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Abstract
Background. Nowadays, there are a variety of viewpoints on problem-based learning (PBL) and mind map-
ping teaching outcomes in nursing education, but there are not many thorough assessments that are pertinent.

Objectives. We performed a meta-analysis to evaluate the effect of the PBL method combined with mind 
mapping on nursing instruction.

Materials and methods. A systematic literature search up to July 2022 was performed, and 1765 related 
studies were evaluated. The chosen studies comprised 1473 nursing teaching participants as the trial’s 
baseline, with 770 of them using the PBL model with mind mapping and 703 enrolled as controls. Odds 
ratio (OR) and mean difference (MD) with 95% confidence intervals (95% CIs) were calculated to assess 
the effect of the PBL method combined with mind mapping on nursing instructions using dichotomous and 
continuous methods with a random or fixed effect model. The study protocol was registered in PROSPERO 
(registration No. CRD 42022432130).

Results. The PBL model with mind mapping reached a significantly higher results of nursing knowledge 
test (MD: 7.29, 95% CI: 6.88–7.71, p < 0.001) and pediatric practice test (MD: 9.89, 95% CI: 9.04–10.74, 
p < 0.001), as well as higher students’ ability of independent learning (OR: 3.49, 95% CI: 2.11–5.76, p < 0.001) 
compared to the controls in nursing teaching.

Conclusions. The PBL model with mind mapping resulted in a significantly higher results of nursing 
knowledge test, pediatric practice test and students’ ability of independent learning compared to controls 
in nursing teaching.

Key words: nursing teaching adult, problem-based learning teaching model joint with mind mapping, 
pediatric practice test, nursing knowledge test, meta-analysis
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Introduction

Nursing education is crucial for enhancing the stu-
dent’s quality of learning, improving their clinical prac-
tice abilities and applying information in addition to pro-
viding theoretical knowledge.1 As a result of the paradigm 
shift in medical education, the problem-based method 
of learning has been successful in many medical educa-
tion courses both in China and overseas.2 The problem-
based learning (PBL) approach can strengthen critical 
thinking skills in students through interactive collabora-
tion with their peers to analyze and solve complex prob-
lems via independent information processing. In medi-
cal education, the transition into clinical clerkship after 
years of pre-clinical studies is frustrating and anxiety-
provoking. Therefore, PBL can play a pivotal role in fa-
miliarization with various topics, including the structure 
of effective medical teams, electronic health record uti-
lization and inpatient admission regulation. Moreover, 
patient-centered scenarios can be represented using 
the PBL model. Recently, web-based applications have 
been incorporated alongside PBL to provide realistic ex-
posure to practical clinical activities, including inpatient 
and outpatient care.3

However, in several studies, the basic implementation 
of  the  problem-based method of  learning has proven 
ineffective for assisting students to acquire the neces-
sary knowledge in a systematic manner. Additionally, 
the model performs poorly for some students in basic 
specialized courses and is more challenging for individu-
als with low learning capacities, which can result in learn-
ing fatigue and less-than-expected learning outcomes.3–5 
The medical education has evolved in recent years due 
to the popularity and dissemination of mind mapping 
technique. Mind mapping is helpful in systemic education 
because it connects the relatively scattered knowledge 
acquired through problem-based methods using logic 
and memory, making abstract problems concrete and 
making difficult problems easier.6,7 Students can create 
visual images to represent their ideas in a meaningful 
way. Studies have reported that mind mapping appli-
cation in medical and health-related science education 
significantly enhanced long-term memorization of fac-
tual information, and both mind mapping and PBL ap-
proaches encourage the adoption of deeper learning levels 
in medical students.

Mind maps can be used in the classroom to somewhat 
counteract the limitations of the problem-based method 
of learning, and both instructional approaches have com-
plementary benefits that can support student learning.8–20 
The PBL integration with mind mapping had a positive 
impact on student understanding and overall cognition. 
In addition, Ravindranath et al. revealed that mind map 
integration in the PBL model helped students to better 
summarize discussions and improved the  PBL-based 
learning process.19

There are now a variety of viewpoints on the PBL method 
and mind mapping teaching outcomes. However, in China, 
there are not many thorough assessments of employing 
these 2 educational methodologies in nursing training 
that are pertinent. We have performed a meta-analysis 
of studies on the PBL and mind mapping in order to exam-
ine the impact of the combined usage of these 2 methods 
on nursing education in China.

Objectives

The  aim of  the  study was to  determine the  impact 
of the problem-based method of learning and mind map-
ping on nurse training.

Materials and methods

The design of this meta-analysis was based on the Pre-
ferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) guidelines. No ethical approval from 
the institutional board was required because this study 
is a meta-analysis of previously published data without 
individual patient data.21,22

Eligibility criteria

The  primary aim of  the  included studies centered 
on evaluating the  impact of  the problem-based educa-
tional model with mind mapping on nursing education 
and analyzing the PBL teaching approach in combination 
with mind mapping compared to controls.21,22

Information sources

The  principal objectives of  the  present study were 
to investigate the influence of the PBL model of teaching 
on nursing education, as well as the effect of the problem-
based approach and mind mapping as a teaching tech-
nique. The study protocol was registered in PROSPERO 
(registration No. CRD 42022432130). Studies including 
human participants and publications in any language were 
reviewed. The inclusion rate was unaffected by the size 
of the trial. Review articles, comments and studies that 
did not provide a method for quantifying data were omit-
ted from the list of publications. The course of the study 
is depicted in Fig. 1. The specified inclusion criteria for 
research studies were as follows: 1) research studies de-
signed as  prospective, observational, controlled trial, 
or retrospective studies; 2) the intended subjects consisted 
of nursing subjects; 3) the  intervention regimen relied 
on both the PBL educational model and mind mapping 
technique; and 4) the studies aimed to compare the PBL 
educational model in combination with mind mapping 
to controls.
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Studies that did not assess the impact of the problem-
based method of learning combined with mind mapping 
in nursing subjects, research on nursing instruction without 
the PBL approach combined with mind mapping in com-
parison to controls, and research on nursing instruction 
without the problem-based method of learning combined 
with mind mapping were excluded from the analysis.

Search strategy

According to the PICOS concept, we developed a protocol 
for search strategy and characterized it as follows: nurs-
ing subjects were denoted by the letter P (“population”), 
the problem-based method of learning combined with mind 
mapping was the “intervention” or “exposure”, whereas 
the  “comparison” or  “control” was the  “problem-based 
method of learning combined with mind mapping.” The re-
sults of practical tests, nursing knowledge tests and au-
tonomous learning survey were the “outcomes”. There were 
no constraints on the “study design” of the investigation.22

We conducted a comprehensive search of the OVID, 
Embase, PubMed, Cochrane Library, and Google Scholar 
databases (Table 1) through March 2023 using a com-
bination of  keywords and correlated terms regarding 
nursing teaching of  adults, PBL combined with mind 
mapping, practice test results, nursing knowledge test, 
and self-learning capabilities. To avoid articles that did 
not demonstrate a relationship between the PBL method 
combined with mind mapping and controls in nursing 
teaching individuals, all enrolled papers were merged into 
a single EndNote file (EndNote; Clarivate, London, UK), 
duplicates were removed, and the titles and abstracts were 
reviewed.

Selection process

According to the PRISMA guidelines, 2 authors (MX 
and QZ) screened the retrieved publications and inde-
pendently evaluated their eligibility for inclusion in 
the meta-analysis.

Fig. 1. Flowchart of the study 
process

Records identified from:
Databases (n = 1765)
Registers (n = 0)

Records removed before 
screening:

Duplicate records removed 
(n = 135)
Records marked as ineligible 
by automation tools 
(n = 674)

Records screened
(n = 956)

Records excluded
(n = 831)

Reports sought for retrieval
(n = 125)

Reports not retrieved
(n = 88)

Reports assessed for eligibility
(n = 37)

Reports excluded:
Ineligible study design 
(n = 6)
Specialities other than 
nursing (n = 10)
Missing data (n = 9) 

Reports of included studies
(n = 12)

Identification of studies via databases and registers

Id
en

tif
ic

at
io

n
Sc

re
en

in
g

In
cl

ud
ed



W. Yan et al. Mind mapping in nursing teaching556

Data collection process

The criteria for data collection included the surname 
of the primary author, the study period, the publication 
year, the country or region, the population type, the in-
terventional measures, and the outcomes measures (e.g., 
nursing knowledge tests, practice tests and autonomous 
learning abilities). Quantitative and qualitative assess-
ment techniques, the  information source, the  evalu-
ation of  the results, and statistical analysis were also 
analyzed.23

Data items

When single research evaluating the impact of the prob-
lem-based approach of learning coupled with mind map-
ping and compared to controls in nursing teaching yielded 
contradictory results, we gathered the data independently.

Risk of bias assessment

Two authors (WY and FS) separately reviewed the meth-
odology of the chosen publications to determine the po-
tential for bias in each research study. The methodologi-
cal quality was assessed using the Risk of Bias tool from 
the Cochrane Handbook for Systematic Reviews of Inter-
ventions (version 5.1.0).24 Each study was classified into 
one of the 3 categories used to described the risk of bias 
(ROB). A low ROB was identified as a study that satis-
fied all quality criteria. A study was classified as having 
a moderate ROB if one or more requirements were not met 

or were not included. If all of the quality criteria were not 
satisfied or were partially met, the research was deemed 
to have a high ROB. Inconsistencies or disagreements were 
solved by the re-evaluation of the original text and refer-
ring to the corresponding author (QZ).

Effect measurements

Sensitivity analyses were performed and limited to re-
search that reported and evaluated the effect of the prob-
lem-based technique of  learning and mind mapping 
in comparison to a control group. Using sensitivity and 
subclass analyses, the PBL method of learning was com-
pared to mind mapping and controls.

Synthesis methods

The present meta-analysis calculated the odds ratio (OR) 
for the student’s ability to self-learn and the mean differ-
ence (MD) between knowledge and practice test scores 
with a 95% confidence interval (95% CI). We computed 
the I2 index, which has a range of 0–100%. Values at 0%, 
25%, 50%, and 75% exhibited absence, minimal, moder-
ate, and significant heterogeneity, respectively.25 To en-
sure the use of the proper model, we assessed the eligible 
studies in terms of their similarities and discrepancies, 
including the effect size and the main population charac-
teristics. Since all studies included undergraduate nursing 
students, were designed as randomized controlled trials 
(RCTs), and shared the PBL with mind mapping as inter-
vention, the fixed-effect model was applied in all analyses. 

Table 1. Search strategy for each database

Database Search strategy

PubMed

#1	 “problem-based learning teaching model joint with mind mapping” [MeSH Terms] OR “PBL” [All Fields] OR “nursing teaching” 
[All Fields] OR “practice test” [All Fields] OR “nursing knowledge test” [All Fields]

#2	 “students’ ability of independent learning” [MeSH Terms] OR “problem-based learning model joint with mind mapping” [All Fields] 
OR “practice test” [All Fields] OR “nursing knowledge test” [All Fields]

#3	 #1 AND #2

Embase

#1	 “problem-based learning model joint with mind mapping”/exp OR “PBL”/exp OR “nursing teaching”/exp OR “practice test”/exp 
OR “nursing knowledge test”

#2	 “autonomous learning”/exp OR “practice test”/exp OR “nursing knowledge test”
#3	 #1 AND #2

Cochrane Library

#1	 (problem-based learning model joint with mind mapping): ti,ab,kw OR (PBL): ti,ab,kw OR (nursing teaching): ti,ab,kw OR (practice 
test): ti,ab,kw (word variations have been searched)

#2	 (nursing knowledge test): ti,ab,kw OR (autonomous learning): ti,ab,kw OR (practice test): ti,ab,kw OR (nursing knowledge test): 
ti,ab,kw (word variations have been searched)

#3	 #1 AND #2

Google Scholar

#1	 “problem-based learning model joint with mind mapping” OR “nursing teaching” OR “practice test” OR “nursing knowledge test”
#2	 “autonomous learning” OR “problem-based learning model joint with mind mapping” OR “PBL” OR “pediatric practice test” 

OR “nursing knowledge test”
#3	 #1 AND #2

OVID

#1	 “problem-based learning model joint with mind mapping” OR “nursing teaching” [All Fields] OR “practice test” [All Fields] 
OR “nursing knowledge test” [All Fields]

#2	 “autonomous learning” OR “PBL” OR “problem-based learning model joint with mind mapping” [All Fields] OR “practice test” 
[All Fields] OR “nursing knowledge test” [All Fields]

#3	 #1 AND #2

MeSH – medical subject headings; ti,ab,kw – terms in either title or abstract or keyword fields; exp – exploded indexing term.
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We  assessed the  eligible studies for subclass analysis. 
The value of p = 0.05 indicated statistical significance for 
subcategory differences.

Reporting bias assessment

Egger’s regression test for the evaluation of quantitative 
publication bias and funnel plots displaying the logarithm 
of ORs compared to their standard errors were used to sub-
jectively and quantitatively measure the publication bias 
(the publication bias was considered present for p < 0.05).25

Certainty assessment

All p-values were calculated using two-tailed tests. Reviewer 
Manager v. 5.3 (The Nordic Cochrane Centre, The Cochrane 
Collaboration, Copenhagen, Denmark) was used to produce 
the graphs and to conduct statistical analyses.

Results

Baseline characteristics 
of the analyzed studies

Twelve articles published between 2018 and 2022 satis-
fied the inclusion criteria and were chosen from a total 

of  1765  relevant research studies for the  meta-analy-
sis.8–18,20 Table 2 displays the results described in these 
research articles. A total of 1473 nursing students par-
ticipated in the baseline trials presented in the chosen 
studies, with 770 employing the problem-based technique 
of  learning coupled with mind mapping and 703 serv-
ing as controls. There were 40–508 people present when 
the trial first began. Eleven studies presented data orga-
nized by the results of nursing knowledge tests, 8 studies 
data organized by practice tests, and 5 studies data orga-
nized by the students’ capacity for autonomous learning.

Nursing knowledge test results

The use of the PBL method in conjunction with mind 
mapping (Fig. 2) resulted in significantly higher scores 
on the nursing knowledge test (MD: 7.29; 95% CI: 6.88–7.71, 
p  <  0.001). The  heterogeneity level (I2  index) between 
the studies was high (p = 0.002, I2 = 63%).

Practice test results

The practice test outcomes showed significantly higher 
results (p < 0.001) for the PBL modality in combination 
with mind mapping, as illustrated in Fig. 3, with a MD 
of 9.89 (95% CI: 9.04–10.74, p < 0.001) and a high level 
of heterogeneity (p < 0.001, I2 = 76%).

Table 2. Characteristics of the studies selected for the meta-analysis

Study Country Study 
design

Total number 
of participants

PBL and mind mapping 
(participants, n)

Control intervention 
(participants, n) Outcomes of interest

Linyan and Liyun, 
20188 Taiwan RCT 48 24 PBL/24

knowledge test; practice test; 
autonomous learning survey

Linna, 20199 Taiwan RCT 50 25
conventional 
lectures/25

knowledge test; practice test

Ya, 201910 China RCT 60 30 PBL/30
knowledge test; practice test; 
autonomous learning survey

Jing et al., 201911 China RCT 508 285
conventional 
lectures/223

knowledge test

Ying, 202012 China RCT 210 105
conventional 
lectures/105

knowledge test; practice test

Yizhu et al., 202013 Taiwan RCT 70 35
conventional 
lectures/35

knowledge test; practice test; 
autonomous learning survey

Yi et al., 202014 China RCT 40 20
conventional 
lectures/20

knowledge test; practice test

Zhou et al., 202115 China RCT 102 51
conventional 
lectures/51

knowledge test

Zheng et al., 202116 China RCT 186 93
conventional 
lectures/93

autonomous learning survey

Mengmeng, 202117 China RCT 48 24 PBL/24 knowledge test; practice test

Xiaoxin, 202118 China RCT 80 40
conventional 
lectures/40

knowledge test; practice test

Kan et al., 202220 China RCT 71 38
conventional 
lectures/33

knowledge test; autonomous 
learning survey

Total 1473 770 703 –

RCT – randomized controlled trial; PBL – problem-based learning.
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Autonomous learning abilities

The combination of the PBL modality with mind map-
ping showed a significant improvement in the nursing 
students’ capacity for independent learning among a to-
tal of 179 subjects, compared to 133 subjects in the con-
trol groups (Fig. 4). The pooled OR was 3.49 (95% CI: 
2.11–5.76, p < 0.001) and there was no heterogeneity be-
tween the studies (I2 = 0%, p = 0.96).

Due to a lack of data on gender, age and ethnicity, it was 
not possible to use stratified models to assess the impact 
of these variables on comparison results. A visual exami-
nation of the funnel plot showed general symmetrical dis-
tribution (Fig. 5). The quantitative evaluations utilizing 
Egger’s regression test were nonsignificant for the knowl-
edge test, practice test and autonomous learning (p = 0.87, 
0.65 and 0.79, respectively), suggesting no publication bias. 
However, most of the included RCTs were found to have 

Fig. 4. Forest plot evaluating the effect of the problem-based learning (PBL) method combined with mind mapping compared to controls on the nursing 
subjects’ ability of independent learning

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

Fig. 3. Forest plot evaluating the effect of the problem-based learning (PBL) method combined with mind mapping compared to controls on the practice 
test outcomes in nursing subjects

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

Fig. 2. Forest plot evaluating the effect of the problem-based learning (PBL) method combined with mind mapping compared to controls on the nursing 
knowledge test outcomes in nursing subjects

SD – standard deviation; 95% CI – 95% confidence interval; df – degrees of freedom.
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low methodological quality, no bias in selective reporting 
and minimal outcome data.

Discussion

The studies evaluated in this meta-analysis included 
1473 nursing student participants, with 770 of them us-
ing the problem-based method of  learning paired with 
mind mapping and 703 enrolled as controls.8–19 When 
compared to the controls, the PBL approach with mind 
mapping reached significantly higher scores in the nursing 
knowledge test, the practice test and the student’s capacity 
for independent learning measurements. However, analyz-
ing the results requires caution due to the small sample size 
(8 out of 12 studies in the meta-analysis) and the sparse 
study population in several comparisons.

One of the required courses in today’s medical schools 
is  nursing.1,26 The  problem-based method of  learning 
combined with mind mapping is an essential tactic for 
implementing cutting-edge teaching concepts, deepen-
ing teaching reform and improving teaching quality.8–19  
Our results, which are consistent with those of several 
studies conducted both in China and abroad, suggest that 
the problem-based method of  learning combined with 
mind mapping aids nursing students in understanding 
theoretical material while also boosting practical abili-
ties and enjoyment of self-learning. A substantial number 
of notable primary articles served as the foundation for 
this meta-analysis.2,27

Few studies met the  inclusion requirements. Some 
papers omitted the descriptions of  the random alloca-
tion technique, allocation concealment or blinding. Due 
to  the  significant likelihood of  bias and the  generally 
poor quality of papers, the results were not very strong. 
The study’s general conclusions were unaffected by a sen-
sitivity analysis. To collect pertinent research data more 
thoroughly, improve the standard of the study and provide 
reliable and accurate results, RCTs should be performed 
in accordance with methodological principles going for-
ward. Furthermore, there is a limited amount of published 
research on the simultaneous use of both teaching modes 

in undergraduate nursing education. Smaller control and 
intervention groups were utilized in the majority of RCTs 
included in this study. We believe that these problems 
could be solved over time and with more research.

This meta-analysis investigated the impact of the PBL 
approach and mind mapping on  teaching methodolo-
gies.28–34 Clarifying potential links and contrasting the ef-
fects of  the PBL teaching method with mind mapping 
compared to controls on the outcomes under consider-
ation still require more research, for which larger, more 
homogeneous samples are needed. This point was made 
in a prior study that used a related meta-analysis technique 
and discovered similar beneficial results for the problem-
based method of learning paired with mind mapping.35 
High evidence RCTs with robust findings are necessary 
to assess these factors. Since our meta-analysis was un-
able to determine whether differences in gender, ethnicity 
and age are related to the outcomes, it is crucial to evalu-
ate these factors in the subsequent studies. In conclusion, 
as compared to the controls, the problem-based method 
of learning with mind mapping techniques reached con-
siderably higher nursing knowledge exam results, prac-
tice test results and improved student’s ability to learn 
independently.35–40

Limitations

There is a possibility of selection bias because several 
papers were excluded from the meta-analysis. However, 
the excluded publications did not adhere to the standards 
for inclusion in our meta-analysis. For 8 out of the 12 se-
lected studies, sample sizes were under 100. Also, we were 
unable to investigate whether confounding factors such 
as age, gender or ethnicity had an impact on the results. 
The study’s objective was to contrast the results of the con-
trol group with the PBL strategy using mind maps for 
nursing education. Owing to the inclusion of erroneous 
or missing data from previous research, bias may have been 
exacerbated. Additionally, the nutritional status of the par-
ticipants and their age and gender were possible sources 
of bias. Regrettably, some unreported studies and data gaps 
can skew the effect being investigated.

Fig. 5. Funnel plots of publication bias between studies. A. Nursing knowledge test outcomes; B. Practice test outcomes; C. The students’ ability 
of independent learning

SE – standard error; MD – mean difference; OR – odds ratio.
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Conclusions

The combination of the PBL approach with mind map-
ping compared to controls in nurse training had signifi-
cantly increased learning outcomes, as shown in the scores 
of nursing knowledge tests, practice tests and the student’s 
capacity for independent learning. Thus, the combination 
of these 2 modalities, PBL and mind mapping, is suitable 
for nursing education and promotes better learning abili-
ties. Due to the small sample size of 8 out of the 12 studies 
in the meta-analysis and the dearth of studies in several 
comparisons, careful interpretation of the results is re-
quired. Further studies with higher quality and larger 
sample sizes are warranted to explore more suitable teach-
ing modalities in nursing to improve educational quality.
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Abstract
Background. Non-standardized insulin injection has an impact on the efficacy of glucose control.

Objectives. The aim of the study was to explore the effectiveness of a nursing project in improving the insulin 
self-injection accuracy of diabetes mellitus patients. 

Materials and methods. A total of 200 type 2 diabetes patients who received insulin therapy with 
an insulin pen were recruited at the First Affiliated Hospital of Army Medical University (Chongqing, China). 
Patients were randomly assigned to a control (n = 100) or intervention (n = 100) group. Conventional health 
education was conducted in the control group, while a nursing project and conventional health education 
were undertaken in the intervention group. The following parameters were analyzed between the 2 groups: 
standardized insulin pen use at admission and discharge, glycosylated hemoglobin (HbA1c), time in range 
(TIR), and adipose hyperplasia incidence rate 6 months after discharge.

Results. Concerning standardized insulin self-injection, the intervention group was superior to the control 
group, and the difference between the 2 groups was statistically significant (p < 0.05). The HbA1c levels 
(p = 0.000), TIR (p = 0.005) and adipose hyperplasia incidence rate 6 months after discharge (p = 0.000) 
all improved in the intervention group compared to the control group.

Conclusions. The application of the nursing project effectively improved the efficacy of glucose control 
in diabetes mellitus patients.

Key words: diabetes mellitus, insulin injection, nursing project, blood glucose management
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Background

Diabetes mellitus is a serious public health issue world-
wide.1–3 Based on the International Diabetes Federation 
(IDF) Diabetes Atlas (10th edition),4 nearly 537 million 
people between 20 and 79 years of age have diabetes mel-
litus globally, accounting for 10.5% of the adult population. 
Furthermore, the global population of diabetes mellitus 
patients is estimated to increase to 643 million (11.3%) 
and 783 million (12.2%) by 2030 and 2045, respectively.

According to domestic and foreign guidelines, novel 
hypoglycemic drugs have been most frequently recom-
mended in recent years. However, insulin is still critical for 
diabetes mellitus management5–8 and is the primary drug 
used for the lifelong treatment of type 1 diabetes patients 
and some type 2 diabetes patients.9–12 The drug is widely 
applied in anti-diabetic treatment, but its glucose control 
effect is unsatisfactory. Studies have shown that the insulin 
utilization rate by diabetes patients is 50%, but the stan-
dard rate of blood glucose reduction is <35%.13

The  efficacy of  insulin injection therapy is  affected 
by the dosage form, the  injection device and the tech-
nique used.14,15 When treating hypoglycemic patients using 
an insulin pen, most clinicians focus on dose adjustment 
and ignore the standardization and improvement of in-
jection techniques.16 Although standardized treatment 
with an insulin pen plays a critical role in treatment,17 
improper injection directly affects glucose control and 
poses an enormous risk to clinical treatment and patient 
self-management. As  revealed by  surveys, many prob-
lems occur during insulin treatment, such as inadequate 
disinfection, using the wrong injection mode, repeated 
injections at the same site, improper model of pen selec-
tion, repeated use of needles, improper drug loading and 
unloading, errors in injection time, and inappropriate drug 
storage. These issues can lead to large fluctuations in blood 
glucose and increase hypoglycemic risk, local skin infec-
tion, subcutaneous adipose hyperplasia, and other skin 
complications.17,18–22 Furthermore, they gravely influence 
the effective management of blood glucose and place a sub-
stantial economic burden on patients and society.22,23

A nursing project is a scientific approach used to im-
prove nursing quality, defined as organizationally analyzing 
specific issues in nursing work with limited resources and 
timing, elucidating their root causes, proposing systematic 
solutions, and achieving specific goals to improve nursing 
quality and benefit patients. The project procedure follows 
a sequence of subject determination, status survey, goal set-
ting, cause analysis, countermeasure development, coun-
termeasure implementation, and effectiveness evaluation.

In  this study, glycosylated hemoglobin (HbA1c) and 
time in range (TIR) were used to evaluate the effectiveness 
of the nursing project. The HbA1c is the gold standard for 
the clinical evaluation of blood glucose control and reflects 
the blood glucose level 2–3 months before enrollment, 
though it does not detect hyperglycemic and hypoglycemic 

events.24,25 In recent years, this drawback has been offset 
by the emergence and development of continuous glucose 
monitoring (CGM) techniques that make the general blood 
glucose profile available.26,27 Time in range is a new concept 
for improving glucose fluctuation monitoring described 
in the Chinese Guidelines for Prevention and Treatment 
of Type 2 Diabetes (2020 edition),5 and is the core indicator 
of the CGM technique. The application of TIR is a novel 
study design in the nursing field.

Objectives

The aim of the study was to explore the effectiveness 
of a nursing project in improving the insulin self-injection 
accuracy of patients with diabetes mellitus. We analyzed 
a comprehensive nursing intervention and therapeutic 
efficacy in patients with this disease who were treated 
with an insulin pen in the Department of Endocrinology 
of the First Affiliated Hospital of Army Medical University 
between January 2020 and March 2021.

Materials and methods

Study design

A prospective, single-center, randomized, controlled, 
open trial was conducted in Chongqing in China. Patients 
with diabetes mellitus recruited from the Department 
of Endocrinology of the First Affiliated Hospital of Army 
Medical University between January 2020 and March 2021 
were the participants in the study.

The Ethics Committee of the First Affiliated Hospital 
of Army Medical University approved the study (approval No. 
KY2020085), which was registered with the Chinese Clini-
cal Trial Registry (registration No. ChiCTR2100052472). 
The study complied with the ethical principles of the Hel-
sinki Declaration. All participants gave written informed 
consent.

Participants

A total of  200 diabetes mellitus patients admitted 
to the Department of Endocrinology in our hospital be-
tween January 2020 and March 2021 were recruited 
as study participants. The inclusion criteria were as fol-
lows: 1) patients diagnosed with type 2 diabetes mellitus 
according to the World Health Organization Diagnostic 
Criteria for Diabetes Mellitus (1999); 2) patients who re-
ceived premixed insulin therapy using 32G 4-mm insulin 
pen needles (BD Biosciences, San Jose, USA)16; 3) patients 
who had complete cognition and showed good self-care, 
and who were capable of cooperating with the study and 
independently finishing the study questionnaire; 4) pa-
tients who continued receiving the same treatment after 
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discharge; and 5) patients who understood and agreed 
to participate in this study and gave written informed con-
sent. The exclusion criteria were: 1) patients with severe 
hepatic and renal impairment or serious complications; 
2) patients with mental diseases or self-care and cogni-
tive impairments; and 3) patients with a surgical history 
at the injection site (e.g., surgical scar) or skin diseases (e.g., 
dermatitis or psoriasis).

Participants were randomly divided into 2 groups using 
a random number generator and sealed envelope, blinded 
to investigators, including statisticians. A nursing proj-
ect and conventional health education were performed 
in the intervention group, while conventional health edu-
cation was conducted in the control group. Based on our 
experience, the mean TIR was estimated at 56% in the con-
trol group and at 65% in the intervention group.

The sample size in both groups was determined using 
IBM SPSS v. 23.0 statistical software (IBM Corp., Armonk, 
USA), with α = 0.0 and β = 0.10, i.e., n1 = n2 = 85. As esti-
mated with a hypothesized lost-to-follow-up rate of 10%, 
the sample size would be n1 = n2 = 85 ÷ 0.9 = 94. Therefore, 
100 patients were included in each group.

Materials

The following materials were used: FreeStyle Optium 
Neo H glucometer (Abbott Diabetes Care Ltd., Alameda, 
USA); blood glucose test strips employing the glucose 
dehydrogenase method (#4500184071; Abbott Diabetes 
Care Ltd.); FreeStyle Libre H Flash Continuous Glucose 
Monitoring System (Abbott Diabetes Care Ltd.); D-100 
Hemoglobin Testing System and corollary high-perfor-
mance liquid chromatography (HPLC) reagents (Bio-Rad 
Laboratories Inc., Hercules, USA).

Methods

Conventional health education for the control group 
on day 1 after admission involved primary care nurses car-
rying out an evaluation and scoring single items concern-
ing the standardization of patients’ insulin self-injections, 
according to the Segmentation Scoring Form for Standard-
ized Insulin Pen Use (developed in reference to the In-
dian Forum for Injection Technique; see Supplementary 
Table 1).19,28 The nurses found weak links and incorrect 
operations, then immediately corrected these problems 
and provided guidance. In addition, they fully implemented 
health education on standard insulin pen injections and 
distributed an operational workflow chart and alternating 
chart of the injection site. Every Wednesday, the primary 
care nurses encouraged patients and their families to con-
centrate on  watching a  standardized insulin injection 
video and on-site operation demonstration. In this way, 
patients were educated with theoretical diabetes mellitus 
knowledge and guided to do an operational exercise within 
the education tool for the “Standard Injection Week for 

Chinese Patients with Diabetes Mellitus” (hereafter re-
ferred to as the “model”). On the last day before discharge, 
the primary care nurses guided patients to complete their 
self-injection of insulin. On the day of discharge, the pri-
mary care nurses finished patient assessments with on-site 
scoring of the standardization of each patient’s insulin 
self-injection, according to the Segmentation Scoring Form 
for Standardized Insulin Pen Use. Subsequently, they opti-
mized the education plan according to assessment results.

After discharge, the  patients made a  follow-up visit 
to a specialist nursing clinic for diabetes mellitus once per 
month, consecutively, for 6 months, and continued using 
the health education leaflet, operation workflow chart and 
alternating chart of the injection site distributed during 
hospitalization.

Nursing project and conventional health 
education for the interventional group

Establishment of the nursing project team

The nursing project team consisted of a leader, 2 diabetes 
specialist nurses and 12 primary care nurses.

Preliminary analysis of the nursing project

We retrospectively analyzed the comprehension of an in-
sulin injection technique using an insulin pen by patients 
with diabetes mellitus in 2019. The team members dis-
cussed, analyzed and summarized the following 10 items: 
insulin type, disinfection mode, standardized needle use, 
injection time, indwelling time, injection site, insulin pen 
installation, pre-injection exhaustion, premixed insulin 
vial-shaking, and insulin storage.14,19 Then, they conclu-
sively characterized issues under 4 headings: patient, nurse, 
method, and environment (Fig. 1).14 Improvement measures 
of the nursing project are shown in Supplementary Table 2.

Summary after discharge

The primary care nurses finished admission and dis-
charge statistical analyses and compared and evaluated 
patients’ injections. Six months after discharge, they con-
ducted analyses, comparisons and evaluations of HbA1c, 
adipose hyperplasia incidence rate, and the 14-day TIR 
in the 2 groups.

Indicator evaluation

Comprehension of insulin injection
The standardized insulin injection was comprehensively 

evaluated by segmentation scoring according to the Seg-
mentation Scoring Form for Standardized Insulin Pen Use 
(Supplementary Table 1). Statistical analyses were per-
formed before and after the nursing project intervention.
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Table 1. Baseline characteristics of the trial participants across groups (control/intervention)

Variable Control  
(n = 100)

Intervention 
(n = 100)

Test statistic (U) for 
the Mann–Whitney 
U test (intergroup)

p-value for the Mann–
Whitney U test 

(intergroup)

Age

min 33.00 35.00

0.77 0.440

Q1 54.00 52.00

median 61.00 59.00

mean 60.24 59.33

Q3 67.00 67.50

max 79.00 79.00

SD 9.82 10.23

BMI

min 18.70 14.90

1.08 0.279

Q1 23.20 22.15

median 24.75 24.50

mean 24.85 24.17

Q3 26.60 26.35

max 34.00 32.90

SD 2.95 3.36

Cognitive ability score

min 24.00 24.00

0.80 0.422

Q1 26.00 26.00

median 27.00 27.00

mean 27.22 27.02

Q3 28.00 28.00

max 30.00 30.00

SD 1.57 1.93

Fasting blood glucose

min 4.10 3.90

0.06 0.952

Q1 7.65 7.90

median 10.65 11.90

mean 11.81 11.55

Q3 15.10 13.90

max 27.80 36.80

SD 5.23 4.91

Glycosylated 
hemoglobin

min 5.30 5.80

0.75 0.455

Q1 7.85 8.40

median 9.70 10.10

mean 9.83 10.08

Q3 11.50 11.25

max 15.00 16.70

SD 2.33 2.19

Course of diabetes 
mellitus score

min 1.00 1.00

0.60 0.546

Q1 6.00 6.00

median 10.00 11.00

mean 10.70 11.62

Q3 15.50 15.00

max 30.00 43.00

SD 6.31 7.60

Q1 – 1st quartile; Q3 – 3rd quartile; min – minimum; max – maximum; SD – standard deviation; BMI – body mass index. The p-value was considered not 
significant for p > 0.05.
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Fig. 1. Fishbone 
diagram analysis
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Table 2. Comparison of insulin injection scores at admission and discharge from the hospital across groups (control/intervention)

Variable

Control (n = 100) Intervention (n = 100) Test statistic (U) 
for the Mann–
Whitney test 
(intergroup)

p-value 
for the Mann–
Whitney U test 

(intergroup)
median IQR 95% CI median IQR 95% CI

Insulin installation scores 
(at admission)

2.0 0.0 −0.12–0.12 2.0 0.0 −0.12–0.12 0.16 0.872

Insulin installation scores 
(at discharge)

4.0 1.0 0.25–1.75 10.0 2.0 1.04–2.96 12.12 <0.001

Pre-injection exhaustion 
scores (at admission)

0.0 2.0 2.00–2.00 0.0 2.0 2.00–2.00 0.00 1.000

Pre-injection exhaustion 
scores (at discharge)

2.0 5.0 4.22–5.78 10.0 0.0 −1.65–1.65 12.09 <0.001

Standardized needle use 
scores (at admission)

0.0 4.0 3.58–4.42 0.0 4.0 3.75–4.25 0.11 0.910

Standardized needle use 
scores (at discharge)

4.0 0.0 −1.84–1.84 10.0 1.0 −0.87–2.87 12.46 <0.001

Injection time scores 
(at admission)

5.0 0.0 0.00–0.00 5.0 0.0 0.00–0.00 0.27 0.789

Injection time scores 
(at discharge)

5.0 0.0 0.00–0.00 10.0 0.0 −0.51–0.51 10.59 <0.001

Premixed insulin vial-shaking 
scores (at admission)

5.0 0.0 −1.45–1.45 5.0 0.0 −2.69–2.69 0.55 0.586

Premixed insulin vial-shaking 
scores (at discharge)

5.0 5.0 0.63–9.37 10.0 0.0 0.00–0.00 9.18 <0.001

p < 0.001 based on the Mann–Whitney U test; 95% CI – 95% confidence interval; IQR – interquartile range.
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Blood glucose control criteria
In accordance with the Chinese Guidelines for the Pre-

vention and Treatment of Type 2 Diabetes (2020 edition)5 
and the  interpretation of  the  International Consensus 
on Time in Range,29,30 the analysis showed HbA1c ≤ 6.5%. 
Blood glucose within the 24-hour TIR was 3.9–10.0 mmol/L 
for 70% of the time.

