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Abstract
Mechanical asphyxiation has been a common method used to commit homicide, including femicide, 
throughout history. A recent report by the United Nations has shed light on the issue of misidentification 
and concealment of gender-related killings, which makes it difficult to effectively fight against it. Forensic 
pathologists are frequently asked to examine cases involving suspected asphyxia to determine whether other 
persons have been involved. Therefore, medicolegal experts must look for signs of occlusion of the oral/nasal 
orifices, compression of the neck, or specific signs such as the “facie sympathique”. There are situations where 
the physical signs are not distinctive enough to diagnose asphyxia, especially in cases where the individual has 
limited ability to resist external compression. In such cases, judicial autopsies should include an anatomical 
dissection of the neck structures through a layer-by-layer progression. It is important to search for the Amus-
sat’s sign, e.g., as part of a Forensic Clinical Anatomy approach. Additionally, individual anatomical variations, 
age or artefactual modifications, must be considered for the correct interpretation of findings. Microscopic 
examinations could aid in the diagnosis by providing additional findings, and several attempts have been made 
to identify unique markers of asphyxia through various laboratory techniques such as biochemistry, radiology 
and miRNA studies. However, no single finding or method has been identified as definitive. In the future, 
biomedical-legal sciences will have to rely on scientific research and the retrospective case series to provide 
a scientific framework on which to base their hypothesis, giving weight to evidence in the trial.

Key words: asphyxia, autopsy, cadaver, forensic pathology, forensic clinical anatomy

Editorials

Assessing violent mechanical asphyxia in forensic pathology: 
State-of-the-art and unanswered questions

Andrea PorzionatoD, Rafael Boscolo-BertoA,D

Department of Neurosciences, Institute of Human Anatomy, University of Padova, Italy

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

Advances in Clinical and Experimental Medicine, ISSN 1899–5276 (print), ISSN 2451–2680 (online) Adv Clin Exp Med. 2024;33(9):905–908

https://www.doi.org/10.17219/acem/192226


A. Porzionato, R. Boscolo-Berto. Mechanical asphyxia in forensic pathology906

Introduction

Forensic medicine has seen a growth in subdisciplines, 
leading to increased scientific contributions in forensic 
pathology in developed countries.1,2 One of the emerg-
ing topics is the use of scientific evidence to consistently 
identify murderers.3 A common historical method for 
committing homicide, including femicide, is mechani-
cal asphyxiation.4–6 The issue of gender-based violence 
is a global concern and has been discussed at the United 
Nations General Assembly through a special report ana-
lyzing its causes and consequences. The report highlights 
the emerging issue of misidentification, concealment and 
underreporting of gender-related killings, which hinders 
the effective fight against this type of crime.7

Classification of asphyxias

Asphyxia is  the  acute respiratory failure caused 
by the arrest of pulmonary ventilation following actions 
that act directly on the respiratory system, preventing 
the penetration of air into the lungs, and we refer specifi-
cally to violent mechanical asphyxiation for our purposes. 
It is classified into internal and external asphyxia based 
on the location of the obstruction. Internal asphyxia oc-
curs due to the failure of oxygen to bind to hemoglobin 
or the inability of hemoglobin to release oxygen to tissues. 
Notable examples include carbon monoxide poisoning and 
the increasingly prevalent sodium nitrite poisoning. Exter-
nal asphyxia is defined as the inability of oxygen to reach 
the alveoli. It can be further classified into several types 
including environmental asphyxia that results from a lack 
of oxygen in the inhaled air, impaired chest expansion 
due to intrinsic pathologies or external compression (also 
referred to as positional asphyxia), and upper airway ob-
struction caused by an internal blockage (e.g., obstruction 
of the oronasal orifices or food blockage) or external com-
pression. External compression asphyxia can present more 
pronounced autopsy signs, both at the external orifices 
and the neck. The direct signs of external asphyxia include 
abrasions or bruises at the external orifices and neck, and 
rope marks in cases of hanging. Indirect signs include fa-
cial congestion and cyanosis, petechiae in the conjunctivae 
and serous membranes, and dark-blue livor mortis.8

Forensic pathologists are frequently requested by ju-
dicial authorities to examine cases involving suspected 
asphyxia. This is aimed to clarify whether other individu-
als may have played a role in causing the victim’s death. 
While circumstantial evidence collected during a death 
investigation can offer some insight, it is essential to re-
member that such evidence is just one factor among many 
to consider.9 Additionally, this evidence can sometimes be 
misleading if it is the result of tampering with the crime 
scene or an attempt to conceal the murder. Therefore, 
medicolegal experts must look for signs of any external/

internal occlusion of the oral/nasal orifices or compres-
sion of the neck.10,11 Nevertheless, there are only a few rare 
cases where the physical signs present on the body are not 
distinctive of an asphyxia diagnosis. In certain situations, 
individuals who are vulnerable and have limited ability 
to resist external compression, such as infants, elderly in-
dividuals as well as people under the influence of psycho-
active substances may become victims of strangulation 
or suffocation.12,13 Also, in infant homicides, or in decom-
posed bodies, autoptic findings can be of very little help 
to pathologists.14,15 In such cases, external signs may not 
be evident because only slight compression of the neck 
or orifices is  sufficient to  interrupt the oxygen supply 
to the body. At any rate, to differentiate between homi-
cidal and pretended suicidal, genuine suicidal or accidental 
asphyxia, it  is of utmost importance to conduct a com-
prehensive examination of the skin, soft tissues, muscles, 
vessels and other internal structures of the neck.

Autopsy technique and autopsy 
findings

In suspected asphyxia deaths, the examination will help 
identify any signs of trauma, fractures, bleeding or modifi-
cations that may suggest vitality. In most cases, signs can 
be observed that replicate the mechanism causing the con-
striction. A typical sign of hanging is the ligature furrow, 
which varies in direction and characteristics depending 
on the type of hanging and the position of the knot and 
the body.16 In manual strangulation, marks are often vis-
ible at the base of the mouth or neck, or in other areas 
of the body resulting from the immobilization of the vic-
tim. Finally, in ligature strangulation, there are signs that 
need to be differentiated from those in hanging. In cases 
of hanging, the anatomical structures of the neck require 
careful dissection to find even discrete injuries. To this 
end, the soft tissues of  the neck, particularly the neck 
muscles, need to be dissected under artificial bloodless-
ness in a layered procedure. In this sense, judicial autopsies 
for supposed asphyxia should be integrated by anatomical 
dissection of the neck structures through layer-by-layer 
progression, according to a Forensic Clinical Anatomy ap-
proach.17,18 The topographic complexity of the neck region 
needs an anatomical methodological approach to fully as-
certain and evaluate all the findings useful to clarify patho-
physiologic mechanisms of injury and to permit medico-
legal diagnosis. The context of individual anatomy such 
as variations, age, disease/surgery-related modifications,19 
as well as the possibility of artefactual modifications, have 
also to be considered for correct interpretation of findings, 
as also stressed in Del Balzo et al.20 A particular finding 
among the others is the unilateral miosis with or without 
ptosis at the opposite side from the knot, the so-called “fa-
cie sympathique”.21 What is most relevant, the medicolegal 
diagnosis could benefit from additional findings collected 
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through microscopic examinations aimed at ascertain-
ing the pathophysiologic chain involved in the mecha-
nism of death, as well as estimating the time of death.8 
On this point, the literature primarily refers to the pres-
ence of hemorrhagic infiltration in skin injuries caused 
by the means used to induce asphyxia. For instance, vital 
signs in hanging include the transverse laceration of the in-
timal layer of carotid arteries, the so-called Amussat’s 
sign, whose vitality could also be checked by the analysis 
of the glycophorin A.8,20,22

Ongoing research topics, 
unanswered questions and future 
perspectives

In most of cases, it can be difficult to distinguish be-
tween asphyxia and natural death, often of cardiac origin, 
when the microscopic pathology is inconclusive. There-
fore, the forensic pathologist should examine alternative 
markers during investigations and, in some cases, consider 
contextual information. Several attempts have been made 
to identify unique markers of asphyxia using laboratory 
techniques such as biochemistry, radiology and miRNA 
studies,15,20,23–25 and the research paper by Del Balzo et al. 
is aligned with this direction.20 Unfortunately, although 
many of them can support the hypothesis of asphyxia, no 
single finding or method has been identified as definitive. 
Finding future autopsy markers that are not influenced 
by  body decomposition, unlike classic external signs, 
will be a challenge for forensic pathology, as this remains 
an unresolved issue to date and is still a topic of ongoing 
research. The issue related to circumstantial data is still 
controversial. In fact, it  is believed that circumstantial 
data, also referred to as context information, should be 
considered by the forensic pathologist during the autopsy.26 
Contextual data are very useful in investigative reasoning, 
whereas criteria are stricter in evaluative reasoning due 
to the high risk of bias. The forensic pathologist’s opinion 
should be mainly based on forensic pathology evidence, 
such as the number, location and types of wounds.27 How-
ever, especially in cases where findings may be subtle and 
non-indicative, circumstantial data must be considered 
and evaluated to formulate a hypothesis. For a correct 
evaluation of circumstantial data to be incorporated into 
forensic reasoning, close collaboration between the fo-
rensic pathologist performing the scene investigation and 
autopsy, and the police handling the scene, is crucial for 
obtaining an accurate multidisciplinary assessment that 
considers all collected evidence.

In criminal proceedings, forensic pathologists are re-
quired to present all the evidence that supports the hy-
pothesis of asphyxia. They must also evaluate their ob-
servations against the backdrop of 2 or more alternative 
hypotheses, as usually performed in medical malpractice 

and forensic clinical anatomy.18 To do this, they need to be 
in a situation where all the elements that support or refute 
the hypothesis can be weighed, and this evaluation should 
not be based solely on their personal experience. Forensic 
pathology, particularly the study of violent asphyxiations, 
seems slow to adopt these principles, unlike other medi-
colegal branches, such as forensic genetics. In the future, 
biomedical-legal sciences, including forensic pathology, 
will need to strive through scientific research and the study 
of retrospective cases to give weight to scientific evidence, 
providing a logically sound framework on which to base 
the strength of their hypothesis.

In the context of modern forensic investigations, dis-
tinguishing between violent asphyxia death without any 
external signs of compression and sudden death is an in-
tricate task during a trial. It is especially challenging for 
forensic pathologists to provide evidence that supports 
a homicidal dynamic over an accidental one. In some in-
stances, it may be impossible for the pathologist to pro-
vide conclusive evidence to the trier-of-fact. As a result, 
circumstantial data that may fall outside the narrow ex-
pertise of a pathologist, often plays a crucial role in trials 
involving asphyxia. This could prove to be a critical factor. 
For all these reasons, future scientific research must focus 
on identifying indicative signs of asphyxia, rather than 
solely relying on the evaluator’s experience.
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Abstract
Background. The immune system’s pivotal role extends to numerous diseases, and maintaining a balance 
between dietary and consumed energy is vital for preventing chronic illnesses and increasing life expectancy. 
Intermittent fasting (IF), a dietary approach typically implemented through time restrictions, exerts positive 
effects on the immune system and shows promising outcomes in managing various diseases.

Objectives. To evaluate the effectiveness of IF on the immune system with a wide cytokine panel.

Materials and methods. A total of 21 volunteers with body mass index (BMI) between 25 and 30 were 
included in the study. Fasting was applied for 16 h in a day to the volunteers, and they were free to consume 
food for the rest of the day. The weight, BMI, interleukin (IL)-1β, interferon (IFN)-α2, IFN-γ, tumor necrosis 
factor (TNF)-α, monocyte chemoattractant protein (MCP)-1, IL-6, IL-8, IL-10, IL-12p70, IL-17A, IL-18, IL-23, 
and IL-33 values were measured using flow cytometry and compared before and after 21 days follow-up.

Results. The mean age of study participants was 37.76 ±8.06 years and weight loss of the volunteers was 
3.35 percentile compared to the values obtained before fasting. The pro-inflammatory cytokines decreased, 
while anti-inflammatory cytokines increased after fasting; there was a significant difference in TNF-α, MCP-1, 
IL-6, IL-8, and IL-33 values. Also, IL-1β, IL-8 and IL-12p70 had moderately positive, IL-33 had strongly negative, 
and IL-10 had moderately negative correlation with the BMI change over time.

Conclusions. Intermittent fasting has positive effects on obesity-induced inflammation and promotes 
decrease in proinflammatory cytokines and increase in IL-33 values, which is known to have a protective 
effect on fat-associated inflammation.

Key words: obesity, inflammation, cytokine, IL-33, intermittent fasting
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Background

It is believed that maintaining a balance between dietary 
energy intake and energy expenditure plays a crucial role 
in preventing chronic diseases and increasing life expec-
tancy.1 Indeed, reports indicate that a long-term positive en-
ergy balance can lead to metabolic disorders caused by ex-
cessive weight gain and diseases such as type 2 diabetes 
mellitus, cardiovascular disorders, and low-grade inflam-
mation-related diseases.2 Additionally, it is hypothesized 
that lifelong reduction in food consumption (calorie restric-
tion) significantly affects aging and lifespan in animals.3

Intermittent fasting (IF) regimens involve limited feeding 
periods and have historical roots in religious and spiritual 
traditions. Today, IF is regarded as a dietary intervention 
for weight loss and metabolic control.1 Over recent years, 
numerous physiological effects of IF have been documented 
in studies involving rodents, monkeys and humans.4 No-
tably, these effects include increased life expectancy, de-
creased mortality rates from cancers and cardiovascular 
diseases, improved insulin sensitivity, and reduced oxida-
tive stress and inflammation.5–8 Moreover, IF has been 
shown to significantly suppress inflammatory biomarkers 
such as interleukin (IL)-6 and C-reactive protein (CRP).9,10

Intermittent fasting and energy-restricting diets (ERDs) 
have the potential to partially slow down the aging pro-
cess by mitigating systemic inflammatory status.11 They 
achieve this primarily through diminishing the produc-
tion of reactive oxygen species (ROS) and inhibiting gene 
expression linked to inflammatory responses at the tissue 
level.12,13 Diets that simulate fasting i.e., fasting-mimick-
ing diets (FMDs) have demonstrated beneficial effects 
in inflammatory diseases, such as rheumatoid arthritis, 
by regulating gastrointestinal microbiota, metabolism, and 
mitochondrial modulation throughout the day.14

Objectives

There are studies indicating that IF could reduce inflam-
mation. However, these studies typically use only a few 
proinflammatory cytokines as markers. The aim of our 
study was to investigate the effects of IF on the immune 
system through a large group of cytokines that play a role 
in  inflammation in order to explain the benefits of  IF 
in many diseases.

Materials and methods

Patients

Following the approval of the Istanbul Training and 
Research Hospital Clinical Research Ethics Committee 
(approval No. 2534) for this observational cohort study, 
a  public trial system application was submitted, and 

informed content was obtained from all volunteers (who 
were working in a hospital as healthcare workers). Partici-
pants volunteered to fast for 16 h a day and have an 8-h 
eating window between April 15, 2021, and May 5, 2021 
(for a period of 21 days). Individuals with a body mass in-
dex (BMI) between 25 and 30 were included in the study 
during the month of Ramadan. According to the study 
protocol, volunteers fasted for 16 h between 04:00 AM 
and 08:00 PM and were permitted oral intake between 
08:00 PM and 04:00 AM.

None of the volunteers participating in the study were 
subjected to any special diet program or calorie restric-
tions, and they were allowed to consume as much food 
as they wanted without any restrictions. The exclusion 
criteria were having known diabetes, cancer, immunode-
ficiency, or chronic inflammatory disease. The female vol-
unteers were included in the study just after the end of their 
menstruation period, which resulted in the study lasting 
21 days. Twenty volunteers were required for the study 
based on the power analysis, with a type 1 error as low 
as 0.05, a power as high as 0.95 and an effect size of 1.13, 
which was calculated from the expected BMI change.

Data collection and cytokine 
measurement

Volunteers were asked to  note their food intake for 
the 3 days before starting the study and during the last 
3 days of the study. Subsequently, the calorie intake and 
the amount and percent of carbohydrate, fat and protein they 
consumed before and during the IF period were calculated 
using the BeBis 8 computer program (EBISpro for Win-
dows; EBISpro, Stuttgart, Germany). Their weight and height 
were measured, and blood samples were collected before and 
on the 21st day of the study. Blood samples were centrifuged 
at 1,800 rpm for 5 min to separate the serum. The levels 
of IL-1β, interferon (IFN)-α2, IFN-γ, tumor necrosis factor 
(TNF)-α, monocyte chemoattractant protein-1 (MCP-1), IL-
6, IL-8, IL-10, IL-12p70, IL-17A, IL-18, IL-23, and IL-33 were 
measured in pg/mL using a Cube 8™ flow cytometer (Sys-
mex, Kobe, Japan; cat. No. CY-S-3068R_V3) and a LEGEND-
plex™ Human Inflammation Panel 1 cytokine measurement 
kit (BioLegend, San Diego, USA; cat. No. 740808) to assess 
the inflammation status as primary outcomes. The weight, 
BMI, consumed food components, and cytokine values were 
compared before and after the 21 days of IF.

Patient follow-up

Daily face-to-face communication was established with 
the volunteers to assess whether they continued to meet 
the study conditions. At the beginning of the study, 27 vol-
unteers were included. However, during the study, 1 vol-
unteer contracted coronavirus disease-19 (COVID-19), 
and 5 did not fulfill the fasting criteria for 1 or more days, 
resulting in 6 volunteers being excluded from the study.
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Statistical analyses

Data analysis employed IBM SPSS v. 26.0 (IBM Corp., 
Armonk, USA), with the  Shapiro–Wilk test assess-
ing the normality of the distribution of the differences. 
If the differences were normally distributed, they were ex-
pressed as mean ±standard deviation (M ±SD), otherwise 
as median and interquartile  range (IQR). In the analy-
sis, paired t-tests compared dependent and normally 
distributed differences, and Wilcoxon’s signed-rank test 
evaluated dependent and non-normally distributed dif-
ferences. Pearson’s correlation coefficients examined BMI 
change. The interpretations of the correlation analysis 
were very weak (0.00–0.19), weak (0.20–00.39), moderate 
(0.40–0.59), strong (0.60–0.79), or very strong (0.80–1.0). 
The statistical significance level of the data was accepted 
as p < 0.005.

Results

The mean age of the volunteers was 37.76 ±8.06 years, 
and the mean BMI was 27.93 ±1.12. The study comprised 
9 women and 12 men. After 21 days, the volunteers had lost 
3.35 ±1.29% of their weight, which was significant compared 
to pre-IF levels (p < 0.001). Additionally, there were signifi-
cant reductions in energy intake and the amounts of car-
bohydrate, protein, and fat intake at the end of the study 
(p < 0.001 for all) (Table 1).

It was determined that the TNF-α, MCP-1, IL-6, and 
IL-8 values were significantly lower after the IF period, 
while IL-33 concentration was significantly higher com-
pared to the pre-IF values (p = 0.022, p = 0.030, p = 0.025, 
p = 0.004, p = 0.0017, and p = 0.011, respectively). Fur-
thermore, IL-10 levels were slightly higher, and IFN-α2, 
IL-12p70, and IL-18 measurements were slightly lower. 

Table 1. Evaluation of daily energy and macronutrient intake and weight-BMI status before and after 21 days of follow-up

Parameters Before fasting After fasting p-value 95% CI of the difference 
(lower)–(upper) t or Z value 

Weight (kg) (M ±SD) 83.81 ±10.71 81.00 ±10.42 <0.001a (2.31)–(3.30) 11.94# 

BMI (M ±SD) 27.93 ±1.12 26.98 ±0.87 <0.001a (0.76)–(1.12) 11.01#

Energy intake (kcal) (M ±SD) 2443.18 ±352.55 1846.69 ±359.12 <0.001a (473.61)–(719.37) 10.12#

Carbohydrate intake (g) (M ±SD) 300.64 ±66.39 226.79 ±65.42 <0.001a (54.09)–(93.61) 7.79# 

Carbohydrate intake (%) (M ±SD) 50.14 ±7.65 49.38 ±7.57 0.576a (–2.03)–(3.55) 0.56# 

Protein intake (g) (median – IQR)  82.40–33.60  66.20–20.45 <0.001b (0.00)–(0.13) –4.01*

Protein intake (%) (M ±SD)  13.57 ±2.69  14.67 ±1.90  0.083a (–2.34)–(0.15) –1.82#

Fat intake (g) (M ±SD) 98.16 ±21.14 73.09 ±14.09 <0.001a (16.34)–(33.79) 5.99# 

Fat intake (%) (M ±SD) 35.96 ±7.23 35.85 ±6.55 0.932a (–2.19)–(2.38) 0.08# 

a paired sample t test; b Wilcoxon signed-rank test; # t value; * Z value; 95% CI – 95% confidence interval; M ±SD –  mean ±standard deviation; BMI – body 
mass index; IQR – interquatile range; df is 20 for all the variables.

Table 2. Comparison of blood cytokine values before and after 21 days of follow-up

Parameters Before fasting After fasting p-value 95% CI of the difference 
(lower)–(upper) t or Z value

IL-1β pg/mL (M ±SD)  58.87 ±36.03  53.94 ±48.05  0.470a (–9.02)–(18.88) 0.73#

IFN-α2 pg/mL
(median – IQR)

1.82–3.14 1.59–1.47 0.205b (0.02)–(0.35) –1.26*

IFN-γ pg/mL (median – IQR) 1.11–9.51 1.20–2.91 0.244b (0.02)–(0.35) –1.16*

TNF-α pg/mL (median – IQR) 29.00–38.44 0.02–18.17 0.022b (0.00)–(0.13) –2.29*

MCP-1 pg/mL (median – IQR) 312.50–354.26 286.56–198.12 0.030b (0.00)–(0.13) –2.17*

IL-6 pg/mL (M ±SD)  5.89 ±5.06  4.66 ±3.74  0.028a (0.15)–(2.31) 2.37#

IL-8 pg/mL (M ±SD)  39.03 ±28.23  21.46 ±22.30  0.003a (6.52)–(28.62) 3.16#

IL-10 pg/mL (median – IQR) 3.91–4.57 4.27–6.30 0.108b (0.00)–(0.22) –1.60*

IL-12p70 pg/mL (median – IQR) 2.39–4.50 2.08–1.27 0.289b (0.02)–(0.35) –1.06*

IL-17A pg/mL (median – IQR) 0.11–0.45 0.10–0.36 0.390b (0.17)–(0.58) –0.85*

IL-18 pg/mL (median – IQR) 172.74–117.38 161.87–148.48 0.394b (0.31)–(0.73) –0.85*

IL-23 pg/mL (median – IQR)  10.03–26.92  8.20–19.27 0.065b (0.00)–(0.13) –1.84*

IL-33 pg/mL (median – IQR) 31.32–119.53 81.34–276.07 0.011b (0.00)–(0.13) –2.55*

a paired sample t test; b Wilcoxon signed-rank test; # t value; * Z value; 95% CI – 95% confidence interval; M ±SD – mean ±standard deviation; IL – interleukin; 
IFN – interferon; TNF – tumor necrosis factor; MCP – monocyte chemoattractant protein; IQR – interquatile range; df is 20 for all the variables.
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However, these differences were not statistically signifi-
cant (Table 2).

The correlation analysis of BMI changes revealed that 
IL-1β, IL-8, IL-12p70, and the amount of carbohydrate 
intake had a moderate positive correlation, while energy 
intake and the amount of fat intake exhibited a strong posi-
tive correlation, IL-33 showed a strong negative correlation, 
and IL-10 demonstrated a moderate negative correlation 
(Table 3).

Discussion

Excessive caloric intake and subsequent development 
of obesity are characterized by a chronic state of inflamma-
tion involving increased levels of circulating proinflamma-
tory cytokines, described as “low-grade inflammation.”15 
In this situation, a 2-to-3-fold increase in systemic concen-
trations of TNF-α, IL-1β and IL-6 is typically observed,16 
which may contribute to the induction of autoimmune 
diseases such as rheumatoid arthritis and inflammatory 
conditions, including atherosclerosis, insulin resistance, 
cardiovascular diseases, and tissue damage associated with 
many types of cancer.17

There are numerous publications examining the effects 
of IF on serum cytokines, with most reporting a decrease 
in proinflammatory cytokines. Furthermore, IL-1β, IL-6, 
and TNF-α have been shown to significantly decrease after 
Ramadan fasting (RF), which serves as an IF model.17 Ad-
ditionally, significant decreases in body weight, BMI, IL-2, 
IL-8, and TNF-α have been reported in obese men after 
RF, not just in men with a normal BMI.18 Another study 
states that RF can significantly reduce all anthropometric 
parameters, IL-6, and CRP in patients with nonalcoholic 
fatty liver disease.19 In our study, we observed a significant 
regression of proinflammatory TNF-α, IL-6, and IL-8 after 
IF, although IL-1β decreased by an insignificant amount. 
Moreover, we found a moderate positive correlation be-
tween the decrease in BMI and IL-1β and IL-8 values.

There are studies reporting an increase in IL-10 after 
IF, which plays an anti-inflammatory role. One such study 
reported that, while proinflammatory cytokines decreased 
during a 4-week RF, the  IL-10 value increased signifi-
cantly.20 Another study found a significant increase in IL-
10 levels after RF.21 In our study, we observed an increase 
in IL-10 levels after IF, although it was not statistically 
significant. Additionally, this increase showed a moderate 
negative correlation with BMI.

The MCP-1 is a crucial chemokine that plays a significant 
role in many diseases. It binds to C-C chemokine receptor 
type 2 (CCR2), activating signaling pathways that regulate 
leukocyte migration. Studies have reported higher MCP-1 
levels in patients with obesity than in lean individuals.22,23 
However, there are few studies in the literature evaluating 
the effect of IF on MCP-1. In an animal study, mice were 
subjected to a high-fat diet for 3 days, followed by 1 day 
of fasting for 7 or 14 weeks. They were compared with 
rats that received a continuous high-fat diet, and it was 
observed that MCP-1 levels decreased significantly in both 
the 7- and 14-week IF groups compared to the continuous 
high-fat diet group.24 In obese mice, calorie restriction has 
been shown to significantly reduce messenger ribonucleic 
acid (mRNA) expression levels of several inflammatory cy-
tokines and chemokines in white adipose tissue, including 
MCP-1.25 In our study, we observed a significant decrease 
in MCP-1 levels after IF-induced weight loss.

Interleukin 17A, released from T-helper 17 (Th17 cells), 
and IL-23, an important cytokine for Th17 development, 
are related to  autoimmunity. Evidence suggests that 
the Th17 cell number increases while regulatory cells de-
crease in obesity.26 However, there are very few studies 
evaluating IL-17 and IL-23 values in obesity and the ef-
fect of IF on these cytokines. Some studies have reported 
higher IL-17 and IL-23 levels in obese individuals,27 and 
it has been observed that IL-23 values significantly decrease 
after an intermittent ERD.28 We found that the IL-17A and 
the IL-23 values decreased after IF; however, these differ-
ences did not reach statistical significance. This lack of sig-
nificance could be attributed to the relatively short duration 
of the IF period or only including overweight individuals.

Table 3. The correlation results of % change of the parameters according 
to % BMI change after 21 days of intermittent fasting

Parameters
Correlation (p, r)

p-value r-value

Weight 1.000 0.000

IL-1β 0.009 0.553

IFN-α2 0.078 0.393

IFN-γ 0.115 0.354

TNF-α 0.145 0.329

MCP-1 0.055 0.424

IL-6 0.624 –0.114

IL-8 0.018 0.510

IL-10 0.024 –0.490

IL-12p70 0.046 0.440

IL-17A 0.115 0.354

IL-18 0.113 0.357

IL-23 0.160 0.318

IL-33 <0.001 –0.729

Energy intake <0.001 0.749

Carbohydrate (g) 0.012 0.539

Carbohydrate (%) 0.837 0.048

Protein (g) 0.095 0.374

Protein (%) 0.200 –0.291

Fat (g) 0.004 0.601

Fat (%) 0.483 0.162

BMI – body mass index; IL – interleukin; IFN – interferon; TNF – tumor 
necrosis factor; MCP – monocyte chemoattractant protein.
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Interleukin 33 is a cytokine belonging to the IL-1 family 
that induces type 1 and type 2 immune responses by bind-
ing to the tumorigenicity 2 (ST2) receptor. The literature 
reports that IL-33 has a protective effect on adipose tis-
sue, shielding it from inflammation.29 In a study by Hasan 
et al., who investigated the relationship between serum 
IL-33 levels and BMI of lean and obese individuals, over-
weight study participants had lower serum IL-33 levels 
than lean individuals, and a negative correlation was ob-
served between IL-33 and BMI.30 There is only 1 study in-
vestigating the effect of intermittent ERD on IL-33 values, 
which reported that IL-33 values were significantly lower 
in intermittent ERD patients. However, our study found 
that IL-33 values increased significantly after IF, and there 
was a strong negative correlation with the change in BMI, 
suggesting that the increase in IL-33 may be linked to its 
inflammation-reducing effect on adipose tissue.

In the literature, there are only a few studies evaluating 
the effects of IF on IL-12p70, IL-18, IFN-γ, and IFN-α2 
serum levels. In a study of 28 obese patients divided into 
2 groups, 1 group was administered on a 3 nonconsecutive 
day intermittent ERD for 12 weeks, during which the pa-
tients consumed 550 kcal/day for women and 650 kcal/
day for men. The other group received a continuous ERD 
with a low-calorie diet (LCD) of 33% energy restriction. 
Among the groups, IFN-γ, IL-18 and IL-23 values were 
significantly lower in patients on an intermittent ERD.28 
Our study found that IL-12p70, IL-18, IFN-γ, and IFN-α2 
decreased after IF; however, these differences did not reach 
statistical significance.

Limitations

Study limitations include the limited number of volun-
teers, not comparing the volunteers with different BMI 
categories, using kit-dependent cytokine measurements 
within specific intervals, and only evaluating a 3-week 
period. Additionally, no special diet program or  calo-
rie restriction was applied to any volunteers participat-
ing in the study. While this situation might suggest that 
the results could be influenced by variations in food intake 
among individuals, efforts were made to address this con-
cern by setting up each volunteer with their own control.

Conclusions

The  immune system plays the  most important role 
in  many diseases. There are publications discussing 
the  benefits of  IF on  cancer and various diseases, but 
the impact of IF on the immune system remains unclear 
in explaining the benefits of IF on these conditions. Our 
study is one of the rare investigations evaluating the effects 
of IF on the immune system. According to our results, IF 
led to a significant decrease in proinflammatory cytokines 
and a significant increase in IL-33 levels, which is known 

to have protective effects against inflammation in adipose 
tissue. These findings support that IF is an effective dietary 
approach that promotes weight loss and could potentially 
reduce obesity-related inflammation by decreasing BMI; 
long-term studies are needed on this subject.
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Abstract
Background. Although there is limited data about the role of infectious diseases and clinical microbiology 
(IDCM) consultations in the Emergency Department (ED), they have a key role in deciding on hospitalization 
and appropriate use of antibiotics.

Objectives. To evaluate demographic and clinical characteristics of patients who visited the ED of our hospital 
and underwent an IDCM consultation.

Materials and methods. In this cross-sectional study, we reviewed the medical records of adult patients 
who visited the ED of our hospital between May and August 2021 and needed IDCM consultation. The de-
mographic data, the date and time of admission and consultation, the departments that were consulted 
before IDCM, laboratory results, diagnosis, and outcome were recorded.

Results. Out of 42,116 ED visits, 1,007 (2.4%) IDCM consultations were requested. The median time be-
tween admission and IDCM consultation was 239 min (150.0–373.5). Before 56.9% of IDCM consultations, 
pre-consultations were requested from other departments, and the time interval was significantly longer. 
The median age of patients was 68 years (51–77 years). Infections were confirmed by the IDCM physician 
in 79.6% of the consultations. The most diagnosed infections were urinary tract infections (32.4%), skin-soft 
tissue infections (16.9%) and lower respiratory tract infections (10.3%), whereas 9.3% of the consultations 
resulted in hospitalization to the infection ward, 25.1% to other wards,  and 5% to the intensive care unit (ICU).

Conclusions. Two of 3 consultations resulted in hospitalization in other wards, and this shows that IDCM 
consultations are beneficial for managing patients with infectious diseases hospitalized in other departments. 
Communication between IDCM specialists and ED colleagues is important, especially in the management 
of elderly patients who require a multidisciplinary approach.

Key words: consultation, emergency department, infectious diseases and clinical microbiology, tertiary-
care hospital
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Background

Infectious diseases and clinical microbiology (IDCM) 
consultations are vital for improving the clinical manage-
ment of patients with suspected infectious diseases and in-
creasing the rational usage of antibiotics.1–4 Due to the un-
availability of culture results, antimicrobial susceptibility 
tests, and other serological or molecular diagnostic tests 
in the Emergency Department (ED), most decisions are 
based on clinical symptoms and findings resulting in em-
pirical therapy. Moreover, it is difficult to diagnose infec-
tious diseases in the ED because of the heavy workload, 
heterogeneous presentation of infections, and varying host 
characteristics (elderly patients, children and/or immuno-
suppressed patients). The absence of typical infection signs 
and symptoms, and the presence of comorbid diseases, 
such as malignancy, make it difficult to interpret the clini-
cal picture, especially in elderly patients.5 In the elderly 
patients, the prevalence of bacterial colonization risk fac-
tors, including frequent hospitalization, antibiotic use, 
invasive devices such as urinary catheters, and residency 
in long-term care facilities, make the differential diagnosis 
of infectious diseases more challenging.6,7

Although there is  limited data on the role of  IDCM 
consultations in the ED, they are critical when decid-
ing on hospitalization and the appropriate use of anti-
biotics. The implementation of IDCM consultations for 
the early management of patients with severe sepsis/septic 
shock in the ED reduces mortality.8 In a Canadian study, 
automatic IDCM consultations for patients admitted 
to the ED with cellulitis were beneficial for differential 
diagnosis, reducing recurrence and preventing hospital 
admissions.9

Objectives

This study aimed to evaluate the contribution of IDCM 
consultations by determining the demographic and clinical 
characteristics of patients who were consulted in the ED.

Materials and methods

Study design and population

The study was designed as a retrospective, cross-sec-
tional study. Dokuz Eylül University Hospital in Izmir, Tur-
key, is a tertiary care reference hospital with a 1,100-bed 
capacity. The ED of our hospital has 45 beds and receives 
approx. 120,000 admissions annually. After triage, the pa-
tient is examined by the resident physician of the ED and 
evaluated alongside the senior assistant or emergency med-
icine specialist. If necessary, a consultation is requested 
from the relevant departments. Infectious diseases and 
clinical microbiology consultation is  requested for ED 

patients suspected of having infectious diseases and who 
require an expert opinion.

The  inpatient service of  the  IDCM Department has 
14 beds and was not accepting patients other than those 
with coronavirus disease 2019 (COVID-19) between March 
2020 and May 2021 due to the heavy workload and staff 
shortages caused by the pandemic. After the necessary 
conditions were met, non-COVID-19 patients were ac-
cepted from May 1, 2021. The IDCM consultations are 
evaluated by  a  designated consultant during working 
hours, while IDCM residents and specialists are on duty 
outside working hours.

All patients older than 18 years who presented to the ED 
between May 1 and August 31, 2021, and required IDCM 
consultation, were included in this study.

Data collection and analysis

Data on  patients and consultations were accessed 
through the computerized hospital management system. 
The first consultations requested on the patient’s admis-
sion to the ED were considered new admissions. Those 
who revisited the ED at least 72 h after being discharged 
and were consulted were also considered new admissions. 
If the patient had repeated consultations during their stay 
in the ED or revisited within 72 h of discharge from the ED, 
the requested consultations were considered a re-consul-
tation. Consultations requested from other departments 
before IDCM were defined as pre-consultations.

Since some patients had more than 1 admission at differ-
ent times, demographic data were evaluated on the num-
ber of  patients and other clinical or  laboratory data 
on  the  number of  admissions. The  demographic data 
of each patient were recorded. The admission and consul-
tation time, reason for admission, departments for which 
pre-consultation was requested, laboratory data, diagnosis, 
recommendations, and results were recorded for each ap-
plication. Infectious disease was diagnosed based on symp-
toms such as fever, nausea, vomiting, cough, dysuria, ab-
dominal pain, physical examination findings, laboratory 
results (high C-reactive protein (CRP) and/or procalci-
tonin, leukocytosis/leukopenia, the presence of pyuria), 
and/or radiological findings (system-specific findings such 
as pneumonic infiltration) compatible with an infection. 
A diagnosis of infection was excluded based on patients 
having no symptoms, physical examination findings, sup-
portive laboratory and/or radiological findings compatible 
with an infection, and another acute condition that would 
explain their clinical situation.

Statistical analyses

Statistical analysis employed IBM SPSS v. 24.0 (IBM 
Corp., Armonk, USA). Categorical variables are presented 
as numbers and percentages. The normality of continuous 
variables was assessed using the Shapiro–Wilk test and 
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histograms. The homogeneity of variance was evaluated 
with the Levene’s test. The results of assumption verifica-
tion for test applications are given in the Supplementary 
Table (https://doi.org/10.5281/zenodo.8410371). Based 
on the results of the normality tests, non-parametric sta-
tistical tests were utilized. Numerical data were summa-
rized using median values and interquartile range (IQR), 
which was defined as the 1st quartile (Q1) to the 3rd quar-
tile (Q3). The Mann–Whitney U test compared differences 
between 2 independent groups, while the Kruskal–Wal-
lis test assessed significant differences in a continuous 
dependent variable of a categorical independent variable 
(with 3 or more groups), followed by Dunn’s post-hoc test. 
The statistical significance limit was accepted as 0.05 
(p-value).

Ethics statement

The Non-Interventional Research Ethics Committee 
of the Dokuz Eylül Üniversity (Izmir, Turkey) approved 
the study on November 24, 2021 (No. 2021/34-06). Nec-
essary permissions were obtained from the hospital man-
agement and the  Department of  Emergency Medicine 
of the Dokuz Eylül Üniversity.

Results

Between May 1 and August 31, 2021, there were 42,116 
admissions to the ED of our hospital, and 1,007 (2.4%) con-
sultations were requested from the Department of IDCM 
for 808 patients. Of the consultations, 853 (84.7%) were new 
admissions, and 154 (15.3%) were re-consultations. Forty-
four (5.4%) patients had multiple admissions to the ED 
at different times. During the study period, at least 1 con-
sultation was requested from the ED every day except for 
2 days. The median number of daily consultations was 
8 (6–10), with the  distribution of  consultations based 
on hourly intervals during the day given in Fig. 1.

In 56.9% (485/853) of the admissions, a pre-consultation 
was requested from other departments before IDCM, and 
the median number of pre-consultations per admission 
was 1 (0–2). Pre-consultations were primarily requested 
from the  following departments: Nephrology (13.5%, 
n  =  115), Pulmonology (9.6%, n  =  82), Oncology (8%, 

n = 68), Gastroenterology (6.6%, n = 56), Cardiology (6%, 
n = 51), Orthopedics and Traumatology (5.7%, n = 50), and 
Neurology (4.1%, n = 35).

The median time between admission to the ED and 
IDCM consultation was 239 min (150.0–373.5; 3 h and 
59  min), ranging between 6  and 4718  min (78  h  and 
38 min). The median time was 287 min (183.0–444.5; 
4 h 47 min) for those with pre-consultation and 185 min 
(122.0–269.5; 3 h and 5 min) for those without pre-consul-
tation (p < 0.001; U = 53719.5). As the number of depart-
ments requested for pre-consultation increased, the time 
until the IDCM consultation increased (p < 0.001; Krus-
kal–Wallis test) (Table 1,2). The median response time 
of the IDCM to the consultation was 96 min (64.0–138.5).

The median age of the patients was 68 years (51–77), 
and 53.25% of patients were 65 and older. Distribution 
of the patients according to age group is given in Fig. 2. 
Of the patients, 50.7% (n = 410) were men. The most com-
mon symptom on admission was fever (21.5%, n = 183), 
with the other symptoms given in Table 3. After evaluation 
by an IDCM physician, infections were diagnosed in 79.6% 
(n = 679) of the consultations. The diagnoses of infectious 
diseases are given in Table 4.

Sampling for blood cultures was done in 50.9% (434/835) 
of  ED admissions, with no growth in  61.1% (265/434) 
of the blood cultures. Of the blood culture results, 19.4% 
(84/434) were compatible with contamination (most 
commonly coagulase-negative staphylococci), and 19.5% 

Fig. 1. A. Percentage of admissions to the Emergency Department (ED) 
according to working hours; B. Percentage of Department of Infectious 
Diseases and Clinical Microbiology (IDCM) consultations according 
to working hours

52%
36%

12%

A

08:00–17:00 17:00–24:00 24:00–8:00

37%

40%

23%
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Table 1. The time interval between the patient’s arrival at the emergency department and the infectious diseases consultation based on the number 
of pre-consultations

Number of pre-
consultations n Time [min]

(median, IQR) Kruskal–Wallis H test df p-value

0 368 184.5 (122.0–269.5)

133.515 2 <0.0011 360 258.5 (158.7–402.0)

≥2 125 403 (269.5–635.5)

Total 853 239 (150.0–373.50)

IQR – interquartile range; Kruskal–Wallis test was used; n – number; df – degrees of freedom.
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(85/434) were accepted as an infectious agent. The most 
frequently isolated microorganisms in  blood cultures 
were Escherichia coli (41.2%, 35/85), Staphylococcus au-
reus (13.0%, 11/85) and Klebsiella pneumoniae (8.2%, 7/85).

Urine cultures were obtained from patients in 52.4% 
(447/853) of the ED admissions, with no growth in 40.0% 
(179/447). In 16.5% (74/447) of urine cultures, more than 
3 microorganisms were isolated, which were considered 
contamination. The most common agents isolated in urine 
cultures were E. coli (21.0%, 94/447), K. pneumoniae (10.5%, 
47/447) and Pseudomonas aeruginosa (3.8%, 17/447).

Of all consultations, 9.2% (n = 78) resulted in admis-
sion to the IDCM ward. The most common diagnoses 
for hospitalization were urinary tract infection (43.6%, 

n = 34), skin-soft tissue infection (23.1%, n = 18), central 
nervous system infection (7.7%, n = 6), bloodstream in-
fection (7.7%, n = 6), acute gastroenteritis (6.4%, n = 5), 
herpes zoster (3.8%, n = 3), and other (7.7%, n = 6), such 
as diabetic foot infection, fever of unknown origin, human 
immunodeficiency virus (HIV) infection, malaria, tetanus, 
and Crimean-Kongo hemorrhagic fever.

Of all ED visits, 25.1% (n = 214) of patients were admitted 
to other services, and 80.8% (n = 173) had accompanying 
infectious diseases. Of the ED visits, 5% (n = 43) resulted 
in hospitalization to the intensive care unit (ICU), and 3.2% 
(n = 27) of patients died during their ED stay (Table 5). 
In total, 39.3% of the consultations resulted in hospitaliza-
tion (9.2% to IDCM ward, 25.1% to other wards, and 5% 
to the ICU). More than half (57.5%) of the patients were dis-
charged from the ED and 39.3% were hospitalized. Between 
the patients being hospitalized or discharged, the median 
number of pre-consultations (1 [0–1] compared to 0 [0–1]; 
p < 0.001; U = 62291.5) and the time interval between 

Table 3. Symptoms of the patients at presentation

Symptom n (%)

Fever 183 (21.5)

Cutaneous symptoms (erythema, edema, swollen, 
tenderness, infected wound/ulcer, rash, etc.)

167 (19.6)

General systemic symptoms (weakness, fatigue, loss 
of appetite, myalgia, confusion, headache, etc.)

130 (15.2)

Gastrointestinal symptoms (abdominal pain, nausea, 
vomiting, diarrhea, etc.)

109 (12.8)

Genitourinary symptoms (dysuria, frequency, urgency, 
cloudy urine, flank pain, penile/vaginal discharge, etc.)

94 (11.0)

Pulmonary symptoms (coughing, sputum, shortness 
of breath, chest pain)

90 (10.5)

Others (joint pain, seizure, altered mental status, 
behavioral changes, postvaccination reaction, etc.)

80 (9.4)

Total 853 (100.0)

n – number.

Table 4. Diagnosis of infectious diseases

Diagnosis, n (%) n (%)

UTI
upper UTI
lower UTI

220 (32.4)
176 (25.9)

44 (6.5)

SSTI
cellulitis
complicated SSTI
abscesses

115 (16.9)
72 (10.6)
32 (4.7)
11 (1.6)

LRTI
pneumonia
empyema
COVID-19

70 (10.3)
46 (6.8)
2 (0.3)

22 (3.2)

Bloodstream infection
bacteremia
central line-associated bloodstream infection
endocarditis

24 (3.5)
12 (1.8)
9 (1.3)
3 (0.4)

Central nervous system infection 7 (1.0)

Gastrointestinal system infection
acute gastroenteritis
cholecystitis – cholangitis
peritonitis
intra-abdominal infection
esophagitis

61 (9.0)
33 (4.9)
11 (1.6)
8 (1.2)
8 (1.2)
1 (0.1)

Musculoskeletal system infection
diabetic foot infection
septic arthritis/arthritis
prosthesis infection
osteomyelitis

49 (7.2)
24 (3.5)
17 (2.5)
7 (1.1)
1 (0.1)

Fever
fever of unknown origin
neutropenic fever

67 (10.0)
43 (6.3)
24 (3.5)

Sepsis of unknown origin 28 (4.1)

Other* 38 (5.6)

Total 679 (100.0)

*Herpes zoster, HIV, Orf, infectious mononucleosis, lymphadenitis, malaria, 
tetanus, Crimean-Kongo hemorrhagic fever, sexually transmitted diseases. 
UTI – urinary tract infection; LRTI – lower respiratory tract infection; 
SSTI – skin-soft tissue infection; COVID-19 – coronavirus disease 2019..

Table 2. The p-values of post hoc comparisons for variables between 
the groups

Pairwise comparisons p-value 

0 vs 1 pre-consultation <0.001

0 vs ≥2 pre-consultations <0.001

1 vs ≥2 pre-consultations <0.001

The Kruskal–Wallis test and the Dunn’s post hoc test were used.

Fig. 2. The distribution of patients across different age groups
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admission and IDCM consultation (249 min (152–389) 
compared to 221 min (143–344), p = 0.017; U = 74177.0) 
were significantly different.

Discussion

In this study, 2.4% of ED patients required an IDCM con-
sultation, of which 79.6% resulted in the diagnosis of an in-
fectious disease. Time is needed for the initial patient ex-
amination in the ED and the results of laboratory tests and 
radiological imaging. For our hospital, this time is approx. 
4 h, and the IDCM consultation concludes within 1.5 h. 
More than half of ED visits require a multidisciplinary ap-
proach, and IDCM consultation is delayed if other depart-
ments request a pre-consultation. However, an infectious 
disease diagnosis in 4 out of 5 patients indicates that con-
sultations were requested with the correct indication. Ad-
ditionally, the hospitalization of 2 out of 3 patients in other 
wards supports the importance of a multidisciplinary ap-
proach. Of the patients admitted to the other departments, 
80.8% had an accompanying infectious disease.

