating. Cytotoxicity is distinguished as a cell 
necrotizing function of  a  compound relieved from 
the pathways of cell death.31 The MTT assay is an ap-
propriate method for testing innovative bioactive com-
pounds to establish cytotoxicity on malignant cells over 
a short duration.32 The MTT analysis implied that EUP 
reduced the BCPAP cell’s growth in a quantity-dependent 
mode. Earlier studies illustrated that EUP inhibits many 
tumor cell proliferation involving gastric cancer, cervi-
cal adenocarcinoma cells, breast neoplasm cells, mela-
noma, and colon carcinoma.10–12 It has been reported that 
EUP inhibits cancer cell viability and concurrently curbs 
the invasion, migration and angiogenesis of MCF-7 and 
MDAMB-231 mammary carcinoma cells through the at-
tenuation of the p-Akt signaling.13 In our study, EUP ex-
hibited substantial inhibitory growth potential with IC50 
values of 20 μM, which is within the range value stated for 
many flavonoids. As per our data, this is the primary re-
port directing that EUP (20 and 30 µM/mL) greatly averts 
BCPAP cell proliferation in a dosage-dependent way.

Apoptosis is the main type of automated cell death that 
has a profound action in eliminating peculiar cells, which 
can be morphologically depicted by cell shrinkage, frag-
mentation of DNA and nuclear bodies, and, accordingly, 
being swallowed by macrophages.16 A typical anti-tumor 
agent should target cancer cells without affecting normal 
cells. Hence, numerous anti-tumor agents rely on com-
mencing apoptosis to generate malignant cell death.17 
An earlier study has investigated that co-administration 
of EUP with DOX on colon cancer triggered mitochon-
drial-facilitated apoptosis with an elevated ratio of Bax/
Bcl-2, level of caspase-3, and poly(ADP-ribose) polymerase 

(PARP) cleavage.14 It has been recognized that EUP halts 
the G2–M stage of the cell cycle in  leukemia cells and 
prompts apoptosis in the stimulation of numerous cas-
pases, cytochrome-c (cyto-c) discharge and PARP cleavage 
over the activation of the MAPK pathway. It has been sug-
gested that EUP-induced leukemia cell apoptosis is facili-
tated by both extrinsic and intrinsic apoptotic pathways.15 

Cell proliferation is  involved in  a  multistep process 
of typical cell development, and unrestrained cell growth 
is the main hallmark of tumors.33 A known proliferative 
marker, PCNA, shows a significant function in DNA repli-
cation, repair, cell cycle regulation, chromatin remodeling, 
and epigenetic conservation.34 Proliferating cell nuclear an-
tigen overexpression was observed in the genetic outcome 
of numerous tumors.35 We showed that EUP can reduce 
the PCNA protein expression in human PTC cells BCPAP 
in a dose-dependent manner. The p53 wild type is effi-
cient in initiating cell apoptosis under stress conditions.17 
Conversely, inactivation, mutation or depletion of the p53 
gene leads to the failure to respond to radiotherapy and 
chemotherapy in several tumors.17,18 There is evidence 
to support the idea that cancer cells bear the responsibil-
ity for apoptotic cell death when p53 function is restored.21 
In the current study, p53 and caspase-3 were upregulated 
by EUP in BCPAP human PTC cells. Anti-tumor medica-
tion-facilitated apoptosis in tumor cells is mostly regulated 
by intrinsic (mitochondrial) or extrinsic (death receptor) 
pathways through the activation of caspases. Caspase-3 
triggers the mitochondrial-mediated intrinsic apoptosis, 
as observed in this work, which was enabled by the mor-
phological examination of fluorescence microscopy images 
using DAPI, Rh-123 and AO/EB staining. These results 
indicate that EUP might be effective for the suppression 
and remedy for TC.

Chemotherapeutic agents targeting a reduction in pro-
inflammatory mediators to  explore novel strategies 
to avert the inflammatory disorders involved with malig-
nant tumors.19 The hyperactivation of NF-κB has a critical 
role in cancer pathogenesis, letting malignant cells persist 

Fig. 7. Eupatorin repressed the PI3K/AKT signaling pathway. BCPAP human papillary thyroid cancer (PTC) cells were administered a control, 20, and 
30 µM/mL of flavone called eupatorin (EUP) for 1 day. The protein expression of P13K, p-P13K, AKT, and p-AKT were measured with western blot. The graph 
shows the relative protein expression of fold changes using immunoblot. Data are presented as medians (min–max), and the statistical significance was 
measured as *p < 0.05 against the control
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and offering a favorable target for the improvement of che-
motherapeutic drugs.19,20 During inflammation, several 
cytokines such as iNOS, IL-6, TNF-α, and COX-2, which 
are hyper-expressed in tumor cells, contribute to the ma-
lignant pathogenesis.20,21 However, a stimulated NF-κB 
signaling pathway creates high levels of nitric oxide (NO) 
and prostaglandin E2 (PGE2) for an extended period, 
which influences tumor progression and inflammation. 
In this study, EUP administered to the BCPAP cells ef-
fectively reduced pro-inflammatory mediators, including 
iNOS, IL-6, TNF-α, NF-κB, and COX-2 protein expression 
measured using western blot examination, which specifies 
that EUP may deactivate NF-κB signaling in BCPAP cells.

Adhesion of cancer cells to the ECM has a crucial func-
tion in metastasis development.36 Inhibiting and reducing 
the quantity of adhering BCPAP cells, the EUP modulates 
cell adhesion and represses metastasis, which is in line 
with our results from the apoptosis analysis. The number 
of adherent cells was noticeably reduced after BCPAP cell 
suppression of cell metastasis. The PI3K/Akt signaling 
pathway has been demonstrated to exert a vital function 
in cellular proliferation, cell adhesion, migration, inva-
sion, metastasis, and apoptosis in several human can-
cers.23 The PI3K-Akt pathway is directly linked to tumor 
cell proliferation.37 The overexpression of the PI3K/AKT 
pathway figures to be linked to malignancies and a poor 
prognosis in numerous human carcinomas.23 Further-
more, targeting the PI3K/AKT pathway has been con-
firmed to be effective for treating both human solid tu-
mors and TC.25,26 For instance, the antioxidant rutin has 
an antiproliferative effect on hepatic carcinoma by regu-
lating the PI3K/Akt signaling pathway.38 Another bioac-
tive compound, quercetin, can modulate the PI3K/Akt 
pathway, thus showing anti-tumor efficacy on liver, gas-
tric and oral carcinomas.39,40 Likewise, phloretin can in-
duce apoptosis in prostate cancer and mammary carci-
noma cells through the PI3K/Akt signaling pathway.41,42 
In this study, EUP treatment reduces the PI3K/Akt and 
NF-κB pathways related to PTC cells that interrupt their 
communication, favoring BCPAP cell proliferation. 
Hence, EUP exerts its antiproliferative, anti-metastatic 
and apoptotic activity through the NF-κB and PI3K/Akt 
signaling pathways.

Limitations

The current study investigated EUP on human PTC 
cell proliferation, apoptotic and inflammatory pathways 
in a cancer cell line model. An in vivo experimental study 
in a mouse or rat model is preferred to analyze the molecu-
lar mechanism and correct route signaling. 

Conclusions

Our report explores the efficacy of EUP against BCPAP 

human PTC cells and has elucidated its molecular ac-
tions involving cell proliferation, inflammation, cell ad-
hesion, and apoptosis. It was noticed that EUP stimulated 
mitochondrial-facilitated apoptosis and a loss of MMP. 
The suppression of BCPAP cell proliferation and metas-
tasis occurred in a concentration-dependent mode. Fur-
thermore, it  inhibited proliferation, inflammation and 
metastasis that triggered apoptosis through the NF-κB/
COX-2 and PI3k/Akt signaling pathways. Our data show 
that EUP can inhibit the BCPAP human PTC cells. How-
ever, more studies are required on EUP for its clinical use 
in the therapy for TC patients.
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Abstract
Background. Some ADP ribosylation factors (ARF) and ADP ribosylation factor-like (ARL) family are in-
volved in the regulation of certain cancers, but the role of ADP ribosylation factor-like 9 (ARL9) in gastric 
tumorigenesis remains elusive.

Objectives. The main aim of this study was to evaluate the ARL9 expression within stomach cancer cells 
and elucidate its influence on the modulation of cancer cell behavior.

Materials and methods. Differential ARL9 protein expression in normal stomach and stomach cancer 
tissue was ascertained through data sourced from the University of Alabama at Birmingham Cancer Data 
Analysis Portal (UALCAN). Quantitative analysis of ARL9 expression in gastric cancer tissue and its associa-
tion with clinicopathological features was performed using quantitative polymerase chain reaction (qPCR) 
and western blot analysis (WB). Small interfering RNA (siRNA) was employed to suppress ARL9 protein 
expression in the human stomach gastric adenocarcinoma human gastric adenocarcinoma cells (AGS) cell 
line. Assessment of AGS gastric cancer (GC) cell proliferation, invasion and migration was performed using 
the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) and transwell techniques.

Results. The expression of ARL9 protein exhibited a significant upregulation in GC tissue, and showed a close 
association between tumor dimensions (p < 0.05) and the presence of distant metastases (p < 0.05) among 
individuals diagnosed with GC. However, no significant link was observed with sex, age and tumor-node-
metastasis (TNM) staging in gastric malignancy patients. After the introduction of si-ARL9 in the experimental 
set, there was a noteworthy decrease in ARL9 protein levels in AGS cells (p < 0.01). In contrast to the control 
cohort, the restraint of ARL9 expression significantly hampered the growth, mobility and infiltration abilities 
of the AGS GC cell line (p < 0.01).

Conclusions. The significant correlation of ARL9 with the biological behavior of GC indicates its potentially 
pivotal role in the pathophysiology of the malignancy.

Key words: gastric carcinoma, ARL9, cellular growth, SiRNA intervention, metastatic dissemination
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Background

Gastric cancer (GC) is a malignant disease influenced 
by a variety of factors, primarily environmental and genetic.1,2 
Recent statistical data places GC as the 4th most prevalent 
cancer worldwide, characterized by a median survival rate 
of less than 12 months.3 By 2023, the USA will have about 
26,500 new cases of GC and about 11,130 deaths.4 Gastric 
cancer, known for its high invasiveness and heterogeneity, 
persists as a global health challenge.5 Notably, the majority 
of GC patients receive diagnoses at advanced stage, which 
often results in a poor prognosis. Simultaneously, the recur-
rence rate among GC patients remains elevated. Presently, 
the primary approach to treating GC involves surgical resec-
tion coupled with adjuvant chemotherapy or radiotherapy 
to attain curative outcomes.6 However, a substantial propor-
tion of patients still experience recurrent GC within 5 years 
post-surgery, often with poor postoperative recovery.7 Con-
sequently, it is essential to delve deeper into the molecular 
pathways responsible for the initiation and advancement 
of GC to discover innovative indicators for its diagnosis, 
prognosis and therapeutic objectives.

ADP ribosylation factor (ARF), a component of the RAS 
superfamily, has been confirmed to play a tumorigenic 
role in the development and spread of gliomas.8,9 Previous 
reports highlight ARL2 and ARL3 as archetypal members 
within the ADP ribosylation factor-like (ARL) family, dis-
playing reduced expression levels in gliomas. Research 
has revealed a negative association between the presence 
of these elements and the unfavorable survival outcomes 
and outlook for individuals with glioma.10,11 Most impor-
tantly, ARF1 has been demonstrated to be upregulated 
in GC, which can be a novel prognostic marker for GC.12 
In addition, ARLs are significantly dysregulated in GC and 
are involved in several cancer-related pathways. Among 
them, ARL4C is 1 of the 2 most significant clinical indi-
cators for GC. Furthermore, ARL4C silencing remark-
ably inhibits the growth and metastasis of GC cells both 
in vitro and in vivo.13 Notably, ARL9, a newly recognized 
guanosine triphosphate (GTP)-binding protein, displays 
substantial preservation and broad distribution in eukary-
otic organisms.14 Given its recent inclusion in the ARF 
family, the clinical significance of ARL9 protein in gastric 
tumorigenesis remains to be elucidated.

Objectives

The current study attempted to compare the expression 
of ARL9 between normal gastric tissue and GC tissue, 
in order to examine its relationship with clinicopatho-
logical parameters such as  tumor growth and distant 
metastasis, and to investigate the effects of ARL9 silenc-
ing by siRNA transfection on proliferation, invasion and 
migration in human gastric adenocarcinoma cells (AGS) 
GC cells. The novelty of this study was to elucidate the role 

and regulatory mechanism of ARL9 in GC and to uncover 
a promising prognostic biomarker in GC patients. An-
other aim of the study was to enhance our understanding 
of the mechanisms underlying GC onset and progression, 
and identify potential therapeutic targets.

Materials and methods

Tissue samples

The RNA expression of ARL9 in GC tissues (n = 415) 
and normal stomach tissues (n = 34) was selected from 
The University of Alabama at Birmingham Cancer Data 
Analysis Portal (UALCAN) database (http://ualcan. 
path.uab.edu/index.html). The  pathology department 
of Hengshui People’s Hospital (Hengshui, China) retained 
normal gastric tissue samples (n = 70), while clinical sam-
ples were collected from patients with GC who underwent 
surgical resection (n = 70).

Cell lines, chemicals and reagents

The AGS human GC cell line was obtained from the Amer-
ican Type Culture Collection (ATCC; Manassas, USA). Se-
rum-free medium bovine serum and Roswell Park Memorial 
Institute-1640 (RPMI 1640) were purchased from Gibco 
(Waltham, USA). Immunohistochemistry utilized a uni-
versal EnVision two-step assay kit and diaminobenzidine 
(DAB) colorant acquired from Beijing Zhongshan Jinqiao 
Biotechnology Co. (Beijing, China). The rabbit anti-human 
ARL9 antibodies and mouse anti-human β-actin antibodies 
were purchased from Thermo Fisher Scientific (Waltham, 
USA). TransGen Biotech Co., Ltd. (Beijing, China) provided 
real-time fluorescence quantitative polymerase chain reac-
tion (PCR) and RNA reverse transcription reagents. Six-well 
plates, transwell chambers, Lipofectamine 3000 transfection 
reagent, and TRIzol® reagent were acquired from Invitrogen 
(Waltham, USA). Throughout the experiment, the phos-
phate-buffered saline (PBS) served as a negative control. All 
cell experiments were performed in triplicate (n = 3).

UALCAN database

Using data from the UALCAN database, we analyzed 
RNA sequencing and clinical data from GC patients. 
The  study involved examining ARL9 messenger RNA 
(mRNA) articulation in normal human stomach tissue, 
followed by statistical analysis and data visualization uti-
lizing the information available in the record.

The inclusion and exclusion criteria

The inclusion criteria were as follows: 1) no age or sex 
bias; 2) patients undergoing surgical treatment; 3) a patho-
logical diagnosis of GC; 4) complete survival information. 

http://ualcan.path.uab.edu/index.html
http://ualcan.path.uab.edu/index.html
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The exclusion criteria were as follows: 1) multiple tumors 
in situ; 2) distant metastasis; 3) incomplete tumor staging; 
4) incomplete information.

