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Abstract
Over 48 million cases of sepsis and 11 million sepsis-related deaths were reported in 2017, making it one 
of the leading causes of mortality. This meta-analysis compared mortality risk among patients with sepsis 
or septic shock and associated hypoglycemia or euglycemia on admission by searching for observational 
studies in PubMed, Embase and Scopus databases. The eligible studies included patients with sepsis and/
or severe sepsis/septic shock and compared mortality rates between those with hypoglycemia on admis-
sion and those who were euglycemic. A stratified analysis based on sepsis or severe sepsis/septic shock 
and diabetes on admission included 14 studies. Patients with hypoglycemia had a significantly higher 
risk of in-hospital mortality and mortality during the 1st month after discharge. In addition, hypoglycemic 
patients with sepsis had a slightly increased risk of in-hospital mortality, but no increase in the mortality 
risk was observed within 1 month of follow-up. However, in patients with severe sepsis and/or septic shock, 
hypoglycemia was associated with a higher risk of both in-hospital mortality and mortality during 1 month 
of follow-up. In patients with diabetes, hypoglycemia was not associated with an increased risk of in-hospital 
mortality or mortality within 1 month of follow-up. Patients with sepsis or severe sepsis/septic shock and 
hypoglycemia had an increased mortality risk, and the association was stronger in cases of severe sepsis/septic 
shock. Hypoglycemia in diabetic patients did not correlate with increased mortality risk. Careful monitoring 
of blood glucose in sepsis and/or severe sepsis/septic shock patients is required.

Key words: sepsis, severe sepsis, septic shock, blood glucose, hypoglycemia, mortality, meta-analysis

Meta-analysis
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Introduction

Over 48  million cases of  sepsis and 11  million sep-
sis-related deaths were reported in 2017, making it one 
of  the  leading causes of mortality.1 Data from Europe, 
North America and Australia show that 30-day and 90-day 
mortality rates due to sepsis were 25% and 32%, respec-
tively.2 The highest sepsis burden and related mortality 
were found in Sub-Saharan Africa and Southeast Asia.1

Due to changes in endocrinal metabolism, patients with 
sepsis and/or septic shock have fluctuations in blood glucose 
levels that negatively impact the internal milieu and worsen 
their clinical condition.3,4 Sepsis is associated with higher 
levels of oxidative stress and the secretion of interleukin (IL)-1, 
IL-6 and tumor necrosis factor alpha (TNF-α) by inflamma-
tory cells. This, in turn, damages pancreatic β-cells,3–5 affects 
the production of insulin, and leads to a state of stress hyper-
glycemia.5 Hyperglycemia may result in several complications, 
such as increased predisposition to infections, oxidative stress 
and increased mortality risk.6,7 However, studies have also 
indicated that patients with sepsis and/or septic shock are 
at an increased risk of hypoglycemia,5,8 though its mechanisms 
are still unclear. Some studies suggest that the increased uti-
lization of peripheral glucose, depletion of glycogen reserves, 
reduction in gluconeogenesis, and a comparatively decreased 
nutrient supply may play a role in sepsis-induced hypogly-
cemia.5,9,10 Another crucial contributor could be the strict 
measures for blood glucose control in such patients.11

The effect of hypoglycemia on the survival of patients 
with sepsis is still unclear. Although studies have examined 
the impact of hypoglycemia on the mortality of these pa-
tients, only a few have summarized the available data.12,13 
A meta-analysis by Wang et al. pooled findings from 5 stud-
ies and found increased mortality in patients with decreased 
blood glucose levels.12 Recently, several new studies pro-
vided updated clinical evidence, and these findings should 
also be considered.

Objectives

The primary objective of this meta-analysis was to syn-
thesize evidence from available studies to estimate the risk 
of mortality in patients with sepsis and/or septic shock and 
associated hypoglycemia at the time of hospital admission.

Materials and methods

Database search and strategy

We searched PubMed, Embase and Scopus databases for 
English-language papers published until April 30, 2022, 
using the following key words: (“hypoglycaemia” OR “hy-
poglycemia” OR “low blood glucose” OR “low blood sugar”) 
AND (“sepsis” OR “severe sepsis” OR “septic shock” OR 

“septicemia”) AND (“mortality” OR “death” OR “survival”). 
We based our review on Preferred Reporting Items for 
Systematic Reviews and Meta-Analyses (PRISMA) guide-
lines,14 and the paper was registered at PROSPERO with 
the number CRD42022336895.

Study selection criteria and process

Observational studies with either retrospective or pro-
spective designs concerning subjects with sepsis and/
or severe sepsis/septic shock were considered. Further-
more, the analyzed studies had to compare the mortal-
ity risk among patients with hypoglycemia or euglycemia 
at the time of hospital admission. We excluded case re-
ports and review articles, as well as studies that did not 
have the exposure of interest (blood glucose assessment 
at the time of admission) or did not compare the risk of mor-
tality between hypoglycemic and euglycemic patients.

After removing duplicates, the list of potentially eligible 
studies was screened by 2 independent reviewers following 
pre-defined inclusion and exclusion criteria. The articles 
that met the inclusion criteria were subject to a full-text 
assessment. Any disagreements between the 2 reviewers 
were resolved by discussion. The bibliography of the in-
cluded studies was thoroughly screened for additional rel-
evant publications. The study selection process is shown 
in Fig. 1.

Data extraction and statistical analysis

We used a pretest data extraction sheet to fill in rel-
evant data from the included studies. The data extrac-
tion process was carried out independently by 2 authors. 
The quality of the studies was assessed using the Newcas-
tle-Ottawa Quality Assessment Scale for observational 
studies.15 Statistical analysis employed STATA software 
v. 16.0 (StataCorp LLC, College Station, USA). The pooled 
effect sizes and 95% confidence intervals (95% CIs) were 
reported as odds ratios (ORs). The selection of  the fi-
nal analytical model was based on the observed I2 value 
(used to denote the degree of heterogeneity). We used 
a random effects model for outcomes with I2 > 40%, and 
a fixed effects model was used for I2 ≤ 40%.16 Egger’s test 
assessed publication bias.17 Wherever reported, we con-
sidered a p-value of  less than 0.05 to denote statistical 
significance. We used the method reported by Chyou 
to calculate the p-value for the reported pooled effect 
sizes in the meta-analysis.18 First, we calculated the stan-
dardized z statistic using the following formula: z = (b/sb), 
where b = log (OR) and sb = ln (upper confidence limit/
OR)/1.96. Second, we derived p-values corresponding 
to the obtained z-statistic and reported the z-statistic 
and its corresponding p-value in the results. A subgroup 
analysis based on the clinical condition studied, i.e., sep-
sis or severe sepsis/septic shock, as well as the presence 
or absence of diabetes on admission, was also carried out.
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Results

A total of 14 studies were selected for this meta-analy-
sis.19–32 The specific details of the included studies are sum-
marized in Table 1. All studies were observational, including 
12 retrospective and 2 prospective in design. Three studies 

were conducted in Japan and Australia. Two studies were 
from Taiwan and the USA, and China, Uganda and South 
Korea conducted 1 study each. Eight studies included patients 
with severe sepsis and/or septic shock, and 6 included pa-
tients with sepsis. There was a difference in the operational 
definition adopted for the classification of hypoglycemia 

Fig. 1. The selection process 
of the studies included 
in the review

Records identified through database searching
(n = 685)

Total search results after exclusion of duplicates
(n = 601)

Titles and abstract screened
(n = 601)

Excluded during title and abstract screening
(n = 572)

Full-text articles assessed
for eligibility

(n = 29)

Studies included in meta-analysis
(n = 14)

Excluded during full text review (n = 15) 
Exposure not of interest (e.g., use  
of glucocorticoids, exogenous glutamine,
selenium deficiency): 4
Did not assess outcome based 
on presence or absence of hypoglycemia: 2 
Review article/guideline reports: 6
Animal model studies: 3
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Table 1. Characteristics of the studies included in the meta-analysis

Author, year, 
reference

Study 
design Country Characteristics of the participants

Operational 
definition for 

hypoglycemia

Sample 
size

Outcome (mortality) 
(hypoglycemia compared 

to euglycemia)

Furukawa et al. 
(2019)19

retro-
spective

Japan
patients included in the study had sepsis; 
mean age: 74 years; males: 61%; infection 

focus (pneumonitis: 53%; pyelonephritis: 16%)

blood glucose 
on admission: 

<80 mg/dL
336

in-hospital: OR: 3.50 
(95% CI: 1.78–6.94)

Mitsuyama 
et al. (2022)20

retro-
spective

Japan

patients included in the study had sepsis; 
median age: 71 years; males: 63%; infection 
focus (lung: 38%; abdomen: 23%; skin and 

soft tissue: 17%); pre-existing diabetes: 26%, 
hypertension: 34%

blood glucose 
on admission: 

≤70 mg/dL
265

day 28: OR: 12.18 
(95% CI: 4.35–34.2)

Wei et al. 
(2021)21

retro-
spective

China

patients included in the study had sepsis; 
mean age: approx. 65 years; males: 55%; 

hypertension: 30%, chronic heart disease: 
10%, chronic kidney disease: 13%

blood glucose 
on admission: 

<70 mg/dL
2948

day 30: OR: 1.91 
(95% CI: 1.35–2.72);

with diabetes on admission, 
day 30: OR: 1.40 

(95% CI: 0.86–2.29)
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Author, year, 
reference

Study 
design Country Characteristics of the participants

Operational 
definition for 

hypoglycemia

Sample 
size

Outcome (mortality) 
(hypoglycemia compared 

to euglycemia)

Chan et al. 
(2016)22

retro-
spective

Taiwan

patients included in the study had severe 
sepsis; median age: approx. 74 years; males: 
79%; primary reason for sepsis (pneumonia: 

83%); mean APACHE II score: 27

blood glucose 
on admission: 

<80 mg/dL
127

in-hospital: OR: 3.60 
(95% CI: 1.24–10.50)

day 14: OR: 6.81 
(95% CI: 2.43–19.1)

with diabetes on admission, 
day 14: OR: 0.70 

(95% CI: 0.10–4.87)

Schuetz et al. 
(2011)23

prospec-
tive

USA

majority of patients included in the study had 
sepsis (57.5%); mean age: 59 years; males: 
49%; white race: 70%; associated diabetes: 

24%; associated prior congestive heart failure: 
10%

blood glucose 
on admission: 
<100 mg/dL

7754

in-hospital: OR: 1.09 
(95% CI: 1.03–1.14)

with diabetes on admission, 
in-hospital: OR: 2.30 
(95% CI: 1.61–3.30)

Ssekitoleko 
et al. (2011)24

prospec-
tive

Uganda

patients included in the study had severe 
sepsis; mean age: approx. 35 years; males: 

46%; bacteremia/fungemia present in 21%; 
HIV-positive: 83%

blood glucose 
on admission: 

<80 mg/dL
418

in-hospital: OR: 1.60 
(95% CI: 0.92–2.78)

Park et al. 
(2012)25

retro-
spective

South 
Korea

patients included in the study had septic 
shock (around 60%); mean age: approx. 

70 years; males: 53%; associated diabetes: 
33%: insulin therapy: 70%; bacteremia/

fungemia present in 21%; HIV-positive: 83%

blood glucose 
on admission: 

<40 mg/dL
313

in-hospital: OR: 6.37 
(95% CI: 2.31–17.55)

day 30: OR: 5.30 
(95% CI: 2.04–13.78)

1 year: OR: 6.48 
(95% CI: 1.89–22.21)

Magee et al. 
(2018)26

retro-
spective

Australia

patients included in the study with sepsis; 
mean age: approx. 66 years; males: 56%; 

associated chronic renal failure: 6%; 
immunosuppression: 9%; APACHE III mean 

score: approx. 66

blood glucose 
on admission: 
<120 mg/dL

90,644

in-hospital: OR: 0.99 
(95% CI: 0.95–1.04)

with diabetes on admission, 
in-hospital: OR: 1.71 
(95% CI: 1.36–2.14)

Kushimoto 
et al. (2020)27

retro-
spective

Japan

majority of patients included in the study had 
severe sepsis/septic shock; mean age: approx. 

73 years; males: 60%; mean BMI: 22 kg/m2; 
associated diabetes: 23%; site of infection 

(lung: 31%, abdomen: 26%)

blood glucose 
on admission: 

<70 mg/dL
1158

in-hospital: OR: 2.06 
(95% CI: 1.22–3.50)

day 28: OR: 2.37 
(95% CI: 1.38–4.08)

with diabetes on admission, 
in-hospital: OR: 1.71 
(95% CI: 0.51–5.72)

Chao et al. 
(2017)28

retro-
spective

Taiwan

patients included in the study had sepsis; 
median age: approx. 66 years; males: 54%; 
associated diabetes: 58%; chronic kidney 

disease: 12%

blood glucose 
on admission: 
≤100 mg/dL

6165

in-hospital: OR: 1.39 
(95% CI: 1.08–1.78)

with diabetes on admission, 
in-hospital: OR: 0.74 
(95% CI: 0.59–0.93)

Bagshaw et al. 
(2009)29

retro-
spective

Australia
majority of patients included in the study had 
severe sepsis/septic shock; mean age: approx. 

65 years; males: 59%

blood glucose 
on admission: 

<72 mg/dL
66,184

in-hospital: OR: 1.60 
(95% CI: 1.40–1.80)

Liang and Ty 
(2018)30

retro-
spective

USA

patients included in the study had severe 
sepsis and/or septic shock; age >18 years; 

patients with DKA or hyperosmolar 
hyperglycemic state were excluded from 

the study

blood glucose 
on admission: 
<140 mg/dL

150
in-hospital: OR: 0.65 
(95% CI: 0.29–1.46)

Shahab et al. 
(2011)31

retro-
spective

no data 
provided

patients included in the study had severe 
sepsis and/or septic shock; patients with DKA 

and/or hyperosmolar nonketotic comma 
were excluded from the study

blood glucose 
on admission: 
<150 mg/dL

115
in-hospital: OR: 1.08 
(95% CI: 0.48–2.45)

Tiruvoipati 
et al. (2013)32

retro-
spective

Australia

patients included in the study had severe 
sepsis and/or septic shock; mean age: 

67 years; males: 50%; mean APACHE III score: 
75; 16% with associated chronic renal failure 

and 20% with diabetes mellitus

blood glucose 
on admission: 
≤124 mg/dL

297
in-hospital: OR: 1.20 
(95% CI: 0.64–2.23)

APACHE II – Acute Physiology and Chronic Health Evaluation II; HIV – human immunodeficiency virus; DKA – diabetic ketoacidosis; OR – odds ratio; 
95% CI – 95% confidence interval; BMI – body mass index.

Table 1. Characteristics of the studies included in the meta-analysis – cont.
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in the included studies. Supplementary Tables 2 and 3 sum-
marize the findings of the quality assessment of the 14 in-
cluded studies. All studies were of moderate to good quality.

Hypoglycemia and mortality risk

The pooled findings suggested an increased risk of in-
hospital mortality (OR = 1.40, 95% CI: 1.18–1.65, I2 = 88.2%, 
n = 12, z-statistic = 4.25, p = 0.0001) and mortality within 
1 month of hospital discharge (OR = 4.01, 95% CI: 2.11–
7.65, I2 = 76.7%, n = 5, z-statistic = 4.21, p = 0.0001) among 
patients with hypoglycemia compared to patients with 
euglycemia (Fig. 2). There was no evidence of publication 
bias (p > 0.05) for mortality outcomes at either timepoint 
(Supplementary Table 3).

Analysis based on the presence of sepsis 
or severe sepsis/septic shock

In patients with sepsis, hypoglycemia was not signifi-
cantly correlated with a higher risk of in-hospital mor-
tality (OR = 1.15, 95% CI: 1.00–1.32, I2 = 88.1%, n = 4, 
z-statistic = 1.99, p = 0.05) or with an increased risk for 
mortality within 1 month of follow-up (OR = 4.52, 95% CI: 
0.74–27.7, I2 = 91.0%, n = 2, z-statistic = 1.64, p = 0.10), 
compared to euglycemic patients (Fig. 3). In patients with 
severe sepsis and/or septic shock, hypoglycemia was asso-
ciated with a significantly higher risk of in-hospital mor-
tality (OR = 1.64, 95% CI: 1.20–2.25, I2 = 58.1%, n = 8, 
z-statistic = 3.06, p = 0.002) and mortality within 1 month 
of follow-up (OR = 3.94, 95% CI: 1.96–7.89, I2 = 53.2%, 
n = 3, z-statistic = 3.88, p = 0.0001) (Fig. 4), with no evi-
dent publication bias (p > 0.05) (Supplementary Table 3).

Analysis of patients with diabetes 
at the time of admission

In  patients who were diabetic at  the  time of  admis-
sion, hypoglycemia did not correlate with increased in-
hospital mortality risk (OR = 1.45, 95% CI: 0.79–2.66, 
I2 = 92.3%, n = 4, z-statistic = 1.19, p = 0.23) or mortality 
within 1 month of follow-up (OR = 1.34, 95% CI: 0.84–2.16, 
I2 = 0.0%, n = 2, z-statistic = 1.16, p = 0.25) (Fig. 5), with no 
evident publication bias (p > 0.05) for any of these 2 out-
comes (Supplementary Table 3).

Discussion

The findings of the current review showed a higher mor-
tality risk in patients with hypoglycemia, and this risk was 
predominant in patients with severe sepsis and/or septic 
shock. However, hypoglycemia was not associated with 
a higher mortality risk in patients with pre-existing diabe-
tes. These findings are consistent with a previous review 
by Wang et al., where a similar association of hypogly-
cemia with mortality was noted (OR = 1.68).12 Similarly, 
the association between mortality and hyperglycemia 
was stronger in patients with severe sepsis/septic shock 
(OR = 1.98).

Previous studies showed that patients with severe in-
fection/sepsis usually have elevated blood glucose levels 
(stress hyperglycemia) due to the enhanced release of glu-
cocorticoids, epinephrine and norepinephrine.33–35 These 
higher glucose levels may lead to an inflammatory state, 
endothelial cell dysfunction, oxidative stress, and immuno-
suppression.34–36 Studies have also noted an increased risk 

Fig. 2. Mortality risk in patients with sepsis or severe sepsis/septic 
shock and associated hypoglycemia, compared to those with 
euglycemia at the time of admission

OR – odds ratio; 95% CI – 95% confidence interval.
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of mortality in patients with hyperglycemia and associated 
sepsis.6,7,37 However, there is also a possible risk of hypo-
glycemia due to either strict glycemic control strategies 
or the upregulation of cytokines that increase the utiliza-
tion of peripheral blood glucose and downregulate glu-
coneogenesis.5,8–11 Additionally, the metabolic rate in pa-
tients with sepsis is higher, which may lead to excessive 
glucose consumption and glycogen reserve depletion.5,38,39 
Another vital pathway through which hypoglycemia may 
occur in patients with sepsis is the inhibition of the pro-
secretory effects of adrenocorticotropic hormone (ACTH) 
on adrenal cortisol production,39,40 leading to corticoste-
roid insufficiency.39,40

Hypoglycemia may lead to  the  activation of  sym-
pathoadrenal mechanisms, abnormal cardiac repo-
larization, dysregulation of  hemostatic mechanisms 
such as accelerated thrombogenesis and vasoconstric-
tion, and elevated levels of  inflammatory cytokines.41 
All of  these processes could worsen the outcome for 
patients with sepsis. The higher mortality risk, espe-
cially in patients with severe sepsis/septic shock, could 
be due to increased glycemic variability, as documented 
in some studies.42,43 The current meta-analysis found 
no significant association between hypoglycemia and 
mortality among diabetic patients, which is contrary 
to the findings of a meta-analysis by Wang et al. showing 

Fig. 4. Mortality risk in patients with severe sepsis/septic shock and 
associated hypoglycemia, compared to those with euglycemia 
at the time of admission

OR – odds ratio; 95% CI – 95% confidence interval.

Fig. 3. Mortality risk in patients with sepsis and 
associated hypoglycemia, compared to those 
with euglycemia at the time of admission

OR – odds ratio; 95% CI – 95% confidence 
interval.
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that hypoglycemia (defined as  a  blood glucose level 
of  <145  mg/dL) correlated with increased mortality 
risk in patients with diabetes and associated sepsis.13 
The authors suggested that this could be due to the rela-
tive intolerance in diabetic subjects to hypoglycemic 
episodes.12,23 The noted difference in the findings could 
be partially explained by  the difference in  the cutoff 
level defining hypoglycemia. Most studies included 
in the current meta-analysis adopted a comparatively 
lower cutoff level. These contrasting findings under-
score the complex nature of  the  interactions between 
blood glucose levels and adverse clinical outcomes 
among patients with pre-existing diabetes and call for 
more research on this issue.

Limitations

Our study had some limitations. First, all included 
studies were observational, meaning that a causal rela-
tionship could not be established between hypoglycemia 
and mortality. Furthermore, there is a possibility that 
crucial variables and confounders were not adjusted for, 
or data on these variables were not collected. Second, 
there was a high heterogeneity in  the  findings, which 
could be due to  the differences in methodologies and 
variation in the participant characteristics. The included 
studies used various blood sugar cutoff values for hypo-
glycemia, and there were differences in the operational 
definitions adopted for sepsis. We conducted our analysis 
using a random effects model to partly address the high 
heterogeneity.

Conclusions

Our findings indicate that hypoglycemia might correlate 
with increased mortality risk in sepsis and/or severe sep-
sis/septic shock patients. Therefore, monitoring of blood 
glucose in these patients may be required. We noted that 
different blood sugar cutoff values were used to label hy-
poglycemia for both euglycemic and diabetic patients. 
It is important to develop harmonized diagnostic criteria 
that are reliable and practical enough to be implemented 
routinely in order to avoid such heterogeneity. Such criteria 
need to be updated when new evidence becomes available, 
with new developments necessitating changes in the crite-
ria for sepsis informed by findings from prospectively con-
ducted studies. More research is needed to clarify the link 
between low blood glucose levels and the mortality risk 
in sepsis patients with diabetes.

Supplementary data

The supplementary materials are available at https://
doi.org/10.5281/zenodo.7967501. The package contains 
the following files:

Supplementary Table 1. Authors’ judgements about study 
quality using the adapted Newcastle-Ottawa risk of bias 
assessment tool.

Supplementary Table 2. Authors’ judgements about study 
quality using the adapted Newcastle-Ottawa risk of bias 
assessment tool.

Supplementary Table 3. Results of  Egger’s test for 
the outcomes.

Fig. 5. Mortality risk in diabetic subjects with 
associated hypoglycemia, compared to those with 
euglycemia on admission

OR – odds ratio; 95% CI – 95% confidence interval.
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Abstract
Background. Intra-arterial chemotherapy (IAC) is considered a unique technique for retinoblastoma (Rb) 
management and has widespread applicability as a first-line or second-line treatment due to the high globe 
survival rates.

Objectives. This meta-analysis aimed to assess the efficacy of IAC approach among patients with Rb.

Materials and methods. This study outlined the most recent research on IAC effectiveness in Rb treat-
ment. We carried out a systematic search for published papers examining IAC treatment among patients with 
Rb using electronic search engines, including Embase, Web of Science (WoS), PubMed, OVID, and Google 
Scholar, until October 2021.

Results. This meta-analysis included 39 observational studies with 2604 treated eyes and 3112 individuals 
who were eligible for inclusion. Enucleation rates varied from 0% to 43.7% in the chosen trials, with an odds 
ratio (OR) of 0.52 (95% confidence interval (95% CI): 0.41–0.66, p < 0.0001). A range of 30–100% was 
reported for globe salvage across 27 investigations involving 2310 eyes. The estimated OR of globe salvage 
was 2.41, with 95% CI of 1.6–3.63 and a p-value <0.0001. The combined total effect sizes and the death 
rate for the proportion of cases with metastatic Rb were as follows: OR = 0.03 (95% CI: 0.03–0.03) and 
OR = 0.05 (95% CI: 0.04–0.05, p < 0.0001), respectively.

Conclusions. Retrospective trials have shown that intra-arterial-based therapy for Rb is an effective choice. 
Intra-arterial chemotherapy also reduced enucleation and metastasis incidence rates. The paucity of evidence 
in the literature necessitates further high-level studies.

Key words: metastases, retinoblastoma, globe salvage
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Background

Retinoblastoma (Rb) is  an  intra-ocular cancer that 
mainly affects young people throughout the world and 
carries life-threatening consequences. This type of cancer 
was identified in about 8000 patients globally.1 A systemic 
delivery of intravenous chemotherapy (IVC) was the stan-
dard care approach that achieved encouraging results in Rb 
using laser adjunctive therapy and cryotherapy, while ad-
vanced Rb cases showed modest outcomes with IVC.

Since the development of intra-arterial chemotherapy 
(IAC), the direct intra-arterial delivery of chemotherapy has 
become the standard of care for salvage therapy at numer-
ous tertiary ocular facilities globally.2 This method assisted 
in the treatment of advanced Rb cases that would have 
otherwise been enucleated.1,3 Before the emergence of IAC, 
enucleation was performed in around 80% of advanced Rb 
cases classified as group D or E, according to the Inter-
national Classification of Retinoblastoma (ICRB) group.4

Compared to intravenously delivered systemic chemother-
apy, IAC has achieved higher levels of chemotherapy in tumor 
tissue and better outcomes. The systemic chemotherapeu-
tic adverse effects of ototoxicity and neurotoxicity were re-
duced by IAC treatment.5 Furthermore, IAC can be delivered 
in 1 day, and the tumor can be controlled with 2 to 3 sessions.

Intra-arterial chemotherapy is beneficial as second-line 
therapy in refractory Rb that leads to improved globe sal-
vage of eyes that would have otherwise been enucleated. 
However, patient selection and the procedure’s complica-
tions have raised many concerns. Intra-arterial chemo-
therapy is an invasive therapeutic method necessitating 
an experienced team with multiple specialties, including 
a neurosurgeon, an interventional radiologist and a pedi-
atric oncologist. In addition, IAC requires specialized cen-
ters and advanced techniques. However, through proper 
application in professional hands, the advantages of IAC 
outweigh its drawbacks.6,7

Although IAC has demonstrated superior efficacy 
in terms of global salvage rates, the metastasis incidence 
rate among Rb patients treated with IAC remains un-
known. In 2016, Yousef et al. conducted a systematic review 
of the evidence for IAC use in Rb treatment.8 Since then, 
several studies have been carried out. However, most pa-
tient cohort reports using comparative data were of insuf-
ficient quality, and differences in sample sizes led to chal-
lenging critical evaluation of problems and outcomes.9

Objectives

To assess the current research and update the existing 
evidence on the clinical effectiveness of IAC in patients 
with Rb, particularly those with advanced disease, we set 
out to review the studies conducted to date. The informa-
tion provided by this meta-analysis is expected to help 
doctors in their clinical work.

Materials and methods

The  current investigation was conducted according 
to the predetermined procedure based on the Meta-anal-
ysis of Observational Studies in Epidemiology (MOOSE) 
protocol.

Search strategy

Following the treatment of Rb with IAC, eligible trials 
assessed a minimum of one of the following outcomes: 
enucleation rate, metastatic incidence, globe salvage, 
or mortality. Studies describing the results of combined 
IAC and intravitreal treatment (IVT) were also included.

We considered research studies published in all lan-
guages and conducted in humans. The inclusion was not 
restricted by study size. Editorials, irrelevant research 
studies and review articles were all eliminated. The study 
search procedure is depicted in Table 1. The following 
criteria were met by the studies included in this meta-
analysis: 1) well-designed prospective and retrospective 
studies; 2) studies that targeted Rb patients; 3) IAC therapy 
was the interventional procedure; 4) results of IAC therapy, 
either alone or in conjunction with IVT, were included 
in the investigation.

The exclusion criteria were as follows: 1) case reports, 
editorials, review articles, abstracts only, and research with 
a limited sample size (less than 10 subjects); 2) studies with 
missing or incomplete data and different outcomes other 
than the outcomes of interest; 3) studies performed with 
aims other than examining IAC outcomes in Rb; 4) study 
articles with therapeutic procedures other than IAC.

Identification

As shown in Table 1, we first conducted a search us-
ing a combination of MeSH terms and keywords related 
to IAC and Rb in electronic databases, including Embase, 
PubMed, Google Scholar, OVID, and the Cochrane Li-
brary, up until October 2021. After omitting duplicates, 
the retrieved papers were compiled into a  single End-
Note file. We examined the titles and abstracts to rule 
out the articles that did not discuss how IAC affected pa-
tients with Rb, enucleation rates, globe salvage, metastasis 
rate, or mortality. The collected studies were examined for 
pertinent information.

Screening

The first author’s name, time frame, location, publica-
tion year, target patients, research procedure, number 
of subjects, demographics, and applicable clinical treat-
ment features were all summarized in a predesigned form, 
as shown in Fig. 1. The assessment period was also related 
to the statistical analysis of odds ratios (ORs) with 95% 
confidence intervals (95% CIs) regarding relationships, 
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information resources, outcome assessment, and quanti-
tative and qualitative review methodologies. Two authors 
independently evaluated the non-randomized controlled 
trials for study quality.

Information was gathered independently by 2 authors 
to determine if a study met the inclusion criteria. In case 
of a dispute, the corresponding author made the final deci-
sion. Data were individually extracted if there was variation 
in the data obtained from one of the trials. Two authors 
independently assessed procedural quality to determine 
the degree of bias in the retrieved studies.

The risk of bias

The  Cochrane risk-of-bias tool was used to  assess 
bias risk and procedural quality (RoB 2; Cochrane 

Collaboration, London, UK).10 Following data extraction, 
the authors evaluated the quality of  the eligible stud-
ies according to  the Cochrane Collaboration criteria. 
The risk of bias was assessed as low, moderate or high. 
The bias risk was evaluated based on the randomization 
technique, blinding of  the outcome assessment, miss-
ing data, and selective reporting. Any inconsistencies 
or disputes were addressed by re-examining the original 
publication.

Statistical analysis

The  estimated ORs and 95% CIs were calculated. 
We also calculated the I2 index, which was predicted 
to  be between 0% and 100%. The  I2 index values 
of roughly 0% were evaluated as negligible heterogene-
ity, while those over 25% were perceived as minimal 
heterogeneity, with 50% and 75% indicating moderate 
and high heterogeneity, respectively.11 In order to ascer-
tain the correct model to be used, we analyzed the main 
discrepancies and similarities between the  studies, 
including the effect size, discrepancies in the popula-
tion characteristics, number of  IAC sessions, follow-
up duration, and methods. Based on the discrepancy 
assessment, all analyses used a random effects model. 
The stratification of studies per result category was per-
formed for the subgroup analysis. A value of p < 0.05 
indicated statistical significance for differences between 
the assessed outcomes in the analyzed studies. The Eg-
ger’s regression test for quantitative bias assessment 
was performed (bias was present if p ≤ 0.05) and funnel 
plots were used to qualitatively assess bias. The calcu-
lated p-values were two-sided. All measurements and 
graphs were created using Reviewer Manager (RevMan) 
software v. 5.3 (The Nordic Cochrane Centre Inc., Co-
penhagen, Denmark).

Fig. 1. Predesigned form for data extraction

Study title/ ID

Author’s name/ year

Time frame

Target population 
(number and characteristics) 

Country/settings

Study design and intervention 
description 

Language

Number of eyes treated

Follow-up duration

Outcome assessed

Chemotherapy used

Analysis method/instruments

Results

Quality assessment

Comments

Table 1. Search strategy for each database

Database Search strategy

PubMed
#1	 “intra-arterial“ [MeSH Terms] OR ”chemosurgery procedures” [All Fields] OR ”retinoblsatoma” [All Fields]
#2	 “enucleation“ [MeSH Terms] OR “globe salvage” [All Fields] OR “metastasis” [All Fields] OR “mortality” [All Fields]
#3	 #1 AND #2

Embase
#1	 ‘intra-arterial chemotherapy’/exp OR ‘chemosurgery procedures’/exp OR ‘retinoblastoma’/exp
#2	 ‘enucleation’/exp OR ‘ICBG’/exp OR ‘globe salvage’/exp OR ‘metastasis’/exp OR ‘mortality’/exp
#3	 #1 AND #2

Cochrane Library

#1	 (intra-arterial chemotherapy):ti,ab;kw OR (chemosurgery procedures):ti,ab;kw OR (retinoblastoma):ti,ab;kw (Word variations 
have been searched)

#2	 (enucleation):ti,ab;kw OR (globe salvage):ti,ab;kw OR (metastasis):ti,ab;kw OR (mortality):ti,ab;kw (Word variations have been 
searched)

#3	 #1 AND #2

OVID
#1	 “intra-arterial chemotherapy” OR “chemosurgery procedures” [All Fields] OR “retinoblastoma” [All Fields]
#2	 “enucleation” OR “globe salvage“ [All Fields] OR “metastasis” [All Fields] OR “mortality” [All Fields]
#3	 #1 AND #2

Google Scholar
#1	 “intra-arterial chemotherapy” OR “chemosurgery procedures” OR “retinoblastoma”
#2	 “enucleation“ OR “globe salvage” OR “metastasis” OR “mortality”
#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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Results

Characteristics of the included studies

Initial search engine results identified 614 potential ar-
ticles (Fig. 2). Thirty-nine articles3,12–49 published up until 
2021 met the meta-analysis inclusion criteria after full-text 
evaluation and review. A total of 2604 eyes were treated 
in the included studies. Only 4 studies were prospective, 

while most were retrospective (n  =  35). The  number 
of participants with Rb in the trials ranged from 10 to 500 
at the beginning of the study. The chemotherapeutic drugs 
used included carboplatin, melphalan and topotecan. In-
dications for IAC were reported in all trials among Rb 
patients. Table 2 provides a summary of the major char-
acteristics of the included research.

Enucleation rate

Nineteen studies explicitly assessed the  enucleation 
rate with IAC. The rate of enucleation ranged from 0% 
to 43.7%, with the highest rate (>50%) reported by Hua 
et al. in 2018.39 The estimated total pooled OR of enucle-
ation rates was 0.53 (95% CI: 0.42–0.65, p < 0.001) with 
a  considerably high level of  heterogeneity (I2  =  98%), 
as shown in Fig. 3.

Globe salvage

The globe salvage rate was reported in 27 investiga-
tions of 2310 treated eyes and ranged from 30% to 100%. 
The overall percentage of Rb patients who underwent 
IAC treatment was 76.4%. With substantial heterogene-
ity (I2 = 90%), the calculated overall OR for globe salvage 
was 2.05 (95% CI: 1.62–2.60, p < 0.001), as shown in Fig. 4. Fig. 2. Flowchart of the study search strategy

Identification 
614 studies on initial 

database search 

Screening 
541 studies after the 
removal of duplicates 

Exclusion 
502 studies were excluded 

– Review articles/conference 
abstracts/case reports 

– Outcomes not adequately 
reported/missing data 

Eligibility 
39 studies were eligible 

for the meta-analysis

Table 2. The main characteristics of the included studies

Author’s name, 
publication year

Region, study 
design

Treated 
eyes, n

Unilateral eye 
disease, %

Age [months], 
median (range)

Sessions, 
median (range)

Follow-up duration 
[months], median 

(range)

Chemotherapeutic 
agent

Abramson et al. 
(2010)12

USA, 
prospective

28 82 11 (3–88) 3.2 (1–6) 15 (3–37)
topotecan, melphalan, 

carboplatin

Gobin (2011)13 USA, 
retrospective

91 – – – 13
melphalan, topotecan, 

carboplatin, methotrexate

Munier et al. 
(2011)14

Switzerland, 
retrospective

13 – – – 7 melphalan

Peterson et al. 
(2011)15

USA, 
retrospective

17 38 18 (9–32) 1.4 (1–2) 8.6 (3–12) melphalan (7.5 mg)

Suzuki et al. 
(2011)16

Japan, 
retrospective

408 39 – 3.7 (1–18) 79 (58) melphalan

Marr et al. (2012)17 USA, 
retrospective

26 4 18 (0–62) 2.3 (1–4) 14 (1–43)
topotecan, carboplatin, 

melphalan

Muen et al. 
(2012)18

UK, 
prospective

15 NA 17 (11–150) 1–3 9 (3–16) melphalan

Thampi et al. 
(2013)19

USA, 
retrospective

20 38 15 (7–63) NA 15 (1–29) melphalan

Venturi et al. 
(2013)20

Italy, 
retrospective

41 – – – 13 melphalan

Ghassemi et al. 
(2014)21

Iran, 
retrospective

24 58 39 (14–120) NA 17 (3–36) topotecan + melphalan

Shields et al. 
(2014)22

USA, 
retrospective

70 63 20 (4–392) 3 (1–6) –
melphalan + topotecan + 

carboplatin

Taich et al. (2014)23 Argentina, 
retrospective

27 – – – 11.7
melphalan and 

topotecan

Parareda et al. 
(2014)24

Spain, 
prospective

12 73 21 (7–51) 2.6 (1–5) 29.5 (6–57) melphalan (3–5 mg)
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Author’s name, 
publication year

Region, study 
design

Treated 
eyes, n

Unilateral eye 
disease, %

Age [months], 
median (range)

Sessions, 
median (range)

Follow-up duration 
[months], median 

(range)

Chemotherapeutic 
agent

Akyüz et al. 
(2015)25

Turkey, 
retrospective 

56 – – – 11.9 melphalan

Ong et al. (2015)26 Taiwan, 
retrospective

17 42 18 (2–50) 3 (1–6) 22 (5–43) –

Abramson et al. 
(2016)27

USA, 
retrospective

120 – – – 36
melphalan, topotecan, 

carboplatin, 
methotrexate

Chen et al. (2016)28 China, 
retrospective

13 – – 2.6 (2–4) 28 (9–65)
melphalan, topotecan, 

carboplatin

Leal-Leal et al. 
(2016)29

Mexico, 
prospective

11 100 22.6 (12–36) – 14.3 (1.8–28)
melphalan (4 mg), 
topotecan (1 mg)

Michaels et al. 
(2016)30

USA, 
retrospective

19 88 29 (5–192) – – melphalan or topotecan

Tuncer et al. 
(2016)31

Turkey, 
retrospective

24 77 NA – 29 (6–55) melphalan

Chen et al. (2017)32 China, 
retrospective

107 33 20 (4–95) 3.1 (2–5) 9.1 (1–26)
melphalan (0.5 mg/kg), 

topotecan (1 mg)

Fabian et al. 
(2017)33

UK, 
retrospective

64 33 11 (0.6–144) 55 (11–156) 38.7 melphalan

Munier et al. 
(2017)34

Switzerland, 
retrospective

25 100 33.5 ±25.9 – – melphalan (2.8–7.5 mg)

Reddy et al. 
(2017)35

UK, 
retrospective

9 – – – – melphalan, topotecan

Rishi et al. (2017)36 India, 
retrospective

10 20 26 (11–59) 3.8 (3–5) 21 melphalan, topotecan

Francis et al. 
(2018)37

USA, 
retrospective

436 38 13.4 (0.1–195) – 26.5 (0–119.7)
melphalan, topotecan, 

carboplatin

Funes et al. 
(2018)38

Argentina, 
retrospective

97 – – 4 (1–14) 48.7 (12–79) carboplatin

Hua et al. (2018)39 China, 
retrospective

84 65 16 (4–96) – 14.2 (3–28) melphalan, topotecan

Kiratli et al. 
(2018)40

Turkey, 
retrospective

30 – – 2.6 4.0 (1–16) melphalan, topotecan

Rojanaporn et al. 
(2019)41

Thailand, 
retrospective

27 – – – 32
melphalan, topotecan, 

carboplatin

Yassa et al. (2019)3 Egypt, 
retrospective

30 – – – 14.2 (6–20) melphalan

Liu et al. (2020)42 Malaysia, 
retrospective 

14 – – – 17
melphalan, topotecan, 

carboplatin

Batu Oto et al. 
(2020)43

Turkey, 
retrospective

21 – – – – melphalan

Rishi et al. (2020)44 India, 
retrospective

24 – – – 28.6 melphalan, topotecan

González et al. 
(2021)45

Colombia, 
retrospective

100 39 8.70 (4.53–18.55) – 29 (16–59) melphalan + topotecan

Linde and Mustak 
(2021)46

South Africa, 
retrospective

25 – – – 47 melphalan + topotecan

Oporto et al. 
(2021)47

Chile, 
retrospective

35 – – – 36.5 melphalan, topotecan

Shields et al. 
(2021)48

USA, 
retrospective

341 – – – –
melphalan, topotecan, 

carboplatin

Li et al. (2022)49 China, 
retrospective

73 – – – 7
melphalan, topotecan, 

carboplatin

NA – not applicable.

Table 2. The main characteristics of the included studies – cont.
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Fig. 4. Forest plot of the overall estimated effect sizes of globe salvage

OR – odds ratio; 95% CI – 95% confidence interval; SE – standard error; df – degrees of freedom.

Fig. 3. Forest plot of the overall estimated effect sizes of enucleation rate

OR – odds ratio; 95% CI – 95% confidence interval; SE – standard error; df – degrees of freedom.
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Metastasis rate

According to 7 studies, the metastasis rate was 2.4%. 
The total impact size of the proportion of metastatic disease 
had an OR = 0.04 (95% CI: 0.02–0.06, p < 0.001). The esti-
mated heterogeneity was 61% (Fig. 5).