More than half of the patients admitted to the ED of our 
hospital were older than 65 years. In our country, society 
is growing older, and the elderly population aged 65 and 
over has increased by 21.9% in the last 5 years.10 As the el-
derly population continues to grow, there will be a gradual 
increase in the number of such patients seeking access 
to healthcare. According to studies conducted in Turkey, el-
derly patients accounted for 10.1–13.8% of all ED visits.11–13 
In a population-based national study conducted in the USA, 
more than 3 million of elderly patients attended the ED 
in 2012, and 18.5% of these admissions were infection-
related.14 In a single-center study conducted at a university 
hospital in Thailand, 18% of the annual 50,000 admissions 
to the ED were elderly patients, and 14.5% of the admis-
sions were infection-related.15 In our study, the population 
differed from previous research as it exclusively included 
patients requiring an  IDCM consultation. As  a  result, 

the proportion of elderly patients was higher. Younger pa-
tients with mild or moderate infections are discharged from 
the ED to the IDCM outpatient clinic after being examined 
by the emergency physician. In older patients, infections 
may be more severe, and hospitalization is often required. 
This supports the fact that the need for IDCM consultation 
is higher, especially for people over 65 years of age.

According to the results of our study, a diagnosis of infec-
tion was excluded in 20% of the consultations. Diagnosing 
infections in the ED is challenging because of the heavy 
workload and diagnostic limitations. Culture results have 
a limited role in the diagnosis of infections in the ED be-
cause significant growth was detected in only 1 patient out 
of 5 for blood cultures and 2 patients out of 5 for urine cul-
tures. This can result in either failure to recognize an in-
fection in the ED (under-diagnosis) or attributing other 
diseases to an infection (over-diagnosis). Under-diagnosis 
may lead to delays in prescribing antibiotics, and over-di-
agnosis may result in the unnecessary use of antibiotics.16,17 
In a study by Caterino et al., the diagnoses of bacterial 
infections by ED physicians were compared with those 
made by 2 other experts (one board-certified in infectious 
disease and one board-certified in emergency medicine and 
internal medicine with expertise in geriatrics), and both 
under-diagnosis and over-diagnosis were common.18 Infec-
tious diseases and clinical microbiology consultations are 
critical for infection diagnosis and management in the ED.

The most common infections in our study were urinary 
tract infections (32.4%), skin-soft tissue infections (16.9%) 
and lower respiratory tract infections (10.3%). In the study 
by Ittisanyakorn et al., the most common infections were 
pneumonia (32.6%), pyelonephritis (23.1%) and intestinal 
infections (11.4%).15 Meanwhile, Goto et al. reported lower 
respiratory tract infections (26.2%), urinary tract infections 
(25.3%) and sepsis (18.9%), and Caterino et al. reported 
gastrointestinal (28.6%), urinary tract (24.7%) and lower 
respiratory tract (23.4%) infections.14,18 In these studies, 
all patients with bacterial infections admitted to the ED 
were evaluated. We included only patients who required 
IDCM consultations. In our center, patients with suspected 
pneumonia are consulted by the pulmonary medicine con-
sultants working in the ED. For this reason, unlike other 
studies, the most common diagnosis made by the IDCM 
consultant was urinary tract infection instead of pneu-
monia. There are differences in the distribution of infec-
tious diseases in the ED according to the sociodemographic 
characteristics of  the region, structural characteristics 
of the center and patient profile. More studies should be 
conducted to understand the characteristics of the patients 
admitted to the ED and create an action plan.

Limitations

The study was conducted in a single center, and the con-
sultations were retrospectively evaluated. There may have 
been a selection bias since only patients who consulted 

Table 5. The result of the infectious diseases and clinical microbiology 
(IDCM) consultations

Result n (%)

Discharged from the ED
prescribed oral antibiotics
prescribed parenteral antibiotics
referred to the outpatient IDCM clinic
other*

491 (57.5)
319 (37.4)

14 (1,6)
37 (4.3)

121 (14.1)

Hospitalization
admission to the IDCM ward
admission to other wards
admission to the ICU

335 (39.3)
78 (9.3)

214 (25.1)
43 (5.0)

Mortality in the ED 27 (3.2)

Total 853 (100.0)

* The patients with no infection were discharged from the ED by an ED 
physician or left the ED voluntarily. IDCM – infectious diseases and clinical 
microbiology; ED – emergency department; ICU – intensive care unit.
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with an IDCM were included in the study. For this reason, 
patients with mild-to-moderate infectious disease who 
were examined and discharged by the ED physician were 
not evaluated. On the other hand, we could not compare 
the outcomes of patients with and without an IDCM con-
sultation because the study group did not include patients 
who did not require an IDCM consultation. The impact 
of IDCM consultations on the timing of antibiotic treatment 
or patients’ outcomes could not be evaluated in the study 
because patients could not be followed up after they were 
discharged from the ED or admitted to other services.

The pneumonia rate was low in our study because pul-
monary disease consultation was requested for patients 
with suspected pneumonia. Likewise, patients with mild 
COVID-19 were not included in the study because they 
were evaluated in  the pandemic outpatient clinic, and 
patients with moderate-to-severe COVID-19 admitted 
to the ED were evaluated by a pulmonologist.

Conclusions

Despite accounting for only 2.4% of total ED visits, IDCM 
consultations are valuable for the diagnosis and manage-
ment of infections, especially in older patients requiring 
a multidisciplinary approach and pre-consultation. Timely 
and appropriately indicated IDCM consultations have 
proven to be effective in achieving their intended objec-
tives. The consultations provided by IDCM specialists con-
firmed infection in 4 out of 5 patients. While 1/3 of the hos-
pitalized patients were admitted to the IDCM ward, the rest 
were admitted to other services. Thus, IDCM consultations 
in the ED play a crucial role not only in the management 
of IDCM service patients but also in effectively managing 
infections for patients hospitalized in other departments. 
Promoting collaborative relationships between IDCM spe-
cialists and ED colleagues will be beneficial in diagnosing, 
managing and preventing infectious diseases in the ED.

Supplementary data

The Supplementary materials are available at https://
doi.org/10.5281/zenodo.8410371. The package consists 
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tions for the application of the tests (dataset).
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Abstract
Background. The (embryonic lethal, abnormal vision, drosophila)-like protein 1 (ELAVL1) is a newly discov-
ered protein associated with cerebral ischemic/reperfusion (I/R) injury. However, little is known of ELAVL1 
in ischemic stroke patients.

Objectives. To investigate the clinical significance of collateral circulation and serum ELAVL1 in patients 
with carotid atherosclerosis (CAS) and ischemic stroke.

Materials and methods. The present prospective cohort investigation included 317 ischemic stroke patients 
and 300 CAS patients admitted between March 2020 and March 2022. Collateral circulation was measured 
using digital subtraction angiography (DSA) and graded using the American Society of Interventional and 
Therapeutic Neuroradiology/Society of Interventional Radiology (ASITN/SIR) grading system. Enzyme-linked 
immunosorbent assays (ELISAs) were used to measure serum ELAVL1, C-reactive protein (CRP), interleukin-6 
(IL-6), and tumor necrosis factor alpha (TNF-α). The serum levels of total cholesterol (TC), triglyceride (TG), 
high-density leptin cholesterol (HDL-C), and low-density leptin cholesterol (LDL-C) were also measured.

Results. The serum levels of ELAVL1, CRP, IL-6, TNF-α, and LDL-C were all markedly higher, while HDL-C was 
significantly lower in ischemic stroke patients compared to the CAS patients. Serum ELAVL1 was markedly 
higher in ASITN/SIR grade 0–1 patients compared to grade 2–4 patients. Also, ELAVL1 correlated positively 
with serum CRP, IL-6, TNF-α, TC, and LDL-C, and negatively with HDL-C. Receiver operating characteristic 
(ROC) curves showed that ELAVL1 and collateral circulation have the potential to be used as biomarkers for 
the diagnosis of ischemic stroke. Meanwhile, CRP, IL-6, TNF-α, HDL-C, ASITN/SIR grading, and ELAVL1 were 
independent risk factors for ischemic stroke.

Conclusions. We found that serum ELAVL1 was associated with clinical outcomes of ischemic stroke 
patients, while the combination of ELAVL1 and collateral circulation could be used as a potential biomarker 
for ischemic stroke diagnosis.

Key words: ischemic stroke, collateral circulation, carotid atherosclerosis, biomarker, observational study
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Background

Stroke is  the  second leading cause of  disability and 
mortality worldwide, with over 13 million new cases an-
nually.1–3 In the past 50 years, the overall incidence rate 
of stroke has shown a downward trend in high-income 
countries and an upward trend in low- and middle-in-
come countries.4,5 According to the 2022 global stroke 
statistics report, the proportion of people over 65 years 
old is proportional to the incidence rate of stroke, indicat-
ing that age is one of the critical risk factors for stroke.6,7 
Among stroke patients, over 85% have an ischemic stroke, 
for which carotid atherosclerosis (CAS) is one of the most 
common causes.8,9 Generally, ischemic stroke is caused 
by occlusion of the middle cerebral artery, which leads 
to neuronal death due to insufficient blood and oxygen 
supply to the brain, resulting in brain tissue damage.10,11

Ischemia/reperfusion (I/R) injury is an unavoidable patho-
logical injury in stroke patients and a major cause of neu-
rological damage.12,13 Stroke-induced I/R injury can lead 
to permanent brain tissue damage and may cause cognitive 
impairment.14,15 Despite the development of treatment strat-
egies, the underlying molecular mechanisms of ischemic 
stroke are still unclear.16,17 In recent years, many molecular 
biomarkers for ischemic stroke have been identified.18,19 
However, new potential biomarkers for ischemic stroke di-
agnosis and prediction of prognosis are still needed.

The (embryonic lethal, abnormal vision, drosophila)-like 
protein 1 (ELAVL1) is a newly discovered protein associ-
ated with the development of many diseases, including 
brain I/R injury, the main pathological alteration in isch-
emic stroke.20–22 However, no clinical studies have focused 
on ELAVL1 in stroke patients. It is widely accepted that 
collateral circulation is changed and is associated with 
the clinical outcomes of ischemic stroke patients.23–25 None-
theless, measuring collateral circulation alone might not be 
accurate enough to predict patients’ clinical outcomes.26

Objectives

In the present study, we aimed to investigate the clinical 
significance of collateral circulation and serum ELAVL1 
in  patients with CAS and ischemic stroke, focusing 
on their association with patients’ severity and prognosis. 
The study findings might provide a novel biomarker for 
CAS and ischemic stroke.

Materials and methods

Patients and study design

The present study was designed as a prospective cohort 
investigation and included 317 ischemic stroke patients ad-
mitted to our Department between March 2020 and March 

2022. Ischemic stroke diagnosis was based on the guide-
lines of The Chinese Medical Association (2019 update).27,28 
The inclusion criteria were: 1. all patients were diagnosed 
with ischemic stroke using imaging methods, including 
computed tomography angiography (CTA), digital sub-
traction angiography (DSA) and magnetic resonance im-
aging (MRI); 2. patients received no anticoagulant therapy 
within 3 months before the study. The following patients 
were excluded: those receiving anticoagulant therapy within 
3 months of study commencement, patients with hemor-
rhagic stroke, and patients with other systematic diseases. 
Additionally, 300 patients with CAS were enrolled as con-
trols within the same study period. Among CAS patients, 
the following were excluded: patients with severe systematic 
infections, patients with cancer, and patients with severe 
cardiovascular, liver or renal diseases. All patients were con-
secutively enrolled. We recruited all cases who met the inclu-
sion criteria during the study period. The ethical committee 
of the Brain Hospital of Hunan Province (Changsha, China) 
approved the study (Ethics Review Board No. 44; 2021).

Measurement of collateral circulation

The collateral circulation was measured with DSA and 
graded using the American Society of Interventional and 
Therapeutic Neuroradiology/Society of Interventional Ra-
diology (ASITN/SIR) grading system, where 0–1 means 
poor compensatory collateral circulation, grade 2 is mod-
erate compensatory circulation, and grade 3–4 is good 
compensatory circulation.29

Enzyme-linked immunosorbent assay

Blood samples were collected from all patients within 
24 h of admission. Enzyme-linked immunosorbent assay 
(ELISA) was used to measure serum ELAVL1 (kit purchased 
from MyBioSource Inc., San Diego, USA), C-reactive pro-
tein (CRP), interleukin (IL)-6 and tumor necrosis factor al-
pha (TNF-α). Kits for CRP, IL-6, and TNF-α were purchased 
from Nanjing Jiancheng Bioengineering Institute, Nanjing, 
China, according to the manufacturer’s instructions.

Data collection

Demographic data, including age, sex, medical history, 
and complications, were recorded. The serum levels of to-
tal cholesterol (TC), triglyceride (TG), high-density leptin 
cholesterol (HDL-C), and low-density leptin cholesterol 
(LDL-C) were measured using an automatic Hitachi 7600 
biochemical analyzer (Hitachi Corporation, Tokyo, Japan).

Statistical analyses

The data distribution was analyzed using the Kolmogorov–
Smirnov method. All measurement data were non-normally 
distributed and expressed as median (range). Comparison 
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between the 2 groups employed a Mann–Whitney U test, 
while χ2 tests compared rates (without half adjust). Spear-
man’s analysis was used for correlation analysis. Receiver 
operating characteristic (ROC) curves were used to evalu-
ate the diagnostic value. Logistic regression was performed 
to analyze the risk factor of ischemic stroke. All calculations 
were made using IBM SPSS v. 22.0 (IBM Corporation, Ar-
monk, USA) and GraphPad v. 6.0 (GraphPad Software, San 
Diego, USA), and p < 0.05 was defined as statistically different.

Results

Basic clinical characteristics

The present study included 317 ischemic stroke patients 
and 300 CAS patients. As shown in Table 1, no significant 
differences were found between the 2 groups of patients for 
age, sex, body mass index (BMI), or complications. However, 
serum CRP, IL-6, and TNF-α levels were markedly higher 

in ischemic stroke patients compared to the CAS patients 
(all p < 0.05). For lipid metabolism, TC and TG showed no 
significant difference, while LDL-C was remarkably higher 
and HDL-C was significantly lower in ischemic stroke pa-
tients (p < 0.05). For ASITN/SIR grading, the frequency 
of grade 0–1 was significantly higher in ischemic stroke 
patients compared to the CAS patients (p < 0.05).

Serum ELAVL1 was associated 
with collateral circulation

To further investigate the role of ELAVL1 in CAS and 
ischemic stroke patients, the levels of ELAVL1 in differ-
ent patients were determined. Serum ELAVL1 was signifi-
cantly upregulated in ischemic stroke patients compared 
to the CAS patients (p < 0.05, Fig. 1A). Furthermore, serum 
ELAVL1 was markedly higher in ASITN/SIR grade 0–1 pa-
tients than in grade 2–4 patients (p < 0.05, Fig. 1B). These re-
sults indicated that serum ELAVL1 might be associated with 
collateral circulation in CAS and ischemic stroke patients.

Table 1. Basic characteristics of all patients

Variables Ischemic stroke (n = 317) CAS (n = 300) p-value

Age [years] 52 (35–70) 51 (35–70) 0.891

Sex (male : female, %) 179 (56.47) : 138 (43.53) 165 (55.00) : 135 (45.00) 0.834

BMI [kg/m2] 25.12 (18.01–31.99) 24.57 (18.03–31.74) 0.714

Complications, n (%)

diabetes 75 (23.66) 70 (23.33)

0.735hypertension 69 (21.77) 57 (19.00)

current smoker 141 (44.48) 124 (41.33)

CRP [mg/L] 27.24 (5.32–49.73) 12.67 (3.02–24.95) <0.001

IL-6 [pg/mL] 32.29 (5.05–59.90) 16.95 (5.04–29.98) <0.001

TNF-α [pg/mL] 22.98 (5.01–39.85) 12.24 (5.02–19.85) <0.001

TC [mmol/L] 4.36 (3.25–5.37) 4.22 (3.26–5.38) 0.189

TG [mmol/L] 1.49 (0.93–2.02) 1.44 (0.94–2.01) 0.659

LDL-C [mmol/L] 3.15 (2.21–4.00) 2.88 (2.17–3.79) <0.001

HDL-C [mmol/L] 1.10 (0.95–1.23) 1.12 (0.97–1.25) 0.002

ASITN/SIR grading, n (%)
0–1 194 (61.20) 85 (28.33)

<0.001
2–4 123 (38.80) 215 (71.67)

The p-values were calculated between CAS and ischemic stroke patients using Student’s t-test of Mann–Whitney U test for normally or non-normally 
distributed data, respectively. χ2 test was used for comparing rates. CAS – carotid atherosclerosis; BMI – body mass index; CRP – C-reactive protein;  
IL-6 – interleukin 6; TNF-α – tumor necrosis factor alpha; TC – total cholesterol; TG – triglyceride; LDL-C – low-density-lipoprotein cholesterol; HDL-C – high-
density-lipoprotein cholesterol; ASITN/SIR – American Society of Interventional and Therapeutic Neuroradiology/Society of Interventional Radiology.

Fig. 1. A. Serum ELAV (embryonic lethal, 
abnormal vision, drosophila)-like protein 
1 (ELAVL1) was evaluated in ischemic 
stroke patients using an enzyme-linked 
immunosorbent assay (ELISA) and compared 
to carotid atherosclerosis (CAS) patients; 
B. Serum ELAVL1 was evaluated using 
ELISA in patients with different American 
Society of Interventional and Therapeutic 
Neuroradiology/Society of Interventional 
Radiology (ASITN/SIR) grades. Lines indicate 
the median (range)
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Serum ELAVL1 was associated 
with inflammatory cytokines 
and lipid metabolism

We conducted additional correlation analysis for serum 
ELAVL1, inflammatory cytokines, and lipid metabolism. 
As shown in Table 2, serum ELAVL1 was positively cor-
related with serum CRP, IL-6, TNF-α, TC, and LDL-C, and  
negatively correlated with HDL-C (all p < 0.05), suggest-
ing that serum ELAVL1 was associated with the clinical 
outcomes of CAS in ischemic stroke patients.

Diagnostic value of ELAVL1 and collateral 
circulation for ischemic stroke

The ROC curves were used to determine the diagnostic 
value of ELAVL1 and collateral circulation for ischemic 
stroke. The ELAVL1 showed good diagnostic value for isch-
emic stroke, with an area under the curve (AUC) = 0.904, 
sensitivity  =  79.18%, specificity  =  78.67%, and a  cutoff 
value >10.56 ng/mL (Fig. 2A). Collateral circulation (ASITN/
SIR grading) also demonstrated diagnostic value for isch-
emic stroke, with an AUC = 0.625, sensitivity = 61.88%, 
specificity = 54.20%, and a cutoff value <2.5 (Fig. 2B).

When practicing the diagnostic mode in the patients 
using the cutoff value, both ELAVL1 and ASITN/SIR grad-
ing could be used as diabetic markers. The combination 
of ELAVL1 and ASITN/SIR grading showed better sen-
sitivity and accuracy (Table 3). All of these results imply 
that ELAVL1 and collateral circulation have the potential 
to be used as biomarkers for the diagnosis of  ischemic 
stroke. Figure 3 shows a typical DSA image of the collat-
eral circulation.

Risk factors for ischemic stroke 
by logistic regression

Finally, we used univariate and multivariate logistic regres-
sion to analyze the risk factors for ischemic stroke. In univar-
iate logistic regression, CRP, IL-6, TNF-α, LDL-C, HDL-C, 
ASITN/SIR grading, and ELAVL1 were risk factors for isch-
emic stroke. While in multivariate logistic regression, CRP, 

Table 2. Spearman’s correlation among serum (embryonic lethal, 
abnormal vision, drosophila)-like protein 1 (ELAVL1), inflammatory 
cytokines and lipid metabolism in all patients

Variables Spearman’s 
correlation p-value

CRP 0.354 <0.001

IL-6 0.334 <0.001

TNF-α 0.335 <0.001

TC 0.098 0.015

TG −0.019 0.632

LDL-C 0.146 <0.001

HDL-C −0.076 0.049

BMI – body mass index; CRP – C-reactive protein; IL-6 – interleukin 6;  
TNF-α – tumor necrosis factor alpha; TC – total cholesterol; 
TG – triglyceride; LDL-C – low-density-lipoprotein cholesterol;  
HDL-C – high-density-lipoprotein cholesterol.

Table 3. Diagnostic value of (embryonic lethal, abnormal vision, drosophila)-like protein 1 (ELAVL1) and collateral circulation for ischemic stroke

Methods True positive False positive True negative False negative Sensitivity Specificity Accuracy

ELAVL1 251 64 236 66 79.18% 78.67% 78.93%

ASITN/SIR grading 232 158 142 85 73.19% 47.33% 60.62%

ELAVL1 + ASITN/SIR grading 300 188 112 17 94.64% 37.33% 66.77%

* Sensitivity = true positive/(true positive + false negative) × 100%; specificity = true negative/(true negative + false positive) × 100%; accuracy = (true 
positive + true negative)/(true positive + false negative + false positive + true negative) × 100%; ASITN/SIR – American Society of Interventional and 
Therapeutic Neuroradiology/Society of Interventional Radiology.

Fig. 2. A. Receiver operating characteristic (ROC) curve of ELAV (embryonic lethal, abnormal vision, drosophila)-like protein 1 (ELAVL1) for the diagnosis 
of ischemic stroke; B. ROC curve of American Society of Interventional and Therapeutic Neuroradiology/Society of Interventional Radiology (ASITN/SIR) 
grading for diagnosis of ischemic stroke
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IL-6, TNF-α, HDL-C, ASITN/SIR grading, and ELAVL1 
were independent risk factors for ischemic stroke (Table 4).

Discussion

Stroke is the primary cause of death in China. According 
to data from China’s National Stroke Epidemiology Sur-
vey, the age-standardized incidence rate of stroke in adults 

is approx. 1115 cases per 100,000 individuals, with a mor-
tality rate of 115 per 100,000.30 Over the past decade, while 
the incidence rates have been decreasing in high-income 
countries, China has seen a gradual increase in stroke in-
cidence, though the mortality rate has remained relatively 
stable.31,32 Ischemic strokes primarily result from occlusion 
of the cerebral arteries, leading to insufficient blood and 
oxygen supply to the brain, causing neuronal death and 
subsequent brain tissue damage.

Table 4. Logistic regression for risk factors of unstable plaque

Variables
Univariate Multivariate

OR 95% CI p-value OR 95% CI p-value

Age 0.999 0.984–1.014 0.893 0.985 0.944–1.028 0.488

Sex 1.061 0.772–1.458 0.714 1.388 0.546–3.528 0.490

BMI 0.992 0.955–1.032 0.699 1.041 0.931–1.164 0.479

Diabetes 0.982 0.677–1.425 0.924 0.678 0.243–1.890 0.458

Hypertension 0.843 0.569–1.249 0.395 1.058 0.326–3.435 0.925

Current smoker 0.879 0.639–1.210 0.430 0.562 0.217–1.455 0.235

CRP 0.862 0.840–0.883 <0.001 0.818 0.766–0.873 <0.001

IL-6 0.896 0.879–0.914 <0.001 0.868 0.823–0.916 <0.001

TNF-α 0.843 0.818–0.868 <0.001 0.804 0.746–0.867 <0.001

TC 0.840 0.649–1.089 0.189 1.144 0.560–2.336 0.712

TG 0.896 0.547–1.466 0.661 0.910 0.234–3.536 0.892

LDL-C 0.445 0.322–0.616 <0.001 0.613 0.245–1.536 0.296

HDL-C 26.709 3.701–192.777 0.001 8452.881 24.213–2.95×106 0.002

ASITN/SIR grading 1.520 1.348–1.714 <0.001 0.433 0.331–0.566 <0.001

ELAVL1 0.561 0.512–0.615 <0.001 1.560 1.122–2.170 0.008

95% CI – 95% confidence interval; OR – odds ratio; BMI – body mass index; CRP – C-reactive protein; IL-6 – interleukin 6; TNF-α – tumor necrosis factor alpha; 
TC – total cholesterol; TG – triglyceride; LDL-C – low-density-lipoprotein cholesterol; HDL-C – high-density-lipoprotein cholesterol; ELAVL1 – (embryonic 
lethal, abnormal vision, drosophila)-like protein 1; ASITN/SIR – American Society of Interventional and Therapeutic Neuroradiology/Society of Interventional 
Radiology.

Fig. 3. A typical digital subtraction angiography (DSA) image of collateral circulation from a 52-year-old male patient
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Currently, ischemic stroke treatment mainly involves 
thrombolysis, anticoagulation therapy, and surgical inter-
ventions.33 However, the occurrence of I/R injury after treat-
ment often proves difficult to avoid and constitutes a major 
contributor to neuronal damage. Nonetheless, there are cur-
rently no specific drugs or therapies available to effectively 
address I/R injury and the resulting cognitive impairments 
following stroke. Thus, timely diagnosis of ischemic stroke 
is of great significance for patients’ treatment and prognosis. 
In the present study, we demonstrated that serum ELAVL1 
was elevated in ischemic stroke patients and correlated with 
collateral circulation and clinical outcomes. As such, com-
bining collateral circulation and ELAVL1 could be used 
as a potential biomarker for ischemic stroke diagnosis.

The ELAVL1 is a newly discovered protein associated 
with the development of many diseases, such as cardio-
vascular disease (CVD) and cerebral I/R injury. In myo-
cardial I/R injury, ELAVL1 was significantly elevated, and 
knockdown of ELAVL1 could inhibit ferroptosis and im-
prove I/R injury.34 Du et al. demonstrated that ELAVL1 
was upregulated in cerebral I/R injury and facilitated neu-
robehavioral impairments and brain infractions after I/R 
treatment in animal models.22 In an early study, ELAVL1 
expression was increased in human hearts and ventricular 
cardiomyocytes under hyperglycemic conditions and was 
accompanied by increased inflammation and pyroptosis.35 
However, up until now, no study has reported on ELAVL1 
in stroke and CAS patients.

In the present research, we demonstrated ELAVL1 up-
regulation in ischemic stroke patients for the first time, 
which was associated with inflammation and lipid me-
tabolism, and correlated with collateral circulation. Fur-
thermore, higher levels of ELAVL1 were associated with 
worse clinical outcomes, consistent with in vitro and ani-
mal studies using ischemia models. Besides myocardial 
injury, ELAVL1 also facilitates cellular injury in other dis-
eases. A recent study reported that ELAVL1 knockdown 
led to the suppression of pyroptosis by inhibiting NLRP3 
(NLR family pyrin domain containing 3) in the HK-2 renal 
tubular cell model of diabetic nephropathy.36 In kidney I/R 
injury, ELAVL1 promoted ferritinophagy in HK-2 cells and 
thus aggravated ferroptosis and oxidative stress.37 Similar 
results are also shown in Parkinson’s disease.

Researchers found that elevated ELAVL1 and NLRP3 
induced pyroptosis, while downregulation of ELAVL1 in-
hibited pyroptosis, pyroptosis-induced inflammation and 
oxidative stress.38 These studies imply a correlation be-
tween ELAVL1 and inflammation/oxidative stress, which 
was also seen in our work, where we demonstrated ELAVL1 
was positively correlated with serum CRP, IL-6 and TNF-α. 
Thus, we  speculate that the  upregulation of  ELAVL1 
in  ischemic stroke patients is also related to  increased 
inflammatory responses and oxidative stress. However, 
we did not measure oxidative stress in this study.

Collateral circulation has been widely investigated 
in stroke patients. It was reported that patients with good 

DSA collaterals had markedly smaller hypoperfusion vol-
umes and perfusion mismatch volumes, which was also 
associated with the hypoperfusion intensity ratio.39 In an-
other study, Sui et al. demonstrated that ASITN/SIR grad-
ing was associated with the National Institutes for Health 
Stroke Scale (NHISS) and prognosis of wake-up stroke pa-
tients.40 In a meta-analysis, the authors demonstrated that 
collateral circulation status and final infarct volume (FIV) 
are independent outcome predictors for ischemic stroke 
patients.41 A more recent study investigated the short-term 
prognosis of wake-up stroke patients and found that pa-
tients with ASITN/SIR grade 2–3 had lower NIHSS and 
modified Rankin scores (mRS) and higher Barthel index 
(BI) scores after treatment, indicating collateral circula-
tion is associated with the prognosis of wake-up stroke 
patients.40 However, a recent study demonstrated that in-
ter- and intraobserver agreement of collateral circulation 
grading using the ASITN/SIR score was poor,26 suggest-
ing that ASITN/SIR grading alone might not be accurate 
enough for predicting clinical outcomes of ischemic stroke 
patients.

In addition to ischemic stroke, ASITN/SIR grading is also 
used to measure collateral circulation in intracranial ar-
terial stenosis and subarachnoid hemorrhage.42,43 In our 
study, we also found that the frequency of 0–1 ASITN/SIR 
grading was markedly higher in ischemic stroke patients. 
Besides, we observed that ELAVL1 was negatively associ-
ated with ASITN/SIR grades, and when combined, they 
have the potential for ischemic stroke diagnosis. These 
findings may provide a potential and novel method for 
the prediction/diagnosis of ischemic stroke.

Limitations

The study had some limitations. The sample size was 
small, and the  patients were all from a  single center. 
Furthermore, the  molecular mechanisms of  ELAVL1 
in ischemic stroke need to be illustrated in future studies. 
To further understand the role of ELAVL1 in ischemic 
stroke, we will conduct studies using both myocardial I/R 
injury animal models and cellular models. Also, expand-
ing the sample size in clinical investigations is needed 
in the future.

Conclusions

Serum ELAVL1 was associated with clinical outcomes 
of ischemic stroke patients. The combination of ELAVL1 
and collateral circulation could be used as a potential strat-
egy for the diagnosis of ischemic stroke. All of these results 
might provide a novel method for the diagnosis of ischemic 
stroke patients. Since timely treatment is critical, especially 
in acute ischemic stroke, we think that early diagnosis 
is of great significance. Thus, novel serum markers may 
help physicians gather more information on the patients’ 
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condition and better understand the risk for patients sus-
ceptible to stroke. However, more clinical and basic studies 
are still needed to provide deeper insights into the role 
of ELAVL1 in ischemic stroke.
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Abstract
Background. Spinal cord injury (SCI) is a devastating neurological disease characterized by neuroinflam-
mation and neuronal apoptosis. The PI3K/AKT signaling pathway is related to the pathological process of SCI. 
Hematopoietic growth factor inducible neurokinin-1 type (HGFIN) is a transmembrane glycoprotein that exerts 
neuroprotective actions in various neurodegenerative diseases. However, the potential role and mechanism 
of HGFIN in the development of SCI are still unclear.

Objectives. To investigate the effect of HGFIN on inflammation and neuronal apoptosis as well as the un-
derlying mechanism in SCI.

Materials and methods. A rat model of SCI was established, and Basso–Beattie–Bresnahan (BBB) motor 
function assay was performed to detect motor function. Expression of HGFIN was measured at 7 days after 
injury by western blot and immunofluorescence. An HGFIN-shRNA-carrying lentivirus was injected into 
the injury site to block the expression of HGFIN. The effects of HGFIN on neuronal apoptosis and the PI3K/
AKT pathway were analyzed by TUNEL staining and immunofluorescence. The Iba-1 expression and the levels 
of pro-inflammatory cytokines were measured in spinal cord tissues by immunofluorescence staining and 
real-time polymerase chain reaction (PCR) analysis.

Results. The SCI rats showed increased expression of HGFIN in spinal cord tissues. The HGFIN deficiency ag-
gravated SCI lesions, as evidenced by decreased BBB scores. At 7 days post-injury, HGFIN knockdown promoted 
neuronal apoptosis, accompanied by the increased expression level of the apoptosis effector cleaved caspase-3 
and cleaved PARP, and decreased anti-apoptotic protein Bcl-2 expression. Moreover, HGFIN knockdown ag-
gravated the inflammation process, indicated by increased Iba1-positive cells. The HGFIN knockdown increased 
the production of pro-inflammatory cytokines including IL-1β, TNF-α and IL-6. Further analysis revealed that 
HGFIN deficiency reduced the activation of the PI3K/AKT pathway in spinal cord tissue after injury.

Conclusions. Lentivirus-mediated downregulation of HGFIN exacerbates inflammation and neuronal 
apoptosis in SCI by regulating the PI3K/AKT pathway, and provides clues for developing novel therapeutic 
approaches and targets against SCI.

Key words: inflammation, PI3K/AKT pathway, apoptosis, spinal cord injury, HGFIN
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Background

Spinal cord injury (SCI) is a devastating neurological 
disease that impairs neurological functions and leads to ir-
reversible motor dysfunction.1 The initial injury involves 
mechanical trauma of  the spine that provokes a series 
of cellular and molecular events, including posttraumatic 
inflammation, edema, motor neuron apoptosis, and death 
of neurons.2,3 Although considerable effort has been de-
voted to understanding the pathophysiology of SCI, the un-
derlying mechanisms of the pathophysiological cascade 
of SCI remain elusive. Extensive pathological hallmarks, 
inflammation responses and neuronal apoptosis represent 
the major characteristics of SCI.4,5 The phosphoinosit-
ide 3-kinase (PI3K)/AKT signaling pathway is closely re-
lated to the pathological process of SCI, and the activa-
tion of the PI3K/AKT pathway delays the inflammatory 
response and promotes neurological function recovery 
in the progression of SCI.6,7

Hematopoietic growth factor inducible neuroki-
nin-1 type (HGFIN), an endogenous type I transmem-
brane glycoprotein, was initially isolated from a cDNA 
library based on low-metastatic melanoma cells8 and has 
been found to regulate various biological functions.9–11 
Notably, HGFIN exerts neuroprotective effects by protect-
ing against neuronal apoptosis and enhancing neurogen-
esis through the regulation of the PI3K/AKT pathways.12 
In addition, HGFIN is upregulated in amyotrophic lateral 
sclerosis and inhibits neuron cell death.13 It has been indi-
cated that HGFIN is significantly associated with inflam-
matory responses and is considered a negative regulator 
of inflammation.14–16 Hematopoietic growth factor induc-
ible neurokinin-1 type exerts an anti-inflammatory effect 
in acutely injured kidneys and acute wound healing,15,17 
and attenuates the inflammatory response of astrocytes 
and lipopolysaccharide (LPS)-induced inflammation.18,19 
The inhibition of HGFIN suppresses pro-inflammatory cy-
tokine expression in LPS-induced microglia.20 Importantly, 
HGFIN expression has been observed to be significantly 
altered in the progression of SCI and exert a functional role 
in the regulation of neuronal death and neuroinflamma-
tion.21 However, the regulatory role and specific mecha-
nism involved in the effect of HGFIN on the pathophysiol-
ogy of SCI are still unknown.

In the present study, we aimed to investigate the impact 
of HGFIN on the extent of the SCI model, including neu-
ronal apoptosis and the inflammation process. The ex-
pression of HGFIN in spinal cord tissues after SCI was 
examined. In addition, the impact of HGFIN deficiency 
on neuronal apoptosis and the inflammatory process was 
explored following SCI. Moreover, the association be-
tween HGFIN and the activation of the PI3K/AKT path-
way was examined. We speculated that HGFIN exerted 
its function through the regulation of PI3K/AKT signal-
ing. Collectively, the target transmembrane glycoprotein, 

HGFIN, might be a potential therapeutic strategy for SCI 
treatment.

Objectives

This study aimed to investigate the effect of HGFIN 
on rat SCI model. We examined the expression level of HG-
FIN in the spinal cord tissues following SCI. In addition, 
we investigated the specific effects of HGFIN on the neu-
roprotective actions and inflammatory process after SCI. 
We  evaluated the  effects of  HGFIN on  the  activation 
of the PI3K/AKT signaling pathway to further clarify its 
possible underlying mechanism.

Materials and methods

Animals

All procedures involving the animals were approved 
by the Animal Care and Use Committee of the Chaohu 
Hospital at  the  Anhui Medical University (approval 
No. KYXM-202207-009). Male Sprague–Dawley (SD) 
rats (8–12 weeks old) were maintained under standard 
conditions (22 ±1°C, 45–55% humidity, and 12-h light/
dark cycle). The number of animals subjected to surgi-
cal treatment was calculated to be 6 per experimental 
group. Rats were randomized into 4 groups: 1. Sham 
group; 2. SCI group; 3. SCI+sh-NC group; 4. SCI+sh-
HGFIN group. The assessments were shown as a sche-
matic in Fig. 1A.

Lentivirus construction and animal 
treatment

Lentiviruses containing HGFIN-shRNA (NM_053110) 
were constructed and synthesized by Shaanxi YouBio 
Technology Co., Ltd (Changsha China). The target se-
quence against HGFIN was as  follows: 5’-CGAAGGT-
GAAAGATGTGTATG-3’. The virus titer was determined 
as 1×109 TU/mL. For the establishment of the SCI model, 
SD rats were anesthetized, and a T10 laminectomy was 
carried out after making a 4-cm longitudinal incision and 
careful dissection. Vascular clips were placed through 
the dorsal intervertebral space of T8–T9 to compress 
the spinal cord for 10 min in order to generate an  in-
jury. Rats in the sham group had the surgical procedure 
without spinal cord contusion. After surgery, the muscles 
and skin were sutured. After sterile analgesic treatment 
and ongoing monitoring, rats received bladder massage 
3  times a day to prevent urological infection. Follow-
ing SCI, 10 µL of  lentivirus containing HGFIN-shRNA 
(1×109 TU/mL) or NC-shRNA (1×109 TU/mL) was lo-
cally injected into the  injured site immediately using 
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a microsyringe, while the rats in the sham group received 
the same volume of normal saline. Behavioral testing 
was assessed using a well-established Basso–Beattie–
Bresnahan (BBB) score assay at 1, 7, 14, 21, and 28 days. 
The animals were euthanized using 30% volume/min 

CO2. Spinal cord tissues at the  lesion sites of the cord 
were collected from rats on day 7 post-injury. All tissues 
were quickly placed in paraformaldehyde overnight and 
embedded in paraffin for further examinations. The as-
sessments are shown as a schematic in Fig. 2A.

Fig. 1. Expression of hematopoietic growth factor inducible neurokinin-1 type (HGFIN) in the spinal cord after spinal cord injury (SCI). A. Experimental 
protocol for SCI timing and outcome assessment; B. Basso–Beattie–Bresnahan (BBB) exercises scored at 1, 7, 14, 21, and 28 days after injury in the sham and 
SCI groups (n = 6). Differences between group means in BBB scores at 28 days after the injury were identified using the Mann–Whitney U test; C. HGFIN 
mRNA levels in spinal cord tissues after SCI were measured by real-time polymerase chain reaction (PCR). The Mann–Whitney U tests were used to calculate 
the significant differences; D. Western blot results of HGFIN protein levels after SCI; E. Immunofluorescence staining for the expression of HGFIN in the grey 
matter after SCI. Data are presented using medians (range)

** p < 0.01 compared to the sham group; WB – western blot; IF – immunofluorescence.
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Real-time polymerase chain 
reaction 

For the real-time polymerase chain reaction (PCR) analy-
sis, total RNA was extracted from spinal cord tissues with 
TRIpure™ solution (BioTeke, Beijing China). Reverse tran-
scription of the RNA samples was carried out using a PCR 
system according to the protocol. Data were calculated using 
the 2–∆∆Ct method and normalized to the housekeeping gene 
GAPDH. Primers were as follows: 

rat HGFIN 
5’-TAGAAGTCAACATCATCCAGGTA-3’ (forward), 
5’-ACGGACAGGAGGCACAG-3’ (reverse); 

rat TNF-α 
5’-CGGAAAGCATGATCCGAGAT-3’ (forward), 
5’-AGACAGAAGAGCGTGGTGGC-3’ (reverse); 

rat IL-1β 
5’-TTCAAATCTCACAGCAGCAT-3’ (forward), 
5’-CACGGGCAAGACATAGGTAG-3’ (reverse); 

rat IL-6 
5’-CAGCCACTGCCTTCCCTA-3’ (forward), 
5’-TTGCCATTGCACAACTCTTT-3’ (reverse).

Western blot analysis

For western blot assay, total proteins were extracted from 
spinal cord tissues and homogenized in RIPA lysates (So-
larbio, Beijing, China) supplemented with phenylmethyl 
sulphonyl fluoride (PMSF). The protein concentration was 
evaluated by the BCA assay kit (Solarbio). Proteins were 
resolved on sodium dodecyl-sulfate polyacrylamide gel 
electrophoresis (SDS-PAGE) gels, transferred to the poly-
vinylidene f luoride membranes (MilliporeSigma, St. 
Louis, USA), and blocked in the non-fat powdered milk. 
The membranes were then incubated with primary anti-
body at 4°C overnight. After incubation with HRP-con-
jugated secondary antibodies, the blots were developed 
with enhanced chemiluminescence substrate reagents 
(Solarbio). Primary antibodies used in the present study in-
cluded HGFIN (1:5000; Proteintech Genomics, San Diego, 
USA; 66926-1-Ig), cleaved PARP (1:1000, AF7023; Affinity 
Biosciences, Cincinnati, USA), cleaved caspase-3 (1:1000, 
AF7022; Affinity), Bcl-2 (1:1000, AF6139; Affinity),  AKT 
(1:3000, 10176-2-AP; ProteinTech), and p-AKT (1:2000, 
66444-1-Ig; Protein Tech).

Fig. 2. Hematopoietic growth factor inducible neurokinin-1 type (HGFIN) deficiency aggravates injury to the spinal cord after spinal cord injury (SCI). 
HGFIN shRNA lentivirus vectors were locally injected into the injured site immediately after SCI. A. Timeline of the experimental protocol; B. Basso–
Beattie–Bresnahan (BBB) exercises were scored at 1, 7, 14, 21, and 28 days after SCI in all groups (n = 6). Differences between the group means in BBB scores 
at 28 days after the injury were identified using the Kruskal–Wallis test with Dunn’s post hoc test; C. HGFIN protein levels were detected by western blot 
assay following injection of sh-HGFIN lentivirus in SCI rats

ns – not significant, compared to the sham or SCI+sh-NC groups; WB – western blot; IF – immunofluorescence; qPCR – quantitative real-time polymerase 
chain reaction; HE – hematoxylin and eosin.
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Immunofluorescent staining

For immunofluorescence staining, spinal cord samples 
were embedded in paraffin. The sections were deparaf-
finized and blocked with 1% bovine serum albumin (BSA), 
followed by  incubation at 4°C overnight with primary 
antibodies against HGFIN (66926-1-Ig; ProteinTech), 
p-AKT (Ser473, 66444-1-Ig; ProteinTech), and ionized 
calcium-binding adapter molecule-1 (Iba-1, 10904-1-
AP; ProteinTech). Then, the tissues were nurtured with 
Cy3-labeled secondary antibodies (IgG; Invitrogen, 
Waltham, USA) for 60 min, followed by counterstain-
ing with 4’,6-diamidyno-2-fenyloindol (DAPI; Aladdin, 
Shanghai, China) to stain the cell nucleus. After being 
mounted, the immunofluorescent images were obtained 
using a fluorescence microscope (Olympus Corp., Tokyo, 
Japan).

TUNEL-NeuN staining

Double immunofluorescent staining with a TUNEL-
NeuN assay was used to detect neuronal apoptosis. In brief, 
paraffin-embedded spinal cord samples were deparaf-
finized and permeabilized in 0.1% Triton X-100 (Beyotime, 
Shanghai, China). The sections were repaired in citric 
acid/sodium citrate solution for 10 min. Then, samples 
were stained with TUNEL reagent using the In Situ Cell 
Death Detection Kit (No. 12156792910; Roche Diagnos-
tics, Basel, Switzerland) according to protocols. Samples 
were blocked in 1% BSA and incubated at 4°C overnight 
with a primary antibody against NeuN (ab104224; Abcam, 
Cambridge, USA) and visualized with FITC-labeled goat 
anti-mouse IgG (ab6785; Abcam). The nucleus was coun-
terstained with DAPI and sections were sealed. TUNEL-
positive cells (labeled with red fluorescence) and NeuN-
positive cells (labeled with green fluorescence) in tissues 
were captured under a fluorescence microscope. The ra-
tio of NeuN-TUNEL double-stained cells/NeuN-stained 
cells was calculated for the quantification of neuronal 
apoptosis.

Hematoxylin and eosin staining

The fixed spinal cord tissues were used for hematoxy-
lin and eosin (H&E) staining according to the routine 
procedure. In  brief, the  paraffin-embedded sections 
were successively deparaffinized, dehydrated and sub-
jected to H&E staining for conventional histopatho-
logic examination in SCI. The sections were incubated 
with hematoxylin for 5 min, followed by flushing with 
running water, and counterstained with eosin stain-
ing solution for 3 min. After dehydration, clearing and 
mounting, the sealed slides were captured under a light 
microscope.

Statistical analyses

All calculations were performed by  the  GraphPad 
Prism software (GraphPad Software, San Diego, USA) 
with a probability value of p < 0.05 considered signifi-
cant; all values were expressed using medians (range). 
The small sample size limits checking test assumptions 
reliably.  Nonparametric tests were used in the present 
study. A Mann–Whitney U test was performed to analyze 
data when comparing 2 groups. The homogeneity of vari-
ance was determined via the F-test. In the case of multiple 
comparisons, a Kruskal–Wallis test with Dunn’s post hoc 
test was performed. The homogeneity of variance was de-
termined via the Brown–Forsythe test.

In the present study, HGFIN mRNA levels were ana-
lyzed using the Mann–Whitney U test. The quantification 
of TUNEL/NeuN, p-AKT positive cells, Iba-1 positive cells, 
and levels of TNF-α, IL-1β, and IL-6 were analyzed using 
the Kruskal–Wallis test with a Dunn’s post hoc test. Differ-
ences between group means in BBB scores were analyzed 
28 days after the injury using the Kruskal–Wallis test.

Results

HGFIN expression is increased in spinal 
cord tissues after SCI

An  SCI animal model was successfully established. 
We used BBB scores to assess motor function for 28 days af-
ter the SCI. Normal motor function was scored as 21 points. 
As indicated in Fig. 1B, rats in the SCI groups showed lower 
BBB scores compared with the sham group. By the time 
of injury, BBB scores increased progressively and recovered 
to around 9 at 28 days after SCI. The expression of HGFIN 
in the spinal cord tissues after SCI was determined by west-
ern blot and real-time PCR assay. The HGFIN mRNA and 
protein expression levels in spinal cord tissues were signifi-
cantly increased at 7 days in the SCI group compared with 
the sham group (Fig. 1C,D). Furthermore, immunofluores-
cence staining was performed to detect HGFIN expression 
in the spinal cord tissues of SCI rats, and the results indi-
cated that HGFIN was highly expressed in the gray matter 
in the spinal cord tissues of SCI rats (Fig. 1E).

To further explore the regulatory role of HGFIN, lenti-
viruses carrying HGFIN shRNA particles were injected 
into SCI rats to block HGFIN expression. Basso–Beattie–
Bresnahan motor function scores were performed to as-
sess motor function at indicated time points after SCI. 
Results of BBB scores indicated that HGFIN deficiency 
aggravated SCI lesions (Fig. 2B). Basso–Beattie–Bresna-
han scores in the SCI+sh-HGFIN group were lower than 
those in the SCI+sh-NC group. Animals treated with sh-
HGFIN accelerated injury and as the observations contin-
ued, we noted functional recovery in the SCI+sh-HGFIN 
group, and there were no significant differences in motor 
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function at  the end of observation on day 28 between 
the SCI+sh-NC and SCI+sh-HGFIN groups. Western blot 
assay revealed that HGFIN protein expression was up-
regulated in SCI rat tissues and when administered with 
HGFIN shRNA exhibited significantly lower expression 
of HGFIN (Fig. 2C).