Immunohistochemistry

Sections of GC tissue were cut into continuous pieces 
about 4-μm thick, fixed in paraffin and stored with a 10% 
formalin. According to the experimental guidelines, Bei-
jing Zhongshan Jinqiao Company’s universal EnVision 
two-step reagent kit and DAB kit were used to identify 
the expression of ARL9 protein in GC. Following that, 
the sections were divided into 3 groups according to the in-
tensity of staining: cells with no staining received a score 
of 0; cells stained light yellow received a score of 1; and cells 
stained brownish yellow received a score of 2. Independent 
pathologists diagnosed every outcome.15

Cell culture

The human GC cell line AGS was kept alive in RPMI-
1640 medium supplemented with 10% fetal bovine serum 
(FBS) and 1% penicillin-streptomycin. The cells were cul-
tivated in a 37°C constant-temperature chamber with 5% 
CO2, and the cell culture media was changed about every 
1–2 days. Cell passaging was done when the cells in the cul-
ture dish reached 80% confluence or full confluence.

Cell transfection

Approximately 1.5×105 cells per well were achieved 
by seeding and cultivating AGS cell lines in a 6-well plate 
until they reached the logarithmic growth phase. Follow-
ing an overnight culture, the cell status was monitored. 
The  Lipofectamine 3000 transfection reagent hand-
book was followed for transfection once the cell density 
reached 80%. Cells were transfected with the NC-siRNA 
in a control group and with si-ARL9 in an experimental 
group, respectively. Cells were harvested and total pro-
tein was extracted 48 h after transfection. The cell state 
and density were examined under a microscope (IM-3; 
OPTIKA, Bergamo, Italy), and the culture media were 
quickly changed. Western blot (WB) and quantitative 
polymerase chain reaction (qPCR) were then used to evalu-
ate the effectiveness of transfection. For ARL9, Shanghai 
Jima Biological Company provided the negative control 
and the  si-RNA sequences (si-ARL9-1 and si-ARL9-2). 
Transfection efficiency was assessed with WB and qPCR 
48 h after transfection.16

MTT assay for assessing GC cell 
proliferation capability

After the well-cultured GC cell line AGS was subcul-
tured and injected, 6 parallel control wells were placed 
in each group of a 96-well plate. After seeding each well 

with about 1×103 cells, the  remaining wells received 
an equivalent volume of PBS solution. Prior to testing, 96-
well plates were first aspirated of their culture media. After 
that, each well received 100 μL of 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyl tetrazolium bromide (MTT) mixture, 
which was made by dividing culture medium and MTT 
solution in a 1:9 ratio. Each well was then incubated for 
1 h at 37°C. Then, 100 μL of dimethyl sulfoxide (DMSO) so-
lution was added and the mixture was discarded. The plate 
was stirred in the dark for 20 min. Finally, a microplate 
reader was used to measure and record the absorbance 
at optical density (OD) of 570 nm.17

Transwell assay for assessing 
the metastatic capability of GC cells

AGS, a  well-cultured stomach cancer cell line, was 
counted and trypsinized. A serum-rich medium compris-
ing 800 μL was put beneath every well. Above, a transwell 
chamber was placed, and 200 μL of serum-free media con-
taining 6×104 stomach cancer cells were added. The cham-
ber was then taken out of the setup and left in an incubator 
set at 37°C for 8 h. Following that, it was cleaned with a PBS 
solution, fixed for 1 h with a 90% ethanol solution, and then 
stained for 10 min with a crystal violet solution. After-
wards, a soft water stream was used to rinse the chamber, 
and a cotton swab was used to remove any leftover crystal 
violet solution from the edge of the chamber. Three ran-
domly chosen visual fields from the microscope observa-
tion were chosen for statistical analysis and counting.17

Statistical analyses

Data analysis was conducted using IBM SPSS v. 22.0 
(IBM Corp., Armonk, USA) and R (R Foundation for Sta-
tistical Computing, Vienna, Austria) software. The Pear-
son’s χ2 test was performed on clinical and demographic 
characteristics of the patients. The Shapiro–Wilk normal-
ity test was conducted to confirm that the distribution was 
acceptable, and the normality of the distribution was not 
checked for a very large group (using the central limit the-
orem for n > 100). For the data with a non-normal distribu-
tion, the median of Q1–Q3 was used to represent the data. 
Comparisons between the 2 groups were conducted us-
ing the Mann–Whitney U test, and multiple groups were 
compared using Kruskal–Wallis tests followed by post 
hoc Dunn’s comparison tests. Non-parametric analysis 
of variance (ANOVA) test followed by Bonferroni post 
hoc test was chosen to analyze the proliferation ability. 
Pearson’s χ2 test of independence was used to test for a re-
lationship between categorical variables. A p-value <0.05 
was considered to be statistically significant. Main line 
of code from the WRS2 package for the nonparametric 
repeated measures ANOVA test into statistical analysis 
along with dedicated post hoc tests with Bonferroni cor-
rection is given below:
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install.packages(“readxl”)
install.packages(“WRS2”)
library(readxl)
library(WRS2)
file_path<– “D:/data.xlsx”
data <– read_excel(file_path)
rm_anova_result<– aov(Score ~ Group * `Time Framè  

* Replicate + Error(Group/`Time Frame /̀Replicate), 
data = data)

summary(rm_anova_result)
kruskal_test_result<–  kruskal.test(Score ~ Group, 

data = data)
print(kruskal_test_result)
wilcox_test_result<– pairwise.wilcox.test(data$Score,  

data$Group, paired = TRUE, p.adjust.method = “bonferroni”)
print(wilcox_test_result)

Results

Analysis of ARL9 RNA and protein 
expression in normal gastric and 
GC tissues

Using the UALCAN database, the RNA expression 
of ARL9 was examined in 415 GC tissues and 34 normal 
stomach tissues. Figure 1 shows that there was a signifi-
cantly higher RNA expression of ARL9 in GC tissues 
(Mann–Whitney U test (U) = 11,861.50, Z-score = 6.61, 
p < 0.001; see Supplementary Table 1). Later, we used WB 
to evaluate ARL9 protein expression in 70 GC tissues and 
70 normal gastric tissues that were taken from clinical 
samples. The data demonstrated that the ARL9 protein 
was upregulated in GC tissues but downregulated in nor-
mal gastric tissues (Fig. 2). Five high-power visual fields 
were randomly selected for observation from each slice 
after immunohistochemical screening and evaluated 
semi-quantitatively.18,19 The ARL9 protein expression 
differences between 70 GC tissues and 70 normal gas-
tric tissues (degrees of freedom (df) = 1.00, χ2 =48.04, 
p < 0.001) were statistically significant. Conclusively, out 
of 70 normal gastric tissues, 15 showed positive expres-
sion, while in 70 GC tissues, 56 showed positive expres-
sion (expected frequency is presented in Supplementary 
Table 2). Additionally, human GC tissues and normal 
gastric tissues were validated with hematoxylin and eo-
sin (H&E) staining (Fig. 3).

The correlation between ARL9 protein 
expression and clinical pathological 
parameters in GC tissue

A strong association was found between the  results 
of 70 normal and GC tissues from each group and clinical 
case data. Regarding age, gender, tumor-mode-metasta-
sis (TNM) stage, or lymph node metastases, we found no 

compelling associations. On the other hand, Table 1 shows 
a  strong correlation (expected frequency is  presented 
in Supplementary Table 3) between ARL9 protein expres-
sion and both distant metastasis (df = 1.00, p = 0.011) and 
tumor size (df = 1.00, χ2 = 11.50, p = 0.001).

Expression of ARL9 mRNA and protein 
in normal gastric and GC tissues

ARL9 expression in the GC cell line AGS was evaluated 
with reverse transcription qPCR (RT-qPCR), which mea-
sures ARL9 mRNA and protein levels after ARL9-specific 
NC, siARL9 #1 and siARL9 #2 are transfected. Figure 4A,B 

Fig. 1. The expression of ARL9 in 415 GC tissues and 34 normal gastric 
tissues in the University of Alabama at Birmingham Cancer Data Analysis 
Portal (UALCAN) database (**p < 0.001). The expression level in normal 
gastric tissue ranges from 0 to 1.32, median is 0.281, 1st quartile is 0.079, 
and 3rd quartile is 0.512. The expression level in GC tissue ranged 
from 0 to 5.14, mean was 1.605 and standard deviation (SD) was 1.371. 
The lower boundary was calculated using the formula: First quartile (Q1) 
−1.5 × interquartile range (IQR), and the upper boundary was calculated 
using the fomula: 3rd quartile (Q3) +1.5 × IQR. The upper boundary for 
normal gastric tissue was 1.162 and outliers for normal gastric tissue was 
1.32. The upper boundary for GC tissue was 4.541, and outliers for GC 
tissue were 4.588, 4.607, 4.902, 5.138, and 5.140

GC – gastric cancer.

Fig. 2. Protein expression of ARL9 in 70 human GC tissues and 70 normal 
gastric tissues. Normal gastric tissue N1 and GC tissue T1 were from 
patient 1 (n = 3), and normal gastric tissue N2 and GC tissue T2 were from 
patient 2 (n = 3)

N1 – normal gastric tissue sample 1; T1 – GC tissue sample 1; N2 – normal 
gastric tissue sample 2; T2 – GC tissue sample 2; GC – gastric cancer.
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shows a decline in ARL9 mRNA and protein expression 
levels in the GC cell line AGS after transfection (df = 2.00, 
Kruskal–Wallis statistic = 5.45, p = 0.071, NC vs siARL9#1, 
p = 0.130; NC vs siARL9#2, p = 0.130, siARL9#1 vs siARL9#2; 
p = 0.999).

Assessment of proliferation and invasion 
capabilities of ARL9 in the GC cell line AGS

At time points of 0, 24, 48, 72, and 96 h following trans-
fection, the MTT assay was utilized to assess the impact 

Table 1. Relationship between the expression of ARL9 in GC tissue and clinical pathological characteristics. Pearson’s χ2 test of independence was used 
to analyze the relationship of ARL9 expression in GC tissues with clinicopathological characteristics

Clinical pathological 
parameters n ARL9

high expression [%] Test name df χ2 p-value

Gender
male 40 25 Pearson’s χ2 test 

of independence 
1.00

0.13 0.719
female 30 20

Age [years]
>60 46 33 Pearson’s χ2 test 

of independence
1.00

3.25 0.072
≤60 24 12

Tumor size 
[cm]

<5 37 17 Pearson’s χ2 test 
of independence

1.00
11.50 0.001*

≥5 33 28

Metastasis
yes 10 10

Fisher’s exact test
1.00

– 0.011*
no 60 35

Lymphatic 
metastasis

yes 15 8 Pearson’s χ2 test 
of independence

1.00
1.00 0.318

no 55 37

TNM stage
I–II 49 28 Pearson’s χ2 test 

of independence
1.00

3.63 0.057
III–IV 21 17

* p < 0.05; TNM – tumor-node-metastasis; n – number of cases; df – degrees of freedom; ARL9 – ADP-ribosylation factor-like 9; GC – gastric cancer.

Fig. 3. Validation of human GC tissue and normal gastric tissue using hematoxylin and eosin (H&E) staining. A. GC tissue; A1. Microscope magnification 
of ×100 (n = 3); A2. Microscope magnification ×200 (n = 3); A3. Microscope magnification ×400 (n = 3); B. Normal gastric tissue; B1. Microscope 
magnification ×100 (n = 3); B2. Microscope magnification ×200 (n = 3); B3. Microscope magnification ×400 (n = 3). Compared to normal gastric tissue, 
gastric glands had disordered structures (arrow in A1), necrosis occurred in the glandular cavity (arrow in A2), and atypical glandular epithelium and 
increased nuclear division were also observed (arrow in A3) in GC tissue. One patient was selected in each group for representation

GC – gastric cancer.
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of ARL9 on  the capacity of GC cells AGS to multiply. 
The results demonstrated a statistically significant dif-
ference between the NC group and the siARL9 #1 and 
siARL9 #2 transfected groups in terms of the AGS cells’ 
capacity to proliferate (Fig. 5; df = 2.00, Kruskal–Wallis 
statistic = 3.37, p = 0.185; NC vs siARL9#1, p < 0.001; NC 
vs siARL9#2, p < 0.001, siARL9#1 vs siARL9#2, p = 0.013; 
Table 2). The effect of the protein on the invasive and mi-
gratory capabilities of AGS cells was evaluated 48 h after 
ARL9 transfection using cell counts and the transwell 
method. Microscopic studies revealed significantly de-
creased invasion and migratory potentials of AGS cells 
in the siARL9 #2 transfected groups compared to the NC 
group (Fig. 6; for both invasion and migration: df = 2.00, 
Kruskal–Wallis statistic = 7.20, p = 0.027; NC vs siARL9#1, 
p  =  0.539; NC vs siARL9#2, p  =  0.022, siARL9#1 vs 
siARL9#2, p = 0.539).

Discussion

The precise mode of action and clinical significance 
of the ARL9 gene in tumors remains unclear, although 
analogous oncogenes have been identified and documented 
in previous research.20,21 A negative association has been 
established between gliomas22 and the malignant growth 
of prostate tumors.14 Tumor suppressor protein ARF con-
trols apoptosis, ageing and cell proliferation, all of which 
are vital in halting the growth of cancer.23 The fundamen-
tal function of ARF in inhibiting tumor growth has been 
thoroughly described. Its function as a suppressor of tumor 
growth is strongly associated with the p53 MDM2 axis, 
mostly because of its capacity to react to oncogenic cues 
like c-MYC and trigger p53 activation.24 The biological 
significance of ARL9, which is a recent member of the ARF 
family, in relation to tumors is still unknown.

In this research, we meticulously examined ARL9 ex-
pression using the public database UALCAN and sub-
sequently corroborated our findings at both the protein 
and mRNA levels.25 In vitro experiments demonstrated 
a noteworthy downregulation of ARL9 protein and mRNA 

Table 2. Nonparametric repeated measures ANOVA test for Fig. 5

Statistical methods Group Statistic (n = 3)

Kruskal–Wallis 
multivariate ANOVA 
test

df 2.00 

H 3.37

p-value 0.185

Pairwise comparisons
(Wilcoxon test)

NC vs siARL9#1 p < 0.001

NC vs siARL9#2 p < 0.001

siARL9#1 vs siARL9#2 p = 0.013

ANOVA – analysis of variance; df – degrees of freedom; NC – negative 
control. p-value adjustment method: Bonferroni, where H represents test 
statistic.

Fig. 4. Expression level of ARL9 in GC cells transfected with siARL9 by AGS 
GC cells. A. Quantitative polymerase chain reaction (qPCR) was used 
to detect mRNA expression in GC cell AGS after transfection with siARL9. 
B. Western blotting was used to detect protein expression in GC cells AGS 
after transfection with siARL9

NC (n = 3) – control human gastric adenocarcinoma cells (AGS); siARL9#1 
(n = 3) – AGS transfected with siRNA sequence 1 targeting ARL9; siARL9#2 
(n = 3) – AGS transfected with siRNA sequence 2 targeting ARL9; control 
– control AGC; GC – gastric cancer; NC – negative control.