Mortality rate

Nine studies with a total population of 1896 patients 
reported the mortality rate. The estimated overall mor-
tality rate was 1.3%. The pooled mortality rate effect size 
had an OR = 0.05 (95% CI: 0.04–0.05, p < 0.001) with a low 
level of heterogeneity (I2 = 39%) (Fig. 6).

There were no adjustments for age, ethnicity or gen-
der because none of  the  studies accounted for these 
factors.

Publication bias

There was no evidence of  publication bias as  shown 
by the symmetrical funnel plots (Fig. 7), where the vertical line 

represented the summary of the estimated effect size. More-
over, Egger’s test did not detect significant publication bias, 
and the estimated p-values for Fig. 7 were 0.317, 0.294, 0.527, 
and 0.461. Despite this, most studies included in this meta-
analysis had low procedural quality because of the limited size 
of the study populations. None of the research studies had 
a selective bias in reporting or inadequate data on outcomes.

Discussion

Most cancer patients, including those with Rb, are 
treated with systemic chemotherapy, which has a high fre-
quency of treatment-related adverse effects.50 Yamane et al. 
published the first study on targeted intra-arterial oph-
thalmic chemotherapy for Rb patients in 2004.51 Despite 
the difficulties with small blood vessel catheterization, 
IAC has emerged as the first alternative to Rb treatment, 
with broad applicability around the globe. Before IAC, 
around 80% of Rb cases eventually required to be enucle-
ated to minimize hematogenous tumor dissemination and 
central nervous system involvement.52

Fig. 6. Forest plot of the overall estimated effect sizes of mortality rate

OR – odds ratio; 95% CI – 95% confidence interval; SE – standard error; df – degrees of freedom.

Fig. 5. Forest plot of the overall estimated effect sizes of metastasis

OR – odds ratio; 95% CI – 95% confidence interval; SE – standard error; df – degrees of freedom.
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The current meta-analysis comprised 39 papers that 
assessed the key outcomes and complications of IAC for 
subjects with Rb. We conducted this study to provide up-
dated evidence on the utility and effectiveness of the IAC 
technique by including recent trials that adopted diverse 
medications for Rb treatment. This study revealed a sig-
nificantly improved enucleation rate after IAC in Rb pa-
tients. The clinical benefits of IAC in globe conservation 
were reported in several research articles. In the present 
meta-analysis, the estimated overall globe salvage with 
IAC was 76.4%, which is in accordance with the rates ob-
served by Yousef et al. in their systematic review of 12 
articles.8

According to our findings, the overall metastasis rate 
was estimated to be 2.4%, which is comparable to the es-
timations of  2.1% from the  pooled analysis of  Yousef 
et al.8 Moreover, Chen et al. showed that patients with 
advanced Rb had a  2.7% overall metastasis rate with 
IAC.53 The likelihood of metastatic eye disease is greatly 
increased by the presence of histopathologic risk factors. 
In nations with well-developed hospital facilities, this risk 
significantly decreases to less than 10%.54

Most adverse effects reported after IVC use would ef-
fectively disappear with symptomatic treatments. Rational 
use of IVC is crucial to minimize adverse events. Many 

systemic and ocular problems have been observed as a re-
sult of the high doses of chemotherapy used to treat eyes, 
despite the potential therapeutic efficacy, and the high rates 
of globe salvage achieved with IAC. The most frequently 
reported ocular problems were eyelid edema, retinal 
ischemia, retinal detachment (in around 25% of patients), 
vitreous hemorrhages, and retina atrophy. Clinical con-
sequences that are temporary and typically self-limiting 
include retinal detachment and hemorrhages, though they 
may have long-term consequences and endanger vision, 
unlike ischemic attacks. Thus, long-term follow-up is rec-
ommended to assess vision. Moreover, IAC-related vascu-
lar injuries can be reduced through angiographic analysis 
and precise micro-catheter placement. Neutropenia and 
fever were among the commonly observed systemic side 
effects, with bronchospasm present in about 10% of cases, 
which required bronchodilators for its management.9,54

Kaliki et al. classified metastasis as a high risk in pa-
tients with a 4% mortality rate and a low risk in Rb pa-
tients with 0% mortality.55,56 Besides, metastasis incidence 
rate and secondary malignancies among patients with 
heritable Rb are higher than in non-heritable Rb patients. 
Sarcoma, leukemia, melanoma, and brain cancers are 
the most commonly reported secondary malignancies. 
Recurrent radiotherapy and melphalan use with IAC have 

Fig. 7. Funnel plots for qualitative assessment of publication bias. A. Enucleation rate; B. Globe salvage; C. Metastasis rate; D. Mortality rate

OR – odds ratio; SE – standard error.
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been associated with mutations and resulted in secondary 
malignancies. Regarding IVC, carboplatin and etopo-
side have been linked with an increased risk of second-
ary malignancies. However, the total drug dose received 
also plays an important role and needs to be considered 
when assessing secondary malignancy risk. Moreover, 
most of the reported cases of metastasis and secondary 
malignancies received radiotherapy either previously 
or concomitant to chemotherapy. Therefore, radiotherapy 
could be the reason for secondary malignancy rather than 
the chemotherapy used.

Limitations

There are some limitations to the current meta-analysis. 
First, it lacks any high-level randomized controlled trials 
and is based primarily on retrospective data. Second, few 
studies assessed disease progression and survival rates 
following IAC. Third, there was significant heterogeneity 
seen in the published results; and fourth, there was limited 
stratification of Rb patients according to disease severity 
factors such as tumor size, vitreous tumor or sub-retinal 
fluid seeds, and prior treatment.

Conclusions

In summary, retrospective trials have shown that in-
tra-arterial-based therapy is an effective alternative for 
treating Rb. This method also reduced enucleation and 
metastasis rates; however, the paucity of evidence in the lit-
erature necessitates further high-level randomized con-
trolled studies.
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Abstract
Current research on the effects of glyceryl trinitrate (GTN) on the lowering of elevated blood pressure (BP) 
among patients with acute intracerebral hemorrhage (AIH) has not been highly emphasized. The aim of this 
meta-analysis is to examine the effects of GTN in patients with acute stroke. The lowering of BP was the pri-
mary outcome measure in patients treated with GTN compared to no-GTN treatment. A meta-analysis was 
performed to evaluate the efficacy of GTN in lowering BPs and analyze the outcomes of GTN treatment. 
Appropriate articles were searched using PubMed, Taylor & Francis Online, Cochrane, Scopus, ScienceDirect, 
Wiley Online Library, and Springer, with the use of appropriate keywords as per the Preferred Reporting 
Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines. Out of 13 articles eligible for this 
study, 7 studies qualified for the meta-analysis by meeting the inclusion criteria. The PRISMA guidelines 
and the recommendations of Cochrane Collaboration were followed when conducting this meta-analysis. 
After subgroup analysis, differences between patients treated with GTN and without GTN were analyzed. 
The lowering of BP resulted in improved functional outcomes in patients treated with GTN. This meta-analysis 
showed differences between the 2 groups, with a risk ratio (RR) of 1.01 (95% confidence interval (95% CI): 
0.92–10.07, p = 0.30, I2 = 18%). There was a significant improvement in outcome measures in patients 
treated with GTN by lowering elevated BP after acute stroke. 

Key words: randomized controlled trials, acute stroke, elevated blood pressure, improved functional out-
comes
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Introduction

Acute intracerebral hemorrhage (AIH) is a common 
subtype of hemorrhage. It is estimated to occur annually 
at a rate of 16 per 100,000 individuals worldwide.1 However, 
research on whether the rapid lowering of blood pressure 
(BP) in patients with AIH improves the outcomes is still 
ongoing. Anderson et al. conducted a study on the rapid 
lowering of BP, which indicated no significant reductions 
in severe disabilities and mortality rate in patients.2 How-
ever, intensive lowering of BP improved the functional out-
comes. A clinical trial suggested that the risk of hematoma 
enlargement may be increased due to elevated BP. However, 
lowering BP below 150 mm Hg might help reduce the risk 
of hematoma.3 The volume of the hematoma is the main 
predictor of 30-day mortality and poor functional out-
comes.4 The  association between the  baseline volume 
of the hematoma and oral anticoagulation has not been 
clarified. Some of the studies show an increased baseline 
volume,5,6 while others7,8 do not show any increase.

Transdermal glyceryl nitrate (TGN), one of the nitric 
oxide donors, is a candidate for the treatment of intrace-
rebral hemorrhage (ICH). This agent can lower BP without 
causing any changes in cerebral blood flow. Moreover, no 
undesirable outcomes were reported regarding platelet 
function. In acute stroke patients, TGN did not cause re-
duction in mortality rate at 90 days. The treatment with 
TGN benefited patients who were randomized within 6 h 
of stroke onset.9 Pre-hospital treatment with glyceryl trini-
trate (GTN) resulted in worse outcomes in patients with 
AIH. In addition, time-by-treatment interaction was re-
lated to the negative effects of GTN if it was administered 
in patients randomized within 1 h of stroke onset. How-
ever, patients randomized within more than 2 h benefited 
from the treatment. Therefore, non-perfusion therapies 
should not be initiated at an earlier ultra-acute phase, be-
cause the brain is stunned, fragile and cannot respond well 
to the active modulation from external interventions.10

This systematic review and meta-analysis aimed to ex-
amine recent data in  order to  determine the  efficacy 
of GTN for treating AIH patients. In the literature, the ef-
fects of time-by-treatment interaction from GTN have 

been studied in AIH patients in comparison to a placebo 
or control group. A recent review article found that GTN 
improved outcomes if it was administered within 2–6 h 
of stroke onset.11 However, no meta-analyses regarding 
the safety of lowering elevated BP in ultra-acute stroke pa-
tients have been performed. Therefore, this meta-analysis 
investigates the efficacy of lowering the elevated systolic 
BP (SBP) using GTN and no GTN in patients with acute 
stroke.

Objectives

The objective of  this study is  to examine the effects 
of GTN in patients with acute stroke.

Materials and methods

Design

Preferred Reporting Items for Systematic Reviews and 
Meta-Analyses (PRISMA) guidelines12 and the recommen-
dations of Cochrane Collaboration13 were followed when 
conducting this meta-analysis.

Inclusion and exclusion criteria

The inclusion criteria were as follows: 1) research articles 
focusing on GTN treatment in AIH; 2) studies including 
patients aged ≥18 years; and 3) studies published in English 
until February 10, 2023.

The exclusion criteria included 1) editorials, letters and 
commentaries; and 2)  duplicate research articles with 
the same study population.

Search strategy

To perform an electronic search, PRISMA guidelines for 
a systematic review were followed, and PubMed, Taylor & 
Francis Online, Cochrane, Scopus, ScienceDirect, Wiley 
Online Library, and Springer databases were additionally 

Table 1. Database search strategy

Database Keywords

PubMed
(glyceryl trinitrate (title/abstract)) OR (trinitroglycerin (title/abstract)) OR ((nitroglycerine (title/abstract)) AND (intracerebral 

hemorrhage (title/abstract))) OR (stroke (title/abstract))

Taylor & Francis Online “hemorrhage” OR “intracerebral hemorrhage” AND “glyceryl nitrate (GTN)” OR “transdermal glyceryl nitrate (TGN)”

Cochrane
“glyceryl trinitrate” (title, abstract, keyword) AND “acute intracerebral hemorrhage” (title, abstract, keyword) OR “acute 

ischemic stroke” (title, abstract, keyword) OR “blood pressure” (title, abstract, keyword)

Scopus “glyceryl trinitrate, acute intracerebral hemorrhage, acute ischemic stroke” OR “blood pressure”

ScienceDirect “glyceryl trinitrate for acute intracerebral hemorrhage”

Wiley Online Library “glyceryl trinitrate” (anywhere) AND “acute intracerebral hemorrhage” (anywhere) AND “acute ischemic stroke” (anywhere)

Springer “glyceryl” AND “trinitrate” AND “for” AND “acute” AND “intracerebral” AND “hemorrhage”
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searched to identify controlled trials that compared the ef-
fects of GTN with non-GTN medications (Table 1). Titles, 
abstracts and full-text articles were sequentially reviewed 
(Fig. 1). The quality of the included studies was assessed 
using the COCHRANE manual.13

Study selection

Endnote™ X9 (Clarivate, London, UK), a referencing 
package, was used to manage the references of research 
articles. After the removal of duplicates, 2 authors (QT 
and XS) independently performed the selection of re-
search articles in 2 phases. Abstracts and titles of the ar-
ticles were evaluated in order to exclude irrelevant studies. 
In the next phase, full-text research articles were assessed 
in detail. 

Data extraction

Data from the eligible studies were independently ex-
tracted, including study ID or reference (first author and 
publication year), study design, and population, interven-
tion, comparison, outcomes and study (PICOS) criteria-
based information (Table 2).

Quality assessment

The Newcastle–Ottawa Scale (NOS)14 has been jointly 
developed by the University of Newcastle (Australia) and 
the University of Ottawa (Canada). The scale is widely 
used to  assess the  quality of  non-randomized trials 

in systematic reviews. The methodological quality of this 
meta-analysis was assessed using NOS. A  study with 
a NOS score ≥7 points was considered of a high qual-
ity. Any disagreement between the 2 authors was settled 
through consensus.

Statistical analyses

Review Manager (RevMan) v. 5.4.1 (Cochrane, Lon-
don, UK) was used to perform all statistical analyses 
in the present study. Data extracted from the included 
research articles were combined using a  random ef-
fects model with Begg’s and Egger’s tests, which deflate 
the type I error rate and publication bias in a meta-anal-
ysis, respectively. Risk ratios (RRs) and 95% confidence 
intervals (95% CIs) were calculated for the  dichoto-
mous data. The χ2 and I2 tests were used to determine 
the heterogeneity between included research articles. 
Heterogeneity was assessed using Cochrane’s Q, which 
is calculated as the weighted sum of squared differences 
between pooled effects and the individual study effects 
across the  included studies, where Q has distribution 
as a χ2 static with k (number of studies) minus 1 degree 
of freedom. Thus, heterogeneity (I2) is measured as fol-
lows (Equation 1):

	
I2 = × 100Q – df

Q 	 (1)

where Q expresses Cochrane’s homogeneity test static, and 
df – degrees of freedom.

Fig. 1. Preferred Reporting Items for Systematic 
Reviews and Meta-Analyses (PRISMA) flowchart 
for the selection of research articles

RCT – randomized controlled trial.
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A value of p < 0.05 and I2 > 0.50 illustrated the substan-
tial statistical heterogeneity. Therefore, we used a random-
effects model. A subgroup analysis was performed in pa-
tients treated with GTN and without GTN. A funnel plot 
was employed to assess the publication bias.

Risk-of-bias assessment

The  review process requires the  validation of  se-
lected studies by evaluating the risk of bias in the results 
of  the study. The risk of bias evaluates the robustness 
of  the  methodology used in  the  studies and assesses 
whether conclusions were based on objective and valid 
evidence. The risk of publication bias was assessed using 
Begg’s rank test and Egger’s linear test.

Results

The selection process of  research articles was based 
on the inclusion and exclusion criteria, as shown in Fig. 1.

Search results

After performing a  digital database search, a  total 
of 1049 research articles were retrieved. Then, 38 dupli-
cates were removed. The titles and abstracts of the remain-
ing 1011 articles were screened. As a result, 935 research 
articles were excluded. The remaining 76 research articles 
were read and thoroughly assessed for their relevancy 
to the research topic. Based on the inclusion and exclu-
sion criteria, 13 research articles were chosen for the final 
inclusion in this meta-analysis (Table 2).2,9,10,15–24

Characteristics  
of the included studies

Primary outcomes

The  variability in  the  modified Rankin Scale (mRS) 
evaluated for several days was the  primary outcome 

Table 2. Characteristics of the included studies

Author 
of the study, 

reference
Study design Population Intervention Comparison Outcomes

Anderson et al.2 RCT
n = 2839, mean age: 

63.5 years
topical nitrate

intensive treatment 
compared 

to recommended 
guidelines

lowering BP improved functional 
outcomes

Krishnan et al.9 RCT
n = 629, mean age: 

67 years, acute stroke
GTN

GTN compared 
to no GTN

improved functional ability 
outcomes, lowered BP

Bath et al.10 prospective 
randomized trial

n = 145, mean age: 
73 years, presumed stroke

GTN and sham GTN compared to sham improved functional outcomes

Appleton et al.15 randomized trial
n = 4011, mean age: 

70.3 years, acute stroke
GTN

transdermal GTN 
compared to no GTN

poor functional and cognitive 
outcomes

Ankolekar et al.16 RCT n = 80, mean age: 79 years GTN placebo improved functional outcomes

Woodhouse et al.17 RCT
n = 273, mean age: 

69 years, acute stroke
GTN

GTN compared 
to no GTN

improved functional outcomes and
lower mortality rate

ENOS Trial 
Investigators18 RCT

n = 4011, age ≥18 years, 
acute stroke

GTN
GTN compared 

to no GTN
GTN improved safety without 

improving functional outcomes

Qureshi et al.19 randomized trial
n = 1000, mean age: 

61.9 years, acute cerebral 
hemorrhage

nicardipine
intensive compared 

to standard treatment
severe disability or death

Tunnage et al.20 RCT
n = 1149, mean age: 

67 years,
stroke mimic

GTN and sham GTN compared to sham
functional disorder, migraine and 

seizure

Dixon et al.21 RCT
n = 1149, mean age: 

73 years, hypertensive 
stroke

GTN and sham
GTN compared 

to no GTN

rapid delivery of GTN (within 2 h); 
both distance and time may impede 

patients to access stroke services

van den Berg et al.22 RCT
n = 1400, age ≥18 years, 

acute stroke
GTN placebo (GTN)

prompt GTN prevents delay 
to revascularization; lowered BP

Bath et al.23 RCT
n = 1149, mean age: 
73 years, ultra-acute 

presumed stroke
GTN and sham GTN compared to sham

no improvement in functional 
outcomes, increased mortality rate

Beishon et al.24 RCT
n = 4011, mean age: 

70.23 years, acute stroke
GTN

GTN compared 
to no GTN

poor clinical outcomes

GTN – glyceryl trinitrate; BP – blood pressure; RCT – randomized controlled trial.
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measure. One study presented SBP variability over 
1–7 days on the mRS and death at 90 days.15 Seven stud-
ies were qualified for the meta-analysis based on SBP val-
ues.9,15–18,23,24 Out of the 7 studies, 2 research articles16,17 
favored the use of GTN to improve functional outcomes, 
while 5  studies9,15,18,23,24 did not show improvement 
in functional outcomes after GTN treatment.

We compared the primary outcomes of an acute stroke 
subgroup based on the variation in SBP between GTN and 
no-GTN treatments. There was no significant difference 
in the primary outcome from the subgroup analysis.

The remaining studies compared different treatment 
agents than the previously mentioned studies.2,10,19,21–23 For 
example, Anderson et al. examined the intensive treatment 
and recommended guidelines in acute stroke.2 Bath et al.10 
and Tunnage et al.20 focused on  the  treatment groups 
(GTN compared to sham), while Qureshi et al.19 evalu-
ated intensive compared to standard treatment groups 
in a randomized controlled trial (RCT). Dixon et al.21 and 
van den Berg et al.22 examined studies on hypertensive 
stroke and acute stroke, respectively. A study by ENOS 
Trial Investigators revealed data on ischemic stroke (IS) 
and ICH.18 Hence, the same study was represented twice 
in the forest plot.

The baseline of SBP, based on the SBP level, and subgroups 
(GTN compared to no GTN) were analyzed. Neutral re-
sults (p < 0.05) were obtained from 2 group analyses (Fig. 2).

We used a funnel plot and Begg’s test to assess the publi-
cation bias (Fig. 3). Our study has a low risk of publication 
bias, as presented in a funnel plot, and the significant p-
values of Begg’s test25 are greater than 0.05 (0.628). In ad-
dition to the funnel plot and Begg’s test results, Egger’s test 
showed significant results (z = 2.04, p = 0.04).

Discussion

Intracerebral hemorrhage is a type of stroke with a high 
mortality rate, accounting for 15–20% of acute strokes.26–28 
An increased risk of ICH is associated with ischemic and 

hemorrhagic strokes and evolves into chronic lesions caus-
ing local microstructural injuries. Data on the treatment 
with GTN and non-GTN medications come from a low 
number of studies.29–32 Also, none of the previous meta-
analyses compared GTN and its effects on patients with 
ICH to patients without GTN treatment.

High BP is common in patients with stroke, and is associ-
ated with poor outcomes, including acute stroke and death 
within a few weeks. Therefore, in most cases, BP control 
is an essential part of the ICH treatment. Nitrate agents help 
lower BP in acute stroke. Glyceryl trinitrate is one of the valu-
able agents, particularly in pre-hospital settings.33–36 To inves-
tigate the effect of GTN administration in patients, a system-
atic review and meta-analysis of 13 studies recruiting a total 
of 16,686 participants was conducted. With the inclusion 
of 4011 patients from a RCT,24 our systematic review had 
a greater number of recruited patients compared to other 
meta-analyses. Thus, our study filled the previously existing 
research gap. The results of our meta-analysis showed that 
differences in primary outcomes were significant in GTN 
compared to non-GTN groups. Our findings are consistent 
with those of a previous study.37

There were 5 previously published systematic reviews and 
meta-analyses on the topic.11,38–41 Of these meta-analyses, 

Fig. 3. Funnel plot of publication bias

SE – standard error; RR – risk ratio.

Fig. 2. Forest plot of random effects model

df – degrees of freedom; 95% CI – 95% confidence interval.
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only 1 study showed a significant relationship between 
lowering the elevated BP in acute stroke and improved 
functional outcomes.42 Overall, a positive link was ob-
served between lowering BP and a reduction of the risk 
of acute stroke. The remaining 4 meta-analyses were con-
sistent with the results stating that lowering BP did not 
show a strong association with the reduction of the risk 
of acute stroke.

This systematic review showed interesting results re-
garding the  lowering of BP and safety in patients with 
an acute stroke. However, there were no functional im-
provements in patients participating in a RCT. This might 
have been due to the intake of a high concentration of nitric 
oxide (NO), which might damage brain tissues.43–45

The results of the subgroup analysis showed that pa-
tients with acute stroke treated with GTN had improved 
functional outcomes in a  few cases with a  longer pre-
hospital duration or no history of hypertension.  In pa-
tients with stroke, survival chances did not increase after 
GTN treatment.46–48 However, the treatment was effec-
tive in pre-hospital conditions, which is consistent with 
the results of previous analyses.23,49 These findings play 
a vital role in the selection of appropriate therapeutic 
strategies. 

Limitations

This meta-analysis has several limitations. The main 
limitation is the low number of included research articles. 
Careful and extensive retrieval of information was per-
formed to minimize the risk of publication bias. We in-
cluded 7 RCTs that limited the statistical power to find 
differences. Although strict inclusion and exclusion crite-
ria were followed, selection bias or observer bias may have 
influenced the research outcomes. To confirm the results 
of this meta-analysis, more RCTs should be performed 
with larger sample sizes.

Conclusions

This meta-analysis demonstrated the efficacy of GTN 
and its variants in patients with acute stroke. The lower-
ing of SBP is associated with functional improvements 
in patients with AIH. Due to the small number of included 
studies, our meta-analysis shows high heterogeneity be-
tween the studies. Further research trials should be under-
taken to provide stronger evidence and improve outcomes 
in acute stroke patients.
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Abstract
Background. The Coccomyxa sp. strain KJ (Coccomyxa KJ), a microalga found in Japan, has a potential 
function in controlling viral infections. Recently, its dry powder has been marketed as a health food product.

Objectives. This pilot study investigated the effects of Coccomyxa KJ powder tablet intake on allergic reac-
tions and immune functions in healthy participants.

Materials and methods. Nine healthy volunteers (4 males and 5 females) who expressed interest in foods 
containing Coccomyxa KJ, and were willing to undergo blood tests, were recruited. Each individual was asked 
to take 2 Coccomyxa KJ powder tablets (0.3 g) before breakfast once a day for 4 weeks. The salivary immu-
noglobulin A (IgA) level and blood parameters (white blood cell (WBC) count, eosinophil and lymphocyte 
counts and percentages, natural killer (NK) cell activity, interleukin (IL)-6 level, and T helper (Th)1/Th2 cell 
ratio) were evaluated at baseline and weeks 2 and 4.

Results. The 4-week intake of Coccomyxa KJ did not affect salivary IgA levels, WBC count, eosinophil and 
lymphocyte counts and percentages, or the Th1/Th2 ratio. There were significant differences in the NK cell 
activity after 4 weeks, with an average increase of 11.78 (95% confidence interval (95% CI): 6.80–16.76). 
None of the patients experienced adverse reactions during or after the study.

Conclusions. Long-term Coccomyxa KJ intake improved NK cell activity without causing adverse effects 
on the indicators of local immunity, systemic inflammation and immune response balance. This study sug-
gests that Coccomyxa KJ powder tablets can induce beneficial immune modifications without causing any 
adverse effects.

Key words: allergic reactions, immune functions, Coccomyxa sp. KJ
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Background

Typical representatives of  the  genus Coccomyxa 
are 6–14 μm × 3–6 μm in size and are irregularly oval 
or spherical. Moreover, Coccomyxa species are character-
ized by a parietal chloroplast shape without a pyrenoid 
and the absence of flagella.1,2 Coccomyxa-like organisms 
of the Trebouxiophyceae class are classified into 3 genera 
according to their morphology. Only species with massive 
and partially stratified mucus belong to the genus Cocco-
myxa.3 In the class Trebouxiophyceae, the genus Chori-
cystis represents a unique phylogenetic lineage; however, 
whether Coccomyxa and Pseudocococcomyxa are 2 dis-
tinct genera remains unresolved.4 According to Jaag (1933), 
many strains are available in public culture collections.1

The genus Coccomyxa belongs to the green algae class 
Trebouxiophyceae and can be subdivided into the Chlo-
rella, Oocystis and Trebouxia lineages using molecular 
approaches.5,6 All known strains of Coccomyxa belong 
to the Elliptochloris clade.7,8 Coccomyxa was the first ter-
restrial green alga to have a fully sequenced genome7 and 
be classified by The National Center for Biotechnology 
Information (NCBI). The following species have been iden-
tified, named and registered: C. melkonianii, Coccomyxa 
cf. olivacea 078, C. onubensis, C. parasitica, C. polymor-
pha, Coccomyxa cf., C. vinatzeri, and C. viridis. Moreover, 
many unclassified Coccomyxa are registered. Coccomyxa 
sp. strain KJ (IPOD FERM BP-22254) (hereafter referred 
to as “Coccomyxa KJ”) is also registered in the NCBI.

The nucleotides, proteins, identical protein groups, and 
taxonomy of Coccomyxa KJ have been analyzed. The uni-
cellular algae, belonging to the class Trebouxiophyceae, 
were found to be a different species from the previously 
identified Coccomyxa. Coccomyxa KJ, a microalga found 
in Japan, has been studied for the extraction and utilization 
of its intrinsic lipid components as a bioenergy source.9–11 
Coccomyxa KJ were isolated by Prof. Hideaki Miyashita 
in a Rural Biomass Research Project funded by the Minis-
try of Agriculture, Forestry and Fisheries of Japan.12 Cocco-
myxa is a genus of algae, approx. 5 μm in size, that inhabits 
ponds and hot springs. Coccomyxa were cultivated in open 
ponds at a pH between 3.0 and 4.0 to minimize the chance 
of contamination with other phototrophs and protozoa. 
Coccomyxa KJ can store up to 30% oil and more than 
50% protein when the culture conditions are controlled.9 
They can grow rapidly in minimal mineral media and ac-
cumulate triacylglycerols with lipid bodies at levels >60% 
of their dry weight (w/w) at the time of nitrogen decrease. 
Furthermore, Coccomyxa KJ has a high hydrocarbon pro-
duction capacity and is capable of producing hydrocarbons 
when the ratio of nitrogen to dry weight is  less than 2 
wt%. Therefore, the hydrocarbon content per w/w unit 
of Coccomyxa KJ can be increased. It has been proposed 
to use the produced hydrocarbons as an alternative to fos-
sil fuels (e.g., biodiesel fuel). However, replacing fossil fuels 
with hydrocarbons from microalgae requires lowering 

the cost of producing hydrocarbons. For this purpose, 
microalgae with higher hydrocarbon production capac-
ity are required. Coccomyxa KJ is a unicellular green alga 
with very high triacylglycerol (TAG) productivity isolated 
from hot spring water (Japanese Patent Application Laid-
Open No. 2015-015918), and can be cultured in an open-
system  culture (Japanese Patent Application Laid-Open 
No. 2014-117202).

The  virucidal action of  Coccomyxa KJ has been re-
ported.13–16 Supplementation of Coccomyxa KJ in the diet 
of mice facilitated the induction of neutralizing antibodies 
against the influenza virus and maintained the antibody 
titer.13 Monogalactosyl diacylglyceride (MGDG) isolated 
from Coccomyxa KJ was able to inactivate clinical iso-
lates of severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2) in a time- and concentration-dependent 
manner. Experimental results showed that Coccomyxa 
KJ helped to advance a potent virus-destructive action 
factor against SARS-CoV-2, which is an enveloped vi-
rus, by causing envelope damage that resulted in the loss 
of viral host-cell-binding ability. Of the total fatty acids 
in MGDG, α-linolenic acid (C18:3) accounted for about 72% 
and 7,10,13-hexadecatrienoic acid (C16:3) for 23%.14 More-
over, MGDG from Coccomyxa KJ showed virucidal activity 
against herpes simplex virus type 2 (HSV-2), the pathogen 
that causes genital herpes. Physical changes in the shape 
of HSV-2 were observed after treatment with MGDG, and 
electron microscope evaluation revealed a decrease in par-
ticle size and possible damage to the viral envelope. Simi-
lar to the morphological findings, the viral particles lost 
their ability to bind to host cells. The HSV-2 treated with 
high concentrations of MGDG was not pathogenic in ani-
mal models, indicating that MGDG exhibits irreversible 
virus-killing activity against HSV-2 particles. In an animal 
model of genital herpes caused by HSV-2, mice treated 
intravaginally with MGDG exhibited prophylactic effects 
by suppressing viral yield and herpes lesion formation 
in the genital cavity, and had higher survival rates than 
solvent-treated control mice. Thus, Coccomyxa KJ provides 
a new prophylactic option against HSV infection. In addi-
tion, Coccomyxa KJ exhibits an inhibitory effect in viruses, 
such as norovirus, which have capsids on the external sur-
face. In an animal model, Coccomyxa KJ-treated HSV-2 
displayed envelope damage and no pathogenicity.

The viral suppression effects of Coccomyxa KJ on non-
envelope viruses, such as feline calicivirus and murine nor-
ovirus, were demonstrated using animal models.15 Studies 
in piglets also suggest that Coccomyxa may reduce viral 
infection.16 The infiltration of chronic diseases that reduce 
productivity has become an issue in pig farming in Japan, 
and countermeasures against chronic diseases are being 
taken, such as improving sanitary environments, thorough 
cleaning and disinfection, and administration of vaccines 
and antimicrobial agents. On the other hand, research 
is being conducted to improve productivity in this area and 
promote pig farming that does not depend on antimicrobial 
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agents. Yamada et al. demonstrated the effects of intrana-
sal administration of a polysaccharide solution of microal-
gae Coccomyxa extract (Coccomyxa solution) on antibody 
titers involved in respiratory disease in piglets.16 Piglets 
treated with Coccomyxa solution showed a trend toward 
higher body weight (p < 0.1) at the 6th week (77–78 days 
old) and higher average daily body gain from 4 to 6 weeks 
compared to the non-treated group (control group). An-
tibody titers for mycoplasma pneumonia (MPS) tended 
to be higher in the control group than in the treated group 
(p < 0.1), and the positive rate was also higher, suggesting 
that intranasal administration of Coccomyxa solution may 
reduce MPS infection in piglets. Moreover, Coccomyxa sp. 
enhances antiviral activity, antitumor effects and immune 
function in animals.14–18

Coccomyxa KJ has recently gained recognition for in-
ducing neuroprotective effects,19 enhancing learning and 
memory,20 and inhibiting benign prostate hyperplasia.21 
In addition, its ability to regulate the immune system has 
been shown. The rough polysaccharide isolated from Coc-
comyxa KJ regulated an immune response in chickens21 
and inhibited an inflammatory reaction in RAW 264.7 
macrophages after the  lipopolysaccharide stimulation. 
In a study using human leukocytes, a Coccomyxa KJ-im-
munostimulation mechanism was elucidated.22 Coccomyxa 
KJ coordinated the differentiation of T cells into effector, 
memory and anergic T cells in response to Staphylococ-
cus aureus superantigen infection. The effect of Cocco-
myxa KJ on superantigen-triggered immune responses 
was investigated. The results revealed that Coccomyxa KJ 
stimulated human peripheral blood-derived mononuclear 
cells in toxic shock syndrome 1 and moderately decreased 
the number of activated T cells. Furthermore, the inflam-
matory cytokine levels remained unchanged; however, 
the secretions of interleukin (IL)-1β, IL-17, IL-4, and IL-13 
increased, while IL-2, tumor necrosis factor alpha (TNF-α),  
IL-18 and IL-10 decreased. When an immune response 
was not inhibited by Treg cells, Coccomyxa KJ reinforced 
the expression of the stem cells of T memory cell mark-
ers. Therefore, Coccomyxa KJ may improve the excessive 
activation and immunological inhibition of T cells in re-
sponse to a superantigen by modulating the fate of T cells. 
According to the currently understood immune mecha-
nism, Coccomyxa KJ may act on immune functions to sup-
press the growth of viruses and bacteria and some cases 
of cancer.

The demand for food supplements to improve health 
is increasing.23 A study conducted by Food Supplements 
Europe demonstrated that their use has the potential to re-
duce the incidence of disease-related events and healthcare 
expenditures.24 Coccomyxa KJ grows in a straightforward 
manner and has high nutritional value and a positive effect 
on the immune system. However, no data regarding the re-
action of healthy individuals to Coccomyxa KJ administra-
tion exist. Furthermore, details concerning Coccomyxa KJ 
ingredients are still unknown.

Objectives

Recently, Coccomyxa KJ dry powder has been mar-
keted as a health food product. Therefore, this pilot study 
aimed to evaluate the potential health hazards and ef-
fects of regular Coccomyxa KJ consumption over 4 weeks 
on the immune system of healthy individuals. In addition, 
the components of Coccomyxa KJ were analyzed.

Materials and methods

Participants

A poster recruiting volunteers for this study was pub-
lished and could be accessed via the website of Tokai Uni-
versity Hospital (Isehara, Japan) from June to October 
2020. We recruited healthy volunteers in their 30s and 40s 
who were willing to consume food containing Coccomyxa 
KJ powder tablets. The study involved 9 healthy Japanese 
adult volunteers (4 males and 5 females with a mean age 
of 38.2 years, an age range of 37–47 years, and a body mass 
index (BMI) of 20–25 kg/m2) who were living healthy life-
styles. The exclusion criteria were as follows: smoking, use 
of antibiotics or pro/prebiotics (as a dietary supplement) 
within 6 weeks before the study, use of drugs that modify 
the composition of the gut microbiota (e.g., antidiabetic 
drugs, cholesterol-lowering drugs and proton pump in-
hibitors), use of  laxatives within 4 weeks of  the  study, 
the presence of chronic or intestinal diseases, pregnancy, 
psychiatric problems, following a special diet (e.g., vegetar-
ian, high-fiber or high-protein diets), and excessive alcohol 
consumption (over 20 g/day).

Ethics

The study design was explained to all healthy volunteers 
before participation in the study using a consent explana-
tion form, and written consent was obtained. To protect 
the privacy and personal information of the volunteers, 
all data related to  this study were anonymized; each 
volunteer was assigned a number in the order of their 
application for participation. The sex and age of the par-
ticipants were recorded. No personally identifiable infor-
mation was obtained, and numbers that could be linked 
to their names or identities were not used. The review 
board of Tokai University approved the study (approval 
No. 20R051), which followed the tenets of the Declara-
tion of Helsinki.

Intervention

We asked the participants to take 2 Coccomyxa KJ tablets 
(0.15 mg/tablet) every day (before breakfast) for 4 consecu-
tive weeks. The dosage was determined based on the quan-
tity administered to mice in a previous study.15 During 
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the intake period, the participants were asked to avoid di-
eting or overeating, i.e., deviating substantially from their 
lifestyle before participating in the study. Volunteers using 
foof supplements regularly were requested to stop taking 
them a month before taking the Coccomyxa KJ tablets.

Outcome measures

Saliva and blood tests were performed at 3 timepoints: 
before the start of the intake and at 2 and 4 weeks after 
the intake. Laboratory tests were performed, including 
general peripheral blood tests, white blood cell (WBC) 
counts, and eosinophil and lymphocyte counts, using 
the XE-2100™ Automated Hematology System (Sysmex, 
Kobe, Japan), as eosinophils reportedly reflect allergic 
changes.25 To assess immune function and mucosal immu-
nity, salivary immunoglobulin A (IgA) level was examined 
using immunonephelometry (JCA-BM8000 series; JEOL 
Ltd., Tokyo, Japan). In addition, the natural killer (NK) 
cell activity in the peripheral blood was determined using 
the 51Cr release method in a Gamma Counter (PerkinElmer 
Inc., Waltham, USA). The T helper (Th)1/Th2 (interferon-
gamma (IFN-γ)/IL-4/CD4) cell counts were determined 
with flow cytometry (FACSCanto II™; BD Biosciences, 
Franklin Lakes, USA). The IL-6 level was measured using 
an electrochemiluminescence immunoassay system (Lu-
mipulse G1200; Fujirebio Co., Ltd., Tokyo, Japan) to deter-
mine if induction of inflammation is a potential adverse 
effect of the tablet.26–30

The participants were questioned every 7 days about 
their health condition (presence or absence of adverse ef-
fects and allergic reactions, including skin rash, anorexia, 
vomiting, diarrhea, and unpleasantness) to reveal any ad-
verse reactions or health hazards associated with long-
term Coccomyxa KJ tablet consumption. If adverse effects 
were observed, the participants were asked to immediately 
stop taking the tablet and inform us if they felt unwell 
or developed a rash during intake.

Statistical analyses

We investigated whether the measured values for each 
individual exhibited any changes before the consumption 
of the Coccomyxa KJ tablets and 2 and 4 weeks after their 
intake. The mean and standard deviation (M ±SD) were 
calculated by setting the difference in value before the in-
take and 2 weeks after the intake as Δ2w, before the intake 
and 4 weeks after the intake as Δ4w, and 2 and 4 weeks 
after the intake as Δ4–2w. We determined whether these 
values differed from 0 using a two-sided paired t-test with 
a significance level of 5%. In addition, the 95% confidence 
interval (95% CI) was calculated for these differences. 
When the Shapiro–Wilk test rejected the normality of data 
distribution, the Wilcoxon signed-rank test was used with 
a significance level of α = 0.05 and a multiplicity Bonfer-
roni correction.

Ingredient analysis of Coccomyxa KJ

Coccomyxa KJ ingredients were analyzed by Japan Food 
Research Laboratories (JFRL; Tokyo, Japan).

Results

Table 1 summarizes the salivary IgA level, WBC count, 
eosinophil count and percentage, lymphocyte count and 
percentage, NK cell activity, IL-6 level, and Th1/Th2 ratio 
before the start of the consumption of food containing 
Coccomyxa KJ, and at weeks 2 and 4 of its intake. Table 2 
shows the results of the statistical analysis for Δ2w, Δ4w 
and Δ4–2w. Additionally, we determined the 95% CIs for 
the mean of these differences. Only data for which normal-
ity was rejected by the Shapiro–Wilk test are shown with 
medians and 1st and 3rd quartiles.

No significant difference was observed between the sali-
vary IgA level (reference range: 110–410 mg/dL), WBC 
count (reference range: males: 3900–9800/μL; females: 
3500–9100/μL), eosinophil count (70–440/μL) and per-
centage (0.0–6.0%), or lymphocyte count (630–5782/μL) 
and percentage (18.9–59.0%) before the start of intake and 
at weeks 2 and 4 of Coccomyxa KJ tablet intake.

No significant change was found in the NK cell activ-
ity at baseline (reference range: 18–40%) and at week 
2 of Coccomyxa KJ tablet intake. However, significant 
differences were observed in NK cell activity at Δ4w 
(p  <  0.0167), with a  mean increase of  11.78 (95% CI: 
6.80–16.76). Thus, the Δ4w NK cell activity was sig-
nificantly upregulated, as determined using the paired 
t-test (Fig. 1). For the NK cell activity, normality was not 
rejected when analyzed with the Shapiro–Wilk test for 
the difference between paired data. However, normality 
was rejected for some differences in the paired data, such 
as lymphocyte percentage at Δ2w. Therefore, Wilcoxon’s 
signed-rank test assessed all differences. Nonetheless, 
only Δ4w NK cell activity was significantly different, 
as shown by the paired t-test. Additionally, we deter-
mined the 95% CIs for the average of these differences.