Reduced HGFIN expression promotes SCI-
induced neuronal apoptosis

The impact of HGFIN deficiency on neuronal apoptosis 
was assessed at 7 days after SCI. Double staining of TU-
NEL and NeuN revealed that SCI caused an elevated num-
ber of apoptotic neurons, and treatment with sh-HGFIN 
further aggravated neuronal apoptosis (Fig. 3A). In ad-
dition, the ratio of NeuN-TUNEL double-stained cells/
NeuN-stained cells was quantified. A larger percentage 
of apoptotic neurons was observed in SCI groups (p < 0.05), 
and HGFIN knockdown further promoted neuronal apop-
tosis by increasing the percentage of apoptotic neurons 
(Fig. 3B). As indicated in Fig. 3C, the levels of apoptosis 
effector cleaved caspase-3 and cleaved PARP were found 
to be significantly upregulated, while the levels of anti-
apoptotic protein Bcl-2 were downregulated at  7  days 
post-SCI. The HGFIN depletion further promoted SCI-
induced neuronal apoptosis, as indicated by upregulated 
cleaved caspase-3, cleaved PARP and downregulated Bcl-2.

Depletion of HGFIN activates the PI3K/AKT 
signaling pathway

Next, we explored whether HGFIN deficiency was im-
plicated with PI3K/AKT pathway activation. To this end, 
immunofluorescent staining for p-AKT was performed 
at 7 days post-injury. As indicated in Fig. 4A, a reduction 
of p-AKT was observed in  the  injured spinal cord tis-
sues of SCI rats compared to the sham rats. Knockdown 
of HGFIN after SCI significantly reduced p-AKT expres-
sion in the spinal cord gray and white matter (p < 0.05; 
Fig. 4A,B). Western blot assays further confirmed that 
HGFIN deficiency decreased the protein expression of p-
AKT (Fig. 4C).

Depletion of HGFIN promotes 
the inflammatory response after SCI

The Iba-1 immunofluorescent assays were performed 
to assess the reactive inflammatory responses in the in-
jured spinal cord tissues. As shown in Fig. 5A, the num-
ber of Iba-1 positive cells in the SCI groups was markedly 
increased (p < 0.05; Fig. 5B). Furthermore, SCI rats ad-
ministered with HGFIN shRNA showed a larger number 
of Iba-1 positive cells in the spinal cord tissues at 7 days 
post-SCI. Hematoxylin and eosin staining was performed 
to assess the histopathological changes in spinal cord tis-
sues. The results of the staining showed the infiltration 

of  neutrophils, congestion and structural damage 
of the SCI, and the injury was notably aggravated follow-
ing HGFIN knockdown (Fig. 6A). In addition, the effect 
of HGFIN deficiency on the expression of inflammatory-
associated cytokines was measured. The  expressions 
of pro-inflammatory cytokines, including TNF-α, IL-1β 
and IL-6, were low in the sham groups and significantly 
increased in SCI spinal cord rats. The inhibition of HGFIN 
further promoted the production of pro-inflammatory 
cytokines (p < 0.05; Fig. 6B).

Discussion

Spinal cord injury is a complex and multifaceted disease 
process, and numerous therapeutic approaches against 
SCI have generated successful results,2,22,23 among which 
neuroprotection and improving the immune environment 
are promising strategies.24 Accumulating evidence dem-
onstrates that HGFIN has neuroprotective roles and is im-
plicated in inflammatory responses.18,19 Thus, we explored 
whether HGFIN exerts a regulatory function in SCI pro-
gression and can be a potential marker for SCI. In the pres-
ent study, a rat model of SCI was successfully established, 
and the expression of HGFIN in the spinal cord tissues 
of the SCI rats was detected. It has been indicated that 
HGFIN was aggregated in the grey and white matter of spi-
nal cord tissue in amyotrophic lateral sclerosis patients.25 
Consistently, in  the present study, immunofluorescent 
staining for HGFIN revealed that HGFIN was highly ex-
pressed in the grey matter of spinal cord tissue after SCI. 
Hematopoietic growth factor inducible neurokinin-1 type 
was found to be highly expressed in the spinal cord tissue 
of SCI rats. Emerging evidence has indicated that HGFIN 
is recognized as a potential neurodegenerative disease-
related marker and is found to be upregulated in numerous 
neurodegenerative diseases such as Alzheimer’s disease, 
Parkinson’s disease and amyotrophic lateral sclerosis.26–29 
Therefore, lentiviruses carrying HGFIN shRNA were in-
jected into SCI rats to knock down HGFIN, and the ef-
fect of HGFIN deficiency on inflammation and neuronal 
apoptosis was explored.

The destructive effect of neuronal apoptosis in neuronal 
diseases, including SCI, has been well-documented.30,31 
It  is  generally accepted that apoptosis is  important 
in  the  pathophysiology of  SCI, and apoptotic-related 
signaling and mediators, such as caspase cascades, Bax/
Bcl-2, and TNF-α, in apoptosis, are shown to modulate 
the SCI progression.32,33 Previous studies have indicated 
that the  expression of  pro-apoptotic proteins was in-
creased after neuronal injury, and anti-apoptotic protein 
expression was commonly decreased.34,35 Following SCI, 
extensive activation of PARP and activated caspase-3 oc-
curred, and Bcl-2 expression was decreased in spinal cord 
tissues.36 These findings demonstrated that modifying 
neuronal apoptosis and improving neuron survival might 
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Fig. 3. Effect of hematopoietic growth factor inducible neurokinin-1 type (HGFIN)-deficiency on neuronal apoptosis after spinal cord injury (SCI). 
A. Representative images of TUNEL/NeuN double staining after SCI by immunofluorescence in all groups; B. Quantitative analysis of the results in panel 
A (n = 6). The Kruskal–Wallis test was used to calculate the significant differences; C. Western blot results of apoptosis-related factors, including cleaved 
caspase-3, cleaved PARP and Bcl-2. Data are presented using the median (range)

*p < 0.05 compared to the sham group; ns – not significant, compared to the SCI+sh-NC group.



Fig. 4. Downregulation of hematopoietic growth factor inducible neurokinin-1 type (HGFIN) represses activation of the phosphoinositide 3-kinase 
(PI3K)/AKT pathway after spinal cord injury (SCI). A. Immunofluorescence staining for p-AKT in the grey-white matter after injection of sh-HGFIN lentivirus 
in SCI models; B. Quantitative analysis of the number of p-AKT positive cells (n = 6). The Kruskal–Wallis test was used to calculate the significant differences; 
C. Western blot results of AKT and p-AKT protein levels. Data are presented using the median (range)

*p < 0.05 compared to the sham group; #p < 0.05 compared to the SCI+sh-NC group.
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be an  important strategy for the  improvement of SCI. 
In the present study, the apoptotic mechanism was con-
firmed by evaluating the extent of apoptosis by TUNEL 
staining. Consistently, SCI surgery promoted neuronal 
apoptosis, and the apoptosis-related proteins were sig-
nificantly changed in the spinal cord tissues of SCI rats. 
The  impact of  HGFIN on  cell apoptosis was investi-
gated, and SCI rats subjected to LV-shHGFIN aggravated 
the occurrence of apoptosis, accompanied by increased 

pro-apoptotic marker expression and downregulated anti-
apoptotic marker Bcl-2. These data suggested that HGFIN 
might exert an anti-apoptotic effect on SCI progression.

The  activation of  the  PI3K/AKT signaling pathway 
is  crucial for neuron development, which exerts anti-
neuroinflammation and anti-apoptotic properties in neu-
rons.6,37 Recent studies have focused on the PI3K/AKT 
pathway in spinal cord neuron progressions, and targeting 
PI3K/AKT may be an innovative therapeutic approach for 

Fig. 6. Downregulation of hematopoietic growth factor inducible neurokinin-1 type (HGFIN) promotes the inflammation response after spinal cord 
injury (SCI) . A. Hematoxylin and eosin staining of spinal cord sections in different groups; B. Relative mRNA expression levels of pro-inflammatory cytokines, 
including TNF-α, IL-1β and IL-6, were detected by real-time polymerase chain reaction (PCR). The Kruskal–Wallis test was used to calculate the significant 
differences. Data are presented using medians (range)

*p < 0.05 compared to the sham group; #p < 0.05 compared to the SCI+sh-NC group.
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SCI.3,38 The PI3K/AKT is a well-known survival signal-
ing pathway that has been shown to suppress neuronal 
apoptosis, thus improving neural function.39,40 In the pres-
ent research, we have focused on the PI3K/AKT pathway 
and explored whether HGFIN exerted function through 
the regulation of PI3K/AKT signaling. It has been pro-
posed that recombinant HGFIN increased the expression 
of phosphorylated ERK1/2 and AKT in amyotrophic lateral 
sclerosis patients.25 Consistent with this finding, results 
of  the present study revealed that HGFIN knockdown 
decreased p-AKT expression after SCI, suggesting that 
HGFIN exerted its function partly through the regulation 
of the PI3K/AKT pathway. However, the specific mecha-
nism of HGFIN associated with PI3K/AKT signaling in SCI 
was not investigated in the current study.

Given the  involvement of  HGFIN in  the  inflamma-
tory responses that negatively regulate inflammation,14 
we speculated that HGFIN deficiency promoted the in-
flammation process in SCI. The Iba-1 is a key glial cell 
activation marker that is generally used to assess the in-
flammatory response.41,42 Here, we  found that HGFIN 
knockdown increased the number of Iba-1 positive cells 
following SCI. In addition, research on the progression 
of SCI found that inflammatory cytokines, such as TNF-α, 
IL-1β and IL-6, were significantly increased in  spinal 
cord tissues of the SCI model.4 Consistently, the results 
of the present study demonstrated that SCI rats exhibited 
inflammatory responses, as indicated by the upregulation 
of these cytokines in the present study. Moreover, HGFIN 
expression repressed the production of pro-inflammatory 
cytokines in macrophages.16 Here, we demonstrated that 
HGFIN depletion aggravated inflammatory responses, in-
dicated by the increased expression of pro-inflammatory 
cytokines and a series of histological alterations.

Spinal cord tissue was collected on days 7, 14 and 28 from 
SCI rats, which were chosen to represent acute, followed 
by a subacute phase involving inflammatory processes, and 
intermediate phases of regeneration, respectively.43 The re-
sponse to injury starts at 12 h after injury and is peaking 
on the 7th day. In addition, after 7 days, the spontaneous 
functional recovery reached a plateau.44 Therefore, we in-
vestigated the functional role of HGFIN on SCI at 7 days 
post-SCI. In the present study, the increased apoptosis-
related factors and pro-inflammatory cytokines were de-
tected on day 7 post-injury.

Limitations

Our current study was mainly focused on the poten-
tial effect of HGFIN on SCI. Nevertheless, there were 
several limitations. Our data indicated that HGFIN 
knockdown promoted apoptosis and inflammatory re-
sponses, but the role of HGFIN overexpression in these 
functions is lacking in the present study. This may po-
tentially assist in  exploring mechanisms for neuron 
functional recovery after SCI. Hematopoietic growth 

factor inducible neurokinin-1 type plays a dual function 
in the inflammation process, thus, the underlying mecha-
nisms of the neuroprotective effects of HGFIN against 
SCI need further research. In addition, we speculated that 
HGFIN exerted its anti-inflammatory and anti-apoptotic 
properties by regulating the PI3K/AKT pathway. The spe-
cific mechanism associated with the HGFIN-mediated 
PI3K/AKT pathway should be more deeply evaluated. 
In addition, the  sample size of  each group was small 
and may have limited the generalizability of our results. 
The nonparametric tests do not indicate significant dif-
ferences in the quantification of TUNEL/NeuN and Iba-1 
positive cells.

Conclusions

Our findings provide evidence that HGFIN might at-
tenuate neuronal apoptosis and inflammation response 
via regulation of the PI3K/AKT signaling pathway, in-
dicating that targeting HGFIN in the spinal cord tissue 
might be a promising therapeutic strategy for the treat-
ment of SCI.

Supplementary data

The Supplementary materials are available at https://
doi.org/10.5281/zenodo.8420072. The package includes 
the following file: Supplementary Table 1 and information 
on statistical analysis.
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Abstract
Background. Osteoporosis (OP) is a major problem that increases the mortality and disability rate worldwide. 
With an increase in the aging population, OP has become a major public threat to human health. Searching 
for effective and suitable targets for drug treatment in OP has become an urgent need.

Objectives. Osteoporosis is a metabolic bone disease characterized by reduced bone mass and density as well 
as micro-architectural deterioration. Icariin is a flavonoid extracted from plants of the genus Epimedium and 
has been shown to exert potential anti-OP activity. The present study was designed to observe the effect 
of icariin on OP and to clarify the underlying mechanisms in ovariectomized (OVX) rats.

Materials and methods. Hematoxylin and eosin (H&E) staining, von Kossa staining and micro-computed 
tomography (micro-CT) confirmed significant bone loss in the OVX group. Protein expression level was 
detected with western blot analysis.

Results. Icariin reversed a trend of increased bone turnover by reducing serum alkaline phosphatase (ALP), 
procollagen type I N-terminal propeptide (PINP), tartrate-resistant acid phosphatase isoform 5b (TRACP-
5b), and C-telopeptide of type I collagen (CTX-I). Furthermore, icariin decreased sequestosome 1 (p62) and 
increased microtubule-associated protein 1 light chain 3II/microtubule-associated protein 1 light chain 3I 
(LC3II/LC3I), autophagy-related protein 7 (Atg7), and Beclin 1 in the femur of OVX rats, improving the indica-
tors of impaired autophagy in OP.

Conclusions. Icariin reversed the significant upregulation of the serine/threonine protein kinase (Akt), 
mammalian target of rapamycin (mTOR) and unc-51-like autophagy activating kinase 1 (ULK1) at Ser757, 
and the downregulation of p-AMP-activated protein kinase (p-AMPK) and ULK1 phosphorylated at Ser555 
in the OVX rats, suggesting that the mechanism of icariin action in OP treatment involves the activation and 
suppression of the AMPK/ULK1 and AKT/mTOR/ULK1 autophagy pathways, respectively.

Key words: autophagy, icariin, osteoporosis, AMP-activated protein kinase/Unc-51-like autophagy acti-
vating kinase 1, serine/threonine protein kinase/mammalian target of rapamycin/Unc-51-like autophagy 
activating kinase 1
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Background

Osteoporosis (OP) is  a  common degenerative bone 
disease characterized by a reduction in bone mass and 
the degradation of micro-architectural structures.1 Epi-
demiological surveys show that over 200 million women 
are affected by OP globally, with 8.9 million fractures 
each year. According to the latest projections, the prev-
alence of OP will reach 13.6 million by 2030 in women 
aged ≥50 years.2 Osteoporosis has become the  leading 
cause of disability and death in the elderly population.

Many phytochemicals are good substitutes for chemi-
cally synthesized medications for the treatment of various 
human diseases.3 Icariin, the main flavonoid isolated from 
the plant of the genus Epimedium, has been identified 
as a potential drug for treating OP.4–6 Icariin mainly affects 
bone metabolism and promotes bone resorption by regu-
lating estrogen, skeletal accretion, as well as apoptosis and 
its related signaling pathways. The common signaling 
pathways include PI3K-Akt, Wnt/β-catenin, and RANKL/
RANK/OPG. They are essential for restoring the balance 
between bone resorption and formation in the bone re-
modeling process.7

Autophagy is critical for maintaining bone homeosta-
sis through the degradation of abnormal proteins and 
pathogenic microorganisms. Research links low autoph-
agy to OP.8–11 Osteoblasts (OBs) and osteoclasts (OCs) 
play a crucial role in maintaining bone homeostasis, and 
the regulation of this process involves autophagy; when 
autophagy is deficient, it disrupts bone homeostasis and 
leads to OP.12,13 However, the mechanisms mediating OP 
autophagy remain unclear.

Objectives

In our research, an OP model was established by ovari-
ectomy in rats and icariin was administered by irrigation 
to study its effects and potential mechanism in autophagy 
and improvement of OP.

Materials and methods

Animals

The study was approved by the Animal Ethics Commit-
tee of the Shaanxi University of Chinese Medicine (ap-
proval No. SCXK (Shaanxi) 2019-001). Thirty female adult 
Sprague–Dawley  (SD) rats (200–250 g), 3–4 months of age, 
purchased from the Experimental Animal Center of the Air 
Force Medical University (Xi’an, China), had access to clean 
water and food during the experiment, and were housed 
at 25°C with 50 ±10% humidity and a 12 h/12 h light-dark 
cycle.

In the present investigation, animal feed was purchased 
from Chengdu Dashuo Biological Technology Co., Ltd. 
(Sichuan, China), and its composition was the same in all 
experimental rats.

Experimental agents

Icariin (20200719) was purchased from Xi’an Yuhui Bio-
technology Co. Ltd (Xi’an, China). Alkaline phosphatase 
(ALP) (JL26470), procollagen type I N-terminal propeptide 
(PINP) (JL49448), tartrate-resistant acid phosphatase iso-
form 5b (TRACP-5b) (JL12318), and C-telopeptide of type 
I  collagen (CTX-I) (JL20748) enzyme-linked immuno-
sorbent assay (ELISA) kits were purchased from Jianglai 
(Shanghai, China). Autophagy-related protein  7 (Atg7) 
(8558), Akt (9272), p-Akt (4058), Beclin1 (3495), mammalian 
target of rapamycin (mTOR) (2972), p-unc-51-like autoph-
agy activating kinase 1 (ULK1) (Ser555) (5869), p-mTOR 
(2971), ULK1 (8054), p-ULK1 (Ser757) (14202), and AMP-
activated protein kinase (AMPK) (5832) were purchased 
from Cell Signaling Technology (Danvers, USA). Microtu-
bule-associated protein 1 light chain 3 (LC3) (GTX127375) 
was purchased from Genetex (Louis Park, USA), sequesto-
some 1 (p62) (ab109012) from Abcam (Cambridge, UK), 
β-actin (bs-0061R) from Bioss (Woburn, USA) and p-AMPK 
(13S4010) from Bioword (Louis Park, USA). Bicinchoninic 
acid (BCA) kits were purchased from Thermo Fisher Sci-
entific (Waltham, USA) and dithiothreitol (DTT; 1 mol/L) 
was obtained from Sigma-Aldrich (St. Louis, USA).

Instruments

Mini-PROTEAN Tetra electrophoresis and blots, a pro-
tein semi-dry transfer device, and a gel imaging system 
were used (Bio-Rad, Hercules, USA). A full wavelength 
microplate reader (Tecan, Zurich, Switzerland), an auto-
matic high-speed refrigerated centrifuge (Sigma-Aldrich), 
a SCIENTZ-48 Tissue Grinder (Xinzhi, Hunan, China), 
an X-Ray Micro-CT SkyScan 1276 (Bruker, Billerica, USA), 
and a VS200 digital slide scanner (Olympus, Tokyo, Japan) 
were utilized for tissue analysis.

Groups and animal treatments

Thirty female adult SD rats were randomly di-
vided into control (sham-operated+saline, n  =  10), 
model (ovariectomy+saline, n  =  10) and icariin 
(ovariectomy+icariin, n = 10) groups. The model and icar-
iin groups were subjected to bilateral ovariectomy, and 
the same amount of fat tissue near the ovary was removed 
in the control group. One week after the operation, intra-
gastric administration of saline (0.5 mL/100 g) was carried 
out for 12 consecutive weeks in the model group, to which 
icariin (120 mg/kg) was added in the icariin group. Body 
weight of the animals was measured 14 times per week. 
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Rats were intraperitoneally anesthetized with 10% chloral 
hydrate (300 mg/kg), and, under anesthesia, blood was col-
lected from the abdominal aorta until the blood flow was 
exhausted. Death was confirmed by cardiac and respira-
tory arrest. Bones were frozen to −80°C for testing. None 
of the rats had peritonitis or its associated symptoms after 
the administration of 10% chloral hydrate. Rats weighed 
340–403 g, and less than 10 mL of blood was collected 
from each rat at the time of sacrifice.

Measurement of serum 
metabolism indexes

Serum PINP, ALP, CTX-I, and TRACP-5b are indica-
tors for evaluating bone formation and resorption ability. 
The levels of ALP (JL26470), PINP (JL49448), TRACP-5b 
(JL12318), and CTX-I (JL20748) were detected with ELISA. 
Blood samples were stored at room temperature for 2 h, 
centrifuged at 4°C for 5 min (3000 rpm), and the serum was 
separated. The samples were prepared according to the in-
dex instruction, a standard curve based on the standard 
solutions was created, and the sample (50 µL) and horse-
radish peroxidase (HRP; 100 µL) were added to each well. 
The well was sealed and placed in a 37°C incubator, and af-
ter 60 min, the liquid was poured off, and the sample dried 
on the absorbent paper. The washing solution (350 µL) 
was added to each well and maintained for 1 min at room 
temperature; after repeating 5 times, reaction substrate 
solutions A (50 µL) and B (50 µL) were added to each well, 
and they were incubated for 15 min in a 37°C incubator. 
The termination solution (50 µL) was added to each well for 
15 min. A regression equation was formulated according 
to the standard curve, and the sample optical density (OD) 
value (λ = 450 nm) was taken into the equation to calculate 
the sample concentration. The sample size was 7.

Measurement of bone morphology

Hematoxylin and eosin (H&E) staining was used to evalu-
ate the morphological features of the femur. Right distal 
femurs (1-cm specimens) were fixed for 48 h with 4% para-
formaldehyde, decalcified with 10% ethylenediaminetet-
raacetic acid (EDTA), embedded in paraffin, and sectioned 
(5-μm thickness). Sections were stained with H&E prior 
to digital slide scanning. The H&E staining was performed 
according to the reference literature.14

Detection of calcium nodules

Calcification nodules can reflect the level of the OB min-
eralization. Calcium nodules were observed using Von 
Kossa staining. Right distal femurs (1 cm specimens) were 
fixed for 48 h with 4% paraformaldehyde, embedded with 
paraffin, sectioned, and washed subsequently with xy-
lene, gradient alcohol and distilled water. In the next step, 
3% silver nitrate was added for 1 h and washed with water 

for 5 min, counterstain with toluidine blue for 5 min, then 
washed with distilled water repeatedly, dried, and sealed 
with neutral glue. The sample size was 3.

Micro-computed tomography

A micro-computed tomography (micro-CT) system 
was employed for trabecular bone mass measurement. 
At the time of execution, the left femur, tibia and vertebrae 
(L4) were separated and fixed for 24 h in 4% paraformal-
dehyde before flushing with 70% ethanol. Distal femoral 
and proximal tibia metaphysis were scanned at a resolution 
of 8 μm (80-kV voltage, 80-μA current). Micview V2.1.2 
software (GE Healthcare, Chicago, USA) was used to ana-
lyze the data. Regions of interest segmented with a fixed 
threshold were reconstructed into 3-dimensional images. 
Trabecular bone was quantified using bone marrow den-
sity (BMD), bone volume over total volume (BV/TV), bone 
surface over bone volume (Bs/Bv), trabecular thickness 
(Tb.Th), trabecular number (Tb.N), and trabecular spacing 
(Tb.Sp). The sample size was 4.

Western blot analysis

Femur (500 mg) at −80°C was cut into fragments with 
bone shears, ground into powder in liquid nitrogen, and 
collected in a centrifugal tube. Samples were lysed using 
700-μL radioimmunoprecipitation assay (RIPA) buffer and 
ground with a high-throughput grinder. The homogenized 
tissues were centrifuged (14,000 rpm, 20  min) at  4°C. 
The supernatant was transferred to a new EP tube, and 
10 μL was separated for quantitative analysis using a BCA 
protein assay kit. The remaining part was treated with 
RIPA, ×2 loading buffer, and 1 M DTT by volume, heated 
for 8 min at 100°C, cooled, mixed and frozen at −80°C. 
Proteins (80 μg/well) were separated on a 10–15% sodium 
dodecyl sulfate polyacrylamide gel(SDS-PAGE). Separated 
proteins were subjected to electroblotting on polyvinyli-
dene fluoride (PVDF) membranes. The membranes were 
then blocked and incubated with designated primary an-
tibodies (rabbit anti-rat) overnight at 4°C (all antibodies 
were diluted). Using β-actin (1:5000) as internal control, 
the autophagy proteins Atg7 (1:2000), p62 (1:2000), LC3 
(1:2000), Beclin1 (1:2000), Akt (1:1000), p-Akt (1:1000), 
mTOR (1:1000), p-mTOR (1:1000), p-AMPK (1:1000), ULK1 
(1:1000), p-ULK1 (Ser555) (1:1000), and p-ULK1 (Ser757) 
(1:1000) were detected. On the following day, samples were 
washed 3 times (5 min/time) with Tris-buffered saline 
with Tween (TBST) and were incubated with goat anti-
rabbit IgG conjugated to HRP for 2 h, and then the PVDF 
membranes were washed 4 times (5 min/time) with TBST. 
Finally, the membranes were exposed using a Molecular 
Imager® ChemiDoc™ XRS System, and the western blot 
data were analyzed using ImageJ software (National In-
stitutes of Health (NIH), Bethesda, USA). The sample size 
was 3 for the western blot.
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Statistical analyses

The analysis was carried out using IBM SPSS Statistics 
for Windows, v. 26.0 (IBM Corp., Armonk, USA). Data are 
presented as mean ± standard deviation (M ±SD). A nor-
mality test and homogeneity of variance test were first 
used for multiple group data; one-way analysis of vari-
ance (ANOVA) was used if the data were in accordance 
with normality and homogeneity of variance; otherwise, 
the Kruskal–Wallis H test was conducted. A normality 
test, homogeneity of variance test, sphericity test, and re-
peated measures analysis of variance test were used for 
repeated measure data. Fisher’s least significant difference 
(LSD) or Dunn’s post hoc test were performed if differences 
were significant. Differences were considered of statistical 
significance with p < 0.05.

Results

Body weight and condition of the OP rats 
were ameliorated by icariin

Body weight values increased in all groups after 12 weeks, 
with a significant uptrend in the model group compared 
to the control and icariin groups from the 2nd week. Icariin 
appeared to control body weight but not at a statistically 
different level when compared to the model group. The fur 
of the rats in the model group was drier, yellower and duller 
than that of the control group; reflexes were also slower. 
Compared to the model group, the icariin group rats ex-
hibited more sleek and white fur, faster reaction times, and 
reduced body weight (Fig. 1 and Table 1).

Bone metabolism indexes of OP rats were 
mediated by icariin

The PINP, ALP, CTX-I, and TRACP-5b are indicators 
of bone metabolism, reflecting bone formation and resorp-
tion ability. In the model group, the expression of PINP, 
ALP, CTX-I, and TRACP-5b was increased. The 4 indexes 
were reduced in the icariin group compared with the model 
group (Fig. 2 and Table 2).

Femoral morphological changes and 
calcium nodules in OP rats were restored 
by icariin

Morphological features of  the  femur were evaluated 
using H&E staining. Compared with the control group, 
the model group had more pathological changes, such 
as less femoral trabecular bone, uneven thickness, greater 
distance, and increased breakpoints. However, compared 
with the model group, the icariin group displayed multitu-
dinous bone trabecula, and the bone microstructure was 
generally clear (Fig. 3A).

Fig. 1. Icariin ameliorated weight changes in osteoporosis (OP) rats. 
A. Box plots of 3 body weights at 12th week. Box bodies represent 
M (p25, p75), and upper bars and lower bars represent maximum and 
minimum, respectively (n = 7); B. The trend plots of body weight change 
in the 12 weeks (F2,18 = 4.10, p = 0.03). Repeated measures analysis 
of variance (ANOVA) and LSD post hoc tests were performed. Body 
weights in the model group increased form the 2nd week. Icariin could 
control body weights

Table 1. Body weights (X ±S) of the rats at week 12

Group Weight [g] 95% CI F value
(repeated measures ANOVA) p-value

Control 340.00 ±9.00 279.68–328.32

4.10 0.03Model 403.00 ±7.00* 318.72–396.71

Icariin 386.00 ±7.00* 308.54–382.32

* p < 0.05 compared to the control group; 95% CI – 95% confidence interval; ANOVA – analysis of variance. 
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The number of femoral calcium nodules was determined 
with von Kossa staining (Fig. 3B). There was a reduction 
in the number of calcium nodules in the model group. 
Compared with the model group, the icariin group dis-
played an increased trend in calcium nodules, but they 
were not significantly different (Fig. 3C, Table 3).

The BMD and trabecula state in OP rats 
was altered by icariin

The  trabecular bone of  the  femur, tibia and lumbar 
spine (L4) were scanned with micro-CT (Fig. 4), revealing 
bone loss and atrophy of the bone trabecula in the model 
group and an improvement of the trabecular morphology 
and volume in the icariin group. Bone marrow density 
in the model group was lower than in the control group, 
while icariin increased the BMD compared with the model 
group.

Fig. 2. Icariin improved the bone formation and resorption indexes 
in serum shown using enzyme-linked immunosorbent assay (ELISA). 
A. The levels of procollagen type I N-terminal propeptide (PINP) 
in the serum of 3 groups (F2,18 = 24.84, p = 0.00); B. The levels of alkaline 
phosphatase (ALP) in the serum of 3 groups (F2,18 = 11.32, p = 0.00); 
C. The levels of C-telopeptide of type I collagen (CTX-I) in the serum 
of 3 groups (F2,18 = 33.61, p = 0.00); D. The levels of tartrate-resistant acid 
phosphatase isoform 5b (TRACP-5b) in the serum of 3 groups (F2,18 = 33.61, 
p = 0.00). One-way analysis of variance (ANOVA) and least significant 
difference (LSD) post hoc tests were performed in the A, B, C, and D plots. 
Box bodies represent M (p25, p75), and upper bars and lower bars represent 
maximum and minimum, respectively (n = 7). In the model group, 
the expression of PINP (A), ALP (B), CTX-I (C), and TRACP-5b (D) were 
increased, but icariin reduced them

Table 2. Expression of bone formation and resorption indexes in serum (X ±S)

Index Group Value [ng/mL] 95% CI F value
(one-way ANOVA) p-value

PINP

control 1.42 ±0.59 0.87–1.97

24.84 0.00model 3.28 ±0.44*** 2.88–3.69

icariin 2.44 ±0.44***## 2.03–2.85

ALP

control 3.46 ±0.33 3.15–3.76

11.32 0.00model 5.01 ±0.66*** 4.40–5.62

icariin 4.23 ±0.76*# 3.52–4.93

CTX-I

control 1.16 ±0.18 0.99–1.32

33.61 0.00model 2.41 ±0.30*** 2.13–2.69

icariin 1.84 ±0.35***### 1.51–2.16

TRACP-5b

control 0.64 ±0.31 0.35–0.92

33.61 0.00model 1.86 ±0.34*** 1.54–2.18

icariin 1.56 ±0.20*** 1.38–1.75

* p < 0.05 compared to the control group; *** p ≤ 0.001 compared to the control group; #p < 0.05 compared to the model group; ##p ≤ 0.01 compared 
to the model group; ###p ≤ 0.001 compared to the model group; ALP – alkaline phosphatase; PINP – procollagen type I N-terminal propeptide; TRACP-5b 
– tartrate-resistant acid phosphatase isoform 5b; CTX-I – C-telopeptide of type I collagen; 95% CI – 95% confidence interval; ANOVA – analysis of variance. 

Table 3. Levels of calcium nodules in the femur (M (p25, p75))

Group Gray value H value p-value

Control 119.52 (118.50, 120.60)

6.25 0.04Model 29.39 (25.80, 31.40)*

Icariin 52.45 (48.00, 53.80)

*p < 0.05 compared to the control group. 
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The Bv/Tv, Tb.Th, Tb.N, Bs/Bv, and Tb.Sp parameters 
reflect the morphological trabecula structure. The Bv/
Tv, Tb.Th and Tb.N in the model group were found to be 

lower than in the control group, while Bs/Bv and Tb.Sp 
were higher. Icariin increased Bv/Tv, Tb.Th and Tb.N and 
decreased Bs/Bv and Tb.Sp (Table 4).

Table 4. Expression of bone mineral density (BMD) and trabecular parameters in the femur

Index Group Index value 95% CI
F value

(one-way 
ANOVA)

p-value H value p-value

BMD (X ±S) [g/cm2]

control 1.12 ±0.15 (0.88, 1.37)

35.07 0.00 – –model 0.35 ±0.17*** (0.08, 0.61)

icariin 0.97 ±0.08### (0.84, 1.10)

Bv/Tv (X ±S) (%)

control 73.98 ±6.73 (63.27, 84.68)

56.64 0.00 – –model 9.04 ±1.33*** (6.92, 11.16)

icariin 41.37 ±13.28***### (20.24, 62.49)

Bs/Bv (X ±S) [1/mm]

control 19.99 ±3.82 (13.91, 26.07)

32.76 0.00 – –model 39.83 ±1.32*** (37.73, 41.93)

icariin 28.03 ±4.49**### (20.89, 35.18)

Tb.Th (X ±S) [mm]

control 0.18 ±0.01 (0.16, 0.19)

33.83 0.00 – –model 0.09 ±0.01*** (0.07, 0.11)

icariin 0.13 ±0.02***## (0.09, 0.16)

Tb.Sp (X ±S) [mm]

control 0.08 ±0.01 (0.07, 0.10)

224.48 0.00 – –model 0.80 ±0.04*** (0.74, 0.86)

icariin 0.25 ±0.08***### (0.13, 0.38)

Tb.N, M (p25, p75) [1/mm]

control 4.45 (4.30, 4.80) –

– – 8.91 0.01model 1.32 (1.00, 1.40)** –

icariin 3.24 (2.90, 3.90) –

** p ≤ 0.01 compared to the control group; * p ≤ 0.001 compared to the control group; ##p ≤ 0.01 compared to the model group; ###p ≤ 0.001 compared 
to the model group; BMD – bone marrow density; BV/TV – bone volume over total volume; Bs/Bv – bone surface over bone volume; Tb.Th – trabecular 
thickness; Tb.N – trabecular number; Tb.Sp – trabecular spacing. 

Fig. 3. Icariin restored abnormal morphological structure and calcium levels. A. Hematoxylin and eosin (H&E) staining was used to evaluate 
the morphological features of the femur (scale bars: 200 μm); B. Calcium nodules were observed using von Kossa staining (scale bars: 200 μm); 
C. The number of the calcium nodules was quantified in the 3 groups. The Kruskal–Wallis H test indicated significant difference (H = 6.25, p = 0.04). Dunn’s 
post hoc test was performed between group means. Box bodies represent M (p25, p27), upper bars and lower bars represent maximum and minimum, 
respectively (n = 3). The number of the calcium nodules was reduced in the model group and increased in the icariin group
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Autophagy of the OP rats activated 
by icariin

Autophagy-associated proteins were evaluated using 
western blotting. As shown in Fig. 5, LC3II/LC3I, Atg7 
and Beclin1 were decreased, while p62 was increased 
in the model group compared to the control group. Icariin 
increased the levels of LC3II/LC3I, Atg7 and Beclin 1, and 
decreased the expression of p62 compared to the model 
group (Table 5).

A bidirectional switch effect of icariin 
on autophagy pathways

The  ULK1 is  a  pivotal modulator of  autophagy ini-
tiation.15 The Ser555 and Ser757 phosphorylation sites 
of ULK1 have distinct effects on autophagy. Phosphory-
lation at the Ser555 site induces autophagy, while phos-
phorylation at the Ser757 site inhibits autophagy.16,17 For 
the model group, Fig. 6E,F show that ULK1 phosphorylated 
at Ser555 decreased but ULK1 phosphorylated at Ser757 
increased. However, icariin increased Ser555-phosphory-
lated ULK1 and decreased Ser757-phosphorylated ULK1.

Fig. 4. Icariin adjusted the trabecular state and parameters. A. Trabecular bones in femur; B. Trabecular bones in tibi; C. Trabecular bones in lumbar (L4).  
A, B and C were scanned using micro-computed tomography (CT); D. Bone mineral density (BMD): quantification of trabecular bone volume and 
architecture (F2,9 = 35.07, p = 0.00); E. Bone volume over total volume (BV/TV) (F2,9 = 56.64, p = 0.00); F. Bone surface to bone volume (BS/BV) (F2,9 = 32.76, 
p = 0.00); G. Trabecular thickness (Tb.Th) (F2,9 = 33.83, p = 0.00); H. Trabecular number (Tb. N) (H = 8.91) (p = 0.01); I. Trabecular spacing (Tb.Sp) (F2,9 = 224.48, 
p = 0.00). One-way analysis of variance (ANOVA) and least significant difference (LSD) post hoc tests were performed in the D, E, F, G, and I plots. 
The Kruskal–Wallis H test and Dunn’s post hoc test were performed in H plots. Box bodies represent M (p25, p75), and upper bars and lower bars represent 
maximum and minimum, respectively (n = 4). The BMD, BV/TV, Tb.Th, and Tb.N in the model group were lower than in the control group, while BS/BV and 
Tb.Sp were higher. Icariin increased BMD, BV/TV, Tb.Th, Tb.N and decreased BS/BV and Tb.Sp



J. Zou et al.  Icariin ameliorates osteoporosis948

The  Akt and mTOR, as  downstream targets, act on 
the Ser757 phosphorylation site of ULK1 and are nega-
tively associated with autophagy regulation.18 As shown 
in Fig. 6A–C, phosphorylation of Akt and mTOR resulted 
in significant activation in  the model group. However, 
icariin suppressed the change.

Another upstream kinase, AMPK, acts on the kinase 
at the Ser555 phosphorylation site of ULK1. As shown 
in Fig. 6A,D, AMPK levels were significantly suppressed 
in the model group. Icariin elevated AMPK phosphoryla-
tion levels.

The results show that OP modelling in rats suppressed 
the AMPK/ULK1 pathway and activated the Akt/mTOR/

Table 5. Levels of autophagy proteins in rats (M (p25, p75))

Protein Group Gray value H value p-value

LC3II/LC3I

control 1.08 (1.05, 1.36)

6.30 0.04model 0.10 (0.09, 0.10)*

icariin 0.96 (0.89, 1.11)

Atg7

control 1.05 (0.76, 1.19)

6.25 0.04model 0.49 (0.33, 0.56)*

icariin 0.82 (0.57, 0.95)

Beclin1

control 1.01 (0.91, 1.08)

6.25 0.04model 0.36 (0.34, 0.38)*

icariin 0.84 (0.73, 0.91)

p62

control 1.02 (0.94, 1.04)

6.25 0.04model 1.93 (1.76, 2.06)*

icariin 1.39 (1.39, 1.41)

* p < 0.05 compared to the control group. 

Fig. 5. Icariin activated autophagy levels in osteoporosis (OP) rats. A. Autophagy-associated protein expression of microtubule-associated protein 1 
light chain 3 (LC3), sequestosome 1 (p62), autophagy-related protein 7 (Atg7), and Beclin1 in femur by western blotting; B. Quantification of LC3II/LC3I 
(H = 6.30, p = 0.04); C. Quantification of p62 (H = 6.25, p = 0.04); D. Quantification of Atg7 (H = 6.25, p = 0.04); E. Quantification of Beclin1 (H = 6.25, p = 0.04). 
The Kruskal–Wallis H test and Dunn’s post hoc test were performed in B, C, D, and E plots. Box bodies represent M (p25, p75), upper bars and lower bars 
represent maximum and minimum, respectively (n = 3). The LC3II/LC3I, Atg7 and Beclin1 were decreased, while p62 was increased in the model group. 
Icariin increased the level of LC3II/LC3I, Atg7 and Beclin1 and decreased the expression of p62
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ULK1 pathway, while icariin induced autophagy in a bidi-
rectional switch manner (Table 6).

Discussion

With an  aging population, the  incidence of  OP 
is a global concern.19 Serious clinical symptoms such 
as movement restriction, body deformity, chronic pain, 
and disability seriously reduce the quality of patients’ 

life, and therefore, an efficient prevention and treatment 
strategy is urgently required.20 Osteoporosis is treated 
clinically with synthetic drugs despite their numerous 
side effects.21 Icariin is a natural herbal extract compo-
nent that exhibits important pharmacological activities 
for metabolic bone diseases.22 Autophagy regulates bone 
balance through bone formation and bone resorption.9 
The present study investigated the potential of  icariin 
in OP treatment and elucidated its possible mechanism 
of action in autophagy.

Fig. 6. Icariin mediated 
autophagy pathways 
bidirectionally. 
A. The expression of p-serine/
threonine protein kinase (Akt)/
Akt total, p-mammalian target 
of rapamycin (mTOR)/mTOR total, 
p-AMP-activated protein kinase 
(AMPK)/AMPK total, p-unc-
51-like autophagy activating 
kinase 1 (ULK1) (Ser555)/ULK1 
total, and p-ULK (Ser757)/ULK1 
total using western blotting; 
B. Quantification of p-Akt/
Akt total (H = 6.25, p = 0.04); 
C. Quantification of p-mTOR/
mTOR total (H = 6.25, p = 0.04); 
D. Quantification of p-AMPK/
AMPK total (H = 6.30, p = 0.04); 
E. Quantification of p-ULK1 
(Ser555)/ULK1 total (H = 6.25, 
p = 0.04); F. Quantification 
of p-ULK1 (Ser 757)/ULK1 total 
(H = 6.25, p = 0.04). The Kruskal–
Wallis H test and Dunn’s post hoc 
test were performed in the B, 
C, D, E, and F plots. Box bodies 
represent M (p25, p75), and upper 
bars and lower bars represent 
maximum and minimum, 
respectively (n = 3). The p-AKT/
AKT, p-mTOR/mTOR and p-ULK1 
(Ser757)/ULK1 were increased, 
while p-AMPK/AMPK and p-ULK1 
(Ser555)/ULK1 were decreased 
in the model group. Icariin 
reduced p-AKT/AKT, p-mTOR/
mTOR and p-ULK1 (Ser757)/ULK1, 
and increased p-AMPK/AMPK 
and p-ULK1 (Ser555)/ULK1
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The OP rat model was established by ovariectomy, simu-
lating bone mass loss and structural changes due to estro-
gen deficiency. Icariin intervention counteracted the in-
creased weight, graying of hair, and slowing of reflexes 
that were observed in the model group, possibly by re-
storing the endocrine imbalance and slowing lipid me-
tabolism caused by OP. Bones maintain a dynamic balance 
through osteoblastic formation and osteoclastic resorption. 
The ALP and PINP in serum are markers of osteoblastic 
formation, and CTX-I and TRACP-5b are specific mark-
ers of bone resorption, which increases in high turnover 
bone disease.23–26 The blood serum analysis demonstrated 
that icariin reduced the indicators of bone formation and 
resorption, and enhanced bone turnover in rats in vivo. 
Micro-CT is an innovative method for assessing micro-
structural changes in bone tissue, which is simple, non-
invasive and non-destructive to the specimen. Micro-CT 
scans revealed that icariin increased BMD and improved 
the trabecula parameters in the OVX rat model. Calcium 
nodules are mineralized products of the OBs, which can 
reflect the OB properties. The von Kossa staining revealed 
an apparent increase in the number of calcium nodules af-
ter icariin treatment compared with the OVX group. There-
fore, icariin can promote OB formation and differentiation.

At  present, the  mechanism and targets for OP are 
unclear, so there are no particularly effective drugs 
on the market. In this study, autophagy marker proteins, 
namely Atg7, LC3II/LC3I, p62, and Beclin 1, were mea-
sured. The Atg7, an autophagy-related gene, is essential for 
autophagy, and the Atg system can promote LC3II binding 
and assist autophagosome elongation and closure. Beclin 1 
is a protein involved in vesicle trafficking and autophago-
some maturation, and increased expression of p62 can 

cause protein-specific autophagy degradation.27 Our study 
showed that the autophagy activation factors LC3II/LCI, 
Atg7 and Beclin 1 were reduced while inhibitory factor p62 
was increased in OP rats. This situation was reversed after 
the intervention with icariin. These results confirm other 
literature precedents indicating that OP is associated with 
decreased levels of autophagy.28

Our research focused on explaining the bidirectional ef-
fects of the autophagy AMPK/ULK1 and AKT/mTOR/ULK1 
pathways on OP. The ULK1 is the first initiation complex 
of autophagy.29 The Ser555 and Ser757 phosphorylation sites 
of ULK1 have distinct effects on autophagy. The AMPK 
stimulates the phosphorylation of the ULK1, while AKT and 
mTOR are inhibitors.30,31 This paper reveals that, in OP rats, 
ULK1 protein phosphorylated at the Ser555 phosphorylation 
decreased, but ULK1 phosphorylated at Ser757 increased. 
Therefore, impaired autophagy can induce OP, and appro-
priate activation of autophagy can have a protective effect 
against OP. The AMPK acted on the kinase at the ULK1 
Ser555 phosphorylating site, and the AMPK/ULK1 (Ser555) 
pathway was suppressed in OP rats in vivo. The mTOR and 
AKT acted on the ULK1 Ser757 phosphorylating site and 
the  mTOR/AKT/Ulk1 (Ser757) autophagy pathway was 
promoted. However, the activities of AMPK, AKT, mTOR, 
ULK1 (Ser757), and ULK1 (Ser555) were modified by the in-
tervention with icariin. The overexpression of AKT, mTOR 
and ULK1 (Ser757) was suppressed, and low AMPK and 
ULK1 (Ser555) were improved by icariin. In summary, icariin 
induced autophagy by activating the AMPK/ULK1 (Ser555) 
pathway and suppressing the AKT/mTOR/ULK1 pathway.

Icariin affects bone metabolism in various ways. For ex-
ample, for ULK1, icariin stimulates the osteoblastic differ-
entiation of bone marrow-derived mesenchymal stem cells, 

Table 6. Expression of autophagy pathways protein in femur (M (p25, p75))

Protein Group Odds of gray value H value p-value

Ser555/ULK1

control 0.78 (0.74, 0.89)

6.25 0.04model 0.54 (0.54, 0.60)*

icariin 0.66 (0.64, 0.71)

Ser757/ULK1

control 0.31 (0.29, 0.42)

6.25 0.04model 1.07 (1.03, 1.24)*

icariin 0.60 (0.54, 0.78)

p-Akt/Akt

control 0.51 (0.48, 0.56)

6.25 0.04model 1.16 (1.11, 1.29)*

icariin 0.64 (0.59, 0.73)

p-mTOR/mTOR

control 0.40 (0.31, 0.45)

6.56 0.04model 1.63 (1.37, 1.66)*

icariin 0.73 (0.73, 0.73)

p-AMPK/AMPK

control 0.67 (0.64, 0.89)

6.30 0.04model 0.41 (0.40, 0.54)

icariin 0.70 (0.69, 0.87)#

* p < 0.05 compared to the control group; #p < 0.05 compared to the model group; ULK1 – unc-51-like autophagy activating kinase 1; Akt – serine/threonine 
protein kinase; mTOR – mammalian target of rapamycin; AMPK – AMP-activated protein kinase.
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adjusting the bone metabolism balance.32 This is a sepa-
rate mechanism. In this study, only 2 signaling pathways, 
AMPK/ULK1 and Akt/mTOR/ULK1 in  the autophagy 
pathway, were selected for study. In our subsequent ex-
periments, we will consider using mesenchymal stem cells 
from bone marrow to induce osteogenic differentiation and 
confirm the in vivo experiments.