Fig. 5. MTT assay for detecting the effect of siARL9 transfection 
on the proliferation ability of AGS GC cells (**p < 0.01)

NC (n = 3) – human gastric adenocarcinoma cells (AGS); siARL9#1 (n = 3) 
– AGS transfected with siRNA sequence 1 targeting ARL9; siARL9#2 (n = 3) 
– AGS transfected with siRNA sequence 2 targeting ARL9; GC – gastric 
cancer; NC – negative control.
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expression following ARL9 siRNA transfection. This 
reduction significantly impaired ce	 l proliferation 
and migration. Gastric cancer cells with elevated ARL9 
protein expression exhibited greater proclivity for prolif-
eration and metastasis than those with lower ARL9 ex-
pression.26 Additionally, ARL9 protein expression in GC 
tissues of patients with high ARL9 levels was confirmed 
by immunohistochemistry results to be highly associated 
with tumor growth and distant metastasis in patients with 
GC. However, p > 0.05 indicated no statistically significant 
correlation between TNM staging, age or gender of GC 
patients. Therefore, we draw the conclusion that the ARL9 
protein is highly expressed in GC and may have the ability 
to promote the growth and migration of GC cells.

Limitations

Although our data suggest that ARL9 may play a role 
in  the  GC carcinogenesis, we  must acknowledge that 

we have not thoroughly revealed the mechanisms of ARL9 
protein in gastric tumorigenesis. This limitation highlights 
the need for further research to fully elucidate the role 
of ARL9 in GC, both in experimental settings and in com-
plex molecular networks. In addition, a previous study re-
ported that ARL9 was negatively regulated by ARL9 DNA 
methylation in low-grade glioma,22 so we should investigate 
the epigenetic regulatory mechanism of ARL9 expression 
in GC in future studies.

Conclusions

The study provides new insights into the ARL9 gene and 
sheds light on how it relates to gastric cancer.27 Given that 
ARL9 expression is downregulated in vitro after siRNA 
transfection and that this results in a decrease in cell mi-
gration and proliferation, it is highly probable that ARL9 
is an oncogene in stomach cancer. These findings correlates 

Fig. 6. Transwell method was 
used to detect the effect of siARL9 
transfection on invasion and 
migration in human gastric 
adenocarcinoma cells (AGS)

NC or control (n = 3) – control 
AGS cells; siARL9#1 (n = 3) – AGS 
transfected with siRNA sequence 
1 targeting ARL9; siARL9#2 (n = 3) 
– AGS transfected with siRNA 
sequence 2 targeting ARL9; 
* p < 0.05 for comparison with NC; 
GC – gastric cancer; NC – negative 
control.
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with the previous research that demonstrated an inverse 
correlation between ARL9 and the development of ma-
lignancy in many cancer types.22,28 For example,ARL9 
as upregulated in colon adenocarcinoma and ARL9 silence 
reduced the proliferation and migration of colon adeno-
carcinoma cells.28 According to these data, ARL9 may be 
helpful as a diagnostic and prognostic marker for stomach 
cancer.
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Abstract
Background. Glioblastoma multiforme (GBM) is the most aggressive brain tumor malignancy in adults, 
accounting for nearly 50% of all gliomas. Current medications for GBM frequently lead to drug resistance.

Objectives. Umbelliferone (UMB) is found extensively in many plants and shows numerous pharmacological 
actions against inflammation, degenerative diseases and cancers. However, its anticancer effects on GBM 
cells have not yet been explored.

Materials and methods. This research intended to assess the antitumor efficacy of UMB and the molecular 
mechanism of cell–cell adhesion proteins in human U-87 GBM cells. The cytotoxicity assay, intracellular 
reactive oxygen species (ROS), cell adhesion proteins, and cell apoptosis actions of UMB were assessed 
using 3-[4, 5-dimethylthiazol-2-yl]-2, 5-diphenyl tetrazolium bromide (MTT), dichlorodihydrofluorescein 
diacetate (DCFH-DA), 4′,6-diamidino-2-phenylindole (DAPI), acridine orange/ethidium bromide (AO/EB), 
and western blot.

Results. The findings revealed that UMB reduced the proliferation of GBM cells and cell adhesion proteins, 
while augmenting apoptosis through the elevation of cellular ROS. Bcl-2 family protein levels of Bcl-2 and 
Bcl-XL were mitigated; conversely, the pro-apoptotic proteins Bad and Bim were elevated upon treatment 
with UMB in a quantity-dependent way. Furthermore, UMB-treated GBM cells suppressed N-cadherin, 
β-catenin, Slug, and matrix metalloproteinase 2 (MMP-2) expression, whereas they showed enhanced TIMP 
protein and E-cadherin levels.

Conclusions. Our findings suggest that UMB can prevent proliferation and metastasis and stimulate apop-
tosis in GBM cells.

Key words: glioblastoma, proliferation, apoptosis, umbelliferone, cell adhesion proteins
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Background

Gliomas are the  predominant kind of  malignancy 
in  the central nervous system and are accountable for 
a significant number of human deaths.1 Gliomas com-
prise 24.7% of all primary brain tumors and 74.6% of all 
malignancies, according to the American Brain Tumor As-
sociation (ABTA).2 Glioma patients have an extremely low 
survival rate; with current treatments, the average survival 
duration for low-grade gliomas is  less than 60 months, 
and for advanced phases, it  is  fewer than 15 months.3 
As a recurrent brain tumor in adults, glioblastoma mul-
tiforme (GBM) is an extremely aggressive malignancy 
owing to  its highly invasive and vascularizing nature.4 
Currently, available standard therapy for GBM is surgical 
resection with subsequent radiotherapy and temozolo-
mide chemotherapy.5 Because of the level of distortion and 
chemoresistance, GBM certainly relapses despite recent 
advancements in these treatments.6 Thus, it  is urgently 
required to advance innovative therapeutic approaches for 
the management and improvement of GBM survival rates.

Reactive metabolic byproducts, such as reactive oxygen 
species (ROS), greatly influence both harmful and positive 
actions. Reactive oxygen species in cells act as secondary 
messengers in signaling cascades that are a threat to usual 
physiological actions, including development and differen-
tiation.7,8 Conversely, hypergeneration of ROS can impair 
biomolecules,9 which leads to cell integrity harm followed 
by cell pathology. Recently, ROS have been shown to pro-
mote tumorigenesis, angiogenesis and metastasis.10 How-
ever, extreme accumulation of ROS has been recognized 
to bring about apoptotic cell death.11 Metastasis is the pri-
mary cause of cancer-associated mortality,12 along with 
catastrophic organ dysfunction following the establish-
ment and uncontrolled progression of exogenous cancer 
cells surrounded by normal tissue. Adhesion and cell–cell 
interaction are crucial tools for effective tissue function 
and homeostasis by describing compartmentalization and 
polarity in cells.13 Among the numerous adhesion mol-
ecules, the key group is the cadherins superfamily, which 
are transmembrane proteins that are essential in the devel-
opment of adherens junctions.14 Matrix metalloproteinases 
(MMPs) are endopeptidases in a zinc-dependent family 
that are responsible for destroying constituents of the ex-
tracellular matrix (ECM),15 tumor cell incursion, angiogen-
esis, and the subduing of antitumor immune surveillance.16 
There are natural endogenous secreted proteins compris-
ing tissue inhibitors of metalloproteinases (TIMPs) that 
constrain the actions of MMPs.17 Hence, TIMPs control 
cellular functions, including proliferation, movement and 
survival, by regulating ECM deprivation through com-
munication with MMPs.18

Natural herbal constituents have been shown to be vi-
tal sources of  medicines and models for drug design. 
The well-known 7-hydroxycoumarin umbelliferone (UMB) 
is  extensively found in  numerous popular plants from 

the Umbelliferae family comprising garden angelica, cori-
ander, carrot, etc. It displays numerous pharmacological ac-
tions against microbial infections, inflammation, degenera-
tive diseases, and cancers.19 It employs anticancer activities 
against colon cancer,20 laryngeal cancer21 and liver cancer.22

Objectives

This report was intended to explore the anticancer ef-
ficacy of UMB in terms of cytotoxicity, apoptosis and me-
tastasis in the most commonly studied GBM cells. 

Materials and methods

Chemicals

Umbelliferone, Dulbecco’s modified Eagle’s me-
dium (DMEM), foetal bovine serum (FBS), antibiotics, 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT), 2′−7′-dichlorodihydrofluorescein diacetate 
(DCFH-DA), 6-diamidino-2-phenylindole (DAPI), sodium 
dodecyl sulphate (SDS), dimethyl sulphoxide (DMSO), and 
phosphate-buffered saline (PBS) were acquired from Gibco 
(Waltham, USA). The primary and secondary antibodies 
for Western blot analysis were purchased from Beyotime 
Biotechnology (Beijing, China). Analytical-grade biochem-
icals and solvents were used.

Cell culture

Human U-87 GBM cells were acquired from Shanghai 
Aiyan Biotechnology Co., Ltd (Shanghai, China) and cul-
tured in DMEM medium, which contained 10% FBS, strep-
tomycin (100 μg/mL) and penicillin (100 U/mL) in a 5% 
CO2 atmosphere with below 95% humidity at 37°C. 

Cell proliferation assay

Human glioma cell viability was evaluated using 
the MTT test.23 Briefly, U-87 GBM cells were sowed into 
96‑well plates (1×105 cells/well) and cultured at 37°C in a 5% 
CO2 wet incubator. Once they were incubated overnight, 
the medium was separated, washed with PBS in the cells 
and incubated through different concentrations of UMB 
(5–60 μM/mL) for 1 day. Then, a 10 μL solution of MTT 
was supplemented to the treated cells and sustained for an-
other 4 h. Subsequently, crystals of formazan were dissolved 
by treating with DMSO (150 μL). The optical density (OD) 
was determined at 490 nm using a multifunctional plate 
reader (BD Biosciences, Franklin Lakes, USA). Cell prolif-
eration was measured as a percentage of viability against 
control GBM cells (100%). The IC50 value was determined 
using the method shown below:
cell viability inhibition (%) = (control OD – test OD) × 100.
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Determination of intracellular ROS

Human glioma cells were sowed in 6-well plates each 
and kept for 1 day; then, different concentrations of UMB 
(30 or 40 μM/mL) were added. Next, the control and treated 
cells were stained with 10 μM of DCFH-DA and preserved 
for 30 min at 37°C. The stained cells were washed with ice-
cold PBS twice to remove any excess dye. The excitation 
and emission fluorescence were measured using a PR 4100 
microplate reader, which is a next-generation 8-channel 
absorbance microplate reader (Bio-Rad Laboratories India 
Pvt. Ltd., Gurgaon, India), as described previously.24

Evaluation of apoptosis using 
dual staining with AO/EB

The apoptotic morphology of the human U87 cells  after 
exposure to UMB was evaluated using acridine orange/
ethidium bromide (AO/EB) staining.25 Glioblastoma mul-
tiforme cells were supplemented with different concen-
trations of UMB (30 or 40 µM/mL) and kept for 1 day. 
The UMB-supplemented and control cells were treated 
with an AO/EB (100 µg/mL each dye) mixture. All groups 
were kept in the dark at room temperature for 20 min, 
ensuring unattached dye was separated using PBS and 
detected using a fluorescence microscope (model BX51; 
Olympus Corp., Tokyo, Japan).

Apoptosis assessed using DAPI staining

Human GBM cells were sowed at 1×105 cells per plate 
and added to UMB (30 or 40 µM/mL) and then fixed with 
4% paraformaldehyde for 10 min at 37°C. These preserved 
GBM cells underwent DAPI staining to evaluate the nucleus 
changes related to apoptotic cell death using a method de-
scribed previously.26 Then, all samples were fixed on a glass 
slip and examined through a BX51 fluorescence microscope 
(Olympus Corp.).

Western blotting analysis

Human GBM cells were supplemented with 30 or 40 µM/mL 
of UMB and cultivated for 1 day. The cell lysates were set 
with lysis buffer in ice-cold conditions, ensuring protease 
inhibitors, and western blot analysis was performed. Con-
cisely, protein measurement was achieved using a Protein 
BCA Assay Kit (Pierce Chemical Co., Rockford, USA). Af-
ter these were quantified, they were electrophoretically 
dispersed and moved into a polyvinylidene fluoride (PVDF) 
film. At that point, the film was blocked with a probe pre-
served at room temperature for 1 h, treated with primary 
antibodies in a 1:1,000 dilution (Bcl-XL, Bcl-2, Bim, Bad, 
N-cadherin, E-cadherin, β-catenin, MMP-2, Slug, TIMP-1, 
and TIMP-2), and set aside overnight at 4°C. Then, horse-
radish peroxidase (HRP)-conjugated secondary antibodies 
were added. The protein bands were successively stained 

and then visualized. The protein band quantification was 
determined using densitometry with ImageJ software 
(National Institutes of Health (NIH), Bethesda, USA) and 
normalized to GAPDH expression.

Statistical analyses

The  statistical analysis of  the  data from each group 
was conducted using GraphPad Prism v. 8.0.2 (GraphPad 
Software, San Diego, USA) and IBM SPSS v. 25.0 (IBM 
Corp., Armonk, USA). Measurement data were presented 
as medians (min–max). As the sample size was too small 
to verify normal data distribution, the differences between 
the groups were analyzed using the nonparametric Krus-
kal–Wallis test with Dunn’s post hoc test. Subsequently, 
significant differences among multiple groups were exam-
ined using the Kruskal–Wallis test, and Dunn’s post hoc 
test was employed for multiple comparisons. A statistically 
significant data divergence was considered when p < 0.05. 
All tests in this study were bilateral.

Results

Tables 1–3 show the  results of  comparing variables 
among groups.

Antiproliferative and cytotoxic effects 
of UMB on glioma cells

Human U-87 GBM cell viability was assessed using 
the MTT test with different concentrations (5–60 μM/mL) 
of UMB. The data revealed that UMB reduced viability 
through its cytotoxic and antiproliferative actions on GBM 
cells in a dose-dependent way. Umbelliferone treatment 
at a concentration of less than 10 μM did not expressly 
alter the antiproliferation and cytotoxicity results for GBM 
cells. Conversely, higher concentrations of UMB (30 and 
40 μM/mL) substantially reduced (p < 0.05) the viability 
of both U-87 cells compared to an untreated control. Using 
MTT assay, we detected the IC50 values of the GBM cells. 
Recognized based on the figure of the inhibitory concen-
tration data of 30 and 40 μM/mL, UMB was taken for 
further trials (Table 1, Fig. 1).

Impact of UMB on intracellular 
ROS accumulation in human GBM cells

The formation of intracellular ROS is related to numer-
ous stimuli, and it can trigger cell death and cell cycle 
arrest. Intracellular ROS levels were elevated in U-87 cells 
after being supplemented with 30 or 40 µM/mL UMB 
in  an  amount-dependent way, in  contrast to  the  con-
trol. To  clearly distinguish the  accumulation of  ROS, 
the DCFH-DA-labeled cells were examined under a BX51 
fluorescence microscope (Olympus Corp.). The intensity 
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of ROS was greatly augmented with 40 µM/mL of UMB 
(Table 2,3, Fig. 2).

Umbelliferone-induced apoptosis 
of human GBM cells revealed using 
dual staining with AO/EB

Apoptotic alterations in U-87 cells were visualized using 
dual staining with AO/EB. The GBM control cells exhib-
ited evenly stained viable green cells (Table 2,3, Fig. 3A). 
The UMB-treated GBM cells presented higher apoptosis 
variations compared to the controls in a dose-dependent 
mode. Umbelliferone-treated (30 or 40 μM/mL) U-87 
cells revealed apoptotic cells, chromatin condensation 
and membrane blebbing in what seemed like light green-
ish-yellow dots. Supplementation with UMB at a dose 
of 40 μM/mL exposed late apoptotic alterations in GBM 
cells, which presented as an orange-red color.