No significant change in  the  IL-6 level (reference 
value: <7.0 pg/mL) was observed in the course of this study. 
Similarly, no significant changes were found in the Th0 
IFN– IL-4– or TH0 IFN+ IL-4+ cell populations, or in the Th1/
Th2 ratio before or during the 4-week intake of Coccomyxa 
KJ tablets. Moreover, none of the patients complained of ill-
nesses during the intake period, and no adverse reactions, 
including allergic reactions, were observed. The results 
of the component analysis are shown in Table 3.

Discussion

The effects of Coccomyxa KJ consumption were examined 
in 9 healthy volunteers. The results of the blood tests at week 4 
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showed upregulated NK cell activity, indicating an improved 
immune function, and increased attacking cancer cells and 
virus-infected cells.26 Natural killer cells play an essential role 
in immunological surveillance, infection prevention and im-
mune function regulation, and are therefore regarded as im-
mune function indicators.29 Thus, our findings suggest that 
long-term Coccomyxa KJ intake may help prevent viral and 
bacterial infections as well as cancer. In contrast, the WBC 
count, eosinophil count and percentage, lymphocyte count 
and percentage, Th1/Th2 ratio, and salivary IgA level re-
mained unchanged throughout the 4 weeks of Coccomyxa 
KJ tablet intake. No allergic changes were suspected from 
the long-term intake. Thus, the results of the salivary IgA 
and IL-6 analysis implied no adverse effects on mucosal im-
munity or the systemic inflammatory response.25,29

The Th1 cells are responsible for cellular immunity via T-
cell activation and enhancement of cytotoxic activity, whereas 
Th2 cells are involved in B-cell activation and humoral immu-
nity. The immune function is normally regulated via the Th1/
Th2 balance in living organisms.30 Disruption of this bal-
ance may cause various diseases, such as cancer and allergies, 
due to the decrease in antitumor activity and excessive IgE 
production. Therefore, by measuring the Th1/Th2 balance, 
the quality of the body’s immune response can be estimated 
in the context of these conditions. Our results suggest that 

long-term intake of Coccomyxa KJ may improve NK cell 
activity without affecting local immunity, causing systemic 
inflammation or damaging the immune response balance. 
Coccomyxa KJ exerts antiviral and anti-inflammatory ef-
fects during viral infections.13–16 However, the Coccomyxa KJ 
components responsible for these beneficial effects have not 
yet been indentified and require further investigation. None-
theless, according to the component analysis, Coccomyxa 
KJ contains many nutrients and may be suitable for human 
consumption with many advantages when used as a food.

Limitations

This pilot study was conducted before initiating a large-
scale study. The number of healthy volunteers was small, 
and the search for indicators of allergic reactions and im-
mune function was limited. In addition, healthy volunteers 
were only adults in their 30s and 40s to minimize potential 
bias. This age range was selected as most adults in their 20s 
are not particularly concerned about their health, and only 
a few show interest in healthy food.31 Also, many people 
in their 50s and above regularly use medications or supple-
ments, which could interfere with the results. Therefore, 
adults in their 30s and 40s with no underlying diseases and 
an interest in health maintenance were targeted.

Fig. 1. Plot of 95% confidence interval (95% CI) of the mean for the difference between the 2 timepoints of Coccomyxa KJ intake. The 95% CI of the mean for 
the differences in the salivary immunoglobulin A (IgA) level (A), natural killer (NK) cell activity (B), interleukin (IL)-6 level (C), and T helper cell (Th)1/Th2 ratio 
(D) were shown. Only NK cell activity after 4 weeks (Δ4w) showed a significant increase in Coccomyxa KJ intake
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Conclusions

Coccomyxa KJ intake significantly upregulated NK cell 
activity, thereby improving immune function. No adverse 
reactions occurred during the  intake period. To  iden-
tify the specific effects of Coccomyxa KJ, a comparative 
study between placebo and intake groups with a larger 
number of healthy volunteers from different age groups 
is required.
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Table 3. Component analysis of Coccomyxa sp. strain KJ

Main 
substances Nutrition composition Value

Basic 
ingredients (6)

water (g/100 g) 2.9

protein (g/100 g) 54.9

fat (g/100 g) 15.7

ash (g/100 g) 5.2

carbohydrate (g/100 g) 21.3

sodium (mg/100 g) 47.3

Amino  
acids (20)

threonine (g/100 g) 2.24

lysine (g/100 g) 2.56

histidine (g/100 g) 1.03

phenylalanine (g/100 g) 2.38

tryptophan (g/100 g) 0.87

leucine (g/100 g) 3.92

isoleucine (g/100 g) 1.96

methionine (g/100 g) 0.9

valine (g/100 g) 2.66

alanine (g/100 g) 3.6

glycine (g/100 g) 2.62

proline (g/100 g) 2.18

glutamic acid (g/100 g) 5.4

serine (g/100 g) 2.02

tyrosine (g/100 g) 1.65

aspartic acid (g/100 g) 4.56

cystine (g/100 g) 0.5

arginine (g/100 g) 3.65

hydroxyproline (mg/100 g) 90

GABA gamma-aminobutyric acid 
(mg/100 g)

 795

Minerals (9)

phosphorus (mg/100 g) 472 

iron (mg/100 g) 128

calcium (mg/100 g) 71.2  

potassium (mg/100 g) 1450 

magnesium  (mg/100 g) 149 

copper (mg/100 g) 2.05  

zinc (mg/100 g) 9.27

manganese (mg/100 g) 3.75 

selenium (μg/100 g) 8

Main 
substances Nutrition composition Value

Vitamins (13)

vitamins A (mg/100 g) 4.84

vitamins B1 (mg/100 g) 0.54

vitamins B2 (mg/100 g) 3.59

vitamins B6 (mg/100 g) 1.46

vitamins B12 (μg/100 g) 2.7

vitamins C (mg/100 g) 216

vitamins E (mg/100 g) 20.5

vitamins K1 (mg/100 g) 0.163

folic acid (mg/100 g) 4.1

pantothenic acid (mg/100 g) 1.41

biotin (mg/100 g) 0.154

inositol (mg/100 g) 71

niacin (mg/100 g) 23.5

Unsaturated 
fatty acids (10)

myristoleic acid
qualitative 

analysis

palmitoleic acid 
qualitative 

analysis

oleic acid (g/100 g) 0.92

eicosenoic acid (g/100 g) 0.16

hexadecadienoic acid (g/100 g) 0.14

linoleic acid (g/100 g) 1.02

eicosadienoic acid (g/100 g) 0.01

hexadecatrienoic acid (g/100 g) 1.49

linolenic acid (g/100 g) 3.53

11,14,17-eicosatrienoic acid (g/100 g) 0.01

Others (9) 

polyphenols (g/100 g) 0.42

spermidine (mg/100 g) 17

α-carotene (mg/100 g) 5.8

β-carotene (mg/100 g) 55.2

lutein (mg/100 g) 178

zeaxanthin (mg/100 g) 36

stigmasterol
qualitative 

analysis

campesterol
qualitative 

analysis

β-sitosterol
qualitative 

analysis
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Abstract
Background. At least 55 million individuals suffer from dementia globally, of which Alzheimer’s disease 
(AD) accounts for 60–70% of cases. Alzheimer’s disease is the only major cause of death that is still growing. 
However, the molecular mechanisms are largely unknown in the progress of AD.

Objectives. The goal of the study was to assess whether lncRNA brain-derived neurotrophic factor antisense 
(BDNF-AS) could affect processes underlying the regulation of neuronal cell apoptosis in rat and cellular 
models of AD by directing the expression of miR-125b-5p.

Materials and methods. The amyloid-β (Aβ)1–42-induced rat and cellular models of AD were established. 
Changes in learning and memory in rats were detected with the use of the Morris water maze. Cell viability 
and apoptosis were determined using the 3-(4,5-dimethylthiazol-2-yl)-2,5 diphenyl tetrazolium bromide 
(MTT) test and flow cytometry. Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) was 
applied to detect the expression of lncRNA BDNF-AS and miR-125b-5p, and western blotting was utilized 
to examine proteins. The correlations between lncRNA BDNF-AS and miR-125b-5p were demonstrated using 
dual-luciferase reporter gene assays.

Results. Our results showed that BDNF-AS was upregulated and miR-125b-5p was downregulated in the rat 
and cellular AD models. The addition of si-BDNF-AS and miR-125b-5p mimics shortened the escape latency 
and swimming distance in the rat model. Furthermore, the knockdown of BDNF-AS or the administration 
of miR-125b-5p mimic significantly suppressed cell apoptosis, cell inflammatory, and inflammatory pathway-
related proteins, while these cellular activities were promoted in rat and cellular models of AD. Additionally, 
miR-125b-5p was found to be a BDNF-AS target gene that was linked negatively with BDNF-AS in AD.

Conclusions. Through regulation of miR-125b-5p, lncRNA BDNF-AS suppressed cell death, inflammation and 
inflammatory pathway-related proteins in AD models, which provides a potential biomarker and therapeutic 
target in the clinical treatment of AD.

Key words: lncRNA BDNF-AS, miR-125b-5p, Aβ1–42, apoptosis, Alzheimer’s disease
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Background

Alzheimer’s disease (AD) is a common neurodegenera-
tive disease that results in progressive memory loss, neu-
rocognitive dysfunction, and personality and behavioral 
changes that have a significant impact on disability-ad-
justed life years.1,2 Neurodegeneration, the main pathologi-
cal feature of AD, is an irreversible and incurable process 
in which neurons gradually atrophy and lose function 
in specific parts of the brain, eventually leading to neuron 
death.3–5 Neuronal injury and death disrupt the connec-
tions between neuronal networks, causing multiple brain 
regions to atrophy. In AD patients, the atrophy of the hip-
pocampal and medial temporal lobe areas is the structural 
feature detected with magnetic resonance imaging (MRI).6

Histopathologically, the progressive neurodegenerative 
disorder is distinguished by amyloid-β (Aβ) peptide and 
tau.7,8 The toxic Aβ aggregates and assembles into extracel-
lular amyloid plaques that are deposited in specific areas 
of the brain and cause a reduction in synapses.9,10 This 
occurs first in  the  temporal cortex region, containing 
the hippocampus, which is implicated in the formation 
of memories.8,11 The neuronal toxicity of Aβ manifests it-
self by binding to a variety of receptors, including α7 nico-
tinic acetylcholine receptor (α7nAChR), p75 neurotrophin 
receptor (p75NRT) and N-methyl-D-aspartate receptor 
(NMDAR).12,13 The interactions between Aβ and these 
receptors have been proposed to cause hyperphosphoryla-
tion of tau, endoplasmic reticulum (ER) stress responses, 
mitochondrial dysfunction and inflammatory responses, 
and, ultimately, lead to synaptic dysfunction and neuronal 
death.14,15 Hyperphosphorylated tau constitutes neurofi-
brillary tangles (NFTs) that can initiate the disassembly 
of microtubules in the medial temporal lobe, thereby play-
ing a significant role in episodic memory function.14,16,17 
At the same time, the cytotoxicity of tau can lead to syn-
aptic dysfunction and neuronal cell cycle re-entry.7,18 Many 
studies focusing on Aβ and tau have had limited success, 
indicating that the late timing of intervention and focus 
on a single target are insufficient to block the cascade re-
sponses in the neural network system.

MicroRNAs (miRNAs) are a class of small non-coding 
RNAs that play an important role in regulating the post-
transcriptional expression of target genes.19 Circulating 
miRNAs are easily detectable and highly stable; thus, many 
studies have investigated circulating miRNAs in human 
body fluids such as serum, breast milk, saliva, bile, and 
urine.20,21 In recent years, many studies have confirmed 
the  relevance of  the  aberrant expression of  miRNAs 
in a variety of diseases, such as cardiovascular disease 
(CVD), diabetes, tumors, and neurodegenerative dis-
eases.22 Both the type and expression pattern of miRNAs 
can be used as indicators of the type, progression and pa-
thology of disease.23,24 For example, overexpressed miR-
124 causes hyperphosphorylation of insoluble tau protein 
by targeting PTPN1, while the tau protein shifts from axon 

to dendrite, resulting in AD-like tau pathology.25 Further-
more, upregulated miR-146a promotes M2 polarization 
of microglia stimulated by inflammation, inhibits the se-
cretion of inflammatory factors, and enhances the phago-
cytotic capacity.26 The miR-24-3p/STING pathway can 
reduce neuroinflammation caused by excessive Aβ deposi-
tion in the brains of patients with AD.27 MicroRNA-125b 
has an irreplaceable role in many intracellular activities 
or pathological states, but its effect on AD is, to date, rather 
controversial.

Long non-coding RNAs (lncRNAs) play a significant 
role in neurodegenerative illnesses such as AD, Parkin-
son’s disease (PD) and Huntington’s disease (HD). Simi-
lar to AD, the death of dopamine-secreting neurons and 
the deposition of Lewy bodies formed by alpha-synuclein 
are found in PD, and these trigger motor symptoms, in-
cluding slowness of movement, tremors, stiffness, and pos-
tural instability, as well as non-motor symptoms includ-
ing cognitive changes, fatigue, mood disorders, and sleep 
disorders.28–32 A study by Guo et al. demonstrated that 
low-level expression of brain-derived neurotrophic fac-
tor antisense (BDNF-AS) protected neurons from Aβ25–35 
neurotoxicity by enhancing cell viability and inhibiting 
apoptosis.33 Meanwhile, in MPTP-induced PD models, 
a low expression of BDNF-AS may improve cell viability 
and suppress autophagy and apoptosis in the SH-SY5Y 
cell line by modulating miR-125b-5p.34 However, the link 
between BDNF-AS and miR-125b-5p in the pathological 
processes of AD remains unknown.

Objectives

The current study aims to confirm the  involvement 
of BDNF-AS and miR-125b-5p in the pathogenesis of AD, 
focusing on inflammation and apoptosis. The influence 
of BDNF-AS and miR-125b-5p on spatial learning and 
long-term memory was assessed by constructing AD rat 
models and conducting Morris water maze experiments. 
The effects on inflammation and apoptosis were studied 
at both the animal and cellular levels using AD rat tissues 
and AD cell models.

Materials and methods

Animal model

A total of  120  male Sprague Dawley rats of  specific 
pathogen-free rank were obtained from the  Shanghai 
Laboratory Animal Center at the Chinese Academy of Sci-
ences (Shanghai, China) at the age of 8–12 weeks, weighing 
22–30 g. The rats were raised in a standard environment 
with a 21–22°C temperature, 60–70% relative humidity, 
natural light, and free access to food and drink. The rats 
had 1 week to acclimatize to the conditions. The animals 
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were randomly assigned to one of 6 groups: sham, AD, 
AD+siRNA-negative control (si-NC), AD+si-BDNF-AS, 
AD+miR-NC, and AD+miR-125b-5p.

The AD rat model was constructed using human Aβl–42 
peptide. With the use of phosphate-buffered saline (PBS), 
Aβl–42 peptides were dissolved at a concentration of 1 μg/
μL, and the solution was incubated at 37°C for 1 week 
to generate Aβ aggregation. The prepared Aβl–42 solu-
tion (10 μL/rat) or PBS (3 μL/rat) was administered into 
the brain ventricles through stereotactic injection us-
ing a Hamilton microsyringe (designated coordinates: 
anteroposterior = 0.2 mm, mediolateral = 1.0 mm and 
dorsoventral = 2.5 mm) under anesthesia. A week after 
the Aβl–42 injection, si-NC, si-BDNF-AS, miR-NC, and 
miR-125b-5p mimics were injected into the  tail vein 
of  the  rats in  the  corresponding group. The  tail vein 
of the rats in the sham group or AD group received an in-
jection of PBS. All the experiments met the requirements 
of Shanghai Eighth People’s Hospital’s Ethics Committee 
(approval No. 2021-0510) for animal experiments.

Morris water maze

The Morris water maze experiment is used to mea-
sure spatial learning and memory in  AD models.35,36 
This test is divided into 2 sections: place navigation and 
spatial probing. A circular pool (diameter: 120 cm) was 
full of water, with a depth of 35 cm and at a temperature 
of 22–25°C, and an escape platform (diameter: 9 cm) was 
immersed approx. 1 cm below the surface of the water. 
Rats were individually trained 3 times a day for 7 days after 
the animal model was generated, and every time the rat 
was put in the water at different starting points. Each 
experiment lasted 90 s unless the rat touched the plat-
form, and the time of first reaching the platform (escape 
latency) was recorded. In the probe trial (day 9), the rat 
had 90 s to search for the escape platform that had been 
removed. The amount of time the rat spent in the tar-
get quadrant, the previous location of the platform, and 
the number of times the rat crossed the platform location 
were recorded.

Primary cerebral cortex neuron culture 
and PC12 cell culture

As previously stated, the primary cerebral cortex neu-
rons were isolated from the rat embryos (embryonic day 
18 (E18)).37 To  separate cells, the  cerebral cortex was 
taken from the E18 rat embryos, treated with papain (10 
U/mL) for 10 min and rinsed with Dulbecco’s modified 
Eagle medium (DMEM) containing 10% PBS. Neurons 
were plated at 1×105 cells/mL on a poly-L-lysine-coated 
dish with a neurobasal medium containing B27 supple-
ment, penicillin, streptomycin, insulin, and L-glutamine. 
The cells were cultured in a B27-supplemented neuro-
basal medium (Gibco, Waltham, USA). The PC12 cells 

were cultured in DMEM with 5% horse serum and 10% 
fetal bovine serum (FBS; Gibco). Additionally, 100 ng/mL 
of nerve growth factor (NGF) (Sigma-Aldrich, St. Louis, 
USA) was added to the medium of the PC12 cells to induce 
neuronal differentiation. All cells were grown in a humidi-
fied atmosphere with 5% CO2 at 37°C.

Primary cerebral cortex neurons (NEU) and PC12 cells, 
stimulated by  NGF, were cultured with different pro-
portions of aggregated Aβl–42 (0, 10, 20, and 40 μM) for 
24 h to test cell viability.

Reverse transcription-quantitative 
polymerase chain reaction (RT-qPCR)

Total RNAs were separated from rat serum or cell sam-
ples using TRIzol Reagent (Invitrogen, Waltham, USA) 
and quantified using Nanodrop (Thermo Fisher Scien-
tific, Waltham, USA). The PrimeScript™ RT Reagent Kit 
(Takara, Kusatsu, Japan) was then implemented to reverse 
transcribe RNA into complementary DNA. The PCR con-
ditions were 95°C for 5 min, followed by 40 cycles of 95°C 
for 5 s and 60°C for 30 s. The RT-qPCR findings were 
quantified using the 2−ΔΔCt method with U6 or GAPDH 
as an internal reference.38 The primers were generated 
by Sangon Biotech Co., Ltd. (Shanghai, China) and are 
listed in Supplementary Table 1.

Western blot

Total protein samples were extracted from the tissues 
or cells of each group using radioimmunoprecipitation  as-
say (RIPA) lysis buffer (Sigma-Aldrich), and protein quan-
tification was performed with a bicinchoninic acid (BCA) 
assay kit (Pierce Biotechnology, Waltham, USA). Protein 
samples (20 μg) underwent electrophoresis in a 15% so-
dium dodecyl sulfate-polyacrylamide gel electrophoresis 
(SDS-PAGE) before being transferred to polyvinylidene 
fluoride (PVDF) membranes (Millipore, Burlington, USA). 
After 2 h of blocking with 5% non-fat milk, the mem-
branes were incubated with the matching primary an-
tibody at 4°C overnight. Then, they were incubated for 
2 h at  room temperature with horseradish peroxidase 
(HRP)-conjugated goat anti-mouse or goat anti-rabbit im-
munoglobulin G (IgG) as secondary antibodies. The ECL 
Chemiluminescent Substrate Reagent Kit (Invitrogen) was 
used to visualize the protein. The used rabbit monoclonal 
or polyclonal primary antibodies were as follows: Bcl-2 
(1:2000, ab182858; Abcam, Cambridge, UK), Bax (1:1000, 
ab32503; Abcam), cleaved caspase-3 (1:500, ab2302; Ab-
cam), TLR3 (1:3000, ab137722; Abcam), TLR4 (1:300, 
ab217274; Abcam), MyD88 (1:2000, ab133739; Abcam), 
TRIF (1:1000, #4596; Cell Signaling Technology, Dan-
vers, USA), NF-kB p65 (1:5000, ab32536; Abcam), and 
GAPDH (1:2500, ab9485; Abcam). Goat anti-rabbit IgG 
H&L (1:2000, ab6721; Abcam) was used as a secondary 
antibody.
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MTT assay

The Cell Proliferation Reagent Kit I  (3-(4,5-dimethyl-
thiazol-2-yl)-2,5 diphenyl tetrazolium bromide (MTT)) 
(Sigma-Aldrich) was used to determine cell proliferation 
according to the manufacturer’s protocol. Following suitable 
transfections, the 2 cell lines were maintained in 96-well 
plates. Each well received a total of 20 μL of MTT solution 
(concentration: 5 mg/mL) and was treated in darkness for 
4 h at 37°C. Then, 150 μL of dimethyl sulfoxide (DMSO) 
was added to each well to dissolve the blue crystals. Finally, 
the absorbance value of each well was assessed on a micro-
plate reader at 450 nm.

Cell apoptosis assay

The  Annexin V-FITC kit (BD Biosciences, Frank-
lin Lakes, USA) was used to assess cell apoptosis. After 
the transfection for 48 h, the 2 cell lines at a concentra-
tion of 1×106/mL were collected and resuspended. Then, 
the cells were treated with 200 μL of Annexin V-FITC 
for 10 min, after which propidium iodide (PI) was added 
to the mixture. Finally, flow cytometry (BD Biosciences) 
was used to determine the cell apoptosis rate.

Enzyme-linked immunosorbent assay

Using an enzyme-linked immunosorbent assay (ELISA) 
kit and following the manufacturer’s instructions, the ex-
pression of interleukin 6 (IL-6), interleukin-1β (IL-1β) and 
tumor necrosis factor alpha (TNF-α) in tissues or cell su-
pernatant was assessed.

Cell transfection

Small interfering RNA (siRNA) was synthesized by Ge-
nePharma (Shanghai, China). The 2 cell lines were trans-
fected with si-NC, si-BDNF-AS, miR-NC, and miR-125b-
5p mimic, according to the manufacturer’s guidelines for 
Lipofectamine™ 3000 (Invitrogen).

Luciferase reporter assay

StarBase 3.0 (http://starbase.sysu.edu.cn/) was utilized 
to evaluate the targeted sites for potential interactions be-
tween BDNF-AS and miR-125b-5p. Full-length sequences 
and fragments of BDNF-AS that contained the potential 
binding site for miR-125b-5p were cloned into the pmir-
GLO vector (Promega, Madison, USA). The 2 cell lines 
were co-transfected with the luciferase reporters, along 
with the miR-125b-5p mimic and the miR-NC. After 48 h, 
relative luciferase activity was measured using the Dual-
Luciferase® Reporter Assay System (Promega).

Statistical analyses

The statistical analyses were conducted using IBM Statis-
tical Package for Social Sciences (SPSS) v. 26.0 software (IBM 
Corp., Armonk, USA), with data presented as mean ± stan-
dard deviation (M ±SD). To confirm normality, we employed 
the Shapiro–Wilk test, while Levene’s test was used to check 
the homogeneity of variance (Supplementary Tables 2 and 3 
present the statistical results). Student’s t-test was used 
to compare data from 2 groups for normally distributed 
and homogenous data, while one-way analysis of variance 
(ANOVA) followed by Tukey’s post hoc test was applied 
to analyze 3 or more groups (Supplementary Tables 4 and 5 
present the statistical results). In cases where the data were 
non-normal or violated homogeneity, or for small sample 
sizes (such as n = 3), we used the Mann–Whitney (M–W) 
U test for 2-group data analysis and Kruskal–Wallis (K–W) 
test followed by Dunn’s post hoc test for analyzing 3 or more 
groups (Supplementary Table 6 presents the statistical re-
sults). Repeated measures ANOVA (RM ANOVA) followed 
by Tukey’s post hoc test were used for analyzing the data 
related to escape distance and escape latency. A p-value 
of less than 0.05 was deemed statistically significant.

Results

Effects of lncRNA BDNF-AS and miR-125b-5p 
on spatial learning and long-term memory 
in the AD rat model

Repeated measures ANOVA demonstrated that escape 
distance and escape latency over 5 days varied substantially 
across groups in the Morris water maze experiment (F = 14.29, 
degrees of freedom (df) = 20, p < 0.001; F = 22.69, df = 20, 
p < 0.001). The experiment also revealed that the swimming 
distance and escape latency of rats in the sham group became 
shorter as the number of training days increased, indicat-
ing that the rats had gradually acquired the ability to find 
a platform during training (Fig. 1A,B). Compared to the sham 
group, rats in the AD group displayed considerably greater 
swimming distance and escape latency (p < 0.001). Com-
pared to the control groups, the addition of si-BDNF-AS and 
miR-125b-5p mimics shortened the swimming distance and 
escape latency by improving the learning ability and mem-
ory of rats (both p < 0.001). On day 9, a probe test was per-
formed to measure the time spent in the target area in order 
to test memory maintenance. The AD group spent substan-
tially less time in the target quadrant than the sham group 
(p < 0.001), and the time values for the AD+si-BDNF-AS and 
AD+miR-125b-5p mimic groups were longer than for their 
respective control groups (both p < 0.001) (Fig. 1C). The above 
findings indicate that reduced expression of BDNF-AS and 
higher expression of miR-125b-5p mitigated the learning and 
memory impairment in the AD rat model caused by the in-
jection of Aβ1–42.

http://starbase.sysu.edu.cn/
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Effects of lncRNA BDNF-AS and miR-125b-5p 
on the expression of BDNF-AS and  
miR-125b-5p in the AD rat model

We discovered that the expression level of BDNF-AS was 
2.66 times greater in the AD group than in the sham group 
through the detection in the rat serum, while the expres-
sion level of miR-125b-5p was only 35% of the sham group’s 
level (both p < 0.001) (Fig. 1D,E). The low-level expression 
of BDNF-AS and high-level expression of miR-125b-5p 
had a significant adverse effect on the expression levels 
of the 2 RNAs, when compared with their corresponding 
control groups (both p < 0.001) (Fig. 1D,E).

Effects of lncRNA BDNF-AS and miR-125b-5p 
on apoptosis in the AD rat model

The hippocampus tissue from the AD group showed 
a higher rate of apoptosis compared to the sham group 
(p  <  0.001) (Fig. 2A). In  the  AD+si-BDNF-AS and 
AD+miR-125b-5p mimic groups, the apoptosis rate was 
effectively suppressed, and the apoptosis rate in  these 
2 groups was only 60.38–72.62% of that of their corre-
sponding control group (both p < 0.001). At  the  same 
time, the  levels of expression of apoptosis-related pro-
teins differed among the  groups (F  (5,114)  =  283.60, 
p < 0.001; F (5,114) = 96.94, p < 0.001; F (5,114) = 94.06, 
p < 0.001). The AD group had higher levels of Bax and 
cleaved caspase-3 and lower levels of Bcl-2 when compared 
with the sham group (both p < 0.001) (Fig. 2B). However, 

compared with the respective control groups, the low-
level expression of BDNF-AS and high-level expression 
of miR-125b-5p were able to successfully reduce Bax and 
cleaved caspase-3 expression while increasing Bcl-2 ex-
pression (both p < 0.001).

Effects of lncRNA BDNF-AS and miR-125b-5p  
on inflammation and inflammatory 
pathway-related proteins in the AD 
rat model

In terms of inflammatory factors, the AD group released 
higher levels of  IL-1β, IL-6 and TNF-α than the sham 
group (both p < 0.001) (Fig. 3A). Conversely, these lev-
els were considerably suppressed in the AD+si-BDNF-AS 
and AD+miR-125b-5p mimic groups when compared 
to the control groups (both p < 0.001). The expression 
levels of  TLR3, TLR4, MyD88, TRIF, and NF-kB p65 
were significantly increased in the AD group, and were 
1.83–3.15 times higher than that of the sham group (both 
p < 0.001) (Fig. 3B,C). Compared to the corresponding con-
trol groups, adding si-BDNF-AS or miR-125b-5p mimic 
inhibited the production of these proteins (both p < 0.001).

Construction of AD cellular models

The MTT results revealed that in both the NGF-PC12 
cells and primary cerebral cortex neurons, cell viability 
was considerably reduced in the Aβ1–42 treated group com-
pared to the NC group, which reflects the cytotoxic effect 

Fig. 1. Effects of lncRNA brain-derived neurotrophic factor antisense (BDNF-AS) and miR-125b-5p on memory impairment in the amyloid-β (Aβ)1–42-treated 
Alzheimer’s disease (AD) rat model. Escape distance (A) and latency (B) to arrive at the platform, as well as the amount of time (C) spent in the target 
quadrant and site within 60 s were automatically recorded. The expression levels of BDNF-AS (D) and miR-125b-5p (E) were examined in the sham, AD, 
AD+si-NC, AD+si-BDNF-AS, AD+miR-NC, and AD+miR-125b-5p mimic groups. A,B. ***p < 0.001 (Tukey’s post hoc test following repeated measures analysis 
of variance (RM ANOVA)); C–E. ***p < 0.001 (Tukey’s post hoc test following ANOVA). Data are presented using the median value as the middle line, with 
the 25th to 75th percentiles represented by the box. The minimum and maximum values are indicated with whiskers
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Fig. 2. Effects of lncRNA brain-derived neurotrophic factor antisense (BDNF-AS) and miR-125b-5p on apoptosis in the amyloid-β (Aβ)1–42-treated Alzheimer’s 
disease (AD) rat model. A. Cell apoptosis rate and apoptotic-related proteins were evaluated in the sham, AD, AD+si-NC, AD+si-BDNF-AS, AD+miR-NC, and 
AD+miR-125b-5p mimic groups. A,B. ***p < 0.001 (Tukey’s post hoc test following analysis of variance (ANOVA)). Data are presented using the median value 
as the middle line, with the 25th to 75th percentiles represented by the box. The minimum and maximum values are indicated with whiskers
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Fig. 3. Effects of lncRNA brain-
derived neurotrophic factor 
antisense (BDNF-AS) and 
miR-125b-5p on inflammation 
in the amyloid-β (Aβ)1–42-treated 
Alzheimer’s disease (AD) rat model. 
Expression levels of cytokines (A) 
and inflammatory pathway-related 
proteins (B and C) were detected 
in the sham, AD, AD+si-NC, 
AD+si-BDNF-AS, AD+miR-NC, and 
AD+miR-125b-5p mimic groups. 
A–C. ***p < 0.001 (Tukey’s post hoc 
test following analysis of variance 
(ANOVA)). Data are presented using 
the median value as the middle 
line, with the 25th to 75th percentiles 
represented by the box. 
The minimum and maximum values 
are indicated with whiskers

IL-6 – interleukin-6;  
IL-1β – interleukin-1β;  
TNF-α – tumor necrosis factor 
alpha.
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of Aβ1–42, as well as a gradual decrease in cell viability with 
increasing concentrations of Aβ1–42, and reflects the exis-
tence of a dose-dependent effect (K−W: H = 9.97, p = 0.019; 
H = 10.39, p = 0.016) (Fig. 4A). The above results confirmed 
the successful construction of 2 AD cellular models. Mean-
while, with an increase in Aβ1−42 concentration, the ex-
pression level of BDNF-AS increased and miR-125b-5p 
level decreased (K−W: H = 10.39, p = 0.016) (Fig. 4B,C). 
The NGF-PC12 cells and primary cerebral cortex neurons 
were treated with a 20-μM dose of Aβ1–42 for 24 h to con-
struct 2 AD cellular models for the following experiments.

After the transfection with si-BDNF-AS, the expres-
sion level of BDNF-AS was notably reduced compared 
to the NC group, while the addition of miR-125b-5p mimic 
promoted the expression of miR-125b-5p in both cellular 
models of AD (M−W U: Z = −2.12, p = 0.034) (Fig. 4D,E), 
reflecting successful transfections.

Effects of lncRNA BDNF-AS and miR-125b-5p 
on cell apoptosis in the cellular models 
of AD

In  the  2  cellular models of  AD, Aβ1–42 was capable 
of significantly elevating the rate of apoptosis compared 
to the NC group (PC12 cell: p < 0.05; NEU: p < 0.005). 
However, both low-level expression of BDNF-AS and high-
level expression of miR-125b-5p were effective in inhibiting 
apoptosis induced by Aβ1–42 (both p < 0.05) (Fig. 5A). West-
ern blot results for apoptotic-related proteins revealed that 
the expression of Bax and cleaved caspase-3 were reportedly 
elevated, while the expression of Bcl-2 was dramatically low-
ered in the Aβ1–42 group compared to the NC group (both 
p < 0.05) (Fig. 5B). However, the treatment with si-BDNF-AS 
or miR-125b-5p mimic suppressed the levels of Bax and 
cleaved caspase-3, and elevated the level of Bcl-2 compared 
to the corresponding control groups (both p < 0.05).

Effects of lncRNA BDNF-AS and miR-125b-5p 
on inflammation and inflammatory 
pathway-related proteins in the cellular 
models of AD

The ELISA results showed that the Aβ1–42 group se-
creted higher IL-1β, IL-6 and TNF-α levels than the NC 
group (both p < 0.05) (Fig. 6A), while lower expression 
levels of inflammatory factors were detected in the Aβ1–42 
+si-BDNF-AS or Aβ1–42+miR-125b-5p mimic groups com-
pared to the Aβ1–42+si-NC or Aβ1–42+miR-NC groups (both 
p < 0.05).

In contrast, the treatment with Aβ1–42 promoted the ex-
pression levels of TLR3, TLR4, MyD88, TRIF, and NF-kB p65 
in the 2 AD cellular models significantly more than in the NC 
group (both p < 0.05) (Fig. 6B,C). Both low-level expression 
of BDNF-AS and high-level expression of miR-125b-5p in-
hibited the promotion of inflammatory pathway-related 
proteins stimulated by Aβ1–42 (both p < 0.05).

miR-125b-5p is the target gene of lncRNA 
BDNF-AS

The binding location for lncRNA BDNF-AS and miR-125b-5p 
was predicted using StarBase 3.0 (http://starbase.sysu.edu.cn/) 
(Fig. 7A). The luciferase activity in 2 AD cellular models 
was lowered in the pmirGLO-BDNF-AS-Wt+miR-125b-5p 
mimic group when compared to the pmirGLO-BDNF-AS-
Wt+miR-NC group (M−W U: Z = −2.12, p = 0.034) (Fig. 7A). 
Furthermore, the expression of miR-125b-5p was consider-
ably higher in the si-BDNF-AS group compared to the NC 
group (PC12 cell: U: Z = −2.14, p = 0.032; NEU: U: Z = −2.12, 
p = 0.034) (Fig. 7B).

Discussion

This study demonstrated that lncRNA BDNF-AS was 
substantially upregulated, and miR-125b-3p was decreased 
in an AD rat model. In addition, decreasing expression 
of  BDNF-AS inhibited neuronal apoptosis, inflamma-
tion and inflammatory pathway-related proteins. Further 
evidence revealed that the knockdown of BDNF-AS could 
exert a neuroprotective effect by targeting miR-125b-5p.

A massive loss of neurons is one of the characteristic 
pathological changes in AD, especially in the cortex, hip-
pocampus, and other brain areas related to learning and 
memory, and is closely associated with the onset of im-
pairments in  memory and cognition.39,40 The  Aβ can 
change the Bcl-2/Bax ratio and activate caspase-3, trig-
gering a downstream apoptotic cascade, promoting reactive 
oxygen species (ROS) accumulation, and resulting in cell 
death.41 In the study by Chu et al., the caspase family was 
shown to directly participate in the cleavage of Aβ and, 
after being cleaved by caspase-3, the Aβ with an abnor-
mal C-terminal had a cytotoxic effect that could induce 
cell apoptosis.42 Meanwhile, caspase-3 is  also involved 
in the cleavage of tau protein into truncated amino acid 
fragments, 19 of which are effectors of cell apoptosis. More-
over, caspase-3 is related to the cleavage of PS-1 and PS-2, 
which promotes the hydrolysis of amyloid precursor protein 
(APP) to release more Aβ and leads to neuronal apoptosis.

The above results are consistent with the present study 
demonstrating that cell apoptotic rates were promoted 
after Aβ treatment in the rat and cell models, and this pro-
motion could be inhibited by si-BDNF-AS and miR-125b5p 
mimics (Fig. 2A, Fig. 5A). The knockdown of BDNF-AS 
has been shown to increase the mitochondrial membrane 
potential and prevent the release of cytochrome c from 
the mitochondria.43 Therefore, the Bcl-2/Bax ratio, cas-
pase-3 activation and apoptotic rate were reversed due 
to the effect of BDNF-AS siRNA on protection against 
mitochondrial damage. While miR-125b-5p regulates 
the synaptic protein synapsin-2 (SYN-2) and 15-lipoxygen-
ase (15-LOX), it causes synaptic and neurotrophic deficits 
that are linked to neuronal apoptosis.44,45

http://starbase.sysu.edu.cn/
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In the process of AD, Aβ deposition and abnormal phos-
phorylation of tau protein are the main mechanisms lead-
ing to microglial inflammation.46,47 The Aβ can be rec-
ognized by complement receptors and cytokine receptors 
on the membranes of microglia and astrocytes, thereby pro-
moting the synthesis and secretion of inflammatory factors 
such as ROS, TNF-α, IL-1β, and IL-6.48 As shown in Fig. 3A 
and Fig. 6A, elevated expression of TNF-α, IL-1β, and IL-6 

was found after stimulation of Aβ. Continuous microglial 
activation and the release of inflammatory factors can ag-
gravate neuronal damage and lead to exacerbated NFTs.49 
At the same time, this process can decrease the ability of mi-
croglia to clear Aβ, raise the levels of Aβ, and aggravate path-
ological damage. On the other hand, Aβ can directly activate 
TLRs to cause microglia-mediated inflammation.50 Stud-
ies have found that in the AD model, the expression levels 

Fig. 5. Effects of lncRNA brain-derived neurotrophic factor antisense (BDNF-AS) and miR-125b-5p on apoptosis in the 2 cellular Alzheimer’s disease (AD) 
models. Cell apoptosis rate (A) and apoptotic-related proteins (B) were detected in the NC, amyloid-β (Aβ)1–42, Aβ1–42+si-NC, Aβ1–42+si-BDNF-AS, Aβ1–42+miR-
NC, and Aβ1–42+miR-125b-5p mimic groups. A,B. ***p < 0.005 (Dunn’s post hoc test following Kruskal–Wallis (K–W) test); **p < 0.05 (Dunn’s post hoc test 
following K–W test). Data are presented as median with range

NGF – nerve growth factor.
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Fig. 6. Effects of lncRNA 
brain-derived neurotrophic 
factor antisense (BDNF-AS) and 
miR-125b-5p on inflammation 
in the 2 cellular Alzheimer’s 
disease (AD) models. Expression 
levels of cytokines (A) and 
inflammatory pathway-related 
proteins (B,C) were evaluated 
in the NC, amyloid-β (Aβ)1–42, 
Aβ1–42+si-NC, Aβ1–42+si-BDNF-AS, 
Aβ1–42+miR-NC, and Aβ1–42+miR-
125b-5p mimic groups.  
A–C. ***p < 0.005 (Dunn’s post 
hoc test following Kruskal–
Wallis (K–W) test); **p < 0.05 
(Dunn’s post hoc test following 
K–W test). Data are presented 
as median with range

IL-6 – interleukin 6;  
IL-1β – interleukin 1β;  
TNF-α – tumor necrosis factor 
alpha; NGF – nerve growth 
factor.
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of TLR3 and TLR4 are increased, and these may be the main 
subtypes of TLRs activated by Aβ.51 In the present study, 
the expression levels of TLR3, TLR4, MyD88, TRIF, and 
NF-kB p65 were all increased in the Aβ group but were de-
creased in the Aβ1–42+si-BDNF-AS or Aβ1–42+miR-125b-5p 
mimic groups. Elevated TLR3 and TLR4 can trigger NF-κB 
after activating the downstream signaling pathway by bind-
ing to MyD88 or TRIF.52

As the most common cause of dementia, there are no 
specific, standard treatment options for AD, which is often 
diagnosed late and has a significant impact on a patient’s 
quality of  life.53,54 Compared to established diagnostic 
methods, such as structural MRI of the hippocampal and 
molecular neuroimaging utilizing positron emission to-
mography (PET), the detection of miRNAs in bodily fluids 
is a relatively simple procedure. The ability of prospective 
biomarkers to detect the disease at an early stage and 
track the development of brain function would be a sig-
nificant contribution. Current drugs, such as donepezil, 
rivastigmine and galantamine, can temporarily relieve 
dementia symptoms, but cannot terminate the progres-
sion of the disease. The fact that miRNAs are implicated 
in  amyloid peptide aggregates, hyperphosphorylated 
tau protein aggregation, synaptic loss, neuroinflamma-
tion, and defective autophagy favors the development 
of miRNA-based therapeutic strategies.55

Limitations

Because of a  limited budget, this study only focused 
on cell apoptosis and inflammation. Therefore, limited 
experiments were conducted on the AD rat and cellular 
models. The effects of BDNF-AS and miR-125b-5p on neu-
rite outgrowth and oxidative stress are still unknown. Fur-
ther exploration of the relationship between molecular 
regulation and neuropathological changes will be useful 
in future AD research.