Limitations

Our research explained the  bidirectional effects 
of the autophagy AMPK/ULK1 and AKT/mTOR/ULK1 
pathways on OP. Meanwhile, the mechanisms of the icar-
iin treatment in OP by its mediation of autophagy were 
explained. However, our study still has some limita-
tions. This research is too basic for further analysis, and 
deeper investigations are needed. Particularly, this study 
should be repeated with the addition of another group 
(ovariectomy+icariin+autophagy inhibitor) to  prove 
the participation of autophagy in the mechanism. Thus, 
we  were not able to  fully confirm the  in  vivo results. 
We will further examine the mechanism in vitro.

Conclusions

In conclusion, daily oral administration of icariin for 
12 weeks restored femur microstructure and increased 
bone turnover, effectively impeding bone loss caused 
by OP in rats. The molecular mechanism, at least partially, 
involves the regulation of the AMPK/ULK1 and AKT/
mTOR/ULK1 autophagy pathways. The results provide 
an experimental basis for the further development of icar-
iin in the field of OP treatment.
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Abstract
Background. Cellular senescence can lead to many diseases. However, the roles and regulation of circular 
RNAs (circRNAs) in senescence are poorly understood.

Objectives. To investigate the altered expression pattern and mechanism of circRNA during cellular senes-
cence and find potential targets to prevent senescence.

Materials and methods. The Arraystar Human circRNA Array and bioinformatics were used to profile 
the differentially expressed circRNAs in human embryonic lung fibroblasts (IMR-90) between young cells 
and senescent cells and quantification in the clinical materials. Gene Ontology (GO) and Kyoto Encyclopedia 
of Genes and Genomes (KEGG) pathway analyses were performed. The miRNA targets were predicted using 
TargetScan and miRanda.

Results. A total of 113 differentially expressed circRNAs were identified, including 109 upregulated and 
4 downregulated circRNAs (fold change >2 and p-value <0.05). Real-time qualitative polymerase chain 
reaction (qPCR) showed that the expression levels of 4 circRNA were significantly increased in senescent cells, 
and that of hsa_circ_0007113 was significantly decreased, consistent with the microarray. siRNA against 
hsa_circ_0007113 increased p21 and p53 expression levels and β-gal staining. The hsa_circ_0007113 has 
a binding site for miR-515-5p, which is involved in regulating the p53/p21 signaling pathway. The expression 
level of hsa_circ_0007113 was also decreased in aged people.

Conclusions. The study showed an altered circRNA expression pattern in cellular senescence, which might 
play important roles in senescence-related physiological processes. These findings provide a new direction 
for studying the molecular mechanism underlying senescence and a new possibility for the treatment 
of senescence by modulating circRNAs.

Key words: senescence, human circRNA array, hsa_circ_0007113, hsa-miR-515-5p, P53/P21 pathway
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Background

The essence of aging is cellular senescence, in which 
cellular functions gradually decrease or are lost, leading 
to a loss of tissue function. Cell senescence can be acceler-
ated or enhanced by external environmental factors such 
as radiation, oxidizing agents and therapeutic agents.1,2 
Numerous mechanisms participate in cellular senescence, 
including DNA damage, telomeres, oncogenes, activated 
MAPK cascade, and p53 and p16lnk4a pathways.3–7

Non-coding RNAs play a vital role in the regulation of all 
cellular pathways.8 Recently, several studies revealed that 
non-coding RNAs are linked to the control of cellular senes-
cence.9–11 Circular RNA (circRNA) is a special class of non-
coding RNA, which has a closed circular structure protect-
ing them from exonuclease R. Circular RNAs are conserved 
in evolution, stable, abundant, and show specific tissues 
and developmental stage expression.14,15 Moreover, they 
have been shown to regulate microRNA (miRNA) expres-
sion at the transcriptional or post-transcriptional levels.12,13 
Specific circRNAs play important roles in human diseases 
such as cancer, stroke, ischemia, neurodegenerative disor-
ders, and heart disease.16–22 However, so far, few studies 
have evaluated circRNA changes in cell senescence.21,23,24

Circular RNA can bind miRNA-induced silencing com-
plexes via the miRNA response element and affect miRNA 
concentration to regulate the activity of the downstream 
gene.25,26 However, the differential expression of circRNAs 
during senescence has only rarely been reported. Therefore, 
this study aimed to use the Arraystar Human circRNA 
Array to detect the changes in circRNA expression profiles 
during cellular senescence. Next, the Kyoto Encyclopedia 
of Genes and Genomes (KEGG) and Gene Ontology (GO) 
pathway analyses were carried out to anticipate the po-
tential functions of circRNAs during senescence. These 
findings could provide a better understanding of cellular 
senescence and eventually slow down senescence associated 
with pathological conditions.

Objectives

We aimed to find the relationship between senescence 
and circRNAs with high-throughput quantitative analysis 
of circRNA. Furthermore, we quantified circRNAs in clini-
cal samples to clarify the potential biomarkers of human 
aging, which can provide a certain clinical reference value 
for clinicians.

Materials and methods

Cell culture

The human embryonic lung fibroblast cell line IMR-90 
was seeded in a CO2-incubator containing 5% CO2 at 37ºC 

in Dulbecco’s modified Eagle’s medium (DMEM; Hyclone, 
Logan, USA) containing 10% fetal bovine serum (FBS; Hy-
clone) and 1% of penicillin and streptomycin (Gibco, Invi-
trogen, Waltham, USA). IMR-90 cells were used as young 
cells in population doublings (PDL) between 15 and 25, and 
senescent fibroblasts were utilized in PDL 55–65 following 
additional culture time. Total cellular RNA was isolated 
using TRIzol reagent (Invitrogen, Waltham, USA).

Labeling and hybridization

Array hybridization and specimen labeling were car-
ried out in accordance with the manufacturer’s instruc-
tions (Arraystar, Rockville, USA). Total RNA was digested 
with RNase R (Epicentre, Madison, USA), and the enriched 
circRNA was amplified and converted into fluorescent 
cRNA utilizing the random method (Arraystar Super RNA 
Labeling Kit; Arraystar). The RNeasy Mini Kit was then 
used to purify the labeled cRNAs (Qiagen, Hilden, Ger-
many). Using a NanoDrop ND-1000, the labeled cRNAs 
(pmol Cy3/μg) were measured (Thermo Fisher Scientific, 
Waltham, USA), and 1 μg of cRNA was cleaved by adding 
5 μL of a ×10 blocking agent and 1 μL of a ×25 fragmenta-
tion buffer. To dilute the labeled cRNA, 25 μL of ×2 hybrid-
ization buffer was added to the mixture, and it was incu-
bated for 30 min at 60°C. Finally, space slides containing 
50 μL of the hybridization solution were distributed and 
assembled on the microarray slide for the circRNA expres-
sion (Agilent Technologies, Santa Clara, USA). The slides 
were incubated for 17 h at 65°C in a mixed oven, and then 
the hybridized arrays were cleaned, fixed, and scanned 
using the Agilent Scanner G2505C (Agilent Technologies).

Arraystar human circRNA array analysis

The gathered array images were examined using Agilent 
Feature Extraction software (v. 11.0.1.1; Agilent Technolo-
gies). Then, utilizing the R software package (R Foundation 
for Statistical Computing, Vienna, Austria), quantile normal-
ization and data processing were carried out (Bioconductor, 
Github, CRAN; https://www.bioconductor.org/). Through 
volcano map screening, the statistically significant differ-
ential expression of circRNAs between the 2 groups was 
determined, which was displayed as hierarchical clustering. 
Fold changes ≥2 and p-values <0.05 indicated significant 
differences in the circRNA expression.

Comprehensive analysis of the circRNAs-
miRNAs-mRNAs networks

The software StarBase (v. 2.0; http://starbase.sysu.edu.
cn) was used to anticipate the preferred miRNAs of se-
lected circRNAs. The target miRNAs of the identified cir-
cRNAs were anticipated using Mireap, Miranda (v. 3.3a; 
https://cloud.oebiotech.com/task/detail/array_miranda_
plot) and TargetScan (v. 7.0; http://www.targetscan.org). 

https://www.bioconductor.org/
http://starbase.sysu.edu.cn
http://starbase.sysu.edu.cn
https://cloud.oebiotech.com/task/detail/array_miranda_plot
https://cloud.oebiotech.com/task/detail/array_miranda_plot
http://www.targetscan.org
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The circRNA-miRNA-mRNA regulation networks were 
analyzed using miRTarBase (v. 6.1; https://miRTarBase.
cuhk.edu.cn), and the culminating correlations were clari-
fied with Cytoscape (https://cytoscape.org/).

Gene Ontology and KEGG pathway 
analyses

We used the gene function classification system, GO, 
to determine the characteristics and functions of our genes 
of interest.27 In the GO database (http://www.geneontol-
ogy.org), all source genes are mapped to GO terms, and 
the determination of whether a gene fits a term is cal-
culated using an  false discovery rate (FDR) threshold 
of 0.05. Kyoto Encyclopedia of Genes and Genomes path-
way analysis identified the significantly enriched pathways 
in the source genes, as compared to the whole genome 
background.28 The calculation equation is identical to that 
used in GO analysis, and the cascades with FDR ≤0.05 were 
deemed as significant enrichment.

siRNA transfection and SA-β-galactosidase 
activity

The small interfering RNAs (siRNAs) employed for cell 
transfection were obtained from RiboBio (Guangzhou, 
China) with the following sequences: circRNA_0007113 
siRNA (5’-CAA GUG UUG CCA ACC CAU CUG AUG 
GA-3’) and Ctrl siRNA (5’-AAU UCU CCG AAC GUG 
UCA CGU-3’). The siRNA was transfected with Lipo-
fectamine™ 2000 (Invitrogen) at a  final concentration 
of  100  nM. Aging-related senescence-associated (SA) 
β-galactosidase activity was validated using a kit purchased 
from Cell Signaling Technology (CST; Danvers, USA).

Human blood sample collection and 
real-time quantitative polymerase chain 
reaction analysis

Total blood specimens were obtained from 40 healthy 
individuals, aged 30–39 or 60–69 years (male, body mass 
index (BMI)  =  20–26  kg/m2) who visited the  hospital 
for routine health examinations. All participants gave 
their informed consent for inclusion in the study prior 
to  participation. The  study was conducted in  accor-
dance with the Declaration of Helsinki, and the protocol 
was approved by the Ethics Committee of the Hospital 
and Medical College of Yangzhou University (approval 
No. YXYLL-2020-02)

TRIzol reagent was used to extract the total cellular RNA, 
which was then transcribed into cDNA with a Reverse 
Transcription Kit (Takara, Shiga, Japan). Real-time quali-
tative polymerase chain reaction (qPCR) was conducted 
using a kit following the manufacturer’s instructions (Ta-
kara Bio SYBR Green; Takara). The reaction parameters 
were as follows: 95°C for 30 s, then 35 amplification cycles 

(5 s at 95°C, 30 s at 60°C). All specimens were normalized 
to glyceraldehyde-3-phosphate dehydrogenase (GAPDH), 
and the experiment was repeated 3 times. Finally, SDS 
v. 1.4 software (Applied Biosystems, Foster City, USA) was 
used to analyze the data based on the 2–ΔΔCt method. Ori-
gin v. 9.0 software (OriginLab, Northampton, USA) was 
utilized to analyze the histogram.

Protein extraction and western blotting

Radioimmunoprecipitation assay (RIPA) buffer (Beyo-
time Biotechnology, Shanghai, China) was used to lyse 
IMR90 cells, and protein was measured using a Bicincho-
ninic (BCA) protein assay kit (Bio-Rad, Hercules, USA). To-
tal protein (35 μg) was isolated using 10% sodium dodecyl 
sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) 
and transferred to polyvinylidene difluoride (PVDF) mem-
branes (MilliporeSigma, St. Louis, USA). The membranes 
were blocked with 5% skimmed milk in  Tris-buffered 
saline with Tween (TBST) buffer, and then the primary 
anti-p53 and anti-p21 antibodies were introduced and in-
cubated overnight at 4°C (Santa Cruz Biotechnology, Santa 
Cruz, USA). Membranes were washed thrice in TBST, and 
incubated with the  secondary horseradish peroxidase 
(HRP)-conjugated antibodies (1:5,000 in TBST; Beijing 
Zhong-Shan Biotechnology, Beijing, China) for 1 h at room 
temperature. The protein was exposed using an improved 
chemiluminescence reagent (Millipore Sigma), and the re-
active bands were analyzed for relative intensity using 
ImageJ software v. 1.46 (National Institutes of Health, 
Bethesda, USA).

Statistical analyses

All observations in this study were made in triplicate, and 
the results were analyzed using GraphPad Prism v. 8 software 
(GraphPad Software Inc., San Diego, USA). The one-sample 
nonparametric test was used to compare the difference be-
tween candidate circRNA and its corresponding control. 
The Shapiro–Wilk test and Bartlett test were used to deter-
mine the variables’ normality, whereas homogeneity and a t-
test (if not specifically indicated) or Wilcoxon Mann–Whitney 
test were used to compare the differences to control samples. 
A value of p < 0.05 was considered statistically significant.

Results

Differential expression profile analysis 
of circRNA between young and senescent 
human embryonic lung fibroblasts

A total of 3,936 circRNAs were identified using the cir-
cRNA microarray and displayed as hierarchical clustering 
(Fig. 1A) and box plot analysis (Fig. 1B). Scatter (Fig. 1C) 
and volcano plots (Fig. 1D) were used to identify differences 

https://miRTarBase.cuhk.edu.cn
https://miRTarBase.cuhk.edu.cn
https://cytoscape.org
http://www.geneontology.org
http://www.geneontology.org
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Fig. 1. Chip analysis of the circular RNAs in proliferating (Y_15, Y_17, Y_18) and senescent (SEN_60, SEN_61, SEN_76) IMR-90 cells. A. Hierarchical clustering 
result analysis; B. Box plot result analysis. The boxplot was generated using R. The outliers are represented as red dots beyond the upper and lower 
whisker boundaries. They are defined as values > (Q3 + 1.5*IQR) or < (Q1-1.5*IQR) (IQR – interquartile range); C. Scatter plot result analysis; D. Volcano plot 
analysis. Total 113 differentially expressed circRNAs (difference >2.0 times, *p < 0.05), including 109 upregulated and 4 downregulated. More than 80% were 
of the exon type

Table 1. The upregulated circRNAs in this study

circRNA Alias circRNA type Gene symbol Fold change p-value

hsa_circRNA_102602 hsa_circ_0052318 exonic ZNF418 5.87 0.029

hsa_circRNA_100748 hsa_circ_0020926 exonic STIM1 4.49 0.023

hsa_circRNA_001405 hsa_circ_0001167 intronic PREX1 4.48 0.042

hsa_circRNA_103517 hsa_circ_0067997 exonic FNDC3B 4.23 0.007

hsa_circRNA_001350 hsa_circ_0000253 intronic BLNK 4.13 0.019

hsa_circRNA_100358 hsa_circ_0000139 exonic GON4L 4.12 0.035

hsa_circRNA_000942 hsa_circ_0001303 antisense UBA7 4.03 0.041

hsa_circRNA_000454 hsa_circ_0001703 intronic SEPT7P2 3.85 0.043

hsa_circRNA_000618 hsa_circ_0000708 intronic FAM65A 3.74 0.010

hsa_circRNA_104600 hsa_circ_0005927 exonic VDAC3 3.70 0.021

hsa_circRNA_100057 hsa_circ_0008275 exonic VPS13D 3.69 0.034

hsa_circRNA_103542 hsa_circ_0068464 exonic EIF4A2 3.68 0.019

hsa_circRNA_103178 hsa_circ_0062577 exonic CABIN1 3.67 0.025

hsa_circRNA_100018 hsa_circ_0009361 exonic GNB1 3.60 0.031

hsa_circRNA_100063 hsa_circ_0010039 exonic CASP9 3.58 0.010
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circRNA Alias circRNA type Gene symbol Fold change p-value

hsa_circRNA_101295 hsa_circ_0030777 exonic PCCA 3.44 0.009

hsa_circRNA_001747 hsa_circ_0000246 exonic MCU 3.41 0.033

hsa_circRNA_100147 hsa_circ_0004240 exonic EIF3I 3.41 0.018

hsa_circRNA_101643 hsa_circ_0036750 exonic C15orf38-AP3S2 3.34 0.019

hsa_circRNA_102978 hsa_circ_0004525 exonic RBCK1 3.29 0.029

hsa_circRNA_103665 hsa_circ_0070033 exonic NUP54 3.29 0.005

hsa_circRNA_001547 hsa_circ_0001874 intronic BICD2 3.28 0.030

hsa_circRNA_103410 hsa_circ_0003266 exonic LRIG1 3.23 0.046

hsa_circRNA_102333 hsa_circ_0047303 exonic ZNF521 3.22 0.032

hsa_circRNA_104693 hsa_circ_0003691 exonic ASAP1 3.21 0.004

hsa_circRNA_104126 hsa_circ_0076798 exonic GCLC 3.19 0.023

hsa_circRNA_101491 hsa_circ_0034762 exonic MAPKBP1 3.19 0.028

hsa_circRNA_000593 hsa_circ_0000550 antisense SLC10A1 3.18 0.014

hsa_circRNA_100395 hsa_circ_0015278 exonic KLHL20 3.17 0.037

hsa_circRNA_104323 hsa_circ_0079534 exonic MACC1 3.17 0.009

hsa_circRNA_104551 hsa_circ_0083294 exonic TNKS 3.14 0.010

hsa_circRNA_101524 hsa_circ_0035360 exonic UNC13C 3.13 0.040

hsa_circRNA_100802 hsa_circ_0009018 exonic EXT2 3.13 0.030

hsa_circRNA_001026 hsa_circ_0000141 intronic SMG5 3.09 0.009

hsa_circRNA_104044 hsa_circ_0075447 exonic GMDS 3.04 0.010

hsa_circRNA_101037 hsa_circ_0025767 exonic TMTC1 3.04 0.013

hsa_circRNA_104553 hsa_circ_0083335 exonic MTMR9 3.00 0.004

hsa_circRNA_001255 hsa_circ_0000630 intronic BBS4 2.98 0.010

hsa_circRNA_102979 hsa_circ_0059151 exonic RBCK1 2.97 0.027

hsa_circRNA_103863 hsa_circ_0001495 exonic CCNB1 2.96 0.016

hsa_circRNA_102728 hsa_circ_0006110 exonic USP34 2.96 0.001

hsa_circRNA_100244 hsa_circ_0000075 exonic FGGY 2.95 0.045

hsa_circRNA_101591 hsa_circ_0036282 exonic ARID3B 2.95 0.009

hsa_circRNA_000578 hsa_circ_0000487 intronic DLEU2 2.95 0.009

hsa_circRNA_100749 hsa_circ_0020927 exonic STIM1 2.92 0.010

hsa_circRNA_000250 hsa_circ_0000848 intronic SMAD7 2.89 0.004

hsa_circRNA_100921 hsa_circ_0023920 exonic PICALM 2.89 0.011

hsa_circRNA_100850 hsa_circ_0006857 exonic PACS1 2.88 0.015

hsa_circRNA_104803 hsa_circ_0087354 exonic UBQLN1 2.87 0.006

hsa_circRNA_101956 hsa_circ_0041551 exonic ANKFY1 2.85 0.032

hsa_circRNA_101742 hsa_circ_0004683 exonic C16orf62 2.85 0.011

hsa_circRNA_001653 hsa_circ_0001568 intronic DUSP22 2.79 0.034

hsa_circRNA_001503 hsa_circ_0001191 intronic DYRK1A 2.79 0.018

hsa_circRNA_100384 hsa_circ_0002093 exonic SFT2D2 2.78 0.011

hsa_circRNA_000921 hsa_circ_0001120 intronic SNED1 2.77 0.045

hsa_circRNA_100752 hsa_circ_0020976 exonic OR51B5 2.74 0.009

hsa_circRNA_101958 hsa_circ_0041555 exonic UBE2G1 2.72 0.003

hsa_circRNA_104426 hsa_circ_0081188 exonic SLC25A13 2.68 0.037

hsa_circRNA_103278 hsa_circ_0001265 exonic MTMR14 2.65 0.008

hsa_circRNA_102247 hsa_circ_0046462 exonic TBCD 2.62 0.011

hsa_circRNA_104780 hsa_circ_0001861 exonic GRHPR 2.58 0.008

hsa_circRNA_101401 hsa_circ_0032641 exonic MLH3 2.56 0.010

Table 1. The upregulated circRNAs in this study – cont.
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circRNA Alias circRNA type Gene symbol Fold change p-value

hsa_circRNA_102246 hsa_circ_0046449 exonic TBCD 2.54 0.042

hsa_circRNA_104401 hsa_circ_0005513 exonic GTF2I 2.53 0.007

hsa_circRNA_000644 hsa_circ_0000861 antisense XLOC_012735 2.50 0.015

hsa_circRNA_000274 hsa_circ_0000919 intronic ATP13A1 2.49 0.015

hsa_circRNA_102851 hsa_circ_0008032 exonic HAT1 2.46 0.005

hsa_circRNA_001587 hsa_circ_0000979 intronic XLOC_001374 2.45 0.007

hsa_circRNA_101759 hsa_circ_0038608 exonic EARS2 2.45 0.013

hsa_circRNA_104948 hsa_circ_0001897 exonic POMT1 2.45 0.031

hsa_circRNA_103140 hsa_circ_0061891 exonic PDXK 2.43 0.003

hsa_circRNA_101746 hsa_circ_0038349 exonic C16orf62 2.40 0.009

hsa_circRNA_000042 hsa_circ_0000036 intronic THEMIS2 2.40 0.004

hsa_circRNA_100442 hsa_circ_0002274 exonic LPGAT1 2.39 0.004

hsa_circRNA_000422 hsa_circ_0001545 intragenic TCOF1 2.39 0.020

hsa_circRNA_000679 hsa_circ_0001248 intronic TTC38 2.38 0.045

hsa_circRNA_100100 hsa_circ_0010931 exonic TMEM50A 2.34 0.028

hsa_circRNA_100588 hsa_circ_0018293 exonic ANXA8L2 2.34 0.014

hsa_circRNA_101635 hsa_circ_0036666 exonic NTRK3 2.32 0.006

hsa_circRNA_104135 hsa_circ_0007874 exonic MTO1 2.31 0.002

hsa_circRNA_102251 hsa_circ_0002225 exonic TBCD 2.30 0.022

hsa_circRNA_104367 hsa_circ_0080170 exonic TNS3 2.25 0.038

hsa_circRNA_001800 hsa_circ_0001033 intronic TTC31 2.23 0.002

hsa_circRNA_104694 hsa_circ_0007934 exonic ZFAT 2.22 0.008

hsa_circRNA_104816 hsa_circ_0087493 exonic IARS 2.19 0.003

hsa_circRNA_102476 hsa_circ_0007396 exonic MYO9B 2.18 0.024

hsa_circRNA_000926 hsa_circ_0001022 intragenic ACTR2 2.16 0.006

hsa_circRNA_104744 hsa_circ_0002606 exonic MLLT3 2.16 0.033

hsa_circRNA_001380 hsa_circ_0000540 intragenic FBXO34 2.15 0.002

hsa_circRNA_000082 hsa_circ_0000189 intragenic NVL 2.15 0.020

hsa_circRNA_101070 hsa_circ_0026512 exonic EIF4B 2.15 0.033

hsa_circRNA_100699 hsa_circ_0020250 exonic ATE1 2.14 0.006

hsa_circRNA_100604 hsa_circ_0009172 exonic DNA2 2.14 0.006

hsa_circRNA_101248 hsa_circ_0029976 exonic NBEA 2.12 0.022

hsa_circRNA_100981 hsa_circ_0024737 exonic VWA5A 2.11 0.001

hsa_circRNA_100999 hsa_circ_0025006 exonic ADIPOR2 2.11 0.005

hsa_circRNA_000046 hsa_circ_0000059 intronic CAP1 2.10 0.002

hsa_circRNA_102575 hsa_circ_0051527 exonic EML2 2.10 0.001

hsa_circRNA_102509 hsa_circ_0006446 exonic LSM14A 2.07 0.003

hsa_circRNA_102551 hsa_circ_0003859 exonic LTBP4 2.07 0.011

hsa_circRNA_103009 hsa_circ_0003853 exonic NAPB 2.06 0.008

hsa_circRNA_101743 hsa_circ_0006797 exonic C16orf62 2.05 0.002

hsa_circRNA_103232 hsa_circ_0002877 exonic MKL1 2.05 0.000

hsa_circRNA_102074 hsa_circ_0043815 exonic STAT3 2.04 0.016

hsa_circRNA_000526 hsa_circ_0000248 intronic ADK 2.03 0.022

hsa_circRNA_103593 hsa_circ_0069031 exonic TMEM128 2.03 0.007

hsa_circRNA_001104 hsa_circ_0001157 antisense DHX35 2.01 0.041

hsa_circRNA_102813 hsa_circ_0007052 exonic CLASP1 2.00 0.008

Table 1. The upregulated circRNAs in this study – cont.
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in circRNAs between young and senescent cells. Among 
them, as shown in Table 1,2, 113 differentially expressed 
circular RNAs (circRNAs) were analyzed; 109 circRNAs 
were upregulated, and 4 circRNAs were downregulated, 
with p < 0.05 and |log2(fold change)| >1. More than 80% 
of the differentially expressed circRNAs belong to exonic 
circRNA, which is exclusively composed of exons.

Gene Ontology and Kyoto Encyclopedia 
of Genes and Genomes pathway analyses

The  mRNAs produced from the  parent genes 
of 113 changed circRNAs were examined using GO and 
KEGG pathway analysis to hypothesize the pathological and 
physiological significance of circRNAs throughout cellular 
senescence. The main supplemented and meaningful GO ter-
minologies and biological process (BP) were ‘‘establishment 

or maintenance of cell polarity’’, ‘‘regulation of translational 
initiation” and ‘‘ATPase activity’’. In terms of molecular func-
tion (MF), it was found that most of the circRNA-associated 
mRNAs were in “ATP binding” and “protein binding” states. 
As for cellular components (CC), the most enriched CC terms 
were ‘‘cytosol’’ and ‘‘cytoplasm’’ (Fig. 2A). Gene-enriched 
KEGG cascade analysis demonstrated that these pathways 
may be linked with the progression of aging. Most of these 
circRNAs are target genes linked with Parkinson’s disease, 
p53 signaling pathway and RNA transport (Fig. 2B).

Differentially expressed circRNAs’ 
evaluation with qPCR

Nine significantly upregulated and 4  significantly 
downregulated circRNAs were chosen for qPCR con-
firmation. Primers are shown in Table 3. We found that 

Table 2. The downregulated circular RNAs (circRNAs) in this study

circRNA Alias circRNA type Gene symbol Fold change p-value

hsa_circRNA_104700 hsa_circ_0005273 exonic PTK2 5.48 0.021

hsa_circRNA_104147 hsa_circ_0004905 exonic IBTK 2.43 0.032

hsa_circRNA_100601 hsa_circ_0007113 exonic HERC4 2.18 0.004

hsa_circRNA_400011 hsa_circ_0092374 intronic GADD45A 2.03 0.004

Fig. 2. Bioinformatics analyses of 113 differentially expressed circular RNAs (circRNAs). A. Gene Ontology (GO); B. Kyoto Encyclopedia of Genes and Genomes 
(KEGG)
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hsa_circRNA_0083335, hsa_circRNA_0068464, hsa_cir-
cRNA_0009361 and hsa_circ_0001303 expression lev-
els were significantly elevated in senescent cells, while 
the hsa_circ_0007113 and hsa_circ_0092374 expression 

levels were significantly decreased, which was in line with 
the microarray results (Fig. 3).

Cellular senescence was exacerbated after 
siRNA treatment of hsa_circ_0007113

Following the administration of siRNA to silence hsa_
circ_0007113, the expression levels of p21 and p53 were 
significantly elevated (Fig. 4AB). Moreover, the signal was 
significantly increased after β-gal staining, indicating that 
cell senescence was exacerbated after siRNA treatment 
against hsa_circ_0007113 (Fig. 5A–C).

hsa_circ_0007113 could alleviate cellular 
senescence via miR-515-5p

CircRNAs can serve as “sponges” for miRNAs to con-
trol target gene expression. Therefore, we established 
a regulation network of circRNAs-microRNAs-mRNAs. 
The  hsa_circ_0007113 is  anticipated to  bind with 
275 miRNAs, thereby controlling a wide array of genes. 
It was found that hsa_circ_0007113 has a binding site for 
miR-515-5p, which is involved in the regulation of p53/
p21 signaling pathway (Fig. 6). Five miRNAs, includ-
ing hsa-miR-515-5p, hsa_miR-1301-3p, hsa-miR-181c-
5p, hsa-miR-22-5p, and hsa-miR-141-5p, were selected 
and were shown to target cellular processes including 
inf lammation (IL17A, IL11RA, IL17AC), energy me-
tabolism (ATP2B1, ATP7B, ATP12A), cell apoptosis 
(BCL2, BCL2L13, CASP9, CASP7, CASP10), cell senes-
cence (SIRT2, GPR17, GPR135), cell cycle and division 
(CDK11A, CDK6), and zinc finger protein (ZNF784, 
ZNF655, ZNF589).

Fig. 3. Validation of 9 upregulated and 4 downregulated circular RNAs 
(circRNAs) using real-time qualitative polymerase chain reaction (qPCR). 
The Wilcoxon Mann–Whitney test was employed to analyze the differences 
between each circRNA group and the control group. The hsa_circ_0083335, 
hsa_circ_0006110, hsa_circ_0001303, hsa_circ_0003691, hsa_circ_0005927, 
hsa_circ_0068464, hsa_circ_0001703, hsa_circ_0009361, hsa_circ_0001703, 
hsa_circ_0009361, hsa_circ_0007113, hsa_circ_0005273, hsa_circ_0004905, 
and hsa_circ_0092374 vs control: Z = –2.087, p = 0.037. The test assumptions 
are as follows: H0: The relative expression levels of circRNA X exhibit a similar 
overall distribution to that of the control group; H1: The relative expression 
levels of circRNA X differ from those of the control group, α = 0.05.

Table 3. Primers used in this study

Name Forward (5’-3’) Reverse (5’-3’)

hsa_circ_0007113 TGGGAAGCATTGTCACTGAG CAAGCATACACCTGGCCTTT

hsa_circ_0009361 GCCGAGCAACTTAAGAACCA AGTGCTCTTCAATGCCACCT

hsa_circ_0092374 AGCTCCCACGGACTGAAAG TTAGCTTCCTCCCCTGCAA

hsa_circ_0004905 GTTTTGACCTGCTCCGTTTC AAGAGACGGGGTCTCGCTAT

hsa_circ_0006110 ATGGTTCACTGTTACTCTTGAGG TGCTGCCATTGGAGTCCTTA

hsa_circ_0083335 TTTGTTGTGATGGTGGCTTG GACGGATGAACTCCTGTCCT

hsa_circ_0001303 AAAATAACTGGCAAATATATCATTGAG AGAAGCCCTGCCCTTCTC

hsa_circ_0003691 GCTGCTTAGACGCTGGATTT AGAAGCCCTGCCCTTCTC

hsa_circ_0005927 TCCTCTCCAAAATGCCAGAG ACTCTGCTGCTCGCTGCTAC

hsa_circ_0068464 TCATGTTCATGCCCTGATTT ACCAGAGTCTCCCCGAATG

hsa_circ_0001703 GCTGGGGTCTTGCTATCTGA TGCCACTTGTGTTACCTTGG

hsa_circ_0005273 TGAGAGAACTTACCATAGAATTTAGCA AGTCGCTGTGCCATTTGTTT

hsa_circ_0004905 CACAACCTCAAACCCGTTCT TCAAGAGGTTGTTGCACAGG

P53 CCCCAGCCAAAGAAGAAAC AACATCTCGAAGCGCTCAC

P21 GGGATGTCCGTCAGAACCCA AAGTTCCATCGCTCACGGG

18SRNA
GAPDH

CGAACGTCTGCCCTATCAACTT
GAGTCCACTGGCGTCTTCAC

ACCCGTGGTCACCATGGTA
ATCTTGAGGCTGTTGTCATACTTCT



Adv Clin Exp Med. 2024;33(9):953–964 961

The expression of hsa_circ_0007113 
decreases with aging

The relative expression of hsa_circ_0007113 was mea-
sured in 40 healthy individuals, 30–39 and 60–69 years old, 
and was shown to be higher in the 30–39-year-old group 
compared to the 60–69-year-old group (Fig. 7).

Discussion

Age-linked diseases like osteoarthritis, atherosclerosis, can-
cer, Parkinson’s disease, Alzheimer’s disease, and type 2 dia-
betes are all impacted by cellular senescence.16–22,29,30 There-
fore, understanding the regulatory mechanism of cellular 
senescence may enable interventions in these aging-related 

diseases. The main signaling pathways controlling cellular 
senescence from a mechanical perspective are P53-P21CIP1 
and P16INK4A-Rb. Thus, it is thought that P53 and P16INK4A 
are crucial elements in the induction of cellular senescence.31

Circular RNAS are important molecules involved 
in many biological processes, play important roles in regu-
lating many cellular functions, and are expected to be bio-
markers or treatment targets for diseases. However, their 
role in cellular senescence and the mechanisms of how 
circRNAs regulate it have not been previously described.

Therefore, the present study focused on the examination 
of alterations in circRNA expression profiles in senescence 
using the Arraystar Human circRNA Array, showing they 
are altered during cellular senescence. There were 109 up-
regulated and 4 downregulated circRNAs, possibly play-
ing important roles in senescence-related physiological 

Fig. 4. Silencing of hsa_circ_0007113 
increases the expression of p53 and 
p21. A. Protein expression of p53 
and p21 was identified with western 
blotting. Glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) was used 
as a reference; B. Quantification 
of the western blot bands. The data 
were expressed with median (3 distinct 
repetitions, t-test, p21: p = 0.013; 
p53:p = 0.037, df = 4,* denotes p < 0.05)

Fig. 5. After silencing of hsa_circ_0007113, SA-β-gal staining showed that the SA-β-gal expression of senescent cells was increased (×100). A. Control 
siRNA; B. has_circ_0007113 siRNA; C. Quantification of the positive cells. The data were expressed as mean with 95% confidence interval (95% CI) (3 distinct 
repetitions, t-test, p = 0.029, df = 4, *denotes p < 0.05)
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processes. Most circRNAs related to aging showed a trend 
towards increased expression, and we speculate that this 
may be due to the tendency of circRNA to accumulate 
in aging tissues, which in turn leads to their upregulation. 
In the microarray results, the most upregulated and down-
regulated circRNA were hsa_circ_0052318 (fold = 5.78) 
and hsa_circ_00052730 (fold = –5.48), respectively. How-
ever, the differential expression of circRNA detected was 
not as obvious as it is in cancer. This may be because cancer 
is a pathological process and is affected by drug stimula-
tion, while aging is an overall slower, chronic and pro-
gressive physiological process. As this study revealed dif-
ferentially expressed circRNA in human embryonic lung 
fibroblasts, our results may offer a new avenue for study-
ing the molecular mechanism underlying senescence, and 
novel opportunities for senescence medication through 
the modulation of circRNAs.

Among the  differentially expressed circRNA, cir-
cRNA_0007113, a downregulated circRNA, was selected, and 
the pathological phenotype associated with cellular senes-
cence was investigated. The parent gene of circRNA_0007113 
is ubiquitin ligase E3 (HERC4). hsa_circ_0007113 was ob-
tained from exons 19 to 23 of the HERC4 gene. E3 ubiquitin 

Fig. 7. Comparison of whole blood hsa_circ_0007113 levels in healthy 
individuals of 30–39 compared to 60–69 years. The hsa_circ_0007113 
levels were determined using real-time qualitative polymerase chain 
reaction (qPCR). The data were expressed as mean with 95% confidence 
interval (95% CI) (40 distinct repetitions, t-test, p = 0.036, df = 38, *denotes 
p < 0.05)

Fig. 6. hsa_circ_0007113 alleviates cellular senescence state via the regulation of hsa_miR-515-5p. A. hsa_circ_0007113 has a binding site for miR-515-5p; 
B. The network of selected target genes of hsa-miR-515-5p, hsa_miR-1301-3p, hsa-miR-181c-5p, hsa-miR-22-5p, and hsa-miR141-5p
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ligase, a novel protein only discovered in recent years, plays 
a vital role in the ubiquitin-protease system due to its sub-
strate recognition specificity and is also inextricably linked 
to cellular aging.32 Currently, there are limited data on its 
related functions, such as participating in lung, cervical, 
breast and liver cancer, and participating in the incidence 
and development of other tumors as well,33 but its role 
in  the  aging process has not been reported. To  begin 
preliminary investigations on the potential effect of cir-
cRNA_0007113 in cellular senescence, loss-of-function 
experiments were conducted using siRNA silencing. 
The results demonstrated that reducing circRNA_0007113 
expression significantly increased the p53 and p21 pro-
tein expression levels, which are well known to trigger 
cell senescence.34 These results were also confirmed with 
β-gal staining.35 The role of circRNA_0007113 in cellular 
senescence has not been reported yet, and no other stud-
ies are available for comparison. Still, circRNAs have been 
shown to be involved in all cellular processes, including 
senescence.23–26 The present study also suggests that hsa_
circRNA_0007113 is involved in total body senescence, 
as hsa_circRNA_0007113 levels were lower in older indi-
viduals than in younger participants. Therefore, additional 
studies are necessary to confirm and refine the potential 
mechanisms.

Competing endogenous RNAs analyses showed that cir-
cRNAs modulate miRNA target gene expression. There-
fore, a  bioinformatics analysis was performed, which 
suggested that hsa_circ_0007113 has a binding site for miR-
515-5p. The miR-515-5p was also reported to be involved 
in  the  p53/p21 pathway,36,37 supporting the  association 
of hsa_circ_0007113 with cell senescence. Indeed, the levels 
of p53 and p21 were increased in senescent cells, and stud-
ies showed that p53 expression is necessary for the main-
tenance of senescence.38–42 However, it is noteworthy that 
decreasing p53 and p21 expression in senescent cells leads 
to the restoration of the cell cycle and immortalization.38–42 
Therefore, silencing hsa_circ_0007113 would increase miR-
515-5p levels, leading to higher levels of p53 and p21, sup-
porting the hypothesis that a reduction in hsa_circ_0007113 
is a hallmark of cellular senescence. Notably, KEGG pathway 
analysis showed p53 signaling to be enriched under these 
circumstances. Thus, hsa_circ_0007113 could bind miR-
515-5p, modulating the p53/p21 pathway and regulating cell 
senescence. However, hsa_circ_0007113 is only 1 of many 
factors that regulate cellular senescence. In  this study, 
the new function of one circRNA derived from the HERC4 
gene was elaborated, the function was verified in human lung 
fibroblasts, and its relationship with aging was confirmed.

Limitations

The  specific molecular mechanism requires fur-
ther clarification. For example, over-expression of hsa_
circ_0007113 both in vitro and in vivo would also show 
the function.

Conclusions

This study showed that altered circRNA expression 
patterns are present in cellular senescence, which may 
play important roles in senescence-related physiological 
processes. These findings offer a fresh approach to under-
standing the molecular mechanism underlying senescence, 
as well as a new way to potentially cure senescence by al-
tering circRNAs. Additional investigations are necessary 
to recognize circRNA roles in cellular senescence.
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Abstract
Background. Intervertebral disc degeneration (IDD) is a major cause of low back pain. Sinapine thiocyanate 
(ST) has been reported to have a wide range of biological activities. However, the treatment of IDD with ST 
has not been studied.

Objectives. To explore the role and mechanism of ST treatment in IDD.

Materials and methods. Nucleus pulposus cells (NPCs) were induced using lipopolysaccharide (LPS), 
which was used as an in vitro model of IDD. Cell activity, oxidative stress-related indicators and protein 
expression were detected using MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay, 
enzyme-linked immunosorbent assay (ELISA) and western blot. Pyroptosis was evaluated with propidium 
iodide (PI)/Hoechst double staining and immunofluorescence for NOD-like receptor protein 3 (NLRP3), 
and pyroptosis-related proteins and inflammatory factors were measured with western blot and ELISA. 
The pathological changes of IDD were assessed with hematoxylin & eosin (H&E) and safranin-O staining.

Results. Our results showed that ST alleviated LPS-induced degeneration of NPCs, as evidenced by reducing 
reactive oxygen species (ROS), malondialdehyde (MDA), matrix metalloproteinase-13 (MMP-13), a disintegrin 
and metalloproteinase with thrombospondin motifs-5 (ADAMTS-5), and increasing collagen II and aggrecan 
expression. Moreover, ST repressed LPS-induced pyroptosis by inhibiting NLRP3, caspase-1 p20, interleukin 
(IL)-1β and IL-18. Further studies showed that ST did not restrain the activation of the JAK1/STAT3 signaling 
pathway induced by colivelin, or of the enhanced pyroptosis induced by polyphyllin VI. Sinapine thiocyanate 
alleviated IDD in vivo and suppressed NLRP3-mediated pyroptosis and the JAK1/STAT3 signaling pathway.

Conclusions. Sinapine thiocyanate could alleviate IDD, although this did not include a reduction in NLRP3-
mediated pyroptosis and inactivation of the JAK1/STAT3 signaling pathway, thus potentially being a candidate 
drug for IDD treatment.

Key words: intervertebral disc degeneration, pyroptosis, sinapine thiocyanate, JAK1/STAT3 signaling pathway
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Background

Low back pain (LBP) is the main cause of adult disabil-
ity and labor loss.1 Intervertebral disc degeneration (IDD) 
is a common cause of LBP, which causes a huge mental and 
economic burden to patients and society.2 During IDD, 
the degenerative nucleus pulposus breaks through the fi-
brous ring and compresses the nerve root, which leads 
to LBP and affects both work and private life.3 At pres-
ent, the treatment methods for LBP caused by IDD are 
relatively limited, mainly including conservative treat-
ment (such as bed rest, traction, physiotherapy, and anti-
inflammatory analgesia) and surgical treatments (such 
as open nucleus pulposus extraction, vertebral fusion, and 
endoscopic nucleus pulposus extraction). Generally, af-
ter 3 months of conservative treatment, if the treatment 
for patients with IDD is  ineffective, surgical treatment 
is recommended.4 Unfortunately, the 2 treatment meth-
ods are mainly symptomatic treatment for pain relief, 
which cannot delay or reverse the pathological process 
of IDD.5,6 The biological mechanism of IDD is complicated, 
involving mechanical and oxidative stress, DNA damage, 
inflammatory responses, abnormal signal pathway activa-
tion, and abnormal expression of miRNA.7–9 Currently, 
the pathological changes of IDD are mainly characterized 
by the decrease of nucleus pulposus cells (NPCs) and ex-
tracellular matrix (ECM).10,11 Hence, exploring the patho-
logical mechanism of NPC death under different stress 
states is conducive to finding new targets and drugs for 
the treatment of IDD.

Oxidative inflammatory responses are one of the main 
causes of abnormal cell function in multiple diseases.12–15 
So  far, researchers found that reactive oxygen species 
(ROS) were increased in degenerative nucleus pulposus 
(NP) tissue.16 Abnormally elevated ROS could downregu-
late the expression of COL2A1 in human and rat NPCs.17 
Pro-inflammatory cytokines could also repress the syn-
thesis of ECM protein deposition in human and rat NPCs 
by increasing the expression of matrix-degrading enzymes, 
namely matrix metalloproteinase (MMP)-3 and MMP-13.18 
Pyroptosis is a form of cell death,19 the predominant feature 
of which depends on the activation of caspase-1 mediated 
by the NLRP3 inflammasome, and which is accompanied 
by the increase of active inflammatory factors interleukin 
(IL)-1β and IL-18.20,21 Studies have shown that IDD was ac-
companied by pyroptosis of NPCs, which mainly presented 
as the upregulation of NLRP3 and caspase-1 expression.22 
Therefore, inhibiting the activation of ROS and NLRP3 
is of great significance in delaying the progression of IDD.

The JAK/STAT signaling pathway is involved in many 
important biological processes, such as immune regula-
tion, inflammatory responses and apoptosis.23 In patho-
logical conditions, JAK phosphorylation is activated and 
combined with phosphorylated STAT, which affects 
the  transcription of  a  series of  cytokines and partici-
pates in the regulation of the inflammatory response and 

oxidative stress.24 Interleukin 21 could stimulate the up-
regulation of  ADAMTS-7 and MMP-13 by  enhancing 
STAT3 in NPCs.25

Sinapine thiocyanate (ST), whose molecular formula 
is C17H24N2O5S, is the main active component of sinapine 
in semen raphanin.26 Sinapine thiocyanate has a variety 
of biological activities, including anti-oxidant, anti-in-
flammatory, anti-radiation, anti-aging, anti-hypertensive, 
and anti-androgen activity, while also inhibiting angio-
genesis.27–30 It is reported that ST could also reduce cho-
lesterol and low-density lipoprotein (LDL), significantly 
improve hypertension symptoms, prevent thrombosis, 
and attenuate thrombosis caused by inflammatory injury 
of vascular endothelial cells (VECs).31 Sinapine thiocya-
nate improved vascular endothelial injury in hypertensive 
rats by inhibiting the activation of NLRP3 and the expres-
sion of related inflammatory factors (IL-1β and IL-18), 
and also alleviated human umbilical vein endothelial cells 
(HUVEC) injury induced by the administration of angio-
tensin II.32 Moreover, ST could inhibit the proliferation 
and migration of pancreatic cancer cells by upregulating 
GADD45A33 However, the effects and mechanisms of ST 
in IDD are still unclear. In addition, as a strong inflam-
matory stimulating factor, lipopolysaccharide (LPS) could 
lead to gene upregulation and the secretion of diverse pro-
inflammatory cytokines and matrix-degrading enzymes, 
including disintegrin and metalloproteinase with throm-
bospondin motifs-5 (ADAMTS-5) and MMPs in NP cells, 
thereby causing a decrease in proteoglycan content and 
IDD.34,35 The current study aimed to explore whether ST 
could affect ECM degradation and oxidative stress in IDD 
by regulating NLRP3-mediated pyroptosis via the JAK1/
STAT3 signaling pathway. Our study provides new ideas 
for the research and development of novel methods for 
IDD treatment.

Objectives

Our study aimed to explore whether ST could alleviate 
IDD in vitro and in vivo. 

Materials and methods

Isolated and culture of NPCs

Nucleus pulposus cells were extracted according to a pre-
vious study.36 Rats (6–8 weeks, 260–280 g) were eutha-
nized by intraperitoneal injection of sodium pentobarbital 
(120 mg/kg), sterilized with alcohol, and then the inter-
vertebral disc (L2–L6) tissue was obtained under sterile 
conditions. After washing, the outer layer of the interver-
tebral disc annulus fibrosus was cut, and then the nucleus 
pulposus tissues were stripped and placed in a sterile Petri 
dish. Nucleus pulposus tissues were disaggregated into 
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small pieces (~1 mm3), transferred to a 15 mL centrifuge 
tube, and digested for 20 min with 0.25% trypsin ethyl-
enediaminetetraacetic acid (EDTA) at 30°C. The digestion 
was terminated using Dulbecco’s modified Eagle’s medium 
(DMEM)/F12 medium (Gibco, Waltham, USA) contain-
ing 10% fetal bovine serum (FBS; Invitrogen, Waltham, 
USA). The precipitates were collected by centrifugation 
(1,000 rpm, 5 min), and treated with 0.2% type II collage-
nase for 2 h; then, the cells were collected and resuspended 
in DMEM/F12 medium containing 10% FBS. Cells were 
cultured in an incubator at 37°C and 5% CO2, and used 
in subsequent experiments at passages 2 and 3.