Table 1. Groups compared with each other regarding MTT results

Variables Control 5 μM 10 μM 20 μM 30 μM 40 μM 50 μM 60 μM Test value 
(H)** p-value*

MTT
99.96 

(90.95–
108.95)

89.82 
(81.73–
97.89)

78.61 
(71.53–
85.67)

70.55 
(64.17–
76.87)

61.04 
(55.54–
66.52)

52.17 
(47.46–
56.84)

37.72 
(34.33–
41.11)

28.21 
(25.66–
30.74)

45.08 0.005

Data were presented as median (min–max); *p-value was generated from Kruskal–Wallis test with Dunn’s post hoc test; **degrees of freedom (df) = 7. 
MTT – 5-diphenyl tetrazolium bromide; H – total test values.

Fig. 1. Umbelliferone inhibits human GBM cell proliferation. Human U-87 
GBM cells were supplemented with various concentrations (5–60 µM/mL) 
of UMB for 1 day. Cell viability was determined using an MTT assay. Results are 
presented as medians (min–max) for triplicate trials. Significant differences 
compared to the untreated control are denoted by *(p < 0.05). The p-value 
was generated from the Kruskal–Wallis test with Dunn’s post hoc test

GBM – glioblastoma multiforme; UMB – umbelliferone; 
MTT – 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide.

Table 2. Groups compared with each other regarding other parameters

Variables Control (n = 6) 30 μM (n = 6) 40 μM (n = 6) Test value (H)** p-value*

ROS 7.03 (6.40–7.66) 23.40 (21.29–25.51) 34.90 (31.76–38.04) 15.15 <0.001

AO/EB staining 1.75 (1.59–1.91) 34.19 (31.11–37.27) 50.49 (45.95–55.03) 15.17 <0.001

DAPI staining 3.90 (3.55–4.25) 35.02 (31.87–38.17) 51.07 (46.47–55.67) 15.17 <0.001

Bcl-2 1.00 (0.91–1.09) 0.62 (0.56–0.68) 0.47 (0.43–0.51) 15.23 <0.001

Bcl-XL 1.00 (0.91–1.09) 0.68 (0.62–0.74) 0.50 (0.46–0.55) 15.22 <0.001

Bad 1.00 (0.91–1.09) 1.36 (1.24–1.48) 2.25 (2.05–2.45) 15.20 <0.001

Bim 1.00 (0.91–1.09) 1.40 (1.27–1.53) 1.96 (1.78–2.14) 15.20 <0.001

E-cadherin 1.00 (0.91–1.09) 1.37 (1.25–1.49) 2.15 (1.96–2.34) 15.20 <0.001

N-cadherin 1.00 (0.91–1.09) 0.80 (0.73–0.87) 0.65 (0.59–0.71) 15.20 <0.001

β-catenin 1.00 (0.91–1.09) 0.62 (0.56–0.68) 0.45 (0.41–0.49) 15.23 <0.001

MMP-2 1.00 (0.91–1.09) 0.80 (0.73–0.87) 0.53 (0.48–0.58) 15.20 <0.001

Slug 1.00 (0.91–1.09) 0.65 (0.59–0.71) 0.37 (0.34–0.40) 15.23 <0.001

TIMP-1 1.00 (0.91–1.09) 1.58 (1.44–1.72) 2.30 (2.09–2.51) 15.20 <0.001

TIMP-2 1.00 (0.91–1.09) 1.20 (1.09–1.31) 2.01 (1.83–2.19) 15.01 <0.001

Data were presented as median (min–max); *p-value was calculated using Kruskal–Wallis test with Dunn’s post hoc test; **degrees of freedom (df) = 2; 
ROS – reactive oxygen species; AO/EB – acridine orange/ethidium bromide; DAPI – 4’,6-diamidino-2-phenylindole; Bcl-2 – B-cell leukemia/lymphoma 2 
proteins; Bcl-XL – B-cell lymphoma-extra-large; Bad – BCL2-associated death promoter; Bim – BCL-2-interacting mediator of cell death; MMP-2 – matrix 
metalloproteinases 2; Slug – SNAIL family of transcriptional repressors; TIMP-1 – tissue inhibitor of metalloproteinase-1; TIMP-2 – tissue inhibitor 
of metalloproteinase-2.
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Umbelliferone-triggered apoptosis 
of human GBM cells displayed using 
DAPI staining

Human U-87 GBM cells stained with DAPI revealed 
typical viable cells with normal nuclei (Table 2,3, Fig. 3B). 
Treatment of  the  glioma cells with UMB stimulated 

apoptosis that intensified the nuclear morphology and 
fragmentation of the nuclear bodies compared to the con-
trol cells. When UMB (30  or  40  μM/mL) was added 
to the glioma cells, they exhibited chromatin reduction, 
membrane blebbing, destruction of the nuclear envelope, 
and cellular collapse. These effects underlined that UMB-
triggered apoptosis occurs in a quantity-dependent way.

Studies on the effects of UMB 
on Bcl-2 family protein expression

In  human GBM cells supplemented with UMB 
(30  or  40  μM/mL), pro-apoptotic Bad and Bim levels 
were elevated, whereas anti-apoptotic Bcl-2 and Bcl-XL 
mitigated their protein levels. These results established 
the apoptotic action of UMB in a quantity-dependent way 
(Table 2,3, Fig. 4).

Influence of UMB on metastatic 
protein expression

For U-87 human GBM cells supplemented with UMB 
(30 or 40 μM/mL), E-cadherin protein expression was el-
evated, whereas N-cadherin, β-catenin, MMP-2, and Slug 
showed attenuated protein expression. These results con-
firmed the apoptotic action of UMB in a concentration-
dependent way (Table 2,3, Fig. 5).

Protein expression analysis of TIMP-1 
and TIMP-2

TIMP-1 and TIMP-2 expressions were downregulated 
in untreated glioma cells. The GBM cells supplemented 

Table 3. The results of the Dunn’s post hoc test

Explained 
variable C vs 30 μM C vs 40 μM 30 μM vs 

40 μM

ROS p < 0.155 p < 0.001 p < 0.155

AO/EB staining p < 0.154 p < 0.001 p < 0.154

DAPI staining p < 0.154 p < 0.001 p < 0.154

Bcl-2 p < 0.154 p < 0.001 p < 0.154

Bcl-XL p < 0.153 p < 0.001 p < 0.153

Bad p < 0.154 p < 0.001 p < 0.154

Bim p < 0.154 p < 0.001 p < 0.154

E-cadherin p < 0.154 p < 0.001 p < 0.154

N-cadherin p < 0.154 p < 0.001 p < 0.154

β-catenin p < 0.153 p < 0.001 p < 0.153

MMP-2 p < 0.154 p < 0.001 p < 0.154

Slug p < 0.153 p < 0.001 p < 0.153

TIMP-1 p < 0.154 p < 0.001 p < 0.154

TIMP-2 p < 0.174 p < 0.001 p < 0.174

ROS – reactive oxygen species; AO/EB – acridine orange/ethidium 
bromide; DAPI – 4’,6-diamidino-2-phenylindole; Bcl-2 – B-cell 
leukemia/lymphoma 2 proteins; Bcl-XL – B-cell lymphoma-extra-
large; Bad – BCL2-associated death promoter; Bim – BCL-2-interacting 
mediator of cell death; MMP-2 – matrix metalloproteinases 2; 
Slug – SNAIL family of transcriptional repressors; TIMP-1 – tissue inhibitor 
of metalloproteinase-1, TIMP-2 – tissue inhibitor of metalloproteinase-2.

Fig. 2. Umbelliferone enhances the accumulation 
of ROS in glioma cells. Scale bar = 50 μm. U-87 cells 
with untreated control (green florescence) showing 
weak background florescence; arrow mark represents 
clearly visible DCF fluorescence. Cells treated with 
UMB (30 or 40 µM/mL) for 1 day showing bright DCF 
florescence. Results are presented as medians (min–max) 
for triplicate trials. Significant differences compared 
to the untreated control are denoted by *(p < 0.05). 
The p-value was calculated using the Kruskal–Wallis test 
with Dunn’s post hoc test

ROS – reactive oxygen species; DCFH – DA – 2′−7′-dichloro- 
dihydrofluorescein diacetate; UMB – umbelliferone.
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Fig. 4. Influence of UMB on the Bcl-2 family protein expression in human GBM cells. Umbelliferone (30 or 40 µM/mL) was added to the U-87 cells for 24 h, 
and protein levels were studied using western blot. Results are presented as medians (min–max) for triplicate trials. Significant differences compared 
to the untreated control are denoted by *(p < 0.05). The p-value was calculated using the Kruskal–Wallis test with Dunn’s post hoc test

GBM – glioblastoma multiforme; UMB – umbelliferone.

Fig. 3. Umbelliferone triggered apoptosis in glioma cells. U-87 cells were either untreated controls or U-87 cells treated with 30 or 40 µM/mL UMB for 24 h. 
Scale bar = 50 μm. The evaluation of apoptosis was performed using the dual staining of: (A) AO/EB staining; white arrow indicates green florescence, 
the orange arrow indicates apoptotic bodies, the blue arrow indicates apoptotic cells, and the yellow arrow indicates necrotic cells; (B) DAPI staining 
examined under a fluorescence microscope. The control cells showed a dark background as normal cells, but for the UMB-treated cells, the white arrow 
indicates bright fluorescence. Results are presented as medians (min–max) for triplicate trials. Significant differences compared to the untreated control are 
denoted by *(p < 0.05). The p-value was calculated using the Kruskal–Wallis test with Dunn’s post hoc test

ROS – reactive oxygen species; DCFH DA – 2′−7′- dichlorodihydrofluorescein diacetate; UMB – umbelliferone.
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with 30  or  40  μM/mL UMB upregulated TIMP-1 and 
TIMP-2 protein expression in a quantity-dependent way 
(Table 2,3, Fig. 6).

Discussion

Malignant carcinomas are a  growing problem in 
the medical community due to delayed diagnosis, ele-
vated metastasis, augmented resistance, and the massive 

Fig. 5. Influence of UMB on metastatic protein expression in human GBM cells. Umbelliferone (30 or 40 µM/mL) was added to glioma cells for 1 day. Results 
are presented as medians (min–max) for triplicate trials. Significant differences compared to the untreated control are denoted by *(p < 0.05). The p-value 
was calculated using the Kruskal–Wallis test with Dunn’s post hoc test

GBM – glioblastoma multiforme; UMB – umbelliferone.

Fig. 6. Influence of UMB on TIMP-1 and TIMP-2 protein levels in human GBM cells. Umbelliferone (30 or 40 µM/mL) was added to U-87 cells for 24 h. Results 
are presented as medians (min–max) for triplicate trials. Significant differences compared to the untreated control are denoted by *(p < 0.05). The p-value 
was calculated using the Kruskal–Wallis test with Dunn’s post hoc test

GBM – glioblastoma multiforme; UMB – umbelliferone; TIMP-1 – tissue inhibitor of metalloproteinase-1; TIMP-2 – tissue inhibitor of metalloproteinase-2.
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complexity of currently existing medications. The GBM 
is the most common glioma, with the highest grade of ma-
lignancy among brain tumors, the least-favorable prognosis 
and the greatest likelihood of metastasis and recurrence.1,3 
Temozolomide is the most beneficial medication accepted 
for GBM treatment, but its drawback is drug resistance, 
which frequently happens in medical use, eventually caus-
ing treatment failure.5 At present, several treatments are 
available for GBM; however, their effectiveness is partly 
owing to their broad ramifications. As such, researchers 
are mainly focused on the development of innovative medi-
cations with reduced complications. Over 50% of cancer 
medicines are produced from natural ingredients.

Umbelliferone, also known as  7‑hydroxycoumarin, 
is an extensive natural component of the coumarin fam-
ily. It has been documented to have analgesic, anti‑inflam-
matory, antinociceptive, and bronchodilatory actions.27,28 
Umbelliferone has been demonstrated to display antican-
cer and immunomodulatory actions by constraining tu-
mor progression of sarcoma 180 in mice models.29 Kielbus 
et al.21 stated that UMB repressed laryngeal cancer cell 
proliferation and migration. They reported that UMB 
mitigated the proliferation and migration of  laryngeal 
RK33 malignant cells in a quantity‑dependent way.21 Um-
belliferone has also been tested for anticancer activities 
against 7,12‑dimethylbenz(a)anthracene‑prompted mam-
mary carcinomas in rats.30 To the best of our knowledge, 
the current study is the first report to exhibit the cyto-
toxic, apoptotic and antimetastatic prompting actions 
of UMB in human U-87 GBM cells in vitro. The MTT 
assay showed that treatment with UMB mitigated cell pro-
liferation in a dose-dependent way in glioma cells, which 
indicates that UMB might be an active antitumor candi-
date, as shown in this research.

It has been stated that stable levels of ROS are vital for 
preserving typical physiological roles.7,8 The generation 
of intracellular ROS accompanies oxidative stress, which 
ultimately leads to the process of apoptosis. Additional 
ROS production in a biological system is harmful to pro-
teins and DNA, which may eventually cause cell death. 
When there are upsurges in ROS generation, morphological 
variations occur and cause late apoptotic modifications, 
as evidenced by the dual staining of AO/EB in the current 
research. Next, to confirm that UMB triggered apoptosis, 
DAPI staining was performed. The fluorescent dye DAPI at-
taches to the A-T-rich DNA section. U-87-stained cells were 
examined under a fluorescent microscope, and the images 
presented fragmented DNA after treatment with UMB. Our 
findings revealed that elevated ROS generation occurred 
following UMB administration at different concentrations 
(30 or 40 μM/mL), in contrast to the control GBM cells, 
in a quantity-dependent manner. This finding also con-
firmed the ROS-stimulating action of UMB on U-87 cells.

To clarify the outcomes, we assessed the level of apoptotic 
protein expression following supplementation of glioma 
cells with UMB. The  proportion of  pro-apoptotic and 

anti-apoptotic proteins is vital during cell destiny deter-
mination. Our findings revealed that UMB attenuated 
the level of anti-apoptotic (Bcl-XL and Bcl-2) proteins and 
elevated the level of pro-apoptotic (Bad and Bim) proteins 
in a dose-dependent way. Anti-apoptotic and pro-apoptotic 
proteins also offer the creation of discrete channels for 
the permeabilization of the mitochondrial membrane.31 Fi-
nally, we showed that the mediator molecules for cell death 
by UMB are Bim and Bad, which are involved in the crucial 
mechanisms of cell apoptosis in the mitochondrial pathway.

The current study revealed that UMB-treated glioma cells 
enhanced E-cadherin and TIMPs while mitigating the pro-
tein levels of N-cadherin, β-catenin, MMP-2, and Slug, com-
pared to untreated GBM control cells. Numerous research-
ers have assessed the arrays of classical cadherin expression 
in GBM. The expression of N-cadherin in GBM has been 
examined in different patient cohorts, with nearly 60–80% 
of cases.32 E-cadherin levels have been further showed as rare 
or lacking in gliomas.33 Slug protein is a well-considered tran-
scriptional repressor, which can directly attach to and curb 
the E-cadherin promoter and other cell–cell adhesion within 
epithelial cells.34 The cytoplasmic domain of cadherin also 
contributes to cell–cell adhesion by alleviating the cadherin/
catenin complex and binding this complex to the actin cy-
toskeleton at the membrane. It controls an extensive variety 
of typical physiological developments, comprising embryo 
enlargement, cell propagation, differentiation, gene expres-
sion, and apoptosis.35 Preceding reports have established that 
the TIMP gene family members are differentially expressed 
in numerous tumors.36,37 As MMPs are greatly associated 
with the prognosis of multiple cancers, TIMPs, at least the-
oretically, may affect diagnosis in a few malignancy cases 
as precise inhibitors. In brain tumors, including GBM, sev-
eral reports have explored the disparity in the expression 
of TIMPs.38 In the current study, UMB enhanced the pro-
tein expression levels of TIMP-1 and TIMP-2 in GBM cells 
in a dosage-dependent way.