Conclusions

To conclude, lncRNA BDNF-AS siRNA represses cell 
apoptosis and inflammation via targeting of miR-125b-5p 
in AD, which suggests a strong association between BDNF-
AS and the pathological mechanism of AD. The inves-
tigation of BDNF-AS and its downstream targets helps 
to expand our understanding of BDNF as a key molecule 
involved in neuronal changes related to learning and mem-
ory, laying the groundwork for new biomarkers or promis-
ing therapeutic targets for AD treatment.

Fig. 7. miR-125b-5p is the target gene of the lncRNA brain-derived neurotrophic factor antisense (BDNF-AS). A. miR-125b-5p targeted BDNF-AS at specific 
sites, and luciferase activities were compared between groups of BDNF-AS-Wt+miR-125b-5p mimic, BDNF-AS-Wt+miR-NC, and BDNF-AS-Mut+miR-125b-5p 
mimic; B. MiR-125b-5p expression was altered after si-BDNF-AS transfection. The results were statistically analyzed using the Mann–Whitney (M–W) U test. 
Data are presented as median with range

NGF – nerve growth factor.
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The supplementary materials are available at https://
doi.org/10.5281/zenodo.7990783. The package contains 
the following files:

Supplementary Table 1. Primer sequences used in RT-qPCR 
of this study.

Supplementary Table 2. The results of normality test 
in the AD rat model.

Supplementary Table 3. The  results of  Levene’s test 
in the AD rat model.

Supplementary Table 4. The  means and 95% CI 
of ANOVA in the AD rat model.

Supplementary Table 5. The results of ANOVA in the AD 
rat model.

Supplementary Table 6. The statistical analysis results 
of the AD cellular model.
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Abstract
Background. The tolerance of cervical cancer to radiotherapy is a major factor affecting treatment outcomes. 
The miR-214-5p is involved in the regulation of biological processes such as tumor proliferation and metastasis.

Objectives. The aim of the study was to explore the role of miR-214-5p and Rho-associated coiled-coil 
containing protein kinase 1 (ROCK1) in cervical cancer and their response to radiotherapy in cervical cancer 
patients.

Materials and methods. Fifty-three cervical cancer tissue samples were collected to analyze the level 
of miR-214-5p in patients with different responses to radiotherapy. Cervical cancer cell lines with radiation 
resistance were selected to explore the role of miR-214-5p in radiosensitivity. The wound healing, transwell 
migration, clone formation assay, and in vivo analysis were utilized to evaluate the effect of miR-214-5p 
on the radiation sensitivity of cervical cancer cells.

Results. Patients with poor radiotherapy responses demonstrated low levels of miR-214-5p. The upregulation 
of miR-214-5p decreased migration and invasion ability of radiotherapy-resistant cells. The bioinformatic 
analysis showed that ROCK1 is a candidate target gene of miR-214-5p, and this was confirmed with dual 
luciferase reporter assay showing that miR-214-5p directly interacts with the 3’untranslated region (3’UTR) 
of ROCK1. Decreased ROCK1 improved the radiosensitivity of cervical cancer in vitro and in vivo, and the over-
expression of ROCK1 decreased the radiosensitivity effect of miR-214-5p in cervical cancer cells.

Conclusions. The miR-214-5p can regulate the radiation sensitivity of cervical cancer cells by targeting 
the mRNA of ROCK1 and regulating its expression.

Key words: radiosensitivity, ROCK1, cervical cancer, microRNA-214-5p
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Background

Cervical cancer is ranked as the 4th leading cancer in fe-
males worldwide, although early detection of the disease 
can significantly affect treatment efficacy and prolong 
the  survival time of patients.1 Currently, radiotherapy 
is the main treatment strategy for cervical cancer. How-
ever, the  radiotherapy tolerance of  cervical cancer af-
fects the treatment outcomes. The failure of radiotherapy 
in cervical cancer is correlated with many factors, such 
as the different clinicopathological characteristics of pa-
tients, the hypoxic state of cancer cells and the intrinsic 
sensitivity of the tumor cells to radiotherapy.2 MicroRNAs 
(miRNAs) participate in the progression of a wide array 
of tumors. They regulate the malignant behavior of tumor 
cells by reducing the stability and translation of targeted 
mRNA. Specifically, miR-214 participates in tumor pro-
gression, acting as a tumor suppressor gene or oncogene.3–7 
Moreover, miR-214 is  involved in  the  radiosensitivity 
response of nasopharyngeal carcinoma and skin injury 
caused by radiation.8,9 In clinical practice, the enhanced ef-
fect of radiotherapy by exogenous miRNA in solid tumors 
has entered the exploration stage.

The Rho family, also called Rho GTPases, is  a  class 
of GTP-binding proteins with GTP enzyme activity that 
are associated with the Ras superfamily. The Rho GTPases 
are important signal transduction molecules and partici-
pate in the regulation of cytoskeletal reorganization. Work-
ing as “molecular switches” in the process of cell signal 
transduction, Rho GTPases control many signal transduc-
tion pathways. The Rho-associated coiled-coil containing 
protein kinase 1/2 (ROCK1/2) belongs to the Rho family 
and is expressed in multiple tissues, including the lung, 
liver, spleen, kidneys, testes, brain, and heart, and acts 
in several subcellular locations.10 The ROCK1 promotes 
tumor cell proliferation, invasion and metastasis by acti-
vating the Rho/ROCK signaling pathway. After interacting 
with activated Rho protein, the active center of ROCK1 
is catalyzed and induces the reorganization of the actin 
cytoskeleton of cancer cells, thereby enhancing the move-
ment ability of cancer cells.11 The ROCK inhibitor, fasudil, 
induces terminal adipocyte differentiation of chemoresis-
tant osteosarcoma cells.12 Epithelial-to-mesenchymal tran-
sition (EMT) contributes to therapy resistance in cancers,13 
a process the ROCK is frequently associated with in human 
ovarian cancer cells.14 This inspired us to further explore 
the role of ROCK1 and its attenuating miRNA in radio-
therapy resistance in cervical cancer cells.

Objectives

This study aims to evaluate the miR-214-5p expression 
and the response to radiotherapy in patients with cervical 
cancer. In addition, the role of miR-214-5p in radiation 
sensitivity was investigated in vivo and in vitro. Finally, 

we explored the mechanism of action of miR-214-5p and 
its relationship with ROCK1 in cervical cancer following 
radiotherapy.

Materials and methods

Samples

The medical data of patients with cervical cancer were 
screened to estimate the gene expression of miR-214-5p and 
ROCK1. The samples included in the current analysis were 
collected in Hebei General Hospital (Shijiazhuang, China) 
from patients who did not receive radiotherapy or chemo-
therapy before surgery in the years 2017–2020. All patients 
signed informed consent for sample and data analyses. 
Fifty-three tissue samples with postoperative pathologi-
cal reports and complete medical records were included. 
The International Federation of Gynecology and Obstetrics 
(FIGO) stage of collected samples ranged from IB to IIIA, 
based on the 2009 FIGO staging system,15 and the severi-
ties ranged from a relatively early stage to an advanced stage 
(para-aortic lymph node involvement). Patients’ demographic 
data, including age, menopause state, tumor diameter, lymph 
node metastasis, and pathological type, were also recorded. 
Exclusion criteria were patients who received preoperative 
radiotherapy and chemotherapy, cervical surgery, and hys-
terectomy, patients with an incomplete cervix, those suffer-
ing from other malignant tumors, pregnant patients, and 
patients with reproductive tract inflammatory diseases. An-
other 30 samples from normal adjacent cervical tissue and 
30 samples of cervical intraepithelial neoplasia (all confirmed 
by pathological examination) were selected for the analysis. 
All specimens were collected and stored at −80°C.

Evaluation of radiotherapy response 
in patients

The radiotherapy sensitivity in patients was determined 
according to the response evaluation criteria in solid tumors 
(RECIST) developed by  the World Health Organization 
(WHO),16 based on their medical records: 1) the short-term 
efficacy includes an uncontrolled tumor and disappearance 
of the tumor; an uncontrolled tumor refers to the persis-
tence or emergence of new lesions within 3 months after 
radiotherapy; tumor disappearance indicates that the tu-
mor disappears within 3 months following radiotherapy; 
2) the long-term efficacy includes tumor recurrence and 
the tumor being cured; tumor recurrence refers to the dis-
appearance of the tumor after radiotherapy, while a pelvic 
or distant tumor is found upon re-examination 6 months 
after radiotherapy; tumor cured refers to the disappearance 
of the tumor without recurrence; tumor uncontrolled and 
tumor recurrence were defined as radiotherapy resistance; 
tumor cured, being neither tumor uncontrolled nor tumor 
recurrence, was defined as radiotherapy sensitivity.
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In vivo tumor model  
and inhibition evaluation

The animal study was approved by the ethics committee 
of Hebei General Hospital (approval No. 2020-256), and all 
protocols followed the guidelines of Institutional Animal 
Care and Use Committee (IACUC) issued by the Chi-
nese Academy of Medical Sciences. A total of 24 female 
BALB/c nude mice (age: 5 weeks; weight: 19–22 g; pro-
vided by the Animal Experiment Center of Hebei Medi-
cal University, Shijiazhuang, China) housed in an specific 
pathogen-free (SPF) laboratory animal room, were used 
to construct a cervical tumor-bearing model. A liposomal 
delivery system (MaxSuppressor™ In Vivo RNA-LANCEr 
II; Bioo Scientific, Austin, USA) was used to deliver miR-
214-5p mimic and the negative control sequence (miR-
214-5p NC), according to the manufacturer’s instructions 
(RiboBio Co., Ltd., Guangzhou, China). Briefly, RNA oligos 
were diluted to 10 mg/mL, and a total of 500 μL of RNA so-
lution mixture (RNA solution: 11 μL, phosphate-buffered 
saline (PBS) (10×): 55 μL, and RNase-free water: 434 μL) 
was mixed with 50 μL of neutral lipid emulsion. The so-
lution was mixed in an ultrasonic water bath for 5 min 
prior to intravenous administration. Hela cells (200 µL 
at a concentration of 5×106 cells/mL) were inoculated into 
the flank of mice. Radiotherapy (total dose of 20 Gy) was 
performed 1 week after inoculation. The mice were anes-
thetized by 5% chloral hydrate (300 mg/kg, intraperitoneal 
injection) during radiation. Then, the animals were fixed 
and irradiated by 6MV X-ray (X-RAD 225XL irradiator; 
Precision X-Ray, Inc., Madison, USA). The  irradiated 
dose was 2 Gy daily, performed 10 times over 2 weeks. 
Accordingly, the mice were allocated to the model group, 
the radiation group, the miR-214-5p mimic group, and 
the miR-214-5p mimic + radiation group (n = 6 mice per 
group). The miRNA mimics were administered in a 40 μg 
per mouse bolus, which started on day 7 post-inoculation, 
and continued every 3 days. The radiation was performed 
when the tumor volume in the model group reached ap-
prox. 200 mm3, and the mice were sacrificed by decapita-
tion when the tumor was over 1000 mm3 in the model 
group. The growth and the inhibited rate of tumor growth 
in each group were calculated. The diameter of the tumor 
by the  longest (L) and the shortest diameter (W) were 
measured, and the transplanted tumor volume (V) was 
calculated as 0.5×L×W2.

RT-qPCR analysis

The total RNA was extracted from tissues and cul-
tured cells using Trizol reagent (#R0016; Beyotime Bio-
technology, Shanghai, China), following the manufac-
turer’s instructions. A total of 1 mL of Trizol and 0.2 mL 
of chloroform were added to the tubes containing ho-
mogenized tissues or  cell pellets. Five minutes after 
the lysis, the samples were centrifuged for 15 min at 4°C 

and 12,000 g. The upper colorless solution containing 
the total RNA was loaded into a new centrifuge tube, 
and 0.5 mL of isopropanol was added for 10 min to pre-
cipitate the RNA. After the centrifugation for 10 min 
at 4°C and 12,000 g, the RNA was precipitated with 75% 
ethanol, centrifuged again and dissolved with diethyl 
pyrocarbonate (DEPC) water. The integrity of extracted 
RNAs was measured using a 1% agarose electrophore-
sis gel. A 30-ng RNA sample was reverse transcribed 
with PrimeScript RT reagent kit (#RR037B; Takara Bio 
Inc., Shiga, Japan), following the previously described 
method.17 The reverse transcriptional reaction system 
(10-μL volume) contained 2 μL of  PrimeScript buffer, 
0.5 μL of RT enzyme mix, 0.5 μL of oligo dT primer, 
0.5 μL of random hexamers, total RNA, and RNase free 
water. The two-step TB Green-based quantitative real-
time reverse transcription polymerase chain reaction 
(RT-qPCR) was performed according to the manufac-
turer’s instruction.18 The expression of miR-214-5p was 
normalized and quantified using the small RNA U6.19–21 
The mRNA expression of ROCK1 was also measured 
and calculated as the relative expression to β-actin.22,23 
The ABI StepOnePlus™ Real-Time PCR system (Thermo 
Fisher Scientific, Waltham, USA) was used to perform 
RT-qPCR analysis,24,25 and the applied thermal cycling 
parameters were recommended by the manufacturer. All 
used primers are listed in Table 1. The relative expression 
of target genes was evaluated by the 2–∆∆Ct method. All 
measurements were performed in triplicate.

Cell lines and tissue samples

Six human cervical cancer cell lines were used, namely 
C4-1, C33A, MS751, Hela, Siha, and CaSki (Cell Bank 
of the Chinese Academy of Sciences, Shanghai, China). 
The C4-1 and C33A were cultured in RPMI-1640 medium 
(#R8758; Sigma-Aldrich, Burlington, USA) containing 10% 
fetal bovine serum (FBS), while MS751, Hela, Siha, and 
CaSki cells were cultured in Dulbecco’s modified Eagle’s 
medium (DMEM) (#D5796; Sigma-Aldrich), supplemented 
with 10% FBS, 100 U/mL of penicillin and 100 μg/mL 
of streptomycin. All cells were cultured at 37°C in 5% CO2.

Table 1. Quantitative real-time reverse transcription-polymerase chain 
reaction (qRT-PCR) primer sequence

Gene Sequence

miR-214-5p
F: 5’-GCCGAGTGCCTGTCTACACT-3’

R: 5’-GCAGGGTCCGAGGTAT-3’

U6
F: 5’-GAGGGCCTATTTCCCATGATT-3’

R: 5’-TAATTAGAATTAATTTGACT-3’

ROCK1
F: 5’-TGAAAGCCGCACTGATGGAT-3’

R: 5’-GCCATGAGAAAACACATTGCAG-3’

β-actin
F: 5’-CACCATTGGCAATGAGCGGTTC-3’

R: 5’-AGGTCTTTGCGGATGTCCACGT-3’
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RNA oligoribonucleotides, plasmid 
construction and transfection

To verify the function of miR-214-5p in vitro and in vivo, 
the following sequence or mutant sequence was prepared: 
miR-214-5p mimic (#miR10004564-1-5), miR-214-5p 
NC (#miR1N0000002-1-5), wild type ROCK1 (ROCK1-
WT) 3’untranslated region (3’UTR), and mutant ROCK1 
(ROCK1-mut) 3’-UTR (all purchased from RiboBio Co., 
Ltd.). To overexpress ROCK1 in vitro, the full-length cod-
ing sequence of ROCK1 was cloned and amplified. The en-
zymatic digestion sites KpnI and XbaI on the pcDNA3.1(+) 
vector (#VT1001; YouBio Tec. Inc., Changsha, China) were 
used for ROCK1 gene insertion. After recovery and pu-
rification, the plasmid was connected by T4 DNA ligase 
(#T1410; Solarbio Life Science, Beijing, China) with PCR 
products to obtain the recombinant plasmid. The DH5α 
was selected for transformation screening of competent 
cells, and a small amount of recombinant plasmid was ex-
tracted, identified and sequenced with double enzyme di-
gestion. The empty plasmid was used as a control to com-
pare the expression of ROCK1 (ROCK1 OE).

A total of 2×105 cells were cultured in 12-well plates, and 
transfection was performed after the cells reached 70–90% 
confluence. The culture medium was replaced by a fresh 
non-antibiotic medium 2 h before the transfection. Li-
pofectamine 3000 reagent (#L3000015; Thermo Fisher 
Scientific) and DNA were diluted by Opti-MEM medium 
(#11058021; Gibco, Carlsbad, USA) according to the manu-
facturer’s instruction, and then added to the diluted Li-
pofectamine 3000 in a 1:1 proportion. The mixture was 
incubated at room temperature for 20 min. The obtained 
DNA-liposome complex was loaded into target cells, mixed 
gently and cultured at 37°C for further experiments.

Cell proliferation measurement

Cell proliferation was assessed using the Cell Counting 
Kit-8 (CCK-8) method. Fifty microliters of cells treated 
by miR-214-5p NC or miR-214-5p mimic (75% density, 
5×105 cells at exponential growth phase) were trypsinized 
and loaded onto a 96-well plate containing the same vol-
ume of culture medium. Cells were cultured for 24 h, 48 h 
and 72 h, and then 10 μL of CCK-8 reagent (#C0038; Beyo-
time Biotechnology) was loaded into the wells. The cells 
were cultured for another 2 h, and the optical density (OD) 
of the target well was measured at 450 nm. The average 
value from 3 wells was calculated.

Wound healing assay

Cells with a concentration of 5×105 were evenly loaded 
onto a 6-well plate. The cells were washed twice with 
PBS after 12-h culture to  remove any non-adherent 
cells. A straight scratch was generated using a sterile 20-
μL pipette tip across the monolayer of cells. The debris 

on the plate was washed twice with PBS and replaced with 
a fresh serum-free medium. The migration ability of cells 
was observed under an optical microscope (Nikon Labo-
phot 2 Microscope; Nikon Corp., Tokyo, Japan) at 24 h and 
48 h. The image was captured, and the width of the scratch 
wound was evaluated using ImageJ software (National In-
stitutes of Health (NIH), Bethesda, USA).

Transwell migration

After Matrigel was diluted and spread across the bottom 
of the upper chamber of the Transwell, 100 μL of cells 
(5×105/mL) were loaded to the upper chamber of a 24-well 
transwell (8-μm pore, #3422, Transwell®; Corning Life 
Science, Tewksbury, USA). Medium supplemented with 
10% serum (600 μL) was loaded into the lower chamber. 
The plate was cultured for 24 h, and unmigrated cells 
in the chamber were swabbed after discarding the me-
dium. The remaining cells were fixed with 4% parafor-
maldehyde for 15 min and stained with crystal violet for 
10 min. The filter membrane was photographed under 
a light microscope (Nikon Labophot 2 Microscope). Image-
Pro Plus v. 6 software (Media Cybernetics, Rockville, USA) 
was used to count the migrated cells. Five fields of view 
from each well were randomly analyzed to evaluate the av-
erage number of migrated cells.

Clone formation assay

Logarithmic growth staged cells were added to 60-mm 
culture dishes. According to the results of a pre-experi-
ment, about 250 cells were loaded to each plate. The cells 
were dispersed evenly. A single dose of 4 Gy and 6 Gy 
(5 min per day with a dose rate of 300 cGy/min) was gen-
erated (60Co medical irradiation device; China Nuclear 
Power Technology Research Institute, Beijing, China) 
and absorbed by the cells. The irradiation was performed 
for 10 consecutive days, and the cells were continued 
to be cultured for another 10 days. Any clones that were 
formed were fixed with paraformaldehyde and stained 
with 0.1% crystal violet solution for 20 min. The number 
of clones was counted in each group under a low power 
microscope (Nikon Labophot 2 Microscope). The aver-
age number of clones from 3 dishes was calculated for 
each dose.

Luciferase reporter assay

To verify the binding effect of miR-214-5p to ROCK1, star-
Base v. 3.0 (https://rnasysu.com/encori/) and TargetScan 
(https://www.targetscan.org/vert_80/) online databases 
were used to predict putative binding sites for miR-214-5p. 
Briefly, the wild type or mutant (MUT) fragments for 
ROCK1 3’UTR were amplified. The fragment was inserted 
into the SpeI and HindIII sites of the pMIR-REPORT lu-
ciferase reporter vector following the methods mentioned 

https://rnasysu.com/encori/
https://www.targetscan.org/vert_80/
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above and previously.26 The pMIR-β-galactosidase reporter 
plasmid was used to normalize the transfection. The HEK-
293T cells were then co-transfected with reporter vec-
tors and duplexes of small interfering RNAs (miR-214-5p 
mimic or miR-214-5p NC) with Lipofectamine 3000 re-
agent. Twenty-four hours after the transfection, the cells 
were harvested, and luciferase assays and β-galactosidase 
enzyme assays were used to measure relative lumines-
cence units in each well, following the manufacturer’s 
protocol. The luciferase activity of firefly was normalized 
to β-galactosidase expression. Three parallel wells were 
measured for each condition.

Western blot

Radioimmunoprecipitation assay (RIPA) lysis buffer 
(200 µL) (#R0010; Solarbio Life Science) was used to lyse 
the cells. The suspension was centrifuged for 4 min at 4°C 
and 12,000 rpm, and the supernatant was retained to sep-
arate targeted proteins. The total protein amount was 
determined using the bicinchoninic acid (BCA) method. 
Fifty milligrams of protein were loaded onto a 10% so-
dium dodecyl sulfate-polyacrylamide gel (SDS-PAGE) 
for electrophoresis and transferred to  polyvinylidene 
f luoride (PVDF) membranes (Millipore, Burlington, 
USA). The membrane was blocked using 5% skimmed 
milk at 37°C for 1 h, and the primary antibodies (Invit-
rogen, Waltham, USA) for ROCK1 (#MA5-27779, 1:1000 
diluted), Rho (#1B8-1C7, 1:1000 diluted), LIMK1 and 
Phospho-LIMK1 antibody (#MA5-37486, 1:1000 diluted; 
#PA5-104925, 1:200 diluted) were added overnight at 4°C. 
The membrane was washed thrice with 1× Tris-Buffered 
Saline with Tween (TBST) and then incubated with a goat 
anti-rabbit IgG HRP (#31460, 1:5000 dilution; Thermo 
Fisher Scientific) for 2 h. The membrane was then washed 
with 1× TBST, and the electrochemiluminescence (ECL) 
luminous working solution was added to obtain images 
of the proteins.27,28

Statistical analyses

Quantitative data are presented as mean ± standard de-
viation (M ±SD) and were analyzed using GraphPad Prism 
v. 9.4 software (GraphPad Software, San Diego, USA) and 
IBM Statistical Package for Social Science (SPSS) v. 24.0 
software (IBM Corp., Armonk, USA). The expression levels 
of miR-214-5p and ROCK1 mRNA in clinical samples are 
presented as the relative expression. The Shapiro–Wilk 
test was used to confirm the normal data distribution, and 
the Brown–Forsythe test was used to confirm the homo-
geneity of variance. Data that passed normality and homo-
geneity of variance tests were compared using bootstrap 
one-way analysis of variance (ANOVA) followed by Tukey’s 
post hoc test to analyze the differences among multiple 
groups, or Student’s t-test for differences between 2 groups. 
If the data were not normally distributed, Kruskal–Wallis 

test with Dunn’s post hoc test was applied for statistical dif-
ferences among multiple groups, and the Mann–Whitney 
U test was used for the comparison between 2 groups. For 
an in vitro analysis, all experiments were performed in trip-
licate, and the repeated measurement data in the prolif-
eration assay were completed at different time points and 
performed in triplicate. The in vitro data and repeated 
measurements were compared using unpaired Student’s 
t-test or bootstrap one-way ANOVA, followed by a Tukey’s 
post hoc test. The correlation between miR-214-5p and 
ROCK1 mRNA levels was analyzed with SPSS v. 24.0 sta-
tistical software using Spearman’s correlation method. 
The test level of α = 0.05 and the value of p < 0.05 were 
considered significant.

Results

Decreased miR-214-5p expression 
in patients with cervical cancer

In this study, 53 tissue samples (Table 2) obtained from 
patients with cervical cancer, 30 samples from normal 
cervical tissues and 30 samples from cervical intraepithe-
lial neoplasia were collected for the analysis. Compared 
with normal tissue, the expression of miR-214-5p was de-
creased in cervical intraepithelial neoplasia and cervical 
cancer tissues. In addition, miR-214-5p expression was 
lower in cervical cancer compared to cervical intraepithe-
lial neoplasia (Fig. 1A). The expression of miR-214-5p was 
also decreased in more advanced clinical stages (Fig. 1B 
and Table 2) and in patients with lymph node metasta-
sis (Fig. 1C and Table 2). The analysis of patients who 
responded to radiotherapy revealed that miR-214-5p ex-
pression in radiotherapy-resistant patients was also sig-
nificantly lower compared with radiotherapy-sensitive 
patients (Fig. 1D).

Upregulation of miR-214-5p decreases 
the proliferation ability of cervical  
cancer cells

We  further analyzed the  expression of  miR-214-5p 
in 6 cervical cancer cell lines. This analysis demonstrated 
that miR-214-5p expression in C4-1, Hela and Siha cells 
was relatively low (Fig. 2A). The radiosensitivity evalua-
tion of a single dose of 2 Gy showed that Hela and Siha 
cell lines demonstrated radiation resistance (Fig. 2B), and 
therefore these 2 cell lines were used in a further analysis. 
To explore the role of miR-214-5p in the radiosensitivity 
of cervical cancer, we first upregulated its expression using 
its mimic, and RT-qPCR demonstrated that the mimic was 
successfully transfected (Fig. 2C). The CCK-8 assay was 
used to analyze cell proliferation, showing a significant 
decrease following increased expression of miR-214-5p 
(Fig. 2D).
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Upregulation of miR-214-5p decreases 
the migration and invasion ability, 
and increases the radiosensitivity 
of cervical cancer cells

We measured the migration and invasion ability of 2 cell 
lines after increasing miR-214-5p expression. These data 
showed that migration and invasion decreased in both 
cell lines after the upregulation of miR-214-5p (Fig. 3A,B). 
Two single doses of 4 Gy and 6 Gy were used to test radio-
sensitivity, and after upregulating miR-214-5p, the radia-
tion resistance of the 2 cell lines decreased significantly 
(Fig. 3C).

miR-214-5p regulates radiation sensitivity 
by targeting ROCK1

To clarify the functions of miR-214-5p, it was important 
to identify its target genes. We used online bioinformatics 
tools to analyze the potential binding partners of miR-
214-5p, identifying ROCK1 as  a  potential target gene 
of miR-214-5p. A sequence at the 3’UTR region of ROCK1 
was selected to construct a mutant variant (Fig. 4A). Dual-
luciferase reporter analysis indicated a significant reduction 
in luciferase activity in cells containing the ROCK1-WT 
sequence when miR-214-5p was exogenously increased. 
Moreover, the relative luciferase activity in cells contain-
ing ROCK1-mut was consistent after the  transfection 
(Fig. 4B). The RT-qPCR analysis also indicated a signifi-
cantly decreased ROCK1 expression when miR-214-5p was 

Table 2. Demographic data and miR-214-5p expression of 53 samples obtained from cervical cancer patients

Parameter Category n (53) Relative expression Mann–Whitney U p-value

Age [years]
≥45 35 0.722 ±0.248

255 0.267
<45 18 0.657 ±0.219

Menopause state
yes 32 0.733 ±0.267

273 0.256
no 21 0.650 ±0.191

Tumor size [cm]
≥4 15 0.620 ±0.181

192.5 0.0682
<4 38 0.731 ±0.253

FIGO stage

IB 8 1.005 ±0.289

NA <0.0001*
IIA 15 0.804 ±0.205

IIB 18 0.654 ±0.128

IIIA 12 0.498 ±0.055

Lymph node metastasis
yes 13 0.502 ±0.058

34 <0.0001
no 40 0.764 ±0.240

Pathological type
squamous cell carcinoma 45 0.691 ±0.238

140.5 0.336
adenocarcinoma 8 0.751 ±0.250

Data were expressed as mean ± standard deviation (M ±SD) and analyzed using the Mann–Whitney U test; * data were analyzed using the Kruskal–Wallis 
one-way analysis of variance (ANOVA). The results of multiple group comparisons are also demonstrated in Fig. 1B. NA – not applicable; FIGO – International 
Federation of Gynecology and Obstetrics.

Fig. 1. Expression of miR-214-5p is downregulated in patients with cervical cancer. A. The expression of miR-214-5p in cervical carcinoma tissue (n = 53), 
cervical intraepithelial neoplasia (n = 30) and normal control (n = 30); B. The expression of miR-214-5p is downregulated along with the increasing clinical 
stage; data were analyzed using the Kruskal–Wallis test for multiple comparisons (A,B); C. Patients with lymph node metastasis have a significantly lower 
miR-214-5p expression; D. The expression of miR-214-5p in radiotherapy-sensitive patients is higher than in radiotherapy-resistant patients; data were 
analyzed using the Mann–Whitney U test (C,D). Whiskers represent the 95% confidence interval (95% CI) values

ns – not significant.
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exogenously upregulated (Fig. 4C). We further analyzed 
the correlation between miR-214-5p and ROCK1 expres-
sion in the collected tissues, and found that miR-214-5p 
was negatively correlated with ROCK1 expression (Fig. 4D). 
Moreover, we observed a relative increase in ROCK1 ex-
pression in patients with poor radiation response (Fig. 4E).

Overexpression of ROCK1 abolishes 
the enhanced miR-214-5p-dependent 
radiosensitivity

To clarify whether radiosensitivity and growth inhibition 
of cervical cancer cells brought about by miR-214-5p were 
dependent on ROCK1 regulation, we upregulated the ex-
pression of ROCK1 in Hela cells through a ROCK1 overex-
pression plasmid (ROCK1 OE). The reduction in cell pro-
liferation produced by miR-214-5p was partially reversed 
by ROCK1 OE (Fig. 5A). In addition, the radiation resistance 
of Hela cells containing the miR-214-5p mimic was partially 
restored with the upregulation of ROCK1 (Fig. 5B). The pro-
tein expression of ROCK1, Rho and phosphorylated LIMK1 
(p-LIMK1) the proteins that sit upstream and downstream 
in ROCK1 signaling,29 were also measured. The results 
of western blot analysis showed that the expression of up-
stream Rho was not affected, while its downstream kinase 
p-LIMK1 decreased upon ROCK1 upregulation (Fig. 5C).

miR-214-5p improves the radiotherapy 
effect of cervical cancer model  
in nude mice

Compared with the model group, the miR-214-5p mimic 
group demonstrated a limited inhibiting effect on the tu-
mor (p = 0.244, compared to the model group). As ex-
pected, miR-214-5p significantly increased the radiosen-
sitivity of  tumors in nude mice (Fig. 6A,B). Compared 
with the radiation group alone, the tumor inhibition rate 
in the miR-214-5p mimic + radiation group increased from 
45.03 ±5.8% to 64.39 ±4.9% (p < 0.0001). These results con-
firmed that miR-214-5p has a remarkable sensitizing effect 
on radiotherapy. The protein expressions of Rho, ROCK1 
and p-LIMK1 are consistent with the  in vitro analysis 
(Fig. 6C), which revealed that the upregulation of miR-
214-5p decreased expressions of ROCK1 and p-LIMK1 
while not affecting Rho.

Discussion

Herein, we  evaluated the  expression of  miR-214-5p 
in  patients who received radiotherapy, and we  found 
that patients with unsatisfactory responses to treatment 
have relatively lower miR-214-5p expression levels. Based 

Fig. 2. Upregulation of miR-214-5p decreases the proliferation of cervical cancer cells. A. The expression of miR-214-5p in cervical cancer cell lines C4-1, 
MS751, Hela, Siha, C33A, and CaSki; B. The radiosensitivity of the above cell lines at 2 Gy; C. The expression of miR-214-5p in Hela and Siha cells after 
transfection; D. Cell proliferation of Hela and Siha cells after the transfection with a mimic of miR-214-5p; three biological replicates were performed, and 
the results are shown as a mean with 95% confidence interval (95% CI). The results were analyzed using Student’s t-test

OD – optical density; * p < 0.05; ** p < 0.01, compared with the same time point.
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on  the  differences in  miR-214-5p expression profiles, 
we found that miR-214-5p expression remained relatively 
low in several cervical cancer cell lines. The sample analy-
sis suggested that miR-214-5p expression was significantly 
downregulated in cervical cancer tissues, especially in pa-
tients resistant to radiotherapy. Further studies revealed 
that upregulating the expression of miR-214-5p could in-
hibit the growth and proliferation of radiation-resistant 
cervical cancer cells. Intriguingly, in vivo studies showed 
that the administration of miR-214-5p mimics alone had 
little effect on tumor growth, but in combination with ra-
diotherapy could significantly inhibit tumor growth, better 
than radiation treatment alone, indicating that miR-214-5p 
has a certain sensitizing effect.

Radiotherapy is one of the main therapies for cervical can-
cer due to the tumor’s relatively high sensitivity to radiation 
therapy.30,31 Radiotherapy can also induce changes in the ex-
pression of many genes and proteins, leading to the reduction 
of tumor sensitivity to radiotherapy and the development 
of radiation resistance.32 Radiation resistance is the main 
reason for the failure of radiotherapy.33 Furthermore, ra-
diation resistance is a process involving multiple genes and 
mechanisms, including cancer stem cells (CSCs) with high 
tumorigenicity, which repair apoptosis by activating DNA 
damage responses; increased glucose uptake and decreased 
mitochondrial oxidative phosphorylation in tumor cells 
could also efficiently repair DNA. In addition, cell survival 
is promoted by providing energy through autophagy and 

Fig. 3. Upregulation of miR-214-5p decreases the migration and invasion ability, and increases the radiosensitivity of cervical cancer cells. A. The migration 
ability of Hela and Siha cell lines after being transfected with miR-214-5p; B. The invasion ability of Hela and Siha cell lines decreased after the upregulation 
of miR-214-5p; C. The radiosensitivity of both cell lines decreased significantly after upregulating miR-214-5p measured using 2 single absorbed doses 
of 4 Gy and 6 Gy. Three biological replicates were performed, and the results are shown as a mean with 95% confidence interval (95% CI). The results were 
analyzed using Student’s t-test
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eliminating proteins that have been damaged by radiation. 
The regulation of the redistribution of the cell cycle could 
weaken the sensitivity to radiotherapy of tumor cells.31,34

Cell damage caused by different agents can facilitate 
different miRNA responses, which, in the process, will 
show expression disorder.35 The regulation of miRNA ex-
pression ensures that miRNA can respond to injury both 
at the transcriptional and post-transcriptional levels. Gen-
erally, the direct target genes of miRNA molecules with 
oncogene effect are mostly tumor suppressor genes. Con-
versely, if the miRNA molecule has a tumor suppressor 
function, it mainly targets multiple oncogenes.36 In addi-
tion, the expression of miRNA is tissue- and tumor stage-
specific, which leads to obvious differences in miRNA ex-
pression profiles in different tissues. A variety of miRNA 
molecules are involved in the progression of cancer. For 
example, the decreased expression of miR-15 in B-cell lym-
phomas is caused by the deletion of chromosome 13q14,37 
while miR-17/92 is related to the expansion of chromo-
some 13q31.38 Moreover, trans-regulatory elements, such 

as  transcription factors, may change the  level of  gene 
expression through the interaction of protein and DNA. 
For example, C-myc and Twist can regulate the expres-
sion of miRNAs and contribute to tumor progression.39,40 
Since the expression level and activity of these transcrip-
tion factors are changed in tumor tissues, the expression 
of the target gene of miRNA molecules is naturally af-
fected. Finally, studies have found that this transcriptional 
activation of oncogenes and transcriptional silencing of tu-
mor suppressor genes existed in almost all cancer tissues.41

The Rho/ROCK expression is mainly limited to the cy-
toplasm and is  involved in  regulating cell morphology, 
cytoskeletal remodeling, cell migration, and other cellular 
functions.42 In the process of cell signal transduction, Rho 
GTPases mainly act on the cytoskeleton or target proteins. 
They regulate a variety of biological effects, including cell 
membrane transport, cell migration, adhesion, and prolif-
eration, among others.43 The ROCK is a serine/threonine 
protein kinase with 2 highly homologous isomers, ROCK1 
and ROCK2. Liang et al. reported that increased expression 

Fig. 4. miR-214-5p regulates radiation sensitivity of cervical cancer cell expression by targeting the expression of ROCK1. A. The selected binding sequence 
at the 3’untranslated region (3’UTR) region of ROCK1; B. The relative luciferase activity of cells transfected with ROCK1 sequence; C. The ROCK1 expression 
after miR-214-5p mimics were transfected into cervical cancer cells; three biological replicates were performed and data were analyzed using Student’s 
t-test; D. The correlation analysis showed that the expression of ROCK1 was negatively correlated with the expression of miR-214-5p in cervical cancer 
tissues; data were analyzed with Spearman’s correlation; E. Relative higher ROCK1 expression in patients has poor radiation response; data were analyzed 
using the Mann–Whitney U test. Whiskers represent the 95% confidence interval (95% CI) values
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of ROCK1 can promote EMT in cervical cancer cells.44 
Through online database analysis, we identified ROCK1 
as a potential target of miR-214-5p. In vitro and in vivo 
studies show that upregulating miR-214-5p downregulates 
ROCK1 expression and enhances the sensitivity to radiother-
apy. Our analysis showed that ROCK1 was highly expressed 
in both radiation-resistant cells and radiotherapy-resistant 
patients with cervical cancer. Moreover, we demonstrated 
that ROCK1 participates in the radiation resistance of cer-
vical cancer, and that mir-214-5p decreases the resistance 
of ROCK1 to radiation by targeting its expression.

An anoxic microenvironment exists in most of the solid 
tumors, which affects the genetic phenotype of tumor 
cells.45 Consequently, hypoxic microenvironments of tu-
mors are closely related to the occurrence, development, 
prognosis, metastasis, and therapeutic response of the tu-
mor to treatment. Leong and Chambers indicated hypoxia-
induced migration of tumor cells through Rho/ROCK1 
signaling pathways,46 and Liu et al. observed that ROCK1 
is related to cisplatin resistance in lung cancers.47 These 
results demonstrate that the Rho/ROCK1 pathway broadly 
participates in the occurrence and development of tumors, 

Fig. 5. Overexpression of ROCK1 abolishes the enhanced radiosensitivity brought by miR-214-5p. A. The downregulation of Hela cell proliferation brought 
by miR-214-5p inhibition was partially reversed after the upregulation of ROCK1 (ROCK1 OE); B. The radiation resistance of miR-214-5p-transfected Hela 
cell was restored partially by ROCK1 OE; C. Protein expressions of ROCK1, Rho, LIMK1, and phosphorylated LIMK1 (p-LIMK1) were measured with western 
blot analysis; the expression of Rho and LIMK1 was not affected, while p-LIMK1 expression decreased after the overexpression of ROCK1; three biological 
replicates were performed, and data were analyzed with bootstrap analysis of variance (ANOVA) analysis, based on 1000 bootstrap samples. The Tukey’s 
multiple comparison test was used for post hoc analysis. Whiskers represent the 95% confidence interval (95% CI) values

ns – not significant; OD – optical density; ** p < 0.01, compared to miR-214-5p NC; ## p < 0.01, compared to miR-214-5p mimic + ROCK1 OE.
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especially in the process of creating therapy resistance. 
As for the high expression of ROCK1 in radiation resis-
tance, we speculate that ionizing radiation leads to sus-
tained oxidative stress and mitochondrial dysfunction, 
inducing the upregulation of ROCK1 expression, adjusting 
the reconstruction of the damaged tumor cytoskeleton and 
causing tumor cells to resist radiotherapy.48,49 The miR-
214-5p prevents the reconstruction of the cervical can-
cer cell cytoskeleton by downregulating ROCK1 expres-
sion and improving the tolerance of cervical cancer cells 
to radiation. Unfortunately, due to the previous research 
design, we only verified the change of ROCK1 expression 
in radiotherapy sensitivity. We look forward to further 
explore and verify the upstream influencing factors in sub-
sequent studies.

The  LIMK1 is  phosphorylated by  upstream kinases 
ROCK1, and its activation continually phosphorylates 
downstream target proteins, thereby regulating actin 
and tubulin remodeling.50 The p-LIMK1 is an important 

executive protein of ROCK1 during tumor cell migration. 
Our analysis indicated that with the reduction of ROCK1 
regulated by miR-214-5p, Rho expression did not change 
and the expression level of p-LIMK1 decreased, indicating 
that ROCK1 is a key protein regulating radiosensitivity 
in cervical cancer radiotherapy, and is specifically arranged 
by miR-214-5p.

Limitations

Our study has some limitations. First, the inhibition 
of miR-214-5p in tumor cells in vivo and in vitro is incon-
sistent, and it is not clear whether the reduction of inhibi-
tion efficiency in vivo is due to the insufficient miRNA 
dose, or if the effect itself is limited. These questions need 
to be further clarified. In addition, whether the sensitiz-
ing effect of miR-214-5p on radiotherapy is simply added 
to  radiation or  is a  synergistic effect requires further 
analysis.