Adipose hyperplasia grading
Adipose hyperplasia grading was calculated based 

on the guidelines outlined in the study by Conwell et al.28

Statistical analyses

The  research utilized biomedical and demographic 
data (age and gender) of trial participants to understand 
the effects of the intervention across treatment and con-
trol groups. The descriptive statistics (mean, median, min, 
max, 1st quartile (Q1), 3rd quartile (Q3), and standard devia-
tion (SD)) were used to analyze the distribution of base-
line characteristics, including age, body mass index (BMI), 
cognitive ability score, fasting blood glucose, HbA1c, and 
diabetes mellitus. Percentage values were utilized for 
the categorical variable (gender).

The normality of discrete and continuous variables, 
such as insulin installation scores, pre-injection exhaus-
tion scores, injection time scores, standardized use of in-
sulin needle scores, premixed insulin vial-shaking scores, 
HbA1c, and TIR, were assessed using graphical methods 
(histograms, density plots, box plots, and quantile-quantile 
(Q-Q) plots). The outliers revealed in box plots were exam-
ined for typos and human errors. No outliers were removed 
as they were free from human error.

After assessing the data distribution of continuous/dis-
crete variables (HbA1c, discharge scores of insulin TIR, 
injection time scores, standardized use of insulin needle 
scores, and other related indicators) using histograms with 
density plots and Q-Q plots, these variables were found 
to be non-normally distributed. The non-normally distrib-
uted data were compared between 2 groups (control and 
intervention) using a Mann–Whitney U test at a 5% signifi-
cance level. The median value, interquartile range (IQR) 
and 95% confidence intervals (95% CIs) for the IQR were 
estimated and presented with U test statistics and p-values. 
The χ2 test assessed the differences in categorical variable 
proportions across groups (control and intervention).

All statistical analyses employed IBM SPSS v. 23.0 (IBM 
Corp.) and Stata v. 13.0 (StataCorp LLC, College Station, 
USA) software.

Results

The  medical professional recruited 210 participants 
who satisfied the inclusion criteria. Ten participants who 
refused to participate in the research were excluded, and 

the remaining 200 individuals were randomly assigned 
to  a  control or  an  intervention group. Figure 2 shows 
the study participation flowchart. Due to an epidemic, all 
patients undertook their daily activities locally and showed 
good compliance. There was no loss at follow-up.

The proportions of males who participated and were 
followed up during the trial across control and interven-
tion groups were 62% and 63%, respectively. Around 38% 
of females were included in the control group, while there 
were 37% of females in the intervention group (Fig. 3).

The baseline profile of the 200 trial participants (100 per 
group) is shown in Table 1. The mean age of the partici-
pants in the intervention group was 59.33 years (Q1: 52.00, 
Q3: 67.50), which was relatively lower than the mean age 
in the control group (60.24 years, Q1: 54.00, Q3: 67.00).

The mean BMI of the intervention group was 24.17 kg/m2 
(Q1: 22.15, Q3: 26.35). In the control group, the mean cogni-
tive ability score was 27.22 (Q1: 26.00, Q3: 28.00), and it was 
0.20 points higher than that in the intervention group. Mean 
fasting glucose levels in the control group (11.81, Q1: 7.65, 
Q3: 15.10) were higher by 0.26 points than those in the in-
tervention group (11.55, Q1: 7.90, Q3: 13.90). Meanwhile, 
HbA1c levels among control participants (9.83, Q1: 7.85, Q3: 
11.50) were 0.25 points lower than those in the interven-
tion group (10.08, Q1: 8.40, Q3: 11.25). Finally, the mean 
course of diabetes mellitus score was 0.92 points lower 

Fig. 3. Gender of study participants by group (control & intervention)

Fig. 2. Study participation flowchart
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in the control group (10.70, Q1: 6, Q3: 15.50) compared 
to the intervention group (11.62, Q1: 6.00, Q3: 15.00).

No statistically significant differences (p > 0.05) were 
found with regards to age, BMI, fasting blood glucose, 
HbA1c, course of diabetes mellitus, or insulin injection 
frequency between the 2 groups at a 5% significance level.

Table 2 shows the improved effectiveness of insulin pen 
injections between admission and discharge in the inter-
vention and control groups. The  median scores of  in-
sulin installation at discharge were significantly higher 
(U = 12.12, p < 0.001) in the intervention group (median/
IQR: 10.0/2.0, 95% CI: 1.04–2.96) compared to the control 
group (median/IQR: 4.0/1.0, 95% CI: 0.25–1.75). Similarly, 
median scores of pre-injection exhaustion were signifi-
cantly higher (U = 12.09, p < 0.001) in the intervention 
group (median/IQR: 10.0/0.0, 95% CI: −1.65–1.65) than 
in the control group (median/IQR: 2.0/5.0, 95% CI: 4.22–
5.78). The median score for standardized needle use at dis-
charge was also higher in the intervention group (median/
IQR: 10.0/1.0, 95% CI: −0.87–2.87) compared to the control 
group (median/IQR: 4.0/0.0, 95% CI: −1.84–1.84).

Scores of injection time at discharge revealed a signifi-
cant increase (U = 10.59, p < 0.001) in the intervention 
group (median/IQR: 10.0/0.0, 95% CI: −0.51–0.51) com-
pared to the control group (median/IQR: 5.0/0.0, 95% CI: 
0.00–0.00). Meanwhile, median scores of premixed insulin 
vial-shaking were lower at discharge in the control group 
(median/IQR: 5.0/5.0, 95% CI: 0.63–9.37) than in the inter-
vention group (median/IQR: 10.0/0.0, 95% CI: 0.00–0.00).

Table 3 outlines changes between the 2 groups in HbA1c 
levels on admission and after discharge and TIR at discharge. 
After 6 months of the nursing project intervention, a statis-
tically significant decrease in the HbA1c level (U = 2.97, 
p = 0.003) was observed in the intervention group (median/

IQR: 7.0/2.1, 95% CI: 1.47–2.70) in comparison to the control 
group (median/IQR: 7.7/2.5, 95% CI: 2.10–3.24). Similarly, 
a significant increase was observed in TIR after discharge 
(U = 2.72, p = 0.007) in the intervention group (median/IQR: 
69.5/30.0, 95% CI: 24.42–35.58) compared to the control 
group (median/IQR: 59.5/32.0, 95% CI: 23.39–40.61).

The χ2 analysis demonstrated a statistically significant 
difference in adipose hyperplasia incidence rate after insulin 
application between the 2 groups (χ2 = 26.4, p = 0.048). Im-
provements in the intervention group compared to the con-
trol group were as follows: 13.0% for mild, 6.0% for moderate 
and 2% for severe adipose hyperplasia. The nursing project 
effectively improved the therapeutic efficacy of insulin in-
jections in diabetes mellitus patients (Table 4).

Discussion

Diabetes mellitus patients who require insulin injection 
have a low standard-reaching rate for glucose control, with 
non-drug factors being a major concern.16 In this study, 
we explored the effectiveness of a nursing project for im-
proving patient insulin self-injection. The main difference 
between the 2 groups was that the intervention group un-
derwent 6 health education courses implementing the latest 
course design of comprehensive and intensive lectures. Most 
diabetes mellitus patients are elderly with poor memory and 
have great difficulty rapidly accepting and storing knowl-
edge, so such a course design is helpful for them. The im-
provements in insulin pen injections (installation) were 
significantly superior in the intervention group compared 
to the control group (p < 0.001). Thus, the nursing project 
successfully standardized the injection technique in a short 
period of time and is therefore worthy of implementation.

Table 3. Comparison of HbA1c level in participants at admission (pre) and discharge (post) across groups (control/intervention)

Variable
Control (n = 100) Intervention (n = 100) Test statistic (U) for 

the Mann–Whitney 
test (intergroup)

p-value for 
the Mann–Whitney 
U test (intergroup)

median 
(IQR) 95% CI median  

(IQR) 95% CI

HbA1c 
(at admission)

9.7
(3.7)

2.87–4.30
10.1
(2.9)

2.05–3.84 0.75 0.455

HbA1c 
(at discharge)

7.7
(2.5)

2.10–3.24
7.0

(2.1)
1.47–2.70 2.97 0.003

TIR (after 
discharge)

59.5
(32.0)

23.39–40.61
69.5

(30.0)
24.42–35.58 2.72 0.007

HbA1c – glycosylated hemoglobin; TIR – time in range; 95% CI – 95% confidence interval; IQR – interquartile range.

Table 4. Effectiveness of insulin self-injection on adipose hyperplasia

Risk levels Control group 
(n = 100)

Intervention group 
(n = 100) χ2 statistic p-value (intergroup)

Adipose hyperplasia, 
n (%)

mild 15 (15.0) 13 (13.0)

26.4 0.048*moderate 13 (13.0) 6 (6.0) 

severe 8 (8.0) 2 (2.0)

*p-value was calculated using the χ2 test.
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The HbA1c and time in range, the latest study method 
used in the nursing field and an important indicator for 
the clinical evaluation of the efficacy of glucose control, 
were used as primary and secondary endpoints, respec-
tively, to evaluate the effectiveness of the nursing project 
in this study. We found a statistically significant differ-
ence in TIR (p = 0.007) and HbA1c (p = 0.003) between 
the 2 groups at 6 months, indicating an obvious improve-
ment in the intervention group. Time in range reached 
65% of the expected target in the intervention group, and 
it reached the recommended level (70%) after long-term 
intervention.31 These findings are similar to the results 
of a previous study.16

Comprehensive non-drug interventions work more 
slowly than drug interventions. However, most hypogly-
cemic drugs have serious side effects and may be used 
as  adjuvant therapy to  reduce the  daily insulin dose, 
as shown in a previous study.16 Standardized insulin pen 
use effectively reduced variations in insulin absorption32,33 
and stably controlled blood glucose so that it approached 
or  reached the  target level, confirming the  efficacy 
of the nursing project and improving patient satisfaction 
with treatment. In this study, we explored the relationship 
between TIR and standardized insulin injection but did 
not elucidate influential factors and their effects, which 
will be the direction of subsequent nursing research.

Similar to a previous study,22 patients using premixed 
insulin were selected at enrollment since a lack of stan-
dardized vial-shaking of  premixed insulin may lead 
to an  increased proportion of short-acting insulin and 
thus increase the risk of hypoglycemia, affecting the glu-
cose control effect.5 In our study, patients were unfamiliar 
with the vial-shaking skills required for premixing insulin, 
though the nursing project achieved a limited improve-
ment by reinforcement. This observation is largely related 
to patients not giving sufficient importance to a standard-
ized injection technique, a  lack of  formal pre-hospital 
training, and a  lack of references to guidelines, as well 
as the intervention time of the nursing project. A 7-day 
nursing intervention during hospitalization failed to in-
duce a successful switch from a conventional injection 
technique to a post-intervention standardized injection 
technique in patients, highlighting that the intervention 
time of the nursing project needs to be prolonged.

In contrast to previous investigations,14,19 this study 
demonstrated that the injection time was associated with 
pre-injection hunger in patients. Newly admitted patients 
showed excessive hunger due to medical examination re-
quirements. Patients often self-injected insulin and then 
ate several snacks before the provision of staple foods. 
Some patients, especially those requiring 3 injections, 
missed regular meals because of the demand for a medi-
cal examination. As a result, insulin injections could not 
be determined as being pre-breakfast or pre-lunch. For 
the fasting examination, some patients underwent a fast-
ing state of 10 h or longer due to a long waiting period for 

various reasons and probably presented with hypoglyce-
mic symptoms. The evaluation and intervention of these 
patients are critical and will be investigated by a subgroup 
study in our subsequent nursing project plan.

Adipose hyperplasia is an insulin injection-related com-
plication that manifests as skin swelling or subcutaneous 
induration, but its pathogenesis is unknown. It is perhaps 
associated with the overall time of insulin treatment, a lack 
of change in the injection site and repeated needle use.34 
The overall time for insulin treatment is uncontrollable 
and is a blind spot in our study, thus it will be the subject 
of future research. The lack of change in the injection site 
and repeated needle use can be improved by the nurs-
ing project to decrease the adipose hyperplasia incidence 
rate and reduce insulin dose and treatment costs.16,19 
In the present study, 4 conventional injection sites (abdo-
men, upper arm, thigh, and buttocks) were selected, and 
a 32G 4-mm insulin pen needle was used in all enrolled 
patients. Buttock injections were difficult for patients, 
and they required assistance from their families or doc-
tors/nurses to change injection sites in order to reduce 
the occurrence of adipose hyperplasia. Studies have sug-
gested that the skin thickness of the Asian population 
is 1.7–2.8 mm on average.35,36 A 4-mm needle is suffi-
ciently long to penetrate the skin by vertical insertion and 
short enough to effectively reduce the risk of injection into 
the muscle layer37 while reducing and preventing the oc-
currence of hypoglycemia. Previous studies have demon-
strated the safety of the 4-mm needle in all populations.16 
Therefore, other needle models were excluded at patient 
enrollment.

From a technical perspective, conventional health educa-
tion and a nursing project alongside conventional health 
education were conducted in the control and interven-
tion groups, respectively. As shown by the study results, 
the  incidence rate of adipose hyperplasia 6 months af-
ter discharge was lower in the intervention group than 
in the control group (p = 0.048), highlighting the efficacy 
of the nursing project. However, such improvement was 
insignificant due to the short intervention time of only 
6 months. The occurrence of adipose hyperplasia is a long 
process; thus, good comparability requires standardized 
insulin injections over the long term.

Limitations

The study was limited by the small sample size and not 
employing ultrasonic diagnosis of skin and subcutane-
ous tissues in patients with adipose hyperplasia. Future 
research will focus on the following aspects: 1) the nurs-
ing of patients with concomitant diseases and diabetes 
complications, such as diabetes with Alzheimer’s disease 
or Parkinsonian syndromes, and impaired vision caused 
by diabetic optic neuropathy, as well as how these affect 
standardized insulin injections; and 2) the relationship 
between the TIR and chronic diabetes complications.
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Conclusions

In conclusion, the application of a nursing project had 
a positive role in providing knowledge on insulin, using 
standardized injections and patient self-management, 
and effectively improved therapeutic efficacy, reducing 
the occurrence of adipose hyperplasia. Therefore, a nurs-
ing project intervention has the potential for clinical ap-
plication and is worthy of implementation. Another type 
of intervention, telenursing, is also feasible for standard-
izing the insulin injection technique.
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The supplementary materials are available at https://
doi.org/10.5281/zenodo.8137362. The package contains 
the following files:

Supplementary Table 1. Segmentation scoring form for 
standardized insulin pen use.

Supplementary Table 2. Improvement measures of nurs-
ing project.

Supplementary Fig. 1. Distribution of data of baseline 
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Supplementary Fig. 2. Distribution of data of glycosyl-
ated hemoglobin before and after treatment across groups.

Supplementary Fig. 3. Distribution of data of insulin type 
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Abstract
Background. Esophageal cancer (EC) is a major cause of cancer-related deaths worldwide, bringing tremen-
dous pressure to the healthcare system and patients. Esophageal squamous cell carcinoma (ESCC) is the main 
subtype of EC in the Chinese population.

Objectives. This study aimed to extend the neoadjuvant therapy cycle to 4 cycles and evaluate the efficacy 
and safety of neoadjuvant camrelizumab combined with chemotherapy for the treatment of resectable ESCC.

Materials and methods. The enrolled patients received neoadjuvant camrelizumab (200 mg, day 1), nab-
paclitaxel (260 mg/m2, day 1) and carboplatin (area under curve; 5 mg/mL/min) every 21 days for 4 cycles, 
and surgery was performed within 4–6 weeks after the first day of the 4th treatment cycle. The primary 
endpoint of the study was the pathological complete response (pCR) rate.

Results. From December 15, 2021, to October 1, 2022, a total of 35 patients were enrolled in the study. 
All patients completed the full 4-cycle treatment and were deemed fit for surgical intervention. Thirty-four 
(97.1%) patients achieved R0 resection, 18 (51.4%) showed a pCR rate, and 27 (77.1%) achieved a major 
pathological response (MPR). Tumor degradation was observed in 30 out of 35 patients (85.7%). Multivariate 
logistic regression analyses further confirmed that age (odds ratio (OR) = 6.710, 95% confidence interval 
(95% CI): 3.512–44.403) and programmed death-ligand 1 (PD-L1) (OR = 2.855, 95% CI: 1.181–3.079) 
were independent predictors of pCR. The most prevalent adverse event (AE) was leukopenia, which was 
experienced by 23 out of 35 patients (65.7%). Grade 3 or higher AEs included leukopenia in 2 cases (5.7%) 
and neutropenia in 12 cases (34.3%). No delays in surgery were observed.

Conclusions. As demonstrated in this study, the 4 cycles of camrelizumab combined with nab-paclitaxel 
and carboplatin, which exhibited a relatively high pCR rate and acceptable safety, suggest a strong rationale 
for its further evaluation in resectable ESCC.

Key words: esophageal squamous cell carcinoma (ESCC), neoadjuvant therapy, anti-programmed death-1 
(PD-1), camrelizumab
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Background

Esophageal cancer (EC) is a major cause of cancer-re-
lated deaths worldwide, bringing tremendous pressure 
to  the  healthcare system and patients.1–3 Esophageal 
cancer primarily consists of 2 different epidemiological 
and pathological diseases, namely esophageal squamous 
cell carcinoma (ESCC) and esophageal adenocarcinoma.4 
Esophageal squamous cell carcinoma is the main sub-
type of EC in the Chinese population.5,6 Surgery remains 
the primary treatment for resectable ESCC, but up to 50% 
of patients fail to achieve R0 resection, resulting in early 
postoperative recurrence.7 Neoadjuvant chemoradio-
therapy followed by surgery is a widely used standard 
treatment for patients with resectable EC.8,9 In a study 
of preoperative chemoradiotherapy (carboplatin, paclitaxel 
and radiotherapy), known as Chemoradiotherapy for EC 
followed by Surgery Study (CROSS), there was an overall 
improvement in survival lasting at least 10 years in pa-
tients with locally advanced resectable EC.10,11 However, 
the long-term clinical outcomes of neoadjuvant chemo-
radiotherapy remain unsatisfactory because death still 
occurs in more than half of patients.10 Moreover, the peri-
operative toxicities caused by chemoradiation reduce its at-
tractiveness to patients.12 Therefore, clinicians and ESCC 
patients urgently need a neoadjuvant regimen that is more 
effective and less toxic.

Preclinical studies have shown that the combination 
of programmed cell death 1 (PD-1) inhibitors and che-
motherapy can further strengthen the  host immune 
response and prevent cancer cell escape.13 In previous 
studies, the majority of neoadjuvant PD-1 antibody-com-
bined therapy involved 2 cycles, while 4 cycles of neoad-
juvant PD-1 antibody-combined therapy are rarely used.14 
Lv et al. reported that 3–4 cycles of neoadjuvant sintil-
imab, an immune checkpoint inhibitor targeting PD-1, 
plus chemotherapy in resectable locally advanced ESCC 
have a higher pathological complete response (pCR) rate 
than only 2 cycles of neoadjuvant sintilimab plus chemo-
therapy (47.9% compared to 12.5%; p = 0.0003).15 This 
suggests that extending the neoadjuvant therapy cycle may 
increase the pCR rate, which is associated with prolonged 
overall survival (OS).16,17 Camrelizumab, a product devel-
oped in China, is a novel IgG4-kappa anti-PD-1 inhibitor 
that has been administered in the treatment of many types 
of malignancies.18 Two cycles of neoadjuvant camreli-
zumab combined with chemotherapy have been shown 
to be effective and tolerable in newly diagnosed resectable 
ESCC, achieving pCR in 25% of patients.19 Thus, although 
using 2 cycles of neoadjuvant therapy has been success-
ful, 75% of patients still do not achieve pCR. Therefore, 
the extension of  the camrelizumab-combined therapy 
cycle in patients with resectable locally advanced ESCC 
is worth exploring.

Objectives

This study aimed to extend the neoadjuvant therapy 
cycle to 4 cycles and evaluate the efficacy and safety of neo-
adjuvant camrelizumab combined with chemotherapy 
for the treatment of resectable ESCC, hoping to develop 
a more effective regimen to enhance the clinical outcomes 
of ESCC patients.

Materials and methods

Study design and participants

In  this prospective, single-arm study, we  compared 
the efficacy and safety in a group of ESCC patients re-
ceiving 4 cycles of neoadjuvant camrelizumab-combined 
therapy with a group of historical controls who received 
only 2 cycles of neoadjuvant camrelizumab-combined 
therapy. The flowchart for the study is presented in Fig. 1. 
The study was conducted from December 15, 2021, to Oc-
tober  1, 2022, at  the  People’s Hospital of  Yangzhong 
(China). The inclusion criteria were as follows: 1) histologi-
cally confirmed resectable (stage II or III) ESCC; 2) male 
or female patients; 3) aged 18–75 years; 4) with an East-
ern Cooperative Oncology Group (ECOG) score of 0 or 1. 
The exclusion criteria were as follows: 1) severe disease 
within the previous 5 years; 2) prior history of anti-PD-1 
or anti-programmed death-ligand 1 (anti-PD-L1) treat-
ment; 3) prior history of interstitial lung disease or active 
non-infectious pneumonia; 4)  treatment with cortico-
steroids or other immunosuppressants in the preceding 
2 weeks. The expression of the PD-L1 biomarker was not 
considered in the enrolled patients.

All patients provided written informed consent before 
enrollment, and the study was approved by the ethics com-
mittee of the People’s Hospital of Yangzhong (approval 
No. 2021142). All patients enrolled in this experiment were 
Chinese.

Procedures

All patients underwent clinical evaluation, including 
upper gastrointestinal endoscopy with diagnostic biopsy, 
computed tomography (CT) of the chest, ultrasonography 
of the major organs, routine electrocardiogram, echocar-
diography, pulmonary function test, and radionuclide bone 
scintigraphy. Before undergoing surgical resection, patients 
were treated with 4 cycles of the following drugs intrave-
nously: camrelizumab (200 mg on day 1 every 3 weeks), 
nab-paclitaxel (260 mg/m2 on day 1 every 3 weeks) and 
carboplatin (area under the curve of 5 mg/mL/min on day 1 
every 3 weeks).

After the completion of neoadjuvant therapy, a reas-
sessment was conducted to exclude patients with surgical 
contraindications. The reassessment included the same 
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tests as  the  pretreatment staging. Surgery was sched-
uled to be performed within 4–6 weeks after the 1st day 
of the 4th treatment cycle. McKeown or Ivor Lewis esopha-
gectomy was performed according to standard institu-
tional procedures, including double-field lymphadenec-
tomy and total mediastinal lymphadenectomy.

Outcomes

The primary endpoint of this study was pCR, defined 
as  no residual tumor cells. The  secondary endpoints 
included major pathological response (MPR), defined 
as <10% residual tumor cells, R0 resection rate, objective 
response rate (ORR), disease control rate (DCR), disease-
free survival (DFS, calculated from the date of enrollment), 
overall survival (OS), and safety. According to the Re-
sponse Evaluation Criteria in Solid Tumors (RECIST) v. 1.1, 
the target lesion of EC was defined as lymph nodes with 
a small diameter (≥15 mm); the primary esophageal lesion 
was not considered the target lesion. Tumor response was 
evaluated every 2 cycles. Toxicity profiles were evaluated 
using the National Cancer Institute Common Terminology 
Criteria for Adverse Events (NCI-CTCAE) (v. 5.0).

Statistical analyses

According to a previous study,17 the pCR rate of 2 cycles 
of neoadjuvant therapy was 25%, while 50% was the ex-
pected rate in our study. The sample size ensuring a higher 
pCR rate was calculated using PASS 15 software (NCSS 
LCC, Kaysville, USA). A total of 30 eligible subjects would 
be required to detect a difference between 25% and 50% 
pCR rate with a power of 80%. Considering a 15% patient 
loss, at least 35 cases would need to be enrolled. Categorical 

variables, including gender, smoking status, tumor loca-
tion, ECOG performance status, alcohol consumption, 
clinical tumor stage, clinical nodal stage, clinical TNM 
stage, histologic grade, and PD-L1, were presented as fre-
quency count (percentage), and numerical variables 
were presented as  median (interquartile range (IQR)) 
or mean ± standard deviation (M ±SD). Survival probability 
was evaluated using the Kaplan–Meier method. Multivari-
ate logistic regression analysis was performed to explore 
the independent predictors of pCR. The goodness of fit 
was assessed using Nagelkerke R2. Multicollinearity was 
checked using the variance inflation factor (VIF); the VIF 
values of all independent predictors were less than 2. All 
reported p-values were bilateral, with p < 0.05 considered 
statistically significant.

Results

Baseline

From December 15, 2021, to October 1, 2022, a total 
of 52 patients from the People’s Hospital of Yangzhong 
were screened as eligible for the experimental group. 
Thirty-five patients were enrolled after providing in-
formed consent (Fig. 1). As seen in Table 1, 19 patients 
(54.3%) in the experimental group were under 65 years 
old, and 16 (45.7%) patients were over 65 years old. Among 
all the patients, 71.4% were male (25 patients) and 28.6% 
were female (10 patients). Most of the patients (54.3%) 
were former or current smokers. The tumors were located 
in the upper segment (11.4%), middle segment (45.7%) and 
lower segment (42.9%) of  the esophagus. Before treat-
ment, T3 (62.9%) was the predominant clinical tumor 

Fig. 1. Study flowchart based on the study by Yang et al.17

Experimental group

Potential participants who received neoadjuvant 

camrelizumab combined therapy (n = 52) 

35 patients enrolled

4 cycles of neoadjuvant camrelizumab and chemotherapy

Eligibility criteria

Exclusion criteria

Historical control group*

Potential participants who received neoadjuvant

camrelizumab combined therapy (n = 37)

23 patients enrolled

2 cycles of neoadjuvant camrelizumab and chemotherapy

Eligibility criteria

Exclusion criteria

The comparison of the efficacy and safety between the 2 groups
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stage, while N1 (65.7%) was the most common clinical 
nodal stage. Thirteen patients (37.1%) had stage II tumors 
and 22 patients (62.9%) had stage III tumors. Twenty-
seven patients (77.1%) had an ECOG performance score 
of 0 and 8 patients (22.9%) had a score of 1. The PD-L1 
expression was evaluated in the biopsy samples. The re-
sults showed that 18 samples (51.4%) were PD-L1-posi-
tive (combined positive score (CPS) ≥ 1) and 17 samples 
(48.6%) were PD-L1-negative (CPS < 1). Tumors were de-
termined to be well differentiated in 6 patients (17.1%), 
moderately differentiated in 8 patients (22.9%) and poorly 
differentiated in 21 patients (60.0%). Overall, there were 
slightly more female patients in the experimental group 
than in the historical control group, and there were also 
more patients with an ECOG performance score of 1 
in  the experimental group. The baseline characteris-
tics of  the 35 patients in  the experimental group and 
the 23 patients in the historical control group are sum-
marized in Table 1.

Tumor response

Following a course of 4 cycles of neoadjuvant immuno-
therapy in combination with chemotherapy, 28 patients 
with target lesions were evaluable for response in the ex-
perimental group. Two patients (7.1%) achieved complete 
response, 25 patients (89.3%) showed partial response, 
1 patient (3.6%) remained stable, and no patients had pro-
gressive disease, resulting in an ORR of 96.4% and a DCR 
of 100.0% (Table 2 and Fig. 2). In the historical control 
group, the ORR and DCR were 90.5% and 100.0%, re-
spectively. The details of these outcomes are presented 
in Table 2.

Surgical and pathological outcomes

In the experimental group, 35 patients underwent sur-
gery, with 34 (97.1%) achieving R0 resection, 18 (51.4%) 
showing pCR and 27 (77.1%) achieving MPR (Table 3). 

Table 1. Baseline characteristics of the patients

Characteristic Experimental group (n = 35) Historical control group* (n = 23)

Age, n (%) [years]
≤65 19 (54.3) N/A

>65 16 (45.7) N/A

Gender, n (%)
male 25 (71.4) 22 (95.7)

female 10 (28.6) 1 (4.3)

ECOG performance status, n (%)
0 27 (77.1) 21 (91.3)

1 8 (22.9) 2 (8.7)

Smoking status, n (%)
never 16 (45.7) 7 (30.4)

former or current 19 (54.3) 16 (69.6)

Alcohol consumption, n (%)
never 14 (40.0) 11 (47.8)

former or current 21 (60.0) 12 (52.2)

Tumor location, n (%)

upper segment 4 (11.4) 1 (4.3)

middle segment 16 (45.7) 9 (39.1)

lower segment 15 (42.9) 13 (56.5)

Clinical tumor stage, n (%)

T1 7 (20.0) N/A

T2 4 (11.4) N/A

T3 22 (62.9) N/A

T4 2 (5.7) N/A

Clinical nodal stage, n (%)

N0 6 (17.1) N/A

N1 23 (65.7) N/A

N2 6 (17.1) N/A

Clinical TNM stage, n (%)
II 13 (37.1) 8 (34.8)

III 22 (62.9) 15 (65.2)

Histologic grade, n (%)

well differentiated 6 (17.1) N/A

moderately differentiated 8 (22.9) N/A

poorly differentiated 21 (60.0) N/A

PD-L1, CPS, n (%)
<1 17 (48.6) 7 (30.4)

≥1 18 (51.4) 12 (52.2)

ECOG – Eastern Cooperative Oncology Group; TNM – tumor node metastasis; PD-L1 – programmed death-ligand 1; CPS – combined positive score; 
N/A – not applicable; * based on the results obtained by Yang et al.17
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Tumor degradation was observed in 30 out of 35 patients 
(85.7%). The  median intraoperative blood loss was 
100.0 mL (IQR: 65.0–185.0 mL), and the average opera-
tive time was 265.9 ±46.7 min. The median hospital stay 
after surgery was 21.0 days (IQR: 20.0–25.0). Table 3 sum-
marizes the postoperative complications, which included 
1 case each of anastomotic leakage, incisional hernia, heavy 
bleeding, and hoarseness, and 2 cases of pulmonary infec-
tion (5.7%). No serious complications, such as respiratory 

failure, heart failure, deep vein thrombosis, or acute re-
spiratory distress syndrome, were reported. The propor-
tions of patients achieving pCR, MPR and downstaging 
of the tumor node metastasis (TNM) stage were higher 
in the experimental group than in the historical control 
group, and the pCR rate improved by 26.4%. The incidence 
of surgical complications was low in both groups. The de-
tails are listed in Table 3.

Exploratory analysis

To further clarify the relationship between the baseline 
characteristics and pCR in patients with resectable ESCC, 
the Box–Tidwell test was conducted. Its results revealed 
a linear relationship between all continuous independent 
variables and the dependent variable logit conversion value 
(all p > 0.05) (Supplementary Table 1). Next, we performed 
a multivariate logistic regression analysis and confirmed 
that age (OR = 6.710, 95% CI: 3.512–44.403) and PD-L1 
CPS (OR = 2.855, 95% CI: 1.181–3.079) were indepen-
dent predictors of pCR (Table 4), indicating that the drug 
was more effective for patients aged <65 years and with 
a  higher expression of  PD-L1 (Nagelkerke R2  =  0.676, 
p = 0.010).

Table 2. Tumor response

Variable Experimental group (n = 28) Historical control group* (n = 21)

Best overall response, n (%)

complete response 2 (7.1) 1 (4.8)

partial response 25 (89.3) 18 (85.7)

stable disease 1 (3.6) 2 (9.5)

Progressive disease 0 0

Objective response rate, n (%) 27 (96.4) 19 (90.5)

Disease control rate, n (%) 28 (100.0) 21 (100.0)

* based on the results obtained by Yang et al.17

Table 3. Surgical and pathological outcomes

Characteristics Experimental group (n = 35) Historical control group* (n = 20)

Successful R0 resection, n (%) 34 (97.1) 20 (100)

Pathological response, n (%)
pCR 18 (51.4) 5 (25.0)

MPR 27 (77.1) 10 (50.0)

Downstaging of TNM stage, n (%)
yes 30 (85.7) 13 (65.0)

no 5 (14.3) 7 (35.0)

Blood loss (mL), median (IQR) 100.0 (65.0–185.0) N/A

Cumulative operative time (min), M ±SD 265.9 ±46.7 292.5 ±53.1

Postoperative hospital stay [days], median (IQR) 21.0 (20.0–25.0) N/A

Surgical complications, n (%)

anastomotic leakage 1 (2.9) 2 (10.0)

pulmonary infection 2 (5.7) 1 (5.0)

incisional hernia 1 (2.9) N/A

postoperative bleeding 1 (2.9) 1 (5.0)

postoperative hoarseness 1 (2.9) 1 (5.0)

pCR – pathological complete response; MPR – major pathological response; M ±SD – mean ± standard deviation; TNM – tumor node metastasis; 
IQR – interquartile range; N/A – not applicable; * based on the results obtained by Yang et al.17

Fig. 2. Bar plot of the best overall response in the population (n = 28) 
according to RECIST1.1.  Each bar represents 1 patient
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Safety and follow-up

A summary of  adverse events (AEs) is  presented 
in Table 5. In the experimental group, the most preva-
lent AE was leukopenia, which was experienced by 23 out 
of 35 patients (65.7%). Other common AEs among patients 
included asthenia (62.9%), alopecia (60.0%), neutropenia 
(60.0%), rash (60.0%), and anemia (54.3%). The grade 3 
or higher AEs included leukopenia in 2 cases (5.7%) and 
neutropenia in 12 cases (34.3%). One patient experienced 
a massive esophageal hemorrhage 3 weeks before surgery 
but was successfully treated and underwent successful 
surgery. Other AEs observed during neoadjuvant therapy 
included an increase in alanine aminotransferase (ALT), 
which occurred in 14 cases (40.0%), reactive cutaneous cap-
illary endothelial proliferation (RCCEP), which occurred 
in 14 cases (40.0%), and increased aspartate aminotrans-
ferase, which occurred in 12 cases (34.3%). None of these 
caused any treatment suspensions, dose reductions or sur-
gical delays, and the patients remained generally stable 
until the last follow-up. In the historical control group, 
alopecia was the most common AE, followed by asthenia, 
leukopenia, neutropenia, and rash, with hyperthyroidism 
being the least common. In addition, the 12-month DFS 
was 71.2%, and the 12-month OS rate was 94.4% in the ex-
perimental group (Fig. 3,4).

Discussion

This study prospectively evaluated the  efficacy and 
safety of surgery after neoadjuvant camrelizumab com-
bined with chemotherapy for the treatment of resectable 
ESCC. The study extended the neoadjuvant treatment regi-
men to 4 cycles, hoping to develop a more effective regimen 
to enhance the clinical outcomes in ESCC patients.