MTT assay

Nucleus pulposus cells (5×103 cells per well) were inocu-
lated in 96-well plates and cultured at 37°C and 5% CO2 
for 24 h. Then, MTT solution (Beyotime Biotechnology, 
Shanghai, China) was added and cells were cultured for 
4 h. Then the culture medium was discarded, and 150 μL 
dimethyl sulfoxide (DMSO) (100%) was added. The ab-
sorbance value at 570 nm was detected using a microplate 
reader (BioTek, Winooski, USA); 3 independent experi-
ments were performed.

DCFH-DA detection

Dichloro-dihydro-fluorescein diacetate (DCFH-DA) 
assay (Beyotime Biotechnology) was made into a work-
ing solution with a final concentration of 10 µM using 
phosphate-buffered saline (PBS). Nucleus pulposus cells 
(5×103) were placed into 96-well plates and underwent 
the indicated treatment. After 24 h, DCFH-DA staining 
solution was added to each well for 20 min. Next, cells were 
washed 3 times with serum-free medium, and then the dis-
tribution of ROS in cells was observed under fluorescence 
microscopy (model IX71; Olympus Corp., Tokyo, Japan). 
Then, the excitation/emission wavelength of 488/525 nm 
was examined using a microplate reader (Gen5; BioTek, 
Winooski, USA). At least 3 images were taken per treat-
ment, and relative ROS levels were analyzed by normal-
izing to the control group. The investigator was blinded 
to the experimental conditions when taking the images, 
and 3 independent experiments were performed.

Enzyme-linked immunosorbent assay

Nucleus pulposus cells (4×105 cells per well) were inocu-
lated in 6-well plates containing slides. After 24 h culture, 
the supernatant was collected by centrifugation (2000 rpm, 
20 min), and the expression of IL-1β, IL-18, malondialde-
hyde (MDA), and superoxide dismutase (SOD) were de-
tected using enzyme-linked immunosorbent assay (ELISA) 
kit according to the manufacturer’s instructions (Nan-
jing Jiancheng Bioengineering Institute, Nanjing, China). 
Three independent experiments were performed.

Western blot

Nucleus pulposus cells (4×105 cells per well) were inocu-
lated in 6-well plates and cultured at 37°C and 5% CO2. 
After 24 h, 200 µL radioimmunoprecipitation assay buf-
fer (RIPA) lysate was added to each well, and cells were 
lysed on ice for 30 min. The supernatant was collected 
by centrifugation (12,000 rpm, 5 min, 4°C), and the protein 
content was detected using a bicinchoninic acid (BCA) 
assay. For each group, 30 µg of protein samples was sub-
jected to 10% sodium dodecyl sulfate–polyacrylamide gel 
electrophoresis (SDS-PAGE), and then electrically trans-
ferred to a polyvinylidene difluoride (PVDF) membrane. 
The membranes were blocked for 1 h with 5% skimmed 
milk powder solution prepared in Tris-buffered saline 
+ 0.1% Tween-20 (TBST), and then incubated overnight 
in diluted primary antibody (collagen II (ab34712, 1:1000; 
Abcam, Cambridge, UK), aggrecan (ab3778, 1:1000; Ab-
cam), MMP-13 (ab39012, 1:1000; Abcam), ADAMTS-5 
(ab231595, 1:1000; Abcam), NLRP3 (ab263899, 1:1000; Ab-
cam), ASC (ab151700, 1:1000; Abcam), caspase-1 (ab138483, 
1:1000; Abcam), caspase-1 p20 (sc-398715, 1:1000; Santa 
Cruz Biotechnology, Santa Cruz, USA), JAK1 (ab133666, 
1:1000; Abcam), p-JAK1 (ab138005, 1:1000; Abcam), 
STAT3 (ab68153, 1:1000; Abcam), p-STAT3 (ab109085, 
1:1000; Abcam), and GAPDH (ab8245, 1:2000; Abcam)) 
at 4°C. After washing, the membranes were incubated for 
1 h with the diluted second antibody (Goat Anti-Rabbit 
IgG H&L (1:5000, ab96899; Abcam) or Goat Anti-Mouse 
IgG H&L (1:5000, ab96879; Abcam)), and then the protein 
was visualized using a electrochemiluminescence reagent 
(ECL; Beyotime Biotechnology) in a gel imaging system 
(Bio-Rad, Hercules, USA). Three independent experiments 
were performed.

Propidium iodide/Hoechst 33342 
doubl staining

Nucleus pulposus cells (2×104 cells per well) were inoc-
ulated in 24-well plates containing slides. After incubat-
ing for 24 h, the NPCs were administered Hoechst 33342 
and propidium iodide (PI), and stained for 30 min at 4°C. 
After washing, the cells were observed under a fluores-
cence microscope (Olympus Corp.). At  least 3  images 
were taken per treatment. The investigator was blinded 
to the experimental conditions when taking the images. 
Three independent experiments were performed.

Immunofluorescence

Nucleus pulposus cells (2×104 cells per well) were in-
oculated in 24-well plates containing slides and cultured 
at 37°C and 5% CO2 for 24 h. Next, cells were fixed in 4% 
paraformaldehyde for 15  min, treated with 0.5% Tri-
tonX-100 for 20 min, and then blocked with goat serum 
for 30 min. The cells were incubated overnight in a wet 
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box with anti-NLRP3 (ab4207, 1:200; Abcam) at 4°C, and 
then incubated for 1 h with Alexa 488-conjugated antibody 
(ab150129, 1:200; Abcam) at room temperature. The nuclei 
were counterstained for 5 min with DAPI (4’,6-diamidino-
2-phenylindole) reagent (cat. No. H-1200-10; Vector Labo-
ratories, Burlingame, USA), samples were mounted using 
an anti-fluorescence quenching agent, and then images 
were collected using a fluorescent microscope (Olympus 
Corp.). At least 3 images were taken per treatment. The in-
vestigator was blinded to the experimental conditions when 
taking the images. Three independent experiments were 
performed.

Intervertebral disc degeneration rat model

Sprague Dawley (SD) rats (female, n = 24) were randomly 
divided into 4 groups: sham operation group (sham, n = 6), 
intervertebral disc degeneration group (IDD, n = 6), interver-
tebral disc degeneration + 4 mg/kg ST group (IDD + 4 mg/kg 
ST, n = 6), and intervertebral disc degeneration + 8 mg/kg 
ST group (IDD + 8 mg/kg ST, n = 6). The concentrations 
of ST were used based on previous investigations.32 Rats were 
anesthetized by intraperitoneal injection of 10% chloral hy-
drate (3.6 mL/kg), the C5/6 intervertebral disc was marked, 
and the local skin was disinfected with alcohol. The C5/6 in-
tervertebral discs in the IDD group and ST treatment group 
were punctured with a 30 G sterile needle from the dorsal 
side along the horizontal direction of the cone end plate with 
a penetration depth of 5 mm, and the needle was rotated 
360° and retained for 30 s. The sham group was sutured after 
skin incision only without the needle penetration. Following 
the operation, 100,000 units of penicillin were injected in-
traperitoneally for 3 days to prevent infection. After the op-
eration, the ST treatment group was administrated 4 mg/kg 
and 8 mg/kg per day by gavage, and the sham group and IDD 
group were given the same amount of normal saline by ga-
vage. The treatment continued for 4 weeks, at which time 
rats were euthanized by intraperitoneal injection of sodium 
pentobarbital (120 mg/kg). All animal experiments were 
approved by the animal ethics committee of the Suzhou 
Hospital of Traditional Chinese Medicine, affiliated with 
Nanjing University of Chinese Medicine. Three independent 
experiments were performed.

Hematoxylin & eosin and safranin-O 
staining

Nucleus pulposus tissues from rat discs were fixed 
in 40 g/L paraformaldehyde and then decalcified in 10% 
EDTA for 15 days. After preparation and dehydration, 
IDD tissues were embedded in paraffin and cut into 5 µm 
continuous sections. According to previous studies, we de-
tected IDD by safranin-O staining and hematoxylin & 
eosin (H&E) staining. The slices were placed in the oven 
(70°C) for 1 h, soaked in xylene for 30 min, rehydrated 
with a gradient concentration of absolute ethanol (100%, 

95%, 85%, 75%), stained with hematoxylin for 3 min, and 
then treated with 2% acetic acid for 1 min and ammonia 
for 1 min. For H&E staining, the sections were treated for 
5 s with 95% absolute ethanol and then stained for 2 min 
with an eosin staining solution. For safranin-O staining, 
the sections were stained with fast green for 6 min, dif-
ferentiated with 1% acetic acid for 15 s, and then stained 
with safranin-O for 6 min. Subsequently, the slices were 
dehydrated using gradient concentrations of  absolute 
ethanol (75%, 85%, 95%, 100%), treated for 6 min with xy-
lene solution, and then sealed with neutral resin. The re-
sults of 6 random fields were observed and photographed 
in an optical microscope (model IX-71; Olympus Corp.).  
At least 3 images were taken per treatment. The investi-
gator was blinded to the experimental conditions when 
taking the images. Three independent experiments were 
performed.

Statistical analyses

IBM SPSS v. 22.0 software (IBM Corp., Armonk, USA)
was used to analyze the experimental data, and data were 
expressed as mean ± standard devia tion (M ±SD) for all 
data points. Multiple comparisons were performed using 
non-parametric analysis of variance (ANOVA) (Kruskal–
Wallis test) followed by Dunn’s post hoc test without any 
correction. A p-value of <0.05 was considered statistically 
significant.

Results

Sinapine thiocyanate attenuated 
LPS-induced decrease in the activity of NPCs

First, we  evaluated the  effect of  ST on  the  activity 
of NPCs. The chemical structure of ST is shown in Fig. 1A. 
Sinapine thiocyanate at concentrations of 0, 10, 25, 50, 
75, and 100 mg/L was added into NP cells for 24 h, and 
MTT assay showed that ST (0–75mg/L) had no toxicity 
to NPCs, but ST at 100 mg/L significantly weakened their 
activity to 83.76% (Fig. 1B). In addition, LPS (10 μg/mL) 
was used to maintain the degenerative status of NP cells. 
Nucleus pulposus cells were stimulated with 10 μg/mL 
LPS, 10 μg/mL LPS + 25 mg/L ST, 10 μg/mL LPS + 50 mg/L 
ST, or 10 μg/mL LPS + 75 mg/L ST for 24 h. The results 
showed that LPS could reduce the activity of NPCs, which 
is reversed by ST (75 mg/L) treatment in a concentration-
dependent manner (Fig. 1C).

Sinapine thiocyanate restrained 
LPS-induced degeneration of NPCs

Next, the effect of ST on LPS-induced degeneration 
of  NPCs was explored. Lipopolysaccharide facilitated 
increased ROS in  NPCs, which was inhibited by  ST 
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in a concentration-dependent manner (Fig. 2A,B). Oxida-
tive stress-related indexes MDA and SOD were also mea-
sured, showing that ST could block the increase of MDA 
and decrease of SOD induced by LPS in NPCs (Fig. 2C,D). 
Moreover, LPS significantly reduced the  expression 
of collagen II and aggrecan, and increased the expres-
sion of MMP13 and ADAMTS-5. However, ST inhibited 
the loss of collagen II and aggrecan and repressed the ex-
pression of MMP13 and ADAMTS-5 in LPS-induced NPCs 
(Fig. 2E–I). These results suggested that ST effectively al-
leviated the degeneration of NPCs induced by LPS.

Sinapine thiocyanate suppressed 
LPS-induced pyroptosis of NPCs

The death of NPCs is key to IDD,37 and we assessed 
whether ST could induce NPCs pyroptosis. Hoechst and 
PI double staining were performed, highlighting that 
LPS boosted nuclear PI and increased the red fluores-
cence compared with the control group, while this was 
attenuated by the addition of ST (Fig. 3A). Moreover, 
the expression of NLRP3 was detected using immuno-
fluorescence. The results showed that the fluorescence 
signal of NLRP3 was increased in LPS-treated NPCs, and 
this could be gradually weakened by the addition of ST 
(Fig. 3B). Furthermore, pyroptosis-associated proteins 
were assessed with western blot, which showed that LPS-
induced facilitation of NLRP3, ASC and caspase-1 p20 
was inhibited by ST (Fig. 4A–D). Expression of  IL-1β 
and IL-18 downstream of NLRP3 was significantly di-
minished by ST in LPS-induced NPCs (Fig. 4E,F). In ad-
dition, the effect of ST on the  JAK1/STAT3 signaling 
pathway was analyzed. The results showed that ST could 
decrease the activation of  the  JAK1/STAT3 signaling 
pathway induced by LPS in NPCs (Fig. 4G–I). These 
results indicated that ST restrained NLRP3-mediated 
pyroptosis and JAK1/STAT3 signaling pathway in LPS-
induced NPCs.

Sinapine thiocyanate alleviated 
NPCs degeneration, but not through 
JAK1/STAT3/NLRP3 signaling

The role of NLRP3-mediated pyroptosis and JAK1/
STAT3 signaling in the protective effect of ST on NPCs 
were then explored. Polyphyllin VI has been reported 
to activate pyroptosis by increasing NLRP3.38 Our find-
ings showed that polyphyllin VI enhanced LPS-induced 
upregulation of NLPR3 (Fig. 5A,B). Moreover, ST re-
versed the effect of polyphyllin VI on collagen II and 
aggrecan in LPS-induced NPCs (Fig. 5C,D). In addition, 
the increase of IL-1β and IL-18 induced by polyphyllin 
VI was not significantly attenuated by ST in LPS-in-
duced NPCs (Fig. 5E,F). We used colivelin as an activa-
tor of STAT3,39 which further induced ROS production 
in LPS-treated NPCs, which was not prevented by the ad-
dition of ST (Fig. 6A,B). Colivelin significantly increased 
the ratio of p-STAT3/STAT3, further increased NLRP3, 
and did not significantly reduce the expression of col-
lagen II and aggrecan in LPS-induced NPCs, which were 
not significantly restored by ST (Fig. 6C–G). Finally, ST 
treatment did not significantly block colivelin-induced 
increases in IL-1β and IL-18 (Fig. 6H,I). These results 
suggest that ST may resist LPS-induced degeneration 
of NPCs, but not by regulating the JAK/STAT3/NLPR3 
signaling pathway.

Sinapine thiocyanate repressed IDD in vivo

The improvement of ST on IDD was then verified in vivo. 
The IDD model was constructed through annulus fibrosus 
puncture, which caused a reduction of NPCs and the loss 
of ECM. The results of H&E and safranine-O staining 
confirmed the  successful construction of  the  model. 
Compared to the control group, the LPS group showed 
various degenerative changes, including a reduction in NP 
size and dense ECM, and the addition of ST effectively 

Fig. 1. Effect of sinapine thiocyanate on the activity of nucleus pulposus cells. A. The chemical structural formula of sinapine thiocyanate; B,C. The viability 
of nucleus pulposus cells was measured using MTT assay

**p < 0.01; *p < 0.05.
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Fig. 2. Effect of sinapine thiocyanate on the degeneration of nucleus pulposus cells. A,B. Reactive oxygen species (ROS) levels were assessed using 
the dichloro-dihydro-fluorescein diacetate (DCFH-DA) assay method; C,D. The content of malondialdehyde (MDA) and superoxide dismutase (SOD) was 
evaluated with enzyme-linked immunosorbent assay (ELISA); E–I. The expression of collagen II, aggrecan, matrix metallopeptidase (MMP)-13, and ADMST-5 
was detected with western blot

**p < 0.01; *p < 0.05.
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alleviated these symptoms in IDD (Fig. 7A, 7B). More-
over, ST significantly inhibited the activation of JAK1/
STAT3, reduced the expression of NLRP3, and promoted 
the expression of collagen II and aggrecan in IDD tissue 
(Fig. 7C–H). Finally, the high levels of IL-1β and IL-18 
in our IDD model were reduced following treatment with 
ST (Fig. 7I,J). These results demonstrated that ST-atten-
uated IDD reduced the activation of JAK1/STAT3 and 
restrained NLRP3-mediated pyroptosis in vivo.

Discussion

In this study, LPS was used to maintain the degenerative 
status of NPCs in vitro because LPS stimulates the de-
crease of ECM and increase of NLRP3 inflammasome 

in NPCs.40–42 Our study is the first to report the effect 
of ST on IDD, and we demonstrated that ST improved 
the activity of NPCs, reduced ROS and MDA, increased 
SOD, expedited collagen and aggrecan expression, and 
reduced MMP-13 and ADAMTS-5 expression in LPS-
treated NPCs. These results indicate that ST alleviated 
the degeneration of NPCs.

Pyrosis is an “inflammatory death”, which is mainly 
characterized by the activation of caspase-1 or caspase-11 
with the  activity of  inflammatory factors IL-1β and 
IL-18.43 NOD-like receptor protein 3 has also been shown 
to recruit and activate caspase-1 to induce pyroptosis.43 
At present, studies have confirmed that NLRP3 and IL-1β 
play key roles in the pathogenesis of IDD.44,45 Compar-
ing 45 degenerative intervertebral discs with 7 normal 
intervertebral discs, Chen et al. found that NLRP3 and 

Fig. 3. Effect of sinapine thiocyanate on pyroptosis. A. Cell death of nucleus pulposus cells was measured with propidium iodide/Hoechst double staining; 
B. NLRP3 expression was assessed with immunofluorescence



P. Yu et al. Sinapine thiocyanate improves intervertebral disc degeneration972

its downstream targets, caspase-1 and IL-1β, were sig-
nificantly upregulated in the degenerative group.46 Zhang 
et al. established a mouse IDD model using the annulus 
fibrosus puncture method, and compared with the sham 
operation group, the expression levels of NLRP3, caspase-1, 

p20 and gasdermin D (GSDMD) in the IDD model group 
were significantly increased.47 Studies have shown that 
knocking down NLRP3 or inhibiting caspase-1 expression 
could weaken the inflammatory response and degenera-
tion of NPCs.48 Sinapine thiocyanate has been reported 

Fig. 4. Sinapine thiocyanate repressed NLRP3-mediated pyroptosis and JAK1/STAT3 signaling pathway. A–D. The expression of NLRP3, ASC, caspase-1, and 
caspase-1 p20 was detected with western blot; E, F. The content of interleukin (IL)-1β and IL-18 was evaluated using enzyme-linked immunosorbent assay 
(ELISA); G–I. The expression of JAK, p-JAK, STAT3, and p-STAT3 was measured with western blot

**p < 0.01; *p < 0.05.
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to reduce the dysfunction of VECs caused by hypertension 
by inhibiting NLRP3-mediated pyroptosis.32 Similarly, our 
study found that ST could reduce pyroptosis of LPS-treated 
NPCs by inhibiting NLRP3, caspase-1, p20, IL-1β, and IL-18. 
The activation of pyroptosis was also induced by polyphyl-
lin VI, which was confirmed by the change of NLRP3, IL-1β 
and IL-18. However, ST treatment did not significantly 
reverse the activation of pyroptosis induced by polyphyllin 
VI. These results suggest that ST might protect NPCs, but 
not by regulating NLRP3-mediated pyroptosis. Moreover, 
polyphyllin VI might modulate the effect of ST on IDD.

Our study found that ST could also inhibit the activation 
of the JAK1/STAT3 signaling pathway. JAK/STAT signal-
ing is a common pathway for a variety of cytokines and 
growth factors to transmit signals into target cells, which 
mediates a variety of biological reactions, including cell 
proliferation, differentiation, migration, apoptosis, and in-
flammation.49 The activation of JAK/STAT signaling pro-
motes the occurrence and development of various diseases, 
including IDD.23,50 Resveratrol reversed the degeneration 
of NPCs by increasing ECM production (collagen II and ag-
grecan), and repressing the activation of JAK1/STAT3 and 
the secretion of IL-6.51 Meanwhile, STAT3 could combine 
with NLRP3 to promote cell death.52 In our study, coliv-
elin, the activator of STAT3, could upregulate ROS and 
NLRP3-mediated pyroptosis and not significantly enhance 
the degeneration of NPCs, while the addition of ST did not 

significantly restore these effects. In addition, ST could only 
partially restore NPC function following colivelin treat-
ment. Our rat IDD model was used to further verify the role 
of ST in IDD. Sinapine thiocyanate effectively alleviated 
IDD, reduced NLRP3-mediated pyroptosis and restrained 
the activation of the JAK1/STAT3 signaling pathway.

Limitations

The question whether ST alleviated IDD in vivo by regu-
lating JAK1/STAT3/NLRP3 needs further verification. 
In addition, ST might regulate pyroptosis in IDD through 
a  variety of  signaling pathways, and our study lacked 
the required exploration. Furthermore, our experimental 
sample size seriously affects the conclusions we can draw. 
Increased sample sizes are required to further verify our 
conclusion.

Conclusions

These findings provide a new perspective on the treat-
ment of IDD. Our data demonstrated that ST suppressed 
LPS-induced degeneration of NPCs, but not through regu-
lating JAK1/STAT3/NLRP3 signaling. Sinapine thiocya-
nate may, therefore, become a candidate drug for IDD 
treatment.

Fig. 5. Sinapine thiocyanate restrained degeneration of nucleus pulposus cells by reducing NLRP3-mediated pyroptosis. A–D. The expression 
of NLRP3, collagen II and aggrecan was measured with western blot; E, F. The content of interleukin (IL)-1β and IL-18 was evaluated with enzyme-linked 
immunosorbent assay (ELISA)

*p < 0.05.
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Supplementary data 

The Supplementary materials are available at https://
doi.org/10.5281/zenodo.10222233. The package includes 
the following files:

Supplementary Table 1. The  analysis results of  data 
from Fig. 1 through non-parametric ANOVA (Kruskal–
Wallis test) followed by Dunn’s post hoc test without any 
correction.

Supplementary Table 2. The  analysis results of  data 
from Fig. 2 through non-parametric ANOVA (Kruskal–
Wallis test) followed by Dunn’s post hoc test without any 
correction.

Supplementary Table 3. The  analysis results of  data 
from Fig. 3 through non-parametric ANOVA (Kruskal–
Wallis test) followed by Dunn’s post hoc test without any 
correction.

Supplementary Table 4. The  analysis results of  data 
from Fig. 4 through non-parametric ANOVA (Kruskal–
Wallis test) followed by Dunn’s post hoc test without any 
correction.

Supplementary Table 5. The  analysis results of  data 
from Fig. 5 through non-parametric ANOVA (Kruskal–
Wallis test) followed by Dunn’s post hoc test without any 
correction.

Fig. 6. Sinapine thiocyanate restrained degeneration of nucleus pulposus cells by JAK1/STAT3/NLRP3 signaling pathway. A–B. Reactive oxygen 
species (ROS) levels were assessed using the dichloro-dihydro-fluorescein diacetate (DCFH-DA) assay method; C–G. The expression of STAT3, p-STAT3, 
NLRP3, collagen II, and aggrecan was measured with western blot. H-I. The content of interleukin (IL)-1β and IL-18 was evaluated using enzyme-linked 
immunosorbent assay (ELISA)

*p < 0.05.

https://doi.org/10.5281/zenodo.10222233
https://doi.org/10.5281/zenodo.10222233
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Fig. 7. Sinapine thiocyanate improved intervertebral disc degeneration (IDD) in vivo. A, B. Pathological change of the intervertebral disc was assessed with 
hematoxylin & eosin (H&E) and safranin-O staining; C–H. The expression of JAK, p-JAK, STAT3, p-STAT3, NLRP3, collagen II, and aggrecan was detected using 
western blot; I–J. The content of interleukin (IL)-1β and IL-18 was evaluated with enzyme-linked immunosorbent assay (ELISA)

**p < 0.01; *p < 0.05.
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Supplementary Table 6. The  analysis results of  data 
from Fig. 6 through non-parametric ANOVA (Kruskal–
Wallis test) followed by Dunn’s post hoc test without any 
correction.

Supplementary Table 7. The  analysis results of  data 
from Fig. 7 through non-parametric ANOVA (Kruskal–
Wallis test) followed by Dunn’s post hoc test without any 
correction.

Data availability

The datasets generated and/or analyzed during the cur-
rent study are available from the corresponding author 
on reasonable request.
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Abstract
Background. Rehabilitation in the anterior region requires specific conditions for success, such as the pres-
ence of papilla, emergence profile, and balance between pink and white esthetic.

Objectives. This systematic review aimed to evaluate the esthetic risk associated with immediate implant 
placement with immediate restoration in the anterior superior area, where the facial bone plate may be 
absent or deficient.

Materials and methods. The search was done in PubMed, Embase, Cochrane, Lilacs, Scopus, Scielo, and 
Google Scholar databases. The investigation involved clinical studies and observational studies published 
between January 2012 and July 2023. Studies were excluded if there was less than 12-month follow-up, 
no immediate restoration or facial defect, heavy smokers, or systemic disease. The risk of bias was assessed 
using the ROBINS-I and Modified-Cochrane RoB tools.

Results. Twelve studies were included in this systematic review. The thinner the facial plate, the higher 
the alveolus’s risk of gingival recession or shrinkage. There was an increased interproximal recession when 
the thin phenotype was associated with flap surgery. An increase in pink esthetic score (PES) was reached 
when immediate implant placement (IIP) and immediate restoration were done. Soft tissue augmentation 
achieved more gingival-level stability. Regardless of the initial phenotype, an esthetic outcome was delivered. 
The risk of bias was high in 1 study and moderate in 3 studies.

Conclusions. It is possible to conclude that esthetic results and increased final PES or patient satisfaction 
index in IIP treatments associated with immediate restoration could be obtained even in buccal bone wall 
defects or gingival recession, regardless of their extension.

Key words: esthetic region, facial bone plate deficiency, immediate implant placement, immediate restora-
tion, peri-implant recession
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Background

Several clinical situations can predispose patients 
to tooth loss,1–3 which can cause functional impairment 
and esthetic challenges for clinicians. Rehabilitation 
in the anterior zone requires specific conditions for suc-
cess, such as the presence of papilla, an emergence profile, 
and a balance between pink and white esthetics.4 Previ-
ous studies5–8 suggest that buccal-plate bone loss results 
in esthetic sequelae, mainly influenced by the reduction/
absence of papillae and the position of the gingival and/
or peri-implant mucosa. Currently, several procedures are 
proposed to increase the predictability of results.9–11

Among the available therapies, implant placement fol-
lowing correct three-dimensional (3D) positioning, fill-
ing the socket with a bone substitute, using connective 
tissue graft, and immediate restoration are procedures 
that can minimize peri-implant tissue loss over time.4,12–15 
Otherwise, in light of current knowledge, the clinician’s 
concern in achieving successful rehabilitation is no longer 
only the success of the osseointegration,16–20 but also peri-
implant esthetics.4,21

Some factors may interfere with the peri-implant tissue 
framework in anterior rehabilitation, such as periodontal 
phenotype, 3D implant position, and prosthetic manage-
ment with an adequate emergence profile. Then, imme-
diate restoration can be considered an essential variable 
in the treatment plan,4,22–24 especially in areas with a com-
promised buccal bone plate and high esthetic demand. 
Therefore, the anterior area of the maxilla present several 
anatomic and esthetic characteristics that must be consid-
ered during dental implant treatment: 1. Thin facial bone 
that is more prone to resorption due to decreased vascular 
supply25 after tooth loss26,27; 2. Reduced buccolingual dimen-
sions and facial bone concavity28–30; 3. The type of implant 
connection used due to the risk of bone loss31; 4. Risk of fen-
estration and exposure of the apical implant’s threads28,32; 
and 5. Peri-implant mucosal recession.31,33,34

Evaluation of the buccal bone plate demonstrated that most 
cases were <1 mm thick, with 50% presenting <0.5 mm thick-
ness.35 Moreover, <10% of sites showed buccal plate thick-
ness ≥2 mm.36 Another study reported that the mean width 
of the facial alveolar bone wall in anterior teeth was around 
0.9 mm.37 It is clear that thinner buccal bone will probably 
result in a greater and considerable amount of vertical bone 
loss.31 The literature showed that initial buccal bone thick-
ness and subsequent vertical height bone loss (after implan-
tation) were 1.2 mm with a loss of 0.7 mm,33 1.25 mm with 
a loss of 0.49 mm38 and 0.5 mm with a loss of 1 mm.34 Con-
sequently, the thinner the bone, the greater the vertical loss.

Objectives

Despite the clinical relevance of the topic, well-delin-
eated clinical studies are scarce regarding immediate 

implant placement (IIP) in anterior sites with buccal bone 
defects already present. Also, there is a gap in the litera-
ture on whether such a condition incurs esthetic prob-
lems after the healing period of the peri-implant tissue. 
As such, the goal of this systematic review was to evaluate 
the esthetic risk caused by IIP with immediate restoration 
in the anterior area, where the facial bone plate may be 
absent or deficient.

This systematic review followed the Preferred Report-
ing Items for Systematic Reviews and Meta-Analyses 
(PRISMA) guidelines and was registered on the Interna-
tional Prospective Register of Systematic Reviews (PROS-
PERO) platform (CRD42022341534). The focus question 
was developed based on the Patient (P), Intervention (I), 
Comparison (C), and Outcomes (O) (PICOS) strategy, 
in addition to the design of the studies (S) conducted.39 
The focus question was: “For IIP immediately restored, 
does the absence of a buccal bone plate mean an increased 
risk for the esthetic and peri-implant mucosa recession?” 
P.  Patients undergoing at  least 1  immediate implant 
in an esthetic region; I. IIP and immediate restoration 
in sockets with buccal bone defects; C. Buccal bone de-
fects at the IIP with immediate restoration; O. Recession 
of the peri-implant mucosa and esthetic risk, and if there 
are procedures in the literature permitting higher predict-
ability in circumventing this bone defect, allowing a better 
esthetic result; S. Clinical studies and observational studies 
(cohort studies, case-control studies and cross-sectional 
studies).

Eligibility criteria

The criteria for inclusion included: 1. Clinical studies 
and observational studies (cohort studies, case-control 
studies and cross-sectional studies); 2. Minimum follow-up 
of 12 months; 3. IIP with immediate restoration in the an-
terior superior esthetic region; 4. Evaluation of esthetic 
clinical parameters; 5. Treated sockets (or study group) 
with buccal wall defects. The  exclusion criteria were: 
1.  Follow-up time of  less than 12  months; 2.  Without 
immediate restoration; 3. Diabetic patients; 4. Smokers 
consuming more than 10 cigarettes per day; 5. Patients 
systemically compromised.

Information sources and search strategy

Two independent examiners (PHMPT and RGD) per-
formed a broad search for articles in 7 databases: PubMed/
Medline, Embase, Cochrane, Lilacs, Scopus, Scielo, and 
Google Scholar. The investigation included clinical and 
observational studies (cohort, case-control and cross-sec-
tional studies) published between January 2012 and July 
2023 in any language. It used the following descriptors 
and combination strategies: “peri-implant soft tissue” OR 
“gingival recession” OR “gingival deficiency” OR “buccal 
plate deficiency” OR “facial bone defect” OR “facial bone 
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deficiency” OR “buccal bone defect” AND “immediate 
implant” OR “single implant” OR “maxillae anterior im-
plant” OR “immediate” OR “immediately” OR “extraction” 
OR “socket” OR “dental implantation” OR “endosseous 
implant” OR “dental implants” OR “single tooth” AND 
“esthetic area” OR “esthetic zone” OR “esthetic region” 
OR “aesthetic.”

Data collection and selection process 
and data items

A thorough analysis of the data was performed by 2 in-
dependent researchers (PHMPT and RGD) for sequen-
tial comparison in Microsoft Excel v. 16.50 (Microsoft 
Corp., Redmond, USA). Information about the authors, 
year of publication, type of study, follow-up, number of pa-
tients, number of implants, eligibility criteria applied, pre-
operative patient evaluation, buccal plate defect size, bone 
graft used, soft tissue graft, number of teeth extracted, 
extraction technique, implants’ settings, implant position, 
postoperative care, provisional restoration and definitive 
prosthesis delivered, implant success/survival rate, esthetic 
outcome parameters measured in the study, and conclu-
sions were registered when available.

Risk of bias assessment

The risk of bias was assessed using the Risk of Bias In Non-
Randomized Studies – of Interventions (ROBINS-I), which 
is a tool for the prospective and retrospective case-control 

papers, and using the Modified Cochrane Risk of Bias tool 
for the randomized controlled trials (RCTs) included in this 
research.40 When up to 1 “Y” (Yes) or 1 “high risk” were 
found, the judgment was “low risk of bias”; if 2 “Y” (Yes) 
or 1 “high risk” and 1 “unclear”  were found, the judgment 
was “moderate risk”; if 3 “yes” or 2 “high risk,” the judgment 
was “high risk of bias.”

Results

Screening and study selection

An initial search found 32,904 articles, of which, after 
filtering for the date (last 11 years and 6 months) and study 
design – randomized clinical trials, 2,485 works were se-
lected (k = 0.93). After reading the titles, the reviewers 
excluded 2,081 studies and another 429 due to duplicity. 
A total of 186 articles were separated for reading of the ab-
stracts, of which 161 were excluded. Of the 25 remain-
ing articles, 13 did not meet the selection criteria because 
they did not deal with alveoli with vestibular wall defects 
(Table 1; k = 0.98). Finally, 12 studies were selected for this 
systematic review (Fig. 1).

Study characteristics

Table 2 describes the types of studies analyzed, the mean 
follow-up time, and the number of implants and patients 
evaluated. Among the  evaluated studies, there were 

Fig. 1. Research flow and the number of articles included in this systematic review
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Records marked as ineligible 
by automation tools (n = 25,889)

Records removed for other 
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(n = 81)

Records excluded after 
reading abstract
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Reports sought for retrieval
(n = 7)

Reports not retrieved after 
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(n = 3)
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Identification of studies via other methods

Records identified from:
Google Scholar (n = 4,620)

Reports sought for retrieval
(n = 106)

Reports assessed for eligibility
(n = 8)

Reports excluded by title
(n = 4,514)

Reports excluded:
– Abstract (n = 87)
– Full text (n = 10)
– Duplicity (n = 1)
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3 RCTs,41–43 7 prospective studies44–50 and 2 retrospective 
studies.13,51 The follow-up was from 12 months41–45,47,50 
to 7 years,51 and the number of patients included in the stud-
ies varied from 100 to 1,245.45,50 All studies included pa-
tients with at least 1 hopeless tooth in the esthetic maxillary 
area with an indication of extraction and the possibility 
of IIP, with the maintenance of the adjacent teeth. The eli-
gibility criteria implemented by the studies are summarized 
in Supplementary Table 1. The preoperative evaluation, size 
of the vestibular defect, and the presence of bone graft and/
or soft tissue are detailed in Table 3.

The extraction technique and postoperative control are 
summarized in Table 4. The implants were loaded with 
immediate restoration, lacking occlusal contacts, and 
the minimum torque reported ranged from 15 N•cm48 
to 35 N•cm.43,44,49 The presence of an initial esthetic defect 
had at least 1 mm51 of gingival recession until the total 
absence of a facial plate.44 Although most of the studies 
used a minimally invasive technique to remove the tar-
get tooth,13,42–51 Lee et al.41 compared 2 groups in which 
1 used a flapless procedure and the other used a raised flap. 

The conclusion of each article is summarized in Supple-
mentary Table 2.

Patients’ assessment

For the  initial assessment of  the  patient, a  cone 
beam computed tomography (CBCT) was used, as well 
as the clinical parameters including the pink esthetic score 
(PES).50 Photographs, periodontal phenotype, preoperative 
soft tissue level, and CBCT scans were also used as ini-
tial references,42,48,49,51 which permitted comparison with 
the final restoration. Ferrantino et al.43 treated alveoli with 
up to 1 mm of bony defect, whereas most authors limited 
the maximal crestal bone defect to 5 mm.41,42,45,50 Other 
studies considered different parameters, including 10 mm 
of vertical bone defect44 and dehiscence of more than 2/3 
of the buccal plate.51 Although most treatments involved 
reconstruction of the buccal plate with different types 
of graft, some authors did not reconstruct the wall.41,44 
Instead, they intended to compare the  local bone and 
soft tissue changes without the  interference of  socket 

Table 1. Articles excluded with justification after full-text reading

Author/year Title Exclusion criteria

Kirsten et al., 2021
Immediate single-tooth implant placement with simultaneous bone augmentation 
versus delayed implant placement after alveolar ridge preservation in bony defect 

sites in the esthetic region: A 5-year randomized controlled trial
There was no immediate provisional.

Happe et al., 2021
Peri-implant soft-tissue esthetic outcome after immediate implant placement 

in conjunction with xenogeneic acellular dermal matrix or connective tissue graft: 
A randomized controlled clinical study

intact buccal wall after extraction

Sanz et al., 2016
The effect of placing a bone replacement graft in the gap at immediately placed 

implants: A randomized clinical trial
intact extraction socket following

Ferrantino et al., 
2021

Esthetic outcomes of non-functional immediately restored single post-extraction 
implants with and without connective tissue graft: A multicenter randomized 

controlled trial
duplicity

Lemes et al., 2014
Behavior of the buccal crestal bone levels after immediate placement of implants 

subjected to immediate loading
6-month follow up

Chu et al., 2015
Subclassification and clinical management 

of extraction sockets with labial 
dentoalveolar dehiscence defects

case report

Kan et al., 2018
Immediate implant placement and provisionalization of maxillary anterior single 

implants
guideline

Sun et al., 2019
Comparing conventional flap-less immediate implantation and socket-shield 

technique for esthetic and clinical outcomes: A randomized clinical study
intact facial alveolar bone wall, without bone 

or soft-tissue defects. 

Rosa et al., 2014

Immediate implant placement, reconstruction 
of compromised sockets, and repair of gingival recession with a triple graft from 
the maxillary tuberosity: A variation of the immediate dentoalveolar restoration 

technique

case report

Arora et al., 2017
Immediate implant placement and restoration in the anterior maxilla: Tissue 

dimensional changes after 2–5 year follow up
any fenestration or dehiscence in the socket 

wall of the failing tooth

Arora et al., 2018
Immediate and early implant placement in single-tooth gaps in the anterior maxilla: 

A prospective study on ridge dimensional, clinical, and esthetic changes
There was a group where provisioning was 

not performed immediately.

Kuchler et al., 2015
Immediate implant placement with simultaneous guided bone regeneration 

in the esthetic zone: 10-year clinical and radiographic outcomes

The work did not describe provisioning and 
did not specify whether the transmucosal 

was customized.

Ma et al., 2019
Immediately restored single implants in the esthetic zone of the maxilla using 

a novel design: 5-year results from a prospective single-arm clinical trial

In 2 patients, provisionalization was not 
immediately performed and the presence 

of bone defects was not described.
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Table 2. Types of study, follow-up, and number of patients and implants evaluated in the articles included 

Author/year Title Type of study Follow-up N (patients); 
n (implants)

Noelken et al., 
201813

Clinical and esthetic outcome with immediate insertion and 
provisionalization with or without connective tissue grafting in presence 

of mucogingival recessions: A retrospective analysis with follow-up between 
1 and 8 years.

 retrospective 
study

1–8 years N = 26; n = 26

Lee et al., 202041 Predicting bone and soft tissue alterations of immediate 
implant sites in the esthetic zone using clinical parameters.

randomized 
controlled trial

12 months N = 39; n = 39

Zuiderveld et al. 
201742

Effect of connective tissue grafting on peri-implant tissue in single immediate 
implant sites: An RCT.

randomized 
controlled trial

12 months N = 60; n = 60

Ferrantino et al., 
202143

Esthetic outcomes of non-functional immediately restored single post-
extraction implants with and without connective tissue graft: A multicenter 

randomized controlled trial.

randomized 
controlled trial

12 months N = 59; n = 59

Pohl et al., 
202044

Gingival recession behavior with immediate implant placement 
in the anterior maxilla with buccal dehiscence without additional 

augmentation – a pilot study.

prospective 
case series 

(observational)
12 months N = 24; n = 24

Staas et al., 
202145

Does initial buccal crest thickness affect final buccal crest thickness after 
flapless immediate implant placement and provisionalization: A prospective 

cone beam computed tomogram cohort study.

prospective 
cohort study 

(observational)
12 months N =100; n = 100

Elaskary et al., 
202046

A novel method for immediate implant placement in defective fresh 
extraction sites.

prospective 
case series 

(observational)
13 months N = 12; n = 12 

Frizzera et al., 
201847

Impact of soft tissue grafts to reduce peri-implant alterations after immediate 
implant placement and provisionalization in compromised sockets.

randomized 
controlled trial

12 months N = 24; n = 24

Noelken et al., 
201348

Maintenance of marginal bone support and soft tissue esthetics 
at immediately provisionalized OsseoSpeedTM implants placed into extraction 

sites: 2-year results.

prospective 
case series 

(observational)
2 years N = 20; n = 37

Da Rosa et al., 
201449

Esthetic outcomes and tissue stability of implant placement in compromised 
sockets following immediate dentoalveolar restoration: Results 

of a prospective case series at 58 months follow-up.

prospective 
case series 

(observational)

58.56 months 
(mean)

N = 18; n = 18

Groenendijk 
et al., 202150

Does the pre-operative buccal soft tissue level at teeth or gingival phenotype 
dictate the aesthetic outcome after flapless immediate implant placement 

and provisionalization? Analysis of a prospective clinical case series.

prospective 
case series 

(observational)
12 months N = 97; n = 97

Sicilia-Felechosa 
et al., 201951

Flapless immediate implant placement and provisionalization in periodontal 
patients: A retrospective consecutive case series study of single-tooth sites 

with dehiscence-type osseous defects

retrospective 
consecutive case

1 year min. 
to 7 years 

max.
N = 40; n = 40

Table 3. Preoperative analysis, buccal defect size, and bone graft and/or soft tissue presence 

Author/year Patient analysis pre-op Buccal plate defect size Bone graft Soft tissue grafts

Noelken 
et al., 201813

CBCT, position of the lip-line, overall gingival 
biotype.

Seven (27%) extraction 
sockets showed a pristine 
facial bone wall (between 

0-mm and 1-mm facial 
bone loss), 13 (50%) sites 
had partial bony defects 

(between 1-mm and 
7.5-mm facial bone loss), 

and 6 (23%) sites presented 
a total loss of the facial 

bone wall (between 
7.5-mm and 13-mm facial 

bone loss).

Autogenous bone grafts 
harvested at the mandibular 
ramus by a bone block and 
particulated in a bone mill 
or by collecting bone chips 

by a bone scraper.

Autogenous bone 
graft + connective 
tissue graft group: 

subepithelial connective 
tissue graft was 

harvested at the palate 
in the premolar region. 
Autogenous bone graft 

group: no soft tissue 
graft.

Lee et al., 
202041

Measurements of the implant site were 
performed at the time of the surgery: vertical 
distance between the buccal gingival margin 

and the buccal crest; thickness of the mid-
buccal gingiva at the level of gingival margin 
and 3 mm apically from the gingival margin. 
Phenotype categorized into “thick” gingiva 

or “thin” gingiva; thickness of the mid-buccal 
bone crest at the level of crestal margin and 

3 mm apically to the crestal margin.

Fenestration with 
a diameter <5 mm affecting 
less than half of the socket 

wall.

no graft no graft
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Author/year Patient analysis pre-op Buccal plate defect size Bone graft Soft tissue grafts

Zuiderveld 
et al., 201742

The height of the bone defect was measured 
after the failing tooth was extracted, using 

a periodontal probe at the mid-buccal, mesial 
and distal aspect of the failing tooth and 

the adjacent teeth.

less than 5 mm

1/1 autologous harvested 
from the maxillary tuberosity 

region/anorganic bovine bone 
(Bio-Oss®).

Control group: no soft 
tissue graft; test group: 

connective tissue 
graft harvested from 

the maxillary tuberosity 
region.

Ferrantino 
et al., 202143 Clinical examination and CBCT. less than 1 mm

Bovine bone mineral 
(DBBM) (Bio-Oss®, Geistlich 

Biomaterials, Wolhusen, 
Switzerland).

Test group: patients 
received a sub-epithelial 

CTG harvested from 
palate or tuberosity.

Control group: no soft 
tissue graft.

Pohl et al., 
202044

Test group: presence of a partial defect 
of the buccal bony alveolar lamella (at least 

25% of the length of the corresponding 
tooth) up to a completely missing buccal 

plate. Control group: intact buccal bone wall.

Buccal plate vertical defect 
– 4.96 mm (min. 2.26 mm; 
max. 9.68 mm horizontal 
defect – 4.25 mm (min. 
3.2 mm; max. 5.91 mm). 

no graft no graft

Staas et al., 
202145 CBCT Bone crest defect ≤5 mm. 

Bovine bone (Bio OssTM S 0.25–
1 mm, Geistlich Biomaterials).

no graft

Elaskary et al., 
202046

A CBCT scan was used for diagnosis and 
treatment planning. Impressions were also 
taken and cast in dental stone to fabricate 

computer-guided surgical templates.

Group 1: no bone defect 
but thin buccal plate and 
intact soft tissue; Group 2: 
deficient buccal bone but 

intact soft tissue.

Mixture of autogenous bone 
chips and DBBM in a ratio 

of approx. 3:1, covered 
by a slowly resorption 

xenograft cortical membrane. 
Autogenous chips harvested 

from the area of vestibular 
access with scrapers.

Subepithelial connective 
tissue graft harvested 

from the palate.

Frizzera et al., 
201847 CBCT and clinical evaluation.

Probing depth and clinical 
attachment level >3 mm.

Xenograft – bovine bone 
+ 10% porcine collagen 

(Bio-Oss Collagen; Geistlich 
Biomaterials).

Autogenous 
– connective tissue; 
Xenograft-collagen 
matrix (Mucograft; 

Geistlich Biomaterials).

Noelken 
et al., 201348

CBCT was performed to evaluate 
the dimensions of the facial bony lamella 
prior to surgery. Especially, the thickness 

of the facial lamella was measured in relation 
to a defined reference point. The thickness 

of the facial lamella was measured 
in distances of 1, 3, and 6 mm apically to this 

reference level. 

Eight extraction sockets 
showed no recession 

and a pristine facial bone 
wall, 11 sites showed 

a combination of a pristine 
soft tissue condition 

and defects of the facial 
bone walls of various 

dimension, 18 sites showed 
a combination of facial 

recession and bone 
deficiencies.

Autogenous bone grafts 
harvested at the mandibular 

ramus by particulating 
a bone block in a bone mill 

or by collecting bone particles 
by a disposable filter.

Connective tissue 
graft harvested from 

the maxillary tuberosity 
region (test group).

da Rosa et al. 
201449 CBCT; photograph; gingival biotype

Bony dehiscence in which 
the defect involves 

the coronal and medium 
third of the root without 
affecting the apical third.

IDR – published by Rosa et al.;
autologous removed from 

tuberosity.
no graft

Groenendijk 
et al., 202150

Light photographs perpendicular 
to the tooth arch placed into a digital format. 