Fig. 6. miR-214-5p improves the radiotherapy effect of the cervical cancer model in nude mice. A. Stripped tumor and tumor volume in each group; 
n = 6, data were analyzed using analysis of variance (ANOVA); B. Tumor inhibition rate in each group; n = 6, results were analyzed with bootstrap ANOVA, 
based on 1000 bootstrap samples; the Tukey’s multiple comparisons test was used for the intercomparison of groups; C. Consistent with in vitro analysis, 
the protein expressions of Rho, the upstream protein of ROCK1, did not change. The expression of ROCKs and phosphorylated LIMK1 (p-LIMK1) decreased 
after the upregulation of miR-214-5p, especially when combined with radiation. Measurements were performed in triplicate. Data were analyzed using 
bootstrap ANOVA analysis, based on 1000 bootstrap samples. The Tukey’s multiple comparisons test was used for post hoc analysis. Whiskers represent 
the 95% confidence interval (95% CI) values

ns – not significant; * p < 0.05, ** p < 0.01, compared to the model group; # p < 0.05, ## p < 0.01, compared to the radiation group.
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Conclusions

Herein, we demonstrated decreased miR-214-5p ex-
pression and increased ROCK1 expression in patients 
with radiotherapy-resistant/insensitive cervical cancer. 
Exogenously increasing miR-214-5p specifically regulates 
ROCK1 and improves the sensitivity of cervical can-
cer to radiotherapy. This suggests that the upregulation 
of miR-214-5p or decreasing ROCK1 expression may help 
to  improve the treatment response in cervical cancer 
patients treated with radiotherapy, although this con-
clusion needs to be verified in further follow-up studies.
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Abstract
Background. Acute myocardial infarction (AMI) is a common cardiovascular disease worldwide. Circular 
RNAs (circRNAs) have been shown to exert essential roles in the progression of AMI. However, it remains 
unclear whether circANKIB1 protects cardiomyocytes from hypoxia-induced injury.

Objectives. The aim of the study was to elucidate the function and mechanisms of circANKIB1 in AMI.

Materials and methods. The expression of RNA was estimated using a quantitative real-time polymerase 
chain reaction (qPCR) assay, and the level of protein was determined with the use of western blot analysis. 
Methyl thiazolyl tetrazolium (MTT) assay was introduced to test cell viability, and a terminal deoxynucleotidyl 
transferase dUTP nick end labeling (TUNEL) assay was used to detect apoptosis. The relative levels of ferrous ion 
(Fe2+), reactive oxygen species (ROS) and malondialdehyde (MDA) were measured with their corresponding 
detection kits. The potential target of circANKIB1 and miR-452-5p was predicted using the StarBase database 
and verified by employing a dual luciferase reporter assay.

Results. This study showed a significant decrease in circANKIB1 in hypoxia-treated H9c2 cells. Hypoxic 
exposure significantly reduced the viability of H9c2 cells and the expression of GPX4, and increased the con-
tent of Fe2+, ROS and MDA. These effects were reversed by the overexpression of circANKIB1. Additionally, 
miR-452-5p was found to be a direct target of circANKIB1, and the miR-452-5p mimic significantly eliminated 
the protective effect of circANKIB1 overexpression in hypoxia-induced cells. In addition, miR-452-5p could 
bind to SLC7A11 and negatively regulate its expression. The knockdown of SLC7A11 abolished the effect 
of circANKIB1 overexpression on hypoxia-induced cardiomyocyte injury.

Conclusions. This investigation revealed for the first time that circANKIB1 regulated signaling of the miR-
452-5p/SLC7A11 axis, thereby ameliorating hypoxia-induced cardiomyocyte injury. These findings suggest 
that circANKIB1 might be a useful adjunct in the treatment of AMI.

Key words: cardiomyocyte, SLC7A11, acute myocardial infarction, miR-452-5p, circANKIB1
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Background

Acute myocardial infarction (AMI), as a cardiovascular 
disease, is associated with cardiomyocyte injury caused 
by acute ischemia and hypoxia. Acute myocardial infarc-
tion causes severe damage to the myocardium, resulting 
in high mortality.1,2 Previous findings suggest that AMI 
could induce oxidative stress in cardiomyocytes, ultimately 
leading to their dysfunction.3,4 Exploring the molecular 
network of  cardiomyocyte injury and revealing target 
genes that protect them from acute ischemia and hypoxia 
are essential for the treatment of AMI patients.

Circular RNA (circRNA) is highly stable and displays 
a novel circular structure without 5’ or 3’ ends.5–7 CircRNAs 
are involved in the regulation of various intracellular ac-
tivities8 and are considered markers in a variety of human 
diseases. Additionally, scientists have demonstrated that 
multiple circRNAs play an important role in the progres-
sion of AMI.9,10 For example, Ren et al. demonstrated that 
circ_0023461 knockdown mitigated hypoxia-induced cardio-
myocyte injury by mediating the miR-370-3p/PDE4D signal-
ing axis.11 Wang et al. discovered that circUBXN7 improved 
hypoxia/reoxygenation (H/R)-induced apoptosis and the in-
flammatory responses in cardiomyocytes by modulating 
the miR-622/MCL1 axis signaling.12 The circRNA ankyrin 
repeats and IBR domain containing 1 (circANKIB1) have 
been reported to be a splicing product of ANKIB1 mRNA 
that regulate the development of multiple cells.13,14 Mao et al. 
revealed that circANKIB1 was closely related to the process 
of peripheral nerve injury.15 However, the role of circANKIB1 
in hypoxia-induced cardiomyocyte injury remains unclear.

MicroRNAs (miRNAs) are another widely studied 
non-coding RNAs that have been implicated in diverse 
biological functions, such as cell proliferation.16 Current 
investigations have verified that circRNAs could serve 
as competitive endogenous RNA (ceRNAs) of miRNAs 
to influence the expression of downstream mRNA.17 Here, 
we examined the connection between circANKIB1 and 
miR-452-5p and explored the effects of circANKIB1/miR-
452-5p in hypoxia-induced cardiomyocyte injury.

Iron accumulation has been reported to increase the risk 
of cardiovascular disease (CVD).18 Ferroptosis is a recently 
discovered mode of cell death characterized by iron-de-
pendent lipid peroxides increased into the toxic range.19,20 
In addition, Fang et al. reported that ferroptosis can mod-
ulate ischemia–reperfusion-induced cardiomyopathy.19 
Therefore, revealing the regulators of ferroptosis is crucial 
for finding the appropriate therapeutic measures for AMI. 
The SLC7A11 is a multichannel transmembrane protein 
that prevents the development of ferroptosis by increasing 
glutathione (GSH) synthesis and reducing the accumu-
lation of  lipid oxide.21,22 Our previous study found that 
SLC7A11 is an important potential target for miR-452-5p. 
However, whether circANKIB1/miR-452-5p mediates 
ferroptosis of cardiomyocytes under hypoxia conditions 
by SLC7A11 is yet to be explored.

Objectives

We  hypothesized that circANKIB1 plays a  key role 
in  hypoxia-induced cardiomyocyte injury by  regulat-
ing SLC7A11-associated ferroptosis, which would pro-
vide a promising therapeutic network for the treatment 
of AMI.

Materials and methods

Cell culture

Rat H9c2 cardiomyocytes (BNCC337726) were ob-
tained from the BeNa Culture Collection (Beijing, China) 
and maintained in Dulbecco’s modified Eagle’s medium 
(DMEM; SH30022.LS; Hyclone, Logan, USA) with 10% 
fetal bovine serum (FBS; F8318; Sigma-Aldrich, St. Louis, 
USA) and 1× Penicillin-Streptomycin (P1400; Solarbio, 
Beijing, China) at 37°C and 5% CO2.23

Hypoxia model

The  hypoxia model was completed as  described 
in the previous report.11 The H9c2 cells were subjected 
to hypoxic conditions (O2:CO2:N2 = 1:5:94) for 24 h, 48 h 
and 72 h, and then cultured under normoxia conditions 
(O2:CO2:N2 = 21:5:74) for an additional 6 h to simulate 
AMI in vitro. The H9c2 cells cultured for 30 h under nor-
moxia conditions (O2:CO2:N2 = 21:5:74) were considered 
control cells.

Cell transfection

The  vector with circANKIB1 (oe-circANKIB1) and 
the  empty vector (vector) were obtained from Hunan 
Fenghui Biotechnology Co. Ltd. (Hunan, China). Small 
interfering RNA (siRNA) targeting the SLC7A11 sequence 
(si-SLC7A11) and the corresponding scrambled control 
(si-NC) were synthesized by Sangon Biotech (Shanghai, 
China). The miR-452-5p mimic/inhibitor and its control 
(mimic/inhibitor)-NC were obtained from Guangzhou 
Ruibo Biotechnology Co. Ltd. (Guangzhou, China). Lipo-
fectamine™ 2000 Transfection Reagent (L7800; Solarbio) 
was used to transfect all vectors (4 µg) and oligonucleotides 
(50 nM) into H9c2 cells.24

qPCR assay

Total RNA was extracted from H9c2 cells using Trizol™ 
reagent (Invitrogen, Waltham, USA). NanoDrop™ 
2000 nucleic acid analyzer (Thermo Fisher Scientific, 
Waltham, USA) was used to detect the concentration 
and purity of RNA to confirm that the A260/A280 ratio 
was 1.9–2.1, according to the Minimum Information for 
Publication of Quantitative Real-Time PCR Experiments 
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(MIQE) guidelines.25 The RNA was reverse-transcribed 
into complementary DNA (cDNA) utilizing the  Evo 
M-MLV RT Master Mix (AG11706; Accurate Biology, 
Hunan, China). Then, a quantitative polymerase chain 
reaction (qPCR) analysis was performed using the qPCR 
kit (RK02001; BioMarker Technologies, Beijing, China) 
on the QuantStudio 5 RT fluorescence qPCR instrument 
system (BJ005277; ABI, Hunan, China). The following 
parameters were used for qPCR: 1 cycle at 98°C for 3 min, 
followed by 40 cycles for 15 s at 94°C, 30 s at 60°C and 
1 min at 72°C. The U6 served as the internal reference 
for miR-452-5p, while glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH) was the  internal reference for 
circANKIB1. The 2−ΔΔCt method was utilized to estimate 
the levels of miR-452-5p and circANKIB1.23 All primers 
(synthesized by BGI Group, Shenzhen, China) are shown 
in Table 1.

RNase R assay

The  extracted RNA was treated with 1  U/μg RNase 
R (14606ES72; YESEN, Shanghai, China) for 30 min, fol-
lowed by quantitative real-time polymerase chain reaction 
(qPCR) analysis to detect the expression of circANKIB1 
and liner ANKIB1. A sample of non-processed RNA was 
considered the control group.26

Subcellular localization assay

A PARIS kit (AM1921; Invitrogen) was used to isolate cy-
toplasmic and nuclear RNA from H9c2 cells. The qPCR was 
then performed to determine the content of circANKIB1 
distributed in  the cytoplasm or nucleus in H9c2 cells. 
The GAPDH and U6 served as the housekeeping genes 
for the cytoplasm and nucleus, respectively.27

Methyl thiazolyl tetrazolium (MTT) assay

Cell viability was tested by employing the MTT Cell 
Proliferation Assay Kit (40206ES76; YESEN). Briefly, 
the transfected H9c2 cells were cultured overnight in 96-
well plates (3×103 cells/well), and cell transfection was per-
formed for 48 h. Then 10 μL of MTT was added to each well 
for 4 h. The optical density (OD) was recorded at 570 nm 
with a microplate reader (SpectraMax Mini; Molecular 
Devices Ltd., Shanghai, China).28

Reactive oxygen species and 
malondialdehyde detection

For the detection of reactive oxygen species (ROS), cells 
were incubated with a 2’-7’-dichlorofluorescin diacetate 
(DCFH-DA) probe (10  μM; Beyotime Biotechnology, 
Shanghai, China) for 30 min in darkness at room tem-
perature. Then, the cells were rinsed twice with phos-
phate-buffered saline (PBS) and imaged with a fluorescent 
microscope (Leica DM1000; Leica Camera, Wetzlar, Ger-
many). The fluorescence intensity was examined using 
a fluorescent microplate reader (Epoch2; BioTek, Vermont, 
USA; excitation/emission 488/525 nm). The level of ROS 
and malondialdehyde (MDA) in H9c2 cells was estimated 
using the ROS assay kit (CA1410; Solarbio) or the MDA 
assay kit (BC0025; Solarbio), respectively.29

Iron detection

The ferrous ion (Fe2+) in H9c2 cells was monitored using 
a Fe2+ assay kit (BC5415; Solarbio), following the manufac-
turer’s protocol. Briefly, supernatants of conditioned media 
from cells were placed onto 96-well plates and then incu-
bated with a 5-microliter iron reducer at 25°C for 30 min 
to detect total iron content. Then, in a dark environment, 
samples were incubated with 100 μL of the iron probe for 
60 min at 25°C. Finally, the OD was measured at 594 nm 
with a microplate reader (SpectraMax Mini; Molecular 
Devices Ltd.).29

Luciferase activity

The  circANKIB1 or  SLC7A11 fragments containing 
wild-type (WT) or mutant-type (MUT) binding sites with 
miR-452-5p were cloned into pmirGLO vectors (VT1439; 
YouBio, China). Four luciferase vectors (circANKIB1-WT, 
circANKIB1-MUT, SLC7A11-WT, and SLC7A11-MUT) 
were then obtained. The H9c2 cells (4×105 cells/well) were 
transfected with miR-452-5p mimic/NC (25 nM final 
concentration) and circANKIB1-WT/circANKIB1-MUT 
(2 µg) or SLC7A11-WT/SLC7A11-MUT (2 µg) using Li-
pofectamine™ 2000 Transfection Reagent (L7800; Solar-
bio). Then, the luciferase activity of Renilla (normalized 
as the control) and Firefly was tested with a Dual-Lucy 
Assay Kit (D0010; Solarbio) on a microplate reader (Spec-
traMax Mini; Molecular Devices Ltd.).23

Table 1. Quantitative real-time polymerase chain reaction (qPCR) primers 

Genes Primers (forward) Primers (reverse)

circANKIB1 5’-AGACCGCAGACATGCTCC-3’ 5’-AGTCCCTAATATCCTATTCATTCCA-3’

miR-452-5p 5’-GCGCAACTGTTTGCAGAG-3’ 5’-GTGCAGGGTCCGAGGT-3’

SLC7A11 5’-GCTGACACTCGTGCTATT-3’ 5’-ATTCTGGAGGTCTTTGGT-3’

U6 5’-CTCGCTTCGGCAGCACA-3’ 5’-AACGCTTCACGAATTTGCGT-3’

GAPDH 5’-GGGAGCCAAAAGGGTCAT-3’ 5’-GAGTCCTTCCACGATACCAA-3’
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Western blotting analysis

The total protein of H9c2 cells was collected using ra-
dioimmunoprecipitation assay (RIPA) lysis buffer (R0020; 
Solarbio) and isolated on a sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE), and then transferred 
to polyvinylidene fluoride (PVDF) membranes (YA1701; 
Solarbio). The membranes were treated using Tris-buffered 
saline (TBS) containing 3% skim milk (T476445-10EA; Alad-
din, Shanghai, China) at 4°C for 1 h and then incubated 
with the primary antibodies, including anti-GPX4 (1:1000, 
14432-1-AP; Proteintech, Rosemont, USA), anti-SLC7A11 
(1:1000, 26864-1-AP; Proteintech) and anti-β-actin (1:1000, 
ab8227; Abcam, Cambridge, UK). Finally, the membrane was 
treated with the secondary antibody (1:2000, goat anti-rabbit 

IgG antibody, bs-0295G; Bioss, Beijing, China) for 2 h and 
enhanced chemiluminescence (ECL) detection solutions 
(HR0340, E266188; Aladdin) to observe the protein bands.24

TUNEL assay

Cells were fixed in 4% paraformaldehyde for 30 min, 
followed by incubation with 0.3% Triton X-100 for 5 min. 
Then, the cells were incubated using terminal deoxynu-
cleotidyl transferase dUTP nick end labeling (TUNEL) 
detection buffer (Beyotime Biotechnology) for 1  h. 
The 4’,6-diamidino-2-phenylindole (DAPI) was applied 
to counterstain the nuclei. The cells were observed under 
a fluorescence microscope (Leica DM1000; Leica Camera), 
and the TUNEL-positive cells were counted.30

Table 2. The results of t-test and ANOVA

Figure Method F (DFn, DFd) t df pSk pL

Figure 1A ANOVA F (3,8) = 230.4 – – >0.1 0.6704

Figure 1B ANOVA F (3,8) = 123.3 – – >0.1 0.9921

Figure 1C ANOVA F (1,8) = 494.8 – – >0.1 0.8131

Figure 1D ANOVA F (2,12) = 939.9 – – >0.1 0.7471

Figure 2A Student’s t-test – 57.88 4 >0.1 0.9988

Figure 2B ANOVA F (3,8) = 148.2 – – >0.1 0.9846

Figure 2C ANOVA F (3,8) = 230.3 – – >0.1 0.9163

Figure 2D ANOVA F (3,8) = 358.5 – – >0.1 0.9535

Figure 2E ANOVA F (3,8) = 342.0 – – >0.1 0.9003

Figure 2F ANOVA F (3,8) = 131.7 – – >0.1 0.9024

Figure 3B Student’s t-test – 35.18 4 >0.1 0.9968

Figure 3C ANOVA F (1,8) = 168.1 – – >0.1 0.6943

Figure 3D ANOVA F (3,8) = 294.2 – – >0.1 0.7502

Figure 3E ANOVA F (3,8) = 164.1 – – >0.1 0.9279

Figure 4A ANOVA F (3,8) = 202.4 – – >0.1 0.7200

Figure 4B ANOVA F (3,8) = 427.5 – – >0.1 0.9888

Figure 4C ANOVA F (3,8) = 291.3 – – >0.1 0.9603

Figure 4D ANOVA F (3,8) = 240.9 – – >0.1 0.8582

Figure 4E ANOVA F (3,8) = 147.3 – – >0.1 0.9645

Figure 5B ANOVA F (1,8) = 197.4 – – >0.1 0.6893

Figure 5C ANOVA F (3,8) = 60.41 – – >0.1 0.9097

Figure 5D ANOVA F (3,8) = 57.63 – – >0.1 0.9688

Figure 5E ANOVA F (3,8) = 164.7 – – >0.1 0.9932

Figure 5F ANOVA F (3,8) = 215.5 – – >0.1 0.8702

Figure 6A Student’s t-test – 13.63 4 >0.1 0.8026

Figure 6B ANOVA F (3,8) = 234.7 – – >0.1 0.8439

Figure 6D ANOVA F (3,8) = 182.8 – – >0.1 0.8641

Figure 7B ANOVA F (3,8) = 242.3 – – >0.1 0.6751

Figure 7C ANOVA F (3,8) = 87.08 – – >0.1 0.4217

Figure 7D ANOVA F (3,8) = 126.6 – – >0.1 0.3352

Figure 7E ANOVA F (3,8) = 91.43 – – >0.1 0.9008

ANOVA – analysis of variance; df – degrees of freedom; t – Student’s t-test results; pSK – Shapiro–Wilk test; pL – Levene’s test; DFd – degrees of freedom 
denominator; DFn – degrees of freedom numerator.
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Statistical analyses

The analysis was conducted using GraphPad Prism v. 8.0 
software (GraphPad Software, San Diego, USA), and all 
data were presented as mean ± standard deviation (M ±SD). 
Student’s t-test or one-way analysis of variance (ANOVA) 
followed by Tukey’s post hoc test were used to analyze dif-
ferences between 2 groups or multiple groups, respectively. 
The normality of the data and the homogeneity of variance 
between groups were tested using the Shapiro–Wilk test 
and Levene’s test, respectively. The value of p > 0.05 indi-
cated that the assumption of normality of data and homo-
geneity of variance were consistent, and further parameter 
testing could be performed. Statistical significance was 
set at p < 0.05.13 The results of the statistical analyses are 
presented in Table 2 and Table 3.

Results

Overexpression of circANKIB1 ameliorates 
hypoxia-induced cardiomyocyte injury 
and ferroptosis

The expression levels of HIF1α, which is an indicator 
of hypoxia,31 were detected in H9c2 cells following hypoxia 
treatment. The expression of HIF1α was significantly in-
creased in H9c2 cells after hypoxia treatment for 24 h, 48 h 
and 72 h compared with normoxic H9c2 cells (Fig. 1A). 
The results indicated that the hypoxia‑induced cardio-
myocyte model was successfully established. As hypoxia 
treatment over a  long duration may result in  irrevers-
ible damage to H9c2 cells, 24 h timepoint was selected 
for subsequent experiments (Fig. 1A). We demonstrated 
that circANKIB1 expression was significantly decreased 
in a time‑dependent manner under hypoxic conditions 

Table 3. Tukey’s post hoc test results of ANOVA

Figure Method pS pT1 pT2 pT3

Figure 1A ANOVA 0.0001 0.0002 0.0001 0.0001

Figure 1B ANOVA 0.0001 0.0045 0.0001 0.0001

Figure 1C ANOVA 0.0001 0.0665 0.0001 –

Figure 1D ANOVA 0.0001 0.0001 0.0001 0.0001

Figure 2B ANOVA 0.0001 0.0001 0.0001 –

Figure 2C ANOVA 0.0001 0.0001 0.0001 –

Figure 2D ANOVA 0.0001 0.0001 0.0001 –

Figure 2E ANOVA 0.0001 0.0001 0.0001 –

Figure 2F ANOVA 0.0001 0.0001 0.0001 –

Figure 3C ANOVA 0.0001 0.9425 0.0001 –

Figure 3D ANOVA 0.0001 0.0011 0.0001 0.0001

Figure 3E ANOVA 0.0001 0.0001 0.0001 –

Figure 4A ANOVA 0.0001 0.0001 0.0001 0.0001

Figure 4B ANOVA 0.0001 0.0001 0.0001 0.0001

Figure 4C ANOVA 0.0001 0.0001 0.0001 0.0001

Figure 4D ANOVA 0.0001 0.0001 0.0001 0.0001

Figure 4E ANOVA 0.0001 0.0001 0.0001 0.0001

Figure 5B ANOVA 0.0001 0.0001 0.7740 –

Figure 5C ANOVA 0.0001 0.0193 0.0002 0.0001

Figure 5D ANOVA 0.0001 0.0001 0.0001 –

Figure 5E ANOVA 0.0001 0.0001 0.0001 –

Figure 5F ANOVA 0.0001 0.0001 0.0001 –

Figure 6B ANOVA 0.0001 0.0001 0.0001 0.0001

Figure 6D ANOVA 0.0001 0.0001 0.0001 0.0001

Figure 7B ANOVA 0.0001 0.0001 0.0001 0.0001

Figure 7C ANOVA 0.0001 0.0001 0.0001 0.0002

Figure 7D ANOVA 0.0001 0.0001 0.0001 0.0001

Figure 7E ANOVA 0.0001 0.0001 0.0001 0.0001

ANOVA – analysis of variance; pS – p-value summary of ANOVA; PT – Tukey’s post hoc test results. The p-values of the comparison results between 
the different groups were divided into PT1/2/3, respectively.
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compared to  normoxic H9c2 cells (Fig. 1B). To  reveal 
the properties of circANKIB1, we carried out an RNase 
R assay and discovered that circANKIB1 effectively blocked 
the degradation of RNase R, implying that circANKIB1 
was more stable than liner ANKIB1 (Fig. 1C). Further-
more, subcellular localization assays demonstrated that 
circANKIB1 was localized in the cytoplasm of H9c2 car-
diomyocytes more than in the nucleus (Fig. 1D). These 
data indicated that circANKIB1 was a stable circRNA that 
might be involved in the progression of hypoxia-induced 
cardiomyocyte injury.

Overexpression of circANKIB1 inhibited 
hypoxia-induced cardiomyocyte injury 
and ferroptosis

To investigate the effect of circANKIB1 on hypoxia-trig-
gered cardiomyocyte injury, we performed overexpres-
sion experiments in H9c2 cells (Fig. 2A). Cell viability 
was estimated using the MTT assay, which showed that 
hypoxia suppressed the viability of H9c2 cells, which was 
notably restored by circANKIB1 overexpression (Fig. 2B). 
Interestingly, the level of iron was significantly reduced 
in H9c2 cells with circANKIB1 overexpression compared 
with control cells, which implied that circANKIB1 was 
likely to be associated with the progression of ferropto-
sis (Fig. 2C). Notably, the accumulation of ROS and lipid 
peroxidation (MDA) is considered an important factor 
in ferroptosis.32 Therefore, the levels of ROS and MDA 
in H9c2 cells after the overexpression of circANKIB1 were 
detected. The data demonstrated that hypoxia dramati-
cally increased the accumulation of ROS and MDA, which 
was effectively reversed by the overexpression of circAN-
KIB1 (Fig. 2D,E). The GPX4, an inhibitor of ferroptosis,33 
was also investigated. After H/R treatment, GPX4 was de-
creased in H9c2 cells, whereas overexpressed circANKIB1 
significantly upregulated GPX4 (Fig. 2F). Taken together, 

these data suggest that the overexpression of circANKIB1 
inhibited ferroptosis from alleviating hypoxia-induced 
cardiomyocyte injury.

miR-452-5p negatively interacts 
with circANKIB1 in hypoxic H9c2 cells

We used the  starBase database (http://starbase.sysu.
edu.cn/) to  predict the  target miRNA of  circANKIB1. 
We found that miR-452-5p contains binding sequences 
of circANKIB1 (Fig. 3A). The miR-452-5p mimics were 
obtained to upregulate miR-452-5p expression in H9c2 
cells, and functional analyses were performed (Fig. 3B). 
The luciferase assay showed that miR-452-5p mimics de-
creased the luciferase activity of circANKIB1-WT but not 
circANKIB1-MUT (Fig. 3C). Additionally, the expression 
level of miR-452-5p was significantly upregulated in hy-
poxia‑treated cells, compared with normoxic H9c2 cells 
(Fig. 3D). Furthermore, to observe the regulatory influ-
ence of circANKIB1 on miR-452-5p expression, H9c2 cells 
were transfected with oe-circANKIB1 or a vector, followed 
by the examination of miR-452-5p expression using qPCR. 
The results demonstrated a decrease in miR-452-5p expres-
sion after the overexpression of circANKIB1 in H9c2 cells 
under both normoxic and hypoxic conditions (Fig. 3E).

miR-452-5p mimic reversed the regulation 
of circANKIB1 on hypoxia-induced 
cardiomyocyte injury and ferroptosis

To  verify whether miR-452-5p was associated with 
the  protective effect of  circANKIB1 in  cardiomyocyte 
injury, we  transfected a miR-452-5p mimic into H9c2 
cells with circANKIB1 overexpression and performed 
a series of functional experiments. The MTT assay in-
dicated that the miR-452-5p mimic effectively counter-
acted circANKIB1 overexpression regarding the viability 

Fig. 1. The overexpression of circANKIB1 ameliorates hypoxia-induced cardiomyocyte injury and ferroptosis. A. Hypoxia‑inducible factor (HIF)1α mRNA 
expression level in H9c2 cells was increased after hypoxia treatment for 24 h, 48 h or 72 h tested with quantitative real-time polymerase chain reaction 
(qPCR) assay (p = 0.001, n = 3, analysis of variance (ANOVA) test); B. CircANKIB1 expression level was decreased in H9c2 cells after hypoxia treatment 
for 0 h, 24 h, 48 h, or 72 h (p = 0.001, n = 3, ANOVA test); C. RNase R assay and qPCR assay were used to test the expression level of circANKIB1 or liner and 
it was found that there was no significant change in circANKIB1 expression, while liner ANKIB1 expression was decreased (p = 0.001, n = 3, ANOVA test); 
D. The distribution of circANKIB1 was confirmed using subcellular localization assay (p = 0.001, n = 3, ANOVA test)

http://starbase.sysu.edu.cn/
http://starbase.sysu.edu.cn/
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Fig. 3. MiR-452-5p negatively 
interacts with circANKIB1 
in hypoxic H9c2 cells. 
A. The binding sequences 
between circANKIB1 and 
miR-452-5p were forecast 
using the starBase database; 
B. The increased miR-452-5p 
expression was tested 
with quantitative real-time 
polymerase chain reaction 
(qPCR) assay (p = 0.001, 
n = 3, Student’s t-test); 
C. The interaction between 
circANKIB1 and miR-452-5p 
was verified using luciferase 
activity assay (p = 0.001, n = 3, 
analysis of variance (ANOVA) 
test); D. MiR-452-5p expression 
was increased in H9c2 cells after 
hypoxia treatment for 24 h, 48 h 
or 72 h (p = 0.001, n = 3, ANOVA 
test); E. MiR-452-5p expression 
levels in hypoxia‑treated 
H9c2 cells transfected with 
oe-circANKIB1 were decreased 
and tested with qPCR assay 
(p = 0.001, n = 3, ANOVA test)

Fig. 2. The overexpression of circANKIB1 improved hypoxia-induced cardiomyocyte injury and ferroptosis. A. The expression level of circANKIB1 was 
increased and tested with quantitative real-time polymerase chain reaction (qPCR) assay (p = 0.001, n = 3, Student’s t-test); B. Methyl thiazolyl tetrazolium 
(MTT) assay monitored that cell viability was suppressed by hypoxia and could be restored by circANKIB1 overexpression (p = 0.001, n = 3, analysis 
of variance (ANOVA) test); C–E. The reduced expression of ferrous ion (Fe2+) (C), reactive oxygen species (ROS) (D) and malondialdehyde (MDA) (E) was 
analyzed using corresponding kits (p = 0.001, n = 3, ANOVA test); F. The increased GPX4 expression was examined with western blotting analysis (n = 3, 
ANOVA test)
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of  hypoxia-treated H9c2 cells (Fig. 4A). Furthermore, 
the inhibitory effect of overexpressed circANKIB1 on iron, 
ROS and MDA accumulation was notably reversed by miR-
452-5p mimics in hypoxia-induced H9c2 cells (Fig. 4B–D). 
Moreover, the  overexpression of  circANKIB1 elevated 
the expression of GPX4 in hypoxia-induced H9c2 cells, and 
this effect was significantly reduced by the miR-452-5p 
mimic (Fig. 4E). These data imply that circANKIB1 exerts 
its protective role in cardiomyocytes by mediating the ex-
pression of miR-452-5p.

SLC7A11 is a candidate target of miR-452-5p 
in hypoxia‑treated H9c2 cells

A further analysis predicted that miR-452-5p would be 
able to bind to the 3’UTR of SLC7A11 (Fig. 5A). Results 
collected from a dual-luciferase reporter gene assay sug-
gested that the miR-452-5p mimic decreased luciferase ac-
tivity in SLC7A11-WT, while the activity of SLC7A11-MUT 
was not affected (Fig. 5B). Furthermore, the expression 
level of SLC7A11 was significantly decreased by hypoxia 

treatment in a time‑dependent manner compared with nor-
moxic H9c2 cells (Fig. 5C). The qPCR and western blotting 
analyses showed that hypoxia reduced SLC7A11 mRNA 
and protein expression, which was effectively restored 
by a miR-452-5p inhibitor (Fig. 5D,E). Moreover, to observe 
the regulatory influence of circANKIB1 on SLC7A11 ex-
pression, H9c2 cells were transfected with oe-circANKIB1 
or vector, followed by an examination of SLC7A11 expres-
sion using western blot. The results highlighted that after 
the overexpression of circANKIB1 in H9c2 cells, the expres-
sion of SLC7A11 was elevated, and this could be effectively 
restored by the miR-452-5p inhibitor (Fig. 5F).

Silencing SLC7A11 reversed the decreased 
cell apoptosis effect of circANKIB1 
overexpression on hypoxia-induced 
cardiomyocyte injury

To confirm the role of SLC7A11 in hypoxia-treated car-
diomyocyte injury, we constructed a vector with a SLC7A11 
knockdown for rescue experiments (Fig. 6A). Cell viability 

Fig. 4. MiR-452-5p mimic reversed the regulation of circANKIB1 on hypoxia-induced cardiomyocyte injury and ferroptosis. A. Methyl thiazolyl tetrazolium 
(MTT) assay confirmed that cell viability induced in H9c2 cells by co-transfection with circANKIB1 overexpression was effectively counteracted by miR-452-5p 
mimic (p = 0.001, n = 3, analysis of variance (ANOVA) test); B–D. Corresponding kits showed that the reduced levels of ferrous ion (Fe2+) (B), reactive oxygen 
species (ROS) (C) and malondialdehyde (MDA) (D) were effectively counteracted by miR-452-5p mimic (p = 0.001, n = 3, ANOVA test); E. Western blotting 
analysis showed that GPX4 expression elevated by the overexpression of circANKIB1 was eliminated by the miR-452-5p mimic (p = 0.001, n = 3, ANOVA test)
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restoration through circANKIB1 overexpression was sig-
nificantly reduced by SLC7A11 silencing in hypoxic-treated 
H9c2 cardiomyocytes (Fig. 6B). Then, we explored the effect 
of SLC7A11 downregulation in H9c2 cells with various treat-
ments using si-SLC7A11. The number of TUNEL-postitive 
cells with transfected with si-SLC7A11 was markedly in-
creased when compared with circANKIB1 overexpression 
transfection in hypoxia-induced H9c2 cells (Fig. 6C,D).

Downregulation of SLC7A11 reversed 
the decreased ferroptosis effect 
of circANKIB1 overexpression on hypoxia-
induced H9c2 cardiomyocytes

The  suppressive roles of  overexpressed circANKIB1 
on the accumulation of iron, ROS and MDA were effec-
tively counteracted by SLC7A11 knockdown (Fig. 7A–C). 
In addition, the decreased Fe2+ level in circANKIB1 over-
expression in  H9c2 cells was markedly elevated after 
the transfection with si-SLC7A11 (Fig. 7D). Furthermore, 
the overexpression of circANKIB1 increased GPX4 ex-
pression in H9c2 cells under hypoxic conditions, which 
was notably reversed by SLC7A11 knockdown (Fig. 7E). 
Collectively, our findings demonstrated that circANKIB1 
protected cardiomyocytes from hypoxia-induced injury 
by mediating the miR-452-5p/SLC7A11 axis.

Discussion

Our research revealed that circANKIB1 was a stable cir-
cRNA that was mainly distributed in the cytoplasm and de-
creased in hypoxia-treated H9c2 cells. The overexpression 
of circANKIB1 significantly inhibited the progression of fer-
roptosis and protected H9c2 cardiomyocytes from hypoxia-
induced injury. In addition, miR-452-5p is considered a direct 
target of circANKIB1, and a miR-452-5p mimic notably re-
versed the effect of circANKIB1 overexpression on ferroptosis 
and injury in cardiomyocytes induced by hypoxia. Moreover, 
SLC7A11 was a potential target for miR-452-5p, and SLC7A11 
silencing abolished the protective role of circANKIB1 against 
hypoxia-induced cardiomyocyte injury.

Increasing evidence has shown that circRNAs exert vital 
roles in human CVDs.9,34,35 For example, circRbms1 is highly 
expressed in AMI, and the loss of circRbms1 effectively blocked 
H2O2-related cardiomyocyte apoptosis and ROS accumula-
tion by mediating the miR-92a/BCL2L11 axis.36 Therefore, 
targeting circRNAs may be a promising approach for the treat-
ment of AMI. In our previous study, we established a hypoxia 
model on H9c2 cardiomyocytes to simulate AMI in vitro, and 
tested the expression of several circRNAs associated with 
organ injury. The results suggested that hypoxia treatment 
increased the level of circANKIB1 in H9c2 cells. The circAN-
KIB1 has been reported to promote Schwann cell proliferation, 

Fig. 5. SLC7A11 is a candidate target of miR-452-5p in hypoxia‑treated H9c2 cells. A. The binding sites between miR-452-5p and SLC7A11 were forecast via 
the starBase database; B. The interaction between miR-452-5p and SLC7A11 was verified using luciferase activity assay (p = 0.001, n = 3, analysis of variance 
(ANOVA) test); C. Decreased SLC7A11 expression level in H9c2 cells after hypoxia treatment for 24 h, 48 h or 72 h was tested with quantitative real-time 
polymerase chain reaction (qPCR) assay (p = 0.001, n = 3, ANOVA test); D,E. Western blotting analysis and qPCR showed that hypoxia reduced SLC7A11 
mRNA and protein expression, which was effectively restored by miR-452-5p inhibitor (p = 0.001, n = 3, ANOVA test); F. The increased protein level of SLC7A11 
expression in hypoxia‑treated H9c2 cells transfected with circANKIB1 overexpression was effectively restored by the miR-452-5p inhibitor and tested using 
western blotting analysis (p = 0.001, n = 3, ANOVA test)
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thereby exerting a protective role in peripheral nerve injury.15 
However, whether circANKIB1 affects hypoxia-induced car-
diomyocytes remains unclear. This work demonstrated that 
circANKIB1 was mainly localized in the cytoplasm of H9c2 
cardiomyocytes and that the overexpression of circANKIB1 
effectively restored the viability of H9c2 cardiomyocytes that 
was reduced by hypoxia exposure.

Ferroptosis is a new cell death pattern, different from apop-
tosis, autophagy and pyrodeath, which is induced by iron-de-
pendent MDA,37 during which iron levels are notably elevated. 
An overload of ferrous ions causes ROS accumulation, which 
triggers the production of lipid peroxides such as MDA.38 
Furthermore, GPX4 acts as an effective terminator of ferrop-
tosis, capable of converting toxic lipids into non-toxic lipids.33 
Accumulating evidence highlights that ferroptosis is tightly 
correlated to the occurrence of CVDs, including AMI.37 In-
terestingly, the present study revealed that the overexpression 
of circANKIB1 decreased the level of iron, ROS and MDA, 
but increased GPX4 expression in hypoxia-induced H9c2 

cells. All these data indicated that circANKIB1 suppressed 
ferroptosis in our in vitro model.

The circRNAs are regarded as the sponge of miRNAs, 
regulating their functional role.39 Bioinformatics analysis 
illustrated that miR-452-5p was a potential miRNA target 
of circANKIB1, which was confirmed with luciferase ac-
tivity that validated the interaction between circANKIB1 
and miR-452-5p. The miR-452-5p is a vital miRNA that 
participates in various intracellular activities, including 
tumorigenesis40 and chronic contractile injury.41 The pres-
ent study demonstrated a significant upregulation of miR-
452-5p in H9c2 cardiomyocytes after hypoxia exposure. 
The overexpression of miR-452-5p effectively eliminated 
the effect of circANKIB1 on hypoxia-induced H9c2 cell in-
jury and ferroptosis, indicating that circANKIB1 protected 
cardiomyocytes from hypoxia by sponging miR-452-5p.

Recent studies have confirmed that miRNAs can block 
the expression of target genes by binding to the 3’UTR 
of mRNAs.42 This study showed that SLC7A11 was a direct 

Fig. 6. SLC7A11 silencing reversed the decreased apoptotic effects of circANKIB1 overexpression on hypoxia-induced cardiomyocyte injury. A. The decreased 
protein level of SLC7A11 was estimated via western blotting analysis (p = 0.001, n = 3, Student’s t-test); B. Methyl thiazolyl tetrazolium (MTT) assay revealed 
that cell viability restored through circANKIB1 overexpression was significantly reduced by SLC7A11 silencing (p = 0.001, n = 3, analysis of variance (ANOVA) 
test); C,D. Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay indicated that cell apoptosis was markedly increased when 
compared with circANKIB1 overexpression transfection in hypoxia-induced H9c2 cells (p = 0.001, n = 3, ANOVA test)
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target of miR-452-5p. The SLC7A11 has previously been 
reported to inhibit oxidative stress and maintain GSH lev-
els, thereby eliminating the occurrence of ferroptosis.43 
Emerging evidence showed that SLC7A11 plays a positive 
role in protecting cardiomyocytes.43 Our study showed 
that hypoxia significantly reduced SLC7A11 expression 
in  cardiomyocytes, which was notably counteracted 
by miR-452-5p inhibitors or circANKIB1 overexpression. 
Additionally, the SLC7A11 knockdown effectively elimi-
nated the protective effect of circANKIB1 overexpression 
on cardiomyocyte injury and hypoxia-induced ferroptosis.

Limitations

There are some limitations to this study. First, there no 
animal experiments were conducted under the AMI model 
to verify whether circANKIB1 exerts cardioprotective effects 
in vivo. In addition, human and mouse cardiomyocytes need 
to be introduced to further validate these findings. In terms 
of data analysis, the Shapiro–Wilk test and Levene’s test have 
very low power at such a small sample size. In future studies, 
we will increase the sample size to ensure that the results 
of the statistical analysis are more accurate.

Conclusions

In conclusion, this study revealed that circANKIB1 allevi-
ates hypoxia-induced cardiomyocyte injury and ferroptosis 

by modulating miR-452-5p/SLC7A11 signaling, providing 
a potential therapeutic target for patients with AMI.
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Abstract
Background. Cervical cancer is prevalent throughout the world, and microRNA-497-5p (miR-497-5p) 
plays an important role in its development. However, the specific mechanism by which miR-497-5p targets 
the transferrin receptor (TFRC) during cervical cancer development has not been clarified.