In the preoperative setting, chemotherapy combined 
with radiotherapy is the current standard neoadjuvant 
regimen, and it is being used as a combination partner 
of immunotherapy in many ongoing trials.20,21 However, 
due to the toxic effects of radiotherapy, a  less harmful 
regimen is being sought.22 Thus, we were interested in ex-
ploring the response of ESCC to immunotherapy com-
bined with chemotherapy. Indeed, in our study, neoad-
juvant chemotherapy in conjunction with camrelizumab 
achieved a pCR rate of 51.4%, which was significantly 
higher than that of  previously reported neoadjuvant 
immunotherapy combined with chemotherapy (22.2%, 
25% and 46.2),7,17,23 improving the pCR rate by 29.2%, 
26.4% and 5.2%, respectively. The reason for this may 
be that the patients in the previous studies received only 
2 or 3 cycles of neoadjuvant therapy, while our patients 
were treated with 4 cycles. In addition, 30 out of 35 sur-
gical patients (85.7%) had degraded TNM staging after 

Table 4. Multivariate analyses for pathological complete response (PCR) in patients with resectable esophageal squamous cell carcinoma 
in the experimental group

Variable OR (95% CI) p-value

Age [years]
>65 reference

≤65 6.710 (3.512, 44.403) 0.016

Gender
male reference

female 1.510 (0.022, 15.010) 0.842

ECOG performance status
0 reference

1 0.315 (0.008, 6.843) 0.475

Smoking status
never reference

former or current 0.163 (0.002, 4.553) 0.322

Alcohol consumption
never reference

former or current 1.373 (0.091, 26.837) 0.819

Tumor location

upper segment reference

middle segment 6.798 (0.075, 18.282) 0.430

lower segment 1.924 (0.020, 3.485) 0.780

Histologic grade

well differentiated reference

moderately differentiated 0.070 (0.002, 2.910) 0.221

poorly differentiated 1.464 (0.047, 49.315) 0.821

Clinical TNM stage
II reference

III 0.120 (0.003, 1.772) 0.170

PD-L1 CPS
<1 reference

≥1 2.855 (1.181, 3.079) 0.036

ECOG – Eastern Cooperative Oncology Group; TNM – tumor node metastasis; PD-L1 – programmed death-ligand 1; CPS – combined positive score; 
OR – odds ratio; 95% CI – 95% confidence interval.
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treatment, which is higher than that reported in the pre-
vious literature (65%).17

The  findings of  several important studies, including 
CROSS, NEOCRTEC5010 and the CheckMate 577 trial, 
have made neoadjuvant chemoradiotherapy combined with 
surgery a commonly accepted treatment option for resect-
able ESCC in Western countries.8,10,24 The usage of neo-
adjuvant chemoradiotherapy is limited due to the added 
toxicity from chemotherapy and radiotherapy.25,26 Reducing 
the dose to mitigate toxicity may reduce patient adherence, 

and neoadjuvant chemoradiotherapy can also lead to com-
plications during surgery, such as tissue adhesion and swell-
ing, and increase the risk of perioperative issues, such as ra-
diation pneumonitis-induced respiratory failure, which 
may offset the intended survival benefits from neoadjuvant 
chemoradiotherapy.27,28 Our study results indicate that leu-
kopenia was the most frequently occurring AE, affecting 
23 out of 35 patients. Other common AEs included asthe-
nia, alopecia, neutropenia, rash, and anemia. We also iden-
tified grade 3 or higher AEs, including leukopenia in 2 cases 

Table 5. Adverse events

Adverse event, n (%)
Experimental group (n = 35) Historical control group* (n = 23)

any grade grade ≥3 any grade grade ≥3

Leukopenia 23 (65.7) 2 (5.7) 14 (60.9) 2 (8.7)

Asthenia 22 (62.9) 0 15 (65.2) 0

Alopecia 21 (60.0) 0 19 (82.6) 0

Neutropenia 21 (60.0) 12 (34.3) 14 (60.9) 9 (39.1)

Rash 21 (60.0) 0 14 (60.9) 0

Anemia 19 (54.3) 0 13 (56.5) 0

Alanine aminotransferase increased 14 (40.0) 0 10 (43.5) 0

RCCEP 14 (40.0) 0 9 (39.1) 0

Aspartate aminotransferase increased 12 (34.3) 0 8 (34.8) 0

Hyperbilirubinemia 11 (31.4) 0 8 (34.8) 0

Thrombocytopenia 10 (28.6) 0 7 (30.4) 0

Decreased appetite 10 (28.6) 0 8 (34.8) 0

Vomiting 7 (20.0) 0 5 (21.7) 0

Oral mucositis 6 (17.1) 0 4 (17.4) 0

Diarrhea 5 (14.3) 0 3 (13.0) 0

Nausea 4 (11.4) 0 3 (13.0) 0

Constipation 4 (11.4) 0 3 (13.0) 0

Edema 3 (8.6) 0 2 (8.7) 0

Fever 3 (8.6) 0 2 (8.7) 0

Hyperthyroidism 1 (2.9) 0 1 (4.3) 0

RCCEP – reactive cutaneous capillary endothelial proliferation; * based on the results obtained by Yang et al.17

Fig. 4. Overall survival (OS) curve of all patients who received surgery 
(n = 35)

Fig. 3. Disease-free survival (DFS) curve of all patients who received 
surgery (n = 35)
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and neutropenia in 12 cases. Regarding postoperative com-
plications, our study found a 2.9% incidence of anastomotic 
leakage, which is lower than what was previously reported 
in the CROSS study (22%). It should be noted that the study 
reports successful treatment and surgery of 1 patient who 
experienced massive esophageal hemorrhage 3 weeks prior 
to surgery. We detected increased levels of alanine amino-
transferase in 14 cases, RCCEP in 14 cases and increased 
levels of aspartate aminotransferase in 12 cases, but none 
of these resulted in treatment suspensions, dose reductions 
or surgical delays.

Previous research has shown that several clinical bio-
markers, including neutrophil-to-lymphocyte ratio (NLR), 
platelet-to-lymphocyte ratio (PLR) and lymphocyte-to-
monocyte ratio (LMR), have moderate predictive value for 
prognosis. However, their potential for predicting the ef-
ficacy of  immunotherapy remains rarely reported.29,30 
In recent years, the importance of PD-L1 expression level 
has been a popular topic in  immunotherapy. However, 
earlier clinical trial results indicate that immunotherapy 
combined with chemotherapy is beneficial in the entire 
population, including those with negative PD-L1 expres-
sion, which led to PD-L1 detection being non-essential.31,32 
Interestingly, our exploratory analysis showed that patients 
with higher PD-L1 expression were more likely to benefit 
from neoadjuvant therapies; thus, the PD-L1 expression 
seems to be a predictive factor for pCR after neoadjuvant 
immunotherapy. In  addition, patients aged  >65  years 
achieved a lower pCR, which may be attributed to the phys-
iologic decline in the functions of major organs in older 
patients.33 The guiding value of age and PD-L1 expression 
level in immunotherapy should be recognized and is wor-
thy of further exploration in future large sample studies.

Limitations

There are 2 limitations to this study. First, the sample 
size was small, implying that a  larger cohort is neces-
sary to  further validate these findings. Second, owing 
to the short duration of follow-up, median DFS and OS 
were not reported, but follow-up is still in progress.

Conclusions

In  conclusion, the  results of  this study suggest that 
the extension of the treatment cycle to 4 cycles of neoad-
juvant camrelizumab combined with chemotherapy may 
offer a promising treatment option for patients with re-
sectable ESCC. Further large-sample studies are needed 
to confirm these results.
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Abstract
Background. Tumor necrosis factor receptor 1 (TNFR1) and 2 (TNFR2) can be cleaved from the cell surface 
and circulate alone or in combination with tumor necrosis factor alpha (TNF-α). These soluble receptors may 
play a key role in regulating the inflammatory response.

Objectives. The study aimed to evaluate the role of TNFRs in regulating the inflammatory response in im-
munoglobulin A nephropathy (IgAN).

Materials and methods. The study included 26 patients with newly diagnosed and biopsy-confirmed 
IgAN and 20 healthy controls. Study material included blood and fresh urine collected the morning before 
kidney biopsy and therapy. The serum concentrations of TNFR1 (STNFR1) and TNFR2 (STNFR2) and urinary 
excretion of TNFR1 (UTNFR1) and TNFR2 (UTNFR2) were determined with immunoassay. Subsequently, 
the data were evaluated statistically.

Results. The STNFR1 and STNFR2 levels were higher in IgAN patients than in healthy subjects (4747.87 pg/mL 
and 2817.62 pg/mL compared to 2755.68 pg/mL (95% CI: from −2948.41 to −1035.97; p = 0.001) and 
1437.83 pg/mL (95% CI: from −1958.50 to −419.60; p = 0.001). The power of the test was 98.5% for STNFR1 
and 96% for STNFR2. Urinary concentrations only increased for TNFR1 (3551.29 compared to 2338.95 pg/mg 
of creatinine (Cr) (95% CI: from −2247.03 to −177.66; p = 0.023). The STNFR1 marker was characterized 
by a sensitivity of 73.08% and a specificity of 90.00% (p < 0.001).

Conclusions. Our results suggest that TNFR1 and TNFR2 are good markers of TNF-α pathway activation 
in IgAN patients.

Key words: tumor necrosis factor α, tumor necrosis factor receptor I (TNFR1), tumor necrosis factor receptor II 
(TNFR2), marker of IgA nephropathy
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Background

Tumor necrosis factor alpha (TNF-α) is a pleiotropic cy-
tokine that plays a vital role in inflammatory processes and 
stimulates the production of cytokines such as interleukin 
(IL)-1β, IL-6 and IL-8. It also affects the secretion of adhesion 
molecules at endothelial cell junctions, as well as chemokines 
such as monocyte chemoattractant protein-1 (MCP-1), mac-
rophage inflammatory protein-2 (MIP-2), regulated upon 
activation, normal T cell expressed and presumably secreted 
(RANTES), and macrophage inflammatory protein-1 alpha 
(MIP-1α).1–3 Furthermore, TNF-α has immunoregulatory 
properties and can induce several anti-inflammatory and 
regulatory cytokines.4 It is mainly produced by macrophages, 
dendritic cells and T lymphocytes,5 and is a transmembrane 
protein (TMP) that can be cleaved1 by disintegrin and metal-
loprotease 17 protein (ADAM-17), and released into the cir-
culation as a functional soluble protein.6 The TNF-α is usually 
undetectable in healthy kidneys.4 It binds on the cell surface 
to 2 transmembrane receptors, tumor necrosis factor recep-
tor 1 (TNFR1) (also known as CD120A or p55) and tumor 
necrosis factor receptor 2 (TNFR2) (also known as CD120B 
or P75),1 which are differently expressed on cells and tissues.

The TNFRs demonstrate various biological effects, in-
cluding survival, differentiation, proliferation, migration, 
inflammation, and cell death. The TNFR1 mainly plays 
a pro-inflammatory role, whereas TNFR2 may be involved 
in immunoregulation.5 Both receptors can be cleaved from 
the cell surface and circulate alone or in combination with 
TNF-α.1 The soluble TNFRs can participate in the regula-
tion of inflammatory responses by binding and neutraliz-
ing free TNF-α.4 The TNFR1 can be detected in almost all 
cell types, while TNFR2 is found in oligodendrocytes, as-
trocytes, T cells, myocytes, thymocytes, the endothelium, 
and human mesenchymal stem cells. In the human kidney, 
TNFR1 is expressed in the normal glomerular endothe-
lium, where it is mainly localized to the Golgi apparatus,6 
whereas TNFR2 is not usually expressed.4

Several studies have associated the expression of TNF-α 
or TNFRs with various kidney diseases.1 In inflamma-
tory and autoimmune kidney diseases, TNF-α plays a role 
in the cascade leading to kidney damage, and its expression 
is associated with damage.2 Moreover, increased TNFR 
levels are associated with the progression of various types 
of glomerulonephritis (GN).1,7 Monoclonal antibodies can 
inhibit TNF-α receptor binding.1 Simultaneous or specific 
blocking of TNFR1 and TNFR2 may reveal different recep-
tor functions, which, in turn, may prove useful in develop-
ing a specific therapeutic strategy targeting TNFR.2

Objectives

Immunoglobulin A nephropathy (IgAN) accounts for 
the highest percentage of GN. Considering the relatively 
high incidence rate, the  foundation of  our study was 

to search for new markers of the disease, and the primary 
concept was to ensure fast and non-invasive diagnosis 
of patients with IgAN. The research aimed to assess con-
centrations of serum TNFR1 (STNFR1), STNFR2, urinary 
TNFR1 (UTNFR1), and UTNFR2 to determine their po-
tential relationship with clinical markers of IgAN activity.

Materials and methods

Study design, setting and participants

Over a period of 2 years, the study comprised 26 Cau-
casian patients (15 women and 11 men) with a mean age 
of 40 ±15 years who presented with newly diagnosed biopsy-
confirmed IgAN. The study was conducted in the Depart-
ment of Nephrology, Transplantology, and Internal Medi-
cine of Poznan University of Medical Sciences. The Bioethics 
Committee at Poznan University of Medical Sciences re-
viewed and approved the study (No. 444/11). The control 
group consisted of 20 healthy individuals, matched for gender 
and age. All kidney tissue samples were obtained by percu-
taneous renal biopsy. A standard examination of cortical 
tissue under light microscopy and immunofluorescence was 
performed. In all patients, blood and fresh urine were col-
lected in the morning before kidney biopsy and treatment. 
Urine samples were centrifuged at 1000 g for 5 min, and 
supernatants were stored at −70°C until tested. The serum 
concentrations of TNF-α, TNFR1 and TNFR2, and urinary 
excretion of TNFR1 and TNFR2 were determined using 
the Quantkine Human soluble TNFRI and soluble TNFRII 
immunoassay (Cat. No. DRT 100; R&D Systems, Minne-
apolis, USA). The assay measured soluble TNFRs and TNF-
associated soluble TNFRs. The TNFR concentrations ​​were 
expressed in picograms per milliliter and TNFR excretion 
was expressed in picograms per milligram of creatinine (Cr).

Variables

We examined renal histological findings using the me-
sangial hypercellularity, endocapillary hypercellular-
ity, segmental glomerulosclerosis, and tubular atrophy/
interstitial fibrosis (MEST) Oxford classification. How-
ever, we  only analyzed segmental glomerulosclerosis 
and tubular atrophy/interstitial fibrosis because mesan-
gial hypercellularity (M1 > 0.5) was present in all pa-
tients except for one. The severity of  tubular atrophy/
interstitial fibrosis was classified as T0 (0–25%; n = 14), 
T1 (26–50%; n = 6) or T2 (>50%; n = 6). Segmental glo-
merulosclerosis was classified as S0 (absent; n = 7) or S1 
(present; n  =  19). Unfortunately, we  could not assess 
endocapillary hypercellularity based on pathomorpho-
logical descriptions. The estimated glomerular filtration 
rate (eGFR) was calculated using the Cockcroft–Gault 
formula. The mean (± standard deviation; M ±SD) eGFR 
was 97.05 ±24.12 mL/min/1.73 m2. Normal renal function 
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was defined as an eGFR ≥90 mL/min/1.73 m2. The val-
ues mentioned above are normal for most IgAN patients. 
Stage I chronic kidney disease (CKD) was found in 17 sub-
jects, 7 presented stage II, and 2 patients had stage III 
CKD. Urinary protein excretion (UPE) was measured 
from 24-hour urine collection, and microscopic analy-
sis of the urine sediment was performed. Eight patients 
developed nephrotic syndrome, and hypertension (blood 
pressure ≥140/90 mm Hg) was reported in 6 participants. 
The characteristics of the research group are presented 
in Table 1. All patients were treated with an angioten-
sin-converting enzyme inhibitor (ACEI) and/or an an-
giotensin II type 1 (AT1) receptor antagonist. Other an-
tihypertensive drugs were also administered to achieve 
the recommended target blood pressure <130/80 mm Hg 
or  <125/75  mm  Hg when urinary protein excretion 
was >1.0 g/24 h. Fourteen patients were treated with glu-
cocorticoids (GCs), and 2 received GCs and mycophenolate 
mofetil. The stages of the study are illustrated in Fig. 1.

Bias

The potential effects of non-renal sources on UTNFR1 
were reduced by only including subjects without comorbid 
diseases. As such, patients with symptoms of acute and 

chronic inflammatory diseases other than GN were ex-
cluded from the study. Patients were coded appropriately, 
and the researcher studying the parameters did not know 
which group patients were assigned to, though the physi-
cian was not blinded.

Study size

The  size of  the  study and control groups was esti-
mated based on a similar study in the available scientific 
literature.4

Statistical analyses

Data are presented as M ±SD and 95% confidence in-
tervals (95% CIs). The correlations between the 2 inter-
val variables were calculated using Pearson’s correlation. 
The Shapiro–Wilk test verified whether the TNFR concen-
tration values followed a normal distribution. The equality 
of variances was tested using the Fisher–Snedecor test.

Student’s t-test compared differences between unpaired 
variables with a normal distribution and equal variances, 
and Welch’s test compared data with unequal variances. 
The Mann–Whitney U test assessed differences between 
unpaired variables with non-normal distribution.

Fig. 1. Materials and methods
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A receiver operating characteristic (ROC) curve deter-
mined classifier quality, sensitivity and specificity, and 
the analysis established the optimal cutoff point. All sta-
tistical analyses employed MedCalc, v. 20.006 (MedCalc 
Software Ltd., Ostend, Belgium).

Results

No significant differences were found between serum 
TNF-α levels of IgAN patients (25.64 pg/mL) and healthy 
control (26.99 pg/mL) (95% CI: −3.7–5.1; p = 0.627). How-
ever, STNFR1 and STNFR2 concentrations were signifi-
cantly higher in IgAN patients than in healthy participants 
(4747.87 pg/mL and 2817.62 pg/mL compared to 2755.68 
(95% CI: −2948.41–−1035.97; p = 0.001) and 1437.83 pg/mL 
(95% CI:from −1958.50 to −419.60; p = 0.001)). The power 
of the test was 98.5% for STNFR1 and 96% for STNFR2. 
The UTNFR1 excretions were considerably higher in IgAN 
patients compared to healthy subjects (3551.29 pg/mg 
of Cr compared to 2338.95 pg/mg of Cr (95% CI: from 
−2247.03 to −177.66; p = 0.023)). The power of the test 
in this case was 67%. The results are presented in Fig. 2 
and Table 2.

Positive correlations were observed between STNFR2 
levels in IgAN patients and serum Cr (r = 0.4359, p = 0.026) 
and urinary protein excretion (r = 0.4639, p = 0.017). Mean-
while, a negative correlation was shown between STNFR2 
concentration and serum albumin (r = −0.6392, p = 0.001). 
The results are illustrated in Fig. 3.

The marker quality was assessed using the ROC analysis, 
and their sensitivity and specificity were described accord-
ingly. The STNFR1 showed a sensitivity of 73.08% and 
a specificity of 90.00% (p < 0.001) (Fig. 4), with the optimal 
cutoff point established at 3381 pg/mL. The other results 
of the analysis are presented in Table 3.

In  patients with nephrotic syndrome, STNFR2 level 
was significantly higher compared to  patients with 
non-nephrotic proteinuria (3904.55  pg/mL compared 
to 2334.53 pg/mL; 95% CI: 261.15–2878.88; p = 0.021), al-
though no significant differences were detected between 
these 2 groups for STNFR1 (4521.44 pg/mL compared 
to  4848.50  pg/mL; 95%  CI: from −1815.30 to  1635.00; 
p  =  0.567), UTNFR1 (3102.55  pg/mg of  Cr compared 
to 3750.73 pg/mg of Cr; 95% CI: from −2353.61 to 1057.24; 
p = 0.441) or UTNFR2 (2268.14 pg/mg of Cr compared 
to  2713.76  pg/mg of  Cr; 95%  CI: −1774.57–883.32; 
p = 0.496).

Table 2. Statistical parameters for the assessment of differences in serum concentrations of TNFR1 (STNFR1) and TNFR2 (STNFR2) and urinary excretion 
of TNFR1 (UTNFR1) and TNFR2 (UTNFR2)

Statistical parameters STNFR1 STNFR2 UTNFR1 UTNFR2

Shapiro–Wilk test p = 0.337 p = 0.039 p = 0.888 p = 0.072

F test of variance homogeneity p = 0.675 p = 0.001 p = 0.169 p = 0.095

95% CI from −2948.41 to −1035.97 from −1958.50 to −419.60 from −2247.03 to −177.66 from −1424.21 to 154.19

t-test for independent groups p = 0.001  p = 0.001* p = 0.023  p = 0.112

df 44 – 44 44

Power of the test (1-β)×100% 98.5% 96% 67% <50%

95% CI – 95% confidence interval; df – degrees of freedom; *Mann–Whitney U test. Values in bold are statistically significant.

Table 1. Characteristics of the study group

Characteristic Value p-value (Shapiro–Wilk test)

Gender (men/women), n 11/15 –

Age [years]
Q1: 27

Q2: 33.5
Q3: 49

0.003

Urinary protein excretion 
[g/24 h]

patients with nephrotic syndrome (n = 8)
Q1: 4.88
Q2: 8.24

Q3: 12.25
0.017

patients with non-nephrotic syndrome (n = 18) 1.22 ±0.90 0.115

eGFR [mL/min/1.73 m2]
patients with eGFR ≥ 90 (n = 17) 109.45 ±18.38 0.057

patients with eGFR < 90 (n = 9) 73.63 ±14.06 0.240

BP values (systolic/diastolic)

patients with arterial hypertension (n = 6) 142.5 ±6.45/90 ±7.91 0.918/0.505

normotensive patients (n = 20)
Q1: 115/72.5
Q2: 120/80

Q3: 125/82.5
0.442/0.040

eGFR – estimated glomerular filtration rate; BP – blood pressure. The values are given as number of patients (n) or mean ± standard deviation (M ±SD).
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The patients with an eGFR < 90 mL/min/1.73 m2 had 
significantly higher STNFR2 values than patients with 
an eGFR ≥ 90 mL/min/1.73 m2 (3809.51 pg/mL compared 
to 2292.49 pg/mL; 95% CI: 245.93–2788.10; p = 0.021). 
No significant differences were observed in  STNFR1 
(5016.70  pg/mL compared to  4605.54  pg/mL; 95%  CI: 
−1019.07–1841.39; p = 0.559), UTNFR1 (3904.10 pg/mg 
of Cr compared to 3364.51 pg/mg of Cr; 95% CI: from  
−1120.50 to 2199.68; p = 0.509) or UTNFR2 (3170.61 pg/mg 
of Cr compared to 2262.19 pg/mg of Cr; 95% CI: from  
−336.13 to 2152.97; p = 0.145).

Comparisons of  patients with arterial hypertension 
(blood pressure ≥140/90 mm Hg) to patients without hy-
pertension revealed no significant differences in  levels 
of STNFR1 (4606.78 pg/mL compared to 4790.19 pg/mL; 
95% CI: from −1808.33 to 1441.51; p = 0.818), STNFR2 
(2417.53  pg/mL compared to  2937.64  pg/mL; 95%  CI: 
from  −2111.57 to 1071.35; p  =  0.506), UTNFR1 
(4071.82 pg/mg of Cr compared to 3395.14 pg/mg of Cr; 
95% CI: from  −2466.10 to 3819.46; p = 0.617), and UTNFR2 
(3719.53 pg/mg of Cr compared to 2233.78 pg/mg of Cr; 
95% CI: from −757.48 to 3728.99; p = 0.156).

There were no differences between patients for mean 
STNFR1, STNFR2, UTNFR1, or UTNFR2 values based 

on segmental glomerulosclerosis or tubular atrophy/in-
terstitial fibrosis severity (Table 4).

Discussion

Immunoglobulin A nephropathy is a form of glomeru-
lopathy known more specifically as GN and represents 
the most common primary GN in many countries. The dis-
ease can be classified into histological and clinical types, 
though the  pathogenetic mechanisms are not entirely 
known. However, mesangial pathogenic polymeric IgA1 
(galactose-deficient IgA1; Gd-IgA1) deposition, mesangial 
cell proliferation, increased extracellular matrix synthesis, 
and glomerular infiltration of macrophages, monocytes 
and T lymphocytes are frequently observed. The unique 
localization is due to the presence of IgA1 (CD71) receptors 
on mesangial cells.8,9 Immunoglobulin A initiates an im-
mune reaction and combines with the resulting antibodies 
to form immune complexes that accumulate as deposits 
in the mesangium, which leads to cellular and mesangial 
matrix proliferation.

Clinically, the first manifestation of IgAN is an episode 
of  hematuria, which predominantly occurs following 

Table 3. Receiver operating characteristic (ROC) curve

Variable Sensitivity Specificity Values Youden’s J statistic AUC Standard error p-value 

STNFR1 73.08 90.00 3381 pg/mL 0.6308 0.813 0.0685 <0.001

STNFR2 76.92 70.00 1561.4 pg/mL 0.4692 0.783 0.0683 <0.001

UTNFR1 69.23 70.00 2407.1 pg/mg Cr 0.3923 0.698 0.0786 0.012

UTNFR2 50.00 75.00 2474.7 pg/mg Cr 0.2500 0.631 0.0831 0.116

STNFR1 – serum concentrations of tumor necrosis factor receptor 1 (TNFR1); STNFR2 – serum concentrations of TNFR2; UTNFR1 – urinary excretion of TNFR1; 
UTNFR2 – urinary excretion of TNFR2; Cr – serum creatinine; AUC – area under the ROC curve. Values in bold are statistically significant.

Fig. 2. Comparison of mean serum tumor necrosis factor receptor 1 (STNFR1), STNFR2, urinary TNFR1 (UTNFR1), and UTNFR2 levels in immunoglobulin 
A nephropathy (IgAN) patients and healthy controls
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a non-specific upper respiratory tract infection and re-
solves spontaneously after several days. The picture may 
vary in  the  pathomorphological examination. There-
fore, an additional immunofluorescence test should be 

performed.8 Evidence suggests that cytokines play a crucial 
role in IgAN pathogenesis and progression, with TNF-α 
having a notable involvement. Indeed, TNF-α expression 
is  preferentially increased in  the  glomeruli in  various 

Fig. 3. The correlation (Pearson’s correlation) between serum tumor necrosis factor receptor 2 (STNFR2), serum creatinine (Cr), urinary protein excretion 
(UPE), and serum albumin in patients with primary immunoglobulin A nephropathy (IgAN)
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forms of GN,4,10,11 and correlates with increased serum 
and urinary excretion of the cytokine.4 These observations 
indicate that damaged kidneys constitute the source of in-
creased production and excretion of TNF-α and TNFRs 
in primary GN patients. Moreover, TNFR1 and TNFR2 
are involved in  the  caspase activation pathways after 
binding to TNF-α and cause epithelial cell proliferation 

in the proximal tubule and renal interstitial damage. In-
terestingly, both receptors can also be cleaved from the cell 
surface, circulate alone or in combination with TNF-α, 
and may participate in inflammatory response regulation.

There is a strong correlation between tubulointersti-
tial tissue damage severity and subsequent renal function 
deterioration in IgAN and diabetic nephropathy (DN).12 
Chan et al. demonstrated that after IgA deposition, TNF-α 
released from mesangial cells activates proximal tubular 
epithelial cells (PTEC), leading to further inflammatory 
changes in the renal interstitium.12 In contrast, Lai et al. 
found that IgA-conditioned medium prepared by cultur-
ing human mesangial cells (IgA-HMC medium) with IgA 
from IgAN patients significantly increased gene expression 
and TNF-α synthesis by podocytes. These, in turn, may 
play a role in interstitial damage development in IgAN 
by enhancing tubular epithelial cell activation and increas-
ing TNF-α synthesis in mesangial cell inflammatory le-
sion cultures. However, TNF-α from mesangial cells and 
podocytes increases TNFR expression.9 This mechanism 
leads to increased TNFR excretion from mesangial cell 
and podocyte membranes, which may account for the in-
creased serum and urine TNFR levels observed in our 
IgAN patients.

Several studies have found that levels of the molecules 
associated with circulating TNF pathway markers, such 
as TNF-α and TNFRs, are significantly higher in CKD 
patients and that these levels correlate closely with changes 
in eGFR.4,13–15 Moreover, the results of the Joslin Kidney 
Study demonstrated that increased levels of circulating 

Table 4. The relationship between histopathological kidney examination and tumor necrosis factor receptor (TNFR) concentrations

Statistical parameter STNFR1 STNFR2 UTNFR1 UTNFR2

Shapiro–Wilk test p = 0.253 p = 0.077 p = 0.941 p = 0.607

F test of variance homogeneity p = 0.967 p = 0.832 p = 0.729 p = 0.290

S0 5585.38 2859.64 3732.90 1819.00

S1 4570.11 2931.96 4153.06 3123.11

p-value of t-test for independent groups p = 0.246 p = 0.931 p = 0.655 p = 0.103

df 19 19 19 19

Shapiro–Wilk test p = 0.140 p = 0.078 p = 0.732 p = 0.390

F test of variance homogeneity p = 0.669 p = 0.556 p = 0.094 p = 0.350

T0 4962.58 2602.55 4493.71 3073.48

T1 4669.53 2637.65 4444.70 2793.60

p-value of t-test for independent groups p = 0.766 p = 0.969 p = 0.959 p = 0.768

df 14 14 14 14

Shapiro–Wilk test p = 0.037 p = 0.042 p = 0.494 p = 0.333

F test of variance homogeneity p = 0.664 p = 0.739 p = 0.822 p = 0.872

T0 4962.58 2602.55 4493.71 3073.48

T2 4563.92 3885.66 2682.02 2201.70

p-value of t-test for independent groups p = 0.646* p = 0.104* p = 0.080 p = 0.348

df – – 15 15

UTNFR1 – urinary excretion of TNFR1; UTNFR2 – urinary excretion of TNFR2; STNFR 1 – serum concentration of TNFR1; STNFR 2 – serum concentration 
of TNFR2; df – degrees of freedom; *Mann–Whitney U test. Values in bold are statistically significant.

Fig. 4. Receiver operating characteristic (ROC) curve chart (black dotted 
line) and its 95% CI (95% confidence intervals) for serum tumor necrosis 
factor receptor 1 (STNFR1)

AUC – area under the ROC curve.
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TNFR1 and TNFR2 were very strong predictors of DN 
progression to end-stage renal disease (ESRD).16,17 How-
ever, little is known about the clinical and histological 
association of circulating TNFRs, or the urinary excretion 
of TNFRs, in IgAN patients.

Our previous study showed that UTNFR1 excretion 
was significantly higher in patients with various types 
of chronic GN, including approx. 35% of IgAN patients, 
compared to healthy controls.4 Although Sonoda et al. did 
not find differences in UTNFR levels between IgAN pa-
tients and healthy controls, they observed that STNFR lev-
els were considerably higher in IgAN patients.14 It should 
be emphasized that STNFR measurements were not per-
formed in our previous study. The present study confirmed 
that TNFR1 and TNFR2 serum levels were significantly 
higher in patients with IgAN than in healthy subjects. 
However, urinary excretion was only significantly higher 
for TNFR1. These results indicate that STNFR1, STNFR2 
and UTNFR1 levels may constitute a marker of the TNF-α 
pathway activation in  the  kidneys, which contributes 
to the deterioration of renal function. Moreover, TNF-α 
pathway activation directly increases glomerular vaso-
constriction and albumin permeability, while kidney ex-
posure to TNF-α increases TNFR messenger ribonucleic 
acid (mRNA) expression in the renal interstitial tubule, 
causing cell death.

Zwiech et al. observed a significant increase in STNFR1, 
STNFR2, UTNFR1, and UTNFR2 in their study group 
(patients with IgAN).15 In our previous paper, UTNFR ex-
cretion correlated negatively with eGFR in IgAN patients.4 
Sonoda et al. also emphasized the negative correlation 
between serum and urinary excretion of TNFRs with eGFR 
in IgAN patients, although the correlation between STN-
FRs and eGFR was stronger than the correlation between 
UTNFRs and eGFR.14 In the present study, a negative cor-
relation was also observed between serum and urinary 
excretion of TNFRs and eGFR in IgAN patients. However, 
the correlation between UTNFRs and eGFR was stronger 
than between STNFRs and eGFR (STNFR1 (r = −0.1060, 
p = 0.606), STNFR2 (r = −0.0899, p = 0.663), UTNFR1 
(r = −0.1547, p = 0.451), UTNFR2 (r = −0.3466, p = 0.083)). 
These data suggest that increased STNFR and UTNFR 
levels confirm the activation of the renal TNF-α pathway 
in IgAN patients.

There was no significant correlation between UTNFRs 
and STNFRs. Conversely, experimental studies have dem-
onstrated that the induction of immune damage to the kid-
neys (anti-glomerular basement membrane antibody-in-
duced experimental nephritis) results in higher STNFR1 
and UTNFR1 values.18

Each TNFR plays a  separate role in  inflammation, 
apoptosis and necrosis. However, the current study found 
a strong correlation between urinary excretion of TNFR1 
and TNFR2 (Pearson’s correlation coefficient, r = 0.8218, 
p < 0.001), but no correlation was observed between se-
rum TNFR1 and TNFR2 (Pearson’s correlation coefficient, 

r = 0.1146, p = 0.577). Another vital issue is the source 
of TNFRs in serum and urine. The TNFR levels were com-
pared in patients who presented with severe tubulointer-
stitial fibrosis on histopathology, with the group showing 
either no or mild tubulointerstitial fibrosis. However, no 
significant differences were noted for STNFR concentra-
tions and UTNFR excretion. In addition, TNFR levels were 
compared in patients with and without nephrotic syn-
drome, and no relevant results were obtained.

A significant positive correlation was found between 
STNFR2, serum Cr (r  =  0.4359, p  =  0.026) and UPE 
(r = 0.4407, p = 0.027). Nevertheless, a negative correlation 
was observed between the STNFR2 concentrations and 
serum albumin (r = −0.6392, p = 0.001). Urinary protein 
excretion is considered an indicator of the severity of glo-
merular barrier damage, and a critical factor contributing 
to tubulointerstitial tissue damage and accelerated fibrotic 
processes, which lead to a rapid deterioration in kidney 
function.

In the available scientific literature, no study has as-
sessed the applicability of TNFR concentrations in se-
rum and urine as potential markers of IgAN. The marker 
quality was evaluated using ROC analysis, and  sensitivity 
and specificity of TNFR concentrations were described. 
The potential marker, STNFR1, characterized by a sensi-
tivity of 73.08% and a specificity of 90%, was statistically 
significant (p < 0.001). The optimal cutoff point for TNFR1 
was determined to be 3381 pg/mL. Given that the power 
of the test for differences in STNFR1 concentrations be-
tween the control and the study groups was 98.5%, we can 
conclude that STNFR1 may prove to be a good marker 
of IgAN activity.

Limitations

The study was limited due to a lack of immunohisto-
chemical tests, meaning that evaluating TNFR expres-
sion in kidney biopsy samples was not possible. Therefore, 
increased TNFR expression in renal tissue could not be 
directly determined. The causal relationship between TN-
FRs and renal tubulointerstitial fibrosis remains unclear 
due to the cross-sectional design. The 2nd limitation was 
the low number of patients and the lack of a follow-up study 
estimating the correlation of initial STNFR and UTNFR 
concentrations with disease course and progression.

The study aimed to assess TNFR concentrations in se-
rum and urine. However, these parameters were not ex-
amined in other types of GN due to difficulties in obtain-
ing a sufficiently large study group. Nonetheless, IgAN 
is the most common type of GN, and disease incidence 
is  lower for other types of primary GN. As such, time 
is needed to gather enough patients to compare our re-
sults with other GN types. Future studies should account 
for this aspect and explore it further to obtain information 
on which types of GN have elevated levels of the markers 
studied.
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Conclusions

The results presented above indicate that significantly 
increased STNFR1, STNFR2 and UTNFR1 concentra-
tion levels may be considered good markers of  renal 
TNF-α pathway activation in patients with newly diag-
nosed IgAN. The assessment of STNFR2 concentration 
may represent an effective instrument for estimating 
IgAN activity, and should be considered in clinical prac-
tice. Finally, further studies should focus on the corre-
lations between histopathological changes and the ap-
plicability of TNFR2 as a non-invasive marker of IgAN 
prognosis.
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Abstract
Background. Lipoprotein-associated phospholipase A2 (Lp-PLA2) may play an important role in the devel-
opment of atherosclerotic cardiovascular disease (ASCVD). Increased plasma levels of Lp-PLA2 may predict 
future cardiovascular (CV) events in type 2 diabetes (T2D). The potential beneficial effects of polyunsaturated 
fatty acids (PUFA) on ASCVD have been widely investigated. However, the impact of different PUFA concentra-
tions on Lp-PLA2 remains uncertain.