Limitations

As a limitation, microRNA interference level molecular 
studies were not performed.

Conclusions

This report showed that UMB subdues the proliferation 
of human U-87 GBM cells through the stimulation of ROS-
mediated apoptosis and its cytotoxic effects. Additionally, 
it could also suppress metastasis of the GBM cells by modu-
lating the cadherin/β-catenin complex-mediated cell–cell 
adhesion in human glioblastoma cells. These outcomes sug-
gest that UMB may prove to be a key component of antitumor 
agents or antitumor lead molecules. However, further research 
endeavors involving the precise molecular mechanisms of its 
antimetastatic effects are urgently required.
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The supplementary materials are available at https://
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Supplementary Fig. 1. Results of Kruskal–Wallis test 
as presented in Fig. 1.

Supplementary Fig. 2. Results of Kruskal–Wallis test 
as presented in Fig. 2.

Supplementary Fig. 3. Results of Kruskal–Wallis test 
as presented in Fig. 3.

Supplementary Fig. 4. Results of Kruskal–Wallis test 
as presented in Fig. 4.

Supplementary Fig. 5. Results of Kruskal–Wallis test 
as presented in Fig. 5.

Supplementary Fig. 6. Results of Kruskal–Wallis test 
as presented in Fig. 6.
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Abstract
Background. High sepsis mortality rates pose a serious global health problem. Machine learning is a promis-
ing technique with the potential to improve mortality prediction for this disease in an accurate and timely 
manner.

Objectives. This study aimed to develop a model capable of rapidly and accurately predicting sepsis 
mortality using data that can be quickly obtained in an ambulance, with a focus on practical application 
during ambulance transport.

Materials and methods. Data from the Medical Information Mart for Intensive Care-IV (MIMIC-IV) dataset 
were used to compare the performance of 11 machine learning algorithms against the widely utilized quick 
Sequential Organ Failure Assessment (qSOFA) score. A dynamic updating model was implemented. Perfor-
mance was evaluated using area under the curve (AUC) and precision-recall area under the curve (PRAUC) 
scores, and feature importance was assessed with SHapley Additive exPlanations (SHAP) values.

Results. The light gradient boosting machine (LightGBM) model achieved the highest AUC (0.79) and PRAUC 
(0.44) scores, outperforming the qSOFA score (AUC = 0.76, PRAUC = 0.40). The LightGBM also achieved 
the highest PRAUC (0.44), followed by Optuna_LightGBM (0.43) and random forest (0.42). The dynamically 
updated and tuned model further improved performance metrics (AUC = 0.79, PRAUC = 0.44) compared 
to the base model (AUC = 0.76, PRAUC = 0.39). Feature importance analysis offers clinicians insights for 
prioritizing patient assessments and interventions.

Conclusions. The LightGBM-based model demonstrated superior performance in predicting sepsis-related 
mortality in an ambulance setting. This study underscores the practical applicability of machine learning 
models, addressing the limitations of previous research, and highlights the importance of real-time updates 
and hyperparameter tuning in optimizing model performance.

Key words: machine learning, LightGBM, hyperparameter tuning, sepsis-related mortality, dynamic updating
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Introduction

Sepsis is a critical global health issue, contributing sig-
nificantly to worldwide morbidity and mortality. Rapid 
identification and intervention are crucial for improving 
patient outcomes because early interventions have been 
shown to increase survival rates. Developing accurate and ef-
ficient diagnostic tools for sepsis is, therefore, essential. Due 
to the limitations of current medical technologies in diag-
nosing sepsis from a biomarker perspective, statistics-driven 
machine learning techniques have gained increasing atten-
tion from medical diagnostic researchers. A growing volume 
of data, including laboratory results, vital signs, genetic, mo-
lecular, and clinical data, as well as patient health histories, 
is available in high resolution for high-risk individuals and 
sepsis patients.1–5 Gradient boosting trees (GBT) are among 
the most widely used machine learning methods,6 followed 
by logistic regression,6,7 random forest (RF),8 ridge regres-
sion,9 lasso regression (LR),10 naïve Bayes (NB),11 K-nearest 
neighbors (KNN),12–14 gated recurrent units,15,16 and long 
short-term memory.17 For hyperparameter tuning, 2 studies 
used grid search methods,18,19 and 2 use Bayesian optimiza-
tion methods.20,21 Amrollahi et al.22 and Zhang et al.23 com-
pared their algorithms to scoring systems used in clinical 
practice, such as systemic inflammatory response syndrome 
(SIRS), Sequential Organ Failure Assessment (SOFA), quick 
SOFA (qSOFA), Modified Early Warning System (MEWS), 
or targeted real-time Early Warning System (TREWScore).

However, the aforementioned papers have some short-
comings. Some studies have relatively small sample sizes, 
which may affect the generalizability of the results, such 
as the studies by Delahanty et al.24 and Hammoud et al.25 
In some studies, the proposed models were not adequately 
validated. For example, the study by Culliton et al.26 did 
not provide detailed information about the model’s perfor-
mance on an independent test set. Some studies used differ-
ent feature selection methods, making it difficult to fairly 
compare the performance differences between methods, 
such as the studies by Goh et al.3 and Qin et al.27 In some 
studies, multiple algorithms were compared without ex-
plaining why these particular algorithms were chosen, 
such as in the studies by Horng et al.28 and Apostolova and 
Velez.29 When using machine learning methods, several 
papers did not provide detailed information about hyper-
parameter tuning, such as the study by Amrollahi et al.22 
Other publications compared their algorithms to existing 
clinical scoring systems but did not elaborate on the limi-
tations of these scoring systems. For example, the study 
by Delahanty et al.24 compared their algorithm to SIRS, 
SOFA, qSOFA, MEWS, and TREWScore, without discuss-
ing the shortcomings of these scoring systems in detail. 
Additionally, racial, age and sex differences in the study 
participants were not adequately considered in some re-
search, which may affect the predictive ability of the model.

Differences exist among various populations. For exam-
ple, in the study by Liu et al.,30 natural language processing 

methods were used to predict sepsis, but the demographic 
characteristics of the study participants were not discussed 
in detail. Some studies do not fully address the feasibil-
ity and practicality of the models in clinical practice. For 
example, in the studies by Goh et al.3 and Qin et al.,27 al-
though their models demonstrate high accuracy in pre-
dicting sepsis, challenges related to data acquisition, data 
processing and model deployment in actual clinical appli-
cations were not addressed. Additionally, some studies did 
not thoroughly discuss the handling methods and potential 
issues associated with different data types. For example, 
in the study by Johnson et al.,31 various types of data (such 
as laboratory, vital signs, genetic, molecular, and clinical 
data) were mentioned, but detailed integration methods 
and potential problems were not discussed. Furthermore, 
some studies did not explicitly point out the advantages 
and areas for improvement of machine learning methods 
in sepsis prediction. For example, Hammoud et al.25 used 
LR for prediction but did not discuss the advantages and 
limitations of this method compared to others. The choice 
of evaluation metrics may also affect the interpretation 
of results. For example, Horng et al.28 used multiple eval-
uation metrics but did not discuss the relationships be-
tween these metrics and their applicability in assessing 
model performance. Finally, some studies did not consider 
the baseline risk characteristics of patients, which may 
influence the accuracy and applicability of model predic-
tions. For example, Apostolova and Velez29 did not discuss 
the patient’s baseline risk characteristics and their impact 
on model predictions.

In  this study, we aimed to develop a model that can 
quickly and accurately predict sepsis mortality using data 
that can be rapidly obtained during ambulance transport. 
Using the Medical Information Mart for Intensive Care 
(MIMIC)-IV dataset, we  compared the  performance 
of 11 machine learning algorithms and benchmarked our 
results against the widely used qSOFA score. To enhance 
the clinical applicability of our model, we carefully selected 
features that are feasible to collect during ambulance trans-
port, addressed demographic differences among patients, 
and considered baseline risk characteristics that could im-
pact predictive performance. Additionally, we emphasized 
the importance of the precision-recall area under the curve 
(PRAUC) metric for evaluating models on imbalanced da-
tasets, a common challenge in sepsis research. To further 
improve the predictive capabilities of our clinical deci-
sion support system, we implemented a real-time updating 
model, leveraging both online and incremental learning 
approaches to dynamically incorporate new patient data.

Objectives

Our research contributes to the practical application 
of machine learning methods for predicting sepsis-related 
mortality.
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Materials and methods

The  data used in  this study were derived from 
the MIMIC-IV database, a comprehensive de-identified 
database that provides intensive care data from Beth Is-
rael Deaconess Medical Center (BIDMC; Boston, USA).31 
The database contains information on over 40,000 pa-
tients who were admitted to the intensive care units (ICUs) 
at BIDMC between 2008 and 2019. It adopts a modular 
approach to data organization, emphasizing data sources 
and enabling the separation and combination of different 
data types. The dataset includes ‘hosp’ modules and ‘icu’ 
modules. The ‘hosp’ module contains data from electronic 
health records throughout the hospital. These measure-
ments are mainly recorded during hospitalization, though 
some tables also include data from outpatient sources (e.g., 
outpatient laboratory tests). Patient demographics (pa-
tients), hospitalizations (admissions) and within-hospital 
transfers (transfers) are recorded in the  ‘hosp’ module. 
The  ‘icu’ module contains data from BIDMC’s clinical 
information system, MetaVision (iMDSoft).31 Necessary 
training data samples have been completed, with a record 
ID of 49953233.

Ambulance measurable features

The features in the MIMIC-IV dataset (Table 1) can 
be rapidly measured during ambulance transport. Early 
assessment and intervention by ambulance teams are 
crucial for improving patient outcomes and minimizing 
complications. Real-time monitoring of vital signs and 
laboratory indicators allows emergency medical providers 
to assess the patient’s condition promptly and administer 
appropriate treatment. This approach can improve patient 
survival rates, shorten hospital stays and reduce medical 
costs.32,33

Methods

Features

The features in the dataset are mainly divided into 2 types: 
numerical and categorical. Numerical features are repre-
sented by real numbers, such as age, heart rate (HR) and 
blood pressure, and usually require scaling (normalization 
or standardization). Categorical features consist of fixed cat-
egories, such as sex, ethnicity and marital status, and must 
usually be encoded (e.g., one-hot encoding) to convert them 
into numerical form. To distinguish between numerical and 
categorical features in the dataset, we defined 2 separate lists 
and applied different preprocessing steps to them. Missing 
values in numerical features were filled with the median, 
whereas missing values in categorical features were filled 
with the mode. For outlier handling, HR values were limited 
to the range of 30–200 bpm.

Although both feature and label values after one-hot 
encoding were represented as 0/1, their meanings differed. 
Features after one-hot encoding indicated the presence 
of a particular category, whereas label values represented 
the survival status of the patient. During model training, 
the algorithm attempts to combine all features to predict 
the target variable. If concerns arise about the potential 
negative impact of one-hot encoding on predictions, al-
ternative encoding methods, such as ordinal encoding 
or target encoding, may be considered. However, in most 
cases, one-hot encoding is an effective method for encod-
ing categorical features.

Statistical analyses

When the dataset contains many categorical features, 
each with multiple categories, one-hot encoding can result 
in a significant increase in data dimensionality. In such 
cases, dimensionality reduction methods (e.g., principal 

Table 1. Features that can be measured quickly in an ambulance from the Medical Information Mart for Intensive Care-IV (MIMIC-IV) dataset

Category Feature Meaning

Vital signs

heart rate (HR) An abnormal HR may indicate deterioration of the patient’s condition.

systolic blood pressure (SBP) Abnormal blood pressure may be a sign of septic shock.

diastolic blood pressure (DBP) ?

respiratory rate (RR) An increased RR may be a sign of complications such as hypoxemia.

temperature (temp) Abnormal temperature may be a sign of infection.

oxygen saturation (SpO2) Low oxygen saturation may indicate hypoxemia.

Laboratory 
indicators

white blood cell count (WBC) Abnormal WBC count may indicate infection.

lactic acid Elevated lactic acid levels may be associated with septic shock.

C-reactive protein (CRP) Elevated CRP levels during the acute-phase response may indicate infection.

creatinine Elevated creatinine levels may be a sign of renal impairment.

liver function indicators (e.g., ALT, AST) Abnormal liver function indicators may indicate liver damage.

Patient 
demographics

age Age may be an important factor in determining the patient’s health status.

sex
Different sexes may have different risks for certain diseases, such as cardiovascular diseases 

or cancers.



Fig. 1. Performance 
comparison of machine 
learning algorithms for sepsis-
related mortality prediction. 
This figure presents the area 
under the curve (AUC) and 
precision-recall area under 
the curve (PRAUC) scores 
for 11 machine learning 
algorithms and the quick 
Sequential Organ Failure 
Assessment (qSOFA)  score 
evaluated in our study. 
The LightGBM algorithm 
achieved the highest AUC 
score (0.79) and PRAUC score 
(0.44), outperforming both 
the qSOFA score (AUC = 0.76, 
PRAUC = 0.40) and other 
machine learning models. 
These results highlight 
the superior performance 
of the LightGBM-based 
model for predicting 
sepsis-related mortality 
in an ambulance setting
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component analysis) or feature selection methods can be 
used to reduce the number of features.

In clinical applications, identifying minority samples 
is often more valuable than identifying majority samples, 
which is the focus of classifier construction. However, cur-
rent machine learning models for predicting sepsis mortal-
ity are mainly designed to maximize overall classification 
accuracy, which limits their ability to effectively identify 
minority samples. Therefore, we included both PRAUC 
and area under the curve (AUC) as indicators to select 
the optimal algorithm.

We  used several algorithms to  classify the  dataset, 
including XGBoost, light gradient boosting machine 
(LightGBM) (https://github.com/microsoft/LightGBM), 
RF, support vector machine, logistic regression, decision 
tree, KNN, linear discriminant analysis, Gaussian NB, 
support vector classification, and multilayer perceptron.

The purpose of this study was to analyze specific data
sets. The chosen algorithm may not always be the one con-
sidered best for general use, but rather the most appropriate 
one for the specific data at hand. In addition to the afore-
mentioned algorithms, we introduced an updating model 
strategy to  improve the predictive performance of our 
clinical decision support system. We explored both online 
learning and incremental learning approaches to dynami-
cally update the model as new patient data became avail-
able. This updating strategy enables the model to adapt 
to changes in patient physiological parameters, providing 
more accurate predictions for clinicians.

The updating model involves retraining the classifier 
with new data, which can be achieved by either retraining 
the model from scratch or updating the existing model 
with the new data. For algorithms that support incremental 
learning (e.g., XGBoost, LightGBM), we employed an in-
cremental learning approach. For algorithms that do not 
support incremental learning, we used an online learn-
ing approach, which involves retraining the model from 
scratch using the updated dataset.