Objectives. The aim of the study was to unravel TFRC expression and its role in cervical cancer cells, as well 
as the impact of the miR-497-5p/TFRC axis on cervical cancer cells.

Materials and methods. The  target mRNA was determined through differential analysis, followed 
by the evaluation of its impact on survival and clinical staging. Then, quantitative real-time polymerase chain 
reaction (qPCR) was conducted to analyze the TFRC mRNA level in cervical cancer cells and normal cervical 
epithelial cells. Western blot (WB) was utilized to examine the expression levels of TFRC, cleaved caspase-3, 
cleaved caspase-9, and epithelial–mesenchymal transition (EMT)-related proteins. The miRNAs upstream 
of the target mRNA were predicted, and Pearson correlation analysis was performed, followed by the validation 
through the dual-luciferase reporter assay. The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 
(MTT) and colony formation assays were performed to analyze cancer cell viability, followed by a transwell 
assay aimed at measuring cell migratory and invasive abilities. Finally, flow cytometry was conducted 
to examine cell apoptosis and cell cycle.

Results. The transferrin receptor was significantly increased in cervical cancer cells and positively associated 
with clinical T and N stages. Silencing TFRC could constrain cell proliferative, migratory and invasive abilities, 
arrest the cell cycle and facilitate cell apoptosis in cervical cancer cells. The bioinformatics analysis showed 
a significantly negative correlation between miR-497-5p and TFRC in cervical cancer. Moreover, upregulated 
miR-497-5p hampered cervical cancer progression and decreased TFRC expression. The overexpression of TFRC 
reversed the suppressive impact of miR-497-5p overexpression on cervical cancer progression.

Conclusions. The modulatory role of the miR-497-5p/TFRC axis was confirmed in cervical cancer cells. This 
axis may present a new avenue for the diagnosis of cervical cancer and provide a novel target for cervical 
cancer treatment.
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Background

Cervical cancer is a gynecological malignancy with 
increasing morbidity and mortality worldwide, es-
pecially in developing countries.1 In China, cervical 
cancer mortality ranks 4th among all cancers, and 2nd 
among cancers in women. Furthermore, it is commonly 
reported in patients aged 40–50 years old in China,2 
and there are approx. 500,000 newly diagnosed cervi-
cal cancer cases each year.3 Cervical cancer may be 
induced by a variety of modalities4 and may develop 
complications during its progression,5 making its treat-
ment complex and difficult. Although novel diagnostic 
and therapeutic technologies for cervical cancer are 
underpinned by extensive clinical research,6 leading 
to a 30–50% 5-year survival rate in patients at advanced 
stages,7 the therapeutic efficacy is still poor due to tu-
mor recurrence and metastasis.8 Therefore, further 
investigation of  effective targets for cervical cancer 
treatment is warranted.

The transferrin receptor (TFRC), namely CD71, par-
ticipates in iron homeostasis and cell growth,9,10 and TfR1 
is often upregulated in tissue with a high proliferation 
index.11 The TfR1/CD71 is overexpressed in several human 
malignancies, such as lymphoma, liver cancer,12 colon can-
cer,13 and endometrial cancer,14 and may be associated with 
tumor stage and progression.11 The iron uptake by TFRC 
is an essential approach for cellular iron absorption, and 
TFRC is significantly dysregulated in many malignant cell 
types.15 However, the expression of TFRC in cervical can-
cer as well as its molecular mechanism are still not fully 
understood.

Aberrantly expressed microRNAs (miRNAs) are as-
sociated with tumorigenesis.16 Some miRNAs can act 
as oncogenes to promote tumorigenesis, while others 
serve as  tumor suppressor genes.17,18 Numerous stud-
ies have demonstrated that miRNAs are a new class 
of  tumor markers for cancer diagnosis, therapy and 
prognosis.19 A previous study20 unveiled that miRNAs 
repressed target gene expression by  interfering with 
the genes or inhibiting mRNA translation. Accordingly, 
understanding the targets and regulatory mechanisms 
of miRNAs contributes to easier application of miR-
NAs in  the cancer field. Recently, microRNA-497-5p 
(miR-497-5p) has been shown to  be aberrantly ex-
pressed in several different cancers.21–23 For example, 
miR-497-5p modulates FGF2 to hamper proliferative 
and invasive properties of non-small cell lung cancer 
(NSCLC).24 Moreover, Zheng et al. proposed that miR-
497-5p targeted HMGA2 to hinder hepatocellular carci-
noma cell proliferation and metastasis.25 Furthermore, 
miR-497-5p/PDK3 restrains gastric cancer cell prolifera-
tion and cell cycle.26 However, the molecular mechanism 
of miR-497-5p in cervical cancer is lacking, and together 
with the lack of a targeted treatment represents an ur-
gent research need.

Objectives

The aim of this study was to explore the mechanism 
of miR-497-5p and its ability to modulate TFRC in cervi-
cal cancer. The findings will contribute to the applica-
tion of miR-497-5p/TFRC in cervical cancer diagnosis 
and prognosis.

Materials and methods

Bioinformatics methods

Expression profiles of mature miRNAs (normal: 3, tu-
mor: 309) and mRNAs (normal: 3, tumor: 306) as well 
as clinical data from cervical cancer patients were ob-
tained from The Cancer Genome Atlas (TCGA) database. 
The “edgeR” package was employed for a differential analy-
sis of miRNAs and mRNAs between normal and tumor 
groups (|logFC| > 1.5, padj < 0.05), allowing for the deter-
mination of differentially expressed miRNAs (DEmiRNAs) 
and mRNAs (DEmRNAs). The target mRNA was selected 
according to previous literature.27,28 Pearson correlation 
analysis was conducted to determine upstream miRNA, 
and upstream regulatory miRNAs of the target mRNA 
were identified using starBase, TargetScan and mirDIP 
databases. Finally, the survival analysis was carried out 
on  the  target mRNA by  using the  “survival” package 
in R. The relationship between the clinical stage and dif-
ferential gene expression of miRNA was also analyzed.

Cell culture

Human normal cervical epithelial cell line HcerEpic 
(BNCC340374), and 4 human cervical cancer cell lines, 
namely Hela (BNCC337633), SiHa (BNCC102118), Caski 
(BNCC338223), and C33A (BNCC341097) were ac-
cessed from BeNa Culture Collection (Beijing, China). 
The HcerEpic, SiHa and C33A cells were cultured in Dul-
becco’s modified Eagle medium (DMEM) (Gibco, Grand 
Island, USA) with 10% fetal bovine serum (FBS) (Gibco), 
while the other cervical cells were kept in RPMI-1640 
medium with 10% FBS. Penicillin and streptomycin were 
added to all the media, and all cultures were maintained 
with 5% CO2 at 37°C.

Cell transfection

The sh-TFRC (TFRC knockdown treatment) and sh-
NC (control of TFRC knockdown), as well as pcDNA3.1-
constructed oe-TFRC (TFRC overexpression treatment) 
and oe-NC (control of TFRC overexpression) plasmids 
were procured from GeneChem (Shanghai, China). Lipo-
fectamine™ RNAiMAX (cat. No. 13778150; Invitrogen, 
Waltham, USA) was applied to perform the cell transfec-
tion. A miR-497-5p mimic (miR-497-5p overexpression 
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treatment) and NC-mimic (control of miR-497-5p overex-
pression) (GenePharma, Suzhou, China) were transfected 
into cervical cancer cells with Lipofectamine™ 2000 (cat. 
No.  11668019; Invitrogen). Samples were cultured for 
2 days in the corresponding medium at 37°C with 5% CO2. 
After culture, transfection efficiency was detected using 
quantitative real-time polymerase chain reaction (qPCR).

qPCR

The  miR-497-5p and TFRC mRNA expression lev-
els in  cervical cancer cells were assayed using qPCR. 
The TRIzol reagent (Thermo Fisher Scientific, Waltham, 
USA) was utilized for total RNA extraction, and the total 
RNA concentration was assessed with a NanoDrop ND-
1000 instrument (NanoDrop Technologies, Wilmington, 
USA). Specific primers (RiboBio, Guangzhou, China) and 
prime script RT reagent kit (Takara, Kusatsu, Japan) were 
employed to reverse transcribe miRNA and mRNA into 
cDNA. Next, SYBR-Green PCR kit (Applied Biosystems, 
Waltham, USA) and SYBR® Premix Ex Taq™ II kit (Takara) 
were employed to quantify miRNA and mRNA expression, 
respectively. Finally, qRT-PCR was conducted on an ABI 
Prism 7500 fast real-time PCR system (Applied Biosys-
tems). Endogenous references for miR-497-5p and TFRC 
were U6 and GAPDH, respectively. The 2−ΔΔCt method was 
utilized to quantify and compare relative expression levels 
of miR-497-5p or TFRC mRNA in control and experiment 
groups.29 Primer sequences are detailed in Table 1.

Western blot

Cervical cancer cells in different transfection groups were 
lysed on ice for 30 min using a pre-cooled radioimmunopre-
cipitation reagent (Beyotime, Shanghai, China). The super-
natant was removed and centrifuged at 14,000 rpm and 4°C, 
followed by collection. Total proteins were determined with 
a BCA protein concentration kit (RTP7102; Real-Times Bio-
technology, Beijing, China). Next, protein samples (20 µg) 
were separated on a 10% sodium dodecyl-sulfate polyacryl-
amide gel electrophoresis (SDS-PAGE) and transferred onto 

polyvinylidene fluoride (PVDF) membranes (Corning Inc., 
Corning, USA). Then, the membranes were blocked with 5% 
skimmed milk at room temperature for 2 h, and probed with 
monoclonal antibodies; rabbit anti-TFRC (ab214039, 1:1000; 
Abcam, Cambridge, UK), rabbit anti-GAPDH (ab181602, 
1:10000; Abcam), rabbit anti-cleaved caspase-3 (ab32042, 
1:500; Abcam), rabbit anti-cleaved caspase-9 (SAB4503337, 
1:500; Merck, Rahway, USA), rabbit anti-E-cadherin 
(ab40772, 1:5000; Abcam), rabbit anti-N-cadherin (ab76011, 
1:5000; Abcam), and rabbit anti-vimentin (ab92547, 1:5000; 
Abcam) overnight at 4°C. Membranes were rinsed 3 times 
(15 min/time) with phosphate-buffered saline (PBS) and 
Tween-20, after which they were cultured with goat anti-
rabbit IgG H&L (HRP) (ab6721, 1:2000; Abcam) at room 
temperature for 1 h. Afterward, images were acquired us-
ing a chemiluminescence detection kit (Sigma-Aldrich, St. 
Louis, USA) in the darkroom. ImageJ software (National 
Institutes of Health, Bethesda, USA) was used for statistical 
analysis of the results.

MTT and colony formation assays

Cells were cultured in 96-well plates (5×103 cells/well), 
and after transfection for 0, 24, 48, 72, and 96 h, 20 µL 
of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT) (5 g/L; Sigma-Aldrich) was added for an-
other 4 h of cell incubation at 37°C. Then, 150 µL of di-
methyl sulfoxide (DMSO) was supplemented to each well 
to dissolve crystal violet. Finally, a spectrophotometer was 
utilized to detect the absorbance at 570 nm.

The 6-well plates (5×102 cells/well) were recommended 
for cell seeding, and the culture medium was replaced 
every 3 days. After 10 days, the cells were rinsed twice 
with 1×PBS, followed by 20 min of 4% paraformaldehyde 
and 5 min of crystal violet. Five fields were selected under 
an optical microscope (model CKX53; Olympus Corp., 
Tokyo, Japan). The number of colonies was counted.

Cell migration and invasion assays

Mitomycin C (MedChemExpress, Monmouth Junction, 
USA) (10 µg/mL) was used to eliminate the influence of cell 
proliferation. The 24-well insert and polycarbonate mem-
brane with 8.0-µm well (Millipore, Burlington, USA) was 
utilized for experiments. To assess cell migration, 5×104 
cells were inoculated to the upper chamber with serum-free 
medium, while the lower chamber was supplemented with 
800 µL medium plus 10% FBS. Then, the cells were kept for 
24 h in this medium. Regarding the cell invasion assessment, 
the transwell upper chamber was covered with 30 µL Matri-
gel (BD Biosciences, Franklin Lakes, USA) at first. Next, 
1×105 cells were inoculated as described above, followed 
by culturing for 24 h. Residues in the upper chamber were 
swabbed and cells outside the membrane were stained with 
0.1% crystal violet. A microscope (model CKX53; Olympus 
Corp.) was used to observe 5 different fields of view.

Table 1. Primer sequences in quantitative real-time polymerase chain 
reaction (qPCR)

Gene Primer sequence Amplicon size

miR-497-5p
F: 5’-ATCCAGTGCGTGTCGTG-3’

461
R: 5’-TGCTCAGCAGCACACTGT-3’

U6
F: 5’-GCTTCGGCAGCACATATACTAAAAT-3’

91
R: 5’-CGCTTCACGAATTTGCGTGTCAT-3’

TFRC
F: 5’-GGCTACTTGGGCTATTGTAAAGG-3’

156
R: 5’-CAGTTTCTCCGACAACTTTCTCT-3’

GAPDH
F: 5’-TGAAGGTCGGAGTCAACGGATT-3’

171
R: 5’-CCTGGAAGATGGTGATGGGATT-3’
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Cell apoptosis and cell cycle analysis

Apoptosis was analyzed using a cell apoptosis kit (BD 
Biosciences) according to the manufacturer’s instructions. 
First, the cells were prepared into a single-cell suspension, 
which was re-suspended with PBS after centrifugation. 
Then, the negative and positive control groups were pre-
pared. For the assessment of cell apoptosis, propidium 
iodide (PI) and Annexin V were used to stain the cells, 
followed by flow cytometry using a FACSCanto™ II (BD 
Biosciences). To analyze the cell cycle, staining was con-
ducted with PI only, followed by flow cytometry.

Dual-luciferase reporter gene assay

First, gene sequences of the 3’-untranslated region (3’-UTR) 
of wild-type (WT) or mutant (MUT) TFRC were cloned 
into pmir-GLO vector (Promega, Madison, USA), and 
named TFRC-WT and TFRC-MUT, respectively. The miR-
497-5p mimic/NC mimic and TFRC-WT/TFRC-MUT vec-
tors were transfected into cervical cancer cells with the use 
of Lipofectamine™ 2000 (Invitrogen). Then, luciferase 
activity was evaluated using a dual-luciferase reporter de-
tection system (Promega).

Statistical analyses

All collected data were processed using GraphPad 
Prism v. 6.0 (GraphPad Software, San Diego, USA), while 
the “edgeR” package and “survival” package were processed 
with R software v. 4.0.2 (MathSoft, Cambridge, USA). All 
in vitro experiments were repeated 9 times. Due to the lim-
ited statistical sample size, which was insufficient for nor-
mal distribution, the data did not meet the assumption 
of normal distribution. Therefore, Mann–Whitney U tests 
were used to make the comparison between the 2 groups, 
a Kruskal–Wallis test was used to test the comparison 
between more than 2 groups, and Dunn’s test was applied 
as a post hoc test. The Kaplan–Meier curve was utilized 
to  conduct survival analysis, and Pearson correlation 
analysis was utilized to  determine upstream miRNAs 
of the target gene. All data are expressed as mean ± stan-
dard deviation (M ±SD), with p < 0.05 representing statisti-
cal significance, p < 0.01 indicating a significant difference 
and p < 0.001 denoting an extremely significant difference.

Results

TFRC expression is significantly increased 
in cervical cancer cells

To identify the differentially expressed genes in cervical 
cancer, mRNAs in the TCGA database were categorized, 
with |logFC| > 1.5 and false discovery rate (FDR) <0.05 
as cutoff standards. Through the differential expression 

analysis conducted using the  “edgeR” package, a  total 
of 2956 DEmRNAs were obtained, among which 1274 genes 
were upregulated (red dots), 1682 genes were differentially 
downregulated (green dots), and the black dots represented 
genes with insignificant differences (Fig. 1A). Although 
previous studies have reported that concomitant upregu-
lation of TFRC in various tumor tissues is associated with 
poor prognosis and facilitates cancer cell proliferation and 
metastasis,9,30 its role in cervical cancer is less understood. 
Therefore, TFRC was selected for follow-up investigations. 
The results of the differential expression analysis, as pre-
sented in Fig. 1B, revealed an  increased TFRC expres-
sion in cervical cancer tissue compared to normal tissue 
(p < 0.05, Mann–Whitney U test). Meanwhile, clinical data 
demonstrated that TFRC expression displayed a significant 
difference in various clinical T/N stages with an increas-
ing trend (p < 0.01, Kruskal–Wallis test; p < 0.05, Mann–
Whitney U test) (Fig. 1C,D). The survival analysis further 
showed that the upregulation of TFRC in cervical cancer 
tissue influenced a patient’s prognosis (p < 0.050, Mann–
Whitney U test) (Fig. 1E), with the survival time of patients 
with decreased TFRC level being longer than those with in-
creased TFRC expression. Relative to HcerEpic cells, TFRC 
expression was increased in Hela, SiHa, Caski, and C33A 
cells (Hela compared to HcerEpic: p < 0.001, SiHa com-
pared to HcerEpic: p < 0.001, Caski compared to HcerEpic: 
p < 0.01, C33A compared to HcerEpic: p < 0.05, Kruskal–
Wallis test with Dunn’s post hoc test) (Fig. 1F). Therefore, 
Hela and SiHa cell lines with relatively high TFRC levels 
were chosen for further functional experiments.

TFRC silencing contributes to attenuating 
cancer cell malignant phenotypes

To identify the impact of TFRC on cancer cells, sh-TFRC 
and sh-NC were transfected into Hela and SiHa cell lines. 
Transfection efficacy was verified using qPCR, showing 
that the TFRC level was significantly decreased in the sh-
TFRC group (p < 0.05, Mann–Whitney U test) (Fig. 2A). 
To investigate whether TFRC expression affects cervical 
cell behaviors and phenotypes, several cell function experi-
ments were introduced. Silencing TFRC restrained cervical 
cancer cell proliferation (p < 0.05, Mann–Whitney U test) 
(Fig. 2B), while colony formation assays demonstrated that 
silencing TFRC resulted in fewer colonies of Hela and SiHa 
cells relative to the sh-NC group (p < 0.05, Mann–Whit-
ney U test) (Fig. 2C). To define the impact of TFRC ex-
pression on cell migration and invasion, a transwell assay 
was performed, showing that cell migration and invasion 
were significantly reduced in the sh-TFRC group compared 
to those in the sh-NC group (p < 0.05, Mann–Whitney 
U test) (Fig. 2D,E). Furthermore, the cell apoptosis assay 
illustrated that silencing TFRC significantly upregulated 
(p < 0.05, Mann–Whitney U test) the cell apoptosis rate 
(Fig. 2F). Considering the influence of TFRC on the cell 
cycle, flow cytometry was used to examine the cell cycle 
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status between the differentially transfected cell lines. 
Inhibiting the expression of TFRC could arrest the cell 
cycle in cervical cancer cells in the G0/G1 phase (p < 0.05, 
Mann–Whitney U test) (Fig. 2G). These findings high-
lighted that silencing TFRC hampered the progression 
of cervical cancer cell phenotype in vitro.

miR-497-5p inhibits the TFRC expression 
in cervical cancer cells

To screen potential upstream regulatory miRNAs for 
TFRC, miRNAs in the TCGA database were categorized, 
with |logFC| > 1.5 and FDR < 0.05 set as cutoff standards. 
A differential analysis was conducted using the “edgeR” 
package, highlighting 128  DEmiRNAs, among which 
76 genes were upregulated (red dots), 52 genes were dif-
ferentially downregulated (green dots), and the  black 
dots represented miRNAs with insignificant differences 
(Fig. 3A). Next, the upstream regulatory miRNAs of TFRC 
were mined using bioinformatics databases. Predicted 
miRNAs overlapped with downregulated DEmiRNAs, 
and thus we obtained 8 DEmiRNAs with binding sites 
into TFRC (Fig. 3B). Then, the correlation analysis was 
conducted on TFRC and 8 DEmiRNAs, and a negative cor-
relation was found between miR-497-5p and TFRC, along 
with the highest coefficient (p = −0.27) (Fig. 3C). Through 

bioinformatics analysis, we theorized that miR-497-5p level 
was lowered in cervical cancer tissue compared to normal 
tissue (p < 0.001, Mann–Whitney U test) (Fig. 3D). There-
fore, miR-497-5p was selected for further analysis.

A binding site analysis demonstrated that miR-497-5p was 
a direct binding partner of TFRC (Fig. 3E). To investigate 
whether miR-497-5p targets TFRC by binding to its 3’UTR, 
WT or MUT TFRC luciferase reporter plasmid and miR-
497-5p mimic or NC mimic were co-transfected into Hela 
and SiHa cells. The luciferase activity assay showed that 
luciferase activity of TFRC-WT in Hela and SiHa cell lines 
in the miR-497-5p mimic group was significantly reduced 
(p < 0.05, Mann–Whitney U test), and no substantial dif-
ference was observed in the TFRC-MUT group (p > 0.05, 
Mann–Whitney U test) (Fig. 3F). Furthermore, the upregu-
lation of miR-497-5p significantly reduced TFRC mRNA 
(p < 0.05, Mann–Whitney U test) and protein levels, as as-
sessed through qPCR and WB (Fig. 3G,H). Hence, it could 
be determined that miR-497-5p inhibited TFRC expression.

To investigate the influence of miR-497-5p on cervical 
cancer cells, a miR-497-5p overexpression cell line was 
established for cell function experiments. Western blot 
(WB) analysis revealed that when miR-497-5p was over-
expressed, protein expression of apoptosis-related pro-
teins, namely cleaved caspase-3 and cleaved caspase-9, 
was significantly elevated compared with the NC group 

Fig. 1. Transferrin receptor (TFRC) level is increased in cervical cancer cells. A. Volcano map of differentially expressed (DE)mRNAs in normal and tumor 
samples in cervical cancer dataset (red dots: upregulated DEmRNAs, green dots: downregulated DEmRNAs); B. Violin plot of TFRC level in the normal (n = 3, 
green) and tumor (n = 306, red) samples (Mann–Whitney U test); C,D. Violin plot of TFRC level in varying T stages (T1–T4) (Kruskal–Wallis test) and varying 
N stages (N0, N1) (Mann–Whitney U test); E. Survival curves of high/low TFRC level on patient’s prognosis (red line: high-TFRC level group; green line: low-
TFRC level group (Mann–Whitney U test)); F. Quantitative real-time polymerase chain reaction (qPCR) measured TFRC expression in HcerEpic and Hela, SiHa, 
Caski, and C33A cells (Kruskal–Wallis test, Dunn’s test was used for post-inspection)

*p < 0.05 indicated statistically significant values; **p < 0.01 indicated a significant difference; ***p < 0.001 indicated an extremely significant difference.
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(Supplementary Fig. 1). The transwell assay further dem-
onstrated that the overexpression of miR-497-5p inhibited 
cervical cell migration and invasion compared with the NC 
group (p < 0.05, Mann–Whitney U test) (Supplementary 
Fig. 2). Next, we detected levels of epithelial–mesenchymal 
transition (EMT)-related proteins using WB, showing that 

the overexpression of miR-497-5p hampered N-cadherin 
and vimentin protein levels, and fostered E-cadherin pro-
tein levels compared with the NC group (p < 0.050, Mann–
Whitney U test) (Supplementary Fig. 3). These results il-
lustrated that miR-497-5p could hamper migration and 
invasion of cervical cancer cells, but foster cell apoptosis.

Fig. 2. Silencing transferrin receptor (TFRC) hinders cervical cancer cell phenotype progression. A. Transfection efficacy in Hela and SiHa cells (Mann–
Whitney U test); B. Proliferative property of cervical cancer cells (Mann–Whitney U test); C. Cell colony formation of cervical cancer cells (Mann–Whitney 
U test); D,E. Cell migration and invasion in various treatment groups (100×) (Mann–Whitney U test); F. Apoptosis rate of cervical cancer cells in varying 
transfection groups (Mann–Whitney test); G. Cell cycle in differently transfected cell lines (Mann–Whitney U test)

*p < 0.05 indicated statistically significant values; OD – optical density.
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miR-497-5p hampers malignant 
progression of cervical cancer cells 
by downregulating TFRC

To determine whether miR-497-5p modulates the devel-
opment of cervical cancer cells via TFRC, a miR-497-5p 
mimic was utilized to upregulate miR-497-5p. Simulta-
neously, the miR-497-5p mimic and oe-TFRC were co-
transfected into cervical cancer cells. Through qRT-PCR 
and WB, it was observed that the upregulation of miR-
497-5p decreased TFRC expression compared to the NC 
mimic+oe-NC group, and TFRC level was elevated 
in the miR-497-5p mimic+oe-TFRC group compared with 
the miR-497-5p mimic group (p < 0.05, Mann–Whitney 
U test) (Fig. 4A,B). The MTT and colony formation assay 
unveiled that proliferation and colony formation of Hela and 
SiHa cells were hindered by transfecting the miR-497-5p 
mimic, but the inhibitory impact was partially eliminated 
by co-transfecting with oe-TFRC (p < 0.05, Mann–Whit-
ney U test) (Fig. 4C,D). Moreover, migratory and invasive 
properties were weakened in cervical cancer cells that 

overexpressed miR-497-5p compared with the NC group, 
whereas TFRC overexpression reversed this inhibitory ef-
fect and returned to NC group levels (p < 0.05, Mann–
Whitney U test) (Fig. 4E,F). Moreover, flow cytometry 
showed that increased miR-497-5p resulted in increased 
apoptosis of Hela and SiHa cells compared with the NC 
group, but simultaneous overexpression of miR-497-5p and 
TFRC reduced the apoptosis (p < 0.05, Mann–Whitney 
U test) (Fig. 4G). Similarly, miR-497-5p facilitated cell cycle 
arrest in the G0/G1 phase, but the cell cycle was restored 
in the NC group by additional transfection of oe-TFRC 
(p < 0.05, Mann–Whitney U test) (Fig. 4H). Together, these 
findings revealed that TFRC modulated cervical cancer cell 
progression via the restraining influence of miR-497-5p.

Discussion

Patients with advanced cervical adenocarcinoma are 
largely incurable due to local recurrence and metastatic 
diffusion.31 As  reported previously, many mRNAs are 

Fig. 3. MicroRNA-497-5p (miR-497-5p) hampers transferrin receptor (TFRC) in cervical cancer cells. A. Volcano map of differentially expressed (DE)miRNAs 
in normal and tumor groups in cervical cancer dataset (red dots: upregulated DEmiRNAs, green dots: downregulated DEmiRNAs); B. Venn diagram 
of the predicted upstream miRNAs of TFRC and downregulated DEmiRNAs; C. Pearson correlation analysis of 8 upstream regulatory miRNAs and TFRC; 
D. miR-497-5p level in normal (n = 3, green) and tumor (n = 309, red) samples (Mann–Whitney U test); E. Binding sites of TFRC and miR-497-5p; F. Luciferase 
activity of Hela and SiHa cells (Mann–Whitney U test); G,H. TFRC mRNA and protein levels in Hela and SiHa cells (Mann–Whitney U test)

*p < 0.05 indicated statistically significant values.
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aberrantly expressed in cervical cancer and are implicated 
in tumorigenesis and progression.32 Of note, exploring 
the potential mechanism of cervical cancer may lead to its 
early diagnosis and effective therapy.33 Transferrin recep-
tor is present in almost all mammalian cells.34 Herein, 
TFRC expression data in cervical cancer were analyzed for 
the mechanism of TFRC dysregulation in the pathogenesis 

of the disease, finding that TFRC was upregulated, and si-
lencing TFRC repressed the progression of cervical cancer 
cell phenotype. Previous studies have uncovered that TFRC 
is increased in both colon and lung cancers. Specifically, 
Fu et al. highlighted that TFR1 was significantly increased 
and was essential in the malignant progression of colorec-
tal cancer.35 Furthermore, Whitney et al. confirmed that 

Fig. 4. MicroRNA-497-5p (miR-497-5p) represses cell phenotype progression in cervical cancer through transferrin receptor (TFRC) downregulation. A,B. 
TFRC mRNA and protein levels in cervical cancer cells (Hela and SiHa) (Mann–Whitney U test); C. Cell proliferation in varying groups (Mann–Whitney U test); 
D. Colony formation of cervical cancer cells in various treatment groups (Mann–Whitney U test); E,F. Cell migration and invasion in various treatment groups 
(100×) (Mann–Whitney U test); G. Cell apoptosis in various treatment groups (Mann–Whitney U test); H. Cell cycle statuses in various groups (Mann–Whitney 
U test)

*p < 0.05 indicated statistically significant values; OD – optical density.
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TFRC was significantly increased in NSCLC.36 Our work 
is concordant with an earlier report that compared the up-
regulation of TFRC in cervical cancers to adjacent non-
tumor tissue and correlated these results to progression 
stages, tumor status and lymph node involvement.37 These 
findings show that TFRC may function as a direct and indi-
rect target for the administration of therapeutics, present-
ing a potential prospect in treating cancer cell malignant 
progression.

This work uncovered the  mechanism of  miR-497-5p 
modulating TFRC in cervical cancer cells. Earlier studies 
have shown that miR-497-5p, miR-320 and miR-210 target 
TFRC.38,39 Herein, we have demonstrated that TFRC was a di-
rect target of miR-497-5p. Moreover, through bioinformatics 
analysis, a negative link between miR-497-5p and TFRC was 
uncovered. Our finding is congruous with previous evidence 
stating that the expression of miR-497-5p is reduced in gastric 
cancer,26 while Li et al. proposed that miR-497-5p is signifi-
cantly decreased in NSCLC.40 Most importantly, increased 
miR-497-5p expression decreased TFRC in cervical cancer 
cells, while miR-497-5p and TFRC overexpression restored 
the repressive influence of overexpressing miR-497-5p on cer-
vical cancer. This result was also supported by Chen et al.41 
Given that miR-497-5p targets TFRC to repress cervical can-
cer tumorigenesis and progression, it may represent a feasible 
therapeutic target for cervical cancer patients.

Limitations

While the findings of the study are promising, an analy-
sis of these aspects in animal models and clinical trials 
would be valuable. Therefore, future research will focus 
on the mechanism of the miR-497-5p/TFRC axis in cervi-
cal cancer from multiple perspectives in order to offer 
a theoretical foundation for potential therapies.

Conclusions

Transferrin receptor knockdown could inhibit the pro-
liferation, migration and invasion of cervical cancer cells 
while promoting apoptosis. Regarding the  regulatory 
mechanism, concomitant upregulation of TFRC is caused 
by decreased miR-497-5p level, while the upregulation 
of miR-497-5p repressed the malignant phenotype of cervi-
cal cancer by modulating TFRC. This work has contributed 
to proposing more therapeutic regimens for cervical cancer.

Supplementary data

The supplementary materials are available at https://
doi.org/10.5281/zenodo.8032200. The package contains 
the following files:

Supplementary Fig. 1. Expression of apoptosis-related 
proteins, cleaved caspase-3 and cleaved caspase-9, as as-
sayed by WB.

Supplementary Fig. 2. Cell migration and invasion abilities 
evaluated using transwell assay (Mann–Whitney U test).

Supplementary Fig. 3. Changes in expression of EMT-
related proteins evaluated using WB (Mann–Whitney 
U test; *p < 0.050 represents statistically significant values).
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Abstract
Background. Long non-coding RNAs (lncRNAs) are increasingly observed as regulatory factors for the initia-
tion and progression of varying kinds of cancers. However, studies on lncRNAs in non-small cell lung cancer 
(NSCLC) progression are currently lacking.

Objectives. We  intended to determine the role of  lncRNA LINC00472 and its downstream regulatory 
mechanism in NSCLC, thus providing novel ideas for targeted therapies for NSCLC.

Materials and methods. The target signaling axis comprising the lncRNA/microRNA/mRNA was identified 
through bioinformatics analysis. Subcellular localization of LINC00472 was assessed with fluorescence in situ 
hybridization (FISH). Cellular function experiments were conducted to examine the proliferation, migration, 
invasion, and apoptosis of NSCLC cells, and dual-luciferase and RNA binding protein immunoprecipitation 
assays were performed to validate the binding relationship. Quantitative real-time polymerase chain reaction 
(qPCR) and western blot were utilized to assess the expression levels of the investigated gene and protein, 
respectively.

Results. The LINC00472 expression was markedly decreased in NSCLC tissues and cells. The FISH, combined 
with nuclear–cytoplasm separation assay, demonstrated that LINC00472 was mainly located in the cytoplasm. 
The overexpression of LINC00472 restrained proliferation and metastasis of NSCLC in vitro. The LINC00472 
could target and repress miR-1275 level, and overexpression of LINC00472 reduced the miR-1275-dependent 
malignant cell phenotype in NSCLC. Further study revealed that HOXA2 was a downstream target of miR-1275 
and was negatively modulated by miR-1275. Rescue assays exhibited that the overexpression of miR-1275 
or  inhibition of HOXA2 reversed the impact of LINC00472 overexpression on the malignant progression 
of NSCLC cells. The LINC00472 repressed the epithelial–mesenchymal transition (EMT) of NSCLC cells through 
miR-1275/HOXA2.

Conclusions. The LINC00472 functioned as a competing endogenous RNA to modulate HOXA2 level 
by sponging miR-1275 in NSCLC. Simultaneously, the LINC00472/miR-1275/HOXA2 axis may be a possible 
therapeutic target and biomarker for NSCLC.

Key words: NSCLC, miR-1275, malignant progression, LINC00472, HOXA2
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Background

Lung cancer (LC) reaches the highest mortality rates 
among cancers throughout the world,1 and 85% of cases 
are categorized as non-small cell lung cancer (NSCLC).1,2 
Few NSCLC patients are diagnosed at an early stage,3 and 
more than 60% of LC patients are already at an advanced 
stage or have tumor metastasis (stage III or IV) at the first 
diagnosis, precluding surgical resection. Until now, che-
motherapy and radiotherapy have been the main treatment 
methods for this disease.4 Despite progress in LC clinical 
diagnosis and therapy, neither new targeted therapy nor 
immunotherapy has been able to yield a desirable effect,4 
with the 5-year overall survival (OS) of less than 20%.5,6 
Therefore, elucidating the molecular mechanism underly-
ing NSCLC progression and exposing potential diagnostic 
and treatment targets are essential.

Long non-coding RNAs (lncRNAs) have no or  lim-
ited protein-coding potential.7 They have been widely 
studied for their ability to sponge microRNA (miRNA) 
and regulate downstream gene expression, and lncRNA 
mutations or disorders play an  important role in can-
cer.8 The LINC00472 is an intergenic lncRNA9 located 
on chromosome 6q13, and its abnormal expression is im-
plicated in many biological processes and tumor progres-
sion.10 It  is reported that LINC00472 has an antitumor 
effect in breast cancer,11,12 and is negatively correlated 
with the breast cancer tumor-node-metastasis (TNM) 
stage.13 Moreover, the  LINC00472 level in  epithelial 
ovarian cancer (EOC) is also related to TNM stage.14 
The LINC00472 has been shown to repress proliferation 
and enhance apoptosis of colorectal cancer (CRC) cells 
by mediating the miR-196a/PDCD4 axis.9 In hepatocel-
lular carcinoma (HCC), LINC00472 can inhibit the ma-
lignant phenotype via regulating the miR-93-5p/PDCD4 
axis.15 Although it has been reported that LINC00472 has 
a potential regulatory role in LC16 and NSCLC17,18 and 
is a candidate biomarker for diagnosis and treatment, 
the role of LINC00472 in NSCLC progression requires 
further investigation.

The miRNAs can modulate downstream targeted genes19 
through the complementary pairing of mRNA 3’-UTR 
ends at the post-transcriptional level. According to re-
ports, miR-21,20 miR-125321 and miR-3607-3p22 participate 
in the progression of NSCLC through different cellular 
processes. The miR-1275 is pivotal in different tumors, 
such as  bladder cancer,23 nasopharyngeal carcinoma 
(NPC)24 and esophageal cancer.25 In addition, PGM5P4-
AS1 can inhibit the malignant behavior of LC cells through 
sponging miR-1275.26 However, investigations regarding 
miR-1275 in NSCLC have been lacking.

Homeobox A2 (HOXA2) belongs to the HOX family,27 
whose members are involved with multiple cancer types. 
For instance, HOXB5 restrains NSCLC cell phenotype 
progression by inactivating the Wnt/β-catenin pathway,28 
and it also has an association with CRC,29 NPC30 and breast 

cancer.31 The HOXA2 can play a regulatory role in the ma-
lignant progression of glioma cells, and its elevated ex-
pression reflects a poor prognosis for glioma patients.32 
Furthermore, HOXA2 is  a  common hypermethylation 
marker gene in squamous cell carcinoma and is associ-
ated with its prognosis.33 However, the molecular mecha-
nism of HOXA2 and its effects on NSCLC have not been 
thoroughly studied.

Objectives

This study combined bioinformatics analysis as well 
as molecular and cell function experiments to explore 
the  influence of  the  lncRNA-LINC00472/miR-1275/
HOXA2 axis on the malignant progression of NSCLC, 
providing a theoretical basis for finding novel targeted 
treatment method.

Materials and methods

Bioinformatics analysis

The  NSCLC gene expression chips GSE44077 and 
GSE102286 were obtained through the Gene Expression 
Omnibus (GEO) database, where GSE44077 contains 
mRNA expression data (normal: n = 66, tumor: n = 55) and 
GSE102286 is composed of miRNA expression data (nor-
mal: n = 88, tumor: n = 91). The R package “limma”34 was 
introduced for differential analysis, with |logFC| > 1 and 
p-value <0.05 set as thresholds. Regulatory miRNAs down-
stream of LINC00472 were predicted using the RNA22 
database, and target genes downstream of miR-1275 were 
predicted via TargetScan (https://www.targetscan.org), 
miRSearch (https://www.mirbase.org/search.shtml) and 
mirDIP (http://ophid.utoronto.ca/mirDIP).

Cell culture

Cell line information is shown in Table 1. The normal 
human lung epithelial cell line BEAS-2B and NSCLC cell 
lines NCI-H1975, NCI-H157, NCI-H358, and NCI-H1299 

Table 1. Cell lines used in the assay (all obtained from Cobioer, Nanjing, 
China)

Cell line Cell type Product 
code

BEAS-2B human lung (bronchus) epithelial cell line CBP60577

NCI-H1975 human adenocarcinoma cell line CBP60121

NCI-H157 human squamous cell carcinoma cell line CBP60952

NCI-H358 human NSCLC cell line CBP60136

NCI-H1299 human NSCLC cell line CBP60053

293T human embryonic kidney cell CBP60440

NSCLC – non-small cell lung cancer.

https://www.targetscan.org
https://www.mirbase.org/search.shtml
http://ophid.utoronto.ca/mirDIP
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were maintained in Roswell Park Memorial Institute-1640 
(RPMI-1640) complete medium (cat. No. MFCD00217820; 
Sigma-Aldrich, St. Louis, USA). Human embryonic kid-
ney cell line 293T was maintained in Dulbecco’s modified 
Eagle’s medium (DMEM, cat. No. M3942; Sigma-Aldrich). 
All media contained an additional 10% fetal bovine se-
rum (FBS; cat. No. 10099141; Gibco, Grand Island, USA), 
100 U/mL penicillin and 100 μg/mL streptomycin sulfate 
(cat. No. 30-002-CI; Corning Inc., Corning, USA), and 
cultures were maintained at 37°C with 5% CO2. After ster-
ilizing the purchased cell lines with 75% alcohol, we ob-
served cell shape, adhesion and density under an inverted 
microscope (model CKX53; Olympus Corp., Tokyo, Japan). 
Then, we put cells in a 37°C and 5% CO2 cell incubator 
(model BB150; Thermo Fisher Scientific, Waltham, USA) 
for 2–3 h to stabilize them before further experiments.

Cell transfection

The sequence of LINC00472 (full-length) was cloned us-
ing the SMARTer™ RACE cDNA kit (cat. No. 634858/59; 
Takara, Kusatsu, Japan). The LINC00472 overexpression 
vector (oe-LINC00472) and empty pcDNA3.1 vector (cat. 
No. V79020, oe-NC) were obtained from Thermo Fisher 
Scientific, and following lentiviral transduction, infected 
cell lines NCI-H358 and NCI-H1299 were treated with 
1 mg/mL puromycin to generate stably transfected cell 
lines. The miR-1275 mimic (miR-mimic) and blank control 
(miR-NC) were obtained from RiboBio Co., Ltd. (Guang-
zhou, China), and HOXA2 silencing plasmids (si-HOXA2) 
and pLenti vectors (si-NC) were purchased from Vigene 
Biosciences (Rockville, USA). Lipofectamine™ 3000 (cat. 
No. L3000015; Invitrogen, Waltham, USA) was employed 
for transfection. Cells were harvested 48 h after transfec-
tion, with the transfection efficiency being assessed using 
quantitative real-time polymerase chain reaction (qPCR).

qPCR

The total RNA of each cell line (BEAS-2B, NCI-H1975, 
NCI-H157, NCI-H358, and NCI-H1299) was extracted and 
quantified. Total RNA was extracted using TRIzol™ re-
agent (cat. No. 10296010; Thermo Fisher Scientific), and 
the RNA concentration was assessed using a NanoDrop™ 
2000 (Thermo Fisher Scientific). The miScript II RT kit 
(cat. No. 18064071; Qiagen, Hilden, Germany) was used 
to synthesize cDNA by reverse transcription from miRNA, 
miScript SYBR Green PCR Kit (cat. No. 4309155; Qiagen) 
was used for detection, and U6 was utilized as the inter-
nal reference. Using PrimeScript RT Master Mix (cat. 
No. RR036Q; Takara), lncRNA and mRNA were reverse 
transcribed into cDNA. Additionally, SYBR® Premix Ex 
Taq TM II (cat. No. RR820A; Takara) was utilized for as-
sessment, and GAPDH was the endogenous control. All 
qPCR tests were performed on an Applied Biosystems® 
7500 Real-Time PCR Systems (cat. No. 4362143; Thermo 

Fisher Scientific). Primer information is available in Table 2. 
The 2−ΔΔCt method was applied for relative expression cal-
culations, and the experiment was performed in triplicate.