Reference lines drawn through gingival 
margin of the contra-lateral incisor, incisal 

edge of contra-lateral incisor, and distal from 
the central and lateral incisors. The gingival 
margin of the failing tooth at T0 was drawn 

in blue as a reference at different time points

Crestal bone defect not 
exceeding 5 mm. 

DBBM (Bio-Oss®; Geistlich 
Biomaterials).

no graft

Sicilia-
Felechosa 
et al., 201951

Virtual surgery study using a programming 
software based on the CBCT examination.

Ranging from ≤1/3 
or pocket depth 5–6 mm 
from gingival margin until 

bone dehiscence ≥2/3 
or pocket depth ≥10 mm 

from gingival margin.

Combination of autogenous 
bone from drilling and DBBM, 

or only DBBM (Bio-Oss®; 
Geistlich Pharma AG). 

Autogenous (connective 
tissue –85%); allogeneic 
dermis (15%; AlloDerm 

RTM, BioHorizons).

CBCT – cone beam computed tomography; DBBM – deproteinized bovine bone mineral; IDR – immediate dentoalveolar restoration.

Table 3. Preoperative analysis, buccal defect size, and bone graft and/or soft tissue presence – cont. 
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Table 4. Extraction technique, diameter and type of implants used, implant position, postoperative control, and implant survival rate 

Author/year Tooth extraction 
technique

Implant 
used

Implant dimen-
sions and 
platform

Implant position Post-op control Implant survival 
rate

Noelken 
et al., 201813

Atraumatically ex-
traction to maintain 
alveolar bone and 

gingival architecture.

Osseo-
SpeedTM 

(Astra Tech 
AB)

Conical connec-
tion; diameters: 

between 3.5 mm 
and 5.0 mm; 

length: 15 mm 
and 17 mm.

Aligned to the oral lamella 
of the socket. Placement 

depth determined 
by the interproximal and 

facial soft tissue and bone 
height.

The patients were 
examined preoperatively, 

at implant placement, 
at prosthetic delivery, and 
at annual follow-up visits 
up to 9 years following 

implant insertion.

100%

Lee et al., 
202041

The surgical proce-
dure involved extrac-
tion of the tooth with 
or without elevation 

of a flap (flapless 
group, n = 18; flap-

involving group, 
n = 21).

Full OS-
SEOTITE Cer-
tain Tapered 

Implant 
(Biomet 3i, 
Palm Beach 

Gardens, 
USA).

Internal paral-
lel connec-

tion. The size 
of the implant 
was selected 

based on the re-
storative plan 

and bone dimen-
sions.

The implants were placed 
at the level of the buc-
cal crest. The horizontal 

distance between the im-
plant platform and buccal 
plate should be more than 

1 mm.

All patients were seen at 1, 
2, 3, 6, and 12 months, 

and received oral hygiene 
instructions and a pro-

phylaxis.

One out of 39 im-
plants failed and 

was removed 
4 weeks after its 

placement. 36 im-
plants had radio-
graphs available 
and 34 implants 
had gingival and 
ridge measure-

ments available for 
clinical and radio-
graphic analysis.

Zuiderveld 
et al., 201742

As atraumatically 
as possible by de-
taching the peri-
odontal ligament 

from the failing tooth 
without raising a flap.

Nobel Ac-
tive (Nobel 
Biocare AB, 

Gothenburg, 
Sweden).

Conical connec-
tion. The implant 
dimension was 
not described 
in the paper.

Palatal side of the alveolus 
according to the manu-

facturer’s manual by using 
a template represent-
ing the ideal position 

of the prospective implant 
crown; 3 mm apically 

to the most apical pro-
spective clinical crown.

Patients were instructed 
to follow a soft diet and 
to avoid exerting force 

on the provisional restora-
tion.

One implant 
in each group was 
lost due to failing 
osseointegration 
(96.7% implant 
survival in both 

groups).

Ferrantino 
et al., 202143

Extraction per-
formed as gently 

and atraumatically 
as possible, followed 
by careful cleaning 

of the socket for any 
residue of granula-

tion tissue. The status 
of a chronic infection 
in the alveolar socket 

was recorded.

Imax, iRES 
SAGL

Internal parallel 
walls; diam-

eters: 3.85 mm 
or 4.2 mm; 

lengths: 
11.5 mm, 13 mm 

and 16 mm.

Not detailed in the paper.

• Ibuprofen 400 mg twice 
a day for 2 days. 

• Chlorhexidine mouth-
wash 0.2% for 1 min 

twice a day for 2 weeks. 
• Amoxicillin 1 g twice 

a day for 6 days. Patients 
allergic to penicillin were 
prescribed clindamycin 
300 mg twice a day for 

6 days.

One implant fail-
ure was recorded 

in each group. 
Test group: 96.8%; 

control group: 
96.4%.

Pohl et al, 
202044

Cautious and utterly 
careful tooth extrac-
tion, the alveola was 
carefully excochleat-
ed without elevating 

the flap and under 
careful preservation 

of the papilla. 

Nobel-
Replace 
Tapered; 

Nobel® Bio-
care, Kloten, 
Switzerland. 

Conical connec-
tion; diameter: 
4.3 mm; length: 

13 mm and 
16 mm.

The buccal crestal margin 
of the implant had to be 

at least 3 mm below 
the deepest indention 
of the gingival margin 

and 3 mm palatally 
of the same. The implant 

had no direct contact 
with the buccal portions 
of the facial bone or soft 
tissue. Thus, the orienta-
tion of the implant posi-
tion was soft-tissue- but 
not hard-tissue-related.

For assessing the me-
sial and distal bone level, 
intraoral radiographs (Si-
dexis®; Sirona, Bensheim, 

Germany) were taken 
on the day of surgery 

and 4, 6, and 12 months 
postoperatively.

100% 

Staas et al., 
202145

Atraumatic tooth 
removal technique. 

NobelActive 
Conical Con-

nectionTM 
(Nobel-
Biocare, 

Washington, 
DC, USA).

Conical connec-
tion; diameter: 
3.0 mm (×6), 

3.5 mm (×47), 4.3 
diameter (×45). 

length: between 
11.5 mm and 

18 mm.

The seat of the implant 
was placed 3 mm apically 
from the buccal gingival 

margin and at least 2 mm 
palatal of the buccal bone 

plate.

Amoxicillin 500 mg ×3 day 
for 5 days (clindamycin 
600 mg/×4 day 5 days 

if allergic to penicillin) and 
chlorhexidine 0.12% twice 

a day for 14 days.

100% (2 patients 
excluded due 
to trauma and 

relocation). 
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Author/year Tooth extraction 
technique

Implant 
used

Implant dimen-
sions and 
platform

Implant position Post-op control Implant survival 
rate

Elaskary 
et al., 202046

Atraumatically 
using periotome. 
Vestibular access 

horizontal incision 
made at the socket 

site 3–4 mm apically 
to the mucogingival 

junction and ex-
tending 5–10 mm 

horizontally, 
submucoperiosteal 
tunnel created from 

the facial aspect 
of the socket orifice 
until the vestibular 

access incision.

Megagen 
implant

Conical connec-
tion; diameter 
and length not 

described 
in the text.

Optimum prostheti-
cally guided position with 

the implant shoulder 
placed 3–4 mm api-

cally to the labial gingival 
margin.

Antibiotics (Ciprodiazole) 
and non-steroidal anti-
inflammatory (Catafast) 

for 5 days, mouth washing 
with chlorhexidine 0.12% 

during 10 days; 6 and 
13 months to measure 

facial bone thickness and 
height. Pink esthetic score 

was recorded at 6 and 
13 months.

100%

Frizzera et al., 
201847

Flapless, with a facial 
pouch creation for 
the soft tissue aug-
mentations groups.

Flash 
(Conexão 

Sistemas de 
Prótese)

Diameter: 
3.5 mm; Lenght: 

according 
to the amount 
of apical bone; 

Platform: conical 
morse-taper.

Implant platform was 
placed 4 mm below 

the facial gingival margin 
(ideal implant position).

Antibiotic (amoxicillin for 
7 days) and analgesic for 
pain relief (paracetamol 
750 mg). Clohrexdinine 

0.12% for mouth washing. 
Measurements of soft 

tissue at 6 and 12 months 
after the surgery.

100%

Noelken 
et al., 201348

Atraumatically 
extracted using 

the periotome tech-
nique maintaining 
the alveolar socket 
walls and gingival 

architecture. All 
procedures were 

performed without 
raising a flap even 
when a facial bone 

defect was observed. 

Osseo-
SpeedTM 
implants 

(Astra Tech 
AB). 

Conical connec-
tion; Diameters: 

3.5–5.0 mm 
Length: 

11–17 mm.

In contact with the oral 
lamella of the socket. 

Depth was determined 
by the interproximal and 

facial soft tissue and bone 
height. 

Antibiotic prophylaxis 
(starting the day before 

surgery until 7 days post-
operatively; clindamycine 

300 mg 3–4 times/day) 
and a prescription for 

post-surgical chlorhexi-
dine rinse 0.2%, for 

10 days.  
After implant placement, 

the subjects returned 
for a follow-up visit after 

7–10 days for control 
of the implants, the tem-
porary restoration, and 

the healing process.

100% 

da Rosa et al., 
201449

As atraumatically 
as possible using 

peristomes and mini 
livers after mini-

mal incision made 
around the tooth 
with microblade. 

Maintain the integri-
ty of remaining bone 

wall and papillae.

Nobel 
replace Ta-

pered TiUnite 
– (Nobel 
Biocare).

Conical connec-
tion; diameter 
and length: ac-

cording to socket 
dimensions.

Ideal 3D position. Cingu-
lum axis of the alveolus.

500 mg of amoxicil-
lin ×3 day (azithromycin 

500 mg ×2 day if al-
lergic) for 10 days/4mg 
dexamethasone ×2 day 

for 3 days. Mouth washing 
with chlorhexidine solu-
tion ×2 day for 14 days.

100%

Groenendijk 
et al., 202150

After atraumatic 
extraction, the socket 
was cleaned exten-
sively using a bone 

excavator to remove 
remnants of the peri-

odontal ligament 
and/or inflammation 

tissue and to pro-
mote bleeding. 
The keratinized 

gingiva remained 
intact as no flaps 

were raised.

NobelActive 
Internal im-

plants (Nobel 
Biocare, 

Washington 
DC, USA).

Conical connec-
tion. The implant 
dimension was 
not described 
in the paper.

Implant seat positioned 
3 mm deeper than 
the buccal gingival 

margin.

Amoxicillin every 8 h dur-
ing 5 days postoperatively 

and to rinse with 0.12% 
chlorhexidine solution 

twice a day during 14 days 
post-surgery.

100% (3 patients 
excluded due 

to trauma, reloca-
tion or missing 
photographs). 

Table 4. Extraction technique, diameter and type of implants used, implant position, postoperative control, and implant survival rate – cont.
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grafting after IIP and immediate restoration in the pres-
ence of a partial or completely missing buccal bone.

The PES was used to compare initial and final photo-
graphs of the patient using the contralateral tooth as a ref-
erence.13,42,44,46–48,50,51 Some points were evaluated, such 
as the medial and distal papillae, soft tissue contour, gingi-
val margin level, soft tissue color, and texture. On the other 
hand, Ferrantino et al.43 applied the Implant Crown Aes-
thetic Index (ICAI) to clinical digital photographs taken 
during the follow-up. In contrast, da Rosa et al.49 chose 
the gingiva morphometry method. Staas et al.45 and Lee 
et al.41 assessed the relationship between the bone mar-
gin and thickness as well as the interproximal bone peek 
to measure the esthetic risk of IIP and immediate restora-
tion and gingival/bone changes during the healing time. 
Some authors also evaluated patient satisfaction.51

Bone graft and soft tissue

In paper by Sicilia-Felechosa et al.,50 the authors did not 
describe the bone substitute used, while most of the others 
chose xenografts.43,45,47,51 Two studies had grafted the buc-
cal alveolar space in front of the implant surface with au-
tologous bone chips,13,48 while 1 decided to use a specific 
graft technique using thin lamina of bone from tuberosi-
ties.49 The association between xenograft and autologous 
chips was also considered to fill the buccal gap.42,46,51

Regarding soft tissue grafts, there was no preference 
regarding their use or not. While some authors proceeded 
with gingival volume augmentation,42,43,46–48,51 others 
did not consider this option.13,41,44,45,49,50 Subepithelial 
connective tissue grafts removed from the palate42,46–48 
or tuberosity42 were used to increase gingival volume. Al-
logenic dermis (AlloDerm RTM, Biohorizons, Allergan 
Corp., Dublin, Ireland)51 and a collagen matrix (Mucograft, 
Geistlich, Wolhusen, Switzerland)47 were also considered.

Implant settings

Tapered implants were used in  several studies 
(Table 4).13,41–49,51 Nevertheless, 1 author used a parallel 
implant,51 and another did not describe the type of im-
plant used.50 The diameter of the implants varied from 
3.0 mm45 to 5.1 mm,51 and was chosen based on the socket 
dimensions. The position of the implant was more palatal, 
following the best 3D position, creating a gap between 
the  implant surface and the  buccal bone wall, which 
could be filled with graft or not, as described above. This 
gap ranged from 1 mm41 to 3 mm long44 and was filled 
as mentioned above. The abutment connection dictates 
the distance from the perspective of the clinical crown 
margin to the implant seat. The most commonly described 
distance was 3–4 mm,42,45–47 although implant seats coin-
ciding with the facial bone crest level were found.41

Author/year Tooth extraction 
technique

Implant 
used

Implant dimen-
sions and 
platform

Implant position Post-op control Implant survival 
rate

Sicilia-Fel-
echosa et al., 
201951

All surgeries 
were carried out 

by an experienced 
periodontist with 
the aid of a surgi-
cal microscope. 

Dental extractions 
were atraumati-
cally performed 
to the maximum 
possible extent. 

Use of sclerotome, 
forceps and root 

elevators, avoiding 
bucco-lingual luna-

tion movements.

Conical: Zim-
mer Biomet 

hybrid micro-
surface 

topography 
(machined 

surface 
at the most 

coronal 
aspect 

and dual 
acid-etched 

surface 
on the re-
mainder 

of the im-
plant body; 

OSSEOTITE®, 
Zimmer 
Biomet). 
Parallel-

walled: No-
bel Biocare 
Speedy®, 
anodized 

surface (Ti-
Unite®, No-
bel Biocare)

Implant 
length [mm]: 
11.5 (n = 1), 

13 (n = 13) and 
15 (n = 26). 

Implant diameter 
[mm]: 3.4 (n = 2), 
4.1 (n = 33) and 
5.1 (n = 5). Exter-

nal hexagon.

The implants were placed 
according to the CBCT set-

ting following a com-
puter-oriented surgery 

procedure with multiple 
screens.

Not described in the pa-
per.

One implant 
placed failed 
at 5.6 years. 

The remaining 
implants (39) were 
monitored, achiev-
ing a success per-
centage of 98.3% 
(95% CI: 91–99%) 

in a follow-up 
period that ranged 
from 1 to 7 years.

CBCT – cone beam computed tomography.

Table 4. Extraction technique, diameter and type of implants used, implant position, postoperative control, and implant survival rate – cont.
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Implant success/survival rate

The implant success rate (Table 4) was measured based 
on  the  absence of  pain complaints, discomfort, infec-
tion, no implant mobility, and no bone loss (less than 
1 mm in the 1st year). A high success rate was found in all 
of the selected papers. Some authors showed a 100% suc-
cess rate,13,44,46–49 while others described 1 implant loss 
out of 39%,41 or 96.80% implant survival.43 Others had 
a success rate of 98.3%,51 96.7%,42 while some had a suc-
cess rate of around 100% after excluding patients who lost 
the implant due to trauma or did not undergo the follow-up 
maintenance.45,50

Immediate/provisional restoration

The immediate restoration procedure was mandatory 
to be included in this review (Table 5). Although different 

restorative protocols were found, all authors used tempo-
rary restorative crowns during implant healing. Elaskary 
et al.46 chose to maintain the gingival architecture with per-
sonalized provisional healing at the gingival margin level 
instead of installing a complete restorative crown. Some 
authors43,47,49 described a  subgingival concave contour 
of the immediate restoration to maintain the gingival mar-
gin position and create space for the soft tissue ingrown. 
Nevertheless, Groenendijk et al.50 differed in 3 clinical situ-
ations that could be found during the extraction procedures 
and 3 restorative approaches: 1. Gingival recession, which 
should lead to a more concave contour in the subgingival 
area of the prosthesis, allowing the growth of soft tissue; 
2. Gingival margin in the right position, in which the resto-
ration should support the tissue without compression; and 
3. When there was a more coronal position of the gingival 
margin, the restorative crown should compress the soft 
tissue to promote a controlled recession.

Table 5. Immediate restoration, period for rehabilitation, esthetic outcomes, and measured parameters

Author/year Provisionalisation Definitive prosthesis deliver Esthetics outcomes Measure parameters

Noelken et al., 
201813

The temporary restorations 
were either manufactured 
from acrylic denture teeth 

to be cemented on top 
of titanium abutments 

using a temporary cement 
or individual temporary 

screw-retained restorations 
fabricated by a laboratory 

technician using temporary 
abutments.

Final restoration fabricated 
after a minimum of 3 months 

of healing. Zirconia crowns 
were cemented on top 
of zirconia abutments.

The primary outcome 
parameter of this 

retrospective study was 
the facial soft tissue level. 
The secondary outcome 

parameters were the width 
of the keratinized mucosa, 
the interproximal and facial 

marginal bone levels, the soft 
tissue esthetics, and overall 

implant success.

Evaluation of primary and 
secondary outcome parameter 
was measured by a periodontal 

probe with 1 mm calibration. 
The Pink Esthetic Score (PES) 
assessed the configuration 

of the mesial/distal papillae, 
the vertical level, the contour 

and symmetry of the soft 
tissue margin, and the texture 

and color of the soft tissue 
on a rating scale (0–2). The status 

of the interproximal marginal 
bone level was determined using 
digital periapical radiographs with 

paralleling technique.

Lee et al., 
202041

A provisional abutment with 
a screw-retained custom 
provisional crown placed 
immediately. Provisional 
crowns were free of any 

occlusal contact. Details about 
restoration contours not 

described.

The patients were referred for 
definitive restorations 

6 months after placement. 
More details are not described 

in the paper.

Alterations of bone and 
soft tissue were measured. 
Linear regression analysis 
was performed to analyze 
the association between 

different clinical parameters 
and outcomes of interest.

Measurements of tissue alterations 
obtained at the follow-up visits 

included: vertical gingival margin 
(GM) change: mid-buccal gingival 
level changes calculated through 

the measurement obtained 
from the baseline visit compared 
with the measurement obtained 

at the 12-month follow-up 
visit; horizontal buccal ridge 

dimensional change: longitudinal 
remodeling of the buccal ridge 
in the horizontal plane assessed 

on casts using a stent to measure 
changes from presurgical 
baseline to the 12-month 

cast, with the reference plane 
of the measurement located 

3 mm apically to the preoperative 
gingival margin; interproximal 
marginal bone level change: 
distance between the most 

coronal bone to implant contact 
(BI) and the implant platform level 
(IP) measured both at the mesial 

and distal sites on digital periapical 
radiographs
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Author/year Provisionalisation Definitive prosthesis deliver Esthetics outcomes Measure parameters

Zuiderveld 
et al., 201742

Immediate implant-level 
impression taken to fabricate 

a screw-retained lab-made 
provisional crown using 

engaging temporary 
abutment and composite. 

Then, a corresponding healing 
abutment was connected 
to the implant. The same 

day as implant placement, 
the healing abutment was 
removed and the screw-

retained provisional crown was 
fitted directly onto the implant 

with 20 N•cm and adjusted 
to free it from centric contacts 

with antagonist teeth.

After a 3-month provisional 
phase, a final open tray 
impression was taken 

at implant level using polyether 
impression material. Next, 
an individualized zirconia 

abutment was made. 
Abutment screws were torqued 

with 35 N•cm. Depending 
on the location of the screw 
access hole, the final crown 

was screw-retained or cement-
retained with glass ionomer 

cement.

Esthetics of the peri-implant 
mucosa and implant 

crown were assessed from 
photographs taken using 

the pink esthetic score-white 
esthetic score (PES/WES).

Change in mid-buccal mucosal 
level (MBML) compared 

to the preoperative situation. 
In addition, gingival biotype, 

esthetics (using the Pink Esthetic 
Score – White Esthetic Score), 

marginal bone level, soft tissue 
peri-implant parameters and 

patient satisfaction were assessed.

Ferrantino, 
et al., 202143

A customized screw-retained 
resin crown was positioned 

on an anti-rotational titanium 
temporary abutment 

over the implant without 
any occlusal contact. 

Special attention was paid 
to the trans-mucosal shape 

of the provisional restoration 
to support the soft-tissue 

margin of the post-extraction 
site without any compression 

and to provide space for 
a stable blood clot formation.

After 6 months – screw-retained 
or cemented restoration 

was fabricated and delivered 
to the patient after the pick-
up impression was treated 

with a polyether material. For 
screw-retained restorations, 

a prefabricated anti-rotational 
titanium abutment was used, 

while a customized anti-
rotational titanium abutment 

was manufactured for 
cemented restorations. Final 

crowns were either made with 
monolithic zirconia; porcelain 

fused to metal or porcelain 
fused to zirconia.

An esthetic assessment was 
carried out on digital clinical 
photos taken during a 1-year 
follow-up visit on a computer 

screen by an independent 
blinded investigator. 

The pictures of the buccal 
and occlusal aspects included 

the 2 adjacent teeth and 
the contralateral dentition. 

Further analysis of the primary 
outcome variable considered 

the 4 items regarding 
the esthetic of the mucosa 
and the 5 items regarding 
the esthetic appearance 
of the crown separately.

Implant Crown Aesthetic Index 
(ICAI) at the 1-year follow-up.

Pohl et al., 
202044

Provisional rehabilitation 
in both groups was done 
using a copy abutment 

initially in synthetic 
material exactly imitating 
the gingival emergence 

profile of the original tooth. 
Special care was taken not 
to give any pressure due 
to the abutment design 

to the soft tissues as seen 
by a change of the color 
from pink to white as this 
might influence the soft 
tissue margin. On the 3rd 
to 5th postoperative day, 

this abutment was replaced 
by a copy of zirconium oxide 

and fixed with a torque 
of 20 N•cm. Both abutments 

were provided with the same 
provisional crown having 
no interproximal contact 
with neighboring teeth 

or eccentric contact with 
opposing teeth. 

After a healing phase 
of 3–4 months, the abutment 

screws were fixed using 
a torque of 25 N•cm, and 

the provisional crowns were 
replaced by ceramic crowns 
by the use of conventional 

impression technique. 
In case of a possible visibility 

of abutment margins due 
to mucosal retraction, 

the abutment was ground 
using diamond drills taking 

special attention not to touch 
the soft tissue. The definitive 

abutments were neither 
removed at that time nor at any 

later point of time.

For assessing the buccal 
soft tissue profile, intra-
oral photographs were 

taken preoperatively and 
postoperatively after 1 year. 
The images each comprised 

the region to be assessed 
as well as the contralateral 

tooth. The parameters assessed 
included: the mesial and distal 
papilla, the level, contour, color, 
structure and texture of the soft 

tissue, and the alveolar ridge 
of both the test and the control 

tooth. All measurements 
of the Pink Esthetic Score 

(PES) were taken in blinded 
manner by 2 students 
in training for dentist, 

an experienced implantologist 
and an experienced implant 
prosthodontist. In addition, 
a straight line was placed 
through the most apical 

point of the gingiva 
of the neighboring teeth 

of the implant, and a vertical 
to this line to the most 

apical point of the mucosa 
of the implant crown was 

determined. Measurements 
were done in mm based 

on the actual crown length 
of one of the neighboring 

teeth.

The buccal defect was determined 
with sagittal reconstruction 

according to the longitudinal 
axis of the implant 

in the postoperative cone beam 
computed tomography (CBCT) 

scan. The distance between 
2 verticals on the implant axis 

from the most crestal bone 
margin to the upper implant 

edge yielded the vertical defect 
of the buccal lamella. In addition, 
the maximum size of the defect 
was evaluated at the transverse 

section and vertical to the implant 
axis. For assessing the mesial 

and distal bone level, intraoral 
radiographs were taken on the day 
of surgery and 4, 6, and 12 months 

postoperatively. The distance 
between the upper edge 

of the implant and the first contact 
of the bone with the implant body 
was determined both mesially and 
distally following calibration with 

the known implant length.

Table 5. Immediate restoration, period for rehabilitation, esthetic outcomes, and measured parameters – cont.
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Author/year Provisionalisation Definitive prosthesis deliver Esthetics outcomes Measure parameters

Staas et al., 
202145

A titanium temporary 
customized platform-switch 

ProceraTM abutment was 
placed allowing fabrication 

of a composite screw-retained 
provisional restoration.

After implant placement 
(3–9 months), the final 

impression was taken to fabricate 
either an individualized, screw-

retained, zirconium-oxide 
porcelain veneered crown, 

or an individualized zirconium-
oxide abutment with a resin 

cemented porcelain.

Correlation between 
buccal bone thickness and 

radiographs analyses.

Radiographic procedure 
measurements. Thickness 

of the buccal crest was measured 
at the level of the implant-

shoulder, ensuring that thickness 
of the buccal crest was measured 

at the same position and 
angulation at all time points.

Elaskary et al., 
202046

Customized healing abutment 
screwed to the implant, 
adequately finished, and 

polished to ensure a proper 
soft tissue emergence profile.

The definitive restoration 
was delivered 3 months 

postoperatively. 

Two examiners were trained 
and calibrated to access 
the esthetic appearance 

at 6 and 13 months using 
pink esthetic score (PES). 

The comparison was made 
with the contralateral natural 

tooth. Mesial papilla, distal 
papilla, soft tissue level, soft 

tissue contour, deficient alveolar 
process, soft tissue color, and 

texture were evaluated.

Cone beam computed 
tomography (CBCT): 

superimposing the images 
at baseline and 6 or 13 months. 

The facial bone thickness 
measured on the 6/13 months 

images from the implant surface 
to the outer surface of bone 

at 3 points. Same was done with 
the contralateral tooth. Facial bone 

high measured from the facial 
bone crest and implant platform.

Frizzera et al., 
201847

20 N•cm screw retained 
interim restoration 

or cemented provisional over 
20 N•cm torque abutments.

After 6-month final restoration 
with emergence profile copied 

from interim restoration. 
Abutments customized 

in zirconia and subgingival 
concave contour to deliver 

cemented porcelain restoration. 
Cementation line 0.5 mm 
bellow gingival margin.

Clinical photographs 
at baseline and at 6 and 

12 months after the surgery, 
where marginal peri-implant 

recession (MPR), mesial papilla 
(MP), and distal papilla (DP) 
migration were measured 

based on the adjacent teeth. 
Pink esthetic score (PES) and 
modified PES (mPES) were 
assessed to evaluate soft 
tissue esthetic outcomes.

Photographic evaluation of peri-
implant soft tissue margin 
and interproximal papillae 

based on the adjacent teeth. 
Measurement of the facial bone 
thickness (FBT) in contact with 
the implant at different levels, 
the soft tissue thickness (STT) 

2 mm below the gingival margin, 
and the distance between 

the implant platform and the 1st 
bone-to-implant contact (DIPBIC). 

Line connecting the mesial and 
distal bone crest was created and 
the distance to the palatal bone 
was recorded to assess the size 

of the format of the ridge defect 
(FRD).

Noelken et al., 
201348

Healing abutments (Healing 
Abutment Uni 4.5/5.0; Astra 
Tech AB) were used during 

the short time of fabrication 
of the temporary restoration. 

Manufactured acrylic 
denture teeth were adjusted 

to the implant site and 
cemented on top of titanium 

abutments (n = 12) using 
a temporary cement 

or individual temporary 
screw-retained restorations 
fabricated by a laboratory 

technician using temporary 
abutments (n = 25). All 

temporary restorations were 
inserted at the day of implant 

placement and adjusted 
to clear all contacts.

A minimum of 3 months. 
The final zirconia crowns 

or bridges were cemented 
on top of zirconia abutments 

using a temporary cement 
or a glass ionomer cement.

 –

status of the interproximal marginal 
bone level was determined using 

digital periapical radiographs. 
To ensure reproducibility between 

the examinations, radiographs were 
taken with paralleling technique 
using commercially available film 
holders. status of the facial bone 
level was determined with cone 
beam computed tomography 

(CBCT) data, specifically 
by the reconstruction according 

to the long axis of the teeth/
implants at pre-treatment 

examination, at 1-year and/
or 2-year follow-up. The thickness 

of the facial bone wall was 
measured 1, 3, and 6 mm apically 
to this reference level at the facial 

aspect of the implant.

da Rosa et al. 
201449

Provisional crown applied 
using veneers previously 

prepared with light curing 
composite resin. Ideal 

emergency profile with 
concave contour allowing 

free space to accommodate 
the soft tissue.

After 6 months – cemented 
metal-ceramic or ceramic 
zirconia restoration over 

customized abutment with 
subgingival contours. Cement 

line established between 
0.5 mm and 1 mm below 

the gingival margin.

Gingivomorphometry 
method. Two clinically 

photographs: 1 week after 
definitive crown deliver/last 

follow up visit (1 photograph 
for rehabilitation planning).

Crown high baseline/follow up; 
mesial papilla heigh baseline/
follow up; distal papilla heigh 

baseline/follow up.

Table 5. Immediate restoration, period for rehabilitation, esthetic outcomes, and measured parameters – cont.
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One point of  convergence between all authors was 
the necessity of leaving the immediate restoration with 
a  lack of occlusal contacts. Meanwhile, a healing time 
of 313,42,44–46,48 or 6 months41,43,47,49 was allowed before de-
livering the final restoration (Table 5). Various materials 
were used for the final crown and the cemented or screw-
retained prosthesis. The  definitive restorative crowns 
were made from multiple materials, including metal-ce-
ramic,43,49 monolithic zirconia, zirconium oxide45,48 or ce-
ramic.44 Those prosthetic crowns could be 1 piece screwed 
to the implant43,45 or 2 pieces using a zirconia abutment 
to receive the cemented crown.13,45,48

Phenotypes and esthetics

Regardless of the importance of the initial phenotype, 
the thinner the buccal plate thickness, the higher the risk 
of gingival recession or shrinkage of the alveoli. The final 
result showed (in most cases across all studies) that the es-
thetic result can be delivered. The thin phenotype could 
promote great changes in the mid-buccal gingival margin 
and the mid-buccal ridge dimension. Also, when combined 
with flap release, there was an increase in the interproxi-
mal gingival recession41 (Table 6).

Even when IIP and immediate restoration involved compro-
mised sockets presenting with buccal bone deficiency or gin-
gival recession, an increase in the PES could be achieved.50 
Many different approaches could overcome bone deficiency, 
as shown by da Rosa et al.,49 and achieved stable peri-im-
plant soft tissue levels after 58 months, even in compromised 
fresh sockets. Another study24 did not proceed with any kind 
of buccal plate reconstruction or soft tissue augmentation, 
and, at the end of the follow-up, still demonstrated an increase 
in PES for patients treated with IIP and immediate restora-
tion in the presence of bone deficiency, even though minimal 
adjustment of the restoration had to be performed in every 
patient due to slight alterations of the gingival margin.

Although the association between buccal gap filling and 
soft tissue augmentation is not mandatory for satisfactory 
esthetic results,43 its application adjunctive to immediate 
restoration in IIP seemed to deliver the most predictable 
treatment, guaranteeing marginal gingival level stabil-
ity.42,46,47 In addition, using subepithelial connective tissue 
grafts improved the results compared to other soft tissue 
substitutes.47 Even though an expected increase in PES was 
noticed, reaching the maximal score in 73–89% of cases, 
there was still a risk of a gingival recession of 1–2 mm 
in around 20% of the treatments.51

Author/year Provisionalisation Definitive prosthesis deliver Esthetics outcomes Measure parameters

Groenendijk 
et al., 202150

Titanium temporary abutment 
positioned onto the implant 
that allowed the fabrication 

of a screw-retained temporary 
crown.

Six months later, either 
an individualized, screw-

retained, zirconium-porcelain 
crown, or an individualized 
zirconium abutment with 

a cemented porcelain facing. 

Pink esthetic outcome.

Both the implant and contra-
lateral site were photographed 

in a standardized way at different 
timepoints; preoperatively, 

7–14 days postoperatively, direct 
after placement of the permanent 
crown, and 1 year post-operation. 

On each time point, 2 light 
photographs were taken: 

1 perpendicular to the mid-
buccal of the tooth arch, and 

1 perpendicular to the implant 
site. Before examination, the light 

photographs were placed 
in a digital format. Evaluation 
of the pink esthetic outcome 
was executed by 2 blinded 

examiners, who were not involved 
in the patient treatments.

Sicilia-
Felechosa et al., 
201951

Immediately produced 
in the laboratory a direct-to-
implant screw-retained resin 
provisional prosthesis which 

completely sealed the gingival 
alveolus and offered support 

for soft tissues, without 
creating additional pressure 
on the tissues at the critical 

and subcritical contour 
levels. The restorations were 
designed in such a way that 
no direct occlusal contact 
was allowed during the 1st 

3 months.

Not described in the paper.

Soft-tissue esthetics 
were achieved analyzing 

the intraoral pictures taken 
in the last follow-up visit 

according to the Pink 
Esthetic Score and using 
the contralateral tooth 

as a reference. At last, patient 
subjective satisfaction was 

secondarily assessed through 
a clinical questionnaire 

consisting of 6 questions 
with 4 options (bad, average, 

good and excellent) 
to analyze esthetics, comfort, 
chewing function, and global 

evaluation.

The stability of interproximal bone 
levels was achieved assessing 

the distance from the implant’s 
platform to the 1st implant/

bone contact point by means 
of calibrated digital periapical 
X-rays and using a dedicated 

software.

Table 5. Immediate restoration, period for rehabilitation, esthetic outcomes, and measured parameters – cont.
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Quality assessment

Quality assessment was performed using 2  differ-
ent risk assessment tools according to the study design. 
Three RCTs included in this review were assessed using 
the modified Cochrane risk-of-bias tool,40 while all other 
papers were judged according to the ROBIN-I risk of bias 
tool. One paper was classified as high risk of bias, 3 had 
a moderate risk and 8 had a low risk of bias (Fig. 2).

Discussion

This study intended to  guide clinicians and clarify 
the understanding of  IIP procedures in esthetic areas, 
which can involve soft and/or bone tissue grafts to main-
tain and stabilize the position of the gingival margin. Then, 
this systematic study aimed to assess whether there is in-
creased esthetic risk in oral rehabilitation with a partial 
or total absence of the buccal bone plate in esthetic areas 
when associated with IIP and immediate restoration.

Alveolar bone wall and IIP

Tooth loss leads to alveolar ridge changes in the apical-
coronal and buccolingual directions, affecting and compro-
mising the esthetic result of implant-supported rehabilita-
tion. The presence of the marginal bone crest determines 
the final position of the gingival margin, and the extension 
of this bone defect can be an esthetic risk factor in IIP. 
Depending on the bone involvement level, such as in cases 
of large defects or those involving interproximal areas, alve-
olar preservation and delayed implant placement have been 
recommended.52 These types of defects can be classified 
as: 1. Involving the buccal bone wall, with greater or lesser 
extension restricted to the medial surface; 2. “V” or “U”-
shaped defects; and 3. Defects affecting adjacent teeth, 
such as “UU” defects. In larger defects or those involving 
papillae, there is a recommendation to perform alveolar 
preservation and subsequent placement due to the accen-
tuated risk of marginal recession and compromised final 
esthetic. However, all studies included in this review pre-
sented buccal-wall defects at the time of IIP, with various 

Table 6. Average bone loss found in the studies included

Authors/year Average bone loss

Noelken et al., 201813 0.1 ±0.5 (range: 1.4–1.1 mm) in the ABG group and 0.0 ±0.5 (range: –1.0–0.9 mm) in the ABG/CTG.

Lee et al., 202041 The mean buccal ridge dimensional reduction at 12 months was 1.01 ±0.87 mm. The mean interproximal crestal bone loss was 
0.81 ±0.90 mm. Mean interproximal marginal bone gain was 1.28 ±2.22 mm.

Zuiderveld et al., 201742
The average loss of marginal bone was 0.06 ±0.42 mm and 0.04 ±0.46 mm on the mesial side in the control and test group, 
respectively. Distal sides of the control and test groups gained, on average, 0.03 ±0.38 mm and 0.02 ±0.37 mm, respectively. 

The intergroup results were comparable.

Ferrantino et al., 202143 Not evaluated in the paper.

Pohl et al., 202044
The average postoperative bone level for the TG was 2.60 ±2.67 mm (mesial, 2.46 ±3.45 mm; distal 2.97 ±2.40 mm) and for 

the CG was 1.72 ±1.09 mm (mesial 1.55 ±1.43. mm; distal 1.88 ±0.96 mm), and the bone level at 12 months was 1.58 ±2.33 mm 
(mesial 1.42 ±2.32 mm; distal 1.75 ±2.34 mm) for TG and 1.42 ±0.71 mm (mesial 1.24 ±0.76 mm; distal 1.59 ±0.82 mm) for CG.

Staas et al., 202145

Directly postoperatively (T1), mean BCT increased from 0.6 mm at baseline (SD = 0.5) to 3.3 mm (SD = 1.2). After 1 year (T3) 
mean BCT reduced to 2.4 mm (SD = 1.1).  

Mean BCH at T0 was 0.7 mm (SD = 0.5), which enlarged to 3.1 mm (SD = 1.2) directly postoperatively (T1). Over a period 
of 1 year (T3) BCH condensed to 1.7 mm (SD = 2.4).

Elaskary et al., 202046

Initial bone thickness (mean): intact wall – 0.76 ±0.42 mm/bone deficiency – 0 mm. 6 months: intact wall – 1.88 ±0.73 mm/
bone deficiency – 2.34 ±0.78 mm. 13 months: intact wall – 1.84 ±0.74 mm/bone deficiency – 2.18 ±0.73 mm. At 13 months, 

the mean distance from the implant platform to the bone crest in socket with intact bone wall was significant less than 
in sockets with deficient facial bone. The soft tissue level score was 2 for all cases in both groups, though.

Frizzera et al., 201847 No bone loss >1.5 mm detected in periapical radiographs after 1 year follow up.

Noelken et al., 201348

Three implants showed a decrease of the marginal bone level of more than 1 mm apically to the reference level. Marginal bone 
height at the level of the implant shoulder averaged 0.1 ±0.55 mm (range: 1.25–1.47 mm) at the final follow-up. The mean 

interproximal bone level (as measured against the implant shoulder) changed from 0.82 ±0.96 mm at implant insertion 
to 0.24 ±0.58 mm at prosthesis delivery, and further to 0.14 ±0.57 mm at the 1-year follow-up. Finally, at the 2-year follow-up, 

0.07 ±0.58 mm was recorded. The thickness of the facial bony lamellae at the condemned teeth as well as at the implants 
measured increased thickness of the facial bone dimension.

da Rosa et al., 201449 Not evaluated in the paper.

Groenendijk et al., 
202150 Not evaluated in the paper.

Sicilia-Felechosa et al., 
201951

Average bone loss ranged from 0.47 mm at 8 weeks of follow-up to 1.45 mm for the case that has been monitored for 7 years. 
From 8 weeks to 1 year (initial adaptation period), the data from 36 patients showed an apical displacement of the inter-

proximal bone level of 0.25 mm.

ABG – autogenous bone grafting; CTG – connective tissue graft; TG – test group; CG – control group; BCT – buccal crest thickness; SD – standard deviation; 
BCH – buccal crest height.
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extensions, with analysis of this paradigm being the goal. 
Defects ranging from approx. 0.1 mm up to the absence 
of bone on the entire buccal surface were found, though 
there was no involvement of the interproximal bone crest.

Elevation of the vestibular flap and exposure of the bone 
defect can lead to greater procedure-related morbidity, 
more significant postoperative discomfort, decreased fa-
cial blood supply, and compromise the vitality of adjacent 

Fig. 2. Risk of bias assessment of non-randomized studies (above) (ROBIN-I), randomized studies (below) (modified Cochrane risk-of-bias tool), and result 
(judgment)
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tissues.41 Otherwise, flapless surgeries allow greater pres-
ervation of  the  buccal bone. Within these facts, most 
studies reported13,24–33,44,51,53 this approach for tooth re-
moval, whereas Lee et al.41 used a minimally traumatic 
approach and flap elevation, randomizing the  cases. 
The authors found a greater interproximal gingival re-
cession in the group where the elevation flap was applied.

The need for an intact buccal wall with an unaltered gin-
gival margin and a considerable buccal bone plate volume 
for IIP, as described by Buser et al.,54 or the contraindica-
tion of IIP due to large and deep bone defects, as recom-
mended by Kan et al.,52 were refuted by Sicilia-Felechosa 
et al.51 The latter approached IIP with immediate restora-
tion in defects with more than 2/3 of the buccal bone wall 
compromised or a probing depth of more than 10 mm. 
Similarly, Pohl et al.44 rehabilitated alveolar sockets with 
vertical defects ranging from 2.26 mm to 9.68 mm and 
horizontal defects between 3.2 mm and 5.91 mm, and 
showed that IIP without additional augmentation, but with 
immediate provisionalization, was a viable alternative even 
with the buccal wall missing in the esthetic maxillary zone.

Buccal space and bone grafts

The  literature suggests that spaces of  at  least 2 mm 
between the  implant surface and the  buccal wall re-
gion, either from the remnant buccal-bone plate or from 
the buccal mucosa in patients with buccal-wall defects, 
must be filled by bone grafts to promote a thicker buccal 
bone wall when >2 mm-wide buccal gaps followed by IIP 
is done.55 In addition, it can favor an adequate emergence 
profile of less than 30°.45 The ideal, or more palatal, im-
plant position could be achieved in a guided manner46,51 
or by using the palatal wall as a reference. The correct 
3D position of the implant consisted of an apical-coronal 
position 3–4 mm below the ideal gingival margin27,42,44–47 
in the rehabilitations using conical connections. Mean-
while, in the rehabilitations using internal parallel connec-
tions, the implants were positioned at the bone crest level.41

The correct choice of grafting material to fill the gap 
allows the  maintenance of  ridge volume to  minimize 
the losses arising from the facial wall remodeling.45 The fill-
ing of this space was conducted in some studies43,45,47,51 
using xenograft, while autogenous bone was the material 
of choice in other studies.42,46,51 Other authors13,47,48 chose 
only autogenous bone differing in particulates or bone 
lamina removed from the tuberosity; the final esthetic re-
sult was not negatively affected even though some decrease 
of marginal bone level occurred. The research with tu-
berosity bone did not evaluate the bone response through 
time, only the soft tissue aspect.

Immediate restoration and esthetic score

Recent studies reported results without augmentation 
to  fill the gap or using a connective tissue graft. They 

compared intact and defective alveoli walls in which IIP 
and immediate restorations were performed with a flap 
or flapless procedure; moreover, they verified the influ-
ence of the subgingival contour in the tissue response.41,44 
There was an association between flap release and in-
creased interproximal gingival recession,41 and, despite 
reporting that the esthetic result could be achieved in all 
cases regardless of the group, adjustments in the prosthetic 
margins of less than 0.2 mm had to be performed to make 
the definitive implant-supported restoration.44

In general, preparation of  the  immediate restoration 
must respect the contours of  the gingival architecture 
to promote soft tissue support without causing pressure 
on the gingival margin. In contrast, this contour must be 
concave below this margin in a subcritical space, allowing 
soft tissue growth. However, Groenendijk et al.50 observed 
that in the presence of a more coronal position of the gin-
giva, the provisional restoration should compress the gin-
gival margin and promote apical migration of the soft tis-
sues. The temporary restoration must have no occlusal 
contact during the wound healing period. Noelken et al.13 
considered splinting it with the adjacent teeth to prevent 
micromovements. The permanence of the provisional res-
toration can range from 3 to 6 months.

Although the  recommendation for connective tis-
sue grafts combined with IIP is found in the literature,4 
increasing the  predictability of  results, some authors 
showed no difference in esthetics evaluation and patient 
satisfaction when comparing those with soft tissue grafts 
to a group without tissue augmentation.42,43 Ferrantino 
et al.43 described that the complexity of  the  treatment 
might explain the different conclusions; the final result 
of the treatment can also be influenced by the correct de-
velopment of the provisional restoration, which would help 
not only in assuring esthetic satisfaction of the patient 
but also in better healing of the post-extraction socket 
and the stability of the peri-implant soft tissue. Moreover, 
the more palatal positioning of the implant, the more in-
fluence it has on the maintenance of the gingival margin, 
allowing space for the creation of a thicker bone crest (after 
filling the gap) and soft tissue volume gain, even without 
the need for grafting,44 leading to similar results when 
treating patients with or without gingival margin defects.50

Elaskary et  al.46 demonstrated that the  obtention 
of a buccal bone plate approx. 2 mm thick was possible, 
even with large bone defects at the time of tooth extration; 
however, this was not associated with soft tissue defects. 
In that study, compensation for the lack of facial wall was 
provided by a mix of autogenous and xenograft biomateri-
als covered by a collagen membrane and subepithelial con-
nective tissue graft. Also, both groups (without buccal-wall 
defects and partially lacking them) had a good score for 
the peri-implant soft tissue level. Pohl et al.44 did not per-
form any soft or hard tissue graft augmentation to compare 
alveoli that had IIP with or without defects; therefore, they 
verified improvement or maintenance of the PES in most 
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cases. In addition, in all cases, regardless of the group, ad-
justments in the prosthetic margins were made to obtain 
the definitive prostheses.

The technique chosen by Sicilia-Felochosa et al.51 was 
autogenous or allogeneic connective tissue grafts com-
bined with bone filling of the facial defect (autogenous 
bone grafts and/or deproteinized bovine bone mineral) 
without a collagen membrane. The authors obtained a 98% 
success rate over a 7-year follow-up. High success rates 
were associated with good esthetic results, with more than 
70% of patients having a PES equal to or greater than 12 
(PES index between 0 and 14). However, 8 out of 39 patients 
followed up (21.6%) had a 1–2 mm recession, compromis-
ing the final score.

Frizzera et al.47 compared the results of 3 groups that 
received IIP, analyzing the different responses for con-
nective tissue graft, collagen matrix and non-soft tissue 
augmentation. In all procedures, the gaps were filled with 
bone grafts covered by collagen membranes to  isolate 
the buccal defect. The best result was found when utiliz-
ing an autogenous connective tissue graft, maintaining 
the volume obtained after 12 months. In addition, even 
though no recession was detected in the groups, the palatal 
position of the implant associated with a subcritical pros-
thetic contour allowed tissue growth. Therefore, soft tissue 
depression or color change was observed when the autog-
enous soft tissue was not used.