Objectives. We sought to determine the intergender differences in a population of patients with both T2D 
and ASCVD regarding Lp-PLA2 mass and the association between Lp-PLA2 mass and plasma levels of PUFA.

Materials and methods. In this cross-sectional study, we measured the Lp-PLA2 mass, PUFA concentra-
tions and inflammatory markers in 74 patients (49 males and 25 females) with T2D and ASCVD.

Results. In this very high-risk population, males had, on average, 33.6% higher levels of Lp-PLA2 than 
females. The Lp-PLA2 mass was positively associated with interleukin 6 (IL-6) (r = 0.27, p = 0.019), creati-
nine (r = 0.29, p = 0.03) and triglyceride levels (r = 0.41, p = 0.002). Additionally, male gender and higher 
levels of triglycerides, leptin, oxidized low-density lipoprotein (oxLDL), and intercellular adhesion molecule 1 
(ICAM-1) were independent predictors for an increased Lp-PLA2. Moreover, arachidonic acid (AA) negatively 
correlated with Lp-PLA2 (r = −0.26, p = 0.024), which was especially apparent in the female subgroup.

Conclusions. In the population of patients with ASCVD and T2D, males present with higher plasma levels 
of Lp-PLA2 than females. Additionally, higher plasma levels of AA were associated with lower Lp-PLA2 levels. 
Our findings support the utilization of Lp-PLA2 as a novel biomarker in ASCVD risk assessment in a very high 
CV risk population.

Key words: coronary artery disease, Lp-PLA2, PUFA, type 2 diabetes mellitus, gender differences
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Background

Atherosclerotic cardiovascular disease (ASCVD) 
is a leading cause of death in both Europe and the USA.1,2 
Despite notable progress in the prevention and treatment 
of coronary artery disease (CAD), there is still a very high 
prevalence of new adverse cardiovascular (CV) events 
in this population.3

The development of ASCVD and its progression have 
been largely associated with vascular inflammation.4 In-
creased levels of  inflammatory biomarkers such as  in-
terleukin-6 (IL-6), high-sensitivity C-reactive protein 
(hsCRP) and the macrophage-derived lipoprotein-asso-
ciated phospholipase A2 (Lp-PLA2) enzyme can be used 
to  assess the  residual CV risk.5–7 The  main function 
of Lp-PLA2 is to hydrolyze the proinflammatory media-
tors in order to reduce their bioactivity. However, this si-
multaneously increases their proatherogenic properties.6,8 
It is well established that type 2 diabetes (T2D) is an im-
portant ASCVD risk factor that is highly associated with 
ongoing inflammation and increased levels of Lp-PLA2.9 
Moreover, the collaborative data of 32 prospective stud-
ies demonstrated that Lp-PLA2 is associated with pro-
atherogenic lipids, underlining the significance of  the 
activity and mass of this phospholipase on the progres-
sion of ASCVD.10 The Lp-PLA2 is a promising biomarker 
that can be included in the risk assessment of patients 
with ASCVD11,12 or used as a potential target for ASCVD 
treatment.13,14

It has been observed that males had higher levels of Lp-
PLA2, but the relationship between Lp-PLA2 and gender 
is not yet evident, especially in the very high CV risk popu-
lation of patients with both ASCVD and T2D.9,14,15

We have previously observed that the supplementation 
of polyunsaturated omega-3 fatty acids (n-3 PUFA) is ben-
eficial in patients with ASCVD and results in the Lp-PLA2 
mass reduction,16,17 but there is  not enough evidence 
to determine which polyunsaturated fatty acids (PUFA) 
influence Lp-PLA2 to the greatest extent. However, there 
is a lack of a clear answer to whether the concentration 
of PUFA in patients at baseline can predict the  levels 
of Lp-PLA2. If that would be the case, PUFA could be 
a useful tool to predict outcomes in a very high CV risk 
group and their response to the therapies such as PUFA 
supplementation.

Objectives

This study primarily aimed to provide additional knowl-
edge about Lp-PLA2 in patients with both ASCVD and 
T2D. The secondary aim of this study was to determine 
the influence of different PUFA plasma concentrations 
on the Lp-PLA2 mass.

Materials and methods

Study design and subjects

This prospective, cross-sectional study consecutively 
recruited patients with both T2D (diagnosed in accordance 
with the 2018 American Diabetes Association guidelines), 
optimally treated for over 6 months before the enrollment, 
and ASCVD. The diagnosis of ASCVD was defined as CAD, 
established with an invasive coronary angiography (50% 
lumen narrowing in the proximal left main coronary artery 
or left anterior descending artery, or 70% lumen narrowing 
in any other segment of the coronary artery). The exclusion 
criteria included type 1 diabetes, not optimally treated T2D 
(glycated hemoglobin A1c (HbA1c) >9%), current infection, 
acute coronary syndrome (3 months prior to enrollment), 
PUFA supplementation 6 months before the examination, 
chronic anticoagulant therapy, bleeding, platelet count 
lower than 100×109/L, serum creatinine levels higher than 
177 µmol/L or 2 mg/dL, increased alanine transaminase 
(ALT, 1.5 times above the upper-reference limit), chronic 
treatment with steroids or non-steroidal anti-inflamma-
tory drugs (not including acetylsalicylic acid), malignant 
neoplastic disease, a life expectancy of less than 12 months, 
abuse of alcohol or drugs, and pregnancy.

Patients were screened and eventually enrolled in 2 ma-
jor tertiary-reference cardiology centers in southern Po-
land. We initially enrolled 126 patients who met the in-
clusion criteria. Forty-three patients were excluded due 
to the exclusion criteria, and 9 patients refused to par-
ticipate in the study. Eventually, 74 patients were included 
in the final analysis and were subsequently divided into 
2 groups based on their gender.

Obesity was diagnosed based on a body mass index 
(BMI)  ≥30  kg/m2. Arterial hypertension was defined 
as  a  blood pressure ≥140  mm Hg and/or  ≥90  mm Hg 
(systolic and diastolic, respectively) – measured during 
2 separate ambulatory visits. Current smoking was defined 
as smoking at least 1 cigarette per day.

This study was performed in compliance with the Good 
Clinical Practice (GCP) International Conference on Har-
monization and was approved by the local ethics com-
mittee (Jagiellonian University Medical College, approval 
No. KBET/190/B/2012). All study participants provided 
written informed consent. This study complied with 
the Declaration of Helsinki.

Sample collection and routine 
laboratory tests

Fasting blood (25 mL) was drawn from an antecubital 
vein and immediately stored in tubes containing 3.2% tri-
sodium citrate. Samples were processed up to 60 min after 
blood collection. Serum total cholesterol (TC), low-density 
lipoprotein cholesterol (LDL-C), high-density lipoprotein 
cholesterol (HDL-C), triglyceride (TG), glucose, HbA1c, 
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and thyroid stimulating hormone (TSH) levels were de-
termined using the biochemical analyzer cobas® 6000 
(Roche Diagnostics, Basel, Switzerland). Creatinine was 
assayed by a routine laboratory technique, and estimated 
glomerular filtration rate (eGFR) was evaluated based 
on the Modification of Diet in Renal Disease (MDRD) for-
mula. Complete blood count (CBC), including red blood 
cells, white blood cells, hemoglobin, hematocrit, red blood 
cell distribution width, platelet distribution width, and 
platelet count, was analyzed using standard laboratory 
evaluation (Sysmex XT-2000i; Sysmex Corp., Tokyo, Japan). 

PUFA measurements

The PUFA measurements were assayed as described 
before.18 Briefly, samples were stored at  −70°C until 
the biochemical measurement of the serum fatty acids 
of the phospholipid fraction was performed. The analytical 
procedure comprised several steps: 1) extraction of total 
lipids in serum; 2) lipid fraction separation using Sep-Pak 
NH2 columns (Waters Corporation, Milford, USA); and 
3) methylation and separation of the phospholipids fraction 
from fatty acid by gas chromatography (Agilent Technolo-
gies, Wilmington, USA). The method was calibrated using 
the calibration mixture (Sigma-Aldrich, Steinheim, Ger-
many). The fatty acids of the plasma phospholipid fraction 
were demonstrated in µmol/L.

Lp-PLA2 assessment

The Lp-PLA2 mass was measured with a colorimetric 
activity method using a rate reaction enzyme assay, with 
1-myristoyl-2-(4-nitrophenylsuccinyl) phosphatidylcholine 
as the substrate. The assay precision ranged between 1.5% 
and 1.8%.

Bias and confounder

The study participants were all diagnosed with T2D 
and ASCVD, 2 conditions that have been linked to el-
evated levels of  Lp-PLA2. As  such, these conditions 
may exert an influence on the obtained measurements. 
Furthermore, the average age of the population under 
investigation was 65  years, which might have played 
a role in the expression of Lp-PLA2 or other relevant 
parameters. To minimize any potential sources of bias, 
laboratory measurements and statistical analyses were 
conducted by experienced personnel and were subject 
to double-checking protocols.

Other biomarkers

The  levels of  IL-6 and tumor necrosis factor alpha 
(TNF-α) were evaluated using an enzyme-linked immuno-
sorbent assay (ELISA) (R&D Systems, Minneapolis, USA). 
Oxidized LDL (oxLDL) and myeloperoxidase were assessed 

with the use of an ELISA (Mercodia AB, Uppsala, Sweden). 
The hsCRP levels were measured using latex nephelometry 
(Dade Behring, Marburg, Germany).

Statistical analyses

Continuous variables were expressed as mean and stan-
dard deviation (M ±SD) or median (interquartile range 
(IQR)). Categorical variables were presented as numbers 
(percentages). The normality distribution was determined 
with the Shapiro–Wilk test. Student’s t-test or the Mann–
Whitney U test was used to calculate the intergroup dif-
ferences for continuous variables. The χ2 test was used 
to evaluate the differences in categorical variables between 
the study groups (with or without a Yates’s continuity cor-
rection or Fisher’s exact test). To assess the association 
between 2 continuous variables, Pearson or Spearman rank 
correlation coefficients were calculated (with a normal 
or non-normal distribution, respectively).

Both univariable and multivariable linear regression 
analyses were calculated to demonstrate the relationship 
between the Lp-PLA2 value and tested variables. We have 
built the optimal multivariable model from preselected 
variables (potential predictors) such as gender, systolic 
blood pressure, LDL-C, HbA1c, TG, body fat percentage, 
and visceral fat percentage, among others. Multicollinear-
ity was assessed using variance inflation factors (VIFs). Hat 
values were used to investigate leveraging observations. 
The best model was obtained using stepwise (backward/
forward) regression with Bayesian information criterion 
(BIC) as a target. The R2 was used to evaluate the good-
ness-of-fit for the final model. Validation was performed 
using the bootstrap method with 1000 replications.

The sample size was calculated based on our previous 
research, and it was powered to have a 90% chance of de-
tecting a 15% difference in fibrin clot properties between 
the analyzed groups using a p-value of 0.05.19 To deliver 
that level of statistical power, at least 23 patients in each 
group were required.

All statistical tests were two-sided. A value of p < 0.05 
was considered statistically significant.

All statistical analyses were calculated using Statistica 
v. 12.0 PL (StatSoft Polska, Kraków, Poland) and R 4.1.1 
software (R Foundation for Statistical Computing, Vienna, 
Austria).

Results

Demographics and clinical description

The  final analysis included 74  patients (49 (66.22%) 
males and 25 (33.78%) females) with both ASCVD and 
T2D (Table 1). The ages ranged from 47 to 85 years, and 
the female population was, on average, older than the male 
population (Table 1).
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All subjects had a very high CV risk (e.g., T2D, obe-
sity, hypertension, hyperlipidemia, and CAD), including 
30 (40.6%) patients with a history of previous myocar-
dial infarction (MI). There was no statistically signifi-
cant difference between genders regarding risk factors 
and medical history, except for higher values in waist 
circumference in the male population. However, waist 
circumference did not correlate with Lp-PLA2 and was 
not an  independent risk factor for increased Lp-PLA2 
mass. However, despite a higher percentage of body fat (%) 
in the women subgroup, they had a lower concentration 
of Lp-PLA2. In contrast, male patients had higher values 
of visceral fat (%). Finally, in both analyzed groups, vis-
ceral fat (r = −0.17, p = 0.36 in males and r = −0.1, p = 0.72 
in females) and body fat (r = −0.18, p = 0.24 in males and 
r = −0.02, p = 0.94 in females) were not associated with 
Lp-PLA2 mass.

In  general, the  female population had higher levels 
of HDL-C and lower levels of TG than the male population. 

Moreover, treatment regimens were not significantly dif-
ferent between genders (Supplementary Table 1). Despite 
the significant difference in age between males and fe-
males, there were no significant associations between 
Lp-PLA2 concentration and age in both males (r = 0.19, 
p = 0.19) and females (r = 0.30, p = 0.14).

Lp-PLA2 and inflammatory biomarkers

Based on our research, males had, on average, higher 
levels of Lp-PLA2 in the plasma than females (Table 2, 
Fig. 1). Male gender positively correlated with the levels 
of Lp-PLA2 (r = 0.31, p = 0.006), and Lp-PLA2 was posi-
tively associated with IL-6 (r = 0.27, p = 0.019), creatinine 
level (r = 0.29, p = 0.03) and TG (r = 0.41, p = 0.002).

Interestingly, no differences were observed in the ma-
jority of analyzed inflammatory biomarkers (myeloper-
oxidase, IL-6, oxLDL, TNF-α, and hsCRP) between both 
genders, except for Lp-PLA2 (Table 2).

Table 1. Baseline characteristics of the study population (n = 74)

Variable All (n = 74) Males (n = 49) Females (n = 25) p-value

Age 65.6 ±6.8 64.43 ±5.98 67.84 ±7.93 0.04

Risk factors

hypertension, n (%) 72 (97.3) 48 (98) 24 (96) 0.62

hyperlipidemia, n (%) 50 (67.6) 32 (65.3) 18 (72) 0.56

metabolic syndrome, n (%) 74 (100) 49 (100) 25 (100) 1.00

obesity, n (%) 49 (66.2) 37 (75.5) 12 (48) 0.018

waist circumference [cm] 106.5 ±9.4 109.43 ±9.11 100.78 ±7.13 0.0002

BMI [kg/m2] 31.2 ±3.6 31.66 ±3.19 30.34 ±4.10 0.13

visceral fat, % 16 ±4.67 18.16 ±3.79 11.81 ±3.10 <0.001

body fat, % 32.25 (28.40–41.58) 30.6 (25.8–33.2) 41.8 (35.1–47.4) <0.001

current smoking, n (%) 28 (37.8) 18 (37) 10 (40) 0.78

Medical history

type 2 diabetes duration [years] 10 (6–15) 10 (6–12) 10 (6–20) 0.31

peripheral artery disease, n (%) 26 (35.1) 19 (38.8) 7 (28) 0.36

coronary artery disease, n (%) 74 (100) 49 (100) 25 (100) 1.00

previous MI, n (%) 28 (37.8) 19 (38.8) 9 (36) 0.82

NSTEMI, n (%) 15 (20.3) 10 (20.4) 5 (20) 0.79

STEMI, n (%) 15 (20.3) 11 (22.5) 4 (16) 0.73

Baseline laboratory 
investigations

HbA1c, % 7.24 ±0.94 7.23 ±1.04 7.2 ±0.7 0.36

eGFR [mL/min/1.73 m2] 77.9 ±14 77.88 ±13.68 77.86 ±14.88 0.97

TC [mmol/L] 3.86 ±0.91 3.85 ±0.98 3.9 ±0.8 0.89

LDL-C [mmol/L] 1.91 (1.53–2.64) 1.89 (1.47–2.84) 2.07 (1.53–2.59) 0.61

HDL-C [mmol/L] 1.24 ±0.38 1.17 ±0.36 1.4 ±0.4 0.049

TG [mmol/L] 1.35 (1.12–1.92) 1.46 (1.19–1.99) 1.18 (0.95–1.88) 0.08

AST [U/L] 19 (16–23) 18 (16–23) 19 (16–23) 0.71

ALT [U/L] 22 (14–28) 24 (14–31) 21 (12–25) 0.31

INR 0.98 (0.95–1.02) 0.98 (0.96–1) 0.96 (0.92–1.03) 0.29

aPTT [s] 25.6 (23.55–27.3) 25.75 (23.95–27.6) 25.35 (22.8–27.3) 0.28

BMI – body mass index; MI – myocardial infarction; NSTEMI – non-ST-elevation myocardial infarction; STEMI – ST-elevation myocardial infarction; 
HbA1c – glycated hemoglobin A1c; eGFR – estimated glomerular filtration rate; TC – total cholesterol; LDL-C – low-density lipoprotein cholesterol; 
HDL-C – high-density lipoprotein cholesterol; TG – triglycerides; AST – aspartate aminotransferase; ALT – alanine transaminase; INR – international 
normalized ratio; aPTT – activated partial thromboplastin time. Data are presented as mean ± standard deviation (M ±SD), median (interquartile 
range (IQR)), or number (percentage).
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Finally, the presented multivariate model showed that 
female gender (decreasing Lp-PLA2 mass) and TG (increas-
ing Lp-PLA2 mass) were independent predictors of Lp-
PLA2 concentration (Table 3).

PUFA and Lp-PLA2

The PUFA concentrations did not differ between genders 
except for arachidic acid with linoleic acid (C20+C18:3(n-6)) 

concentration, which was higher in the female group (Sup-
plementary Table 2). In the female population, there was 
a negative correlation between arachidonic acid (AA) and 
Lp-PLA2 mass (r = −0.53, p = 0.007). In contrast, the male 
subgroup did not show a significant correlation between 
AA and Lp-PLA2 mass. The correlations between PUFA 
plasma concentrations and the Lp-PLA2 mass are pre-
sented in Table 4.

Discussion

The main objective of this study was to determine the in-
tergender differences in Lp-PLA2 levels in a very high CV 
risk population. We have demonstrated that the plasma 
mass levels of Lp-PLA2 were significantly higher in males 
compared to females in patients with both ASCVD and 
T2D. To the best of our knowledge, our study is the first 
to describe gender-related differences in plasma Lp-PLA2 
levels in the analyzed patient population.

The  collaborative data from 32  prospective studies 
showed that in  both patients with stable ASCVD and 
without ASCVD, males had a higher Lp-PLA2 mass than 
females.10 However, the population of patients with T2D 
represented a small percentage of the analyzed popula-
tion, and Lp-PLA2 activity and mass have been indepen-
dent predictors of adverse CV events in T2D; therefore, 
they may be important markers in such populations.15 
Our research showed similar findings. In the population 
of patients with T2D and ASCVD, males, on average, had 
higher levels of Lp-PLA2 than females. In support of our 
findings, it has been reported that in patients with vascular 
diseases such as cerebral stroke, males had higher levels 
of Lp-PLA2 than females.14

Table 2. Inflammatory status of the study population

Variable Females (n = 25) Males (n = 49) p-value

oxLDL [mU/L] 62.50 (31.40–120.60) 55.50 (35.40–179.90) 0.76

Myeloperoxidase [ng/mL] 30.05 (16.28–54.42) 31.11 (21.58–44.44) 0.88

Lp-PLA2 [ng/mL] 109.40 (78.69–137.85) 146.21 (110.31–181.13) 0.006

TNF-α [pg/mL] 1.51 (1.31–1.85) 1.48 (1.28–1.71) 0.81

IL-6 [pg/mL] 1.93 (1.62–2.50) 2.01 (1.55–3.01) 0.82

hsCRP [mg/L] 1.64 (0.84–2.31) 1.54 (0.71–3.29) 0.99

oxLDL – oxidized low-density lipoprotein; Lp-PLA2 – lipoprotein-associated phospholipase A2; TNF-α – tumor necrosis factor alpha; IL-6 – interleukin 6; 
hsCRP – high-sensitivity C-reactive protein. Data are presented as median (interquartile range (IQR)).

Fig. 1. Lipoprotein-associated phospholipase A2 (Lp-PLA2) concentration 
between men and women with both atherosclerotic cardiovascular 
disease (ASCVD) and type 2 diabetes (T2D). The horizontal line represents 
the mean, and the upper and lower bars represent the standard deviation 
from the mean

Table 3. Independent predictors of lipoprotein-associated phospholipase A2 (Lp-PLA2) – a multivariable linear regression model

Variable β 95% CI Standard error t value p-value

Female gender −33.84 −63.58; −4.10 14.86 −2.28 0.026

Body fat (%) −1.15 −2.78; 0.48 0.81 −1.42 0.16

TG 29.13 12.27; 45.99 8.43 3.46 0.001

oxLDL 0.03 −0.02; 0.08 0.02 1.28 0.20

TG – triglycerides; oxLDL – oxidized low-density lipoprotein; ICAM-1 – intercellular adhesion molecule-1; β – coefficient; 95% CI – 95% confidence interval.
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Contrary to  those findings, Lu et  al. reported that 
in a young population of patients after acute myocardial 
infarction (AMI), female gender was associated with higher 
levels of Lp-PLA2.20 This association could be explained 
by the fact that the analyzed female patients had higher 
inflammatory markers after AMI compared to males, which 
could translate to elevated levels of Lp-PLA2.20

A higher detected Lp-PLA2 mass was demonstrated 
to correlate with higher rates of adverse CV events.21 It was 
also shown that statins lower Lp-PLA2 levels by reduc-
ing the macrophage content in atherosclerotic lesions.22 
Nevertheless, we reported that males had higher levels 
of Lp-PLA2 mass despite a similar proportion of statin 
therapy between both genders.

The association between T2D and chronic low-grade 
inflammation is a well-known fact, and it was shown that 
biomarkers such as interleukin-1β, vascular endothelial 
growth factor (VEGF) and Lp-PLA2 might play an impor-
tant role in the occurrence of diabetic complications.23,24

In a study by Siddiqui et al., it was reported that patients 
with poorly controlled T2D and high Lp-PLA2 activity 
had higher rates of major adverse cardiac events (MACE). 
This study investigated the association of Lp-PLA2 with 
metabolic control (HbA1c) in a diabetic population and 
its impact on MACE.

The Lp-PLA2 was reported to be related to endothelial 
damage, characterized by the weakening of the anticoagu-
lant and anti-inflammatory functions of the endothelium,25 
thereby making Lp-PLA2 a  possible marker reflecting 
the extent of ASCVD.26 We have also observed that Lp-
PLA2 is closely related to other markers of vascular inflam-
mation, such as oxLDL, which is consistent with previous 
research.27

Interestingly, we  demonstrated that Lp-PLA2 was 
the  only analyzed inflammatory biomarker that var-
ied between both genders in the researched population. 
The gender-related difference in Lp-PLA2 levels is par-
ticularly significant because Lp-PLA2 has been implicated 
as a potential biomarker for ASCVD. Therefore, the higher 
levels of Lp-PLA2 in men could be a contributing factor 
to the increased risk of adverse events.

Those results support the concept of Lp-PLA2 plasma 
levels as a useful marker of ASCVD,28 especially in the pop-
ulation with a very high CV risk.

We have demonstrated that females, despite a signifi-
cantly higher body fat percentage, were characterized 
by substantially lower concentrations of Lp-PLA2 when 
compared to males. Interestingly, those differences were 
not associated with significant correlations between vis-
ceral or body fat percentage and Lp-PLA2 mass in both 
analyzed groups. Therefore, despite the higher body fat 
percentage, females appear to be associated with a lower 
level of visceral fat when compared to males, which may 
potentially be reflected in  lower concentrations of Lp-
PLA2 in women, but further research on a larger scale 
is needed in this regard.

In our study, males had higher values of waist circumfer-
ence than females, which partly explained high Lp-PLA2 
plasma levels in male patients. It was previously reported 
that adipose tissue can be an active source of Lp-PLA2.29,30 
However, we observed no correlation between these 2 vari-
ables, and waist circumference was not an independent risk 
factor for an increased Lp-PLA2 mass.

It  is also important to mention that IL-6 and hsCRP 
are often present in obese patients,31 but in our research, 
they were not independent risk factors for an increased 

Table 4. Correlation between lipoprotein-associated phospholipase A2 (Lp-PLA2) plasma levels and fatty acid concentration in plasma

Variable All (n = 74) Females (n = 25) Males (n = 49)

C12 r = −0.21, p = 0.079 r = 0.13, p = 0.54 r = 0.18, p = 0.22

C14 r = 0.02, p = 0.84 r = −0.24, p = 0.25 r = 0.16, p = 0.29

C16 r = 0.08, p = 0.52 r = −0.21, p = 0.32 r = −0.05, p = 0.72

C16:1 r = 0.03, p = 0.78 r = −0.29, p = 0.17 r = 0.14, p = 0.35

C18 r = −0.1, p = 0.4 r = −0.23, p = 0.26 r = −0.26, p = 0.07

C18:1 r = −0.06, p = 0.64 r = −0.14, p = 0.51 r = −0.02, p = 0.87

C18:2(n-6) r = 0.11, p = 0.34 r = −0.004, p = 0.98 r = 0.17, p = 0.25

C18:3(n-3) r = 0.08, p = 0.48 r = 0.2, p = 0.33 r = 0.16, p = 0.28

C20+C18:3(n-6) r = −0.09, p = 0.46 r = −0.14, p = 0.51 r = 0.04, p = 0.78

C20:2(n-6) r = 0.08, p = 0.51 r = 0.17, p = 0.43 r = 0.06, p = 0.7

C20:4 (AA) r = −0.26, p = 0.024 r = −0.53, p = 0.007 r = −0.16, p = 0.27

C20:5(n-3) r = −0.004, p = 0.98 r = −0.2, p = 0.33 r = 0.02, p = 0.87

C24 r = −0.08, p = 0.53 r = −0.34, p = 0.1 r = −0.03, p = 0.86

C22:6(n-3) r = −0.02, p = 0.85 r = −0.06, p = 0.79 r = −0.08, p = 0.57

C12 − lauric acid; C14 − myristic acid; C16 − palmitic acid; C16:1 − palmitoleic acid; C18 − stearic acid; C18:1 − oleic acid; C18:2(n-6) − linoleic acid; C18:3(n-3) − alpha-
linolenic acid; C20+C18:3(n-6) − arachidic acid with linoleic acid; C20:2(n-6) − eicosadienoic acid; C20:4 (AA) − arachidonic acid; C20:5(n-3) − eicosapentaenoic 
acid; C24 − lignoceric acid; C22:6(n-3) − docosahexaenoic acid. Data are presented as Pearson’s correlation coefficient with a p-value.
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Lp-PLA2 mass. The Lp-PLA2 concentration may affect 
the development of ASCVD in men far beyond the issue 
of excessive body weight, abnormal abdominal circumfer-
ence and the inflammatory state associated with obesity.

The beneficial effect of PUFA on ASCVD prevention 
is well established.17 It was also shown that the administra-
tion of PUFAs reduced the levels of Lp-PLA2 in ASCVD 
patients.16,17 However, in our current study, out of all mea-
sured PUFAs, only the AA concentration was associated 
with lower Lp-PLA2 levels. This association was especially 
strong in the female subpopulation. A study by Steffen 
et al. and a study by Fragopoulou et al. demonstrated that 
AA levels negatively correlated with Lp-PLA2 mass when 
adjusted for covariates such as inflammation.32–34

In contrast to those findings, AA is well characterized for 
being inflammatory, but it also generates lipoxins – pow-
erful non-classic eicosanoids that silence inflammatory 
signaling pathways33 and suppress an inducer of Lp-PLA2 
expression.34

To date, there have been few studies that examined AA 
in the context of Lp-PLA2. However, based on our data and 
presented scientific papers, we could argue that a higher 
concentration of AA affects the inflammatory cascade 
in such a way that it may lower levels of Lp-PLA2, making 
AA an important tool in the treatment of patients at very 
high CV risk. However, further research is needed to fully 
examine the influence of AA on Lp-PLA2.

Limitations

We have several limitations to acknowledge. The cross-
sectional nature of the study did not allow our research 
to infer causality. Moreover, there was no follow-up, and 
the sample size was limited. A larger observational study, 
including follow-up, would be beneficial to confirm our 
hypothesis. Third, the smaller number of female patients 
could have had an impact on the observed differences 
between measured parameters. Fourth, the  treatment 
with statins and β-blockers, both of which can influence 
the levels of Lp-PLA2, were common in both analyzed 
subgroups. Additionally, it was suggested that the asso-
ciation between the Lp-PLA2 mass and atherosclerosis 
development in T2D patients may be weaker in subclini-
cal ASCVD,35 but the association between T2D and its 
activity in more advanced atherosclerotic lesions remains 
strong.36 Further, the dietary pattern can differ between 
males and females, and its possible association with PUFA 
concentrations was not assessed. We are aware of the po-
tential impact of dietary habits on Lp-PLA2 activity, but 
the goal of the present study was not to evaluate the in-
fluence of dietary patterns on Lp-PLA2 levels. Instead, 
our focus was to investigate the differences between gen-
ders and their associations with measured serum levels 
of monounsaturated fatty acids, and n-3 and n-6 PUFAs.

Another limitation of our study is that it relied solely 
on Lp-PLA2 mass, which may lead to the underdiagnosis 

of CV risk caused by increased LDL-C levels. Therefore, 
additional measurements of Lp-PLA2 activity may be 
used to mitigate the  influence of LDL-C levels on Lp-
PLA2 as a biomarker. Nevertheless, Lp-PLA2 mass mea-
surements should be interpreted in  conjunction with 
other laboratory tests, such as LDL-C, for better risk 
stratification.

The LDL-C levels may lead to the underdiagnosis of CV 
risk. However, assessing Lp-PLA2 activity can be beneficial 
in preventing this situation and enhancing risk assessment.

Conclusions

In  conclusion, we  demonstrated that in  the  popula-
tion of patients with both ASCVD and T2D, males had 
higher plasma levels of Lp-PLA2 than females, thus mak-
ing it a potential biomarker for the assessment of gender-
related CV risk stratification. This study provides further 
evidence that AA plasma concentrations are negatively 
associated with Lp-PLA2 blood levels.

Supplementary data

The supplementary materials are available at https://
doi.org/10.5281/zenodo.8169154. The package contains 
the following files:

Supplementary Table 1. Comparison of baseline char-
acteristics of males compared to females in the studied 
population.

Supplementary Table 2. The gender differences in con-
centration of fatty acids in plasma.
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Abstract
Background. The development of malocclusion is related to various factor, many of which are still not 
fully explained. The steroid hormone, 1,25-dihydroxyvitamin D3, has pleiotropic effects. It plays a key role 
in skeletal metabolism and the control of cell repair by attaching to the nuclear vitamin D steroid receptor 
(VDR). This vitamin affects bone turnover through the processes of bone tissue formation and resorption 
via its action on cells of the osteoblastic and osteoclastic lineage, exerts a modulating effect on the immune 
system, and is involved in the regulation of cell proliferation and differentiation. The role of vitamin D3 (VD3) 
and its receptor polymorphisms is a rarely studied topic in dentistry. Due to the proven influence on bone 
turnover processes and immune responses, the main research topic is its relation to periodontal diseases, but 
so far, its role in the formation and development of malocclusions has not been assessed.

Objectives. This study aimed to assess the association of selected VDR polymorphisms: Cdx2 (rs11658820), 
TaqI (rs7975232), BsmI (rs1544410), ApaI (rs7975232), and FokI (rs2228570) with the development of maloc-
clusions.

Materials and methods. A prospective observational study was performed. The examination consisted 
of a medical interview, intra- and extraoral orthodontic diagnosis, alginate impression, cone beam computed 
tomography (CBCT), and venous blood sample to obtain genomic DNA and assess VDR polymorphisms.

Results. The rs11658820 polymorphism causes an almost 4-fold increase in the probability of the presence 
of a malocclusion. GT and TT genotypes of rs7975232 are also associated with a similar risk – almost 6 and 
almost 5 times higher, respectively. In turn, the effect of the rs2228570-AG and GG genotype polymorphisms 
on the occurrence of transversal anomalies was demonstrated (odds ratio (OR) = 8.46 and OR = 6.92, 
respectively).

Conclusions. The association of individual polymorphisms with specific malocclusions should be carefully 
assessed, especially since some trends have been indicated.

Key words: vitamin D, orthodontics, VDR, malocclusion
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Background

The development of skeletal and maxillary defects is re-
lated to various general prenatal, postnatal and local fac-
tors. Many etiological factors of occlusal anomalies are still 
not fully explained. Proffit et al. distinguished 3 categories 
of malocclusion etiologies: specific, environmental and 
genetic.1,2 General factors include endocrine disorders 
(which can cause, among others, gigantism or acromegaly) 
or systemic diseases such as rickets.3,4 The environmental 
factors include dysfunctions of, e.g., swallowing, posture, 
breathing, chewing, and speech, and parafunctions, such 
as sucking lips, cheeks, fingers, and the presence of caries 
causing premature loss of deciduous teeth.5 Malocclusion 
can be divided into 3 planes.6 There are 3 groups of maloc-
clusions: vertical (e.g., deep bite, open bite), horizontal (i.e., 
prognathism, retrognathia) and transverse (buccal, cross-
bite, lingual crossbite – often associated with a deficiency 
in the growth of one of the arches, maxilla or mandible).

Vitamins have an enormous influence on facial devel-
opment.7–11 Vitamin D (VD) is produced by the skin after 
sun exposure or provided in the diet. Calcitriol becomes 
an active fat-soluble hormone. It exerts pleiotropic effects 
on the body, having significant functional and regulatory ef-
fects. Its autocrine and paracrine activities complete the en-
docrine activity, which controls the absorption of calcium 
and phosphorus through the direct stimulation of the vi-
tamin D receptor (VDR) in tissues. Acting as a neuro-me-
diator, it  influences the production of antioxidants and 
regulates the cell’s growth. Vitamin D3 (VD3) plays a key 
role in skeletal metabolism (mostly bone turnover) by at-
taching to nuclear steroid receptors (Fig. 1).12–15 Expression 
and nuclear activation of the VDR are necessary for the ef-
fects of VD. Several genetic variations have been identi-
fied in the VDR. The VDR gene is located on chromosome 
12 (12q12–q14). It consists of 9 exons encoding a protein 
with 427 amino acids. This receptor belongs to the nuclear 
receptor superfamily of ligand-activated transcription fac-
tors. It induces genomic regulation of downstream targets 
involved in numerous biological activities, i.e., calcium and 

phosphate homeostasis in bone metabolism. Vitamin D re-
ceptor participates in the actions of VD, establishing a het-
erodimer with the retinoid x receptor (RXR). The RXR-VDR 
complex translocates into the nucleus and binds the VD 
response element (VDRE) in the promoter regions of VD 
target genes.16 The genes that code for the enzymes, recep-
tors and transporters that participate in VD metabolism 
are highly polymorphic. Due to this, the presence of single 
nucleotide polymorphisms (SNPs) in specific genes influ-
ences VD serum levels and their activity.17

More studies focusing on the importance of VDR poly-
morphisms prove their connection with various diseases, 
such as osteoporosis, colorectal cancer risk, gastrointes-
tinal diseases, and regulation of host–bacterial interac-
tions.13,14,18–20 The role of VD3 and VDR polymorphisms 
is a rarely studied topic in dentistry. Due to the proven 
influence on bone turnover processes and immune re-
sponses, the main research topic is  its relation to peri-
odontal diseases. Unfortunately, its role is not fully ex-
plained.21,22 So far, its possible influence on the formation 
and development of malocclusions has not been assessed.

Objectives

This study aimed to prospectively assess the  impact 
of VDR polymorphisms which are most often analyzed, 
recorded and known in the literature, and which have been 
associated with various effects on many diseases – Cdx2 
(rs11658820), TaqI (rs7975232), BsmI (rs1544410), ApaI 
(rs7975232), and FokI (rs2228570) – on the development 
of malocclusion.

Materials and methods

Study group

A prospective observational study was carried out 
in a  randomly selected group of 113 patients in a pri-
vate dental practice in Wrocław between 2017 and 2018. 
The analysis included patients of both sexes, Caucasians 
above 18 years of age, who came for dental check-ups. 
The exclusion criteria were age of the patients (<18 years) 
and lack of consent to participate in at least 1 component 
of the study. Also, patients with severe diseases that can 
have a significant impact on skeletal dysmorphisms (such 
as fibrous dysplasia and cherubism) and those that can 
change the occlusions, such as trauma to the craniofacial 
skeleton or maxillofacial surgeries, were excluded.