Fluorescence in situ hybridization 
and subcellular separation

The lncRNA LINC00472 fluorescence in situ hybridiza-
tion (FISH) probe was labeled with 5-carboxyfluorescein 
and synthesized by Biolite Corp (cat. No. 76823-03-5; 
Xi’an, China). Following protease K digestion, the tissue 
was denatured with formamide and hybridized overnight 
with the LINC00472 probe at 42°C, followed by staining 
with 300 μL 4,6-diamino-2-phenyl indole (DAPI; cat. 
No. 28718-90-3; Solarbio, China). Samples were ana-
lyzed with the use of laser scanning confocal microscope 
(model LSM700; Carl Zeiss, Oberkochen, Germany), and 
the nucleus and cytoplasm of NCI-H358 and NCI-H1299 
cells were separated using PARIS Kit (cat. No. AM1921; 
Thermo Fisher Scientific).

Cell Counting Kit-8 assay

Cells were seeded into 96-well plates (2×104 cells/well) 
under routine conditions and grown at 70% confluence. 
After 0, 24, 48, and 72 h, 10-microliter Cell Counting Kit-8 
(CCK-8) solution (cat. No. CK04; Dojindo Laboratories, 
Kumamoto, Japan) was administered to each well, fol-
lowed by a 2-hour incubation. The optical density was 
assessed at 450 nm using a microplate reader (Multiskan 
MK3; Thermo Fisher Scientific), and the experiment was 
performed 3 times.

Transwell assay
Cell invasion 

Cells (1×104 cells/well) were added to the upper insert 
of 24-well transwell chambers (8 μm in diameter; cat. 
No. 3428; Corning Inc.) coated with Matrigel. The lower 
chamber was filled with RPMI-1640 complete medium (cat. 

Table 2. Primer sequence used in quantitative real-time polymerase chain 
reaction (qPCR)

Gene Sequence

LINC00472
forward 5’-GATGGCAGCTGTCTCTCTCC-3’

reverse 5’-GGGCCTCTCTGACCGTATCT-3’

GAPDH
forward 5’-GGGCCAAAAGGGTCATCATC-3’

reverse 5’-ATGACCTTGCCCACAGCCTT-3’

miR-1275
forward 5’-TGGGGGAGAGGCTGTC-3’

reverse 5’-GAACATGTCTGCGTATCTC-3’

U6
forward 5’-CTCGCTTCGGCAGCACAT-3’

reverse 5’-TTTGCGTGTCATCCTTGCG-3’

HOXA2
forward 5’-GGGTATTYGGGYGGTTGTAGG-3’

reverse 5’-AATACCTAACATCTTTTCCCCCTATC-3’
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No. R4130; Sigma-Aldrich) and 10% FBS (cat. No. 10099141; 
Gibco). Following 36 h of incubation at 37°C, we utilized 
a wet applicator to remove cells that did not pass the mem-
brane, and cells on the lower surface underwent fixation 
with 4% paraformaldehyde and staining with 0.5% crystal 
violet. After staining, cells were imaged using an inverted 
microscope (model CKX53; Olympus Corp.).

Cell migration 

After 24 h of starvation, log phase cells were digested, 
centrifuged and resuspended the next day to a concentra-
tion of 2×104 cells/mL. A total of 0.2 mL of the cell sus-
pension was seeded to the upper chamber, with the lower 
chamber being filled with 700 μL of precooled RPMI-1640 
complete medium and 10% FBS. After maintaining cells 
in routine conditions for 36 h, we removed cells that did 
not migrate, and fixed the migrated cells with methanol 
for 30 min. Cells were stained with 0.5% crystal violet for 
20 min, washed, inverted, and dried naturally, followed 
by imaging under an inverted microscope (model CKX53; 
Olympus Corp.). We  selected 5  visual fields to  count 
the visible cells.

Annexin V/propidium iodide  
double staining assay

Trypsin without ethylenediamine tetra-acetic acid 
(EDTA) was used to treat log phase cells, which were cen-
trifuged, and the supernatant was discarded. Cells were 
rinsed twice with phosphate-buffered saline (PBS), and 
then resuspended with 500 μL of precooled 1× binding 
buffer until the concentration reached 1×106 cells/mL. 
A total of 100 μL of cell suspension was added with 5 μL 
of Annexin-V-FITC (cat. No. C1062S; Beyotime, Shanghai, 
China) at room temperature for 15 min in the dark. After 
that, 2.5 μL of propidium iodide (PI) staining solution (cat. 
No. 25535-16-4; MedChemExpress, Belleville, USA) was 
added 5 min before the analysis using a flow cytometer 
(cat. No. A29003; Thermo Fisher Scientific). FlowJo v. 10 
software (FlowJo LLC, Ashland, USA) was used to analyze 
apoptosis. The experiment was repeated 3 times.

Dual-luciferase reporter gene analysis

The pmirGLO luciferase reporter vectors (cat. No. E1330; 
Promega, Madison, USA) inserted with wild-type (WT) 
and mutant (MUT) LINC00472 or HOXA2 3’UTR were 
built, respectively. The 293T cells were maintained in 24-
well plates and transfected based on the co-transfection 
groups (miR-mimic + LINC00472-WT or LINC00472-
MUT; miR-NC + LINC00472-WT or LINC00472-MUT; 
miR-mimic + HOXA2-WT or HOXA2-MUT; miR-NC + 
HOXA2-WT or HOXA2-MUT). Then, 48 h after transfec-
tion, luciferase activity was measured with a dual-lucifer-
ase reporter system (cat. No. E1910; Promega).

RNA binding protein 
radioimmunoprecipitation assay

Magna RNA immunoprecipitation kit (cat. No. 17-704; 
Millipore, Burlington, USA) was used according to the manu-
facturer’s instructions. After being maintained in radio-
immunoprecipitation (RIP) buffer with magnetic beads, 
cell lysates were combined with rabbit anti-Ago2 an-
tibody. Input or  rabbit immunoglobulin G  (IgG) was 
utilized as  the  negative control (NC). Protease K  (cat. 
No. HY-108717; MCE) was utilized to purify and immu-
noprecipitate  the RNA of both the samples and the inputs. 
Next, RNA was isolated for qPCR analysis. Antibody in-
formation is displayed in Table 3.

Western blot assay

The extraction of total proteins from cells was performed 
using RIP assay (RIPA; cat. No. P0013B; Beyotime), and pro-
tein concentration was assessed with a bicinchoninic acid 
(BCA) protein assay kit (cat. No. P0011; Beyotime). After 
denaturation at a high temperature, proteins were isolated 
using sodium dodecyl sulfate–polyacrylamide gel electro-
phoresis (SDS-PAGE), followed by a transfer to polyvinyli-
dene fluoride (cat. No. 24937-79-9; Millipore) membranes. 
Membranes were blocked with 5% bovine serum albumin 
(BSA) at room temperature for 2 h, and probed with primary 
antibodies overnight at 4°C. Relevant information about 
primary antibodies is shown in Table 3. Membranes were 
incubated with the secondary antibody goat anti-rabbit IgG 
H&L (HRP) (cat. No. ab205718; Abcam, Cambridge, UK) 
for 2 h at room temperature. The protein blots on the mem-
brane were detected using an enhanced chemiluminescence 
kit (ECL; cat. No. P0018S; Beyotime).

Table 3. Antibody information used in the assay (all antibodies purchased 
from Abcam, Cambridge, UK)

Antibody Application Dilution 
ratio

Product 
code Specificity

Anti-HOXA2

western blot

1:2000 ab229960 rabbit

Anti-E-cadherin 1:10,000 ab40772 rabbit

Anti-N-cadherin 1:10,000 ab76011 rabbit

Anti-MMP2 1:5000 ab92536 rabbit

Anti-MMP9 1:10,000 ab76003 rabbit

Anti-Bax 1:5000  ab32503 rabbit

Anti-Bcl-2 1:1000 ab32124 rabbit

Anti-GAPDH 1:10,000 ab181602 rabbit

Anti-Argonaute-2
RIP

– ab32381 rabbit

IgG – ab172730 rabbit

Anti-HOXA2

IHC

1:2000 ab229960 rabbit

Anti-Ki67 1:500 ab15580 rabbit

IgG 1:1000 ab6721
goat anti-

rabbit

RIP – RNA immunoprecipitation; IHC – immunohistochemistry.
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Statistical analyses

GraphPad Prism v. 8.0.2 (GraphPad Software, San Diego, 
USA) was employed for data processing, and all experi-
ments were performed in triplicate. All experimental data 
are shown as raw data, and due to limited sample size, all 
data were assessed with nonparametric tests. The Mann–
Whitney U test (M–W) was used for a comparison between 
2 groups, and the Kruskal–Wallis test was used for a com-
parison of 3 or more groups, followed by Dunn’s post hoc 
test. The medians with 95% confidence interval (95% CI) 
whiskers are presented in results.35 The reference sample 
shown in Fig. 1A and Fig. 1B is the normal group, the ref-
erence sample shown in Fig. 1C is the BEAS-2B cell line, 
the reference sample presented in Fig. 2 is the oe-NC group, 
and the reference sample displayed in Fig. 3 is the miR-
NC group. In Fig. 4, the oe-NC+miR-NC group is the ref-
erence sample for the oe-NC+miR-mimic group, while 
the oe-NC+miR-mimic group is the reference sample for 
the oe-LINC00472+miR-mimic group. The reference sam-
ple in Fig. 5B is the normal group. The reference sample 
in Fig. 5D–F is the miR-NC group. Fig. 5A is the inter-
action of sets from 4 databases that down-regulate mi-
RAN without reference groups, and Fig. 5C is sequence 
information without reference groups In Fig. 5G,H and 

Fig. 6, the NC group is the reference sample for the oe-
LINC00472 group, and the oe-LINC00472 group is the ref-
erence sample for the oe-LINC00472+miR-mimic group 
and oe-LINC00472+si-HOXA group. All experiments were 
performed in triplicate. Statistical significance was deter-
mined at p < 0.05, while p < 0.010 suggested a significant 
difference and p < 0.001 indicated an extremely significant 
difference.

Results

LINC00472 is downregulated and mainly 
located in the cytoplasm in NSCLC

The  NSCLC gene expression chip GSE44077 was 
obtained from the  GEO database, with differential 
analysis finding 1029 differentially expressed genes 
(Fig. 1A). The  LINC00472 was dramatically underex-
pressed in NSCLC tissues (Fig. 1B, p < 0.001, M–W), sug-
gesting that LINC00472 may be pivotal in NSCLC pro-
gression. In addition, the LINC00472 level in BEAS-2B, 
NCI-H1975, NCI-H157, NCI-H358, and NCI-H1299 cells 
was assessed using qPCR. Compared with BEAS-2B, 
LINC00472 expression was lower in 4 NSCLC cell lines, 

Fig. 1. LINC00472 is downregulated in non-small cell lung cancer (NSCLC) and predominantly located in the cytoplasm. A. Volcano map of differential genes 
in NSCLC gene expression chip GSE44077. X-axis represents the log10 p-value, while Y-axis represents the logFC value; the red points represent significantly 
upregulated genes in the tumor, the green points represent markedly downregulated genes in the tumor, and the black points represent genes with 
no significant difference; B. LINC00472 level in normal (left) and tumor (right) groups in GSE44077. X-axis: sample type, Y-axis: lncRNA expression value 
(Mann–Whitney U test (M–W)); C. LINC00472 level in NSCLC cells (NCI-H1975, NCI-H157, NCI-H358, and NCI-H1299) and normal cells (BEAS-2B) was assayed 
using quantitative real-time polymerase chain reaction (qPCR) (Kruskal–Wallis test); D. Fluorescence in situ hybridization (FISH) (400×) was conducted 
to verify location of LINC00472 in NSCLC tissues. After the nuclei and cytoplasm of NCI-H1299 and NCI-H358 cells were separated, the expression of GAPDH 
(cytoplasmic marker), U6 (nuclear marker) and LINC00472 was assessed (M–W; **p < 0.01; ***p < 0.001). The horizontal lines represent the medians
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especially in  NCI-H358 and NCI-H1299 (NCI-H1975 
compared to BEAS-2B, p < 0.010; NCI-H157 compared 
to BEAS-2B, p < 0.010; NCI-H358 compared to BEAS-2B, 
p < 0.001; NCI-H1299 compared to BEAS-2B, p < 0.001; 
Kruskal–Wallis test with Dunn’s post hoc test) (Fig. 1C). 
Therefore, in vitro experiments were conducted on NCI-
H1299 and NCI-H358 cell lines.

Previous studies have highlighted that LINC00472 could 
play a modulatory role via the expression of ceRNA.9,18 
The FISH and nuclear–cytoplasm separation assays veri-
fied that LINC00472 mainly existed in  the  cytoplasm 
(Fig. 1D, p  >  0.050, M–W), and hence, LINC00472, 
as a ceRNA, may regulate the levels of downstream tar-
geted genes by binding to miRNA.

LINC00472 represses malignant behaviors 
of NSCLC cells

Based on the LINC00472 level in tumor tissues and cells, 
we hypothesized that LINC00472 had a negative correla-
tion with NSCLC progression. Therefore, we speculated 
that the overexpression of LINC00472 in NSCLC cells 
could affect cancer progression. First, we overexpressed 
LINC00472 in NCI-H1299 and NCI-H358 cells, and de-
tected its transfection efficiency using qPCR (NCI-H1299, 
p < 0.001; NCI-H358, p < 0.001; M–W). Thus, the trans-
fected cell lines could be utilized for subsequent experi-
ments (Fig. 2A).

Then, we examined the impact of the overexpression 
of LINC00472 on cell proliferation. The CCK-8 assay 
disclosed that the overexpression of LINC00472 notice-
ably reduced the proliferative ability of both cell lines 
(NCI-H1299, p < 0.010; NCI-H358, p < 0.010; M–W) 
(Fig. 2B). Next, we assessed the influence of LINC00472 
on NSCLC cell migration and invasion, and we dem-
onstrated notable repression (migration: NCI-H1299, 
p < 0.010; NCI-H358, p < 0.010; invasion: NCI-H1299, 
p < 0.010; NCI-H358, p < 0.001; M–W) (Fig. 2C). In ad-
dition, the cell apoptosis assay highlighted that the over-
expression of LINC00472 significantly upregulated cell 
apoptosis (NCI-H1299, p < 0.050; NCI-H358, p < 0.001; 
M–W) (Fig. 2D). Thus, LINC00472 could be charac-
terized as a tumor repressor by restraining malignant 
NSCLC cell behaviors.

LINC00472 sponges miR-1275  
in NSCLC cells

Modulatory miRNA downstream of LINC00472 was 
predicted using the RNA22 database. Concurrently, sig-
nificantly upregulated miRNAs were obtained through 
differential analysis of NSCLC miRNA chip GSE102286. 
Through the  intersection of  the predicted results and 
the differentially upregulated miRNAs (Fig. 3A), we iden-
tified miR-1275 to be highly expressed in NSCLC tissues 
(Fig. 3B, p < 0.010, M–W).

To further understand the molecular regulatory mech-
anism of LINC00472 and miR-1275, their binding sites 
were predicted through a bioinformatics analysis (Fig. 3C), 
which was then verified with a dual-luciferase analysis. 
The overexpression of miR-1275 could inhibit luciferase 
activity of LINC00472-WT (293T, p < 0.010, M–W) but 
did not influence LINC00472-MUT (293T, p  >  0.050, 
M–W), highlighting their targeted relationship (Fig. 3D). 
Subsequently, we conducted a RIP assay, which confirmed 
the targeted relationship (AGO2: NCI-H1299, p < 0.01; 
NCI-H358, p < 0.001; M–W) (Fig. 3E). Next, we tested 
miR-1275 expression in NCI-H358 and NCI-H1299 cells 
after overexpressing LINC00472. The  results demon-
strated that the miR-1275 level was significantly reduced 
after LINC00472 overexpression (NCI-H1299, p < 0.010; 
NCI-H358, p < 0.001; M–W) (Fig. 3F). The above results 
unveiled a direct interaction between LINC00472 and miR-
1275 in NSCLC, and LINC00472 was able to be a molecular 
sponge of miR-1275.

LINC00472 mitigates the influence  
of miR-1275 on NSCLC malignant 
phenotypes

To demonstrate that LINC00472 could regulate the bio-
logical function of cells by binding to miR-1275, we carried 
out rescue experiments in NCI-H358 and NCI-H1299 cells. 
According to the results of the CCK-8 assay, proliferative 
potential of cells was significantly increased upon miR-
1275 overexpression, while it returned to normal level when 
LINC00472 and miR-1275 were overexpressed at the same 
time (NCI-H1299, oe-NC+miR-mimic compared to oe-
NC+miR-NC, p < 0.050; oe-LINC00472+miR-mimic com-
pared to oe-NC+miR-mimic, p < 0.010; NCI-H358, oe-
NC+miR-mimic compared to oe-NC+miR-NC, p < 0.010; 
oe-LINC00472+miR-mimic compared to  oe-NC+miR-
mimic, p < 0.010; M–W) (Fig. 4A). Forced overexpression 
of miR-1275 significantly enhanced cell migratory and 
invasive properties, while simultaneous overexpression 
of LINC00472 and miR-1275 significantly decreased these 
traits (migration: NCI-H1299, oe-NC+miR-mimic com-
pared to oe-NC+miR-NC, p < 0.001; oe-LINC00472+miR-
mimic compared to oe-NC+miR-mimic, p < 0.001; NCI-
H358, oe-NC+miR-mimic compared to oe-NC+miR-NC, 
p < 0.001; oe-LINC00472+miR-mimic compared to oe-
NC+miR-mimic, p  <  0.001; invasion: NCI-H1299, oe-
NC+miR-mimic compared to oe-NC+miR-NC, p < 0.010; 
oe-LINC00472+miR-mimic compared to  oe-NC+miR-
mimic, p < 0.010; NCI-H358, oe-NC+miR-mimic com-
pared to oe-NC+miR-NC; p < 0.050, oe-LINC00472+miR-
mimic compared to oe-NC+miR-mimic, p > 0.050; M–W) 
(Fig. 4B). The apoptosis assay showed that the concurrent 
overexpression of both LINC00472 and miR-1275 could 
reverse the  repressive effect of miR-1275 on apoptosis 
rate (NCI-H1299, oe-NC+miR-mimic compared to oe-
NC+miR-NC, p  <  0.010; oe-LINC00472+miR-mimic 
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compared to oe-NC+miR-mimic, p < 0.001; NCI-H358, oe-
NC+miR-mimic compared to oe-NC+miR-NC, p < 0.001; 
oe-LINC00472+miR-mimic compared to  oe-NC+miR-
mimic, p < 0.001; M–W) (Fig. 4C). Therefore, LINC00472 
could reverse the influence of miR-1275 on NSCLC ma-
lignant cell phenotype progression.

LINC00472 promotes HOXA2  
expression level by restraining miR-1275

Targeted genes downstream of miR-1275 were predicted 
using miRSearch, TargetScan and mirDIP databases, 
and overlapped with differentially downregulated genes 
screened in the GSE44077 chip (Fig. 5A). The HOXA2 was 
obtained, and its expression level in GSE44077 was notice-
ably downregulated (Fig. 5B, p < 0.001, M–W). Our bioin-
formatics approach showed that miR-1275 and HOXA2 had 
targeted binding sites (Fig. 5C), and the overexpression 
of miR-1275 repressed luciferase activity of HOXA2-WT 
(293T, p < 0.001, M–W) but did not affect the luciferase 
activity of HOXA2-MUT (293T, p > 0.05, M–W) (Fig. 5D), 
indicating that miR-1275 could target HOXA2. Concur-
rently, the experimental RIP results demonstrated a bind-
ing relationship between HOXA2 and miR-1275 (AGO2: 
NCI-H1299, p  <  0.001; NCI-H358, p  <  0.001; M–W) 
(Fig. 5E,F). The above results indicate that LINC00472 
competitively bound to miR-1275 with HOXA2. Using 
qPCR assay, we denoted that when LINC00472 was over-
expressed, the mRNA level of miR-1275 was significantly 
downregulated, while the HOXA2 level was markedly in-
creased. In addition to LINC00472 overexpression, simul-
taneous upregulation of miR-1275 or silencing of HOXA2 
partially rescued the impact of LINC00472 overexpres-
sion on HOXA2 mRNA expression level (details of sta-
tistical analysis are presented in Table 4). It is commonly 
known that matrix metalloproteinase (MMP) and epithe-
lial–mesenchymal transition (EMT)-related proteins are 
vital biomarkers associated with tumor metastasis.36–39 
We used western blot analysis to investigate protein lev-
els of EMT-related proteins in order to ascertain whether 
the LINC00472/miR-1275/HOXA2 axis is related to EMT 
processes and apoptosis in NSCLC. After overexpressing 

LINC00472, the E-cadherin level was notably upregulated, 
but levels of N-cadherin, MMP2 and MMP9 were signifi-
cantly decreased. Meanwhile, we explored protein levels 
of the apoptosis-related Bax and Bcl-2, and found that 
the overexpression of LINC00472 enhanced pro-apoptotic 
Bax protein level but reduced anti-apoptotic protein Bcl-2 
level. Moreover, the overexpression of miR-1275 or silenc-
ing of HOXA2 partly rescued or even reversed the expres-
sion of the above proteins (Fig. 5H). These results highlight 
that LINC00472 could promote HOXA2 level and affect 
the expression of EMT, metastasis and apoptosis-related 
proteins by inhibiting miR-1275.

LINC00472/miR-1275/HOXA2 axis regulates 
NSCLC cell phenotype progression

To verify whether LINC00472 exerted its anti-can-
cer effect by  targeting miR-1275 to  regulate HOXA2, 
we  conducted rescue experiments in  NCI-H358 and 
NCI-H1299 cell lines. The overexpression of LINC00472 
repressed cell proliferation, migration and invasion, and 
promoted apoptosis, while further forced miR-1275 ex-
pression offset the abovementioned suppressive effects 
(details of statistical analysis are presented in Table 5) 
(Fig. 6A–C). Interestingly, simultaneous overexpression 
of LINC00472 and silencing of HOXA2 also largely res-
cued the inhibition of LINC00472 on malignant pheno-
type found in NSCLC cells (Fig. 6A–C). The above results 
show that the overexpression of LINC00472 regulated 
HOXA2 by targeting miR-1275 to inhibit the prolifera-
tion, migration and invasion of NSCLC cells and promote 
apoptosis. These findings, combined with previous stud-
ies, demonstrate that LINC00472 plays an essential role 
in regulating NSCLC cells by competitively sponging 
miR-1275 with HOXA2.

Discussion

Over the  past 2  decades, NSCLC treatment has un-
dergone tremendous changes. A deeper understanding 
of the mechanism of cancer pathogenesis has made early 

Table 4. Statistical analysis of the expression levels of LINC00472, miR-1275 and HOXA2 in NCI-H1299 and NCI-H358 cells of each treatment group (Mann–
Whitney U test; cf. Fig. 5G)

Cell lines Group oe-LINC00472 
compared to NC

oe-LINC00472+miR-mimic 
compared to oe-LINC00472

oe-LINC00472+si-HOXA2 compared 
to oe-LINC00472

NCI-H1299

LINC00472 p < 0.001 p > 0.050 p > 0.050

miR-1275 p < 0.001 p < 0.001 p > 0.050

HOXA2 p < 0.001 p < 0.001 p < 0.001

NCI-H358

LINC00472 p < 0.001 p > 0.050 p > 0.050

miR-1275 p < 0.001 p < 0.001 p < 0.010

HOXA2 p < 0.001 p < 0.050 p < 0.001

NC – negative control.
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diagnosis and the development of new targeted therapies 
possible.40 Precision medicine is the trend of the times, so 
it is urgent to uncover novel NSCLC biomarkers. Mount-
ing evidence shows that lncRNAs are involved in cancer 
growth, differentiation, metastasis, and apoptosis.8,41 
We investigated the role of LINC00472 in the progres-
sion of NSCLC and explored its regulatory mechanism.

Herein, we demonstrated that LINC00472 and HOXA2 
expression was reduced, and miR-1275 level was elevated 
in NSCLC tissues and cells. According to previous studies, 
LINC-PINT42 and FENDRR43 also have reduced expres-
sion in NSCLC similar to LINC00472, and act as antitu-
mor lncRNAs, able to inhibit the progression of NSCLC. 
However, other lncRNAs such as LINC01561,44 HOTAIR45 
and H1946 are overexpressed in NSCLC and promote its 
progression. Lung cancer progression is closely related 
to changes in HOX gene expression, and the HOXA family 
of genes is usually downregulated in primary NSCLC.47 
For example, HOXA9 is directly downregulated by miR-
196b, and regulates NSCLC invasion potential by regulat-
ing nuclear factor-kappa B (NF-κB) activity.48 The HOXC 
and HOXD family genes (such as HOXC4, HOXC8, HOXC9, 
HOXC13, HOXD8, and HOXD10) are highly expressed 
in LC47,49 and are pivotal in promoting cancer. Follow-
ing the previous studies on HOXA family genes, we found 
that HOXA2 was downregulated in NSCLC and can act 
as a tumor repressor of cell malignant progression. Deng 
et al. disclosed that LINC00472 represses EMT in lung 
adenocarcinoma, but the overexpression of YBX1 restores 
the EMT phenotype.50 Our results showed that LINC00472 
constrained EMT, but further overexpression of miR-1275 
or knockdown of HOXA2 restored EMT, in agreement with 
the findings of the previous studies.

To further explore the regulatory role of LINC00472 
in  NSCLC, we  conducted a  bioinformatics analysis 
on  LINC00472 and found the  downstream gene miR-
1275. One study has found that miR-1275 is upregulated 
in lung adenocarcinoma, which can play a tumorigenic 
role by co-activating the Wnt/β-catenin and Notch signal-
ing pathways in lung adenocarcinoma.51 Another study 

shows that lncRNA FAM225A can promote the occurrence 
and metastasis of nasopharyngeal carcinoma by target-
ing miR-590-3p/miR-1275 and upregulating ITGB3.24 Our 
study demonstrated that miR-1275 was highly expressed 
in NSCLC. The LINC00472 could regulate the prolifera-
tion, migration and invasion of NSCLC cells by target-
ing miR-1275, which is consistent with and builds upon 
previous research. Our data enrich the known regulatory 
network of miR-1275 in NSCLC.

Furthermore, we found that LINC00472 could combine 
with miR-1275, while miR-1275 targeted HOXA2 directly. 
The overexpression of LINC00472 constrained miR-1275 
expression and increased HOXA2 level, while the overex-
pression of miR-1275 restrained HOXA2 levels. In a study 
regarding the  lncRNA–miRNA–mRNA signaling axis, 
Zhang et al. found that a low expression of LINC00472 
in osteosarcoma can control the expression of FOXO1 
by targeting miR-300, to regulate the occurrence of os-
teosarcoma.52 Ye et al. displayed the stimulatory effect 
of LINC00472 on apoptosis in CRC cells.9 We elucidated 
that the overexpression of LINC00472 facilitated apopto-
sis of NSCLC cancer cells, but the upregulation of miR-
1275 or silencing of HOXA2 repressed this occurrence. 
To the best of our knowledge, this study is the first investi-
gation regarding the LINC00472/miR-1275 axis in NSCLC. 
The HOXA2 is targeted by several miRNAs in a variety 
of  cell types. For example, miR-135 in adipose tissue-
derived stem cells targets HOXA2 to promote bone and 
skeleton regeneration,53 and in vascular smooth muscle 
cells (VSMCs), miR-3960 targets HOXA2 to promote os-
teogenic trans-differentiation.54 The current study is our 
first investigation on the targeted relationship between 
miR-1275 and HOXA2.

Furthermore, we found that LINC00472 could restrain 
NSCLC malignant cell phenotype, while forced expres-
sion of miR-1275 or silencing of HOXA2 partially rescued 
or even reversed the impact of LINC00472 upregulation 
alone on  NSCLC cell biological behaviors. According 
to  the report by Zhang et al., LINC-PINT displays re-
duced expression in NSCLC. The LINC-PINT, as a sponge 

Table 5. Statistical analysis of NCI-H1299 and NCI-H358 cell viability, migration, invasion, and apoptosis rate in each treatment group (Mann–Whitney U test; 
cf. Fig. 6A–C)

Analysis project Group oe-LINC00472 
compared to NC

oe-LINC00472+miR-mimic 
compared to oe-LINC00472

oe-LINC00472+si-HOXA2 compared to 
oe-LINC00472

Cell viability
NCI-H1299 p < 0.010 p < 0.010 p < 0.010

NCI-H358 p < 0.010 p < 0.010 p < 0.010

Migration
NCI-H1299 p < 0.001 p < 0.001 p < 0.001

NCI-H358 p < 0.001 p < 0.001 p < 0.001

Invasion
NCI-H1299 p < 0.001 p < 0.001 p < 0.001

NCI-H358 p < 0.001 p < 0.001 p < 0.001

Apoptosis rate
NCI-H1299 p < 0.001 p < 0.001 p < 0.001

NCI-H358 p < 0.001 p < 0.001 p < 0.001

NC – negative control.
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of  miR-543, increases PTEN level, thereby inhibiting 
NSCLC growth and migration, blocking cells in the G1 
phase and promoting apoptosis.42 After a critical review 
of the above studies, we believe that LINC00472 also func-
tions as a sponge of miR-1275 to affect HOXA2 levels, 
thus inhibiting the progression of NSCLC. The lncRNA 
HOTAIR is an important indicator of NSCLC diagnosis and 
treatment, and it can facilitate the malignant procession 
of LC cells.55 Our study also provides possible molecular 
markers for NSCLC diagnosis and therapy. Moreover, miR-
1275 can facilitate the proliferation, invasion and migra-
tion of squamous cell head and neck carcinoma by increas-
ing IGF-1R and CCR7.56 Conversely, silencing miR-1275 can 
significantly restrain the growth of gliomas by increasing 
the Claudin11 protein level.57 Furthermore, miR-1275 can 
also target ELK1 to suppress the differentiation of human 
visceral preadipocytes and inhibit obesity.58 The methyla-
tion level of miR-1275 is closely related to the pathogenesis 
of NSCLC, and HOXA2 is a gene that is specifically meth-
ylated in NSCLC tumors.59 Based on previous research 
results and the results of this study, we reasonably specu-
lated that the LINC00472/miR-1275/HOXA2 axis may be 
a candidate therapeutic target in NSCLC.

Limitations

The sample size of this study was limited, and future 
research would benefit from a larger, more diverse study 
population.

Conclusions

This study shows that the overexpression of LINC00472 
can enhance HOXA2 level via the repression of miR-1275 
level, thus regulating proliferation, migration, invasion, 
apoptosis, and EMT progression of NSCLC cells. Our 
research provided evidence for the connection between 
LINC00472, miR-1275 and HOXA2, but also offered 
a novel path for NSCLC therapy.
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Abstract
The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) pandemic has caused high morbidity 
and mortality and has been a source of substantial challenges for healthcare systems globally. Despite a full 
recovery, a significant proportion of patients demonstrate a broad spectrum of cardiovascular, pulmonary 
and neurological symptoms that are believed to be caused by long-term tissue damage and pathological 
inflammation, which play a vital role in disease development. Microvascular dysfunction also causes significant 
health problems. This review aimed to critically appraise the current data on the long-term cardiovascular 
sequelae of coronavirus disease 2019 (COVID-19), with a primary focus on cardiovascular symptoms such 
as chest pain, fatigue, palpitations, and breathlessness, and more significant disease entities including 
myocarditis, pericarditis and postural tachycardia syndrome. Potential risk factors identified in recent studies 
that contribute towards the development of long COVID are also included alongside a summary of recent 
advances in diagnostics and putative treatment options.
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Introduction

The  term “long COVID” was first used by a patient 
as a hashtag on Twitter shortly after the pandemic spread 
in May 2020,1 and quickly gained popularity within the sci-
entific community. Even though long coronavirus disease 
(COVID), also known as post-coronavirus disease 2019 
(COVID-19) or chronic COVID syndrome, affects many 
patients each year, it is a poorly understood illness, and 
its definition is not entirely clear. This is because the syn-
drome includes several hundred complications with 
completely different degrees of severity that impact func-
tioning with varying duration. The disorder also affects 
psychophysical performance and nearly every organ within 
the human body. The World Health Organization (WHO) 
defines long COVID as a condition that “occurs in individ-
uals with a history of probable or confirmed severe acute 
respiratory syndrome coronavirus 2 (SARS-CoV-2) infec-
tion, usually 3 months from the onset of COVID-19 with 
symptoms that last for at least 2 months and cannot be 
explained by an alternative diagnosis”.2 However, research-
ers often use the revised criteria, which makes it difficult 
to determine the frequency at which it occurs. In a recently 
published meta-analysis, the global prevalence of long CO-
VID was estimated at 0.43 and was higher for hospitalized 
than non-hospitalized patients. Researchers also described 
heterogeneity of the results of the included studies (from 
0.09 to 0.81).3

Objectives

Since long COVID is a new disease entity with a short 
observation period, this review aimed to present possible 
pathophysiological mechanisms, risk factors, cardiovas-
cular manifestations, diagnostics, and treatments using 
the limited literature available. A complete understanding 
of this disease is crucial to providing adequate evidence-
based patient care.

Materials and methods

The literature search used the PubMed, medRxiv and 
Google Scholar databases, references from relevant ar-
ticles, and internet sources, including WHO reports and 
the web pages of the British Medical Journal (BMJ) and 
Office for National Statistics (Cardiff, UK). Search terms 
included “post-COVID-19”, “post-COVID syndrome”, 
“long COVID”, “chronic COVID syndrome”, “post-acute 
COVID-19 syndrome”, “myocarditis”, “pericarditis”, “ar-
rhythmia”, and “post-COVID-19 tachycardia syndrome”. 
No filters were applied for the starting dates, with the last 
literature search performed on March 22, 2023. The au-
thors screened the titles and abstracts to identify relevant 
papers.

Risk factors

The currently available data show that the most promi-
nent risk factors for long COVID are acute COVID-19 with 
admission to the intensive care unit (ICU) and/or ventila-
tor support, female sex, and more than 5 symptoms during 
the 1st week of illness.4–6 There was no difference in mor-
bidity between patients treated with oxygen alone, inva-
sive ventilation or continuous positive airway pressure.5,7 
The risk of developing long COVID increases when the pa-
tient smokes tobacco or has underlying comorbidities such 
as diabetes, hypertension, obesity, cardiovascular diseases 
(CVDs), chronic alcoholism, and chronic kidney disease 
(CKD).8–10 However, many patients with light/mild acute 
symptoms who were not hospitalized also develop long 
COVID symptoms.5,11,12 Some studies show that a history 
of depression, anxiety or antidepressant use can influence 
the likelihood of developing long COVID.4,13,14 Reports 
also suggest that older age groups are at risk of developing 
long COVID and that children may experience symptoms 
similar to adults.15 Evidence is also available indicating that 
the virus variant affects the risk of developing long COVID, 
with a higher risk associated with Delta than with Omi-
cron BA.1 or Omicron BA.2 variants. Studies on the ef-
fects of vaccines on long COVID risk are inconclusive, 
with some researchers demonstrating a significant risk 
reduction in vaccinated patients; the recent data do not 
support these findings and claim that there is only a 15% 
risk reduction. Nonetheless, even though vaccination does 
not eliminate the risk, it reduces it to some extent.16,17

Putative pathophysiology

The mechanisms of long COVID are likely multifacto-
rial, and there seems to be a continuity of pathogenesis 
of acute illness. The etiology may include pathological 
inflammation leading to long-term tissue damage, dys-
regulation of the renin–angiotensin–aldosterone system 
(RAAS) and the kinin–kallikrein system (KKS), a virus-
induced cytokine and bradykinin storm, dysregulated im-
mune responses, endothelialitis, and mast cell activation 
syndrome (MCAS).

Pathological inflammation and 
dysregulated immune responses

The SARS-CoV-2 persistence in the body is a possible 
consequence of  deoxyribonucleic acid (DNA) integra-
tion of the viral genome18,19 and its presence in immuno-
logically privileged sites.20 These mechanisms contrib-
ute to the phenomenon in which patients who recovered 
from COVID-19 continuously obtain positive polymerase 
chain reaction (PCR) results.18,19 Viral ribonucleic acid 
(RNA) and antigens may prompt some level of immune 
activation leading to the development of  long COVID,4 
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with the process of presenting antigens to autoreactive 
dysfunctional T-cells by antigen-presenting cells making 
long COVID pathophysiology similar to autoimmunity.4,21 
Furthermore, some studies have shown that B-cells pro-
duce antibodies against neutrophils, interferons, cell nu-
clei, cyclic citrullinated peptides, and connective tissues, 
indicative of autoimmunity.4,22

Hyperinflammatory syndrome, which can contribute 
to  long COVID, results from dysregulated host innate 
immune responses and decreased absolute lymphocyte 
count.23 Endothelialitis, which takes part in cardiovascu-
lar system dysfunction and its symptomatology, is caused 
by viral elements within endothelial cells and inflamma-
tory cell infiltration of the myocardium.20,24

Dysfunction of the renin–angiotensin–
aldosterone system and the kinin–
kallikrein system

Adherence of the viral S protein to angiotensin-convert-
ing enzyme 2 (ACE2) is a primary route for SARS-CoV-2 
cellular entry. Locations such as the intestines, kidneys 
and heart have high expression of  ACE2, while its ex-
pression is moderate in blood vessels. There are studies 
showing the downregulation of ACE225,26 and its disin-
tegrin and metalloproteinase domain-containing protein 
17 (ADAMS17)-mediated shedding from the cell surface27 
caused by SARS-CoV-2, which leads to RAAS dysregulation 
and plays a significant role in long COVID development. 
Under normal physiological conditions, RAAS consists 
of the angiotensin II (Ang II) type 1 receptors (AT1R) (via 
which signaling components can intensify cardiac fibrosis 
and hypertrophy, vasoconstriction, endothelial dysfunction, 
and vascular inflammation) and Ang II type 2 receptors 
(AT2R) (which promote vasodilatation, cardioprotection 
and decreased platelet aggregation).25 Due to ACE2 down-
regulation and cytokine-induced hyperinflammation, el-
evated Ang II/AT1R axis activity contributes to myocardial 
injury, microvascular thrombosis and dysfunction of nu-
merous organs, as shown in Fig. 1. In addition, ACE2 shed-
ding initiates a cytokine storm by aggravating the response 
of tumor necrosis factor alpha (TNF-α) and interleukin 
(IL)-6R.27,28 Some have theorized that MCAS and the re-
sultant cytokine storm are associated with long COVID.8,29

The KKS exerts biological effects through bradykinin-1 
(B1) and bradykinin-2 (B2) receptor activation. While B2 
receptors are present in all tissues, B1 receptor expres-
sion increases during cellular stress and inflammation. 
Elevated expression of ACE contributes to the downregu-
lation of the KKS as well as suppresses its cardioprotec-
tive activity, and hyperinflammation causes moderate 
stimulation of B1 receptors, leading to a cytokine storm. 
A bradykinin storm causes myocardial and endothelial 
dysfunction due to fibrotic accumulations, and may be 
a consequence of ACE2 reduction and downregulation 
of des-Arg9-bradykinin (DABK) degradation.25,30

Mast cell activation syndrome

Mast cell activation syndrome is an inflammatory dis-
ease caused by mast cells mistakenly releasing excessive 
amounts of inflammatory cytokines. Some have theorized 
that a connection exists between prolonged COVID-19 
symptomatology and hyperactive mast cells in patients 
with underlying primary MCAS. Due to the expression 
of ACE2, mast cells become an easy target for SARS-CoV-2. 
Nevertheless, there is a lack of experimental studies con-
firming this hypothesis.31,32

Microvascular dysfunction

Microcirculation analysis, related to the development 
and improvement of research techniques that allow for 
microvascular assessment, is continuously gaining more 
attention. Great hopes are placed on functional diagnosis 

Fig. 1. Dysfunction of the renin–angiotensin–aldosterone system (RAAS) 
and kinin–kallikrein system (KKS)

Ang II/AT1R – angiotensin II/type 1 receptors; ACE2 – angiotensin-
converting enzyme 2; ADAMS17 – disintegrin and metalloprotease 17; 
TNF-α – tumor necrosis factor alpha; IL-6 – interleukin 6; 
COVID – coronavirus disease; SARS-CoV-2 – severe acute respiratory 
syndrome coronavirus 2.
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in coronary microcirculation, as it would allow for the de-
tection of changes in the small arteries of the heart and 
help determine whether coronary microcirculation dys-
function causes symptoms. Microcirculatory responses 
to  hypoxia can be a  prognostic factor for COVID-19, 
with hypoxia-inducible factor (HIF) playing a critical role 
in the response. Its actions induce protective molecules 
that are vital to maintaining a well-functioning response 
to hypoxia.33

Coronavirus disease 2019 disturbs blood flow in the mi-
crocirculation, which results in  a  high mortality rate. 
The pathomechanism is complex and consists of many 
elements acting together to significantly dysregulate ho-
meostasis. The RAAS system is mainly responsible for 
maintaining optimal blood pressure, though overactiva-
tion of this endocrine system causes proliferation and in-
flammation.34 The ACE2 is a central part of the RAAS 
system, and its imbalance leads to hypertension, obesity, 
inflammation, thrombosis, and insulin resistance. Its re-
duced activity is due to the fact that the virus uses the re-
ceptor to enter the cells,35 and as ACE2 levels drop, the Ang 
II/AT1R axis becomes overactive. The release of comple-
ment factors and the endothelial expression of tissue fac-
tor (TF) and plasminogen activator inhibitor-1 (PAI-1) 
increase, leading to a hypercoagulable state.36 Moreover, 
higher expression of ACE2 was demonstrated in pericytes 
of patients with underlying heart failure, meaning they 
may have a greater risk of progressing to severe disease 
during COVID-19 infection.37

Systemic inflammation, as a result of immune responses 
to COVID-19 infection, causes dysregulation of the entire 
immune system, leading to a cytokine storm activating 
T-cells and macrophages.35 Another important aspect 
of the pathophysiology of microvascular dysfunction is ox-
idative stress, which leads to a type 2 myocardial infarction 

due to a supply and demand mismatch. Another effect 
of oxidative stress is  the activation of  the sympathetic 
nervous system, with subsequent catecholamine release 
resulting in vasoconstriction and increased cardiomyocyte 
oxygen demand.34

Increased blood viscosity and decreased red blood cell 
deformability is an important risk factor that occurs due 
to low estrogen levels (one of the causes of higher male 
mortality), obesity, vitamin D deficiency, diabetes, and 
hypertension.38 Furthermore, a crucial part of microcir-
culation disorders is the damaged endothelium leading 
to an imbalance between endothelial nitric oxide synthase 
(eNOS) and nicotinamide adenine dinucleotide phosphate 
(NADPH) oxidase 2 (NOX-2). Production of nitric oxide 
(NO) has a vasodilating effect and is dependent on eNOS. 
Low concentrations of NO cause hypertension, thrombosis 
and vascular inflammation. In contrast, NOX-2 activity 
increases the number of free radicals that further damage 
the endothelium.34–36,39 It was also found that perivascu-
lar cells (myocytes, pericytes and adipocytes) damaged 
by coronavirus cause the compression of  the coronary 
microcirculation and can release toxic agents.34 In sum-
mary, disturbances in the microcirculation occur during 
SARS-CoV-2 infection, with the virus damaging the en-
dothelium, causing its remodeling and loss of function. 
Microcirculation disorders may persist after the infection 
and be the basis for the development of many long COVID 
disorders. The summary of the processes leading to mi-
crovascular dysfuntion is presented in Fig. 2.