Limitations

The present systematic review had some limitations: 
1. A low number of clinical studies were included (n = 12), 
which suggests that more well-standardized trials with 
long-term analysis are required to better verify tissue 
stability; 2. No other biomaterial was used to fill the gap 
between the implant and buccal wall or combined with 
the implant,17 such as bone graft with platelet-rich fibrin 
(PRF) or PRF alone. This fact can be considered in future 
investigations due to the potential of healing presented 
by PRF56,57; 3. 33.3% of the studies (n = 4) had a moderate 
or high risk of bias; 4. Only 1 study showed long-term 
results (around 58 months); 5. Hexagon implants were 
sometimes used, which typically cause more marginal 
bone loss than morse-taper implants58; and 6. There was 
some divergence in the type of tools used among the stud-
ies, which can cause impairment or confusion; 7. The ef-
fect of abutment disconnection, which is important for 
the maintenance of soft tissue height, was not evaluated 
in the included studies.

Conclusions

Considering the limitations of this systematic review, 
the consensus was that an esthetic result and increased 
final PES or patient satisfaction index in IIP treatments 

associated with immediate restoration could be obtained 
even in the presence of buccal bone wall defects or gingival 
recession, regardless of their extension. Thus, there is no 
absolute contraindication for this type of treatment, but 
extreme attention to the treatment plan is recommended.

Supplementary data

The Supplementary materials are available at https://
doi.org/10.5281/zenodo.8410418. The package includes 
the following files:

Supplementary Table 1. Inclusion and exclusion criteria 
used in the studies selected in this study.

Supplementary Table 2. Conclusions of the evaluated 
studies.
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Abstract
Background. Sepsis is a critical situation, and its treatment and reduction are important clinical issues. 
Antibiotics are a routine treatment option, but their adverse effects are a concern in pediatric patients, 
especially infants. Prebiotics might be an alternative option.

Objectives. The aim of this study was to provide an updated systemic review and meta-analysis of ran-
domized controlled trials (RCTs) on the use of prebiotics for sepsis in infants, which could assist clinicians 
in deciding whether to use this treatment.

Methods. The study included RCTs related to prebiotics and sepsis in infants. A random effects model and 
the odds ratio (OR) were applied to estimate the effect of prebiotic use and the incidence of sepsis in infants. 
The analysis included 16 studies with a total of 6,438 infants. The primary outcome was the OR of sepsis for 
infants who received prebiotics.

Results. The results of the meta-analysis demonstrated that the pooled OR of sepsis was significantly lower 
for infants who used prebiotics. However, the results indicated a medium level of heterogeneity.

Conclusions. The results showed that the use of prebiotics might be associated with a reduction of sepsis 
in infants. The standardized application of this treatment might be an intriguing topic for future clinical 
research.

Key words: sepsis, meta-analysis, odds ratio, infant, prebiotic
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Introduction

Infants are prone to sepsis, especially those with lower 
birth weight, lower gestational age, asphyxia, and those 
administered antibiotics.1–3 In addition, infants can eas-
ily contract infections, such as necrotizing enterocolitis, 
which can lead to sepsis and alterations in  laboratory 
parameters.4 Changes in non-cytotoxic T lymphocytes 
could also occur after the onset of sepsis due to the sup-
pression of  immune function in infants.5 Furthermore, 
sepsis in  infants may result in warm shock physiology 
accompanied by vasodilation, which could contribute 
to septic shock and increase the mortality rate.6 There-
fore, understanding the relationship between infants and 
sepsis is critical.

The therapeutic options for treating sepsis in infants 
are limited. Mechanical ventilation and empirical anti-
biotics have been reported to be associated with higher 
sepsis frequency in infants.1–3 Thus, clinicians may need 
to establish other therapeutic options for such patients, 
and one possible alternative is prebiotics. The current evi-
dence on the mechanisms of prebiotics in immune func-
tion mostly comes from animal studies, which provide 
clues about how to relieve sepsis in infants through im-
munomodulatory actions.

Prebiotics could promote the growth of beneficial bacte-
ria, enhance immune-stimulatory processes, and increase 
the expression of immunomodulatory functions with anti-
oxidant characteristics.7–9 Furthermore, they may enhance 
intestinal trophic effects and immune system maturation.10

Oligosaccharides from human breast milk are prebiotics 
that have been shown to modulate immune responses,11 
which is consistent with the latest studies on the mecha-
nisms of prebiotic effects on immunomodulatory function. 
In addition, prebiotics seem to have no significant side ef-
fects,12 and may help to avoid mechanical ventilation use 
in infants. Therefore, they have the potential to decrease 
sepsis risk in such patients.13

Objectives

Sepsis is a critical situation in clinical practice for which 
antibiotic therapy is a routine option. However, adverse 
effects of antibiotics have to be considered in pediatric 
patients. This meta-analysis aimed to provide an update 
on the effects of prebiotic use in sepsis events in infants. 
Based on the literature, we hypothesized that prebiotics 
would decrease the risk of sepsis. We included randomized 
controlled trials (RCTs) with placebo controls (no admin-
istration of prebiotics) due to the lower risk of bias in such 
studies. The results could provide valuable information 
on how to manage infants.

Methods

Literature database  
and enrollment criteria

We searched the literature using the following keywords: 
“prebiotic,” “versus,” “placebo,” “comparison,” “short-chain 
galacto-oligosaccharides,” “long-chain fructo-oligosac-
charides,” “pectin-derived acidic oligosaccharides,” “acidic 
oligosaccharides,” “sepsis,” “neonate,” “infant,” “septic,” 
“oligosaccharides,” “fructans,” “oligofructose,” “inulin,” 
“randomized,” “clinical,” “controlled,” “trials,” “treatment,” 
“therapy,” “efficacy,” and “outcome.” We searched the Sci-
enceDirect, PubMed, Web of Science, Embase, and the Co-
chrane Central Register of Controlled Trials databases for 
relevant prospective RCT studies published before October 
2022. The inclusion criteria were: 1. Studies comparing 
prebiotics with placebo in infants; 2. Those with informa-
tion on the sepsis characteristics, including the occurrence 
and rates; 3. Reports published in journals in the Science 
Citation Index Database written in English; and 4. RCTs 
with a placebo-controlled design.

Assessment of study quality  
and data collection

We conducted the meta-analysis in accordance with 
the Cochrane Handbook for Systematic Reviews and Inter-
ventions14 and the Preferred Reporting Items for System-
atic Reviews and Meta-Analyses (PRISMA) guidelines.15 
Data collected from the studies included sepsis events, 
the number of infants who experienced such events after 
receiving prebiotics or a placebo, the odds ratio (OR), and 
the standard error (SE).

Data collection and assessment

Two reviewers screened abstracts and collections of ar-
ticles and extracted data on sepsis outcomes from the texts, 
tables and figures. The risk of bias was then assessed ac-
cording to  the  following criteria: 1.  Bias arising from 
the randomization process; 2. Bias due to deviations from 
intended interventions; 3. Bias due to missing outcome 
data; 4. Bias in the measurement of the outcomes, and 
5. Bias in the selection of the reported results. The re-
viewers showed strong agreement in their assessments 
(kappa = 0.9). Ultimately, the final results were reviewed 
by all authors.

Meta-analysis and statistical analysis

We generated pooled estimates of the relative risks (RRs) 
and ORs for sepsis events and prebiotic treatments and 
used the Cochrane Collaboration Review Manager Soft-
ware Package RevMan v. 5.4 (Cochrane Collaboration, 
Copenhagen, Denmark) to perform the meta-analyses. 
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The Mantel–Haenszel method was used to calculate RR, 
with DerSimonian and Laird’s random effects models 
and summary statistics also produced. The risk estimates 
of individual studies were combined using the variance-
weighted averages in the random effects model.

The group that received prebiotic treatments and the con-
trol group were compared to determine whether prebiotics 
decreased the rate of sepsis events. The χ2 tests were per-
formed, and the I2 statistic was used to examine the hetero-
geneity between studies.15 According to the Cochrane Hand-
book for Systematic Reviews and Interventions,14 the choice 
between a fixed-effect and a random-effects meta-analysis 
should not solely be made according to the statistical test for 
heterogeneity. Methodological or conceptual heterogene-
ity is unavoidable in a meta-analysis, so a random effects 
model may be more reasonable. Therefore, a random effects 
model was applied in this study. Two-sided p-values were 
obtained from the statistical analyses, and a funnel plot was 
used to assess publication bias.

Results

Study screening and enrollment

After the initial search, 112 articles were selected, with no 
additional records found from other sources. These articles 
included 59 duplicates, which were removed. After evaluat-
ing the relevance of the abstracts and titles of the remaining 

53 articles, 19 were excluded. The full texts of the remaining 
34 articles were screened, and 18 more were discarded.

Ultimately, 16 articles were included in the meta-analy-
sis.16–31 The PRISMA flow diagram of this study is shown 
in Fig. 1. The prebiotics group included 3,211 infants, with 
3,227 infants in the control group (the total population size 
was 6,438). Table 1 summarizes the demographic data and 
characteristics of the 16 studies. Figure 2 shows the assess-
ment of risk bias of the included 16 studies.

Risk ratio and odds ratio  
of sepsis events between groups

The prebiotics group had a significantly lower RR of sep-
sis events according to the random effects model (Z = 3.70 
and p = 0.001 for overall effect). Low heterogeneity was 
obtained, with an I2 value of 32% (Fig. 3). The prebiotics 
group also had a significantly lower OR of sepsis events 
according to the model (Z = 3.31 and p = 0.001 for overall 
effect), and the heterogeneity was low, with an I2 value 
of 38% (Fig. 4).

Discussion

The results suggest that prebiotic treatment could be ben-
eficial for reducing the rate of sepsis events in this large 
sample of infants, which was supported by the RR, OR and 
95% confidence intervals (95% CIs). One strength of this 

Fig. 1. Preferred Reporting Items for 
Systematic Reviews and Meta-Analyses 
(PRISMA) flowchart. The identification and 
selection of potentially relevant literature, 
through abstract and title screening, 
adhered to the PRISMA guidelines. 
The full texts of eligible studies were 
screened, and suitable articles were 
enrolled into the final meta-analysis
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Table 1. Summary of enrolled studies

Studies Subjects (prebiotic 
compared to control)

Prebiotic content compared 
to control

Blinded and 
treatment 
duration 

Outcome of interest 

Armanian et al., 
2016 (Iran)16

25 (30.48 ±2.31 weeks old) 
compared to 50 (29.80 ±2.16 

weeks old)

short chain galactooligosaccharides/
long chain fructooligosaccharides 
1.5 g/kg/day compared to distilled 

water

double-blinded 
21 days

growth of beneficial Lactobacillus 
colonies, sepsis, fecal microbiota 
pattern, duration of dependency 

to oxygen, hospitalization, and death

Campeotto et al., 
2011 (France)17

24 (15 M, 9 F, 33.5 ±1.3 weeks 
old) compared to 34 (16 M, 
18 F, 33.4 ±1.4 weeks old)

fermentation-induced non-digestible 
oligosaccharides compared to formula

double-blinded 
30 days 

benefits on inflammatory and 
immune markers, sepsis, inflammatory 

and immune markers

Dasopoulou et al., 
2015 (Greece)18

85 (34 ±0.33 weeks old) 
compared to 82 (34 ±0.33 

weeks old)

short chain galactooligosaccharides/
long chain fructooligosaccharides  
1.2 g/kg/day compared to formula

double-blinded 
16 days 

increase motilin, reduce gastric 
residue, motilin, necrotizing 

enterocolitis, mortality, sepsis, and 
feeding intolerance

Dilli et al., 2015 
(Turkey)19

100 (52 M, 48 F, 29 ±1.7 
weeks old) compared to 100 
(58 M, 42 F, 28.2 ±2.2 weeks 

old) 

inulin 1.35 g/kg/day compared 
to maltodextrin

double-blinded 
56 days 

inulin could not decrease necrotizing 
enterocolitis sepsis, mortality, duration 

of hospital stay

Guney-Varal et al., 
2017 (Turkey)20

70 (29.7 ± 1.9 weeks 
old compared to 40 
(29.3 ± 1.7 weeks old

383 mg of fructooligosaccharides and 
100 mg of galactooligosaccharides 

compared to formula

double-blinded 
36.5 ±12.6 days

≥stage 2 necrotizing enterocolitis and 
mortality, culture-proven sepsis and 

days to reach full enteral feeding

LeCouffe et al., 2014 
(the Netherlands)21

48 (26 M, 22 F, 30.2 ±1.6 
weeks old) compared to 45 
(26 M, 19 F, 29.5 ±2.0 weeks 

old)

short chain galactooligosaccharides/
long chain fructooligosaccharides, 

pectin-derived acidic oligosaccharides 
1.5 g/kg/day compared to maltodextrin

single-blinded 
28 days

neurodevelopmental outcome, sepsis

Luoto et al., 2014 
(Finland)22

23 (11 M, 12 F) compared 
to 24 (19 M, 5 F ) 32–

35 weeks old

short chain galactooligosaccharides/
polydextrose 1.2 g/kg/day compared 

to microcrystalline cellulose and 
dextrose anhydrate

double-blinded 
57 days 

respiratory tract infections and its 
duration, sepsis

Modi et al., 2010 
(UK)23

73 (48 M, 25 F, 30 ±0.5 weeks 
old) compared to 81 (50 M, 

31 F, 31 ±0.5 weeks old)

short chain galactooligosaccharides/
long chain fructooligosaccharides 
1.2 g/kg/day compared to formula

double-blinded 
28 days

necrotizing enterocolitis, mortality, 
sepsis, feeding intolerance

Nandhini et al., 2016 
(India)24 108 compared to 110

100 mg of  fructooligosaccharide 
compared to no intervention

open-label 
7 days

necrotizing enterocolitis, mortality, 
sepsis, hospitalization duration, 

number of days to reach full enteral 
feeding and colony counts in stool 

culture

Niele et al., 2013 
(the Netherlands)25

48 (30.1 ±1.6 weeks old) 
compared to 46 (29.5. ±2 

weeks old)

short chain galactooligosaccharides/
long chain fructooligosaccharides, 

pectin-derived acidic oligosaccharides 
1.5 g/kg/day compared to maltodextrin

double-blinded 
28 days

allergic and infectious diseases, sepsis 

Panigrahi et al., 2017 
(India)26

2278 compared to 2278 
(2314 M, 2242 F)

150 mg of  fructooligosaccharide 
with 100 mg maltodextrin as excipient 
compared to 250 mg of  maltodextrin

double-blinded

a composite of sepsis or death, 
the former composed of septicemia, 
meningitis, culture-negative sepsis 
other infections (including diarrhea, 
omphalitis, local infections, abscess, 
and otitis media) and weight gain

Riskin et al., 2010 
(Israel)27

15 (10 M, 5 F, 30.3 ±2.8 weeks 
old) compared to 13 (5 M, 8 F, 

128.7 ±2.9 weeks old) 

digestible oligosaccharides lactulose 
1.5 g/kg/day compared to dextrose

double-blinded 
35 days

necrotizing enterocolitis, mortality, 
sepsis, feeding intolerance, and days 

to reach full enteral feeding

Serce et al., 2020 
(Turkey)28

104 (61 M, 43 F 29 ±1.9 weeks 
old) compared to 104 (52 M, 

52 F 28 ±2.2 weeks old)

383 mg of fructooligosaccharide, 
100 mg of galactooligosaccharide, 

2 mg of bovine lactoferrin compared 
to distilled water

double-blinded 
21 days

necrotizing enterocolitis severity, 
mortality, sepsis, hospitalization 

duration, time to reach 100 mL/kg/
day of oral feeding

Torres et al., 2020 
(Peru)29 99 compared to 100

oligosaccharides compared to mature 
breast milk

single-blinded late-onset sepsis, neonatal sepsis

van den Berg 
et al., 2013 
(the Netherlands)30

38 (21 M, 17 F, 29.9 ±1.7 
weeks old) compared to 39 
(24 M, 15 F, 29.6 ±2.1 weeks 

old)

short chain galactooligosaccharides/
long chain fructooligosaccharides, 

pectin-derived acidic oligosaccharides 
1.5 g/kg/day compared to maltodextrin

single-blinded 
28 days 

neurodevelopment, cytokines, 
infections, sepsis

Westerbeek 
et al., 2011 
(the Netherlands)31

73 (29.9 ±1.9 weeks old) 
compared to 81 (29.3 ±2.1 

weeks old)

short chain galactooligosaccharides/
long chain fructooligosaccharides, 

pectin-derived acidic oligosaccharides 
1.5 g/kg/day compared to maltodextrin 

double-blinded 
28 days

stool viscosity, stool frequency, stool 
pH, sepsis
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meta-analysis is  that the  studies were RCTs, and most 
only used prebiotics for the treatment groups. The results 
indicate that this treatment could be an option for infant 
patients.

Prebiotics may decrease the colonization and growth 
of pathogenic bacteria and other pathogens, which could 
help decrease the risk of sepsis and mortality.32 In the in-
testines, they may also reduce pathogen cytotoxicity and 
adhesion,33 improve motility and permeability, and im-
prove the integrity of the epithelial surface.34 Furthermore, 
strengthening of the intestinal barrier by prebiotics may 
prevent sepsis and infection by inhibiting the migration 
of pathogens and toxins across the intestinal mucosa and 
promoting their removal. In addition, prebiotics could 
enhance immune responses and modulate the responses 
to pathogens or toxins.35–38

Oligosaccharides are prebiotics reported to significantly 
enhance the growth of probiotic bacteria, such as Bifido-
bacteria and Lactobacilli. In addition, oligosaccharides 
may reduce pathogen adhesion.39 A study on the long-term 
safety and effects of prebiotics in pediatric patients found 
that they can decrease the amount of antibiotics required, 
which suggests that this treatment is associated with a lower 
rate of infection.40 Another study also supports the pro-
tective role of prebiotics in suppressing the germination 
of spores, inhibiting growth into toxin-producing cells, and 
reducing the colonization of pathogens in the gut.41 These 
mechanisms could explain the decreased rate of sepsis 
events among infants that received prebiotics.

The effects of prebiotics are comparable to those of breast 
milk in several ways, such as increased body weight, lower fever 
rates, modulatory effects on diarrhea, decreased constipation, 

Fig. 2. Risk of bias assessment visualization. The risk of bias assessment 
updated version (ROB v2) was used to assess the risk of bias for 
the randomized controlled trials (RCTs)

Fig. 3. Forest plot of risk ratio (RR) for sepsis events in infants (prebiotic compared to control). The prebiotic group of preterm infants had a significantly 
lower RR of sepsis events than the control group



Y. Qin, L. Pan. Prebiotics and sepsis1004

and inhibitory effects on respiratory tract infections in in-
fancy.42 Prebiotic supplementation has also been recom-
mended if breast milk is unavailable. Therefore, treatment 
with prebiotics could be an economical choice for infants.

Limitations

This study had several limitations. First, some RCTs had 
small sample sizes, while others had appropriate sample 
sizes, and this imbalance could be a concern. Even though 
a  weighting method was applied to  decrease the  bias, 
the impact of this issue should not be ignored.

There was also an  imbalance in  the  sexes of  the  in-
fants examined, which could influence the interpretation 
of the results. Similarly, there were variations in age, prebi-
otic content, doses, placebo used, and treatment duration, 
which are also potential sources of bias. The lack of patient-
level data may be another concern and prevented us from 
fully evaluating patient-level covariates. Thus, possible 
subgroup effects could not be investigated.

Another limitation is that the definition and severity 
of sepsis in the included RCTs differed. Also, some RCTs 
were double-blinded, while some were single-blinded, and 
the timing of sepsis was variable between studies, which 
could affect the results. This issue required consideration 
when we reported such a significant result of lower sepsis 
(OR or RR) in this group of pediatric patients.

Conclusions

The results of this meta-analysis showed that prebiotic 
use could be associated with a reduction in sepsis rates 

in infants, and prebiotics significantly lowered the sepsis 
risk in preterm infants. Therefore, they should be considered 
as an option in clinical practice. Fewer sepsis events under 
the use of prebiotics might potentially suggest that prebiot-
ics might decrease the mortality and the damage to vulner-
able organs. In addition, prebiotics might decrease the se-
quelae of infection, and the need for antibi otic use among 
preterm infants. Future clinical research should examine 
the standardized application of prebiotics in infant patients.
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Abstract
Non-steroidal anti-inflammatory drugs (NSAIDs) such as aspirin, diclofenac, ibuprofen, or celecoxib have 
a well-established and unquestionable role in the human therapeutic arsenal, but still new perspectives 
are being discovered. This review presents new anti-inflammatory mechanisms of NSAIDs action, other 
than the classical one, i.e., the inhibition of cyclooxygenase (COX) isoforms leading to the prostanoids syn-
thesis blockage. Literature data show that this group of drugs can activate anti-inflammatory peroxisome 
proliferator-activated receptor gamma (PPARγ), inhibit pro-inflammatory nuclear factor-κB (NF-κB) activation 
or modulate the components of the unfolded protein response (UPR) pathway. These alternative pathways 
induced by NSAIDs may not only enhance their basic anti-inflammatory mechanism of action but also promote 
other effects of the drugs such as anti-cancer. It was also proved that neuroinflammation, with the involve-
ment of NF-κB, PPARγ and the components of the UPR pathway has an essential impact on the development 
of central nervous system (CNS) diseases. Thus, it seems possible that these new molecular targets may 
expand the use of NSAIDs, e.g., in the treatment of cancers and/or CNS disorders.

Key words: NF-κB, PPARγ, NSAIDs, UPR pathway, cancers, CNS diseases
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Introduction

Non-steroidal anti-inflammatory drugs (NSAIDs) such 
as aspirin, diclofenac, ibuprofen, or celecoxib are popular 
drugs available both with and without prescription and are 
commonly used by patients with various ailments/diseases. 
For these reasons, questions arise as to how NSAIDs affect 
comorbidities such as neurodegenerative diseases, depression 
disorders, cardiovascular diseases, diabetes, cancers, and 
others. Moreover, the scientific interest may also result from 
the fact that NSAIDs are a heterogeneous group of drugs 
(chemical structure of NSAIDs is presented in Table 1), which 
means that each of them may show additional properties, 
related not only to their effects on cyclooxygenase (COX) 
isoforms.

Objectives

While NSAIDs have been used for many years, their 
mechanisms of action are still being explored, and other 
anti-inflammatory molecular targets that may expand their 
use or explain adverse effects are being investigated. Anti-
inflammatory effects of NSAIDs, in addition to the ba-
sic mechanism of action, i.e., COX inhibition, may also 

result from their impact on other pathways, such as oxi-
dative stress1 or kynurenine,2 but they have been widely 
discussed elsewhere.1,2 This work offers a complex over-
view of selected but mutually related mechanisms of ac-
tion of NSAIDs, namely peroxisome proliferator-activated 
receptor gamma (PPARγ), nuclear factor-κB (NF-κB) 
and the  unfolded protein response (UPR) pathways. 
There is a growing interest in these signaling molecules 

Table 1. Division of non-steroidal anti-inflammatory drugs (NSAIDs) based 
on their chemical structure and the effect on COX isoforms

Chemical group 
Mechanism of action 

non-selective COX-1 & 
COX-2 selective COX-2

Salicylates
acetylsalicylic acid (aspirin), 

sodium salicylate
–

Acetic acid derivatives
indomethacin, diclofenac, 

sulindac sulfide
–

Heteroaryl acetic acid 
derivatives

ibuprofen, naproxen –

Enolic acid (oxicams) piroxicam, meloxicam –

Diaryl heterocycles 
(coxibs)

–
celecoxib, 
rofecoxib, 
parecoxib

COX-1 – cyclooxygenase-1; COX-2 – cyclooxygenase-2.

Table 2. Effects of NSAIDs on PPARγ, NF-κB and UPR pathways. Within the mechanisms of action of NSAIDs, the literature is arranged alphabetically 
in relation to the drug under investigation.

Experimental model
Dose/concentration 

of NSAIDs and scheme 
of administration

Effects of NSAIDs on the signaling 
pathways Role of NSAIDs action Ref.

NSAIDs – the anti-inflammatory mechanism of action through the PPARγ receptor

Carrageenan-induced paw edema 
in rats – an acute inflammation 
model

celecoxib (0.3–30 mg/
kg; ip.)

Activation of PPARγ receptor and 
anti-inflammatory IL-10. Decrease 

in inflammatory cytokines.
anti-inflammatory 3

Lewis lung carcinoma cells
celecoxib (50–200 μM for 

24 h)

Increased AA level and decreased PGE2 
production through upregulation 
and downregulation of cPLA2 and 

COX-2 proteins, respectively. Increased 
expression of PPARγ protein.

pro-apoptotic 4

3T3-L1 preadipocytes
indomethacin (10 µm)

ibuprofen (75 µm)
sodium diclofenac (25 µM)

Stimulation of PPARγ activity. 
Regulation of PPARγ-dependent target 

genes.
adipocyte differentiation 5

C3H10T1/2 clone 8 murine 
fibroblasts 

indomethacin (10–4 M)
Inhibition of COX activity and 

activation of PPARγ.
adipocyte differentiation 6

Rat hepatoma cell line H4-II-E-C3 
and CV-1 cells co-transfected with 
rat PPARα and PPARγ

ibuprofen, indomethacin 
and naproxen (10–8–10–3M)

Activation of PPARα and PPARγ 
isoforms at concentrations 

of 10–4–10–3 M.

potential angiostatic and anti-
cancer effect

7

Preadipocytes (3T3-L1) and
prostate cancer cells (DU-145)

diclofenac (25 µM)

Activation of PPAR (partial agonist) 
and inhibition of PPAR trans-activation 

by rosiglitazone (competitive 
antagonist).

Antagonism of PPAR signaling 
by diclofenac resulted 

in the inhibition of adipocyte 
differentiation and increased 

proliferation of prostate cancer cells.

8

In vitro: hemangioma-derived 
mesenchymal stem cells 
(Hem-MSCs) obtained from patients.
In vivo:
6-week-old, male, mice with 
xenograft tumors from Hem-MSCs

celecoxib
(0.1–1000 µg/mL for 24 h)
celecoxib (0.1 mg/g/day) 
administered to the mice 
via oral intake for 4 weeks

Increased expression levels 
of genes involved in adipogenic 

differentiation: COX-2, human-CCAAT-
enhancer-binding protein (CEBPα) and 

PPAR-γ.

Inhibition of the proliferation and 
stimulation of the adipogenic 
differentiation of Hem MSCs 
in vitro and in the xenograft 

tumors.

9
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Experimental model
Dose/concentration 

of NSAIDs and scheme 
of administration

Effects of NSAIDs on the signaling 
pathways Role of NSAIDs action Ref.

Breast cancer MCF7cells 

celecoxib (0.02 mM)
diclofenac (0.375 mM) 
ibuprofen (0.75 mm)

indomethacin (0.5 mm)
sulindac (0.06 mM)

for 24 h

Upregulation of the PPARγ expression 
and its translocation to the nucleus.

proapoptotic activity 10

NSAIDs – the anti-inflammatory mechanism of action through the NF-κB pathway

Human non-small cell lung 
carcinoma (H1299)

celecoxib (100 μM) with 
TNF (0.1 nM) for 24 h

Inhibited activation of IKK and NF-κB 
as well as related signaling kinases, i.e., 
JNK, p38 MAPK and ERK in cancer cells.

anti-inflammatory
antiproliferative

11

Murine fibroblast cell line 
(NIH-3T3)

celecoxib – 25 μM for 
1 h with TNF-α (10 ng/mL)

Inhibition of the TNF-α-induced nuclear 
accumulation of the NF-κB p65 subunit.

anti-inflammatory 12

Osteoclasts derived from mouse 
hematopoietic stem cells

diclofenac (10–500 nM) for 
30 min

Inhibition of the IκB degradation, 
which maintained inactive NF-κB 

in the cytosol.

regulation of the osteoclast 
differentiation

13

Model of cystic fibrosis using 
respiratory epithelium cells

ibuprofen (480 μM) for 
30 min before stimulating 
cells with 10 ng/mL TNF-α

Modest suppression of TNF-α-induced 
NFκB activation.

anti-inflammatory 14

RAW 264.7 mouse macrophages

etoricoxib and lumiracoxib 
(1/10/100 μM) for 30 min 
and then stimulated for 

30 min with 10 μg/mL LPS

Inhibition of the LPS-induced 
NF-κB activation by etoricoxib and 

lumiracoxib at highest concentration 
of 100 μM.

Etoricoxib additionally inhibited 
CREB activation, which contributed 

to a reduced expression of iNOS and 
COX-2 expression.

anti-inflammatory 15

Human leukemic cell line KBM-5

aspirin (1–10 mm)
ibuprofen (1–5 mm) 

indomethacin (0.1–1 mm) 
diclofenac (0.2–1 mm)
celecoxib (10–50 mM)

for 4 h or 8 h and before 
stimulating cells with 
0.1 nM TNF for 30 min

Tested NSAIDs suppressed activation 
of NF-kB by inhibiting IKK activation 

and IkBα degradation.

anti-inflammatory and 
antiproliferative

16

Human vulvar squamous cell 
carcinoma (A431 cells) 

ibuprofen and diclofenac 
combined with cannabidiol 

equimolar to 20 µM

Decreased level of NF-κB p50 
and p65 proteins and their ability 
to bind to DNA by combinations 

of cannabidiol with NSAIDs.

anti-inflammatory and 
antiproliferative

17

Rats with collagen-induced 
arthritis (CIA)

ibuprofen (30 mg/kg) given 
twice daily to CIA rats for 

2 weeks

Attenuation of elevated levels 
of phosphorylated p38, JNK and 
NF-κB p65 in the hippocampus 

of CIA rats. In addition, normalization 
of the decreased excitatory amino 

acid transporter 2 (EAAT2) level, 
the increased extracellular glutamate, 

and the upregulated hippocampal 
NMDA receptor 2B of CIA rats.

inhibition of neuroinflammation
memory improvement

18

Human ovarian cancer cell lines 
SKOV3 and OVCAR3
In vivo: mice inoculated 
subcutaneously with cells SKOV3

celecoxib (100 mM) diminished NF-κB p65 expression 
Celecoxib and chemotherapy 

drugs can enhance the inhibition 
of ovarian cancer cells in vivo.

19

NSAIDs – the anti-inflammatory mechanism of action through the UPR pathway

Primary human coronary artery 
endothelial cells (HCAEC)
Human umbilical vein endothelial 
cells (HUVEC)
Human pulmonary artery 
endothelial cells (HPAEC) 

In the presence 
of tunicamycin (1.0 μM) 

or high-dextrose (27.5 mM) 
the cells were treated with 

different concentrations 
of celecoxib and rofecoxib 

(0–10,000 nM)

Celecoxib, but not rofecoxib 
inhibited ER stress in endothelial cells. 
It downregulated the ATF6 and GRP78 

expression and phosphorylation 
of IRE1α and PERK.

ER stress involved in unfavorable 
effects of rofecoxib 

on cardiovascular outcomes.
20

Table 2. Effects of NSAIDs on PPARγ, NF-κB and UPR pathways – cont.
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Experimental model
Dose/concentration 

of NSAIDs and scheme 
of administration

Effects of NSAIDs on the signaling 
pathways Role of NSAIDs action Ref.

Human colorectal cancer cell lines: 
HCT-8, HT-29, HCT-116 

celecoxib (20 μM) 
in sequential treatment 
followed by bortezomib 

(20 nM)

Enhanced activation of apoptotic 
markers (i.e., caspase-9, caspase-3 and 

PARP, Bax, p53, and PUMA) through 
the ER stress-mediated mitochondrial 
dysfunction and increased cytosolic 

and mitochondrial Ca2+ and increased 
induction of CHOP. Additionally, 

celecoxib followed by bortezomib 
enhanced the ER stress-mediated 
autophagy-associated cell death 

(induced expression of Beclin-1 and 
autophagosome-associated LC3-I/II 

proteins).

pro-apoptotic
induction of autophagy-associated 

cell death
21

Hepatoma HepG2 cells
celecoxib (80 μM)
for 24 h and 48 h

Increased the mRNA and protein levels 
of ATF4, ATF6, sXBP-1, unspliced XBP1 

(uXBP1), and CHOP.
pro-apoptotic 22

Human neuroblastoma SH-SY5Y 
cells

diclofenac (100–300 μM) 
added 2 h before 
the stimulation 

by 100 nM thapsigargin 
or by 3 mg/mL tunicamycin

for 24 h

Inhibition of caspase-2, caspase-9 and 
caspase-3 activation and prevention 

from a decrease in mitochondrial 
membrane potential caused by ER 

stress.

anti-apoptotic 23

Endothelial EA.hy926 cells

diclofenac (75 µM) 
concomitantly with 

tunicamycin 0.5 µg/mL 
for 24 h

Inhibition of ER stress-responsive 
genes, i.e., CHOP/DITT3, GRP78/

HSPA5 and DNAJB9. Additionally, 
the drug diminished the significant 

upregulation and release of the GRP78 
protein.

anti-apoptotic 24

In vitro:
gastric carcinoma cells
In vivo: mice were inoculated 
subcutaneously with MKN-45 cells

celecoxib (10–100 μM)
celecoxib orally 

(100 or 200 mg/kg/day)

Activation of PERK and eIF2α leading 
to ATF4 expression. The overexpression 

of GRP78.
GRP78 upregulation.

pro-apoptotic
inhibition of xenograft tumor 

growth
25

Human hepatoma Huh-7 cells
diclofenac (300 μM)

indomethacin (500 nM)

Activation of the PERK pathway 
followed by enhanced expression 

of the proapoptotic GADD153/CHOP 
protein.

pro-apoptotic 26

In vitro:
glioblastoma, breast carcinoma, 
pancreatic carcinoma, Burkitt’s 
lymphoma, multiple myeloma 
cell lines
In vivo:
6-week-old male athymic nu/
nu mice implanted with U87 
glioblastoma cells

celecoxib (40–80 μM)
2,5-dimethyl-celecoxib 

(20–60 μM)
2,5-dimethyl-celecoxib 

(150 mg/kg, orally for 50 h)

Activation of ER stress-associated 
proteins GRP78, CHOP, and caspase-4 

in cancer cell lines.
Increase in CHOP protein expression 

in the tumor tissue.

pro-apoptotic
reduced tumor growth

27

In vivo: Sprague Dawley male rats
after middle cerebral artery 
occlusion

parecoxib 
(10 or 30 mg/kg, IP)

Inhibition of translocation of CHOP 
and Foxo1 and increase in GRP78 and 

ORP150 (oxygen-regulated protein 
150) expression.

suppressed cerebral ischemic 
injury

28

AA – arachidonic acid; ATF4 – activating transcription factor 4; ATF6 – activating transcription factor 6; CEBPα – human-CCAAT-enhancer-binding protein; 
CHOP – C/EBP homologous protein; CIA – collagen-induced arthritis; COX – cyclooxygenase; PLA2 – cytosolic phospholipase A2; CREB – cAMP response 
element-binding protein; DITT3 – DNA damage inducible transcript 3; DNAJB9 – DnaJ heat shock protein family (Hsp40) member B9; EAAT2 – excitatory 
amino acid transporter 2; eIF2α – eukaryotic translation initiation factor 2α; ER – endoplasmic reticulum; ERK – extracellular signal-regulated kinases; 
Foxo1 – Forkhead box protein O1; GADD153 – DNA damage-inducible gene 153; GRP78 – 78-kDa glucose-regulated protein; HSPA5 – heat shock protein 
family A; IKK – IκB kinase; IL-10 – interleukin 10; iNOS – inducible nitric oxide synthase; IRE1 – inositol-requiring enzyme 1; IκB – inhibitor of nuclear factor 
kappa B; JNK – c-Jun N-terminal kinase; LPS – lipopolysaccharide; NF-κB – nuclear factor-κB; NMDA – N-methyl-D-aspartate receptor; NSAIDs – non-steroidal 
anti-inflammatory drugs; ORP – oxygen-regulated protein; p38 MAPK – p38 mitogen-activated protein kinases; PARP – poly (ADP-ribose) polymerase; 
PERK – protein kinase R-like ER kinase; PGE2 – prostaglandin E2; PPARα – peroxisome proliferators–activated receptor α; PPARγ – peroxisome proliferators–
activated receptor γ; PUMA – p53-upregulated modulator of apoptosis; sXBP-1 – spliced X-box binding protein 1; TNF-α – tumor necrosis factor alpha; 
uXBP1 – unspliced X-box binding protein 1.

Table 2. Effects of NSAIDs on PPARγ, NF-κB and UPR pathways – cont.
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as mediators of the anti-inflammatory effects of NSAIDs 
in many diseases, i.e., cancer, neurodegenerative disorders 
and depression. Interestingly, these pathways may also un-
derlie the mechanisms of action of NSAIDs on pathological 
processes other than inflammation, such as uncontrolled 
cancer cell proliferation or neuronal dysfunction. Herein, 
we will attempt to answer the question of how these new 
molecular targets may affect the  therapeutic actions 
of NSAIDs pharmaceuticals.

Methodology

A literature search was carried out in the PubMed and 
Google Scholar databases on  September 15, 2022, us-
ing the queries: “NSAIDs “and” mechanism of action”; 
“NSAIDs “and” PPARγ”; “NSAIDs “and” NF-κB”; “NSAIDs 
“and” ER stress (endoplasmic reticulum stress)”. We then 
selected key studies that examined both diverse cell lines 
and in vivo models. Their results are discussed in the text 
and presented in Table 2. The Preferred Reporting Items 
for Systematic Reviews and Meta-Analyses (PRISMA) 
flowchart is presented as Fig. 1.

Classical mechanism 
of action of NSAIDs

Non-steroidal anti-inflammatory drugs are among 
the most widely administered medications worldwide.29 
This is attributed to their variety of applications, includ-
ing anti-inflammatory, antipyretic, analgesic, and anti-
thrombotic effects for aspirin, along with their limited 
side effects. The inflammatory response is triggered by ex-
ternal stimuli, where membrane phospholipids activate 
phospholipase A₂ to release arachidonic acid, which is then 
converted to the precursor prostaglandin (PG)H₂ by COX 
isoforms. Following PGH₂ production, prostacyclin (PGI₂), 
prostaglandins, e.g., PGE₂, and thromboxane (TX) A₂ are 
formed.30 TXA₂ causes vasoconstriction and platelet 
aggregation, while PGE₂ causes hyperalgesia, and both 
prostacyclin and prostaglandins (prostaglandin E2 – PGE2, 
prostaglandin I2 – PGI2, prostaglandin D2 – PGD2) cause 
vasodilation. These prostanoids mediate inflammation 
by contributing to pain, redness, and swelling.31 The main 
mechanism of NSAIDs, first discovered by Sir John Vane 
in 1971, works by inhibiting the synthesis of prostaglan-
dins, specifically by blocking the COX enzymes COX-1 

Fig. 1. The Preferred Reporting 
Items for Systematic Reviews and 
Meta-Analyses (PRISMA) flowchart

Records identified from:
Databases (n = 39,553)
Registers (n = 39,553)
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and COX-2, which prevents the formation of PGI₂, PGs 
and TXA₂29 (Fig. 2). Blocking the effects of these pros-
taglandins results in  the  therapeutics and side effects 
of NSAIDs.32 As the use of NSAIDs has risen drastically 
over the years, the caution about their adverse effects has 
increased as well, including concerns regarding increased 
formation of gastrointestinal tract ulcers.33 This, in turn, 
has halted NSAIDs as a medication for chronic pain, even 
though this was once a major indication for their use.30

As the years progressed and scientific research advanced, 
the classification of NSAIDs has progressed from initially 
being based on their chemical structure to being differ-
entiated according to their selectivity to cyclooxygenase 
inhibition.33 Research has proven the presence of at least 
2 COX isoforms until now. The 1st isoform of COX (COX-1) 
is constitutively expressed and carries out homeostatic 
functions in the body. It is regulated by development and 
highly expressed in platelets, renal collecting tubules, 
monocytes, and endothelial cells.30 When COX-1 is ac-
tivated, it promotes the protection of the gastric mucosa 
and platelet activation, and preserves kidney function.32 
The 2nd isoform of COX (COX-2) is activated mostly by me-
diators of  inflammation, such as tumor necrosis factor 
alpha (TNF-α), lipopolysaccharides (LPS) and interleu-
kin-1 (IL-1). It acts on a vast range of cells and tissues, 
including rheumatoid synovial endothelial cells, vascular 
endothelial cells, macrophages, and monocytes.30 Con-
versely, COX-2 has also been shown to express low-level 
physiological actions in tissues such as the uterus, brain 
and kidney.34

There are also other isoforms of COX, such as COX-3, 
which is a splice variant of COX-1. It was identified in mice, 
rats and dogs. However, it remains controversial whether 
a COX-3 and 2 shorter variants without cyclooxygenase 
activity, i.e., PCOX-1a and PCOX-1b35,36 proteins, exist 
in humans, and their biological role is unknown.

Traditional NSAIDs non-selectively bind and inhibit 
COX-1 and COX-2 to  varying degrees. However, due 
to  the  critical side effects of  nonselective inhibition, 

the difference in size between both COX isoform active 
sites was used to develop COX-2-specific inhibitors to gain 
the therapeutic uses of NSAIDs without their COX-1 in-
hibiting side effects. These side effects include small bowel 
and gastric mucosal injuries, renal injury, hepatotoxicity, 
and pulmonary complications.33,37 COX-2 selective inhibi-
tors include meloxicam, rofecoxib and celecoxib,32 which 
demonstrate fewer gastrointestinal symptoms and com-
plications compared to nonselective COX inhibitors, such 
as ibuprofen and diclofenac.38 However, this is not to say 
that COX-2 selective inhibitors are void of concerning side 
effects. The most dangerous is the increase in cardiovas-
cular risk.39

Based on their chemical structure (Table 1), NSAIDs 
can be broadly classified into salicylates (e.g., sodium sa-
licylate, acetylsalicylic acid), aryl, and heteroaryl acetic 
acid derivatives (e.g., ibuprofen, naproxen), indole/indene 
acetic acid derivatives (e.g., indomethacin, sulindac), an-
thranilates (e.g., diclofenac), and enolic acid derivatives 
(e.g., piroxicam, meloxicam).40 However, a more common 
classification of NSAIDs is based on the type of COX in-
teraction and selectivity, i.e., both COX enzymes can be 
inhibited equally (e.g., indomethacin, aspirin, diclofenac, 
naproxen, and ibuprofen), COX-2 can be inhibited with 
5-50-fold selectivity (e.g., celecoxib, rofecoxib, parecoxib), 
COX-2 can be inhibited with greater than 50-fold selec-
tivity (NS-398), and finally, some NSAIDs show poor se-
lectivity for COX enzymes (e.g., sulfasalazine, sodium 
salicylate).33,41

However, the mechanism of action of NSAIDs described 
above, which is based on the cascade of AA metabolite 
conversions, is only a small fragment of the myriad pro-
cesses that occur within the organism during an inflam-
matory event.

At the onset of inflammation, different signaling path-
ways are activated by proinflammatory factors, and these 
may work to either reinforce or diminish their actions. 
During this process, proinflammatory and other factors 
are formed due to tissue damage and induce a cascade 

Fig. 2. Mechanism of action 
of non-steroidal anti-inflammatory 
drugs (NSAIDs). Membrane 
phospholipids produce 
arachidonic acid by phospholipase 
A₂. Arachidonic acid produces 
the first precursor prostaglandin 
G₂ by cyclooxygenase (COX)-1 
and COX-2. Then, prostaglandin H₂ 
is produced from prostaglandin 
G₂, which by various enzymes 
produces prostacyclin (PGI₂), 
prostaglandins, e.g., PGE₁, PGE₂, 
and thromboxane A₂ (TXA₂). 
NSAIDs act as COX-1 and COX-2 
inhibitors. Diclofenac, ibuprofen 
and naproxen reversibly inhibit 
COX-1 and COX-2, and aspirin 
irreversibly inhibits COX-1 and 
COX-2. Celecoxib is a COX-2 
selective and reversible blocker
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of AA conversions, as well as COX and LOX activation. 
As a result of these conversions, reactive oxygen species 
(ROS) are being formed, leading to the activation of NF-κB, 
a factor responsible for the promotion of proinflamma-
tory signaling pathways. Conversely, AA, other polyun-
saturated fatty acids (PUFA), and prostanoid conversion 
products, e.g., 15d-PGJ2, activate the anti-inflammatory 
factor PPARγ.42–44 Thus, endogenous proinflammatory and 
anti-inflammatory systems can be activated and modu-
lated by these pathways.

The anti-inflammatory mechanism 
of NSAIDs action through 
the PPARγ receptor

The peroxisome proliferator-activated receptor (PPAR) 
belongs to the family of ligand-inducible nuclear recep-
tors acting as transcription factors. The family of PPARs 
comprise 3 isoforms, namely PPARα, PPARδ/β and PPARγ. 
The latter isoform is present in adipose tissue, the liver, 
the kidney, and the immune system, including bone mar-
row, lymphocytes, monocytes, and macrophages,45–47 and 
also in the central nervous system (CNS) cells, namely 
neurons, microglia, astrocytes, and oligodendrocytes.48,49 
Peroxisome proliferator-activated receptor gamma plays 
an important role in lipid and glucose metabolism, and 
insulin sensitivity. Therefore, agonists of this receptor are 
called insulin-sensitizing medications, and they are used 
in the treatment of type 2 diabetes (e.g., pioglitazone). 
Previous studies indicate that PPARγ agonists43 stimulate 
the differentiation of monocytes to macrophages in periph-
eral tissue, control brain inflammation through inhibition 
of the proinflammatory function of microglia, and suppress 
the expression of inducible nitric oxide synthase (iNOS), 
matrix metalloproteinase (MMP-9) and proinflammatory 
cytokines, IL-1β, IL-6 and TNF-α.47,50,51 Therefore, PPARγ 
is the most intensively studied of the 3 isoforms. Stimu-
lation of PPARγ antagonizes the activity of NF-κB and 
consequently inhibits the formation of proinflammatory 
cytokines.50,51 There are numerous natural PPARγ ligands, 
including polyunsaturated fatty acids, e.g., linoleic acid, 
docosahexaenoic acid, exogenous agonists such as flavo-
noids52 (e.g., curcumin) and drugs such as glitazones,53,54 
and NSAIDs43 that are responsible for an anti-inflamma-
tory effect. Several members of the heterogenous non-
steroidal anti-inflammatory family of drugs have been 
described as ligands for PPARγ according to their affinities 
and activity for PPARγ. These anti-inflammatory drugs 
were divided into 3 groups: 1. Those with high affinity (in-
domethacin and diclofenac); 2. Those with moderate affin-
ity (ibuprofen, fenoprofen, flufenamic acid); and 3. Those 
without agonistic effect (aspirin, piroxicam).47,55 The stud-
ies mentioned above47,55 were conducted in vitro and de-
termined the affinity of NSAIDs to the PPARγ receptor 

without formulating a conclusion about possible thera-
peutic properties of the effects.55 Puhl et al.5 found that 
NSAIDs bind to PPARγ with a range of affinities as follows: 
sulindac sulfide > diclofenac > indomethacin > ibuprofen. 
Additionally, it was demonstrated that diclofenac is a weak 
partial agonist of PPARγ, ibuprofen shows an intermediate 
agonistic activity, and indomethacin is a strong agonist 
of the receptor. Moreover, full agonists include thiazolidin-
ediones, such as rosiglitazone, and stimulation of PPARγ 
activity by NSAIDs has been shown to contribute to adi-
pocyte differentiation. However, other studies indicate 
that activation of PPARγ follows a different order, namely 
S-naproxen > indomethacin > S-ibuprofen > R-ibuprofen.7 
The work of Adamson et al.8 has demonstrated that diclof-
enac shows an affinity for PPARγ 50 times greater than 
other NSAIDs and 10 times lower than full agonist rosigli-
tazone, but similar to pioglitazone. Diclofenac is a partial 
agonist; therefore, it may function as a competitive antago-
nist in the presence of a full agonist, and consequently can 
displace other drugs, e.g., rosiglitazone, from the binding 
site of the receptor. Therefore, diabetic patients whose 
blood glucose is controlled using thiazolidinedione drugs 
may experience poorer glycemic control in the presence 
of diclofenac. Table 2 summarizes the effects of selected 
anti-inflammatory drugs on  the  PPARγ receptor and 
the significance of these actions.