In summary, our methodology involved preprocessing 
the dataset, selecting the optimal algorithm based on PR-
AUC and AUC indicators, and implementing an updating 
model strategy to ensure the model’s performance remains 
accurate and relevant in the face of changing patient data.

The  underlying hypothesis for our methodology is 
the variance contribution hypothesis, which posits that 
the variance of the data is mainly contributed by a few 
principal components (i.e., most of the information can be 
summarized by a smaller number of composite variables). 
This hypothesis is tested by evaluating the cumulative vari-
ance contribution ratio.

Results

The LightGBM algorithm achieved the highest AUC 
score of 0.79, followed closely by RF (AUC = 0.78) and 

XGBoost (AUC = 0.77), as shown in Fig. 1, which provides 
a comprehensive comparison of  the AUC and PRAUC 
scores for all evaluated models. The qSOFA score had 
an  AUC of  0.76, demonstrating that the  LightGBM-
based model outperformed traditional methods in terms 
of discriminatory ability. In terms of PRAUC, LightGBM 
also achieved the highest score (0.44), followed by Op-
tuna_LightGBM (0.43) and RF (0.42). The qSOFA score 
had a PRAUC of 0.40, demonstrating the advantage of our 
proposed model in detecting the positive class in the pres-
ence of class imbalance.

Despite involving hyperparameter tuning, the Optuna_
LightGBM model did not outperform the default Light-
GBM model in terms of AUC and PRAUC scores.

By calculating the SHAP values of the LightGBM model, 
as shown in Fig. 2, we ranked the features by importance 
in descending order: maximum blood urea nitrogen, pa-
tient age at admission, maximum HR, minimum mean 
arterial pressure, minimum blood glucose, patient eth-
nicity, maximum blood sodium concentration, mini-
mum respiratory rate, maximum respiratory rate, maxi-
mum blood creatinine, minimum blood urea nitrogen, 
minimum HR, minimum blood sodium concentration, 
minimum blood creatinine, minimum white blood cell 
count, minimum hematocrit, maximum blood glucose, 
maximum mean arterial pressure, maximum white blood 
cell count, and maximum hematocrit. These features are 
ranked according to their contribution to the model’s 
predictions.

In  this study, we  implemented a  real-time updating 
model to improve the predictive performance of our clin-
ical decision support system. We explored both online 
learning and incremental learning approaches to dynami-
cally update the model as new patient data became avail-
able. The incremental GBT, which was compatible with 
our current LightGBM model, was used as the incremental 
learning method.

To evaluate the performance of our dynamically updated 
model, we used sliding window validation and other time 
series validation methods. The results show that the dy-
namically updated model better adapts to changes in pa-
tient physiological parameters, providing more accurate 
predictions for clinicians.

We also addressed the issue of overfitting by incorporat-
ing regularization, reducing model complexity, employing 
early stopping, and utilizing additional data when available. 
These techniques help prevent overfitting while ensuring 
optimal model performance with the available data.

Additionally, we conducted hyperparameter tuning us-
ing grid search, focusing on key parameters such as “num_
leaves”, “feature_fraction”, “bagging_fraction”, “bagging_
freq”, and “learning_rate”. We then compared the tuned 
model to the base model in terms of AUC and PRAUC.

The results showed that the tuned model with dynamic 
updating outperformed the base model, achieving an AUC 
of 0.79 (compared to 0.76 for the base model) and a PRAUC 

https://github.com/microsoft/LightGBM
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of 0.44 (compared to 0.39 for the base model), as illustrated 
in Fig. 3, which highlights the advantages of real-time up-
dates and hyperparameter tuning.

Discussion

Addressing the challenges posed by imbalanced classifi-
cation problems, this study applies machine learning algo-
rithms to improve sepsis mortality prediction. Our results 
show that the LightGBM algorithm outperformed other 
classifiers in this context, largely due to its ability to handle 
imbalanced datasets and its efficient computational proper-
ties. Furthermore, we found that the PRAUC was a more 
appropriate evaluation metric for imbalanced classifica-
tion problems because it better reflected the performance 
changes of the classifier at different thresholds and provided 
insight into the trade-off between precision and recall.

The Optuna_LightGBM did not outperform the default 
LightGBM model in terms of AUC and PRAUC scores. 
This may be because the default hyperparameters of Light-
GBM were already well optimized for this specific problem, 
and additional tuning did not result in a significant im-
provement. Moreover, hyperparameter tuning may intro-
duce the risk of overfitting, which could potentially limit 
the generalizability of the model.

The superior performance of LightGBM over other clas-
sifiers can be attributed to its ability to handle large-scale 
data, high-dimensional features and class imbalance more 
effectively. As a gradient boosting framework, LightGBM 
is known for its efficiency and scalability, making it well-
suited for the complex nature of sepsis-related mortality 
prediction.

These results are of  great value for doctors using 
the LightGBM model to predict sepsis mortality in pa-
tients transported using ambulances. First, doctors can 

Fig. 2. Feature importance 
ranking for the LightGBM 
model using SHAP values. This 
figure presents a horizontal bar 
chart illustrating the relative 
importance of the top 
20 features, ranked in descending 
order, for predicting sepsis-
related mortality using 
the LightGBM model. The x-axis 
represents the SHAP (SHapley 
Additive exPlanations) values, 
reflecting each feature’s 
contribution to the model’s 
prediction. The y-axis lists 
the features, with the most 
important feature (maximum 
blood urea nitrogen) at the top 
and the least important 
feature (maximum hematocrit) 
at the bottom. This ranking helps 
healthcare professionals prioritize 
physiological indicators and 
focus on critical factors when 
assessing a patient’s condition 
during ambulance transport
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Fig. 3. Performance comparison of the dynamically updated model and the base model. The dynamically updated model achieves higher area 
under the curve (AUC) (0.79) and precision-recall area under the curve (PRAUC) (0.44) scores compared to the base model (AUC = 0.76, PRAUC = 0.39), 
demonstrating the advantages of real-time updates and hyperparameter tuning in improving the model’s predictive performance for sepsis-related 
mortality in an ambulance setting
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understand which physiological indicators play a more 
significant role in mortality prediction, based on feature 
rankings, allowing them to prioritize attention to these in-
dicators. Second, the feature rankings help doctors quickly 
assess the patient’s condition in the ambulance and take 
appropriate intervention measures based on the model’s 
predictions.

The  LightGBM demonstrates superior performance 
in our experiment for several reasons:

Data structure: As a gradient boosted trees-based al-
gorithm, LightGBM employs an optimized feature his-
togram method that handles large-scale datasets and 
high-dimensional features more efficiently. Additionally, 
it incorporates gradient-based one-side sampling and ex-
clusive feature bundling techniques to reduce memory 
consumption and computational complexity, enabling 
faster convergence while maintaining high accuracy.

Model structure: LightGBM uses a leaf-wise growth strat-
egy that reduces the risk of overfitting compared to traditional 
level-wise growth strategies. This approach focuses on fitting 
the training data by splitting the leaf with the highest gain.

Regularization strategy: LightGBM implements effec-
tive regularization strategies, including L1 and L2 regular-
ization, along with parameters for maximum tree depth, 
minimum leaf node weight and minimum split gain. These 
strategies control model complexity, prevent overfitting 
and enhance the classifier’s generalization ability.

Ability to handle class imbalance: LightGBM includes 
built-in mechanisms for addressing class imbalance, such 
as  automatic class weight adjustment using the class_
weight parameter and adjusting the weights of positive 
and negative samples via the scale_pos_weight parameter. 
These mechanisms help the training process focus on im-
proving the prediction performance of minority classes, 
resulting in better classification results.

The PRAUC is considered a more appropriate evalua-
tion metric for imbalanced classification problems because 
it emphasizes the classifier’s performance in predicting 
negative samples, such as deaths in sepsis mortality pre-
diction. Compared to other metrics, such as AUC and F1 
scores, PRAUC provides a more accurate and reliable as-
sessment of the classifier’s performance in imbalanced 
datasets. This is due to the following reasons:

Unaffected by the number of negative samples: PRAUC 
is not influenced by the number of negative samples, unlike 
the AUC of the receiver operating characteristic (ROC) 
curve, which considers both the true positive rate (re-
call) and false positive rate. The latter is heavily affected 
by the number of negative samples.

Focus on small probability events: PRAUC is more suited 
for cases where the main concern is correctly detecting 
positive samples, especially those with a  small prob-
ability. Precision and recall rates provide a better reflec-
tion of model performance in these situations compared 
to other evaluation metrics.

Trade-off between precision and recall: PRAUC empha-
sizes both precision and recall, allowing for the identi-
fication of an optimal balance point to achieve the best 
trade-off between these 2 metrics.

In our study, we also explored the performance of up-
dated models by incorporating additional features, fine-
tuning hyperparameters and employing ensemble tech-
niques. These updated models aim to further enhance 
prediction accuracy and generalization ability for sepsis 
mortality.

Additional features: By integrating relevant clinical data, 
such as laboratory test results, vital signs and comorbidi-
ties, our updated models can capture a more comprehen-
sive view of the patient’s condition, which may contribute 
to a better understanding of the underlying risk factors 
associated with sepsis mortality.

Hyperparameter tuning: We performed a systematic 
search for optimal hyperparameters using techniques such 
as grid search and random search. These methods help our 
updated models achieve better performance by optimizing 
their configurations.

Ensemble techniques: By combining predictions from 
multiple base models, we employed ensemble techniques 
such as bagging, boosting and stacking. These techniques 
aim to reduce overfitting, increase model stability and 
improve overall performance by leveraging the strengths 
of different base models.

Limitations

The updated models showed improved performance 
compared to the initial models, indicating that incorpo-
rating additional features, fine-tuning hyperparameters 
and using ensemble techniques can enhance the prediction 
accuracy of sepsis mortality. However, further research 
is needed to explore other potential factors influencing 
sepsis mortality predictions and to investigate novel ma-
chine learning algorithms and techniques for continuously 
improving model performance.

Conclusions

This study addressed the limitations and gaps in the ex-
isting literature on predicting sepsis-related mortality us-
ing machine learning models, focusing on their practical 
application in an ambulance setting. We demonstrated that 
the LightGBM-based model outperformed other classifiers 
and the qSOFA score. By implementing a dynamic updat-
ing model and fine-tuning hyperparameters, we further 
enhanced the model’s performance, resulting in more ac-
curate and reliable predictions for clinicians.

Our findings significantly contribute to  the practical 
application of machine learning models in  the medical 
field, particularly for predicting sepsis-related mortality 
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in an ambulance setting. The feature importance analysis 
provides valuable insights that help doctors prioritize pa-
tient assessment and interventions, ultimately improving 
patient outcomes. This research demonstrates the potential 
of real-time updating and hyperparameter tuning to further 
optimize the performance and clinical utility of sepsis-re-
lated mortality prediction models in real-world ambulance 
settings.

Supplementary data

The Supplementary materials are available at https://
doi.org/10.5281/zenodo.14644757. The package includes 
the following files:

Supplementary Table 1. Training data for ASPII.
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Supplementary Table 3. Testing data for sepsis.
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Abstract
Pulmonary vein isolation (PVI) is a well-established treatment modality for atrial fibrillation (AF). Apart from 
the desired effect regarding the arrhythmic substrate within the left atrium, PVI commonly leads to modu-
lation of the intrinsic cardiac autonomic nervous system (ICANS). Using the available literature, this article 
presents the anatomy of ICANS and describes methods of assessing its function, mainly focusing on heart 
rate (HR) variability metrics. Then, we summarize the modern pathophysiological outlooks on the onset 
and recurrence of AF and explain how the arrhythmia and the activation of ICANS are intertwined. Further, 
the article discusses the extent, dynamics and persistence of ICANS modulation during PVI, accounting for 
various modalities and procedural strategies. Both the potential benefits and pitfalls of such modulation are 
explored, considering AF recurrence, HR and HR variability changes, as well as the unclear effect on ventricular 
arrhythmias and nerve remodeling. Finally, the article aims to outline further directions of research necessary 
to improve our understanding of ICANS and its modulation.

Key words: atrial fibrillation, catheter ablation, pulmonary veins, autonomic ganglia, autonomic denervation

Reviews

The consequences of cardiac autonomic nervous system 
modulation during pulmonary vein isolation: A review
Piotr Brzozowski1,2,A–F, Piotr Niewiński1,2,A,D–F, Stanisław Tubek1,2,A,E,F, Krzysztof Nowak1,2,A,E,F, Piotr Ponikowski1,2,E,F

1	 Institute of Heart Diseases, Wroclaw Medical University, Poland
2	 Clinical Cardiology Ward, University Teaching Hospital, Wrocław, 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. 2025;34(8):1403–1413

https://www.doi.org/10.17219/acem/191684


P. Brzozowski et al. Cardiac ANS modulation during PVI1404

Introduction

Atrial fibrillation (AF) is the most common arrhyth-
mia in adult patients worldwide. Its estimated prevalence 
is 7.7% among individuals aged 55 and above, with an ob-
served increase in prevalence with age. Projections indi-
cate a potential rise in the number of cases in the near fu-
ture.1,2 Catheter ablation has been established as a reliable 
method of treatment and prevention of AF recurrence, 
and it holds a strong position in the European Society 
of Cardiology (ESC) guidelines.3 Pulmonary vein isolation 
(PVI) is regarded as a standard in AF catheter ablation, 
given that the role of the pulmonary veins (PVs) in AF 
pathophysiology has been widely researched and agreed 
upon.4 Both well-established techniques, radiofrequency 
ablation (RFA) and cryoballoon ablation (CBA), have simi-
lar safety profiles and provide a similar reduction in AF 
burden and freedom from AF recurrence.5 A recently 
developed method, pulse field ablation (PFA), is showing 
comparable results as well.6

It has been postulated that the  intrinsic cardiac au-
tonomic nervous system (ICANS) plays a pivotal role 
in  the  triggering and recurrence of AF.7 The  ICANS 
is an intricate network of neurons and ganglionated plexi 
(GP) that regulates electrical and mechanical function-
ing of the heart. The GPs, which consist of parasympa-
thetic neuronal bodies intertwined with sympathetic 
neuron axons, are located on  the epicardial fat pads, 
with major GPs placed in close proximity to the PVs, 
atrioventricular node (AVN) and sinoatrial node (SAN). 
The  intrinsic cardiac autonomic nervous system con-
sists of both sympathetic and parasympathetic neurons, 
which in healthy patients assure that the heart rate (HR) 
and blood pressure are adequate to meet the demands 
of the organism. Several studies have shown that the PVI 
procedure, whether RFA or CBA, modulates ICANS no-
ticeably, although the extent and permanence of  this 
modulation remain disputed.8–10 There is  much dis-
agreement regarding many aspects of targeted ICANS 
modification during PVI, including both efficacy and 
safety issues.11 Considering that even the anatomical 
terminology is not uniform, we feel that a comprehen-
sive review of  the  literature is needed to  summarize 
what we already know and what directions are worth 
exploring.

Objectives

The aim of this article is to review the physiological, 
anatomical and procedural background of ICANS modula-
tion during and after PVI, provide insight into its potential 
benefits and consequences, and indicate areas that need 
further exploration.