Research components

The examination consisted of 4 parts: 1) a medical inter-
view; 2) an assessment of the oral cavity in the orthodon-
tic aspect with an alginate impression for the diagnostic Fig. 1. Vitamin D (VD) hydroxylation and vitamin D receptor (VDR) activity
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model; 3)  radiographic images; and 4)  a  venous blood 
sample to obtain genomic deoxyribonucleic acid (DNA) 
and assess VDR polymorphisms. The medical interview 
included: demographic data (age, sex), habits (smoking, 
alcohol consumption) and comorbidities. A detailed ex-
amination of the oral cavity assessed:
–	canine class and Angle’s class1 on both sides; if the first 

molar or canine was missing, the class on this side was 
not assessed;

–	vertical and horizontal bite [mm];
–	crowding on  the  3-point scale in  the  maxilla and 

the mandible:
•	 1st degree (no space for half of the incisor),
•	 2nd degree (no space for 1.5 incisors),
•	 3rd degree (no space for 2 or more incisors),
•	 the  2nd and 3rd degree (indications for extraction 

treatment);
–	malocclusion (in  the sagittal, horizontal, and orbital 

planes).
Each patient underwent an alginate impression to pre-

pare a diagnostic model for analysis, an intraoral photo-
graph showing the upper and lower incisors, and volumet-
ric tomography of the maxillary and mandibular regions 
using Carestream® (Carestream Health, New York, USA). 
The models were analyzed using the Pont,23 Korkhaus24 
and Popovich25 indices.

Laboratory analysis

Laboratory tests of peripheral blood collected from the an-
tecubital fossa were carried out. The following polymor-
phisms were analyzed: Cdx2 (rs11568820), TaqI (rs731236), 
ApaI (rs7975232), BsmI (rs1544410), and FokI (rs2228570). 
BsmI and ApaI stemmed from substitution in intron 8. TaqI 

resulted from a substitution of cytosine (C) with thymine 
(T) in exon 9. These SNPs are situated near the 3’-UTR, 
which is a 3’-3’-Untranslated Region. They are believed 
to alter the stability of the mRNA of VDR. Cdx2 in exon 1 
influences VDR transcriptional activity (G allele decreases 
relative to the A allele). FokI in exon 2 is the start codon 
for the VDR gene and involves a change of ATG to ACG.26

Genomic DNA from peripheral lymphocytes was iso-
lated from the 200 μL of whole blood using Prepito DNA 
Blood D250 Kit and chemagic™. Prepito® instruments 
(PerkinElmer, Waltham, USA) were used strictly according 
to the producer’s protocol.

The primer sequences for polymerase chain reaction 
(PCR) were previously described by Lins et al.27 (Table 1). 
Polymerase chain reaction was performed using Taq poly-
merase (5 U/μL), 0.5 μL, provided with ×10 buffer with 
15 mM MgCl2, 2 μL (Qiagen, Hilden, Germany); dNTPs 
(2 mM each, Fermentas, Burlington, Canada), 2 μL; all prim-
ers (10 mM; Generi Biotech, Hradec Králové, Czech Repub-
lic), 1 μL of each; extracted DNA, 2 μL; and H2O for a final 
volume of 20 μL. The cycle parameters were as follows: 
initial denaturation at 95°C for 5 min, 35 cycles of 95°C for 
30 s, 58°C for 30 s, 72°C for 30 s, followed by a final exten-
sion at 72°C for 10 min in a T-100 thermocycler (Bio-Rad, 
Hercules, USA) (Fig. 2). The products were evaluated using 
a 2.5% agarose gel. Conditions of polymerase chain reaction 
(PCR) were previously described by Laczmanski et al.18–20

Cdx2, ApaI, BsmI, FokI, and TaqI VDR gene polymor-
phisms were genotyped using SNaPshot reaction accord-
ing to the producer’s protocol (SNaPshot Multiplex Kit; 
Applied Biosystems, Waltham, USA).

Obtained products were separated using an ABI 310 
Genetic Analyzer with GeneScan Analysis v. 3.1.2 software 
(Applied Biosystems/Thermo Fisher Scientific, Waltham, 

Table 1. Polymerase chain reaction (PCR) primers designed to amplify fragments harboring the 5 vitamin D receptor (VDR) single nucleotide polymorphism 
(SNP) according to Lins et al.27

Single nucleotide polymorphism PCR primer forward/reverse/ 
SNaPshot probe sequences Polymorphism Size of product [bp]

PCR primer forward/reverse

ApaI (rs7975232)
TaqI (rs731236)

F 5’CTGCCGTTGAGTGTCTGTGT
– 242

R 5’TCGGCTAGCTTCTGGATCAT

BsmI (rs15444410)
F 5’CCTCACTGCCCTTAGCTCTG

– 209
R 5’CCATCTCTCAGGCTCCAAAG

FokI (rs2228570)
F 5’GGCCTGCTTGCTGTTCTTAC

– 147
R 5’TCACCTGAAGAAGCCTTTGC

Cdx2 (rs11568820)
F 5’CATTGTAGAACATCTTTTGTATCAGGA

– 224
R 5’GACAAAAAGGATCAGGGATGA

SNaPshot probe sequences

rs7975232 (T)12GTGGTGGGATTGAGCAGTGAGG G/T 34

rs15444410 (T)21CAGAGCCTGAGTATTGGGAATG C/T 43

rs2228570 (T)31GCTGGCCGCCATTGCCTCC A/G 50

rs731236 (T)9GCGGTCCTGGATGGCCTC A/G 27
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USA), Matrix Standard Set DS-02 for dye set E5 and 
the GeneScan™ 120 LIZ™ dye Size Standard (Applied 
Biosystems/Thermo Fisher Scientific) for 15 min. The re-
sults were analyzed using GeneMarker v. 1.85 software 
(SoftGenetics LLC, State College, USA).

Statistical analyses

The statistical analysis was carried out using Statistica 
v. 13.3 software (TIBCO Software Inc., Palo Alto, USA). 
Allele frequencies were assessed by gene counting, and 
the distribution of the polymorphic variants was tested 
against the Hardy–Weinberg equilibrium (HWE). The 
HWE was analyzed using the χ2 test. As the data include 
only 2 options (yes/no), the results are presented in multi-
way tables (contingency) in the form of cardinality (n) and 
a structure index (%). The χ2 tests of independence were 
used to assess the significance of the relationship between 
the occurrence of malocclusions and variants of genotypes, 
and in the case of 4-field tables (2×2), when the numbers 
expected in one of the cells were lower than 5, Fisher’s 
exact test was used.

We intend to recruit 113 participants. The sample size 
calculation was based on the study report by Mozaffari-
Khosravi et al.28 and Föcker et al.,29 where VD differences 
and influence were measured. Score points were used as in-
put for the sample size calculation, which yielded a final 
sample size of 81 participants (t-test, α = 0.05; powered 
at 80% to detect a true difference). Attrition was assumed 
to be 20%, demanding the recruitment of 100 participants. 
Tests for deviations from the HWE were separately per-
formed using χ2 distribution for each SNP. Bonferroni cor-
rection to multiple testing was done.

The study was conducted according to the guidelines 
of the Declaration of Helsinki, and the Bioethics Commit-
tee’s approval was obtained (approval No. KB-442/2017 
by the Bioethics Committee of Wroclaw Medical University). 
We used the STrengthening the Reporting of OBservational 
studies in Epidemiology (STROBE) cross-sectional checklist 
when writing our study.

Results

The analysis included 113 patients (52 men and 61 women) 
aged 18–62 years (mean 36.5 ±11.8 years), who voluntarily 
completed their medical interview, participated in a clini-
cal trial and donated a blood sample for laboratory tests.

The profile of the examined people can be described 
as generally healthy people, with a relatively high qual-
ity of life. Accompanying systemic diseases in examined 
group was only 13.2% (autoimmune – 13.2%, gastrointes-
tinal – 8.8%, cardiovascular – 4.4%, metabolic – 0.9%).

The Hardy–Weinberg law of frequencies of rs11568820, 
rs731236, rs7975232, rs1544410, and rs2228570 polymor-
phism genotypes in the population was checked. The dis-
tribution of genotypes of all these 5 polymorphisms did 
not deviate from equilibrium.

Malocclusion anomalies

For most of the patients, Angle’s and canine 1st class anoma-
lies were diagnosed (right side 49.1%, left side 46.5%, right side 
66.7%, left side 67.5%, respectively). Concerning the teeth’s po-
sition, the teeth were crowded in the mandible (n = 47, 41.6%) 
and the maxilla (n = 32, 28.3%). The reduction of the upper 
arch (n = 43, 38.1%) and changes in overbite (n = 29, 25.7%) were 
relatively frequent. Other irregularities were diagnosed less 
frequently. The frequency of occurrence of particular defects 
(in detail) in the studied population is presented in Table 2.

Cdx2 (rs11568820)

Patients with the T allele present were over 4 times more 
likely to develop a narrower upper arch than those without 
this allele (OR = 4.4). Also, patients with a T allele present 
were over 16 times more likely to develop shortened upper 
arches (OR = 16.3) (Table 3).

FokI (rs2228570)

At the significance level of α = 0.05, there is no basis to re-
ject the null hypothesis that the FokI genotype contrib-
utes to the occurrence of a widened lower arch. However, 
a p = 0.0842 may indicate a certain tendency of dependence 
on the influence of the polymorphic form of AA on the more 
frequent occurrence of a widened lower arch (Table 4).

BsmI (rs1544410)

At the significance level of α = 0.05, there is no basis to re-
ject the null hypothesis that the BsmI genotype affects the oc-
currence of widened lower arches. However, a p = 0.0738 may 
indicate a tendency for the influence of the polymorphic 
form of CC on the more frequent occurrence of this mal-
occlusion. At the significance level of α = 0.05, there is no 
basis to reject the null hypothesis that the BsmI genotype af-
fects the occurrence degrees of freedom (df) widened upper 

Fig. 2. Capillary electrophoresis
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arches. However, p = 0.0816 may indicate a certain tendency. 
The fact that in the study group, the CC genotype does not 
occur in people with a widened upper arch is probably sig-
nificant. The fact is that people with a widened upper arch 
are poorly represented (only 3) (Table 5).

No statistically significant correlations were found be-
tween the occurrence of other malocclusions and the pre-
viously described polymorphisms.

Table 2. The frequency of occurrence of particular defects (detailed) in the studied population

Type of malocclusion anomalies
Presence of a defect

yes
n (%)

no
n (%)

Upper arch

narrowed 31 (27.4) 82 (72.6)

widened 3 (2.65) 110 (97.35)

shortened 3 (2.65) 110 (97.35)

spaced 15 (13.3) 98 (86.7)

Lower arch

narrowed 14 (12.4) 99 (87.6)

widened 6 (5.3) 107 (94.7)

shortened 2 (1.8) 111 (98.2)

spaced 6 (5.3) 107 (94.7)

Crowding
maxilla 32 (28.3) 81 (71.7)

mandible 47 (41.6) 66 (58.4)

Distoclusions
class II 10 (8.8) 103 (91.2)

retrognathia 16 (14.15) 97 (85.85)

Tête-à-tête – 8 (7.1) (92.9)

Mesioclusion
class III 4 (3.5) (96.5)

prognathism 5 (4.4) (95.6)

Vertical malocclusions

anterior open bite 3 (2.65) (97.35)

lateral open bite 1 (0.9) (99.1)

deep bite 22 (19.5) (80.5)

Transverse malocclusions
buccal crossbite 18 (15.9) (84.1)

lingual crossbite 2 (1.8) (98.2)

n – number of people.

Table 3. Malocclusion depending on the variants of the Cdx2 (rs11568820) genotype. Test result (p) and the odds ratio (OR); df = 1

Genotype
Upper arch-narrowed Pearson’s 

χ2 test p-value OR (95% CI)
Upper arch-shortened Pearson’s 

χ2 test p-value OR (95% CI)
no yes no yes

CC 76 (76.8%) 23 (23.2%)
7.085 0.0078

1.00 (ref.) 98 (99.0%) 1 (1.0%)
8.364 0.0038

1.00 (ref.)

TC 6 (42.9%) 8 (57.1%) 4.4 (1.38–14.01) 12 (85.7%) 12 (14.3%) 16.3 (1.38–193.9)

95% CI – 95% confidence interval

Table 4. Malocclusion depending on the variants of the FokI (rs2228570) 
genotype. Test result (p); degrees of freedom (df) = 2

Genotype
Lower arch-widened Pearson’s 

χ2 test p-value
no yes

GG 31 (96.88%) 1 (3.13%)

4.948 0.0842AG 49 (98.00%) 1 (2.00%)

AA 27 (87.10%) 4 (12.90%)

Table 5. Malocclusion depending on the variants of the BsmI (rs1544410) genotype. Test result (p); degrees of freedom (df) = 2

Genotype
Lower arch-spaced Pearson’s 

χ2 test p-value
Lower arch-widened Pearson’s 

χ2 test p-value
no yes no yes

TT 20 (100.00%) 0 (0.00%)

5.212 0.0738

18 (90.00%) 2 (10.00%)

5.011 0.0816CT 43 (97.73%) 1 (2.27%) 43 (97.73%) 1 (2.27%)

CC 37 (88.10%) 5 (11.90%) 42 (100.00%) 0 (0.00%)
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TaqI (rs731236) and ApaI (rs7975232)

At the significance level of α = 0.05, there was no signifi-
cant difference in the genotype distribution or the allele 
frequencies of VDR TaqI and ApaI (rs7975232) between 
patients with analyzed dental anomalies and controls.

Discussion

Based on the analysis of articles available in the PubMed 
database, it was determined that this is the first study to in-
vestigate the association between the VDR polymorphisms 
Cdx2 (rs11658820), TaqI (rs7975232), BsmI (rs1544410), 
ApaI (rs7975232) and FokI (rs2228570), and the occurrence 
of dental malocclusion. For this reason, it is not possible 
to compare the results obtained with other similar analyses. 
The commonly known factors that influence the develop-
ment of dental malocclusions may not be considered modi-
fiable. By understanding the negative impact of parafunc-
tions, one can try to prevent them, thus reducing the risk 
of occlusal anomalies.

In  our previous analysis, we  wanted to  determine 
whether VD deficiency could promote the development 
of dental malocclusion. We studied a group of 113 patients. 
Vitamin D3 deficiency was found in about ¾ of the study 
participants. This study showed that VD3 deficiency could 
be one of the significant factors affecting the development 
of the jaw. The patients had a higher risk of a narrowed 
(OR = 4.4) and shortened arch (OR = 16.3). Thus, there 
was a correlation between the deficiency of this hormone 
and the underdevelopment of the maxilla. The analysis 
showed that patients largely do not supplement this hor-
mone, and if they do, it  is  in a dosage that is too low.29 
In another publication, the relationship between a low level 
of VD and the narrowing of the upper dental arch, crowd-
ing and crossbite was demonstrated. It can be concluded 
that there is a connection between this hormone deficiency 
and the underdevelopment of the upper jaw.30

The rs11658820 polymorphism is  located upstream 
in the 5’ UTR of the gene and significantly alters the tran-
scriptional activity of  the  promoter region of  VDR. 
The  rs2228570 polymorphism is  located in  promoter 
region 5’ of exon 2 and causes the synthesis of a longer 
protein, which is not so effective as a transcriptional ac-
tivator of VDR. The rs1544410 polymorphism is located 
in the last intron. The rs7975232 polymorphism is also 
located in the last intron and affects stability of mRNA 
and translational activity of VDR while rs731236 poly-
morphism (located in  exon 9) leads to  silent codon 
generation.31

VDR polymorphisms are mostly investigated with their 
effects on systemic diseases such as multiple sclerosis,32 
allergic diseases33 and malignancies.20,34,35 With regard 
to bone metabolism and related diseases, the main search 
is for associations with the risk of developing osteoporosis 

and low bone mineral density. A recent meta-analysis 
showed that VDR BsmI genotype is associated with in-
creased risk of postmenopausal osteoporosis in Cauca-
sians but not in Asians. Thus, the authors demonstrated 
the differences arising from race in the populations stud-
ied. Recently, the study of VD and its receptor has been 
gaining importance, including in the craniofacial field. 
Yildiz et al.36 investigated the possible association between 
the VDR-BsmI variant and susceptibility to temporoman-
dibular joint disorders (dislocation with reduction (DDR) 
and VD) in a group of 114 Turkish patients. Vitamin D lev-
els were significantly different between patients and con-
trols. They found that VD levels were significantly lower 
in the DDR patients. Interestingly, their study showed that 
VDR genotype distributions were different in the 2 groups 
regarding the BsmI variant. There was a statistically sig-
nificant difference between the 2 studied groups regarding 
genotype distribution and allele frequency, people with bb 
genotypes, and B alleles. They concluded that the VDR 
BsmI BB genotype was increased in the controls compared 
to DDR patients, and homozygous individuals with BB 
genotypes had a 2.03-fold higher protective role against 
developing DDR.36

Dental research pays attention to  the  importance 
of  the VDR gene in various types of cancer (including 
head and neck cancers). It is believed that polymorphisms 
in VDR gene may influence both prognosis and the risk and 
incidence of cancer.37 Studies by Małodoba-Mazur et al.38 
indicated a genetic link between the occurrence of oral 
cancer and rs2238135 in the VDR gene38,39 compared with 
healthy patients. The VDR Tt genotype has been shown 
to be significantly more common for patients with oral 
squamous cell carcinoma (OSCC) than in  those with 
other genotypes. Women, in particular, were at increased 
risk of  this malignancy. Studies indicate that the VDR 
TaqI polymorphism may be related to the susceptibility 
of OSCC. Moreover, genetic polymorphisms in the VDRs 
and genes involved in VD metabolism, such as CYP24B1 
and CYP27B1, may influence susceptibility to OSCC. Zeljic 
et al.40 showed that the polymorphism of the CYP24A1 
gene might influence the susceptibility to the development 
of oral cancers, and the polymorphism of the FokI VDR 
gene may be considered a prognostic factor, as it has been 
shown to be associated with mortality.40

Analyses were also conducted regarding the relation-
ship between VDR and the risk of caries. The results were 
inconclusive, although not excluding the existence of such 
an  impact.41,42 Available research is  often conducted 
on periodontitis, whose etiology is known to be multifac-
torial, with a significant genetic role. This disease results 
in the progressive loss of alveolar bone, inevitably leading 
to the loss of support for the teeth and, consequently, tooth 
loss. Susceptibility to this pathology is analyzed in vari-
ous aspects, including VDR polymorphisms. Although 
the meta-analysis by Wan et al. did not show the asso-
ciation of the ApaI polymorphism with the development 
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of periodontal disease in either Caucasian or Asian pa-
tients, the authors found a link between this disease en-
tity and the FokI and BsmI polymorphisms in both ethnic 
groups. Additionally, FokI has been associated with suscep-
tibility to aggressive periodontitis in the Chinese popula-
tion. TaqI, on the other hand, has an impact on periodontal 
disease in the Caucasian population.22

Our prospective study similarly showed a significant 
effect of Cdx2 and the possible tendency of FokI and BsmI 
on jaw development. Our results show an association be-
tween VD and jaw growth, especially maxillary under-
development. Therefore, conclusions can be drawn that 
the reduction in VD leads to a reduced size of the jaw.

Recently, other aspects of the hormone in question have 
also been indicated. Vitamin D also plays an important 
role in the healing and osseointegration of implants. It was 
found that the first period after implant surgery crucially 
depends on  the  role of  this hormone in  the  induction 
of anti-inflammatory cytokines and a reduction in the level 
of proinflammatory cytokines, thus reducing the body’s 
response to  surgical intervention. Moreover, it  affects 
the processes of activation and differentiation of osteo-
blasts and osteoclasts, increasing osteoid mineralization. 
These mechanisms are also important in the later period 
– after loading the implant with a prosthetic crown.43 An-
other study found that adequate levels of 25-hydroxycho-
lecalciferol on the day of surgery and VD deficiency treat-
ment significantly increase bone levels at the implant site 
in the process of radiologically assessed osseointegration.44

Limitations

This was the first in a series of prospective studies to ini-
tially determine whether there were relationships between 
the development of malocclusions and specific VDR poly-
morphisms. Due to the complexity of the planned study 
definition, including not only clinical evaluation but also 
laboratory tests, a relatively small group of patients was 
included in the analysis, but one that allows for a mean-
ingful statistical evaluation. Further similar studies are 
planned with the participation of a much larger number 
of people and among different patient groups focused es-
pecially on the analysis of those relationships for which 
certain tendencies have been demonstrated.

Conclusions

For some of the analyzed SNPs, real trends and an in-
creased risk of development of anomalies and malocclu-
sion were shown. The limitation of this study is the rela-
tively small number of samples. The analysis of a larger 
population may identify other significant relations. Due 
to the demonstration of racial differences, it is worth con-
sidering conducting such studies among representatives 
of the Caucasian race and various other ethnic groups.
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Abstract
Background. Myostatin (Mstn) plays an important role in adipocyte growth, differentiation and metabolism, 
leading to the development of obesity.

Objectives. We aimed to explore the effect of Mstn on white fat browning in a mouse model of type 2 
diabetes mellitus (T2DM).

Materials and methods. Twelve wild-type (WT), 12 heterozygous (Mstn(+/−)) and 12 homozygous 
(Mstn(−/−)) male mice were randomly divided into 6 groups: WT, Mstn(+/−), Mstn(−/−), WT+DM, 
Mstn(+/−)+DM, and Mstn(−/−)+DM. The first 3 groups were fed normal chow, while the last 3 were 
fed high-fat diet and administered streptozotocin to generate T2DM. Subsequently, body mass, length, and 
white and brown fat masses were measured, after which Lee’s index, white−brown ratio and fat index were 
calculated. The serum free fatty acid (FFA) levels were detected using enzyme-linked immunosorbent assay 
(ELISA). Hematoxylin and eosin (H&E) staining was used to analyze white and brown fat cell morphology. 
The relative expression levels of peroxisome proliferator-activated receptor-gamma (PPARγ), peroxisome 
proliferator-activated receptor-gamma coactivator-1 alpha (PGC-1α), uncoupling protein 1 (UCP1), and cluster 
of differentiation 137 (CD137) protein were determined with western blotting.

Results. The Mstn(−/−) group displayed higher levels of PPARγ, PGC-1α and CD137 proteins in white 
and brown fat compared to the WT and Mstn(+/−) groups, while the expression level of UCP1 protein 
in the Mstn(−/−) group was higher than in the WT group. The expression levels of PPARγ, PGC-1α, UCP1, 
and CD137 proteins in the WT+DM group were lower than in the WT group. Moreover, PPARγ, PGC-1α, UCP1, 
and CD137 proteins were more highly expressed in the Mstn(−/−)+DM group compared to the WT+DM 
and Mstn(+/−)+DM groups.

Conclusions. The Mstn gene inhibition antagonizes obesity phenotypes, such as white fat accumulation 
and lipid metabolism derangement caused by T2DM, thus promoting white fat browning.

Key words: diabetes mellitus type 2, obesity, mice, myostatin, brown adipose tissue
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Background

Skeletal muscle, brown fat and white fat significantly 
contribute to maintaining the body’s energy balance, con-
suming energy through muscle fiber contraction, as well as 
non-shivering thermogenesis and energy storage, respec-
tively. However, white fat can be converted into brown fat 
under certain conditions to ameliorate obesity. In type 2 
diabetes mellitus (T2DM), energy metabolism is unbal-
anced, skeletal muscle decreases, white fat increases, and 
sarcopenic obesity arises. Therefore, increasing skeletal 
muscle and promoting the browning of white fat is ben-
eficial to treating obesity, T2DM and other metabolic dis-
eases. Skeletal muscle can secrete various myokines, which 
act as cross-talk messengers between skeletal muscle and 
fat.1 Myostatin (Mstn), which negatively regulates muscle 
growth and development, is an important myokine secreted 
by skeletal muscle.2 After Mstn knockout, mice fed high-fat 
or regular diet showed decreased fat mass and increased 
muscle mass,3 suggesting that Mstn can regulate lipid me-
tabolism in T2DM. However, whether Mstn can promote 
the browning of white fat in T2DM remains unclear.

Objectives

We aimed to observe the expression of a gene associ-
ated with white fat browning in diabetic Mstn knockout 
mice and explore the effect of Mstn on white fat browning 
in T2DM mice.

Materials and methods

Animals

All animal experiments followed the Animal Research: 
Reporting of In Vivo Experiments (ARRIVE) guidelines and 
were performed in accordance with the UK Animal (Scien-
tific Procedures) Act 1986, the relevant guidelines, the EU 
Directive 2010/63/EU for animal testing, or the management 
and use guidelines of the National Institute of Health (NIH).

Saiye Biotechnology Co. Ltd. (Guangzhou, China) pro-
vided the  following 6-week-old male C57BL/6N mice: 
12 homozygous Mstn knockout (Mstn(−/−)) mice, 12 het-
erozygous Mstn knockout (Mstn(+/−)) mice and 12 wild-
type (WT) mice. Mice were acclimatized for 1  week 
at an indoor temperature of 22–24°C, 40–60% humidity, 
and 12-h day and night cycles and were provided with suf-
ficient food and water before the beginning of the study.

Grouping and modeling

The 12 WT, 12 heterozygous (Mstn(+/−)) and 12 homozy-
gous (Mstn(−/−)) mice were randomly divided into 2 large 
groups (control and T2DM groups), which were then divided 

into 6 smaller groups (6 animals per group), as follows: WT 
group, Mstn(+/−) group, Mstn(−/−) group, WT+DM group, 
Mstn(+/−)+DM group, and Mstn(−/−)+DM group. The first 3 
groups were fed normal chow, while the remaining 3 groups 
were fed high-fat diet and a small dose of streptozotocin 
to generate T2DM models. The WT+DM, Mstn(+/−)+DM 
and Mstn(−/−)+DM groups were fed high-fat diet for 6 weeks 
and injected intraperitoneally with 2% streptozotocin 
(Sigma-Aldrich, St. Louis, USA) (prepared with sodium ci-
trate buffer) at 50 mg/kg without fasting. Then, 72 h after 
the streptozotocin injection, and followed by 6-hour fasting, 
tail vein blood was collected and fasting blood glucose was 
measured. The criteria for a successful induction of T2DM 
in the mice were as follows: mice with fasting blood glu-
cose ≥16.7 mmol/L and the occurrence of polydipsia, poly-
phagia, polyuria, and weight loss. The WT, Mstn(+/−) and 
Mstn(−/−) groups were injected intraperitoneally with equal 
doses of citrate buffer as the control.

Measurement of body mass and length

The body mass and length (from the nasal tip to the anus) 
for each group were measured before and after diabetes 
induction. Lee’s index was calculated and used to assess 
the degree of obesity in mice, as follows (Equation 1):

	
Lee’s index = body mass [g]1/3 × 1000

body length [cm]
	 (1)

Detection of blood lipids

After 6 h of fasting, 0.2 mL of mouse tail vein blood 
was collected and centrifuged at 3000 rpm for 5 min. 
The  serum was collected to  detect the  triacylglycerol 
(TG), total cholesterol (TC), low-density lipoprotein cho-
lesterol (LDL-C), and high-density lipoprotein cholesterol 
(HDL-C) levels using an automatic biochemical analyzer 
(AU400; Beckman Coulter, Brea, USA). The serum free 
fatty acid (FFA) level was detected with the use of an FFA 
enzyme-linked immunosorbent assay (ELISA) kit (Cloud-
Clone, Houston, USA) and a microplate reader (ELx808; 
BioTeK, Winooski, USA).

Measurement of white and brown fat mass

The mice were sacrificed by cervical dislocation, after 
which white adipose (groin, epididymis and mesenteric) 
and brown adipose (scapula) tissues were quickly dissected 
and weighed. The white–brown ratio and fat index were 
calculated as follows (Equation 2 and Equation 3):

	
white–brown ratio = white fat mass [g]

brown fat mass [g]
	 (2)

	
fat index = (white fat mass+brown fat mass) [g]

body mass [g]
	 (3)
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Half of the white adipose tissue in the groin and half 
of the brown adipose tissue in the scapula were stored 
in liquid nitrogen, while the other halves were preserved 
in 4% neutral buffered formalin and embedded in par-
affin by a tissue-dehydrating machine (JT-12S; Junjie, 
Shenzen, China).

Hematoxylin and eosin staining and 
the analysis of adipose tissue

Instruments and reagents for hematoxylin and eo-
sin (H&E) staining and the analysis of adipose tissue 
are detailed in  the Supplementary Materials. Images 
of adipose tissue sections were viewed under an op-
tical microscope (E100; Nikon Corp., Tokyo, Japan), 
and the adipose tissue morphology was analyzed us-
ing ImageJ software (National Institutes of  Health, 
Bethesda, USA).

Detection of white fat browning-related 
gene expression

Western blotting was used to measure the expression 
levels of the following proteins: peroxisome proliferator-
activated receptor gamma (PPARγ), peroxisome prolif-
erator-activated receptor-gamma coactivator-1 alpha 
(PGC-1α), uncoupling protein 1 (UCP-1), and cluster of dif-
ferentiation 137 (CD137). Briefly, 50 mg of adipose tissue 
was treated with protein lysis solution to completely lyse 
the tissue, which was then centrifuged at 12,000 rpm for 
10 min, and the supernatant was collected (Supplementary 
Materials).

Detection of Mstn expression 
in the gastrocnemius muscle and serum

After the mice were sacrificed, the left gastrocnemius 
muscle was dissected. Western blotting was used to detect 
the expression level of Mstn in the gastrocnemius using 
the same procedure as above. The serum Mstn level was 
detected using Mstn ELISA kit (Cloud-Clone), according 
to the manufacturer’s instructions.

Statistical analyses

The IBM SPSS v. 22.0 (IBM Corp., Armonk, USA) and 
GraphPad Prism v. 8.0 (GraphPad Software, San Diego, 
USA) were utilized to analyze the experimental data and 
present the results, respectively. A bootstrapped one-way 
analysis of variance (ANOVA) was used for comparisons 
among the 6 groups, followed by Tukey’s post hoc test. 
Representative results are shown as mean ± standard de-
viation (M ±SD), and p < 0.05 was considered statistically 
significant.

Results

Indicators of growth and obesity

Lee’s index and the  white−brown ratio were signifi-
cantly lower in the Mstn(−/−) group than in the WT and 
Mstn(+/−) groups (p < 0.05). There was no significant dif-
ference in the fat index between the Mstn(−/−) group and 
the WT or Mstn(+/−) groups (p > 0.05). Lee’s index was lower 
in the WT+DM group than in the WT group, while the white−
brown ratio and fat index were higher in the WT+DM group 
than in the WT group (p < 0.05). The Mstn(−/−)+DM group 
displayed lower Lee’s index and white−brown ratio com-
pared to the WT+DM and Mstn(+/−)+DM groups (p < 0.05). 
The fat index was lower in the Mstn(−/−)+DM group than 
in the WT+DM group (p < 0.05), but it was not significantly 
different compared with that in the Mstn(+/−)+DM group 
(p > 0.05) (Supplementary Table 1 and Fig. 1).

Lipid metabolism indicators

The  serum TG and TC levels were both lower 
in the Mstn(−/−) group than in the WT and Mstn(+/−) 
groups (both p < 0.05). Moreover, the LDL-C, HDL-C and 
FFA levels in the Mstn(−/−) group were not significantly 
different compared with those in the WT and Mstn(+/−) 
groups (p > 0.05). The TG, TC, LDL-C, and FFA levels 
were higher in the WT+DM group than in the WT group, 
while the HDL-C level was lower in the WT+DM group 
than in the WT group (p < 0.05). The TC level was lower 
in the Mstn(−/−)+DM group than in the WT+DM and 
Mstn(+/−)+DM groups, while the HDL-C level was higher 
in the Mstn(−/−)+DM group compared to the WT+DM and 
Mstn(+/−)+DM groups (p < 0.05). The serum TG, LDL-C 
and FFA levels were lower in the Mstn(−/−)+DM group than 
in the WT+DM group (p < 0.05) and showed no signifi-
cant difference compared with those in the Mstn(+/−)+DM 
group (p > 0.05) (Supplementary Table 2 and Fig. 2).

Morphology of white adipocytes

White adipocytes in  the  WT group displayed a  full 
shape and uniform size. Interestingly, when compared 
with the  WT group, the  number of  white adipocytes 
in the Mstn(−/−) group was significantly increased, while 
the volume was significantly reduced, and they showed 
an irregular shape. The performance of the Mstn(+/−) group 
was between that of the WT and Mstn(−/−) groups. Com-
pared with the WT group, the volume of white adipocytes 
in the WT+DM group was significantly greater, with vari-
able sizes and fused cells. The number of white adipocytes 
in the Mstn(−/−)+DM group was significantly increased, 
whereas the size of their white adipocytes was significantly 
reduced compared to the WT+DM group. As expected, 
the results for the Mstn(+/−)+DM group were between that 
of the WT+DM and Mstn(−/−)+DM groups (Fig. 3A).
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Fig. 1. Indicators of growth and obesity. Body mass (A), body length (B), Lee’s index (C), white−brown ratio (D), and fat index (E). Means and 95% confidence 
intervals (95% CIs) are presented. Bootstrap one-way analysis of variance (ANOVA) was used for comparisons between the 6 groups

*p < 0.05; ***p < 0.001; DM – diabetes mellitus; WT – wild-type; Mstn – myostatin.

Fig. 2. Lipid metabolism indicators. Triacylglycerol (TG) (A), total cholesterol (TC) (B), low-density lipoprotein cholesterol (LDL-C) (C), high-density lipoprotein 
cholesterol (HDL-C) (D), and free fatty acid (FFA) (E). Means and 95% confidence intervals (95% CIs) are presented. Bootstrap one-way analysis of variance 
(ANOVA) was used for comparisons between the 6 groups

*p < 0.05; ***p < 0.001; DM – diabetes mellitus; WT – wild-type; Mstn – myostatin.
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Morphology of brown adipocytes

The  brown adipocytes in  the  WT, Mstn(+/−) and 
Mstn(−/−) groups all showed multilocular morphology, 
and no single-vesicle adipocytes were observed. When 
compared to the WT and Mstn(+/−) groups, the Mstn(−/−) 
group showed a more dense distribution of brown adipo-
cytes. In the WT+DM group, many single-vesicle adipo-
cytes were present among the multilocular brown adipo-
cytes, and there was a circular lipid droplet in the center 
of each cell. In the Mstn(−/−)+DM group, multilocular 
brown adipocytes were distributed among the  single-
vesicle adipocytes, the number of which was significantly 
reduced, and the volume of lipid droplets was significantly 
decreased compared with the WT+DM group. As expected, 
the results for the Mstn(+/−)+DM group were between 
those of the WT+DM and Mstn(−/−)+DM groups (Fig. 3B).

Expression levels of PPARγ, PGC-1α, UCP1, 
and CD137 protein in white and brown fat

The expression levels of PPARγ, PGC-1α and CD137 
proteins in white and brown fat in the Mstn(−/−) group 
were higher than those in the WT and Mstn(+/−) groups 
(p < 0.05). The UCP1 protein in white and brown fat 
demonstrated higher expression in the Mstn(−/−) group 
compared to  the  WT group (p  <  0.05). The  PPARγ, 
PGC-1α, UCP1, and CD137 protein expression levels 
in white and brown fat were reduced in  the WT+DM 
group compared to  the WT group (p < 0.05). More-
over, the expression levels of PPARγ, PGC-1α, UCP1, 
and CD137 proteins in white and brown fat were higher 
in the Mstn(−/−)+DM group than in the WT+DM and 
Mstn(+/−)+DM groups (p < 0.05) (Supplementary Table 
3,4 and Fig. 4,5).