It is worth mentioning that NSAIDs bind to the PPARγ 
at micromolar concentrations, and this is a higher concen-
tration than what is needed to inhibit COXs.6,7 However, 
such a concentration can be achieved during rheumatoid 
disease when NSAIDs are used at high doses to obtain 
therapeutic effect.8

NSAIDs anti-inflammatory 
mechanism of action through 
the NF-κB

Nuclear factor-κB consists of a family of transcription 
factors that play essential roles in inflammation, immunity, 
cell proliferation, differentiation, and survival.56–58 Under 
normal conditions, NF-κB as the heterodimer p50/p65 
interacts with IκB to remain in an inactive state in the cy-
tosol. However, proinflammatory cytokines (e.g., TNF-α 
and Il-1), bacterial and viral products, and cellular stress 
(oxygen and ER stress) lead to the phosphorylation of IκB 
protein by the activated IKK (IκB kinase) complex.56–58 
Interestingly, the IκB protein acts as the natural inhibi-
tor of NF-κB. Thus, phosphorylation of IκB results in its 
degradation, leading to the release of NF-κB (p50/p65) that 
is then able to translocate into the nucleus and regulate 
multiple target genes encoding proinflammatory cyto-
kines, chemokines, cell adhesion molecules, and enzymes 
that produce proinflammatory factors, such as nitric oxide 
and prostaglandins.56–58
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The impact of NSAIDs on NF-κB was confirmed in stud-
ies on different cell lines and animal models (Table 2).11–16 
All NSAIDs inhibit NF-κB signaling, but the mechanisms 
of their actions and the potency of inhibition can differ 
between drugs. For example, a study by Takada et al.16 
showed a comparison indicating that the most potent in-
hibitor of NF-κB is celecoxib, followed by diclofenac > in-
domethacin > naproxen > ibuprofen > aspirin. There are 
also studies on the development of diclofenac59 and ibu-
profen60 derivatives that demonstrate better effectiveness 
than reference drugs.

Non-steroidal anti-inf lammatory drugs suppress 
the transcription factor NF-κB, which controls the gene 
expression of proinflammatory factors, including COX-2, 
which is not only responsible for inflammation but is also 
implicated in tumor cell proliferation. This effect is ob-
tained by the inhibition of IKK and the subsequent inhi-
bition of IκB degradation.11–14,16 Interestingly, diclofenac 
appeared to regulate osteoclast differentiation by stabiliz-
ing the inactive form of NF-κB,13 whereas ibuprofen given 
to rats with collagen-induced arthritis inhibited neuroin-
flammation in the hippocampus by attenuating the NF-κB 
cascade, and contributed to the memory improvement.18 
This latter example shows that the presence of inflamma-
tory processes and activation of the immune system may af-
fect the CNS and trigger or exacerbate neuroinflammation. 
It was further demonstrated that inflammatory mediators 
are implicated in depressive symptoms by directly affecting 
brain tissue, modulating the monoaminergic system and 
initiating neurotoxic processes in brain areas responsible 
for emotions and emotional memories.61

PPARγ compared to NF-κB

As mentioned above, PPARγ shows an anti-inflamma-
tory effect in contrast to the proinflammatory  NF-κB. 
Previous studies demonstrate that PPARγ modulates 
the inflammatory response initiated by activation of NF-
κB-dependent Toll-like receptors (TLRs). The activation 
of  PPARγ stimulates the  expression of  the  genes and 
proteins that negatively regulate NF-κB, such as IκB.44,62 
Moreover, potent exogenous agonists of  PPARγ, such 
as pioglitazone or rosiglitazone, used alone or in the pres-
ence of LPS (an inflammatory stimulator), significantly 
reduced the activation of NF-kB in a mouse cystic fibrosis 
biliary epithelium.62 This effect results from the upregula-
tion of IκB, a negative regulator of NF-κB.62 Peroxisome 
proliferator-activated receptor gamma also has enzymatic 
properties, being an E3 ubiquitin ligase. Therefore, the ef-
fect of PPARγ on NF-κB is also a result of the ubiquitina-
tion and degradation of p65, which appears to be critical 
to the NF-κB signaling pathway.63

Thus, NSAIDs stimulate PPARγ-mediated inhibition 
of the proinflammatory  transcription factor NF-κB, while 
also potentially directly inhibiting NF-κB. Further research 

is required in this regard to define whether the inhibitory 
effects of NSAIDs on NF-κB are indirect, direct, or if both 
mechanisms are interrelated.

NSAIDs anti-inflammatory 
mechanism of action through 
the UPR pathway

Endoplasmic reticulum (ER) is involved in many different 
cellular functions, such as regulating the synthesis, fold-
ing, maturation, and transport of proteins, the synthesis 
and storage of lipids, acting as the main cellular storage 
for Ca2+, contributing to glucose metabolism, and serving 
as a platform for signaling and communication between or-
ganelles. Endoplasmic reticulum stress homeostasis is con-
stantly challenged by physiological demands or pathologi-
cal factors that affect its multiple functions. Physiological 
and/or pathological processes that disturb proper protein 
folding resulting in the accumulation of unfolded or mis-
folded proteins, cause a cellular state known as ER stress. 
The UPR involves the reduction of new protein synthesis, 
and the elimination of misfolded proteins through the ER-
associated protein degradation (ERAD) pathways and au-
tophagy. Another possibility to restore ER homeostasis can 
be by enhancing the capacity of the ER to fold proteins. 
Depending on the strength or duration of the factor trigger-
ing ER stress, the UPR can have contrasting effects, being 
either cell-protective or cell-destructive. When attempts 
to restore proper homeostasis fail, and ER stress cannot be 
arrested, the signaling pathways switch from pro-survival 
to pro-apoptotic.64–70 The accumulation of unfolded/mis-
folded proteins is sensed by 3 ER transmembrane effector 
proteins, namely inositol requiring enzyme 1 (IRE1), protein 
kinase R-like ER kinase (PERK) and the activating tran-
scription factor 6 (ATF6). Under physiological conditions, 
these 3 proteins are stored in inactive forms by binding 
to reticular chaperones 78-kDa glucose-regulated protein 
(GRP78) and 94-kDa glucose-regulated protein (GRP94). 
When ER stress is induced, GRP78 and GRP94 disassociate 
from PERK, IRE1 and ATF6, thereby activating their intra-
cellular pro-survival and/or pro-apoptotic functions.64–70

Protein kinase R-like ER kinase inhibits protein trans-
lation in the cell by phosphorylation of eukaryotic ini-
tiation factor 2α (eIF2α), leading to  the  transient at-
tenuation of  protein synthesis and the  reduced influx 
of newly synthesized proteins into the ER. This marks 
one of the first responses of the cell to ER stress. Inhibi-
tion of protein synthesis supports cell survival by blocking 
the accumulation of unfolded nascent proteins. However, 
sustained stress again changes the pro-survival response 
to pro-apoptotic. This is accomplished by the promotion 
of increased activating transcription factor 4 (ATF4) ex-
pression, which is responsible for the transcription of dif-
ferent pro-apoptotic factors such as 1) growth arrest and 
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DNA damage-inducible 34 (GADD34), and 2) transcrip-
tion factor C/EBP homologous protein (CHOP), as well 
as 3) the pro-apoptotic BCL-2 family proteins. The CHOP 
is one of the most potently upregulated genes during pro-
longed ER stress, and the interplay of GADD34, ATF4 and 
CHOP results in the activation of genes involved in cell 
death, cell-cycle arrest and senescence.64–70

Inositol requiring enzyme 1, having an endoribonucle-
ase activity, is responsible for the splicing of X-box bind-
ing protein 1 (XBP1) mRNA, resulting in the generation 
of an active (spliced) transcription factor XBP1s. Once gen-
erated, XBP1s induce expression of ER stress-responsive 
genes involved in the increased protein folding capacity 
and degradation of misfolded proteins to restore homeo-
stasis and increase cell survival following stress.64–71

Upon ER stress, ATF6 is transported to the Golgi appara-
tus, where it is cleaved by site-1 and site-2 proteases to re-
lease a fragment containing a basic leucine zipper (bZIP) 
transcription factor, termed “ATF6p50”. This 50 kDa ATF6 
fragment translocates to the nucleus where it  increases 
transcription of UPR-responsive genes, i.e., gene expression 
of ER chaperones, and ERAD components.64–71

It is important to note that there is extensive crosstalk 
between PERK, IRE1 and ATF6 signaling pathways. For 
example, ATF4, which is regulated via the PERK pathway, 
increases the transcription of IRE1, whereas ATF6 can 
also induce the expression of XBP1 and CHOP to enhance 
UPR signaling. All 3 UPR pathways contribute to inducing 
cell apoptosis when the cell protective measures mediated 
by the UPR fail to restore folding capacity.64–71

The ER stress-induced UPR not only maintains cellular 
homeostasis but can also directly regulate the inflammatory 
pathways.71 The principal inflammatory signaling proteins 
whose expression is directly initiated during the UPR are 
1) NF-κB and 2) mitogen-activated protein kinase (MAPK) 
family proteins consisting of A) stress-inducible kinases 
including JNK and p38 MAPK, and B) extracellular signal-
regulated kinase (ERK). During ER stress, the IRE1-TRAF2 
pathway has been shown to promote the NF-κB-mediated 
inflammatory response by  triggering the  recruitment 
of IKK, the phosphorylation and subsequent degradation 
of IκB, resulting in the activation of NF-κB (the IKK-IκB 
pathway). Additionally, PERK and ATF6 have been reported 
to promote NF-κB activation. In response to ER stress, 
activation of  the PERK-eIF2α signaling pathway results 
in  the attenuation of global mRNA translation and de-
creased translation of both IκB and NF-κB. Due to a shorter 
half-life of IκB compared to NF-κB, the higher proportion 
of NF-κB to IκB favors NF-κB-mediated inflammatory re-
sponses.71,72 Moreover, the ATF6-mediated arm of the UPR 
has been demonstrated to activate NF-κB.71 Therefore, this 
data highlights that ATF6 directly participates in regulating 
the inflammatory response as a transcription factor.

The effect of NSAIDs on UPR signaling was first de-
scribed in a search for mechanisms underlying the ad-
verse effects of these drugs. For example, studies carried 

out by Tsutsumi et al.73 showed that cultured guinea pig 
gastric mucosal cells treated with NSAIDs (indomethacin, 
diclofenac, ibuprofen, and celecoxib) decreased cell viabil-
ity, increased DNA fragmentation, and displayed elevated 
CHOP mRNA and protein. Additionally, indomethacin 
was shown to induce the expression of other components 
of the UPR pathway, such as GRP78, ATF6, ATF4, and 
XBP1. In those studies, NSAIDs elicited ER stress-depen-
dent apoptosis of cultured gastric mucosal cells, which was 
particularly related to the expression of CHOP.73

NSAIDs effect on UPR signaling 
and cancer

Other studies have shown that the UPR-dependent in-
duction of apoptosis by NSAIDs has important anti-cancer 
actions27; therefore, the anti-neoplastic effect of NSAIDs 
has been widely studied in various types of cancer and was 
found to be associated with COX-dependent mechanisms, 
as well as with anti-apoptotic properties resulting from ER 
stress stimulation (Table 2).

Endoplasmic reticulum (ER) stress is an important factor 
in cancer development as increased expression of the main 
components of UPR pathways was observed in tissue sec-
tions from a variety of human tumors. In different cancer 
cell types, such as glioblastoma, breast and pancreatic car-
cinoma, Burkitt’s lymphoma, and multiple myeloma, cele-
coxib was shown to induce activation of ER stress-associated 
proteins GRP78, CHOP and caspase-4, resulting in cancer 
cell death.27,74 In gastric carcinoma cells, the pro-apoptotic 
action of celecoxib was demonstrated to be related to PERK 
and eIF2α phosphorylation, leading to ATF4 expression. 
However, silencing of ATF4 partially reversed the overex-
pression of GRP78, which was also induced by celecoxib, 
suggesting that ATF4 was one of the UPR arms responsible 
for GRP78 upregulation after celecoxib treatment.25 A re-
cent meta-analysis of studies focusing on the molecular 
mechanisms of celecoxib in tumor development further 
highlighted its various anti-cancer actions.75 It was shown 
that celecoxib mainly regulates the proliferation, migration 
and invasion of tumor cells by inhibiting the COX-2/prosta-
glandin E2 signal axis, thereby inhibiting the phosphoryla-
tion of NF-κB gene binding Akt, a signal transducer and 
activator of transcription, and the expression of MMP-2 
and MMP-9. Likewise, diclofenac and indomethacin also 
efficiently activated the PERK pathway of the UPR, which 
enhanced the expression of the pro-apoptotic GADD153/
CHOP protein in Huh7 hepatoma cells.26

However, NSAIDs do not always cause ER stress-de-
pendent apoptosis in cancer cells. Yamazaki et al.23 were 
the first to demonstrate that diclofenac, indomethacin, 
ibuprofen, aspirin, and ketoprofen have protective effects 
against ER-stress-induced apoptosis of human neuroblas-
toma SH-SY5Y cells, and this is independent of its COX-
inhibitory activity.
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NSAIDs and the UPR signaling 
in other experimental models

The role of UPR signaling in the mechanism of action 
of NSAIDs has been widely studied in cancer cells. How-
ever, limited data are available for other experimental 
models (Table 2). For example, in endothelial cells, diclof-
enac significantly inhibited the activation of ER stress-
responsive genes, i.e., CHOP/DITT3, GRP78/HSPA5 and 
DNAJB9. Additionally, the drug diminished the significant 
upregulation and release of the GRP78 protein in endothe-
lial cells.24 Similar effects in endothelial cells (e.g., HCAEC, 
HPAEC and HUVECs) were obtained after the application 
of meloxicam, ibuprofen and acetylsalicylic acid, although 
notably not for celecoxib. Celecoxib downregulated ATF6 
and GRP78 expression, as well as IRE1α and PERK phos-
phorylation stimulated by ER-stress inducer tunicamycin.20 
There is also a study on a model of cerebral ischemic injury, 
in which parecoxib significantly suppressed cerebral isch-
emic injury-induced nuclear translocation of CHOP and 
Foxo1, and attenuated the immunoreactivity of caspase-12 
in ischemic penumbra. Furthermore, the protective effect 
of parecoxib was accompanied by an increased GRP78 and 
150-kDa oxygen-regulated protein (ORP150) expression. 
This study suggested that elevated GRP78 and ORP150, 
and suppression of CHOP and Foxo1 nuclear transloca-
tion may contribute to parecoxib-mediated neuroprotec-
tion during ER stress responses.28 The effects of NSAIDs 
on components of the UPR pathway in different experi-
mental models are summarized in Table 2.

PPARγ compared to NF-κB 
compared to the UPR pathway

This paper presents a certain outline of anti- and proin-
flammatory processes that might be modified by NSAIDs 
that involve 3 different pathways related to PPARγ, NF-κB 
and UPR signaling. While they appear closely related, 
there are currently only limited data on their interrelation 
(Fig. 3). For example, it was demonstrated that inflam-
matory stimuli can induce NF-κB, and early activation 
of NF-κB stimulates 3 branches of the UPR, being PERK, 
ATF and IRE1. Conversely, prolonged ER stress results 

in CHOP expression, that is responsible for the low level 
of PPARγ. In the absence of CHOP, PPARγ was strongly 
upregulated in epithelial cells.70 Okamura et al.76 showed 
that the anti-inflammatory potential of the UPR may be 
mediated, at least in part, by the induction of GRP78, lead-
ing to diminished activation of NF-κB. The ER chaperone 
GRP78 also has anti-inflammatory and immunomodula-
tory properties when present in the extracellular environ-
ment.72 However, in some cell types, e.g., in human pros-
tate cancer cells, GRP78 may be involved in the activation 
of NF-κB by suppressing the activation of IKK.77 Thus, 
the role of GRP78 and other factors of the UPR pathway 
in the regulation of NF-κB is complex and is likely to be 
cell type-dependent.

Potential new therapeutic 
applications of non-steroidal 
anti-inflammatory drugs (NSAIDs) 
in cancer

As  shown in  Table 2, many studies on  the  impact 
of  NSAIDs on  PPAR, NF-κB and UPR pathways have 
been conducted on cancer cells or in xenograft tumors. 
The reason for this is that the classical mechanism of ac-
tion of NSAIDs, responsible for their anti-inflammatory 
effects, i.e., inhibition of COX-1 and COX-2 enzymes, also 
contributes to cancer development. Particularly, COX-2 
expressed in  response to  inflammation seems to  play 
a  leading role in most cancers. This discovery has led 
to the investigation of further mechanisms underlying 
the involvement of COX enzymes in cancer development, 
aiming to clarify this phenomenon. For example, it has 
been shown that PGE2, which is a product of COX action, 
is involved in cancer cell proliferation, invasion, migration, 
and angiogenesis. For these reasons, NSAIDs, by inhibit-
ing COX-2, may show anti-cancer action, and this new 
property of the drugs has become the subject of intensive 
research.19 In this review, it was demonstrated that alter-
native pathways induced by NSAIDs, i.e., PPARγ stimula-
tion, inhibition of NF-κB activation, or modulatory effects 
on different components of the UPR pathway, on the one 
hand, may enhance the basic anti-inflammatory mecha-
nism of action of the drugs, and on the other hand, may 
be directly involved in different, e.g., anti-cancer effects 
of NSAIDs.

Promising results of  the  in vitro studies contributed 
to the administration of NSAIDs to cancer patients, lead-
ing to the analysis of the relationship between taking these 
drugs and the incidence of cancer. The use of NSAIDs 
in patients showed different effects, not always as spec-
tacular as  in  experiments in  vitro. Therefore, in  most 
of the studies (Table 3), the need for further research and 
analysis regarding dosage, treatment duration, and, most 
importantly, the  selection of  the drug from the group 

Fig. 3. Relations between peroxisome proliferator-activated receptor 
gamma (PPARγ), nuclear factor-κB (NF-κB) and unfolded protein response 
(UPR) pathways. Inflammatory stimulus induces pro-inflammatory 
pathways such as NF-κB and anti-inflammatory mechanism of action 
through the PPARγ. These transcription factors can inhibit each other. 
NF-κB induces the UPR pathway and the release of cytokines. During 
chronic inflammation and prolonged endoplasmic reticulum (ER) stress, 
the expression of CHOP is stimulated. CHOP inhibits PPARγ

Inflammatory stimulus

CHOP

NF-κB PPARγ

Cytokines



Adv Clin Exp Med. 2024;33(9):1007–1022 1017

Table 3. Examples of potential new therapeutic applications of NSAIDs. The order of research presented is arranged alphabetically by disease, i.e., tissue 
origin of cancer, next: degree of advancement, next: neurodegenerative diseases, next: neurological disorder

Disease Type of study Methodology Results Ref.

Cancer

Bladder cancer epidemiological study 1,514 cases of incident bladder cancer 

All classes of NSAIDs, except pyrazolon 
derivatives, were negatively associated with 
bladder cancer risk. Protective effect varied 
in strength by subcategories of formulation: 

the strongest for acetic acids and the weakest 
for aspirin/other salicylic acids and oxicam.

79

Breast cancer meta-analysis 16 studies with 23,813 participants

The use of NSAIDs may be associated with 
a small decrease in the risk of breast cancer. 
However, the available data are insufficient 

to estimate the dose–response effect 
for duration and frequency of use of any 

particular types of NSAID.

80

Colorectal cancer 
systematic reviews and 

meta-analyses

986 participants with low dose of aspirin 
(81–325 mg/day)

2,289 participants with celecoxib 
(400–800 mg/day)

1,277 participants with rofecoxib 
(25 mg/day)

The beneficial effect of low-dose aspirin 
on recurrence of any adenomas. The effect 
on advanced adenomas was inconclusive. 

Possible increased risk of recurrence 
of adenomas observed after discontinuing 

regular use of NSAIDs.

81

Ovarian cancer
systematic review 
and meta-analysis 

of observational studies
380,277 participants

The use of aspirin significantly reduced the risk 
of invasive ovarian cancer. A similar tendency 

was observed for non-aspirin NSAIDs, but 
the results were not significant.

82

Prostate cancer
systematic review and 

meta-analysis

108,136 cases
from 39 observational studies (20 case-

control and 19 cohort studies)

No association with the use of non-aspirin 
NSAIDs and the development of prostate 

cancer. Aspirin provided potential benefits 
in the reduction of prostate cancer incidence.

83

Advanced cancer
meta-analysis 

of 11 randomized clinical 
trials

11 randomized clinical trials consisting 
of 2,570 patients with advanced cancer

Celecoxib showed a benefit in the treatment 
of advanced cancers but with increased risk 
of cardiovascular events. Benefit compared 
to harm needs to be carefully considered 

when celecoxib is recommended in patients 
with advanced cancers.

84

Neurodegenerative diseases

Alzheimer’s 
disease (AD)

systematic review 
and meta-analysis 

of observational studies
14,654 participants

NSAIDs offered some protection against 
the AD development. The appropriate dosage 
and duration of drug use and the ratio of risk 

to benefit are unclear.

85

systematic review
prospective and non-
prospective studies

7 non-prospectives studies with 1,500 
AD cases and 3 prospectives studies with 

475 AD cases

NSAIDs exposure was associated with 
decreased risk of AD.

86

meta-analysis based 
on the preferred reporting 

items for systematic reviews 
and meta-analysis checklist

236,022 participants
NSAIDs exposure might be significantly 

associated with reduced risk of AD.
87

Parkinson’s 
disease (PD)

systemic review
meta-analysis 

of observational studies
random-effects meta-

analyses

301,420 participants

Protective effect of non-aspirin, non-steroidal 
anti-inflammatory drugs on the risk of PD 

possibly by influencing a neuroinflammatory 
pathways in the pathogenesis of PD.

89

meta-analysis, cohort, case-
control

17 articles with 14,713 patients with PD
No association between NSAIDs and the risk 

of PD.
89

systematic review 
and meta-analysis 

of observational studies
11 studies with 1,020,379 participants

NSAIDs as a class did not seem to modify 
the risk of PD. Ibuprofen may have a slight 
protective effect in lowering the risk of PD.

91

meta-analyses 
of prospective studies

136,197 participants
Ibuprofen but not other NSAIDs lowered 

the risk of PD.
91
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is emphasized. Examples of epidemiologic studies have 
shown a diminished incidence of adenomatous polyps and 
lower colorectal cancer death rates in persons regularly 
taking NSAIDs. It suggests a possible protective effect 
of NSAIDs on the general population. Some recent ran-
domized clinical trials showed that aspirin suppressed 
the recurrence of adenomatous polyps in patients with 
a previous polyp.78 In turn, the use of all classes of NSAIDs, 
except pyrazolone derivatives, suppressed the bladder can-
cer risk; however, the protective effects varied in strength 
depending on the subcategories of the formulation.79 More 
examples can be found in Table 3.

Potential new therapeutic 
applications of NSAIDs 
in CNS disorders

Central nervous system disorders, including those 
of a psychiatric or neurological nature, are a major chal-
lenge for medicine and public health worldwide. They are 
multifaceted disorders with diverse and ill-defined patho-
physiological mechanisms, e.g., the development of  in-
flammatory processes, ER stress and disturbance of neu-
ronal–glial communication. The pathological processes 
are associated with specific signaling pathways, and their 
elements can become strategic points of development for 
new drugs and for new applications of those already ap-
proved. Therefore, NSAIDs have been used in epidemio-
logical studies analyzing their therapeutic effectiveness 
as protective factors in CNS disorders.

Neuroinflammation with the  involvement of NF-κB, 
PPARγ and the  UPR pathways also has an  impact 

on the development of CNS disorders. Neuroinflammation 
is a defense mechanism that initially protects the brain 
by removing or inhibiting diverse pathogens, but persistent 
inflammation can induce microglia and astrocytes toward 
a proinflammatory  phenotype, which causes the neuro-
toxic effect. The UPR dysfunction, which is characterized 
by the accumulation and aggregation of misfolded proteins, 
mediates neuronal death in Alzheimer’s disease (AD), Par-
kinson’s disease (PD), amyotrophic lateral sclerosis (ALS), 
Huntington’s disease (HD), and psychiatric disorders such 
as schizophrenia, depression and post-traumatic stress 
disorder (PTSD).97,98 Considering all 3 trans-ER membrane 
stress sensors (IRE1, PERK and ATF6) are present in astro-
cytes, it is clear that the PERK-mediated arm of the UPR 
is most linked to the induction of inflammatory responses 
in astrocytes and may be a target to attenuate immune re-
sponses in neurological diseases. However, other signaling 
molecules may also contribute to the pathogenic activities 
of astrocytes.

Currently, there are several neuroprotective mecha-
nisms of NSAIDs being investigated, including those 
resulting from the  stimulation of  the  PPARγ recep-
tor and the reduction of microglia activation. It  is be-
lieved that activation of  these anti-inf lammatory ef-
fects may contribute to the anti-amyloidogenic action 
of NSAID.85,99,100

Various clinical trials have already revealed promising 
results using PPARγ agonists and, therefore, may repre-
sent an attractive therapeutic target for the treatment 
of AD.100 Many clinical trials and meta-analyses have 
shown that NSAID exposure may be significantly associ-
ated with a reduced risk of AD.85,86 However, this evidence 
was only based on observational studies, while other 
types of  investigations did not find this association.85 

Disease Type of study Methodology Results Ref.

Neurological disorders

Depression

randomized double-blind 
placebo-controlled study

40 patients with MDD received celecoxib 
(200 mg twice daily) or placebo in addition 

to sertraline (200 mg/day) for 6 weeks.

Reduction of interleukin-6 by celecoxib. 
Celecoxib can be effective as an adjunctive 

antidepressant.
92

double-blind randomized
placebo control

40 patients with psychotic depression 
receiving reboxetine (4–10 mg/day) with 

celecoxib (400 mg/day) or reboxetine 
with placebo for 6 weeks

Additional treatment with celecoxib had 
significant positive effects on the therapeutic 
action of reboxetine with regard to depressive 

symptomatology.

93

double-blind randomized
placebo control

40 patients with depression received 
celecoxib (400 mg/day) or placebo with 

fluoxetine (40 mg)

The combination of fluoxetine and celecoxib 
showed a significant superiority effect 
over fluoxetine alone in the treatment 

of symptoms of major depression.

94

review and meta-analysis
randomized placebo-

control trials

14 trials (6,262 participants) with 
subanalyses with celecoxib (200–

400 mg/day)

Celecoxib decreased depressive symptoms 
without increased risks of adverse effects.

95

review and meta-analysis
randomized controlled trials

312 participants with bipolar depression, 
53 patients received NSAIDs

A moderate antidepressant effect for 
adjunctive NSAIDs compared with 

conventional therapy alone in the treatment 
of bipolar depression.

96

NSAIDs – non-steroidal anti-inflammatory drugs; MDD – major depressive disorder.

Table 3. Examples of potential new therapeutic applications of NSAIDs – cont.
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According to  the  analysis of  prospective and retro-
spective studies, NSAID exposure was associated with 
a decreased risk of AD, slower progression and reduced 
severity of dementia.86 Similar neuroprotective effects, 
although still controversial, were obtained in other neu-
rodegenerative disorders such as PD. A meta-analysis 
presented by Gagne and Power88 indicated that the use 
of non-aspirin NSAIDs, particularly ibuprofen, reduced 
the risk of PD by 15%, while the use of aspirin did not 
show any effect. The NSAIDs have demonstrated neuro-
protective potential, but a meta-analysis by Poly et al.89 
showed that there is no association between NSAIDs and 
the risk of PD at the population level. Other research sug-
gested that ibuprofen may have a slight protective effect 
in  lowering the risk of PD, whereas NSAIDs as a class 
of drugs do not seem to modify the risk of PD.90,91

Neuroinflammation is implicated in a variety of neu-
rologic and somatic illnesses, including depression. It has 
been reported that a significant proportion of major de-
pressive disorder (MDD) patients exhibit increased levels 
of TNF-α and IL-6 in plasma.101,102 Neuroinflammation 
also contributes to non-responsiveness to current antide-
pressant therapies. It has been shown that the response 
to conventional antidepressant medications is associated 
with a decrease in  inflammatory biomarkers, whereas 
resistance to treatment is accompanied by increased in-
flammation.103 For these reasons, there have been few 
successful trials investigating whether treatment with 
NSAIDs may show beneficial effects on MDD. Meta-anal-
yses of randomized controlled trials (RCTs) of NSAIDs, 
given in monotherapy or as add-on therapy, indicated that 
these medications may be beneficial in treating depres-
sion.93,95 For example, a combination of celecoxib with 
sertraline or fluoxetine could exhibit a more efficacious 
antidepressant effect than sertraline or fluoxetine treat-
ment alone.92,94 However, another meta-analysis of adjunc-
tive use of NSAIDs in the treatment of bipolar depression 
showed only moderate antidepressant effects of the drugs 
compared with conventional therapy alone.96 In a retro-
spective analysis of the association between NSAID use 
by  adults with chronic inflammatory conditions and 
the presence of depression among them, no statistically 
significant results were observed.104

Several studies have provided evidence that PPARγ re-
ceptor expression or the levels of its endogenously pro-
duced modulators are downregulated in several neuro-
logical and psychiatric disorders such as depression,105 
schizophrenia106 and PD.107 Therefore, synthetic agonists 
should be investigated in the context of these disorders.108

Conclusions

Non-steroidal anti-inflammatory drugs have a  well-
established role in  the  human therapeutic arsenal, 
but still, new perspectives are being discovered. This 

review presents new anti-inflammatory molecular tar-
gets of NSAIDs involving actions on PPARγ, NF-κB and 
the components of the UPR pathway. More importantly, 
the effects of NSAIDs on these signaling molecules are 
observed in higher concentrations than those required for 
COX inhibition. However, it should be emphasized that 
it is difficult to compare concentrations used in laboratory 
studies, i.e., on cell lines, with effective doses necessary 
to obtain the effect in humans. Additionally, some litera-
ture shows derivatives of individual drugs from the anti-in-
flammatory group, which more potently affect the above-
mentioned  molecular targets, and thus they may become 
a valuable alternative to classic NSAIDs in the future.

Another aspect is the search for new drug targets for 
the therapy of neurological and neurodegenerative dis-
orders or cancers. Many epidemiological prospective and 
retrospective studies show the beneficial contribution 
of NSAIDs in the prevention or treatment of these dis-
eases, but the mechanisms of the observed effects remain 
mostly unknown. Nevertheless, searching for new appli-
cations and molecular targets of already approved drugs 
represents an important avenue of exploration and may 
contribute to the development of more effective therapies. 
However, the question of whether NSAIDs or other drugs 
affecting PPARγ, NF-κB or UPR pathways will be applied 
in the future in the treatment of cancers or neurodegenera-
tive disorders still needs answering.
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Abstract
Background. Research on amyotrophic lateral sclerosis (ALS) reveals that the disorder is not restricted 
to motor neurons.

Objectives. This neuroimaging study aimed to investigate the presence of cerebellar damage in adult ALS 
patients.

Materials and methods. The study retrospectively analyzed magnetic resonance imaging (MRI) examina-
tions performed on a 1.5T MR unit of 33 patients (17 men and 16 women with a mean age of 59.3 years) 
diagnosed with ALS. Cerebellar and posterior fossa dimensions were calculated using plain MR images. In ad-
dition, diffusion tensor imaging (DTI) was used to obtain white matter integrity measurements, represented 
as fractional anisotropy (FA) values, in the posterior limbs of internal capsules (PLIC) and middle cerebellar 
peduncles (MCPs). These measurements were compared to 36 healthy volunteers (11 men and 25 women 
with a mean age of 55.3 years). The study also assessed clinical data for correlations with cerebellar imaging 
findings.

Results. The linear measurements of the cerebellum did not differ between groups. However, the transverse 
cerebellar dimension (TCD) ratio to the maximum length of the posterior fossa (0.973 compared to 0.982, 
t = −2.76, p < 0.01) and FA value in both MCPs (0.67 compared to 0.65 and 0.69 compared to 0.67, p < 0.05) 
were significantly lower in ALS patients. No significant differences were found in FA value in the PLIC, and 
no significant correlations were observed between patient clinical characteristics and cerebellar damage.

Conclusions. This study provides evidence of cerebellar damage in adult ALS patients. These findings contrib-
ute to ALS understanding and highlight the importance of considering cerebellar involvement in the disease 
process. The results suggest that measuring the TCD ratio and FA value in both MCPs could be potential 
biomarkers for cerebellar damage in ALS patients.

Key words: cerebellum, magnetic resonance imaging, amyotrophic lateral sclerosis, fractional anisotropy, 
transverse cerebellar diameter
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Background

Amyotrophic lateral sclerosis (ALS) affects both upper and 
lower motor neurons. Some non-motor symptoms may also 
be present, including extrapyramidal symptoms,1 cerebel-
lar signs2 and dementia.3,4 This condition is characterized 
by the loss of cortical motor neurons and cortical atrophy 
of the motor cortex,5 leading to motor preparation and initia-
tion difficulties. Compensation mechanisms are then acti-
vated in the premotor area, cerebellum and basal ganglia.6–8

The cerebellum plays a crucial role in ALS, extending 
beyond motor control to various cognitive processes such 
as working memory, verbal fluency and emotion-affect con-
trol.9,10 Imaging studies have shown inconsistent data on cer-
ebellar changes in ALS, with atrophy of the whole cerebellum, 
focal changes in specific lobules, changes in the integrity 
of cerebellar peduncles, and increased metabolism in various 
cerebellar regions being reported.2,11–15 Advanced magnetic 
resonance imaging (MRI) techniques, such as diffusion ten-
sor imaging (DTI), enable the measurement of anisotropic 
diffusion of water molecules within tissue. By calculating 
the  fractional anisotropy (FA) parameter, characteristic 
changes in brain tissues at the level of cellular microarchi-
tecture can be depicted, as well as changes in apparently nor-
mal white matter that are not visible on conventional MRI.16

Objectives

The objective of this investigation was to ascertain the lin-
ear dimensions of the cerebellum and the posterior cranial 
fossa, and assess the association between these parameters 
and white matter integrity, gender, disease duration, and 
age in patients with ALS compared to healthy controls.

Materials and methods

This investigation employed a retrospective case-control 
design, utilizing standard diagnostic data documented 
in all patients diagnosed with ALS at  the Department 
of Neurology of the University Clinical Hospital (Wrocław, 
Poland). The MRI examinations were conducted at the De-
partment of Radiology of the same hospital. All partici-
pants provided informed consent. The approval of the local 
Bioethics Committee of Wroclaw Medical University was 
obtained (approval No. 885/2022).

The study group

The study group consisted of 33 subsequent patients 
(16 women and 17 men with a mean age of 59.3 years, 
standard deviation (SD) ±11.2 years) from the Department 
of Neurology, diagnosed with ALS between 2017 and 2018 
based on the El Escorial criteria.17 Disease-related vari-
ables (type and duration of the disease and first symptoms) 

were established based on medical records. The mean time 
of disease duration until the MRI examination was noted 
as 1.43 years (median: 1 year, range: 0.5–4 years).

Exclusion criteria included cerebrovascular events, neo-
plasm or paraneoplastic syndromes in a patient’s medical 
history, present overt dementia, or extrapyramidal and 
cerebellar signs in the neurological examination.

Magnetic resonance imaging protocol

The MRI examinations for ALS patients and controls 
were conducted using a Signa HDx 1.5 Tesla MRI unit 
(GE Medical Systems, Chicago, USA) and a 16-channel 
head and spine (HNS) coil. A conventional brain MRI pro-
tocol was initially performed with the following sequences: 
sagittal and coronal T2 fast recovery spin echo (FRFSE), 
axial T1 spin echo (SE), axial T2 fast spin-echo (FSE), axial 
fluid-attenuated inversion recovery (FLAIR), axial diffu-
sion-weighted imaging (DWI) SE-echo-planar imaging 
(EPI) sequences, and a gadolinium-enhanced three-dimen-
sional-fast spoiled gradient-echo (3D-FSPGR) T1 sequence. 
Subsequently, linear measurements of the cerebellum were 
obtained from axial and sagittal T2-FSE sequences (Fig. 1). 
The transverse cerebellar diameter (TCD) and the maxi-
mum length of the posterior fossa were measured twice. 
To standardize the TCD to the head size, the ratio between 
2 parameters (TCD and the maximum width of the poste-
rior cranial fossa) was calculated and used as the funda-
mental parameter for further analyses.

Diffusion tensor imaging

Diffusion tensor imaging (DTI) examinations were per-
formed using a single-shot (SS) EPI sequence in 25 dif-
ferent diffusion-encoding directions, with the following 
parameters: b-values = 0 and 1000 s/mm2, transfer ratio 
(TR) = 8500 ms, time to echo (TE) = 100 ms, field of view 
(FOV) = 24 × 24 cm, and a matrix = 128 × 128 mm, with 
2.5  mm-thick axial slices obtained parallel to  the  an-
terior and posterior commissures. The DTI data were 
post-processed on the Advantage Workstation 4.6 (GE 
Medical Systems) using Ready View software provided 
by the manufacturer. The FA values were evaluated bi-
laterally in the following white matter tracts: posterior 
limbs of internal capsules (PLIC) and middle cerebellar 
peduncles (MCP) in small, fixed-in-size and circular re-
gions of interest (ROIs; size 25–30 mm2) were assessed 
by means of color-coded maps. The mean FA values out 
of 3 measurements were calculated.

The control group

Thirty-six healthy age-matched controls (25 women and 
11 men with a mean age of 55.4 ±15.9 years) were recruited 
(volunteers, mainly hospital staff members) to obtain nor-
mal values for neuroimaging measurements.
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Clinical–neuroimaging correlations

Measurements of the cerebellum and posterior fossa and 
DTI parameters were compared between patient and con-
trol groups. The ALS characteristics (onset of symptoms 
and disease duration) and the abovementioned variables 
were analyzed to identify potential correlations with cer-
ebellar dimensions.

Statistical analyses

Statistical analyses employed STATISTICA PL v. 8 soft-
ware (StatSoft Polska, Cracow, Poland). A p-value <0.05 
was considered statistically significant. The normality 
of distribution for all continuous variables was verified 
with a Shapiro–Wilk test to select appropriate statistical 
methods. Comparisons between 2 independent groups 
were performed using Student’s t-test and the Mann–
Whitney U test (Supplementary Table 1). A Kruskal–Wallis 

analysis of variance (ANOVA) rank test compared cat-
egorical independent variables. Pearson’s correlation was 
used to assess clinical–radiological correlations.

Results

The measurements of the cerebellum in both groups 
are presented in Table 1. Although the posterior fossa 
dimension and transcerebellar diameter did not differ 
statistically, the calculated ratio (TCD/posterior fossa di-
mension) revealed a significant difference between ALS 
patients and controls (median: 0.978 compared to 0.984, 
U  =  845.0, p  =  0.002). The  dimensions of  the  poste-
rior fossa and TCD differed between male and female 
patients (107.7 mm compared to 103.3 mm, p < 0.005, 
and 104.5 mm compared to 100.8 mm, p < 0.01, respec-
tively). The TCD showed a significant correlation with 
age (r = −0.38, p < 0.05). The ratio of the TCD/posterior 

Fig. 1. Cerebellum linear measurements on T2-weighted sagittal and axial plains

cerebellum height (1 – orange arrow), cerebellum width (2 – red arrow) and transverse cerebellar diameter (3 – green arrow).

Table 1. Basic characteristics of the cerebellar linear measurements in patient and control groups

Parameter
Patients (n = 33) Controls (n = 36)

p-value (used test)mean
[mm]

median
[mm] 95% CI/Q1–Q3 mean

[mm]
median

[mm] 95% CI/Q1–Q3

Posterior fossa dimension 105.5 105.3 103.99; 107.07 106.5 105.5 105.1; 108.0 0.33 (Student’s t)

Transcerebellar diameter (TCD) 102.7 103.0 101.3; 104.2 104.4 104.8 103.0; 105.8 0.1 (Student’s t)

Cerebellar width 46.4 47.0 45.2; 47.2 46.4 46.7 45.5; 47.3 0.95 (Student’s t)

Cerebellar height 25.8 25.1 23.9–26.9 26.0 26.2 23.9–27.9 0.42 (Mann–Whitney U)

95% CI – 95% confidence interval; Q1 – 1st quartile; Q3 – 3rd quartile; TCD – transverse cerebellar dimension.
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fossa dimension significantly correlated with the  age 
of the patients (S = −0.370, p < 0.05) (Fig. 2). Analysis 
of the correlation between age and TCD/posterior fossa 
ratio was significant only in the ALS group. As the ratio 
of the TCD/posterior fossa dimension did not have a nor-
mal distribution in either group, a Spearman’s rank cor-
relation test was used. In the control group, the rho value 
was −0.324, corresponding to a p-value of 0.053, slightly 
above the assumed significance level of 0.05. In the ALS 
group, Spearman’s rank correlation rho was −0.370, cor-
responding to a p-value of 0.034. A series of fitting several 
polynomial regression models, from 1 up to 5 degrees, 
were conducted to assess the nature of the relationship. 
The calculated adjusted R2 of each model was the high-
est for the second-degree polynomial, which had an ad-
justed R2 of 0.132. The p-value for the selected model 
as a whole was 0.046. The coefficient estimates and 95% 
confidence intervals (95% CIs) are presented in Supple-
mentary Table 2. No other correlations for cerebellar lin-
ear measurements and sex, age or duration of the disease 
and its first symptoms were found.

The  FA values were significantly different between 
controls and patients in both MCPs but not at the level 
of the internal capsules (Table 2). Strong correlations were 
found between FA values in the PLIC on both sides (S = 0.49, 
p < 0.005 (Spearman’s correlation)) and FA in MCP on both 
sides. No correlation was found between linear cerebellum 
measurements and FA values in ALS patients.

Discussion

The method used in this study (i.e., linear measurements 
were easily performed on axial and sagittal T2-FSE) proved 
simple, effective and feasible for all subjects. The TCD 
alone showed sexual dimorphism, a  typical observa-
tion during the developmental period but not uniformly 
found in mature brains.18,19 In turn, the TCD/posterior 
fossa dimension ratio had a nonlinear correlation with 
age in healthy and patient groups. Since TCD correlated 
significantly with age, a change in the ratio occurred due 
to atrophy of  the cerebellum, which has also been de-
scribed by other authors using both linear and volumetric 
measurements.20–23

The TCD/posterior fossa ratio decreased with age sig-
nificantly faster in patients than in controls, which would 
be consistent with observations of most authors describing 
the decrease in the cerebellum or individual cerebellar 
lobes and brainstem size or volume, with the degree of at-
rophy varying according to the form of motor neuron dis-
ease, the severity of motor disturbances, and the presence 
of behavioral and cognitive dysfunctions.24–27 In contrast, 
some authors report no significant abnormalities in cer-
ebellar volumetric measurements.28,29 Several factors con-
tribute to the variability of our findings, with emerging evi-
dence that genetic and sporadic ALS differ in their imaging 
signature.2,13 There is a significant association between 
cerebellar atrophy in ALS combined with frontotemporal 
dementia (FTD) or carrying C9orf72 hexanucleotide repeat 
expansion in patients who already show some cognitive 
impairment (ALSci), as opposed to patients presenting 
with more behavioral abnormalities (ALSbi).13,30,31 Patients 
with ALS-ataxia continuum symptoms do not display such 
abnormalities.13

The various patterns of white matter integrity change 
observed using DTI in ALS patients need to be empha-
sized because they may offer unique insights into the neu-
rodegeneration processes and ALS pathophysiology. 
The measurements of FA values in the PLIC and MCP, 
which include the corticopontocerebellar pathway, showed 
significant differences between patients and healthy con-
trols in the MCP but not at the level of the PLIC. Other au-
thors have demonstrated a significantly decreased FA value 
at the pyramidal pathways and, in some cases, at the MCP 

Table 2. Diffusion tensor imaging (DTI) measurements of fractional anisotropy (FA) on both sides of posterior limbs of internal capsules (PLIC) and middle 
cerebellar peduncles (MCP) in patients and controls

Region
Patients (n = 33) Controls (n = 36)

p-value (used test)
mean FA median 95% CI/Q1–Q3 mean FA median 95% CI/Q1–Q3

MCP right 0.67 0.68 0.66; 0.69 0.65 0.64 0.64; 0.66 <0.001 (Student’ t)

MCP left 0.69 0.69 0.67; 0.71 0.67 0.67 0.66; 0.68 0.052 (Welch’s t)

PLIC right 0.62 0.62 0.61; 0.63 0.63 0.63 0.62; 0.64 0.23 (Student’s t)

PLIC left 0.64 0.63 0.62; 0.65 0.64 0.64 0.62; 0.66 0.29 (Mann–Whitney U)

95% CI – 95% confidence interval; Q1 – 1st quartile; Q3 – 3rd quartile.

Fig. 2. Correlation of the ratio of transverse cerebellar dimension (TCD) 
measurements to the posterior fossa dimension in relation to age 
in amyotrophic lateral sclerosis (ALS) patients
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level.32–38 Our findings, together with the atrophy phe-
nomenon discussed earlier, suggest the  simultaneous 
occurrence of cerebellar degeneration and loss of the in-
tegrity of pathways connecting this structure with other 
brain regions. Our study also indicates that this process 
occurs at a different rate and somewhat independently 
of pyramidal tract degeneration, consistent with coexist-
ing degenerative and compensatory processes postulated 
in other papers.6,8,39 This alternation of cerebrocerebellar 
connectivity8,28,36,40–42 underscores the importance of un-
derstanding the complex and multifactorial nature of ALS 
pathology.

Limitations

Although our results are easily accessible and encourag-
ing, the study had some limitations. First, the retrospective 
design and relatively small number of patients included 
in our study limited the number of examination tech-
niques. Second, the patients could have diverse clinical 
phenotypes and severity levels of the disease, which may 
have resulted in various predispositions to cerebellar ab-
normalities.13,43,44 Third, the measurements were done us-
ing certified software provided by the MRI manufacturer, 
reducing the potential number of measurements to those 
that are relatively simple. Despite these limitations, our 
study provides important insights into the specific pat-
terns of cerebellar damage in ALS patients. Our method 
was simple and can be improved in further longitudinal 
projects.

Conclusions

This study shows that a  simple MRI measurement 
might reveal accelerated cerebellar atrophy in ALS pa-
tients, which correlates with reduced white matter in-
tegrity in the cerebellar afferent pathways. Our results 
highlight the importance of cerebellar pathology in these 
patients.

Supplementary data

The Supplementary materials are available at https://
doi.org/10.5281/zenodo.8321084. The package consists 
of the following files:

Supplementary Table 1. Normality and variance tests.
Supplementary Table 2. Coefficient estimates together 

with 95% CI for polynomial regression models of corre-
lation of the age and ratio of the TCD to the dimension 
of the posterior fossa.
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