Anatomy of the atrial autonomic 
nervous system

The adult heart contains an average of 701 ganglia, and 
up to 84% of them are located on the surface of the atria, 
with most of them located on the posterior and superior 
surfaces.12 While the terminology of ICANS anatomy re-
mains inconsistent and varies between anatomists and 
electrophysiologists, we adapted the nomenclature of atrial 
GPs proposed by Aksu et al.,13 which is based on older ana-
tomical studies.12,14,15 It postulates 5 major atrial GPs: su-
perior right atrial (RSGP) – on the posterosuperior surface 
of the right atrium (RA) adjacent to the junction of the supe-
rior vena cava (SVC) and the RA; inferior right atrial (RIGP) 
– on the posterior surface of the RA adjacent to the inter-
atrial groove; superior left atrial (LSGP) – on the postero-
superior surface of the left atrium (LA) between the PVs; 
posteromedial left atrial (PMLGP) – on the posterome-
dial surface of the LA; and posterolateral inferior left atrial 
(LIGP) – on the posterior lateral surface of the LA base 
on the atrial side of the atrioventricular groove (Fig. 1). 
Of these GPs, the most prominent (RIGP and PMLGP) 
and their extensions were shown to be merged to form 
the interatrial septal GP (ISGP), which contains the high-
est number of ganglia (average of 355) among ICANS.14 
Two vital structures of the heart’s conductivity system are 
innervated by atrial GPs: RSGP extensions reach the SAN, 
while the AVN is innervated primarily by PMLGP.12

While historically it was thought that the intrinsic GPs 
consisted only of parasympathetic neurons synthesiz-
ing acetylcholine (ACh), histological studies proved that 
ICANS also contains neurons that have the  potential 
to release noradrenaline (NA), although these were sig-
nificantly more prominent in the ventricular ganglia.16 

Fig. 1. A simplified overview of intrinsic cardiac autonomic nervous 
system (ICANS) anatomy in the human atria

SVC – superior vena cava; RSGP – superior right atrial ganglion plexus; 
RIGP – inferior right atrial ganglion plexus; PMLGP – posteromedial 
left atrial ganglion plexus; LIGP – inferior left atrial ganglion plexus; 
LOM – ligament of Marshall; LSGP – superior left atrial ganglion plexus. 
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In immunohistochemical studies of porcine and mouse 
hearts, a variety of other potent neurotransmitters, such 
as vasoactive intestinal peptide, neuropeptide Y, nitric ox-
ide, synaptophysin, and calcitonin gene-related peptide, 
were found throughout ICANS.17,18

One crucial feature that differentiates sympathetic nerves 
from parasympathetic nerves is the location of their neural 
bodies. While the nuclei of parasympathetic neurons are lo-
cated directly on the surface of the heart, the bodies of sym-
pathetic neurons are located further away in the stellate and 
caudal cervical ganglia.19 Thus, given the appropriate pen-
etration of radiofrequency or cryoenergy originating from 
the intracardiac catheter, the effect toward the parasympa-
thetic arm ought to be more permanent due to the ablation 
of neural bodies. On the contrary, sympathetic modula-
tion would be transient because of isolated destruction 
of the long axons with spared sympathetic ganglia.

The autonomic innervation of the heart does not only in-
volve the GPs. Parasympathetic neurons located on the sur-
face of the heart operate under the control of the central 
nervous system. Said control is exerted through the longest 
cranial nerve in the human body, the vagus nerve, connect-
ing the lower brainstem (mainly the nucleus ambiguus and 
the nucleus tractus solitarius) to the GPs of the heart.20 
The anatomical proximity of the vagus nerve and the in-
ternal jugular vein allows for transvenous stimulation, 
which is often utilized during cardioneuroablation (CNA) 
procedures. One cannot ignore the significance of the lig-
ament of Marshall (LOM), which was described in 1850 
as “a vestigial fold containing fibrous bands, small blood 
vessels and nervous filaments”.21 It is located above the left 
atrial appendage and lateral to the left superior PV and runs 
from the coronary sinus to insert itself into the LA free wall 
myocardium. The muscular fibers inside the LOM, called 
Marshall bundles, were shown to merge with the muscle 
tissue of both the coronary sinus and the LA and have been 
reported to be a potential source of arrhythmia.22 Today, 
we also know that the structure contains abundant parasym-
pathetic and sympathetic innervation, with parasympathetic 
ganglia located in the vicinity of the coronary sinus–LOM 
junction and sympathetic fibers concentrated in the part 
closer to the LA–LOM junction.23

Onset and recurrence of atrial fibrillation: 
A review of modern pathophysiological 
outlooks

The pathophysiology of AF is a very complex and still 
poorly understood matter. Modern hypotheses assume 
a conjunction of anatomical substrate,24 focal triggers25 
and autonomic fluctuations26 in  inducing and sustain-
ing AF. Studying each of these components and how they 
interact with each other is of vital importance in under-
standing the basis of this arrhythmia and how modern 
medicine can attempt to treat it.

Atrial fibrosis has been linked to the incidence and re-
currence27 of AF; however, there has been a disagreement 
on whether the extent of fibrosis is correlated to the type 
(paroxysmal/persistent) of AF.27,28 At the same time, the pres-
ence of fibrous tissue facilitates arrhythmogenesis through 
providing a basis for re-entrant circuits that enable the in-
duction of the arrhythmia.29 Atrial fibrillation then propa-
gates electrical and structural remodeling of the atria, which 
led to the emergence of the concept that “AF begets AF”.30

Anatomical substrate alone would not initiate the ar-
rhythmia on its own. It needs a trigger – a premature, 
most of the time ectopic beat – that will induce a re-en-
trant loop. These premature impulses can originate from 
any part of atria or even the aforementioned LOM,22 but 
predominantly, up to 94% of the time, their source lies 
within the PVs.31 This knowledge is the rationale behind 
PVI – isolating the source of the focal trigger from the LA 
prohibits the initiation of AF and prevents its recurrence.

The 3rd key factor in initiating and sustaining AF is au-
tonomic regulation. Bettoni and Zimmermann26 proved 
that there are significant variations in HR variability (HRV) 
parameters before the onset of paroxysmal AF, suggesting 
increased adrenergic modulation at least 20 min before ini-
tiation of the arrhythmia, with a subsequent shift toward 
parasympathetic dominance in  the  last minutes before 
the onset of AF. In a computational simulation study with 
models based on recordings of human atrial myocytes, Bayer 
et al.32 showed that parasympathetic activation through 
heterogeneous ACh release promotes AF by creating uni-
directional conduction blocks and re-entry loops, especially 
in fibrotic atria. Furthermore, in an experimental canine 
model, simultaneous adrenergic and cholinergic stimula-
tion of the atria through NA and ACh infusions were shown 
to induce AF.33 Similar results were obtained by Hou et al.,34 
who proposed that both ACh and NA excitatory effects 
on human atria were stronger when both transmitters acted 
simultaneously. Interestingly, adrenergic-mediated AF could 
not be induced if parasympathetic modulation was blocked 
by atropine. Conversely, cholinergic-mediated AF, while less 
likely to occur after propranolol infusion, still manifested 
despite total adrenergic blockade.33 With that amount of evi-
dence, it is clear that both the parasympathetic and sympa-
thetic nervous systems play significant roles in the propaga-
tion of AF, which makes the topic of ICANS modulation even 
more important in regard to the long-term efficacy of PVI.

Assessment of cardiac autonomic 
nervous system function

Measurement of the regulatory functions of ICANS can 
be conducted both during and after the procedure. Intra-
operatively, acute vagal responses (VRs), such as deep sinus 
bradycardia (<40 bpm), asystole or atrioventricular block, 
can be elicited using all contemporary PVI methods.35–37 
These responses are triggered by  energy applications 
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at the locations of the GPs and are transient, although 
sometimes the use of atropine or temporary pacing is nec-
essary. At the same time, after successful ablation, one can 
sometimes observe the elimination of VRs, which stems 
from vagal denervation.38

Further assessment of ICANS function is usually done 
through HR and HRV analyses of  Holter recordings. 
Through the aforementioned vagal denervation, an in-
crease in resting HR can be observed in many patients who 
underwent PVI.9 While the measurement of average HR 
is a rather trivial task, analyses of HRV are more complex, 
as we can divide them into time domain analyses and fre-
quency domain analyses.

Time domain analyses provide us with parameters that 
are derived from beat-to-beat changes in RR intervals. 
While relatively simple to calculate, they mostly reflect 
the parasympathetic influence on HRV. Examples of such 
parameters are as follows:

•  SDNN – standard deviation of normal beat to normal 
beat (NN) interval;

•  SDANN – standard deviation of average (taken from 
5-min periods) NN intervals;

•  RMSSD – root mean square of successive RR interval 
differences;

•  pNN50% – percentage of successive RR intervals that 
differ by >50 ms.

Frequency domain analyses with the use of more com-
plex calculations based on fast Fourier transform or au-
toregression modeling measure the power of HR fluctua-
tions within 3 frequency bands:

•  Very low frequency (VLF – spectrum between 0.01 
and 0.04 Hz);

•  Low frequency (LF –  spectrum between 0.04 and 
0.15 Hz) influenced by both sympathetic and parasym-
pathetic activity;

•  High frequency (HF – spectrum between 0.15 and 
0.4 Hz) predominantly connected to respiratory arrhyth-
mia and vagal activity.39

The ratio of power within the LF band to the HF band 
(LF/HF ratio) has been used as a measure of adrenergic 
tone toward the sinus node in many reports. However, its 
usefulness for the assessment of the sympathetic system 
is questionable.40 It has to be noted that the aforemen-
tioned parameters are by no means the only ones used 
in HRV analyses. However, they are the most commonly 
used metrics in the reviewed literature.

The quantitative assessment of autonomic denervation 
might also be accomplished with atropine administration. 
When given in a sufficiently high dose (i.e., 0.04 mg/kg), at-
ropine leads to complete vagal blockade.41 The elimination 
of parasympathetic input by atropine leads to a situation 
in which HR is determined by only the 2 following fac-
tors: 1) sympathetic input and 2) intrinsic activity of the si-
nus node. Thus, given the unchanged intrinsic activity 
of the sinus node, the difference in HR on atropine before 
and after CNA reflects the change in sympathetic activity 

toward the sinus node. Hence, the atropine method gives 
us the opportunity for a more comprehensive insight into 
the consequences of CNA.

A method of intraprocedural assessment of parasym-
pathetic denervation using a neurostimulator was devel-
oped by Pachon et al.42 It involves electrical stimulation 
of the vagus nerve through a catheter positioned in the in-
ternal jugular vein, which results in an acute vagal response 
(mostly temporary asystole) in patients with unmodified 
ICANS. Conversely, after ablation of the GPs, vagal re-
sponses could not be induced through the identical mode 
of stimulation. A recent study suggested improved long-
term efficacy of CNA procedures with the use of vagus 
nerve stimulation.43 Another way to  assess the  extent 
of parasympathetic injury due to PVI is based on measur-
ing the serum concentration of neuron-specific enolase, 
an enzyme released from damaged neurons, which was 
shown to significantly increase after PVI.44

Does pulmonary vein isolation modulate 
the autonomic system of the heart?

The effectiveness of PVI relies predominantly upon thor-
ough isolation of the PVs from the LA myocardium. Ouy-
ang et al.45 showed that recovery of conduction in the PVs 
is found in approx. 80% of patients with AF recurrence. 
Successful isolation is achieved through applying a contin-
uous line of transmural lesions. Due to the anatomical rea-
sons outlined above, the proximity of ICANS and the PV 
ostia could lead to inadvertent damage of the autonomic 
neurons during PVI. Moreover, a strategy of purposeful 
atrial GP ablation as an addition to standard PVI has also 
been proposed.

Aksu et al.46 conducted an interesting study in patients 
undergoing targeted CNA. By mapping the LA and pre-
senting an electroanatomical map to a blinded observer, 
they showed that the designed lines for PVI, especially 
around the right PVs, exhibit a major overlap with the loca-
tion of the atrial GPs. In fact, all of the patients in the study 
had some, although varied, degree of overlap, with approx. 
80% of the cases showing overlap in 2 or 3 PVs, which gives 
us the reasoning for both the occurrence and variance 
of ICANS modulation throughout the population of pa-
tients undergoing PVI.

There is abundant evidence of autonomic modulation 
related to PVI. Modulation of ICANS can already be seen 
during the procedure. There are studies that describe coin-
cidental acute VRs during RFA, CBA and PFA alike. These 
responses manifest as deep sinus bradycardia (<40 bpm), 
asystole or atrioventricular block.47 The first experiments 
regarding HR changes after interventions within the PV 
ostia were performed in animal models as early as 1964.48 
One of the first reports regarding this topic in human 
study participants was made in 2004 when Pappone et al.38 
proved significant alterations in HR (72.4 ±8.4 bpm base-
line vs 80.3 ±9.1 bpm after 1 week; p < 0.001) and HRV 
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(130.4 ±30.5 ms SDNN baseline vs 81.4 ±18.8 ms SDNN 
after 1 week) in patients undergoing radiofrequency PVI. 
Similarly, in 2006, Bauer et al.49 showed significant changes 
in HR (65 ±7 bpm baseline vs 71 ±7 bpm after 12 months; 
p = 0.01) and HRV (SDNN 125 ±31 ms baseline vs 110 ±20 
ms after 12 months; p = 0.01) after catheter radiofrequency 
PVI. That study also showed that autonomic modulation 
after RFA persists after 12 months. Interestingly, simi-
lar changes in HRV parameters were shown by Suwalski 
et al.50 in patients after surgical PVI.

Periprocedural changes in HR after PVI are different 
from patient to patient; however, most of the reviewed lit-
erature shows a short-term increase in mean HR ranging 
from 4 to 12 bpm in PVI patients,9,35,51–53 while targeted 
GP ablation can yield higher periprocedural increases, 
even up to 27 bpm.54 At  the same time, no significant 
changes in maximal HR during exertion have been de-
scribed in PVI38 and CNA55 alike, and maximum meta-
bolic equivalents on exercise treadmill testing remained 
stable.56 Another marker of autonomic modulation – car-
diac baroreflex sensitivity – was also significantly reduced 
in patients after PVI. This reduction, however, was only 
transient, as  in the reviewed study, most metrics apart 
from Valsalva ratio returned to baseline after 6 months.57

Persistence and dynamics of ICANS modification after 
transcatheter ablation is still not an entirely clear mat-
ter. While analyzing the CIRCA-DOSE (Cryoballoon vs 
Irrigated Radiofrequency Catheter Ablation) study popu-
lation, Tang et al. showed that HRV parameters change 
significantly not only right after PVI (both CBA and RFA), 
but also throughout the  following 12 months.9 In  that 
study, patients were monitored using implantable loop 
recorders. Immediately after the procedure, a sizable drop 
in HRV (mean baseline SDANN 122.26 ±1.66 ms decreased 
by approx. 60 ms) was noted, with a partial reversal dur-
ing the next 3 months (mean 100-day follow-up SDANN 
103.0 ±1.7 ms), after which it remained stable throughout 
12 months after the procedure (mean ΔSDANN of 2.2 ms, 
3.7 ms, 4.7 ms for months 6, 9 and 12 vs month 3). An in-
crease of approx. 5 bpm in daytime HR (from mean base-
line DHR of 68.18 ±0.57 bpm) after the procedure was 
also recorded, with further augmentation in  the  100-
day follow-up (ΔDHR at 100 days post-PVI of 9.6 bpm; 
range: 7.4–11.8 bpm; p < 0.0001) and a slight downward, 
although statistically insignificant, trend in the follow-
ing months. A similar trend of a peak and small gradual 
decline in HR can be observed in other studies regarding 
PVI; however, the decrease likewise failed to reach sta-
tistical significance.58,59 In CNA, on the other hand, this 
trend seems to be exacerbated, with a higher peak and 
greater drop in HR in the months following the proce-
dure, which suggests a greater degree of acute autonomic 
modulation.60 The aforementioned HR and HRV changes 
spanning months after both PVI and CNA suggest at least 
some degree of reinnervation during the first months post-
procedure. Pachon et al.55 demonstrated that significant 

autonomic denervation lasted for at least 24 months (me-
dian HR 71.2 ±11 bpm at baseline vs 79.6 ±12 bpm 2 years 
after CNA; p < 0.0001; SDNN 134.3 ±32 ms at baseline 
vs. 88.3 ±30 ms 2 years after CNA; p < 0.0001) in patients 
undergoing targeted CNA. There were no significant 
differences in HR and HRV parameters comparing 12 
to 24 months follow-up, which indicates that most rein-
nervation concludes in the first few months after the pro-
cedure, after which HRV parameters remain stagnant.