Cardiovascular manifestations

The  association between SARS-CoV-2 infection and 
an  increased risk of  late cardiovascular problems was 

Fig. 2. Processes leading to microvascular 
dysfunction

ACE2 – angiotensin-converting enzyme 2; 
RAAS – renin–angiotensin–aldosterone 
system; KKS – kinin–kallikrein system; 
eNOS – endothelial nitric oxide 
synthase; NOX-2 – nicotinamide adenine 
dinucleotide phosphate (NADPH) 
oxidase 2.
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observed early in the pandemic. A recent study on a large 
group showed that people who had contracted COVID-19 
were more likely to develop incident CVDs, including cere-
brovascular disorders, dysrhythmias, inflammatory heart 
disease, ischemic heart disease, heart failure, thromboem-
bolic disease, and other cardiac disorders, within 12 months 
of illness. The increased risk was independent of other fac-
tors and confirmed previously conducted research.

Cardiovascular long COVID most often manifests 
as long-lasting symptoms, of which the most persistent 
include palpitations, fatigue, chest pain, and back pain. 
The complications can also occur in patients who seem 
to have fully recovered from infection and whose symp-
toms were relatively mild. Thus, there is a need to develop 
diagnostic and therapeutic strategies for post-infection 
patients.40–42

Myocarditis

Myocarditis is an inflammation of the heart muscle, 
most commonly being a consequence of viral infection. 
The pathogenesis of COVID-related myocarditis is un-
known, yet the main hypotheses assume the involvement 
of molecular mimicry mechanisms and the effect of vi-
ruses on ACE2 regulation.43 Even though there is evidence 
of  SARS-CoV-2 genomes in  endomyocardial biopsies, 
it is suspected that myocarditis is caused in most patients 
by the hyperinflammatory response triggered by the vi-
rus.44,45 Moreover, heart muscle injury was assessed using 
biochemical and imaging tests soon after the infection 
and was present in most patients. Due to the destruction 
of myocytes, this condition deteriorates cardiac function, 
causing heart failure, cardiomyopathy and sudden cardiac 
death. There have been multiple studies on myocarditis 
after COVID-19 infection, with Puntmann et al. show-
ing cardiac involvement in 78% of patients and ongoing 
myocardial inflammation in  60% after a  median time 
of 71 days.46 Cardiac involvement was also present in later 
studies showing that cardiac magnetic resonance (CMR) 
is useful for patient monitoring.47 Further research es-
tablished that myocardial injury, assessed using troponin 

levels during infection, can be predictive of  later CMR 
abnormalities.48

The  impact of  the SARS-CoV-2 virus on the cardiac 
muscle of professional athletes has yet to be established. 
The studies show discrepant results, though all available 
research was performed in small patient groups.49–51 Vac-
cination seems to be the only effective method for pre-
venting COVID-19 and its complications. However, post-
vaccination myopericarditis should not be overlooked.52–54 
Recommendations for CMR imaging criteria of active myo-
carditis provided by the Journal of the American College 
of Cardiology scientific expert panel consists of an increase 
in at least 1 T1-based method, including T1 mapping, and 
1 T2-based method, including T2 mapping.55 This method 
of imaging, in addition to clinical manifestations of myo-
carditis, is currently the gold standard non-invasive diag-
nostic modality.56

Pericarditis

Pericarditis is common in acute SARS-CoV-2 infec-
tion but can also occur after recovery. There are minimal 
data concerning its epidemiology, though it seems to be 
a common manifestation of long COVID57 and is thought 
to be associated with the ongoing inflammation that re-
sults from the persistence of viral nucleic acid. In most 
cases, it is diagnosed by exclusion and 2 of the following 
symptoms: pericardial effusion, chest pain, electrographic 
changes, and pericardial friction. Isolated, small peri-
cardial effusion is much more common than pericardi-
tis.31,46,58 One study demonstrated that 30.9% of patients 
had myocarditis and/or pericarditis 10 weeks after CO-
VID-19 pneumonia. Therefore, some refer to both as myo-
pericarditis (pericarditis with associated myocarditis 
on CMR without left ventricular wall motion abnormali-
ties) or perimyocarditis (when left ventricular wall motion 
abnormalities are present), depending on the dominating 
clinical image.59 A study by Dini et al. reported a high 
prevalence (22%) of pericarditis in patients previously af-
fected by COVID-19 after at least 12 weeks from the end 
of the infection.57

Fig. 3. Diagnostic methods for 
identifying long coronavirus disease 
(COVID)

ESR – erythrocyte sedimentation 
rate; CK-MB – creatine kinase 
myocardial band; hsTnl – high 
sensitivity troponin I; 
CT – computed tomography; 
MRI – magnetic resonance imaging; 
ECG – electrocardiography; 
CRP – C-reactive protein; 
NT-proBNP – N-terminal pro B-type 
natriuretic peptide; NO – nitric oxide; 
IL-6 – interleukin 6.

LABORATORY TEST

Inflammatory markers

CRP, IL-6, procalcitonin, ESR, ferritin

Cardiac biomarkers

t roponin, NT-proBNP, hsTnl, CK-MB

Coagulation biomarkers

fibrinogen, D-dimers, platelets

Serum NO level

        OTHERS

ECG

Echocardiography

Functional tests

Holter ECG monitor

Diagnostics in long COVID

IMAGING

CT
MRI
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Long COVID tachycardia syndrome 
and other arrhythmias

Tachycardia is thought to be a common feature follow-
ing acute SARS-CoV-2 infection. Persistent, symptomatic 
tachycardia constitutes a syndrome called long COVID 
tachycardia syndrome, which presents clinically as pos-
tural orthostatic tachycardia syndrome (POTS), inappro-
priate sinus tachycardia or sinus tachycardia, with 54% 
of patients reporting persistent symptoms and an increased 
resting heart rate. Holter monitoring and other devices 
measuring the heart rhythm may allow for diagnosis and 
monitoring of progress in an outpatient setting. Moreover, 
tachycardia can be a valuable quantitative indicator of long 
COVID severity and reflects not only autonomic dysfunc-
tion and possible damage to the heart but also the general 
condition of the patient.31,60–62

The first studies comparing the available treatments for 
long COVID tachycardia syndrome have already appeared, 
with one showing that ivabradine, which acts on the sinus 
node, was more effective than carvedilol.63 Knowledge 
of the prevalence of POTS and inappropriate sinus tachy-
cardia in patients suffering from long COVID is limited, 
as most studies retrospective or have small sample sizes.64 
Based on the available data, the proportion of COVID-19 
survivors developing POTS and inappropriate sinus tachy-
cardia is estimated at 2–22% and 4–20%, respectively.65–67

In addition to sinus tachycardia, long COVID may in-
clude other arrhythmias such as atrial fibrillation (AF), 
ventricular tachyarrhythmias (VT), bradyarrhythmias, and 
conduction defects. It is suspected that multiple mecha-
nisms may lead to this complication, though the primary 
pathophysiology is driven by the inflammatory response. 
Cytokines, especially TNF-α, IL-1 and IL-6, may cause 
myocardial damage or systemic effects that indirectly in-
fluence the heart muscle.68 A slightly different mechanism 
has been described for VT, in which patients who limited 
their physical activity due to infection had a higher in-
cidence of VT.69 Ingul et al. found cardiac arrhythmias 
of unknown clinical importance 3 months after hospital-
ization due to COVID-19 in 27% of participants, prema-
ture ventricular contractions in 18% and non-sustained 
ventricular tachycardia in 5%.70

Another problem faced by patients is arterial pressure 
dysregulation. In one study, the hazard ratios for high 
blood pressure persisted for up to 6 months after infec-
tion.71 A summary of the studies on cardiovascular con-
sequences is presented in Table 1.

Diagnostics

Long COVID diagnosis is currently based on reported 
symptoms and a history of confirmed SARS-CoV-2 infec-
tion. Many studies suggest that diagnostic tests should 
be performed to  assess long COVID cardiovascular 

manifestations. The American College of Cardiology expert 
panel recommends performing basic cardiac tests (electro-
cardiography, cardiac troponin levels and echocardiogra-
phy) as a minimum in patients at risk of developing CVD 
after COVID-19, which includes those with a moderate 
to severe disease course, CVD history, or risk factors such 
as age, obesity, hypertension, diabetes, and other comor-
bidities. The current state of knowledge leaves the physician 
with broad discretion. A better understanding of the epide-
miology and pathomechanisms could contribute to creating 
more universal management guidelines.72,73

Laboratory tests

One study showed that patients presenting long COVID 
symptoms had increased N-terminal pro B-type natri-
uretic peptide (NT-proBNP) and NO levels, while troponin 
remained within normal limits. There was no statistically 
significant difference in other oxidative stress markers be-
tween people with and without symptoms.74 Some studies 
revealed no difference in systemic inflammatory biomark-
ers, such as C-reactive protein (CRP), procalcitonin and 
IL-6, between patients who recovered from COVID-19 
with and without persistent symptoms.4,14,75–78 However, 
another study demonstrated a connection between these 
biomarkers and radiological abnormalities of the heart 
at 2-to 3-month follow-up of discharged patients.4,79 Pa-
tients with long COVID had elevated levels of endothelin-1, 
which indicates endothelial hypoperfusion.80 Furthermore, 
some symptomatic patients continued to display increased 
D-dimer levels 2 months after hospital discharge following 
acute SARS-CoV-2 infection.81

Imaging and others

Numerous articles have evaluated the role of electrocardio-
gram (ECG), magnetic resonance imaging (MRI) and echocar-
diography in screening patients with cardiac manifestations 
of long COVID.55 One study showed that patients presenting 
long COVID symptoms had sinus tachycardia in resting ECG 
or atrial tachycardia in 24-hour Holter monitoring.74 Other 
indicators of myocardial damage on ECG are ST-segment and 
T wave changes.82 Noninvasive examination methods, such 
as computed tomography (CT), MRI and echocardiography, 
can help rule out coronary artery disease (CAD), myoperi-
carditis or congestive heart failure, and assess left/right ven-
tricle function and regional wall motion.83–86 In transthoracic 
echocardiography of 102 long COVID patients, there were 4 
patterns of abnormalities, including impaired left ventricular 
function (LVF) in 35 subjects, increased estimated systolic 
pulmonary artery pressure in 51, diastolic dysfunction with 
normal LVF in 66, and pericardial effusion/thickening in 23.85 
The summary of diagnostic methods helpful in identifying 
long COVID is shown in Fig. 3.
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Treatment

Since long COVID is a relatively new condition, pilot 
studies are primarily available. As such, all administered 
drugs should be used with the utmost care. Initially, it was 
assumed that therapy with drugs that inhibit RAAS could 
cause increased cellular ACE2 expression, which may fa-
cilitate virus entry and exacerbate the infection. However, 
several studies found that these drugs had no negative effect 
on mortality and should not be discontinued.87–89 More-
over, some studies indicate their positive impact in the con-
text of SARS-CoV-2 infection, which is related to their 
antioxidant and anti-inflammatory effects.90 Sulodexide 
is a promising drug for endothelial disorders, and a small 
study showed that it can reduce long COVID symptoms, 
such as chest pain, palpitations and fatigue, after a 21-day 
follow-up.91 In addition, the hypothetical positive effects 
of anticoagulants on long COVID are being increasingly 

discussed. However, no scientifically robust evidence exists 
to recommend their use in this population at this stage.92,93

Guidelines for implementing rehabilitation into long 
COVID treatment plans, as well as inclusion and exclusion 
criteria to adapt it to patients’ individual needs are under 
development. Nonetheless, most patients will benefit from 
light aerobic and breathing exercises.4

Limitations

The primary limitation that may affect the conclusions 
of this study is that COVID-19 and the associated long COVID 
are new disease entities. For this reason, the short observation 
period limits the results and conclusions drawn. Larger studies 
are required in the future to determine the precise influence 
of long COVID on health, particularly for putative treatments 
based on small pilot studies. No relevant recommendations ex-
ist, and treatment is based on hypotheses and clinical practices.

Table 1. Studies on COVID-19-related cardiovascular consequences

Study, reference Study population Findings

Myocarditis

Puntmann et al.46 100 patients who recently recovered from 
COVID-19

CMR revealed cardiac involvement in 78 patients (78%) and ongoing 
myocardial inflammation in 60 patients (60%).

Wang et al.47 44 patients who recovered from COVID-19 and 
31 healthy controls

Myocardial injury is present in nearly 1/3 of COVID-19 patients 
at 3 months.

Kotecha et al.48 148 patients with troponin elevation
Myocardial injury during COVID-19 infection is associated with a CMR 

abnormality in approx. 50% of patients.

Vago et al.49 12 professional elite athletes
No signs of cardiac involvement on CMR in elite athletes who 

underwent COVID-19.

Małek et al.50 26 consecutive elite athletes
CMR did not reveal any case of acute myocarditis. Cardiac abnormalities 

were found in 5 (19%) athletes.

Rajpal et al.51 26 competitive athletes
15% of athletes had CMR findings suggestive of myocarditis and 30.8% 

exhibited late gadolinium enhancement.

Pericarditis

Dini et al.57 180 patients previously diagnosed with 
COVID-19

Acute pericarditis was diagnosed in 39 patients (22%).

Eiros et al.59 139 healthcare workers with confirmed past 
SARS-CoV-2 infection

Isolated pericarditis was diagnosed in 5.8%, myopericarditis in 7.9% and 
isolated myocarditis in 17.3% of workers.

Long COVID tachycardia syndrome

Monaghan et al.65 85 adults reporting long COVID symptoms
Postural orthostatic tachycardia syndrome was diagnosed in 1 (2%) out 

of 53 adults who had a 10-minute tilt test.

Shouman et al.66 27 patients with autonomic symptoms 
developed at or after the SARS-CoV-2 infection

Postural orthostatic tachycardia was diagnosed in 6 patients (22%) and 
inappropriate sinus tachycardia in 1 person (4%).

Aranyó et al.67 200 patients with persistent symptoms beyond 
the 3rd month of acute infection

40 patients (20%) fulfilled the diagnostic criteria for inappropriate sinus 
tachycardia.

Other arrhythmias

Ingul et al.70 204 patients 3 months after the hospitalization 
for COVID-19, and 204 controls

In patients with COVID-19, premature ventricular contractions (18%) 
and non-sustained ventricular tachycardia (5%) were found.

Hypertension

Daugherty et al.71
total 2020 population: 9,247,505 people; 2020 

comparator group: 8,980,919 people; 2019 
comparator group: 9,722,381 people

The absolute risk for hypertension in young adults aged 18–34 was 
significantly elevated.

CMR – cardiac magnetic resonance; COVID-19 – coronavirus disease 2019; SARS-CoV-2 – severe acute respiratory syndrome coronavirus 2.
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Conclusions

The COVID-19 outbreak has proven to be a substan-
tial challenge for healthcare systems. Although the me-
dia interest focused on acute disease, the long-term ef-
fects of  the epidemic will continue to affect citizens’ 
health for a long time. Unfortunately, the literature and 
research on long COVID are still scarce, making it chal-
lenging to plan appropriate patient care and treatment. 
In our article, we focused on the cardiovascular aspects 
of long COVID and devoted a large part to its pathogen-
esis because, in the absence of research and standards 
for diagnosis and treatment, it  is crucial to primarily 
understand the  mechanisms in  order to  implement 
an optimal therapeutic strategy. Patients with risk fac-
tors such as diabetes, hypertension, obesity, CVDs, and 
CKD require special attention and should be closely 
monitored.

Myocarditis, pericarditis and tachycardia syndrome are 
the main cardiovascular manifestations of long COVID. 
Research is ongoing in the fields of vasculitis, CAD and 
thromboembolism to better understand their role in long 
COVID. Continuously developing imaging techniques 
and laboratory tests allow for the detection of patients 
who may suffer from long COVID. Treatment is mainly 
based on symptoms and includes both pharmacological 
and non-pharmacological approaches. Hopefully, precise 
therapeutic methods will emerge as research on the patho-
physiology and diagnostic processes continues, resulting 
in better clinical outcomes.
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Abstract
Prevention and diagnosis of frailty syndrome (FS) in patients with heart failure (HF) require innovative systems 
to help medical personnel tailor and optimize their treatment and care. Traditional methods of diagnosing FS 
in patients could be more satisfactory. Healthcare personnel in clinical settings use a combination of tests and 
self-reporting to diagnose patients and those at risk of frailty, which is time-consuming and costly. Modern 
medicine uses artificial intelligence (AI) to study the physical and psychosocial domains of frailty in cardiac 
patients with HF. This paper aims to present the potential of using the AI approach, emphasizing machine 
learning (ML) in predicting frailty in patients with HF. Our team reviewed the literature on ML applications 
for FS and reviewed frailty measurements applied to modern clinical practice. Our approach analysis resulted 
in recommendations of ML algorithms for predicting frailty in patients. We also present the exemplary ap-
plication of ML for FS in patients with HF based on the Tilburg Frailty Indicator (TFI) questionnaire, taking 
into account psychosocial variables.

Key words: heart failure, medical personnel, machine learning, frailty syndrome, artificial intelligence
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Introduction

Frailty syndrome (FS) is broadly defined as the prema-
ture or abnormal aging of elderly patients, indicated by a set 
of symptoms associated with a higher risk of mortality, 
lower quality of life and increased healthcare utilization.1,2 
Understanding the contributions of physical, social or psy-
chological factors in the prevalence of frailty is an im-
portant research problem in  contemporary medicine. 
Addressing this challenge should result in novel frailty 
measurements that help healthcare personnel promptly 
indentify and optimally manage patients with FS.

In clinical literature, frailty is often associated with 
terms such as weakness and fatigue.3 Most definitions 
consider frailty to be a clinically recognizable condition 
resulting from aging that reduces the ability to cope with 
daily or severe stressors.4 However, frailty is also linked 
to post-surgery complications and other consequences 
of stress associated with prolonged hospitalization and 
the risk of death.5 Until recently, the frailty concept was de-
fined as closely linked to old age, but there are indications 
that younger patients can also develop this syndrome.6,7

Frailty is an increasingly well-recognized clinical syn-
drome in cardiology that extends beyond the physiologi-
cal aging process and commonly co-occurs with many 
cardiovascular diseases as disease-related frailty.7 Frailty 
is more common in patients with heart failure (HF) than 
in the general population.8 Heart failure is a clinical syn-
drome in which the heart is not able to pump enough 
blood to meet the demand of the body. The condition leads 
to symptoms (e.g., dyspnea, swelling in the ankles and 
fatigue) that may be accompanied by signs (e.g., elevated 
jugular venous pressure, pulmonary crackles and periph-
eral edema) The number of patients with HF is increasing 
due to the aging of the population and the therapeutic 
advancements that improve the survival of patients with 
heart disease.7

The prevalence of FS in patients with HF is approx. 45%.9 
The  Cardiovascular Health Study showed that frailty 
is significantly associated with HF, affecting 1 in 2 adults, 
independent of age or the New York Heart Association 
(NYHA) classification.10,11 A diagnosis of HF indicates 
the additional loss of biological reserves and increased 
vulnerability to several adverse clinical consequences.12 
Frailty increases the risk of HF and, in patients already 
diagnosed, contributes to increased mortality, rehospi-
talization and decreased quality of life.13–16 The clinical 
identification of frailty can play an important role in devel-
oping preventive strategies against age-related conditions. 
Stressors that may affect a patient with frailty, and may 
predispose the patient to adverse health consequences, 
as well as lend themselves to modification or control, are 
divided into 4 groups: clinical, physical-functional, psycho-
logical, and social. These stressors can be clinical or non-
clinical, acute or chronic, reversible or irreversible, and 
require supportive care.8

Objectives

This paper presents the potential of using an artificial 
intelligence (AI) approach, specifically machine learning 
(ML), to predict frailty in patients with HF.

Measurement instruments of frailty

There are several measures to diagnose frailty and iden-
tify the potential risk of developing FS. These measures 
differ in their approach to detecting frailty, which is histor-
ically consistent with the long-discussed ambiguity in ef-
fectively operationalizing the definition of FS.17 The opera-
tionalization of FS focuses on the accumulation of deficits 
or embraces multidimensionality of the FS. The first ap-
proach assumes that more health deficits indicate higher 
frailty.18,19 On the contrary, the multidimensional approach 
describes frailty as a dynamic state affecting an individ-
ual who experiences losses in 1 or more domains of hu-
man functioning (physical, psychological, social).19 Here, 
we present selected frailty measures based on either defi-
cit’s accumulation or multidimensional approaches19:

•  The Tilburg Frailty Indicator (TFI) is a self-report ques-
tionnaire that consists of 15 questions related to physical, 
psychological and social deficits to identify frailty.20 The TFI 
measures losses caused by the influence of a range of vari-
ables, and losses which increase the risk of adverse outcomes.

•  The Electronic Frailty Index (eFI) includes the diagno-
sis of 36 deficits (symptoms, diseases, disabilities, and ab-
normal laboratory results) to classify patients into 4 groups: 
no frailty, low frailty, moderate frailty, and high frailty.21

•  The FI-CD index (Frailty Index based on Clinical 
Deficits, or Frailty Index of Cumulative Deficits) is based 
on clinical deficits, including at  least 30 comorbidities, 
symptoms, diseases, and disabilities.18

•  The frailty phenotype developed by Fried et al. in-
cludes the assessment of unintentional weight loss of over 
5 kg in the past year, fatigue, lower grip strength, slower 
walking gait, and lower physical activity to classify older 
people.22

•  The frailty Index based on Biomarkers (FI-B) is  in-
novative but time-consuming and costly compared 
to the questionnaire-based approaches.18

•  The Frailty Trait Scale (FTS) consists of 12 elements 
covering 7 dimensions: energy balance and nutrition, activ-
ity, nervous system, circulatory system, weakness, endur-
ance, and slowing down.23

•  A simplified FTS5 (based on 5 elements) was devel-
oped from the full FTS.24

The Heart Failure Association (HFA) of the European 
Society of Cardiology advocated that a holistic, multidi-
mensional approach was more reliable than a physical ap-
proach only in identifying those patients with HF who have 
coexisting FS.8 According to these assumptions, frailty 
in patients with HF should be defined as a multidimen-
sional and dynamic condition independent of age, making 
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a person diagnosed with HF more vulnerable to stressors. 
As frailty in HF is viewed as a dynamic and partially revers-
ible condition, recognizing those modifiable components 
is important to guide management and improve HF out-
comes. Focusing on the reversible components of frailty 
in HF may reduce the risk of adverse clinical effects, such 
as increased morbidity, increased healthcare needs (hos-
pitalization, prolonged recovery and institutionalization) 
and increased dependency and higher mortality risk.8 Early 
recognition of frailty in older adults with HF is needed 
to target interventions to slow functional decline and im-
prove patient-centered outcomes.

Artificial intelligence  
in clinical decision-making

Artificial intelligence is gaining popularity and recogni-
tion as a feasible tool to support clinical decisions. There 
is a noticeable trend in the number of publications on AI 
in biomedicine, including topics such as living assistance, 
information processing, research, and the most urgent need 
in medicine: disease diagnostics and prediction.25 Cur-
rently, the most popular AI method is ML, which is a par-
ticular subclass of AI methods. In short, ML is a data-
driven approach which uses algorithms to learn, instead 
of using explicit programming, complex patterns from 
existing data and uses these patterns to make predictions 
on unseen data to make increasingly better decisions.26 
Support-vector machines (SVM) are one of the most popu-
lar options in the broadly understood medical applica-
tions,27 whereas convolutional neural networks (CNN) 
are the most popular in the case of disease diagnosis.28 
Most cases of disease detection methods using AI are 
based on data in the form of diagnostic imaging,27,29 and 
the 3 most common disorders detected are cardiovascular 
disease, sensory system disease and cancer.29

As noted, cardiology is at the forefront of AI applications 
in medicine. Machine learning is used in various parts of this 
field, and this connection is gaining popularity, which can 
be observed in  the number of papers published on this 
subject.30 Usage of AI includes echocardiography, nuclear 
cardiology, electrophysiology-enhanced diagnosis, predic-
tion of treatment, and prognosis of disease development.31 
There is a great need to improve the algorithms for detecting 
patients at risk of hospital admission, apart from the pos-
sibility of analyzing patient data from devices such as pace-
makers or smartwatches.31 AI-based models for cardiology 
can also be divided by the type of task they are designed 
to perform, respectively: diagnosis, classification and pre-
diction. Although the classification was presented as more 
challenging than the diagnosis, better results were obtained 
for this purpose. In contrast, the prediction task proved 
to be the most difficult and produced the worst outcomes, 
which may be due to the variety of factors that influence 
disease development and mortality.32 The most frequently 
used models were neural networks (including deep and 

convolutional networks), obtaining the most accurate re-
sults. Among other valuable algorithms, we can distinguish 
Random Forest, Naïve Bayes, Support Vector Machines, 
k-Nearest Neighbors, and Gradient Boosting Machines.32 
It is also worth mentioning that during the COVID-19 pan-
demic, AI-supported cardiological research methods were 
developed that allowed for better medical examination, es-
pecially for patients infected with the coronavirus.33

Since frailty is an interdisciplinary issue, there is a need 
for multidisciplinary frailty definitions and their corre-
sponding measures. Recent technological advances allow 
for much more extensive data to be collected, integrated 
and processed in a more complex way, resulting in a sig-
nificant understanding of frailty. A recent approach to pre-
dict frailty is the application of ML. Machine learning 
algorithms are designed to apply ML to extract knowledge 
from available data.34

The explainable AI (XAI) approach could be consid-
ered a suitable method for dealing with frailty problems 
and evaluating the relations between different syndromes, 
which cannot be seen directly from separate question-
naires. The XAI facilitates the diagnosis and treatment 
of frailty as we can determine the importance of  input 
features, enabling interpretation of the results obtained, 
dependencies between inputs and their values, and iden-
tification of data and concept drift. An example of such 
methods is tree-based algorithms applied in healthcare due 
to their property of explainability. Among all possibilities, 
XGBoost implementation can be considered a reasonable 
choice as it naturally deals with continuous, binary/dis-
crete and missing data consistently.

Benefits of applying ML in managing 
frail patients with HF

From a medical perspective, ML brings potential advantages 
in predicting FS. These potential benefits are following35,36:

•  Employing an explainable ML model may help clini-
cians to gain new insight into the possible determinants 
of frailty. While some features are non-modifiable, e.g., age 
and height, other factors may be directly modifiable through 
lifestyle changes, physical exercise or cognitive stimulation 
(e.g., weight, smoking and mobility). As a result, it may be 
possible to ensure that a patient avoids reaching critical 
threshold values associated with frailty for some features. 
Conversely, those threshold values may be set as the targets 
to achieve a more stable state if engaging in rehabilitation.

•  Facilitating a patient’s diagnosis in the event of  in-
complete data about the patient (e.g., for a patient from 
another country or a patient who has not previously used 
medical services).

•  Possibility of indicating significant relations between 
the  frailty variables. Many frailty measures are based 
on highly correlated variables (e.g., see the Frailty Index 
(FI) of FI-CD measure). As indicated above, frailty includes 
dozens of measures, e.g., physical health, behavioral risks, 
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cognitive function, and mental health, which are also 
highly correlated (e.g., age and marital status). In practice, 
these measures do not provide new information important 
from the standpoint of frailty diagnosis. Machine learning 
algorithms can effectively identify the most representative 
associations between frailty variables. Here are the most 
prominent benefits for managing frail HF patients with 
a machine-learning approach:

•  Developing a semi-open system with sufficient data, 
where AI system is screening patients based on specific di-
agnostic taxonomy with confidence intervals (frail status, 
pre-frail condition/endangered/healthy).

•  Determination of diagnostic importance of  frailty 
components and their contribution to the FS and other 
comorbid diseases (e.g., assessing the importance of frailty 
measures for frail patients with HF). For instance, one can 
target those who suffer from multiple diseases, e.g., frailty 
and hypertension. There may be synergy effects where 
co-existing diseases can be linked to an increased risk 
of the condition under study. This will probably be more 
specific for this subgroup than for both diseases separately 
(nonlinearity, in addition to the nonlinearity concerning 
age groups and gender). Subgroup-specific “diagnostic im-
portance of variables” could be used to diagnose patients, 
for example, in precision and holistic medicine.

•  Identification of the FS and its importance (see below) 
based on incomplete data. Healthcare professionals can 
benefit from this functionality when facing extensive his-
torical data, as well as a shortage of resources.

•  Panel data mining from long-term observation. Pos-
sibility to have a more advanced predictive model for pro-
phylaxis (preventive care).

•  Updating and expanding the AI systems by including 
existing clinical data and demographics of a given region 
and country.

•  Possibility of screening pre-frail patients (non-binary 
output).

•  Limiting human error caused by tiredness, subjectiv-
ity, abundance of data, or other factors.

•  The AI system supports the selection of therapeutic 
strategies, i.e., personalization of multidisciplinary care 
in HF, building health literacy and patient empowerment, 
and personalization of educational recommendations for 
patients with HF and FS.

•  The AI system provides support for multimorbid pa-
tients with FS in a modern, holistic manner. This allows 
patients to gain greater insight into their disease and im-
prove their self-care.

Applying ML algorithms to predict frailty

There are recent reports on applying ML algorithms 
to facilitate the integration of existing, traditional frailty 
diagnosis tools. For instance, one group used ML algo-
rithms to develop predictive models for hospitalization, 
fracture occurrence, disability, and mortality as proxies for 

frailty.37 In another work, different combinations of indica-
tor variables were used to predict frailty with the results 
compared to eFI diagnoses.38 Their results hinted that 
the support vector machines (SVM) outperformed k-near-
est neighbors and the decision tree algorithms. The results 
of these studies were promising, but the number of ex-
planatory variables used in the most effective SVM model 
was 70. The accuracy of this model was 93.5%, with a very 
promising Cohen’s kappa index of 87%. At the same time, 
the models containing 10 and 11 explanatory variables 
turned out to be better than some of the more numerous 
explanatory variables of the models, which suggests sig-
nificant possibilities of using various combinations of vari-
ables. However, this work only concerned patients over 
75 years of age and did not focus on any specific disease.

In the context of frailty prediction, research on biomark-
ers has also been used to identify and classify patients with 
no frailty, risk of frailty and suffering from frailty.39 These 
works highlight the effectiveness of ML methods to extract 
relevant information. The AI-based framework applies 
both supervised and non-supervised learning methods. 
Non-supervised learning is  involved in  the  classifica-
tion or grouping methods using, for example, k-means, 
k-nearest neighbors, decision tree algorithms, or other 
such as the stochastic gradient descent (SGD) or naïve 
Bayes classifiers applied depending on the size of data. Su-
pervised learning uses the following methods: SVM, neu-
ral networks (NN), convolution neural networks (CNN), 
or other deep learning methods.

Our review also highlights several recent studies where 
AI, particularly ML algorithms like XGBoost and SVM, 
have shown effectiveness in frailty prediction using elec-
tronic medical records (EMRs), with evidence of high 
sensitivity and specificity.38,40 These studies demonstrate 
the potential of AI to enhance the accuracy and efficiency 
of frailty screening compared to traditional methods.38 
Additionally, AI has been shown to improve the predic-
tive performance of frailty indices in patients with HF, 
outperforming conventional models.41,42

Several recent studies have demonstrated the effective-
ness of ML techniques in cardiovascular and ageing do-
mains. A study utilized a gradient-boosting decision-tree 
method, showing the robustness of ML models in ana-
lyzing vascular function, cardiac motion and myocardial 
fibrosis, as well as conduction traits for cardiovascular age-
ing prediction.43 Another research on ML algorithms for 
heart disease prediction highlighted how feature selection 
in ML models can enhance prediction accuracy, indicating 
that these models are capable of identifying and utilizing 
redundant information effectively.44 Furthermore, a study 
using ML model demonstrated how ML techniques, in-
cluding random forest models, can be employed to im-
pute missing values in datasets.45 This work identified 
a set of pre-frail indicators in middle-aged, community-
dwelling adults. A recent work using SVM for identifying 
frailty in elderly individuals concluded that it is feasible 



Adv Clin Exp Med. 2024;33(3):309–315 313

to use incomplete and imbalanced medical data for devel-
oping predictive models for FS. This not only reinforces 
the adaptability of ML models to diverse data conditions 
but also underscores their ability to discover potential 
predictive factors that are clinically relevant.46 In sum-
mary, the application of ML in healthcare holds significant 
promise, particularly in understanding and addressing 
frailty conditions in aged individuals.

One of the main problems in ML methods application 
is appropriate data preparation and feature extraction. 
Data that will be used to feed AI-based FS prediction sys-
tem can be divided into 2 main categories:

•  Data that are possible to be joined, i.e., standard identi-
fiers, are available => these are the data on which the analy-
sis will be performed.

•  Data that feed the  model irrespective of  pa-
tients => there are the data that will help create models 
and validate hypotheses.

We do not require a  standard model for all patient-
specific data on the level of data lakes. However, joining 
data from different sources should be feasible using known 
identifiers. While many AI methods have proven to be ef-
ficient, deep NN have shown remarkable improvements 
in big data marts and offer the best efficiency in many 
application areas. Most neural models, such as networks 
of simple non-linear, enable exchanging information via 
fixed connections, adapting simple parameters to learn 
vector mappings. However, complex neurons, microcir-
cuits and small neural cortical ensembles with structural 
connections (fixed or slowly changing) can also be applied 
to model complex network states, which contain rich inter-
nal knowledge in modules interacting flexibly. The most 
straightforward model suitable for a given data and easy 
to handle should be used, as simpler models generalize 
better and are easier to interpret. A proper hybrid cloud 
approach should be considered to carry out efficient AI 
calculations. Some personal data points are susceptible 
and should not leave local infrastructure. Anonymization 
techniques should be utilized here, or maybe only data 
summaries should be processed in the cloud.47

Predicting importance of frailty 
components in heart failure: 
Analysis of TFI measure

Our research team analyzed the diagnostic importance 
of individual psychosocial and physical criteria in the di-
agnosis of FS in elderly patients with HF.48 Based on the AI 
approach and the TFI questionnaire, including physical, 
psychological and social components, ML models were 
constructed using a decision tree, random decision forest 
and AdaBoost classifier. These models were trained, vali-
dated and tested on 3 separated subsets of the full dataset.

To  find the  feature importance of  the  explanatory 
variables in  ML classifying models, it  was necessary 
to  choose an  appropriate method of  evaluating these 

variables. The permutation method compares the accuracy 
of the model with its accuracy when we shuffle the values 
of specific variables. The procedure was performed sepa-
rately for each of the 15 TFI explanatory variables, with 
many permutations. The calculations were made for 10,000 
permutations and a single variable in our case. The greater 
the number of respondents (and their answers to a given TFI 
question) in the sample’s subsets, the more permutations 
should be made to obtain more accurate results. Machine 
learning models were built and verified in a sample of pa-
tients with HF. To determine the diagnostic validity and 
verify the hypotheses, selected components of the physi-
cal domain were compared with all the psychological and 
social domain components within the TFI questionnaire.

The  models with the  highest classification accuracy 
were selected from the 3 ML algorithms, i.e., the  ran-
dom decision forest and the AdaBoost classifier (Table 1). 
The conducted ML analysis showed that none of the vari-
ables within the social domain was more diagnostically 
important than the physical variables (i.e., experiencing 
difficulties due to difficulties in walking, lack of strength 
in the hands and physical fatigue). In the case of psycholog-
ical criteria for the diagnosis of FS, the variable related to ir-
ritability (i.e., feeling excited or nervous in the last month) 
was diagnostically more important than all considered 
physical variables, while the variable related to depressive 
mood (i.e., a decrease in mood in the previous month) was 
diagnostically more important than the physical variables: 
lack of strength in the hands and physical fatigue.

Limitations

Our review has some limitations. First, from the per-
spective of model development, it is essential to general-
ize the frailty ML model to different healthcare settings 
and patient populations. Because the models were vali-
dated in a few studies and available datasets, the model’s 
real-world applicability in clinical conditions may be lim-
ited. Second, our paper discusses some general aspects 
of feature selection and interpretability related to the ML 
approach. However, this review does not elaborate 
on the specific features, their combinations or how they 
relate to the frailty concept. Therefore, the interpretability 
of the chosen features and their clinical relevance may be 
a limitation. Additionally, whereas particular ML models 
of frailty show promising results in accuracy, it would be 
essential to examine their performance on independent da-
tasets to validate practical claims rigorously. We also know 

Table 1. Results from testing phase for selected machine learning (ML) 
– true positives and true negatives

ML model True positives True negatives

Decision tree 79.07 87.50

Random forest 93.02 100.00

AdaBoost 100.00 93.75
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that the ML model’s generalizability to a broader age range 
should be considered. The present work focuses on el-
derly patients, and the findings may not apply to younger 
patients with HF. Finally, the work suggests the potential 
benefits of using AI-based approaches in predicting frailty 
and the possibility of integrating these predictions into 
clinical practice. In fact, the real-world implementation 
of the frailty ML model and its acceptance by healthcare 
staff might be challenging.

Conclusions

Identifying, interpreting and managing patients with 
both FS and HF requires a significant amount of informa-
tion, resulting in a time-consuming and costly process. Ar-
tificial intelligence, specifically ML, can aid in parsing this 
data. Machine learning can be used to develop new diag-
nostic measurements of frailty and support research on im-
proving classic measures, as well as addressing the theo-
retical issue of the operational definition of this clinical 
syndrome. These ML computations can aid in providing 
personalized care for patients at risk of the consequences 
of FS, improving diagnostic tools for examining this syn-
drome and facilitating effective collaboration between psy-
chologists and healthcare professionals. This approach 
is applicable in holistic and patient-centered medicine, 
which requires knowledge from various disciplines to en-
able causal and symptomatic treatment while considering 
the patient’s different domains of life and behavior. Future 
development should include a discussion on the compat-
ibility of clinical patient data sources and privacy.
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