Fig. 3. Hematoxylin and eosin (H&E) staining of white and brown fat (magnification: ×400, scale bar: 50 μm). A. The morphology of white adipocytes; 
B. The morphology of brown adipocytes

DM – diabetes mellitus; WT – wild-type; Mstn – myostatin.
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Expression levels of Mstn 
in the gastrocnemius muscle and serum

The expression levels of Mstn in  the gastrocnemius 
muscle and serum of WT heterozygous and homozygous 
mice gradually decreased with the decrease of gene abun-
dance. The Mstn was not detected in the Mstn(−/−) and 
Mstn(−/−)+DM groups, suggesting that protein expression 
was completely inhibited after Mstn knockout. The Mstn 
expression level was correlated with gene abundance. 
Compared with the same-genotype non-diabetic group, 
the expression level of Mstn protein in the gastrocnemius 
of the WT+DM and Mstn(+/−)+DM groups significantly 
increased (p < 0.05), suggesting that skeletal muscle secre-
tion of Mstn increases in T2DM (Supplementary Table 5 
and Fig. 6).

Discussion

In this study, we examined the effect of Mstn on white 
fat browning in T2DM mice. Obesity is a global public 
health problem and a  significant cause of  T2DM and 
other metabolic disorders. Recently, the browning of white 
fat has been  a  topic of  great interest in  the  treatment 

of obesity. Exploring the sensing and regulatory mecha-
nisms of the conversion of white fat to brown fat promoted 
by an external stimulus will help develop new drugs for 
the treatment of obesity.

The Mstn is mainly expressed in the skeletal muscle 
and negatively regulates its growth and development.2 
Moreover, previous studies have shown that Mstn may 
regulate fat metabolism.3 For example, the subcutaneous 
fat content to body weight ratio and the serum TG levels 
were significantly lower in the Mstn(−/−) Meishan pigs 
than in the WT pigs.4 Our research demonstrated several 
interesting results, namely that Lee’s index and the se-
rum HDL-C levels were lower in the WT+DM group than 
in the WT group, whereas the fat index and the serum TG, 
TC, LDL-C, and FFA levels were higher in the WT+DM 
group when compared to the WT group. Lee’s index, fat 
index, and serum TG, TC, LDL-C, and FFA levels were 
lower in the Mstn(−/−)+DM group than in the WT+DM 
group, while the  serum HDL-C level was higher 
in the Mstn(−/−)+DM group than in the WT+DM group. 
These results suggest that Mstn knockout significantly an-
tagonizes obesity characteristics, such as fat accumulation 
and lipid metabolism disorderliness, caused by T2DM. 
The  decrease in  fat mass observed in  the  Mstn(−/−) 
mice may be associated with Mstn-induced inhibition 

Fig. 4. Expression of peroxisome proliferator-activated receptor gamma (PPARγ) (A), peroxisome proliferator-activated receptor-gamma coactivator-1 alpha 
(PGC-1α) (B), uncoupling protein 1 (UCP1) (C), and cluster of differentiation 137 (CD137) (D) in white fat. Western blot of PPARγ, PGC-1α, UCP1, and CD137 
in white fat (E). Means and 95% confidence intervals (95% CIs) are presented. Bootstrap one-way analysis of variance (ANOVA) was used for comparisons 
between the 6 groups

*p < 0.05; ***p < 0.001; DM – diabetes mellitus; Mstn – myostatin; WT – wild-type.
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Fig. 6. Expression of myostatin (Mstn) in the gastrocnemius muscle and serum. A,B. The expression level of Mstn in the gastrocnemius muscle and western 
blot; C. Levels of serum Mstn. Means and 95% confidence intervals (95% CIs) are presented. Bootstrap one-way analysis of variance (ANOVA) was used for 
comparisons between the 6 groups

*p < 0.05; ***p < 0.001; DM – diabetes mellitus; WT – wild-type.

Fig. 5. Expression of peroxisome proliferator-activated receptor gamma (PPARγ) (A), peroxisome proliferator-activated receptor-gamma coactivator-1 alpha 
(PGC-1α) (B), uncoupling protein 1 (UCP1) (C), and cluster of differentiation 137 (CD137) (D) in brown fat. Western blot of PPARγ, PGC-1α, UCP1, and CD137 
in brown fat (E). Means and 95% confidence intervals (95% CIs) are presented. Bootstrap one-way analysis of variance (ANOVA) was used for comparisons 
between the 6 groups

*p < 0.05; ***p < 0.001; DM – diabetes mellitus; Mstn – myostatin; WT – wild-type.
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of the differentiation of pre-adipocytes into mature adipo-
cytes. This decrease in the number of mature adipocytes 
leads to a reduction in total fat.5

White adipose tissue is mainly distributed in subcuta-
neous and internal organs, such as mesenteric organs and 
gonads. White fat cells contain a single large lipid droplet 
and a high level of TG. The main function of the white adi-
pose tissue is to store excess energy in the body in the form 
of fat, which then becomes the main factor leading to obe-
sity. Conversely, brown adipose tissue is mainly distributed 
between the shoulder blades, the back of the neck, the ax-
illa, the mediastinum, and around the kidneys. The body’s 
brown fat gradually decreases with age. Brown adipocytes 
contain small multilocular lipid droplets and many mito-
chondria, which consume TG stored in white fat through 
uncoupled oxidative phosphorylation, generating heat 
and regulating the body’s temperature balance.6 Beige fat 
is an intermediate form of white fat in the process of being 
converted to brown fat. It is activated by cold and other 
external stimuli, and exerts a heat-generating effect like 
brown fat, leading to white fat browning.6 Both brown and 
beige fat improve body fat metabolism and reduce obesity, 
and the cells of both fat cells carry highly expressed marker 
genes. Studies have confirmed that PPARγ, PGC-1α, UCP1, 
PR domain-containing 16 (PRDM16), and cell death-induc-
ing DNA fragmentation factor α-like effector A (CIDEA) 
are highly expressed in brown adipocytes, while CD137 
and transmembrane protein 26 (TMEM26) are highly 
expressed in beige adipocytes. Therefore, these genes are 
markers of white fat browning.7–9

The Mstn has also been shown to regulate white fat 
browning. Studies have reported that Mstn(−/−) mice dis-
play increased energy utilization and resistance to genetic 
or diet-induced obesity. Moreover, subcutaneous white 
fat demonstrates some of the characteristics of brown fat, 
in which the expression levels of PGC-1α, UCP1, CD137, 
and Tmem26 were increased.10

This study shows that the expression levels of PPARγ, 
PGC-1α, UCP1, and CD137 in the white and brown fat 
were higher in  the  Mstn(−/−) group than in  the  WT 
group, lower in  the  WT+DM group than in  the  WT 
group, and higher in the Mstn(−/−)+DM group compared 
to the WT+DM group. Combined with the H&E stain-
ing of white and brown adipose tissues, these results sug-
gested that T2DM may decrease the expression of brown 
fat and beige fat marker genes and increase white fat phe-
notypes and energy storage. Thus, it may be surmised 
that Mstn knockout significantly antagonizes this phe-
nomenon, promotes white fat browning, increases heat 
production in the body, and promotes the consumption 
of white fat, thereby reducing obesity. The Mstn can in-
hibit the differentiation of brown adipocytes by activating 
Smad3 phosphorylation.11 We found that after Mstn treat-
ment of brown adipocytes, the expression of the PPARγ, 
UCP1, PGC-1, and PRDM16 genes was downregulated. 
The expression of these genes was further supressed after 

β-catenin activator treatment. Furthermore, there are in-
teractions between the Smad3 and Wnt/β-catenin path-
ways.11 The Mstn can induce phosphorylation of Smad3, 
further increasing the stability of β-catenin, and the Wnt/
β-catenin pathway can inhibit the differentiation of brown 
adipocytes.11–13 However, the specific mechanism involved 
requires further study.

Limitations

This study was beset by certain limitations, including 
the small sample size and a lack of an investigation into 
the underlying molecular mechanisms. The specific mech-
anism underlying the role of Mstn in white fat browning 
requires further studies. Moreover, female mice have dif-
ferent fat metabolism characteristics compared to male 
mice. To exclude the effect of estrogen, male mice were 
chosen for this experiment. We expect similar results in fe-
male mice, in which fat deposition and type are strongly 
dependent on estrogen and its signaling.

Conclusions

This study suggests that inhibiting Mstn expression 
may antagonize obesity phenotypes, such as white fat ac-
cumulation and lipid metabolism derangement caused 
by T2DM, upregulate the expression of PPARγ, PGC-1α, 
UCP1, and CD137, promote white fat browning, and al-
leviate obesity.
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Abstract
Background. The impact of cysteine-rich angiogenic inducer 61 (Cyr61, also called CCN1) on endothelial 
progenitor cells (EPCs) from diabetic-rat-derived whole peripheral and bone marrow remains poorly under-
stood. Therefore, the expression levels of CCN1, CCN1-induced C-X-C chemokine receptor type 4 (CXCR4), and 
stromal-cell-derived factor-1 (SDF-1) were explored under high glucose (HG) conditions.

Objectives. The aim of the study was to explore the effects of high CCN1 levels on EPC activity in diabetic 
rats through mitogen-activated protein kinase kinase (MEK)/extracellular signal-regulated kinase (ERK) 
pathway modulation.

Materials and methods. Primary EPCs were isolated from bone marrow and whole peripheral blood 
of streptozocin (STZ)-induced diabetic Sprague–Dawley rats and controls. Cell migration, tube formation 
ability and viability were determined using transwell, Cell Counting Kit-8 (CCK-8), and Matrigel®-based 
capillary-like tube formation assays. Protein and gene expression levels were measured by western blot and 
real-time quantitative polymerase chain reaction (RT-qPCR).

Results. The study findings showed that EPC migration, viability and tube formation ability were sig-
nificantly lower under HG conditions. High CCN1 expression levels restored EPC function by inducing SDF-1 
and CXCR4 in EPCs under HG conditions. Furthermore, HG suppressed MEK/ERK phosphorylation, while 
an ERK1/2 agonist rescued EPC CCN1-SDF-1/CXCR4 expression under HG conditions through the activation 
of the MEK/ERK pathway.

Conclusions. This study demonstrates that high CCN1 expression levels restored EPC functions, partly 
by modulating MEK/ERK signaling. These findings provide a basis for developing novel therapeutic methods 
for diabetic vascular neogenesis and vascular injury repair.

Key words: CXCR4, EPCs, CCN1, high-glucose MEK/ERK signaling pathway, SDF-1
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Introduction

Cysteine-rich angiogenic inducer 61 (Cyr61, also called 
CCN family member 1 or CCN1) is a 40-kDa signaling pro-
tein localized in the extracellular matrix (ECM) and encoded 
by the CYR61 gene in humans.1 The CCN1 mediates inflam-
mation during inflammatory responses, implying that its 
expression could be modulated to manage acute lung injury.2 
In addition, CCN1 regulates several cellular processes, such 
as adhesion, apoptosis, proliferation, differentiation, and 
senescence, by interacting with heparan sulfate proteogly-
cans and cell surface integrin receptors. The CCN1 also 
plays a vital role in vascular integrity, blood vessel formation 
and cardiac septal morphogenesis in the placenta and dur-
ing embryonic development.3,4 In adults, CCN1 is involved 
in tissue repair and inflammation, and is associated with 
diseases involving persistent inflammation, such as reti-
nopathy, diabetes-related nephropathy, atherosclerosis, 
rheumatoid arthritis, and various cancers.5

Neovascularization is  impaired in diabetes mellitus, 
leading to peripheral artery disease attributed to endo-
thelial progenitor cell (EPC) dysfunction.6 Endothelial 
progenitor cells infiltrate injured vessels from the bone 
marrow, participate in neovascularization, and promote 
endothelial regeneration, playing a significant role in an-
giogenesis.7 The levels of recruited EPCs and their function 
are significantly lowered under diabetic conditions,8,9 and 
EPC dysfunction in diabetes might result in cardiovascu-
lar complications and defective angiogenesis. Low EPC 
levels in the blood and the EPC dysfunction are involved 
in diabetic vascular conditions. Notably, EPC transplanta-
tion restores their function and induces angiogenesis after 
hind limb ischemia in diabetic mice. Diabetic EPCs are 
characterized by impaired adhesion and proliferation and 
have a deformed morphology compared to nondiabetic 
EPCs,10 though studies have yet to explore the mecha-
nisms behind diabetes-induced EPC impairment.

The CCN1 is a regulator of angiogenesis, involved in re-
ducing EPC levels and functions under high glucose (HG) 
conditions.11 Furthermore, atherosclerotic plaques have 
high CNN1 expression levels that initiate cerebrovas-
cular, cardiovascular and peripheral arterial diseases.12 
The CCN1 is a significant genetic regulator in coronary 
artery disease (CAD) and plays a role in protecting the mu-
rine heart against ischemia reperfusion injury.13 The C-X-
C chemokine receptor type 4 (CXCR4) and stromal cell-
derived factor 1 (SDF-1 or CXCL12) are essential CCN1 
targets during the modulation of angiogenesis, cell pro-
liferation and energy metabolism.14 The SDF-1 is overex-
pressed in injured tissues, and the SDF-1/CXCR4 pathway 
modulates hematopoiesis, wound healing, angiogenesis, 
and progenitor homing.15 Moreover, the SDF-1/CXCR4 
axis is involved in EPC recruitment into ischemic tissue 
during angiogenesis.16 Kawakami et al.17 showed the in-
volvement of the SDF-1/CXCR4 pathway in EPC mobiliza-
tion and incorporation in fracture healing.

The EPCs isolated from diabetic animals exhibit altered 
migration in response to CCN1, and the migration abil-
ity of EPCs to SDF-1 binding is defective in patients with 
type 1 or type 2 diabetes.18 Recently, EPC transplanta-
tion has been found to improve limb function in diabetic 
mice with unilateral hind limb ischemia by restoring local 
blood flow through the overexpression of CCN1.11 Yet, 
it  is unknown whether the CCN1 pathway plays a role 
in the mechanisms of EPC therapy in diabetes.

The mitogen-activated protein kinase kinase (MEK)/
extracellular signal-regulated kinase (ERK) pathway (Ras-
Raf-MEK-ERK pathway) mediates communications from 
the cell surface to the nucleus. The EPC-induced activi-
ties, such as capillary sprouting, are significantly reduced 
by the inhibition of MEK/ERK signaling.19 The CCN1 in-
hibition using an anti-CCN1 antibody suppressed MEK 
and ERK phosphorylation in  acute myeloid leukemia 
(AML) cells.20 A study on type 2 diabetic patients with 
aberrant EPC number, migration and nitrogen oxide syn-
thase (NOS) activity showed that these phenotypes were 
associated with low SDF-1/CXCR4 expression levels and 
downregulation of  the MEK/ERK signaling pathway.21 
These findings provide a basis for the potential mecha-
nisms underlying hyperglycemia-impaired EPC migration 
in type 2 diabetes mellitus.

Herein, the impact of HG on EPC function was explored 
in diabetic rats. In addition, the role of CCN1 in MEK/
ERK signaling-dependent modulation of EPC activity was 
evaluated.

Objectives

The study aimed to explore the impact of CCN1 on EPCs 
using whole peripheral blood and bone marrow samples 
derived from diabetic rats. The expression levels of CCN1, 
CXCR4 and SDF-1 were evaluated under HG conditions, 
and the effects of high CCN1 levels on the MEK/ERK 
pathway-dependent modulation of EPC activity were as-
sessed in diabetic rats.

Materials and methods

Animals

Our animal experiments were in  accordance with 
the guidelines of the Animal Care Committee of Sir Run 
Run Shaw Hospital (approval No. SYXK 2017-0006). 
Sprague–Dawley rats (7–8-week old males) were obtained 
from Shanghai S&P (Shall Kay Laboratory Animal Co., 
Ltd., Shanghai, China). The rats were housed in a humid-
ity- and temperature-controlled environment, with free 
access to water and food, and were separated into 2 groups 
of 3 animals each (Fig. 1). Group 1 was a control group 
and was administered a standard laboratory diet (SLD). 
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Group 2 received an intraperitoneal injection of 45 mg/
kg streptozotocin (STZ) in 50 mM of sodium citrate buf-
fer, pH 4.5, and was fed a SLD. Blood glucose levels were 
determined 3 weeks after STZ administration using a glu-
cometer. The rats exhibiting non-fasting blood glucose 
(non-FBG) levels ≥11.1 mmol/L were considered diabetic.

Endothelial progenitor cell isolation, 
culture and identification

All healthy rats were euthanized by cervical dislocation, 
and the femur and tibia were harvested aseptically for EPC 
isolation. A 20-mL peripheral blood and bone marrow cell 
suspension was prepared, and mononuclear cells were iso-
lated using a separation medium (Lonza, Basel, Switzer-
land). Samples were washed twice with phosphate-buffered 
saline (PBS) (Josonbio, Shanghai, China), and the cells were 
resuspended in a complete medium supplemented with 
10% fetal bovine serum (FBS) (Gibco, Baltimore, USA). 
Then, 10 mg/L of basic fibroblast growth factor (FGF) and 
10 mg/L of vascular endothelial growth factor (VEGF) (both 
from TBD Science, Tianjin, China) were added to the cells. 
The cells were seeded on 25 cm2 flasks at 5×105 cells/mL 
and cultured in a humidified incubator at 37°C with 5% car-
bon dioxide (CO2). The medium was replaced every 4 days 
to remove non-adherent cells and maintained for 2 weeks. 
The EPC phenotype was explored using fluorescence mi-
croscopy by double-positive staining for fluorescein iso-
thiocyanate-Ulex Europaeus Agglutinin-1 (FITC-UEA-1) 
binding (green) and Dil acetylated low-density lipoprotein 
(Dil-ac-LDL) (red). Glucose was added to the EPC cultures 
at 5 or 22 mM to mimic normal glucose (NG) and HG, 
respectively.

Recombinant adenovirus

A first-generation adenovirus was regulated by the cyto-
megalovirus promoter using an open reading frame (ORF) 

shuttling system (Vigene Biosciences, Inc., Rockville, USA). 
Rat CCN1 complementary deoxyribonucleic acid (cDNA) 
(NM_024359) (Vigene Biosciences, Inc.) was harvested 
from the pENTR vector and transferred to a pAD-ORF 
transfer vector. Recombinant adenoviral constructs were 
transfected into 293 cells to obtain a recombinant adeno-
virus with a high Ad-CCN1 titer (1×1010 plaque-forming 
unit (pfu)/mL). The Ad-CCN1 was obtained using a cus-
tomized adenovirus (Vigene Biosciences, Inc.). An empty 
adenovirus was used as the Ad-control. Infection efficiency 
was determined by labeling all adenovirus vectors with 
a flag. The effects of adenovirus infection were explored 
by western blot analysis to verify whether Ad-CCN1 was 
highly expressed.

Cell viability assay

Cell viability was explored using the Cell Counting Kit-8 
(CCK-8) assay. The EPCs were seeded to flat-bottomed 
96-well microplates at a density of 1×104 cells/well. Then, 
the cells were incubated for 24 h in an endothelial basal 
medium-2 (EBM-2; Lonza, Walkersville, USA) contain-
ing 2% FBS (6 wells per group). The culture medium was 
replaced with EBM-2 medium containing 10% FBS and 
cultured for 6 h. The cells were then cultured in HG media 
(22 mM of glucose for 24 h). Control cells were not treated. 
The CCK-8 (10 μL/well) was added to the wells at the end 
of the experiment. The absorbance was measured on a mi-
croplate reader at 450 nm after incubation at 37°C for 48 h, 
and the proliferation of the treated EPCs was determined 
relative to the control EPCs.

Cell migration assay

The EPC migration rate was evaluated using transwell 
assays with 8-mm pore filters (Corning Inc., Corning, 
USA). After treating EPCs with HG or overexpressing 
CCN1, 5×104 cells in 100 µL of non-FBS EBM-2 medium 

Fig. 1. Construction of the diabetic rat model. Group 1 was a control group and was administered a standard laboratory diet (SLD). Group 2 received 
an intraperitoneal injection of 45 mg/kg streptozocin (STZ) in 50 mM of sodium citrate buffer, pH 4.5, and was fed a SLD. The rats exhibiting non-fasting 
blood glucose (non-FBG) levels ≥11.1 mmol/L were considered diabetic
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were seeded into the upper chamber, and 500 µL of culture 
medium with 20% FBS was added to the lower chamber. 
The EPCs were cultured for 24 h, then the transwell mem-
branes were stained with 0.1% crystal violet for 30 min. 
The number of migrated cells was determined in 3 ran-
dom fields of view using an IX51 inverted fluorescence 
microscope (Olympus, Tokyo, Japan). All experiments were 
performed in triplicate.

Matrigel-based capillary-like tube 
formation assay

The impact of HG on the capillary-like tube formation 
capacity of EPCs was determined using the capillary tube 
formation angiogenesis assay kit (ECM625; Merck Millipore, 
Burlington, USA). A total of 1×104 cells/well were seeded 
onto Matrigel-precoated 96-well plates (Corning Inc.) after 
treatment of EPCs with HG for 24 h. An IX51 inverted light 
microscope (Olympus) was used to observe tube forma-
tion. Three independent fields were measured per well, and 
the average number of tubes was determined using Wim-
Tube quantitative image analysis (Wimasis, Cordoba, Spain).

Semi-quantitative real-time polymerase 
chain reaction

Total ribonucleic acid (RNA) was extracted using TRIzol 
(Invitrogen, Carlsbad, USA), and 0.5 μg of RNA was used 
for reverse transcription using the PrimerScript™ RT re-
agent kit (Takara, Shiga, Japan). Samples were incubated 
for 1 h at 42°C, and the reaction was terminated at 70°C for 
15 min. The CCN1 forward primer (5’-TCA CCC TTC TCC 
ACT TGA CC-3’) and reverse primer (5’-AAT TGC ATT 
CCA GCC CCT TG-3’), and the β-actin forward primer (5’-
CAC GAT GGA GGG GCC GGA CTC ATC-3’) and reverse 
primer (5’-TAA AGA CCT CTA TGC CAA CAC AGT-3’) 
were used for polymerase chain reaction (PCR) amplifi-
cation. The PCR products were separated and analyzed 
using agarose gels, and the CCN1 bands were confirmed 
through sequencing.

Real-time polymerase chain reaction

Total RNA was extracted using TRIzol (Invitrogen) and 
retrotranscribed with the PrimeScript 1st strand cDNA 
synthesis kit (D6110A; Takara Bio USA, Inc., San Jose, 
USA). The real-time (RT) PCR assay used SYBR Green 
Real-time PCR Master Mix (QPK-201, QPK-201T; Toyobo, 
Osaka, Japan) under the following conditions: 95°C for 
30 s, followed by 40 cycles at 95°C for 5 s and 60°C for 30 s. 
The analysis was performed in triplicate, and the gene ex-
pression levels were determined using the 2−ΔΔCT method. 
The CCN1 forward primer was 5’-TTG TAG GCA CGG 
CTG CTA TGC T-3’, the CCN1 reverse primer was 5’-GGT 
GCT CCA TTC TCA GAA CCT G-3’, the SDF-1 forward 
primer was 5’-GGA GGA TAG ATG TGC TCT GGA AC-3’, 

the SDF-1 reverse primer was 5’-AGT GAG GAT GGA 
GAC CGT GGT G-3’, the CXCR4 forward primer was 5’-
GAC TGG CAT AGT CGG CAA TGG A-3’, the CXCR4 
reverse primer was 5’-CAA AGA GGA GGT CAG CCA 
CTG A-3’, the glyceraldehyde 3-phosphate dehydrogenase 
(GAPDH) forward primer was 5’-AGA CAG CCG CAT 
CTT CTT GT-3’, and the GAPDH reverse primer was 5’-
CTT GCC GTG GGT AGA GTC AT-3’.

Western blotting

The  EPCs were lysed with a  lysis buffer containing 
100 mM of phenylmethanesulfonyl fluoride, and the pro-
teins were resolved using 10% sodium dodecyl sulfate–
polyacrylamide gel electrophoresis (SDS-PAGE). The pro-
teins were transferred onto polyvinylidene difluoride 
(PVDF) membranes and incubated with primary antibod-
ies against CCN1 (1:1000; Life Technologies, Carlsbad, 
USA), SDF-1 (1:1000; Life Technologies), CXCR4 (1:1000; 
Life Technologies), ERK1/2 (1:1000; Santa Cruz Biotech-
nology Inc., Dallas, USA), p-ERK1/2 (1:1000; Santa Cruz 
Biotechnology Inc.), ERK (1:1000; Santa Cruz Biotech-
nology Inc.), p-ERK (1:1000; Santa Cruz Biotechnology 
Inc.), and GAPDH (1:3000; Santa Cruz Biotechnology Inc.). 
The western blot signal was developed using an enhanced 
chemiluminescence detection kit (Merck Millipore).

The first experiment was considered a pre-experiment. 
Based on the results and their reliability, the second ex-
periment was conducted with the same design and sample 
selection criteria to ensure stronger credibility of the ex-
perimental results. Using successfully isolated, cultured, 
and identified EPCs in the first experiments, all experi-
ments were repeated twice, including cell migration, tube 
formation ability and viability. Protein and gene expression 
levels were measured using western blot and real-time 
quantitative polymerase chain reaction (RT-qPCR) tests, 
respectively (detailed experimental procedures were de-
scribed previously). Finally, data from the 2 experiments 
were combined for statistical analyses.

Statistical analyses

Statistical analyses employed SPSS v. 21.0 (IBM Corp., 
Armonk, USA) software. One-way analysis of variance 
(ANOVA) and multiple comparison post-hoc tests (Bon-
ferroni) compared means between experimental groups. 
Due to the small sample size, we used a bootstrap ANOVA. 
The differences between the 2 groups were determined 
using Student’s t-test, with p-values ≤0.05 considered sta-
tistically significant (* p < 0.05, statistically significant dif-
ference; ** p < 0.01, very significant difference; *** p < 0.001, 
extremely significant difference). In all figures, the long 
horizontal line in the middle indicates the sample mean 
of the group, the range between the short horizontal lines 
at both ends indicates the 95% confidence intervals, and 
the points indicate the within-sample distribution.
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Results

Endothelial progenitor cell isolation, 
establishment and characterization

Bone marrow EPCs (BM-EPCs) and whole peripheral 
blood EPCs (PB-EPCs) were isolated from normal and 
STZ-treated diabetic rats. The cells were passaged and 
characterized, as described by Brandl et al.22 Then, they 
were centrifuged using Percoll density gradient centrifu-
gation and cultured for 2 weeks. The EPC phenotype was 
confirmed by staining with Dil-ac-LDL (red) and FITC-
UEA-1 (green) and observed under fluorescence micros-
copy (model BX53; Olympus Corp., Tokyo, Japan) (Fig. 2A). 
After less than 24 h in culture, cells appeared small and 
round. The EPCs exhibited a spindle-shaped morphology 
after 4–7 days and developed cord-like structures after 
10 days in culture (Fig. 2B). Additionally, after 10 days, 
significantly more control PB-EPCs were positive for FITC-
UEA-1 (72.80  ±1.92%) compared to  diabetic PB-EPCs 
(56.80.3 ±4.55%, p ≤ 0.05). Consistently, significantly more 
control BM-EPCs (70.00 ±1.58%) were positive for Dil-ac-
LDL and FITC-UEA-1 compared to diabetic BM-EPCs 
(57.00 ±2.92%, p ≤ 0.05). Overall, diabetic rats had signifi-
cantly fewer EPCs (Fig. 2C and Supplementary Table 1).

High glucose affected endothelial 
progenitor cell migration, viability and 
capillary-like tube formation

Angiogenesis involves EPC activation, proliferation, 
migration, and capillary-like tube formation. The impact 
of glucose on EPC activity, viability, tube formation, and 
migration was explored under NG (5 mM of glucose) and 
HG (22 mM of glucose) conditions. The CCK-8 assay deter-
mined EPC viability, which was significantly lower in dia-
betic rats compared to normal rats (Fig. 3). In addition, EPC 
levels were lower in the bone marrow and peripheral blood 
samples cultured in the HG medium than in the NG me-
dium (all p < 0.05, Fig. 3A and Supplementary Tables 2,3).

Angiogenesis is influenced by effective migration. There-
fore, the impact of HG on EPC migration was explored us-
ing transwell assays. High glucose significantly decreased 
EPC migration in diabetic rats compared to the control 
rats. The migration rate was markedly lower in the HG 
medium compared to the NG medium in the bone marrow 
and peripheral blood samples (Fig. 3B,C and Supplemen-
tary Tables 4,5).

The inhibitory effect of HG on EPC tube formation was 
explored. The HG medium suppressed EPC tube formation, 
as shown by a marked decrease in segment length, mean 
tube length and junction numbers (Fig. 3D). These findings 
indicate that HG inhibits EPC tube formation, implying that 
it can play a suppressive role in EPC neo-angiogenesis.

High glucose downregulated CCN1, SDF-1 
and CXCR4 mRNA expression by EPCs

The CCN1 messenger RNA (mRNA) and protein ex-
pression levels were determined after culturing EPCs 
in HG medium using western blotting, RT-qPCR and 
semi-quantitative RT-PCR (sqRT-PCR). Furthermore, 
the protein levels of EPC targets (SDF-1 and CXCR4) were 
determined after culture in the HG medium. The sqRT-
PCR and RT-qPCR analyses showed that HG significantly 
suppressed the expression of CCN1 (Fig. 4A,B and Sup-
plementary Table 6). The CCN1 protein levels in whole 
peripheral blood and bone marrow were significantly 
downregulated in EPCs from diabetic rats and HG me-
dium (Fig. 4C,D and Supplementary Table 7). Western 
blot showed significant decreases in the levels of CCN1 
targets (SDF-1 and CXCR4) (Fig. 4E–G and Supplemen-
tary Tables 8,9). These findings imply that CCN1 inhi-
bition and its target genes, SDF-1/CXCR4, are involved 
in HG-induced EPC dysfunction.

CCN1 overexpression ameliorated 
high-glucose impairment of EPC viability, 
migration and capillary-like tube 
formation

The findings outlined above showed that HG correlated 
with low CCN1, SDF-1 and CXCR4 expression levels, 
which are known neovascularization inducers in EPCs. 
Recombinant adenoviral particles containing the CCN1 
ORF controlled by  a  constitutive CMV promoter ex-
plored whether CCN1 could alleviate the negative im-
pact of HG on EPC functions. Cell migration, viability 
and tube formation were assessed, as detailed above, for 
BM-EPCs under NG or HG conditions after adenovirus 
infection for 48 h. Notably, the inhibition of cell viability 
and migration in BM-EPCS under HG (Fig. 5A–C and 
Supplementary Tables 10–13) was reversed by the over-
espression of  CCN1. In addition, BM-EPC tube formation 
impairment under HG was improved by the upregula-
tion of CCN1 (Fig. 5D). The RT-qPCR and western blot 
analysis revealed that the upregulation of CCN1 res-
cued the reduced SDF-1 and CXCR4 mRNA and protein 
levels triggered by HG (Fig. 5E–G and Supplementary 
Tables 14,15). The CCN1 mRNA (Fig. 5E) and protein 
(Fig. 5F,G) levels were upregulated after adenoviral in-
fection and normalized by HG medium. These findings 
show that the overexpression of CCN1 improved EPC 
tube formation ability, migration and viability after HG 
treatment. The results imply that HG-induced CCN1 
downregulation, leading to  CCN1-mediated SDF-1/
CXCR4 suppression, could be involved in neovascular-
ization in EPCs of diabetic rats.
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Fig. 2. Establishment and phenotypic characterization of cultured endothelial progenitor cells (EPCs). A. Diabetic or control rat peripheral blood (PB)-EPCs 
and bone marrow (BM)-EPCs were double positive for the EPC markers: fluorescein isothiocyanate-Ulex Europaeus Agglutinin-1 (FITC-UEA-1) (green) and Dil 
acetylated low-density lipoprotein (Dil-ac-LDL) (red). The nuclei were counterstained with 4’,6-diamidino-2-phenylindole (DAPI) (blue). Scale bars = 200 µm; 
B. EPC morphology after 10 days in culture. After seeding, EPCs from buffy coats formed colonies characterized by cobblestone-like cell morphology 
on day 10. Scale bars = 200 µm; C. EPC numbers were determined using ImageJ software, and the number of EPCs per image was expressed as the number 
of cells per cm2 (analysis of variance (ANOVA)). For a detailed statistical analysis of the results, see Supplementary Table 1

*** p < 0.001.
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Fig. 3. Migration rate, viability and tube formation of endothelial progenitor cells (EPCs). A. EPCs were seeded on 96-well plates and cultured in normal 
glucose (NG) or high glucose (HG) media. Cell viability was determined after 48 h using the Cell Counting Kit-8 (CCK-8) assay (analysis of variance (ANOVA)). 
For a detailed statistical analysis of the results, see Supplementary Tables 2,3; B. The migration rate of EPCs after HG treatment. The EPCs were seeded 
onto the upper chamber and allowed to migrate for 24 h, and migratory cells in the bottom chamber were stained with 0.1% crystal violet for 30 min and 
observed under an inverted fluorescence microscope (ANOVA). For a detailed statistical analysis of the results, see Supplementary Tables 4,5; C. EPC levels 
were determined manually using ImageJ software, and the number of EPCs per image was expressed as the number of cells per cm2; D. Tube formation 
capacity of EPCs treated with HG media. EPCs were seeded on Matrigel-coated plates in HG or NG medium. Tube formation was explored after 24 h by light 
microscopy

*** p < 0.001; PB – peripheral blood, BM – bone marrow.
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High-glucose exposure decreased CCN1 
expression levels in EPCs from diabetic 
rats by suppressing the MEK/ERK pathway

We explored whether CCN1 plays a role in alleviating 
the negative effects of HG on EPCs through MEK/ERK sig-
naling. The MEK/ERK protein levels and their phosphory-
lated forms (p-MEK/p-ERK) under HG and NG conditions 
were evaluated by western blotting. The phosphorylation 
of MEK and ERK was inhibited by HG (Fig. 6A,B). To evaluate 

if the rescue effect of CCN1 on EPC dysfunction is mediated 
through the MEK/ERK signaling pathway, the CCN1 protein 
levels were measured in the absence or presence of wort-
mannin, a MEK agonist, with or without HG. Wortman-
nin markedly restored the HG-reduced p-MEK and p-ERK 
protein levels. Moreover, HG suppression of CCN1 was re-
stored by the MEK agonist (Fig. 6C,D and Supplementary 
Tables 16–18). These findings indicate that CCN1-mediated 
attenuation of EPC dysfunction caused by HG in diabetic rats 
requires MEK/ERK signaling activation, at least partially.