The differences in devices used could also potentially 
influence procedural outcomes regarding autonomic 
modulation. It is known that second-generation cryobal-
loons (CBs), compared to first-generation CBs improve 
procedural efficacy (procedural duration 128 ±27 min vs 
98 ±30 min; p < 0.001; fluoroscopy exposure 19.5 ±7.4 min 
vs 13.4 ±5.3 min; p = 0.001)61 and clinical outcomes (free-
dom from AF at 365 days follow-up 63.9% vs 83.6% of pa-
tients)62 of PVI. It would also seem that second-gener-
ation CBs provide more definitive ICANS modulation. 
In the study conducted by Oswald et al.,10 HRV metrics 
were back to baseline 3 months after PVI using first-gen-
eration CBs. In contrast, in more recent studies utilizing 
second-generation CBs, the effects of ICANS modulation 
were more permanent, lasting over 12 months,9,53 which 
could be explained by the fact that second-generation CBs 
have a bigger ablation surface, providing a wider and more 
thorough line of lesions. Yorgun et al.8 also hypothesized 
that the size of the CB might also influence the extent 
of ICANS modulation (Fig. 2).

However, not all PVI techniques carry the risk of au-
tonomic nervous system neuronal damage. While CBA 
and RFA use thermal energy, a novel method with a dif-
ferent approach (PFA) has been developed recently and 
is rising in popularity. Using irreversible electroporation 
(IRE), PFA targets the myocardium while sparing the sur-
rounding tissues, including nerves, which was confirmed 
both in preclinical63 and clinical studies.64 Considering 
the tissue specificity of PFA, it was not surprising that 
Musikantow et al.37 proved that despite eliciting coinciden-
tal VRs in some patients, there was no significant change 
in resting HR after 3 months following PFA. In conclusion, 
PFA seems to have only minor and insignificant effects 
on ICANS.

Benefits of cardiac autonomic modulation 
during PVI

Having established that PVI utilizing CBA and RFA in-
deed has a significant impact on autonomic regulation 
of the heart, we have to assess whether such an impact 
is beneficial or detrimental in the scope of the cardiovas-
cular system.

Importantly, Yorgun et al.8 showed that patients develop-
ing intraprocedural VRs requiring atropine administration 
or temporary pacing during CBA had significantly less 
AF recurrence (16.20% vs 29.00%; p = 0.009), and such 
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VRs were associated with decreased arrhythmia recur-
rence (hazard ratio (HR): 0.550, 95% confidence interval 
(95% CI): 0.331–0.915; p = 0.021). Moreover, Qin et al.65 
showed that identifying and eliminating those reactions 
by means of RFA can significantly reduce the recurrence 
of arrhythmia in comparison to the non-VR group (HR: 
0.53, 95% CI: 0.22–0.89; log-rank = 15.3; p = 0.004).

In the CIRCA-DOSE9 study, patients with no AF recur-
rence after PVI had a larger relative change in nighttime 
and daytime HR than those with recurrence (ΔDHR 11 ±11 
bpm vs 8 ±12 bpm; p = 0.001; ΔNHR 8 ±9 bpm vs 6 ±8 bpm; 
p = 0.049). However, there was no difference in measured 
SDNN between the 2 groups. Conversely, the research 
conducted by Pappone et al.38 showed that vagal denerva-
tion occurring at the time of PVI (expressed in transient 
changes in both HR and HRV parameters) was correlated 
with longer AF-free survival (adjusted HR: 0.101, 95% CI: 
0.014–0.750; p = 0.025).

Interestingly, the strategy of anatomic atrial GP abla-
tion in addition to classic PVI was found to yield better 
results in terms of arrhythmia recurrence than PVI or GP 
ablation alone in patients with paroxysmal AF.66 At 2-year 
follow-up, patients in the PVI + targeted GP ablation group 
were significantly more often free from arrhythmia than 
those in the PVI or GP ablation groups (74% vs 56% vs 
48%; p = 0.0036).67 The aforementioned findings were con-
firmed in a meta-analysis performed by Yan et al.68 that 
pooled together 5 studies comparing standalone catheter 
PVI vs PVI + GP ablation. A significant benefit of adjunct 
GP ablation was demonstrated in terms of freedom from 
AF (odds ratio (OR) [95% CI]: 1.79 [1.35, 2.37]; p < 0.001).

At the same time, while ICANS modulation may not 
be effective in the treatment of bradycardia–tachycardia 
syndrome (BTS), as the cause of BTS is often an organic 
dysfunction of the SAN, it can be beneficial in patients with 
both AF and vasovagal syncope. Targeted CNA is emerg-
ing as  an  alternative to  traditional pacing, especially 
in young, otherwise healthy patients with vagally-mediated 
syncope,69 and ICANS modulation employing PVI could 
have a similar therapeutic effect as proposed by Maj et al.70

Intrinsic cardiac autonomic nervous system modulation 
also exerts a significant effect on the physiological proper-
ties of the AVN. As reported by Wichterle et al.,71 after tar-
geted CNA, there was a significant increase in AVN con-
duction capabilities (shortening of AH interval by 15 ±31 
ms, increase in Wenckebach point by 28 ±33 bpm). This, 
in conjunction with increased resting HR, could poten-
tially open up the possibility of β-blocker and antiarrhyth-
mic drug uptitration (if needed) in patients treated with 
PVI.72 Moreover, Aksu et al. showed that CNA can also 
successfully treat an advanced atrioventricular block.73 
Such interventions, however, would only be effective 
in a case of functional block, rather than organic block, 
so careful identification of potential responders using pre-
procedural atropine challenge is mandatory.

Potential pitfalls of cardiac autonomic 
modulation during PVI

As discussed above, ICANS modulation during PVI com-
monly leads to a profound decrease in HRV. It was shown 
that decreased HRV following myocardial infarction was 
significantly correlated with mortality rates, as patients 
with SDNN <50 ms had a 5.3 times higher chance of death 
than those with SDNN >100 ms.74 In fact, decreased HRV 
was the strongest Holter-derived predictor of mortality 
among patients in that study, even stronger than ventric-
ular arrhythmias (VAs). The Framingham Heart Study 
analysis also showed that decreased HRV was significantly 
associated with all-cause mortality,75 while the UK-Heart 
study described a correlation between SDNN < 100 ms and 
mortality due to progressive heart failure.76

While it is true that impaired HRV is correlated with 
increased mortality throughout multiple studies, we must 
keep in mind that correlation does not equal causation, and 
decreased HRV is most probably not the cause of death but 
merely a marker of potentially lethal coexisting conditions. 
Thus, HRV-increasing agents, such as scopolamine, failed 
to provide protection against fatal VAs, even though they 
significantly improved HRV metrics.77 It is highly unlikely 

Fig. 2. Schematic view of potential differences in intrinsic cardiac autonomic nervous system (ICANS) modulation related to pulmonary vein isolation modality

RFA – radiofrequency ablation; CBA – cryoballoon ablation.
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that the iatrogenic HRV decrease caused by PVI increases 
the risk of death by itself, as there was no significant dif-
ference in mortality in studies comparing PVI to optimal 
medical therapy.78

Respiratory sinus arrhythmia (RSA), a phenomenon pri-
marily mediated by cardiac vagal tone and predominantly 
responsible for HRV in high frequency domains, is an old 
evolutionary mechanism present not only in humans but 
also throughout the animal kingdom.79 Through ICANS 
modulation, RSA was observed to be severely diminished 
in patients undergoing PVI.80 Although seemingly unim-
portant, physiological RSA was shown to improve pulmo-
nary gas exchange efficiency through a reduction in intrapul-
monary shunting and pulmonary dead space to tidal volume 
ratio compared to abolished RSA.81 Additionally, in a sheep 
model of heart failure, a special pacing protocol emulat-
ing RSA led to an improvement in cardiac output (1.4 ±0.5 
L/min; p < 0.001) compared to both traditional pacing and 
non-paced groups.82 Attenuation of RSA after PVI may then 
have a similar detrimental effect in humans, although stud-
ies investigating this matter have not yet been conducted.

The effect of ICANS modulation on VAs is still a mat-
ter of debate. In canines after myocardial infarction,83 
it was shown that ablation of atrial GPs and LOM caused 
increased inducibility of VAs, as programmed stimula-
tion (S1S2S3) induced VAs in 30% of study participants 
in the control group compared to 90% in the post-ablation 
group (p = 0.02). Induced arrhythmias were also signif-
icantly faster in the GP ablation group (363 ±6 bpm vs 
274 ±8 bpm; p < 0.001). Susceptibility to VAs was prob-
ably related to greater prolongation of the QTc interval 
at 8 weeks after the procedure compared to the control 
group (342 ±14 ms vs 356 ±12 ms; p < 0.05), larger dis-
persion of the effective refractory period (32 ±13 ms vs 
24 ±10 ms; p < 0.05), and increased density of the immu-
nohistochemical marker of adrenergic neurons (tyrosine 
hydroxylase) (582 ±301 μm2/mm2 vs 231 ±187 μm2/mm2; 
p = 0.006) and nerve growth factor (672 ±387 μm2/mm2 vs 
266 ±202 μm2/mm2; p = 0.009). This suggests that there was 
promotion of ventricular sympathetic nerve remodeling. 
In a porcine model,84 CNA was associated with QTc pro-
longation after sympathetic stimulation (11.23% ±4.0% vs 
1.49% ±4.0%; p < 0.001), earlier occurrence (61.44 ±73.7 s vs 
245.11 ±104.0 s; p = 0.002) and incidence of VA after left 
coronary artery ligation. In human studies, however, there 
is no conclusive evidence of arrhythmia propagation af-
ter ICANS modulation. There is a study that reported 
temporary QTc prolongation after the CNA procedure 
(QTcHodges 434 ±24 ms vs 409 ±23 ms 1 day after pro-
cedure; p < 0.00001).85 However, this was not confirmed 
in other observations following CNA.55,86 A similar dis-
cord can be found in studies on PVI and QTc. Chikata 
et al.87 noticed a QTc prolongation after PVI (QTcHodges 
400.7 ±22.8 ms vs 410.6 ±40.2 ms 1 day after procedure; 
p < 0.05), whereas Hermans et al.88 did not produce such 
findings in their study. At the same time, Styczkiewicz 

et al.57 observed decreased baroreflex sensitivity in patients 
after PVI, and research conducted by Garcia et al.89 sug-
gests an association between reduced cardiac baroreflex 
sensitivity and VAs.

One of the common side effects of ICANS modulation 
is inappropriate sinus tachycardia (IST). Van Deutekom 
et al.90 showed that IST was not uncommon (4.1%) in pa-
tients undergoing PVI. In patients undergoing targeted 
CNA, however, this phenomenon was much more frequent, 
ranging from 7% to even 27% of patients,91 which is an im-
portant factor to consider when deciding on a procedural 
strategy. The only identified risk factors for developing IST 
following CNA are higher baseline and post-atropine HR.92 
The issue of IST could be especially important in patients 
in which an increase in HR is known to be detrimental, 
as  in, e.g., heart failure (as shown in the SHIFT trial93) 
or coronary artery disease (CAD).94

Further directions

Considering how important autonomic regulation 
is in the context of cardiovascular diseases and how com-
plex its mechanisms are, further research on the topic of au-
tonomic modulation is critical for a deeper understanding 
of this subject and the development of new treatments.

First, to gain certainty in the degree and effectiveness 
of ICANS modulation, appropriate and validated mea-
surement techniques should be agreed upon. For example, 
throughout the reviewed literature, many different HRV 
metrics were used, which are often incomparable to each 
other and provide different information about the state 
of ICANS. Also, there is no consensus regarding which 
of the following modalities ought to be used to establish va-
gal modulation of the heart and serve as the periprocedural 
end-point: HR, HRV, intraprocedural VRs, or extracardiac 
vagal stimulation.55

Second, no trials have compared the influence of vari-
ous sizes of CBs on the autonomic parameters after PVI, 
given that a greater ablation surface could equal a greater 
degree of autonomic modulation. The advent of adjust-
able 28–31 mm CBs95 could be a logical starting point for 
further exploration in this area.

Third, a lack of long-term follow-up of autonomic func-
tion metrics after PVI should also be addressed by proper 
research initiatives to adequately assess the far-reaching 
implications of the intervention, especially now that op-
erators in some cases can choose the degree of  impact 
on ICANS (PFA vs CBA/RFA vs PVI + CNA). Larger stud-
ies, or perhaps thorough meta-analyses of certain issues 
(QT interval, AVN conduction, VA susceptibility, exer-
cise tolerance, left ventricular contractility, autonomic 
remodeling, and reinnervation), would be beneficial for un-
derstanding the potential consequences of long-standing 
ICANS modulation.

Another point of consideration is: How should opera-
tors decide on the extent of ICANS modulation, taking into 
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account the availability of different modalities? What cri-
teria should be taken into account to differentiate patients 
who will benefit from additional autonomic modulation 
from those who should be treated with myocardium-specific 
methods? At this point, we can only hypothesize that pa-
tients with sinus bradycardia, vasovagal syncope and func-
tional atrioventricular block will benefit from adjunct CNA, 
while perhaps patients with heart failure or at risk of VAs 
could gain more by sparing the parasympathetic nerves.

Limitations

This review was limited by the available research. Draw-
ing conclusions from studies with different methodolo-
gies, metrics of autonomic modulation or even anatomical 
nomenclature makes comparing their results challenging. 
A large share of the cited studies also had relatively small 
sample sizes, and some concepts were studied only in ani-
mal models. Only studies that were published in English 
were analyzed.

Conclusions

In summary, PVI, as a staple of AF treatment, is a well-
studied method with regard to its safety and efficacy. How-
ever, the extent of its impact on ICANS remains disputed. 
While the benefits of ICANS modulation during PVI have 
been widely reported, the potential disadvantages of vagal 
denervation also require careful attention (Fig. 3).

We believe that all PVI modalities and adjunct CNA 
strategies have their place in the clinical setting. Ideally, 
however, the optimal method should be chosen through 
an individualized approach to maximize the benefits and 
avoid the  potential pitfalls of  autonomic modulation. 

Further research on larger groups with long-term follow-
up might allow for the identification of the appropriate 
ablation modality tailored to the clinical and autonomic 
profile and needs of each patient.
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