Fig. 4. High glucose (HG) significantly decreased messenger ribonucleic acid (mRNA) and protein levels of cysteine-rich angiogenic inducer 61 (CCN1), 
stromal-cell-derived factor-1 (SDF-1) and C-X-C chemokine receptor type 4 (CXCR4). A. Semi-quantitative real-time polymerase chain reaction (sqRT-PCR) 
showed that HG reduced CCN1 mRNA expression levels; β-actin was used as a loading control; B. Real-time (RT)-qPCR analysis showed that HG reduced 
the expression of CCN1 mRNA (analysis of variance (ANOVA)). For a detailed statistical analysis of the results, see Supplementary Table 6; C. Representative 
western blot analysis of CCN1 after treatment with HG or normal glucose (NG) medium. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used 
as a loading control; D. The stoichiometric relationship of CCN1 in the western blot analysis (ANOVA). For a detailed statistical analysis of the results, see 
Supplementary Table 7; E. Representative western blot analysis of SDF-1 and CXCR4 after treatment with NG or HG medium. GAPDH was used as a loading 
control; F,G. The stoichiometric relationship of SDF-1 and CXCR4 in the western blot analysis (ANOVA). For a detailed statistical analysis of the results, 
see Supplementary Tables 8,9

*** p < 0.001; BM-EPC – bone marrow endothelial progenitor cell; PB-EPC – peripheral blood endothelial progenitor cell.



Fig. 5. Cysteine-rich angiogenic inducer 61 (CCN1) overexpression restored the function of peripheral blood (PB)-endothelial progenitor cells (EPCs) and 
bone marrow (BM)-EPCs. A. PB-EPCs and BM-EPCs were infected with Ad-CCN1 for 48 h to increase CCN1 expression. PB-EPC and BM-EPC viability was 
determined using the Cell Counting Kit-8 (CCK-8) assay after Ad-CCN1 infection and culturing in a normal (NG) or high glucose (HG) medium (analysis 
of variance (ANOVA)). For a detailed statistical analysis of the results, see Supplementary Tables 10,11; B. The migration rate of PB-EPCs and BM-EPCs treated 
with Ad-CCN1 under HG or NG conditions (ANOVA). For a detailed statistical analysis of the results, see Supplementary Tables 12,13; C. PB-EPC and BM-EPC 
levels were determined manually using ImageJ software. Representative migratory cells were observed microscopically over time; D. Tube formation 
capacity of BM-EPCs infected with Ad-CCN1 under HG or NG conditions. PB-EPCs and BM-EPCs were seeded on Matrigel-coated plates and observed under 
a light microscope; E. Representative western blot analysis of stromal-cell-derived factor-1 (SDF-1), CCN1 and C-X-C chemokine receptor type 4 (CXCR4) 
proteins after Ad-CCN1 infection and culturing in NG or HG media; glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as a loading control; 
F,G. Real-time quantitative polymerase chain reaction (RT-qPCR) analysis of SDF-1 and CXCR4 messenger ribonucleic acid (mRNA) levels after Ad-CCN1 
infection and culture in NG or HG media (ANOVA). For a detailed statistical analysis of the results, see Supplementary Tables 14,15

** p < 0.01; *** p < 0.001.
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Discussion

Vascular complications are significantly responsible for 
the morbidity and mortality in diabetes mellitus. Indeed, 
hyperglycemia is a key factor leading to vascular disorders 
and results in neovascularization and endothelial dysfunc-
tion.23 Endothelial progenitor cells circulating in the blood 
modulate neovascularization and vascular repair.18 
The findings of the present study show that the negative 
impact of HG on EPCs in diabetic rats is mediated through 
the suppression of CCN1 expression and its target genes, 
SDF-1 and CXCR4.14,24 Furthermore, the overexpression 

of CCN1 alleviated EPC dysfunction by activating MEK/
ERK signaling,25 implying that defective EPCs can be mod-
ulated by pharmacological interventions using MEK ago-
nists to restore cell function. In addition, this study showed 
that CCN1 modulates MEK/ERK signaling in EPCs, po-
tentially by regulating SDF-1 and CXCR4 activity.26 These 
findings indicate that CCN1 is highly expressed in EPCs 
and performs its function through the MEK/ERK pathway 
by modulating SDF-1 and CXCR4 activity.

Currently, the effects of EPCs on vascular dysfunc-
tion in diabetes are not well understood. Indeed, there 
are significant differences in endothelial cell behaviors, 

Fig. 6. High glucose (HG) decreased cysteine-rich angiogenic inducer 61 (CCN1) expression in bone marrow-endothelial progenitor cells (BM-EPCs) 
by regulating mitogen-activated protein kinase kinase/extracellular signaling kinase (MEK/ERK) signaling. A. Western blot analysis of CCN1, phosphorylated (p)-
MEK, MEK, p-ERK, and ERK levels after HG treatment; glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as a loading control; B. The stoichiometric 
relationship between CCN1 and GAPDH (CCN1/GAPDH), p-MEK and MEK (p-MEK/MEK), and p-ERK and ERK (p-ERK/ERK) protein levels in BM-EPCs with 
or without HG (Student’s t-test); C. Representative CCN1, p-MEK, MEK, p-ERK, and ERK western blot analysis after MEK agonist treatment, with or without HG; 
GAPDH was used as a loading control; D. The stoichiometric relationship between CCN1/GAPDH, p-MEK/MEK, and p-ERK/ERK protein levels in BM-EPCs after 
MEK agonist treatment with or without HG (analysis of variance (ANOVA)). For a detailed statistical analysis of the results, see Supplementary Tables 16–18

*** p < 0.001.
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vascularization and impaired microvascular processes 
in the eye,27 which can be partly attributed to the vari-
ability of  circulating EPC subpopulations involved 
in the regenerative processes of impaired vascular beds. 
Available data from type 1 and type 2 diabetic rodent 
models suggests that diabetic EPCs are not involved 
in vascular injury repair.28 Notably, endothelial dysfunc-
tion precedes atherosclerosis and its clinical manifesta-
tions. Thus, approaches aimed at restoring the endothe-
lial cell layer and endothelial functions play crucial roles 
in  maintaining healthy vessels.29 Neovascularization 
is driven by the accumulation of EPCs at the endothelial 
injury site, the migration and proliferation of differen-
tiated endothelial cells, and the incorporation of EPCs 
into the nascent endothelium.30 In animal models, EPCs 
constitute 25% of all endothelial cells in newly formed 
vessels.29

The CNN1 has low expression levels under normal con-
ditions and high expression levels in pathological states 
such as atherosclerosis, colitis, diabetic retinopathy, rheu-
matoid arthritis, and Graves’ orbitopathy,13,31 and has been 
reported to have a causative role in atherosclerosis,31 while 
CNN1 polymorphisms are associated with the risk of acute 
coronary syndrome (ACS) in humans.32 Low CCN1 ex-
pression levels in rats with carotid balloon injury restore 
vascular smooth muscle cell (VSMC) proliferation, allevi-
ating vascular intimal hyperplasia.33 In addition, the sup-
pression of CCN1 signaling results in reduced VSMC se-
nescence in the smooth muscle cell layer of the human 
coronary artery.34 Moreover, CCN1 was reported to affect 
30-day mortality in CAD and acute heart failure (AHF) 
patients, and it could identify myocardial ischemic in-
jury and the clinical progression of ACS.35 Hence, even 
though the present study reports that the high expression 
of CCN1 is beneficial for EPC functions, it also appears 
to be involved in CAD. As such, it could be hypothesized 
that CCN1 is indeed causative in CAD, but EPCs evolve 
to respond to increased CCN1 expression. However, this 
hypothesis needs to be examined in future studies. Fur-
thermore, the relationship between CAD and circulating 
CCN1 in diabetic and non-diabetic patients has not been 
fully explored.

Endothelial progenitor cells have a direct role in vascu-
logenesis and pro-angiogenic factor secretion. The SDF-1, 
and its receptor CXCR4, are involved in the retention and 
quiescence of EPCs within their niche in the bone mar-
row.36 The SDF-1 desensitizes insulin in adipocytes, and 
its expression is  induced in obesity and during fasting. 
Moreover, SDF-1 plays a role in the chemotactic recruit-
ment of several types of cells, e.g., hematopoietic stem cells 
and mesenchymal progenitor cells.37 Studies report that 
the SDF-1/CXCR4 axis modulates fracture healing by fine-
tuning of the recruitment and differentiation of progenitor 
and stem cells at fracture sites.15,38 The SDF-1 is also in-
volved in the pathogenesis, progression and diverse patho-
logical effects of type 2 diabetes, including adipose tissue 

inflammation, nephropathy and insulitis.39 Arakura et al.40 
reported that SDF-1 and CXCR4 expression and localiza-
tion at fracture sites showed changes in the course of frac-
ture healing in a diabetic model, probably associated with 
defective fracture healing and the inhibition of angiogen-
esis. The dysregulation of the interaction between SDF-1 
and CXCR4 is a potential approach for EPC mobilization.

Previous studies report that low SDF-1 expression levels 
in diabetic wound tissues are involved in impaired diabetic 
wound healing. The activation of MEK/ERK signaling in-
duces the phosphorylation of the insulin receptor substrate 
1 (IRS-1) protein at a serine residue, degradation of IRS-1, 
glucose uptake, and attenuation of insulin-facilitated pro-
tein kinase B (AKT) phosphorylation.21,41 Furthermore, 
plasma SDF-1 levels correlate with type  2 diabetes.24 
The present study showed that HG reduced CCN1 expres-
sion, and the overexpression of CCN1 restored EPC func-
tion. The CCN1 overexpression also rescued HG-induced 
suppression of SDF-1 and CXCR4 protein levels, enhancing 
EPC viability, migration and tube formation.

Various studies indicate that HG reduces EPC function 
by impairing MEK/ERK signaling. Indeed, the impairment 
of early EPCs induced by HG can be restored by modulating 
the mitogen-activated protein kinase (MAPK) pathway.42 
Consistent with these findings, the current study showed 
that HG downregulated MEK/ERK protein levels and phos-
phorylation. An ERK1/2 agonist rescued EPC dysfunction 
caused by HG and restored CCN1-SDF-1/CXCR4 protein 
levels.43 Yan et al.36 reported that the interaction between 
SDF-1 and CXCR4 upregulates matrix metalloproteinase 
9 (MMP-9) activity and VEGF expression, inducing angio-
genesis and tissue regeneration. Furthermore, the binding 
of SDF-1 to CXCR4 induces the activation of ERK, AKT 
and mammalian target of rapamycin (mTOR) signaling 
and promotes cell proliferation and differentiation, result-
ing in angiogenesis and tissue regeneration and ultimately 
ordered remodeling. The findings indicate that the CCN1-
mediated attenuation of EPC dysfunction due to HG partly 
requires the activation of MEK/ERK signaling.

Impaired EPCs were observed in type 1 and 2 diabe-
tes, prediabetes, metabolic syndrome, and insulin resis-
tance,44,45 and were also identified as a cause of vascular 
complications of diabetes.46 The exact mechanisms of EPC 
impairment in diabetes remain poorly understood. The re-
duced numbers of EPCs are thought to be related to de-
creased mobilization from the bone marrow, decreased 
proliferation and shorter survival, as observed in the pres-
ent study. The EPC mobilization is controlled by chemo-
kines such as SDF-1, VEGF, granulocyte-colony stimu-
lating factor (G-CSF), and CXCR4.47,48 Still, the SDF-1/
CXCR4 axis is activated in diabetes,49,50 indicating that 
other mechanisms are at play. Insulin resistance is a pos-
sible culprit, since the development of insulin resistance 
and diabetes has been shown to lead to weaker EPCs.9,51,52 
Knocking down nuclear factor kappa-B (NF-κB), a key 
player in insulin resistance and diabetes, improved EPC 
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functions.52 Unfortunately, the biomarkers of insulin re-
sistance and genes/proteins involved in insulin resistance 
were not assessed in the present study, though they will 
be explored in future research.

Limitations

Endothelial progenitor cells were isolated without differ-
entiating between early and late EPCs,7,8,10,53 which reflects 
the biological reality more accurately, since both types 
of cells can be found in animals and humans. Still, future 
studies could explore possible differences between EPC 
subtypes. Only a few genes and proteins were examined, 
preventing the determination of the exact mechanisms 
involved in EPC functional impairment in diabetes.

Conclusions

High glucose significantly affected the viability, migra-
tion and tube formation ability of EPCs. The study shows 
that the mechanism underlying impaired EPC function 
is associated with the CCN1-SDF-1/CXCR4-MEK/ERK sig-
naling. These findings indicate that MEK agonists could be 
used in patients with diabetes mellitus-associated vascular 
disorders. However, further studies should explore the ef-
fects of CCN1 overexpression and ERK agonists in vivo.

Supplementary data

The supplementary materials are available at https://
doi.org/10.5281/zenodo.8219770. The package contains 
the following files:

Supplementary Table 1. Number of EPCs in each group 
of rats.

Supplementary Tables 2–5. High glucose affects EPC 
migration, viability and capillary-like tube formation.

Suplementary Tables 6–9. High glucose downregulates 
CCN1, SDF-1 and CXCR4 mRNA expression by EPCs.

Supplementary Tables 10–15. CCN1 overexpression 
ameliorates EPCs viability, migration and capillary-like 
tube formation impairment by high glucose.

Supplementary Tables 16–18. High-glucose exposure 
decreases expression levels of CCN1 in EPCs from rats 
with diabetes by suppressing MEK/ERK pathway.
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Abstract
Background. Glioblastoma multiforme (GBM) is a lethal brain tumor with high mortality and morbidity. 
Nerolidol (NRD) is a sesquiterpene alcohol sequestered from the essential oils of aromatic florae with potent 
antioxidant, antiviral, anticancer, cardioprotective, and neuroprotective activity.

Objectives. The aim of the study was to investigate the underlying cell-cycle mechanisms of NRD-mediated 
antiproliferative and apoptosis activities in GBM using human U-251 cells.

Materials and methods. The current research investigated the antiproliferative and apoptotic activi-
ties of NRD on U-251 cells. The effects of NRD were measured using a Cell Counting Kit-8 (CCK-8) assay, 
4’,6-diamidino-2-phenylindole (DAPI) staining, messenger ribonucleic acid (mRNA) level assessment, and 
western blot assay.

Results. Nerolidol decreased U-251 viability in a dose-dependent manner, as well as induced apoptotic 
activity, reduced B-cell lymphoma-2 (BCL-2) levels, and increased mRNA expression of BCL-2-associated 
X (Bax), caspase-3 and caspase-9. The attenuation of the cyclin-D1, cyclin-dependent kinase 4 (CDK4) and 
CDK6 mRNA expression confirmed cell cycle regulation. Western blot analysis of CDK1 indicated reduc-
tions in cyclin-B1 and p21. Furthermore, NRD prompted apoptosis through p38 amelioration and increased 
phosphorylated extracellular signal-related kinase 1 (p-ERK1) and phosphorylated c-Jun N-terminal protein 
kinase 1 (p-JNK1) levels.

Conclusions. Nerolidol inhibited GBM cell viability and induced apoptosis through the regulation of cell-
cycle proteins via p38 mitogen-activated protein kinase (MAPK) signaling pathways. Thus, NRD could be 
developed as a potential natural therapeutic agent for GBM.

Key words: glioblastoma, p38 MAPK, apoptosis, nerolidol, U-251 cells
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Background

Glioblastoma multiforme (GBM) is  a  fatal cancer 
of the central nervous system; this primary brain malig-
nancy has an annual prevalence of 3.19/100,0001,2 and 
a  high mortality rate, with a survival rate  fewer than 
12 months.3 Owing to its rapid progression and infiltra-
tive features, GBM is incurable despite the current treat-
ment modalities of surgery, chemotherapy, c-irradiation, 
and immunotherapy.4,5 Clinical research suggests that 
the quick propagation and high invasiveness of GBM cells 
make it  incurable and cause relapse.6 Treatment failure 
and continuous disease progression result in an average 
lifespan of 1–1.5 years.7 The malignant glioma appears 
to proliferate incessantly. Hence, innovative approaches 
are urgently required to manage these devastating tumors.

Recent research suggests that novel drug development 
may entail targeting cell signaling pathways, with mul-
tiple signaling networks, cell cycle protein regulation, and 
apoptosis-associated proteins likely critical to cancer pre-
vention.8 The cell cycle is tightly controlled by regulatory 
proteins, such as cyclins and cyclin-dependent kinases 
(CDKs) that facilitate the checkpoint switches between 
G1/S, S and G2/M phases.9,10 Anomalies in cell division 
or  apoptosis lead to  irregular cell growth, eventually 
causing tumor development. As such, apoptosis, a form 
of programmed cell death, is crucial for the growth and 
maintenance of healthy tissues and is regulated by specific 
caspases and proteases.11,12

Mitogen-activated protein kinases (MAPKs) are involved 
in intracellular signaling through propagation, disparity and 
apoptosis.13 It is thought that glioma cell incursion and me-
tastasis require the triggering of precise signaling cascades, 
particularly the p38 MAPK pathway.14,15 Therefore, inhibiting 
p38 MAPK signaling is a central goal of GBM management.

Numerous natural phytochemicals act as  anticancer 
agents by regulating the proliferation, invasion and metas-
tasis of diverse cancer cells.16 Nerolidol (NRD) is a sesqui-
terpene alcohol (3,7,11-trimethyl-1,6,10-dodecatrien-3-ol)  
extracted as an essential oil from aromatic florae, such 
as ginger, neroli, lemongrass, tea tree, and lavender.17 It has 
anti-inflammatory, antioxidative, anticancer, and apoptotic 
properties.18 Recently, NRD was shown to mitigate oxida-
tive stress, apoptosis and inflammation in cardiotoxicity 
prompted by the chemotherapeutic mediator cyclophospha-
mide.19 Furthermore, NRD blocked inflammatory responses 
in lipopolysaccharide (LPS)-induced acute lung injury (ALI) 
by modulating antioxidants and the adenosine 5’-mono-
phosphate-activated protein kinase (AMPK)/nuclear factor 
erythroid 2-related factor 2 (Nrf-2)/heme oxygenase-1 (HO-
1) signaling pathway.20 Moreover, NRD is a beneficial antitu-
mor compound due to its efficacy in targeting cell survival 
and proliferation molecules21 that act as chemosensitizers 
in tumors.22,23 Nerolidol improves the effectiveness of doxo-
rubicin (DOX) in mammary carcinogenesis22 and enhances 
its efficacy in ovarian cancer and lymphoblast cells.24

Nerolidol is hydrophobic in nature, with an XlogP3 value 
of 4.6, and can readily cross the blood–brain barrier,25 
where it exerts neuroprotective effects through its anti-
inflammatory and antioxidant properties. Baicalein was 
determined to be a viable treatment for GBM in studies 
similar to the current research, because it reduced the vi-
ability of GBM cells and caused apoptosis by inhibiting 
nuclear factor kappa B (NF-κB)-p65 activity.26 However, 
the anti-glioma action of NRD through MAPK signaling 
remains uncertain.

Objectives

We assessed the protective influence of NRD on U-251 
human GBM cells by examining proliferation, cell cycle 
protein regulation and apoptosis.

Materials and methods

Chemicals

Nerolidol, fetal bovine serum (FBS), antibiotics (pen-
icillin-streptomycin), phosphate-buffered saline (PBS), 
4’,6-diamidino-2-phenylindole (DAPI), dimethyl sulf-
oxide (DMSO), and sodium dodecyl sulfate (SDS) were 
purchased from Bio-Rad Laboratories (Hercules, USA). 
The antibodies were obtained from Roche Diagnostics 
(Risch, Switzerland).

Cell lines

The  U-251  human GBM cells were purchased from 
Shanghai Aiyan Biotechnology Co., Ltd. (Shanghai, China), 
and grown in  a  Dulbecco’s modified Eagle’s medium 
(DMEM) consisting of FBS (10%), streptomycin (100 μg/
mL) and penicillin (100 U/mL) under a CO2 atmosphere 
(5%) with less than 95% humidified air at 37°C.

Investigation of cell viability

Cell proliferation was examined using the Cell Counting 
Kit-8 (CCK-8) assay (Alpha Diagnostics International, San 
Antonio, USA). The U-251 cells were seeded onto a 96-well 
plate at 1×105 cells per well, incubated and supplemented 
with different NRD dosages (10–70 μM). The CCK-8 solution 
(10 μL) was added separately to all wells. After 1 h of incu-
bation, the optical density (OD) was determined at 450 nm 
using a microplate absorbance reader, model No. 1681130 
(Bio-Rad Laboratories).

Apoptosis exploration by DAPI staining

Human GBM U-251 cells were seeded into 6 wells 
at 1×105 cells/well. Each well was then supplemented with 
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NRD (30 μM and 40 µM). Treated U-251 cells were stained 
with DAPI and observed under a fluorescence microscope 
(Eclipse TS100; Nikon, Tokyo, Japan) with a digital camera 
(4500 Coolpix; Nikon) to assess cellular apoptotic changes, 
according to a previously described method.27

Determination of messenger ribonucleic 
acid expression

Total ribonucleic acid was isolated from human GBM cells 
U-251 as per the manufacturer’s protocol using TRIzol® 
reagent (Abcam, Cambridge, USA). The isolated messenger 
RNA (mRNA) was reverse-transcribed into complementary 
DNA (cDNA) using a cDNA reverse transcription kit (Ab-
cam), according to the manufacturer’s instructions. Then, 
SYBR Green Real-Time PCR Master Mixes (Thermo Fisher 
Scientific, Waltham, USA) examined the cDNAs using 
the company’s protocols. The band intensity was observed 
after electrophoresis using 1.5% agarose gels. The band 
intensity was measured using ImageJ v.  1.48 software 
(National Institutes of Health, Bethesda, USA). Primer se-
quences used included B-cell lymphoma-2 (BCL-2), BCL-2 
associated X (Bax), caspase-3, cyclin-D1, cyclin-dependent 
kinase 4 (CDK4), CDK6, and glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH), as outlined below in Table 1:

Western blot study

Human U-251 GBM cells were treated with NRD (30 µM 
and 40 µM) and cultured for 24 h. Cell lysates were pre-
pared for western blot analysis using an ice-cold lysis buffer 
containing protease inhibitors. Total protein content was 
measured using Protein BCA Assay Kit (Pierce Chemical, 

Rockford, USA). The proteins were electrophoretically dis-
persed and transferred to a polyvinylidene difluoride (PVDF) 
film, which was blocked with a probe for 60 min at room 
temperature and incubated with primary antibodies (1:1000 
dilutions) overnight at 4°C. Thereafter, the secondary anti-
bodies were added and visualized using an enhanced che-
miluminescence protein detection kit (Pierce Chemical).

Statistical analyses

All statistical analyses employed GraphPad Prism v. 8.0.1 
(GraphPad Software, San Diego, USA) and IBM Statisti-
cal Package for Social Sciences (SPSS) v. 25 (IBM Corp., 
Armonk, USA) software. The measurement data were re-
ported as medians and quartiles. The normality of the dis-
tribution was tested using the Kolmogorov–Smirnov test 
(Supplementary Table 1), and although all data displayed 
a normal distribution, a nonparametric test was used due 
to small sample sizes. Comparisons among groups (con-
trol (n = 6), 30 µM (n = 6) and 40 µM (n = 6)) utilized 
the Kruskal–Wallis test followed by Dunn’s test. When 
the test standard had a value of p < 0.05, the difference 
was considered statistically significant.

Results

All variables had a normal distribution. Table 2 displays 
the results of comparing variables between groups.

Effects of nerolidol on U-251 cytotoxicity

The U-251 GMB cell proliferation was assessed using 
multiple NRD treatments (10, 20, 30, 40, 50, and 60 μM/mL) 

Fig. 1. Nerolidol (NRD) inhibited U-251 human glioblastoma cell viability. 
Cells were supplemented with various concentrations (10–70 µM) of NRD 
and cultured for 1 day. The cell viability was then evaluated using a Cell 
Counting Kit-8 (CCK-8) assay. The differences between the groups were 
analyzed using the Kruskal–Wallis test with Dunn’s post-hoc analysis. 
The data are expressed as median and quartiles

n = 3; *p < 0.01; **p < 0.05.

Table 1. List of designed gene-specific primer pairs

Primer Sequence

BCL-2
5’-GAGGATTGTGGCCTTCTTTG-3’

5’-ACAGTTCCACAAAGGCATCC-3’

Bax
5’-TTTGCTTCAGGGTTTCATCC-3’

5’-CAGTTGAAGTTGCCGTCAGA-3’

Caspase-3
5’-TGTGAGGCGGTTGTAGAAGTT-3’

5’-GCTGCATCGACATCTGTACC-3’

Cyclin-D1
5’-CCGAGGAGCTGCTGCAAATGGAG-3’

5’-TGAAATCGTGCGGGGTCATTGCG-3’

CDK4
5’-CAGAGCTCTTAGCCGAGCGT-3’

5’-GGCACCGACACCAATTTCAG-3’

CDK6
5’-AGTCTGATTACCTGCTCCGC-3’

5’-CCTCGAAGCGAAGTCCTCAA-3’

GAPDH
5’-GTCTTCACCACCATGGAGAA-3’

5’-CGTTCAGCTCTGGGATGACC-3’

BCL-2 – B-cell lymphoma 2 protein family; Bax – BCL-2-associated 
X protein; CDK4 – cyclin-dependent kinases 4; CDK6 – cyclin-dependent 
kinases; GAPDH – glyceraldehyde-3-phosphate dehydrogenase.
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for 24 h. Nerolidol significantly (p < 0.05) reduced cell pro-
liferation in a concentration-dependent manner. The opti-
mum dosages of 30 μM and 40 μM, identified as the IC50 
values, were used for further experiments (Fig. 1). Nerolidol 
treatment at 30 μM and 40 μM significantly (p < 0.05 and 
p < 0.01, respectively) inhibited U-251 growth, indicating 
that NRD is a potential bioactive remedy for GBM.

Effects of nerolidol on U-215 apoptosis

The DAPI-stained control U-251 cells remained viable, 
while NRD-treated cells (30 μM and 40 μM) showed sig-
nificant apoptosis induction (p < 0.05). The shrinkage 
of cytoplasm, nuclear membrane loss and nucleus dis-
integration were observed with NRD usage. The admin-
istration of 40 μM NRD caused an increased apoptotic 
effect (Fig. 2).

Effects of nerolidol on apoptotic 
mRNA expression

The untreated U-251 GMB cells had decreased caspase-3 
and Bax mRNA levels, whereas the levels of BCL-2 were 
elevated (Fig. 3). Nerolidol (30 μM and 40 μM) treatment 
enhanced the levels of Bax and caspase-3, and diminished 
BCL-2 significantly (p < 0.05). These findings indicate that 
NRD reduced U-251 viability through apoptosis.

Effects of nerolidol on cell cycle 
gene expression

The mRNA levels in NRD-treated U-251 GMB cells are 
shown in Fig. 4. The untreated cells had augmented mRNA 
levels of cyclin-D1, CDK4 and CDK6. Nerolidol (30 μM and 

Table 2. The normality of the distribution (Kolmogorov–Smirnov test)

Variables
Groups

Control (n = 6) 30 µM (n = 6) 40 µM (n = 6) p-value

Caspase-3 1 (0.91, 1.08) 1.21 (1.10, 1.32) 1.49 (1.36, 1.62) <0.001

Caspase-9 1 (0.91, 1.08) 1.19 (1.08, 1.30) 1.42 (1.29, 1.55) <0.001

Bax 1 (0.91, 1.08) 1.29 (1.17, 1.41) 1.67 (1.52, 1.82) <0.001

BCL-2 1 (0.91, 1.08) 0.75 (0.68, 0.82) 0.50 (0.46, 0.55) <0.001

Cyclin-D1 1 (0.91, 1.08) 0.79 (0.72, 0.86) 0.61 (0.56, 0.66) <0.001

CDK4 1 (0.91, 1.08) 0.68 (0.62, 0.74) 0.48 (0.44, 0.52) <0.001

CDK6 1 (0.91, 1.08) 0.74 (0.67, 0.81) 0.54 (0.49,.059) <0.001

Cyclin-B1 1 (0.91, 1.08) 0.75 (0.68, 0.82) 0.48 (0.44, 0.52) <0.001

CDK1 1 (0.91, 1.08) 0.63 (0.57, 0.69) 0.39 (0.35, 0.43) <0.001

p21 1 (0.91, 1.08) 1.20 (1.09, 1.31) 2.1 (1.91, 2.29) <0.001

p-p38 MAPK/p38 MAPK 1 (0.91, 1.08) 1.36 (1.24, 1.48) 2.60 (2.37, 2.83) <0.001

p-JNK/JNK 1 (0.91, 1.08) 1.45 (1.32, 1.58) 2.29 (2.08, 2.50) <0.001

p-ERK/ERK 1 (0.91, 1.08) 1.51 (1.37, 1.65) 2.86 (2.60, 3.12) <0.001

Data are presented as median (1st quartile (Q1) and 3rd quartile (Q3)). The p-values were generated using Kruskal–Wallis test. There was a significant 
difference among all groups in Dunn’s test.

Fig. 2. The effects of nerolidol (NRD) on U-251 human glioblastoma cell apoptosis as detected using DAPI staining. The U-251 cells were supplemented 
with 30 µM/mL or 40 µM/mL doses of NRD for 1 day; then, cell death was examined with DAPI staining using a fluorescence microscope. The differences 
between the groups were analyzed using the Kruskal–Wallis test with Dunn’s post-hoc analysis. Data are expressed as median and quartiles

n = 3; *p < 0.01; DAPI – 4’,6-diamidino-2-phenylindole.
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40 μM) significantly (p < 0.05) reduced the mRNA levels, 
with 40 μM NRD causing greater reductions than 30 μM.

Effects of nerolidol on cyclin-B1, CDK1 
and p21 protein levels

Nerolidol (30 μM and 40 μM) reduced cyclin-B1 and 
CDK1, whereas it augmented p21 in a dosage-reliant way. 
The increase in protein expressions indicates that NRD 
controlled the cell cycle and apoptosis in U-251 cells (Fig. 5).

Effects of nerolidol on MAPK protein levels

Administration of NRD (30 μM and 40 μM) signifi-
cantly enhanced phosphorylated p38 MAPK protein levels 

(p < 0.05) in U-251 cells. Meanwhile, phosphorylated ex-
tracellular signal-related kinase 1 (p-ERK) and phosphory-
lated c-Jun N-terminal protein kinase 1 (p-JNK) were also 
slightly increased (Fig. 6). The enhanced MAPK protein 
expression indicates that NRD-induced apoptosis in U-251 
cells is associated with p38 MAPK signaling.

Discussion

The GBM is the most aggressive primary brain malig-
nancy and has high mortality and morbidity.1,2 Moreover, 
GBM patients have a poor prognosis, with a median sur-
vival time of 10–12 months.3,7 Chemopreventive  agents 
treat all phases of tumor evolution and prevent cancer cell 

Fig. 4. The effects of nerolidol (NRD) on the mRNA levels of cyclin D1 (A), CDK4 (B) and CDK6 (C) in U-251 human glioblastoma cells supplemented 
with 30 μM or 40 µM NRD. The cyclin D1, CDK4 and CDK6 mRNA levels were assessed using reverse transcription polymerase chain reaction (RT-PCR). 
The differences between the groups were analyzed using the Kruskal–Wallis test with Dunn’s post-hoc analysis. Data are expressed as median and quartiles

n = 3; *p < 0.01; CDK4 – cyclin-dependent kinase 4; CDK6 – cyclin-dependent kinase 6; mRNA – messenger ribonucleic acid.

Fig. 3. The effects of nerolidol 
(NRD) on the mRNA levels of BCL-2 
(A), Bax (B), caspase-3 (C), and 
caspase-9 (D). The U-251 cells were 
supplemented with 30 μM or 40 µM 
doses of NRD. The mRNA levels 
of BCL-2, Bax and caspase-3 were 
assessed using reverse transcription 
polymerase chain reaction (RT-
PCR). The differences between 
the groups were analyzed using 
the Kruskal–Wallis test with Dunn’s 
post-hoc analysis. The data are 
expressed as median and quartiles

n = 3; *p < 0.01; BCL-2 – B-cell 
lymphoma-2; Bax – BCL-2 associated 
X protein; mRNA – messenger 
ribonucleic acid.
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Fig. 6. The effects of nerolidol 
(NRD) on MAPK protein levels. 
The U-251 human glioblastoma 
cells were supplemented 
with 30 μM/mL or 40 µM/mL 
of NRD and cultured for 1 day. 
A. The protein levels of p38 
MAPK, JNK, and ERK were 
examined using western blot; 
B–D. The differences between 
the groups were analyzed using 
the Kruskal–Wallis test with 
Dunn’s post-hoc analysis. Data 
are expressed as median and 
quartiles

n = 3; *p < 0.01; MAPK – mitogen-
activated protein kinase; 
JNK – c-Jun N-terminal kinase; 
ERK – extracellular signal-
regulated kinase.

Fig. 5. A. Effects of nerolidol 
(NRD) on CDK1, cyclin-B1 and p21 
protein levels. The U-251 human 
glioblastoma cells supplemented 
with 30 µM/mL or 40 µM/mL 
NRD were incubated for 1 day 
before western blot analysis 
of protein levels; B–D. 
The differences between 
the groups were analyzed using 
the Kruskal–Wallis test with 
Dunn’s post-hoc analysis. Data 
are expressed as median and 
quartiles

n = 3; *p < 0.01; CDK1 – cyclin-
dependent kinase 1.
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propagation, incursion and metastasis,16 and several phyto-
chemicals act by inhibiting proliferation, invasion, metas-
tasis, angiogenesis, and stimulating apoptosis.14,15 The an-
ticancer effects of NRD have been extensively explored 
in numerous cancers, including breast cancer,22 hepatocel-
lular carcinomas,28 osteosarcomas,29 oral cancer,30 and ovar-
ian cancer.24 The current research evaluated the anti-GBM 
effects of NRD by assessing its anti-proliferative, cell-cycle 
protein regulation and apoptotic properties. Our results 
showed that NRD inhibited U-251 cell multiplication and 
cell cycle proteins and induced apoptosis in a dose-depen-
dent manner.

Apoptosis is a well-recognized cell death program trig-
gered by various stimuli.11,12 Certain natural bioactive an-
ticancer agents were shown to eliminate malignant cells 
by restoring defective apoptosis.31 The CCK-8 assay dem-
onstrated that NRD could dramatically inhibit GBM cell 
viability, indicating that NRD displayed a robust anti-pro-
liferative action on U-251 cells. Furthermore, DAPI stain-
ing showed that NRD treatment improved programmed 
cell death in GBM cells. Likewise, reverse transcription 
polymerase chain reaction (RT-PCR) results showed re-
duced BCL-2 and elevated Bax and caspase-3 mRNA levels 
after NRD treatment. These are well-known as apoptosis-
associated proteins, and the ratio of BCL-2 to Bax was 
markedly reduced by NRD. Similar anti-proliferative and 
apoptotic properties of NRD were reported in hepatocel-
lular carcinoma27 and osteosarcoma.28 Our findings dem-
onstrate that NRD inhibited proliferation and stimulated 
apoptosis in U-251 cells.

Cell-cycle checkpoints play a vital role in cellular devel-
opment and apoptosis,9,10 and NRD is described as an anti-
proliferative mediator in leiomyoma cells by diminish-
ing the cyclin-D1 and CDK4/6 G1-S checkpoint proteins. 
Matus et al. reported that NRD (cis- and trans-) stimulated 
G1 cell cycle arrest in ELT3 cells.32 Satomi et al. confirmed 
that NRD triggered G1 cell cycle arrest in human hepato-
cellular carcinoma cells by increasing cytochrome-P450 
enzymes.33 As such, the underlying anticancer mechanisms 
of NRD are thought to involve cell cycle arrest,27 oxidative 
phosphorylation reduction32 and apoptosis.34 In the cur-
rent research, NRD treatment reduced the mRNA expres-
sion of cyclin-D1, CDK4 and CDK6, while it increased p21 
expression and reduced CDK1 and cyclin-B1 protein levels. 
The cell-cycle transition from the S phase to the G2/M 
phase is largely determined by the CDK1 and cyclin-B1 
complexes.9,10 Collectively, these findings suggest that 
NRD employed anti-proliferative effects in GBM cells 
by stimulating cell death through cell-cycle arrest.

The MAPKs play a central role in cell development, pro-
liferation and death. Highly conserved MAPKs in mam-
malian cells consist of  p38, ERK and JNK, which are 
stimulated via a  phosphorylation cascade.13 The  ERK 
stimulates cellular proliferation, while p38 and JNK in-
duce apoptosis.13,14 This study established that NRD can 
successfully suppress p38 MAPK phosphorylation via 

JNK- and ERK-regulated signalling pathway. Previous re-
search showed that NRD essential oil isolated from Lin-
dera erythrocarpa inhibited IκB degradation and NF-κB 
phosphorylation through MAPK phosphorylation in LPS-
stimulated macrophages.35 This study demonstrated that 
NRD showed anti-proliferative and apoptotic activity 
on U-251 cells via MAPK signaling.

Limitations

Our study highlights NRD as a pharmacological inhibi-
tor of the p38 signaling pathway in GBM cells; additional 
details of its underlying anticancer actions need to be ex-
amined in the future studies.

Conclusions

Our study revealed that NRD inhibited proliferation and 
induced apoptosis in U-251 cells. Nerolidol also induced 
apoptosis by stimulating pro-apoptotic proteins and in-
hibiting anti-apoptotic proteins. Indeed, NRD triggered 
apoptosis and cell cycle arrest via p38-MAPK stimulation. 
This pathway could be intricately linked with the antitu-
mor action of NRD in U-251 cells. Hence, NRD is a prom-
ising natural anticancer and chemopreventive agent for 
GBM. However, in vivo studies are needed to understand 
the apoptosis mechanism and cell-cycle regulation induced 
by NRD in GBM cells.

Supplementary data

The supplementary materials are available at https://
doi.org/10.5281/zenodo.8202031. The package contains 
the following files:

Supplementary Table 1. Results of normality tests as pre-
sented in Fig. 3.

Supplementary Table 2. Results of normality tests as pre-
sented in Fig. 4.

Supplementary Table 3. Results of normality tests as pre-
sented in Fig. 5.

Supplementary Table 4. Results of normality tests as pre-
sented in Fig. 6.
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Abstract
Background. Proliferative diabetic retinopathy (PDR) is a major cause of irreversible blindness in the work-
ing age population. The dysfunction of retinal vascular endothelial cells (RVECs) is the primary cause of PDR. 
Extracellular matrix (ECM) accumulation promotes intracellular signaling required for RVEC proliferation, 
migration, survival, and tube morphogenesis.

Objectives. This study aimed to investigate the role of lysyl oxidase (LOX) in the cellular function of RVECs 
and PDR pathogenesis and to identify the underlying mechanisms.

Materials and methods. Protein expression was determined with western blot. The interaction between 
LOX and elastin (ELN) was detected using a co-immunoprecipitation (Co-IP) assay, and the Cell Counting 
Kit-8 (CCK-8) assay evaluated cell viability. A colony formation assay was employed to assess the proliferation 
of human RVECs (hRVECs), and a transwell assay to determine their migration ability. Streptozotocin was 
used to establish PDR in mice in vivo. A histological analysis was conducted using hematoxylin and eosin 
(H&E) staining.

Results. The results showed that LOX was overexpressed in PDR patients. The LOX knockdown suppressed 
ECM formation and hRVEC proliferation and migration. Additionally, LOX upregulated ELN expression. However, 
overexpressed ELN promoted hRVEC proliferation and migration. In vivo experiments showed that curcumin-
mediated LOX deficiency restored retinal tissue structure.

Conclusions. The LOX-knockdown suppressed ECM formation and hRVEC proliferation and migration 
by inactivating ELN. Therefore, LOX/ELN signaling may be a potential PDR biomarker.

Key words: extracellular matrix, proliferative diabetic retinopathy, LOX, ELN
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Background

Diabetic retinopathy (DR) is a common complication 
inducing ophthalmic diseases.1 It  can be divided into 
non-proliferative DR (NPDR) and proliferative DR (PDR) 
based on the neovascularization status.2 The dysfunction 
of retinal vascular endothelial cells (RVECs) is the primary 
cause of PDR.3 Recent evidence reveals that metabolic im-
balance induced by high glucose levels promotes RVEC 
degradation and PDR pathogenesis.4–6 In recent years, 
great advances have been made in PDR treatment, such 
as anti-vascular endothelial growth factor (anti-VEGF) 
strategies.7–9 However, the mechanisms of the disease are 
still unclear. Therefore, unveiling the underlying molecular 
mechanisms may help uncover the Achilles’ heel of PDR.

Lysyl oxidase (LOX) is a copper-dependent amine oxi-
dase that catalyzes lysine-derived cross-links in collagen 
and elastin (ELN), resulting in extracellular matrix (ECM) 
reprogramming.10 The LOX plays an important role in vas-
cular diseases. For instance, LOX deficiency is  closely 
associated with cardiovascular dysfunction.11 However, 
aberrantly high levels of LOX promote angiogenesis and 
tumor metastasis.12

In ophthalmic diseases, LOX is frequently downregulated 
in keratoconus patients.13 However, LOX is overexpressed 
in PDR patients and the retinas of diabetic mice.14 Interest-
ingly, increasing evidence reports that LOX inhibition may 
be a promising strategy for PDR treatment. For instance, 
LOX knockdown protects against the development of vas-
cular lesions characteristic of DR by suppressing retinal 
vascular permeability.15 Meanwhile, β-aminopropionitrile-
mediated LOX deficiency inhibits the angiogenesis and 
migration of human umbilical vein endothelial cells.16 
However, the underlying mechanisms are still unclear.

The ECM is rich in ELN glycoprotein,17 and abnormal 
ELN expression is closely associated with vascular endo-
thelial cell (VEC) functions. For instance, idiopathic portal 
hypertension-induced overexpression of ELN in VECs in-
duces the pathogenesis of hepatoportal sclerosis.18 In eye 
disorders, ELN-mediated choroidal endothelial cell migra-
tion contributes to age-related macular degeneration.19 
Also, ELN-derived peptides (EDPs) promote the migration 
and tubulogenesis of human corneal endothelial cells.20 
However, the role of ELN in PDR has not been elucidated.

Objectives

This study aimed to investigate the role of LOX in PDR 
and uncover its underlying mechanisms. Gene levels and 
expression were determined using enzyme-linked immu-
nosorbent assay (ELISA) and western blot. The interac-
tion between LOX and ELN was investigated using a co-
immunoprecipitation (Co-IP) assay. We hypothesized that 
LOX-mediated ELN upregulation promoted the develop-
ment of PDR.

Materials and methods

Ethical approval

The  Ethical Committee of  Nantong Haimen Peo-
ple’s Hospital, China, approved the study (approval No. 
2021[07]). All patients provided informed consent.

Cell culture

Primary human RVECs (hRVECs) were purchased from 
American Type Culture Collection (ATCC; Manassas, 
USA) and cultured in Dulbecco’s modified Eagles’s me-
dium (DMEM) (Gibco, Waltham, USA) containing 10% 
fetal bovine serum (FBS) at 37°C in 5% carbon dioxide 
(CO2). Cells were exposed to high glucose (HG; 30 mmol/L 
of d-glucose) or normal glucose (NG; 5.55 mmol/L of d-
glucose) conditions.

Cell transfection

The  negative control (NC) and short hairpin LOX 
(shLOX) (GenePharma, Shanghai, China) were transfected 
using a Lipofectamine™ 2000 kit (Thermo Fisher Scien-
tific, Waltham, USA), according to the manufacturer’s 
protocol. After 48 h, cells were used in the experiments 
outlined below. The sequences of  sh ribonucleic acids 
(shRNAs) and their NCs are listed in  Supplementary 
Table 1.

Real-time quantitative polymerase 
chain reaction

Total RNA was extracted from cells or tissues using RNA 
isolation reagents and then quantified using a NanoDrop™ 
2000 spectrophotometer (Thermo Fisher Scientific). After-
ward, complementary deoxyribonucleic acid (cDNA) was 
synthesized using a PrimeScript® RT Reagent Kit (Takara, 
Shiga, Japan), according to the manufacturer’s protocols. 
Polymerase chain reaction (PCR) was performed using 
a PrimeScript real-time (RT)-PCR kit (Takara) on an ABI 
7500 Real-Time PCR system (Thermo Fisher Scientific). 
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 
served as the loading control. Relative messenger RNA 
(mRNA) levels were determined with the 2−ΔΔCq method.21 
The primers used are listed in Supplementary Table 2.

Immunofluorescence (IF)

Cells were fixed with 4% paraformaldehyde and per-
meabilized with 0.2% Triton X-100. Afterward, cells were 
blocked with 5% FBS and incubated with primary antibod-
ies against LOX (ab174316), collagen I alpha-1 (Col1A1) 
(ab138492) and Col4A1 (ab308360) (all from Abcam, Cam-
bridge, USA). Then, the cells were counterstained with 
4’,6-diamidino-2-phenylindole (DAPI) and visualized with 
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the use of an immunofluorescence microscope (Axio Im-
ager 5; Carl Zeiss, Oberkochen, Germany).

Western blot

Cells were collected and lysed with radioimmunoprecipi-
tation assay (RIPA) lysis buffer. Then, the protein was col-
lected and concentrated using a bicinchoninic acid assay 
(BCA) kit (Abcam, Cambridge, UK) according to the man-
ufacturer’s protocols. After isolation using 12% sodium 
dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-
PAGE), the protein was transferred onto a polyvinylidene 
fluoride (PVDF) membrane (Thermo Fisher Scientific). 
The membranes were blocked with 5% skimmed milk 
and then incubated with primary antibodies against LOX 
(ab221936; 1:1,000), ELN (ab307150; 1:1,000) or GAPDH 
(ab9485; 1:2,500), and goat-anti-rabbit secondary antibod-
ies (ab6721; 1:10,000) (all from Abcam). Finally, the bands 
were captured using an enhanced chemiluminescence 
(ECL) kit (Abcam).

Co-immunoprecipitation

The Co-IP was performed using the Pierce™ Classic 
Magnetic Co-IP Kit (Thermo Fisher Scientific) according 
to the manufacturer’s protocols.22 Briefly, the cells were 
lysed with IP lysis buffer and homogenized. Afterward, 
they were centrifuged at 12,000 × g, and the supernatants 
were collected. The protein was incubated with antibod-
ies against immunoglobulin G (IgG) (ab174316) or LOX 
(ab174316) (both from Abcam) and immobilized on protein 
A/G beads. The beads were then washed and microcentri-
fuged. Finally, the bands were analyzed using western blot.

Bioinformatics analysis

The genes interacting with LOX were predicted using 
Search Tool for the Retrieval of Interacting Genes/Proteins 
(STRING) database (https://cn.string-db.org).

Colony formation assay

Following transfection, the cells were transferred into 
a  96-well plate and cultured for 2  weeks. After being 
washed with phosphate-buffered saline (PBS), the cells 
were fixed in 95% ethanol and stained with 0.1% crystal 
violet. Finally, the colonies were counted under a micro-
scope (Primovert; Carl Zeiss AG).

Transwell assay

The migration assays used transwell chambers without 
a Matrigel mix coating (BD Biosciences, Franklin Lakes, 
USA). Homogeneous serum-free single-cell suspensions 
(1 × 105 cells/well) were added to the upper chambers, and 
the medium containing 10% FBS was added into the lower 

chambers and incubated for 24 h. The migratory and in-
vasive cells were fixed, stained and counted.

Propidium iodide staining

After transfection, the cells were plated onto a 24-well 
plate and treated with a propidium iodide (PI) solution 
(2 µg/mL). Finally, PI-positive cells were captured using 
a fluorescence microscope (Leica DFC9000 sCMOS; Leica 
Camera AG, Wetzlar, Germany).

Flow cytometry

After transfection, the cells were collected and cultured 
at 37°C. Then, following trypsinization, the cells were cul-
tured with Annexin-V-FITC/PI for 15 min at 37°C. Finally, 
the apoptotic cells were determined using a FACSCalibur 
flow cytometer (BD Biosciences) with FlowJo software 7.6 
(FlowJo, LLC, Ashland, USA).

Gene set enrichment database analysis

The LOX expression was analyzed using the GSE60436 
online microarray database, and the  differentially ex-
pressed genes were used for Gene Ontology (GO; https://
geneontology.org/) and Kyoto Encyclopedia of Genes and 
Genome (KEGG) analysis (https://www.kegg.jp/kegg/
mapper/).

In vivo assay

Male C57BL/6J mice (n = 18, 6–8 weeks, 18–22 g) were 
purchased from the Experimental Animal Center of Nan-
jing Medical University (Nanjing, China) and used to es-
tablish a previously described diabetic model.23 Mice were 
housed in pathogen-free cages under a 12-hour light/dark 
cycle with free access to food and water. The animals were 
randomly divided into 3 groups: sham group (n = 6), strep-
tozocin (STZ) group (n = 6) and STZ + curcumin group 
(n = 6). Mice in the sham group were intraperitoneally 
injected with 10% dimethyl sulfoxide (DMSO), while those 
in the STZ or STZ+GA groups were injected intraperitone-
ally with STZ (60 mg/kg) once a day for 5 consecutive days. 
After 4 weeks, mice were injected intraperitoneally with 
100 mg/kg/day curcumin for 4 weeks. Afterward, the ani-
mals were euthanized by sodium pentobarbital injection, 
and retinal samples were collected and stained with hema-
toxylin and eosin (H&E) for histological analysis.

Statistical analyses

Data were analyzed using GraphPad Prism 9.0 (Graph-
Pad Software, San Diego, USA). Each experiment was 
performed in triplicate. The Mann–Whitney U test was 
employed to compare differences between 2 groups, while 
the Kruskal–Wallis test followed by Dunn’s post hoc test 

https://cn.string-db.org
https://geneontology.org/
https://geneontology.org/
https://www.kegg.jp/kegg/mapper/
https://www.kegg.jp/kegg/mapper/
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were used to analyze the differences between multiple 
groups (Supplementary Table 3). Statistical significance 
was set at p < 0.05.

Results

Lysyl oxidase was upregulated 
in diabetic retinopathy

The GSE60436 database was applied to analyze the dif-
ferentially expressed genes in  DR patients. As  shown 
in Fig. 1A, 32 genes were significantly upregulated and 
39 were downregulated in DR patients. Moreover, GO and 
KEGG analysis showed that the upregulated genes were en-
riched in amino acid metabolism (Fig. 1B). To further ana-
lyze the role of these genes in DR, we divided DR patients 
into 2 subtype groups: NPDR and PDR. We found that, 

among the 35 upregulated genes, the expression of GrpE 
protein homolog 2 (GRPEL2), phosphatidylinositol bind-
ing clathrin assembly protein interacting mitotic regulator 
(PIMREG), kinesin family member 20A (KIF20A), and LOX 
increased significantly in PDR patients compared to NPDR 
patients (Fig. 1C). Among the upregulated genes in PDR, 
high levels of LOX promote the pathogenesis of PDR.14,24 
Therefore, we selected LOX for further study. Cells were ex-
posed to HG conditions to further confirm the roles of LOX 
in PDR. The results showed that LOX mRNA expression 
increased markedly in the HG group (Fig. 1D), consistent 
with the Co-immunofluorescence assay results (Fig. 1E).

Lysyl oxidase was required 
for extracellular matrix production

The LOX, a crucial ECM remodeler, is a potential ther-
apeutic target for fibrosis and cardiovascular disease. 

Fig. 2. Lysyl oxidase (LOX) is required for extracellular matrix (ECM) production. A. Collagen 1 alpha-1 (Col1A1) expression in human retinal vascular 
endothelial cells (hRVECs) was detected with immunofluorescence (IF); B. Col4A1 expression in hRVECs was detected using IF. Results were statistically 
analyzed using the Kruskal–Wallis test followed by Dunn’s post hoc test. Data were expressed as data points. The horizontal lines represent the median 
value

NG – normal glucose; HG – high glucose; **p < 0.01 compared to short hairpin negative control (shNC); *p < 0.05 compared to HG+shNC.
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Therefore, we determined the roles of LOX in the ECM and 
found that the fluorescence intensity of Col1A1 was sig-
nificantly increased after HG exposure (Fig. 2A). However, 
LOX knockdown markedly inhibited the increase in HG-
induced Col1A1 expression, and markedly reduced Col4A1 
expression (Fig. 2B). These findings suggested that LOX 
promoted ECM formation.

Lysyl oxidase promoted human retinal 
vascular endothelial cell proliferation 
and migration

Figure 3A shows the transfection efficiency of shLOX. 
The sh2 had remarkable effects and was used in the follow-
ing experiment. The LOX knockdown markedly suppressed 
the increased cell viability induced by HG (Fig. 3B). More-
over, the LOX knockdown significantly inhibited hRVEC 
colony formation (Fig. 3C). Transwell assays showed that 
HG-induced hRVEC migration was dampened by LOX 
knockdown (Fig. 3D). Whether it could induce hRVEC 
death required further verification, with cellular func-
tions determined using PI and flow cytometry. The results 
showed that HG and/or LOX knockdown had no significant 
impact on hRVEC death (Fig. 3E and Supplementary Fig. 1), 
suggesting that LOX is required for promoting hRVEC 
morbidity.

Lysyl oxidase upregulated elastin

The STRING database was used to analyze the genes 
interacting with LOX (Fig. 4A). We found that LOX in-
teracted with fibronectin 1 (FN1), matrix metallopro-
teinase 2 (MMP2) and ELN. The ELN encodes proteins 
enriched in hydrophobic amino acids such as glycine and 

proline. Therefore, we speculated that LOX may participate 
in amino acid metabolism via ELN upregulation. The Co-
IP assay confirmed the interaction between LOX and ELN 
(Fig. 4B). Moreover, LOX knockdown decreased ELN pro-
tein expression, which was reversed by ELN overexpression 
(Fig. 4C).

Overexpressed elastin promoted human 
retinal endothelial cell proliferation 
and migration

Rescue assays were performed to verify the role of ELN 
in PDR. The experiments were conducted using cells ex-
posed to HG conditions. The ELN mRNA expression was 
significantly increased by ELN overexpression plasmids 
(Fig. 5A), suggesting that the cells were successfully trans-
fected. Overexpressed ELN markedly increased hRVEC vi-
ability (Fig. 5B). Moreover, overexpressed ELN significantly 
increased hRVEC colony formation (Fig. 5C). Additionally, 
ELN overexpression remarkably increased hRVEC migra-
tion ability (Fig. 5D). 

Curcumin alleviated proliferative diabetic 
retinopathy in vivo

The GeneCards online database (https://www.genecards. 
org) was used to choose drugs approved for LOX. Among 
the approved drugs, acetylsalicylic acid (aspirin) increases 
cardiovascular vitality, and bleomycin and cisplatin are 
used for cancer therapy, with outstanding side effects, such 
as vascular malformation. Therefore, we chose curcumin 
to induce LOX deficiency in vivo. As shown in Fig. 6A, 
the  layers of  retinal tissues were loose and irregular 
in the STZ group. Moreover, the number of ganglion cells 

Fig. 4. Lysyl oxidase (LOX) upregulates elastin (ELN). A. The genes interacting with LOX were predicted using Search Tool for the Retrieval of Interacting 
Genes/Proteins (STRING) database; B. The interaction between ELN and LOX was verified with co-immunoprecipitation (Co-IP) assay; C. ELN protein 
expression was determined with western blot (n = 3)

IgG – immunoglobulin G; GAPDH – glyceraldehyde-3-phosphate dehydrogenase; shNC – short hairpin negative control.

https://www.genecards.org
https://www.genecards.org
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Fig. 5. Overexpressed 
elastin (ELN) promoted 
human retinal vascular 
endothelial cell 
(hRVEC) proliferation 
and migration. 
A. ELN messenger 
ribonucleic acid 
(mRNA) expression 
in hRVECs was 
detected using real-
time quantitative 
polymerase chain 
reaction (qPCR); B. Cell 
viability was detected 
using Cell Counting 
Kit-8 (CCK-8) assay; 
C. Cell proliferation 
determined with 
colony formation 
assay (CFA; ×40 
magnification); D. Cell 
migration detected 
using transwell assay 
(×100 magnification) 
(n = 3). Results were 
statistically analyzed 
using the Kruskal–
Wallis test followed 
by Dunn’s post hoc 
test or a Mann–
Whitney U test. Data 
were expressed as data 
points. The horizontal 
lines represent 
the median value

**p < 0.01 compared 
to short hairpin 
negative control 
(shNC) or vector; 
*p < 0.05 compared 
to sh2+vector.
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was reduced, and the ganglion cell layer displayed obvi-
ous vacuolar degeneration. Additionally, LOX, Col1A1, 
Col4A1, and ELN expression significantly decreased after 
curcumin injection (Fig. 6B–E).

Discussion

In this study, LOX was overexpressed in PDR patients. 
The LOX deficiency markedly suppressed ECM formation 
and hRVEC proliferation and migration, and alleviated 
PDR in vivo. Furthermore, LOX upregulated ELN, thereby 
promoting hRVEC proliferation and migration.

The  LOX is  often abnormally expressed in  ophthal-
mic diseases.12–14 For instance, HG-induced upregu-
lation of  LOX promotes monolayer permeability and 
compromises barrier functional integrity.25 Moreover, 
the overexpression of LOX is associated with PDR and 
rhegmatogenous retinal detachment.14 Therefore, LOX 
may promote the pathogenesis of ophthalmic diseases. 

Increasing evidence demonstrates that LOX inhibition us-
ing specific shRNAs or LOX inhibitors may be a promising 
PDR treatment strategy.14,15 In this study, the expression 
of LOX was increased in PDR patients, suggesting that LOX 
may play a positive role in PDR development. However, 
LOX knockdown markedly suppressed ECM formation 
and hRVEC proliferation and migration, suggesting that 
LOX deficiency mediated hRVEC morbidity inhibition and 
may be a promising strategy for PDR therapy.

The pathogenesis of DR is  influenced by ECM capil-
lary basement membrane alterations,26 which may in-
duce changes in the characteristics of the endothelium.27 
The ECM accumulation promotes intracellular signaling 
required for cell proliferation, migration, survival, and tube 
morphogenesis.28,29 As an ECM constituent, ELN is a key 
gene modulating endothelial cell functions via stiff sub-
strate and stenotic phenotype regulation.30 However, ELN 
mutation or abnormal expression contributes to polypoi-
dal choroidal vasculopathy.31 In this study, LOX-mediated 
ELN upregulation promoted ECM synthesis and enhanced 

Fig. 6. Curcumin alleviated proliferative diabetic retinopathy (PDR) in vivo. A. Histological analysis was performed using hematoxylin and eosin (H&E) 
staining; B. Lysyl oxidase (LOX) expression in mice determined with real-time quantitative polymerase chain reaction (qPCR); C. Col1A1 expression in mice 
determined with qPCR; D. Col4 expression in mice determined with qPCR; E. ELN expression in mice determined with qPCR. Results were statistically 
analyzed using the Kruskal–Wallis test followed by Dunn’s post hoc test. Data were expressed as data points. The horizontal lines represent the median 
value

**p < 0.01 compared to sham; *p < 0.05 compared to streptozocin (STZ).
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hRVEC proliferation and migration. Therefore, LOX/ELN 
signaling may be a therapeutic target for PDR.

Curcumin is a natural compound widely used in the treat-
ment of retinal diseases.32 For instance, curcumin sup-
presses the release of pro-inflammatory cytokines and al-
leviates DR.33 Moreover, it inhibits the development of PDR 
by inactivating vascular endothelial growth factor (VEGF).34 
These findings suggest that curcumin, with anti-inflam-
matory, anti-oxidant and anti-angiogenic effects, has ben-
eficial effects in DR treatment. Moreover, curcumin sup-
presses the accumulation of pro-inflammatory cytokines 
and alleviates retinal inflammatory injury, contributing 
to decreased endothelial cell permeability and pathological 
angiogenesis, which is frequently found in the late stages 
of DR and PDR.35,36 Furthermore, curcumin represses 
ECM-receptor interactions in the diabetic retina.37 In this 
study, curcumin treatment improved the retinal structure 
and suppressed endothelial cell permeability, suggesting 
that curcumin-mediated LOX deficiency may be a promis-
ing strategy for PDR treatment.

Limitations

Due to the limitations of the experimental conditions, 
future studies should assess the role of LOX in PDR pa-
tients. As a collagen cross-linking enzyme, LOX regulates 
cellular functions by inducing metabolic reprogramming, 
such as glycolysis and amino acid metabolism; whether 
LOX-mediated collagen formation and cell proliferation 
and migration by inducing metabolic reprogramming re-
quires further study.

Conclusions

In conclusion, the overexpression of LOX was associated 
with PDR development. The LOX deficiency suppressed 
ECM formation and hRVEC proliferation and migration 
by inactivating ELN (see the graphical abstract). Therefore, 
LOX/ELN may be a novel therapeutic target for PDR.

Supplementary data
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doi.org/10.5281/zenodo.8202183. The package includes 
the following files:

Supplementary Fig. 1. The apoptosis rates of hRVECs.
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Abstract
Background. The number and diversity of published peer-reviewed studies in the discipline of laser dentistry 
have grown considerably during the past 10 years.

Objectives. Within primary research, the development of protocols to guide and formulate clinical practice 
demands precision and ease of reproducibility. Errors in data acquisition and management may become am-
plified as the applied randomized clinical trials (RCTs) forge new levels of clinical diversity and predictability 
in the use of laser photonic energy in both ablative (surgical) and sub-ablative (photobiomodulation (PBM) 
or photodynamic therapy (PDT)) applications.

Materials and methods. A comprehensive range of empirical and computational operating parameters 
must be included in published studies to facilitate the uniformity of power- and time-related values of laser 
irradiation.

Results. Choosing the correct “tissue irradiation parameters” is difficult and depends on the pathology and 
symptoms, the surface area to be treated, laser wavelength, the thermal relaxation time of each targeted 
tissue, and controlling penetration depth of the light into tissues. Therefore, to allow the reproducibility 
of the results, it  is recommended that authors mention with the greatest care and clarity the irradiation 
parameters used in their study.

Conclusions. This paper outlines the concerns felt regarding the general shortfalls and proposes a minimum 
range of laser operating parameters that should be represented in future peer-reviewed publications.

Key words: dentistry, laser, operating parameter, photobiomodulation, surgery
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Background

Laser use in the disciplines of clinical dentistry, oral sur-
gery and oral medicine has developed over a period of more 
than 30 years. During this time, from a rudimentary base 
of non-awareness of the scientific processes involved and 
the  scope of  possible applications, the  knowledge and 
understanding of lasers have grown and benefitted from 
structured research, postgraduate courses and qualifica-
tions. Both the sophistication and scope of using laser 
photonic energy have increased significantly, to the extent 
that lasers can be incorporated to benefit almost all areas 
of patient-centered clinical dentistry.

Research into laser-assisted therapies has reinforced 
the importance of “tissue irradiation parameters” to maxi-
mize the benefits of applied coherent, monochromatic light 
energy to a given procedure while minimizing the risk 
of conversion of excessive energy into heat and consequent 
collateral thermal damage.

However, broad scrutiny of peer-reviewed published stud-
ies and reviews has highlighted the range of disparity when 
examining the combination of applied laser techniques and 
the amount of photonic energy delivered. The latter may 
be viewed as either photon density delivered to complete 
the chosen clinical procedure or the energy applied over 
a chosen timeframe as part of the tissue healing phase. 
Collectively, this may be considered as the “light dose”, 
representing energy density (also known as fluence or radi-
ant exposure) or power density (also known as irradiation).

Collectively, it may be argued that this disparity has 
contributed to confusion as to the effectiveness and ben-
efits of adjunctive laser therapy. Additionally, the incon-
sistent nature of outcomes has resulted in  the  leading 
opinions of representative bodies as to the unsuitability 
of laser-assisted clinical therapy, which has been further 
compounded by the lack of clarity regarding the optimal 
dosage and frequency of laser therapy. It is notable that 
2 periodontal and endodontic representative organizations 
have issued a series of position papers on the subject.1,2

An example of the uncertainty as to the success of lasers 
in dentistry was published in the 1991 paper by Zakariasen 
and Dederich,3 who summarized in the article abstract 
as follows:

“Laser dentistry must be developed through extensive 
scientific inquiry –  as  all of  our treatment modalities 
should be. We, as a profession, must insist that such laser 
development is done properly, not foisted upon us based 
on anecdotal reports and incomplete research.”

Central to the overall progress of evidence-based research 
should be clear and disciplined adherence to the principles 
of probity and reproducibility of the published studies. 
A  common failing is  amplified through the  predomi-
nance of incomplete systematic reviews wherein so often, 
the concluding statement is “more studies are needed”.

The use of lasers in clinical dentistry represents a highly 
complex form of irradiation, with anisotropic hard and 

soft oral and dental structures in close proximity to non-
target sites. The key to successful and efficient laser use, 
whether surgical or non-surgical, is to achieve optimal 
target absorption with an adequate “light dose” to support 
the treatment objective. Therefore, the fundamental issue 
in the safe delivery of laser photonics remains the adop-
tion of the acronym MIMO – minimum input to achieve 
maximum outcome.

Objectives

Laser therapies are effective, and their benefits are based 
on the principle of inducing a biological response through 
energy transfer.4,5  This applies to both surgical (ablative) 
therapy and sub-ablative photobiomodulation (PBM) 
or antimicrobial photodynamic therapy (aPDT).

Selecting the optimal “tissue irradiation parameters” 
is a challenging task. The choice is influenced by several 
factors, including the pathology and symptoms, the surface 
area to be treated, the laser wavelength, the thermal relax-
ation time of each targeted tissue, and the depth of light 
penetration into the tissues.6,7

Additional factors related to irradiation parameters may 
be viewed as:

–  “Single, instantaneous” dose;
–  “Cumulative” dose – repetition of single dose events 

over time/gated – continuous wave (CW) or free-running 
pulsed (FRP) emission mode [Hz];

–  2-dimensional dose: fluence/energy density/radiant 
exposure [J/cm2];

–  2-dimensional dose: Power density –  irradiance 
[W/cm2];

–  3-dimension (volume) dose: fluence/energy density/
radiant exposure [J/cm3];

–  3-dimensional dose: power density –  irradiation 
[W/cm3];

–  Total energy delivered [J].
The  consequence of  such appreciation is  to  en-

able the chosen laser parameters to be employed, and 
to avoid the disadvantage of excessive and possibly del-
eterious thermal increases and resultant collateral tissue 
damage.

Whether the intended use of a laser is diagnostics, sub-
ablative PBM/aPDT or supra-ablative target tissue manipu-
lation, 3 essential elements require careful consideration:

(1) the correct or appropriate laser wavelength;
(2) the correct or appropriate light delivery parameters, 

and
(3) the appropriate thermal relaxation process management.
However, the parameters selected will represent the main-

stay of  competency on  the  part of  clinicians.8 Failure 
to observe such parameters may result in unwanted and 
damaging collateral thermal rises, but also a  change 
in the optical properties of the target tissue that may in-
deed alter the optimal desired laser–tissue interaction. 
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A common characteristic of many studies to research fur-
ther the phenomenon of laser-assisted uneventful healing 
has highlighted the lack of availability of full laser operat-
ing parameters. Additional errors amounting to significant 
power losses along optic delivery fibers may compromise 
study validity.9 This contributes to imprecise replication 
of the treatment modality and protocol, with an atten-
dant risk of patient harm or limitation of the effectiveness 
of the applied treatment. Thus, the use of a power meter 
to calibrate the delivered laser beam seems essential for 
future research study publications.

Discussion

A further consideration is the delivery of PBM ther-
apy to pathology located below the surface. Fortunately, 
within the confines of the oral and maxillofacial regions, 
the maximum depth from any surface – skin or intraoral 
mucosa – is in the region of 10 mm (1.0 cm). The applied 
surface dose must be computed to account for 2 basic 
variables, the applied wavelength and the optical prop-
erties of  the  overlying tissue. In  addition, the  nature 
of the therapy required (biostimulation/analgesia/bio-
inhibition) must be taken into account.5,10 This is sum-
marized in Table 1.

Incomplete materials and methods and the specific lack 
of a record of using a power meter to confirm the delivered 
laser photonic dose (relative to the control panel values) 
are very important considerations. A series of recent sys-
tematic reviews have highlighted the absence of compre-
hensive operating parameters and laser-tissue interaction 
data. It is proposed that these deficiencies have contributed 
to a distorted evaluation of lasers as an evidence-based ad-
junctive instrument. Therefore, to allow the reproducibility 
of the results, it is recommended that the authors mention 
with the greatest care and clarity the irradiation parameters 
used in the study: effective output power delivered [W], en-
ergy [J], beam diameter at the target tissue [cm], energy den-
sity [J/cm2], pulse duration [s], repetitive rate of pulses per 
second [Hz], the total irradiation time [s], contact or non-
contact mode, distance from the tip to the target, the angle 
of beam divergence when using a fiber [°], the beam di-
ameter at the focal point in cases using beam focalization 
from an articulated delivery system, and the treated surface 
area [cm2]. In case of repetition of the same procedure, 
clear enumeration of the number of sessions per week and 
the total number of sessions is essential. This is summa-
rized in Table 2. The recording of full operating parameters 
relative to the anatomical location will seek to readdress 
the challenge of study reproducibility and assist in the har-
monization of the laser–tissue interaction.

Table 1. Basic laser emission and interactive parameters applied within submission guidelines for peer-reviewed publication. There are greater influences 
of extended light dose errors with PBM compared to similar errors with surgical laser operating power values4

Laser emission and interactive parameters

Type of study: RCT Sample size/groups/control/randomization Blinding (single/double blinding)

Laser used, emission wavelength [nm] Delivery system fiber, waveguide, articulated arm Gaussian/flat top beam x-section

Emission mode (CW, gated-CW, FRP) Power meter used and output calibrated Mean, median, max/min power [W]

Target tissue/lesion dimensions [mm]/target 
tissue depth [mm]

Tip to tissue distance [mm]
Beam divergence angle [°]

Irradiated spot size [cm2]

Energy density (fluence/radiant exposure) [J/cm2] Irradiation/power density/irradiance [W/cm2] Total energy delivered [J]

Irradiation PBM therapy time [s] Irradiation frequency (n × days) Tip movement/area covered (mm/area)

PBM – photobiomodulation; RCT – randomized controlled trial; CW – continous wave; FRP – free-running pulse.

Table 2. World Federation of Laser Dentistry (WFLD) guidelines: Operative laser emission and interactive parameters applied within submission guidelines 
for peer-reviewed publication. Full parameter disclosure may differ according to laser type, delivery and emission mode

WFLD guidelines on laser operating parameters for submission of peer-reviewed publications

Laser make/model and laser 
wavelength (λ) [nm]

Technique employed: (contact/non-
contact; static/scanning) 

Energy density [J/cm2] (fluence) 
at surface

Repetitive rate of pulses 
per second [Hz]

Coaxial adjuncts water (%/mL/min) 
air (%/mL/min)

Estimated target size and 
approximate depth

Estimated energy density [J/cm2] 
(fluence) at depth

Total number of treatment sessions

Emission mode
(CW, gated-CW, FRP)

Diameter of optic delivery probe/
spot size

Gaussian/flat top

Estimated power density 
(irradiation) [W/cm2] at surface

Treatment frequency/repetition

Fiber initiation (as required) Optical spot size at target [cm]
Estimated power density 

(irradiation) [W/cm2] at depth
Total energy delivered [J]

Beam divergence angle (fiber 
in non-contact use)

Approximate treatment time [s]
Effective output power [W]: Verified 
and calibrated using power meter

Laser safety – controlled area, 
eyewear, test fire

CW – continous wave; FRP – free-running pulse.



S. Parker et al. Parameters of laser-tissue interaction656

Limitations

In summary of the above, there are 3 categories of laser 
parameters:

–  “Fixed” parameters relate to the machine being used 
and are set by the laser manufacturer;

–  “Adjustable” parameters relate to the capacity of the op-
erator to adjust power output, frequency, time, etc.; and

–  “Calculated” parameters relate to the product of 2 
or more parameters, to confer specificity of the actual 
photonic “light” dose.

It is of little importance to report fixed parameters, other 
than laser make, wavelength and emission mode. Con-
versely, the recording of both adjustable and computed 
values, consistent with entries in Table 2, will develop 
a context for the evaluation of outcomes and the repro-
ducibility of the study by later workers.

Conclusions

The impact and extent of incompletely recording laser 
operating parameters have been investigated. Recommen-
dations have been made as to the adoption of full disclosure 
as part of submission guidelines for research presented 
through the World Federation of Laser Dentistry (WFLD). 
It  is difficult to fully estimate the delay in the progress 
of laser dentistry due to the consequences of the (possibly 
inadvertent) lack of standardization in operational data 
and techniques. Equally, it is of relevance to acknowledge 
the contagion effect of poorly designed or  incomplete 
data studies that are referenced in successive studies, of-
ten by the same group of researchers. There must be a re-
sponsibility on the part of peer-reviewed scientific journals 
to ensure full reproduction of the techniques and operating 
parameters. This may be achievable through the comple-
tion of a “tick box” declaration on the part of the authors. 
Additionally, it is worthy of consideration, when human 
in vivo studies are proposed, for full parameter disclosure 
to be included in the ethical approval application. Through 
a concerted effort to maintain the highest standards of rep-
resentation of evidence-based laser dentistry, it is hoped 
that the extensive range of laser-adjunctive therapies may 
be confidently explored.

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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